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Effects of Inoculum Density, Plant Age and Temperature
on DiseaseSeverity Causedby PythiaceousFungi on
Several Plants

YannisRaftoyannis-2 andMichael W. Dick!

Alf alfa, maize,solghum and sugarbetplantswere inoculatedwith zoosmresof Phytoph-
thora and Pythium speciesin order to assesghe effects of inoculum density plant age
and temperatureon diseaseseverity. Seedlingswere grown axenically in test tubesand
inoculatedwith zoosporesuspesions. Diseaseseverity wasassessetly measuringhe root
growth anddiscolorationof treatedandcontrol seedlings Theincrementaloot lengthof all
plantsdecreasedndroot discolorationincreasedsinoculumconcerration of the pathoge
increasedChangsweremoreintensize amonglow levelsof zoospae concatrationsandno
significantdifferencesn diseaseseverity werefoundfor inoculumdensitieshigherthan 10
zoospoesml~!. Diseaseseverity wasnegatively relatedto plantage. Diseasedevelopment
on sugarbeeseedlingsinfected with Pythium and Phytophthora specieswas affected by
temperature but the patternof responsewas determinedby the pathogefs temperature
preferences.The incrementalroot length decreaseds temperaturencreasedup to 25°C.
The effect of Pythium dissimile and Phytophthora cactorum on root lengthwassignificantly
lowerat35° C thanat 25’ C, wheread?ythium aphanider matum andPhytophthora nicotianae
causedignificantdamageo rootsevenat 35°C.

KEY WORDS: Alfalfa; maize; soghum; sugarbeg root growth; root discoloration;
Phytophthora; Pythium.

INTRODUCTION

Members of the generaPythium and Phytophthora arevery commaly isolatedfrom
diseasedr healthyplant roots, from both agricultual and virgin soils, from terrestrial
or aquaticernvironments. Although the biology and patholay of certain Pythium and
Phytophthora specieave beenstudiedextensively anda greatamount of informationhas
beemaccunulatedoverthelast50yearstherearestill questios to beansweredThenatue
and quantification of the infedive propagulesin field corditions, the variation of spatial
and tempoel patterrs of propagulesin relationto pathognicity and saprolic survival
of essentiallypathognic species,the limits of saprojytism or parasitismin natural
condtions including their role asminor pathogns,areonly someof thesequestions.The
main reasonfor the fragmentary informationis the biodiversity of the fungal speciesn
thesegenera.
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An understandingof the influerce of inoculum dersity (ID) on plant infection is
important before attemptiry to elucidatequariitatively theoverdl interactios of the host,
path@enandthe ervironment becausef the compleity of factos influendng infection
andthen diseasedevelopment (19). A rangeof inocdum densitiesshouldbe selected
thatwill characterie betterthe relationshipbetweennoculumdensityandroot infection
(7,17,18) For somePhytophthora and Pythium speciesjnfectionanddiseasamay result
from very low zoosporenunmbers(21). Theuseof high ID maybreakdown hostbarriers
thatotherwisewould remainintact(2,22).

Also, plant ageaffectsthe pathogn — hostrelatiorship and physiological plant age
hasa greatelinfluenceon the expressionof hostsusceptibilitythanchrorologicd age(5).
Olderplantsmay shov symgomsupam inoculationbut laterrecover andgrow to matuity
(21).

Diseasescausedby pythiaceouspathognsoccurundercondtions unfavorable both
to other pathogns and to the host (12). Tempeatureis a critical paraneter for the
developmert of infective propagulesand for a successfuinfection and althoudh most
specieggrov well at a wide range of tempeatures the optimumconditions arefound in
arestrictedspectrum(24). Tempeatureof the substratunaffectsthe speedandseverity of
root symptomdevelopmern. With few exceptiors roat-rot symptons increasewith rising
temperéuresto ~ 30°C, while the symptans may be suppessedat very low and high
temperéures(5). Dampingoff and other Pythium disease®ccur over a wide rangeof
temperéures,which determire which specief Pythium maybeactive.

The aim of this studywasto analyzethe effeds of zoasporeconceitration, plantage
andtemperatte onpathogenicity of severalplantsinfectedwith Phytophthora andPythium
Zoospoes.

MATERIALS AND METHODS

Media ClearedV8 broth was prefared as follows: a solution of 200 ml V8 juice
(Camplell SoupCo.) and2 g CaCQ;, wascentrifugedat 5000 g min~—! for 20 min and
the supernatarfiltered throughWhatmanNo. 1 papey dilutedtenfold with doube glass-
distilled water, pH = 6—6.5(adjustedwith NAOH), andautoclaed at 15 psifor 20 min, at
121°C. After coding, 10 ml of a 95% ethanolsolutioncontainng 0.02g §-sitosterolwas
added As waterqualityis critical, dowble glass-distilledvaterfree of toxic ionswasused.

TABLE 1. Isolatesof Pythium and Phytophthora speciesusedin this study (Isolateswereobtained
from the AquaticPhycomycete€ultureCollection(APCC),heldin the UK by thesecondauthor the
InternationaMycological Institute(IMI), UK, andthe Centraallareauvoor Schimmelculture¢CBS)
in the Netherlands)

Specis Author APCC IMI CBS
Pythium aphanidermatum (Edson)Fitzp. na na 634.7
Pythium deliense Meurs D162ADAS na na
Pythium dissimile Vaartga 4204f 345186 na
Phytophthora cactorum (Lebert& Cohn)Schibt. na 325063 na
Phytophthora nicotianae vanBredadeHaan na NR17 na

The mineral saltssolution containe 0.48 g MgSQO,, 0.5g KNO3, 1.64g Ca(NG;),
per liter of distilled water (4). The solutionwasautoclared andthenthe filter-sterilized
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TABLE 2. Plantspeciesandvarietiesusedin this study

Scientific name Commonname Variety Supplier

Beta vulgarisL. Sugarbeet Saxon Hilleshog(Norfolk, UK)
Sorghum bicolor (L.) Moench Somghum Dabar Sudan Africa

ZeamaysL. Maize Enegy PBI (Cambridye,UK)
Medicago sativa L. Alfalfa Vela DLF-Trifolium UK andlreland,

Ltd. (Gloucestershie, UK)

chelatedron solutionwasaddel at 1 ml | = of mineralsaltssolution(1 | of chelatedron
solutioncorsistedof 13.(6 g of EDTA (ethylenedianmne-tetraacetiacid),7.5g KOH, 4.9
g FeSQ.7H, O, distilled waterto 1 1).

Pathogens and zocspore production Isolateswere obtaired from the Aquatic Phy
comycetesCulture Collection (APCC) held by the secondautha in the UK, the Inter
nationa Mycological Institute(IMI) andtheCentraalioreal voor SchimrelculturegCBS)
in the Nethefands(Tablel).

All stockculturesweremaintaired on hempseedimmersedin 50 ml steriledistilled
water in 100ml sealedlasksat 5°C, in darkness(6). Corn mealagaror potatodextrose
agarwasalsousedfor storageof culturesfor up to 10 days. To limit variability, isolates
were obtainedfrom a single hyphal tip of a gernminatedcyst that had beenspreadthinly
on the surfaceof hardwateragar Bacteriawere eliminatedby placinga small pieceof
mycelium ontheinsideof a Rapers glassring thathadbeenplacedin the middle of a petri
dishfilled with wateraga. Phytophthora andPythium spp.cangrow belav the glassring,
but bacterisandactinomyetesusuallydo not.

Priorto usein experiments cultures wereremoved from the stocksolutionandplated
on 2% water agarfor 2—6 daysat 20°C, in the dark With the aid of a scalpel,small
orthagonal pieces(1 x 3 cm) were cut from the colory areaarourd the perighery
transfered to clearedV8 broth andincubatedat 25°C for 1 day or more, in darkness.
Thecolorizedagarpiecesvereplacedin sterilepetridishesandwasheadhreetimes(at 30-
min intenals) with mineralsaltssolutionandthenincubatedat 25°C, underlight. Finally,
the sporangp bearirg myceliawere washedwith threechamgesof dowle glass-distilled
waterandincubatedat 18°C for 1 h or chilled for 15 min at 8°C andretumedto room
temperéure;zoospoeswerereleasedn ~ 1 h.

Zoosporeswerecourted usingeitherthe hemaytomeer or the microsyinge method
When using the hema@ytomeder methal, a small amaint of zoospoe suspensio was
pipettedto bothchamlersof thehemaytomeaerandthenzoospoeswereinducedto engyst
by slight heatingon a hot platefor 3-5s. Thistime wasenowghto induceeng/stmentand
immodhilize the zoospreswithout destrging them(3). Courts weremadein the center
andfour cornersquaresthe mearwascalculategdandthe corcentratiorof zoosresm| —!
wasestimatedWith themicrosyingemethal, threedropsof thesameamour of zoospoe
suspensiorf10 ul) were placedon oneside of a microscopeslide. Thenthe nunmber of
zoospoes was countedfor eachone and an averag was calculatedand transfomed to
zoospoesml—!. Zoospaoe suspensionwerediluted to appopriateconceatrationsusing
steriledouble glass-distilledvaterof the sametemperatte.

Plant material The plant speciesand cultivars usedin this study are shovn in Table
2. Seedswere storedat 4°C, sealedin moistureproof containes (glassor plasticjars,
polyehylenebags). Standad germiration testswere carriedout to assesghe viability
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of seeds. Seedvigor was also evaluatedfor potentialof rapid, uniform emegenceand
developmert of normal seedling. Seedswere surface-sterilizd befole they were used,
to establishin vitro axeniccultures. In brief, seedswverethoraughly rinsedunder ruming
tap waterfor 10— min andthen placedin a 70% ethyl alcohd solutionfor 1-5 min.
Afterwards, they weresubmegedin the disinfectant solution(sodiumhypochloiite 1-3%,
plus 2-3 drops of wettingagen Tween20) for 10 min, in a sealedsterilebottleandgently
agitated.Understerilecondtions, the solutionwas decamed andseedsverewashedwith
steriledistilled waterseveraltimes.

For gernination, asepticseedswere placedin petri dishescontainirg a 5-mm layer
of water agar and sterile WhatmanNo. 1 filter papes laid over the agar surface.
Petri disheswere coveredwith their lids and placedin incubatorsto allow gernination
(darkness,20°C). Periodicinspectionof plant materialwascarriedoutin orderto detect
ary contamirants. Seed health was assessedising visual evaludion (discoloation,
sclerotia,insects,etc.) andincubatio on petri dishesfilled with wateraga for growth
of contaninants.Any culturesshaving coloniesof bacteia or fung werediscarded

Eachgermiratedseed(roa lengthwaslessthan5 mm, becaselonger radiclesmade
handing moredifficult) wastransferedto a 1.5 x 15cmtesttubecontainirg 5 ml of half-
strengthHoaglam’s nutrient solutionandWhatmanNo. 1 moistfilter paperstrips,which
hadbeenfashiored into platforms. Filter paperedgeswerelong enowh to extend near
thetubebottomin orderto maintainconstanimoisturesupply Tubeswerepluggel with
plasticcapsandsterilized. After autoclaing, tubesweresuppatedin a fashiored baseof
black plastic plug trays (Plantpak,UK). The pH of the nutriert solutionwas 6.5 Plants
wereincubatedusinga 16-h photgeriod Light was provided by cool warm fluorescent
lamps(40W, RS Comporents,UK) situatedabore the plants. Photosytheticphaon flux
densityat leaf height was 180+ 30 umol m~2 s~!. The growth chambemwasvertilated
andthetempeaturewasmaintainecdat 25+2°C andtherelative humidty at 70+10%.

Diseaseassessment Theroot length(RL) anda diseaseseverity index (DSI) basedon
root discoloration wereusedascriteriafor diseaseassessmenilhe lengthof the primary

rootinsteadof thetotal rootlengthwasmeasuredPlantswerespreadover a white plastic
surface thenstraighteed,andtheir lengh wasmeasuedto the nearesmillimeter usinga
ruler. Rootlengthof inoculatedplantswasexpresseds percemageof the contrd plants
andthedatawerearcsine-trasformedfor furtheranalysis.In orderto haveacomnonDSI,

ascalewasdevisedbasednrootdiscoloation,including watersoaking Plantswererated
for symptomdevelopmentaccordng to thefollowing scale:0 = noroa discolaation,1 =

1-28%, 2 = 26-50%, 3 = 51-75%and4 = 75-100%of theroa systemdiscolaed.

Effect of inoculum density Two fungal specieswere selected: Pythium deliense, a
speciesshaving high accumuléion rates, and Pythium dissimile — with relatively low
eng/stment rates. Alfalfa var. ‘Vela’ andsomghum var. ‘Dabar’ seedling were usedin
this study Zoospae suspensiongiereaddedto the testtubes, resultingin a final density
of 107, 1¢%, 5 x 1%, 10, 5 x 10* and10° zocsporesml—!. Plantswereleft in the
incukatorsfor 10 daysafterinocuation. The DSI of inocuatedplantswascomparedwith
thecorrespadingcontrds.

Effect of plant age Thevarietiesalfalfa'Vela’, sugarleet’Saxori, maize’Energy’ and
solghum 'Dabar’ were chosenfor their representatiorof plant families aswell as their
relatively similar andfastgrowth rates.Greatcarewastakento useplantswith similar RLs
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andgrowth stage.Zoospae suspensionsf Pythium aphanidermatum wereaddedafter 3,

6, 9 or 14 days,to the testtubescontaning the seedling of the corresponihg age. The
final zoospoe corcentrationin testtubeswas5000zoospoesml —1. Plantswereleft in the
incukatorsfor 10 daysafterinocuation. The DSI of inocuatedplantswascomparedwith

thecorrespadingcontrds.

Effect of temperature Fungd specieswere selectedfor their temperatte optima. P.
aphanidermatum andPhytophthora nicotianae aretypical plantparasite®f warmregions,
whereasP. dissimile and Phytophthora cactorum have beenrecorced mainly in tempeate
areag10,23). Sugabeet(var. Saxorn seedling weregermindaed andgrowvn until theroot
systemwas 3 cm long (2-leafstage).All plantsweregrown in incubatorsat 25°C, under
a 12+ light-dak cycle. Twelve hous befae inoculation during the dark cycle, plants
weretransferedto the correspondirg temperatte regimes,in separaténcubators,andleft
to equilibree. The tempeaturestestedwere5, 15, 25 and 35°C. Zoospoe suspensions
were addedto the plantsand were left for 10 days befae measuremnts were taken.
Datawereexpressedaspercentag of the RL of controlplantsgrown atthe correspnding
temperéure.

Experimental designand analysis Expeimentsweredesignedascompletelyrandm-
ized andblind, with threereplicatiors of 30 seedlingsfor eachtreatment. Freqient re-
randamizationof thelocatiors of testtubesbatchesnsidethe gronth chamker wasapgied
to guardagairst a uniform or non+randan environmentalvariable. All datawerechecled
for nomality of errois by plotting residualsversus predictedvalues,as well as using
the Kolmogorov-Smirndf test for goadnessof fit. Variarces of datawere testedfor
homayeneityusing the Bartlett’s and Levennetests. Perceh datadid not always satisfy
the assumption®f analysisof variarce and subseqgantly they weresubjectedo suitable
transfomationsfor statisticalanalysis,but actualpercemagesaregivenin the tablesand
figures. Whenthe assumption®f ANOVA were not satisfiedeven after transfomations,
nonparametc methals were emplo/ed. The Kruskal-Wallis test was usedto test for
differencesamonggrougs in singleclassificatiomnalysisandthe Nemeyi testto compae
the grouwps (32). All datawere subjectedto analysisof varianceusing GeneralLinear
Models proceduresand, whenapprgriate, mears were compaed with Tukey’s multiple
comparisongtest(26). All testsfor significancenvereconductedat P = 0.05.

RESULTS

Effect of inoculum density The incremetal root length of all plants deceasedas
inocdum concettration of the path@en increased (Fig. 1). This declinewas steeper
amory low levelsof zoospoe concentations.No significantdifferencesn incrememal RL

werefoundfor inocuum dersitieshigherthan10* zossporesml—! in all plant—@athoge

combnations. Somghum seedlingsnfectedwith P. dissimile shaved significantly higher

incremantal root growth, for all inocdum densities,compaed with three other plant—
pathaen combirations. Root discoloation, expressedas DSI, of alfalfa and soghum

plantsinoculatedwith P. dissimile, did not differ significantlyamongthem;however, root

discoloationincreasedvith inoculum corcentratiorfor plantsinocuatedwith P. deliense,

althoudn at concetrationshigherthan10® zoospoesml—!, differencesin DSI were not
significant.
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Fig. 1. Effect of differentzoospae concentration®f Pythium deliense and Pythium dissimile on
rootsof alfalfa andsolghumplants,measuredsrootlengthexpressedispercentagef control (left)
androot discolorationexpressedasdiseaseseverity index (right). Eachpoint representshe meant
1 SD of 30 obsenrations.
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Fig. 3. Effect of Pythium aphanidermatum, Pythium dissimile, Phytophthora cactorum and
Phytophthora nicotianae on roots of sugarbeeplantsgrowvn unde various temperatureregimes,
measuredasroot length expressedas percentagef control (left) androot discolorationexpressed
asdiseaseseverity index (right). Eachpointrepresentshemean= 1 SD of 30 observations.

Effect of plant age Analysisof variarce revealeda significanteffect of plant ageon
root discoloation causedby P. aphanidermatum. All plantsshaved a rediction in DSI
with increasingplant age (Fig. 2). Root discoloation of 3-day-old alfalfa and maize
seedlingswvas significantly different from the 14-day-old plants. Threeday-oldsorghum
andsugarleetplantsshaved a significantlyhigher degree of root discolaation compared
with plantsinoaulatedat 9 daysof age,andbothagelevels differedsignificantlyfrom the
14-day-oldseedlings.

Effect of temperature Analysisof variance shaved a significanteffed of temperatte
and pathogn speciesupm diseasesevelity and RL, and also a highly significanttem-
peratue x path@eninteraction(Fig. 3). Theincrememal RL decrasedastemperatte
increasedip to 25°C. P. aphanidermatum andP. nicotianae reducedhe RL of sugarleet
from 25 to 35°C, althowgh the valuesdid not differ significantly On the otherhand P.
dissimileandP. cactorum causedessrootdamayeat35°C thanat25°C. Rootdiscoloratio
causedy P. aphanidermatum andP. nicotianae rising with increasiig temperattesup to
35°C, whereaghatcausedy P. dissimile andP. cactorumincreasedup to 25°C andthen
decreasedt35°C.

DISCUSSION

OurstudyshavedthattheincrenentalRL of alfalfaandsoighum plantsdecreasednd
root discoloratim increasedvith increasilg inocdum concetration; however, the rate of
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chan@ depenedon the plant— path@encombiration. Similar resultswereobsened by
otherworkerson pythiaccouspath@ens(15,2,22. This relatiorship betweenzoospoe
concetration and diseaseseverity can be interpréed as infection without interaction
betweerzoospresbut with competition for susceptiblesiteson the host(30). Zoospaes
respoml to chemattractantseleasedrom rootsandaccumulée atcertainareassuchasthe
zoneof elongationor pointsof emepgenceof lateralroots. Thesewindows of opportunity
for infectionaresmallin seedlingandmightbefilled atzoosmrecorcentratios upto 104,
soaddtion of morezoosmresdoesnot affect diseasalevelopmentsignificantly Infection
anddiseasdor pythiaceasspeciesnayresultfrom verylow zoosprenumbes (21). It is
alsoprobalte thatthelack of directproportiorality of infectionto diseasés attributableto
factorsthatreducedisseminationdurationof motility or survival of zoospoes. Thechoice
of high levels of inocdum will make all varietiesseemsusceptibld¢o the samestrain of
path@en,soit is importantto chooseaninocdum densitythatmostcloselycharaterizes
therelationshipandcorrespadsto inoculun densityvaluesfound underfield conditimns.
Theuseof dissimilarconcatrationsmightconstitutea seriouscauseor variationin results
repotedonzoospoe eng/stmentandtheneedfor further studiesn thistopicis imperatve.
It is alsonotknown whettertheobseneddiseaseeverity androotlengthreductiorresulted
from the initial amount of inoculum addedto the tubesor if a secondar inocdum was
producedduring theincubatio periad.

In all testedplantspecie®f this study diseasesevelity wasnegatively relatedto plant
age. Many otherworkers have repoted similar results(18,28,2931). In contrast, adult
peprer plantsinfestedwith P. capsici zoospoes in a recircdating hydroponc system
resultedin 100% mortality, whereasin yourg plantsmortality wasonly 20% (27). This
mightbethe outcaneof increasedecondey inocdum in thehydroponic systenor altered
plantmorplologyor physiology: As plarts grow, morphologicd andphysiologicalcharges
take place.Zoospmresrespoml in changsof roa mompholayy andexuded chemicds, and
as a result one should expectvariation in zoospoe eng/stment and subsegant disease
developmert. At ayourg age,rootsystemsaresmallbut offer mary highly sensitve areas
to infection. As seedlingggrow, theroa morptology is differentiated,offeringadditioral
protedion againspath@ens.

Our resultsshaved that diseasedevelopment on sugarleet seedlingsinfected with
Pythium andPhytophthora speciesvasaffectedby temperatte, but the patternof respmse
wasdeternined by the path@en’s temperatte preferaces.Phytophthora cinnamomi was
path@enicto eucalypus seedlingsn therangeof 10-30°C, with the optimum at18-22°C
(1125). It wasalsoclearthatat low temperatte, susceptibilitygives way to resistance
(9). Diseaseseveiity on chickpeacausedy Pythium ultimumincresedasthetemperatte
rosefrom 20 to 30°C (1). Wintergronvn tomato plants maintainedat 15°C developed
severewilt sympgomswheninfectedwith Phytophthora cryptogea, whereasthe majoiity
of infectedplantsgrown at 25°C remainedsymptonlessduringthe 14-wed experimental
period (14). Zoosporesrespoml to chemicalsreleasedyy the rods, andevery effect of
temperéure on zoospeoe vigor or plant physiological condition, will affect the plant—
pathaenrelatiorship. Tempeaturecanbe seenasan ervironmenal factor which affects
the zoospoe respmsestoward roots, especiallyat sub-gtimal levels for plantrootsand
zoospoes. At low tempeaturesthe zoospoesaccunulatein only smallnumters,pertaps
becauseof the low exudationsfrom roots and the low rate of movementof zoospees.
As thetemperatte increaseshighamouwntsof chemicéds areexudedfrom therootsandthe
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speedf zoospoesincreasesAt medantempeaturesherewould beapositive correlatian
betweerrise of temperatue, roat exudationandzoospeoe motility. At highertemperattes
zoospoe motility would becone limited, with aresultan decreasén zoospoe eng/stmant
densityontheroats.

Therelationshipbetweerzoospoe eng/stmen andtempeaturewasdetermired by the
resposestowardtemperéureof plantsandpath@ens.Theadaptatio of P. aphanider ma-
tum andP. nicotianae to relatively high temperé&uresmight have resultedin satisictory
levels of zomsporevigor andhigh levels of eng/stmentat suchtempeatures. The effect
of P. dissimile andP. cactorum on RL wassignificantlylower at the higher temperattes.
P. dissmile andP. cactorum arerecoraed from temperatareas.This might bethereason
why theiractiity or pathaenicitywasreducedathightempeaturesandtheireffect onRL
at 35°C wassignificantly different from that at 25°C. The differential virulence between
warmandcool fungal speciesat tempeaturesoutsidetheir optimais well documented.In
root rot of spinachtherewasa transitionaltemperéure (23°C), above or belov which P.
aphanidermatum and Pythium dissotocum, respectiely, predaninated(8). Temperattes
highe than 30°C could greatly increaseinfection severity of P. nicotianae on Hibiscus
plants (16). Pythium speciesare not especiallytemper&ure-specificfor infection of
adwertitious rootsof Agrostis palustris, but pathogenicity of someisolatesis tempeature-
depemnlentfollowing infection OnePythium isolatewhich inhibited growth of Agrostis at
hightemperatte, stimulatedgrowth atlow tempeature(13).
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