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HcrVf paralogs are present on linkage groups 1
and 6 of Malus

Giovanni A.L. Broggini, Paolo Galli, Gabriella Parravicini, Luca Gianfranceschi,
Cesare Gessler, and Andrea Patocchi

Abstract: Molecular markers derived from resistance gene analogs of HcrVf2, the first apple resistance gene cloned, may
pave the way to the cloning of additional apple scab resistance genes. The Malus xdomestica ‘Florina’ (Vf) bacterial artifi-
cial chromosome (BAC) genomic library was screened by hybridization using HcrVf2 as a probe. Positive BAC clones
were assembled into contigs and microsatellite markers developed from each contig mapped. Only linkage groups 1 and 6
contained HcrVf2 paralogs. On linkage group 1, five loci in addition to the Vf locus were identified. A single locus was
detected on linkage group 6. Representative BAC clones of these loci including the Vf locus were sequenced and the gene
structure compiled. A total of 22 sequences, showing high sequence similarity to HcrVf2, were identified. Nine sequences
were predicted to encode all seven protein domains described in HcrVf2, while three were truncated. Transcriptional analy-
sis indicated that six genes with a complete HcrVf-like structure were constitutively expressed in young uninfected leaves
of ‘Florina’. The map position of each HcrVf analog was compared with the location of the major apple scab resistance
genes. None of the major genes conferring scab resistance co-localized with HerVf paralogs, indicating that they are un-
likely to belong to the leucine-rich repeat — transmembrane class, which includes the Vf gene.

Key words: gene-for-gene, receptor-like protein, apple scab, Venturia inaequalis, fungal—plant relationships.

Résumé : Des marqueurs moléculaires dérivés d’analogues du géne de résistance HcrVf2, le premier géne de résistance
cloné chez le pommier, pourraient paver la voie en vue du clonage d’autres genes de résistance a la tavelure du pommier.
La banque génomique de clones BAC du Malus xdomestica ‘Florina’ (Vf) a été criblée par hybridation en utilisant comme
sonde HcrVf2. Des clones BAC positifs ont été assemblés en contigs, des marqueurs microsatellites ont été développés a
partir de chaque contig et ces marqueurs ont été cartographiés. Seuls les groupes de liaison 1 et 6 portaient des paralogues
de HcrVf2. Sur le groupe de liaison 1, cing locus ont été identifi€s en plus du locus Vf tandis qu’un seul locus a été identi-
fié sur le groupe de liaison 6. Des clones BAC représentatifs de ces locus, incluant le locus Vf, ont été séquencés et la
structure des génes a été déterminée. Au total, 22 séquences montrant une grande similarité avec la séquence de HerVf2
ont été identifiées. Il a été prédit que neuf des séquences codaient pour I’ensemble des sept domaines protéiques décrits
chez HcrVf2, tandis que trois étaient tronquées. Une analyse des transcrits a révélé que les six geénes affichant une struc-
ture intacte de type HcrVf étaient exprimés constitutivement chez de jeunes feuilles non-infectées du ‘Florina’. La position
sur la carte génétique de chaque analogue HcerVf a été comparée a I’emplacement des principaux génes de résistance a la
tavelure. Aucun des genes majeurs conférant la résistance a la tavelure ne co-localisait avec les paralogues HerVf, ce qui
indique qu’il est peu vraisemblable qu’ils fassent partie de la classe des LRR-TM, laquelle inclut le gene Vf.

Mots-clés : géne-pour-gene, protéine de type récepteur, tavelure du pommier, Venturia inaequalis, relations plante—
champignon.

Introduction 1971). More than 14 apple resistance (R) genes conferring

resistance to scab have been identified and the map position

Apple scab, caused by the ascomycetes Venturia inaequa-
lis, is the most important fungal pathogen of the cultivated
apple Malus xdomestica (MacHardy 1996). The pathogen
undergoes a gene-for-gene relationship with its host (Flor

of the majority has been determined in the apple genome
(Gessler et al. 2006). To date, a single apple scab R gene
(HcrVf2 from the Vf region) that confers immunity to sus-
ceptible cultivars has been identified (Vinatzer et al. 2001;
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Belfanti et al. 2004). The deduced amino acid sequence of
HcrVf2 shows high similarity to the Cf9 gene of the tomato,
conferring resistance against Cladosporium fulvum, and is
one of the best studied cases of gene-for-gene interactions
characterized to date (Joosten and de Wit 1999). Similarly
to Cf9, the HcrVf2 protein structure has been subdivided
into seven domains: a predicted signal peptide (domain A),
the NH, terminus of the mature protein (domain B), an ex-
tracellular leucine-rich repeat (LRR) domain (domain C)
possibly involved in recognition (Braun et al. 1991), domain
D with an unknown function, an acidic domain (domain E),
a hydrophobic domain thought to be the transmembrane re-
gion (domain F), and a basic domain (domain G) represent-
ing the C terminus (Jones et al. 1994), anchoring the protein
to the plasma membrane.

R gene analogs (RGA) associated with disease resistance
are candidates for functional R genes. Among the several
classes of R genes described in the literature, two contain
nucleotide-binding site (NBS) motifs (Kruijt et al. 2005) and
have been used to identify and map members of those RGA
classes in apple (Baldi et al. 2004; Calenge et al. 2005) and
other plant species (Leister et al. 1996; Collins et al. 1998;
Shen et al. 1998). NBSs containing RGAs have been identi-
fied on all the linkage groups (LG) of apple, with the excep-
tion of LG13 and LG14. They are found in clusters and the
largest cluster is located at the top of LG2. Several NBS—
RGAs were identified in regions where apple scab R genes
were located or within the confidence interval of some scab
resistance QTL (Baldi et al. 2004; Calenge et al. 2005; Gess-
ler et al. 2006). Further studies by Gardiner et al. (2003) and
Naik et al. (2006) detailed the mapping of additional RGAs
in the apple genome. Naik et al. (2006) identified eight loci,
belonging to different R gene classes, on LG2, LGS, LGI11,
LG12, and LGI15. A different approach to map additional
RGAs was adopted by Gardiner et al. (2003) and was based
on the identification of apple EST sequences with high sim-
ilarity to all five classes of R genes. Molecular markers were
developed from ESTs tightly linked to Vf and to PIl; and
Plys, two genes conferring resistance to powdery mildew.
Although Gardiner et al. (2003) and Naik et al. (2006) were
able to map RGA markers derived from Cf-like EST sequen-
ces, the authors reported that it was not always possible to
assign each EST unambiguously to a single class of R genes,
since complete sequence information was not always avail-
able. Screening large-insert genomic libraries provides an al-
ternative approach to identifying genes similar to known R
genes (paralogs).

It has been shown that HcrVf genes are associated with
apple scab resistance derived from Malus floribunda 821
(Belfanti et al. 2004; Malnoy et al. 2008). Therefore, it is
possible that HerVf paralogs may account for other apple
scab resistances from sources other than M. floribunda 821.
This study reports on the identification and characterization
of HcrVf2 paralogs in M. xdomestica ‘Florina’, the develop-
ment of SSR markers linked to these genes, and their ge-
netic mapping within the apple genome. Furthermore, the
expression of the HerVf2 paralogs containing all of the pre-
dicted protein domains of HcrVf2 was investigated in young
uninoculated apple leaves. Finally, a phylogenetic study to
elucidate the evolutionary pattern of the gene family was
conducted on the identified paralogs.
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Materials and methods

Apple genomic library

The genomic library consisted of 36 864 bacterial artifi-
cial chromosome (BAC) clones generated from ‘Florina’
(Vinatzer et al. 1998). The library was previously used to
perform the chromosome walking for the isolation of the Vf
gene (Patocchi et al. 1999; Vinatzer et al. 2001). The library
was spotted onto 96 nylon membranes (Hybond N+ filters)
as high-density arrays (1536 clones per filter).

Southern blot hybridization with HcrVf2

The HcrVf2 probe, used for Southern blot hybridization,
was amplified by PCR from BAC clone M18-4 (Vinatzer et
al. 2001) using FDS5for (5-ATGGAGAGAACCATGA-
GAGTTG-3") and FD5rev (5-TACTGGCATATTCGTCG-
CAG-3') primers, leading to the amplification of the
complete open reading frame (ORF) of HcrVf2. The 50 pL
PCR consisted of 5 ng of plasmid DNA, 3.5 units of Tag
DNA polymerase (New England Biolabs, USA), 1x PCR
buffer (50 mmol/L KCI, 1.5 mmol/L MgCl, and 10 mmol/L
Tris—HCI), 0.1 mmol/L dNTPs, and 0.3 wmol/L each of pri-
mers FD5for and FD5rev and was performed in a Perkin El-
mer Cetus Gene Amp PCR System 9600 (Perkin Elmer,
USA). The PCR amplification profile consisted of 35 cycles
with each cycle having thermal conditions of 30 s at 94 °C,
30 s at 60 °C, and 2 min at 72 °C. The PCR products were
purified by excision from a 1% agarose gel (0.5x TBE) us-
ing a WIZARD SV Clean-Up System Kit (Promega, USA)
following the manufacturer’s instructions and finally eluted
in 100 pL of ddH,O. The HcrVf2 probe was labeled with a
Nick Translation System (Invitrogen, USA) using 200 ng of
the purified DNA and 1.5 pL of [a¢-32P]dCTP (15 pCi
(555 kBq)) (GE Healthcare, USA). Filter hybridization and
washing were performed as described by Patocchi et al.
(1999). Signal detection was achieved by exposing Kodak
X-Omat AR autoradiographic films (Kodak, USA) to the
membrane for 2 days at —80 °C.

BAC DNA extraction

A starter culture of 10 mL pf LB medium (12.5 pg/mL
chloramphenicol) was inoculated with BAC clones and
grown for 8 h at 37 °C at 340 rpm. The starter culture was
used to inoculate 200 mL of LB medium (12.5 pg/mL
chloramphenicol), which was shaken at 340 rpm overnight
at 37 °C. BAC plasmid DNA was extracted using a QIA-
GEN Large-Construct Kit (Qiagen, Germany) following the
manufacturer’s instructions and resuspended in 300 pL of
ddH,0. DNA concentration was estimated by UV spectrom-
etry at 260-280 nm.

BAC contig assembly

Approximately 200 ng of BAC plasmid DNA was di-
gested with EcoRI and subsequently run on a 0.8% agarose
gel at 100 V for 16 h. Gels were stained with ethidum bro-
mide, photographed, and blotted on Hybond-N+ membranes
(GE Healthcare) as described by Patocchi et al. (1999). BAC
clones showing similar digestion fingerprints and hybridiza-
tion patterns were initially assigned to the same contig.
Clone overlap and contig assembly were confirmed by iso-
lating BAC-end sequences from each clone and developing
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a PCR-based assay to verify the presence or absence of the
sequence in BAC clone contigs. BAC-ends were directly se-
quenced using BigDye Terminator Kit 3.1 (Applied Biosys-
tems, USA) with the universal primers Sp6 and T7 close to
the cloning site using 500 ng of BAC plasmid DNA as the
template. Sequencing reaction conditions consisted of 99
cycles, each cycle consisting of 30 s at 96 °C, 20 s at
50 °C, and 4 min at 60 °C in a Perkin Elmer Cetus Gene
Amp PCR System 9600 (Perkin Elmer). The reaction prod-
ucts were separated on an ABI 3100 DNA sequencing sys-
tem (Applied Biosystems). Sequences were analyzed using
the software Sequencer (Genecodes, USA). BAC-end se-
quences were initially screened for simple sequence repeats
(SSRs). Specific primers were designed using Primer3 soft-
ware (Rozen and Skaletsky 2000). PCRs were carried out in
a final volume of 15 pL, as previously described for the
production of the HcrVf2 probe.

SSR marker development from BAC clones and mapping

If no SSR was identified in the BAC-end sequences, SSR
markers were developed from BAC clones as described by
Vinatzer et al. (2004). The newly developed SSR markers
(Table 1) and CH-Vf2 (Vinatzer et al. 2004) were used to
genotype 254 progeny plants of a ‘Fiesta’ x ‘Discovery’
cross (Liebhard et al. 2003; Silfverberg-Dilworth et al.
2006). The CH-Vf2 SSR marker, developed from AM19-5
by Vinatzer et al. (2004), was used to orient the M18-AM-
19 contig (Patocchi et al. 1999). PCR conditions were as de-
scribed by Silfverberg-Dilworth et al. (2006). The location
of the SSRs on the genetic map was determined using Join-
Map version 3.0 (Van Ooijen and Voorrips 2001). To vali-
date whether the order of very closely linked molecular
markers was supported by the presence of plants showing
recombination events, the data set used for the calculation
was manually analyzed in further detail. When no recombi-
nants were found between two adjacent markers, the same
map position was assigned to those markers. Although
RAPD and AFLP markers were used to build the complete
linkage map, these are not shown to increase the legibility
of the genetic maps. The genetic maps were drawn using
MapChart (Voorrips 2002).

Shotgun library construction

Approximately 5-10 ng of BAC DNA was resuspended
in water in a total volume of 150 WL and sheared using a
Shear DNA Shearing Device (Genemachines, USA) for 30
cycles with a speed code of 10. Blunt-end fragments were
obtained by adding 10 units of Mung Bean Nuclease (New
England Biolabs, USA) and 17 pL of 10x MB buffer to
the sheared DNA sample and incubating for 30 min at
30 °C. Sheared DNA fragments were separated on a 1%
agarose gel. DNA fragments ranging from 1.5 to 3 kb were
excised from the gel and purified using a WIZARD SV
Clean-Up System Kit (Promega). Purified DNA was eluted
in 50 pL of ddH,O and 3 pL was taken for quantification
on 1% agarose gel. Dephosphorylation of the DNA sample
was performed using 1 unit of calf intestinal phosphatase
(New England Biolabs), 5 WL of NEB buffer 3, and 7 pL
of ddH,0O to 3 pg of purified DNA in a total volume of
50 pL. The dephosphorylation mix was incubated for
30 min at 37 °C. DNA was finally ethanol precipitated and

Table 1. PCR primer sequences of the SSR markers developed from HB clones, repeat motif, and assignment to a linkage group.

Reverse primer

Forward primer

Linkage group

Repeat
CT

Sequence (5'-3")

Name

Sequence (5'-3")

Name

SSR name

AGGTGGCAATGTGGAACAAC
TGTGGCCATTGTGTATGGAT
AAAACCCAAATGCAACAGGA

HBO2rev

AAATCAGCAGATGGCCAAAG
CAGCCACACGTTACTGACAGA
GTGAGCATCGTTCATGGATA
ACTCCAATTTCGGCAAACAC

HBO2for

HBO02-SSR

6/16

AT

HBO3rev

HBO3for

HBO03-SSR

131

Not determined

AG

CT
CT
AG

TCAAACTAATTATGGTTATTCGTAGGG

GGGGAAGCAGGATGGTTACT
AGTGCCCTGAAATCTGGATG

HBO4rev
HBO7rev
Hb09rev
HB1l1rev

GCTCAAAATACTGAAGCCTTGC
CAGACAACCTCCTCACCTCA

HBO4for
HBO7for
HBO9for
HBI11for

HBO04-SSR
HBO7-SSR
HB09-SSR
HBI11-SSR
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resuspended in 20 pL of ddH,O. BAC subfragments were
cloned using a ZeroBlunt TOPO PCR Cloning Kit (Invi-
trogen) according to the manufacturer’s instructions with
slight modifications to the ligation reaction: 5 ng of TOPO
vector was used and the ligation mix was incubated over-
night at room temperature. A 1 pL aliquot of the ligation
was mixed with 50 pL of TOP10 electrocompetent Escheri-
chia coli cells (Invitrogen, USA) and electroporation was
performed using 1750 V, 25 pF, and 200 2.

Identification of BAC subclones containing HcrVf2-like
genes and sequencing

A total of 576 single colonies (6 x 96-well plates) ob-
tained from each subcloned BAC were randomly picked
and resuspended in 50 pL of ddH,0. Cell suspensions were
incubated for 10 min at 95 °C in a Perkin Elmer Cetus Gene
Amp PCR System 9600 (Perkin Elmer) for denaturation and
cell disruption. A 5 pL aliquot of the solution was used as a
template in PCRs containing 0.1 mmol/L dNTP, 1x PCR
buffer (50 mmol/L. KCI, 1.5 mmol/L. MgCl,, and 10 mmol/
L Tris—HCI) (New England Biolabs), 0.2 mmol/L. each of
primer (—43)M13 forward (5-AGGGTTTTCCCAGTCAC-
GACGTT-3') and primer (-49)M13 reverse (5-GAGCGGA-
TAACAATTTCACACAGG-3'), and 1.05 units of Tag DNA
polymerase (New England Biolabs) in a total volume of
15 pL. PCR amplification was achieved performing 35
cycles, with each cycle consisting of 30 s at 94 °C, 30 s at
60 °C, and 2.5 min at 72 °C followed by a final elongation
step of 10 min at 72 °C using a Perkin Elmer Cetus Gene
Amp PCR System 9600 (Perkin Elmer). A 5 pL aliquot of
the PCR products was separated on a 1% agarose gel to es-
timate insert size, while the remaining 10 wL was blotted
onto Hybond-N+ membranes (GE Healthcare) using a BIO-
DOT Microfiltration Apparatus (Bio-Rad, USA) following
the manufacturer’s instructions. HcrVf2-like sequences were
identified using the HcrVf2 sequence as a hybridization
probe in Southern blot analysis following the protocol de-
scribed by Patocchi et al. (1999). HerVf2-positive subclones
were grown overnight in 10 mL of LB medium (50 pg/mL
kanamycin) at 37 °C. A 2 mL aliquot of bacterial cells was
used for plasmid extraction using a GFX Micro Plasmid
Prep Kit (GE Healthcare) following the manufacturer’s in-
structions. Plasmid inserts were sequenced using (—49)M13
reverse and (—43)M13 forward primers and the BigDye Ter-
minator Kit 3.1 (Applied Biosystems). Sequencing reactions
were performed as described above for BAC-end sequences.
Vector sequences were trimmed and assembly was achieved
at high stringency (99% match, 20 bp minimum overlap).

Sequence analysis

All of the generated sequences were aligned with HerVf2
(GenBank accession AJ297740) using the Needleman—
Wunsch global alignment present in the EMBOSS package
(Rice et al. 2000). Sequences aligned to HcrVf2 but shorter
than 50 nucleotides were not further considered for analysis.
The other sequences were named after the BAC clone that
they were isolated from, with the addition of an “s” suffix.
If multiple sequences were isolated from a BAC clone, a let-
ter was added to the name of the BAC clone. ORFs showing
a length corresponding to at least one third of HcrVf2 and
aligning in the sense orientation of the HcrVf2 ORF were
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identified with CLC DNA workbench software (available
from www.clcbio.com) and aligned to the HcrVf2 ORF us-
ing Dialign (Morgenstern 2004). The quality of the align-
ment was evaluated with SWAAP (Pride 2000), calculating
identities at the nucleotide and amino acid level. A maxi-
mum likelihood phylogenetic tree was constructed from the
aligned sequences using the Jukes and Cantor method (Jukes
and Cantor 1969) and RDP2 (Martin et al. 2005). The result-
ing radiation tree was drawn using MEGA 4.0 software (Ta-
mura et al. 2007).

Expression analysis

The expression of HcrVf2 paralogs with the complete
OREF structure was assessed by RT-PCR in young uninocu-
lated apple leaves of ‘Florina’. To identify each RGA gene
unequivocally, ORF sequences were aligned and specific
PCR primer pairs were designed for each paralog (see
Table 4). Total RNA was extracted from leaves using a SV
Total RNA Extraction Kit (Promega) following the manufac-
turer’s instructions. Single-strand cDNA was synthesized us-
ing a RevertAid™ First Strand cDNA Synthesis Kit
(Fermentas, USA) following the manufacturer’s protocol
and using Oligo d(T);g as the primer for the synthesis. Sin-
gle-strand cDNA was used as a template for PCR amplifica-
tion using the specific primers designed for each RGA gene.
The PCR consisted of 1 pwL of cDNA, 1x Tag buffer,
0.2 pmol/L of each primer, 0.1 mmol/L. dNTPs, and 0.7 unit
of Tag DNA polymerase (New England Biolabs) in a total
volume of 10 pL. Amplification was carried out for 35
cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for
2 min. PCR products were separated by electrophoresis on a
1% agarose gel and visualized by ethidium bromide staining.

Results

Identification of BAC clones carrying HcrVf2-like
sequences

A total of 30 clones, out of 36 864 of the entire BAC library,
were found to hybridize to the HcrVf2 probe. The first 19 BAC
clones (clones AL07-2, AL07-3, AL0O7S-3, AM19-1, AM19-2,
AM19-3, AM19-4, AM19-5, M18-1, M18-2, M18-3, M18-4,
M18-5, M18-6, M18-7, M18S-1, M18S-3, M18S-4, and
M18S-5) were already assembled in contigs and named after
Patocchi et al. (1999). The other 11 BAC clones, with an un-
known assembly and map position, were named HBO1 (ho-
mologous BAC 01) through HB11 for simplicity (BAC clones
15J14, 43F22, 40010, 49J15, 5517, 57G7, 62H3, 72M18,
76G16, 90N4, and 94H24).

Assembly, mapping, and selection of HB BAC clones for
subcloning

The EcoRI restriction pattern of the 11 HB BAC clones
was used for fingerprinting and, together with PCR markers
developed from each BAC-end sequence, was used to as-
semble HB clones into contigs. The HB10 clone was not
viable; therefore, it was no longer analyzed.

Three contigs were assembled. The first contig consisted
of clones HBO1, HBO5, and HB11, and an SSR marker,
HB11-SSR, developed from HB11 (Table 1), mapped this
contig 21 cM from the Vf locus (locus CH-Vfl, Fig. 1).
Clones HBO1 and HBI11 represented the entire contig and
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Fig. 1. Contigs and map position of the BAC clones containing HcrVf analogs. LG1, LG6, and LG16 are the genetic maps (SSR backbones)
of linkages 1, 6, and 16 of ‘Discovery’. In bold are represented newly developed SSR markers (CH-Vf1l and CH-V{f2 from Vinatzer et al.
2004). Genetic distances are cumulative and expressed as cM. A questionmark indicates that the position of the HB04 BAC clone could not
be determined with respect to the ALO7 contig. Shaded bars, BAC clones hybridizing to HcrVf2; open bars, BAC clones of the M18—AM19
and ALO7 contigs developed by Patocchi et al. (1999) not hybridizing to HerVf2. A solid box is used to mark the position on the contigs of
sequences showing all of the domains predicted in HcrVf2 and expressed in young leaves of ‘Florina’ (not inoculated with apple scab). The
broken boxes indicate the positions on the contigs of sequences showing all of the domains found in HcrVf2 but not expressed in young

leaves of ‘Florina’.
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were chosen for shotgun cloning. The second contig con-
sisted of clones HB02 and HBO06, and the SSR marker iden-
tified on HBO2 (Table 1) positioned this contig 2 cM from
the Vf locus. These two clones were found to share the
same EcoRI fragment hybridizing to the HcrVf2 probe (data
not shown). Therefore, only HB06 was sufficient to identify
all of the HerVf paralogs of this contig. Finally, HBO3 and
HBOS constituted the third contig, which was mapped due
to a multilocus SSR marker on HBO3 (Table 1). HB03-
SSRy is located at the top of LG6, while HB03-SSRx maps
at the bottom of LG16. HB03-SSR was also mapped using a
small subset of a ‘Florina’ x ‘Nova Easygro’ progeny. Since
‘Florina’ is the cultivar used for the construction of the BAC
library, it was possible to ascertain that the HB03-HBOS
contig originates from LG6. The BAC clones HBO3 and
HBOS8 also shared the same EcoRI fragment hybridizing to
the HcrVf2 probe (data not shown), and therefore, only
HBO03 was selected to identify all of the HcrVf paralogs of
this contig.

The remaining BAC clones, HB0O4, HBO7, and HBO09,

sauoo ovd (6661) °Ie 10 1y220)ed

LG6 LG6 Contigs LG16
0 \ CH02d10a
M 2~y Hi07¢07
oy e 8~ |17 CH02a03
- | 10~V Hi02ho8
i HB03-SSRy B'”‘ﬂgi ﬁ { 112 CHosa00
12 7*\ Hi2206
1477\ CHO5c06
23 CHO3d07 17 CHO5e04z
30 ~|_|- Hi04e04
i TR 31~ [~ Hiosf12
40 CHO3d12 42~]_|-NB102a
45 —-|— Hi02b10
47 - ™ CHO5a04
. CN445290-SSR
~N"1u78949D-SSR
70 —— NZ03¢01x |
77\ CHO05a05 73~ |~ Hi01cl1y
|| 76 ~_| - CHO410
78 —=— CH03¢01 -
A ; _NJHB03-SSRx
79~ ™ Hi03a03 r( A [y Hvenet
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0 sequencing incomplete

were found to be singletons. SSR markers HB04-SSR,
HBO07-SSR, and HBO09-SSR were developed from BAC
clones HB04, HBO7, and HBO09, respectively (Table 1).
HBO04-SSR was mapped at 1 cM from the Vf locus; BAC
clone HBO7 could not be mapped, as the SSR marker de-
rived from this clone was not polymorphic in the cross
‘Fiesta’ x ‘Discovery’ or in ‘Florina’ x ‘Nova Easygro’.
HBO09-SSR was found to cosegregate with the HB03-SSR
locus y at the top of LG6.

The CH-V{2 marker, developed by Vinatzer et al. (2004)
from clone AM19-5 of the M18-AM19 contig, cosegregated
with HBO4-SSR at 1 ¢cM from CH-Vf1, allowing the orien-
tation of the M18—AM19 contig to be defined. As the AL07
contig was not mapped, it was not possible to establish the
exact location of the HB04 BAC clone in relation to the
ALOQ7 contig.

Identification of HcrVf paralogs
A large number of BAC clones from the Vf region were
positive for the HcrVf2 probe using hybridization analysis.
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Excluding the BAC clone belonging to the Vf region of the
resistant chromosome of ‘Florina’ studied by Vinatzer et al.
(2001), the BAC clones HBO1, HB03, HB04, HB06, HB09,
HBI11, AL0O7-2, AL07-3, AM19-5, AM19-1, M18-6, M18S-
3, and M18S-5 were investigated for the presence of HcrVf2
paralogs.

The 13 selected BAC clones were subcloned and 22 se-
quences showing similarity to HcrVf2 were identified. Se-
quence analysis could not identify an ORF similar to
HcrVf2 for nine sequences. The M18S-5Bs sequence could
not be completed either by direct sequencing or by subclone
sequencing, and since no ORF could be readily identified, it
was excluded from further analysis, even if showing a high
level of similarity to the HcrVf2 gene. The remaining 12
proteins were designated after the BAC clone from which
they originated, with the addition of a “p” suffix for “pa-
ralog”. The predicted protein structure of the HcrVf2 paral-
ogs identified in the 12 sequences showed that nine (HB03p,
HBO4p, HBO6p, HBO9p, M18-6Cp, M18S-3Ap, M18S-3Bp,
ALO7-2p, and AM19-5p) encode proteins containing all of
the seven domains predicted for the HcrVf2 gene (domains
A-G), while three proteins (M18S-5p, M18S-3Cp, and M18-
6p) represent truncated versions of the gene (Table 2). In the
sequence M18S-5s encoding the M18S-5p protein, a 2 bp
deletion caused a frame-shift mutation leading to the forma-
tion of a premature stop codon at the end of the C domain
(Fig. 2). This was the only frame-shift mutation observed in
the gene family. M18-6p and M18S-3Cp both lack the do-
mains A and B, but M18-6p is additionally prematurely ter-
minated by a 778 bp insertion that introduced a stop codon
towards the end of the domain C. Therefore, M18-6p lacks
the domains A, B, and D-G (Fig. 2).

Gene family diversity

Nucleotide sequence identity between ORF encoding
RGAs and HcrVf2 varied between 73% and 94%, with an
average of 89%. At the amino acid level, the identity ranged
from 63% to 89%, with an average of 84% (Table 3). The
genes showing the highest identity with HerVf2 were M18-
6Cp (identical to HcrVf4, see Discussion), HcrVfl, and
M18S-3Bp with up to 94% identity at the nucleotide level
and 89% at the amino acid level. The ORF with the lowest
identity was HBO6p with 73% and 63% at the nucleotide
and amino acids levels, respectively. The most evident dif-
ferences observed among the paralogs concerned the number
of LRRs, which ranged from 26 to 31 (Fig. 2).

A dendrogram was generated from the aligned nucleotide
sequences of 11 HcrVfs, including the nine identified in this
study, HerVfl, and HerVf2 (Fig. 3). Three clades were distin-
guished. The first clade, designated “Vf clade”, consisted of
ORFs from the Vf region (HcrVfl, HerVf2, HerVi4, M18S-
3Ap, and MI8S-3Bp), regardless of whether they were
present on the “resistant” (carrying the Vf gene) or “suscep-
tible” homologous chromosomes. The second clade was
composed of the AM19-5p and ALO7-2p genes, which were
found on the ALO7 and AM19 contigs, respectively. The last
clade grouped together the HBO4p, HBO3p, and HBO9p se-
quences, deriving from LG1 and LG®6.

Expression analysis of HcrVf paralogs
Specific PCR primers were designed for paralogs identi-
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fied as having a complete ORF (Table 4). Transcription in
young uninfected apple leaves of ‘Florina’ was verified by
RT-PCR for the paralogs HBO3p, HBO4p, MI18S-3Ap,
M18S-3Bp, ALO7-2p, and HBO6p. No transcripts were de-
tected for the HBO9p and AM19-5p genes (Fig. 4).

Discussion

The HcrVf2 gene is currently the only HerVf gene whose
function as an apple scab R gene has been unambiguously
demonstrated by the transformation of a susceptible cultivar
(Belfanti et al. 2004; Malnoy et al. 2008). We hypothesized
that the identification and mapping of HcrVf2 paralogous se-
quences may provide a way to accelerate the cloning of ad-
ditional R genes and the development of molecular markers
tightly associated with them. Therefore, we investigated the
distribution of HcrVf2 paralogs in the apple genome by
screening a BAC library of the apple cultivar ‘Florina’ using
the whole HcrVf2 gene sequence as a hybridization probe,
retrieving 30 BAC clones. Three additional BAC clones
(AM19-1, AM19-2, and M18-7) were detected compared
with the 27 BAC clones presented by Vinatzer et al. (2001).
In that study, the sequence of AL(07-2-Sp6, which is 93%
identical to the last two LRRs and to the D and E domains
of the HcrVf2 gene, was used as a hybridization probe.
These three BAC clones were not detected, as they carried
only partial HerVf sequences, which are lacking the part
matching to the probe ALO7-2-Sp6.

Vinatzer et al. (2001) published the sequence of HcrVfl,
HcerVf2, and HcerVf3 and reported that a fourth HcerVf
(HcrVf4) was present on the BAC clone M18-6. However,
the sequence of HcrVf3 was not confirmed by sequencing
genomic clones (as was the case for HcrVfl and HcrVf2)
and only a partial genomic sequence of HcrVf4 was identi-
fied. In this study, we were able to identify the complete ge-
nomic sequence of HcrVf4 (corresponding to M18-6Cp) but
unable to isolate HcrVf3. Since the HcrVf3 sequence
(AJ297741) described by Vinatzer et al. (2001) was PCR de-
rived, we hypothesize that HcrVf3 might in fact be a PCR
artifact. Xu and Korban (2002), in their effort to identify Vf
candidate genes, sequenced BAC clones derived from the Vf
region. They described four genes, which they named Vfal-
Vfa4. Vfal and Vfa2 were identical to HcrVfI and HcrVf2,
while Vfa3 had multiple truncated transcripts and an inser-
tion of 780 bp. Interestingly, M18-6p contains a 778 bp in-
sertion, similar to the one described for Vfa3, and therefore,
M18-6p probably represents Vfa3. Vfa4 is reported to be
2748 bp long, while HcrVf4 is 2889 bp long. This difference
of 141 bp can be explained by the fact that the first start co-
don that we identified for HcrVf4 is 141 bp upstream from
the “normal” start codon of HcrVf2 and all of the other
HcrVf2 paralogs. It is likely that this first start codon that
we identified still belongs to the transcription regulatory se-
quence and will not initiate the translation of the gene. In
fact, Xu and Korban (2002) did not identify this sequence
from their RACE experiment. Unfortunately, Vfa3 and Vfa4
sequences are not publicly available; therefore, it is not pos-
sible to verify whether those sequences are in fact the same
genes as M18-6p and HcrVf4, respectively.

The clades of the dendrogram generated from the align-
ment of the 11 HcrVf sequences reflect their organization
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Table 2. HcrVf2 paralogs showing sequence length, sequence accession number, presence of an ORF with (+) or
without (-) all seven domains of the HcrVf2 gene, names of the HcrVf2 paralogs, and the presence (+) or absence (-)
of transcripts in young uninfected ‘Florina’ leaves.

Sequence Presence—absence
Sequence length Sequence ac-  ORF length  of all HerVf2 do-  HcerVf2 paralog
name (bp) cession No. (bp) mains name Transcription
M18S-5As 3896 EU794454 2370 - MI18S-5p
M18S-3As 3938 EU794450 3135 + MI18S-3Ap +
M18S-3Bs 3840 EU794457 2901 + M18S-3Bp +
M18S-3Cs 4002 EU794458 2409 - M18S-3Cp
M18-6As 5792 EU794446 1836 - MI18-6p
M18-6Cs 4299 EU794466 2889 + M18-6Cp* +b
HBO09s 3118 EU794461 2925 + HBO9p -
HBO06-As 4416 EU794459 2895 + HBO6p +
HBO04s 6824 EU794453 2931 + HBO4p +
HBO03s 4410 EU794449 2922 + HBO3p +
AM19-5s 8134 EU794448 3114 + AM19-5p -
ALO7-2As 5911 EU794451 3123 + ALO7-2p +

Note: Nucleotide and amino acid sequences have been submitted to the NCBI database as accession Nos. EU794445 to EU794466.

“Sequence corresponding to HerVf4.
’Data from Vinatzer et al. (2001).

Fig. 2. Schematic representations of the HcrVf proteins. Protein domains: A, predicted signal peptide (not shown); B, NH» terminus of the
mature protein; C, extracellular leucine-rich repeat (LRR) domain; D, domain with an unknown function; E, acidic domain; F, hydrophobic
transmembrane domain; G, basic C terminus of the protein. The number of LRR motifs is indicated below each putative protein structure.
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Table 3. Similarity of the HcrVf2 gene to the other

HcrVf-like genes at the nucleotide and amino acid level
calculated with SWAAP.

ALO7-2p

Hcervf2 vs.
Hcrvf2 vs.
Hcrvf2 vs.
Hcrvf2 vs.
Hcervf2 vs.
Hcervf2 vs.
Hcervf2 vs.
Hcrvf2 vs.
Hcrvf2 vs.
Hcrvf2 vs.

Average

HcrVfl
M18-6Cp*
M18S-3Ap
M18S-3Bp
HB0%p
HBOG6p
HBO04p
HBO3p
AM19-5p
ALO7-2p

% nucleotide % amino
identity acid identity
93.2 88.7
93.7 89.0
91.9 86.5
93.5 88.6
90.4 84.4
73.3 63.6
91.8 86.6
90.5 83.9
88.6 82.0
90.6 84.7
89.8+6 83.8+7.5

“Identical to HerVf4.

HBO6p HBO4p HBO3p HBO9p M18-6p M188-5p M183-3Cp
B B B B B B
c c c c [ c c
I} I} ) I} I}
E E E E E
F F T F F F
G G G G G
27 29 29 29 25 25 26

within the apple genome. The sequences of the genes de-
rived from the Vf region, regardless of whether they derived
from BAC clones of the “resistant” chromosome (HcrVfl,
HcrVf2, and HcerVf4) or from the corresponding region of
the “susceptible” homologous chromosome (M8S-3Ap and
M18S-3Bp), were grouped into a single clade (“Vf clade”).
The phylogenetic distance and physical position in the apple
genome of MI8S-3Ap and MI18S-3Bp suggest that these
paralogs might be alleles of HcrVfl, HcrVf2, or HerVf4. Di-
versity between HcrVf paralogs increased with the genetic
distance along the chromosome. In fact, the paralogs with
the smallest phylogenetic distance from the Vf clade (ALO7-
2p and AM19-5p) map within 1 cM of the Vf locus, as does
HBO04p, belonging to the second closest clade. The most di-
verse gene, HB06p, mapped at the farthest genetic distance
from the Vf locus (about 2 cM). Interestingly, on the
HBO1-HBO5-HBI11 contig located about 21 cM away from
Vf, only short sequences having similarity to the HerVf2
gene were identified. Therefore, it is not inconceivable that
early separation of the two gene clusters allowed an evolu-
tionary differentiation process to proceed, leading to the ac-
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Fig. 3. Maximum likelihood tree generated from the alignment of
the HcrVf-like sequences encoding for proteins showing all of the
domains described for HerVf2.

HBO6p

Vf clade

cumulation of a large number of mutations in the locus at
21 cM from Vf, which was released from selective pressure
by sequence duplication.

The paralogs located at the top of LG6 can provide fur-
ther insight into the evolution of the gene family. HB03 and
HBO09 BAC clones do not belong to the same contig because
their restriction profile and hybridization pattern are slightly
different; however, they share very similar BAC-end se-
quences (data not shown) and map at the same location on
LG6. Therefore, it is reasonable to assume that HB0O3 and
HBO9 represent allelic variants. Moreover, considering the
similarity of HBO3p and HB0Y9p with HBO4p, it is possible
that they derived from a single duplication event of the
HBO4p gene. It is likely that such an event would have
been rather recent, since the HBO4p and HBO9p genes share
high sequence similarity.

The distribution of the HcrVf genes in the apple genome
is similar to that described for the Cf R genes of tomato
(also LRR-TM type of R genes). In both species, LRR-TM
genes were found on only two linkage groups. In tomato,
three clusters of the Hcr9 (homologous to the Cf9 gene)
and Cf4/9 genes, named Southern Cross, Milky Way, and
Northern Lights, were mapped on tomato LG1 (Parniske et

Table 4. Gene-specific primers used in RT-PCRs to detect transcripts originating from complete ORFs of paralogous sequences of the HcrVf2 gene.

Reverse primer

Forward primer

Expected amplicon
size (bp)

175

525

400

638

98

Sequence (5'-3")
AGTATTGCCAACTCCTCCAA

Name

Sequence (5'-3")

Name

ORF name
HBO3p
HBO4p
HBO6p
HBO9p

RT-HBO3rev
RT-HBO4rev
RT-HBO6rev
RT-HBQ9rev

TTGCCTATTGTTCCCACCTC
TGGTTTCCAAGGTCCAATTC

RT-HBO3for
RT-HBO4for
RT-HBO6for
RT-HBOYfor

ACTTCCGACACCACACCTTC

TCCCAGTCAGCTTGTTGTTG

AGGGCATGAATTTCCTATGTG

Genome Vol. 52, 2009

400
569

373

TTTGGGAATCGGATCAAGAC
GCGATTCCAGCCAATCTAAG
TGAATACTGCTTGGAAGTCCTG
GAAGGCATTGCTAGACAGAA
ACCTTAATCTTGGACACTCAAA

RT-M18S-3Arev
RT-M18S-3Brev

RT-AM19-5rev
RT-ALO7-2rev

CTAACTCTGTTGTGGATTTCAAC
TCTCAATCTTAGTAGTCTCTATGGTC
GAAATCACAATGGGTGAGAC

TGGAAACATGACATCCCTTG
TTCAGGCATCTGACTGGTTG

RT-M18S-3Afor
RT-M18S-3Bfor

RT-AM19-5for
RT-ALO7-2for

MI18S-3Bp

MI8S-3Ap
AMI19-5p
ALO7-2p

Published by NRC Research Press



Broggini et al. 137

Fig. 4. Transcription analysis of HcrVf genes by RT-PCR in young uninfected leaves of ‘Florina’. RT, specific PCR amplification using
cDNA as a template; +, amplification from BAC clone DNA; —, negative control obtained by PCR amplification with HBO4p specific pri-
mers using the extracted RNA as a template to confirm the absence of genomic DNA contamination.
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al. 1999). A second cluster, containing Cf2 and Cf5, was ferent mechanisms. The exploitation of gene diversity and
identified on LG6. Similarly, in apple, three loci containing redundancy within the family members of each class, com-
full-length HcrVf paralogs and the Vf locus were identified bined with the possibility of rapidly generating variability
on LGI1, while a single cluster was present on chromosome through a cluster arrangement of the genes, might have
6. However, in contrast with what has been described in to- played a decisive role in evolution and allowed the host
mato, a single complete HerVf gene was identified at each plant to cope with large, rapidly evolving pathogen popula-
locus, instead of a gene cluster, with the only exception of  tions. From the practical point of view, the fact that resist-
the Vf region, where HcrVfl, HcrVf2, and HcrVf4 were ance against apple scab could be obtained using different
present. Dixon et al. (1996) suggested that the tomato Hcr9 classes of R genes gives a higher chance that gene pyramid-
and Hcr2 families derived from a common ancestor gene ing strategies aimed at obtaining durable resistance might be
and that these families evolved independently to give rise to effective.

different gene families. A similar hypothesis can be postu-
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