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Abstract: Commercial fruit production in Norway is located at around latitude 60◦ north, demanding
a careful choice of adapted cultivars. The most comprehensive collection of apple genetic resources in
Norway is being kept in the Norwegian Apple Collection (NAC) at the Njøs Fruit and Berry Centre
(NJØS). The collection contains around 350 accessions and was recently genotyped with a single
nucleotide polymorphism (SNP) array. Curated SNP data were used for the assessment of structure
and diversity, pedigree confirmation, and core collection development. In the following SNP analysis,
we identified several duplicates and parent-child relationships. Across the geographic regions
represented, the collection was equally diverse. Different methods for analyzing population structure
were applied. K-means clustering and a Bayesian modeling approach with prior assumptions of the
data revealed five subpopulations associated with geographic breeding centers. The collection has a
distinct genetic structure and low relatedness among the accessions; hence, two core collections with
100 accessions in each were created. These new core collections will allow breeders and researchers
to use the NAC efficiently. The results from this study suggest that several of the accessions in the
Norwegian Apple Collection could be of high importance for breeding purposes.

Keywords: Malus domestica; Malus sieversii; SNP array; germplasm collection; genotyping; core
collection; population structure; K-means

1. Introduction

The most important fruit crop by volume in Norway is the cultivated apple (Malus
domestica Borkh.), with an average annual production of 14,600 tons. In the Sogn region
of western Norway, apples have been produced since the 11th century, and earlier, as
recent medieval evidence suggests apples were of economic importance even before the
monasteries introduced the species [1]. Genetic studies have identified the main ancestor
of the cultivated apple as Malus sieversii (Lebed.) M. Roem. from Kazakhstan [2], and
the secondary progenitor as the wild European crab apple Malus sylvestris (L.) Mill [3].
Around 3800 years ago, in Mesopotamia, the grafting process developed [4]. Grafting
allows clonal propagation of selected individuals; thus, their genetic combinations are
preserved. Accordingly, cultivars can be preserved in collections long after their origination
from seeds.

The Fjord districts in South West Norway and around the lakes in the eastern part of
the country, at around latitude 60◦ north, are where commercial fruit production is located.
This is the world’s most northern border for commercial apple production [5]. The climatic
conditions where the apples are grown depend on the Gulf Stream, which flows from south
to northeast along the Norwegian coast. These areas have cooler, shorter growth seasons
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(1211–1775 growing degree days (GDD), 168–195 days) and longer days in the summer [6]
than other European fruit-growing areas. Between the fruit districts in Norway, there are
great differences in climate zones, where the southwestern region is characterized by a
high mean annual precipitation (1024–1703 mm) and unstable snow cover and the eastern
part has low minimum temperatures in the winter (−11.9 to −19.8 ◦C). This variance in
climatic conditions demands a careful choice of adapted cultivars, with earliness and winter
hardiness being the main limiting factors [6].

Today, releasing new apple cultivars with superior fruit quality characteristics, adapted
to a changing climate, is important to most breeding programs [2,5]. Several factors
have dramatically reduced the genetic diversity of apples, such as the use of few and
related cultivars together with vegetative practices (cuttings and grafting) [7]. Valuable
breeding material is often kept in germplasm collections where scarce documentation of
commercially important traits reduces the potential use of these resources. Quantification
of the genetic diversity available in the germplasm collections is crucial for detecting
accessions with superior traits for breeding.

The most comprehensive collection of apple genetic resources in Norway is being kept
in the Norwegian Apple Collection (NAC) at Njøs Fruit and Berry Centre (NJØS). The
collection contains over 350 accessions, including heirloom cultivars originating from major
fruit districts all over the country, cider cultivars, wild ancestral species, recent international
releases, and breeding selections.

The research station at Njøs was founded in 1920 and has, since the beginning, focused
on rootstock and scion cultivar research in several fruit species. The main collecting
missions to prevent losing genetic resources were initiated in the 1980s and 1990s [8].
The main criteria were to collect cultivars of cultural importance to each fruit-growing
region and not necessarily to capture as much fruit genetic diversity as possible. However,
an SSR analysis of the Norwegian germplasm collections [9] indicated great diversity,
with cultivars from southern countries and traditional Scandinavian cultivars clustering
separately, including some winter-hardy genotypes. These results suggest that climate
adaptation has influenced the genetic structure of the maintained germplasm, which is in
line with genetic mapping studies of apple germplasm collections worldwide [10–17].

In recent times, high-throughput genotyping techniques, such as genotyping by se-
quencing (GBS) and single nucleotide polymorphism (SNP) arrays, have provided new
low-cost options to reconstruct pedigrees [18–20]. For apples, three SNP genotyping arrays
have been developed [21–23]. For the 20 K SNP array, 14 major founders of European
breeding programs at high sequencing coverage made up the discovery panel [22]. The
advantages of genome-wide SNP markers include the ability to assess, each time they are
used, a consistent set of loci [24].

With new genomic tools available and the extension of the NAC since the work of
Gasi et al. [9], the efforts to highlight the genetic architecture and diversity present in the
collection should proceed. In this study, we studied (1) the genetic status of the NAC by
identifying population stratification and kinship within the collection by genotyping with
the 20K SNP array; in addition, we demonstrated (2) strategies of setting up core collections
for breeding that best represents the diversity present in the collection.

2. Materials and Methods
2.1. Plant Material

The apple cultivars utilized throughout this research are 1/3 Norwegian heritage
cultivars, 1/3 international releases, and 1/3 breeding selections from the NAC at NJØS
(61◦10′43.2′′ N, 6◦51′34.3′′ E), located in the Sogn region of West Norway. The NAC
selections (n = 347) with a minimum of 2 trees per clone were planted between 2014 and
2016 in a non-replicated design (Figure 1). The orchard contains cultivars originated from
27 countries, both dessert (304) and cider cultivars (11). Ten Malus species were represented
in the collection, including 23 accessions of the wild ancestral species M. sieversii (and
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1 accession of Malus kirghisorum Al. Fed. and Fed.) from Central Asia and ornamental
Malus species (8 accessions).
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Figure 1. First-degree and clonal relationships within the NAC: (a) A first-degree relationship
network between accessions. Accessions with a minimum of one first-degree relationship (n = 195)
are included. Accessions are denoted by a dot and lines represent first-degree relationships; (b) count
of first-degree relationships for the accessions within the NAC (n = 347).

2.2. Genotyping

In June 2021, young leaves from actively growing shoots were collected from 347 Malus
sp. accessions. The leaves were freeze-dried (48 h), and following the protocol given by
the manufacturer, DNA was extracted using the DNeasy® 96 Plant Kit (Qiagen®, Hilden,
Germany). The total DNA content was quantified and checked for purity with spectrometry
(NanoDrop 2000, Thermo Scientific™, Wilmington, NC, USA) and DNA integrity was
tested using DNA gel electrophoresis (Owl™ electrophoresis cell, Thermo Scientific™,
Wilmington, NC, USA). The SNP genotyping was conducted by the Trait Genetics Section
(SGS Institut Fresenius GmbH, Stadt Seeland, Germany) using the 20 K Infinium® SNP
array (Illumina Inc., San Diego, CA, USA) [22].

2.3. SNP-Data Curation

The SNP data were curated according to the workflow described by Vanderzande
et al. [25], using Genome Studio (GS), v 2.0 (Illumina Inc., San Diego, CA, USA), and
RStudio version 4.1.2, with cluster definitions obtained from ASSIsT [26]. This software is
designed to filter and re-edit SNP calls which, due to the presence of null alleles, present
a distorted segregation pattern. Minor allele frequencies (MAF) and missing data were
set to 0.05. Frequency plots according to Chagné et al. [27], as described by Vanderzande
et al. [25], were used to determine the sample quality and assumed ploidy levels.

Genotype comparisons of the accessions were made by using the GS report “Re-
producibility and Heritability” to check for duplicates, parent-offspring heritability, and
parent-parent-offspring heritability. Next, Plink 1.9 [28] was used to screen the data set for
individuals with unknown identical genotypic data. Input files created with ASSIsT were
used to calculate the proportion of identity-by-descent (IBD) between the pairs of accessions.
Pairs of accessions with an IBD proportion higher than 99.9% were considered duplicates
based on the threshold of known duplicates. If individuals were deemed duplicates, only
one was kept for the downstream analysis. Morphological examinations were used to iden-
tify trueness-to-type if the known pedigree records differed between duplicate individuals.
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To identify putative first-degree relationships, that is, pairs of individuals with coefficients
of relationships equal to 0.5 (such as full siblings and parent-offspring relationships), all
duplicates were removed from the data set, which was then analyzed with Plink [28]. To
calibrate the expected range of IBD values for the first-degree relationships, accessions with
well-known pedigrees, such as ‘Elstar’, ‘Ingrid Marie’, ‘Aroma’, ‘Discovery’, and ‘James
Grieve’, were used. In this study, the known first-degree relationships ranged from 0.483
to 0.539 in IBD values; hence, all accessions with pairwise values in this interval were
considered to be putative first-degree relatives.

To confirm the available pedigree records, Mendelian inconsistent errors on the marker
level were counted, using the R-script developed by Vanderzande et al. [25]. The pedigree
records were corrected for detected errors. Based on the Mendelian error (ME) distribution,
the threshold for rejection was set to 33 (Table S5). Next, the script was rerun to detect
potential (new) parent-offspring combinations, using 60 and 30 ME thresholds for parent-
parent-offspring (P–P–O) and parent-offspring (P–O) combinations, respectively. The
threshold to accept the PPC relationship was set to 100. The iGraph package [29] in RStudio
version 4.1.2 was used to visualize the results.

Linkage disequilibrium decay in the population was calculated as the correlation
coefficient squared (r2) between SNP pairs, using the –r2 command in Plink [28]. Af-
ter filtering [27], LD-pruning (command: –indep-pairwise 10 3 0.5) was conducted, and
5278 SNPs remained for analysis. Additionally, the LOESS (locally estimated scatterplot
smoothing) [30] smooth curve was computed for all r2 values for the pairs of SNPs within
a 5 kb distance.

2.4. Diversity Assessment

After removing duplicate, triploid, and poor-quality accessions, the genetic diversity
of the 296 diploid accessions remaining was estimated using the software Core Hunter
3 [31]. From an operational point of view, the germplasm collection size was restricted by
the limited planting plot size available. In order to quickly screen germplasm collections
for desirable traits or identify QTLs via association mapping, the creation of core collections
has proven to be a useful tool [32,33]. Genome-wide information has often been used
when creating these collections. For evaluating the genetic diversity, we compared two
genetic distance-based criteria (A–NE, accession to nearest entry; and E–NE, entry to
nearest entry) introduced by Odong et al. [34] to evaluate two important core collection
types (CC–I and CC–X). Using the average distance between accessions and the nearest
entry (A–NE) criterion that works to minimize this value, the CC–I is designed to evenly
represent the diversity [34]. The CC–X is designed to represent the extremes of the full
collection. Samples with the greatest genetic distance from one another are added to the
CC–X collection during creation by maximizing the E–NE criterion [34]. The Modified
Rogers genetic distance [35] was used in the core collection construction. To assess overall
genetic diversity, Shannon’s allelic diversity index (SH) and the proportion of heterozygous
loci expected (HE) were calculated.

2.5. Population Structure and Genetic Relatedness

Accessions were stratified into 8 groups based on geographical regions and species.
There were five M. domestica groups and the countries within the group “International
G1” were the Czech Republic, Germany, the Netherlands, the UK, France, and Italy. The
countries in the group “International G2” were Canada, the USA, New Zealand, Australia,
Japan, and China, and those in “International G3” were Russia, Poland, and the Baltic
countries. Norwegian heirloom cultivars were congregated as “Heritage”, cultivars from
the other Nordic countries were labeled “Nordic”, and accessions from the Norwegian
breeding program were considered “Selections”. There were two groups containing other
Malus species: (1) “M. sieversii” with M. sieversii and M. kirghisorum accessions, and (2) “M.
spp.” with Malus baccata (L.) Borkh., Malus × zumi (Matsum.) Rehder, Malus × purpurea (A.
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Barbier) Rehder, Malus × robusta (Carrière) Rehder, Malus × moerlandsii J. Door, and Malus x
adstringens Zabel accessions.

For structural analysis, the initial genotype file was filtered using R, allowing a maxi-
mum of 10% missing data per accession and locus, and allowing SNPs with MAF > 0.05.
After filtering, 5278 SNPs, 296 samples were used in the statistical analysis conducted
using clustering (model-based) as implemented in STRUCTURE v.2.3.4 [36–39]. First, a
single-replicate analysis was run with 1–10 subpopulations (K) to determine the correct
settings. Based on the initial run, five independent replicates were then performed, with a
15,000 burn-in and 50,000 run-length for K 1 to 5. Next, to collate the results generated by
STRUCTURE, the most probable subpopulation number (accurate K-value) was estimated
using the method [40] implemented by the program STRUCTURE HARVESTER [41]. Ac-
cessions were assigned to the cluster to which they had the highest relationship coefficient,
with a probability of ≥0.80 [16,42,43] considered to be a strong assignment to a cluster. A
Principal Component Analysis (PCA) was conducted and visualized with the R package
FactoExtra [44].

In addition to STRUCTURE, we deployed K-means clustering to infer the number of
distinct genetic groups and assign samples to these groups. Using clustering algorithms
implemented in the R-package “adegenet” [45], we ran 100 K-means clustering operations,
each iterated 100 times, recording the most likely K per run. Based on the most frequently
(>75%) recorded K, we inferred five distinct groups. Using the implementation of Ward’s
algorithm, we ran a final hierarchical clustering to assign each of the samples to one of
the inferred groups. These group assignments we used in subsequent analyses. We used
Adegenet’s implementation of discriminant analysis of principal components (DAPC) to
evaluate the distinctiveness of the previously inferred groups, estimating the posterior
probability as implemented by applying a 75% majority rule. By investigating the eigen-
values of the SNPs, we determined their individual contribution to the separation of the
samples in the first two components of the DAPC. Finally, we performed neighbor-joining
analyses, using the implementation of the R-package “ape” [46], bootstrapping the data set
1000 times by randomly sampling and replacing SNPs. Bootstrap support for the resulting
phylogram was re-rooted at the node, representing the most recent common ancestor.

3. Results
3.1. Quality Control

The B-allele frequency histograms of most of the accessions had distinct heterozygous
and homozygous peaks with barely any occurrences between peaks in Genome Studio,
indicating a good sample quality without contamination [25]. The results were confirmed
by the frequency plots (Figure S5) generated using a method by Chagné et al. [27]. Four
ornamental cultivars and one heritage cultivar had samples of inadequate quality and were
removed from further analysis. After quality filters, 12,517 SNPs were approved, and 30.8%
of the SNPs were regarded as robust. Of the 2352 discarded SNPs; 199 failed, 824 were
monomorphic, 726 were shifted homozygotes, and 603 were failed null-alleles.

3.2. Relatedness and Ploidy Level

The B-allele frequency plots [27] and the B-allele frequency histograms in GS, allowed
for the identification of accession ploidy. In our data, nineteen accessions were identified as
triploid cultivars (Table S1) where some were previously known (e.g., ‘Gravenstein’ and
‘Bramley’s Seedling’). Some cultivars, however, were not previously identified as triploids
(e.g., ‘Riskedal’ and ‘Skredsvigeple’).

The “Reproducibility and Heritability” reported in GS and calculated IBD among all
accession pairs, identifying 27 pairs sharing a clonal relationship, indicating potentially
synonymous cultivars, or mislabeling. All expected duplicates were recognized, such as
color sports (e.g., ‘Aroma’, ‘Aroma Husabø’, and ‘Aroma Fagravoll’), and several unex-
pected duplicates were also identified (e.g., ‘Leiknes’ and ‘Kviteple’). The true-to-type
individuals were discovered based on an evaluation of their morphological characters.
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Duplicate accessions were not included in the downstream analysis. After removing the
duplicates, the remaining 311 samples were reanalyzed for pairwise IBD to find putative
first-degree relationships, such as parent-offspring relationships and full siblings. The
analysis resulted in 195 accessions, with one or more first-degree relationships in the NAC.
The accessions with the largest number of first-degree relationships were ‘Discovery’ (30),
‘Golden Delicious’ (14), and ‘Aroma’ together with its known offspring ‘ARX49-18′, having
altogether 23 first-degree relationships in the NAC (Figure 1).

3.3. Possible Parents

After removing triploids and duplicates in the collection, the remaining accessions
were screened for possible parent-offspring relationships in the collection. The parents
used in the breeding program were verified and are not included in Table 1. The full
table is provided in Table S4. The cultivars with the highest number of possible parent-
offspring relationships were ‘Granat’ (5), ‘Rosenstrips Hardanger’ (4), ‘Torstein’ (4), and
‘Høyneseple’ (4). The number of possible parent-offspring relationships was in line with
the number of first-degree relationships estimated from the IBD values for most cultivars
(Table S6). Most of the offspring were Norwegian heritage cultivars, with little to no
previous pedigree information.

Table 1. Possible parent-offspring relationships in the NAC.

Offspring PosPar1 PosPar2 Age Offspring Age Parent 1 Age Parent 2

‘Bøtuneple’ ‘Rosenstrips Sogn’ Unknown 1781
‘Crimson Cox’ ‘Steinkyrkje’ 1825 1700/1800

‘Ekely’ ‘Rosenstrips Hard.’ 1907 1781
‘Enestående’ ‘Høyneseple’ Unknown 1800

‘Filippa’ ‘Flaske-eple’ 1880 1700
‘Rosenstrips Sogn’ ‘Fuhr’ ‘Torstein’ 1781 1660 1760

‘Furuholm’ ‘Sävstaholm’ Unknown 1830
‘Hindals Dronning’ ‘Worcester Pearmain’ Unknown 1874

‘Håkonseple’ ‘Lærdalseple’ ‘Torstein’ 1905 Unknown 1760
‘Tolleivseple’ ‘Kaupanger’ Unknown 1700

‘Tormod’ ‘Kaupanger’ Unknown 1700
‘Langballe’ ‘Franskar’ 1870 1790
‘Leiknes’ ‘Granat’ 1890 Unknown
‘Linda’ ‘Granat’ ‘Transp. Blanche’ 1970 Unknown 1800
‘Løeple’ ‘Høyneseple’ ‘Lærdalseple’ 1925 1800 Unknown

‘Martaeple’ ‘Lærdalseple’ ‘Torstein’ 1915 Unknown 1760
‘Mostereple’ ‘Høyneseple’ - 1800

‘Prins’ ‘Granat’ 1860 Unknown
‘Sukkereple’ ‘Høyneseple’ Unknown 1800

‘Teigeple’ ‘Rosenstrips Hard.’ Unknown 1781
‘Pederstrup’ ‘Torstein’ 1850 1760
‘Tveiteple’ ‘Granat’ ‘Rosenstrips Hard.’ 1925 Unknown 1781
‘Ulgenes’ ‘Granat’ ‘Rosenstrips Hard.’ Unknown 1781

3.4. Pedigree

A putative pedigree based on previous genotyping studies [9,16,18,19,47–49] and
historical records [50,51] was constructed and an R-script [25] was used to analyze for
pedigree errors. Incorrectly annotated parents (nine instances; Table S5) were filtered out
and the pedigree was reanalyzed for possible parent-offspring combinations.

3.5. LD

The SNPs (12,517) that passed the quality filters [27] were used for pairwise compar-
isons with an average distance of 456 kb. The LD was calculated using 115,485 pairwise
comparisons for SNPs < 1000 kb apart with an ~456 kb average inter-SNP distance to find
the extent of LD decay within the germplasm collection (Figure 2). Between these, there
were 3363 SNP pairs that were <1500 bp apart, with an ~653 bp average distance. Within
the distance of 1500 bp, 2202 SNPs were in low LD (<0.2 r2) and only 6% were in high LD



Horticulturae 2023, 9, 575 7 of 18

(>0.8 r2). The distribution of the SNPs in high LD (r2 > 0.8) had an average distance of
632 bp (median of 511 bp).
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distances up to 1500 bp when calculating LD decay. The LOESS method was used to calculate
smoothed fitted lines.

3.6. Genetic Diversity

Core Hunter 3, under the average entry-to-nearest-entry distance (EN) and accession-
to-nearest-entry (A–NE) optimization objective as well as Nei’s expected heterozygosity
(He), was used to conduct a precise core collection selection. Modified Rogers’ distance
was used to compute pairwise distances between accessions [35]. Starting with a selection
of ten individuals and gradually increasing up to the entire number of accessions available,
we ran different scenarios to capture changes in frequency-based characteristics when a
particular number of accessions were selected for the core collection (Figure 3). There were
frequency-based statistics for all scenarios (Table S2).
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(E–NE), and accession-to-nearest-entry (A–NE) distance optimization for various core collection
sample sizes.

Two core collections were created, type 1 (CC–I) and type 2 (CC–X) (Table S2). The two
collections consisted of 100 accessions each. The A–NE criterion of the type 1 collection was
minimized to 0.204, and the results showed variation within ±6.80 × 10−6. The type 2 core
collection’s E–NE criterion was maximized to 0.392 and the results showed variation within
±1.40 × 10−5. Both cores include accessions representing all clusters from the genetic
structure analysis (Table 2). There were minor differences between the two criteria for
sampling, however, 10% more Norwegian selections and 10% fewer Heritage accessions
were sampled in the CC–X type than in the CC–I type.

Table 2. Comparison of the Norwegian Apple Collection as separated by genetic clusters from
structural analysis (Figure 4). The number of accessions included in the two core collections is shown.

Core Collection Type

Structure Group CC–I (A–NE) CC–X (E–NE)

Selections 15 25
Heritage 22 12
International_G1 24 25
International_G2 17 20
International_G3 5 4
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Table 2. Cont.

Core Collection Type

Structure Group CC–I (A–NE) CC–X (E–NE)

M. sieversii 6 7
M.spp. 3 2
Nordic 8 5
Whole Core Collection 100 100Horticulturae 2023, 9, x FOR PEER REVIEW 10 of 20 
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(b) The STRUCTURE analysis of 296 accessions with five putative genetic clusters and distribution of
accessions based on origin (Section 3.7) in these five subpopulations.

3.7. Genetic Structure

In the PCA of the accessions in the NAC (Figure 4), the first two principal components
explained 9.3% of the total variance in the SNP markers. The differentiation between
M. sieversii and M. domestica, with a clustering of M. sieversii on the right side of the plot,
was shown in the first principal component. Similarly, a slight separation could be observed
between the Norwegian heirloom cultivars (“Heritage”) and the Norwegian selections
(“Selections”) and internationally known cultivars (“G1 and G2”) in the opposite direction,
with the international accessions located on the right side of the plot. The plot indicates a
distribution in a primitive direction, towards the main progenitor species (“M. sieversii”), of
the Norwegian heirloom cultivars (“Heritage”) and Eastern European cultivars (“G3”).

A weak latitudinal decline in the M. domestica accessions, with the international
accessions (G1 and G2) and Norwegian selections placed towards the opposite extremes,
was displayed by the second principal component. There seemed to be almost no separation
between the European cultivars (G1) and the cultivars from North America, Oceania, and
East Asia (G2).

For the STRUCTURE analysis, the initial genotype filtering resulted in 13105 SNPs.
The analysis revealed that two was the most probable subpopulation number (Figure S1).
The genotypes’ mean ancestry proportion regarding the inferred clusters was 0.93 at ∆K = 2,
and 167 genotypes (48%) were identified as being strongly associated with a group. After
LD-pruning, 5279 SNPs were used for the STRUCTURE analysis, also resulting in the most
likely number of subpopulations being two (Figure S2). When running the analysis without
the 23 M. Sieversii accessions, the most probable subpopulation number was four, with a
∆K value equal to 217 (Figure S3).

The accession assignment in STRUCTURE for ∆K = 2 resulted in one subpopulation
with international cultivars and selections from the Norwegian breeding program, and a
second subpopulation with Norwegian heritage cultivars and M. sieversii accessions. A
total of 176 genotypes were classified as admixed as they were not clearly placed in these
groups (Q < 0.8). Although not significant, accession assignment to the genetic clusters
(GC) results for ∆K = 5 could be extracted from STRUCTURE: GC1–accessions belonging
to “G1” and “G2” (N = 9); GC2–M. sieversii accessions (N = 18); GC3–accessions belonging
to “G2” (N = 9); GC4–accessions from the breeding program (“Selections”), including
the known parent cultivars of ‘Discovery’ and ‘Aroma’(N = 19); and GC5–Norwegian
heirloom cultivars (“Heritage”) (n= 25). Meanwhile, 216 accessions were classified as
admixed (Figure 4). The multivariate method DAPC resulted in equivalent results to the
PCA. K-means clustering of the principal components inferred five clusters as being the
model with the most support (Figure 5). The loading plots (Supplementary Figure S7), with
a magnitude of the influence of each SNP on the separation of the groups, showed even
distribution across the genome.
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Figure 5. A DAPC of the NAC with the value of clusters (K) as an inference of the number of
subpopulations in the collection. In the left pane, the cluster (4) colored in purple, contains M
sieversii accessions, and the red-colored cluster (1) contains Norwegian Heritage accessions and a
few older European cultivars. The blue-colored cluster (2) contain International G1 and G2 cultivars;
meanwhile, the two clusters in the center contain accessions from the Norwegian breeding program
including parents used for crossing (3, green color), and International G2 cultivars (5, orange color).

4. Discussion

The high throughput of the second-generation technologies has reduced consumable
costs and sequencing runs. Traditional cytogenetic methods for karyotyping, such as SSR
markers, have been replaced by methods such as high-density SNP arrays for genome-
wide assessment of allelic variation [52]. In this study, we used the medium-density SNP
data set available from the Illumina® Apple 20K array to investigate the genetic structure,
relatedness, and diversity in Norway’s largest apple collection.

4.1. Quality Check, Relatedness, and Ploidy Level

In principle the SNP curation method described by Vanderzande et al. [25], including
cluster parameter settings from ASSIsT [26], is designed for pedigreed germplasm; thus, it
is not optimal for use in a diverse collection as it fails to call null alleles in such germplasms.
Howard et al. [53] developed 10,295 robust SNPs that represent 57% of the initial SNPs on
the array and many excluded SNPs that showed null alleles. In our study, 12,478 SNPs
passed filtering following the Chagné et al. [27] method and 8935 were present in the robust
set developed by Howard et al. [53]. After pruning for LD, only 5278 SNPs remained.

The high SNP quality led to Gen Call scores higher than the 0.15 threshold and B-allele
frequency plots indicating mostly adequate quality. Only five genotypes (1%) did not pass
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the filter requirements. The DNA concentrations and DNA purity for all samples were
tested and found to be at the manufacturers’ recommendations, and no clear explanation
was found for the lower performance of these accessions. Four of these genotypes were
ornamental cultivars (M. baccata, Malus × adstringens, Malus × moerlandsii, Malus × zumi).
Thus, a plausible reason could be compatibility issues between Malus domestica, on which
the array is based, and other Malus species. To confirm whether the low call rate was
due to the DNA sample or to the genotype itself, new samples of these accessions should
be genotyped.

The error threshold of pairwise values ranging between 0.483 to 0.539 IBD for putative
first-degree relationships was chosen based on well-known first-degree relationships in
the collection. Theoretically, an 0.5 IBD would be expected for any true parent-offspring or
full-sib relationships. The variation could be an indication of Mendelian sampling variance
and could be due to the inheritance of random samples of alleles from both parents [54].

We found the Norwegian Apple Collection to contain 296 diploid (94%) and 19 triploid
(6%) accessions. The triploid frequency was lower than what was reported for the collec-
tions in Sweden and Denmark (10 and 19%, respectively). A low triploid frequency was
expected, as our collection does not consist of heritage cultivars only, but also breeding
selections with no presence of triploids. When comparing ploidy levels with those obtained
by Gasi et al. [9] using an SSR analysis of the same accessions, we found fourteen inconsis-
tent cases (Table S7). Remarkably, ‘Gravenstein,’ was classified as diploid by Gasi et al. [9];
meanwhile, it is quite well-documented [18,49,55], both genetically and morphologically,
that ‘Gravenstein’ is a triploid cultivar.

Equally, the NAC contained 92% unique accessions, which is similar to what was found
in the collections in Sweden, Belgium, and Denmark (86, 79, and 85%, respectively) [18,20,49].
Expected duplicates, such as color sports, and several unexpected synonymous accessions
were also identified. These accessions were classified to be either (1) propagation (‘M9′

and ‘Oster’), planting, or labeling mistakes, or (2) something to be given a new name
because the identity of an apple tree has been lost. Examples of misclassified accessions
are ‘Søgneeple’, which in our collection is not an independent cultivar, but a sport of
‘Ingrid Marie’, or incorrectly-labeled accessions, such as ‘Rondestveit’ and ‘Riskedal’. The
true-to-type accessions were determined based on an examination of morphological traits.

4.2. Possible Parents and Pedigree

The elimination of some stipulated relationships was possible by using a parent-
offspring test for Mendelian inconsistent errors. For example, the ‘Linda’ (not identical
to the Canadian cultivar ‘Linda’) in this collection is a chance seedling discovered in 1965
by Helge Børve in Ullensvang and was speculated to be the offspring of ‘James Grieve’,
but giving our SNP marker data, these cultivars evidently did not share a parent-offspring
relationship. Instead, the SNP analysis identifies ‘Transparent Blanche’ and ‘Granat’ as the
parents. According to tradition, the origin of the cultivar ‘Martaeple’ (synonym ‘Røeneple’)
is said to be a seed from an American apple sown by Marta Lillefosse (1870–1950) in Åtranes,
Strandebarm (around 1915), which is not supported by our data, where ‘Lærdalseple’ and
‘Torstein’ are suggested as parents. If ‘Torstein’ is one of the parents, it means that it cannot
be from an American apple. There is, however, another possible source of error. The graft
wood of ‘Martaeple’ was collected from an old tree based on a description of where it
was planted, with no one on site ensuring it was the correct tree at the right place during
collection. A description of the fruit does anyhow fit. A surprising result, yet possible,
was the suggested offspring- parent relationship between ‘Pederstrup’ and ‘Torstein.’ The
origin of ‘Torstein’ is not fully understood. Stedje and Skard [51] suggested it was imported
as graft wood from Denmark. To gain knowledge, the SNP profile of ‘Torstein’ should be
checked against old Danish cultivars to see if it is synonymous with any of the accessions.
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4.3. LD

Apples have a rapid rate of LD-decay [23], making genome-wide association studies
particularly challenging, especially when considering the heterozygous nature of apples
and their recent whole genome duplication. The fast LD-decay we observed in the Nor-
wegian apple population is like the one studied in similar collections [56,57]. We used
6938 SNPs that passed quality filters [27], and according to the reported genome size
(742.3Mb), they were distributed with an average distance of 107 kb. The total number of
pairwise comparisons less than 160 kb apart was lower in this study (24,751) than in a study
of a Danish apple diversity collection [18] which had 34,563 pairwise comparisons. Reasons
for this variation could be the genotyping methods applied or the quality filter settings
prior to the LD decay estimation. The number of SNP pairs that were <1500 bp apart was
similar, but the average distance (~653 bp) was higher in our study than in a study by
Larsen et al. [18] where the average was ~246 bp. The inter-SNP distance of SNPs in high
LD (r2 > 0.8), were farther apart (~632 bp) than in a similar study of an apple diversity
collection [57] where it was reported that very few SNPs had high LD when the inter-SNP
distance was >100 bp. However, with only 6% of SNPs in high LD at this distance, no
conclusion can be drawn. The lack of a true founder population is likely causing the rapid
LD decay we observe in apples, resulting in high species diversity, as is common in many
perennial fruits [57–60]. As the extent of LD determines the required number of SNPs and
the mapping resolution, the amount of LD between loci is important for the success of
genetic studies, such as GWAS [59]. However, the benefit of genomic analyses of diverse
collections is the possibility of uncovering allelic diversity that would otherwise be ignored
in populations deriving from few founders. The possibility to mine useful alleles from
diverse populations holds great promise in contributing to future apple improvement,
although the prediction accuracies are likely to be lower [56].

4.4. Genetic Structure

A large degree of admixture was observed when considering the results from the structural
analysis, and the first two principal components explained little of the population structure.
K-means clustering separated the NAC into five putative groups (Figure 4), that corresponded
predominantly with geographic regions, species, and known pedigree (Supplementary Figure S6).
The putative grouping of the five clusters was in accordance with the average number of
clusters found in other studies evaluating germplasm population structure [11,12,61,62].

Only two subpopulations were identified when analyzing the population structure
with STRUCTURE and STRUCTURE HARVESTER (Figure 4). The results derived from
using these software options are consistent with the findings from other Nordic apple
collections with Danish, Swedish, and Finnish cultivars [10,11,49]. The ∆K values found in
this study are like those of Liang et al. [33] and Urrestarazu et al. [63], with ∆K > 100, yet
higher than those of the other Nordic apple germplasm collections with ∆K < 1.5 [11,49].
The high number of genotypes (73% when ∆K = 5) without a strong affinity to a specific
group, is reflected in the high number of accessions in admix.

STRUCTURE is a Bayesian modeling approach with prior assumptions of the data: the
absence of genetic drift, ancestral populations in Hardy–Weinberg and linkage equilibrium,
and even sampling among populations, while the PCA and DAPC approaches are model-
free methods for determining population structure [39,64]. The data used in this study
break with some of these assumptions. The sampling was uneven, with most of the
accessions in the collection originating from Norway; hence, one cannot assume Hardy–
Weinberg equilibrium. STRUCTURE and the Evanno method [40,41] are conservative,
tend to underestimate the number of subpopulations, and will merge subpopulations
represented by smaller numbers when working with data from unbalanced designs [65].

Another aspect that might influence the STRUCTURE analysis and its ability to identify
the “true” number of clusters is the presence of a hierarchical substructure in parts of the
data set. Janes et al. [66] found that even when more subpopulations are present, ∆K
frequently identifies ∆K = 2 as the top level of the hierarchical structure. In our case, the
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accession assignment in ∆K = 2 corresponds with the grouping seen in the PCA and DAPC,
showing that the strongest differentiation is between wild and domesticated samples.
However, the PCA and DAPC reveal a substructure among the domesticated samples that
STRUCTURE fails to identify. A possible explanation is the lower hierarchical substructures
being overshadowed by the large differentiation of wild and domesticated samples [66].
When only the domesticated samples in our data were used in the STRUCTURE analysis,
‘four’ was selected as the optimal number of clusters, supporting the theory of the wild
samples concealing the lower subpopulations present.

The heirloom cultivars in the NAC descend from a narrow geographical region sepa-
rated by fiords and mountains far from the center of the dispersal of the cultivated apple.
However, several cities in Norway were part of important trade routes between monasteries,
and later, the Hanseatic trade route, facilitating an exchange of apple genotypes. The Nor-
wegian heirloom cultivars in GC5 developed under selection pressure from distinguished
climatic conditions as well as cultural preferences from the local farming communities, char-
acteristic of the fruit districts in Norway. An indication that the population structure within
the domesticated apple is at least partially due to differences in origin was shown with the
primary axis of genetic structure (PC1) distinguishing heirloom Norwegian cultivars from
North American, Asian, and European cultivars (G1 and G2) (Figure 4).

4.5. Genetic Diversity

Only diploid accessions were considered in the analysis for genetic diversity. Triploid
plants are considered an evolutionary dead-end since they give rise to aneuploid gametes
with low fertility [67]. Hence, diversity conserved in polyploids has a limited degree of
impact as a genetic resource, as triploids are less efficient as parents. Genetic diversity
was not a criterion in the conservation approaches used for selecting germplasm for the
NAC, and unintentional redundancies were therefore anticipated. Regarding the diversity
parameters analyzed, the results are conflicting. The Shannon’s allelic diversity index
(SH) was higher (10.02) than in similar studies [49,68] that have values between 1.78–4.47,
indicating high genetic diversity in the NAC. The SH index independently considers all
allele frequencies, regardless of the locus (marker) to which the allele belongs. Hence,
SH is a suitable criterion for core collections of type CC–I, as the best core collection
should be the one with the maximum attainable value [34]. Yet the second diversity
parameter, the mean expected heterozygosity (He), is lower than it is in comparable studies
of apples using simple sequence repeat (SSR) markers with He-values ranging from 0.75 to
0.81 [11,13,32,49,61], which is unexpected considering the life history traits of the species.
The diversity metrics presented in this study, however, should be interpreted with some
caution. The SNP chip probes’ biallelic nature will hide diversity that would be observed using
methods not restricted to two alleles [69]. This ascertainment bias is not present in methods
allowing for the inclusion of rare alleles, such as SSR markers and genotype-by-sequencing [69].

In order to quickly screen germplasm collections for desirable traits, core collections
have proven to be a useful tool [65,70,71]. Ideally, an optimal core collection would be
representative of the whole collection. Both those reflecting taxonomic classification and
those reflecting the geographic origin present can be of a size that can easily be managed
and distributed, and not contain redundant accessions [34]. It has been demonstrated that
arbitrarily picking collection members results in CC–I and CC–X collections that are less
representative than using distance-based criteria, such as the A–NE and E–NE criteria [34].
The CC–I and CC–X collections created in this research represent the diversity of the whole
collection with only a few accessions included. In many aspects, these two collections fit
the description of an optimal core collection. All the geographic origins of the cultivars
within the collection and the genetic clusters from the structural analysis (Table 2) are
represented within these two core collections. The sizes of these collections are reasonable
for maintenance and there are no redundant accessions included. Compared to the prior
core collection, these core collections will be easier to distribute to interested researchers
and breeders.
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5. Conclusions

Germplasm collections provide valuable resources, representing diversity both among
commercial cultivars and across the genus. The 20 K SNP array analysis in this study
provided robust information regarding diversity, clonal relationships, putative ploidy lev-
els, and kinship within the collection. Such high-throughput SNP genotyping techniques
are useful for GWAS or Genomic Selection where thousands of markers are needed [72].
Given its considerable geographic origins, the collection exhibits a clear genetic structure,
yet little relatedness among the accessions. This study highlights factors that may influ-
ence STRUCTURE and the Evanno method into yielding conservative results, potentially
merging subpopulations represented by smaller numbers, underestimating the number of
subpopulations, and reducing its ability to identify the “true” number of clusters.

The current set of genotypic data adds to the historic data of the NAC, showing a high
phenotypic variability for important traits, such as fruit quality, phenology, and biotic and
abiotic stress resistance. Several of the Norwegian heritage cultivars, such as ‘Haugmann’,
are very winter-hardy. Earliness has been an important goal in the Norwegian Apple
Breeding Program since the very beginning in 1984, and historic phenotypic data suggest a
high variance in the germplasm contained in the NAC. Earlier imports of apple cultivars
and random pollination events have created a gene pool of heritage cultivars, adapted to
local climate conditions, and facilitated a considerable level of diversity.

The core collections developed for the NAC will improve its use and contribute
valuable traits for the development of novel apple cultivars. The next research steps
include further characterization of the collection phenotypically, validation of important
SNPs found in this study, and validation of shared accession identities across the Nordic
germplasm collections.
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