Theor Appl Genet (1996) 93: 199-204

© Springer-Verlag 1996

L. Gianfranceschi - B. Koller - N. Seglias
M. Kellerhals - C. Gessler

Molecular selection in apple for resistance to scab caused

by Venturia inaequalis

Received: 20 July 1995 / Accepted: 26 January 1996

Abstract ILarge-scale marker-assisted selection requires
highly reproducible, consistent and simple markers. The
use of genetic markers is important in woody plant breed-
ing in general, and in apple in particular, because of the
high level of heterozygosity present in Malus species. We
present here the transformation of two RAPD markers,
which we found previously to be linked to the major scab
resistance gene Vf, into more reliable and reproducible
markers that can be applied directly to apple breeding. We
give an example of how the use of such markers can speed
up selection for the introduction of scab resistance genes
into the same plant, reducing labour and avoiding time-
consuming test crosses. We discuss the nature and relation-
ship of the scab resistance gene Vf to the one present in
Nova Easygro, thought to be Vr.
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Introduction

Apple crops are protected by the intensive use of pesti-
cides. Disease-resistant plants must be developed to lessen
environmental contamination, to reduce disease control
costs and to meet consumer demands in order to avoid pes-
ticide residues on the produce. Despite the obvious advan-
tages, only recently have growers started to introduce dis-
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ease-resistant varieties into commercial orchards, even
though all major apple breeding programmes have in-
cluded disease resistance as a primary goal for many years
(Alston 1989; Kellerhals 1989; Lespinasse 1989).

Scab, caused by the fungal pathogen Venturia inae-
qualis 1s the most important apple disease with a spread
over all apple growing areas. Many sources of resistance
to this disease have been described (Williams and Kug
1969), most of them being under the control of major dom-
inant genes, or R-genes, inherited in a simple Mendelian
manner. In the majority of cases the resistance genes de-
rive from wild Malus species and are often accompanied
by important modifiers, or minor genes, which affect the
level of expression of the major gene (Rousselle et al. 1974;
Gessler 1989). This results in the production of several phe-
notypic classes of resistance that cannot be easily distin-
guished. Nevertheless, tests on several major genes for
scab resistance have been made to establish allelic rela-
tionships (Dayton and Williams 1968; 1970). Scab resis-
tance 18 currently available in more than 40 cultivars
(Crosby et al. 1994; Goffreda et al. 1994; Merwin et al.
1994; Work et al. 1994).

The use of molecular markers could greatly facilitate
apple breeding by speeding up the whole selection process,
in searching for rare genetic combinations, and for study-
ing allelic relationships in an F; of a cross between apple
cultivars.

We reported previously on two RAPD markers
(OpM18g4y and OpU1400) linked to the major scab resis-
tance gene Vf (introgressed from Malus floribunda 821)
(Koller et al. 1994). Here we present their transformation
into more reliable, consistent and informative markers
(RELP and CAPS: Konieczny and Ausubel 1993; SCAR:
Paran and Michelmore 1993) and their use in apple breed-
ing. We also discuss the nature of the resistance gene
present in the cultivar Nova Easygro and its relation with
Vf. Finally, we give an example of how the use of molec-
ular markers allows the recognition of F; plants carrying
both Vf and the resistance gene present in Nova Easygro,
so reducing labour and avoiding time-consuming test-
crosses.
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Materials and methods
Plant material

The progeny of the crosses Florinax Golden Delicious (FxG) and
FlorinaxNova Easygro (FxN) were analysed from populations of
100 and 500 individuals respectively. Scab resistance was evaluated
after greenhouse tests, where progeny seedlings were sprayed with
a conidial suspension of V. inaequalis (10° conidia/ml). Plants were
incubated for 48 h at 18°C and 100% relative humidity, and then
transferred to a greenhouse. Disease symptoms were assessed mac-
roscopically after 10-12 days and rated in six classes (Chevalier et
al. 1991) from O (no scab symptoms) to 5 (high susceptibility and
heavy sporulation).

DNA extraction

DNA was extracted following Dellaporta’s protocol (Dellaporta et
al. 1983) with minor modifications after Koller et al. (1994). DNA
was diluted to a final concentration of 1 ng/pl.

Transformation of OpU1 449 and OpM 18,9 RAPD fragments
into more consistent markers

RAPD fragments were excised from agarose gels and re-amplified
until only the desired fragment was visible. The amplified fragments
were purified from the PCR mix with a PCR purification kit (Nucle-
otraP CR, Macherey-Nagel) and cloned into pUC18 using a Pharma-
cia SureClone Ligation Kit following the included protocol except
that, after the Blunting/Kinasing reaction, samples were heated at
65°C for 10 min in order to inactivate the enzymes and no further
column purification was needed. Competent DHSa E. coli cells were
used for the transformation following a standard protocol (Sambrook
etal. 1989). The whole OpU1 ¢, fragment and about 150 nucleotides
on each side of OpM18,,, were sequenced using USB Sequenase
version 2.0. Specific primers were designed based on sequence data.

PCR amplifications

RAPD amplifications were performed as described previously (Kol-
ler et al. 1994). Specific PCR amplification of the M18q, fragment
was performed in an amplification reaction volume of 15 il contain-
ing 5 ng of genomic DNA, 10 mM Tris-Cl pH 9.0, 0.1 mM of each
dNTP (Boehringer Mannheim), 1.5 mM MgCl,, 50 mM KC1, 0.2 uM
each of M18-For (TTTATCTCCAAAATCAATAG 20 nt) and M18-
Rev (CACACAACTTACAAGAATTT 20 nt) primers, and 0.1 U of
Taq polymerase (Superag, Stehelin AG, Basel). Amplifications
were performed in a Perkin Elmer Cetus Gene Amp PCR System
9600. The following temperature cycles were used: 2 min 30 s at
94°C then 3 cycles of 30 s at 94°C, 30 s at 48°C, 1 min at 72°C. Dur-
ing these initial cycles the annealing temperature was decreased 1°C
per cycle, followed by 35 cycles at the following conditions: 30 s at
94°C, 30 s at 45°C and 1 min at 72°C. After amplification samples
were kept at 4°C until used.

The specific Ul 44 fragment was amplified using the same reac-
tion conditions where Ul-For (GTAAAGCAAGCACTTCAACG
20 nt) and U1-Rev (GTAAAATAGATGTGTGGGTAGC 22 nt) were
used as primers and the MgCl, concentration was raised to 2.0 mM.
The following amplification program was employed: 2 min at 94°C
then 35 cycles 30 s at 94°C, 30 s at 58°C and 1 min at 72°C. All am-
plified products were run on a 1% agarose gel (Bioprobe AG, Bas-
el) with 0.5 xTBE (0.045 M Tris-Borate, 0.001 MEDTA) and stained
with ethidium bromide.

Cleavage of the specifically amplified M 1844, fragment was per-
formed at 65°C for 2 h using the following conditions: 15 ul of the
PCR amplification, 1 ul of 10x restriction buffer B, and § units of
restriction enzyme 7Tagl (Boehringer Mannheim) in a final volume
of 20 pl.

Southern blot

Approximately 3-5 ug of genomic DNA was digested with 30 units
of the selected restriction enzyme, in a final volume of 15 pl. Over-
night digestions were usually performed. Then 3 pl of 6x loading
dye (Sambrook et al. 1989; gel loading buffer IT) were added to the
digested DNA and the samples loaded on an 0.7% agarose gel with
1x TBE. The gel was run for 16 h at 60 V and stained with ethidium
bromide. DNA was blotted onto Amersham Hybond N* nylon mem-
branes using LKB 2016 vacugene vacuum blotting; an alkali blot
was performed following the manufacturer’s instructions. Then,
25-30 ng of the purified (NucleotraP CR, Macherey-Nagel) colony
amplified fragments were labelled using a Pharmacia oligo-labelling
kit, following the manufacturer’s instructions. No further purifica-
tion was performed after labelling. Overnight pre-hybridisation was
at 65°C in an Appligene hybridisation oven in 20 ml of the follow-
ing solution: 10% dextransulphate, 1% SDS, 50 mM Tris-Cl pH 7.5,
I M NaCl, and 600 ng of sheared and boiled salmon-sperm DNA.
Hybridisation was performed by adding the boiled probe to the pre-
hybridisation solution and incubating for a further 24 h. Membranes
were washed once in 2 X SSC for 10 min at room temperature; twice
in 0.5xS8SC+0.1% SDS at 65°C for 20min; once in
0.2 X SSC+0.1% SDS at 65°C for 20 min. Kodak X-Omat AR auto-
radiographic films were used and blots were exposed for 2-3 days
at —80°C.

Linkage analysis

All linkage-map calculations were made with the software package
JOINMAP v.1.4 (Stam 1993).

Results
Specific markers

As expected from sequence data, specific PCR amplifica-
tion of Ul,y, produced, a 320-bp fragment. Such a frag-
ment was amplified from Florina (the resistant parent) and
almostall the resistant individuals, while it was absent from
Golden Delicious (the susceptible parent) and most of the
susceptible progenies (Fig. 1); the new marker was named
U1-SCAR (sequence characterised amplified region;
Paran and Michelmore 1993).

PCR amplification using primers specific for M184q
produced a fragment of about 850 bp that was amplified
both from susceptible and resistant individuals. Since the
polymorphism revealed by the RAPD primer could no
longer be detected when longer primers were used, we de-
cided to look for restriction length polymorphisms within
the amplified fragment. We found that, by using 7agl, the
allele in coupling with Vf could be differentiated from the
one in repulsion because the former was cleaved at two
sites, producing three fragments of about 450, 230 and
170 bp respectively, while the latter remained undigested
(Fig. 2). We named this new molecular marker M18-CAPS
(cleaved amplified polymorphic sequence: Konieczny and
Ausubel 1993).

Using the cloned Ul,y, (Fig. 3) and M18g4 (data not
shown) fragments as RFLP probes it was possible to prove
that both sequences are present as single copies in the ap-
ple genome. A survey of several apple cultivars revealed
a high level of polymorphism in that genomic region. It



Resistant

Susceptible )
SPULUIE &

320bp—

Fig. 1 An ethidium bromide-stained 1% agarose gel containing
U1 ,400-specific amplification products. A 320-bp band is visible on-
ly in the resistant individuals and in the two parental lines of the seg-
regating FXN population
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Fig. 2 Anagarose gel containing the restriction fragments obtained
after cleavage of the amplified 850-bp M184,-specific band with
the Tagl restriction enzyme. The 450-, 230- and 170-bp fragments
are present only in resistant individuals and in the two parental lines
of the Fx N cross. * indicates a plant homozygous for the M 184 al-
lele in coupling with Vf

was in fact possible to distinguish at least four different al-
leles (Fig. 4).

Analysis of progeny plants

One-hundred FxG progeny plants were analysed for Ul-
SCAR, M18-CAPS and two RAPD markers (OpD20sq,
and OpCO081,gg). All the markers were linked and it was
possible to calculate a genetic linkage map of the genomic
region (data not presented). In order to include V/ in the
map we considered all plants belonging to classes 0 to 3
as resistant and those belonging to classes 4 and 5 as sus-
ceptible. This simplification, although artificial, has a bi-
ological consistency since 4 and 5 are the only two classes
in which clear sporulation occurs. Adopting this classifi-
cation, a 1:1 segregation was obtained which is in good
agreement with the hypothesis that Vfis a single dominant
gene and that it is heterozygous in the cultivar Florina. Al-
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Fig. 3 A Southern blot of some resistant and susceptible individu-
als of the Fx N population, hybridised with a OpU1 444-specific frag-
ment. The 2.4-kb band is the allele in coupling with V¥, * indicates
a plant homozygous for the Ul allele in coupling with Vf; ¥ in-
dicates recombinant individuals in which a crossing-over has oc-
curred between Ul g, and VF; 4 indicates a contaminant plant ob-
tained by cross pollination (outcrossing)

Fig. 4 A Southern blot showing the high level of polymorphism
present in the genomic region around VY, as revealed using M18,
fragment as a probe. The uppermost band indicated by the arrow is
the allele in coupling with VY, that is present only in the Vf-resistant
cultivars, in M. floribunda 821 and in Nova Easygro

though the version of JOINMAP that we employed cannot
handle data from outbreeding species, we used the program
nevertheless, assuming a backcross type of segregation.
This approach was possible because all our dominant mark-
ers are in coupling, only two alleles per marker could be
recognised, and the expected 1:1 segregation was ob-
served.

The FxN population was analysed with the aim of se-
lecting those resistant plants that inherited the resistant
gene derived from Nova Easygro (Fig. 5a), but not Vf
(present in Florina; Fig. 5b), in order to perform a bulked
segregant analysis (Michelmore et al. 1991; Giovannoni et
al. 1991) to obtain molecular markers linked to the Nova
Easygro resistance gene. In a previous survey we noted that
Nova Easygro has all of the Vf-linked markers. This infor-
mation alone was not sufficient to establish whether or not
Vf and Vr are located in the same genomic region, How-
ever, the analysis of 491 progeny plants of the FXN pop-
ulation showed that only 7 out of the 355 resistant plants
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Fig. 5 Pedigrees of Nova

Easygro (a) and Florina (b) cul- a b
tivars. R12640-7A and M. flori- . .
bunda 821 are respectively the Wealthy R12740-7A Fanny Jefferies RomelBeauty Malus floqlbunda 821
original Malus species from 0 f T
which the Vr and the Vf genes | 27'425 IIImc~ns 5 943?'2’2 9433-2-8
are derived. The Nova Easygro T
pedigree is probably incorrect 565 Spartan F2 26829-2-2 Golden Delicious
(see text)
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| |
I
612-1 Jonathan
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Fig. 6 Linkage map of the U0 . out an early selection of the most favourable genetic com-
}/f gertll?mlc reglot{l as gatlcuﬂflwd —— 21cM  binations, thereby reducing time and costs as well as the
rom the segregation data o M1 -
both F X N and F x G popula- 8300 hecessary ﬁe!d space. .
tions — 1.9¢cM Our attention was focused on resistance to scab caused
Vi —r by V. inaequalis, certainly the most important apple dis-
case. The production of high-quality apples requires a large
number of fungicide treatments, up to 15 or more per year
6.4cM " in Switzerland. In order to reduce the amount of pesticides
used, to meet both environmental and consumer’s con-
0pD2045, UL cerns, it is necessary to breed good quality disease-resist-

(1.98%) do not carry the M18-CAPS “resistant” allele, sug-
gesting that the two genes are very tightly linked, and may
be the same. If we consider the recombination distance
from Vfto M18gg, to be 2.0% (SD=1.43), (as estimated in
the FXG population), the recombination of 3.0% (SD=0.9)
calculated from the FxXN progeny is not significantly dif-
ferent. The linkage map of the genomic region was con-
structed considering Vf and Vr as alleles of the same locus
and using data from both FxG and FxN populations
(Fig. 6). JoINMAP allows one to construct genomic maps
using data obtained from different segregating popula-
tions; in our case the markers around the resistance genes
are segregating as in a backcross in the FXG population
while they segregate as in an F, intercross in the FxN pop-
ulation.

We used M 18, and Ul 44, as RFLP probes in South-
ern-blot experiments to establish if the fragments are
present in the apple genome as single copies. The presence
of only two bands in most of the apple cultivars analysed,
and the segregation analysis performed on a sub-sample of
the FxN population, revealed that the two bands segregated
in perfect agreement with M18-CAPS and the U1-SCAR.

Discussion

Progress in apple breeding is restricted by several factors
among which self-incompatibility and a long juvenile pe-
riod are the most important. The use of molecular markers
could ease selection processes, helping breeders to carry

ant varieties. Although some resistant varieties are avail-
able, their introduction into commercial orchards is very
limited. Most of the resistance genes introgressed into cul-
tivated varieties derive from wild Malus species with poor
fruit quality (small size, acidic taste etc.), and good-qual-
ity apples with disease resistance are therefore difficult to
breed. Molecular markers provide a valuable tool to fol-
low the segregation of important genes, and at the same
time to reduce the amount of undesired (“wild”) DNA
linked to the gene of interest (genetic drag). Moreover, the
use of molecular markers allows the selection of F; plants
carrying more than one gene for resistance, so reducing la-
bour and avoiding time-consuming test-crossing. We
present here the transformation of two RAPD markers into
more reproducible and consistent markers that can be ap-
plied directly to apple breeding. These new markers also
have an increased information content which could be used
in other mapping projects [e.g. QTL mapping, one of the
aims of the European Apple Project in which we are in-
volved (King et al. 1992)]. Their use allows one to directly
select F, seedlings carrying both Vfand the resistance gene
present in Nova Easygro. It is in fact possible to select
plants homozygous for the M18gy, allele which is in
coupling with the resistance gene (either M18-CAPS or
M18-RFLP could be used). It is also possible to select
plants with a reduced genetic drag by choosing progenies
carrying the M18,,, “resistant” allele and which have lost
the other flanking markers.

Furthermore, we proved that the Vfresistance gene (de-
rived from M. floribunda 821) and the scab resistance gene
present in the cultivar Nova Easygro (thought to be Vr, de-
rived from Malus pumila, Russian seedling R12740-7A)
are located in the same genomic region. Our result con-
trasts with published data (Dayton and Williams 1968;



1970) describing Vfand Vras two independent genes. How-
ever, a major difference between Dayton and Williams’
work and ours is that they used the original M. pumila
R12740-7A, while we used Nova Easygro, a Canadian se-
lection (Crowe 1975). Theoretically, it is possible that the
original Russian seedling contains more than one scab re-
sistance gene (as suggested by Williams and Kué 1969),
one of which is tightly linked to Vf and was introgressed
into Nova Easygro. Genetic markers do not allow us to es-
tablish whether Vfand the resistance gene present in Nova
Easygro are allelic or only tightly linked. However, some
evidence strengthens the hypothesis that the two genes are
alleles of the same locus (if not the same allele): (1) Their
common origin seems to be proved by the observation that
all Vf molecular markers are also linked to Nova Easygro
scab resistance. This is unlikely to be a coincidence since,
as described by several authors (Koller et al. 1993; Mul-
cahy et al. 1993; Dunemann et al. 1994), a very high level
of polymorphism is present in apple and our RFLP survey
of some apple cultivars confirmed that a high level of poly-
morphism is also present in the Vf genomic region. (2) The
observation that a new race of V. inaequalis (race 6, Parisi
et al. 1993) that overcame Vf resistance can also infect
NovaEasygro (both M. floribunda 821 and the Russian ap-
ple R12740-7A are still resistant to race 6; Parisi and
Lespinasse 1996. (3) Last, but not least, preliminary data
presented by Cheng et al. (1995) lead to the conclusion that
the pedigree of Nova Easygro is incorrect and that the re-
sistance in Nova Easygro was not derived from the Rus-
sian seedling.

A more detailed analysis of the genomic region con-
cerned will give us more clues about the functions, regu-
lation and relationships among the resistance genes. We
know that closer markers are needed for starting a map-
based cloning project; nevertheless, useful results seem to
come from our European collaboration, and RAPD mark-
ers closely linked to Vfhave been found in other European
laboratories (Tartarini 1996). Finally, examples of cloning
important plant genes using a map-based approach have
been reported (Martin et al. 1993; Wing et al. 1994) and
this encourages us to continue our research in order to un-
ravel the mechanisms involved in the plant-pathogen inter-
action.
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