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ABSTRACT

Ahrens, U., and Seemiiller, E. 1992. Detection of DNA of plant pathogenic mycoplasmalike organisms by a polymerase chain reaction that amplifies

a sequence of the 16S rRNA gene. Phytopathology 82:828-832.

A polymerase chain reaction (PCR) method has been developed with
a 558-bp fragment of the 16S rRNA gene as template DNA and two
oligonucleotide primers from conserved regions of this gene. The suitability
of the system has been tested with 17 isolates of mycoplasmalike organisms
(MLOs) maintained in periwinkle (Catharanthus roseus) and with nine
MLO samples from field-grown woody plants. With DNA preparations
enriched in MLO DNA, an amplification product was obtained after
24 cycles from all MLOs maintained in periwinkle. No amplified DNA
was detected under these conditions in the samples from healthy plants.
However, after 40 cycles a DNA fragment similar in size to those from
MLO-infected plants was detected. This amplification could clearly be

distinguished from the MLO fragments by restriction fragment length
polymorphism (RFLP) analysis with Alul restriction endonuclease.
Amplified DNA was also obtained with DNA preparations from MLO-
diseased and healthy woody plants after 40 cycles. In this case, too, MLO
fragments could be distinguished from the amplification of DNA from
healthy plants by RFLP analysis. According to the restriction profiles,
four distinct groups could be differentiated among the MLOs examined.
With the PCR system developed, a MLO fragment was detected after
amplification of approximately 18 pg of DNA from diseased periwinkle
and 170 pg of DNA from infected woody plants.

Mycoplasmalike organisms (MLOs) are nonculturable
mollicutes associated with diseases of several hundred plant species
(15). Until recently, detection of MLOs was mainly based on
electron microscopy and a fluorescence technique with the DNA
fluorochrome 4’-6-diamidino-2-phenylindole (DAPI) (18).
Neither method allows differentiation of the organisms. Moreover,
their suitability depends very much on the MLO numbers in the
phloem tissue. Thus, electron microscopy can only successfully
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be used for detection in hosts with a relatively high MLO titer.
The DAPI technique is considerably more sensitive but is limited
when the MLO population is very low, as is often true for woody
hosts (10,12,19). Progress has been made toward specific detection
of MLOs by use of both serological methods and DNA/DNA
hybridization assays. However, whether these techniques are more
sensitive than the DAPI test is not known. Dot hybridization
and the DAPI method were compared by Bonnet et al (3) in
the detection of the apple proliferation (AP) MLO in diseased
and nonsymptomatic apple shoots. Hybridization was slightly
more sensitive in this case. In another experiment, the same



methods were used to detect the AP-MLO in roots of latently
infected apple trees. In this case, the DAPI test was slightly more
sensitive (H. Kison and E. Seemiiller, unpublished).

The subject of this work was the improvement of MLO detection
by the use of in vitro DNA amplification through the polymerase
chain reaction (PCR) as recently devised (17). PCR technology
is used to detect nucleic acids and is highly sensitive. Therefore,
PCR is the method of choice for diagnosis of a wide range of
diseases. It is widely used in detecting DNA of bacteria, including
mollicutes such as Mycoplasma hyopneumoniae (8), M. pulmonis
(9), and M. pneumoniae (2). Because MLOs are still poorly
characterized and unknown MLOs could be discovered, we chose
a sequence of the highly conserved 16S rRNA gene of the
prokaryotes as template DNA to obtain a universal MLO detec-
tion system.

MATERIALS AND METHODS

Sources of MLOs. The MLOs included in this study were either
obtained from periwinkle (Catharanthus roseus (L.) G. Don) as
an experimental host or from their natural host plants. The
following isolates in periwinkle were maintained by periodic
grafting to plants in an insect-proof greenhouse at Dossenheim
and were obtained from the researchers given in parentheses:
AAY, American aster yellows from Florida; AT, apple
proliferation (AP); AV2192, German aster yellows from
Callistephus chinensis; KV, clover phyllody from Trifolium alba
(all from R. Marwitz, Biologische Bundesanstalt, Berlin,
Germany); PER, isolate from peach with yellowing symptoms
(A. Ragozzino, University Napoli-Portici, Italy, via F. Dosba,
INRA Bordeaux, France); SAS, sandal spike disease, India (J.
Dijkstra, Wageningen, The Netherlands, via R. Marwitz); MOL,
Moliéres disease of cherry (F. Dosba); STOL, stolbur of Capsicum
annuum (D. Sutic, University of Zagreb, Yugoslavia, via R.
Marwitz); ACLR, apricot chlorotic leaf roll (G. Llacer, IVIA,
Valencia, Spain, via F. Dosba); FDI, flavescence dorée of
grapevine, and PLN, plum leptonecrosis of Prunus salicina (L.
Carraro, University of Udine, Italy); PYLR, peach yellow leaf
roll (M. F. Clark, Hort. Res. International, East Malling, U.K.);
SUNH, sunhemp phyllody, Thailand (E. Seemiiller); VAC,
blueberry witches’ broom (R. Marwitz); ASHY, ash yellows (W.
A. Sinclair, Cornell University, Ithaca, NY, via T. A. Chen,
Rutgers University, New Brunswick, NJ); EYK, elm yellows
(W. A. Sinclair, via B. C. Kirkpatrick); ULW, elm witches’ broom
(G. Morvan, INRA, Avignon/Montfavet, France, via F. Dosba).

Field samples were collected at Dossenheim from Prunus
serrulata (flowering cherry, PSED), P. armeniaca (apricot,
PARD), P. persica (peach, PPED1), and near Freiburg (Germany)
from P. amygdalus (almond, PAMD). All trees showed severe
yellowing and decline symptoms. Other samples were from an
infected alder (Alnus glutinosa) tree collected at Dossenheim
(AGLD), from two elm (Ulmus carpinifolia) trees with witches’
broom symptoms collected in Italy near Garda (UCADI) and
Modena (UCAD?2), respectively, and from a Rubus fruticosus
X caesius hybrid (RFRD) showing witches’ brooms collected near
Avignon (France). An isolate (Fourmant), from prune transmitted
to peach (PPED2) and provided by F. Dosba, was also included
in the study. Healthy plants from all woody species examined
were grown in an insect-proof screenhouse.

DNA isolation. A modification of an MLO-enrichment proce-
dure described by Kirkpatrick et al (11) was used. Midribs (0.5 g)
from woody plants or shoot tips (0.5 g) from periwinkle were
cut into small pieces with a scissors. The tissue was incubated
for 10 min in 6 ml of ice cold grinding buffer (125 mM potassium
phosphate, 30 mM ascorbic acid, 10% sucrose, 0.15% bovine
serum albumin [BSA], 2% polyvinylpyrrolidone [PVP-15],
pH 7.6) in a mortar. After the tissue was ground, 8 ml of fresh
buffer was added, and grinding was repeated. The homogenate
was centrifuged at 4 C for 4 min at 1,100 g. The supernatant
was decanted and recentrifuged at 4 C for 25 min at 14,600 g.
The MLO-enriched pellet was resuspended in 1.5 ml of warm
(60 C) extraction buffer according to Doyle and Doyle (6) (2%

CTAB, 1.4 M NaCl, 0.29% 2-mercaptoethanol, 20 mM EDTA,
100 mM Tris-HCI, pH 8.0) and was incubated at 60 C for 30
min. The lysate was extracted with an equal volume of
chloroform/isoamyl alcohol (24:1, v/v). After centrifugation, the
aqueous layer was precipitated with a two-third volume of —20 C
isopropanol and was then centrifuged at 15,000 g with a microfuge.
The pellet was washed with 709% ethanol, dried under vacuum,
and dissolved in 100 ul of water. DNA content was estimated
at ODyg after the preparation was digested with 50 pg/ml of
RNase A at 37 C for 30 min followed by two extractions with
chloroform/isoamyl alcohol, ethanol precipitation, and washing
of the pellet with ethanol. The results obtained were verified by
comparing the DNA preparation with a dilution series of standard
calf thymus DNA.

Primer selection. Sequences of 16S rRNA genes of the
Oenothera (0O) MLO (13), the Western X- (WX) MLO (B. C.
Kirkpatrick, personal communication), the AP-MLO (isolate
AT), and the AAY-MLO (B. Schneider and E. Seemiiller,
unpublished) were compared with the 16S rDNA sequences of
M. capricolum (AC X00921), M. hyopneumoniae (Y00149), M.
synoviae (X52082), the Mycoplasma strain PG50 (M10588), an
unidentified Mycoplasma sp. (M24479), Acholeplasma laidlawii
(M23932), Spiroplasma citri (M23942), and of the chloroplasts
of Chlorella ellipsoidea (X12742), Euglena gracilis (V00159),
Chlamydomonas reinhardii (X03269), Glycine max (X06428),
Nieotiana tabacum (V00165), Pisum sativum (M30826), Spinacea
oleracea (101440), and Sinapis alba (X04182) all available in the
gene data base of the European Molecular Biology Laboratory,
Heidelberg. Sequences of Escherichia coli, Bacillus subtilis, and
Anacystis nidulans were also included in the comparison (13).

DNA amplification. The procedure of Sakai et al (17) was
used with some modifications. The 40-ul mixture contained 5
pl of test DNA preparation (100-200 ng), 0.5 uM each primer,
100 uM four dNTPs, 1 unit of Taq polymerase, and Taq poly-
merase buffer (both Boehringer-Mannheim, Mannheim,
Germany). The mixture was covered with 40 ul of mineral oil
and subjected to 24 or 40 PCR cycles at the following incubations:
30 s of denaturation at 95 C, 45 s of ramping at 55 C, 30 s
of annealing at 55 C, and 30 s of elongation at 72 C. During
the last cycle, elongation time was extended to 90 s.

Gel electrophoresis and restriction enzyme analysis. To analyze
undigested PCR amplification products obtained from DNA of
healthy and infected periwinkle after 24 cycles, we electro-
phoresced 10 ul of reaction mixture in 1.5% horizontal agarose
gels in TAE buffer (40 mM Tris-acetate, | mM EDTA, pH 8.0)
at 5.0 V/cm. When amplification was run over 40 cycles, 35 ul
of the reaction mixture was digested with 1 ul of undiluted A/ul
or Hincll restriction endonuclease (BRL Life Technologies,
Eggenstein, Germany) at 37 C for 2 h. Fifteen microliters of the
digest was used to resolve the restriction fragments on vertical
10% polyacrylamide gels in TBE buffer (45 mM Tris-borate, | mM
EDTA, pH 8.0) at 5 V/cm (14). After electrophoresis, the DNA
was visualized by staining with ethidium bromide (EtBr).
Molecular weights were determined from fragments produced by
the digestion of the plasmid Bluescript M13+ (Stratagene,
Heidelberg, Germany) with A/ul and from the 1-kb DNA ladder
(BRL Life Technologies).

RESULTS

Template DNA and primers. The primers used were
designed from conserved regions of the 16S rRNA gene of the
O-MLO (13). The sequence of the forward primer is
5-ACGAAAGCGTGGGGAGCAAA-3 and of the reverse primer
is 5-GAAGTCGAGTTGCAGACTTC-3". These two oligo-
nucleotides were fully homologous with the corresponding
sequences of all MLOs and Mycoplasma spp. that were examined.
Also, the forward primer is fully homologous with the
corresponding sequence of A. laidlawii and has one mismatch
with §. citri. The reverse primer differs in two and four bases,
respectively, from the sequence of these two mollicutes. Identical
sequences were not found in the 16S rRNA genes of chloroplasts
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and E. coli, B. subtilis, and A. nidulans. Of these, the cor-
responding sequence of E. coli shows the highest homology to
the primers. It has one and two mismatches with the forward
and the reverse primer, respectively. The other bacteria and the
chloroplasts differ in at least three bases from both primers. The
primer pair designed allows amplification of the 558-bp fragment,
extending from position 759 through 1,316 of the O-MLO
sequence (13). The occurrence of a complementary sequence in
the reverse primer did not affect efficiency of amplification.
Range of amplification and restriction fragment length
polymorphism (RFLP) profiles. After 24 cycles, a 540- to 560-bp
fragment was resolved in the agarose gel from all 17 MLOs
maintained in periwinkle. No PCR product was detected with
DNA from healthy periwinkle (Fig. 1). When the same DNA
preparations were subjected to 40 cycles, a DNA fragment with
about the same size as those from the diseased samples was also
detected in the sample from healthy plants. Like the fragments
from all MLOs tested, this amplification had a Hincll restriction
site at the same position as the MLOs. It also was amplified
when the annealing temperature was raised to 60 C (data not
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Fig. 1. Polymerase chain reaction (PCR) amplification of a 165 rDNA
fragment from various mycoplasmalike organisms (MLOs) identified after
24 cycles of agarose gel electrophoresis. Template DNA was obtained
from periwinkle affected by the following MLO-associated diseases: AAY,
aster yellows from Florida; AT, apple proliferation; AV2192, German
aster yellows; MOL, Molitres disease; STOL, stolbur; ACLR, apricot
chlorotic leaf roll; FDI, flavescence dorée; PLN, plum leptonecrosis;
PYLR, peach yellow leaf roll; SUNH, sunhemp phyllody; VAC, blueberry
witches’broom; ASHY, ash yellows; EYK, elm yellows; ULW, elm witches’
broom; PERH, healthy periwinkle.
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Fig. 2. Polyacrylamide gel electrophoresis of Alul digests of polymerase
chain reaction (PCR) products obtained after 40 cycles from a 16S rDNA
fragment of the mycoplasmalike organisms (MLOs) shown in Figure 1.
Four groups (I, AAY through SAS; II, MOL and STOL; III, ACLR
through VAC; IV, ASHY through ULW) can be differentiated according
to the restriction fragment length polymorphism (RFLP) profiles.
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shown). Alul digestion of the amplification products followed
by PAGE revealed a RFLP among the samples. The profile
obtained with the healthy sample was different from those of
the diseased samples. Among the MLOs, four distinct RFLP
patterns that formed the groups of isolates AAY through SAS,
MOL and STOL, ACLR through VAC, and ASHY through ULW
(Fig. 2) were observed.

By analyzing both published and unpublished sequences of the
O-, AT-, AAY-, and WX-MLOs for the presence of Alul restric-
tion sites, we could construct restriction maps for all four groups
(Fig. 3). Group I corresponds to the O-MLO from which group
I1 differs only by a shorter fragment at the 3’ end. Group III
is missing the restriction site “a™ and corresponds to the WX-
MLO. The RFLP pattern we obtained for isolate PYLR, a repre-
sentative strain of this organism, confirms this finding. Group
IV is missing restriction site “b,” which results in two fragments
of about the same size (240 bp). The results of the restriction
analyses confirm that similar DNA fragments were amplified from
the sample DNA preparations.

Forty PCR cycles with DNA from MLO-infected woody plants

(0-MLO) a b c
240 ISS] 191 | 71 bp
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Positions on the 165 rRNA of the O-MLO

Fig. 3. Alul restriction maps of the 540- to 560-bp 16S rDNA fragments
of the four groups of mycoplasmalike organisms (MLOs) depicted in
Figure 2. The data from Figure 2 and sequences from the Oenothera
(0-), AAY-, and the AT-MLO (representing group I), and the WX-MLO
(representing group III) were used to construct the maps. a, b, and ¢,
Alul restriction sites.
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Fig. 4. Polyacrylamide gel electrophoresis of A/ul digests of polymerase
chain reaction (PCR) products obtained after 40 cycles from a 16S rDNA
fragment of various mycoplasmalike organisms (MLOs) isolated from
field-grown woody plants. PSE, Prunus serrulata (D = diseased, H =
healthy); PAR, P. armeniaca (apricot); PAM, P. amygdalus (almond);
PPEl, P. persica (peach); PPE2, P. domestica (prune); AGL, Alnus
glutinosa (alder); UACI + 2, Ulmus carpinifolia (elm); RFR, Rubus
hybrid; AT, apple proliferation and EYK, elm yellows (both maintained
in periwinkle).



and the corresponding healthy plants yielded, in all cases, an
amplification product of approximately 560 bp as described above.
With the products of the DNA amplification attempts with
diseased flowering cherry, apricot, almond, peach, and prune
DNAs, a restriction profile identical to that of group I was
obtained after digestion with A/ul (Fig. 4). This group corresponds
to the AP isolate, AT, maintained in periwinkle. A/ul digestion
of the amplification products of the MLOs in alder, elm, and
Rubus resulted in the restriction pattern of group IV. This group
is represented by isolate EYK maintained in periwinkle. Most
of the DNA fragments obtained from the healthy controls showed
the same restriction profile as DNA from healthy periwinkle
depicted in Figure 2. A pattern different from these controls and
from all samples from infected plants was obtained with DNA
from healthy peach and Rubus.

Sensitivity of detection by PCR. To determine the sensitivity
of PCR detection, we diluted DNA from a periwinkle plant
infected with the ACLR-MLO and DNA from an MLO-infected
apricot tree with extract from a corresponding healthy plant and
subjected this to 40 PCR cycles and Alul digestion. MLO DNA
was detected in infected periwinkle until a dilution of 10™* and
in the infected apricot tree until 107 (Fig. 5). Because the approxi-
mate DNA content of the undiluted preparations used for
amplification was 37 ug/ml in the ACLR sample and 34 ug/ml
in the PARD sample, the DNA concentration in the final dilution
was 18 pg and 170 pg, respectively. This difference may reflect
a higher MLO number in periwinkle. The restriction fragment
obtained with DNA from the healthy samples was also present
at the highest dilution of the samples from MLO-infected plants
yielding MLO DNA.

DISCUSSION

The aim of this work was the development of a PCR method
for detecting most or all plant pathogenic MLOs. For this purpose,
a fragment of the 165 rRNA gene was selected as template DNA,
and conserved sequences of this MLO gene were used as primers.
With this system, DNA fragments from all 17 MLO isolates
maintained in periwinkle and from all nine field-collected MLOs
could be amplified. These MLOs were associated with diseases
of a wide range of herbaceous and woody plants and were from
different geographic areas, including three continents. A PCR
amplification of 16S rRNA sequences of several MLOs maintained
in periwinkle has been reported by Deng and Hiruki (5).

Specificity of amplification depended on the number of PCR
cycles. Whereas clearcut results were obtained with DNA from
the high-titer host periwinkle after 24 cycles, amplification of
DNA from healthy samples became evident after 40 cycles, which
were necessary for obtaining sufficient amplification of DNA from
low-titer woody plants. The appearance of an amplification
product in samples from healthy plants required the introduction
of restriction enzyme analysis into the procedure. With this step,
it could not only be proven that the amplified MLO fragments
are the target sequences, it was also possible to clearly differentiate
between the MLO fragments and the amplification product from
healthy plants. Therefore, the occurrence of this product does
not substantially affect the suitability of the method.

The nature of the PCR product from healthy plants remains
obscure. Because of the low amount of the amplification and
the lack of the Hincll site in the chloroplast sequences
corresponding to the MLO fragment, it is unlikely that the
amplified DNA is of plant origin. However, contaminating
mollicutes from plant surfaces could be responsible for the “false”
signal, because two different plant-related restriction profiles were
obtained from the amplification product from healthy plants. Both
helical and nonhelical mollicutes, obviously saprophytic, have
often been detected on plant surfaces and in flowers (4,7,16,20).
Because a product identical to that from the majority of the healthy
plants was, despite great precaution, always obtained with the
reaction mixture set up with water (“water control”), the
contamination may also be a mollicute contamination from the
laboratory. Sequence comparisons showed that the restriction

profile of the most frequent contamination is similar to that of
M. hyopneumoniae and M. hominis. An organism closely related
to the mollicutes cannot be ruled out, because the primers were
designed from sequences of conserved regions,

Of the plants included in this study, MLOs occur in periwinkle
in high titer and in the other plants in moderately high numbers.
In both cases, diagnosis with the DAPI method is easily possible.
However, with the PCR procedure MLO DNA could be detected
in dilutions of 10 or 107" from DNA extracts of these plants.
If MLO DNA can be detected in 10 pg of DNA from infected
periwinkle and if one-tenth to one-hundredth of the DNA
recovered from infected plants is actually from the MLOs,
approximately 50-500 organisms can be detected; we assume that
their genome size is 1,000 MDa. Because of the amplification
of contaminating DNA, the sensitivity is lower than those reported
by Harasawa et al (8) with a cultured mycoplasma. However,
it is about 1,000 times higher than dot hybridization of DNA
extracts from infected periwinkle (3). For this sensitivity, the
application of a DNA extraction procedure that enriches MLO
DNA by reducing nuclear and chloroplast DNA, as used in this
study, seems to be important. The suitability of the method for
detecting MLOs in low titer hosts has been proven by detecting
the organisms in plants that gave negative or doubtful results
by the DAPI test (unpublished results).

RFLP analysis with the amplification products revealed a
genetic diversity among the MLOs examined. The results seem
to reflect taxonomic differences that are supported by the results
of Southern hybridization experiments with partially charac-
terized DNA probes. In a study of stone fruit MLOs, two clusters
were detected. One cluster included PYLR, ACLR, PLN, and
VAC, whereas the other included all MLOs found so far in
Germany in the genus Prunus as well as the AP-MLO (1). There
is also evidence by Southern hybridization that the MLOs
associated with diseases of alder, elm, and ash form a cluster
(R. Méurer and U. Ahrens, unpublished results). The existence
of these three groups is supported in this work by RFLP analysis
of the amplified 16S rDNA sequence. The occurrence of these
groups has also been confirmed by restriction analysis of the
entire rRNA genes of these MLOs with A/ul and Rsal
endonucleases (B. Schneider and U. Ahrens, unpublished results).
However, a further differentiation of the MLOs examined is
possible.
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Fig. 5. Polyacrylamide gel electrophoresis of Alul digests of polymerase
chain reaction (PCR) products obtained after 40 cycles from dilution
series of DNA from apricot chlorotic leaf roll infected periwinkle (ACLR)
and from a apricot tree naturally infected by a mycoplasmalike organism
(MLO) (PARD). PERH and PARH, healthy periwinkle and apricot,
respectively.
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