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Abstract The challenges facing potato breeding have actually changed very little
over the years with resistance to pests and pathogens remaining high on the agenda
together with improvements in storability, reduction in blemishes, and novelty and
consistency in cooking/processing qualities. The need to expand the range of targets
for potato improvement is being driven by requirements for reduced agrochemical
usage and by predictions of the effects of changing climates. Thus fertiliser and
water use efficiency are moving up the political agenda. Genetic variation present in
germplasm collections needs to be harnessed to provide the genes and alleles
required. This paper provides examples of the functional genomics tools and
approaches being developed and deployed to provide new options for advancing the
breeding of next generation crops. Whilst genetic modification (GM) approaches
remain contentious in Europe, this paper will also provide some recent examples of
the range of potential impacts that GM approaches could make. It will also consider
the value of so-called intragenic or cisgenic approaches to potato genetic
engineering.
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Introduction

Functional Genomics has been defined by some as “The Force Behind the Future of
Plant Breeding” and can be simply defined as approaches deployed to identify genes
and their associated functions. It clearly complements the more structural aspects of
genomics which includes genome sequencing, the chromosomal mapping of genes
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to specific traits and association between phenotype and structural diversity within
alleles. The challenge for functional genomics lies not only in ascribing the functions
of individual genes but also in analysing the potential interactions between genes
and gene families in determining, both temporally and spatially, the development of
target traits. It follows that to deliver on functional genomics we require the
appropriate experimental tools which include high-throughput gene expression
analysis (transcriptomics), bioinformatics platforms, contemporary analytical (e.g.
metabolomics, proteomics) and phenotyping platforms and the capacity to test
functionality using both forward and reverse genetic approaches (e.g. transgenics,
mutants).

Functional Genomics: Targets for Potato Improvement

The EU project EUROCROP (www.eurocrop.cetiom.fr) aims to define a common
vision for the future of research and development related to arable crops in Europe
and includes potato as one the crop species. EUROCROP brings together concerned
stakeholders and actors, to reach a collective analysis of research needs in order to
improve the European arable crops competitiveness, and propose appropriate action.
In its deliberations to date the project has identified several areas for a prioritised
research focus which can benefit from advances in genomic and functional genomic
approaches. The suggested targets reflect the need to maintain and grow the markets
but also to address generic issues such as human health and nutrition, the impact of
climate changes, EU regulatory and legislative requirements, and the need to
develop sustainable and profitable production systems with reduced inputs (and
cost). Some of the priority areas identified which functional genomics can contribute
to (within the framework of plant breeding) include:

1. Improving utilisation of potato in processed products: e.g. develop processed
products and convenience foods with improved taste and texture. Exploit new
cooking/processing technologies. Develop potato-based products with low
Glycaemic Index.

2. Addressing consumer demands for healthy food: e.g. develop tools to design
better diets for individuals and an improved understanding of the role of
compounds in potatoes that can contribute to healthy diets.

3. Improving resource use efficiency: e.g. develop germplasm tolerant to drought,
higher CO2 levels, and which can maintain yield and quality with reduced
nutrient inputs. Assess the potential impact of climate change on quality.

4. Improving pest and disease resistance and knowledge of pathogen evolution:
e.g. exploit information from genome sequencing initiatives to develop
germplasm with multiple trait improvements.

“Omics” Technologies as Components of the Functional Genomics Toolkit

The ‘Central Dogma Theory of Genetics’ states that DNA is transcribed into RNA
that is then translated into protein. Proteins are intrinsic in the establishment and
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maintenance of biochemical pathways in an organism that lead to the production/
turnover of various metabolites. Thus the different “omic” technologies are inter-
related in that: transcriptomics aims to assess changes in the transcriptome (the entire
complement of RNA produced by DNA transcription of a cell, tissue or organism at
a particular time point), proteomics studies the total protein complement (the
proteome), and metabolomics the complement of small molecules (low molecular
weight, <1,500 Da). Depending on the species, plants contain ca 30,000 to 60,000
genes, with an estimated 100,000–120,000 proteins (this could be a significant
underestimate) and, across the plant kingdom, ca 90,000 to 200,000 metabolites.
However, the number of metabolites in a single species will be much smaller.

Microarray technology is the most common approach used for gene expression
profiling. Microarrays make use of the information created by genome sequencing
(more than 600 complete genomes sequenced to date [www.genomesonline.org]) and
from the myriad of expressed sequence tags (ESTs) which provide information on
genes expressed in specific cells, tissues organs at a particular time and under
particular conditions. The microarray technologies will not be described in detail but
gene expression technologies have greatly matured over the past years, and it has
become clear that hybridisation-based approaches have obvious limitations in cross-
species comparisons (Gilad et al. 2006). However, sequencing-based approaches could
be used to quantify gene expression if the sequence reads could be unambiguously
mapped to the corresponding transcripts. While the short sequence reads of serial
analysis of gene expression (SAGE) and related techniques are severely limited by the
requirement of a reliable genome annotation, the recently developed 454 sequencing
technology (Margulies et al. 2005) may provide sufficient sequence information to
overcome this limitation at moderate costs. Furthermore, due to ability to identify
Single Nucleotide Polymorphisms (SNPs) in transcripts, the method may provide a
powerful solution for measuring allele-specific gene expression.

Potato Transcriptomics

Most potato microarray experiments performed to date have used the widely
accessible spotted cDNA array produced by The Institute for Genomic Research
(TIGR) which contains around 10,000 cDNA clones (http://www.tigr.org/tdb/potato/
microarray_desc.shtml). This has proven to be a useful resource and has been
applied to a wide range of potato developmental issues. A particularly useful feature
is that many of the results using this array are catalogued at http://www.tigr.org/tdb/
potato/microarray_desc.shtml. Other groups have developed their own arrays
specifically focused on particular aspects. For example Kloosterman et al. (2005)
developed a cDNA array to describe changes in gene expression during tuber
development. Using this array, 1,315 genes were identified that were strongly
differentially expressed during tuber development. However, the recently developed
Potato Oligo Consortium (POCI) array containing 44,000 features is the best
microarray platform currently available to analyse global gene expression in potato
(described in Kloosterman et al. 2008) representing 42,034 unigene sequences,
thereby enabling a much more complete analysis of gene expression than has
hitherto been achievable. It has been estimated that 35,000 genes are expressed in
tomato (Van der Hoeven et al. 2002) and a similar number are probably expressed in
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potato, although it has been suggested that the number of expressed genes in potato
may be somewhat higher (Datema et al. 2008). Therefore the TIGR array probably
only contains ca. 35% of the transcriptome, which is a serious limitation for global
expression studies. Approximately 50% of the sequences on the POCI microarray
were not represented on the TIGR array (Kloosterman et al. 2008). The initial report
by Kloosterman et al. (2008), demonstrates the utility of the POCI microarray and it
is anticipated that the array will be applied to help identify key genes in many
aspects of tuber quality and development. Some of these experiments are underway
within the EU-SOL project (http://www.eu-sol.net/public). Additionally, the array is
being used to address the regulation of dry matter accumulation, sugar accumulation
and after-cooking darkening by a Canadian consortium (Regan et al. 2006).

Potato Proteomics

Lehesranta et al. (2005) assessed potato tuber proteome diversity using a range of
germplasm. In addition, a selection of genetically modified (GM) potato lines was
compared to assess the potential for unintended differences in protein profiles. Clear
qualitative and quantitative differences were found in the protein patterns of the
varieties and landraces examined, with 1,077 of the 1,111 protein spots analysed
showing statistically significant differences. The diploid species Solanum phureja
could be clearly differentiated from tetraploid (Solanum tuberosum) genotypes.
Many of the proteins apparently contributing to genotype differentiation were
involved in disease and defence responses, the glycolytic pathway, sugar metabolism
or protein targeting/storage. Only nine proteins out of 730 showed significant
differences between GM lines and their controls. There was much less variation
between GM lines and their non-GM controls compared with that found between
different varieties and landraces. With regard to the impact of crop production
practices, Lehesranta et al. (2007) compared proteomes of organic and convention-
ally grown potato and showed that fertility management practices had a significant
effect on protein composition. Quantitative differences were detected in 160 of the
1100 tuber proteins separated by 2D-gel electrophoresis. Proteins identified were
involved in protein synthesis and turnover, carbon and energy metabolism and
defence responses, suggesting that organic fertilisation leads to an increased stress
response in potato tubers.

Potato Metabolomics

Studies have shown that there is not necessarily a good and direct relationship
between gene expression and relative levels of metabolites. This is understandable as
metabolite levels can be determined, for example, both by the activities of enzymes
in the pathway concerned and by fine-control mechanisms involving enzyme
effectors, co-factors, etc. Urbanczyk-Wochniak et al. (2003) showed that specific
transgenic potato lines could not be separated either from each other or from the
wildtype using transcript profiling (even though the transgenes produced a large
effect on tuber metabolism). However, metabolite profiling revealed that transgenics
clustered completely independently of each other and of the wild type control,
indicating that metabolite pool sizes can be a more sensitive indicator of phenotype
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than transcript levels and hence potentially a more powerful phenotyping
technology. The authors also showed that combined analysis of transcript and
metabolite profiling by pairwise correlation analysis indicated that only 25% to 36%
of the variation in metabolite level was attributable to variation in transcript level.
Some other novel correlations were revealed that could stimulate the exploration of
unsuspected regulatory circuits. It is also important to point out that metabolites
change according to developmental, physiological, and plant “health” status, thus
biological variance in metabolite levels can be very large. Also, metabolites are
structurally diverse chemically so no single extraction or analytical technique is
suitable for all low molecular weight metabolites.

Defernez et al. (2004) compared the metabolomes of non-GM and some specific
GM potato tubers with modified development and/or metabolism. Despite the fact
that many of the GM plants included in the study were phenotypically very different
from their non-GM parents, and that several hundred compounds could be
compared, the number of differences that could be found between GM and non-
GM tubers was extremely small. Similarly, Catchpole et al. (2005) described a
comprehensive comparison of tuber metabolites in field-grown GM potato (genes
inserted to induce fructan biosynthesis) and conventional potato tubers using a
hierarchical approach. Their data also showed that, apart from targeted changes, the
GM potatoes were equivalent to the traditional non-GM comparators.

Challenges for Data Analysis

“Omics” outputs are extremely data rich thus data mining and reliable comparative
analysis are central requirements. Despite the ever-expanding range of technological
options, significant challenges remain that relate to the acquisition, interpretation and
statistical treatments of “omics” data (see Broadhurst and Kell 2006; Hall 2006). As
pointed out by Scholz et al. (2004), the development of software tools to enable in-
depth analysis of any list of interrelated biological data (pathway analysis tools) is
evolving. Several metabolic pathway databases are available to facilitate our
understanding of transcriptome and metabolome data. For example, The Kyoto
Encyclopedia of Genes and Genomes (KEGG; http://www.genome.ad.jp/kegg/) has
a pathway database (PATHWAY) that contains information on metabolites and
genes, as well as graphical representations of metabolic pathways and complexes
derived from various biological processes.

Systems Approaches

Whilst there are many potential uses for gene expression arrays, it is not simply
mRNA levels that need to be considered, but also the amount and modification of
proteins expressed that determine true gene activity. An important goal is therefore
to couple transcriptomic data to the outputs from the other “omics” tools, proteomics
and metabolomics to develop a truly integrated understanding of biological
processes which regulate crop plant composition, for example. These “omics” tools
in turn must be linked to DNA sequences and sequence variation to better
understand the processes which contribute to biological variation. The goal of
“omic” approaches is therefore to acquire a comprehensive, integrated understanding
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of biology by studying all biological processes to identify the various players (e.g.,
genes, RNA, proteins and metabolites) rather than each of those individually. This
systems biology approach is highly challenging.

Transgenic Potato—Progress in Trait Modification and Gene Functionality
Testing

Commercialisation Issues

Potato continues to be an important experimental system for the functionality testing of
genes using transgenic approaches. Examples will be provided later in this overview.

It is worth pointing out, however, that on the global map of commercial
transgenic crop production, potato hardly figures. Since the demise of the Monsanto
Company’s NatureMark unit and the removal of its virus and insect resistance
products from the market no new commercial GM products have been launched.
However, the first GM potato to be cultivated in Europe is likely to be Amflora, a
pure amylopectin starch potato developed by BASF Plant Science by switching off
the gene for the Granule Bound Starch Synthase (GBSS), the key enzyme for the
synthesis of amylose. Amflora is designed for use in technical, non food applications.
Whilst is has been assessed as safe by the European Food Safety Authority, it has not yet
been approved for commercial production as concerns have been raised over the fact
that the potato contains the nptII gene marker gene which confers resistance to specific
antibiotics. Thus, despite the fact that major, multitrait improvements to this genetically
complex, vegetatively propagated crop, can almost certainly only come from transgenic
approaches, progress in commercialisation remains stagnant. Indeed, even the numbers
of GM field trials for experimental purposes have dwindled.

Not withstanding the political challenges faced, research must continue to develop
approaches that take us beyond the current state-of-the-art with regard to (a) the need to
develop more efficient GM breeding approaches, (b) the need to develop efficient
approaches for stacking or pyramiding genes to deliver multiple improvements in crop
utility and performance traits. For tetraploid potato transgene stacking through traditional
crossing is not a practical solution. Also, the costs of the chain of processes involved in
GM commercialisation can be high (e.g., ca $6 to 15 million for herbicide tolerant or
insect tolerant maize (Kalaitzandonakes et al. 2007)). Since, within the EU each
transgenic event needs to be individually risk assessed, on most occasions it will be
more cost effective to target multitrait modification in a single transformation event or
via co-transformation. Such approaches also make sense in terms of durable disease
resistance as the deployment of several gene targets should help delay resistance
breakdown. The development of co-transformation strategies, improved transformation
efficiencies for recalcitrant potato sub-species (Ducreux et al. 2005b) and an increasing
range of potato promoters are all helping to advance the technology for potato.

Cisgenic/Intragenic Approaches—A Way Forward?

One new method that combines the benefits of traditional breeding and genetic
engineering, but circumvents many of their issues, is represented by the intragenic
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approach (Rommens et al. 2007 and references therein). It isolates specific genetic
elements from a plant, recombines them in vitro, and inserts the resulting expression
cassettes into a plant that belongs to the same sexual compatibility group using
plant-derived transfer DNAs (P-DNAs) and marker-free transformation. The
intragenic approach has been used to produce a quality-enhanced potato with
reduced ‘black spot bruise,’ and lower reducing sugars out of cold storage (improved
processing quality), reduced amounts of processing-induced acrylamide, and
increased starch levels (Rommens et al. 2006). In a cisgenic approach a recipient
plant is also modified with a natural gene from a sexually compatible plant.
However, in this case the gene includes its native introns and is flanked by its native
promoter and terminator in the normal sense orientation. The argument is that in a
cisgenic plant, the gene of interest, together with its promoter, has already been
present in the species or in a sexually compatible relative for centuries. Therefore
cisgenesis does not alter the gene pool of the recipient species and provides no
additional traits (Schouten et al. 2006).

The annotated genome sequence of potato will be available in the not too distant
future and will facilitate comprehensive searching in germplasm collections for
novel alleles that represent variant versions of genes, or genes with altered functions.
This will provide a source of DNA sequences for transfer via genetic engineering
approaches from within the gene pools already utilised by plant breeders. This would
assist the intragenic/cisgenic approach and provide, for example, opportunities for
targeted genetic changes in biochemical pathways to accumulation of specific
metabolites for specific functions or to transfer disease resistance genes from related
wild species. The transfer of genes between plants of the same or closely related
species does not seem to raise similar ethical concerns in the GM debate as transfer
of genes from unrelated species.

High Throughput Analysis of Gene Function, Mutants and Activation Tagging

The generation of stable transgenic/intragenic lines is a very powerful tool in
functional genomics. However a limitation is that the creation of transgenic lines is
both time consuming and resource intense. A higher throughput approach to
determine gene function is the use of virus induced gene silencing (VIGS). For
example a vector based on potato virus X (PVX) is effective in triggering a VIGS
response in both diploid and tetraploid potato (Faivre-Rampant et al. 2004c). The
response is most useful for leaf phenotypes although systemic silencing of a
phytoene synthase gene was observed in potato tubers. However, attempts to
develop this approach into a high throughput screen for a wider range of genes in
tubers has demonstrated that the effects on tuber gene expression can be inconsistent
and further developments are required to make this a robust approach (Lacomme and
Taylor unpublished). VIGS vectors based on tobacco rattle virus have also proved
effective in leaves from a range of Solanum species including potato (Brigneti et al.
2004).

In contrast to the situation in Arabidopsis there are very few potato mutants
available in potato. A recent breakthrough is the development of a potato diploid
TILLING population (Muth et al. 2008). This is the first report of rapid and efficient
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mutation analysis and breeding in potato. Although initially focusing on starch
biosynthesis as a well-characterized model, a TILLING approach could be applied to
any desirable trait, a goal that will become more defined as information emerges
from the potato genome sequencing project (www.potatogenome.net) and functional
genomics initiatives (Gebhardt 2004). By combining new sequence and functional
information with a TILLING approach, it will be possible to generate and integrate
new source alleles rapidly into elite breeding cultivars, an approach that has not been
possible previously.

The potential to form mutants in complex plant genomes has also increased
recently with the development of activation tagging which results in the generation
of dominant gain-of-function mutants. In this approach Agrobacterium-mediated
transformation is used to introduce a strong promoter such as the Cauliflower
Mosaic virus 35S promoter, randomly into the genome (Weigel et al. 2000). When
the promoter inserts adjacent to a gene, over-expression can result. Transgenic lines
can be selected for a phenotype of interest and the over-expressed gene can be
identified using PCR-based approaches. So far the Canadian potato genome project
has generated over 8,000 mutant lines and these are likely to be a valuable resource
(http://www.cpgp.ca/Resources/plants/description.php).

Potato Functional Genomics and Quality Traits

Potato consumption faces significant competition from other staple sources of
carbohydrates such as rice and pasta. Strategically, therefore, the development of
well differentiated potato products is an important goal. Tuber quality traits such as
flavour, texture and nutritional value are assuming a greater importance in R&D
since consumers are becoming increasingly demanding with respect to convenience,
quality, novelty, eating experience, nutritional value and safety (McGregor 2007).
Additionally, it is recognized that tuber quality is closely associated with tuber life
cycle issues. For example the control of tuber initiation impacts on crop scheduling,
yield and uniformity (Vreugdenhil and Struik 1989; Struik et al. 1990; Struik et al.
1991; Ewing and Struik 1992; Fernie and Willmitzer 2001; Hannapel 1991; Jackson
1999; Rodriguez-Falcon et al. 2006) and the control of tuber dormancy is critical in
tuber storage (Suttle 2004). Thus a major challenge is to develop market advantage
by producing cultivars and processed products that exhibit distinctive and desirable
characteristics. However, as with many food crops, quality and nutritional/
developmental traits are probably driven by multi-factorial parameters and hence
are difficult to assess in breeding programmes. In recent years functional genomics
tools to understand key quality traits have been developed and this report will review
some of these approaches.

Comparative Gene Expression Profiling of Potato Germplasm

The gene pool used to develop cultivated potatoes is considered to be fairly narrow
and has not widely utilized the full diversity (and hence characteristics) of potato
germplasm available. Efforts to broaden the genetic base of cultivated potatoes have
been made, with some success (Bradshaw and Ramsay 2005). A valuable resource in
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this regard is S. tuberosum group Phureja, differentiated from S. tuberosum group
Tuberosum on the basis of a number of important tuber quality traits such as flavour,
texture, colour and reduced tuber dormancy (De Maine et al. 1993, 1998; Dobson et
al. 2004; Morris et al. 2004; Ghislain et al. 2006). Despite being able to differentiate
the Phureja group of landraces based on geographical origin, this group is very
similar genetically to the Tuberosum group (Spooner et al. 2007). Whatever the final
taxonomic outcome, as many of the Phureja group can be clearly differentiated
based on tuber quality trait parameters, they form a useful resource for the
identification of key genes that underpin these traits.

In view of the Phureja/Tuberosum trait differences, comparison of metabolite and
transcript profiles in tubers from Phureja and Tuberosum cultivars has been carried
out in order to gain insight into the traits of interest (Shepherd et al. 2007; Ducreux
et al. 2008 submitted). For example, using the POCI array, gene expression was
compared in tubers from two Solanum tuberosum group Phureja cultivars and two S.
tuberosum group Tuberosum cultivars. Three hundred and nine genes were
significantly and consistently up-regulated in Phureja whereas 555 genes were
down-regulated (Ducreux et al. 2008 submitted). Approximately 46% of the genes in
these lists can be identified from their annotation and amongst these are candidates
that may underpin the Phureja/Tuberosum trait differences. For example, a
sesquiterpene synthase gene was identified as being more highly expressed in
Phureja tubers and its corresponding full length cDNA was demonstrated to
encode α-copaene synthase. Other potential “flavour genes”, identified from their
differential expression profiles, include a gene encoding branched-chain amino
acid aminotransferase. Major differences in the expression levels of genes involved
in cell wall biosynthesis (and potentially texture) were also identified including
genes encoding pectin acetylesterase, xyloglucan endotransglycosylase and pectin
methylesterase.

Transgenic Approaches to Quality Improvement—Examples

Potato was one of the first plants to be genetically transformed (Ooms et al. 1983)
and the approach remains important for proof of gene function today. In relation to
tuber carbohydrate metabolism, transgenic biology has played an important role in
developing our understanding of the processes involved in sucrose-starch inter
conversion (reviewed in Hofius and Bornke 2007). Accumulation of dry matter
remains an important quality trait and as well as helping to define the role of key
enzymes in starch biosynthesis, transgenic biology has demonstrated that notable
improvements in starch accumulation are possible. A recent example from Zhang et
al. (2008) demonstrates how carbon and energy are co-limiting for starch synthesis.
Simultaneous over-expression of two genes, a glucose-6-phosphate/phosphate
translocator and an adenylate translocator, results in an increase in starch content
of 28%. Interestingly, over-expression of either gene alone resulted in no increase,
giving valuable insights into the limiting factors for starch biosynthesis. Cold
sweetening of tubers in storage is another important quality issue where transgenic
approaches have proved interesting (for example Greiner et al. 1999). However, as
more than 80 proteins are known to be involved in carbohydrate metabolism,
profiling of metabolites and transcripts will be required to give a more complete
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understanding of the subtle interplay of gene expression and metabolite levels.
Nevertheless, Rommens et al. (2006) have shown, using an intragenic approach, that
sufficient changes in tuber carbohydrate can be engineered to develop commercially
viable products.

Other tuber traits have also benefited from transgenic approaches. For example
transgenic manipulations of the carotenoid biosynthetic pathway in potato tubers
have been carried out at several different laboratories. Firstly it was demonstrated by
Romer et al. (2002) that zeaxanthin epoxidase down-regulation resulted in a marked
tuber carotenoid phenotype. In some transgenic lines, total carotenoid content was
increased up to six-fold with a particularly high accumulation of zeaxanthin.
Expression of a bacterial phytoene synthase gene in potato resulted in a similar
increase in total carotenoid content, although in this case the profile of individual
carotenoids was quite different, with β-carotene, lutein and violaxanthin dominating
the carotenoid profiles (Ducreux et al. 2005a). More recently even higher levels of
tuber carotenoids have been achieved transgenically by co-expressing several of the
pathway genes, resulting in potato tubers that accumulate up to 60 μg/g dry weight
β-carotene, significantly higher than the best levels achieved in “Golden Rice”
(Diretto et al. 2007). Although the transgenic experiments clearly demonstrate the
metabolic flexibility of potato tubers in this regard, the regulators of carotenoid
metabolism in yellow-fleshed germplasm remain to be fully understood. Genetic
approaches have enabled some progress, resulting in the identification of an allele of
β-carotene hydroxylase as a candidate gene for the Y-locus, a major QTL for
carotenoid content in some potato germplasm (Brown et al. 2006). As the drive for
more nutrient dense stable food intensifies, it is likely that transgenic enhancement
of potato micronutrients will become more prevalent. Targets are likely to include B
and C type vitamins and mineral content such as potassium and iron.

Potato Functional Genomics and the Tuber Life Cycle

Tuberisation

As well as metabolic traits, tuber development also impacts heavily on tuber quality.
In recent years it has become apparent that the photoperiodic control of flowering
and tuberisation share elements with similar functions (Rodriguez-Falcon et al.
2006). For example, the photoperiodic control of tuberisation requires phytochrome
B (Jackson et al. 1996). Homologues of GIGANTEA, CONSTANS and flowering
locus T, elements well characterized in the day length control of flowering pathways
of Arabidopsis and rice (Koornneef et al. 1991), are also implicated in the short-day
pathway controlling tuberisation in potato (Rodriguez-Falcon et al. 2006). For
example in Arabidopsis, expression of the transcription factor CONSTANS
accelerates flowering in response to long days (Putterill et al. 1995). Constitutive
over-expression of the Arabidopsis CONSTANS gene in potato results in a delayed
tuberisation phenotype (Martinez-Garcia et al. 2002).

Plant growth regulators have also been implicated in the control of tuber
initiation. In particular the role of gibberellins in this respect has become clearer in
recent years. It has been demonstrated that there is a decrease in the levels of GA1 in

292 Potato Research (2008) 51:283–299



the stolon tip at the onset of tuberisation of microtubers grown in vitro, resulting in
the re-orientation of microtubules and a shift in the plane of cell division. The
regulation of GA levels may occur via transcriptional control (StBEL5, POTH1;
Chen et al. 2004) or regulation may be brought about by altered sensitivity to GA
(PHOR1; Amador et al. 2001). Transgenically manipulated changes in the
expression levels of these genes affect the onset of tuberisation. More recently, the
up-regulation of a GA2-oxidase gene early in the tuber initiation process, in the sub-
apical region of the stolon provides another mechanism whereby the GA level in this
region is decreased (Kloosterman et al. 2007). Thus it appears that there are two
main pathways controlling the onset of tuberisation—a short day (or more accurately
a long night) dependent pathway and a GA dependent pathway. It remains to be
clarified how these two pathways interact. A genetic approach may provide the way
forward, as already 11 quantitative trait loci (QTL) affecting tuberisation have been
defined in reciprocal backcrosses between Solanum tuberosum and S. berthaultii
(van den Berg et al. 1996). With the potato genome project underway and the
development of high throughput gene mapping platforms the identification of genes
underlying these QTL is likely to occur in the next few years. It may then be
possible to understand at the molecular level, the adaptive changes that occurred in
modern germplasm as the response to day length has been selectively modified.
Furthermore, the goal of producing a crop that is more coordinated in tuber initiation
may finally be attainable.

Dormancy

Functional genomics approaches are currently being explored to enhance our
understanding of the control of tuber dormancy. For example, it appears that the
potato tuber life cycle is controlled by cycles of meristem activation and
deactivation, mediated via symplastic association and disassociation of the tuber
apical bud (Viola et al. 2001a). Thus on dormancy release, the apical bud regains
symplastic connection with the tuber and growth resumes (Viola et al. 2001b).
Subsequent work examining dormancy release in buds of the mature tuber identified
molecular markers in potato tuber buds that were induced or repressed specifically
on release from endodormancy, in some cases prior to any visible sign of growth
(Faivre-Rampant et al. 2004a, b).

Other studies have demonstrated that potato tuber sprouting can be controlled by
manipulation of carbohydrate metabolism (Geigenberger et al. 1998; Sonnewald
2001; Hajirezaei et al. 2003). Tuber sprout growth is initially supported by energy
captured from sucrose breakdown. As inorganic pyrophosphate is a necessary co-
factor for sucrose breakdown, removal of pyrophosphate by expression of a bacterial
pyrophosphatase in transgenic tubers increases sucrose content and prevents its use
as an energy supply. Consequently, sprout growth is significantly inhibited when
sucrose is limited but accelerated when sucrose supply is increased. Transgenic
approaches have also started to address the role of the plastid-derived isoprenoid
hormones (particularly, cytokinins, gibberellins and abscisic acid) in the control of
potato tuber dormancy. For example, over-expression of the gene encoding the first
step of the isoprenoid biosynthetic pathway (catalysed by 1-deoxy-D-xylulose
5-phosphate synthase) leads to a much clearer separation of dormancy release and
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sprouting, enabling the initiating events in dormancy release to be temporally
isolated from subsequent sprout growth (Morris et al. 2006). As for tuber initiation,
the use of microarray analyses, transgenic and genetic approaches, will enable the
identification of the key regulatory genes in the coming years.

Functional Genomics—Pest and Disease Resistance

There are now several examples of the isolation of genes (R genes) conferring
resistance to the major biotic threats to potato, such as viruses, cyst nematodes
(Globodera rostochiensis and G. pallida), and late blight, caused by the oomycete
Phytophthora infestans. The majority of successful R gene isolation projects have
used a map-based approach, involving the construction of dense genetic maps and
large-insert genomic libraries. All potato R genes isolated to date have conformed to
the nucleotide binding site-leucine rich repeat (NBS-LRR) type. The first potato R
gene isolated by map based means was the PVX resistance gene Rx1, introgressed
into cultivated potato from the primitive cultivated species S. tuberosum ssp.
andigena accession (Bendahmane et al. 1999). The Rx2 gene on chromosome V was
cloned by simple homology to Rx1 (Bendahmane et al. 2000). The isolation of Rx1
aided considerably the isolation of the nematode resistance gene Gpa2, which
resides with Rx1 in a resistance gene ‘hotspot’ on chromosome XII (van der Vossen
et al. 2000), containing four very closely related resistance gene ‘homologues’. The
work on the Gpa2/Rx1 ‘cluster’ has yielded important information concerning the
evolution and structure of R gene loci and has shown beyond any doubt that
resistances to different pests and pathogens can be coded by structurally similar
genes from the same ‘local’ cluster. This work also led to the deposition of the first
large genomic fragment sequence (∼186 kb) into the genomic databases, and to one
of the first uses of a PCR based approach for the ‘mining’ of R gene candidates from
potato (Bakker et al. 2003). This strategy has the potential for providing significant
short-cuts in the isolation of further functional R genes.

Resistance to the oomycete pathogen P. infestans is conferred by a large and ever
increasing number of R genes, the first to be isolated being the R1 gene (Ballvora et
al. 2002). R1 is a member of the leucine zipper/NBS/LRR class of plant resistance
genes, and is similar to the Prf gene, which confers resistance to Pseudomonas
syringae in tomato. R1 maps to a hotspot for resistance in the GP21–GP179 region
of chromosome V and was introgressed into cultivated potato from the wild
hexaploid Mexican species S. demissum. On Agrobacterium-mediated transforma-
tion with a BAC subclone harbouring the candidate resistance gene, nine out of
twelve transgenic lines tested exhibited the resistance phenotype against the
appropriate P. infestans race. The resistance allele was observed to represent an
insertion of a functional resistance gene with respect to the susceptible allele
contained in the heterozygous resistant parent. An interesting and novel development
of transgenic technology was the use of a biolistic approach with large DNA
fragments to achieve stable transformation and functional complementation of the
susceptible phenotype with a BAC clone (BA87d17), containing the R1 gene
(Ercolano et al. 2004). Thirty-one kanamycin resistant plants were regenerated of
which thirteen showed the necrotic lesions typical for the hypersensitive response
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after infection with the incompatible P. infestans race 4, which carries the avirulence
gene Avr1. As with Gpa2/Rx the work of various groups in isolating and sequencing
BAC clones from the R1 region has yielded a great deal of information concerning
the structure of the potato genome and of resistance hot-spots. A notable example is
the work of Kuang et al. (2005), who completely sequenced a large number of BAC
clones from the R1 region of the allohexaploid S. demissum. These authors report
extremely large amounts of divergence, both in length and gene content, among the
three homoeologous haplotypes. This and other related work (e.g. Ballvora et al.
2002) provides significant insights into the evolutionary history of a resistance
hotspot in potato, and which will no doubt help in the isolation of other resistance
genes and QTLs from the same region.

Cloning of the Gro1-4 gene, which confers resistance to pathotype Ro1 of the
cyst nematode G. rostochiensis has been achieved using a candidate gene approach
(Paal et al. 2004). The gene was co-localised in a large segregating population with a
sequenced AFLP marker derived from a ‘resistance-gene-like’ sequence. The marker
was used to isolate 15 members of a closely related gene family from genomic
libraries. By taking into account different types of information (inheritance patterns
in resistant and susceptible germplasm, mapping data, DNA sequence information) it
was possible to reduce the number of candidates to three genes, which were
subsequently tested for complementation of a susceptible phenotype by stable
transformation. The identified functional gene, a member of the TIR-NBS-LRR
class, differs from susceptible members of the same family by 29 amino acid
changes. This study may pave the way for other resistance gene cloning efforts in
potato using a similar approach. It is hoped that this type of approach may also lead
to the isolation of QTLs conferring partial and relatively durable resistance to the
major potato pests and pathogens, which to now has remained an elusive goal. Such
a target QTL is that reported by Bradshaw et al. (2006), which maps on chromosome
IV close to several major R genes which may be cloned in the near future (Park et al.
2005).

Since these groundbreaking resistance gene isolation efforts, several other R
genes, too numerous to describe here, have been isolated from potato. Moreover,
there are ongoing attempts to clone several others, notably as part of the
BIOEXPLOIT project, funded by the EU (http://www.bioexploit.net/). R gene
isolation is still heavily dependent on extensive genetic mapping allied to a
transgenic approach for the confirmation of function, although now that most of the
R gene ‘hot spots’ have been detected and characterised, at least partially, at the
sequence level, the ability to ‘mine’ candidate resistance genes from a locus has
increased greatly. What now remains is to develop the tools for rapidly monitoring
the function of the large numbers of candidate alleles detected in PCR-based screens.
As mentioned previously in this article Brigneti et al. (2004) used a TRV vector to
silence various potato R genes (e.g. R1, Rx, RB) generating susceptible phenotypes
in ‘detached leaf’ assays. However, the likelihood that VIGS will lead to silencing of
entire families of closely related R genes suggests that it will not provide a definite
positive indication of the functionality of a particular candidate R gene sequence. A
highly specific ‘gain of function’ assay, not requiring stable transformation, is still
very much the ‘holy grail’ of potato resistance genetics. Recent advances in
pathogen ‘effectoromics’ (Kamoun 2007) may ultimately pave the way, whereby
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pathogen free systems able to detecting specific recognition of pathogen-secreted
effector molecules by individual cognate R genes will identify functional variants for
testing via transgenic routes.
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