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Cytosolic (U-IN-2) or apoplasmic (U-IN-1) targeting of yeast invertase in potato tubers leads
to a reduction in sucrose and an increase in glucose content, but specific phenotypical
changes are dependent on the subcellular targeting of the enzyme. Cytosolic expression
leads to a more severe phenotype with the most striking aspects being reduced starch
content and increased respiration. Despite extensive research, the regulatory mechanisms
leading to these changes remain obscure. Recent technological advancements regarding
potato transcriptional and genomic research presented us with the opportunity to revisit
these lines and perform detailed gene expression analysis, in combination with extensive
metabolic profiling, to identify regulatory networks underlying the observed changes. Our
results indicate that in both genotypes reduced UDP-glucose production is associated with
a reduced expression of cell wall biosynthetic genes. In addition, U-IN-1 tubers are char-
acterized by elevated expression of senescence-associated genes, coupled to reduced
expression of genes related to photosynthesis and the cytoskeleton. We provide evidence
that increased respiration, observed specifically in U-IN-2 tubers, might be due to sugar
signaling via released trehalose-6-phosphate inhibition of the SnRK1 complex. In both geno-
types, expression of the plastidic glucose-6-phosphate transporter (GPT) is significantly
down-regulated. This leads to a shift in the cytosolic to plastidic glucose-6-phosphate ratio
and hence might limit starch synthesis but also the oxidative pentose phosphate pathway.
This might explain the observed changes in several additional plastid localized pathways,
most notably reduced expression of fatty acid biosynthetic genes and an accumulation of
shikimate. Interestingly, a strict negative correlation between invertase and GPT expres-
sion could be observed in a wide range of potato tubers.This reciprocal regulation may be
part of a more general switch controlling energy versus storage metabolism, suggesting
that the fate of assimilate utilization is coordinated at the level of sucrose degradation.
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INTRODUCTION
Starch biosynthesis, especially in potato tubers, has extensively
been studied. Attempts to increase starch content of tubers either
focused on increasing carbon assimilation in leaves, i.e., enhanced
source capacity, or stimulating the ability of tubers to attract
assimilates, i.e., increased sink strength. Based on the analysis
of transgenic potato plants with reduced source capacity (Zren-
ner et al., 1996) it seemed unlikely that source capacity limits
tuber and starch yield under various growth conditions, includ-
ing experimental field tests. Therefore, most attempts concen-
trated on increasing assimilate flux towards starch biosynthesis
by manipulating tuber metabolism. In this respect enhancing
glucose-6-phosphate (G6P) and/or ATP uptake of amyloplasts
resulted in a significant increase in starch accumulation of trans-
genic potato plants under greenhouse conditions (Flügge et al.,
2011). Another approach which was followed was to increase the
sucrose hydrolytic activity in potato tubers. In the plant king-
dom there are only two enzyme activities able to degrade sucrose,
sucrose synthase (Susy), yielding fructose and UDP-Glucose, and
invertase, yielding fructose and glucose.

Sucrose synthase activity is believed to be confined to the
cytosol with isoforms of invertase present in the cell wall (cell
wall-bound invertase), cytosol (neutral invertase), and vacuole
(vacuolar invertase; Barratt et al., 2009); and there is also evi-
dence of a plastidial isoform (Vargas et al., 2008). In potato, as in
other plant species, the enzyme predominantly degrading sucrose
is dependent on the tissue and/or physiological state of the specific
tissue. For instance, the switch from invertase degradation to Susy
degradation is seen as a marker for the onset of tuberization (Viola
et al., 2001). Analyzing Susy antisense plants revealed that starch
accumulation is highly dependent on Susy activity (Zrenner et al.,
1995). Interestingly, soluble acid invertase activity and expression
is strongly up-regulated in Susy deficient potato tubers. Neverthe-
less, the increased invertase activity cannot complement for the
loss of Susy activity. In physiological terms the onset of tuber-
ization is, importantly, a change from energy metabolism where
sucrose is used for growth, to storage metabolism, where sucrose
is mainly converted to starch for storage. At the same time, there
is also a switch from apoplasmic to symplasmic sucrose unloading
(Viola et al., 2001).
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The mode of sucrose degradation, sucrolytic or hydrolytic,
has been analyzed in great detail. Many factors contribute to
which enzyme activity is predominantly used. Comparing a large
number of plant species and tissues revealed a tentative correla-
tion between the mode of sucrose degradation and the nature of
sink tissues. Hydrolytic sucrose degradation is mostly correlated
to metabolic sinks, while sucrolytic sucrose degradation corre-
lates strongly with storage sinks. The reason for this is elusive.
Major differences between both pathways are compartmentation
and production of UDP-glucose or glucose which is specific for
sucrolytic or hydrolytic sucrose degradation, respectively. While
glucose content positively correlates with meristem activity and
sensing mechanisms have been described (Smeekens et al., 2010),
little is known about the role of UDP-glucose. The production of
UDP-Glucose instead of glucose may be attractive in the sense that
it saves one ATP unit, which would be needed to phosphorylate
glucose via hexokinase. In a relatively energy scarce environment
like a potato tuber this could be a contributing factor to the change.
Whether this is of significant importance is debatable since one
glucose unit would produce 32 units of ATP via glycolysis and
aerobic respiration, questioning whether the saving of one ATP
would be a reason for an alternative route. Anaerobic respiration,
however, would produce only four units of ATP, and the manner
of cleavage might be important under such conditions.

Another important process requiring UDP-glucose is cell wall
biosynthesis. It has been shown in cotton that a specific isoform
of Susy, embedded in the cellulose synthase complex, is respon-
sible for channeling the UDP-glucose to the cellulose synthase
complex (Amor et al., 1995). It is not known whether such a
mechanism would exist in potato tubers where cellulose, and also
hemi-cellulose which is also produced from UDP-glucose, would
represent only a small flux compared to starch biosynthesis. The
importance of Susy activity for normal cell wall biosynthesis is
unclear. In for instance growing stolons, characterized by an active
cell wall biosynthesis, invertase rather than Susy activity is domi-
nant. Moreover, in Arabidopsis mutants lacking Susy activity in all
tissues except the phloem, there was no effect on cellulose or cell
wall composition (Barratt et al., 2009).

Despite these differences, the products of both, invertase and
Susy, can be converted to glucose-6-phosphate, the form in which
carbon is most likely imported to the plastid for starch biosynthesis
(Zhang et al., 2008). There is evidence that glucose-1-phosphate is
transported into the plastid via an unidentified transporter (Fet-
tke et al., 2010), although it has not been proven in vivo. In earlier
attempts to increase sink strength, yeast invertase was expressed
in potato tubers, where it was targeted to either the cytosol or
apoplasm. Apoplasmic (U-IN-1) and cytosolic (U-IN-2) expres-
sion led to very different results. Cytosolic expression led to large
changes in metabolite levels, reduced starch and, importantly, to
an increase in respiration. This increase in tuber respiration led
to an acceleration of starch degradation during potato tuber stor-
age. Apoplasmic expression led to an increase in tuber size and,
under certain conditions, also tuber yield. This increase, however,
was due to an increase in the water content, and there was no
effect on the starch content (Sonnewald et al., 1997; Hajirezaei
et al., 2000). In later studies on U-IN-2, aiming to improve the
starch yield, it was argued that the endogenous rates of hexokinase

are not sufficient to convert the produced glucose to glucose-6-
phosphate. To circumvent this problem a bacterial glucokinase
was over-expressed in the U-IN-2 background. Surprisingly, this
led to a further increase in the levels of glycolytic metabolism and
respiration, further reducing starch levels (Trethewey et al., 1998).
Thus, despite the extensive research on yeast invertase expressing
plants, the reasons for the shift to respiration in U-IN-2 are still
not clear. Furthermore, also it is puzzling that such an increase in
respiration is not observed in U-IN-1.

Potato research has been greatly enhanced with the devel-
opment of an extensive and well annotated microarray, POCI
(Kloosterman et al., 2008; Ferreira et al., 2010; Hartmann et al.,
2011) and the sequencing of the potato genome (Xu et al.,
2011). This presented us with the opportunity to revisit these
transgenic lines and to do a detailed study at the transcrip-
tional and genomic level. Recently studies of starch biosynthesis
have shifted from identifying structural genes required for the
process toward the identification of regulatory mechanisms con-
trolling it. In broad terms it seems as though the major regulatory
mechanisms controlling starch metabolism are at the transcrip-
tional level, through protein complex formation, redox regulation,
and phosphorylation of enzymes (for review see Kötting et al.,
2010).

Thus, the aim of this work was to elucidate the metabolic
pathways and regulatory signals responsible for the phenotypical
changes in both genotypes,with special emphasis on the increase in
tuber respiration at the expense of starch biosynthesis in U-IN-2.
To this end gene expression analysis of growing U-IN-1 and U-
IN-2 tubers were conducted in combination with metabolic data
analysis. Furthermore, the data was also combined with previous
studies performed on U-IN-1 and U-IN-2.

RESULTS AND DISCUSSION
GLOBAL ANALYSIS REVEALS THAT OVEREXPRESSION OF APOPLASMIC
OR CYTOSOLIC INVERTASE LEADS TO VERY DIFFERENT METABOLITE
AND TRANSCRIPT PATTERNS
Potato plants were grown under greenhouse conditions for 8 weeks
after which tuber samples were taken and immediately frozen in
liquid nitrogen. It can be assumed that the tubers were still actively
growing at this stage. For gene expression analysis, RNA extracted
from these samples were hybridized to the Agilent 44k POCI array
(Kloosterman et al., 2008), and data extracted using GeneSpring
11 software as describe in the Section “Materials and Methods.”As
a starting point for the analysis, the global relationship between
the different genotypes, based on expression data, was determined.
To this end a principle component analysis was performed using
either the individual replicates, or the mean expression values of
each genotype. We were able to separate the genotypes on a PCA
using expression data, with the replicates of each genotype clearly
clustering into different groups. This was also true using the mean
values. These findings are in disagreement with earlier reports
which stated that it was not possible to separate genotypes using
transcript profiling (Urbanczyk-Wochniak et al., 2003). It should
be mentioned that the platform used for the transcriptional analy-
sis in that study was based on the closely related species Solanum
lycopersicum, making the current study more sensitive, which is
probably the reason for the better separation (Figure 1).
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FIGURE 1 | Principle component analysis (PCA) of transcription data.

Replicates illustrating that the individual replicates of each genotype
clustered.

To determine which processes were mainly responsible for the
observed phenotypes, a functional assignment of the features more
than twofold differentially expressed compared to the wild type
(WT) was performed. The functional assignment was performed
according to functional groupings defined previously (Hartmann
et al., 2011). For U-IN-2 there was no functional group more than
twofold enriched amongst the up-regulated features. There was,
however, a more than twofold enrichment in the down-regulated
features for storage proteins, fatty acid metabolism, and cell wall
metabolism.

U-IN-1, despite showing a milder phenotype than U-IN-2 and
clustering closer to WT in the PCA, showed far more changes in
terms of the number of functional groups changed. Of the up-
regulated features there was an enrichment of more than twofold
in development and senescence, whilst redox/antioxidant, photo-
synthesis, fatty acid metabolism, cytoskeleton, and cell wall metab-
olism related features were enriched amongst the down-regulated
features. The fact that photosynthetic transcripts were reduced is
somewhat perplexing. A reason could of course be light contami-
nation of the control tubers, but this is highly unlikely. Large pool
sizes were used and no material from the tuber surface area was
taken for RNA extractions. Metabolite analysis also did not reveal
an increase in ribulose-1,5-bisphosphate, which could be seen as
a marker metabolite for Calvin cycle activity (Table A1 in Appen-
dix). Also, photosynthetic transcripts were not severely altered in
U-IN-2, which was compared to the same control, indicating that
the relative reduction in photosynthetic gene expression in U-IN-1
is not due to an increase in the control (Figure 2). It would indicate
that genes associated with photosynthesis are expressed in het-
erotrophic tissue. This would not be unusual since several lines of

evidence show that under certain conditions photosynthetic gene
expression can be induced in heterotrophic tissue, for instance in
sucrose starved Arabidopsis suspension cultures (Contento et al.,
2004) and glutamate-1-semialdehyde aminotransferase silenced
tomato fruit pericarp (Lytovchenko et al., 2011). A reason for the
reduced expression in U-IN-1 could be the increase in glucose in
the apoplasmic space, which is known to inhibit photosynthetic
gene expression (Heineke et al., 1992). Other processes regulated
in U-IN-1 could also be explained by the increase in apoplasmic
glucose. For instance, glucose feeding of tobacco leaf disks lead
to accelerated senescence (Wingler, 1998), suggesting that expres-
sion of senescence-associated genes might be regulated by sugar
signals (for review see Wingler and Roitsch, 2008). This hypoth-
esis is further supported by the observation, that silencing of cell
wall invertase in tomato leaves resulted in a significantly increased
sucrose to hexose ratio in the apoplasmic space and a delay in
senescence (Kocal et al., 2008). In Arabidopsis it has been shown
that senescence leads to the degradation of microtubules (Keech
et al., 2010), explaining the reduction in gene expression associated
with the cytoskeleton. It is worth mentioning that these changes
were not observed in U-IN-2, providing evidence that the signal
causing these changes must be extracellular.

A major factor which could have contributed to the differences
observed between the genotypes would be the developmental state
in which the tubers were at the time of harvesting. Although this
cannot be ignored and might partially be responsible for observed
changes, we believe that this would have only a minor influence
on the results. The samples were taken at a relatively early stage
during tuber development, 8 weeks after transferring the plants
to the greenhouse. Since the B33 promoter driving the transgene
expression only becomes active upon tuberization (Rocha-Sosa
et al., 1989), the samples would have been taken not long after the
activation of transgene expression and thus the tubers should be
in similar developmental states.

Parallel to the transcriptional analysis, metabolic profiling of
the genotypes was also performed (Tables A1–A4 in Appendix).
PCA analysis showed that the genotypes could be separated and
also provided clarity on which metabolites play the most sig-
nificant role in the separation. Again, as with the transcripts,
component one, responsible for 71% of the variance, was able
to separate U-IN-2 from the other genotypes, whilst component
two, responsible for 29% of the variance, could separate all three
genotypes with U-IN-1 the furthest from the control (Figure 3).
The metabolites most important for the variance in component
one were sucrose, sucrose-6-phosphate (S6P), shikimate, and glu-
cose. For component two the carotenoid violaxanthin, inorganic
pyrophosphate, fructose-6-phosphate, and glucose had the biggest
influence on the separation. Metabolic analysis also revealed no
significant change in free amino acids (Table A2 in Appendix),
which is in contrast to earlier studies on U-IN-2 (Trethewey et al.,
1998; Farre et al., 2008). Possible reasons for this could be differ-
ences in growth and fertilization conditions. The time of sample
taking would probably have a big effect on amino acid contents.
As mentioned, respiration in U-IN-2 accelerates during storage,
which would mean an increase in activity of glycolysis and the TCA
cycle, leading to higher production of amino acids over time. Thus,
the reason no increase in amino acid contents could be observed
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FIGURE 2 | Relative enrichment of functional groups in differentially

expressed transcripts of U-IN-1 (black) and U-IN-2 (gray). Enrichment is
based on the number of features present from a particular group as a fraction
of the total number of features in a specific functional group.

FIGURE 3 | Principle component analysis on metabolite levels. (A) The PCA separation of the genotypes and (B) the loadings of the individual metabolites.
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in contrast to previous studies, could be due to the relatively early
time-point the samples were taken in the current study.

REDUCED SUBSTRATE SUPPLY LIMITS CELL WALL AND FATTY ACID
BIOSYNTHESIS IN BOTH GENOTYPES
To further enhance our understanding of what happened in
the transgenic lines, pathway specific analysis of transcripts and
metabolites were performed using MapMan software (Thimm
et al., 2004). The first pathways analyzed were cell wall and fatty
acid biosynthesis, since global analysis revealed a down-regulation
of transcripts associated with these in both U-IN-1 and U-IN-
2. Reduced expression of cell wall biosynthesis associated genes
would be in line with reduced production of UDP-glucose by
Susy. Using genomic (Xu et al., 2011) and expression data we
could identify five differentially expressed isoforms of Susy with
the dominant isoform in tubers, Susy 4 (Fu and Park, 1995; Zren-
ner et al., 1995; Ferreira et al., 2010), strongly down-regulated
in U-IN-1. It did not show any change in expression in U-IN-
2. A striking aspect of Susy expression in U-IN-2 was the strong
increase in expression of an isoform of Susy which is normally
associated with stolons (Ferreira et al., 2010). It would be expected
that cell wall biosynthesis is also active during stolon growth
and meristematic activity, a time when Susy activity is low. It
could well be that this isoform of Susy is active specifically under
these conditions, producing the required UDP-glucose (Figure 4).
This is probably not very successful considering the high inver-
tase expression levels reached with the B33 promoter (Sonnewald
et al., 1997; Hajirezaei et al., 2000), and invertase’s much lower K m

for sucrose (Avigad, 1982). From the transcription data it seems
quite clear, especially for U-IN-2, that the reactions requiring
UDP-glucose are all down-regulated. There also seems to be other
pathways activated in order to produce the required UDP-glucose
and UDP-glucuronate. UDP-glucuronate can also be produced
via a bypass reaction through the myo-inositol pathway. There
was not a strong, uniform up-regulation of this pathway in either
U-IN-1 or U-IN-2, although most transcripts of the rate-limiting
enzyme in the pathway, Myo-inositol-1-phosphate synthase (MI-
1PS; Loewus and Loewus, 1980; Loewus et al., 1980) were strongly
up-regulated, especially in U-IN-2. Glucose-6-phosphate can also
be converted to UDP-glucose via cytosolic phosphoglucomutase
(cPGM) and UDP-glucose pyrophosphorylase (UGPase). In both
transgenic lines there was increased cPGM expression, and in
U-IN-2 there was also an increase in the expression of UGPase
transcripts (Figure 4).

As mentioned, global analysis indicated a reduction in fatty
acid metabolism in both U-IN-1 and U-IN-2. Closer inspection
of the metabolic path leading to fatty acid biosynthesis revealed
striking similarity between U-IN-1 and U-IN-2. Plastidial Acetyl-
CoA, substrate for fatty acid biosynthesis, is produced from PEP
by plastidial pyruvate kinase and pyruvate dehydrogenase. It has
been proven beyond reasonable doubt that all the Acetyl-CoA in
the plastid is produced there, since it cannot be transported across
the plastid membrane (Kohlhaw and Tan-Wilson, 1977; Patel and
Clark, 1980; Rangasamy and Ratledge, 2000) Despite an increase in
PEP, there was a reduction in the expression of plastidial pyruvate
kinase and pyruvate dehydrogenase, indicating that the pool of
PEP is not available for Acetyl-CoA synthesis in the plastid. There

was no such reduction for plastidial pyruvate kinase in U-IN-1,
the only major difference in expression between the two geno-
types regarding fatty acid biosynthesis. Plastidial Acetyl-CoA can
also be produced from citrate by ATP: citrate lyase, either in the
cytosol or in the plastid from imported citrate, with the distri-
bution of cytosolic to plastidial activity varying greatly between
species (Rangasamy and Ratledge, 2000). Although it was diffi-
cult to distinguish between cytosolic and plastidial isoforms in
our study, it was quite clear that there is a significant reduction in
expression of most of the transcripts encoding the different iso-
forms of this gene. Furthermore, there was also a strong reduction
in the expression of genes involved in subsequent steps of fatty
acid biosynthesis (Figure 5).

ALTHOUGH SPECIFIC CHANGES ARE ASSOCIATED WITH APOPLASMIC
OR CYTOSOLIC INVERTASE, HIGH INVERTASE ACTIVITY SEEMINGLY
REDUCES STARCH BIOSYNTHETIC CAPACITY
Based on a global inspection of functional groups (Figure 2) there
was no obvious change in gene expression related to starch metab-
olism. There was, however, a strong enrichment of storage protein
related transcripts amongst the most-down-regulated features in
U-IN-2, a process closely associated with starch accumulation
(Zrenner et al., 1995), and metabolic data from this and previous
studies show that there was a reduction in starch content in U-IN-2
(Table A3 in Appendix). For this reason, and the obvious impor-
tance of starch biosynthesis in tubers, starch metabolism, starting
with the degradation of sucrose, and the subsequent phosphory-
lation of hexoses, was further investigated in U-IN-2 and U-IN-1
(Figure 6). Genomic alignment of EST sequences revealed three
cell wall invertase genes differentially expressed. It was remark-
able to note that despite the presence of a highly active transgenic
invertase in the cell wall, the expression of endogenous invertases
were up-regulated in U-IN-1. This was also the case for one iso-
form in U-IN-2. The regulation of invertase gene expression and
activity differs greatly between isoforms (Roitsch and González,
2004), with some being activated through a feed-forward mech-
anism by glucose (Roitsch et al., 1995), which would explain the
observed increase. It is however surprising that there was so much
difference in the regulation between the two genotypes, showing
that the response to glucose for some genes requires the signal to
come from outside the cell, similar to what was discussed earlier.

Glucose-6-phosphate (G6P), the metabolite imported into the
plastid for starch biosynthesis, can be produced from all three
products of sucrose degradation. Under normal conditions, Susy
activity is correlated to the rate of starch biosynthesis in potato
tubers (Zrenner et al., 1995). Thus, G6P produced from fruc-
tose via fructokinase and phosphoglucose isomerase, and from
UDP-Glucose, via UDP-Glucose pyrophosphorylase and cytosolic
phosphoglucomutase, would be the primary route. In U-IN-1 and
U-IN-2 reduced production of UDP-Glucose would mean that
another pathway for starch biosynthesis should be activated, or at
least increased, and that is via the phosphorylation of glucose by
hexokinase. This is indeed the case with hexokinase 5 expression
strongly increased in U-IN-2. Sequence similarity to hexokinase
5 from tobacco indicated that it is most probably bound to the
mitochondrial membrane (Giese, 2004). Reduced expression of
fructokinase 2 in U-IN-1, one of the most important isoforms
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FIGURE 4 |The production of UDP-glucose and UDP-glucuronate for cell

wall biosynthesis in (A) U-IN-1 and (B) U-IN-2. (a) Neutral invertase. (b) Cell
wall invertase (c) Vacuolar invertase. (d–h) differentially expressed Susy
Isoforms with (d) Susy4. Gene name abbreviations: MI-1PP,

Myo-inositol-1-phosphate phosphatase; Glucuronate K, glucuronate kinase;
G1PUT, galactose-1-phosphate uridylyltransferase; UXS, UDP-xylose
synthase; GAE, UDP-glucuronate epimerase; RHM, rhamnose synthase;
CelS, cellulose synthase.
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FIGURE 5 | Fatty acid metabolism from imported PEP and citrate in (A) U-IN-1 and (B) U-IN-2. Different subunits of the pyruvate dehydrogenase complex:
(a) E2. (b) E3.

in tubers could be explained by the increase in fructose, which is
known to be a strong inhibitor of fructokinase (Renz and Stitt,
1993). The product of fructokinase, fructose-6-phosphate (F6P)

also serves as an inhibitor of fructokinase activity, a possible rea-
son for slightly reduced expression of fructokinase 2 in U-IN-2.
A third isoform present in potato tubers, fructokinase 3, which in
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FIGURE 6 | Starch biosynthesis with sucrose as primary substrate in (A)

U-IN-1 and (B) U-IN-2. Different subunits of Susy are represented by (a–e)
with (a) Susy4. (f–h) Represent the differentially expressed cell wall invertase

isoforms. (j) Fructokinase 2. (k) Fructokinase 3. Gene name abbreviations: HK,
hexokinase; PGI, phosphoglucose isomerase; SS, starch synthase; SBE,
starch branching enzymes; AGPase, ADP-glucose pyrophosphorylase.

Arabidopsis and tomato has been shown to be located in the plastid
(German, 2004; Damari-Weissler et al., 2006), was also reduced in
both lines. It should be mentioned though that in an earlier study
an increase in fructokinase activity in U-IN-2 was found, with no
change in U-IN-1 (Hajirezaei et al., 2000), whilst a second study
found no significant reduction in fructokinase activity in U-IN-2

(Junker et al., 2004). Not only does this point to the high variability
of fructokinase activity in tubers, but also that caution should be
exercised when interpreting expression data and its correlation to
actual enzyme activity.

Glucose-6-phosphate and glucose-1-phosphate (G1P),although
not present in equal amounts, normally shows a constant ratio
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since cytosolic phosphoglucomutase catalyzes a freely reversible
reaction (Kossmann and Lloyd, 2000; Periappuram et al., 2000).
This was not the case in our study with the ratio of G6P/G1P
greatly increased in U-IN-2, indicating that the G6P is not present
freely in the cytosol where it can be converted to G1P.

After the production of G6P it must be imported into the plas-
tid, and this occurs via the glucose-6-phosphate transporter, or
GPT. In both U-IN-1 and U-IN-2 there was a strong reduction
in the expression of the GPT transporter, indicating reduced abil-
ity to transport G6P to the plastid. This was despite a significant
increase in G6P content in U-IN-2 and could be a result of signal-
ing mechanisms blocking GPT transport under specific conditions
(Figure 6). Both, GPT and Susy, positively correlate with storage
metabolism, while invertase expression is associated with energy
metabolism. Therefore, it was speculated that GPT expression
would negatively correlate with invertase expression. To determine
whether this is the case, we combined data from this and previous
studies performed on growing tubers (Ferreira et al., 2010; Debast
et al., 2011) to try and identify a negative correlation between
invertase and GPT. Indeed, comparative analysis of the expression
patterns showed a strong, inverse correlation between the gene
expression pattern for GPT2 and cell wall invertase (Figure 7).
This would indicate that under specific “invertase like” conditions,
there is a block in GPT mediated G6P transport to the plastid. To
get further insight into possible regulatory mechanisms we tested
for genes showing either a positive correlation to invertase or GPT
expression. Amongst the genes positively correlating to invertase,
several transcription factors could be identified (Figure 8). These
include auxin response factor 2 (ARF2) and one ABA-response ele-
ment binding factor (AREB-like protein). In Arabidopsis ARF2 has
been suggested not to function within the auxin signaling path-
way but to act as negative regulator of cell growth and senescence
(Okushima et al., 2005). Amongst others Arabidopsis mutants

lacking expression of ARF2 are characterized by a significantly
delayed senescence. Hence, elevated expression of ARF2, especially
in U-IN-1 tubers, might explain partly the observed induction of
senescence-associated genes and possibly acts as negative regula-
tor of GPT. Ectopic expression of SlAREB1, the closest homolog
to the identified AREB-like protein, in tomato fruits revealed its
involvement in regulating sugar metabolism during fruit develop-
ment (Bastías et al., 2011). Transgenic fruits expressing SlAREB1
were characterized by increased hexose contents and increased
expression of vacuolar invertase. Assuming a similar function
in potato tubers, increased expression of the AREB-like protein
could be involved in stimulating invertase expression. Interest-
ingly, searching for GPT co-regulated genes did not reveal any

FIGURE 7 | Inverse correlation of GPT2 and Cell wall invertase gene

expression. The expression pattern of an EST derived from GPT2
(micro.1076.c1, orange) and cell wall invertase (micro.11340.c1, green) in
different U-IN tubers, tubers with altered trehalose-6-phosphate (TPP;
Debast et al., 2011) and tubers growing at different velocities (Ferreira et al.,
2010).

FIGURE 8 |Transcription factors positively correlating to cell wall invertase gene expression. STMJG56TV (ARF2; blue), Micro.8790.c2 (green),
POCA901TP (gray), Micro.3733.c1 (AREB-like; purple), Micro.313.c1(brown) Micro.6764.c1 (yellow), Micro.3895.c1(red), and Micro.773.c7 (orange).
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transcription factor. However a number of starch associated genes
showed a strong co-regulation to GPT. These included the plastidic
ATP/ADP translocator (NTT; Tjaden et al., 1998), plastidial phos-
phoglucomutase (pPGM; Tauberger et al., 2000), ADP-glucose
pyrophosphorylase (AGPase; Müller-Röber et al., 1992), and gran-
ule bound starch synthase (Visser et al., 1991), all required for
normal starch biosynthesis. Table S1 in Supplementary Material
contains the complete selection of genes co-regulated with either
GPT or cell wall invertase.

As mentioned, there is evidence that in potato G1P can also be
transported to the plastid, but since the transporter has not yet
been identified it is not possible to determine its importance, even
at transcriptional level. Transcriptional data on starch degrading
enzymes was not clear, but there was a reduction in the expression
of MEX1 in U-IN-2, the transporter responsible for the export
of the major starch degradation product, maltose, to the cytosol.
Earlier studies on U-IN-2 tuber disks had proven inconclusive to
whether an increase in flux through starch exists (Trethewey et al.,
1999). It does appear from our transcription data that the reason,
or at least part of the reason, for reduced starch content in U-IN-2
is that the G6P available cannot be imported to the plastid via
GPT, as stated in an earlier study (Farre et al., 2008). Farre et al.
(2008) could show by subcellular fractionation experiments that
in both genotypes, but especially in U-IN-2, the ratio of cytosolic
to plastidial pools of G6P was increased (Figure 6).

REDUCED SUBSTRATE SUPPLY TO THE PLASTID MAY LEAD TO A
REDUCED REDOX POTENTIAL AND THEREBY AN ALTERED PLASTID
METABOLISM
Transcriptional and metabolic analysis of the transgenic potato
tubers revealed not only changes in carbohydrate metabolism, but
also significant changes in metabolites and transcripts of the shiki-
mate and the pentose phosphate pathway, especially in U-IN-2
tubers. This includes an increase in erythrose-4-phosphate, a pre-
cursor for shikimate biosynthesis, which pointed toward increased
activity of the pentose phosphate pathway, the metabolic route
for erythrose-4-phosphate biosynthesis. Indeed, both plastidial
isoforms of the rate determining step in the reaction, glucose-6-
phosphate dehydrogenase (G6PDH), were strongly up-regulated
in U-IN-2, whilst there was no change in the expression of the
cytosolic form. G6PDH expression and activity, which show strong
correlation (Hauschild and von Schaewen, 2003), are activated by
a low NADPH/NADP ratio (Wright et al., 1997). The activation
of the pentose phosphate pathway would indicate that the plant is
compensating for reduced reductive power in the plastid caused by
limited G6P supply, producing erythrose-4-phosphate as a prod-
uct. A reduced NADPH/NADP ratio would also further explain
reduced expression of fatty acid biosynthetic genes. Activation of
G6PDH would bring the pathway in direct competition with starch
biosynthesis regarding the substrate G6P, for which G6PDH has
a high affinity under non-reducing conditions (Wenderoth et al.,
1997). It should be kept in mind though that an increase in pen-
tose phosphate pathway activity would still represent only a minor
flux compared to starch biosynthesis. Moreover, plastidial G6PDH
makes up a very small fraction of the total G6PDH activity (von
Schaewen et al., 1995), and a strong relative increase in the expres-
sion of plastidial G6PDH should be seen in that light. Despite this,

the observed activation, at transcriptional level at least, of the pen-
tose phosphate pathway in U-IN-2 does provide evidence of yet
another pathway activated at the expense of starch biosynthesis
(Figure 9).

The increase in shikimate was surprising in view of the
apparent reduced uptake of carbon by the plastid. The path-
way, which is unique to plants and micro-organisms, pro-
duces chorismate, substrate for the biosynthesis of aromatic
amino acids tyrosine, phenylalanine and tryptophan, and is

FIGURE 9 | Pentose phosphate pathway in U-IN-2. (a–d) Differentially
expressed isoforms of G6PDH. (a) and (d) are plastidial isoforms. Gene
name abbreviations: gluconate-6PDH, gluconate-6-phosphate
dehydrogenase.
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also the precursor for lignin biosynthesis. Yet, despite an
increase in shikimate and its precursors PEP, erythrose-4-
phosphate and 3-deoxy-d-arabino-heptulosonate-7-phosphate
(DAHP), there was a general reduction in the expression
levels of the enzymes in the pathway, and also of tyro-
sine, while phenylalanine remained unchanged. There was a
strong down-regulation in most of the isoforms of the bifunc-
tional enzyme 3-dehydroquinate dehydrogenase/shikimate-5-
dehydrogenase (3DHQ DH/shikimate-5-DH). Remarkably, the
one isoform which was up-regulated showed high homology to
a tobacco gene which was silenced by RNAi (Ding et al., 2007).
The silencing led to an unexpected increase in shikimate. Fur-
thermore, phenylalanine lyase (PAL), an enzyme present down-
stream of phenylalanine toward lignin biosynthesis, was amongst
the strongest down-regulated genes in the entire transcriptome
analysis.

Although the observed phenotype remains baffling, there are
at least three redox dependent steps in the shikimate path-
way, 3-dehydroquinate dehydrogenase (3DHQ DH) producing
NADPH, shikimate-5-dehydrogenase (shikimate-5-DH) consum-
ing NADPH and chorismate synthase, requiring reduced flavin
mononucleotide (FMN) for activity (Macheroux et al., 1999). This
would mean that under non-reducing plastidic conditions shiki-
mate would accumulate due to a block in the pathway at this
enzymatic step, leading to a depletion of the down-stream metabo-
lites. DAHP synthase, the first committed step in the pathway
seems to be under various control mechanisms which differ greatly
among species. For instance, it has been shown in Arabidopsis

leaves that the enzyme requires Mn2+ and reduced thioredoxin to
be active (Entus et al., 2002), which would mean decreased activity
under non-reducing conditions. Although regulatory mechanisms
acting on DAHP synthase seem to be extensive and not under-
stood, a study by Pinto et al. (1988) provides, to some extent,
insight into the observed phenotype in U-IN-2. Their studies on
potato cell cultures, treated with sub-lethal doses of glyphosate,
showed that inhibition of EPSP synthase can lead to an increase
in the activity of DAHP synthase (Pinto et al., 1988). This suggests
an inverse regulation of DAHP synthase and EPSP synthase activ-
ity, which would lead to shikimate accumulation and reduction of
metabolites further down-stream in the pathway. Taken together it
seems as though the pathway is subject to multi-level regulation of
which redox state is an important contributor and the most likely
explanation for the observed changes in U-IN-2 (Figure 10).

SUGAR SIGNALING, POSSIBLY BY WAY OF THE SnRK1 COMPLEX, AND
SUBSTRATE CHANNELING APPEAR TO BE THE REASON FOR
INCREASED RESPIRATION
The most striking aspect of U-IN-2 was the increase in respira-
tion, which comes at the expense of starch content, especially in
stored tubers (Trethewey et al., 1998; Hajirezaei et al., 2000; Bologa
et al., 2003). An increase in respiration should come through the
activation of glycolysis and the tricarboxylic acid (TCA) cycle.
Expression data, in general, did not reveal a uniform up-regulation
of TCA cycle enzymes, although several key metabolic steps
were up-regulated. For instance, cytosolic pyruvate kinase and
mitochondrial pyruvate dehydrogenase (mPDH) showed strong

FIGURE 10 | Shikimate biosynthetic pathway producing aromatic amino acids and precursors for lignin in U-IN-2.
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up-regulation, whilst the plastidial isoforms were strongly down-
regulated, as was seen in the analysis of fatty acid metabolism.
All the glycolytic and TCA cycle intermediate metabolites either
were unchanged or increased in U-IN-2, with the exception of
fumarate which was strongly reduced. As mentioned earlier, there
was no significant reduction in the levels of total amino acid con-
tents, which comes as a surprise since most other studies have
shown an increase. This might be attributed to differences in grow-
ing conditions or sample taking time-points. Importantly, there
was an increase in the expression of fructose-2,6-bisphosphatase
(F-2,6-BPase). Fructose-2,6-bisphosphate, metabolized by the
bifunctional enzyme F-2,6-BPase, is a potent activator of glycol-
ysis by inhibiting FBPase and inducing pyrophosphate: Fru-6-P
1-phosphotransferase (PFP), while phosphofructokinase (PFK) is
insensitive to it (Nielsen et al., 2004). Although increased expres-
sion of F-2,6-BPase does not necessarily mean increased levels
of fructose-2,6-bisphosphate, especially since it is a bifunctional
enzyme, this would fit to the observed increase in respiration.
Surprisingly, despite the increase in expression of F-2,6-BPase
there was a strong increase in the expression of cytosolic fructose-
1,6-bisphosphatase (FBPase), although the inhibition by fructose-
2,6-bisphosphate would be at the post-translational level. Phos-
phorylation of fructose-6-phosphate by PFP rather than PFK is
preferred under conditions of low ATP availability. Due to their

bulky nature potato tubers have a low internal oxygen concen-
tration. (Bologa et al., 2003) could show that an oxygen gradi-
ent from the tuber surface toward the center exists. Moreover,
they showed that this gradient was even steeper in U-IN-2. The
authors stated that the reason for this is the less energy suf-
ficient sucrose degradation by invertase compared to Susy, as
explained earlier. However, this could also be a secondary effect
of increased tuber respiration due to other factors. In either case,
conditions of hypoxia would lead to the activation of anaerobic
respiration, as was shown by Bologa et al. (2003). Although tran-
scription data did not reveal a strong and uniform increase in
the expression of marker genes associated with anaerobic respira-
tion, for instance alcohol dehydrogenase (ADH), lactate dehydro-
genase (LDH), and glyceraldehyde-3-phosphate dehydrogenase
(GA3PDH), there was accumulation of alanine, a marker metabo-
lite for conditions of hypoxia (de Sousa and Sodek, 2003; Miyashita
et al., 2007). This would point toward anaerobic respiration tak-
ing place at least to some extent, although from our data it does
not seem as though this is the predominant form of respiration
(Figure 11).

Despite the many studies done on U-IN-2, the reason why there
would be an increase in respiration is still unclear. A previous
study has suggested that the increase is due to sugar signaling and
that the absence of cytosolic sucrose, rather than an increase in

FIGURE 11 |Tricarboxylic acid cycle and respiration in U-IN-2. The E2 (a)
and E3 (b) subunits of the mitochondrial pyruvate dehydrogenase complex.
Gene name abbreviations: TPI, triose phosphate isomerase; GA3PDH,
glyceraldehyde-3-phosphate dehydrogenase; PGlycM, phosphoglycerate

mutase; PEPck, PEP carboxylase kinase; PEPc, PEP carboxylase; MDH,
malate dehydrogenase; ME, malic enzyme; CS, citrate synthase; IDH,
isocitrate dehydrogenase, 2-oxoglutarate dehydrogenase; SCL, succinate CoA
ligase, succinate dehydrogenase.
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glucose, is sensed (Trethewey et al., 2001). This was supported
by a study which expressed invertase specifically in the cytosol
of companion cells, or reduced cytosolic sucrose by expression
of sucrose isomerase. The results indicated that a depletion of
cytosolic sucrose, and not increased hexose metabolism, lead to
the increase in respiration (Hajirezaei et al., 2003). This would
indicate that it is highly likely that sugar signaling is primarily
responsible for increased respiration, although the mechanisms
behind it still need to be resolved. Inspired by the fact that ele-
vated respiration is characteristic for U-IN-2 but not U-IN-1
tubers we were interested to identify possible regulators highly
expressed in U-IN-2 but not in U-IN-1. This analysis revealed
a significant list of differentially expressed genes but the gene
showing the strongest induction in U-IN-2 tubers encodes for a
catalytic trehalose phosphatase (Table S2 in Supplementary Mate-
rial). Assuming that increased expression of the gene would lead to
a higher enzyme activity, a decreased accumulation of trehalose-
6-phosphate in U-IN-2 tubers would be expected. This would
result in activation of SnRK1 and hence most likely enhanced
catabolic metabolism including respiration. Elevated respiration
of trehalose phosphatase overexpressing transgenic potato tubers
has recently been published (Debast et al., 2011), supporting our
hypothesis. Since this trehalose phosphatase is not induced in U-
IN-1 tubers, it could explain the observed difference between both
genotypes with respect to respiratory activities. Attempts to mea-
sure T6P accumulation in both genotypes were handicapped due
to the very low T6P level, which was below detection limit for both
genotypes.

Recent studies in Arabidopsis and potato have shown that
there is a correlation between increased respiration and glycolytic
enzyme association with the mitochondrial membrane, suggesting
the channeling of carbon toward the mitochondria occurs under
specific conditions. Moreover, it could be show that this increased
association of glycolytic enzymes to the mitochondrial membrane

also exists in U-IN-2 when compared to control tubers (Graham
et al., 2007). The entry point to this proposed channel is cur-
rently not well understood, especially in plants. In mammalian
systems, however, it has been proposed that different hexokinase
isoforms are important to channel G6P into different metabolic
routes, and that mitochondrial-bound hexokinase would channel
the carbon toward mitochondria and glycolysis (Wilson, 2003).
Although direct evidence is still lacking, we suggest a similar mech-
anism where hexokinase 5, in response to specific sugar signals,
channels glucose through phosphorylation toward glycolysis and
respiration (Figure 12). Further evidence for this is the imbal-
ance in the ratio between G6P and G1P, indicating that the G6P
is caught in the complex and not accessible to cPGM. We pro-
pose that a possible means to overcome this problem would be
to introduce a second complex of proteins involved in sucrose
cleavage and the production of G6P, anchored to the plastid
membrane via GPT. Future work will be aimed at testing this
hypothesis.

CONCLUSION
Our data show that accumulation of apoplasmic and symplas-
mic hexoses lead to different metabolic signals activating different
metabolic and physiological processes. In both genotypes there
was a reduction of cell wall biosynthetic gene expression, explained
by reduced production of UDP-glucose. We provide evidence for
substrate channeling which shifts metabolic flux toward respira-
tion and speculate on the involvement of the SnRK1 complex.
Furthermore, a strict negative correlation between GPT and cell
wall invertase, possibly mediated by transcription factors, sug-
gest that under “invertase like” conditions plastid transporters are
down-regulated, leading to insufficient substrate supply. Reduced
supply, resulting in a changed redox state, could explain the indi-
rect effects of reduced fatty acid biosynthetic gene expression and
the accumulation of shikimate.

FIGURE 12 | Proposed channeling of glucose toward the glycolysis and respiration with hexokinase as the entry point.
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MATERIALS AND METHODS
PLANTS AND GROWTH CONDITIONS
Solanum tuberosum L. cv. Desiree and transgenic lines U-IN-1–33
and U-IN-2–17 (Sonnewald et al., 1997) were maintained in tissue
culture on MS medium (Murashige and Skoog, 1962) containing
2% (w/v) sucrose with a 16-h light and 8 h dark regime. After
transfer to the greenhouse the selected lines were cultivated in indi-
vidual 4 L pots at 50% humidity with 16 h of supplemental light
(150 μmol quanta m−2 s−1) and 8 h of darkness. The temperature
regime followed the light/dark cycle with 21 and 18˚C

SAMPLING AND RNA EXTRACTION
After 8 weeks potato tubers were harvested and samples taken
using a cork borer. Only material from the center of the tuber was
kept and immediately frozen in liquid nitrogen. Potato tubers from
each individual plant were pooled and the different plants were
treated as biological replicates. After sample taking material was
stored at −80˚C. RNA was extracted as described previously (Loge-
mann et al., 1987). Four replicates for Desiree and three for each
of the transgenic lines were used for microarray hybridization.

MICROARRAY HYBRIDIZATION
Microarray hybridizations were performed as described previously
(Ferreira et al., 2010).

DATA EXTRACTION AND ANALYSIS
For data analysis, text files generated by feature extraction software
were imported into GeneSpring™(version 11.0). Three normaliza-
tion steps were applied: (1) data transformation: measurements
less than 1.0 were set to 1.0; (2) per chip: normalization to the
75th percentile; (3) per gene: the signal of each feature was nor-
malized to the median of the control samples. For MapMan
analysis an ANOVA test was performed to select the features
which were significantly altered from the control (p ≤ 0.05, vari-
ance assumed as equal). For both PCA analysis and pathway
specific analysis, the fold change, relative to the control, was calcu-
lated and used for subsequent analysis. Furthermore, to make the
data compatible for MapMan analysis, the log 2 value was calcu-
lated. PCA analysis was performed using MarkerView™software
(version 1.1.0.7) and the Pareto clustering algorithm was used.
For the functional assignment a volcano plot (p ≤ 0.05, variance
assumed as equal; features changed more than twofold changed
relative to the control) was performed and selected features were
divided into up- and down-regulated groups. The percentage
of features from a specific functional group was expressed rela-
tive to the percentage of features from that group on the entire
chip. Functional groupings were used as described previously
(Hartmann et al., 2011). For analysis with MapMan software the
POCI mapping file was downloaded from the MapMan website

(https://www.gabipd.org/projects/MapMan/). In certain cases the
mappings were changed to allow the separation of genes coding
for proteins expressed in different subcellular compartments, and
also to separate features derived from different genes. The mapping
file with changes can be found in the Table S3 in Supplementary
Material. The entire microarray dataset has been deposited on
ArrayExpress (Accession number E-MEXP-3338).

To identify features expressed in U-IN-2, but not in U-IN-
1, a volcano plot (p ≤ 0.05, variance assumed as equal; features
changed more than twofold changed in U-IN-2 relative to the
control) was used to select differentially expressed features and
these were exported to Microsoft Excel. Features which were also
regulated in U-IN-1 (relative log 2 expression value more than
0.5, or less than −0.5) were excluded (Table S2 in Supplementary
Material).

For the selection of features co-expressed with either GPT2
(micro.1076.c1) or cell wall invertase (micro.11340.c1), selected
datasets were imported into GeneSpring and a new experiment
was created. Three normalization steps were applied: (1) data
transformation: measurements less than 1.0 were set to 1.0; (2)
per chip: normalization to the 75th percentile; (3) per gene:
the signal of each feature was normalized to the median of its
value across the dataset. Features with a correlation coefficient
(Pearson correlation, t -test unpaired) of >0.95 were selected
for micro.1076.c1 and micro.11340.c1 respectively (Table S1 in
Supplemental Material).

METABOLITE EXTRACTION, MEASUREMENT, AND ANALYSIS
Metabolite extraction and measurement of organic acids, phos-
phorylated intermediates, amino acids, carotenoids (Horst et al.,
2010), major soluble sugars, and starch (Müller-Röber et al., 1992)
was performed as described previously. For both PCA analysis and
pathway specific analysis, the fold change, relative to the control,
was calculated and used for subsequent analysis. Furthermore, to
make the data compatible for MapMan analysis, the log 2 value
was calculated.
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APPENDIX

Table A1 | Phosphorylated intermediates and organic acid content of the different genotypes.

Organic acids and phosphorylated intermediates (nmol/g FW) Desireé U-IN-1 U-IN-2

Phosphoenolpyruvate 22.8 ± 1.3 26.2 ± 4.9 40.7 ± 3.8

Glucose-6-phosphate 117.2 ± 9.1 116.0 ± 13.5 355.5 ± 55.2

Glucose-1-phosphate 20.2 ± 5.3 14.3 ± 4.7 23.3 ± 1.7

Succinate 83.5 ± 23.8 32.2 ± 7.9 108.2 ± 13.4

Fumarate 31.5 ± 3.8 28.8 ± 9.1 10.3 ± 2.3

Shikimate 7.0 ± 2.9 5.1 ± 2.4 65.5 ± 10.1

UDP-N -acetylglucosamine 4.1 ± 1.5 4.3 ± 2.3 4.2 ± 0.8

3-Phophoglycerate 102.1 ± 9.2 112.6 ± 8.6 203.1 ± 7.9

Trehalose-6-phosphate 0.9 ± 0.2 0.3 ± 0.2 0.5 ± 0.1

Sucrose-6-phosphate 0.5 ± 0.1 0.4 ± 0.2 0.1 ± 0.0

Fructose-6-phosphate 22.7 ± 3.1 47.2 ± 11.6 126.0 ± 18.1

Fructose-1,6-bisphosphate 0.6 ± 0.2 0.4 ± 0.1 1.5 ± 0.3

Erythrose-4-phosphate 18.8 ± 3.7 21.0 ± 4.1 58.2 ± 6.6

Glucose-1,6-bisphosphate 2.8 ± 0.6 3.9 ± 1.7 2.6 ± 1.4

Ribulose-1,5-bisphosphate 1534.5 ± 160.6 1481.7 ± 269.8 1665.4 ± 426.9

Dihydroxyacetone-phosphate 8.3 ± 2.4 9.8 ± 5.4 28.3 ± 2.6

2-Oxoglutarate 6.6 ± 2.6 8.0 ± 1.4 9.5 ± 2.1

Citrate 7087.9 ± 720.7 7637.1 ± 1137.4 8272.5 ± 420.4

Malate 1989.1 ± 229.5 1757.7 ± 230.1 3131.7 ± 29.2

Inorganic pyrophosphate 8.4 ± 2.2 1.8 ± 0.7 10.6 ± 0.7

Results represent the means of three to five replicates ± SD. Bold indicates significance compared to WT (p ≤ 0.05).

Table A2 | Amino acid content of the different genotypes.

Amino acid (nmol/g FW) Desireé U-IN-1 U-IN-2

Aspartic acid 490.2 ± 68.4 378.8 ± 12.1 1066.0 ± 39.0

Glutamic acid 830.1 ± 108.8 724.7 ± 22.0 1130.1 ± 37.8

Serine 447.0 ± 74.2 301.6 ± 22.3 865.8 ± 16.4

Glutamine 1594.0 ± 289.0 1004.4 ± 116.1 2451.4 ± 67.5

Glycine 147.8 ± 29.8 95.5 ± 3.4 145.3 ± 13.6

Histidine 566.9 ± 98.7 323.9 ± 7.8 264.7 ± 2.4

Threonine 7131.6 ± 1345.4 5741.5 ± 74.0 7820.1 ± 530.7

Arginine 429.0 ± 81.5 248.3 ± 20.0 283.3 ± 7.2

Alanine 361.6 ± 76.2 164.6 ± 9.3 1099.8 ± 180.3

Proline 71.3 ± 126.9 55.6 ± 5.6 69.8 ± 13.4

Tyrosine 1845.4 ± 9.1 1046.1 ± 64.5 826.3 ± 89.5

Valine 2365.7 ± 308.7 1068.5 ± 31.9 876.3 ± 41.8

Methionine 1248.8 ± 227.7 648.6 ± 15.4 681.7 ± 55.3

Isoleucine 1830.0 ± 336.4 799.4 ± 15.0 463.2 ± 27.6

Lysine 264.6 ± 39.6 122.1 ± 9.1 45.8 ± 3.0

Leucine 464.4 ± 68.7 310.7 ± 14.6 242.3 ± 25.9

Phenylalanine 1222.4 ± 207.0 688.5 ± 11.4 1295.0 ± 98.6

Total 21310.9 ± 4518.9 13861.8 ± 425.2 19804.1 ± 1000.2

Results represent the means of three to four replicates ± SD. Bold indicates significance compared to WT (p ≤ 0.05).
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Table A3 | Major carbohydrates content of the different genotypes.

Major metabolite (μmol/g FW) Desireé U-IN-1 U-IN-2

Starch 483.1 ± 73.5 469.8 ± 28.9 393.3 ± 41.6

Sucrose 6.8 ± 1.7 1.6 ± 1.4 0.2 ± 1.2

Glucose 2.0 ± 1.1 7.3 ± 0.3 49.0 ± 0.2

Results represent the means of seven to eight replicates ± SD. Bold indicates significance compared to WT (p ≤ 0.05).

Table A4 | Carotenoid contents of the different genotypes.

Carotenoids (pmol/g FW) Desireé U-IN-1 U-IN-2

cis-Neoxanthin 189.5 ± 13.5 145.3 ± 16.3 190.9 ± 70.3

Violaxanthin 943.7 ± 76.7 186.3 ± 15.7 568.2 ± 95.2

Antheraxanthin 760.0 ± 91.8 624.2 ± 11.6 798.4 ± 52.9

Lutein 255.5 ± 7.9 140.2 ± 8.6 231.3 ± 34.4

Zeaxanthin 643.6 ± 124.8 912.2 ± 61.2 1200.0 ± 116

Beta carotene 6.8 ± 3.3 2.9 ± 0.5 19.2 ± 1.4

Results represent the means of three to four replicates ± SD. Bold indicates significance compared to WT (p ≤ 0.05).
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