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ABSTRACT

Greenins ie a severe disease of oitrus and ie a major cause
of orop lose in many parte of Afrioa and Aeilll.Numerous
attempta have been made by various workera to isolate the
aetiolosioal asent of the disease and although reports
olaiming the sucoeeaful oulture of the orsaniern have
appeared, the isolations were never fully confirmed. In one
of these reports, a bacterium appar.·entlymorphologioally
identioal to the S:t'een:l.n6~orsaniel'll.in ..e.i.:Im was consistently
i~olated from greening-infeoted oitrus and the baoterium
claimed by the authot' to be the ca.ueatj.veagent of the
disease (Garnett, 1986). This study was undertaken
prinoipally to in~eBtigate the sisnifioanoe of the isolated
baoterium in sreenins dieease. The organism wae found to
Lnduce a diversity of foliar ohlol'.'ol!iesaimilar to thoBe
observed on naturally-infeoted pIe-U'ltswhen meohanioally
inooulated into healthy oitrus seedlings. Reiaolation of
the baoterium from inooulated plan~:e Was aehd.eved and
eleotron microsoope exami.nat.Lcnof leaf midribe showed the
presenoe of baoteria in the phloem of the plants. Dodder
tt'ansmisaion of an L"fective agent from naturallY"infeoted
oitrus to cucumbe» was achf.eved and the aame baote:r.'ium
i$ola.ted from sYmPtomatio ououmber plants. The assooiation
of this baoterium with sreeninS-infeoted citrus indioated



by theM reeuh,s was thought to be Proof of its

aetiologieal status, however fUrther investigations

revealed that i) oontrarY' to the report by Garnett (1985),
the morphology of the isolate and the greening baoterium

observed in ~itu diffel:' markf~dlyI 1:1.) vector transm:l~tdon

elf the isolate t.o citua does not cccur , iii)

mechanil.::e.llY'Minocula.ted cit.rUs plante do not diepla.y the

gentisio (leid marker which ie indioa.tive of infection with

greening, iv) symptoms displayed by inooulated oitrus are

transient and the infeotion doee not persist and, v)
antisera ra.ised again(Jt the cul t;Ul:'e,~ j,aolate do not

(·on8:1.Bt.entl~t diffeY'ent:1.o.t~ bet.ween i'lenl thy and

gl"'eenin~-infected nmtet'ie.l in se.rologice(l a.aeiYs. The

reaul to aup;gest t.hnt t.hs ba.oterium isola.ted is not the

gt'eening organism per ae . but probabl.y a mUd opportun:tetic

pr1.thogen in 01t.t'UD whic:~hma~be a componet of the greening

.5,mdl"om(.;. Fat.ty acid m.'ofUing of the. iaoJ.a.te suggested

tho.t tho org<lnif&m it] a mElmbf~l"of thB genus .Qla.'li1:lQ.Ql4a;c; but

fUl"ther tests are needed to confirm this olassification.

Because of t.he doubt. cast on t.he netiol()g;lcal statue of' the

isolo.te by the rooulto of this i"l.veat.igntion, attempts were

made to dev'211opa s(lY'ologicnl de'\:,eoticll1 I.1YBtemfell.' greening

without u~linl": the cui tured. ba(~tor:\.um for the !Jt'oduotil:m. of

a. pCllyC!lcmal cmtiool"'um. A lumber of publi(~hed, .:3.6 well as

newel bacterial rJurificntion schemes were empl!.yed in an

Httempt to ext:rnot t.ho gx'eening organism from infectt~d



xix

plant material for use as in~unogen. Although the isolation
of signifioant numbers of the organism was not aohieved
following the different procedures, an antiesrum raised
againet one of the oitrus extraots was able to effeotively
deteot disease antigens in greened oitrue. However,
reaction of the antiserum with citrue affected by a number
of other diseases indioated that the antiserum was not
specific for gre'ening, even ~fter exhauebIve
croBs~adBorption against preparatione of healthy oitrus
material as well as asainst material affected by the
diaeases with which the antiserum reacted positively.
EffortB to cultivate the aetiolosioal agent of sreening in
various artificial media as well ae in embrYonated hen's
egss and in an invertebra-t:.ecell culture 6ystem were
"nsucoessful, although the results of the isolation
attempts l.ndioated that both healthy and greening-infeoted
citrus harbour a numbe~ of different baoterial speoies.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Citrus greening is a highly destructive, geographically
widespread disease affecting moat economically important
citrus cultivars, species and hybrids in Southern Afr:l.ca.
The importance of the disea~~ in South Africa was
emphasized when approximately 100 000 sweet orange trees
were rendered commercially unprofitable (Oberholzer ~ al .•

1965). Greening has caused fruit losses of between 5 and
100% in orchards in different areas of the Transvaal, and
farmers in many of these areas have been forced to curtail
citrus production (Schwanz , 1967, van den Berg ~.t..al.. ,

1990). It is estimated that the current annual loes in
South Africa alone clue to greening is R35 million (van den
Bers .e.:t .al., 1987).

Indonesia, as

is not peculiar to Southern Africa, being
China, Taiwan R.O.C., India, the Philippines,
well as in Southeast Asia. In the eastern
disease is known by various names. viz.

shoot or huangJungbin in China, likubin in

The die:.ease
prevalent in

countries, the
citrus yellow
Taiwan R.O.C .• citrus die-back in India. leaf mottling in
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the Philippines, and vein-phloem degeneration in Indonesia,
the names generally being descriptive of symptoms in
infected plants.

Electron microscopic examination of both infected plant
mat~rial and insect vector tissue colleoted in South Africa
revealed the presence of a bacterium possessing a
charaoteristic cell envelope struoture (Moll and Martin,
1974); the various geographioal forms of greening are all
characterized by organislns wit.n the same envelope system
(Garnier ~ Al., 1976, Bove ~ Al., 1980) and this
mioroorganism is now generally conaidered to be the
aetiological agent of greening. Two strains of the disease
have been described, namely a heat senaitive African strain
which ia vectored by the citruB payllid T~ioza ~ytreae
(Del Guercio), and a heat tolerant Asian strain vectored by
~ ~ (Kuwayama) (Maaaonie ~ Al .• 1976).

Greening
there by
observed
Transvaal

apparently originated in China and was common
1925 (Garnsey, 1988). The diaease was first

in South Africa in 1928 at De Wild in the Western
and during the perioda 1932-1937 and 1939-1946 it

caused severe losses in parts of the Eastern I"fIransvaal
(Oberholzer ~ AJ.., 1965) and aubaeq ",ntl;\rcaused citrus
production to cease in t.heWhite River, Ple.atonand Alkmaar
areaa (Anon., 1988). A aurvey oonducted by Schwarz (1967)
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revealed that the main centres of gl':'eeningoccured in the
Transvaal, while only a few caoes of the disease 'Were
reported from or-char-dsin the Eastern and ~.setiez-nCape.
Greening was not, however, detected in orchards in the
Northel:'nCap..;

Although the incidence of the disease has incl':'easedat an
alarming rate in certain parts of South Africa such as th.e
Karina area where it increased from zero to 40% in a ten
year period, results show that citrus production in
greening-affected areas is possible when the disease is
controlled by proper management of the vector and of the
aetiological agent of the disease itself (Anon., 1988).

1.1 THE AE'I'lULOGYOF GrtEENINGDISr.~SE

It has taken over 60 years to elucidate the aetiology of
greening disease and dU14ng this period theories :.'egarding
the cause of the disease have tndez-goneseveral changes.
The confusion surrounding this aspect of greening is
illustrated ~.n a paper by Mali and Chaudhari (1976) in
which the authors give an account of the history of the
aetiology of citrus die-back (greening) in India. Different
workers have att:dbuted the disease there to both
non-parasitic causes, viz. wrong selection oi site, water
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lossina, prolonged dry periods, eultural abuaee , soil
salinity, innieoriminate use of planting material, seionio
incomvatabi11ty, nutritional defioiencies, and pest
infeetations, and to paraeitio agents suoh as funsi,
nematodee. myoolaesma-lilte organisms, and viruses. The
authore deduoed that the nature of die-baok ie oomplex and
involves more than a sinsle faotor.

The fix'at aetailed accounb of sreenins was in a paper by
Oberholz~r, Von Staden ana Easeon (1963) oited in McClean
and Oberhol:z:er (19651:'1.'. 'l'heydel'.lox-ibedthe diaease, "ave
ita distribution in South Africa and x-evieweathe results
of various lines of work done over the yeare. They
ocnoluded that greening is not related to soil oonditions,
and ie not oaused by a mineral dofioienoy or toxioity. They
eusgeeted that becauee sreenin" had been tl:'ananli'bted'lnder
<::tI!Ix>tai,noonditions, the disease misht be oaused by a vir-us
~nat was beins spread by an ineeot veotor.

That sreenins might be of viral orisin wae firet t!lusseeted
in 1948 (Hofmever and Oberholzer, 1948). Some evidenoe of
ita transmission by sraftins wae reported by Oberholzer and
HofmeYer (1966), but beoauee of the inooneietenoy of the
reesults of their expel."in\enta,the Viral nat\.'"e of the
dieseaee was not proven beyond doubt. !n a later publioation
MoClean and Oberholzer (1985a) showed that sreenins spreads
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in the fiel.d and can b~ transmitted thl'ouSh Sl"afte. They

concluded from re(l(~lt~ of their experiments and

observations that "greening ie a transmieeible virus

d:Leeaee that, spr$f>.cisthrough the air, pl:."obablyby means of

an in$eot vector", No proof of the viX'al nature oi: the

oausal orsarlielTl of a:t'eenins wal5, however, provided in the

l:."epol:."tot.hf)r than the fao'c that there was no evidr-nce that

the pathosen wae ei ther a baoterium or a :f:"unSUelvlhich led

the authors to infer that it was a virus.

Greening hae peculiar propertiee.l which distineru:l.sh. it from

many virus di~eal!lee: tht!l infeotion ie seldom complete w;tth

the ael'cioloS; oal aliCl!lntbeins present in ol!)l'tain sectol'S of

infected tNHlIS whel'e:l. t remains oonfined without sImeaciins

while othel' sectors of ~he same t:t'ee appear to remain free

of disease and grow normally. Also the disease does not

readily paes to pX'oseny tl'ees p:t'opasated by buds from

infeoted pal'Emts. even. when thee/!) paX'/!I);'!:baaX'e Clxtenll5ivE)l.y

and severely disea~ad, and transmission by sX'aftins

outtinss fl'om infeoted tl'eee onto hea.lthy eeedlinSI!I ie not

always suocessful. This eusseete a X'eetricted oX' localised

dietX'.:l.bution of 'the ol:."saniemwithin infected plantl!l and '·,as

indioated by the :lnooneietency of reeul te of tl'anl!lmiseion

studiee performed by varioue authore in d.:l.ff'eremt

seoSl'aphioal localities (McClean and Obarholzer, 19S6a,

S&libe and COl'tf'llZ,19S6, MoClean, 1,9701 Huans, 1979).
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The hypothesis of a viral, aetiology for S:t'E)/~ninswent
unohallensed '1.mtil ,1.970when Lafleohe and Eove (1970a)
demonstrated, with the aid of the eleotron microscope, the
pX"e!!ll!lnoeof myoopl$.ema...lilte organieme (MLO) in th~ phloem
sieve elements of greening-infected sweet orange material
from South Afrioa. Theee mioroorganism!!!were observed not
only in aeelooiation with South Afrioan greenins, but aleo
with Reunion greenins and Indian oitrue die-baok/deoline
(Lafl&one and Eeve, 1970b). Similar structures were found
to be present in oitruD from the Philippinee affeoted by
leaf mottling dieeaee ($asl10 At Ai., 1971), ae well ae in
likubin-infeoted materia.l from Taiwan (Chen At Ai., 1971),
Thie COlntnon

tranemieeion
together with similarities in

sYmptome, sugSE!II!1tthat these
characte:r-ietic.
patterns and

dieeaeee are analosous.

The ~~10aetiology of sreemins has beon :furtherindicated by

the therapeutic effect of tetracyclineu5. In the aame :ltear
that Lafleohe and Eave reported the presenoe of MLO'~ in
the phloem of infected plan~s, Martinez At Al. (1970)
ehowed that treatm5nt of sreen1ns-infeoted budwood with
tetraoyoline antibiotio~ prior to bud-inooulation of
healthy oitru!!l resulted in the faUure of sYmptom
developm~nt in the indicator plante. Al$o, foliar
applioation of antibiotioe to infeoted eeedling$ leest!med
the eEl'llEl.l:':I.tyQf dieeaee evmptome in thefle plante. The
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attenuation of symptoms in aprayed plante and the

prfwention of disea.se t~anemieBion f.n tha bud inooulation

at.udiee suggested thi'lt the ant:Lbiotio t.reatmente had a

8uppres£'IivE:> effect, ~n the aetiological agent and led the

cmth"n:'B 'tic.) hYI-,othesiiJfl that an MLO was involved and not I:l.

virlw.

Al though ini tiaUy deaol:':l.bed 0.8 an MLO. in'reatisatione

carried out. by Bov€'1 ~t ai . (l960) revealed that the

mwelo,Pe of tht:) p;)!'een~ng organism differed structurallY

ft~om bhoae of other HLO•a, l'he organism wae found to be

eur-i-oundnd

me:..'e like

by double mombr anea whioh Buggested that it waa

0. bacterium tha.n an ~1LO (Chen n .Ill., 1971).

!"Ul"t.t)or u l traet:t'ucttU'o.l st.t1dies. oarried out on organieme

in t.ho phloem sieve elements of int'ected plants and in 'che

ht~emolymph of the :..na€lot veot.or. '!:'ovealed that the envelope

Durrot,\flcling the or"":iniam moaeuz-ee tJ.pproximate ly 25nm in

w~,dt.h ~mt~ eQmpl;~iDCO throe zonOD: an eleotron""dense outer

zeno , an eloctl'c1n=do11oo inner acne and a.ll intermediate

e lE'(;~t:t'on~tr(::mopnr.'(mteenc , Each of tho two G'lectron~denee

i"onen ()(lUld hn :t'(H10lveci into a tl'iplo-la.yered unit

mFlmb:r'UlH', f3,'10nm thit~Jt. The width of tho a€lparatins

eloc'tX'("In"'i.ranoparent cone waD oot.imatod to be 5..15nm. The

inno~' ::::0110 apt:Jeal:'ed t(') NlfJf.'8S(mt the cyto];:,laomic membrane

and i)ht? cmtor zone t.ho eoll wall of the ox'gar1iem (Moll and

M~rtin. 1874. Gorniof.' und Bov6. lH~7).
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The faot that the oell envelope of the greening organism is
approximately 25nm thiok and appears to inolude a oell
wall. olea:r:-lydistin/iUishes it f:r:-oll)MtO's whioh possess a
eingle. triple-layered unit
thiok (Hull, 1972). FUl."thet

membrane approximately 9-12nm
evidenoe of the bacterial

nature of the organism Was provided by studies on the
effeot of various antibiotios on greening. Miyakawa (1979)
reported that treatment of likubin-infeoted ponkan oitrus
buds with penioillin resulted in the oomplete suppression
of likubin symptom development when the treated buds Were
grafted onto indioato!.'seedlings to determine remaining
infeotivity. Similar results were obtained with
tetracycline and tylosine treatments.

Bove .a:t. .a..1,.. (1980) reported that in a greenhouse study
{~~eening-infeoted citl'ua seedlings which hl:o.dabsorbed
penicillin through their ro~cs ~eveloped an abundant root
system and produoed new, vigorous, symptomless shoots.
Similar results were obtained under field oonditions with
penioillin injeoted into the trunks o~ trees. The treatment
had a marked effect on infeoted trees, inducing new,
symptomless growth and eignifioantl,y improving fruit
Quality and yield (Aubert and Bove, ~980). On the basis of
these ~esults, as well aa on in ~ ultrastruotural
studies (Garnier and Bove, 1977), Aubert and Bove (1980)
oonoluded that the greening organism WaS not a myooplasma,
but "a prokaryote probably havins a
peptidoglyoan-oontaining Gram negative type of cell wall".
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In an earlie:t' inveatigationl Moll and Ma:t'tin (1974)
compa:t'ed the cell wall of the green ins organism with the
wall st:t'ucture of G:t'am-negative phytopathogenic bacteria
and t'ickettsia-Hke ol'sanisme. The authors reported that
the organism aesociaten with greening displayed a wall
stl'Ucture similar t<:>that of Gram-nesa'hive bacteria,
although a distinct peptidoglycan or R layer was not
observed. The positive effeot that Penioillin treatment had
on likubin-infected budw<:>od(Su and Chang. 1976, Miyakawa,
1979), and on greening-infeoted citrus (Eeve At Ai., 1980,
Aubert and Eove, 1960) provided indirect evidenoe for the
presence of a peptidoglycan layer. tater, Garnier ~ Al.
(1984) unsqui'V"ocally demonatrated the presence of a
peptidoslYcan layer between the inner and outer membranes
~f the cell envelope uaing oytochemical treatments. The
existence of this layer provided fUrther proof of the
Gram·-nesative nature of the be.ctet'ium.

Investigations on ltkubin"'a£fected citrus x>evealed
pleomorphic bodies in the sieve tubes, aome of which were
round or oval. others filamentous. These b<:>dieecontained
an eleotron-denee ground Bubstanoe, although spherical
bodies with electron luoent central areaa were observed as
well (Chen ~ Al.• 1971). The existence of round or
spherical electron-olear bodies (measuring 0.2-1.0 um in
d:l.ameter) wae alao reported by Garnier .a1i Al.. (1976),
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although the elongated, electron-dense forma (0.16-0.25 urn
\ diameter) of the greening organism were most often the only

structures pr@sent in the sieve tubes of infected plants.
The round forms often displayed a distinct separation of
the inner and outer cell envelope layers, possibly due to
plasmolysis. Both forms of the organism have been observed
in the sieve tubes of periwinkle (~~oseus t.)
infected with sreening disease via dodder <nusouta
~) (Garnier and Bove, 1983). The round and
elonsated forms probably represent different aSPeots of the
same ol:'ganism becauee they oocasionally appeared to be
oonneoted (Garnier rt!.i. .al., 19'76).

Su (undated pamphlet) deaoX"lbed three stages in life oyole
of the greening organism, namely the mature form of the
pathoSen (generally a rigid nod measurins
350-550 x 600-1500 nm), flexible elongated rods whioh grow
into new organisms measuring 100-250 x 500-2500 11m, and old
spherical bodi~s 700-600 nm in diameter with a thin
oytoplasm. Electron mioroscopy using serial sections and a
th:r-ee-dimenaional confisuration was used to oonfirm the
presenoe of the various stages and the respeotive
dimensions. Su further reported that multiplication of the
organism is generally aooomplished by budding. althogh
binary fission or beadins also ocours, albeit Ieee
freguently. T.he inveetigation by Moll and Martin (1974)
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also revealed that the organism appeared to replicate by a
form of budding and, unlike mycoplasmas, the daughter cells
were of unequal size. The dimensions of the
elonga'!:,ed/filamentousforms were given as 350 }I;: 3000 nm in
this rl;)port.

.1•• 2 SYMPTOMS OF GREENING

Greening was orisinally thought to be a diaease of the
fru:l.t, the name "greening" being descriptive of the
abnormal fruits produoed by affected trees. The disease is.
however, not restr:l.cted to the fruit, and other parts of
the tree, inoluding the leaves and roota, display symptoms
of infection as well. Detailed descriptions of ·the symptoms
induced by greening have been publiehed by a number of
authors (Matsumoto .e.;t .a.l., 1.961, McClean and OberholZer,
196513., Fraser ~ Al., 1966, Salibe and Cortez, 1966,

Schneider, 1966, SOhneider, 1968, McClean ~ ai.• 1969,
Garnsey, 19S6).

Althoush all presently used commero:l.aloitruB cultivare in
South Afrioa are susoeptible to greening. varietal
reactions to the disease have been reported. McClean and
Schwarz (1970) observed that certain oultivars and
seleotions display a desree Of toleranoe to the diseaee.
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Variations in leaf symptoms according to the citrus variety
were also reported by Salibe and Cortez (1966). Matsumoto
.at al. (1961) and Van VUUren and Moll (1984a) observed that
the choice of rootstock affects the tolerance of the
stock-scion combination to the disease. Garnsey (1988)
noted tn6t most sweet oranges, mandarins, and mandarin
hybrids are se~erely affected, while grapefruit, Rangpur
lime, lemons, calamondin and some pummelos show less severe
symptoms. Mexican lime, trifoliate orange and trifoliate
orange hybrids are the most tolerant and may develop only
aome leaf mottling.

Greening is often sectorial within a tree. Symptoms may be
observed in only one or a few branches, the other limbs
remaining apparently healthy. In the absence of the insect
vector of the disease, this partially systemic pattern of
infection can be maintained for the dUration of the
affected tree's life. This may be as a result of the
relative immobility of the organism within the host phloem,
which, as reported by Hall and Van Vuuren (1982), is
proba.bly due to the );'igictity and proportionally large ~ize
of the organism relative to the pore size of the sieve
plates. Systemic infection Deems to depend on multiple
Ineect,inoculaticms (Schneider. 1968).
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A seasonal and geographical va~iation in the expression of
symptoms has been reported: leaf symptoms were reported to
be more pronounced in winte~ than in summe~ and to show up
mer-e clearly in hiSh, cool ar-eaathan in low, hot areas
(Schwarz, 1968a). McClean ~ ~., (1969) also noted the
influt"!1". of temp~ratu~e and altitude on the severity of
greening, adding that the improved appearance of diseased
t~ees in some localit1es dUring summer may give bhe w~ong
impression of recovery.

McOlean and Oberholzcr (1965a) ~eported that affeoted
seators of a tree display a diversity of foliar ohloroses
that are similar to evidences of mineral deficiencies in
citrus. The ohloroses produced are influenoed by the age of
the leaves, the time of year the leaves unfold. and by the
conditiona under whf.ch the trees are grown. The most
distinctive (and epec:ific) aymptom is a mottle resu).tin~
from an irregular yellow diacolout'ation following the
counae of t.he midrib and larlierveins of ma.turs leaves.
Because of this, the authors suggested that "mottle leaf"
would be a more descriptive name for the disease than
"greenins" .

Schneider (1968) divided ~,he leaf symptoms observed on
affeoted treea jl'ltotwo sroups on the basis of time of
appearanoe: primlAr-:,raymptoma whioh appea~ on leaves after
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they mature normally, and secondary s~nptoms which appear
on leafy e~oots as they g1'OWfrom branches with p:t'imary
sympt~me. Bistclogical studies conducted by t~e authur
indicated that the yellow mottling and leathery aspect of
affeoted :"laves did not ariae from immediate anatomical
changes oaused by the greening organism in the plant, but
rather frolllsecondary anatomical changes.

Recognit:lon of the disease in the field is often difficult
from eymptoms alone, espesially in the case of Asian
greening. Very similar leaf symptoms may be induced by a
number of factors varying from nutritional.disorders to the
presence of other diseases suoh as root rots, gummosis,
t:t:'iatezaand exocoz-t.Ls(Catling. 1970b).

Chronioally infected trees are sparaley foliated due to the
premature abee,i.ssionof the small chlorotic leaves borne on
weakened twisa and the formation of multiple buds on
defoliated branches also characterisss severelY diseased
trees (MoClean and Oberholzer, 1965a, McClean
.e.t Al.. 1969). Sparsitlr of foliage is also associated with
diebaok of twigs Which later extends to whole branches, and
the establishment of aecondary fungal wood rot in main
limbs and tl trunk completes the destruction of the tree
(Fraser ~ Al., 1966),
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Stuntins and out-of-season srowth and blossoming a~e also
features of tne disease (CalavaH, 1968), as a~e the
leathery aspect and tendency of affected leaves to ~oll
(Salibe and Co~tez, 1966).

Fruits p~oduced by infeoted treas ar~ usually undersized
and poorly coloured. Although fruits do colour, the colour
of scme never reaches the rich hue of normal f~uits, and
the side sheltered ft'omdirect sunlisht does not mature and
often remains green. This assymet:ricalmaturation leads to
greened fruit having a lopsided appearance, although 80me
normal-shaped, full-siZed specimens are produced (McCl~an
and Oberholzer, 1965a, Schneider~ 1968). The juice of
affected fruit is low in soluble solids, high in acids and
abno~mally bitter (~arnsey, 1988), and many of them abort
before harvest (SaJibe and Cortez, 1966, Schneider, 1968,
Fras~ ~ ~., 1966).

1 Ie root system of diseased trees is poorly developed and
although the fibrous roots appear normal, they are aparse
and aeem inadequate to support a tree normally (McClean al'ld
Oberholzer, 1965a). This and other symptoms st,ggel:fb
starvation effects caused by faulty translocation of
nutrients within the tree, a fact which was conf:l.rmedby
the ive5tigations of MatsulIloto.ali.~. (1961) and Sohneider
(1968). Matsumotb ~ Al. (1961) also found starch ~o be
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absent :from tho :r'ooto of irlfocted citrul3. while in the

(,Ol'l'l)ot1cmding VIJl"t,{3 of IUHlHhy fJe>nt,rol plant,a. ctarch had

aooumul.ntoi1. In thH lonv8s of.' dioeaoed plant.B, ltlrge

nIDomrtalJ (If ctnreh Wf');'(l found to necunmlo.i'.o which the

m.ttlllll·a (1\VigNlted. wan duo to bloekaso of the t~ranot(;)cation

of C'llrb(Jhyd~'nt.eo (lauDod l)y phloom necl:;ollJio in the fClliar

vfleC'u1m' (' h~mel1t,n.

'1'11(' 00. u'rf'nt'(\ cd phl(:lt'm neel'ooin in d.hlN).Ol'ld tieeue was

[\JO() f'f)f'Ot'tp(l hy ~jehncddor' (HlGH). He pl'opoaeci that this if:!

~ho :f<l.l'ut ,h'HPnplYtt1ve elumg(\ indul'od in lNwet~ upon

inv(\nion l,y tho Hl'uerduH o:r·wmiol'll. and loads t.(} the

bl,'l·knlJ.t' IIf 1.hn (,l'nnnhlent.inH ntl'oum. Au {I. l'mmlt of t,bin

in11'odlmpnt. n. numbPl' 01' nt1Htomiccll nb('l'x'c,.tione OeD\U'1

in!'1mHuF\ mmHllV" fH'(,lmmlat.ton of otl'\rc~h in t,ho plnot.idn.

;It.m'I'h l;WilllU}rIll Wi1,11in t.il£' c'hhll'OP lnotn wer'o Jbm}1'vt'c\ t.(:)

bt ','(:mp ,mml\W t 1y II\l'P:('. Dtr·t~tr'h 'l.ng 13ho ur'p:nnf' 110' R (lut,('r

mt'rn\ll.'llIH' tel n tldn 111;11('1'. (idmn:Ld{w .mggmltod t;hllt. t,l'lie

fltn·".\'hinp; Ipf1t.r'IIYO t.hf' fu'/Um nml ohl o1'oplw.U. unci 1'erlUH,e

ill tllf' lii"Ul('d c'hi(ol'flt,if' D:ymptomo fliol!lnyed by letWNIJ. 1'tw

11·(\tll(!:'~" rcpl (If t.hf' itYIV(lf1 'in nleo tlHl\\Rht, 1",(1 be ae f1

l'I'uuH 01 ntnf'('h {H.'t'UmuJnt hIli wi thin tno ohloroplm"lt'::J. The

lnh'l'iwl ryvmpt.lltnl: nr'f' tlmu 1'(IU(I'lr:t.nnt wi.t,h t.he bollt\viour

nUtl t·ht' t':·~t{'}·lllll npI'n(\l"(uHJt\ (11' :inffH't,t'd f'it;l'WI plfmttJ.
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1.;1 INlJEXING UF UmmtHNIl

lUtHI,· ) I't'OOenee ()i; a

with l.~la'IJllIt\t;\m·nr'h~i(· mmlynlU x'ovC'tl1oti t:ht'l

t.l'i.r:~ilt vit.ltY! t'lU('l'C'Cl'Cnt uf;Jut in t.lte

Til.. W .l'l~ (.1' ;:"hW;ll':~ (1;H~!j. l:lt~til'~) nh(1wP\l tlmt. epee-ifio

tIlh'N),:Pt'fh'(' ,,1 th" rdbf'lh, \If ,\weot, lJ);'llngc :fl'uit,n wac

i l! h 'nl'~ f'W '11~~l: t" 1'1' 01\>(11'1''1,,1 wit h tho nc\ltc'l.! ('YO 'lUde'l' an

flllt'}'t"li'I'W'I' wan .!lot VPf'y mnl'knti :in

1'1'11:1.;:: "t nil',,· ,II"" h'~l, Tilt. mar'l{t'l' flltl,nt[(m'(! IHlll. h"WPV('f'.

tumid 1." \.,. H"'P Ht 111nil' II/wI: ''1' HH'f\l' I\I·I"·.~fI[). n.w! wntm:'

I':,:11'1••'t·11')) "t nit' \ "nl} 111IIj,1 l,d tpwl'd by "hl'ltOlnt,ugl"f\lilllr'

!ul'dv;:j( mr\.j(, 11 1',,;';'ll",> h' !lilt· t1l,' !.·IU'U11l ludHX 1,hpnfl
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Schwarz (lsaac:, 1970) repol'ted thai' the fluoreeoetlt
oompound could be ~teteoted in in.matul:"efru1 te and that the
teet wae epeoifio for sreeninS""infected material. I~ruitl!lof
traee exhibiting foliase abnormalitiee oaul!$eob~ mineral
deficienoiee as well a~ thoee of treee affected by

tlxooortie. xyloporoeie, tristaza. peoroede and d).·yroot root
did not oontain the marker subetanoe. The author conoluded
that the fluorseoence tE"et could be r~61arded as reliable
when sweet oranrle traDe are uni:f:'ormand lItl:'ownundal:'optimum
condition~. Moreover, the teet can be ueed in commel:'oial
indexing and i~ more eeneitive than incl~xing based on leaf'

Plymptome eepea:l.ally in areas whl.'!irethe eymptoms arft maeked
by olimatio conditione or othel:'factore.

A second marker oompound was identified by Sohwarz (lSeSd)
whioh diel'tllayed a HF of 0.40 and waa clel't:..otedin the fl:'uit
albedo and bark of diseas.d sweet or-ansa, manclarin and
tangelo ancl oooasionally in grapefruit. but this mal:'karwas
not pr-esen'C ae l'esularly !!I.ethe 6lontisio aoid marl!:"r.

Catli~i (1970a) conduoted ~mall~soal~ triale u.ing mathocls
of extraction and deteetion similar t~ thnse uso~ for the
gentisic: ai.:id marker- to determine \'1hetht'lrth:l.t'Ieluh"'Jtanoe,
Ol:' 11 clot!oly"'X'elated del:'iva'bive. was ,proeeont in the ineeot
vl!lGtt)r of srt!lonir.q. The rM.t'ker-wae not found in &KtNl.ote of
the veotal' and no (}oneil.'ltent d1ffel:'(,Hlot.!)ewltlreo'bservocl in
the ohromo:boQX'l'lphio );>l:'of11(')oelf ~,nfMted. and. mm"'1nf'eGted

adultf:1 Gf :I!. !)~:lt~"~Iil.
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'l'he fluoreeo(!)l'Ioe teest ie very ut!leful in 'that it :I.e

relatively eimple be perform on plant matet'ie.l, cen be

ad~pted to larse ecale teetins and sivee immediate resulte.

However, j,t. it!! yet to be proven oonolu!!lively that 'tr~u~e

teetins poeltive ~re indeed infeoted with the areeninQ

crQaniem and 3c~e workere have questioned the reliability

of the test. MoC'tean (1970) repct'ted that t'l!l!Iultl!l of

chrom~toS,t;\ax.-hiQ e\l~aly"ie of bark e~tl~aote were

dil'lappo:Lnt1nlll Hith many treee ehowins no l!IymptomP..lof

infaotion te'J'1.',~d po a:i c:l.:\I'&. EVen af'ter a nine yeat' period. of

obeservation, none ,~f theee "poesitive" treee had developed

symptoms of >l"e('on:i.f1S. Knorr At. al. (1970) reported 4.

eimilar oituatlon In whioh eome health~~appea~ins trees

ehowed the Illat'l~er while aoma treee with eymPtome of

sreenins ~ia not.

Further evidenoe of the unreliability of the teet o~e from

ita praot:l.aal

McClean (1970)

~pplieation to the tastins of nureery trae~.

obeerved that a 1"I.1.tltlberof aeymptomatlo

"nesative" and "poI51tiva" nur"oX'V trtMl1!.Ip!a.nt.cl in en u'ea

apparl!mtly ft:'e~ of pevlla and monitIJred over f.l t\'1o"'V(flar

period ehowed no 15i~l:H!1of :l.nfe.oti(m. Th.e t.r(fltUI werCl

reteet~d a!t6r thie time in the earne lnborator~ where tho

prel:l.minarv ti"ete \'1ere don& with the followinlit re"ult,,: of

19 initia\\v nesative treeet five were found to be

poeitive. and of ~!6 initially pOl!.litive tract", dsht wet'/!')

I.'ltill poei~ive and 1fl n~sat:l.ve.
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The irlClonl!!liet~ntrf.!ll!'Julte repoX'ted by McClean (1970) and
Knorr ~ Al. (1970) may ba due to the irregular
d:l.etribution of the sreenins marker in infeoted. treee"
Gupta At Ai. (1972;, in an at~empt to find the most
reliable sin;:le t!lSite for eamplins trees I found that the
marlter may be Pl:'ell9!.'.Il'1tat one f3i!UX1pl:l.nseite, yet
undeteotable at another. The authore oonoluded that in
order to oompensate for this anomaly, eampl:!.ng should
inolude l:'oots or bud-union bark, as well as twiset in the
oanopy. A eimilal:' f:l.ndins was reported by MoClean (1970)
who ob5erved that when two bark samples from the eame tree
were tested. the reeulte of the chromato~raphic analysis
were not always in asreefuent.

1.4 ATTEMPTS AT ISOLATION AND CUL'l'tVATION OF THE <:mEENING

ORGANISM

Deep:!.te the problem! assooiated with the fluoresoenoe teet.
it ie a valuable eupplemontary method for diagnosing
SN~enins. Howev",X', greater aocuraOY i~ the..:identify:l.nsof
tha dieease ''loll.ldbe poee1ble t1 t'1 'ChI!) aiel of
immunoohemie~l teohnology.

Reports olaimins the ~uooeeDful in ~~ oulture of the
Ql:'Mnins otl/iii3.n:l.emiu artifioial media have appeaX-C!Hi(Ghoeh
llt. U" 1.971, Sodhi e..t.Al'1 1e'73 , Gat'nett, 1966) but the
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ieo'~tione were nevel:' fully ovnfirmed. Numeroue
unsuocessful attempts have sinoe been made by various
).'E)l!:Ieal:'oh.,reto ieol,ate and oulture or to purify the
sreenins ol',.l.lniemfrom in'::fIlot.edmaterial aelthe first step
in the iulfilment of Koch's postulates and the production
of a eu~.table antieerum for use in oerolosical aeeaye
(Moll. 1974, SibaY.'aana ';a:t'l'l,ett,1980. Bothe.at .al., 1984.
Manicom, 1984, Duncan, 1985, DUncen and Garnett, 1985,
Garnett, 1985, Garnier ~ al., 1987, Jians, lSS8, Mochaba,
1&89, Smith, 198B. Sui. 19S8, Villechanoux ~ Aj,., 1990).

Utilising bacterial media, as well as media and ~nditions
successfully developed fol:'the oultivation of Sn~

.c.it.x!i, Moll (1974) was unable to iaolate the sreening
orsaniam from oitrue tieeuee or infeotive insect veotors.
Later, Sibara and Garnett (lSBO) reported the ieolation of
an orsaniam of aimilar dimensions to tha greening baoterium
in ~. The isolate dieplayed slidins motility, srowth at
37 C and possessed a cell envelope of 25~30nm in width. The
authore, however, were unabli\\to fulfill Koch'e postulates.

Seven different senera of baoteria were isolated from both
healthy and sreeninS-infeoted oitrus by Botha ,=t Al.
(1984). Iu thil!!I!!tudy,ieolatee were obtained from all 283
dil!3eaeed plante aesayed, while 50 of the 53 healthy plan'ce
aleo yielded baoteria. The reeulte olearly indioate that
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both healthy and diseased oitrus plants have an endogenous
baoterial pop1.llation,a. findinG:.\.supported by the work of
Gardner ~ Al. (1982) and Manicom (1984). The mere presenoe
of bacteria in plante i~ therefore not suffioient proof of
their phytopathogenioity, althoush the orQani~ma oould have
an important biologioal effect on the plant.

Duncan (1ge6) and Garnett (1986) reported the ooneistent
Qult.ure of a Gram-negative baoterium, apparently typioal of
the putative greenins baoter:!.um,from greened oitrus. 'llhe
ba.o'l::eriumwae reportedly ieolated from orohaX'dein moet of
the major oitrue growins arase of South Afrioa. In addition
to the isolates dieplayins the morphology ol~eeioally
aeoribed to the sreenin~ oriianism, the;v exhibited an
antibiotic sensitivity oomparable to that dee~ribed for
sreanins in ~. The morphology, the antibiotio
eeneitivl:'l and the oonsistent oulture of the baoterium
from 1nf'e.~tedoitru!!Swas oonsidered by Garnett (1985)
!!Suffioient evidenoe to dustifY oalling the isolated
bao\'~rium "the sreeninS' orsanism". Subsequent electron
microsoopio studiea of a number of theee isolates have,
however, revealed sisnifioant morpholosioal differenoeB
'betwC!lenthe isolatee and the Sreening orsanism in t1i.tl1

desoribed by Moll and Martin (1974) and Garnier and Eove
(1977) (Chippindall, unpubli~hed report, 1990).
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Antisora. raised against the cultured isolates waX'ereported
to auccoast'ullY distinguish between healthy a.nd

greening"int'eoted matE}ri.al. with the ELISA (Duncan, 1985),
although Garnier eJ.i. al.(1987) and Chippindall and Whitlock

(1989a. 1989b) wet's unable to repeat these l'eeul ta using
tho same antisera.

In an offOl:'t t(.') l:'epeat .he £::n.lcceesful isolation am,

in vitI'Q eultivation of "nhe greenixig ol:'sanism" repol:'ted by

6i1:>8.ra and Gal:'net.t. ( 1980) and Garnett (1985) , Manioom

(1984) made over '15 isolation attempts from a vaxoiet·,yof

vogetative and rPJ~nduotive citruB tisBues, BS well BS from

inseot V8C'tOl' t.if.lonon. AlthcJugh • reeni.tlS-in.fected and

heal th~ c i trml wpro found to contain a wide variety of

mic:rocll:'gcmismf.'J. no Clrgau1.sm similal:' te> the one deaol:'ibed by

end GH:rnett. (iE/eO) was LsoLabed , In add:ttiol'l,

ant,1.sE't'n l'Il:i.DG1f1 [j.gainot. t.his orgnn:1.em failed to detect the
aet,:t(ll(I~\,i<:~nl tlp.;ent. uf groening in infoct.(~d plant and iliaeot

matf;1'.'ial uninp;

(HlH4 ) ef:Hciency of var:l.c)uathe
purification procodureo for the extraction Qf the greening
organism from oitruD Qnd insect mat.erial. POl:'coll and

ceuiul1l ehlorido/suol.'OSO Rradiento were found to be
off:fwtivn for' dw dmwi t.y aeparl1tion of 'bacteria and. plant
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mate~ial, however the concentration of bacte~ia obtained by
thei!3~methode was fa~ too low to be of uea. The results
ind.i.catedthat the s~eeniug organiBm has a low titre and
~rratic di~tribution in oitrus, properties which oomplicate
the purification of. the organism. Unsuooeaeful ieolation
attempte ueins similal.~procedures were ale()reported by
Davie (1989).

In the absenoe of cultured greening baoterium. Garnier
~ Al. (1967) attempted the produotion of monoclonal
antibodie~ against the o~sani~m from extracts of infeoted
periwinklea (.Qatha:caotlla:coaemt L.). Two hybridomas wet"e
obtained ft"om mice immunized with preparations of phloem
tiesue whioh ~o:erefound to be speoifio to st"eenins-infeoted
periwinkle as well as oitrue with the ELISA and
immunofluot"eeoence assay. The antibodies we~e t"eportedto
reaot with both the Asian and Afrioan strains of the
disease, but not with periwinkles individually infeoted
with five other prokaryotio organiems. Subee~uent findins!
have c~et doubts on the euitability of these monoclonal
antieera in the detection of sreenins. Jiang (1988) and
Garnier a.t. Al. (1991) X',~por.tedthat the antieera failed to
r.ecognize strains of the the greenins organism from other
seogl."aphicalareas. Similarly, Lee (pers. OOIlUn.) observed
no reaotion of the antisera with greening-infeoted material
in hie laboratory, although non-epeoifio bindins Was
observed with oitrus infected with other phytopathogena.



In a recentj repot't by Villechanoux .at .al. (1990) j the
monoclonal antibodies of Garnier.at Al. (1987) were ueed,
apparently sucoeaefullYj in an immun~affinity
chromatographio prooedul:"eto purify the sr':len~.nsot'sanism
from infeoted pel:"iwinklaplants. The baote:('iaisolated by
the prooedure were reported to be idel'l.ticalto the
organia~s observed in ol:"udeplant extl:"aotaon the basis of
morpholoSY and ael:"oloSioalteste. No eleot:r-onmioroeoopJ.o
studies of the purified baoteria were, however, oarried out
in ordex' to demonetl:"atethe Presence of the oharaotel:"isti,~
sreenins baoterium oell envelope in the isolated organisms.

Recently, hiSh oonoentrations of the Aeie,nstrain of the
baotel:"iumwere reported to have been isolated from infected
periwinkle matel:"ia: (Sui, 19a5) , ThE) pUY'ifioation
pt'ocedure, involvins enzymatio nigeetion of host plant
materie.l followed by different.i.aloentrif'~Sation, did not
affect the integrity of the organisms and appears to be
euitable for uae in obtainins sufficient bacteria for uee
as immunogen. The method waa, however, unsuitable for
extractins the organism from oitrus leaf midribs and fruit
columella affeot.ed by the Afrioan strain of the disease
(Davis, 19S9) 1 possibly due to the low titre and el:"ratio
distribution o:f th:!.1!$etre.in O:L the sX'eeningorsanism
within infeoted oitrUs.
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Chippiw.~all lindWhi tlook (1969b) reported the produotion of
an antiseX'Um against a orude pX'eparo.tion of
greening-affected oitrus leaf midribs. After "exhaustive
orosa-adsoX'ption again':'lt healthy plant material, the
antiserum was able to distinguish between healthy and
diseased oitrus, peX'iwinkle dnd dodder samples with the
ELISA end dot-immunoblot (DrB) assays. The antiserum was,
however, lateX' found to be non-specific in that it reaoted
with citrus infected with a numbeX' of other organisms, both
viral and prokaryotio (Chippindall, unpublished report,
1990). The results suggested that the antiserum may have
been directed against a pathogen~·rel$.tedprotein of host
oris').n, rather tn;n a.gainst the actuul greening organism
ite.wl;f •

Ri;centlYt French worker-s raised monoo LcnaLe against aevez-a.L
Asian and African isolates, which in combination may have
potential universal uae (Da Graca, 1991). A pr-eparation of
monoc Lcne.La prepared in South Africa ua:l.ng extracts of
greenins-tr-ansmitting paylla has been shown to react
positively against infeoted oitr-us tissue (Da Graoa, 1991).

Despite some initial encour-aging reports, it is evident
from the literature that a suitably sensitive. reliable and
specifio antiserum has yet to be raised. Little progress
has been made in the development of a medium able to
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support
agent of
whereby

the .in :l:itJ;J;~ growth of the fastidious aetiologicA.l
greening dieea$e and in the absence of a m~an8

this or-gl1.nismcan be cultured, purified extraots of
the bacner aum J:unetionas the only source of Immunogen,

1.5 'l'HE lNSECT VECTOR OF GREENING DISEASE

Oberholzer et al. (1963) oit~d
(1965a) suggested that greenil.

~en and 01~cX'holzer
"I sp:.. {'I "l.:' by an

insect vector, and further BUg
psyllid Tdoza ~.e.ae. (Del Guer-o,,
as the vector of a pathogen ~r bees.
citrus leaves induced a type of toxicosis.

tl.o oi-crus
'd, ei/cher
<;edingon

In sn investigiitioninto the spread of aphid-transmissible
virus diseases, Schwarz (1964) obtained evidence of the
existence of a new insect-transmisL~ble virus in the
Nelspruit district which he tentatively called "reticulate"
yellows. The author, however, later recognised that the
"new" virus and green.l.ngwer-e identical. Results of
exposing young seedlings in orcnards containing differing
numbers of g:reenlng-infected trees showed that, (i) the
spread of the disease was more ~revalent in orchards whe:re
greening disease was common (inuicated by the positive
cOl?X'elation between the number of infected



26

teat ~ead11ns! and the perQ~ntase ~f ~r~~nin~ in the

orchard.) , ( :U) tha d1eea!le, ,,:;ould 'be trane ..tl:l",ted 'by

ilrattiu; t", ~Clth EmprofJt!Jmandarin and ewoet oranl6, (iii)
the :l.nfeloted tr~p phnt8 clovell')ped loaf symptoms !limilf'u" to

the eymptollUs of ftl"chard t.1:'(!i(.n~affected 'by 1~..~tn1n;, and

(:Lv) the dil5e8.ee was tranem1tteH~ 'by a fly ins ineH~c.\tveotor

ae trap 6eedl.1nQa pr~t.ctftd 'by aauze "J(lQCUJ did not develop
!lymptome. Purina the expeu'.Iure ttl\!! unprotacted plantll 'boellJX\~
int6Qte~ with both oitrus payllb and oitrue aphid

(:r~_tUA ill~1j;liW1a (Kirk» t thus 1mplicat:l.n; tluu,e two

lnMclt t'JPtl~1es alS poese1ble vectGlrt'l.

In eo la.ter papeX' by MoOleali and Oberholzlt1" (19S5bl I the
firat, positive tX'anlSm1aeion of ;reenin" hy adult o1t.r-"'!l
plyHa was !lepol:"ted. Nymph. of t~h. paylll<i. however, tai.Lecl

'(iQ trt!l:namit tht!' dieseaee. Aa the eaX'lie~ etudy by Gehw,a'z

(1964) had implioated the oitru. a~hid 11.8 & carrier of
grMn1ns, this insect fl!;>ec.:Les waa aleo 4t'JI~uule<l tOl:" ita

abi \ itw to tranem1 t the dieeo.ee. The f.u't,hr.lrafcmnd 'Chat it

wae lmabl.e to veotor araen1ns but waa hhl& tC) tr>Anlmit
in:·;l.eteza virue. SUbe8~\\\mt X'tt]l>orts confirmed the o:l.trulil

peyl.lid ae tl veetor at sr••ninB ($chwar:n At 4I.l.., 1970,
McCl.ean and SohwaX'z, 1970, Catl;J,l'l6t. 1910a).
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Moll and Martin (1973) providad ele~tron miorosoope
evidence that:t. ~.x:!;,.r.O~.is a veotor of Kr~en:1n". In their
et~d,·· electron m~~roeoopy revealed larsa ooncentrations of
the "r~anin. orsantem in th9 haemolymph of peylla fwd for

30 day. on cliaeaaed citrus. 1~. orlanism. were present in
larla numbers :l.n body oa.vit1ea, (lft.n acl;jll.oen'l~to lIa.livll.t'Y

;hmds. and ocea!liC'll'u\lly wi,thin the ealivllrsrsland oelle.
this eus.eated II. oiroulatory mode of transmi •• ion. Moll
(1974' aleo raported the prtUIJJYloe of the orsan:!.lSxl1.
i~trae&llularly within muscle and nerve ti••u~. The
pr.,,,ence of the orsanitlm in the haemolymph I.nei within oells
ie indioative of 1t~ ability to p~netra~. m.mbraue and
r,i8f11UIl barX'i~reh The author!! a lise eXf\mined 'Plyll. from

heal thy citruf,l and found that they oontain.d no l1uch

or~ln1I"1me. Instiete ff!ld foX" 21 days on infeottd oitt'u.

QI.}X">ta1ned~mly a few oX"s~n1t:)m•• the dramatio :Lnore.IID in

\',ha numbf!lX' ()f Ireenin; orsanialmll in tht hl.emol:.'mphot
.:t. 1I1'7trb..(I batween the 2111t~mfi30th day ltd 'the t.uthora
to ecmelud8 that the ((X'f!I~n:l.na ol"so.nilm tnul'tiplielllin the
haClUnCllymph of ~ •• r~tl'UJI.

Conflictins; rsports have apl'leaX'&t.i rl!lsar-din"the effi~ol.noy

of X..1. ctr'""u ae a vector of srecm:1.ns. BlIl.l!sedon reB'lltr of
a tranem:1.L'.Il!Iionetudy, MoClean (1974) reported thl1t the
number of aa:ult, pl!:Ilvll.a that carry it'eenin" i8 amall. in

relation to the total adult population: 300 e.dultl~
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colleoted from infeoted material in Pretoria failed to

t,ranemit the dieeaee individually. but eevet'al poeitiv!!Is

were reoorded wh."n tE'HS'C plants were exposed to IlIX'OUPS ~

f:l.v~ 01' more ad,,,lte. The peroentaille of oarriere in the

p!;)pul~t~ion may have bean l!IiQn:!.fio&.ntlyQree.ter I but it ie
not potJIIsible to eXC1\lde the faot that the fallut'e of

infected adult!! to tt'anam1t "X'senins mav 'havll been due to a
low t)ffioienoy of tranem:l.t!s1on. Clatlins (1970.) allllo
t'oported a low (1.6~) inoidenoe of oarrlere in teste on
uinQle adulte colleoted off trees in Swaziland and noted,
from field ob!et'vat1oneJ.1 that £& 1:1."1y hiBb veotor
populations

. VAn Vuuren and Da Graoa ( 1978 ) obt&ined ;t't!leultil from.

trani!j1'l1ieeion studies whioh l!IuIJseztedthe.t the tran,m:l.el'lion

of sreenins 'by adult peylla trapped in a BX'eterd.nG'''1nfaoted

oX'oharci to hoalthy eW~6t oran;e eeecllinSII ie an effioien.':.

prOOellJ8 and ean O(JOI1):, within an expoeut'$ timtt of ('.inJ.yeo
m:l.nuttUI.

tX'anl!Jmil!J~iontimes reported by MoCl,an (1974) and i~ an
important f'e.ot to oone:l.d!.r \llhen fOX'lnulat:l.n51:a. l)t'osX'a.mme fo~~

the oontrol of peylla.
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Van Vuu~en and cOmwo~ke~e (pe~e. corom.) ~eoently showed
that adult peylla are oapable of t~anemittins sreenins
after an aoquieition feedini period ~f only one day. They
also reported tranemieeion rates of between 50 and 100 pe~
oent with e.f!I.I few ~e 2 adult peylla per ~el!St plant,
providins furthef' evidenoe that t,he inseot 1115able to
t~anl!lmit
thousht

the dieea!!e more effioientl" than previousll·
(McClean I 1974) • Moll (1974) and McClean 0.974)

maintained that a feedinQ period of at least 2 to 5 dave
wae required for aoquision. Another impof'tant fact revealed
by the investigation of V",n Vuuf'on and oo"wo~kere (pers.
comm.) i8 that the full ~vole 1rom aoquieition to
tranemlseion ie ~ompleted in e daye whioh ie fa~ leee than
th~ 21 to 30 claye reported by Moll and Max-tin (lS'73).

~~he effioienoy of espreatiof many pl.amt diseuse illaffeotad
by a numbe~ of faotoX't1 inolud:1.ns vl1riat1one in the
transmiseion effioiencv of the veotor. Tnvemtii~tions by
be,th Cl\tl:Lns (1970a) anti Hc;Cle~m (1974) !luEtg!!!leteda
e~.amond fluotuat:Lcm tn thfJ tt'anemiellion effioienoy of
:.t. ~l~Cl,U (aes mm\l~u~\edin terme of tho number of adul tIS

thtlt 1'J.t'(!)oarrie.NIItl:f the diel!U!~.I9(1).MoCll!lan(1974) t'eooX'ded
a hil1h peroenta&lt!!r.rf trane!lmiellliontiul:'inslate l!SI)>;;'insand
eununt!l~months, whUe adul'tl!lthat aml.u"seddurinfiIGhe winter
failed to oauee any infeotion. Catlins (19701.) found that
the h:l.sheet tl:'anemieeicm effioiency oooured in esprins and
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early

Rel'5ulte

summer and

recorded by

the lowest effioienGY in Xl'Iideummer.

the author nt otheI\ tJimee of the year

were C'xeeedingly variable.

Greening d:1(1(18130 hll[~ been ehcwn t.o be mWH~itivt~ to high

t.(~mperature6 whieh mm? explain the eeal'Jonal fluctuation in

the pathogen ('ontent. of t,t'ee~ se 'N~rJ(n'ted by S('~hwal'z(oi t.ed

'LIi Cat] ing. 19'70&) • '1'ho author r(1(~oI'ded t,lle higheet

J:' x'centngp of l"Iuecoooful gt,"aft tl'f.lnDmieloiona in r,he cooler

monthe find t.hu lowest, in trw hott(~r monthe of eummer,

B'llggest;:Ln~ 8. reduocd (7,!neenta'8.tion of orgnnif'!mo w1t.h:tn the

inf~Gtod donor plBnt0 during tho lutter period. A

tPnlpf'l'atul'(""l'cl('rt,ed l"oduet;ion in tlw numbel:' 0:£' fJ't'ganielnE'l in

trees dut'ing the hot, tnontho of oummez- al~(J of£cf"t!l a

'[I(;lm'iblf' £'x]:'"" 1nt..i,m fot' the lugher ra:t.o~ of t,ranemiBe'lion

by the inooot vect.or t'twor'c\()f' by C{ltl,ing (19'70a) during the

eoed ",y, I'r."ntl.q .;·f tol\(' '1(','n' eeJIYIPal'{1cl to t,he h)w ratee

l'oc'ol'l'iod {luring .lnmurtIN'. Dm:'lng t.he ('ooler Pt3l"iode. ,the

t ,1\".1'(1 \)f t.lw (Jl'lJ,lmiem wi thin inffH·r.ocl t,:l;'HN would 'be

f'xI'eotoc{ t,;) ,tnc~rOI.:\[le leatiinf« t;o (\ gl'eCr('oX' 'Pr\lbab:Uit~1 {:Jf

(ie(lUio.lti(~n (nnd f10t1('(' tl'!ll1smluoion) [1'11 n pBylLid feed.!ng

on t;ho r,.\\U;'(JO. '1'h1.D would affect. tllo eueeece of g);'o.:f't,

t,);'lUl0minoion f,lmillU'l". 'rho f(ll l\u'(' of nrlult.n nm(~rging

tlux'lng wintOl' tel i',l'[}.t1fJm'it, ~l:'(\oninFl (no t'OPo:t't,ofi by McClean

(.1O'{4l) C'()\tld tlO (1\1« to thc' fnct t,lwt, on tho oom;j'<iornm.nt

1'.1"0('[1 \Jf wl.nt.O:t', ndult.o 111"0 forced 1'.(\ :1;(10(\ on t,}w mCl.tul~~



33

leav$$ whioh L"I,;,1.6.1:1 far lowel." levels of inoouJ,um than
young flueh (Moll and Van Vuurerl 1982), thus reduoing the
pr.'o":ia.blyof the :l.naeotaOQ.uiring the pathosen durins this
period.

Ae the nymph stasc of 1. ~ytreae ie e~dentary, it probably
playS no eisnifioant part in tl~an5mittins sreemins. Nymphe.
however, oan aCQ.uiX'e s;X'eenini when feed:!.ns;on thl.tyoung
srowth of diee~aed trees as indio~ted by tho study of
MoClean (1974), but there may be some delay, into the adult
atas;o. before suoh oarl."iereare fully infeotive and oapable
of t:N.\l:1em:l.ttinll the dieeaee. Reeul'te of eeXlial tr4\nr.rfersof
adul'l:~eto indioator plante eussel!ltedthat the tranemieeion
effioienoy of psylla tha't aOQ.uired the sreenins orSPl.nbm al!l
nymphe appear to impXlove with time. In the eame
inveetisation, McClean obtained no evidenoe to eusseet that
sreeni~g ie tXlane-ovarially tranem~tted in the veotor, and
that to heoom!!!infelQtive. ]f'/''!,'llamUlllthav~ fad on dl,sea."d
tl!..IDU&as either I\dulte Ot' nymphal.

l!. A:cmu.a ial lSeneitivs to enviromental oonditionlll,'J'he
SQoSt'&.phioal d:1.etl:'ibutionand aQtivity of th!!!ine60t is
larsely determined by faotors euoh ae altitude, ambient
'temperature and humidity; PIllY 11a at''' unable to tolerate
very hot. dry oonditione (Cat1:i.nsand Anneokc. 1ge5) whioh
explainl!l why the .ineeot 1m I.\lmost unknown in the hot
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1mn~mda in the eaat (:if tho '!ransvanl and an Swaziland. l'l~'!

ei'i'e.ot of c:mV'iX'Onmental conditions on J?FlYlla populations

p..'ooably accounts for t.he omwincins oorvelat1on r-ElP(n:'tad

bet'.wMn the incidenC''' of gr'eening and ac.)tiv'l. ty of the

vector ( fiehwo.r::::• HIe? • McC.1.mm !!:.t l.ll.. 1969. Catlins.

1970a) • McClean et aJ.. C18t%n noted that both pt4ylla and

greoning aro plentiful in ~1rehard8 around 'J'ze.neen where the

ld '1:,1t,\l(ie Nl.ngeO from 'lO() t\,"l HWOmotree. but not at tetabl:l.

and ;luet ki lornetrea t.o th~
(8.1t.j, '\:,ucle bolow 000 rnet;rofl) • tJ1ffol'fmcoD in temperatuX"o,

r-o.lo,'tiv(I humidity unci fluoh:lng rhyt.hmn of the treea were

Riven ao ronoono for tho contraotinM incidences of peylla

and greening 1n thaoe two localitios.

intt'fwp(,t'it'ie

1O'/On } •

Aninn Dt,l'tlin

bOOB rO(io:rdod n~lltHng.107011). It ifJ
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the only known vector of sreenins disease in Southern
Afrioa, while in China, India and south-east Asia the
vector of the disease ia the oriental psylla, D. ~
(CapooX' At Al., 1967, Martinez and Wallaoe, 1967, Catlins,
1970b, Maeeonie ~ Al., 1976). n. ~ ie widely
dietributed in the Orient and is present in Brazil, as well
as in Reunion, but not in Afrioa (Catlins. 1970b. Aubert
~t ,al., 1980). Greenin~-like dieeases have been reportod
from 11 out of tl'H~16 oountries where this ineeot ie lmown
to eeeu» on 01trues (Ca'l:ilins,1970b).

Whi 18 !,. CU'~JlAA does not tolerate hot !l'ld dr:tolimat~H'J,
D. ~ resiets hiSh temperatures and low humidity.
Consequently the Aeian form of sreenins oQours not only in
~ool, elevated areas, bub also in hot low-lyins areas
(Aubert, 1984.). The two pt;lyllidveotore as well as the two
forms of sreenins are prem~nt on the islande of Mauritius
and Reunion (Aubet't.1984). In lUmnion the diestl'ibutionof
D. ,oJ~i il!ilfrom sea...!(")vel UP to em elevation Of SOO metres
and that of :t. ~r~.:tr!')a!t senerally above 600 Il'lett'",I'J,so
sreening diseaeo ext~ncloup to an elevation of 1000 metree
on the bland (Aubet'tA.t .cU.. 19(0).
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1.6 STRAINS OF GREENING DISEASE

The two
.at .al.

studies.

form~ of the disease were charaoterised by Eove
(1914) on the baeie of temperature sensitivity
The AfX'ioan form is heat-eeneitive and no eymptQml!!

a:t'e expreeeed when infected plant~ are kept between 27 and
32 Of while the Aeian form ie heat-tolerant and sood
eymptom "xpreeeion ie obeerved in this temperature l'anse.
In add!tion. the Asian form ie far more den~tl:·uotivethan
the heat~eeneitive Afrioan form.

Althoush South Afrioa appea~e to be affeoted only by the
lees-destruotivo
U ai. (lS76)

Afrioan etrain of sreenins, Maeeonie
demonetrated that ~. ~~ytrea~ ie oapable of

tl'.'ansmitt1nsthe Asian etl'.'l1.d.nof the disease. Similat'ily.
D. ~W hae been !!Shown to be a potential veotor of the
Afl'.'ioan"train of st'eeming. Tranemiel!lion of the Afrial!'\
strain by the ASian peyllid wae obtained expet'imentally by
Lallemand (:1.984) oited in Aubet't (1964). Theel!sobeervatione
indioo.te thj:~teach type of peyl.Ud :i.1!I not neoeeelal'.'ilybound
to the aralming orsanism of ite seosraphioal zone" ThilrSilll
of par'bioulal'.'importanoe in the So,"\thAfrioe:\flcontext as
the intl'.'oduotioninto thilS oountry of the mot'e vit'ul.ant
Aeian etl:'ainwould represent a eerioul!lthreot to th(!ioitt'ue
induetry alS it could be epread by the looal VlSotOt'.
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1.7 ALTERNATE HOSTS OF THE QREI~N!NG ORGANISM

In addition to being t~anamitted by tissue grafts,
vesetative propagation and by peylla, s~eenins dieaaee has
been shown to be transmitted by dodder
(QuM\11i.a .oam'Pe!etr.;lf:lJ I a1thoush this route of t~anl!lmil'!leion
is of little importanoe ae far as the epread of the dieeaee
in the field ie conoerned. Garnier and Eov$ (19S8) reported
the development of peculiar yellowins symptome on a
periwinkle (0. ~) plant co\~neotad to a I!lwe\:l'l:~oranse
seedlins infected with the Asian strain of sreenins.
Subeequent ellact~on mioroecope obse):lvatione \'.f thin
sections of midribs from the eymptome.'\<iop(;riw~nkle
reveal.ed the 'PN')semce in eieve tubes of p~oka~yotic
mic~oorsaniems pOl!!eeeeins the cha~aote~ietio cell envelope
of the sreenins orsanism. Tranemieeion of the disease from
periwinkle to periwinkle was eubeet;luen1..lyaohieved by graft
inoculation. Si~ilar rneulte were obtained when an 'anso
eeedlins infeoted wit.h Afrioan sreenins wal9 ueed in
tranemit!leic:m,experiment:t!I.The authors did not report on the
relationehil? between the srsenins orga.niem and dodder
itself, bu'b in an eal~J.iet'inveetiSl'ltil.mGhol!lh.e..t. Al. (1977)

obeerved that th('5baoterium multipliNi to h:lSh t~ttX'oe
within two epeoies of the parasite, Q. Qam~eetrie and
,Q. .e.1.1hiru::J.U9.The o~saniem was found to l'llultiply more
favourably in both speoiel'.!of dodd$~ than in ito oitrus
hoet and the authors epeQulat~d on the poeeibility of ueins
doddex'ae a potemt1nl alternate host.
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A vaX'iety of het-baceous plant species wet'e investisated as
possible alternate hosts of Afriuan greening by Schwarz
(1968b). Mechanical tl:'anamiaaionfl:'ominfected aweet orange
to the herbaceous species resulted in only cucumbet'
(.Qucumie ea:ti:l£Usov. National Picltling) displaying a
t'eaction aftet' inoculation. The symptoms consisted of
yellow lesions on the cotyledons which later oollapaed.
This was followed by yellowing and subsequent necl:'osiaof
the veins of the fil:'ettl:'ueleaves. coupled with a
t'eduction in visour of the plants. A low perf1e~ltaseof
positive mechanioal transmission of the disease :et'om
ououmber ba~k to oitX'uswae X'eported,e.lthoushthis was not
confirmed.

Cepoot' ~t al. (1975) endeavoured to mechanically inooulate
ououmber ov. Long Green with extracts of oitrus infeoted
with the Aaian att'ainof greening. A hisheu:'percentage of
positive tre.natnie$ionawas reported in this study compared
to the.'1;reported by Sohwarz (1988b), and symptoms in the
inoculated oucumber differed in aome reapeote and were more
'!Severa. i\leo. leaves deveJ,opings',lbae<;luentlyfailed to show
sYmptoms and baolt-tl.'anemieeion of the diseael!!lfrom
symptomatic cuoumbe» to both cii,rueand ououmber wae not
aohieved. !,toubating extt'acted saP of diseased citrus at
95 C fat' 10 minutee we.e fou'ldnot "'I) inaotivate the ai(ent
induoing I!lymptomein oueumber", The evidenoe led the authora



tc conclude ~hat a prokaryotic organism t:luC)has a MLO was

not involvod i'1 induC)ing the symptoms :!Jl cuoumbez-, but

rather a I':!peclifj,cand active principle euoh as ~ vivotoxin

produC)ed by the aetiological agent of the disease in

citrus.

1.6 CONTROL AND TREATMENT OF GREENING DISEASE

Control of greening disease oan be attempted by effeotively

o'".lntrolling the veotor of the d:l.eeH:.\eehOr by oontrol1:1.ng

the greening disea$e or!ilan~erll 1taeif. Howflver, i1~ ie

probably only thrcugh a clombination of botl .he!!!eoont:t>ol

measures that really effl,otive reduotion in the ino:i.dfl,,\oe

of the dieeaee can ocour , ~h... ultimat~ eolution t(', ~t'l

greening problem, howe\!~r, appea'X's \0 lie in breeding fen>

reeif3tanr~t:) in 01tl'ue.

1.6.1 Cont'X'ol of the vector

Effeotive

oontainment

enviY.'omental

oontrol of the veotor ie oruoial to the

of greening, espeoially during pP.lriode when

and hoet pJ.<.\ntoond:l.tj,one favour high peylla

populatione.
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1.8.1.1 Biological control

At Presen'b,biolosical control of the citrus PByllid is not
widely ueed as a means of control, although a number of
biologioal agents effective against psylla have been
identified and their potentie.l as control agents in the
field investigated.

Aubert (1964) reported a drastic reduotion in the number of
paylla on Reunion hiland following the l'elease of two
paraaitio ohaloid Hymenoptera into oitrus orohards on the
island. Active ectoparasitism by ~~ ~
(Watereton) shrank the D. ~ population from large
oolonies to sma11 localised aggregations, while parasitism
on ~. ~~ by ~ ~ (Wa.terston)led to the
complete disappearance of the psyllid :f.'l~omthe or-chande, As
a l~es\.:lltof the aotion of the two eulophid parasites, new
orohards plantecl on Reunion were kept either free of
greenins. or the rate oi disease proareseion in the
orchardB was extremely low. This method of veotor oontrol,
although more Bpeoifio and less coatly than other
praotioes, is di:t'i'icul+ to implement ancl the oirbccme

remains leas predi.otable (Aubert~ 1987). Phyllaeohat;rus
~ulY1natua haa alao been reported to be a good endoparasite
of .':C. ~~M in Reunion~ although it does not thr:l.veas
well as the eulophid I. ~ (Aubert and Quilioi, 1984).
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In an ealier study canr-Led out at Malkerns, Swaziland,
Cat1ins (1970a) found that natu~ally occuring parasites of
!. erytreae were not an important resulatory factor. '!wo
parastites were found to consistentlY attack the third.
fourth . fifth instars of
TaL~ ~aiua was the main ~arasite of the psyllid
but was at times challenged in importance by E. Jm1vinat:u.a.
The degree of parasitism was found to be variable and
depended on the presence of a favourable synchrony between

,",hehost. Effective parasitism rarely
under conditions of poor synchrony it
these levels of parasitism were found
inseot from ~egularly sursing to hish

population densities. Rel!:~ularapplications of insecticides
had no marked effect on 1:hepat-asita complex. Predators of
1. erytreae (mairly the nymphal staBes) were also reported.
These inoluded green lacewings, ~~ sPP., a brown

the parasites and
exceeded 50%, and
dropped below 10%;
not to prevent the

lacewing, (Weele) , syrphids. a

coccinellid. and several spiders and mites. The incidence
of predatiun by these speciea was irreSUlar, assumins
greater importanoe from midsummer to midwinter in the area
under- cbservation. No mioroorganisma appeared to be
assooiated with the payllid.

I . ,
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Van Den Berg (1984) l;'epol:'tedthat predators, espe'oia.lly
spiders, play an importa.nt role in the reduction of citrus
psylla populations Ln orchards under int,egrated spra.y
programmes. yet. are unable to maintain an acceptably low
level of the pest. This suggests that predatory control on
natural host plants of the vector not exposed to
insecticides may be even better and probably keeps the
number of paylla that move between these nat'ura1 host
plants and or~hard trees at lower levels.

'I'he fung\H:l Ql.ruiQ...·~i:um SP. nr oXYE~PQrJ,llDhas been reported
as a secondary fungus on certain jnsect cadavers and also
as a primary cause of death of certain Homoptera and was
assessed as a biologioal control agent of !. .eX'y:treaeby
Grech and Samways (1984), The authors reported that
I1.pplications Ln the field and in the laborato:r>yof the
pathogen grown axenically caueed substantial mortality in
populationu of the inseot, death of infected insects
probably being due to a toxin produoed by the £un~~s,
re.thel? than by direct hyphal penetration. Despite the
definite resul ts obtained in the st.udy, the authors
conc Iuded 'that QlaQ.Q.e.l?J:.lJ:.'i.umsp. nr ~Q1'..Jllll haa sever-e

limi tations ngninat ci.tru!:' PEwlla in S()uthevn Afl?ica, the
r-eaecn being that the pathogen exhibits 0. density-dependent
rpspcnse in its p~raBitism ()f the inseot Bnd is therefore
unsuitable for the control of low-level insect populationa •

.,_.I ~
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The inseot is an efficient vecto~ of g~eening disease, and
normal oontrol the~efore aima at keeping orchards
oompletely free of psylla. Also, the fungus is sensitive to
dessioation which limits its use under normal field
oonditions.

1.8.1.2 Chemical control

Beoause biological cont~ol is usually only effeotive when
b.~ge numbers of 'chehost are present, chemical control of
the citrus pSylJ.a. is generally the preferred method. Many
chemicals can be used to eliminate the citrus psylla at
various stages of its life oycle. When f~equent foliar
applics.tions of a chemioal 8..-a used, car-ehas to be taken
to ensure that this does not affeot the level of oontrol
exerted on the target pest by naturally-occur ins or
introduoed biologioal agents in the field, especially in an
integrated con'erol programme. Pestioides which are
relatively speoific and \'.~hichhave a short residual effect
are therefore favoured for foliar sprays. Also used are
systemic compounds which have a negligible effect on
benefical phyllosphere organisms. These are applied either
to the sailor introduced into the trunks of trees.

'( -;.:
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Gatling (1970a) tested the efficacy of a numbe~ of
COi\,\,poundeagainst all stases of 1'.. erytreae under insectary
(1\mciitiona. Temik, parathion, malathion, endoeu.Lphen ,

dimathoate, mineral oil and lime sulphur all save some
degree of control, but dimethoate (Rogal')was considered to
be the most promiaing as it was effective at low
concentrations against esgs and nymphs (0.0025% a.i.
[active ingredient]) and adults (0.01% a.i.). Such low
concentrations are inexpensive and were found not to
distut'b integrated contt'ol pt'ogrammes. In addition,
dimethoate posseSSes both contact and syatemic action and
can be applied eithe.r as a foliar spray Or as a
soil-applied systemic insecticide, although Catling found
folia~ si'l:'aysto be the more eifective method of
application.

Another formulation of dimethoate, Perfekthion, has aleo
been ehown to be effective against PBylla. Wo~tmann and
Soh~fer (1977) reported excellent oontrol of paylla
populations with soil applications of this c~mpound. ~his
route of application eliminatee the dest~uotion of
beneficial foliar organisms and also requires lese effol:'t
and labour. It 16 possible, however, that.infective P8yl1a
n,ay

to
the

aurvive
transmit

long enough on tl'eeatreated with l?erfekthion
greening (Van Vuuren and Da G't'aoa,1978). In

Same publioation, the authors ~eported the effects of
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folial:' applioations of monool:'otophos, an insecticide
registel:'ed fol:' use against p$ylla in South Afl:'ioa,on the
tl:'anamission of gl:'eening by psVlls. The results indioated
that monocr-obcphoe (0,01% a.L) r-emaaned effectj.ve in
contl:'olling psylla thl:'oughout the 29 day pel:'iodof the
study, but aftsl:' foul:' days its action was too slow to
Pl:'eVenttl:'anSmission.

In ol:'der to be eff.ective in pl:'ev~nl,:l.nstransmission of
Sl:'eening, an insecticide must be able to kill psylla
alighting on tl:'eated plants within at least 30 minuteS as
an expoeUl:'e time of this dUl:'ation has been shown tt.::lbe
suffioient for transmission Of the diaease to occUl:'(Van
VUul:'enand De.Graca, 1978).

Milne .e.:t. Al.
appliCations
applioations
weeks, while

(1978) l:'epol:'tedthat timing of pesticide
is an important faotol:'. In the nUl:'sery,

of dimeth~ate should be made evel:'Y6 to 7
in the field, treatment should be applied as

BOOn as the first signs of psyllid adults or eggs are seen
on the new flush with follow-up treatments being applied 6
to 7 weeks later if psyllid preSsure is still high. This
treatment not only suppresses payllid population rlumbera,
but is also auccessful in oontrolJ.il1.Sthe blaok oitruB
aphid (TQxop:t;:eraill.r.ia.i.du.a) and red scale, two important
peats of oitrue in South Af:dca, t1ilne .e.:t. .a.l.. (1978)
advocate the conoul:'l:'entapplication of tetracyolines to
reduce the l:'iakof sPl:'eadof Sl:'eeningdiaeaee to a m1nimum.



46

Control of the vector of Asian greening, D. ~, can be
achieved uy four weekly sprays of 0.03% dimethoate, 0.012%
methyl demeton, 0.085% phosphamidon, or 0.02% monocrotophoe
(Nariani and Bhagabati, 1980). Effective control of the
inseot has also been obtained with a 2% spray of Chjna
berry seed oil, a strong feedLlg inhibitor of the peyllid
(Huang and Liu. 1985, cited in ,Juand Faan, 1988).

It is unlikely that the spread of greening disease will be
.1t t\ined simply by tho eradication of the vector in

or-char-de, .T • er'"treae has been reported to complete its
development on at least 18 different plant speoies,
including various indigenous l:'utaoio'Jsplants, ~1hichcan
serve as natural reservoirs of the insA~t (Begeman, 1984,
Aubert, 1987) . The possibility that these speoies aez-ve as
reservoirs of the greening organism itself appears not to
have been investigCl.ted. It is possible that bhe citrus
psy111d lil'W ~lso utilise non-rutacious plant species as a
food source (Begeman and Botha, 1984). ThUS, a disease
management soheme consisting only of vector control in the
onchez-d is llnlikely to be effective.

Begeman
greening

(1984) repor'ted that progress in the control of
at Zebediala Estates has been mane by adopting the

follovlins meaeunae r establishing a nureez-v/ilY1.dnew orchards
away from natural reservoirs of the insect, planting ~nly
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greening-free seedlings in the orchards, removing
greening-infected tr'ees from orchards, effectively
controlling the vector with arplications of dimethoate and
endos1Jlfan, and injectins affected trees with antibiotics
in an attempt to rid affected trees OI the disease.

1.B.2 The response of greening to heat therapy

Greening-infected budwood can serve as an irllPortantsource
of inoculum, however shoot tip sraftins and thermotherapy
have also been 6,hoW11to be efficient maane of freeing
material of greening. Su and Leu (1972) showed that the
likubin pathogen was easily inactivated by dipping infected
scions in water at 48 to 54 C for 10 minutes. Su and Chang
(1976) reported recovery from dieease when likubin-infected
seedlinss were heated at 40 C in a hot-air chamber for 10
days. No remission of symptoms occured with eXPosure times
of between three and seven days, and treatments of longer
than 18 clays were reported to injul:'eplants. Tl:'eatmentof
likubin-infected seed1.i.nSB with a day/nisht temperature
cyc_~ of 40/30 C for four weeks Or longer was shown to
render seedlil'lgs fr-ee of disease symptoms (Su and Chang,
1976, Huang, 1978).
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Symptoms Lnduce d by the African E.itrainof greening have
also been shown to be suppressed by thermotherapy. Plants
infected with the disease failed to develop symptoms when
kept at 82 C for 6 monbha (Garnier and Bove, 1983). A
similar sUPpression of
gr'eenJ.ng-infected sweet
temperature of betwean
fl.t .al., 1974).

SYmptoms was observed when
orange plants were kept at a

27 and 32 C for 18 weeks (Eave

1.8.3 Control of greening with antibiotics

Since the report of Lafleche and Eove (1970) in which it
was suggested that greening is caused by a MLO, the u~o of
antibiotics such as tetraoyoline and ot.her
chemotherapeutants has been investigated as a means of
controlling the disease. Antibiotics of the tetracycline
group have been tested as control agents against
phytopathogens affecting a number of differ'ent plant
species (Davis.eJ<.al.,1968, Nyland and Moller, 1973, Hunt
e.t al., 1974, Rosenberger and Jones, 1977) LnoLudi.ngc Ltir-ua
(Schwarz and Van Vuuren, 1971, Igwegbe and Calavan, :1.973,

Capoor and Thirumalachar, 1973).

Treatment.
tetracycline
and Schwarz

of
HCI
e.:t

greening-infected citruIJ trees with
was shown by Schwarz and Van Vuuren (1971)
.a1. (1974) to signifioantly lower the
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percentage of
effects of the
after a single

greened fruit on the trees and the positive
treatmen.t wel:'eobserved for several years
application of the ant.).biotic.T}p. trees

were not, however, completely cured of the disease, Similar
results were obtained in a later investigation by Van
Vuuren (1977).

In tests carried out by Schwarz and Van Vuuren (1971) the
antibiotic was administered to the trunk of affected trees
by gravity feeding from plastic containers, wh:l1eSchwarz
~ Al. (1974) and Van Vuuren (1977) used pressure from
modified braes blowlamps to administer the antibiotic. The
results obtained in the different trials indicated that the
treatment was less effective when tetracYcline was applied
under pressure. The differences observed may be due to the
fact that excessive pressu~e severely damages the
conductive tissue cf trees, reducing the xylem to a brown
spongy consistency. This obviously affects the
translocation of the antibiotio, nutrients and water within
the vascular bundles of the plant (Goodwin. pel's.comm.,
Van VUuren. 1977). As a method of appltcation, howevel:',
pressure transfusion does have advantages over sravity
feeding in that it promotes a better intake and lonser
retention of the antibiotic (Chiu e.:t. .al.., 1979a).
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Despite the amelioration of greening symptoms reported with
tetraoycline treatments, a number of serious problems are
associated with it. Because tetracycline is poorly soluble
in water, an effective dose of the antibiotic (up to 18g
per tree) requires between one and six litres of water for
solubilisation. Adsorption of this large volume requires
drilling a number of 9mm diameter holes in the tr·.mkof the
tree and the applica.tion of pcsitive pressure to the
solution. Depending on the time of the year (which affects
the st:r.·engthof the sap flow in the trees) greater or
lesser pressures ar~ required to introduce the solution
into the trunk (Goodwin, pers. comm.). The drilled holes
may take
may become
comm , ).

many months to heal during which time the trees
infected with various diseases (Begeman, pers.

In an attenlpt to overcome some of these problems, a
micro-injection system was developed. This technique is,
however, not without its own problems. Because onl',va small
volume of solution can be administered, a highly
concentrated solution of antibiotic is re~:uiredT"hiohis
absorbed very slowly because of its Viscosity and because
the tetracycline HOI starts precipitating within four
minutes under pressure (Buitendag and Bronkhorst, 1983)
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FoUar application of tetracycline is a non-invasive method
of application. Martinez ~h al. (1970) and Capoor and
Thirumalachar (1973) showed that solutions of the
antibiotic applied via this route suppressed symptoms in
greening-affected tre':iIS.However, Capoor and Thirume.lachar
(1973) found stem inje\~tiontreatment 'tobe far superior to
foliar sprayS in sUPPJ::essinssymptoms. Leaf sprays have
been reported to be very inefficient as a way of
introducing antibiotics (McCoy, 1976, Rosenberger ann
Jones, 1977) and this method has little value as a field
operation in disease C.~(... tl'ol.

Antibiotics can be absorbed by plant roots when applied as
soil drenches, but this method generally requires a high
dosage and, in the case of oxytetracycline HOi, much of the
antibiotic activity is immobilised by clay and organtc
substances in the soil, rendez-Lng the activity uptake by
plants rather inadequate (Gonsalves and Tucker cited in
Chiu ~ ~., 1979b). Root application is theref.ore
impractical in a field programme for disease control. As
the Sl'eening ol'ganism is l'estricted to the phloem of
infected plants, the only effective method of application
wouLd seem tu be by stem injection (Milne ~ .a.l., 1978).
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Althou~h trunk applications of tetracycline Hel have been
shown tel 8UPPNH;!S disease eymptoms, treated tl:"eeafan to
reoovel:' completely (Van Vuuren, 1977) and eymptoms
genet'ally l'eappee:~ aometime after the initial tx-eatment
(Capoor and ThirJmalachar, 1973) • l<eanrgence of disease
symptoms may be due to t,he lack of persistence of
antibiotic nctivity in fruit and leaves of treated plants
aa shown by Chiu ~.t. al.. (19'79b), or due to the lack of
translooation of the antibiotic to all parts of the ~lant
(Chin ~t 0.1., 19n~b). The authors detected no ant:Lbiotic
nc.tivit.y in. e1thm:' the roots or the bark of plants that

transfused with the compound. The failure of
tetl'o.oYoline to r-each these parts would allow the greerdng
organism ,0 surviv~ there and later function as a possible
acurce of reinfectiml once the lovel of antibiotic activity
had dropped below an inhibitory level in the other parts of
tho }"lant. r~(~infection of tl:'i:.'at(:)dplants by infective
payl1[~ cannot; be ais.lCounted as reason for the reappearanoe
of disease symptoms.

Time of application of tetracyoline haa beon reported to

influtrlOE' th(~ l1t~cr.IVel'Yindex. with greater succeaeea being
Y'('('H)l:'('iod when the CH1P :flow in t.rees is stvong (Goodwin;
pero. ccmm.}. A fltrong sap flow probabl~r re::wl.tsin more
Rffioi0nt trBnolocntion of the antibiotic within the plant.
PX'lmi n~ I).f:t' diooas':Hl twiP;8 Goon after trannfusion was found



53

by Su and Chang (1976) to improve the effectiveness of
trunk injeotions with tetraoyoline HC1. The authors
speculat.e that t.he transfused antibiotjo was unable to
diffuse +o all the tips of diseased 'cwise due to low
t.ranar>iration caused by the small diseased leaves on such
twiss. Pr1.ming the dieeased terminal twigs after
transfusion would elimi~ate any untreated inooulum in these
pa~ts of the plant.

More reoently, researoh haa shown that a member of the
tetraoyoline group of antibiotics. rolitetrao:voline, has a
highly benefioial effeot on greening-infeoted oit,ruCltrees
and will bring them back into }?l('oduct:l.onduring the same
seaaon in which it is admini~tered (Gaenssler, Goodwin and
Mal:'shall , mpubliehed report). Moreovex', oerta 1.npropel:'ties
of the antibio'bio make it an attraotive alternative to
tetraoyoline HCl and other members of this group of
~ntibiotioet the applioation of which suffers from numel:'Ous
praotioal problems.

Rolitetl.'aoycline (l?MT) is hiShlY I!'.olubleat neutral pH, j.t
does not fOt'1n insoluble residues, ar~ddistributee better in
treees (Gaenssler, Goodwin and M~rshall, unpuQliehed
report). TheBe charactel:'is'bicemake it ideal f01:' use with
the micro-injection application teonnique. BUitendas and
Bl:'onkhol:'at(1983) repol:'ted that PMT applied at half the
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dosage 1:'equired £01:' tet1:'acycline Hel gave the aame desree

ot' graening ccnt.r-o.l, PMT had the add(J':.\ advantage that

discclOu1:'ation of the xylem was considerably reduced,

adr~orption took half M long aFl in t.he case of tetraoycline

Hel. and, unlike tetl'aoyclim!) Hel, PWl.'could easily be

absorbed by the tl:'ee in \9inter when the level of

tl:'anepiration was reduced.

Despite the beneficial effects of antibiotic treatments,

thJs met.hed of greening oont!'ol Eluffers from the major

dl:'awbnck t,hat resiBt,ance te) the antibiotice can occur

l:'apidly because at the l:'el!lt:l.vely low concentrations of

tetraoyclinea used their action is bacteriostatic rather

t.han br1.ct,ericictal \ Van \Tuuren and Moll, 1964b) • Alao,

r-einiection of suet .:f'\ofll11y tl:'eeted trt)se may still cccur ,

even wit,h the use of innEit;ti.l1ides (Van V\.\uren and De. Graoa,

19'78) • Flltul:'E! (;ontrc)1 of the dinense ahould therefore 'be

aimed at an efficient Vtmtol:' contl'.'olprogramme and tole:rant
or r~6iBtant citl'.'u~ oultival'.'s.

Van Lolyveld and \Tan \Tuuron
('}ct':t'olation 1,)(:jl:'oxidaoo

(1.986) found

a.ct:l. vit.Y and

positive

oxhibit0.Cl ~y oit.l:'uO c1l1t1v().l'.'s to S:rtHJYling. Levele of

r'ol"C1xidaof) act.:lvit.y W8l:'O :found t.o be highest in lfHw(H:1 of

t.ilo gt'oonin~ tolerant. GuJ.t.:LVI'.,l~ 'ruh:!. ti limo and deoreased

w.i 1'.11 inc'x'('anoct rawcopt.ib:! lit.y. t.ho hi~hly oUI3t'wptible sweet;
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ot-anSel and" Mineola o=I::'1:!b,.tinst;he loweet levels of
aotivity. The ~e8ea~che~s suggested that pe~0~ida8e
activity in mature leaves can be used as a means of
aSBessing the susoeptibility of 'it~ulS'oultiva~s to
grosening disease. thereby providing an a1te~native to the
lons-te~m teating of hyb~ld8 b~ed fo~ s~eenins ~e8iBtanoe.

1.9 METHODOLOGIES

.L.a.l Kooh'a postulatee

1.9.1.1 Isola.tion of the sreenins 0~sani8m from infected
mate~ial

The isolation and oulture of the aetioloSioal a~ent of
s~eenins diaease in ~ would be of s~eat significanoe as
it would faoilitate not only the oha~aote~ization of ~he
o~saniam, but alao the development of a senaitive. specifio
ee~olc>sioal o~ nucleic aoid-baaed deteotion syatem for the
disease. In addition, it would be the first atep in
confirming, by the fulfilment of Koch's postulates, that
the p~oka~yotio o~ganip~ obse~ved by various wo~kera in
infected pl.ant and inseot mate~ial is th~ causative asent
of the dieeaae.
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~'he reoognition that sreenins diaee.ss was associated with
structures resemblins prokaryotic microorse.nisms (Lafleohe
and Bove, 1970b) raised earJy hopes that the di~eaee asent
would be culturud and its aetiologioal role oonfirmed. Many
attempts have since been made to isolate the caueal e.gent
utilizing methodologies developed for a variety ot'
fastidious microbial pathogens. Early reports olaimins the
auoceasful in:ld.:t.l:!Q CUI'CU1'S of the greening ol'saniam (Ghoah
.eU:i. al., 1971. Sodhi .e.t.. aJ.., 1973) r"rereine.ocurate ae the
organisma isolated were mycoplasmas and were therefore
probably ocmtal1linanta. A later report by Gal:"nett(1985)
olaimins the isolation and culture of the aetiolosioal
agent of the disease wae never confirmed and must therefore
remain highly questionable. The report, howevert alludes to
the fact that the organism desoribed ie the oausative agent
of greening disease, despite 'che lack of ccnc l.ued.ve
experimental evidenoe in aupport of the authol:"'Sclaim. In
the same journe.l, reports by Ariovioh and Garnett (1985)
and Dunoan and Garnett (1985) present fUrther
oiroumstantial evidence to support the olaim made by
G~rnett that the bacterium is the aetiologioal agent of
greening disease. Attempts to repeat aspeots of thie work
perfot"med by these author!!!in this labore.tory and by other
workere have met with little suocess. In a later
pUblication, Ariovioh and Garnett (1989) reported the
reoosnition of be.oteria in st"eening-infect~d plant material
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by an antiserum raised against one of the bacterial
isolates fr-om infeoted citr-us.The authors felt that this
finding fur-ther aUPP0J:·tedthe oontention chat the ou1tur-ed
organism was in fact the causal agent of oitrus greening
disease.

The note of oaution sounded by Maramorosch (1972) in the
early stases of research into the ieolation of the
aetioloSical agent of the 1'ellowsdiseases probably applies
just as much to the work carried out on the ieolation of
bhe oitrus SX'eeninsorsanism.

Plant pathogenio bacteria oan conveniently be divided into
1) those that srnw on atal'dardbacteX'iolosioal media and 2)
those that do not. When attempting to isolate a ba.oteX'ium
about whioh little is known, it is 'USUalPX'aotioe'toemploy
several different common bX'othand agar media. If St'owthof
the organism is not B'Upportedby standaX'dmedia it becomes
neceeaat'y foX' the reaea:t'cherto investigate the more
complex media developed for organisms suoh as mycoplasmas
and epil:'oplaemaawhich are diffioult to oulture axenioally.
There ie obviouely also soope for dev"elopinsnew (.)ultUl'e
media and investisating innovato~y teohniquB8 suoh as
oultivation in embryonated hen's egsa and insect oell
cultures (:t:'evi,ewedby Liao and Chen (1982) and Eden""GX'een
(1982». Nienhaus ~ Al. (1978) reported the suooessful uee
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of chiok emb~'yoS to oultivate Riokettsia-like orgl:misms
(RLO) from yellows-diseased grapevines. The authors
observed a high oonoentratiou of the RLO in the
ohorioallantoio fluid and ohorioallantoio membrane of eggs
10 days after inooulation with extraots of root material
from diseased grapevine.

In o~der to verify the hypothesis proposed by
Garnett (1986) and Ariovioh and Garnett (1989) that the
cultut'ed bactex-ium ie the oausal aE:ientof st'eening, it is
n~ceesary to fulfil the criteria laid down as logioally
essential to establish the oausal rela~ionship between a
speoifio mioroorganism and a specific disease, viz. Kooh's
postulates. The fulfilment of these postulates would
unequivocally demonstrate the pathological significanoe of
the isolate in greening disease.

1.9.1.2 Inoculation of plants and inaec'hswith oultured
isolates

In addition to the fulfilment of Kooh's postulates, a
lmowledse of the 1:'elationahipbetween a putative S1:'eening
ieolate and the insect vector of the disease would be an
aid in detex-mininS the aetio1oSical 1:'oleof the isolated
organism. Moll and Martin (1973) and Moll (1974) x-eported
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that afte~ ingestion of the organism, the ineect becomes
capable of transmitting the disease and that the greening
bacterium replicates within the :i.nsectand i,ecapab l.e of
penetrating various hoat memt~ane and tisaue barriers. The
demonstration of an iaolate's ability to multiply and
spread within T. erytreae would therefore serve to further
substantiate the pathologioal sisnificance of the cultured
bacterium and its causal relationship with greening
disease.

The inoculation of a susceptible plant species with a
particular inbeot~vectored phytopathogel via the vec~or is
a feasible al;,ernative to mechanical inoculation of the
plant host with the C'L~J.turedorganism. Moreover, in the
case of a number of phloem-limited pathogens, inoculation
of plants via this l;'outemay be the only means of
effectively introduoing the organism into a pl~4nt.

Initial attempts at inoculating healthy citr\).sby immersing
exo:l.sed
and then

leaf discs in a auapsn~ion of th~ ou~tured isolate
grafting the discs baok into the same leaves was

Unsuocessful (M. Rota, pars. oorom.). Mechanioal inoculati~n
of oitrus by stem injection as well as inoculation of
plants via T. erytreaa (the isolate having been introduced
into the vector via either membr-ane feeding and
mioro-injectj.on) are altelmative methods whioh may be used
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in attempt
demonstration
the isolate
aetiological

to fulfil '[{och'spostulates. Furthermore,
of the inseot vector's ability to transmit
may serve as additional evidence of t:"'-i
relationship between the bacterium and

greening disease.

1.9.1.3 Alternate host plants

Periwinkl.e (Catha.ran:t:ua:c.oaeust.) ha.sbeen shown to be an
alternate host of the greening organism (Garnier and
Eove, 1983) while cucumber was reported to develop various
symptoms when mechanically inoculated with extracts of
greening-infected citrus (Schwa.rz, 1968b, Capoor
.at Al., 19'75).The inclusion of these two plant species in
transmission trials with e. putative greening isolnte is
therefore relevant. Dodder has been shown to be an
alternate hosrt plant of the greening o:t'ganism(Ghosh
.e.t Al.. 1977) as well as functioning as a vector for the
transmission of the greening organism between susceptible
plant species (Garnier and Bove, 1983).
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1.9.2 Detection of gr'eeninsdisease

1.9.2.1 The need for a detection assay for greening

Infected propagative material is a major source of primary
inoculum for lI)ostof the important phytobacterial diseaf:leb
of food crops, inoluding citrus greening. If introduced
into an established orohard to replace mature trees
uprooted because of disease, or if used in the planting of
new orchards, greening-infected citrus material can serve
as a potential source of the disease for dissemination by
the insect vector of the disease. Thus, the production,
testing and subsequent planting of pathogen-free material
is an important means of oontrol of this and other crop
diseases.

The use of symptom observation alone as a criterion for
infection with greening is unreliable as the eXpression of
"greening-·like" foliar chloroses may bel due to abiotic
factors such as micro-element deficiency, as well as to the
presence of pathogens other than greening (Catling, 1970b).

Although the fluorescense test of Schwarz was reported as
being specific for greening disease and of use in the
commercial indexing of citrus lSchwarz, 1968c, 1970), the
test has been found by some authors to be unreliable
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(McClean,
applicable
197013.).

1970, Knorr.e.t..al., 1970). Also, the test is not
to the insect vector of the disease (Catling,

In the absence of a definitive detection system for
greening, such as a serological test, certif~4~tion
programmes are based primarily on visual inspections of the
growing crop for the detection of the disease. Plants
showing no visible signs of infection are generally
presumed free of the pathogen and henoe any proPagating
material hanveut.ed from symptomless plants is generally
considered "clean". This pl:'actice may lead to the
collection of infected material from susceptible cultiva:t's
which appear symptom free.

1.9.2.2 Development of a serological detection system

Diagnostic serological assays for plant pathogens other
than vi 'uses are being developed with increasing frequency
(Schaad, 1979, Johnson ~ Al., 1982, Malin ~ AI., 1985,

Moyer aHd Echandi, 1986, An~9rson and Nameth, 1990). The
vast array of antigens containe~ in organisms such as
bacteria and fungl (compared with viruses), together with
the likelihood that closely r-eLabed epiphytio or endophytic
saprophytic organisms may be present in or on the sl::t.me
plant tissues, has complicated the development of
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se~ological detection syetems for these organisms (Sehaad,
1979)" For an antiserum to be useful it should, ideally,
recognize the fewest antigens common to both the pathogenic
and non-pathogenic st~aina of a particular bacterium (Moyer
and Echandi, 1986). In addition to antigens shared by
pathogenic and ncn+pabhogerid.c bacteria, the possible
existence of antigens cornmon to both the target organism
and the host plant may fUrther complicate the development
of an effective diagnostic serolog~cal assay.

Serology is perhaps the most useful method available for
rapid detection and presumptive identification of bacteria.
Serological tests do, however, have limitations, the major
disadvRntage of any serological assay being that a positive
result is not abeo Lube, l;ut~ .gemential in many oases.

'1'he
and

pr-oduo tLcn of an effective greening-sped flc anti :Jt'um

its use 11'1a rapid, r-eIiable and sensitive serological
for the deteotion of g:t'eeningin both plant and
..1aterial is oLear-Ly of vital importanoe. A means
the disease oan be.deteoted in the early stages of

assay
inseot
whereby
infeotion, prior to the development of visible symptoms, is
necessary for the effeotive management of greening.
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Attempts have been made to dev~lop 6e~ologioal detection
systems for the diaease. Usins extracts of either cultured
bacterial isolates or infected plant material as immunogen,
both monoclonal and poly-clonalantisera heve been raised in
a number of laboratories and employed in different
detection aasays with varying 6uccees (Duncan, 1985,
Garnier .at Al., 1987, Smith At Al.j 1988, Karsten ~ al.,
1991, Garnier ~~ Al., 1991, Chippindall and Whitlock,
1989a. 1989b).

Although a polyclond antieer'l.lmraj.eedagainst the CUltured
bacterium was reported to detect greenins in the EL!SA
assay (Duncan, 1985) and in electron microsoopic atudies
ueinjit colloidal sold as an inununohistcchemical me.rlter
(Ariov.~ch and Garnett, 1969), the antieerum hats been
repo~red to b~ unreliable by oth~r workers (Garnier
.cUi. Al.., 1ge~!,Chippindall and Whitl.oolt,19B5a I j,989b).The
antiserum did not always distinguish between healthy and
greening-infected samples and showed inadeqUate
specifioity, possibly due to orose-reactivity with either
host plan.t oomponents or epiphytes on or in susceptible
plant tissue. l?roblema I!luohae theselma':Ybe oVt'llroolllwith
the use of the monoolonal antibodies as these are more
e~.ecifiothan oonventional poly-clonalantisera.
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Initial results obteined wit.h monoolonal entibodies have
been promising but thus far none of the eero~easente
developed have been shown to be suitable fOr universal
applioation. Monoolon~le raised against Indian and Afrioan
greening recognized Breenin~ isolates from Reunion, India
and the Philippines (Garnier ~ Al., 1987), but not f~om
China (Jiang, 1988) and other geographioal areae (Oarnier
.at Al., 1991) whioh auggeete that the ant:l.bod:l.eawere too
speoifio. Taking this into aooount, as well as the high
ooet~ technolosy required and time involved in tho
produotion of monoclonal antibodies, the development of a
high quality polyclonal antiserum is clearly deeirable.

1.9.2.3 Improvemetntof detection aSl!layresults thx'ouSh
increased antiserum speoificity

The ('Uagnoestioeeneitivit'/Yof enzyme imm\.mOa3sayevarlee
with the antisGrum and the type of prooedur~ used and,
ultimately, the effioaoy of a partioular eel:'oloSioal
detection assay i~ determined by the ~uality of the
antiee~um used. Ideally a polvolonal antiserum should
exhibit a oombination of hiSh titre and hi"h speoifioity if
it is to prove effeotive in a diagnostio assay (Sohaad,
1979). The speoifioity of en antieerUffiis ueually
detex'mined by the nature and relative pUrity of the
immunoSen Pt'eparation ueed for injeotion. The multitude of
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antigens pres~nt in baoterial pathogene, together with the
inol:'eaeed p):'obabil1tythat antisenically l:'elatedpathogenic
and non-pathogenio ot'saniemo may ocCUpy the eame hC'lst
tissues. has made the development of diagnostio assays fot·
bacteria more oomplex (Sohaad. 1979). Various preparations
"f 't.hemodif.iecl baoterial immunosen can t howe-'lal:'1 be used
for the immunization of 1I:l.bol:'atol:'Yanimalo whioh may lead
to the impt'ovement of the quality of the resultant
emtisel:'um.

Whe)!'('jan antiserum ie p:c'oduoedasa.Lnet a phytopathossnic
baotet'ium, the use of whole, live oaotel:'ialoells has b~en
found to be adequate (Nambier and Anjaiah, 1985, Anclereon
and Nameth, 1990) . HO\'1t!wel:', by ul!i:l.nli.l?reparatione of
heat ..killed oella for immunization, workers have observed a
reeultant impl:'overnemtin the speoifioity of the ant:l.eerum
(Sohaad, 1979). A number of o~'hel:'prooedul'ee have been ueed.
t.o pre-tl:'eat immunosen for the produotion of hiShly
speoifio antisera. LiCl-extra~ted membranu protein
OCltnplexee from varioue mioroQl,'Isaniems have been used al5

in order to raise speoi£io sera for use in
plant-pe.thosenio bactel.':l.a(Yakrul!!and Sohaad,

1979, Chang and Scha&d. 1985, Aze.d and Sohaad, 1985). A

imm\.lnosene
identifying

Hpopolve«.ooharide prepal,'la'cion

A~~t_el'.:lJJJn .1i.lJ.lrulf.QQi~oawae ehown
produotion of etrain~speoifio antibodies
3.988) •

fl:'om
to induoe the
(Bouzar Act aJ.. ,
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Po l;yaorylnmide geJ, el.eotrophoresis (PAGE) (with or without

sodium dodecv l, sulfate [GDS]) Ls another teohn:tque whioh

can be used to ;i,dentify and isolate specific immunosene

from a corople:-:: mixture of mlbetancea. The technique hae

been uaed by 11 number of workers to LaoLabe speoific

'rJe~ltidea fl'l"'tnmixtUl'ee of proteins for use as imm'lnogen

th€, prodm~tiQn of speoific: o.ntiaera (HcMillel and

Cc.\nf.'.i~;!li. 19'77, Renart e.:t. a.!... 1979. Tjian .e:t. Al., 19'74,

Boulnrd and L(~C~l.'Meoy. HJ8~~I 'rClsemer and Derniok, 1989).

l1auaher (1090) isoltlted specifio pr'ote:l.ns frClln hlishted

n:!'t:'l'UO t'.l'COO by SDf~'~PAGE and used these as immunogens in

nhe produc-:tic:m of a pc'lyolonnl antiserum. '.rhe l.mtiserum was

found t~ ~a specific for blighted citrus. Usins the Western

ble:.t.ting pro(;edure. the (mt,hot' showed t,he.t thE: 19G £:t;'aotion

,:d' tohl') antinerum l'eaotl'.~d with extracts of blighted cltl'uB,

whllo a negative antioer'lAm response was observed with

G~.it'l'UO mntor'inl infeoted with triotezn VirUB and wi th

mat~)r:l.e,l fl.'om tl'(j~~[.1fltre"~(.led by watel' de:r;)l'ivation and zinc}

de:f:'h~iEmGY•

'1'he ~enat,ul'ing nonci:l.tions ()f ~il)S··PAGEmtly be a. diBadv~mtage

ir. t.ho }:Jrol'nrc'.tion of Lmmunogen as an antiserum raised

ogninot a denatured pr0tein may nat be able to recognize

('XPNIOd ant,ip;pnia dotOl,'minanto in fCllded prQt(~ins (HaMillen

and Cfllwip:li. H1'1'/). flenc.tm'ation of Lmmuncgen , hCJWEwBr.

may not affect tho rooogn1tlon of a particular protein in
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its native state in all instances. Tjian ~ Al. (1974)
repol'ted that antiserum raised against denatured
BacilluC! sllbtilie 5' Factor wae able to precipitate the
native protein in diffusion aeaayu. Boulard and Lecroisey
(1982) reported the uee of SDS-PAGE to purify insect
pro'ceins for use as immunogen in the production of apeci.:fic
antisera. The authors observed that neither dtainins of the
protein with Coomassie Blue nor denaturation of the protein
with SDS was :found to modify the immunogenioity of the
protein trapped within the acrylamide gel. The preparative
separation of viral polypeptides by SDS-PAGE for uae in the
production of monospBoifio antisera haa also been reported
(Teaemer and Darnick, 1989).

Antieern raised against orude prep~rations of immunosen
whioh display unacceptable levels uf cross-reactivity may
be rendered more epeoif:\.oby prooedures suoh as adsorption.
'I'he pl'ooedure generally renders an antiserum specific :for a
given antisen (Lommel ~~ al" 1982, Moyer and
Eohandi, 1966). Exhaustive orcss-adl90rption against healthy
oitrus material and varioue non-related baoteria may thus
eignifioantly improve the speoifioity of a polyclonal
antiserum raised against either a cultured bacterial
iAolate or an extraot of g~eenins-infbvted citrus.
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If lack of antise~um specificity is an unavoidable p~oblem
in a p~ocedure auch as ELISA~ a method such as prt:'.:pa"'b.\Jive
immunofluerescence microscopy (PIFM) may p~ove useful. This
technique should aleo be useful in the deteotion, as well
as in the enume~ation, of phytopathogens whioh occur in
plant and inseot vector tissues in low numbe~a. The
procedure was adapted by the author from the di~ect
epifluoteacent filte~ technique (DEFT) developed by
Pettipher and Rodrisues (1982) for the enume~ation of
micree~sanisma in foods. PIFM combines membrane filter
techniques with inununfluorescent mic~osoopy. The technique
involves the enzymatio digestien and removal ef debris from
homosenates of infect.ed plant material followed by the
concent~ation of mic~oo~ganisms by memb~ane filtration.
Trapped microorganisms are reacted with a speoifio
antiserum followed by reaotion with a secondary antibody
oonjugated to' a fluorochrome. Microsoopic observation of
membranes reveal the presenoe or absence of partioular
o~ganisms by visualizing fluoresoing be.ctex'ia.lcells. Thus,
re.the~ 'than simply observing a preoipi tin band or meaeurins
an enzyme reaction, PIFM allows the wo;r-kel:'to discr:l.minate
mo~pholoSy of the stained target organism ve , ncm-apecifio
reaotions from host components and oontaminating oelle.
Until optimal antisera are developed for a particular
antigen, this feature makes PIFM particularly useful aa the
additional information is valuble fOr assessing the
validity of ee~olosioal reaotions.
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The major disadvantage of the PIFM is the subjectivity of
analysis, the need fo~ specific equipment suoh as a
fluorescent miot'osoope, and the time and expensa involved
in sample p~epara'tion and examination

In addition to
as a means of

increasing the specifioity of an antise~um
improving the effioaoy of a serological

detection assay, simple modifioations of the basic assay
prooedure suoh as altering inoubati~n times and
temperatures and including va~ious blockins steps may also
lead to improvement of teat results.

1.9.2.4 Improvement of assay ~eeults th~oush the
alte~ation of sample preparation prooedures

The suooessful detection of baoteria in plant material ie.
to a large extent, dependent. upon the development of
app~opriate prooedures to efficiently extraot and isolate
the desired ta~set pathogen. Diagnostio assays necessarily
must be deeiS','ledto deteot and identify the least nU!li'oe~of
cells possible and the primary intent of an extraction
scheme should thua be to optimize the pe~cent target
~eoovery. Plant material serves as a reservoir for a wide
variety of aap~ophytic organisms and effeotive ta~get
r'"oove~y depencie upon minimizins the oompe'l:;itiveinfluenoe
of these aaproph:'ltes 011 the ta~set, as well as upon bhe
mil'limizationof interferenoe by host tieeue deb~ie.
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The prooedure used for the preparation of samples fot'
analysis in deteotion assays may signifioantly affect the
effioacy of a particular test. A simple step suoh as the
vigoX"oue pre-washing of leaf tissue reduces the surfaoe
mioroflora and debris oarried on the sample and minimizes
interferenoe and potential croae-reactions of saprophytes.
Tiseue maceration is e. oommonly used method employed to
t'elease tarset orsanisms fx'om plant material, however ,
maceration can also increase the release of interfering
subatanoee and toxic materials, thereby decreasing the
sensitivity of the assay'.

Certain applicationa of ELISA Are limited by eterio
problems but these may be overcome by adopting different
approaohes to the method of sample preparation. Lars~
partioulate-type antigens suoh as bacterial cells do not
bind strongly to th~ fteeayplatee and are easily dielodged
durins washins. In an attempt to overcome thie problem,
Kawara'bata and Hayaaaka (1987) deveJoped an indireot ELISA
assay for the detection of soluble surfaoe antigens of a .
microaporidian spore extracted with alkaline solutions. The
authors t'sported that the preparation of alka.li-I!lolubl.e
surfaoe antigens was simple and that these antisene were
more suitable for ELISA than the intaot sporee. !t is
possible that steric problems assooiated with the
partioulate natllre of bl'loterial oelle may be OV('l l:'C orne
through the use of eimilar extraote in the aesay.
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The double antibody sandWich ELISA (DAS-ELISA) (Voller
~ al., 1976) is a widely used assay for the detection of
phytopathogens. The disadvantage of this method, however,
is that the immunoglobulin of each test ser'ammust be
purified and coupled to an enzyme. In addition, the
specificity of the test can preclude detection of even
olosely related strains of the same antigen (Koenig, 1978).
The indireot ELISA (Lommel at Al., 1982) avoids the
necessity of making speoifio enzyme conjugatee for eaoh
antigen to be teatc1 and eliminates the extreme
apeoificity. However, a pr-~blernaaaooiated with the use of
the indirect ELISA for detection of plant pathogene in
crude plant extracts is the interfer-enoe by host proteins
on th(~ detection oapabilities of the test (Lomme l, .e.:.t. a.l.. ,

1982) . This in'terfet'snca has been attributed in part to
competition between tarset antigen and host protein fOr a
finite number of. binding sites on the solid phase (Lommel
~ al., 1982). 'thesame authOrs repOrted that quantitative
deteotion of tarset antigen Was unaffected by the presence
of contaminating host proteins in the DAS-ELISA.

Similar j,nterference phenomena were reported by Leach
~t al. (1987) who described a dot-immunobindins aseay (DlA)
for the deteotion ofaxanthomone.d in aorshum. The authors
reported that the abundanoe of ~18nt proteins relea~ed by
the grinding of samples eatur~ted membrane binding sites
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and plant pigments stained the membrane, making accurate
detection difficult. An alternative method of sample
preparation involving the elution of bacteria from leaf
material by soaking the excised tissue in distilled water
was fOUl;!...)y the same authors to be more saM.afactory. This
method allowed for the adequate release of bacteria into
the sUBPer.ding med tum without heavy contamination of the
sample by
procedure
preparation
Because of
method, it was investigated as an alternative to sample
homogenatinn and other extraction procedures in this study.

host plant components. A similar leaching
was used by Malin .e.1i. .a.l • (1985) for the

of sample for various serological assays.
the obv Loue advantages of this water leaching

1 .9.2.5 Deteotlion 1f disease-specific antigens using
various immunodiagnoatic assays

Since the first report of the use of serology to identify a
plant pathogel'lic bacterium in 1918, the deteotion t:.HCi

identification of phytopathogenic baoteria has been carried
out using a variety of serologioal teohniques includinn
tube agglutination and preoiPitation, agar preoipitin and
immunofluorescence (Schaad, 1979) • The enZYme-linked
immunosorbent assay was first applied to virus detection by
Avra.meas (1969) and after the report in 1971 by Engvall and
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Per-Lmann (1871) , ELISA became recognised for its po.tential
in the detectiOl..of phytopathogens. It is, however, only
since ~he worh of Clark and Adams (1977) on ELISA protocols
for use with plant viruses that the assay has been widely
used for the detection and quantitative estimation of a
large number of antigens from plants. Several variations of
this prc)cedurehave been developed.

ELISA it3 a routine method for detecting and assaying plant
pathogens because
simplicit'9', the

of its sensitivity. Despite its relative
technique is rather laborious and

time-consuming and requires some special equipment. Also,
bacterial applications of the technique are often limited
by sterie problems, but these can, to a certain extent, be
overcome by altering the sample extraction procedUre and
employing a variation of the conventional ELISA pl:'ocedure,
namely the dot-immunobinding assay (DIA) (Leach.e.:t..a.l.,
1987) •

The principles of DIA
ELISA. differing only

are almost the sarneas those of
in that antisen is bound to a nylon

membrane or to nitrocellulose (NC), rather than to a well
in a polystyre.e microtitor plate, and that the product of
the
rapid

enzyme
and

reaction is insoluble. DIA is the most simple,

chez-acben izat ion
sensitive assay for immunological
of ph~·topathogenic bactier-La and fastidious
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prt.')karyo'l:.es,obtained either from culture or from diseased
tissue (Lazarovits, 1990). Additional advantages of this
technique over ELISA are a large number of samples can be
processed within 2 to 3 hr., rather than the day usually
required with conventional ELISA, and bo+h the antibodY and
the enzyme conjugate solutions can be re-used several
times. Also, DIA does not require hlghly tralned personnel
for interpretation of results.

Solid-phase radioj.mmunosorbent assay (RIA) is in p:t'inciple
the same as the DIA. In RIA, however, a l:'adio-labell~d
~econdary antibody is used in place of an enzyme-labelled
molecule. RIA is preferred in instances where plant enzymes
such a~ peroxidases interfere with the ELISA enzyme
reaction, The assay is particularlY useful when pJ.,.ant
pigmer..;· interfere with the interpretation of DIA results
becaule of staining of the solid phase, RIA is considered
al,,ghtly more sensitive (2- to 4-,fold)and Jess subject to
variation than conventional ELISA (Benedict and Alvarez
1990), although ELISA is usuallY preferable as it avoius
the handling and storins of radioactive materials.

Numerous immunodiagnostic assavs have been developed for
baoteria and important cons.Lderations in choceLng a
specific assay system are pethogen variability, assay
sensitivity requirements, complexity, cost and time.
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1.9.2.6 W~stern blottins

The transfer of proteins separated by gel eleotrophoresis
from the gel matrix to paper and the eubeequent pl:'obingof
the illllnobiliz!9dproteins with epecific antiee:t'a(Westel:'n
blottin~) ie a valuble teonique for the deteotion of
speoific pl:'oteins:I.ncrude extraote'l.The technique is
extremelY eencltive and hae allowed th~ detection of very
l~w amounts (1 PS - 1 ns) of antigens in 0&11s or natural
~luide. In this way, for instanoe, Newcastle disease virus
has been deteoted ir. ohiok embt·yo oells (Bolen at Al. »

1982), hepatitis B virus in human sera (MeMiohael AL Al.,
1961) and plant virueee in plant eap (O"Donnell .ft.t .al.,

1982) .

A :further applioatiC' of 'bheWeetex\nblottins teohnigue ie
ite use in ael~otins appropriate preparations of antigen
asa:l.netwhich polyolonal antieera may be reaoted in the
produotion of mono-epecifio antieera. Moyer and EOhandi
(1968) reported that Western blot comparisons of
eleotrophoretio protein profiles of different stratns of
~';l'];!:tQm~~C1 i120mgeaa indioated that quantitative
differenoes amons the estrainerevealed by ELISA Nere due to
differenoee in the numbere of ant1gene rsoosnized by the
antieecum in extraots from pathosenio straine and :from
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oonttllmirmt.ing and closely related 1:1trains. Tho e:uthora 'Used

tlle technique to oslect. stl'aillB against which their

antLeer-um ceu Ld be 1;3.boorbedto yif31d an nntieer'Um speoifio

for a pathogenic strain of the (Yt'gar13.sm.

Protf:. ~11 blC'yt.ting i(;1 a simple technique. convenient to

perform and aconemi ce I wi th respect t.o l:'eagenta and tiuie.

Ita hiSh sensitivity and innate ver'so.tility clearly allow

it ttl be npplif.'.d t~omore thr..n ,iust, th.J routine analysis of

complex mixt;Ul'ef.l of protoino.

1.~).:3 Prclduct.icm cf ant j.ser'a asain~t; host plant-der:!. ved

bllctel:'ial immumJgene

A majol:' ebat ac Ie limiting l:'cONu'oh on marnr faetidi\)\l~

phytoj."Jt\thc)gcm:tc Pl~('Jknl:'yoteIJ.io the inability to iaolate o.nd

cul tUrE! '!:,h!;)ICJOol'i'\rmiomo in Y,i'tl',~.In t.he absence of

o'''i table media to QUPP(;)l;'t. tho g:t't..')wthof these Ol:'sanil3me

outsid",· their F·lo.nt hoot.n nne;! inooet. vectol:'S I numeecuo

at.t,empt.c have boon made to o'l;)tnin t~h{) ol:'ganiamo direotly

from extrnoto of iafectec1 planto Bnd inoecta using various

pUl'ificctt.lon methods (Sinha. 1974. Fl:.\onch Qt al., 19'17,

Aroher ,ct. CI..L.. 18B~~. Clm'k et ,'-\l., 3.[,83, S:1nha and

Ghiyl{clWoki. lHc\4. Jiml[?; and Chen. HH'll. M{u'tin"'GrOfJ ,!;It ,al.,

lOa? • Chon ,md ,1Lang, lD8B, ,Jian(i'. .et .u.J.., 10m3. Sui. 1988,

Chh':pindall nucl. Wh.it.1tH:Jt, WBBh. Garniot' ~t A.J. •• 1991,

Koroton ut ~l., l~Ul).
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As in the case of samp.lep~epa~ation fo~ detectivn assays,
the primary intent of any ext~aotion prooedure is to
optimize the percent tar,~t reoOVe~y. The percentage
recovery of target baoteria f~om plant tissue is la~selY
dependent \lpOn the inoculum conoentration, as well as on
the optimal release of th~ ta~set from tissue, the
minimiZation of contamination by eaprophytic mioroflora and
the minimization of interfe~enoa and contamination by plant
oomponenbe. When ve~Y low target inoculum deneitiee a~e
involved, a ooncentration step following extraotion may be
advantageous. This oan be done by filtration o~
cel'ltrifusation, however, drawbacke with these methode
include ccnccmttaut cOl').oen.trationof eapX'ophyteeand hoat
plant debris.

Ext~action and purification procedures foX' a particular
lnicX'ooX'ganiemhave to be determined empirically if little
:te known about the phyeioal nature of the tarset oX'saniem.
ArtificiallY contaminated samples may be used in
preliminary al!leaye bu't the final evaluation of any
prooedu:!:'emuat be don& usins naturallv-infeoted material.

Methocle reported in the lit~rature fo~ the extX'actionof
mioX"c);')'t'saniemafrom infected mater,hi X'anne from simple
VM'.lUm extraction of X"iokettl!litl.-likebaoteXliafrom peach
tieaue affeoted w:!"bhphcmy dieeaee (h'remchAt lll., 197'7)to
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more complex and lensthy t(;lolmiguee such as that developed

by Sinha. (1974) and Sinha and Ch:l.ykowski (lB64) to extraot

different mycoplaema-like organisms from plant material.

The pur:l.fi("\l>,tion prooedure X'eported by these authors

involve the followins eteps: (i) ve.ouuminfiltration of

leaf t Iseun with 11sCl "slyoine buffer,
2

(1;1.) homogcn;ZF.,!:',ich, (iii) treatment of olaY.'ified sap with

aotivated oharoo~l and Celite 545 and adsorption of MLOeon

a CelitA ~ari, (iv) hish·epeed centrifugation of the eluted

opalescel1t. :rraotiCIY>,6, (v) fUrther purification by column

ohroma.toip.'3Phy. and finallv, (vi)

centrifusl'lt.1 /'\)"1 ,'md high-speed cemtx\ifugation to obtain a

pellet of 'pul!'J:Uad" MtOa.

MvsL of the other reported puX'if:l.cation prooedures simply

invQlv~1 hamC'llen.tzation of material in extX'aotion buffer

followed by two oyoles ai differential centrifugation.

Ohippindall. and Wh:l.tlock (le6Sb) and Sui (1988) included

enzymatio degradation etepa in order to maximize the

release of ba.otaria fX'om greening-infected citrue leaf
material. Jians ~ al. (:l.968) utilized A monoclonal

antibody specifio asain"t asteX' va"lowe MLOan an ~,ffinit¥

oolul!;n chX'omat.ogX'El.phiotElohniqut!)to obtain highly-purified

preparatie~\'l of the MLOfrorr. dieease lettuce.
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Utilizins preparations of organisms from infeoted material,
both monoclonal and polyclonal antieera have been raised
against the partially purified target organisms. Monoclonal
antibodies against a preparation of maize bushy stunt MLO
were found to react specifically with MLO~aeaooiated
antigen!!l in ELISA and immunofluoreecl!mt staining (Chen and
Jiang, 1985) . Similarly, monoclonal antibodies raised
against the aetiologieal agent of greenins disease
extracted fronl infeoted per'iwinkle pbnta by Garnier stIl Al.

(1987) reacted speoifioally with dieease-aeeooiated
antigene in infeoted plant material.

Clarlt .at Al. (196S) produoed a polyclonal antiserum against
clovel:' phy ll.ody-aeeoo:lated antigens uein~ pnrtially
Pl.u,'ifiedprepaJ:'ations from infeoted plante" 'l'h')antisertlm
exhibited a l:'elativelylow speoific pX'eeipitin '.:;it:rewhioh
pl:'eoluded the use of the stande.l:'dDAS-l~LISA and inl3tead the
F(ab') indil:'ect eandwloh p:t'ooedurehad to b~ used. Aleo,

2the antiserum exhibited vellyhish ant;1-plant activity and
it w~e ne~~emary to croee-absorb the antiee:t'um to
~lant-de~ived material. Althoush the oro~e~nbaorpt~on did
not remove all the baoltsrcund reac.:,~n, ~l dlffer~ntial in
ELISA valueel wal!! obtained betwe~n 'C,.j ,lJB.:rtially-purified

from infected and
antil!le~um wae epecifio for ita homologoul!Iantigen and no
Orol!le-reactione wel:'e observed between the antieerum and
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extracta of plant material infected with various um:'(Hated
MLOa. The prooedure employed by Sinha and Chiykowski (1984)
to purify the peaoh eaatal:'nX-~lLO Yielded l:)reparationsof
the organiem whioh were r-elaMvely free of hoet plant
oon'oaminente. The l:'eeultins polyclonal antiserum oould
therefore be used in the DAS-ELISA wj.th"utthe neeo to
cl"oee-adeorbit to heH~lthymaterial.

It is evident from the reports oited above that the
development of an antiserum exhibiting a high binding
affinity and specifioity against a phytopathogen whioh
cannot be oultivated in y..i.:t..t:.Q is possible thro!1ghthe use
of extracts of infected material as immunogene.

1.10 OBJECTIVES

A variety of microorsani~me haVe been ieolated from
sreemins-affectl!ld citrus (seotion 1.5). but aa th~'
isolations have never been fully oonfirmed by the
fulfilment of Koch's poetulates, the aetiologioal statue of
the organisms is hiShly questionable.

Because of the eev~rity and economio importanoe of citrus
greening disease. there is an ur~ent need to isolate and
oulttll:'ethe f\etiolosicalasent of the dieeaele.The .in ~,Q
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pl:'opasatiionof the disease agent would allow for the
charaotel:'ization of the ol:"saniemwhich may lead to a better
unde~etanding 01 the disease prooese and possibly to a CUl:'e
for greening as ~ell. Furthel:'more, the isolation of the
organism would greatly faoilitate the development of a
seneitive and reliable detection system for the disease.

This etu~y was undertaken to:

i) De'bermine the pathologioal eisnifioanoe of the
baotet'ial isolates of Garnett and Mooha'ba by attempting
to fulfil Kooh's postlates,

ii) Investigate the frequenoy of assooiation of the GC and
NO isolates with oitrus Flffeoted by sreening,

iii) Inv('ltiliIat~the relationship between the isolates and
1. ~~~~~~, as well as between the isolates and
various plant speoies,

iv) Attempt to isolate and oulture the aetil:>lol!ioalagent
of sreenins uains various artifioial media as well as
embl'yonated herl's esse and invertebX'ate oell oulture.

v) Develop a euitable eel'ologioal assay foX'the deteotion
of the iaolatem of Garnett and Mochaba,
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vi) Investigate the feasibility of ext~acting
greening-specific antigens from natu~al1v-infeoted
citrua and pe~iwinkle for uae as immunogen in the
producti(m of a. greening-specific polyolonal
antiaerum, and

vii) Develop an assay for i:;herle.teotionof sreenini
dieease utilizing tne 1ntiaerum raised asainst the
ext~aot from greened oit~ue.



84

CHAl?TER 2

MATERIALS AND METHODS

2.1 BACTERIAL ISOLATES FROM GREENING-INFECTED CITROS

Cultures of bacteria isolated from greening-infected citrue
were a sift from H.M. Garnett and F.M. Moohaba. The
isolates were ooded according to both the geographical
looaticm of the irlfectedsouz-cematel":!.aland the seotion of
the plant fl:'omwhioh the bacteria were originally cultuted.
The following isolates were used in this study:

NO - Nelepruit, columella
GO - R.andburg, coIumell.e,
LC - Letabe.. col,umella
IlL - Letaba, leaf (midrib)
TZt - Tzaneen, lee,£'(midri.b)

In addition to the above isolates. a bacterium coded OS wae
later isolated in pure oulture from the etem of a
symptomatic ououmber plant inooulated via dodder ~ith a
ph~rtopathosem from naturally-infeoted g:t"eemadoitl."us.
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Unless othe~wise stated, isolates we~e oultu~ed using
eithe~ MIG-l (Moohaba, 1389) or MIG-3 medium (Appendix Ai.

Fo~ short-te~m storage, isolates could be maintained on
sealed MIG-1 o~ 11IG-3slants or plates at r-oomternpe~ature
for 7 days without showing an app~eoiable decrease in
viability. Fo~ long....te~m 6to~ase, bacteria in the
exponential phase of g~owth were harvested f~om liquid
culture, ~esuspended in 15% (v/v) glycerol in distilled
wate~ and frozen at -70 C.

2.2 ISOLATION OF THE BAOTERlUM FROM VARIOUS SOURCES

bacteria
(and made

(19aS) and Moohaba (1989) suggested that the
cultured by them from greening~infectad citrus

available to the aubhcr-)were iaolatae of tihe

aetiologioal agent of s~eenins diaease. In an attempt to
investigate the frequenoy of association of the isolated

Garnett

baoterium with greening disease, isolations were carried
out from oitrul!Imate~ial collected in different areas of
the Transvaal.

Samplee of
columella were
May to August

greening-infected leaf midrib and f~uit
oolleoted durins the cooJ winter munths of
in the foll~wing areas: Brits, Pretoria,
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Nelspruit. Letaba~ Letsitile, Zebediela and Tzaneen. In
every isolation attempt, leaf and fruit material was
oollected at 5 d1.fferentsites on the oanopy of each t.!"es
sampled. Samples from infected treee inoluded material
displaying s~~ptoms ranging from mild to severe.

For the preparation of inoculum from infected plant
material, two extraotion procedures were used. The first
was a modification of that reported by Mochaba (1989).
Excised columella and midrib samples were immersed in
ethanol for 2 min., transferred to a 1% solution of sodium
hypochlorite oontaining 0.1% ('111'11) Tween 20 for 20 min. and
finally rinsed in 3 ohanges of sterile distilled water.
Half a gram of plant material was ohopped finely in a small
volume of sterile 1/4....strength Ringer's solution (Appendix
K) and then 2 rolof the same solution added. After standing
for 2 min. the suspension was vortexed for 2 min., the
plant debr-La allowed to settle out and 0.2 ml of the
super.nR.tant used to inoculate 15 ml ('If MIG-3 medium in each
of five 100 rol Erlenmeyer flasks. The oultures were
incubated at 25 C on a gyratory shalter (150 l::'pm)and
monitored dailY for baoterial srowth.

Attempts
pel.'iwinkle
via doddel::'

to isolate and culture the bacteria from
(~a~ tQeeue L.) infeoted with sreening
(QueolJ±la .o.a~~.i.fl), as well as from the
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parasitizing dodder-wl::!reperformed in the same WaY w:!.ththe
exception of the sUrface-sterilization stE~P which was
carried cub for 5 min. only because of the dEllicatenature
of the leaf ti.ssue of these plant species. Strands of
dodder emerging from haustoria within the host plant s~rved
as the s9tlrcematerial for isolation from the parasite.

The second inoculum pr'eparatJ
" l '0~adure {used for the

extraction of sap from cit
pr'essure chamber t Scholander
1965) (Fig. 1). In this meth 'xcised, leafy
shoot was placed within the preSSU4 with the cut
end of the stem protruding through a gasties.ltseal. The cut
end, as well as approximately 3 em of the adjacent stem,
was then sterilized by swabbing with alcohol followed by
immersion in a 1% solution of sodium hypochlorite for 5

sterilized
thorough rinsing i~ dH 0, 1 cm of the

2
stem was cut off using a scalpel blade in,orde::.'

min. After

to expoue an area of the vascular- tir:lsuewhich had not beeri
exposed to the alcoh,l ~nd sodium hypoohlorite. An inert
gas (N) was then admittec into the chamber from a

2
compression tank and the pressure in the chamb~r increased
until the plant sap bubble'i from the cut sUl:'faceof the
stem (Fig. 2). The sap was col'l..ectedusing a sterile glass
oapillary tube and aliquota (approximaiely 50 ul) used to
inoculate 10 ml volumes of MIG-3 medium contained within
lCO ml flasks. The f:asks were incubated as described
above.
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J1'igut'(\ 1

1)rc!l8ure chtlltlber (Scholanclcr bomb) used to obtain sap from ledy
t;wigH.
A w preSsure guage
B .. nil' inlet
C - pt'essu~e chambor
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Figuro 2
Sap (arrow) bubbling from tho cut ond of a citrus twig held within
the Scholandor bomb. Tho sap was colloct~d aqoptically and used
to inoculate various culture media.



Attempts were aleo made to isolate the bacteria from adult
psylla of various aliascollooted f1"Ominfected treee in the
Nelspruit, Randburs and Srits areas. Surfaoe'"'eterili,zed
inseota were individually ground with 2 drope of
1/4-etrength Rinljer's solution in a watch-glase using th~'
l:'o1Jndedend of a teet tube and the homogenat.eused to
inoculate 15 ml volum~e of MIG-3 medium and incubated as
for isolation.from plant material.

In all ieolation a'ctempte.uninfeoted matel:':tal(plant and
ineleot)was inoluded which flerveclae a oontrol,

Al').isolation wae oonsidered poeiUve if the bacterium
cultured was identioal with reepect to morphololiY,Gram
stain reaction and analytical profile indioee (API 20NE and
API ~OB Micromethode. AP! Syoteme. France) to the NO and GO
isolates supplied by Garnett and Moohaba, and if the
bacterium reacted poeit~.vely in the heparin-enhancl!!jd
plate-trapped antigen ELISA (HE-l?TA-ELISA) (!!laotion
2.10.2.3),
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2.3 ATTEMPTED ISOLATION AND CtJL'rUREOF THE CAUSAL AGENT OF

GREENING

The diecovery of ~rok~~yotic orsanisms in greenins~infected
plants stimulated man~tlaboratories to attempt to cultivate
these microorganisms in artificial media. Attempts made at
isolatins the aetiolosioal agent utilizins different
methodologies have been unsucoessful (GhoSh ~~ Al., 1971,
Sodhi .at .al. J 1973, Moll, 1974, Botha ,at .al., .1984,

Manicomg 3984) I and :J:Ienewedefforts were made in 'chiestudy
to oulture the greening organism from various souroeS u~ins
a variety of media and methods.

2.~.1 Artifioial media

The followins artifioial media developed originally for the
in l!i:tx:.Q oultivatiol'l of phytopa.thosenio baoteria,
mycoplasmas and epiroplaemas were ueed in this study:
MIG-l., MIG-a, Tryptone SOy broth (Oxoid Ltd., U.K.),
Nutrient broth Yeast extra.ot mediu.m (NBY) (Gx'osesand
Vidaver, 1979) , se medium (Davis .@j~ .al., 1980). S8 medium
(Davia At al •• 1980)>> RSD medi'~ (Davie ~ Al •• 1984). CaG
medium (Davie At .al., 1988), LD8A3 t",('Idium(Davie.at .al"

196a)' LD59 medium (DaviE\!~ .al., 19Sa)• and a medium
supplemented with fresh oranse juice (OJ medium)
(Appendix A).

tJeins the
oultul:'ethe

above media, attemptu lATera made to isolate and
greenins organism from infected oitrus leaf
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midrib and fruit 00 lumella., :tram per;l,winkle,dodder and
from i~fective paylis. ee described above (seotion 2.2).
Samples were colleoted during the 0001 winter monthroof May
to August, ae well aa durins the warmer monthe of November
and Deoembal:'.

In addition to the p:t'epara~i(m of inooulum from leaf midrib
and citrue fruit columella, inooulum was alec prepared f~~m
freshly exoieed oitt'us and periwinkle steme usins the
preaeure chamber method detail~d above. In addition to
int.:>culatinsthe various media with extraots of infeoted
material, similar extraots of healthy material were used
which served as oontrols.

2.~.2 Embryonated han's efifiS

For eot,ion into embryonated hen's egss, extracts of
diseaal!'dand, fOl' the cont,t'ols. f healthy oitrus and
pe:t'iwinkle cuttinss obtained aee..cically via both the
premaure chamber method a-:1dthe modified me'thodof Mochaba
(j,SS9) (aeotion 2.,:a) (chopping method) were used.

lret'tileaSia wore obtained from a flook fre'leof infeotion.
\'\Iith kn"'~n viral OX' other miorobial ag"nte. The esse were
inoubated at 37 C in an atmosphere of approximately 50%
humidity. To p~event adheeione of the embryonic membranee
and to keep the embryoe mor~ or leme oentralized~ the esse
were turned four time~ n d~y.



Two l:'outee of inoc..lllationwel:'eueed , namely the yolk··sao
and allantoi~ l:'outee.

The yolk-eao l:'outeof inooulation ie the l:'outeof ohoioe
fol:' ieolatiDn and pl:'opasation of l:'ioltetteiae and
ohlamydiae, these ol:'sanieme Sl:'owins l:'eedilyin the
vntodel:'mal oelle lining the yolk sao. In this pl:'ooedul:'e,
esse Wel:'eincubated fol:'a dave a:Etel:':Eertilizatiol'lat whic,h
etage the yolk sao was lal:'seand oould readily be entored
without oonoel:'n :Eor appropriate orientation. The air-sao
end of the eiS was swabbed with aloohol, and the shell over
the air sao punotured with a needle. A 2 ml syringe fitted
with a 4.5 om 23'-suage nesdle was used to intl:'oducethe
inoculum into the yolk sao. Five hundred miorolitree p£
inooulum pl:'epal"edaooordinii tH) the ohopping method of
Moohaba was indeoted into each ess. When the inooulum was
prepaNld following the pl:'eeeUl:'echamber method. a 60 ul
volume of plant sap per eSS Wae used. After inooulation,
the punctured f'lreaof the shell wae painted with tinoture
of iodine and sealed with oandle wax. Th~ inooulated esse
wel:'e inoubated at 35 C and oandled dailY to monitor srowth
of th~ emb~yo. EmbrYQ6 dyins befo~e 5 daye poetNinfeotion
we~e usually killed by infeotion with eelPt'ophytiobaoteri'!l.
Qr other miorobial oontaminante, and ther~fore disregarded.
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Ueins the yolk-eac t'oute elf inooulation, 6 eg{6~ were
injeoted with inooulum prepared followins the ohopping
method and 6 with inoculum prepared following the pt'eeeure
ohamber method. As oontrole, esse were inoculated with
extracts of healthy plant material prepared following 'che
same two methode (2 essa per preparation). Two eSSB were
eacb inooulated wUh 0.6 mJ. of 1/4-stt'ElnSth R.inser·liS
solution as an additional oontrol.

The yolk wae harvested between 10 and 12 da~re afte:t>
inooulation. The ess was ohilled to induoe oontraotion of
the blood veseell9. and the elhelJ.over the air aac removed
(s'l'!I(!lptioally.The oon.tente of the egs were deoanted into a
sterile Petri dish. the volk Bao out away from the embryo
and the eao t'upturedto :releasethe yolk. The eac:membrane
wae washed f).~eeof volk, I!ltain~dby the.1Gieml!lamethod
(Appe'l.ciixB) anclthen examined mioroe.lOopioallvto determine
the presence or absence of les:l.one:tnthe membrane. In
ordet' to vimual:l.zl')any mioroorganisme Pl~eeent in the yolk,
s. eme.:>.rof the yol)twas made on a QlastSmiorosoope el:l.de
and etained by the Giemea method.

For the ieolation of miol'ovrsanieme from the yollt,the yollt

wae diluted by the addition of 2 volumee of I!IterilePES and
then ~larified by oentrifugation at 200 ~ for 10 min. The
supernat.an.t wae then oentrifu{ied at 35 000 .£it :Eor:30min.
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Following reeuspension of the pellet in a larse volume of
PBS and oentrifugation at 200 g for 10 min" the olarified
supernatant was centrifuged at :35 000 Fi for SO min. to
sediment any mioroorganisms present. The pellet wa~
resusponded in a minimal volume of PBS and negatively
stained preparations of the suspension examined under the
eleotron miorosoope. The presence of any greening-speoifio
antigens within the resuspended sediment was determined in
the enzyme-linked immunoeorbent assay (ELISA) (section
2.10.2.3) in which immobilized egs yolk-derived antigen was
reaoted with antiserum raised against an extract of
greening-infeoted citrus (section 2.9.2, method ~).

In the allantoic route of inoculation, 10 day-old embryoa
we~e used. The egse were oandled and a pencil used to
demaroate an area over the air sao near the memoran6
bounda:r:-yoppoeite the emb:r:-yowhere there are few or no
ma.jor blood vessels. The mat'ked at'ea was painted with
tincture of iodine and the ehell punctured. The esS wae
then inooulated with a tuberoulin syringe fitt$d with a 1.5
em 26-suase needle. The needle was inserted approximately
1.0 Jm into the egg in a direction parallel to the side.
Approximately 0.2 ml of inooulum (prepared following the
ohopping method) was introduoed into the allantoio o~vity
in this way. Fifty miorolitr~a of plant sap obtained uains
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the J'JI..'eaeurechamber method was injeoted into eggs in a
similar way. Inoculat\d egss were incubated at 35 C for 12

days and the development of the embryos monitored da11y ae
described above,

For the harvest cf infected materials, esss were chilled,
swabbed with alcohol and the shell over the air sac broken
away. The shell. membrane was removed aseptioally wtth
forcepa and the allal1tC'dcfluid aspirated with a pasteur
pipette. The chorioa....lantoio membrane was oolleoted,
stained using the Giemsa method and examlned
microscopically, A smear of the fluid was prepared and
examined ae described above. Attempts to isolat@ bacteria
from the fluid were made following the method described for
the iaolation of baoteria from ess yolk and the ~el1et
obtained after the final oentX'ifuSa'bionetep examined by
tX'anemissioneleotron miorosoopy (TEM) and EL!S4~.

The numbeX' of esss inooulated with each inooulum
prepaX'ation via the allantoir route was the same as that
inooulated via the yolk sao ~~oute.The numbe» of healthy
and buffer oontrols used wae aleo the same as that used for
the yolk aae route.
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2.3.3 Invertebrate oe11 oulture

In the abeence of an establh·hed x.. stt2.t.r:.eta.a oell line, an
attempt was made to oultivate the aetiologioal agent of
sreening in a oell oulture system established from larvae
of the mosquito M~ .a.lbQ12ictUJJ(olone C6/3S). The oeHs
were grown in HE~ES-buffered Dulbeoco's modified Eagle's
medium with non-eseential amino aoide in Earle's BSS
supplemented with 10% (v/v) foetal bov Ine serum. The oells
were grown in plastic Leighton tubes # 3393 (Costar, USA)
and were maintained at room temperature (approximately
23 C) in the dark.

CeU layera were infeoted when at 70..80% confluenoe. Prior
to infeotion with diseased plant sap ex+~aot, the
maintenance medium was deoanted off and the oells washed
briefly v1ith aerum-free medium. Basic medium supplemented
with 2% serum was then added to the tubes (2 ml per tube)
and the inooulum added. The inooulum oonsisted of sap
aseptioally extruded from leafy twigs of infeoted oitt'ue
using the Scholander bomb. 'l'w:l.esa bearing leaves displaying
both mild and eevere sreening symptoms were oolleoted from
three trees growins in the Brits area and the sap obtained
from the
oontrol.
Leishton

twiss pooled. Sap from healthy 01tx'usserved as a
Approximataly 20 ul of aap wae added to eaoh
tube and the tubes inoubated at room 'cemperature.
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The oultures were monitored daily for changes in the
appearanoe of the insect oells, as well as for bacterial
growth. Bacterial srowth ocourins within a period of 2 days
followins inoculation was usually due to contamination of
the medium by saprophytio bacteric oX'othel.'"contaminants
and the affeoted viels wel."'ediscarded. The medium was
replaoed with fl."'eshmedium + 2% serum when a drop in the pH
of the medium was indioated by a change in the ooloul.'"of
the medium. Spent oultul:'emedium was co1.leoted and
centrifuged at 35 000 £ for 30 min. in order to sediment
any microol:'sanisms present in the meet!um, The resul'bins
pellet was ~esu~pended in a minimal amount of PBS and
examined
bacteria.

eleotron miol:'oscopically for the presence of

Fourteen days after inooulation with plant sap, the plastic
of the Leighton tubes on whioh the cells were
removed and stained by ~he Giemso.method. The
layers \V'erethen examined raicl."'osoopioallyfor

cover sUps
grOWins were
stained oell
ohanses in cell morphology, oellular desenere.tion
(cytopathio effeots COPE]) and plaque formation.

In the expel'iraant , 12 tubes were inooulated with
greening-infeoted oitrua sap and e with aap f~om healthy
oitrus. AX1 additional 4 tubes were left uninooulated.
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2.4 ES'l'ABLISHMEN'f OF LABORATORY COLONIES OF X. ,er:u::tr.ea.a

Fo~ conducting transmission experiments and determinin~ the
relrtior~ship between the baoterial isolates and
X. ~~2treaa, a laboratory colony of uninfected psylla was
establish~d in order to ensure a continuous supply of the
insects

Psyl11 free of the greening orsanism were a obtained from a
"clean" oolony established by G.J. Begeman of Zebediela
Citrus, Zehediela. Adult paylla, as well ~e nympha and
esse, were transported to the laboratory on heal.thyc~.trul!I
seedlings C011taineld in gauze cagEis.Plante infested with
peylla were r-emoved from the oaseel l:l.nd ~aoecl Mlons
healthy, vi-ioY'ously flushin~ Minneola tE\iig~lo
(.ci:t.r.u1ll .a.i.rumfd.e x .Q. t!,fti 1.Q.ul.a.:~.a) eeedlinSI!Iand i"heineeote
allowed to epread to thece plante nature-By.

Optimal conditione for raarin~ !. ~tr~ in the
laboratory ware established empirically, Plnnte ware housed
in an indoor area kept fl:'eefrom other ineect Peste. Feylla
were oultured under a is-hour photoperiod, el.ndliShMus Wl\'.J

providad by a bank of 4 x n5W VBD Oro-Lux flt...ol:'eeoent
tubee (Sylvania, USA) and 2 x lOOW tunseten filament bulbe
(l?hilipe,RSA) poa1ti('med 20 em above the plante.
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An ambient temperature of 20-23 C .~aa maintained bY' means
of a standard ail:'-conditioning unit during eur.unerand a.:f;'an
heater durins winter.

Humldity of 60-65% RH was maintained with the use of a
Sunbeam ultrasonic humidifier (MC'tlel2500).

Inseots were handled as little as possible to avoid injul:'Y
but when it was neceesat.'yto move adults and nymphs between
plants, this wae achieved with thd use of an aspirator in
the case of adults while nyml,Jhewer.'emoved 'l'7iththe aid of
a fine eable~'hail:'artist' e paint brueh ,

Plante were pruned regularly and fertilized every two weeks
via soil application of a fel:'tilizer/trace element solution
(Multifeed P, Plaaekem. RSA) :tn order to ensure the
oontipuous availability of new flush on the seedlings.

A colony of infected paylla was este.bUsr.ed and maintained
under similal:' conditions. Insects from this colony served
as a sounce of the greenins organism in isol.ation attempt a
and for inoculating healthy citruB seedlings with greenins
disease.
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The paylla were colleoted from an orchard located in
liIelsj,"'t'uitwhioh e:.::hj,biteda high incidenoe of greening. The
inseots were maintained on both healthy and
greening-infected seedlings in the laboratory. The
eubaequenti development of typical greening Symptoms on
healthy laboratory seedlinga whioh were exposed to the
paylla confirmed the carrier status of the field-colleoted
insects.

2.5 KOCH'S POSTULATES

In an attempt to fulfill Kooh's postulates, healthy citrus
seedlings wet'e inoculated b:,r var-Loue means with isolates
sc. GC, t,L, [JC and TZL.

2.5.1 Laboratory inooulation of citrus with baoteria via
the inseot vactor of greening

2.5.1.1 Inooulation of T. ~rvtreae with the baotet'ial
i6010.';esby membrane feeding

2.5.1.1.1 Feedins ohamber desisn

The suitabili ty of a feeding chamber desj,sn•....as assessed
for use in the labol:'atoryinocuJ.ation of nympha and adult
paylla by membt'ane feeding. The design of the ohamber is
based on that used by Storey (Storey, 1932, cited in
Mitsuhashi, 1979) and is illustrated in Fis. 3.
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"-'-i----- feeding solution

I-----glass bottils

..

t----glass bottil.efor
holdinginsects

12:=::':=::~~~r--'-rnoist filter paper

Figure 3
Apparatus for f~e.ding 1!.!EZl!. erytreae adults and nymphs. Adapted
from Storey (1932), cited in Mitsuhashi (1979).
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A preliminary investigation established that the design of
the chamber was suitable for confining groups of 15 nymphs
or adults for up to 5 days without an adversE')effect on the
insects. In order to detex-mine this, the feeding solution
in the chambex- was :replaced hy a sweet ox-anseleaf held
firmlY in place over the mouth of the oh "lerwith adhesive
tape. The chamber was kept under- oonditions of light,
temperature and hum:~dity as speoified in section 2.4 and
the insects observed over a 5-day period for any negative
effeots that the cage environment may have on the nymphs
and adults.

2.5.1.1.2 Feeding solutions

The solution i1'1which a bacterium is suspended :t'Orthe
membrane
feeding

feeding route of insect inoculation must aot as a
stimulant as well as be able to sustain th~ insect

during the period of exposure to the suspension. Also, the
constit~entB of the feeding solution should in no way
adverselY affect the viability of the bacterium.

A numbel':'
suitabilit.y

of formulations were assessed for their
as both feeding stimulants and suspending media

for the bacterial isolates.
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a) Sap extracts

"Sap was extracted from midribs excised from vouns sweet
orange leaves using an Erich PoLane leaf press. The extx'Et.ct
was used undiluted, as well as diluted to conoentration$ of
50%, 10% and 1% (v/v) in double distilled water.

The effect of adding sucroae to the sap preparations was
also investigated. Sucrose was added to the undiluted and
diluted sap to e. final concentration of 5% (w/v).

b) SUQr.ose soluti~

1%, 5% and 10% (w/v) sucrose in distilled water.

c) Suorose/serum so_l:u.t.iQn

5% (w/v) sucrose in distilled water containing 1% (v v)
foetal oal.fserum. This suorose/serum solution was inoluded
in the trial as a similar solution is reportedly used for
most, of the work done on leafhopper aC<;l,uisitionand
transmission of myooplasmas (Markham, 1982).

All feeding solutions initially oontained 1% (v/v)
commer-o LeI green food oolourins (Rober-t.eone, RSA) whioh
funotioned as a marker substanoe and facilitated the
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identification of adults and nymphs which had fed on the
solution (insects imbibing the solution displayed clearlY
visible green alimentary trncts). Solutions were steriUzed
by filtration through 0.2 um nitrocellulose membranee
(Millipore Corp., USA).

The preference of the nYmphs and adults was determined by a
multiple choice experiment. The eo Lut.Lonawere placed in
sterile glass test. tubes .md Para:film M (Amel.~icanCan
Comp., USA) (sterilized by immersion in 70% alcohol for 2
minuteel)
30 3rd

stretched over the mouths of the tuhes. Groups of
and 4th instar nymphs and 30 4-day old adult paylla

exposed to
number of
interval,s

placed separately in beakera into whioh the inverted
tubes were then inserted. NYmphs and adults were

the solutions fOr a period of 48 hours. The
insects observed on the feedins solutions at

of 0.5, 1, 2, 6, 10, 14, 24. 34 and 48 hours was

were
feed

recorded.

In order to determine that the solution on ,qhiohthe PSyl1a
'tilersmost frequently observed was in fact serving as a
:feeding stimulant, inseots were confined in :feedins
ohambers with the particular solution for 24 hr. After this
period of exposure, the gut of each inseot was disseoted
out and the oontents examined for the presence o~ the green
marker substanoe.
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2.5.1.1.3 Inoculation of paylla

Isolates NC, GC, LO, TZ1 and L1 from fresh MIG-3 plates
were use.d to inoculatE) 50 ml aliquot-s of MIG-3 in 250 ml
E:t:'lenmeYerflasks. The cultures W9:t:'eincubated on a :t:'otary
shaker (150 :t:'pm}at 76 C and the cells harvested when in
bhe exponential phaae -...)fsro\,lthby centrif'Ugation (12 000 g

fa l' 15 minut.es), washed once in a la:t:'gevolume of
phosphate-buffered saline pH 7.4 (PBS, Appendix K)

containing 0.1% (w/v) ethylenediamint:ltetra'-acetic acid
(EDTA), and suspended in 5% (w/v) sucrose in distilled

7
water at a concentration of 10 cells/mI.

Bacte:t:'ia~isolutes used in inA~ct inooulations had been
passaged less than 6 times to avoid attenuation of
pathogenicity due to prolonged subcultive.tion in ~.

Ii'u;1:' the laboratory inoculation of psylla via membrane
feee'ing, 3 groups each consisting of 16 3rd and 4th instal:'
nymphs and 16 4-daY old adults were confined separately h:.

feeding chambers and allowed access to each isolate over a
24 hr period. In this way, 48 adult paylls. and 48 nympha
were eXPosed to each of the 5 ieolates. As a control. 20
adults and 20 nymphs from the e~e colony were exposed to
the sterile suorose aolution without added baoteria.
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The chambers houoing the insects were darkened with a
covering
feeding

of brown paper ....zhd.Le

solution was oovered
the bottle oontaining the

with yellow oellophane and
plaoed under a light source in order to encour-agethe
insects to congregate on the Parafilm membrane.

After exposure to the isolates, the insects from each group
were divided among 2 healthy Minneola seedlings and
confined in micro-cages to the young flush of the test
plants. The cages wer-e constructed from clear plastic film
formed into a cylinder and sealed at either end with a foam
rubber disc (Fig. 4).

2.5.1.2 Inoculation of psylla by mioro-injeotion

Fine capillary needles were drawn from 0.5 romdiameter
glass tubing with the aid of a micro-forge. The tip of the
needle used to inJect adult psylla did not exoeed 5 romin
length to reduce the possibility of breakage durins use.
The point of the capillary was broken with fine foroeps
under a disseoting mioroscope to give a sharp, slanted
needle \'lithan orifioe 10-20 um in diameter. Needles were
sterilized in the autoclave prior to use.

The pressure required to ejeot the inoculum from the needle
came from a l~.boX"atoryair supply controlled via a
mouth-operated T-joint valve.
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Figure 4
Plastic cage for confining T. erytreae to flushing citrus leaves.
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:For the inoculation of paylla by micro-j.njection, the
isolates were cultured as described for membrane feeding
and, after washing, resuspended in sterile, 1/2'-strength

9
normal saline at a concentration ~~ 10 cells/mI.

Three- to f01.~r-day-oldgreening-free adult psylls wer-e
inoculated in this way. Psylla were anaesthetized with
CO for a few aeconde , positioned on a petri dish lid

2
with th'Elirventral surface exposed and immobilized under s
Parafilm membrane. Insects were injected ventrally either
through the conjunctiva at the junction of the thorax and
abdomen. or in an anter-oposterior direction through the
conjunctiva between adjacent abdominal sternites.

One-tenth of a microlitre of the freshly-prepar-edcell
suspension was injected into adult psylia which wer-sfr-ee
of the greening organism, thereby intr-oducingan inocul\ll:n

5
of 10 into the insects. Two gr-C!upsof 20 insects were
inooulated with each isolate" As a control; 20 pavl1a were
similarly injected with 0.1 ul of ster-ilesaline.

The insects in each group were davided between 2 healthy
sweet or-ange seedlings and confined in micro-cnges to the
young flush of the test plants.
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The plants from both the membrane feeding and
micro-injection inoculation experiments were maintained
under the conditions described in section 2.4. The adult
PBylla emerging from nymphs which had been inoculated via
membrane··feeding were allowed to feed on the leaves of the
test plants until the insects died. Psylla inoculated in
the adult stage of their life cycle by either membrane
feeding or micro-inje~cion were left to feed on the test
plants until they had completed that stage of their life
cycle. Any eggs and nymphs present on the plants after the
death of all the adults were eradicated by spraying the
plants with dimethoate (0.01% a.i.).

Psylla were monitored daily to determine the effect. if
any, of the bacteria on the insects' longevity. In order to
observe any replication and spread of the inoculum ...1thin
membrane-fed and injected insects, the psylla were
collected as soon as they died and fixed and embedded for
electron-microscopY (section 2.6). The multiplication and
spread of the bacteria within the insects was also
mond.boz-ed by means of the indirect enzyme-linked
immunosorbent assay (section 2.10.2.3)

All test and control plants were monitored over a period of
2 years for the uevclopment of typical greening or other
disease symptoms.
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The transmission experiments were carried out dUring May
1986 and repeeced during November of the same year.

2.5.2 Mechanical inoculation of citrus

Isolates weX'ecultured in MIG-3 medium and harvested in the
exponential phal~e of growth. Cells wer-e washed twice in
10 x volume of sterile normal saline containing 0.1% EDTA
and finally resusper;ded in sterile

9
concentration was !\djustedto 10 Iml.

dH O.
2

The oell

Healthy Minneola tangelo seedlings with a lower stem
diameter of ::',;tween7 and 10 rom were seleoted for
inocule.tion by sterr.injection. Plants weX'edrought stressed
for 24 hours prior to inooulation to reduce turgor pressure
8.S this was found to result in more efficient uptake of
inoculum.

The area to be injected was swabbed with alcohol and a
pilot hole made into the oentre of the stem using a sterile
needle with an internal diameter of 0.6 n~. A Venisystems
Butterfly (Abbott Ireland Ltd., Sligo, Ireland) c~nnected
to a 5 ml syringe, containing 1 ml of the bacterial
suspension, was used to introduce the inoculum into the
plants Civeran 8-24 hour period (Fig. 5). Positive presSUre
was maintained within the sYringe by using a perspex
syringe ho Ldez- designed speoifically for this study
(Fig. 6).
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Figure 5
Injecting citrus seedlings with bacterial isolates.

""'~.,~L.-"""'~J%

Figure 6
Inoculation apparatus used to introduce the bacterial isolates
into the citrus seedlings,
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An isolate was inoculated il'lto12 ee.edl.Lngain this WltW

while 10 control ;:.lantsnece.Lvedonly sterile dH O.
2

An a.dditior.9.125 healthy seedlil'lgswere inoculated by stem
injection coupled with stem slashing. For this experiment,
groups of five plants were inoculated witlb.a diffe:t'ent
isolate. The plants were.:;injected as described above and
bhen additional LnoouLum was introduced into t.heseedlings
by dipping a sterile scalpel blade into the prepared
inoculum and making approximately 25. 2-4 I1lm deep slashes
into the bark of t"lestem. The blade was dipped into the
inoculum between each slash. The seedling stems were
swabbed with alcohol pt'iorto inoculation. Four seedlings
which received only sterile water served as controls.

All inoculated and control plante were maintained 'undera
14 hour photoperiod with a day temperature of 23 C and a
night temperature of 15 O. Plants were sprayed every two
weeks with a solution of "Multifeed pOI (prepared according
to the manufacturer's instructions) to prevent mineral
deficiency.

2.5.3 Mechanical inOculation of.periwinkle

Iaolates were cultured and prePared as for meohanical
inoculation of citrus. Ten healthy i6-weak-old periwinkle
plants were mechanicdlly inoculated i~ the following way: A
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needle with an internal diameter of 0.6 nun connected to a
syr.inse containing the bacterial euspension was inserted
through a fleshy part of the stem which had been swabbed
with alcohol. A drop of the inooulum was gently expel.led
onto the tip of the needle and the needle drawn baok
throush the stem, thereby introduoing the suspension into
the stem. Approximately 10 su~h .i.noculationswel:'emade at
various sites on each plant. Five control periwinkle plante
were inoculated in this way with only sterile distill$cl
wate).'. Plants were maintained under the oonditions
described above.

As with the inooulation of oitrus via the inseot vector,
the mechand.cel, inooulation trials we ...~e pe)'.'fol:'medtwioe p the
fil-at be ins during \t'e month of May and the aecond during
November of the same year.

:2.5.4 Dodder trans1I1issionof the bacterial ieol,atea from
meohan.:l.cally-inoculated 0:1. trUI!Ito periwinkle

Surfaoe-eterilizeri Beede of dodder (Quec:ut.a. Qt\m:t2E!lall:cila)
were germinated on stell'ile,moist tilter papel:'and when the
shoots were t)1?proximately 10 nun in length, theY were
transferred to a Minneola tangelo plant whioh was free of
sreening. The dodder waa allowed tD establish itself on the
plant and once its strande we:r.'EIbetween 5 and. 10 om lona,
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connections wel:'e establiml""d ,etween the plant and a
eymptome:cic. mechanically- inoculated (QO isolate) oit!:"U6
seedling. Onoe the dodde!:"had formed haustoria within the
infected eee<i1ingI the connect ins stl'IIJ::'de betl'leenthe two
plants were severed. Ten days after th~ ~st~blishment of
hauetoria with3.n the inoculated 1itrus, newlY":eo:t:'meddodder
utranda le~a than 2 om Ln length originatil').gfrom the plant
were allowed to pa:t:'&l!!itize 4 16-w~elt"old heal thy peX'iwinkJe
plante. The doddeX' bridS!!ie Wel'e me.intained for 3 woeke
after which time th~ pa)."aeite wae removed fl:"om the
periwinkle. Plante t'1et'e monitol:'ed for the appeal:'anoe!of
symptoms over a period of 6 montha.

Ae a control, dodder oonnections were established as
described above between 2 healthy periwinkle plante and a
oitrus eeedlins inoculated with only eterile dH O.

2

2.5.0 Reieolation of bacteria from inoculated plants and
ineecta

The extl:"action pl:"ooedurewas adapted from that reported by
Uochaba (198~).

Leavee c.:olleo'cedfl:'om inooulated and ocmtrt"lloitl:'ueand
periwinkle plflnteswel.'e\'1aehedin tap wl!I.terand then swabbed
with aloohol. The midribs were exoieed and immerl'3edin
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absolute ethanol fo~ 2 min•• d~ained b~iefly and
tranefe~~ed to a 1% (v/v) solution of sodium hypoohlo~ite
containinEt 0.1% (v/v) Tween 20 for 20 min.
Surfaoe-ete~ilized mid~ibe were finally rinsed in a ohanses
of eterile dll O.

2

Under aeeptic conditions, 0.5 S of midrib mate~ial was
ohopped finell/ in a emr.llvolume of sterile 1/4-st~ength
Rinse~'~ solution and the suspension made up to 2 ml. The
auepension Wae left to stand fo~ 15 min. at ~oom
tempe~atu~e afte~ which it wae vo~texed fo~ 2 min. and
again left to atand to allow the pJ.antdeb~.i.eto eeictle
out. ApPl.'oximately0.2 ml of the supernatant fluid wae used
to inooula~e 15 ml MIG-S medium in each of five, 100 ml
Erlenmeye~ flaeks. Flasks \'1ereincubated a'C 25 C on a
gyratory ahaker (150 rpm) and monitored daily for baoterial
gt'owth.

Inooulated poylla we~e killed by exposu~e to ethe~ fumes
and their extet'nal appendases ca~efully removed and
diecardad. The insects were surface-sterilized by imme~sion
in absolute ethanol for 1 min., tranefe~X'edto a 1% (v/v)
solution of sodium hypoohlorite oonta1ni.ns0.1% Tweel"l.20
for 16 min. f and finally rinsed in :3 ohanses of ste)'''i1e
dB O. Individual inflects were Sround tosether with 2

2dX'opa 1/4~strensth Rinser'e f!!olution in a stel~il.e
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watch-glass using the ~ounded end of a teat-tub5. Eaoh
homogenized insect waa used to inoculate a 15 ml volume of
MIG-3 in a 100 ml E~lenme!re~flask and the flasks incubated.
as deac~ibed above.

Inoculum £~om cont~ol psylla was p~epared in the same way.

2.5.6 Detection of the fluoree~ent sreGning marke~ by thin
layer chromatoRraphy (TLO)

Approximately 600 ms bark tissue was cut f~om the eteme and
twigs of inocula't.edand control seedlinga. The barltwas cut
into small pieces and suspended in a small volume (just
enough to cover the bark pieces) of dH 0 in a slass vial.

2
The samples wez-e agitated for 30 min. after which the
extract was spotted 6 times on a 20 x 20 em 'liLOPlate
ooated with Kieselguht' G (Mercl~, FRG). Plates were
developed in a water satura\jed butanol solvent and them
dried in a fume oupboat'd. before beins sprayed with a
sodium borate buffer solution, pH 8.7 and viewed under an
u1tl'8.violet lamp (Portable Ultraviolet Lamp, type II,
HanoviEl., England; 8~% rad. at 365 urn). Healthy and
greening-infected bark samples were included ae negative
and positive controls, ~espeotively, in all teste.
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An extract exhibiting a. chromatographic profile containing
a bright violet coloured spot with an approximate Rf value
of 0.12 - 0.15 was considered positive for greening.

2.6 ~REPARATION OF MATERIAL FOR TRANSMISSION ELECTRON
MICROSCOPY (TEM)

In the preparation of plant ma.tE:.u'ial,excised midri,ba from
oitI'US and pel"iwinklt~ leaves wer-e cut into 1-2 rom blocks.
fixed in 2.5% glutaraldehy-de under vaouum for 4-6 hr,
w8.shod :3 x in Q,lH sodium oacodylate buffer pH 7.2,
poet··fixed in 2% OsO fol:' 1 hr and theu washed 3 x in

4
buffer. Dehydration was oarried out in a series of acetone
solutions and the material then embedded in Spurr' s resin
gradually while l:'ota.tingoontinuously for 5-7 days with
daily resin changes before polymel:'iza.tion at 70 C
ovoI'night. Dp'Ca.ils ef the dehyelratim'l and embedding are
given in Appendix C.

For the pI'epa.ra.tionof insect snmples foI'tranemieRion
electron microscopy. the legs and wings of adult psylla
were r-emoved and the abdomen separat~~d from the head and
thorax, The abdomen and head and thorax regions wel.~ethen
fixed and embedded as for plant. matedal.
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The external appendages of psyllid nymphs were removed and
the int~ct body then processed for eleotron mioroscopio
':lxamination.

F(,r the preparation of bacter-Lal cultures for TEM, oells
from a liguid oulture were washed twioe in a.1M sodium
oaoodylate buffer, fixed in 2.5% (v/v) glutaraldehyde for 1
hr and washed 3 x in buffer. The cells were sedimented by
oentrifugation (Eppenciorf miOrOIuge 2 min.) and the
pellet gently resuspended in a minimal anount of molten
(45 C) highly-p11rified agar. The solidified agar was out
j.nto 1-2 mm blocks. post-fixed in 2% (v/v) OsO for 1 hr-,

4
washed, and then stained for 8 hI"in a 1% (w/v) aqueous
solution of uranyl acetate. The samples were dehydrated in
a seriee of alcohols and embedded in Spurr's resin.

Dehydration and embedding were car:ded out in less than :I.

hr to prevent excessive leaching out.of the uranyl aoetate.
Ultra ..t.hin sections were cut and stained with uranyl
acetate followed by lead citrate.
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2.7 DODDER TRANSMISSION OF GREENING FROH NATURALLY-INFECTED
CITRUS TO CUCUMBER

Dodde~ strands from a pa~asitized healthy cit~us seedling
were allowed to establish themselves on 2 Minneola
see-dlings which had been infected with gr.eening via
infective paylla.,Citrus infected with greening in this way
(as opposed to bud t~ansmission) was used as the source of
the disease as this ~oute reduces the possibility of
simultaneous infection of the plant with othe~ pathogens
such as tristeza virus (S.P. van Vuuren, pers. corom.).Ten
daya after 'che establishment of haustoria within the
infected plents, newly-formed dodder shoots (less than 2 cm
in length) originating from these plants were allowed to
parasitize 6 4-W'!lek-oldcucumber (~ ..sativuscv.
Fletoher) plants. The dodder conneotions between the
infected citrus and the cucumber were mainta~ned fo~ 3
weeks after which time the dodder was removed and the
cucumber monitored for the appearance of disease symptoms.

Three similar cucumber plants connected to healthy Minneola
seedlings via dodder served as controls. The dodder 011 one
of the control cucumbe» plants was not removed af'i:.sr3
weeks and was allowed to infest the host plant heavily in
order to determine what effect. if any. the parasite had on
cucumber.
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Stl~ands of dodder adjacent to bhe haustoria Ln cucumber-
were colleoted, cut into 1 mID-longsections and processed
for TEM as desoribed for citrus (seotion 2.6). Seotions of
oucumber stem and petiole were also oollected and similarly
processed for TEM.

2.7.1 Extraction and culture of bacteria from dodder and
cucumber

The procedure fOl~the isolation of bacteria from dodder and
cucumber was essentially the same as that described for
citrus (section 2.5.5). The source material for isolation
from dodder consisted of 2-3 em long shoots oollected from
parasitized greening-infected citrus and healthy (control)
plants. Young stems and sections of leaf veinal material
were used when isoJatins from cucumber plants.

2.8 INOCULATION OF HERBACEOUS PLANT SPECIES

In order
on other
following

to determine the effect of the bacterial isolates
commonly-used herbaceous indicator plants, the
species were mechanically inOCUlated with

NC, GC, OS, TZL and LCi Cucumber cv. Fletcher,
(LvQobe~.iQQm eBculentum L. ov , Marglobe), Green

isolates
Tomato
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Pepper (Qe;Qsicum annuum av. Californian Wonder) and
Aubergine (~ ~ L. cv. Slack Beauty). The
plants were germinated from surface-sterilized seeds in
sterile potting soil and inoculated when approximately 3

weeks Old.

For the preparation of inoculum, a colony from a :f;'resh
MIG-3 plate was used to inoculate 50 ml of liquid MIG-3 in
a 250 ml Erlenmeyer flask. Cultures were incubated
overnight on a rotary am-Iker (150 rpm) at 25 C. One
millilitre of the suspension was removed and added to a
fresh flask of broth medium as before and placed on a
rotarY shaker. The cultures were incubated until they
reached a turbidity reading of 0.08-0.1 optical units at
640 nm. The bacteria were harvested by centrifugation and
resuspended in

9
10 cells/ml.

sterile dHO
2

at a concentration of

Test plants were maintained under the oonditions described
in 2.5.2 prior to and following inoculation.

Five specimens of each of the test plants were inoculated
by rubbing the fully-expanded leaves gently with an aliquot
of the cell suspension. Another 5 ..J.ant':'!were Lnoou l.atiedby
il1jecting approximately 50 ul of sample directly into the
stem immediately above the cotyledons with a fine
hypodermic needle.
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As a control, 5 plants of each speoies were rubbed with
only sterile dH O.

2

To determine the effect of bacterial metabolites produced
in culcure on test plants, the isolates were grown in
liquid t1J:G-3 until in the station~l'y phase. The col.Lewere
pelleted by centrifugation and the spent culture
supernatant sterilized by filtration through a 0.2 um
nitrocellulose membrane.

Five plants of each species were exposed to the metabolites
l.Jy rubbing fully-expanded leaves with the stel'ile culture
supernatant, without the use of abrasive. Iu an alternative
method, stem cuttings of each plant species were allowed to
imbibe the spent medium (diluted 1: 1 wHh sterile distilled
water) by submerging the ,shly cut end of the stems in
the fluid for 30 min. The cuttings were then transferred to
sterile dH 0 and monitored for any r-eac't Lcn , Cal. "01

2
seedlings were exposed to diluted (1:1) sterile fresh
medium.

Immediately after application of the cell suspension or
supernatant, plants were transferred to a humid chamber
where they were left for 4 hr in order to prevent
dehydration of the inoculum. Thereafter, plants were
maintained under normal tempel:'ature, humiditl1 and day-light
conditions.
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The effect of the spent culture supernatant on healthy
Minneola. seedlings and stem cuttings was determined :ina.
aim.i.larway.

2.9 PRODUCTiON OF ANTISERA AGAINST CULTURED BACTERIA

2.9.1 Preparation of haotet '0.1immunogen

In an attempt to determine whet,her the efficacy of antisera
raised against the ~ultured isolates from citrus could be
improved, treatments were oarried out on the bacterial
dmmuncgene prior to bhe immunization of ):'abbits.
Pre~treatments of the bacte):'ialcells included removal of
capsular material 1 exposure of internal antigens by

eonioation of the oells, extraotion of alkali-soluble
fraotions. and fraotionation of total cellular protein by
SPS-PAGE and selection of ';ertajn Protein bands as
immunosens.

The effect of. the different treatment a on the guaH ty ,,)f

the resultant antieerum was asesssed usins the GO isolate.
In all the procedul."es, the baoterium was BroWn in liguid
MIG-:3 and the celle harvested in the exponentiaJ. phase. The
Be~um was prepared following the prooedure detailed in
eection 2.9.:3 and tested in the HE-P'l'A-ELISA (seotion
8.10. :2.3). '.rheunfre.ctionated eer-umwas reaoted againet
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citrus leaf midrib material hal:'veateclf:r-om gl;\eenhouse
plants from whioh haoteria i(.kmt.lc;al(with l:'sspectto Gram
stein reaction, mot'phology and PAGE protein pl:'oiiles)to
the GC isolate had previously been isolated. Healthy midrib
material served as a control. Plant samples were ptepared
following the water leaching method (section 2.10.1.6),
except in the case of the antiserum Pt'spared against
KOH-treated b~ctet'ia whet'e the serum was t'eacted against an
alkali extract of the plant material (seotion 2.10.1.5).

2.9.1.1 Prepat'ation of live cells

Cells were harvested by cent:r-ifuge:tionE!l1dwashed 3 x in a
large volume of sterile physiological saline. Afte:r-the
final wash the cells were resuspended in aalin"J at a

7
oonoentration of 10 Iml and 0.75 ml aliquota of the
auspension ft'oZen at -20 C until l:'ei'J,uit'edfot' immunizat:l.on.

2.9.1.2 P~eparation of heat-killed oells

Cella were prepa:r-sdas described above and 0.76 ml aliquota
of the suspeneion heated ill a. boiling water bath fc!" 30
min. pt'ior to the immunization of rabbitl!l.
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2.9.1.3 Removal of oapeular material and treatment with
formaldehyde

Celle were harveeted by oentrifugation and the pellet
resuspended In 50 ml of nOt'mal saline oontaining 0.5%

formaldehyde. The emspeneion was stirred continuously in a
boilins water bath for 15 min .• allowed to 0001 and then
centrifuied at 22 OOOa for 50 min. at 4 ~ (Keddy 1989). The

"

superna'cant oontainil'lg the oapsular material wae dif!loerded
and the cella wl'.l.t5hedand aliquoted as del50ribed above.

2.9.1. 4 Dial:'uptionof oells by eonioation

wae
a eUl!lpens;l.onof he;at-ltilled,

7adjusted to 10 oells/ml and S
The ooncentl'at:!.on
unenoapsulated oelle

of

ml aliquote pulse sonioated (60~duty Oyole) for 5 x 5 min.
P9l'iode with an Ultraeonios Inc. (USA) Cell Dieruptor
Ct10del W-226R) at 43% power output usinli a micro-tip probe.
The eUl!lpeneionwas ltepton ice to prevent exceeaave heatinQ'
durin&! tt"eatmen'band after each 5 min. period of eonication
the ~anple waa allowed to ohill 'thoroushly before
:l.'eeu,mptionof treatment.
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2.9.1.5 Treatment.of baotef.'iawith KOH

AlkaB treatment of antigens was oal:'riedout to e~pose
bacterial 01311 surfa~e antigens usins a modifioation of the
method of Kawarabata and Hayaaaka (1987). A pellet of
heat··killed, unenoapeull.l.tedcells was resuspended in a .1N
KOB in normal saline and the cell oonoentration addusted to

7
10 cel1a/ml. The e1uspenaion was incubated at '2.7 C for
40 min. I the t:ellepellCltedby oentrHugat1.on (24 OOOg for
15 min. at 4 C) and then resuspended in an equal volume of
cold PES oontaining l~ formaldehyde and £i~ed at 4 C
uvernight. The oells wore then washed 2 x in PBS and

7finally suspended in PBS at a oonoentration of 10
cell;.,/ml. The preparation was aliquoted into 0.76 ml
volumes and stored at -20 C until used.

2.9.1.6 Fraotionatic. and ieola'bienof bacterial and Plant
proteins by PAGE

Initial results of ELISA teete using antiserUm raised
asainet oultured isolaties showed a eisni£ioant amount of
croel'J-reaotiv1tybetween the antiserum and preparations of
healthy plant mo.ter.i.al(FiQ. 66). The WGstern blottin#.il'
technigue was later used to demonstrate the presenoe of
proteins OOTl'Ul'\t'nto both the baoterial ieolatee and healthy
plant material (FiS. 76). 'l'he ..~xietenoe of such common
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antigenic determin~nts may offer a possible explanation for
the high b~okg~ound ~eadinss recorded. By compa~ing the
profiles of plant and bacterial proteins fractionated by
PAGE and selecting protein bands unique to the bacteria for
use as immunosene, it is theoretioally possible to obtain
an nntiael'um whioh exhibits Ii ttle or no croas-reactivi toy
with plant componentP•

For the preparation of bacterial proteins, 8 pellet of
wnehed, live ceUe (harvested in the exponentia.i phase) was
resuspended in 0.125 M Tria-HOl, pH 6.8. the ooncentration

7
adjusted to 10 oelle/ml and the cells disrupted by
sonication as described above. The suspension was
centrifuged at 22 OOOg for 10 min. to remove insoluble
debris and the supernatant lyophilized. The ooncentt'a.ted

:t:"esuspended in dH 0 at a final
2

10 ms/ml, as determined byconcentration of approximately
the Bio-Rad protein assay (Bio-Rad Lahoratories, FRG).

EUffer-soluble plant proteins Were extraoted f~om mid-~ibe
e'<oised from healthy oitrus lraaves.Half a gram of mid-rib
material was ohopped very finely in a small volume of
0.125 M Tria,·HC1, pH 6.8. Additional buffer- wae added to
mako a liquid auapenai on and the p:t:"eparationinoubated on
Loe :i;'ot.'15 min. The suspensiou was then shaken vigorously
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fo~ 10 min. and left to stand fo~ the la~ge pa~tioulate
mat')~;l.alto settle out. 'I'hesupernatant was oolleoted and
ola~ified by oent~ifugation at 200 g fo~ 5 min. The p~otein
oonoent~ation was dete~mined usins the Sio-Rad p~otein
assay and the sample dUuted by the addition of buffer to a
final protein oonoentration of 10 ms/ml. If the p~otein
oontent was found to be too low, the samples could be
oonoentrated by lyophylization.

The oomposition of all PAGE buffers is detailed in
Appendix D. Prepared samples we~e mixed with an equal
volume of splitting solution and denatured by heating at
100 C fOr 4 min. Samples oont&ining app~oximately 200 ug of
protein were fractionated unde~ denaturing conditions in
10i~ aorYlamide gels (100 x 160 mm 1.5 mm) using a
modifioation of the disoontinuous buffe~ en'etemof Laemmli
( 1970) (Appendix D).

For the fractionation of p~otein eamples unde~
non-denaturing conditions, samples we~e prepared in the
same way, the lyophylized prepa~ation reauaupended in
non-denaturins sample buffe~ and then fractionated in
non-denaturing ao~ylamide sela (Appendix D).
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Sa~plea we~e elect~ophoreaed in the cold (4 C) at 60V until
the ma~ke~ dye had migrated into the stacking sel and was
visible as a compacted f~ont. The voltage was then
increased to 150V and the samples electrophoresed until the
dye ~eached the bottom of the separating gel.

Gels were stained for 1-2 hr with Coomassie brilliant blue
G-250 (BDH, Condon) (0.2% in dH 0) and passively

2
destained in water until protein bands we~e visible against
the background. Desired bands containins between 100 and
200 us of protein we~e oarefully excised f~om the sel and
t~anaferred to a 5 ml plastic sy~inse fitted with a
la~se-gauge needle. The gel ~ontaining the p~otein sample
WaE.>homcaend aed by being e.'{t~udedthroush the needle twioe
and the gel homogenate then mixed with an egual volume of
F~eund'a complete adjuvant (fo~ the init_~l immunization)
o~ incomplete adjuvant (for subsequent immunizations). 'r'hs

mixtu~e was then extrUded th~oush a small-gauge needle 5

times or until thoroughly emulsified. Rabbits were
immunized with the gel homogenate as desoribed in section
2.9.3.

X£ gel eleot~opho~esis was ca~ried out in order to merely
oompa~e the protein profiles of the diffe~ent samples and
not to isolate bands fo~ use as immunogen the gels were
stained in the following manne~: Aftel:'eleot~ophoresis,
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gels were soaked 2 x in an excess of 50% methanol, 10%
acetic acid and 40% dH 0 ("rash solution) for 30 min. each

2
time in order to remove excess SDS from the sels. The sels
wet'e then stained for 4 hr or more in 0.2% (w/v) Ooomaaeae
brillant blue R~250 (Sigma) dissolved in wash solution with
gentle agitation. Deataining was carried out in a large
volume of wash aolution until protein bands were visible
against a olear background.

Seven hundred and fifty micro1itre volumes of prepared
antigen emuleif:l.ed with an equal volume of Freund'a

(2 .9 .3) • The
injected into rabbits intramuacula:t'ly

emuleion was prepared just prior to ~
althoush exc Ized protein bands could be j1

adjuvant ware

immunization,
est<;)redat ...20 C sealed in plastio cling film until needed.

2.9.2 Extraction of putatively disease-specific immunosena
ft.'omnatural.lY-infeoted plant material

Antisera l:'aisE!ldasaint:lt thE) cultured bacterial isolates
Wel:'e unable to oonsistentlY detect the presenoe of gl:'eening
in material from plante known to be affected 'by the diaease
(Figs. 63 and 67). In order to avoid uaing these isolat~a
as immunolien, attempte Wel:'e made to :raise pol'/{clonal
antisera asainl!lt putatively disease-speoific ~nti2ens
extracted from greening-affeoted oitrus by vat-ioua me'thode.
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The efficacy of each of the extraction procedures employed
was assessed using freshly-harvested infected citrus leaf
midribs, as well as bark from young, fleshY stems as the
source material. The immature bark from stems of infected
plants has been observed to harbour large numbers of the
greening bacterium (Ariovich, pers. comm.) and should
therefore se~ve as a suitable source of the organism. When
extraction from midribs was oarried out, the midribs were
excised from young as well as from mature leaves displaying
disease symptoms ranging from mild to severe.

Citrus plants used as a source of greening-affected
material were tested for the presence of the disease by ~
TLC (section 2.5.6) prior to use. Specimens exhibiting the
characteristic gentisic acid marker were considered to be
affected by the disease. Healthy control plants tested
negative for greening by the same method.

In addition to the use of infected citrus material,
infected periwinkle bark and leaf midrib tissue was used as
additional souroe material to evaluate the efficacy of the
extraotion procedure reported by Sui (1988). In the
assessment of the extraction procedures, healthy plant
material was treated in the Same way as infected material
and served as controls.
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After the final high-speed oentrifugation of each
procedure, the resultant pellet was either resuspended in a
minimal volume of PBS and then examined under the eleotron
mioroscope, or resuspended in ELISA coating buffer and the
amount of disease-specific antigen present determined in
the iirect ELISA using the antiserum raised against an
extract from infected oitrus (GleE antiserum) (section
2.9.2, method 5).

For TEM examination of preparationst the sample was
adecnbed onto an electron microsoope grid and then
negatively stained by dipping the grid brieflY into a drop
of 0.1% (w/v) aqueous solution of uranyl acetate. Excess
stain was removed by touching the edge of the grid with
filter paper. Samples were viewed in a 100S Jeol eleotron
microscope.

In addition to the use of naturally-infected plant
material, extraction procedures 2 - 5 were evaluated using
healthy leaf midrib homogenates artifically contamin~ted
with cultured .Qla~l.i.b.aQ:t..eJ:! lIl.i.c.hi.s.an~ euben, )Ilj chig~:t"1.J;;_Q
(.a.m. subsp, roi.QhiganenB~) cells. The bactet'J.awere
cultUred in tryptone soy broth, har.vested when in the
exponential phase and washed 2 x in PES. The bacteria were
added to the plant preparation immediatelY after the
initial homogenization step at a final conoentration of
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6
10 cells/ml of homogenate. After the final
centri£ugation, the resultant cell pellet was resuspended
in PBS and the number of bacteria recovered determined
using a haemocytometer.

a) Method 1

This is a variation of the KOH extraction method reported
by French (1974). Twenty gl:'amsof either leaf midrib or
bark tissue were washed thoroughly in a 0.1% (v/v) solution
of Tween 20 and rinsed in a large volume of dH O. The

2
plant material was then chopped into small pieces and
suspended in 1 M KOH. The mixture was incubated at 25 C for
15 min. with gentle agitation. The suspension was then
filtered through 2 layers of miracloth and a single layer
of Whatman No. 4 paper and the filtrate centrifuged at
35 OOOg fol:'40 min. in ordel:'to sediment any bacteria
present. The resuspended pellet was washed 3 x in a large
volume of Ringer' a E1olut~.onbefore final resuspenaion in a
minimal volume of PBS.

b) Method 2

This proce.iure is a modification of that reported by Sinha
(1974). Fifty grams of leaf midrib or bark tissue were
washed in tap water and then soaked Ln a large volume of 1%
sodium hypoohlol:'ite and 0.1% Tween 20 for 15 min. The
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material was thorou~hly rinsed in dB 0, blotted dry,
2

chopped into small pieces and then infiltrated with a
ao LutLon of 0.1 N MgCI (Ms-solution) and O.S M glycine,

2
pH B.O (MS-glycine solution) under vacuum (450 mm Hg) fOr
30 min. The leaf or bark material WaB homogenized with a
pol~rtron, filtred through 2 Jayers r f mlracloth, the volume
adjusted to 150 ml with Mg-solution and the sap centrifuged
at for 10 min. (low-speed centrifugation). The
supernatant was adjusted to pH B.O and centrifuged again at
low speed. The volume of the supernatant was measured and
to it was added 5% (w/v) activated oharcoal powder. The
solution was stirred for 1 min. and then 5% (w/v) CelHe
545 was added and the solution stirred for another minute
before being passed through Celite pads in order to adsord
allY microorganisms from the mixture. 'l'hepads consisted of
a 15 mm layer of Celite 545 sandwiched between 2 circles

~1,(I mm di.am , ) of Whatman No. 4 filter paper held in a

!:l\chner funnel. A maximum of 75 ml of the mixture \'1as
passed through a single pad ln order to effeotively remove
oontaminatins plant pigments. The mixture measuring 150 ml
was divided into 2 egual lots and pas~ed through 2 s~parate
pads. Organisms were eluted from the peds with Mg-solution
under gentle vacuum and 20 ml fraction colleoted. No
opalescent fractione wer€; observed so all the fractions
were pooled and centrifuged at 25 OOOS for 30 m:tn.and the
resulting pellet soaked in ~ minimal amount of Mg-solution
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ove1:'nighton ice. 'thevolume of the Buepension was adjusted
to 5 ml and the pellet thoroughly resuspended by gently
agitatins the tube. The suspension wae then olarified by
centrifugins at 100& for 10 min.

In order to determine whether any baoteria were preeent in
'"

the prepara~ion before fu~ther ~urifioation by oolumn
chromatography and denaity gradient oentrifugation (as
described by Sinha (1974», 1.5 ml of the supernatant was
centrifuged at 25 000s. for 30 m:l.n. and the pellet

ret'luepended in a Hinsle drop a:f: PES a~'ldviewed under 'the

eleotron mioroeoope.

A variation of this extraotion method which inoluded an
enzymatic desradation step was also used. The very finely
chopped plant infiltrated with an
~nzyme-buffe)1~ eolution oorteiet:l.nsof 0,1 M MaCl , 0.6 M

2glyoine, 0.0' M mannitol, 2% (w/v) Oell~laee :R-l0, 1% (w/v)
Macerozvme R-l0, pH 6.0 in plaoe of the MS-slyo1ne f'Jol.ution
used above (both enZymee were purohased from Yakult Honsha
Co. Ltd., Japan). '.renmilllli'\,reeof enzyme eolution per
gram of leaf material were ueed and the l!Sut!lpeneion
:1.noubatedat SO 0 for :3 hl."with sentle agitation. Afteu.'
degradation, the material wae treated in the eame way at!!
detailed above.
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c) Method ~? ,
Thie procedure was adapted from the teohnique d~veloped by
Jiang and Chen (1987) for the purifioation of the MLO
assooiated with the A~ter Yellows disease from lettuoe. The
prooedure wae essentially the ~ame as that reported by the
authors but with minor modifications.

One hundred grame of miarib cr bark tissue were washed as
described in method:2. chc.pped finely in 100 ml of chilled
i,solatlon medium (0.3 M D-mann1tol, 4 mM t-oysteine, SO roM

(N·~mo)."pholino)-propanesulfonio acid (MOPS). 1 mM EO'l'AI 0.6%

(w/v) PVl?, pH 7.2) and disrupted with a polytron. The
tissue wae then groound with a mCJrta)."and pestle untU no
vasoular fibrose were diaoernable. The sap was s~ueezed
through 3 layere of cheeeeoloth. the volume adjusted to 400

ml with isolation medium, and then oentrifuged at 1 SOOS
for a min. The supernatant wae filtered th~oush a layer of
Whatman No. 4 filter paper and centrifused at 35 OOOa for
SO min. at 4 C. The pellet \15 resuspended in approximately
200 ml of chilled euependins modium (0.3 M mannitol, 20 mM

MOPS. pH 7.0) and differentially centrifused at the low and
hiSh speeds. The final pellGt wae reeuepended in
apPl:'Qximately 5 ml of chilled suspending medium. Before
n.tt,empta tc, fUrther purify 'thepreparation by diesoontirmout3

gl,~adient oentX'ifulllation t 'dhe preeenM of baoteria \'lae

ascertained Ba deeQ~ibed in mothod 2.
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d) Method 4

Infeot.ed and healthy 01 tl'US, at:)well as peri~""inklemidrib
...nd bark tissue ';.;raeprooessed aooordin/ii to the method
developed by Sui (19B8) for the purifioation of the Asian
greening or~aniam.

Fifty grams of plllntmaterial was used in eaoh extrao'tion
attempt. The material was weighed. rinsed 3 times in a

(0.1 M MsCl J 0.5 M mannitol.
2

0.6 M glycine. pH 7.4). The tissue was homosenized with the

large volume of clH 0 and to
2

(150 ml) isolation modium
it added three-fold (v/w)

aid of a polytron ne described above and oellulase added to
a final ooncentration of 1% (w/'lf). Enzymolyt!de of the
tiseue ''1ae allowed to ooour for 3 hr at 35 C with sentle
agitation. The slurry was filt~red (2 layers of oheeseoloth
followed by a sinsle layer of miraoloth) and the filtr~te
oentrifuged at 1 500~ for 20 min. at 4 C. The supernatant
wae then centrifuged at 35 OOOa for 40 min. at 4 0, the
resulting pellet resuependecl in 150 ml ieolat:lonmedium and
the euepene10n 6ub.i ected to another cycle of diffe~l;lnti~l
aentt'i:fusation at the low EU10, hish epeed~. 'l'he peUet was

ro~ue~ended in 150 ml of euependins soluti,on (0.5 M

mannitol. 30 mM oyetein.o,pH 7.2) and .:anothertwo oyoles of
differential Gentt'ifUl~ation were carl'led out, The fina.l
pellet wao NHlUspendod in a minimal amount of 8uependins
eolution. centY.'i.£\tgedat low ep~ed and the supernatant
collooted.
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e) Method {5

Thiel procedure wae used to obtain a crude preparation of
from g~eening-infeoted citrus and periwinkle

A sample of leaf or bark material was
eurface-st~rilized as in method 2, ohopped finely nd then
e'.lfJPpncledin enzyme solution (1 mM CaCl , 0.6 M mannitol

?t~onta.ining 1°~ (w/v) macer cavme and 2% (w/v) oellulase, pH

5, f:\ I. The matet'1.alwas plaoed in the bowl of a mini food
pro('H~~A("\\," (Salton Le Whizz~ Teltron, RSA) fitted with a
et·b0l blade, and S ml enzyme ~olut1on added per gram plant
tiasu~. The material was pulse-homogenized until fine and
the resultant slurry inoubated in an Erlenmeyel:'flask fol:':3
hr at 30 C on an ot'bitalshakel:'(150 rpm), The mElterialwas
homogenized again with the aid of a polytron and f11tet'ed
tht'clUsh2 layers of mit'acloth. The solids wet'e rinsed with
ohilled PBS oontaining 0.6 M mann:1.tol(PBS-mannitol) and
squeezed firmJ.y to extl:'aot all the eap. The filtrate was
clarified by oentriiue;ation at 200e fol:'5 min. at 4 C
(low-epeed oentrifugation; The aUpF.lrmltantwas then
2ilter~d ~hroush a sinsle layer of Whatmans No. 4 filter

and the filtrate subjected to hish-speed
(~entl'i:fugationat 4 C (20 OOOa for SO min. ). The pellet waa
gently reeuepended in a large volume of J?ES-mannitoJ the
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partioulate nlatter sedimented by high-speed oentrifugation
and the pallet washed a second time by resuspension in
PBS-manni tol. After high-speed oentrifugation, the pe Het
wae overnight on Lee in a eml'l.l1volume
(approximately 8 m1) of PES-mannitol oontaJ.nins 0.1% tv/v :

EDTA (PBS-mannitol-EDTA) with the aid of a magnetic
atirrer. l'he auspenaion was clarified by low-speed
oentrifugation and the sUpernatant divide)d into 2 egual
volumes. Each volume of Bupet'natant was Laver-ed onbo to a
diaoontinuous density gradient consiBting of 4 m', of 30%

('w/v) aucr oee layered on 2 ml of 70% (w/v) sucrose. The
sucrose was made up in PBS-mannitol-EDTA and the gradient
cent~ifuged in a Beckman SW 28 swing-out rotor at 70 OOOg

for 60 min. The band at the interfa.C"t:l("'(..the two sucrose
solutions wa.a harvested and washed 2 x .~na lat'se Volume of
PBS-mannitol-EDTA before final t'es1.lep~meionin a minimal
volume of PBS.

As an alt~rnative to the use of sucrose density
centrifugation, self genet'ating Percoll gradients were used
in an attempt bo optimize the purifioation of tho bacteria
from plant preparations. rr-.C' ,~··.;n'<..,1x~tX'ationsof l?et'oollwere
used, namely 30% and 70% (v/v). Stet'ile l?erooll (l?harmaoia,
Uppsala. Sweden) was diluted in the isolation medium of Sui
(1988) (0.1 M MgCl, 0.5 M mannitol, 0.6 M glyoine, pH

2
7.4). Thit'ty five millilitrea a£ l?ercoll eolution wae added
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to a Beckman Ultra-Clear' tube (25 x B9 rom)and 6 ml of
sample layered on top of the Perooll.,The preparations were
centrifuged at 30 OOOg for 30 min. in a Beckman SW 55
angle~head rotor. When only small Volumes of sample were
a.vailable, gradient centrifugation Was performed usins
1.1 x 34 nun polYca:robonatetubeB (1.5 ml volume) and a
Beckman TLV lOOK rotor.

f) Method 6

Both denaturing and non-denaturing PAGE were ueed in an
attempt to identify pathogenesis-related proteins unigue to
greening-infected citrus. Such prote J would serve as an
ideal source of imrnunose~ for the production of a
mono-speoific antiae:roumfor ·the disease.

The following
Sl)S..PAGE: i.)

greening-free),

plant leaf midrib samples were analyzed by
healthy sweet orange (certified

:1.:1.) greening-infected eweet oranse
(greenhouse-grown seedlinss infected with the disease vie
X •. ~.J::U~~ and provided by the C.S.F.R.I._ Nelsprutt,
iii) troyer c:l.transeinfected with tatter leat virus and
citru6 tristeza v:l.rua(Ct.t'V),i.v)rOUgh lemon infected with
vein e11ationvirus and CTV, v ) mandarin affeoted by CTV and
"multiple sprouting" (n oondition of oitrus thousht.to be
oauaed by a mycoplasma O~ MLO (Da Graoa, pers. oomm.)),



142

vi) sweet orange affected by paoro~is and CTV, and
vii) grapefruit infected with CTV as well as with a severe
stt'ain of CTV (strain 7K6). The oitrus infeoted with agente
other than greenins were supposedly free of greening
disease and Wal.'e kindly eupplied by Pl.'of.J. Da Graoe.of
the University of Natal. Pietermaritzburg.

Citrus infected wibh diseases other than greening was
analysed in order to identify any pathogen-induoed proteins
of host origin which may be produoed by plante in response
to either stress or infection with various phytopathogens.
Antiast'a re.ieed against euch proteins would obv:l,'J.slynot
specifioally detect greening disease.

Sample pl.'epa.rationfot'denaturinlt as Wt 11 as non-d'!lnatu1:'ing
PAGE was carried out as described in seotion 2.9.1.6 with
'.he addition of a tioeue homosenization step. In thie
'1,;,uificaticm of the protein extraot:l.on prooedure, the
chopped midribs were thoroughly homosenized wi't.hthe aid of
a polytron after beins allowed to stand on ice for 16 min.
and thereafter treated as described in eeotion 2.9.1.6.
Samples were euepended in eplittins solution and then
heated, or e1uapended in non-denaturing aampl.ebuffer. The
preparations WElre layered onto 10% ~erylamide aah d~.d

fraetionated and otained ne de8~ribed in seotion 2.9.1.6.
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Citrue affected by the Aeian strain of greenins disease Waf]
aleo analysed in this study by PAGE under denatu~ins, as

well as non~d$naturing conditions. Samples of infeoted as
well M heal thy mate~ial wex-aeupplied by P~of. Hong-Ji Stl

of the National Taiwan University, Taiwan, R.O.C. and this
aspect of ~he work oarried out at the Development Cent~e
for Eiotechnologv in ~c·PBi. R.O.C.

For the analysis of samples under non-denatu~ins
oonditione, midribs ~le1:'e excieed f~om washed leaves, £~ozen
in liquid N and ix-ound to a fine powder usins a pestle

2and mGl:'tar. The material wae them suepemded in extt'aotion
'buffet' (SO 8.7 containing
t roMd1thiothreitol (DTT), 10 ~1 asoo~bio acid, 10 mM EDTA,
5 InM MgCl and 0.5% (w/v) insoluble J?VP). The phenol

2complox:l.ng agent (J?VP) and ~educins agent,s (DTT and
ascorbic acid) were added to the Tria buffer it'). orde~ to
p~event peroxidaee and phenolcxidase aotivity which can
result in artefacts as well ae in uample etreakins and poor
resolution (Granier 1966).

After th~ addition of extraction buffe~, the sample Wae
st'ound fllrther and then shaken vigorously fOr 15 lOin.The>
suspension was centrifuged in ~ lOioro£uge for 10 min. and
the buf£er-aohtole proteins in r.hesupernatant oonoentx-ated
by aoetone precipitation. In addition to oonoentratins the
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protein, acetone pl:'scipitation allows fc.\:r. the r-emovaL of

't-1lant pigments. phenols and lil.:dda, all of which may al,eo

cause sample etl:'eaking (GN~nier 1968).

In the acetone precipitation step. suorose was added to a

2 ml volume 0:1: the supel:'nata.nt to 8. final concentration of

5% (w/v) followed by the addition (:>:1:' 8 ml of Lce-sco.Ld

acetone con.taining 0.07% tv/v) 2-meroap'boethanol. The

solut.ion was mixed well and incubated at ...20 C for' 1 hr.

The procipit.nted Pt'oteins were pelleted by oentt'ifuSation

(3tl 000i. f'm' 10 m:ll.), the pe llet dried under' vacuum end

t',hen B()lubi U~~pd in PElt). Tel this preparation \\las added an

equ~l volume ()£ non·~del'H~turirlg PAGE sample 'buffer and

(:1e.mI~lE's containing 100 250 ug of protein were

fracti('mated on 10% ac:nrlamide sols using a SE250 M:l,ghty

fim!ill II Slab Gel Elect'.:t·()l:ihoX'f)l~iB Unit (Hoefe;Y.' Sc1entifio

InctX'umanto. USA),

't'hrpo diff{\X'ont, namI'll£) j:\Y.'€lparatioD pX'()cedurof:', N.:nely

pl'H~no1. ~ms and tl"ioh.L()X'GtH)ot,j,O aoid~'8cotone (TCA~e.cetone)

f'xt.Y.'l'I.ot.:lem. WOl'fl omplcnred in the analyoif.1 of th\a Asia.n

eit~l:'UO cmmploo by PAGE under donaturins conditiom3.

Denat.uring oxtX'D.et:ioD in t.he p:t'OCleDoe of 1:JDS at hiSh

t.ompor'{ltulC'O nllowD tho coIubf.l i:~at.ton of momb:t'().ne~·bound

['l'(;tto.ino D,D wnl1 (\0 thr. l"'(;\COV8r-y of uolublfl proteinn whi:1.8
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at the same time
both

inaotivating
of which cause

plant proteaaea and
poor gel reao~utionphenoloxidaeea,

(Granier 1988).

The solubilization of membrane prote~,ns with phenol is
reportedly as good as that obtained with SOS but phenol
extraction has the added advantage of eliminating OIQat

polysaocharides and slycoproteine in addition to de~alting
samplea, thus ensuring reproducible separat.ion of protein
(Meyer ii:.t al.. 1988). Although time ccneumi.ng , phenol
extre.ction allows for the preparat.ion of hiShly
concentrated protein samples from tiesueo with a low
protein content (M~yer ~t al., 1988).

Direct preCipitation of proteins using a combination of the
two denaturing and pl'ecipitatins agents. namely TeA and
aoetone, allows visualization of total proteins w:l.thout
artefacts caused by plant enzyme action. The addition of
TeA and a.cetone reeulta in the immed:tato inaotivation of
plant prot('aaea and phel'loloxidasee (Granier, l.968). The
extraction prooedure, however, does not effect:l.velyl::'eOQVe);'
membrane proteins aa these usuallY reguire hish temperature
for solubilization.

For SPS extraction
homogenized in a

of proteins, leaf midrib samples we~e
solutlon oomprising of 4% (w/v) SDS,
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5% (v/v) 2-mercaptoethanol, 5% (w/v) sucrose and 0.5% (w/v)
ins~luble PVP. The resulting slurry was heated in a boiling
water bath for 5 min., oooled rapidly and then centrifuged
to remove 1r.soluble material. An equal. volume of
non-denaturing PAGF sample buffer was added to the sample
prior to fractionation by PAGE.

In the phenol extraotion prOCedUl':'8,an emulsion of 50%
(w/v) high-grade phenol in 0.1 M 'l'ri.s-HC1,pH 8.0.

containing 5% (v/v) 2-mercaptoethanol and 5% (w/v) sucrose
was prepared. Approximately 2 g of frozen leaf material was
homogenized in 10 mJ. of the chilled emulsion and the
suspension atirt'ed over ice fot' 30 min. The phen(.)land
aqueous phases wet'e aepat'ated by centrifugation
(5 OOOg for 10 min.), the phenol phase collected and
re-extt'acted for 15 min. with an egual volume of
phenol-saturated 0.1 M Tria-Hel, pH 9.0» containing 5%
2-mer.oaptoethanol. The phenol phaae WaS collected and
proteins precipitated by adding 4 volumes of ice-cold
methanol containing 0.1 ammonium acetate
(methanol-ammonium acetate) and inoubating the mixture at
-20 c fat' 4 ht'. The precipitate was colleoted by
oentrifugation, washed 6 x with chilled methanol-ammonium
acetate and dt'iedux..der vacuum. The extraot was resuspended
in a eolubilizet:i.onmixture consisting of 9.5 M urea, 5 roM

K CO, 1.25% (w/v) 8DS, 0.5% (w/v) DTT, and 6% (v/v)
:2 3

'I'd.ton X-100, vcr-cexed well and mixf;}r,lwith an equal volume
of non-denatut'ing PAGE sample buffer.
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For TCA-ucetone p~ecipitation of proteins, leat midribs
were frozen in liquid N and crushed to e fim) powde:t:'.

2
Lce-ieo Ld ~Ixtractian solution (10% (w/v) TeA and 0.07% (v/v)

2-mst'captoothan'.1 in acetone) was added to the cold powder
and the suspension vortexed. After standing at -20 C for 1

the precipitate was recovered by centrifugation
(35 OOOg for 15 min.) and the pellet soaked in a large
volume of chilled "'t;.one conta:!.ning 0.07%

2-me~captoethanol for 'r) 0. The ~Claking solution
was decanted off, the P("·

for 1 ht', and reauspendL. ~i1ization mixture
detailed above. After VOl. suspetls:!.onwas
centrifuged brieflY (15 OOOg for .Jlin.} to remove
insoluble materia.l and the supernatant mixed with an equal
volume of non-denaturins PAGE sample buffet'.

2.9.3 Immunization of rabb:!.ts

Antisera to preparations of CUltured cells, as we~l as to
extracts from naturally-infected plant material, were
raised in 1.5-2 kg female New Zealand white rabbits.
Animals were immunized via either the int:t:'avenousor
int:t:'amuscularroutes. Pre-immune serum was ta••en from each
rabbit and tested using the microprecipitation test
(Hill , 1984) for the presence of any pre-exiet1ng
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antibodies to the bacterial isolates, plant extracts and
health3' .....;,antmaterial. The mioropreoipitin test wae also
used ~o determine the antibody titre of the test bleeds as
well as that of the final antisera.

Imm:..mization via the intravenous (IV) Y.'oute generally
yielded antisera against cultured isolates in a shor·t
period ax time (apprOXimately 28 days) but with a
relativaly low titre (usually between 1/256 and 1/512, as
determined in the microprecipitin test). In this prooedure,
750 ul of immunogen suspended in sterile normal saline was
injected into the marginal ear vein of a rabbit every
alternate day over a period of 14 daye. A teet bleed was
performed '7 days after the last injeotion ar.da single
booster inooulation administered if neoessary.

Because of 'che larse amount, of oontaminating plant
compounds present in the extraots obtained from infeoted
plant tissue, the IV route of immunization could not be
used in theee instanoes.

Although requiring a longe~ period of time for p~oduotion
Clf I:\ntiserum. the intramuscular route wae the prefel':'ed
route '"Ifimmunization as preliminary studies indicated that
reeul tant, antisera againElt iMlatee we~a of a hisher titt-a
(between 1/1024 and 1/4096).
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In thie prooedure, a 750 ul volume of inununogen(either a
'eperation ~f oultured baoterial oe11e er e. plant extraot)

wae emulBifie~ with an equal volume of Freund's aC)juvant
(complete Freund's wes used for the initial immunization
and inoomplete Freund·~ for subsequent boosters). Eaoh
rabbit reoeived a eotal of 5 inooulations admini~tered at
weekly intervale irltothe thigh muscle of the anime,l'a hind
leg. Two weeka after the lest inoculation, a test bleed was
performed, the titre of the anti~erum determined, and a
booster given if necessary.

At the end of the ;I,ll\Il\unizationschedule, the rabbits were
enaesthetized and exsanguinated by cardiac punotuX'e.
Colleoted blood was allowed to clot at 37 C for 1 h1:\and
then inoubated on ioe for 2 hr in order to shrink the clot.
The serum was colleoted, oentrifused (5000 s for 5 min.) to
remove any remaining blood oells and aliquoted into 5 ml
volumea for storage at -20 C.

2.9.4 Croee-adsorption of antieera

C~o8a-ad8orption of
antiaerum whioh was
infected plant material
the hiSh background

the putat:l.velv greening-speoifio
raieed against the extract ft'om

was essential in order to y'od. '13

readj,ngl3reoorded in tho r..GISA
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(FiS· 53) • The antiserum was crcee-adscrbed against
extracts of healthy citrue material, as well as against
extraots of oitrus material collected from plants

free of greening but affectecl by other
phytopathogens. This infeoted materisl was used for
crose-adsorption in order to remove antibodies directed
against pathogenesis-related proteins of plant origin whioh
woul.daffeot the specifio:l.tyof t.heantieerurn.

Leaf midribs from plante infeoted with the followins
pat.hogens were used for oroee-adsorption: i) rough lemon
infeoted with vein enation vil:'ueand CTV, ii) l."oughlemon
infeoted with vein ena+.ion virue only. iii) sX'apefruit
infected with CTV as well as with the eeveX'e7K6 strain of
CTV, iv) mandarin affected by CTV as well as by "muitipl~
sproutins", v ) sweet orange infected with peorosis and C'l'V,
and vi) troyer oitrange infeoted with oitruB tatter leaf
virus and CTV. Equal quantities of eaoh sample were
oombined for the preparation a pooled extraot of infeoted
material for the c:t'oss··adaot'ptionof antieel:'a.

All the infected leaf me.taX'hl wae obtained :t:t'omthe
University of Natal, Pietermaritzburg whilo healthy citrus
materie.~.was collected :fl."omsweet o:t'angelseedlings provided
by the C.S.F.R.!' in Nelspruit. Leaf material known to be
affected by greening wae also obtained from the latter
eouroe,
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Three
remove
against

diffeX'ent oroas-adsorptir'ln teohniques were used to
anti-plant aotivity from the antiserum raised
the infec'ced 01true extract prepared ±ollowir s

method 5 (s1.lc:t'oseand not fat'coll was used in the st'aciient
centrifugation). The effioaoY of the three adsorption
techniques was determined and oompared.

In an attemPt to reduce the reactivi'cy observed be'tween the
an'tiiaerum :raised against the oultul':'edisolate (GO) and
healthy plant material, the antiserum was cross-adsorbed
ag~inst plant p:N,te:ina pl'epared following the ammonium
sulphate pr'seip! tation technique (2.9,4:.2).

2.9.4.1 Gl:'(,)Bs-adec),I:'Ptionagainst aOHtone-fixed plant
material

A modification of the method of Lin and Chen (198S) ~...aa
used. Five grame of midrib matet'ial was cut into very fine
seotions using a scalpel blade and the seotions fixed in
MErbc:me fe)r 30 mf.n , and then e.ir·-dried.The fixed material
was g:t:'oundto C\ ii.ne powd~~r and tihe antisers oross-adsorbed
by mixing 1 ml of whole serum with 1 ml PBS and the
acotone~fixed
mixture was
(wel"l'light.

powdel' pl'epared from 5 S of leaf midribs. The
incubated nt. a7 C fOl' 1 hr and then at. 4 C

'I'he immunoJ)):'ocipitntec) WB:t'O r-emoved by
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centrifugation at 13 aDOS for Hi ... 410 and the serum stored
at 4 C

NaN ).
:3

pl:'epared

(with 0.02% (w/v) NaN added) OX'at ....20 C (without
3

However, cX'oss-a.dsorbed serum was generally
freshly priol::'to use as it was found that

prolol1lied stoX'age at either 4 C or -20 C resulted in po en."

detection asSay results.

2.9.4.2 Cross-adsorpti.on against ammonium
sulphate-precipitated
plant proteins

The method used wae a modification of that deBCribed by
Lommel e.:t al. (1982). Five grams of hee.lthy Citrus midrib
tissue were homogenized in 10 ml PBS over ice, the
suepension ~iltered through a layer of miraoloth and then
clarified . low-speed oentrifugation (3 aOOg for 15 min.).
Protein in the supernatant was preoipita+9d by the addition
of an e':tualvolume of saturated emmcnd: II sulphate followed
by incubation on ioe for 30 min. The precipitate wat!'!
pelleted by centrifugation at 15 OOOg for 15 min'l
resuspended in 1 ml PBS and then dialyzed exhauetiveJ:y
against PBS (12 000 - 14 000 MW out-off dialysie tubing was
Used). The pl:'eparation was clarified by oentrifugation
(8 OOOa - 10 min.) and etored at -20 C if not used
immediately.
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Antisel:'a were cr·oss-adr.orbed by mixing 1 ml of the
concentrated plant protein with 0.1 ml of whole serum. The
mixture was incubated for 1 hr at 37 C and then overnisht
at 4 C. The preoipitate waa removed by oentrifugation in an
Eppendot'f mict'ofuge fot· 10 min. For ehot't-term storage,
NaN was added to the serum to a final. ooncentration of

3
0.02% (\<J/v) and the serum kept at 4 C. GenerallY,
orose-adsl)t'bed antisera were not kept for mOre than 2 days.

2.9.4.3 Orcss-adsot'ption by affinity column ohromatography

Midribs were excised from both young and mabure heelthy
sweet oNmge leaves, thoroughly rinsed with dH 0 and cut

2
into small seotions. The material was frozen by the
addition of liquid N and sround to a fin~ powder in a.,
mortar. Coupling buffer (0.1 M NaHCO , pH 8,3 containing

S
0.5 M NaCl) was added and the material ground further. The
suspension was transferred to a oentrifuge tUbe and shaken
vigorously for 1 min. and then centrifuged at 12 000 g for
5 min. The supernatant wae filtered throuSh Whatmane No.4
filter paper, its protein content determined
spectl'.'ophotometrically, and the Ejo11ltion diluted bY' the
addition of couplins buffex' to a final. protein
concentratiou of apprQximately 6 ms/ml. The prepared lisan~
was ooupled to CNBr-Activated Sepharoae 4B (Phal'.'maoia,
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Uppeala, Sweden) over-night at 4 C aooording to the
me.nufeotur-er-·e instruotions. After washing a\'1ay excess
ligand, any remaining aotive groups were blocked by
treatment with 1 M ethanolamine, pH 9 for 2 hr. The
protein"Sepharoee 48 conjugate wae paolted in a 150 x 10 rom

oolumn and equilibrated with PBS prior to use.

For removal of plant-speoifio antibodies from antiserum,
the serum was diluted 1:10 in PBS and then passed through
the pao]ted oolumn at a flow rate of apPl!'oximately 0.25
ml/min. Two millilitre volumes of diluted antiserum wer-e
used each time, between which bound antibodies were removed
by w3.shing t.he oolumn with aoetate buf.fer (0.1 M. pH 4).
followed by re-equilibration with PBS. One millilitre
fractions of eluate were collected and those displaying an
OD of 1.0 or more were pooled and used in the Et,ISA.

280

2.9.5 Fractionation of imm\tnoslobulin

In the vat'ious serological detection aeef\"S, antiserum was
ueed either whole or- fl:'e.otioned.The immunoglObulin
ft'aotion (IgG) wae put'ified from whole serum by the
Rivanol/e.mmonium sulphate method ae deecl~ibed by Horejsi
and Smetana (l966).
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2.9.6 Production of Fab' and F(ab') fragments
2

Feb' and F(ab') fragments of !gG were prepared by pepsin
2

digestion and oysteine redu~tion from purified
immunoglobulin as desoribed by Earbara and Clark (1982).
The fragmente were isolated ix'om the reaotion mi.'lttUl;'eby
affinit,y chromatography th~oush 5 m1 of wet Protein
A-Sepharoae ow-·m (Pharmaoia It'ina Chemicals. Uppsala)
packed in a column oonsisting of a 10 m1 disposable plastic
syringe. The purity of the Fab' and F(ab preparations
was confirmed by immunoeleotrophoresia.

2.9.7 COl'l,iUsationof enzyme label to ISG

Alkaline phosphatase was oonjugated to purified ISG as
described by Clark and Adams (1977).

2.10 SEROLOGICAL DETECTION ASSAYS

2.10.1 reparation of plant samples

Ideally, a sample preparation prc<;)edure should yield I!l.

suspension oontaining the antigen of interest with a
min:l.mal amount of contaminating host plant material. In an
attempt to optimize the 5xtraotion prooedure, a variet" of
methods were examined.
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Plant matel:'ial used in this investigation was colloct~d
from gl:'eening-affected oitl:'uS seedlinss pl:'ovided by the
C.S.F.R.I. The presence of the disease was confil:'medby the
TLC assay (section 2.5.6), Healthy material was from the
same aource and tested negabive :F.Ol~ the pl:'eaenoeof the
gentisio a01d mal:'kel:'of Sl:'eeninsdisease. Leaf midl:'ibswe:t'e
excised fl:'om the material and mixed togethel:'in a larse
container and the material required for each procedure
randomly taken from this pooled sample. This method of
selecting leaf material ensured a relative degree of
unifo!.'mityamong the different samples.

For the oompal:'ison of the extraction procedures, the
preparecl samples were reacted with the GleE antiaerum in
the HE-PTA-ELISA (section 2.10.2.3).

2.10.1.1 teaf Pl:'eeeextraction

An El:'ichPolane leaf press wae ueed to extract the sap from
washed, excised leaf midribs as deaol:'ibedby Duncnn (1965)t
omitting the sonication etep.
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:2 .10.1..2 "Chopping" method

Washed midribs were weighed and then chopped very finely
with a soalpel blade in a small volume of either sample
oonjuga.te buffer PBS (Boehringer Mannheim (EM). FRG) or
ooatins buffer (BM, FRG). Sample conjugate buffer was used
for the prepar~tion of samples for DAS-ELISA, Fab-ELISA and
F(ab'} -ELISA, While ooating buffer was used When samples

2
were prepared for PTA-ELISA. The suspension was transferred
to a 20 ml Erlenmeyer flask; and additional buffet· added so
that the leaf material. was adequatelY suspended in the
liquid. After standing for 10 min. the nuepens;l.onwas
vor-cexed for 5 min., the plant debris allt••eelto settle
out, and the supernatant collected. Partioulate matter in
the suspension was sedimented by oentrif"gation
(12 OOO~ for 30 min.) and the resulting pellet thoroughly
reH\lu6J:.londedin 4 ml of the appropriate buffer per gram
original leaf material.

2.10.1.3 Polytron homogenization

Washed mid);"iba were plaoed in a lal:'setest tube \'1;1. th 10 ml
chilled 1/4-st:rellgth Rinser's solution per Sl:'am leaf
matel:'ial and tho:roughly horncgerid.aed ever Lee using a
polytron (Kinematioal Switzel:'land) (speed setting 3), The
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homogenate was filtered through a double layel" of mil"acloth
and clal"iiipd by centrifugation (200& fo~ 5 min.) followed
by f.iltration through Whatmans No.4 filtel" ~apel". The
filtrate was then centrifuged (12 OOOg fol" 30 min.) to
concentrate bacteria present a.~dthe pellet resuspended in
4 ml coating buffer 01" sample buffer per' gJ:lamol:'isinallea!
material.

2.10.1.4 Enzymatic tl:'eatmentof plant mat~p.ial

rn an attempt to maximiee the release of phloem-limited
bacteria fl:'om diseased tissue, midrib tissue was aubject~d
to enzymatio digestion.

Midribs were washed t.horoughly in l:'unninsWatel~ I\ndswabbed
with aloohol before being chopped as finely as possible in
a emall amount of enzyme Bolutior. (~~ ~w/v) Cellulase TO
(Serva, FRG) , 1.6% (w/v) Rhoment l?o (S;.\rva), 0.5% (vIv)
2"'mel:'oaptoethanolj 0.02% (w/v) NaN, ~.nX'BS, pH 6.0), The

3
solution wae prepared just pr10~ ~o use.

The Buspension was then finely ground using a pestle and
mortar and additional enzyme solution was added 80 that a
total of 10 ml enzyme solution Wae added per gl"am leaf
material. The suspension was transferred to ~ sma.ll oonical
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fla.elt and inoubated on a gyratory shalter (60 rpm) at 28 C

for 24 '1r. EDTAwas then added to t). final concerrtz-ab i.on of

0.1% (w/v) end the suspension ahaken fer a further hour.

The rf!6ult:tng slurl:'Y was filtel:'ed thl:'ouSh 2 la.yers of

m:traoloth and further olarified and oonoentrated os

described :tol:' polytron homogenization.

2.10.1. f) Extraction of alkali-soluble anti/itenl!l

Alkali-soluble antisens were ext,racted from plant matel:'ial

usins a modif:! at:l.on of the method of Kawarabata and

Hayasake (1967).

Samples were prepared u.:;ling a polytron as der.,·~r__"Hl abvll".l

and the pellet obtained o.fttr hi~h-speed c.,Alt),tl."icua;ation

N\(1uspended in 2 ml 0.1 N KOB pel:' gram vriSitl.a.l leaf

material. The sUspension was inoubated in a 27 C water bath

for $0 mi.n, wit,h gentle at1itation evev 5 min. 'l'he

suspension wae then oentl:'ifused (12 OOOS :tOl' 30 min.) e;t

4 \) to aeaiment the pal:'ticulat,e mattElr and the eluperne.t,ant

containing the alltali-aoluble antigen!;! oolleoted. An equal

volume of 0.1 N H01was added to neutralize the scl"...don.

'l'he sample was diluted in ooatins buffer fol." the hll'U,reC\t

ELXSAaosay.
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2.10.1.6 Water leaohing ~f antigens

A a.i,ngle l<aaf mJ.d:db wae out into very nne seotiona using

a scalpel blade and the seotions transferred to Ii 1 ml

Eppendorf t'ube. A volume of eterile dH 0 just large
2

enoush to auspend the seotions (usually 200-300 ul) was
a.dded to the tube and the eluapeneion agitated vigorously at

t'oom temperature overnight. The leaohate wae oolleoted and

diJuted in either sample or ooating buffer, dependit",g on

the deteotion assay to be employed.

2.10.2 Enzyme-linked immunosorbent assaye

A number of variat,iona of the oonventicmal Il:LISA aSl.!laywere

investigated in an attempt to deteX'mine t.he most

satisfactory method of deteoting the orgarlism it) j.nfected

p.Lant material.

The followins ELISA 'buffers uaed were obtl~inecl from

EoehJ:'inger Mannheim as either powders OJ:'concentra1~ed etock

eolutiona and were made up acoording to the ma.llufl'l.oturer't'J

instructions: coating buffer, sample oonjugai~e buffeX'

(PBS) • ,,-'ash 'buffel:' and eubatrate buffet'. 41-)1itrophE'Jnyl

phosphate was adde!.. to the approprio.tely dilu~~ed substrate

buffer to a :final concentration of 0.1% (w/v) just prior to
use.
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Sampl(~ conjue:at~EI buffer was used as diluent for all the

eerQt~~asenta . ~rhe blocking buffer used in all aesays

cOn(,1etied of a ao Iutif.on of 1% (w/v) bovine serum albumin

(ESA), fraction V in PBS. Protein A - alkaline phoaphatase

oon;,usate wae p);'epared aooording to the method of

EngvaU (1978). Goat anti-rabbit leG (whol~ antibody)

alkalino phosphatase conjugate (GAR-AP)was purchased from

Sigma (St. :Gouis, USA). Nunc (Denmank) Microwell Modl.l1e

F-16 immuno quality high binding oapaoity plates Were ueed

f.n all the El,ISA's. In direot ELISA, the IsG-alltaline

r~hosphatase (.:onjugate used was prepared according to the

method of Clal·k and Adame (1977).

Before prac'1:,ioal applioation of tho ELISA, the optimal

dilution of the sample, each preparation of immunoglobulin,

Fab' , F(ab') ,
.2

as well conjugate

preparations wae deteX'mined experimente.lly usins a modified

version of the ohequerboard acheme eimile.r to ths.t

desoribed hy Hill (1984.).

Preliminary te~ts were oarried out in order to determine

the opt imf.l.1 Lncuba; ion timee and temperatures for the

react.i.one in all the detection assays employed. All

reaotion~ were oarried out at 37 C unless otherwise etated.

Immobili:l:ed enzyme was visualized by the addition of enzyme

substrate and inoubatins the plates at 25 C. The reaotions

were at,o'pped by the add:l.tion of a M l(OH (60 ul/wl!lll).
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Although the use of crude plant e:{traots was found to ,give

satisfaotory results :i.n the DAS-, Fab'-, and

l\'(ab') -ELISA. the water ll3aohing method Was used in
2

preference to all other e.ample prepara.tiol'l pl:'ooedures

beoause of the simplicity of this teohnique and the faot

that it allowed foX' the assay of target antigen in

individual leaf midribs.

In all the Pl:'SlililinarY teets, the final wOl:'king dilutions

selected for the various reagents were those that save the
greateat colour I'oaction in the teat wells oombined with

the least reaction in contrul wells.

In addition t(;') a buffer ccntiro l well, a sample of heal thy

host plant material as \'le.l1 ae one known to be infected

with ~reenin~ ware included in all detection aBsays as

negative and positive controls, reapectively.

AsoaYB Wl'ilY'e, made in welle cont£dr1ing 200 ul of l:'ao.gent.

Mit~r(Jtitor pln tl~O were sub;jected to :3 x 5 m.in. waahea

botweon each atop.

B,ehanne.l ph()t....;nnotot', blanl:ed ag'ai.1ot unused wells of the
mierotitre p18~o.



163

Reactions were judged positive for the target antigen when
A values were equal to or greater them twice the mean
405

for the healthy control samples within the same microtitre
plate. A set of the latter controle wa.s included within
each microtitre plate because, previouely; when such
controls wer-e included in several plates tested at "be same
time, the controls for di....·fsrent plates were sometimes
s:l.snificantlYdifferent (data not shown).

2.10.2.1 Double-antibody sandwich ELISA (DAS-ELISA)

Wells were coateel with trapping 19G dUuted in coat ins
buffer for:2 hr and the unoccupied binding eitee bLocked by
the addition of blocking buffer for 1 hr. Prepared sample
was added to the welle and incubated at 4 C overnisht.
Trapped antigen was reacted with antigen-specific
IsG-alkaline phosphatase conjusate in sample oonjugate
buffor for 1 hr and the amount of bound enzyme visualieed
by the ~ddition of substrate.

2.10.2.2 Fab'- and FCab') -ELISA
2

\'1e119 were coated with purified Fab' or F(ab ') in
2

ooating buffer for 2 hr and the unoccupied binding sites
blocked for 1 hr. as described above. Prepared sample was
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,~11cwed to )';'eactwith uhe immobilized Fab" 0)';' F(ab')
2

l "'~.'··"lightat 4 C after 'Which det.ecting 19G 'Was added and
\~1oubai~,,\iifol:' 2 hr at S') C. The bound laG 'Was reacted with
P)';'oteinA·~a.lkaline phosphatase dilutod in PBS for 2 hr. at
SO C and the l:'eactionquantified by the adJition of enzyme
substri;l.te .

2.10.2.S Hepal."in-enhanced plate-tl"apped antigen ELISA
(HE-PTA-EL!SA)

The addition of the polyanion heparin to incubation buffers
containing the pri~arY and second~ry antibodies in Western
immunoblots &n,;. ELISA assays has been reported to reduce
non-specific reactions in these tests (Dietzgen and
Francki. 1967» Co:r'gejes,1989). In an attempt to reduce the
hish baoltground l:'eadingsinitially recorded in ELISA tests
using antisel."umraised against cultured beeteri.e.l.isolates,
varying conoentrations of hepal:'in were added to the
;I.ncubation buf:fel"s used in the indirect fTA-ELISA
(Appendi;)(F).

In. the prelimine.l"Y study~ hepal:'in Was added at
c~ncentl:'e.tiona of 2, 6, 10, 500 and 1000 U/ml to the sample
oO.'ljugat.e buffer in an attempt to determine the optimal
concentl"e.tion of this l:'sagentin the HE-PTA-ELISA. Results



165

of this test indicated that the addition of heparin at 6
O/ml yielded th~ greatest d~fference in colour reaction
between test and control wells (Appendix F). Heparin was
added to the sample conjugate buffer in which all
seroreagents were diluted.

In the HE-PTA-EfJISA, samples were prepared by the water
leaching method and diluted. in coating buffer. All
reactions were carried out at 37 C. Th' standard procedure
adopted for HE-PTA-ELISA was as follows: Microtitre plates
were coated with test sample diluted in uoatins buffer for
2 hr. Unocoupied binding sltes were blocked with the
addition of blockins buffer for 1 hr. Whole antiserum
diluted in tihe supplemented sample conjugate buffet'was
then incubated in the wells for 90 min. and the bound IsG
reacted with GAR-AP diluted in the same buffer for 60 min.
'l'hel:'ee.otionwas quantified by the addition of enzyme
substrate.

To t~st ;fornonspecific hydr~lysis of the substrate (whioh
may be caused by endog~nous plant phosphataAss), aome of
the microtitre plate wells were coated and blocked as
described above and the enzyme substrate added without
prior addition of th~ IsG or enzyme conjugate.



166

2.10.3 Pe~iodate oxidation of ELISA samples

In an investigation into the immunogenicity of plant
glyoane, Laine a~d Faye (1988) observed a widesp~ead
oocu~~ence of highly immunogenio oa~bohyd~ate moieties and
anti-glycan antibccUes in an'!:iise:ra.raised against plant
glycop~oteins. The authors sUB~ested that this may be the
r-eaacn for the antigenic cross-rea\'~tivityobeez-vedamong
glycoproteins. In the same pUblication it was ~eported that
an:' lodies prepared against a single protein, pu~ified. f~cm
a plant extraot by Sl"lS-PAGE,reacted with other proteins in
extracts from the Same oX' different plal1tspecies. Mild
pe~iodate oxidation of plant samples was found to
specifically dest~oy the carbohydrate epitopes (thus
p~eventing the binding of anti-oa~bohyd~ate antibodies to
plant glycoproteins) and allowed for the distinction
betWeen antibodies direoted against caX'bohydrate and
against .!,>epti,d<'.antigenic determinants in the Weste~n blot
proced'UX'e.

Evid.ence for the p~esence of xylose-oontaining glyoans in
molluscs and. insects (Faye and Chrispeels, cited in Laine
and Faye, 1988) ir.\dioatesthat the difficulties in
p~oduc:l.ns speoific antibod.ies, due to the high
immunogenioity of the ca~bohyd~ate constituents of
glyoop~oteins present, a~e PX'obably not rsstX'ioted to
plants.
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In an attempt tc determine the nature of the immunogens
present in the preparation of infected citrus used to raise
an anti-greening antiserum (section 2.9.2, method 5), a
modific~t:l.on of the periudate oxidation treatment reported
by Laine and Faye (1988) was used in the HE-PTA-ELISA.
ELISA plates Were coated with sample diluted in coating
buffer as described in section 2.10.2.3. After washing, the
wells were bl.'leflyrinsed with 50 mM sodh.1Iacetate buffer,
pH 4.5 (acetate buffer) and a solution of 10 w1 sodium
metaperlodate in acetate buffer then added to each well.
Plates were incubated in the dark at room temperatur~ for 2
nr after which the wells were briefly rinsed with aoetate
buffer. A solution of 50 mM sodium borohYdride in PBS was
added to each well and allowed to stand for 30 min. The
wells
treated
and the
2.10.2"3.

were then washed 3 x with ELISA wash buffer and the
sample probed ,~ithprimary and secondary antibOdy

reaction visualized as described in section
The metaperioliate ar::lbor-ohvdnd.desolutions were

prepared just prior to use.

2.10.. En:z,yme-La.nked dcn-dmmuncb l.of assay (EL-DIB)

The constituents of the buffers used in the EL-DIB assay
are listed in Appendix G.
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The EL-DIB assay could not be used to analyze leaf midrib
tissue as samples W9re found to stain the membrane and thuo
interfere with interpretation of th~ results. Even sample
preparation procedures such as the water leaching method
which yields preparations relatively free of unwanted plant
material did not adequately prevent contamination of the
sample with plant pigments. Soakirlg membranes in 70%
ethanol or treatment with chloroform or oarbon
tetrachloride was not effective in removing plant pigments
from the membrane.

Citrus fruit columella materJ.alcould, however, be analysed
using this assay if the samples were prepared using a
varLat.Lon of the KOH extraction method of French (197 2: .

Other extraction methods yielded samples which either
bl.ockedor stained the membrane.

To prepare samples, columella were exoised and cut in half
longitudinallY. Each half weB then out laterally Lntiothin
sections and transferred to a 1 ml Eppendorf tube.
Approximately 750 ul of 1 N KOH (sufficient to adequately
sUSPend the sample) was added to the tubes each containing
a single sectioned columella. The suspension was incubated
at room temperature for 45 min. with occasional agitation.
The suspending l:l.quidwas then dra"m off and 50 ul amounts
spotted onto nitrocellulose membrane (NCM) (O.2um pore
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size, Schleicher and Schuell, Dassel, FRG) held in a
Bia-Dot Miorofiltration Apparatus (Bio-Rad Laboratories).
The NCM was thoroughly wetted with Tris-buffered saline
(TBS) before USA. Fifty miorolitres was the r aximum vU.'ume
of leaohate that oould be applied without significant
colouration or blocking of the NeM.

Residual KOH was removed from tho membrane by drawing 500
ul of TBS oontaining Tween 20 (TTBS) through eaoh well of
the Bio-Dot apparatus under vaouum. This washing step ~~as
repeated twice. Unoccupied binding sites on the NeM wero
blocked by adding 200 ul of blocking buffer to each well
and allowing the solution to pass throush the membrane by
gravity filtration. The wells were washed with 2 x 500ul
volumes
buffer
drain
times.
diluted
TTBS,

of TTBS and 100 ul of whole antiserum diluted in AB
added to eaoh well. The solution WaS allowed to

through by gravity filtration and the wells washed 3
Bound primarY antibody was detected with GAR-AP
1:2000 in AB buffer. Wells were washed 3 times with

onoe with TBS and then with AP buffer. The NeM was
removed from the apparatus and placed on a glass plate in a
humid Chamber and 25 ul of NBT-BCrp colour reagent ~pplied
to each sample spot..The membrane was incubated in the dark
at room temperature for 2-4 hours. or until a colour
reaotion was clearly visihle. The reaction Was stopped by
washing the NeM in 10 roM Tris-HOI, 5 roM ED'I'ApH 7.5 for
10 min.
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Wet membranes were observed in transmitted light. The
membrc,,'vnescould be stored dry in the dark and re-wetted in
dH a to r.estorethe colour intensity.

2

Samples of both infected and healthy fruit collected from
orchards of the C.S.F.R.I. in Nelspruit were analysed using
the EL-DIB assay.

The EL-DIB a~say was also used to determine the serological
relatedness of the baoterial isolates (GC, NC, LO, LL, TZL
and CS). In addition, the assay was found useful for the
initial screening of isolates for their ~eaotivity with the
GIOE antiserum. As this antiserum was r~ised against an
extract of greening-infected citrus. it was ~pecu1ated that
any isolates reaoting positively with the antiserum might
be associated with the disease. Such cultures were
investigated further with respect to their ultrastructure
and pathogenicity.

For the ana].ysisof cultured bactier-Le , cells were harvested
from exponential phase cultures by centrifUgation and
washed in a large volume of PBS. The re-pellete~ oells were
then spotted onto NOM which had first been soaked in TBS
and allowed to air dry briefly. The membrane was allowed to
dry thoroughly before fixing tiv:) cells to the membrane by
irruner·sionin a 10% (v/v) acetic acid / 25% (v/v) e'bhanc....
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solution for 15 min. The NCM was rinAed in a large volume
of dB 0 followed by a 5 min. >,1t\shin TBS. The membrane

2
wae then blocked in TBS containing 2% (w/v) BSA for 1 hI'at
37 C. ~his, as well as all subsequent incubation steps were
carried out with gentle !:igitation.Excess blooking solution
was removed by 3 x 15 min. 'Hashesin TTBS.

Trapped antigen was reactt:'dwith primarY a:"'ltibody(whole
antiserum) diluted in TTBS containing 1% BSA (antibody
buf'f ar-) for 1 hI' at 37 G. The NCM was then washed
(3 x 15 min. washes) and the membrane transferred to a
solution of GAR diluted 1,:? 000 and incubated at 07 C for
1 hr. Excf)SSenzyme COtljl.lsatewas removed by 2 x 15 min.
washes in TTBS followed b'.)I'2 x 5 min. washes in TBS and
finally 2 x 5 min. washes in AP buffer. The reaction was
visualized by the application to each sample spot of 25ul
volumes of the colour development solution for alkaline
phosphatase (NBT/BCIP Appendix G) prepared just before
uso. The membrane was placed on a glass sheet and incubated
in a humid chamber in the dark. Positive reactions began to
appear as purple spots after 5 to 10 min., but the sheet
was incubated for 2 to 4 hr to complete the reaction aud
then washed for 10 min. Ln 10 roM Tris-HCl, 5 roM EDTA,
pH 7.5. The W(cli~ sheets were obaez-ved in transmitted light
and a well-defin~d purple spot was regarded as a positive
reactil.)n.
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2.10.5 Radio-immunoao~bent assay (RIA)

In establishing the poeitive-nega:c1ve threshold for RIA,
~eactione were judged poaitive when the Gamma counts wat'e
6<;1\.'8.1 to ot' s!'eate~ than twice the mean of the hee.lthy
control samples wit.hin the same test.

As with the ELISA, prelimina!'y cheguerboard titration
assays
sample

were perfo:t'med in order to determine the 0 (:It..:na.:i.
and reagent diJ.ut10n6, as well as the ol-timal

incubation times and temperatures fat' each assay.

2.10.5.1 Dot-RIA

Unlike the EL-DIB asses, Dot-RIA could be used to analyze
both leaf and columella samples prepat'ed by eith,ar watst'
leaching, homogenization ot' a method involving I{OH
extl'aotion of antigen as l'esults of this assay WI!ll'efound
be be unaffeoted by plant enzymes and stain:l.nsof the
membrane by plant £>isments. Resul ts of prelimina1:'Ytests
ind~.oated that the water leaohinS method gave adeg.",ate
~eStlltB and this method was thet'efol:'~employed in all
subsequent tests.

Leaf midl:>ib samples W6:t'e
leaching method detailed

prepat'ed following the water
in section 2.10.1.6, A sheet of

NOM was divided into 10 x 10 mm squares using a soft penoil
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and then Boaked in TES for 15 min. After air drying
briefly. 5 ul vol1lmes of 'undiluted sample wel:'eapplied to
the aantl:'e of the squares and allowed to dry before
application of an additional 5 ul of sample, The NOM was
dded thoroughly and the sample fixed to the NCM by
immersing the membrane in a lO% ('11'1) acetio aoid I 25%

('11'1) ethanol aolut~.011for :..5 min. The NCM was rinsed in a
large volume of. dH 0 followed by a 5 min. waAh in TTES.

2
Unoocupied membrane binding eites were blocked in TTES
containing 2% (w/v) ESA for 1 hr at :37 O. Thie, as well as

all subsequent inoubation stepe were oarried out with
gentle agitation. Excese blocking eolution was removed with
3 x 5 min. washes in 'l'TES.Trapped an'tigen was reactP.lctwith
p:l:'imary antibody (whole antiserum) diluted in TTBS
oontaining 1% bSA (antibody buffer) for 1 hr at 37 C. The
NOM was washed 4 ti.mea and the memQt'ane transferred to a

125
solution of I .. Labe ll.ed Pt'oteil'l A (Amet'sham, UK)

diluted 1:1000 in antibody buffer :for 1 hI'at 37 C. Aftet' 4
washes in TTBS and a sinsle wash in TBS, the NOM Wae
allowed to dry thoroushl':1rand the individual squares out
out and transferred to sointillation viale. FiVe
millilitres of Filter-Count (Paoka~d Inetrument Co. Ino.,
Il1inoj,B, USA) was added to eaoh vial, the vials
refrigerated in the dat'k overnight and then shaken
vigorously before Dounting in order to dissolve the NOM.
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2.10.5.2 Bead-RIA
'\

Ae an alternative to using NOMas the ~olid phase in RIA,

polystyreme beads can be used. The method used in. thie

I!Jtudy was devalo'ped by Lee for th~ deteotion of

xylem~limited Laotoria CR. tee, pera. carom.). In this

prooedure, 6.35 rom (diameter) polystyrene beads (Preoieicn

Plaetic Ball Co. I Illinoie, USA) ware ooated with pUY.'ified

rSG diluted in ELISA co~tins buffer at 37 C for 2 hr.

Coated beads were then Washed twioe (~aoh wash last ins 10

mil'l.) in e. larse vo lume of PES oontdnins 0.1% (v/v: Tween

20 (waeh buffer). The beada oould be atored in thie buffer

e:t 4 C fCJt' at. least 2 weeks without any deorease in bindins

effioienoy, ~o a emall plastio tube (70 x 9 rom), 250 ul of

sample was added followed by Ii ooated plastic bead. SampJ,ce

were prepared uein" tho water leaching method and diluted

1: 100 :i.n ELISA sample o(Jnjusate buffe:t'. The beads were

inCUbated with the l3arnple overnisht at 4 C and thel'l the

aample aspirated off and the beads washed a timee in waeh

buffer. Eaoh wae etep involved ac.klins at least 1.5 ml of

we.eh buffer 'co eaoh tube and leavins the beade to eoak foY.'

5 min. after whioh bh~ buffor was aBpirat~d off.
125

r..J.abelled I~G oonjuga"e (pl."e.lpared aooord;\ns to the

method de tailed in Appanciix !{) was added to each 'tube

(oon,1u!iate Wo.6 diluted in sample oQxl,iUsatebuffer such that

the 260 u1 a.l:1.quot added tn eaeh 'cube exhibited an activity
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of 40 000 50 000 CPt1). 'Ii.ne<.1S of the conjugate to
trapped antigen was allowed to take place cNernJ.ght at 4 C

after which the beada were washed 3 timea as desoribed
earlier. rrhe b"ads were then transfel."reClto eCin-:.iJ.lation
vials, 5 ml, of Filtar-Count added and the vi J.B u.llowed to
stand at 4 C in the dark overnight before countins.

2.11 PREPARATIVE It1MUNOFLUORESCENCEMICROSCOPY (P!FM)

The co~poaition of all PIFM buffers is siven in Appendix I.

One gram of washed leaf midrib matel:'ialwas Clhopped finely
in 3 ml cf 1/4-etl!'ength ll:l.nser·e solution and th~m
thoroughly homogenised usins a pestle and mortar. The
"lomogenate wae tX'aneferred to a teet tube and 3 ml 3% (w/v)
trypsin solution and :3 tnl 1.5% (v/v) 'J:'ritQnX-100 added
(both the enzyme and Triton X-100 were made up in Rinser's
Bolution) • A praliminaX'Y study carX'ied out to (""omparl!the
effioaoy of two different enzymatic treatmente indicated
that desradation of. hoet plant material bv trvpein and
Tr:l.ton X-lOO ~'1a!1 mer-e effective than desradat:i.onby an
enzyme "ooclttail" coneietins of pectinaae, cellul.aee and
protee.ee.
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The sUspension wae incubated in a 50 C water bath for
10 min. and the undigested partioulate matter removed by
filtration through a double la~er of miraoloth and a sinsle
layer of Whatmane NQ.4 fllter' paper. The f11trate wee
divided into 2 egu~l volumes and e~~h passed throush a
filter scriee consjet1ns of a 26 mm oellulose pre-filter
(t1illipore Al?-100. Millipore Corp., USA) and 0.2 um
NucJ.eopore blaok polycarbcnrnte membrane (Nuolepore Corp.~
USA) on whioh microorsanisma were finally trapped. The
pr filter was positioned above the trapping membrane in a
} ~lepore S\'11n-Lokmultiple membrane holder.

After filtration, the pre'~:filterwas removed from the upper
support grid of the membrane holder and all subsequent
inoubations oarr~erl out with the trapping membrane still
held on the low,;),,,support S:t'idof the apparatul!!.The
Swin-LoR multiple holder adaptor oonveniently formed a
ohamber above the trapping membrane into whioh the reaction
mixtures could be plaoed and inoubated. To remove spent
reataents from the chembe» and to waeh the membrane \'11thout
loee of trapped mioroorganisms, the apparatus was
re-asaembJ,ed and the reagent or wash buffer foroed through
the membrane under gentle preeeure applied with a ~yrinse.

A:fttJX' the ini,tial filtl.'at:l.on.the trapping membrane was
washed with 5 ml of warm (37 C) wash buffer. In order to
minimise non-speoific binding of immunoglobulin to the
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membz-ene, 0.5 ml blooking 'ouifeX'was added to the chamber
and incubated at 37 C for 1 hr. Durins the inoubation
stapel the outlet of:the apparatus Was closed in I';)rcierto
Pt'event gravity filtration of the buffer through the
membrane. The blocking buffer was removed and the membrane
washed with 5 ml warm waeshbuffer. 'l'rappedantigen was then
reacted with 0.5 ml of !SG in incubation buffer for 1. hr at
37 G. The f11tel' was waehed and the primary antibodies
deteoted with 0.5 ml anti-rabbit IgG (whole moleoule)
fluoroscein ieothiocyanate (FITC) oonjugate (Sigma) diluted
1:50 in inoubation buffer. After 30 min. at room
temperature the conjuQa.te was dieoard~d and the membrane
washed ~ x with 5 ml warm waehing buffer and once with warm
dB O. The membrane was tranaferreci to a microscope elide

2and a ooverslip mounted usins distilled water as the
mountins fluid. The membrane Waf! viewed under a Leitz
Wetzler- Dialux 20 fluoreeoent mioroecope with
elpi-fluC)X'eeoence.Floodinll the membrane with 96% ethanol
juet prior to viewing was found to enhance fluorescence of
the FITC.

Greening-affected leaf samples were collected it'om
Nelepruit, Letabn and Brits orchards durj,ngAusust 1987.
Five symptomatio 'creesin each orohard were sampled, whUat
leaves and fruit from 3 tveee showins no disease symptoms
were oolleated from the same orchards to serve as oontrole.
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Leaf material :from a tree from which the GO :I.salatehad
been oultured was inoluded in the assay. The sample
prepared :from this mate:dal was reacted with IgG purified
it'om an antiserum raised against the cultured GO isolate.

2.12 !HMUNOGOLD LAEELLING

Immunogold l~belling was used as an alternative to the
EL-DIB Bssav in determining the serological relatedness of
the bacterial isolatl:ls,as well as the relationship between
the GICE antiserum and baoteria either oultured or purified
from greening-infeoted oitrus.

Bacteria culbur-ed in Hg,uid medxe, we:t>e harvested bv
oentrifugat:l.on, washed in a large volume of 0.1 1'1

phosphate ...citrat:e buffer (pH 7.2-7.4), re-pelleted and then
suspended in buffer. Formvar-ooated oarbon-baoked grids
were floated on drops of the oell suspensions for 15 min.
and then drained by touohins to a filter paper strip. When
the bacterial content of a plant preparation was analysed
using thi.s teohn:l,que, grids were floated on the extract
diluted in buffer. All steps Well'e oarried out at room
temperature. After adso:t:'ptionof sample, 'che grids were
floated on rabbit pJ:lima.rya.ntiserum diluted in 0.1 t1

phosphate-oitra.te buffel' oonta.ining 1% (w/v) BSA and 0.05%
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(antibody buffe~) fOr 15 ~in. Grids were then washed
drops of 0.1 M phosphate-oitrate buffer by flotation

several seoonds and drained by touohing to a filter
papsl" strip. The grids we:re tranJferred to d:ropsof soat
anti-t'abbit IgG (whole moleoule) gold conjugate (10 nm)

NaN
3

on 6

"or

(Sigma, U.S.A. ) diluted 1:50 in antibody buffer and
inoubated for 15 min. G:rids were washed in buffer as
described followed by waShes on 3 d:roPBof ddH 0 befo:re

2
staining with 0, 1% (tv/v) uranyl acetate in ddH 0 for 5

2
min.

Normal (p:re-immune) :rabbit serum served as a oontrol in all
cases. Optimal sample and reagent dilutions were
established in preliminary trials.

2.13 WESTERN BLOTTING

In order 'CCI investigate the possible existence of proteins
common to both oultured bacteria (isolate GC) and healthy
c1true, extir-actie of the two materials were pX'13paredand
fractionated on aorylamide gels following the SDS-PAGE
method detailed in section 2.9.1.6. Proteins were
electrophoretically transferred to nit:rooellulose paper and
probed with whole antiserum direoted against a live,
sonicated preparation of the oultured GC isolate following
the p:rocedure detailed in Appendix J,
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2.14 FATTY ACID PROFILING OF BACTERIAL ISOLA'rES

B3.Cterial
the fatty

isolates were cultured on Tryptone Soy agar and
acid profiles of the isolates determined in the

laboratories of the National Collection of Plant Pathogenic
Bacteria (NCPPB), Ministry of Agriculture, Fisheries and
Food, Hatching Green Hat'penden, United Kingdom.
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CHAPTER 3

RESULTS

3.1 ANALYSIS OF THE CULTURED BACTERIAL ISOLATES

3.1,1 Gram stain reaotion

A smeal:'was made of a NO colony picked from a 24 houl:'-old
TSA plate (Fig. 7) and the preparation air-dried and then
heat-fixed. The cells were stained £ollo~ing the Gram stain
method detailed in Appendix E and examined under the light
microscope. Cells from a colony of Q"m.. eubap , m.itib.i~

were similarlY stained and used as a standard with which to
compare the NC isolate. The Q.m.. subap. ~~
culture was included as a comparison because results of
fatty acid profiling suggested that the NC isolate was a
member of this group of bactel:'ia(section 3.12).

Examination of the atai..ledNC preparation indicated that
the bactel:'ia were essentially Gram variable (Fig. 8).
Isolate GC exhibited a similal:'Gram stain reaction. The
~.m. 6ubsp. ~ oulture also exhibited a variable
Gl:'amstain l:'eaction(Fig. 9).
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Figure 7
Colonies of isolate NC cultured on Tryptone Soy Agar.



Figure 8

Gram stain reaction of isolate NC. Bar ~ 2 urn.

Figure 9

Gt'amstain reaction of .£. .!!!.. subsp , michigane!lse. Bar = 2 um,

183
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3,1.2 Comparison of SDS-PAGE p1'oteinpz'ofileeof the
isolates

Polyacrylamide gel eleotrophoreeie wae employed to oompare
the patterns of SDS dissociated proteins obtained from
preparations of isolates GO, NO. dS, LLL, LL, TZL and LO.
Tha protein profiles gene~ated are shown in Fig. 10. The
resl.lltindicate that isolates GO~ OS and NO (lanes 3, 4 and
5) generate similar protein patterns, while the other
isolates analysed differ markedly in their constituent
prote ins (Lanea a. '7, 8 and 9) and F.il.'ethus unlike Iy to be
related to the GO group of or~aniemB.

Extracts of c:!.tr·ue midribe Were fractionated in the same
gel (lanes 2 and 10), but the profiles generated were not
required for this aspeot of the investigation.

3.1.3 Transmission electron microsoopic ey.aminacionof
cultUred oells

Negative staining of an exponential phase GO culture
revealed the presenoe of club- and boomerang-shaped cells
(Fi". 11). E.,"(tena:l.vebranching of cells waa o""c'~rvedin an
ul'bra-thin section of the same culture (Fig. l.2) , The
organism appeared to replioate by m~anB of eeptum formation
(Fig. is). The oell envelope struoture is shown in Fig. 14.
Negative etainins of a late Btationar~ phaee oulture of the
organism showed apparently deSrading oe~lf.!(Fig. 15).
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kDa
66,0 ...

45,0 '"
36,0 ..29,0 III-

24,0 ...

1 2 3 l~ 5 6 7 8 9 10

SDS'·PAGE protein profiles of bac teria! isolates. Samples '~ere
prepared and described in section 2.9.1.6.
Lane I - molecular weight protein market·s (14.2 - 66.0 kDal Sign\4I

Appendix D).
2 - diseased citrus midrib extract
3 - isolate GO
4 - isolate os
5 - isolate NO
6 - isolate LtL (isolat.ed frail) midrib O:,l a lemelt tree frollt

the Letsit:!.le vdley)
7 ..isolate LL
8 .. isol8.l:e '1'ZL
9 .. isolato to
10 .. healthy citrus midrib ext.ract
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Figure 11
Club-shaped CA) and boomerans-shaped Ca) calls typical of b.ct~rill
isoh.tes NO and GC. Cells \~el'e nl~gativdy Cltainnd with 1% (w/v)
uranyl acetate. Bnr. 0.5 urn.

'. .
.~.".-_ ..•..,

•

Figuro 12
Ultra-thin scction through it liq\l'd cultut·() of isolato NO showing
branching (arrow) typical of thia group of isollil,cB. Bar III 1.Oum,
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Figure 13
Rcpl:!.cation of cultul.'ud bactoria (NO isolate) I,)CCUli"r:l.t1gby means
of s3ptum formation. Bar ~ 0.1 urn.

F1surG 14
El,lm."gomenl: ll£ NO isolnte showing coll nnve lope , Bal' ~ 0.1 urn.
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F:l.sure 15

Electron micrographs of ultra-thin sections through late stationary
phase cultures of the GO isolate showing apparently degrading colIs
(arrows). nar • 1.0.
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3.2 INVEstIGATION OF THE FREQUENCY OF ASSOC!ATION OF THE
ISOLATES OF GARNETT AND MOCHABA WITH GREENING-AFFECTED
PLANT AND INSECT MATERIAL

Attempts to consietently isolate and cultux'e bacteria
identical to those isolated by Garnet'!:,and Mochaba
(isolates GC and NC) from citrus collected in various areas
of the Transvaal met with limited success. The bacterium
was isolated from only 17 cf the 153 (11.1%) infected fruit
and leaf samples prepared by the chcppins method (table 1).
The crganism was aleo ilSola:bedfrom 3 of the s&mplee
collected from symptomless plants. Similar results were
ob''-ainedwhen the inoculum was prepared by thE~Scholander
bomb method (table 2). The bacteria isolated from the
samples were considered to be identical to the GC group of
isolates on the basis of morphology, Grwn atain reacticn.
antigenicity and AP! 20NE and API 20B profiles (the profile
indices of isolates GC and NO are ehown in Appendix M).

The isolation attempts from leaf midrib material of 13
greening-infected periwinkle plante did not yield bacteria
similar to thoae isolated by Garne'ttand Mochaba (ieolates
GC and NO). Similarly, the bacterium was not isolated from
dodder strande colleced from infectod citrus and periwinkle
plants. At'l:.emptsto isolate the bacterium from 66 adult
psylla of various ages collected on infected oitruB from
the different geographioal looations were aleo negative.



190

A numbe~ of bacterial speoies (dissimilar to iaolates GO
and NO) were oultured from both sreening-infected and
healthy citrue, from periwinkle, as well as from inseot
samples. The results are aummarized in Table 3. Both
Gram-negative and Gram-positive organisms were isolated
from these samples. Bacteria were isolated mOre frequently
from infeoted 01trus than from cON'eapondins heal thy
material. ApprOXimately 62% of the infeoted samples Yielded
baoteria oompar-ed to 45% of the heal'l':.hysamples. No attemPt
was made to identify ox,classifY the baoteria further.
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TABLE 1 191

Isolation of the bacterium from naturally~infected citrus leaf midribs and
columella. Inoculum prepared using the chopping method.

sampling site no. of positive isolations
no. of infected plants
sttmpled

no. of positive :i.solations
no. of symptomless plants
sampled

leaf
midrib

columella leaf
midrib

columella

Brits 3/18 4/14 1/11 1/7
Pl:etoria 1/8 2/4 0/2 0/2
Ne1spru:f.t t./23 3/19 1/20 0/13
Letah. 0/16 0/16 0/6 0/5
Letsitile 0/3 0/1 ND ND
Zebedie1a 0/10 0/12 0/10 0/1•

T:z:aneen 0/6 0/3 0/4 0/4

ND • not done
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TABLE 2

Isolation of the bacterium from naturai1y-infected citrus twigs. Inoculum
prepared using the Scholander bomb.

Samplin,S site No. of positive isolations
No. of infected plants
salllpled

No. of positive is~lations
No. of symptomless plants
sampled

Brits 2/16 0/5
Pretoria 0/6 0/1
Nelspruit 4/18 1/5

Zebedie1a 0/3 MD

ND • not done

TAllr.E 3

Isolation of othGr bacterial opecies from greenins-infected and healthy plant and insect aamplea.

SQurce material Citrus Pedwinkle Dodder Psy l1a

Infected lied thy Infected Healthy Infected Healthy

No. of
difforent
bactorial
upecicB
bolated

6 3 3 2 o o o

----------~----------------.-----------------------------
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3.3 ATTEMPTED ISOLATION OF THE CAUSAL AGENT OF GREENING

Because of the morphological differences observed between
the i~ ates of Garnett and Mochaba and the aetiolosical
agent of green;l.ngdisease (section 3.1.3), r-enewedattempts
were made to isolate the disease agent usil'lSvarious
methodologies.

3.3.1 Artificial media

Attempts to isolate an organism posses5ins the same
morphologica.l features as those described for the
aetiological agent of greening (Lafleche and Beve, 1970a,
1970b, Chen ~ Al., 1971, Moll and Martin, 1974, Garnier
and Bove, 1977, 1983, Su, undated pamphlet) Were
unsuccessful in all the media used. Although a number of
baoterial species were isolated from both diseased and
healthy specimens of the citrus, periwinkle and dodder
material, as well as from adult psylla col1ect~d on
sreenins-infected cH.rus in the field and in the
labol:'atory,none of the isolates were found to possess the
character·istie oell envelope struoture of the greening
organism when ultra.-thin eeotions of the bacteria were
obse~ved electron microsoopicallly. No apPa:t'entdifferences
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between the isolations carried out during the cool and warm
months of the year were observed. The cultured bacteria
were not identified and no attempt waa ma.deto evaluate the
suitability of the different media emx"loyed for the
isolation and culture of bacteria from plant and insect
samples.

3.3.2 Embryonated hen's eggs

Of the 32
yolk-sac or
affected by
these dying

egss inooulated with pl.a.ntsap via either the
allantoic route, only 3 were found to be
saprophytic or other microbia.lcontaminants.
within 3 -to 5 days afte!'inoculation. The

embryos of the remaining esgs appeared to develop normally
during the 12 day inCUbation period. No difference between
egss injected with inoculum prepared using e~,ther the
Scholander bomb or the chopping method was observed.

Microscopic examination of the Giemea-etained yolk-sac and
chorioallantoio membranes from egge inooula.ted with aap
from infeoted oitrus pl9.ntafailed to X'evealthe pl:'esence
of membX'ane lesions or
such features usually
proliferation ~'7ithineggs.

other histologioal abnol:'malltiee,
being assooiated with miol:'obial
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Bacteria were not observed in smears of aithsr the yolk or
allantoic :fluid from inoculated eggs. Sj,milarJ,?,.
presence of microorganisms could not be detected in pellets
obtained after high-speed centrifugation Jf both fluids.

The abNence of plant disease agents in egg tissue Was
further confirmed by results of bhe enzyme-linked
immunoaorbent assay. In these assays, no appreciable
difference Was noted between absorbance values of extracts
of egss inoculated with infected sap and those inoculated
with healthy sap.

3.3.3 Insect tissue ...ulture

The 110equi'cocell line used failed to aupport the growth of
thd greening organism or any other microorganism of plant
origin in this atudy. Neither cellular degeneration nor
plaque formation was evident in any of the inoculated or
control culture tubes,

Electron microsoopic examina+ion of the spent culture
medium after high-speed oentrifugation failed to reveaJ,the
presence of bacteria in the conoe~trated sample.
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3.4 KOCH'S POSTULATES

3.4.1 Laboratory inooulation of I. er2t~aa with baoterial
iESolataa

The results of the multiple ohoioe feedina ex~eriment
indioated that the solution of 6% (w/v) suorose in
distilled water served as the moet effeotive attraotant for
1.::.",thnymphs and adult peyUa (~:;";-.Ile4). Examination of the
aut contents of infleotsaftl'r I;. 24 hr period of expoeUre to
the solution oonfirmed that the psylla had been stimulated
to feed on the suorOee and this solution wae therefore used
in all subsequent membrane feedina experiments.

Preliminary teate wer performed to determine the effeot of
the suoroee on the viability of the baoterial ieolatee, as
well as the influonoe of the baoteria themselves on the
effeotiveness of the suorose solution a~ a feedins
stimulant. It was found that suepenclins the baoterial
isolates in 5% ~uoroee for 24 hr did not affeot the
viabilit~ of the oelle eignifioantly within this time
period. Thies fact was dete:t'mj.nedby enumerating (ueins the
plate ccunb method) the number of via.bleoel1~ p:t'eeemtat
the time of eUl!.lpenesionin the solution and again aft"r
24 hr (reeulte not shown).
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'l'AlILE 4

Result. of multiplo choice feeding experiment •• Figur .. teprut:nt th~ numbllr of
nymphs and adult puyll. obul:\,ocion thu f••ding oolutiQns It difhrent timQ intervale •

~ ----..-~--
TirH 1!t!l'.'iod ~. .!L lL- .2L .!!lli... 14b ~~ 1:(L flllh

n .. n a n iii n A n '" n II n tI n a n f

__ '~">f_

F••dinS Solutioa 3 4 4 3 .3 2 2 0 0 (J 0 2 0 0 0 0 0

Sap l~ 3 4 4 .3 3 2 2 0 0 0 0 ~ 0 1 0 0 0 0
10% 2 1 .2 0 2 1 0 Ci 0 0 1 1 0 1 0 0 1 0
SO'/; 0 2 0 0 0 2 0 1 0 0 0 () 0 0 0 0 0 0

Sap +
lucr08Q I'/; 4 4 ,5 Ii 2 :1 0 0 .3 1 1 0 0 2 1 0 0 0]0% 2 0 .3 I, .3 :! 1 0 0 0 0 1 0 0 0 0 0 0

50% 0 2 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0

sueee .. 11. 4 ;) 2 0 3 3 I, 4 2 3 4 1 J 4 S 3 4 :l
S% 1 3 II I, 5 4 :I 7 4 S .2 6 6 6 7 5 7 6
10% ~ 1 .3 .3 Z 1 1 ~ 2 2 ;) 4 3 2 2 J :I ~

Sucro." +
$UUI1I 0 2 2 2 0 .3 2 3 4 2 2 0 0 J :I 0

,."...---..-

n • nYl'llph
11 .. IIdult
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'l'hepresenoe of the cultured 'taoteriawithin the feedinll
aolution did not appear to deter either nymphs or adults
from feeding on the suspension. Examination of the QUt
oontents of a number of the inseots in the feedins ohambers
oonfirmed that peylla had imbibed the solution.

Careful monitoring of nymphs and adulte after.inooulation
(by either mioro-in~eotion or membrane feeclins)r~vealed
that neith~r the method of inooulation no);'the intl'oduoed
baoterial isolates had any marked eff~ot on the longevity
or feoundity of the inseots. Female adults oontinued to lay
viable esss and nymphs developed into apparently normal
adulte.

Extensive eleotron miorosoopio examination of adulte and
nymphs at diffeX'ent times after inooulation l!Iusseetedthat
none of the isolatee were able to either persist or
multl.ply and spread within the insect body. ELISA'e of the
inseots (employing the homolosoue antisera) al~o indioated
the inability of the organisms to persist or multiply
within payllap 3.8 did fru:l.tJ.eeeattll'ltnpteto l'e:i.eol.atethe
baoteria from in~eote at period~ of 7 and 21 daye after
inoot.\le.tion.
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3.4.2 Inooulation of oitrus via peylla

Tran~mieeion of the ieol~tee to ottrus via the inseot
veotor of £Sl:eeninsdieeaee wae not aohieved (Table 5). The
feedini en young oitrue le~vee of adult peyl1a and nympha
illol')ulatedw;l,bhthe 5 dif·ferElxttistJlateeby either membrAne
feedillti 0:1:' miura-injection failed to reeult in development
of diee~aa symptoms in the teet plante withln a 2 year
period e£ter ir.o(".ltlation.

3.4.3 Meohani~al :l.nooul&tionof oitrus

ApprOX1mE:,tely six months after meohanioal inoculation of
oitk'ue l30edlinga with the oul'bured ieolatee, SO of tho :1.70

inooulated plants displayed dieeaee symptome (Table 5). No
significant differenoe betweel'l the effioe.ciee of the two
meohanical inooulation teohn1cauee wae obeerved: 62.5% of
plante inooulated via stem injeotion developed disease
eymptome compared to 64% of plante inooulated by a
oombination of elteminjection and stem elaehins.

Leaf 6~rm~'tomewe~e opeerved on eome of thlilinooulated
pla.nte 8 weelte after inooulation, but it wae ueuall,y
b~t\'I1eem 10 ~nd 20 weClltl!5after inooulation that
greeninS''''likel!IV\nptomebeceme olearly vieible. A diversity
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TABLE 5

M~ch.nl.elll lind vector !nocullltJ.or. of citrus with bacterid l..o1atll8

-__.._......_
Inoculation No. of tr1lO8 inocu14tild No. of trailS developiog SymptOMS
~

CC NC LL l'2L LO Control GC NC LL T2L to Conttol

Mechanical
StIrn J.njtlction 24 24 24 24 24 20 13 17 1S 1.1 10 0
St,lln injection
'" a1lfthin; 10 10 10 10 10 a 1.1 6 6 2 .5 0

~
Mftl11brane·
furling 24 24 24 24 24 8 0 0 0 0 0 0
Micto·inJtletJ.on 8 a 8 B 8 4 0 0 11 0 0 0- ..,.. ",.",._-
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of foliar chloroses wae produced by plante inooulated with
isolatee GC and NC. The moet frequently observed eymptonl
wae a blotchy-mottle ohloroais, eupel:'fioiallYeugseetive of
micro-element defioiency, whioh appeared aft~r the leaves
matured normally (FigB 16C and 17). Yellowing of the loaf
tiesue immediately adjaoent to the mid-vein and lateral
veina was also observed (Fig. 16A) and in aome casee the
interveinal tissue became yellow ae well (Fig. laB).
Stunted srowth was another feature of the inoculated
eaedlinse, as wae the leathery aspeot of leaves ~ieplayins
ohlorotio eymptome. The eetabliehment of p(w"ible f'JecondarY
infeotion in the main stem and twigs lead to die-baok in
aome of the eeedlinse (Fia. 18).

Seedlinge inooulated with ieolatee LC and TZt displayed
similar foliar aymptome but the ohloroeie was not as marked
and usually did not prosrese beyond a mottl~d yellowing of
the leaf edse (FiS. 19). Stuntins and die-baok of PLante
inooulated with these isolates we~e not observed.

Although the foliar symptoms desoribod above were observed
on several auooeseive leaf fluehes, the infeotion did not
appear to perSist as eymptoms on inooulated oitrus were
traneient and disappear·ed.1.6...24 monthe after inoQulation.

Control plante!inooulated with e'\;erilewa:beronly failed to
develop eymptoms.
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Figure 16
ChlorotiC: leaf symptoms induced :I.n citrus seedling inoculAted with
isolatcH GO and NC:

A M yellowing of Inminar tissue adjacent to the veins
n ...yellowing of interve ,,11 t1.ssue
C .."blocchy~mottle" chlorosis

Figure 17
Chlorotic symptoms induced by inoculation of citrus with isolates
GO and NO as viewed wil:h lighting from above tho leaf (1\) and from
below (n).
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Figure 18
Citrus die-back observed in some of the citrus seedlinHB inoculated
with isolates GO and NC.

Figure 19

FoHnr chloro$is t:ypicctlly induced by illflchanical inoculation of
citrua seedlings with isolato LC. A cont-rol plant: "inoculated with
only sterile water is shown on the right.
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3.4.4 Meohanioal inooulation of periwinkle

Periwinkle plants meohanioally inooulated with either the
baoterial iaolates or with sterile water failed to develop
disease symptoms.

3.4.5 Dodder transmission from meohanioallY-inooulated
oitrus to periwinkle

Establishment of dodder oonneotions between periwinkle and
a symptomatic oitrus aeedlins whioh had been meohanioally
inooulated with 'the GO isolate 12 weeks prior to the
transmission experiment appeared to result in the passage
of an infeotive agent from the oitrus to periwinkle. Nine
weeks after the el!'jtabliehmentof th., dodder bridge between
bheae two plant speoies, 2 of the 4 peI'iwinklePlants
displayed yellowing symptoms (Fig. 20). 'l'heyellowing was
first obset'V'edon the leaves immediately adjaoent to the
site of haustoria formation within the periwinkle but later
spl:'eadto other leaves along the shoot and eventuallY to
the rest of the plant.

The first sym~tom observed Wae the yellowing of the leaf
apex whioh rapidly epread along the margin of the leaf and
oulminated in the entire leaf yellowing and wilting
(Fig. 21). The ahoot on whioh the dodder wae initially
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Figure 20
Periwinkle iP?culated via dodder with an infective agent from citrus
mechanically inoculated with the GC isolate (right). A control
plant is shown on the left. The inoculated plant displays leaf
chlorosis. Leaves have fallen from the terminal shoot on which
the dodder was initially established (arrol~).

o

Figure 21
Leaves from inoculated Dnd control (C) periwinkle plants.
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eeta.blished Haa soon devoid o£ leaves (Fig. 20, arrow) and
eventua.llY died CJff. Flowers produced by these plants wer-e

greatly reduoed in r.ize and laoked the pigment of the
flowers produced by healthy plants.

Establishment of dodder connections betw6'en the symptomat:l,c
periwinkle plants and other healthy periwinkles resulted in
the transmission of the eame disE'!seeto theee plants.

l?eriwinltlee dt~ve'!oping ~ymptoms died within six months.
Control plantel conneoted to citruB inoculated with only
sterile water fl\l.iledto develop any disease symptoms.

3.4. IS Reisolaticm of bacteria from inoculat~d plants and
:lnsects

3.4.6.1 Reisolation from meohanically-inoculated citrus

Reisolat:l.on of bactarial isolates in pure oulture from
oitrus seedlings was attempted six month a after mechanioal
inoculation. Plante u~ed in the reiaolation attempts were
randomly selected from amons the inooulated plants
displaying disease symptoms, as well as from amOilS the
eYmptomless oontrole. The results ~re summarized in
Table S.
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TABLE 6
Result:r."of reisoJ.ation attempts from citrus seedlings mechanically
inoculated with bac~eria~ isolates 6 months earlier.

Isolate No. of s!!!!2tomntic plants slllI'Eled No. of 20sithe isolations

GO 18 12
NO 18 8

LL 11 8

T2L 8 4

to 11 7
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The reiso':'!l.tescultursd fl.'ominooulated 01true were found
to be identi~al to the baote~ia in~oulated into the oitrua
plan'ce six mcrrthe earlie:t' on the basil!! of Gram stain
rear.-tion, mo:t'pholoSY, .e1:l:l:.tyaoid profilee and analytioal
p:t'c):eileindioee (API 20NE and API 20B, Appendix M). The
reieolatee were aleo found to reaOT:;poaitively in the
PTA-ELISA with antieerum raised asainst the orisinal
inooulum.

Attempts at reieolatina the baoteria from the eame plante
after the dieappearanoe o:f dieeaee eymptoms were
uneucceeefulo Thee$ plante had eal:'lier'bestedpositive on
cultul:'ein MIG-3 medium.

All 10 oontl:'ol oitl:'uS meedlinge teated were neaative on

oultul:'ein MIG-S rned:l.unl.

3.4.6.2 Reisolation from periwinkle

Reieolation of the baoteria frolnmeohanioallY inoculated
periwinkle. as well as fl:'om eVlnptomatio periwinkle
inooulated vie. dodder, was not aohieved.
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~.4,6.3 Reieolation from payll.

Efforts made to oulture the isolates from nympha ae well as
from adult paylla which had been inoculated via either
memb:r'ane feedins ol.~micro-injection were uneuccaaafuf.,
Attempts to reieo'ate the baoteria were made at periods of
7 and 21 days after inoculation.

3.4.7 Thin-layer chromatoQraphio analysis of inooulated
cit:t:'us

An insect and mechanioally inooulated plants, as well as
the control plante failed to display the fluorescent
sentisio gluooside marker, the presenoe of which i6
t'(~ported to 'be indioative of infeotion w:l.:bhsreenins
(Sohwarz 1965, 1968a).

3.4.8 Transmission eleotron miorosoopy of inooulated plant
and inseot samples

TEM obeervation of leaf mictribefrom oitrue meohaniC':nlJy
inooulated with isolatee GO or NO, at:!well as of m1.dril'~
f:t:'omIo'eriwinklee inoculated via dodder, revealed the
preel:inoeof baoteria with:l,nthe phloem oells of bnth the
oitrus (Fis. 22) and periwinkle plants displayina eynlPtolnt:\

(FilA. 23).
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Figure 22
Elact:ron micrograph of all ult:ro,Mt:hinsuctiOll through a leaf tnidrib
phloem cell from mechanically-inoculated (GO isolate) citrus showing
the presence of microorganisms within the cell. PC • phloam cell;
Bar • 0.5 um.

Figure 2.3
Ultra· thin section of a loaf midrib from periwinkle inoculated
with all ittfer.tivc agent via dodder showing a bactcl'ium w:!'thin II

phloem cell. B • bacterium; PC· phloem cell; Bar· 0.5 um.
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"O~sani6ma were not observed in tissues of oitrus plante
inooulated with isolates LL~ TZL or La. Similarly, baoteria
were not observed in any of the oontrol plante examil1ed.

Extenaive TEM examination of nympha and adult pmylla at
periocia of aeven and 21 da.ye aft,erinooula.tiondid not
reveal the presenoe of baoteria within the inseot bodies.

3.n DODPER TRANSMISSION OF GREENING TO CUCUMBER

Approximately two weeks after the formation of haustoria
within ~he ououmber plants, ootyledon as well as leaf and
stem symptoms weX'e obee:t'vedin five of the six ououmbeX'
plante oonneoted to infeoted oitX'uevia doddeX'.CotYledon
and leaf symptome coneisted of ~, diffuse ohJ.ol:'oeie
(Fig. 24) aooompa.nied by wiltins (Fig. 26), while stem
SYlnptome oonsisted of neoX'otio lesions, initially
assooiated with the sites of haustoria f.ormation(FiS.
26A) • but whioh lateX' spread alons the etem (Fis. 26B).

Stem splittins wae aleo observed (FiS. 27) and aymptom
ClxpX'eseiol'1tex>minated with the oollapse of t,'1e baee of the
stem (Fis. 28) and the eubeequent death of the ~lanta.
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Three centrel cucumber plante cennected to.healthy citruel
displayed no. symptems. l'he dedder on ene ef the centrol
plants was allewed to.infest the plant heavily to.determine
bhe effect the ~ara.eite itee 1f had en the cuoumber , but the
plant appeared to. grew ncrmally and develeped no.aymPtcma
(Fig. 25).

An crganiam wae iaolated in pur$ oultuX'e frem eaoh ef the 5
symptcmatic test plante and wae shown to.be identical bo
baoteria isclated fX'om greening-infeoted oitrus (isolatee
GO and NO) on the basiB of morphology, API teete. fatty
acid profiling and serologioal properties. The iaolate
obtainei from affeoted ououmber Was coded OS. The Bingle
asymptomatio teet plant, as well as the oont,rol ,plants were
negative en 'l'I:,urein MIG-3 medium.

Attempted
bridging

iselation cf the Same baoterj' from the dodder
the infeoted oitrus and ououmber waa not

eueoeel3ful.

TEM revealed the presenoe of greening baoteX'ia within the
phlcem tiaeue of the ciedder ocnnecting the ououmb~r to the
greening-infeoted. oitruB (Fig. 29). Extemeive examination
of symptomatio oucumber atem. petiole and leef midrib
samples, however. did not reveal the presenoe of
prokaryotic orsaniemB witM.n these tiaauee.
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Figure 24
Diffuse chlorosis observed in le..ves of cucumber plants inoculated
with an infective agent from greening-infected citrus via dodder.
Leaves from control plants (C) remained healthy.

Figure 25
Wilting observed in cucumber plants parasitized by dodder originating
from citrus infected with greening (centre and tight). Control
plants (left) failed to develop dioease symptoms, despite heavy
dodder infestation.
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Figure 26
A. Cucumber stom necrosis initially associated with the aite
of dodder haustorium formation (arrow») but which later spread
a10ns the length of the stem B.

Figure 27
Stem splitting obsc·vod in affected cucumber soedlings. Sitos of
haustorium penetration are visible (arrow),
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l1i.gure 28

Collapse of affected cucumbar stem base.

FigUl:e 29

A. Transverse section through a phloem cell of dodder bridging
greening~in£ected citrus and aymptomatic cucumber showing greening
bacteria. Bar • 1.0 urn.

n. Enlargement of greening bacterium showing cell onvelope.
Bar a: 0.1 urn.
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3.6 INOCULATION OF HERBACEOUS PLANT SPECIES

Results of inoculation ~xperiments are summarized in
table 1. Leaves of cucumber, tomato, aubergine and green
pepper plants rubbed with a cell suspension of iaolates GO.
NO or OS. or with the filtered culture medium j.nwhich
these isolatee Wel:'9grown, displayed val:'ioussymptoms. The
most marked symptom was a rapid wilting of the treated
leaves of cucumber, tomato and green pepper plante (wilting
wae recorded when the margine of leaves became flaccid).
Similar inoculation of seedlings with cell suspensions or
culture filtrates of isolatee LC and TZL failed to result
in symptom expl:'esaionby any of the plants.

Wilting
rubbed
(Fig.

displayed by tomato plants was spectacular; leaves
with culture filtrates wilted withi' 10 min.

30), and 24 hr later had shrivelled up and died. This
wj,ltins was alao observed in cucumber, tomato and pepper
stem cuttings plaoed in the diluted filtrates and susgests
the presence of a potent wilt-inducins asent of bacterial
origin in the spent medj.um. Control plante exposed to
sterile :f':r~shculture medf.um failed to develop 6~rrnl?toma.



TABLE 7
RC8ulta of mechanical isolation of horbaceous plants with bacterial isolatoB and
spent culture supernatant. FlgUl'CS represent the number of plnnts devc IopIng symptolnS.
A tot~l of 5 plants were inoculated in each case.
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Inoculura------~~-----------------------------------------.---------------------Culture supernatant

Iuocl)lat.f.ouroutl!

Isolot"

Leaf rubbing Stem inJection

CO NC oS LC T2L Control GO NO OS LO T2L Control CO Ne OS LC T2L Control

Plant opnllial!

TomMo

Aubergino
Citrus

.'i 5
5

5 S

5 400o 0 o o

Leaf rubbing

5 o 0 o
o
o
o
o

S 0 0 o 5 3 500 o
o

S 5 5 0 0
5 o 0

4 5 0 0

o 0 0 0 0

NO • Not dono

o 2 4 0 0(1 0

S 400 o o 0 oo

o 0 0 0 0 NO NO NO NO NOo NO
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Leaves of tomato plants ~ubb6d with an a~ueous suspension
of the cultu~ed oella alRo displayed thie seve~e, almost
j,mmediate, wilting. Necrosis of the vaecul.az-system of the
treated leaves and petioles was aleo ob6e~ved in these
plants. The necnoad.e later spread to the main stem of t~le
affeoted plants. Sap extraoted from bhe stems was found to
oontain baote~ia morphologioally identioal to the orisinal
inooulum when examined electron miorosoopioally. The steme
of inooulated plants eventually collansed and the plante
died. The findingB suggest that 'phebacber-La were able to
spread and possibly multiply within tomato.

Tomato plants injeoted with the baoteria a1ao exhibited
wilting1 but th;1,swas only evident after appl'oximately
1 hr. Plants inooulated in this waY also displayed vaaoular
neorosis.

Leaves of green pepper rubbed with spent medd.um o~ with the
oell suspensions displayed wilting (Fig. 31). a1thouSh this
only became evident aftel'apPl.'oximate1y30 min. Wilt ins waS
obsel.'ved in outtinss Plaoed in oultu);\e filtrates afteX'
15 min. In addition to wilting, symptoms of leaf ourlins
and vein neorosis
treated with oell
after inooulation.

were observed to develop in plante
s\~ep(msi""lB between one and two daya
Wiltins and vaaoular neoroa;l,t;were aleo
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Figure 30
Wilting of tc Ito leaves rubbed with HC culture filtrate. Simillr
wilting was observed when leaves were t.;!;'bedwith the filtered
spent medium of GO ~nd CS cultures.

Figure 31

Leaves of a green pepper aCtldling displaying wilti.ng s~I...'t:omllafco}.'
rubbing with GO culture filtrato. Uninoculaced lanvo8 rQmained
crec e,
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displayed by planta injected with cells, bat these symptoms
became apparent only four daya after inoculation. Infeotion
with the bacteria led ultima.tely to t.he death of the
plante.

Cuoumber leaves were observed to wilt a short While after
rubbing with oulture filtrates or with oall suspensions, or
after placing cuttinge in the diluted medium. Planta
inoculated with bacteria displayed foliar chlorosis similar
to that exhibited by cucumber seedlings infected with an
agent from greened citrus vi.a dodder (seotion 3.5).
Neorosis of cucumber vascular tissue was not observed. The
symptoms of wilt and chlorosie spread to unl.noculated parts
of the plant and diseased plante evrentually died.

Symptoms induc~d by isolates CO, NC and OS, when rubbed
onto leaves of aubersine seedlings, Were blistering of the
1eavea (Fig. 32) and necrosis of leaf veins and the
peti01es (Fig. 33). The infeotion appeared to be restricted
to inoculated leaves as the l,!IymptoJnsdid not spread to
other parts of the plant. Wiltins of the rubbed leaves did
not occur althoush ~lUtina was observed in stem cuttinQs
plaoed in the dilu'ted oultuX'etiltrates. The wi! tins was
not, however, as severe as that observed in simila~lY
inoculat.ed tomato and green pepper plante. Inoculation of
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Figure 32

Blistering of aubergine leaves caused by rubb Ing with a suspension
of GO cells.

Figure 33
Necrosis of a.ubergine leaf and petiole tissue after inocula.tion
with the GO isolate.
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aubersine with the isolates did not result in the death of
the plants. Similar symptoms were observed on plants
inoculated via stem injection.

Minneola seedlinss exposed to either culture filtrates or
to live cells failed to develop disease symptoms. Citrus
stem cuttings did not wilt within a period of 1 hr after
being placed in diluted oulture filtratea.

Wiltins of control seedlings or cuttings expoaed to water
onl.ywas not observed during the course of this t9tudy.

3.7 ANTISERUM PRODUCTION

3.7.1 Immunosen preparation

3.7.1.1 Pre-treatmen'cof whole celIe

The influence of the vax'iouspre-tl.'eatmemcaof baoterial
oells (GO isolate) on antiserum quality is shown in
Fis. 34. Antisera raised against untreated live celIe (bars
1-3) pl.'ovedto be unsuitable for effeotively deteotins the
homolosous orsanism in citl.'usleaf material in the
HE-PTA-ELISA. Similar x'Geults Wer' reoorded in numerous
other aerolosical detection assaye usins the BeA1S antiserum
as well as antisera raised asainrlteimilar p);'eparationsof
the NC and OS iaolatee (reeults not shown).
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Antisera directed
as alkali-treated

against heat-killed (bars 4-6), as well
(bars 13-15) cell preparations were also

found
which

to be
yi.elded

unsatisfactory.
antisera giving

greater than 2.0

The only cell preparations
diaeased/healthy ratios of

the formaldehyde-tre~ted,
unencapsulated whole bacteria and the sonicated preparation
of the unenoapsulated cells. Disruption of bacteria by
sonication was a tedious procedure and thus the
pre-treatment of choice was removal of capsular material
and fixation by the method detalled in section 2.9.1.3.
This method of cell preparation was used to produce
antisera against all isolates used in this study.

3.7.1.2 Isolation of baoterial proteins by PAGE

Polyacrylamide gel electrophoresis of baoterial and plant
samples under non-denaturing oonditions did not adequately
resolve constituent proteins. Under these oonditions, it
was not possible to obtain a clear profile of bacterial
proteins from which speoifio banda oould be seleoted for
use as immunogen (Fig. 35).
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3

Non-dena.turing PAGE separation of proteina ext rac ced from the GO
isolate (lane 2) and from healthy citrus midrib tissue (laM 3).
Molecular weight protein mB.l.'kers (14.4 ~ 9lf k])B.: Pharmac ia , Appendix
D) are in lane 1. Midrib sample was prepared following the water
leaching method. Bacterial sample was prepa.red as described in
section 2.9.1.6.

J .,
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Unlike non~denaturing PAGE, fractionation of samples by
SDS-PAGE resulted in a clear separation of the proteins.
The prote::lnprofiles of the GC isolate and the extract of
healthy citrus midx'ibmaterial are shown in FiS. 36. In the
preparation of the leaf midrib sample, the water leaching
procedu1:'e was employed which yielde'd an extract C'ontaining
relatively low concentratJ.ons of soluble pI'otein.Thus only
proteins presenv in c~trus midrib tissue in large amounts
were detected by this method.

A major protein band (52 kDa) apparently ur.dqueto the
bacterium was deteoted using PAGE (Fig. 36, arrow) and
SUfficient quantities of the protein isolated by this
method for the immunization of rabbits. The resulting
antiserum was reacted a.gainst c:~t.racts of oitrue in the
HE-PTA-ELI8A. The extracts were prepared from material
oolleoted from a symptomatio citrus plant from whioh the
baoterium (GO isolate) had previously been isolated, as
well a~ from healthy (control) oitrus. Results of the assay
are shown in Fis. 34 (bars 16-16). Although the mean
absorbance value of the diseased sample (0.293) is Bli~htly
high~r than that of the healthy sample (0.214), the test
result is considered to be negative as the value of the
diseaesd/healthy ratio is less than 2.0.

_, '#t I
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1 2 3

SDS-PAGEprotein profiles of GC isolate (lane 2) and healthy citrus
midrib proteins (lane 3). Molecular weight markers are shown in
lane 1 (14.4 - 94 kDa: PharmacLa, Appendix D). The arrow indicatea
a prominent bacterial protein band (52 kDa) unique to the organdam,
Samples were prepared as for Figure 35.



228

3.7.1.3 Extraction of pot,entially diaease-specific
imlln:':.Y\ogenfrom infeci;ed plant material

Method 1

The KOF extraction procedure adapted from that reported by
French (1974) was :foundto be an uneudtab:"emethod fot'the
extraction of bacteria from either infected bark or midrib
material. Both light and electron microscopic examination
of the conoentrated leachatee failed to reveal the presence
of baoteria ot' bacteria-like stt'uctUl'ea in the
prepal'ations. Samples of both infeoted and healthy control
ma.terial were, however, contaminated with partioulate
ma.tter of pla.nt orisin.

Method 2

Application of the modified purification procedure of Sinba
(1974) to greenins ....infected bark and leaf midrib. ti,$!sue
resul ted in the release of only a small number of bacte:da
from these tissues (FiS. 37). As the ooncentration of
organisms in the partially-pul'ified prepara'GionE:'was low,

purifioation of the extract by column
chromatography and density gradient oentrifugation was not
oarried out.

'(7' ",* OJ
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Figure 37

Representative bacteria extracted from greening-infected citrus
materiat following method 2. Numerous vesicle-like structures co-
purified with the bacteria are visibte in the preparation.
Bar'" 0.5 Um.

,
I

..

Figure 38

A bacterium observed in an extract of healthy citrus prepared
following method 2. Note absence of the vp.sicle-like structures
observed Figure 37. Bar'" 0.5 um.



230

The enzymes cellulase and macerozyme (pectinase) were
employed in an attempt to maximize the release of orgenisms
present within the host plant tissues. The degradation of
host cell constituents by the action of these enzymes
should facilitate the liberation of endogenous bacteria.
En~ymolysis of host tissue, however, did not ap~ear to
increase the yield of microorganisms in this ir>.stanca,
although visual inspection of extracts suggested that the
treatment resulted in less oontamination of the
preparations with plant debris.

The morphology of the mioroorganisms extracted from
infeoted material by the purif.oation procedure was unlike
that of the greening organism in ~ (aa described by Moll
and Martin, 1973 and Garnier and B(.;I/c3,1983) or in extracts
of infected periwinkle leaf midribs (Vill.echanoux~ Al.,

1990). When the conoentrated samples were reacted with the
antiserum raised against an extract of greening-infected
citrus (GIeE antiserum) in the HE-PTA-E~ISA, no appreciable
difference between the absorbance valUes of the test sample
and a healthy control sample w~s observed (data not shown).
Similar negative results were r-ecor-ded with the LmnnmcgoLd
labelling technique. The antiserum use! had previously been
shown to distinguish between greening-infected and h~althy
plant. material (sect.ion 3.8.5). It is thus unlikely that
the bacteria observed were related to the causal agent of
greening disease.
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Cells displaying a similar morphology to that of the
organisms from infected samples were extracted from healthy
citrus tissue (Fig. 38), although a Significantly smaller
number were r-ecover-ed from this material.

In addition to the bacteria observed in the preparations, a
large number of ~?rphous vesicle-like structures were
isolated from diseased plants (Fiss 37 and 39). The
structures varied ~in size and shape and were not observed
in extracts of healthy leaf and bark material Prepared in
the same way (Fig. 38). The nature of the particles was not
established. although they appeared to be associated with
diseased material OLly and may be of host plant orisin as
treatr.lenu of the extracts with cellulase r-nd pectinase
rendered the preparations free of these structures.

Another type of vesicle or envelope-like structure was
consistently isolated from greening-infected citrus
material by following method 2 (Figs 40 and 41). The size
of the vesicles was greater than those of the
aforementioned structures and their shape more resular. The
vesicles appeo.red to be empty and were unaffected by
treatment
associated

with
with

cellulase and pectinase. They were
infac'ced material only and wel'e not

observed in healthy extracts.

J ./, .• ;~. ';
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Figure 39

Enlat"gement of veaicleMlikc atructnrea co~pudfied with bt[cteria
from greenin8~in£ccted citrus tissue. Bar • 0.5 urn.

," •• J
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Figure 40
Collapsed vesicle~ or envelope-like structurol.l isolated from green ..
ing"infected citrus materia.l following method 2. Bar'" 0.5 urn.

Figure 41
Enlargement of an empty vesicle- or envelop~-like structura purified
from greening-infected citrus. Dar ~ 0.5 um.
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Method 3

Uein~ this purifioation prooedure~ a small number of
organisms displa~ini a morphology similar to that of the
bMteria. isolated followins method 2 (11'i8.42) we);;'EI

observed in preparatione of infeoted oitrus midrib nnd bark
material. Similar organisms were not obeerved in
oorresponding healthy preparations.

:Reaotin&tthe dieeaf!ledoitl'u" l're'J:parat.Lon(the. Bample WEie

oonoen,trated by means of hi"h-epeed oentt'ifugationprior to
analYeie) with the alOE: antiBerum in the HE..l?TA~'ELISA

eusseeted that the ot'sanismm il3ob.tedWere l3erologioally
unX'slated to the oaul!1alasent of sr.-eenins (reeultl3llot
shown)•

The veeiole~like ~truotures found aseooiated with
preparations of disGased tissue followins the previous
protoool were not observed in the samples of infeoted
oitrus obtained with method 3.

The peroenta.se oell reoover~ reoorded (Table 9) eusseete
that this technique ie relatively effioient fol.~thet
isolation of baoteria (with phyaioal propetrtietl!!Similarto
thoeet of.Q. In. eubep. mi.oh~) from homosenized oitrulS
material.



Figure 42
Bact$ria i$olated from
method 3. Bar • 1.0 Urn.
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Assessment of purification procedures using citrus leaf homogenatesartificially contaminated with ~. m. subsp. mich1ganen~

Purificationprocedure Cell count
(cells/mt)

% cell recovery

Before Afterpurification purification

Method 1

Method 2 106 a3,3xlo5 33
Method 3 106 b6,ax105 68
Method 4 106 5,5xlO5 55

Methr , 106 C817xlO5 87

Me (j (3

---------------------,------------------------~-------
a Final cell count made before purification by column chromatographyand density gradient centrifugation.
b Fina1 cell COI'"t made before gradient centrifugation.

C Final cell count made after discontinuous sucrose gradient cent!"i ..
fugation. The efficacy of Percoll gradient centrif'lgation was not
assessed.
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Method 4

The purifioation protocol desoribed by Sui (196S) was
developed speoifioally for the isolation of the sreenins
baoterium and waS reported to ~ield large numbers of the
orsanism from periwinkle af~eoted by the Asian strain of
the diaease (Sui 19a5).

The attempts made in thie study to isolate the baoterium
from both periwinkle and citrua affeoted by the Afrioan
6trai~ of the diaease did not yield preparations of the
baoter~um Similar to those desoribed by Sui (1988). A very
small number of baoteria-like organisms were isolated
following this protoool, but they did not appear to be
morphologioally similal::'to the S:t'eeninsorganism in .ai.:t.u Ol::'
in preparations of the bacterium obtained from infected
plant material (Villeohanoux .at. .al.. 1990) (Fig. 43) •

Similar organisms were never isolated ft'omheal thy oontrol
material.

In addition to the baoteria observed, struotures resembling
vesioles were isolated from the infeoted oitrus material
(F:1s. 43) • The vesioles appeared to be similar 'cothose
isolated from diseased oitrus using method 2 (Fig. 37) and
were not observed in preparations of healthy material.
These struotures were not isolated from affected periwinltle
plante.

-, ''/ • </. "I
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Bacteria and vesicle~lil~e structures isolated from greoning~infected
citrus following method 4. Bar • 0.5 urn.
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When ooncentrated p~eparatione of the diaea8ed oitrus and
periwinkle material we~e reaoted with the GleE antia~~um in
the HE-PTA-ELISA, the similar absorbance readings ~ecorded
...or these test samples and tl~.qhealthy control samples
indioated that the organisms obe~rved were serologically
unrelated to the s~eening organism (gtISA data not ehown).

~he use of cit~us mid~:l.b homogenabe a a~tificially
contaminated with bacterial cella to aseeSB tha efficacy of
the isolation technique indicated that almost half the
added cella were lost dUX'ini the proceduN' (Table a). A
sisnifioant loea of bacteria occurred during the initial
clar:1.fyins steps of the th)."ee cyoles of differexltial.
centrifugation. This was indicated by microscopic
examination of the pellets form~d afte~ each period of
low-epeed oentri.fuga:l;.;I.onwhioh revealed the presenoe of a
large numbe~ of cells. Reduotion of the centrifugal force
dur:l.ns the olarifyins step, or shortening the lenBth of the
oentrifugation run may reduce the number of organiama lost
durin£ pu~ifioation.
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Method 5

This extraction protocol was devermi.ned largely empj.rically
using artificially conbemfnabed homos~nates. The principal
object of the technique was the optimization of cell
recovery and little emphasis was placed on tho removal of
host plant debris. Preliminary studies indicated that the
procedure was effective, this being shown by the 87% oell
r-ecoverv r-eccz-ded (Table 8). The efficacy of the protocol
was further demonstrated by the purlfica~ion of large
numbers of MLO's from leaves of citrus affected by
"multiple sprouting".

Extract~ of greening-infected citrus midrib tissue prepared
using this purification procedure were used for the
immuniZation of rabbits (the resultant antiserum wa$
desisnated "GleE") • The plant. preparations obtained were
heavily contaminated with plant material, th:i.sbeing
indicated by the intense green aolouration of the extraots.
Electron microscopio examination revealed that samples
contained very little plant material of a particulate
nature (Fig. 48) and the contamination was probably due to
the presence of soluble hoat plant pigmenta. Fe,seaga of the
sample through a 30% aucrose aolution fa:l.ledto excl.ude the
pigmented oontaminants , although a aignificant amount of'
the partioulate plant oontaminants was removed.
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The use of self-generating Percoll gradients as an
alternative to the suorose gradient proved to be
unsatisfaotory. After centrifugation, the samples were
found to have been fl:'actionA.tedin suoh a we.yas to make
aocul:'atecollection and analysis of each band impossible
(Fig. 44). Sucrose gradients were thus used to Prepare
suffioient quantities of infected matel:'ialfor use as
immunoBen.

Because of the difficulty in lucatins specifio bands witMn
the Percoll gradients. a preparation of oultured
Q.m. subsp. michiganense oells were layel:'edonto a 70%
(v/y) Perooll solution and centrifused under the same
conditions as the plant extraots in cr-dez-to determine 'the
location of the bacteria after centrifugation. Figure 45
indioates that the organisms do not sediment in a single
discreet band but are spread over a br.oadregion of the
sradient. A similar situat,ionmay OCCUr with the sreenins
baoteria in infected plant extracts, thus makins recovery
of the organisms even more oomplicated. Microscopic
examination of 0.1 ml fractions of the Percoll ~radient in
which the diseased plant extract was fractionated (Fig. 45,
centre tube) failed to reveal the presence of siSnificant
numbers of bacteria in anyone particular area of the
gradient.



242

Figure 4(+

Fractionation of gl"eening"infected citrus ext rcc t s (method 5) in
self-generating Percoll gradients. The Percoll "illS held within
Beckman Ultra-Clear tubes. The fractionation of sample in a 70%
(v/v) Percoll solution is shown on the left, while on the right
is shown the band pattern generated in a 30% (v/v) Percoll solution.

Figure 45

Fractionation of healthy (left) and greenin3-infeeted (centre)
citrus extracts, as well as a suspension of Q. ~. svbsp. michiganense
cells in 70% Percoll self-generating gradients. The samples were
fractionated in 1.5 me volume Beckmanpolycarbonate tubes.
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Despite the effectiveness of this bacterial purification
method (as determined by the preliminary'.budi.ee), very few
bacteria or bacteria-like structures wer~ isolated from
citrus ·...issue. A small number of bacteria displaying the
morphology and dimensions of the greening organism wer~
consistently isolated (Fig. 46) from diseased bark and
midrib material. Similar organisms were never observed in
extracts of healthy samples.

Preparations of infected material also contained large
numbers of amorphous crystalline structures (Fig. 47).
These structures were present in all infected extracts hut
not in any of the healthy samples (Fig. 48) (the healthy
control samples (bark as well as midrib material) were
oollected from eignt dif'!''t'entseedlings which wez-e
oertified greening-free and provided by the C.S.F.R.I.,
Neleprult).

Leaf midribs collected from citruD seedlings sup~osedl~
free of greenins diaease but infected with a variety of
other phytopathogena were subjected to thie s&me
purification procedure in order to determine whether these
crystalline structures were asaociated with
sreening-infected material only. The following samples were
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Figure 46

A bacterium extracted from greeningwinfected cit);'us follol~ing
method 5. the morphology of the organism is similar 1:0 that of
the greening organism ..:!:£ situ. The preparation was reacted with
an antiserum raised agaiMt the GO isolate in I:he. immunogold
labelling assay (sections 2.12 and 3.10) to determine the serological
relationship of the two organisms. Note the absence of bound gold
label. Bar a 0.25 um.
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Figure 47

Amorphous crystalline structures extracted fl.'om infected citrus
following method 5. Bars • 1.0 urn.

Figure 48

Negative staining of extract: of hM1thy citrus pt'eparc'd follo'W:l.ng
method 5. Bar • 1.0 um.
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analyeed in this Way: 1) troyer o:l.transe infeoted with both

tatter leaf virus and oitrue trieteza virue (OTV), ii)
roush lemon infeoted with vein enat:lon virue and OTV, iii)

mandarin infeoted with OTV and "x:tlult:l.pleeprouting", iv)

t!lweet orange infeoted \'li th peot'oeie end .:aV ~ and

v) grapefruit infeoted with CTVae wall ae with a eevere

erbrain. of CTV (etr~in 7KEl). The earn"le" were provided by

Prof. J. Da G~aOa of the Onivermity of Natal,

P:letermaritzbu~s.

All the diseased 1'!II!UIlpleeanalyefHl were found to oontain the

!lame ol"yestalline etruoturee ae those obeerved in eX'braots

of Sl.'et"ming-infeoted oitrue. 'rhie f:1.ndins l!IuSQeete tha,'t, the

oryetale are ncrb speoifioally aeeooiated with

greening-infeoted oitrue and are probably produoed by the

plant ae a oonf.,eQuemoe of infeotion by a variety of

phytopathosene.

Crystale purified by repeated eyolee of differential

oentrifugation were founrl to e:x:h1bit af. abeorbanoe peak at

292 nm when analyeed epeotrophotometrioally. Thie findins

SUSiest" that the etruotuX'ee are protedna.oeoue:s, a fact

whioh lUa~ have been oonfirmt\lld by treatrnemt of the

preparation with protease or by the applioation of a simple

aJsay for protein.
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Method a

The attempt to identify and
antisene from infeoted pla.nt

ioolate dia~aee-apeoifio
material by SDS-PAGE

f).'aot;l.onationof protein extrao'bewas not l!Iucoeeeful.

Fieure 49 shows the profiles of proteine extraoted from
oitrus affeoted by different pathogene, No b,'\\ndaunique to
the sreenins~infeoted sample are visible.

Non-denaturins PAGE fraotionation of plant oamplee failed
to generate olear :profilee of oonstituent proteins in whioh
epecifio bande could be identified (FiS. 60, top).
Fractionation under denaturing oonditiona, however,
reaulted in be'bter separation of the proteine (Fig. 50,
bottom), althous~ no banda suitable for use as immunogen
were visualized in the reeultant profiles.

Attempts to isolate greenins""apeoific proteins from
material affeoted by the Aaian t3trainof sreenins was aleo
unauooeeaful (Fig!!! 61 and 52). Of the three eample
preparation procedul::'eeueed, phanol extraction of prot;eins
appeared to yield the moet eat:l.afactorYreaulta (Fis. 61,
lanea Sand 4). TeA extraotion r~eulted in heav~ etreakins
of the aamplee (lanee 1 and 2), while the method employing
SDS failed to extx'$otquantit.i.esof protein st'eatenough to
senerate a olear profile (lanee 5 and 6).
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Figure 49

SnS~PAGE fractionation of proteins extracted from citrus lenf
midribs.

Lane 1 - African greenins~infected citrus (Pietermaritl1:burg
district)

2 ~ African grAening-infected citrus (Nelapruit distr.ict)
3 • healthy citrus
4 N citrus affected by tatter leaf virus and CTV
5 M citrus affected by vein enatiot' virus and c'rv
6 • citrus affected by CTV and CT\ strain 7K6
7 - citrus affected by psorosis and CTV
8 w molecular ~lei£ht protein markers (Ufo 2 • 66 kDal Sigma)
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Figure 50
Fractionation of citrus leaf midrib p~otein extracts by non-
denaturing PAG~ (top) and SDS~PAGE (below),
Lane 1 - molecular weight protein markers (14.2-66 kDal Sigma)

2 - healthy citrus
3 - African greening-i~fected citrus (Pietermaritzburg district)
4 - African greening-infected citrus (Brits district)
5 - citrus affected by tatter leaf virus and CTV
6 - citrus affected by vein anat Lon virus and CTV
7 - citrus affected by "multiple sprouting" and c',rv
8 - citrus affected by psorosis and CTV
9 - citrus affected by CTV and CTV straj,n 71<6
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kDa

... 94
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... 43

.,.30
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Figure 51
SDS-PAGE fractionation of citrus leaf midrib proteins extracted
from material affected by the Asian stl'ain of the disease. PAGE
samples were prepared using differed methods.
Lane 1 - infected citrus prepared by the TCA extraction method

2 - healthy citrus prepared by the TCA extraction method
3 - infected citrus prepared by the phenol extraction method
4 - healthy citrus prepared by the phenol extraction method
5 - infected citrus prepared by the SDS extraction method
6 - healthy citrus prepared by the SDS extraction method
7 - molecular weight protein marital's(14.4 - 94 kDa: Pharmacia)
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1 2 3 4 5 6

l~:f.gure52

Non-denaturing PAGE fractionatio~. of citrus leaf midrib proteins
extracted from material affected by the Asian strain of the disease.
Varying concentrations of p);'oteinwere loaded onto the different
lanes. Ho1.ecular weight protei'tlmarkers Were not: loaded onto the
gel.
Lane 1 ~ infected citrus : 100 uE~ proteit\

2 ~ healthy citrus I 100 u:gpro ce.Ln
3 - infected citrus 200 ug protein
4 ~ healthy citrus 200 u.g pt'otein
5 ~ infected citrus 250 ug protein
6 - healthy citrus I 250 ug pl'ote:f.n
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(Amersham,
of the silver stainins method of Ameraham

'\U.S.A.) to the Coomasaie Blue-stained gels
Applica.tion

failed to reveal additional proteins which may have been
present, but at concentrations too low to be detected by
Coomassie staining (reeults not shown). Double-stain;i,nsof
PAGE gels haa been ~eported to be far more sensitive than
the use of Coomassie Blue alone (Andrews, 1986).

3.7.2 Cross-adsorption of antisera

3.7.2.1 Crose-adsorption of antiserum raieed against an
extract of diseased citrus

The extraction procedu~e (section 2.9.2, method 5) used to
prepare the immunogen contained a SiEmificant amount of
plant contamination. It was neoessary to uee an extraction
procedUre yield ins as muoh of the bacterial oontent of the
infected material as possible, although such a prooedure
would naturally contail\ a SUbstantial amount of
contaminating hoat plant material as well.

Because of the presence of oitrus material in the immunosen
preparation, the antiserum raised was not suitable for Use
in a serological deteotion assay without prior
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oross-adsorption against host plant antigens. This is
olearlY indioated by high absorbanoe reading reoorded for
uninfeoted material in the HE-PTA-ELISA (Fig. 53).

Pr..,lminat'y btudies showed that oross-adsorption of
antis~rum with a crude sap extract of healthy oitrus leaf
tissue was not suitable for the efficient removal of
antibod:!.esdirected asainst plant components. Even after
extensive treatment, the antiserum displayed considerable
oross-reactivity asainst healthy control aamples and, in
addition to this, the presence of. plant pi~ents and
enzymea appeared to have a deleterious effeot on the
antiserum hy reducins its sensitivity (data not shown). It
was therefore necessary to investisate other means of
removing unwanted antibodies from the antiserum.

All three cross-adsorp'tion techniques employed WE)refound
to effioiently remove a significant proportion of the
plant-specific antibodies from the antiserum. A~thoush
oross-adsorption did not remove all the be.okgl'om
activity, a differentiallin absorbance values Wf'.S obtained.
between the extraots from healthy and infected plants in
the HE-PTA-ELISA (Fig. 53).
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1 2 3 ammonium sulphate precipitated
proteins
affinity column cromatography
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diseased/healthy
r!ltio
2.65
2.40
2.00

Removal of plant-specific reactivity from the GleE antiserum by
cross-adsorption against different plant preparations.
Samples of greening-infected and healthy citrus midrib material
were prepared follow:l.ngthe water leaching method and probed with
the cross-adsorbed antisera in the HE-PTA-ELISA.
The SD lid not exceed 0.05 absorbance units.
The fol10wing sample
* sample
* antiserum* enzyme conjugate

and reagent
- 1=100
- 1:1000
- 1:1000

dilutions were usedl
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Attempts
diluting
healt;hy

to reduoe the anti-plant aotivity further by
th~ cross-adsorbed antiserum in an extraot of

oitrua made in ELISA sample conjugate buffer (10 g
fresh weight/litre) were largely unauooessful. The presenoe
of healthy plant antigens in the antiserum diluting buffer
has been reported to improve detection assay res'ults
considerablY (Clark ~ al., 1983, Rybicki, 1984). No
signifioant difference was, however, observed between
results obtained in this study using the modified buffer as
diluent and those obtained using unadulterated sample
conjuRate buffer (data not shown).

Host plant material affected by diseases other than
greening were also used for serum cross-adsorption as
diagnostic assays ahow6d that the GlCE antiserum displayed
a oonsiderable amount of reactivity with citru6 material
inf~cted with a number of other pathogens (Fis. 54). The
t...eatment, hcvrever , failed to remove this un~al'itedaotivity
(Fi,g. 54).
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,

Reaction of GICn: !lntillorumwith healthy citrus and with citt:'us
infected with various phytopathogons. Two different preparations
of the antiserum wore used: GlOE cross-adsorbed against an ammonium
sulphate precipitated oxtract of healthy citrus ("Healthy extract")
and U f1imilar extract of various citrus loaf samples infected with
different phytopathogens (section 2.9.4) ~"niseased extract").

Lll
5 e 7 a S 10 1112 1:314 15 16 17 18

sample

Plant samples wore prepared by the water leaching method and probed
with tho cross-adsorbed antiserum in the HE ...PTA ...ELISA.

1 2
:1 4
5 6
7 8
9 10
II 12
13 14
15 16
17 18

Citrus BamE1a affected by.
vein onntion + CTV
CTV + 7K6
lY\ultipleIprouting
psorosis
imporatura
greening (Nelspruit aran)
greening (Reunion Island)
hedthy citru.
buffer (PBS) control

Tho SD did not exceed 0.06 absorbance units.
'rhe fol.lowing sample
* Ih1mple
* antisorum* enzyme conjugate

dilution~ were used,and reagent
- 11100
- 1;1000
.. 1:1000
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3.7.2.2 CroBs-adsorption of antiserum rai~ed against
cultured bacteria

Because of the ant-iMplant
antiserum raised against
differentiation between
samples in the ELISA was

activity observed with the
the oultured GC ieolate,

symptomatio and healthy plant
difficult. (;roes-adt3orp'bionof

thiCl antiserum with healt.hy citrus plant proteins prepared
following the ammonium sulphate precipitation teohnique
was carried out in an attempt "'0 reduoe the high
ba(,~kgx'oundreadings.

The results of the HE-~TA-ELISA in which the untreated and
oroes-adsorbed antiserum was compared are represented
graphically in Figure 55. Although croBB-adsorptio.().of the
antiserum reduced the anti~plant activity, a signif:l.cant
difference between the treated and untreated antiserum wae
not observed. this being indicated by the similar d/h

absorbance ratio('.lr-ecor-ded wit.h the two ant.isera (a ratio
of .1. 9 with t.he. untreated o.ntioorum and a t'8.t.io of :2.1 with
the cr-occ- (.{dGIOl'hed arrtisf~rum).
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Figure 55
Result!! of the IlE-Pl'A"ELISA in which plant material known to harbour
tho GO i801al:o) as we 11 IlS uninfoc ted ma.ter:l.dI WilB probed with
croBo-adsorbed (bars 4 and 5) Ilnd untroated (bars 1 and 2) antia.rum
raised against Il suspension of live cultured GO cells. A preparation
of ammonium 8ulphilcaprocipitAted citruB midrib proteins was used
Eor the cross-adsorption of the antiserum.
Tho SD did not exceed 0.03 Absorbance units.
Plant samplcs ware
foJlowing s~mple and
* sample* ant.iserum
k enzyme conjugata

propnred by thl: wacer leaching method. Tho
rellgant: dilutions I~ere ullledl
- 1d.OC
..111000
..111000
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3.8 ENZYME AND RADIO-ISOTOPE BASED SEROLOGICAL DETECTION
ASSAYS

S,8.1 ELISA ~ample p~epa~ation

The effioao~r of the va~.\.ouesample preparation Pl"ooeduree
Wae deterxnint:;tiin the x-m: ...l?'rA...ELISA and the reeulte obtained
represented sruphi~~lly in Figure 68. l?oeitive reaults (
d,lh abtilorbance ratic elf 2.0 or more was considered
positive) we~e reoord~d only witb the samples prepared
:f'ollowiI\St'tlE) watEy.,leachins and the "ohoppinQ" methode. It
ie evident from the absorbanoe ratios that preparation of
leaf midrn·, mAtet'ia.l followinlit 'bhewater leaohinet method
yielded the best ~eBultB,

3.8.2 Comp~ci~on of the Fab', F(ab') J DAS and HE-PTA
2

The reeul tl!$ of the.;:f'ourELISA variationl! are eummari~ed in
Figure 57. The wat~r leaohins method was ueed in the
p:t'eparation of sample for ~ll the af'l(!$aye.Three dl~tinot
lote of exoiee1 leaf midribs were ueed to prepare three
samples ~f infeoted end healthy plant material. The
different l!l:Wlpleeare reprel3ented in Figure 67 by the
fisuree 1~2 and 3.
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Figure 56

Results of thl) IIE·PTt\~ELISA In I~hich 8rMnin8·11ff(lc~(ld l:i.trU' 1011£
midrib mnCllri..l was )'lrc»llred following diEftlrent IIlImplt' proplll.'llUon
procedures. The diuned lind hulthy contl'l;)l olll"pl(l~ were probed
with the C,ICE ItntUerum c:roU-lIdl:lrbed ilf~' 'at iii ,'!·llllratl.On ofhoalthy cit!~u. proteins.

Wllte!:' leaching
polytron homoeenization
loaf prc!s extraction
"ehoPPlng" method
~nzymatic treatment
KOIt t rna tmun t

The SO did not exceed 0.04 IIbsorbllncG units.

Tho ,ollowing sample and raaBcn~ dtlutiont were used. Optimal
dilutions wore dtltorminnd uunS a .'hcqul)rboard scheme llimllar to
that dcsaribnd by Itill (1984).

.!'t'op.1r.1 t i!l.r!,,.Ilt'ocodut'() ,liill:!e1o lintisllt'llm .Enr.vma
ConluSlltll,

wator leMiling 11100 111000 111000
pol:vtron 11;) 111000 111000loaf press 114 111500 111000"Chopping" 1110 blOOO 1.1000onzyme 112 111000 111000KOll 1110 111000 111000
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1"18ut'(\ 57

Comp.r~.on of the efficacy of difforent enzyme immuno.slay. tn
dotecting din ... ·specific antigens in citrus leat mL.1c1b ti.uue,

The numbers t I 2 and 3 in each bllt' sroup reprusnt thru diltinct
luf midrib lamp1u. l'ne 5110111umpl. prep. rAtione wera und in
the different d~tection a'Bays. Sampl •• of gr'Gni~g'infocted and
hellithy citrus midrih ltultoarhl wIn prepand by the wlltn 1ur.hing
method and probt\Q with GICE: antiurum (or th'" tllG fr.ction thereof)
'Jl'oU-lldsorbad c1gain.t a pt'opal'.'ltion of hllnlthy citru. protelil1 ••
Infected olnd control ffilltet'ial wu collolltl!ld frolll lII.dUngs provided
by the c.S.~.R.t.
The followin8 samplo and I'MgClnt dilutiotll wlln undo Optimal
dilutlolls wtlre determined in preliminary chequllrboard titration
assays.

R~·1S,!l,!!J:. ~:J1on aUII2e,

f..Lll~)2 .F.1,!1~ !lAS-ELISA llE-PtA-RUSA

.. tl'llpping
,1nei.body I Ufl/ml 1 ull/ml 10 uR/ml

* sm1lp1iJ LI2 112 11', 11100
": detecting

antibody 10 ug/ml 10 \1[1/1111 1dOOO
'* onzvmo

conjugate 115000 115000 1e5000 111000
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All the detection assays used were able to detect the

presenoe of disease antigens in the thr-ee preparations of

infecte.d sample material.. Thet'e appeared to be no

signifioant differ-enoe between the results obtained using

the differ-ant assays, this being indioated by the similar

d/h abacrbance ratio calculated for the four teate. The

l:.~eapeqtive d/h ratios for samples 1, 2 and :3 assayed in the

four tests were: Feab') - 2.76. 2.21 and 2.60
2

Fab' - 2.41, 1.91 and 2.40

DAB-ELISA - 2.90. 2.39 and 2.86
HE~PTA~·EL:.tSA- 2.83, 2.10 and 2.46

No hydrolysis (;):E the substrate p-nitrophenyl phosphate

direct ly by absorbed component.e of plant extracts was

observed in the HE-PTA·~ELISA.

3.B.3 C~m~arieon of the HE-PTA-ELISA.Saad-RIA and Dot-RIA

It. Vv .,"~ net, pCiesible to differentie:te between the heal thy

and gre(1Uing'"af:EectE~d Leaf extracts with the Dot-RIA (, 'is.
58e), The d/h ra.tios for the three samples assayed in this

t.t:·st a1J. fell bAlclW t.ho out· off valma of 2.0. Eoth the

HE··PTA~ELISA and Bea.d<~RIA wore, howevee , a.ble to deteot

dioe£H18 ant:lgenf.". in the bhr-ee diff(~J:'!mt, infected

t.Jrepnrationo (bare') 1, ·a and 5, Figs 5RA and B). J.~•.

enzvme- bo.BNl am.lD.y r:,.X't;IVf~d co bo more scnsiM,ve tha.n. the

ra.M,Gogonorntod by the fa:rm8!' tpc:hniquG.
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11Qt~ctlon of dtuue'.pecl.fJ.c antlgen In citru. tQaf Midrib SGMplu
by IIE'PTi\'l:ttS,\ (:\1, Dead-RIll (S) and Dot-RIA (C).

.rs 1. 1 .n4 s ropronnt three dht1nce umplu of lIreen1ng'lnfcceed
leaf mtdrlb ",.torUl, whll~ b4r8 2. " ~nd [) reproscnr UlrQ~ d18ti.nct
hulthy IlIidrlb umplu. The ume Rumple pror i' acion. were und
in the thrn detection UlaV" Sllllplaa wen prepared by thft w.ter
lCd"hlng method Qnd probed wtth the GleF. lneiJuum crou'AdlMbo,1
a8~lnst hulthy citrus pl~nt protetu. Infected And concrol 8amlll~a
wore ~ollect~d from sccdUns. providod by the C.S.F.R.I.

The largU~ standud deviation recorded fOf Uch allav WU,
1lV,-PTA-EI,ISA • !I.OJ ab •• una.
Reold-RXII • (1300 c.p.ln.
Dot-RIA - ..93 c.p.m.

Optim.l sample and reasant dilution. were d~term1lhld rn prc\!mlnQry
t;hequftrboQfd titration J~sayl. 1'he folloliing dilutions \/'JfU uset!
in the li\a8ays I

.1i~.\!.II.'ll!!. nntnctiOh .1101\2.

.!IF..PTA'!!1JJ~ .~ !2i'.t:.'UA

* trap~ing
nnlibodv 10 uS/ml

* anmplc Id()O 1010 undt Iuaod
* detecting
"llt1bouy 1,100[1 11~OO

" ()nevme!
1~otope
ron lugate 1,1000 no-aeo blOOO

".p.rn.!ul
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3.9.4 Pe~iodate oxidation of samples

"The effeot of periodate treatment on EtrsA samples }:'eaoted
wi'l:.11. the (UOI£ antisetlum is illustrated in Fig. 59. t...eaf
midrib leaohatea Were adsorbed uireotly onto the miorotitre
plates and analysed in the HE-PTA-EtISA. Mild oxidation of
t.he plant samples (midrib and oolumella) had a marked
effeot on the res",lte of the diagnostio assay, a
sisnifioant deorease in the A readinsa for both the

405
diseased and healthy extraots beins observed.

A decrease in absorbanoe was aleo observed when similarly
treated samples Were reacted with an antiserum raised
against a preparation of live baoterial cells (GO isolate)
(Fig. 60).
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.. Diseasud em Healthy PBS

0.4

r
I

0.6

0.2

1 2 (3 4 Ii 6
sample

., a 9 10

Sam 11 Tre~tment
midrib untreated (bars 1 and 2)

periodatc o~idation
(blll.'4 3 and 4)

dil~tt8ed/healthY rQti~
2.63

columella untroaCtd (bars Sand 6)
periodate o~id~tion

(bllt's 1 lind 8)

0.80

1.61
1.52

The effect of periodate oxidation of midrib and columella extracts
on the binding of immunoglobulin to immobi lized ant:igens in the
ltE-PTA-ELISf
Infected samples were collected from a tree known to be affected
with greening disease. Samples were prepared by the water leaching
me chod and probed with tho GleE antiserum crolls-adsorbed against
healthy citrus proteins. After adsorption of sample antigens to
the microtitre plate, wells T<lere eithel;' subjected to mild pel'iodate
oxidation (bill'S 3, 4, 7, 8 and 10) or lc.ft: untrllated (bars 1, 2,
5, 6 and 9).
The SO did not exceed 0.04 absorbance units.

* enzyme conjugate

dilutions were
11100
1,200
111000
1,1500
1:1000

used:'rhe following sample and roa~\mt* sample midrib
columella* antiserum midrib
columolla
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0.4

0.2

J .~
6

[1
62 43

sample

disaased/nealthy ratio
untreated (bars 1-3)
periodate oxidation (bars 4-6)

Figure 60

1.40
2.11

The effect of pcriodate oxidation ~f midrib extracts on the binding
of inunutloglobulinto immoblized antigone. in the HE"PTA-ELISA.
Infected midrib samples were collected from a citrus seedl:l.ngknown
to be infected wi.th the GO isolate. Samples were prepat"ed by the
water leaching method and probed Idth an antiserUm raised against
a preparation of cultured, live GO cells. After adsorption of sample
antigens to the microtil:re plate, wells were either subjected to
mild periodate oxidation (bars 4, 5 and 6), or left untreated (bars
1, 2 and 3).

The SO did not exceed 0.03 absorbance units.
The following aamph
* Gumple* antiserum* enzyme conjugate

and reagent
..1:100
..111000
..1:1000

dUutiOl\S were used ir, the assay:
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3.8.5 Deteo\".iollof disease antigen with the antiserum
raised against. an extract of s:.~eF;ning-l.nfeoted
citl"~I'3(GleE antiserum)

3.8.5.1 Detection of disease antigen in different citrus
t.issues and in alternate host plants

In order
differed

to
in

determine whet"··-y>
the amount '"

various citrus tissues
"uS anti(!)~'n~that they

harboured, samples of baL
fruit columella and leaf mid]'
water leaching technique ana
disease antigens in the HE-PTA- ......"
antiserum.

t, t":.,;. { =; endo~~e:,=,
'ad :followins the

'jhepresence of.
ins the GleE

The resulta presented in Figure 61 suggest that seed ooat,
endosperm and fruit columella did not serve as sood souroes
of dis6ase antigen, this beins llldioated by the small d/h
ratio caloulated for these tissues. In contrast, samples
prepared from bark and leaf midrib material tested poeltive
:for bhe presenoe of antigen and thus probably contained
hiSher levels of disease an'tigen than the other tissues
"ssayed.
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1,5

n
I

0,5

o
1 2

1 2
3 4
5 6
7 8
!l 10

5 a
sample.

G 4

samelc dis~ased/heAlthy rati~
seed coat 1,22
cndaapl!t'TIl i. 11
columella 1,50
hark 2,32
midrib 3.83

Detection of disease anti.geM in diffel.'ent citrus tiaaues tieing
the m:"Pl'A-ELISA.

All samples were prepared by the water leaching method and probed
with the GleE antiserum cross-adsorbed against healthy citrus midrib
rn·oteins.
The SD did not exceed 0.05 nbsorbance units.
The following sample and reagent dilutions were used. OPtimal
dilutions were determined in a preliminary chequerboard titt'lltion
(1l:lsay.
.&.!!.a.C nt Sumples ___

Coat: endosperm columella ~ middb,-----..

* sample 11100 1:200 1,200 1,100 1:100
'k antiserum 111000 1,1500 1,1500 1,1000 1,1000
* enzyme

conjugate 1,1000 1,1000 1:1000 1,1000 1,1000
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In an attempt to teet alternate hoat plant species for the
preaenc.:aof disease antigen, samples of the j,nfectedplante
(pariwink:~, cuoumber and dodder) were reacted with the
GlOE antis ,rum in the HE-PTA-EtISA. To determine whether
the eame plants harboured the GO isolate, aliquote of the
samples were reacted with the antiserum direoted against an
unencapsula.ted, forma.ldehyde-treated preparation of the
oultured bacterium (GO isolate) in the eame system.
Greening-ef~aoted leaf midrib material colleot~d from the
Indian Ocean island of Reunion t'1aeincluded in the same
analysis to teet for the presenoe of disease antigen in
citrus material from this geographioal looat:l.on.

The r>eaulte of th,~assays are shown in Fism:'sa62 and 63.
Probing samples with GlOE antiserum indioated that the
cucumber' and Reunion oitrua material ccnt~dned detectable
levela of diaease-speoifio antigen (Fig. 62). The d/h ratio
caloulated for the periwinkle sample, altr.oughbeins almost
2.0, was lesa than the negative-positive threshold value of
2.0 and must the~efore be oonsidered negative. It i~
possible, however, that diaease antigen was present in the
sample. The dlh ratio for the dodder leaohate fell well
...elow the 2.0 out-off value and it 1(';1thus unL..telYthat :I.t
harboured deteotable levele of GlOE-speoific antisen.
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2.15

.Ohlllll8od C::j Healthy PBS

1.15

0.15

o

IIj
1 2

Bar no.

I 2
3 4
5 6
7 8

Sample

3 4 5 6

sample
7 8 b

di.seased/heal thy rat.!2_

Periwinkel midrib
Cucumber midrib
Citrus midrib (Rounion)
J. Jddcr s trend

1.80
3.59
2.69
l.g

Figure 62

Detection of disease antigens in citrus and other plant species
by the OICB antiserum.

Periwinkle sample material Wall taken from a symptorlat:ic seedlirlg
illfec ted with grMning disease via dodder. Cucumber midribs wel'e
excised from leaves collected off a symptomatic plant: infected
with a disease agent from greeninS-infected citrus via dodder.
The dodder material assayed was collected from a parasitized,
greening-infected citrus seedling. Samples were prepared by the
water leaching method and probed with the GIOE antiserum (cross"
I'dsorbed against healthy citrus proteins) in the HE~PTA"EL,tSA.

Tie SD did not exceed 0.06 absorbance unies.

The following sample
* sample* antisorum* enzyme conjugate

dilutions Were used:and reagent
.. 1:100
• 1,1000
.. 1,1000
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b

Samele ~s~ased/healthy
ratio

1 2
3 4
5 6
7 8

Periwinkle midrib
Cucumber midrib
Citrus midrib (Reunion)
Dodder strand

Figure 63

1.05
1.16
0.93
1.07

HE-PTAwELISA absorbance values recorded when the Same plant
preparations as those probed '~ith the GICE antiserum (Figure 62)
were probed with antisorum raised against the GO isolate. The
antiserum was raised against an unencapsulated preparlltion of GO
cells and cvo sa-ndaorbed against a prp.paratlon of healthy citrus
proteins before use.
The SD did not exceed 0.01 absorbance units.
The following sample and reagent dilutions were usod in tho assay:
* samplc M 11100* antiserum - 1:1500
* enzyme cOlljugate - 1:1000
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Anal~sit:j of the idemtioal plant Leaohabee within the salX\e
microtitre plate usins the antiserum direoted against the
GO isolate indioated tha.t none of the samples oontained
deteo'cable levele of organisms related serologioally to th~
GO isolate (Fig. 63).

8.8.5.2 Analysis of individual ledf midribs

The water leaohing method of sample preparation was found
in this study to be suitable for analysing aj.nsle leaf
midribs in 'l,rariouBserologioal deteotion assays.

Using this preparation procedure, midribs from sweet oranSe
leaves
aesayed
antigen.

I'p splaying varying degrees of green ina symptoms were
individually for the presenoe of dieeaBe~apeoifio
The infeoted leaves ueed (FiS. 64) were oolleoted

from an ox rd in the Pietermarit~burs distriot of Natal.
The tree sampled had been found to teat ~oBitive fOr the
gentisio aoid marker of greening diseupe and displayed
typioal leaf and fruit aymptonlB. Heal thy contro 1 leaves
(Fis. 65) were colleoted off greening-free seedlings from
the C.S.F.R.I. The midrib leachatee \\lerereacted with the
GleE antiserum as weD as antiaer'Ulllraised aga.inst the GO
isolate in the HE-PTA-ELISA (Fiss 66 and 67).
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PMB

Figure 64

The greeninp;"illfeeted leaves from l~hich midribs wert;: excised for
the HE-PTA-ELISA (Figs 66 and 67),

F:l.gUl·C 65

The healthy citrus loaves from which midribs wc\"c excised for the
HE-PTA"ELISA (Figs 66 and 67).
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The 17 infected leaf midrib' were positive for
dieeaee-specific antigens (as determined using the GleE
antiserum) in this assay (FiS. 66), the d/h ratio
calculated for all the samples being above 2.0. There
appeared to be no significant differenoe in absorbanoe
readinss between leaves displaying seVere symptoms (leaves
11-17) and those displaying mild chlorotic symptoms (leaves
1-4). All 6 healthy leaves eampled tested negative.

It 1e epparent from the results shown in Fi~lre 67 that
none of the midribs from the same symptomatio l~aves
contained antiSen detectable with the a.nti...GC serum.

Similav results were
greening-affected trees
(results not shown).

recorded
in the

with leaves oollected off
Brits and Nelspruit areae
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Figure 66

leaf number

ELISA abacr bancc values for OICE antiserum~speeific antigens in
midribs from the grconing"infcctecl and he.ltlthy c:l.trus leaves shalom
in l~igures 64 and 65. 'l'he SD did not exceed 0,06 absorbance units.

Wat;er lcachates of each midrib were prepared and then probed with
the G!OE antiserum (cross-adsorbed against healthy citrus proteins)
in the HE·PTA~ELISA.

The sample and reagent* sample* antiscru* enzyme C ljugate

dilutions used were as follows:
- 1: 100
- 1:1000
- 1:1000
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,lllilli1liliUllJJJlJlU.J
1 2 :3 4 G 0 7 $ 0 10 1112 13141~ 1«111 1 2 S 48ft b

o.e

leaf nimber

Figure 67

ELISA absorbance values obtained when the same citrus midrib $8 pies
were probed with antiserum raised against cultured GO ctl11$ The
SD did not exceed 0.02 absorbance units.

The GO antiserum was cross-adsorbed against: a preparation of healthy
citrus proteins before use,

'l'he sample and reagent dilutions used ware as follows I

* sample - 1: 100* antiserum ~ 1:1000
* enzyme conjugate - 1:1000
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3.B.6.3 Enzyme-linked dot-immunoblot aSSaY

Preparation of citrua oolumella samples for blotting onto
NOM by alkali leaching of antigens was found to be an
effeotive method. Extraots of oolumella. material collected
from ol'.'oharda of the O.S.lf' •R.I. were prepared in this way
and reaoted with the G!OE antiserum in the EL-DlB assay.
Results of the assay are presented in Figure 68. It was not
possible to guantify the reaotion by determining the
refleotanoe of the spots as the neoessary equipment
(a chrcmaticacenner-) wae not available. There was, however,
a viaible differ~!moe in the intensity of different sample
spots which was great enough to allow for a qualitative
assessment of the results.

The serological relatedness of Various baoterial isolates
was determined ueing the EL-DIE aasay. The reaction of
differerlt isolates with antiaera directed agtlinst the GO
iaolate and against ~.m. eubep. ~ is shown in
Figures 69 and 70.

The asaay was also used to soreen various bacteria cUltured
from greening-infected material and thought to be putative
sreening isolates. The reaotion of 8 different baoteria
oultured from greening-infeoted oitrus material with the
GleE antiserum is shown in Figure 71.
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HEALTHY

Enzyme-lint~ed dot"immunoblot assay of antigens in grcelling-infcc::ted
and hedthy columella tissue. Samples prepared by KOf! leaching.
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EL"D!» ullay. Reaction ?f the citrus bacterial isolsteF. I mom lers
of the C. michig,~nense group of t'act:o):'L~t and othez Ot2',:mil.lms with
antiserum directed~nst 1:1h cultured ioolate.

Spot 1
2
3
4
5
6
7
8
9
10
11
12

w NC isolate
- GC isolate
- OS isolate
- G1 isolate
- TZL ir.o1ate
..LO isolate
.. £.. ir.anicus
.. C. m , aubsp , gpedon1.cunl..~. i. aubep. michiaanen.e..~. i. subep. inaidiosum
.. :Q. :iiI. subsp , ne1waakense
.. .Q!lrtobac (...:;dum flaccurnfacienfl pv, £laccum£acicn1:l


