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Abstract 10 

The goal of germplasm enhancement is to introgress traits from wild crop relatives into 11 

cultivated material and eventually cultivars. It seeks to restore genetic diversity that has been lost 12 

over time or to augment cultivated material with novel alleles that improve parents in breeding 13 

programs.  This paper discusses potato germplasm enhancement efforts in the past, focusing on 14 

effective examples such as disease resistance and processing quality.  In addition, it outlines new 15 

strategies for enhancement efforts, shifting the focus from evaluating phenotypes to tracking and 16 

manipulating specific DNA sequences. In the genomics era, germplasm enhancement will 17 

increasingly be focused on identifying and introgressing alleles rather than traits. Alleles will 18 

come from a broad pool of genetic resources that includes wild species relatives of potato, 19 

landraces, cultivated potato itself, and distantly related species. Genomics tools will greatly 20 

increase the efficiency of introgressing multigenic traits, and will make it possible to identify 21 

rare alleles and utilize recessive alleles. 22 
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 30 

Germplasm enhancement 31 

Germplasm enhancement is the incorporation of traits from wild crop relatives into cultivated 32 

material. In some cases, it seeks to restore genetic diversity that has been lost over time as a 33 

result of domestication, migration, disease, and other sources of bottlenecks. In other cases, it 34 

introduces novel traits into cultivated germplasm. When successful, germplasm enhancement 35 

improves the breeding merits of individuals that carry the introduced trait.  Germplasm 36 

enhancement consists of three phases. The first identifies germplasm that contains the trait of 37 

interest. A trait may be a phenotype or a DNA sequence. Second, that trait or sequence is 38 

introduced into cultivated material. Lastly, individuals with the desired trait are identified. These 39 

individuals may be new varieties, in the case of genetically modified or engineered potatoes, but 40 

are more likely to be parents used in breeding programs. As described below, genomics tools 41 

applied to potato germplasm enhancement are likely to be used in each of these three phases, 42 

with the goal of making each more efficient. Genomics tools will also expand the range of donor 43 

individuals that can contribute alleles for germplasm enhancement. On their own, however, 44 

genomics tools will not be a panacea for potato improvement. They must be partnered with 45 

compatible phenotyping methods and accessible germplasm resources if they are to have the 46 

greatest effect on potato breeding progress. 47 

 48 

The genetic base of cultivated potato 49 

Potatoes grown for commercial production worldwide are the descendants of landraces 50 

developed in South America. Potato was first domesticated as a diploid crop in the highlands of 51 

Southern Peru from a wild progenitor in the Solanum brevicaule complex [1,2]. Polyploidy is 52 

common in both wild and cultivated potato, likely due to the widespread occurrence (but low 53 

frequency) of mutations that result in 2n gametes (gametes with the sporophytic chromosome 54 

number) [3,4]. The union of a 2n egg with a 2n sperm, although a rare event, would create a 55 

viable tetraploid.  The ability of potato to reproduce asexually allowed newly formed tetraploids 56 

to survive until sexual partners became available. Repeated sexual polyploidization of early 57 

landrace diploids likely led to Andean tetraploid varieties [5]. After potatoes were domesticated 58 

in the Andes of equatorial South America, they were introduced into temperate regions in 59 

southern Chile.  Consequently, there are two groups of landrace potatoes – Andean and Chilean.  60 

Andean potatoes can be diploid, triploid, tetraploid or pentaploid, while most Chilean potatoes 61 

are tetraploid [6]. 62 

In the potato’s native regions, numerous wild relatives grow in close proximity to 63 

farmers’ fields, and insect-aided cross pollination of cultivated potatoes with each other and with 64 

wild relatives is common [7–9]. Amazingly, in a recent study of Solanum germplasm diversity 65 

that included 20 diploid wild potato relatives, 73% of alleles in the wild germplasm were also 66 

found in North American cultivars, which are tetraploid [10]. It is also interesting to note that, 67 

while wild introgressions appear to be common in cultivated tetraploids, they are rare in 68 

cultivated diploids.  Only 2% of genomic regions in diploid landraces contained wild 69 

introgressions, but 20% and 31% of cultivated tetraploid Andean and Chilean landraces, 70 

respectively, contained introgressions from wild relatives. Apparently, the tetraploid condition 71 

enhances opportunities for wild introgressions.  Grun [11] describes tetraploid Andean potato as 72 

a “genetic sponge,” capable of absorbing genes through introgressions from the diverse array of 73 

wild and cultivated relatives in its surroundings. Thus, cultivated potato at its center of origin in 74 

the Peruvian Andes is rich in allelic diversity. 75 
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Throughout its history, cultivated potato has experienced severe and repeated selection 76 

pressure (Table 1). As is common for most crops, selection by humans during domestication, 77 

adaptation to novel growing environments, and disease pressure are thought to have resulted in 78 

genetic bottlenecks that have reduced the genetic base of potato. Potatoes were domesticated 79 

near the equator under short day conditions and, like local wild potato species, tubers form 80 

readily under a 12-hour photoperiod [12,13] but not under the long photoperiod typical of the 81 

growing season in southern Chile, Europe and North America. Cultivated potato in these regions 82 

is considered to be day neutral, with tuber initiation occurring a few weeks after plants emerge 83 

from the soil [14]. Tuber initiation is controlled by the StCDF1 gene via the CONSTANS gene 84 

15. In most cases, StCDF1 haplotypes from North American cultivars have derived their 85 

photoperiod adaptation allele from S. microdontum [10]. Solanum microdontum does not appear 86 

in cultivar pedigrees, but introgressions have been found on 10 of 12 chromosomes in North 87 

American cultivars [10]. This diploid potato relative is native to a region that extends from 88 

Bolivia, near the center of potato domestication, to northern Argentina at a latitude of 27˚S. 89 

Incorporation and retention of S. microdontum germplasm may have been necessary for tuber 90 

formation under a long photoperiod as potatoes migrated to southern Chile. This photoperiod 91 

adaptation trait was further reinforced after potatoes were brought to Europe by Spanish 92 

explorers in the mid-16th century [16–19]. It has been proposed recently that potatoes growing in 93 

Europe acquired de novo mutations in StCDF1 after the mid-1700’s and these were rapidly fixed 94 

in European cultivars because of potential breeding advantage [20].  95 

Outbreaks of disease, particularly the late blight pandemics that began in the 1840s and 96 

seed-borne viruses carried in tuber propagules, also exerted strong selection pressure on 97 

cultivated potato [21]. Many potato varieties across the globe were lost to late blight in the 19th 98 

century [22]. Resistance to late blight was identified in the wild potato relative S. demissum, and 99 

interspecies hybrids were used to develop new varieties that carried resistance genes [23,24]. 100 

Potato genotypes were also lost due to problems associated with tuber propagation, including 101 

virus accumulation, seed storage losses, and loss of fertility [22,25].  102 

Table 1. Putative genetic bottlenecks in the domestication and breeding of potato 103 

Trait selected Time Consequence 

Domestication traits (large 

tubers, short stolons, 

palatability) 

6000 BCE A subset of wild germplasm 

becomes the foundation for landrace 

potatoes. 

Adaptation to long photoperiod 

in Southern Chile 

Pre-Colombian A subset of Andean potatoes serves 

as the founder of Chilean 

germplasm. 

Adaptation to growing 

conditions in Europe and other 

temperate regions 

1450-1900  A subset of germplasm brought to 

Europe serves as the foundation for 

modern potato varieties.  

Late blight pandemics Mid-1800’s; 

Mid 1900’s 

Late blight eliminates many potato 

varieties. Resistance incorporated 

from S. demissum. 

Seed tuber-borne viruses Persistent Clonally propagated potato lines 

“run out” and are abandoned. 

Trade barriers 19th and 20th century Germplasm exchange between 

countries restricted by law and 

phytosanitary barriers. 
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The case for continued germplasm enhancement 104 

The incorporation of novel traits from potato wild relatives constitutes a relatively minor, but 105 

important, effort of breeding programs worldwide. The assumption has been that, as potato 106 

moved from its center of origin to Europe and across the globe, the genetic base of cultivated 107 

potato became increasingly narrow as a result of the sequential genetic bottlenecks described 108 

above. This assumption has been reinforced by efforts to identify sources of disease resistance 109 

and incorporate them into cultivated potato. Germplasm screens of wild species relatives for 110 

disease resistance have almost invariably found strong resistance, even when resistance is weak 111 

in cultivated potato [26]. Of course, we do not know if the resistance genes were present in 112 

ancestral potatoes and then subsequently lost, so we cannot conclude that bottlenecks are the 113 

cause of their absence. More fundamentally, we do not know how to determine when the genetic 114 

base of potato or any crop is too narrow for future breeding progress. We do know, however, that 115 

germplasm enhancement is needed whenever desirable traits or alleles are not present in 116 

accessible, cultivated material. 117 

There are several classes of potato traits that are most likely to benefit from continued 118 

germplasm enhancement. These include those that confer resistance to existing and emerging 119 

pests and pathogens, contribute to improved processing quality, and promote resilience in the 120 

face of abiotic stress, including stresses linked to climate change and production under sub-121 

optimal conditions. Consumer-oriented traits, such as color, flavor, and nutrition, can also benefit 122 

from germplasm enhancement efforts. 123 

Disease resistance. Our reliance on wild germplasm as a source of disease resistance will 124 

continue in perpetuity. Pathogens and pests spread with alarming regularity from one place on 125 

the globe to another and are under intense selection pressure to overcome plant resistance or 126 

develop resistance to pesticides. In native regions, the evolution of virulence genes in pathogen 127 

populations leads to selection pressure on host wild potato populations which then acquire and 128 

maintain corresponding resistance genes. Increased plant resistance results in reciprocal selection 129 

pressure on pathogen populations to overcome host resistance. This unending coevolution of host 130 

and pathogen populations ensures not only a perpetual source of new pathogen genotypes, but 131 

also a continuous supply of resistance genes for introduction into new cultivars. Although the 132 

generation of resistance to a novel pathotype could occur directly in cultivated potato, the 133 

continuous exposure of wild potato relatives to new pathogen genotypes means that there is a far 134 

greater likelihood of resistance developing there first.  135 

A comprehensive review of major crops found that the use of wild relatives by breeders 136 

as a source of disease resistance has had the greatest impact in potato, tomato, and wheat [27].  137 

The authors suggested that, in these crops, germplasm resources are accessible and have received 138 

considerable attention from breeders. A recent genomics study revealed a high level of genetic 139 

diversity for disease resistance traits in wild potato species [28]. Thus, the case for continued use 140 

of germplasm enhancement to improve disease resistance seems strong. However, the authors 141 

point out that introgressions from only a small proportion of wild potato relatives (12 of the 107 142 

wild species) are found in potato cultivars. This is despite considerable research on, and progress 143 

toward, overcoming hybridization barriers [29–31], and a long history of the use of wild potatoes 144 

in breeding programs, mostly for disease resistance genes [32–34]. “There is a very great 145 

difference between the large number of wild species evaluated that show promise and the actual 146 

number used in breeding” [35]. In fact, only a small proportion of wild potato germplasm has 147 

even been evaluated for its potential to contribute to improved cultivars [36]. This is ironic, since 148 
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potato, as an intensely-managed crop that has undergone significant bottlenecks, is likely to 149 

benefit from the introgression of wild germplasm more than most other crops [34].  150 

The discrepancy between readily identified sources of disease resistance and infrequent 151 

incorporation into successful cultivars highlights the challenges associated with using traditional 152 

potato breeding approaches to introduce disease resistance. Interspecies hybrids created by 153 

crossing a wild relative to cultivated potato are genetically 50% wild. In traditional breeding 154 

programs, detrimental alleles from the wild species donor are eliminated through random 155 

assortment followed by phenotypic selection. This process requires years, and in some cases 156 

decades, because progeny must contain the new trait of interest while maintaining other quality 157 

and production traits if they are to be used as parents for cultivar development. The time needed 158 

to eliminate unwanted wild germplasm traits may be long enough to allow pathogen populations 159 

to change and overcome resistance. For example, in the Columbia Basin of Washington and 160 

Oregon, late blight (Phytophthora infestans) was almost exclusively caused by the US-1 strain in 161 

1992. By 1995, however, the US-8 strain accounted for 97% of late blight samples [37]. In 2009, 162 

the US observed a dramatic change in the occurrence of certain P. infestans lineages with US-23 163 

and US-24 strains essentially replacing the US-8 strain 38. Potato cultivars Defender [39] and 164 

Jacqueline Lee [40], which were bred for resistance to only the US-8 strain of late blight express 165 

weak resistance to the US-23 and US-24 strains [41], rendering them less desirable for 166 

commercial production.  167 

In order to combat changes in pathogen genotypes more quickly, methods to quickly 168 

characterize emerging strains and implement strategies for rapid deployment of resistance are 169 

needed. Genomics tools will be a component of those methods.  For example, a disease 170 

resistance trait may be localized to a discrete genetic region. This allows selection based on 171 

molecular markers rather than phenotype in segregating populations. Molecular markers for a 172 

number of disease resistance genes have been identified and are routinely used in potato breeding 173 

programs [42].  Most of these resistance genes have been identified and introgressed through 174 

germplasm enhancement efforts.  Stacking of genes that confer resistance to multiple strains, as 175 

discussed later, would theoretically make it more difficult for pathogen populations to overcome 176 

resistance, as the pathogen would need accumulate mutations at multiple virulence loci. 177 

Genomics tools also allow for targeted selection of cultivated haplotypes that are not linked to 178 

resistance loci, allowing for more rapid elimination of all other components of the wild species 179 

genome. These approaches, though possible with tetraploid potatoes, are much more efficient 180 

with diploids. Ongoing research suggests that diploid potatoes and genomics tools are likely to 181 

have synergistic effects on potato breeding [43–45]. 182 

 183 

Processing quality traits. Potato is the third most important food crop worldwide, and processed 184 

potatoes provide high value to growers. Wild species offer a source of natural genetic variation 185 

for improvements in processing potato products [46–49]. Germplasm enhancement has been 186 

used to improve potato tuber processing quality metrics, including dry matter content and 187 

resistance to cold-induced sweetening [48, 50–52]. Germplasm enhancement also has the 188 

potential to contribute to improved processing quality by contributing to dry texture, uniformity 189 

in dry matter content, bruise resistance and ideal starch composition. Unlike disease resistance 190 

traits, there is no a priori expectation that tuber quality traits will be simply inherited. Complex 191 

traits, such as dry matter uniformity throughout the tuber, are likely to be quantitative, and as 192 

such are influenced by multiple genetic loci and environmental interactions. Efficient 193 

introgression of multi-locus traits requires facile ways to monitor introduced genetic sequences. 194 
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New genomics tools, such as genomic selection, will become required adducts to germplasm 195 

enhancement. In proof of concept research, genotyping-by-sequencing and genomic prediction 196 

were used to improve tuber quality traits in a tetraploid potato breeding program [53]. Genomic 197 

models with moderate predictive value were developed for starch content and chip quality [54]. 198 

It should be noted that the high allelic diversity in tetraploid breeding clones necessitates the 199 

construction of large training populations in order to account for a wide range of phenotypic 200 

variability. 201 

 202 

Resilience to abiotic stress. Potato breeders must develop cultivars that maintain yield and tuber 203 

quality when challenged with a range of abiotic stresses. These may include elevated day- or 204 

night-time temperatures that inhibit photosynthesis and decrease tuber starch accumulation, late 205 

spring frosts that damage young tissues, and heavy rains that cause transient water logging. 206 

Additional mild environmental stress may be imposed by growers who reduce nutrient or water 207 

applications to fields in an effort to meet environmental sustainability goals. Unlike cultivated 208 

potato, which is native to the high Andes and is adapted to cool climate growing conditions, wild 209 

relatives of potato are adapted to an extremely wide range of environmental conditions [55–57].  210 

Major contributions of wild species genes in early domesticates appear to be related to biotic and 211 

abiotic stress tolerance.  This was likely critical for the migration of potato from the high Andes 212 

to the coast of Chile [10].  Similarly, in tomato, abundant transcriptional variation was found 213 

among wild species for genes associated with biotic and abiotic stress tolerance [58].  Much of 214 

this stress tolerance appears to have been lost since early domestication events and will need to 215 

be retrieved again from wild relatives via germplasm enhancement.  The timeliness of the 216 

alignment of emerging genomics technologies with the development of improved germplasm 217 

resources (e.g. diploid inbreds) is fortuitous, considering the projected negative impact of climate 218 

change on potato production [59]. According to Slater et al. [60], the use of “genomic selection, 219 

in conjunction with the diverse nature of the entire potato gene pool, will enable germplasm to be 220 

rapidly developed for emerging issues, such as the threat of global climate change and associated 221 

changes in abiotic and biotic stresses.” 222 

Unlike disease resistance, which is often species specific, common abiotic stress 223 

resistance mechanisms are shared among species. Because of this, germplasm enhancement for 224 

abiotic stress resistance will look both to the diversity found in wild potato relatives and to the 225 

resistance mechanisms identified in more distantly related plants. Molecular biology approaches 226 

could be used to introduce alleles from those species into potato. As an example, resistance to 227 

drought and salinity stress in many species is promoted by accumulation of the osmolyte glycine 228 

betaine [61]. Potato does not accumulate glycine betaine naturally, but transformation of potato 229 

with the spinach BADH gene, which produces an enzyme in glycine betaine synthesis, increased 230 

the drought and salinity tolerance of the transformed potato lines [62]. Alternatively, wild and 231 

cultivated potato could be screened for allelic sequences containing DNA motifs identified as 232 

conferring a favorable phenotype in other species. Individuals with similar sequences would be 233 

candidates for use in germplasm enhancement. For example, a search in potato germplasm for 234 

transcription factors that contribute to salt and drought stress tolerance in tomato, such as 235 

SlbZIP1 [63], may identify targets for introgression into potato breeding programs. Alternatively, 236 

the SlbZIP1 ortholog in potato could be edited to match that in tomato.  Assuming other 237 

components needed for its expression and regulation are present, the edited potato gene would 238 

provide stress tolerance. 239 

 240 
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Consumer traits. The demand for improved consumer-oriented traits (e.g. tuber color and flavor) 241 

and enhanced nutritional quality (e.g. mineral content, protein content, vitamin C, fiber) 242 

continues to increase, and wild species and landraces provide a relatively untapped supply of 243 

these characteristics [64,65]. While some may be simply inherited or determined by a small 244 

number of genes [66] the incorporation of other attributes will likely require manipulating 245 

several genes or the reconstitution of entire metabolic pathways. In the past, it would have been a 246 

prohibitive undertaking to incorporate multi-genic traits into new cultivars, limiting the 247 

usefulness of the donor wild species. However, advances in genetic and genomic tools now allow 248 

us to identify the numerous sequences involved in multigenic traits and simultaneously move 249 

them into new cultivars. 250 

 251 

 252 

Germplasm resources 253 

Genetic diversity is the raw material for germplasm enhancement. Although diversity per se has 254 

no value in breeding, allelic variants alone or in combination may confer desirable traits. The 255 

challenge is to find beneficial alleles and assemble them into functional units in elite cultivated 256 

potato. Genomics tools allow desirable allelic variants to be identified and tracked more easily 257 

than in the past. Sources of genetic material that can be used for germplasm enhancement are 258 

summarized in Table 2. 259 

 260 

Table 2. Potato germplasm resources available for enhancement efforts. 261 

Germplasm Use Limitations Genomics tools 

Potato cultivars 

(Solanum 

tuberosum) 

Enrichment of rare 

and recessive 

alleles 

Rare alleles are 

difficult to identify; 

recessive phenotype 

not apparent until 

homozygous 

Sequencing and genetic 

markers used to efficiently 

find and track 

incorporation of rare and 

recessive alleles 

Landraces 

(Solanum 

tuberosum) 

Restoration of 

alleles lost to 

bottlenecks 

 

Landraces lack modern 

domestication traits 

such as photoperiod 

adaptation, long tuber 

dormancy and smooth 

tuber shape 

Marker-assisted selection 

for major gene traits; 

dense marker arrays to 

reduce linkage drag 

Tuber-bearing 

wild potato 

relatives 

(Solanum section 

Petota) 

Novel alleles lost 

to bottlenecks or 

never introgressed 

into cultivated 

germplasm 

Numerous crosses to 

cultivated potato are 

required to restore 

commercial quality 

Marker-assisted selection 

for major gene traits; 

dense marker arrays to 

reduce linkage drag 

Genus Solanum Allelic variants 

outside the potato 

gene pool 

Phenotype in 

commercial potato 

cannot be predicted 

accurately in silico 

Sequence data identify 

allelic variants across a 

wide range of related 

species; gene editing to 

create new phenotypes 

 262 

 263 

 264 
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Solanum tuberosum.  265 

Plant breeding convention suggests that cultivated germplasm is preferable to wild for cultivar 266 

improvement. However, landraces have not been used in potato breeding as much as might be 267 

expected. Cultivated potatoes from the equatorial Andes are not adapted to temperate regions. 268 

Large efforts in both North America and Europe to select for photoperiod adaptation in tetraploid 269 

Andean germplasm were successful in creating so-called Neo-tuberosum germplasm [67–72]. 270 

Similar efforts have been carried out on diploid cultivated germplasm [73,74]. However, this 271 

germplasm continues to pose challenges to breeders, as persistent problems include long stolons, 272 

small tubers, late maturity, male sterility, short tuber dormancy, and prolonged tuber initiation 273 

leading to variability in tuber size at harvest [75,76]. Furthermore, in the past, the use of 274 

landraces was discouraged because much of the material housed in potato germplasm collections 275 

was infected with viruses [77]. 276 

In the genomics era, the identification of genetic regions associated with the negative 277 

traits listed above is an achievable goal.  Selection against those regions can be carried out using 278 

backcrosses following the initial hybridization event. Conversely, positive selection will be 279 

possible for complex traits unique to landraces, such as good flavor and nutritional quality [78–280 

80].  It is also easy to imagine how genomics tools, particularly high-throughput resequencing, 281 

could be used to identify rare alleles and recessive alleles in cultivated potato. Until the genomics 282 

era, these genetic resources were virtually inaccessible to potato breeders. Recessive alleles are 283 

rarely homozygous in polyploid crops, and thus their phenotype and potential use in breeding has 284 

gone unnoticed [81,82]. Likewise, rare alleles are only likely to be uncovered if they are present 285 

in germplasm currently being used for breeding. Older varieties no longer being used as parents 286 

in breeding programs, sterile cultivars, and landraces not adapted to temperate regions are 287 

potential sources of rare alleles, but in the absence of a targeted genetic search for sequence 288 

variants, those alleles remain outside of the genetic pool available for germplasm improvement. 289 

Genotyping by sequencing combined with haplotype characterization was shown to be an 290 

efficient method to characterize allelic variants at the E3 maturity locus of soybean [83], and this 291 

approach should be amenable to potato as well. 292 

 293 

Solanum section Petota 294 

Breeders have access to extensive wild potato germplasm resources in genebanks, and wild 295 

relatives have been a major focus of germplasm enhancement efforts. Diverse populations of 296 

wild potatoes are found over a distance of 10,000 km, from the southwest United States to 297 

southern regions of Chile and Argentina. Their habitats range from coastal regions to high 298 

elevations (Figure 1), and from cloud forests to deserts [18,55].  Relatives of the cultivated 299 

potato, Solanum section Petota, include 107 wild and cultivated species [5].  Most wild potatoes 300 

are diploid, although there are also tetraploid and hexaploid species.  301 

The majority of wild potato species are self-incompatible, but sexually compatible with 302 

cultivated germplasm [5,29,34,84,85]. Wild potatoes reproduce both sexually and asexually, but 303 

the predominant mode of reproduction is not known [86]. It likely varies among populations, 304 

depending on environment and the need for genetic flexibility. Solanum flowers are buzz-305 

pollinated by bees, which collect pollen as a source of nutrition for larvae [18]. Wild potatoes 306 

exhibit both external (geography, ecology) and internal (pre-zygotic and post-zygotic) 307 

hybridization barriers, but these barriers are incomplete [86]. Consequently, a wild population 308 

may consist of a mixture of plants carrying only the parental species genome and those in various 309 

stages of hybridization and introgression.  Consequently, characterization of wild potato 310 
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germplasm is “complicated by introgression, interspecific hybridization, auto- and 311 

allopolyploidy, sexual incompatibility, a mixture of sexual and asexual reproduction, possible 312 

recent species divergence, phenotypic plasticity...” [86]. An incomplete picture of the 313 

reproductive biology of wild potato populations hinders our understanding of sources of genetic 314 

variability within and among these populations and, therefore, our understanding of the genetic 315 

makeup of genebank accessions used for germplasm enhancement. 316 

Traditional germplasm enhancement efforts have focused on sexual hybridization to 317 

transfer traits of interest from wild to cultivated potato [34,84,87–92]. In some cases, alternative 318 

approaches such as protoplast fusion and embryo rescue have been used [reviewed in 29]. The 319 

genomics era will introduce the power to identify the specific allelic variants that influence traits. 320 

When valuable alleles are identified and introgressed through hybridization, dense marker data 321 

can be used subsequently to efficiently retain the desirable allele while removing the remaining 322 

donor genome.  This process will be more effective in diploid inbred germplasm than in 323 

heterozygous tetraploids.  324 

 325 

Figure 1: Wild potatoes, such as S. candolleanum in the high Andes, grow in a wide range of 326 

environments. They are especially valuable as sources of resistance to biotic and abiotic stresses. 327 

 328 

 329 
 330 

 331 

 332 
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Genus Solanum 333 

Cultivated potatoes (Solanum tuberosum) and tomatoes (Solanum lycopersicum) are sister taxa 334 

that diverged only 8 Mya [19]. As such, genetic similarities abound.  The potato genome was 335 

published in 2011 [93], followed a year later by the tomato genome [94]. Both have a basic set of 336 

12 chromosomes in which the gene order is retained except for nine inversions. A comparison of 337 

tomato and potato euchromatic regions found only 8.7% divergent nucleotides. Despite the 338 

potential benefits of sharing genetic resources, potato and tomato breeders have largely worked 339 

independently of each other.  As we move into the genomics era, it is time to begin to consider 340 

potato and tomato as collections of overlapping genes and genetic systems.   341 

Domestication traits for tomato focus on fruit size and shape 94, including the OVATE 342 

gene for shape [95]. The application of this knowledge about OVATE for potato breeding may 343 

not be apparent, but it is a member of the OVATE Family Protein class of genes, which also 344 

regulate potato tuber shape [96]. In addition to common genetic systems for tuber and fruit 345 

shape, an overlap in tuber quality genes exists. In potato, tubers used for processing must possess 346 

low levels of reducing sugars. In tomato, sugar production is an important trait for breeders.  The 347 

potato invertase gene invGE is orthologous to the tomato LIN5 gene that influences Brix score 348 

[97]. Comparative genomics of the Solanaceae with respect to disease resistance suggests 349 

conservation of resistance-related genes at orthologous locations throughout the genomes of 350 

potato, tomato, and pepper although their specificities may not be conserved [98–100].  Given 351 

the structural co-linearity between tomato and potato, these species can be used for comparative 352 

genomics to isolate genes of interest, which has been done in the case of R3a for late blight 353 

resistance [101]. In some cases, evidence has demonstrated cross-functionality of R genes within 354 

the Solanaceae, suggesting a conservation of pathways that lead to the activation of resistance to 355 

late blight [102,103], Cladosporium fulvum [104], and viruses [105]. As tomato genomics 356 

research expands, breeders would do well to leverage the knowledge gained for potato 357 

improvement. 358 

 359 

Germplasm collections in the genomics era 360 

As we move into the genomics era, it is important to reexamine the activities of genebanks.  361 

Certainly, the five cornerstone goals – acquisition, classification, preservation, evaluation, and 362 

distribution – must be preserved.  However, placing a greater emphasis on genotypic rather than 363 

phenotypic data could reap significant rewards. There is a growing emphasis on considering 364 

genebank holdings as a collection of alleles rather than plants [106,107]. The focus on plant 365 

genotypes rather than phenotypes may allow breeders to discover valuable new and perhaps 366 

unexpected genetic diversity.  367 

Assembled genome sequences for two wild potato species have been published to date 368 

[108,109]. Additional sequencing of wild species and resequencing of genebank collections will 369 

provide insights into genetic similarities and differences among species and accessions. Since 370 

most wild potatoes are diploid, the complexities of polyploid genomic analyses can be avoided 371 

for the most part. A large sequencing effort on 84 tomato genomes has recently revealed 372 

extensive species- and accession-specific polymorphisms [110]. Similarly, genomic analysis of 373 

201 wild and cultivated potato accessions revealed high levels of diversity, especially in wild 374 

populations, and over 600 genes associated with domestication traits [28]. As genome annotation 375 

information grows, scientists will be able to identify SNPs in or near genes of interest and predict 376 

whether they are likely to result in a functionally different protein product [106].  377 
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Predicting sources of genetic variation in genebank collections is complicated since the 378 

greatest source of variation can be either within or among accessions, depending on the 379 

germplasm sampled 111–113. This is not surprising, considering that every wild population has a 380 

different history. In general, though, genetic variation is far greater in allogamous than 381 

autogamous accessions, both in potato [113,114] and tomato [115]. An AFLP marker study of 17 382 

wild potato accessions found that any randomly selected plant contains 91% of the markers in 383 

the parent accession in self-compatible species, but only 77% in self-incompatible species [113].  384 

In addition, 57% and 67% of markers in each taxon were contained in the sampled accessions of 385 

self-compatible and self-incompatible species, respectively. Based on the Infinium 8303 SNP 386 

array, which was generated from transcribed sequences in cultivated potato, genetic distances 387 

among wild plants within accessions of self-incompatible species were smaller than those among 388 

accessions of the same species [116]. Consequently, efforts to enhance genetic diversity in 389 

breeding programs should focus on many plants across accessions rather within accessions. 390 

 391 

Identifying valuable germplasm 392 

Conventional potato germplasm enhancement efforts begin with phenotypic screens of wild 393 

potato accessions.  Because repositories such as the U.S. Potato Genebank carry thousands of 394 

accessions, it can be difficult to identify a subset for phenotyping.  Each wild species is typically 395 

distributed across a range of climatic conditions [55] and interspecific hybridization is common 396 

[117,118].  Consequently, each accession of a species has a unique evolutionary history and may 397 

be quite different from the others. This presents challenges when searching for sources of traits.  398 

Statements such as “In South America, it [immunity to potato virus Y] is chiefly to be seen in S. 399 

chacoense…” [56] do not provide the breeder with much guidance. The U.S. Potato Genebank, 400 

for example, maintains 167 accessions of S. chacoense. To address this challenge, a series of 401 

studies was carried out to determine whether taxonomic or biogeographic data could be used to 402 

predict the distribution of disease and pest resistance phenotypes in wild relatives of potato [119–403 

125]. These studies were designed to test prediction at the section and species level without prior 404 

knowledge of phenotypes.  In general, predictivity was poor due to the complex evolutionary 405 

history of wild potato populations in combination with the inability to infer genotype based on 406 

the resistance phenotype. In contrast to disease and pest resistance traits, inter-accession 407 

variability can be low for some traits that are consistently experienced by a species, such as 408 

stress tolerance, as discussed above.  For example, S. acaule typically grows at elevations above 409 

4000 meters [126], so accessions are uniformly frost tolerant [127]. For such traits, a Focused 410 

Identification of Germplasm Strategy may be useful to identify valuable wild germplasm [128]. 411 

For many traits, then, breeders must search through a wide array of phenotypically and 412 

genotypically diverse germplasm. The phenotyping challenge can be demonstrated by examining 413 

evaluation data in the U.S. Potato Genebank. For example, several evaluations by highly-414 

qualified specialists have been carried out for resistance to Verticillium wilt, caused by a soil-415 

borne fungus.  Table 3 illustrates discrepancies between studies.  Phenotypic evaluations of 416 

resistance varied in several ways, including whether they were performed in the field or 417 

greenhouse, whether soil was inoculated or not, and how plants were classified as resistant. Plant 418 

phenotype results from a complex interaction among genes and between those genes and the 419 

environment.  Consequently, phenotypic variation does not necessarily mirror genetic variation 420 

[107,129]. 421 

 422 
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Table 3. Classification of resistance to Verticillium wilt caused by V. dahliae, showing 423 

variability in resistance classification among studies. Data are from the U.S. Potato Genebank.  424 

Accession Classification Study Location Inoculation? Scoring method 

225697 

 

Resistant Ander84 Field yes Number of propagules 

in stems 

Susceptible Corsi84 Field no Incidence and severity 

of symptoms 

230463 

Resistant Corsi83 Field no Symptoms and 

propagules in stems 

Susceptible Corsi84 Field no Incidence and severity 

of symptoms 

230473 

Resistant Corsi84 Field no Incidence and severity 

of symptoms 

Susceptible Rowe85 Greenhouse yes Symptoms 

 

230503 

Very 

susceptible 

Ander83 Field yes Number of propagules 

in stems 

Very resistant  Corsi83 Field no Symptoms and 

propagules in stems 

 425 

Genomics resources and molecular biology tools now allow us to relatively rapidly 426 

identify germplasm to facilitate the mapping of novel R genes from wild potato species for 427 

marker development or cloning. At the core of these technologies is a reduction in the 428 

complexity of the potato genome in order to simplify sequencing approaches and identify genetic 429 

polymorphisms that correlate with resistance phenotypes. Diversity Array Technology was 430 

effective in identifying genomic sequence variability in S. bulbocastanum and S. commersonii 431 

[130]. Resistance (R) gene enrichment sequencing (RenSeq) relies on the purification of 432 

predicted R genes from wild species for high-throughput sequencing [131] or to identify and 433 

track previously unknown R genes in cultivated germplasm [132]. Similarly, GenSeq uses 434 

single/low copy number genes to identify markers associated with resistance, when a known R 435 

gene is not present [133].  436 

Genomics tools can also be applied to facilitate selection for disease resistance. Dominant 437 

resistance in plant hosts is typically dependent on the plant’s ability to recognize the presence of 438 

specific pathogen virulence proteins, termed effectors. Effector complements of pathogens can 439 

be complex. The potato late blight pathogen, P. infestans, is predicted to contain several hundred 440 

effectors [134–136]. Each of these effectors can be used to identify Solanum germplasm that 441 

contains a corresponding resistance protein through transient expression [137]. This has allowed 442 

for relatively rapid identification of novel sources of disease resistance within the Solanum 443 

germplasm pool without the need for pathogen inoculations, which typically require tightly 444 

regulated growing conditions and adequate space for screening.  Although effector prediction in 445 

many other plant pathogens is currently behind that of P. infestans, similar genomics approaches 446 

could be used to identify effector sets in order to facilitate phenotypic selection for disease 447 

resistance.  448 

Because most wild potatoes are allogamous, plants within accessions are typically 449 

heterozygous and heterogeneous. Consequently, if a trait is reported in an accession, additional 450 

fine screening is needed to identify individuals in that accession that express the phenotype 451 
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[138–141].  After a plant of interest is identified by fine screening, it is typically crossed with 452 

cultivated germplasm [138–141]. These clones are rarely shared among breeding programs or 453 

maintained for the long term. Follow-up studies cannot go back to the original source of the trait, 454 

so opportunities to link genotype to phenotype are lost. As we move into the genomics era, it will 455 

be of value to clonally maintain selected wild plants along with their genotype and phenotype 456 

data in genebanks. Genebank users can then request these clones for additional phenotyping 457 

studies.  The research community would then be able to build on the dataset, improving sequence 458 

data and adding phenotype data across time. By accumulating a broad array of phenotype data on 459 

the same collection of plants, it may be possible to identify interactions between traits that were 460 

not apparent before. Over time, as genomic prediction models evolve, it may be possible to 461 

predict which species and accessions to add to a clonal wild species collection to best contribute 462 

useful new genetic variation.   463 

 464 

Incorporating traits into cultivated potato 465 

Donor individuals with desirable traits or allelic variants can be identified by evaluating 466 

phenotype or genotype as appropriate. Introgression of advantageous genetic sequences into 467 

cultivated potato can be done through sexual hybridization or using molecular approaches. 468 

Genomics tools can increase the efficiency of both approaches. 469 

 470 

Sexual hybridization.  471 

Conventional potato breeding is based on making crosses between heterozygous tetraploid 472 

parents that complement each other for traits of interest [142–145]. Phenotypic selection is then 473 

carried out in the resulting progeny, with 90% or more of the new genetic combinations 474 

discarded after a cursory evaluation. Recombination in heterozygous tetraploid parents breaks up 475 

desirable dominance and epistatic interactions, leading to inferior progeny [146].  Superior new 476 

genetic combinations are rare.  In addition, important market traits, such as tuber shape and skin 477 

color, are not fixed in breeding programs. According to Bradshaw [144], “…in a single cross, the 478 

frequency of clones combining all of the desirable characteristics of the two parents is extremely 479 

low. Without efficient recurrent selection, breeders will simply be shuffling genes with each 480 

generation of crosses without making real progress…” These problems have been recognized by 481 

potato breeders for nearly a century [147–149].  482 

The most common method for introgressing wild potato alleles is crossing cultivated 483 

clones to wild species to create interspecies hybrids. Selection pressure is relaxed in hybrid 484 

populations and their offspring, since linkage drag is expected.  However, after the initial 485 

selection is made in a segregating family, all subsequent selection events are based on clonal 486 

material.  That is, no recombination occurs in later years of evaluation. It is not surprising then, 487 

that although selections carrying wild species introgressions may be retained early in a breeding 488 

program, they are typically discarded in later clonal generations because of disadvantageous 489 

traits acquired from the wild parent. Additional crosses between the interspecies hybrid and 490 

cultivated potato may improve the overall quality of the progeny over many generations by 491 

removing unwanted alleles, but this process is very slow in potato, where approximately 50 492 

quality traits are used as criteria for commercial success. Recombination is needed to separate 493 

desirable genetic loci from undesirable ones. However, there is typically only one crossover per 494 

chromosome pair in potato per generation [150], so several generations of recombination are 495 

needed to minimize the size of an exotic introgression.  Genomics tools can make this process 496 

more efficient by assessing the genomic locations of DNA contributed by the wild and cultivated 497 
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parents. Progeny used for additional hybridizations with cultivated potato could be those with the 498 

highest probability of removing wild-species DNA given the position and size of previous 499 

recombination events and the expected frequency of future recombination at various locations 500 

along each chromosome. Current efforts to convert potato into a diploid inbred-hybrid crop will 501 

allow us to harness the power of genetics and genomics to select for and fix desirable genetic 502 

variants while eliminating deleterious alleles [43–45]. For example, unwanted genetic material 503 

could be removed strategically from interspecies hybrids by using backcrosses to the inbred, 504 

cultivated parent in combination with marker data.  505 

 506 

Molecular approaches.  507 

Germplasm enhancement no longer relies solely on making crosses to transfer genetic material 508 

from individuals of donor species to cultivated potato. Molecular approaches offer an alternative 509 

approach that reduces the amount of unwanted genetic material incorporated along with a 510 

desirable trait. For example, allelic variants identified elsewhere can be constructed in vivo using 511 

gene editing or mutagenesis rather than being introduced by crossing. Entire genes, or groups of 512 

genes, can be introduced using plant transformation approaches. As mentioned previousely, 513 

when resistance gene-identifying tools are combined with genetic engineering or gene editing 514 

technologies, the time required to identify and deploy an R gene or genes is dramatically 515 

reduced. A biotechnology-assisted approach has been used to incorporate PVY resistance found 516 

in pepper into cultivated potato by transformation with the pepper resistance allele pvr1, which 517 

encodes a variant of the transcriptional initiation factor eIF4E [105]. Similarly, a gene 518 

functionally analogous to pvr1, but naturally occurring in S. chacoense, was identified and 519 

introduced into cultivated potato using stable transformation [151]. Using a slightly different 520 

approach, the endogenous potato eIF4E gene was mutated in vitro to mirror pvr1 functionality 521 

and re-introduced into potato, where it conferred PVY resistance [105,152]. Multiple late blight 522 

resistance genes from wild species relatives have been introduced into cultivated potato using 523 

stable transformation and complete resistance to the disease was accomplished without 524 

impacting marketable or total yield [153].  Gene editing using CRISPR-cas9 has been used 525 

recently to improve resistance to cold-induced sweetening [154] and to render non-functional the 526 

SRNase in potato and confer self-compatibility to previously incompatible plants [155]. In all of 527 

these cases, little or no unwanted and potentially detrimental genomic sequence was introduced 528 

with the sequence of interest. Gene stacking technologies, such as GAANTRY [156], would 529 

allow for the simultaneous introduction of multiple R genes, decreasing the likelihood that the 530 

targeted pathogen(s) will rapidly overcome resistance. Genomics approaches are needed when 531 

using molecular methods for incorporating molecular traits. Markers and DNA or RNA 532 

sequencing are needed to identify individuals with the correct sequence or transgene, and 533 

detailed phenotyping will be needed to ensure that the molecular methods have not introduced 534 

mutated sequences or an inappropriate number of copies of the correct sequence. Phenotypic 535 

assays are still required to demonstrate that the introduced genes confer the desired trait. For 536 

example, genetically modified lines of potato were created using RNA-interference to suppress 537 

expression of the vacuolar invertase gene. Lines containing the silencing construct varied widely 538 

in their ability to suppress invertase gene expression and confer resistance to cold-induced 539 

sweetening or sugar end defects [49,157].  540 

 541 

Identifying superior genotypes 542 
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Individuals that have acquired traits through germplasm enhancement must be identified. 543 

Phenotypic evaluation will continue to be used for easily screened traits, especially dominant 544 

traits. For multi-locus traits and for traits conferred by recessive alleles, whole genome selection 545 

will be required to identify valuable individuals and utilize them in further pre-breeding efforts. 546 

The development of genomic prediction models will allow potato breeders to use genomic 547 

selection to supplement or, in some cases, replace phenotypic selection. This research area is in 548 

its infancy in potato, but early reports suggest to us that genomic selection will be a valuable tool 549 

for future potato breeding and germplasm enhancement efforts [53,54,60,155,158].  550 

 551 

Conclusions 552 

Potato breeders will continue to rely on germplasm enhancement for variety improvement. In the 553 

genomics era, germplasm enhancement will increasingly be focused on identifying and 554 

introgressing alleles rather than phenotypic traits. Alleles will come from a broad pool of genetic 555 

resources that includes wild species relative of potato, landraces, cultivated potato itself, and 556 

distantly related species. Genomics tools will greatly increase the efficiency of introgressing 557 

multigenic traits, and will make it possible to identify rare alleles and utilize recessive alleles. 558 

Introgression may occur through sexual hybridization, or molecular manipulations, but 559 

evaluation of progeny will increasingly involve assessing allelic composition and distribution of 560 

parental genomes. 561 

 562 

Dedication 563 

We dedicate this paper to Dr. David Spooner, in recognition of 33 years of outstanding 564 

contributions to the field of potato taxonomy with a special emphasis on the collection and 565 

characterization of wild potato relatives. 566 
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