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SUMMARY

Phytoplasmas for which 16S rDNA sequences are
available have been classified into 20 major phylogenet-
ic groups or subclades. Further phytoplasmas have
been assigned to these groups, according to other mole-
cular data such as RFLP analysis of PCR-amplified ri-
bosomal DNA, nucleic acid hybridization, and serologi-
cal comparison. A total of 75 phytoplasmas were distin-
guishable among the molecularly characterized phy-
topathogenic mollicutes.

RIASSUNTO

STATO ATTUALE DELLA CLASSIFICAZIONE MOLECOLA-
RE DEI FITOPLASML. [ fitoplasmi, dei quali la sequenza
nucleotidica del 16S rDNA era nota, sono stati classifi-
cati in 20 gruppi filogenetici principali. Sulla base di da-
ti ottenuti mediante analisi di RFLP del DNA riboso-
male amplificato mediante PCR, ibridazione di acidi
nucleici e sierologia, altri fitoplasmi sono stati assegnati
ai gruppi suddetti. Un totale di 75 distinti taxa & stato
individuato tra tutti i mollicuti fitopatogeni caratterizza-
ti con metodiche molecolari.

Key words: phylogeny, taxonomy, phytoplasmal dis-
eases.

INTRODUCTION

Phytoplasmas are nonhelical mollicutes associated
with diseases of several hundred plant species (McCoy
et al., 1989). These disorders are characterized by
flower malformation, other growth aberrations, yellow-
ing and/or decline and are collectively referred to as
yellows diseases. They were thought to be caused by
viruses until a group in Japan (Doi ez al, 1967) reco-
gnized in diseased plants wall-less, pleomorphic bodies
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which resembled in morphology and ultrastructure my-
coplasmas known to be pathogens of humans and ani-
mals. Due to this similarity the structures detected in
plants were called mycoplasma-like organisms (MLOs),
but the failure of all attempts to culture phytoplasmas
under axenic conditions made their characterization
difficult and prevented their definitive classification.

A new era in phytoplasma research began when
DNA-based methods were introduced about a decade
ago, following the development of procedures to ex-
tract and enrich phytoplasmal DNA from infected
plants or insects (Kirkpatrick e al., 1987; Lee and
Davis, 1988; Sears et al., 1989; Kollar et al., 1990). Phy-
toplasmal DNA could then be cloned and sequenced,
and methods applied for amplification of this DNA us-
ing PCR. A wealth of molecular data on phytoplasma
diversity and on the relationships of the phytoplasmas
was generated. In several comprehensive studies on
phylogeny and taxonomy of the phytoplasmas, many
phytoplasmas from several phylogenetic groups have
been examined, using either sequence or RFLP analysis
of ribosomal DNA. However, there is no recent publi-
cation in which the available data are combined to pre-
sent a comprehensive classification scheme. Thus, the
aim of this review is to compile the results of both
DNA-based and serological studies and present a pic-
ture of the current status of phytoplasma differentiation
and classification. This will be done by grouping the
phytoplasmas phylogenetically and assigning other mol-
ecularly characterized phytoplasmas, for which full-
length 16S rDNA sequences were not available, to the
groups delineated.

PHYTOPLASMA PHYLOGENY

The first molecular indication of the mycoplasmal na-
ture of the phytoplasmas was obtained by estimating the
G+C content of highly enriched phytoplasmal DNA.
The very low values obtained (23.0 to 26.2 mol %) sug-
gested a close relationship to the culturable mollicutes
(Kollar and Seemiiller, 1989). More evidence came from
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estimation of genome size, found by Neimark and Kirk-
patrick (1993) to lie between 600 and 1150 kb, which is
within the range for culturable mollicutes.

Evidence on the phylogeny of phytoplasmas can be
obtained using comparative sequence analysis of the
conserved 16S rRNA gene, which was proposed by
Woese (1987) as a universal phylogenetic marker for
classifying major groups of prokaryotes. This approach
has been used to determine relationships of culturable
mollicutes with each other and with walled bacteria
(Weisburg ez al., 1989).

Lim and Sears (1989) and Kuske and Kirkpatrick
(1992) were the first to clone and completely sequence
16S rRNA genes of phytoplasmas. Sequence compar-
isons indicated that the two aster yellows (AY) phyto-
plasmas which were examined are more closely related
to culturable mollicutes than to other bacteria. When
the 16S rRNA gene became readily accessible by PCR
amplification, Namba ez a/. (1993), Gundersen e al.
(1994), and Seemiiller ez al. (1994) sequenced full-
length or nearly full-length 16S rRNA genes of 37 rep-
resentative strains. Comparison showed that these were
more closely related to each other than to any other
prokaryote, and indicated that the phytoplasmas repre-
sent a monophyletic clade of organisms more closely re-
lated to other mollicutes than to walled bacteria. The
closest relatives of the phytoplasmas are some achole-
plasmas such as A. palmae and A. modicum (Davis et
al., 1997a) of the anaeroplasma clade as defined by
Weisburg et al. (1989). These relationships have been
largely confirmed by sequence analysis of two con-
served ribosomal protein genes (Lim and Sears, 1992;
Gundersen et al., 1994).

As a consequence of these studies, the International
Committee of Systematic Bacteriology (ICSB) Subcom-
mittee on the Taxonomy of Mollicutes (1993, 1997) has
agreed to replace the trivial name MLO by the term
phytoplasma. This name will also, under the provisional
taxonomic status Candidatus (Murray and Schleifer,
1994), become the genus name of the plant pathogenic
mycoplasmas.

METHODS TO DIFFERENTIATE AND CLASSIFY
PHYTOPLASMAS

SYMPTOMATOLOGY AND HOST RANGE. Differentiation
and classification of the culturable mollicutes is based
on both phenotypic and genotypic characteristics (ICSB
Subcommittee on the Taxonomy of Mollicutes, 1995).
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Since phytoplasmas have not been grown in axenic cul-
ture, genotypic data are difficult to obtain and most of
the phenotypic traits are still not applicable for their
classification. Thus phytoplasmas were for a long time
described and differentiated according to the symptoms
they induce, the host plant affected, and sometimes also
the geographic area where they occur (e.g. European
aster yellows). A particular role in symptomatologic clas-
sification was played by the experimental host Catharan-
thus roseus (periwinkle), to which many phytoplasmas
have been experimentally transmitted and in which they
induce specific symptoms. A classification of phytoplas-
mas maintained in periwinkle was attempted by Marwitz
(1990), and his grouping shows some similarities to the
current genetic classification. However, in several cases
phytoplasmas were grouped together, which are geneti-
cally distinctly different (e.g. the apple proliferation and
X-disease agents), whereas others considered to be dif-
ferent are genetically closely related (e.g. the agents of
AY and paulownia witches’-broom).

The specificity of insect vectors of phytoplasmas has
also been used as a means of differentiation. For exam-
ple, the two symptomatically similar phytoplasmoses af-
fecting grapevine in France, flavescence dorée and bois
noir, were correctly thought to be caused by two differ-
ent agents because the vector of flavescence dorée
(Scaphoideus titanus) did not transmit bois noir (Caud-
well et al., 1971). However, vector transmission is a
complex process, being a three-way interaction between
pathogen, vector and host (Chiykowski and Sinha,
1990), and is thus a difficult tool for use in taxonomy.

SEROLOGY. Polyclonal antisera and monoclonal anti-
bodies have been produced against various phytoplas-
mas (for reviews see Kirkpatrick, 1991; Lee and Davis,
1992). Immunogens were usually extracted and en-
riched from infected plants, less often from infested in-
sect vectors. As antisera prepared with plant-derived
immunogens often showed strong cross reactivity with
plant antigens, and as insect-derived immunogens were
rarely available, the production of specific, high-titer
antisera proved to be difficult. Thus most of the anti-
bodies available were prepared against isolates main-
tained in high-titer hosts such as periwinkle or herba-
ceous plants, and were suited to detect and identify
phytoplasmas in samples from hosts with a sufficiently
high titer. However, due to the comparatively high
specificity of antibodies, serology has provided only
limited information about the interrelatedness of phyto-
plasmas and none about relationships with culturable
mollicutes and walled bacteria. Thus, the future role of
serological methods will mainly be the differentiation of
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closely related strains that were difficult to distinguish
at the level of rtDNA or other conserved sequences.

DOT AND SOUTHERN BLOT ANALYSIS. Randomly
cloned fragments of chromosomal phytoplasmal DNA
have been widely used in dot blot hybridization assays
(Kirkpatrick et al., 1987; Lee and Davis, 1988; Bonnet
et al., 1990; Lee et al., 1991). The probes usually
showed a considerably broader detection range than
antibodies. Depending on the sequence selected, the
probes varied in specificity and allowed definition of
wider or narrower relationships. In particular by using
probes from different phytoplasmas and with different
specificity, it was possible to identify groups of geneti-
cally different phytoplasmas and to distinguish phyto-
plasmas within the groups.

Southern blot hybridization and analysis of the re-
sulting RFLP patterns provided more information on
genetic relationships than dot blot assays, which are
rarely used now. Strains that were indistinguishable by
dot hybridization could be differentiated by RFLP
analysis (Bonnet ef a/., 1990). This method also revealed
considerable genetic variation between AY strains
(Kuske ez al., 1991; Lee et al., 1992a; Schneider and
Seemiiller, 1994b) and between apple proliferation iso-
lates (Kison et al., 1994), and could further distinguish
fruit tree phytoplasmas within the apple proliferation
group (Kison ez a/., 1997). Thus, using appropriate re-
striction enzymes and probes, Southern blot analysis is
still an important tool in phytoplasma differentiation.
Especially for the distinction of closely related strains, it
may allow finer differentiation than RFLP analysis of
PCR-amplified conserved sequences. Beside the limited
hybridization range of most probes, the major disad-
vantage of Southern blotting is the insufficient sensitivi-
ty of the probes in comparative work with phytoplas-
mas from low-titer hosts.

RFLP ANALYSIS OF PCR-AMPLIFIED CONSERVED
DNA. In contrast to antibodies and hybridization
probes, the 16S rRNA gene is universal in prokaryotes
and possesses both conserved and variable regions that
make it useful for taxonomic studies. After 16S rDNA
became readily accessible by PCR amplification, RFLP
analysis of PCR-amplified rDNA was employed to com-
prehensively classify the phytoplasmas on a molecular
basis for the first time. This work showed that similar
phytoplasmas, e. g. from the same host, exhibit similar
profiles whereas isolates from different hosts or different
geographic areas differ in their RFLP patterns. Using
frequently cutting restriction endonucleases, such as
Alul, Rsal and others, approximately 12 major groups
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and several subgroups were distinguishable (Lee er a/.,
1993c; Schneider ez al., 1993). At present, RFLP analysis
of PCR-amplified tDNA is the method of choice for rou-
tine differentiation and classification of phytoplasmas.
As the information increases with the number of restric-
tion sites, a large fragment is often preferred that com-
prises the entire 16S rRNA gene and the 16S-23S rDNA
spacer region (Schneider ez al., 1995b). Differentiation
can also be improved by increasing the number of re-
striction enzymes. Lee ez al. (1993¢) used 15 enzymes for
the classification of many diverse phytoplasmas.

However, from the data available, it appears that
classification based on RFLP analysis of the 16S rRNA
gene alone does not reflect the full range of phenotypic
diversity. This gene does not always seem sufficiently
variable to allow distinction of phytoplasmas that differ
in plant host or vector specificity. More variable are nu-
cleic acid sequences of ribosomal protein genes, which
have enabled identification of more RFLP groups than
16S rDNA data. The combined RFLP analysis of both
sequences resulted in the most detailed differentiation
of the AY and X-disease group phytoplasmas so far
(Gundersen et al., 1996). Another less conserved se-
quence, recently examined, is the gene encoding the
elongation factor Tu (#4f gene). Due to its variability, a
more detailed subdivision of AY group phytoplasmas
was obtained than by 16S rDNA analysis (Schneider e#
al., 1997a). RFLP analysis of randomly cloned chromo-
somal DNA fragments has also been employed, mainly
to differentiate closely related phytoplasmas (Jarausch
et al., 1994; Daire et al., 1997).

SEQUENCE ANALYSIS OF CONSERVED DNA. Sequence
analysis of the 16S rRNA gene is the standard method
for the phylogenetic classification of prokaryotes. Major
efforts were undertaken by Namba ez a/. (1993), Gun-
dersen et al. (1994), and Seemiiller et al. (1994) in se-
quencing full-length or nearly full-length 16S rRNA
genes of representative strains from major phytoplasma
groups established by RFLP analysis of 16S rDNA. In
these and other studies, in which more than 40 phyto-
plasmas were included, approximately 12 groups could
be identified as distinct subclades of the phytoplasma
clade. These subclades are considered to represent the
equivalent of distinct species (ICSB Subcommittee on
the Taxonomy of Mollicutes, 1997). The classification
based on sequence analysis largely corresponds to the
grouping obtained by RFLP analysis of PCR-amplified
16S rDNA. The few differences observed indicate that
the sequence of a large molecule, such as the 16S rRNA
gene, reflects phylogenetic distance more accurately
than restriction patterns which depend on significantly
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fewer genetic characters. The two 16S rRNA genes
which occur in phytoplasmas (Schneider and
Seemiiller, 1994a), seem to differ little from each other
and do not markedly affect the results of sequence
analysis. The only pair of heterogeneous 16S rRNA
genes, which has been sequenced, differed at four nu-
cleotide positions (Liefting ez al., 1996).

Analysis of another conserved sequence, the spacer
region between the 16S and 23S rRNA genes, results in a
classification scheme similar to that derived from 16S
rDNA data. Although the spacer region is less commonly
used in phylogenetic studies, it is an attractive molecule
because it is considerably shorter than the 16S rRNA
gene (220-250 bp versus ca. 1530 bp) and thus easier to
sequence. In addition, the spacer region is, apart from
the highly conserved tRNAL® gene that is apparently pre-
sent in all phytoplasmas, less conserved than the 16S
rDNA. For this reason, more detailed differentiation is
possible. More than 60 phytoplasma strains have been
differentiated and classified by analysing the sequence of
their 16S-23S spacer region (Kirkpatrick e al., 1994;
Schneider et al., 1995b). Nucleotide sequence analysis of
the conserved ribosomal protein 1.22 gene has also been
used. This fragment supported the designation of sub-
clades and their phylogenetic positions within the phyto-
plasma clade as obtained by 16S rDNA sequence analy-
sis (Gundersen ez al., 1994).

DIFFERENTIATION AND CLASSIFICATION
OF PHYTOPLASMAS

PHYLOGENETIC GROUPING. The taxonomy of the un-
culturable phytoplasmas is a particular problem be-
cause many criteria important in the taxonomy of cul-
turable bacteria are only attainable with difficulty or
not at all. This applies mainly to suitable phenotypic in-
formation. Thus, the criteria of modern bacterial taxon-
omy as a polyphasic approach to classification, in which
genotypic, phylogenetic, and phenotypic information is
integrated (Stackebrandt and Goebel, 1994), cannot be
employed in phytoplasmology. As similar problems ex-
ist with other nonculturable prokaryotes, a formal clas-
sification of such bacteria, which are extensively charac-
terized by molecular techniques, has been proposed,
using a Candidatus prefix (Murray and Schleifer, 1994).
The Working Team on Phytoplasmas of the Interna-
tional Research Programme of Comparative Mycoplas-
mology (IRPCM) of the International Organization for
Mycoplasmology (IOM) has, at its meetings in 1994
and 1996 at Bordeaux (France) and Orlando (Florida),
proposed to adopt this new classification based on 16S
rRNA gene sequences and describe each subclade (ma-
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jor group) defined to the tentative species level as Cazn-
didatus Phytoplasma species. The ICSB Subcommittee
on the Taxonomy of Mollicutes (1993, 1997) has agreed
to this proposal and adopted the policy of basing phy-
toplasma taxonomy on phylogeny. So far, two phyto-
plasmas have been described, Candidatus Phytoplasma
aurantifolia (Zreik et al., 1995) and Candidatus P. aus-
traliense (Davis et al., 1997a) (see also Table 2).

In our attempt at classification, 48 full-length or
nearly full-length phytoplasma 16S rDNA sequences
available from the EMBL databank were examined. In
addition, the 16S rRNA gene sequence of nine other
phytoplasmas was determined as described by
Seemiiller et al., (1994) and included in the analysis.
These phytoplasmas were strains ALY, BGWL, EVY,
TIAWB, IBS, PDI, PEP, PYLR, and RuS (see Fig. 1 for
abbreviations). Analysis of the 57 phytoplasmas re-
vealed a greater diversity than known from previous
work, in which fewer phytoplasmas were examined. By
including all strains and by defining some groups in a
narrower sense than previously, twenty distinct sub-
clades consisting of groups of related phytoplasmas or
single phytoplasmas were recognized (Fig. 1). The sin-
gle-phytoplasma subclades are in the following also re-
ferred to as groups. The subclades delineated include
the Australian grapevine yellows (AUSGY), Italian
bindweed stolbur (IBS), stolbur (STOL), aster yellows
(AY), buckthorn witches’-broom (BWB), spartium
witches’-broom (SpaWB), apple proliferation (AP), X-
disease (WX), Italian alfalfa witches’-broom (IAWB),
faba bean phyllody (FBP), pigeon pea witches’-broom
(PPWB), cirsium phyllody (CirP), sugarcane white leaf
(SCWL), Bermuda grass white leaf (BGWL), Tanzan-
ian lethal decline (TLD), lethal yellowing (LY), loofah
witches’-broom (LfWB), ash yellows (AshY), clover
proliferation (CP), and elm yellows (EY) groups.
Groups AUSGY, IBS, BWB, SpaWB, IAWB, CirP,
BGWL, and TLD were newly defined on the basis of
branching patterns and by differences in the 16S rDNA
sequence homology of at least 2.3% (AUSGY group)
and 2.4% (IAWB group), or greater. The IRPCM
Working Team on Phytoplasmas had earlier agreed to a
threshold of 2.5% to separate the stolbur phytoplasma
group from the AY agents (Meetings 1994 and 1996 at
Bordeaux and Orlando, respectively).

Due to the finer subclade differentiation, the groups
as delineated here are less heterogeneous than in previ-
ous schemes. Of the larger subclades, the AY, apple
proliferation, and elm yellows groups are relatively ho-
mogenous, differing in their levels of 16S rDNA se-
quence homology by not more than 1.7%, 1.6%, and
1.2%, respectively. Other subclades such as the sugar-
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cane white leaf, faba bean phyllody, and X-disease
groups are still relatively heterogeneous. This applies in
particular for the sugarcane white leaf group, in which
the evolutionary distance between the members varies
between 2.3 and 2.7%. Thus, each of the group mem-
bers may eventually be considered to be sufficiently dif-
ferent from the others to be distinguished at the species
level. Within the X-disease and faba bean phyllody
groups the greatest differences in the 16S rDNA se-
quence homology levels are 2.2 and 2.5%.

COMPREHENSIVE CLASSIFICATION AND DIFFERENTIA-
TION. A total of 246 phytoplasmas (Tables 1 and 2) ex-
amined using DNA-based and/or serological methods
were divided into major phylogenetic groups or sub-
clades as described above. Table 1 shows 103 phyto-
plasmas placed within the largest subclade, the AY
group, grouped according to a scheme proposed by Lee
et al. (1993c) and Gundersen ez al. (1994, 1996), based
on 16S rDNA RFLP or putative restriction site analysis.
In this scheme, 8 subgroups (I-A through I-I) are distin-
guished. The number of phytoplasmas placed in various
subgroups varies from only one (I-D, I-E, I.F, I-H) to
several or many, I-B being by far the largest subgroup.
All phytoplasmas of a subgroup are considered to be
very similar or identical, because they did not differ in
the comparisons made. However, within subgroup I-A,
1-B, and I-C, a total of nine additional phytoplasmas
can be distinguished from the other subgroup members
by combined RFLP analyses of 16S rRNA and riboso-
mal protein gene sequences (Gundersen et al., 1996),
Southern blot analysis, and/or serological comparison.
Some of the AY phytoplasmas included in Table 1 were
not sufficiently characterized to be assigned to one of
the established subgroups.

The 143 non-AY phytoplasmas are classified in a sim-
ilar way, except that the major groups and the phyto-
plasmas within the groups are named according to the
diseases the phytoplasmas are associated with. Some-
times a geographic attribute is included into the name to
further specify the pathogen (e.g. Tanzanian coconut
lethal decline phytoplasma). The non-AY phytoplasmas
are divided into 19 major groups (Table 2). In most
groups there were one or more phytoplasmas that were
not distinguishable from the taxon preceeding them in
the list so that they were treated as identical or very simi-
lar. Among the non-AY phytoplasmas, 58 taxonomic
units were distinguishable, unevenly distributed among
the groups. There are several groups consisting of only
one taxon whereas in other groups, up to 11 taxa (X-dis-
ease group) were differentiated. In Table 2, ten phyto-
plasmas were included which were only partially charac-
terized, so that only group assignment was possible.
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GEOGRAPHIC DISTRIBUTION AND PLANT
ASSOCIATION

Phytoplasmas occur worldwide, but there are sig-
nificant differences in the distribution of the various
groups and subgroups. For example, AY subgroup I-
A phytoplasmas have only been reported in North
America whereas members of subgroup I-B are wide-
spread in North America, Europe and Japan. Phyto-
plasmas of the stolbur and ash yellows groups have
only been identified in Europe and North America, re-
spectively, whereas phytoplasmas of the faba bean
phyllody group are only known from Asia and Aus-
tralia. Apple proliferation group phytoplasmas have
only been reported in Europe with the exception of
the peach yellow leaf roll agent, which occurs in west-
ern USA. However, the current information about dis-
tribution is likely to be just a temporary picture sub-
ject to change with further research. There is still very
little known about the occurrence of phytoplasmas in
vast areas including the former Soviet Union, Africa,
and South America.

Tables 1 and 2 suggest that phytoplasmas may differ
considerably in host specificity. In the AY group, mem-
bers of subgroup I-B appear to have a wide host range
since this group occurs in many plant species. In con-
trast, paulownia witches’-broom (subgroup I-D), blue-
berry stunt (subgroup I-E), and maize bushy stunt phy-
toplasmas (rr-rp variant of subgroup I-B) have each
been identified only in one plant species. The fruit tree
phytoplasmas of the apple proliferation group also
seem to preferentially infect one host. The apple prolif-
eration (Seemiiller et al., 1994), pear decline, and Euro-
pean stone fruit yellows phytoplasmas, from which
more than one 16S rRNA gene has been sequenced,
show nearly 100% homology whereas between the vari-
ous pathogens clear differences exist. The ash yellows
phytoplasma also seems to have a narrow host range.
Similarly, phytoplasmas of the lethal yellowing and
Tanzanian lethal decline groups appear to infect only
palms. On the other hand, phytoplasmas of the faba
bean phyllody group, in particular the sunn hemp
witches’-broom phytoplasma, occur in many plant
species. The well-defined stolbur phytoplasma has also
been identified in many plant species.

However, host specificity is still not well understood
and thus differentiation of phytoplasmas at the host
specificity level difficult. Also, it seems not always be
possible to distinguish phytoplasmas differing is host
specificity by RFLP analysis of PCR-amplified con-
served sequences. It is thus conceivable that the numer-
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ous isolates of AY subgroup I-B and the sunn hemp
witches’-broom phytoplasma are not as homogeneous
as they appear at present. Additional work using other
molecular markers or other methods might reveal
greater genetic diversity. It may then become possible
to correlate genotype and host specificity more closely.
However, as most or all phytoplasmas grow in periwin-
kle and induce specific symptoms in this host, there
may be no strict host specificity in phytoplasmas. Host
range may also depend on the interaction with insect
vectors.

CONCLUSIONS AND OUTLOOK

This review reflects the tremendous progress made in
the last decade in differentiating and classifying the phy-
toplasmas and elucidating their genetic diversity. It was
possible to divide the phytoplasmas examined into 20
major groups, in which a total of 75 phytoplasmas could
be distinguished. The major groups are distinctly differ-
ent and are planned, according to the consensus
reached, to be delineated to the species level. Such a for-
mal description as Candidatus species will undoubtedly
improve the current situation, complicated by confusing
historical and preliminary classification schemes. How-
ever, the numbers of distinct taxa within the groups is
constantly increasing. Therefore, despite the narrower
definition of some major groups proposed in this paper,
some of the subclades, in particular the AY, faba bean
phyllody, X-disease, sugarcane white leaf, and apple
proliferation groups, are genetically and/or pathological-
ly still too diverse, and they cannot each be described as
a single taxon, in a satisfactory working sense.

Therefore, the current concept for phytoplasma clas-
sification should be expanded and adapted to the exist-
ing diversity. One possibility would be to define each
group as narrowly as possible. We also propose to de-
scribe only those major groups as Candidatus species
that consist of only one taxon, or of phytoplasmas that
are very closely related. For the other groups, consisting
of several distinct phytoplasmas, all clearly different tax-
onomic units within the groups should be described sep-
arately, preferably as species. Examples of such addition-
al putative taxa within subclades are the rice yellow
dwarf phytoplasma and strain BVK of the sugarcane
white leaf group, the European stone fruit yellows and
pear decline phytoplasmas of the apple proliferation
group, and the tsuwabuki witches’-broom phytoplasma
of the X-disease group. Other taxa which are more
closely related to a phytoplasma described as a tentative
species may be distinguished as a subspecies although
distinction at the species level or the use of infrasubspe-
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cific ranks such as pathovar, serovar and strain is pre-
ferred (ICSB Subcommittee on the Taxonomy of Mo/li-
cutes, 1995). However, at the moment it is unclear how
many of the molecularly distinguishable phytoplasmas
will eventually be considered to be sufficiently different
to be described at one of the levels discussed. One mark-
er, such as a single conserved restriction site, may not al-
ways be sufficient to define a useful taxonomic unit.

According to the criteria recommended by the ICSB,
bacteria belonging to the same species should exhibit at
least 70% homology of their total DNA (Wayne ez al.,
1987). However, DNA homologies between the noncul-
turable phytoplasmas are difficult to determine, and so
the sequence of the conserved 16S rRNA gene was se-
lected as the basis for phytoplasma classification. Un-
fortunately, there is no clear correlation between se-
quence homology of the 16S rDNA gene and that of
the entire genome, and there is no threshold level de-
fined for designating species on the basis of 16S rDNA
sequence similarity. Comparisons show that bacteria
sharing 16S rDNA similarity of about 99% may vary in
the homology of their total DNA between 23.5 and
93%. However, most of the species that have been ex-
amined differ in their 16S rDNA sequence from related
species of the same genus in at least 1.5% of the se-
quence positions, and usually more (Fox et al., 1992).
Thus, threshold levels of less than 2.5% for defining
species may be appropriate to classify the pathologically
diverse but phylogenetically coherent phytoplasmas,
which differ in their 16S rDNA sequence by not more
than 14.0%. This evolutionary distance corresponds to
that within the phylogenetic groups of the culturable
mollicutes as defined by Weisburg et a/. (1989), which
consist of much fewer taxonomic units. Thus, differ-
ences in the 16S rDNA sequence may not be sufficient
to be the sole basis for phytoplasma classification, in
which many distinct taxonomic units are phylogeneti-
cally closely related. For their differentiation, additional
criteria may have to be included such as less conserved
genes, pathological aspects, and geographical distribu-
tion. However, only such phylogenetically closely relat-
ed taxa should be delineated which are genetically and
pathologically adequately characterized. Any taxonomic
work should be done with caution, keeping the conser-
vative nature of any classification system in mind and
taking practical considerations into account.
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Fig. 1. Phylogenetic dendrogram of the phytoplasmas examined, generated by using the Phylogeny Inference Package (PHYLIP), Version 3.57c (].
Felsenstein, Department of Genetics, University of Washington, Seattle, WA 98195). The bar represents a phylogenetic distance of 10%. Phyloge-
netic groups defined are shown in the right hand column. Group abbreviations correspond to the acronyms of the representative strains of the
groups (see also text). Phytoplasma strain abbreviations and sequence accession numbers (from bottom): PYL, phormium yellow leaf (U43569); P.
austral., Candidatus Phytoplasma australiense (AUSGY) (L76865); IBS, Italian bindweed stolbur (Y16391); VK, Vergilbungskrankheit (grapevine
yellows) (X76428); STOL, stolbur of pepper (X76427); KVG, clover phyllody/Germany (X83870); CPh, clover phyllody/Canada (1.33762); BB,
tomato big bud/Arkansas (L33760); AYA (formerly ACLR), aster yellows from apricot (X68338); OAY, Oenothera aster yellows (M30790); RP,
rape phyllody (U89378); OY, onion yellows (D12569); AY1, Maryland aster yellows (L33767); AAY, American aster yellows (X68373); SAY, west-
ern severe aster yellows (M86340); BWB, buckthorn witches’-broom (X76431); SpaWB (formerly SPAR), spartium witches’-broom (X92869); PD,
pear decline/Germany (X76425); PYLR, peach yellow leaf roll (Y16394); PDI, pear decline/Italy (Y16392); AT, apple proliferation (X68375); ES-
FY, European stone fruit yellows/Germany (X68374); ESFYC, European stone fruit yellows/Czech Republic (Y11933); CX, Canadian X-disease
(L33733); WX, western X-disease (1.04682); TWB, tsuwabuki witches’-broom (D12580); VAC, vaccinium witches’-broom (X76430); ICPh, Italian
clover phyllody (X77482); CYE, clover yellow edge (L33766); IAWB, Italian alfalfa witches’-broom (Y16390); PEP, picris echioides phyllody
(Y16393); FBP, faba bean phyllody (X83432); P.aurant., Candidatus P. aurantifolia (WBDL), (U15442); TBB, tomato big bud/Australia (Y08173);
SUNHP, sunn hemp witches’-broom (X76433); PnWB, peanut witches’-broom (L.33765); SPWB, sweet potato witches’-broom (L33770); EVY,
echium vulgare yellows (Y16389); CPPWB, Caribbean pigeon pea witches’-broom (U18763); PPWB, pigeon pea witches’-broom (L33735); CirP,
cirsium phyllody (X83438); BVK, from leathopper Psammotettix cephalotes (X76429); RYD, rice yellow dwarf (D12581); SCWL, sugarcane white
leaf (X76432); BGWL, Bermuda grass white leaf (Y16388); TLD, Tanzanian lethal decline of coconut (X80117); LY, coconut lethal yellowing
(U18747); YLD, Yucatan lethal decline of coconut (U18753); LfWB, loofah witches’-broom (L33764); AshY, ash yellows (X68339); BLL, brinjal
little leaf (X83431); CP, clover proliferation (L33761); EY, elm yellows/USA (L33763); ULW, elm yellows/France (X68376); ALY, alder yellows
(Y16387); RuS, rubus stunt (Y16395); FD, flavescence dorée (X76560). Clostridium innocuun: was used as an outgroup and three Acholeplasma
species were included for comparison. See Tables 1 and 2 for further information about the phytoplasmas examined.
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