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AsstracT. Theefficiency of marker-assisted selection for powdery mildew (Uncinulanecator (Schw.) Burr) resistancein
grapes (VitisL. sp.) was studied using molecular mar kersassociated with amajor QTL (quantitativetrait loci) for this
trait. Initially, genetic maps wer e constructed from a segregating population of the cross ‘Horizon’ x Illinois 547-1 (a
hybrid between V. rupestrisScheeleand V. cinereaEngelm.). Amajor QTL from |11.547-1,theresistant parent, explained
41% of thevariation. One RAPD (randomly amplified polymor phic DNA) marker and one AFL P (amplified fragment
length polymor phism) marker, obtained by bulked segregant analysis, showed the highest association with powdery
mildew resistancein themapping population. Segregation of the QTL wasfollowed in differ ent cr ossesby CAPS(cleaved
amplified polymor phic sequence) markers developed from these two markers. An allele-specific amplified polymor -
phism that segregates as present/absent was also developed from the CS25b locus. Powdery mildew resistance was
evaluated visually on alto5scalein four different seedling populations. Two populationsoriginated from crossesusing
111.547-1 astheresistant parent. Two other populationswerefrom crosseswith NY 88.0514.03, aresistant seedling from
theoriginal ‘Horizon’ x 111. 547-1 mapping population. Segregation ratio distortionswer e observed in some crosses. In
these cases, the allele associated with the QTL for powdery mildew resistancewaslessfrequent than thealternateallele.
In all crosses, themar ker swer e closely associated with resistance. | f selection wer e based on markers, the per centage of
susceptibleindividuals(classes4 and 5) would decr easefr om 24% to 52% t0 2% to 18% . Selection efficiency wasgr eatest

in crosses wher e segregation distortion was most intense.

Most commercial grape cultivars belong to the species Vitis
vinifera L., which has high fruit quality but ishighly susceptible
to many fungal diseases. Related species are sources of disease
resistance genesbut their fruit quality istypically poor. Breeding
to develop disease resistant grape hybrids with high quality is
difficult due to the large amount of resources necessary to
evaluatevinesunder field conditions. The cost of theseresources
limits the size of progenies evaluated. Consequently, afast and
reliable method to eliminate susceptible seedlings before plant-
ing would be advantageous.

Seedlings can be screened for disease resistance but this
processisusually time-consuming, and doesnot alwayscorrel ate
with reactions of maturevines. Evaluation of young seedlingsfor
powdery mildew resi stance under greenhouse conditionswasnot
well correlated with field ratings obtained from adult plants
(Aldwinckle et al., 1975; Pool et al., 1981).

Molecular markerslinkedtoresi stancegenescan beemployed
asan alternative sel ectiontechnique. Selection of seedlingsbased
on the presence of markers, or marker-assisted selection (MAS),
is relatively fast and not influenced by environmental factors
(Arus and Moreno Gonzaez, 1993). Markers linked closely to
genes of interest may be obtained by bulked segregant analyses
(Michelmore et al., 1991).
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Powdery mildew (Uncinula necator) is a disease of great
concern worldwide (Reisch and Pratt, 1996) and breeding pro-
grams, therefore, are developing resistant cultivars. We studied
theapplicability of MASfor powdery mildew resistanceingrapes
based on previousgenomic mappingwork ongrapes(Dalbdetal.,
2000). Resistanceto powdery mildew isthought to involve more
thanonegene(Boubals, 1961, Eibachetal., 1989). Onelimitation
of aMAS approach isthat many genes may be necessary toreach
an adequatelevel of resistance. However, agenomic region with
afairly strong influence on powdery mildew resistance has been
identified (Dalb6, 1998), suggesting that a major gene or gene
cluster isinvolved. Therefore, the objective of this study wasto
develop and evaluate markers linked to this powdery mildew
resistancelocusfor their utility in selecting resistant genotypesin
other segregating seedling popul ations where the same source of
resistance was used.

Materialsand M ethods

M ARKER DEVELOPMENT. A strong QTL (quantitative trait lo-
cus) for powdery mildew resistance was identified on linkage
group X of 1ll. 547-1 (Dalbo, 1998). Bulked segregant analysis
(BSA) (Michelmore et al., 1991) was used to obtain additional
markers in the region of this QTL as follows. Two DNA bulks
were constructed, one with the five most resistant individualsin
theprogeny, andtheother with thefivemost susceptibleindividu-
als. DNA amplifications from each bulk were compared and
markers amplified in only one bulk were examined further. Two
hundred thirty three randomly amplified polymorphic DNA
(RAPD) primers and 55 amplified fragment length polymor-
phism (AFLP) primer combinations were used to polymerase
chain reaction (PCR) amplify each bulk sample. At theend of this
process, one RAPD marker (CS25b, primer sequence
GTGTAATCGC), amplified from Ill. 547-1 and the resistant
bulk, had the highest association to powdery mildew resistance
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Table 1. Primer sequences of sequence tagged sites (STS) markers, 5'to 3.

Marker Forward Reverse

CSZS997 TGAAAGCATTAGATTTGGGGGGGA CCCGAAACTCAGTAATTATGCATG
CS25,,, GCATATGATTAGACACTCC CAACACTAGTCCGGGTAC
STS-AAG GGTCAGCTTAGAAACAAGGGATG GACATAGACCCATCCCCAATG

and was selected to beused inthisstudy. The DNA fragment that
generated this marker was cloned (TA Cloning Kit, Invitrogen,
San Diego, Cdlif.) from Illinois 547-1 and sequenced using an
automated DNA sequencer (model ABI 377; PE Biosystems,
Foster City, Calif.), at Cornell Center For Advanced Technology,
Ithaca, N.Y . Onepair of primerswasdesigned from thissequence
to generate amarker (CS254;) that amplifiesa DNA segment of
997 bp. Restriction enzymes were tested for detection of poly-
morphism to generate CAPS (cleaved amplified polymorphic
sequence) markers (Akopyanz et al., 1992).

The same steps were followed to generate a CAPS marker
fromthe AFLP marker AfAAB, linked closely to CS25b. Marker
AfAAG6 was found to be linked tightly to marker CS25b in the
course of routine AFLP mapping. In this case, the band was
excised from the polyacrylamide gel after silver staining, trans-
ferred to atube containing 20 L of distilled water, and boiled for
10s. Themarker wasreamplified by adding 3 L of theresulting
solution to a PCR reaction with the same primers and reaction
conditions used to generate the original marker. Cloning of this
fragment proceeded as described for the RAPD marker.

DNA EXTRACTION. For themapping population (* Horizon’ x 111.
547-1), DNA was extracted using amodified CTAB procedure,
as described by Lodhi et al. (1995). For the other populations,
DNA was extracted using a dightly modified version of the
miniprep method described by Haymes (1996). In this method,
leaf samples were collected by closing the lid of a 1.5-mL
microcentrifuge tube on a leaf. After addition of 5 to 10 mg of
polyvinylpolypyrrolidone (PVPP) and 150 L of cetyltrimethyl
ammonium bromate (CTAB) extraction buffer, samples were
ground insidethetubewith aplastic pestleattachedto adrill. The
samples were then incubated for 30 min at 65 °C, followed by a
chloroform extraction and ethanol precipitation of DNA. After
centrifugation for 5 min. at 8,000 g,, the DNA pellets were
washed twice with 70% ethanol and dissolved in 500 pL of
distilled water.

Pcr proTocoLs. RAPD amplification was performed in a
reaction volume of 25 L containing 10 mm Tris-HCI (pH 8.0),
50 mm KCl, 2.3 mm MgCl,, 0.1% Triton X-100, 120 um of each
dNTP, 0.4 um primer, 40 to 50 ng genomic DNA (quantified by
spectrophotometry), and 0.5 unit of Tag DNA polymerase
(Promega, Madison, Wis.). Amplification was performed on a
thermocycler (PTC-100; MJResearch Inc., Waltham, Mass.) for
39cyclesof 50sat94°C,50sat 35°Cand2minat 72°C, followed
by an 8 min extension at 72 °C.

To produce AFL P markers the PCR protocol consisted of 35
cyclesof 30sat 94°C, 30sfor annealing, and2minat 72°C. The
annealing temperature started at 65 °C and decreased 1 °C per
cycle until it reached 56 °C. Both fluorescent primers and silver
staining were used to visualize AFLP products. DNA fragments
visualized by fluorescence were separated in 5% polyacrylamide
gelsandanalyzedinaDNA automatic sequencer, model ABI 377
(Applied Biosystems Inc., Perkin-Elmer Corp.). The methodol-
ogy is described in the AFLP kit from Applied Biosystems Inc.
Silver stained AFL P sampleswere prepared according to Vos et
al. (1995), separated in a 6% polyacrylamide gel and stained as
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described in the Promega Silver Staining Kit (Promega).

Cleaved amplified polymorphic sequence (CAPS) markers
were produced by cloning and sequencing the DNA fragments
corresponding to the original RAPD and AFLP markers. Longer
primers (Table 1) were designed to amplify specific markers
(sequencetagged sites; ST Ss) toidentify thesameloci indifferent
genotypes. Since the resultant markers (CS25q5; and STS-AAB)
appeared monomorphic, we searched for differencesin restric-
tionsiteswithinthe sequences. Tendifferent enzymescleaving at
four baseinverted repeatsweretested. Useful polymorphismwas
achievedwiththeenzymesRsal and Taq | at theCS25blocus, and
with Hae l11, at the AfAAG locus.

Toproduce CAPSmarkers, thetotal reactionvolumeused was
only 20 pL, the MgCl, concentration was 1.5 mm, and the
annealing temperature was increased to 57 °C. After amplifica-
tion, each tube received 0.2 units of a restriction enzyme dis-
solved in 5 pL of 1x Multicore buffer (Promega). The samples
wereincubated for 50 min at 65 °C for Tag | and 37 °C for other
enzymes. Amplification products were separated by electro-
phoresis in 2% agarose gels (1% agarose/1% NuSieve GTG
agarose, FMC Corp., Rockland, Maine) and visualized by stain-
ing with ethidium bromide.

Anallelespecificamplified polymorphism (ASAP) (Guetd.,
1995) marker, CS25;3, was al so devel oped from the sequence of
the CS25 RAPD marker. The objective wasto devel op aspecific
marker for the allel e associated with powdery mildew resistance
in 1ll. 547-1 based on rare restriction sites of the enzymes Rsa |
and Tag | present in that marker. To design specific primers, the
DNA fragments of the CS25q, marker from Illinois 547-1 and
NY 73.0136.17 were cloned and sequenced. Two point mutations
wereidentified as responsible for the changesin Rsa | and Taq |
restriction sites. Wetried to design primers with the point muta-
tion at the 3' end. We succeeded for the Taq | site but not for the
Rsa | site, where the suggested primer would form an internal
loop. As a result, the primer CS25x;-reverse, (Table 1) was
extended two bases beyond the mutation point to prevent self
annealing during PCR reactions. For amplification, PCR condi-
tions were modified from those used for AFLP reactions. The
changes included the starting annealing temperature at 65 °C,
then decreased 1 °C per cycle until reaching 60 °C, followed by
40 cycles at 60 °C and 4 cycles at 59 °C. Before separation in
agarose, thesamplesweretransferredtoan ELISA plateand 1 pL
of ethidium bromide (50 pg-mL™) was added to each PCR
reaction. The samples were then evaluated visually to detect
amplification products both by fluorescence under ultra violet
(UV) light in agarose gel and by fluorometer measurements
(Cytofluor Il Fluorescence Multi Well Plate Reader, Perseptive
Biosystems, Framingham, Mass.).

TESTING MARKERS IN OTHER POPULATIONS. Powdery mildew
resistance was evaluated in the following segregating seedling
populations; ‘Horizon’ x Ill. 547-1 (additional seedlings from
origina population); NY88.0514.03 (‘Horizon’ x Ill. 547-1) x
‘Traminette’ (Joannes-Seyve 23-416 x ‘Gewdrztraminer’);
NY88.0514.03 (‘Horizon’ x Ill. 547-1) x NY73.0136.17
(NY 33277 x ‘Chancellor’); and J.S. 23-416 x I1I. 547-1.
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Fig. 1. The RAPD marker CS25b, obtained by bulked segregant analysis. Lane 1,
1linois547-1; lane 2, ‘Horizon'; lane 3, Bulk 1 (five most resistant genotypes);
lane 4, Bulk 2, (five most susceptible genotypes); lanes 5 to 9, resistant
individualsof Bulk 1; lanes 10to 14, susceptibleindividua sof Bulk 2; lane 15,
VitiscinereaB9; lane 16, V. rupestrisB38. Thelast twoindividualsare parents
of lllinois 547-1.

These crosses are part of the grape breeding program at
Cornell University, Geneva, N.Y. One parent in each cross was
highly powdery mildew resistant, either I1l. 547-1 or its progeny
NY 88.0514.03. The seedlings of J.S. 23-416 x I1I. 547-1 were 6-
year-old vinesand were eval uated under field conditionswithout
fungicides. Theother crossesweremadein 1996. Seedlingswere
thenplantedinanursery in Apr. 1997, spaced 0.9 x 1.5 mbetween
plants, and eval uated for powdery mildew resistance under field
conditions without application of inoculum or fungicides.

Evaluation of powdery mildew resistance was made by field
inspection in mid summer (August 1997), when differences
among genotypes were clear. Scores were based on visual esti-
mates of percent leaf areacovered by mycelia, and scored from 1
to5usingthefollowingscale: 1isupto 3%l eaf areawithmycelial
growth, resistant; 2is>3%to 12%, partially resistant; 3is>12%
to 25%, tolerant; 4 is >25% to 50%, susceptible; and 5 is >50%,
highly susceptible.

Results and Discussion

M ARKER DEVELOPMENT. Thisstudy began after discovery of a
very strong QTL for powdery mildew resistance in the genetic

A) Rsal

e

map of 111. 547-1, constructed from asegre-
gating seedling popul ation of the cross‘ Ho-
rizon’ x 111.547-1 (Dabd et al., 2000). BSA
was used to find other markers in that re-
gion. A single RAPD marker (CS25b) ob-
tained by BSA showed close linkage to the
QTL and was highly associated with resis-
tance[logarithm of odds (LOD) = 6.56; R?=
0.41]. Thismarker was presentin 111. 547-1
and one of its parents (V. cinerea B9), the
likely source of the resistance gene(s) re-
sponsible for this QTL (Fig. 1). An AFLP
marker (AfAAB), originally mapped on the
‘Horizon’ map, was located 1.8 cM apart
from the CS25b locus. The association with
powdery mildew resistance (LOD =6.53, R?
=0.38) wasdlightly lower, soit wasused asan alternative marker
to CS25h. For genetic analysis purposes, we will refer to these
markers as the CS25b and AfAAG6 loci.

CaPs MARKER DEVELOPMENT. The presence of relatively rare
restrictionsiteswithinthesequencesof original RAPD and AFLP
markersallowed devel opment of cleaved amplified polymorphic
sequences (CAPS) to follow the QTL for powdery mildew
resistanceindifferent crosses. Tworestrictionenzymes, Rsal and
Taq |, were particularly useful for the CS25b locus, and the
enzyme Hae 1, for the AfAAG locus.

Themarker CS254; fromll. 547-1 wascleaved by Rsal (Fig.
2). Thisrestriction site is absent in many varieties, including V.
vinifera cultivars. On the other hand, arestriction site for Taq I,
absentinlll. 547-1, ispresent in most genotypestested, including
‘Horizon’, ‘ Traminette’, NY 73.0136.17, and the vinifera culti-
vars tested (Fig. 2). These differences were used to identify the
homologous allelesin crosseswith NY 88.0514.03. However, it
wasnot possibleto differentiatethetwo allelesof 111. 547-1 at this
locus by differencesin restriction sites. Consequently, when IIl.
547-1 was used as a parent, alternative markerswere used: STS-
AAG6/Haelll (Fig. 3) inthecross J.S. 23-416 x |1l 547-1 and the
RAPD marker CS25b in the cross ‘Horizon' x Ill. 547-1.

Theorigina RAPD marker CS25b was monomorphic except
inthe cross ‘Horizon' x Ill. 547-1. Even in this case, it was very
sensitiveto PCR conditions, especially Mg concentration, inthe
PCR reaction mixture. Polymorphismwasbest observed with 2.0
to 2.3 mm of Mg. The band tended to be monomorphic above 2.5
mm and was inconsistently present below 1.8 mm.

(B) Tag I

Fig. 2. Marker CS25b997 amplified from ten genotypes (Vitis vinifera and interspecific hybrids) followed by digestion with either Rsa | or Taq |. The cultivars are
asfollows: lane 1, lllincis 547-1; lane 2, *Horizon’; lane 3, J.S. 23-416; lane 4, ‘ Traminette’; lane 5, NY 73.0136.17; lane 6, ‘ Rieding’; lane 7, ' Chardonnay’; lane
8, ‘Gewdlrztraminer’; lane 9, ‘ Chenin blanc’; lane 10, ‘ Pinot noir’ . Differencesin band patterns represent differencesin restriction sitesand areindicated by arrows.

The original band size was 997 bp.

J. AMER. Soc. Horr. Sci. 126(1):83-89. 2001.
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(A) STS-AA6

(B) STS-AA6/Hae 111

Fig. 3. (A) Marker STS-AAG6 amplified from 10 grape genotypes (Vitis vinifera
andinterspecifichybrids). Thecultivarsarenumbered asfollows: lane 1, Ilinois

547-1; lane 2, ‘Horizon’; lane 3, J.S. 23-416; lane 4,
‘Traminette’; lane 5, NY73.0136.17; lane 6,
‘Riesling’; lane 7, ‘Chardonnay’; lane 8,
‘Gewdrztraminer’; lane 9, ‘Chenin blanc’; lane 10,
‘Pinot blanc’. (B) Same as in A but cut with the
restriction enzyme Hae l11. The restriction fragment
used to identify the allele containing a QTL for
powdery mildew resistanceisindicated by an arrow.

AsapP MARKER. The presence of two rare
point mutationsaffectingtherestrictionsites
of Tag | and Rsa | in the DNA sequence of
the CS25¢; fragment (Fig. 2) allowed usto
develop an ASAP marker (CS25;3;) for this
locus. We tried to design primers with the
point mutation at the 3' end. However, one
primer had to be extended two bases to
prevent self annealing during PCR amplifi-
cations (see Materials and Methods).

Theobjectivewasto obtain aPCR-based
marker which would amplify only whenthe
allele associated with the QTL for powdery
mildew resistance was present. Even with
thelimitation of havingjust oneprimer with
the differential base at the 3' end, it was

Fig.4. ASAPmarker CS25;;;amplifiedfrom 10different
individuals of the progeny NY88.0514.03 x
NY73.0136.17 and visualized by two different
methods. (A) Direct observation on an ELISA plate
after addition of 50 ng of ethidium bromide to each
PCR reaction. (B) The same samples separated in a
2% agarose gel.
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(A)

possible to get a presence/absence type of
segregation with the marker CS25;;; (Fig.
4). However, polymorphism was only ap-
parent under precisely controlled reaction
conditions. Small changes (1to 2°C) inthe
annealing temperature resulted in loss of
polymorphism. Consequently, this marker
may be subject to misscoring dueto uncon-
trolled variations in PCR conditions.

ASAP markers are advantageous to use
since gel separation is not required. Differ-
ences between presence and absence of the
marker in the PCR reaction can be observed
visually under UV light (Fig. 4). Using a
fluorometer equipped with a plate reader,
differencesinfluorescencecan bemeasured
directly. Our experience indicates that by
setting excitation at 360 nm and emission at
620 nm, the differences between presence
and absence of a PCR product are detected
more clearly, although thereadingsare usu-
aly low (Fig. 4). Thereadings varied from
4.0t012.0 unitsbetween sampleswith read-
ings above 8.0 units for samples with the
marker and below 5.0 units for the samples
without it.

Use of the marker CS25;;; can be more
useful when large numbers of samples must
be scored, but it is more error-prone com-
pared to CAPS markers. False negatives
could occur because failures of PCR ampli-

e e e e Gres o7 o B Gt O

(B)

1.2 3 4 5 6 7 8 9 10
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Table 2. Segregation ratios for the locus CS25b in different seedling populations.

Population CS25b+ CS25b- Observed ratio  Expected ratio X2 P
‘Horizon' x Ill. 547-1 33 25 132:1 1:1 1.103 0.294
‘Horizon’ x I1l. 547-1(new cross) 25 48 052:1 1:1 7.247 0.007
J.S. 23-416 x |I. 547-17 31 18 1.72:1 1:1 3.449 0.060
NY 88.0514.03 x ‘ Traminette’ 17 55 031:1 1:1 20.056 0.000
NY88.0514.03 x NY 73.0136.17 39 63 062:1 1:1 5.647 0.017
“Results based on marker STS-AA6/Hae 1. In the other crosses, markers CS25,4./Rsa | or CS25b were used.

fication would be confounded with absence of the marker. Con-
sequently, weused CAPS markers (CS25y,/Rsa | and STS-AA6/
Hae l11) for the genetic segregation analysis.

Distortion of segregation ratios. Distorted segregation ratios
between the alleles of CS25b locus were observed in some
populations. Inthese cases, thealleleassociated withthe QTL for
powdery mildew resistance was less frequent than the alternate
allele (Table 2). The exception was the cross J.S. 23-416 x IlI.

16 . (A) Original population

12 |
.1
4,,
o L = ; : ¢

547-1, where some sel ection for powdery mildew resistant geno-
types had been applied previoudly to that population.
Segregation distortion was observed in ‘Horizon’ x 11l. 547-1
whenthecrosswasremadein 1996 but not inthefirst cross, made
in 1988. Thereasonsfor variationsin segregation ratios observed
herein areunknown but similar distortionshave been observedin
other species (Davis and Yu, 1997). Distortions, as observed in
the present study, can lead to faulty conclusions when genetic
analyses are made based only on pheno-
types. For example, the low frequency of
resistant individuals in the progeny
NY 88.0514.03 x ‘ Traminette’ might bein-
terpreted asinteractions of genesinstead of
segregation distortions at a major locus.
Powdery mildew resistance. The effi-
ciency of marker CS25b in predicting pow-
dery mildew resistancewasconfirmedwhen
the cross‘Horizon' x 11l. 547-1 was remade

| CcS25b |
PR+
; D'

<1.6 1.6-2.5 2.6-3.5 3.6-4.5

(B) Additional seedlings (Aug. 1997)

N
0

N
°©

o

No. of Individuals
i o

', and new seedlings were tested under field

>4.5 conditions(Fig. 5). Thefrequenciesof resis-
tance classesvaried, probably dueto differ-
ent conditionsfor evaluation. Intheoriginal
population (based on 5 years field data),
thereisatendency to have moreindividuals
intheintermediate classes. Inthe new cross
(based on a single year of evaluation), the
presenceof individualsintheextremeclasses
was more frequent.

Powdery mildew resistancewasnormally
evaluatedin midsummer (20to 30 Aug.). At
this time, differences among plants were
clearly visible. Later in the season, many
plantsclassifiedpreviously asresistant were

O

=y |

2571 (C) Additional seedlings (Oct. 1997)

15+

10-

increasingly infected. Usually, this late in-
fectionwassuperficial, withlittledamageto
theleaves. Some plantsal so showed mecha-
nisms of tolerance, developing fewer ne-
crotic symptoms even when visual symp-
tomsof mycelial colonizationappeared early
on the leaves. These variations were not
classified in our analysis.

For thecross*Horizon' x I11. 547-1 (new
popul ation), the comparison of the midsum-

Fig. 5. Frequency distribution of individual sby classof
powdery mildew resistanceand presence of themarker
CS25b(fromlll. 547-1) inthreesegregating popul ations

‘m B H

Resistant <
Classes of PM Resistance

4
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> Susceptible

- originating from the crosses: (A) ‘Horizon’ x Il1. 547-

5 1, mapping population (average of 5 years data). (B)
‘Horizon’ x111.547-1, oneyear-old seedling population,
evaluated in midsummer (August, 97). (C) Sameasin
B but with disease severity evaluated | ater inthe season
(October, 97).
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0. (A) NY88.0514.03 x Traminette
16 I

12 +

C525b997/Rsa 1 disease resistance that took placeinyears 1

|
i and 2, and to the contribution of the female
} parent (J.S. 23-416), amoderately resistant
cultivar. Even in these circumstances, there
was a clear trend for seedlings containing
the marker to belong to the more resistant
classes (Fig. 6).

Two other populations descending from
aresistant seedling (NY 88.0514.03) of the
original mapping popul ationwereal so stud-

|
|
.

S

30 (B)NY88.0514.03 x NY73.0136.17

25+

No. of Individuals

ied. Segregation of the QTL for powdery
mildew resistance was followed using a
CAPS marker (CS25¢;,/Rsa |). In both
I crosses there was a clear association be-
CS25b997/Rsa 1 tween presence of the marker and powdery
B+ mildew resistance(Fig. 6). A simulated situ-

O - ‘ ation, whereonly plantscarryingthemarker
were selected, is presented in Table 3. The
percentageof susceptibleindividual s(classes
4and5) without selectionranged from24.5%
t052.1%. If only theplantscarryingamarker
(CS25b or AfAAG) linked to the QTL were
saved, thepercentagewouldbeonly 2.6%to
18.2% (see Table 3). Selection efficiency

20 +

15 ¢

10 +
LEn
T T a3

C) J.S. 23-416 x lllinois 547-1

18 7
14:
0]
6:
2 4
0

5 was greatest in crosses where segregation
distortion was most intense, such as
NY88.0514.03 x ‘ Traminette'.

Another use for marker-assisted selec-
tion is to facilitate introgression into V.
vinifera of only a small portion of the ge-
nome of awild species containing genes of
interest with a backcrossing scheme. One
major problem for conventional breedingis
that disease resistant species, such as V.
cinerea (the likely source of powdery mil-
dew resistanceinthiscase), contributemany
genes for low fruit quality. QTL analysis
can identify specific genomic regions con-
taining genes for resistance that can be

STS AAG/Hae I

\
\

| |

| B+ }

|

| |

i \

4

Res1stant <
Classes of PM Resistance

Fig. 6. Frequency distribution of individuas by class of powdery mildew
resistance and presence of the CAPS markers CS25bg,/Rsal or STS-AA6/Hae
111 in three segregating seedling populations.

mer (26 Aug. 1997) and late (10 Oct. 1997) evauations is
presentedin Fig. 5. Thetendency to have moreindividualsinthe
susceptible classeswere more accentuated for plantscarrying the
marker. Apparently, the gene(s) at thislocus may act by delaying
fungal colonization but other genes may be necessary to prevent
late season mildew growth.

The next step was to observe segregation of this QTL in
different crosses. We used seedling populations that are part of
the grape breeding program at Cornell University, Geneva, N.Y.
Inall cases, the crossesanal yzed descended from the same source
of powdery mildew resistance used in this study, 1. 547-1.

For thecrossJ.S. 23-416 x I11. 547-1, the popul ation consisted
of 6-year-old vines grown continuously under fungicide-free
conditions. None were rated 5 (highly susceptible) in this popu-
lation. This was probably due to prior selection for field-based

88

> Susceptible

5 tracked in the following generations with
linked markers. With selection based on
markers, methods to speed up generation
cyclesin grapevines can be used to acceler-
ate the process (Srinivasan and Mullins
(1981). Although some undesirable genes may be linked to
selectivemarkers, most will betransmitted at smaller proportions
compared to unselected crosses. The sameprinciplesareusedin
theadvanced backcrosssel ectiontechnique(Tanks ey and Nelson,
1996) that has been used to incorporate genes from wild species
into varieties of self-pollinated crops.

Results herein a so help to understand the nature of powdery
mildew resistance in grapes, which is reportedly polygenic
(Boubals, 1961; Eibach, 1994). Our results indicate that resis-
tance may be dueto the action of morethan one gene, but at |east
one region of the grape genome contains genes or agene cluster
with a major effect on expression of resistance. The source of
resistance studied provided similar results in crosses with culti-
varsof varying genetic backgrounds. Results remain to be tested
in crosses of materials from the V. cinerea background with
vinifera cultivars.

A potential concern is that our results were derived from a
single location. However, previous works showed that natural
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Table 3. Percentage of resistant (R) (classes 1, 2 and 3) and susceptible (S) (classes4 and 5) individualsin the progeny of different crossesin either
the whole population or in a population following simulated sel ection based on CS25b or AfAAG loci.

No. Vines Before selection After selection

of with R S R S
Population vines marker (no.) (%) (%) (%) (%)
‘Horizon' x Ill. 547.1 58 33 53.4 46.6 81.8 18.2
‘Horizon’ x 11l. 547-1 (new) 73 25 479 52.1 88.0 12.0
J.S. 23-416 x Ill. 547-1* 49 31 75.5 24.5 87.1 12.9
NY 88.0514.03 x ‘ Traminette’ 72 17 51.4 48.6 924.1 5.9
NY 88.0514.03 x NY73.136.17 102 39 56.9 43.1 97.4 2.6

ZResults based on marker STS-AA6/Haellll.

populations of the fungus Uncinula necator are highly variable
(Gadoury and Pearson, 1991). In the region of Geneva, New
Y ork, there are multiple pathotypes and the fungus undergoes a
sexual stage prior to initiating a new season’'s disease cycle
(Pearson and Gadoury, 1987). Because these evaluations were
conducted under natural conditionsfor infection, itislikely that
a large range of U. necator pathotypes were present and that
resistanceis stable.

We worked with just one QTL from a single source of
resistance. It providedjust partial resistanceand could becomple-
mented by other QTLs from other sources of resistance. Similar
methodology can be used to find other QTLs in other resistant
speciesof Vitis. Thiswould offer thepossibility to pyramid genes
inorder to achieve high level s of resistance using asmall portion
of the genome of wild species. The same rationale is valid for
other grape diseases, traditionally considered to be under quanti-
tative genetic control (Reisch and Pratt, 1996).
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