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Abstract

Global crop conservation strategies have been written for many crops that are maintained in genebanks around
the world. These strategies describe the status of crop collections with regard to collection holdings, manage-
ment practices, and accessibility. The status of global apple collections was summarized in “A Global Strategy
for the Conservation and Use of Apple Genetic Resources”, which was published by Volk and Bramel in 2019.
The USDA National Plant Germplasm System apple collection is a large, diverse collection of apple cultivars
and species that provides plant genetic resources to scientists within the United States and internationally. Plant
materials in this collection have been used for a wide range of research including species diversity, phenotypic
characteristics (fruit quality, tree traits, disease resistance, etc.), genetics/genomics, domestication, breeding, and
more. Therefore, it is particularly important that this collection be well documented, providing critical passport
and accession-related data to the user community. New molecular technologies will facilitate cross-collection

comparisons, which will better inform collection management practices and the global community.

Global Crop Conservation Strategies
International, national, state, and regional
plant collections conserve genetic resources
that may provide resistance to abiotic and bi-
otic threats as well as traits that offer higher
quality and yields for improved food, bever-
age, fiber, animal feed, ornamental and in-
dustrial crops. Often, popular and economi-
cally important plant varieties are conserved
in many collections and are relatively secure
due their availability, but heirloom, local,
and rare varieties may be maintained in one
or few collections, if they are conserved at
all. In addition, species progenitors and other
crop wild relatives may be key to future crop
improvements, yet are not adequately pre-
served and protected in either ex situ or in
situ conditions. It is important to understand
the extent of conservation efforts for varieties

and crop wild relatives in plant collections to
assess their security on a global scale.
Global crop conservation strategies have
been developed to assess the status of crop
conservation efforts on a worldwide scale,
often with an emphasis on national and in-
ternational genebank collections, particularly
for those crops listed in Annex 1 of the Inter-
national Treaty on Plant Genetic Resources
for Food and Agriculture (Hummer et al.,
2015; ITPGRFA, 2009). Forty-three global
crop conservation strategies have been de-
veloped or are being developed under the
coordination of the The Global Crop Diver-
sity Trust, written by crop expert community
members, and made publicly available over
the past 15 years (Table 1). These conserva-
tion strategies usually provide information
about the crop and its genetic resources, re-
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Table 1. List of global crop conservation strategies that have been released by the Global Crop Diversity
Trust. (https://www.croptrust.org/resources/#ex-situ-conservation-strategies).

Crop Year Title of strategy
Apple 2019 A global strategy for the conservation and use of apple genetic resources
Banana 2007 Global conservation strategy for Musa (Banana and Plantain)
Banana 2016 Global strategy for the conservation and use of Musa (banana) genetic resources
Barley 2008 Global strategy for the ex situ conservation and use of barley germplasm
Beans 2014 Conservation of Phaseolus beans genetic resources
Brassica underway
Breadfruit 2007 Breadfruit conservation strategy
Capsicum underway
Cassava 2010 A global conservation strategy for cassava (Manihot esculenta ) and wild Manihot
Chickpea 2008 Global strategy for the ex situ conservation of chickpea (Cicer L.)
Citrus underway
Coconut 2008 Global conservation strategy for Cocos nucifera
Coffee 2017 Global conservation strategy for coffee genetic resources
Global strategy for the conservation of cowpea (Vigna unguiculata subsp.
Cowpea 2010 unguiculata )
Cucurbits 2021 A global conservation strategy for crops in the Cucurbitaceae family
Edible aroids 2010 Edible aroid conservation strategies
Eggplant underway
Faba bean 2009 Global strategy for the ex situ conservation of faba bean (Vicia faba L.)
Finger millet 2012 Global strategy for the ex situ conservation of finger millet and its wild relatives
Strategy for the ex situ conservation of Lathyrus (grass pea), with special
Grass pea 2007 reference to Lathyrus sativus , L. cicera, L. ochrus
Groundnut underway Global strategy for ther conservation and use of peanut genetic resources
Lentil 2008 Global strategy for the ex situ conservation of lentil (Lens Miller)
Maize 2007 Global strategy for the ex situ conservation and utilization of maize germplasm
Millets underway
Oat 2008 Global strategy for the ex situ conservation of oats (Avena spp.)
Pea underway Global strategy for the ex situ conservation of pea genetic resources
Pearl millet 2012 Global strategy for the ex situ conservation of pearl millet and its wild relatives
Potato 2006 Global strategy for the ex situ conservation of potato
Potato (update) underway Global strategy for the conservation of potato
Rice 2010 Development of a global strategy for the ex situ conservation of rice
Sorghum 2007 Strategy for the global ex situ conservation of sorghum genetic diversity
Sorghum (update) underway Global strategy for the conservation and use of genetic resources for Sorghum
Strawberry 2008 Global conservation strategy for Fragaria (strawberry)
Sunflower underway Global sunflower conservation strategy
Sweet potato 2007 Global strategy for ex-situ conservation of sweetpotato genetic resources
Tea 2019 A global strategy for the conservation and use of tea genetic resources
Temperate forages 2021 Global strategy for the ex situ conservation of temperate forages
A global strategy for the conservation and utilisation of tropical and subtropical
Tropical forages 2015 forage genetic resources
Vanilla 2021 Global strategy for the conservation and use of vanilla genetic resources
Vigna underway
Global strategy for the ex situ conservation with enhanced access to wheat, rye
Wheat 2007 and triticale genetic resources
Yam 2010 Towards a global strategy for the conservation and use of yam
Yam (update) 2021 Global strategy for the conservation and use of yam genetic resources
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sults of a survey summarizing the status of
ex situ collections around the world, conclu-
sions from meetings identifying needs within
the crop conservation and use communities,
and an assessment of the current global con-
servation systems with a set of priority ac-
tions to enhance the security and use for the
future. In most cases, these crop strategies are
the first comprehensive reviews of collection
holdings, management practices, and acces-
sibility that are available for specific crops
that focus on developing global systems for
the long-term conservation of the crop and
its wild relatives.

“A Global Strategy for the Conservation
and Use of Apple Genetic Resources” was
published in 2019 (Bramel and Volk, 2019)
and provides compiled information from 38
apple collections that conserved international
(those that are or used to be produced on a
large scale) and local apple cultivars as well
as breeding lines and wild species. It discuss-
es the urgent need to secure the conservation
of accessions within a genebank with safety
duplication at multiple locations, cryopreser-
vation, and/or conserve with other collection
holders to safeguard against losses due to
abiotic or biotic threats.

At the time of the Apple Strategy publi-
cation, there were very few genotypic and
phenotypic assessments that facilitated col-
lection comparisons because there was an in-
consistent use of methodologies. Sharing ge-
netic resources across international borders
can be particularly difficult because apple
cultivars are vegetatively propagated, most
often by grafting, and must undergo strin-
gent phytosanitary testing and treatments
to ensure that diseases are not inadvertently
spread. Without standard methods and shared
germplasm, species and cultivar identifica-
tions are challenging, although individual
collection genotypic analyses can reveal in-
formation about wild species diversity and
relationships, duplicates within collections,
and gaps. Application of standardized ge-
netic, genomic, phenotypic, and phenomic
technologies will improve across collection

documentation, comparisons, and use.

The global conservation strategy for apple
proposed several priority actions that would
lead to a more cohesive international conser-
vation effort (Bramel and Volk, 2019). This
included the building of a global apple diver-
sity platform to unite conservation and use
community members. This platform could
include an international registry and data-
base (or linkages among existing databases)
to share tree- and accession-level phenotype,
passport, and genotypic information. Work-
ing groups established within the platform
could focus on best practices for conserva-
tion, development of standard operating pro-
cedures, coordination of strategies for safety
duplication, and share information about new
threats that could emerge. A global genotyp-
ing effort could use a single genetic platform
to compare collections, confirm cultivar
identities, and identify gaps at a global scale.
In addition, this platform would serve as a
mechanism by which the community could
share methods, news and information, as
well as facilitate training opportunities and
build collaborations. The subsequent sec-
tions of this paper will review the current
information available for the USDA NPGS
apple collection and how ongoing and future
collaborations with other collections will im-
prove conservation efforts.

USDA National Plant Germplasm System
(NPGS) Apple Collection

The NPGS apple collection is maintained
in Geneva, New York as trees in the field and
seeds in cold storage (Gutierrez et al., 2020).
The apple collection was established in 1983
from apple cultivar contributions from breed-
ing and research programs as well as other
apple collections both within the United
States and internationally. The collection cur-
rently has 1,427 Malus domestica accessions
as single, as duplicate, or even as triplicate
field trees. In addition, plant exploration and
exchange efforts have established it as one of
the largest Malus species collections in the
world, with 3,433 individuals representing
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53 taxa as field trees. Ongoing collaborations
have resulted in the development and imple-
mentation of methods to cryopreserve apple
accessions as dormant buds for long-term
secure back-ups at the USDA National Labo-
ratory for Genetic Resources Preservation in
Fort Collins, Colorado (Towill et al., 2004;
Volk et al., 2017). These cryopreservation
technologies have been used at other national
genebanks (Hofer, 2015).

In the 1980s and 1990s, the NPGS apple
curation efforts focused on building and
expanding the collection (Luby et al. 2000;
Volk et al., 2015). Genetic marker systems
were developed (such as microsatellites; Ho-
kanson et al., 1998; 2001), which were used
to confirm and identify core subsets of the
NPGS Malus collections (Gross et al., 2013;
Richards et al., 2009b; Volk et al., 2005;
2009). The same markers were used to geno-
type the diploid cultivars to identify dupli-
cates and sport families, as well as trees that
were misidentified (i.e. rootstock escapes
that were labeled as cultivars) (Gross et al.,
2012b; Hokanson et al., 1998).

Assessments of NPGS apple collection
materials using microsatellite markers as
well as chloroplast sequencing have pro-
vided a better understanding of the diversity
and taxonomic relationships among Malus
species (Richards et al. 2009a; Volk et al.,
2008; 2015). Microsatellite markers and
single nucleotide polymorphisms (SNP)
have also been used to identify relationships
among cultivars, landraces, and wild spe-
cies (Cornille et al., 2012; Gharghani et al.,
2009; Gross et al., 2014; Khan et al., 2014).
In addition, the SSR datasets for the apple
cultivars served as a reference set to identify
heirloom apple trees in the landscape (Rout-
son et al., 2009; Magby et al., 2019; Volk et
al., 2021a,b).

Phenotypic data, including images, have
been collected for the collection over the past
30 years, and much of that information has
been made available in the public database
GRIN-Global (Germplasm Resources Infor-
mation Network, 2022). In many cases, data

were collected for a single tree in a single
year, although there are some exceptions
whereby more comprehensive assessments
were performed and published. Access to
these data is important, particularly for those
who are looking for accessions that have spe-
cific traits or to confirm cultivar or taxonomic
identities with images. Studies that assessed
cider characteristics (Al-Turki and Stushnoff,
2007; Kumar et al., 2021), abscission (Sun et
al., 2009), bloom date (Gottschalk and van
Nocker, 2013), drought tolerance (Bassett et
al. 2011), red flesh fruit (Rupasinghe et al.,
2010; van Nocker et al., 2012), dihydrochal-
cone metabolites (Gutierrez et al., 2018a,b),
root architecture (Fazio et al., 2014), fruit
ethylene production (Dougherty et al., 2016),
fruit firmness (Migicovsky et al., 2021b),
fruit softening (Dougherty et al., 2016), and
other traits have improved understanding and
utilization of the NPGS apple collection. Re-
cently, an extensive phenotyping effort was
performed at Canada’s Apple Biodiversity
Collection, using plant materials that were
obtained in part from the NPGS apple collec-
tion (Watts et al., 2021).

Phenotypic data, in combination with ge-
netic and genomic data, have recently been
used to identify relationships between apple
cultivars, crop wild relatives and processes
of domestication as well as genes that under-
ly traits. Genotyping by sequencing analyses
revealed duplicates and first degree relatives
through identity by descent (Migicovsky et
al. 2021a). Whole genome sequences of ac-
cessions from the NPGS apple collection
clarified the domestication of modern apple
through hybridization of M. sieversii and
M. sylvestris (Velasco et al. 2010; Duan et
al. 2017; Sun et al. 2020). Migicovsky et al.
(2021a) highlighted the contributions of M.
sieversii and M. sylvestris during domestica-
tion, with increasing genomic contributions
of M. sylvestris in cider apples and genome-
wide association studies (GWAS) using his-
toric data from GRIN-Global described a
gene controlling fruit firmness (Migicovsky
et al. 2016; Migicovsky et al. 2021b). Quan-
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titative trait loci for fruit size and flavor were
identified using genome-wide association
mapping, and pan-genome assemblies identi-
fied thousands of new genes, many of which
were selected throughout apple domestica-
tion (Sun et al. 2020). Fruit quality candidate
gene diversity was assessed in apple culti-
vars and crop wild relatives by Wedger et al.
(2021).

Disease resistance evaluations using the
NPGS apple collection have revealed ac-
cessions of Malus species with resistance to
Erwinia amylovora (fire blight; Dougherty
et al., 2021; Harshman et al., 2017), Penicil-
lium expansum (blue mold; Janisiewicz et al.,
2008; Jurick et al., 2011; Norelli et al., 2014),
Colletotrichum acutatum (bitter rot; Jurick et
al., 2011), Venturia inaequalis (apple scab;
Bus et al., 2012; Fazio et al., 2009; Wang et
al., 2012) and others (see Volk et al., 2015).

These evaluations, particularly using a
series of seedlings derived from crosses
between ‘Royal Gala’ x Malus sieversii ac-
cessions, have led to the identification of
quantitative trait loci for fire blight resistance
(Thapa et al. 2021) and blue mold resistance
(Norelli et al., 2017) as well as new genes
for scab resistance (Wang et al., 2012). The
same set of crosses have been valuable for
characterizing the Ma locus with pH and ti-
tratable acidity in apple (Bai et al., 2012; Xu
etal., 2012).

Breeders have access to the large, diverse
NPGS apple collection and increasingly to
corresponding phenotypic/phenomic and ge-
notypic/genomic data to inform their breed-
ing decisions. New genomic tools are mak-
ing it easier to include diverse germplasm in
breeding programs (Duan et al., 2017; Peace
et al., 2019; Wisniewski et al., 2020). Novel
alleles, particularly in crop wild relatives,
may offer necessary diversity to overcome
current and future abiotic and biotic threats,
as well as improve quality and yield (Fazio
et al., 2008; Harshman et al., 2017; Volk et
al., 2015).

Improved management and coordination
based on the recommendations of the
“Global Strategy for the Conservation and
Use of Apple Genetic Resources”

It is critical to have accessions within
genebank collections identified correctly, be-
cause research programs worldwide depend
on these materials. Phenotypic and genotypic
data have improved collection management
by identifying gaps in species coverage,
misnamed accessions, species-domestic
hybrids, and duplicates. Correct identifica-
tion is particularly critical for the apple crop
wild relative progenitor species M. sieversii,
M. orientalis, and M. sylvestris. It is known
that the wild apple (M. sieversii) forests of
Kazakhstan are genetically admixed with M.
domestica (Ha et al., 2021; Omasheva et al.,
2017). Some of the M. sieversii accessions
introduced into the NPGS apple collection
from Kazakhstan were shown to be hybrids
(Gross et al., 2012a). Additional research is
needed to definitively identify true species
representatives of M. sieversii, M. orientalis,
and M. sylvestris in the NPGS apple collec-
tion. This information is critical for research
programs assessing genetic diversity in wild
populations as well as cultivar-crop wild rel-
ative relationships and domestication.

European apple collection comparisons
have been performed using microsatellite
markers (Urrestarazu et al., 2016). New
analyses using the 20K SNP array platform,
performed in a coordinated manner among
many international collections (including
the NPGS apple collection), will reveal if
cultivars are named consistently across col-
lections, confirm suspected synonyms, and
identify species hybrids (Bianco et al., 2014;
Buiteveld et al., 2021). They will also in-
crease the utility of genotype information
for identifying unknown apple cultivars
and their pedigree relationships, thus aiding
historic preservation and restoration efforts
(Howard et al., 2017). Furthermore, genotyp-
ic data can be used to identify unique, desir-
able cultivars that are not yet available within
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US collections, and thus target these novel
accessions for streamlined import through
quarantine processes.

Improved coordination among interna-
tional collections, as well as other collec-
tions, such as those maintained in botanic
gardens, may lead to the use of standardized
phenotypic descriptors so that data for col-
lections can be compiled and compared, thus
revealing genotype X environment relation-
ships, heritable traits, and genetic resources
that may be of interest to breeding and re-
search programs. Importantly, standardized
phenotyping efforts will allow for data to be
compared among collections and encourage
future collaborations. Increased collabora-
tion may also lead to training opportunities
for laboratories to adopt improved field man-
agement practices to minimize losses due to
biotic and abiotic threats and to increase the
security of collection through coordinated
duplication efforts (i.e. duplicating materials
that are unavailable in other collections). In
summary, improved standardization and the
use of common platforms for collection ge-
notypic, genomic, phenotypic, and phenomic
evaluation and characterization will improve
the conservation of apple collections on both
anational and global scale (Engels and Ebert,
2021).
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