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Abstract Simple sequence repeat (SSR) microsatellite markers have been extensively used to identify
duplication and analyse genetic diversity in germplasm collections of apple. Here, we present findings from the use of a standard set of SSR loci in the
managed repropagation of a significant international
germplasm collection: the UK National Fruit Collection (NFC). A subset of eight SSR loci was deemed
sufficient to distinguish all apart from the clonal relatives across a sample of 1995 accessions, with a single exception being one pair of full siblings. In total,
99% of accessions were able to be confirmed present
and correct after the replacement of trees initially
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identified to be incorrectly propagated. In parallel to
the curation of the collection itself, through an initiative led by the UK local apple enthusiast community,
3373 SSR profiles for apples held in local collections
were compared to the NFC holdings. Overall, in both
sets of material, diversity remained high with average
gene diversity values of 0.800 and 0.812 in the NFC
holdings and local collections, respectively. Accessions in local collections were not found to differ in
their overall coverage of genetic diversity to that of
the NFC collection (FST = 0.0035) although significant numbers of locally valued, and genetically distinguishable individuals were identified, some of which
may represent ‘lost’ cultivars.
Keywords Microsatellite · Apple · Germplasm ·
Local collection · Local cultivar
Introduction
Domesticated apple (Malus x domestica Borkh.) is
one of the most important temperate fruit crops in the
world. Cultivars of apple are propagated vegetatively,
typically by grafting, and field collections of clonal
material and seedlings are held in many countries
where production is based (Bramel and Volk 2019).
Within the UK, cultivated apple is maintained, at a
national level, within the National Fruit Collection
(NFC) owned by the Department for Environment,
Food and Rural Affairs and curated by the University
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of Reading at Brogdale Farm in Kent. As in many
countries with a history of apple growing, the UK
has a number of non-governmental organisations
(NGOs) that have an interest in the local history of
apple cultivars, and a number of these NGOs maintain collections of locally important material. Private
individuals also maintain collections of apples for a
range of purposes, from small-scale production to
research and conservation. Many of these local collectors use the NFC as their reference point for cultivar identification.
Microsatellite markers, also known as simple
sequence repeat markers (SSRs), have been available
in apple for many years (Guilford et al. 1997) and
their utility for the assessment of germplasm has been
tested on numerous occasions. Early studies (Hokanson et al. 1998) established that the technology was
able to differentiate material in collections. Numerous subsequent studies have utilised SSR markers to
screen collections for duplication and diversity (Ferreira et al. 2016; Garkava-Gustavsson et al. 2008,
2013; Gasi et al. 2016; Gasi et al. 2010; Gharghani
et al. 2009; Gross et al. 2014, 2012; Guarino et al.
2006; Marconi et al. 2018; Patzak et al. 2012; PereiraLorenzo et al. 2007; Pereira-Lorenzo et al. 2017;
Testolin et al. 2019; van Treuren et al. 2010) and to
identify core collections and subsets (Kim et al. 2019;
Lassois et al. 2016; Liang et al. 2015; Pereira-Lorenzo et al. 2018), mostly on a national basis. Further
studies have used the technology to examine parentage in pedigreed material (Cabe et al. 2005; Evans
et al. 2011; Kitahara et al. 2005; Lassois et al. 2016;
Moriya et al. 2011; Salvi et al. 2014) and compare
the genetic diversity held across larger regions such
as Europe (Urrestarazu et al. 2016). An original SSR
dataset for the UK NFC was initially developed by
Fernandez–Fernandez (2010) and updated during
subsequent curation of the collection (Ordidge and
Venison 2018). The NFC dataset was based on the
first priority group of loci proposed by the European
Cooperative Programme for Plant Genetic Resources
(ECPGR) Fruit Network (Fernandez-Fernandez
2013). This recommended set of loci was developed
with the view of allowing collaboration between collections through the alignment of data. Recent efforts
have attempted to align SSR data from multiple collections within a network of European researchers; a
Malus UNiQue genotype code (MUNQ) as a development from the FBUNQ code described by Urrestarazu
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13

et al. (2016) has been allocated to a number of genotypic profiles of apple (Denancé et al. 2020; Muranty
et al. 2020).
For reasons of efficiency and ease of management,
many field collections of apple, similar to commercial
orchards, are maintained on dwarfing rootstocks. It
is generally accepted that dwarfing stocks reduce the
longevity of trees, although an age of approximately
50 years on ‘M9’ rootstock is not uncommon. Consequently there is a need for field collections to be
cyclically repropagated.
The apple collection at the NFC has been through
a number of repropagation events in recent times,
beginning when the collection was relocated and
established at Brogdale Farm in the early 1950s. This
collection (NFC1) was then repropagated and planted
out as NFC2 during the years 1975–1978 before the
most recent repropagation event, which has recently
been completed as NFC3.
Inevitably, through the collection of dormant
graftwood, the grafting and maintenance of trees in
a nursery and the planting out of the newly repropagated trees, there are opportunities for error and mislabelling. Genetic markers offer an opportunity to
improve grafting verification, from the basis of comparing material, often fruit, at a morphological level;
they are not affected by the age of tree or micro-environmental factors and can be applied on trees that
are younger than those reliably producing fruit for
comparison. Both microsatellite markers (Irish et al.
2014) and single nucleotide polymorphisms (Olasupo et al. 2018) have been used previously to identify
propagation errors during the management of collections of similarly vegetatively propagated crops.
Collections of apples, and other fruit, held by
NGOs have been aligned as part of national conservation strategies in some countries (Flachowsky
2011; Kellerhals and Egger 2004). The potential
for national collections of germplasm to be complemented by collections of material held by NGOs
(Lassois et al. 2016; Marconi et al. 2018; van Treuren
et al. 2010), farmers (Pereira-Lorenzo et al. 2008) and
private individuals (Gross et al. 2018; Magby et al.
2019; Routson et al. 2009) as well as the potential to
identify significant trees in historic orchards on public land (Volk et al. 2021) has been investigated with
the aid of SSR analysis through a number of research
projects. It remains however, less common for these
comparisons to be led by the local community itself.
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Here, we present the findings of the evaluation of
the repropagated NFC3 apple collection using SSR
markers. We discuss the ability of this approach to
both curate the collection itself and the associated
dataset detailing SSR profiles for the individual accessions. We also discuss the findings of a recent initiative, led by the UK apple volunteer community to use
microsatellite technology as a method of identifying
unknown material and questioning uncertain material in local collections, using the NFC as a reference
point (the fruitID [DNA] scheme (fruitID 2021)). We
highlight an approach to recognize the genetically
distinguishable material held in local (NGO and private) collections through a publicly available Register
of Local Cultivars.

Materials and methods
Plant material and DNA extraction
Young leaf material was collected from 3985 trees
in the NFC3 apple collection. The samples represented 1997 accessions, the vast majority (1981) of
which were each represented by two trees in the collection (this total includes the resampling of seven
trees following their replacement after initial analysis). All leaf samples were stored at − 20 °C prior
to extraction, which was carried out using the QIAGEN DNeasy 96 Plant Kit according to the manufacturer’s protocol. A series of additional samples were
collected in order to either correct sampling errors,
check allele size calling queries, confirm repropagation errors or to confirm where new profiles indicated
errors in the prior dataset.
Approximately 3400 samples from the local
groups were collected as part of the fruitID scheme
by individual participants; young leaf material was
collected wherever possible. Prior to collection, a
sample submission form was completed by each participant and the participant was supplied with a number of pre-labelled collecting envelopes to ensure that
all samples in the scheme were sequentially labelled
for downstream analysis. DNA extractions were performed at NIAB-EMR using the protocol described
by Edge-Garza et al. (2014) with the modification
that 5 M sodium chloride was used instead of 6 M
ammonium acetate. DNA pellets were re-suspended

in 10 mM Tris–HCl pH 8.0 and diluted to 5 ng/µl for
use.
PCR amplification and fragment length analysis for
NFC samples
For the analysis of NFC3 samples, only the small
(CH04c07 [6-FAM], CH01h01 [NED], Hi02c07
[PET], CH01h10 [VIC]) and large (CH04e05
[6-FAM], CH02c11 [NED], CH02c09 [PET],
CH02d08 [VIC]) multiplex sets (Fernandez-Fernandez 2013) were initially used. Forward primers were
labelled at the 5′ end and small and large multiplex
sets were pooled together. Each reaction was carried
out in a final volume of 11 µL containing approximately 10 ng genomic DNA and each primer at a
concentration of 0.2 µM. The QIAGEN Type-it™
Microsatellite PCR kit (QIAGEN, MD, USA) was
used for all reactions according to the manufacturer’s
basic instructions (without the addition of Q-solution). In cases where the findings suggested an error
in the original dataset (Fernandez-Fernandez 2010),
or where prior data were not available, the medium
multiplex set (CH01f02 [6-FAM], GD12 [NED],
GD147 [PET], CH01f03b [VIC]) (Fernandez-Fernandez 2013) was additionally amplified in order to
produce a complete new profile for the accession.
All reactions were carried out in an Applied Biosystems Veriti 96-well thermocycler (Applied Biosystems, MA, USA). Amplification was performed as
follows: 5 min at 94 °C; 10 cycles of 30 s at 94 °C,
90 s at 60–50 °C reducing by 1 °C per cycle, and 60 s
at 72 °C; 25 cycles of 30 s at 94 °C, 90 s at 50 °C
and 60 s at 72 °C, with a final stage of 30 min at
60 °C. Following amplification, PCR products were
separated on an Applied Biosystems 3730xl capillary
sequencer by Source Bioscience (Nottingham, UK)
using a LIZ 500 standard.
Fragment analysis was carried out using Genemapper™ 5.0 software (Applied Biosystems, MA, USA).
Bins were set on the basis of an initial comparison of
a series of samples which were visually aligned with
the data in the *.fsa files from the original dataset
(Fernandez-Fernandez 2010) on the basis of accession name and tree position. Following this initial
comparison, an adjustment factor was placed on each
bin, in order to output data such that identical alleles
would align with the rounded sizing of the original
scores. Subsequent samples were analysed using this
Vol.: (0123456789)
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bin set and allele calls were compared directly with
the original dataset (Fernandez-Fernandez 2010).
PCR amplification and fragment length analysis for
fruitID scheme samples
PCR reactions for the fruitID scheme samples were
carried out using two multiplexes. Multiplex SL
included the previous small (CH04c07 [6-FAM],
CH01h01 [NED], Hi02c07 [PET], CH01h10 [HEX])
and large (CH04e05 [6-FAM], CH02c11 [NED],
CH02c09 [PET], CH02d08 [HEX]) multiplex
sets. Multiplex M included the medium locus set
(CH01f02 [6-FAM], GD12 [NED], GD147 [PET],
CH01f03b [HEX]) (Fernandez-Fernandez 2013).
Amplification was performed in 13 µl volumes using
the Type-it™ Microsatellite PCR kit (QIAGEN, MD,
USA) according to manufacturer’s protocol, with
0.2 µM of each primer. Thermal cycling was carried
out in a Veriti 96 well thermal cycler (Applied Biosystems, MA, USA) as follows: initial 5 min denaturation at 95 °C; 10 touchdown cycles comprising
a 30 s denaturation step at 95 °C, followed by 90 s
of annealing starting at 55 °C in the first cycle and
decreasing 0.5 °C per cycle, and 30 s of extension at
72 °C; 20 cycles of 30 s at 95 °C, 90 s at 50 °C and
30 s at 72 °C; and a final extension step of 30 min at
60 °C. The ECPGR reference genotypes ‘Delicious’,
‘Fiesta’, ‘Malling 9’, ‘Michelin’, ‘Prima’, ‘Worcester
Pearmain’, ‘Malus robusta 5’ and ‘Malus floribunda
821’ were included, in earlier analysis such that at
least three standards were included in each plate and
in later analysis such that at least one standard was
present per 16-capillary injection.
Following PCR amplification, products were
diluted (1:10) and 1.3 µl separated using an ABI
3130xl Genetic Analyser (Applied Biosystems, MA,
USA). Data were collected and alleles sized using
Genescan® and Genotyper® software applications
(Applied Biosystems, MA, USA). Estimated allele
sizes were rounded and harmonized using Excel
(MS Office) following automated scoring and sizing
in Genotyper® software (Applied Biosystems, MA,
USA). Allele sizing was harmonised across plates
according to the profiles obtained for the ECPGR
standards.
Harmonised allele profiles were compared using
GenAlEx software (Peakall and Smouse 2006; 2012)
in order to identify matches and near matches (the
Vol:. (1234567890)
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number of loci used to identify near matches being set
at 16 out of 24). Potentially matching profiles were
subsequently assessed and verified manually in order
to allow for miscalls due to stuttering and null alleles.
Profiles were compared to a database of genotypes
including both the NFC dataset and unpublished data
from previous analysis of collections held by the Irish
Seedsavers Association, University College Dublin
(both in the Republic of Ireland) and National Trust
Cotehele, UK. MUNQ codes were applied following the comparison of genotypes with the existing
MUNQ code set (Denancé et al., in prep).
Amalgamation of NFC3 data with prior datasets
Where reproduced allele scores from the small and
large multiplex sets were in agreement with the
prior dataset (Fernandez-Fernandez 2010; Ordidge
and Venison 2018) (allowing for the re-calling of a
small number of alleles), the original scores in the
prior data for the alleles in the medium multiplex
were assumed to be correct and were not reproduced.
In cases where the profile was judged to be in disagreement, the medium multiplex was reproduced in
order to either confirm or reject the error and, where
necessary, produce a complete new profile for the
accession. The alleles of the medium multiplex were
imputed from what was deemed to be a correctly
scored clonal relative in a subset of cases where the
original profile in the prior data had been found to
be in error and the suggestion of clonality from the
reproduced data for the small and large multiplex
were supported by previous independent findings
(Ordidge et al. 2018). Consequently, a dataset was
produced that included an amalgamation of original and new allele scores for the medium multiplex.
These data were further amalgamated with prior data
(Fernandez-Fernandez 2010; Ordidge and Venison
2018) for a series of accessions that were still in the
repropagation process, a small number of accessions
that had died since the prior analysis and any accessions that were either not scheduled for, or had been
excluded from, repropagation i.e. the NFC cider collection and a series of duplicate accessions that had
been marked for deaccession (Online Resource 1;
Venison and Ordidge 2022). Again, MUNQ codes
were applied following the comparison of genotypes
with the existing MUNQ code set (Denancé et al., in
prep).

Genet Resour Crop Evol

Generation of genetic diversity metrics
NFC data were initially screened to retain 1835
entries distinguishable by allocated MUNQ code
(Online Resource 1). fruitID scheme data were
screened to retain only entries (982) that were distinguishable from the NFC dataset across any of the
12 loci (Online Resource 2). Diploid, triploid and
tetraploid entries (identified by either allele number
or prior knowledge) were retained and allele frequencies, gene diversity (Nei 1978) and FST (Weir and
Cockerham 1984) were generated using SPAGeDI
1.4 (Hardy and Vekemans 2002). As per Testolin
et al. (2019) and following the suggestion of Jamshidi
and Jamshidi (2011) data were subsequently converted to a binary format in order to allow the inclusion of polyploid entries within AMOVA (Excoffier
et al. 1992) and PCoA which was carried out using
GenAlEx 6.503 (Peakall and Smouse 2006, 2012).
Following the removal of all accessions with any
loci reporting more than two alleles (291 accessions indicating potential triploidy/tetraploidy in the
NFC set) a further reduced diploid-only dataset of
1544 accessions from the NFC set only was used to
estimate a non-exclusion probability using Cervus
3.07 (Kalinowski, 2007).
Results
SSR data summary for the NFC
In total 3982 SSR profiles representing 1995 accessions were produced from the NFC3 samples (three
additional samples, which should have represented
two further accessions, were deemed to be sampling
errors and data were not analysed further).
Identification of NFC propagation errors
The eight loci in the small and large multiplexes were
sufficient to allow the identification of 1849 genotypes (Venison and Ordidge 2022). An additional 16
profiles could be distinguished when considering the
full set of 12 loci; however, 14 of these were distinguished only by either null alleles or allele size differences of 1–2 bp (seven profiles each). The majority of these differences was found in loci GD147 and
CH01f02 (six and five instances respectively). The

remaining two instances included one pair of accessions (2011–042 Reinette du Mans and 1947–143
De Jaune) held under cultivar names believed to be
synonymous, suggesting the distinguishing factor to
be a potential error in the data, and another where the
additional loci distinguished between two accessions
(1948–022 Downton Pippin and 2000–102 Yellow
Ingestrie) of cultivars documented to be full siblings
(Hogg 1884).
Within the group of 1849 genotypes, a further set
of 16 instances was identified in which accessions
with differing genotypes had been allocated to the
same MUNQ code and in all cases the distinguishing elements were either null alleles or allele size differences of 1–2 bp (Online Resource 1; Venison and
Ordidge 2022).
Out of the 3982 repropagated trees that were
able to be tested, 78 (2%) indicated an initial error
in repropagation. In 33 cases the incorrect tree was
confirmed to be a ‘Golden Delicious’ interstock, as a
result of a failed graft; in 45 cases trees were found
to have been mixed up during either repropagation
or planting. Following the replacement of the seven
trees that were able to be repropagated during the
analysis, a total of 1987 of the 1995 accessions (99%)
were accepted to have at least one tree present and
correct (Online Resource 1). The remaining accessions were either found to be missing as the result of
propagation errors in both trees (eight accessions) or
could not be tested due to sampling error (two accessions, as above).
Improvement of the dataset through reproduction
Prior scores for the medium multiplex were retained
for 1695 accessions. Either a new or confirmatory medium multiplex score was produced for 251
accessions and 25 profiles contained medium multiplex scores imputed from what was deemed to be a
clonal relative (Online Resource 1). Following the
amalgamation of the newly produced and compiled
profiles with the prior data for accessions that had
not been repropagated, and the removal of replicate
entries from pairs of replicate trees, the total number
of profiles in the combined dataset was 2206 (Online
Resource 1; Venison and Ordidge 2022). The samples
required to produce new medium multiplex scores for
16 accessions were either missed, or failed during the
analysis, and with the exception of the three examples
Vol.: (0123456789)
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described below, the profiles for these accessions are
lacking medium multiplex scores in the combined
dataset (Venison and Ordidge 2022).
Out of the 1987 profiles that were produced for
trees considered to be correct, 259 (13%) were found
to have discrepancies from the profiles reported in the
original data (Fernandez-Fernandez 2010) (Online
Resource 1). One hundred and ninety-seven of these
(10% of the total) were discrepancies in allele calling but all were deemed to be a matter of differential
scoring rather than sample error. Of these, 104 cases
(53%) represented instances where the original profile was deemed to be either more complete or accurate, 66 cases (34%) represented instances where
the reproduction of the profile justified a change in
allele size calling from the original call and 27 cases
(14%) represented instances where additional alleles
were added. A complete change in the data entry
was deemed to be necessary in 62 cases (3% of the
total) and this was because either the correct profile
was missing (due to samples being missed or due to
sampling error resulting in false double entries) or
because two samples had been inadvertently swapped
around in the prior analysis. Of these complete errors,
22 (35%) had been previously identified on the basis
of having reported false duplication in the prior dataset and 26 (42%) were completely unexpected, the
remaining 14 (23%) were simply missing entries.
Fourty-one further entries were entirely new as these
were for trees that had been accessed after the time
of the prior analysis. A small number of adjustments
to allele calling were made to the non-reproduced
profiles from prior analysis on the basis of comparison to the reanalysis of samples deemed to be clonal
replicates.

as being indistinguishable from at least one other
sample within the scheme, and 696 samples (55%)
were distinct from any other sample (Online Resource
3).
Of the 2112 samples identified to match accessions in the NFC, approximately 560 cultivars were
represented (accepting that in a few cases the cultivar identification was not completely resolved due to
either missing data or uncertain allele calls); the most
common cultivar to be identified was ‘Bramley’s
Seedling’ followed by ‘Blenheim Orange’ and ‘Newton Wonder’ (Fig. 1). The 494 samples distinguishable from the contents of the NFC and other reference
collections but replicated within the scheme, were
judged to represent 176 duplicate groups by MUNQ
code. In agreement with minor allele calling discrepancies and occasional missing data, the groupings
included nine MUNQ subcodes (Online Resource 2).
Members of these duplicate groups were often distributed across multiple sites; the most common were
identified on between seven and 13 occasions from
six to eight sites (Online Resource 3). Overall, 127
of the duplicate groups distinguishable from the NFC
contained samples identified across two or more sites.
Genetic diversity in the local collections
Allele number across both sets of samples ranged
from 21 to 38 with an average of 30.7 alleles per locus
(Table 1). The NFC and fruitID scheme samples had
similar mean allele numbers (24.7 and 25.7, respectively) although there was a clear difference in the

In the analysis of material submitted by the local collections a total of 3373 profiles were produced during 2016–2019. Of these, 2112 (63%) were judged to
match with existing accessions in the NFC (including nine examples that were later deemed to match
following MUNQ allocation) and 1261 (37%) were
judged not to be present in the NFC. Of the profiles
not represented in the NFC: 71 samples (6%) were
judged to match another sample identified previously
by the fingerprinting of other reference collections
(mostly in Ireland); 494 samples (39%) were grouped
Vol:. (1234567890)
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Cultivar

Identification of novel material in local collections

Bramley's Seedling
Blenheim Orange
Newton Wonder
Warner's King
Annie Elizabeth
Ribston Pippin
Perthyre
Worcester Pearmain
Laxton's Superb
Beauty of Bath
Cox's Orange Pippin
King of the Pippins
0

20

40

60

80 100 120 140

Number of times identified
Fig. 1  Distribution of the 12 most commonly identified cultivars in the fruitID scheme
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0.037
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0.108
0.055
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0.335
0.469
0.331
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0.355
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5.64E−6

94–135
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0.822
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0.843
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0.824
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0.831
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94–140
84–140
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158–221
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193–258
198–261
226–264
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0.844
0.673
0.867
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0.831
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*

For all Fst values p ≤ 0.0005

0.0040
0.0029
0.0038
0.0020
0.0026
0.0054
0.0036
0.0045
0.0049
0.0021
0.0030
0.0037

Fst*

30.7 24.8 0.806 0.0035

29
30
38
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34
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Size range (bp) A

NFC and fruitID scheme combined (n = 2817)

A, Allele number; B, Rare (frequency < 0.05) allele number; C, Private (present in only one sample set) allele number; GD, Gene diversity; NE, Non-exclusion probability

CH04c07
CH01h10
CH01h01
Hi02c07
CH01f02
CH01f03b
GD12
GD147
CH04e05
CH02d08
CH02c11
CH02c09
Combined
Mean

Locus

Table 1  Genetic diversity parameters assessed for 12 SSR loci across distinguishable samples from the NFC and fruitID scheme
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re-analysis of the remaining 2792 samples by principal coordinates analysis (Fig. 2) found that the two
sets of samples are not differentiated and that little
variation was explained by the main two coordinates
(3.62 and 3.11%, respectively). This was supported
by the analysis of molecular variance carried out
both before and after the removal of samples which
revealed that 99% of the molecular variance was
found within the sample sets, with only 1% of the variance explained by differences among the two sample
sets. In line with this, the F
 ST values generated across
all loci and the full set of (2817) samples indicated
that genetic differentiation between the NFC and
fruitID scheme samples was very low with values per
locus ranging from FST = 0.002 to FST = 0.0054 with a
mean of FST = 0.0035.
Discussion
Demonstration of use of SSRs in collection
management
Our findings provide a clear demonstration of the
utilisation of SSR marker technology in the active
management and repropagation of germplasm collections. As far as we are aware, despite the large number of analytical studies that have created reference
datasets, this is the first reported case of the use of
0.4
0.3
0.2

PC2 (3.11%)

individual allele number for some loci between the
two sample sets (specifically CH01h01 and CH04e05
where allele number differed by 14 and nine, respectively). The mean numbers of rare (frequency < 0.05)
and private (present in only one sample set) alleles
were also similar in the NFC and fruitID scheme
samples (averaging 19 and 19.7, and 5 and 6, respectively); however, there remained a marked difference
in the rare and private allele numbers for CH01h01
and CH04e05 (differing by 13 and nine alleles in the
rare and 14 and nine alleles in the private, respectively). As a consequence, the range in the number
of private alleles was larger in the fruitID scheme
samples (one to 17 as opposed to one to seven in the
NFC samples). All private alleles were classified as
rare and consequently the average number (24.8)
and range (15 to 34) of rare alleles across the whole
dataset was larger than in each of the sample sets.
The allele size range differed between the NFC and
fruitID scheme samples due to the presence of private
alleles at the extremes of the range, although this was
most noticeable for CH01f03b and CH04e05 (where
the size range differed by 39 bp and 22 bp, respectively). However, for the common alleles (freq > 0.05)
the allele number from both the NFC and fruitID
scheme samples was highly similar (differing by a
maximum of two alleles for GD12 and either zero or
one for all other loci) and was also highly similar to
that of the combined dataset (differing by a maximum
of one allele per locus).
Gene diversity (Nei 1978) was similar in the NFC
and fruitID scheme samples and ranged from 0.654 to
0.902 and 0.665 to 0.910 with an average across all
loci of 0.800 and 0.812, respectively. The combined
non-exclusion probability, generated only from the
NFC samples, ranged from 5.64 × 10–6 when including full-sibs to 1.06 × 10–15 when full-sibs were not
considered. The combined non-exclusion probability when considering only the eight locus set ranged
from 3.18 × 10–4 (full sibs) to 9.75 × 10–11 (unrelated).
Initial analysis of principal coordinates found a
small number of entries (16 NFC, 9 fruitID) to appear
as clear outliers. On checking, these were all missing substantial amounts of data: the 16 NFC samples
represented all of those that were missing data for all
four loci in the medium multiplex scores; the fruitID
scheme samples were missing data for between one
and six loci. In all cases samples were missing data
for GD12. These 25 samples were removed and
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Fig. 2  Principal Coordinates analysis depicting the distribution of samples over the first two coordinates. NFC samples
are indicated by open triangles and fruitID scheme samples
are indicated by grey squares. The percentage of variation
explained is indicated on each axis
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genetic markers to support wholesale repropagation
in a germplasm collection of apple.
In addition to the management of germplasm, the
necessity to repeat the analysis of accessions served
to test and improve the overall standard of the prior
dataset and 92 profiles were improved through usage.
A further 62 additional profiles were produced for
samples that had been either erroneously sampled
or handled in the prior analysis. It is notable that in
the vast majority of cited examples of SSR analysis
within germplasm collections, with the exception of
Testolin et al. (2019), no thorough replication of sample analysis was reported to have been carried out.
Subsets of samples were systematically replicated by
Patzak et al. (2012) and Urrestarazu et al. (2016) for
the purposes of checking reproducibility or aligning
pre-existing data, but it appears to be the norm for
most genetic analyses of fruit tree germplasm collections to be unreplicated. We acknowledge that this
is a practicable solution to what is often a limitation
in funding for such work. In line with this, the prior
analysis of the NFC collection itself was not, with the
exception of a few problematic profiles, replicated
until now (Fernandez-Fernandez 2010) and neither
was the genetic analysis for the purposes of identification within the fruitID scheme samples that we report
here. The percentage of wholly corrected profiles was
relatively low (3%), reflecting only a small number
of sampling errors, and we would expect that most
general analyses of diversity would not be greatly
affected by this. However, instances of error would
confound efforts to identify new material of matching genotypes and there will no doubt be cases of
sampling error that become apparent in any attempts
to align datasets across multiple countries (as has
already been found to be the case during MUNQ allocation). Previous authors have noted that sampling or
experimental error remains a possible explanation for
a small number of otherwise unexplainable findings
in such analyses (Ordidge et al. 2021; van Treuren
et al. 2010).
One important sampling error from the prior data
that was resolved in this analysis related to an original
switch in sampling between the accessions 1926–023
Saltcote Pippin and 1955–008 Rubens (itself notable as a prior use of the name to that of the modern
cultivar ‘Civni’). The consequence of this original
error was that the allocation of the accession name to
MUNQ code was originally incorrect and therefore

the finding in Muranty et al. (2020) that MUNQ
767 was an offspring of ‘Knobby Russet’ and ‘Cox’s
Orange Pippin’ (MUNQs 1946 and 163 respectively)
was, in fact, a finding for ‘Saltcote Pippin’ as the
corrected accession name for MUNQ 767. This corrected relationship is in agreement with the updated
SSR dataset and dates of origin for the cultivars
(Smith 1971).
Number of loci required for identification
We determined that the subset of eight loci was sufficient to distinguish practically all apart from the
clonal relatives in the collection, the likely single
exception being a pair of full siblings and we took
this to confirm that they were sufficient for the identification of repropagated material. Of the 14 cases
in which profiles were indistinguishable using eight
loci but distinguishable by 12 loci and the additional
profiles were only differentiated by either null alleles
or 1–2 bp size differences, all the accessions had previously been placed within the same MUNQ group
as those that they matched by eight loci (Denancé
et al. 2020); and in the 12 of these groupings that had
been analysed by DArT, all were previously considered to be indistinguishable (Ordidge et al. 2018).
The instance in which accessions held under cultivar
names believed to be synonymous (2011–042 Reinette du Mans and 1947–143 De Jaune) were identical across eight, but not across 12 loci was judged
to most likely reveal a potential error in the data, and
this would be worthy of further investigation. The
instance in which a pair of accessions of cultivars
documented to be full siblings (1948–022 Downton
Pippin and 2000–102 Yellow Ingestrie) could not be
distinguished using the eight loci set may indicate a
genuine limit in the ability to distinguish by eight loci
alone. The former of these last two cases had already
been given MUNQ subcodes in recognition of this
uncertainty and the latter had simply been given different MUNQ codes as recognition of them being
truly independent genotypes (Denancé et al. 2020).
Of the 16 instances in which accessions with differing
genotypes for the eight loci set had been allocated to
the same MUNQ group (again, where the differentiating factors were all either null alleles or allele size
differences of 1–2 bp), 15 had been analysed by DArT
and all of these groupings had been previously considered to be indistinguishable (Ordidge et al. 2018)
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in agreement with their MUNQ allocation. It is possible that these represent allele calls that could still be
further refined and an equivalent level of minor variation was accepted in the allocation of MUNQ groupings (Denance et al., in prep). It is also notable that in
a small number of cases, we reproduced allele scores
which were not in complete agreement with clonal
groupings (e.g. 1973–092 Golden Morspur, a documented sport of Golden Delicious that is differentiated by a missing [222 bp] allele in CH02d08 and an
enlarged [219 vs 217 bp] allele in CH02c11 from all
other Golden Delicious clones in the collection; and
a variability in the presence/absence of the 118 bp
allele of Hi02c07 in a group of documented Belle de
Boskoop clones), or ploidy allocation (e.g. 2004–049
Queen Mary and 1975–317 Mother which consistently report a third allele [129 bp] for CH04c07 in an
otherwise apparently diploid profile) and these may
be worthy of further investigation.
With specific respect to the apparent CH02c11
allele shift in 1973–092 Golden Morspur, it was also
notable that in the confirmation of profiles for accession 1947–051 Ijzerappel, an initial difference in
one of the allele scores at this locus (again, 217 vs
219 bp) was observed from the prior dataset. However, on repeating the analysis from both of the original NFC 2 trees (on one of which the prior dataset
was based) it was found that the two trees differed in
the scoring of this allele, with one tree scoring 217 bp
and the other scoring 219 bp and it would appear that
the NFC3 replicates had both been grafted from tree
47_64 which reported the smaller allele despite the
original trees being considered to be clonal.
All of the studies previously cited analysed
between seven (Routson et al. 2009) and 21 (Lassois
et al. 2016) SSR loci, with the exception of Evans
et al. who analysed 80 loci, as part of their wider
attempt to identify quantitative trait loci through pedigree-based analysis (Evans et al. 2011). In the case
with fewest markers (Routson et al. 2009) the authors
supposed that any matching profiles were an indication of material being clonally related and therefore
samples representing either synonymous or clonally
related cultivars, or having been mislabelled. A number of further studies deemed either eight or nine SSR
loci to be sufficient for comparison of material and
the assessment of basic genetic diversity (GarkavaGustavsson et al. 2013; Gasi et al. 2016; Gharghani
et al. 2009; Gross et al. 2014, 2012, 2018; Hokanson
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et al. 1998; Magby et al. 2019). The non-exclusion
probabilities we report for the NFC dataset are of
similar magnitude in comparison to the same set of
loci studied by Lassois et al. who reported findings
for individual loci that compute to 5.2 × 
10–16 (12
–11
locus set, unrelated) and 3.18 × 
10
(eight locus
set, unrelated) (Lassois et al. 2016) although are proportionally higher in comparison to a different set of
nine loci studied by Gross et al. (2018) who reported
a probability of 5.4 × 
10–14 (unrelated). We would
agree that this number of loci is sufficient for germplasm management, although a larger locus set allows
for an element of redundancy in studies that are not
replicated, such that occasional erroneous calls can
be accepted or ignored. Studying larger numbers of
loci also allows for a more detailed assessment of
genetic diversity and structure (Lassois et al. 2016)
although this was not the objective of our study, since
both diversity and structure have been assessed in
other studies using part, or all, of the NFC collection
(Ordidge et al. 2018; Urrestarazu et al. 2016).
Value of the dataset
The dataset associated with this work has the potential
to make a valuable contribution towards the efforts of
the European Cooperative Program for plant Genetic
Resources. We have incorporated the MUNQ values
allocated to the NFC genotypes through the previous
(Urrestarazu et al. 2016) and ongoing alignment of
data (Denancé et al. 2020). The NFC is widely recognised, largely thanks to the work of previous curators, as one of the best-verified sources of true to type
cultivar accessions in Europe and the collection has
the potential to aid with resolving accession queries
across numerous collections. We also expect, given
the nature of distribution and historical renaming of
many old cultivars of apple, that alignment with other
international collections will further aid with the
curation of the NFC collection itself.
Identification of wider diversity (with local value)
As is generally the case in apple, gene diversity scores
for both sample sets were high and this is in keeping with apple being a self-incompatible outcrossing
species. However, the overall measures of genetic
diversity that we report failed to clearly distinguish
between the fruitID scheme samples and the NFC.
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Principal coordinates analysis was unable to distinguish between the groupings and this was in line with
a very low mean value for FST (0.0035 P < 0.0001)
between the two sets. Much larger, but still relatively
low values for F
 ST have been reported for the analysis
of local collections from Spain (0.057 ≤ FST≤ 0.12)
(Pereira-Lorenzo et al. 2007; Pereira-Lorenzo et al.
2018; Pereira-Lorenzo et al. 2008; Pereira-Lorenzo
et al. 2017), Bosnia and Herzegovina 
(FST = 0.06)
(Gasi et al. 2010), Portugal (FST = 0.074) (Ferreira
et al. 2016), and France (FST = 0.048 [old cider cultivars] FST = 0.031 [old dessert cultivars]) (Lassois
et al. 2016) when compared against sets of more
modern international and commercial cultivars and
for the comparison of local material from different
European regions (0.015 ≤ FST ≤ 0.042) (Urrestarazu
et al. 2016). Differing results have been found from
studies in Italy where F
 ST values of 0.056 and 0.147
have been reported (Liang et al. 2015; Marconi et al.
2018), the higher value being specific to Central Italian local material and being generated after identifying groups by Bayesian analysis and removing the
admixed accessions. A lower level of differentiation
(FST = 0.014) was found between old dessert and
old cider accessions in France (Lassois et al. 2016)
and it is notable that we did not attempt to distinguish between the potential use of accessions in our
analysis.
Whilst our use of F
 ST to compare between material in local collections and an international genebank
is slightly different to many of these previous studies, the primary objective of our analysis was to test
whether the material identified through the fruitID
scheme would clearly add to the genetic diversity
maintained in the NFC collection. The lack of differentiation in our analysis may, in part, be a reflection
of both the coverage of the NFC collection, and the
range of material in local collections within the UK.
The NFC collection has developed over many years
(the earliest accessions dating to 1905). The objectives of the collection have ranged from acting as a
reference source for named cultivars, through the collection of local and commercially interesting international cultivars in line with commercial trialling and
the assessment of plant variety rights, to its current
primary objective as a genetic resource. It would seem
that overall, on the basis of our analysis, the local collections included in the fruitID scheme do not clearly
differentiate from the range of genetic diversity held

within the collection, although a more detailed analysis of genetic diversity and potential subpopulation
structure would be required to investigate this further.
We would note that our previous findings on the NFC
collection as a whole, were that analysis of structure
revealed a “complex and historically admixed group
for which clear clustering was challenging” (Ordidge
et al. 2018). Only 9–10% of accessions were strongly
allocated to any of the major clusters and no particularly clear geographical differentiation was identified.
For example, there was not a distinct cluster of UK
material equivalent to that reported from studies in
Spain (Pereira-Lorenzo et al. 2017). A similar lack of
distinct clustering was reported from analysis of local
material in the Danish genebank (Larsen et al. 2017).
Given the very low value we report for FST (0.0035
P < 0.0001) and the result of AMOVA, the finding by
Urrestarazu et al. (2015) that the priority marker sets
(of up to 12 SSR loci) are only able to detect major
divisions or moderate 
(FST > 0.05) differentiation,
would suggest that additional loci would need to be
included to make such an analysis meaningful.
In a study with similarity to our own, relatively
little differentiation was reported between a set of
local material in Northern Minnesota and the USDA
collection (Gross et al. 2018), which in many ways
is equivalent to the NFC collection in already containing a large range of both local, commercial and
international cultivars. Conversely, the lack of overall differentiation could be taken to suggest that the
majority of cultivars assessed in the fruitID scheme
are likely to originate from a similar range of material to that which has been included within the NFC
collection, and this would reflect the fact that many
cultivars of apple have been brought into the UK
from Europe and the rest of the world over the past
centuries. Whilst many of the fruitID scheme samples were cultivars found in old orchards and gardens, a number of them were feral seedlings and
these findings are also in agreement with the finding
that feral seedlings in southern Canada were mostly
descendants from the cultivated gene pool (Cronin
et al. 2020).
Of the samples identified within the fruitID
scheme, it was perhaps not surprising that the most
commonly identified cultivars are all well-known, the
majority of which originate from the UK before the
start of the twentieth century. It is also notable that
four out of twelve of them are triploids.
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Although overall genetic diversity was not readily distinguishable, a number of novel and potentially
rare alleles were identified in the fruitID scheme
samples and it is possible that these reflect elements
of diversity that are not currently represented in the
NFC. As with all unreplicated analysis, this finding
should perhaps be treated with an element of caution, and in a number of cases the private alleles were
scored at single integers in an otherwise di-nucleotide
repeat; a thorough check on allele calling for loci
exhibiting large numbers of rare alleles offset from
the more common allele range would be valuable to
confirm whether these are reproducible. Perhaps with
the addition of further loci, it could also be possible
to investigate these alleles through the identification
of potential parent–offspring relationships, in which
incorrectly allocated alleles would appear as inconsistent Mendelian errors.
Nonetheless, many of the trees that were found
to be unmatched in the NFC have been identified as
having local value, sufficient for them to be included
within private and non-governmental collections and
some of them are proposed as potential findings of
older cultivars. All of them were deemed to be sufficiently interesting to commission the generation of
a DNA fingerprint, either in an attempt to identify
them, or in order to confirm their uniqueness (a number of the samples were presumed or known seedlings). Whilst there is currently no plan to expand the
national system to include decentralized holdings, it
would be worthy to note that there remain genetically
distinguishable accessions of material that have been
deemed to have sufficient local and cultural value to
be maintained by the local collections outside of the
NFC. A number of genotypes were found repeatedly
within the fruitID scheme but could not be identified
against the NFC database. That they were found in
multiple places is an indication that they have been
put into cultivation and distributed by grafting and
again, this can be taken as an indication that they
have previously been identified to have value.
In an attempt to address the large number of
novel cultivars and seedlings that had been identified through the fruitID scheme, a UK Register of
Local Cultivars has been launched. Like the fruitID
scheme itself, this has largely been a communityled initiative and a panel of experts from around the
UK has been assembled in order to agree a consensus position on the naming of any material found to
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be genetically distinguishable (fruitID 2021). The
scheme requires applicants to present a case for naming of any material reporting a profile that is not represented in the NFC (or a case to challenge current
NFC accession naming where it is felt that a more
correct cultivar name has been identified). At the time
of writing, 57 of the duplicate groups and 134 of the
unmatched samples had received a naming accreditation to be accepted by both the NFC and the UK
local groups. Highlights of the scheme so far have
been the acceptance of credible candidates for the old
cultivars ‘Barcelona Pearmain’ (dating to 1831 and
previously thought to be lost) and ‘Bringewood Pippin’ (dating to 1800 and also previously thought to be
lost), the naming of a number of new seedling cultivars Including ‘Don’s Delight’ (A081) ‘Forty Winks’
(A927) and ‘White Tie’ (A2248) and the identification of potentially valuable sports of known cultivars
such as ‘Blofield Russet’ (A4340) as a full russet
sport of the cultivar ‘Greensleeves’. The scheme has
also led to the potential identification and renaming
of a small number of NFC accessions whose identity was either unknown or in doubt, with particular
examples being a correction to the identification of
accession 1991–019 (formerly Hereford White) identified to be ‘Golden Ball’ and the identification of a
potentially historical mix-up in the NFC accessions
of ‘Hunt’s Duke of Gloucester’ (1942–002, formerly
labelled Puckrupt Pippin) and the NFC accession
of ‘Puckrupp Pippin’ (1948–508, formerly labelled
Hunt’s Duke of Gloucester). In all cases, it is possible that the currently accredited UK name is further
amended following the comparison of material in
other countries.
Opportunity for community engagement
The relative accessibility of SSR data, requiring little
bioinformatic support, offers an opportunity to bridge
the gap between germplasm collections such as the
NFC and both local collections and collectors. At the
time of writing, the scheme had included 168 participants ranging from institutions and NGOs managing
local collections through to private individuals with a
single unknown tree. No doubt, this opportunity will
be more relevant to the range of crops that are likely
to be maintained in parallel by the volunteer community, of which apple is perhaps the prime example.
The fruitID DNA scheme data are tracked in real-time
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by a compilation sheet of all samples submitted and
their outcomes and cross references. The scheme also
maintains a spreadsheet of genotypes in the NFC, and
other reference collections alongside the non-matching scheme sample results. This provides rapid search
and comparison for the user community. It also has a
method of finding plausible parentage where the data
exists within the dataset (fruitID 2021).
Furthermore, as an unplanned consequence, it was
possible to identify profiles in the fruitID dataset that
were deemed to match samples that were lacking data
(specifically where the medium multiplex had either
failed or been missed) in the NFC dataset. Scores
have been imputed from samples A568, A1277 and
A2642 to NFC accessions 1974–347 Grenadier,
1950–041 Sandew and 1945–101 Green Purnell
(Online Resource 2; Venison and Ordidge 2022)
although these imputed scores were not used in the
analysis of genetic diversity. All of these were supported by MUNQ allocation and the latter was identified within a group that also included trees originally
sourced from the NFC accessions for the purposes of
morphological comparison.
Relevance of SSR and need for equivalence in other
approaches
Recent authors (Testolin et al. 2019) discuss the
potential added value that tri-nucleotide repeats
might add to the ease of scoring, consistency of
data and consequently the ability to compare data
between labs, and this approach has also been discussed and proposed in both blueberry (Bassil et al.
2020) and pear (Zurn et al. 2020). However, despite
ongoing concerns about the possibility of aligning
SSR data between labs, significant efforts have been
made to align data through both EU-funded (Urrestarazu et al. 2016) and ECPGR-supported (Denancé
et al., in prep; Ordidge et al. 2021) projects. Datasets,
including the ECPGR locus set, are currently being
compiled. Additionally, potential efficiency improvements to the use of the ECPGR locus set have been
proposed (Cmejlova et al. 2021).
Alternative marker technologies are available
and have been proven to be useful in studies around
both the identification of individuals and pedigrees
(Harper et al. 2020; Howard et al. 2017; Vanderzande
et al. 2017; Winfield et al. 2020). A number of these
newer technologies would seem to potentially offer an

increase in efficiency, at least at the level of data generation. The value of the established datasets using
SSR technology should however, not be underestimated in any considerations by the research community to move towards different technologies; it would
seem necessary to consider how the established database would be recreated in any move to an otherwise
incompatible marker type. Nonetheless, co-ordination
in any technology will likely be less than perfect and
there remain a number of recent SSR-based studies
that have used novel sets of loci which will not be
able to be aligned on an international basis.

Conclusions
We would conclude that SSR marker technology is a
useful tool for both the management of germplasm,
and the comparison of locally held material to germplasm collections. The use of such technology in
the active management of repropagation allows the
data to be tested, and consequently either improved
or verified in cases where replication is not possible
in the first instance. We would also note that there
clearly remain genetically distinguishable accessions
in the UK which are valued locally and offer the
potential to complement national holdings of germplasm, although establishing the true genetic value
of this material would require further, more detailed
analysis.
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