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MAS will be difficult to deploy. Progeny testing and the 
use of pedigree in the analysis can provide effective iden-
tification of the superior genetic factors that underpin these 
complex traits. Recently, it has been shown that estimated 
breeding values (EBVs) can be developed for complex 
potato traits. Using a combination of MAS and EBVs for 
simple and complex traits can lead to a significant reduc-
tion in the length of the breeding cycle for the identification 
of superior germplasm.

Introduction

Potatoes (Solanum tuberosum L.) are the fourth most 
important human food crop, and the most important non-
grain crop. Despite this, many current commercial cultivars 
suffer from a number of production and quality issues. In 
particular, disease susceptibility can be potentially cata-
strophic for a clonally propagated crop such as potato. 
New cultivars are therefore required, which are high yield-
ing, disease resistant and produce tubers with satisfactory 
quality attributes. However, as conventional breeding takes 
a significant time (often more than 10  years) to produce 
improved germplasm, there is a pressing need to accelerate 
genetic improvement in potato. Recent advances that have 
the potential to improve breeding efficiency are therefore 
the focus of this review.

The cultivated potato has evolved significantly from the 
original landrace introductions into the Old World, through 
transformation of the relatively small and highly distorted 
tubers of primitive material to the comparatively large, uni-
form tubers of modern day cultivars. The primitive tuber 
offered significant advantage for a wild species, providing 
a secondary method of reproduction, enabling regenera-
tion as clonal propagules in the absence of seed production. 
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Abstract  Cultivated potatoes are highly heterozygous 
due to their outbreeding nature, and suffer acute inbreed-
ing depression. Modern potato cultivars also exhibit tetra-
somic inheritance. Due to this genetic heterogeneity, the 
large number of target traits and the specific requirements 
of commercial cultivars, potato breeding is challenging. A 
conventional breeding strategy applies phenotypic recur-
rent selection over a number of generations, a process 
which can take over 10  years. Recently, major advances 
in genetics and molecular biology have provided breeders 
with molecular tools to accelerate gains for some traits. 
Marker-assisted selection (MAS) can be effectively used 
for the identification of major genes and quantitative trait 
loci that exhibit large effects. There are also a number of 
complex traits of interest, such as yield, that are influenced 
by a large number of genes of individual small effect where 
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This secondary strategy for propagation is complementary 
to the obligate outbreeding reproductive habit of the pro-
genitor species, which could limit seed production in unfa-
vourable seasons.

The inherent high level of heterozygosity that results 
from an outbreeding habit, linked with tetraploidy, has 
enabled potatoes to readily adapt to a wide range of envi-
ronmental conditions through the development of locally 
adapted cultivars. High levels of genetic heterogeneity 
have also enabled the development of cultivars for multi-
ple applications, such as fresh market use, French fry and 
crisp processing, and starch production. Although some 
selection and breeding may be achieved without detailed 
genetic knowledge, effective breeding programmes are 
now enhanced by both understanding and utilisation of the 
underlying genetics of the target breeding traits. Recent 
significant advances in molecular genetics and the analysis 
of highly complex quantitative traits, can be exploited by 
potato breeders to accelerate genetic gains, thus enabling 
more rapid improvements in potato cultivars.

Biological factors underpinning the highly heterozygous 
nature of potato

Potatoes have a highly heterozygous genotypic constitu-
tion due to the reproductive habit of the progenitor species 
and landraces, which also exhibit variation in their ploidy 
levels. The tuber-bearing Solanum species are grouped into 
section Petota Dumort., and recent taxonomic classifica-
tions recognised 110 wild species and four cultivated spe-
cies (Spooner et al. 2007, 2009; Ovchinnikova et al. 2011), 
which range from diploid to hexaploid. Modern cultivars 
are the products of intensive breeding using S. tubero-
sum and 15 other members of section Petota (Ross 1986; 
Plaisted and Hoopes 1989; Ovchinnikova et al. 2011), and 
are therefore hybrid in nature.

Nearly all diploid Solanum species exhibit gametophytic 
self-incompatibility and are obligate outbreeders. In con-
trast, the polyploid potato taxa are capable of self-fertilisa-
tion (Jansky 2009). Despite this, substantial levels (c. 40 %) 
of cross-pollination were estimated between S. tuberosum 
ssp. andigena genotypes in a natural Andean population 
(Brown 1993). Such a level of outcrossing generates allelic 
heterozygosity within and between individuals, and miti-
gates levels of inbreeding depression that would otherwise 
result from self-pollination (Bradshaw et al. 2006).

The cultivated potato is also an autotetraploid 
(2n  =  4x  =  48) and displays tetrasomic inheritance. At 
any given locus, five distinct genotypes may be observed, 
further contributing to the high level of genetic heteroge-
neity (Howard 1970; Ross 1986; Hawkes 1990; Bradshaw 
2007b; Jansky 2009). Cytological studies have revealed 

that homologous chromosomes in autopolyploids may 
exhibit segregation patterns based on a mixture of bivalent 
and multivalent pairing configurations at prophase of meio-
sis I (Swaminathan and Howard 1953; Wallace and Callow 
1995; Stein et al. 2004). In addition, in multivalents ‘dou-
ble reduction’ can result in alleles at target loci being deliv-
ered to the same gamete from sister chromatids (Bradshaw 
2007a; Milbourne et al. 2008). The combination of an out-
breeding habit, with an autotetraploid genetic constitution 
ensures that potato populations are highly genetically het-
erogeneous, which has enabled the potato to successfully 
adapt to a range of production environments and selected 
uses.

Genetic diversity of wild potatoes

The tuber-bearing Solanum wild species are highly diverse 
and are naturally distributed over a broad ecogeographi-
cal range, being indigenous to 16 countries (ranging from 
38oN to 41oS) (Hawkes 1990; Spooner and Hijmans 2001). 
In addition, they range from medium-to-high to lowland 
altitudes, which exposes the plants to a range of climates 
that include freezing temperatures to semi-desert regions, 
and cool temperate to tropical rainforests (Hawkes 1994).

Many wild species possess genes for numerous traits 
not present in cultivated germplasm and represent a rich 
resource for improvements in disease resistance, abiotic 
stress resistance and tuber quality characters (Hanneman 
1989; Spooner and Bamberg 1994; Jansky 2009). How-
ever, introgression of desirable genes from non-domesti-
cated species often requires several generations of breeding 
to develop a commercial cultivar, partially due to linkage 
drag of genes for undesirable traits (e.g. presence of gly-
coalkaloids) along with genes for desirable characters. The 
deliberate introgression of genes from wild species began 
in 1909, and has been limited in success, although the suc-
cessful introduction of dominant major genes and quantita-
tive trait loci (QTLs) for resistance to late blight, viruses 
and cyst nematodes are significant exceptions (Bradshaw 
2007b).

Breeding strategy

A conventional potato breeding strategy employs phenotypic 
recurrent selection over a number of generations (Bradshaw 
and Mackay 1994). Typically, large breeding populations are 
subjected to a progression of selection pressures to reduce 
the population size, while concurrently increasing the num-
ber of plants of each genotype under evaluation (Bradshaw 
and Mackay 1994; Jansky 2009). A breeder will typically 
select parents for potential pair-wise crossing on the basis of 
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complementary phenotypic characters (Bradshaw and Mac-
kay 1994; Bradshaw 2007b). These parents will generally be 
high-performing cultivars which require additional improve-
ment, or breeding lines that are proven elite parents and pro-
duce higher numbers of superior offspring.

Populations are screened over a number of clonal genera-
tions for a range of characters. It is often important to evalu-
ate new cultivars over a number of years and in a number 
of appropriate environments, a process which can take over 
10 years (Jansky 2009). Many traits contributing to the phe-
notype of a potato plant can be highly influenced by the 
growing environment, for example yield, tuber number, tuber 
size, specific gravity and processing quality (Jansky 2009).

Approximately 40 traits are considered during new cul-
tivar development (Gebhardt 2013), broadly divided into 
yield-related and tuber quality characteristics, as well as 
tolerances to both biotic and abiotic stresses. This makes 
breeding potatoes more challenging in comparison to 
grains or forages, as a variety of market specific traits have 
to be considered as well as typical production traits due 
to its horticultural nature. Knowledge of the genetic and 
other environmental influences on the expression of the tar-
get traits is important (Table  1), and will influence meth-
ods for the identification of superior parents, screening of 
the derived populations and effective selection methods to 
identify superior phenotypes.

Genetics of desirable potato traits (simple to complex)

As the cultivated potato is an autotetraploid, breeding using 
genetic information requires a consideration of the effects 
of tetrasomic inheritance (Bradshaw 2007a; Jansky 2009). 
Despite the added complexity that autotetraploidy contrib-
utes, inheritance patterns still follow the principles of Men-
delian genetics for traits under single gene control, albeit 
more complex, or quantitative genetics for traits under mul-
tiple gene control.

There are a number of qualitative traits in potato that 
are regulated by major genes. These include many disease 
resistance genes: H1 for Globodera rostochiensis Ro1 and 
Ro4 (Toxopeus and Huijsman 1953; Simko et  al. 2007), 
Nx or Rxadg for Potato virus X (PVX) (Cockerham 1970; 
Simko et  al. 2007), Ny or Rysto for Potato virus Y (PVY) 
(Cockerham 1970; Simko et  al. 2007), and there are sev-
eral major resistance genes for race specific Phytophthora 
infestans (late blight pathogen), notably R1-R11 identi-
fied in the hexaploid S. demissum (Simko et al. 2007), and 
RB/Rpi-blb1 from S. bulbocastanum, which provides resist-
ance that is race non-specific (Naess et  al. 2000). Major 
genes have also been mapped for the control of flesh, skin 
and flower colour, for tuber shape and for eye depth (Brad-
shaw 2007b).

Progeny tests can be used to determine the allele dosage 
for qualitative traits in prospective parents, as segregation 
ratios in the progenies will be in proportion to the allele 
dosage of the parent. Tetrasomic inheritance also has impli-
cations for which families need screening within a breeding 
programme. With simplex and duplex parents, the progeny 
requires screening for identification of gene presence, tri-
plex parents will produce the vast majority of progeny with 
the gene, but screening will still be necessary due to double 
reduction, which can lead to low frequency loss of the tar-
get gene, and quadruplex parents require only confirmation 
of the genes’ effectiveness prior to commercial release.

Although some traits are under the control of major 
genes, the majority of traits of interest are influenced by 
multiple genes with individually small effects. The genetic 
analysis of quantitative traits does not conform to the rela-
tively simple segregating ratios of qualitative traits, but can 
still be analysed using family means and variances. When 
individuals within a family are scored for a quantitative trait, 
the mean phenotype of the family will be due to the joint 
action of the respective genes influencing the trait and any 
environmental interaction. Due to this interaction, the prog-
eny will usually exhibit a normal distribution for the trait of 
interest. Different families will exhibit different means and 
variances due to their different genotypic content. Traits 
controlled by multiple genes may also exhibit additive and/
or dominance effects exerted by allelic variants on trait 
expression. As the phenotypic variance exhibited within 
a population is the result of both genetic and environmen-
tal factors, if the environmental variation can be reduced 
by trial design to be close to zero, the genotypic variation 
will approximately equal the measured phenotypic variation 
(Falconer and Mackay 1996; Kearsey and Pooni 1998).

Robust progeny tests for phenotypic determination of 
superior progeny sets will determine the parental values 
for these traits, without identifying the location or num-
ber of genes that regulate trait expression. The analysis of 
quantitative traits is important for population improvement, 
method of selection and genetic gain (Moose and Mumm 
2008). Livestock breeding programmes have greatly ben-
efited from the estimation of the genetic merit of selection 
candidates based on phenotypic and pedigree information. 
For example, significant gains have been obtained for milk 
yield in Holstein cattle in the USA (Van Vleck et al. 1986). 
This analysis has recently been applied in a potato pro-
gramme, leading to significant increase of predicted genetic 
gain for specific traits (Slater et al. 2014).

Development of genomic resources

Major advances in molecular genetics have helped plant 
breeders to accelerate genetic gain in crops. Genetic markers 
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Table 1   The main potato traits grouped in categories and listed by the complexity of their genetic control

Trait Known or likely genetic control References

Plant development and morphology

 Skin colour Single genes. Brown skin dominant over pale. Individual loci  
control red pigment in the skin and eyes, and are closely linked

(Ortiz and Huaman 1994; van Eck 2007)

 Flesh colour Single genes. Yellow dominant over white, intensity  
due to modifier genes. Purple flesh dominant over white

(Ortiz and Huaman 1994; van Eck 2007)

 Tuber shape Possibly one to a few genes, round is dominant over long (Ortiz and Huaman 1994; van Eck 2007)

 Eye depth & eye brows Contrary reports on dominance of shallow or deep eyes (Ortiz and Huaman 1994)

 Skin texture Controlled by three genes, with heavy russeting caused by  
homozygosity at one or more location

(de Jong 1981)

 Plant maturity Polygenic with a major QTL (Kloosterman et al. 2013)

 Bruising Unknown genetic control (Dale and Mackay 1994; van Eck 2007)

 Tuber size Polygenic (Celis-Gamboa et al. 2003)

 Tuber uniformity Polygenic (Celis-Gamboa et al. 2003)

 Dormancy Polygenic (Simmonds 1964)

 Salt tolerance Polygenic (Donnelly et al. 2007)

 Plant type Polygenic, upright is dominant to prostrate (Ortiz and Huaman 1994)

 Visual preference Polygenic due to multiple traits (Maris 1988)

 Drought tolerance Likely to be highly polygenic (Vos and Haverkort 2007)

 Heat tolerance Likely to be highly polygenic

 Yield Likely to be highly polygenic

Tuber postharvest quality

 Cold sweetening resistance Heritable, polygenic (Dale and Mackay 1994; van Eck 2007)

 Dry matter/Specific gravity Strongly heritable but affected by environment (Dale and Mackay 1994; van Eck 2007)

 Greening Polygenic (Dale and Mackay 1994; van Eck 2007)

 Boil sloughing/texture Polygenic (Dale and Mackay 1994; van Eck 2007)

 After cooking darkening Polygenic (Dale and Mackay 1994; van Eck 2007)

 Crisp colour Highly heritable, polygenic due to multiple traits (Dale and Mackay 1994; van Eck 2007)

 Tuber internals Polygenic due to multiple traits (Dale and Mackay 1994; van Eck 2007)

Disease resistance

 Potato virus S Single gene (Swiezynski 1994; Simko et al. 2007)

 Potato virus X Single genes (Cockerham 1970; Simko et al. 2007)

 Potato virus Y Single genes (Cockerham 1970; Simko et al. 2007)

 Tomato spotted wilt virus Single gene in tomato and capsicum, unknown in potato (Bakker et al. 2011)

 Potato cyst nematode Single dominant genes, also polygenic (Toxopeus and Huijsman 1953; Simko et al. 2007)

 Potato leaf roll virus Single genes with modifying genes and environmental interactions (Swiezynski 1994; Simko et al. 2007)

 Late blight Multiple single genes and QTLs for various strains (Umaerus and Umaerus 1994; Simko et al. 2007)

 Early blight Heritable, few genes (Pavek and Corsini 1994; Simko et al. 2007)

 Root-knot nematode Highly heritable, 3 genes (Phillips 1994)

 Verticillium wilt Heritable, polygenic (Pavek and Corsini 1994; Simko et al. 2007)

 Phomea dry rot Heritable, polygenic (Wastie et al. 1988)

 Fusarium dry rot Heritable, polygenic (Pavek and Corsini 1994)

 Root lesion nematode Little is known on resistance, likely polygenic (Phillips 1994)

 Black dot Little is known on resistance, likely polygenic (Wastie 1994)

 Silver scurf Little is known on resistance, likely polygenic (Wastie 1994)

 Rhizoctonia black scurf Polygenic (Wastie 1994)

 Rhizoctonia stem canker Polygenic (Wastie 1994)

 Common scab Polygenic (Wastie 1994)

 Powdery scab Polygenic (Wastie 1991)
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based on DNA-level variation, provide the potential to assist 
in the identification of genes of interest to enable marker-
assisted selection (MAS) for the development of new cul-
tivars. Due to their relative abundance across the genome, 
single nucleotide polymorphisms (SNPs) are the most ver-
satile molecular marker system to be developed to date. SNP 
frequency in potato has been estimated to be c. 1 per 24 base 
pairs (bp) within exons (Uitdewilligen et al. 2013), provid-
ing a striking illustration of the highly heterozygous nature 
of cultivated potato. Molecular markers developed from 
transcribed regions of the genome, often described as func-
tional or ‘perfect’ markers (Andersen and Lübberstedt 2003), 
are expected to display superior performance to less closely 
linked genetic markers, due to the capacity to detect varia-
tion adjacent or coincident with the causal polymorphism.

Advances in molecular biology, particularly due to re-
sequencing multiple genomes, have provided a wealth of 
knowledge and resources that can be used to assist genom-
ics-based research on target traits. Varshney et  al. (2005) 
described a number of bioinformatic tools and internet 
accessible databases, along with their respective applica-
tions, and Li et al. (2008b) also documented a collection of 
potato specific on-line resources, all of which have applica-
tions for potato breeding. Generating genomic resources for 
crops can now be performed easily, quickly and cheaply, 
making any list of resources rapidly outdated. However, 
to deliver maximal results in a genomics-assisted breeding 
programme, efforts must be made to continuously integrate 
new methods and information as they become available.

Potato genetic maps and genome sequence

Knowledge of the degree of association between target 
genes (presence and extent of genetic linkage), and the 
ability to trace inheritance of genes for key traits will pro-
vide valuable information to the breeder. Consequently, the 
development of genetic maps is usually a required interme-
diary step to the identification of DNA-based markers for 
implementation in potato breeding, and significant efforts 
have been applied to this activity (Bonierbale et al. 1988; 
Gebhardt et al. 1989, 1991; Tanksley et al. 1992; Milbourne 
et al. 1998; Dong et al. 2000; Van Os et al. 2006). Genetic 
maps have been constructed for traits of interest such as 
pathogen resistance (Leister et al. 1996; Grube et al. 2000; 
Gebhardt and Valkonen 2001), tuber quality traits (Chen 
et al. 2001; Bradshaw et al. 2008), and yield and agronomic 
traits (Bradshaw et  al. 2008). Resources have also been 
deployed to statistical analysis for the construction of link-
age maps for autotetraploids (Luo et  al. 2004, 2006), and 
the development of computational software and algorithms 
for linkage map construction (Hackett and Luo 2003; 
Hackett et al. 2007, 2013).

The sequence of the potato genome has recently been 
determined for a S. tuberosum group Phureja ‘doubled 
monoploid’ homozygous genotype, leading to identifica-
tion of over 39,000 protein-coding genes (Potato Genome 
Sequencing Consortium 2011). The sequencing programme 
also resulted in the identification of 755 genes that encode 
polypeptides that contain nucleotide binding (NB) and 
leucine rich repeat (LRR) domains (Bakker et  al. 2011; 
Jupe et  al. 2013), which account for the majority of cur-
rently identified plant resistance (R) proteins (Tameling 
and Takken 2008). The NB-LRR, or R genes have been 
characterised in up to 63 gene clusters within the potato 
genome (Bakker et  al. 2011; Jupe et  al. 2012, 2013), and 
using comparative genomics of functional R gene homo-
logues, known in other Solanaceae species, candidate R 
genes effective against common pathogens can be identi-
fied (Peters et al. 2012; Quirin et al. 2012; Tomato Genome 
Consortium 2012; Andolfo et al. 2013). The identification 
of specific causal R genes will permit development of diag-
nostic genetic markers for rapid deployment.

The completion of the genome sequence has also led to 
the development of a highly multiplexed SNP chip (http://
solcap.msu.edu/potato_infinium.shtml) as well as the abil-
ity to re-sequence selected portions of the genome for the 
delivery of large numbers of molecular markers in a rapid 
time-frame (Hamilton et al. 2011; Felcher et al. 2012). The 
delivery of comprehensive marker systems will undoubt-
edly increase the speed with which researchers can identify 
and deliver marker tools to breeders. With this expanding 
genetic and genomic resource available to potato research, 
it is likely that markers for genes controlling a larger col-
lection of traits will be generated and will need to be imple-
mented for the improvement of the crop, which will deliver 
further challenges.

What is required for the adoption of genomics‑assisted 
breeding?

The use of molecular genetic markers provides the oppor-
tunity to significantly reduce both the duration and costs of 
a breeding cycle. Although a substantial number of genetic 
markers linked to genes for important agronomic traits 
have been identified over the past 20 years (Barone 2004; 
Gebhardt et  al. 2005; De Koeyer et  al. 2011; Gebhardt 
2013), few reports have been made of their implementation 
into commercial potato breeding programmes (Dalla Rizza 
et al. 2006; Ottoman et al. 2009; Ortega and Lopez-Vizcon 
2012; Schultz et al. 2012). The scale of available genomic 
resources will continue to increase as a consequence of 
improvements in next-generation DNA sequencing tech-
nology, high-throughput genotyping and bioinformatic 
analysis. Delivery of the potato genome sequence will 

http://solcap.msu.edu/potato_infinium.shtml
http://solcap.msu.edu/potato_infinium.shtml
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provide major opportunities to develop individual markers 
for target traits, as well as the use of whole genotype data 
for prediction of genetic merit (Potato Genome Sequencing 
Consortium 2011). The crucial question remains: what are 
the key requirements for genomics-assisted strategies to be 
adopted by potato breeding programmes?

A number of factors need to be considered for the effec-
tive use of DNA-based markers in MAS and its applica-
tion in potato breeding. The relevant marker assays must 
be consistently reproducible in different laboratories and 
closely linked to, or preferably completely diagnostic for, 
the trait allele that is the target for selection (Collard et al. 
2005; Collard and Mackill 2008). This will remove the 
requirement for additional phenotypic assessment to con-
firm the presence of the trait-specific gene. Markers posi-
tioned in flanking locations on each side of the gene will 
also improve the reliability of selection, as the presence of 
both marker alleles in genotypes will indicate an absence 
of intervening recombination events (Collard et  al. 2005; 
Collard and Mackill 2008). The marker allele association 
should also be applicable across the wider crop genepool, 
rather than limited to single families or within pedigree 
lines.

The technical procedure for a marker assay needs to be 
simple and straight-forward, so that results can be obtained 
in a reliable and timely manner. High-throughput meth-
ods are therefore desirable in order to rapidly analyse the 
genotypic status of a large number of samples (Collard 
and Mackill 2008). The most widely used classes of mark-
ers in current plant molecular breeding practice are simple 
sequence repeats (SSRs) and SNPs. These markers are gen-
erally highly polymorphic, co-dominant, reliable, relatively 
simple and cheap to use, and they can also be multiplexed 
(Collard and Mackill 2008).

The use of markers must be cost-effective in compari-
son to conventional field and glasshouse-based screening 
procedures. Adoption of MAS into a breeding programme 
requires a benefit-cost analysis in order to verify the value 
to breeders. The cost of MAS for a given trait may be con-
sidered prohibitive due to the expense of DNA extraction, 
the number of assays required and the cost of equipment 
(Collard et  al. 2005; Gebhardt et  al. 2006; Collard and 
Mackill 2008; Moose and Mumm 2008; De Koeyer et  al. 
2011), although development of high-throughput equip-
ment and assays can mitigate these factors. At the same 
time, the benefit-cost analysis will depend on the corre-
sponding direct and indirect costs of a bioassay to obtain 
equivalent phenotypic data, including establishment and 
maintenance of field or glasshouse trials. Recently, MAS 
has been shown to be highly cost-effective in a number 
of crops (Yu et al. 2000; Van Sanford et  al. 2001; Dreher 
et al. 2003; Kuchel et al. 2005; Collard and Mackill 2008), 
including potato (Slater et  al. 2013). As the product of a 

single DNA extraction may be used for a series of molec-
ular marker assays, multiplexed assays in particular were 
shown to make MAS highly cost-effective as part of a 
multi-trait selection strategy.

Above all, the adoption of molecular plant breeding 
strategies requires complementary training and expertise 
in both molecular biology and plant breeding (Moose and 
Mumm 2008). Breeders and breeding companies require 
training in the use of marker-derived data as an alternative 
to conventional screening methods, which will undoubt-
edly require the development of new customised databases, 
along with computational tools to integrate phenotypic 
data, pedigree data and marker data sets to enable optimal 
breeding decisions to be made.

Qualitative or quantitative traits can both be identified 
using MAS, but the effectiveness will be greater for quali-
tative traits, as only a single gene needs to be selected. A 
major advantage of MAS over phenotypic selection is the 
ability to implement screening with reliability much ear-
lier than for conventional methods, particularly in terms of 
availability of plant material. Selection can be performed 
at, or soon after, the seedling stage. In potato, the most effi-
cient point of application was shown to be at the second 
field generation, in order to continue conventional screen-
ing for traits that currently cannot be assessed by MAS 
(Slater et al. 2013). Phenotypic expression of a number of 
quantitative traits can be affected by the environment or 
development stage of the individual, a problem avoided 
by the use of MAS. Reliable data may also be collected 
from single plant samples, while the phenotypic data may 
require evaluation of many more replicates over multiple 
years or environments. MAS may also be used when bios-
ecurity restrictions would not allow the phenotypic screen-
ing to be performed due to contamination risks, as for quar-
antine-restricted pathogens.

Marker analysis may also be applied to plants that are 
grown ‘off-season’ in a nursery. Target genotypes can be 
selected earlier, enabling relevant trait selection to be ‘fast-
tracked’. Breeders can take advantage of these benefits 
using markers to greatly accelerate the breeding process 
(Ribaut and Hoisington 1998; Morris et al. 2003).

Genetic analysis for improvement in all traits (simple 
to complex)

Marker‑assisted selection for qualitative traits

Marker-assisted breeding in potato has not yet been applied 
with the same vigour that has been observed in other crops, 
including cereals such as rice, maize, wheat and barley 
(Collard and Mackill 2008). This lack of adoption is pre-
sumably due to the complexities of autotetraploid genetics, 
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limited availability of detailed functionally associated 
maps, and the limited number of markers that are linked to 
genes for the numerous qualitative and quantitative traits of 
interest. The majority of studies to identify markers linked 
to traits have also been conducted on diploid populations, 
the results of which are not always transferable to tetra-
ploid breeding populations (Moloney et al. 2010).

As previously stated, a number of traits are regulated 
by major genes, approximately 40 such qualitative genes 
have so far been mapped (Simko et al. 2007), together with 
a large number of markers that cover the majority of the 
potato genome (Van Os et  al. 2006). Important genes for 
qualitative traits that have been the subject of marker stud-
ies include H1 (Gebhardt et  al. 1993; Pineda et  al. 1993; 
Bakker et al. 2004; Gebhardt et al. 2006; Biryukova et al. 
2008; De Koeyer et al. 2010; Schultz et al. 2010; Finkers-
Tomczak et  al. 2011; Schultz et  al. 2012), GroVI (Jacobs 
et al. 1996) and Gro1 for golden cyst nematode resistance 
(Globodera rostochiensis) (Barone et  al. 1990; Ballvora 
et  al. 1995; Paal et  al. 2004), Ryadg (Brigneti et  al. 1997; 
Hämäläinen et al. 1997, 1998; Sorri et al. 1999; Kasai et al. 
2000; Dalla Rizza et al. 2006; Ottoman et al. 2009; Whit-
worth et  al. 2009), Rysto (Song et  al. 2005; Heldák et  al. 
2007; Song and Schwarzfischer 2008; Valkonen et al. 2008) 
and Ry-fsto for PVY resistance (Flis et al. 2005; Witek et al. 
2006), Rx1 (Gebhardt et al. 2006) and Rxadg for PVX resist-
ance (Bendahmane et  al. 1997), Ns for PVS resistance 
(Marczewski et  al. 2002; Witek et  al. 2006), RB for late 
blight resistance (Colton et  al. 2006), RMC1 for root-knot 
nematode resistance (Meloidogyne chitwoodi) (Zhang et al. 
2007), Gm and Rm for PVM resistance (Marczewski et al. 
2006) and Sen1 for potato wart resistance (Gebhardt et al. 
2006).

Marker‑assisted selection of QTLs of large magnitude 
in potato

One of the major disadvantages of molecular breeding for 
simple, monogenic (or vertical) disease resistance traits 
is the possibility that newly emerged pathogen races will 
prove to be virulent against individuals that contain these 
genes, and hence overcome the resistance. More complex 
(horizontal) resistance is governed by multiple genes, and 
is potentially more durable than monogenic resistance. This 
distinction is illustrated by the series of monogenic late 
blight resistance genes R1-R11, derived from S. demissum, 
of which several were rapidly overcome by the late blight 
pathogen following introgression into commercial potato 
cultivars (Umaerus and Umaerus 1994). Consequently, 
efforts have concentrated on the identification of multiple 
late blight resistance genes from various wild Solanum 
species for introgression into S. tuberosum backgrounds 
(Jacobs et al. 2010). The quantitative late blight resistance 

that was introgressed into the cultivar Stirling, among oth-
ers, proved durable for over 20  years before being over-
come in 2008 by the emergence of P. infestans ‘genotype 
13’ (Bradshaw et al. 2009).

A significant number of studies have aimed to locate 
genes or QTLs for traits of interest. Van Eck (2007) pro-
vided a review of studies on morphological and tuber traits, 
while Simko et al. (2007) provided a review of studies on 
pest and disease resistance.

A large number of quantitative disease resistance genes 
have so far been mapped (Simko et al. 2007). These include 
QTLs for white cyst nematode resistance (Globodera pal-
lida) (Sattarzadeh et  al. 2006; Moloney et  al. 2010); Ver-
ticillium wilt disease resistance (Simko et  al. 2004); and 
Potato leaf roll virus (Marczewski et  al. 2001, 2004). 
Marker-based studies have also been undertaken for tuber 
quality traits (Bradshaw et al. 2008; Kawchuk et al. 2008; 
Li et al. 2008a; Baldwin et al. 2011), skin colour (De Jong 
et  al. 2003), tuber morphology (Li et  al. 2005; Bradshaw 
et  al. 2008), anthocyanin-pigmented potato tuber flesh 
(Zhang et  al. 2009), agronomic traits (Bradshaw et  al. 
2008) and drought tolerance (Anithakumari et  al. 2011). 
Other traits under complex polygenic control include dor-
mancy, dry matter, starch content, fry colour, Erwinia 
resistance, tuberisation and yield (Bradshaw 2007b). In 
these instances, QTLs of sufficiently large effect may not 
be readily located.

Association mapping is a general approach to the detec-
tion of correlations between genotypic and phenotypic 
variation in a population based on the property of linkage 
disequilibrium. As compared to linkage mapping, which 
requires the use of highly related individuals such as full-
sibs, association mapping can exploit the properties of 
more complex populations with various degrees of related-
ness and are hence closer in nature to germplasm pools rel-
evant to breeding practice. This approach can provide much 
higher levels of resolution for the genetic dissection of 
quantitative traits, and broadens the opportunity to sample 
relevant QTL alleles (Varshney et  al. 2005). This method 
has been used to identify QTLs for late blight resistance 
(Gebhardt et  al. 2004), maturity (Gebhardt et  al. 2004; 
D’Hoop et al. 2008; Kloosterman et al. 2013; D’hoop et al. 
2014) and quality traits (D’Hoop et al. 2008; D’hoop et al. 
2014) using populations of commercial tetraploid potato 
cultivars. While Simko et al. (2004) used a candidate gene 
approach combined with association mapping to identify a 
QTL for Verticillium wilt resistance.

Quantitative genetic analysis of highly complex traits

There are a large number of potato traits that are regu-
lated by multiple genes, or are quantitative in nature. Most 
important physiological and agronomic traits are under the 
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control of several to a very large number of genes, each of 
which may have relatively low individual effect. The desire 
to obtain genetic gain in such highly complex and low her-
itability traits has led some breeders to use progeny tests to 
identify superior parental combinations. Progeny tests will 
help to determine the breeding value of the parent for these 
traits, without needing to identify the location or number of 
genes that regulate the expression of the trait.

Phenotypic selection of individuals for highly complex 
traits has been shown to be less effective than the use of 
progeny tests for family selection. This was illustrated for 
the practice of selection using visual preference from the 
first field generation, in which the growing environment 
and seed tuber size was shown to have a larger effect than 
the individual genotype (Maris 1986). Progeny testing has 
been extended to a range of traits in potato breeding. For 
example, progeny tests for multiple traits (visual prefer-
ence, quantitative late blight tuber and foliage resistances, 
white potato cyst nematode resistance and fry colour for 
processing families) have been routinely used by a Scot-
tish breeding programme (Bradshaw et al. 2003; Bradshaw 
2007b). This programme has recently been assessed after 
four cycles of breeding using progeny tests, and superior 
clones and parental types were identified with improved 
yield and disease resistance, although the yield increase 
was small (Bradshaw et al. 2009).

Analysis of progeny means will identify the broad sense 
heritability of the total parental genetic contribution to the 
family, while calculation of the narrow sense heritability 
will identify the additive genetic effect and would provide 
a real benefit to a breeding programme that aims to exploit 
continuous genetic gain.

Animal breeding programmes have adopted the esti-
mation of breeding values using best linear unbiased pre-
diction (BLUP) (Henderson 1984), to exploit the additive 
genetic variance. These programmes have benefited from 
the estimation of the genetic merit of selection candidates 
based on phenotypic values of all relatives using pedigree 
information in the analysis. Through the use of the pheno-
typic values from all relatives, including full-sibs, half-sibs 
and any other partial siblings, the amount of derived infor-
mation is maximised and the most accurate genotypic value 
will be obtained, with a greater increase in accuracy for low 
heritability traits.

Recently, the use of BLUP estimated breeding values 
(EBVs) in potato breeding clearly demonstrated the advan-
tage of using EBVs over progeny means in cross-generation 
prediction of performance, particularly for traits with low 
heritability (Slater et al. 2014). As the BLUP analysis uses 
information from all relatives in the analysis, more data is 
used to calculate the EBV. As pedigree is used as a covari-
ate, EBVs represent the additive genetic effect transmitted 
from parents to progeny (Falconer and Mackay 1996). The 

BLUP analysis also provided EBVs for the families, all 
cultivars in the pedigree and for the individual genotypes 
themselves. BLUP can be applied to any desirable quantita-
tive character, including those of low heritability.

The BLUP analysis and calculation of EBVs for a num-
ber of important traits also permitted a combined ranking 
of evaluated genotypes or the development of selection 
indices across multiple traits (Xu et al. 2012). This process 
should enable identification of genotypes based on proper-
ties of the population in addition to individual phenotypes, 
and provide a more accurate selection process for these 
traits, and potentially enabling breeding from the best prog-
eny much earlier (Slater et al. 2014).

Combining conventional, genomics‑assisted 
and EBV‑based approaches for reduction of the 
breeding cycle

Conventional potato breeding is relatively slow, labori-
ous and a difficult process in which to obtain genetic gain. 
Potatoes also exhibit severe inbreeding depression, requir-
ing a breeding model that employs outbreeding, in contrast 
to crops that employ backcrossing to produce homozygous 
‘pure’ lines. Outcrossing combined with autotetraploidy 
makes potato highly heterozygous and genetic improve-
ment a complex task. In addition, the time required for all 
the conventional screening trials to be conducted, means 
that the identification of methods to speed up, and improve 
the selection of superior combinations of desirable traits 
will greatly benefit the process.

Current cultivars continue to be susceptible to a range of 
pest and disease problems, and so are capable of significant 
improvement for a range of complex characters. Modern 
breeding methods and technologies have been promoted as 
offering great benefit for the enhancement of breeding pro-
grammes, but still require validation and demonstration of 
their cost-effectiveness in order to be adopted by a practical 
breeding programme. In particular, MAS has the ability to 
select for traits several years earlier in a programme than 
would be practical using conventional screening methods. 
MAS will be more effective for qualitative traits, but will 
also be valuable for quantitative characters, especially if 
QTLs of large effect contribute to the measured character, 
or if a group of markers can be identified that are linked to 
a group of alleles of smaller effects influencing the trait. On 
the other hand, selection for quantitative traits can be con-
ducted using biometric analysis for genetic gain, without 
the need to identify precisely which individual genes exert 
particular effects.

The applications and opportunities for plant biotech-
nology based on genetic modification were recently 
reviewed by Barrell et  al. (2013). These approaches may 
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provide further opportunity for the stacking of major genes, 
although the use of these approaches within a breeding pro-
gramme will still require the quantitative genetic analysis of 
the highly heterozygous breeding populations for improve-
ment in those traits that are controlled by a large number of 
the 39,000 genes identified by the potato genome sequenc-
ing effort (Potato Genome Sequencing Consortium 2011). 
In addition, manipulation of the recipient genetic back-
ground based on molecular marker technology, particularly 
by genomic selection, could prove highly beneficial for 
optimisation of the transgene expression (Oud et al. 1995; 
Schmidt et al. 2004).

Genomic approaches will facilitate the rapid introduc-
tion of desirable genes into adapted backgrounds and the 
stacking of major genes to combine desirable traits. MAS 
can reduce the duration of the breeding cycle between 
crossing programmes in order to combine these genes with 

other desirable traits. A combination of MAS with EBVs 
for complex traits will result in a significant reduction in 
the breeding cycle for all measured traits. Consequently, 
the use of both of these breeding tools will ensure rapid 
progress in combining traits and improving genetic gain in 
potato breeding programmes. As these tools can be applied 
to any trait, no matter how complex, there is now an oppor-
tunity to see improvements in many traits, even those that 
have traditionally proven difficult to manipulate, such as 
yield (Jansky 2009). Therefore, adoption of MAS and 
EBVs will provide substantial benefits within a multi-trait 
breeding strategy, and allow the design of superior combi-
nations and their analysis for maximum genetic gain.

Previous studies have shown that MAS can be cost-
effectively applied at the second field generation (Slater 
et  al. 2013), and EBVs can be calculated for more com-
plex traits at the same stage (Slater et  al. 2014). The 

Fig. 1   Comparison of the breeding cycles in potato using conventional phenotypic selection of individuals, and MAS and EBVs to identify 
superior individuals after 3 years. BVP Breeder’s visual preference
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development of a selection index for all relevant traits will 
then enable gain for a combination of these traits. These 
advances will greatly accelerate the breeding cycle, as the 
combined use of MAS and EBVs can reduce the breed-
ing cycle from over 10 to as few as 4 years (Fig. 1), and 
therefore, accelerate genetic gain relative to conventional 
breeding methods. At the same time, they will ensure that 
improvement is made in all measured traits, from those 
under simple genetic control to those under far more com-
plex control.

MAS can be performed for a number of loci once they 
are validated against the phenotype of the desired trait. 
Studies of the potato genome sequence will allow the iden-
tification of gene sequences of known function, which 
should further help to identify candidate genes for related 
phenotypic traits. However, the identification of a large 
number of predicted genes within the sequence means that 
the majority are likely to have minor effects, whose func-
tion may not be easily detected and require quantitative 
genetic analysis, such as the calculation of EBVs.

As a number of agronomic traits are likely to be under 
highly complex genetic control, the analysis of these traits 
is likely to see the development of cultivars that are more 
productive for these traits under specific environmental 
and agronomic conditions. Use of MAS and EBVs, in con-
junction with the diverse nature of the entire potato gene 
pool, will enable germplasm to be developed for specific 
targets or production areas. The reduction in the breeding 
cycle will allow rapid trait improvement and combination 
in superior germplasm, with progressive improvement of 
future cultivars.

The future development and implementation of even 
more powerful breeding technology in potato, such as 
genomic selection (Meuwissen et  al. 2001; Heffner et  al. 
2009; Jannink et al. 2010; Hayes et al. 2013), is anticipated 
to reduce the breeding cycle still further. This reduction 
in the breeding cycle will allow rapid trait improvement 
and combination in superior germplasm, with progressive 
improvement of future cultivars. Use of genomic selection, 
in conjunction with the diverse nature of the entire potato 
gene pool, will enable germplasm to be rapidly devel-
oped for emerging issues, such as the threat of global cli-
mate change and associated changes in abiotic and biotic 
stresses.

Author contribution  ATS wrote the paper, NOIC, BJH, 
LS, MFBD, GJB and JWF read and approved the final 
manuscript.

Acknowledgments  This work was supported by funding from Hor-
ticulture Australia Limited and the Victorian Department of Environ-
ment and Primary Industries.

Conflict of interest  The authors declare that they have no conflict 
of interest.

Ethical standard  All experiments comply with the current laws of 
Australia and Scotland.

References

Andersen JR, Lübberstedt T (2003) Functional markers in plants. 
Trends Plant Sci 8:554–560

Andolfo G, Sanseverino W, Rombauts S, Van de Peer Y, Bradeen JM, 
Carputo D, Frusciante L, Ercolano MR (2013) Overview of 
tomato (Solanum lycopersicum) candidate pathogen recognition 
genes reveals important Solanum R locus dynamics. New Phy-
tol 197:223–237

Anithakumari AM, Dolstra O, Vosman B, Visser RGF, van der Linden 
CG (2011) In vitro screening and QTL analysis for drought tol-
erance in diploid potato. Euphytica 181:357–369

Bakker E, Achenbach U, Bakker J, Vliet J, Peleman J, Segers B, Hei-
jden S, Linde P, Graveland R, Hutten R, Eck H, Coppoolse E, 
Vossen E, Bakker J, Goverse A (2004) A high-resolution map of 
the H1 locus harbouring resistance to the potato cyst nematode 
Globodera rostochiensis. Theor Appl Genet 109:146–152

Bakker E, Borm T, Prins P, van der Vossen E, Uenk G, Arens M, de 
Boer J, van Eck H, Ml Muskens, Vossen J, van der Linden G, 
van Ham R, Klein-Lankhorst R, Visser R, Smant G, Bakker J, 
Goverse A (2011) A genome-wide genetic map of NB-LRR dis-
ease resistance loci in potato. Theor Appl Genet 123:493–508

Baldwin SJ, Dodds KG, Auvray B, Genet RA, Macknight RC, Jacobs 
JME (2011) Association mapping of cold-induced sweeten-
ing in potato using historical phenotypic data. Ann Appl Biol 
158:248–256

Ballvora A, Hesselbach J, Niewöhner J, Leister D, Salamini F, Geb-
hardt C (1995) Marker enrichment and high-resolution map of 
the segment of potato chromosome VII harbouring the nema-
tode resistance gene Gro1. Mol Gen Genet 249:82–90

Barone A (2004) Molecular marker-assisted selection for potato 
breeding. Am J Potato Res 81:111–117

Barone A, Ritter E, Schachtschabel U, Debener T, Salamini F, Geb-
hardt C (1990) Localization by restriction fragment length 
polymorphism mapping in potato of a major dominant gene 
conferring resistance to the potato cyst nematode Globodera 
rostochiensis. Mol Gen Genet 224:177–182

Barrell PJ, Meiyalaghan S, Jacobs JME, Conner AJ (2013) Applica-
tions of biotechnology and genomics in potato improvement. 
Plant Biotechnol J 11:907–920

Bendahmane A, Kanyuka K, Baulcombe D (1997) High-resolution 
genetical and physical mapping of the Rx gene for extreme 
resistance to potato virus X in tetraploid potato. Theor Appl 
Genet 95:153–162

Biryukova V, Zhuravlev A, Abrosimova S, Kostina L, Khromova L, 
Shmyglya I, Morozova N, Kirsanova S (2008) Use of molecu-
lar markers of potato golden nematode resistance genes H1 and 
GRO1. Russ Agric Sci 34:365–368

Bonierbale MW, Plaisted RL, Tanksley SD (1988) RFLP maps based 
on a common set of clones reveal modes of chromosomal evo-
lution in potato and tomato. Genetics 120:1095–1103

Bradshaw J (2007a) The canon of potato science: four tetrasomic 
inheritance. Potato Res 50:219–222

Bradshaw JE (2007b) Potato-breeding strategy. In: Vreugdenhil D, 
Bradshaw J, Gebhardt C, Govers F, MacKerron DKL, Tay-
lor MA, Ross HA (eds) Potato biology and biotechnology: 
advances and perspectives. Elsevier, Amsterdam, pp 157–177



2289Theor Appl Genet (2014) 127:2279–2292	

1 3

Bradshaw JE, Mackay GR (1994) Breeding strategies for clonally 
propagated potatoes. In: Bradshaw JE, Mackay GR (eds) Potato 
Genetics. Cab International, Wallingford, pp 467–497

Bradshaw JE, Dale MFB, Mackay GR (2003) Use of mid-parent val-
ues and progeny tests to increase the efficiency of potato breed-
ing for combined processing quality and disease and pest resist-
ance. Theor Appl Genet 107:36–42

Bradshaw JE, Bryan GJ, Ramsay G (2006) Genetic resources (includ-
ing wild and cultivated Solanum species) and progress in their 
utilisation in potato breeding. Potato Res 49:49–65

Bradshaw JE, Hackett CA, Pande B, Waugh R, Bryan GJ (2008) QTL 
mapping of yield, agronomic and quality traits in tetraploid 
potato (Solanum tuberosum subsp. tuberosum). Theor Appl 
Genet 116:193–211

Bradshaw JE, Dale MFB, Mackay GR (2009) Improving the yield, 
processing quality and disease and pest resistance of potatoes 
by genotypic recurrent selection. Euphytica 170:215–227

Brigneti G, Garcia-Mas J, Baulcombe DC (1997) Molecular mapping 
of the potato virus Y resistance gene Rysto in potato. Theor Appl 
Genet 94:198–203

Brown CR (1993) Outcrossing rate in cultivated autotetraploid potato. 
Am Potato J 70:725–734

Celis-Gamboa C, Struik PC, Jacobsen E, Visser RGF (2003) Tem-
poral dynamics of tuber formation and related processes in a 
crossing population of potato (Solanum tuberosum). Ann Appl 
Biol 143:175–186

Chen X, Salamini F, Gebhardt C (2001) A potato molecular-function 
map for carbohydrate metabolism and transport. Theor Appl 
Genet 102:284–295

Cockerham G (1970) Genetical studies on resistance to potato viruses 
X and Y. Heredity 25:309–348

Collard BC, Mackill DJ (2008) Marker-assisted selection: an 
approach for precision plant breeding in the twenty-first cen-
tury. Philos Trans R Soc Lond B 363:557–572

Collard B, Jahufer M, Brouwer J, Pang E (2005) An introduction to 
markers, quantitative trait loci (QTL) mapping and marker-
assisted selection for crop improvement: The basic concepts. 
Euphytica 142:169–196

Colton LM, Groza HI, Wielgus SM, Jiang J (2006) Marker-assisted 
selection for the broad-spectrum potato late blight resistance 
conferred by gene RB derived from a wild potato species. Crop 
Sci 46:589–594

Dale MFB, Mackay GR (1994) Inheritance of table and processing 
quality. In: Bradshaw JE, Mackay GR (eds) Potato Genetics. 
CAB International, Wallingford, UK, pp 285–315

Dalla Rizza M, Vilaró F, Torres D, Maeso D (2006) Detection of PVY 
extreme resistance genes in potato germplasm from the Uru-
guayan breeding program. Am J Potato Res 83:297–304

de Jong H (1981) Inheritance of russeting in cultivated diploid pota-
toes. Potato Res 24:309–313

De Jong WS, De Jong DM, Bodis M (2003) A fluorogenic 5’ nucle-
ase (TaqMan) assay to assess dosage of a marker tightly linked 
to red skin color in autotetraploid potato. Theor Appl Genet 
107:1384–1390

De Koeyer D, Douglass K, Murphy A, Whitney S, Nolan L, Song Y, 
de Jong W (2010) Application of high-resolution DNA melting 
for genotyping and variant scanning of diploid and autotetra-
ploid potato. Mol Breed 25:67–90

De Koeyer D, Chen H, Gustafson V (2011) Molecular breeding for 
potato improvement. In: Bradeen J, Kole C (eds) Genetics, 
genomics and breeding of potato. Science Publishers, Enfield, 
New Hampshire, pp 41–67

D’Hoop BB, Paulo MJ, Mank RA, Van Eck HJ, Van Eeuwijk FA 
(2008) Association mapping of quality traits in potato (Solanum 
tuberosum L.). Euphytica 161:47–60

D’hoop B, Keizer PC, Paulo MJ, Visser RF, Eeuwijk F, Eck H (2014) 
Identification of agronomically important QTL in tetraploid 
potato cultivars using a marker–trait association analysis. Theor 
Appl Genet 127:731–748

Dong F, Song J, Naess SK, Helgeson JP, Gebhardt C, Jiang J (2000) 
Development and applications of a set of chromosome-spe-
cific cytogenetic DNA markers in potato. Theor Appl Genet 
101:1001–1007

Donnelly DJ, Prasher SO, Patel RM (2007) Towards the development 
of salt-tolerant potato. In: Vreugdenhil D, Bradshaw J, Geb-
hardt C, Govers F, MacKerron DKL, Taylor M, Ross H (eds) 
Potato biology and biotechnology, advances and perspectives. 
Elsevier, Amsterdam, pp 415–437

Dreher K, Khairallah M, Ribaut J-M, Morris M (2003) Money mat-
ters (I): costs of field and laboratory procedures associated with 
conventional and marker-assisted maize breeding at CIMMYT. 
Mol Breed 11:221–234

Falconer DS, Mackay TFC (1996) Introduction to Quantitative Genet-
ics, 4th edn. Pearson, Prentice Hall, Harlow, England

Felcher KJ, Coombs JJ, Massa AN, Hansey CN, Hamilton JP, Veil-
leux RE, Buell CR, Douches DS (2012) Integration of two 
diploid potato linkage maps with the potato genome sequence. 
PLoS ONE 7:e36347

Finkers-Tomczak A, Bakker E, de Boer J, van der Vossen E, Achen-
bach U, Golas T, Suryaningrat S, Smant G, Bakker J, Goverse A 
(2011) Comparative sequence analysis of the potato cyst nem-
atode resistance locus H1 reveals a major lack of co-linearity 
between three haplotypes in potato (Solanum tuberosum ssp.). 
Theor Appl Genet 122:595–608

Flis B, Hennig J, Strzelczyk-Zyta D, Gebhardt C, Marczewski W 
(2005) The Ry-fsto gene from Solanum stoloniferum for extreme 
resistant to Potato virus Y maps to potato chromosome XII and 
is diagnosed by PCR marker GP122718 in PVY resistant potato 
cultivars. Mol Breed 15:95–101

Gebhardt C (2013) Bridging the gap between genome analysis and 
precision breeding in potato. Trends Genet 29:248–256

Gebhardt C, Valkonen JPT (2001) Organization of genes controlling 
disease resistance in the potato genome. Ann Rev Phytopathol 
39:79–102

Gebhardt C, Ritter E, Debener T, Schachtschabel U, Walkemeier B, 
Uhrig H, Salamini F (1989) RFLP analysis and linkage map-
ping in Solanum tuberosum. Theor Appl Genet 78:65–75

Gebhardt C, Ritter E, Barone A, Debener T, Walkemeier B, 
Schachtschabel U, Kaufmann H, Thompson RD, Bonierbale 
MW, Ganal MW, Tanksley SD, Salamini F (1991) RFLP maps 
of potato and their alignment with the homoeologous tomato 
genome. Theor Appl Genet 83:49–57

Gebhardt C, Mugniery D, Ritter E, Salamini F, Bonnel E (1993) Iden-
tification of RFLP markers closely linked to the H1 gene con-
ferring resistance to Globodera rostochiensis in potato. Theor 
Appl Genet 85:541–544

Gebhardt C, Ballvora A, Walkemeier B, Oberhagemann P, Schüler K 
(2004) Assessing genetic potential in germplasm collections of 
crop plants by marker-trait association: a case study for pota-
toes with quantitative variation of resistance to late blight and 
maturity type. Mol Breed 13:93–102

Gebhardt C, Lörz H, Wenzel G (2005) Potato genetics: Molecular 
maps and more. Molecular marker systems in plant breeding 
and crop improvement, Springer Berlin Heidelberg, pp 215–227

Gebhardt C, Bellin D, Henselewski H, Lehmann W, Schwarzfischer 
J, Valkonen J (2006) Marker-assisted combination of major 
genes for pathogen resistance in potato. Theor Appl Genet 
112:1458–1464

Grube RC, Radwanski ER, Jahn M (2000) Comparative genetics of 
disease resistance within the solanaceae. Genetics 155:873–887



2290	 Theor Appl Genet (2014) 127:2279–2292

1 3

Hackett CA, Luo ZW (2003) TetraploidMap: construction of a link-
age map in autotetraploid species. J Hered 94:358–359

Hackett CA, Milne I, Bradshaw JE, Luo Z (2007) TetraploidMap 
for Windows: Linkage map construction and QTL mapping in 
autotetraploid species. J Hered 98:727–729

Hackett CA, McLean K, Bryan GJ (2013) Linkage analysis and QTL 
mapping using SNP dosage data in a tetraploid potato mapping 
population. PLoS One 8:e63939

Hämäläinen JH, Watanabe KN, Valkonen JPT, Arihara A, Plaisted 
RL, Pehu E, Miller L, Slack SA (1997) Mapping and marker-
assisted selection for a gene for extreme resistance to potato 
virus Y. Theor Appl Genet 94:192–197

Hämäläinen JH, Sorri VA, Watanabe KN, Gebhardt C, Valkonen JPT 
(1998) Molecular examination of a chromosome region that 
controls resistance to potato Y and A potyviruses in potato. 
Theor Appl Genet 96:1036–1043

Hamilton J, Hansey C, Whitty B, Stoffel K, Massa A, Van Deynze A, 
De Jong W, Douches D, Buell CR (2011) Single nucleotide pol-
ymorphism discovery in elite north american potato germplasm. 
BMC Genom 12:302

Hanneman REJ (1989) The potato germplasm resource. Am J Potato 
Res 66:655–667

Hawkes JG (1990) The potato; evolution, biodiversity and genetic 
resources. Belhaven Press, London

Hawkes JG (1994) Origins of cultivated potatoes and species relation-
ships. In: Bradshaw JE, Mackay GR (eds) Potato Genetics. Cab 
International, Wallingford, pp 3–42

Hayes BJ, Cogan NOI, Pembleton LW, Goddard ME, Wang J, Span-
genberg GC, Forster JW (2013) Prospects for genomic selection 
in forage plant species. Plant Breed 132:133–143

Heffner EL, Sorrells ME, Jannink J-L (2009) Genomic selection for 
crop improvement. Crop Sci 49:1–12

Heldák J, Bežo M, Štefúnová V, Galliková A (2007) Selection of 
DNA markers for detection of extreme resistance to potato virus 
Y in tetraploid potato (Solanum tuberosum L.) F1 progenies. 
Czech J Genet Plant Breed 43:125–134

Henderson CR (1984) Applications of Linear Models in Animal 
Breeding. University of Guelph, Guelph

Howard HW (1970) The Genetics of the Potato. Logos Press, London
Jacobs JME, Eck HJ, Horsman K, Arens PFP, Verkerk-Bakker B, 

Jacobsen E, Pereira A, Stiekema WJ (1996) Mapping of resist-
ance to the potato cyst nematode Globodera rostochiensis from 
the wild potato species Solanum vernei. Mol Breed 2:51–60

Jacobs M, Vosman B, Vleeshouwers V, Visser R, Henken B, van 
den Berg R (2010) A novel approach to locate Phytophthora 
infestans resistance genes on the potato genetic map. Theor 
Appl Genet 120:785–796

Jannink J-L, Lorenz AJ, Iwata H (2010) Genomic selection in plant breed-
ing: from theory to practice. Brief Funct Genomics 9:166–177

Jansky S (2009) Breeding, genetics and cultivar development. In: 
Singh J, Kaur L (eds) Advances in potato chemistry and tech-
nology. Academic Press, New York, pp 27–62

Jupe F, Pritchard L, Etherington G, MacKenzie K, Cock P, Wright F, 
Sharma SK, Bolser D, Bryan G, Jones J, Hein I (2012) Identi-
fication and localisation of the NB-LRR gene family within the 
potato genome. BMC Genom 13:75
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