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Abstract
Activation-tagging is a functional genomics technique where strong enhancers are
inserted randomly into target genomes to over-activate endogenous genes. Phenotypes of interest
can be selected for investigation of genetic factors contributing to the mutant phenotype. From
initial screens of a population of activation-tagged potato, a mutant with chocolate-coloured
tuber skin has been identified. In this thesis, a novel sequence capture method for identifying TDNA loci in activation tagged potato was used to characterize chocolate’s single T-DNA
insertion locus. Transcriptome analysis of tuber periderm tissue was used to identify major
processes occurring in the chocolate mutant. Our data suggest activation of a chitin-binding
receptor-like kinase located 65 kb from T-DNA insert may cause activation of immune signaling
pathways in chocolate. The present work explores a putative model of transcriptional and
cellular responses involved in gain-of-function immune receptor activation. Selectively, these
findings illustrate the periderm tissue as an important area of defense charged against biotic and
abiotic stresses. Periderm development and anatomy are highly important for tuber storage.
Further characterization of potato tuber periderm may contribute knowledge to model periderm
systems and have implications for molecular breeding strategies to improve tuber storage quality.
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Chapter 1: Introduction
General Introduction
Potato, the Solanaceous tuber crop native to South and Central America, has been
adopted as an important food staple worldwide. Among major food crops, the potato is unique in
producing stolons, a physiologically and metabolically specialized starch storage organ closely
related to stem tissue (Visser et al. 1994). The tuber provides plant tissues with a rich store of
energy that can be accessed under challenging environmental conditions, and with an energy
reserve capable of seeding the following generation. The potato tuber has steadily grown as an
important agricultural resource, especially so in developing countries by virtue of its productivity
and nutritional qualities. One hectare of potato can produce twice the food energy of other major
food crops such as wheat and rice (Mullins et al., 2006), and provide a significant source of
starch, protein, vitamins, and essential amino acids (Pandey et al., 2005). The potato, however,
is distinct from other major commercial crops in that it is propagated vegetatively. Although wild
potato species continue to reproduce sexually, most cultivated varieties are propagated clonally
through tuber cuttings to maintain important agronomic characteristics. This feature considerably
increases the risk of infection by pathogens, and limits development of new tuber traits (Ross,
1986). While the potato has demonstrated utility as a reliable nutritional and economic resource,
many genetic factors underlying tuber quality and pathogen resistance are unknown.
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Challenges of potato breeding
The center of genetic diversity in potato is found in South America (Spooner et al., 2005).
Today, two cultivated subspecies of potato exist: S. tuberosum subsp. andigena (adapted to short
days), and S. tuberosum subsp. tuberosum (adapted to long days) (Hougas & Peloquin, 1958).
Outside South America, all cultivated varieties belong to the S. tuberosum subsp. tuberosum
while the bulk of genetic diversity remains in the short-day adapted andigena subspecies
(Nunziata et al., 2004; Sukotu et al., 2005; Turner, 2008). These South American varieties are
very diverse, with hundreds of clones differing in tuber colours, shape, composition, growth
habit, as well as ploidy levels ranging from diploid through pentaploid (Spooner et al., 2005).
The genetic variation present in these germplasm collections may be used to improve cultivated
tuberosum characteristics (van der Vossen et al., 2003). However, the methods of identifying and
introgressing favorable traits into elite cultivars have historically been a laborious and expensive
process (Brown, 2011).

An established strategy for identifying genes for breeding has been genetic map based
strategies such as quantitative trait loci (QTL) analysis (Bernado, 2008). By mapping genetic
marker sequences to chromosomes, and associating markers with a desirable phenotype in a
breeding population that segregates for the trait, putative function can be linked to specific
locations within genomic chromosomes (Kearsey and Pooni, 1996). Over the last few decades
the potato has been one of the most intensively mapped crop species (Gebhardt & Valkonen,
2001; Tanksely et al., 1992). These QTL mapping experiments have linked many important
potato traits including tuberization, yield, and disease resistance traits to genomic loci (van den
Berg et al., 1996; Schafer-Pregl et al., 1998). Ideally, once a QTL has been identified, natural
2
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variation present in that QTL locus from germplasm collections, such as those found in the South
America, may be introgressed into conventional cultivars to improve the trait of interest by
accessing different alleles. This process however requires a large investment of time, space, and
financial resource as both mapping and breeding practices have traditionally relied on
phenotype-based screening methods to assess trait qualities. Another problem is that most
breeding efforts produce a substantial number of crosses with reduced vigor and yield due to the
introduction of unadapted wild germplasm alongside the trait of interest. Several generations of
backcrossing to parental lines are usually required before acceptable cultivars can be obtained
(Gebhardt et al., 2001). Because of the large investment, many breeding strategies have focused
on only a few of the most rewarding traits such as yield, and nutritional quality. This has resulted
in comparatively little genetic selection for resistance to abiotic and biotic stresses. As a result,
most commercial varieties are in need of better adaptation to these pressures.

Genomics assisted selection through candidate gene approaches
Several functional genomics tools are offering new options to advance breeding of next
generation crops (Mullins et al., 2006). Molecular methods such as marker assisted selection
(Colton et al., 2006; Gebhardt et al., 2004; X.-Q. Li et al., 2009) can greatly improve the
efficiency of breeding practices. A caveat, however, is that desirable characteristics need to be
linked more precisely to genomic locations, and ideally to specific genes for selection (Jannink et
al., 2010). While, map based strategies isolate genomic regions associated with traits of interest,
a critical further step to the process, and usually most difficult, is to identify candidate genes
responsible for the trait (Salvi & Tuberosa, 2005). A significant barrier to rational breeding
strategies in potato, however, is an incomplete understanding of gene function. With the newly
3
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available genomic resources created by the Potato Genome Sequencing Consortium (PGSC), (Xu
et al., 2011) the barriers to studying gene function in the potato model organism are greatly
reduced and this resource will facilitate discovery and functional characterization of important
genetic factors underlying potato traits.

Forward genetic screens are a commonly used tool for identifying genes responsible for
phenotypes of interest (Twyman and Kohli, 2003). The advantage of forward genetic screens is
that there is no advance knowledge requirement of gene function, only identification of
phenotypic traits of interest. Traditionally, this approached has been pursued through “knockout” methods of studying gene function. Knock-out mutations involve the disruption of normal
activity of genes by inducing loss-of-function mutations. This approach is a powerful tool to
dissect the role of gene function in plant development. Through phenotypic observations of the
disrupted gene function, its native function within the plant can be characterized. While
thousands of mutants are available in model organisms such as Arabidopsis (Alonso et al., 2003),
there are very few available for potato. Knock-out mutational strategies are encumbered by plant
species with more complex genomes such as potato. Loss-of-function studies are designed to
interrupt gene expression and thus require homozygous lines with all alleles of that gene
interrupted. Producing homozygous lines in potato is not a possibility due to the lethality of the
plant’s severe inbreeding depression (De Jong & Rowe, 1971). As a result, the nature of the
tetraploid genome ensures that potato contains multiple gene copies which allow the knock-out
phenotype to be rescued by redundant alleles or alternate metabolic pathways. Significant
progress, however, has been made using “knock-in" approaches such as activation-tagging, in
genomes where knock-out lines are not practical.
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Activation tagging is a powerful technique in which strong promoters such as the
Cauliflower mosaic virus 35S promoter (CaMV 35S) are transformed into plant genomes by
Agrobacterium-mediated transformation (Weigel et al., 2000). Enhancers are DNA sequences
containing multiple binding sites for a variety of transcription factors. Enhancers can activate
transcription independent of their location, distance or orientation with respect to the promoters
of genes (Banerji et al., 1981). Insertion of CaMV 35S enhancers results in the activation of
genes adjacent to the integrated promoter construct, resulting in an overexpression of these
genes. Often, these create a gain-of-function phenotype that may present as an observable trait.
Large-scale activation-tagged populations using T-DNA insertion have been created in many
different systems including Arabidopsis thaliana (Weigel et al., 2000), Lycopersicon esculentum
(Mathews et al., 2003), Oryza sativa (Jeong et al., 2002), Petunia hybrida (Zubko et al., 2002),
Populus tremula x Populus alba (Harrison et al., 2007) (Busov et al., 2010) and Solanum
tuberosum (Regan et al., 2006). The activation-tagging technique is suitable for tetraploid
genomes such as potato since gene activation results in a dominant phenotype that can be rapidly
screened without the need for making homozygous lines (Weigel et al., 2000). Recently, the
Canadian Potato Genome Project (CPGP) (Regan et al., 2006) has generated over 4000
activation-tagged lines for potato. With the newly available genomic resources provided by the
potato genome sequence consortium (Xu et al., 2011), characterization of this mutant population
is a possibility.
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Strategies for isolation of DNA flanking T-DNA inserts
Identification of DNA sequences flanking known regions is an important strategy in
many biological research applications, including activation tagging. Information about regions
adjacent to T-DNA integration is critical for determining the identity of candidate genes
responsible for mutant phenotypes. Several strategies have been developed for isolating flanking
sequences such as plasmid rescue (Behringer and Medford, 1992) and thermal asymmetric
interlaced PCR (TAIL-PCR) (Liu et al., 2002). Both methods have been effectively employed to
recover plant-specific sequences flanking T-DNA insertions (Singer & Burke, 2003; Weigel et
al., 2000). However, in some instances, these techniques do not yield desired results, probably
due to potential sequence complexities following integration events (Tax & Vernon, 2001). One
of the main limitations of TAIL-PCR methods lies in the boundaries of suppression PCR.
Suppression PCR relies on self-annealing of inverted terminal repeats to prevent extension of
non-specific products; however, larger fragment sizes have poor suppression of amplification
due to less favorable kinetic formation of stem-loop structures (Dai et al., 2007). As a result,
fragments larger than 1 kilo base-pair (kb) lack specificity and often obscure identification of
desired products. In the activation tagging vector pSKI074, only a short stretch of unique
sequence exists at the T-DNA right border (Weigel et al., 2000). It has been reported in
Arabidopsis populations, that whenever unique vector sequence of the T-DNA right border was
lost, it was impossible to sequence into plant DNA (Weigel et al., 2000).
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It is plausible this is due to lack of suppression during TAIL-PCR as the 4 copies of
CaMV35s enhancer element located adjacent to right border sequence present an extended
stretch of repetitive sequence that exceed the limitations of PCR suppression. Previous studies on
an activation tagged population of poplar have noted sequence of the T-DNA right border of the
pSKI074 vector is often truncated within the population (Harrison et al., 2007). This suggests
TAIL-PCR methods from right border may prove difficult in determining flanking sequence for
portions of activation tagged populations by obscuring access to genomic information. Similarly,
plasmid rescue strategies may have lower probability of success in large tetraploid genomes.

Alternative methods for specific isolation of sequence flanking T-DNA are also available
(Stahl et al., 2002) These methods rely on hybridization of DNA fragments to biotinylated oligonucleotide probes containing the sequence of interest, and subsequent capture of the hybridized
fragments with streptavidin magnetic beads. This strategy of in-solution sequence capture
provides a sensitive advantage by enriching sequences of interest for investigation. Typically,
these strategies involve enzymatic fragmentation of genomic DNA, followed by sequence
capture hybridization of probe sequences, recovery with magnetic beads and ligation of known
adapter sequences to facilitate amplification and sequencing of captured fragments. In potato, TDNA targets present a very small genomic target which can be masked by non-specific
background and provide a significant challenge for detection. However, in-solution sequence
capture strategies provide an advantage by enriching samples for target sequence of interest.
The removal of non-specific sequences from highly heterozygous and polyploid genomes makes
investigation of target DNA fragments much easier.
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The chocolate phenotype: periderm and potato development
Developmental screens of CPGP collection of activation tagged potato have identified an
activation tagged line 2171 possessing a distinct tuber phenotype of chocolate coloured tuber
skin much darker in visual appearance than lightly coloured S. tuberosum cv. Bintje varieties.
The darkened colour suggests accumulation of secondary metabolites (Hammerschmidt, 1984).
Skin tissues of soil situated organs such as tubers play an important role in defending host tissues
from the battery of plant pathogens attempting to colonize plant tissues (Lulai, 2001b). During
the tuberization process where tubers begin to form, specialized tissue types are developed in the
tuber skin to help protect the stored energy reserves against biotic and abiotic challenges (Lulai,
2001a). These skin tissues are the outermost layer of the periderm tissue known as phellem cells
which possess suberized walls that form a protective barrier against pathogen invasion and fluid
loss from within the tuber (Schreiber et al., 2005). The periderm has been widely studied in
potato tubers because of its great agronomic significance. Wounding of potatoes during harvest
and handling operations can result in tuber shrinkage and pathogen infection during storage
(Sabba & Lulai, 2005). However, the plants natural wound-healing and suberization processes
have evolved to defend the tissues against susceptibility to these pressures. Suberin is a
biopolymer of fatty acids cross-linked to lignin-like polyphenolic hydroxycinnamates (Franke &
Schreiber, 2007; Kolattukudy, 2001; Kolattukudy, 1984). Though suberin has been widely
studied in potato periderm, the molecular organization and role it plays in periderm tissues still
remains unclear (Schreiber et al., 2005). Genetic variation controlling wound healing and
suberization processes are of great agricultural importance for many plant species.
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Periderm tissues of most vegetable crops play a critical role in post-harvest storage
quality, especially so in potato. During storage, tuber respiration, disease susceptibility, and
sprouting are all influenced by periderm tissues. To avoid sprouting and spoilage; tubers are
often stored at cold temperatures; however, relying on cold storage can cause starch to be
metabolized to reducing sugars. This phenomenon is known as cold sweetening and causes
browning of tuber products during cooking (Burton, 1969; Menéndez et al., 2002) and can also
lead to the formation of carcinogenic acrylamide polymers during cooking processes (Kumar et
al., 2004). For these reasons, tubers intended for processing are usually stored at moderately
elevated temperatures such as 7-9ºC to prevent sugar accumulation. While this prevents cold
sweetening, warmer conditions lead to higher rates of respiration, disease, and need for chemical
treatments to prevent sprouting (Wiltshire & Cobb, 1996). Therefore, identification of factors
affecting tuber periderm tissues and storage is important for breeding varieties with improved
storage and processing qualities.
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Thesis objectives
The identity and function of many plant genes remains largely unknown. The goal of this
project was to improve methods of gene discovery within the activation tagged population and
apply novel strategies to understanding the molecular nature of the chocolate phenotype.
Primarily, the goal of this project was to identify a candidate gene activated by T-DNA insertion
within the chocolate mutant and develop a molecular mechanism underlying the nature of the
mutant phenotype. The results presented and discussed in this project provide insight into some
of the biological processes that may be involved in the chocolate mutant phenotype and may be
used to improve post-harvest handling and storage.
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Chapter 2: Methods and Materials
Plant growth
Wildtype Solanum tuberosum cv. bintje and chocolate mutant line 2171 from the CPGP
population of activation tagged potato (Regan et al., 2006) were maintained in the Queen’s
University phytotron facility. For all plant material and growth experiments, plants were grown
in Econair AC-60 growth chambers at 18-20°C under 16-hr d 70-100 µE m-2s-1 photo periods
with watering every two to three days.
Tuber storage
Five wildtype and mutant potato plants were grown to maturity and tubers harvested,
weighed and stored in brown paper bags at 4°C. Tuber weights were measured and recorded at 2week intervals for three months to monitor changes in tissue weight relative to starting weight.
Periderm wound analysis
Mutant and wildtype tubers were collected from storage at 4°C. The epidermal skin layer
was dissected from tuber cortex using Blue Gillette Blade razor blades (Procter & Gamble
Toronto, Ontario). Shaven tubers were rinsed with sterile distilled water and were exposed to air
in 150 mm petri dishes (VWR, Mississauga, ON) at 25°C, under 12-hr photoperiod. Wounding
response was documented daily by photography using Canon Powershot A85 (Cannon,
Mississauga, Ontario) for a period of 7 days.
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Microscopy
Fresh tuber-surface samples were examined for tissue morphology. Hand sections of
approximately 500 µm in thickness were observed under Carl Zeiss Axioplan Fluorescent
microscope (Carl Zeiss, Toronto, Ontario) and images were captured on an AxioCam HR CCD
camera. Samples were viewed under UV light to detect autofluorescence of phenolics in
periderm tissues (Schreiber et al., 2005).
Carbohydrate content
Carbohydrate variability within the chocolate mutant was performed by High
Performance Liquid Chromatography (HPLC). Two tuber samples from wildtype and chocolate
were stored under four different post-harvest storage conditions and submitted to collaborators at
the University of Montreal for HPLC analysis. A) mature tubers stored at 25°C in light; B)
mature tubers stored at 4°C in dark; C) aged immature tubers at 4°C in dark; D) young immature
tubers stored at 4°C in dark. Source and storage conditions can be found in (Supplementary
Table K.1). Two samplings from each sample were measured for glucose, fructose, and sucrose
concentrations from both skin and tuber cortex (n=4).
Insect bioassay
Leptinotarsa decemlineata (Colorado potato beetle) were maintained in an Econair AC60 growth chamber at 25°C under 16-hr days at 70-100 μE m-2s-1 by Dr. Yvan Pelletier at the
Potato Research Centre of Agriculture Agri-food Canada. Feeding assay was conducted using
wildtype and chocolate leaf tissue. Five mature leaves from chocolate and wildtype plants were
placed in 150 mm petri-dishes (VWR, Mississauga, ON) and 10 larval stage 1 L. decemlineata
(Hare, 1990) larvae were placed in each petri-dish and maintained at a 16-hr photoperiod at

12

`
25°C. The amount of leaf tissue digested by the larvae were recorded after 24- and 48-hr of
feeding using fixed focal Carl Zeiss Stemi 2000-C dissecting microscope with an AxioCam HRc
CCD photo capture (Carl Zeiss, Toronto, Ontairo). Trials were repeated three times, under
identical conditions for 24- and 48-hr feedings. Area consumed was measured by software
analysis using open sourced GNU Image Manipulation Program software.
Statistics
Student’s t-test was used determine significance of changes in studies of chocolate
relative to wildtype. Analyses were performed for carbohydrate and insect bioassays. All
analyses were independent, two-tailed t-tests with P = 0.05. All data are reported as mean ±
standard error.

Identification of genomic DNA flanking T-DNA
Library preparation

Genomic regions flanking the T-DNA insertions in the chocolate mutant were identified
following a modified capture protocol (Stahl et al., 2002). Genomic DNA was isolated from
greenhouse-grown potato plantlets using cetyltrimethylammonium bromide (EMD Bioscience,
Lajolla, California) based plant DNA extraction protocol for tropical tuber crops (Sharma et al.,
2008). DNA was digested with PvuII because this site exists in the activation tagging vector
pSKI074 and fragments containing vector and genomic DNA would be generated. Ten µg of
DNA was digested with 60 units of PvuII (Promega, Madison, Wisconsin) for 16 hr at 37ºC and
the digest was stopped by adding 500 µl of 6x saline-sodium citrate (SSC). Unique Probe
Selector (Chen, Lo, Tsai, Hsiung, & Lin, 2008) was used to design probes against the pSKI074
vector without cross hybridization to the potato genome. To hybridize the biotinlyated probe, 20
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picomoles (pmol) of 5’-biotinylated oligonucleotide Primer 023 (5’-5Biosg/ATC GGT CTC
AAT GCA AAA GGG GAA C-3’) (Integrated DNA Technologies, Coralville, Iowa) were
added to digested DNA followed by denaturing the sample in a floating water bath at boil for 5
min. After denaturation, the boiling beaker containing samples was transferred to an equilibrated
55°C water bath to allow hybridization of probe to target to proceed for at least 3 hr, or up to
overnight. Following hybridization, the beaker was removed and left to cool to room temperature
then incubated with 50 µL 4 mg/mL streptavidin-coated magnetic beads (S1420S, NEB,
Pickering Ontario) for 30 min at room temperature followed by subsequent washes according to
the manufacturer’s protocol.

Linker ligation
To facilitate amplification of captured fragments, known adapter sequences were ligated
to captured template. To form the adapter linkers, complementary oligos were hybridized into a
double stranded DNA linker. A reaction consisting of 90 µL 100 µM stock Primer 012 (5- GTA
ATA CGA CTC ACT ATA GGG CAC GCG TGG TCG ACG GCC CGG GCT GGT -3) and 90
µL 100 uM stock Primer 013 (3’- CAT TAT GCT GAG TGA TAT CCC GTG CGC ACC AGC
TGC CGG GCC CGA CCA -5’) were hybridized with 20 µL 10X PCR buffer (Qiagen,
Mississauga, Ontario). To ligate adaptor sequence to 5’ ends of the isolated strands, 4 μL of
hybridized adaptor (45 pmol/μL) was ligated to washed bead template in a 50 µL ligation
reaction consisting of (1X T4 ligase Buffer, 4.5 units T4 Ligase) (Promega, Madison Wisconsin)
overnight at 16°C. Following ligation, 50 μL of 2X binding buffer (2 M NaCl, 0.1 % Triton X100) was added to the reaction and the beads were pelleted on a magnetic particle concentrator
(Promega, Madison Wisconsin). Beads were washed twice with 190 µl 1X binding buffer (1 M
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NaCl, 0.05 % Triton X-100) and two washes of 190 μL TE pH 7.5, before resuspended in 50 μL
PCR-grade water. In some instances when improved stringency was desired, wash conditions
were carried out at a temperature 5°C below the melting temperature of the hybrid probe,
adjusted for salt conditions used.
Linker-mediated PCR
To amplify linker ligated captured fragments, primers annealing to linker and T-DNA
target were used to amplify T-DNA flanking sequence. Two µL of the purified linker-ligated
DNA was amplified in a 25 µL PCR with 1.0 X Qiagen PCR buffer (Qiagen, Mississauga,
Ontario), 0.2 mM dNTPs, 0.8 µM Adaptor Primer 1 (5’- GTA ATA CGA CTC ACT ATA GGG
C-3’) and 0.8 uM Primer 023 (5’-5Biosg/ATC GGT CTC AAT GCA AAA GGG GAA C-3’)
with 1 unit of Taq (catalog # 201203, Qiagen, Mississauga, Ontario,). The PCR reaction profile
used 1 min denaturation at 94ºC followed by 35 cycles of 1 min at 94°C, 30 s at 55°C, and 1 min
at 72°C in an Eppendorf Master Gradient thermal cycler (catalog # 950000015, Eppendorf,
Hamburg, Germany). A nested PCR was performed using 1:50 dilution of primary reaction
under identical conditions with Adaptor Primer 2 (5’ACT ATA GGG CAC GCG TGG T -3) and
Primer 024 (5’-AGG CTC TGT TGG CCC CTC GA -’3). Reaction products were separated on a
1% agarose gel, excised using UltraClean® 15 DNA using Purification Kit (MOBIO
Laboratories, Inc., Carlsbad, California, USA) and ligated into the pGEM-T vector (Promega,
Madison Wisconsin) according to the manufacturer’s instructions. Ligated vectors were
transformed into chemically-competent dH5α cells (Life Technologies, Inc. Burlington, ON).
Plasmid DNA was isolated from positive colonies using QIAprep Spin Miniprep Kit (Qiagen,
Mississauga, Ontario) according to manufacturer’s instructions. Sequencing was performed by
Operon Simpleseq (Operon, Huntsville, Alabama).
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Flanking PCR for T-DNA location confirmation
For PCR analysis young chocolate leaf tissues were harvested and snap frozen in liquid
nitrogen. Genomic DNA isolation was carried out using Plant DNeasy DNA extraction kit
(Qiagen, Mississauga, Ontario) according to the manufacturer’s instructions. PCR was conducted
with T-DNA specific and S. tuberosum specific primers designed to amplify 1.6 kb flanking TDNA integration. (St_choc_384_LBf 5’- GCG ACC GAC CTC AAC GAG AAG G -3’);
(St_choc_384_LBr 5’- CCT CAA ACC AAA AGA AGA CA -3’); reactions consisted of 100
ng genomic template, 0.2 mM dNTP mix, 1.5 mM MgCl2, 1X PCR buffer and 1 unit Taq
(catalog # 201203, Qiagen, Mississauga, Ontario). The reactions consisted of 2 min denaturation
followed by 30 cycles of 94°C denaturation, 50-60°C gradient annealing for 30 sec and a 2 min
72°C extension temperature in an Eppendorff mastergradient thermalcycler (catalog #
950000015, Eppendorf, Hamburg, Germany). Expected sized fragments were excised and
purified from 1% agarose gel using UltraClean® 15 DNA using Purification Kit (MOBIO
Laboratories, Inc., Carlsbad, California, USA). A 1:1 molar ratio of insert was ligated into
PGEM-T cloning vector (Promega, Madison, Wisconsin, USA) and transformed into chemically
competent dH5a cells (Life Technologies, Inc. Burlington, ON) according the manufacturer’s
instructions. Positive colonies were grown in overnight culture for plasmid DNA isolation with
QIAprep Spin Miniprep Kit (Qiagen, Mississauga, Ontario). Sequencing was performed by
Operon Simpleseq (Huntsville, Alabama, USA).
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Southern blot
Copy number of T-DNA inserts in the chocolate was determined by Southern blot.
Probes for Southern blots were generated by Roche PCR DIG Probe Synthesis Kit (catalog #
11636090910, Roche, Indianapolis, Indiana) using primers RB_35S_ProbeF 5’- CGA CAC TCT
CGT CTA CTC CAA -3’, RB_35S_ProbeR 5’- TAT CAC ATC AAT CCA CTT GCT TT -3’,
LB_probeF 5’- GAG GCT TGG CGT GTC AGC GT -3’; LB_probeR 5’ - CCT GGC GTT CCC
CTT TTG C - 3’ (Integrated DNA Technologies, Coralville, Iowa). Right border primer pair
produces a 313 bp probe sequences specific to pSKI074 vector enhancers at basepair position
3593-3906. Left border primer pair produces a 445 bp product specific to left border of pSKI074
at basepair position 8094-8539. Chemiluminescent Southern blot followed previously reported
methods (Engler-Blum, Meier, Frank, & Muller, 1993).

Briefly, 10 µg of chocolate and

wildtype genomic DNA was digested with high concentration BamHI and NcoI enzymes (NEB,
Pickering, Ontario). Positive control used 0.4 pmol of pSKI074 vector digested with NotI
restriction enzyme (Promega, Madison Wisconsin). Digested DNA was electrophoresed on a
0.8% agarose gel overnight at low voltage and transferred to Amersham Hybond N+ nylon
membrane (GE Healthcare, Piscataway, New Jersey). Hybridization, wash and detection
conditions were conducted at 65 ºC following procedures in Roche Molecular Biochemicals DIG
Application Manual for Filter Hybridization (2000).
Microarray
A potato specific microarray chip Potato Oligonucleotide Chip Initiative (POCI)
(Kloosterman et al, 2008) containing 42 034 gene probes based on potato unigene sequences was
used to assess the expression of genes in the tuber skin of 4 WT and 4 chocolate tubers. A tuberspecific RNA isolation protocol was developed for isolation of tuber skin RNA (Duguay,
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unpublished data). The microarray was completed by collaborators at Agriculture and Agri-food
Canada (Potato Research Center). Briefly, total RNA was extracted from tuber skin of chocolate
mutant and wildtype. First and second-strand synthesis following the MessageAmp™ II aRNA
amplification kit protocol (Life Technologies, Inc. Burlington, ON) using the following minor
modifications. For first-strand synthesis, 2 μg of total RNA was used in the reaction followed by
second-strand synthesis with half of the recommended enzyme concentrations. Purified cDNA
was used for in vitro transcription using an indirect amino-allyl-labeling method with a 1:3
incorporation ratio of uridine triphosphate (UTP)/5-(3-aminoallyl)-UTP. In vitro transcription
was performed at 37°C with a lid temperature of 40°C for a period of 15 hr, after which samples
were purified according to the manufacturer’s protocol. Unincorporated nucleotides were
removed using filter cartridges. 5-7 µg purified aminoallyl RNA (aRNA) samples were dried in
using a speedvac at 45ºC and stored at -80°C. For sample labeling, 5-7 μg of cRNA was
resuspended in 5 μL freshly made carbonate buffer (0.1 M Na2CO3) adjusted to pH 9. Equal
amounts of either Cy5 or Cy3 dye (GE Healthcare, Piscataway, New Jersey) were added to
chocolate or wildtype RNA, respectively, and incubated for 2 h at room temperature. Samples
were purified using RNeasy MinElute Spin Columns (Qiagen, Mississauga, Ontario). Dye
incorporation was measured using a ND-100 Spectrophotometer v3.3 (Nanodrop Technologies,
Wilmington, Delaware) and 1 μg of both Cy3- and Cy5-labeled aRNA samples was used for
each hybridization. Hybridization and slide processing were performed using the 1 × 44 k POCI
array (Kloosterman et al., 2008) using the Arrayit microarray hybridization cassette (Arrayit
Corp, Sunnyvale, CA) according to manufacturer specifications. Slides were scanned on the
GenePix 4000B Microarray Scanner (MDS Analytical Technologies, Sunnyvale, California), and
data were extracted using the manufacturer’s software.
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Microarray analysis
Microarray data were analyzed using the Genowiz 4.1 software (Ocimum Biosolutions,
Madhapur, Hyderabad). For double channel analysis, data was normalized using print-tip lowess
normalization with a smoothing factor of 0.1. Log2 transformation of chocolate/wildtype
(Cy5/Cy3) fluorescence ratio for each gene was calculated with negative retained. A t-test was
used to Ho: log2 (chocolate/wildtype) = 0. Genes with p > 0.05 were retained. The list was split
into genes showing log2 (chocolate/wildtype) > 0 and log2 (chocolate/wildtype) < 0. Primary
data sets may be obtained through Dr. Tai at Agriculture and Agri-food Canada (Potato Research
Centre, Fredericton, NB).
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Chapter 3: Results

Phenotypic analysis of the chocolate potato
The tuber phenotype of the chocolate mutant is visually distinct. Dissection of the mutant
tuber reveals that dark brown pigmentation is restricted to the tuber periderm tissues while the
cortex remains unchanged in colouration relative to wildtype (Figure 1). The chocolate mutant
desiccates rapidly during storage. Tubers stored at 4ºC lose mass at 4.5x the rate of wildtype
(Figure 2). Longitudinal cross sections of tuber skin show disordered arrangement of cells within
the chocolate tuber periderm (Figure 3). Increased auto fluorescence of tissue sections under UV
visualization suggests there may be higher levels of suberin or other polyphenolics in the tuber
periderm. After removal of tuber periderm tissues, the chocolate mutant continues to dehydrate
at a greater rate relative to wildtype and is accompanied by accelerated tissue browning (Figure
4). Vegetative growth of the chocolate mutant is visually similar to wildtype S. tuberosum plants
(Figure 5).

The composition of carbohydrates within the tuber skin and cortex of wildtype and
chocolate were analyzed by High Performance Liquid Chromatography (HPLC). Glucose and
fructose carbohydrates from the tuber cortex samples from young immature chocolate mutant
tubers were significantly elevated 15- and 8-fold, respectively, during dark storage at 4ºC (t-test:
P = 0.001; P = 0.0009) (Figure 6). Sucrose levels were not significantly altered under storage
conditions. No significant change was observed for carbohydrate composition under other
storage conditions used. In periderm tissues, glucose was significantly elevated in chocolate
mutant samples stored under light at 25ºC (t-test: P = 0.01) (Figure 7). No significant change was
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observed in for fructose or sucrose compositions within periderm tissues under storage
conditions used.

To determine whether the changes in the chocolate mutant contributed to improved pest
resistance, a feeding bioassay between wildtype and chocolate leaf tissue was performed using
the Colorado potato beetle (Leptinotarsa decemlineata). On average, no significant difference
was observed in preference for wild type leaf tissue or chocolate leaf tissue (Figure 8).

Molecular analysis of the T-DNA locus and associated genes
Genomic localization of T-DNA integration was investigated by T-DNA capture
(Supplementary Figure A.1). A single site of T-DNA integration within the chocolate mutant has
been identified. Coordinates of integration are located at chr09:47276711..47376710 within the
PGSC0003DMB000000384 superscaffold. Gene ontologies within 100 kb of insert were
evaluated and grouped by functional category (Table 1).

Previous analyses of the activation tagged population have indicated the average T-DNA
copy number within the activation tagged population is 1.2 (Duguay, unpublished data). T-DNA
copy number within the chocolate mutant was assessed by Southern blot using probes specific to
pSKI074 enhancer and left border sequence. DIG-labeled probes specific to enhancer regions of
pSKI074 show a 2.8 kb band 900bp smaller than predicted size of 3.7 kb. DIG-labeled probes
specific to left border sequence is consistent with expected fragment size of 4.4 kb on
superscaffold PGSC0003DMB000000384 (Figure 9). To better understand the molecular
processes underlying differences phenotypic variation between the chocolate mutant and
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wildtype, gene expression profiling of tuber skin samples was investigated. A two tailed t-test
was used to filter genes that show significant difference (P = 0.05) in gene expression between
chocolate and wildtype (Supplementary File 1). The log2 ratios of fluorescence signals of
chocolate and wildtype were calculated. Log2 ratios > 0 indicate up-regulated gene expression.
Log2 ratios < 0 indicate down-regulated gene expression. There were 1180 genes showing
differential expression, with 413 genes up-regulated and 766 down-regulated. The top 30 elicited
genes (Table 2) and down-regulated genes (Table 3) were assessed and grouped by functional
category. The predominant group of up-regulated genes belonged to pathogen responsive gene
families. The majority of down-regulated genes belonged to proteinase inhibitor gene families
which are also pathogen responsive. Transcriptional expression levels of candidate genes (CG)
within 100 kb of insert location on Chromosome 9 in chocolate mutant skin tissue were assessed
based on microarray evidence (Figure 10). Candidate genes (CG), CG+1, CG+3, CG-1 CG -2
show no change (NC) in transcriptional expression in chocolate tuber skin. CG+2 show slight
down-regulation. No data (ND) is available for CG-3 as POCI microarray contained no probes
for CG-3. Candidate genes CG+4, CG+5 and CG+6 located 65-71 kb from T-DNA integration
show significant up-regulation compared to wildtype and are among the top 30 genes upregulated on the microarray (Table 2).
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Figure 1: Comparison of tuber characteristics of wildtype (A, C, E) and chocolate (B, D, F).
Tubers of the chocolate mutant (B) possess dark colouration of the skin tissue compared to
wildtype (A). Dark colouration in chocolate is restricted to the tuber periderm while tuber cortex
remains identical to wildtype (C, D). Tubers of the chocolate mutant desiccate during storage (F)
and have fewer sprouts than wildtype (E).

23

`

Relative Change in Tuber Weight (g)

0 0
-2
-4
-6

chocolate

-8

Wildtype
-10
-12
-14
-16
Week 0

Week 2

Week 4

Week 6

Week 8

Week 10

Figure 2: Relative change in tuber mass during storage at 4ºC
Rate of change in tuber mass is 4.5x greater in the chocolate mutant compared to wildtype.
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Figure 3: Comparison of potato tuber skin development in chocolate and wildtype
Cross-sections of tuber surface viewed under UV illumination to examine tissue morphology and
autofluorescence of polyphenolics. Cross sections of tuber periderm shows disrupted
arrangement of cells and increased autofluorescence within the periderm of the chocolate (B)
compared to the wildtype (A).

25

`

Figure 4: Chocolate mutant displays rapid desiccation after peeling
Excoriation of tuber skin results in increased desiccation and browning of the chocolate mutant
(B) compared to wildtype (A). The chocolate mutant is significantly reduced in size and mass
120 hr after wounding
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Figure 5: Comparison of plant and leaf structure of wildtype (A, C, E) and chocolate (B, D,
F) Mature plants of the chocolate mutant are visually similar in appearance to wildtype. Mature
leaves of wildtype and the chocolate mutant do not significantly differ in appearance or size on
the adaxial (C, D) nor abaxial side (E, F).
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Figure 6 Relative composition of sucrose glucose and fructose carbohydrates within
chocolate tuber cortex under storage conditions (A) mature tubers stored at 25°C in light; (B)
mature tubers stored at 4°C in dark; (C) aged immature tubers at 4°C in dark; (D) young
immature tubers stored at 4C in dark. During dark storage at 4°C, glucose and fructose are
significantly elevated in young tubers (P = 0.001), (P = 0.0009). A two tailed T-test was used for
statistical analysis; asterisks represent significant difference relative to WT.
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Figure 7: Relative composition of sucrose, glucose, and fructose carbohydrates in skin tissue
of chocolate tubers relative to wildtype (A) mature tubers stored at 25°C in light; (B) mature
tubers stored at 4°C in dark; (C) aged immature tubers at 4°C in dark; (D) young immature
tubers stored at 4°C in dark. Glucose is significantly elevated in light stored tubers at 25°C (P =
0.01). A two tailed T-test was used for statistical analysis; asterisks represent significant
difference relative to WT.
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Figure 8: Susceptibility of leaves to Leptinotarsa decemlineata (Colorado potato beetle)
(A) Average leaf area consumed during 24- and 48-hr feeding intervals on wildtype and
chocolate leaves. (B) Example of leaf tissue consumed after 48-hr bioassay. A two tailed T-test
showed no statistically significant difference between area consumed in wildtype or chocolate
tissue.
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Table 1: Candidate genes located within 100 kb of insert on S. tuberosum chromosome 9
Name

Gene Identity

Transcript ID

Functional Category

CG-3

E3 ubiquitin protein ligase DRIP2

PGSC0003DMT400087291

General Metabolism

(-) 79

CG-2

Aux/IAA protein

PGSC0003DMT400015610

Cell Proliferation

(-) 63

CG-1

Nt-iaa2.3 deduced protein

PGSC0003DMT400015655

Cell Proliferation

(-) 5

CG+1

DUF2361 domain containing protein

PGSC0003DMT400015608

Unknown

(+) 9

CG+2

F-Box protein

PGSC0003DMT400015598

Unknown

(+) 47

CG+3

Transcription factor UNE12

PGSC0003DMT400015596

Plant Defense

(+) 57

CG+4

Serine-threonine protein kinase, plant-type

PGSC0003DMT400015592

Plant Defense

(+) 65

CG+5
CG+6

Serine-threonine protein kinase, plant-type
Serine-threonine protein kinase, plant-type

PGSC0003DMT400015591
PGSC0003DMT400015590

Plant Defense
Plant Defense

(+) 68
(+) 71

CG+7

NAD(P)H dehydrogenase 18

PGSC0003DMT400015589

General Metabolism

(+) 77

CG+8

Unknown

PGSC0003DMT400015670

Unknown

(+) 87
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Figure 9: T-DNA copy number in the chocolate mutant as determined by Southern blot
(A) DIG-labeled probe specific to enhancer regions of pSKI074 shows a band of 2.8 kb, 900
bp smaller than predicted size of 3.7 kb. (B) DIG-labeled probe specific to left border
sequence of pSKI074 vector shows a band of 4.4 kb consistent with predicted fragment size.
(C) A representative schematic of superscaffold PGSC0003DMB000000384 and predicted
fragments sizes.
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Table 2: Top 30 Up-regulated transcripts in chocolate tuber skin. Bolded transcripts represent candidate gene up-regulation.
PGSC Transcript
PGSC Super Scaffold At Ortholog Gene Description
Functional Category Log2Avg
PGSC0003DMT400063546

PGSC0003DMB000000060

AT3G05500

PR-1b protein

Plant Defence

5.39

PGSC0003DMT400005135

PGSC0003DMB000000071

AT2G14580

Pathogenesis related protein b1

Plant Defence

4.55

PGSC0003DMT400053643

PGSC0003DMB000000303

AT3G48320

E-class P450, group I

General Meatbolism

3.96

PGSC0003DMT400061237

PGSC0003DMB000000566

AT1G02205

Sterol desaturase (CER1)

General Metabolism

3.60

PGSC0003DMT400061040

PGSC0003DMB000000105

AT2G02850

Cupredoxin

General Metabolism

3.34

PGSC0003DMT400077170

PGSC0003DMB000000375

AT1G34210

SERK2

Plant Defence

3.31

PGSC0003DMT400037209

PGSC0003DMB000000154

AT5G52390

PAR-1c

Plant Defence

3.27

PGSC0003DMT400010886

PGSC0003DMB000000477

AT4G11650

Thaumatin-like protein

Plant Defence

3.18

PGSC0003DMT400000536

PGSC0003DMB000000010

AT1G01580

Ferric-chelate reductase

General Metabolism

3.16

PGSC0003DMT400050664

PGSC0003DMB000000017

AT5G60390

Elongation factor 1-alpha

General Metabolism

3.12

PGSC0003DMT400007868

PGSC0003DMB000000281

AT4G11650

Osmotin

Plant Defence

3.12

PGSC0003DMT400039385

PGSC0003DMB000000127

AT4G24780

Pectate lyase

Cell Proliferation

3.05

PGSC0003DMT400032910

PGSC0003DMB000000004

AT4G24780

pectate lyase P18 precursor

Cell Proliferation

2.82

PGSC0003DMT400007084

PGSC0003DMB000000060

NA

Unknown

Unknown

2.71

PGSC0003DMT400001397

PGSC0003DMB000000004

AT4G16260

Glucan endo-1,3-beta-glucosidase

Plant Defense

2.65

PGSC0003DMT400049198

PGSC0003DMB000000106

AT2G01610

Pectinesterase inhibitor

Cell Proliferation

2.64

PGSC0003DMT400070664

PGSC0003DMB000000047

AT5G48380

BIR1

Plant Defence

2.62

PGSC0003DMT400049559

PGSC0003DMB000000302

AT5G54380

THESEUS1

Plant Defence

2.44

PGSC0003DMT400066608

PGSC0003DMB000000073

AT4G34419

Hypothetical protein

Unknown

2.35

PGSC0003DMT400027237

PGSC0003DMB000000559

NA

Protein kinase

Unknown

2.34

PGSC0003DMT400034084

PGSC0003DMB000000105

AT3G10080

Germin-like protein 3

Plant Defence

2.27

PGSC0003DMT400064609

PGSC0003DMB000000103

NA

Unknown

Unknown

2.22

PGSC0003DMT400063298

PGSC0003DMB000000062

AT1G73880

UDP-glycosyltransferase 89B2

General Metabolism

2.14

PGSC0003DMT400015591

PGSC0003DMB000000384

AT2G23770

LysM receptor kinase

Plant Defence

2.13

PGSC0003DMT400018553

PGSC0003DMB000000506

AT3G56880

VQ domain containing

Unknown

2.13

PGSC0003DMT400051513

PGSC0003DMB000000245

AT3G23250

MYB21

Plant Defense

2.09

PGSC0003DMT400001071

PGSC0003DMB000000101

AT3G46440

UDP-glucuronate decarboxylase 2

General Metabolism

2.08

PGSC0003DMT400076705

PGSC0003DMB000000129

AT3G57270

glucan endo-1,3-beta-D-glucosidase

Plant Defence

2.07

PGSC0003DMT400022352

PGSC0003DMB000000732

AT3G12500

chitinase; endochitinase

Plant Defence

2.06

PGSC0003DMT400080854

PGSC0003DMB000000640

AT1G67000

Protein kinase (BAK1)

Unknown

2.03
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Table 3: Top 30 down-regulated genes in chocolate tuber skin
PGSC Transcript
PGSC Scaffold
At Ortholog

Gene Description

Functional Category

Log2Avg

PGSC0003DMT400001813
PGSC0003DMT400066542

PGSC0003DMB000000262
PGSC0003DMB000000073

NA
AT2G15020

Metallocarboxypeptidase inhibitor
Unknown protein

Plant Defence
Unknown

-4.35
-4.10

PGSC0003DMT400024599
PGSC0003DMT400024599
PGSC0003DMT400026289
PGSC0003DMT400026276

PGSC0003DMB000000400
PGSC0003DMB000000400
PGSC0003DMB000000159
PGSC0003DMB000000159

AT1G73325
AT1G73325
AT1G72290
AT1G72290

Proteinase inhibitor
Proteinase inhibitor
Kunitz-type tuber invertase inhibitor
Cysteine protease inhibitor 8

Plant Defence
Plant Defence
Plant Defence
Plant Defence

-3.64
-3.51
-3.49
-3.44

PGSC0003DMT400026257
PGSC0003DMT400081485
PGSC0003DMT400026257
PGSC0003DMT400001813

PGSC0003DMB000000159
PGSC0003DMB000001127
PGSC0003DMB000000159
PGSC0003DMB000000262

AT1G73325
NA
AT1G73325
NA

Kunitz-type proteinase inhibitor
Metallocarboxypeptidase inhibitor
Serine protease inhibitor 7
Metallocarboxypeptidase inhibitor

Plant Defence
Plant Defence
Plant Defence
Plant Defence

-3.44
-3.39
-3.35
-3.32

PGSC0003DMT400026276
PGSC0003DMT400024599
PGSC0003DMT400034897
PGSC0003DMT400001813

PGSC0003DMB000000159
PGSC0003DMB000000400
PGSC0003DMB000000214
PGSC0003DMB000000262

AT1G73325
AT1G73325
AT1G29930
NA

Cysteine protease inhibitor 8
Kunitz-type proteinase inhibitor
Chlorophyll a-b binding protein
Metallocarboxypeptidase inhibitor

Plant Defence
Plant Defence
General Metabolism
Plant Defence

-3.18
-3.13
-3.08
-3.07

PGSC0003DMT400026257
PGSC0003DMT400049809
PGSC0003DMT400001813
PGSC0003DMT400063545

PGSC0003DMB000000159
PGSC0003DMB000000110
PGSC0003DMB000000262
PGSC0003DMB000000060

AT1G73325
AT5G43860
NA
AT5G42020

Aspartic proteinase inhibitor
Chlorophyllase
Unknown
Luminal binding protein

Plant Defence
General Metabolism
Unknown
General Metabolism

-3.05
-3.04
-2.96
-2.82

PGSC0003DMT400026265
PGSC0003DMT400024599
PGSC0003DMT400093189
PGSC0003DMT400024599

PGSC0003DMB000000159
PGSC0003DMB000000400
PGSC0003DMB000000225
PGSC0003DMB000000400

AT1G73260
AT1G73325
AT5G25610
AT1G73325

Cysteine protease inhibitor 1
Serine protease inhibitor 6
RD22-like protein
Unknown

Plant Defence
Plant Defence
Plant Defense
Unknown

-2.78
-2.75
-2.59
-2.59

PGSC0003DMT400026272
PGSC0003DMT400027854
PGSC0003DMT400026257
PGSC0003DMT400070176

PGSC0003DMB000000159
PGSC0003DMB000000746
PGSC0003DMB000000159
PGSC0003DMB000000118

AT1G17860
AT4G18550
AT1G73325
AT5G13630

Cysteine protease inhibitor 1
triacylglycerol lipase
Kunitz-type protease inhibitor
Mg protoporphyrin IX chelatase

Plant Defence
General Metabolism
Plant Defence
General Meatabolism

-2.58
-2.53
-2.53
-2.51

PGSC0003DMT400001813
PGSC0003DMT400059170
PGSC0003DMT400021426
PGSC0003DMT400021883

PGSC0003DMB000000262
PGSC0003DMB000000402
PGSC0003DMB000000552
PGSC0003DMB000000627

NA
AT5G57180
NA
AT5G06870

metallocarboxypeptidase inhibitor
CIA2
Ycf23 protein
polygalacturonase-inhibiting protein

Plant Defense
General Metabolism
Unknown
Cell Proliferation

-2.48
-2.47
-2.46
-2.45
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Figure 10. Transcriptional expression levels of candidate genes in chocolate mutant skin tissue as determined by microarray.
Expression levels of putative candidate genes located within 100 kb of insert on superscaffold PGSC0003DMB000000384 of
chromosome 9. CG+1 and CG-1 located within 10 kb of T-DNA insert show no change (NC) in transcriptional expression in
chocolate tuber skin. Candidate genes CG+3 and CG-2 show no change in expression. Candidate gene CG+2 located 47 kb from TDNA integration shows slight down-regulation. No data (ND) is available for CG-3 as POCI microarray contained no probes for CG3. Candidate genes CG+4, CG+5 and CG+6 located 65-71 kb from T-DNA integration show significant up-regulation compared to
wildtype.
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Chapter 4: Discussion
Localization of T-DNA inserts in chocolate
A novel sequence capture method was adopted for isolating genomic locations of T-DNA
integration events in the chocolate mutant. Using genome capture, a single T-DNA insert was
located in the chocolate mutant (Supplementary Figure A.1). The position of insertion was
located within intragenic regions of PGSC superscaffold PGSC0003DMB000000384 (Figure
10). Location of T-DNA insertion was confirmed by flanking PCR from the T-DNA left border
(Supplementary Figure A.2) and Southern blot detection based on known restriction sites in this
region (Figure 9). The 2.8 kb restriction fragment detected with probes specific to the pSKI074
enhancer regions was 900 bp smaller than expected. Sequence at the right border of T-DNA
integration using activation tagged vectors is frequently lost upon integration (Harrison et al.,
2007; Weigel et al., 2000). This may account for smaller than expected fragment size. The 4.4 kb
restriction fragment detected with probes specific to the T-DNA left border are consistent with
predicted fragment sizes generated by NcoI and BamHI double-digested genomic DNA. As
single fragments were detected with both sets of probes, Southern blot evidence supports
presence of a single T-DNA insert. Genes surrounding the identified insert location were
examined for candidate genes responsible for the mutant phenotype. Current literature of
activation tagged populations in Arabidopsis supports activation of genes located within 10 kb of
T-DNA insertions. However, there have been cases in which activation has extended much
further (Ren et al., 2004; Hove et al., 2011). Ren et al., 2004 have identified T-DNA activation
tagging of a gene 78 kb upstream of T-DNA integration. Another complicating possibility is that
the activated gene may not code for a protein product, but be an activated microRNA product
(Aukerman & Sakai, 2003). Coding genes are relatively easy to annotate in the genome but
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predictive methods for locations of microRNAs are only beginning to be understood. Further,
computational methods have been used to predict microRNAs in many plants but relatively few
have been functionally proven to exist (Chesnais, 2010; Jones-Rhoades et al., 2006; Naqvi et al.,
2012; Zhang, et al., 2006). While the location of T-DNA integration provides a tag to begin
assessing candidate genes involved in the altered phenotype, the gene responsible may not
necessarily be nearby or encode a protein product.

In the chocolate mutant, two gene candidates are located within 10 kb of the T-DNA
insertion. CG+1, An AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) family gene belonging to a
class of transcription repressors is positioned 5 kb from integration. The predicted 21 kDa
Aux/IAA protein is believed to function in transcriptional repression of auxin responsive genes
(Dreher et al., 2006). Aux/IAA transcriptional repressors are short-lived proteins that are induced
by auxin and ultimately degraded by ubiquitin-mediated proteolysis (Maraschin et al., 2009).
When expressed, Aux/IAA proteins bind to auxin response factor (ARF) cis elements, repressing
their transcription (Dreher et al., 2006). Degradation of Aux/IAA proteins releases repression of
downstream ARFs. A second gene of unknown function, CG-1, is positioned 9 kb from T-DNA
integration. The predicted 39 kDa protein contains one DUF2361 domain of unknown function,
but no molecular function has been attributed to the gene product. Based purely on the known
function of these two genes, neither stands out as the likely cause of the chocolate phenotype.

37

`

Transcriptome analysis of the gene candidates in the chocolate mutant
Transcriptome analysis of gene expression in the chocolate tuber skin was assessed by
microarray to reveal expression of potential gene candidates. Neither CG+1 (Aux/IAA) or the
CG-1 (unknown function) show changes in gene expression in tuber skin tissue. However, a 70
kDa receptor-like kinase (RLK) protein located 65 kb from T-DNA integration was found to be
differentially regulated. This transcript is located in a cluster of three identical RLK genes
(CG+3,

CG+4,

and

CG+5),

all

of

which

are

targeted

by

microarray

probe

bf_suspxxxx_0024D03.t3m.scf (Supplementary File 2). The 65 kb distance between the CaMV
35S enhancers and CG+3, CG+4, and CG+5 is an unusually long distance compared with other
described activation-tagged mutants (Weigel et al., 2000). However, the literature supports
instances of activation tagging as far as 78 kb (Ren et al., 2004) and several examples of long
distance activation of promoters by distant enhancers in a variety of other species (Calhoun &
Levine, 2003; Kleinjan & van Heyningen, 2005; Nobrega et al., 2003)

Enhancer-mediated activation of target promoters is an important mechanism of
transcriptional regulation in eukaryotes. Much of the understanding of how enhancers function in
activation of gene transcription, however, has been heavily influenced by studies in bacteria
where transcription factors bind DNA enhancer in relatively close proximity to promoters to help
recruit RNA polymerase (Haugen et al., 2008). Activation of eukaryotic genes, however,
requires an additional step of chromatin remodeling to increase accessibility of DNA to various
proteins (Clapier & Cairns, 2009). It has been proposed that chromatin remodeling and formation
of chromatin loops may allow direct physical association of distant elements within the nucleus
(Bateman, et al.2012; Bulger & Groudine, 1999; Bulger & Groudine, 2010; Kleinjan & van
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Heyningen, 2005; Ong & Corces, 2011). This hypothesis has been tested experimentally by
Chromosome Conformation Capture (Dekker et al., 2002; Miele & Dekker, 2009) to show that
the frequency of physical association between genomic elements may be necessary for the
regulation of specific transcriptional programs. The idea that long distance interactions could
directly impact gene expression is consistent with the observation that highly expressed coregulated genes congregate at specific nuclear locations called transcription factories (Bulger &
Groudine, 2010; Mitchell & Fraser, 2008). Similarly, in plant biotechnology, transgene misexpression is a frequent problem resulting from inappropriate enhancer-promoter interactions
(Singer, et al., 2012). An active field of study is identifying “insulator” sequences to prevent
inappropriate interactions between enhancers and incorrect promoters in transgenic plants. The
extended stretches of non-coding chromosome sequence observed in the chocolate mutant locus
of T-DNA integration may have the potential to participate in chromatin loop formations
enabling activation of gene expression further afield.

While there is also the possibility that large-scale deletions occurring in the potato
genome may place the enhancers much closer to candidate genes than the sequenced genome
indicates, it’s becoming clear that enhancers can act at a distance to regulate gene expression.
Ultimately, confirmation of the role CG+3, CG+4, and CG+5 contribute to the chocolate
phenotype requires that the coding region for these transcripts be placed immediately
downstream of CaMV 35S promoter and transformed into wildtype potato. Direct expression of
these candidate genes and recapitulation of the chocolate phenotype would provide confirmation
of their contribution to the chocolate phenotype and ability of CaMV 35S enhancers to act at
long range.
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Information on the molecular processes involved in the chocolate phenotype can be
investigated by characterizing CG+3, CG+4, and CG+5 gene candidates and transcriptome
responses in the chocolate mutant. The three candidate genes belong to the receptor-like kinase
(RLK) family of plant proteins. RLKs form a large family of proteins in Arabidopsis that
function across a broad range of activities including regulation of growth, development,
hormonal signaling, and interactions with microbes (Shiu & Bleecker, 2001). However, only a
few have been functionally characterized. A typical RLK contains an extracellular ligandbinding sequence, a transmembrane region, and a C-terminal intracellular protein kinase domain.
The C-terminal end of CG+3, CG+4, and CG+5 all contain a serine-threonine protein kinase
catalytic domain and hydrophobic transmembrane domain. The N-termini are also predicted to
contain a signal peptide, as well as two lysin motifs (LysM) (Supplementary Figure D.1). LysM
domain containing receptor kinases are unique to plants and serve important functions in plantmicrobe interactions. These proteins recognize microbe derived ligands containing Nacetylglucosamine residues such as chitin, a fungal elicitor not naturally found in plant tissues
(Brotman et al., 2012; Gimenez-ibanez et al., 2009; Iizasa et al., 2010; Knogge & Scheel, 2006).
One of the Arabidopsis orthologs, CERK1 (CHITIN ELICITOR RECEPTOR KINASE 1) has
been found to mediate immune responses to fungal infection and stimulate production of
antifungal phytoalexins (Gimenez-ibanez et al., 2009) (Willmann and Nurnberger, 2012). The
candidate LysM receptors identified in potato, however, lack ATP binding residues necessary for
protein kinase activity (Supplementary Figure D.3; D.4). The closest Arabidopsis ortholog,
LYK4 is also deficient in signaling activity; however, LYK4 has been shown to interact with
immune signaling CERK1 proteins in the presence of chitin (Wan et al., 2012). In Arabidopsis,
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lyk4 plants show reduced induction of chitin responsive genes, while complementation of the
knockout through LYK4 overexpression constructs show increased induction of chitin
responsive genes (Wan et al., 2012). Increased expression of LysM domain containing RLK in
potato may facilitate a similar interaction and signaling activity through active signaling
receptors.
Transcriptome analysis of the chocolate mutant periderm tissue
A role for periderm tissues in chocolate’s abiotic stress response
A dehydration phenotype is observed in the chocolate mutant (Figure 2), evidenced by a
rapid shrinking of the tuber after only 14 days. Generally, tuber periderm is thought to be an
eﬃcient barrier to water diffusion (Schreiber et al., 2005), and it is accepted that cell walls in
which suberin is deposited form an almost impermeable barrier to water and dissolved
compounds. This has been shown experimentally for many suberized tissues including potato
tuber periderm (Vogt et al., 1983). However, it has also been demonstrated that suberized cell
walls in endodermal root tissues allow water to move across suberized barriers (Steudle &
Peterson, 1998). There is evidence that not all suberized cell walls are uniformly impermeable to
water diffusion and depending on the plant organ and tissue, permeability of the suberized
tissues may vary largely. These differences in tissue permeability are likely due to molecular
organization of the suberin biopolymer. Suberin is composed of aliphatic and aromatic domains
that form a unique poly-phenolic chain (Kolattukudy, 1980). Transcripts within the
phenylpropanoid pathway such as COUMARATE 3-HYDROXYLASE are up-regulated in
chocolate. This phenylpropanoid pathway enzyme encodes a P450-dependent monooxygenase
that catalyzes the hydroxylation of p-coumarate to form the caffeoyl phenolics common in
suberin and lignin biosynthesis (Ralph et al., 2006). Several other P450 monooxygenases of
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unknown function are also up-regulated in chocolate periderm tissue. In general, these enzymes
act on aromatic compounds and alipathic compounds, many of which are crucial steps in the
biosynthesis of plant biopolymers (Kolattukudy, 1980; Schuler & Werck-Reichhart, 2003). Of
special interest is the potato suberization-associated peroxidase which is expressed at elevated
levels in chocolate periderm tissue. Suberization-associated anionic peroxidases, are thought to
play a major role in catalyzing linkages of aromatic suberin residues deposited in responses to
environmental stresses such as wounding, pathogen attack and oxidative stress (Roberts &
Kolattukudy, 1989). The increased expression of suberization-associated anionic peroxidase in
the tuber periderm is consistent with the observed increase in autofluorescence under UV light
(Figure 3). This suggests there may be a greater rate of suberization in the chocolate periderm
tissue; however, further investigations using HPLC are in process to determine the molecular
composition of periderm phenolic composition.

For periderm tissues to function as an efficient barrier to water transport, wax deposits
must be embedded in the suberin biopolymer (Soliday, Kolattukudy, & Davis, 1979). Several
wax biosynthetic genes show significant change in expression within chocolate periderm. In
particular, a sterol desaturase transcript is suspected to be important in cuticular wax production.
The Arabidopsis ortholog, ECERIFERUM1 (CER1) encodes an enzyme involved alkane
biosynthesis (Aarts et al., 1995). Recently CER1 has been shown be responsible for very long
chain (VLC) lipid synthesis (Bernard et al., 2012). VLC lipid synthesis in epidermal cells serves
an important role of in water retention by assembling into a waterproof barrier called the cuticle.
Characterization of the Arabidopsis CER1 gene has shown that it is specifically involved in wax
production of epidermal cells in stem tissues (Bourdenx et al., 2011). As potato tubers are
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specialized modifications of stem tissue known as stolons, expression of the tuber transcript
likely functions in a similar context. Increased expression of the potato sterol desaturase
transcript suggests tuber wax synthesis is increased in the tuber periderm tissue and may mitigate
water loss.

The transpirational properties of the tuber periderm, however, do not hold a simple
relationship between the degree of suberization and wax deposition (Schreiber et al., 2005). It is
thought that the suberin biopolymer, in addition to playing a role in creating water barriers, also
facilitates disease resistance by creating physical barriers to the diffusion of pathogenic enzymes,
toxins, as well as a biochemical barrier to pathogen introgression (Kolattukudy, 1984). Studies
by Schreiber et al., (2005) have concluded that the degree of suberin and wax depositions in
tuber periderm does not necessarily correlate with rates of water transpiration. Surprisingly, they
have found periderm from wound tissue is significantly more permeable than native periderm
despite increased amounts of total wax and suberin deposition. In wounded periderm tissue, rate
of water permeability was 100 fold greater than unwounded tissues (Schreiber et al., 2005). This
is consistent with the observed dehydration of the chocolate mutant (Figure 2), and is also
consistent with transcriptional status of tuber periderm indicating concerted immunogenic
response (Table 3.3). These results suggest the molecular arrangement and deposition of suberin,
and associated waxes in response to an immunogenic response, may contribute to the poor
transpirational barrier of the chocolate periderm. There is some evidence from histochemical
studies that diﬀerences in cell wall crosslinking in wound periderm affects permeability (Sabba
& Lulai, 2005). Certain domains of wound periderm may be less well cross-linked and contribute
to a higher rate of permeability. However, optimal molecular arrangements of suberin and wax
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deposition, and the antibodies to detect these arrangements are unknown at this time. The
increased autofluorescence of suberin in chocolate visualized under UV light is consistent with
wounded periderm phenotypes. Similarly, rates of dehydration in wounded tuber periderm are
consistent with observed rates of dehydration in chocolate. Accelerated tissue browning and
dehydration observed upon removal of tuber periderm in chocolate (Figure 4) suggests normal
production and sealing of tuber periderm is impaired and may contribute to the dehydration
phenotype. This phenotype is also consistent with an unusual tuber periderm disorder known as
pink eye which has been associated with aberrant suberin development and tuber shriveling ;
however, the causes are unknown (Lulai et al., 2006; Sabba et al., 2008)

Carbohydrate metabolism in the chocolate mutant
A higher composition of glucose was observed in chocolate mutant cortex (Figure 6) and
periderm tissue (Figure 7) compared to wildtype. Tuber metabolism has important implications
for tuber quality, starch content, and dormancy, all of which hold economic importance. Several
transcripts involved in starch synthesis were down regulated in the chocolate mutant periderm
tissues. ADPglucose pyrophosphorylase, a master regulator of starch synthesis (Sanwal et al.,
1968) was decreased. Similarly sucrose phosphate synthase (Huber & Huber, 1996), which
encodes an enzyme involved in sucrose production for starch synthesis, was down-regulated.
Together this suggests an overall decrease in energy synthesis is occurring in chocolate mutant.
HPLC analysis suggests increase in fructose and glucose carbohydrates in tuber periderm tissue
occurs during storage at 25°C in the light, but not in the dark. This alteration of sugar
metabolism in periderm tissue may be due to some light-dependent response. Geigenberger et al.,
(2005) suggest redox state can affect carbon storage in plants. Light dependent redox modulation
44

`
of carbon metabolism through the ferredoxin:thioredoxin system has been shown to be a major
factor controlling starch synthesis in heterotrophic organs such as tubers (Geigenberger et al.,
2005). Disruption of redox signaling pathways by increased oxidative stress may affect starch
metabolism in chocolate tuber periderm tissues. HPLC analysis of tuber cortex samples also
show a change in carbohydrate metabolism of tubers stored at 4°C. Of the samples assessed by
HPLC, only young immature tubers showed significant elevation in reducing sugars such as
glucose and fructose within tuber cortex samples, while aged tubers showed decreased reducing
sugars (Figure 6). This suggests starch degradation is occurring at an accelerated rate in young
tuber tissue under these conditions. The discrepancy in sugar composition between aged and
young tubers stored at 4°C suggests carbohydrate composition may be affected by
developmental defects in the tuber periderm. Tubers are known to undergo a process called cold
sweetening, where low temperatures lead to accumulation of reducing sugars to sustain cellular
respiration through glycolytic pathways (Burton, 1969) (Menéndez et al., 2002). This process has
been linked to invertase activity (Hajirezaei et al., 2003). Tuber invertases facilitate conversion
of sucrose to fructose and glucose (Sturm, 1999); however, our data suggests INVERTASE
activity does not play a role in this sugar phenotype as expression is down-regulated in
chocolate. Maturation of tuber periderm is often incomplete at harvest and can cause the tuber to
be susceptible to injury (Lulai, 2001) or dehydration, through developmental or physiological
defects (Sabba & Lulai, 2005).

Drought stress is known to significantly alter carbohydrate metabolism in plant tissues
(Legay et al., 2011; Mahajan & Tuteja, 2005). Under water stress, many metabolites including
sugar monomers and oligomers are transiently accumulated and play important roles protecting
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membranes against desiccation (Valliyodan & Nguyen, 2006). Desiccation is also known to
trigger the synthesis of detoxification enzymes, such as superoxide dismutase as a response to
oxidative damage caused by dehydration (Cruz De Carvalho, 2008). Transcripts, for
detoxification enzymes such as SUPER OXIDE DISMUTASE are in fact down-regulated in the
tuber periderm suggesting oxidative damage is not being repaired. This may be due to other
pathways such as those involved in pathogen responses which rely on the production of reactive
oxygen species to coordinate immune responses (Galletti et al., 2008; Razem & Bernards, 2003).
The presence of significantly higher glucose concentrations in the chocolate mutant may be
linked to dehydration phenotype to protect cellular membranes from damage. Alternatively,
tubers are also understood to undergo a similar process of sugar accumulation known as
senescent sweetening (Wiltshire & Cobb, 1996). Senescent sweetening is associated with a loss
of cell membrane integrity within the tuber over time due to increased peroxidative damage
(Coleman, 2000). Although some information is available regarding the nature and causes of
senescent sweetening, the factors controlling the rate of senescence are not known.

The distorted balance of sugar in the chocolate mutant may affect gene expression. Sugar
signaling is thought to be of great importance in plant responses to biotic stresses (Mogdam &
Van den Ende, 2012). Sugar sensing in plants is detected through changes in the sucrose-tohexose ratio and is communicated by hexokinase signaling (Tiessen et al., 2003). The chocolate
mutant has an extremely distorted sucrose-to-hexose ratio suggesting some transcriptional
response may occur (Figure 6) and (Figure 7). A typical response to elevated hexose-to-sucrose
ratio is the repression of photosynthesis genes (Rolland et al., 2006). This is supported by an
observed down-regulation of photosynthesis associated genes such as chlorophyll ab binding
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protein, oxygen evolving complex protein, and chlorophyllase. The proteins these transcripts
encode serve a central role in the functioning and recycling of light harvesting complex II during
photosynthesis. Down regulation of chlorophyll transcripts is also consistent with previously
described decreases in chlorophyll content detected in chocolate leaf tissue compared to wildtype
(Edwards, 2008). A decrease of these transcripts as a response to immune responses however
cannot be ruled out. Among sugars, sucrose is emerging as a candidate signaling molecule in
plant innate immunity (Gómez-Ariza et al., 2007). It has been suggested that sugar status may be
involved in activation of defense-related genes. For instance, exogenous application of invertases
to tuber slices has been shown to accumulate high levels of hexose carbohydrates and induce
expression of defense-related genes in potato (Roitsch et al., 2003). High sucrose:hexose ratios
may trigger a sucrose-speciﬁc signal for inducing genes needed to produce an array of protective
agents including secondary metabolites (Moghaddam & Van den Ende, 2012). Transcriptome
data suggests increased expression of ELONGATION FACTOR 1-A, a polypeptide associated
with levels of protein synthesis and elevated synthesis of pathogen responsive family proteins
(Ursin et al., 1991). It has been hypothesized that increased metabolic load during pathogen
response may also contribute to a change in cellular sugar composition to provide energy for the
metabolite production. This may provide an energy reservoir to sustain synthesis of secondary
metabolites. However, the relationship between sugar state and the initiation of immune
responses is complex and remains unclear.
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A role for innate immune responses in the chocolate phenotype
Transcriptome analysis of tuber periderm tissue revealed a principal change in gene
expression occurring among genes involved in innate immunity (Table 3.3). Current models of
plant innate immunity suggest plants maintain two responses: a response to pathogen associated
molecular patterns (PAMPs) such as chitin through transmembrane pattern recognition receptors,
and a intracellular response through activation of resistance genes (R genes), known as effectortriggered immunity (Jones & Dangl, 2006). Among the top 30 up-regulated genes, 14 have
functions related to biotic stress. Several are known pathogen responsive (PR) family proteins
typical of PAMP-triggered immunity. PR family proteins are categorized into groups PR1
through PR5. The up-regulated PR family proteins include several PR1 family proteins of
unknown function such as PR1-b and its related isoform b1. PR2 and PR3 family proteins
encoding 1,3-glucanases and chitinases respectively were up-regulated several fold. These
pathogen responsive family proteins serve antifungal roles by disrupting beta-D-glucosidic and
glycosidic bonds in fungal membranes (Wu et al. 1994). Members of the PR4 family are proteins
of unknown function, but are suspected to act synergistically with PR2 and PR3. The PR5 family
proteins such as thaumatin and osmatin were also up-regulated in chocolate skin tissue. PR5
family proteins share high sequence similarity and are thought to be involved in antimicrobial
activity by altering signaling events at the plasma membrane of fungal targets (Liu et al., 2010;
Rajam et al., 2007). Osmatin, has been shown to induce programmed cell death in fungal targets
by suppressing the signal induction of stress-responsive genes (Narasimhan et al., 2001).
Recently, thaumatin-like proteins have also been implicated in forming permeable channels in
fungal membranes due to their hydrophobic domain (Rajam et al., 2007). A strong induction of
the PAMP-triggered immunity is supported by increased expression of all classes of PR family
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transcripts in the chocolate tuber skin tissue. Interestingly, the most significantly down-regulated
group of transcripts belong to proteinase inhibitor family precursors (Table 3.4). These
transcripts encode proteins involved in the inhibition of insect proteases and provide the plant
with defense against insect herbivory (Lawrence & Koundal, 2002). This suggests a coordinated
response against microbial rather than herbivorous pathogens and is consistent with observed
insect feeding assay showing no preference between wildtype and chocolate leaf tissues (Figure
8).

Transcriptome analysis shows that transmembrane leucine rich repeat (LRR) pattern
recognition receptor transcripts have significantly up-regulated expression. These transcripts
include
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(SERK2),
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INSENSITIVE 1-ASSOCIATED RECEPTOR KINASE 1 (BAK1), BAK1-INTERACTING
RECEPTOR-LIKE KINASE (BIR1), and SUPPRESSOR OF BIR1 (SOBIR1). RLKs have been
shown to play diverse roles in regulating plant innate immunity as well as growth and
development (Morillo & Tax, 2006). The extracellular domains of RLKs bind ligands to perceive
extracellular signals and transduce these signals into the cell. BAK1 receptor seems to function
as an adaptor protein for multiple RLKs including BIR1 and SERK2 ( Li et al., 2002; Nam & Li,
2002). Both the SERK2 receptor-like kinase and BAK1 interact with the FLAGELLINSENSITIVE2 (FLS2) receptor which binds bacterial flagellin to activate plant defense responses
(Postel & Kemmerling, 2009). Up-regulation of transcripts for these proteins suggest activity of
PAMP-triggered immunity pathways. Plant resistance signaling pathways; however, are tightly
controlled, as constitutive activation of defense responses can affect growth. BIR1 has been
shown to negatively regulate plant resistance signaling pathways (Gao et al., 2009). Interestingly,
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SOBIR1 transcripts, encoding the negative regulator of BIR1 are up-regulated. SOBIR1 is a LRR
transmembrane protein that positively regulates defense responses and cell death (Gao et al.,
2009). While BIR1 and SOBIR1 appear to function antagonistically to control defense response,
the more highly expressed BIR1 transcript in chocolate skin tissue suggests the hypersensitive
responsive (HR) pathways of the plant immune system associated with SOBIR1 are under
repression.

The link between wall associated receptor-like kinases and transcriptional regulation is
established by mitogen-activated protein kinases (MPKs) (Kohorn et al., 2011). In plants, MPK
pathways are involved in the regulation of a diversity of environmental stimuli. Transcripts for
MAP3 kinase proteins are up-regulated in chocolate skin tissue. MPK3 acts as positive mediator
of defence responses in response to chitin and supports activation of PAMP-trigged immunity of
the defense response (Felix et al., 2002; Peck et al., 2001). This is supported by characteristic
induction of PR family genes encoding for proteins with antimicrobial activities. Transcription
factors are also often targets of MPKs (Pitzschke et al., 2009; Popescu et al., 2009). Several
transcription factor transcripts such as WRKY53 and MYB21 are significantly upregulated. These
transcription factors belong to chitin responsive signaling pathways (Andreasson et al., 2005;
Ishihama et al., 2011; Libault et al., 2007; Mao et al., 2011) and are consistent with significant
up-regulation of a VQ-domain protein required for DNA binding activity of WRKY transcription
factors (Cheng et al., 2012).

PAMP-triggered immunity coordinates up-regulation of the effector-triggered immunity
arm of the plant innate immune system. Effector-triggered immunity results in the production of

50

`
nucleotide binding-site leucine rich repeat proteins (NBS-LRRs), capable of detecting specific
pathogen virulence factors. NB-LRRs contain a C-terminal LRR domain, a central nucleotidebinding domain (NB), and a variable N-terminal domain (Jones & Dangl, 2006). Plant NB-LRRs
have been shown to recognize specific pathogen effector proteins to confer resistance. Upon
ligand binding, NBS-LRR proteins are capable of stimulating transcription of programmed cell
death pathways such as the hypersensitive response through the NBS domain. Our data show
multiple NBS-LRR transcripts are up-regulated in chocolate periderm. However, hypersensitive
response proteins required for programmed cell death are down-regulated. This suggests that
although effector-triggered immunity is activated, there has been no detection of pathogenic
virulence factors. This is consistent with a model of chitin perception through up-regulated LysM
RLK protein kinase activity in the absence of true pathogens.

While perception of PAMPs are known to stimulate plant innate immune system, LRR
receptors also monitor changes in cell wall. THESEUS1 (THE1), encodes a cell wall associated
receptor kinase involved in monitoring the integrity of the cell wall through the perception of
damage associated molecular patterns (DAMPS) (Cheung & Wu, 2011). DAMPS are products of
pectic cleavage of cell wall homogalacturonans into oligogalactoronide (OGA) products (Postel
& Kemmerling, 2009). Often, pectin-degrading enzymes such as pectate lyase are secreted by
plant pathogens as a strategy to gain entry into plant tissues (Weber, 1996). The OGA oligomers
released from pectic cleavage have recently been identified as ligands for THE1 receptors, which
initiate signaling cascades producing defense compounds (Cheung & Wu, 2011). Depending on
the degree of polymerization, methylation, and conformation, OGAs can elicit a variety of
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defence responses, including the accumulation of phytoalexins, glucanases and chitinases
(Cabrera et al., 2010; Galletti et al., 2008).

The THE1 receptor has been proposed to organize the defense response by elicitation of
oxidative bursts (Cheung & Wu, 2011; Hématy & Höfte, 2008). Exogenous application of OGAs
elicits accumulation of active oxygen species (Low & Merida, 1996). The oxidative burst is
assumed to organize the defense response, induce genes related to systemic acquired resistance
(SAR), and stimulate secondary metabolite pathways such as phytoalexin biosynthesis (Lamb &
Dixon, 1997). Among the THE1-dependent up-regulated genes in response to DAMP perception,
several were found to encode apoplastic peroxidases (Denness et al., 2011; Humphrey et al.,
2007; Wolf et al., 2012) This is consistent with the up-regulation of a number of plant
peroxidases in chocolate tuber skin tissue including transcripts for GERMIN-LIKE PROTEIN-3.
GERMIN LIKE PROTEIN 3 belongs to the oxalate oxidase family which is involved in the
generation of H2O2 in plant defense (Lane, 2002). Transgenic potato overexpressing oxalate
oxidase has been shown to increase resistance against Phytophthora infestans and Streptomyces
reticuliscabiei (Schneider et al., 2002).

While pathogen secretion of pectate lyase may be a common strategy for phytopathogens
to invade plant tissues (Yadav et al., 2009), plant-encoded pectate lyase may also play a role in
defending host tissues by producing OGA fragments to organize SAR (Aziz et al., 2004;
Wegener, 2001). Depolymerization of cell wall pectin is also consistent with the rotund
appearance of chocolate periderm cells under UV light (Figure 3). Decreased cell wall integrity
may allow cellular to expansion through turgor pressure. The resulting disorganized periderm
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pattern has been shown to resist invasion of fungal hyphae when accompanied by suberin
deposition (Lulai et al., 2006). Depolymerization of pectin to OGA fragments is consistent with
increased expression of transcripts encoding PECTATE LYASE, THE1 and peroxidase enzymes
such as GERMIN-LIKE PROTEIN-3. Plant peroxidases are thought to serve a role in oxidative
cross-linking of suberin phenolics embedded in periderm tissues leading to suberization
processes characteristic of defense against pathogen invasion (Lamb & Dixon, 1997; Low &
Merida, 1996; Razem & Bernards, 2003). Similarly, pectin contains a reservoir of copper ions
bound to the homogalacturonan layer (Konno et al., 2005). During homogalacturonan
depolymerization by PECTATE LYASE, copper ions are released. Free copper ions have been
shown to participate in non-enzymatic Fenton and Haber-Weiss reactions producing hydroxyl
radicals (Yruela, 2009). Free hydroxyl radicals initiate self-perpetuating lipid peroxidation and
oxidative linkages catalyzing suberization processes in the cell wall (Razem & Bernards, 2003).
This is supported by increased expression of ferric chelate reductase enzyme which also
facilitates production of hydroxide radical through the conversion of 2Fe(II) + NAD to 2Fe(III),
NADH. Increased presence of Fe(III) and H202 can sustain the Fenton and Haber-Weiss reaction
to produce further hydroxide radicals (Hammond-Kosack & Jones, 1996). While copper-rich
environments are known to interfere with metabolic networks of invading pathogens (Yruela,
2009), they may also damage endogenous plant organelles and membranes. Increased expression
of CUPREDOXIN transcripts is consistent with a copper-rich environment (Dennison, 2005).
These transcripts encode small heavy metal binding proteins synthesized in the presence of
heavy metals to sequester free copper ions from plant cytosol and prevent interference with
cellular metabolism and membranes (Dennison, 2005). The role of copper released from the cell
wall and ferric chelate reductase is consistent with the oxidative burst associated with OGA
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accumulation. Similarly, increased peroxidation supports a role for darkened tuber periderm
through oxidative linkage of suberin phenolics. This is consistent with increased suberization
visualized under UV light (Figure 3). Active oxygen species may also contribute to lipid
peroxidation in wound tissue contributing to damage of cuticle waxes and contribute to increased
permeability of periderm tissues. Taken together, these processes provide a mechanism for the
gradual tuber discolouration and accelerated dehydration observed in the chocolate mutant.
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Future Directions
Ultimately the role of the candidate LysM domain containing RLK must be verified by
recapitulation experiments. Overexpression vectors and antisense constructs of the candidate
PGSC0003DMT400015591 LysM RLK transcripts should be pursued to investigate the role of
LysM domain containing RLKs in the chocolate phenotype. Successful verification of molecular
function of the candidate gene would include visual recapitulation of the characteristic brown
phenotype and desiccation during storage compared to wildtype.

The chocolate periderm phenotype is likely derived from phenylpropanoid pathway
derivatives. Further HPLC data on proteomic composition of tuber skin tissue would refine our
understanding of the biochemical makeup in the mutant periderm tissue. An easy investigation of
phenylpropanoid pathway involvement could be examined by growing potato plantlets on tissue
culture

media

containing

2-aminoindane-2-phosphonic

acid

(AIP),

an inhibitor of

the phenylpropanoid pathway (Garcion et al., 2008). Accumulation of secondary metabolites in
tuber periderm contributing to the brown colouration may be eliminated in the presence of the
AIP phenlypropanoid pathway inhibitor. This characterization may be useful in confirming
involvement of phenolic metabolites.
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Summary and Conclusions
Our data suggests increased expression of a LysM domain containing RLK protein
located 65 kb from T-DNA insert may facilitate receptor dimerization and immune signaling.
Activation and immune signaling of LysM RLK provides a structural explanation for the
immunogenic activity of the chocolate mutant. Response to chitin, a fungal elicitor not naturally
found in plants, is known to induce many responses commonly associated with plant defense
including production of phytoalexins (Gimenez-ibanez et al., 2009; Stacey & Shibuya, 1997).
Transcriptome analysis of tuber skin tissue found accumulation of transcripts with roles in
pathogen responsive genes, tissue differentiation, cell proliferation and production of reactive
oxygen species. LRR mediated signal transduction through PAMP and DAMP pathways may
coordinate immune responses in the chocolate mutant. Plant encoded pectate lyase expression
produces OGA oligomers. These OGA DAMP patterns elicit production of reactive oxygen
species (Galletti et al., 2008) involved in crosslinking of cell wall lipids and phenolics to form
suberized barriers to perceived pathogen threats (Razem & Bernards, 2003). Wound sealed
periderm tissues, however, are known to have poorer transpirational qualities leading to
accelerated dehydration (Schreiber et al., 2005). This is consistent with morphological
characteristics of chocolate tuber skin (Figure 3) and observed characteristics of unbalanced
carbohydrate content during storage (Figure 6).

In conclusion, the present work explores a putative model of transcriptional and cellular
responses involved in gain-of-function immune receptor activation. Selectively, these findings
further illustrate the periderm tissue as an important area of defensive charged against biotic and
abiotic stresses. Periderm development and anatomy are highly important for tuber storage.
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Further characterization of potato tuber skin may contribute knowledge to model periderm
systems and have implications for molecular breeding strategies to improve tuber storage quality.
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Appendix A. Supplementary sequencing data
Cloning and sequence of products generated by T-DNA sequence capture methods reveal a
T-DNA insertion within the PGSC superscaffold PGSC0003DMB000000384 (Supplementary
Figure A.1). Genomic PCR of a 1.6 kb fragment flanking the identified insertion site from the
left border produces a band of expected size, and sequencing confirms identity with
superscaffold PGSC0003DMB000000384 position (Supplementary Figure A.2.)

CCCCCAGGTCACCAACGGTGGTAAAAACACCGGCCAGGTAAATTTGTAATACA
AACTCACTATAGGGGCGATTGGGGCCCAACGTCGCATGCTCCCGGCCGCCATG
GCGGCCGCGGGAATTCGATTGGGAACGCCAGGCTCTGTTGGCCCCTCGAGGTC
GACGGTATCGATAAGCTTATCGATATCTAGATCTCGAGCTCGAGATCTAGACA
TCGATCGTGAAGTTTCTCATCTAAGCCCCCATTTGGACGTGAATGTAGACACG
TCGAAATAAAGATTTCCGAATTAGAATAATTTGTTTATTGCTTTCGCCTATAA
ATACGACGGATCGTAATTTGTCGTTTTATCAAAATGTACTTTCATTTTATAAT
TTAAAGTTCTGTTCTTTTAATTATTTCATATAATTGAACTTTGACTTTTTCTT
GATAGAAGAAAATTTAGGTGTGGACAGTGTATAATGATTGTTCTGAAGTAATC
AAAACTTCCTGCCAACTTGTTAATTAATGTATCCTGTCCTCAAAGTTAGAATC
CAATGAACTTGGCATTTTTCTTTGGTTGCCGTAGGAAGCTCATTTATGTTGTC
CGTTAAAAAATTAATTAATTTATATATTTCTGTTTGAGAAAAAGCTAATTCAT
GTAATTATTTATTAACTGAAACTTTTAATAGATGACCAAACTTTTAATACCAG
CCCGGGCCGTCGACCACGCGTGCCCTATAGTAATCACTAGTGAATTCGCGGCC
GCCTGCAGGTCGACCATATGGGAGAGCTCCCAACGCGTTGGATGCAACTGAGT
ATCAAGTGTACCTAAAGCTGCTATATGTCAGCGTTCGGTAATGTATTTT

LB Primer P024
pSKI074 T-DNA
S. tuberosum DNA
AP2 primer
PGEM-T Vector

Supplementary Figure A.1: T-DNA capture of genomic junction.
Potato genomic DNA flanking T-DNA left border sequencing on is located on PGSC super
scaffold PGSC0003DMB000000384 at position 463504
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A

B
Scaffold_384_ T7
NNNNNNNNNNNCNCNNGCTNNNGCCGCCATGGCGGCCGCGGGAATTCGATTGACCGACCTCAACGAGAAGGAAATTGTCGTGAACGGTGAGAAGCTC
TGGGGCGTGCAAGGTTCCGGAACGAACATCGGTCTCAATGCAAAAGGGGAACGCCAGGCTCTGTTGGCCCCTCGAGGTCGACGGTATCGATAAGCTT
ATCGATATCTAGATCTCGAGCTCGAGATCTAGATATCGATCGTGAAGTTTCTCATCTAAGCCCCCATTTGGACGTGAATGTAGACACGTCGAAATAA
AGATTTCCGAATTAGAATAATTTGTTTATTGCTTTCGCCTATAAATACGACGGATCGTAATTTGTCGTTTTATCAAAATGTACTTTCATTTTATAAT
TTAAAGTTCTGTTCTTTTAATTATTTCATATAATTGAACTTTGACTTTTTCTTGATAGAAGAAAATTTAGGCGTGGACAGTGTATAATGATTGTTCT
GAAGTAATCAAAACTTCCTGCCAACTTGTTAATTAATGTATCCTGTCCTCAAAGTTAGAATCCAATGAACTTGGCATTTTTCTTTGGTTGCCGTAGG
AAGCTCATTTATGTTGTTCGTTAAAAAATTAATTAATTTATATATTTCTGTTTGAGAAAAAGCTAATTCATGTAATTATTTATTAACTGAAACTTTT
AATAGATGACCAAACTTTTAATAGATGGTATGAATGAGCTTTTTTCTCAAAGTTCGATGGTGTATTTGAGCCTTTTTTCTTTTAAAAAGTAATTTAA
ACAATGATGTGGTTGAATCATAATTGATCACGTGTAAAGATAGTTTTGCAAAACCGAAAATATTTTTGGTTTACAAATAATGACATAGATGAACTTT
TCTCAAACAAAAAAATATAAATGAACTAAAATTTTAACGATTGATAAAATATTCAATGACATATTTAAGTCTTTTCGTTTAAAATNACTTATGACAN
ATGGTTGCAATTTGCTTAATACTTATGANANATGGNNCAGTTTGCTTTGCAT

Scaffold_384_ SP6
NNNNNNNNGNNTCNACGCGTTGGGAGCTCTCCCATATGGTCGACCTGCAGGCGGCCGCGAATTCACTAGTGATTCCTCAAACCAAAAGAAGACAATC
TTAAATTCAAATAAAAACTGTAAATAGTTAATTGCTACAAATTTCATCAAATAAATTCCACTAGATTTTATATGCTCATCAAGATAAGTAGGAATCT
ATTTGTATATAGTATATACTATGGATAAAAAGGGAGAAAAAGTTGCAAACTTTTCCTTTGGAATCTTTCATACACATTTGTGTGGTACACAACAAAG
TACCTTTTTTAATTTATTACTTAAAGTTTTTCAAAAACTTTACCAAAATGAATTTGACAAAATAGAGTTGAGGTTTCGAAAATGAAACCAAAATGTT
CTAGATTTTTTGGTTCTCTCGATGTTCGATGTCAGCTTTGAGGCTCGATAAATTCATATTCACTCAGAAAAATCTCATTTTAGAGGTAAAACGTTTC
TTTTTAATTACAGTTTCATTCTCAAATCTCGAACTTCAAAAGTTGAGTCTTTTAATTGAAAATGAAAATATATTTACCACCCTACAATTATGTTTAG
CAAAACAGTTCAAACTTCAAACAACATCATTCTCAAGTCTCGAACTTTAGAAATCGAAACTTCTAATAAATGATGGATTAATACTTACCATCCTACC
ACAACATTTAACAAATACAGTTCAAACAACAAATTTTCAATTTACAAACTCAGTTTTTAGAAATTAATGCAAAGCAAACTGCAACCATCTTGTCATA
AGTTATTAAGCAAATTGCAACCATCTTGTCATAAGTTATTTTAAAACGAAAAAGACTTAAATATGTCATTGAATATTTTATCAATCGTTAAAATTTT
AGTTCATTTATATTTTTTTTGTTTGAGAAAAGTTCATCTATGTCATTATTTGTAAACCAAAAATATTTTCGGTTTTGCAAAACTATCTTTANNCGTG
ATCAATTATGATTCAACCACATCATNGTTTAAATTACTTTNNAAAGAAAANNNCTCAAATACACCATCGAACTTTGANAAAANCTCATNNNNCNTCN
NNTAAAGTTNNNCATCNNNTNAAGTTTCANN

T-DNA LB Primer
pSKI074 T-DNA
S. tuberosum gDNA
Genomic Primer
PGEM-T Vector

Supplementary Figure A.2: Genomic PCR confirmation of T-DNA position
Genomic PCR of T-DNA left border produces a band of expected size (A) DNA Sequence (B)
matches expected location of PGSC0003DMB000000384 superscaffold in chocolate mutant
Solanum tuberosum cv. bintje.

73

`

Appendix B. Non-target amplification of DNA
Genome walking and sequence capture methods attempting to reveal flanking sequence
of the right border in the chocolate mutant repeatedly failed to yield results. An alternate
sequence capture method (Supplementary File 1) was pursued to capture fragment of the
PGSC0003DMB000000384 right border sequence. This method involved acoustic shearing of
genomic DNA to 2 kb sized fragments followed by linker ligation, sequence capture, and linkermediated PCR amplification of captured products (Supplementary Figure B.1). Captured
products were transformed into dH5α competent cells and screened for transformants containing
CaMV 35S enhancer elements of the pSKI074 vector (Supplementary Figure B.2). Sequencing
of positive colonies yielded a location of T-DNA integration complimentary to superscaffold
PGSC0003DMB000000086 within the potato genome (Supplementary Figure B.3). Genomic
PCR confirmation of PGSC0003DMB000000086 superscaffold from the T-DNA right border
within chocolate gDNA produces a band of expected size, and sequencing of the band confirms
PGSC0003DMB000000086 superscaffold location (Supplementary Figure B.3). This location is
on a different scaffold than evidenced by the first insertion site detected. As Southern blot
evidence (Figure 9) only supports PGSC0003DMB000000384 site of integration the secondary
insertion identified here is suspected to be contamination from another activation tagged mutant.
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Supplementary FigureB.1: T-DNA capture for determining junctions at right border
T-DNA captured fragment of 2 kb size are amplified from captured library in the chocolate
mutant
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Supplementary Figure B.2: Colony PCR for captured T-DNA sequence
T-DNA captured fragment of 2 kb size are screened by colony PCR for transformants containing
CaMV 35S enhancer elements. Underlined lanes 14, 15, & 16 show expected 300bp sized band
for T-DNA enhancer elements.
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T7
NNNNNNNNNNNNNNNNNNNCNTTGGGAGCTCTCCCATATGGTCGACCTGCAGGCGGCCGCGAATTCACTAGTGATTGTTTCTGCTACGACTCACTGT
TGTGCTCTTCTACTGGCTATCGTTCAAGATGCCTCTACCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAACATCGTGGAAAAAGAAGACG
TTCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGATATCTAGATCCCCAACATGGTGGAGCACGACACTCTCGTCTACTCCAAGAATATCAAAGA
TACAGTCTCAGAAGACCAGAGGGCTATTGAGACTTTTCAACAAAGGGTAATATCGGGAAACCTCCTCGGATTCCATTGCCCAGCTATCTGTCACTTC
ATCGAAAGGACAGTAGAAAAGGAAGATGGCTTCTACAAATGCCATCATTGCGATAAAGGAAAGGCTATCGTTCAAGATGCCTCTACCGACAGTGGTC
CCAAAGATGGACCCCCACCCACGAGGAACATCGTGGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGATATCTAGATCCC
CAACATGGTGGAGCACGACACTCTCGTCTACTCCAAGAATATCAAAGATACAGTCTCAGAAGACCAGAGGGCTATTGAGACTTTTCAACAAAGGGTA
ATATCGGGAAACCTCCTCGGATTCCATTGCCCAGCTATCTGTCACTTCATCGAAAGGACAGTAGAAAAGGAAGATGGCTTCTACAAATGCCATCATT
GCGATAAAGGAAAGGCTATCGTTCAAGATGCCTCTACCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAACATCGTGGAAAAAGAANNNGT
TCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGATATCTAGATCCCCAACATGGNGGAGCACGACACTCTCGTCTACTCCAAGAATATCAAAGGA
TACAGTCTCAGAAGACCANAGGGCTANTGAGACTTTTNNACAAANGGGTAATATCGGGAAANCNTCCTCGGATNCATTGCCCAGCTATCTGTCACTT
NNNTCNNAANGGNCANNNNNAAANGGNANATGACTTTCNNNNNAAATGNCNATCATTNNCNGATAAANGNA

Sp6
NNNNNNNNNNNNNNNNNNATGCTNNNNGCCGCCATGGCGGCCGCGGNNNNTCGATTGTTTCTGCTACGACTCACTGTTGTGCTCTTCTACTGCAGTA
GAAGAGCACAACTTGTAGGAGCATGAGACTCTTAATAAATAGTCGAGAGAAGTATTGAAACACCTCTAAACTTGGTGAGAATTTAGAGGTGTATTTC
ACTCATGTATTGCAGGGGGTGTTATTTAAGTTCAGTTAGTCAAGTAAATGGGTGTTTTTAATACTGTCAATAGTTTGGAGATGAAACTTATAATTTG
TGTAGATTTTAGAGGTGTTTTTAATACTTTTCTCTAGAGTAAATGATCAAAAACAAATCTAAATTATCGTTTCTACACAAGTTTCATATATTAATTG
TCCATTGTTCTCTTTACATATATATACTTAAATTATCACTTCTTTTTTTATATTACAATACATTTTGATGTTGAGCTGGCTAAATATTTGTTCCTAA
TCAATCCACTTGCTTTGAAGACGTGGTTGGAACGTCTTCTTTTTCCACGATGTTCCTCGTGGGTGGGGGTCCATCTTTGGGACCACTGTCAGTAGAG
GCATCTTGAACGATAGCCTTTCCTTTATCGCAATGATGGCATTTGTAGAAGCCATCTTCCTTTTCTACTGTCCTTTCGATGAAGTGACAGATAGCTG
GGCAATGGAATCCGAGGAGGTTTCCCGATATTACCCTTTGTTGAAAAGTCTCAATAGCCCTCTAGTCTTCTGAGACCGTATCTTTGATATTCTTGGA
GTAGACGAGAGTGTCGTGCTCCACCATGTTGGGGATCTAGATATCACATCAATCCATTTGCTTTGAAGACGTGGTTGGAACGTCTTCTTTTTCCACG
ATGTTCCTCGTGGGTGGGGGTCCATCTTTGGNACCACTGTCNGTAGAGGCATCTTGAACGATAGCCTTTCCTTTATCGCAATGATGGCATTGTAGAG
CCATCTTCCTTTTCTACTGTCCCTTNNNATGANTGNCNNNNNCTGGGNAANGGAATCCNANGNAGGTTNCCCGANTNTTNCCCTTGTNAAAAGTNNN
NNNNNCCCTNNGNN

pSkI074 T-DNA
S.tuberosum gDNA
PGEM-T Vector
Supplementary Figure B.3: T-DNA capture of chocolate right border
T-DNA capture of chocolate right border T-DNA junctions identifies potato genomic DNA
flanking T-DNA right border sequencing on PGSC super scaffold PGSC0003DMB000000086 at
position 1030576.
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A

B
PGSC_Scaffold_86_ SP6_
TCTCCCATATGGTCGACCTGAAGGCGGCCGCGAATTCACTAGTGATTTGGTGGAGCACGACACTCTCGTCTACTCCAAGAATATCAAAGATACAGTC
TCAGAAGACCAGAGGGCTATTGAGACTTTTCAACAAAGGGTAATATCGGGAAACCTCCTCGGATTCCATTGCCCAGCTATCTGTCACTTCATCGAAA
GGACAGTAGAAAAGGAAGATGGCTTCTACAAATGCCATCATTGCGATAAAGGAAAGGCTATCGTTCAAGATGCCTCTACCGACAGTGGTCCCAAAGA
TGGACCCCCACCCACGAGGAACATCGTGGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCAAGTGGATTGATTAGGAACAAATATTTAGCCAACT
CAACATCAAAATGTATTGTAATATAAAAAAAGAAGTGATAATTTAAGTATATATATGTAAAGAGAACAATGGACAATTAATATATGAAACTTGTGTA
GAAACGATAATTTAGATTTGTTTTTGATCATTTACTCTAGAGAAAAGTATTAAAAAACACCCTCCTAAAATTCTTACAACAAAATTTATTAAGGTTT
TCCAATCCTCCCCAAAACCTAATTGGACCAAGGTAATTTAAAAAACCCACCCCCATTTTTAACCTTGAACTTAAACTTGAACCCTTAAAATTAACCA
CCCCTCCCTGCAAATACAATGAAGTGAAAAACACCCCCTAAATTCCCCCCCCAGGTTTAGGNGTGTTTCAAAATACCTCTCTCCAACTATNTAATTA
AAGAAAGTTCCAGTGGCCCCNTCACAAGAAGGTTTGGGAAGAACCACCCTTGGCCTTATGTTTTCATGTGTGTAATTAAACCTACAGAAAGGTGGTA
TTTCTTATAGGTTTTTAGGTTATATTCAAAATATAAAAGAAAAACCTTTTT
PGSC_Scaffold_86_T7
GCCGCCATGGCGGTTTCGGGAATCCCGATTGGTCCACCCCTGCTCAAACGTCATTTCCGAAATTATATTGAGTATATTGTTGTTATTATTGAGACTA
AAAGTATCAAATCATAACATACCATAATTTGTGTATCTAAATGAAAATTTATTAACAAGCTTTTAGAGACTATAAAATTTATTAACAAGCTTTTAGA
GACTATATATCTATGATATATGAACTCATTCTAACTATATAGTATATAGTTTCTTGTATTCCCTTCTTACATTATTTTTGTTTGTTTTTGGTATTTT
TGGGGTCCCAAGACATATAAGAGAAACAAAGTTAAAAAAGAAAAAAAAAAAAAACAGCCTTTTCTTTTCTTTTATTTCTGTCTATTTCATTGTCCCT
CCACTACTGAAACCATGGGGACCCAAAAAGATGTAAAATAAATAAAAGAAGAAGAAACACTGCAACTGTAAAAAATCTACAGTGTCTGTTTGACCCT
CCATTAACACGGTTCCAAATTTAAACCAATATTATGTTTCAAAACGTTTCGCCTAATTTTTTTTCTTTTACTATAAGGGTTAAATTTAAATTGTTCC
GTAGGAAACCCTTAACCATACCCCTGTTTGAGGAGGGCCCCGTTTAATTAACCANCTGGTTTTTATTGATAGGCCAATATTGGATGAAAGTTGTTAT
TTGTAAGGAATGGGTAATTTTACCCACAAGGTTAATTTACTTAAAACCATTTAAAACCCCTTGAACTTGACCCCAACTATATATTCCCCTATTGGAA
ATTAACCAAACTTAAAAATCCCTTCGAATTTTTTNTTAAATTTCAGNGGTCTCACACTTTGTTGGACCTTGAACACTTTNTTTTTTTTAAAAATTTT
TT

T-DNA RB Primer
pSKI074 T-DNA
S. Tuberosum gDNA
Genomic Primer St_Scaffold_86_1
PGEM-T Vector

Supplementary Figure B.4: Genomic PCR confirmation of T-DNA position in superscaffold
PGSC0003DMB000000086. Genomic PCR from T-DNA right border produces a band of
expected size (A) and DNA Sequence (B) matches expected location of the
PGSC0003DMB000000086 superscaffold in chocolate mutant Solanum tuberosum cv. bintje.

78

`

Appendix C. Supplementary microarray expression data
Transcript levels for enzymes involved in phenylpropanoid biosynthesis and starch and
sucrose metabolism were plotted on metabolic maps to characterize metabolic processes
occurring in the chocolate tuber skin tissue. Transcript levels suggest increased synthesis of
caffeloyl acids is up-regulated (Supplementary Figure C.1) and starch synthesis is downregulated (Supplementary Figure C.2).

Supplementary Figure C.1: Phenylpropanoid pathway transcript expression
Microarray expression levels of differentially expressed phenylpropanoid pathway metabolic
enzymes relative to wildtype. Precursor enzymes for lignin biosynthesis are down-regulated
while precursors for caffeoyl acids are up-regulated. Green boxes indicate up-regulated transcript
levels of enzyme while red boxes indicate down-regulated transcript levels.
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Supplementary Figure C.2: Starch and sucrose pathway transcript expression
Microarray expression levels of differentially expressed starch and sucrose metabolic enzymes
relative to wildtype. Precursors for starch synthesis are down-regulated while enzymes producing
monosaccharides such as D-glucose and UPD-xylose are increased. Green boxes indicate upregulated transcript levels of enzyme while red boxes indicate down-regulated transcript levels.
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Appendix D. Supplementary LysM RLK bioinformatics
LysM RLK candidate (Supplementary Figure D.1) was investigated by bioinformatics
characterizations. Putative potato gene expression data suggests the transcript is expressed
primarily in tubers, stolons and leaf petioles (Supplementary Figure D.2). The potato genome
contains 20 LysM domain containing proteins which form 5 main groups based on number of
LysM domains, presence and activity of protein kinase domain (Supplementary Figure D.3).
A Phylogenetic tree of eudicot othologs of S. tuberosum candidate gene
PGSC0003DMT400015591 was built from full length protein sequences of closest identity
(Supplementary Figure D.4). The candidate LysM proteins of potato are most similar to
orthologs found in Medicago, Glycine, and Arabidopsis. Gene expression of Arabidopsis LysM
RLK ortholog AT2G23770 was investigated through Genevestigator software. Expression of the
Arabidopsis LysM RLK is correlated with expression of pleiotropic drug resistance protein 12
(AT1G15520) which is also highly expressed on the POCI microarray (MICRO.2909.C4).
Hierarchical clustering of genes with correlated expression with Arabidopsis LysM RLK
ortholog is concentrated in root cortex, root endodermis, lateral root cap protoplasts and guard
cell protoplasts. This is consistent with potato expression data.
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Supplementary Figure D.1: LysM RLK protein sequence and domains
InterProt scan using Geneiousv5.6 software identifies serine/threonine protein kinase catalytic domain located at amino acids 344-610
(red), a transmembrane domain at amino acids 259-281 (yellow), two LysM domains at amino acids 117-168, 182-226 (green) and a
signal peptide at amino acids 1-27 (grey).
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Supplementary Figure D.2: LysM RLK expression patterns in S. tuberosum
Relative expression of LysM RLK (PGSC0003DMT400015591) in potato. Gene expression is highly expressed in tuber and leaf
petioles via BAR Potato eFP browser.
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Supplemental Figure D.3 Protein sequence alignments of candidate RLK kinase domains with other kinases.
ClustalW2 was used for the alignment. LYK1; at3g21630; CG+4, PGSC0003DMT400015592; CG+5, PGSC0003DMT400015590;
CG+6, PGSC0003DMT400015591; CaMK1, Ca 2+ /Calmodulindependent protein kinase I (NP_003647); PKA-ca, PKA catalytic
subunit alpha-form (XP_002761879). ATP binding residues are absent in catalytic domain of CG+4, CG+5 & CG+6, however, the
catalytic site is conserved.
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Supplementary Figure D.4: The predicted family of potato LysM proteins
The potato genome contains a predicted 20 LysM domain containing proteins which group in to
5 main types. Group 1 proteins contain 3 LysM domains, but no catalytic domain. Group 2
proteins contain a single LysM domain, with no catalytic domain. Group 3 proteins contain one
LysM domain and an inactive catalytic domain. Group 4 contains two LysM domains and an
inactive catalytic domain. Group 5 proteins contain 3 LysM domains and an active catalytic
domain. The candidate genes belong to group 4 (boxed).
85

`

Supplementary Figure D.5: Phylogenetic tree of eudicot othologs of candidate gene
A rooted tree built from a ClustalW multiple sequence alignment using full length protein
sequences of closest identity to S. tuberosum candidate gene (PGSC0003DMT400015591). Vitis
vinifera (CBI26350); Ricinus communis (XP_002517029); Populus trichocarpa
(XP_002311653); Medicago truncatula (XP_003613904); Glycine max (XP_003518770);
Arabidopisis thaliana (NP_180916); Arabidopsis lyrata (XP_002881290); Eutrema halophilum
(BAJ34613); Citrus sinesis (ACP20180); Carica papaya (ABS32233); Malus domestica
(AEJ72568); Phaseolus vulgaris (ADQ74920); Prunus persica (AAT70497); Capsella rubella
(ADQ37394); Linum usitatissimum (AFN53707); Cucumis sativus (ACV92104); Manihote
esculenta (ABK58142); The candidate LysM proteins of potato are most similar to orthologs
found in Medicago, Glycine, and Arabidopsis. Full length protein sequences were obtained from
NCBI databases.
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Supplementary Figure D.6: Genes with correlated gene expression with LysM RLK
Correlated gene expression of Arabidopsis ortholog AT2G23770 of potato LysM RLK PGSC0003DMT400015591. Genevestigator
shows expression of Arabidopsis pleiotropic drug resistance protein 12 (AT1G15520) correlated with LysM RLK expression.
Pleiotropic drug resistance protein 12 is also highly expressed on the POCI microarray (MICRO.2909.C4).
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Supplementary Figure D.7: Location of genes with co-correlated expression of LysM RLK
Hierarchical clustering of co-expressed transcripts of Arabidopsis ortholog AT2G23770 of
potato LysM RLK PGSC0003DMT400015591. Gene expression is concentrated in root cortex,
root endodermis, lateral root cap protoplasts and guard cell protoplasts.
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Appendix E. Supplementary RT-PCR sequence data
Primer sequences and RT-PCR products for determining LysM RK candidate
(PGSC0003DMT400015591) expression levels are contained in this appendix
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actccatcatattatataCACACACATCTCTCCTTCAACCAAAACCAAGAAAATGATAACAAGACCAATATTTGTTT
TTTCACTTCTCTTATTCTTATCATTCATATTCAACCAAAACATAATATGTTATGCACAAGAGCCACCAAGCATCACA
GGATATACTTGTAATCCTAACCAATTCAATCCATGTCAAACTTATGTGTTATACAGAGCTAGAGGACCAGACTTTCT
TGATTTAGCCTCAATTGGTGATCTTTTTTCAGTAAGTAGACTAATGATAGCAAACCCTAGTAATATTTCCAACCCAA
ACACAACTCTTGTTAATGATCAACCCCTTTTTATCCCCATCACATGTTCTTGTAACAACATCAACACAACATATGGT
AGCATATCTTATGCTGGCTTTAACTACACTTTCAAATCAGGTGACACTATGTATGGTATATCAACATCTAAATACCA
AAATCTTACTACTTATCAATCTGTTGAGGCTGTTAATCCCACAGTTGTAGCAACCAACATTGATGTAGGCCAGACCA
TAAAATTCCCAATTTTTTGCAAGTGTCCAAACACGACACAAAATCAACCAAGACTACTCATAAGTTATGTTTTTCAA
CCTAATGATAACATTTCTTCTGTCGCCTCAAGATTCAGGGTAACCCCACAATCTATAACACAAATTAATGGAAATAA
CACCAAGATTCTTGATACCCTTTTCATCCCTCTTTCTAATCTACCTAATCTTACACAGCCAGCATCTTCAAACACCC
CACCCCCACCCCCAGCACCAGCACCAGTAATTCAAGAAAATGACAGAAAAGAGACTGTCATAGGGTTAGCAATTGGT
TTAGGGGTTTGTGGGTTGCTGTTGATTTTGATTCTTGGTTTGTTTTACAAGGAGAAAACAGTAAAGAAAGAAAAGTA
TGGTGATGTAGAAAGGCAAAAAAGTTTGTATCTTGGATCAAAAAAGAAGTCTTTTGTTGATAAAGATGTTGAAGTGA
ATTTGTTGGCTGATTTATCAGAGTGTTTGGATAAGTATAAAATGTATAAAATGGTACAACTTTGGGAAGCAACAAAT
GGATTTGATGAAGGGTGTTTGATTCAAGGGTCTGTGTTTAAAGGAACAATTGATGAAGAAGTGTTTGCAATCAAAAA
AATGAAATGGAATGCCCGCGAAGAACTCAAAATCCTGCAAAAGGTaaaaaaaaaaacgttacgtaaaattctgcata
tatacgtatccactgcagaattgcttttgtgtactactagtaaaaatcattttattaaggataacatgaacacttta
aagttaaattgttactggatagaatatatgtcattcttttcacctttttttgtttgtgtaggtGAACCATGGGAATT
TGGTGAAGCTAGAGGGTTTTTGCATAGACCCTAAAGAAGCAAATTGCTACTTAGTCTATGAGTATGTTGAAAATGGT
TCACTACATTCTTGGCTTCACGGTGAAAAACCTGAAAAATTGAGCTGGAAAACAAGACTAAGGATTGCCACTGATGT
TGCAAATGGTCTCTTATACATTCATGAACATACAAGGCCAAGAGTTGTCCACAAAGACATCAAGAGTAGCAACATTC
TCCTAGACTCCAACATGAGAGCCAAAGTTGCCAATTTTGGTCTAGCTAAATCAGGGTGCAATGCTATAACAATGCAC
ATTGTAGGTACTCAGGGGTACATCTCCCCTGAGTACCTCACTGATGGGGTTGTATCCACTAAAATGGATGTTTTCTC
ATTCGGGGTTGTGTTGCTCGAGCTTGTGTCAGGGAAGGAGGCTATCGATGATGAAGGGAAAGTCTTGTGGGCAAAAA
TTAGCGATTTTTCTGAAGGGAGTGAAGAGAGGAAGGTGAGGAAATTGCAAGAATGGATGGATGAAAGTCTATTGAGG
GAAGAATTAACAATGGAAAGTGTTGTGAATGTGATGACTGTGGCTATTTCATGTTTGAATAAAGATCCTTCAAGAAG
GCCAGGGATGATTGAAATTGTGTATGCCTTATCTAAAAGTATTGATCTATTTTCTGATGTTTCAGAGGAAGGACCAT
CTCCAAGGCAAGTCACAGCAAGATAGACTACATAATAGTACTTGCATATTATGTAAAGTTGTTTTGAAGTGGAGTAG
CATTTTGTGTTTTGAGGTTTGTACTTTACTTTAAAGTTTGCTTCTATATAAGTGTAATATTACTCCTATATTATCTT
TTCTAGTAGTAGTGGTAAATCCAATTTCGAATAAGAGCATGTTTAAGGTTGTTCTAGTGGAATATATATTAGTACCA
CATAAGACACTTGTAATGAATTTATCTTTATGTTATGTTGCTTGGATTCTTCAAAAAtgatcttgcacttg
Intron
Exon
Target
Set 1 Primers
St_LysMRK_DF_1.1f
St_LysMRK_DF_1.1r

5’-TAC ATC TCC CCT GAG TAC CTC-3’
5’-CCC ACA AGA CTT TCC CTT CAT C -3’

Set 1 Product
TACATCTCCCCTGAGTACCTCACTGATGGGGTTGTATCCACTAAAATGGATGTTTTCTCATTCGGGGTTGTGTTGCT
CGAGCTTGTGTCAGGGAAGGAGGCTATCGATGATGAAGGGAAAGTCTTGTGGG
Product spliced: 130
Product unspliced: 130

Supplementary Figure E.1: RT-PCR primers and products of LysM RLK candidate gene
PGSC0003DMT400015591
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CAATAGCCCACAAAATTGCTCTCAAATTCACCAGGGTCAATTTCGTCCCAGAAAAAGTTACAAACAGATATTATAAC
AGGGGTAATTTGGTCCAAATTAAATCACCTACCACCACCCTAACCACCCCTTCCAGTAGAAATACTCGGCTTTTTTC
ACCAATCTCTGTGTCAAAAGGAGCTGCCGGAACCGGAGCAGGTGAAGAACCCGAGCTGAAAACGATCCCGATCGGAG
ATCCAGTAAGCTCAGTAGATATGGCGCCTCATGATCCGATTCTTAAAGACGAACGTATCGCTGGGATTGCTTCTGCT
ATTCGGGTCATACCCGACTTTCCTAAACCAGGtacctacttcttcttcctctacttcgaatgattctggtacttgta
gcagtagaacttgtgtttttttttggtttttgtgttaacggaatgagtactttgctgtgtggtgattttttattttt
ttttggcaggGATCATGTTTCAGGATATAACGACTTTGCTACTTGATCCTAAGGCGTTTAAGGACACTATTGATTTG
TTTGTTGAGAGATATAAGGACAAAAACATCAGTGTGGTTGCAGGTcagttctttgtttctgaatttgtaatgcgcct
gaactgtttcattttgaagttattagtttaaaggatagttaatttcaagctttagaagctgagatttgaagatctag
gagttatgctatgaatactacaccatctgatgttttaggttgctaggttctctatttaacagcattttatgtgtagc
ttaaaaggaaaacacggtcgtttggtagagtgtataagaatagtgctgaatatgatgtattaataatgcttgtatta
gttatacgtaggttgaaaaagagtattaaacatagtattagtagtacacaaagctaatgcatgctatattttttcta
gacccctaaaggctatacctttgttttaaaattcaggcaccatcttttagaaaagcaaaatgttgctttctatagtt
agatttatgatactttgagcatctaacccaatggaatagccctagataactataaactcttttgtaagcacttggac
aatgtgggcaactatataactcaacatgatactacaagcttcagatttgtaaacttttatattaataaacggaaaaa
gaagaagaggttcattttcttgtgaccaacacttcatcctttttgtagttttaccattatcatacctaatcttgtga
ttacagaactggaaactcatgtgttcagttgaacacctcatataagtacttaagacaggcatgataacttgattttt
ataatcatataatgtggctggagaactctcttttggagggtttcttgcttgttaatttttgggagttggggacagta
tctctgctggtaacactgaccaagagtaaccaatctcttcaactctccaacatttgacttcagttgcaaatataaaa
tgaaaaatgcaaatgtaatttgatggatatggggtgaaccttaagcatttttacgtggtcaagtttagattattctc
gaattttatagatgaacatgttaacctgtgtaaagtacgaagcaacatgcaacaaagaatggtaagacttcaatttg
gaatagggattggtgatgcatagctgtcagctgagatatgcgccataaatctaaaatgtgcagacatgtggaaattt
tatttctaacagcacaattggatcaagctagaccatgttggcaaatatggatgagtttatttaatgacaatttctca
catttttgaagagaatactcttctccttcacatgcccacaagaagttaaaagaaaataaaacaaaataacatgtatt
tccaattgtggaccatgcttccatcggtggagattatagaatatttgagttcccaagtacagctggtaaaaggtgcg
tgagaaggaaatataaagctcattttaattttttcaatagttaggttcaagaaatatgaaagaaaacaatactcacc
ctccctcttcagtgttgccttcttcttatgaatgagataccactccgaagttctagatccctgattcattggaaatt
cagagggtttatattgtgtattcatgagttcctagtaaccaaggctagggtgtagccatttcctgttttgatgctcc
tttttagcatgtttgactctaaatattgctctcataggtgataaaccccacatttgttctggaaaattaactttgag
catgtggtaatggtctacttcaggtATTGAAGCAAGAGGTTTTATCTTTGGTCCTCCCATTGCATTGGCTATTGGAG
CAAAATTTGTCCCCATGAGGAAACCCAAGAAGTTACCTGGtaagctttatcactatttttctgccttttcatgtcag
tgggagttgtatttttcttgcatgtgcggtttgtttgttgttgtgtttgattgttgctcgagcatgggggagggggg
cggtggaggaagaaaatgtaatcacatcaaggaacattgagacatgcttatctagtttcaaaataaaaagaaactga
gaacattcaagcagcttaaaacagggtctcatgcaatgcagctgaattccgtggaaaatttgaaaacttcaaggcta
agataaatataaaaagaaacaagtagtatccagttcaaagtaaatgactagatgcattttgtgcatgtttatatact
cattcttagggcccgtttggccatgtgatatggtatcatgatatggaatcatgagatgaaattgaagttttgtttgg
acatgcgatatggaatttttgtgttgtatattttctcataaacataaaaatctcataagttgtaaagctattaaaat
aactccaattgtttattcaatcttatcaaataaacaaaaatttataaaatcgcataataaattattacaaaggtatt
tgttttcctcttaagtaattgtttcatctaactttaatttaataaaaaaaaattgaacataaattgtagtgtactag
tctttaatataatcctcccacaagtacgaacaatttcctcacgttaaacttgcatttctcgatcatgtgaccgcgaa
gacgaaccaacattgttactttgagccatttgttggtcaatatcatccgcaactatattttcatgctcatagaccat
aaatatttcatcactttaacttacaatcactttaacaatcggttggtgtaagttaaagtgactataggttggtgaga
ataataaattttaaaaagtaatgatgggattataaattttatcgacttatgaaataaatggttagtagatataaatg
tggggttgttttaacaaaatataaactcgtggatcaatttttgtattagaatatctcaaatcatgatatggaattac
catataattctatatcatgatttttggagaatatggaatcacatctcatgatatggaatcatgatatggaatcagcg
taaaatcacatgtccaaacgctgattccatctcacgataccatatcgtgatatggtatcgcatggccaaacgcctac
ttagttcacatcttgcttttcctgtccagtccagcattcagttttaggtagttctatcatcatctttatgtgtttaa
cttagtaatgttagttgtactagtgaggaacaataagagcacaagataagctttgaactgggatgcaacttaataat
ggtgaatacactgtcaatatcaaatttttaagatcaggctgagactcttgactagacaaattgattagatccatttc
ctgttcagtgaataaaatcattgggtcttttatgactctgcttgcttgtatgtactacgaaggtcaaaagtgaaaac
tgatcatttctgttgtttattgcctcacctccataattcatgatgaaactcaatgagataatccatgaatgttagtt
cttttggcattgcaatgcacaaggcttcactcttctgcttttcccattttctcaggGGAGGTTATTTCAGAAGAGTA
TTCTTTGGAGTATGGAACAGACAAGATGGAGATGCATGTAGGTGCTGTGCAAGCTGGTGAACGTGCCCTCGTGGTAG
ATGATCTAATTGCGACTGGAGGGACTCTAACTGCTGCGATTAGGCTTCTTGgtactttacctttattcagttctaat
cttctgaaagatatcctagttggttgaaaagcccattcactgttatccagttctttatattctactaaacctgtctt
tcctgttcttaagacacaagatgagtaacatcataagctatctgttagataaccacgagagagaaaccttttattta
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ttagatgtttgaccacgccttttgcttccaactatttgaaaacacaacatgatcttttggaacttcgtggagaggac
gacttgtgtgagttgtaacattggagtttcaatttcttaaatttgtttatcttgctttttcttcacagAGCGTGTTG
GAGTTGAGGTATTCGAGTGTGCATGTGTCATTGAGTTGCCAGAATTGAAGGtatgccagcatttctattgttgatat
aatcagctaatagttcttgattttcacaccccattgctgggttttctgagcacgatattgctaacagactattgggc
ttgtgagtgcatatcatctatttatctttgattacaagcttaatcttctatcccaaattattttcttttctgtctac
taaggggtagtcgatatagttttctgccccatcatgtgttattcctgttccaatatgttatactagtttatttttcc
ctaattcatattttctgtttatgtttgttttaattcaggGCCGGGAACGCTTAGGAGATAAGCCACTGTTTGTTCTT
GTGAGCTGAACCTGATCTTCAATTTGGTAAGGCTCTGGACAGAGAGCTTCATTAAGATGGAATTGTTTCGTAGTGTG
ACATTTTGGAGAGGATATATCTCATTTTTATTAAAACCATTGCCAATTCTGGCGTTCTTGTGTGGATTGAAATAAGC
CCTTCTTAGGTGCTTTCAGTTTAATTAGCTGTTCTAAGAGATATGTTCTCAATGAATTAAGTCCAATTTCTATCGTC
GTTGTTGTAGTTTTAATCTCTTTTGAGCCATTCATTTGTCCGTGGTCCATATGTGCAAATCTTGTATTCTGGCCGGT
GGATCACCTGGTGCATTGTAGTGGGAACAATGTATTTCCAGATAAATGATGTTTGGCCATTAGCATTACTACTGGTG
CTGTGCATAAAATCTGCATAAGAAAACAACTAAGCCTTGCCCTGTAGGCTGTGATTTAA

Intron
Exon
Set 1 Primers
St_APRT_DF_1.1f
St_APRT_DF_1.1r

5’-GATCTAATTGCGACTGGAGGG-3’
5’-CTTATCTCCTAAGCGTTCCCG-3’

Set 1 Product
GATCTAATTGCGACTGGAGGGACTCTAACTGCTGCGATTAGGCTTCTTGAGCGTGTTGGAGTTGAGGTATTCGAGTG
TGCATGTGTCATTGAGTTGCCAGAATTGAAGGGCCGGGAACGCTTAGGAGAT
Product spliced:
130
Product unspliced: 735
Set 2 Primers
St_APRT_DF_1.2f
St_APRT_DF_1.2r

5’-CCCATGAGGAAACCCAAGAA-3’
5’-CCCTCCAGTCGCAATTAGATC-3’

Set 2 Product
CCCATGAGGAAACCCAAGAAGTTACCTGGGGAGGTTATTTCAGAAGAGTATTCTTTGGAGTATGGAACAGACAAGAT
GGAGATGCATGTAGGTGCTGTGCAAGCTGGTGAACGTGCCCTCGTGGTAGATGATCTAATTGCGACTGGA
Product spliced:
147
Product unspliced: 2974

Supplementary Figure E.2: RT-PCR primers and products of ADENOSINE
PHOSPHORIBOSE TRANSFERASE reference gene (PGSC0003DMT400055447)
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Appendix F. Supplementary cloning sequence data
Transcript sequence and primers for candidate LysM RLK (PGSC0003DMT400015591)
cloning are found in this appendix.
CACACACATCTCTCCTTCAACCAAAACCAAGAAAATGATAACAAGACCAATATTTGTTTTTTCACTTCTCTTATTCT
TATCATTCATATTCAACCAAAACATAATATGTTATGCACAAGAGCCACCAAGCATCACAGGATATACTTGTAATCCT
AACCAATTCAATCCATGTCAAACTTATGTGTTATACAGAGCTAGAGGACCAGACTTTCTTGATTTAGCCTCAATTGG
TGATCTTTTTTCAGTAAGTAGACTAATGATAGCAAACCCTAGTAATATTTCCAACCCAAACACAACTCTTGTTAATG
ATCAACCCCTTTTTATCCCCATCACATGTTCTTGTAACAACATCAACACAACATATGGTAGCATATCTTATGCTGGC
TTTAACTACACTTTCAAATCAGGTGACACTATGTATGGTATATCAACATCTAAATACCAAAATCTTACTACTTATCA
ATCTGTTGAGGCTGTTAATCCCACAGTTGTAGCAACCAACATTGATGTAGGCCAGACCATAAAATTCCCAATTTTTT
GCAAGTGTCCAAACACGACACAAAATCAACCAAGACTACTCATAAGTTATGTTTTTCAACCTAATGATAACATTTCT
TCTGTCGCCTCAAGATTCAGGGTAACCCCACAATCTATAACACAAATTAATGGAAATAACACCAAGATTCTTGATAC
CCTTTTCATCCCTCTTTCTAATCTACCTAATCTTACACAGCCAGCATCTTCAAACACCCCACCCCCACCCCCAGCAC
CAGCACCAGTAATTCAAGAAAATGACAGAAAAGAGACTGTCATAGGGTTAGCAATTGGTTTAGGGGTTTGTGGGTTG
CTGTTGATTTTGATTCTTGGTTTGTTTTACAAGGAGAAAACAGTAAAGAAAGAAAAGTATGGTGATGTAGAAAGGCA
AAAAAGTTTGTATCTTGGATCAAAAAAGAAGTCTTTTGTTGATAAAGATGTTGAAGTGAATTTGTTGGCTGATTTAT
CAGAGTGTTTGGATAAGTATAAAATGTATAAAATGGTACAACTTTGGGAAGCAACAAATGGATTTGATGAAGGGTGT
TTGATTCAAGGGTCTGTGTTTAAAGGAACAATTGATGAAGAAGTGTTTGCAATCAAAAAAATGAAATGGAATGCCCG
CGAAGAACTCAAAATCCTGCAAAAGGTGAACCATGGGAATTTGGTGAAGCTAGAGGGTTTTTGCATAGACCCTAAAG
AAGCAAATTGCTACTTAGTCTATGAGTATGTTGAAAATGGTTCACTACATTCTTGGCTTCACGGTGAAAAACCTGAA
AAATTGAGCTGGAAAACAAGACTAAGGATTGCCACTGATGTTGCAAATGGTCTCTTATACATTCATGAACATACAAG
GCCAAGAGTTGTCCACAAAGACATCAAGAGTAGCAACATTCTCCTAGACTCCAACATGAGAGCCAAAGTTGCCAATT
TTGGTCTAGCTAAATCAGGGTGCAATGCTATAACAATGCACATTGTAGGTACTCAGGGGTACATCTCCCCTGAGTAC
CTCACTGATGGGGTTGTATCCACTAAAATGGATGTTTTCTCATTCGGGGTTGTGTTGCTCGAGCTTGTGTCAGGGAA
GGAGGCTATCGATGATGAAGGGAAAGTCTTGTGGGCAAAAATTAGCGATTTTTCTGAAGGGAGTGAAGAGAGGAAGG
TGAGGAAATTGCAAGAATGGATGGATGAAAGTCTATTGAGGGAAGAATTAACAATGGAAAGTGTTGTGAATGTGATG
ACTGTGGCTATTTCATGTTTGAATAAAGATCCTTCAAGAAGGCCAGGGATGATTGAAATTGTGTATGCCTTATCTAA
AAGTATTGATCTATTTTCTGATGTTTCAGAGGAAGGACCATCTCCAAGGCAAGTCACAGCAAGATAGACTACATAAT
AGTACTTGCATATTATGTAAAGTTGTTTTGAAGTGGAGTAGCATTTTGTGTTTTGAGGTTTGTACTTTACTTTAAAG
TTTGCTTCTATATAAGTGTAATATTACTCCTATATTATCTTTTCTAGTAGTAGTGGTAAATCCAATTTCGAATAAGA
GCATGTTTAAGGTTGTTCTAGTGGAATATATATTAGTACCACATAAGACACTTGTAATGAATTTATCTTTATGTTAT
GTTGCTTGGATTCTTCAAAAA
5’ Primer: St_LysMRK_SpeI:
3’ Primer: St_LysMRK_NheI:
5’UTR
Start Codon
Transcript Sequence
Stop Codon
3’UTR
Primer
RE sequence

5’-ACTAGTCACACACATCTCTCCTTCAACCA-3’
5’-GCTAGCCAAGTGTCTTATGTGGTG-3’

Alternate restriction sites in primers for cloning were used as PGSC0003DMT400015591
transcript contains BstEII/NcoI restriction site within sequence.
Supplementary Figure F.1: LysM RLK PGSC0003DMT40001559 transcript
Annotated transcript sequence of candidate LysM RLK PGSC0003DMT400015591 from
Solanum phejuera.
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Appendix G. Identified developmental mutants

Greenhouse screening of the activation tagged population have identified several
interesting candidates. Supplementary Table G.1 presents line numbers and phenotypes for
mutants presenting abnormal developmental traits or qualities. Supplementary Table G.2
presents mutants identified as having altered resistance to the late blight pathogen Phytophthora
infestans

Supplementary Table G.1: phenotypes of activation tagged lines identified in population
Line ID

Line Alias

112

tuber

Fibrous root system, increased tuber mass

Associated Phenotype

126

twiggy

Increased branching and flowering

696

basil

Dwarf plant, waxed leaves

1512

rosie

Long spindly stems, dwarf compound leaves

2171
2773
3266

chocolate
hankie
hyper

Dark pigment accumulation in tuber periderm
Thick leaves
Overactive hypersensitive response, susceptible to blight

4005

waxy

Thick cuticlular wax deposition, slow growth

4312

buttercup

Small apically dominant leaves

9496

glossy

Cuticular wax deposition, cracking of tuber skin

9536

longhorn

Long stemmed mutant

10065

waxy2

Cuticular wax deposition

10138

bushy

Numerous and small tubers

Supplementary Table G.2: Activation tagged lines with putative resistance to late blight
6655

5743

4062

3163

6500

5210

4053

2397

6310

5203

3272

2110

6191

5080

3211

1563

6008
5763

4850
4458

3188
3175

138
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Appendix H. Late blight screening results
Late-blight screening was pursued by detached leaf assay screens to characterize extent
of disease resistance within a subset of the activation tagged population previously identified as
having altered response to late blight infection. Scoring of infection status used visible
identification of fungal hyphae as first sign of infection. Coverage of late blight infection on leaf
tissue (Supplementary Figure H.1), days to visible infection (Supplementary Figure H.2) and rate
of infection spread (Supplementary Figure H.3) were characterized by detached leaf assay
methods. For additional methodological details see Supplementary File 4 (Nathan Putnam 537
thesis). Overall, the most promising candidates include lines 6500, 4850, 3211 and 2397.
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Supplementary Figure H.1: Leaf coverage of late blight infection
Percent lesion coverage for leaves from infected samples from candidate resistant lines 7 days
after infection with 2x10^2 zoospores/ml late blight inoculate. WT from each planting is
displayed to the immediate left of samples from its planting group. Vertical lines represent
standard deviation.
Difference in % lesion coverage was significant for lines 3272, 3211, 3175, 6500, 4850, 2397,
6655, and 5080. (ANOVA, df=1, n=5, fWT:3272=14.56, pWT:3272=0.005, fWT:3211=14.76,
pWT:3211=0.005, fWT:3175=11.17, pWT:3175=0.01, fWT:6500=19.25, pWT:6500=0.002,
fWT:4850=48.97, pWT:4850=0.0001, fWT:2397=25.38, pWT:2397=0.001, fWT:6655=23.72,
pWT:6655=0.001, fWT:5080=21.05, pWT:5080=0.002).
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Supplementary Figure H.2: Days to visible infection
Days from initial exposure to 2x10^2 spores/ml late blight inoculate until infection visible on
samples from candidate resistant lines. WT from each planting is displayed to the immediate left
of samples from its planting group. Vertical lines represent standard error (95% confidence).
Asterisks represent significant difference relative to WT.

The delay in initial observed infection was significant for lines 3211, 6500, 4850, and 2397
(ANOVA, df=1, n=5, fWT:3211=7.54, pWT:3211=0.025, fWT:6500=40.00, pWT:6500=0.0002,
fWT:4850=42.67, pWT:4850=0.0002, fWT:2397=16.00, pWT:2397=0.004).
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*

Supplementary Figure H.3: Progression of late blight infection
Days from initial exposure to LBI until 90% lesion coverage for leaves from infected samples
from candidate resistant lines. WT from each planting is displayed to the immediate left of
samples from its planting group. Vertical lines represent standard error (95% confidence).
Asterisks represent significant difference relative to WT.
Line 2397 showed a significantly longer time from initial observed infection
until complete leaf coverage (ANOVA, df=1, n=5, p=0.02, f=8.0).

98

`

Appendix I. Supplementary 454 sequencing methods and results
Locations of T-DNA integration in developmental and late blight mutants were pursued
by combining sequence capture methods and high throughput sequencing technologies. The 454
platform was chosen for its relatively long sequence read capabilities (~800 bp) and flexible
sample barcoding methods. This strategy will help identify T-DNA-genomic junctions and
localize positions of T-DNA integration within the potato genome. Sequence capture methods
compatible with library preparations requirements of the 454 platform were developed for the
activation tagged population. Two library construction strategies were employed (detailed
methods and figures are available in Supplementary Files 5, 6 and 7).

Briefly, the first method used acoustic based technologies (Covaris, Woburn,
Massachusetts) to shear genomic DNA to an average fragment size of 500 bp. A total of 34
activation tagged lines belonging to the late blight resistant and developmental mutant classes
were selected for sequencing, sheared to an average fragment distribution of 500 bp. Damaged
DNA ends of fragmented samples were end repaired and ligated with known adapter sequences.
Sequence-capture methods were employed using bioinylated probes (Probe Array 1-5 and Probe
RB) specific to T-DNA right and left borders to capture T-DNA genomic junctions
(Supplementary Table J.1). Following sequence capture, linker mediated PCR with primers
containing a unique 6 nucleotide barcode sequence at the 5’ terminus were used to tag each
sequencing

pool

with

a

known

identifier
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As no information is known about T-DNA integration within our population, there is
uncertainty as to how much vector sequence is present. To combat the possibility of extended
vector sequence being present and obscuring genomic information, 6 samples belonging to the
developmental mutant grouping of activation-tagged mutants were chosen for alternate library
construction method. These samples were sheared to 2 kb in size, followed by linker ligation,
sequence capture, and post-capture amplification through linker mediated PCR (methods
available in Supplementary File 5). Amplified products were then resheared to an average size of
500 bp to conform to size requirement for 454 sequencing. A method for parallel tagged
sequencing on the 454 platform was used to individually tag each library with a known barcode
sequence (Meyer, Stenzel, & Hofreiter, 2008). Briefly, the 6 libraries were end repaired,
dephosphorylated and ligated with barcode linkers containing unique 7 nucleotide sequences
flanking an internal SmaI restriction site (Supplementary Table J.3). After ligation and
purification, equimoler concentrations of these 6 libraries were pooled and digested by SmaI.
This serves the purpose of providing free phosphate for subsequent ligation of 454 sequencing
adaptors. Only library fragments containing barcode sequences with a SmaI restriction site will
be digested to produce free phosphates required for ligation of 454 adaptors.

At this point, the two library preparation methods were pooled. The 34 libraries prepared
in method 1 were pooled in an equimolar ratio with the 6 libraries produced in method 2.
Quantitation of products for pooling was based on high sensitivity picogreen quantitation on the
Qbit platform (Life Technologies, Inc. Burlington, ON). As 454 sequencing produces results
sequences based on single molecules, small variation in template loading can have large impact
on read distribution. For the final step in library preparation, 454 RL sequencing adaptors
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(Supplementary Table J.4) required for sequencing on the 454 platform were ligated to pooled
library template. Methods, samples quantitation, and figures are available in Supplementary Files
5, 6, & 7). Following sequencing, 454 reads (Supplementary File 8) were separated by barcode
tags using Geneious V5.3 software (Supplementary File 9). In the distribution of sequence reads,
79 % of barcoded reads belonged to the 34 mutants produced with library 1 construction method
while 20% of barcoded reads belonged to the 6 mutant prepared in in the method 2 construction
method (Supplementary Figure I.1). This represents expected distribution for reads for pooling as
the 6 mutants prepared by library preparation method 2 pool should constitute ~15% of the total
pool population size of 40 lines sequenced in the pool.

Within the method-1 prepared pool, read distribution varied (Supplementary Figure I.2).
As 454 sequencing technology relies on reads from single molecules, minute variation in sample
pooling can cause large effects. Quantitation of samples by qPCR, rather than nanodrop or
picogreen, can normalize read distribution of pooled sequences. Read distribution was uniform
among samples prepared by method 2 (Supplementary Figure I.3)

454 reads containing T-DNA sequence (Table I.1) were mapped to locations in the the
potato genome and assessed for candidate genes involved in the mutant phenotype. The unique
barcode tags on each read were used to map sequences back to their mutant of origin. 454
sequence reads with no T-DNA sequence were mapped to potato genome (PGSC ScaffoldsV3.2)
using Geneious software (Supplementary File 9). Position and coordinates of clustering sequence
reads may reveal potential gene candidates involved in late blight resistance and observed
developmental phenotypes (Supplementary Files 10 & 11). Additional sequence capture was
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performed on method-1 generated sequencing libraries using left border sequence capture probe
P023 to validate their use for isolating further genomic location (Supplementary Table I.2).
Methods used follow methods supplied in Supplementary File 1.
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A

B

C

454 Sequencing
Total Reads

Method 1
0.5 kb Reads

Method 2
2 Kb Reads

5%

2%

21%

79%

Method 1 (0.5 kb)

Correct Tag

Tag cleaved

Method 2 (2 kb)

Corrupt Tag

Tag uncleaved

95%

0.5 kb pool
2 kb pool

11173
3030

98%

Correct Tag
Corrupt Tag

10600
573

Cleaved
Uncleaved

2980
50

Supplementary Figure I.1: Number of sequence reads and barcoded reads within 454 sequencing pool methods 1 and 2.
(A) Total number of reads by library construction method 1 and 2 (B) Library construction method 1 produced 95% of reads with
successfully tagged and identified in barcodes (C) Library construction method 2 produced 98% of reads with successful barcode
integration
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Line

112
1512
2171
3175
3266
4053
4458
5203
5743
6310
9496
10138

138
1563
2397
3188
3272
4062
4850
5210
5763
6500
9536
Corrupt Tag

112
138
696
1512
1563
2110
2171
2397
3163
3175
3188
3211
3266
3272
4005
4053
4062
4312
4458
4850
5080
5203
5210
5339
5743
5763
6191
6310
6500
6655
9496
9536
10065
10138
Corrupt Tag

69
2110
3163
3211
4005
4312
5080
5339
6191
6655
10065

# Reads
116
3
29
18
59
1238
163
14
14
487
69
981
1070
22
59
10
123
18
16
518
4
400
697
367
97
760
71
471
128
47
839
38
560
1094
573

% of pool
1.04%
0.03%
0.26%
0.16%
0.53%
11.08%
1.46%
0.13%
0.13%
4.36%
0.62%
8.78%
9.58%
0.20%
0.53%
0.09%
1.10%
0.16%
0.14%
4.64%
0.04%
3.58%
6.24%
3.28%
0.87%
6.80%
0.64%
4.22%
1.15%
0.42%
7.51%
0.34%
5.01%
9.79%
5.13%

Supplementary Figure I.2: Distribution of barcoded reads within library method 1
Distribution of barcode coverage spans several fold difference between pooled lines. Lowest
coverage in pooling was 0.04% of pool while highest coverage reached 9.7% of pool. Variation
is due to minute variation in template loading during pooling of stage.
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Line # Reads % of pool
112
273
9.01%
696
678
22.38%
1512
812
26.80%
2171
387
12.77%
3266
542
17.89%
5339
338
11.16%

112

696

1512

2171

3266

5339

Supplementary Figure I.3: Distribution of barcoded reads within library method 2
Distribution of barcode coverage does not exceed 3-fold difference between pooled lines
indicating fewer samples produce more even read distributions.
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Supplementary Table I.1: T-DNA breakpoints identified by 454 sequencing of activation tagged mutants
Position of T-DNA integration and putative candidate genes of identified T-DNA-genomic junctions, including line number, read ID,
sequence, and annotations.
Line

Read ID

Integration

chr08:30907000..30966999
6310

HCOPK1K08I97BN
PGSC0003DMB000000225:231560..271559

5763

696

HCOPK1K08JG7PH

HCOPK1K08JZYY6

PGSC0003DMB000000641:155999..195998

chr09:34165080..34265079

Sequence Read
GACTAGTACTACTATAGCACGCGTCACTGGTCGTCTTCTACTGATGTG
ATATCTAGATCCCCAACATGGTGGAGCACGACACTCTCGTCTACTCCA
AGAATATCAAAGATACAGTCTCAGAAGACCAGAGGGCTATTGAGTAGT
TAGAACGAACGAAGTGACGGGAACCGTTCGCGTTAAGTTACGGAACTT
GGGTCCCGGCGGTCCTACTTCCTAAAGGGGTCCAACCTTACCAAGGGG
GGTACTAAAAGGGGGACAGTAGAAAAGGAAGATGGCGTCTACAATAGC
ATCATGCGAGAAAGGAAAGGACGTATACGTTACAAGATAGCCTCTACC
GACACGTCGGTACCGAAACGAAGTACGGACCCCGAACCCCGAACCGAA
CGGAACGAACGTACGGTACGGGAAAAAGGAAAACGGAACGTTACCGTA
ACCCGTAACCGTACGTTACGTAAACGAACGTAACGTAGGTAGTTAGTA
GTAGTAGTAGTATACGTAGTACGTACCCAACCACGTAGGTAGGGAGGA
CGACGACCGACTACTCCGTCCTACCTACCTAACGTAAATAATAACAAA
CGAACTAACTAACGTACTACTAACGAACGAACGAAGGAGGACGTAGTT
ACGTAGTAAGAAGAACGAACGACGTAGTACGCGNGNGNG

GACTAGTACTACTATACTATCCGTCACTGGTCGTCTTCTACTGCGTCA
CTGGTCGTCTTCTACTGTTGGGGATCTAGATATCACATCAAATCCACT
TGACTTTGAACGACGTGGTGGGAACGTNTTCTTTTTCACGGATGGTTC
CGTCGTGGTGGGGTCCAAGTCTTTGGGACCACGGTGTCGGGTAGAGGC
ATCTTGAACGATAGCCTTTCCTTTATCGCAATGATGGCATTTTGTAGA
AGCCCATCTTCCTTTTTCACTGTCCCCTTTCGATGAGTGCAGATAGCG
NGGNATGANCGAGGCGGTTCCGTACTACTTACCTTTCGTTAGTAAAGT
ACTACATAGCCTCTCGTCGTTCTGTAGACTGTATTCTTTGTATTATTN
TTGTAGTAGAGAGAGTGTCGTGCTCCACCACTGGTTGGGTGTCTAGTA
TATCACATACAACTACAGTAAGAAGAACGAACCGACGAGACGGAGTAG
TAGTAGTAGGACGTGGTCGGTCGTCGTCTCGAGACGACACGAGGGAGG
AGGNGNNNNNN

GACTAGTACTACTATACGAGCCGTCACTGGTCGTCTTCTACTGTTGGT
ATAAACGATCCTTCCCTCGCGTTCGGCTATAGCAAGAGCCCCCGAATC
TAGAGCTGCTTGTCGTTCCAACCCAGTCCCAACAATGCATTTCTCGGA
GCGAGAAAGGGGAACTGCTTGACGTTGCATATTAGAACTCATTAAAGC
TCGATTCGCATCATTATGTTCGATAAAAGGAATGAGGGAAGCTCCAAT
AGAAAAATATTGAAAAGGAAAAATACTTCGAAGATGAACCTGTTCCCA
TGCAATAGTCAAGAATTCTTGACGGTATCTAGCTGGACAGTAGAAGAC
GACCAGTGACGTCCGACCACGTCTTCAAAGCAAGTGGATTGATGTGAT
ATCTAGATCCCCAACATGGTGGAGCACGACACTCTCGTCTACTACCAA
GAAGTATCAAAGATACAGTCTCAGAAGACCAGAGGGCTATTAGAGACT
TTTACAACAAAGGGTAATAATACGGGAAACCTCCTACGGATNNNNNN
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Annotations

Key sequence
RL 15 MID
6nt Tag
Barcode
primer
T-DNA RB
Potato gDNA

Key sequence
RL 15 MID
6nt Tag
Barcode
primer
T-DNA RB
Potato gDNA

Key sequence
RL 15 MID
6nt Tag
Barcode
Primer
T-DNA RB
Potato gDNA

Candidate

cf2.2/Hcr2-p3
PGSC0003DMT4
00083857

HSP20.1
PGSC0003DMT4
00044066

Helicase/SANTassociated, DNA
binding protein
PGSC0003DMT4
00045551

`

10138

Tag
Failed

Tag
Failed

HCOPK1K08JXSWP

HCOPK1K08JYF9E

HCOPK1K07H3Z9U

T-DNA only

chr12:32605980..32705979

chr12:53327729..53387728

GACTAGTACTACTATAGTATGCGTCACTGGTCGTCTTCTACTGGACGT
GGTTGGAACGTCTTCTTTTTCCACGATGTTCCTCGTGGGTGGGGGTCC
ATCTTTGGGACCACTGTCGGTAGAGGCATCTTGAACGATAGCCTTTCT
TTATCGCAATGATGGCATTTGTAGAAGCCCATCTTCCTTTTCTACTGT
CCTTTCGATGAAGTGACAGATAGCTGGGCAATGGAATCCGAGAGTTTC
CGATATTACCCTTGTGAAAATCTCAATAGACCCTCTGGTCTTCTGTAG
ACTGTATCTTTGATATTCTTGGAGTAGTACGAAGAGTGTAGTGGCTCC
ACCATGTTGGGGATCTAGATATCACNTCAGTAAGAAGAACGACCAGTG
ACGCATAACTATAGTAGGACTGGGTCGGCGTCTTCACAAGGCAACACC
GAAGGGGGAATAGGGNNNNNNNNNNNN

GACTAGTACTACTATACGTGGTTGGAACGTCTTCTTTTCCACGATGTT
CCTCGTGGGTGGGGGTCCATCTTTGGGACCACTGTCGGTGGAGGCATC
TTGAACGATAGCCTTTCCTTTATCGCAATCAGTGGAGAGTTCGACAAA
CACGTAGTACGTTCCGTTTTACGTCCTAGGTAAACCCCGTTTACGGAA
CTACCCCGAAATTTAGGTAACGGGAACGTAGGGTTTACGGGGCCGTTT
CGGGTTCCCTAACTAAGGGGGAACTACCCCGAACGGAAGGGGGGGGGT
TTTACCCGTAAGGGTATTACCCTTTGTTGAAAAGTCTCAATAGCCTCT
GTCTTCTGAGACTGTATCTTTGTATATTCTTGGTAGTAGACGAGAGTG
TCGTGCTCCACCACTGTTGGGTAGTCTAGTATATACACATACAACTAC
CTACCTTCGTCTTTGTAAGACGGTAGGGTTAGGGTAACGGTTACGTTT
CCTTTTTTCCTTACGTAGTTCGTTTCCGTTCCGGTTCGGGGGTTGGGG
GGTTCCGGTACGTTCGTTTTCGGGTTACCGGTACCGTACGGTTCGGGT
AGGTAGGGACGACTCTTTACGTAACGGAAGTAACGTACCGTTTTCCCT
TTTTACTTTACGTACAACTACTAGTAGAAGAGACGACAACGAGTAGTA
GGTCGGTACGGACGAACGAAACCGAACGAACCGAACCCAACGTAAGTA
AGGACGNGNGNGNGNGNG
GACTAGTACTACTATAGGAAAAGTCGCTGAAGCCGTTGACAAAGACGA
ACTCACCGTCGAAGTAACGTAATCTCCTCTCCGTCGCTTACAAAAACC
GTAATCGGCGCTCGTCGTGCTTCCTGGAGAATCATCTCTTCCATTGAA
CCAAAAAGAAGAGAAGTCGTGGTAACGATGACCATGTGGACCACGATC
CGTGATTACAGAAGCAAGATCGAATCTGAGTTATCGAAAATCTGTCGA
CGGTATTCTTAAGCTTCTTGATACCTAGACTTGTTCCTGCTTCTGTCT
AATGGGAGATTCCGTAAAGGGTTTTTTTACCCTTAAGTATGAAGGGGA
CGATTTATCAATAGGTATTTGGCTGAGTTTAAGACTGGTCAAGAGAGG
AAAGATGCTGATAGTAGGACTGGTCGCGTTCTCTCAAGGCACACAGGG
GATTAAGGTNNNNNNNNNNNTNNNNNN
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Key sequence
RL 15 MID
6nt Tag
Barcode
Primer
Potato gDNA
T-DNA RB

Key sequence
RL 15 MID
6nt Tag
Barcode
Primer
Potato gDNA
T-DNA RB

Key sequence
RL 15 MID
6nt Tag
Barcode
Primer
Potato gDNA
T-DNA RB

NA

Gene of unknown
function
PGSC0003DMT4
00085342

Avr9/Cf-9 rapidly
elicited protein 75
PGSC0003DMT4
00045826
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Supplementary Table I.2: T-DNA breakpoints identified by individual sequence capture on activation tagged potato method 1
libraries. Position of T-DNA integration and putative candidate genes of identified T-DNA-genomic junctions, including line number,
read ID, sequence, and annotations.
Line

6500

Read ID

500bp
Capture

Integration

chr03:42078942..42118941

chr11:1331011..1431010
3211

500bp
Capture

To be distinguished from

Sequence Read

Annotations

TTTTCGTCACTGGTCGTCTTCTACTGATACTACTTGTCTGATTTGGTTA
TTTGAGGATCGTATCTTTATATAGGCGAAAGCAATAAACAAATTATTCT
AATTCGGAAATCTTTATTTCGACGTGTCTACATTCACGTCCAAATGGGG
GCTTAGATGAGAAACTTCACGCATCGATATCGTAGATCTCGAGCTCGAG
ATCTAGATATCGATAAGCTTATCGATACCGTCGACCTCGAGGGGCCAAC
AGTAGCCTA

A027a
Potato gDNA
T-DNA LB
P024

TTTTCGTCACTGGTCGTCTTCTACTGTAACAGTCTTCCAGTTACTACTT
TTCTCCTTGCAATTTTACTTAGGTATGTGTATTTTTTGTTTTTTTTATT
TAATATCATCCACTCAGATTTTCACGTCCAAATGGGGGCTTAGATGAGA
AACTTCACGATCGATATCTAGATCTCGAGCTCGAGATCTAGATATCGAT
AAGCTTATCGATACCGTCGACCTCGAGGGGCCAACAGAGCCT

A027a
Potato gDNA
T-DNA LB
P024

chr11:1347881..1348023
chr11:1331011..1431010
3211

500bp
Capture

To be distinguished from
chr11:1347881..1348023

TTTTCGTCACTGGTCGTCTTCTACTGTATGGAGTGGCACTTAAATACAC
TTCAGCAACTTTGGCTGCTGCAACTACTAACAGTCTTCCAGTTACTACT
TTTCTCCTTGCAATTTTACTTAGGTATGTGTATTTTTTGTTTTTTTTAT
TTAATATCATCCACTCAGATTTTCACGTCCAAATGGGGGCTTAGATGAG
AAACTTCACGATCGATATCTAGATCTCGAGCTCGAGATCTAGATATCGA
TAAGCTTATCGATACCGTCGACCTCGAGGGGCCAACAGAGCCT
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A027a
Potato gDNA
T-DNA LB
P024

Candidate
CAPIP2
PGSC0003D
MT400001701

Merozoite
surface
protein-3
PGSC0003D
MT400010187

Merozoite
surface
protein-3
PGSC0003D
MT400010187
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Appendix J. Supplementary probe, primer and barcode sequences
Appendix J contains probe, primer and barcode sequences used in T-DNA sequence capture methods and generation of 454
library construction methods.

Supplementary Table J.1: Probe sequence composition and pSKI074 vector position used for capture
Probe ID
P003
P018
P023
RB Probe
LB Probe Array 1
LB Probe Array 2
LB Probe Array 3
LB Probe Array 4
LB Probe Array 5
RB Probe

Sequence 5’ – 3’
/5Biosg/AACTAGCTCAGATACTTACGTCACGTCTT
/5Biosg/AATGCAAAAGGGGAACGCCAGGCTCTGTTGG
/5Biosg/ATCGGTCTCAATGCAAAAGGGGAAC
/5Biosg/GGACCCCCACCCACGAGGAACA
/5Biosg/TGGTCGTTTATTTCGGCGTGTAGGACATGGCAACCGGGCCTGAATTTCGCGGGTATTCTG
/5Biosg/ATACCAGCGGGGGCCTTCGCAGAGCCGAGGTAGGTCTGAGAAATTGGCATTTTCACGTGT
/5Biosg/CCAACAGAGCCTGGCGTTCCCCTTTTGCATTGAGACCGATGTTCGTTCCG
/5Biosg/TCTGCGTAGAAACCAACATGCAAGCTCCACCGGGTGCAAAGCGGCAGCGGCGGCAGGATA
/5Biosg/AGGGGCAGAGTGCTGACAGATGAGGGGCGCACCTATTGACATTTGAGGGGCTGTCCACA
/5Biosg/TCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGATATCTAGATCCGAAACTATCAGTGT
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Length

GC

29
31
25
22
60
60
60
60
60
60

41
54
48
68
53
55
56
60
57
41

Start
8407
8067
8106
4167
8485
8210
8067
7650
6804
4208

Stop
8379
8097
8082
4188
8426
8269
8116
7709
6863
4268

`
Supplementary Table J.2: Candidate lines and barcode sequence in 500 bp library pool
Line

Barcode ID

6nt Tag

Primer Sequence

6655

AP1-Bar-01

5'-

TCTCTG

CGTCACTGGTCGTCTTCTACTG

-3'

6500

AP1-Bar-02

5'-

TGATCG

CGTCACTGGTCGTCTTCTACTG

-3'

6310

AP1-Bar-03

5'-

AGCACG

CGTCACTGGTCGTCTTCTACTG

-3'

6191

AP1-Bar-04

5'-

ACGCAG

CGTCACTGGTCGTCTTCTACTG

-3'

6008

-

5763

AP1-Bar-05

5'-

ACTATC

CGTCACTGGTCGTCTTCTACTG

-3'

5743

AP1-Bar-06

5'-

AGACGC

CGTCACTGGTCGTCTTCTACTG

-3'

5210

AP1-Bar-07

5'-

ACTGAC

CGTCACTGGTCGTCTTCTACTG

-3'

5203

AP1-Bar-08

5'-

ACACAC

CGTCACTGGTCGTCTTCTACTG

-3'

5080

AP1-Bar-09

5'-

TAGCTG

CGTCACTGGTCGTCTTCTACTG

-3'

4850

AP1-Bar-10

5'-

ACATCG

CGTCACTGGTCGTCTTCTACTG

-3'

4458

AP1-Bar-11

5'-

TACACG

CGTCACTGGTCGTCTTCTACTG

-3'

4062

AP1-Bar-12

5'-

AGACAG

CGTCACTGGTCGTCTTCTACTG

-3'

4053

AP1-Bar-13

5'-

TAGATC

CGTCACTGGTCGTCTTCTACTG

-3'

3272

AP1-Bar-14

5'-

TCACGC

CGTCACTGGTCGTCTTCTACTG

-3'

3211

AP1-Bar-15

5'-

ATCGAC

CGTCACTGGTCGTCTTCTACTG

-3'

3188

AP1-Bar-16

5'-

TGACTG

CGTCACTGGTCGTCTTCTACTG

-3'

3175

AP1-Bar-17

5'-

ACTGCG

CGTCACTGGTCGTCTTCTACTG

-3'

3163

AP1-Bar-18

5'-

TCGTAG

CGTCACTGGTCGTCTTCTACTG

-3'

2397

AP1-Bar-19

5'-

TCACAG

CGTCACTGGTCGTCTTCTACTG

-3'

2110

AP1-Bar-20

5'-

ATCATC

CGTCACTGGTCGTCTTCTACTG

-3'

1563

AP1-Bar-21

5'-

TCTAGC

CGTCACTGGTCGTCTTCTACTG

-3'

138

AP1-Bar-22

5'-

TACGAC

CGTCACTGGTCGTCTTCTACTG

-3'

5339

AP1-Bar-23

5'-

ACACTG

CGTCACTGGTCGTCTTCTACTG

-3'

4005

AP1-Bar-24

5'-

TATGCG

CGTCACTGGTCGTCTTCTACTG

-3'

3266

AP1-Bar-25

5'-

ATCTAG

CGTCACTGGTCGTCTTCTACTG

-3'

2773

-

2171

AP1-Bar-26

5'-

TATGTC

CGTCACTGGTCGTCTTCTACTG

-3'

1512

AP1-Bar-27

5'-

TGCATC

CGTCACTGGTCGTCTTCTACTG

-3'

696

AP1-Bar-28

5'-

ACGAGC

CGTCACTGGTCGTCTTCTACTG

-3'

112

AP1-Bar-29

5'-

AGAGAC

CGTCACTGGTCGTCTTCTACTG

-3'

10138

AP1-Bar-30

5'-

AGTATG

CGTCACTGGTCGTCTTCTACTG

-3'

10065

AP1-Bar-31

5'-

ATCGCG

CGTCACTGGTCGTCTTCTACTG

-3'

9536

AP1-Bar-32

5'-

TACTAG

CGTCACTGGTCGTCTTCTACTG

-3'

9496

AP1-Bar-33

5'-

AGCGTC

CGTCACTGGTCGTCTTCTACTG

-3'

4312

AP1-Bar-34

5'-

TAGTGC

CGTCACTGGTCGTCTTCTACTG

-3'

3874

-

3861
7658

-

110

`
Supplementary Table J.3: Candidate lines and barcode sequences of lines in 2 kb pool
Line

Barcode ID

7nt Tag

SmaI Site

7nt Tag

5339
3266

Sma-Bar-001
Sma-Bar-003

5'5'-

CACGTCA
CAGTGCT

CCCGGG
CCCGGG

TGACGTG
AGCACTG

-3'
-3'

2171
1512

Sma-Bar-005
Sma- Bar-007

5'5'-

CATCAGA
CGACAGT

CCCGGG
CCCGGG

TCTGATG
ACTGTCG

-3'
-3'

696

Sma-Bar-009

5'-

CGAGACA

CCCGGG

TGTCTCG

-3'

112

Sma-Bar-011

5'-

CGCATGA

CCCGGG

TCATGCG

-3'

-

Sma-Bar-013

5'-

CGCTCGT

CCCGGG

ACGAGCG

-3'

-

Sma-Bar-015

5'-

CGTCTCA

CCCGGG

TGAGACG

-3'

-

Sma-Bar-017

5'-

CGTGTGT

CCCGGG

ACACACG

-3'

-

Sma-Bar-019

5'-

CTAGTGA

CCCGGG

TCACTAG

-3'

-

Sma-Bar-021

5'-

CTCACAT

CCCGGG

ATGTGAG

-3'

-

Sma-Bar-023

5'-

CTCTGCA

CCCGGG

TGCAGAG

-3'

-

Sma-Bar-025

5'-

CTGCACA

CCCGGG

TGTGCAG

-3'

-

Sma-Bar-027

5'-

GAGAGCA

CCCGGG

TGCTCTC

-3'

-

Sma-Bar-029

5'-

GATGATA

CCCGGG

TATCATC

-3'

-

Sma-Bar-031

5'-

GCATCGA

CCCGGG

TCGATGC

-3'
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Supplementary Table J.4: Rapid Library 15 adapter sequences for 454 sequencing
Four base pairs on each end are linked by phosphorothioate linkages. The required 4-base “key" sequences are immediately before the
MID sequence. The rapid adapter is a Y-adaptor design. The 3' end of the "A" oligo is hybridized with the 5' end of the "B" oligo, and
the resulting "Y" molecule ligates to both sides of library template to be sequenced.
Primer ID
RL015 MIDA
RL015 MIDB

Probe Sequence 5’ – 3’
/56-FAM/C*C*A*T*CTCATCCCTGCGTGTCTCCGACGACTAGTACTA*C*T*A*T
/5Phos/T*A*G*T*AGIACTIGTCGICGTCTCTCAAGGCACACAGGGGA*T*A*G*G
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Key Sequence
GACT
GACT

MID Barcode
AGTACTACTAT
ATAGTAGGACT

`

Appendix K. HPLC study tuber characteristics

Supplementary Table K.1: Source and storage conditions of tubers used in HPLC study.
Line
chocolate
chocolate
WT
WT
chocolate
chocolate
WT
WT
chocolate
chocolate
WT
WT
chocolate
chocolate
WT
WT

Harvest date
Sept 28, 2007
Sept 28, 2007
Sept 28, 2007
Sept 28, 2007
Sept 28, 2007
Sept 28, 2007
Sept 28, 2007
Sept 28, 2007
Aug 7, 2007
Aug 7, 2007
Aug 7, 2007
Aug 7, 2007
Oct 25, 2007
Oct 25, 2007
Oct 25, 2007
Oct 25, 2007

Weight (g)
15.18
19.36
12.56
14.72
15.92
14.78
28.53
20.31
8.54
5.32
7.88
9.49
12.04
10.83
7.20
6.42

Curing
Light
Light
Light
Light
Dark
Dark
Dark
Dark
Dark
Dark
Dark
Dark
Dark
Dark
Dark
Dark
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Temperature °C
25
25
25
25
4
4
4
4
4
4
4
4
4
4
4
4

Group
A
A
A
A
B
B
B
B
C
C
C
C
D
D
D
D

`

Appendix L. Supplementary files
Supplementary File 1. Additional sequence capture methods
https://dl.dropbox.com/u/2024215/Supplementary%20File%201.%20Additional%20sequence%2
0capture%20methods.docx
Supplementary File 2. Filtered microarray data p<0.05
https://dl.dropbox.com/u/2024215/Supplementary%20File%202.%20Filtered%20Microarray%2
0data%20p0.05.xls
Supplementary File 3. POCI probe set
https://dl.dropbox.com/u/2024215/Supplementary%20File%203.%20POCI%20Probe%20Set.txt
Supplementary File 4. Late blight screening methods and results - Nathan Putnam 537 thesis
https://dl.dropbox.com/u/2024215/Supplementary%20File%204.%20Late%20blight%20screenin
g%20methods%20and%20results%20-%20Nathan%20Putnam%20537%20thesis.pdf
Supplementary File 5. 454 Library construction methods
https://dl.dropbox.com/u/2024215/Supplementary%20File%205.%20454%20Library%20constru
ction%20methods.docx
Supplementary File 6. 454 Sample preparations
https://dl.dropbox.com/u/2024215/Supplementary%20File%206.%20454%20Sample%20Prepar
ations.xlsx
Supplementary File 7. 454 Library construction figures
https://dl.dropbox.com/u/2024215/Supplementary%20File%207.%20454%20Library%20constru
ction%20Figures.docx
Supplementary File 8. Raw 454 sequencing data
https://dl.dropbox.com/u/2024215/Supplementary%20File%208.%20Raw%20454%20Sequencin
g%20data.sff
Supplementary File 9. Annotated 454 sequence data
https://dl.dropbox.com/u/2024215/Supplementary%20File%209.%20Annotated%20454%20Seq
uence%20data%20%28Geneious%20file%29.geneious
Supplementary File 10. 454 Reads mapped to potato genome
https://dl.dropbox.com/u/2024215/Supplementary%20File%2010%20%20Reads%20mapped%20to%20potato%20genome.docx
Supplementary File 11. Method 1 and Method 2 libraries mapped to potato genome by tag
https://dl.dropbox.com/u/2024215/Supplementary%20File%2011%20%20454%20reads%20mapped%20to%20genome.rar
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