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ABSTRACT

Lee, I.-M., Gundersen-Rindal, D. E., and Bertaccini, A. 1998. Phyto-
plasma: Ecology and genomic diversity. Phytopathology 88:1359-1366.

The recent development of molecular-based probes such as mono- and
polyclonal antibodies, cloned phytoplasma DNA fragments, and phyto-
plasma-specific primers for polymerase chain reaction (PCR) has allowed
for advances in detection and identification of uncultured phytoplasmas
(formerly called mycoplasma-like organisms). Comprehensive phylogenetic
studies based on analysis of 16S ribosomal RNA (rRNA) or both 16S rRNA
and ribosomal protein gene operon sequences established the phylogenetic
position of phytoplasmas as members of the class Mollicutes, and the re-
vealed phylogenetic interrelationships among phytoplasmas formed a basis
for their classification. Based on restriction fragment length polymor-

phism (RFLP) analysis of PCR-amplified 16S rRNA gene sequences, phyto-
plasmas are currently classified into 14 groups and 38 subgroups that are
consistent with groups delineated based on phylogenetic analysis using par-
simony of 16S rRNA gene sequences. In the past decades, numerous phyto-
plasma strains associated with plants and insect vectors have been identi-
fied using molecular-based tools. Genomic diversity of phytoplasma groups
appears to be correlated with their sharing common insect vectors, host
plants, or both in nature. The level of exchange of genetic information among
phytoplasma strains in a given group is determined by three-way, vector-
phytoplasma-plant interactions. A putative mechanism for the creation of
new ecological niches and the evolution of new ecospecies is proposed.

Additional keywords: mixed infections, phytoplasma classification.

Phytoplasmas, formerly termed mycoplasma-like organisms, were
discovered and described only 3 decades ago by a group of Japa-
nese scientists (26), although the first phytoplasma (then called
virus)-associated disease, aster yellows, was described by Kunkel
(49) as early as 1926. These plant pathogens, ultrastructurally re-
sembling members of the class Mollicutes (trivial name mycoplasma),
are minute, cell wall-less bacteria that primarily inhabit phloem sieve
elements. In nature, phytoplasma-associated plant diseases are trans-
mitted and spread primarily by insect vectors belonging to the fami-
lies Cicadelloidea (leafhoppers) and Fulgoroidea (planthoppers).

Attempts to culture phytoplasmas in cell-free media have failed.
Until recently, the identities of phytoplasmas have remained un-
known. During the last decade, the development of molecular-based
tools such as mono- or polyclonal antibodies (12,13,17,29,53),
cloned phytoplasma DNA probes (11,18,22,31,42,45,47,48,53–55,
57,74), and in particular, phytoplasma-specific universal (generic)
or phytoplasma group-specific polymerase chain reaction (PCR)
primers designed on the basis of the highly conserved 16S ribo-
somal RNA (rRNA) gene sequences (2,24,25,28,35,39–44,58,59,
66,67,75,81,88) made it possible for the first time to detect and
identify a wide array of phytoplasmas believed to inflict diseases
in hundreds of plant species (73). The ability to detect and identify
a wide range of phytoplasmas associated with plants and insect
vectors (21,35,45,56,91) in nature has greatly facilitated studies on
genomic diversity and ecology of phytoplasmas.

Several hundred phytoplasma-associated diseases have been re-
ported since the discovery of phytoplasmas 3 decades ago (73).
New disease outbreaks occur from time to time in various geo-
graphic regions. Numerous new phytoplasma strains have been

identified in the last 4 years (1,5–8,21–23,27,30,31,33,38,40,42,44,
60–62,68–70,72,74,75,78,79,82,83,93,94,96,97), and a preliminary
classification of known and new phytoplasma strains has revealed
that phytoplasmas are more diverse than previously thought. How-
ever, little is known pertaining to new disease occurrence and
spread, and the insect vector is often unknown. The lack of infor-
mation on the ecology of phytoplasmas has hindered progress in
finding natural vectors that transmit many important diseases and
in designing efficient control measures for phytoplasma-associated
diseases. With the recent development of molecular-based tools
and sensitive detection procedures, we are now equipped to study
the ecology of phytoplasmas. Some progress has already been made
through studies of phytoplasma-plant relationships and interactions,
but few studies have emphasized phytoplasma-vector relationships
or interactions. In this communication, a review of information
gathered from insect transmission studies conducted in the past
decades (4,5,10,14–16,20,32,34,49,73,77,85,90), studies of phyto-
plasma identities using molecular probes, and recent advances in
phytoplasma-plant interrelationships provides some insights on the
ecology of phytoplasmas. A putative model of evolution of new
phytoplasma strains is also provided.

Recognition of diverse phytoplasma groups. The develop-
ment of mono- and polyclonal antibodies and cloned DNA probes
in the 1980s and 1990s led to the recognition of several distinct
phytoplasma genomic clusters (12,13,22,42,45,48,53–55,57). South-
ern hybridization and restriction fragment length polymorphism
(RFLP) analyses using cloned DNA probes further differentiated
phytoplasma strains within a given cluster into distinct subclusters
(or types) (33,42,47,48,57,67,74). For example, three subclusters (or
types) were recognized within a collection of aster yellows phyto-
plasma strains, and seven subclusters were identified within the
X-disease genomic cluster (33,54).

A preliminary phylogenetic study based on 16S rRNA and ribo-
somal protein gene sequences by Lim and Sears (63,64) was the
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first to reveal that a mycoplasma-like organism, the aster yellows
phytoplasma, represented a new member of the class Mollicutes.
Based on comprehensive phylogenetic analyses of 16S rRNA or
both 16S rRNA and ribosomal protein gene sequences, the phylo-
genetic position of this new plant pathogen was clearly established
(37,84,89). The trivial name “phytoplasma” was officially adopted
in 1994 to replace “mycoplasma-like organism”. The established
phylogenies formed a basis for classification of this uncultured plant
pathogen. Attempts were made to identify and classify unknown
phytoplasmas based on direct sequencing and analysis of phyto-
plasma 16S rDNA or the 16S to 23S intergenic spacer region (46,
50,76). This approach is not always practical when a large number
of unknown phytoplasmas are to be analyzed. RFLP analysis of
PCR-amplified 16S rDNA sequences with a number of restriction
enzymes was used by us and by others to differentiate various
phytoplasmas on the basis of distinct RFLP patterns (59,81). This
procedure proved to be simple, reliable, and practical. The phyto-
plasma groups identified based on comprehensive RFLP analyses
with sufficient restriction enzymes have been consistent with phylo-
genetic groups delineated based on sequence data (37,59). Based
on extensive RFLP analyses of phytoplasma 16S rDNA sequences,
we previously identified 10 major phytoplasma groups and 15 sub-
groups (59). This classification scheme has since been expanded
to include 14 groups and 38 subgroups (56) (Table 1). Finer sub-
group differentiation within each major group has been attempted
by using less-conserved sequences such as ribosomal protein gene
clusters or the 16S to 23S rRNA intergenic spacer region, and addi-
tional subgroups have been identified (36,38,71,88,95). Many of
the subgroups identified through these approaches are consistent
with genomic subclusters delineated previously based on DNA se-
quence homology studies with probe hybridizations (33,58).

Host specificity of phytoplasmas. Both insects and plants are
natural hosts of phytoplasmas. The host ranges in insect vectors and
plants vary with phytoplasma strains. Some phytoplasmas have a
low insect vector specificity, whereas others have a very high vector
specificity. Examples of low insect vector specificity are California
aster yellows phytoplasma (16SrI-B), which is transmitted by 24 spe-
cies of leafhoppers; peach-X disease phytoplasma (16SrIII-A), which
is transmitted by at least 15 species of leafhoppers; and clover
phyllody (16SrI-C), which is transmitted by at least 9 species of leaf-
hoppers (72,89). Some phytoplasmas with a high insect vector spe-
cificity are beet leafhopper-transmitted virescence agent phyto-
plasma (16SrVI-A), American elm yellows phytoplasma (16SrV-A),
sugarcane white leaf phytoplasma (16SrXI-B), sweetpotato witches’
broom phytoplasma (16SrII-A), loofah witches’ broom phytoplasma
(16SrVIII-A), and pear decline phytoplasma (16SrX-C). These phyto-
plasmas appear to be transmitted by one or few vector species
(90).

Plant host range for each phytoplasma in nature is determined
largely by the number of natural insect vector species that are ca-
pable of transmitting the phytoplasma and by the feeding behaviors
(mono-, oligo-, or polyphagus) of these vectors. Experimentally,
some phytoplasmas can be transmitted by a polyphagus vector to
a wide range of host plants (15,32,34,49,73). For example, North
American aster yellows phytoplasmas (16SrI-A, -B) were transmit-
ted mostly by the polyphagus leafhopper Macrosteles fascifrons
to 191 plant species belonging to 42 families, eastern X-disease
(16SrIII-A) was transmitted by several polyphagous leafhoppers
to 59 plant species belonging to 13 families, and BLTVA phyto-
plasma (16SrXI-A) was transmitted by Circulifer tenellus to 48 plant
species belonging to 13 families (32,73). In contrast, phytoplasmas
such as American elm yellows, sweetpotato witches’ broom, and
pear decline, which are transmitted by mono- or oligophagus vec-
tors (Scaphoideus luteolus, Orosius ryukyuensis, and Cacopsylla
pyricola, respectively), have much narrower plant host ranges (77,
90). Susceptibility of plant(s) to a given phytoplasma and the vec-
tor feeding preference on plants largely determine the plant host
range of a given phytoplasma.

Vector-phytoplasma-plant relationships. The phytoplasma-
specific molecular probes and sensitive assay procedures devel-
oped in the last decade have allowed for great advances in diag-
nostics for diseases caused by phytoplasmas. For the first time,
the identities of phytoplasmas associated with many diseases in
plants and insect vectors can be accurately determined (1,5–8,19–
21,23,27,29–31,33,38,39–43,45,46,48,59,60–62,67–72,74,76,78–84,
86–88,93,94,96,97). The results revealed that the identities of
phytoplasmas are inconsistent with the symptoms they induce on
susceptible plants. Similar symptoms can be induced by various
distinct types of phytoplasmas (8,9,19,23,31,79,80,86,87), whereas
several disparate symptom types can be induced by closely related
phytoplasmas (44,54,78,93,94). The ability to identify the phyto-
plasma associated with each disease or insect vector has greatly
facilitated studies on vector-phytoplasma-plant relationships.

Based on insect transmission studies conducted in past decades
and precise identification of associated phytoplasmas by molecular
probes, it is known without ambiguity that many vectors can trans-
mit more than one type of phytoplasma and that many plants can
harbor two or more distinct phytoplasmas. For example, in North
America, Colladonus montanus and Scaphytopious acutus delongi
are common vectors that transmit both phytoplasmas associated
with western X-disease and California aster yellows (77,90). Simi-
larly, Aphrodes bicinctus is the common vector that transmits North
American aster yellows (16SrI-A) and clover phyllody (16SrI-C)
(90). Aphrodes bicinctus is also the major vector that transmits
clover phyllody and strawberry green petal (16SrI-C) and transmits
with less efficiency stolbur disease (16SrXII-A) in southern Europe
(10). In Australia, Orosius argentatus was reported to transmit
legume little leaf, tomato big bud, lucerne witches’ broom, vires-
cence of tobacco, and potato purple top (34). However, these dis-
eases may be caused by closely related phytoplasmas. In Europe,
Macrosteles laevis transmits European aster yellows (16SrI-B),
stolbur, clover phyllody, clover dwarf , primula yellows (16SrI-B),
and onion yellows (10,77). Although Macrosteles laevis is similar
to the North American species Macrosteles fascifrons, the Euro-
pean species Macrosteles laevis was unable to transmit North Amer-
ican (16SrI-A) and California (16SrI-B) strains of aster yellows
(10). Macrosteles fascifrons, however, can transmit both American
strains of aster yellows and the European aster yellows. This may
explain why the North American aster yellows phytoplasma strain
(16SrI-A) has not been found in Europe, except for one rare
example associated with gladiolus virescence (92).

Experimentally, each plant species has the potential to harbor
more than one type of phytoplasma. Periwinkle, commonly used
as a source plant to maintain phytoplasma culture, is able to har-
bor the majority of known phytoplasmas. However, in nature, the
ability of a given plant species to harbor one or more types of phyto-
plasma is not entirely dependent on its susceptibility to phytoplasma
infection. The insect vectors play an important role. The geo-
graphic distributions of various vectors and preferential host(s) of
each vector are two major factors that determine whether a given
plant species will be infected by single or multiple phytoplasmas.
Although, in nature, many susceptible plant species appear to be
infected each only by a specific phytoplasma, there are plant spe-
cies that are infected by several distinct phytoplasmas. An example
for the latter case is peach, which is infected by X-disease
(16SrIII-A) in North America (45,57), peach decline in China
(16SrV-B) (I.-M. Lee, unpublished data), peach leaf chlorotic roll
(16SrX-B) in the United States and Europe (38), and peach rosette
(16SrI) (68) in Europe. Another two examples of this are clover,
which is infected by clover phyllody, clover proliferation (16SrVI-A),
clover yellow edge (16SrIII-B) (53,54,57) (Table 1), and clover
dwarf (possibly belonging to 16SrI-B) (10); and grapevine, which
is infected by flavescence dorée (16SrV-C) and grapevine yellows
(16SrXII-A, -B) in Europe and Australia (7,9,19,22,23,67,80). In
most cases, each distinct phytoplasma is transmitted by a different
vector in different geographic regions (10,77).
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TABLE 1. Classification of phytoplasmas based on RFLP analyses of 16Sr RNA (16Sr) and ribosomal protein (rp) gene sequences

Disease(s) Primary phytoplasma(s) associated Vectora Geographic distribution

Aster yellows group (16SrI)
North American aster yellows (eastern) 16SrI-A, 16SrI-A(rp-A) + North America
Aster yellows (western) 16SrI-B, 16SrI-B(rp-B) + Worldwide
Mulberry dwarf 16SrI-B + Asia
Cabbage witches’ broom, rape phyllody 16SrI-B + Europe
Onion virescence (yellows) 16SrI-B + Italy, Japan
Lettuce yellows 16SrI-A, -B + North America, Italy
Hydrangea phyllody (virescence) 16SrI-B, 16SrI-B(rp-K) Unk Italy
Gladiolus virescence 16Sr-B, -A Unk Europe
Chrysanthemum yellows 16Sr-B + Italy
Maize bushy stunt 16SrI-B, 16SrI-B(rp-L) + America
Clover phyllody, strawberry green petal 16SrI-C + North America, Europe
Ranunculus phyllody 16SrI-C, -B Unk Europe
Anemone virescence 16SrI-C Unk Italy
Paulownia witches’ broom 16SrI-D + Asia
Blueberry stunt 16SrI-E + North America

Peanut witches’ broom group (16SrII)
Peanut witches’ broom 16SrII-A + Taiwan
Sweetpotato witches’ broom 16SrII-A + Taiwan
Sunhemp witches’ broom 16SrII-A Unk Thailand
Lime witches’ broom 16SrII-B Unk Arabic Peninsula

Candidatus Phytoplasma aurantiforlia
X-disease group (16SrIII)

Peach, cherry X-disease 16SrIII-A, 16SrIII-A(rp-A) + North America
Clover yellow edge 16SrIII-B, 16SrIII-B(rp-C) + North America
Gentian witches’ broom 16SrIII-B + Japan
Pecan bunch 16SrIII-C Unk North America
Goldenrod yellows 16SrIII-D Unk North America
Spirea stunt 16SrIII-E Unk North America
Milkweed yellows 16SrIII-F, 16SrIII-F(rp-D) Unk North America
Walnut witches’ broom 16SrIII-G, 16SrIII-G(rp-B) Unk North America
Poinsettia branching-inducing 16SrIII-H Unk Worldwide

Coconut lethal yellows group (16SrIV)
Coconut lethal yellows 16SrIV-A Unk America
Tanzanian coconut lethal decline 16SrIV-B Unk Africa

Elm yellows group (16SrV)
Elm yellow, elm witches’ broom 16SrV-A, 16SrV-A(rp-A) + North America, Europe
Cherry lethal yellows 16SrV-B, 16SrV-B(rp-B) Unk China
Jujube witches’ broom 16SrV-B, 16SrV-B(rp-C) + China
Rubus witches’ broom 16SrV-C + Italy
Flavescence doree (grapevine) 16SrV-C, 16SrV-C(rp-D) + Europe

Clover proliferation group (16SrVI)
Clover proliferation 16SrVI-A + North America
Tomato big bud 16SrVI-A + North America
Potato witches’ broom, potato yellows 16SrVI-A + North America

Ash yellows group (16SrVII)
Ash yellows 16SrVII-A Unk North America
Lilac witches’ broom 16SrVII-A Unk North America

Loofah witches’ broom group (16SrVIII)
Loofah witches’ broom 16SrVIII-A + Taiwan

Pigeon pea witches’ broom (16SrIX)
Pigeon pea witches’ broom 16SrIX-A Unk America

Apple proliferation group (16SrX)
Apple proliferation 16SrX-A Unk Europe
Spartium witches’ broom 16SrX-A Unk Italy
Apricot chlorotic leaf roll 16SrX-B + Europe
Plum leptonecrosis 16SrX-B + Italy
European stone fruit yellows 16SrX-B + Europe
Pear decline 16SrX-C + Europe

Rice yellow dwarf group (16SrXI)
Rice yellow dwarf 16SrXI-A + Asia
Sugarcane white leaf 16SrXI-B + Asia

Stolbur group (16SrXII)
Stolbur (pepper, tomato) 16SrXII-A + Europe
Celery yellows 16SrXII-A Unk Italy
Grapevine yellows 16SrXII-A + Europe, Israel
Australian grapevine yellows 16SrXII-B + Australia

Candidatus Phytoplasma australiense
Phormium yellow leaf 16SrXII-B Unk New Zealand

Mexican periwinkle virescence group (16SrXIII)
Mexican periwinkle virescence 16SrXIII-A Unk Mexico
Strawberry green petal (Florida) 16SrXIII-B Unk Florida

Bermudagrass white leaf group (16SrXIV)
Bermudagrass white leaf 16SrXIV-A + Asia
Annual blue grass white leaf 16SrXIV-A Unk Italy

a + = Insect vector(s) has been reported; Unk = insect vector(s) has not been identified or reported.
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Recently, nested PCR assays using a universal primer pair fol-
lowed by phytoplasma group-specific primer pairs revealed that a
single plant often was infected by a predominant phytoplasma(s)
and by one to several other phytoplasmas present in lower titers
(3,5,7,9,51,52,58,70). Via dodder transmission experiments, Loi et
al. (65) demonstrated that two phytoplasmas were associated with
plum trees affected by leptonecrosis. Mixed phytoplasma infections
are seemingly more common than previously thought. It is interest-
ing to note that phytoplasmas belonging to aster yellows and X-dis-
ease groups, which share common vectors in nature, are most fre-
quently involved in mixed infections in North America. In Europe,
host plants and vectors of aster yellows, stolbur, and elm yellows
group phytoplasmas overlap, and these pathogens are commonly
found in mixed infections (Tables 2 and 3). Little is known wheth-
er similar mixed infections in insect vectors occur as often as in
plants. The leafhoppers Circulifer tenellus and Dalbulus elimantus
are known to carry a phytoplasma and a spiroplasma, and each

can transmit both pathogens. Because of overlapping host plants of
many insect vectors (Table 2) and their capability to transmit more
than one phytoplasma, it is not surprising that many of these vec-
tors are able to carry dual or multiple phytoplasmas.

Genomic diversity: consequence of vector-phytoplasma-plant
interactions. Overlapping vectors and plant hosts have allowed
ample opportunities for phytoplasmas to interact with one another
and to exchange their genetic information. When phytoplasmas
share common vectors (Table 2) and host plants, the exchange of
genetic information between or among these phytoplasmas in the
pool (Fig. 1) can occur vertically and horizontally. As a result, a
widely diverse phytoplasma group is formed with characteristics
of continuous and wide genetic variations among its members.
Aster yellow (16SrI) and X-disease (16SrIII) phytoplasma groups
are examples of the two most diverse phytoplasma groups in nature
(38) (Table 1). The aster yellows group comprises nine distinct
rDNA RFLP subgroups with numerous strains that are distributed

TABLE 2. Vectors of phytoplasmas associated with various diseasesa

Vector Feeding habit Geographic distribution Phytoplasma(s) transmitted in nature

Macrosteles fascifrons Polyphagus North America, Europe Aster yellows (16SrI-A, -B), clover phyllody (16SrI-C), clover proliferation (16SrVI-A)
Macrosteles laevis Polyphagus Southern Europe European aster yellows (16SrI-B), clover phyllody, clover dwarf (16Sr-B), stolbur

(16SrXII-A)
Macrosteles striifrons Polyphagus Japan Misuba W.B., garland chrysanthemum W.B., eggplant dwarf, tomato yellows,

marguerite yellows (16SrI-B)
Euscelis plebejus Polyphagus Europe, North America Clover phyllody, strawberry green petal (16SrI-C), stolbur, cabbage W.B. (16SrI-B),

rape phyllody (16SrI-B)
Euscelis lineolatus Polyphagus Europe, North America Clover phyllody, chrysanthemum yellows (16SrI-B)
Aphrodes bicinctus Polyphagus North America, Europe Clover phyllody, strawberry green petal, aster yellows (16SrI-A), European aster

yellows, clover yellow edge (16SrIII-B)
Orosius argentatus Polyphagus Australia Tomato big bud (16SrII-D), tobacco virescence, lucerne W.B., legume little leaf, potato

purple top
Acinopterus angulatus Polyphagus North America Western X-disease (16SrIII-A), aster yellows (16SrI-B)
Colladonus montanus Polyphagus North America Western X-disease, aster yellows
Colladonus geminatus Polyphagus North America Western X-disease, aster yellows
Fieberiella florii Polyphagus North America Western and eastern X-disease (16SrIII-A), aster yellows
Paraphlepsius irroratus Polyphagus North America Eastern X-disease, clover phyllody
Scaphytopius acutus delogi Polyphagus North America Western X-disease, aster yellows
Scaphytopius magdalensis Oligophagus? North America Blueberry stunt (16SrI-E)
Dalbulus elimatus Oligophagus? America Maize bushy stunt (16SrI-B(rp-L))
Hishimonoides sellatiformis Oligophagus? Japan Mulberry dwarf (16SrI-B)
Scaphoideus luteolus Monophagus? North America American elm yellows (16SrV-A)
Scaphoideus titanus Oligophagus Europe Flavescence dorée (16SrV-C)
Hyalestes obsoletus Oligophagus Europe Stolbur, grapevine yellows (16SrXII-A)
Hishimonus concavus Oligophagus? Taiwan Loofah witches’ broom (16SrVIII-A)
Cacopsylla pyri, C. pyricola Monophagus? Europe Pear decline (16SrX-C)

a Brcák (10), Grylls (34), Maixner et al. (67), and Tsai (90).

TABLE 3. Plants and insect vectors infected with dual or multiple phytoplasmas or mollicutesa

Phytoplasmas or mollicutes associated

Infected plants or insect vectors Primary Minor

Plants
Periwinkle infected with spirea stunt 16SrIII-E 16SrI-C
Periwinkle infected with peach yellow leaf roll 16SrIII-A 16SrI-B
Periwinkle infected with potato witches’ broom 16SrVI-A 16SrI-B
Clover infected with clover yellow edge 16SrIII-B 16SrI-B
Horseweed infected with Erigeron yellows 16SrI-A 16SrIII-A
Grapevine infected with grapevine yellows 16SrV, 16SrXII-A 16SrI-B
Apricot infected with apricot chlorotic leaf roll 16SrX-B 16SrI-B, 16SrV
Nashi pear infected with pear decline 16SrX-C 16SrI-B, 16SrV
Japanese plum infected with leptonecrosis 16SrX-B 16SrI-B, 16SrX-C, 16SrV, 16SrXII-A
Japanese plum (symptomless) 16SrX-C, 16SrI-B, 16SrV, 16SrIII
European field elm infected with elm yellows 16SrV-A 16SrI-B, 16SrXII-A
Spartium infected with spartium witches’ broom 16SrX-A 16SrV-C
Hackberry with decline 16SrV, 16SrI-B 16SrI-C, 16SrIII

Insect vectors
Cacopsylla spp. from pear orchards 16SrX-C 16SrI, 16SrIII
Metcalfa pruinosa from orchards in Italy 16SrX-B, -C 16SrI-B, 16SrXII-A
Circulifer tenellus 16SrVI-A, Spiroplasma citri
Dalbulus elimatus 16SrI-B(rp-L), Spiroplasma kunkelii

a Alma et al. (3), Bertaccini et al. (6; A. Bertaccini, unpublished data), Bianco et al. (9), Lee et al. (51,52,56,57), and Marcone et al. (70).
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worldwide, while the X-disease group comprises eight rDNA sub-
groups that are found in at least three continents (56). Genomic
variations are also evident among members within some subgroups
(e.g., 16SrI-B, -C) (38). In contrast, for those phytoplasmas belong-
ing to the elm yellows group (16SrV), rice yellows dwarf (16SrXI),
and loofah witches’ broom group (16SrVIII) with narrow vector and
host plant ranges, the primary exchange of genetic material pri-
marily occurs vertically. Consequently, the degree of genetic varia-
tions is limited, and the phytoplasma group is less diverse. Some
other phytoplasma groups showing a limited diversity are ash yel-
lows (16SrVII) and coconut lethal yellows (16SrIV). The insect(s)
that vector ash yellows is still unknown.

New ecological niches and new disease outbreaks. The ge-
netic variation in the majority of phytoplasma subgroups seems cor-
related with the ecological isolation of these organisms (38) (Table
1), although some phytoplasma subgroups (e.g., 16SrI-A, -B) are
associated with a wide range of plant and insect hosts (73). Phyto-
plasma strains in certain subgroups appear geographically isolated
and exclusively associated with a narrow spectrum of plant and in-

sect hosts, and often, their insect vectors are unknown. For example,
paulownia witches’ broom (16SrI-D), blueberry stunt (16SrI-E),
maize bushy stunt (16SrI-Hrr-rp), pecan bunch (16SrIII-C), wal-
nut witches’ broom (16SrIII-F), and apple proliferation (16SrX-A)
each exhibit specificity for a preferential plant host (Table 1).
Isolation of a phytoplasma within a particular plant host may largely
reflect insect vector feeding habits or plant host susceptibility to
that phytoplasma. The vectors of paulownia witches’ broom and
maize bushy stunt are quite different from the common vectors
shared by other members of the aster yellows group (90).

It is intriguing to speculate how these distinct ecological strains
evolve and become isolated from the large strain pool of a given
phytoplasma group. The insect vector may play an active role. A
tentative mechanism for emergence of isolated subgroups in the
aster yellows and X-disease phytoplasma groups is illustrated in
Figure 1. Many insect vectors shared by phytoplasma strains in
the aster yellows or X-disease phytoplasma groups are polyphagous.
Preferential host plants are most frequently visited by these com-
mon vectors. A given host plant having dual or multiple phyto-

Fig. 1. A model of phytoplasma evolution that is driven by ecological constraints that allow new ecospecies to emerge. Some phytoplasmas such as strains in
the aster yellows (AY) and X-disease phytoplasma groups share common polyphagous vectors and plant hosts. Over time, common host plants (plant species 1,
2, 3, and 4) may become infected with two or more phytoplasmas (different subgroups of AY and X-disease groups). Because of different degrees of suscepti-
bility to phytoplasma infection, these host plants or insect vectors sustain different population profiles of mixed phytoplasmas. Minor phytoplasmas in one host
may predominate in another host. Interaction and horizontal exchange of genetic material between or among these phytoplasmas may occur. As a result, new
cryptic phytoplasma strains may evolve. Occasionally, when the polyphagous vectors in the common pool voluntarily feed or are forced (in cases in which no
other preferred plant hosts are available) to feed on nonpreferred host plants, some of the nonpreferred plant hosts (plant species 5, 6, or 7) may become infected
with the phytoplasma(s) carried by these visiting vectors. The phytoplasmas associated with new hosts may be transmitted by new vectors (plant species 5) or
unidentifiable visiting vectors. New ecological niches for the phytoplasmas are then created. The phytoplasmas in the new hosts will evolve independently from
parent strains in the common pool. Phytoplasmas that have a narrow spectrum of host plants (e.g., plant species 7) most likely are transmitted by specific mono-
or oligophagous insect vectors. The latitude of genetic exchange among these phytoplasmas is limited. However, the host plants do not prevent polyphagous
vectors from visiting them. A new ecological niche (plant species 8) for these phytoplasmas can be created through mediation by polyphagous insects.
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plasma infections may occur (plant species 1, 2, 3, or 4). Mixed
infections are more common in places where the farming is intensive
and mixed culture is routine. Mixed infections may also occur in
insect vectors. Since susceptibility to phytoplasma infection varies
with each plant and vector species, the population profiles of mixed
phytoplasmas in these host plants or insect vectors are distinct
from one another. Minor phytoplasmas in one host may predomi-
nate in another host. Normally, one or, in some cases, two primary
phytoplasmas along with one or several minor (present in very
low titers) phytoplasmas can be detected in a given host plant.

Occasionally, polyphagous insect vectors in the common pool
may voluntarily feed or be forced to feed on nonhost plants, in cases
in which no host plants are available. The nonhost plants will be-
come infected if they are susceptible to the phytoplasma(s) carried
by the visiting vectors. A new ecological niche for the phytoplasma
is then created. The phytoplasma in this new host plant becomes
isolated from the common pool shared by all members of the
given phytoplasma group, and the latitude of genetic exchange from
the strain pool greatly decreases. Since the genetic exchange for
this isolated phytoplasma strain is different from the parental strain
pool, the phytoplasma will evolve independently from the parent
strain. The phytoplasma may be exposed to a new group of insect
vectors (most likely mono- or oligophagous insects) and begin to
establish a new biological and ecological circle (plant species 5).
The phytoplasma in the new host may be transmitted by an un-
known nonnative insect or by vegetative propagation (plant spe-
cies 6). A new disease outbreak may be expected sometime during
the course of forming new ecological niches, and the new vectors,
if present (Fig. 1, plant species 5 or 8) then transmit and spread
the disease. However, in nature, the insect vectors of many diseases
(e.g., pecan bunch, walnut witches’ broom, and apple prolifera-
tion) associated with isolated phytoplasmas remain unknown. The
disease spread may largely depend on casually visiting vectors each
season. The plants that are infected with the phytoplasmas are
most likely not the preferred hosts of the visiting vectors. A good
example for this mode of infection is citrus stubborn disease that
is caused by Spiroplasma citri and transmitted by a casual visitor,
the beet leafhopper Circulifer tenellus. The beet leafhopper feeds
and completes its life cycle on numerous plants except citrus. Beet
leafhoppers cannot survive on citrus plants. New ecological niches
may likely be formed by a similar mechanism (primarily via poly-
phagus vectors) from relatively isolated niches in which plants
(Fig. 1, plant species 7) are associated with less diverse phytoplasma
groups and with monophagus or oligophagus insect vectors. Little
is known about the ability of given insect vectors (e.g., oligo-
phagus or polyphagus) to carry multiple phytoplasmas and trans-
mit them. This information is necessary for interpreting any pro-
posed mechanism for emergence of new phytoplasma strains.

Another plausible avenue for phytoplasmas to exploit new eco-
logical niches is through long-distance movement (from continent
to continent) and geographic isolation. Without strict quarantine
inspection, phytoplasma-infected plant materials can be introduced
through international exchange of germ plasms such as budwood,
rootstock, tubers, etc., into new geographic regions where native
vegetation and vector species are different from the region where
the phytoplasmas were inadvertently transported. If all necessary
elements (susceptible plant species and available vectors) for sus-
taining the phytoplasma(s) introduced are in place, a new ecological
niche for the “imported” phytoplasma(s) is created. The newly
introduced phytoplasmas have opportunities to interact with indig-
enous plants, vectors, and phytoplasmas.

CONCLUSION

The recent development of molecular-based tools, sensitive de-
tection procedures, and classification schemes has allowed for great
advances in the characterization and identification of phytoplasmas
associated with plants and insect vectors. The identities of various

phytoplasmas can now be accurately determined. This has facili-
tated studies on epidemiology of phytoplasma-associated diseases
and ecology of phytoplasmas.

In the past decade, tremendous efforts have been focused on the
characterization and identification of known and new phytoplasmas
and have led to the establishment of a comprehensive classifica-
tion scheme and to a proposal for a formal taxonomy of phyto-
plasmas. This progress has made it possible to study phytoplasma
ecology. New insights are now attainable regarding which phyto-
plasmas to study and how these phytoplasmas operate in nature.
Phytoplasmas cause diseases in several hundred plant species, and
the number is growing each year. Little information is available
about how various phytoplasmas become associated with plants and
insect vectors. Each disease is the consequence of vector-phyto-
plasma-plant interactions. Better understanding of phytoplasma
ecology is pertinent for the development of efficient control mea-
sures to combat disease. Some emphasis has been placed on phy-
toplasma-plant relationships. However, information concerning vec-
tor-phytoplasma and vector-plant relationships or interactions is
very limited. This information is necessary for understanding most
phytoplasma-associated diseases.
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