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Preliminary Evaluation of Nine Fungicidesfor Control of
Phytophthora cactorum and P. citrophthora Associatedwith

Crown Rot in PeachTrees

ThomasThomidis
�
andZisisMichailidis

�

Excisedtwig assayand excised stem inoculation were usedto evaluate nine fungicides
(metalaxyl,fosetyl-Al, copperhydroxide,coppersulfate,copperoxychloride, captan,quin-
tozene,propamocarbandchlorothalonil) againstPhytophthora cactorum andP. citrophthora
associatedwith crown rot in peachtrees. Segmentswere soaked in fungicide solutions
at different concentrationsand then insertedvertically into P. cactorum or P. citrophthora
culturesgrowing on cornmealagarplus antibiotics,or inoculatedby insertinga mycelium-
bearingagarplug directly into the cambium. Following incubation, the bark wasscraped
off and lengthof necrosiswasmeasured. Metalaxyl was the only fungicide that inhibited
canker developmenton segmentsat themanufacturer-recommendedconcentration. Fosetyl-
Al, captan,copperhydroxideandcopper sulfateinhibitedcanker developmentat3, 4, 4 and8
g l �

�
, respectively. Theotherfungicides did not affect canker lengthsignificantlycompared

with non-treatedtwigs,with theexceptionof propamocarb, which reducedthedevelopment
of P. cactorum on excisedstems.Thetestedmethodsenabledrapidandeffective evaluation
of a largenumberof chemicalsto preventcrown rot diseasescausedby Phytophthora in the
laboratory.
KEY WORDS:Crown rot; fungicides;chemicalevaluationmethods;peachtree;Phytoph-
thora cactorum; Phytophthora citrophthora.

INTRODUCTION

An excisedtwig assaydevelopedby BoreckiandMillikan (2) andamendedby Jeffers
et al. (11)wasusedto determine thepathogenicityof different speciesof Pythiaceaefungi
suchas Phytophthora cactorum, P. cambivora, P. cinnamomi, P. citricola, P. cryptogea
andP. megasperma to comparerelativevirulenceof isolateswithin a species,andpossible
relative resistanceof differentapple scionandrootstockcultivars(8,12,13,23,24). Also, it
wasusedby Scottet al. (20)for screening micropropagatedshootsfrom almond rootstocks
in vitro for their response to P. cambivora. This methodwas usedto determine the
seasonalvariationin colonization of applerootstocks by Phytophthora speciesassociated
with crown androot rot in appletrees(10,25). BrowneandMircetich (4) investigatedthe
relationship betweentemporal susceptibilityandseverity of crown rot development in an
orchard to expand basicknowledgeon development of Phytophthora crown rot of apple
in excisedshootsin vitro. It is oneof the leastlaborious assaysandalsoallows ample
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replications. Becauseof theuniform inoculation of thebasesof thetwig segments, lesions
developedonly upwardratherthanin severaldirections (11). Therefore, twig segments do
notneedidenticalwounding, becausemeasurement of necrosisbeginsat theagar surface.

The excised stem inoculation method has also been employed to determine the
pathogenicityof P. cactorum andP. cambivora (19), andfor evaluatingseasonalchangesin
susceptibilityof citrus rootstocksto P. citrophthora andP. parasitica (17). Matheron and
Matejka(16) testedtheeffectsof temperatureongrowth of P. citrophthora andP. parasitica
usingthismethod.

Theuseof amendedagar is oneof themostcommon methods to evaluatechemicals.
Thetechnique involvescultivationof thetestpathogenon anagarmediumcontaining the
testchemical,andthenmeasuring fungal growth (5).

The possibility of usingthe excisedtwig assayandexcisedsteminoculation method
to evaluatechemicalsagainstPhytophthora speciesassociatedwith crown androot rot in
peachtreeswasnot testedpreviously. Thesemethods aredescribedherefor thefirst time
for evaluatingthe fungicical activity of ninechemicals:metalaxyl + mancozeb(Ridomil
MZ 63.5), fosetyl-Al (Aliette 80WP), copper hydroxide (Kocide 80WG), quintozene
(Terraclor), coppersulfate (Bordeaux mixture), copperoxychloride (copper oxychloride
40FL), captan(Captan50), chlorothalonil (Teren75 WP), propamocarb(Promess72.2
SL), in preventing crown rot of peachtreescausedby P. cactorum andP. citrophthora.
In addition, the in vitro effectsof fungicides on mycelial growth of P. cactorum and P.
citrophthora arereported.

MATERIALS AND METHODS

Oneisolateeachof P. cactorum andP. citrophthora wasusedin all experiments.Both
isolateswereusedin previouswork (21) andfoundto behighly pathogenicto peachtrees.
P. cactorum was isolatedfrom almond graftedon GF677rootstock and P. citrophthora
from citrus graftedon bitter orange in 1998. Fungi weremaintainedon cornmeal agar
(CMA) at 22

�
C. To preparefreshcultures,agarplugsbearingmyceliumof P. cactorum or

P. citrophthora weretransferredontoplatescontainingcornmealagar. Theseplateswere
thenincubatedat 21

�
C for 7 days.

Exp. 1 – Excised twig assay Cornmealagar amended with antibiotics (pimaricin
10 mg l �

�
, ampicillin 250 mg l �

�
, rifampicin 10 mg l �

�
) to avoid contamination was

addedto Pyrex jars(12cmhigh,9 cmdiam)to form anagar depthof � 1 cm. An agarplug
with mycelium of P. cactorum or P. citrophthora from a 7-day-old culture, wastransferred
into eachjar. Thejarswerethensealedwith Parafilmandplacedin incubatorsat 23

�
C in

thedarkuntil colony growth coveredtheagarsurface.
One-year-old dormantshoots� 40 cm in lengthwerecollectedfrom 3-year-old ‘KID

I’ peachrootstocks. Treesdid not show any symptoms of diseaseor signsof injury at
this time. Segments 70 mm in lengthand � 10 mm in diameterwerecut from thecentral
portion of theshoots.Thebasalendof eachtwig segment wasthencut tangentially with
a sterilescalpel,� 10 mm from theedgeand1 mm deep,on oppositesides,to exposethe
phloem andcambiumto infection by a pathogen.

Suspensionsof fungicideswereprepared by mixing fungicidein steriledistilled water
at four different concentrations,basedon active ingredients(onebeingthemanufacturer-
recommendedconcentration)(Table1). Tenof theparedsegmentsweresoakedin eachof
thefungicidesuspensionsfor 1minandthenplacedonasoftpapertoweluntil dry. Twigsof
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eachfungicidewereinsertedvertically, distalendup,at theperiphery of thefungal colony.
Thejarswerethenresealedwith Parafilmandreturned to theincubator(23

�
C in thedark).

After 4 days,twigs wereremovedfrom agarandtheepidermis wasstrippedoff to reveal
theextentof internaldiscoloration.Theresultswereobtained by subtracting depthof agar
from thetotal lengthof necrosis.Thereweretenjarsfor eachfungicideconcentration,five
jarsfor eachspecies.

Exp. 2–Excisedsteminoculation Two-year-olddormantshoots� 50cmin lengthwere
collectedfrom 3-year-old KID I peachrootstocks; segments 10 cm in lengthand � 2 cm
in diameterwerecut from thecentralpart.Treesdid notshow any symptoms of diseaseor
signsof injury at this time. Thesegmentswerewoundedwith asharpknife by removing 6
mmof barkfrom thecentralpart.Segmentsweresoakedin fungicidesuspensionfor 1 min
andthendriedon a soft papertowel. Suspensions werepreparedby mixing a fungicidein
steriledistilledwaterat four differentconcentrationsbasedonactiveingredients(onebeing
themanufacturer-recommendedconcentration)(Table2).

Inoculationsweremadeby insertingan agarplug (6 mm diam)bearing mycelium of
P. cactorum or P. citrophthora directly onto the cambium. Woundswere covered with
adhesive tapeto avoid desiccationandsegments wereincubatedat 23

�
C for 5 days.There

were40 segmentsfor eachfungicide concentration, 20 for eachspecies.The datawere
obtained by measuringthelengthof developedcankers.

Exp. 3 – Linear growth Theeffectof thefungicidesonmycelialgrowth of P. cactorum
and P. citrophthora was determined by growing fungi on CMA amended with various
concentrationsof fungicides. Stocksuspensionsof fungicideswerepreparedby mixing
thefungicide in steriledistilled waterat appropriateconcentrations;it wasaddedto CMA
afterautoclaving to give final concentrationsof 10,100, 500,1000 mg l �

�
. An agarplug

(6 mm diam) taken from the margin of an actively growing colony of P. cactorum or P.
citrophthora wasplacedin thecenterof agarplatesandincubatedat23

�
C.Twentyreplicate

plateswereusedfor eachtreatment,tenfor eachspecies.Colony diametermeasurements
of mycelialgrowth weretaken4 daysafterinitial transfer. Growth onunamendedagarwas
usedto determine thedegree of inhibition.

Statistical analysis Theexperimentswereestablishedusinga randomizeddesign.Data
wereanalyzed by one-way analysisof variance. To separategroups of treatment means
which were not significantly different, Duncan’s Multiple RangeTest (P = 0.05) was
used. Eachexperiment was conductedthreetimes; resultswere similar (Bartlett’s test,
P 	 0.05) and the datawere therefore combined. Data of Exp. 3 were also expressed
aspercentagediseasecontrol relative to non-fungicide (Abbott’s formula) andthe mean
effective concentration(ED 
�� ), and its 95% confidence limits werecalculatedby probit
analysis. The significance of the probit regression lines was testedby calculating the
correlation coefficient, r. The confidencelimits wereusedto compare the ED 

� of the
differentfungicides.

RESULTS

Exp. 1 – Excised twig assay Metalaxyl was the only fungicide testedthat inhibited
canker development completelyat the manufacturer-recommendedconcentration. No
significant difference betweenmetalaxyl and copper hydroxide was observed when
mycelial growth of P. cactorum wasevaluated. Stronger developmentof P. citrophthora
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wasfound on twigs treatedwith copper hydroxide thanon thosetreatedwith metalaxyl.
Copperhydroxide reduced the development of P. cactorum significantlymore thanany
other fungicide tested. The growth of P. citrophthora on twigs treatedwith copper
hydroxide did not differ from on thosetreatedwith fosetyl-Al. Copperhydroxide was
more effective than all other testedfungicides againstboth fungi. Development of P.
cactorum and P. citrophthora on twigs treatedwith fosetyl-Al or copper sulfate was
inhibited moderately compared with non-treatedtwigs. Significant differences were
observedin canker lengthbetweenfosetyl-Al andcopper sulfatetreatments.Both of these
fungicidesweresignificantlymoreeffective against P. cactorum andP. citrophthora than
werechlorothalonil, captan, copper oxychloride, propamocarbandquintozene. Growth
of P. cactorum andP. citrophthora on non-treatedtwigs did not differ from thaton twigs
treatedwith captan,chlorothalonil, copper oxychloride, propamocarb,or quintozeneat
themanufacturer-recommendedconcentration(Table1). Fosetyl-Alandcopper hydroxide
inhibited the development of both fungi at 3 and4 g l �

�
, respectively. Copper sulfate

reduced significantlythe growth of both fungi at 6 g l �
�

andwas inhibitory at 8 g l �
�
.

Also, cankerdevelopment causedby P. cactorum or P. citrophthora wasinhibitedontwigs
treatedwith captanat 4 g l �

�
. In contrast, no significant differenceexisted between

twigs treatedwith quintozene,copper oxychloride, chlorothalonil or propamocarb, and
non-treatedtwigs,at any of theconcentrationstested(Table1).

Exp. 2 – Excisedsteminoculation Generally, theresultsgeneratedwith excisedstems
agreewith thoseobtained in the excisedtwig assay. At the manufacturer-recommended
concentration, both metalaxyl and fosetyl-Al inhibited the developmentof P. cactorum
and P. citrophthora on segments almostcompletely. Copperhydroxide reduced canker
development significantly, but significantly less than metalaxyl and fosetyl-Al. There
were no significant differencesamong copper sulfate, propamocarband quintozenein
the developmentof P. cactorum. Coppersulfatewasmoreeffective against P. cactorum
andP. citrophthora thanchlorothalonil, copper oxychlorideandcaptan,but lesseffective
thancopper hydroxide. Also, it reduced the development of P. citrophthora significantly
more than did propamocarb and quintozene. There were no significant differences
in growth of P. cactorum amongpropamocarb, copper oxychloride, chlorothalonil and
quintozeneatthemanufacturer-recommendedconcentrations.Developmentof P. cactorum
on segmentstreatedwith chlorothalonil, captan, quintozeneor copper oxychloride did
not differ compared with non-treatedsegments. Growth of P. citrophthora on twigs
treatedwith propamocarb, quintozene,chlorothalonil, copper oxychloride or captanat
themanufacturer-recommendedconcentrations did not differ significantlyfrom growth on
untreatedtwigs (Table2).

Copper hydroxide couldinhibit thedevelopment of bothfungi on segments at 4 g l �
�
;

coppersulfatereducedthegrowth of bothfungi significantlyat 6 g l �
�
, andwasinhibitory

at 8 g l �
�
. Captanwaseffective in inhibiting cankerdevelopmentat4 g l �

�
. Propamocarb

wasableto reducethemycelialgrowthof P. cactorum onsegmentsat3 g l �
�
, but could not

inhibit thefungal growth at a concentrationashigh as5 g l �
�
. Propamocarbhadno effect

on thegrowth of P. citrophthora at any of theconcentrationstested.Thedevelopmentof
fungi on segments treatedwith quintozene,copper oxychloride or chlorothalonil did not
differ significantlyfrom thatonnon-treatedsegmentsat any of theconcentrationstested.
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Exp. 3 – Mycelial growth All testedfungicidesreducedmycelialgrowth of P. cactorum
andP. citrophthora at 10 mg l �

�
. At this concentration,metalaxyl andcopper hydroxide

werethemosteffectivefungicidesandonly chlorothalonilandcopper sulfatehadnoeffect
on thegrowth of P. cactorum. Copperoxychlorideandpropamocarbreduced themycelial
growth of bothpathogenssignificantlymorethandid coppersulfate,captan,chlorothalonil
or fosetyl-Al at 10 mg l �

�
. Quintozenecauseda similar reduction in mycelial growth

of P. cactorum to copper oxychloride at 10 mg l �
�
, but was lesseffective thancopper

oxychloride against P. citrophthora at the sameconcentration. Metalaxyl and copper
hydroxide at 100mg l �

�
suppressedmycelial growth of P. cactorum andP. citrophthora

completely. Copperoxychloride,captan,coppersulfateandchlorothalonil reducedgrowth
of P. cactorum significantly; therewas no significant difference in mycelial growth of
P. cactorum cultured on agaramended with propamocarb, fosetyl-Al or quintozene at
100 as compared with 10 mg l �

�
. Therewas significantly lessmycelial growth of P.

citrophthora onagargrown with coppersulfate,copperoxychloride,captan, fosetyl-Al and
propamocarbat 100ascompared with 10 mg l �

�
; quintozeneandchlorothalonil did not

affect growth of P. citrophthora at 100 mg l �
�
. At 100 mg l �

�
, coppersulfate,copper

oxychloride and propamocarb reduced the radial growth of both Phytophthora species
significantlymorethandid captan,fosetyl-Al or chlorothalonil. No significantdifference
wasobserved in radial growth of P. cactorum culturedon cornmeal agaramended with
quintozeneor copper sulfate at 100 mg l �

�
. In contrast,at the sameconcentration,

copper sulfate was more effective than quintozenein reduction of the mycelial growth
of P. citrophthora. Both copper oxychloride andcopper sulfateat 500 mg l �

�
inhibited

growth of P. cactorum andP. citrophthora. Growth of bothfungi wasreducedsignificantly
by chlorothalonil, fosetyl-Al, quintozeneandcaptanat500mg l �

�
. Only propamocarb did

not influencemycelialgrowth at 500mg l �
�
. Captanandfosetyl-Al weremoreeffective

than propamocarb and chlorothalonil at 500 mg l �
�
. At 500 mg l �

�
, quintozenewas

moreeffective againstP. cactorum thancaptanand fosetyl-Al but lesseffective against
P. citrophthora than captanand fosetyl-Al. At 1000 mg l �

�
, captanand quintozene

suppressedgrowth of P. cactorum and P. citrophthora completely, and fosetyl-Al and
propamocarbreduced growth of both fungi significantly; chlorothalonil did not affect
growth at all (Table3).

Basedon the probit analysis(Table 4), it is seenthat copperoxychloride, copper
hydroxide and metalaxyl are the most effective fungicidesat the lowest concentrations
againstP. cactorum, followedby propamocarb andquintozene.TheED 

� of chlorothalonil
was beyond the limits of the experimental data, suggestingthe need to test higher
concentrations if accurate resultsand comparisonsare wanted. Copper hydroxide and
metalaxyl werethemosteffective fungicidesfor controlling P. citrophthora, followedby
copper oxychloride, coppersulfateandpropamocarb, andlast by chlorothalonil – which
requiredthehighestconcentrationamong all fungicidestested.

Copper hydroxide and metalaxylwere the most effective fungicides for controlling
both fungi. Copperoxychloride, on the otherhand,which wasoneof the mosteffective
fungicides for controlling P. cactorum, was less effective than copper hydroxide and
metalaxyl in controlling P. citrophthora. Captanandcoppersulfateweremore effective in
controlling P. citrophthora thanP. cactorum, whereastheinversewastruefor quintozene.
Propamocarb was quite effective in controlling both P. cactorum and P. citrophthora,
whereasfosetyl-Al andchlorothalonil required the highestconcentration to achieve the
ED
�� responselevel.
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DISCUSSION

Resultsof this study support thoseof previous works showing that both metalaxyl
and fosetyl-Al provide effective control of diseasescausedby Phytophthora species
(6,9,14,15,18,26). However, fosetyl-Al had the ability to inhibit completelythe devel-
opment of both fungi only at a concentration higher than that recommendedby the
manufacturer.

In the presentstudy, also copper hydroxide was an effective fungicide against P.
cactorum and P. citrophthora. Jeffers (9) reported that copper hydroxide was effective
as a preplant root treatmentto reduce the incidence of Phytophthora on dormant apple
rootstocks,but lesseffectivethanmetalaxyl. Coppersulfateappliedastrunk paintis widely
usedfor preventing infections of fruit treesby Phytophthora speciesin Greece. It was
found by us to reduce canker development at 6 g l �

�
andto inhibit the growth of both

fungi at 8 g l �
�
. It waslesseffective thanfosetyl-Al, metalaxylandcopper hydroxide at

themanufacturer-recommendedconcentration. Brown andHendrix (3) found thatcopper
sulfatewasinadequatefor controlling P. cactorum collar rot of apple.Copperoxychloride
wasineffective in vivo (Tables1 and2). It hasbeenreportedthatoncitrustreesinfectedby
Phytophthora, excisionof affectedtissueandpaintingwith any copperfungicideimproved
treerecovery (22).

Captanwas also an effective fungicide against both fungi at 4 g l �
�
. Similarly,

Brown andHendrix (3) found that captan,at 100 mg l �
�
, significantly reducedgrowth

of P. cactorum in vitro. Timmer (22) reported that 60 mg l �
�

of captanwasrequired to
achieve 100%inhibition of Phytophthora in a bioassay. Chlorothalonil andquintozene
wereineffectivein controlling cankerdevelopmentcausedby Phytophthora in vivo (Tables
1 and2). Terrachlor (quintozene)waseffective in controlling root rot of azaleacausedby
P. cinnamomi whenappliedat leastfour timesin a 28-weekperiod (1). Propamocarb,in
our excisedstemexperiments,reducedthe growth of P. cactorum at the manufacturer-
recommendedconcentration,but its effectivenesscould not be improved by increasing
the concentration. In addition, this fungicide could not influencethe development of P.
citrophthora at any of theconcentrationstested.It is possiblethat it hasselective activity
depending on thePhytophthora species.Erwin andRibeiro(7) reported thatpropamocarb
gave good control of Phytophthora diseases.However, Matheron andMatejka(14) found
thatpropamocarbandetridiazole did not inhibit growth of P. parasitica andP. citrophthora
in situ.

Somedifferenceswereobserved betweenin vivo and in vitro experiments. Whereas
propamocarb, copperoxychlorideandquintozenewereineffectiveagainstP. cactorum and
P. citrophthora in vivo, thesefungicidesshowedsomeactivity against both pathogensin
vitro. It is possiblethatthefungicidal activity of thesefungicideswasinfluenced whenthe
materialwasappliedto plant tissues(stemsandtwigs). However, the factors responsible
for a reduction in activity of fungicidesafterapplication onstemsandtwigs havenotbeen
identified.

Both theexcisedtwig andexcisedsteminoculation assayusedin this studyarerapid
andreliabletechniquesfor testingtheefficacy of fungicidesin thepreventionof P. cactorum
andP. citrophthora associatedwith crown rot on peachtrees.Resultscanbegeneratedin
a few daysinsteadof the several weeksor months neededwith previous methods.The
methods describedin this paperarequitesimpleandallow amplereplications.
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