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1 Introduction 

Although 10,000 or more apple cultivars (Malus domestica Borkh.) have been 
described, commercial apple production is dominated by a very small number 
of cultivars that are grown in large numbers all over the temperate regions of the 
world. Most of these cultivars excel in important characteristics like precocity, 
tree architecture and yield, fruit size and shape, skin colour, flavour and texture, 
as well as being reasonably sound (trees, leaves, flowers and fruits). But they are 
still far from perfect! 

Improvement of apples is usually achieved by making directed crosses 
and selecting the best of the offspring, which are then propagated by budding 
or grafting on rootstocks. These activities took off in the nineteenth century 
and became commercialized in the early twentieth century. Apple breeding is, 
however, extremely time-consuming and costly since it takes at least 20 years 
from conducting a cross to the release of a new cultivar. The major causes are a 
long juvenile period, several rounds of selection including multi-year and multi-
site testing of advanced selections, and the need to produce virus-free stock 
material and to propagate new trees before planting a commercial orchard. In 
addition, numerous crosses and seedlings usually have to be produced before 
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finding a ‘winner’ since the progenies are very variable due to high levels of 
heterozygosity, thus requiring substantial amounts of land and labour. 

1.1 Decreasing diversity 

Most apple cultivars are self-incompatible, and many are quite old since they 
are maintained through vegetative propagation which reduces the number of 
generations in the domestication process. Consequently, inbreeding level is 
low compared to many other fruit crops: a mean value of only 0.10 was noted 
in a pedigree-based study of 77 modern apple cultivars from around the world 
(Noiton and Alspach 1996). Nevertheless, genetic diversity among cultivars was 
surprisingly low in this material, and only five dominant founding cultivars were 
found: ‘Cox’s Orange Pippin’, ‘Golden Delicious’, ‘Red Delicious’, ‘Jonathan’ and 
‘McIntosh’. High levels of similarity among elite apple cultivars have also been 
reported in many other studies. 

Apple breeders and pomologists are highly concerned with the apparent 
decrease in genetic variation. A more diverse set of commercially available 
cultivars may be needed in the future to meet an increasing demand for novel 
traits and more environmental-friendly production methods. Adaptation to 
organic or low-input cultivation requires high levels of resistance to various 
pests and diseases. Resistances are present in accessions of wild Malus species 
or older and/or local cultivars but seldom in elite modern cultivars. Exotic 
germplasm is however rarely used in the commercial breeding programmes 
since multiple generations are required to introgress the desirable traits into 
new cultivars. Another requirement of increasing importance is adaptation to 
climate change. 

1.2 Pre-breeding projects 

Pre-breeding seeks to facilitate the use of under-utilized domesticated plant 
material as well as accessions of wild species. In the first step, careful evaluation 
of promising germplasm is carried out using, e.g. large-scale phenotyping and 
DNA-based analyses. In the second step, valuable traits like disease resistance 
and climate adaptation are transferred into breeding material and can 
eventually be utilized for the development of new cultivars. This whole process 
benefits greatly from recently developed molecular methods that allow the 
precise determination and mapping of useful loci, and the development of 
markers that can identify desirable alleles in seedlings and selections. 

Several ambitious apple pre-breeding projects have been initiated in 
recent years, some of which involve multiple partners to pool pomological 
and technical expertise and to share the financial burden. Among these is 
the European Union–funded Fruitbreedomics 2011–15 involving 28 research 
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institutions and private companies working with apple and/or peach in Europe, 
China, New Zealand and South Africa (Laurens et  al. 2018). Research areas 
included analyses of genetic diversity and pedigree relationships among 
accessions preserved in several apple collections, and the identification and 
mapping of valuable traits. 

The United States Department of Agriculture (USDA) funded RosBREED 
in 2009–19, which focused on the development of DNA-informed breeding 
methods. This project involved 14 U.S. institutions as well as some partners 
abroad and covered 8 crops in the family Rosaceae (Iezzoni et al. 2020), see 
www.rosbreed.org for more information, also about subsequent undertakings 
within the RosBREED framework. 

Among smaller pre-breeding projects, the Nordic Council of Ministers 
funded NORDAPP with participation of three Nordic countries, highlighting the 
need for climate-adapted germplasm in marginal cultivation areas where few 
of the major commercial varieties are grown successfully (Nybom et al. 2016). 

Finally, it should be mentioned that the development of rootstocks may not 
require quite as many introgression cycles. Wild Malus accessions often occur 
only one or two generations back in the rootstock pedigrees since selection 
is focused mainly on traits not confined to M. domestica, e.g. vegetative 
propagation ability, high rooting ability, disease resistance and sometimes also 
winter hardiness of the root system. Most of the following review will however 
focus on dessert apple cultivars. 

2 The genus Malus 

The genus Malus has a centre of origin in China and contains around 26–30 
species or even up to 59 species, depending on the rank given to these taxa 
(Forsline et al. 2003, Cornille et al. 2014, Bramel and Volk 2019, Li et al. 2022). 
Some species are apomictic and polyploid, but most are diploid (2n = 34) and 
self-incompatible and can be intercrossed. Several are known as ‘crabapples’, 
including the European crabapple M. sylvestris (L.) Mill., the Caucasian 
crabapple M. orientalis Uglitz., the Siberian crabapple M. baccata (L.) Borkh. 
and the North American crabapples M. angustifolia (Aiton) Michx., M. coronaria 
(L.) Mill., M. fusca (Raf.) C.K.Schneid. and M. ioensis (Alph. Wood) Britton. 

2.1 Origination of M. domestica 

Cultivated apple has originated mainly from the wild apple species M. sieversii 
(Ledeb.) M.Roem which grows in forested areas in central Asia, where stands in 
the Tian Shan mountains of Kazakhstan are especially well studied. This species 
is genetically variable and grows in diverse habitats (review in Tegtmeier et al. 
2025), Fig. 1. Unlike all other wild Malus species, fruits of M. sieversii are often 
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relatively large (diameter 4–6 cm) and soft. Level of acidity varies, as also skin 
colour and occasionally flesh colour. Compared to cultivated apples, accessions 
of M. sieversii have a longer juvenile phase, produce flowers and ripe fruit 
earlier in the season and have smaller fruit with a higher content of acids and 
phenolic compounds (Davies et al. 2022). 

Origination of M. domestica appears to have taken place 4000–10,000 
years ago and apparently involves also the Siberian, the Caucasian and the 
European crabapple species encountered during the migration of early 
domesticated apples from Central Asia to Western Europe along the Silk Road. 
Modern DNA technology suggests that the influence of these crabapple species 
is smaller compared to that of M. sieversii, although M. sylvestris appears to 
be an important secondary contributor. A DNA sequencing-based analysis 
suggested that about 46% of the genome of domesticated apple originates 
from M. sieversii in Kazakhstan, whereas 21% derive from M. sylvestris (Duan 
et al. 2017). Later, a single nucleotide polymorphism (SNP)-based analysis of 
more than 1000 apple accessions from the USDA apple collection in Geneva, 

Figure 1  Geographical map of Central Asia showing regions where Malus sieversii 
is native, not including Afghanistan. A small subset of M. sieversii and M. sieversii–M. 
domestica hybrid apples are placed in the approximate regions where the USDA Plant 
Genetics Resource Unit first collected samples. The apples on the map are scaled relative 
to each other to compare fruit sizes. The scale on the bottom row provides a reference for 
each fruit size relative to M. domestica cv. ‘Gala’ at the far right of the scale. Reproduced 
with permission from Tegtmeier et al. (2025). 
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NY, confirmed a close genetic relationship between modern apple cultivars 
and M. sieversii (Migicovsky et al. 2021). 

By contrast, a simple sequences repeats (SSR, also known as microsatellite 
DNA) analysis indicated that M. sylvestris has taken a major part in the origination 
of European apple cultivars (Cornille et  al. 2012). An SNP-based analysis on 
497 accessions from all over the world also found a stronger influence of M. 
sylvestris compared to M. sieversii, especially for cider cultivars (Liao et al. 2021). 
The influence of M. sylvestris was also stronger in a set of cider apples sampled 
from France, the UK and the US compared to in dessert apples (Migicovsky 
et  al. 2021), but the opposite was noted in a sample of mainly French cider 
and dessert cultivars (Cornille et al. 2012). The influence of M. sylvestris in scion 
cultivars is apparently about 10% higher than that in rootstock cultivars (Duan 
et al. 2017). It should, however, be noted that sample numbers in most of these 
DNA-based studies are relatively small in view of the high genetic diversity 
present between and among the investigated species. 

2.2 Collection and evaluation of wild relatives 

Pre-breeding projects often start with a broad inventory of accessible 
germplasm. The National Plant Germplasm System (NPGS) of the USDA 
sponsored, for instance, 4 expeditions between 1989 and 1996 to collect 
M. sieversii in 12 climatically diverse sites located in Kazakhstan, Kyrgyzstan, 
Tajikistan and Uzbekistan (Forsline et al. 2003). A total of 130,000 seeds from 
about 900 different trees were obtained and distributed to a number of research 
institutes in North America, Europe and New Zealand, where evaluations have 
been carried out on the resulting seedlings (Forsline and Aldwinckle 2004, 
Geibel and Hohlfeld 2003, Janisiewicz et al. 2008, Jurick et al. 2011). 

The largest ex situ collection originating from the above-mentioned 
expeditions to Central Asia was planted at the USDA Plant Genetic Resources 
Unit (PGRU) in Geneva, NY (Forsline et  al. 2003). Based on SSR markers, a 
core set of 112 trees have been selected among approximately 1000 DNA-
characterized accessions from 8 original collection sites (Richards et al. 2009). 
Similarly, a core set of 27 trees was selected to capture 93% of the SSR DNA 
alleles found in a set of 776 M. orientalis trees (Volk et  al. 2009). For some 
purposes, seed collections may be the economically most feasible alternative 
for conserving wild Malus species. Thus seedlings obtained from performing 
crosses among ex situ field-planted Malus sieversii trees originating from two 
Kazakhstan collection sites were shown to harbour almost the entire allelic 
diversity of the parental trees (Volk et al. 2017). 

A substantial number of M. sieversii accessions are also being maintained 
in, e.g. Russia and China (Bramel and Volk 2019). In addition, different Malus 
species have been focused on in several other collection expeditions to Asia, 
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e.g. the Chinese provinces Sichuan and Chongqing in 2001, where seeds 
were obtained from M. hupehensis (Pamp.) Rehder, M. kansuensis (Batalin) 
C.K.Schneid., M. prattii (Hemsl.) C.K.Schneid., M. sieboldii Rehder, M. transitoria 
(Batalin) C.K.Schneid. and M. toringoides Hughes (Geibel and Hohlfeld 2003). 
Although these species produce small and astringent fruit, and require 
numerous generations of back-crosses to domesticated apple in order to 
produce palatable cultivars, they become of immediate value for the breeding 
of rootstocks and ornamentals. This type of material showed valuable potential 
for carrying disease and pest resistance genes. 

Populations of the four wild species most likely to be involved in the ancestry 
of M. domestica have been screened with SSR markers and proved to have 
mean H e (expected heterozygosity) values of 0.82 to 0.87 in all species except 
M. baccata which had H e = 0.75 (Cornille et al. 2012). Inbreeding coefficients 
FIS were quite low, typical of self-incompatible and long-lived species, and thus 
a relatively weak population differentiation is expected. For M. sylvestris, the 
DNA analyses suggested three main populations in Europe, with admixed 
subpopulations in the border areas (Cornille et  al. 2013). Following a more 
intensive sampling, even further differentiation was indicated in this species 
(Cornille et al. 2014). In M. sieversii, differentiation among individual families 
was more than three times greater than differentiation among collection sites 
(Richards et al. 2009). Differentiation among populations was largely congruent 
with geographic location, with at least four populations in Kazakhstan (Richards 
et al. 2009) and some even more divergent populations in China (Duan et al. 
2017). Malus orientalis appears to be split into one large population in Armenia 
and two smaller populations in Russia and Southern Caucasus, respectively 
(Volk et  al. 2008, 2009). Since intraspecific variation is large, multiple trees 
of each species and collection site may have to be screened in order to find 
specimens with desirable genes. 

3 Pre-breeding cornerstones 

The development of pre-breeding programmes has included several research 
activities aiming to, e.g. (1) increase and improve the genetic diversity in the 
available germplasm, (2) identify desirable genes and (3) speed up the transfer 
of desirable genes from primitive germplasm into commercial cultivars. 

3.1 Increased diversity 

For pre-breeding, access to diverse genotypes that may carry potentially 
important traits is an important starting point. Efficient methods have been 
developed for quantification of the genetic diversity and – to a lesser extent – 
phenotyping the traits in already existing germplasm collections represented 



Published by Burleigh Dodds Science Publishing Limited, 2026. 

Advances in pre-breeding of apple 7 

by old and/or local cultivars and sometimes also accessions of wild Malus 
species. 

In an attempt to actually increase the available diversity, a germplasm 
enhancement programme was initiated in New Zealand in 1990 (Noiton and 
Shelbourne 1992, Noiton et al. 1999). Open-pollinated seed of 500 accessions 
representing commercial cultivars, old cultivars, breeding selections and 
wild Malus species was obtained from germplasm collections abroad. About 
35,000 of the resulting seedlings were subsequently planted in replicated 
plots at three different sites. Thirty years later, the third-generation crossing 
programme involved nearly 350 parents, with about 1,000 trees having been 
progeny tested (Kumar et al. 2009). The early focus on selection within open-
pollinated progenies had been replaced by selection within control-pollinated 
progenies. From this material, three types of populations were developed: a 
main breeding population (MBP), an elite breeding population (EBP) and a 
cultivar development population (CDP) in order to integrate this broad-based 
population with the more commercially focused cultivar breeding programme. 

3.2 Identification of genes 

Domestication of apple has for many hundreds of years consisted mostly of 
selecting trees with desirable traits. Modern apple breeding has similarly relied 
on the ability of the breeder to identify trees with the best traits. Nowadays, 
many of the actual genes responsible for those traits have been identified and 
can be screened for using DNA markers already at the seedling stage. A few 
genes have been cloned and used also for genetic transformation. 

In a first step of gene identification, high-quality phenotypic data is collected 
from a sufficiently large set of genotypes that segregate for the trait of interest. 
Ideally, data should be collected over several years from multiple trees of 
each genotype. Multipartner projects offer the possibility to pool phenotyping 
data from several large germplasm collections, but standardization of the 
data is a major concern. Detailed phenotyping protocols were developed in 
Fruitbreedomics and RosBREED (Urrestarazu et al. 2017, Iezzoni et al. 2020). 
Using a set of 10 common reference genotypes facilitated the merging of data 
from 6 germplasm collections (Urrestarazu et al. 2017). 

In a second step, genetic background for the phenotyped traits is 
determined. Progenies from biparental crosses have traditionally been 
used for the identification and localization of genes and QTLs. Lately, large 
germplasm collections have instead been used in a genome-wide association 
study (GWAS) approach. These collections are usually much more diverse than 
segregating progenies, and genes and QTLs can therefore be mapped with 
higher resolution (Migicovsky et al. 2021, Urrestarazu et al. 2017, Watts et al. 
2023). 
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Numerous major genes and quantitative trait loci (QTLs) have been 
identified in cultivated apple in the past 30 years based on multi-locus DNA 
markers like amplified fragment length polymorphism (AFLP) and single-locus 
markers like SSR. Recently, high-throughput DNA sequencing (next-generation 
sequencing) has reduced the costs for developing molecular tools based on 
DNA sequence information. SNPs could thus be developed in large numbers 
and are now being used in high-density SNP arrays that cover the whole 
genome (Bianco et  al. 2016). Next-generation sequencing (NGS) has also 
been coupled with reduced representation libraries with DNA barcoding to 
simultaneously identify and genotype a common set of polymorphic loci across 
a set of samples in a single experiment. One method utilizing NGS is known as 
genotyping-by-sequencing, which is now being used for analyses of variation 
and for genetic mapping (Gardner et al. 2014). 

When important genes have been identified, various DNA profiling 
approaches can be used to select germplasm with desirable genes. Genomic 
selection (GS) is based on an initial comparison of genetic [e.g. SNP arrays, 
genotyping-by-sequencing or restriction site-associated sequencing (RADseq) 
data] and phenotypic data collected in a ‘training’ population. If the genomically 
predicted traits and the actually observed phenotypes are sufficiently well 
correlated, GS can be applied to predict the phenotype of, e.g. apple seedlings 
and – possibly even more useful – their estimated breeding values (Muranty 
et  al. 2015, Kumar et  al. 2020). GS is potentially more efficient than marker-
assisted selection (MAS), especially for complex traits, e.g. fruit quality traits, 
that are controlled by a large number of genes. Crucial factors are the genetic 
architecture of the targeted traits, the size and design of the training population, 
and the level of genetic relatedness between the training population and the 
breeding material to be selected (Cazenave et  al. 2022, Kostick et  al. 2023, 
Jung et al. 2025). 

3.3 Shortened generation time 

Breeding programmes benefit from methods that speed up the introgression 
of desirable genes from primitive germplasm into commercial-quality 
cultivars. Such approaches can involve both a shortening of the juvenile 
period and a faster characterization of the seedlings. Volz et  al. (2009) 
applied a ‘fast-breeding strategy’ using a set of molecular markers that 
cover the whole genome. These markers help to identify seedlings with 
desirable traits and high proportions of genome inherited from the high-
quality grandparent(s) and low proportions of genome of the low-quality 
ancestor(s). Selected seedlings are then grown on their own roots in 
controlled environment rooms to obtain flowering plants within two years 
from sowing the seeds. 
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Similarly, ‘fast-track breeding’ makes use of DNA markers for desirable 
traits and growing seedlings under optimal growing conditions to enhance 
flowering, including non-limiting fertilization, regular prohexadione-Ca and 
ethephon treatments followed by winter simulation (Baumgartner et al. 2014). 
These methods were later modified into the low input fast-track (LIFT) method 
(Bühlmann-Schütz et al. 2025) (Fig. 2). 

3.4 Transgenic fast breeding 

The accelerated breeding approach relies on the use of the transgenic apple 
genotype T1190 which has obtained the BpMADS4 gene for early flowering 
from silver birch (Flachowsky et al. 2011, Schlathölter et al. 2018, Iezzoni and 
Peace 2019, Patocchi et al. 2021). Plants with this insertion can flower within a 
year and have been used as the maternal parent in crosses with, e.g. M. fusca, 
which carries a gene for resistance against the bacterial disease fire blight as 
well as with other accessions with resistances to fire blight, apple scab, powdery 
mildew and blue mould (Luo et  al. 2020). When the entire introgression 
programme is finished, non-transgenic segregation products can be selected 
for release as new cultivars. 

In a related approach, Kotoda et al. (2006, 2010) used RNA interference 
to silence the apple flowering MdTFL1 gene, while Charrier et al. (2019) used 
CRISPR/Cas9 to knock out the same gene. In the USA, null segregants that do 
not have the fast-flowering gene can be exempted from regulations concerning 
genetically modified organisms (McGarry et al. 2017), but this matter has not 
yet been resolved within the EU. 

3.5 Gene transfer with Malus genes 

In apple breeding, direct gene transfer of desirable genes from wild Malus 
species into elite commercial cultivars has the potential to speed up breeding 
work considerably, as shown especially for apple scab (review in Svara et al. 
2024). The resistance allele HcrVf2 of the Rvi6 locus in Malus floribunda 821 
has been used to transform, e.g. the susceptible cultivars ‘Gala’ and ‘McIntosh’ 
using standard transformation protocols (Belfanti et  al. 2004, Malnoy et  al. 
2008, Szankowski et al. 2009). 

Successful transformation has been achieved also using a strictly cisgenic 
approach, without external marker genes or regulatory sequences. Genes that 
have been used for cisgenic transformation include, e.g. the fire blight resistance 
gene FB_MR5 originating from the crabapple accession Malus × robusta 5, 
which has been transferred into ‘Gala’ and its sport ‘Gala Galaxy’ (Broggini et al. 
2014, Kost et al. 2015). Breeding lines with both this fire blight resistance and 
the scab resistance gene Rvi6 have been developed (Gessler et al. 2014). It has 
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been argued that cisgenic gene transfer, i.e. a gene transfer (including introns 
and flanking regions such as promoter and terminator in a sense orientation) 
taking place between two genotypes that are cross-compatible, should be 
exempted from the legislation concerning regular transgenes since cisgenesis 
does not introduce genetic material from unrelated species (Schouten et  al. 
2006). However, most current regulations treat them the same as other 
genetically modified organisms (GMOs). 

While potentially very efficient, methods that involve the transfer of non-
Malus-derived genes, or silencing or overexpression of genes (including 
genome editing with e.g. CRISPR/Cas9), will not be treated in this review since 
these methods could be labelled as biotechnology rather than pre-breeding in 
a classical sense. 

4   Apple germplasm collections 

Apple accessions are usually conserved in ex situ field collections as budded or 
grafted trees. These collections are maintained by governmental organizations, 
universities, private companies, botanical gardens and various other non-
governmental organizations.The global database Genesys contains information 
on accessions in 91 institutions, while the European Cooperative Program for 
Genetic Resources (ECPGR) coordinates conservation of apple and other crops 
in Europe but also globally (Bramel and Volk 2019). 

The 35 largest apple collections in the world have been reported to hold a 
total of 33,538 accessions, many of them however duplicated both within and 
between these genebanks (Bramel and Volk 2019). For apple pre-breeding 
purposes, a collection should ideally hold both commonly grown and older/ 
local cultivars, and preferably also some accessions belonging to other Malus 
species. Preservation of trees in clonal germplasm collections is, however, 
very costly, and funding has unfortunately decreased in many countries. Many 

Figure 2  Schematic representation of the LIFT method. The initial cross (first cross) 
between a resistance gene donor and a modern cultivar, from which the seeds of the 
F1 generation emerged, was followed by seed stratification, sowing, and growing of 
seedlings in a greenhouse, artificial scab inoculation on seedlings from specific crosses in 
the greenhouse, and MAS. Selected seedlings were potted and introduced into the first 
vegetative cycle in the greenhouse, followed by vernalization for at least 6 weeks. After 
cold treatment, seedlings were brought back into the greenhouse for the next vegetative 
growth period, and the cycle was repeated until flowering. Once a seedling flowered, 
the anthers were collected, and the flowers were pollinated. Ripe fruits were harvested, 
seeds were extracted, and the cycle was restarted with seed stratification. Seedlings 
that did not flower after the fourth vernalization period were discarded. Seedlings that 
flowered in the greenhouse were placed in a cold store to obtain budwood for grafting 
and multiplication for further testing under field conditions or artificial disease screenings 
in the greenhouse. Reproduced by permission of Bühlmann-Schütz et al. (2025). 
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national fruit tree collections therefore focus on preserving only (or mostly) 
heritage/heirloom cultivars which are considered to have cultural importance 
in that country. Consequently, there may be very little consideration for genetic 
diversity or for the potential importance of the plant material in breeding 
programmes (Nybom and Garkava-Gustavsson 2009). 

Considerable numbers of old and/or locally grown apple accessions 
were surveyed in many European countries around 1975 and onwards, often 
involving both historical formal fruit tree collections and trees offered up by 
amateur breeders and collectors. Some of these accessions have subsequently 
been propagated for future preservation in repository and on-farm orchards in, 
e.g. Belgium, where participatory programmes and public-private partnerships 
for evaluation, selection and marketing of promising cultivars have proven 
quite successful (Dumont et al. 2025). 

4.1 Identification of genotypes 

Many apple cultivars are quite old and have often been transferred between 
countries – sometimes under different names. In addition, various similar but 
phenotypically not quite identical sports (vegetative mutations) have unique 
names and are treated as separate varieties. DNA-based methods have been 
used to identify genetically unique accessions and to reveal unknown duplicates 
in collections around the world (review in Nybom and Lacis 2021). The original 
gel-based multi-locus methods like AFLP, inter simple sequence repeats (ISSR) 
and random amplified polymorphic DNA (RAPD) are seldom used nowadays. 

The more informative but still multi-locus method known as diversity array 
technology (DArT) is based on the hybridization of fluorescent DNA probes to 
target DNAs on a microarray and was recently used to analyse the National Fruit 
tree Collection at Brogdale in England (Ordidge et al. 2018). 

For the last two decades, SSR loci have become the standard method for 
screening apple germplasm and have been applied to national collections in a 
large number of countries, e.g. Bosnia and Herzegovina (Gasi et al. 2010), Czech 
Republic (Patzak et al. 2012), Denmark (Larsen et al. 2017), France (Lassois et al. 
2016), Germany (Broschewitz et al. 2024), Great Britain (Venison et al. 2022), 
Iran (Gharghani et al. 2009), Italy (Liang et al. 2015, Marconi et al. 2018, Testolin 
et al. 2019), Korea (Kim et al. 2019), the Netherlands (van Treuren et al. 2010), 
Norway (Gasi et al 2016), Portugal (Ferreira et al. 2016), Spain (Urrestarazu et al. 
2012, Pereira-Lorenzo et  al. 2018), Sweden (Garkava-Gustavsson et  al. 2008, 
Skytte af Sätra et al. 2020) and the USA (Gross et al. 2014). 

Unfortunately, many different sets of SSR loci have been used, thus 
precluding the possibility to share data across studies (Sehic et al. 2013). Efforts 
to harmonize the analyses have been made, and a set of loci recommended 
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by the ECPGR Malus/Pyrus working group are now being widely used (e.g. 
Urrestarazu et al. 2012, 2016, Lassois et al. 2016). 

Lately, SNPs, commonly mined from Expressed Sequence Tag (EST) 
or transcriptome gene sequences, or from the whole genome using next-
generation sequencing technologies, have become increasingly more 
common. Several progressively larger SNP arrays have been developed for 
apple: the IRSC 8K array (Chagné et al. 2012a), the Illumina Infinium® 20K SNP 
array (Bianco et al. 2014) and the Axiom® apple 480K array (Bianco et al. 2016). 
These arrays and other collections of SNPs have been used in several recent 
screenings of apple collections in, e.g. Belgium (Vanderzande et  al. 2017), 
Bosnia and Herzegovina (Duric et al. 2023), Denmark (Larsen et al. 2018, 2025), 
the Netherlands (Larsen et al. 2024), Norway (Gilpin et al. 2023), Sweden (Skytte 
af Sätra et al. 2020) and the USA (Migicovsky et al. 2016). 

Although developed mainly for domestic apples, the Infinium® 20K SNP 
array proved useful for also genotyping accessions in a collection of M. sylvestris 
in the Netherlands (Buiteveld et al. 2021). This SNP array has revealed that more 
than half of the 463 analyzed accessions of M. orientalis, M. sieversii and M. 
sylvestris in the NPGS collections derive from hybridization with M. domestica 
or, in 17 cases, consist of pure M. domestica (Volk et al. 2022). In comparison with 
SSR, the use of SNPs in general yields similar results concerning identification 
of unique genotypes but provides a more detailed population structure (Larsen 
et  al. 2018) and is more efficient in the tracing of pedigrees (Muranty et  al. 
2020). Recently, a pan-generic 3 K apple DArTag panel was developed using 
13 Malus accessions across the whole genus in order to capture genome-wide 
variation and ensure cross-species transferability (Sakina et al. 2025). 

4.2 Ploidy levels 

Most apple cultivars are diploid (2n = 34), but there are numerous triploids and 
a few tetraploids. Triploid genotypes can often produce some seed but are 
pollen sterile and are usually avoided in breeding programmes. Most triploids 
seem to derive from the fertilization of an unreduced embryo sac and thus have 
two genomes from the maternal parent and one from the paternal (Larsen et al. 
2017, Ordidge et al. 2018). Nowadays ploidy levels are either determined by 
flow cytometry of leaf tissue (Skytte Af Sätra et  al. 2020), comparison of the 
levels of heterozygosity as determined by DNA microsatellite data (Larsen et al. 
2017, Pikunova et al. 2018, Skytte Af Sätra et al. 2020), SNP arrays (Chagné et al. 
2015) or by GBS (Larsen et al. 2018). Ratio of triploids ranged from 7.9% among 
667 Danish accessions (Larsen et al. 2025) and 13% among 1949 accessions 
in the USDA apple genebank (Migicovsky et  al. 2021) to 23% among 1404 
accessions in the German genebank (Broschewitz et al. 2024). 
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4.3 MUNQ codes 

In addition to numerous mislabellings in germplasm collections, names of old 
and/or local cultivars are often very ambiguous, with the same name used for 
several different genotypes and different names applied to accessions sharing 
the same genotype. After analysis of a large set of apple accessions, Muranty 
et al. (2020) provided a numerical genotype code (MUNQ, for Malus UNiQue 
genotype code) for 1425 unique diploid genotypes.Each of these was also given a 
‘preferred name’ based on DNA marker-validated synonyms, synonyms recorded 
in relevant pomological literature, SNP-confirmed pedigrees, and comparison of 
the accession phenotype with pomological cultivar descriptions. The assignment 
of MUNQ genotype codes allows for the comparison of international genotype 
data through the harmonized use of microsatellite and SNP markers (Denancé 
et al. 2020). Recently a set of 96 SNPs was developed in order to standarsize the 
cultivar identification (Muranty et al. 2024). This MUNQ code system has been 
adopted and built upon in further studies (e.g. Larsen et al. 2024). 

4.4 Diversity and structuring 

Data from DNA-based identification of apple accessions can be used to assess 
levels of diversity in the collections and to analyse patterns of population 
differentiation and gene flow. An SSR-based analysis of 1404 unique genotypes 
in the German gene bank showed no influence of cultivar age: expected 
heterozygosity H exp of four cultivar age groups (originating before 1849, 1850– 
1899, 1900–1949, from 1950 to present) ranged from 0.81 to 0.84 (Broschewitz 
et al. 2024). Cultivars belonging to ‘from 1950 to present’ grouped mainly in a 
cluster with almost no members from the two earliest age groups, suggesting 
that there had been a strong shift in genetic background between older and 
newer cultivars, with ‘1900–1949’ acting as a transition zone. Older cultivars are 
likely to differ markedly from cultivars released more recently and therefore 
carry different genes, some of which may prove valuable in breeding. An 
SSR-based analysis of accessions in the USDA gene bank similarly showed no 
significant reduction in diversity for cultivars developed during a period ranging 
from the thirteenth through to the twentieth century (Gross et al. 2014). So far, 
improvement of domestic apples does not seem to involve a strong genetic 
bottleneck, but cultivars presently used in commercial breeding programmes 
are less diverse. 

Associations with geographic origin can be found among older cultivars 
when collected from a larger area, whereas recent cultivars often derive from a 
shared international genepool (Ordidge et al. 2018). More than 2,400 accessions 
were analysed across 14 European apple collections in the Fruitbreedomics 
project (Urrestarazu et  al. 2016). The SSR data identified three main groups 
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according to geographic origin: North + East, West and South. Subgroupings 
were apparently associated with cider production, although the major groups 
themselves were only moderately differentiated (Fig. 3). 

Similarly, an SNP-based study of 689 accessions in the USDA gene bank 
demonstrated some differentiation between cider apples and dessert apples, 
as well as between Old World and New World cultivars, and between late-
ripening and early-ripening (Migicovsky et al. 2016). Interestingly, assessments 
of relatedness based on the genotypic data were not correlated with 
assessments based on historical phenotypic data recorded for the same trees, 
suggesting that phenotype is not a good predictor of true relatedness. 

4.5 Genetic relatedness 

Most of the DNA-based screenings of apple collections mentioned above have 
also provided information on close relationships among individual genotypes 
and about important founders in the development of modern cultivars. The 
use of SSRs for pedigree analyses is straightforward since the offspring inherit 
one allele in each locus from one of the parents and the other allele from the 
other parent. Given that a sufficient number of accessions are analysed, several 
‘trios’ (one offspring and both parents) are usually found and parentage is 

Figure 3  SSR-based analysis of the genetic composition of groups of European apple 
cultivars clustered by country of origin, inferred from a structure analysis with K = 3 
groups: blue = North + East, green = West, red = South. The pies show the proportion 
of each group in each country. Reproduced by permission from Urrestarazu et al. (2016). 



Advances in pre-breeding of apple 16 

Published by Burleigh Dodds Science Publishing Limited, 2026. 

revealed (Urrestarazu et al. 2016, Larsen et al. 2017, Skytte Af Sätra et al. 2020, 
Broschewitz et al. 2024). Determination of which is the parent and which is the 
offspring is more problematic in ‘duos’, i.e. a first-degree relationship between 
only two accessions, but can often be solved by pomological information on 
age and origin of the cultivars involved. 

Comparison of accessions analysed with multi-locus markers like DArT 
has identified parent-offspring and full-sibling relationships in the National 
Fruit tree Collection in England (Ordidge et al. 2018). Several parent-offspring 
relationships, including some important triploid cultivars originating in the 
eighteenth century, were identified. Some of these triploids had diploid parents 
that possibly date as far back as the thirteenth century. Several historically 
important cultivars proved to be more closely related than previously 
documented, and some of them were partially inbred as well. 

In SNP-based analyses, calculating identity by descent reveals first-degree 
relationships, but unordered parent-offspring (PO) relationships are a common 
problem in pedigree investigations. Howard et al. (2022) described two tests, 
based on analyses of the extended haplotype profiles provided by the SNPs, 
to resolve this type of situation. The problem with more or less sterile triploid 
cultivars erroneously pointed out as seed parents of diploid cultivars can also be 
solved more easily with SNPs than with other, less informative markers (Muranty 
et al. 2020). Thus, the triploid ‘Ribston’ is not the mother of ‘Cox’s Orange Pippin’ 
(as previously suggested from SSR data), but instead both cultivars are derived 
by seed from the diploid ‘Margil’, which has contributed an unreduced eggcell 
to ‘Ribston’. A novel Python script, ploidyClassifier, was developed for analysis 
of triploids (Howard et  al. 2023). Full or partial pedigrees for many classic 
triploids were thus uncovered, including that of the oldest known American 
cultivar, ‘Roxbury Russet’, and that of ‘Cox's Orange Pippin’, whose previously 
unreported pollen parent now was identified as ‘Rosemary Russet’. 

Several studies have reported an unexpectedly high number of faulty 
pedigrees. An SNP analysis of cultivars introduced from the University of 
Minnesota apple breeding programme showed that 16 of the 21 cultivars 
introduced before ‘Honeycrisp’ (1991) had incorrect or incomplete pedigrees, 
some of which could be at least partially resolved (Luby et al. 2022). Moreover, 
‘Duchess of Oldenburg’ (synonym ‘Borowitsky’) was revealed to be an ancestor 
of 27 of the 28 UMN cultivars. 

Analyses of large collections can help to reveal important founders that 
are many generations removed from presently grown cultivars. An SNP-based 
analysis of 1,425 mostly old European apple cultivars produced an overall 
pedigree that ranged over 7 generations and revealed a major impact of 2 
Renaissance cultivars, namely ‘Reinette Franche’ and ‘Margil’, and 1 cultivar from 
the 1700s, ‘Alexander’ (Muranty et al. 2020). Some of the reported pedigrees 
had been identified previously with SSR in the same samples (Urrestarazu et al. 
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2016), but SNP analysis was more informative. ‘Reinette Franche’ was later 
shown to occur also in many pedigrees in e.g. the USDA collection at Geneva, 
NY (Luby et al. 2022), and in Danish collections (Larsen et al. 2025). 

In some collections, the level of relatedness is staggering. Using SNPs 
to screen 1005 accessions in the USDA collection, Migicovsky et  al. (2021) 
were able to show that more than half of the accessions belong to one single 
extended pedigree. No less than 129 accessions have a first-degree relationship 
with one of the top 8 cultivars grown in the USA. In addition, seven of these 
cultivars are interconnected to each other via first-degree relationships! The 2 
most commonly used cultivars in American apple breeding, namely ‘Golden 
Delicious’ and ‘Red Delicious’, were found to have over 60 first-degree relatives. 
Both of these cultivars are, together with ‘Cox’s Orange Pippin’, heavily over-
represented as parents in some European apple collections as well (e.g. Konjic 
et al. 2024, Broschewitz et al. 2024) (Fig. 4). 

Some less-known cultivars have emerged among the most common 
parents in some analyses, e.g. ‘Gimmersta’, ‘Grågylling’ and ‘Vitgylling’ in 

Figure 4  SNP-based network of first-degree relationships with the top eight apple 
cultivars sold in the United States. In addition to the top apple cultivars, only accessions 
with at least one first-degree relationship (N = 129) are included. Each accession is 
represented by a dot, and each line represents a first-degree relationship. Reproduced 
with permission from Migicovsky et al. (2021). 
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Swedish collections (Skytte Af Sätra et  al. 2020) and ‘Hvid Vinter Pigeon’ 
and ‘Alexander’ in Danish collections (Larsen et al. 2025). The main reason is 
probably that collections in more marginal fruit-growing areas, like the Nordic 
countries, contain more germplasm adapted for a colder climate. There is, 
however, also an effect of conservation policy: e.g. the USDA collection is more 
geared towards modern apple breeding and research, while the collections in 
Denmark and Sweden focus on heirloom cultivars. 

5   Pest and disease resistance 

The most effective driver of increased diversity in apple breeding populations 
appears to be the quest for resistance towards various diseases and pests. 
Apple scab resistance carried by M. floribunda 821 has become the most 
widely explored apple resistance gene worldwide, but alternative resistance 
sources are now being used as well. Important resistance genes have been 
found in wild species and in old/local cultivars for several other fungal diseases 
and for one bacterial disease, but there has been less progress with insect and 
aphid resistance. 

5.1 Apple scab 

Breeding for resistance to apple scab (Venturia inaequalis Cke.) has mostly 
concentrated on the Rvi6 gene (also known as Vf) derived from M. floribunda 
clone 821. Between 1970 and 1992, more than 38 cultivars carrying this gene 
were released within the PRI cooperative programme in the USA (Crosby 
et al. 1992, Janick 2006). Although only a few of these cultivars have reached 
commercial importance, many have been used in further breeding, giving 
rise to improved cultivars that are now experiencing considerable success. 
A second resistance gene, Rvi7 (Vfh), was found both in M. floribunda clone 
821 and in other genotypes of M. floribunda, most of which do not carry Rvi6. 
Unfortunately, resistance breakdowns are common, and virulent isolates have 
been identified for both of these genes, which now makes it increasingly 
difficult to grow the Rvi6-resistant cultivars in Europe (Patocchi et al. 2020). 

Genes conferring resistance against apple scab have been described 
also in Malus baccata L., namely Rvi11 (Vbj) in M. baccata jackii and Rvi12 (Vb) 
in Hansen’s baccata 2, as well as Rvi4 (Vh4) in a crabapple known as ‘Russian 
Seedling’, and Rvi5 (Vm) in M. micromalus (M. atrosanguinea 804) (Janick 
2006). Some genotypes of, e.g. M. sieversii and M. orientalis have also shown 
resistance against apple scab (Forsline et  al. 2003, Forsline et  al. 2004, Volk 
et  al. 2008, 2009, Tegtmeier et  al. 2025), but these have not yet been used 
in breeding programmes. In addition, quantitative scab resistance has been 
reported in some mostly older or local apple cultivars like ‘Common Antonovka’, 
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‘Président Roulin’, ‘Discovery’, ‘Durello di Forli’ and ‘Dülmener Rosenapfel’ 
(Svara et al. 2024). This type of resistance is most likely provided by moderate- 
or minor-effect alleles at one or several loci, although major-effect loci have 
been reported for ‘Durello di Forli’ and ‘Dülmener Rosenapfel’. 

In the VINQUEST project, a set of 16 differential apple hosts carrying a 
range of scab resistance genes (and one control) was chosen, and budwood 
was distributed to 24 partners from 14 countries (Patocchi et al. 2020). These 
partners have regularly contributed infection scores from 2009 onwards in 
order to identify the most promising apple scab resistance genes. Among 
these, Rvi5 occurs in ‘Murray’ (F1 progeny of M. micromalus)‚ Rvi14 (Vdr1) in 
‘Dülmener Rosenapfel’ and Rvi15 (Vr2) in GMAL2473 (F1 progeny of ‘Russian 
seedling’), all of which have relatively large fruits and thus would require fewer 
generations of crosses compared to Rvi11 and Rvi12, which are found only in 
accessions of the small-fruited M. baccata. Although sometimes overcome, Rvi2 
(Vh2), Rvi4, Rvi6, Rvi7, Rvi9 (Vdg) and Rvi13 (Vd, found in ‘Durello di Forli’) could 
still be recommended for breeding, especially when pyramided. Recently, Rvi4 
and Rvi15 have been mapped to the same region on LG2, showing that they 
are, in fact, the same gene (Peil et al. 2023). 

5.2 Powdery mildew 

Major resistances to powdery mildew caused by Podosphaera leucotricha 
Salm., defined as single genes or clusters of genes with large effects, have been 
described in several Malus species. Most well-known among these genes are 
Pl-1 in M. robusta, Pl-2 in M. zumi, Pl-w in the cultivar ‘White Angel’ and Pl-d in 
a hybrid denoted as ‘D12’. DNA markers for these loci have been employed 
for screening cultivar collections (Höfer et al. 2021) and rootstocks (Shamshin 
et al. 2023). Recently, the Plbj gene in M. baccata ‘jackii’ was mapped to LG10, 
and DNA markers were also developed for this gene (Pfeifer et  al. 2025a). 
Additional resistance genes have been reported in the apple clone U 211 
(Stankiewicz‐Kosyl et al. 2005) and in M. florentina and M. sieboldii (Schuster 
2000). Resistance breakdown occurs occasionally, and pyramiding of several 
loci is therefore recommended in breeding programmes. 

5.3 Postharvest fungal rots 

Several ascomycete fungi, known as storage rots, attack apples both in the 
orchard and during cold storage. The damage is first visible as lesions on the 
fruit epidermis and can proceed to rotting of the entire fruit. Large problems are 
caused by fungi belonging to two biotrophic or hemibiotrophic genera, namely 
Neofabraea [e.g. N. alba (E.J. Guthrie) Verkley, N. kienholzii (Seifert, Spotts & 
Lévesque) Spotts, Lévesque & Seifert, N. malicorticis (Cordley) H.S. Jacks. and 
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N. perennans Kienholz] and Colletotrichum [e.g. C. acutatum J.H. Simmonds 
and C. gloeosporioides (Penz) Penz. & Sack.]. Other important species include 
the mainly necrotrophic ‘wound pathogens’ Penicillium expansum Link, Botrytis 
cinerea Pers., Monilinia fructigena (Aderh. & Ruehl.) Honey ex Whetzel and M. 
laxa (Aderh & Ruhland) Honey. 

Considerable variation among apple accessions in their susceptibility 
to the most common storage rots has been reported from observations in 
orchards and storage rooms. In order to obtain quantifiable data, experimental 
inoculations with well-defined inocula have been carried out for several fungi in 
large sets of different apple cultivars and in accessions of M. sieversii (review in 
Nybom et al. 2020). So far, wound inoculation with P. expansum, which causes 
blue mould and can produce the mycotoxin patulin, has provided the most 
reproducible results (Fig. 5). 

Figure 5  Blue mould-infected fruits of ‘Siv’ three weeks after artificial inoculation with 
spores of P. expansum. Photo courtesy of M. Ahmadi-Afzadi. 
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A possible source of resistance to P.  expansum has been found in M. 
sieversii; two QTLs were identified in segregating offspring from a mapping 
population of ‘Royal Gala’ × M. sieversii PI613981 (Norelli et  al. 2017). The 
stronger of these QTLs, mapped to LG3, explained 27.5% of the variation and 
appeared to derive from the M. sieversii parent. The second QTL, mapped 
to LG10, was presumably inherited from ‘Royal Gala’. Markers for the QTL on 
LG3 are now being used in breeding programmes. Recently, Ahmadi-Afzadi 
et al. (2026) found a not fully significant association with lesion decay on LG3 
close to the region reported by Norelli et al. (2017) in a set of 180 P. expansum-
inoculated, mostly North European apple cultivars, thus indicating that there is 
considerable variation for P. expansum resistance not just in M. sieversii but also 
in domesticated apple. 

Wound inoculation with the wound-mediated fungus B. cinerea and 
with lenticel-infecting fungi like N. malicorticis and C. acutatum has similarly 
produced significant differences among apple accessions, but analyses have 
been carried out on relatively small collections, and there is not yet sufficient 
data for a more comprehensive analysis of resistant germplasm. 

5.4 Fruit tree canker 

Some diseases are especially difficult to work with due to the lack of efficient 
procedures for phenotyping the level of resistance in different genotypes. 
This is especially true for diseases for which resistance is quantitative in nature 
and extremely sensitive to environmental conditions, such as fruit tree canker 
caused by Neonectria ditissima (Tul. & C. Tul.) Samuels & Rossman. One locus, 
Rnd1, for partial resistance to canker was mapped on LG14 using progeny from 
a cross between the moderately canker-resistant rootstock ‘Malling 9’ and the 
highly resistant accession M. robusta 5 (Bus et al. 2019). SNP markers have now 
been developed for this locus and are available for marker-assisted selection in 
pre-breeding programmes. By contrast, QTLs detected in domestic apple are 
reported to have only small to moderate effects (Karlström et al. 2022). 

5.5 Fire blight 

The bacterial disease fire blight causes serious damage to pome fruit orchards, 
and although generally more important in pear than apple in Europe, the 
opposite is often reported in North America. Assessment of fire blight 
tolerance in apple is usually based on inoculating young shoots with Erwinia 
amylovora (Burrill) Winslow et  al. Several QTLs have been detected in, e.g. 
‘Cox’s Orange Pippin’ on LG7 and in ‘Golden Delicious’ on LG13 (van de Weg 
et al. 2018). Unfortunately, these QTLs have proven to explain less than 50% of 
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the phenotypic variance recorded after apple shoot inoculations (Nybom et al. 
2012, Emeriewen et al. 2021). 

More efficient sources of resistance to fire blight have been reported in 
several wild Malus species. Thus QTLs found on LG3 in M. robusta 5 explained 
up to 80% of the phenotypic variation (Peil et al. 2019). One QTL explaining 
66% has been mapped to LG10 in M. fusca MAL0045 (Emeriewen et al. 2020, 
Mansfeld et al. 2023), while analysis of F2 offspring from M. fusca MAL0045 
enabled the identification of two additional resistance genes on LG4 and LG15 
(Emeriewen et  al. 2023). In addition, a group of closely located loci (or one 
multiallelic locus) has been mapped to LG12 in Malus × arnoldiana MAL0004 (a 
hybrid between M. baccata and M. floribunda) in the same region as previously 
reported fire blight resistance loci in M. floribunda 821 and in the ornamental 
cultivar ‘Evereste’ (possibly derived from a wild Malus species) (Emeriewen 
et al. 2021). 

Resistance against fire blight has also been identified in some genotypes of 
M. orientalis (Volk et al. 2008, 2009) and M. sieversii, with low disease incidence 
after inoculation experiments, but high disease severity once infection was 
initiated (Harshman et  al. 2017). Recently Msv_FB7 was identified on LG7 
in M. sieversii, and molecular markers were developed for its utilization in 
marker-assisted selection since it explains 48–53% of the phenotypic variance 
(Tegtmeier et  al. 2023). Ideally, several resistance loci should be pyramided 
since the bacterial strains vary considerably in general virulence as well as their 
ability to cause resistance breakdown. 

5.6 Woolly apple aphid 

Woolly apple aphid, Eriosoma lanigerum Hausm., is a problem in apple 
orchards all over the world but especially in the Southern hemisphere. Many 
scion and rootstock varieties, like the globally much used M.9 and M.26, are 
very susceptible. Four resistance genes, Er1 occurring in ‘Northern Spy’ (also 
in M. prunifolia var. Ringo), Er2 in M. robusta 5, Er3 in M. sieboldii  ‘Aotea 1’ 
and Er4 in open pollination-derived offspring of ‘Delicious’, have been mapped 
and DNA markers developed for use in apple breeding programmes (Bus et al. 
2008, 2010). Since these resistances are prone to breakdown, germplasm with 
both Er1 and Er3 has been developed to ensure long-term efficient resistance. 

6   Fruit quality traits 

6.1 Fruit size, shape and colour 

Development of M. domestica from its wild progenitors has involved a strong 
increase in fruit size (Duan et  al. 2017, Liao et  al. 2021). Some old cultivars 
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instead produce very large fruit, but many of these are triploid and therefore 
not useful in breeding. In addition, some very large-fruited cultivars have a 
strong tendency towards biennial or alternate bearing. 

Numerous loci are apparently involved in the determination of the shape and 
size of both wild and domesticated apples. A set of 525 apple accessions from a 
reference population (apple REFPOP) in Switzerland were recently genotyped 
with 303,148 SNPs and phenotyped digitally using the FruitPhenoBox system 
(Keller et al. 2024). A total of 69 SNPs, scattered among all 17 chromosomes, 
were associated with round, conical, cylindrical or symmetric fruit shapes and 
fruit size. In addition, 16 SNPs mapped to 8 chromosomes showed associations 
with red overcolour as well as green and yellow ground colour. In another 
study, 9 loci with major effects on fruit size were found in Malus germplasm 
and may become useful in the identification of desirable M. domestica alleles 
in offspring from interspecific crosses and further backcrosses (Li et al. 2025). 

Fruit skin colour is determined by the content and spatial distribution of 
anthocyanins, carotenoids and chlorophylls. Both wild and cultivated apples 
come in different skin colours, but an intensely red fruit has become increasingly 
popular in commercial cultivars. Genetic markers have been developed for 
variation in the MdMYB1 transcription factor on LG9 which is responsible for 
fruit skin colour (Chagné et al. 2016). An SNP-based GWAS revealed a strong 
signature of positive selection at this locus during the domestication and 
improvement of apple, suggesting a rapid increase in the frequency of the 
‘redTE’ allele (Migicovsky et al. 2021). 

Possibly, the only desirable fruit quality trait introgressed from a wild species 
into commercial cultivars is the red fruit flesh in M. sieversii f. niedzwetszkyana 
(review in Mezhenskyj et al. 2024). The red flesh and reddish foliage present 
in this variety are controlled by the MdMYB10 transcription factor located on 
LG9 (Chagné et al. 2007). Another transcription factor, MdMYB110a, produces 
reddish or pink flesh but does not affect the fruit skin or foliage. This gene has 
been mapped to LG17 (Umemura et al. 2013) and occurs in the old cultivar 
‘Surprise’ and its offspring. Newly developed red- and pink-fleshed cultivars 
are marketed both as an attractive novelty and for their possible health benefits 
due to the high anthocyanin levels. In addition, derivates from M. sieversii f. 
niedzwetszkyana have been grown as ornamentals in Europe and North 
America for more than a century, and some are used as rootstocks since their 
red leaves make them easy to discriminate from green-leaved scion varieties 
(Fig. 6). 

6.2 Fruit texture 

Crisp and juicy fruits are in high demand, and markers for desirable genes 
can be very useful in seedling selections. Variation in fruit-texture parameters 
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is apparently under the control of multiple genes that affect fruit firmness at 
harvest and after storage as well as the rate of fruit softening during storage. 
The MdACS1 locus has been mapped to LG15, and MdACO1 and MdPG1 loci 
have been mapped to LG10 (Costa et al. 2010, Costa et al. 2011, Longhi et al. 
2012, Chagné et al. 2019). The transcription factor gene MdNAC18.1, mapped 
to LG3, has been shown to affect firmness at harvest (Migicovsky et al. 2021) and 
to be associated also with harvest date and firmness after storage (Watts et al. 
2023). Softening rate is, however, more accurately predicted with MdPG1. DNA 
markers for these loci (and several others) have been applied to the screening 
of large sets of apple cultivars (review in Nybom 2023). 

In a screening of the USDA apple collection, Migicovsky et  al. (2021) 
found that the undesirable ‘soft’ allele (D) of MdNAC18.1 occurs at a much 
higher frequency within M. sieversii; 54% of the M. sieversii accessions were 
homozygous for this allele in comparison to only 6.3% of the M. domestica 
accessions. Similarly, the undesirable allele 1 of MdACS1 associated with soft 
fruit due to high ethylene production is more common in older cultivars (below 
20% in cultivars developed before 1800) compared to in newer cultivars (above 
50% in cultivars released after 1960) (Nybom et al. 2008). 

Figure 6  First illustrations of red-fleshed apple varieties: (a) ‘Surprise’ F1 and (b) M. 
sieversii f. niedzwetszkyana ‘Komsomolets’. Reproduced with permission from Mezhenskyj 
et al. (2024). 
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Strong selection for early-ripening apples in marginal production areas with 
a short growing season has resulted in cultivars that mature early but usually 
also soften very quickly during storage. A GWAS implemented on Norwegian 
heirloom cultivars revealed several QTLs associated with fruit texture in hitherto 
not identified genomic regions (Gilpin et al. 2025). Especially one QTL on LG10 
appears to have considerable effect on softening, also after validation in several 
half-sib families. Although attention has mainly focused on fruit firmness and 
crispness, QTLs for other texture-related traits have also been investigated, e.g. 
one QTL for mealiness in LG1 (Kunihisa et al. 2016). Again, this is a characteristic 
often associated with older cultivars. 

6.3 Chemical contents 

Fruit taste depends on the content and composition of soluble sugars and 
organic acids together with aromas detected by the olfactory system. Fruit 
from wild species have demonstrated greater diversity in sugar and malic acid 
contents compared to fruit from cultivated apples (Ma et al. 2015). Malate is 
the predominant organic acid in apple fruit, and its accumulation is controlled 
mainly by Ma1 located on LG16 (Bai et al. 2012), although several additional loci 
also seem to be involved (Liao et al. 2021). Other major genes, like MdTDT and 
MdSOT2, affect the accumulation of citrate and sorbitol, respectively (Liao et al. 
2021). Domestication of apple has involved a substantial decrease in acidity 
due to mutations in genes like Ma1, MdTDT and MdSOT2 (Liao et al. 2021). 

Fruit aroma appears to have been improved mainly during the more 
recent stages of the apple domestication process (Liao et  al. 2021). Many 
old/local cultivars have complex and desirable aroma profiles but also softer 
fruit, whereas modern cultivars with firm and crispy fruits instead tend to have 
comparatively restricted aromatic profiles. The MdPG1 gene is responsible 
not only for fruit texture but has a direct effect also on the emission of volatile 
compounds (Farneti et al. 2017). A GWAS performed on 515 apple cultivars 
that had been phenotyped for 106 VOCs (volatile organic compounds) showed 
associations between SNPs near the alcoholacyltransferase MdAAT1 locus and 
the abundance of several esters, as well as between SNPs at the MdNAC18.1 
transcription factor locus and the abundances of 1-hexanol and 1-butanol, 
which serve as precursors for hexyl acetate and butyl acetate (Soomro et al. 
2023). 

Dessert apples have become enriched for genes that have lowered 
the polyphenol contents compared to their more primitive counterparts 
(Migicovsky et al. 2021). One important QTL controlling phenolic compounds 
is co-located with MdLAR1 (leucoanthocyanidin reductase 1) on LG16, which 
affects acidity, bitter pit and fruit cracking (Chagné et  al. 2012b, Guan et  al. 
2015). Transcriptomic and metabolomic analyses have recently shown that a 
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high expression of MdLAR1 is also associated with the accumulation of catechin 
and epicatechin and with yellow skin colour (Ao et al. 2025). 

7 Climate adaptation 

Although mainly a crop for temperate regions, apples are also grown under 
more challenging conditions. Extremely cold winters are a major problem in, 
e.g. the Canadian prairies and Siberia. Adaptation to winter injuries can be 
important also in areas with a milder climate since sudden colder periods in 
autumn can kill or at least severely injure the trees, while frosts after warm spells 
in late winter or early spring can cause both drought and winter injuries. 

Most of the older cultivars recommended for production in the Canadian 
prairies have a wild species as one of the parents (Bors 2003). Although adapted 
to the harsh climate, they are often small-fruited and have poor storage capacity. 
Similarly, wild species and their offspring are grown in colder regions in Asia, 
where especially the Siberian crab apple, M. baccata, has shown outstanding 
winter hardiness and the ability to withstand temperatures down to −50°C 
(Stepanov 1974, Zhou 1999). In northern Europe, apple production is mostly 
based on old/local cultivars of domestic origin. Whole genome resequencing 
has identified a genomic region on LG1 which appears to be associated with 
historical selection for winter hardiness in old cultivars grown in Sweden (Skytte 
Af Sätra et al. 2024). Different haplotypes in this region could be traced through 
several generations in pedigrees of reportedly hardy versus non-hardy cultivars. 

In warmer regions, insufficient accumulation of the chilling hours needed 
for release of bud dormancy is already a major problem, and this is likely to 
increase due to global warming. Several genes affecting the chilling requirement 
have been identified (review in Boudichevskaia et al. 2020). Global warming 
and increased urban use of water will most likely also increase the problems 
with drought. Some wild Malus species may become useful in pre-breeding for 
drought tolerance like M. sieboldii (Zhang et al. 1993), while M. halliana Koehne 
is reported to tolerate extended periods of water logging, and M. transitoria 
(Batal.) Schneid. can tolerate salty soils (Zhou 1999). 

The ability to thrive in different climate zones is dependent on the timing 
of dormancy and budbreak, flowering time and fruit ripening, and the ability 
to manage despite sudden changes in weather like warm spells in autumn and 
cold spells in early spring. A large GWAS involving accessions in six germplasm 
collections was undertaken within the Fruitbreedomics project (Urrestarazu 
et al. 2017). Two SNPs were identified for the flowering period, and six for the 
ripening period. In another study, 11 SNPs were found for budbreak, several of 
which occurred close to candidate genes known to be involved in dormancy 
regulation in apple, and could be mapped to previously identified QTL regions 
(Chen et al. 2023). 
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A promising method for screening germplasm for quantitative genes 
involved in climate adaptation was based on a cDNA library constructed for an 
accession of M. sieversii using mRNA obtained from bark tissues collected in 
late fall–early winter when many abiotic stress-adaptive genes are expressed 
(Wisniewski et  al. 2020). This full-length cDNA OvereXpressing (FOX) gene 
hunting system was used to construct a library of transgenic lines of Arabidopsis 
in which each transgenic line overexpresses a full-length gene obtained from 
the accession. 

8   Conclusion and future trends 

Commercial apple breeding is dominated by a very small number of cultivars. 
Pre-breeding projects aim to enrich the utilized genepool with genetically 
distinct material, including wild species and old/local cultivars. This material 
has great potential, especially in breeding programmes focused on resistance 
to various pests and diseases, or on cultivation in marginal production areas 
requiring improved habitat adaptation. For most of the wild species, only a few 
accessions have however been evaluated, thereby probably overlooking many 
potentially valuable gene sources. 

Molecular tools are consistently being developed for assisting commercial 
breeding of apple and numerous other crops. These tools are of course useful 
also for pre-breeding and have been implemented, e.g. for identification 
of accessions in germplasm collections and determination of pedigree 
relationships. Similarly, an increasing number of methods are becoming 
available for efficient identification of valuable genes and development of 
markers for choosing suitable parents and for early selection in seedling 
populations. Several apple genome sequences have been published, both of 
domestic apples (Peace et al. 2019) and, more recently, also of M. robusta 5 
(Karlström et al. 2025), M. baccata ‘jackii’ (Pfeifer et al. 2025b) and M. fusca PI 
589975 (Mansfeld et al. 2023). 

While the molecular tool development looks very promising, there is also 
the matter of acquiring data on large sets of genotypes in order to identify 
sources of valuable genes and enable in-depth genetic analyses. Ideally, such 
data should be collected during a period of several years at multiple sites on 
repeated sets of carefully chosen genotypes representing both wild species 
and domestic cultivars. Such experiments are, however, exceedingly expensive 
and require several years for planning, planting and growing the material 
before it can be evaluated. 

Sometimes, historical phenotype data can be linked to genotypic variation 
to identify genotype-phenotype associations (Migicovsky et al. 2016, Skytte Af 
Sätra et al. 2024). More commonly, already available accessions in gene banks 
are phenotyped to provide data on morphological and phenological traits, 
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as well as resistance towards, e.g. scab and mildew (Höfer et al. 2014, 2021, 
Urrestarazu et al. 2017). Choice of accessions plays a vital role, with larger and 
more variable collections being highly desirable. After careful streamlining 
through the application of molecular and pomological analyses, a set of 1200 
apple heirloom accessions in Switzerland were chosen (Dalbosco et al. 2024). 
Phenotyping of fruit and tree characteristics, including screenings for disease 
resistance, revealed several apple accessions with a potential for breeding and 
improvement of, e.g. the resistance to fire blight. 

Phenotyping is likely to improve in the future as better equipment 
and methods are developed. As an example, more emphasis on acoustic 
phenotyping methods would probably help to clarify the variation in fruit 
crispness as opposed to the commonly applied penetrometer which mainly 
measures fruit firmness (Gilpin et al. 2025). For disease evaluation, inoculation 
methods as well as scoring and quantification of disease symptoms need to be 
carefully optimized as demonstrated in a study on fruit tree canker (Karlström 
et al. 2022). The ECPGR Malus/Pyrus working group has developed phenotypic 
descriptors, but much more work is needed in order to develop phenotyping 
protocols that reflect recent scientific and technical progress. 

High-quality data is still missing for several economically important yield 
parameters and for the tolerance/resistance to many different pests and 
diseases. Global warming and reduced application of fungicides have already 
prompted an increase in several fungal diseases, e.g. apple blotch, caused by 
Marssonina coronaria (Ellis & Davis) Davis, which produces black spots on apple 
fruits and leaves, thereby reducing tree vigour and yield in apple orchards 
in South and East Asia, and recently also in southern Europe (Wöhner and 
Emeriewen 2019). Increasing problems with disease and pests will no doubt 
have to be addressed in future pre-breeding projects. 

Digital resources with genomic and genetic data developed within large 
pre-breeding projects like Fruitbreedomics and RosBREED as well as by several 
other research groups, plant breeders and gene bank curators, are already 
very useful and likely to become increasingly important in the future (review in 
Boudichevskaia et al. 2020). 

9   Where to look for further information 

9.1 Further reading 

• Bramel and Volk (2019) describes the conservation and use of apple 
genetic resources in a worldwide perspective. 

• Boudichevskaia et al. (2020) reviews genomic analyses for a large number 
of commercially important apple traits, as well as digital resources for use 
in breeding and research. 
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• Iezzoni et  al. (2020) reports about the multipartner RosBREED pre-
breeding project. 

• Laurens et al. (2018) reports about the multipartner Fruitbreedomics pre-
breeding project. 

• Peace et al. (2019) reviews the early work on genomic sequencing in apple 
and how this information has been used in genetic analyses. 

• Tegtmeier et  al. (2025) provides a review on M. sieversii, which is the 
primary progenitor species of domesticated apples and potentially very 
useful in pre-breeding. 

9.2 Key conferences 

• EUCARPIA (European Association for Research on Plant Breeding), 
Section Fruit, organizes conferences every third or fourth year that are very 
relevant for fruit breeding and genetics. 

• ISHS (International Society for Horticultural Science) organizes a world 
congress every fourth year, as well as several symposia each year on pre-
breeding and related topics. 

• RGC (International Rosaceae Genomics Conference) is organized every 
second year and coordinated by the Rosaceae International Genomics 
Initiative. 

9.3 Major research centres and international projects 

In addition to the numerous European and American research facilities involved 
in the above-mentioned Fruitbreedomics and RosBREED projects, valuable 
research is carried out by, e.g. The New Zealand Institute for Plant and Food 
Research, and by several research facilities in China. 
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