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HorTScience 35(2):262—-268. 2000. objective in this research was to evaluate di-
verse apple genotypes for potential sources of

Malus Germplasm Varies in Resistancegfeive esstance or tolerance o the replant
or Tolerance to Apple Replant Disease Materials and Methods
|n a M|Xture Of NeW York OrChard SO”S Sources and identification of germplasm.

Several thousand accessions of wild-type and

Dorcas K. Isutsd and lan A. Merwin?2 domesticated apples, representing more than
: ) 30 species oMalus collected throughout the

Department of Fruit and Vegetable Science, Cornell University, Ithafig cin hemisphere, have been acquired by

NY 14853-0327 the U.S. Dept. of Agriculture (USDA) Agri-

. . . . cultural Research Service (ARS) Plant
Additional index wordsaccession, root-lesion nematoBeatylenchus penetrandagger Germplasm Repository Unit (PGRU) in

nematodeXiphinema americanumgotstock, orchard replant probleRythium, Geneva, N.Y. (Forsline, 1988). To evaluate
Cylindrocarpon, Fusarium, Rhizoctonighytophthora the ARD susceptibility of this germplasm, we

Abstract.We tested 40 seedling lots and 17 clonal accessions—representing 941 genotyp%?ded accessions from temperate climate
and 19 species or interspecific hybrids d¥lalus—for their resistance or tolerance to apple  '€910ns with soilborne pathogens comparable
replant disease (ARD) in a mixture of five New York soils with known replant problems, [0 those in the northeastern United States. We
Total plant biomass, root necrosis, root-infesting fungi, and root-lesion nematode (RLN; also tested some experimental transgenic
PratylenchuspenetransCobb) or dagger nematode (DNXiphinema americanumCobb) ~ clones, and seven advanced rootstock selec-
populations were evaluated in apple seedlings and clones grown o680 days in the tons—interspecific hybrids referred to as the
composite soil. In addition to phytophagous nematodes, vario&ythium, Cylindrocarpon, Cornell-Geneva (CG., or G. serles_)
Fusarium, Rhizoctonizand Phytophthoraspecies were isolated from roots grown in the test 0tstocks—developed and selected for dis-
soil. Plant growth response was categorized by a relative biomass index (RBI), calculate¢2S€ resistance and desirable horticultural char-
as total plant dry weight in the pasteurized field soil (PS) minus that in an unpasteurized acteristics (_C_ummlns af‘d AIdW'nCI.(Ie’ 198:.3).'
field soil (FS), divided by PS. Nematode reproduction on each genotype was defined by a . R€codnizing the variable and site-specific
relative reproduction index (RRI), calculated as final nematode populations in roots and €ti0logy of ARD (Mai and Abawi, 1981;
soil (Pf) minus initial soil populations (Pi), divided by Pi. The RBI, RRI, and other Mazzola,_1998, Sewell,1981_),we used a mix-
responses of accessions to ARD soil were used to rate their resistance, tolerance, '€ Of sils from orchards with known replant
susceptibility to apple replant disease. None of the accessions was completely resistant RjoPlems to test the growth responses of se-
ARD pathogens in our test soil. Seedling accessions M. sieversii Roem. and M. ected applg genotypes to an ARD complex
kirghisorum Ponom. appeared to have some tolerance to ARD, based upon their low RRI§EPresentative of New York orchards. To de-
and RBIs. Three clonal rootstock accessions (G.65, CG.6210, and G.30), and four othei€"Mine which pathogens may have been in-
clones M. baccateBorkh.—1883.h,M. xanthocarpaLangenf.—Xan,M. spectabiliBorkh.— volved in the observed dlse_ase symptoms an_d
PI589404, andV.. mandshuricaSchneid.—364.s) were categorized as tolerant to ARD. ThedroWth responses, we also isolated and identi-
disease response of other accessions was rated as susceptible or too variable to classify. {#& Putative fungal and nematode pathogens
concluded that sources of genetic tolerance to ARD existMalus germplasm collections rom apple roots grown in our ARD soils

and could be used in breeding and selecting clonal rootstocks for improved control of MXture. . .
orchard replant pathogens. Open-pollinated seedling lots were obtained

from 40 Malus accessions, and microshoot
cultures from 1'Malusclones at the Geneva
Apple replant disease (ARD) is a soilbornéors associated with ARD include phytotoxicCARS—PGRU, in quantities ranging from one
disease syndrome that often stunts tree growsioil residues (Benson et al., 1978), nutrierb five microshoot cultures and 25 to 600 seeds
and reduces yields when orchards are renonbalance (Sadowski et al., 1988), and lowper accession. Because of variation in germi-
vated (Mai and Abawi, 1981; Mazzola, 1998)soil pH or compaction (Mai and Abawi, 1981).nation or propagation of various accessions
The etiology of replant problems varies across The commonly used dwarfing appleand greenhouse space limitations, we tested
major fruit-growing regions, and biotic or rootstocks are susceptible to ARD, and thaccessions continuously from June 1995 to
abiotic factors acting individually or synergis-more vigorous rootstocks with partial ARDOct. 1997. This temporal blocking factor was
tically are involved in many New York or- tolerance are not suitable for the preferredstimated and adjusted for in statistical analy-
chards (Mai et al, 1994; Merwin and Stileshigh-density plantings (Allen and Marks, 1977 ses of data.
1989; Traquair, 1984). Previously implicatedCostante et al., 1987). Preplant soil applica- In a related experiment to isolate and
biotic factorsinclude pathogenic actinomycetetions of broad-spectrum biocides, such as médentify potential pathogenic fungi from our
(Otto et al., 1993), bacteria (Utkhede et althyl bromide and chloropicrin, or nematicidesARD soil, and to investigate the influence of
1992), fungi (Mazzola, 1998; Sewell, 1981)such as 1,3-dichloropropene, provide somAgrobacteriuminserted transgenic endo-
and nematodes such as RLN (Mai et al., 1994pntrol of ARD, but these chemicals are diffi-chitinase on apple responses to ARD, we ob-
or DN (Sultan and Ferris, 1991). Abiotic fac-cult and expensive to apply and may hav&ined five additional clones as sterile tissue-
adverse human-health and environmental inculture microshoots from the research pro-
Received for publication 18 Apr. 1999. Accepteddacts (McKenry et al., 1994). Preplant fallowgram of Drs. H. Aldwinckle and J. Norelli at
for publication 17 Aug. 1999. Use of trade namegeriods or rotations among different fruit orthe New York State Experimental Station in
does not imply endorsement of the products namesigronomic crops have provided limited andseneva, N.Y.M. spectabilisPI1589404 (also
or criticism of similar ones not named. The cost ofnconsistent control of ARD in New York tested in the main experiment), M.7a root-
publishing this paper was defrayed in part by themerwin, 1995; Pruyne etal., 1994). Researchtock and ‘Marshall Mcintosh’ (as standard
?h?;’mgnéfiﬁgge‘?o‘igar;guist-ti”ﬁg:e%osﬁgm?_t'o n ARD-resistant or tolerant apple rootstocksontrols), G.5A rootstockgus-marker
tiserﬁegsolely 1o indicate this fact. Y has recelvc_ed little attention, a}lthough resistransgenic Marshall McIntosh-T28 (as_a}trans-
‘Formerly a graduate student at Cornell Univ.; nov{2Ce to soilborne pathogens, including fundgiormation vector control), endochitinase
Senior Lecturer at Egerton University, P.O. Box@nd nematodebas been identified and devel-transgenic Marshall McIntosh-T565, and
536, Njoro, Kenya. oped for other fruit crops, and may also existiendochitinase transgenic Royal Gala—T348
2Associate Professor; to whom reprint requestwvild or domesticated apples (Culver et al.(Bolar et al., 1997).
should be addressed (e-mail: im13@cornell.edu).1989; Vrain and Daubney, 1986). Our main For identification and comparisons of the

262 HorTtSciencE, VoL. 35(2), ApriL 2000

$S9008 93l) BIA |0-60-SZ0Z Je /woo Alooeignd-poid-swiid-yiewlarem-jpd-awiid//:sdiy wouy pepeojumoq



accessions tested, in this report we have fosoil mixture was then halved; the half to besphaera leucotrich&llis & Everh.) was con-
lowed PGRU protocols that assign each accessed as unpasteurized field soil (FS) was rerolled with fenarimol fungicide o(-(2-
sion a germplasm reference inventory numbeurned to cold storage at°€, and the other chlorophenyl)ea-(4-chlorophenyl)-5-
(GRIN) consisting of its binomial plus a planthalf (PS) was pasteurized with aerated steapyrimidinemethanol), and arthropod pests were
introduction (PI) or Genevilalus (GMAL) at 75°C for 30 to 40 min, and then air-dried incontrolled with foliar applications of pyre-
number and suffix. Open-pollinated seedlin@ greenhouse. After 10 d, the PS mix wathroid insecticides. Weed seedlings that ger-
lots are referred to as “seedlings” and vegetdagged and returned to the same cold storagenated in FS pots were uprooted soon after
tively propagated clonal lines as “clones.” Foroom as the FS mixture. emergence.
example, seedlinlyl. fuscaRehd.—Pl 600204 Soil texture and nutrient availabilitpur Harvesting and processing plant$he
represents an open pollinated seedling lot olsoil mixture had a sandy loam texture wittplants were harvested0 d after transplant-
tained from a unique accession; CG.6210 (foproportions of sand, silt, and clay of 50%jng. Shoots and leaves were separated from
merly CG.210) is an interspecific hybrid root-40%, and 8%, respectively. Comparisons afoots and placed in paper bags for drying to
stock obtained as clonal microshoots; &hd extractable plant nutrients and pH in FS andonstant weight at 72C; soil was gently
mandshuricaGMAL 364.s is a clonal acces- PS indicated there were negligible effects afhaken and massaged from each root system,
sion obtained from tissue-culture as vegetgasteurization on nutritional status—althouglthen mixed before subsampling 1003cof
tive microshoots. Information on these accedvin and NQ availability were slightly greater soil for nematode counts. The soil samples
sions is available on the worldwide web ain FS than in PS. Soil organic matter contentvere stored at 4C until parasitic nematodes
www.ars-grin.gov/cgi-bin/npgs/htmil/search.pl.(w/w basis) was 4.0% and 3.8% in FS and P$puld be extracted (within a week) and identi-
Germplasm propagatiorteeds were sur- respectively, and the pH (6.3 for FS and 6.4 fdiied as previously described.
face-disinfected in 20% NaOCI, dusted withPS) and essential plant nutrient availability in  Roots were washed gently in running tap
50% WP captan (84,7, 7a-tetrahydro-2- both soil treatments were within optimal rangesvater, blotted dry, and necrosis was rated
[(trichloromethyl)thio]-H-isoindole-1,3(#)-  for apple (Stiles and Reid, 1991). The abiotizisually on a five-class scale of 0 to 4, indicat-
dione) fungicide, and stratified at ® in (physical and chemical) effects of soil pasteuring 0%, 1% to 25%, 26% to 50%, 51% to 75%
layers of moist blotting paper, polyacrylamidezation were thus unlikely to have causednd 76% to 100% dead or necrotic root sys-
gel, or vermiculite. After germination (vary- substantial plantgrowth differencesin FSrelatem, respectively. One-gram samples of
ing from 1 to 4 months) sprouted seedlingsive to PS (Merwin and Stiles, 1989). nonsuberized, intact feeder-roots were taken
were transferred to sterile vermiculite or 1 peat Evaluating plant growth in FS and PSrandomly from each root system for counting
: 1 perlite mix (by volume) for 14 to 21 d of bioassays.The number of plants (observa-RLNs, using a modified acid fuchsin tissue-
growth prior to selection for transplanting intotions) available for evaluation in FS and PStaining procedure (Byrd et al., 1983). The
ARD bioassay soil. Clonal microshoot cul-varied among accessions, because of the ditmainder of the root system of each plant was
tures were proliferated in synthetic media unferent germination rates and requirements dhen dried at 72C and weighed separately.
der sterile conditions and rooted under mist aseed lots, and erratic proliferation, acclima- Isolating and identifying fungi from roots.
described by Isutsa et al. (1998). tion, and rooting of different clones subjectedased upon previous reports of fungi associ-
Sources and characteristics of ARD soilsto the environmental conditions in our greenated with ARD, we chose isolation methods to
Based on previous ARD diagnostic bioassayisouse. Ten to 100 seedlings or clonal plantlet¥etect Pythium Fusarium Rhizoctonia,
of soil from 25 regional orchards with replantwere available for each accession, and thehytophthora and Cylindrocarpon species
problems (Merwin, 1995; Pruyne et al., 1994humber of plants deemed sufficiently uniformwithin the roots of six clones (five different
we selected five orchards with representativébased on size and number of leaves, and sifrem and one identical with those in our main
soils for New York. These sites had been inf root systems) for transplanting into ARDexperiment) grown in FS (Braun, 1995; Jaffee
fruit production for 50 to 100 years, and asoil ranged from six to 30 per accession. Twentgt al., 1982; Mazzola, 1998). We did not at-
sampling time they included mature bearingplants (10 each in FS and PS) was the usu@mpt to isolate fungal root pathogens from
recently fallowed, and newly replanted ornumber bioassayed per given accession insgedlings, because they were not sterile when
chards. Several soils had elevated residues sihgle test period, and accessions that weddbtained and could have been infested with
lead arsenate from pesticide applications ireadily propagated were evaluated two time&ingi prior to germination.
the early 1900s, but previous research had successive samples of the ARD soil, with For fungal identifications, 10 sterile
indicated that heavy metal residues did natbservations pooled for statistical analyses. Aicroshoots of the six clones were rooted
stunt apple seedling growth in these soil$otal of 1344 plants (924 for seedlings and 420nder mist in sterile vermiculite, grown in the
(Merwin et al., 1994). for clones) were evaluated. FS mixture and harvested after 60 d as previ-
To provide sufficient soil for repeated test  Plants with four to six leaves were transously described. Roots were washed in run-
runs and minimize the negative effects oferred into ARD soil after several weeks ofning tap water for 2 min, cut into 1-cm-long
long-term cold storage on soilborne inoculumpostgermination growth at 23 to 22 with 16  pieces, surface-disinfected in 10% NaOCI for
we collected=500 kg of fresh soil from each h of supplemental and daylight in a green2 min, then rinsed twice in sterilized, distilled
orchard on four occasions (18 May 1995, 1Bouse. Before transplanting, the germinatiowater. Root pieces were blotted dry on sterile
Oct.1995, 5 July 1996, and late Sept. to earlpedium was gently rinsed from roots, angaper, randomly selected, and cultured onto
0Oct.1996). In taking samples, vegetation wamitial fresh weights were recorded as &elective isolation and identification media.
scraped off the soil surface of inter-row spacesovariate for statistical analyses. Sterilizedrusarium Rhizoctoniaand Cylindrocarpon
(alleyways) in a random pattern, then topsoitlay pots were filled with 0.8 L of PS or FS, awere isolated by culturing six to nine root
was obtained with a hand shovel down to 2Gsingle test plant was transplanted into eagbieces of each host plant on half-strength po-
cm depth at 40 to 50 locations in each orchar@ot, and the pots were randomly arranged intato dextrose agar (PDA) amended with ampi-
Samples were bulked in black polyethylengreenhouse with temperature and light as deillin and rifampicin. Small pieces of agar
bags and stored at°€ prior to mixing for scribed previously. containing unigue colonies were subcultured
subsequent use. Subsamples were taken for Plants were watered every other day duringeparately within 3 d to PDA or cornmeal agar
analysis of nutrient availability and pH; nemathe first 4 weeks, daily during the next 4for identification as to genus and recording of
todes were extracted by modified Baermanweeks, and twice daily as needed to keep thirequency (Jaffee et al., 1982).
pie-pan elutriation and identified as to genusoil moist approaching harvest time. Each Thereafter, single spores or hyphal tips of
and species (Mai and Mullin, 1996). The indiplant was fertilized weekly with a 50-mL Fusariumand Cylindrocarponwere subcul-
vidual soils were then homogenized (comaliquot of tap water containing 3g*Lof a tured on carnatiorDjanthus caryophylluk.)
posited) in a small concrete mixer and anotheromplete fertilizer (15N-5P-17K) providing leaf agar or PDA foFusarium and PDA for
subsample was taken for analysis of essentiassential macro- and micro-nutrients (PeteiGylindrocarpor(Samuels and Brayford, 1990).
plant nutrient availability, pH, physical tex- Excel; Scotts-Sierra Co., Marysville, Ohio).Fusariumspecies were identified following
ture, and parasitic nematode counts. The bulk&lhen necessary, powdery mildewodo- the procedures outlined by Nelson etal. (1983)
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based on the presence or absence and sizgopulations in roots and soil for each acceghe five Phytophthoraspecies identifiedp.
phialides, microconidia, macroconidia, andsion was quantified by a relative reproductiortryptogeaPethybyr. & Lafferty occurred in
mycelial chlamydospores, and the color oindex (RRI), calculated as the final root andL0% of all root sample®, cactoruniebert &
sporodochia.Cylindrocarpon species were soil nematode populations per gram root fresG@ohn andP. cambivora(Petri) Buisman in
identified based on the size of microconidiayweight plus 100 cAsoil at harvest (Pf), minus 4%, P. megasperm®rechs. in 3%, and an-
macroconidia, and mycelial chlamydosporethe initial populations (Pi) in nonpasteurizedbther unknownPhytophthorasp. in 2% of
(Booth, 1966)Pythiumspecies were isolated FS, divided by Pi, i.e., (Pf — Pi)/Pi. An accesfoots sampled. The frequency ©f lucidum
and identified only as to the genus, by cultursion RRI valuaotsignificantly > 0 (based on Wollenweb. was 7%, and &. destructans
ing three root pieces from each host plant ontests afP < 0.05) indicated relatively poor Zinssmeister 5%. The proportions of clonal
water agar amended with rifampicin andeproduction of, and potential host-plant resisaccessions infested by each fungus were 100%
pimaricin (Sewell, 1981). tance to, the parasitic nematodes in our sdibr Pythium(not identified to species level)
For isolation and identification of mix. Theisolation frequency for fungal patho-andF. oxysporum83% forPhytophthorasp.,
Phytophthoraspecies, roots with symptomsgens in roots was analyzed by a chi square t&52% forC. lucidumandC. destructansand
were washed in tap water for 3 min, surfaceto determine significant differences amondl7% for F. solani(Mart.) Sacc.F. equiseti

disinfected in 70% ethanol for 2 s, rinsed threungi or host-plant accessions. (Corda.) SaccFk. acuminatuntllis & Everh.,
times in distilled water, blotted dry on steril- and oneRhizoctoniaspecies.

ized paper, and cut into 1-cm-long pieces. Results and Discussion Although one of the endochitinase
Nine root sections from each host plant were transgenic clones (Marshall Mcintosh—T565)

randomly selected and cultured on selective ARD soil nematode populatiorihe RLN  was the only accession from which no species
media containing cornmeal agar, pimaricinand DN populations in our composite ARDof Phytophthorawas isolated, there were no
ampicillin, rifampicin, PCNB, and hymexazol soil varied somewhat in successive colleceonsistent differences among the six clones
(P5ARPH). After 3 d at 2FC, emerging tionsfromthe same orchards. After mixing theevaluated in RLN reproduction, root disease
colonies were subcultured on cornmeal and \soils from all orchards, mean populations wergymptoms, or apparent susceptibility to the
8 juice (Campbell Soup Co., Camden, N.J.60 RLN and 50 DN per 100 énof soil soilborne fungi in our test soil. Following up
agar for species identification based on moeontaining small root fragments in the ARDon these observations, the endochitinase ac-
phology of colony, sporangia, and oogonianixture collected June 1995, and 420 RLNivity was assayed and found to be relatively
(Wilcox, 1989). and 50 DN, 438 RLN and 70 DN, and 90 RLNow in the transgenic clones we had evaluated,
Presenting and analyzing dat@ata were and 10 DN in the soils collected Oct. 1995for unknown reasons (Isutsa, 1998).
square-root transformed to stabilize variancéuly 1996, and Sept.—Oct. 1996, respectively. These observations suggest that ARD
and attain normality before analysis using SAShese changes in nematode populations oveymptoms in our main experiment were asso-
(SAS Institute, Cary, N.C.) or SPSS (SPSSime are consistent with previous reports fociated with a complex of soilborne pathogens,
Chicago) programs as appropriate. The datemperate zone soils, and we used RRIs tocluding RLN and at least five fungal genera
for seedling and clonal accessions were anaempensate for differences in Pi from one teknown to include species pathogenic to apple
lyzed separately, with sources of variation asunto another (McSorley, 1998; MelakeberhaigMai et al., 1994; Mazzola, 1998). The acces-
soil treatment (PS or FS), accession (subplott al., 1993). The textural properties of ousions that performed well in our ARD soll
bioassay date (block), and initial transplanfRD soil were relatively favorable for RLN were therefore probably resistant to, or toler-
size(covariate). Because the number of obseand DN dispersal, reproduction, and infestaant of, several of the root pathogens implicated
vations per treatment combination (three to 3fion of fruit-tree roots (Mai and Abawi, 1981).in New York apple replant problems.
per accession) and number of blocks over timehe RLN and DN populations from our initial ~ Comparing plantgrowth in FS and Piie
(one to three per accession) differed, our exsoil samples and the composite mixture wermots and shoots of seedlings and clonal acces-
perimental design had rank deficiency, so theomparable with populations in other soilssions grown in PS appeared to be consistently
SAS “Mixed Procedure,” which fits linear with severe apple replant problems (Jaffee dtealthy. In contrast, plants grown in FS usu-
models with both fixed and random factorsal., 1982; Mai et al., 1994; Pruyne et al., 1994 glly exhibited typical ARD symptoms, such as
was used for analysis. We used a relativend substantially higher than previously estistunted and necrotic secondary feeder roots,
biomass index (RBI) to normalize experimenmated injury thresholds of 20 to 50 RLN peffoliar symptoms of multiple nutrient deficien-
tal variance within and among accessions, arid0 cn? of soil (Hoestra and Oostenbrink,cies, reduced leaf area, and shortened intern-
to quantify and compare plant growth response962). ode length (Mai and Abawi, 1981). Root ne-
to ARD. Each RBI was calculated as the total Fungi isolated from apple roots grown incrosis indices ranged from two to four (21% to
plant dry weight (TDPW) in FS subtractedARD soil. We isolated various species 0f80% of roots affected) but did not differamong
from TDPW in PS, divided by TDPW in PS, Fusarium, Cylindrocarpon, Pythium, Rhizoc-accessions grown in FS (data not shown); root
i.e. (PS—FS)/PS. An accession RBI valoe tonia, Mortierella, TrichodermaPenicillium, lesions and necrosis were not observed on any
significantly >0 (based ontests aP < 0.05) Chaetomium, RhizoppuandMucor from the accessions grown in PS.
therefore indicated relatively good growth ofroot systems of six clonal accessions after Individual plants and accession cohorts
that accession in FS vs. PS, and its potentigfowth in our composite test soil. Howeverthat were relatively robust when transplanted
tolerance or resistance to the ARD complex ithe present report includes only observationisito the ARD bioassay soil tended to perform
our soils mixture. of Fusarium, Pythium, Cylindrocarpon, better subsequently than did smaller trans-
In categorizing general host-plant responseRhizoctoniaandPhytophthorapecies previ- plants, and initial plant fresh weight was a
to ARD, and more specifically the relativeously associated with replant disease symignificant covariate factor in the final seed-
reproductive success of parasitic nematodésms, and isolated from roots in ourling and clonal biomass at harvest. Others
on each accession, we followed the terminokRonpasteurized (FS) test soil (Braun, 199%ave also reported that larger transplants were
ogy of Young (1998): a “susceptible” hostJaffee et al., 1982; Mai et al., 1994; Mazzolanore tolerant of some soilborne pathogens
response denotes one where the pathogen{$98). (Fernandez etal., 1995; Jaffee and Mai, 1978).
reproduce successfully and disease symptoms The mean frequency of isolation from all ~ The final biomass of root and shoot organs
are evident and extensive in the host plant; @ot systems (n = 18) varied among fungavaried substantially, both among the acces-

“tolerant” response implies successful reprogenera and host accessions (chi square testsians and between the FS and PS treatments.

duction of pathogen(s) but moderate oP<0.05).Pythiumspecies were isolated fromHowever, within soil treatments and grouped
nondebilitating symptoms in the host plant29% of all root sample§usariumfrom 26%, observations of each accession, the relative
and a “resistant” response implies poor reprd?hytophthordrom 23%Cylindrocarporfrom  trends in root and shoot biomass were quite
duction by pathogen(s) and few or no visible 2%, andRhizoctoniafrom 1%. Among the consistent, i.e., the above- and below-ground
disease symptoms in the host plant. fourFusariumspecies identifieds. oxysporum biomasses were similarly small, moderate, or
The increase or decrease of RLN and Di$chlectend. was the most prevalent (22%). Qérge for each accession/soil treatment combi-
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nation (data not shown). To simplify dataTable 1. Total and relative biomass of seedMajus accessions grows60 d in a composite field soil
analysis and presentation, we therefore com- infested with apple replant pathogens (FS) or steam pasteurized (PS). Accessions are ranked by relative

bined root and shoot dry weights into tota] _Piomass indices (RBIs).

plant biomass values.

. ) Plants Biomass (g/plant)
The average total dry weights of seedlingqcjing accessions ") FS PS Posied P? RBV
accessions ranged from 0.13 to 3.04 g/plant {3 ngustifoliaPI589773 5 013 101 029 s 087
FS, and from 0.67 to 8.35 g/plant in PS (Tablgy orientalis-GMAL1461.k 15 111 4.30 0.13 * 077
1). Malus sieversiP1600427 had the largestm. sieversi-P1600424 5 1.03 4.20 0.21 * 0.77
andM. angustifolieRehd.—P1589773 the small- M. prunifolia-P1589816 15 0.97 4.05 0.12 * 077
est biomass in FS; however, in PS the seeti. sieversi-P1600559 10 0.72 3.01 0.15 * 0.77
lings of M. angustifolia-P1600091 were the M. sieversi-PI600460 7 1.84 7.94 0.21 * 076
largest, andV. ioensisRehd-—P1600232 the M. orientalis-GMAL1461.c 15 1.12 5.47 0.12 * 076
smallest. In other words, most accessions grelfy komarov-P1600416 5 1.23 410 0.16 * 076
better in PS than in FS, but the range . angustlfp_llarPI589770 15 0.75 3.07 0.13 0.75
. ! . . spectabilisP1588893 15 1.38 4.65 0.13 * 0.74
biomass responses to FS and PS differed SU- qiepoldi-Pi600029 6 0.62 3.42 0.21 * 074
stantially among seedling lots. M. kirghisorum-P1590043 15 2.08 6.95 0.13 x 072
Biomass of clonal accessions ranged from. prunifolia-P1594109 16 0.97 3.93 0.13 * 072
0.24 t0 4.87 g/plant in FS, and 0.63 to 7.79 gV. sieversi-P1600496 12 1.17 3.92 0.15 * 072 g
plantin PS (Table 2). The G.65 rootstock grew!. baccata-P1589838 16 1.37 4.12 0.12 * 071 S
the largest in both FS and PS treatmentd]. ioensis-PI600275 10 0.66 2.24 0.28 * 070 <]
whereasM. micromalusRehd.—1882.g was M. kirghisorum-P1589380 15 1.76 5.26 0.13 * 067 §
the smallest in both FS and PS. However, th(s- qucarP_l_6£|02047l 18 0'31 2'14 O'il . Og; o
consistency was not sustained for most othel" f&iﬁigﬁmggggs 12 8'78 2'3§ 8'12 . 8'67 3
clones; as with seedlings, the relative growthy ,nqustifolia-PI600091 7 287 835 0.20 - o0b6 =
responses of clonal accessions to FS and RSioensisPI590015 15 062 1.90 0.13 * 085 =
were often quite different. Therefore, to interiu. kirghisorum-P1600459 4 221 5.74 0.20 * 064 i
pret seedling or clonal accession responsest orientalis-PI600009 18 1.60 3.45 0.14 * 061 E
ARD three factors were considered: 1) thé/. coronaria-P1600130 3 0.39 1.00 021 ~s 060 3
general appearance and relative differencéé ioensisPI600232 3 0.29 0.67 025 ns 060 3
among seedlings and clones in PS, as an ind{L. sieversi-P1600489 12 1.03 2.87 0.14 i 058 2
cation of possible abiotic or environmenta&" Eiﬁgi{iﬁ:gggggg ig gig ‘51% 8}‘31 . gg; 3
limitations under our greenhouse test condiy" o0 Co e pisga100 20 139 251 0.13 * o0s2 3
tions; 2) the magnitude and variance of differg,” = <cataPi588870 15 211 4.29 0.12 * 0550 o
ences between each accession’s biomass in [gSkirghisorum-P1600475 14 286  4.89 0.21 * 049 o
compared with PS; and 3) the normalizeg. kirghisorum-P1600478 4 3.07 5.74 0.20 047 3
relative biomass indices (RBIs) of each acces4. prunifolia-P1589930 17 1.45 3.06 0.12 * 045 P
sion compared with a zero or null growthM. prunifolia-P1594102 15 151 2.90 0.13 * 044 3
response to ARD soil pasteuriza’[ion. M. ioensi&_PI589999 15 1.36 2.55 0.12 * 044 -((31
Total plant biomass and differences in EM. a.ngustl_f_ollarPI589727 15 1.51 4.59 0.33 : 041 =4
45 PSThe mean dy-veigh alies for 36 ot 516541600427 5 osM o mooom L oom g
the seedling accessions and eight of the C'O”%%' sieversi-PI600539 8 072 141 015 ns 0.9 S
were significantly greater in PS than in IS ( - - T = = . E 5
<0.05) (Tables 1 and 2). The growth respons Significant (*) or nonsignificant) difference between mean dry weights in FS and PS for eac accessmng
of the remaining four seedling lots and ning’asecj on Tukey-Kramer testsra 0.05. o
ng g ot S Calculated as (PS — FS)/PS, ratédns) or >0 (*) atP < 0.05. a
clonal accessions were not significantly dif- ' o
ferent in FS compared with PS. A minimal N
growth response to soil pasteurization may g
(o]

have indicated accession resistance or toleraple 2. Absolute and relative biomass of cldvialus accessions grows60 d in a composite field soil

ance to ARD pathogens, but could also have infested with apple replant pathogens (FS) or steam pasteurized (PS). Accessions are ranked by reIat'LOVe
resulted from growth limitation by dwarfing  biomass indices (RBIs). 5
genetic factors or unfavorable abiotic condi Plants Biomass (g/plan) 3
) . ; . 2
gons in our testing environment and Procer, | accessions " s pS Soced P REI »
ures. To differentiate between these re o 3
sponses, we assumed that the greatest accg 9A (G11 rootstock) © 0.96 4.08 0.17 " 0.80 @
! » WE . &.4013 (G13 rootstock) 5 0.87 3.70 0.20 * 077 &
sion-mean biomass values in PS (8.4 g Q) “giepo|di GMAL1881.f 10 089  3.29 0.18 * 074
seedlings and 7.8 g for clones) representey fiorentina-P1589317 15 1.36 4.67 0.16 * 072
upper limits for their potential growth underm. hupensisGMAL1878.i 15 2.12 5.47 0.17 * 067
favorable abiotic and biotic conditions. WeCG.7707 rootstock 15 2.30 5.50 0.17 * 0.65
also assumed that average biomass valuesNiimicromalusGMAL1882.9 5 0.24 0.63 0.20 ns 053
PS forthe aggregated popu|a’[i0ns of seed”n@é orientalissGMAL1461.h 10 2.17 4.55 0.17 * 0.*52
(3.8 g) and clones (4.0 g) provided a reference.65 rootstock 10 487 7.79 0.18 * 032
point for normal growth under our test condi--C:8189 rootstock 5 1.01 1.72 020 n~s 032
tions (Sewell et al., 1992). Given these a M. baccataGMAL1883.h 10 4.45 5.65 0.20 NS 0.19
N ; . .M. xanthocarpaXan 10 3.17 3.84 0.18 NS 0.19
sumptions, none of the seedling accessiony spectabilisPI589404 20 322 372 017 ns 012
appeared to be tolerant of ARD, because thg mandshuricaGMAL364.s 30 3.15 3.58 016 ns  0.09
four seedling lots with equivalent biomass ing.30 rootstock 10 2.91 3.19 0.17 n~s  0.09s
FS and PS all grew poorly in both soil treatM. xdomesticdBemali-571 5 1.43 2.45 0.20 Ns 017
ments (Table 1). CG.6210 rootstock 20 4.48 4.07 0.16 n~s -0.18°

Six of the clonal accessions grew well irtsignificant (*) or nonsignificanty) difference (Tukey-Kramer teg?,< 0.05) in dry weight of seedlings
both FS and PS, and may have been tolerantiafFs and PS; poolesk of mean difference in FS and PS.

the ARD complex in our soil mix; these were'Calculated as (PS — FS)/PS; RBGs(s) or >0 (*) atP < 0.05.
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Table 3. Root-lesion (RLN) and dagger nematode (DN) population counts and relative population increase
or decrease in roots and soil for seedlglus accessions grows60 d in a composite orchard soil
infested with apple replant pathogens, ranked by relative reproduction indices (RRIs) for RLN.

M. baccata1883.h,M. xanthocarpaxan,
CG.6210 rootstock (formerly known as
CG.210), M. spectabilisP1589404, M.

mandshurica364.s, and G.30rootstock (Table

RLN count RLN count
2). _ _ ) Plants (per g root) (in100 ém RRIg

Four of the seedling lotsM. sieversii—  geedling accessions (n) +SE soil) se RLN DN
P1600539, M. angustifolia—PI589773,M. 1 sieboldi-P1600029 6 79& 267 31t 13 12.8 ~1.0°
coronariaRehd.—P1600130, anld. ioensis- M. sieversi-PI600460 7 443 61 43+ 10 7.1 -0.7
P1600232), and three of the clonell.( M. fuscaPI600204 8 602 105 48+ 23 5.2 -0.8
xdomesticaBBemali'-571, CG.8189rootstock M. ioensisP1600275 10 32% 32 20+ 7 4.8 -0.8
(formerly CG.189), antfl. micromalufRehd.— M. s!evers:r:kPI600489 12 33% 66 50+ 11 3.7 -1.0¢
1882.g), grew relatively poorly in both FS and¥- SieversiPI600559 10 322 81 56+ 10 33 1O
PS, suggesting that abiotic conditions in ou}- Prunifolia-P1589816 15 342 62 316 3.2 -1.0
test environment were unfavorable for thes: 10NsISPI590008 15 322 64 17x5 2.8 0.8
. angustifolia-P1589770 15 32% 102 15+ 3 2.8 -1.0¢
genotypes. o M. komarow-P1600416 5 328 76 19+ 10 2.8 -1.0°
Relative biomass indicéBhe RBIs of seed- \ sieversiiPI1600563 14 29@ 59 20+ 5 27 _1.0¢
ling accessions ranged from 0.19 fbf. M. spectabilisP1588893 15 282 78 28+ 7 2.4 -1.0°
sieversii-P1600539, to 0.87 forM. M. ioensisPI589999 15 282 51 26+ 9 2.4 -1.0¢
angustifolia-P1589773, demonstrating a broadvl. baccata-PI1589838 16 271 61 28+ 6 2.3 -1.0¢
range of relative growth in FS vs. PS (Table 1 M. prunifolia-P1594109 16 266 47 33t 6 23 -0.2¢
The RBIs for most seedling accessions werd. o_rlental_l_s—GMAL1461.k 15 253 75 33+ 6 2.3 —O.QS
substantially >0, because they were stunted |fy SI€VersiPI600539 8 23873 36+ 18 2.0 -1.0°
FS and vigorous in PS, indicating their suscepy 10enSiSPI590015 15 231 39 318 19 -LO
s ’ . . sieversi-P1600496 12 248 64 19+ 6 1.9 -0.8
tibility to ARD. The RBIs for two seedling lots prunifolia-P1589930 17 203 27 24+ 6 18 08
(M. angustifolia-P1589727 andl/. sieversi- . orientalis-GMAL1461.c 15 206 43 35+ 10 1.7 0.8
PI1600539) were statistically not >0, but wem. kirghisorum-PI1600475 14 436 63 63+ 11 1.6° -0.9
attributed this to extreme variation amongu. angustifolia-P1589727 15 208 43 20+ 6 15 -1.0°
seedlings of the former, and unfavorable abM. kirghisorum-P1590043 15 19% 35 28+ 9 15 -0.9
otic conditions for the latter. For clonal accesM. kirghisorum-P1600478 4 13@ 20 19+3 15 -0.2¢
sions, the RBIs ranged from —0.18 for CG.621Y- baccata-P1588870 15 20% 44 10+ 5 14 -1.0°
rootstock, to 0.80 for G5.A rootstock, and fof¥l- PaccataP1286599 15 192 22 22+ 7 14 -0.8
three clones the RBIs were statistically not >{f}- SIVersiP1600571 10 184 27 257 1.3 -1.0°
. baccata-P1437055 10 166 24 31+ 9 1.2 -0.8s

(Table 2). Two of the clonal rootstocks—G.3Qy " sieversiiP1600427 8 262 52 45+ 16 10c 08
and CG.6210—grew relatively wellin both FSy prunifolia-P1594102 15 15% 29 27+ 6 1.0 —0.1¢
and PS, and may be tolerant of ARD. A thirdy. kirghisorum-PI589380 15 14% 27 24+ 4 0.9¢ -0.8
clone M. domesticaBemali'=571) had an M. kirghisorum-P1600459 4 9a 41 24+ 10 0.9 -0.6°
RBI significantly <0, but grew poorly in both M. orientalis-P1600009 18 132 21 14+ 4 0.8° -0.8
FS and PS; this may be an intrinsically smal- spectabilisPI1594100 20 124 27 33+7 0.7 -1.0°
clone with tolerance to ARD, or (more likely) M- coronaria-P1600130 3 104 26 0+ 0 or  -10°
its growth may have been curtailed by abioti%' sieversitP1600424 5 133 27 15+ 4 0.6° -10°
conditions in our test environment. . gngu;nfolla—PIGOOOQl 7 10% 32 31+ 8 0.8 -1.0¢
> . - M. ioensis-P1600232 3 52@ 40 117+ 16 0.0° -0.9
Parasiticnematodesinrootsand sR00t- 1 angustifoliaP1589773 5 474 271 66+ 20 02 07

ltﬁciségnsn:n;?;?gle (ﬁlugi)ogoszlgatl%%st;’vz;edqgg?Calculated as (Pf— Pi)/Pi, where Pf = final nematode populations and Pi = initial populations per g of fresh
P y Yy Lbot + 100 criof bioassay soil; RRIs designate® (vs) or > 0 (*) atP < 0.05.

because the relative proportions of RLN inside
and outside O_f roots may be Correlate(_i Wmﬁfable 4. Root-lesion (RLN) and dagger nematode (DN) population counts and relative reproduction increase
host-plant resistance or repellency to this pest o gecrease in roots and soil, for clomalusaccessions afte60 d growth in a composite orchard soil
(France and Brodie, 1995). The RLN countsin infested with various apple replant pathogens. Accessions are ranked by relative reproduction indices
both seedling and clonal root systems were (RRI) for RLN.

generally high, ranging from 90 to 796, anc

from 58 to 454 per gram root fresh weight, ol RLN count -~ RLN count ,

. . ants (per g root) (per100 ém RRI
respectively (Tables 3 and 4). The final RLN lonal . N i+ RN DN
populations ranged from O to 117, and from 1§10n3l accessions (n) ZSE sol) +se
to 252, per 100 cfnof rhizosphere soil for G.5A (G11 rootstock) 15 35563 47+ 15 57 —0.2¢

L - . G.4013 (G13 rootstock) 5 39182 10+ 6 5.7 -0.7s
seedling and clonal accessions, respective . micromalusGMAL1882.g 5 376 123 14+ 7 5 55 1.0
(Tables 3 and 4). Apparently none of they hypensisGMAL1878.i 15 341+ 34 20+ 6 5.0 -0.8
genotypes we tested were highly resistant 1. xdomesticaBemali—571 5 339 119 15+ 7 4.9 -0.7
repellentto RLN, because its populations wereG.8189 rootstock 5 254 26 16+ 7 34 -1.0¢
much greater in roots than in soil for everyM. sieboldi-GMAL1881.f 10 185+ 18 29+ 10 2.6 -1.0°
accession. CG.7707 rootstock 15 15634 16+ 4 1.9 -0.8

The initial dagger nematode (DN) popu|aM orlentaIIS—GMAL1461h 10 139 47 28+ 11 1.8 -0.5¢
tions were substantial in our composite ARCY- florentina-PI589317 15 454 82 58+ 13 13 -0.8
soil; but unlike RLN, the DN failed to repro- M. xanthocarpaXan 10 99 17 26+ 8 LI —0.9

’ ’ . G.65 rootstock 10 58 8 40+ 10 0.6 -0.8
duce successfully on any accession tested, BQ; 5210 rootstock 20 19427 20+ 5 0.6 09
stubby root symptoms of DN feeding werey spectabilisPI1589404 20 436 51 145+ 31 0.4 -0.5
observed, and the minimal populations anf. baccata GMAL1883.h 10 28% 51 262+ 25 0.3 0.4+
negative RRIs observed for DN were not. mandshuricaGMAL364.s 30 173 15 20+ 4 0.2¢ -0.7
closely associated with accession biomass iB.30 rootstock 10 126 20 36+ 110 0.2 -0.5¢

FS (Tables 1 vs. 3, and 2 vs. 4). Others havRelative reproduction index (RRI) calculated as (Pf— Pi)/Pi, where Pf = final nematode population and Pi
reported that DN is vulnerable to physicak initial population per g of fresh root + 100 tafi bioassay soil. The RRIs are designat@s) or >0 (*)
disturbance and soil temperature or moisturaP < 0.05.
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fluctuations, and we concluded that its failurdable 5. A matrix for classifying responsesMilus germplasm to apple replant disease involving root-
to reproduce in our tests did not imply acces- lesion nematodes (RLN) and other pathogens in a pasteurized (PS) or nonpasteurized composite field

sion resistance to this pathogen (Sultan and SOl (FS) mixture.
Ferris, 1_991). o ) Evaluation criteria
Relative reproduction indices of RLN inoq piant ARD  Relative biomass index: Relative RLN increase in _Plant growth response after

accessions grown on F8/e interpreted the response category (PS — FS)/PS FS: (Pf-Pi)/Pi  =60dinFS and PS
observed RRIs for RLN in relation to plantg;sceptible 0.5t01.0 Higk0 Poor in FS, good in PS
growth of each accession, because host plantsierant 0.01t0 0.49 Higtz0 Good in both FS and PS
that are impaired by other biotic or abioticResistant <0 Low, <0 Good in both FS and PS
factors would provide unfavorable conditiondmmune <0 <0, or-1 Good in both FS and PS
for reproduction of this migratory endopara.lndeterminate Variable Variable Poor in both PS and FS

site. Combined root and soil populations at
harvest were greater than the primary inocu-
lum in FS for all but one severely stunteduted to either biotic or abiotic limitations. Bolar, J.P., H.S. Aldwinckle, G.E. Harman, J.L.
accession d¥l. angustifoliaP1589773 (Tables Other researchers have classified such re- Norelli, and S.K. Brown. 1997. Endochitinase-
1 and 3). There was a significant inverssponses as intolerance, because both the hosttransgenic Mcintosh apple lines have increased
correlation between relative reproduction inplant and pathogen are suppressed (Barker apd "esistance to scab. Phytopathology 87:S10.
dices of RLN and dry weights of clonal acces©Olthof, 1976). Another group of seedling an%EOOFt,h’ C. 1966. Th? gen@ylindrocarpon Mycol.
. . . ; apers 104(14):1-56.
sions in FS (=0.78, n =17p = 0.0002), clonal accessmnsgrewstronglyln PS butw_er raun, P.G. 1995, Effects @ylindrocarponand
indicating that RLN was an important factorseverely stunted in FS and supported high pythiumspecies on apple seedlings and poten-
|Imltlﬂg gl’OWth of apple in our sail. RLN populatlon densities and RRIs (ekj., tial role in apple replant disease. Can. J. Plant
Ten seedling accessions had relative repragieboldiiRehd.—P1600029, CG.4013 rootstock,  Pathol. 17:336-341.
duction indices (RRIs) for RLN that wereand G.5A rootstock). We categorized theiByrd, D., Jr., T. Kirkpatrick, and K. Barker. 1983.
statistically not >0 (Table 3), but most of theseesponse as susceptibility to RLN or other Animproved technigue for clearing and staining
accessions grew so poorly in FS that theipathogens in our test soil. plant tissue for detection of nematodes. J.
severely stunted and diseased root systems The classification and ranking of host- Nematol. 15:142-143. _
would have limited RLN reproduction during plant responses to ARD are problematic bec-osltggt?e’é]ff"wf' M"I""J'Aleonkg’ ang RM. K.Iec"n'
the final weeks of plant growth (Table 1). Incause of its variable and complex etiology. - =hects of apple rootstocks and nematicides
. e . b onPratylenchus penetrap®pulations and apple
contrast, three accessionsMf kirghisorum  The relative roles of different root pathogens  tree growth. J. Amer. Soc. Hort. Sci. 112:441-444.
(P1600459, P1600475, and P1600478) grevare controversial, and there are no commonkyulver, D.J., D.W. Ramming, and M.V. McKenry.
adequately well in FS, with relatively low accepted guidelines to categorize ARD sever- 1989. Procedures for field and greenhouse
RLN populations and RRIs in their roots;ity or host-plant resistance. In this context, we screening ofPrunus genotypes for resistance
further evaluation df1. kirghisorunfor quan-  developed a matrix for classifying the relative  and tolerance to root-lesion nematode. J. Amer.
titative RLN resistance may be worthwhile responses of diverse apple genotypes to ARD Soc. Hort. Sci. 114:30-35.
Two seedling accessions ®. sieversii insoilswhere RLN is a probable root pathogefrUMmins. J.N. and H.S. Aldwinckle. 1983. Breed-
(P1600427 and P1600563) grew adequately ifTable 5). With modifications reflecting the Ing apple rootstocks. Plant Breeding Rev. 1:294-
F_S_,With relatively high RLN population den- populations andviru_lence ofotherAR_D pathOFernandez, C., J. Pinochet, D. Esmenjaud, M.J.
sities and moderate or low RRIs (Tables 1 angens at particular sites, such a matrix may be  Gravato-Nobre, and A. Felipe. 1995. Age of
3) these accessions may have partial toleranuseful to researchers evaluating replant dis- plant material influences resistance of some
or resistance to RLN or ARD. The strongease severity or host-plant resistance to ARD. Prunus rootstocks toMeloidogyne incognita
performance oM. sieversiiin our tests was ~ We observed substantial variation in apple HortScience 30:582-585.
consistentwith anecdotal reports fromits provgenotype responses to biotic and abiotic fad=rance, R.A. and B.B. Brodie. 1995. Differentiation
enance in Kazahkstan, where it is highly retors that were associated with poor growth in ©f two New York isolates ofratylenchus
garded as a rootstock for apple (J. Luby, pea mixture of ARD soils in pots under green- Penetransbased on their reaction on potato. J.
sonal communication). house conditions. At least five fungal and ongorgien?agll'_zzggg_gfos' ) . )
. . . , P.L. . gress in developing a na:
Several clonal rootstocks (CG.6210_, G.SOm_ematode_genera |nclud|_ng pathogenic spe- i nal program foMalus andVitis germplasm
and G.65) and one cloneldf mandshurica— cies were isolated from diseased apple roots maintenance and evaluation in the USA. Acta
364.s grew adequately well in FS, with relagrown in an ARD soils mixture, and RLN  Hort. 224:33-38.
tively low nematode counts and RRIs (Tablesusceptibility was an important factor limitingHoestra, H. and M. Oostenbrink. 1962. Nematodes
2 and 4). Three other clonéd.(xanthocarpa plant growth. Resistance or tolerance to the in relation to plant growth. IVPratylenchus
Xan, M. spectabilisP1589404, andVl. ARD complex was evident in some clonal penetrangCobb) on orchard trees Neth. J. Agr.
baccata-1883.h) grew equally well in FS androotstocks and accession seedling lots avail- Sci. 10:286-296. _
PS, with RRIs significantly >0 but low relative able from the Geneva ARS—PGRU, representsutsa, D.K. 1998. Evaluatingalusgermplasm for
to RRIs of other accessiond. xanthocarpa ing several apple species and interspecific '€SiStance or tolerance to apple replant prob-
. - . lems. PhD Diss., Dept. Fruit and Veg. Sci.,
and G.65 rootstocl_< suppressed RLN both ihybrids. Further evaluations of these a_nd other Cornell Univ., lthaca, N.Y.
roots ar_1d surrounding soil. These seven <_:Ior_1MaIus germplasm resources for use i 100t 154 D.K., M.P. Pritts, and K.W. Mudge. 1998. A
accessions may possess useful quantitatisock breeding programs could provide new protocol for rooting and growing apple root-
resistance to RLN, and tolerance of the diseaseanagement options for an important disease stock microshoots. Fruit Var. J. 52:107—116.
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complex in our test soil. The apparent tolerproblem. Jaffee, B.A., G.S. Abawi and W.F. Mai. 1982. Role
ance of ARD in G.30 and CG.6210 rootstocks of soil microflora andP. penetransn an apple
was especially interesting, because these clones Literature Cited replant disease. Phytopathology 72:247-251.
have performed well in field tests on a variety Jaffee, B.A.and W. Mai. 1978. Growth reduction of
of replant soils throughout North AmericaAllen, W.R. and C. Marks. 1977. Chemical control  apple seedlings bratylenchus penetranas
(Robinson et al., 1996). and population studiesBfatylenchus penetrans influenced by seedling age at inoculation. J.

: : on fruit tree understocks. Plant Dis. 61:84-87. Nematol. 11:161-165.

Many_ seedling and clonal accessions wer arker, K.R. and T.H.A. Olthof. 1976. Relation-Mai, W.F. and G.S. Abawi. 1981. Controlling re-
stunted_ln both FS and PS_’ and had low RL ships between nematode populations and crop plant diseases of pome and stone fruits in north-
popula_tlor_]s and reproduc_:tlon I_ndlces (eMy., responses. Annu. Rev. Phytopathol. 14:327— eastern United States by preplant fumigation.
angustifolia-P1589773M. ioensisf1600232, 353, Plant Dis. 65:859—864.
andM. micromalus1882.g). We designated Benson, N.R., R.P. Covey, Jr., and W. HaglundMai, W.F. and P.G. Mullin. 1996. Plant-parasitic
the RLN and ARD responses of these acces- 1978. The apple replant problem in Washington nematodes: A pictorial key to genera. 5th ed.
sions as indeterminate, which could be attrib- State. J. Amer. Soc. Hort. Sci. 103:156-158. Cornell Univ. Press, Ithaca, N.Y.
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