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Feeding Behavior of Aphis gossypii on Resistant Accessions
of Different Melon Genotypes (Cucumis melo)
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The feedingbehavior of the melon aphid Aphis gossypii Glover (Homoptera:Aphididae)
was monitoredusing the electricalpenetration graph(EPG) techniqueon different melon
(Cucumis melo L.) genotypesshowing resistanceto theaphid.Theaphid-resistantgenotypes
used were PI-161375and PI-414723, sourcesof the Vat and Agr genes, respectively.
TGR-1551, a new C. melo accessionfrom Zimbabwe, was also tested. Our goal was
to localize the tissueswhere the resistancefactorsare expressedand to determineif the
resistancemechanismsoperatingin thethreeaphid-resistant accessions werethesame.Our
resultsindicatedthat the threeselectedlines have resistantfactorslocatedat the epidermis,
mesophyll and vasculartissues. However, the behavior of A. gossypii on TGR-1551was
differentfrom the two otherresistantaccessions,asindicatedby a longerphloemsalivation
phase(E1 phase).Many of the E1 phasesobserved for aphidsfeedingon TGR-1551were
not followed by phloemingestion(E2 phase).Theseresultssuggestthat TGR-1551hasa
resistancemechanismthat preventsA. gossypii from initiating ingestionfrom the phloem.
Preferencetestsunder free choiceconditionsalso showed that aphidsrejectedaccessions
TGR-1551or PI-414723fasterthanPI-161375.Our resultssupport thehypothesisthatAgr
and Vat are coding for different kinds of resistancestrategies. Comparisonsof aphid life
historyparametersalsoindicatedthatTGR-1551is avery promisingnew sourceto breedfor
resistanceagainstA. gossypii.
KEY WORDS:Aphis gossypii; feedingbehavior; EPGtechnique;resistantmelongermplasm;
resistancemechanism.

INTRODUCTION

ThemelonaphidAphis gossypii (Glover) is reportedto beamajorpestof cucurbit crops
andoneof themostefficientvectorsof plantvirusessuchascucumbermosaicvirus(CMV)
(genus Cucumovirus; family Bromoviridae), andzucchini yellow mosaicvirus (ZYMV) ,
papayaringspot virus(PRSV)andwatermelonmosaicvirus-2(WMV-2) (genusPotyvirus;
family Potyviridae)(12). It is well known thatoneof thebestwaysto control insectpests
andaphid-bornevirusesis to useresistantcultivarswhenthey areavailable.Therefore, the
searchfor resistancegenes to control themelonaphidandits associatedviruseshasbeena
majorpriority in breedingprogramsfor cucurbitsworldwide. Resistanceaccessionsagainst
A. gossypii werefound aspartof a breedingprogramstartedin Californiaat thebeginning
of the 1970s in putative areasof cucurbit diversificationsuchasIndia andKorea(3,18).
A melon(Cucumis melo L.) breeding line labeledLJ 90234 (inbred of PI-371795) was
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selectedasresistantto A. gossypii (by non-preference,antibiosisandtolerance) (3,4,19).
Another selectionfrom PI-371795(labeledPI-414723)culminatedin threeaphid-resistant
melonbreeding lines (30), andled to the releaseof commercial cultivars bearingtheAR
(Aphid Resistance)gene(presentlycalledAgr gene; 20). Recently, Klingler et al. (22)
found thatoneof the threeaphid-resistantbreeding linesderived from PI-414723, named
AR 5, shows a resistancemechanism localizedwithin the phloemsieve elements. In
France,in thelate1970s,another melonaccession– labeledPI-161375–andobtainedfrom
Korea,wasreportedto beresistantagainst themelonaphid(25).PI-161375wasalsofound
to beresistantto CMV transmissionby A. gossypii (24), andthemonogenicdominantgene
responsible for this trait wasnamed‘virus aphidtransmissionresistance’(Vat). The Vat
trait seemsto bequitespreadoutamongmelongermplasmcollectionsbecauseit is present
also in five melon lines from India andJapan,including PI-414723 (32). Recently, an
accessionnamed TGR-1551from Zimbabwe wasfoundto beresistantto thetransmission
of non-persistentvirusesby A. gossypii (38). However, the resistancemechanismsof the
threemelonaphid-resistantaccessionsdescribedabovearenotwell characterized.Also, it
is not clearwhetherthe type of resistanceof melonagainst A. gossypii (described asthe
Agr gene)is alwayslinkedto thevirus transmissionresistancegenedescribedasVat, or if
therearetwo genescodingfor different resistancemechanisms.Klingler et al. (21)studied
the allelic relationbetweenthe two resistancegenesandfound that they wereallelic or
verytightly linked.Therefore,it is possiblethatthesamegenecaninduceseparatedefense
responses:oneagainst theaphidandanotherthatinhibits virustransmission.Alternatively,
the Agr genemay control aphidresistanceandthe Vat genethe resistanceagainst virus
transmission.

One of the most useful tools for studying the mechanismsof host plant resistance
against homopterans is the electronic monitoring of insect feedingbehavior (31), also
known astheelectronic penetration graph technique(EPG;40).Thistechniquehasallowed
thelocalizationof planttissuesinvolvedin theresistancemechanismof different hostplants
to insects(9,27,42).

Theobjectiveof thework describedin thispaperwasto comparethefeeding behavior,
preferenceand performanceof A. gossypii on two well known C. melo aphid-resistant
accessions:the Indianline PI-414723,andtheKoreanline PI-161375. Also, TGR-1551,
a new sourceof resistanceto themelonaphidobtained from Zimbabwe,wasincludedin
our studyto determine whetherthesameor different mechanismsareinvolvedin all three
aphid-resistantaccessions.

MATERIALS AND METHODS

Plants and insects ThreeC. melo genotypesresistantto A. gossypii wereusedfor all
experiments:PI-161375,theoriginal accessionfrom Koreaandsourceof theVat gene;PI-
414723,theIndianaccession,sourceof theAgr gene;andTGR-1551, from Zimbabweand
resistantto A. gossypii (38). ‘Regal’, amuskmeloncultivar verysusceptibleto A. gossypii,
wasusedascontrol. All plantsweregrown in a soil substrateandvermiculite mixture
under growth chamberconditions at 26/20

�
C (day/night temperatures,respectively); a

photoperiodof 16:8h,L:D; and100 � E m 	�
 s	
� light intensity. A melonaphidcolony was
establishedfrom a singlevirginoparous apteracollectedon melonat El Ejido (Almeŕıa,
Spain)in 1998. A. gossypii was rearedon melonplantscv. Regal kept insidecagesat
22/16

�
C (day/night), under a16:8h, L:D photoperiod. To obtainyoung adultaphidsof the
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sameage,groupsof tenapteraefrom theA. gossypii colony wereremovedfrom thecage
andplacedinsideplasticboxes(6.5 � 2 cm) on melonleavescv. Regal for a 48-h period.
The nymphsborn during this periodwerekept inside the boxes andall the adultswere
discarded. Thenymphsweremaintainedin a growth chamberat a constanttemperature of
26
�
C anda photoperiodof 16:8h, L:D. Melon leaveswerekeptturgid by introducingthe

petioleinsideanEppendorf tubefilled with water. Leaveswerechangedevery3 or 4 days
to encourageaphiddevelopment; 7–8dayslater, young apteraeadultsof thesameagewere
availablefor experiments.

Electronic monitoring of aphid probing and feeding behavior A 3-cm-long � 20 � m
diamgoldwire wasattachedto thedorsumof ayoung adultapteraby immobilizing it with
a vacuum-operatedplateandtouching theaphidwith a smalldroplet of silver conducting-
paint (Pelco Colloidal Silver no. 16034, TedPella,Inc., Reeding,CA, USA). Theother
endof the gold wire wasattachedto a 3-cm-long � 1 mm-diamcopper wire which was
connectedto oneof theelectrodesof theEPGsystem.A secondelectrode wasconnected
to a copper post (0.2 cm diam � 10 cm long) which was insertedinto the pot (10 cm
diam). Aphidspreparedin this mannerwerekept in smallplasticboxesandstarvedfor 1
h before monitoring wasstarted.EPGrecordingswereacquiredat 100Hz through a four-
channel Giga-’99 DC amplifier(Wageningen Agric. Univ., Entomology Dept.). This new
1 giga-Ohminput resistanceDC- amplifier systemhasits own AD converter, whichallows
recording of theEPGsignalsdirectly onto thePCharddisk at thesametime astheEPG
waveforms aredisplayedon the computer monitor. Dataacquisitionandscreendisplay
werecontrolled by Stylet 3.0 softwareanddataanalysis wasperformedwith MacStylet
v2.0 ß10(13) afterdataconversion. Thedurationof theEPGrecordingswas4 h and20
replicateswereusedfor eachof themelongenotypesselected.

Thebiological interpretationsof thedifferentEPGparametersusedin this studyareas
follows: ‘C’ patternthat representsstyletpathway activities including stylet contactwith
the epidermis (waveform A), salivary sheathsecretion(waveform B), stylet movement
through plant tissues(waveform C) andbrief cell punctures,calledpotential drops(pd).
Waveforms A, B andC werelabeledgenerically aspattern‘C’ for simplification. Other
recorded patterns included: ‘F’, high frequency waveform associatedwith mechanical
stylet work; ‘G’, waveform which reflectsthe xylem phase;‘E1’, salivation activities
following sieve elementpuncture; and‘E2’, phloemsapingestion(34,39,41). Calculation
of standardorspecificEPGvariablesontheidentifiedpatterns(Tables1 and2; seeResults)
andstatisticalanalysiswereperformedwith theSuperANOVA 1.11software(1). Patterns
interruptedby theendof theexperimentwereincludedin all calculations,but weremarked
in the statisticalfiles and the consistency of results(with andwithout theseinterrupted
patterns)was checked. All data were transformed to reduce heterocedasticity before
analysis. The transformationusedwasarcsin � � for datacalculatedaspercentage,and
� ����� for theotherdependentvariables. Transformeddataweresubjectedto analysisof
varianceandmeancomparisonsweremadeusingtheFisher’s protectedLSD test.

Settlement under non-choice conditions Singlemelonplantsweregrown in smallpots
(8x 8cm)andusedfor experimentsattheonetrueleafstage.Twentypotsof eachgenotype
testedwereplacedregularly in a plastictray (53 � 38cm) thatwasfilled with water(2 cm
deep)to preventaphidmovementfrom plantto plant. Eachgenotypewaskept in a single
tray throughout the experiment. Ten young adult apteraeaphids obtained as described
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previously werereleasedon eachmelonseedling(a total of 200aphids for eachgenotype
tested),andplantswereplacedin a growth chamberat a 22/16

�
C (day/night) anda 16:8h

L:D photoperiod. Thenumberof aphids remaining on eachplantafter72 h wascounted.
Plantswererankedassusceptibleif five or moreaphidshadsettledon theleavesor stem,
andasresistantif fewerthanfiveaphidswerepresent.This72h criterionwasusedbecause
Fereres(14)found thataphid-resistantmelongenotypescouldbediscriminatedmuchbetter
by counting aphidsremaining on eachplant aftera 72-hperiodthanafter a 24-hperiod,
as initially proposedby Pitrat andLecoq(32). The number of aphids which settledon
eachaccessionwas subjectedto an ANOVA after transformationby � ����� andmean
comparisonsweremadeaccording to Fisher’sprotectedLSD test(1).

Settlement under free-choice conditions Aphid settlementpreferenceon eachof the
resistantaccessionsand the susceptiblecontrol Regal was compared at different time
intervals. Ten plantsof eachresistantgenotypeandcv. Regal (susceptiblecontrol) were
grown at the two-true-leaf stageto obtain threeleaf disks (2.5 cm diam) per plant. A
15 cm petri plate (2 cm height) waspreviously coveredwith moistenedfilter paper and
divided into six identicalpie sections.A resistant(PI-414723, PI-161375or TGR-1551)
andasusceptibleleafdiskwereplacedalternatelyoneachsection(threeresistantandthree
susceptibleleaf disksperplate). Eachplatewasreplicatedtentimes. Melon aphids were
synchronizedto obtain individuals of the sameageas described in the non-choicetest.
Twenty-four young apteraeadultaphids werereleasedwith thehelpof a paintbrushat the
centerof eachplate.All platesweresealedwith Parafilm tapeto avoid aphidescapeand
placedin a growth chamberat a constant temperature of 26

�
C andcontinuouslight. The

number of aphids which hadsettledon eachleaf disk andplatewascounted30 min, 1, 2,
4 and8 h after release.Data,calculatedasthepercentage of aphids perplatesettlingon
eachtypeof leafdisk(resistantor susceptible)atdifferenttimeintervals,weresubjectedto
a Mann-Whitney U test(1).

Aphid performance Theseexperiments were conducted in a growth chamber at a
constanttemperature of 26

�
C anda 16:8 h, L:D photoperiod. Newly born nymphs were

maintained insideclip-cages on two-true-leaf-stagemelonplantsof selectedgenotypesas
describedpreviously (15). Nymphal mortality, thepre-reproductive period, the fecundity
during the sametime interval as the pre-reproductive period, the intrinsic rateof natural
increase(43) andthe mortality ratewerecalculatedfor eachaphid(10 replicates/melon
genotype). The Wyatt andWhite (43) equation is a simplificationof the Birch equation
(2). It calculatesthe intrinsic rateof increasevalue as: r � = 0.738(lnMd)/T, whereT is
timefrom birth to onsetof reproductionor pre-reproductivetime,Md is thetotalnumberof
nymphsperfemalein aperiod equalto thepre-reproductivetime,and0.738 is acorrecting
constant. The r � obtained with the Wyatt andWhite (43) equation hasbeenshown to
agreecloselywith valuescalculatedusingtheBirch equation, andto fall within thesame
95%confidence interval. TheWyatt andWhite formulahasbeenusedby several authors
to calculater � for aphidsand it hasproved useful for comparing the potential rate of
increaseof differentmorphsof thesameaphidspecies(11), individualsof thesamemorph
of a speciesrearedunderdifferentconditions (10), differentspeciesreared underthesame
conditions (23), and the sameaphid speciesrearedon plant genotypesdiffering in leaf
morphology (26).
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RESULTS

Electronic monitoring of aphid probing and feeding behavior EPGvariables shown
in Tables1 and2 weredivided into differentsections:‘numbervariables’refersto thetotal
numberof timeseachEPGpatternwasobserved; ‘total andmeanduration variables’refers
to the total andmeanduration (in min) of eachEPGpattern;and‘percentage’ refersto
thepercentageof time spenton a specificEPGevent. Thegeneral analysisof A. gossypii
probing and feedingbehavior on resistantmelonaccessionsand the susceptiblecontrol
during the 4-h period indicatesthat both pre-phloemand phloem factors are involved
in the resistancemechanism (Table 1). Our resultsindicatedthat aphidswere able to
detect the presence of chemicalor physical deterrent cues in the resistantgenotypes
well before they hadaccessto the phloem. This was indicatedby a longernon-probing
time, increasednumber of probes, shorterduration of the probes,an increasednumber
of probes shorterthan 3 min, and an increasednumber of probes before reaching the
phloem in the threeresistantgenotypes. Therewere no significantdifferencesamong
the three resistantgenotypes in the pre-phloem parameters except for the duration of
the intracellularpunctures(pds) and the number of long pds/totalnumber of pds. The
intracellularpuncturesweresignificantly(P � 0.05) longer in PI-414723thanin theother
melongenotypesanalyzedandthenumber of long pds/totalnumberof pdswashigher in
PI-414723thanin thetwootherresistantgenotypes.Moreover, significantdifferenceswere
found in pathway-associatedactivities (patternC) betweentheresistantgenotypesandthe
susceptiblecontrol in the first 30 min of recording (Table2). No significantdifferences
were found betweenmelongenotypesin the frequency or duration of patternsF andG
(Table1). Analysis of the temporal trendof aphidbehavior on the genotypesselected,
indicatedthataphidsusuallyreachedthephloemon thesusceptiblecontrol after thethird
hourof recording,while they wereeitherunderpatternC or not probing whenexposedto
the resistantgenotypes. Phloem-associatedparameters wereclearlydifferent on resistant
andsusceptiblegenotypes(Table1). Time for committed phloem ingestion(E2� 8 min)
wassignificantly(P � 0.05) longeron thethreeresistantaccessionsthanon thesusceptible
control. Most of theaphids ingestedfrom phloemduring the4-h period whenexposedto
cv. Regal(70%), whereasonly afew wereableto producepatternE2onTGR-1551(25%),
PI-161375(30%) andPI-414723(40%).As expected,theduration of thephloemingestion
phase(E2pattern)wasmuchlonger onthesusceptiblethanon theresistantgenotypes,but
similaronthethreeresistantgenotypes.However, thephloem salivationphase(E1pattern)
wasmuchlonger on the TGR-1551accessionthanon the othermelongenotypestested.
Moreover, mostof thephloemsalivationphasesobserved for aphidsfeeding onTGR-1551
werefollowed by styletpathwayactivities (patternC) insteadof phloemingestion(pattern
E2). Actually, whenall E1 patternsfrom eachgenotype werepooled together, only nine
casesout of 24 of theseE1 patterns led to E2 on TGR-1551 (37.5%),comparedwith 7 of
10 (70%)onPI-161375,and18of 22cases(81.8%)onRegal ( ��
 =9.89; df=2; P=0.0071).
Therewerenosignificantdifferencesonthenumberof E1eventsfollowedby E2onTGR-
1551(37.5%)andPI-414723(10/19=52.6%) ( ��
 =0.98;df =1; P=0.321).

Settlement under non-choice conditions Aphids rejectedthe three resistantmelon
genotypesasa feedingsourceafter 72 h on the plants(Fig. 1). All plantswereranked
asresistantaccording to thecriteriaestablishedby Fereres(14) in theresistantaccessions
except for PI-414723, on which five plantsout of 20 wereratedassusceptible.Themean
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numberof aphidsremaining ontheplantswaslowestonTGR-1551 andonPI-161375.All
threeresistantgenotypeshostedsignificantly(P � 0.0001)feweraphidsthanthesusceptible
control.

TABLE 1. Electricalpenetrationgraph(EPG)parameters(means� SE)of Aphis gossypii feedingon
resistantandsusceptiblemelongenotypesduringa 4-h accessperiod� (n=20)

EPGvariables Controlcv. Regal TGR1551 PI-161375 PI-414723 ANOVA (df=3,76)
F P

Number variables (meannumberperaphid)
np (non-probing) 15.3 � 1.5a 29.4 � 2.6b 29.2 � 2.2b 35.7 � 4.1b 11.13 0.0001
C (probes) 15.1 � 1.5a 29.1 � 2.6b 29.0 � 2.2b 35.5 � 4.0b 11.16 0.0001
C ! 3 min 5.8 � 0.8a 15.3 � 2.2b 16.8 � 2.1b 21.4 � 3.3b 9.92 0.0001
C beforefirst C " 3 min 2.0 � 0.5a 3.0 � 0.7a 3.4 � 0.8a 3.6 � 0.7a 1.10 0.3555
C beforefirst E 12.1 � 1.4a 22.1 � 3.2b 26.9 � 2.1b 30.7 � 4.4b 8.33 0.0001
pd-S(standardpotential 106.9� 12.1a 105.3� 7.8a 124.1� 9.8a 108.5� 9.1a 0.77 0.5152
drops)

pd-L (long potential 2.1 � 0.2a 1.8 � 0.3a 2.4 � 0.4a 3.3 � 0.7a 1.41 0.2466
drops)

E1(phloemsalivation) 1.1 � 0.2a 1.2 � 0.3a 0.5 � 0.2a 0.9 � 0.3a 1.48 0.2277
E2(phloemingestion) 0.90 � 0.2a 0.45 � 0.2b 0.35 � 0.1b 0.50 � 0.2ab 2.50 0.0654
E2" 8 min 0.55 � 0.1a 0.05 � 0.0b 0.10 � 0.1b 0.05 � 0.0b 7.13 0.0003
G (xylem ingestion) 0.75 � 0.2a 0.90 � 0.3a 0.80 � 0.2a 0.85 � 0.3a 0.03 0.9941
F (mechanicalwork) 0.8 � 0.2a 1.4 � 0.4a 1.0 � 0.3a 0.8 � 0.3a 0.48 0.6936

Total duration variables (total durationperaphid)
np 26.1 � 3.8a 53.3 � 6.3b 47.6 � 5.7b 48.6 � 5.8b 5.93 0.0011
C 115.2� 11.9a 143.0� 8.3b 145.6� 8.3b 158.2� 9.5b 3.79 0.0137
pd(pd-S+ pd-L) 7.4 � 0.8a 6.8 � 0.5a 8.3 � 0.6a 8.3 � 0.7a 1.26 0.2949
E (E1+ E2) 70.3 � 18.4a 19.3 � 5.1b 9.6 � 2.5b 4.4 � 1.8b 5.93 0.0020
E1 1.2 � 0.2a 15.3 � 5.3b 3.1 � 1.7a 1.6 � 0.9a 6.57 0.0011
E2 74.1 � 19.0a 8.9 � 3.5b 7.6 � 2.3b 3.4 � 2.1b 6.06 0.0025
G 36.2 � 9.7a 32.8 � 15.7a 39.9 � 12.4a 13.6 � 7.6a 0.91 0.4480
F 48.4 � 20.7a 40.5 � 14.8a 52.0 � 12.9a 72.9 � 20.2a 0.72 0.5480

Mean duration variables (meanof themeantime periodperaphid)
np 1.7 � 0.2a 1.9 � 0.3a 1.6 � 0.1a 1.4 � 0.1a 0.92 0.4360
C 8.3 � 0.8a 5.8 � 0.6b 5.5 � 0.5b 5.4 � 0.6b 4.13 0.0090
pd-S(sec) 3.9 � 0.1a 3.8 � 0.1a 3.9 � 0.1a 4.4 � 0.1b 4.88 0.0037
pd-L (sec) 7.5 � 0.4a 8.1 � 0.6ab 9.1 � 0.3b 9.1 � 0.4b 3.43 0.0217
E1 0.9 � 0.2a 8.4 � 3.7b 1.5 � 0.7a 0.6 � 0.2a 5.51 0.0029
E2 62.0 � 18.3a 4.5 � 1.7b 6.7 � 2.2b 3.3 � 2.1b 5.54 0.0039
E2maxvalue 194.2 10.8 17.4 17.7 – –
G 27.4 � 7.7a 14.4 � 7.5a 32.1 � 11.9a 6.6 � 3.4a 1.80 0.1657
F 35.0 � 17.1a 10.5 � 3.5a 24.0 � 6.6a 48.7 � 21.1a 1.56 0.2196

Percentage
Non-probingtimebefore 19.2 � 4.6a 25.7 � 3.9a 20.0 � 2.3a 21.1 � 2.0a 0.68 0.5655
first E

C ! 3 min 40.6 � 5.1a 47.5 � 3.9a 51.2 � 4.5a 55.4 � 3.1a 2.08 0.1104
Timeon E2 30.9 � 7.9a 3.7 � 1.4b 3.1 � 0.9b 1.4 � 0.9b 5.69 0.0034

Other variables
Frequency of pds(no.of 0.454� 0.0a 0.446� 0.0a 0.527� 0.0a 0.466� 0.0a 0.78 0.5091
pds/min)

No. pd-L/ No. totalpds 0.024� 0.0ab 0.017� 0.0a 0.019� 0.0a 0.031� 0.0b 2.76 0.0476
Timeuntil first E 147.7� 18.5a 166.0� 18.2a 217.5� 8.1b 191.4� 14.9ab 3.85 0.0128
Timeuntil first E2" 8 min 178.1� 17.7a 233.5� 6.5b 233.7� 4.5b 235.8� 4.2b 8.10 0.0001
No. E2/No.E1 0.878� 0.1a 0.339� 0.1b 0.714� 0.1a 0.720� 0.1a 4.26 0.0107
Timeuntil first F 142.7� 22.8a 165.1� 21.2a 161.6� 20.4a 170.1� 22.5a 0.28 0.8372#
All valuesin theTablearein minutesexceptfor parameterspd-Sandpd-L, whicharein seconds. Within rows, meansfollowedby a commonletter do not differ significantly(P ! 0.05)usingFisher’s ProtectedLSD testwith

transformedvalues( $ ’= % $'& �)( and $ ’ =2[arcsin % $ ]) for percentage.

Settlement under free choice conditions Figure 2 shows that aphids discriminated
betweenthe resistantandsusceptibleleaf disks very rapidly in all casesexcept for PI-
161375. Aphidssignificantly(P � 0.05)preferred to settleon thesusceptiblecontrol than
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Fig. 1. Meannumber of aphidsperplanton selectedmelongenotypesafter72 h in a non-preference
test under non-choice conditions. Means� SE (n=20) marked with the sameletter do not differ
significantly(P * 0.05)usingFisher’s ProtectedLSD testwith transformedvalues( + ’= , +.-0/ ).

TABLE 2. Electricalpenetrationgraph(EPG)parameters(means� SE)of Aphis gossypii feedingon
resistantandsusceptiblemelongenotypesduringthefirst 30 min of recording� (n=20)

EPGvariables Controlcv.
Regal

TGR1551 PI-161375 PI-414723 ANOVA (df=3,76)

F P
Number variables (meannumberperaphid)

np 5.4� 0.5a 6.5� 0.9a 7.7� 0.9ab 8.7� 0.8b 3.33 0.0239
C 5.4� 0.5a 6.5� 0.8ab 7.7� 0.80bc 8.5� 0.1c 3.32 0.0243
C ! 3 min 2.9� 0.5a 4.4� 0.8ab 5.2� 0.9b 6.1� 0.7b 3.40 0.0220
C " 3 min 2.5� 0.2a 2.0� 0.3a 2.5� 0.3a 2.4� 0.2a 1.07 0.3656
pd-S 14.4� 2.1a 12.3� 0.9a 11.9� 1.4a 10.9� 1.3a 0.77 0.5154
pd-L 1.3� 0.2a 1.2� 0.2a 1.6� 0.3a 1.6� 0.3a 0.55 0.6509

Total duration variables (total durationperaphid)
np 10.5 � 1.5a 9.2 � 1.3a 10.0� 1.2a 10.3� 1.0a 0.29 0.8292
C 17.0� 1.4a 18.9� 1.2a 17.4� 1.4a 18.3 � 1.3a 0.46 0.7129
pd-S(sec) 55.6� 8.9a 46.5� 3.6a 45.2� 4.9a 46.9� 4.9a 0.16 0.9222
pd-L (sec) 9.7� 1.1a 12.9� 1.7ab 16.5� 2.3b 20.2� 4.0b 3.22 0.0284

Mean duration variables (meanof themeantime periodperaphid)
np 2.3� 0.4a 1.5� 0.2a 1.7� 0.4a 1.4� 0.2a 1.50 0.2220
C 3.9� 0.6a 4.8� 1.0a 2.8� 0.3a 2.5� 0.3a 2.41 0.0735
pd-S(sec) 4.0� 0.5a 3.8� 0.1a 3.9� 0.1a 4.4� 0.1a 1.04 0.3787
pd-L (sec) 6.4� 0.4a 8.3� 0.6b 9.2� 0.3b 9.3� 0.5b 8.32 0.0001#
All valuesin theTablearein minutesexceptfor parameterspd-Sandpd-L, whicharein seconds. Within rows, meansfollowedby a commonletter do not differ significantly(P ! 0.05)usingFisher’s ProtectedLSD testwith

transformedvalues( $ ’= % $'& � .
onTGR-1551from theverybeginningto theendof thebioassay. Thesamewastruefor PI-
414723,but therewerenosignificant differencesbetweenthepercentageof aphidsperplate
settlingon PI-161375 andthe susceptiblecontrol during the first 2 h of the test. Aphids
preferredto settleon thesusceptiblecontrol thanon PI-161375aftera 4-h exposureto the
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Fig. 2. Meannumberof aphidssettledon leaf disksof differentmelongenotypesat differenttime
intervalsin a non-preferencetestunder free-choiceconditions.Valuesmarkedwith anasteriskdiffer
significantly (P=0.05) from the susceptiblecontrol (cv. Regal) according to the Mann-Whitney U
test.

TABLE 3. Means of somelife-history parameters(means� SE)of Aphis gossypii on resistantand
susceptiblemelongenotypes

Cucumis melo genotype Nymph
mortality
(%)
#

(n=30)

Adult
mortality
(%) (n=10)

T (days) Md Intrinsic rateof
increase(r 1 )

Controlcv. Regal 13.3a 0.0a 6.2 � 0.1a 55.1 � 2.2a 0.478 � 0.00a
PI414723 40.0b 60.0b 6.5 � 0.2a 19.8 � 3.6b 0.324 � 0.02b
PI161375 46.6b 70.0b 6.9 � 0.3a 18.0 � 3.8b 0.273 � 0.05bc
TGR-1551 43.3b 70.0b 7.7 � 0.4b 13.9 � 3.7b 0.225 � 0.04c#
Refersto thetotalnumberof nymphsdevelopedoneachgenotype(tenreplicates).A chi-squaretestwascomputedfor pair-wise

comparisonsbetweenthemortality obtainedon eachmelongenotype. Within columns,meansfollowed by a commonletter do not differ significantly (P ! 0.05) usingFisher’s ProtectedLSD test
with transformedvalues( $ ’= % $2& � ). Ther 1 valuewascalculatedfor eachindividual aphidandthesevalueswereusedin the
ANOVA (df = 3, 36).

leaf disks. Theseresultsindicatethataphids rejectedaccessionsTGR-1551 or PI-414723
muchfasterthanPI-161375.

Aphid performance Aphids feedingon TGR-1551 hada significantlylongerdevelop-
mentalperiod thanon theothermelongenotypes(Table3). Thetime from birth to onset
of reproductionwasabout onedaylonger for aphids feedingon TGR-1551thanfor those
feeding on theothergenotypestested.This indicatesthataphidpopulation growth would
be slower on TGR-1551thanon the two otherresistantgenotypes. The mostsignificant
differencebetweentheresistantaccessionsandthesusceptiblecontrol wasin thenumber
of nymphsproducedperfemalein aperiod equivalent to thepre-reproductivetime. Aphids
feeding on the three resistantgenotypes produced approximately the samenumber of
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nymphs,but almostfour times fewer thanin the susceptiblecontrol. Consequently, the
lowest intrinsic rateof natural increase(r � ) obtained for A. gossypii waswhenfeeding
on accessionTGR-1551 (0.225), although therewasno significantdifferencefrom ther �
valueobtained on PI-161375(0.273). In all cases,we calculatedthe r � individually for
eachaphidthatreachedtheadultstage.Therewerenosignificantdifferences(P � 0.05) in
thenymphalor adultmortalityamongthethreeaphid-resistantgenotypestested.

DISCUSSION

Themechanismof resistanceassociatedwith theKoreanaccessionPI-161375hasbeen
linkedto factors localizedin thephloemtissue(5), but alsoto non-vasculartissues(6,36).
The resultsof the present studyshowed that both non-phloemandphloem factorswere
associatedwith the typeof resistanceexhibited by PI-161375, PI-414723andTGR-1551
to themelonaphid. Ourresultsalsosuggestthatthemechanismsof resistanceoperating in
thethreeaphid-resistantaccessionsanalyzedarenot thesame.Thelongphloemsalivation
period followed by a C waveform that was clearly observed for accessionTGR-1551
wasnot presentin PI-161375nor in PI-414723, indicating that an additional barrier for
aphidfeeding is presentin theaccessionthatoriginatedfrom Zimbabwe.Thesetypesof
difficulties to initiate ingestion from the phloemhave alsobeenreported for Prunus (cv.
‘Rubira’) andthegreenpeachaphidMyzus persicae Sulzer(35). Theprobing andfeeding
behavior of A. gossypii on PI-161375andPI-414723wasdifferentin someof the EPG
parametersanalyzed, suchasthemeanduration of thestandardintracellularpunctures(pd-
S)andtheratiobetweenthenumberof longpdsandthetotalnumberof pds(Table1). Also,
thetypeof non-preferenceresponseof A. gossypii on PI-414723wasquitedifferent from
theoneobservedon PI-161375. Aphids rejectedPI-414723muchfasterthanPI-161375,
suggestingthat the typeof resistancepresent in the latterdoesnot operatefastenough to
avoid aphidsettlementduring the first stepsof host recognition. Thesefindings suggest
thatadifferent mechanismof resistanceagainst A. gossypii is presentin theIndianandthe
Koreanmelonsourcesof resistance.However, theresultsshouldbeinterpretedwith caution
becausebothresistantlinesarefrom diversegeneticbackgrounds andcharacteristicsother
thantheresistantgenesmayaffectaphid response.

Any resistancemechanismagainstnon-persistentvirustransmissionhastooperatevery
quickly and before the phloemis reachedby the aphid. This is becausetransmission
occurs during very brief probes, usually lasting less than 1 min in superficial plant
tissuessuchas the epidermisor the first cell layersof the mesophyll. Therefore, the
mechanism of resistanceto avoid virus transmission(asdescribedfor theVat trait) should
be different from the phloem-basedmechanism responsiblefor resistanceagainstA.
gossypii asproposedby Klingler et al. (22). Theoretically, a constitutive plant defense
mechanismcould beoperating in thecaseof theresistanceto virustransmission(Vat trait),
while the aphidresistancemechanism(controlled by the Agr gene) could be an induced
plantresistancemechanism. Thefact that thegenegoverning melonresistanceagainst A.
gossypii belongsto thegroupof NBS-LRRresistancegenes(20,21)supportsthehypothesis
thatactivationof adefenseresponsesuchasthepolymerizationof substances(e.g. callose
or P-protein) is likely to occur. Thesesubstancesmaycreateamechanical barrierfor aphid
passive phloemingestion, assuggestedby theabnormally long E1 phasefollowedby a C
patternobtainedin boththeAR 5 genotype(22) andtheZimbabweanTGR-1551 accession
thatwe tested.
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TheresistancemechanismfoundonTGR-1551atthephloemlevel seemstobephysical
ratherthan chemicallybased,becauseaphids that reachthe phloem are usually unable
to start ingestion,and therefore cannot detectthe presenceof any chemical deterrent
compound. The maximum duration of phaseE2 for aphids feeding on TGR-1551 was
only 10.8min, but the otheraphids wereunableto start ingestionor spentlessthan4.4
min underE2waveform. Ourhypothesis,thatthemechanismof resistanceis likely to bea
physicalbarrier, is supportedby thework of Kennedy andKishaba(17) who never found
translocation of resistanceacrossthegraftunionof aresistantmelongenotypecarrying the
Agr trait to a susceptibleline. Thework by Shinoda(37)alsosupports this hypothesis:he
foundalargedepositionof callosearoundmostof thestyletsheathsproducedbyA. gossypii
whenfeeding on theAR-5 resistantmelongenotype. However, further work is neededto
confirmthehypothesisthatP-proteinsfrom resistantplantsarereally involvedin keeping
aphids from sustainedingestionof the phloem. Interestingly, Martin et al. (29) found
thatwhenviruliferousA. gossypii carrying CMV wereallowedto penetratesequences of
resistantandsusceptiblenear-isogenic Vat melonplants,the transmissionrateof aphids
probing directly on susceptibleplantswasthe sameasfor aphids that previously probed
on one or two resistantplants. They concluded that the aphid transmissionresistance
mechanism conferredby theVat gene allows aphidsto remainwith thesamevirus charge
afterprobing onresistantplants.Theseresultsalsosuggestthatamechanical barriercoded
by theVat genemayblockvirusreleasefromtheaphid’sstylet.Furthermore,everyattempt
to isolatechemicalcompoundsrelatedto melonresistanceagainst A. gossypii hasfailed
(5,7,8).

It is well documentedthattheVat genegeneratesanantixenosisandantibiosisresponse
in A. gossypii (32,33). However, it is possibleto findsomemelon-aphid-resistantgenotypes
thatexhibit highlevelsof antixenosisor antibiosisbut arenotresistantto virustransmission
(viz., do not exhibit theVat trait). This is thecaseof ‘Revigal’, a well known muskmelon
cultivar(Galiatype)developedin Israelthatis veryresistantto A. gossypii but is susceptible
to CMV inoculation by A. gossypii (16,28). Theexistenceof melongermplasmresistant
to A. gossypii but susceptibleto theinoculation of non-persistentvirusessuggeststhatit is
verylikely thattwo differentresistancegenesareoperating togetherwhichmayor maynot
be presentin the samemelongenotype. If suchis the case,the genecontrolling aphid
resistanceshould be namedAgr and the genecoding for virus transmissionresistance
shouldbe calledVat. According to Klingler et al. (21), the strongcorrelationobserved
betweenresistanceto A. gossypii and virus transmissionresistancecould indicate the
existenceof a very closelinkagebetweena geneactingagainst A. gossypii anda separate
genethat inhibits virus transmission. Actually, thatstudyindicatedthatbothAgr andVat
seemto beallelic,although theprogeny resultingfrom crossingthetwo resistantlineswere
screenedfor resistanceonly againstA. gossypii but notagainst virus transmission.

Soriaet al. (38) found thatTGR-1551 is resistantto thetransmissionof non-persistent
virusessuchasCMV, WMV-2 andZYMV by A. gossypii. The phloem-basedresistance
mechanism that we found on TGR-1551 should be a good barrier to prevent acquisition
of persistentviruses infecting melon, such as cucurbit aphid-borne yellow luteovirus
(CABYV), because aphids needto ingest from sieve elementsfor effective acquisition
of persistentlytransmittedplant viruses(34). It is concluded that TGR-1551accession
combinesthe Vat trait togetherwith anaphidresistancemechanism localizedat both the
non-vascularandthephloemlevel. Thebarriers for aphidsettlementandingestionpresent
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in TGR-1551 resultedin a delayin thedevelopmental time anda reducedintrinsic rateof
populationincrease.Therefore,TGR-1551 seemsto beaverypromisingC. melo accession
to breedfor resistanceagainst A. gossypii andaphid-transmittedvirusesinfecting melon
crops.
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