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Abstract

Background

A whole-genome genotyping array has previously been developthfos using SNP datal
from 28Malus genotypes. This array offers the prospect of high throughput genotyping
linkage map development for any giviglalus progeny. To test the applicability of the arrg
for mapping in divers#lalus genotypes, we applied the array to the construction of a S|
based linkage map of an apple rootstock progeny.

Results

and

ly
\P-

Of the 7,86 Malus SNP markers on the array, 1,823 (23.2 %) were heterozygous in onje of

the two parents of the progeny, 1,007 (12.8 %) were heterozygous in both parental ge
whilst just 2.8 % of the 92RyrusSNPs were heterozygous. A linkage map spanning 1,4
cM was produced comprising 2,272 SNP markers, 306 SSR markers &ldc¢hs. The
length of the M432 linkage map was increased by 52.7 cM with the addition of the SN
markers, whilst marker density increased from 3.8 cM/marker to 0.5 cM/madstithree

regions in excess of 10 cM remain where no markers were mapped. We compared the

positions of the mapped SNP markers on the M432 map with their predicted positions
‘Golden Delicious’ genome sequence. A total of 311 markers (13.7 % of all mapped in
mapped to positions that conflicted with their predicted positions on the ‘Golden Délici
pseudo-chromosomes, indicating the presence of paralogous genomic regicss or mi

assignments of genome sequence contigs during the assembly and anchoring of the ¢
sequence.

Conclusions

We incorporated data for the 2,272 SNP markers onto the map of the M432 progeny 3
presented the most complete and saturated map of the full 17 linkage grdugsuaiilato
date. The data were generated rapidly in a high-throughput semi-automatetepipel
permitting significant savings in time and cost over linkage map construction using
microsatellites. The application of the array will permit linkage maps tiebeloped for
QTL analyses in a cost-effective manner, and the identification of 3idPkave been
assigned erroneous positions on the ‘Golden Delicious’ reference sequerassisilin the

notypes
82.2

»}

D

on the
arkers
bUS

enome

Ind have

continued improvement of the genome sequence assembly for that variety.
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Background

The cultivated appldyialus pumilaMill. (2n = 2x = 34), is a member of the Spireaoideae
subfamily of Rosaceae, and is the fourth most economically-important fruit crégpwicte.
As a consequence of the long juvenility phase of apple trees and of relaigrelyusbandry

costs, the breeding and selection of novel apple rootstocks and scions, is a time-consuming

and costly procedure. Marker assisted selection (MAS) has the potentiaktsimtne



precision of apple breeding and an essential prerequisite to MAS is the productigim of hi
quality saturated genetic linkage maps to enable marker-trait agsuxitat be made.

The genome of the apple scion cultivar ‘Golden Delicious’ was recently sequerntced a
assembled into 17 pseudo-chromosomes by an international consortium [1] using
predominantly second generation 454 sequencing technology. Despite the inherent
difficulties associated with contig assembly and gene-prediction in compknohgous
genomes [2], the ‘Golden Delicious’ genome covers 598.3 Mbp, an estimated 71.2 % of the
Malusgenome and almost complete coverage of the gene-space of the variety [1], with an
average depth of sequencing 16.9x. Thus, the sequence provides a solid foundation for a
wealth of downstream research activities including marker developmengédinkap
construction and marker-trait association.

The availability of data relating to single nucleotide polymorphisms (Bfiéta early in the
development of the ‘Golden Delicious’ genome sequence meant that assays have been
developed for screening segregating SNPs in apple mapping populations\alydtagh
throughput using the SNPlex and Golden Gate genotyping platforms [3,4], permitting not
only the rapid development of linkage mapsNtalus progenies, but the high resolution
anchoring orientation of the scaffolded sequence data to a reference linkadd.rap [
degree of transferability of heterozygous SNPs betwésdos varieties and species, and
betweerMalus andPyrushas recently been assessed [5], and estimates have been made
about the number of SNPs required to allow the construction of a saturated linkage map in
any givenMalus progeny. In the study of Micheletti et al. [5], SNPs identified from the
‘Golden Delicious’ genome sequence were validated and tested for heterozygous
transferability (Enp) in a diverse selection dalusgermplasm. The investigation showed
that SNPs identified within the ‘Golden Delicious’ sequence had an averagtetedility

rate of 40.9 % td/aluscultivars, with the lowestgpto the cultivar ‘Wagner’ (25.7 %)

from those tested. The transferability rate in rootstock germplasm was b&®:8¢% and
39.7 %, whilst to an accessionRyrus pyrifolig the Tsyp value was just 1.8 %,
demonstrating low cross-genera SNP transferability of the SNRd {&$t

Through international collaboration, led by the RosBREED initiative in the USA],
Malusresearch community has developed an Infinium® Il WGG genotyping arrayr@ef
to hereafter as the International RosBREENIP Consortium array; IRSC array) felalus
andPyrususing data from the re-sequencing of\2alus genotypes along with data from the
‘Golden Delicious’ genome sequence. The IRSC array contains a total ofMfaB&67SNPs

[7] in addition to 921PyrusSNPs. The development of this array represents a milestone in
the development of molecular genetics and genomics resourddalimand offers the
promise of rapid, low-cost, high-throughput genotyping for the purposes of linkage map
construction and the genotyping of germplasm collections, that willtéeiliuture QTL and
genome-wide association studies. However, reports are yet to emengeetfidacy of such
arrays for genotyping germplasm and mapping populations from divergentsoufoem
species related to those for which they were originally designed.

The M432 mapping progeny [8,9] has been raised for the study of genes contratenof tra
relevance to rootstock breeding, with the long-term aim of developing robust nfarkers
MAS. Since the progeny is derived from parental rootstock varieties, the dessatof the
seedlings that comprise the population represents a departure from theaxatterised
scion genotypes that were used to identify SNPs for the construction of the tRE{7ha
The progeny has been previously characterised $Miticus-specific markers, and 323 (306



co-dominant, and 18 dominant) SSR markers [9] distributed throughoutaliis genome. A
comprehensive consensus linkage map of the progeny has been developed spanning 17
linkage groups (LGs), with an average marker density of one marker eveighB. T9e

linkage map was partially anchored to the ‘Golden Delicious’ genome segaedca total

of 47 % of the sequence that was contained in metacontigs could be assigned positions on the
M432 map.

The aim of this investigation was to test the IRSC array in the M432 rootstqknga
progeny to determine its utility to genome-wide saturated map constructiotiofdty, we
aimed to increase the percentage of\ladus genome sequence that could be directly related
to regions of the M432 linkage map for the purposes of candidate gene identifazadio
marker development following QTL analysis. We evaluated the SNP-based Imkage
produced against the previously-published SSR-based linkage map of the population
developed by Fernandez-Fernandez et al. [9]. We compared the positions of &NIR orar
the M432 linkage map with their predicted positions on the ‘Golden Delicious’ genome
sequence and assessed the accuracy of the genomic placement of the hetesd#ygous
markers in relation to the genetic positions of the markers on the M432 map. An evaluation
was made of the ease at which the IRSC array could be implemented in thegymppgeny

in relation to previous SSR assays performed for linkage map construction in tlesyprog

Results

SNP heterozygosity in the M432 mapping progeny

GenTrain scores for all SNPs scored in the M432 progeny ranged from 0.043 to 0.961, with
an average of 0.723. Cluster separation ranged from 0.004 to 1 with an average of 0.814. Of
the 8,788 SNP markers contained on the IRSC array (Fjatis SNPs and 92Pyrus

SNPs), 664 markers failed in both parental genotypes, 44 failed in the ‘M.27’ genotype and a
further 51 markers failed in the ‘M.116’ genotype. A total of 5,078 markers were
homozygous in both parental genotypes of the M432 progeny, and 95 revealed unexpected
genotypes in the progeny given the parental genotypes. Of the remaining 2,856 make

were heterozygous in both parents, 976 markers were heterozygous only in the ‘M.27’
parental genotype, and 873 markers were heterozygous only in ‘M.116’.

SNP and SSR co-segregation analysis and linkage megnstruction

GenTrain scores for the markers considered for mapping ranged from 0.4 to 0.BGi wit
average of 0.713. Cluster separation scores ranged from 0.347 to 1, with an average of 0.848.
A total of 854 SNPs heterozygous in the ‘M.27’ parental genotype, 751 SNPs heterozygous
in the ‘M.116’ parental genotype, and a further 665 SNPs heterozygous in both parental
genotypes of the M432 progeny coalesced into the 17 expected LGs for a consensus genetic
linkage map. Thus, a total of 586 putatively segregating loci were not located to LGs on the
M432 map. Close visual inspection of these loci in GenomeStudio (lllumina) revedled tha

the majority had poor cluster separation scores and did not cluster as expspitedhdeing

high GenTrain scores. In many cases, the clusters that were produestbmgosed of a

number of smaller sub-clusters and of individual genotype calls that did not clgistisr dr

that did not cluster in the expected region of the graph space and were shiftedHesrtheit

0 or the 1 axis (Figure 1). As such, cluster patterns at these loci wereuaghéable for

genotypic analysis due to mis-assignation of sub-clusters, or it was not ptsséiably



determine the heterozygosity status of the parental genotypes, and thus thedomtwe
considered for further analyses.

Figure 1 SNP genotype clusters revealed following analysis by GenomeStudixamples

of SNP genotype clusters revealed following analysis using GenomeStudiatgdrfeom

the M432 mapping progeny using the IRCS genoptying araayEkpected patterns of
genotype clusters for markers with the parental genotype conformation)X8\ ii) AB x

AB and iii) AB x BB. (). Genotype clusters displaying evidence of sub-clusters possibly as
a result of hybridisation to paralogous loc). Clusters not locating to the expected region of
graph space, leading to possible mis-assignation of genotype in the i) AB RdBB), 8A x

AB marker types

In addition to the 2272 SNPs, the 306 codominant SSR markers a®tbthes that were
previously mapped by Fernandez-Fernandez et al. [9] were located to the 17dv@sidpy
mapped dominant SSR markers segregating A@ x A@ were not considered for niapping
this investigation. The consensus linkage map of the M432 progeny is presented in Figure 2
and Table 1 summarises the marker composition and lengths of the 17 M432 LGs. The map
spanned a total of 1,282.2 cM and contained a total of 2,579 molecular markers. LG 14 was
the shortest LG on the map, spanning 56.1 cM, whilst LG15 was the longest, spanning 132.4
cM. The highest number of markers mapped to a single LG was 221 on LG2; the smallest
number of markers on a single LG was 69 on LG4. The map had an average marker densit
of one marker every 0.5 cM. The linkage map contained a total of three regionesa ekc

10 cM that contained no mapped molecular markers.

Figure 2 SNP-based linkage map of the M432 progenyAn consensus genetic linkage
map of the M43Malus mapping population composed of 2,580 molecular markers,
including 2,269 SNPs generated with the IRSC array, 306 SSRs aatbthes, spanning
1,282.2 cM over 17 LGs. The scale in centi-Morgans is given at the edge of the figure



Table 1 The number of markers and the genetic distances mapped on the M432 SKH&sed linkage map

Linkage Length ABXxAA AAXAB ABxAB  SSR Total Segregation distortion
group SNP SNP SNP markers

1 62.459 24 43 42 14 123 0-3 cM; 12 markers

2 79.641 34 98 74 15 221

3 66.027 75 53 54 14 196 31-76 cM; 13 markers
4 76.508 16 12 33 8 69

5 81.756 73 44 52 23 192

6 64.207 41 43 23 12 119

7 77.391 40 31 43 15 129 0-5 cM; 6 markers

8 62.792 46 39 22 12 119

9 67.72 46 40 47 25 158 7-57 cM; 36 markers
10 95.275 25 41 42 25 133

11 84.42 66 63 43 28 200

12 59.003 19 22 51 16 108 10-16 cM, 20-36 cM, 49 cM, 54-58 cM; 33 markers total
13 73.039 66 44 31 16 157

14 56.136 82 18 22 13 135

15 132.444 69 65 39 25 198

16 81.134 52 66 21 20 159

17 62.242 82 29 26 26* 163 31-61 cM; 13 markers
Total 1282.194 854 751 665 307* 2579

The total number of SNP and SSR markers mapped in the M432 mapping progeny, the number®peratkesmosome and the total length
of each LG in centi-Morgans (cM).



The largest region to which no markers were mapped was 26.6 cM on LG4 which was
defined by four SSR markers that had been previously mapped by Fernandez-keehahde

[9]. Similarly, a region at the distal end of LG16 spanning 26.5 cM containing nonsarke

was defined by a single SSR marker previously mapped by Fernandez-FemtéadEy.

Upon closer inspection, the segregation of these SSR loci were distorted towardsssné

an allele from ‘M.27’ parental genotype which could have potentially led to an

overestimation of the genetic distance between these markers and thesit itdéoking

markers along the LG. The markers were tentatively included on the linkggeresented

since their position and order corresponded with the previously published M432 linkage map.

Figure 3 shows a comparison of the order of SSR markers in the M432 map between the
current investigation and the report of Fernandez-Fernandez et al. [9]. Markenforde
previously mapped SSRs in the M432 progeny was generally well conserved, with only
minor changes compared to the previous SSR map of Fernandez-Fernandez et al. [9] in
regions where the SSR markers were tightly linked (generally wherendygyed less than 2

cM apart). The exceptions to this trend were loci Ch01d03, which was located at 25 cM on
LG12 on the map presented by Fernandez-Fernandez et al. [9], but which was located 27.3
cM away from its closest marker at the distal end of LG12 in this invéstigand

NHO14a.z, which was located at 33.3 cM in this investigation on LG17, but was located at
the distal end of LG17 on the map of Fernandez-Fernandez et al. [9], 6 cM from ié$ close
flanking marker. The positions of these markers are presented in red on Figure 3 for
comparison, but the markers were removed from the final analysis of the conseRsaisdSN
SSR map presented in Figure 2. The addition of SNP markers to the consensus map reduced
the effective comparable length of the M432 SSR map by a total of 74.5 cM (6.1 %), but due
to the increased coverage of the genome with SNP markers at the ends of LGs where no
SSRs had previously been mapped, overall, the linkage map length was increased by 52.7 cM
(4.3 %). Additional file 1 details the segregating markers mapped in the M432 population
including the doSNP (EMBL) accession code assigned to each on the IRSC arr&y,aihe L
map position of each mapped marker, the monogenic marker segregation ratios eassociat
chi-squared values and predicted pseudo-chromosome positions of each marker on the
‘Golden Delicious’ genome sequence.

Figure 3 Comparison of SSR positions on the M432 linkage map. comparison of the
genetic positions of 306 SSR markers and3hecus in the M432 mapping progeny. Marker
positions on the leftX) were determined following mapping of only SSR markers by
Ferndndez-Fernandez et al. [9], whilst those on the B)hw/ére determined following
mapping of an additional 2,269 SNP markers in this investigation. Marker order was
generally conserved except for the positions of two loci (Ch05d03; LG12 and NHO14a.z;
LG17) given in red which were removed from subsequent analyses

Segregation distortion on the M432 linkage map

A total of six LGs exhibited some level of segregation distortion along thethi€hgble 1
and Additional File 1). Of these, two (LG1 and LG7) displayed segregation distéotia
short region at their proximal end, whilst the distortion observed on the other four groups
(LG3, LG9, LG12 and LG17) was more extensive, the most significant distorticenpes
LG12 and on LG17 in the region of tBdocus.



Comparison of genetic and physical positions of thlRSC array SNP markers

Figure 4 depicts the physical distances of the mapped SNP markers on the ‘Calid®us’
genome sequence plotted against their genetic positions on the M432 map. In deneral, t
within LG genetic positions of the SNP markers that mapped to the M432 LGs were
consistent with their positions on the ‘Golden Delicious’ genome sequence and in seme cas
(LG3, LG6, LG7, LG11 and LG14) distinct domains signifying high and low recombination
along the LG/pseudochromosome could be observed . However, each of the 17 LGs
contained a small number of markers from more than one ‘Golden Delicious’ pseudo-
chromosome, indicating the erroneous placement of genome sequence contigs atdire ‘G
Delicious’ pseudo-chromosomes or the presence of undetected gene paraldgonabavit
Malusgenome. A total of 31Malus SNP markers mapped to positions on the M432 LGs
that did not agree with their physical positions on the ‘Golden Delicious’ genome seguen
The markers were distributed throughout theMiadus pseudo-chromosomes and represent
13.7 % of all markers mapped in the M432 mapping progeny. Marker genetic and physical
positions are given in Additional file 1.

Figure 4 Comparison of genetic and physical positions of the mapped IRSC SNPs on

the M432 genetic and ‘Golden Delicious’ physical map#®lots for each of the SNPs

mapped in the M432 mapping progeny as a function of their physical positions on the

‘Golden Delicious’ genome sequence. Each plot (LG1-LG17) represents one of t@s b7 L

the M432 map and one of the pseudo-chromosomes (1-17) of the ‘Golden Delicious’ genome
sequence

Discussion

We have extended the previously published M432 genetic linkage map using SNP markers
generated using the IRSC array, and increased marker saturation on thermap &verage

of one marker every 3.8 cM to one marker every 0.5 cM. Of the KJ@8¥rs SNP markers
contained on the array, 1,841 (23.4 %) were heterozygous in one of the two parents of the
progeny, and a further 998 (12.6 %) were heterozygous in both parental genotypes. A total of
26 heterozygous SNPs were derived from theP@LsSNPs on the array, indicating anp

value of 2.82 % transferability tdalus, which is within the range of values previously
obtained by Micheletti et al. [5] of between 1.2 and 3 % transferability of SNPdMalus

to Pyrus The total percentage of heterozygMeus SNPs (36 %) was within thesNp value
range reported for the transferability of ‘Golden Delicious’ SNPs to taxkvarieties [5],
indicating that previously reportednp values forMalus cultivars should be broadly

applicable to the number of SNPs expected to segregate in aWmhasgenotype on the

IRSC array.

SNP marker heterozygosity and GenomeStudio genotymdustering

Our investigation revealed a large number of SNPs putatively heterozygous and thus
segregating in the M432 progeny, but for which genotype calls using GenomeStudio
(lumina) resulted in segregation patterns that could not be assigned arpositine of the
17 LGs of the M432 consensus map. A closer inspection of the genotype data in
GenomeStudio (lllumina) revealed low cluster separation calls for alé &aN&a number of
different causes for the discrepancies in these data, including mamgrladiich data were
grouped into more than one sub-cluster in each genotype. Sub-clusters are masduikedy



by probes detecting more than one locus, one of which contained an SNP or indel, or the
detection of more than one allele containing SNPs within the probe sequencealjdy) lea
non-uniform clustering of the detected genotypes. Such variation has beenddetewie
oligonucleotide arrays in humans, where it is attributed to copy-numberaai(@NV)

[10]. Sanzol [11] investigated duplicated geneMalususing EST data and concluded that

the data supported a model of continuous small-scale duplication events, in addition to the
recent whole genome duplication event in the lineage of the genus [1,12]. We suggkst that t
apparently large number of loci for which segregation data was generatethesiRgC

array, but which could not be located to the M432 linkage map (20 %) is a result of a
combination of factors, including detection of paralogous loci generated through whole
genome duplication and CNV, and the mis-assignation of genotypes scored in GenomeStudio
(lumina) due to the lack of a well defined cluster file for the analysialtis

SNP and SSR co-segregation analysis and linkage megnstruction

To our knowledge, this is the most extensive linkage map\las mapping progeny

published to date. Previously, the IRSC array had been used to genotype the pragedy der
from the cross ‘Royal Gala’ x ‘Granny Smith’ (RG x GS) which was repdry Chagné et

al. [7], although in the report, data from only a single LG (LG1) was presenteduffriieer

of SNP markers heterozygous in the M432 population was 2,856 (32.5 % of the total number
of SNPs on the array), almost identical to the 2,810 (32 % of the total number of SNPs on the
array) reported to be heterozygous in RG x GS by Chagné et al. [7]. Of thosesmarker
heterozygous in the M432 progeny, 2,272 markers could be assigned reliable positions on the
linkage map presented. Since only one LG was presented in the report of Chagr@, et al. [
was not possible to determine if all 2,810 markers were located to the RG x GS lirdgage m
Additionally as only markers segregating in a ‘pseudo test-cross’ cortfayureere

presented on the RG x GS LG1 parental linkage maps and the M432 progeny is derived from
a back-cross between ‘M.27’ and its semi-vigourous seedling ‘M.116’ (‘M.27’ x ‘M.M.106’)
direct comparison between the number of markers mapped in both investigations was not
possible. However, the average distance between markers on the RG x G&Srialkagas
reported to be 0.88 and 0.91 for the ‘Royal Gala’ and ‘Granny Smith’ linkage maps
respectively. These distances are comparable to the average geraiedisietween the

same marker types in this investigation (data not shown) and thus we conclude ¢hnatheiv
diverse pedigrees of these two mapping progenies, the IRSC array should beuabiaval

tool for linkage map development and saturation in any digmumilamapping progeny.

We identified a number of regions of the M432 map where segregation distortion was
widespread and extensive. The most extreme example was at the bottom of LG theher
self-incompatibility is located [13,14]. The M432 progeny was derived from a semi-
compatible cross between ‘M.27’ and its semi-vigourous seedling ‘M.116’ (‘M.27" x
‘M.M.106"), and thus fertilisation could not occur in homozygous genotype combinations
around theSlocus, leading to the observed segregation distortion. Two other regions of
distortion are probably the result of genes associated with the dwarfing pheeimotiie

cross, since some seedlings of the progeny displayed lethal and sub-lethalhchmatypes.
Efforts are on-going to characterise the M432 progeny and identify QTLiassbwith the
dwarfing phenotype as well as a number of other traits including waterficsenefy.



Genome heterozygosity, SNP marker genome coveragedaa comparison of
genetic and physical SNP positions

When the genetic positions of the 2, Malus SNP markers mapped in the M432 progeny

were compared to their physical positions on the ‘Golden Delicious’ genomensecuhigh
degree of colinearity was observed. Additionally, distinct regions of high and low
recombination could be observed in a number of cases along the LGs/pseudochromosomes.
The anchored portion of the ‘Golden Delicious’ genome from which the physical positions of
the SNPs mapped in the M432 progeny were derived covers an estimated 71.2 % of the
‘Golden Delicious’ genome and represents the majority of the gene-rich portioe &bple
genome sequence [1]. Since the un-sequenced and un-anchored portions of the genome have
been predicted to be largely repetitive sequence, and the SNPs positioned on thedgSC
were derived almost exclusively from exonic sequence [7], it was expectgdotiseof

genetic and physical positions of the SNPs mapped in the M432 progeny would reveal a
largely linear relationship for each chromosome due to the absence of markerd toappe
largely repetitive centromeric and telomeric regions of the chromosoroegudr, many of

the plots revealed non-linear relationships, with clear regions of high recoibinat
representing chromosome arms, and centres of low recombination representixg puta
centromeric regions, as have been observed in similar plots of other organisms such a
Caenorhabditis elegar[45] andOryza sativgd16]. Regions of effectively zero

recombination at the LG ends which would indicate the presence of telomeoicsragire

largely undetected in this investigation. However, at least one region of zentbieation

was observed on plots of LG/pseudochromosomes LG1, LG6, LG7 and LG12.

A total of 311 SNP markers (13.7 % of all mapped SNP markers) were located to positions
on LGs that conflicted with the predicted positions of the SNPs on the ‘Golden Délicious
pseudo-chromosomes [1]. Upon closer inspection of the predicted positions of these SNP
markers, 47 (15 %) mapped to regions in the M432 mapping progeny that were homeologous
to those predicted, whilst the remaining 264 (85 %) were located in non-homeologous regions
of the genome, indicating the presence of paralogous genomic regions, or possible m
assignment of genome sequence contigs during the assembly and anchorinG olicke
Delicious’ genome sequence.

Human and animal genetics employ genetic information gained from indisidiial are
members of extended pedigrees for the identification of loci controlling corgptestic

traits [17,18]. One of the aims of the IRSC was to produce a genotyping tool to enable the
determination of SNP haplotypes for apple varieties related through iekdi@edigrees

[7], leading to the identification of genes controlling important agronomic trartg as
pedigree-based analysis. The advantages of such analyses are that #nafigh\associated
with a trait of interest can be sampled within a gene pool; however, it is esg&ttrmarkers
included in each haplotype are derived from physically associated locatidmsN\altis
genome. If the 13.7 % of the markers mapped in the M432 progeny in this investigation that
were identified as misplaced on the ‘Golden Delicious’ genome sequence afo/elas.

[1], had been used to create haplotypes for pedigree-based association studiesylthey w
have exhibited recombination at higher frequencies than linked markers within thgaplot
making genetic data within the pedigree difficult or impossible to interprédtal, 2,272

(25.8 %) of the SNP markers contained on the IRSC array were mapped in the M432
progeny. If the markers mapped in the M432 progeny are representativéNfall

contained on the array, there are potentially a further 767 SNPs for which thie gadet



predicted genomic positions may disagree, potentially leading to the creatadseof f
haplotypes foMalus cultivars.

Conclusions

We have employed the IRS@alusarray to extend and saturate the SSR linkage map of the
M432 mapping progeny. The use of the array enabled us to locate a total of 2,270 SNPs to the
consensus linkage map at a fraction of the time and cost of developing a similaimgap us
other experimental approaches and develop the most comprehensive saturated complete
linkage map for &alus mapping progeny to date. The mapping of the SNPs enabled us to
assess the relative coverage and accuracy of the ‘Golden Deliciousiggeequence and to
identify a significant proportion (13.7 %) of SNPs that had been erroneously lozéed t
‘Golden Delicious’ pseudochromosomes. Further mapping in additional progenies will hel
to characterise regions of the ‘Golden Delicious’ sequence that are inlyoptaced in the
current assembly version, and assist in the continued improvement of the erguence

for Malus.

Methods

Plant material and DNA extraction

The M432 rootstock progeny used in this investigation was first described by ExnS8kt

It was derived from the cross ‘M.27’ x ‘M.116’ (‘M.M.106’ x ‘M.27’) and comprises 140
seedlings. DNA from the seedlings of the M432 progeny was used to generate SNP data
using the IRSC array, and subsequently to construct SNP-based linkage maps refnta¢ pa
genomes. DNA was freshly isolated from young leaf tissue of ‘M.27’, ‘M.116’ anti4@e
seedlings of the M432 progeny using the DNeasy plant miniprep kit (Qiagemjliagctm

the manufacturer’s protocol immediately prior to genotyping. It was themtifjed using
PicoGreen (Invitrogen) againsiuastandard DNA dilution series using a Synergy 2
fluorimeter (BioTek). DNA from all seedlings was diluted to 50 ng/ul for genotypsing

the IRSC array.

Malus Infinium® Il whole genome genotyping array

The IRSC array, employing exclusively Illumina Infinium® Il designlges and dual colour
channel assays (Infinium HD Assay Ultra, lllumina), that was descritesaopisly by
Chagné et al. [7] was used for genotyping the progeny of the M432 apple mapping
population. The IRSC bead chips contained a total of 7,867 pobtalls and 921 possible
PyrusSNPs. Progeny DNA was assayed following the manufacturer’s recommoasdat
Briefly, a whole genome amplification reaction was performed, followednyturation and
hybridization to the IRSC BeadChips (lllumina). Un-hybridized and non-spdlyifica
hybridized DNA was removed through washing, following which a single basestan
reaction was performed to incorporate differentially labeled nucleotides &R esites of
each of the 8,788 probes of the BeadChip for each M432 genotype. BeadChips were then
imaged and data were collected using the HiScan detection platformiriilufollowing
lllumina-published standard operating procedures (http://www.illumina.com).



Data scoring and SNP nomenclature

Data generated for the 8,788 SNPs in the 140 seedlings and the two parents of the M432
progeny were scored using GenomeStudio (lllumina) using a GenCall threshold of 0al5. Dat
were then exported into Excel (Microsoft Inc.) for post scoring procebsifoge data

analysis. Prior to linkage analysis markers with a GenTrain score Belowere excluded

from the dataset. Following initial linkage analyses, all markers not mapporgetof the
expected 17 LGs were visually inspected for accuracy, to determine datg, qual to

resolve any errors created by automatic allele calling in GenomeStilainina). Data for

all SNPs showing putative segregation were discarded prior to mapping if one or Ihath of t
parental genotypes failed to amplify in the assay or if segregationatdtaned genotypes

not expected from the parental genotypes.

Data analysis and M432 linkage map construction

Markers were re-coded using genotype codes for linkage analysis using AGIABI
(Kyasma, Wageningen, NL), according to their segregation type; AB x AABox BB
(segregating in the female ‘M.27’ genotype) were coded Im x [l and AA »ABB x AB
(segregating in the male ‘M.116’ genotype) were coded nn x np. Markers seqy&gatin
AB (in both parental genotyes) were recoded hk x hk. SNP nomenclature in thigyatv@sti
followed the dbSNP (EMBL) accession codes for each SNP on the array thatrinas bee
deposited in the Genome Database for Rosaceae [19].

Linkage mapping was performed with all SNP data and the SSR data of Fernandez-
Fernandez et al. [9]. Data for SSR markers with parental genotypes AQ nA@h (s
segregating in a 3:1 Mendelian ratio) were not considered in this analysisg&em data

for SNPs were analysed and consensus genetic linkage maps were obtamedwskstep
procedure. Initially SNP markers were ordered using the QMAP proceduenefat14

[20]. For outbreeders QMAP employs the method of Jansen [21] for ordering markers, in
combination with the EM algorithm using a hidden Markov model for obtaining multipoint
maximum likelihood estimates of recombination frequencies [22]. SNP marlers avdre

then fixed and SSRs were added to the consensus SNP linkage map using JOINMAP 4.0
(Kyazma, NL); marker placement was determined using a minimum LOB guashold of
3.0, a recombination fraction threshold of 0.35, ripple value of 1.0, jump threshold of 3.0 and
a triplet threshold of 5.0, and mapping distances were calculated using the Kossgpphbig
function. Linked markers were only considered as constituting a LG if maresithanarkers
coalesced into a single group. Any markers that remained ‘unlinked’ following co-
segregation analysis or that were contained in groups of fewer than &ersnaere visually
inspected in GenomeStudio (lllumina). All linkage maps presented were plotted using
MAPCHART 2.2 for Windows [23] and LG nomenclature for M432 follows the numbering
reported previously for this progeny by Fernandez-Fernandez et al. [9].

Comparison of genetic locations and physical posiins on the ‘Golden
Delicious’ genome sequence

Physical positions of all SNP markers were derived from their predicteibpssin the

‘Golden Delicious’ genome sequence and were plotted as a function of geneticedistanc

the M432 consensus map. Mareymaps for each individual chromosome were produced using
Excel (Microsoft Inc.).
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Additional file

Addtional_file_1 as XLSX

Additional file 1 Segregation data for the 2,579 markers segregating in the M432 progeny.
The 2,272 segregating IRSC array SNP markers mapped in the M432 population along with
the 307 previously mapped SSR &iltbcus markers, including the SNP name, the doSNP
(EMBL) accession code assigned to each on the IRSC array, the LG and ftiap pbsach
mapped marker, the monogenic marker segregation ratios, associated atit-sqlegs and

the predicted pseudo-chromosome positions of each marker on the ‘Golden Delicious’
genome sequence. Markers for which genetic and physical positions conflicted are
highlighted in red.
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Additional file 1: Additional file 1.xlsx, 295K
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