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ABSTRACT

Greening 18 z =overe digeams of oibtrus and is & major cause
of orop loss in meany parte of Africa and Asie. Numsnrous
attempts have been made by various wcrkaré to lmolate the
asmtlological agent of tha diseass and albhough reports
¢lalming the suocessful oulture of the orgenism have
appearsd, the isolations were never fully confirmed. In one
of these reports, a bacterium apparently morphologically
identical o the greening organism ln aitu wae consistently
jasclated f£rom gresning-infected ocitrus and the basgterium
claimed by the author to be the causative sgent of thas
disemse (Garnett, 1888). This study was undertaken
principally to investlgate the slgnificance of the isplabed
bacterium in greening disease. Ths organlem was found to
indues & diversity of foliar ochlovoaes similar to thosa
observed on naturally-infected plants when mechanically
inosulatad into healthy oitrus ssedlings. Reisolation of
the becteriun f£rom incoulsated plants was aschisved and
slectron microssope examinetion of leaf midribs showed the
presence of bacterla in the phloem of the plants. Doddaer
btransmission of an isfeotive agent from naturally-infected
cltrus to oucumbey was achieved and the same bacterium
imolated f£rom symptomatic oucumber plants. The sssoolation

of thi=m baotarium with greening-infeoted oltrus indiastad
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by thess resgulvs was thought to be pronof of ike
satlologleal ététus, howaver further investigations
revealed that 1) contrary to the report by Garnstt (1885),
the morphology of the lsolate and the greening bactarium
obeerved in aitu differ markedly, il) vector transmiasion
of the dssclate to oitus doss not  oseur,  i1)
mechanicelly=-inoculated cltrus planﬁs do not diaplay the
gentisic acid marker which im indicative of infection with
greening, 1iv) symptome displayed by inooculatied oitrum are
tranalent and the infection does not persist and, v)
antigera ralsed against the cuitured isolate de nob
conalstently differentiate betwean niealthy and
grasening-~infected materdal in  serological assys, The
resulte puggest that the bacterium isolated 4im nhot the
greening organism per ge, but probably a mild opportunistic
pathogen in eltrue which nay be 8 componet of the greening
asndrome.  Fatty aclid profiling of the izolebe suggestad
that the'organism ic a member of the genus Clavibacter, but
further tegte are needed to confirm thig ol&asificativn.
Becaune of the doubt capnt on the astiological status of the
isolate by the results of this in&aatigation. attempts were
made  to devalop a serologloal deteotion system for gfeenins
without using +the cultured bacterium for the production of
8 polyclonal onticerum. A wumber of published, as well as
novel bacterial purification sachemes werse empluYéd in an

attempt 4o exbtrast the greening organiam from infecked
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plant material for use azs immunogen. Although the isclavion
of  significant numbers of +the orgenism was not achisved
following the different procsdurss, an antiserum ralised
againat one of the oltrus sxbracts was able to sffsotlvely
deteot dimease antigens in greened citrus. Howaver,
reaction of the antimarum with oitrus_affeoted by a number
of other diseasas indleated +that the antiserum was not
spacific for greening, avern after exhaustive
cross-sdaorption agsinst preparstions of healthy citrus
material as well as agalnst material sffected by the
dissases with which the antiserum wreacted positively.
Efforts to oultivabte the setliolegloal agent of greening in
various srtificlal media ae well as in embryonated hen's
eggs and in an invertebrate ocell oculture ayetem were
wneuocesaful, although the resulta of the disolation
attempts indicated that both healthy and greening-infeoted

citrue harbour a number of different bacterial specles.
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CHAPTER 1

INTRODUGCTION AND LITERATURE REVIEW

.Gitrus greening is a highly destructive, geographically
widespread disease affecting most economically important
eitrae oultivars, epecies and hybride in Southern Africa.
The dimportance of the disears in South Africa was
emphaesized when approximately 100 000 sweet orange hrées
were rendered commercially unprofitable {Oberholzer et al.,
19656). Greening has caused fruit 1osaeé of between 5 and
100%  in orcherds ‘in different arsas of the Tranavaeal, and
farmeras in many of these areas have been.forced to cursail
citrus production {Schwafz, 1987, van den Berg st al.,
1990). It is estimated that +the -current annual loss in
South Africa alpne due to greening is R36 million (van den

Berg ek al., 1987).

Thel dissase 1is not peculiar to Southern Africa, beling
prevalent in China, Taiwan R.0.C., India, the Philippines,
Indonesia, as well as in Southeast Asia. In the sastern
countries, the diseesse Iie Lknown by various names, viz.
aitens vyellow shoot or huanglungbin in China, likubin in
Taiwan R.0.C., ecitrus die-back in Indis, leaf mottling in



the Philippines, and veln-phloem degeneration in Indonesis,
the names generally belng descriptlve of symptoms in
infectad plants.

" Electron microscopio exemination of both infected plant
metsrial and insect vector tissue collected in South Afriea
revealad  the ﬁrasence "of a bacterium posseeaing a.
characteristic cell envelope structure (Moll and Martin,
1874); +the various geographical forme of greening ave all
characterized by organisms witis the same envelope system
(Garnier et 8l., 1976, Bové gk al., 1980) and this
microorganiam ie now generelly congiderad 4o be the
neticlogical agent of greening. Two etrains of the diaesse
have been described, namely a heat sensitive African strain
wﬁioh ig wvectorsd by the citrue payllid Tpiczn epryvitress
(Del QGuercio}, and & heat tolerant Aaian strain vectored by
Diavhorina oitrd (Kuwayama) (Masagonie gt al., 1978).

Greening apparently originated in China and was common
there by 1925 (Garnmey, 1988). The dlsease was firvet
obaépved in South Africa in 1928 at De Wild in the Western
Transvaal and durding the periods 1932-1687 and 1888-1946 it
caueged gseverea losses Iin parte of the Baptern Transvaal
{Oberholzer ot al., 1988) and zubzeq =ntly taused cltruse
production %o cease in the White River, Pleston and Alkmeaar
areas (Anon., 1988). A survey conducted by Sochwsrz (19687)



revesled +that the main centres of greening occured in the
Transvasl, while only a few cases of the disease were
reported from orchards .in the Eastern and Vastern Cape.
Greening was not, howsver, detected in orcherds in the

Northern Cape

Although the incidence of the disease has increased at an
alarming rate in ceritaln parts of South Africa such as the
Karino area where it inoreased from =zero to 40X in a ten
yeaar period. resulte show that citrue prdductiun in
greening-affected areas 1is possible when the disease is
controlled by proper management of the vector and of the

seticloglical agent of the dlasease 1ltmelf (Anon., 1988).

1.1 THE AET.ULOGY OF GREENING DIST"GE

It has teken over 60 years to elucldats the astiology of
greening disease and during this period theoriea pegarding
the ocause of the disease have vndergone several changes.
The confusion surrounding this aspect of greening iz
illuestrated 4n a paper by Mall and Chaudharli (1978) in
which the sauthors give an account of the history of the
netiology of cltrus die-back (greening) in India. Different
workers have atbributed the disease there to both

non-parasitic causes, viz. wrong melaction of site, water



loaging,_ prolonged dry pericds, oultural abuses, =acll
a#liﬂity, indisqriminaté usa of planting matsrinl, sclonic
ineompatability, nutritional deficlencies, and pest
infemtations, and to parasitic agentes such as fungl,
nematodas, mycolasms-like ' organisma, and wviruass., The
authors deduced that the nature of dis~back is complex and

involves more than a aingles faotor.

The first datailed account or greening waa in a papsr by
Oberholzer, Von GStaden and Basson (1863) cited in MeClean
and Oberholzer (19685a)., They damoribed the dissase, gavs
ita diateibution in South Africa snd raviewsd the resulis
of various lines of work dona over tha vyesrs, They
ccneluded that greening is not relatad to soil conditiona,
and is not csused by & mineral doficlency or toxieity. They
suggestad that beoause gresning had been transmitted under
certaln conditions, the disease might be caused by & virus

inat was belng spread by an inssot vectop.

‘That greening might be of viral origin was first suggested
in 1948 (Hofmsyer and Cherholzer, 1048). Some evidense of
itm transamission by grafting was reported by Oberholzer and
Hofmeyer (1866}, bubt becauss of the lnconsistency of the
results of ‘their sxperiments, the wviral nati.o 'of the
disease was not proven beyond doubt. In a later publication

MoQllean and Oberholzar (1985a) showed that grsening spreads



in the field and can be transmltted through grafte. They
sonoluded from pesnlts  of thelr  sxperiments  and.
-obsayvations  that “graening i & transmissible virue
- diseass -that epreads through the air, probably by means of
an inseot vector'. No proof of the viral naturs of the
cavesl organism of greening was, howsver, providad in the
raport othnr than the faoct that there was no svidence that
the pathogen was elther a bemcterlum or s fungus whioch led

the authors to infer that it wee a virus.

Gresning has psculiar properties which distinguish it from
many virus diseases: tha infeotion is ssldom compiste with
the aeticlogical agent being present in certain sectors of
infected trees whers it remains confined without spresding
whilsa other easctors of che same tree appear to remain free
of diesease and grow normally. Also the disease doss not
roadil# pams o progeny trass propagatsd by bude from
infacted paronte, even when thaéa parents sra extanslively
and  sgversly diseased, and transmission by geafiing
outtings from infected tress onte healthy seedlings im not
always successful. This suggests 4 restricted or locallsed
distribution of the organism within infectad plants and '-as
indiosated by the Inconslatenoy of remulta of tranamiselon
studies parformed by various anthors . in diffevent
gavgraphical  locslitisa (MoClean and Oberholzer, 1980a,
Balibe and Cortsz, 1586, MoClean, 1970, Huang, 1879).



The hypothesis of a viral aeticlogy for gresning went
‘unchallenged until 1970 when Lafldche and Bové (1670a)
demonstrated, with the sid of the elsctron microssopes, the
presance of mycoplasma-liks orgenisms (MLO} in the phloem
pisve .ﬁlamenta ef gresning-infected aﬁaat orangs matsrial
from South Africa. These microorganisms ware chaspved not
only in asspoiation with South African greening, bub also
with Réunion graening and Indian citrus die-back/dscline
(Loflécha and Bové, 1870b). Bimilar structures ware found
to be present in citrus from the Philippinsz affacted by
leaf mottling disease (Ssglic st al., 1871), as well as in
likubin-infectsd material #rom Taiwan (Chen at al., 1871).
This cemmon coharacterimtle, togebhsy with simllaritles in
transmission patterns and symptoms, suggest that these

disaames are analogous.

The Y0 astiology of gresening has bessn further Indloated by
the therapautic effect of tetracyelines. In the same year
that Laflache and Bovéd reported the pressnce of MLO™» in
the phloam of infected plantas, Martinez af al. (1870)
showsd that treatmsnt of gresning-infscted budwood with
tetraoycline anbiblotios prlor to bud-incoulation of
healthy citrua resulbed in  the failure of symptom
devalopment in the indicator plants. Also, foliar
application of antlbiotics 4o infected saedlingm lessenad
tha severity of disesze aymptoms in theme plants, The



attenuation of symptoms in  sprayed plants wsnd the
prevention of disease tvansmission in tha bud inoculation
atudies suggested that +the antibiotic treatments had s
suppresaive effect_ on the aetiological agent snd led the
authors t0 hypothesise that an MLO was involved and not &

viraa.,

Although initially deseribed s an MLD, dinresatigations
carried out by Bové et al.. (1880} revealed +that the
onvelops of the greening ormenism differed structurslly.
from those of other MLO'n. The organism was found to be
surrounded by double mombranes which guggested that it was
more Like a bacterium than an MLO (Chen 2t al., 1871).
fariher ultrastruectural atudiea. carried out on organliams
in the phloem sieve elements of infected plantes and in the
hagmolymph of the insect vector, vevealed that the envelope
ourrownding  the mrhanism. measures  upproximately 26nm in
width and ezompriges throe Sones: an alectron~denpe outer
gone,  an .elemtronwdenae inner azone and ap intermedlate
slectron=transparent zone. FEach of the two electron-dense
~wones could  be  resolved intoc a  triple~layered unit
meabrane,  B-10nm  thiek., The width of the eeparating
clectron-iranoparent sone wap  optimated to be E-15am. The
Inner 2zone appeared to represont the cytoplasmic membrane
and the outer zone the eell wall of the organdam (Moll and

Meptin, 1974, Garnier and Bové, 14897%7).



The fact that the ocell envelops of the greening organism is
approxinately 25nm  thick and appeara €0 iaclude a cell
wall, oclesply distinguishes It from MLO“s which pvoassems a
#ingle, triple-layerad unit mewbrane approximately 2-12nm
thick (Hull, 1872). Further evidence of the bacterial
nature of the organism wae providad by studies on the
effect of various antibioticm on greening. Miyakews (1979)
reported that treatment of likubin-infected ponkan eitrus
buds with penisillin resulited in the complete suppression
of 1likubin symptomn development when the treated buda were
grafted onto indicator seedlings to determine vemsining
infectivity. Similar resulbs were obtained wilih

tatracyeline and tylosine treatments.

Bové ab .n;. (1880) reported +that 1in & greenhouss atudy
argening-infected oltrue seedlings which had absorbad
pandcillin through their roucs developed an abundant root
syatam and produced new, .vigoroua, symptomleas shoots.
Similar resmults wers obtained under field conditions with
renicillin injsoted into the trunks of trees. The treatment
had & marked effect on infected tress, inducing new,
gymptomless srowth and  algniflcantly improving $prulbd
quality and yield (Aubert and Bové, .980), On the basis of
these results, as well as on in aity ultrastructural
studies (Garnier and Bové, 1977), Aubert and Bové (1980)
econceluded +that the greening organism was not a mycoplsaams,
bub "a prokaryote probably having a
paptidoglycan~containing Gram negative type of cell wall".



In @an earller investligation, Moll and Martin (1874)
compared the well wall of the araenihg organism with the
wall sbtructure of Gram-negablve phytopathogenic bacteria
‘and rickettsia-like opyganisma. Thse authors raported that
the organiem aasociated with gresning displayed a wall
stucturs similer o that of Gram-negstive bacteria,
although a distinet peptldoglycan or R layer was not
observed. The poaitive affeot.that penicillin treatment had
on  likubin-~infsoted budwood (8w and Chang, 1978, WMivakawa,
1878), and on greening-infected cltrus (Bové st al., 1980,
Aubert. and DBové, 1880) provided indirect evidence for the
pregance of a peptidoglycan laysr., Later, Garnier at al.
(1984) unaquivocally demonatrated the presence of &
pertidoitlycan layer between the inner and outer membranes
of the cell eanvelops using oytochemical treatments. The
existence of this layer prdvided further proof of the

Gram~negative nature of the baoterium.

Investigations on likubin-affected ocitrus revealed
placmorphio bodies in the sisye tubes, some of which were
round or oval, others filamentous. Thaéa bodies contained
an slectron~dense ground substance, although sphericel
bodies with elactron lucent central areas were obssrved as
wall (Chen et al., 1971). The existence of round ov
smphoerical elsctron-clesapr bodles (measueing 0.2-1.0 um in

diamater) was also reported by Garnier af al. (1878),
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although +the elongated, electron-dense fopma (0.16-0.25 um
diameter) of the greening organiem wsre most often the only -

atrﬁctures present in the mieve tubes of infected plante.

~Tha round foﬁms often displayed a disptinot gepapyation of

the inner snd outer cell snvelops layers,'posaibly due to

plaemolysis. Both forme of tha organiem have been observed

in the sleve tubes of periwinkle (Catharantue reseus IL.)

infected with greening dimease via dodder (Cusouts
campastrim)  (Garnier and Bové, 1883). The round and
elongated forms probably represent different aspeots of the
same organism beocaume they occamionally appearad +to ba
connectad (Garnler &t sl., 1876),

Bu (undated pamphlet) described three stegss in lifs oycle
of the greening organism, namely the mature form of the
pathogen {generally a rigid vod neasuring
360-B60 x B00-1500 nom), flexible slongated rods which graw
into new organisms measuring 100-250 x 500-28500 nm, and old
gpharical bodiss 700-800 nm in dismeter with a thin
oyhoplaam.. Elactron microscopy using serial asctions and &
thres-dimengional oconfiguration was used to confirm the
pregenca of the varioﬁs stages and the reapective
dimensions, Bu further veported that multiplication of the
organism 1la generally accomplished by budding, althogh
blnary fission or Theading aleo ocours, albeit leas
frequently. The investlgation by Moll and Martin (1974)



i1

also revealed that the organiem appsared to replicate by a
form of budding and, unlike mycoplasmas, the daughter cells
wara of unequal size. 'The dimensions of the
eionsated/filamentoua fﬁrma were given as 380 x 3000 nm in

this report.

1.2 SYMPTOMS OF GREENING

Gresning wss originally thought to be a disease of the
fruit, " the name “greening” being descriptive of the
abnormal fruits produced by affsoted tress. The discase is,
howevar, not restricted %o the fruit, and other parte of
the tree, including the leaves and roots, display symptoms
of infection as well. Detailed descriptions of the symptoms
induoed by greening have been published by a number of
asuthores (Matsumoto &% a8l., 1381, MoClean and Oberholzer,
1065a, Fraser at al., 1086, Salibe and Cortes, 1068,
Sohnelder, 19686, Schneidsr, 1868, MoClean ak al., 1968,
Garnsey, 1888). '

Although all presently waed commercial oltrus ounltivars in
South  Africs are suscsptible to greening, varistal
reactions to the disease have been reported. MeClean and
Schwarz (1970} obaarvad that certain oultivara and

aalectione dimsplay a degres of tolerance te the dimeasme,
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Variationg Iin leaf sjmptoma according to the cibtrus variety
were also reported by Selibe and Cortez (1968). Matsumoto
gt al. (1961) and Van Vuuren and Moll (1984a) observed that
-the choice of rootstock affscts the tolerance of the
gtock-soion combination +o the disease, Garnsey (1888)
noted that moest sweet oranges, mandarins, and mandarin
hybride are severely affected, whlle grapefrult, Rangpur
lime, lemons, calamondin and some pummelos show less severe
symptoms. Mexican lime, +trifollate orange and trifoliate
orange hybrids aprs the most tolerant and may develop only

aome leaf mottling.

Greening 1is often sectorial within a tree, Symptoms'may be
obaerved. in only one or & few branches, ﬁha other limbz
remalning apparently healthy. In the absence of the in=sect
vector of +the dissase, this partially systemic pattern of
infection can be maintained for the duration of the
affected tree’s life. This may be as & resalt of the
relatlve immobillty of the organism within the hoat phloen,
which, ae reported by Moll and Van Vuuren (1982), is
probably due to the riglidity and proportlonally large sige
of the organism relative to the pore size of thas sleve
plates. BSystemic infectlon peems to depend on multinle

insect inoculations (Schneider. 1988).
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" A =seasonal and geographical varlation in the expresasion of
gymptoms# haz been reported: leaf aymptoms were reported td
be more pronocunced in winber than in summer and to show up
nore .clearly in high, c¢ool areas than in low, hot areas
(Bchwarz, 1968a). McClean g al., (1969) also noted the
influer -+ of temperabure and altitude on the severity of
greening, adding that the improved appearance of diseased
tresa in some localities during summer may give the wrong

impression of recovery.

McClean and Oberholzer (1966s) weported that affected
aecﬁora - of 'a tree dieplay a diversity of foliar ohloroeses
that are similar to evidences of mineral deficiencies in
citrus. The chloroses produned are influenced by the age of
the lesves, the time of year the leaves unfold, and by the
conditions under which the treea are grown. The most
distinotive {(snd spsclfilc) symptom ia & motitle resulting
from an irregular yellow discolouration following the
sourse of hhe. midrib and larger veins of mature 1e&vea.
Because of +thim, the authors suggested that "mottle lesaf"
would bs & more desoriptive name for the dimease than

"greening" .

Schnalder (19688) divided +the leaf symptoms observed on
affectead tresa inbto two groups on the basla of time of

appearanca: primary asymptoms which appear on leaves after
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they mature normally, &and secondary symnptoms which appear
on  leafy sakoots as they arow from brenchas with primary
pymptoma. Hiestclogloal studies conducted by +the author
inidicated that the yellow motiling and leathery aspect of
affected ‘caves did not arise from immediate anatomical
changes caused by the greening orgsriism in the plant, but

rather from secondary anatomical changes.

Recognition of the dimesse in the fleld is often difficult
from symptoms alone, espesially in the case of Asian
groening. Very eimilar leaf symptoms may be induced by a
number of faotors varying from nutritional disorders to the
presences of other dissases such &8 voot rots, gummoeis,

tristeza and axoocortis (Catling, 1970h).

Chronioally Infected trees are sparsley foliated due to the
premature absociselon of the small chlorotiec leaves borne on
weakened twigs and the formation of mzitiple buda on
defolisted branches almo characterises severely diseased
treen (MoClean and Oberholzer, 1966a, MoClean
et sl., 1988), Sparsity of foliage is mlmso asacciated with
dieback of twlge whioh later extends to whole branches, and
the establishment of secondary fungal wood rot in main
iimba and tlI  trunk completes the destruction of the tree
{Fraser g4 al., 1868).
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Stunting end out-of-season growth and blossoming are also
fostures of tne dissamse (Qalavan, 19681, a8 &are the
leathery aspeot and tendency of affected leaves to roll

{Salibe and Cortez, 1966).

Fruits produced by infected tress ar~ ususlly undersized
and poorly coloured. Although fruits do colour, the colour
of scme never reaches the rich hue of normal Fruits, and
the side sheltered from direct sunlight does not mature and
often remains green. This assymetrical maturation leads to
greened frialt heving & lopelded appearance, although some
normal-shaped, full-sized pspecimens sare produced (McClwan
and Oberholzer, 1898B5a, Schneider, 1888). The Jjuise of
affected frult is low in soluble solids, high in acide and
abnornally bitter (fSGapnsey, 1988}, and many of them abort
before harveast (Salibe and Cortez, 1868, Schnelder, 1968.
Frass gk al., 1866).

Twe root system of dizeaged trees is poorly developad and
although +the f£ibrous rooti appear normel, they ave sparss
and meem insdequate to support & tree normally (MeClean and
Oberholzer, 1986a). Thie =nd other symptoms auggeét
atarvation effects ocaused by faulty transleocation of
nutriente within the +tree, & fact which was confirmed by
the ivestigationa of Matsumoto gL al. (1981) and Schneidex
{18688). Matsmumotd et al. (1961) alae found atarch %o he
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absent. from +the reots of infected citrua, while in the
correpponding parts of hoalthy contrel plants, ctarch had
aceumulatod. In the lenaves of dissased planta, largs
smounta of gtarch wern found $0  accumalate which the
authors suigeated was duo to bleckage of the translocation
of carbohydrateo cawed by phloem necrosis in the foliar

vapcular clemento.

The oo wrrenen of phloem neerosls in discased tissus was
aloe reported by Uchnoidor (189G8). He proposed that this is
the  flrot Jdogenopative ehange indweed in leaves  upoen
ianvaplion Ly the greendng orgoniom. and  loads te the
blookape of  the rranoloecation otroam. Ag 4 rosult of thie
fmpodiment. n pumber of anatomical aberrations  oeour,
jpeinding  maceive  accumlation  of otareh in the plastide.
Atareh  pramalen within  the chloroplonsts wero shporved to
beceme unuoually  lapge.  otretehing  the urpsnells’n outer
nempbeaae e a thin  laver. Schaoidor ougpested that thia
otretehing  octeays the grana and éhlaraphyll. ant reguita
in thre mentled chlogotic cymptomo displayed by leaves. The
Yeathnpy  feel wof the loaves {6 aloo thought to be ag a
rivlt ot otarch acetpuiation within the chloroplasto. The
interaal  oympdoms aro thue  canoiotent with the belhiaviour

] vhe edtepaal appearance of intocted citrao planto,
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1.5 INDEXING OF GREENING

T T L { 146k, 108k ) roported the rroecenee of =&
Phaopreicent,. smbotnoes in the  rojeoduactive and vegetative
tiumas: of  (woet  orate, mondaring ond tanpelos infeeted
with  greenigt. thromatopeaphice anolyois eovealed  the
12 LIS TN af A breipht vicolot  tluercceent opot In the
ehapne grnghide peotile ot RE OL0H in estracts of infeoted
fhepme, bt net lu benlthy  euntroelo.  The oubotanse wan
identitiod oy o meacglucone  cpver o1 gentlole  acld
fntivori- BoD glocoene . (Feldmae.s UWIBG olted in Schwars,

1t iy,

Thee work of Vehwnrs (LUBH 1B6ne) chowed that opoeifio
tluoroneenee of  the albedo of  oweet urange  frulta was
ctrong eneneh to be odeeyewed with the naliod eye nnder an
niteaviofot  lampe.  The  fluewassonee wan not very marked in
thee  sdbesly ot moaaelorine and tangoloo atnd,, conoeguently, 1t
wil o not petoibie oo apely thio method of analyals to the
rudta of thige s deg, Tho ooy roabotanes wads howover,
totimed o b pdegwnt g the baplk of thope opeeion, and water
vRt et ol ot the veongoamet el lowesd e l?ill't-lﬂlaf,t.lﬁﬁmfﬁh1&*
apfedyeioe macke bR yestrib b b g e bapr to Index theon

i i,
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Schwarz  (l868¢, 1970) reported that the Lluorescent
compound could bs detectad in inmature frults and that the
teat was spscific for gresning-infectad matevial. Fruitm of
tress exhiblting follage abnormalities caused by mineral
deficiencies as wall as thoss of trees affscted by
exocortis, xyloporowmis, triatﬁza. proresis and dry voot rot
did not ocontaln ths marksr substance. The author conoludsd
that the fluorascence teat could be wegavrded zs yaliables:
when swest orangs treca are uniform and grown under optimum
conditiona. Mopsovar, the test can bs used in comnepcial
indexing and im more senasitive than indexing bessd on leef
symptoms ampsolally in apeas whara the aymptoms are maszked
by climatic conditionm or other factors.

A smsscond marker compound was identlfied by Schwarz (1868d)
which displayed a RF of 0.40 and wam detectad in the fruit
slbedo and bhark of diasased sweet orangs, mandarin and
tangelo and occasionally in grapafruit, but this markar was

not premant as ragularly am the gentislo acid marker,

Catlirg (1870a) conduoted small-seale trials using methods
of eaxtracticn wnd debschtion similar to thoss uased for the
gontimis auld marker to detarmine whether this subatance,
or a olosely-related dexivative, was present in the inpect
vagtor of greening. The marker was not found in sxtracts of
the veotor and no conmistent diffsrences ware obsarvad in
the cohromatographia profiles of infsoted and non~infaeted
adultes of I. srytrsss.
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The fluoresocence test is very ussful In that it is
rélativelv simples to perform on plant mateslel, can be
adepted to léraa scals testing and glves lmmediate results.
However, it is yst t0 be proven conclusivsly that tress
tasting poaitive are indeed iInfsated with tha gresning
crganiem and scme worksrs have guestionad tha reliabillity
of the teat. MoCisan (1870) vepsrted that results of
chromatograyhie aalysim of bark extraots wexs
dinappointing with many treses showing no symptoms of
infection teuwed positive. Even after a nins ysar period of
observation, wnous of these "posltivs' tress had dsvelopad
symptomas of sresaing. Knorr» afi al. (1870) reported =&
similar altuatlon In which some healthy-appeaping tress
showad  the  masler while soms trese with symptoma of
graening dia not. |

Further eovidence of the unrellasbility of the test cime from
its practiesl application to the testing of nurssry trase.
MaGlasn (1870) obasspved that & nunber of asymptomatio
"negative” and "positive" nursery tress plantsd in an arsa
spparantly free of paylla snd monitored over u two-year
poriod showsd ne signe of infeotion., The tream ware
vetosied after this tims in the sama laboratory whers the
preliminary tests wers done with the following cssultm: of
19  initially negative trass, Ifilve were found +o .be
positive, and of 268 initlally pomitive tress, alght were
still positive and 18 negative.
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The inconsistent resulte veported by MeClean (1870) snd
Rnorr af Aal. (1870) may be dus to the iprsgular
distribution of the greening marker in infected trees.
Gupta &t al. (1872, In an atvampt to find the most
raliabla single wsite f£or eampling trees, found that the
marker may be premant at ones sampling sits, yst
undetactable at another. The authors concluded that in
ordar to sompenmate for this anomaly, sampling should
include roots or bud-unlon bark, as wsll aa twlge in the
canopy. A eimilar finding wes reported by MeClesan (1970)
who obaserved that when two bark mamples from the sams trae
wora tasted, ths resultes of the ochromatographle analysis

wera not always in agraement.

i.4 ATTEMPTS AT ISOLATION AND CULTTVATION OF THE UREENING
ORGANISY

Despits tha problems asmociated with the fluorascence teat,
1t is & velusble asupplementary methed for diagnosing
greening. Howavapr, grester acoursoy in the identifying of
ths disease would be possible #'t4  the aid of

immunoohiemical technology.

Reports olaiming ths mucoassful An  wifiro culturs of the
gresning opgondism in artifiscial media have appeared {Ghosh
ak al., 1871, Sodhi a% al., 1873, Garnett, 1885} but the
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laotations ware never fully oconfirmed. Numerous
unsucosssful attempts have mince been made by various
romsarchara to lsolats and oculbure or to purify the
greening orgonisn £rom inlected materisl as the first step
in the Fulfilwment of Koch’s poastulates and the praduqﬁion
of & msuitable anbissrum for uss in serological assays
(Moll, 1874, Sibara ano Farnett, 1980, Boths ah al., 1984,
Manicom, 1884, Duncan, 1885, Duncan and Garnett, 1865,
Garnett, 1085, Garnler at al., 1987, Jiang, 1988, Mochaba,
1689, Smith, 1988, Sui, 1988, Villechanoux af al., 1960).

Utiliming baoterial madla, as well ae media and ~nditions
succasmfully devalopsd for the cultivation of Bplropleams
gited, Moll (1974) was wunable to lipolate the gresnina.
organism f£rom oitrus tisaves or infective inmest vectora.
Later, Sibara and Garnett (1880) reported tha isolation of
an organigm of eimilar dimensions to the gresning bacterium
ip =ity. The isclate displayed gilding motility, growth ab
87 © and possessad a call envelops of 25-30mm in width. The
suthors, however, were unabls to fulfill Koch’s postulates.

Seven diffsrent genara of bacteria ware isolated from both
healthy and greening~infectsed citrus by Botha at Al
{1e84), In thiz study, lmolates were obtalnad from all 283
dimeasad plante amsayed, while 50 of the 53 healthy plante
alaso ylslded baosteria. The rasults olearly indioate that
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both healthy and diseased citrus plants have an sndogenous
bacterial populstion, & £inding. supported by the work of
Gapdner at al. {1982) and Msnicom (1954). Tha mere presence
of bacteria in plants 1y therefore not suffisient proof of
their phytopathoganiclty, although the orgenisms could hava
sn important biological sffect on the plant.

Duncan {1985) and Garnett (1986) veported the consistent
eulture of a Gram-negative bacterium, apparently typical of
the putative greening bhacterium, from greened citrus. The
bacterium was reportedly imclated from orchards in most of
the major cltrus growing areas of South Afrloa. In addition
toe  tha isolatens diaplaying' the morphology classloally
ascribed to the greening organism, they exhibitad an
antibiotic =enmitivity comparable +to that desaribed for
gresning Jn  aitw. The morpholoav, the antiblotic
sansitivits snd the oaoneistent oulture of tha bacterium
from nfertad citrus was considared by Garnett (1885)
sufficient evidence to  Juamblfy oaslling thse Jisolatad
‘baowuriwn  “the greening organism”. Subssguent elaoctron
microscoplc studies of 2 number of these isclates have,
however, revealsd significant morphologloal differances
bLetwesn the isclates and the greening organism in aitw
degeribad by Moll and Martin (1874) and Garnler and Bové
(1877) {Chlppindsll, unpublished veport, 1980).
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Antisersa raised against the cultured isolabtes wers raported
to succeasfully distinguish betwaen healthy and
greening-infected material with +the ELIBA (Duncan, 1988),
although Garnier ek 2l.(1987) and Chippindall and Whitlock
(1988a, 1288b) were unable to fepeat these rosulis using

the same sntimera.

In an effort to repeat .he asuccessful I1sclation anc
Jn  vitro cultivation of "the greeniug orsanism” repoprted by
fivara and Garnett (1980) and Garnett (1985), Manicom
(1884) made over 75 isclatlon attempte from a variabty of
vogetative and roproductive cltrus tigeues. &aa well &s from
insegt vector  tlooues. Although , reoning-infected and
healthy eltrug were foud to contain o wide variety of
microopganiens. ne organiem similar to the one demoribed by
Sibara ond CGarnett (16800 was lsolated. In  additlon,
antisers roloed ngainot this orgoniem failed to detect the
aeticloricnl agent of greening in infected plant and insect
material  using etondard indirect fluoreacent antibody

methodology.

Manicom = (1984) tested the efficlency | af varioua
purification procoduresd for the exktractlon of the gresning
organiom frem eitruns and  insect materlsl. Percaoll and
cecium ehlovidessucrose gradiente were found to be

aeffective for the dencity separation of bacteria and plant
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material, however the concentration of basteris cbtainad by
these methods was far +too low to be'of use. The results
indicated +that the éreaning- orgeniem has a low titre and
srratic distribution in eltrua, properties which complioate
the purification of the organism. Unsuccessful isalation
attempta using similay procedurss were aleo rapbnted oy
Davis (1988).

In ths abeence of ocultured greaning bacterium, Garnier
At al. (1987) attempted the production of monsolonal
antibodiss against the o.ganism from sxtracts of infected
pariwinkles (Cutharantus romeus L.). Two hybridomas wers
cbtained £rom mice Ilmmunized with preparations of phlosm
tisane whioch were found to be mpeocifioc to greening-infected
periwinkle as wall a8 ocltrus  with the ELISA and
immunufluoreacenaa sssay. The antlbodies were reportsd o
react with both the Aslan and African msbtrains of the
diseams, but pot with veriwinkles indlvidually infacted
with £ive other prokaryotioc organlems. Svbaseguent flndings
heve oast doubte on the msuitability of thess monoelonsl .
antisara in the detection of grsening. Jiang (1988) and
Garnler at al. {1881) raported that the antlsera failed to
recognize strains of the the greening organism from other
gecgraphical areas. Similarly, Lee {pers, comm.) obssvrved
no. reaction of thé antissra with gresning~infected material
in  his laboratory, although non-~specific binding was
obmerved with oltrus infected with other phytepathogena,



B PTG WY W e mem e o e

6

In a pscent veport by Villechanoux =2k al. (1980), the
monoelonal entibodies of Garnier et al. (1987) were used,
apparently succeasiully, in  an inmunsaffinity
shromatographic progedure to purify the sreening.organiam
from infectad periwinkls plants. The baoteria lsolatsd by
the procedure  wers reported to be identicsl to the
organimms obmerved in crude plant extracts on the basiz of
morphology - and serological tests. No electron miorosctuple
studies of the purified bacteria were, however, carried out

in ordey to demonetrate the presence of the charscteristic

‘gresning bachberium cell snvelope in the isslated organieme.

Recently, high concentrations of <the Aslan strain of the
bactarium wsre reportad Lo have heen isplated from infected
pariwinkle  materis:  (Sui, 1888). The purification
procedure, involving enzymatic digestion of host plant
material followed by differential centrifugation, did not
affeot the integrity of the organisms and sppears to be
suitable for use in obtaining sufficient bacteria for use

ap  immunogen. The method was, howevay, unsuitable for

axtracting the corganism from citrus leaf ridribs and £frult

columella affected by the African strain of the diseass
{Davis, 1888), poassibly due +to ths low titre and srratia
distribution of this strain of the gresning organism
within infeoted oltme.
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Chippindall and Whitlock (1989b) reported the production of
an antigerum agalinst a crudse prepavation of
greaning-affected citrus leaf midribas. After exhaustive
eroBa-adeorption aﬁainmt healthy plant material, the
sntiserum was able to distinguish between heslthy and
diseased citrus, periwinkle and dodder samples with the
ELISA and dot-immuncblot (DIB) aseays. The antiserum was,
howsver, later found to be non-epscifioc In that it resocted
with citrus infscted with a number of other organisms, both
viral and prokaryotic (Chippindall, unpublished weport,
1980). The results suggested that the antlserum may have
been directed against a pathogen-related protein of hoat
origin, rwather thin égainat the actuul greening organism
ltself.

Recently, French workars raiéed monoclonals against several
Agian and African isolatea, which in combination may have
potantial wuniversal use (Da Graca, 1891). A prepar&tion.of
monoclonalas - prepared in South Africe weing extracte of
greeningmtranamittina paylla  has been rchown to react

positively sgainst infected citruz tissue (Da Grepa, 1991). ’

Despite some initial encouraglng reporta, 1t is evident
from the literature that & sultably sensitive, relisble and
specific antieerum has yet to be ralsed. Little progrese

hee been made in the development of & meadium able to
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support the Jin xitig growth of the famtidious asticlogical
egent of greening disease and in the absence of & means
whereby this organism can be cultured, purified extracte of

the baoterium sunction as the only source of immunogen.

1.5 THE INSECT VECTOR OF GREENING DISEASE

Oberholzer gt al. (1863) cit~d ° * ’ wan end Oborholzer
{1986a} sugegested that gréenih . 1 splayy by an
insect veotor, .and further sug : tho clorus
peyllid Teioza ervireas (Del Guers.. : 3, alther
a8 the wvector of a pathogen a2r beca soding on

citrus leaves induced a type of toxicesis.

In &n investigition into the spread of aphid-transmissible
virus diseapes, S&chwarz (1984) obtained evidence of the
exigtence of a new inéect—tranamisLible virus 1In the
Nelspruit district which he tentatively called “reticulata”
vellows. The author, however, later recognised thet the
"new'" virus and green.ng were ldentlcal. Results of
exposing young seedlings in orcnards containing differing.
numbere of greening-infected trees showed that, (1) the
‘spread of the disease was more prevelent in orchards where

greening digesse was common {(indicated by the poaltive

correlation between the number aof infected
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tant .unadlinna and the peraenﬁasé of gresning in tha
orchards}, (ii) ths dimssage <ould be transsitted by
grafiing t5 Lotlhi Hopress mandarin and swast orange, (1id)
the infacted trap plante developsd loaf symptoms similsr to

the symptome o©f orchard trees affected by greening, and
| {iv) the dissase was tranamitied by a flying lnsset vector
as  trap aaadliﬁau protactad by gauze «ages did not develep
symptoms. During the exposura the unprotocted plante bacame
infected with Dboth oitrus psylis and ecltvus aphid
(Tosontera olfsisidux (RKirk)), thus loplicating theses two
irmect spenies a&s possible vectors,

in a later haper by MeClean and Oberhelzer (1885bY, the
firat posibive tranamission of grsening by sdult oltrus
paylias wae vaported. Nympha of the peyllld, howevar, failed
8  bransmit the disease. As the sarlisy study by Sehwerz
(1984) had implicated tha ocitrus evhid as & carvier of
greening, this insect species was also seseased for its
abi'ity te transmit the dissose. The authors found chat it
was unable to vestor gresning but waa uble to {runsmit
trimtezr virus. Subssguent reports confirmed the eitrus
peyllid as & vector of gresning (Schwaram ak al., 1970,
MeClsan and Schwarz, 1970, Catling, 1870a).
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Holl end Marstin (1573) provided alostron microschoe

. avidence that T. arvirsas is & vector of Jressning. In theip

study.  elsctron microsoopy ravealed lavgs concentrabions of
the grasning ovrgan‘sm in the haemalymph of ps#ll& fad Lor
30 days on dissased citrus. The organisma wers pressnt in
levgs numbera in body cavitias, often adjacent to salivary
glands, and accﬁaionnlly within the saliﬁarv gland cells.
This suggested a clroulatory mods of trensmission. Mel)
(1874} &almo reportsd tha promance of the organism
iatracellularly within mussls and nerve tissue. The
presence Of the opganism in the hasmelymph snd within cells
is indicativa of ite ability to psnetrate membrans and
bissus barpisrs. The authops alse examined peylla from
healthy cltprus and found that they ocontalned no asuch
oyrganisms. Inseots fed for 23 days on infeotad citrus
wortalnad only & few organiems. The dramatic increame in
the numbsr of gresning organiems in the hsemolymph of
T. srytrass batwean the 2let aﬁd 30th day led the authors
to oconcluda that the grasning organiem multiplise in the
haemnlynph of II. arytosas.

Contflieting reporta have appaarad regarding the effloisncy
ef 1. a Jxoss aa a vector of greening. Essed on resultr of
a transmission atudy, MeClean tlQ?d)' preported that the
numbayr of soult pseylla that ocarcy gresning im amall in
relation te the total s&dult population: 300 adults
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dollsctad from infected material in Pretoria failsd to
transmit <tha disesme individually, but several poaitivag.
ware rsooxrded when test plants wepe sxpoued to groupms g?
five or mors adults, Ths percentsge of carrisre in the
populution msy have bean signifisantly grsater, bub it i
not posaible 0 exclude the fast that tha failure of
infected adults to transmih gresning mey have besn dus to &
low efficiency of transmission. Catling (i870a) alwso
roportad a low {1.6X%) incldeance of carpliers lno teste on
single adults collected off traes lIn Swaziland and noted,
from fisld observations, that fairly high vesctor
populaticns are naeded Dbefors appreciabls diseans
tranamission ceoura (Catling, 1988).

. Van  Vuuren nhd Da Qraoca {1878) obtainsd presults from
. transmission studies which suggested that the tvansmismion
ef greening by adult psylla trapped in a gresning~inteotad
orchard te Healthy swest orangs mesdlings is an efficlenk
process and oan naéur within an axposurs tims of only €0
minutes., This finding is i1n contrest to the longer
tranemiseion times rveportsd by MoClean (1974) snd ie an
important fact %0 consider when formulating a programme fow

tha control of psylla.
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Vart Vuupen and oo-workers (psrs. ooim.) rscently ﬁhowed
that adult peylla sre ocapable of transmitting greening
after an scguisition feading period of only one day. They
also preaported trahamiaaian ratas of betwssn 50 and-lOO'paf
ocant with as few as 2 adult psplle pesr Seat plant,
providing further avidesnca that the inssct is able to
tpanamit the dissase more efficiently than previcusly
thought (MeClean, 1874). Moll (1974) and MoClean (1974)
maintainsd that & feeding period of at least 2 o 5 days
was required for acquislon. Ancther important fact revenled
by the investigatlen of Van Vuuren and co-workers (pers.
comm.} im that the full eyole irem ascquimition to

traneniseion is completed in B days which ia far less than
ths 21 to 30 daye reportad by Moll and Maptin (1873).

The afficisnoy of spresd of many plant disesmes im sffected
hy a nunbsr of Hactors inoluding vardations in the
transmismion efficisncy of the vestor. Tnvemtigations hy
beth  Catling (1970a) snd MeClean (1874) muggested &
saasonal fluctuation in the transmission efficisncy of
T. apvireaps (as mosaused in terma of the numbar of adulbs
that are oareisps of the dissass). MeClean (1974) r»ecopded
8 high peraentage of transmission during lste apving and
suminer menthe, while adulta that amarged during che winter
failed to cause any infaction. Catling (1970a) found that
ths highsst transsission efficloncy oceured in spring and
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sarly summer and the lowsst officiency in  mideummer.
Resulta racorded by the author at other wimesm of the year

were oxceodingly varisble.

- Greening discane has been ahown to be ponmitive to high
temperatures which may explain the seagonal £luctustion In
the pathogen content of treen as reported by Bchwarz (olted
in  Catling, 18708). The aunthor recorded the highest
p reentage of muceepoful graft tranomiseions in the cocler
monthe and * the 1awca€ in the heotter monthe of summer,
sugresting a  reduccd concentration of organisms within the
infectod donor plante  during the lubter period. A
temperature-related reductlon in the number of organlems in
treen during the het monthe of osummer alse offers a
poppible  expl «aation for the higher raveo of transmission
by the inscet voctor rocerdes by Catling (1970a) during the
eooleyr mentla of  the year cempared to the lew rates
rocordnd  during loummer. Durlng the cooler periods, the
titre of the organiom within infeeted treer would be
| expocted  to  lnerease leading to e greator probebility of
nequipition {(and honce  tranemiceion) by a peylild fesding
on the couprec. Thic would affect the succens of graft
trancmicoion aimilarly. The fallure of adults emerging
durlag wintor to tranmmit grooning {as roportod by MeClesn
(1974)) eould be duo to the faet that on tho somi-dormant

troeg of wintor, adulto are foreed to foad on the matupe
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leaves which wonbein far lowsr lavels of incculum than
young £lush (Mell and Van Vuurer, 1882), thue reducing the
provably of the inmssct asquiring the pashogen during this
period.

~As  the nymph stage of T. acyirsas is sedsntsry, Lt prabably
plays no signiflecant part in transmitting graoning. Nympha,
howaver, can sequire grasening when feeding on the vﬁung
growth of disessad tress sae indloated by ths etudy of
MoClean (1874), but theps may bs soms delay, into the adult
ntage, befora puch carpiera are fully infeotive and capabls
of transmitbing the disesss, Rasuitn of serlal tranofars of
adults o indleator plants suggested that the transmission
sfficiency of paylla that asquired the greening orﬁnniﬁm ap
nymphe  appsay to  improve with time. I the same
inveatigation, MoeClean obtalned no evidenca to muggest that
Breaning is  trans~ovardally trensmitted in the vector, and
that to bacoms infsotive, goylls must have fsd on diseased
tizsue as eithar adulta or nymphs,

T, apyhrssa s sensibive to saviromental conditiona, The
goographical distvibution and activity of the inssot is
largely determined by factors wsuch ax altitude, amblent
temparature and humidity; pasylla ave unable to tolerats
very hot, dry conditions (Catling and Annecke, 1868) whioh

axplains why tha lnsect i almost unknown in  the hot
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Tiwsunds  in the east of tho Transveal and in Swaziland. Tia
effect of environmental conditions on paylls populations
poobably sccounta for the convineing correlation reportsd
between the incidenca of greening and activity of ths
vector (Hchwars, 1967, MeClsan st al., 10968, Catling,
1970a). MeClean ot k. (1889) noted that both paylls and
greening  are plentiful in orchards around Tzaneen where the
altitude rangec from 700 to 1870 motres, but not at Letaba
and Letoaltele Just 28 to 30 kilometres to the oagt
taltitude bolow 600 metres). Differences in temperature.
relatlve humidity and fluching rhythme of the treen wors
glven oo reapomo for the contraoting incidences of paylla

and grepuling in thene two localitiesn,

Paylla wpopulatlons ore alge contrelled by factors such as
fluoh quality of ecltrus. notural enomies, inborspscific
gompetition with ecitrun  aphido oand in pome ssasons
intragpeedifle ewipetition for bhreeding sites. (Catling,
16706,

Whilo T. erytrear 1o the voetor of African gresning,
Diarharina gitrdi bap been phown o bo the vect: of the
Acian atreain  of the dloeane (Capoor et &al..  1867),
T, erytrege 1o rootrieted o Afriea south ef the Sahara,
and  ito prooonce  In Madagaoear, Maurdtivae, Réunion and

taint Helonn hao Jdoo beoen pecordod (Catling, 1070by. It ie
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the only known veotor of greening disesss in Southern
Africa, while in China, India and south-~sast Asia the
vector_ of the dimesms is the oriantal psylls, L. gitei
(Capoor at al.. 1967, Martinez and Wallace, 1867, Catling.
1970, Massonie st al., 1978). D. oltrl is widely
distributed in the Orient and is present in Brazil, as well
a8 JIn Réunlen, but not In Africa (Catling, 1870b, Aubert
£t al., 1580). Grasning-like disessas have been rasportod
from 11 out of the 16 countries where this insect is known
6 accur on oitrus (Cabling, 1970b). |

While 1. apyvipans does not tolerate hot snd dry ulimabes,
R. qibtrd veeists high tomperatures and low humidity.
Conmsquantly +the Asian form of gresning occcurs not only in
ecotl, elevated aress, but also in hot low-lying arsass
fAubert, 1864). The two peyllid vactors as well as the two
Eorms of eraahing ars pres-nt on the imlanda of Mauritius
and Réunion {Aubert, 1984). In Réunion the diastribution of
R. aitird de from sea-level up ¢ an slavatlon of G0U metres
and that of T. arvkreas generally above 800 metres, so
graening dimeass exteonds up te an slavatlon of 1000 metres
on the island (Aubart ab al., 1880).
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1.8 STRAINS OF GREENING DISEASE

The two forms of the dlassase were characterisad by Bové
ak Al. (1974) on the basis of temperature sensitivivy
studies. Ths African form is heat-sensitive and no symptoms
.ave expremssd when infected plants avs hept batween 27 and
32 C, whila the .Aaian form is heat-tolerant &nd good .
aympton  axpression is obssrved in this temperatuve vangs.
In addition, the Asian form is f&r mors destzuative than

ths haat-ssnsitive Afriosn form.

Although South A&rica aprears o bs affectad only by tha
less-dastructive African atrain of gresning, Haseonle
st al., (1878) demonetrated that L. anvhreas is capable of
transmitting the Asian strain of the dimease, Similarily,
D. opiirl has been shown to be a potential vecter of tha
Afpicsn atrain of greening., Transmlssion of the Africe
strain by +the Asian payllid was chtainsd experimantally by
Lallanand (1984) cited in Aubsrt {1984). Thess obsapvations

indicate thuat each type of peyllid la not necsssarily bound
to the srauning organism of its geographical zone. This ie
of partiocular importance in <+he South African context as
the intreduwetion inte this oountry off tha more virulent
Asian strain would represent a serious tiwest %o the citrum

industery as it odould b spread by the local veotor.
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1.7 ALTERNATE HOSTS OF THE GREENING ORGANISH

In addltien to being transmitted by tlasus grafte,
vegstative propagation and by psylla, @gresning dizezss has
basn  shown  to  he - transmitted by  doddex
(Qumcutn ocampestris), although this routs of transmimsaion
is of little importance am far as the mpresd of the diseass
in the field ls concerned, Garnier and Bové (1583) reportad
the _daﬁalapmont of peaoculisr vellowing amptoma oh &
periwinkle (C. romsus) plant connested to & sweet orangs
saadling infeoted with the Asian strain of greening.
Bubssqueant alesctron mlcroscope  obsapvations «f thin
gectlone  of mideibm  Irem the symptomatle pariwinkle
ravasled the pressncs in slsve tubes of prokeryotic
mioroopganisms possassing the aharactariatio call envelops
of the greening organism. Transmission of tha diseams from
poriwinkles to periwinkle waz subsagusnily achieved by graft
inooulation. Sinilsr results were obtained when an - ‘snge
seadling infected wiilh African greaning wéas used in
transmission expspiments. The authors did not report on the
relationship batwasn the pgresning orgonlsm and dodder
itmslf, bub in an earlier invemtigation Ghosh gk al. (1977)
observad that the bagtarium multiplied o high btitres
within two species of the parasite, {. oAnmDesbris and
€. mubinglusa. The organism was found to multiply mors
favourably in both epegless of doddar than in 1te citrue
host and the authors spsculated on tha rossibility of using

doddar as a potential altarnate host,
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A variety of herbaceous plant species were 1nvaatigabed as
possible alternate hosta of Afrivan greening by Schwarz
(19€8b). Meohanical tranamission froty infscted sweet orange
o the herbaceous speolas resulted In only ocucumber

(Cucumis - sativue ov. National Pilckling) displaying a
| resction after inoculation, The symptoma oconsisted of
véllow lasiona .on the vcotyledons which later collapsed,
This was followed by vellowing and submeguent neorosim of
the vains of the £iret trues leaveas, couplad with a
veduction in vigour of the plants. A low pernentags of
posltive mechanical tranemission of +the diseass from
cucumber back to oltrus was reportsd, although this was not

contirmed.

. Capoor at al. (1975) sndeavoured to mechanically inoculates
cucumbar ov. Long Green with extracts of citrus infacted
with the Asian strain of greening. A higher percentage of
posltive tranamisslons was veported in this atudy compared
to that peported by Schwarz (1988b), snd symptoms in the
inoenlated ouwcumber diffsrad in some vespscts and wers more
sevare. Aleso, leaves developing subaaquantlv fallaed to show
symptoms  and  back-transmission of Ltha disease from
aynptomatic cucumber o both oltrus and euoumbar was not
achisved. Incubating extracted sap of disaaaad.ﬁitrua at
86 C for 10 minubes was found not *n inactivats ths agent

inducing aymptoms in cucumber. Tha svidance led the authors
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_ te oconcluds chat a prokaryotic organism such am a MLO was
not dinvolved d4n  inducing the esymptoms in auoumbar} but
rathar a epscific and aotive principls such as & vivotoxin
produced by the astiologloal agent of ths dissass in

cltrusa.

1.8 CONIROL AND TREAIMENT CF GREENING DISEASH

Control of greenlng disease can he attempted by effsutively
oonhrollins the vector of the disease, or by contrallinﬁ
the gresning diseame organiem itself, Howaver, it im
probably only through a combinabion off botl hase sontroel
measures that really effsctlve reduction in the insidemcs
of the dimease can oseur. Th. ultimate solution to < .0
greening problem, howavay; &ppears (o lia in breeding fou

ramistance in Qitrua.
1.8.1 CGControl of the vector

Effective oontrol of tha wvactor im orucial to the
aontalnment of greening, espsclally during pariods when
anvivomental and host plant conditions favour high paylla

porulations,
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1.8.1.1 Blologleal control

At present, blological control of the cltrus payllid is not
widalv. used ae a means of control, although a numbar of
blologieal agents effective against peylla have besn -
identified and thelr potentiel &as control sgents in the
field investigated. |

Aubapt (1984) reported a draatic reduction in the number qf
peylla on Réunion Imland following the release of two
parasitic chaloid .Hymenoptera into citrus orchards on the
imsland. Aotive sctopsrasitism by Tetrastiohus radiatum
(Waterston) shrank the D. altri population from large
coloniex o emall locallsed sggregations, while parasitism
on L. ervirease by Ietrastlchus dryl {(Wateraton) led to the
vomplete disappearance of the psyllid from the orchards. A=
a vpresult of the action of the two sulophid parasites, new
orchards planted on Réunlon were kept alther f£free of
greening, or the rats of disease progression In the
orchards was extremaly low. This method of vector control,
albhouﬁh more espeolfic and lsse ocosmtly than other
practioces, i difficult to implsment and the outcome
remalns  lese prediotable (Aubert. 1887), Ruvllaechagus
oulvinatus has also been reported to be a good endoparasite
of T. arvtreaes in Réunion, although it doea not thrive as
wall aa the sulophid 1. devl (Aubert and Quilici, 1884},
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In an ealier astudy ocarried out at Malkerns, Swazlland,
Catling (1970a} found that naturally occouning parasites of
T. eryvirese were not an important regulatory factor. Two

parastibtes were found +to conslstently attdck the third,

fourth and © fifth instars of I. srvtreas.
Tetrastichus padiatys was the maln paresite of the psyllid
but waa ab timea'ohallaﬁgad in importance by EB. pulvinstus.
The degree of parasitism wss found to be verimble and

depended on the presence of a favourable aynchrony bhetween

| the parasites and ivhe hoet., Effective parssitism ravely

exceseded BO¥, and under oconditions of poor synchrony it

dropped below 10%; these levels of parasitlem were found
not to prevent the inmect frem regulsrly surging to high
populatlion densitles. Regular applications of inamsctlicides
had no marked affect on the parasite ocomplex. Predators of
. ﬂnxhngah {mairly the nymphal stages) were alsc reportéd,
These Included green 1aoewing§, Chryscps mpp., & brown
lacewing, Micromna sioestedbl (Weele), - syrphids, &
coocinellid, and mseveral spiders and mites. The incidence
of predativn by these spscles was irregular, assuming
greater importance from midsummer to midwinter in the area
under cbsarvation. No mloroorganjame appesrsd to be
assoolated with the psyllid. |
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Van Den Berg (1984) reported that predators, especially
apiders, play an important pole in the reduction pf nitrﬁa
psvll& populations in orchards under Ilntegrated epray
programmes, yat are unable to maintalin an acoeptably low
level of +the pest. Thisz sugRepts thsat predatory control on
natural host plants of the wvector not exposed td
inzecticides mey be even hetter and probably kesps tha
number of paylla +that move between these natural host

wlants and orchard tress st lower lavele.

The fungua QCladosporlum ep. ny oxvaporim hes been reporied
as & secondary fungus on certain insect cadavers and also
as a primary csuse of death of certain Homoptera and was
aspeased 8a a blolegical contrel agent of L. gryireae by
Grech and ESemways (1984). The authors reported that
applications in the field and in the laboratory of the
pathegen grown axenically ceaused substantlal wmortality in
populations of +the ineect, death of infected insects
probably being due to & toxin produzed hy the fungus,
rather than by direet bhyphal penatration, Despi?e the
definite results obtained in +the study, the authors
concluded that QCladoseordum sp. nr  oxvasorum has severs
limitations agalnst cltrus paylla in Southern Africa, the
reason belng that the pathogen exhibite a denaity-dapahdent
reoponse  in  its parasitism of the lneect and is therefore

unsuiteble Ffor the control of low-level inassct populatlons.
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The insect is an efficient veotor of greening disease, and
normal’ contrel  therefore aims at  keeplng orchards
completely free of paylla, Alao, the fongue is sensitive to
dessleation which limits 1ita3 use under normal fileld

conditions.
1.8.1.2 Chemicsl contrnl

Because biological control is usually only effective when
large numbers of the host are present, chemical centrol of
the  citrus psylla Iz generally tha preferrved mathod. Many
chemicals can be used to eliminate the citrus psylla ab
various stages of 1ta life oyele. When frequaht foliaw
applications of a chemical &-a used, care has to be taken
to ensure that this doss not affect the level bf control
exerted on the target pest by naturally-ccouring or
introduced biologloal agents in the field; especially in an

integrated sontrol programme. Pesticides which are

.relatively ppecific and vhich have a ghort reasidusl effeoﬁ

are therefors favoured for foliar =sprays. Alec uased are
systemio compounds  which have a8 negligible effect on
kenefical vhyllosphers organisms. Thess ars applied eithez

to the solil or introduted inte the trunke of treaee.
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Catiing (1870a) tested the efficacy of & number of
compounds sgainst all steges of I. seryitrams under insectary
conditions. Temik, parathion, malathion, endosulphan,
dimethoate, mineral oil and Jlime sulphur all.gave BOM8
degree of control, but dimethoate {Rogor) was consldered to
be the most promising as it was effective at low
concéntrations agalnst eggs and nymphe (0.0025% a.i.
[active ingredient]) and adulta (0.01% =a.i.). BSuch low
concentrationsa are inexpeneive and were found net to
diaturh integrated contwvol programmes. In addition,
dimethoate possesses both contact and aystemic action and
cann be appliad vlther s a foliay apray or az &
sail-appliad systemic insecticide, although Catling found
foliar egrrays to be the more eufsotive method of

applicstion.

Anothsy formalation of dimethoate, Perfekthion, has almso
been shown to be effective against paylla, Wortﬁann and
Schafer (1977) reported exosllent oontrol of paylls
populations with aolil epplications of this compound. Thias
routs of application eliminates  the degtruction of
benefiocial follar organisms and alse regquires lewmss eoffort
and labour. It ie poasible, however, that infective psylla
may eurvive long encugh on trees trested with Parfekthion
to tranamit greening (Van Vuuren and Da Grace, 1978}, In

the same publication; the suthore reported the effects of

A

L
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foliar applications of monoorotophos, an insscticide
regletered for uee against pwsylla in South Africa, on the
transmission of greening by paylla. The results indisated
that monocrotophoes (0,01% a.i.) remalned effective in

controlling peylia throughout the 29 day period of the

study, but after four days its action was too slow te

" prevent transmission.

In order to bs effective 4in preventing transmission of
greening, &n insecticide must be able to kill paylla
alighting on treated plants within at least 30 minutes as
an eaexposura +time of this duration has been shown to be
gufficient for tranemiseion of the diseaees to ocour (Van

VYuuren and Da Graocs, 1978).

Milne ot al. (1878) reported that timing of pesticlde
applications 1 an important faptor. In the nursery,
ﬁpplioationa of dimethiste should be .made avery B to 7
weaks, whlle in' the field, itreatment should be applled as
soon as the firat aigne of psyllia adulte or eggs are seen
onn  the new Flush with follow-up treatments being applied 6
to 7 weeks later If peyllid pressure ls still high. This
treatment not only suppreasges payllid populatlon numbars,
but is slsc successful in pontrolling the blaock vitrus
aphid (Toxophers oltrigidus) and red scale, two important
peste of odbtrus in South Africa, Hdilne at al. (1878)
advocate the concurrent application of tetracyelines to

reduce the priek of gpread of graening diseame to 2 minimum.

F;
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Control of the vector of Asian greening, D. cltrdi, can be

~achieved by four weekly aprays of 0.03% dimethoate, 0.012%
-methyl demeton, 0.085% phosphamidon, or 0.02%¥ marnccrotophos .

(Nariani and Bhagabati, 1980). Effective control of the
insect has alsp been ocbtained with a 2% spray of China
berry seed oil, a strong feedjag inhibitor of the peyllid
(Huang and Liu, 1985, cited in du and Faan, 1988). |

It is unlikely that the spread af gresning disease ﬁill be
Atnined simply by the eradication of the vector in
orchards. T. g@rytrese has bezen reported to complste its
develnpmen£ on at least 18 different plant sapecles,
ineluding ﬁarioua 'indigenoua rutsciows plants, which can
ssrve ag natural reservoirs of the insert (Begeman, 1884,
Aubert, 1887). The poassibility that these species serve as
reservoira of the greening orgenism itzelf appesrs not to
have been invemtigated. It is posaible that the citrus
peyllid way also utilise non-rutaciocus plant precies as &
food source (Begeman snd Botha, 1884). Thus, a diseass
managemant acheme oonesisting only of veotor control In the

orchard is unlikely to'be effactiva,

Hegeman (1884) raeporited that progress in_the contprol of
greening at Zebsadiela Estates hae bsen made by adopting the

- following measurszs: establishing a nursery and new orchards

away £rom natural ressrvoirs of the lnsect, planting only
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greening-£free aeediings in the orcharda, ramoviﬁg
greening-infected  trees from orchards, effectively
controlling the wvector with applications of dimethoate and
endosulfan, -and injeoting affected trees with antibiotics

in an attempt to rid affected trees of the disease.
1.8.2 The pesponse of greening to heat therapy

Greening-infected budwood can serve ag an inportant scurce
of inoculum, however shoot tip grafting and thermotherapy
have slme been shown to be efficisnt mesns of freeing
.matarial of greening. BSu sand Leu (19?2) showed that the
likubin pathogen wae easily inactivated by dipping infected
golong in wabter st 4B t0 64 C for 10 minutes. Su and Chang
- {1876) reported recovery from disssase when likubin-infected
seedlings were heated at 40 C in & hot-air chamber for 10
daye. No remlsslon of symptoms ocecured with exposure times
of between three and seven days, and treatmente of longer
than 13 daye were reported to injure planta. Treatment of
Likubin~-infected smeediings with a deay/night temperature
eyew of 40/30 C for four weeks or longer was shown to
render seedlings free of disesse symptoms (Su and Chang,

1976, Huang, 1878).
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Symptoms induced by the African strain of gresning have
alas - heen shown to be suppressed by thermotherapy. Plants
infected with the dieease failed to develop symptoms when
kept at 32 € for B months (Garnier and Bové, 1983). A
aimiler sguppreesion of symptoms was cbssrved when
greening-infected sBweet orenge plants were kept at a
temperature of betwean 27 and 32 C for 18 weeks (Bové

et al., 1974).
1.8.3 Control of greening with antibiotics

Bince the report of Lafleche and Bové (1970} in ﬁhich it
was suggested that greening is caused by a MLO, the uw.o of
antibioctics guch as tetracyoline and other
chemotherapsutants has been investigated as a meane of
controlling the disesase. Antiblotles of the tetracycline
group Thave been tested as control agenta againet
phytopathogens affecting & number of different plant
gspecies (Davis et al., 1868, HNyland and Moller, 1973, Hunt
st al.. 1974, Rosenberger and Jones, 1977) inoluding citrus
{Bchwarz and Van Vuwaren, 1971, Igwegbe and Calsvan, 1873,

Capoor and Thirumalachar, 1973).

Treatment of greening~infected citrun trese with
tetracycline HCLl was shown by Schwarz and Van Vuuren (1971)
and Schwarz at al, (1974) to aignificantly lower the
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percentage of greened f£rult on the trees and the positive
. éffects of the +treatment were observed for several veavs
after a s=single eapplicatioa of the antibiotic. Tra trees
werse not, however, comp}etely cured of the diseage. Bimilar
results were obtained in a later investigation by Van

Vuuren (1977).

In tests carried out by Schwarz and Van vuurén (1871) the
antibliotiec was administersd to the trunk of affécted trees
by gravity feeding from plastic oantaihéra, while Schwairz
et al. (1874) and Van Vuuren (1877) used pressure from
modified braes blowlamps to administer the antibiotic. The
results obtained in the different trials indlecated that the
treatment was lesa effective when tetracyeline was spplied
under pressure. The differsnces observed may be due to the
fact that excessive pressure geverely demages the
conductive tilssue of trees, reducing the xylem.to a brown
epongy consiatency. Thie obviously  affects the
translocation of ths antiblotie, nutrients and water within
the wvasecular bundles of the plant (Goodwin, pers, comm.,
Van Vuupren, 1877). Ae a method of application, however,
pressure transfusion does have advanbages over gravity
feeding in that i1t promotes a better intake and longer
retention of the antibiotic (Chiw et al., 1978a).
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Despite the amelioration of greening symptoms reported with

tetracycline treatmentz, & mumber of serious problemeg are
associated with it. Because tetracycline is poorly eoluble
in water, an effective dome of the antibiotic (up to 18g
per tres) reduires between one and six litree of water for
golubllisation. Adsorption of +this large volume requires
drilling a number of 9mm diasmeter holes in the trunk of the
tree and the application of positive pressure to the
solution. Depending on the time of the year (which affeats
the satrength of the sap Flow. in the trees) greater or
lesser opressures are regquired to introduce the solution
into the trunk (Goodwin, pers. cpmm.). The drilled heles
may take many months 40 heal during which time the treee
may become infected with various diseases (Begeman, pers.

cOmM, ).

In an attempt to overcome some of thease problems, a
micro~injectlion system was developed. Thie techinigue ia,
however, nobt without ita own problems. Becsuse only a small
volume of solution csn be administered, a highly
concentrated solution of antiblotis is reguired which is
abeorbed very ealowly becauze of ite viscosity and because
£he tetracyeline HCL estarts precipitating within four

minutes under pressure (Buitendag and Bronkhorat, 1983)
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Foliar application of tetracycline is a non-invasive method
of application. Martinez gt al. (1970) and Capoor and
Thirumalachar (1873) showed that solutions of the
éntibiotic applied via +thiz route suppressed symptome in
greenins-affacted tress. However, Capoor and Thirumalachar
(1973) found stem injsttion treatmenﬁ to be Far superior to
foliar sgpreys in suppressing symptoms=, Leaf sprays have
bheen reported +to be very inefficient az a way of
introducing antlblotics (McCoy, 18978, Roaenbérgar antd
Jones, 1977) and 4¢his method has little valus as a field

operation in disaaae'ccutrol.

Antibiotics oan be absorbed by plant roota when applied as -
goil drenches, but thie method generally requires a high
dosage and, in the case of oxytetracyeline HCL, much of the
antiblotic activity 4is immobilised by oclay and organic
gubstances in the soil, rendering the activity uptake by
plante rather inadeguate. {Gonealves and Tucker cited in
Chin et &l., iQTQbJ. Root application 1s therefore.
impractical in & field programme for disease control. As
the greening organism 18 »regbtricted to the phloem of
infected plants, the only effective method of applicabtion
would seem te ke by stem injection (Milne gt al., 1978).
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Although trunk sapplicaticns of tetracycline HCL have been
shown to suppross disease aymptoms, treated trees fail te
recover completely (Van  Vuuren, 1877) and symphoma
generally roappeasr sometime after the dinitial ﬁrsatment
(Capoor snd Thiramalashar, 1973). HKesurgenos of disesse
ymptoms may be due o the lack of persistence of
sntiblotic activity in fruit and leaves of treated plants
aé shown by Chiu ef &8l. (1879b), or due to the lack of
translocation of the antibioctle to all parts of the plant
(Chin g% al., 1878b). The authors detected no antiblobic
agtivity 1in either the roobts or the bark of plaunte that
were  transfused with the compound. The fallure of
tetracycline to roach these parte would allow the gresaing
organism o eurvive thers and later function as a poasible
peurea of reinfectlon once the lovel of antlblotic activiﬁy |
had dropped below an inhibitory level in the other parts of
the plant. Reinfectlon of treated plante by infectiva
pavila cannot be dipcounted as reason for the resppearance

of discase oymptoms,

Time of application of tetracyeline has been reported to
infiuwcnese the recovaery index, with grester successes being
reanrded when the wpap flow in treeg 1lg etrong {(Goodwin,
perg.  comm.). A otrong eap flow probably reaults in more
efficlient tranclecation of the antiblotie within the plant.

Pruning off diveasnd twige soon after transfuslon was found
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by Su and Chang (1978) to improve the effeatiﬁanaan of
trunk  injections with tetracyeline HCL. The suthors
spasulate that the transfumed antiblotlo was unabls to
diffuse %o all the tips of diseasad twige due o low:
trangpiration caused by the pmall disaased leaves on such
twigs, Pruning the dimseased terminal twigs after
transfusion would eliminate any untreated inocculum in thems

parts of the plant.

More vrecently, research hss shown that a member of the
tetrasyoline group of antibiotics, rolitetracycline, hes a
highly bYeneficial effect on greening-infected citrus trees
and wlll bring them back inbe production during the same
season in which it is administered (Gmensaler, Goodwln and
Marahall, mmpubllshed report). Moreover, cartain propeprtles
of the antibiotic make it an atbractive alternative to
tetracycline HOL and other members of this group of
antibiotics, the application of which suffers from numerous

practical problems.

Rolitetracycline (PMI) 4is highly seluble at nsutral pH, it
does not form insoluble residues, and distributes batter in
treses  (Gaensaler, Goodwin and Marshall, unpublished
report). These ochavacteristios meke it idesl for use with
the micro-injection application teohnique. Bultendag and
Bronkhorat (1983) vaeported <4hat PMI applied at half the
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dosage required for btetracycline HCLl gave the same degres
of gresning control. PMT had the added advantage that
disooleuration of the xylem was conslderably reduced, .
adsorption took half a8 long &s in the case of tetraoyoline
HCL, and, wunlike tetracyeline HCL, PMT could essily be
sbeorked by the tree I1n winter when +the level of

transplration wag reduced,.

Dgspite the beneficial effecta of antiblotie treatments,
this method of greening control suffers From the major
drawback that resistence to the antiblotics can ocour
rapidly beeause at the relatively low concentrations of
tetracyclines used thelr saetion is bactericstatie rather
than bactericidal Van Vuuren and Moll, 1884b). Also,
reinfection of szua capfully treated trees may still ooccur,
aven with the upe of insecticides {(Van Vauren and De Gracs,
1978Y. Future control of +the disense should therefore ba
aimad at an officient vector énntrol programme and tolerant

oy resletent citrupg eultivaras.

Ven  Lolyveld and Vén Vauren (1888) found a posltive
cerrelatien  between  peroxidape activity and toleranne
aghikited 1y eitrup cultivars to  greening. Levels of
poroxldape  actlvity were found to be highest in leaves of
the grooning tolerant cultivsr Tohitd lime and decreased

with inercaned puocopbibility, the highly osuscoptible sweot
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orangs end , Mineola axhib.ting the loweet levels of
aotivity. The researchers suggestad that peroxidase
aotivity 4n mature Jleaves can be used as a maaﬁs of |
asaaeaing the suscaptibility of ~»itrue ocultivars to
gregning digaage, thersby providing an albernative to the

losig~term teszting of hybrlds bred for gresning resistarice.

1.9 METHODOLOGIES
1.8.1 EKech™s postulates

1,9.2.1 Isolstion of the greening organiam from infected

meterial

The imsolation and oulture of the astlologiocal agent of
greening disease in vitro would be of great slgnificance as
it wouwld facilitate not only the chavacterization of che
organiam, but also the development of s ssnsltive, speciflc
serologioal or nuoleie acid-based detection system for the
dimeass. In addition, 1t would be +the first step in
. confirming, by the fulfilment of Koch'a postulates, that
the prokaryotic orgenisn obassprved by various worksra in
infeated plant wnd insact material la the caumative agent

of the dissams,
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Tﬁe .récognition that greening disease was sssoolisted with
‘structures yesembllng prokaryotic microorgsnisms (Lafléche
and HBové, 1B70b) rvaised sar)y hopes that the dissame agent
would be oulturcd and its astiological role confirmed. Many
attempits have since been made to isolabe the causal mgant
utilizing methodologles davelopsd for a vapiety of
fastidious miocroblal pathogens. Barly veports olaiming the
succemsful in vitno culture of the gresning organism (Ghosh
st al., 1971, BSodhi pab al., 1973) ware inaocurats asm the
organiems lsolated were mycoplammas arnd wers tharefore
probably contaninante. A later peport by Garnett (1885)
claiming the dimclation and cunltura of the ssticlogiesl
agent of the diseasze was never confirmsd and muet therefore
remain highly aquestionabls. The report, however, alludee to
the fact that the organiem described is the canestive agsnt
of greening disease, deapite the lack of concluaive
expsrimental evidence in support of the asuthor’s slaim. In
the same Journal, reporta by Ariovich and Garnett (1985)
and Duncan and Barnett (1988) present further
circumstanbial evidence to support the olaim made by
Geynett that the bacterimm is  the satiological agent of
greaninhg diaoaaa. Attempts to repveat aspects of this work
berfovmad by these authora in thie laboratory and by other
workers have met with little suwocess. In a later
publication, Ariovich and Gepnett (18989) reported the

racognition of bacteria in greening-infected plant mateprial
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by ah antiserum ralmsd sgainay ‘one of ths bacterial.
isolates from infected eltrua, The suthors felt that this
finding fuprther supported the contentlon that the ocultured
orgenism was in fact the causal agent of cltrus greening

dipensa,

The note of caution sounded by Haramoromsh (1B72) in the
sarly stages of research into the isolsation of the
astiologleal agent of the yellows diéeaaea probably applies
Juat as muoh to the work carsled ouk on the isolation of

the cltrus gresning organism.

Plant pathogenic bacteria can conventently bhe divided into
1} those that grow on sterdard bacteriologioal media and 2)
those that do nat..When attempting to leclate a bacterium
sbout which 1ittle im known, it is usual practice to employ
geveral dlffsrent common broth and agar media. If growth of
the organiam is not supported by standard media it bacdmes
nacessary for the researcher to investigate the more
complax media developad for organisme such sz mycoplésmas
and apiroplasmaa which are difficult to culbure axenically.
Thera la obviously alsc =sopope for developing new oulture
medisa and idnvembtigating inncvatovry techniques such am
oultivation in sembryonated hen‘a eggs and Insect oell
oultures (reviewed by Limo and Chen (1982) and Rden-Green
{(1882)). Nienhaus pi sl. (1878) reportad the suocessful use
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. of chick embyyos to cultivate Rickettsis~like organisms

(RLO) from yellows-disessed grapevines. The suthors
obearved a high concentration of the RILO in the
choricallantole fluid and chorloallantolo mambrane of egms
10 days eafter incoulstion with extracts of root material

from diseased grapevine,

In order to verlfy +the hypothesls proposad by
Garnett (1988) sand Ariovich and Garnett (18988) that.tha
cultured bacterium is the causal agent of greening, it is
nacessapy .to fulfil the oriteria laid down as logieally
esgentinl to establish the oausal relationship between ﬁ

- ppecific microorganism and a specific disease, viz. Koeh's

postulates. The fulfilment of these posbulates would
unagulvocally demonstrate the pathologicel significancs of

the lsulate in greening dimease. .

1.9.1.2 Inoculation of plants and inssots wilth cultusred

ieolates

In addition to the Ffulfilment of Koch's postulates, a
knowladge of the relationship betwesn a putative gresning
isolate and the inmect vector of thes dissase would be an
ald in determining the aetiologloal rala of the leolated
organiem., Moll and Martin (1873) and Moll (1874) reported
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that after ingestlon of tha organism, the insect becomes
aapable of tranemitting the disesse and that the gresning
bacterium replicates within the insect and is capable of
panetrating varibus. host meml rane and tiseue barriers. The
demonstration of an isolate’s ability to multiply and
spread within I. gryirese would therefore serve to further
subgtantiate the pathological significance of the culbured
banterjum and its osussl relationahip with gresning

digeasa.

The incoulation of & suscepbible plant species with a
particular inseotwvectored. phvtopathdgex via the vector im
a fessible sluernative to mechanical inosulation of the
plant host  with the ecultured organism. Moregver, in the
case of a nunber of pthamwlimitad pathogens, inooulation
of plante via this route ﬁav be - the only wmeans of

affectively ilntroducing the organimm inbo a plant.

Initial attempte at incoulating healthy clitrus by imnereing
sxoised leaf disca in & suspsnaion of the cuitured isolsate
and then grafting the disca back into the same leaves was
unsucceeaful (M. Rota, pers., comm.). Mechanical inoculatinn
of oltrus by stem Iinjection as well as inocoulation of
plante wvis T. ervireas (the isclate having beesn introduced
inte the veotor via eithsr membrane feeding and

micro-injection) avse alternative methods which may be umed
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~In  attempt to fulfil ¥och’'s postulates. Furthermore,
demoenstration of the iInsest vector’s ability to transmit
the isolate may serve as additional evidenoe of the
astiologiosl  welationehip between the bacterium end

- greaning dieesse.

- 1.9.1.3 Alternate hoet plants

Periwinkle (Cathavaptus rogeus L.) has been shown to be an
alternate hogt of +the greening organism (Garnler sand
Bové, 1283) while cucumber was reported Lo develop varioua
symptoms when mechanically inoculated with extractes of
greening~infecated altrus (Bchwarsz, 1868b, Capoor
et al., 1875). The inclusion of these two plant species in
trenamission trisls with & putative greening isolate is
therefore relevent. Dodder has been shown “to be &n
alternaté host plant of the greening organism (Ghosh
et &l., 1977) as well as funotioning as a vactor for the
tranamission of the greening organiem between susoeptiblé

plent &pecies (Qarnier ang Bové, 1583).
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1.8.2 Detection of gresning disemse .
1.9.2.1 The rieed for a detection assay for greening

Infected propagative material ie s major source of primary
inoeulum for most of the important phytobacterial dissasesn
of food crops, including eltrug greening. If introduced
inte an  established orphard o replace mature  treses
uprooted because of disease, or if used in thé planting of
new orchards, greening-infected citrus material can serve
ae a potentlal source of the disease for dissemination by
the inseoct wvector of the disease. Thus, the production,
testing and subsequent planting of pathogen~free maherial
" i8 an important means of control of this and other crop

dlseasas,

The wuse of pymptom observation alone as a oriterion fop
infeotion with greening is unreliable as the expression of
"greening-1like" foliar chloroess may be due to ablotic
factore such ag micro-element defilclency, as well ae to the

presence of pathogens other than greening (Catling, 1870b).

Although the fluorescense +test of Schwarz was reported as
being aspecific for greening dieease and of use in the
oommerclal indexing of citrus (Schwarz, 1968Bo, 1970), the

test has been found by some authors to be unreliable
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(MoClean, 1870, Knorr eh al., 1970). Also, the test is not
applicable td the insect wvector of the diseamse (Catling,
19708).

In the absence of & deflnitive detection system Ifor
greening, such ag & serologleal teabt, certification
programmes are based primarily on visual inspections of the
growing crop for the detection of +the disease. Plants
showing neo visible signe of infection are geherally

presumed free of the pathogen and hence any propagating
material harvected f£rom aymptomleas plante ip generally
considered "alean". This practice may lead to the
collection of infected meterial from susceptible cultivars

which appear eymphom free.
1.8.2.2 Develiopment of a serological detection systenm

Diagnostiec serological amsaye for plant pathogens other
than viuses are being developed with incressing fregquency
(Schaad, 1879, Johnson et al., 1982, Malin st al., 1985,
Moyer and Echandi, 1986; Anderson and Nameth, 1980). The
vast array of antigens contalned in organisms such as
bacteria and fungl (ocompared with viruses), together with
the likelihood that closely related epiphytic or endophytic
saprophytic organisme may be present In or on the sume

plant tissues, has complicated the development of



63

serological detection systems for these organiems (Schaad,
18789). Feor an antiserum to be useful it should, ideally,
recognize the fewest antlgene oﬁmmon to both the pathogernic
and non-pathogenic straina of s particular bacterium (Moyer
and Echandi, 1988). In addition +to antigens shared by
pathogenic and non-pathogeniec bacteria, the poasible
existence " of antigens common +to both the target organism
and the hosat plant may further compllcate the development

of an effective diagnostic serological assay.

Barology is perhaps the mogt usefﬁl method avallable for
rapld detection and presumptive ldentificstion of bactezia.
Serologloal testa do, however, have limitations, the major
disadvantage of any serological assay being that a positive

result is not absolute, bﬁt &4 Bemental in wmany cases.

The production of an effective greening-specifice anti srum
and its use in a rapid, reliable and sensitive serologleal
apsay for the detection of greening in both plant and
insect .aterial is clearly of wvital importance. A means
whereby the dlsesse can be defeoted in the early stages of
infectlon, pricr to the development of visible symptoms, is

necegasry for the =ffeotlve management of greening.
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Attemptes have beern made to devalop serological detection
pymtems for the diseamse, Using extracts of either oultured
bacterisl imolates or infacted plant material am immunogen,
both monoclonal and polyclonal antisers have been raiszed in
a mumber of laboratories and employed in different
detection asmays with varying succesa (Duncan, 1985,
Garnier &k Aal., 1987, Smith et al., 1988, Koraten ai a8l.,
1991, Garnier at al., 1991, Chippindall and Whitlock,
1089a, 1988b), . :

Although a polyclonal antiserum raimed against the cultured
basterium was raported to destect greening in the ELIBA
assay (Duncan, 1885) and in electron micromcople studies
using aollpidal gold as an immunchistoechemical marker
(Ariovich and Gapnett, 1988), the antiserum has been
reported to be unreliabls by other workers (Gaxnier
ot al., 1887, Chippindall and Whitlosk, 1988a, 19880b), The
antlsayum dld not always distinguish betwssn healthy and
. greening~infeotad samples and showed inadeguate
specificity, possibly due to orpss-reactivity with sither
host plant ocomponents op epiphytes on or in suscepblble
plant tiesus, Problems asuch as thesa may be overaow with
the use of the monoclenal antibodies asm thess arve more

greolfie than annvanﬁional prolyclonal antisera.
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Inltial pesylte obtained with monoolonel antibodiss have
heen promiming but thua far none of the seroreagents
devalbped have been shown to bs sultable for universal
applicabion. Monoslonals raised against Indian.and Afpican
greening recognlzed greening lsolates from Raunion; Indla
and the Fhilippines (Garnler &b al., 1887}, but not from
Chin# {Jiang, 18B8) and othey geographical areas (Garnler
et al., 1991) whlch suggestas that the antibodlas were too
spacific, Taking this into acoounh, ax well ax tha high
gest, technology regulred and time involvad in tho
produstion of monoslonal antibodies, the develogment of a

high guality polyolonal antiserum im clearly desirable.

1.9.2.8 Improvement of detectlon assay results through

increamed sntiserim apecificity

The diagnostio sensltlvity of enzyme immunoaasays varies
with ths antiserun and the typu' of provedurs used and,
ultimataly, the efficacy of a particular serclogical
detection sasay i detavinined by the gquality of thae

antiserum used. Ideally a polyelonal antimerum ahould.
exhibit a combinatlon of high titre and high speaifiecity if
it de ¢o prove affsctive in a diagnostio assmy {Schaad,
1879). The =pecificity of en antiserum 48 usually
determined by the nature and relative puriﬁv of the
immunogen preparation used for injection. The multituda of
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antigens preasnt in bacterial pathogens, togethsr with the
increassd probability that antigenically related pathogenic
and non-pathogenis ovganisme may ocoseupy the esams host
tissues, has made thé development of diagnostic asmays fox
bacteria more complex (Schaad, 1979). Vavious preparations
of the modified bacterial lumunogen osn, howsvey, be used
for the Jlmmunization of laboratory anlmale which may 1e§d
to the improvement of the quality of t?e resuliant

antisspumn,

“Where an sntdssrum is produced agalnat a phytopathogenio
- baotepium, tha usa of whola, live bagbapial calls has hasn
Cfound to be amdequate (Nambiar and Anjalsh, 1888, Andarson

and  Namath, 1890), However, by uming sreparations of
heat~killad cells for immunizatlon, workers have cbasrxved a
resultant improvement in  the specificliy of the antlserum
(Schaad, 1878). A number of o*her procsdurss have been used
te  pre-tresat immunogen for <the produstion of highly
speolfle antlsmars, Litl-sxtracted membrany protsin
somplaxes from various microorganisme have bsen used as
immunogens in ordsr to ralsa spsalflic sera for use in
identifying plant~pathogsnic bacterla (Yakrus and Bchaad,
1878, Chang snd Schamd, 1983, Azsd and Sohsad, 19838). A
lipopolyscocharide . prepavation from
Ageobaoheriynm  fumafacisns  was  shown o induce the
production of strain-specifle ankibodles (Bouzar st al.,
1988).
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9clyaor§1amida ge) electrophoresis {PAGE) (with or without
sodium dodecyl esulfate [8DBE]) 1is another technique which
can be usmed to identify and isolate apecific immunogens
from & complex mixture of substances. The technlgue has
haen wusoed by o numbexr of workere to lisolate epeclfic
-peptides from mixtures of proteins for use ag imyunogen
the produstion of epecific antlsers (MeMiller and
Cenpigld, 1977, .Renart et alk., 1879, Tilen et al., 1974,
Boulard and Lecvoisey, 1982, Tesamer snd Devnick, 1989),
Baugher (1990) isolated aspecific protelns from hlighted
eitrug  trege by EDA-PAGE and uweed these as lmmunogens in
the production of & polyclonal antlserum. The antiserum was
found %o o specific for blighted cltrus. Using the Western
blatting procedure, the author showed that the Ig@ fraction
af the antlserum rescted with exbtracts of hlighted citrua,
whlle a negative antloerum response waa cheerved with
éitrua materinl Ainfected with triotema virus and with
material from treep streesed by water deprivation and zine

daficiency.

The Aenaturing conditiong of SDE-PAGE may be a disadvantage
in the proparation of dmmunogen oas  an antiserum ralised
againot a  denatured protein may not be able to recognize
expopod  antigenie determinanto in folded proteins (MeMillen
and Conelgli. 1977), Dencturation of immnogen. howaver,

may not afteet the recognition of o particuwlar protaln in
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its native state in all instances. TJlan st al. (1974)
reparted that antiserum raised against denatured
Bacillus gzubtlili® 5 Fastor was able to precipltate the
native _ﬁrotein in diffuslon assayw. Boulard and Lecroimey
(1982) reported the wuse of BDS-PAGE to purdfy insect
proteins for use as immunogen in the production of specifioc
antigera. The suthora cbsarved that neithar ataining.of the
proteln with Coomaseie Blue nor denaturation of the proteln
with SD8 wams fournd +te modify the immunogenlcity of the
protein trapped within the acrylamide gel., The preparative
saparation of viral polypeptides by SDS—PAGE for uase in the
production of monospscific anblseras hae also been reported
(Tesasmer and Dernick, 1889).

Antisarn ralsed asgainat ocrude prepursations of immunogen
~ whioh display unacceptable levels of crose~reactivity may
be renderead more apeoific by procedures such aa.adaorption.
The procsdura gensrally renders an antlseyum speclflc for a
givan antigen  (Lommel =t &l., 1882, Moysr and
Hchandi, 1886}, Exhauative cress-adsovption againat healthy
clbtrus matsrial and various non-related bacteris may thus
significaently improve the saspescificlty of a polyclonal
antiserun vraised againat sitheyr =a cultursed bacterial

isolate or an extract of greening-infected citrus.
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If lack of antiserum specificity is an unavoldable problem
in a procedure such &as ELISA, & method such se prepavative
immunofiverescance mnicrescopy (PIEM) may prove ussful. This

technique should alse be usefnul in the deteotion, as well
as in the enumeratlon, of phytopathogens which ccour in
plant and inseot wveotor tiasuss in low numbera, The
procedure was adapted By the author £rom the dirack
epifluorescent filter  technlaue (DEET) developed Wy
Pettipher and Rodriguss (1982) for the enumevation of
nicroorganiems in foode. PIFM combines membrana f£ilter
technlguee with immunfluorescent micromsopy. The technique

involves the enzymatic digeation and removal of debris from
homogenates of infestesd plant meterial followed by the
dcncentfation of microorgenisme by wmembrane £iltratlon,
Trapped microorganlems are  reacted with a speclfic
antigerum followed by reaction wlth a secondary antibody
sonjugated to a fluorochrome. Microsoopic observation of
membranss yeveal the presence or abmence of partioular
organieme by visualizing fluorescing bactarial cells. Thus,
rather than simply observing a precipitin band or measuring
an enzyne reactlon, PIFM allows the worker to discriminate
morphology of the stalned farget organism va. non-mpecifie
reactions from hoet components and ocontaminating cells.
Until optimal antisera are developad for a partioular
antigen, thia feature mokes PIFM particularly ussful as the .
additional information ia valuble for =assessing the

validity of mapologicsl reactions.
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The najor disadvantage of the PIFM 1s the subjectivity of
analy=sis, the reed for apecific eguipment szuch as a
fluoremcent microscope, and tha time and expense iavolved

in sample prepavation and sxzaminatlon

In addition to increasing the specificity of sn antigerum
ams a means . of improving the efficacy of & serological
detaotion aﬁaa#, simpia modifications of the basle aseay
procedure  such as  altering  inoubatisn  times  and
tempﬁraturea and including various blocking steps may also

land to improvement of test repultas,

1.9.2.4 Improvement of mssay resulte through the

altevation of sanple preperation prndaduras

The succesaful deteotlon of bhactaria in plant materisl isa,
to a large extent, depsndent wupon the development of
appropriate procedursas to efficlently extract and isolate
the dasired tarsén pathogen. Diagnoatic assays necessarlly
muat be desigued to detsot and ldentify the least number of
cella poasible and the primary Iintent of an extraotion
scheme &should thug bhe to optimizes the percent target
recovery. Flant materlal serves sz & reservolr for a wids
variety of saprophytic organiems and affsotiva targset
racovery depsndas upon minimizing the competitive influsnoe
off theme maprophytes on the target, as wall as upon the

minimization of interfersnoe by host tissus debris,
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The procedure used for the preparation of samples for
snaly=ie in deéteotion assays may aslgnificantly affeoct ths
effigacy.'of 8 particular test. A simple step such as the
vigorous pre-washing of Jleaf tlssue reduces the msurface
microflora and debris carriad on the sample and minimizes
interfarence and potential cross-reactions of saprophyites.
Tissue maceration i1s & commonly used method employed to
palease target organisme f£rom plant material, however,
maceration oan also incremss the release of intarfering
substances and toxic meteriala, thersby decreasing the

pansitivity of the mgmay.

Certain applications of ELISA are Iimited by ateric
problems but these may be overcome by adopting dlfferent
approaches to thes method of sample preparation., Large
particulate~type antigens auch as bacterial cella do not
bind strongly to the assay plates and ave easily dislodged
during washing. In an attempt to overcome this problem,
Kawarabats and Hayasaka (1987) devaloped an indirect ELISA
assny for the daﬁectidn 'af soluble surface antigens of a -
microsporidian spore axtractsd with alkaline solutlons. The
authora reported +that the prepacvation of alkali-soluble
murface antigens was simple and that these antigens were
more suitable for ELISA than the intact spores. It i
possible that steris probloms assoclated with the
partioulate nature of bacterial cells may bs overcoms

through the uma of simllar extracte in the asmay.
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The double anbibody sandwich ELISA (DAS-ELISA) (Voller
et al.., 1976) is e widely uweed assay for the deteotion of
phytopathagens. The disesdvantage of this method, however,
iz that the imnunoglobulin of each test serum must he
purified and counpled to an enzyms. In addition, the
sﬁecificity of the test oaan preclude deteoction of even
olosely related straine of the same sntlgen (Koenlg, 1978},
The indirect BLISA (Lommel of al., 1982) avolds the
neceszity of making apeclfic enzyme conjugates for ench
aptigen to be tested and eliminates the extreme
spacificity. Howaver, a problsm assosiated with the use of
the indirect HLISA for detection of plant pathogens in
erude plant extpecta is the interferenca by hoet proteins
on +the detection ocapabllities of the teet (Lommel et al.,
1882). This Interference has been attributed in part to
competitlon betwesn target antigen and host proteiﬁ for a
finite number of binding eites on the solid phase (Lommel
gtk al., 1982). The emame authors reported that guantitstive
detection of target antigen wae unaffeoted by the presence
of sontaminating host proteins in the DAB~ELISA.

Bimilap interfabanca phenomena ware reported by Leaoh
et al., (1887) who demcribad & dot=-immuncbhinding assay (DHIA)
for tha detection of a xanthemonad in sorghum. The authors
reported +that the abundanca of plant proteins releaszed by

the grinding of sampler saturetsd membrans binding sites
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and plant pilgmenta stained the membrane, meaking sccourate
detection diffioult. An alternative method of sample
preoparation involving the elution of bacteris from leaf
material by socaking the excised tissue in distilled water
was founu v the same authors te be more gatlafectory. This
method allowed for the adequate release of bacteria into
the euespending  medivm without heavy contamination of the
sample by hoat plant components. A similar leaching
procedure was used by Malin et al. (1988) for the
preparahibn of sample for varlous serological assays.
Bacatse of the obvious advantages of this water leaching
method, it was investigated am an alternative to sampie

homogenation and other extraoctlon rrocedures in this study.

1.9.2.6 Detection »f dimesase-gpecilific antigene using

vaprious immunodisgnostic assays

Bince the first report of the use of ssrology to identlfy a
plant pathogenic bacterium in 1918, the detestlon =sud
ldentification of phytopathogenic bapteria has been earried
out using a variety of serologlesl technigues including
tube sgglutination and precipitation., sgar pregipitin and
immunofivorescence  (Schaad, 1878). The enzyme-linked
immunogorbent assay was first applied to viwvue detection by
Avramess (1869) and after the report in 1871 by Engvall and
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Perlmann (1971), ELISA became recognised for its potential
in the detection 6f phytopathogensa. It ig, however, only
sinée she work of Clark and Adams {1877} on.ELISA protocols
for use with plant viruses that the assay has been widely
used for the detection and guantitative estimation of a
large 'numbar of antigens from plants. Several variations of

this procedure have been developed.

ELISA is & routine method for detecting and assaying plant
pathogens because of its sensitiviby. Deapite its relative
simplicity, the technique 1s rather laboricus and
tine~consuming and  requires some special equipment. Aléog
bacterial applications of the technigue are often limited
by steric problems, but theze can, to a certain extent,.be
overcome by alteriné the sample extraction procedure and
employing &8 variation of the conventilonsl ELISA procedure;
namely the dob-immuncbinding aseay (DIA) (Leach ek al.,
1887). |

The principles of DIA are s&lmost +the same as those of
ELISA, differing only in that sntigen i3 bound to a nylon
membrane or to nitrocellulose (NC), rather than to a well
“in a pol&étyre.e nlerotiter plata, and that the product of
the enzyme reaction is Insoluble. DIA is the most simple,
rapid and genaitive assay fon immunclogical

charaoterization of phytopathogenic bacterla and faatidious
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praokavyotes, _obtainad eithar from culture or from dimeased
tisesuwe (Lazarovite, 1990). Additional advanteges of thie
technique over ELISA apre a large numbér of samples can be
procegssed within 2 to 3 hr., rather than the day usually
reqﬁired with conventional ELISA, aad both the antibody and
the  enzyme. conjugate éolutions can be re-used -aevabal
times. Also, DIA does not reqguire highly trained personnel

for interpretation of results.

Solid-phase radioimmunosorbent assay (RIA) is in principle
the same a8 the DJA. In RIA, however, a radlo-labelled
secondary antibody. in ueed in place of an enzyme-labelled
molecule. RIA is preferred in inetances where plant enzymes
such a3 peroxidases interfere with tﬁe ELISA enzyme
reaction. The .assay is particularly useful when plant
" plgmen  interfere with the interpretation of DIA resulta
kecaurs of etaining of the solid phase, RIA ig oonsidared
gl. 2htly more pensltive (2- %o 4-Ffold) and less subject to
variation than conventional ELISA (Benediect and Alvarez
1820), although ELISA iz usually rreferable as 1t avoids

the handling and storing of radidactive materisls.

Numerous immbnodiagnosbtic assavs have been developed for
baoteria and iwportant conalderations in choosing =
apeoific agsay system are pathogen wvarlability, aasay

sensltivity requirements, complexity, cost and time.
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1.8.2.8 Weastern blobhing

The transfer of proteins separated by gal slactrophoresis
from the gel matrix to paper mnd the subssguent probing of
the lmmobilizad proteins with spscific antisers (Weatern
blotting) 1= a wvalubles tecnigue for the dsteation of
spacific proteines Jn orude extracts. The techhique is
sxtremely wmencitive and ham allowed the detection of very
low amounbs (L g ~ 1 ng) of antigene ln oells or natural
¢lulde, In this way, for instance, Newoistle disesse virus
has besn detected in ochick embryo oella (Bolen sk al.,
1882), hepatitis B wvirus in human ssra (McMichael at al.,
1868L) and plant vivuess in plant sap (0°Donnell af al.,
1882).

A Purther applicatic: of the Wastern biottinn tesohnique im
itm uss in selacting appropriate preparations of antigen
agalnet which polyclonal eantisera may be rsacted in the
production of mono-specific antisera, Moysr and Echandi
{1988) reported that Wemtern tblot comparisons of
alsotrephoretic protein profiiles of different strains of
Btpnptonyomss ipomossa indlicataed that guantitative
differsnces among the strains revsaled by ELISA were due to
differences in the numbers of antigens recugnized by the

antisarum in  extracts freom pathogenlc astraine end from
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contaminating and clogely related strains. Tho authors vasd
tine  technigque e select sitraius against whieh thedr
antissrum could be sbporbed to yield an antlserum specific

for a pathogenic strain of the organienm.

Prote!n blotting 1o a simple technlque, convenient to.
perform and economical with respect to rengents and time.
Ite high sengitivity ond lnnate versatility elearly allow
it to be applied to more thon Jjust the routine snalysis of

complex miztures of proteinas.

1.7.3 Produectlon of antisern againet hast plant-deprived

bagterial immunugens

A major obatacle limiting research on many fastidious
phytopathogenie prokaryotes io the insbillity to isolabte and
eulture themc orpaniome in vitpe. In the absence of
guitable media to oupport the growth of thaﬁe prganiosmns
sutaide their plant hoots ond Llnooet  veotors, numerous
attemptc have bLeen made %o obtain the organisms dirently
from éxnraebu of iafected plantp and lnoects using various
purification mothods (Sinha, 1974, French ef al., 1877,
Archer et al., 1898u, Clark gt al., 1983, Sinha and
Chiykownki, 1384, Jiang and Chen, 1987, Martin-Groe ot Bl..
1887, Chen and Jiang, 1988, Jiang et ol., 1988, Sul, 1988,
Chippindall oand Whitleck, 1088b. Gornler et al., 1981,
Korpton et pl.. 19il).
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Ae in the cass of sample preparation for dstection amsays,
the primary intent of any extreastion procedure is 4o
optimize. the peprcent targst »ecovery. The percentvage
racovery of target basteria £rom plant tissue is largely
dependent upon the invculum concentration, as well am on
the optimal releasms of +the tapget Ifrom tismus, the
ninimization of contamination by saprophytic microflora and
the minimization of interfevence and contamination by plant
componsnt=, Whan very low target Inoculum densitlsa arve
involved, a conoentration step following extraction may ha
asdvantagsous. This can be done by £lltratlon or
centrifugation, Thawaver, drawbacks with thaass methods
include concomitant concentration of saprophytes sand host
plant dehris, |

Exteaction and opurlfication prosadures for s particular
nlerocrganism havae 40 ba determinad émpirically if little
is known about the physical nature of the target organism,
Artificlally contaminated samples may be ussd in
preliminary amsays but the £inal evaluation of any

procedure mist ke done using naturally-infeocted matsrial.

Matheds »eported in the litorature for the saxtraction of
mioposrganisms from Infectad maﬁarial range from simple
vacuum  exbractlion of plokettala-~like bacteria from peach
tissue affeoted with phony diseame (French s al.. 1977) to
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more complex and lengthy tachniguas such ax that developed
by Sinha (1874) and Sinha and Chiykowskl (1884) to sxtract
diffarent mycoplasma-like organiems from plant material.
The purifiesiion procadurs rsported by these authors
involve the following steps: (i) vacuum infiltration of
leaf = vissum with MgCl ~glycins buffer,
{(ii) thomogenizsiicu, {(1ii)} treatmantzof glavified sap with
activatied charooal and Calite B4E and adsorptlon of MLOs on
.a Calita pad, (iv) high-speed centrifugation of the eiuted
opalescent fracticns, (v) further purification by column
chromatography. and  finally, (vi) suorome gradiant
centrifugation and high-spesd centrifugation to obtain e
pellat of 'purified” MLOs.

Mogl. ~f the other répartad purification procedures simply
invelve homegenizatlon of materlsl in sxbraction buffer
followed by two oyoles of differentisl ocentrifugatlon.
Chippindall and Whltloock (1585h) and Buil (1988)'includad
enzymabtlo degradation asteps in order to maximize the
relaame of bacteria from greening-infascted oltvus lLeaf
material, Jiang ak al. {1888) wutilized -« monoclonal
antibody wspacifio against aster ya.lows MLO in an affinity
golumn chromatogrephle technique te obtain highly-purified
preparations of the MLO from dlssase lettuce.
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Utilizing preparations of organisme from infected material,
both monoclonal and polyolonal antisera have heen ralsed
againat the partially purified tuwget organiems, Monoolonal
antibodiss sgainst a preparation of maize bushy stunt Mﬁo
were found to react specifically with MLO-ammociated
antigens in ELISA and immunoflucrescent staining (Chen and
Jisng, 1988). Similarly, monoclonal antibodies praimed
against the aatioclogical agent of greening disease
extracted fvom infscted periwinkle plants by Garnisr at al.
(1887)  reactad specifically with disease-associated

antigens in infacted plant matarial.

Clark at al, (1883) produced & pelyclenal antlserum against
clovey ph#llody—aaaociated antigens uaming partially
purified prepacatlons £rom infected planta. Thr antiserum
axhiblted a relatively low spenific precipltin witre which
pracludad thé nge of the standsyrd DAS-KELISA and instead the
F(ab’) indirect ssndwich procsdure had to be ussd. Also,

the agtiaerum axhibited very high anti-plant activity and
| it wue 1necessary to  crose~absorb the antiserum to
plant-derived meterial. Although the oross-absorption did
not remove all the bagkground reacii. n, s diffearential in
ELISA valusm was obtainad betwasn t.. partially-purified
preparvasiong from  infected and wealthy plantm, The
artiserum was specific Zor ite homologous antigen snd no

eroas~roaactlions were cohearved hetwsan the antlssrum ang
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extracte of plant materlal infected with varicus unrelated
MLOs., Tha procadure employed by Sinhe and Chiykowaki {1984)
to purify the peach esastearn X-MLO yielded preparations of
the organism which were relatively free of host piunt
contuminants, The 'raaﬁlting polycelonal sntiserum could
therefore be used in the DAS-ELISA without the neea to

erosp-~adsorb Lt to haslthy material.

It is evident £rom the reports ocilted above that the
development of an antiserum exhibiting a high binding
affinity and epeclificity againat a phytopathogen which
cannot be cultivated in witro is posasible throngh ths uass

of extracte of infected materdal as lmmunogens,

1.10 QBJECTIVES

A varisty of mnicroorgenieme have bssn isolated from
greening-affscted eltrus (sscbtion 1.6), Tbut as the
isolations have never besn fully confirmed by the
fulfilment of Koch's postulates, the asticlogical atatus of
the organisms is highly questionable.

Bacaume of the saverity end eaccnemlo importance of citwrus
greening dimease, there 1s an urgent nesd to imolate and
culture the setiliologloal agent of the dismeasa. The Jo yitra
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propagabion of the disease agent would allow for the
characterization of the organism which may lead to & bettsr
understanding of the dlsssse process and pomssibly to a cure
for pgresning as well. Furthermors, the isolatlon of the
organism would gareatly faclilitate the developmsnt of a

sensitive and rellable detection system for the disease.
This atudy was undartaken to:

1) Dotarmine the patholagical significance of ths
hagterial isolates of Garnett and Mochaba by attempting
to fulfil Kooh'e postlates,

i1) Invemtigate the fraguency of sasoolation of the GC and
NC imolates with citrue affected by greening,

1ii) Invesbigata the relationship betwesen the lsolates and
1. mytrans, as well az betweesn the lsolateas and

varlous plant specliams,

v} Attempt to isolate and culture the aetlologlcal agent
of greening uaing various artificial media as wall am

smbryonated han’s egges and invartabrats sell culburs,

v} Develop a suitable serologioal ssssy for the detection

of the lsclates of Garnett and Mochaba,
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vii)
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Investigate the feasibility of sxtracting
greaening-speciflec antigens from naturvally-infectad
citpus and pepiwinkle for use a= immunogen in the
production ¢f a gresning~specific polyolonal

antiserun, and

Davelop an assay for che dstaction of‘sreening
disesss utilizing tne ntlserum raimed agninst thae

agtract from grosned oitrus,
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CHAPTER 2

MATERIALS AND METHODS

2.1 BACTERIAL ISOLATES FROM GREENING-INFECTED CITRUS

Cultures of banteris ilsclatsd from greening~infected citrus
wers » gift from H.M. Garnatt and F.M. Mochaba. The
lsclates wars coded aceording to both the geographical
lovation of the infected sourcs material and the section of
the plant from which the hacteria were originally enltubed.

The following imolates were used in this study:

NC « Nelspruit, columella
@C ~ Randburg, columella

L¢ - Letaba, columalla

Lh ~ Letaba, laaf (midrib)
TZ2L ~ Tzanssn, leaf (mldrib)

In addition to the above lsolates, s haotarium soded C3 wam
later imolated in pure oulture from the =stem of a
symptomatic oucumber plant inoculated via dodder with a
phytopathogen from naturally-infeoted greensd citrus.
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Unless otherwise stated, isolates were oultured using
either MIG-1 (Mochaba, 1389) or MIG-3 medium (Appendix Aj.

For . short-term storage, Aisolates conld ba maintained on
sealed MIG-1 or MIG-3 alants or plates at room temperaturs
for 7 days without showing an appreclable desresass in
viability, For long~term atorage, bacteria in the
exponential phase of growth were harvested from liguld
" pulture, resuspended in 18% (v/v) glycerol in distilled

water and frozen at ~70 C.

2.2 ISOLATION OF THE BACTERIUM FROM VARIOUS B0URCES

Garnett (18985) and Mochaba (1868) suggested that the
bacteria oultured by them from gresning-infected citrus
(ﬁnd made available to the author) were isolates of the
aetiological agent of greening dJdlsease. In an attampt to
inveatigate the freguency of aasoolation of the isolated
baotarium with greening disease, isolations were carvied
- out from ocitrus material ocollectad in different aress of

the Transvaal.

Samples of greening-infected leaf midrib and fruit
volumella were oollacted during the cool winter monthe of

May +o August in the folluwing areas: Brita, Pretoria,
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Néispfuit, Letaba, Letsitila, Zebediela and Tzaneen. In
every lisolation attempt, leaf and frult materis)l was
oalleotéd at 5 different aites on the oanopy of each uires
sampled. Samples from infected trees included material

displaying symptoms ranging from mild to severe.

For the preparation of inoculum from infected plant
_ météri&l, two extraction procedures were used. The first
was & modifioation of that reported by Mochaba (1989).
Excised columelle and midrib samples were immersed in
sthanel for 2 min., traneforred to a 1% solution of sodium
hypoohlerite ocontaining 0.1% (v/v) Tween 20 for 20 min. and
finally rinsed in 3 ochanges of sterile distilled water.
Half =& gram of plant material was chaopped finaly in a amall
velume of aterile 1l/4-strength Ringew s solution (Appendix
K) and then 2 ml of the same solution added. After standing
‘for 2 min. ‘the auspensidn wag vorbexed for 2 min., the
plant debris allowed to settle out and 0.2 ml of the
supernatant wused to inoculate 15 ml of MIG-3 medium in each
of five 100 ml .Erlanmayar flasks. The oultures were
inecubated at 26 C aon a gyratory eshaker (150 rpm) and
monitored dally for bacterial growth.

Atbtempte to  ismolata and culture the basteria from
periwinkle {(Catharsantnes »roseus L.) infooted with greening
vis dodder (Cumoubs oampestris), &ae well as from the
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parasitizing dodder were performed in the same way with the
exception of the surface-sterilizstion step which was
carried out for B min. only because of the delicates unature
of the leaf tiesue of theea plant epecies. Strands of
doddey emerging from haustorla within the host plant ssrved

as the spurce material for isolation from the parééite‘

The asecond inoculum preparat® s - ~poadurea {(nsed for the

extraction of sap from cit . slvod %ve use of a
pragsure ochamber (Scholander W T'arder &t a8l.,
1965} (Fig. 1). In +this meth . xoised, leafy
ghoot wae placed wlthin the pressu : with the cut

end of the stem protruding thréouzh a gastik.at seal. The out
end, as well as approximﬁtely 3 cm of the adjacent stem,
was then  sterilized by awabbing with alcohol followed by
immersion in a 1% solution of sodlium hypoohlorite for B
min. After thorough rinsing im dH 0, 1 om of the
gterilized stem was out off uslng a SQaEpel'blade in ordaﬁ
to expose an ares of the vascular timene which had not baen
expoged +to the alecohil end sodlium hypaohlorita; An lnert
gas (N ) was then admitted into +the chamber f£from a
compreasgon tank and the preasurs in the chamber increased
untl]l the plant sap bubbled from the cut suvrface of the
stem (Fig. 2). The sap was collected using a sterile glaaa
caplllary tube and aliquots (approximately 60 ul) ueed to
inoculate 10 ml wvolumes of MIG-3 medium contained within
iC0 ml flesks, The flaske were dncubated as desoribed

above.
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Flgors i
Proasure chamber (Scholander bomb) used to obtain aap from leafy
hw,.gﬂo

A = prossure guage
B » alr inleb
¢ - propaure chambor
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Figure 2

Sap (arvow) bubbling Prom tha cut end of a citryp twig held within

tha Scholander bhemb. The sap was collected aseptically and usaed
ke Iinoculate various cultura media.
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Attempts wera. also madse to lsclate the baoteris from adulb
pa#lla of variouvs ages collechad from infected trees in the
Nslapruit, Randburg and Brits areas. Surface-sterilized
inmsote were individually ground with & drops of
lfd-atrangth Ri_.ngar’a molutlon in a wateh-glass uaing the
vounded end of & test tube and the homogenate uamed to
inoculata 16 ml volumes off MIG-3 mediwn snd incubated as

for isclation from plant material.

In all dsolation attampte, uninfected materisl (plant and

inmect) wae includaed which ﬁarved.aa a contyrel.

An  Imolation wam considered pomitive ALf the bacterium
eultured was identical with respect to mopphology, Gram
stain reactlon asnd analybioal profils indloes (API 20NE and

API UOB Micromethods, AP1 Symtems, Francs) to the NC and GC

leolates s=upplied by Qurnstt and Mochaba, end if the
bagtearitim reactsd poaitively in ths heparin-anhanced
plate-trapped antigen ELISA  (HE-PTA~ELIBA) (meotlion
2.10.2.8). '
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2.3 ATTEMPTED ISOLATION AND CULTURE OF THE CAUSAYL AGENT OF
' OREENING '

The discovery of prokesyotic organisms in greening-~infscted
plante stimulated many laboratoriee to attempt to cultlvate
these microorgenismes in artificial media. Attempts made at
imolating the astiologlcal sgent wutilizing different
methodologise havs been unsucosssful (Ghosh st al., 1871,
Sodhi a=f al., 1878, Moll, 1874, Botha at al., 1884,
Manisom, J1884), and renewad efforts ware made in this study
to oulturs the gresning organism from vavious sources uaing

a variety of media and methods.
2.3.1 Artificlal medis

The following artificial media developed originally for the
In vitwros oultivatlon of phytopathogenio bastaria,
mycoplasmas and spiroplasmas wers vsed in this stody:
MIG=-1, MIG=3, Tryptone =msoy broth (Oxoid Litd., U.K.),
Nutpient broth yeset extract medium (NBY) (Qross and
Vidaver, 1879}, 8SC medium (Davis st al., 1260), 58 medium
(Davie st al,, 1880), RSD medium (Davis st al., 1P84), C3G
madium (Deavie at al., 1888), LDBAS madium (Davis ah Al..
1988}, ILDB8 medium (Davie af al., 1988), and a medium
supplemented with fresh orange Julce (QF wedium)
(Appendix A).

Using the above medla, attampts weare mads to isolats and

culture the pgreenlng orzeniam from infected citrus leaf
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mideib aAnd frult columella, trom periﬁinkle, dodder and
from ;erctive paylla, as described above {éention 2.2),
Bamplas wers collesoted during the cool winter months of May
o August, ss well as during the warmer menths of Navember

and Davambey.

In addition to the preparailen of inocoulum Ixom leal midrib
and oitrus frult columella, inocculum was alao preparad f»om
freshly excised citrus and periwinklas stems using the
pregsure chamber method detailad above., In  sddition teo
inoculating the various media with axtracts of infeotsd
material, asimilar extraots of healthy naterisal wars used

which servad as controls,
2.2.2 Embryonated han’s aggs

Fop action into embbvonatad hen‘s eggs, axtvaota.of
dimsamed and, for the contrels, £ healthy citrua and
paviwinkls ocuttings obtained aame, cically via both the
preggure chamber wmethod and the modifisd method of Moohaba
(1989) (meotlon 2,2) (chopping method) were used.

Yertile eggm wopsa obtained from & flock frea of infection
with lknown wviral or obhsr microbiaml agante. The oggm ware
incubated at 37 C in an atmoephere of approximataly BOX
humidity. To prevent adhesions of the embryonic membraves
snd to Lkeep the embryos more or less centralized, the eggms

wara turned four times & day.
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' Twoe routes of inotalation were used, namely the yolk-sac

and allantoin routes.

The yolk-mac route of inoculation is the voute of choica
for dmolation and propagation of rickettmlse and
chlamydlaes, thess oprganizme growing readily in the
ontodarmal calle 1lining the yolk =ac. In this procsdurs,
sgge were incubated for 8 days after fertilizatich at which
stage the yolk mac was large snd oould readlly be entopved
without oconcern for appropriate orientation. The air-smo
end of the sgg was swabbed with aloohol, and the shell over
the air ssc punctursed with a neadle. A 2 ml syrings fitted
with a2 4.8 em 23-~gusge nesdls wae used Lo Ilntroduce the
inoeulum into the yolk sac. Five hundred miorolitrse of
inoeulum preparad according to the chopping method of
Mochaba was injected into each egg. When tha inoculwm was
prapared f£ollowing the préaaura chambar method, a 50 ul
volume of plant sap per egg was used, Aftsr incoulatlon,
the punctured arvea of the shell was painted with tincture
of lodine and asealed with candle wax. Tha inoculated egg&
weva inoubpbed st 35 C and ceandled daily to monltor growth
of the embrye. Embryos dving before b days post~Infection
were usually killed Bv infection with saprophytic basteria

or othepr microblal contaminants, and thersfore disregarded.
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Using  the yolk-sac route of inoculation, 8 eggs were
injected with incoulum prepsved following the chopping
msthod and .B with inoculum prepared following the pressure
chamber method. Aes ocntrols, eggs were incoulated with
extracts of healthy plant material prepared following the
pame two methode (2 egds per prepavation). wa agEs wers
sach  inoculated with 0.5 m) of L1/4-strength Ringer’e
polution as an additional oentrol.

The yolk was harvested betwean 10 apd 12 days after
inseulation, The oegpg was chllled tb induce contraction of
‘the blood vessels, and the shell over the air ssc removad
sseptically. The oontente of the agg wers dscanted into a
sterile Patri dish, the yolk sao out away from ths embryo
and the sac rupturad to releass the yolk, The sac membrans
was washed fres of yolk, =tainad by the Glemsa method
(Appe wdix  B) and then examined microsmcoplcally te detarmine
the presence or abssnce of lesmions in the mambrans. In
oeprdar to visuwsliza any microorganimsms pfesent in the yolk,
& asmesr of the yolk was made on a gluss micrbuqapa slide
snd stained by the Glemsa method.

For the imolation of mlercurganisma fwom tha yolk, the yolk
was diluted by the addition of 2 volumpa of mterils PBE and
then nlarifiesd by centrifugation at 200 g for 10 min, The
supsrnatant was then centrifuged at 35 000 g for 30 min.
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Following rasuspension of the pellet in a large volume of
PBS. and centrifugation at 200 g for 10 min., the clarified
supernatant was centrifuged at 35 000 g for 30 min. to
sediment any microorganisms present. The pallet was
raauapondéd in & ninimal volums of PBS and nsgatively
stalned prepavatlons of the suspension sxemined under the
alectron microscope. The presence of any sreenina-ayanifiu
antigens within the resuspended sediment was determined in
tha  enzyme-linked immunoéorbent asasy (ELIBA) (ssotion
2.13.2.3) in which immobilized egg yolk-derived antigan was
vescted with antiserum raised againet an extract of

greasning-infected ocitrue (maction 2.2.2, method £).

Iﬁ the allantoic route of inoculation, 10 day-old smbryos
wepse uased. The eggs were candled sand & pencil used to
demarcate an &rea over the air sac near the mambrane
boundary opposite the embryo where there are few or no
major blood vessels., The marked awvea was palnted with
tincture of iodine and the shell punatursd. The egg was
then lnoculatad with a tuberculin syringe fitted with a 1.8
cm 26-guage needls. The neadls was inserted approximatsly
1,0 o into the egg in a diraction parallel to the sidse.
Approximataly 0.2 ml of inooulum (prepared following the
thopping wmethod) wes introduced into the allantole puvity
in thia way. Pifty mlerolitres of plant sap obtainsd weing
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the pressure chamber method was injected inte sges in a
aimilar way. Inooulaeﬁd eggs were lncubated at 85 ¢ for 12
days snd the developmant of the embryos monitorsd dajlly am

described above,

For +the havvest of infecved materials, egge were chilled,
swabbad with aleochol and the shell over the air sac broksn
awasy. The shell membrane was removed assptically with
forcens and the allantoie fluid aspirated with a pasteur
pipetts. The chorioallantoic membrane was ocollscted,
agtalnead using the Gliemaa method and examined
microseopleslly. A smmar of the fluld was prepared and
examined as desapribad above. Attempts to lsclate bacteris
from the £iuld were made following the method desoribed for
the imolation of bacteria from egg yolk and the rellet
chtainad after +the final ocentrlfugation step examined by

trananla=ion electron mlcroscopy (THM) and ELISa.

The number of eggs luovulated wlth each inoeulum
preparation wvia the allantolr route was the same ag thai
inoculated wvie the yolk 8sac poute. The numbew of healthy
and buffer controls used was also the same as that used for

tha yolk =ac route.



97
" 2,.3.3 Invertebrate gell culture

In  the sbsence of an established T. arviress cell line, an
attempt waE mede to oultivate the astiologicsl agent of
greening in & cwll culture system eatablished from larvae
of the mosquito Aedes alboplotus (olone C6/268). The cells
ware grown Iin HEPES-buffersd Dulbecco‘s modified Bagle s
medium with non-sssential amino acids in Harle’s BSS
supplemented with 10% (v/v) fostal bovine aerum. The cells
wera grown in plastic Leighton tubes # 3393 (Costar, USA)
‘and ware maintained at roon temparature (approximately
23 C) in the dark. |

Call layers were infected when at 70-80X confluance. Prior
to  infection with diéeaaed plant sap extract, the
maintenance medium was decanted oIf and the cells washed
briefly with serum-free medium. Basic medium supplemented
with 2% serum wae then added to tha.tubea {2 ml per tubs)
and the inocculum added. The incoulwm oconsisted of sap
asaptically extruded f£from leafy twigs of infected citrue
using the Scholande» homb. Twigs bearing leavea displaying
both mild and gevers gresning symptome wers collesoted from
three +trees growing in the Brits aresa and the sap obstained
from the btwige pocled. Sap from healthy citrus sarved as a
controel., Approximately 20 ul of wmap was added to sach

Leighiton tube and the tubes inoubated at room temperature.
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The oultures were monitored dally £for ochanges in the
appearance of the insect cells, as wall as for bacterial
growth. anterial.growth ocouring within a peviod of 2 daye
following inoculstion was wusually due to contamination of
the medium by saprophytic bacteris or other contaminants
and the affected visle were dJdimsarded. The medium was
replaced with fresh médium + 2% serum when a drop in tha pH
of the medium was 4indicated by & ohange in the oolour of
“the wmedium., Spent oculture medium was ocollested and
centrifuged st 36 000 g for 30 min. in orden to sediment
any microorganisms present in the mediam. The rasulting
pellet was yesuspended in a wminimal amount  of PBS and
examined electvron miorossopically for the pressnce of

baaterila.

Fourteen days after inoculation with plant map, the plastic
aover slips of the Leighton tubss on which the cells ware
growing were removed and stained by the Glemsa method. The
atained c¢sll laver= were then sxamined mieroscopically for
changan in  ocell worphology, gellulay degeneration

{ovtopathic eaffects [CPE]) and plague formation.

In  the axperiment, 12 tubes weve inooulated with
greening~infectad citrus esp and 6 with sap from healthy
eltrus, An additional 4 tubes were laft uninoeunlated.



8p
2.4 BESTABLISHMENT OF LABORATORY COLONIES OF 1. arytrese

For tondueting tranemission experimentsz and determining the
rolrtionship betwesan tha bacterial imolates and
T. arytress, & laboratory coleny of uninfeoted psylla was
astahlished 1in order %o snsuve a continﬁous supply of the

insects.

Peylla free of the greening ovganiam were & obtalned from &
"eclean" colony established by G.J. DBegemsn of Zebsdiela
Citrus, Zehediél&. Adult psylla, as well as nymphs and
egga, were transported to tha laborabeory on healthy clirus
seedlings contained in gauze cages. Plants infested with
puylla were remoﬁed from the cages und . laced among
healthy, vigorously flushing Minneols taigylo
(Gibrus sinsosis x O. 2esioulats) seedlings and the insscta
allewad to spread o thess plants naturally.

Optimal  conditions for rearing T. apyiresas in the

laboratory weps established smpirically. Plants were hcuﬁad

in an indodr ared kapt fyee fpom othar inssut pesta. Paylla
were oulbtursd under a L8-hour photopariod, and lighting was

providod by & bank of 4 x 116W VHO Gro-Lux fluorescsnt

tubes (8ylvania, USA) and 2 x 100W tungsten filament kulba

.(Philipa, RBA) positioned 20 om abova the plonts.
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An ambient ‘tomperature of 20-23 ¢ was maintained by means
of =& standard aip-conditioning wuit during summer snd & fan

heater during winter.

Humldity of 60~B5% RH was maintained with the use of a
Sunbeam uvltrasoniec humidifler (Medsl 2800).

Inseots were handled as little as possible to avold injury
but when it was necezaary bo move adults and nymphe between
plants, this was achieved with the use of an aspiratov in
the case of adulta while nymphs wers moved with the aid of
a fina sabls-hair srtist’as paint brush.

Plants were pruned regularly and fertilized every two weeks
via soil application of a fertilizer/trace slement solution
{Multifeed P, Plaaskem, RBA) in order %o ensure the
contiruous availability of new f£lush on the seedlings. '

A oolony of infected paylla was satablisbed and maintained
under simllar conditions. Insscts from this colony served
ag & source of the greening organism ln isolation attgmpta
and for inocoulating healthy citrus seedlings with greening

diseass.
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The psyila were collected from an orchard located in
Nelspruit which exhibited a high incidence of greening. The
inseota were maintained on both Healthy and
greening-infected seadlings in the laboratory. The
subsequent developmeut of typloal greening symptoms on
healthy laboratory seedlings which were exposed to the
paylle oconfirmed the carrier atatus of the field-collected

inesects.

2.6 KOCH'S POSTULATES

In an attempt to fulfill Koch’s postulates, healthy citrus
seedlings were inosulated by wvariocus means with isolates
NG, GG, LL, LC and TZL.

2.5.1 Laboratory inooulation of citrus with bacteria via

the inaseoct vsctor &f greening

2.5.1,1 Inocoulation of T. srytreae with the bactsrial

isoleea by membrane feeding
2.5.1.1.1 Feeding chamber design

The sultability of & feeding chamber design was assesged
for use 4in the laboratory inooulation of nymphe and sdult
payllsa by membrane feeding. The design of the chamber le
based on that wused by Storey (Sterey, 1832, cited in
Mitevhashi, 1878) and iz illugtrated in Flg. 3.
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-glass bottle

Lt e fording solutien

_ foam rubber
Lot e Pyl In menbrans

~~——plass bottle for
ng insects

T p——moist filter paper

Figure 3

Apparatus for faeding Trioza erytreae adults amd nymphe, Adapted
from Storey (1932), cited in Mitsuhashi (1979).
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A preliminary inveastigstion eatablizshed that the design of
the chamber was auitabia for confining groups of 15 nymphs
or adults for up te B days without an sdverse effect on the
ingects. In order +o determine this, the feeding solution
in +the chamber was replaced hy a eweet orange leaf held
£irmly in place over the mouth of the oh' “er with adhepive
tape. The chamber was Xkept under conditions of light,
temperatire and humldity as epeclified in esction .4 and
the insectas observed over a G~-day period for any negative
gffects that the cage environment may have on the nymphs

and adults.
2.5.1.1.2 Feeding solutions

The solution in which & bacterium 1s suspended for the
membrane feeding route of Inssot inoculation must mot as a
feeding atimulant as well as be able to sustain tha inaect
during the period of exposure to the suspension. Also, the
congtitvente of the feeding solution should in no way
adversely affect the viability of the bacterium.

A number of formulations were agapeased for thelr
guitabllity as both feeding stimulants and suspehding media

for the bapterial isolates.
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a) Sap extragta

b Y
Sap was extracted from midribes excised from voung sweet
orange leaves using an Drich Polane leaf press. The extract
was used undiluted, as well ae diluted to concentrations of

- B0%, 10% and 1% (v/v) in double distilled water.

The effect of adding sucrose to the sap preparatlions was
aleo investigated. Sucrose was added to the undiluted and '

diluted sap to & final concentration of 6% {w/v).
b) Enngnaﬂ”aglniinn&

1%, B% an& 10% (w/v) sucrosa in distllled water.
0} Bugnaagzsnnum_snlﬁhinn

% (w/v) sucrose In distilled wsater containing 1% (v 'v)
fostal oalf serum. This sucrose/serum solutlon was included
iﬂ the trial as a =simllar solubion is veportedly used for
most of the work done on leafhopper acquisition and

tyransmiaslon of mycoplasmae (Markham, 1982).

All feeding eolutions initially ocontained 1% (v/¥)
commercial green food colouring (Robertsona, RSA) which

functioned a8 & marker substance and facllitated the
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identificaﬁinn of adulte and nymphs which had fed on the
solution (insects imbibing the solution displayed clearly
visible green alimentary tracts). Solutions were sterllized
by filtration through 0.2 un nltrocelluloss membranes
{Millipore Corp., UEA).

The preference of the nymphis and adults was determined by a
multiple choloce experiment. The solutlions were placed in
sterile glass teat 4tubes .nd Perafilm M (American Can
Comp., USA} (sterilized by immersion in 70% aleohol for 2
minutes) atretched .over the mouthe of the tubes. Groups of
80 B8rd and 4th ingtar nymphs and 30 4-day old adult psylla
were placed ssparately in beskers into whilsch the inverted
feed +tubes were then inserted. Nymphas and adults were
exposed to the solutlona for a perlod of 4B hours. The
 humbar of insects ocheerved on the feeding solutions at
intervals of 0.5, 1, 2, 5, 10, 14, 24, 34 and 48 hours was

recorded.

In order to determine that the solution on which the paylla
ware nmost freguently obeerved wag 1in fact serving zs &
feeding stimulant, inaecta were conflned in Zfeeding
chambers with.the particular sslution for 24 hr, After this
period of exposure, the gut of each insect was dliassscted
out and the contents examined for the presence o. the green

marker substsnce.
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2.5.1.1.3 Inoculatlon of psylla

Isolates NC, GC, LG, T2ZL and LL from fresh MIG-3 plates
ware. used to incculate 5O ml aliguote of MIG-3 in 250 ml
Erlenmeyer fla&ks. The cultires were incubated on a rotary
shaker (150 rpm) at 73 C and the cella harvested when in
the exponential vhase of growth by centrifugation (12 000 gz
for 15 minutes), washed onee 1in & large volume of
phosphate-tuffered saline pH 7.4 (PBS, Appendix K)
containing 0.1% (w/v) ethylenediaminstetra-acetic acid
(EDTA)}, and suspended in 5? (w/v) sucrose in distilled

water at a concentration of 10 ocells/ml.

Bacterisl isolates usad in inse¢t inooulations had besn
passaged less than B 4times to avoid attemiation of

pathogenicity due to prolonged subcultilvation in vitro.

For the Jleboratory incoulation of psylla wvis membrane
feading, 3 groups aach consisting of 18 Jrd and 4th inatar
nymphe and 18 4-day old adults were confined separately i
faeding ohambere and allowed accese to each isolate over a
24 hr period. In this way, 48 adult peylla and 48 nympha
were expoasd to each of the 5 isclates. As a control, 20
adulta and 20 nymphe from the zame colony were sxpossed to

the sterile sucrose scelution wlthout added bacterla.
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The chambers houeing the insects were darkened with a
covering of brown paper while the bottle contalning the
féeding soplution was covered with yellow cellophane and
placed under a 1light source in order to encoupage the

insects to congregate on the Parafilm membrane.

After exposure bo the isolates, the insects from each group
wera divided among 2 healthy Minneola seedlihga and
confined in micro-cages to the young £flush of the test
planta. The cbges were constructed from-clear.plaatic film
formed into a oylinder and sesled at eithaf end with a foam

rubber disc (Fig. 4).
2.5.1.2 Inooculation of peylla by micro-~indection

Fine ocapillary needles wers drawn from 0.5 mn diameten
glass tubing with the aid of a micro-forge. The tip of the
needle uesad to ingect adult psylla did not exoeed 5 mm in
length to reduce the possibility of breakage during use.
The point of the ocapillary was broken with fine forceps
under a dissecting miloroscope to give a sharp, slented
needle with an orifice 10-20 um in diameter. Needles were

aterilized in the autoclave prlor to use.

The preasure reguired to eject the inooulum from the needle
Qame from a leboratory alyr supply oontrolled via a

mouth-opersted T-joint vaive.
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Fipure &4

Plastic cage for confining T. erytveae Lo Fflushiug ecitrus leaves.
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For the dinoculation of peylla by mlero-injection, the

isnlates were cultured as described for membrane feeding

and, afiter washing, resuspended Iin sterile, 1/2-strength
8

normal saline at a concentration of 10 cells/ml.

Three- %o fourudavFald greening-free adult psylla were
inoculated in this way. Psylla were anassthetized with
CO for a few aeconds, positioned on & petri dish 1id
wigh their ventral surface exposed and immobilized under a .
Parafllm membrane. Insecta were injected ventrally either
through the eandunctiva' at the junctlon of the thorax and
abdomen, or in an anteroposterior direction through the

conjuneotiva batween addagent abdominal sternites.

One-tenth of a miarolitre of the freshly-prepared cell
puspension waa injected into adult peylla whioch ware Frae
of the greening organism, thereby introducing an inoculum
.of 105 inte the insects., Two groups of 240 inpects were
inoculated with each isolate. As a control, 20 paylla were

similarly injected with 0.1 ul of sterile saline,

The insects in each group were divided betwesn 2 healthy
sweet orange seedlings and confined in micro-coages to the

young £lush of the test plants.
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The plants from  both the membrane feeding and
- micro~injection  iInoculation experiments were maintained
under the conditiona described in section 2.4. Tha adult
peylla emerging f£from nymphs which had been inoculated via
membrane-feeding were allawed to feed on the leaves of the
test plante untll the insecte dled. Psylla inoculaﬁed in
the adult gstage of thelr 1life cycle by sither membrane
feeding o mioro-injection weve left to feed on the test
plante until thay had completed that stage of their life
cvcle. Any egegs and nymphs present on the plante after the
death of all the sdults were eradicated by aspraying the
plants with dimethoste (0.01% a.i.).

Psylla were monitored daily to debermine the effect, if
any, of the baoteria ori the insects” longevity. In order to
pbaerve any replication and spread of the inoculum wlthin
membrane-fed and injected insects, tha peylla wers
collected am soon aB thay died and fixed and embadded for
" glectron-microscopy (section 2.8). The multiplication and
spread of the bacteris within the insects was alao
monitored by meana of the indirect enzyme-linked

immuriceorbent assay (section 2.10.2.8)

411 +test and control plants were monitored over a period qf
2 wvyeaprs for the devalopment of typical greening or other

disease symptoma.
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The transmisaion experiments were carrled out during May

1986 and répeated'during'ﬂovemﬁer of the same year.
2.5.2  Mechaniecsl ilnoculation of citrus

Isplates were cultured in MIG-3 medium and harvested in the
exponential phase of growth. Celle were washed twice in
10 x volume of sterile normsl saline containing O.1% EDTA
and finally' resusperded in sterile dH 0. The cell

9 _ 2
concentration was adjusted to 10 /ml.

Hsalthy Minneola tangelo =seedlings with a lower stem
diametér of Lotween T and 10 mm were aelected for
inpoulation by stem injection. Plants were drought stressed
for 24 hours prior to inoculatlion to reduce turgor pressure
as ‘this wase found to result in more efficient uptake of

inoeulum.

The ares to be injected waz ewabbed with alechol and a
‘pllot hole made into the centre of the atem uasing a sterile
neadle with an internal diameter of 0.6 mm. A Venisystems
Buttarfly (Abbott Ireland Ltd., 8ligo, Ireland)} cumnnected
to & 5 ml syringe, containing 1 ml of +the bacterial
suspension, was used to introduce the inoculum into the
plante over an 8-24 hour period (Fig. 6). Positive pressure
wag maintainsd within the syrings by using a perspex
eyringe holder designed specifically for thia study
{Fig. B).
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Figure 5

Injecting cltrus seadlings with bacterial isolates.

Figure 6

Inoculation apparvatus -usaed to introduce the hacterial dsolates
into the eitrus seedlings.
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An lsolates was inocculated iInto 12 seedlings in this way

while 10 control olante received only sterile ¢H Q.
_ 2

An  additionnl 25 healthy seedlings were inoculated by stem
injection coupled with stem slashing. For thie experimeht,
groups of five plantes were Jinooulated with a différenﬁ
leolate. The plante werc injected as described above and
then additional inoculum was introduced into.the seadlings.
by dipping a gsterlile scelpel blade into the prepared
incculum and making approximately 25, 2-4 mm deep slashes
into the bark of the stem. The blade was dipped into the
inoculum - betwsen each glazh. The saeedling stems were
swabbed with alechol prior to inooulation. Four seedlings

whioh received only sterile water served as controles.

All 1inoculated and control plants were malntalned under a
14 hour photoperiod with a day temperature of 23 C and a
nighﬁ temperature of 16 C. Plants wers sprayed every two
woeke with a solution of "Multifeed P" (prepared according
to the manufacturer’s instructions) to prevent mineral

deficiency.
2.5.8 Mechanical inoenlation of periwinkle
Laolates wers oculbtured and prepared as for mechanical

inoculation of citrus. Ten healthy lé-week-old periwinkle

plante were mechanically inoculsted in the following way: A
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nesdle with an Iinternal diameter of 0.8 mm connaested to a
" syringe contalning the bacteriasl suspension was inserted
| through a <fleshy part of the stem which had been swabbed
with alcohol, A drop of the incculum was gently expelled
onte the tip of the needle and the neasdls drvawn back
through the stem, thereby introduscing the suespension into
the etem. Approximsately 10 sush inoculations were made ab
various aites on each plant. Five control periwinkle planta
ware inoculated in this way with only aterile distilled
water. Plants weres maintained unde» the oconditions

described above.

e with the incculation of oltrus via the inhsest veobor,
the mechaniesl inococulation trisla were performad twice, the
firat velng durlng iae month of May and the sevond during

November of the same year.

2.5.4 Dodder tranemission of the bacterial isolates from

mechaninally-incoulated citrum to periwinkle

Surface-sterilized =mesds of dodder (Quscuba gampestyis)
were germinated on sterila, moist fllter paper and when tha
phoots were ppproximately 10 mm in length, they were
tranaferred to a Minneola tangelo plant which was frae of
greaning. The dodder was allowad tu establish itzelf on the

plant and onece its strande wera betwsen 5 and 10 om long,



115

connections were sphablishcd Letwesn the plant and &
symptomatic, sechanically-incculated (GC lisolate) oltrue
meadling. Onoe the dodder had formsd haustoris within tha
infectad msesdling, the oconnecting strards beuwesn the two
plants were pevered. Ten days aftar the eastablishment of
h&uatoria within the incoulated nitrus, newly-formed dodder
gtrands lema than 2 om in length originating from the plant
wers allowed to pavasitize 4 18-week-old healthy periwinkle
plants. The dodder bridges were meintained for 3 wosks
after which time +ths parasite wae removed from the
pobiwinkl&. Blantes were monltorad for the appearance of

symptoms over a perlod of 8 monthe.

As A control, dodder connsctions wers asstablished am
destribed  above bebtwesn 2 healthy veriwinkle plants and a
oltrus psedling inoculsted with only sterila dHZO.
£.8.8 Relpolation of bactsria from Incoulated planta and

inescts

The extraction proosdure was adapted from that reportad by
Hochseha (1989).

Leaves collscted f£rom inoonlated and controal oltvis and
periwinkle plants wers washed in tap waber and then swabbed

with aloechol, The midriba were exoised and lomerssd in
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sbmolute ethansl for 2 min,, Hrained briefly and
tﬁanafarred to a 1% (v/v) aolution of sodium hyposhlorite
gontalning 0.1% {v/v) Twaan 20  for 20 min.
Surface-aterilized mnideribs were finally rinsed in 3 changes
of sterils deo.

Under aseptic oconditions, 0.5 g of midribh material was
chopped finely in a eamall volums of aterils l/4~strength
Ringer"s wsolution and the suspension made up to 2 ml. The
suspension waa left to ptand for 16 min. at room
tomperature after which it was vortexed for 2 min. and
~agaln left to mtand o allow the plant debris to sstile
gut. Approximately 0.2 ml of the supernatant fluld was used
to  inocula*e 15 ml MIG-3 wmedium in each of five, 100 ml
Erlenmeyer Fflasks. Ylaska were inoubatsd at 26 Con &
gyratory shaker (180 rpm) and monitored daily for bactarial
growth. -

Inooulatad poylla were killed Yy exposurs to sther fumes
and their axternal appendages ocarafully »removed and
discardsd, The insects wers surface-sterilized by immersion
in abaclute ethanol for 1 min., tranaferred to a 1¥ (v/v)
solution of sodium hyposhlorite contaluning 0.1¥ Twean 20
for 18 min,, and finally rinsed in 3 changes of sterils
41 0.  Individual ineects wera ground together with 2
drgpa 1/4-strength Ringer’s solution 4in  a sterile
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watch~glass uaing the rounded end of a teat-tuba, Each
homdgeniaad insect was ueed to ingeulate a 16 ml volume of
MIG-3 in & 100 ml Erlenmeyer flask and the fiasks incubated

am dessribed gbove.

Inoculum from control psylla waa preparsd in the mame way.

2.5.8 Detestion of thae fluoressent graaning marker by thin

layar chromatography (TLC)

Approximately BOO mg bark tissue was cut from the stems and
twigs of inooculated and control sesedlings. The bark wae cub
into small pisces and suspended in & small volume (just
anough to ocover +the bark pimces) of dH O in s glaas vial.
The mamples were agltated for 80 miﬁ. aftear which the
extract was spotted. B8 times on a 20 x 20 om TLC plate
goated with Kieselguhr G (Mersk, FRG). Plates wave
developed in a water satupsaned bubtanol solvent and then
dried in a fume oupboard, befors being eprayed with a
godium bovate buffer solution, pH 8.7 and viewed under an
ultraviolet 1amp {Portable Ultraviolet Lamp, type II,
Hsnovis, England; 80X rad. at 388 num). Healthy and
greening-infected bark semples were included as negative

and pogitive controle, reapectively, in al) teests.
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Aﬁ extract exhibiting a chromatographic proflile oconteining
a8 bright wvialet coloured gpot with an approximate RE velua

6f 0.12 ~ 0,15 was conaldered positive for greening.

2,6 PREPARATION OF MATERIAL FOR TRANESMISSION ELECTRON
MICROBCOPY (THM)

In the preparation of plant material, excised mideriba from
gitrus and periwinkle leaves were cubt into 1-2 mm blocks,
fived in 2.6% glutaraldeh#de under vaecuum foy 4-8 hr,
washed 3 x 4n 0.1 sodium ocacodylate buffer pH 7.2,
post-fixed in 2% 080 for 1 hr and then washed 3 x in
buffer. Dehydration wia carvried out in a series of acetone
solutions and the material then embedded in Spurr’s resin
gradually while rotating continuously <£or 5-7 daye with
daily vresin changes befors polymerization at 70 C
overnight., Detalls of the dehydration and embedding ane

given ln Appendix C.

For the preparation of ingect semples for transmission
alegktron microscopy. +the legs and wings of adult pavila
were removed and the abdomen separated fyom the head and -
thorax. The abdomen and head and thorax regions werve then

fixed and embedded as for plant materlal.
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The extprnal appendages of pesyllid nymphs were removed and
the intact body then processed for electron micromcopioc

axamination.

For the preparation of bacterial cultures for TEM, cells
from a liquid oculture were washed twice in 0.1M sodium
cacodylate buffer, fixed in 2.8% (v/v} glutsraldehyde for 1
hr and washed 3 x in buffer. The cells were sedimented by
centrifugation (Eppendorf miprofuge - 2 min.) and the
raellet gently reeuspended iIin a minimal amount of molten
(45 ©C) highly-purified agar. The solidified agar was outb
intoe 1~2 mm blocks, post-fixed in 2% (v/v) 00 for 1 hr,
washed, and then stained for 8§ hr in a 1% (wﬁv) aguesus
golution of uranyl acetate. The samples were dehydrated in

& geries of alechols and embedded ln Spurr’s resin.

hehydration and embedding were carried out In lese then 1
hr - to prevent excesslve leaching out of the uranyl acetate,
Dltra~thin seotiona were cut and etained with uranyl

acetate followed by lead citrate.
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2.7 DODDER TRANSMISSION OF GREENING FROM NATURALLY-INFECTED
CITRUS TO CUCUMBER

Dodder atrands froh a8 parasltized healthy cltrus seedling
were allowed to  aesbeblish themselves on 2 Minneola
seedlings which had been infected with greening via
infective psylla. Citrus infected with greening in this way
(as opposed to bud transmiesion) was used &s the source of
the disease as thip voube reduces the poasibility of
gimultaneous infection of the plant with other pathogens
such as  tristeza vierua (8.P. van Vuuren, pers. oomﬁ.). Ten
days after <+the sestablishment of heustoria within the
infected plents, nawly—formed dodder sheoots (less than 2 om
in length) originating from these plants were allowed to
parasitize 6 4-wmak-old ocucumber (Cucumis sabdivus ov.
Fletcher) rlants. The dodder connections between the
infeoted oltrus snd the cucumber were maintained for 3
weeks after which time the dodder was rpemoved and the

cucumber monitored for the appearance of disease symptoms.

Three similar cucumber plants connected to healthy Minneola
geedlings wvie dodder served as controls. The dodder on one
of +the control cucumber plantsl was not removed afber 3
woelks and waes allowed to infest the host plant heavily in
order to determine what offeot, if any, the parasite had on

cucumber.
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Strande of dodder adjacent tc the hauatorig in cuocumber
were ocollected, ¢ut into 1 mm-long mections and pro&assed
for TEM as desoribed for citrus (zection Z.6). Sections of
cucumber stem and petiole were also collected and similarly

procesaed for TEM.

2.7.1 Extraction and culture of bacteria from dodder and

cucumber

The .procédure for the iéolation of bacteria from dodder and
oucumber was essentially the pame as that described for
citrus {s2ection 2.5.5). The source material for isclation
from dodder onneisted of 2-3 epm long shoots collected from
parasitized greening-infected citrus and healthy (cohtrol}
plants. Young stems snd sections of leaf veinal material

were used when isclating from cucumber piants.

2.8 INOCULATION OF HERBACHOUS PLANT SPECIES

In order to determine the effect of the bacterial isolates
on other commonly-used harbéceoua indicator plantas, the
followlng gpecliea were mechanlcally inoculated with
isolates NC, GC, (8, TZL and LC; Cucumber ov. Fletcher,
Tomato {Lycopersicom esculentum L. ov. Marglobe), Green
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Pepper (Capgloum  annium av. Californian Wonder) and
Aubergine (Solanum melonens L. ov. 35lack Beauty). The
plants were germinated from surface-sterilized seeds in
gterile potting soll and  inoculated when approximately 3

weaks old.

For the preparation of inoculum, a colony from a fresh
MIG-3 plate wes used to lnoculate 50 ml of liguid MIG-3 in
a 260 ml Erlenmeyer flaak. Cultures were LInéubated
overnlight on & rﬁtary ghipker (1BED vpm) &t 26 C. One
millilitre of the suspension was removed and added to a
fresh flask of broth medium as before and placed on a
roﬁary shakaer. The ocultures were incubated wuntil they
resched a turbidity reading of 0.08-0.1 optical units ab
640 nm, The bacteria were harvéested by centrifugation and
resuspended in sterlle dH O at a concentration of

g 2
10 cells/ml.

Test planta were mainteined under the condltions described

in 2.5.2 prior to and following inooulation.

Five sepscimens of each of tﬁe tast plants weré inooulated
by rubbing the fully-expended leaves gently with an aliquot
of the oell suspension. Another b ,.lants were inozulated by
injecting approximately 50 ul of sample divectly into the
stem  lmmediatsly wsbove the cotyledona with & fine

hypodermic needle.
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As .a sontrol, 5 plantes of each species were rubbed with
only éterile dHZO.
To determine the affect of bacterial metabolites vroduced
in culture on test plants, the leolateas were grown in
liquid MIG-3 until in the stationary phase. The cnlle were
pelleted by centrifugation and the sapent culture
supernatant sterillized by filtratiorn throuwgh a 0.2 um

nitrovellnlose membrane.

Five plants of each spenies were exposed to the metaboliiles
by rubbing Fully-expanded lsaves wiﬁh the sterile culture
supernatant, without the use of sbrasive. In an alternative
method, stem cutbings of each plant speciea wers allowed to
imbibe the spent medium {diluted 1:1 with sterile diatilled
water) by submerging the - wshly cut end of the stems in
the £luid for 30 min. The cuttings were then transferred to
sterile dH 0 and monitored for any veaction. Cor .rol
geedlings wgre exposed - to diluted (1:1) sterile fresh

mediun.

Immediately after application of the cell suspension or
supernatant, plante wers transferred to & humid chawber
where they were left for 4 hr in order to prevent
dehydration of +the inooulum. Thereafter, planta were
maintained under normal temperature, humidity and day-light

ponditions.
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The effect of the spent culbture supernatant on healthy
Minneola geedlings and stem ocuttings wag determined in a

gimilar way.

2.8 PRODUCTION OF ANTISERA AGAINST CULTURED BACTERIA
2.9.1 Preparation of hastaral immunogsn

In an attempt to determine whether the efficacy of antisgera
raised against the cultured isoiateu from aitrua could be
improved, treatmenta were aarried out on the bacterial
immunogens  prlior to  the  immunization of  pabbltas.
Pfe~traatmanta of the bacterial nelia included removal of
capsular material, exposura of Internal antigens hy
gsonication of the oells, exbraction of alkall-soluble
- fractions, and fraotionation of total cellular protein by
SDE~PAUE and sslection of ~ertain protein bands aa

immanogens,

The effect of the Aifferent treatments on the gquality of
the resultant antiserum was assessed uaing the GC jacolate,
In all ths proosdures, the bacterium wae grown in ligquid
MIG-3 and the cells harvested ln the exponentias phase. The
serum was prepared following the procedure detalled in
mection 2.5,8 and tested in the HE-PTA-ELISA (esction

2.10.2.3). The unfractionated serum was reanted againat
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altrus leaf midrib material harveasted from greenhouse
plants from which bacteria identieal (with reapect te Gram
gtain reamotlon, morphology and PAGE protein profiles) to
the CGC isolate had previously been ipolated. Healthy midridb
m&tari&l served as a control. Plant samplee weve prepared
following the water lesaching method (mection 2.10.1.8),
exoept in the oesse of the antiserum prepared agsinet
EOH-treated bacterla where the serum wae reacted against an

alkali extract of the plant material (seoction 2.10.1.5).
2,9.1.1 Preparation of live vells

Cella were harvested by centrifugation and washed 3 x in s
large wvolume of stsrile physlologlcal saline. Afﬁsr the
final wash the oelle were remuapended in wsaline at a
oeneentration of 107/ml and 0.76 ml allquobs of the

suspangion frogen at -20 ¢ until psquired Ffor lLmmunizatlon,
2.9.1.2 Prepavation pi heat-killed sella
Cells werp prapared ag deseribed abovs and 0.75 ml aliquote

of the suepension heated in & bolling water bath fi» 30

min. prior teo the immunization of rabbhlte.
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2.8.1.8 Removel of capsular material and treatment with
formaldehyds

Calls wers harvested by ocentrifugation and thé pallet
resuspended in 80 ml of normsl ealine econtaining 0.3%
formaldehyde. The suspension was stirred continuously in a
bolling water bath for 1B min., allowed to cool and then
centrifuged &t 22 000g for 5O min, at 4 ¢ (Keddy 1989). The
supeynatent containing the capsular material wes dimcarded

and the cells washed and aliquoted as described above.
2.9.1.4 Disruption of palls by sonication

Ths concantration of & suspension of heat-killad,
unencapsulated celle wam adjusted to 107 cellas/ml and 3
ml aligquots pulss sonicatad (80X duty cycle) fLor 8 x b min.
pariods with an Ultrasonies Ine. (USA) Cell Dispuptor
(Model W-Z2BR) at 43% power output using a mioro-tip probe.
The susponsion was kept on lce to prevent axcessive hasting
during treatment and aftey sach 5 min. pericd of asonication
the sanples was allowsd to ohill thoroughly beforse

resumption of trestment.
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2.8.1.58 Troeatment of hacteria with KOH

Alkall ﬁraatmont of antigens was ocarpried out to sxpoas
bacterial oell surface antigenm ueing a modification of the
method of Kewarabata and Heyseska (1887). A pellet of
heat-killed, unencepsulated cells was remsuspended in 0.1N
KOH in normsl saline and the cell concentratlon adjusted te _
107 celis/ml. The muspsnsion was incubated at 27 C for
40 min., the cells pellated by centrifugation (%<4 000g for
16 min. at 4 C) and then resuspended in an egual volume of
cold PBS contslning 1X formaldshyde and f£fixed at 4 C
‘wvsrnight, The calla wore than washed 2 x in PES aand
finally  suspended in PBS at a concentration of 107
cells/ml. The preparation waa aliquoted inte 0.76 ml

volumee and stored at =20 § uwniil uaed.

2.9.1.8 Fpraotionatle: and laclaticn of bacterial and plant
proteins by PAGE

Inltlal reaultes of ELISA tests using antiserum ralsed
againet culturad isolates ashowed a sigalficant amount of
cross-reactivity between the antiserum and preparations of
healthy plant material (Flg., B6). The Wesbtern blotiing
tochnigue waas later used to demonstrate the presence of
proteing commren o both the bacterial l=mglates and heslthy

plont material (Fig. 76). Tha oxistenca of such commen
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. antigenic determinents may offer a possible explanation fop
the high baekground readinga vreoorded. By somparing the
profilea of plant and bacterial proteins fractionated by
PAGE and selecting protein bands unigue to the bacteria for
‘use as immunegens, it is theoretlcally possible to obtain
arn  antiserum which exhibilis little or no crosa-reactivity

with plant componente,

For the opreparation of bacterial proteins, a pallet of
washed, live cells (harvest®ed in the exponential phame) was
pesuspended 1n 0.125 M Tris~HCL, pH 6.8, the concentration
adjusted to 10? eelis/ml and the ocells disrupted by
ponication as described ahove, The  suspension was
centrifuged at 22 000g foyr 10 min. ©o remove insoliuble
debriz and the supernatant lyophilized. The conaentrated
pyy-Caing wers  resuspsnded in dH O at a final
concentration of approximately 10 ms/mi. as datermined by
the Bio-Rad protein agessay (Blo-Rad Labaoratoriss, FRG).

Buffer-soluble plant proteins waré sxtracted from mid-riba
exolsed from healthy elitrue leasves. Half a gram of mid-ridb
materisl was o¢hopped very finely in a s=mall volume of
0.1856 M Trie-HCOL, pH 6.8, Additional buffer waa added to
mako & liguid suapension and the preparation incubated on

ice For 15 min. The suspension wae then shaken vigorously
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for 1d- min. and left to Btand for the large parbticulats
mathrial to eettle  out. The supernatant was collected and
clarified by osntrifugation at 200 g for 5 min. The protein
goneentration was determined waing the Blo-Rad protein
ageny and the sample diluted by the addition of btuffer to a
final protein ooncentration of 10 mg/ml. If the protein
pontent was found to be tos low, +the samples could be

concentrated by lyvophylization.

The composition of all FAGE buffera is detalled in
Appendix D. Prepared sampler were mixed with an sgual
volume of wsplitting eolution and denatured by heating at
100 C for 4 min. Samples contuining approximately 200 ug of

protain ware fractlonated undar denaturing conditions in
10% sorylemide gelm (100 % 160 mm 1.6 wmm) wuming a
modification of the discontinuous buffer ayvetem of Laemmli
(1870} (Appendix D).

For the fractionation of protein semplas under
non-denaturing condibions,. mamples wepe prepaved in the
same way, the lyophylized preparstion resusupended in
non~denaturing sambla buffer and then Fractionated in

non~danaturing acrylamlde gala (Appendix D).
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Samples wera electvophoresed in the cold (4 C) at B0V until

the marker dye had migrated into the stecking gel =nd was
vieible ag & compacted ffont. The wvoltage wss then
increased to 150V and the sesmples elesctrophorssed untll the
dye reached the bottom of the zeparating gel.

- Gels were stained for 1-2 hr with Coomasssie brllliant blue
G-260 (BDH, [London) (0.2% in dH Q) sand passively
destained in water until proteln bands wgre vigible sgainst
the background. Desired bands containing between 100 and

200 ug of protein were carefully excised from the gel and
.-tranafarred to a 5 ml plastic ayrings fitted with s«
lavge-gauge needls. The gel contalning the protein asample
was homogenized by being satruded through the needle twice
and the gel homogenste then mixed with an sgqual volume of
Frounds complete adjuvant (for the inlt.al lmmunization)
or incomplets adjuvant (for subsequent immunizationa). The
mixbure was then extruded throvsh a small-gauge nsedle B
times or until thoroughly emulsified. Rabbiltes were
immunized with +the gal homogenate as deacrvibed in section
2.8.8.

If gel elsctrophoresia wam oarrisd out in order to merely
compare the protein profiles of the diffarent samples and
not to 1solates bands for uvse az ilmmunogen the geles were

pbained in the following manner: After slechrophorasine,

e

e p e e
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gels ware soaksd 2 ®x in an excese of 50¥ methanol, 10¥%
acetic acid and 40% dH O (wash esolution) for 50 min. sach
time in order to ramcvezaxcaas SDE ¥rom the gels. The gels
‘were then sbained for 4 hr or more in 0.2% (w/v) Coomassie
brillant blue R-250 (Sigma) dissolved in wash solution with
gentle agitation. Destaining was osrried out in & large
velume of wash =olutlion until proteln bands wepes visible

againet a clear background,

Seven hundred and fifty microlitre volumes of prepared
antlgan emulsified with an equal volume of Freund’s
adjuvant were injected into xabbite intramsculanly
{(2.9.83). The emulmion was prepared Just prior to
imrunization, although excired protein bands could be

atored at ~20 C sealed in plastiec cling £fllm until neesded.

£.8.2 HExtrantion of putatively dissase-specific imminogens

from naturally-infeoctasd plant material

Antleera paisad against the culbured bactsrial lwsolates
weore unsble o conemistently detect the premsnce of gresning
in materisl from planbe kacown to be sffeated by the dizease
(Figa. B3 and B67). In order to avold uaing these lsolates
sa  immunogen, abttempts wers made to raise polyclonal
antisera against putatively disease-speoific Wntigens

axtracted from greening-affected aityus by various methoda.

ek i b gk i g e iy T e s

e vttt e
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The affiuacy' of each of the extraction procedures employed
was sosessed using freshly-harvested infeoted citrus leaf
ﬁidribs, as well as bark from young, fleshy stems as the
source material. The Ilmmature bark from stems of infected
plante has bhesn observed to harbour large numbers of the
greening bacterium (Arioviech, opers. comm.} and should
therefore serve as a sultable source of the organism. When
extraction from midribs was carried out, the midribs were
excised from young as well as from mature leavees diaplaying

disease symptoms ranging from mild to severe.

Citrue plents used a8 a source of greening-affected
material were tested for the presence of the disease by
TLC (Bection 2.5.8) prior to uvse. GSpecimene exhibiting the
charatteriatic gentislc acdd marker were consldersd to be
affected by the disesse. Healthy control plante tested

negative for greening by the same method.

In eddition %o the use of infected citrus material,
infected periwinkle bark and leaf midrlb tissue was used as
additional mource matarial to evaluate the efflcaoy of the
axtraction. procedure reported by Sul (1988). In +the
agseasment of the extraction procedures, healthy plant
material was treated in the asame way as infected material

and sarved ag conbrols.
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After the  final  Thigh-speed centrifugation of each
procedure, the resultant pellet wae either resuspended in a
minimal valume of PBS and then examined undsr the sleotron
microscope, or resugspended in ELISA cosating buffer énd_tha
 amqunt of dissase-specific antigen present determined in
the  lirect ELISA using the antiserum vaised against an
extraoct from inféctad pitrus (GICE antiserum) (section

2.9.2, method 8).

For TEM exsmination of preparations, the sample waé'_
adeorbed onto. an  elestron microscope grid .and then
negatively stained by dipping the grid brlefly inte s drop
of 0?1% {w/v) agueocus solution of wranyl acetate. Excesa
gtain was removed bv touching the =dge of the grid with
filter paper. HSsmples were viewed ln a 1008 Jeol alectron

microscopa.

In sddition 6o ‘the use of naturally-infected plant
material, extraction procedures 2 -~ B were evaluated using
healthy leaf midrib homogenates artifically contaminated
with ocultured QClavibacter mighiganenns subsp. michlzanenss
(Cun.  subsp. michlganense) celle. The bacteria were
ocultured in tryptone soy broth, harvasﬁed when in the
exponential phase and washed 2 x in PBS. The bacteria weve
added Gto the plant preparation immedlately after the

initial homogenlzation eter at & final concentration of
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10 cglle/ml of ©  homogenate. Aftepr the final

-gcentrifugation; the respultant cell pellet was resuspended
in PBS and the number of bacteria recovered determined

using 2 haesmocytometer.
ay Method 1

Thie ig a variation of the KOH ektraction method rapdrted
by French (1874). Twenty grams of either laaf midrib or
bark +issue were washed thoroughly in & 0,1% (v/v) solution
of Tween 20 and rinsed in a large volume of dH 0. The
plant maﬁarial wag then chopped into small pieﬁes and
suependad in 1 M KOH. The mixture was incubated at Z6 ¢ for
15 min. with gentie agltation. The suspenslon was than
filtered through 2 layers of miracloth and a single layex
of Whatiman No. 4 paper and the filtrate centrifuged at
'35 000g for 40 min, in order to sediment any bacteris
rresent. The reauspended pallet wasm washed's %X in & large
volume of Ringer’s solution before final resuapension in a

minimal volume of PBS.
b) Method 2

Thig procedure i & modification of that reported by Sinha
{1974). Fifty grems of leaf midrib or bark tissue were
waghad in tap waber and then soaked in a large volume of 1%

sodium hypochlorlite and 0.1% 'Tween 20 for 18 min. The
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material was thoroughly wvinsed in dH 0, blotted doy,
chopped into small pleces and then iifiltratad with a
solution of 0.1 M MgCl (Mg-sclution) and 0.3 M glyocine,
pH 8.0 (Mg-glycine solugion}_under vacuum {(450 mim Hg) for
ac min. The leaf or bark material was homogenized with a
polytron, filtred through 2 layers rf miracloth, the volume
addustedl to 1560 ml with Mg-solution and the sap centrifuged
at 2002 for 10 min. (low-speed ceantrifugation}. The
supernataht wag adjusted to pH B.0 and centrifuged agein st
low speed. The volume of the supernatant was maasursd and
to 1t was added 6% (w/v) activated chsroocal powder. The
solution wae atirred for 1 min. and then 5% (w/v) Celite
545 wag sadded and the solution stirred for another minute
before being passed through Celite pads in order to adsord
any microorganisme from the mixture. The pade consisted of
a 15 mm layer of Celite 545 sandwiched hetween 2 cirales
(..0 mm diam,) of Whatman No. 4 fllter paper held in &
Hichner funnel. A maximum of 75 ml of the mixturs was
passad through a singlé pad in order to effectively remove
contaminating plant pigmgnta. The mixture measuring 150 ml
was divided into 2 equal lote and pasued through 2 scpavate
pade. Organisms were eluted from the pads with Mg-selution
under gentle vacuum and 20 ml fraction ocollected. No
opalescent fraoctions were observed so all the fractions
were pooled and centrifuged at 25 000g for 30 min. and the .

resulting pellet soaked in a minimal amount of Mg- solutlon
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ovarnight on ics. The volume of tha suspension was adjusted
to 5 ml and the pellet thoroughly resuspended by gently
agitating the +tuba. Ths suspension was then clarified by
centrifuging at 100g £or 10 min,

In order to determine whether any basteria wers present in
the praparacion before fuvther purification by ocolumn
chromatography and denslty gradient centrifugation (sas
desoribed by Sinha (1874)), 1.5 unl of the supsrnatant was
cantrifuged at 25 000g for 30 min. and the pallst
vesuspendsd in a aingle drop of PBE and viewsd under the

slasctron microscope.

A vapiation of this extractien method which included en
enzymatic degradatlon step woesm alse used. The very finely
chopped plant tlsmues weaprs  inflltrated with an
enzyma-buffar molution oconaisting of €.1 M MgCL , 0.8 M
glyeine, 0.5 M mannitel, 22 {(w/v) Cellalame R-1OD, %x {w/v)
Mscavozyms E~10, pH 6.0 in place of the Mg-glycine aclutlon
uaéd above (both srzymas wers purchassd from Yakult Honsha
Co. Ltd,, Japan), Ten millilitres of anzyme sclution payx
gram ¢f lsaf materlal were used and tha muspansion
inoubsted at 30 ¢ for 8 hr with gentls agitation, After
degradation, the material was ireated in the same way aa
detailed above.
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¢) Method 3

\
Thir procedure was adapted from the tochnigue devaloped by
Jiang and Chen (1987) for the purification of tha MLO
associatsd with the Aster Yellows diseass from lettuce. The
procedurs was essentially the sams as that reported by the

authors but with minor modifications.

One hundred grams of miawld or bark tiassus were washed as
desoribed in method 2, chopped finely in 100 ml of chilled
igolation medium (0.8 M D-mannitol, 4 mM L—cvstaino. 30 mﬂ
{N-moyphalina)~propanesulfonic acid (MOPS), 1 mM EDTA, 0,.8X%
(wr/v) PVP, pH 7.2) and disrupted with & polybron. The
tissus was then ground with a mortar and pestls until ne
vasaular fibres were discernable. The =ap was sQuaszad
through 3 layers of chaessoloth. the volume adjusted to 400
- ml with isclation madium; and thsn centrifugsd at 1 500g
for B min, The supernatant was filtered through & layer of
Whatman No. 4 £ilter paper and centrifuged at 35 000g for
30 min. at 4 C. The pellat - & pesuspendsd in approximately
200 ml of chilled suspending medium {0.3 M mannitol, 20 mM
MOPS, pH 7.0) and differsantially ocentrifuged at the low and
.high spmads. The final pellst was ressuspended in
spproximately § ml of chilled guspending medium. Bafore
attempta to further purify the preparation by dimcontinuous
gradisnt  osntrifugation, She presmence of bacteria was

amaertalned aa descrlbed in method 2.
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d) Method 4

Infsoted and healthy citrus, as well as periwinkle midrib
and - bark tilasue was procemsed according to the method
devaloped by B5ul (1888) for the purlification of the Asaian

graening organiom.

Fifty grams of plant material was used in sach extraction
attempt. The material waz weighsad, rinsed 3 timex in a
large volume of dH O and to it added three~fold (v/w)
{180 ml) isoclation 2medium (0.1 M MaClz, 0.5 M mannitol,
0.8 Y glyeins, pH 7.4)}. The tlasus wam homopenized with the
ald of a polytron ss described above and cellulusa added to
& final concentratiun of 1% (w/v). Enzymolysis of the
timsue was allowed to ooeur for 3 he at 35 C with gantle
agitation., The slurry was filtered (2 layers of chesmscloth
followed by & mingle layer of miracloth) and the Filtrate
centrifugad at 1 500g for 20 min. at 4 , The supernstant
- wam then centrifuged at 35 000g for 40 min. st 4 C, the
resulting pellet resuepended in 150 ml isolation medium and
the suspension subjected 4o another cycle of differential
sentrifugation at the low and high spsads. Ths pellst waes
rosuspended in 160 ml of suspanding solution (0.0 M
mannitol, 30 mM oyesteine, pH 7.2) and anothor two ayoles of
differantial eenteifugation were carried oub. The final
pellet wnm resuspended Iin a minlmal amount of suepsnding
solution, ocentrifugsd at Jlow spsed and the suparnatent

collected,
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. &) Method B

This procedure was usad o obibain & srude prepapration of
antinay from greening-infected citrus and periwinkle

matepinl,

A 25 g sample of leaf or Thark material wam
gsurfaca~agterilized az in method 2, ohopped finely ad then
suspended in  enzyme solution (1 mM CaCl , 0.8 M mannitol
containing 1% (w/v) macerozyme and 2ZX% (w}v) cellulase, pH
8.51, The material was placed in the bowl of a mini food
progegsor  (Balton Le Whizz, Teltwen, RS4A) fitted with 2
stewel blade, and B ml enzyme solution added per gram plant
tissue. The material wae pulee~homogenized until fine and
the resultant slurry inoubated in an Erlenmeyer flssk for 8
hr at 3 € on an orbital shaker (150 rpm). The materisl was
homogenized agealn with the ald of a polytron and filterad
through 2 layvera of miracloth. The solidm were rinsed with
chilled PBS containing 0.6 M mannitol (PBS-mannitol) and
squaszed firmly to extract all the map. The Filtrate wae
clarified by centrifugation at 200g for & min., at 4 C
{low-spaed centrifugation; The supsrnstant was then
filtered %hrough a single layver of Whatmans No, 4 filter
paNer and the filtrate aubdactgd. to  high-spead
centrifugation at 4 € (20 Q00 for 30 min.). The pellet was

gently resumpended i1in & large valums of PES-manniltel. the
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partioculste matter sedimenied by highéapeed centrifugation
.and the pellet washed & second time by resuspension in
PBS-mannitol, After high-speed ventrifugation, the pellet
was resuspended overnight on ice in & emall volume
(approximately 8 ml) of PBS-mannitol containing 0.1% (w/v)
EDTA (PBS~mannitol—EDTA) with the_ aid of a magnetio
ptlrrer. The suspension wae olarified by low-spsed
cantrifugatioh and  the asupernatant divided inte 2 saqual
volumes. BEach wvolume of supernatant was layered onto to a
diseontinucus density gradient consiasting of 4 m. of 30%
(w/v) euorose laysred on 2 ml of T0% (w/v) sucrose. The
Bucrose was made up in PBE-mannitol-EDTA and the aradient
centrifuged 1In a Beckman SW 28 swing?out rotoy at 70 000g
fof 80  min. The band at the interfacs of the two suorose
solutions wae harvested and washed 2 ¥ in a largs volume of
PBE-marinitol-EDTA before I[inal resuspension in a minimal
volume of PBS. '

Am  Bn alternative to the ume of auorqaa. density
centrifugation, self géneratimg Percoll gradianta wera used
in an attempt bo opbimize the purification of the bacteria
from plant preparations. Trr osncuntrations of Parcoll ware
used, namely 30% and 70% (v/v). Bterile Percoll (Pharmacia,
Uppsala, Sweden) was diluted in the isolation medium of Sui
(19B8) (0.1 M Mgfl , 0.5 M mannitol, 0.6 M glycine, pH
7.4). Thirty five miglilitras of Perooll solution was added
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ta a Beckman Ultra-Clear twbe (25 x 89 mm) and 5 ml of
aample. iayaz.'ed on top of the Percoll.The preparations were _
centrifuged at 30 000g for 30 min. in & Beokman SW 56
angle~head votor. When only semall volumes of sample were

avallable, gradient ocentrifugation was performed using

11 x 34 mn polycarbonate tubee (1.6 ml volume) and a

Beckman TLV 100K potor.

£) Method &

Both dsnaturing and non-dsnaturing PAGE wers used in an
attempt to identify pathogenesims-ralated proteins ﬁniqua_ta
gresning-infected ocltrus. BSuch prote: . would serve as an
ideal  source of immunogen for the production of =

monic-apecifie antiserum for the diseass.

The following plant leaf midrib samples wers analyzed by
SDS-PAGE: 1)  healthy  sweet  orangs  (cestified
gresning-fres), i) greaning~infected awest ovange
{greanhouse-grown seedlings infeocted with the disvase wvis
L. seyvtreas and provided by the C.8.F.R.I.., Nelspruit,
1i4) ‘troyer oitrange infscted with tatter leaf virus and
citrus tristeza virue (CTV), iv) rough lemon infascted with
vein enation virus and CIV, v) mandarin affected by CIV and
"multiple sprouting" (a condition of citrus thought to be

paused by a mycoplasma oy MLOD (Da Gracs, pera, comm.)),
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vi) sweet oranges affected by paorosis and CIV, and
vil) grapefruit infected with CIV me well as with a ssvers
strain of CIV (strain 7KG). The citrus infected with agenta
- other than gresning wers supposadly free of gresning
diseasa and were kindly supplled Ly Prof, J. Da Graca of
the Unlversity of Natal. Pletermarlitzburg.

Citrus Infected with dlsesases other than .areenins was
analysed in order to identify any pathogen-inducad proteins
of host origin which may be producad by planta_in response
to esither atreas or infection with varioue phytopathogens.
Antisera raimed against such proteins would obvi. usly not

spacifically detect gresning disspse,

Sample preparation for denaturing as well as non-danaturing
PAGE was carried out as desaribed in msction 2.8.1.6 with
she  addition of a tissua homogenization step, In this
modification of +the protein extraction procedure, ithe
choppad midribe were thoroughly homogenized with the aid of
a polytron aftor baing allowsd to stand on ice for 18 min.
and thereafter traated am described in ssotlon 2.8.1.8.
Bamples ware suspended in splitting solution &and then
heated, or suspsnded in non-denaturing sample buffer, The
preparations were layered onte 10X serylamide gelw awnd

fractionated and mtalned as desorlbed in asction 2.8.1.8.
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Citrus affscted by the Aslan abrain of gresning disease was
slsc analysed in this study by PAGE under denaturing, as
well as non-devaturing wconditions. Samplas of Infested ap
well as heslthy material were supplied by Prof. Hong-Ji Su
of the National Taiwan University, Taiwan, R.0.C. and this
aspact of +he worlk darriad out at the Development Centre

for Biotechnology in "e'pal. R.O.C.

For the analysis of samplez undsyr non~denaturing
conditions, midriba were exolsad from washed leaves, frozen
in ligwid N and ground to & fina powder veing & pestle
and mortar. The mataprdal was then suspanded in extraction
huffer (30 i Tris-HC1, BH 8.7 contalning
1 mM dithiothreitel (DIT), 10 mM ascorble seld, 10 mM EDTA,
6 1M Mgl and 0.B% (w/v) inmoluble PVR). The phanol
comploxing 2 aseﬁt (PVP) eand reduning agents (DTT and
ascorbic acld) wars added to the Trim buifer in order te
pravent peroxidase and phenoloxidess activity which can
result in avtefacts ag well asm in gemple streaking and poor
resolution (Granier 1988},

Aftar the addition of sxtraction buffer, the sample was
ground further and then shaken vigorously for 15 min. The
supspanaion was ocentrifuged in & mlorofuge for 10 min, and
the buffar-nalubla probeine in the supsprnatant oconcentrated

by sbetone precipitation. In addition to concentrating the
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protein, scetone precipltation allows Zfor the removel of
plant pigments, phenols and liplds, all of which may also

cause sample ptreaking (Granier 196B8).

In <she acetone precipitaﬁian atep, sucrose was added to a
2 ml velume of the supernatant to a final concentration of
5% (w/v) followed by the additlion of 8 ml of ice-cold
asetons  containing  0.07% (v/v) S-mercaptosthancl. Tha
gsolution was mixed well and ineubated at -20 C for 1 hr.
The precipitated proteine were pelleted by centrifugation
(38 000g for 10 mir.), the pellet deied under vacuum end
then soluwbilized in PBA. To this preparation was added an
pgual  volume of non-denaturing PAGE seample buffer and
pamples  contalning 100 - 250 ug of proteiln were
fractionated on 10% acrylomide gele using a SE260 Mighty
Small II Slab Gel Electrophoresis Unit (Hoefer Soientific

Inatrumenta, USA).

Threo  different pample preparation procedures, pemely
phenol, SDS and trichloroscotle acld-acotone {TCA~acetone)
extraction, were omployed in the analysle of the Asian
citrue  aomplec Ly PAGE wnder donaturiné conditions.
Denaturing oxtraction In the precence of 8DS ~at- high
vemporature allows the colubllization of membrane-bound

rroveing oo well ag the rocovery of poluble proteins while
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at the éame tima insotivating plant protesses and
phenoloxidases, both of which ocause poor gel pesoYution

(Granier 1988).

The =alubilization of membrans proteine with phenol is
raparﬁedly am good &8 that obtained with SDS but phenol
axtraotibn has the added advantage of eliminating most
polysaccharides and glycoproteins in addition to desalting
samples, thus ensuring reproducible sepsration of protein
{(Mayer @t al., 1888). Although time consuming, phenol
extraction allows for the preparation of highly
soncentrated protein mamplem from tissues with a low

proteln avntent (Meyer et al., 1888).

Dirvect prasipitation of proteinse using & combination of the
two denaturing and predlpitating agents, namely TCA and
acetone, allows visualization of total proteins without
avbefacts caused by plant enzyme aotion. The addition of
TCA uand acetons results in the immediate inactivation of
plant protesses and phenoloxidesss (Granier, 1988). The
extraction procedure, however, dose not efifectively recover
membrans proteins as these ueuwally reguire high tamperaturs
for solubllization, |

For B8DS extraotion of oproteins, lesf midrib samples weve

hemeganized in & selutlion compriming of 4%  (w/v) BODS,
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8% (v/v) 2-mercaptosthanol, 5% (w/v) suorose and 0.5% (w/v)
_insoluble PVP. The resulting slurry wes heated in a beoiling
water bath for & ﬁin., cooled rapidly and then centrifuged
b0 remove inasluble materiasl. An  equal wvalume of
non-denatuping PAGF eample buffer was added to the sample
prior to fractionation by PAGE.

In the phenol exbtraction procedurs, an emulazion of 50X
.(W/V) ~ high-grade phenol in 0,1 M Tris~HCl, pH 8.0,
containing 5% (v/v) 2-mercaptoethancl snd 5% (w/v) sucrome’
was prepared, Approximately 2 g of frozen lesf material was
hemogenized 1in 10 ml of the chilled emulszion and the
guspension etirred over ice for S0 mih.'Tha phensl end
._ aguecus phases ware aeparatéd by centrifugation
(6 000g for 10 min.)., the phenol phasa collected and
re~extracted for 15 min. with an egual volume of
phenol-asaturated 0.1 M Tela-HCl, pH 8.0, containing 5%
2~-meprcsptosthanol. The phenol phase was oollected and
proteins precipltated by adding 4 volumes of lee-cold
methanol containing 0.1 M ammonium acatate
{methanol-ammonium acetate) and inpubating the mixture at
-20 C for 4 hr. The precipitate was oollected by
csentrifugation, washed & x with ohilled methanol-ammonium
acetate and dried under vacuum. The axtract was resuspended
in & solubilization mixture oonaisting of 9.5 M urea, 5 mM
KGO, 1.2B8 (w/v) 8DB, O0.8% (w/v) DIT, and BX (v/v)
Tgitgn X-100, vortexed well and mixed with an equal volume

of non-~denaturing PAGE sampls buffer.
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For 'TCA-ucetons precipltatlion of proteins, leat midribs.
were frozen in 1liguid N and orushed to & fine powder.
Ico~oold sxtraction Bulutign (10% (wsv) TCA and 0.07% (v/v)
Z-mapcaptoethan:l in acetone) was added to the cold powder
and the suspension vortexed. After standing at ~-20 C for 1
hp, the precipitate waz recovered by centrifugation

(38 000g for 16 min.) and the pellet scaked in a large

volume of chilled S tone contalning 0.07%
2-mercaptoethanol for '3 . The moaking solution
was decanted off, the pa der Jovwined pressuve
for 1 hr, and resugpende., : YWilizatlon mixture
datailed abova. After vor. . auspenslon was
centrifuged briefly (15 0¢0g for ain, ) to remove

inaoluble material and the supernatant mixed with an egual

volume of non-denaturing PAGE sample buffer.

2.9.8 Immunization of rabbitse

Antisera to oprepspations of cultured cells, as.well a8 to
extracts from naturally-infected plant material, were
ralsed in 1.5-2 kg <female New Zealand white rabbits.
Animals were immunized via either the intravenous o
intramuecular routes. FPre-lmmune serum was ta.en from each.
vabblt and tested weing the micropreolpitation test

(Hill, 1884) fop the presence of Bny pre-exleting
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antibodise to the bacterial isolates, plant extraota and
healthy w»iant mnaterial. The miovopresipitin teat was also
usaed wo debarmine the antibedy titre of the test bleaedms ap
well as that of the f£inal antisera.

Immanization visa the Intravenoua (IV) route gensrally
yvielded pentisera against cultured isolates in & short
pariod of bime (approximataly 28 days) but with a
relatively low titre (ueually between 1/2B8 and 1/512, as
determined in the microprecipitin test). In this procedurs,
750 ul of imwunogen suspended in sterile normal saline was
~ injected into the marginal ear vein of a rabbit every
alternate day over & period of 14 days. A test blead was
performed 7 daya after the last injection and a single

booster inoculation administered if necessary.

Besause of +the large amount of oonteminating plant
compounda present in the extracts obtained from infectad
plant +tiseue, the IV route of immunization could not ba

used in theae instances.

Although requivring a lenger period of time for production
of antiserum, the intramugoular route was the prefered
route »f immunization as preliminary studies indloated that
resultent antlsera againgt isolates waﬁa of a higher titre
{between 1/1024 and 1/4088).
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In this' procedure, a T80 ul volume of immunogen (either a

-eparaﬁion of cultured baoterial cells or a plant extract)
was emuleifiesc with an egual volume of Freund‘s adjuvant
(complete Preund's was vused for the initlal immnlzation
and incomplete Freund'a for subsequant boosters). Each
rebbit raéaivad & total of & inooulationa administersd at
_waakly intervals into the thigh muscle of the animal’s hind '
leg. Two wesks after the last inoculation, & test bleed was
performed, the twitre of the sntiserum determined, and n

hooster given if necepasry.

At the end of the immunization acheduls, the rabbits ware
anaesthetized and exsanguinated by cardiac puncbuve.
Colleated blood was allowed %o clob at 87 C for L hr and
then incubated on ice for 2 hr in order to shrink the clot.
The serum was collscted, cenbrifuged (6000 g for B min.) to
remove any remaining blood ocelle and aliguoted into 6 ml

volumas for storamge st ~20 C.

2.9.4 Crosg-adaorptlon of anbissra

CUroam-adeorptiion of the putativaly greening-specific
antiserum whioch was raised agsaingt ths estreest Efrom
infeoted plant material was essentlal in oxrder Lo rod. :o

the high background reasdingas recorded iIin the ELISA
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(fig. 58)., The sntiserum was oross-adsorbed against
axtfacts .of healthy oitrus material, a= well as against
sxtracts of oalbtrus material oolleected from plants
osnansibly free of greening bout affected by other
phytopathogsns. This  infectsd material was used for
crosg-adsorption in order to remove antibodies directed
against pathogenesis~related proteins of plant origin whish

woald afffest the spacificity of tha antiserum.

‘Leaf midrihs from planta infected with the following
pathogens were used for orosg-adsorption: 1) rough lemon
infacted with wvein enstion virua and CIV, 1i) rough lemon
infeoted with veiln enatlon wvirus only, iii) ﬁrapafruit
infected with CTV as well as with the severs TK6 strain of
CIV, iv) mendarin affected by CIV a2 well as by "multiple
sprovting”, v) aweet orange infected with psoroasils and CIV,
and vi) troyer oitrange infected with citrus tatter leaf
virug and COIV. Egual quantities of sach esample were
gombined for the preparation a poolad axtraot of infactéd

material for the cross-adsorption of antimerva.

All the infected lsaf materisl was obtained from tha
Universiby of  Natal, Pletermaritzburg while hesalthy citrus
materisl was collected from sweet orange geadlinge provided
by the GC.8.F.R.I. in Nelspruit. Leaf material known to be
affected by greening was aleso ocbtained from the lather

BOUras.
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Thrég different cross-adsorpticrn techniques were uasd to
remove  snti-plant  acbivity from the anﬁiserﬁm ralsed
"ageinst the infechbed citrus extract prepaved tclloﬁixg
method 5 (sucrome and not Pereoll wes used in the gradient
cantrifugation). The efficacy of the thres sdsorption

techniques was determined and compared.

~Ian an attempt to reduce the reactivity obaserved betwsen the
antiserum raised against the cultured isolate (GC) and
haalthy plant material, the antiszerum wap cross-adsorbed
againet plant proteing prepared following the asmmonium

enlphate preclpitation technlaue (2.8.4.8).

2.9.4.1 Cross-adsorption against acebone-fixed plant

matarial

A modification of the method of Lin and Chen (1988} wae
uged. Five grams of.midrib material was cut Into very fine
sections using & scalpsl blade and the sections fixed in
acetone for 30 min. and then air-dried. The fixed material
was ground to a fine powder and the antisera orose-~adsorbed
by mixing 1 ml of whole merum with 1 ml PES and the
acetane~fixed powder prepared from 5 g of leaf midrlhs. The
mixture was incubated at 37 C for 1 hr and then at 4 C

overnight. The immunoprecipltaten were removed by
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contrifugation at 13 000g for 156 . .u. &nd the serum storﬁd
at 4 € (with 0.02% (w/v) NaN added) or at -20 C (without
NaN ).  However, croaa«adaorgad serum was  genevally
pragarad freshly prior to uss 8a it was found that
prolongad astorage at either 4 € or ~20 C resulted in poop

detection assay reaults,

2.8.4.2 Cross-adsorption againast ammonlum
eulphate~precipitated

plant proteins

The method used was a modificstlon of that described by
Lommel et al. (1982). Five grams of hexlthy oltrus wmidrib
tlgsue were homogenlzed in 10 ml PBS over ice, the
sugpension €iltered through a layer of miracloth and then
clarified * low-speed centrifugation (3 B0Og for 15 min.).
Protein in the supsrnatant was precipitatsd by the addition
of an equal volume of saturated ammoni: a sulphate followed
- by incubation on ice for 30 min. The precipitate was
pelleted by centrifugation at 15 000 for 15 win,,
reguspendsd in 1 ml PBS and then dialyzed exhsustively
againet PBS (12 000 - 14 000 MW cut~off dialyais tubing was
used). The preparation wap oclarified by centrifugation
(B 000g - L0 min.) and stored st ~20 C 1F not used
immediately.
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Antiseﬁa were crass-adrorbed by mixing 1 ml of +the
soncentrated plant protein with 0.1 ml of whole serum. The
mixbture was incubated for 1 hr at 37 C and then overnight
‘at 4 C. The precipitate was removed by centrifugation in an
Eppendorf microfuge for 10 min. For short-term atorsge,
Nal was added to the serum to a final concentration of
0.0g% {w/v) and the sBerun kept at 4 C. Generally,

crmsé~adsnrbed antigera were not kept for more than 2 days.

2.8.4.8 Croge-adsorption by affinity column chromabography

Midribs were exeised from both young and mature heslthy
- sweet orange' leaves, thoroughly pinased with dH O and out -
into  emall s=ections. The meterisl wam £roze§ by tha
addition of liguid Nﬂ snd ground to a fina powder in a
mortar. Oocupling buffer (0.1 M NaHGO , pH 8.3 containing
0.5 M NaCl) was added and the materialasrnund fuprthar. The
suspeneion wae tranaferred to a centvifugs tube and shaken
vigereusly for 1 min, and then centrifuged at 12 000 g fov
B min. The supernatant was filtered through Whatmans No. 4
filter paper, ite proteln oontent determined
spectrophotometrically, and +the solution diluted by the
addition of coupling buffer 0 & Tfinal proteln
concentration of approximately 6 mg/ml. The preparsd ligand
was ooupled %o CNBr-Activated Sephaross 4B (Pharmacis,
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Uppsala, Sweden) overnlght at 4 € asccording to the
manufacburer’s inétructiona. After washing eway asxcess
ligand, any remaining aotive groups wars hlocked by
treatment with 1 M ethanolamine, pH 9 for 2 hr. The
protein-Sepharcse 4B conjugate was packed in & 150 x 10 mm

column and aguilibrated with PBS prior to use.

For removal of plant-apecific antibodies from antiserum,
the serum was diluted 1:10 in PBS and then passed through
the packed column at & flow rate of approximately 0.25
mi/min. Two millllitre volumes of diluted antiserum were
used edch time, between whioh bound antibodies were removad
by washing the column with acetate buffer (0.1 M, pH 4),
followed by re-equilibration with DPBS. One millilitre
fractions of eluaste were oollected and those displaying an

GDZBO of 1.0 opr more were pooled Aand uased in the ELISA.

2.8.6 Fpectionation of immunoglobulin

In the varlons serclogical detection amazsvae, antlasprum wae
used either whole or fractionad. The JIlmmunoglobulin
fraction (IgG) wae purified from whole serum by the
Rivanol/ammonium sulphate method as described by Horejsi

and Smetana (LPEB).
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2.8.6 Produotion of Fab® and F(ab')2 fragmenta

Fab® and ¥(ab’) fragments of 1g0 were prepared by pepain
digestion and @ cysteins raduction from  purified
immmoglobulin am desoribed by Barbare and Glark (1882).
The  fragmaents were isclated Ifrom the reactlon mlxture by
sffinity chromatography through 6 ml of wet Pratein
A-Sepharose CL~4B  (Pharmacia Fine Chemicals, Uppsals)
packed in a column consisting of a 10 ml disposabls plastic
ayringe. The purlty of the Fab" and F(ab')z preparations

was confirmed by immuncaslectyophoresis,

2.9.7 Conjugation of enzyms label to Igd

Alkaline phosphateaas was conjugested +to purifisd Ig0 as
- described by Clark and Adams (1977).

2.10 SERDLOGICAL DETECTION ASSAYS

2,10.1 vaparation of plant samples

Idsally, &a sample preparation procedure should yield =
suppension containing the antigen of interest with a
minimal ameount of contaminating host plant material. In an

attempt to optimize the extraction provedurs, a varlety of

meéthods were sxanined.
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Rlant meterial wused in this investigation was collocted
from groening-affected oitrus aeadlings. providsd by the
C.8.F.R.I. The presance of the dimease was confirmed by the
- TLO easmmay {seotion 2.5.8), Healthy material waz From the
same anurce and teated negabive for the pressnce of the
gentisic acid marker of greening disease. Leaf midriba were
exclased from the material and mixked together in a large
container and the material prequired for each procsdure
randomly taken from this posled assmple. This method of
salecting leaf material ensured a relative degree of

uniformity among the different samplas,

For tha comparison of the extrasotion procsdures, the
prepared samples were reacted with the GICE antiserum in
the HE-PTA-BLIBA (maction 2.10.2.3).

2.10.1.1 lesaf Prems sxtraction
An Erioh Polane leaf press wae usmed to extract the sap from

washed, eaxcimed leaf nidriba as described by Dunocan {1988),
omitting the sonloation mtap.
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2.10.1.2_ "Chopping” mathod

Washed midribe were weighed and then chopped very finely
with a acalpel blade in a zmall volume of either sample
oonjugate buffer FRBE (Boehringer Mannhedim (BM), FRE) or
coating buffer (BM, FRG). Sample conjugate buffer was used
for the preparation of samples for DAS-ELISA, Fab~ELISA and
F(ab;} ~ELISA, while o©aating hbhuffer was used when samples
ware grapared for PTA~ELISA. The suspenmion was transferred
0 & 20 ml Exlermeyer flask and additional buffer added st
that +the leaf material was adeguataly =suspended in the
_1iquid. After standing for 10 min. the guspension was
vortexed for & min., the plant debris all..ed to settle
out, and the supernatant collected. Particulate matber in
the  suspension was sedimented by centrifvgation
(12 000g for 30 min.) and the resulting pallet thoroughly
rapuspended In 4 wml of the appvopriates buffer par gram

original leaf mataﬁial.

2.10.1.3 Polytron homoganizahian

‘Washad midriba were placed in a large test tube with 10 mil
ehilled 1/4-streagth Ringer’s #olution per gram leaf
material and thoroughly hombgeniaed over lee using &

polytron (Kinematica, BSwitzZerland) (speed setting 3). The
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homogenate was filtered through a double layer of miracloth
and élarified by centrifugation (2002 for 5 min.) followed
by Filtvation through Whatmans No.4 f£ilter wpaper. The
filtrate was then centrifuged (12 000g for 30 min.) to
soncentrate bacteris present and the pellet resuspended in
4 ml coating buffer or sampls bhuffer per gram original lesi

material.

2.10.1.4 T¥Tnzymatlic treathent of vlant mabesial

In  an attempt to maximisa the releage of phloem~limited
hacteria from dissaped tissue, midreidb tissus was subjectad

to enzymatic digestlon.

Midribs were washed thoroughly in running water and ewabbed
with alechol before being chopped am finely as pomsible in
& small ampunt of enzyme solubion {2% (w/v) Csllulase IC
(Servs, FRE), 1.5% (w/v) FEhomant PE (Surva), 0.5% (v/v)
2-merosptosthancl, 0.02¥ (w/v) Nal , in TES, »i 8.0). The

polution wae prepared Just priop +g uee.

The euspension was then finely ground uaing o pestle and
mortar and additional enzyma solution waa added ac that a
total of 10 ml enzyme eolution was added par gram lesf

material. The suspensioh was transferred to a small conical



flapk and dineubated on a gyratory sheker (B0 rpm) st 28 ¢
for 24 hﬁ. EDTA wae then added to & final concentration of
0.1% (w/v) and the puspenaion shaken fer a further houp.
The resulting alurry was filtered through 2 layvers of
mirscloth and further clariflied and concentrated o

deseribed for polytron homogenization.

2.10.1.6 Extractlon of alkali-gcluble antigenm

Alkalli-goluble anbtiganz wars extraoted from plant material
using a modifl atden of the method of Kawarabata and
Hayasake (198T7}.

Samples were prepared Using a polybron as deg.ur. yad abeve
and the pellet obtained aftir high-spsad cantelfugation
remugpended in 2 ml 0.1 N KOH per gram onriginal leaf
material, The suspension was insubated in & 27 C water bath
for 950 min. with gentie agitation evey & min., Tha
suspension was then centrifuged (12 000g foy 30 min.) at
4 J to geaiment the particulats mattsr and the supsrnatant
eontaining the alkali-soluble antigens collscted. An equal
voluma of 0.1 N HCL was added to neutralize tha soi.cion.
The semple was diluted in coating buffer for the indirect
ELISA aspaay.
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2,10.1.8 Watar leachinhg »f antigens

A eingle leaf midrib wae cut into very fine ssotionm veing
a4 sealpsl blade and the assctions tranefarred to a 1 ml
Eppandorf tube, A volume of aterile d 0 Just large
enough to suspend the sextlons (umsually goo—aoo ul) was
added to the tube and the suspeansion agitated vigorously at
room btemperature overnight. The leachate was collected and
diluted in eilther sample or coating buffer, depending on
the detection aseay to be employed. |

2.10.2 Enzyme-linked lmmunomsorbent assays

A nuiber of varistions of the conventlonsl ELISA sasasy were
investigated 1in an  abbempt to  detemmine the moet
gatinfectory method of deteating the organism in infected

plant material.

The following ELISA buffors wused were obtained from
Boehringer Mannheim as sither powders or concantrated stock
golutions and were made up according Lo thé manufacturer o
instructions; coating buffer, sample oonjugate buffer
(PBS), wash buffer and substrate buffer, 4-nitrophenyl
phoephate was addew to the appropriately diluvad asubstrate
buffer +to a final concentration of 0.1% (w/v) just prior to

VEE .
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Sample conjugate buffer was used ag diluent for all the
aeroﬁaagents. The blocking bvuffer used in all asasayse
conpietad of & weolutlon of 1¥ (w/v) bovine gerum albumin
(BS&), f£ractlon V in PHS, Protein A - alkaline phosphatase
conjugate was  prepared according to tha methed of
Engvall (1978). Goat anti-psbbit Ipd (whole antibody)
alkaling phosphatase conjugsate (GAR-AP) was purchased from
Sigma (Bt. Louis, USBA). HNun¢e (Denmark) Microwell Moduls
F-18 immuno quality high binding capacity plates were used
in all the ELISA'®. In direot ELIBA, the IgG~alkalina
phoasphatasa 'cundugate uzed was preparad according to the
mathod of Clark and Adams (1977).

Before prachloal applicsabtion -of the ELISA, +he optimal
dilution of the sample, each preparation of lmminoglobulin,
Fab‘, F(ab‘) , as wall as the enzyme conjugate
preparations ﬁaa datermined exparimentally using a modlfied
verslonn  of the  chequerboard mcheme slmllar to that
desoribed by Hill (1884). |

Preliminary tests were oarried out in orvder to determine
the optimal incuballon times and itempersbures for the
vaactions in all the detestion assays employed, All
reactblong were carried out at 37 C unless otherwises stated,
Irmobilized enzyme was visuvalized by the addition of enzyme
substrate and incubating the plates at 26 C, The resctions
wera atopped by the additlon of 3 M KOH (60 ul/wall).
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Although the use of crude plant extracts was faund to glive
gatisfactory results in the  DAS-, Fab" -, and
F(ab‘)y -BLISA, the water lsaching method was used in
prefergnue to all other gample prepaprstion procedures
because of the aimplicity of this tedhniqua and the fact
that 1t allowed for the assay of target antigen in
individosal leaf midribs,

In all the preliminary teste, the final working dilutionas
aslected for +the various resgente were those that geve the
greatest oolour roaction . in the test wells combined with

tha lesst reaction in control wells.

In addition +to & buffer control wall, a sample of healthy
hogt plant materisl a8 well ae one known to be infected
with greening wers inoluded in all detection asaaya am

" negative and posltive controls,. respactively.

Apmaye were made in wells contalning 200 ul of reagent.
Migrotitor plates were aubjected to 3 x B min. wazhaa

botwaon each stop.

Aboorbance readings were Meacured in a Titertek Multiskan
#-channel photometer, bloanked agalost unused walls of the

microtitre placoe.
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Reactions were Judged positive For the target antigen when.
A Vaiuas_ wara agual to or grsater than twice the mean
fﬁgs the healthy control samples within the eame microtitre
plate. A #et of the latter controls wae included within
each miorotitre plate because, previously, whan esuch
" esonbtrols were innluded in several) plates tested at “he same
tims, +the controla for different plates were sometimes

slgnificantly different (data not shown).

2.10.2.1 Double-antlbody sandwilch ELIS& {DAB-ELISA)

Wells were coated with trapping g8 diluted in coabing
buffer F£or 2 hr end the unocoupried binding sitea blockad by
tha additlon of blocking buffer for i1 hr. Prepared sample
was Bdded to the wells and incubsted at 4 C overnight.
Trappad antigen was reacted with antigen-specific
IgG-alkaline phosphatase oconjugate in ssmple oconjugate
buffer for 1 hy and the amount of bound enzyma visualised
b# the addition of substerata,

2.10.2.2 Fab"~ and F(ab‘)2~ELISA
Welle were coated with purifisd Fab® or F(ah‘)z in

aoeting buffer for 2 hr and the unotoupled hinding sites

blocked for 1 hr, ap desoridbed sbove. Prepared sample was
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allowed to reaot with the immobilized Fab® op F(ab")

cewidgnt at 4 O after which detecting TeG was added ani
iacubaisd  for 2 hr at 30 C. The bound IgG was reacted with
Protein A-alkaline rhoephatase diluted in PBS for 2 hr. at
30 C and the reaction guantified by the aduiition of enzyme

subestrate,

2.10.2.3 Heparin-enhanoed plate-trapped antigen ELISA
(HE-PTA-ELISA)

The. addition of the polyanion heparin to ineubation buffers
containing the primary and secondary antibodies in Weatern
immunoblots an,. ELISA assaya has been reported to reduos
non-gpacific reactions in these tests (Dietzgen s&nd
Francki, 1887, Coreejes, 1888). In an sttempt to reduce the
high 'baekground readings inltially recorded in ELISA tests
using antiserum ralssd against sultured bagterial imolates,
vaprying concentrations of heparin wera added to the
inoubation buffera used in the indirect FIA-ELIBA
(Appendix F).

In the preliminary study, Theparin was added at
cangentrations of 2, B, 10, BOO and 1000 U/ml to the sampla
aondﬁgabe buffer in an attempt to determine the optimal
concentration of thie reagent in the HE-PTA-ELISA. Results
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of +this test indicated that the addition of heparin at &
U/ml yielded the greatest d‘fference in colour reaction

between tegt and control wells (Appendix F). Heparin wase
| addad' to the sample vonjugate ouffer in which all

seroreagents were dliuted.

In the HE—PTA—ELISA,' samples were prepared by the waber
lsaching wmethod and diluted in coating buffer. All
reactions were carrled out at 37 C, Th. standard procedura
sdopted Ffor HE-PTA-ELISA was as follows: Microtitre plates
were coated with best sample diluted in coating buffer fo2
2 hr. Unocoupled bhinding sites were blocked with the
addition of blocking buffer for 1 hr. Whole antisarum
diluted in the supplemented sample conjugate buffer was
then incubated in the wells for 80 min. and the bound IgC
reacted with GAR-AP diluted in the same buffer for B0 min.
The resction was auantified by the addition of enzyme

subatrate.

To teet for nonspecific hydrolysis of the substrate (which
may be ocaveed by endogerious plant phosphatases), soms of
the nilcrotitre plate wells were aosted and blocked as
described Abova and the enzyme substrete added without
prior addition of the Ig@ or enzyme conjugate.
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2.10.3 Periocdate oxidation of ELISA samples

In an investigatlon into the Iimmunogenioclty of plant
#lycans, Laine &and Faye (1988) obssrved a widespread
pocurrence of highly immunogenio carbohydrate moieties and
anti~glycan antibedies in an%isera raleed agalinsgt plant

glyuoproteins. The authore sug-ested thet this may be the
pesson for the antigenio crosa-peactivity observed among -
glyvooproteine. In the sawie publication it was reported that
an' wiies prepared sgainst a single protein, purifisd from
a plant eéxtract by SDS-PAGE, reacted with other proteins in
extracts from the same or dlfferent plant species. Mild
periodate oxidation of plant eamples was found to
spealfically destrey  the carbohydrate epiﬁopes {thus
preventing the bilnding of anti-carbohydrate antibodies to
plant glycoproteins} and allowed for the distinction
betwsen antibodies directed againet oarbohydrate and
againet peptidse antigenic determinants in the Western blot

procedurs.

Evidence for the prepence of xylose-containing glyeans in
molluscs and insecte (Faye and Chrispeels, cited in Laine
and Yaye, 1988) indiestes that the difficultier in
producing specifle antibodies, dwue to the high
immunogenicity of the carbohydrate conatiﬁuents of
glycoproteina present, ars probably not restricted to

plante.
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In an attempt t¢ determine the nature of the immunogens
present in the prepavation of infected citruz ueed tb raise
an anti-greening antiserum (section 2.9.2, method B), a
modification of +the pericdate oxidation treatment reported
by Laine and Faye (1988) wase wused in the HE-PTA-ELIBA.
ELISA platea_ were ooated with Bemple diluted in coating
bnffef ag deseribed in section 2.10.2.3. After washing, the
wells were briefly rinsed with 60 mM epodiv. acetate buffer,
pH 4.5 . (acetate buffer) and a eolution of 10 mM sodium
mataperiodate in acetate buffer then added to each wall.
Plates were incubeted in the dark st room temperature for 2
hy after which the wells were briefly rinsed wilth anetate
buffer. A solution of 50 mM sodium borochydride in PBS wag
added to  each well and allowed te stand for 30 min. The
welis were then waehed 8 x with ELISA wash buffer and the
treated sample probed  with vrimary and secondapry antibody
and the peaction visualized as described in section
2.10.2.3, The metaperiodate ard borohydride eclutions were

prepared juat prior to uss.

Z2.10.+ Enzyme-linked dot-immuhoblot assay (EL-DIR)

The oconstltuents of +the buffers used In the EL-DIB assay

are ligted in Appendix G.
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The EL~DIE assay could not be used to analyze leaf midrib
tisgue ag samples wsre found to etain the membrane and thus
interfere with interpretation of th: repults. Even sample
preparation procedures such as the water leaching method
which vields preparations relatively free of unwanted plant
matarial did not adequately prevent contamination of the
sampie with plant plgments. Soaking membranes in 70%
ethanol | or treatment with chloroform or carbon
tetrachloride was not effective in vemoving plant pigments

from the membrane.

Citrus fruit columella meterjal could, however, be analyased
using thie assay 1f the samples were prepared using a
variation of the KOH extraction method of French (18973!. -
Dther extraction methods ylelded samples which either

blooked or stained the membrane.

"To prepare samples, columella were ekeised snd out in half
longitudinally. Each half waz then cut later&lly into thin
sections and transferred to a 1 ml Eppendorf ' tube.
Approximately VB0 ul of 1 N KOH (sufficient to adeguabtely
guspend the sample) was added to the tubes each containing
& single sectioned oolumella. The suspension was incubated
at room btemperature for 45 min. with ccecasional agitation.
The suspending liquid waas then drawn off and 50 ul amounta

spotted onto nitrocellulose membrans (NCM) (0.2um pore
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size, Schleicher and Schuell, Dassel, FRE) held in a
Bio-Dot Microfiltration Apparatus (Bio-Rad Laboratories).
The NCM was thoroughly wetted with Tris-buffered saline
(TBS) before uas, Fifty microlitres waa the waximum vo!ume
of leachate that oould be s&applied without eignificant
cblouraﬁidn or blocking of the NCM.

Regidual KOH was removed from the membrane by drawing 500
ul of TBS oontaining Tween 20 (ITES) through sach wsll of
the Bio-Dot apparatus under vacuum. This washing step was
repeated twice. Unocoupied binding sites on the NCM were
blocked by adding 200 wul of blocking buffer to each well
and allowing the =olution to pase through the membrane by
gravity filtration. The wells were washed with 2 x 500ul
volumes of TTBS and 100 ul of whole antiserum diluted in AB
‘buffer added to each well., The solubion was allowed to
drain through by gravity filtration and the wells washed 3
times. Bound primary antibody was detected with GAR-AP
diluted 1:2000 in AB buffer. Wells were washed 3 times with
TTBS, once with TES and then with AP buffer. The NCM was
removed from the apparatus and pleced onh & glass plate in a
humid chamber and 25 ul of NBT-BCIP colour reagent applied
to each sample spot. The membrane wag incubated in the dark
at proom tLemperature Ffor 2-4 hours, or until a colour
reaction was clearly visihle. The raﬁction wae stopped by
waghing the NCM in 10 mM Tria-HCLl, 5 mi EDTA pH 7.5 for

10 min.
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Wet membrangs were observed in transmitted light. The
membrames could be stored dry in the dark and re-wetted in

dH O to pestere the colour intensisty.
2

Samples of both infected and healthy frult collected from
orchards of the C.S.F.R.I. in Nelspruit were analysed using
the EL-DIB asesay.

The EL~DIB ausay was also umed to determine the serological
relatedness of the bacterial isclates (GC, NC, LC, LL, TZL
and CS). In addition, the assay was found useful for the
initial soreening of isolates for their eactivity with the
GICE antiserum. Aes this antiserum was raised against an
extract of greening-infeected cilirus, it was gpeculated that
sny isolates reacting positively with the antiserum might
be aesociated with the diseaze. Buch ocultures were
investigated further with respect to thelr nltragtructure

and pathogeniolty.

For the analyeis of cultured bacteria, cells were harvested
from exponsntial phase cultures by centrifugation and
waghed in a large volume of PBS. The re-pelleted cells wera
then spotted onto NCM which had first been scaked in TBS
and allowed to air dry briefly. The membrane was allowed to
dry ‘thoroughly befors fixing the cells to thé membrane by
immersion in a 10% (v/v) acetic acid / 26% (v/v) ethanc.
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solution for 15 min. The NCM was rinmed in a large volume
of dH 0 foliowed by & B min. wash in TBS. The membrane
wag then blocked in TBS containing 2% (w/v) BSA for 1 hr at
387 C. Thia, ns well as all subsequent incubation steps were
carried out wiﬁh gentle ugitation. Excess blocking solution

was removed by 3 x 15 min. washes in TTBS.

Trapped antigen was reactrd with primary antibody (whole

. anbiserum) diluted in TIBS containing 1% BSA (antibody

buffer) for 1 hr at 37 €. The NCH was then washed
(3 ¥ 15 min, ﬁashes) and the membrans transferred to a
solution of GAR diluted 1:2 000 and incubated at 57 C for
1 hr. Excssa enzyme conjuzate was removed by 2 x 15 min.

waghes in TIBS followed by 2 x 5 min. washes in TBS and
finally 2 x & wmin. washes in AP buffer. The resction was
visualized by the sapplication to esch sample spot of 25ul
valumesa of the polour development solution for alkaiina
phosphatase (NBT/BCIP -~ Appendiz @) prepared just before
usa. The membrane was placed on a glass sheet and incubeted
in e humid chamber in the dark. Positlve reactions began to
appear as purple spots after § to 10 min., but the sheet
was incubated for 2 to 4 hr to complete the reaction and
then washed for 10 min. in 10 mM Teis-HCl, & mM EDTA,
pH 7.5. The wat sheets wers obamerved in tranamitted.light
and a well-definad purple apot was regarded a2 a poaitive

reaction.
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2.10.5 Radio-immunosorbent aszeay (RIA)

In establighing the positive-negative threshold for RIA,
roactions were Judged pomitive when the Gamma counte wera
sgual to or grester than twice the mean of the heslthy

controel samples within the same taest.

As  with the ELISA, preliminavy cheguebboard titrabtion
smBays were performed in order to detsrimine the apb.mal
pemple sand reagent dilutions, &8 well a=z the optimal

incubation times and temperaturas for esth aspay.
2.10.5,1 Dot~RIA

Unlike the BEL-DIB assay, Dot~-RIA could be ueed to analvze
both leaf and columella samples prepared by elther water
leaching, homogenization or & methoed Jinvolving KOH
extraction of antigen asB resulise of thie assay were found
o bes wnaffscted by plant enzymes and staining of the
membrane by plant pigments. Results of prelimlnavy teste
indicated that the water leaching method gave adequats
resulte snd this mebthod was therefore employed in all

subsagquent testa.

Leaf midrib goamplee were prepared following the waber
leaghing methed detailed in sectlon 2.10.1.8, A sheet of
NCM waas divided into 10 x 10 mm sguares using s sofb pencil
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and then eoaked in TBE for 18 min. After silr drying
_briefly. 5 ul wvolumes of undiluted sample were applied %o
the centre of the Bsguares and allowed to dry before
application of an additional & ul of sample. The NCM wae
dried thoroughly and the szample f£ixed to the NCM by
immeraing the membrane In a 30X {v/v) scetic acid / 25%
{v/v}) ethanol polution for .5 min. The NOM wae rinmsd in a
large volume of dH O followed by a 5 min. wash in TTES.
Unececupled membrane zbinding sites wsre blocked in TTES
sontaining 2% (w/v) BSA for 1 hr at 37 C, This, as well as
all subsequent inoubation steps were ocarried out wlth
gentle agltabion. Excsss bloeking solubtlon was removad with
3 %= 5 min. washee in TTBS.'Trappad antigen was veacted with
primary  antibody (whole antiserum) diluted in TTAS
econtaining 1% bBBA (antibody buffer) for 1 hr at 37 C. The
NCM was washed 4 times and the membrans treanaferved to a
solution of lastl&bellad Protein A (Amersham, UK)
diluted 1:1000 in antibody buffer For 1 hr at 87 C. After 4
waghes in TIBS and a single wash in TBS, the NCM wam
allowed to dry thoroughly and the individual asguares cuts
out and  transferrad to  scintillation vials, Five
millilitrea of ®llter-Count (Packerd Inmtrument Ce., Ine.,
Illinoias, UBA) was added to each wvial, the wviaim
refrigerated in the dark overnight and then shaken

vigorously before counting in order to dissolve the NCM,
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2.10.5.2 Head~RIA
\

Am 8n  alternative Yo using NCM as the solid phase in RIA,
polystyrans heade can bs umsed. The method usmed in thim
study was developsd by Les for the detsction of
xylem-limited Lacteria (R. Lee, pers. comm.). In this
procedura, 6.35 mm (dismeter) polystyrene beads (Precision
Plaatic Ball Co., Illinois, USA) wera coated with puvified
Ig@ diluted in ELISA ocoating buifer at 37 C for 2 hr.
Coated beads were then washed twice (sach wash laating 10
min.} in a large volume of PBS aontuininﬁ C.1% (v/v) Tween
20 (wash buffer). The beads could be wstored in this buffer
at 4 0 fovr at least 2 wesks without any decreass in bindlng
sfficioncy. To a small plastic tubse (70 x & mm), 280 ul of
pample was added followed by a costed plastic besd. Samplos
wars praparad using the water lsaching method and diluted
1:100 in ELISA wmsample conjugata vuffer. Ths beads were
insubated with the sampls overnlght at 4 C and then the
gampls asplrated off and the beads washed 3 times in wash
buffar. Hach was step involved adding at least 1.5 ml of
wash buffer to each tuba and leaving the beade to soak for
6 min. after whioh the buffor was aspirated off.
1251-laballad IgG conjugate (prepared according bte the
method detalled in Appendlx d) was added to each tube
{conJugate wns diluted in sample conjugate tuffer éuch that
tha 280 ul aliquot added tn exzch tube exhibited an activity
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of 40 000 -~ B0 000 COPM). %ind ag of the conjugate to
trapped antigen was allowed to take place cvernight at 4 ¢
after which the beads wers washed 3 times as dascribed
earlier. The beads were then transferred to scinuvillation
vialg, & ml of Filter-Count added and the vi.ls ullowed to
stand st 4 C in the dark overnight before counting,

2.11 PREPARATIVE IHMMUNOFLUORESCENCE MICRCESCOPY (PIFM)
Tha cowposition of all PIFM buffers la glven in Appendix I.

Ona  gram of washed leaf midrib materisl was choppsd finaly
in 38 ml of 1/4-strength Ringer’s solution and then
thoroughly homogenipad using & pestle and mo#tar. The
homogenate was transferrved te a temt tube and 3 ml 3% (w/v)
trypein solution and 3 ml 1.6% (v/v) Triton X~100 added
{both the enzyme and Trlton X-100 were made up in Ringer’s
poluklon), A preliminarv study oarmiad'out to compare the
affioacy of two different enzymatio treatments indicated
that degradatlon of host plant wmeterial by toypsin and
Triton X-100 wan more effactive than degradation by an
anzyme “socktail” oconasisting of Dpectinase, csllulase and

protoage,
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- The suspension was Iincubated in & B0 € water bath for
10 min, and the undigested particulste matter removed by
filtration through a double layer of miracloth and a eingle
laysr of Whatmans No.4 filter paper. The filtrats wes
divided into 2 equal volumes and each passed through a
filter seriess consisting of =& 25 mm celluldme pre-filter
(Millipore  AP-10G, Millipore Corp., USA) and 0.2 um
Nucleopors black polycarbencts membrens (Nucleporas Corn,,
UsA) on which microorganlems were £finally trappesd. The
pr filter was positioned shove the trapplng membrane in a

Vo oslepore Bwin~Lok multipls membrane holder.

After filtration, the pre~filter was removed from the uppsy
support grid of the membrane holdsr and all subssquent
ineubations carried out with the trapping membrana still
held on the lowsr swupport grid of the apparvatus. The
Swin-lok multiple holder adsptor conveniantly formed a
chamber above the trapping membrans inte which the resction
mixtures could be placed and incubated. To remove spent
reagents from the chamber and to wash the membrans without
loae of trapped microorganisms, the apparatus was
re-assembled and the reagent or wash buffer forced through

the membrane undar gentle pragasure applied with a syrings.

Aftwr the initlal f£iltratlon, the trapplhg membrans was
washed with & ml of warm (37 C) wash buffer., In order to
ninimies non-specific binding of immunoglobulin %o the
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membrana, 0.5 ml blocking huffer was sdded te the chamber
and incubated at 37 C. for 1 hr, During the incubation
steps, the outlet of the apparatus was olosed in order to
pravent gravity filtration of +the ‘buffer through tha
membrans. The blecking buffer was removed and the membrane
washed with 5 ml warm wash buffer. Trapped antigen was then
reacted with 0.5 ml of IgG in inoubation buffer for 1 hr at
87 ¢, The filter was washed and the primary sntibodies
detscted with 0,5 ml anti-rabbit Igd (whole molecula)
fluorescsin isothiocyanate (FITC) conjugate (Sigma) diluted
1:80 in  incubation buffer. After 30 min, at rvoom
tempeyature the sonjugate was dizcarded and the membrane
washad 2 x with 5 ml warm washing buffer and oncs with warm
di G, The membrans wee transferred to a microécupa mlids
.ang & coverslip mounted uslng distilled water az ‘the
mounting Ffluid., The mnembrane was viewsd under a Leiltz
Watzlar Dialux 20 £luoresasnt nicroscops with
spi-fluorasosnce. Flooding +tha membrans with 96X ethﬁnol
Just prior bo viewing wam found to enhsnca fluorascence of
the FITC. |

Greening-affectad leaf samples wers collescted from
Nelspruit, Letaba and Brits orchsrds during August 1987.
Five esymptomatic trees in esch orchard wers sampled, whilst
leaves and fruit from 3 trees ghowing no discase symptoms

ware oollected from the same oroharda to sgarve as controls,
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Leaf material from a tree from which the GC izolate had
been ocultured was included in the aggay. The gsample
prapersd from +thiz material was rescted with Ig@ purified

from an antiserum relsed against the cultured GC iaglate.

2.12 IMMUNOGOLD LABELLING

Immunogold tabelling was used a8 &n  alternative to the
EL-DIB aseay in determining the serclogical relatsdness of
the bacterial isclateas, a2 well as the relationship between
tha QICE antismerum and bacteria eithey cultured or purifisd

Ffrom greening-infected cltpua.

‘Bacteria ocultured In liguid media were .harveated by
oentrifugation, washed 4in & large volume of 0.1 M
phoephate~citrate buffer (pH 7.2-7.4), re—pelleted and then
sugpended 1in buffer. Formvar-goated ocarbon-backed grids
were f£loated on drops of the call suspensions for 1B min,
and then drained by toushing to a fllter paper strip. When
the bacterisl ocontent of a plant preparation was analysed
using this techniaue, grids were floated on the extrast
diluted in buffer. AllL s=teps ware carried out at room
tamperature. After adgovption of aemple, the grids were
floated on rabbit primary antiserum diluted in 0.1 M
phosphate~citrate buffer ocontaining 1% (w/v) BSA and 0.06%
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.NaN (antibody buffer) for 16 min. Grids were then washed
on 33 drops of 0.1 M Dhasph&te*oitréte buffer by flotation
.for saveral seconds and drained by touching to a filtar
paper strip. The grids were transferred to drops of goaﬁ
anti~rabbit IgG (whole molesule) goid conjugate (10 nm)
(Sigma, U.5.A.) diluted 1:50 in antibody buffer and
inoubated for 16 min. Grids were washed in buffer as
described followed by washes on 3 drops of ddH O before
staining with 0.1% (w/v) uranyl acetate in ddﬁza-for B

min.

Normal (bra-immune) rabhit serum served as a controel in all
chaed, Optimal seample sand resgent dilntlons were

established in preliminary triale.

2.13 WESTERN BLOTTING

In order +o investigate the possible existence of proteins
common  to both sultured bacteris (isolate GC)} snd healthy
cltrus, extrocte of the twe materials were prepsred and
fractionated on serylamlide gels following the SDS-PAGE
methed detailed 1In  meotion . 2.8.1.8. Proteins were
electrophoretically transferred to nitrocellulose paper and
probed with whole antiserum directed sgainst a live,
donicated preparation of the cultured GO isclate following

the procedure detalled in Appendix J.
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2.14 FATTY ACID PROFILING OF BACTERIAL ISOLATES

Baoterial isolates were cultured on Tryphons Soy agar and
the fatty acid profiles of the isolates determined in the
laboratories Uf the Natienal CUollection of Plant Pathogenin
Bacteria (NCFPB), Ministry of Agriculture, Fisheries and
Food, Hatching Graen Harpenden, United - Kingdom.
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- CHAPTER 3
RESULTS

3.1 ANALYSIS OF THE CULTURED BACTERIAL ISOLATES
3.1.1 Gram stain reaction

A emeay was mads of a NC colony piocked from s 24 hour-old
TSA plate (Fig.  7) and the preparation air~dried and then
heat-£ixed. 'The cells were stained following the Gram stain
method detailed in Appendix E and exsmined under the light
microscope. Cells from & colony of C.m. subsp. michiganense
were similarly stained and used as a standard with which to
compare the NC isolate. The C.m. aubap; nichiganense
culture wae included as & comparison because results of
fatty acid profiling suggested that the NC laclate waa a

member of this group of baoterisa (seoctlon 3.12).

Exemination of the sastaiued NC preparation indicated that
. the bacterlisa were essentlally Gram variable (PFig. 8).
Isolate GC exhibited a similar Gram stain reaction. The
C.m. subsp. hichigsnense culture also exhlbited a variable

Gram stain reasction (Fig. 8).



182

Figure 7

Colonies of {eclate NC cultured on Tryptone Soy Agar.
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Fipure 8

Gram stain reaction of isslate NC. Bar = 2 um,

Figure 9
Gram stain reaction of C. m., subsp. michiganense. Bar = 2 um.
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'3.1.2 Comparison of SDS-PAGE protein profiles of the

izolates

Polysorylamide gel electrophoresls was omployad to compare
.tha patterns of SDS dissocimted proteins obtalned from

prepavations of isolates @C, NC, S, LLL, LL, T2L and LC.
 The protein profiles genovated are shown in Fig. 10, The
vesult indicate that lsolates GC, CS and NC (lanes 3, 4 and
§) pgenerate psimilar protein patterns, while tha other.
isolates analyaed differ markedly in their donstitusnt

proteins (lenea 6, 7, 8 and 9) and are thus unlikely to be
| related to the GC group of organimmm.

Extracte of oltrus midribe were fractionated in the same
gal (lanes 2 and 10), but the profiles generatad were not
requined for thie appect of the investigation.

3.1,8 Transmiassion electron mioromooplc examination of

oultured cells

Negative wstaining of an exponentisl phase GC ocnlture
revealed the presence of club- and boomerang-shaped oslls
(Fig. 11). Extensive branching of cells was oh.srved in an
ulbra~thin sectlon of +the s=same oulture (Fi#. 12). The
organi=m appeared to repliocate by means of msptum formation
(Fig. 18). The cell envelope structure is shown in Fig. 14.
Negative staining of a late stationayy phass oulture of the
vrganlem showed apparsntly degrading ceuls (Fig. 18).
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Figure 10

SPE-PAGE protein profiles of bacterial isclates, Samples ware
preparad and degoribed in seckion 2,9.1,8.

Latte 1 - moleculsr welght protein mavkers (14,2 ~ 66.0 kDas Sigma,
Appendix D), .

digeased oltrus midrib extraut

igolate 8C

fgolate G8

foolate NG

isolate LLL {(fsolated frem mideid o a lemom tree £rom

the Letsitile valley)

isolate LL

tgolate TZL

isolate LC

healthy eitrug midrib sxbract

DWW~ WLy
1 1 & ¥ X

fFr r

=
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Pigure il

Clubeshaped (A) and boomerang-ahapad (B) celle kypieal of bacterial
isolates WC and GO, Cells wora nogatively stained with 1% (w/v)
uranyl acatata. Bar = 0.5 wn.

Figure 12

Ultra~thin section through a liqu'd culture of isclato N¢ showing
branching {arrow) typlcal of thie group of Lsola.en. Bar w L.0um.
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Figura 13

Replication of c¢ulbured bacteria (NC igolate) occurring by means
of saptum formation. Bar w» 0,1 um,

Piguee 14

Ealargemonk of NC isglato showing cell anvelope. Bar = 0.1 um,
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Figure 13

Blackron micrographe of ultxa~thin sections Ehrough late stationary

phape cultureas of the GC isolate showing apparently degrading colla
(arvows), Bar = 1.0,
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3,2 INVESTIGATION OF THE FREQUENCY OF ASSOCIATION OF THE
ISOLATES OF GARNETT AND MOCHABA WITH GREENING-AFFECTED
PLANT AND INSECT MATERIAL

Attempte to oonsimtently isclate and oulbturs bacteria
jidentical to thome ipolated by Garnett and ‘Mochaba
(isolates GO and NC) from oitrua collected in variocus areas
of the Transvaal met with limited succees, The basterium
was leclated from only 17 of the 168 (11.1%) infeoctsd fruit
and leaf samples ppepaved by tha'ohoppins mathod (Table 1).
The organism wae also isolated from 3 of the samples
_aollected from spymptomless planta. Simllar results were
obtained when the inooculum was prepared by the Scholander
bomb method (Table 2). The bscteria ilsolated £rom the
gamplea were conéidared to be ldentical to the GC group of
isolates on the basia of morphology,. Gram stain reactilon,
antigenicity and API 20NE and API 208 profiles {the profile
indices of ilmolatem GC and NC ave shown in Appendix M).

The isolation attempts from leaf midrib material of 13
greening-infeoted periwinkle plants did not yield bacteria
similar %o those imolated by Garnett and Mochaba (lasclates
GC and NC}. Similarly, the bacterium was not iaglated from

doddar wstranda colleced from infected oltrus and periwinkle

plants. Attempts to isolate the bacterium from 88 adult

peylla of wvapioum egas ocollected on infected sitrus from

the different geographiocal logations wera also negative.
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A number of baoterial aspecies (disaimilar to ismclates GO
and NO) were oultured from koth greening-infected and
healthy citrus, from periwinkle, as well ag from insect
sempies. The results are summerized in Table 8. Both
Gram-negative and Grem-positive orgeniems were isolated
from these samples, Bacterla were isolated mors fraquently
from infected ocitrus than from copresponding healthy
material. Approximately 62% of the infeoted samples yialded

bacteria oompared to 46% of the healthy samples. No atiempt

was mads to identify or classlfy the bacgteria. furthexr.

BRI Lo P
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Isolation of the backterium from naturally-infected oltrus leaf mideihs and
columella. Inoculum prepated vaing the chopping method,

saupling site

Brits
rrehoriﬁ
- Nelapruit

Lataba
Letsitile
Zebediala

Tzanaesn

' no. of positive isolations

no. of infected plants

no. of positive isolations
ne, of symptomless plante

sampled damplad :
leaf columella leaf eolumella
mideib nidrib

3/l8 4f14 /11 1/7

1/8 214 0/2 0/2

4/23 3/1% 1/20 0/13

0/16 0/16 0/6 0/5

0/3 0/1 ND N

0/10 0/12 0/10 0/4

0/6 0/3 0/4 - 0/4

ND = got dona
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TABLE 2

Isolation of the bacterium from naturaily-infected eltrus twigs. Inoculum
prapaved using the Scholandex bomb,

ws e e S L b
ganpled simpled

Brits CAfe : /5

Pretoria : ' 0/6 o/

Nelsprult ' 4/18 1/5

Zebediela 0/3 ND

ND = not done

TABLE )

Isolation of okhar backerial species from greaning=infacted and healthy plant and insect asmples.

Bource material tikrun Payivinkle Doddsyr Paylla

Infacted Haalthy Infeckad Healthy Infectad Healthy Infected Haalthy
Yo, off
digfetank
haakorial 6 3 3 2 0 0 0 1
spasion

inolated

[RE———

.
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3.3 ATTEMPTED ISOLATION OF THE CAUSAL AGENT OF GREENING

Because of the morphologiéﬁl_diffarencee obasprved between
the 42 "ates of Garnett and Moohaba and the astiological
agent of greening disease (section 3.1.3), renewsd attempts
ware maede to 1solate the disease. agent using wvarious

methodologias.

3.83.1 Artificial medilsa

Attempts to isolate an organism possessing the same
morphological fsatures as  those descpibed for the
astlological agent of greening (Laflache and Bové, 18704,
1970b, Chen et a&al., 1971, Moll and Martin, 1874, Garnier
and Bové, 1977, 1883, gu, undated pamphlet) were
unsucoesstful in &ll the medla used. Although a number of
bacterlal specles were 1lsolated £rom bhoth dissased and
‘healthy specimens of the citﬁua, periwinkle and dodder
material, as well as from adult psylla collected on
greening-infeocted cltrus in the Ffleld and in the
laboratory, none of the isolates were found to possess the
characteriatic oeil envelope astructure of the greening
organism when ultra-thin mections of the baoteria were

obeservad electron microscopicsallly. No apparent differences

L "}rﬂ,.



1p4

petween the isolstions carried ocut during the cool and warm
months of the ysar wers observed. The cultured bacteria
were not identified and no attempt was made to evaluate the
auitabilitv of the different media employed F£or the
isolation and oultura. of bacteria from plant and insect

ssmples.

3.8.2 Embryonated hen’s eggs

0f the 82 egge 1inoculsted with plant sap via elther the
yolk-sac or allantoic routs, only 3 were found to be
affected by asprophytic or other microblal contaminants,
these. dying within 3 %o B days after inoculation. The
embryos of the remaining egge appeared to develop normally
during the 12 day incubation period. No difference betwesn
aggs indected with inooulum prepared using elther the

Socholander bomb or the chorppling method was cbasrved.

Microscoplc exemination of the Glemsa-stained yolk-sac and
chorloallantoic membranes f£rom egge incculated with sap
from infected ocitrus plantes falled to revsal the presence
of membrane lesions or other hlatologloal abnormalities,
such features usvally beilng assooclated with microblal

proliferation within aggs.
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.Bacteria wers not observed in =mears of aither the yvolk or
allantoic £luid from inoculated eggs. Similarlv, Lle
presence of microorgenisms could not be detected in pellets

obtained after high-speed centrifugation of both fluida.

The akwuence of plant diseass agente in ege tissue was
further confirmed by results of the enzyme-linked
. immomogorbent asssy. In thesma assays, ho apprecinble
differsnce wae noted between absorbance values of extracts
of eggs Inoculated with infected sap and those inooculacved
with healthy aap.

8.3.8 Insect tissue . ulture

The nosgquito ecell liné used falled to sipport the growbh of
the gfeanins organlam or any other micfooraanism of plant
origin in this study. Neither cellular degeneration nop
plague formatlion was evident in any of the inoculated or

gontrol oulture tubes.

Eleotron mioroscopic examination of the speant oculture
medium after high-speed centrifugation failad Lo reveal. the

rregence of bacteria in the concertrated sample.
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3.4 KOCH'S POSTULATES

8.4.1 Laborsbory incoulation of T. aprytress with bacterial

isvlates

The vesults of the multiple oholce faseding experiment
indicated that the solution of bX (w/v) suorose in
diatilled watsr served as the most sifective attrmctant for
toth nymphs and adult peylla (Manle 4), Examination of the
gut  contents of lnsects wfter & 24 hr perled of axposure to
the solution oconfirmed that the psylla had been stimulated
to feed on the sucromse and this solution was therefore used

in all subBaquent membrane feading sxpariments,

Praliminary teste wer performed to determine the sffect of
the sucrose on the viablliby of the bacterial isolates, aw
well as tha influence of the bactaria themmelves on the
sffsctivensss of the sucrosa solutlon as a feediag
stimulant., It was found that suspending the baotesrial
isolates In 5% suorome for 24 hr did not affect the
viability of the ocells significently within this time
porlod. This Ffast was determined by enumerating (uming the
plate ocount method) the number of viable cslls present ab
the time of suspansion in the solutlon and again aftsr
24 hy {results not shown).
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TABLE 4

" Rusulta of multiple cholce Fasding experinsnte, Piyures repressnt the numbar of
aymphis and adult paylla obwarved ot the faeding solutions af diffavent time intwivals,

Mne popiod win, In_ 2h 5h 18h 28h b

100 48h

oA T a i a n a n a R A n i n i n &

Pesding Solution 34 4 3 32 200 g 0 ¢ 2 o1 g0 ¢ 0

Sap I 3 4 4 A 12 26 9 0 0 2 6r 00 )

10% 21 20 2 1y 04 oG Pl tc1 04 10

0% 0 2 oo o2 01 o4 0 ¢ oo 00 o o

Sap + ’

sucross 1% W A& L 23 40 LI 1 10 g2 140 b0

10% 2 0 34 33 1o 04 ¢ i 0 0 B o g9

50% 0 2 21 o1l o0¢8 0 0 o & g3 g0 B

Susrome e [ 206 131 4% 235 4 1 34 %2 2

5% 11 4 4 54 3 7 4 5 26 6 6 75 T &

10% 21 32 21 1 2 2 2 2 a4 1 2 23 2
Sugrosn +

Sarun ¢ 2 2T 20 32 34 1 2 2 0 g 2 2 0
n ™ nywph
a " oadyle
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Tha prasence of the oultursd baocteris within the faeding
solutlon did not appear o deter sithsr nympha or adults
from feeding on ths suspension. Examination of the gut
contente of & number of the insscts in ths feeding chamberas
confirmpd that peylla had imbibed the solution. |

Careful monitoring of nymphs and adults after incoulation
{(by alther mlcro-indection .oz'_ membrane feading) ﬁ‘wealed
that neithsy +the method of incoulation nor the introduced
haoterial isolates had any marked effest on the longevity
or Fecundity of the insmesots, Female adults conbinuad to lay
viable agges eand nymphs developed into apparently normal
adulte.

Extansive electron microscoplc examination of adulbe and
nympha aﬁ different times after incoulabtion aﬁaueatad that
noné o6f the imolates were bpble to either persist ox
multiply and spread within the insect body. ELISA®s of the
inmects (employing the homologous antiesrs) alao indicﬁtéd
the inability of the organiams to persist or mulbiply
within psylla, as did frultlems attempts to reisclate the
bacteria from inmeote at periode of 7 and 21 days after

ineculation.
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3.4.2 Inooulation of ¢ltrum via psylla

Transmission of the lsolates to oitrus via the inmect
v&ahor of greening dissase was not achieved (Table 5). The
faeding tn young oltrus leaveas of adult paylla and nympha
inosulated with the 6 differsnt iswlates by either membrane
feeding or micro-injsction falled to result in development
of disease mymptoms in the teat plants withln a 2 year
period efter luoculation.

3,4.3 Machaniosl ivooulation of oltrus

Approximstely six months after mechanical inosulatlon of
eitrus asedlings with the cultured lsolatem, 90 of the 170
incoulated plants displaysd disoase symptoms (Table B)., No
signifiioant difference batween the efficacies of the twe
machanical inooulation = techniques was obsarved: 52.5% of
plantes inooulated via stem injection developed disease
symptome  compared to B4X of plants 1lnooulated by =&

copbination of atem injectlon and etem slashing.

Leaf symptoms wers observed on some of the inooulated
plante B8 wesks after incoulation, but it was usually
between 10 and 20 waeks after incoculatlion  that
greening~like ayinptoms besans clesrly visibla. A dlveralty
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TABLE 5-

Mechanisgl and veetor inoculatiorn of citrus with bacterial Lsclates

Inosulatlon Ho. of tross inoculstad No. of traks devaloping symptoms
route

4c HG L i3 N Contral qc NC (P 7B ¢ 1 e Gemkrol

Hachurieal
Btem injsotion 24 24 1 24 24 an 13 17 15 L] w 1]

Sten fnjastism
+ alaghing 10 10 10 10 10 ] & [ 6 3 3 0

Toeuet

Mumbiring=
faading 24 24 24 24 4 # 4] ] 0 0 0 0

Mierowinfestion 8 8 B 8 B 4 - b ¢ 0o 0 ¢ 0
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of foliar chloroses was produced by plants inooulatsd with
isolates GC and NC. Thé most fregquently observed symptom
was a blotochy-mottle chlorosmis, superficially suggestive of
mioro-slement deficiency, which appeared after the leaves
maturad normelly (Figs 16C and 17). Yellowing of the loaf
 tiseue immediabtely adjacent to the mid~vein and lateral
veina was also observed (Fig. 18A) and in some cases tha
intexveinal = timsue becams yellow as well (Fig., 188),
Stunted growth was another fFfeature of the lnoculated
sapdlings, as was the leathery aspesct of leaves displiaying
chlorotic avmptoﬁa. Tha aatablishment of poraible secondary
infaotion in the main atem and twigs lead to die-back in
sotie of the meadlings (Flg. 18).

Seediings inooulated with lsolates LC and TZL displayed
eimilay foliar symptoms but the ochlovos=is was niot as marked
and ﬁﬁually did not progress beyond a mottlsd vellowing of
the lsaf edge (Fig. 19). Stunting and die-back of plante

inooulated with thesa loclates wers not chserved.

Although tha follar aymptpma dasciribed above were cheerved
on  several succesaive laaf flushes, the infection did not
hﬁpaan to ypersist as asypptoms on incoulated citrus ware

translant and dissppearad 18-24 months after inoculatien,

Contrael plants inooulatad with starlle water only failed to
davalop symptoms,
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Rigure 16

Chlorotit¢ leaf aymptoma induced in citrus seedling inoculated with
isclates GO and NC: '

A =« yellowing of laminar tissue adjacent to the valns
E » yellowing of interve ral tissue
¢ - "blocchy-mottls® chlorowsia

rFigure 17

Chlorotic symptoms induced by iluveulacion of citrus with isolates
GO and NC as viewed with lighting from above tha leaf (A) and from
Lelow (B}o
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Pigure 1B

Citrus die-back observed in some of the citrus seedlinps inoculated
with isolates GC and NG.

Tigure 19

Foliar chlorosis typleally dnduced by wmechanleal inoculation of
citrus needlings with isolate LG. A conctrol plant inseulated with
only storile water is shown an the right,
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3.4.4 Mechanical inoculation of pariwinkle

Perlwinkla plants mechanically inoculated with sither the
bacterial iaolaﬁea or with pterile water failgd to devalop

digeass symptoma.

3.4.5 Dodder tranemimsion from mechanically-inocoulated

altrus to periwinkle

Establishment of dodder connections between periwinkle and
‘A mymptomatic citrus seedling which had been menhanically
inoculated with ¢the GC lsolate 12 weaks prior +to the
transmisalon expsriment appeared to resunlt in the passage
of an infective agent from the citrus to periwinkle. Nine
weaks after the eetablishment of the dodder bridge betwsan
themss two plant spegcles, 2 of the 4 periwinkle plants
displayed yellowing aymptoms (Fig. 20). The yellowlng wes
first observed on the leaves immedistely adiacent to the
pite of haustoria formation within the periwinkle but laten
spread to other leaves along tha shoot and sventually to
the rest of the plant. '

 The firat wymptom obasrved was the yallowing of ths leaf
apex which rapidly spread along the margin of the leaf and
culminated 4in the entivre lesaf yellowing and wilting
(Fig, 21). The shoot on which the dodder was initially
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Pigure 20

Perdwinkle innculated via dodder with an infective agent from eitrus
mechanically inceulated with the GC isolare (right). A eontrol
plant 1is shown on the left, The inceulated plant displays leaf
chloresis, Leaves have F[Fallen from the terminal shoot on which
tha dodder was initially establiahed (axrow).

Pigura 21

Leaves From inoculated ond control {€) periwinkle plants.

et e T e - E
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eaﬁablishad wag wsoon davoid of lesves (Fig. 20, arrow) and
oventinally died off. Flowers produced by these plants were
greabkly reduced 1in rlze and lacked the pigmant of the

floware produced by healthy plants.

Esteblishment of dodder connectlons between the symptomatic
periwinkle plants and other healthy periwinkles resulted in

the transmisaion of the same disssse to these plants.

Pariwinkles desveloping symptoms died within aix monthe.
Control plants connected +to altrua inooulated with only

gterile water £ailed to develop any disease symptoms.

3.4.8 Reisolation of bacteria frpm_inoculatad plante and

insects
- 3.4.8.1 Reismolation from mechaniocally-incoulated sitrus

Reimolation of bacterial IJlsolates in purs oulture from
cltrus seedlings wae attempted six monthe after mechenical
inoculation. Plants ueed in the reisolation attempts were
randomly selected from among the inooulated plants :
displaying disease pymptoms, as wall a8 from ameag the
symptomlese ocontrolm. Ths rasults Are gummarized in
Table 8.
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%, 0f reisolation attempts from citrus seedlings mechanically
inoculated with baekeria® isolates 6 months earlier,

Isolate

GC
NG
LL
T2L

- LG

No. of symptomatic placts sampled

18
18
11

3
11

No. of positive isoldations

12

8
B
4

o 1 i me e

i i — gl Rt it

e s e e b g -
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Thse reismciates culbured £rom lnogulated clbrua were found

to bs didentleal to the bactenia insoulated into the citrus
| plants six months earlier on the basis of drem stain
reaction, morphologys &atby =zold profilems and analytical
profile indices (API 20NE and API 208, Appendix M). The
ralsolates were also found Yo reach positively in the
PTA~ELISA with antiserum »sised against the original

inoculum.

Attempts at reisclating the baoteria from the same plants
after the disappesrance of disease symptoms were
unsucoessful, These plants had earlier tested positive on
culturs in MIG-8 mediun.

All 10 control citvus seedlings tested wars negative on
culture in MIG-8 medium.

3.4.8.2 Reisolation from periwinkle

Reimolation of +the bacteria from mechanleslly incculated

periwinkle, an wal) as from symptomatic pepriwinkls

inoculated via dodder, was not achlaved,.
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*.4,8,3 BRelsolation from payllia

Efforta made to culture the imolates from nymphe as well as
from adult psylla which had been inosulated via aither
nenbrane  feading or mioro~injection wers unsucceasful,
Atﬁempts_ to reisolmte the bacteria were made at periods of

7 and 21 days after inooulation.

3.4.7 Thin-laysr chromatographic nnalvsia of inoculated

altrum

All inseect and wmechanically inoculated plante, am well am
the ogontrpl plants falled to display the fluoresocent
gentislie glucoside marker, tha pressanpa of which ias
roported to be indicative of infection with areening
(Schwarz 1885, 1988a). |

3.4.8 Transmission slactron mlcroscopy of inooulated plant

and inseot pamplas

TEM obmervation of leaf midribs from citrus mechanicadly
inooulated with isolates GC or NC, ag well as of mideila
from periwinkles inoculated vis dodder, revealsd the
premssnoe of bacterla wlthin the phloem cells of bnth the
cltrus (Fig., 22) and periwinkle plants dieplaying symptomns
(Fig. 28).
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Pigure 22

Blactron nmicrograph of an ultra~thin ecebien through a leaf midrib
phloem call from mechanically~inoculated (GO isovlate) cierue showing
the presence of mitrcokganisms within the cell, PC = phlosm c¢ell;
Bar = 0.5 um,

Figure 23

Ultra~thin section of & leaf wmideib from periwinkle inceulated
with an infestive agent wvia dodder showing a bacterium within a
phloem g¢ell. B = bacterium; PC = phioem cellsy Bag = 0.5 um.
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Organisme were not observed in tismues of oitrus plants
inoculated with isolates LL, TZL or LO. Similarly, bacteria
were not ohserved in any of the contirol plantes exsmined.

Extsnsive TEM examination of nymphs and adult peylla at
periods of gevean and 21 deys aftar inoculation did not

yavasl the presence of bacteris wlthin the inseot bodles.

9.5 DODDER TRANSMISSION OF GREENING TO CUCUMBER

Approximately two weeks after the formation of haustoria
within ¢he ououmber plants, cotyledon as well as leaf and
atem aymptoma. ware observed In five of the six cuoumber
plante oconnected to infected citrus via dodder. Cobyledon
and leaf symptoms consisted of 2 diffuse uhloroaia
(Flg. 24) accompanied by wllting (Fig. 28), while stem
symptons consisted of neorotic lealons, inltlally
assoclated with the altes of haustoria formation (Fig.
26A), but which later mpread along the stem (Fig. 26B).
Btem splitting was alsc observed (Flg, 27) and symptom
akpression terminated with the collapse of the base of the
stem (Plg. 28) and the subeaquent death of the planta.
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Three control ocucumbsr plants connected to healthy oltrus
diaplayed nd symptome. The dodder —on one of the control
plants waas allowed to infeat the plant heavily to detepmine
the effeot the parasite iteslf hed on the cucumber, but the
plant appesared +to grow normally and developed no symptoms
(Fig. 28).

An orgeanism was isolated in purs oculture from each of the B
symptomatic teet plants and was shown to be identloal to
bacteria isolated from greening-infected citrus (laolates
GC and NGC) on the basis of morphology, API tests, fatty
acid profiling and serological propertles. The I1solate
obtainei £rom affected ocupumber was coded CS. The aingls
asymptomatlic test plant, as well ag the soantrol plants were

negative on ltures in MIG-3 medium.

Atvempted leolation of the same bactard: frowm the dodder
bridging the infeoted pltrus  and oucumber was not

succespful.

TEM revealed the presence of greening basteria within the
phloem timsue of the dodder connecting the cucumkey to the
greening~infeoted ecitrua (Fig. 29). Extensive exaﬁinatidn
of symptomatic cucumber atem, petliole and leaf midrib
samples, Thowaver, did not reveal the prassnca of

prokeryotic organisme within these tlesues,
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Flgure 24

Diffune chlorosis observed in lecves of gucumber plants fnoculated
with an infective agent from greening~infeatad citrus via dodder,
Leaves from control planta {C) remained healthy.

Figure 25

W.lting obsexved in cugumbar plants parasitized by doddar originating
from citrus iInfacted with greening (centys and right), Control
plants {lafi)} failed te dovelop disease aymptoms, desplte heavy
dodder infeasration.
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Figure 26

A. Cucumbar stem necrosis initielly sssaciated with the aite
of dodder hanskorium fozmation {arrow), but which laver spread
along tha lewgth of the stem B.

Figure 27

Btem aplitting observed in affected cuecumbar scedlings. Sites of
haustorium penctration are visible (arrow).
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Figure 28

tollapee of affected cucumber stem base.

Figure 29

A. Transverse section through o phloem cell of dedder bridping
gresning~infacted eltrus and symptomatic cucumber showing greening
bacteria. Bar = 1.0 um,.

B,  Enlargement of greening bacterium showing ¢sll envelope,
Bar = 0.1 um.
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3.8 INOCULATION OF HERBACEOUS PLANT SPECIES

Results of Iinocculation experiments are summarized in
table 7. Leaves of cuoumber, tomato, aubergine and green
peppsr plants rubbad with a cell suspension of isolates GC,
NC or €8, or with the £1lltered culture medium in which
these imolates were growm, displayesd various symptoms. The
most nmarked symptom waes & rapld wilting of the trested
leavea of cucumber, tomato and green pepper plantes (wilting
was recorded when the marging of leaves becams flaccid).
Similar inoculation of seedlings with cell suapensions or
celture filtratea of disclates LG and TZL failed to result

in symptom expression by any of the plants,

Wilting displayed by tomato plants was spectacular; leaves
rubbed with oculture filtrates wilted withic 10 min,
(Fig. 30), and 24 hr later had shrivelled up and died., This
wilting was almoc observed Iin oncumber, tomabo and pepper
atem ounbtings placed in the diluted_filtratas and suggests
the prosence of a potent wilt—-inducing agent of bactapial
origin in the apent medlum. Control plants exposed to

aterile fresh oulturs medium failed to develop symptoma,



TANLE 7 -

Rosulks of mechanical isalatfon of herbacaous plants with bactevlal imolatca and

spant culture supeymatant, Figures répresent tha nunber of plante devcloping wymptous.

A total of 5 plante wore Lnoculated in each case,
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Incculvm . - Backerial cells
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Leaves of tomato plants rubbed with an aguecus suspension
of the cultured ocells also displayed this severs, almost
jmmedlate, wilting. Neerosis of the vascular system of the
treated leaves and petloles was also observed in these
planta. The necrosis later spread to the main stem of tie
affeoted plants. B8ap extracted from the stems was found to
contain beeteris morpholcgiaailv identical to the original
inocculum when exsmined electron microscopically. The stems
of inooulated plants eventually collanzad and the plante
died. The findings suggest that the bacteria wers able to
spread and possibly multiply within tomato.

Tomato plents injected with the baoterla alzo exhibited
wilting, but this was only eovident after approximately
1 hr. Plants inooculated in thia way also dlsplayed vascular

necroasis.

Leavea of green peppey rubbsd with spent madium or with tha
cell esuspensions displayed wilting (Fig. 31), although this
only became evident after approximately 30 min. Wilting was
obheerved in outbings placed in oulture Liltrates after
15 min., In addition teo wilbing, symptoma of leaf curling
and veiln neorcesim werse observed to doevalop in plants
treated with cell suspenasl~as between one and two days

after JInooulation. Wiltins and vsscular neoroasis wers alao



210

Figure 30

Wilting of tr -ato lesves rpubbad with NO euleure Ffiltraka, Similar
wileding was observed when leaves wete rchbed with the Filterad
spant med{um of GC and €S cultures,

Figura 31

Leaves of a groon peppev scedling displaying wilbing syw toms aftor
rubbing with GC culturs f£litrake. Uninceulated leaves romainad

arack,
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displayed by plants injeoted with cells, but these symptoms
Became apparant only four daye after inoculation. Infection
with the bacteria 1led ulbtimstely to the death of the

plants.

Cucumber leaves were observed to wilt a short while after
rubbing with culture filtrates or with cell euspensions, or
after placing cuttings in the dlluted medium. Plants
inoculated with bacteria displayed foliar chlorosis similan
to that exhibited by ocuoumber eeedlinge infected with an
agent from greened citﬁus via dodder (smaction 3.5),
Nearosis of cucumber vascular tissue was not observed. The
symptoms of wilt and chlorosls spread to unancculated parte

of the plant and dlseased planta eventvally dled,

Symptoma inducsd by isolates OC, NC and CS, when rubbed
onto leaves of aubergine seedlings, were blistering of the
leaves (Fig. 32) and neoromis of leaf veins and the
petioles (Fig. 33). The infaction sppesred to he restrloted
to inoculated leaves aa the wsymptoms did not spread to
other parts of the plant. Wilting of the rubbad leaves did
not ooour elthough wilting was obssrved in stem outtings
placed in the dlluted oculture filtrates. The wilting was
not, however, as severe as that obhserved in similarly

incculated tomato and green papper plante. Inoculatlon nfi
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Figure 32

Biistering of avbergine leaves caused by rubbing with a suspension
of GU cells,

Figure 33

Nocrosis of aubargine leal and petiole tissue after inoculation
with the GC isolate,
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auvbergine with the lsclates did not result in the death of
the - plants. Similar symptoms were obeerved on plants

inoculated via stem injection.

Minnecle seedlings exposed to sither oulturs filtrates or
te live celle falled to develop disanse sympboma. Citrus
stem outtings did not wilt within a period of 1 hr after
being placed in diluted culbure Eiltrates.

Wilting of ocontrol eseedlings or cuttings exposed to water

only was not obmerved during the course of thie study,

3.7 ANTISERUM PRODUCTION
3.7.1 Immunogen preparation
8.7.1.1 Pre-treatment of whole calle

The influence of the waricus pre~treatmenta of hacterial
cells (GC imolate) on antiserum quality is ehown in
Flg. 34. Antisera ralsed againat untreated live cells (hsra
1-8) proved ito be unsultable for effactlvely deteating the
homologous  organiam in  olitrus leaf material in the
HE-PTA-ELISA. Similar results wer: recordsd in numercus
other serological detsction assaye using the pame antiserum
as well as antlsers ralsed againmt similar preparations of
the NC and CS isolates (reaults not shown)}.
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‘@ Disedsed [EZHealthy [lpna

1

N
0.8
Q4 l
0.2
] IR AEN AN AR
123 466 789 W12 4841 181718
sample
Bar No. Imnunogan diapaacd/hoalthy
Fatin
123 live cells 1.8
450 heat-killed cells 1.80
ray unancapaulated celln 2.3
10 11 12 sanicated celle 214
13 14 15 Koli~treated ¢alla 0.91
16 17 18 PAGE pretein hand 1.4
Figurs 34

Tha oftect of pre-~treatmeht of booterial (onunogens on the gualaty
nf the rosultant antiearum aw dotormined by che HE-PTASELIAA.

Ankisora wore crons=adaorbed sgainmt o preparation of healthy citrva
{aection 2.9.4.%) prior to uag. Dipeandd material was oollocke !
from 8 gresning-sEfocesd citeus sendling known to barbour ths GC
tsslate, Bampleg of bokh dissased ofteus (wolfd bars) asd bealthy
citrua (shaded bava) wera ‘prepared followivg the water leaching
aothod aud probed with the diffarent ant{sera In the HE-PTA-ELISA.
Por the antiserum valsed againet KoH-tyeated colle, paveicolatn
matter Ln tho water Lloachate of the sample matnrial wan podiwented
by centelfugation and alkali-zoluble autigens oxtracted from the
ru:nlia;t peliot by the alkali exvrostion method dekailsd In secrion
2( GI 1 L3

The atandard deviations (30) did nob exeeod 0.04 absovbance uwalre.

Tho Following sample and raagent dilublons wore used:

*  gamplo L

* antiporum 151000 (axecopt fn the cana of tha antiasrum
ralmad againet the PAGE protein band which
wag «fluted 11200, aud Ghe antizocom roataed
apatnat the preparation of sonicated cells
whieh way dllutod Le5DO), ’

* enxyme conjugate  1.2000
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Antigera diréected against heat-killed (bars 4-8), as well
a2 alkali-treated (bars 13-15) ¢ell preparations were also
found to be unaatisfactury.. The only oell preparatlions
which yielded antisera glving diseassed/heslthy ratlioms of
greater than 2.0 - were the formaldehyde-treuted,
unencapsulated whole bacteria and the sonicated preparation
of the unencspsulated cells. Disruption of bacteria by
gonloation was a tedious procedure and thus the
pre=~treatment of cholce was removal of capsular material
and £ixation by the method detalled in seoction 2.9,1.8.
This method of ocell preparation was used to produce

antlsers against all lsolates vaed in this study.

-8.7.1.2 Isolation of bacterlal proteinz by PAGE

Polyacrylamide gel electrophoresis of bacterial and plant
samples under non-denaturing conditions did not adequataly
resclve oconstituent proteins. Undsr theses conditions, it
ﬁaa not possible to obtain a clear profile of baoterlal
proteins from which aspeclific bande vould be meslected for

uge as immagogen (Flg. 35).
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Pigure 35

Non~detaturing PAGE separakion of proteins axtracted £rom the GC
isolate (lana 2) and from healthy citrus mideid tissue (lane 3),
Molecular weight protein markers (14.4 « 94 kDa: Fharmacia, Appendix
D) are in lane }. Mideib sample was prepared following the water
leaching method. Bacterial esmple was prepared as described in
section 2.9.1.6.

-t
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Unlike non-denaturing PAGE, fractionation of aamples by

_SDS—FAGE regulted in a olear separation of the proteins.

The prcﬁein profiles of the GC isolate and the extradt.of
healthy citrus midrib material are shown in Fig. 38. In the
preparation of the leaf mideib aamﬁle. the water leaching
progedure wag employed which ylelded an extract containing
relatively low coricentrations of soluble protein. Thus only
proteins presentu in citrvus midrib tissue in large amounts

wers detectéd by this method.

A major protein band (52 kDa) apparently unique to the
bacteriun was deteated wsing PAGE (Fig. 86, arrow) and
suffialent quantities of the proteln ileolated by tﬁia
method £for the immunization of rabblta. The resulting
antiserum was reacted against omtracts of giltrue in the
HE-PTA~ELISA. The extracota were prepared from material
collected from a symptomatic ocitrus plant from which the
becterium (GC isolate) had previously been lmglated, as
wall &g from healthy (control} oitrus. Results of the amasy
are ehown 4in Fig. 84 (bars 16-1B). Although the mean
absorbance value of the dimeased sample (0.203) ia slizghtly
higher than that of the healthy sample (0.214), the test
rasult is oconsldeded to be negative as the value of the
diseased/healithy ratlo iz less than 2.0.
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Figure 36

SDS-PAGE protein profiles of GG isolate (lane 2} dnd healthy citrus
midelb proteins (lane 3). Molecular weight markers are shown in
lane 1 (14.4 - 94 kDar Pharmacia, Appendix D). The arrow indicates
& promlinent backterial protein band (52 kDa) unique to the ovganism.
Samples were prepared as for Figure 35,
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3.?.1.3 Extraction of potentinlly disessme-epecific

immunogen from infectied plant material
Method 1

The KOM extraction procedure asdapted from thét repobtad by
French (1974) was found %o be an unsuitabie method for the
extraction of bacteria from either infected bark or midrib
mzterial. Both light and electron microscople examination

of the concentyrated leachatas faillied to reveal the presence

of bactaris or bacteria-like atructures in  the

pveparationé. Samples of both infected and healthy conbrol
meterial were, hovever, conbeminated with partlculsate

matter of plant origin.
Method 2
Application of the modified purification procedure of Sinha

{1974} to greening-infected bark and leaf midrib tissue

resulted in the relesse of only & small numbsr of bactepia

Erom these tlssues (Fig, 37). As the concentration of

organisgms in +the pertially-purifisd vreparations was low,
further purification of the extraot by column
ohromabographv and density gradient centrifugation was not

carriad out.
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Figure 37

Representative bavteria extracted from greening-infected ciltrus
materisl following method 2. Numexous veaslcle-like structures co~-
purified with the bacteria are visible in the preparation.

Bar = 0.5 um.

Figure 38

A bacterium observed in an extract of healthy citrus prepered
following mebhod 2, Note absence of the wasilele-like gtructuras
observed Figure 37, Bar = 0.5 um.

i
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The enzymes cellulsse and macerozyme (pectinase) were

employed in an attempt to maximize the releses of orgenisms
rresent within the host plant tissues. The degradation of
host cell constituents by the action of theepe enzymes
ghould facilitate the 1liberation of endogenocus bacteria.
Enzymolysis of host tiseue, hoWwever, d4id not appesr to
inoressa +the yield of microorgenisms in thie instance,
although wvisual inspection of extracts suggested that the
treatment  resulted in  less contamination of the

praparations with plant debris.

The morphelogy of the microorganisms extracted from

infected material by the purif.¢ation procedure was unlike
that of the gresning organism in situy {(as describesd by Moll
and Martin, 18973 and Garnier and Buvé, 1983) or in extracta
of infected periwinkle leaf midribs (Villechanoux et al.,
1980). When the concentrated samples wers reacted with the
antiserum prsised against an extract of greening-infected
citrus (GICE antimerum) in the HE-PTA-ELISA, no appraciable
diffsrence between the absorbance values of the test sample
and a healthy control sample was observed (data not shown).
Bimilar negative resulte were reccrded wiith the imminogold
labelling +technigue. The antiserum use:! had previcusly been
shown %o dietinguish between agreening-infected and healthy
plant mabterial (sectilon 3.8.8). It is thus unlikely that
the bacteria obeerved were related to the cavsal agent of

greaning diseass.

EY
-
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Cells displaying a similar morpholegy to thet of the
organisms from infected eamples were sxtracted from healthy
citrus +tiesue (Fig. 38), salthough & significantly amaller

pumber were recovered from this material.

- In addition to the bacteria observed in the preparations, a
large number of umorphous vesicle-like structures were
lgolated from disessed plants (Figs 37 and 38), The
struotures varied in size and shape and were not observed
in extracts of healthy leaf and baik material preparsd in
the ssme way (Flg. 38). The nature of the particles was not
sstablished, although they appeared to be sssoclated with
dipeasad material only ond may be of host plant origin as
treatuent of the extracts with ocellulase nd pectinase

rendered the preparations free of thase stfueturas.

Another +type of wveelcle or envelope~like structure waa
.conaistentlv jgolatad from greening-infected oitrus
material by following method 2 (Figs 40 and 41). The size
of the veslcles was sreaﬁer than those of the
aforementioned structures and their shope more regular. The
veslcles appenred to be empty and were unaffected by
treatment wlth callulase and pectinase. They wera
aasooiated. with infected materisl only and were mnot

observed in healthy sxtracta.

L

A
2,
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Figure 39

Enlaxgement of vesiole~like structuree co~purified with bacteria
from greening~infacted citrus tiague, Bar = 0.5 um,
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Figure A0

Collapsed vesicle~ or envelope~like structurds faolated from green«
ing~infacted citrus material following method Z. Bar » §,5 um.

Pigure 41

Enlargement of an empty vosicle= or envelopu-like atructure purified
from greening-infected c¢itrus. Bar w 0.5 um.




234

Method 3

Using thi=z purifiocstion procedure, & miall number of

' organiams displaying a wmorphology similar to that of the

hastaria isolabed Ffollowing method 2 (Fig. 42) wers
obssrvad in prepsrations of infected citrus midrid and bark
matenial, Simllay organimms wete not observed in

norresponding healthy preparations.

. Reacting the diseamsd oltrus preparabtlon (the sample was

poncentrated by means of high-spesed centrifugation prior to
analysis) with the GICE antiserum in the HE-PTA-BLISA
suggentsd that the organiszms isolated wars ssrologicslly

wnpelated to the causal agant of gresning (results not

| shown) .,

The vealale-like sbructures found assmociated with
praparatilons of disgssed tissue followlng the previous
protocol wera not cobsarved in the samplem of infaétod
aitpus obbalnesd with mathod 3,

The . percentage cell ryacovery recorded (Table 8) puggests
that this technique e welatively efficient for the
iaolatidn of bacteria (with physical propertise similar to
thoms of . m. subep. mlshiganenea) £rom homogenized oitrus

matarial.



Flgura 42

Bactaria isolated
method 3. Bar = 1.0 um.

From

greening~infectod

elktrus
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Aséessment' of purification procedures using ¢itrus leaf homoganates
- artificially contaminated with £, m. subsp. michiganense,

~ Purification Cell count % ¢el}l recovery

procedure {cells/me)
Bafora After

purification pur{fication

Mathod 1 ' - - -

Method 2 106 a3,3x105 33
Method 3 106 be,8x10% 68
Hethod 4 106 5,5x105 55
Methr 2 106 °g,7x10 87
Me a6 | " - -

3 Final cell count made before purification by column chromatography
and density gradient centrifugation,

b Pinal cell cormt made before gradient centrifugation. _
€ Final cell count made after discontinuous sucrose gradient centrd-

fugation. The efficacy of Percoll gradient centrifugation was not
assessad,
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Method 4

The purlfication protocol deseribed by Sul (1988) was
davalopad empecifically for the isolatlon of the greening
basterium and was reported Lo yleld large numbers of the
organiamn £rom periwinkle affeoted by the Asian strain of
the dissase (Sui 1888).

The attempts made in this study to isolate the bacterium
from both periwinkle and citrus affected by the African
strain of the dimseass did not yield preparations of the
bacterium asimllar to those desoribed by Sul (19B8). A verny
emall number of baoterla-liks organisms were isslated
following thia protocol, bubt they did not appear to be
. morphologlically similay to the areening.organiam in altu or
in preparations of the bacherium obﬁained from infepted
plant materisl (Villechanoux a2t al., 1290) (Flg. 43).
8imilar organisms were never imolated from healthy control

material.

In additioh o the bacteris observed, structures resambling
veploles were lsclated from the infected aitrus materlal
(Fig. 48). The vesiclses appeared to ba similar Lo those
leolated from diﬂeaéed éitrua using method 2 (Fig. 37) and
were not obasrved In preparations of healthy material.
Thease structures wers not isovlated from affeoted periwinkls

plante,
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Figure 43

Bacteria and vesicle-like structurss lsolated from greaning infected
citrus following method 4. Bar = 0.5 um.

e e
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When conocentrated preparations of the disessed citrus and
' periwinkle material weve rescted with the GICE antiserum in
the HE-PTA-ELISA, the aimilar abaorbance readinge recordsad

L0y these teat samples and tha healthy control samples

indicated that the organisms obssrved were serologically

unrelated to the greening organlism (ELISA data not shown).

The usme. of citrus mideib homogenates artificially
contaminated with bacterial cells to asaeaa.the effloacy of
the .iaoiation technigue indicated that almost half the
added oells were loet during the proosdﬁru {Table 8). A
aiﬂnifioanb loga of bacteris ocourred during the initial
clarifying steps of the three oayeles of differential
sentrifugation. Phis  was indiéatad by mioprosmcople

examination of the pellets formed after each period of

low-ppead centrifugebion which revesled the presence of a

large numbsy of cells. Reduotion of the ocentrifugsal force

during the clarifying step, or shortening the length of the

centrifugation run may reduce the number of organisma lost

during purification,

%
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Mathod 5

Thie extraction protocol was deuerminéd'largely empirically

uming artificially oconteminated homogenates. The principal

objeot of the technigue was +the optimization of call
PECOVELY and little emphasis was placed on the removal of
host plant debris. Preliminary studies indicated that the
procedure was effective, this belng shown by the 87X cell
recovery recorded (Table 8). The efficacy of the protocol
was fu;ther demonetrated by the purification of large
numbers of MLO's from leaves of oltrus affected by

“multiple sprouting".

Egtracte of gresning-infected oitrus midrib tissve prepared
using this purification procedure were used for the
immunization of rabbitas (the resultant antiserum was
designated "GICE"). The plant preparabtions obtained were
heavily conbtaminated with plant material, this being
indicated by the. intense green colouration of the sxtracts.
Electron - microscopic examination vevealed that samples
contained 'verv little plant materisl of a partlculate
neture (Fig. 48) and the contaminatlon wae probably due to
the presence of soluble host plant plaments. Passage of the
mample through a 30% sucrose solution falled to exclude the
pigmented contaminants, although a significant amount of

the particulate plant contaminante was removed.
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The use of selfﬁganaraﬁing Parcoll gradients a= an
altsrnativa to the sucrose gradient ©proved to be

unsatisfactory; After centrifugation, the seamples were

: found. to have been fractionated in such a wey as to make

accurate ocollection and analysis of each band imposeible
(Fig. 44). Suorose 'srﬁdiaﬁts were thus uaed to prepare
sufficlent guantities of infected materinl fFfor se as

lnmunogen.

' Pecause of the difficulty in lucating specific bande within

the Pe#coll gradients, a preparation of - cultured .

C.m. subsp. michiganense cells were layered onto a 70%
{v/v}) Percoll solution and osntrifuged under the same
oonditions as the plant extracta in order td determine the
location of the bacteria after.cantrifugatioh. Figure 45

indicates that the orgesuisme do not ssdiment in a single

discreet band bubt are spread over a broad region of the

gradient. A siinilar situation may oocuy with the.araenins.

bacteria in infected plant exbtracts, thus making recovery -

pf +the organisms eéven more complicated. Mloroscopio
examination of 0.1 ml frections of the Percoll gradlent in
which the disepsed plant extract was fractilonated (Fig. 45,

centre tubq) failed to reveal the prezence of significant

numbera of Ybacteria in anﬁ one particular area of the.

gradient.

ek ¥ F e e
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Figure 44

Fractionation of greening-infected citrus extraets (method 5) in
self-generating Percoll gradients. The Percoll was held within
Beckman Ultra-Clear tubes. The f£ractionation of sample in a 70%
{v/v) Percoll solution fe shown on the left, while on the vight
is shown the band psttern generated in a 30% (v/v) Percoll solution.

Fipure 45

Fractionation of heslthy (left) and greeninz-infeated (centre)
citrus extracts, as well as a suspenslon of G, m. svhap, michiganense
cells in 70% Percoll aelf-generating gradients, The samples were
fracticnated in 1.5 m# volume Beckman polycarbonate tubes,
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Despiﬁe the effectiveness of this bacterisl purification
method ({(as detesrmined by the preliminary . tudies), véry Faw
bacteria or bacteria-like atructures were isolatad from
oitrﬁa. =isgus. A small number of bacteria digplaying the
morphology Qnd dimsnaions of the greening organism wers
. consistently isolated (Fig. 48) from dlseased bark and
- midrib material. Similar organisms were never observed in

extracts of healthy sasmples.

Preparations of infected material also oontained largs
numbers of amorphous orystalline structures {(Fig. 47).
Theae stmictures were present in all infected extracts hut
not in any of the healthy samples (Fig. 48) (ths healthy
control esamples (bark ae well as midrib material) were
collected from elght 4if* went mseedlings which were
certified greening-free and provided by the C.S8.F.R.I.,
Nelapruit).

Leaf midribs collected from citrun seedlings aupposedly
free of greening dismsease but infected with a variet# of
other pi.ytopathogens were subjected to thie same
purification procedurs in order to determine wheather these
oryastalline structures were assoolated with

greening-infected material only. The followlng samples were
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Figure 46

A bacterium extracted from greening-infacted citrus Followlng
mothod 3, Tha morphology of the orpanism 1a similar to that of
the greéening ovganism in zitu. Tha preparakion wes reacted with
an anbtiserum xaleed againet rthe €¢ dsolate in the immunogold
labaliing apeay {sections 2.12 end 3,10) to determine the serological
ralationship of the two organioma. Note the absance of bound pold
label. Bar = 0,25 um.
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Figure 47

Amorphous crystalline structures extracted £rom infecked eltrua
following methed 5. Bars = 1.0 um,

Figure 48

Negakive staining of eaxtract of healthy eibvus pyepared Eollowing
method 5. Bayr = 1.0 um.
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analysed in this way: i) troyer citrange infeocted with both
tatter leaf wvirus and oltrus tristeza virus (CIV), i)
rough lemon infscted with vein enation virus and CTV, 1ii)
mandarin infected with CIV and “multiple sproubing”, iv)
swest orange infected with psorosis and sV, and
v) nﬁapafruit infaoted with CIV am well as with a severs
strain of OV (strsin 7K6). The mamwles were provided by
Prof, J. Da (Graca of +the University of Natsl,

Pletarmaritzburg.

Al the diseased pamples analysed wers found to contaln the
mams  orystalline structures s thowe observed in sxbtyacts
of greening-infected cityrus. This finding suggeste thad the
crystals are not specifically associated with
greening~infected oitrus and are probably produced by the
plant a2 & concequence of infectlon by a varisty of

phytopathogens,

Crystals purifiad by repeated oycles of differential
acentrifugation wera Zfound to exhiblt ar absorbance psak at
202 nm when analysod spestrophotometrloslly. This finding
suggests that the structures are proteinacacus, & fach
which may have |besen oconfirmed by treatment of the
prepavation with protesase or by the application of a simpla

asmay for proteln.



247
Method §

The atbempt to 1dentify and Iisclate diaaaéa~speoifio
antiggna' from infsoted plant material by SDS-PAGE

fractionation of protein extracts waz.not succasaful .

Figure 49 pshows the profilss of proteins extracted from
eitrum affacted by differant pathogens. No banda unlgus to
the gresning~infacted sample are viglblas.

Non-denaturing PAGR fraotionation of plant samples falled

to gensrate olear profiles of conmtituvent proteins in whioh.
specific bands oould be identified (Fig., &0, top).,
Fraotionation vnden dénaturing - condltions, however,
resulted In bhatter separation of the protelns (Fig. 60,
botbom), although no bands suitable for ues as immunhogen
wars vigualized in the resultant profiles.

Attempte to  isolabs  greening-spscific proteins from
materis) affected by the Asian strain of greening was also
unesucvesnful (Figs B1 and B2), Of the three sampla
preparation procedures used, phenol extraction of proteins

apreared to0 yield the most satiafactory results (Fla. 51..
laneas 3 and 4). TCA sxtraction resulted in heavy streaking
of the semples (lanes 1 and 2), while the method employing
808 fallad to extract quantities of protein great enough to

gonerata a cleaar profile (lanes & and 6).
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4 66

4 45
4 3%

1 2 3 4 5 6 7 8
Fipura 49
 SDS-PAGH fractioation of proteins extracted from citrus leaf
midribs,
" Lanme 1 - Afrlean greaning-infectad eitrua (Pletermaritzburg
digtrict)

African  greaning-infested citrus (Nelgpruit district)
healthy ecitrus

celtrus affecked by tatter leaf virus and OTV

cltrus affected by vein enatior virua and GTV

ecitrus affected by CIV and CT\ strain 7XK6

citrus affected by pesorosis and CIV

molecular weight protein markers (14.2 = 66 kDa; BHigma)
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Figure 50

Fractionation of eltrus leaf mideid protein extrackts by non-
denaturing PAGE (top) and SbS=PAGE (below),

Lane

1
2
3
4
5
6
7
8
9

-
-
-
-
-
-
-
-

molecular waight protein markers (14.2-66 kDa: Bigma)
healthy citrua

African greening-infected citrus (Pietermaritzburg district)
African greening-infected citrus (Brits district)

eitrue affected by tatker leaf virus and CIV

eitrug affected by vein enation virus and GTV

eltyus affacted by "muleiple sprouting" and CEV

citrus affected by psoroais and CIV

citrus affacted by OTV and OTV abtrain VK6
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467

4 43
4 30

Figure 51

SD8-PAGE fractionation of citrua leaf midrib proteins extracted
from material affected by the Aslan serain of the disease, PAGE
samples were prepared using differed methods,

Lane infected ecitrus preparad by the TCA extraction method
healthy citrus prepared by the TGA extraction methad
infected citrus prepared by the phenol extraction mebhod
healthy eftrus prepared hy the phenol extraction method
infected ciltrus prepavad by the SDS extraction method
healthy citrus prepared by the 8D§ extraction method
molecular waight protein markers (l4.4 - 94 kDa: Pharmacia)}

r £ &t rr ¢t K

1
2
3
4
5
[
7
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Figure 52

 Non-denaburing PAGE fractiomation of edewug leaf midrib proteins

extracted from material affected by the Asfan stryain of the dissase,
Varying concentrations of protein were loaded -onto the different
lanes, Molecular weight protein markers wers not loadad onto the
gﬂl .

tLana I -~ Infecced citrus 100 uy protein
2 -~ healthy eiltrus + 100 ug protein
3 = infected eltvrus 1 200 ug protein
4 = healthy eitrue : 200 ug protein
5 =~ Infacted citrus : 250 ng protein
§ =~ healthy citrus ¢ 250 ug protein
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Apﬁlic&tion of the éilvar staining method of Amersham
(_Amersham, U.S.Ad\to the C(oomassle Blue-stalned gels
failed +to reveal additional proteins which may have been
present, but at concentrations too low to be deteoted by
Coomaesgie ataining (results not ghown). Double-sgtaining of
PAGE gmela haé been revorted to be far mdre sengitive than

the use of Coomassie Blue alone (Andrews, 18986).

3.7.2 QCpross-adeorpbion of antimera

. 8.7.2.1 Crogs-adaorption of antiserum raimed ageinst an

extragt of diseamoad citipus

The extraction procedusre (pectlon 2.9.2, method 5) used to
prepars the Iimminogen contained a algniflicant amount of
plant contamination. It was neceseary to use an sxtraction
procedurs yielding ae much of the bacterial content ¢f the
infeoted material as poseible, although such a procedure
would naturally containn a  substantial amount of

gonteminating hoat plant material as wall.

Because of the presence of citrus materlal in the lmmunogen
preparation, the antiserum raimed was not sultable for unse

in 8 seronlogical detection assay withaut_ prioy
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croas-adsorption agalnat host plant antigens. This is
clearly indicated by high abhsorbance reading recorded for
 uninfected material in the HE-PTA-ELISA (Fig. 53).

Pr: "iminary  etudies showed that crose-adsorption of
antimerum with a crude sap extract of healthy citrus leaf
tissue wae not sultable for the effilcient ‘remnval of
mantibodiss direocted against plant comﬁonants. Even after
extensive treatment, ths antisarum displayed considerable
orosa-reactivity agalnst healthy cohtrol. pamples and, in
additlon to this, ths presence of plant pigments and
enzymes eappeared to have & dsleterious effeat on the
antiserum by reducing its mensitivity (data not shown). It
was therefore necesssry to investigate other meanz of

vemoving unwanted antibodies from the antiserum.

All three crops~adecrpbion technigues employed wers found
te effioclently vemove a psignificant proportion of the
plant-gpoaific antibodlies from the antiserum. Although
oross-adsorption did  not  remove all the backgron
aptivity, a differential in ahsorbance values was obtained
between the extracte from healthy and infected plants in
the HE-PTA-ELISA (Fig. B53).
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MMoliceannd ERHeilthy [IsB8

1.8

. [ o

8 A58 7 4
sample

Bar no, Crogs-adsorbed method diseased{healthy
ratio

123 ﬁmmnnium sulphate precipltated 2.65

: protaing

456 affinity column ¢romatography 2,40

7869 soetone~fixed material : 2,00

10 11 12 untreated antiserum -

Figure 53

Removal of plant-apecific raaccivity' from the GICE antisarum by
crosg~adagrption againat different plant preparations.

Samples of greening-infacted and healthy citrus midrib material
ware prepared followlng the water leaching method and probed with
the cross-adsorbed antisera in bthe HE-PPA-ELISA.

The 8D ¢ id not exceed (,05 absorbance unies.

The following asmple and reagent dilutions wers usad:
* gample - 1:100
* antiserum - 1:1000
* anzyme conjugate -~ 1:1000
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Attempte to reduce ‘the anti-plant activity further by
dilubing +the oross-adsorbed antlserum in an extract of
healthy oitﬁua made in ELISA sample conjugate buffer (10 g
fresh weight/litre) were largely unsuccesaful. The presence
"of healthy plant antlgens in the antilserum diluting buffer
has been faported to improve detection aasay resulte
- conelderably (Clark ot al., 1983, Rybloki, 1984). Na
signifiocant | difference waaz, however, obgerved between
results obtained in thia study using the modified bufifer as
diluent and +those cbtained ueing vuvnadulverated ssample

conjugate buffer (data not shown).

Host plant material affected by diseases other than
greening were also usaed Ffor serum oross-adsorption as
disgnostic sassays showed that the GICE antiserum displayed
a oonsiderable ampunt of reactivity with citrue materlal
infsoted with a number of other pathogenz (Fig. 54). The
bieatment, hoviever, falled to remove thias unwanted aotivity
(Fig. B4). '



Figure 54

Reaction of GQICE antiserum with healthy cltrus and with citwus
infacted with various phytopathogens. Two different preparations
of the antiserum were usad: GICE cross-adsarbed againgt an ammonium
aulphate precipitated extract of healthy citrus ("Healthy axtract")
and a similar axtrast of varlous citrus leaf sawples infacted with
differant phytopathogens {section 2.9.4) ("Disaased extract"),

Plant samples ware preparvad by the water leaching method and probed

405

B icaniny extrast B2 Diseased exteacy

(
|
i
i
1.6
1
]
}
0.5
t2 84 58 78 910 1112 1914 618 1748
sample
dar na., Gitrus aample nffected by
12 vain enakion + CTV
34 OTV + FHA
56 sultipla sprouting
e pantaais
b 10 imperatura
11 13 greening (Nelaprult avea)
13 14 greening (Réunion Island)
15 1% healthy etcrus
17 18 buffer {PBS) control

with the eross~adsorbed antiserum in the HE-PTA-ELISA,

The 8D did not axcend 0.06 absorbance unita,

The following sample and reagent dilutions were uged:

#* pample

* antiserum
* onzyme conjugate = 111000

- 1:+100
-~ 111000
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| 3.7.2.2 Cross-adsorption of antiserum raiped againat

ctiltured hacteria

Because of the anti-plant activity observed with the
antiserum ralised &gninat  the oculbured GC Jlaolaite,
differentiation betwsen symptometic and healthy plant
gamples in +the ELISA was difficult. COross-adsorption of
thiz ﬁntiaarum with healthy citrus plant protelns prepared
following +the ammonium sulphate precipitation technique
was carried out in an attempt *o reduce the _high

hackground readinga.

The vresults of the HE~-PTA-ELISA In which the untreated and
eropg-adsorbed antiserum was compared are represgented
graphically in Figure 55. Although croas-adsorption of the
antigerum yeduced the anti-plant activity, a significant
difference Between the treated and untreated antiserum wae
not observed, ¢his being indicated by +the similar d/h
absorbance ration recorded with the two antisera {(a ratic
of 1.9 with the untrested antiserum and & retio of 2.1 with

the crosgs-adaorbed antiserum),
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Figure 55

Regults of the HE-PTA-ELISA in which plant makerial known to harbour
the GC imolate, a8 wall as uninfocted maberdal, was probed with
grosg-adaorbed (bara 4 and 5) and untveaked (bars 1 and 2) antiserum
raiged against & susponsfon of live cultured GC cellg, A preparation
of ammonium sulphateprecipitaced citrus mideib protelns was used
for the croms~adscrption of the smelserum.

The 5D did wor excasd Q.03 absprbance unite,

Plant samplas were preparsd by the water ledching method. The
following sample and reagent dilutions weve uwed:

* pamplae « 1130C

* antilgerum « 111000

* ansymo conjugate = 111000
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3.8 ENZYME AND RADIO-ISOTOPE BASED SEROLO&IC&L DETECTION
ABBAYS

5.8.1 ELISA msample preparation

The efficanr of the various sample preparation procsdures
was determined in the HE-FPAﬂELISA and the results obtained
reprasented graphically in Flgurs 66. Positive resulta (
d/m  sbuorbance ratio of 2.0 or mors was consldersd
positive) wsre recorded only with the samples prepared
followirg the water leaching and the "chopping” methods. It
" im evident from the sbsorbance ratiom that preperation of |
loaf midrih material Lollowing bthe wabter lesaching methed
vislded the best pesults.

3.8.2 Compacimen of the Fab", Ftdb’)z, DAS and HE-PTA

anzyns assaye

The pesults of the four ELISA variations are summerized in
Figure B7. The wstar Ileaching method was umed in the
preparation of sample for all the asmays. Three dlastinet
lote of excized leaf .midriba wapre usad Lo prepays three
'aamplea of infected end hemlthy plant materdial, The
‘different saaples asre preprssented in Figure 57 by the
figures 1, 2 and 3.



260

R Clasnsad [T Henithy

1 o e e
1
= L1
i
081
i
0.8 X
A&OS
0.4 3 }
3 :
0.2 ] .
44 1 4é 910 g
sample
Bar no, Sample preparabtion procedura diseaged/hialthy
) rakiy
12 water leaching 21,
14 polytron homogenieakion . L1.93
54 leaf prean extraczion - 1.80
78 “ehapptng" mekhod 2,50
¥10 anzymatic treatment 1.04
11 12 ROK treztment 1.37
Pigure 56

Results of ths JB-PTA-ELLSA in which graening-affocted eitrus loaf
midvidb matevial was propaved following diffevent sample proparatin
pracedures, The diseasad and healthy contrpl osanples ware probmd
with the GICE angiserum crogw-adosrded ap. nat &  ceparation of
healthy cibrum proteins,

The 8b did nobt axceed .04 absorbance unfgs,
The collowing sample and reagewe dilutionr were used, Opeimal

difutions were datermined uaing. o chequarhoard scheme nimilar to
that deseribod Ly Hill (1984},

Brophration procodure Sample antisarum EnEvime
Conjugate
water leasiing 1: 100 111000 111000
polytron 112 1:1000 111008
loak prowy Lia 1:1500 11000
"chopping" i1t 111000 111000
anzyma Li2 111006 1:1000

Ko 1:10 111000 11000
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i
1
0-3
06
405
0;4 g
0.2 i _
i | i.
A B C D
gample
Bar group  Lnzyme aweay Largser SO recorded
A Fah')y 0,509 abw. unita
B Fab' 0,011 abw. unies
4 DASSELISA 0,000 abs. unics
1] HE-PFTAELISA 0,040 aba, unite
Hgure 57

compatrison of the efficaey of different enzyme jmmunosssays in

docecting discassvapecific antigens in eltrvus lsaf mideth claue,

The nusbers 1, 2 and J 4n aach ber group reprasent thres diatingt
laaf mideib aanplos, The same sample prapavations wars used in
tha different detection aemays. fawmplen of greening-infocted and
healthy citrus midrib material weva prepared by the wikter lsanhing
mathad and probed with GICE antisarum (or the Ig0 Eraction thereof)
crods~adaorbed againet a4 praperation of healthy citrus procainm.
Infeactad and nontrol marevial swam collscbad from sasdlings provided
by the G‘SIP'RFzI

The Following sample and reagent diluktons wers ussd. Optimal
dilubiens were davermined In preliminary cheguerboard tibratien

wasaya.

Reagent Dotenkion assays
Plab!la Fab! DAR~ELIRA  UE«DTA~ELIBA

¥ crappiog

antibody ! ug/ml 1upiml L0 egiml .
* sgmple : a2 1 L4 11400
* dataeking

ankibody 10 ug/ml 10 ugfml = Ee 1000
# angyme

con jugato 115000 1.,3000 L5000 1:1000
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All the detestion asmayg umed wers able to debeot the
preéen&e of disease antigens in the three preparations of
infected sample material. There appeared to be no
aignlficant differenée between the resulte obbained uaing
the -diffevent assays, this being indicated by the similar
d/h sbsorbance rstic ocalculated fFor the four teste. The
respective d/h ratlos for samples 1, 2 and 3 sszayed in the
four tests wers: Flab’) - 2.76, 2.21 and 2,60

Fab* 2 - 2.41, 1.81 and 2.40

DAS-ELISA -~ 2.90, 2.89 and 2.86

HE-PTA-ELISA - 2.83, 2.10 and 2.48

Ho hydrolysis of the substrate penitropheayl phosphate
"directly by ebsorbed components of plant extracts was
observad in the HE-PTA-ELISA.

3.8.83 Cenoarison of the HE-PTA-ELISA, Bead~RIA and Dot-RIA

it wae not poesible to differentiate between the healthy
and grecning-affected  leaf sxbtracte with the Dot-RIA ('id.
58C}. The dsh ratios for the threc pamples assayed in this
tegt all fell haelow the out off wvalue of 2.0, Beth the
HE-PTA-ELISA and DBead~RIA wers, however, able to detect
digease antigens in  the three different infeoted
preparations {bare 1, -3 and 5, Figs 584 and B). %..
ensyme~baped acasy proved te be more sensitive than the
radle~-immuneaseny, this being lndicated by the greater d/h

ratios generated by the former technigue.
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by HE~PTA-ELIRA (A}, Dawd=RIA (D) and Dob-BRIA (G).

c.pm Ly 3 and 3 eeproment chree digednet masples of presningeanfeetad
leaf mideb materfal, while bars 3, & and & pepresenr Ehrse dizningt
The game naeple propucackons ware uded
in E4e thren datectlon assdvs. Samplem were preaparad by tha waker
leaching method and probed with the CICE anciserue eroasadaorbed
agatnst hwalthy citrun plant protetns. Infsceénd and <ontral sumples

hualthy midpib wamples,

ware collected from veedlings provided by the €.5.FM.I.

The targear standard deviarion recorsed for sagh aumay was:
HE=PTA=ELLSA = V.G1 aba, unlta
Boad«RIA = 6300 c.pib.

Dox~RIA

Optimal wampky and veagant dilutfonn wers determived im penlimtnary
vhequarboard titration asmays: The Eollowing dilutions werd uderd
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3.8.4 Periodate oxidation of samples

_ .
The eaffsct of periodate treabment on ELISA samplea veacted °
with the GICE antleerum is illustrated in Fig. 59‘_Leaf
midpid leachates were adsorbed dipeotly onte ths miorotityve
platez and enalyesed in the HE~PTA-ELIBA. Mild oxidation of
the plant samples (midrdb and columells) had a marked
effect on the results of the dlegnostic aseay, a
sgignificant deoreass in the A raadingﬁ for both the

_ _ 406
diseamed and healthy extracts being observed.

A decrsase in absorbance was almo cbserved when simllarly
treated samples wers weacted with an antiserum raiaéd
against a preparation of live bacterial cells (GC isclate)
(Fig. 80). |



286

RBloisessed EZZlHeaithy [Zlrea

1p Kt e Lok
0.8
0.8
AAGE
04
0.2
LA 1] J T
t 2 ) 58 e 91
sample
Sam. lo Traakmant " dizsassd/hwalehy racin
midrik untreated {bava 1 and 2) .63
pericdate vxidakion
{bars I and 4) a.40
columalla  untrpatad (bars 5 and @) 1,61
poriodate oxddation _
{baze 7 and 8) 1.52
Plgure 59

The sffact of periodate oxidation of miderib and columella eutracts
on the binding of immunoglobulin toe immobilizad antigens in the
HE~PTA~ELLSs ' :

Infeckad samples wore collected from & tree known to be affected
with greening dissase. Samples were prapared by the waker lesching
method and probed wigh the GICE antiserum crops-adsorbed againat
healthy oibkrus proteina, After adoorption of sample antigens to
the microtitre plate, wells were either subjected to mild periodate
oxtdation (bavs 3, &, 7, 8§ and 10) or left unkreated (bars 1, 2,
5, & and 9),

The 80 did not excoed 0.04 shaorbance unibs,

The following sample and reaszent dilutlons wore uased:

* sanplae - tidrlb “ 1:100
eolumella -~ 1200

* antigerum = mideib - 1:1800
columalla ~ 111500

* onzyme conjugste 111000
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Treatment disaased;insalkhy ratio
untreated (bars 1-3) - 1.40
periodate oxidakion (bars 4~6) 2.11
Figure 60

The affect of periodate oxidation of midrib extracts on the binding
of immunoglobulin to {mmoblized antigens in the HE-PTA-~KLISA.

Infocted mideib samples were colleacted from a citrus seedling kuown
to bs infeeted with the GU isolate. Samples ware prepared by the
watar leaching method and probed with an antiserum rvaised against
a preparatiun of cultured, live GC cells, After adsorption of sample
antigens to the microtitre plate, wells were either subjlested to
mild periodate oxidation (bars &, 5 and 6), or left untraated (bars
i, 2 and 3).

The SD did not excasd 0,03 abgorbance units,

The following sampl: and reagent dilutioms wars used in the asasy:
% gampla ~ 11100

* antiserum = 1:1000

* anzyme conjugate - 1:1000
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83.8.5 Deteotion of dissase antigen with the antiserum
rvalged against an extrect of gesening-infectad

citrus (GIOE antiserum)

' 3.8.6.1 Detection of diseame antligen in different citrus

timsues and in alternate hoat plants

In order to determine whet ~r various ocitrus tissues

differed 4n the amount ~° -- >Je antigen that they
hayboured, esamples of bayr . t; #et - andomsperm,
frait columells and leaf midy : ‘od fpllowing the
water leaching technique sna *  “he presence of
disesse antigens in the HE-PTA-w... ing the GICE
antiserum.

The results presénted in Figure Bl suggeat that seed coat,
endosperm snd frulb columella did not serve as good sources
of disesase antigen, this belng indicated by the small d/h
ratlo ocaloulated for these tissues. In contrast, samples
prepared from bark and leaf midrib material tested poritive
for the presence of antigen and thus probably containsd
higher levels of disease antigen than the other tissues

agaayad.
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36 columalla 1.50
78 bark 2,32
7 10 midedb 3,83
. Haure 61

Doteckion of disease antigans in diffevent oltrus tissues using
the HE-PTA-ELYSA,

All samples ware praparad by the water leaching method and probed
with the GICE antisarum ¢roes-adsorbed againat healthy eityus midzib
proteins.

The 8§D did not axceed 0.45 abaorbance units.
The following sample und reagent dJilutions ware used., (ptimal

dilutions were determined in a preliminsry chequerboard titration
assay.

Reagent Samples

Coat gndeaporm columalia bark mideib
* gample 1106 1200 1:200 1:100 1+ 100
* anbiserum 1:1000 11500 111500 11000 1:1004Q
* puZyme

enjugate 1:1000 111000 111000 11000 1:1000
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.In an attempt.to test alternate hoet plant apacias for the
prasence of disease anbigen, mamples of the infedtad plants
(poriwinkl+4, oucumber and dodder) were reacted with the
GICE antis rum in the HE-PTA-ELIBA. To determine whether
the same plants harboured the GC imolate, aliquots of the
samples were reacted with the antiserum directed agalnst an
unencapsulated, formaldehyde~treated preparation of the
cultured bacterium (GC imolate) in the mame aysten.
Greening~aftfected leaf midrib material colleoted from the
Indian Ocsan imland of Réunion was included in the same
analysls +t¢ test for the presence of disease antigen in

sitrue material from this geographical location.

Tha pesulbs of +the amesys are shown in Flgures 82 and 83.
Probing samples with GICE antiserum indioated that the
eneumber and Réunion oitrus material contalned detectabls
levels of dimeape-~specific sntigen (Fig. 62). The 4/h ratlo
caloulated for the periwinkle sample, although baing almost
2.0, was lesm than thé negative~pogitive threshold value of
2,0 and must thevefore be considersd unegabive., It 1ip
posmible, howsver, that dimcase anbigen wam present in the
sample. The d/h ratic for the doddsr leachate fell well
alow the 2.0 sub-off value and it ie thus unl: zely that it
harboured detectable lavels of GICE-apecific antigen.



270

.....

B Disesned U iHeatthy [27PHS

i
i

2
1.8
A405
1
0.8 “
t 2 Y
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12 Pariwinkel midxib 1.80
34 Cucumber mideib 3.5%
56 Citrus mideib (Réunion) 2,69
78 i sdder strand 1.14
Figure 62

Datestion of disease anktigens in citrus and other plant species
by the GICE antisarum.

Periwinkle sample material was taken from 3 symptomatle seedling
infestad with greening dfsessa via dodder. Oucumber mideiba weve
exelsed From leaves collected off a aymptomatic plant infegted
with a disease agent from greening~infocted cilitrus via dodder,
The dodder matewial asgayed was collacted from a parasitized,
groening~infonted cl¢rus sSeadling. Samples were prepared by the
‘water leaching method and probed with the GICE anciserum (erosa~
sdgorbed againat healthy eitrus proteina) in the HE~PTA-ELISA,

Tia 8D did not exceced (.00 ahsorbance unies,

The Following gample and reagent dilutionms were used:
% gample = 1100
% antiserum « 131000
* enzyme conjugnte « 141000
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racio
12 Pariwinkle midrib 1.05
34 fucumber midrib 1.16
56 Citrus midrih (Réunion) 0.93
78 Dodder strand 1.07
Figure 63

HE-PTA-ELISA abgorbance valuee vecordad when the same plant
preparations as those probed with the GICE antiserum (Figura 62)
were probed with antiserum raleed agajiust the G&C isolate. The
antigerum was waised against an unencapsulated praeparation of §¢
calls and covosp-adsorbed against a praparvation of healthy ecitrus
proteins bafore use.

The Sh did not exdeed 0.0l absorbance unikas,

The following sample and reagent dilutions were used in tho assay:
¥ gample = L 100
* antlserum ~ 1:1500
* gnzyme conjugate -~ 1:1000
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Analysis of the identioal plant laachates within the same
microtitre plate using thq antiserun directed against the
G0 isolate indicated that none of the mamplae contained
dateotable levels of brsanigma related sercloglcelly to the
GC imolats (Fig. 63).

8.8.5.2 Analysis of indlvidual leaf midribs

The watér leaching method of sample preparation was found
in this study to be sultabla for snalysing single leaf

midribs in various sercloglcal detecstion asmays.

Using this preparation procedure, midribs from sweet orange
leaven Alaplaying varying degrees of sraaninn.symptoma wWere
agsayed indlvidually for the presence of disease-speciflc
aatigen. The infaobed leaves umed (Fig. 64) were sollected
from an or rd in the Pletermaritzburg distrlot of Natal.
‘The tree mswpled had been found to test sositive for the
gentimiec acid marker of greening diseuss and displayed
typical lsaf and £ruit symptoms. Healthy contrel leaves
(Fig., 66) wers oollected off gresning-free seedlings from
the C.S.F.R.I. The nidridb leachates ware reacted with the
GICE antiserum as wel)l as antiserum raised agsinst the GC
isolate in the HE-PTA-ELISA (Figs 66 and 87).
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Figure 64

The greening-infected Isaves From which midribs were exelgad Ffor
tha HE~PTA-ELISA (Figs &6 and 67).

HE LARRT

Figura 65

The healthy citrus leaves from which midriba woves exelsad for the
HE~PTA-ELISA (Figs 66 and 67).
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The 17 1nfeated lsaf. midrib: were positive for
digesse-mpecific entigens (as determined using the GICE
antiserum) in this amssay (Fig. 68), the d/h ratlo
calosulated foxr all the osomples being above 2.0. There
appearesd Lo be no significant difference in shsorhance
readings betwsen leaves displaying severe aymptoms (leaves
11-17) aﬁd those displaying mild chlovotic symptoms (leaves
1~4). All & healthy lesaves sampled tested negative.

It ia a&apparent from +the results shown in Figure 67 that
none of the mildribs from the sawe symptomatic loaves
contained antigen detectable with the anti~GC mepum.

Similar rvesulim were recorded wlth leaves nollected sff
greening~affacted trees in +the Brite and Nelspruit areas

(reenlts not shown).
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Figure 66

ELISA abgsorbance wvalues for GICE antiserum-apeci®ic antigena in
mideibs from the groening+infected and healthy cittus leaves shown
in Flgures 64 and 65. The 8D did not exceed 0.06 absorbance units.

Water leachates of each midrib were preparad and thon probed with
the GICE antiserum (cross-adsorbed against healthy eitrue proteins)
in the HE=PTA~ELIZA.

The sample and reagent dilutions used were as follows:
* gample « 1:100
* antisary « 11000
* enzyma ¢ 1jugate = 1:1000
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Figure 67

ELISA absorbance values obtained when the same citrus midrib g2 plea
ware probed with antiserum valsed againpt cultured GG cells. The
80 did not exceed 0,02 abaorbance unita, '

The GC antiserum was cross-adaorbed against a preparation of healthy
eftrus proteins bofore use,

The sample and reapgent dilutions used ware as follows:
* gample -~ 1100
* antiserum = 1:1000
* gnzyme conjugate - 1:1000
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3.8.6.3 Enzyme-linked dot-immunoblot ssesy

Preparation of citrue oolumellsa samples for blotbting onto
NCM by alkali leaching of antigens wae found to be an
effectiva method. Extracte of columella material collectsd
from orchards of the C.5.F.R.I. were prepared in thiz way
and rescted with the GICE anbiserum in the EL-DIE aesay.
Resulte of the assay are presented in Figure 68. It was not
poseible to quantify the »reaction by determining ths
reflantance of the spots as +the neceseary equipment
(a ohromatnscanner) was not available. There wga.'hawevar,
a visible differahca in the intemsity of different sample
spote whioh ﬁaa great eoenough to allow for a qualitative

assapsment of the resulta.

The serological relatedness of vardous bacterial iscvlates
waa determined wusing the EL-DIB assay. The reaction of
different isolates with antisera directed ageinst the GC
isolate and sgainet QC.p. subsp. nichlganense le shown in
Figures 69 and 70.

The assay wae also used to screen various bacteria cultured
from greening-infectad material and thought to be putative
greening isolatea. The reamotion of & different bacteris
oultured from greening~infected citruas material with the
GICE sntismeprum ia shown In Figure 71.
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Figure 68

Engyme-linked det-immunoblot asszay of antigens in greaning-infocted
and healthy columella tipsue. Samplas prepared by KOH laaching.
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Figure 69

EL-DIB gassy. Reaction of rthe eiltrus bacterial Iisclates, momiers
of the €. michigansnse group of laetaris, and other organisms with
antigerum directed against the cultured Lsalate,

Spat 1« HC isolate
2 - G0 lsclate
3 = GS isolafe
4 - GL imolate
5 -~ T2L lsolate
6 = LU isulate
7 = G ixanicus
8 =~ C. m. subsp, gepedonicunm
9 =~ C. m. subsp, michizanenss
10 - 8, m. subep, inaidiosum
11 ~ g, m. subsp. nahraskense _
12 =~ Cyrkobacisrium flacennfacians pv. flaceumfacionn




