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ABSTRACT

Prince, J. P., Davis, R. E., Wolf, T. K., Lee, 1.-M., Mogen, B. D., Dally, E. L., Bertaccini, A., Credi, R., and Barba, M. 1993. Molecular detection
of diverse mycoplasmalike organisms (MLOs) associated with grapevine yellows and their classification with aster yellows, X-disease, and elm yellows

MLOs. Phytopathology 83:1130-1137.

Polymerase chain reactions (PCR) and restriction analyses of PCR-
amplified DNA were used to detect and differentiate strains of myco-
plasmalike organisms (MLOs) associated with grapevine yellows detected
in naturally diseased grapevines in the United States and Italy. At least
three major groups of grapevine-infecting MLOs were delineated. FDVAI
MLO, discovered in yellows-diseased grapevines in Virginia, and
flavescence dorée MLO strain FDU from northern Italy were classified

with X-disease MLOs; grapevine yellows-associated MLO strains FDG
from Germany, CAl, CHI, SANI1, and SAN2 from northern Italy, and
FDB and FDR from southern Italy were classified with aster yellows
MLOs; and flavescence dorée MLO strain FDF from France was classified
in the elm yellows MLO group. The data support consideration of
grapevine yellows as a complex of several diseases of diverse etiologies.

Additional keywords: disease diagnosis, epidemiology, indexing, Mollicutes, Vitis.

Grapevine yellows diseases characterized by similar symptoms
have been reported in several countries including France, Italy,
Germany, the United States, and Australia (reviewed in 8). These
diseases are among the most serious known in grapevine (6,7).
The causal pathogens are believed to be mycoplasmalike orga-
nisms (MLOs) transmitted to grapevine in parts of Europe by
Scaphoideus titanus Ball, a leafhopper introduced into Europe
from North America (5,8,36). In France, two grapevine yellows
diseases, flavescence dorée and bois noir, have been distinguished
in part on the basis of transmission of the flavescence dorée
pathogen by S. titanus and the inability of this insect to transmit
the bois noir pathogen (9). Two grapevine yellows diseases may
also occur in Italy. S. titanus is found in northern Italy and is
apparently a vector of the northern Italy flavescence doréee
pathogen. In southern Italy, S. titanus has not been reported,
and a vector of the southern European grapevine yellows pathogen
has not been identified (8,31).

Biological criteria have long been used in detection, differ-
entiation, and characterization of grapevine yellows diseases
because it has not been possible to isolate the pathogens in pure
culture. Symptoms exhibited by naturally infected plants,
production of characteristic symptoms in graft-inoculated plants,
identity of insect vectors capable of transmitting the pathogens,
and characteristics of disease spread have served as bases for
comparison with the flavescence dorée disease originally reported
in France (4,8,10). New DNA-based and serological methods
provide important means for rapid, sensitive, and accurate detec-
tion and characterization of MLOs associated with grapevine
yellows (14,15,18,29). DNA dot hybridizations and restriction
fragment length polymorphism (RFLP) analysis of chromosomal
DNA permit detection and recognition of distinctions between
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MLOs associated with flavescence dorée in northern Italy and
those associated with southern European grapevine yellows in
southern Italy (15).

We have studied 11 MLO strains associated with grapevine
yellows diseases in France, Italy, Germany, and the United States.
In this work, we investigated detection of these MLOs and their
relationships to other MLOs that had been classified earlier in
a system of strain clusters (23). Previous work in our laboratory
and in others has demonstrated sensitive detection and differ-
entiation of MLOs through the use of polymerase chain reactions
(PCR) (17,20,28,34). Oligonucleotide primers for PCR have been
designed on the basis of nucleotide sequences determined for well-
characterized, randomly cloned DNA fragments and for 16S
rRNA gene sequences, making possible either relatively specific
or broad detection of MLO DNA in infected host tissues,
depending on the primer pair used. To investigate the MLOs
associated with grapevine yellows in this study, we employed
several different oligonucleotide primer pairs in separate
polymerase chain reactions, including a reaction designed for
broad amplification of MLO 16S rRNA gene sequences (28).
Amplification of 16S rDNA, followed by restriction analyses of
the amplified DNA, is a rapid method that has been shown to
permit MLO detection (1) and to allow the classification of MLO
strains into groups that coincide with clusters delineated earlier
on the basis of dot hybridizations (28). This report describes DN A-
based detection of MLOs in naturally diseased grapevines in Italy
and the eastern United States and the surprising finding that
MLOs associated with grapevine yellows from Italy, Germany,
France, and the United States could be delineated into three
distinct groups: an aster yellows MLO group, an X-disease MLO
group, and an elm yellows MLO group.

MATERIALS AND METHODS

Plants and MLOs. In this report, we use the following
terminology for grapevine diseases and associated MLOs. The




term “grapevine yellows” is used in a general sense to refer to
grapevine diseases that exhibit symptoms characteristic of so-
called plant “yellows” diseases (reviewed in 16). This includes
the disease flavescence dorée, which was described in France and
extensively characterized by Caudwell (8). Also included are
grapevine yellows diseases from northern and southern ltaly,
which, in accordance with recommendations (2), are termed
flavescence dorée and southern European (Italy) grapevine
yellows, respectively.

Leaf samples from two naturally diseased grapevines (Vitis
vinifera L. ‘Chardonnay’) exhibiting symptoms of grapevine
vellows were collected in Virginia and designated FDVAI and
FDVA2. MLO sample CA7, collected in Emilia-Romagna, Italy,
consisted of leaves from a naturally diseased grapevine (V. vinifera
‘Caveccia’), plant CA7, also exhibiting symptoms of grapevine
yellows. Additional samples were taken from periwinkle or from
broadbean plants that had been experimentally inoculated from
symptomatic grapevines. Flavescence dorée MLO strain FDF
(FD70) from France was kindly supplied by A. Caudwell (Institut
National de la Recherche Agronomique, Dijon, France) in
broadbean ( Vicia faba L.) that had been experimentally inoculated
by leafhoppers, Euscelidius variegatus (Kirschbaum) (8.14).
MLOs associated with grapevine yellows from Italy and Germany
were transmitted from naturally infected cultivated grapevines
to plants of periwinkle (Catharanthus roseus (1..) G. Don) through
the use of dodder (Cuscura sp.). Southern Italy grapevine yellows
MLO strain FDB, kindly supplied by V. Savino and B. di Terlizzi
(Istituto Agronomico Mediterraneo, Bari, Italy), was from the
Puglia region: northern ltaly flavescence dorée MLO strain FDU,
kindly supplied by R. Osler and L. Carraro (Universita di Udine,
Italy), was from the Friuli-Venezia Giulia region; southern Italy
grapevine yellows MLO strain FDR was from the Lazio region
around Rome; northern Italy grapevine yellows strains CA1, CHI,
SANI, and SAN2 were from the Emilia-Romagna region (13);
and grapevine yellows-associated MLO strain FDG from
Germany was kindly supplied by M. Maixner (Institut fir
Pflanzenshutz im Weinbau, Bernkastel-Kues, Germany). Samples
of chokecherry (Prunus virginiana L.) collected from fields in
New York were kindly supplied by W. A. Sinclair (Cornell
University, Ithaca, NY). Maryland aster yellows (AY = AYI] =
MDAY) MLO, used as a control, was collected from a naturally
diseased periwinkle plant in a field in Beltsville, MD. Other known
MLOs used as controls were kindly supplied in singly infected
plants of periwinkle, unless specified otherwise, by the researchers
indicated: tomato big bud (BB) (J. Dale, University of Arkansas,
Fayetteville); clover yellow edge (CYE) in ladino clover ( Trifolium
repens L.), Canada X-disease (CX), and clover phyllody (CPh)
(L. N. Chiykowski, Plant Research Center, Agriculture Canada,
Ottawa, Ontario); western X-disease (WX) (B. C. Kirkpatrick,
University of California, Davis); elm yellows (EY) and ash yellows
(AshY) (W. A. Sinclair); beet leafhopper-transmitted virescence
(VR) (G. N. Oldfield, University of California, Riverside); and
potato witches™-broom (PWB) (C. Hiruki, University of Alberta,
Edmonton, Alberta, Canada). MLOs in periwinkle were
maintined by grafting in a white-flowered clone of periwinkle
in the greenhouse. Healthy plants of grapevine were grown from
seed in the greenhouse.

PCR analyses. The following seven pairs of oligonucleotide
primers were used in PCR: r16F2/r16R2, abbreviated F2/R2 (28);
rl6F4/r16R1, abbreviated F4/R1 (17); G35p/m (18); AY18p/m
and AY19p/m (24,34); R16(V)F1/R1 (I.-M. Lee, unpublished);
and FDU49f/r (R. E. Davis, J. P. Prince, and E. L. Dally, unpub-
lished). The specificities of the oligonucleotide pairs in priming
amplification of DNAs from control MLOs were previously
determined as follows: oligonucleotide pair F2/R2 primed
amplification of a 168 rDNA sequence from all tested known
MLOs (28); F4/R1 primed cluster-specific amplification of a 165
rDNA sequence from MLOs in the aster yellows (AY) MLO
strain cluster (17); G35p/m primed amplification of a DNA
sequence from Italian periwinkle virescence MLO and type II
subcluster MLOs in the AY MLO strain cluster (18); AY18p/m
primed amplification of a DNA sequence from type 11, type 111,

and some type 1 MLOs in the AY MLO strain cluster (24);
AY19p/m primed amplification of a DNA sequence from all tested
type II and some type I subcluster MLOs from the AY MLO
strain cluster (24); R16(V)F1/R1 primed cluster-specific ampli-
fication of 16S rDNA from elm yellows MLOs that infect elm
in United States and Italy (1.-M. Lee, unpublished). The specificity
of DNA amplification with FDU49{/r is reported here.

Total nucleic acid for use as template in PCR was extracted
from healthy and infected plants of periwinkle and broadbean
as previously described (25). For extraction of nucleic acid from
grapevine, approximately 2 g of fresh leaf veinal tissue from
grapevine was frozen in liquid nitrogen and pulverized or stored
at —80 C for further use. The pulverized tissue was mixed with
7 ml of filter-sterilized (0.45-um pore diameter) tissue suspension
buffer and stirred with a glass rod for 60 s. Tissue suspension
buffer contained 100 mM K,HPO,H,0, 30 mM KH,PO,, 10%
sucrose, 0.15% bovine serum albumin Fraction V, 2% poly-
vinylpyrrolidone-10, and 25 mM t-ascorbic acid. Ascorbic acid
was added just before use. and the pH was adjusted to 7.6 with
NaOH. The tissue-buffer mixture was filtered through Miracloth
(Calbiochem, San Diego, CA) and centrifuged at 20,000 g for
20 min. The resultant pellet was resuspended in extraction buffer,
and nucleic acid was extracted as described (25). DNA was
extracted from batches of five FDF MLO-infected E. variegatus
by a method described previously for extraction of plant nucleic
acid (23). PCR mixtures contained 50 ng of template DNA from
healthy or diseased plant tissues (amount estimated from gel
electrophoretic comparisons with standards), 0.4 uM of each
primer of a pair, 1.5 mM MgCl,, 10 mM Tris-HCI (pH 8.3),
50 mM KCl,0.0019% gelatin, 200 uM each of dATP, dCTP,dTTP,
and dGTP, and 1.25 units of Tag polymerase (Boehringer-
Mannheim, Indianapolis, IN) in a total volume of 50 ul. Reaction
mixtures containing sterile, deionized water in place of template
DNA served as negative controls. The reaction mixture was
overlaid with 25 ul of mineral oil. The PCR was performed in
a Perkin-Elmer (Norwalk, CT) thermal cycler. After initial
denaturation for 2 min at 94 C, 35 cycles of amplification were
carried out as follows: denaturation for | min at 94 C, annealing
for 2 min at 50 C, and extension for 3 min at 72 C. The final
extension step was lengthened by 7 min, and then the reactions
were held at 4 C. PCR products were analyzed by electrophoresis
in a 19 agarose gel, stained with ethidium bromide, and visualized
with a UV transilluminator.

Fig. 1. Symptoms typical of grapevine yellows in naturally infected
grapevine ( Vitis vinifera ‘Chardonnay’) in Virginia.
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Restriction analyses. Products from polymerase chain reactions
that contained F2/R2 and G35p/m primer pairs were subjected
to analyses by digestion with restriction endonucleases. Aliquots
(5 pl) of the reaction mixtures were digested with 15 units of
Alul (Sigma Chemical Co., St. Louis, MO), Msel (Sigma), Kpnl
(Gibco-BRL, Gaithersburg, MD), or Hpall (New England
Biolabs, Beverly, MA) according to the manufacturers’ instruc-
tions. Restriction patterns of digested DNAs were analyzed by
electrophoresis in 6% polyacrylamide gels, stained with ethidium
bromide, and visualized with a UV transilluminator.

RESULTS

Symptoms in diseased grapevines. Diseased grapevines sampled
in Virginia and Italy exhibited symptoms resembling those of
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Fig. 2. Detection of mycoplasmalike organisms (MLOs) by polymerase
chain reaction amplification of a 16S rRNA gene sequence primed by
the oligonucleotide pair r16SF2/R2. Oligonucleotides r16SF2/R2 were
designed on the basis of the sequence determined for the 16S rRNA
gene from an aster yellows MLO strain (28). Template DNA was extracted
from healthy or diseased plants of periwinkle (Catharanthus roseus),
broadbean (Vicia faba), or grapevine (Vitis vinifera) infected by MLOs.
CAIl, CHI, SANI, SAN2, FDB, FDU, and FDR are MLO strains
associated with grapevine yellows from Italy in periwinkle plants; FDF
= MLO strain associated with grapevine flavescence dorée disease from
France in broadbean; FDVAI = MLO strain associated with grapevine
yellows in naturally infected grapevine from Virginia; AY = Maryland
aster yellows; BB = tomato big bud; CPh = clover phyllody; EY =
elm yellows; AshY = ash yellows; VR = beet leafhopper-transmitted
virescence; PWB = potato witches-broom; CYE = clover yellow edge:
healthy = healthy periwinkle.

[lavescence dorée and grapevine yellows described in France, Italy,

and New York (10,11,32). Symptoms exhibited in grapevine
sampled in Virginia included withering and abortion of flower
clusters, rolling of lateral leaf margins, overlapping leaf growth,
and veinal yellowing and necrosis in leaves (Fig. 1).

Detection of MLOs in naturally infected grapevine. When
reaction mixtures contained the F2/R2 primer pair and template
DNA from either of two symptomatic Chardonnay grapevines
cultivated in Virginia or from a symptomatic Caveccia grapevine
from Emilia-Romagna, Italy, amplification of a 1.2-kb DNA
fragment was observed, which indicated the presence of MLOs
(termed strains FDVAI, FDVA2, and CA7, respectively) in the
plants. Results from plant sample FDVAI are shown in Figure
2. Strain FDVA2 was not further analyzed. Strain CA7 data
is not shown. No DNA amplification was observed when the
template consisted of DNA extracted from healthy grapevine.

Detection of grapevine yellows MLOs in experimentally inocu-
lated plants. MLOs were detected by the amplification of a 1.2-
kb 16S rDNA fragment in all reaction mixtures containing
oligonucleotide primer pair F2/R2 and template DNA extracted
from plants of periwinkle or broadbean singly infected by MLO
strains associated with grapevine yellows diseases in France and
Italy (Fig. 2). This DNA fragment was the same size as that
amplified from control DNA samples from periwinkle plants
singly infected by aster yellows, elm yellows, ash yellows, beet
leafhopper-transmitted virescence, clover yellow edge, and potato
witches-broom MLOs (Fig. 2). No DNA amplification was
observed when the template consisted of control DNA extracted
from healthy plants.

Differentiation of grapevine yellows MLOs using PCR. Dis-
tinctions among several grapevine yellows MLOs and their
affiliations with certain known control MLOs were first indicated
in the present work by differential PCR amplification of DNA
with various oligonucleotide primer pairs (Table 1). Primer pairs
F4/R1 and G35p/m primed amplification of DNA fragments
of about 660 and 1,200 bp, respectively, from all of the MLOs
associated with grapevine yellows except strains FDU, FDF, and
the Virginia grapevine MLO strain FDVAL. As previously
reported (17,18), F4/R1 also primed amplification of DNA from
aster yellows MLO cluster control strains AY, BB, and CPh;
and G35p/m primed amplification of DNA from control MLOs
AY and CPh. AY18p/m primed amplification of a DNA fragment
of approximately 1,600 bp only from FDB, AY, and CPh, and
AY19p/m primed amplification of a DNA fragment of approxi-
mately 1,000 bp only from FDR, FDG, and AY (Table 1).

The clear separation of strains FDF, FDU, and FDVAI from
the other grapevine yellows MLOs was confirmed in further
experiments. For example, oligonucleotide pair FDU49f/r primed

TABLE I. Polymerase chain reaction amplifications of DNA from mycoplasmalike organisms (MLOs) associated with grapevine yellows using

different oligonucleotide primer pairs

Tissue®
MLO strain Geographic origin F4/RI® G35p/m AYI8p/m AYI9p/m FDU49f/r RI6(V)FI/R]  F2/R2
Grapevine
FDVAI Virginia - - - - - — +
CA7 Northern Italy (Emilia-Romagna) + + = — oo = +
Periwinkle
FDU Northern Italy (Friuli-Venezia-Giulia) = - = = + = +
FDB Southern Italy (Puglia) + + + — = — +
FDR Central Italy (Lazio) + + == + - - -
CAl Northern Italy (Emilia-Romagna) + + - — - - +
CHI Northern Italy (Emilia-Romagna) + + = — e - +
SANI, SAN2  Northern Italy (Emilia-Romagna) + + = - = — +
FDG Germany + + — + — — -+
Broadbean
FDF France = —_ - - — + +

"Template DNA was extracted from MLO-infected tissues of grapevine, periwinkle, or broadbean as indicated. Grapevine tissues were collected
from naturally inoculated plants growing in commercial vineyards. Periwinkle and broadbean were experimentally inoculated plants grown in the

greenhouse.

"MLO-specific amplified DNAs were approximately 660, 1,200, 1,600, 1,000, 2,800, and 1,100 bp when primer pairs F4/RI, G35p/m, AY18p/m,
AY19p/m, FDU49/r, and RI6(V)F1/R1 were employed, respectively. — = No MLO-specific DNA amplification; + = MLO-specific DNA
amplification. No MLO-specific DNA amplification was observed when the template consisted of DNA from healthy plants.
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amplification of a DNA fragment of approximately 2,800 bp from
FDU MLO and clover yellow edge (a strain in the X-disease
MLO strain cluster) but did not prime amplification of DNA
of any other grapevine strains studied, including FDVAL (Fig.
3). Oligonucleotide pair R16(V)F1/R1 primed amplification of
a 1,100-bp DNA fragment only from FDF MLO (Table 1).
Restriction analysis of PCR-amplified MLO DNA sequences.
RFLP patterns of amplified 16S ribosomal RNA gene sequences
differentiated the MLOs associated with grapevine yellows. Initial
results that indicated differences in RFLP patterns (data not
shown) were obtained by analysis of 500-bp fragments of 165
rDNA amplified with a primer pair designed in other work (B. D.
Mogen, R. E. Davis, and J. A. Foster, unpublished). Subse-
quently, we analyzed the products from F2/R2-primed 165 rDNA
amplification to compare RFLP patterns with those of known
MLOs studied earlier (28). Representative results from single
enzyme digestions with Alul, Msel, and Kpnl are depicted in
Figures 4 and 5. The 16S rDNAs from MLO strains FDR, FDB,
CAl, CHI, SANI, SAN2, and FDG exhibited identical RFLP
patterns, which were indistinguishable from those obtained with
16S rDNA from the aster yellows MLO cluster control strains
AY and BB, whether digestion was with Alul or with Kpnl.
However, after digestion with Msel, only 16S rDNA from strain
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Fig. 3. DNA sequence amplification primed in polymerase chain reactions
(PCR) by oligonucleotide pair FDU49f/r. Oligonucleotides FDU49f{/r
were designed on the basis of partial nucleotide sequence determined
for cloned DNA fragment FDU49 from the flavescence dorée mycoplasma-
like organism (MLO) strain FDU from northern Italy. WX = western
X-disease; CX = Canada X-disease; pFDU49 = positive control template
DNA of plasmid containing cloned fragment FDU49 of DNA from MLO
strain FDU; water = negative PCR control with no DNA and only water
as the template. CAl, CHI1, SANI, SAN2, FDB, FDU, and FDR are
MLO strains associated with grapevine yellows from Italy in periwinkle
plants; FDF = MLO strain associated with grapevine flavescence doréee
disease from France in broadbean; FDVAI = MLO strain associated
with grapevine yellows in naturally infected grapevine from Virginia; AY
= Maryland aster yellows; BB = tomato big bud; CPh = clover phyllody;
EY = elm yellows; AshY = ash yellows; VR = beet leafhopper-transmitted
virescence; PWB = potato witches-broom; CYE = clover yellow edge;
healthy = healthy periwinkle. MLO strains WX, CX, and CYE are
members of the X-disease MLO strain cluster and are included to illustrate
that FDU49f/r primes amplification of DNA from FDU and CYE but
not from CX or WX.

Fig. 4. Restriction fragment length polymorphism analysis of products
from amplification of the mycoplasmalike organism (MLO) 16S rRNA
gene sequence primed by oligonucleotide pair r16SF2/R2. Template DNA
was extracted from healthy plants or plants infected by MLO strains
associated with grapevine yellows or by control MLO strains. Amplified
DNA was digested with A, Alul, B, Msel, or C, Kpnl. CAl, CHI, SANI,
SAN2, FDB, FDU, and FDR are MLO strains associated with grapevine
yellows from Italy in periwinkle plants; FDF = MLO strain associated
with grapevine flavescence dorée disease from France in broadbean; AY
= Maryland aster yellows; BB = tomato big bud; CPh = clover phyllody;
EY = elm yellows; AshY = ash yellows; VR = beet leafhopper-transmitted
virescence; PWB = potato witchesbroom; CYE = clover yellow edge;
healthy = healthy periwinkle.

FDR exhibited the same pattern as did AY and BB. Only MLO
strain FDG exhibited the same Msel RFLP pattern as CPh (Figs.
4 and 5). FDB, CAl, CHI, SANI, and SAN2 differed from AY
and BB and from FDR by the presence of an Msel site within
a sequence that corresponded to the 300-bp fragment seen in
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amplified 16S rDNA of AY, BB, and CPh.

MLO strain FDU and the Virginia grapevine MLO strain
FDVALI exhibited identical RFLP patterns when their 16S rDNA
amplification products were singly digested with all three of the
endonucleases (Msel digest is shown in Figure 6). These patterns
were the same as those observed for X-disease MLO cluster strains
CX and CYE (28). In regions of the northeastern United States
where grapevine yellows has been observed (32, 35), X-disease
is also found (22). Since chokecherry is known to be a natural
source of inoculum for this disease in cultivated stone fruits (33),
we examined the possible presence in chokecherry of an MLO
related to strain FDVAL Presence of an MLO in the chokecherry
was indicated by amplification of a DNA fragment of about 1,200
bp in PCR with primer pair F2/R2 (data not shown). Amplified
16S rDNA from chokecherry gave the same RFLP pattern after
Msel digestion as did 16S rDNA from FDU, CYE, and CX MLOs,
and the Virginia grapevine MLO strain FDVAI (Fig. 6). Thus,
it appears that chokecherry also was infected by an MLO belong-
ing to the X-disease MLO strain cluster.

Since Hpall digestion of 16S rDNA was found previously to
distinguish subgroups within the X-disease MLO group (28), we
compared FDU, FDVAL, and the chokecherry MLO with known
control X-disease MLOs by this method. Hpall RFLP analyses
delineated two subgroups: one that contained FDVAI1, CX, and
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Fig. 5. Restriction fragment length polymorphism analysis of products
from amplification of the mycoplasmalike organism (MLO) 16S rRNA
gene sequence primed by oligonucleotide pair r16SF2/R2. Template DNA
was extracted from periwinkle plants infected by MLO strain FDG.
Amplified DNA was digested by Alul, Msel, or Kpnl.

1134 PHYTOPATHOLOGY

WX MLOs, and the chokecherry MLO, and the other that con-
tained FDU and CYE MLOs (Fig. 7).

Whereas RFLP analyses of 16S rDNA distinguished FDF from
the other grapevine-infecting MLOs, the patterns exhibited by
DNA from FDF were identical to those of 16S rDNA from elm
yellows MLO (Figs. 4 and 5). The insect vector source (E. varie-
gatus) (data not shown) and the plant source of FDF MLO DNA
gave the same results. Relatedness between FDF and elm yellows
MLOs was also indicated in separate experiments in which probe
FD2 (kindly provided by E. Boudon-Padieu, A. Caudwell, and
X. Daire) hybridized with DNA of elm yellows MLO but not
with DNA of several other MLOs (data not shown), which
confirms earlier hybridization data of Daire et al (14).

The RFLP pattern of Msel-digested 16S rDNA amplified from
MLO CA7 DNA template exhibited DNA fragments similar in
size and number to those observed for DNA amplified from
templates derived from control strains in the AY MLO strain
cluster, but several additional DNA fragments were observed (data
not shown).

The four MLOs (CA1, CHI, SAN1, and SAN2) that originated
from grapevines in Emilia-Romagna, Italy, were not differentiated
from each other on the basis of DNA amplification with the
various primer pairs (Table 1) or by the restriction analysis of
16S rDNA (Fig. 4). Therefore, we analyzed products obtained
in PCR with the G35p/m primer pair and DNA templates from
plants infected by these MLOs or by strains FDB or FDR. Our
rationale was that a randomly cloned fragment of the MLO

CHCH1
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SEEEE
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310 bp
271/281 bp
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Fig. 6. Restriction fragment length polymorphism analysis of polymerase
chain reaction-amplified 16S rDNA comparing Virginia grapevine yellows
mycoplasmalike organism (MLO) strain FDVAI, northern Italy grapevine
Slavescence dorée MLO strain FDU, and an MLO (strain CHCH 1)
detected in field-collected chokecherry from New York State with known
strains in the X-disease MLO strain cluster. AY = Maryland aster yellows;
CX = Canada X-disease; CYE = clover yellow edge; and HG = healthy
grapevine. The oligonucleotide primer pair was r16SF2/R2. Amplified
168 rDNA was digested with Msel,



genome may be more polymorphic than the 16S rDNA sequence.
The results distinguished among all six strains with the exception
of SANI and SAN2, which exhibited identical RFLP patterns
in this test (Fig. 8).

DISCUSSION

In this study, an unexpected diversity was revealed among
MLOs associated with grapevine yellows. Previous work (15) had
indicated that at least two distinct genomic clusters were repre-
sented by grapevine-infecting MLOs found in Italy. The present
data indicate for the first time that MLOs associated with
grapevine yellows in the United States, Italy, Germany, and France
represent no less than three distinct groups (Table 2).

This work illustrates molecular detection of MLOs in naturally
diseased grapevines cultivated in Virginia and Italy. The symptoms
exhibited by the diseased grapevines were similar to those pre-
viously described for flavescence doree in France and Italy and
for grapevine yellows reported in New York (10,11,32). The data
are the first to establish the occurrence of an MLO in association
with grapevine yellows in Virginia, and they identify the Virginia
MLO strain FDVAI as a member of the X-disease MLO group.

Interestingly, both the MLO strain FDVAI, associated with
grapevine yellows in Virginia, and the flavescence doree MLO
strain FDU from northern Italy were classified in the X-disease
MLO strain cluster in this work, although the flavescence doree
MLO strain FDF from France was not. This finding suggests
the possibility that the same or related MLOs might infect both
grapevine and stone fruits, causing X-disease in stone fruits and
grapevine yellows or flavescence dorée in susceptible cultivars
of grapevine. Thus, it may be important to investigate whether
natural sources of inoculum for grapevine infection may also serve

X
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Fig. 7. Restriction fragment length polymorphism analysis of 168 rDNA
distinguishing Virginia grapevine yellows strain FDVAI, western X-
disease (WX), and Canada X-disease (CX) mycoplasmalike organisms
(MLOs) from MLOs associated with clover yellow edge (CYE) and
northern Italy grapevine flavescence dorée (FDU). Oligonucleotides used
to prime amplification of 16S rDNA in polymerase chain reaction analyses
were r16SF2/R2. Amplified 165 rDNA was digested with Hpall.

as sources of inoculum for MLO infection in stone fruits and
vice versa. However, disease epidemiology could be significantly
influenced by differences in genomes among X-disease MLO
cluster strains. For example, in work delineating the X-disease
MLO strain cluster (27), RFLP patterns of chromosomal DNA
indicated that western X-disease and Canada (eastern) X-disease
MLOs from stone fruits were more closely related to one another
than to a third cluster member, clover yellow edge MLO. Our
results from PCR analyses with primer pair FDU49f/r and from
Hpall digestion of 16S rDNA indicate that Italy grapevine MLO
strain FDU may be more closely related to clover yellow edge
MLO than to Canada X- and western X-disease MLOs, whereas
the grapevine MLO strain FDVAI1 from the United States may
be more closely related to Canada X- and western X-disease MLOs
than to clover yellow edge MLO (Table 2).

Since strains of MLOs associated with grapevine yellows from
both the United States and northern Italy were related to X-
disease MLOs, it may be worthwhile to investigate a possible
relationship among insect vectors of MLOs associated with grape-
vine yellows and with X-disease and similar diseases of stone
fruits in northern Italy and elsewhere. S. ritanus, a vector of
flavescence dorée-grapevine yellows pathogens in France and
northern Italy (8,21,36), is native to North America, where it
may also vector grapevine yellows MLOs (8,19,30). However,
other vectors may also be important in the spread of these diseases
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Fig. 8. Restriction fragment length polymorphism analysis of products
of DNA amplification primed by oligonucleotide pair G35p/m. Oligo-
nucleotides G35p/m were designed on the basis of partial sequence deter-
mined for a cloned fragment of DNA from [talian periwinkle virescence
mycoplasmalike organism (MLO) (18). Template DNA was extracted
from healthy plants or plants infected by MLO strains associated with
grapevine yellows or by control MLO strains. CAl, CHI, SAN1, SAN2,
FDB, and FDR are MLO strains associated with grapevine yellows from
Italy in periwinkle plants. Amplified DNA was digested with Alul or
Msel.
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in the United States and Europe. In particular, it seems reasonable
to speculate that MLOs that cause grapevine yellows disease might
be transmitted by leafhoppers capable of transmitting X-disease
MLOs. It would be interesting to determine whether X-disease
vectors such as Fieberiella florii Stdl, for example, which has
been found in vineyards in Italy (12), are able to transmit some
strains of grapevine yellows MLOs from or to grapevine.

Since the flavescence dorée disease described in France is
generally regarded as the type example of the disease, it was
surprising to find that the flavescence dorée MLO strain FDF
was distinct from both the FDU MLO from northern Italy and
the FDVAI MLO detected in grapevine in Virginia. FDF was
also quite distinct from all other MLOs associated with grapevine
yellows in this study; the data indicated a close relationship of
FDF to elm yellows MLOs, which have been shown to comprise
a distinct genomic strain cluster (26).

Our data on flavescence doree MLO strain FDF are consistent
with independent findings (14) in which probe FD2 (IFD2) and
six other cloned FDF MLO DNA probes hybridized with DNA
of several MLOs, including elm yellows MLO. Elm yellows MLO
was the only MLO whose DNA hybridized with all seven of
the probes, and one of the probes hybridized with DNA only
from elm yellows MLO (14). MLO infection in flavescence dorée-
diseased grapevine in France was also detected by use of probe
FD2 (14). Identification of strain FDF as a member of the elm
yellows MLO group may have implications for understanding
the epidemiology of flavescence dorée disease. Since FDF MLO
does appear to be closely related to a strain group including MLOs
that infect elm (Ulmus spp.), it may be worthwhile to investigate
whether strains from elm and grapevine might cross-infect these
plant hosts. Although S. luteolus Van Duzee is known to transmit
elm yellows MLO in North America (3), the natural vector of
elm yellows MLO in Europe is not known. In work with FD
MLO, E. variegatus and S. titanus have been used in laboratory
transmissions (8,14). It may be useful to determine whether S.
titanus or E. variegatus can transmit elm-infecting MLOs. Further
work will be necessary to learn whether grapevine-infecting strains
represent a subcluster genomically distinct from strains found
in elm.,

MLOs originating from grapevine in Germany (MLO strain
FDG) and in regions of Italy south of the Po River (MLO strains
FDB, FDR, CAl, CHI, SANI, and SAN2) resembled each other
in the PCR amplification of template sequences when oligo-
nucleotide primer pairs F4/R1 and G35p/m were used. Such
DNA amplification is characteristic of MLOs in the AY MLO
strain cluster and has not been demonstrated in any MLOs that
are not members of this cluster (17,18). Whereas all seven of
these strains also resembled AY MLO cluster strains in RFLP
patterns of Alul- and Kpnl-digested 16S rDNA, only strains FDR
and FDG exhibited Msel restriction patterns previously observed
for any AY MLO cluster strains (28). On the basis of the data,
we tentatively classify all seven strains in the AY MLO strain

TABLE 2. Classification of mycoplasmalike organisms (MLOs) associated
with grapevine yellows in Europe and North America

MLO group Most closely related
MLO strain classification control strain (s)
FDVAI X-disease CX, WX
FDU X-disease CYE
FDB Aster yellows ND*
FDR Aster yellows AY
CAl Aster yellows ND
CHI Aster yellows ND
SANI, SAN2® Aster yellows ND
FDG Aster yellows CPh
FDF Elm yellows EY
CA7 ND ND

*Not determined.
"MLO strains SANI and SAN2 were not distinguished on the basis of
data in this report.
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cluster, recognizing that strains FDB, CAl, CHI, SANI, and
SAN2 differ from strains FDR, FDG, and other strains in the
cluster. In analogy with the AY MLO cluster strain CPh, which
represents a separate subcluster (type) and whose DNA also
exhibits an Msel restriction pattern unique among control MLOs
used (28), it is possible that the five similar grapevine yellows
MLOs from the Emilia-Romagna and Puglia regions of Italy
represent a separate and new subcluster within the AY MLO
strain cluster. FDR and FDG resemble the Maryland AY and
CPh subclusters, respectively (Table 2).

The classification of grapevine MLO strains FDB, CAl, CHI,
SANI, SAN2, FDR, and FDG in the AY MLO strain cluster
may have implications for the identification of insect vectors of
these pathogens. For example, S. titanus has not been reported
in southern Italy, and the vector responsible for the spread of
grapevmc yellows (southern European grapevmc yellows) in this
reglon is unknown (31). It may be worthwhile to investigate vector
species known to transmit AY MLOs for their ability to transmit
certain grapevine-infecting MLOs.

MLO strain CA7, detected in naturally diseased grapevine in
the Emilia-Romagna region of Italy, was interesting in that it
differed from other MLOs isolated from grapevines in the same
region. For example, it resembled strains CA1, CH1, SANI, and
SAN2 in the amplification of AY MLO strain cluster-specific
DNA sequences when PCR mixtures contained primer pair F4/R 1
or G35p/m. However, this MLO could not be definitively classi-
fied, because its 16S rDNA exhibited an RFLP pattern not clearly
similar to that characteristic of any one MLO group (data not
shown). Instead, the pattern may represent the presence of two
different MLOs in the affected vine sampled, one related to AY
MLOs and the other not yet determined. This hypothesis is
supported by the fact that the observed RFLP DNA fragments
from digestion with Msel together represent a DNA sequence
of about 2,600 bp. This size is 1,400 bp larger than the size expected
based on the positions of primer annealing to target 16S rDNA.
The identity(ies) of the MLO(s) referred to as CA7 is under further
study.

Previously, we reported molecular evidence from dot hybrid-
izations and RFLP analyses of chromosomal DNA indicating
that grapevine yellows in Italy was associated with at least two
distinct MLOs represented by strains FDU from northern Italy
and FDB from southern Italy (15). Results from the present work
are completely consistent with this conclusion. Our data indicate
that most MLOs associated with grapevine yellows investigated
here, with the exception of strains FDU, FDVAI, and FDF,
are members of the AY MLO group, that strains FDVA1 and
FDU are members of the X-disease MLO group, and that strain
FDF belongs to the elm yellows MLO group. Thus far, our data
have identified a strain related to X-disease MLOs in grapevine
in North America; the data also indicate that at least three distinct
MLOs occur in yellows-diseased grapevines in Europe. The
breadth of genomic diversity we have observed among grapevine-
infecting MLOs was unexpected. Further work will be required
to determine the geographic distribution and relative frequencies
of grapevine infection by these diverse MLOs and to establish
what etiological roles they may have in grapevine flavescence
dorée-grapevine yellows disease syndromes.
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