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ASIAN CITRUS PSYLLIDS (STERNORRHYNCHA: PSYLLIDAE) 
AND GREENING DISEASE OF CITRUS: A LITERATURE REVIEW 

AND ASSESSMENT OF RISK IN FLORIDA 

SusAN E. HALBERT AND KEREMANE L. MANJUNATH2 

Division of Plant Industry, Florida Department of Agriculture and Consumer Services 
P.O. Box 147100, Gainesville, FL 32614-7100 

2University of Florida Department of Plant Pathology, Gainesville, FL 32611 

ABSTRACT 

The Asian citrus psyllid, Diaphorina citri Kuwayama, was discovered in Florida in 1998. It 
can be one of the most serious pests of citrus if the pathogens that cause citrus greening dis- 
ease (huanglongbing) are present. Citrus greening recently has been reported in Brazil by 
Fundecitrus, Brazil. The establishment of D. citri in Florida increases the possibility that 
the disease may become established. Diaphorina citri can be separated from about 13 other 
species of psyllids reported on citrus. The biology of D. citri makes it ideally suited to the 
Florida climate. Only two species, D. citri and Trioza erytreae (del Guercio), have been impli- 
cated in spread of citrus greening, a disease caused by highly fastidious phloem-inhabiting 
bacteria. The disease is characterized by blotchy mottle on the leaves, and misshapen, poorly 
colored off-tasting fruit. In areas where the disease is endemic, citrus trees may live for only 
5-8 years and never bear usable fruit. The disease occurs throughout much of Asia and Africa 
south of the Sahara Desert, on several small islands in the Indian Ocean, and in the Saudi 
Arabian Peninsula. Transmission of citrus greening occurs primarily via infective citrus 
psyllids and grafting. It is transmissible experimentally through dodder and might be trans- 
mitted by seed from infected plants and transovarially in psyllid vectors. Citrus greening 
disease is restricted to Citrus and close citrus relatives because of the narrow host range of 
the psyllid vectors. Management of citrus greening disease is difficult and requires an inte- 
grated approach including use of clean stock, elimination of inoculum via voluntary and reg- 
ulatory means, use of pesticides to control psyllid vectors in the citrus crop, and biological 
control of psyllid vectors in non-crop reservoirs. There is no place in the world where citrus 
greening disease occurs that it is under completely successful management. Eradication of 
citrus greening disease may be possible if it is detected early. Research is needed on rapid 
and robust diagnosis, disease epidemiology, and psyllid vector control. 

Key Words: Diaphorina citri Kuwayama, Asian citrus psyllid, citrus greening disease, huang- 
longbing, citrus psyllids, Citrus. 

RESUMEN 

El psilido Asiatico de citricos, Diaphorina citri Kuwayama, fue descubierto en Florida en 
1998. Esta puede ser una de las plagas de citricos mas serias si los pat6genos que causan la 
enfermedad "greening" de los citricos (huanglongbing) estan presentes. Recientemente, la 
entermedad "greening" de los citricos ha sido reportada en Brasil por fundecitrus (Brasil). El 
establecimiento de D. citri en Florida aumenta la posibilidad que la enfermedad pueda esta- 
blecerse. Diaphorina citri puede ser separado de aproximadamente 13 otras especies de 
psilidos reportadas en citricos. La biologia de D. citri lo hace idealmente adaptable al clima 
de Florida. Solamente dos especies, D. citri y Trioza erytreae (del Guercio), han sido implica- 
das en la dispersi6n del "greening" de citricos, una enfermedad causada por una bacteria al- 
tamente fastidiosa que habita el floema. La enfermedad se caracteriza por causar areas 
moteadas en las hojas, y frutas mal formadas, mal coloradas y con sabor anormal. En areas 
donde la enfermedad es end6mica, los arboles de citricos pueden vivir por solamente 5-8 anos 
y nunca dar fruta provechosa. La enfermedad ocurre en la mayor parte de Asia, en Africa al 
sur del Desierto Sahara, en varias islas pequenias del Oc6ano Indico, y en la Peninsula de 
Saudi Arabia. La transmisi6n de "greening" de citricos ocurre principalmente por medio de 
psilidos infectados y por injertar las plantas. Puede ser transmisible experimentalmente a 
travez de cuscuta, posiblemente transmitida por la semilla de plantas infectadas y transo- 
variolmente en los vectores psilidos. La enfermedad de "greening" de citricos es restringida 
al Citrus y sus relativos cercanos debido al rango estrecho de hospederos de los vectores psi- 
lidos. El manejo de la enfermedad de "greening" de citricos es dificil y requiere una estrate- 
gin integrada incluyendo el uso de plantas no contaminadas, la eliminacion de inoculo por 
medios voluntarios y regulatorios, el uso de pesticidas para controlar los vectores psilidos en 
los huertos de citricos, y el control biologico de los vectores psilidos en depositos de plantas 
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que no son cultivos. No hay ninguin lugar en el mundo donde ocurre la enfermedad de "gree- 
ning" de cftricos que est6 completemente bajo un manejo exitoso. La erradicaci6n de la en- 
fermedad de "greening" de citricos puede ser posible si la enfermedad esta detectada 
tempranamente. Se necesita investigaci6n sobre un diagn6stico rapido y robusto, la epide- 
miologia de la enfermedad, y el control del vector psflido. 

Asian citrus psyllid (Diaphorina citri Kuwa- 
yama, Sternorrhyncha: Psyllidae) may be the 
most serious pest of citrus in the world if any of 
the pathogens that cause citrus greening also are 
present. If none of the pathogens are present, the 
psyllids usually are minor pests. Citrus greening 
was reported in Brazil in July 2004 by Funde- 
citrus. This is the first report of the disease in the 
Western Hemisphere (Anon. 2004). 

The Asian citrus psyllid causes damage to the 
crop primarily by transmission of the pathogen 
that causes greening, or "huanglongbing" (tig), 
which means "yellow dragon disease" in Chinese. 
Huanglongbing has been translated loosely as 
yellow shoot disease in English language publica- 
tions because of characteristic yellow shoots 
caused by the disease. In addition to yellow 
shoots, the disease also causes mottling, chlorosis 
resembling zinc deficiency, twig dieback and re- 
duced fruit size and quality. Fruit do not color 
properly, leading to the name greening. Fruit from 
diseased trees have a bitter taste. Other names 
include citrus vein phloem degeneration, and 
v YtM (likubin), which means immediate wither- 

ing disease. Australian citrus dieback, a disease of 
unknown etiology, is suspected to be caused by a 
similar psyllid-transmitted pathogen (Broadbent 
2000). Although the official name of the disease is 
huanglongbing (anon. 1996), we use the name 
"citrus greening disease" throughout this review 
because it is the name commonly used in the 
United States, and by our audience for this paper. 

Citrus greening probably is the worst disease 
of citrus caused by a vectored pathogen. The dy- 
namics, epidemiology, and molecular characteris- 
tics of the complex are poorly understood. Thioza 
erytreae (del Guercio) (Sternorrhyncha: Triozi- 
dae) in Africa and Diaphorina citri Kuwayama 
(Sternorrhyncha: Psyllidae) in Asia are the only 
known vectors of the two forms of the disease, 
namely African and Asian citrus greening, respec- 
tively. Two species of fastidious phloem-limited 
bacteria (Candidatus Liberibacter africanus and 
asiaticus), are thought to be the causal organ- 
isms, but Koch's postulates have not been fulfilled 
because the bacteria have not been cultured yet. 
(The term Candidatus is used for bacteria species 
that cannot be cultured. If Candidatus is used, 
the actual genus and species are not italicized.) 
The pathogens prevalently transmitted by the 
two psyllids are different, but both psyllid species 
will transmit either pathogen under experimen- 
tal conditions (Lallemand et al. 1986). The patho- 
gens at present are extremely difficult to detect 

and characterize, although great strides have 
been made in recent years with development of 
detection methods based on polymerase chain re- 
action (PCR) and DNA hybridization. 

Excellent reviews of citrus greening disease 
complex have been published (da Graca 1991; 
Garnier & Bove 1993, 2000a; Mead 1977; Rois- 
tacher 1991; Viraktamath & Bhumannavar 
2002). We do not intend to duplicate these earlier 
efforts. The recent introduction of D. citri into 
Florida (Halbert 1998) has greatly increased the 
threat of citrus greening disease for North Amer- 
ican citrus. The intent of this paper is to provide a 
convenient summary of information that is rele- 
vant to risk assessment for the Florida citrus in- 
dustry and possible eradication of citrus greening 
disease. The emphasis will be on recognition of 
citrus psyllids, host range information, detection, 
epidemiology, and management. 

BIOLOGY OF ASIAN CITRUS PSYLLID 

Systematics and Recognition of Psyllids Reported 
on Citrus 

Diaphorina citri (=Euphalarus citri (Kuway- 
ama 1908)) was described from citrus in 
Shinchiku, Taiwan in 1907 and published in a 
double volume in 1908. Species of Diaphorina 
usually are separated based on the pattern of 
maculation in the forewings and the shape of the 
genal cones. Diaphorina citri has a distinct pat- 
tern on the forewings and can be separated easily 
from most of the other species reported on citrus 
and its relatives. 

There are six other obscure species of Diapho- 
rina also reported from citrus and other closely 
related plants: Diaphorina amoena Capener 
1970b (reported on citrus by da Gra,a 1991), Dia- 
phorina auberti Hollis 1987a (reported on citrus 
in original description), Diaphorina communis 
Mather 1975 (reported on citrus in original de- 
scription) and Aubert (1987), Diaphorina murrayi 
Kandasamy 1986 (reported on citrus in original 
description), Diaphorina punctulata (Pettey 
1924) (reported on citrus in original description), 
and Diaphorina zebrana Capener 1970b (re- 
ported on citrus by Catling & Atkinson 1974). 

Diaphorina auberti was described (Hollis 
1987a) from the Comoro Islands. The host is cit- 
rus, on which nymphs concentrate on the upper 
surfaces of young leaves near the midribs. This 
causes the lateral margins of the leaves to curl 
upwards and inwards, sometimes forming an en- 
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closed leaf-roll (Dr. B. Aubert, pers. comm., in Hol- 
lis 1987a). Hollis (1987a) placed D. auberti in the 
D. amoena species group. The wing patterns of D. 
auberti are very similar to those of D. amoena (see 
Fig. 10 and Fig. 11 (amoena) compared with Fig. 
22 and Fig. 23 (auberti) in Hollis (1987a)); how- 
ever, the genae of auberti are much shorter than 
those of amoena (see Fig. 1 and Fig. 7 of Hollis 
(1987a)). The host for D. amoena is Strychnos in- 
nocua Delile (Loganiaceae (Strychnaceae)). It is 
not reported from citrus or citrus relatives either 
in Hollis (1987a) or in the original description 
(Capener 1970b). Thus, reports of D. amoena on 
citrus probably can be attributed to D. auberti or 
possibly D. citri. Both D. amoena and D. auberti 
can be separated from D. citri by the pattern on 
the forewings. 

Diaphorina communis was described from a 
long series of specimens collected in Uttar 
Pradesh, India (Mather 1975). It is reported to be 
common on Murraya koenigii and occurs occa- 
sionally on citrus. It is mentioned as a possible 
species on citrus by Burckhardt (1994a). The 
forewings of D. communis are almost totally dark, 
making it easily separable from D. citri. 

Diaphorina murrayi was described by Kanda- 
samy (1986) from 11 specimens taken on Murraya 
exotica L. in Madras (now Chennai, Tamilnadu), 
India. According to the original description, it is 
closely related to D. citri but differs in having a 
slightly different wing pattern and slightly differ- 
ent tarsal spine formula. So far, it is reported only 
from M. exotica. Further study is needed to deter- 
mine whether it differs sufficiently from D. citri to 
be considered a separate species. 

Diaphorina punctulata (=Euphalarus punctu- 
latus Pettey 1924) was described from a female 
specimen collected in southern Africa. The host 
was Sclerocarya caffra Sond. (Anacardiaceae) 
Capener (1970a). The original description says 
that the species also has been found on Chorda 
[sic] caffra Sond. (Boraginaceae) and Clausena 
inaequalis (DC.) Benth. (=anisata (Willd.) Hook, 
S. ex Benth.) (Rutaceae). The description is very 
brief (barely 13 lines long) and includes no figures 
or designation of paratypes. Capener (1970a), ap- 
parently with access to Pettey's notes, said that 
the species was described from seven specimens - 
1 male, 6 females. Seven specimens (evidently not 
entirely from the type series because sexes do not 
match, but determined by Pettey) still exist in the 
National Collection of Insects, Pretoria. There is 
some doubt as to whether all of this material is 
the same species. Catling & Atkinson (1974) men- 
tion that D. punctulata was found on citrus in 
Swaziland (Mead 1977) but was a non-vector of 
citrus greening. If the specimens reported from 
Clausena (above) are in fact D. punctulata, it is 
plausible that this species could infest citrus occa- 
sionally. Pettey (1924) (original description), Cap- 
ener (1970a), and Catling & Atkinson (1974) do 

not include a thorough description or figure of 
D. punctulata, so it is not possible to explain from 
the descriptions how to separate it from D. citri. 
Photos of identified specimens of D. punctulata, 
including a paratype, kindly provided by Ian 
Millar, ARC-Plant Protection Research Institute, 
South African National Collection of Insects, 
Queenswood, Pretoria, South Africa, and by Dr. 
G. J. Begemann, Transvaal Sugar Ltd, Komati- 
poort, South Africa, show that D. punctulata looks 
very similar to D. citri. The two species can be 
separated by a difference in the maculation pat- 
tern on the wings. Both species have a dark band 
around the edge of the wings, with a clear area in 
the middle containing irregular spots. The dark 
outer band on D. citri has a definite break near 
the terminus of the Rs vein. The band on 
D. punctulata lacks that break. In addition to the 
wing pattern, the wing shape is more angular in 
D. punctulata, and the genal processes of 
D. punctulata are more massive and irregularly 
tapered than those of D. citri (Daniel H. Burck- 
hardt, Naturhistorisches Museum, Basel, Swit- 
zerland, pers. comm.). 

Diaphorina zebrana was described from Ozo- 
roa paniculosa (Sond.) R.& A. (Anacardiaceae). 
Additional specimens that varied slightly in the 
intensity of wing banding were collected from 
Ozoroa reticulata (Bak. f.) R. & A. Rernandes. Di- 
aphorina zebrana, like D. punctulata, was men- 
tioned as a citrus infesting species and a non- 
vector of greening in Swaziland (Mead 1977) by 
Catling & Atkinson (1974). There is no mention of 
infestations on citrus or related plants in the orig- 
inal description. Diaphorina zebrana, as its name 
suggests, has striped forewings and thus is 
readily separable from D. citri. 

In addition to the seven species of Diaphorina 
reported on citrus, there are six other psyllid spe- 
cies reported to occur on citrus: Mesohomotoma 
lutheri (Enderlein 1918) (=Udamostigma lutheri 
Enderlein), Psylla citricola Yang & Li 1984, 
Psylla citrisuga Yang & Li 1984, Psylla murrayi 
Mathur 1975, Trioza citroimpura Yang & Li 1984, 
Thioza erytreae (del Guercio 1918) (= Aleurodes 
erytreae del Guercio, = Trioza citri Laing, = Trioza 
merwei Pettey, = Spanioza merwei (Pettey), = 
Spanioza erythreae (del Guercio) (Hollis 1984)), 
and Trioza litseae Bordage 1898 (=Trioza eastopi 
Orian 1972). 

Mesohomotoma lutherl was described from 
Peradeniya, Ceylon (Sri Lanka) from collections 
made in 1910 by Dr. Luther (Enderlein 1918). It 
was re-described carefully by Mathur (1975). The 
host was Urena lobata L. (Malvaceae), and it also 
may infest Hibiscus (also Malvaceae). There is 
some doubt about the synonymy for this species. 
Hollis (1987b) said that there is confusion about 
the validity of the species currently placed in Me- 
sohomotoma because of variation in size and color 
among collections of the same species. The varia- 
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tion does not correlate well with host plant and 
distribution data. Hollis (1987b) suspects that 
several of the species, including M. lutheri, may 
in fact all be synonyms of Mesohomotoma hibisci 
(Froggatt). Aubert & Quilici (1984) reported that 
adults of M. lutheri were seen on citrus leaves for 
short feeding periods, but that this was extremely 
rare, and no eggs were laid. They reported that 
the preferred host of M. lutheri was Hibiscus. 

Psylla citricola and P citrisuga were described 
from Citrus grandis (L.) Osbeck (now Citrus max- 
ima (Burm.) Merr.) and Citrus medica L. in Yun- 
nan Province in China (Yang & Li 1984). The two 
species are very similar and apparently occur to- 
gether in mixed colonies on the hosts. Yang & Li 
(1984) suggest that a report of Psylla alni on citrus 
in Sichuan Province may actually be P citrisuga. 
There is a report by Cen et al. (1999) that P citri- 
cola occurs in Guangzhou. Further study is needed 
to determine whether these are distinct species. 

Psylla murrayi normally feeds and reproduces 
on leaves of Murraya koenigii (L.) Sprengel 
(Mather 1975), but adults have been observed on 
citrus in Malaysia (Lim et al. 1990). Based on il- 
lustrations in the descriptions, the male genitalia 
appear to be distinct from those of the two Chi- 
nese Psylla spp. 

Trioza citroimpura also was described from 
Yunnan Province in China. The host was Citrus 
reticulata Blanco. Both male and female genitalia 
appear distinct from those of T erytreae, based on 
figures given in the description. 

Trioza erytreae is the well-known African cit- 
rus psyllid. It was described as a whitefly, Aleu- 
rodes erytreae del Guercio 1918; however, the 
drawing of the nymph is clearly a psyllid, and the 
photograph of the damage is that of T erytreae. It 
is part of a species group that includes at least ten 
species that are very difficult to separate morpho- 
logically but have different host plant preferences 
(Hollis 1984). Hosts of T erytreae are listed as 
Clausena anisata (Willd.) Oliv. (=Clausena 
inaequalis (DC.) Benth.), Citrus spp., Vepris un- 
dulata (Thunb.) Verdoorn & C.A. Smith (=Todda- 
lia lanceolata Lam.) and Fagara spp. There is 
extensive literature about this serious pest, and 
particularly about its relationship to African cit- 
rus greening disease. Trioza erytreae can be found 
throughout much of Africa south of the Sahara, in 
Saudi Arabia and Yemen in the Saudi Peninsula, 
in Mauritius and Reunion, and in Madeira 
(Toorawa 1998). A key to African Thioza, along 
with additional characters useful in separating 
species in the T erytreae group can be found in 
Hollis (1984). It is easily separated from D. citri 
because it has clear forewings that are pointed at 
the tips. Nymphs of T erytreae live in individual 
depressions on the undersides of citrus leaves, 
whereas nymphs of D. citri tend to colonize the 
stems of new growth and never produce individ- 
ual pits on the leaves. 

Trioza litseae Bordage was described based on 
its damage to vanilla and Litsea (Lauraceae) on 
R6union Island (Bordage 1898). There has been 
some confusion about the synonymy with T east- 
opi. Orian (1972) determined that T litseae was a 
nomen dubium because the description was 
sketchy; however, the International Code of Zoo- 
logical Nomenclature (2000) (Articles 1.2.1, 
12.2.8, 23.3.2.3, and 72.5.1) allows descriptions 
based on the "works" (e.g., damage) of an animal if 
the description was published prior to 1931. 
Therefore, Bordage's (1898) description, which in- 
cludes details of the economic damage to vanilla, 
and also damage to Litsea, which he considers the 
original host, qualifies, and T litseae Bordage is a 
good species. Thus, T eastopi Orian 1972 becomes 
a junior synonym of T litseae Bordage. There is 
some further question as to whether this species 
actually occurs on citrus. Hollis (1984) reported 
that the usual host is Litsea glutinosa C.B. Robin- 
son (=L. laurifolia Cordem) (Lauraceae), where 
nymphs damage floral parts of the plant. Adults 
can damage Vanilla planifolia Andrews (Orchi- 
daceae). Aubert & Quilici (1984) reported both 
adults and nymphs of T litseae (as T eastopi) on 
leaves of citrus, avocado, papaw, and vanilla 
leaves. Apparently, the favored host was Litsea 
chinensis Jacq., a common weed. When popula- 
tions on these weeds reached very high levels, the 
insects began to infest young flush of other plants, 
including citrus. Nymphs formed pits similar to 
those of T erytreae. Trioza litseae can be separated 
from T erytreae with the key in Hollis (1984). 

Trioza is an extremely large and difficult artifi- 
cial genus. There are no keys to world fauna. Thus, 
host plant association is of utmost importance in 
determining the species. The thorough re-descrip- 
tion and key in Hollis (1984) would be useful for 
diagnosis of T erytreae, along with Burckhardt 
(1994b), which keys psyllid genera that occur in 
Chile, along with various potential exotic pests in- 
cluding T erytreae. The Trioza spp. can be sepa- 
rated from D. citri because the radius, media and 
cubitus veins in the forewings diverge at the same 
point (trifurcate) in Trioza spp., whereas the me- 
dia and cubitus share a common stem in D. citri. 

Psylla loranthi Capener 1973 is not reported to 
feed on citrus or citrus relatives, but it feeds on 
Loranthus zeyheri Harv., a parasitic plant that 
sometimes attacks citrus. There is a small possi- 
bility that P loranthi might potentially transmit 
citrus greening bacteria via the parasitic plant, so 
the species is included in this list. However, we 
note that no phloem connection may exist be- 
tween the parasitic plant and its host (Salle 
1983). It can be distinguished from other Psylla 
species associated with citrus by the long slender 
genitalia, especially of the female (Capener 1973), 
and by the presence of immatures on its parasitic 
host plant. Psylla loranthi would not be found 
where its host does not occur. 
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Finally, Leuronota fagarae Burckhardt 1988, 
the wild lime psyllid, showed up in Florida in July 
2001. Its only known host is Zanthoxylum fagara 
(L.) Sarg., a citrus relative. The psyllid is native to 
South America. Damage consists of rolled leaf 
edges that enclose the nymphs. We have surveyed 
citrus growing near infested Z. fagara and have 
not found any L. fagarae on citrus. Leuronota fa- 
garae is very slender and has dark wings. It is not 
likely to be confused with D. citri or any other cit- 
rus psyllids. 

Life Cycle 

Mead (1977) has an excellent annotated sum- 
mary of the life cycle of D. citri. Eggs are laid on 
"feather flush" and hatch in 2-4 days (Chavan & 
Summanwar 1993). There are five nymphal in- 
stars (Aubert 1987), which are completed in 11-15 
days (Chavan & Summanwar 1993). The total life 
cycle takes 15-47 days, depending upon the tem- 
perature. Adults may live several months and the 
females lay as many as 800 eggs in a lifetime 
(Mead 1977). Catling (1970) provided further in- 
formation on life cycle and biology. Life table pa- 
rameters at different temperatures have been 
studied for Florida D. citri (Liu & Tsai 2000). 
Time for completion of the life cycle was the same 
as Mead (1977) reported. The optimum develop- 
ment temperature range was found to be 25-28?C. 
Liu & Tsai (2000) found that the maximum aver- 
age number (748.3) of eggs produced per female 
occurred at 28?C. 

Climatic Requirements 

Aubert (1987) states that Diaphorina citri does 
not tolerate frost very well; however, we have ob- 
served that populations have overwintered in 
Gainesville, FL, where temperatures dropped to at 
least -5?C on several nights. Populations of D. citri 
in the Florida panhandle have been limited so far 
to Murraya and Citrus plants for sale at discount 
outlets, so it is not known whether D. citri can over- 
winter north of Gainesville. Aubert (1987) also 
states that populations of D. citri do not tolerate hu- 
midity close to the saturation point because it pro- 
motes fungal epizootics, to which the nymphs are 
very susceptible; however, high humidity in Florida 
has not prevented extremely high summer popu- 
lations of D. citri in local groves and backyards. 
Similarly, few D. citri regulatory samples sent to 
Florida Department of Agriculture and Consumer 
Services, Division of Plant Industry (DPI) have ca- 
davers resulting from fungal infection. Diaphorina 
citri was not found above 1300-1500 m in elevation 
in various places searched in Asia, presumably be- 
cause of occasional frosts (Aubert 1987). Popula- 
tions of D. citri moved north in China in the 1980s 
as a result of more citrus plantings and higher win- 
ter temperatures (Qiu et al. 1996). 

Distribution and Possible Source of the Florida Infestation 

Diaphorina citri can be found in all of south- 
east Asia and the Indian subcontinent, the is- 
lands of R6union and Mauritius, Saudi Arabia, 
Brazil (da Graga 1991), southern Iran near the 
border with Pakistan (Danet, pers. comm., ex 
Toorawa 1998), Venezuela (Cermeli et al. 2000), 
and Argentina (DPI records). In early 1998, it was 
discovered in the island of Guadeloupe in the Car- 
ibbean (Etienne et al. 1998). It also was discov- 
ered in Florida in Palm Beach, Broward, and 
Martin Counties in June 1998 and has since 
spread throughout the state, wherever citrus oc- 
curs (Halbert et al. 2002). We have seen speci- 
mens from Texas (French et al. 2001), Cayman 
Islands, and several Bahamian islands (Halbert 
& Nuiniez 2004). There is a report in the literature 
that D. citri is present in Honduras (Burckhardt 
1994b), which is based upon an interception of 
D. citri in France on citrus trees from Honduras 
in 1989 (Burckhardt & Martinez 1989). This re- 
ported Central American infestation has been dif- 
ficult to substantiate in Honduras itself. We do 
not doubt that the insects intercepted were D. 
citri, but the actual source of the infested plants 
remains an open question. 

There are two likely scenarios for the introduc- 
tion of D. citri into Florida. First, D. citri has been 
established in South America for many years. 
Therefore, it could have spread naturally through 
Central America and the Caribbean, and ulti- 
mately found its way to Florida. If the intercep- 
tion record from Honduras is true, it provides 
support for the gradual spread of D. citri through- 
out the Western Hemisphere. A USDA/APHIS/ 
PPQ record of an interception of D. citri from 
Mexico in April, 1996, if true, also lends credence 
to gradual spread from South America. If the 
Florida D. citri population came from Latin 
America, it is very likely to be free of the greening 
pathogen. 

Alternatively, D. citri could have been intro- 
duced directly from Asia. The USDA/APHIS/PPQ 
database has records of 170 interceptions of live 
D. citri from Asian countries at ports in the USA 
between 1985 and November 2003. There are an 
additional 73 records of interceptions of live Dia- 
phorina spp. on rutaceous plants from Asia. Many 
of these populations probably were D. citri. In 
most cases, there were only one or two specimens 
found, but one collection intercepted in Des 
Plaines, Illinois contained 46 live D. citri from In- 
dia. In most cases, these insects were intercepted 
on Murraya plant material, especially M. koenigii, 
but infested citrus also has been observed. 

Interception reports for the most part reflect 
the known distribution of D. citri. An interception 
report in the USDA/APHIS/PPQ database of D. 
citri from roots of Colocasia esculenta (L.) Schott 
(Araceae) from Cameroon probably is a misidenti- 
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fication rather than an indication that D. citri is es- 
tablished in Western Africa. Several interceptions 
reported from the Caribbean Basin indicate that 
D. citri already is moving in cargo within five years 
of known establishment. If citrus greening disease 
ever became established anywhere in the Carib- 
bean Basin, the potential for movement is high. 

Direct Plant Damage 

Direct plant damage occurs as a result of high 
populations of psyllids. Copious amounts of hon- 
eydew and moderate leaf distortion have been ob- 
served on infested plants (Aubert 1987). In 
Florida, after the initial invasion of D. citri, new 
growth on some citrus plantings was severely 
damaged. Feeding by Asian citrus psyllid caused 
leaves to be curled and notched. In cases of severe 
infestation, newly emerged sprouts were killed. 
Lateral leaf notching is particularly characteris- 
tic of D. citri damage. In dry weather, we have ob- 
served curled waxy secretions from nymphs. 
Heavy oviposition or larval activity sometimes 
will kill developing terminals or cause abscission 
of leaves or entire terminals (Michaud 2004). 

Populations can reach extremely high levels. A 
survey technique reported by Ahmad (1961) con- 
sisted of spraying citrus trees in West Pakistan 
with insecticide and collecting the psyllids on a 
white sheet beneath the tree. This method yielded 
an average of 41,561 adults per tree! On Murraya 
paniculata hedges in Reunion, catches of 200 
adults per m2 were obtained with a D-VAC ma- 
chine (Aubert 1987). 

BIOLOGY OF THE GREENING PATHOGENS 

Nature and Classification of the Pathogens 

The greening pathogens are thought to be 
highly fastidious phloem-inhabiting bacteria in 
the genus Candidatus Liberibacter. Although the 
bacteria have not been cultured for completion of 
Koch's postulates, circumstantial evidence points 
strongly to a bacterial disease agent because cit- 
rus greening symptoms abate temporarily when 
trees are injected with antibiotics (Buitendag & 
von Broembsen 1993; Lim et al. 1990; Su et al. 
1986). The isolate from South Africa has been 
named Candidatus Liberibacter africanus, and 
the isolate from Asia has been named Candidatus 
Liberibacter asiaticus (Garnier et al. 2000). A 
subspecies of Candidatus L. africanus, Candida- 
tus L. africanus subsp. capensis, has been de- 
scribed from the Western Cape Region of South 
Africa from Calodendrum capensis Thunb., a na- 
tive South African plant. This subspecies also in- 
fects citrus (Garnier et al. 2000). Garnier et al. 
(2000) changed the generic name from Libero- 
bacter to Liberibacter, following the International 
Code of Nomenclature of Bacteria, which states 

that since "bacter" is of masculine gender and 
"Liber" is of Latin origin, the connecting vowel 
should be an"i." 

It is widely accepted that both species of bacte- 
ria multiply in both of the psyllid vectors, but this 
has not been demonstrated with molecular evi- 
dence. However, Moll & Martin (1973) noticed 
marked increases in the number of citrus green- 
ing bacteria in T erytreae vectors over 9 days 
time, and concluded that the bacteria were multi- 
plying in the vectors. Neither species of citrus 
greening bacteria has been cultured on artificial 
media. Molecular analysis indicates genetic dif- 
ferences between the two species, and specific 
DNA probes have been developed for each (Bov6 
et al. 1993, 1996; Garnier & Bov6 1996; Harakava 
et al. 2000; Tian et al. 1996). 

African greening manifests symptoms prima- 
rily under cool conditions (below 25?C), whereas 
Asian greening does well under hot conditions 
(Garnier & Bove 1993). African greening does not 
show symptoms above 27?C under glasshouse 
conditions. In South Africa, the greening symp- 
toms are more pronounced in winter than in sum- 
mer. Similarly, the African citrus greening 
symptoms are severe in elevations above 700 m, 
whereas they are absent in low-lying hot areas. 
Indian greening does well in hot conditions, above 
25?C. Asian citrus greening symptoms are less 
pronounced and disappear above 1500 m, possi- 
bly because the vector is absent (Aubert 1987). In 
a laboratory study, Bov6 et al. (1974) showed that 
symptoms of African citrus greening were moder- 
ate to severe at 22? to 24?C and disappeared at 
270 to 320C, whereas symptoms of Asian citrus 
greening from India and Philippines were ex- 
pressed strongly at both temperature regimes. 

Candidatus Liberibacter asiaticus is pre- 
sumed to be Asian and may have developed with 
citrus, while Candidatus L. africanus probably 
came from native African rutaceous plants, since 
citrus is an introduced species in Africa. A native 
plant, Toddalia lanceolata, was found to be a good 
host of both Candidatus L. africanus and its nat- 
ural vector, T erytreae (Garnier & Bove 1996). Lin 
& Lin (1990) postulate that Asian citrus greening 
originated in the northeastern part of Guangdong 
Province in China. It is also possible that the 
Asian greening pathogen has a geographical ori- 
gin similar to that of its primary vector, D. citri, 
which probably evolved with similar species ofDi- 
aphorina in the Indian subcontinent. 

Distribution 

It is important to keep an updated file on the 
known distribution of citrus greening disease be- 
cause rutaceous plants or citrus psyllids from 
those locations may harbor the pathogens. 
Toorawa (1998) compiled a summary of countries 
known to have citrus greening in his Table 3. Each 
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entry in his table is referenced by literature cita- 
tion, and he notes the laboratory that did the mo- 
lecular confirmation. Locations listed below are 
from Toorawa (1998) unless noted otherwise. Asian 
countries include: China (including Hong Kong), 
Indonesia, southern islands of Japan, Malasia, 
Philippines, Taiwan, Thailand, and Vietnam. Evi- 
dently citrus greening disease is spreading in Ja- 
pan. Subandiyah et al. (2000) have confirmed 
citrus greening using molecular diagnosis in four 
places in Okinawa. Prior to this survey, citrus 
greening was known only from the southernmost 
island of Iriomote. Countries with citrus greening 
in the Indian subcontinent include Bangladesh, 
Bhutan, India, Nepal, and Pakistan. In the Indian 
Ocean, citrus greening disease is found in Sri 
Lanka, the Comoros Islands, Madagascar, Mauri- 
tius, and Reunion. All of these places have estab- 
lished populations of D. citri and Asian citrus 
greening. Mauritius and Reunion also have Afri- 
can citrus greening and T erytreae. Similarly, in 
the Saudi Arabian peninsula, Saudi Arabia and 
Yemen have both species of vectors and both 
pathogens. In Africa, Burundi, Cameroon, Central 
African Republic, Ethiopia, Kenya, Malawi, 
Rwanda, Somalia, South Africa, Swaziland, Tan- 
zania, and Zimbabwe all have African citrus green- 
ing and Trioza erytreae. Diaphorina citri is not 
known to be established in the African mainland. 
Although D. citri has been observed in Iran (Danet, 
pers. comm., ex Toorawa 1998), it is not known if 
citrus greening disease occurs there. Additionally, 
Varma & Atiri (1993) reported that over 50% of 
plants in some areas of Nigeria show symptoms of 
citrus greening. Symptoms have been observed all 
over Nigeria, but presence of the pathogen has not 
been confirmed by molecular analysis. The CABI 
map 766 (1998) additionally lists Laos and Myan- 
mar as positive for Candidatus L. asiaticus. It 
states that there is an unconfirmed report for 
Syria. Garnier & Bov6 (2000b) added Cambodia to 
the list of countries where citrus greening is 
present. Citrus greening disease was found in 
Papua New Guinea in 1999 (Lee 2002). The status 
of citrus greening in Afghanistan, Brunei, and Sin- 
gapore is unknown. In July 2004, as this paper was 
in press, citrus greening disease was reported in 
Brazil by Fundecitrus (Anon. 2004). 

Plant Damage 

Citrus greening is a very destructive disease. A 
survey conducted over an 8-year period in 
Reunion Island indicated that 65% of the trees 
were badly damaged and rendered unproductive 
within 7 years after planting (Aubert et al. 1996). 
In Thailand, citrus trees generally decline within 
5-8 years after planting due to citrus greening 
(Roistacher 1996). Roistacher (1996) showed that 
groves must live for a minimum of about 10 years 
in order to make a profit. Infected trees are 

stunted and sparsely foliated. The symptoms can 
resemble nutritional stress, especially zinc defi- 
ciency symptoms on recent growth; however, a 
more diagnostic mottle usually occurs on slightly 
older leaves that resembles symptoms of luteovi- 
ruses in dicots (e.g., Potato leafroll luteovirus). 
The mottle differs from nutrition-related mot- 
tling in that greening induced mottling usually 
crosses leaf veins, whereas nutrition-related mot- 
tling usually occurs between or along leaf veins. 
Off-season bloom, fruit drop, and twig dieback are 
other symptoms. Fruit are small, lopsided, hard, 
and have a bitter flavor. Seed abortion is common 
(Capoor et al. 1974). Citrus greening disease may 
predispose plants to other pest problems such as 
the citrus longhorned beetle, Anoplophora chin- 
ensis Forster (Aubert 1990b). A combination of 
citrus greening, citrus longhorned beetle, and as- 
sociated Phytophthora fungi are common in ad- 
vanced citrus greening epidemics (Aubert 1990b). 

Toorawa (1998) attempted to compile global in- 
fection statistics. He estimated 50 million trees 
infected in south and southeast Asia, three mil- 
lion trees infected in Indonesia, and ten million 
trees infected in Africa. In India and Saudi Ara- 
bia, there has been a marked decline in citrus in- 
dustries as a result of citrus greening disease. 

DETECTION 

Vector 

In low numbers, Diaphorina citri is an incon- 
spicuous pest of citrus. The adults are the most 
easily observable stage. They are about 3-4 mm 
long. The wings have distinct bars on the top and 
bottom, giving the insects a flattened X-pattern 
when viewed laterally. Characteristically, they sit 
at a 450 angle to the shoot or leaf on which they 
feed. Adults jump readily when approached. It is 
best to collect them either by using an aspirator, 
or by bagging the entire shoot. Another way to col- 
lect specimens in excellent condition is to place an 
inverted empty test tube above an infested shoot 
while disturbing the colony. The adults will jump 
up into the tube and remain there. 

Nymphs are difficult to see. They are flat and 
tend to wrap themselves around the shoot where 
they feed. Superficially, they look similar to scale 
insects. Nymphs may be green or orange in color, 
but, unlike scale insects, they have large wing 
pads. Eggs, bright yellow or orange and shaped 
like a pointed football, are attached in the plant 
tissue at one end. Eggs are deposited on the 
"feather flush" of the host. It is very difficult to see 
eggs without a hand lens. 

Pathogen 

It is only within the last few years that reliable 
detection of the greening pathogens has been 
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available. DNA probes now have been used suc- 
cessfully to detect Candidatus Liberibacter spp. 
both in infected plants and in psyllid vectors (Bov6 
et al. 1993; Tian et al. 1996). The bacteria also can 
be detected with an electron microscope, ELISA 
(Garnier & Bove 1993), and by biological assay. 
Roistacher (1991) gives a detailed methodology for 
preparing specimens for electron microscopy. 

Unfortunately, infected trees may be over- 
looked if symptoms alone are used for detection. 
Aubert (1990b) estimated that 15% to 20% of the 
infected plants are overlooked by nursery inspec- 
tors who rely only on visual inspection. 

Lafleche & Bove (1970) using a transmission 
electron microscope observed a "mycoplasma-like 
organism" in citrus phloem tissue infected with 
citrus greening disease. The organisms were 
about 2000 nm long and 100-200 nm in diameter. 
Similar bodies soon were observed in both vectors 
of the citrus greening disease, T erytreae (Moll & 
Martin 1973) and D. citri (Chen et al. 1973). A fur- 
ther comparison of the greening organism (Saligo 
et al. 1971) with citrus stubborn, a spiroplasma, 
showed that the outer membrane of the greening 
organism was much thicker (25 nm) than that of 
the spiroplasma (10 nm). 

Further studies showed the bacterial nature of 
the greening organism, and a peptidoglycan- con- 
taining outer membrane of gram negative bacte- 
rial type was identified (Garnier et al. 1984). 
Molecular information provided the basis for ac- 
curate nomenclature for the two species. The bac- 
terium was recognized as a new 'Candidatus' 
genus Liberibacter, in the alpha subdivision of 
proteobacteria (Jagoueix et al. 1994). 

Monoclonal antibodies raised against proteins 
purified from infected greening tissue from Africa, 
China, and India reacted selectively with the source 
antigens and a few other isolates of citrus greening, 
demonstrating the existence of several serotypes of 
greening (Garnier et al. 1987; Gao et al. 1993). 
These monoclonal antibodies are too isolate-specific 
to be used for general detection of greening. 

Molecular approaches such as PCR and strain- 
specific DNA probes now have been used success- 
fully to detect and differentiate Candidatus 
Liberibacter spp. both in infected plants and in 
psyllid vectors (Bove et al. 1993; Jagoueix et al. 
1996; Tian et al. 1996). Unfortunately, detection 
is not always reliable. Sometimes trees with clas- 
sic greening symptoms test negative with PCR 
(Toorawa 1998). 

Molecular detection methods have been diffi- 
cult to develop since the greening organism has 
not yet been cultured. Villechanoux et al. (1992) 
isolated total DNA from periwinkle plants in- 
fected with Indian greening, and digested it with 
restriction enzyme, HindIll. The digested DNA 
was cloned and the clones were screened by differ- 
ential hybridization with DNA from both healthy 
and infected tissues. They identified three clones 

with 2.6, 1.9, and 0.6 kb inserts to be specific to 
the greening bacterium. The two larger clones re- 
acted with all the Asian forms, but not with the 
African isolates, while the 0.6 kb clone reacted 
only with the Indian greening. Villechanoux et al. 
(1993) sequenced and analyzed the three green- 
ing specific clones. The larger 2.6 kb clone con- 
tained the genes of the nusG-rplKAJL-rpoBC 
operon, confirming the eubacterial nature of the 
greening organism at the molecular level. The 1 
kb insert contained sequences for a bacterio- 
phage-type DNA polymerase. The sequences from 
the 0.6 kb insert did not match anything in the 
database of known sequences. 

Since the bacterial nature of the greening or- 
ganism was established, Jagoueix et al. (1996) 
used universal primers for general amplification 
of prokaryotic 16S rDNA. Based on sequence in- 
formation, primers have been developed to amp- 
lify a 1,160 bp region of ribosomal DNA for 
detection of greening by PCR. Further differentia- 
tion of Asian and African forms of greening can be 
achieved by restriction enzyme XbaI digestion. 
The XbaI digestion of an 1160 bp fragment from L. 
africanus yields three fragments of 520 bp, 506 bp, 
and 130 bp, while the Asian greening, L. asiaticus, 
yields only two fragments of 640 bp and 520 bp. 

Ribosomal DNA primers have been used 
widely for detection of both forms of greening. 
These primers have been shown not to amplify 
16S ribosomal sequences of other citrus patho- 
gens (Jagoueix et al. 1996). 

Additionally, some citrus species, such as 
sweet oranges and mandarins, produce a com- 
pound (gentisic glucoside) as a result of infection. 
Gentisic acid glows violet under UV light and can 
be seen directly in the fruit albedo of sweet or- 
anges. A bark extract procedure (Roistacher 
1991) can be used with other commercial citrus 
species (mandarin and tangelo). Results are not 
consistent for lemon, lime, pummelo, and grape- 
fruit. Gentisic acid analysis sometimes produces 
false negatives and false positives, so it cannot be 
used alone for definitive diagnosis. However, re- 
sults are fairly consistent for sweet oranges, so 
the technique can be useful in conjunction with 
other more reliable (but also more expensive and 
time-consuming) tests (Hooker et al. 1993). 

For many years, biological indexing has been 
used for citrus greening diagnosis. Miyakawa 
(1980) found that ponkan (Citrus reticulata Blanco) 
and Orlando tangelo (Citrus tangelo J. Ingram & H. 
Moore) are the best indicators, particularly if se- 
vere forms of Citrus tristeza virus (CTV) are 
present and may confound symptom expression. 

Detection of citrus greening pathogens from 
asymptomatic tissue is inconsistent by any known 
method. Similarly, the molecular assays some- 
times are complicated to run, and results are not 
always believable. Clearly, more accurate, timely, 
and robust detection methodologies are needed. 
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EPIDEMIOLOGY 

Since it has only been in the last several years 
that citrus greening pathogens could be detected 
reasonably reliably by means of molecular meth- 
ods, some of the basic characteristics of transmis- 
sion and epidemiology are poorly understood. 
There are reports of transmission via psyllid vec- 
tors, grafting, dodder, and seed. 

Psyllid Transmission 

Psyllid transmission is the primary means of 
spread in the field. Acquisition times of 30 min for 
Asian psyllids (Roistacher 1991) and 24 h for Af- 
rican psyllids (Buitendag & von Broembsen 1993) 
have been reported. In some experiments, acqui- 
sition feeding of 5-7 h was sufficient to transmit 
citrus greening pathogens, while feeding periods 
of 1-3 h were not (Xu et al. 1988). The pathogen 
probably multiplies in the vector (Aubert 1987; 
Moll & Martin 1973; Xu et al. 1988), but this has 
not been demonstrated by molecular experi- 
ments. It is not known if psyllids can be infected 
simultaneously by both bacteria species (Garnier 
et al. 1996), although both psyllid species trans- 
mit both pathogens experimentally (Lallemand et 
al. 1986; Massonie et al. 1969). Adults and fourth 
and fifth instar Asian citrus psyllids are able to 
transmit the pathgen after a latent period as 
short as one day or as long as 25 days (Roistacher 
1991; Xu et al. 1988). Fourth and fifth instars 
were able to retain the pathogen as adults, which 
were able to transmit the disease immediately af- 
ter emergence (Xu et al. 1988). First through 
third instars were unable to transmit citrus 
greening (Xu et al. 1988). A latent period of 24 h 
has been reported for African greening (Bui- 
tendag & von Broembsen 1993). Transmission is 
thought to occur via salivary secretions (Aubert 
1987). Serial transfer experiments by van den 
Berg et al. (1992) suggest that young nymphs of 
T erytreae can acquire the bacteria even though 
they do not transmit them. 

Candidatus Liberibacter spp. potentially 
should be considered pathogens of the insect as 
well as the plant, if in fact they multiply in the 
psyllid vectors, as suggested by Xu et al. (1988) 
and Moll & Martin (1973). There are conflicting 
reports as to whether Candidatus Liberibacter 
spp. are transmitted transovarially (Buitendag & 
von Broembsen 1993; Roistacher 1991; van den 
Berg et al. 1992; Xu et al. 1988). Xu et al. (1988) 
reported that there is no evidence for transovarial 
transmission, because D. citri nymphs collected 
immediately after hatching on diseased plants 
did not transmit citrus greening disease to indica- 
tor plants. The most extensive studies on transo- 
varial transmission of citrus greening pathogens 
were done with T erytreae. van den Berg et al. 
(1992) allowed immature psyllids to develop on 

heavily infected plants. When adults emerged, 
they were allowed to feed and mate on infected 
plants. After 14 days, the mouthparts of 100 of the 
females were severed. Ten of these females were 
placed on each of ten healthy indicator plants, 
where they laid eggs. Adults from those eggs were 
allowed to feed on the same plants for 30 days af- 
ter emergence. Plants were later sprayed, kept in- 
sect-free, and tested for citrus greening disease 
after six months. One of the ten plants developed 
citrus greening disease. In another experiment, 
oviposition was allowed to occur on the infected 
plants. Crawlers were removed immediately after 
hatching and prior to feeding and placed on indi- 
cator plants. Five of the 24 plants on which these 
psyllids completed development became infected 
with citrus greening disease. The most logical ex- 
planation for these infections is transovarial 
transmission; however, the authors postulate 
that the plant in the first experiment could have 
been infected via oviposition, and those in the sec- 
ond experiment could have been infected as a re- 
sult of absorption of greening bacteria from the 
infected host by the egg. These experiments 
should be repeated with D. citri. To our knowl- 
edge, there are no studies on sexual transmission 
of Candidatus Liberibacter spp. in psyllids. Simi- 
larly, it is not known if parasites that develop inD 
infected psyllids can transmit the pathogen to the 
hosts of their offspring. Hoy et al. (2001) has a 
good review of relevant literature about transmis- 
sion of plant pathogens via parasites of vectors. 

Candidatus Liberibacter spp. can be detected 
in single psyllids (Bove et al. 1993). Experimental 
data showing detection of citrus greening patho- 
gens in psyllids indicate that percent transmis- 
sion by psyllids that feed on infected trees may be 
variable. Thirty-nine percent of psyllids collected 
in Malaysia in September 1991 tested positive for 
the pathogen, whereas less than 1% of those col- 
lected in February 1992 in India had positive 
DNA hybridization reactions for citrus greening 
(Bov6 et al. 1993). Toorawa (1998) also found a 
higher percentage of D. citri that had positive 
DNA hybridization reactions in the fall. The rela- 
tionship between positive detection of the patho- 
gen in the psyllids and ability to infect indicator 
plants is not known. Field infectivity experi- 
ments, in which adult psyllids are trapped alive 
and allowed to feed on indicator plants, are badly 
needed. These kinds of experiments, though labor 
intensive, would provide valuable information on 
infectivity and seasonality of transmission. 

Graft Transmission 

The citrus greening pathogens are graft trans- 
mitted (Bov6 et al. 1996; van Vuuren 1993); how- 
ever, graft transmission of Candidatus Liberibacter 
spp. is variable, depending upon the plant part used 
for grafting, the amount of tissue used, and the 
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pathogen isolate. With single buds, graft transmis- 
sion of African greening varied from 0 to 50%, de- 
pending upon the isolate used (van Vuuren 1993). 
Side grafts with twigs were even more efficient at 
transmitting the pathogen, whereas fruit stems and 
bark strips were not effective (van Vuuren 1993). 

Lin & Lin (1990) reported some early experi- 
ments performed but apparently not previously 
published by Chen Qi-bao. Seven months after 
grafting diseased buds on healthy rootstock, 58% 
of grafts had survived, and of those, 20% showed 
citrus greening symptoms. In another experi- 
ment, 10-16% of grafts with buds from asymptom- 
atic branches on diseased trees developed 
symptoms, while 40% of grafts from symptomatic 
branches developed symptoms of citrus greening 
in 3-9 months. 

Seed Transmission 

There is little information on seed transmis- 
sion. Most fruit is lost, and that which remains 
has a high proportion of aborted seed; however, 
Tirtawidjaja (1981) collected normal and green- 
ing-affected (very small) fruit and harvested nor- 
mal-looking seeds from each. No symptoms were 
observed on seedlings from seed taken from nor- 
mal fruit, even when they were collected from in- 
fected plants; however, seeds derived from 
smaller, greening-affected fruit produced some 
stunted chlorotic seedlings. Three of the seedlings 
had the same appearance as insect-inoculated 
seedlings. This experiment bears repeating. Miy- 
akawa et al. (1990) reported that greening-in- 
fected Troyer citrange trees showed few leaf 
symptoms and bore a good crop, although there 
were relatively high numbers of aborted seeds. If 
seed transmission occurs in cultivars like cit- 
range that are used for citrus rootstocks, spread 
could occur through liners as well as by budding. 

Timing, Patterns, and Rates of Spread 

Many of the parameters necessary to develop 
epidemiological models of citrus greening disease 
spread are not known. Little is known about how 
soon after infection by psyllids the pathogens can 
be detected in the infected plant; however, symp- 
toms of African greening developed 40 cm back to- 
wards the trunk of the tree from the vector 
feeding site on infected shoots within 12 months 
(van Vuuren 1993). Pathogens became detectable 
in shoots between 2.5 and 3.5 months after leaves 
emerged from buds on diseased trees, and symp- 
toms expressed themselves in a similar period of 
time (Su & Huang 1990). Pathogens could be de- 
tected in the root system of Luchen seedlings five 
months after graft inoculation (Su & Huang 1990). 
The time interval between the infection of a citrus 
shoot and the possibility of subsequent acquisi- 
tion of the pathogen by new vectors is not known. 

Percent citrus greening disease transmission by 
psyllids raised on infected plants is variable. Effi- 
ciency may vary from around 1% to 80% for single 
insects (Xu et al. 1988). Xu et al. (1988) list several 
conditions that enhance transmission efficiency, 
including psyllid-inoculated source plants, young 
(3-4 leaves) indicator plants, psyllids raised on in- 
fected plants in the laboratory, and control of shade 
and temperature in the greenhouse where indica- 
tor plants are kept. The genetic makeup of the 
pathogen and vector also may account for some of 
the variation in that some populations of citrus 
psyllids may be inherently better vectors, and 
some populations of citrus greening bacteria may 
be inherently more transmissible. 

Although patterns of spread in groves have 
been studied (Gottwald et al. 1991a,b), there has 
not been an attempt to match disease spread in- 
formation with a reproducible measurement of 
vector abundance. It is significant that Gottwald 
et al. (1991a) found that the source of infection 
was a small planting near a farmhouse of 24 trees 
with severe disease in a study in China. The inci- 
dence of detectable citrus greening disease rose to 
14% in the first 5 years after planting. They esti- 
mate that the disease would have reached its 
asymptote in the next 2-4 years, and thus, the 
productive life of the grove would be less than 10 
years, even with a clean start. 

In another Chinese study in Shantou, Guang- 
dong, ingress into densely planted groves showed 
a typical edge effect. Twenty percent of the plants 
were lost to greening by the fifth year, and the 
groves lost their commercial value by the time 
they were seven to eight years old (Aubert 1990b). 

There are robust experimental data for dis- 
persal and infestation patterns for T erytreae, the 
African citrus psyllid; however, we could not find 
similar data for D. citri. Samways & Manicom 
(1983) severely pruned a citrus grove and in- 
spected it carefully for initial psyllid infestation 
in the spring. The initial distribution was random 
on a tree-to-tree basis, but the side of the grove 
closest to the neighbor's infested grove had a 
higher density of T erytreae, suggesting that the 
source of the infestation was the neighboring 
grove. Results showed that even after the initial 
invasion, there was considerable tree-to-tree 
movement, which potentially can spread the 
pathogens further. Thioza erytreae readily in- 
vaded the whole grove within days. 

There is good experimental evidence for flight 
distance of T erytreae, but not for D. citri. van den 
Berg & Deacon (1988) released clean T erytreae in 
an area that had no citrus. Yellow traps were 
placed in a grid at various distances from the re- 
lease site. From these data, it was determined 
that T erytreae could fly at least 1.5 km in the ab- 
sence of their host plants. A similar estimate was 
made for D. citri, but it was not based on experi- 
mental evidence (Tolley 1990). 
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Infected plants were clustered within groves, 
possibly indicating that most D. citri normally do 
not fly very far (Aubert et al. 1996; Gottwald et al. 
1991a,b). Similarly, Toorawa (1998) says that in 
Mauritius, D. citri are not very mobile. This asser- 
tion is based on the very low percentage (0.33%) 
of D. citri captured on M. paniculata that were 
contaminated with the citrus greening pathogen. 
An estimate of maximum flight distance for infec- 
tive vectors is needed for determining safe isola- 
tion distance for quarantine and eradication 
purposes, and this is not well known. A 30-km 
separation was sufficient in Nepal (Regmi et al. 
1996) but not in Vietnam (Bov6 et al. 1996). 

Although the distance D. citri can fly is poorly 
known, experiments on height of capture and 
color preference have been done. Aubert & Hua 
(1990) reported that "brown yellow" traps worked 
better for collecting D. citri than other colors on 
cloudy days. However, plain yellow traps worked 
better on sunny days. Maximum catch occurred at 
1.5 m above the ground. 

Host Range and Vector Specificity 

The host range of D. citri includes many of the 
close citrus relatives (Table 1). DPI's Citrus Arbo- 
retum in Winter Haven, Florida provided a good 
opportunity to determine which plants serve as 
field hosts of D. citri in Florida. Two species of na- 
tive Zanthoxylum are represented at the facility. 
No D. citri were ever found on Zanthoxylum clava- 
hercules L; however, Zanthoxylum fagara (L.) 
Sarg. may be an occasional host. Zanthoxylum fa- 
gara nearly always has suitable flush, sporting a 
nearly year-around population of Toxoptera citri- 
cida (Kirkaldy), the brown citrus aphid; however, 
we found D. citri nymphs present only once, and 
in very low numbers. Similarly, no D. citri were 
found on Z. fagarae growing next to an infested 
lime grove in South Florida. Zanthoxylum spp. 
may be non-hosts, or as in the case of Z. fagara, 
very poor hosts, of D. citri. Another apparent non- 
host, based on our observations at the DPI Citrus 
Aboretum, is Casimiroa edulis Llave & Lex., 
white sapote. Both Zanthoxylum and Casimiroa 
are of Western Hemisphere origin, suggesting a 
preference by D. citri for Old World Rutaceae. 

There are many observations about preferred 
hosts of D. citri, but only one comparative labora- 
tory study (Tsai & Liu 2000). In their study, Tsai 
& Liu (2000) tested Murraya paniculata (L.) Jack 
(orange jasmine), Citrus jambhiri Lushington 
(rough lemon), Citrus aurantium L. (sour or- 
ange), and Citrus x paradisi Macfad. (grapefruit). 
Grapefruit was the best host, followed by the 
other hosts, among which there was no statistical 
difference. 

There is not much information on the host 
range of the pathogens because of the difficulty in 
measuring the presence of the pathogen with cer- 

tainty (Table 2). Most, if not all, Citrus spp. ap- 
parently are susceptible to some degree, although 
some species (Citrus indica Tan. and Citrus mac- 
roptera Montr.) remained symptom-free under 
heavy inoculum pressure (Bhagabati 1993). Cit- 
rus limetta remained symptom-free after labora- 
tory inoculation (paper does not specify means of 
inoculation) (Nariani 1981). 

Murraya paniculata is a preferred host of D. 
citri; however, there is not agreement on whether 
it is a host for the greening pathogens. Careful 
work using dot hybridization by Hung et al. 
(2000) indicates that Asian greening pathogens 
from Taiwan will not multiply in M. paniculata or 
M. koenigii. Toorawa (1998), who worked in Mau- 
ritius, concurs. On the other hand, Tirtawidjaja 
(1981) was able to observe consistent external 
and internal symptoms on 25-33% of inoculated 
M. paniculata plants. Asian greening may be 
caused by a population of bacterial strains with 
somewhat differing host ranges. The fact that 
Murraya spp., which are native to the Indian sub- 
continent (Coile 1995) and are good hosts of D. 
citri, are resistant or at least tolerant to citrus 
greening disease further supports a South Asia 
origin for the pathogens. 

Several citrus relatives have been shown with 
modern detection methods to harbor greening 
pathogens, including Severinia buxifolia (Poiret) 
Ten. (Hung et al. 2000), Limonia acidissima L. 
(Koizumi et al. 1996; Su et al. 1995; Hung et al. 
2000), and Toddalia lanceolata Lam (Korsten et 
al. 1996). Many other citrus relatives are impli- 
cated as hosts of citrus greening pathogens, but 
symptoms have been the only criteria (Table 2). 

Citrus greening has been transmitted experi- 
mentally to several hosts outside the Rutaceae. 
Greening can be transmitted by dodder (Cuscuta 
sp.) (Convolvulaceae (Cuscutaceae)) to non-Ruta- 
ceous plants such as Catharanthus roseus L. G. 
Don (Apocynaceae) (periwinkle) (Tirtawidjaja 
1981) and Nicotiana tobacum L. cv. 'Xanthii' 
(Solanaceae) (tobacco) (Garnier & Bove 1993), 
suggesting a wide physiological host range for the 
pathogens. The pathogens even multiplied in the 
dodder itself (Ghosh et al. 1977; Su & Huang 
1990). 

As with plant hosts, vector specificity of Candi- 
datus Liberibacter spp. may be low, in that both 
Asian and African citrus psyllids (two different 
psyllid families) can transmit both species of 
greening organisms. The relatively narrow host 
and vector associations observed in the field may 
be determined by the restricted host ranges of the 
psyllid vectors rather than by the potential host 
and vector associations for the pathogens. After 
obtaining successful transmission of greening to 
Catheranthus by dodder, Tirtawidjaja (1981) at- 
tempted to inoculate Catharanthus with D. citri 
and was unsuccessful, presumably because the 
psyllids would not feed normally on a non-host. 
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TABLE 1. HOST LIST FOR DIAPHORINA CITRI KUWAYAMA. 

Species Source Comments 

Aegle marmelos (L.) Corr. Viraktamath & Bhumannavar 2002 
Aeglopsis chevalieri Swingle Koizumi et al. 1996 
Afraegle gabonensis Engl. DPI Citrus Arboretum survey 
Afraegle paniculata (Schaum.) Engl. DPI Citrus Arboretum survey 
Artocarpus heterophyllus Lamarck Shivankar et al 2000 

(Moraceae) 
Atalantia missionis Oliver Tirtawidjaja 1981 
Atalantia monophylla (L.) Corr. DPI Citrus Arboretum survey 
Atalantia sp. Koizumi et al. 1996; Aubert 1990a adult feeding only (Aubert) 
Balsamocitrus dawei Stapf Koizumi et al. 1996 
Citropsis gilletiana Swingle & DPI Citrus Arboretum survey 

M. Kellerman 
Citropsis schweinfurthii (Engl.) Chavan & Summanwar 1993 good host 

Swingle & Kellerm. 
Citrus aurantifolia (Christm.) Swingle Aubert 1987, 1990a; Florida surveys preferred host 
Citrus aurantium L. Florida surveys 
Citrus deliciosa Tenore Aubert 1987 common 
Citrus grandis (L.) Osbeck Aubert 1987 occasional, C. grandis is considered 

a junior synonym of C. maxima 
Citrus hystrix DC. Aubert 1987; Lim et al. 1990 occasional 
Citrus jambhiri Lushington Florida surveys 
Citrus limon (L.) Burm. f. Aubert 1987, 1990a common 
Citrus madurensis Loar. Aubert 1990a 
Citrus maxima (Burm.) Merr. Aubert 1990a occasional, but observed nymphal 

development 
Citrus medica L. Aubert 1987, 1990a common 
Citrus meyeri Tan Florida surveys 
Citrus x nobilis Lour. Aubert 1987; Florida surveys common 
Citrus obovoidea Hort. ex Tanaka cv Florida surveys 

'Kinkoji' 
Citrus x paradisi Macfad. Aubert 1987; Florida surveys; common; a preferred host in Florida 

Tsai & Liu 2000 (DPI); best host in laboratory assays 
(Tsai & Liu) 

Citrus reticulata Blanco Aubert 1987, 1990a, Koizumi et al. common 
1996; Florida surveys 

Citrus sinensis (L.) Osbeck Aubert 1987, 1990a; Florida surveys common 
Citrus spp. Aubert 1990a; Florida surveys common host 
Clausena anisum-olens Merrill Aubert 1990a occasional host, observed nymphal 

development 
Clausena excavata Burm. f. Aubert 1990a; Lim et al. 1990 
Clausena indica Oliver Aubert 1990a adult feeding in laboratory 
Clausena lansium (Lour.) Skeels Koizumi et al. 1996; Aubert 1990; poor host (Koizumi et al.); common 

Florida surveys host (Aubert); population highly 
variable (FL surveys) 

sEremocitrus glauca (Lindley) Swingle Koizumi et al. 1996 poor host, but plant died 
Eremocitrus hybrid DPI Citrus Arboretum Survey 
Fortunella crassifolia Swingle DPI Citrus Arboretum Survey 
Fortunella margarita (Lour.) Swingle DPI Citrus Arboretum Survey 
Fortunella polyandra (Ridley) Tanaka DPI Citrus Arboretum Survey 
Fortunella spp. Aubert 1987, 1990a occasional; nymphal development, 

laboratory only (Aubert 1990) 
Limonia acidissima L. Koizumi et al. 1996 
Merrillia caloxylon (Ridley) Swingle Lim et al. 1990; Aubert 1990a cage in laboratory only (Lim et al.); 

adult feeding in laboratory (Aubert) 
Microcitrus australasica (F.J. Muell.) Koizumi et al. 1996; Aubert 1987, common; observations in laboratory 

Swingle 1990a; DPI Citrus Arboretum survey (Aubert 1990a) 
Microcitrus australis (Planch.) Swingle DPI Citrus Arboretum survey 
Microcitrus papuana H.F. Winters DPI Citrus Arboretum survey 
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TABLE 1. (CONTINUED) HOST LIST FOR DIAPHORINA CITRI KUWAYAMA. 

Species Source Comments 

Microcitrus sp. 'Sidney' DPI Citrus Arboretum survey 
Murraya exotica L. Aubert 1990a adult feeding in laboratory 
Murraya koenigii (L.) Sprengel Koizumi et al. 1996; Aubert 1987; good host (Koizumi); occasional 

1990a; Lim et al. 1990; Florida sur- host; no eggs observed (Aubert 
veys 1987); good host with nymphal de- 

velopment (Aubert 1990a); not an 
excellent host but will support a 
small population, including eggs 
(FL surveys) 

Murraya paniculata (L.) Jack Koizumi et al. 1996; Aubert 1987, a preferred host 
Florida surveys 

Naringi crenulata (Royb.) Nicholson DPI Citrus Arboretum survey 
Pamburus missionis (Wight) Swingle DPI Citrus Arboretum survey 
Poncirus trifoliata (L.) Raf. Koizumi et al. 1996; Aubert 1987, occasional; eggs, but no nymphs 

1990a) (Aubert 1987, 1990a) 
Severinia buxifolia (Poiret) Ten. Koizumi et al. 1996; Florida surveys 
Swinglea glutinosa (Blanco) Merr. Garnier & Bov6 1993; Florida sur- 

veys 
Toddalia asiatica (L.) Lam Aubert 1987, 1990a occasional; no eggs observed 
Triphasia trifolia (Burm. f.) P. Wilson Koizumi et al. 1996; Aubert 1987; poor host (Koizumi); occasional host 

DPI Citrus Arboretum survey; (Aubert); all stages and damage evi- 
Aubert 1990a dent (FL surveys) 

Vepris lanceolata G. Don Aubert 1987, 1990a occasional; no eggs observed 
Zanthoxylum fagara (L.) Sarg. DPI Citrus Arboretum Survey plenty of suitable new shoots; very 

few D. citri found; possible non-host. 

Apparent non-hosts: 
Casimiroa edulis Llave & Lex. DPI Citrus Arboretum Survey plenty of suitable new shoots; no 

D. citri found 
Zanthoxylum clava-herculis L. DPI Citrus Arboretum Survey plenty of suitable new shoots; no 

D. citri found 

The potentially wide physiological host range 
of the pathogens, combined with low vector- 
pathogen specificity, has potential implications 
for the epidemiology of the disease. A naturally- 
occurring native Candidatus Liberibacter sp., 
normally spread by native psyllids in plants unre- 
lated to citrus, could be inoculated into citrus in a 
rare event. This scenario has been postulated for 
Australian citrus dieback, a disease of unknown 
etiology (Miyakawa & Yuan 1990; Broadbent 
2000; Broadbent et al. 1976). Once in citrus, the 
citrus psyllids might spread the pathogen further 
within the crop, causing major damage. 

MANAGEMENT 

Control of D. citri and citrus greening disease 
will involve all aspects of an integrated pest man- 
agement program. The following is a summary, 
based on a standard IPM approach. 

Chemical Control 

If both the insect and the pathogen are 
present, the world literature is basically in agree- 

ment that it is necessary to control psyllids with 
pesticides (Tolley 1990). It is important to control 
psyllids, even on apparently disease-free plants 
(Aubert 1990b). Aubert (1987) recommended pro- 
tecting spring flush. Populations are considered 
high when they reach three nymphs and five 
adults per twig. A Chinese program to rehabili- 
tate citrus production in an area affected with cit- 
rus greening disease requires 10-13 sprays per 
year during flush periods (Roistacher 1996). In 
Thailand, procedures to monitor for psyllids and 
spray when necessary are recommended (Rois- 
tacher 1996). Su et al. (1986) recommended 
spraying at 10-20 day intervals during critical in- 
fection periods. Gonzales & Vifias (1981) recom- 
mend spraying young trees at weekly intervals 
during the rainy season and every ten days dur- 
ing the dry season. Aubert (1990b) indicates that 
it is very important for farmers in a citrus produc- 
tion area to synchronize chemical applications. 

Timing of pesticides is critical. Aubert (1988) 
suggests using yellow sticky cards for monitoring 
D. citri in order to time control action. In Florida, 
this method may be too slow. Based on our trap- 
ping collections in Florida, the peak spring flights 
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TABLE 2. HOST LIST FOR CANDIDATUS LIBERIBACTER SPP. 

Species Source Comments 

Aeglopsis chevalieri Swingle Koizumi et al. 1996 questionable symptoms 
Atalantia missionis Oliver Tirtawidjaja 1981 symptoms only, vector transmission 
Balsamocitrus dawei Stapf. Koizumi et al. 1996 symptoms only; vector transmission 
Calodendrum capensis Thunb. Garnier et al. 2000 molecular characterization 
Catharanthus roseus (L.) G. Don Tirtawidjaja 1981 symptoms, electron microscopy; (dodder transmis- 

(Apocynaceae) sion only) 
X Citroncirus webberi J. Ingram Miyakawa & Yuan 1990; symptoms (few) stunting, seed abortion (Miya- 

& H. E. Moore Nariani 1981 kawa & Yuan); symptoms fairly intense (Nariani) 
Citrus amblycarpa Ochse Tirtawidjaja 1981 
Citrus aurantifolia (Christm.) Miyakawa & Yuan 1990; mild symptoms 

Swingle Tirtawidjaja 1981 
Citrus aurantium L. Miyakawa & Yuan 1990 symptoms 
Citrus depressa Hayata Miyakawa & Yuan 1990 symptoms 
Citrus grandis (L.) Osbeck Miyakawa & Yuan 1990; symptoms; pomelo-infecting strain prevalent since 

Su & Huang 1990 1970s (Su & Huang). C. grandis is considered a 
junior synonym of C. maxima 

Citrus hassaku Hort. ex Tanaka Miyakawa & Yuan 1990 symptoms 
Citrus hystrix DC. Miyakawa & Yuan 1990 symptoms 
Citrus ichangensis Swingle Miyakawa & Yuan 1990 symptoms 
Citrus jambhiri Lushington Tirtawidjaja 1981 
Citrus junos Sieb. ex Tanaka Miyakawa & Yuan 1990 symptoms 
Citrus kabuchi Hort. ex Tanaka Miyakawa & Yuan 1990 symptoms 
Citrus limon (L.) Burm. f. Miyakawa & Yuan 1990 symptoms, presence of putative pathogen in tissue; 

plant reported tolerant to disease, but source of 
vectors (Lee 1996) 

Citrus x limonia Osbeck Miyakawa & Yuan 1990; symptoms 
Tirtawidjaja 1981 

Citrus x nobilis Lour. 'Ortanique' Koizumi et al. 1996 symptoms 
Citrus x nobilis Lour. Koizumi et al. 1996 symptoms 
Citrus oto Hort. ex Tanaka Miyakawa & Yuan 1990 symptoms 
Citrus x paradisi Macfad. Miyakawa & Yuan 1990 symptoms 
Citrus reticulata Blanco Miyakawa & Yuan 199; symptoms 

Tirtawidjaja 1981 
Citrus sinensis (L.) Osbeck Miyakawa & Yuan 1990 symptoms, presence of putative pathogen in tissue 
Citrus sunki Hort. ex Tanaka Miyakawa & Yuan 1990 symptoms 
Citrus unshiu (Mack.) Marc Miyakawa & Yuan 1990 symptoms 
Citrus sp. (mandarins) Miyakawa & Yuan 1990 symptoms 
Citrus sp. (pomelo/shaddock) Miyakawa & Yuan 1990 symptoms 
Clausena indica Oliver Miyakawa & Yuan 1990 symptoms (stunting) 
Clausena lansium (Lour.) Skeels Tirtawidjaja 1981; Koizumi symptoms only, vector transmission 

et al. 1996 
Cuscuta australis R. Br. (Convol- Su & Huang 1990 observed to multiply in stems, haustoria and 

vulaceae (Cuscutaceae)) flower stalks 
Fortunella spp. Miyakawa & Yuan 1990 symptoms 
Limonia acidissima L. Koizumi et al. 1996; Su et al. symptoms only; vector transmission; DNA hybrid- 

1995; Hung et al. 2000 ization (Su et al.); infection apparently temporary 
(Hung et al.) 

Microcitrus australasica (F. J. Koizumi et al. 1996 stunting 
Muell.) Swingle 

Murraya koenigii (L.) Sprengel Hung et al. 2000 no detection by dot hybridization after attempted 
graft transmission; no symptoms (Hung et al.) 

Murraya paniculata (L.) Jack Tirtawidjaja 1981; Aubert Mixed results: symptoms only (external and inter- 
et al. 1985; Miyakawa 1980; nal), vector transmission (Tirtawidjaja); can har- 
Hung et al. 2000, Koizumi bor greening organism (Aubert et al.). EM negative 
et al. 1996; Toorawa 1998 (Miyakawa); No detection by dot hybridization af- 

ter attempted graft transmission (Hung et al.); no 
symptoms (Koizumi et al.); not a host (Toorawa) 

Nicotiana tabacum L. 'Xanthii' Gamnier & Bove 1993 symptoms, dodder transmission only 
(Solanaceae) 
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TABLE 2. (CONTINUED) HOST LIST FOR CANDIDATUS LIBERIBACTER SPP. 

Species Source Comments 

Poncirus trifoliata (L.) Raf. Miyakawa 1980; Miyakawa back inoculations (Miyakawa, Miyakawa & Yuan) 
& Yuan 1990; Nariani 1981; 
Koizumi et al. 1996 

Severinia buxifolia (Poiret) Ten. Hung et al. 2000; Koizumi DNA hybridization with specific probe; symptoms 
et al. 1996 

Swinglea glutinosa (Blanco) Tirtawidjaja 1981 symptoms only, vector transmission 
Merr. 

Toddalia lanceolata Lam Korsten et al. 1996 DNA/DNA hybridization, PCR 
Thriphasia trifolia (Burm. f.) Koizumi et al. 1996 severe stunting, vector transmission 

P. Wilson 
Possible non-hosts: 
Citrus indica Tanaka Bhagabati 1993 no symptoms in the field in endemic area 
Citrus limetta Risso Nariani 1981 no symptoms; laboratory inoculation (does not 

specify how) 
Citrus macroptera Montrons Bhagabati 1993 no symptoms in the field in endemic area 

of D. citri occur very suddenly, and without prior 
incremental increase in numbers of adults col- 
lected. In Florida, it would be better to monitor 
buildup of nymphs on shoots, or to sample over- 
wintered adults and observe when they become 
gravid. (Their abdomens turn orange when egg- 
laying is imminent.) In our opinion, scouting in 
the spring should focus on nymphs, because by 
the time adults emerge, the disease is already 
spreading. This is true particularly in the case of 
adults that emerge from nymphs that fed on in- 
fected plants, because they can transmit citrus 
greening bacteria immediately after emergence 
(Xu et al. 1988). 

As is the case with other phloem-sucking Ster- 
norrhyncha, systemic pesticides are particularly 
efficacious against D. citri. Trunk applications 
have proven useful (Aubert 1988; Buitendag & 
von Broembsen 1993). Two patent applicators are 
available in South Africa that calibrate the dose 
based on the diameter of the tree (Buitendag & 
von Broembsen 1993). Supriyanto & Whittle 
(1991) and Shivankar et al. (2000) also had suc- 
cess with trunk applications. The best time to ap- 
ply was just prior to spring flush. 

A computer model indicated that even with 
careful attention to inoculum reduction, at least 
70% reduction in transmission is needed to delay 
the epidemic significantly (Supriyanto & Whittle 
1991). Unfortunately, there was no standard mea- 
surement of psyllid abundance, so it is unclear 
what constitutes 70% reduction; however, it is clear 
that a pesticide with high efficacy is essential. 

There has been little research with "soft" (en- 
vironmentally friendly) pesticides, but Deacon et 
al. (1989) have found that certain chitin synthesis 
inhibitors work for eggs and first instars. Shivan- 
kar et al. (2000) report about 90% control for sev- 
eral botanicals, including neem formulations. Use 
of these materials alone may not be wise in an 

eradication effort, but they might be used effec- 
tively against spring populations if timing were 
just right. 

Antibiotics injected into infected citrus trees 
provide temporary remission of symptoms (Bui- 
tendag & von Broembsen 1993; Lim et al. 1990; 
Su et al. 1986). Injection with antibiotics is rec- 
ommended as part of an integrated management 
program in India (Nariani 1981). It is not known 
whether the titre of citrus greening bacteria is re- 
duced sufficiently to impact transmission by in- 
sects or grafting. Symptoms reappear 1-1.5 years 
after injection (Zhou 1981). Tetracycline also can 
be used to treat budwood. The budwood is im- 
mersed in 1,000 ,ug/ml tetracycline hydrochloride 
for two h, or 500 ,ug/ml for three h (Zhou 1981). 

Biological Control 

Aubert (1987) indicated that pathogenic fungi 
may be the most important mortality factor for 
D. citri. Nymphal mortality of 60-70% could be ex- 
pected where minimum daily relative humidity 
exceeded about 87.9% in Reunion Island (Aubert 
1987). Two fungal pathogens were reported, in- 
cluding Cladosporium sp. nr. oxysporum Berk. & 
M.A. Curtis and Capnodium citri Mont. (Aubert 
1987). Etienne et al. (2001) said that the fungus 
Hirsutella citriformis Speare was common during 
periods when humidity was greater than 80%. 
Use of insect pathogenic fungal sprays has not 
been reported. In Florida, fungal cadavers of 
D. citri have not been common in the hundreds of 
submitted regulatory samples of D. citri that we 
have seen in the past five years, in spite of the 
high relative humidity that characterizes our 
subtropical climate. 

There are two well-known primary parasites of 
D. citri. One is a eulophid ectoparasite, Tamarixia 
(=Tetrasticus) radiata (Waterston). The other is 
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an encyrtid endoparasite, Diaphorencyrtus ali- 
garhensis (Shaffee et al.). Tamarixia radiata ap- 
parently is more efficient at parasitizing D. citri 
than D. aligarhensis (Tang 1989). In surveys con- 
ducted in R6union, T radiata attacked 60-70% of 
D. citri nymphs, whereas, D. aligarhensis parasit- 
ism did not exceed 20% (Aubert 1987). Both para- 
sites can be subject to high mortality due to 
hyperparasitism (Aubert 1987; Garnier & Bove 
1993). There is considerable Asian literature 
about the parasite complex attacking D. citri, in- 
cluding life cycle studies (Tang & Wu 1991; Xu & 
Tang 1993), identification guides (Tang 1990; 
Tang & Aubert 1990), and survey information. In- 
troduction of T radiata into R6union has im- 
proved citrus production significantly on the 
island (Aubert et al. 1996). While the success on 
Reunion is spectacular, it has occurred in the pe- 
culiar circumstances of an island environment in 
the absence of hyperparasites. Experience in 
Southeast Asia has shown that the same para- 
sites are not able to similarly reduce transmission 
(Supriyanto & Whittle 1991). 

In Mauritius, biological control of T erytreae 
was much more effective than biological control of 
D. citri (Toorawa 1998). Toorawa (1998) postu- 
lates several reasons for this. First, the initial 
population of T erytreae was much lower than 
that of D. citri. Trioza erytreae reproduces princi- 
pally on citrus, which is regularly treated with 
pesticide, whereas D. citri utilizes M. paniculata, 
which is unsprayed and is ubiquitous as an orna- 
mental throughout the island. The climate on 
much of the island also is more suitable to D. citri 
than to T erytreae. Second, the parasite of T 
erytreae (Tamarixia dryi (Waterston)) has an al- 
ternate host in the common psyllid T litseae, 
whereas T radiata, the parasite of D. citri, has no 
alternate host (Toorawa 1998). 

Tamarixia radiata also was introduced into 
Guadeloupe in January of 1999. The parasites 
were imported from R6union and released imme- 
diately on arrival. The parasite apparently has 
been quite successful (Etienne et al. 2001), al- 
though release of any insects without prior quar- 
antine is not recommended, particularly when 
vectored pathogens may be present in the host 
population. 

Both T radiata and D. aligarhensis were re- 
leased into Florida (McFarland & Hoy 2001), but 
with mixed results. Apparently only T radiata 
has established in Florida (Michaud 2002). Field 
data reported by Michaud (2004) indicate that 
parasitism by T radiata contributed 1.3%, 0.2%, 
and 1.0% mortality of psyllid nymphs in three co- 
horts, respectively, observed in central Florida. 
The low rate of parasitism was due at least par- 
tially to intraguild predation by coccinellids. Ex- 
clusion of large predators from some of the 
observed citrus terminals of cohort 3 increased 
mummy formation about 20-fold (Michaud 2004). 

Viraktamath & Bhumannavar (2002) list sev- 
eral more parasites of D. citri in their Table 1 and 
in the text on the preceeding page. Psyllaephagus 
diaphorinae Lin & Tao probably is a primary 
parasite. Syrphophagus taiwanus Hayat & Lin, 
Syrphophagus (= Aphidencyrtus) diaphorinae 
Myartseva & Tryapitsyn, and Marietta sp. nr. ex- 
itiosa Compere probably are hyperparasites. Dia- 
phorencyrtus diaphorinae Lin & Tao is listed 
(Viraktamath & Bhumannavar 2002) as a hyper- 
parasite, but it may be primary. 

Predators of D. citri are known from wherever 
the psyllid occurs. One species of Scymnus (Coc- 
cinellidae) has been reported in Brazil (Gravena 
et al. 1996). Syrphids in the genus Allograpta 
have been found in R6union and Nepal (Aubert 
1987) and in Florida (Michaud 2002). Several coc- 
cinellids and chrysopids also have been reported 
(Aubert 1987), but there is no information about 
how much they actually reduce psyllid popula- 
tions. In Florida, the most abundant predators 
are Harmonia axyridis Pallas and Olla v-nigrum 
Mulsant (Michaud 2001; Michaud 2002; Michaud 
2004). Olla v-nigrum was a relatively rare species 
prior to the arrival of D. citri, but it exhibited a 
marked functional response to the establishment 
of D. citri (Michaud 2001). Coccinellid predators 
are by far the most important sources of biological 
control for D. citri in Florida (Michaud 2002; 
Michaud 2004). Both Michaud (2002, 2004) in 
Florida and Al-Ghamdi (2000) in Saudi Arabia 
have observed that spiders may be important 
predators for D. citri. In Saudi Arabia, spiders ac- 
counted for 33.6% of total predators (Al-Ghamdi 
2000). Several other predators, including a his- 
terid beetle, Saprinus chalcites Illiger and the 
predaceous carabid, Egapola crenulata Dejean, 
were important in Saudi Arabia (Al-Ghamdi 
2000). A similar complex of predators, including 
Coccinellidae, Chrysopidae, and Syrphidae exists 
in Cuba (Gonzalez et al. 2003). 

Biological control of vectors of pathogens may 
have limited value in some circumstances, partic- 
ularly in the case of a perennial tree crop like cit- 
rus. Population fluctuations are inherent in any 
predator-prey relationship. Some years the natu- 
ral enemies predominate, and sometimes the pest 
is more abundant. If citrus greening is present, in 
years when citrus psyllids predominate, the en- 
tire grove may be infected and subsequently de- 
stroyed by citrus greening disease. Similarly, if 
pesticides are needed for some other pest problem 
such as whiteflies, mealybugs, scales, etc., natu- 
ral enemies could be killed, and psyllid popula- 
tions would increase dramatically. Once again, if 
citrus greening disease were present, the entire 
grove could be lost. 

Biological control of the pathogen (cross-pro- 
tection) has not been well-studied. It is known 
that plants can become infected with both Asian 
and African greening bacteria (Garnier et al. 
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1996). In South Africa, van Vuuren et al. (2000) 
found that a population of several strains of CTV 
was able to cross-protect citrus from African 
greening. The isolate and its aphid transmitted 
sub-isolates are under further study for potential 
use in cross protection. Naidu & Govindu (1981) 
did a greenhouse study on cross protection. Mild 
isolates did not provide complete cross protection 
when graft-inoculated sweet orange plants were 
challenged with severe isolates. Moreover, iso- 
lates that were mild in sweet orange were severe 
in grapefruit in a subsequent host range test. 

Host Plant Resistance 

Although there is no real resistance in Citrus 
spp. to citrus greening disease, some species and 
cultivars are somewhat tolerant. Koizumi et al. 
(1993) did extensive field surveys showing that 
some cultivars were less susceptible to decline 
than others. Most of the sweet orange trees became 
infected with the pathogen and subsequently de- 
clined, while grapefruit was more tolerant. In gen- 
eral, sweet oranges, mandarins and tangelos are 
most susceptible, grapefruit and lemon are more 
resistant, and limes, Poncirus trifoliata and cit- 
ranges are the most tolerant (Lee 1996). 

Cultural Control 

Management of citrus greening in areas where 
the disease is endemic depends largely upon cul- 
tural control. Infected limbs and trees should be 
removed as symptoms appear. The pathogen ap- 
parently moves fairly slowly within the plant af- 
ter infection, so severe pruning can be helpful. For 
African greening, Buitendag & von Broembsen 
(1993) make the following recommendations: If 
the infected tree is 5 years old or less, remove the 
tree. If it is between 6 and 10 years, remove it if it 
is 75% infected; otherwise remove branches. If it 
is more than 10 years old, remove affected 
branches up to 40% of the tree. Do not plant 
young resets in old groves affected by greening. 
The tendency for suckers that sprout after prun- 
ing to be infected with greening depends upon the 
diameter of the branches. Branches 10-19 mm in 
diameter grew no suckers. Among branches 20 
mm in diameter or more, the smallest ones were 
most likely to produce infected suckers (86% for 
branches 20-29 mm, as compared with 29% for 
those that were 40-60 mm) (van Vuuren 1993). 

Roistacher (1996) cited a Chinese program for 
rehabilitation of citrus in Fujian Province in 
which cultural control played a major part. Wind- 
breaks were established to protect plants from 
psyllid vectors (although the efficacy of barriers 
for protection from a persistently transmitted 
pathogen is questionable). Trees were examined 
regularly for citrus greening disease, and all in- 
fected trees were immediately removed and re- 

placed with healthy trees from a certified citrus 
stock program at the Fujian Academy of Agricul- 
tural Sciences (Ke & Xu 1990). In another Chi- 
nese program, part of the control program 
involved hand-removal of summer flush in high 
density citrus plantings following rice cultivation 
(Aubert 1990b). 

Regulatory Measures 

If no citrus greening pathogen is present, D. 
citri is not a major pest, and regulatory measures 
are unnecessary; however, regulation of host ma- 
terial is an essential part of managing citrus 
greening disease. Initially, all citrus budwood and 
liners should be tested and certified free of the 
greening pathogens. Propagation material must 
be kept isolated from psyllids and potential 
sources of Candidatus Liberibacter spp. Lin & 
Lin (1990) recommend eliminating all citrus and 
citroids within 5-8 km of propagating nurseries. 
In the Chinese program in Fujian discussed 
above (Ke & Xu 1990), it was necessary to eradi- 
cate all backyard citrus trees, as well as Murraya 
and Clausena plants. The introduction of any cit- 
rus or other Rutaceous plants into the area was 
strictly forbidden. Additionally, all newly planted 
trees were supplied by the Fujian Academy of Sci- 
ences and certified free of greening. 

Integrated Management 

There is no place in the world where citrus 
greening disease occurs that it is under com- 
pletely successful management. In every place 
where the disease occurs, life expectancy of citrus 
trees is vastly reduced, and production losses are 
significant to total. That having been said, in 
many areas of the world, citrus production has 
had to adapt to the presence of citrus greening. 
The most successful management efforts combine 
production of clean stock with psyllid control, 
both within the grove and on alternative host 
plants, and inoculum suppression after groves 
are established. Taiwan is a case in point, where 
Hung et al. (2000) and Su et al. (1986) state that 
there are three main aspects to managing citrus 
greening disease: Propagation of clean nursery 
stock, psyllid control, and removal of potential in- 
oculum sources. Many aspects of citrus greening 
management are costly both in cash outlay, and in 
lost production. The economic viability of citrus 
production in a greening-endemic environment, 
even with the best current management prac- 
tices, certainly is not assured. 

CAN CITRUS GREENING BE ERADICATED? 

The success of any eradication program de- 
pends upon the extent of the problem. Thus, early 
detection is essential to the success of an eradica- 
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tion effort. Once the disease becomes widespread, 
there is little hope of eradication, particularly if 
the pathogen has become established in an un- 
known number of native or ornamental non-cit- 
rus hosts. Given an ideal situation with early 
detection and very limited spread of the disease, 
it may be possible to eradicate citrus greening dis- 
ease successfully, especially in an island situa- 
tion, but the outcome depends on a number of 
factors. 

Detection Capabilities 

The success of any eradication program de- 
pends on rapid and accurate diagnosis, preferably 
in the field. It is unknown whether reliance on 
symptoms, even by personnel with extensive 
training in citrus greening symptom recognition, 
will be sufficient to contain the problem. Cer- 
tainty of diagnosis is vital, given today's legal cli- 
mate (Gottwald et al. 2002; Schubert et al. 2001). 
It is not known if vectors are able to transmit 
greening pathogens from infected, but asymptom- 
atic plants. If so, rapid diagnostic methods are 
needed that can detect the presence of the patho- 
gens prior to symptom expression in infected 
plants. In any case, reliable, robust diagnostic 
methods are needed to confirm infection with cer- 
tainty if control action (i.e., tree removal) is nec- 
essary. Research is needed in the area of rapid, 
reliable diagnostics for citrus greening disease. 

Detection of citrus greening disease in plants 
is difficult because of the irregular distribution of 
the pathogen in the host. While the currently 
available molecular detection methods have pro- 
vided us with a better understanding of the tax- 
onomy of the organism and confirmation of the 
disease in various parts of the world, there is a 
need for robust universal diagnostic methods for 
quarantine and eradication purposes. The pres- 
ence of the vector in Florida and the increasing 
numbers of interceptions of illegal plant materi- 
als have made it impossible to neglect the need for 
development of sensitive detection techniques for 
citrus greening disease. The new PCR methods or 
hybridization techniques should be sensitive 
enough to detect very low levels of the pathogen 
in both host and the vector, and not give false pos- 
itives. This requires development of sequence in- 
formation that is unique to citrus greening 
pathogens. Citrus greening isolates are available 
at present in the USDA quarantine facility, Belts- 
ville, MD. Genome sequencing of citrus greening 
should be given a high priority. This should en- 
able us to develop better strategies for both detec- 
tion and control. 

Efficacy of Psyllid Control 

Removal of infected and exposed host plants 
could be extensive and expensive. It is not known 

how far Asian citrus psyllid vectors can fly, but in- 
formal estimates suggest that they might fly sev- 
eral kilometers. Removal of all citrus trees within 
a radius of several kilometers, especially in an ur- 
ban environment, is likely to provoke extreme 
public outcry. If psyllid vectors can be controlled 
successfully, only infected plants would have to be 
removed. Thus, safe and extremely effective psyl- 
lid control probably is needed for successful erad- 
ication. Depending upon the efficiency and 
seasonality of transmission, it may not be neces- 
sary to control citrus psyllids 100% all the time, 
but research is needed on field infectivity of vec- 
tors and seasonality of transmission. 

Determining the host range of the psyllid vec- 
tors is relatively easy compared with determining 
the host range of the pathogens. Knowledge of 
both, however, is needed for successful eradica- 
tion. Hosts of vectors at least would need to be 
treated to eliminate the insects within the regu- 
lated area. Hosts of the pathogens would need to 
be tested and removed if found to be infected. 

Quarantines 

Citrus greening pathogens are transmitted 
only by psyllid vectors, grafting, dodder, and pos- 
sibly seed. Dodder transmission probably can be 
discounted in the field. Thus, only grafting, seed, 
and vectors need to be considered in quarantine 
regulations. Nurseries that produce hosts of ei- 
ther pathogens or vectors would have to be quar- 
antined very strictly, similar to citrus nurseries in 
citrus canker quarantine areas (Florida Depart- 
ment of Agriculture and Consumer Services 
2000). Our experience has shown that D. citri can 
move on unprocessed fruit. Numerous D. citri 
were intercepted in boxes of grapefruit picked in 
the Bahamas and shipped to Ft. Pierce, Florida 
for packing (Halbert & Nuniiez 2004). Similarly, D. 
citri certainly can move on leaf and twig material. 
Thus, it may be necessary to quarantine all citrus 
plant material within the regulated area, includ- 
ing both citrus yard trash and fruit. Quarantine 
treatments may be feasible for commercially pro- 
duced fruit. 

D. citri was able to colonize much of the state of 
Florida as a result of shipments of orange jasmine 
(M. paniculata) plants produced in southern Mi- 
ami-Dade County and distributed through dis- 
count chain stores (Halbert et al. 2002). During 
the time that the distribution of D. citri in Florida 
was classified as limited, the DPI required pesti- 
cide treatment of M. paniculata if D. citri was 
found in a nursery. However, the actual producers 
of the plants in Miami-Dade County frequently 
were hard to find and proved impossible to regu- 
late. It may be necessary to prohibit movement of 
all potential hosts of citrus greening pathogens or 
their vectors within the quarantine area. Mur- 
raya paniculata now is considered a Category II 
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invasive plant (Florida Exotic Pest Plant Council 
2003), which might give additional leverage to a 
program to regulate its sale and distribution. 

CONCLUSIONS 

Citrus greening is a devastating disease, and 
the prospects for maintaining an economically vi- 
able citrus industry at current production levels 
in Florida if citrus greening disease becomes es- 
tablished are very poor, given current knowledge. 
Keeping citrus greening pathogens out of Florida 
should be given very high priority. In the mean- 
time, surveys are necessary to find infected plants 
as soon as possible if the disease becomes estab- 
lished. Given a limited epidemic, eradication may 
be possible, depending on circumstances. Scien- 
tific research on the disease complex is greatly 
needed, particularly in the areas of rapid field di- 
agnosis, disease epidemiology and efficacy of psyl- 
lid vector control. 
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