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ABSTRACT

Chang, C.J.,, Shih, H.T., Su, C.C., and Jan, F.J. 2012. Diseases of important crops, a review of the
causal fastidious prokaryotes and their insect vectors. Plant Pathol. Bull. 21: 1-10.

Phytopathogenic fastidious prokaryotes are plant pathogens that either resist to grow in any available
bacterial culture media or require specific or enriched media to grow. They include Xylella fastidiosa,
Leifsonia xyli subsp. xyli, L. xyli subsp. cynodontis and Clavibacter michiganensis subsp. sepedonicus
and C. michiganensis subsp. michiganensis that reside in xylem and spiroplasmas, phytoplasmas and
Candidatus Liberibacter spp. that reside in phloem. X. fastidiosa is the causal agent of more than 19
diseases; among them Pierce’s disease of grape and citrus variegated chlorosis are two major maladies
that cause serious economic loss on wine and citrus juice industry. L. xyli subsp. xyli, and L. xyli subsp.
cynodontis are associated with ratoon stunting disease of sugarcane and Bermuda grass stunting
respectively and C. michiganensis subsp. sepedonicus with bacterial ring rot in potato and C.
michiganensis subsp. michiganensis with bacterial tomato canker. Spiroplasmas are the causal agents of
citrus stubborn, corn stunt and periwinkle diseases. Phytoplasmas are associated with more than 500
diseases worldwide. Ca. Liberibacter spp., are the causal agents of citrus Huanglongbing or citrus
greening, zebra chip disease of potato and others. General characteristics of X. fastidiosa including (i) its
scientific classification, host ranges and diseases incited, and cell shape and size, (ii) specific and
enriched media for X. fastidiosa, (iii) symptoms induced by X. fastidiosa, (iv) geographic distribution of
X. fastidiosa, and (v) the insect vectors that transmit the diseases will be discussed. Pierce’s disease is the
limiting factor for the establishment of wine industry for the entire southeastern United States from Texas
to the Carolinas along the gulf coast of Mexico. Recent introduction of the glassy-winged sharpshooter
leafhoppers in California has threatened the winery industry of California. The successful isolation of X.
fastidiosa from the tissues with citrus variegated chlorosis (CVC) symptoms followed by the

identification of the major insect vectors provided crucial information for citrus growers and citrus juice
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industry to deal with the CVC crisis in Brazil. The biological characteristics of the three phloem-limited

prokaryotes, namely spiroplasmas, phytoplasmas and Ca. Liberibacter spp., and the diseases they induce

and their vectors will be discussed. Most plant pathogenic prokaryotes do not require an active insect

vector to spread them from plants to plants, while X. fastidiosa, Ralstonia syzygii, Ca. Liberibacter spp.,

phytoplasmas, and spiroplasmas do. To date among all known vectors, the single most successful insects

vectoring the diseases belong to the Order of Hemiptera. In the past three decades, researches have

emphatically addressed the biology, ecology, vector relationships and epidemiology of crop diseases

caused by plant pathogenic prokaryotes which were well documented in numerous review articles.

Herein a review of the significance of the insect vectors of fastidious prokaryotes that cause diseases of

important crops is to be addressed.

Keywords: fastidious prokaryotes, Xylella fastidiosa, Ca. Liberibacter spp., spiroplasmas, phytoplasmas,

Huanglongbing, Hemiptera, glassy-winged sharpshooter, Pierce’s disease of grape, citrus

variegated chlorosis, bacterial leaf scorch of blueberry

INTRODUCTION

In the Kingdom Prokaryotae, there are two domains,
Archaea and Bacteria . Bacteria have cell membrane and
cell wall, but in Bacteria domain under the Phylum
Firmicutes, there is a Class named Mollicutes that possess
only cell membrane and lack cell wall. Mollicutes,
including  spiroplasma, phytoplasma, = mycoplasma,
ureaplasma, entomoplasma, mesoplasma, anaeroplasma,
asteroplasma, and acholeplasma, are the smallest and
simplest known free-living and self-replicating forms of
life. They are bacteria of Gram-positive origin, as indicated
by their 16S rRNA ©. Most bacteria do not require insect
vectors for their dissemination except a few; e.g., Erwinia
tracheiphila transmitted by cucumber beetles ® and
Ralstonia syzygii by Hindola striata ®. However, in the
fastidious prokaryote group which includes Xylella
fastidiosa, Candidatus Liberibacter spp., and spiroplasmas
and phytoplasmas, insect vectors are essentially required
for their dissemination @ % 3" In the case of E.
tracheiphila-induced bacterial wilt of cucumber, the
bacterium survives by overwintering in the intestines of
striped cucumber beetles (Acalymma vittata) and spotted
cucumber beetles (Diabrotica undecimpunctata), in which
it hibernates . In this article, the vectors that associated
with the above-mentioned fastidious prokaryotes will be

emphasized.

To date among all known vectors, the single most
successful insects vectoring the diseases belong to the
Order of Hemiptera. In the past three decades, researches
have emphatically addressed the biology, ecology, vector
relationships and epidemiology of crop diseases caused by
plant pathogenic prokaryotes which were well documented
in the following review articles: Almeida et al. @, Gottwald
@3 janse and Obradovic @@, Markham @, Purcell &,
Purcell and Hopkins ®¥, Redak et al. ®®, Weintraub ©®,
and Weintraub and Beanland ©”.

Fastidious prokaryotes are those that either resist to
grow in any available media, such as phytoplasmas, Ca.
Liberibacter spp., and Ca. Phlomobacter fragariae or those
that require specific and enriched media, such as
spiroplasmas, X. fastidiosa, Leifsonia xyli subsp. xyli, L.
xyli subsp. cynodontis and Clavibacter michiganensis subsp.
sepedonicus. Based on the inhabitant, X. fastidiosa,
Leifsonia spp., and C. michiganensis subsp. sepedonicus
are xylem-inhabiting while spiroplasmas, phytoplasmas, Ca.
Liberibacter spp., and Ca. Phlomobacter fragariae are
phloem-inhabiting prokaryotes.

Herein a review of insect vectors of plant pathogenic
fastidious prokaryotes is provided by the authors. The
information of insect vectors of phytopathogenic fastidious
prokaryotes by taxonomic groups and their geographic
distribution is shown in Table 1.



Xylem-limited bacterial plant pathogens
and their insect vectors

According to Wells et al. ®®, X. fastidiosa possesses
the following characteristics: predominately single, straight
rods with a cell size ranges from 0.25-0.35 pm in width and
0.9-3.5 pum in length; two types of colonies: convex to
pulvinate smooth opalescent with entire margins or
umbonate rough with finely undulated margins;
Gram-negative, nonmotile, aflagellate, oxidase negative,
catalase positive, and strict aerobic; nonfermentative,
nonhalophilic, nonpigmented; and require a specific and
enriched medium such as CS20, PD2, PW, or BCYE for
growth. The optimal temperature for growth is 26-28 C,
whereas the optimal pH is 6.5-6.9. The habitat is the xylem
of plant tissue. The G+C content of the DNA is 51.0 to 52.5

mol% determined by thermal denaturation or 52.0 to 53.1
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3

mol% determined by bouyant density.

Ever since Wells et al.®® named then xylem-limited
bacterium as X. fastidiosa in 1987, X. fastidiosa has been
reclassified into five subspecies according to their
differences in genetic makeup, host range, physiology, and
biochemistry. They are X. fastidiosa subsp. fastidiosa for
strains of grape, almond, alfalfa, and maple, X. fastidiosa
subsp. multiplex for strains of peach, plum, almond, elm,
sycamore, and pigeon grape, X. fastidiosa subsp. pauca for
strains of citrus ©®, X. fastidiosa subsp. sandyi for strains
of oleander, daylily, jacaranda, and magnolia ®®, and X.
fastidiosa subsp. tashke for strains of Chitalpa
tashkentensis, a common ornamental landscape plant ©2.
However, the last two subspecies have not been officially
recognized by the researchers in the community of

systematic bacteriology.

Table 1. Reported insect vectors of phytopathogenic fastidious prokaryotes by taxonomic groups and their geographic distribution

Pathogen
Xylem-inhabiting Phloem-inhabiting
\Vectors . Candidatus Distribution Reference
Xylella Ralstonia Liberib h | ironl
fastidiosa svzvaii iberibacter Phytoplasmas  Spiroplasmas
yzZyg spp.
Cicadomorpha
Cercopoidea
Aphrophoridae + - - - - North America 30
Clastopteridae + - - - - North America 30
Machaerotidae - + - - - Indonesia 3
Membracoidea
Cicadellidae
Cicadellinae + - - + - America; North 26, 37
America
Agalliinae - - - + - Australia; 14, 27
Austria
Aphrodinae - - - + - Europe 37
Coelidiinae - - - + India 37
Deltocephalinae - - - + + Worldwide 21, 37
lassinae - - - + Australia 37
Idiocerinae - - - + - Europe 37
Macropsinae - - - + - Europe; North 37
America
Scarinae - - - + - North America 37
Typhlocybinae - - - + - Southeast 37
Asia;
Caribbean

region
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Table 1. cont.
Pathogen
Xylem-inhabiting Phloem-inhabiting
Vectors . Candidatus Distribution Reference
Xylella Ralstonia Liberib h | iropl
fastidiosa Sv2vaii iberibacter ~ Phytoplasmas Spiroplasmas
Yzyg spp.
Fulgoromorpha
Fulgoroidea
Cixiidae - - - + - Europe; 37
Subtropical
America; New
Zealand
Delphacidae - - - + - Papua New 37
Guinea; Europe;
Asia; Cuba
Derbidae - - - + - Southeast Asia 37
Flatidae - - - + - Europe 37
Sternorrhyncha
Psylloidea
Psyllidae - - + + - Asia; Africa; 13, 18,37
Ameria; Europe
Heteroptera
Pentatomidae - - - + - East Asia 37
Tingidae - - - + - Southeast Asia 37

X. fastidiosa requires specific and enriched media to
grow as compared to other bacteria © There are seven
complex components that are used in the listed four media:
soy peptone, tryptone, phytone peptone, trypticase peptone,
soytone or phytone, and yeast extract; either one or two
complex components for each medium; two iron sources
for the medium either hemin chloride or soluble ferric
pyrophosphate; four inorganic salts: ammonium phosphate,
potassium phosphate (monobasic or dibasic) or magnesium
sulfate; three amino acids and two Krebs cycle
intermediates: citrate or succinate; and three detoxifying
components: potato starch, activated charcoal, or bovine
serum albumin. Rippled cell walls seemed to be unique for
all X. fastidiosa cells regardless of the origin of its host
plants. That was one of the reasons why they were first
described as “rickettsia-like bacteria”. However, a thorough
study of Pierce’s disease (PD) strain by Huang et al. ©
disclosed that in addition to the predominated rippled cell
walls there are intermediate cell walls and smooth cell
walls.

Based on the diseases reported around the world, X.
fastidiosa causes diseases in the America Continents
including North and South America. In the US, they occur

The specific symptoms vary among different hosts.

Symptoms of Pierce’s disease of grapes usually start with

in the whole southeastern States along the Gulf coast of
Mexico, and California. In the southern hemisphere, the
diseases occur in Brazil, Argentina, and Paraguay. In Asia,
the pear leaf scorch was reported in Taiwan. In Europe
there was a report describing PD of grapes in Kosovo,
former Yugoslavia which sits in southern Europe. The X.
fastidiosa-induced diseases seemed to occur in the region
between 15-45 degrees latitude of both north and south of
Equator. It is interesting to note that Taiwan sits at the
Tropic of Cancer where the pear leaf scorch disease occurs
and that Sao Paulo in Brazil sits at the Tropic of Capricorn
where the severe citrus variegated chlorosis (CVC) ©* and
coffee leaf scorch occur. Kosovo sits at about 45 degree
North of Equator.

There are 19 diseases that were confirmed to be
caused by X. fastidiosa. They are Pierce’s disease of grape,
alfalfa dwarf, phony peach (PP), plum leaf scald, CVC,
periwinkle wilt, ragweed stunt, and leaf scorch of almond,
elm, mulberry, oak, sycamore, pecan, maple, oleander,
blueberry, coffee, pear, and Chitalpa. ¢81516:2528293D The
common symptoms induced by X. fastidiosa include
marginal leaf necrosis, scorching or scalding of leaves,
early leaf fall, dieback of branches, and wilting to death.
marginal leaf necrosis to chlorosis; normally a yellow band

would form between the green and necrotic tissues for



white wine grapes and a purple band for red wine grapes.
The following unique symptoms will follow: petioles
remain attached to the canes, green island formation due to
irregular maturing process of barks, dried up raisins, and
eventual dying and dead vines occurs in 2-4 years after
initial infection in GA (Fig. 1). In the Order Hemiptera,
four main sharpshooters in the Family Cicadellidae, e. g.,
glassy-winged sharpshooter, blue-green sharpshooter,
red-headed sharpshooter, and green sharpshooter were the
important vectors for PD X. fastidiosa.

CVC causes severe leaf chlorosis between veins when
young trees are infected. Symptomatic leaves exhibit
brown gummy lesions on the lower side in corresponding
to the chlorotic yellow areas on the upper leaf surface.
Reduced growth vigor and abnormal flowering and fruit set
occur in infected trees. Fruits from affected trees are often
small and hard with high acidity which is not fitting for
juice making and no fresh market value ®®. The major
vectors for citrus variegated chlorosis in Brazil are
Acrogonia terminalis, Dilobopterus costalimai,
Oncometopia fascialis, and Oncometopia nigricans.

Symptoms of bacterial leaf scorch of blueberry exhibit

The causal fastidious prokaryotes and their insect vectors

marginal leaf necrosis or burn which is very distinct and is
surrounded by a dark line of demarcation between green
and dead tissue (Fig. 2A). Prior to complete plant death, all
leaves fall off, and the remaining stems display a yellow
“skeletal” appearance (Fig. 2B) which was why “yellow
stem” or “yellow twig” was often used to describe the
disorder before “bacterial leaf scorch” was formally
designated for the X. fastidiosa-caused disease . Insect
vectors for the blueberry bacterial leaf scorch disease are
under investigation in Georgia and the glassy-winged
sharpshooter  leafhopper, = Homalodisca  vitripennis
(formerly H. coagulata), is likely an important suspect.
Two xylem-limited bacteria (XLB), Xylella fastidiosa
and Ralstonia syzygii, are transmitted by xylem sap-feeding
insects @*#%)_|n general, the sucking insects that feed
predominantly on xylem sap are potential vectors of XLB
@) Among them, the confirmed vectors that transmit X.
fastidiosa possess the transmission characteristics including
the lack of a latent period, no transstadial or transovarial
transmission of the bacterium, the pathogens remain

persistently in adults, and the bacterium can multiply in the
(20)

foregut

Fig. 1. Symptoms of Pierce’s disease of grapes: A close-up view of marginal leaf necrosis (A), petioles remained attached to

the canes after leaves fall (B), green island (C) formed due to irregular maturing process of barks, dried up raisins (D), and

eventual dying and dead vines (E) in 2-4 years after initial infection in GA, USA. (Photo by Chung-Jan Chang)

5
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Redak et al. ®® pointed out that 39 species of
Cicadellinae and 5 species of Cercopoidea have been
confirmed as vectors of different strains of X. fastidiosa in
controlled experiments from the United States to Brazil. In
the United States, the glassy-winged sharpshooter
leafhopper, Homalodisca vitripennis (Germar) [synonym of
Homalodisca coagulata (Say) ©?], is the most
economically important species among vectors of X.
fastidiosa, because it provides more efficient transmission
than other vectors in primitive or new distribution (e.g. in
California). Furthermore, the machaerotid species Hindola
striata is the only known vector of Rolstonia syzygii
(formerly Pseudomonas syzygii) from Indonesia ®. In fact,
the number of vector species for different strains of X.
fastidiosa will increase considerably in the future as a result
of agricultural diversification in Latin America and

additional research on X. fastidiosa-induced diseases and

vectors in that region ®® and in Asia. Recently, DNA
fragments of pear leaf scorch (PLS) strains of X. fastidiosa
were identified in Kolla paulula (Walker) (Cicadellidae:
Cicadellinae) captured in fields near central Taiwan (Su and
Shih, unpublished data) via polymerase chain reaction
(PCR) using X. fastidiosa-specific primers. The mechanism
of PLS transmission and fulfillment of Koch's postulates
using K. paulula are currently under investigation in the
authors’ laboratories.

In summary, the majority of xylem-feeding insect
vectors belong to the members of Cicadellinag, and the
remainder species are from Aphrophoridae, Clastopteridae
and Machaerotidae (Table 1) ©?. Moreover, some taxa
(Evacanthinae, Mileewaninae, and Cicadide) are predicted
to be the potential vectors based on the phylogenetic

hypothesis ©°.

Fig. 2. Symptoms of bacterial leaf scorch of blueberry. Marginal leaf necrosis or burn (A) which is very distinct and is

surrounded by a dark line of demarcation between green and dead tissue. Prior to complete plant death, all leaves fall off, and

the remaining stems display a yellow “skeletal” appearance (B) which was why “yellow stem” or “yellow twig” was often

used to describe the disorder before “bacterial leaf scorch” was designated for this disease. (Photo by P. M. Brennen,

University of Georgia)

Phloem-limited plant pathogenic
prokaryotes and their insect vectors

In Mollicutes, the cell wall-less and phloem-limited
prokaryotes, there are two major plant pathogens:
spiroplasmas and phytoplasmas. Spiroplasmas are cells

with helical forms during logarithmetic growth. Most
spriroplasmas are cultivable in enriched media that contain
supplemented sterols and other ingredients . They are
facultative anaerobic or microaerophilic. They are
associated with three plant diseases: citrus stubborn and
horseradish brittle root disease by Spiroplasma citri, corn



stunt disease by S. kunkelii, and periwinkle disease by S.
phoeniceum. Phytoplasmas have been associated with more
than 500 plant diseases worldwide ®? ever since the
historical discovery by Doi et al. “? of then referred as
mycoplasma-like organisms (MLO) found in the pholem
elements of plants infected with mulberry dwarf, potato
witches’-broom, aster yellows, or paulownia
witches’-broom #*"). Phytoplasmas are still noncultivable
even though they have been classified into 30
group-subgroups and four undetermined entities based on
the 16S rDNA RFLP grouping (http: //plantpathology. ba.
ars.usda.gov/pclass/pclass_taxonomy.html).

Spiroplasma kunkelii causes characteristic small
chlorotic stripes at the leaf bases of new leaves 25-30 days
after initial inoculation. The chlorotic stripes fused together
and extended toward the leaf tips with green spots and
stripes exhibited on a chlorotic background. The infected
plants are stunted due to much shorter internodes and a
proliferation of secondary shoots in leaf axils; thus it is
named corn stunt disease. Corn stunt disease is transmitted
by Dalbulus maidis (DeLong and Wolcott) and D. elimatus
(Ball) in nature whereas it can be transmitted
experimentally by Graminella nigrifrons (Forbes), G.
sonora (Ball), Stirellus bicolor (Van Duzee), Exitianus
exitiosus (Uhler), and Euscelidius variegatus (Kirsch.) ©°.

Walnut witches’-broom disease was reported by
Chang et al. ® after the MLO particles were observed in the
sieve cells of the symptomatic tissues collected from
Griffin, GA. Abnormal proliferation of numerous small
shoots with lighter green color which resembled the shape
of a broom became evident in mid-July. The insect vector
for this disease is still unknown even though DNA
fragments were isolated and cloned from diseased walnut
and later DNA probes were developed to monitor the
seasonal occurrence of walnut witches'-broom MLO %1,
There are other economically important phytoplasma
diseases, such as lethal yellowing of coconuts in Jamaica
and lime witches’-broom in Oman and many others in
Taiwan.

The other phloem-limited bacteria are the causal agent
of Huanglongbing (HLB) and other diseases, Ca.
Liberibacter spp. Striking symptoms of “yellow shoots”

The causal fastidious prokaryotes and their insect vectors

were often seen in sweet orange of young and high density
orchard (1,000 trees per hectare). Two most characteristic
symptoms of HLB are leaves with blotchy mottle and fruits
with small size and color inversion . HLB are transmitted
by psyllid vectors. In Asia, Southeast Asia, and Oceania,
Diaphorina citri is the vector, Ca. L. asiaticus is the HLB
agent, and both are heat tolerant (Asian form of HLB). In
Africa and Madagascar island, Trioza erytreae is the vector,
Ca. L. africanus is the HLB agent, and both are
heat-sensitive (African form of HLB) ®. Another HLB
agent, Ca. L. americanus, was found in 2004 in Sao Paulo
State, Brazil ®® and 2005 in Florida, USA “® and its vector
is D. citri.

The phloem-limited plant pathogenic prokaryotes,
phytoplasmas, spiroplasmas, and the pathogens (Cadidatus
(HLB), are
transmitted to plants by phloem-feeding insects belonging

Liberibacter spp.) of Huanglongbing

to the Order of Hemiptera.

According to the taxonomic groups for the
above-mentioned 3 pathogens, the interaction between
insect vectors and spiroplasmas or Ca. Liberibacter spp. is
more specific than the vector-phytoplasmas relationship.
For example, the known vectors for HLB pathogen belong
to the family Psyllidae only ®*'® and the vectors Circulifer
tenellus and Dalbulus maidis belonging entirely to the
subfamily Deltocephalinae of Cicadellidae disseminate 2
plant pathogenic spiroplasmas, S. citri and S. kunkelii
respectively V.

On the contrary, there are 92 known species belonging
to 8 families in Hemiptera that are confirmed vectors of
phytoplasmas. They respectively belong to each of the
following family Cicadellidae (71 species), Cixiidae (6
species), Delphacidae (4 species), Derbidae (1 species),
Flatidae (1 species), Psyllidae (7 species), Pentatomidae (1
species), and Tingidae (1 species) ©. Furthermore, the
above-mentioned 71 species in Cicadellidae that vector
phytoplasmas could be categorized according to the
following 10 subfamilies, Cicadellinae (1 species:
Graphocephala confluens (Uhler)), Typhlocybinae (3
species: Alebroides nigroscutellatus (Distant), Amrasca
devastans (Distant), and Empoasca papayae Oman),
Agalliinae (1 species), Aphrodinae (2 species), Coelidiinae
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(1 species), lassinae (1 species), Idiocerinae (2 species),
Macropsinae (5 species), Scarinae (1 species), and
Deltocephalinae (54 species) [see Table 1 by Weintraub and
Beanland ©®”]. In general, members of the first two
subfamilies, Cicadellinae and Typhlocybinae, are known
xylem feeders and mesophyll feeders, respectively; that
means members of the two taxa can not transmit the
phloem-limited pathogens. As to why they were reportedly
able to transmit phytoplasmas which are strictly phloem
inhabitants raises an intriguing but controversial issue that

warrants further investigation.
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