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Effectsof Inoculum Density, Plant Ageand Temperature
on DiseaseSeverity Causedby PythiaceousFungi on

Several Plants
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�����

andMichaelW. Dick
�

Alf alfa, maize,sorghumandsugarbeet plantswere inoculatedwith zoosporesof Phytoph-
thora and Pythium speciesin order to assessthe effects of inoculum density, plant age
and temperatureon diseaseseverity. Seedlingswere grown axenically in test tubesand
inoculatedwith zoosporesuspensions.Diseaseseverity wasassessedby measuringtheroot
growth anddiscolorationof treatedandcontrolseedlings.Theincrementalroot lengthof all
plantsdecreasedandroot discolorationincreasedasinoculumconcentrationof thepathogen
increased.Changesweremoreintensiveamonglow levelsof zoosporeconcentrationsandno
significantdifferencesin diseaseseverity werefoundfor inoculumdensitieshigherthan10

�
zoosporesml � �

. Diseaseseverity wasnegatively relatedto plantage.Diseasedevelopment
on sugarbeetseedlingsinfectedwith Pythium and Phytophthora specieswas affectedby
temperature,but the patternof responsewas determinedby the pathogen’s temperature
preferences.The incrementalroot length decreasedas temperatureincreasedup to 25

�
C.

Theeffect of Pythium dissimile andPhytophthora cactorum on root lengthwassignificantly
lowerat35

�
C thanat25

�
C,whereasPythium aphanidermatum andPhytophthora nicotianae

causedsignificantdamageto rootsevenat 35
�
C.

KEY WORDS: Alf alfa; maize; sorghum; sugarbeet; root growth; root discoloration;
Phytophthora; Pythium.

INTRODUCTION

Membersof the generaPythium andPhytophthora arevery commonly isolatedfrom
diseasedor healthyplant roots, from both agricultural and virgin soils, from terrestrial
or aquaticenvironments. Although the biology and pathology of certainPythium and
Phytophthora specieshavebeenstudiedextensively andagreatamount of informationhas
beenaccumulatedoverthelast50years,therearestill questionstobeanswered. Thenature
andquantification of the infective propagulesin field conditions, the variationof spatial
and temporal patterns of propagulesin relation to pathogenicity and saprobic survival
of essentiallypathogenic species,the limits of saprophytism or parasitismin natural
conditions including their role asminor pathogens,areonly someof thesequestions.The
main reasonfor the fragmentary information is the biodiversity of the fungal speciesin
thesegenera.
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An understandingof the influence of inoculum density (ID) on plant infection is
importantbefore attempting to elucidatequantitatively theoverall interactionsof thehost,
pathogenandthe environment becauseof thecomplexity of factors influencing infection
and then diseasedevelopment(19). A rangeof inoculum densitiesshouldbe selected
thatwill characterize betterthe relationshipbetweeninoculumdensityandroot infection
(7,17,18). For somePhytophthora andPythium species,infectionanddiseasemay result
from very low zoosporenumbers(21). Theuseof high ID maybreakdown hostbarriers
thatotherwisewouldremainintact(2,22).

Also, plant ageaffects the pathogen – host relationship andphysiologicalplant age
hasa greaterinfluenceon theexpressionof hostsusceptibilitythanchronological age(5).
Olderplantsmayshow symptomsupon inoculationbut laterrecover andgrow to maturity
(21).

Diseasescausedby pythiaceouspathogensoccurunderconditions unfavorable both
to other pathogens and to the host (12). Temperature is a critical parameter for the
development of infective propagulesand for a successfulinfection and although most
speciesgrow well at a wide range of temperatures,the optimumconditions arefound in
a restrictedspectrum(24). Temperatureof thesubstratumaffectsthespeedandseverity of
root symptomdevelopment. With few exceptions root-rot symptoms increasewith rising
temperaturesto 
 30

�
C, while the symptoms may be suppressedat very low andhigh

temperatures(5). Damping-off andother Pythium diseasesoccurover a wide rangeof
temperatures,whichdetermine whichspeciesof Pythium maybeactive.

Theaim of this studywasto analyzethe effects of zoosporeconcentration,plantage
andtemperatureonpathogenicityof severalplantsinfectedwith Phytophthora andPythium
zoospores.

MATERIALS AND METHODS

Media ClearedV8 broth was prepared as follows: a solution of 200 ml V8 juice
(Campbell SoupCo.) and2 g CaCO� , wascentrifugedat 5000 g min 
 �

for 20 min and
thesupernatant filtered throughWhatmanNo. 1 paper, dilutedtenfoldwith double glass-
distilled water, pH = 6–6.5(adjustedwith NAOH), andautoclaved at 15 psi for 20 min, at
121

�
C. After cooling, 10 ml of a 95%ethanolsolutioncontaining 0.02g

�
-sitosterolwas

added. As waterquality is critical, doubleglass-distilledwaterfreeof toxic ionswasused.

TABLE 1. Isolatesof Pythium andPhytophthora speciesusedin this study(Isolateswereobtained
from theAquaticPhycomycetesCultureCollection(APCC),heldin theUK by thesecondauthor, the
InternationalMycological Institute(IMI), UK, andtheCentraalbureauvoorSchimmelcultures(CBS)
in theNetherlands)

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

The mineralsaltssolutioncontained 0.48 g MgSO� , 0.5 g KNO � , 1.64g Ca(NO� ) �
per liter of distilled water (4). The solutionwasautoclaved andthenthe filter-sterilized
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TABLE 2. Plantspeciesandvarietiesusedin this study

Scientific name Common name Variety Supplier
Beta vulgaris L. Sugarbeet Saxon Hilleshog(Norfolk, UK)
Sorghum bicolor (L.) Moench Sorghum Dabar Sudan,Africa
Zea mays L. Maize Energy PBI (Cambridge,UK)
Medicago sativa L. Alf alfa Vela DLF-Trifolium UK andIreland,

Ltd. (Gloucestershire,UK)

chelatediron solutionwasadded at 1 ml l 
 �
of mineralsaltssolution(1 l of chelatediron

solutionconsistedof 13.05 g of EDTA (ethylenediamine-tetraaceticacid),7.5g KOH, 4.9
g FeSO� .7H� O, distilledwaterto 1 l).

Pathogens and zoospore production Isolateswere obtained from the Aquatic Phy-
comycetesCulture Collection (APCC) held by the secondauthor in the UK, the Inter-
national Mycological Institute(IMI) andtheCentraalbureau voor Schimmelcultures(CBS)
in theNetherlands(Table1).

All stockculturesweremaintainedon hempseedsimmersedin 50 ml steriledistilled
water, in 100ml sealedflasksat 5

�
C, in darkness(6). Cornmealagaror potatodextrose

agarwasalsousedfor storageof culturesfor up to 10 days. To limit variability, isolates
wereobtainedfrom a singlehyphal tip of a germinatedcyst that hadbeenspreadthinly
on the surfaceof hardwateragar. Bacteriawereeliminatedby placinga small pieceof
mycelium ontheinsideof aRaper’s glassring thathadbeenplacedin themiddleof apetri
dishfilled with wateragar. Phytophthora andPythium spp.cangrow below theglassring,
but bacteriaandactinomycetesusuallydonot.

Prior to usein experiments,cultures wereremovedfrom thestocksolutionandplated
on 2% water agarfor 2–6 daysat 20

�
C, in the dark. With the aid of a scalpel,small

orthogonal pieces(1 � 3 cm) were cut from the colony area around the periphery,
transferred to clearedV8 broth and incubatedat 25

�
C for 1 day or more, in darkness.

Thecolonizedagarpieceswereplacedin sterilepetridishesandwashedthreetimes(at30-
min intervals)with mineralsaltssolutionandthenincubatedat 25

�
C, underlight. Finally,

the sporangia bearing myceliawerewashedwith threechangesof double glass-distilled
waterandincubatedat 18

�
C for 1 h or chilled for 15 min at 8

�
C andreturnedto room

temperature;zoosporeswerereleasedin 
 1 h.
Zoosporeswerecountedusingeitherthehemocytometer or themicrosyringemethod.

When using the hemocytometer method, a small amount of zoospore suspension was
pipettedtobothchambersof thehemocytometerandthenzoosporeswereinducedto encyst
by slight heatingon a hot platefor 3–5s. This time wasenough to induceencystmentand
immobilize the zoosporeswithout destroying them(3). Counts weremadein the center
andfour cornersquares,themeanwascalculated, andtheconcentrationof zoosporesml 
 �
wasestimated.With themicrosyringemethod, threedropsof thesameamount of zoospore
suspension(10 � l) wereplacedon onesideof a microscopeslide. Thenthe number of
zoospores was countedfor eachoneandan average was calculatedand transformed to
zoosporesml 
 �

. Zoospore suspensions werediluted to appropriateconcentrationsusing
steriledoubleglass-distilledwaterof thesametemperature.

Plant material The plant speciesand cultivars usedin this study are shown in Table
2. Seedswerestoredat 4

�
C, sealedin moisture-proof containers (glassor plastic jars,

polyethylenebags). Standard germination testswere carriedout to assessthe viability
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of seeds.Seedvigor was alsoevaluatedfor potentialof rapid, uniform emergenceand
development of normal seedlings. Seedsweresurface-sterilized before they wereused,
to establishin vitro axeniccultures. In brief, seedswerethoroughly rinsedunder running
tap water for 10–20 min and thenplacedin a 70% ethyl alcohol solution for 1–5 min.
Afterwards, they weresubmergedin thedisinfectant solution(sodiumhypochlorite 1–3%,
plus2-3 dropsof wettingagent Tween20) for 10 min, in a sealedsterilebottleandgently
agitated.Understerileconditions, thesolutionwasdecantedandseedswerewashedwith
steriledistilledwaterseveraltimes.

For germination, asepticseedswereplacedin petri dishescontaining a 5-mm layer
of water agar and sterile WhatmanNo. 1 filter papers laid over the agar surface.
Petri disheswerecoveredwith their lids andplacedin incubatorsto allow germination
(darkness,20

�
C). Periodicinspectionof plantmaterialwascarriedout in orderto detect

any contaminants. Seedhealth was assessedusing visual evaluation (discoloration,
sclerotia,insects,etc.) and incubation on petri dishesfilled with wateragar for growth
of contaminants.Any culturesshowing coloniesof bacteria or fungi werediscarded.

Eachgerminatedseed(root lengthwaslessthan5 mm, becauselonger radiclesmade
handling moredifficult) wastransferredto a1.5 � 15cmtesttubecontaining 5 ml of half-
strengthHoagland’s nutrient solutionandWhatmanNo. 1 moistfilter paperstrips,which
hadbeenfashioned into platforms. Filter paperedgeswere long enough to extendnear
the tubebottomin orderto maintainconstantmoisturesupply. Tubeswereplugged with
plasticcapsandsterilized.After autoclaving, tubesweresupportedin a fashionedbaseof
black plasticplug trays(Plantpak,UK). The pH of the nutrient solutionwas6.5. Plants
wereincubatedusinga 16-h photoperiod. Light wasprovided by cool warm fluorescent
lamps(40W, RSComponents,UK) situatedabove theplants.Photosyntheticphoton flux
densityat leaf height was180 � 30 � mol m 
 � s
 �

. Thegrowth chamberwasventilated
andthetemperaturewasmaintainedat 25� 2

�
C andtherelativehumidity at 70� 10%.

Diseaseassessment The root length(RL) anda diseaseseverity index (DSI) basedon
root discoloration wereusedascriteria for diseaseassessment.Thelengthof theprimary
root insteadof thetotal root lengthwasmeasured. Plantswerespreadover a white plastic
surface,thenstraightened,andtheir length wasmeasuredto thenearestmillimeter usinga
ruler. Root lengthof inoculatedplantswasexpressedaspercentageof the control plants
andthedatawerearcsine-transformedfor furtheranalysis.In orderto haveacommonDSI,
ascalewasdevisedbasedonrootdiscoloration,including watersoaking. Plantswererated
for symptomdevelopmentaccording to thefollowing scale:0 = no root discoloration,1 =
1–25%, 2 = 26–50%,3 = 51–75%and4 = 75–100%of theroot systemdiscolored.

Effect of inoculum density Two fungal specieswere selected: Pythium deliense, a
speciesshowing high accumulation rates,and Pythium dissimile – with relatively low
encystment rates. Alf alfa var. ‘Vela’ andsorghum var. ‘Dabar’ seedlings wereusedin
this study. Zoospore suspensionswereaddedto the testtubes, resultingin a final density
of 10� , 10� , 5 � 10� , 10� , 5 � 10� and 10� zoosporesml 
 �

. Plantswere left in the
incubatorsfor 10 daysafterinoculation. TheDSI of inoculatedplantswascomparedwith
thecorrespondingcontrols.

Effect of plant age Thevarietiesalfalfa ’Vela’, sugarbeet’Saxon’, maize’Energy’ and
sorghum ’Dabar’ werechosenfor their representationof plant families as well as their
relatively similarandfastgrowth rates.Greatcarewastakento useplantswith similarRLs
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andgrowth stage.Zoospore suspensionsof Pythium aphanidermatum wereaddedafter3,
6, 9 or 14 days,to the test tubescontaining the seedlings of the corresponding age. The
final zoosporeconcentrationin testtubeswas5000zoosporesml 
 �

. Plantswereleft in the
incubatorsfor 10 daysafterinoculation. TheDSI of inoculatedplantswascomparedwith
thecorrespondingcontrols.

Effect of temperature Fungal specieswere selectedfor their temperature optima. P.
aphanidermatum andPhytophthora nicotianae aretypicalplantparasitesof warmregions,
whereasP. dissimile andPhytophthora cactorum have beenrecordedmainly in temperate
areas(10,23). Sugarbeet(var. Saxon) seedlings weregerminatedandgrown until theroot
systemwas3 cm long (2-leafstage).All plantsweregrown in incubatorsat 25

�
C, under

a 12-h light-dark cycle. Twelve hours before inoculation, during the dark cycle, plants
weretransferredto thecorresponding temperature regimes,in separateincubators,andleft
to equilibrate. The temperaturestestedwere5, 15, 25 and35

�
C. Zoospore suspensions

were addedto the plants and were left for 10 days before measurements were taken.
Datawereexpressedaspercentage of theRL of controlplantsgrown at thecorresponding
temperature.

Experimental designand analysis Experimentsweredesignedascompletelyrandom-
ized andblind, with threereplications of 30 seedlingsfor eachtreatment. Frequent re-
randomizationof thelocationsof testtubesbatchesinsidethegrowth chamberwasapplied
to guardagainst a uniform or non-random environmentalvariable.All datawerechecked
for normality of errors by plotting residualsversus predictedvalues,as well as using
the Kolmogorov-Smirnoff test for goodnessof fit. Variances of data were testedfor
homogeneityusingthe Bartlett’s andLevennetests. Percent datadid not alwayssatisfy
theassumptionsof analysisof variance andsubsequently they weresubjectedto suitable
transformationsfor statisticalanalysis,but actualpercentagesaregiven in the tablesand
figures. Whentheassumptionsof ANOVA werenot satisfiedevenafter transformations,
non-parametric methods were employed. The Kruskal-Wallis test was usedto test for
differencesamonggroups in singleclassificationanalysisandtheNemeyi testto compare
the groups (32). All datawere subjectedto analysisof varianceusing GeneralLinear
Modelsproceduresand,whenappropriate,means werecompared with Tukey’s multiple
comparisonstest(26). All testsfor significancewereconductedat P = 0.05.

RESULTS

Effect of inoculum density The incremental root length of all plants decreasedas
inoculum concentration of the pathogen increased (Fig. 1). This declinewas steeper
among low levelsof zoosporeconcentrations.No significantdifferencesin incremental RL
werefoundfor inoculum densitieshigherthan10 � zoosporesml 
 �

in all plant–pathogen
combinations. Sorghum seedlingsinfectedwith P. dissimile showed significantlyhigher
incremental root growth, for all inoculum densities,compared with threeother plant–
pathogen combinations. Root discoloration, expressedas DSI, of alfalfa and sorghum
plantsinoculatedwith P. dissimile, did not differ significantlyamongthem;however, root
discolorationincreasedwith inoculum concentrationfor plantsinoculatedwith P. deliense,
although at concentrationshigherthan10 � zoosporesml 
 �

, differencesin DSI werenot
significant.
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Fig. 1. Effect of different zoospore concentrationsof Pythium deliense and Pythium dissimile on
rootsof alfalfa andsorghumplants,measuredasroot lengthexpressedaspercentageof control(left)
androot discolorationexpressedasdiseaseseverity index (right). Eachpoint representsthemean�
1 SDof 30 observations.

Fig. 2. Effect of Pythium aphanidermatum zoosporeson roots of alfalfa, maize, sorghum and
sugarbeetseedlingsof differentage,measuredasrootdiscolorationandexpressedasdiseaseseverity
index. Eachpoint representsthemean� 1 SDof 30 observations.
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Fig. 3. Effect of Pythium aphanidermatum, Pythium dissimile, Phytophthora cactorum and
Phytophthora nicotianae on roots of sugarbeetplantsgrown under various temperatureregimes,
measuredasroot lengthexpressedaspercentageof control (left) androot discolorationexpressed
asdiseaseseverity index (right). Eachpoint representsthemean� 1 SDof 30 observations.

Effect of plant age Analysis of variance revealeda significanteffect of plant ageon
root discoloration causedby P. aphanidermatum. All plantsshowed a reduction in DSI
with increasingplant age(Fig. 2). Root discoloration of 3-day-old alfalfa and maize
seedlingswassignificantlydifferent from the 14-day-oldplants. Three-day-oldsorghum
andsugarbeetplantsshoweda significantlyhigher degree of root discolorationcompared
with plantsinoculatedat 9 daysof age,andbothagelevelsdifferedsignificantlyfrom the
14-day-oldseedlings.

Effect of temperature Analysisof varianceshoweda significanteffect of temperature
and pathogen speciesupon diseaseseverity and RL, and also a highly significant tem-
perature � pathogeninteraction(Fig. 3). The incremental RL decreasedastemperature
increasedup to 25

�
C. P. aphanidermatum andP. nicotianae reducedtheRL of sugarbeet

from 25 to 35
�
C, although the valuesdid not differ significantly. On the otherhand, P.

dissimile andP. cactorum causedlessrootdamageat35
�
C thanat25

�
C.Rootdiscoloration

causedby P. aphanidermatum andP. nicotianae rising with increasing temperaturesup to
35

�
C, whereasthatcausedby P. dissimile andP. cactorum increasedup to 25

�
C andthen

decreasedat 35
�
C.

DISCUSSION

OurstudyshowedthattheincrementalRL of alfalfaandsorghumplantsdecreasedand
root discoloration increasedwith increasing inoculum concentration;however, therateof
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change dependedon theplant– pathogencombination. Similar resultswereobservedby
otherworkerson pythiaceouspathogens(15,20,22). This relationship betweenzoospore
concentration and diseaseseverity can be interpreted as infection without interaction
betweenzoosporesbut with competition for susceptiblesiteson thehost(30). Zoospores
respond tochemoattractantsreleasedfromrootsandaccumulateatcertainareas,suchasthe
zoneof elongationor pointsof emergenceof lateralroots.These‘windowsof opportunity’
for infectionaresmallin seedlingsandmightbefilled atzoosporeconcentrationsupto 10 � ,
soaddition of morezoosporesdoesnot affect diseasedevelopmentsignificantly. Infection
anddiseasefor pythiaceousspeciesmayresultfrom very low zoosporenumbers (21). It is
alsoprobable thatthelackof directproportionality of infectionto diseaseis attributableto
factorsthatreducedissemination, durationof motility or survival of zoospores.Thechoice
of high levels of inoculum will make all varietiesseemsusceptibleto the samestrainof
pathogen,so it is importantto chooseaninoculum densitythatmostcloselycharacterizes
therelationshipandcorrespondsto inoculum densityvaluesfound underfield conditions.
Theuseof dissimilarconcentrationsmightconstituteaseriouscausefor variationin results
reportedonzoosporeencystmentandtheneedfor further studiesin this topicis imperative.
It isalsonotknownwhethertheobserveddiseaseseverityandrootlengthreductionresulted
from the initial amount of inoculum addedto the tubesor if a secondary inoculum was
producedduring theincubation period.

In all testedplantspeciesof this study, diseaseseverity wasnegatively relatedto plant
age. Many otherworkers have reported similar results(18,28,29,31). In contrast, adult
pepper plants infestedwith P. capsici zoospores in a recirculating hydroponic system
resultedin 100%mortality, whereas in young plantsmortality wasonly 20% (27). This
mightbetheoutcomeof increasedsecondary inoculum in thehydroponicsystemor altered
plantmorphologyorphysiology. As plantsgrow, morphological andphysiologicalchanges
take place.Zoosporesrespond in changesof root morphology andexudedchemicals, and
as a result one shouldexpect variation in zoospore encystment and subsequent disease
development. At ayoung age,rootsystemsaresmallbut offer many highly sensitiveareas
to infection. As seedlingsgrow, theroot morphology is differentiated,offeringadditional
protection againstpathogens.

Our resultsshowed that diseasedevelopment on sugarbeet seedlingsinfectedwith
Pythium andPhytophthora specieswasaffectedby temperature,but thepatternof response
wasdeterminedby thepathogen’s temperature preferences.Phytophthora cinnamomi was
pathogenicto eucalyptusseedlingsin therangeof 10–30

�
C, with theoptimum at18–22

�
C

(11,25). It wasalsoclear that at low temperature, susceptibilitygives way to resistance
(9). Diseaseseverity onchickpeacausedby Pythium ultimum increasedasthetemperature
rosefrom 20 to 30

�
C (1). Winter-grown tomatoplantsmaintainedat 15

�
C developed

severewilt symptomswheninfectedwith Phytophthora cryptogea, whereasthe majority
of infectedplantsgrown at 25

�
C remainedsymptomlessduringthe14-week experimental

period(14). Zoosporesrespond to chemicalsreleasedby the roots, andevery effect of
temperature on zoospore vigor or plant physiological condition, will affect the plant–
pathogenrelationship. Temperaturecanbeseenasanenvironmental factor, which affects
the zoospore responsestoward roots,especiallyat sub-optimal levels for plant rootsand
zoospores.At low temperaturesthezoosporesaccumulatein only smallnumbers,perhaps
becauseof the low exudationsfrom roots and the low rate of movementof zoospores.
As thetemperature increases,highamountsof chemicals areexudedfrom therootsandthe
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speedof zoosporesincreases.At mediantemperaturestherewouldbeapositivecorrelation
betweenriseof temperature, root exudationandzoospore motility. At highertemperatures
zoosporemotility wouldbecome limited, with a resultant decreasein zoosporeencystment
densityontheroots.

Therelationshipbetweenzoosporeencystment andtemperaturewasdeterminedby the
responsestowardtemperatureof plantsandpathogens.Theadaptation of P. aphaniderma-
tum andP. nicotianae to relatively high temperaturesmight have resultedin satisfactory
levels of zoosporevigor andhigh levels of encystmentat suchtemperatures. The effect
of P. dissimile andP. cactorum on RL wassignificantlylower at thehigher temperatures.
P. dissimile andP. cactorum arerecordedfrom temperateareas.This might bethereason
why theiractivity or pathogenicitywasreducedathightemperaturesandtheireffect onRL
at 35

�
C wassignificantlydifferent from that at 25

�
C. The differential virulence between

warmandcool fungal speciesat temperaturesoutsidetheir optimais well documented.In
root rot of spinachtherewasa transitionaltemperature (23

�
C), above or below which P.

aphanidermatum andPythium dissotocum, respectively, predominated(8). Temperatures
higher than30

�
C could greatly increaseinfection severity of P. nicotianae on Hibiscus

plants (16). Pythium speciesare not especiallytemperature-specificfor infection of
adventitious rootsof Agrostis palustris, but pathogenicity of someisolatesis temperature-
dependentfollowing infection. OnePythium isolatewhich inhibitedgrowth of Agrostis at
hightemperature,stimulatedgrowth at low temperature(13).
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