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Abstract

In this study the occurrence of a number of enzymes involved in gluconeogenesis was investigated in both
tomato fruits and leaves during their development and senescence and in some other fruits. The enzymes
studied were phosphoenolpyruvate carboxykinase (PEPCK), pyruvate orthophosphate dikinase (PPDK) and

glyoxysomal isocitrate lyase (ICL). PPDK was detected in the ripe flesh of tomato, and much smaller amounts


mailto:rob.walker@talktalk.net;
mailto:franco.famiani@unipg.it

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

were detected in the flesh of both peach and pepper, whereas it was not detected (not present or at very low
abundance) in the other fruits which were investigated (apricot, aubergine, blackberry, blueberry, cherry,
grape, plum, raspberry, red current and tomato). By contrast PEPCK was present in the flesh of all the fruits
investigated. Very small amounts of ICL were detected in ripe tomato flesh. PEPCK was present in the skin,
flesh, locular gel and columella of tomato fruit, and in these its abundance increased greatly during ripening.
PPDK showed a similar distribution, however, its abundance did not increase during ripening. PEPCK was
not detected in tomato leaves at any stage of their development or senescence. The content of PPDK g™ fresh
weight (FW) increased in tomato leaves as they matured, however, it declined during their senescence. In
tomato leaves the content of ICL g™ FW increased until the mid-stage of development, then decreased as the
leaf matured, and then increased during the latter stages of senescence. In the flesh of tomato fruits the
contents of PPDK and PEPCK g™ FW decreased during senescence.

The results suggest that in fruits other than tomato the bulk of any gluconeogeneic flux proceeds via PEPCK,
whereas in tomato both PEPCK and PPDK could potentially be utilised. Further, the results indicate that the
conversion of pyruvate/acetyl-CoA to malate by the glyoxylate cycle, for which ICL is necessary, is not a major
pathway utilised by gluconeogenesis in fruits under normal conditions of growth. Finally, the results

contribute to our understanding of the role of several enzymes in the senescence of both leaves and fruits.

Key words: fruits, gluconeogenesis, isocitrate lyase, leaves, malate, peach, phosphoenolpyruvate carboxykinase,

pyruvate, pyruvate orthophosphate dikinase, senescence

1. Introduction
Gluconeogenesis from malate occurs in the flesh of ripening grape, tomato and cherry fruits (Farineau and Laval-
Martin, 1977; Halinska and Frenkel, 1991; Huang et al., 2015a, 2015b; Leegood and Walker, 1999; Osorio et al.,

2013; Ruffner, 1982). In plants gluconeogenesis from malate can occur by two alternate pathways. One pathway
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utilises malate dehydrogenase (MDH) in conjunction with phosphoenolpyruvate carboxykinase (PEPCK). The other
pathway utilises malic enzyme (ME) in conjunction with pyruvate orthophosphate dikinase (PPDK) (Famiani et al.,
2015, 2014b; Leegood and Walker; 2003). In the fruits of both cherry and grape it appears that the PEPCK pathway
is used in gluconeogenesis, and this is because PPDK is not present (or is at very low abundance) (Famiani et al.,
2014b; Walker et al., 2011a). PEPCK is also present in ripening tomato flesh in which it catalyses a gluconeogenic
flux from malate/citrate (Bahrami et al., 2001; Huang et al., 2015a, 2015b; Osorio et al., 2013). In tomato,
radiolabelling experiments have shown that gluconeogenesis from pyruvate occurs, and this requires either PPDK or
PEPCK (Farineau and Laval-Martin, 1977). If PEPCK is utilised, pyruvate can be converted to malate by either the
Krebs cycle or the glyoxylate cycle. Isocitrate lyase (ICL) is an essential component of the glyoxylate cycle
(Eastmond and Graham, 2001). In both cucumber flesh and ripening banana flesh very low amounts of ICL are
present (Liu et al., 2004; Yang et al., 1998). However, glyoxysomal ICL was not detected in either grape flesh or that
of some soft fruits (Famiani et al., 2014b, 2005). In tomato fruits the occurrence of both PPDK and the glyoxylate
cycle is uncertain. The first aim of the present study was to investigate the occurrence of PEPCK, PPDK and
glyoxysomal ICL in tomato and other fruits. There is contradictory information regarding the occurrence of PPDK in
senescing leaves (Chen et al., 2000; Taylor et al., 2010), and very little is known about the occurrence of either
PEPCK or PPDK in most fruits during their senescence. The second aim of this study was to determine whether the

abundance of PEPCK and PPDK increases in tomato fruits and leaves during their senescence.

2. Materials and methods

2.1. Plant material

Tomato plants (Solanum lycopersicum) were grown in a greenhouse in Perugia and fruits were collected at four
stages of development. These were: 1, small-green (20% final FW); 2, medium-green (50% final FW); 3, breaker
(turning colour); 4, full colouration (red). Plants of sweet pepper (Capsicum annuum, cv. World Beater), aubergine

(Solanum melongena, cv. Black Enorma), Hoya carnosa and maize were grown in pots of garden soil in a greenhouse
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in Perugia. In 2004, fruits of both peach (Prunus persica L. Batsch) cultivar Adriatica and other fruits were collected
from mature trees growing in the experimental orchard of the Department of Agricultural, Food and Environmental
Sciences of the University of Perugia, in Deruta (PG), central Italy. The fruits of all species were harvested from
several positions on the plant. Maize seedlings (Zea mays) were germinated and grown in trays of perlite in a
greenhouse in Perugia, Italy, and they were then fed NH,4CI as previously described (Walker et al., 2001). Cucumber
cotyledons (Cucumis sativus) were obtained from seeds germinated in perlite at 25°C under darkness for 4 d. For both
tomato leaf and fruit senescence experiments mature leaves or ripe fruit (development stage 5) were detached and

placed on moist filter paper in petri dishes. These were then placed in an incubator under darkness at 25°C.

2.2. Preparation of a nitrogen powder

To ensure that the sample was representative of the tissue a nitrogen powder was prepared. Tissues were frozen in
liquid nitrogen. When required for analysis, the tissue was removed from the liquid nitrogen. For fruits three samples
of the components of the pericarp (skin, flesh, locular gel and placenta), each composed of subsamples of 5-10 fruits,
were used. Tissues were then ground together in a mortar containing liquid nitrogen and the resulting powder was

used either immediately or after storage at -80°C. This powder was used for electrophoretic analysis.

2.3. Enzyme assays

Two hundred mg of frozen powder of fruit flesh was ground in a mortar containing 800 pL of ice cold 200 mM
Bicine-KOH (pH 9.0), 50 mM DTT and clarified by centrifugation at 12 000 g for 5 min. PEPCK activity in the
supernatant was measured, using an enzyme coupled method, in the carboxylation direction as described by Walker
et al. (1999) and Famiani et al. (2005). For the measurement of PPDK activity plant material was extracted and
enzyme activity determined in the forward direction (PEP formation) using an enzyme-coupled spectrophotometric
method as described previously (Ashton et al., 1990). For both PEPCK and PPDK one unit of activity is that which

produces 1 pmol product min™ at 25 °C.
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2.4. SDS-PAGE and immunoblotting

For pericarp 500 mg of frozen powder was added to 500 ul electrophoresis buffer (62.5 mM Tris-HCI (pH 6.8), 10%
(v/v) glycerol, 5% (w/v) SDS, 50 mM ascorbate, 5% (v/v) 2-mercaptoethanol and 0.002% (w/v) bromophenol blue)
contained in a mortar, and ground with a pestle. Other tissues were extracted in the same way except that for leaves
100 mg, for roots 250 mg and for either developing or germinating seeds 50 mg of frozen powder was used. If the
extract became yellow, several microlitres of 20% (w/v) NaOH were added until it just became blue. The suspension
was immediately poured into an Eppendorf tube, which was then incubated at 100 °C for 5 min and then centrifuged
at 12 000 g for 5 min. The supernatant was separated from the pellet and stored at —20 °C until required. After
centrifugation at 10 000 g for 5 min, 4 ul of extract was loaded onto each track of SDS-PAGE gels. SDS-PAGE,
staining of gels with Coomassie Brilliant Blue dye and immunoblotting were done as described in Walker and
Leegood (1996). Protein measurement was done using the Lowry method as previously described (Walker et al.,
1995). Briefly SDS-PAGE was performed in a Hoefer mini-gel apparatus (SE 250 Mighty Small 11; Hoefer Scientific
Instruments, San Francisco, USA) and western transfer done using a Pharmacia Multiphor device (Multiphor 11
Electrophoresis System; Pharmacia Biotech, Uppsala, Sweden) in conjunction with Millipore Immobilon-P
membrane (Millipore, Billerica, Massachutes, USA). Anti-rabbit peroxidase (diluted 1/1000) was used in conjunction
with an ECL kit (GE Healthcare, Little Chalfont, UK) to visualize immunoreactive polypeptides. The antisera to
aldolase, PEPCK, phosphoenolpyruvate carboxylase (PEPC) and ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco) were produced using as antigens the enzymes that had been purified from Panicum maximum leaves
(Walker et al., 2002; R.P. Walker, unpublished work). The antisera to PPDK was that used in a previous study of
grape (Chastain et al., 2002; Famiani et al., 2014b). ICL antiserum was raised against the enzyme from castor bean
endosperm (Maeshima et al., 1988). The glutamine synthetase (GS); antiserum was raised against the plastidic

enzyme from Sinapsis alba (Hopfner et al., 1990).

3. Results and discussion
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3.1. The occurrence of PPDK and PEPCK in the ripe flesh of both tomato and some other fruits

Many studies have established the specificity of both the PEPCK and PPDK antibodies used in the present study for
the enzymes from a wide range of plant species (Chastain et al., 2006, 2002; Famiani et al., 2014b, 2005; Taylor et
al., 2010; Walker et al., 2011a, 2011b, 2011c). PPDK was detected in both tomato flesh and leaves, and was of the
same molecular mass as PPDK from both maize and Hoya carnosa leaves (Fig. 1A). PEPCK was detected in tomato
flesh, H. carnosa leaves, maize leaves but not tomato leaves (Fig. 1A). The occurrence of PEPCK and PPDK in both
maize and H. carnosa leaves is consistent with previous studies (Black et al., 1996; Leegood and Walker, 1996;
Sugiyama, 1973; Walker et al., 1997). The specific activity ([enzyme activity pmol product min™]/[mg total protein])
of PPDK in tomato leaves is 0.0006 (Hocking and Anderson, 1986) and in maize leaves 0.1-0.19 (Aoyagi and
Bassham, 1983; Hocking and Anderson, 1986; Sugiyama, 1973), and these values give an indication of the
abundance of PPDK in tomato tissues.

The occurrence of PPDK in the flesh of a number of other fruits was investigated (Fig. 2). All these fruits are known
to contain PEPCK (Baldicchi et al., 2015; Famiani et al., 2012, 2005; Walker and Chen, 2002; Walker et al., 2015,
2011a). Under the conditions used for the immunoblot (antibody dilution 1/10 000) PPDK was only detected in
tomato (Fig. 2). Similar amounts of PPDK polypeptide were also detected in the ripe flesh of a wide range of tomato
cultivars (data not shown). PPDK is also present in the peel of cactus pear fruits, however, in these PPDK functions
in Crassulacean acid metabolism (CAM) associated with photosynthesis (Walker et al., 2011c). In keeping with
previous work, PPDK polypeptide was not detected in extracts of the ripe flesh of several soft fruits, cherry, plum or
grape (Fig. 2; Famiani and Walker, 2009; Famiani et al., 2014b, 2012, 2005; Walker et al., 2011a). To ensure that
PPDK polypeptide was not lost after extraction, the flesh of each fruit shown in Fig. 2 was individually co-extracted
with one twentieth the FW of maize leaf and then subjected to SDS-PAGE and immunoblotting. In extracts of all
fruits co-extracted with maize leaf PPDK was detected, and this shows that PPDK was unlikely to be lost from the
fruit tissues (data not shown).

In addition to tomatoes, other solanaceous fruits of commercial importance are aubergines and peppers, and the

abundance of both PEPCK and PPDK was determined in their ripening flesh (Fig. 1B). PEPCK was not detected in



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

sweet pepper, however, it was present in aubergine in which its abundance was very low (Fig. 1B; a barely visible
band of the same molecular mass as PEPCK was present in the extract of the flesh of red pepper, this band was so
faint that it is not visible in the figure). Previously, very low amounts of PEPCK activity were measured in extracts of
aubergine fruits (0.002-0.005 U g FW) (Blanke et al., 1988), and this is about 10-fold less than in tomato flesh
(Bahrami et al., 2001; Huang et al., 2015a, 2015b; Osorio et al., 2013). PPDK was not detected in aubergine flesh,
however, a very long exposure of the immunoblot showed that very low amounts of PPDK were present in the fruit
wall of pepper at both stages of development studied (Fig. 1B). However, the band was so faint that it was not
possible to reliably determine whether its abundance was different at the two stages of development studied.

We attempted to measure PPDK activity in extracts of the fruits. In peach flesh although PPDK polypeptide has been
detected by immunoblotting its activity was not determined (Borsani et al., 2009; Lara et al., 2010, 2009). We failed
to measure PPDK activity in the flesh of any of these fruits including tomato (the tissue was harvested and extracted
around noon). Previously we failed to measure PPDK in extracts of tomato flesh, and based on this it was stated that
there was no evidence for the presence of PPDK in this tissue (Bahrami et al., 2001). To investigate this further we
co-extracted ripe fruit flesh with one twentieth its FW of maize leaf (also harvested around noon). This was done for
each fruit, and for all co-extractions we could measure a similar amount of PPDK activity as that which was present
in the maize leaf extracted alone. Hence it was unlikely that PPDK activity was lost after extraction of the fruit
tissues. An explanation for the failure to measure PPDK activity is that in many plant tissues a large proportion of the
enzyme is often present as a phosphorylated inactive form (Chastain et al., 2006). For example, in the leaves of the
CAM plant Kalanchoé fedtschenkoi PPDK is only active at certain times during the day-night cycle, and for most of
the day-night cycle although PPDK protein can be detected its activity cannot be measured (Dever et al., 2015).
Therefore, in tomato flesh it is possible that PPDK is often present in an inactive phosphorylated form, and is only
active at certain times or under certain conditions.

To have an approximate idea of the abundance of the PPDK polypeptide in tomato flesh different amounts of extracts
of either maize leaf or tomato flesh were subjected to SDS-PAGE and immunoblotting. Based on this the amount of

PPDK polypeptide mg™ total protein in tomato flesh was about 3-12% of that in maize leaves and on a g™ FW basis
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0.2-0.8 % of maize leaves (data not shown). In maize leaves the activity of PPDK is of the order of 1.7 U g FW
(Aoyagi and Bassham, 1984). Thus the amount of PPDK polypeptide in tomato flesh corresponds to a maximum
activity of about 0.003-0.014 U g™ FW. In ripening tomato flesh the activity of PEPCK is about 0.04 U g* FW
(Bahrami et al., 2001; Huang et al., 2015b; Osorio et al., 2013).

In contrast to the present study (Fig. 2), PPDK polypeptide was detected in extracts of ripe peach flesh by
immunoblotting, and this was using the same antibody as employed in the present study (Borsani et al., 2009; Lara et
al., 2010, 2009). An exposure of a western blot probed with the PPDK antibody at a dilution of 1/10 000 detected a
large band of PPDK in maize leaf but nothing in ripe peach flesh (Fig. 3A). By contrast PEPCK was detected in both
tissues (Fig. 3A). A western blot was done of extracts of peach flesh (from different stages of its development) and
maize leaves (Fig. 3B). An exposure of the western blot, using PPDK antibody at a dilution of 1/10 000, detected a
large amount of PPDK in maize leaves but none in peach flesh (Fig. 3B). The blot was reprobed using the PPDK
antibody at 1/1000, and a very long exposure showed that PPDK was present throughout the ripening of peach flesh
(Fig 5). This shows that in peach flesh PPDK is at low abundance and must be at the very most 10-times less
abundant than in tomato flesh. This would give an activity of 0.0003-0.0014 U g™ FW. By contrast PEPCK is quite
abundant in peach flesh throughout ripening (about 0.18 U g* FW; Famiani et al., 2016a). Similar considerations
apply to the flesh of cherry, plum and apricot. Thus PEPCK activity in the flesh of these stone fruits is likely over
100-times higher than that of PPDK. Previous studies of both grape and some soft fruits did not detect PPDK in their
flesh, and it was concluded that the enzyme was either not present or at low abundance (Famiani et al., 2014b, 2005).
The results of the present study suggest that if PPDK is present in the flesh of these fruits, then at most its abundance
is similar to that in peach flesh. Thus in the flesh of these PEPCK activity should be at least 35-times higher than that
of PPDK. Therefore, as previously suggested in the flesh of all the aforementioned fruits, apart from tomato, the bulk
of the gluconeogenic flux should utilise PEPCK and not PPDK. Of course this does not rule out the possibility that in

the flesh of these fruits under certain conditions (eg low O,) the abundance of PPDK increases (Lara et al., 2010).

3.2. The occurrence of PEPCK and PPDK in tomato fruits
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PPDK was present at a somewhat similar abundance g™ FW (from stage 1 to stage 4 of development) in the flesh,
locular gel and columella of tomato fruits, however, its abundance was lower in the skin of green fruits (Figs. 4, 5A).
The abundance of PPDK g™* FW was lower in very young flesh (fruit FW 10% of that of ripe fruit) than in the flesh
of fruits later in development (Fig. 5B). Except for in the skin of green fruits, in which its abundance was lower, the
abundance of PPDK g FW was comparable in the different tissues of both green (developmental stage 2) and ripe
tomatoes (developmental stage 4) (Fig. 5A). PEPCK was present in comparable amounts g* FW in the flesh, locular
gel and columella (Fig. 5A). In the skin of green fruits the abundance of PEPCK g* FW was lower than in the other
tissues, and in red fruits slightly higher (Fig. 5A). In the flesh of red fruit the abundance of PEPCK was lower than in
the other tissues (Fig. 5A). However, this observation was not representative of the situation because in other
experiments the abundance of PEPCK in the flesh was found to be similar g FW in the different tissues of the ripe
fruit (data not shown). In all the tissues of the fruit the abundance of PEPCK g* FW increased greatly at the onset of
ripening (Fig. 4). In each of these tissues the amount of PEPCK was 0.003 U g™ FW (SE = 0.002) (developmental
stages 1,2) and 0.04 U g™ FW (SE = 0.005) (developmental stages 3,4). In blueberry, cherry, plum, grape and peach
PEPCK is also present in the different tissues of the fruit (Famiani et al., 2016a, 2012, 2005; Walker et al., 2015,
2011a, 2011b). A previous study also found that there was a large increase in abundance of PEPCK in tomato flesh
during ripening, however, it was not detected before ripening in the flesh, or in the locular gel during ripening
(Bahrami et al., 2001). It is possible that these contradictions are a result of either difficulties in detecting PEPCK or
differences in growth conditions or variety. The presence of PEPCK before ripening is consistent with the presence of
PEPCK mRNA in tomato flesh before ripening (Saito et al., 2008; Yin et al., 2010). In several soft fruits, cherry,
plum, grape and peach the abundance of PEPCK is also higher during ripening (Famiani and Walker, 2009; Famiani
et al., 2016a, 2012, 2005; Walker et al., 2015, 2011a). Nevertheless, in tomato fruits the presence of PEPCK before
ripening suggests that the enzyme does not simply function in the dissimilation of malate/citrate during ripening.
Ripe tomato fruits were detached from the plant and incubated under darkness at 25°C for 3-9 d. In the flesh of these

fruits the content of both PPDK and PEPCK g™ FW decreased throughout the incubation (Fig. 6).
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3.3. PPDK and PEPCK abundance in tomato leaves during their development and senescence

PPDK has been detected in the leaves of some Cj3 plants but not in those of others (Bailey and Leegood, 2016;
Famiani and Walker, 2009; Hocking and Anderson, 1986; Walker et al., 2011a). In extracts of tomato leaves both
PPDK activity and polypeptide have been detected (Famiani et al., 2005; Hocking and Anderson, 1986). PPDK has
been found to increase in abundance during the senescence of some leaves, but not in others (Chen et al., 2000;
Taylor et al., 2010). We therefore investigated whether PPDK polypeptide content increased in tomato leaves during
their senescence. PPDK polypeptide abundance and not PPDK activity was determined, because in the darkened
leaves of C; plants PPDK is present largely as an inactive phosphorylated form (Chastain et al., 2002). The
abundance of PPDK polypeptide mg™ total protein in mature tomato leaves was less than in the fruit (Figs. 7, 8). This
comparison was done on a protein basis and not on a FW basis. This was because most of the volume of the cells of
the fruit is occupied by a large vacuole and this contains little protein, therefore, the amount of cytoplasm g* FW
(where PPDK, PEPCK are located) in the fruit is less than in the leaf (Famiani et al., 2012). The abundance of PPDK
g™* FW increased as the leaf matured (Fig. 8). Similarly the abundance of PPDK increases during the development of
both wheat and Arabidopsis leaves (Aoyagi and Bassham, 1984; Taylor et al., 2010). The function of PPDK in
mature leaves is uncertain, although as proposed for senescing leaves one function could be in amino acid
metabolism (Chastain et al., 2011; Taylor et al., 2010). A preliminary study indicated that the abundance of PPDK g™
FW did not increase in senescing leaves of tomato that were attached to the plant (data not shown), and similarly
PPDK g FW did not increase in senescing cucumber cotyledons that were attached to the plant (Chen et al., 2000).
In tomato leaves the content of PPDK g™ FW declined greatly in leaves detached and incubated under darkness (Fig.
8). Hence in tomato leaves the content of PPDK g™ FW was highest in mature non-senescing leaves. Similarly, when
either barley leaves or mature cucumber cotyledons are detached and incubated under darkness, PPDK polypeptide g
! FW declines (Chen et al., 2000). By contrast there is an increase in PPDK abundance mg™ total protein during the
senescence of Arabidopsis leaves attached to the plant (Taylor et al., 2010). It is possible that this contradiction is a
result of differences between species. An alternative explanation is that in the present study each track on the gel was

loaded with the protein content of an equal amount FW of tissue, whereas, in the study of Arabidopsis gels were
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loaded with an equal amount of protein (Taylor et al., 2010), and during senescence there is often a large decrease in
the total protein content of the tissue (Chen et al., 2000; Fig. 8). Several studies have arrived at the conclusion that
PPDK RNA abundance increases during senescence, however, there are potentially difficulties in interpreting these
experiments. This is because the decrease in total RNA content of the tissue during senescence was often not
considered. It is necessary to show that the abundance of PPDK RNA g™ FW increases: because, as shown by Chen
et al. (2000), studies of PEPCK RNA content in senescing tissues which did not do this led to the false conclusion
that PEPCK was associated with senescence. Therefore, further experiments to determine whether PPDK protein g™
FW increases during the senescence of leaves from both different species and different tissues would be informative.
Nevertheless, these considerations do not affect the proposal that PPDK functions in amino acid metabolism in some
senescing leaves (Taylor et al., 2010), and this is because irrespective of whether PPDK g FW increases during
senescence it is still present.

In tomato leaves, detached from the plant and incubated under darkness, as in barley leaves and cucumber cotyledons
(Chen et al., 2000), there was a large decrease in the content of total polypeptides and in the abundance of PEPC and
Rubisco (Fig. 8). In tomato leaves there was a large decrease in the larger form of GS (Fig. 8). Two forms of GS were
detected and these correspond to the plastidic (larger polypeptide) and cytosolic (smaller polypeptide) GS in tomato
(Bortolotti et al., 2003; Fig. 8). In maize root a still smaller form of GS was also present, and this is consistent with
previous work which showed that this is a cytosolic GS (Sakakibara et al., 1992). There was a large decrease in the
smaller form of aldolase during the senescence of tomato leaves (Fig. 8). A larger form of aldolase was present in
maize roots and tomato fruits (Fig. 8). The larger aldolase is the cytosolic enzyme and the smaller one the plastidic
enzyme (Famiani and Walker, 2009; Famiani et al., 2014b). Thus the abundance of PEPC, Rubisco, plastidic GS and
plastidic aldolase changed in a similar way to that of PPDK (Fig. 8). PEPCK was not detected in tomato leaves at any
stage of their development or senescence, and this is consistent with studies of PEPCK RNA content (Fig. 8; Bahrami
et al., 2001). Previous studies have shown that PEPCK is unlikely to play a role in leaf senescence (Chen et al., 2000;
Taylor et al., 2010). As previously reported (Nieri et al., 1997) small amounts of ICL were present in immature

tomato leaves, and in the mature leaf its abundance was much less (Fig. 8). In immature tomato leaves the function of
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ICL is unknown (Nieri et al., 1997). In detached leaves of many plants incubated under darkness, there is an
induction of ICL and the glyoxylate cycle, and this could potentially function in the anaplerotic replenishment of the
Krebs cycle during starvation (Chen et al., 2000; Eastmond and Graham, 2001; Smith, 2002). In detached tomato

leaves there was also an induction of ICL (Fig. 8).

3.4. The occurrence of ICL in tomato fruit

In tomato flesh radiolabelling experiments have shown that gluconeogenesis from pyruvate occurs (Farineau and
Laval-Martin, 1977). This process can potentially utilise PEPCK in conjunction with the glyoxylate cycle. The
enzymes ICL and malate synthase (MS) are essential components of the glyoxylate cycle (Eastmond and Graham,
2001). An early radiolabelling study indicated that MS was present in tomato flesh (Doyle et al., 1960). Both MS
RNA and ICL activity are present in the flesh of ripening banana fruits (Liu et al., 2004; Pua et al., 2003). Further,
ICL activity has been detected in cucumber flesh (Yang et al., 1998), and in this tissue there is a very low expression
of the MS gene (Graham et al., 1992). Glyoxysomal ICL polypeptide and activity were not detected in pumpkin flesh
at commercial harvest, however, they subsequently appeared in slices of the flesh incubated under darkness (Pistelli
et al., 1996). Glyoxysomal ICL polypeptide was either absent or at very low abundance in the flesh of grape and that
of some soft fruits (Famiani et al., 2014b, 2005). In fruits in which ICL activity has been measured it is usually very
low: in ripening banana flesh around 0.0001 U g™ FW (Liu et al., 2004) and in cucumber flesh about 0.008 U g* FW
(Yang et al., 1998).

The occurrence of glyoxysomal ICL polypeptide was investigated in tomato flesh using immunoblotting, and the
specificity of the antibody employed has been established in previous studies (Chen et al., 2000; Famiani et al.,
2014b, 2005). ICL polypeptide was detected in ripe tomato flesh (development stage 4), however, in this it was at a
much lower abundance than in the leaf (Fig. 9). Previous studies have shown that ICL polypeptide is present at very
low abundance in young tomato leaves (Nieri et al., 1997), and hence it must be at extremely low abundance in
tomato flesh. We could not reliably determine how the abundance of ICL polypeptide changed in the different tissues

of tomato fruits during their development and senescence, and this was because of difficulties in detecting ICL on
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immunoblots. The very low abundance of gyoxysomal ICL in both tomato flesh and that of other fruits, suggests that
in these, the conversion of pyruvate/acetyl-CoA to malate by the glyoxylate cycle is not a major pathway utilised by
gluconeogenesis under normal conditions of growth. However, recent studies have shown that plants also possess a
cytosolic form of ICL with limited sequence similarity to the glyoxysomal form (Eprintsev et al., 2015). This enzyme
is thought to function in organic acid interconversions (eg oxalate synthesis in some leaves) and not in the glyoxylate
cycle (Eprintsev et al., 2015). Our results do not preclude the presence of this enzyme in fruits, and indeed there is

evidence for the occurrence of this enzyme in banana flesh (Eprintsev et al., 2015).

3.5. Gluconeogenesis in tomato fruits

Radiolabelling experiments have shown that gluconeogenesis from malate occurs in tomato flesh (Farineau and Laval
Martin, 1977; Halinska and Frenkel, 1991). It is likely that PEPCK is utilised in catalysing this gluconeogenic flux
(Bahrami et al. 2001; Huang et al., 2015a, 2015b; Osorio et al., 2013). The bulk of the malate/citrate content of
tomato flesh is located in the vacuole (Farineau and Laval-Martin, 1977; Knee and Finger, 1992; Rolin et al., 2000),
and this is the most likely source of this malate. Nevertheless, some malate could arise from the metabolism of amino
acids and amides, and evidence has been provided that the metabolism of vacuolar malate/citrate could be associated
with nitrogen metabolism in the flesh of fruits (Famiani et al., 2016a).

In the flesh of both ripening grape and peach, citrate and/or malate accumulated before ripening can provide only a
small amount of substrate utilised by metabolism (Famiani et al., 2016a, 2016b, 2014a). For tomato flesh, by
comparing the amounts of CO; released from the fruit with the decrease in malate/citrate contents (Biais et al., 2014;
Campbell et al., 1990; Chalmers and Rowan, 1971; Knee and Finger 1992), it can be deduced that the situation is
similar. A comparison of the amount of glycolytic flux and the amount of CO, released from tomato fruits (Campbell
et al., 1990; Carrari et al., 2006; Chalmers and Rowan, 1971) indicates that a large proportion of pyruvate so
produced is completely oxidised to CO, by the Krebs cycle. This is similar to the situation in the ripening flesh of
both grape and peach (Famiani et al., 2016a, 2016b, 2014a). Therefore, in tomato flesh glycolysis from sugars is

necessary throughout ripening, and this raises the question as to why gluconeogenesis (reversal of glycolysis) occurs.

13



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

For both grape and peach flesh one explanation is: the actual rate of malate/citrate dissimilation is not that shown by
the changes in their content as determined by two measurements done several days apart. Rather there can be short-
term effluxes of malic/citric acid from the vacuole, and this results in a much higher rate of their dissimilation for
short periods of time (Famiani et al., 2016a, 2016b; Walker et al., 2015). That is there are times when the amount of
malate/citrate released from the vacuole is sufficient to increase the cytosolic malate concentration to a level that
brings about gluconeogenesis, and during these periods malate/citrate and not sugars provides the substrate for
metabolism (Famiani et al., 2016a, 2016b; Walker et al., 2015). There is evidence to support this proposal in tomato.
Firstly, in tomato fruits it appears that there are small diurnal changes in malate content (Farineau and Laval-Martin,
1977). Secondly, reducing the amount of PEPCK activity by around 20% in ripening tomato fruits has an inhibitory
effect on gluconeogenesis (Osorio et al., 2013). This is not consistent with the observation that activity of PEPCK is
80-fold higher than the rate of long-term malate dissimilation (i.e. that measured over a period of several days)
(Bahrami et al., 2001). However, this is consistent with there being short-term effluxes of malate/citrate from the
vacuole, and that during these periods flux through PEPCK is high.

Radiolabelling experiments have shown that gluconeogenesis from pyruvate occurs in tomato flesh (Farineau and
Laval Martin, 1977). In the leaves of some CAM plants, PPDK is utilised in gluconeogenesis from pyruvate that is
derived from stored vacuolar malate via the action of either cytosolic NADP-ME or mitochondrial NAD-ME
(Christopher and Holtum, 1996; Dever et al., 2015; Dittrich, 1976; Hausler et al, 2000). PPDK was present in tomato
flesh (Figs. 1A and B, 2, 4), and this raises the possibility that PPDK functions in gluconeogenesis from
pyruvate/malate in this tissue. In plants there are both cytosolic and plastidic forms of NADP-ME and a
mitochondrial NAD-ME (Famiani et al., 2005). All three enzymes are present in tomato flesh, and their activities
appear to be comparable (Bahrami et al., 2001; Jeffery et al., 1986; Knee and Finger, 1992; Knee et al., 1996; Osorio
et al., 2013). Tomato flesh contains about 50-times more NAD-ME than does the flesh of either grape or peach (Biais
et al., 2014; Borsani et al., 2009; Osorio et al., 2013; Sweetman et al., 2014). The higher abundance of both PPDK
and NAD-ME in tomato flesh, compared to that in the flesh of these other fruits, raises the possibility that they can

act in concert to catalyse gluconeogenesis from malate/citrate. A recent study showed that pyruvate can be converted
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to sugars using the PEPCK pathway in ripening tomato pericarp (Osorio et al., 2013). Hence, it appears that a
proportion of pyruvate enters the Krebs cycle and is converted to OAA/malate. A proportion of this OAA/malate then
equilibrates with the cytosolic pool of these, and a proportion of this cytosolic pool is then utilised in gluconeogenesis
using PEPCK. In plants containing reduced amounts of PEPCK gluconeogenesis from pyruvate was almost abolished
(Osorio et al., 2013). However, this does not preclude the utilisation of PPDK in gluconeogenesis because it is
possible that PPDK is only used at certain times or under certain conditions. In addition, it is also possible that as in
some other tissues pyruvate utilised by PPDK could be generated by amino acid metabolism (Chastain et al., 2011;
Taylor et al., 2010). Nevertheless, determining whether PPDK contributes to gluconeogenesis in tomato fruits will
require further detailed studies. A scheme depicting the potential pathways utilised in gluconeogenesis in tomato

flesh is shown in Fig. 10.

5. Concluding remarks

In the ripe flesh of a range of fruits PPDK polypeptide was only quite abundant in tomato. Smaller amounts of PPDK
polypetide were detected in the flesh of both peach and pepper. By contrast PEPCK was present in the flesh of all the
fruits investigated. A very small amount of glyoxysomal ICL was detected in ripe tomato flesh. In tomato leaves the
content g FW of PPDK did not increase during their senescence, and this content was highest when the leaf was
mature but not senescent. Both PEPCK and PPDK polypeptides decreased in the flesh of tomato during its
senescence. The results suggest that in fruits other than tomato the bulk of any gluconeogeneic flux proceeds via
PEPCK, whereas in tomato both PEPCK and PPDK could potentially be utilised. Further, the results indicate that the
conversion of pyruvate/acetyl-CoA to malate by the glyoxylate cycle, for which ICL is necessary, is not a major
pathway utilised by gluconeogenesis in fruits under normal conditions of growth. Finally, the results contribute to our

understanding of the role of several enzymes in the senescence of both leaves and fruits.

Acknowledgements

15



374

375

376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

The research was funded by the “Dipartimento di Scienze Agrarie, Alimentari e Ambientali — Universita degli Studi

di Perugia - Fondo Ricerca di Base 2014”, Perugia, Italy.

References

Aoyagi, K., Bassham, J.A., 1983. Pyruvate orthophosphate dikinase in wheat leaves. Plant Physiol. 73, 853-854.

Aoyagi, K., Bassham, J.A., 1984. Pyruvate orthophosphate dikinase of C; seeds and leaves as compared to the
enzyme from maize. Plant Physiol. 75, 387-392.

Ashton, A.R., Burnell, J.N., Furbank, R.T., Jenkins, C.L.D., Hatch, M.D., 1990. The enzymes in C4 photosynthesis,
in: Lea, P.J., Harborne, J.B. (Eds.), Enzymes of Primary Metabolism. Methods in Plant Biochemistry, 3.
Academic Press, London, pp. 39-72.

Bahrami, A.R., Chen, Z.H., Walker, R.P., Leegood, R.C., Gray, J.E., 2001. Ripening-related occurrence of
phosphoenolpyruvate carboxykinase in tomato fruit. Plant Mol. Biol. 47, 499-506.

Bailey, K.J., Leegood, R.C., 2016. Nitrogen recycling from the xylem in rice leaves: dependence upon metabolism
and associated changes in xylem hydraulics. J. Exp. Bot. doi: 10.1093/jxb/erw132.

Baldicchi, A., Farinelli, D., Micheli, M., Di Vaio, C., Moscatello, S., Battistelli, A., Walker, R.P., Famiani, F., 2015.
Analysis of seed growth, fruit growth and composition and phospoenolpyruvate carboxykinase (PEPCK)
occurrence in apricot (Prunus armeniaca L.). Sci. Hortic. 186, 38—46.

Biais, B., Bénard, C., Beauvoit, B., Colombié, S., Prodhomme, D., Ménard, G., Bernillon, S., Gehl, B., Gautier, H.,
Ballias, P., Mazat, J.P., Sweetlove, L., Génard, M., Gibon, Y., 2014. Remarkable reproducibility of enzyme
activity profiles in tomato fruits grown under contrasting environments provides a roadmap for studies of fruit
metabolism. Plant Physiol. 164, 1204-1221.

Black, C.C., Chen, J.Q., Doong, R.L., Angelov, M.N., Sung, S.J.S., 1996. Alternative carbohydrate reserves used in
the daily cycle of crassulacean acid metabolism, in: Winter, K., Smith, J.A.C. (Eds.), Crassulacean acid
metabolism (Ecological studies vol. 114). Springer, Heidelberg, pp. 31-45.

Blanke, M.M., Hucklesby, D.P., Notton, B.A., 1988. Phosphoenolpyruvate carboxykinase in aubergine, kiwi and
apple fruit. Die Gartenbauwissenschaft 53, 65-70.

Borsani, J., Budde, C.O., Porrini, L., Lauxmann, M.A., Lombardo, V.A., Murray, R., Andreo, C.S., Drincovich, M.F.,
Lara, M.V., 2009. Carbon metabolism of peach fruit after harvest: changes in enzymes involved in organic acid
and sugar level modifications. J. Exp. Bot. 60, 1823-1837.

Bortolotti, S., Boggio, S.B., Delgado, L., Orellano, E.G., Valle, E.M., 2003. Different induction patterns of glutamate
metabolizing enzymes in ripening fruits of the tomato mutant green flesh. Physiol. Plant. 119, 384-391.

Campbell, A.D., Huysamer, M., Stotz, H.U., Greve, L.C., Labavitch, J.M., 1990. Comparison of ripening processes
in intact tomato fruit and excised pericarp discs. Plant Physiol. 94, 1582-1589.

Carrari, F., Baxter, C., Usadel, B., Urbanczyk-Wochniak, E., Zanor, M.l., Nunes-Nesi, A., Nikiforova, V., Centero,
D., Ratzka, A., Pauly, M., Sweetlove, L.J., Fernie, A.R., 2006. Integrated analysis of metabolite and transcript
levels reveals the metabolic shifts that underlie tomato fruit development and highlight regulatory aspects of
metabolic network behavior. Plant Physiol. 142, 1380-1396.

Chalmers, D.J., Rowan, K.S., 1971. The climacteric in ripening tomato fruit. Plant Physiol. 48, 235-240.

Chastain, C.J., Failing, C.J., Manandhar, L., Zimmerman, M.A., Lakner, M.M., Nguyen, T.H.T., 2011. Functional
evolution of C4 pyruvate,orthophosphate dikinase. J. Exp. Bot. 62, 3083-3091.

Chastain, C.J., Heck, J.W., Colquhoun, T.A., Voge, D.G., Gu, X.Y., 2006. Posttranslational regulation of pyruvate,
orthophosphate dikinase in developing rice (Oryza sativa) seeds. Planta 224, 924-934.

Chastain, C.J., Fries, J.P., Vogel, J.A., Randklev, C.L., Vossen, A.P., Dittmer, S.K., Watkins, E.E., Fiedler, L.J.,
Wacker, S.A., Meinhover, K.C., Sarath, G., Chollet, R., 2002. Pyruvate orthophosphate dikinase in leaves and
chloroplasts of C3 plants undergoes light-/dark-induced reversible phosphorylation. Plant Physiol. 128, 1368—
1378.

16



420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469

Chen, Z.H., Walker, R.P., Acheson, R.M., Técsi, L.I., Wingler, A., Lea, P.J., Leegood, R.C., 2000. Are isocitrate
lyase and phosphoenolpyruvate carboxykinase involved in gluconeogenesis daring senescence of barley leaves
and cucumber cotyledons? Plant Cell Physiol. 41, 960-967.

Christopher, J.T., Holtum, J.A.M., 1996. Patterns of carbon partitioning in leaves of crassulacean acid metabolism
species during deacidification. Plant Physiol. 111, 393-399.

Dever, L.V., Boxall, S.F., Knefova, J., Hartwell, J., 2015. Transgenic perturbation of the decarboxylation phase of
crassulacean acid metabolism alters physiology and metabolism but has only a small effect on growth. Plant
Physiol. 167, 44-59.

Dittrich, P., 1976. Nicotinamide adenine dinucleotide-specific “malic” enzyme in Kalanchoé daigremontiana and
other plants exhibiting crassulacean acid metabolism. Plant Physiol. 57, 310-314.

Doyle, W.P., Huff, R., Wang, C.H., 1960. Role of glyoxylate biosynthesis of acids in tomato fruit. Plant Physiol. 35,
745-750.

Eastmond, P.J., Graham, I.A., 2001. Re-examining the role of the glyoxylate cycle in oilseeds. Trends Plant Sci. 6,
72-78.

Eprintsev, A., Fedorin, D.N., Salnikov, A.V., Igamberdiev, A.U., 2015. Expression and properties of the glyoxysomal
and cytosolic forms of isocitrate lyase in Amaranthus caudatus L. J. Plant. Physiol. 181, 1-8.

Famiani, F., Battistelli, A., Moscatello, S., Cruz-Castillo, J.G., Walker, R.P., 2015a. The organic acids that are
accumulated in the flesh of fruits: occurrence, metabolism and factors affecting their contents - a review. Rev.
Chapingo Ser. Hortic. 21, 97-128.

Famiani, F., Casulli, V., Baldicchi, A., Battistelli, A., Moscatello, S., Walker, R.P., 2012. Development and
metabolism of the fruit and seed of the Japanese plum Ozark Premier (Rosaceae). J. Plant Physiol. 169, 551-560.

Famiani, F., Cultrera, N., Battistelli, A., Casulli, V., Proietti, P., Standardi, A., Chen, Z.H., Leegood, R.C., Walker,
R.P., 2005. Phosphoenolpyruvate carboxykinase and its potential role in the catabolism of organic acids in the
flesh of soft fruit during ripening. J. Exp. Bot. 56, 2959-2969.

Famiani, F., Farinelli, D., Moscatello, S., Battistelli, A., Leegood, R.C., Walker, R.P., 2016a. The contribution of
stored malate and citrate to the substrate requirements of metabolism of ripening peach (Prunus persica L.
Batsch) flesh is negligible. Implications for the occurrence of phosphoenolpyruvate carboxykinase and
gluconeogenesis. Plant Physiol. Biochem. 101, 33-42.

Famiani, F., Moscatello, S., Ferradini, N., Gardi, T., Battistelli, A., Walker, R.P., 2014b. Occurrence of a number of
enzymes involved in either gluconeogenesis or other processes in the pericarp of three cultivars of grape (Vitis
vinifera L.) during development. Plant Physiol. Biochem. 84, 261-270.

Famiani, F., Walker, R.P., 2009. Changes in abundance of enzymes involved in organic acid, amino acid and sugar
metabolism, and photosynthesis during the ripening of blackberry fruit. J. Am. Soc. Hortic. Sci. 134, 167-175.
Famiani, F., Farinelli, D., Palliotti, A., Moscatello, S., Battistelli, A., Walker, R.P., 2014a. Is stored malate the
quantitatively most important substrate utilised by respiration and ethanolic fermentation in grape berry pericarp

during ripening? Plant Physiol. Biochem. 76, 52-57.

Famiani, F., Farinelli, D., Frioni, T., Palliotti, A., Battistelli, A., Moscatello, S., Walker, R.P., 2016b. Malate as a
substrate for catabolism and gluconeogenesis during ripening in the pericarp of different grape cultivars. Biol.
Plant. 60, 155-162.

Farineau, J., Laval-Martin, D., 1977. Light versus dark carbon metabolism in cherry tomato fruits. Il. Relationship
between malate metabolism and photosynthetic activity. Plant Physiol. 60, 877-880.

Graham, L.A., Leaver, C.J., Smith, S.M., 1992. Induction of malate synthase gene expression in senescent and
detached organs of cucumber. The Plant Cell 4, 349-357.

Halinska, A., Frenkel, C., 1991. Acetaldehyde stimulation of net gluconeogenic carbon movement from applied malic
acid in tomato fruit pericarp tissue. Plant Physiol. 95, 954-960.

Hausler, R.E., Baur, B., Scharte, J., Teichmann, T., Eicks, M., Fischer, K.L., Fligge, U.l., Schubert, S., Weber, A,
Fischer, K., 2000. Plastidic metabolite transporters and their physiological functions in the inducible crassulacean
acid metabolism plant Mesembryanthemum crystallinum. Plant J. 24, 285-296.

Hocking, C.G., Anderson, J.W., 1986. Survey of pyruvate, phosphate dikinase activity of plants in relation to the Cs,
C4 and CAM mechanisms of CO, assimilation. Phytochemistry 25, 1537-1543.

17



470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519

Hopfner, M., Ochs, G., Wild, A., 1990. Glutamine synthetase of green and etiolated leaves of Sinapsis alba. Evidence
of the identity of the respective enzyme proteins. Planta 181, 155-161.

Huang, Y.X., Goto, Y., Nonaka, S., Fukuda, N., Ezura, H., Matsukura, C., 2015a. Overexpression of the
phosphoenolpyruvate carboxykinase gene (SIPEPCK) promotes soluble sugar accumulation in fruit and post-
germination growth of tomato (Solanum lycopersicum L.). Plant Biotechnol. 32, 281-289.

Huang, Y.X., Yin, Y.G., Sanuki, A., Fukuda, N., Ezura, H., Matsukura, C., 2015b. Phosphoenolpyruvate
carboxykinase (PEPCK) deficiency affects the germination, growth and fruit sugar content in tomato (Solanum
lycopersicum L.). Plant Physiol. Biochem. 96, 417-425.

Jeffery, D., Goodenough, P.W., Weitzman, P.D., 1986. Enzyme activities in mitochondria isolated from tomato fruit.
Planta 168, 390-394.

Knee, M., Finger, F.L., 1992. NADP+-malic enzyme and organic acid levels in developing tomato fruits. J. Am. Soc.
Hortic. Sci. 117, 799-801.

Knee, M., Finger, F.L., Lagrimini, L.M., 1996. Evidence for a cytosolic NADP-malic enzyme in tomato.
Phytochemistry 42, 11-16.

Lara, M.V., Borsani, J., Budde, C.O., Lauxmann, M.A., Lombardo, V.A., Murray, R., Andreo, C.S., Drincovich,
M.F., 2009. Biochemical and proteomic analysis of ‘Dixiland’ peach fruit (Prunus persica) upon heat treatment.
J. Exp. Bot. 60, 4315-4333.

Lara, M.V., Budde, C.O., Porrini, L., Borsani, J., Murray, R., Andreo, C.S., Drincovich, M.F., 2010. Peach (Prunus
persica) fruit response to anoxia: reversible ripening delay and biochemical changes. Plant Cell Physiol. 52, 392—
403.

Leegood, R.C., Walker, R.P., 2003. Regulation and roles of phosphoenolpyruvate carboxykinase in plants. Arch.
Biochem. Biophys. 414, 204-210.

Leegood, R.C., Walker, R.P., 1999. Phosphoenolpyruvate carboxykinase in plants: its role and regulation, in: Bryant,
J.A., Burrell, M.M., Kruger, N.J. (Eds.), Plant carbohydrate biochemistry. BIOS Scientific Publishers Ltd,
Oxford, pp. 201-211.

Leegood, R.C., Walker, R.P., 1996. Regulation of C, pathway, in: Sage, R.F., Monson, R.K. (Eds.), C4 Plant biology.
Academic Press, London, pp. 89-132.

Liu, S., Yang, Y., Murayama, H., Taira, S., Fukushima, T., 2004. Effects of CO2 on respiratory metabolism in
ripening banana fruit. Postharvest Biol. Technol. 33, 27-34.

Maeshima, M., Yokoi, H., Asahi, T., 1988. Evidence for no proteolytic processing during transport of isocitrate lyase
into glyoxysomes in castor bean endosperm. Plant Cell Physiol. 29, 381-384.

Nieri, B., Ciurli, A., Pistelli, L., Smith, S.M., Alpi, A., De Bellis, L., 1997. Glyoxylate cycle enzymes in seedlings
and in mature plants of tomato (Lycopersicon esculentum Mill.). Plant Sci. 129, 39-47.

Osorio, S., Vallarino, J.G., Szecowka, M., Ufaz, S., Tzin, V., Angelovici, R., Galili, G., Fernie, A.R., 2013.
Alteration of the interconversion of pyruvate and malate in the plastid or cytosol of ripening tomato fruit invokes
diverse consequences on sugar but similar effects on cellular organic acid, metabolism, and transitory starch
accumulation. Plant Physiol. 161, 628-643.

Pistelli, L., Nieri, B., Smith, S.M., Alpi, A., De Bellis, L., 1996. Glyoxylate cycle enzyme activities are induced in
senescent pumpkin fruits. Plant Sci. 119, 23-29.

Pua, E.C., Chandramouli, S., Han, P., Liu, P., 2003. Malate synthase gene expression during fruit ripening of
Cavendish banana (Musa acuminata cv. Williams). J. Exp. Bot. 54, 309-316.

Rolin, D., Baldet, P., Just, D., Chevalier, C., Biran, M., Raymond, P., 2000. NMR study of low subcellular pH during
the development of cherry tomato fruit. Aust. J. Plant Physiol. 27, 61-69.

Ruffner, H.P., 1982. Metabolism of tartaric and malic acid in Vitis: a review-Part B. Vitis 21, 346—358.

Saito, T., Matsukura, C., Ban, Y., Shoji, K., Sugiyama, M., Fukuda, N., Nishimura, S., 2008. Salinity stress affects
assimilate metabolism at the gene-expression level during fruit development and improves fruit quality in tomato
(Solanum lycopersicum L.). J. Jpn. Soc. Hortic. Sci. 77, 61-68.

Sakakibara, H., Kawabata, S., Takahashi, H., Hase, T., Sugiyama, T., 1992. Molecular cloning of the family
glutamine synthetase genes from maize: expression of genes from glutamine synthetase and ferredoxin-
dependent glutamate synthase in photosynthetic and non-photosynthetic tissues. Plant Cell Physiol. 33, 49-58.

18



520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559

Smith, S.M., 2002. Does the glyoxylate cycle have an anaplerotic function in plants? Trends Plant Sci. 7, 12-13.

Sugiyama, T., 1973. Purification, molecular, and catalytic properties of pyruvate phosphate dikinase from the maize
leaf. Biochemistry 12, 2862—-2868.

Sweetman, C., Sadras, V.O., Hancock, R.D., Soole, K.L., Ford, C.M., 2014. Metabolic effects of elevated
temperature on organic acid degradation in ripening Vitis vinifera fruit. J. Exp. Bot. 65, 5975-5988.

Taylor, L., Nunes-Nesi, A., Parsley, K., Leiss, A., Leach, G., Coates, S., Wingler, A., Fernie, A.R., Hibberd, J.M.,
2010. Cytosolic pyruvate,orthophosphate dikinase functions in nitrogen remobilization during leaf senescence
and limits individual seed growth and nitrogen content. Plant J. 62, 641-652.

Walker, R.P., Acheson, R.M., Técsi, L.I., Leegood, R.C., 1997. Phosphoenolpyruvate carboxykinase in C4 plants: its
role and regulation. Aust. J. Plant Physiol. 24, 459-468.

Walker, R.P., Battistelli, A., Moscatello, S., Chen, Z.H., Leegood, R.C., Famiani, F., 2011a. Phosphoenolpyruvate
carboxykinase in cherry (Prunus avium L.) fruit during development. J. Exp. Bot. 62, 5357-5365.

Walker, R.P., Battistelli, A., Moscatello, S., Chen, Z.H., Leegood, R.C., Famiani, F., 2011b. Metabolism of the seed
and endocarp of cherry (Prunus avium L.) during development. Plant Physiol. Biochem. 49, 923-930.

Walker, R.P., Battistelli, A., Moscatello, S., Técsi, L., Leegood, R.C., Famiani, F., 2015. Phosphoenolpyruvate
carboxykinase and gluconeogenesis in grape pericarp. Plant Physiol. Biochem. 97, 62—609.

Walker, R.P., Chen, Z.H., 2002. Phosphoenolpyruvate carboxykinase: structure, function and regulation. Adv. Bot.
Res. 38, 93-189.

Walker, R.P., Chen, Z.H., Acheson, R.M., Leegood, R.C., 2002. Effects of phosphorylation on phosphoenolpyruvate
carboxykinase from the C4 plant, Guinea grass. Plant Physiol. 128, 165-172.

Walker, R.P., Chen, Z.H., Johnson, K.E., Famiani, F., Técsi, L., Leegood, R.C., 2001. Using immunohistochemistry
to study plant metabolism: the examples of its use in the localization of amino acids in plant tissues, and of
phosphoenolpyruvate carboxykinase and its possible role in pH regulation. J. Exp. Bot. 52, 565-576.

Walker, R.P., Chen, Z.H., Técsi, L.l., Famiani, F., Lea, P.J., Leegood, R.C., 1999. Phosphoenolpyruvate
carboxykinase plays a role in interactions of carbon and nitrogen metabolism during grape seed development.
Planta 210, 9-18.

Walker, R.P., Famiani, F., Baldicchi, A., Cruz-Castillo, J.G., Inglese, P., 2011c. Changes in enzymes involved in
photosynthesis and other metabolic processes in the fruit of Opuntia ficus-indica during growth and ripening.
Sci. Hortic. 128, 213-219.

Walker, R.P., Leegood, R.C., 1996. Phosphorylation of phosphoenolpyruvate carboxykinase in plants: studies in
plants with C4 photosynthesis and Crassulacean acid metabolism and in germinating seeds. Biochem. J. 317,
653-658.

Walker, R.P., Trevanion, S.J., Leegood, R.C., 1995. Phosphoenolpyruvate carboxykinase from higher plants:
purification from cucumber and evidence of rapid proteolytic cleavage in extracts from a range of plant tissues.
Planta 195, 58-63.

Yang, Y., Murayama, H., Fukushima, T., 1998. Activation of glyoxylate cycle enzymes in cucumber fruits exposed
to CO,. Plant Cell Physiol. 39, 533-5309.

Yin, Y.G., Tominaga, T., lijima, Y., Aoki, K., Shibata, D., Ashihara, H., Nishimura, S., Ezura, H., Matsukura, C.,
2010. Metabolic alterations in organic acids and fy-aminobutyric acid in developing tomato (Solanum
lycopersicum L.) fruits. Plant Cell Physiol. 51, 1300-1314.

19



560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

S77

578

579

580

581

582

583

584

Figure legends

Fig. 1. A) PEPCK and PPDK in ripe tomato flesh and other tissues. Extracts containing the protein content of either 5
mg FW ripe tomato flesh (development stage 4), 0.7 mg FW mature Hoya carnosa leaf, 0.4 mg FW mature tomato
leaf or 0.4 mg FW mature maize leaf, were subjected to SDS-PAGE. Polypeptides were then either stained in the gel
using Coomassie Brilliant Blue dye or transferred to Immobilon-P membrane and enzymes detected using specific
antisera. B) PEPCK and PPDK abundance in solanceous fruits. Extracts containing 5 g total protein were subjected
to SDS-PAGE. Polypeptides were then either stained in the gel using Coomassie Brilliant Blue dye or transferred to

Immobilon-P membrane and enzymes detected using specific antisera.

Fig. 2. PPDK abundance in the ripe flesh of tomato (development stage 4) and that of other fruits. Extracts containing
the protein content of 4 mg FW of ripe fruit flesh were subjected to SDS-PAGE. Polypeptides were then transferred

to Immobilon-P membrane and PPDK detected using a specific antiserum.

Fig. 3. A) Occurrence of PEPCK and PPDK in peach flesh. Extracts containing the protein content of either 5 mg FW
ripe peach flesh or 0.4 mg FW mature maize leaf, were subjected to SDS-PAGE. Polypeptides were then transferred
to Immobilon-P membrane and PPDK detected using a specific antiserum. The dilution of PPDK antiserum was 1/10
000. B) Occurrence of PEPCK and PPDK in peach flesh. Extracts of either 5 mg of peach flesh (from peach fruits at
different stages of development; these are the same extracts as used in Famiani et al. 2016a) or 0.4 mg FW mature
maize leaf were were subjected to SDS-PAGE. Polypeptides were then transferred to Immobilon-P membrane and
PPDK detected using a specific antiserum. The dilution of PPDK antiserum was 1/10 000 (short exposure) and

1/1000 (long exposure).

Fig. 4. PEPCK and PPDK abundance in the flesh, locular gel or columella of tomato during development. Extracts

containing the protein content of either 5 mg FW tissue (flesh and columella) or 15 mg FW tissue (locular gel) were
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subjected to SDS-PAGE. Polypeptides were then transferred to Immobilon-P membrane and enzymes detected using
specific antisera. The developmental stage of the fruits was based on their size and/or colour: 1, small-green; 2,

medium-green; 3, half colouration; 4, full colouration.

Fig. 5. A) PEPCK and PPDK abundance in different parts of tomatoes (green fruits = development stage 2, red fruits
= developmental stage 4). Extracts containing 5 pg total protein were subjected to SDS-PAGE. Polypeptides were
then transferred to Immobilon-P membrane and enzymes detected using specific antisera. B) PEPCK and PPDK in
the flesh of either very young tomato fruit (fruit FW 10% of that of ripe fruit) or ripe fruit (developmental stage 4).
Extracts containing the protein content of 5 mg FW were subjected to SDS-PAGE. Polypeptides were then

transferred to Immobilon-P membrane and detected using specific antisera.

Fig. 6. PEPCK and PPDK abundance in ripe tomato pericarp post-harvest. Tomato fruits were detached from the
plant and incubated under darkness at 25°C for either 3, 6 or 9 days. Extracts corresponding to 4 mg FW of tissue
were subjected to SDS-PAGE. Polypeptides were then either stained in the gel using Coomassie Brilliant Blue dye or

transferred to Immobilon-P membrane and enzymes detected using specific antisera.

Fig. 7. The abundance of polypeptides in tomato leaves, at different stages of development and senescence, and in
other tissues. Extracts corresponding to either 1 mg FW of leaf or 4 mg FW of either fruit or root were subjected to

SDS-PAGE. Polypeptides were then stained in the gel using Coomassie Brilliant Blue dye.

Fig. 8. The abundance of PEPCK, PPDK, ICL and other enzymes in tomato leaves, at different stages of
development and senescence, and in other tissues. Extracts corresponding to either 1 mg FW of leaf or 4 mg FW of
either fruit or root were subjected to SDS-PAGE. Polypeptides were then transferred to Immobilon-P membrane and

enzymes detected using specific antisera.
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Fig. 9. ICL abundance in young tomato leaves and the flesh of ripe tomato fruits (development stage 4). Extracts
containing 5 pg total protein were subjected to SDS-PAGE. Polypeptides were then transferred to Immobilon-P

membrane and ICL detected using a specific antiserum.

Fig. 10. Simplified metabolic scheme showing potential pathways utilised by gluconeogenesis in tomato flesh. NAD-
ME = NAD-malic enzyme, NADP-ME = cytosolic NADP-malic enzyme, OAA = oxaloacetate, PEP =
phosphoenolpyruvate, PEPCK = phosphoenolpyruvate carboxykinase, PPDK = pyruvate, orthophosphate dikinase.
Note that the bulk of the malate and citrate in the vacuole is almost certainly synthesised from sugars. Nevertheless a

small proportion could arise from the carbon skeletons of amino acids and amides.
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