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RESUMO - A habilidade de insetos picadores-sugadores em transmitir doencas para as plantas esta
intimamente relacionadaao modo de alimentacdo e ao tecido alvo. Os percevejos sdo considerados de
importanciaecondmicaminimacomo vetores de patdgenos de plantas, emboratenham comportamento
alimentar semel hante aos homopteros. Os modos de alimentac&o em Heteropteraincluem “ dilaceracéo
ebombeamento”, penetracdo intracel ular no tecido vascular, e um mecanismo de bomba osméticapara
adquirir os contetidos celulares sem penetrar a membrana celular. A relacdo entre a taxonomia dos
heterpteros, modo de alimentacdo e o tipo de patégeno transmitido é explorada através de um
levantamento bibliografico. A transmissao por percevejos de fungos, bactérias, virus, fitoplasmas e
trypanossomatideos flagelados € sumarizada. Os trypanossomatideos flagelados de plantas parecem
ser hospedados ou transmitidos exclusivamente por Pentatomomorpha (Lygaeioidea, Coreoidea,
Pentatomoidea, e Pyrrhocoroidea). A transmissao de bactérias e fungos ocorre entre familias de ambas
infraordens, masrepresentantes de Miridae (Cimicomorpha) séo mai s associados com bactérias, enquanto
0s de Pentatomidae e Coreidae (Pentatomomorpha) predominam como transmissores defungos. Alguns
casos de transmissdo de fitoplasmas e virus séo documentados, mas Cimicomorpha (tradicionalmente
categorizados como alimentadores do tipo dilacerador-bombeador) estéo representados mais
freglientemente do que o esperado, consi derando-se a especificidade por determinadostecidos vegetais
desses patdgenos. A énfase da literatura sobre a exclusividade ou predominancia do papel dos
homépteros como transmissores de doencas pode arrefecer o impeto inicial em estudar os percevejos
€omo transmissores; entretanto, os resultados apresentados aqui indicam a necessidade de incluir os
percevejos em |levantamentos de potenciais transmissores de doengas.

PALAVRAS-CHAVE: Inseto vetor, percevejo, transmissdo, trypanosoma, fitoplasma

ABSTRACT - The ability of piercing-sucking insects to transmit plant disease is closely linked to
feeding mode and target tissue. The true bugs (Heteroptera) are generally considered to be of minimal
importance as vectors of plant pathogens, although they share similar feeding behaviors with
homopterans. Modes of feeding in Heteropterainclude “lacerate-and-flush”, intracellular penetration
to vascular tissue, and an osmotic pump mechanism to acquire cell contents without penetrating the
cell membrane. The relationship between heteropteran taxonomy, feeding mode, and the type of
pathogens transmitted is explored through a literature survey of feeding behavior and vectoring
capability. Transmission by true bugs of fungal pathogens, bacteria, viruses, phytoplasmas, and
trypanosomatid flagellatesis summarized; no records exist of bugs transmitting spiroplasmas.
Trypanosomatid flagellates of plants appear to be harbored or transmitted exclusively by
Pentatomomorpha (Lygaei oi dea, Coreoidea, Pentatomoidea, and Pyrrhocoroidea). Bacterial and fungal
transmission occurs among families representing both infraorders of phytophagous Heteroptera, but
Miridae (Cimicomorpha) are most closely associated with bacteria, whereas Pentatomidae and Coreidae
(Pentatomomorpha) predominate in transmission of fungi. Few cases of transmission of phytoplasmas
and viruses are documented, but Cimicomorpha (traditionally categorized as destructive lacerate-and-
flush feeders) are represented more frequently than expected, considering the tissue specificity of
these pathogens. Literature emphasis on the exclusive or predominant role of homopterans as disease
vectors may discourage initial investigations of true bugs; based on the results presented here, the
necessity of including heteropteransin any survey of potential plant disease vectorsis clear.

KEY WORDS: Insect vector, true bug, transmission, trypanosome, phytoplasma
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The ability of piercing-sucking insects to transmit plant
disease is closely linked to feeding mode and target tissue.
Heteropteraare generally considered of negligibleimportance
as vectors of plant pathogens, athough they share similar
feeding behaviors with other hemipteran suborders. A few
well-documented cases of heteropteran transmission (e.g.,
Piesmatidae) appear in textbooks, but for the most part, true
bugs have not been considered efficient vectors (Carter 1973),
especialy in comparison to leafhoppers and aphids. Are
heteropterans competent vectors that have been overlooked
in diseasetransmission research, or do crucial differencesin
morphology or feeding behavior exist between the hemipteran
suborders that prevent true bugs from transmitting the
majority of pathogens? The objective of this review isto
analyze records of Heteroptera as vectors of plant diseases,
focusing on taxonomic relationships and feeding behaviors,
to determineif mode of feeding can explain patterns of disease
transmission.

Categories of plant pathogens considered in this review
include viruses, prokaryotes (mollicutes, vascular-limited
bacteria, and non-vascular-limited bacteria), fungi, and
trypanosomatids. |Insect-pathogen relationships described
in the literature range from vague “associations” or
“suspected” transmission, to facilitating entry via feeding
wounds, to observation of the pathogen in the host insect,
to fully established cases of experimental transmission.
Isolation of a pathogen from an insect does not guarantee
vectoring capability, nor does experimental transmission in
the laboratory necessarily mean that the insect plays an
economically important role in actual disease spread.
Nonetheless, all levels of association were included in
compiling the database for this review?. Literature records
weretraced to theoriginal sourcewhenfeasible, but extensive
reliance has been placed upon earlier, thorough reviews
focused on pathogens (e.g., Leach 1940, Agrios 1980,
Camargo & Wallace 1994) and bugs (e.g., McPherson &
McPherson 2000, Schaefer & Panizzi 2000, Wheeler 2001).
Each vector-pathogen association (including bacterial
pathovars) was treated as a unique record, but multiple host
plant associationsfor agiven bug-pathogen rel ationship were
ignored. Heteropteran taxonomic placement follows Schuh
& Slater (1995); the sourcefor fungal speciesnamesisKirk et
al. (2004) and for bacteria, Schaad et al. (2001).

Overview of Hemipteran Feeding

All phytophagous hemipterans feed by penetrating plant
tissues, using astylet bundle composed of two inner maxillary
and two outer mandibular stylets. Between the appressed
maxillary stylets, salivaispumped down onecanal, and liquid
food travels up the other. Few generalizations for the group
can be made beyond this point: Sternorrhyncha,
Auchenorrhyncha, and Heteroptera vary in structure,
mechanics, physiology, and behavior of feeding. From the
standpoint of pathogen transmission, four aspects of feeding
behavior are of grestest import: salivation, sizeof stylet bundle
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and canals, preferred target tissue, and sensory ability.

Circulativetransmissionisintimately associated with the
salivary glands; thus, gland structure, composition of the
saliva, and sdlivation behavior arevital in determining vector
relationships. Pentatomomorpha (and all homopterans)
produce two types of saliva: gelling, from the lateral and/or
anterior lobes of the salivary gland, and watery, from the
posterior lobes (Miles 1968). Gelling salivalinesthe path of
the stylets asthey progress through the plant tissue, forming
aflange on the surface and atrack, or “ stylet sheath” within.
Phytophagous Cimicomorpha (Miridae and Tingidae)
produce only watery saliva, and no stylet sheaths (Miles
1969).

Heteroptera in general are larger than aphids and
leafhoppers, and consequently their stylets are thicker. Size
affects two aspects of pathogen transmission: diameter of
infective particles that can pass through the canals, and
damage to plant tissues into which the stylets pass during
feeding. Aphids caninsert their styletsinto single sievetube
or epidermal cellswithout damage and their styletsfrequently
pass between cellsto reach the target tissue (Pollard 1973).
Infective particles such as viruses are thus effectively
delivered to uninjured host cells(Nault 1997). Thelarger stylet
bundles of Heteropteraand Auchenorrhynchaare morelikely
totakean intracellular path, causing damage to plant tissues
en route.

Most aphids feed by piercing single phloem sieve tube
cellsand ingesting flowing cell contents; related groups such
as adelgids feed on parenchyma (Pollard 1973).
Auchenorrhynchaincludes phloem-, xylem- and mesophyl|
feeders, although the vascular feeders tend to be most
strongly associated with pathogen transmission. Among the
Heteroptera, sheath-forming (Pentatomomorpha) and non-
sheath-forming (Cimicomorpha) groups feed differently. A
lacerate-and-flush method (Miles 1968) is associated with
Cimicomorpha; stylet movements within the tissue are
accompanied by the release of watery saliva, and the
combination of physical destruction and salivary enzymes
produces lesions and other visible evidence of feeding
damage. A variant of this feeding mode, in which only
enzymatic cell disruption occurs, hasbeen termed “ macerate-
and-flush” (Miles& Taylor 1994). Some cimicomorphans, such
as bryocorine mirids, may also feed in vascular tissue
(Wheeler 2001).

Stylet sheath formation has been generally associated
with vascular feeding (Backus 1988), but the sheath-forming
Pentatomomorphaarenot strictly sap feeders. Cobben (1978)
considers the Pentatomoidea, Coreoidea and Piesmatidae to
be the “most specialized sap feeders in the Heteroptera’.
Preferred target tissue in the Pentatomomorpha may be
vascular, reproductive (mature seeds or developing
endosperm), or mesophyll. For seed feeding, the lacerate-
and-flush modeisemployed, and sheath formationisminimal.
When bugsfeed in the vascular tissues, acomplete sheathis
generated. Phloem cells may be punctured directly by the
stylets; however, in some coreids, salivary sucrase creates

Thelists of insect-pathogen relationships upon which the figure and discussion are based are not presented in the text in the interests of

space, but are given as atabular appendix.
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an osmotic pump that empties phloem sieve tube and
parenchymacellswithout actual mechanical damage. Inthis
type of feeding, theinsect ingestsfluid from theintercellular
spaces, and the region of cell collapseisevident asalesion
(Miles1959, 1987; Miles& Taylor 1994).

Electropenetration graphs (EPG'’s) have been invaluable
in interpreting feeding behavior of homopterans. Few
heteropteran EPG’s have been produced, but recent studies
of themirid Lygus hesperus Knight illustrate along-duration
ingestion waveform and amore common ingestion waveform
punctuated by brief bouts of salivation, consistent with a
lacerate-and-flush feeding mode (Cline & Backus 2002).
Published EPG resultsfor the coreid Anasatristis (De Geer)
(Bonjour etal. 1991, Cook & Ned 1999) illustratelabia dabbing
and extended bouts of ingestion, possibly from vascular
tissue.

Some form of ingestion/egestion behavior has been
postulated for transmission of non-circulative pathogens
(Harris et al. 1981). Aphids, lacking labial chemosensilla,
penetrate into epidermal cells for brief ingestion/egestion,
using the precibarial sensillato assessthe plant (Harris 1977).
All Heteroptera and Auchenorrhyncha have chemosensilla
ontherostral apex (Cobben 1978, Backus1988) in addition to
those in the precibarium. Labial dabbing, exuding watery
saliva onto the plant surface and then ingesting it, and test
probing are al used by bugs for sampling the potential host
plant (Backus 1988). Frequent test probes followed by
precibarial uptake have been observedin L. hesperusfeeding
(Cline & Backus2002). Egestion at the end of afeeding bout
has been reported for apentatomid (Risk 1969, cited in Harris
et al. 1981). Thus, despite differences, Heteropterado share
with homopterans some behaviors associated with pathogen
transmission.

Viruses

In the early years of plant pathology research, the term
virussimply referred to the unknown: apresumed infectious
agent that could not be seen, cultured, or removed with a
bacterid filter. Not surprisingly, many early reportsof “virus’
transmission turned out to be something else: spiroplasmas,
phytoplasmas, or the result of direct damage to plant tissue.
The latter was particularly a problem with true bugs, whose
feeding often creates cankers or lesions. Thus, early
transmission studies were confounded by the inability of
researchers to distinguish “vira” symptoms from those of
direct bug damage. Thus, as noted by Wheeler (2001), most
published compendia of virus vectorsignored early reports
of Heteroptera; only thewell-established rel ationship between
Piesmatidae and beet diseases was accepted. Harris (1981)
considered al reports of virus transmission by mirids and
lygaei dsto be suspect, dismissing theseincidents as probable
mechanical injury from clawing. Similarly, Carter (1973) did
not consider any literature records of mirids asvirus vectors
to be authentic. However, more recent reports of at least one
verified mirid transmission (Gibb & Randles 1991) suggest
that this blanket dismissal may have been premature. Only
the more recent literature will be discussed here; Wheeler
(2001) presentsathorough summary of the earlier work with
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mirids, including both putative transmission and failure to
transmit viruses.

Two species of Piesma are associated with beet diseases:
Piesma quadratum (Fieber) in Central Europeand P. cinereum
(Say) in the United States. Beet leaf curl disease
(Rubenkrauselkrankheit) iscaused by arhabdovirusand was
a onetimeeconomically devastating in Germany and Poland,
reducing sugar content and overall yield (Proeseler 1980).
Thevirusisconcentrated in phloem parenchymacells of the
leaf and storage parenchymacells of the beet (Eisbein 1976),
and is transmitted in the saliva of the bug. Virus particles
have been observed inthe salivary glands, and are also found
in the midgut, feces, and haemolymph. Both nymphs and
adultsof P. quadratum can transmit, but the long latent period
generally exceeds the nymphal development time. Bugs
remain infective for life, and the virus can overwinter in the
vector; thus, transmission is propagative and persistent
(Proeseler 1978, 1980). Beet savoy, a disease with similar
symptoms (vein clearing, leaf curling, and stunting), occurs
sporadically in eastern and central North America but has
little or no economic impact because of the low incidence
(Proeseler 1980). Consequently, it has not been asthoroughly
studied as leaf curl disease and the causative agent remains
unknown, although generally listed as a virus (e.g., Nyvall
1999) or suspected virus(e.g., Ruppel 2003). Overwintered,
field-collected P. cinereum are capabl e of transmitting savoy
(Schneider 1964), but the bug isarelatively inefficient vector
(Proeseler 1980).

An unusual case of virus transmission was investigated
by Gibb & Randles (1988, 1989, 1990, 1991), which appearsto
correspond to no previously recognized form of aphid or
leafhopper transmission. Engytatus (= Cyrtopeltis)
nicotianae (Koningsberger) transmits velvet tobacco mottle
and several other virusesin Australia. Virus can be detected
in gut, haemolymph, and feces (but never salivary glands) of
nymphs and adults after a short acquisition period, and it is
transferred by gravid femalesto eggs. Transmissionisneither
propagativenor circulative (inthetraditional senseof salivary
gland involvement), but the extended infective period (9
days) isuncharacteristic of non-persistent or semi-persistent
transmission. These miridsfit neither theingestion-egestion
nor theingestion-salivation models (Harris 1977), nor any of
the revised transmission groups of Nault (1997); the
combination of long infectivity and transstadial transmission
without virus propagation and salivary gland involvement is
unusual. Gibb & Randles (1991) proposed a new mode of
virus transmission — ingestion-defecation — coupled with
ingestion-egestion to explain the process. Virus remains for
an extended period inthe mirid gut, and defecated material is
pushed into theinterior of theleaf during subsequent feeding.

It is frequently argued that homopteran mouthparts are
best suited for virus dissemination because they are less
injuriousto plant cells (Nault 1997); for infection to occur a
cell must both receive virus and remain functional and
undamaged in the process. L acerate-and-flush feeders such
asmiridswould therefore seem theleast likely heteropterans
to serve asvirusvectors. In addition to physical destruction,
the salivary secretions that accompany such feeding might
asointerferewith successful virusreplication. Carter (1973)
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observes that these bugs are “...normally so violently toxic
that local or secondary lesionsfrom thefeeding point arethe
rule’. Nonetheless, E. nicotianae indubitably transmitsvirus.
The question remains whether thisis a single unusual case,
or if transmission of viruses by mirids (and other
heteropterans) should be re-examined.

Themirid and piesmid speciesdiscussed above represent
situations in which a particular virus is associated with a
singlevector. Virus-vector associationsare complex, and virus
evolution is thought to be strongly constrained by vector
specificity (Power 2000). Most aphid/virus vectoring
relationshipsaretightly dependent, particularly for persistent,
circulativetransmission (Ammar 1994, Nault 1997). Power
(2000) states that “no virus species is capable of being
transmitted by insectsfrom morethan onefamily”. Therefore,
various other reported cases of virus transmission by
Heteroptera seem unlikely, because both a bug and a
homopteran are noted as vectors. In field cage studies in
Latvia, Lygus rugulipennis Poppius and L. pratensis (L.)
transmitted potato viruses for which aphids are the usual
vector (Turka 1978). Mosaic-M (a carlavirus) and “potato
virusL” (potato leafroll virus, aluteovirus) were transmitted
by both bug species; however, potato mosaic-S was not.
Visual symptomswere confirmed using electron microscopy
for the mosaic viruses and indicator plants for the leafroll
virus. Other workersin theformer USSR and el sewhere have
also reported potato disease transmission by lygus bugs
(Wheeler 2001, and referencestherein). However, because of
the very close vector specificity between luteoviruses and
aphids, such reports have not been taken seriougly. Similarly
(although minimal dataare provided), lygaeoid bugs (Nysius
spp., Orsillidae) and two aphids are said to transmit
Centrosema mosaic (VanVelsen & Crowley 1961). Like the
carlavirus, this potexvirus can also be mechanically
transmitted. Finally, arecent review of longan witches' broom
disease (Chen et al. 2001) reports that both longan psylla
(Cornegenapsyllasinica Yang et Li) and thelitchi stink bug,
Tessaratoma papillosa Drury transmit the causative agent, a
filamentous virus, among longan (Euphoria longan Lam.)
trees and from longan to litchi (Litchi chinensis Sonnerat)
(Koizumi 1995, Chen et al. 2001). Electron microscopy
indicated presence of the virusin bug salivary glands. Both
nymphsand adults are capabl e of transmission. Thesereports
are intriguing; perhaps other long-held views regarding
vector specificity of virus transmission need to be
reconsidered.

Prokaryotes

Mollicutes. The Class Mallicutes consists of prokaryotic
organisms without cell walls. Plant pathogens in this group
areassociated primarily with yellows, phyllody, stunting, and
witches' -broom diseases. In earlier literature these pathogens
were usually referred to as mycoplasma-like-organisms
(MLO's), andin publicationsbefore 1967 they wereincorrectly
identified as viruses. Current accepted terminology usesthe
trivial names phytoplasmaand spiroplasma. Transmission of
these pathogens is persistent and propagative; vectors
remain infective for life and the pathogen moves out of the
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midgut to multiply inthe body cavity and the salivary glands
before being transmitted via feeding to a new host plant
(Fletcher et al. 1998). Spiroplasmas, helical mollicutes that
can be grown in laboratory culture, have been more
successfully studied than the non-cultivable phytoplasmas.

All known vectors of plant pathogenic spiroplasmas are
leafhoppers, although other spiroplasmas, pathogenic and
commensal, occur throughout Insecta and in vertebrates as
well. Insect transmission of phytoplasmasislessrestricted;
vectors include Cicadellidae, Psyllidae, Fulgoroidea and
Heteroptera, with the former predominating. A website
devoted to tracking phytoplasmas and their vectors
(Phytoplasma-vector.com 2004) lists 65 rel ationships between
phytoplasmas and |eafhoppers, compared with nine for
fulgoroids (mainly Cixiidae), seven for psyllids, and four for
true bugs.

Paulowniawitches' -broomisapotentially lethal disease
that ruins the quality of timber from the empress tree
(Paulownia tomentosa [Thunb.] Sieb. & Zucc. ex Steud.)
and other Paulownia spp. throughout East Asia. The causal
agent, one of the earliest identified phytoplasmas, is
transmitted by the brown marmorated stink bug,
Halyomorpha halys Stél (= H. mista Uhler), in Japan, Korea,
and China (Hiruki 1999). Sieve tube cells and phloem
parenchyma of infected roots and young shoots contain the
pathogens (Doi & Asuyama 1981). Bugs became infective
after 10 days acquisition access followed by 30 days
incubation, and electron microscopy indicated the presence
of phytoplasmas in the salivary glands (Hiruki 1999, and
references therein). Nymphs and adults are able to transmit
from infected Paulownia to periwinkle (Okudaet al. 1998).
H. halysisalso listed as a vector of jujube witches -broom
(Phytoplasma-vectors.com 2004); however, transmission of
this phytoplasma in China is generally attributed to the
leafhopper Hishimonas chinensis Anufrive ( Koizumi 1995).

Lace bugs (Tingidae) transmit root wilt, anon-lethal but
economically damaging disease of coconut palms in India
(Mathen et al. 1990). Infective phytoplasmas were observed
in salivary glands of adult Stephanitis typica (Distant)
following afive day acquisition access period and 13-18 days
incubation. Inocul ation experiments using large numbers of
adultswere conducted infield cagesand resulted in infection
of coconut seedlings; conclusionswere based on serol ogical
testing, electron microscopy, and eventual appearance of
disease symptoms. Studies of feeding on coconut by this
lace bug showed initial entry through stomata on the
underside of the leaflet, and termination of the styletsin the
phloem. However, the bug does not exclusively feed on
phloem; it also ruptures cell walls in the mesophyll, drains
the contents of palisade cells, and leavesfeeding and damage
marksvisible on the surface of theleaflet opposite from entry
(Mathen et al. 1988). Tingid feeding typically producesonly
stipple marks (caused by damage to palisade parenchyma);
thus, these insects are generally considered unlikely, even
guestionable, disease vectors (Neal & Schaefer 2000).

Early reports from Korea indicated that a mirid,
Nesidiocoris tenuis (Reuter), could transmit paulownia
witches' -broom (La1968, citedin Doi & Asuyama1981), but
thisinsect is presently considered only a* suspected” vector
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(Hiruki 1999), along with a berytid, Gampsocoris sp. Other
mirid associations (L. rugulipennis/tomato stolbur and
Halticus minutus Reuter/sweetpotato little leaf) are
summarized by Wheeler (2001), who suggeststhat all records
of miridstransmitting phytoplasmas may need verification.

Recent development of PCR detection techniques for
phytoplasmas alows surveys of potential insect vectors to
be conducted efficiently. Two such studies have implicated
heteropterans as potential vectors. The witches -broom
disease of Protea spp., cultivated South African flowers,
may betransmitted by alygaeoid bug. Oxycarenus maculatus
(Oxycarenidae) showed a positive response, along with two
mite species and, surprisingly, a predatory (mite-feeding)
anthocorid, Orius sp. (Wieczorek & Wright 2003). DNA was
extracted from whole, starved arthropods, so location of the
phytoplasmas was presumably the salivary glands,
haemolymph, or midgut epithelium, rather than the digestive
tract lumen. Protea-feeding pentatomid nymphs tested in
this study were negative. In another study, DNA sequence
analysis determined that a phytoplasma was present in the
lygaeoid Nysius vinitor Bergroth (Orsillidae), genetically
similar but not identical to the phytoplasma DNA sequences
associated with several papaya diseases (White et al. 1997).
Both N. vinitor and O. maculatus are predominantly but not
exclusively seed-feeders (Sweet 2000, Wieczorek & Wright
2003); however, no mollicutes are known to be seed-
transmitted (Fletcher et al. 1998). Presumably these bugs
acquireinfection by penetrating into vascular tissue, although
it has been suggested that O. maculatus may introduce
phytoplasmas into seeds if feeding is non-destructive
(Wieczorek & Wright 2003).

Piesma quadratum (Fieber) transmits the causative
organism of beet rosette diseasein Germany. ThisOld World
bug, and its Americanrelative, P. cinereumare alsoinvolved
in transmission of beet viruses (see above, Viruses). Beet
rosette, however, isnot aviral disease. The causative agent
has been variously described as a rickettsia-like-organism
(RLO) in Germany (beet |atent rosette disease, Nienhaus &
Schmutterer 1976) and aphytoplasmain Italy (rosette-disease,
Canovaet al. 1990) and the USA (beet latent rosette, Ruppel
2003). Identity of the vector insectsin Italy and the USA is
not confirmed. Transmission of rosette disease, therefore,
will be treated in the next section (see below); based on
published descriptions (Frosch 1983), the “RLO” agent of
German beet | atent rosette appearsto be afastidious phloem-
colonizing bacterium.

Phloem-feeding would seem to be essential for
phytoplasma vectoring capability. Piesma and Stephanitis,
although feeding extensively on palisade cells, have been
shown to penetrate to the phloem tissue; pentatomids (e.g.,
Halyomorpha), which produce salivary sheaths, can
presumably also do so. Among the suspected vectors,
Nesidiocorisspp. are unusua among miridsfor their vascular
feeding (Wheeler 2001). Miridstypically lacerate and flush;
most lygaeoids, although capable of producing stylet sheaths,
also lacerate and flush their preferred food (seeds). I solation
of phytoplasmasfrom Protea- and papaya- feeding lygaeoids
is thus intriguing, but without transmission studies, further
speculation is pointless.
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Thetwo confirmed cases of heteropteran transmission of
phytoplasmas (Tingidae and Pentatomidae) indicate that
movement of phytoplasmas in true bugs from the digestive
tract lumen to the salivary glands does occur. Fletcher et al.
(1998) argue that transmission of spiroplasmas may be
restricted to Homoptera because of differences in the
structure of the basal |lamina of the midgut: amorphous and
permeablein aphidsand leafhoppersbut grid-likewith limited
permeability in other orders. How phytoplasmas cross the
variousintestinal barriersremains unknown, but the presence
of these organisms beyond the gut lumen is indicated in
Sephanitis, Halyomorpha, and probably Oxycarenus.

Fastidious Vascular-Colonizing Bacteria. Originally
described asrickettsia-like organisms, or RLO’s, these small,
rod-shaped, walled bacteria are restricted to either phloem
sieve tubes or xylem elements. Fastidious xylem-limited
bacteria are vectored by Cercopidae (spittlebugs) and
Cicadellidae (sharpshooters), both xylem-feeders (Fletcher
& Wayadande 2002). Transmissionisnon-circulative; inthe
case of Xylellafastidiosa, bacteriaaccumulate in theforegut
and are egested into the host. Although coreids have been
shown to penetrate frequently to xylem tissue of stemsand
petioles (Mitchell 1980, Neal 1993), no Heteroptera are
dedicated xylem feeders, and not surprisingly none are
reported asvectors of these organisms. In contrast, fastidious
phloem-colonizing bacteria are vectored by insects from all
the hemipteran suborders, including psyllids, leafhoppers,
and true bugs; the mechanism of transmission varies from
non-circulative to propagative.

Anasa tristis (De Geer), the squash bug, has recently
been shown to transmit Serratia marcescens, the causal agent
of cucurbit yellow vinedisease (CY VD) (Bruton et al. 2003).
This coreid feeds on cucurbit stems, leaves, and fruit. Leaf
feeding injures epidermal cells and mesophyll, but stylet
insertions reach the phloem (Beard 1940, Neal 1993).
Deposition of salivain collenchyma, parenchyma, and xylem
cells suggests that squash bugs feed from a variety of plant
cell types(Neal 1993). However, A. tristiswill not feed from
parafilm sachets or other dietstraditionally used in hemipteran
feeding research. Consequently, laboratory studies of
pathogen transmission used cubes of squash fruit cortex
that were vacuum-infiltrated with the pathogen (Bextine et
al. 2003).

Unlike most phloem-colonizing bacteria, S. marcescens
can be easily cultivated on artificial medium, although the
strain associated with CY VD differsfrom reference strains of
this bacterium in some metabolic and biochemical characters
(Rascoe et al. 2003). The bacterium can be transmitted
experimentally by puncture inoculation of young seedlings
(Bruton et al. 2003) and by A. tristis, from squash cube to
seedling squash in field cages (Bruton et al. 2003) and from
squash cube to seedling pumpkin in the laboratory (Bextine
2001). Results of the latter study are consistent with non-
circulative transmission similar to that of Xylella fastidiosa,
in which bacteria accumulate in the foregut during a latent
period. Although PCR testing showed S. marcescens to be
present in the haemolymph of someindividuals, thiscondition
was not necessary for transmission to occur. However,
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extended inoculation access periods (up to 20 days after
acquisition) indicated that stylet contamination alone was
not responsible. Nymphs (second instar) could acquire the
bacterium but did not transmit (Bextine 2001). Overwintering
adults harbor the pathogen and can transmit it to seedling
squash plants following termination of diapause (Pair et al.
2004). Disease transmission, coupled with direct damageto
cucurbit crops, has dramatically raised the pest status of A.
tristis (Pair et al. 2004), which now appears to be an
economically important vector of cucurbit yellow vine
disease.

The causative organism of beet latent rosette disease,
originally described as an RLO (Nienhaus & Schmutterer
1976), ismost likely afastidious phloem-limited bacterium. In
the beet plant, infective organismsare reported only fromthe
phloem sievetubecells, not in companion cells, parenchyma,
or xylem. Both adults and nymphs of the piesmid, P.
guadratum, can be vectors. Transmission is persistent
throughout the lifetime and propagative, with a 10-30 day
latent period (Proeseler 1980, Frosch 1983). Feeding by P.
quadratum resembles that of tingids: salivary sheaths
terminatein the phloem, but damagetoindividua parenchyma
cells results in spotting of the leaf undersurface (Proeseler
1980). Observation of bugs with electron microscopy at
repeated intervals (after a 4-d acquisition feeding period as
fifthinstars) showed infected salivary glandsby day 10. The
organism was present in the midgut epithelium by day 6 and
later in the fat body and haemolymph, and was described as
multiplying in the midgut epithelium and flooding the
intestinal lumen of P. quadratum (Frosch 1983). The long
latent period and occurrence of these organisms throughout
the vector are very different from the non-circulative
transmission seen in A. tristis, and more closely resemble
that reported for psyllid and | eafhopper transmission of other
fastidious phloem-limited bacteria.

It is worth noting that all confirmed cases of phloem-
limited prokaryotestransmitted by Heteropterainvolve bugs
that feed frequently but not exclusively on phloem. The one
predatory speciesfound to harbor phytoplasmas (Cimicoidea,
Orius sp.) most likely represents indirect acquisition from
eating infected mites. Even if Orius is excluded, both
Cimicomorphaand Pentatomomorphaare represented among
the potential and confirmed vectors; apparently stylet sheath
formation, strongly associated with effective phloem sieve-
tube feeding, is not necessary for transmission of these
pathogens.

Non-FagtidiousBacteria. Themgjority of pathogenic bacteria
arenot strongly dependent oninsect vectors. Bacteriainvade
through wounds or natural openings (e.g., stomata); unlike
fungi, they cannot penetrate plant tissue directly (Goto 1992).
Thus, transmission may be facilitated when insect feeding
damage creates infection courts or externally contaminated
mouthparts introduce bacteria into feeding punctures; less
often, bacteria are harbored internally. Much of the early
economic literature includes passages like the following,
describing damage on tomato caused by the coreid
Leptoglossus cinctus (Herrich-Schaeffer): “...directly
inserting rot-producing spores or bacteriainto the fruit with
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their beaks, or at least breaking the surface of thefruit so that
such spores and bacteria can readily gain entrance” (Wol cott
1933). However, few entomologists who noted these
interactions actually cultured the presumed introduced
bacteria, or identified the pathogen. Complicating thesituation
further isthe similarity of disease lesions and those induced
directly by heteropteran feeding, particularly mirids (Wheeler
2001). Thus, many older literature records implicating
Heteroptera in transmission of bacterial diseases represent
only association, rather than experimentally validated
transmission or isolation.

One notable exception is a study of microorganisms
associated with the stink bug, Nezara viridula (L.) (Ragsdale
et al. 1979). Feeding stink bugs transferred four types of
fungi and 31 bacteria; five of these (Pseudomonas spp. and
Curtobacterium [as Cornyebacterium] spp.) were
pathogenic, causing leaf spotsand vein necrosis of soybean.
Spread of most bacterial spots and blights (Pseudomonas
and Xanthomonas spp.) is attributed to rain, splashes, tools,
and handling, as well asinsects; penetration occurs through
natural openings (e.g., stomata) as well as wounds (Agrios
1997).

Boll rot of cotton is caused by both fungal and bacterial
pathogens, and many cotton-feeding insects have been
implicated in transmission. However, a distinction is not
aways made in the entomological literature between the
bacterium (formerly Bacillus gossypina, now Xanthomonas
campestris malvacearum) and several pathogenic fungi (see
below, Fungi). Transmission of this X. campestris pathovar,
which also causesangular |leaf spot, black arm, and bacterial
blight of cotton, isattributed to several mirid species(Wheeler
2001, and referencestherein), and considered highly probable
for pentatomids, lygaeids, largids, pyrrhocorids, and coreids
(Morrill 1910), although whether the relationship primarily
represents vectoring (i.e., inoculation during the feeding
process) or only wounding to produce an infection court is
undetermined. Unidentified bacteria in the genera
Pseudomonas and Xanthomonas have been cultured from
the salivary glands of field-collected cotton fleahoppers,
Pseudatomoscelis seriatus (Reuter) (Martin et al. 1987) and
these mirids can transmit X. campestris malvacearum to
young cotton plants after being inoculated artificially by
laboratory feeding (Martin et al 1988). A related disease,
common blight of beans (X. campestris phaseoli) is not
transmitted by lygus bugs (Hawley 1922, cited in Wheeler
2001), but can betransmitted to cowpeaby N. viridula dipped
in bacterial suspension; field-collected bugs carried
pathogenic xanthomonads on their bodies but did not
transmit blight to caged plants(Kaiser & Vakili 1978). Bacterial
leaf blight of rice (X. campestris oryzae) spreads mainly by
rain or irrigation water (Goto 1992). Unidentified bacteria
cultured from styletsand salivaof therice stink bug, Oebalus
pugnax (F.) failed to induce kernel discolorations on rice
panicleswhen artificially inocul ated; i solates obtained from
field-collected discolored rice panicles in this study were
probably Xanthomonas spp. (Lee et al. 1993). Black
discoloration of ricegrains, or “black rot” is associated with
feeding by pentatomid bugsin Japan; bacterial isolatesfrom
affected grainsincluded Erwinia herbicola (= Xanthomonas
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itoana). Damage with a needle during the milky ripe stage
resulted in blackening of grains and infection by this
bacterium (Tanii et al. 1974), suggesting that the bug
punctures provide a court of entry.

Vascular wilts (Clavibacter, Erwinia spp.), in which the
bacteriainvade the xylem, are more closely associated with
insect vectors. Erwinia tracheiphila (cucurbit wilt), for
example, is transmitted by cucumber beetles, whereas E.
amylovora (fire blight) is associated with a wide variety of
insects. Beesand flies become contaminated through contact
with oozing cankers, and then spread the diseaseto flowers,
but leaf and twig infections result from wounding (Agrios
1997). Piercing-sucking mouthparts of bugswould seem likely
candidates for transmission of the latter type (Carter 1973).
Fourteen species of mirids have been associated with or
implicated asvectorsof fireblight in appleand pear (Wheeler
2001, and referencestherein). Transmission by Lyguselisus
Van Duzee and L. lineolaris (Palisot de Beauvois) has been
confirmed in pear using field cage tests, but infection was
limited to the fruits and no evidence of feeding or disease
was found on shoots or leaves. This suggests that lygus
bugs may not beinvolved in shoot blight transmission (Stahl
& Luepschen 1977). Feeding by non-contaminated Lygus
spp. also created infection courts on the fruit, which
significantly increased disease rate when atomized inoculum
was applied (Stahl & Luepschen 1977); such infection courts
may be more important than direct vectoring, because of the
prevalence of E. amylovora in external cankers. Wheeler
(2001) providesan excellent compilation of theliteratureon
mirid involvement with fire blight, and notes that the rol e of
theseinsectsin transmission of shoot blight needs additional
study.

Transmission of other Erwinia species has been reported,
but further research isneeded. Stewart’swilt of corn, (Erwinia
stewartii), primarily associated with flea beetles, is not
vectored by mirids (Goto 1992, Wheeler 2001); attemptsto
isolate this bacterium from other bugs, including
Anthocoridae, Nabidae, Cydnidae, Pentatomidag, Lygaei dae,
and Coreidae, were equally unsuccessful (Harrison et al.
1980). For soft rots, only one case of heteropteran transmission
isreported. Lygus lineolarisis considered an economically
important disseminator of soft rot of celery (Erwinia
carotovora carotovora) under conditions of high humidity,
although it is difficult to separate the effects of direct bug
damage from effects of disease (Richardson 1938).

Plant bug involvement has been investigated in two other
vascular wilt diseases, both caused by Clavibacter
michiganense (formerly Cornyebacterium): ring rot of potato
(C. m. sepedonicum) and tomato canker (C. m. michiganense).
All attempts to isolate the latter from L. lineolaris were
unsuccessful, and no transmission occurred from diseased
to healthy plants (Ark 1944). In contrast, L. lineolaris has
been implicated in transmission of ring rot of potato (Duncan
& Généreux 1960, cited in Whedler 2001) (athough secondary
transmission by insectsis of minimal economic importance
compared with primary spread from infected tubers [Goto
1992]). Theerratic transmission of vascular wiltsby miridsis
intriguing. In both fire blight and tomato canker, the bacterium
resides epiphytically on the plant surface and oozes to the
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surface of cankers, yet plant bugs are associated only with
fire blight. Secondary transmission of tomato canker is
attributed to rain splash, agricultural implements, and
wounding during handling, rather than insect feeding (Goto
1992, Agrios1997).

Overall, transmission of non-fastidious pathogenic
bacteria is associated with both Cimicomorpha and
Pentatomomorpha (Fig. 1), and most reported casesinvolve
either fireblight or cotton boll rot. Transmissionismore often
related to wounding (allowing subsequent entry of epiphytic
or waterborne bacteria) than to direct vectoring. Mirids far
outnumber other families (Fig. 1), suggesting that bacterial
transmission is enhanced by the more destructive lacerate-
and-flush mode of feeding.
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Figure 1. Frequency of association of heteropteran species
with transmission of non-fastidious bacteria, fungi, and
trypanosomes, arranged by superfamily: Reduvioidea,
Miroidea, Pentatomoidea, Lygaeoidea, Pyrrhocoroidea, and
Coreoidea.

Fungi

Fungi represent by far the largest group of plant
pathogens. Fungal spores may be disseminated by water,
wind, or insects, and entry into plant tissues is aided by
insect damage (Agrios 1997). Heteroptera have been
associated with a variety of fungal diseases, including tree
cankers, leaf spots, pod and ball rots, and grain and legume
decay (Agrios 1980). Most of the fungi involved are
Ascomycetes. In some casesthe association simply involves
creation of an infection court through wound lesions or open
stylet sheaths, as in bacterial transmission, but more
frequently, the bugs are directly implicated in vectoring, or
represent the primary facilitator of sporetransmission.

The two most intensively studied fungal diseases
associated with Heteroptera are stigmatomycosis (citrus,
cotton, pistachio, soybean, limabean, and coffee) and pecky
rice. Both of theseinvolve direct feeding damage to seeds or
grain coupled with fungal infection; often in practicethe two
componentsaredifficult to separate. In other crops, including
annatto, cacao, cassava, and oil palm, bug feeding lesions
provide an essential entry point for fungal spores but the
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insect itself is not necessarily the source of the pathogen.

Infection by the yeasts Nematospora coryli Peglion and
Ashbya (=Nematospora) gossypii (S. F. Ashby & W. Nowell)
Guillierm. in associ ation with hemipteran feeding wasreferred
to as stigmatomycosis in the early years of research. Ashby
& Nowell (1926) defineit as*” characteristic injury resulting
frominoculation of plant tissue by fungi through thefeeding
action of piercing-sucking insects’. On pistachio, thisterm
is still commonly used (Michailides & Morgan 1990), but
other terms are used for cotton (internal boll disease), beans
(yeast spot), tomato (fruit rot), citrus(fruit lesions), and coffee
(bean rot). Seventeen pentatomid species, six coreids, two
scutellerids, two lygaeiod bugs, two alydids, and at least
seven pyrrhocorids are associated with this disease.
Interestingly, a lygus bug that was tested failed to transmit
(Daugherty 1967). The cotton stainer (Dysdercusintermedius
Distant), the green stink bug (Acrosternum hilare [Say]) on
soybean, and the leaffooted bug (Leptoglossus gonagra F.)
on citrus, have been most thoroughly studied.

Citrusfruitsin Cubaaredamaged by N. coryli, transmitted
by L. gonagra adultsand to alesser extent by N. viridula. In
thejuicevesiclesfed upon by theseinsects, asci, ascospores,
and vegetative cellsarevisible; the oranges devel op yellow-
stained lesions and are unmarketable. Dissected bugs had
vegetative cells of N. coryli in the proctodaeum of the
digestive tract, but none in the head, stomodaeum, or
mesenteron (Grillo & Alvarez 1983). The diameter of the
salivary duct (8.321m) and the food channel (12.481m) of L.
gonagra isinsufficient to allow passage of these vegetative
cells. Subsequent research (Dammer & Grillo 1990) showed
both N. coryli and A. gossypii to be present in heads and
mouthparts of a high proportion of adults (51 and 43%) as
well as nymphs of L. gonagra. The same combination of
fungi causes coffee bean rot, and is transmitted by
Antestiopsis spp. (Pentatomidae) feeding on endosperm of
unripe berries (Le Pelley 1942). Leaffooted bugs and
pentatomids have also been implicated in transmission of
pistachio stigmatomycosis, caused by N. coryli and possibly
Aureobasidiumpullulans (de Bary) G. Arnaud. Bug feeding
alone causes necrotic lesions on the kernel, but these do not
induce the rotting (“wet, smelly, rancid, slimy appearance”)
characteristic of stigmatomycosis (Michailides & Morgan
1990, 1991).

The association between soybean leaf spot and
pentatomid bugs is described as intimate, with the fungus
dependent on the bug for transmission. Punctures simulating
insect feeding do not result in incidental transmission
(Daugherty 1967). However, reportsof the presence of fungal
spores internally in pentatomids have been contradictory.
Leach & Clulo(1943) isolated N. coryli readily from the surface
of Acrosternum hilare, but not from the internal organs.
These authors noted that the food channel of the stylets
rarely exceeded 12 im whereas mature cells of the fungus
measured 10-20 im, and therefore they considered the
association to be most likely mechanical and external.
Daugherty (1967) isolated N. coryli from macerated heads,
and Foster & Daugherty (1969) cultured theyeast from stylets
(36%), salivary receptacles (53%), and hindgut (20%) of
adults; nymphs were also found to carry the fungus. Clarke
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& Wilde (1970) inoculated bugsaartificialy by feedingthema
yeast suspension, and found that adult A. hilare could retain
the pathogen for 90 days (greater than the average longevity
of thisbug), and that molting nymphslost their infectivity. N.
coryli was also obtained from fecal deposits; it passes
through the alimentary canal of A. hilareand remainsviable
(Clarke & Wilde 1970).

Ashbya gossypii causes internal boll disease of cotton
throughout thetropics, and isstrongly associated with cotton
stainers in the genus Dysdercus. Concurrent infection with
N. coryli iscommon (Frazer 1944). Detailed studieswith D.
intermedius Distant showed the long, slender ascospores to
be localized in the stylet pouches of the head, mainly at the
base of themaxillary stylets(Frazer 1944). Theseinvaginations
are considered by Snodgrassto represent rearward extensions
of the hypopharynx; thus, the contamination is internal.
Sporescan actually beingested by all except first instars, but
sporesfrom the alimentary canal were not viable; only those
retained on the chitinouslining of the salivary pouches could
germinate. No contamination of thesalivary glandswasfound;
all viable sporesarelost at each molt, and must be reacquired
by feeding. Frazer (1944) considered transmission to be
mechanical, with sporesand mycelium carried asan external
contaminant on the mouthparts and within the stylet pouches,
however, theinsect isobligatory for the spread of the fungus.

A related fungus, Holleya (= Nematospora) sinecauda
(Holley) Y. Yamada damages mustard seed in Canada. This
yeast istransmitted only by Nysius niger Baker (Orsillidae)
although it wasisolated from Lygus spp. and Nabisalternatus
Parshley (Burgess et al. 1983). Several authors have
speculated that yeasts such as N. coryli overwinter in bugs,
Burgess & McKenzie (1991) showed thisnot to betrueinthe
case of H. sinecauda. N. niger overwinter as uncontaminated
eggs, and the emerging spring generation is infected by
feeding on seeds of awild host plant.

N. coryli was isolated from pecky rice damaged by
Oebalus pugnax (F.) (Daugherty & Foster 1966), but this
yeast is not considered to be the causal agent of the disease
(Leeetal. 1993). Pecky ricerefersto grainsthat are discolored
and damaged due to stink bug feeding during the dough
stage and the resultant entry of fungi (McPherson &
McPherson 2000, and references therein). An excellent
discussion of the variety of symptoms associated with pecky
rice, and theinvolvement of fungi and stink bugs, isprovided
by McPherson & McPherson (2000). Fungi that induce the
typical discoloration and have been isolated from the saliva
and stylets of the rice stink bug include Curvularia lunata
(Wakker) Boedijn and Alternaria alternata (Fr.) Keissler;
other associated fungi include A. padwickii (Ganguly) M. B.
Ellis, Fusarium oxysporum Schlect., and Cochliobolus
miyabeanus (Ito & Kuribayashi) Drechsler ex Dastur (=
Bipolarisoryzae[B. deHaan]) (Leeet al. 1993). Thesefungi
caused symptoms of pecky rice only if inoculated with a
wire, mimicking insertion of bug stylets. Field plotsfromwhich
rice stink bugs were excluded showed no symptoms of pecky
rice. Thus, a“loose vector relationship” was postulated, with
fungal infection occurring at the time of feeding (Lee et al.
1993). Stylet sheaths|eft by rice stink bugs may also provide
accessto theinterior of thegrain (Hollay et al. 1987).
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Other cotton boll and lint rots are associated with
xanthomonad bacteria (see above), and several fungi. Unlike
internal boll disease, several mirid speciesare associated with
these pathogens, although no confirmed vector relationships
are reported. Lygus hesperus Knight and Chlorochroa sayi
(Stal) carry AspergillusflavusLink. internally and externally
(Stephenson & Russell 1974). Creontiades pallidus (Rambur)
carries Rhizopusstolonifer (Ehrenb.) Vuill. onitsrostrumand
may facilitatefungal entry (Soyer 1942, citedin Wheeler 2001).
Similarly, L. lineolaris (Palisot de Beauvois) may transmit
several boll rot fungi in addition to providing wound entry
sites (Bagga & Laster 1968). Alternaria and Fusarium spp
have been isolated from the body and salivary glands of P.
seriata, but it should be noted that this speciesis not aboll-
feeder (Martinetal. 1987). Morrill (1910) considersit likely
that boll anthracnose (Glomerella gossypini [Southw.] Edg.)
is transmitted by various plant bugs feeding on cotton.

Lesions produced by both cimicomorphs and
pentatomomorphs serve asimportant entry pointsfor fungal
pathogens in several serious crop diseases. Botryosphaeria
blight, a devastating disease of pistachio, is associated with
epicarp lesions caused by heteropteran feeding; large bugs
(Leptoglossus clypealisHeidemann, Liorhyssushyalinus[F],
Thyanta pallidovirens [Stal]), Acrosternum sp.) transmitted
the fungus in cage studies (Michailides et al. 1998).
Calonectriarigidiscula (Berk. & Br.), which causes dieback
of cacao, infects the trees through mirid lesions on stems.
Bug lesions alone cannot kill the tree, but 50% of afflicted
trees die if fungus enters the wound (Crowdy 1947). Carter
(1973) describesthisrelationship asparallel withinternal boll
rot on cotton, but unlike Nematospora, no fungal spores
have been found on or in the mirids' mouthparts (Kay 1961,
cited in Wheeler 2001). On cassava, lesions of acoreid bug
(Pseudotheraptus devastans [ Distant]) facilitate invasion by
Colletotrichum gloeosporioides Penz., a condition known
as candlestick disease. Infected plants lose their leaves and
the shoots wither, but in the absence of lesions, the fungus
remains in a latent form on the stem surface. With very
susceptible cultivars, bug punctures alone can cause
defoliation, but in general the disease is attributed to the
combined action of insect salivaand the fungus (Boher et al.
1983). A tingid bug, Letopharsa gibbicarina Froeschner,
induces infestation by Pestalotiopsis spp., one of the most
serious diseases of oil palm in Colombia. In the absence of
bug feeding damage, this fungus attacks only older leaves,
but if wounds to the parenchyma are present it can invade
leaves of any age. Thus, through feeding and oviposition
damage, thetingid is an efficient agent of dissemination for
the pathogen (Genty et al. 1975, 1983). In most of the above
cases, if the lesions are not present, the fungus does not
present a problem. Thus, even if the fungal spores are not
actually physicaly disseminated by the insect, bug control
equates with disease control.

The preponderance of Pentatomomorphain Fig. 1 reflects
the close association between the larger Heteropteraand the
yeasts N. coryli and A. gossypii. Size alone does not explain
the much lower representation of Cimicomorpha, however,
because several studies have shown that all coreid and
pentatomid nymphal instars except the non-feeding firstscan
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acquire and transmit the ascospores. Thelong, thin asci (6-8
imdiam) and small ascospores (2im) (Wingard 1925, citedin
Ragsdale et al. [1979]) would pass easily through the food
(12 im) and salivary (11 im) canals of adult N. viridula
(Ragsdale et al. 1979) and L. gonagra.

Preferred feeding site may explain some lack of
transmission. Only the larger bugs transmit pistachio
diseases because at thetime of infection and kernel necrosis,
the shell has hardened such that smaller mirids cannot
penetrate (Michailides 1990, 1991). But it is unclear why
feeding in the juice vesicles of oranges results in yeast
infection (Grillo & Alvarez 1983), but not the pulp of ripe
coffee beans — only unripe beans are rotted, following bug
damage to the endosperm (LePelley 1942). Fraser (1944)
suggests that ascospores enter the salivary channel through
leakage during stylet movement. Possibly, given the
involvement with the salivary system, some connection exists
between yeast transmission and salivation behavior. However,
not all sheaths examined on rice actually penetrated the hull
or the kernel (Hollay et al. 1987, and the lygaeid N. niger,
feeding on seeds (Burgess & McKenzie1991), isunlikely to
produce extended stylet sheaths. The association of
Eremotheciaceae yeasts and pentatomomorphan bugs
deserves further study.

Trypanosomatids

Trypanosomatid parasites of animals, including the bug-
transmitted agent of Chagas disease, are familiar and well-
known. L ess attention has been paid to plant trypanosomatids
(mainly Phytomonas spp.), which cause phloem necrosis of
coffee, hartrot of coconut, and sudden wilt, or marchitez,
disease, of oil palmin Central and South America. Recently a
new trypanosomeatid disease, affecting the ornamental plant
Alpinia purupurata (Vieill.) K. Schum, was reported in the
Caribbean (Camargo 1999). In addition to these phloem-
inhabiting pathogens, trypanosomatids inhabit lactiferous
plants (e.g., Euphorbia, Asclepias) as (probable) commensals
in the latex cells, and cause a lethal wilt in cassava (Dollet
1984). Othersarefoundinthefruit, kernels, or seedsof various
plants, and in flowers. Corn, mango, bergamot, annatto (Bixa
orellanaL.) and tomato are known hostsfor Phytomonas spp.
(Serrano et al. 1999a;); many other fruits a so tested positive
for Phytomonas and related genera (Conchon et al. 1989;
Fernandez-Ramos et al. 1999). However, the effect of
trypanosomatid infection on fruits is presently unclear, asis
the taxonomy of these flagellates. Phloem-restricted
trypanosomatids form a distinct genetic grouping separate
fromthelatex- and fruit-inhabiting species (Dol let et al. 2000).

All known vectors of the plant-infecting (heteroxenic)
trypanosomatidsaretrue bugs, athough monoxenicforms(e.g.,
Crithidia) arefound in many insect orders. Early researchwas
complicated by the presence of both heteroxenic and monoxenic
speciesinthe sameindividual; for example, the promastigotes
of Phytomonas and Leptomonas cannot be separated
morphologically. Plant trypanosomatidsarefound inthebug's
digegtivetract, haemolymph, and sdlivary glands(Dollet 1984),
whereas the monoxenic speciesare found predominantly (but
not exclusively) inthedigestivetract (Wallace 1966).
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Transmission appears to be persistent and propagative,
with the protozoan multiplying within the bug (Dollet 1984).
The life cycle within the insect has been investigated in
several cases. Franca (1920, reproduced in Leach 1940)
dissected Dicranocephalusagilis (Scopoli) at various stages
following infection and observed Phytomonas davidi in
activedivisioninthealimentary canal, asmaller “infective’
form in the salivary gland, and both sizes in the latex of
Euphorbia pinea L. (However, some of Franga's other
observations most likely represent amonoxenic speciesfrom
adifferent genus[Dollet 1984].) Similar resultswere obtained
for Neopamera (= Pachybrachius) bilobata (Say); larger P.
davidi promastigotes were found in Euphorbia (=
Chamaesyce) hirta L. and in the insect’s gut, while smaller
ones were found in the salivary glands (McGhee & Postell
1982). The path of transmission within the bug remainspoorly
understood. Early workers, who failed to see any flagellates
in the haemocoel, assumed a backward transmission path
from gut to salivary glands. Electron microscopy of P. serpens
in the salivary glands of Phthia picta (Drury) suggests a
route of infection via the haemocoel; flagellates appear in
salivary glands and haemolymph one week after acquisition
feeding (Freymuller et al. 1990).

Camargo & Wallace (1994) summarized the
trypanosomatids known to occur in Heteroptera, including
vectorsof Phytomonas. Their listing was updated by Camargo
(1999) in an extensive discussion of trypanosomatid plant
parasites. Six additional bug species, all from the Brazilian
Amazon, have been confirmed as hosts of Phytomonassince
1999 (Godoi et al. 2002). Although nearly 100 bug species, in
thefamiliesMiridae, Pentatomidae, Corimelanidae, Lygaeidae
s.l., Pyrrhocoridae, Largidae, Stenocephalidae and Coreidae
areknown to harbor trypanosomatid flagell ates of somekind,
the majority of these are monoxenic (or unidentified). All
proven vectors of plant trypanosomatids belong to the
Pentatomomorpha: Lygaeoidea, Pentatomidae, and
Coreoidea. A cassava-feeding tingid, Vastiga sp., was
examined asapossiblevector of P. francai, but wasfound to
harbor no phytomonadsin the alimentary canal (Kitajimaet
al. 1986, cited in Camargo 1999).

Lygaeoids are predominantly associated with lactiferous
plants, although two coreoids, D. agilis (Stenocephalidae)
and Niesthrea sidae (F.) (Rhopalidae) are reported to transmit
parasites of Euphorhbia spp. (Dollet et al. 1982; Iriarte 1928,
citedin Solarte et al. 1995). Pentatomids, particularly Lincus
spp., transmit the phloem-restricted causal agent of palm
diseases, Phytomonas staheli (Camargo & Wallace 1994, and
references therein). The vector of P. leptovasorum, which
causes phloem necrosis of coffee, is unknown, but
pentatomids (L. spathuliger Breddin and Ochlerus spp.) are
suspected (Stahel 1954, cited in Dollet 1984; Vermeulen 1963,
cited in Camargo 1999). In fruit, coreids are most closely
associated with transmission of phytomonads such as P.
serpensand P. megheel (Jankeviciuset al. 1989, 1993) although
N. viridula was the first insect associated with tomato fruit
flagellates (Gibbs 1957). Surveys for the presence of
Phytomonas in the salivary glands and digestive tract of
field-collected insects (Sbravate et al. 1989, Godoi et al. 2002)
indicatethat speciesof Coreidae most commonly harbor these
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flagellates, although vector relationships have not yet been
established in most cases. Overall, Fig. 1 shows hosts of
plant trypanosomatidsto be exclusively pentatomomorphan,
with one exception: the digestive tract of a single predatory
reduviid tested positive for Phytomonas (Godoi 2000),
reminiscent of the phytoplasmas isolated from predatory
Anthocoridae. The predominanceof coreidsisof course partly
due to the prevalence of these large bugsin Brazil, but it is
worth noting that Miridae were sampled (Godoi et al. 2002)
and tested negative.

Vector specificity of phytomonads is difficult to
determine, because new speciesare currently not being named
(Camargo 1999). Transmission of latex-inhabiting flagellates
may be quite restricted; McGhee & Postell (1982) tested a
rhopalid and a second lygaeoid, but only N. bilobata
transmitted P. davidi. Even congenericsmay differ in vector
capability. Two species of Oncopeltus can transmit P.
elmassiani to milkweed under |aboratory conditions (Ayala
etal. 1975). However, only field-collected O. cingulifer Stal
harbored flagellatesin the haemolymph and salivary glands.
This species, which feeds preferentially on vascular tissue,
isconsidered to bethe major vector in nature. In contrast, for
the fruit-inhabiting P. serpens, both P. picta and N. viridula
can beinfected (Jankeviciuset al. 1989), and the insect host
range for this phytomonad may be broad. Fruit- and seed-
feeding bug species predominatein surveys of field-collected
hosts of Phytomonas; it seems probabl e that these represent
vectorsof P. serpensor other fruit-inhabiting forms, although
the flagellate species and the vector relationships are still
uncertain.

Camargo & Wallace (1994) discuss the question of bug
feeding preference with reference to transmission of latex
flagellates. Oncopeltus fasciatus (Dallas) is a seed-feeding
species, which penetrates to the phloem (Miles 1959) when
feeding on milkweed stems but has not been shown to feed
on latex cells. How, then, does it transmit a latex-limited
parasite? These authors suggest that latex may provide a
source of toxic cardenolidesfor protection against predators,
but the possibility remains that infection of the latex is
“incidental to phloemfeeding” (Camargo & Wallace 1994).

Plant trypanosomatids have posed problems historically
in both identification and culturing, but recently developed
PCR-based methods now permit various generawith similar
morphological forms to be diagnosed and separated using
smears on slides (Serrano et al.1999b). Minicircles of
kinetoplast DNA also appear promising for separation of
groups within Phytomonas (Dollet et al. 2001). These
advancesin research techniqueswill help to answer the many
remaining uncertaintiesregarding these potentially important
plant parasites.

Conclusions and Directions
for Future Research

Facultative dissemination, which depends on the creation
of infection courts, should be independent of feeding mode;
any puncture or wound would be expected to provide
adequate entry for bacteriaand fungi. Yet thesetwo pathogen
groups differ dramatically in their relationship with
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heteropteran families (Fig. 1). The preponderance of mirids
associated with non-fastidious bacteria may be simply a
byproduct of extensiveresearch onfireblight, but could also
be a direct result of the more destructive mode of feeding
characteristic of thisfamily. Bug-fungus associations clearly
outnumber all other relationships. Pentatomids predominate,
although coreids, pyrrhocorids, and lygaeids extensively
transmit yeasts. The resurgence of stigmatomycosis as a
problem in pistachio and other crops may stimul ate renewed
research on the Erymotheciaceae, which appear to have a
close, perhaps obligate relationship with the true bugs. Even
for casua, rather than obligate associations, the potential
economic impact of bug-enhanced transmission should not
beignored. Ragsdale et al. (1979) observe that “N. viridula
hasthe potential to be asignificant vector of both fungal and
bacterial diseases of soybean”.

Obligate transmission of pathogens such as viruses and
fadtidious prokaryotes is clearly not limited to homopterans.
Unfortunately, this widely held misconception may bias the
direction of field research. For example, during early screening
for potentia vectorsof cucurbit yellow vine disease, researchers
tested only leafhoppers, discarding all non-cicadellid insects
fromfield collections (Bruton et al. 1998). Thecoreid A. tristis
was eventually recognized as the vector. Similarly, after
researchers investigating oil palm bud rot tested hundreds of
thousands of Homoptera without results, the direction of
research shifted to possi ble soil-borne transmission, with cydnid
bugs in the genus Scaptocoris as potential vectors (de
Franqueville 2001). Furthermore, upon reaching the“ unlikely”
conclusion that a heteropteran is responsible for transmission,
a scientist may be obliged to reconfirm results or repeat
experiments(e.g., Mathen et al. 1990).

The economic importance of heteropteran vectors is
uncertain. Presently, diseases caused by Phytomonas spp.
are restricted to phloem necroses in afew South American
crops. However, expanded cultivationin Brazilian Amazonia
may lead to further transmission of flagellates from native
plantsto economically important crops. The high proportion
of heteropterans harboring Phytomonas in this region is a
potential problem (Godoi et al. 2002). Describing the damage
associated with L. serpens-infected tomatoes, Camargo (1999)
notes wryly “it is possible that only persons interested in
Phytomonas pay any attention to these tiny spots”.
Nonetheless, the question of pathogenicity of fruit
trypanosomatids remains unanswered, and the ubiquity of
these flagellates in ripe fruits (33 species of fruit thus far)
represents another source of potential economic loss.

Thesimilarity between phytoplasmaand trypanosomatid
diseases, first noted by Dollet in 1984, remainsrelevant today.
Both are phloem-restricted, transmitted by piercing-sucking
insects, and historically presented difficulties in culturing.
For many of these diseases, the vectors are still not known.
One approach to vector searches is to “test insects in the
same taxonomic grouping as other proven vectors of similar
pathogens” (Purcell 1985). Knowledge of true bugs as hosts
of such varied phloem pathogens as phytoplasmas,
trypanosomes, and phloem-limited bacteriawill be valuable
in future screening for vector species. But this knowledge
alone is not sufficient. Phloem-feeding is essential to

Neotropical Entomology 33(5)

529

transmission of many of the economically important
pathogens. Further contributions are very much needed from
heteropterists, comparable to the extensive body of work on
homopteran feeding behavior, in order to reliably identify the
phloem-feeding species.
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