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1. SUMMARY
1.1.

Aim

Senescent sweetening is a phenomenon observed in potato tubers following long-term storage
in the presence of sprout suppressors. It has significant impact on potato quality, in particular
for the processing industry where sugar accumulation results in dark fry colour and the presence
of undesirable chemical components. Unlike cold-induced sweetening, senescent sweetening
is irreversible and therefore stored crops need to be monitored and utilised prior to sugar
accumulation. Furthermore, while mechanisms of cold-induced sweetening are well understood
the biological causes of senescent sweetening remain obscure.
The objectives of the project were therefore to adopt biochemical and molecular approaches to
elucidate the mechanisms of senescent sweetening and to identify potential genes underlying
the sweetening trait. Such knowledge was intended to assist store managers in the prediction
of senescent sweetening and to provide breeders with candidate genes for the development of
markers to accelerate the production of senescent sweetening resistant cultivars.

1.2.

Methodology

Over the first two years of the project, a senescent sweetening resistant and a sweetening
sensitive cultivar were stored for up to 11 months under industry standard conditions. Tubers
were regularly sampled and sugar content and fry colour determined to identify the transition to
senescent sweetening. Changes in primary metabolites associated with sugar and starch
metabolism were determined using gas chromatography/mass spectrometry and changes in
the expression of >40000 genes were determined using microarray technologies.
In the final year of the project nine cultivars were stored and tested for sugar accumulation and
fry colour. Changes in expression of key genes identified in years 1 and 2 were determined
using RT-PCR.

1.3.

Key findings

While the precise date of sugar accumulation varied year-to-year, indicating the influence of the
seasonal growing environment, the resistant cultivar did not exhibit sugar accumulation in any
year while the susceptible cultivar did exhibit sugar accumulation following a period of storage
in every year indicating a strong genetic influence. With the exception in differences in sugar
accumulation, very few other primary metabolites exhibited consistent significant differences
between cultivars. Similarly, changes in gene expression over the storage period were similar
between cultivars. However, the susceptible cultivar exhibited a marked decline in expression
of a plastid localised glucose phosphate translocator (GPT2) and genes associated with starch
synthesis at the onset of sugar accumulation. Starch is only synthesised in the plastid and the
substrate for starch synthesis, glucose-6-phosphate is imported from the cytosol by GPT2. As
the potato tuber goes through futile cycles of starch degradation and resynthesis, these data
suggest that senescent sweetening is associated with a reduction in starch resynthesis caused
by a reduced capacity to transport substrate back into the plastid that leads to sugar
accumulation in the cytosol. Monitoring of GPT2 expression in a broader range of cultivars in
year 3 suggests that the mechanism is common across a broad range of germplasm.

1.4.

Practical recommendations

GPT2 is key for the control of senescent sweetening in stored potato tubers and is therefore a
primary genetic target for the breeding and selection of sweetening resistant cultivars. An
assessment of genetic diversity in GPT2 and its upstream promotor region (that controls
expression) is recommended to identify genetic markers associated with the capacity to
maintain GPT2 expression over long term storage. These could provide valuable tools for the
selection of sweetening resistant genotypes bypassing the need for expensive storage testing.
Changes in GPT2 expression additionally represent a valuable tool for the early identification of
sweetening onset, allowing store managers to utilise material prior to quality loss.
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2. INTRODUCTION
The UK potato processing industry is worth £3.9 billion at retail and supports more than 20,000
jobs in the industry directly, on farms, in transport and in manufacture. To achieve year round
potato supply in the UK approximately 1.5 million tonnes of potato tubers are stored for up to 8
months each season. Control of potato quality during storage represents a significant problem
for the industry and a key issue remains the capacity to inhibit sprouting while preventing loss
of processing quality as a result of reducing sugar (primarily glucose and fructose) accumulation
leading to problems of dark fry colour and acrylamide accumulation in processed products.
Tubers destined for processing are stored at relatively high temperatures in the presence of
sprout suppressors hence cold induced sweetening no longer represents a significant problem
(Cunnington, 2008). However, in longer term storage (> 5 months) the physiologically distinct
issue of senescent sweetening represents a significant and underexamined issue for the
processing industry (Colgan et al., 2012).
Only a small number of studies to date have specifically addressed the issue of senescent
sweetening. Colgan et al. (2012) and Carvalho (2018) demonstrated cultivar dependent
variation in the onset of senescent sweetening indicative of a genetic component. However,
environmental factors were also apparent with variations in the onset of senescent sweetening
dependent not only on the growing season but also on the growing location within a season.
The impact of physiological age of tubers may also play a role in the onset of sweetening.
Colgan et al. (2012) citing an earlier report indicated that tubers harvested from chitted mother
tubers or those that were planted earlier in the season exhibited an earlier onset of sugar
accumulation in storage. Similarly, data reported by Driskill et al. (2007) suggests that
physiologically older tubers exhibit a greater propensity for senescent sweetening. On the other
hand, Carvalho (2018) did not observe any differences in sugar accumulation of stored tubers
harvested from chitted or unchitted seed.
The biochemical processes associated with senescent sweetening are little examined and
poorly understood. Several studies indicate an increase in oxidative stress and the
accumulation of reactive oxygen species in stored tubers. For example, Kumar and Knowles
(1993) demonstrated an increase in the level of malondialdehyde, a marker of lipid oxidation
during tuber storage. This was associated with an increase in the ratio of oxidised to reduced
gluatathione, an increase in glutathione transferase and glutathione reductase activity, and an
increase in plasma membrane ATPase activity (Kumar & Knowles, 1996). The authors
suggested a scheme in which increased oxidative load during tuber aging resulted in enhanced
lipid peroxidation requiring greater glutathione transferase activity for removal of lipid
hydroperoxides. The resultant increase in glutathione oxidation induces glutathione reductase
activity and creates a sink for reducing power in the form of NADPH. Simultaneously the need
to synthesise glutathione de novo creates an ATP sink requiring increased respiration which
was proposed to promote starch turnover and reducing sugar accumulation.
The suggestion that tuber aging results in an increased oxidative load was supported by
Carvalho (2018) who observed increases in both hydrogen peroxide and superoxide using 3,3’diaminobenzidine (DAB) and nitroblue tetrazolium (NBT) staining, respectively following tuber
storage. Furthermore, tuber aging was associated with an increase in oxidation, glycation and
deamidation of proteins, all associated with oxidative stress (Kumar et al., 1999). Mitochondrial
proteins had a particularly high level of oxidative modifications (Salvato et al., 2014). Contrary
to the scheme suggested by Kumar and Knowles (1996) described above these data may
suggest impairment of mitochondrially localised respiration thereby potentially reducing a
metabolic activity responsible for sugar catabolism. Such a metabolic dysfunction could be
particularly significant when combined with increased starch degradation and a mechanism by
which this might occur was revealed following transmission electron microscopy of amyloplast
membranes which exhibited increasing levels of disorganisation over the storage period
(Sowokinos et al., 1987). Similar results were obtained following scanning electron microscopy
of freeze dried amyloplasts where fractures in the outer membrane became increasingly visible
© Agriculture and Horticulture Development Board 2020

5

following extended periods of storage (Carvalho, 2018). These data suggest that break down
of amyloplast membranes during storage could result in greater accessibility of starch granules
to amylolytic enzymes thereby accelerating starch turnover and leading to the accumulation of
reducing sugars.
Potato tuber reducing sugar content is primarily determined by the competing pathways of
starch synthesis and degradation, glycolysis and respiration, and sugar storage. Significantly,
these competing processes occur in different subcellular compartments with starch synthesis
and degradation occurring in the amyloplast, glycolysis occurring in the cytosol, respiration in
the mitochondrion and storage in the vacuole. The degree of reducing sugar accumulation is
therefore ultimately controlled not only by the enzymes required for the operation of the various
metabolic pathways but also the transporters required to transport pathway intermediates
between cellular organelles.
Changes in tuber carbohydrate metabolism during the onset of senescent sweetening are
surprisingly underexamined. Glucan water dikinase (GWD) phosphorylates starch granules
stimulating starch hydrolysis by amylases (Edner et al., 2007). Carvalho (2018) observed an
increase in the abundance of transcripts encoding two isoforms of GWD following storage in the
sweetening susceptible cultivar Lady Rosetta but not in the sweetening resistant cultivar VR808.
These data indicate a potential role for GWD activity in accumulation of reducing sugars during
the senescent sweetening transition. Vacuolar invertase converts the non-reducing sugar
sucrose to the reducing sugars glucose and fructose and its activity is strongly associated with
the onset of cold-induced sweetening (Matsuura-Endo et al., 2004). Furthermore, silencing of
vacuolar invertase has been shown to suppress cold-induced sweetening, almost completely
blocking sugar accumulation in the most strongly silenced lines (Bhaskar et al., 2010). Silencing
of vacuolar invertase has also been shown to slow sugar accumulation during senescent
sweetening (Wiberley-Bradford & Bethke, 2018) however, in this case sugar accumulation was
only delayed by a few weeks (as opposed to months for cold-induced sweetening) suggesting
that although vacuolar invertase exerts some control over reducing sugar accumulation in
senescent sweetening other biochemical factors are likely to be important.
There is a clear dearth of knowledge regarding the mechanisms of sugar accumulation, the
genes underlying the senescent sweetening trait or the pre- and post-harvest factors that
promote it. The objectives of the present research were therefore to identify the mechanisms of
senescent sweetening and the key genes underlying the sweetening trait. A key hypothesis was
that senescent sweetening is associated with aging-related oxidative stress. A mechanistic
understanding of the senescent sweetening process was anticipated to provide information that
would i) define predictive markers of senescent sweetening induction, ii) underpin strategies for
control by optimising storage regimes and iii) underpin breeding programmes for the
development of senescent sweetening-resistant varieties.
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3. MATERIALS AND METHODS
3.1. Plant Materials, Growing and Storage Conditions
For the 1st year (season 2016/2017) of this study, tubers of two different potato cultivars, Arsenal
and VR 808, were obtained from PepsiCo. Tubers were either untreated or treated by misting
with CIPC to inhibit sprouting. When treated, CIPC was applied post-curing at 13°C. Tubers
were stored at 9°C in the dark in a cold storage unit (Porkka, UK) at The James Hutton Institute
and sampled at the intervals described. For untreated tubers, sprouting buds were removed by
hand every two weeks to avoid the development of carbon sinks. The 1st sampling point was in
October 2016 and last sampling point in August 2017.
In year 2 (season 2017/2018) tubers of cultivars Arsenal and VR 808, were obtained from
PepsiCo. All tubers had been treated with CIPC as described for year 1. Tubers were stored at
The James Hutton Institute as previously described and sampled for tuber quality at the intervals
described. The 1st sampling point was in November 2017 and last sampling point in October
2018.
In the final year (season 2018/2019) tubers of 9 different cultivars were obtained from PepsiCo,
all of them CIPC-treated. The varieties used during this year are Pirol, SH C 909, VR 808, Lady
Rosetta, Brooke, Arsenal and Shelford. An additional variety was included that the breeders do
not wish to disclose so is described as ‘unknown’ throughout the report. Tubers were stored at
9°C at The James Hutton Institute and sampled for tuber quality. The 1st sampling point was in
December 2018 and last sampling point in September 2019.
During the experimental years all potato cultivars were grown in Shropshire, with the exception
of the Shelford variety used during year 3 where tubers grown in two locations, Shropshire and
Yorkshire were under study for this variety.
Tubers were sampled following bisection transversally and twice longitudinally at a 90º angle.
Tuber samples were then taken from opposite eights and comprised periderm, cortex, vascular
ring and outer core to capture the maximum range in sugars across the tuber. In the 1st and 2nd
years of the experiment opposite eighths were taken from individual replicate tubers. In the last
year three tubers were sampled per variety for each sampling occasion.
All the samples were snap frozen in liquid nitrogen and each set of replicates was either stored
at -80°C or subject to 72 hours freeze drying at 0.700 mbar (ALPHA 1-4 LSC, CHRIST Freeze
Dryers, Germany) before grinding to a fine powder using an electric grinder (DCG39,
DE’LONGHI Electric Grinder, UK).
3.2. Fry Test Process
Tuber slices in a range 1.26 mm – 1.48 mm thickness were fried at 177°C (L30PFS12, LOGIK
Professional Deep Fryer, UK) for 3 minutes. Tubers were sliced using a mandoline (Bron
Coucke Mandoline Vegetable Slicer, France) and slice thickness was measured using a digital
caliper (RS PRO 150mm Digital Caliper, UK). A long-life vegetable cooking oil (KTC (Edibles)
Ltd, UK) was used for frying. Grade of darkening in fry colour was estimated using ImageJ
based on the grey scale in each crisp (Schneider et al., 2012).
3.3. Biochemical Analysis
3.3.1. Extraction and quantification of sugars
Sugars were extracted and analysed using an adaptation to the method described by Viola et
al. (2007). Prepared lyophilised tuber powder (50 mg) was extracted in 1 ml of 80% (v/v) ethanol
at 80°C for 1 hour with periodic vortexing. Samples were then centrifuged at 16,000 g for 10
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minutes at 1°C, the supernatant was decanted, and the extraction was repeated. The two
supernatant fractions were combined, reduced to the aqueous phase by evaporation at 40°C
under reduced pressure in a centrifugal evaporator (miVac Duo Concentrator, Pump and Speed
Trap, GeneVac, UK), The aqueous phase was then frozen, lyophilized and finally resuspend in
20 volumes of distilled H2O. Sugar quantification was achieved by HPAEC-PAD using a Dionex
3m x 150 mm PA20 column with an eluant of 10mM NaOH at a flow rate of 0.5 ml min-1 (Huang
et al. 2016). The column was washed with 100 mM NaOH and requilibrated with 10 mM NaOH
between sample injections.
3.3.2. H2O2 extraction and quantification
Frozen (-80oC) tuber samples were ground to a powder in liquid nitrogen using a mortar and
pestle and extracted in ice-cold 5% HClO4 at a ratio of 1 ml 50 mg FW-1 using an adaptation of
the method described by Queval et al. (2008). Following extraction, the homogenate was
centrifuged at 14,000 g for 10 minutes at 4°C and the supernatant was neutralized with 5 M
K2CO3. Insoluble KClO4 was removed by centrifugation and H2O2 was immediately quantified
by fluorimetry in a microplate reader (VarioskanTM LUX, Thermo ScientificTM) using the
commercially available Amplex Red Hydrogen Peroxide/Peroxidase assay kit according to the
manufacturer’s instructions (Invitrogen Ltd, Paisley, UK).
3.3.3. Malondialdehyde (MDA) determination
MDA content was determined according to Hodges et al. (1999) from powdered freeze-dried
samples extracted in 20 volumes of 80% (v/v) ethanol.
3.3.4. Total polyphenols extraction and quantification
Total polyphenols were estimated using a modification of the enzymatic method described by
Stevanato et al. (2004). Powdered freeze-dried samples (0.1 g) were extracted in 10 volumes
of 50% (v/v) methanol containing 0.1% formic acid. The homogenate was centrifuged at 4,000
g for 15 minutes. Total polyphenol content was determined in 10 l of supernatant in a reaction
mixture containing 145 l potassium phosphate buffer pH 8.0, 20 l 30 mM 4-aminophenazone,
20 l 20 mM H2O2 and 5 l 100 U ml-1 horse radish peroxidase (EC 1.11.1.7). Following 5
minutes incubation in the dark at 25°C, absorbance at 500 nm was recorded in a plate reader
(MultiskanTM GO, Thermo ScientificTM) and total polyphenols estimated by reference to a
standard curve constructed using catechin.
3.3.5. Extraction and quantification of enzyme activities
3.3.5.1. Kinetic enzyme activity assays of plant ascorbate-glutathione cycle
Frozen tuber samples were ground to a powder in liquid nitrogen using a mortar and pestle and
extracted in ice-cold 50 mM MES-KOH buffer pH 6.0 containing 40 mM KCl, 2 mM CaCl2 and 1
mM L-ascorbate (AsA) at a ratio of 4 ml g FW-1 following an adaptation to the method described
by Murshed et al. (2008). Soluble protein content of sample extracts were quantified using the
Bio-Rad protein assay using bovine serum albumin (BSA) as a standard. Activities of ascorbate
peroxidase, dehydroascorbate reductase, monodehydroascorbate reductase and glutathione
reductase were estimated in flat bottom 96-well plates as described (Murshed et al., 2008).

3.3.5.2. Enzyme activity assays of carbohydrate metabolism
1 g of frozen tuber samples were ground to a powder in liquid nitrogen using a mortar and pestle
and extracted in 4 volumes of ice-cold 200 mM HEPES-NaOH buffer pH 7.5 containing 3 mM
MgCl2, 1 mM EDTA, 2% glycerol, 1 mM benzamidine, 5 mM dithiothreitol (DTT), 0.1 mM
phenylmethylsulphonyl (PMSF) and 5% polyvinylpolypyrrolidone (PVPP) following an
adaptation to the method described by Jammer et al. (2015). Extracts were clarified by
© Agriculture and Horticulture Development Board 2020
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centrifugation and then used either crude or following desalting using a PD-10 gel filtration
column (Amersham Biosciences, UK) depending on the enzymes assayed (Figure 3-1).

sampling + freezing in liquid nitrogen

grinding1

1 g FW + 4 ml extraction buffer

centrifugation2

crude extract

desalting

AGPase, UGPase, PGM

vacInv, cytInv, Susy, HK, FK

Figure 3-1. Flowchart of the universal protein extraction and desalting protocol. All steps were performed
on ice. 1In liquid nitrogen using a pre-cooled mortar and pestle. 2Centrifugation at 20,000 g for 20 minutes
at 4°C. AGPase, ADP-glucose pyrophosphorylase; UGPase, UDP-glucose pyrophosphorylase (EC
2.7.7.9); PGM, phosphoglucomutase (EC 5.4.2.2); vacInv, vacuolar invertase (EC 3.2.1.26); cytInv,
cytoplasmic invertase (EC 3.2.1.26); Susy, sucrose synthase (EC 2.4.1.13); HK, hexokinase (EC 2.7.1.1);
and FK, fructokinase (EC 2.7.1.4).

Kinetic enzyme activity and invertase activity assays were established in a total reaction volume
of 0.16 ml or 1.2 ml, respectively. All enzyme activity assays were performed in flat bottom 96well plates (NuncTM, MicroWellTM, Thermo ScientificTM), and absorbance measured using a
spectrophotometer (MultiskanTM GO, Thermo ScientificTM). Samples and controls were
analysed in triplicate. Soluble protein content of the supernatants was quantified (Bio-Rad
protein assay) using BSA as a standard. All specific activities were calculated using the
extinction coefficient of NADPH at 340 nm (6.22 mM-1 cm-1). Reactions were performed with a
mixture of buffer components, substrate(s), auxiliary substance(s), and auxiliary enzymes
(Figure 3-2):
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A

Suc

Susy

Inv

F6P

Frc

UDP-Glc
Glc

Frc
FK

Suc

B

ATP
ADP
PGI

AGPase

UGPase

G1P

PPi

PPi
ATP

HK

G1P

PGM

ATP

PGM

G6P
+

NADP
+
NADPH + H

ADP-Glc

G6P

G6PDH
NADP +
+

G6PDH

NADPH + H

6-P-Gluconate

6-P-Gluconate

Figure 3-2. Reaction schemes to determine the selected enzyme activities. A. Inv, invertase; FK,
fructokinase; HK, hexokinase; PGI, phosphoglucoisomerase (EC 5.3.1.9); PGM, phosphoglucomutase;
and G6PDH, glucose-6-phosphate dehydrogenase (EC 1.1.1.49). B. Susy, sucrose synthase; UGPase,
UDP-glucose
pyrophosphorylase;
AGPase,
ADP-glucose
pyrophosphorylase;
PGM,
phosphoglucomutase; and G6PDH, glucose-6-phosphate dehydrogenase.

i) ADP-glucose pyrophosphorylase (AGPase): aliquots of untreated crude extract (25 l)
were incubated with 0.44 mM EDTA, 5 mM MgCl2, 0.1% BSA, 2 mM ADP-Glc, 1.5 mM PPi, 1
mM NADP, 2 mM 3-PG, 0.432 U of PGM, and 1.28 U of G6PDH in 100 mM Tris-HCl at pH 8.0.
For control reactions, ADP-Glc was omitted. The increase in absorbance at 340 nm due to
conversion of NADP to NADPH was monitored.
ii) UDP-glucose pyrophosphorylase (UGPase): aliquots of untreated crude extract (25 l)
were incubated with 0.44 mM EDTA, 5 mM MgCl2, 0.1% BSA, 2 mM UDP-Glc, 1.5 mM PPi, 1
mM NADP, 2 mM 3-PG, 0.432 U of PGM, and 1.28 U of G6PDH in 100 mM Tris-HCl at pH 8.0.
For control reactions, UDP-Glc was omitted. The increase in absorbance at 340 nm due to
conversion of NADP to NADPH was monitored.
iii) Phosphoglucomutase (PGM): aliquots of untreated crude extract (25 l) were incubated
with 10 mM MgCl2, 4 mM DTT, 0.1 mM G1,6bisP, 1 mM G1P, 0.25 mM NADP, and 0.64 U of
G6PDH in 20 mM Tris-HCl at pH 8.0. For control reactions, G1P was omitted. The increase in
absorbance at 340 nm due to conversion of NADP to NADPH was monitored.
iv) Fructokinase (FK): aliquots of desalted crude extract (25 l) were incubated with 5 mM
MgCl2, 5 mM fructose, 2.5 mM ATP, 1 mM NADP, 0.8 U of PGI, and 0.8 U of G6PDH in 50 mM
BisTris at pH 8.0. For control reactions, fructose was omitted. The increase in absorbance at
340 nm due to conversion of NADP to NADPH was monitored.
v) Hexokinase (HK): aliquots of desalted crude extract (25 l) were incubated with 5 mM MgCl2,
5 mM glucose, 2.5 mM ATP, 1 mM NADP, and 0.8 U of G6PDH in 50 mM BisTris at pH 8.0. For
control reactions, glucose was omitted. The increase in absorbance at 340 nm due to
conversion of NADP to NADPH was monitored.
vi) Sucrose synthase (SuSy): for determination of SuSy activity, two reactions were
performed, (A) including 1 mM UDP detecting both SuSy and cytInv background activity, and
(B) without 1 mM UDP to detect the cytInv background activity only. SuSy activity was calculated
by subtracting cytInv background activity (B) from total activity (A). For both reactions, aliquots
of desalted crude extract (25 l) were incubated with 1 mM EDTA, 2 mM MgCl2, 5 mM DTT,
250 mM sucrose, 1 mM UDP (omitted for reaction B), 1.3 mM ATP, 0.5 mM NADP, 0.672 U of
HK, 0.56 U of PGI, and 0.32 U of G6PDH in 50 mM Hepes-NaOH at pH 7.0. For control
reactions, sucrose was omitted. The increase in absorbance at 340 nm due to conversion of
NADP to NADPH was monitored.
vii) Invertase activity (Inv): invertase activity was assayed in an end-point assay modified from
the method of Viola and Davies (1992). Aliquots (600 l) of desalted crude extract were
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incubated at 30°C for 1 hour with 5 mM MgCl, 25 mM sucrose, 2.5 mM ATP, 1 mM NADP, 1.5
U of HK, 0.5 U of PGI, and 1.2 U of G6PDH in 25 mM acetate buffer at pH 5.2 or pH 6.8 for
vacInv or cytInv, respectively, in a total reaction volume of 1.2 ml. For control reactions, sucrose
was omitted. Aliquots (100 l) were taken every 20 minutes and the increase in absorbance at
340 nm due to conversion of NADP to NADPH was monitored.
3.3.6. Metabolite profiling by gas chromatography/mass spectrometry
Gas chromatography/mass spectrometry (GC/MS) analysis was performed as described by
Foito et al. (2013). Dried material was extracted in a two-phase solvent system as described to
generate polart and non-polar fractions. Polar fractions were oximated and derivatised as
trimethylsilyl (TMS) derivatives. The non-polar phase was subjected to methanolysis and TMS
derivatisation. Metabolite profiles for the polar and non-polar fractions were acquired following
separation of compounds on a DB5-MSTM column (15m×0.25mm×0.25μm; J&W, Folsom, CA,
USA) using a Thermo Finnigan (San Jose, CA, USA) DSQII GC/MS system as described (Foito
et al., 2013). The samples were analysed in a randomized order, while quality control samples
as well as blanks were incorporated at the beginning and the end of the sequence. Data were
then processed using the XCALIBUR software (Thermo Fisher Scientific, Waltham, MA, USA).
Peak areas relative to internal standard (response ratios) were calculated following
normalization to 100 mg extracted material.
3.3.7. 14C labelling and fractionation of labelled tissue extracts
Tuber discs (diameter 5 mm, thickness 1-2 mm) were cut from fresh potato tuber slices, washed
three times in 50 mM MES-KOH (pH 6.5) containing 300 mM mannitol and then incubated (500
mg in a volume of 1 ml in glass vials shaken at 100 rpm) for 3 hours in 50 mM MES-KOH (pH
6.5) containing 300 mM mannitol and 0.148 MBq D-[U-14C]glucose. Vials were sealed with a
rubber stopper which held a paper filter moistened with 200 l of 10% (w/v) KOH to trap 14CO2.
After incubation material was washed three times for 5 min in 5 ml of 50 mM MES-KOH (pH
6.5) containing 300 mM mannitol prior to successive extraction in 5 ml of 80% (v/v) ethanol. The
supernatant was dried down under vacuum (miVac Duo Concentrator, Pump and Speed Trap,
GeneVac, UK) and passed through both an anion-exchange cartridge (SAX; HPLC Technology,
UK) and cation-exchange cartridge (SCX; Phenomenex® Strata, UK) as described by Souleyre
et al. (2004). Material not retained by the ion exchange cartridges was considered as the neutral
material while the separated anionic and cationic fractions were recovered from the cartridges
by eluting with 5 M HCl and 5 M KOH, respectively. The insoluble plant material was separated
into starch and non-starch components as described in Runquist and Kruger (1999). All fractions
were analysed using scintillation counting.
Glucose, fructose and sucrose were separated by high-performance liquid chromatography
(HPLC) using a Metacarb 87C 300x7.8 mm column (MetaChem Technologies Inc., Torrance,
CA) with 0.6 ml min-1 ultrapure water as the mobile phase at a temperature of 70°C (Davies et
al., 2005; Viola et al., 2007). Radiolabelled sugars were detected using a Radioflow detector LB
509. Radioactivity in the CO2, anionic, starch, other insoluble and neutral fractions was
determined by liquid scintillation counting (Tri-Carb 3100TR Packard) after dilution into
ScintLogic HiCount cocktail (Lablogic Systems Ltd, Sheffield, UK).
3.3.8. Statistical analysis
Data analysis and graphical outputs were performed using Microsoft Excel 2013. Statistical
analysis was undertaken by two-way ANalysis Of VAriance (ANOVA, parametric test) with
potato cultivar and storage time as parameters in order to identify statistically significant
differences between profiles using a significance level (P-value) ≤ 0.05 using GENSTAT (v.
18.1, VSN International Ltd, Hemel Hempstead, UK). When different treatments were present
in the experiment, ANOVA was used with parameters cultivar, time of storage, and treatment
(either untreated or CIPC-treated). For GC/MS data in year 3, a principal component analysis
(PCA) was performed to observe differences in metabolic composition among the nine potato
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cultivars. In addition, Fisher’s protected least significant difference (LSD) test was carried out
for each cultivar independently in order to determine significant differences between time points
in quantification of sugars, ascorbate-glutathione cycle enzymes activities and H2O2 as well as
MDA content determination.
3.4. Molecular Protocols
3.4.1. RNA extraction
RNA was extracted from lyophilised material as described by Ducreux et al. (2008). RNA
samples were purified, and genomic DNA contamination was removed using Qiagen RNeasy
columns (Qiagen, UK) and DNase I, RNase-free (Thermo Scientific, UK) according to the
manufacturer’s protocol. RNA quality was tested using an RNA 6000 nano chip on an Agilent
2100 Bioanalyzer (www.chem.agilent.com). RNA samples were aliquoted in 20 g (1 g l-1)
batches and stored at -80°C.
3.4.2. Analysis of RNA
3.4.2.1. Quantification of RNA by spectrophotometry
Concentration of RNA was estimated using a NanoDrop® ND-1000 full-spectrum UV/Vis
spectrophotometer (NanoDrop®, USA).
3.4.2.2. RNA quality determination by gel electrophoresis
RNA was separated and analysed by electrophoresis on ethidium bromide stained agarose
gels.
3.4.3. Enzymatic manipulation of nucleic acids
3.4.3.1. cDNA synthesis
cDNA was synthesised using a TaKaRa CloneTech RNA to cDNA EcoDryTM Premix (Double
Primed) beads kit. 5 g of DNase I treated total RNA in a final volume of 20 l RNase-free H2O
was added to the lyophilized EcoDryTM Premix. The mixture was then mixed by pipetting and
heated at 42°C for 60 minutes prior to deactivating the enzyme at 70°C for 10 minutes.
3.4.3.2. qRT-PCR (Universal Probe Library)
Primers and probe sequences were designed using The Roche Universal Probe Library Assay
Design Centre (https://lifescience.roche.com/en_gb/brands/universal-probe-library.html) (Table
3-1). All qRT-PCR reactions were performed using an Applied Biosystems StepOne Plus Real
Time PCR system. 50 ng total cDNA was used as template in all reactions, which were
composed of 12.5 l 2x FastStart Universal Probe Master Mix (Rox) (Roche, UK), 10 M
Universal Probe, and 20 M of both forward and reverse primer before being made up to a final
volume of 25 l with ddH2O. Thermocycling conditions were as follows, denaturation stage of
95°C for 10 minutes, 40 cycles of 95°C for 15 sec and 60°C extension for 1 min. Samples were
run in triplicate, using elongation factor-1- (EF1) as an endogenous control. Calculations of
relative expression levels were performed using the Pfaffl method (Pfaffl, 2001).
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Table 3-1. Primer/probe sequences used in this study.

Gene
StEF1
GPT2

PGSC ID
Forward
PGSC0003DMT400059830 CTTGACGCTCTTGACCAGATT
PGSC0003DMT400013500 CACAATCGATACCAATCGACA

Reverse
Probe
GAAGACGGAGGGGTTTGTCT
AGCCCAAG
GAGTCCAATCTTGAGCTTCTGAG CAGCAGCC

3.4.4. Microarray processing
A custom Agilent microarray was designed to the predicted transcripts from assembly v.3.4 of
the DM potato genome as described (Hancock et al., 2014). A single-channel replicate block
microarray design was utilised. RNA labelling and downstream microarray processing were as
recommended in the One-Color Microarray-Based Gene Expression Analysis protocol (v.6.5;
Agilent) using the Low Input Quick Amp Labelling Kit (Agilent).
3.4.4.1. Microarray data analysis
Following microarray scanning using an Agilent G2505B scanner, data were extracted from
images using Feature Extraction (FE) (v.10.7.3.1) software and aligned with the appropriate
array grid template file (033033_D_F_20110315). Intensity data and QC metrics were extracted
using the FE protocol (GE1_107_Sep09). Entire FE datasets for each array were loaded into
GeneSpring (v.7.3) software and data were normalised using default one-colour Agilent
settings: (i) intensity values less than 0.01 were set to 0.01; (ii) data from each array was
normalized to the 50th percentile of all measurements on the array and; (iii) the signal from each
probe was subsequently normalized to the median of its value across the entire dataset). Quality
control of the datasets were performed using Principal Components Analysis (PCA) to confirm
that there were no outlying replicate samples and that dye labelling had no associated bias.
Spot flags from FE (present or marginal) were used to remove probes with no consistent
expression. Data were combined from replicate samples and for both cultivars Arsenal and VR
808 accessions in a new interpretation. Statistical filtering was performed using volcano analysis
(P-value < 0.01, fold-change > 2x) for year 1 data. Data were visualised using PageMan (Usadel
et al., 2006) and a gene tree heatmap in GeneSpring using default Pearson correlation. In
addition, one-way ANalysis Of VAriance (ANOVA, parametric test) using storage time as
parameter was used in both years to identify statistically significant expression profiles at a false
discovery rate (P-value) ≤ 0.05. Strict multiple testing correction (Bonferroni) was applied to
ensure low false discovery rates. Filtered gene lists were clustered into two groups using the Kmeans algorithm with default settings (100 iterations, Pearson correlation) in GeneSpring.
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4. RESULTS
4.1. Assessment of sugar accumulation and processing quality during storage
4.1.1. Overall effect of varieties and seasons
A three-way ANOVA for season 1 (2016/2017) was carried out to determine whether there were
significant differences in sugar content between samples using cultivar, time of storage and
treatment (CIPC-treated or untreated) as factors. A two-way ANOVA was carried out for the rest
of the seasons using factors cultivar and time of storage. For the three seasons, Fisher’s LSD
test was carried out for each cultivar independently in order to determine significant differences
between time points.
During the first year of this study, differences between cultivars were observed in glucose (P <
0.001), fructose (P < 0.001), and sucrose (P = 0.01). Moreover, cultivars exhibited significant
changes dependent on time for glucose (P < 0.05), fructose (P < 0.005), and sucrose (P <
0.001) content. Arsenal exhibited an initial accumulation of glucose followed by a trough and
then a second accumulation after 26 weeks of storage with similar behaviour observed for
fructose. On the other hand, VR 808 had much lower levels of reducing sugars which fluctuated
a little but with no clear pattern. On the contrary, patterns of sucrose accumulation were similar
with both cultivars showing peak-trough-peak behaviour (Figure 4-1).
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Figure 4-1. Sugar content in potato tubers during the season 1 (2016/2017) of storage at 9°C. Results
showed an increase of sugar levels during long-term storage with remarkable differences for glucose and
fructose concentration between two cultivars. Values are means ± SE (five biological replicates from one
experiment). Mean values with different letters are significantly different according to the Fisher’s LSD
test. Abbreviations: SS, Onset of senescent sweetening as determined by sustained rise in reducing
sugars and darkening of fry colour.

In the second year, cultivars Arsenal and VR 808 exhibited differences in both glucose and
fructose content (P < 0.001), and sucrose (P < 0.01) related to cultivar and time of storage.
Arsenal and VR 808 presented similar behaviour compared to the previous year with Arsenal
exhibiting storage associated reducing sugar accumulation while both varieties exhibited
accumulation of the non-reducing disaccharide sucrose. However, an overall lower content of
sugars and a later onset of sweetening (43 weeks after storage) were exhibited during this
season. Arsenal showed a small increase of glucose content at 5 weeks after storage followed
by a decrease and no changes until the onset of sugar accumulation at 43 weeks after storage,
© Agriculture and Horticulture Development Board 2020

15

with the exception of one significant increase at 27 weeks after storage, caused by a single
replicate containing high levels of reducing sugars. Similar behaviour was observed for fructose.
In contrast, VR 808 exhibited undetectable levels of glucose until 53 weeks after storage, when
a little increase was observed. Regarding fructose content, VR 808 showed fluctuations with no
clear pattern. Arsenal started accumulating reducing sugars after 43 weeks of storage whereas
VR 808 had undetectable levels for glucose and much lower levels of fructose compared to
Arsenal, showing no accumulation of reducing sugars. Nonetheless, both cultivars exhibited
similar sucrose content and behaviour over time, with an accumulation occurring at 43 weeks
of storage (Figure 4-2).
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Figure 4-2. Sugar levels in potato tubers stored at 9°C over the season 2 (2017/2018) of study. Cultivars
exhibited similar behaviour to the previous season. However, tubers presented a later onset of senescent
sweetening. Values are means ± SE (five biological replicates from one experiment). Mean values with
different letters are significantly different according to the Fisher’s LSD test. Abbreviations: SS, Onset of
senescent sweetening as determined by sustained rise in reducing sugars and darkening of fry colour.
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The later accumulation and lower content of reducing sugar during storage observed in season
2 (2017/2018) were also observed in all cultivars of season 3 (2018/2019). Glucose, fructose,
and sucrose levels presented changes dependent on time (P < 0.001). In addition, sugar profiles
showed a significant effect of the variety in glucose (P < 0.05), fructose (P < 0.001) and sucrose
(P < 0.001) content. All cultivars exhibited a decrease of glucose content at the beginning of the
storage, then showed no clear pattern until 43 weeks after storage, when a significant increase
was observed with the exception of Brooke. Lady Rosetta, Shelford (Shropshire), and Arsenal
were the varieties with the highest levels of glucose. On the contrary, fructose accumulated in
all cultivars at 43 weeks after storage, with Lady Rosetta and SH C 909 presenting the highest
and lowest content, respectively. Although accumulation of sucrose was no observed in any
case, SH C 909 and VR 808 had lower sucrose levels compared to the rest of the cultivars
(Figure 4-3).
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Figure 4-3. Sugar profiles of 9 different varieties during long-term storage for season 3 (2018/2019).
Potato tubers showed variability of sugar content depending on the cultivar. Values are means ± SE
(three biological replicates from one experiment). Mean values with different letters are significantly
different according to the Fisher’s LSD test. Abbreviations: SS, Onset of senescent sweetening as
determined by sustained rise in reducing sugars and darkening of fry colour.
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4.1.2. Effect of CIPC treatment
During year 1, CIPC-treated and untreated cultivars were under study. CIPC treatment had an
effect on decreasing glucose (P < 0.005), fructose (P < 0.001), and sucrose (P < 0.001) content
in tubers (Figure 4-1). In addition, fructose (P < 0.05) content was dependent on CIPC treatment
by time interaction. The initial fructose peak in Arsenal was higher in untreated tubers. CIPCtreated tubers had a marginally lower overall sugar content than untreated tubers in which buds
were removed possibly due to would-induced catabolic response and/or sink demand in the
untreated tubers. Although CIPC had statistically significant effects on sugar content, the overall
patterns between CIPC-treated and untreated tubers were very similar. Therefore, it was
decided to continue the study using only CIPC-treated cultivars in years 2 and 3.
4.1.3. Effect of growing location
In year 3, Shelford cultivars from two different locations were investigated. No differences (P >
0.05) in glucose content were observed between growing location. However, changes
dependent on growing location and time were reported for fructose (P < 0.001) and sucrose (P
< 0.05) levels, highlighting the previously reported environmental influence (Kumar et al., 2004;
Groves et al., 2005) on sugar accumulation in stored potato tubers.
4.1.4. Assessment of crisping quality during storage
As sugar content is the key determinant of fry colour and ultimately affects quality of potato
crisps, all varieties were subjected to fry quality tests over the 3 years of this study. Crisps from
senescent sweetening susceptible tubers presented darker fry colour than those which
exhibited more stable sugar profiles during storage. Darkening increased over time following
reducing sugars trend. This trend was consistent during the 3 seasons. In addition, untreated
cultivars showed a darker fry colour, which was consistent with the sugar data. Quantification
of darkening was estimated using ImageJ (Table 4-1) as described in materials and methods.
A three-way ANOVA for season 1 (2016/2017) was carried out to determine whether there were
significant differences between crisp colour using cultivar, time of storage and treatment (CIPCtreated or untreated) as factors. Fisher’s LSD test was carried out for each time point
independently in order to determine significant differences between fry colour of crisps from
cultivars Arsenal and VR 808. A two-way ANOVA was carried out for the rest of the seasons to
determine whether there were significant differences between samples using cultivar and time
of storage as factors. Fisher’s LSD test was carried out independently for each cultivar (season
2 2017/2018) and time point (season 3 2018/2019) to determine significant differences between
means over time and cultivars, respectively.
During season 1 (2016/2017) at 26 weeks after storage (post-sweetening early stage) no
differences (P > 0.05) in fry colour related to cultivar or treatment (untreated or CIPC-treated)
were observed. However, at 38 weeks after storage (post-sweetening late stage) crisps from
Arsenal (susceptible to sweetening cultivar) untreated tubers exhibited a significantly darker fry
colour related to cultivar (P = 0.005) and the interaction between cultivar and treatment (P <
0.05). In addition, an increase (P < 0.05) in darkening was observed over time depending on
the cultivar.
For season 2 (2017/2018) significant changes (P < 0.001) in fry colour were reported over time.
Differences (P < 0.005) in darkening between cultivars were observed. Although crisps from
both cultivars exhibited an increase in dark fry colour post-sweetening at 43 weeks after storage,
darkening in Arsenal crisps (susceptible to senescent sweetening) was higher than in crisps
from VR 808 cultivar (senescent sweetening resistant).
During season 3 (2018/2019), differences (P < 0.05) in fry colour between cultivars were found
as well as significant changes (P < 0.001) over time. Furthermore, each time point was analysed
independently in order to find differences between cultivars. At 37 weeks after storage (prior to
sweetening), crisps from Shelford (Shropshire) exhibited the highest level of dark fry colour
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whereas crisps from Shelford (Yorkshire) showed the lowest. This fact suggested growing
location might affect fry colour. At 45 weeks after storage (post-sweetening early stage) no
differences (P > 0.05) between cultivars were found, probably due to the early stage of sugar
accumulation in tubers.

Table 4-1. Quantification of dark fry colour in crisps. Results are presented as percentage of darkening.

Grade of darkening (%) ± SE
Weeks after storage
26
38
Weeks after storage
1
10
20
25
30
40
43
49
53

Pirol
SH C 909
VR 808
Lady Rosetta
Shelford (Shropshire)
Unknown
Brooke
Arsenal
Shelford (Yorkshire)

Season 1 (2016/2017)
Arsenal - Untreated
Arsenal
a
41 ± 2
36 ± 2a
51 ± 4a

39 ± 3b

VR 808 - Untreated
38 ± 2a

VR 808
37 ± 2a

35 ± 2b

36 ± 1b

Season 2 (2017/2018)
Arsenal - Untreated
Arsenal
VR 808 - Untreated
de
31 ± 1
de
31 ± 1
cd
33 ± 1
27 ± 1e
28 ± 1e
de
31 ± 2
bc
37 ± 2
b
40 ± 2
a
57 ± 4
Season 3 (2018/2019)
Weeks after storage
30
37
40
39 ± 1ab
40 ± 2abc
41 ± 5a
39 ± 1ab
38 ± 1ab

42 ± 3abc
37 ± 1abc

40 ± 4a
42 ± 3a

34 ± 3b
37 ± 3ab

39 ± 2abc
45 ± 3a

39 ± 4a
44 ± 2a

45 ± 4a
40 ± 4ab

44 ± 3ab
36 ± 4abc

49 ± 3a
38 ± 6a

39 ± 4ab
39 ± 2ab

35 ± 4bc
33 ± 3c

41 ± 4a
38 ± 4a

VR 808
31 ± 1cd
30 ± 1d
34 ± 1bc
28 ± 1d
31 ± 1cd
31 ± 2cd
37 ± 1b
32 ± 3cd
43 ± 2a

45
44 ± 8a
44 ± 3a
47 ± 1a
48 ± 4a
50 ± 5a
53 ± 2a
45 ± 4a
50 ± 4a
46 ± 3a

Mean values with different letters are significantly different according to the Fisher’s LSD test.
Comparisons: Season 1, cultivars at individual time points; Season 2, time points in individual cultivars;
Season 3, cultivars at individual time points.
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4.2. Investigation of oxidative stress during long-term storage
4.2.1 Determination of H2O2 during long-term storage
In order to determine if an increase of oxidative stress was related to the accumulation of sugars
in stored potato tubers over time, H2O2 was detected using the Amplex® Red Hydrogen
Peroxide/Peroxidase Assay Kit. Content of H2O2 was measured in tuber samples during storage
over the first year. Although H2O2 levels showed fluctuations over time, no significant differences
were found between time points as estimated using Fishers LSD test (Figure 4-4).

Season 2016/2017
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H2O2 content
H
2O2 content
8
7
6
5
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3
2
1
0

a SS
a

a

2 weeks after storage

a
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A A A

A
A

A

12 weeks after storage
18 weeks after storage
20 weeks after storage
26 weeks after storage

Figure 4-4. H2O2 content in sweetened and non-sweetened potato tubers during long-term storage as a
marker of oxidative stress. Although differences in H2O2 content between cultivars were observed, no
significant changes related to reducing sugars increase on onset of senescent sweetening were reported.
Arrows indicate the onset of senescent sweetening (SS). Each value is the mean ± SE of measurements
from five separate tubers. Mean values with different letters are significantly different according to the
Fisher's LSD test, carried out independently for each cultivar and treatment. Differences within Arsenal
and VR 808 cultivars are represented by lower- and upper-case letters, respectively.

4.2.2 Quantification of specific activity of ascorbate-glutathione cycle enzymes
Increase in levels of H2O2 were not observed in tubers during the storage. However, variations
over time were reported. This suggests there may be temporary changes that could be mitigated
by antioxidant systems. Therefore, the four enzymes of the ascorbate-glutathione cycle,
considered to be the main antioxidant system in plants (Hancock, 2017), were quantified.
Results showed fluctuations in the specific activity during storage. Arsenal (susceptible to SS)
and VR 808 (SS resistant) showed similar behaviours of antioxidant systems over time.
Measurements of specific activities are presented in Figure 4-5.
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Figure 4-5. Impact of long-term storage on antioxidant systems in potato tubers. A. Specific activities of
antioxidant enzymes in tubers. Arrows indicate the onset of senescent sweetening (SS). Each value is
the mean ± SE of measurements from five separate tubers. Mean values with different letters are
significantly different according to the Fisher’s LSD test, carried out independently for each cultivar and
treatment. Differences within Arsenal and VR 808 cultivars are represented by lower- and upper-case
letters, respectively. B. Ascorbate-glutathione cycle pathway. Taken from Locato et al. (2013). An
important role in the plant antioxidant defence mechanism has been attributed to this pathway. First, the
hydrogen peroxide (H2O2) generated by oxidative stress is scavenged via the oxidation of ascorbate
(ASC) by ascorbate peroxidase (APX). This enzyme is involved in the oxidation of ASC to
monodehydroascorbate (MDHA), which can be converted back to ASC via monodehydroascorbate
reductase (MDHAR). MDHA that escapes this recycling is converted rapidly to dehydroascorbate (DHA)
which is converted back to ASC by the action of dehydroascorbate reductase (DHAR). DHAR utilizes
glutathione (GSH), which is regenerated by glutathione reductase (GR) from its oxidized form, glutathione
disulphide (GSSG).

4.2.3 Determination of lipid peroxidation by measurement of MDA levels
We observed no changes in average cellular levels of H2O2 over time relating to the onset of
senescent sweetening. However, it is possible that oxidative damage may have occurred due
to localised concentrations of this ROS in specific organelles or due to sudden spikes that were
subsequently controlled. Hence, MDA was quantified to determine whether oxidative damage
was occurring at cellular level.
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MDA content in stored tubers were quantified as TBARS as an indicator of lipid peroxidation
and overall biomarker of oxidative stress (Fletcher et al., 1973; Konze & Elstner, 1978; Dhindsa
et al., 1981). Fisher’s LSD test was carried out for each cultivar and treatment independently in
order to determine significant differences between means over time. Levels of MDA in tubers
were influenced by cultivar and time of storage (P < 0.001). We observed an increase during
the beginning of the storage, which is potentially related to oxidative stress occurring due to
harvest and manipulation of tubers. For this early accumulation of MDA, Arsenal showed higher
levels (P < 0.001) in CIPC-treated tubers compared with the untreated tubers (Figure 4-6).
Untreated and CIPC-treated tubers from Arsenal (susceptible to SS), and CIPC-treated VR 808
(SS resistant) tubers exhibited no increase of MDA levels related to the accumulation of sugars.
MDA content in untreated VR 808 tubers showed a small increase around the time that
senescent sweetening was first observed in Arsenal tubers.
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Figure 4-6. Quantification of malondialdehyde (MDA) content during long-term storage as an indirect
measurement of lipid peroxidation and marker of oxidative damage. Similar behaviour between all
cultivars and conditions were observed. Tubers presented no increase of MDA related to sugar
accumulation suggesting senescent sweetening may not be linked to oxidative stress. Onset of senescent
sweetening (SS) is indicated by arrows. Each value is the mean ± SE of measurements from five separate
tubers. Mean values with different letters are significantly different according to the Fisher’s LSD test,
carried out independently for each cultivar and treatment. Differences within Arsenal and VR 808 cultivars
are represented by lower- and upper-case letters, respectively.
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4.3. Metabolome profiles of potato tubers during long-term storage
4.3.1 Metabolome profiling during long-term storage in season 1 (2016/2017)

The metabolite profiles of tubers from Arsenal (sweetening susceptible) and VR 808
(sweetening resistant) were compared in untreated and CIPC-treated tubers during long-term
storage, at 2, 4, 6, 12, 20, and 26 weeks of storage (Figure 4-7). Five biological replicates were
used for each cultivar and time point. Polar extracts (mainly sugars, organic acids, and amino
acids) and non-polar extracts (mainly fatty acids and fatty alcohols) were examined. In the
tubers analysed in this study, a total of 123 metabolites were detectable (72 polar and 51 nonpolar), of which 76% could be identified.
Metabolites, whose abundance was changed in a statistically significant manner over time, were
identified using three-way ANOVA based on cultivar, treatment (CIPC-treated or untreated), and
time of storage. Arsenal and VR 808 exhibited differences (P < 0.05) in 83 metabolites during
the storage period. The levels of 11 metabolites were significantly different (P < 0.05) between
CIPC-treated and untreated tubers. A total of 123 metabolites were significantly (P < 0.05)
influenced by the time of storage. Arsenal tubers exhibited a higher concentration of glucose
and fructose than VR 808 tubers. In addition, CIPC-treated tubers from both cultivars had a
lower concentration of reducing sugars during the onset of the senescent sweetening (at 20,
and 26 weeks of storage). Sugar phosphates showed no clear pattern. Amino acids generally
showed an initial high peak followed by a rapid decrease and then gradual increase until the
end of the storage. Arsenal and VR 808 showed initial higher levels of valine, and urea,
respectively. Moreover, a higher concentration of aspartic acid in VR 808 was observed over
time. Glycerol and caffeic acid showed a declining concentration in both cultivars. On the
contrary, both Arsenal and VR 808 exhibited an increase in galactinol and chlorogenic acid
during storage. Arsenal had higher levels of quinic acid than VR 808 during the storage. VR 808
showed higher concentrations of galactaric acid and galactosyl glycerol than Arsenal.
Both cultivars showed a general decrease in saturated and unsaturated fatty acids as well as
fatty alcohols during the onset of senescent sweetening (at 20, and 26 weeks of storage).
Additionally, Arsenal exhibited higher levels of heneicosanol whereas VR 808 presented higher
solanid-5-enol at the onset of sweetening.
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Figure 4-7. Influence of time of storage and CIPC-treatment on selected metabolites in potato tubers
during season 1 (2016/2017). TP5 and TP6 represent senescent sweetening transition. Values are
means ± SE (five biological replicates from one experiment). Arrows indicate metabolic relationships
where dashed arrows indicate multiple metabolic steps. Abbreviations: 3-PGA, 3-phosphoglycerate; PEP,
phosphoenolpyruvate; Pyr, pyruvate; TCA, tricarboxylic acid; TP1, 2 weeks of storage; TP2, 4 weeks of
storage; TP3, 6 weeks of storage; TP4, 12 weeks of storage; TP5, 20 weeks of storage; and TP6, 26
weeks of storage.

© Agriculture and Horticulture Development Board 2020

25

4.3.2. Metabolome profiling during long-term storage in season 3 (2018/2019)
Phytochemical diversity was examined by GC/MS in tubers of cultivars Arsenal, VR 808, Pirol,
SH C 909, Lady Rosetta, Brooke, Shelford (both Shropshire and Yorkshire locations) as well as
the unknown cultivar at 5, 30, 37, and 43 weeks of storage. Three different biological replicates
were used for each cultivar and time point. Polar extracts (mainly sugars, organic acids, and
amino acids) and non-polar extracts (mainly fatty acids and fatty alcohols) were examined. In
the tubers analysed in this study, a total of 124 metabolites were detectable (74 polar and 50
non-polar), of which 77% could be identified. Metabolites, whose abundance was changed in a
statistically significant manner over time, were identified using two-way ANOVA based on
cultivar and time of storage. Cultivars showed differences (P < 0.05) in 94 metabolites during
the storage period. In addition, a total of 106 metabolites were significantly (P < 0.05) influenced
by the time of storage.
PCA was used to summarise broad-scale variation among the cultivars and time points using
all the metabolites simultaneously, and both polar and non-polar compounds independently..
For all data, the first and third Principal Components (PC1 and PC3) together were able to
distinguish between all time points analysed (Figure 4-8). The loadings for PC1 are dominated
by amino acids, more specifically valine, leucine, and isoleucine. Analysis of the loadings for
PC3 showed the separation of time points is driven by the levels of -glycerophosphate,
fucosterol, and galactose.

Figure 4-8. Selected score plot from PCA of all metabolites identified by GC/MS (polar/non-polar fraction)
during long-term storage, with samples labelled according to time of storage. Plot of PC1 against
PC3.Abbreviations: A, Pirol B, SH C 909; C, VR 808; D, Lady Rosetta; E, Shelford (Shropshire location);
F, unknown cultivar; G, Brook; H, Arsenal; and I, Shelford (Yorkshire location). TP1, 5; TP2, 30; TP3, 37;
and TP4, 43 weeks of storage.

For the polar compounds the first and fourth components separated all four time points into
distinct groups (Figure 4-9A); 5, 30, 37, and 43 weeks of storage were separated. The
separation of time points for PC1 was driven by glutamine, galactosyl glycerol, glycine, and alanine responses. The loading for PC4 are dominated by glutamine, -glycerophosphate,
galactosyl glycerol, galactose, and glycerol. In addition, the sixth and eighth separated the
cultivars into two different groups (Figure 4-9B): cultivars from Shropshire location and cultivar
from Yorkshire location. Analysis of the loadings showed the separation of cultivars is driven by
galactose, -glycerophosphate, and galactaric acid (for PC6), and galactose, and tyrosine (for
PC8).
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A

B

Figure 4-9. Selected score plots from PCA of polar metabolites identified by GC/MS, with samples
labelled according to time of storage and cultivar. A. Plot of PC1 against PC4. B. Plot of PC6 against
PC8. Abbreviations: TP1, 5; TP2, 30; TP3, 37; and TP4, 43 weeks of storage. A, Pirol B, SH C 909; C,
VR 808; D, Lady Rosetta; E, Shelford (Shropshire location); F, unknown cultivar; G, Brook; H, Arsenal;
and I, Shelford (Yorkshire location).

PCA of the non-polar data separate cultivars by location on PC3 vs. PC4 (Figure 4-10A) and
time points on PC1 vs. PC2 (Figure 4-10B). The separation for PC3 is driven by fucosterol, and
-5-avenasterol as well as unknown compounds. The compounds driving the separation by
cultivar location for PC4 are fatty alcohols (heneicosanol, tetracosanol, and docosanol). The
first and second components separate the time points into three distinct groups: 5 and 37 weeks
of storage are separated from 30, and 43 weeks of storage. The loadings for PC1 are dominated
by saturated fatty acids, mainly eicosanoic, hexadecanoic, and heptadecanoic acids. The
separation for PC2 is driven by unknown compounds.

A

B

Figure 4-10. Selected score plots from PCA of non-polar metabolites identified by GC/MS, with samples
labelled according to time of storage and cultivar. A. Plot of PC3 against PC4. B. Plot of PC1 against
PC2. Abbreviations: A, Pirol B, SH C 909; C, VR 808; D, Lady Rosetta; E, Shelford (Shropshire location);
F, unknown cultivar; G, Brook; H, Arsenal; and I, Shelford (Yorkshire location). TP1, 5; TP2, 30; TP3, 37;
and TP4, 43 weeks of storage.
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4.3.4. The influence of time of storage on metabolome profile
PCA were performed for each time point independently. Separation of cultivars was observed
at 5 and 43 weeks of storage. PCA of 5 weeks after storage separate cultivars by location on
PC1 vs. PC5 (Figure 4-11). Analysis of the loadings for PC1 showed the separation is driven by
glutamine, galactosyl glycerol, glycine, and -alanine. For PC5, the separation is driven by
unknown compounds as well as pentadecanoic acid. Moreover, PCA of 43 weeks after storage
separate cultivars by sugar profile (sweetening resistance or susceptibility) on PC1 vs PC3, and
PC2 vs. PC3 (Figure 4-12A); and PC3 vs PC4, and PC3 vs PC5 (Figure 4-12B). The separation
for PC1 is driven by amino acids: methionine, lysine, serine, histidine, isoleucine, tyrosine,
tryptophan, glycine, valine, threonine, asparagine, and leucine as well as unknown compounds.
The loadings for PC2 are dominated by fumaric and malic acids, hexacosanol, tetracosanol,
phosphate, threonic acid, ethanolamine, and valine. Analysis of the loadings for PC3 showed
the separation is driven by inositol, sucrose, proline, fructose, glucose, phenylalanine,
putrescine, and quinic acid as well as noctadecanoic and tetracosanoic acids, octacosanol, and
-sitosterol. The separation for PC4 is driven by unknown compounds, piperidinecarboxylic
acid, cinnamic acid, hexadecanoic acid, and asparagine. The loadings for PC5 are dominated
by unknown compounds, octacosanol, phenylalanine, galactosyl glycerol, -sitosterol,
octacosanoic acid, and -aminobutyric acid.

Figure 4-11. Selected score plot from PCA of all metabolites identified by GC/MS (polar/non-polar
fraction) at 5 weeks of storage with samples labelled according to cultivar. Plot of PC1 against PC5.
Abbreviations: A, Pirol B, SH C 909; C, VR 808; D, Lady Rosetta; E, Shelford (Shropshire location); F,
unknown cultivar; G, Brook; H, Arsenal; and I, Shelford (Yorkshire location).
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Figure 4-12. Selected score plots from PCA of all metabolites identified by GC/MS (polar/non-polar
fraction) at 43 weeks of storage with samples labelled according to senescent sweetening susceptibility.
A. Plot of PC1 against PC3; Plot of PC2 against PC3. B. Plots of PC3 against PC5; Plot of PC3 against
PC4. Abbreviations: A, Pirol B, SH C 909; C, VR 808; D, Lady Rosetta; E, Shelford (Shropshire location);
F, unknown cultivar; G, Brook; H, Arsenal; and I, Shelford (Yorkshire location). R, resistant to senescent
sweetening; S, susceptible to senescent sweetening; and NA (not applicable), cultivars which showed an
intermediate sugar content between R and S cultivars.

4.3.5. The influence of growing location on metabolome profile
Tubers of the Shelford variety grown either in Shropshire or Yorkshire are present in this study.
In order to identify differences in propensity for sweetening, tuber metabolome profiles from both
locations were compared by PCA. The first and fourth components separate the four time points
into four different groups (Figure 4-13). The separation for PC1 is driven mainly by amino acids:
-alanine, valine, glycine, leucine, serine, isoleucine, ethanolamine, and aspartic acid. The
compounds driving the separation for PC4 are nonacosanol, -5-avenasterol, solanid-5-enol,
stigmastadienol, fucosterol, mannitol, -linolenic acid, tetracosanoic, and octadecenoic acids.
This result suggests that genotype and storage are more significant than the growing
environment in determining the potato tuber metabolome.
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Figure 4-13. Selected score plot from PCA of all metabolites identified by GC/MS (polar/non-polar
fraction), with samples labelled according to time of storage and cultivar. Plot of PC1 against PC4.
Abbreviations: E, Shelford (Shropshire location); and I, Shelford (Yorkshire location). TP1, 5; TP2, 30;
TP3, 37; and TP4, 43 weeks of storage.

Although within each time point group a minor separation of both cultivars is observed, PCA of
each individual time point shows no separation based on location.
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4.4. Changes in transcript levels associated with long-term storage in potato tubers
4.4.1. Microarray analysis of gene expression

Senescent sweetening (SS) is genotype dependent, but the genetic basis remains uncertain. In
order to gain further insights into the genes associated with the accumulation of sugars in potato
tubers during long-term storage observed in this study, microarray experiments were designed
to identify genes that were differentially expressed during the SS transition for years 1 and 2.
One-way ANOVA using storage time as parameter was used in both years to identify statistically
significant expression profiles at a false discovery rate (P-value) ≤ 0.05. Data were visualised
using PageMan (Usadel et al., 2006) and a gene tree heat map in GeneSpring using default
Pearson correlation. MapMan is a software tool that supports the visualization of profiling data
sets in the context of gene ontologies and gene-by-gene basis on schematic diagrams of
biological processes (Usadel et al., 2009). The PageMan module uses the same ontologies to
statistically evaluate responses at the pathway or processes level.
4.4.2. Gene expression and biological processes influenced by long-term storage during
season 1 (2016/2017)
In order to identify genes that may be related to the accumulation of sugars during long-term
storage, two time points corresponding to the senescent sweetening transition were selected.
The ratio of gene expression at 26 weeks relative to 20 weeks of storage were under study to
identify genes that were significantly up- or down-regulated following senescent sweetening.
During SS transition, between 20 and 26 weeks after storage, genes associated with several
processes were altered in Arsenal and VR 808 tubers (Figure 4-14). Significant changes in
expression were observed for a total number of 329 genes in Arsenal and 224 genes in VR 808.
Arsenal showed up-regulation in genes associated with photosynthesis. Major carbohydrate
metabolism and DOF transcription factors were down-regulated in Arsenal. On the other hand,
over-expression of transcripts associated with secondary metabolism was observed in VR 808.
Moreover, both cultivars exhibited an up-regulation in genes related to hormone metabolism
and ethylene synthesis-degradation.
Season 2016/2017

Figure 4-14. PageMan diagram representing changes in potato tubers during senescent sweetening
transition for season 1 (2016/2017). Wilcoxon rank sum test (Benjamini-Hochberg corrected) was
employed to identify BINs whose contents were differentially regulated. Each coloured block represents
an individual BIN/sub-BIN or gene in the PageMan analysis. The colour represents the direction and
strength of the regulation (Logarithm to the base 2 colour scale; Red, highly up-regulated and Blue, highly
down-regulated). Abbreviations: CvA, Arsenal; and CvB, VR 808.
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VR 808 exhibited up-regulation in transcripts associated with flavonoid synthesis. Chalcone
synthase (CHS, EC 2.3.1.74) and flavanone 3-hydroxylase (F3H, EC 1.14.11.9) genes were
over-expressed. CHS is a key enzyme of the flavonoid/isoflavonoid biosynthesis pathway (Dao
et al., 2011). F3H plays important roles in flavonoid biosynthesis (Owens et al., 2008;
Flachowsky et al., 2012).
Major carbohydrate metabolism genes down-regulated in Arsenal during the onset of SS were
associated with starch synthesis, including granule-bound starch synthase 1 (EC 2.4.1.242),
1,4--glucan branching enzyme (EC 2.4.1.18), APL3 and ADG1. APL3 and ADG1 encode the
large and the small subunits of AGPase 1, respectively. The large subunit catalyses the first,
rate limiting step in starch biosynthesis whereas the small subunit is the catalytic isoform
responsible for AGPase activity. The presence of the small subunit is required for large subunit
stability. Therefore, these changes observed in major carbohydrate metabolism are a potential
reason for the sugar accumulation reported in Arsenal.
4.4.2.1. Effect of long-term storage on carbohydrate metabolism during season 1
(2016/2017)
As significant changes were found in transcripts associated with carbohydrate metabolism
during senescent sweetening transition for season 1 (2016/2017), different carbohydrate
metabolism pathways were investigated. Changes associated with carbohydrate metabolism
might underpin the transition to sweetening. Therefore, genes associated with sucrose-starch
metabolism (involved in sugar recycling) and glycolytic pathways (related to turnover of sugars)
were examined. A comparison of significant changes observed for Arsenal and VR 808 in
sucrose-starch metabolism and glycolytic pathways is presented in Figure 4-15, and 4-16,
respectively. In terms of sucrose-starch metabolism, Arsenal showed a strong down-regulation
in AGPase (large subunit), and 1,4--glucan branching enzyme. Moreover, both cultivars
exhibited down-regulation in -amylase 2 (EC 3.2.1.1) as well as up-regulation in vacInv.
Regarding the glycolytic pathways, similar behaviour for Arsenal and VR 808 were observed.
However, Arsenal, which has a senescent sweetening susceptible profile, showed a strong
down-regulation in GPT2. GPT2 is involved in the transport of glucose-6-phosphate into the
plastids. The down-regulation observed in Arsenal could implicate that sugar phosphates are
restricted in terms of plastid import where they are used for starch synthesis. In addition,
trehalose and T6P synthesis processes were down-regulated in Arsenal while up-regulated in
VR 808. T6P is a signalling metabolite that regulates carbon metabolism, developmental
processes, and growth in plants.
4.4.2.2. Effect of long-term storage on SnRK genes during season 1 (2016/2017)
In addition to the differences previously observed between Arsenal (susceptible to sweetening)
and VR 808 (sweetening resistant) cultivars, changes in sucrose non-fermenting-related protein
kinase (SnRK) genes were observed (Figure 4-17). During the SS transition, SnRK3.15 was
down-regulated while SnRK 2.6 was up-regulated. Both cultivars presented similar behaviour
in SnRK genes expression. However, VR 808 had a stronger response within changes. Many
studies have demonstrated that SnRK genes play various roles in the metabolism and
development of plants (Halford & Hardie, 1998; Johnson et al., 2002; Mustilli et al., 2002;
Boudsocq et al., 2004; Umezawa et al, 2004; Fujii & Zhu, 2009; Nakashima et al., 2009; Sun et
al., 2010; Zheng et al., 2010; Fujii et al., 2011; Ghillebert et al., 2011).
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Season 2016/2017
Arsenal

VR 808

Figure 4-15. MapMan scheme representing sucrose-starch metabolism pathways gene expression for Arsenal and VR 808 tubers during senescent sweetening transition
for season 1 (2016/2017). One-way ANOVA using time as factor was employed to identify significant changes during senescent sweetening transition. The colour
represents the direction and strength of the regulation (Logarithm to the base 2 colour scale; Red, highly up-regulated and Blue, highly down-regulated). Abbreviations:
1, neutral invertase; 2, vacuolar invertase; 3, fructokinase; 4, hexokinase; 5, hexokinase; 6, ADP-glucose pyrophosphorylase (AGPase) (large subunit); 7, AGPase (large
subunit); 8, AGPase (small subunit); 9, granule-bound starch synthase; 10, granule-bound starch synthase; 11, 1,4--glucan branching enzyme; 12, 1,4--glucan
branching enzyme; 13, -glucan phosphorylase; 14, -amylase; 15, unknown protein; 16, -amylase; 17, 4--glucanotransferase; 18, 4--glucanotransferase; 19, 4-glucanotransferase.
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VR 808

Figure 4-16. MapMan scheme representing glycolysis pathways gene expression for Arsenal and VR 808 tubers during senescent sweetening transition for season 1
(2016/2017). One-way ANOVA using time as factor was employed to identify significant changes during senescent sweetening transition. The colour represents the
direction and strength of the regulation (Logarithm to the base 2 colour scale; Red, highly up-regulated and Blue, highly down-regulated). Abbreviations: 1, neutral
invertase; 2, hexokinase; 3, hexokinase; 4, hexokinase; 5, hexokinase; 6, phosphatase; 7, phosphatase; 8, oxido-reductase; 9, -amylase; 10, unknown protein; 11, amylase; 12, -glucan phosphorylase; 13, phosphofructokinase; 14, phosphofructokinase; 15, glucose-6-phosphate translocator 2.
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Figure 4-17. SnRK gene expression for Arsenal and VR 808 tubers during senescent sweetening
transition for season 1 (2016/2017). One-way ANOVA using time as factor was employed to identify
significant changes during senescent sweetening transition. The colour represents the direction of the
regulation (Logarithm to the base 2 colour scale; Red, up-regulated and Blue, down-regulated).

4.4.3. Gene expression and biological processes influenced by long-term storage during
season 2 (2017/2018)
During the second season, 4 different time points were under study. These time points were at
30, 37, 40 and 53 weeks after storage, corresponding to prior to sugar accumulation stage,
senescent sweetening transition and late storage.
A total of 558 genes in Arsenal and 58 genes in VR 808 were differentially expressed over time.
Significant changes were observed in genes associated with photosynthesis, major
carbohydrate metabolism, lipid metabolism, metal handing, hormone metabolism, stress,
nucleotide metabolism, regulation of transcription, DNA synthesis, signalling, development and
transport (Figure 4-18).
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Season 2017/2018

Figure 4-18. PageMan diagrams representing changes in potato tubers during long-term storage at 9°C.
Differential gene expression of potato tubers during long-term storage in season 2 (2017/2018). A
Wilcoxon rank sum test (Benjamini-Hochberg corrected) was employed to identify BINs whose contents
were differentially regulated. Each coloured block represents an individual BIN/sub-BIN or gene in the
PageMan analysis. The colour represents the direction and strength of the regulation (Red, up-regulated
and Blue, down-regulated). Abbreviations: A, Arsenal; B, VR 808. 30, 37, 40, 53 represent weeks of
storage.
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4.4.3.1. Gene expression and biological processes influenced by long-term storage
during season 2 (2017/2018) in Arsenal
In Arsenal, at 30, 37, and 40 weeks of storage, genes encoding the ABA biosynthetic enzymes
9-cis-epoxycarotenoid dioxygenase (NCED, EC 1.13.11.51) (Nambara & Marion-Poll, 2005)
were up-regulated as well as gibberellin (GA) 20-oxidase (EC 1.14.11) genes. GA 20-oxidase
activity is suggested to be one of the principal points of regulation in the GA-biosynthetic
pathway
(reviewed
by
Hedden
&
Kamiya,
1997).
Moreover,
teosinte
branched1/cycloidea/proliferating cell factor (TCP) family of transcription factors genes were upregulated. Endogenous ABA is involved in the regulation of wound-induced suberization and
the processes that protect surface cells from water vapour loss and death by dehydration (Lulai
et al., 2008). Both ABA and ethylene are required for dormancy induction, but only ABA is
needed to maintain bud dormancy (reviewed by Suttle, 2004). TCP are involved in the regulation
of cell growth and proliferation, performing diverse functions in plant growth and development
and have been shown to be targets of pathogenic effectors and are likely to play a vital role in
plant immunity (Bao et al., 2019). At 53 weeks after storage, protein degradation genes were
up-regulated. Signalling genes encoding leucine-rich kinase family proteins were up-regulated
at 30 weeks of storage. Wu et al. (2009) suggested these genes may participate in the
responses against environmental stresses and disease resistance in potato. In addition, kiprelated protein 3 (KRP3) genes, negative regulator of cell division (De Velder et al., 2001;
Verkest et al., 2005; Weinl et al., 2005; Liu et al., 2008), were up-regulated at 30, 37, and 40
weeks after storage. Patatin group precursor genes involved in storage were down-regulated
after the onset of senescent sweetening. Down-regulation was observed in genes encoding galactosidases (EC 3.2.1.23) at 30, and 37 weeks, followed by up-regulation at 53 weeks of
storage. -galactosidases are associated with fruit softening (Gross, 1984; Gross & Sams,
1984; Redgwell et al., 1992).

4.4.3.2. Gene expression and biological processes influenced by long-term storage
during season 2 (2017/2018) in VR 808
VR 808 exhibited down-regulation in starch synthase (EC 2.4.1.21) and 1,4--glucan branching
enzyme at 40 weeks of storage. Genes encoding pectin methyl esterase (PME, EC 3.1.1.11)
were under-expressed at 37, 40, and 53 weeks of storage. Orthologous PME genes have been
shown to impact on the texture of fruit from many species (reviewed in Fischer & Bennett, 1991).
As pectin is a major component of the cell wall and the middle lamella, its structure is likely to
be an important factor in texture in potato tubers as well as other plant tissues (Fischer &
Bennett, 1991). Up-regulation in metal handing genes was observed at 37 weeks of storage. At
40 weeks of storage, GRAS family transcription factors were down-regulated. GRAS genes play
diverse roles in root and shoot development, GAs signalling, and phytochrome A signal
transduction (Bolle, 2004). At 30, and 40 weeks of storage, down-regulation in genes encoding
WD-40 repeat family proteins, known to serve as platforms for the assembly of protein
complexes or mediators of transient interplay among other proteins. In the model plant
Arabidopsis thaliana, members of this superfamily are increasingly being recognized as key
regulators of plant-specific developmental events (van Nocker & Ludwig, 2003).
At 30, 37 and 40 weeks after storage, genes encoding ADP-ribosylation factor (ARF) were upregulated. ARF regulates metabolism and antioxidant capacity in transgenic potato tubers (Zuk
et al., 2003). Transgenic plants resulted in the increase of soluble sugar-to-starch ratio
parameter when compared to un-transformed plants (Zuk et al., 2003). Genes encoding protein
phosphatase 2A (PP2A, EC 3.1.3.16) were down-regulated in VR 808 at 53 weeks of storage.
PP2A may be involved in sucrose-phosphate synthesis (Reimholz et al., 1994). Genes encoding
actin binding protein family associated with cellular organization were up-regulated at 37 weeks
after storage. The actin cytoskeleton functions in the generation and maintenance of cell
morphology and polarity, in endocytosis and intracellular trafficking, in contractility, motility and
cell division (Winder & Ayscough, 2005). Cell division genes encoding regulator of chromosome
condensation (RCC1) family protein were down-regulated at 30, 37, and 53 weeks after storage.
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In plants, RCC1 molecules act mainly as regulating factors for a series of downstream genes
during biological processes such as the UV-B response and cold tolerance (Heijde & Ulm, 2012;
Ji et al., 2015). Transport sugars genes encoding major facilitator superfamily proteins were
under-expressed at 37 weeks of storage. These proteins are involved in glucose
transmembrane transport (Saier et al., 1999).
4.4.3.3. Differences between Arsenal and VR 808 in gene expression and biological
processes influenced by long-term storage during season 2 (2017/2018)
Arsenal and VR 808 showed opposite behaviour in gene expression related to lipid degradation,
abiotic stress, nucleotide metabolism, short chain dehydrogenase/reductase and transport.
Gene expression was down-regulated for lipid metabolism, glutaredoxin, and transport in
Arsenal and up-regulated in VR 808. On the contrary, stress abiotic and nucleotide metabolism
were up-regulated in Arsenal and down-regulated in VR 808. The rest of significant changes in
gene expression presented no clear pattern. For this year, no significant changes in SnRK
genes were reported during the storage period.
4.4.3.4. Effect of long-term storage on carbohydrate metabolism during season 2
(2017/2018)
In terms of carbohydrate metabolism, differences in gene expression from the previous season
were observed in the cultivars. Although no significant changes in gene expression were
reported according to Wilcoxon rank sum test (Benjamini-Hochberg corrected), further details
regarding sucrose-starch metabolism (Figure 4-19) and glycolysis pathways (Figure 4-20) were
analysed. Arsenal showed a general down-regulation at 53 weeks of storage in AGPase (large
and small subunits), starch synthase I, 1,4--glucan branching enzyme, and 4-alphaglucanotransferase (EC 2.4.1.25). Furthermore, results in GPT2 expression were reproduced
from season 1 (2016/2017). Arsenal exhibited a gradually and strong decrease in GPT2
transcripts whereas it had a little increase in VR 808 over the storage period (Figure 4-20). The
GPT2 expression was progressively down-regulated over the storage period for the susceptible
cultivar following the trend of reducing sugar accumulation. Additionally, down-regulation in
triose-phosphate isomerase (TPI, EC 5.3.1.1) was observed in both cultivars after senescent
sweetening transition, presenting VR 808 a higher response.
GPT2 gene showed a gradual down-regulation over time in Arsenal, which accumulates
reducing sugars. The decrease in gene expression was subsequently correlated to the reducing
sugar accumulation during senescent sweetening transition. Hence, we suggested GPT2 to be
a candidate gene involved in sugar accumulation during long-term storage. The initial
identification of this GPT2 differential gene expression on the microarray was therefore checked
and confirmed by qRT-PCR.
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Season 2017/2018
Arsenal

VR 808

Figure 4-19. MapMan scheme representing starch metabolism pathway gene expression for Arsenal and VR 808 for season 2 (2017/2018). One-way ANOVA using time
as factor (Benjamini-Hochberg corrected) was employed to identify significant changes over storage at 30, 37, 40, and 53 weeks of storage. The lines on the graphics
represent the direction of the regulation. Abbreviations: 1, ADP-glucose pyrophosphorylase (AGPase, large and small subunits); 2, starch synthase; 3, 1,4--glucan
branching enzyme; 4, 4--glucanotransferase.
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Season 2017/2018
Arsenal

VR 808

Figure 4-20. MapMan scheme representing glycolysis pathways gene expression for Arsenal and VR 808 for season 2 (2017/2018). One-way ANOVA using time as
factor (Benjamini-Hochberg corrected) was employed to identify significant changes over storage at 30, 37, 40, and 53 weeks of storage. The lines on the graphics
represent the direction of the regulation. Abbreviations: 1, glucose-6-phosphate translocator 2 (GPT2); 2, triose-phosphate isomerase (TPI).
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4.4.4. qRT-PCR analysis of GPT2
Analysis was performed using the same samples and time points from season 2 (2017/2018)
microarray experiment. qRT-PCR data confirmed the results obtained by microarray analysis.
GPT2 expression was decreasing over time in Arsenal (Figure 4-21A). Moreover, a further qRTPCR analysis was performed using season 3 (2018/2019) material in order to identify GPT2
expression as a common mechanism associated to sugar accumulation during long-term
storage. In this experiment, 2 susceptible to SS, and 2 with stable sugar profile cultivars, were
selected and compared during the SS transition (Figure 4-21B). Results suggested downregulation in GPT2 gene is a common mechanism in cultivar susceptible to senescent
sweetening.

A

B

Season 2017/2018

14,0

2,0
1,5

0,5
0,0

VR 808
Arsenal

Relative expression

Relative expression

2,5

1,0

Season 2018/2019

16,0

3,0

12,0
10,0
8,0

VR 808

6,0

SH C 909

4,0
2,0

Shelford (S)

0,0

Arsenal

Figure 4-21. GPT2 expression in potato tubers during long-term storage at 9°C. All cultivars were from
Shropshire location. A. Comparison between susceptible to SS and stable profile cultivars over time for
season 2 (2017/2018). B. Comparison between 2 susceptible to SS and 2 stable profiles cultivars during
SS for season 3 (2018/2019). Samples included the same cultivars studied previously. Results suggested
GPT2 down-regulation is a common mechanism in susceptible to SS cultivars.

4.4.5. Assessment of transcriptome profiling results
Results from transcriptome profiling during year 1 (2016/2017) indicated differences in
carbohydrate metabolism and flavonoids biosynthesis between Arsenal (susceptible to
sweetening) and VR 808 (resistant to sweetening). In order to obtain further insights of whether
this differential gene expression had an effect in the accumulation of reducing sugars,
metabolites fluxes, carbohydrate metabolism enzymes activities, and total polyphenols content
were analysed.
4.4.5.1. Metabolites flux estimation of [U-14C] glucose metabolism
During season 3 (2018/2019) flux estimates from metabolism of [U-14C] glucose were
determined at 33, and 43 weeks of storage, both time points were prior to senescent
sweetening. Potato tuber discs were incubated with [U-14C] glucose for three hours. [U-14C]labelled extracts were fractionated into CO2, starch, cell wall and protein, neutral, anionic and
cationic fractions as well as glucose, fructose, and sucrose. A two-way ANOVA was carried out
using factors cultivar and time of storage. Percentages of metabolised [U-14C] glucose in potato
tuber discs are presented in Table 4-2. [U-14C]-labelled CO2 was significant different dependent
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on cultivar and time (P < 0.05). Percentage of metabolised [U-14C] glucose into starch increased
over time (P = 0.001) in both cultivars. However, no differences (P > 0.05) between cultivars
were reported. No differences (P > 0.05) were observed for glucose, fructose, sucrose, cell wall
and protein. Neutral fraction was significant different (P < 0.01) between cultivars at 33 weeks
of storage. In addition, anionic and cationic fractions changed over time (P < 0.05).
Table 4-2. [U-14C] in metabolic fraction in potato tuber discs at 33 and 43 weeks of storage for season 3
(2018/2019). Data presented is the percentage of [U-14C] glucose metabolised per gram of fresh weight.

Metabolic fraction

Glucose
Fructose
Sucrose
Starch
CO2
Cell wall, Protein
Neutral fraction
Anionic fraction
Cationic fraction

14C in metabolic fraction in tuber discs (% of metabolised)
33 weeks of storage
43 weeks of storage
Arsenal
VR 808
Arsenal
VR 808
0,96 ± 0,52 0,61 ± 0,09
2,62 ± 1,15 1,17 ± 0,10
1,21 ± 0,60 0,66 ± 0,07
1,97 ± 0,65 1,14 ± 0,14
0,76 ± 0,18 0,76 ± 0,16
2,01 ± 0,76 2,63 ± 1,44
0,61 ± 0,08 1,04 ± 0,11
4,91 ± 1,40 4,72 ± 0,77
64,77 ± 7,66 37,82 ± 3,18
28,55 ± 3,72 28,9 ± 4,55
1,59 ± 0,51 1,84 ± 0,04
1,49 ± 0,12 1,61 ± 0,03
7,02 ± 1,57 14,83 ± 0,65
26,39 ± 3,41 27,28 ± 3,41
11,60 ± 3,01 12,09 ± 1,27
16,12 ± 1,77 15,36 ± 0,29
2,28 ± 0,52 3,57 ± 0,18
6,05 ± 0,60 4,69 ± 0,91

4.4.5.2. Carbohydrate metabolism enzymes activity measurement
Enzymatic activities from carbohydrate metabolism were measured for season 1 (2016/2017).
AGPase, UGPase, and PGM were analysed at 20, 26, and 30 weeks of storage (Figure 4-22A).
In addition, HK, FK, SuSy, vacInv, and cytInv were under study at 30 weeks after storage, a
post-sweetening stage (Figure 4-22B). A two-way ANOVA was performed using cultivar and
time of storage as factors. HK, SuSy, vacInv and cytInv, AGPase, and UGPase activities
exhibited no differences (P > 0.05) between cultivars or changes over time (P > 0.05). However,
significant differences affected by cultivar for FK (P < 0.05) and by cultivar and time for PGM (P
< 0.005) were observed. VR 808 exhibited a significantly lower FK specific activity compared to
Arsenal at 30 weeks of storage. Besides, VR 808 showed a progressive decrease in the specific
activity of PGM after 20 weeks of storage.
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Season 2016/2017
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Figure 4-22. Measurement of specific activity of carbohydrate metabolism enzymes during senescent
sweetening in season 1 (2016/2017). A. Enzyme activity of AGPase, UGPase, and PGM during
senescent sweetening transition (20 and 26 weeks of storage) and post-sweetening at 30 weeks of
storage. B. Enzyme activity of vacInv, cytInv, SuSy, HK, and FK. Values are means ± SE (three biological
replicates from one experiment). Abbreviations: AGPase, ADP-glucose pyrophosphorylase; UGPase,
UDP-glucose pyrophosphorylase; PGM, phosphoglucomutase; vacInv, vacuolar invertase; cytInv,
cytosolic invertase; Susy, sucrose synthase; HK, hexokinase; FK, fructokinase.

4.4.6.3. Quantification of total polyphenols
Phenolic compounds are secondary metabolites produced in plants that have a common
structure based on an aromatic ring with one or more hydroxyl substituents (Beckman, 2000;
Parr & Bolwell, 2000; Valcarcel et al., 2015). These compounds can be divided according to
their chemical structure into flavonoids, phenolic acids, tannins, stilbenes, coumarins, and
lignans (Ignat et al., 2011; Lemos et al., 2015). Their presence affects the sensory qualities of
plant-derived processed foods, including taste, colour, and texture (Kroon & Williamson, 1999;
Alasalvar et al., 2001; Rytel et al., 2014). Differences in gene expression related to flavonoid
biosynthesis between cultivars were reported during senescent sweetening for season 1
(2016/2017). It was hypothesized that flavonoid synthesis may be acting as a sink for reducing
sugars in VR 808, resistant to sweetening cultivar, avoiding their accumulation. Therefore, total
polyphenols were quantified at 20, 26 and 30 weeks after storage in year 1 (Figure 4-23). These
time points were related to senescent sweetening transition and a post-sweetening stage. A
two-ways ANOVA was performed using cultivar and time of storage as factors. Results showed
no significant differences (P > 0.05) between cultivars as well as no significant changes (P >
0.05) influenced by time of storage.
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Figure 4-23. Quantification of total polyphenols content in Arsenal and VR 808 tubers during season 1
(2016/2017). Values are means ± SE (four biological replicates from one experiment).
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5. DISCUSSION
5.1. Assessment of sugar accumulation and processing quality during storage
In general, Lady Rosetta, Shelford (Shropshire), and Arsenal, had the highest reducing sugars
accumulation over the storage period and, SH C 909 and VR 808, showed no accumulation of
glucose in any case as well as presented the lowest fructose accumulation.
The level of sugars in potato tubers is an important factor affecting quality in potatoes. The
principal reason is the fact that the reducing sugars such as glucose and fructose react with free
amino acids during frying to produce distasteful dark processed fries and chips via a nonenzymatic Maillard-type reaction (Shallenberger et al., 1959). This reaction has played an
important role in the appearance and taste of foods since it is related to aroma, taste and colour.
Moreover, acrylamide is present in different foods processed at high temperature and it is
formed from asparagine in the presence of a carbonyl compound such a reducing sugar in the
process of Maillard reactions (Mottram et al., 2002; Stadler et al., 2002). During the 3 years of
this study, we reported a darkening increased over the storage period following reducing sugars
trend. Susceptible cultivars exhibited darker fry colour than varieties with a stable sugar profile.
Darker fry colours were reported to be more related to high glucose rather than fructose or
sucrose content. Fry colour depends on the quantity of superficial reducing sugars and the
temperature of frying oil as well as frying time (Pedreschi, 2009). A darker fry colour has been
reported to be correlated to a higher glucose (Coleman et al., 1993; Pritchard & Adam, 1994)
as well as higher acrylamide (Shepherd et al., 2010) contents.
The benefit of storing potatoes at 8-12°C is the minimum accumulation of sugars in tubers. This
storage method keeps the stored potatoes suitable for table and processing purposes.
However, the relatively high temperature favours sprouting and sprout growth once the natural
dormancy period of potato is over. Hence, use of sprout suppressant becomes essential under
these methods of potato storage. CIPC is considered as the most effective sprout suppressant
for potatoes and it is usually applied as a post-harvest fogging treatment on stored potatoes
(Paul et al., 2016). CIPC is a selective and systemic herbicide with an ability to translocate
acropetally in plant system (Ashton & Crafts, 1981). CIPC acts as a mitotic inhibitor by interfering
the process of spindle formation during the cell division (Vaughn & Lehnen, 1991). It is known
to inhibit protein synthesis, RNA synthesis, activity of -amylase along with suppression of
transpiration and respiration and interfere with oxidative phosphorylation and photosynthesis
(Vaughn & Lehnen, 1991). The CIPC treatment starts after the wound-healing period, since
wound-healing requires the production of new cell layers resulting from cell division, and before
dormancy break or sprout growth initiation (Kleinkopf et al., 2003). In the present study, CIPC
treatment had an effect on the fry colour of crisps. Within the same cultivar, crisps from untreated
potato tubers showed a darker fry colour than CIPC-treated tubers. Higher sugar content and
darker fry colour observed in untreated tubers might be due to would-induced catabolic
response and/or sink demand. With the onset of sprouting, tubers become a source organ for
the growing sprout (Sonnewald, 2001). This is accompanied by structural and metabolic
changes as well as by an altered level of gene expression (Ronning et al., 2003; Viola et al.,
2007; Hartmann et al., 2011). Initial bud outgrowth does not require massive reserve
mobilisation but is fed by sucrose-synthesising capacity that ensures rapid conversion of
hexoses into sucrose that can be transported into growing buds to meet its energy demand.
This was concluded from labelling experiments which revealed similar metabolic competence,
but different metabolite pools in dormant and open tuber buds with respect to sugar metabolism
(Viola et al., 2007). While resting buds contained only limited amounts of soluble sugars, there
was a massive increase especially in the amount of sucrose at bud break indicating that sucrose
unloading into the buds is a prerequisite for bud outgrowth.
Accumulation of reducing sugars must be avoided as it leads to both deterioration in processing
quality and the risk of acrylamide production (Fuller & Hughes, 1984). The amount of free sugar
tubers accumulate depends on the cultivar (van Vliet & Schriemer 1960; Burton 1969; Samotus
et al., 1974; Coffin et al., 1987; Richardson et al., 1990; Zrenner et al., 1996). Although the
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cultivars that are most susceptible to senescent sweetening tend to have short dormancy there
are important exceptions to this rule such as Maris Piper and Record (Colgan et al., 2012). In
addition to the effect of cultivar, growing conditions that affect the maturity of tubers at harvest
can impact on the timing of the onset of senescent sweetening and an effect of storage
temperature is also evident (Groves et al., 2005).
Considerable variation between different potato genotypes have been observed (Amrein et al.,
2003; Kumar et al., 2004; Elmore et al., 2007) and this affects processing properties. Moreover,
sugar content is affected by environmental factors during potato cultivation. Pre‐ and postharvest environmental and management factors are important, including temperature, mineral
nutrition and water availability during cultivation, crop maturity at harvest, mechanical stress and
storage conditions (Kumar et al., 2004). Temperature during cultivation is a major factor
because the processes of photosynthesis, transpiration, translocation of carbohydrates and
respiration are all temperature dependent. The optimum temperature range for most varieties
is quite narrow, between 15°C and 20°C (Kumar et al., 2004). Soil nitrogen levels also appear
to be important: De Wilde et al. (2006) showed that the levels of tuber sugars rose in nitrogendeprived potatoes by up to 100% compared with adequately fertilized potatoes, and Kumar et
al. (2004) similarly reported that plants adequately fertilized with nitrogen had lower reducingsugar concentrations at harvest. Sulphur deprivation also causes large increases in sugar
concentrations (Elmore et al., 2007). In addition, Muttucumaru et al. (2015) observed that a lack
of irrigation in the field‐grown potatoes resulted in a lower reducing sugar concentration in four
out of five varieties in the study (Lady Claire, Saturna, Ramos, and Hermes).
Senescent sweetening resistant and susceptible varieties showed similar behaviours in all
years. This work allowed to identify the sweetening transition, and sampling of tubers for
subsequent physiological, biochemical and molecular analysis.
5.2. Investigation of oxidative stress during long-term storage
Reactive oxygen species (ROS) are well recognized for playing a dual role as both deleterious
and beneficial species depending on their concentration in plants. At high concentration ROS
cause damage to biomolecules, whereas at low/moderate concentrations they act as second
messengers in intracellular signalling cascades that mediate several responses in plant cells
(Gechey & Hille, 2005). Among the ROS, H2O2 is the one which received most of the attention
in the last years. H2O2 is the result of a two-step reduction molecular oxygen and has a relatively
long lifespan in comparison to other ROS. The long half-life (1 ms) of H2O2 and its small size
allow it to traverse cellular membranes and migrate in different compartments, which facilitates
its signalling functions (Bienert et al., 2006). It is well known that H2O2 is a regulator of a
multitude of physiological processes like acquiring resistance, cell wall strengthening,
senescence, phytoalexin production, photosynthesis, stomatal opening and the cell cycle
(Petrov & Van Breusegem, 2012) and is essential for suberization in potatoes (Razem &
Bernards, 2002).The dual role played by ROS require the very strict control of H2O2
concentration in plant cells. The biological effect of H2O2 is mostly dependent on its
concentration, but also on the site of production, the developmental stage of the plant and
previous exposures to different kinds of stress.
H2O2 has a potential role in cellular and membrane damage as a consequence of an imbalance
between its production and antioxidant defences. This imbalance could lead to an oxidative
stress condition, and subsequent damage of the mitochondria and amyloplast membrane.
Malfunction in the mitochondrial machinery would result in a reduced capacity of respiration of
reducing sugars, producing their accumulation. In the same way, damage of amyloplast
membrane could expose the starch to amylolytic enzymes increasing its degradation and,
therefore, accumulation of reducing sugars.
H2O2 is the longest living ROS and is considered as the predominant ROS involved in cellular
signalling (Bienert et al., 2006). H2O2 content was quantified as a marker of oxidative stress in
tubers during storage. An increase of H2O2 content during senescent sweetening transition
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would suggest oxidative stress may be linked to the sugar accumulation in tubers. Both cultivars
exhibited significant differences during the storage period. However, tubers from each did not
exhibit a specific increase of H2O2 associated with the onset on sweetening.
Changes in absolute level of H2O2 were not observed during long-term storage. Nevertheless,
oxidative damage may have occurred due to localised concentration in specific organelles or
due to controlled sudden spikes. For that reason, an additional experiment was performed in
order to determine if H2O2 produced lipid membrane damage at cellular level over time. MDA
levels were quantified as an indirect measurement of lipid peroxidation in lipid membranes
(Fletcher et al., 1973; Konze & Elstner, 1978; Dhindsa et al., 1981). Results in lipid peroxidation
showed similar behaviours for both cultivars. An increase at the beginning of the storage period
was observed which may be related to storage-induced stress suffered by the tuber. During the
long-term storage MDA levels remained stable, suggesting no increase of oxidative damage in
lipid membranes. In the present work, we report no increase of markers of oxidative stress
during storage, suggesting senescent sweetening may not be linked to oxidative stress.
Aging and senescence are distinctly different but overlapping developmental processes. Aging
encompasses the entire lifespan of an organism, whereas senescence can be thought of as the
final developmental phase that culminates in death. Aging and senescence are the result of
complex changes in basic plant metabolism and, although the two are distinguishable, they do
share similarities at the biochemical level. For example, a gradual disruption of membrane
integrity, resulting in loss of compartmentation of cytoplasmic organelles and increased
permeability of the plasma membrane, is a widely reported phenomenon common to both
progressive aging and senescence of plant tissues (Thompson, 1988). Membrane integrity
declines with advancing age of potato seed-tubers (Knowles & Knowles, 1989). In senescing
plant tissues, lipid peroxidation plays a role in the loss of membrane integrity (Leshem, 1987;
Gidrol et al., 1989) and evidence of extensive lipid peroxidation during prolonged storage of
potato seed-tubers has been reported (Kumar & Knowles, 1993). Moreover, recent studies
using diaminobenzidine tetrahydrochloride (DAB) and nitroblue tetrazolium (NBT) staining
indicated a relationship between the onset of senescent sweetening and an increase in ROS,
suggesting senescent sweetening resistant varieties exhibit a delayed rise in ROS accumulation
(Carvalho, 2018). These findings support the hypothesis that senescent sweetening may be
produced by an increase of oxidative damage. However, since DAB stain is dependent not only
on ROS but also on the presence of peroxidase, this might explain the observed difference.
Moreover, membrane permeability may change over time leading to a better access of the stain
into the tissue.
Loss of membrane integrity in the amyloplast due to an increase of lipid peroxidation could
expose the starch to amylolytic enzymes leading to an accumulation of sugars. Nonetheless,
MDA measurements reported in this chapter suggest that if there is a loss of membrane integrity
is not caused by oxidative damage. We showed previously there was no evidence of oxidative
damage related to accumulation of sugars during long-term storage. In addition, a general
decrease in fatty acids (P < 0.001) associated with the senescent sweetening transition was
observed in this work. However, Spychalla and Desborough (1990) proposed induced or initial
high levels of membrane lipid unsaturation mitigated increases in tuber membrane permeability
during storage, and alterations in the levels of fatty acids had little bearing upon tuber membrane
permeability. Literature has also reported mixed evidence of how long-term stored affects
amyloplast membrane integrity in potato tubers. Electron micrographs of potato tubers stored
at 10°C for 8 months indicated that the amyloplast membrane was still intact and continuous
around starch granules in both normal and prematurely sweetened tissue (Sowokinos et al.,
1985). Moreover, different authors reported fragmented or disintegrated starch granules
membranes in potato tubers during storage (Ohad et al., 1971; Sowokinos et al., 1987).
Scavenging or detoxification of excess ROS is achieved by an efficient antioxidant defence
system comprising of the non-enzymatic as well as enzymatic antioxidants (Schreck &
Baeuerle, 1991; Noctor & Foyer, 1998; Møller, 2001). The enzymatic antioxidants include SOD,
catalase (CAT), glutathione peroxidase (GPX), enzymes of ascorbate-glutathione (AsA-GSH)
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cycle such as APX, MDHAR, DHAR, and GR (Noctor & Foyer, 1998, Möller et al., 2001). AsA,
GSH, carotenoids, tocopherols, and phenolics serve as potent non-enzymatic antioxidants
within the cell. Maintenance of a high antioxidant capacity to scavenge the toxic ROS has been
linked to increased tolerance of plants to these environmental stresses (Zaefyzadeh et al., 2009;
Chen et al., 2010). Considerable progress has been made in improving stress-induced oxidative
stress tolerance in crop plants by developing transgenic lines with altered levels of antioxidants
(Allen et al., 1997; Faize et al., 2011). Simultaneous expression of multiple antioxidant enzymes
has been shown to be more effective than single or double expression for developing transgenic
plants with enhanced tolerance to multiple environmental stresses (Lee et al., 2007). Plants
have developed antioxidant defence systems to minimize the concentrations of ROS and to
protect plant cells from oxidative damage (Noctor & Foyer, 1998). Given the lack of any
evidence for oxidative stress in stored tubers, the hypothesis that antioxidant systems were
upregulated to deal with an increased production of oxidants after prolonged storage was tested.
An important role in the antioxidant defence system has been attributed to the ascorbateglutathione pathway, which is catalysed by a set of four enzymes (Noctor & Foyer, 1998; Asada,
2006). The specific activity of this set of enzymes from the ascorbate-glutathione cycle was
quantified to monitor any change during storage that could be related to senescent sweetening.
Results showed fluctuations in the specific activity of antioxidant enzymes during storage.
However, there was no consistent change in antioxidant enzyme activity associated with the
onset of senescent sweetening. These data indicate a lack of support for the hypothesis that
senescent sweetening is associated with oxidative stress in stored potato tubers.
5.3. Metabolome profiles of potato tubers during long-term storage
In season 1 (2016/2017) and during the senescent sweetening transition, a general increase in
amino acids was observed for both cultivars. During year 3 (2018/2019), differences in amino
acids were observed between metabolite profiles of the cultivars. Results suggested that sugars
profile may be related to the amino acids content since PCA separate resistant cultivars from
the rest of the cultivars mainly by the amino acids content at 43 weeks after storage, during the
senescent sweetening period. Variable trends in free amino acids contents in potato tubers
during the storage have been previously reported (Talley et al., 1984). Černá and Kracmar
(2010) reported that the storage duration and cultivar have a significant effect on the total amino
acids content. An increase in free amino acids content that occurred during the latter part of
long-term storage (for up to 40 weeks) has been related to an upturn of proteinase activity on
the break of dormancy (Brierley et al., 1996).
As previously described, reducing sugars, such as glucose and fructose, react with free amino
acids during high-temperature cooking and processing in the Maillard reaction (Nursten, 2005;
Mottram, 2007; Halford et al., 2011). The relationship between reducing sugars, asparagine,
and acrylamide formation in potato products during cooking and processing is complex.
Asparagine is present approximately at one-third of the total free amino acid pool (Eppendorfer
& Bille 1996; Oruna-Concha et al., 2001; Amrein et al., 2003; Elmore et al., 2007; Carillo et al.,
2012; Halford et al., 2012; Muttucumaru et al., 2013). Due to this fact, sugar concentrations
might be expected to be the limiting factor for acrylamide formation as asparagine is found in
such a high concentration. However, the evidence is mixed. Some studies have reported sugar
concentrations as the limiting factor (Amrein et al., 2003; Becalski et al., 2004; de Wilde et al.,
2006), while others authors have observed asparagine concentration or asparagine
concentration as a proportion of the total free amino acid pool to be also important (Elmore et
al., 2007; Shepherd et al., 2010; Halford et al., 2012; Muttucumaru et al., 2014).
In addition, both cultivars exhibited an increase in organic acids after the onset of senescent
sweetening. Wichrowska et al. (2009) described that the content of organic acids in potato
tubers depends on cultivar and storage conditions. An increase in organic acids might be the
result of reduced respiration as a consequence of mitochondrial damage produced by oxidative
stress (Salvato et al., 2014).
On the contrary, total fatty acids decreased after 20 weeks of storage for both cultivars.
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Spychalla and Desborough (1990) revealed that potato cultivars with higher levels of fatty acid
unsaturation had lower rates of membrane electrolyte leakage and lower sugar contents.
However, at the present work both Arsenal and VR 808 exhibited similar unsaturated fatty acids
while differences in reducing sugars content.
A progressive decrease in PGM activity was observed in VR 808 during storage in season 1
(2016/2017). In potato tubers, the reduction in the activity of plastidial PGM leads to both a
reduction in starch accumulation and an increased sucrose accumulation (Fernie et al., 2001).
The accumulation of sucrose observed in VR 808 could be related to a reduction in the PGM
activity, suggesting the accumulation of reducing sugars and sucrose observed in Arsenal might
be due to different mechanisms.
5.4. Changes in transcript levels associated with long-term storage in potato tubers
The aim of this work was to utilize transcriptome profiling to understand how long-term storage
affects potato gene expression to promote senescent sweetening. A microarray experiment was
carried out using two different time points representing senescent sweetening transition during
the first year. For the second year, the experiment was conducted using 4 time points, including
prior to sweetening stage, senescent sweetening transition and late storage stage. qRT-PCR
was performed to verify the transcriptome results.
Carbohydrates provide energy and building blocks for plant growth and development.
Furthermore, soluble sugars including glucose, fructose and sucrose are known to act as signal
molecules to regulate the expression of many key genes involved in plant metabolic processes
and defence responses, consequently regulating plant growth and development (Rolland et al.,
2006; Mishra et al., 2009; Ruan et al., 2010; Cho & Yoo, 2011; Li et al., 2011). Carbohydrates
are also central to quality and yield of crops. In fleshy fruits, the accumulation of soluble sugars
during fruit development largely determines their sweetness at harvest. Plants have evolved an
elaborate system for sugar metabolism and accumulation in sink cells (Li et al., 2012).
The results of both transcriptome analyses suggested that carbohydrate metabolism was
altered during the storage period. In the major carbohydrate metabolism, genes associated with
starch synthesis were down-regulated in both analyses for the susceptible cultivar, presenting
these genes up-regulation for the stable profile cultivar. In addition, Arsenal exhibited upregulation of FK genes as well as higher specific activity of this enzyme compared to VR 808.
FK efficiently catalyses the phosphorylation of fructose to fructose 6-phosphate. However, it has
been suggested that FK has little impact on glycolysis and starch synthesis (Davies et al., 2005).
For season 1 (2016/2017), genes encoding AGPase were down-regulated in Arsenal during the
senescent sweetening transition. In season 2 (2017/2018), Arsenal also exhibited a general
down-regulation in starch synthesis, including AGPase genes, at 53 weeks of storage. In
heterotrophic storage organs such as potato tubers, most of the incoming sucrose is converted
to starch as a long-term carbon store for reproductive growth. AGPase catalyses the first
committed step of starch synthesis in the plastid, converting glucose 1-phosphate and ATP to
ADP-Glc and PPi. ADP-Glc is subsequently used by starch synthases and branching enzymes
to elongate the glucan chains of the starch granule. AGPase is a heterotetramer that contains
two large (AGPS, 51 kDa) and two slightly smaller subunits (AGPB, 50 kDa) (Morell et al., 1987,
Okita et al., 1990). Work with Arabidopsis mutants (Neuhaus & Stitt, 1990) and potato tubers
(Geigenberger et al., 2004) showed that the enzyme catalyses a near rate-limiting step in the
pathway of starch synthesis. There is evidence for the in vivo role of posttranslational redox
modulation of AGPase in regulating starch synthesis in heterotrophic potato tubers (Tiessen et
al., 2002) and photosynthetic leaves of potato, pea, and Arabidopsis plants (Hendriks et al.,
2003). Posttranslational redox activation of AGPase allows the rate of starch synthesis to be
increased in response to external inputs and independently of any increase in the levels of
glycolytic intermediates (Tiessen et al., 2002). More recent studies in potato tubers revealed
that sucrose and glucose lead to redox activation of AGPase via two different signaling
pathways involving SnRK1 and hexokinase, respectively (Tiessen et al., 2003). Hexokinase and
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SnRK1 are both implicated in a regulatory network that controls the expression and
phosphorylation of cytosolic enzymes in response to sugars (Smeekens, 2000). How they are
linked to reductive activation of AGPase and starch synthesis in the plastid remains unresolved.
Trehalose metabolism has been implicated in the regulation of sugar utilization in yeast and
plants (Thevelein & Hohmann, 1995; Eastmond & Graham, 2003; Gancedo & Flores, 2004).
Genes included in the minor carbohydrate biosynthesis suggested down-regulated production
of T6P in Arsenal potato tubers. Trehalose and the metabolism associated with its synthesis
have been proposed to be a component of the plant’s sugar signalling system (Paul, 2007; Paul
et al., 2008). T6P is an intermediate product of trehalose biosynthesis. T6P is a product of the
reaction between UDP-Glc and G6P (Cabib & Leloir, 1958), which is catalysed by TPS. T6P is
further metabolised to trehalose by TPP (Cabib & Leloir, 1958; O’Hara et al., 2013), which is
eventually hydrolysed by trehalase into glucose (Elbein et al., 2003). In potato, T6P
overproduction has been shown to cause the down-regulation of cell proliferation and delayed
growth and sprouting (Debast et al., 2011). It has been reported that the addition of T6P to
isolated chloroplasts leads to redox activation of AGPase (Kolbe et al., 2005). Lunn et al. (2006)
reported that rising sugar levels in plants are accompanied by increases in the level of T6P,
redox activation of AGPase and the stimulation of starch synthesis in vivo. These results
indicate that T6P acts as a signalling metabolite of sugar status in plants and support the
proposal that T6P mediates sucrose-induced changes in the rate of starch synthesis (Lunn et
al., 2006).
Debast et al., (2011) reported that transgenic potato plants with elevated T6P levels displayed
reduced starch content, decreased ATP contents, and increased respiration rate diagnostic for
high metabolic activity. On the contrary, lines with significantly reduced T6P showed
accumulation of soluble carbohydrates, hexose phosphates, and ATP, no change in starch
when calculated on a fresh weight basis, and a strongly reduced tuber yield. T6P-accumulating
tubers were strongly delayed in sprouting, while those with reduced T6P sprouted earlier than
the wild type (Debast et al., 2011). This observation may be related to the fact that potato
cultivars that are most susceptible to SS tend to have short dormancy (Colgan et al., 2012).
T6P is considered a signal regulating plant sugar metabolism, growth and development,
possibly due to its interaction with sucrose non-fermenting (SNF) kinases (Lunn et al., 2014).
T6P acts as an intermediary, increasing the rate of starch synthesis via the redox activation of
AGPase (Kolbe et al., 2005). T6P has no significant inhibitory effects on the hexokinase
activities of spinach (Wiese et al., 1999), Arabidopsis (Eastmond et al., 2002), or tomato
(Kandel-Kfir et al., 2006). However, T6P indirectly responds to glucose or fructose but is directly
influenced by sucrose (Yadav et al., 2014).
In Arabidopsis, T6P signalling is partially mediated through inhibition of the SnRK1 (Debast et
al., 2011). Protein phosphorylation is involved in regulation of various cellular activities in plants
and one of the main signals mediating the responses to environmental stresses (Laurie &
Halford, 2001; Yoshida et al., 2006; Fujii et al., 2007; Movahed et al., 2012; Hong et al.,2013).
The SnRKs are a gene family coding for Ser/Thr protein kinases and play important roles in
linking abiotic stress tolerance and the metabolic responses of plants (Qin et al., 2011; Bing et
al., 2013; Tao & Lu, 2013). Based on sequence similarity, domain structure and metabolic roles,
the plant SnRK family is divided into three subfamilies: SnRK1, SnRK2 and SnRK3. Several
studies have demonstrated that these three subfamilies play various roles in the metabolism
and development of plants. SnRK1 plays an important role in regulating carbon metabolism and
energy conversion in plants (Halford & Hardie, 1998; Ghillebert et al., 2011), SnRK2 members
are the major players in plant responses to osmotic stresses (Boudsocq et al., 2004; Umezawa
et al, 2004; Fujii & Zhu, 2009; Fujii et al., 2011), ABA dependent and independent stomatal
closure-opening (Mustilli et al., 2002), fruit development (Sun et al., 2010), seed dormancy
(Zheng et al., 2010) and germination (Johnson et al., 2002, Nakashima et al., 2009), while
SnRK3 is involved in plant development, calcium-responsive regulatory loop and ABA
sensitivity.
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In addition, we reported a GPT2 gene was progressively down-regulated over time in the
susceptible cultivar. This decrease in expression during the senescent sweetening transition
was related to the increase of reducing sugars previously observed. A number of genes have
been identified as being up-regulated by exogenous increases in sugar, including At1g61800,
encoding a GPT2 (Knappe et al., 2003). GPT2 is involved in the transport of G6P across plastid
membranes in return for inorganic phosphate (Niewiadomski et al., 2005). Microarray analyses
have shown that GPT2 expression has been associated with impaired carbon metabolism (Kunz
et al., 2010), senescence (Pourtau et al., 2006), and increases in carbon fixation due to
increased light (Athanasiou et al., 2010). Moreover, GPT2 has been suggested to be associated
with sugar sensing by affecting the balance of metabolites between cellular compartments
(Dyson et al., 2015).
Kunz et al. (2010) showed that GPT2 expression is up-regulated in mutants impaired in starch
synthesis (Kunz et al., 2010). In Arabidopsis, whereas the glucose-6-phosphate translocator 1
(GPT1) is constitutively present in particular cells such as stomatal guard cells of leaves or cells
of the root tip, GPT2 is induced when carbohydrate metabolism is impaired, e.g. at higher
concentrations of soluble sugars (Kunz et al., 2010). In potato tubers, the under-expression of
GPT2 gene could lead to a decrease in transport of G6P into the amyloplasts for the synthesis
of ADP-Glc, which is the substrate for starch synthases and represents the first committed
precursor for starch synthesis.
The key enzyme in starch biosynthesis, the stroma‐localised AGPase, catalyses the ATP‐
dependent conversion of G1P to ADP-Glc, the substrate for starch synthases. A knockout
mutation in the catalytic subunit of AGPase in Arabidopsis results in a lack of starch in all parts
of the plants (Lin et al., 1988), as is the case for a mutant plant with a defect in the plastid‐
localised PGM, catalysing the reversible conversion of G6P to G1P as substrate for AGPase
(Caspar et al., 1985; Kofler et al., 2000; Periappuram et al., 2000). During the season 1
(2016/2017) of this project, VR 808 exhibited a progressive decrease in PGM activity at 26
weeks of storage. In plastids of heterotrophic tissues, G6P can be imported from the cytosol via
a glucose‐6‐phosphate/phosphate translocator (GPT) and converted to starch via PGM,
AGPase and starch synthases. The proposed role of the GPT is delivery of G6P to non‐green
plastids as carbon skeletons for starch biosynthesis and/or to the oxidative pentose phosphate
pathway (Kammerer et al., 1998; Rolletschek et al., 2007; Zhang et al., 2008).
Microarray analyses revealed that GPT2 was substantially up‐regulated in a pgm mutant or in
a wild type fed with glucose (Thimm et al., 2004; Bläsing et al., 2005; Pourtau et al., 2006). In
Arabidopsis leaves, GPT2 is strongly induced by light and contributes significantly to the
measurable G6P transport activity of mutants impaired in starch biosynthesis (Kunz et al., 2010,
Weise et al., 2019). GPT2 has been suggested to be a safety valve under situations when
carbohydrate metabolism is impaired or in the presence of increased soluble sugar
concentrations (Kunz et al., 2010). Moreover, inverse correlation of GPT2 and cwInv gene
expression has been reported (Ferreira et al., 2010).
Weise et al. (2019) reported that both redox responsive transcription factor 1 (RRTF1) and high
amounts of cytosolic triose phosphate are required for induction of the expression of GPT2 in
Arabidopsis leaves. In the present study, VR 808 exhibited increasing transcript levels of GPT2
as well as a gradual decrease of PGM activity at 26 weeks of storage during year 1. However,
potato tubers from both cultivars showed similar expression in RRTF1 genes. In mutants of
Arabidopsis that are unable to synthesize starch due to a mutation in the gene encoding the
plastid PGM, GPT2 transcripts amounts were more than two-fold higher than in the wild type
(Weise et al., 2019). Potato lines with decreased activities of plastidial PGM exhibited a
remarkable (up to 40%) decrease in the accumulation of starch, and significant increases in the
levels of sucrose and hexose phosphates (Tauberger et al., 2000).
Cytosolic expression of yeast invertase in potato tubers leads to reduced starch content and
increased respiration. Moreover, UDP-Glc production is associated with a reduced expression
of cell wall biosynthetic genes (Ferreira & Sonnewald, 2012). In addition, Ferreira and
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Sonnewald (2012) observed the transgenic tubers are characterized by elevated expression of
senescence-associated genes, coupled to reduced expression of genes related to
photosynthesis and the cytoskeleton. Increased respiration, observed in Arsenal tubers, might
be due to sugar signalling via released T6P inhibition of the SnRK1 complex. In Arsenal,
expression of the GPT2 was signiﬁcantly down-regulated during the storage for year 1 and 2.
This could lead to a shift in the cytosolic to plastidic G6P ratio and hence might limit starch
synthesis, but also the oxidative pentose phosphate pathway.
In Arabidopsis, GPT2 is rapidly induced by both glucose and sucrose, and thus is essential for
leaf growth and acclimation of metabolism to daily environmental changes (Gonzali et al., 2006;
Athanasiou et al., 2010; Dyson et al., 2014; Dyson et al., 2015; Van Dingenen et al., 2016). The
induction of GPT2 by glucose is dependent on its concentration, and does not occur in response
to light, ABA, or other indirect signalling pathways (Chen et al., 2019). Chen et al. (2019)
suggested that when sugars are increased in the cytosol, the expression levels of sugarresponsive genes such as GPT2 increase by the coordinate actions of WRKY18, WRKY53, and
HAC1. The increased cytosolic sugar content could then be lowered by more active sugar import
into cellular compartments (e.g. amyloplast in potato tubers).
In the mature leaves of most plants, photosynthates formed during C3 photosynthesis are used
in the formation of sucrose, which is allocated via the phloem to the heterotrophic plant organs,
such as young leaves, roots, seeds, fruits, or tubers. In these sink tissues, sucrose serves as a
source of carbon and energy and is cleaved by the action of invertases or sucrose synthase.
Finally, the products of these reactions are converted into hexose phosphates.
Plastids of non-photosynthetic plant tissues depend metabolically on the supply of ATP and
carbon compounds. In general, plastids are not able to generate hexose phosphates from C3
compounds due to the absence of fructose-1,6-bisphosphatase activity (Entwistle & ap Rees,
1988). Non-green plastids of heterotrophic tissues import carbon as a source of biosynthetic
pathways and energy and, in the case of amyloplasts of storage tissues, the site of starch
synthesis. Within plastids, carbon can be used in the biosynthesis of starch or as a substrate
for the oxidative pentose phosphate pathway. Several studies have reported that this transport
in different plant tissues is mediated by a phosphate translocator that imports hexose
phosphates in exchange with inorganic phosphate or C3 sugar phosphates (Borchert et al.,
1989, 1993; Hill & Smith, 1991, 1995; Neuhaus et al., 1993; Flügge & Weber, 1994;
Schünemann & Borchert, 1994; Flügge, 1995; Schott et al., 1995; Quick & Neuhaus, 1996).
Although G6P has been reported to be the preferred hexose phosphate taken up by non-green
plastids (Kammerer et al., 1998), in amyloplasts from wheat endosperm, G1P rather than G6P
is the precursor of starch biosynthesis (Tyson & ap Rees, 1988; Tetlow et al., 1994).
Amyloplasts from potato tubers showed to use G1P rather than G6P to support starch synthesis
(Naeem et al., 1997), although previous studies reported that these plastids were able to
transport G6P but not G1P (Schott et al., 1995).
In conclusion, long-term storage caused changes in carbohydrate metabolism and a
progressive decrease in sugar transporters gene expression in susceptible cultivars. GPT2 was
consistently down-regulated in sweetening tubers. This fact might limit sugar supply to the
plastids, which could lead to a down-regulation of starch biosynthesis genes. These results
suggest that down-regulation of sugar phosphate transport is a crucial factor that promotes
senescent sweetening during long-term storage. Hence, we have identified GPT2 as a possible
candidate gene involved in the mechanisms of senescent sweetening. Insight into the
underlying mechanism that causes accumulation of sugars in stored potato tubers is needed to
fully understand the senescent sweetening process.
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6. CONCLUSIONS
Control of potato quality during storage represents a significant problem for the potato
processing industry and little is known regarding the mechanisms of senescent sweetening. The
Ph.D. research project adopts physiological, biochemical, and molecular approaches to
elucidate downstream biochemical and molecular responses to long-term storage that may
influence carbohydrate metabolism resulting in senescent sweetening. Potential mechanisms
include enhanced starch degradation, reduced starch resynthesis, and reduced catabolism of
sugars.
6.1 Assessment of physiological changes of potato tubers during long-term storage
Long-term storage had a significant impact on sugar accumulation in potato tubers. Varieties
showed differences in senescent sweetening susceptibility. Accumulation of sugars was higher
in Arsenal, Lady Rosetta and Shelford than in VR 808 and SH C 909. Sugar content was higher
in untreated tubers compared to CIPC-treated tubers in year 1. During this year, Arsenal showed
senescent sweetening after 26 weeks of storage. However, for the second year Arsenal
exhibited a later onset of senescent sweetening, after 37 weeks of storage. In year 3,
susceptible cultivars were observed to accumulate sugars after 43 of storage. Furthermore, the
Shelford variety showed a difference in sugar accumulation depending on growing location.
Despite changes in the timing of accumulation, the relative timing was consistent. In conclusion,
senescent sweetening has a strong genetic component that is overlaid by environmental
factors, as demonstrated by impact of year and growing location. This fact suggests that
breeding for senescent sweetening resistance is a feasible objective.
6.2 Senescent sweetening and its relationship with oxidative stress
A relationship between the onset of senescent sweetening and oxidative stress was not
observed during the storage period. Arsenal and VR 808 exhibited differences in H2O2 content,
however, no consistent increase was observed related to the onset of senescent sweetening.
Similarly, although the content of MDA (a marker of oxidative stress) exhibited a transient
increase in both cultivars early in storage, MDA levels rapidly returned to a basal level and a
second increase associated with senescent sweetening was not observed. Antioxidant enzyme
activities were observed to change over the course of the storage period, however there was
again no consistent change associated with the transition to senescent sweetening.
The data presented in this work therefore provides no evidence for an association between
oxidative stress and the induction of senescent sweetening. Some previous reports have
suggested a greater oxidative burden in aged tubers (Kumar and Knowles 1996; Kumar et al.
1997) although the relationship between increased oxidative burden and senescent sweetening
was not established. On the contrary, Sowokinos et al. (1987) clearly demonstrated that damage
to the amyloplast membrane was associated with sugar accumulation and although it was
assumed that loss of membrane integrity was associated with oxidative stress this was not
demonstrated. However, Carvalho (2018) did show a loss of membrane integrity and also
demonstrated an increase in the reactive oxygen species superoxide and hydrogen peroxide
associated with senescent sweetening.
Taken together, it appears that long-term storage of potato tubers can induce oxidative stress
however, the relationship between oxidative damage and sugar accumulation is less clear.
Other work presented in this report indicates that genetically programmed changes in tuber
metabolism may be a more significant factor in senescent sweetening.
6.3 Potato tuber metabolome during long-term storage
Cultivars showed similar behaviours in terms of metabolome during the storage. The main
difference observed was in the amino acids content, which it has been postulated to be cultivar© Agriculture and Horticulture Development Board 2020

53

dependent. The amino acids content separate the cultivars into different groups based on their
senescent sweetening susceptibility, suggesting a relationship between amino acids and sugar
content.
Despite the observed differences in some amino acids, metabolic profiles are remarkably similar
between cultivars. Moreover, and as evidenced from the data in this work, the metabolic
adjustments leading to sweetening are minor. It might therefore be expected that only a few key
genes are significant in producing the sweetening effect. Therefore, a small number of QTL
might be expected to have a large effect which means that marker assisted breeding may be a
powerful tool in the creation of sweetening resistant cultivars.
6.4 Changes in transcript levels associated with long-term storage in potato tubers
The key finding of this work is the observation that transcripts encoding the plastid hexosephosphate transporter GPT2 are consistently reduced in abundance across all cultivars tested
during the transition to senescent sweetening. During storage, potato tubers undergo futile
rounds of starch degradation in the amyloplast, export of sugars to the cytosol, phosphorylation
of sugars in the cytosol, import of phosphorylated sugars to the amyloplast and starch
resynthesis in the amyloplast. GPT2 plays a crucial role in this cycle where it is responsible for
the import of phosphorylated sugars back into the amyloplast. A reduction of GPT2 is likely to
result in reduced import of sugar phosphates back into the amyloplast thereby reducing
substrate availability for starch resynthesis and increasing the levels of free sugars and sugarphosphates in the cytosol. This is further compounded by the observation that transcripts
associated with starch synthesis are also depleted during the senescent sweetening transition.
It is reasonable to hypothesise that starch biosynthesis transcripts are downregulated as a result
of substrate limitation suggesting that the primary cause of senescent sweetening is the
reduction in GPT2 capacity. These data indicate that GPT2 is a potential target for marker
assisted breeding.
6.5 Mechanisms of senescent sweetening
In the present work, results suggest that senescent sweetening may be the consequence of
altered carbohydrate metabolism. During the three years of study, all cultivars accumulated
sucrose at similar levels. The accumulation of sucrose might result from a general water-deficit
stress induced by long-term storage. As previously described, drought stress may affect
vacuolar transporters. In this context, all cultivars under study might exhibit vacuolar
accumulation of sucrose due to drought stress following long-term storage.
GPT2 expression was significantly lower in cultivars susceptible to senescent sweetening
compared to resistant cultivars. GPT2 is involved in the transport of glucose-6-phosphate into
the plastids. In potato tubers, the down-regulation observed in susceptible cultivars could
implicate that sugar phosphates are unable to be transported into the amyloplasts, where they
are used for starch synthesis. As a consequence, the decreased content in starch substrates in
the amyloplasts might lead to the down-regulation in starch synthesis genes observed in
Arsenal. Since reducing sugars could not been used for starch resynthesis, they would start to
accumulate during long-term storage resulting in senescent sweetening.
Although differences related to senescent sweetening were observed between cultivars, the
reason for these differences and what are the molecular triggers of onset remain to be
elucidated.
6.6 Implications of this work
The main contributions of the present research project are a better understanding of the
physiological, biochemical, and molecular changes in potato tubers during long-term storage. A
further understanding of the processes underlying senescent sweetening will enable strategies
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for control by optimising storage regimes and will underpin breeding programmes for the
development of senescent sweetening-resistant varieties.
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