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Sorbitol serves as a main photosynthetic end-pitaglud a primary translocated form of
carbon in apple and many other tree fruit spedi¢seoRosaceae family. Sorbitol synthesis
shares the same hexose phosphate pool with susyoteesis in the cytosol. Previous work
showed that the expression of aldose-6-phosphdtetase (A6PR, the key enzyme in sorbitol
synthesis) in ‘Greensleeves’ apple was decreagedntisense inhibition, A6PR activity in
mature leaves was decreased to approximately 1563@B& untransformed control. The present
worh showed that a consequence of this inhibitias that sorbitol synthesis was significantly
decreased. Both glucose-6-phosphate (G6P) anad$er&-phosphate (F6P) accumulated in the
cytosol at the expense of inorganic phosphate I@ijling to up-regulation of starch synthesis
without altering CQ@ assimilation. Downstream metabolic responses¢araalation of G6P and
F6P as well as the decreased pool of Pi in theso}tmere investigated in this study. It was
found that transgenic plants had higher activitieseveral key enzymes in glycolysis,
anaplerotic pathway and tricarboxylic acid cyclighler respiration rate, and higher levels of
organic acids and amino acids in mature leavesttimantransformed control, indicating that
both organic acid metabolism and nitrogen metaboligre up-regulated in the transgenic
plants. This up-regulation was mimicked, to a é¢eréxtent, by feeding detached leaves of the
untransformed control with 10 mM mannose (a Pi sstgr), suggesting that the decreased level
of Pi in the cytosol due to the accumulation ofdsxphosphates was also involved in the

responses of organic acid metabolism and nitrogetatolism in the transgenic plants. When



grown under N deficiency, the transgenic plantstiigter activities of several key enzymes and
higher contents of several organic acids and amamts in organic acid metabolism and nitrogen
metabolism. This enabled the transgenic plantgrithesize more proteins (enzymes), thereby
maintaining a higher photosynthesis per unit leafaelative to the untransformed control under
N deficiency. As a result of having a more activgamic acid and nitrogen metabolism, the

transgenic plants are more tolerant of N deficiency
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CHAPTER 1

LITERATURE REVIEW: PRIMARY METABOLISM IN SOURCE LEAVES

Primary metabolism, the cornerstone of plant |iievides energy and substrates for
sustaining cellular function, and intermediatesdecondary metabolism. Generally speaking,
primary metabolic pathways comprise the followithgmical processes, photosynthesis,
glycolysis, tricaboxylic acid cycle (TCA cycle),hesis of amino acids, proteins, enzymes,
structural materials, duplication of genetic matks;iand reproduction of cells, etc. After
synthesizing in source leaves, photosynthetic eadyzts are, on one hand, exported to sink
tissues to support the sink growth and developnwenthe other hand, stored or utilized by
source leaves themselves to support the cellutasitaes there. In this chapter, the metabolism
of photosynthetic end products is summarized tallght the uniqueness of sorbitol in apple
source leaves; then several primary metabolic paybwnvolved in carbon and nitrogen
metabolism, such as glycolysis, TCA cycle, anapiemathway, oxidative pentose phosphate
pathway (OPPP), nitrate reduction, and amino aiasyinthesis are reviewed mainly in terms of
their regulatory mechanisms; and the coordinatietvben carbon metabolism and nitrogen

metabolism is described to set the stage for theareh described in this dissertation.

1. Photosynthetic car bon metabolism in sour ce leaves

End product synthesis has characteristics of agerg metabolic pathway: triose
phosphates formed in the photosynthetic carbonctemucycle either remain in the chloroplast
for starch synthesis, or are transported acrosshloeoplast envelope to the cytosol for sucrose

synthesis. In sorbitol-synthesizing species, sollsignthesis shares a common hexose phosphate



pool with sucrose synthesis in the cytosol. Bottraese and sorbitol are loaded into phloem and

transported to sink tissues (Fig. 1-1).
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Figure 1-1. Photosynthetic end product metabolism in souraeds at both daytime and
nighttime. Abbreviations of metabolites and enzymesas follows: 3-PGA, 3-phosphoglycerate;
ADPG, adenosine-5’-diphosphoglucose; DHAP, dihygiemetone phosphate; F1,6BP, fructose-
1,6-bisphosphate; F6P, fructose-6-phosphate; AuEyge-6-phosphate; G3P, glyceraldehyde-
3-phosphate; G6P, glucose-6-phosphate; A6PR, aleldahosphate reductase; AGPase, ADP-
glucose pyrophosphorylase; ATP-PFK, ATP-phosphodkinase; FBPase, fructose- 1,6-
bisphosphate phosphatase; PGI, phosphoglucoserassen®Pi-PFK, PPi-phosphofructokinase;
RuBP, ribulose-1,5-bisphosphate; SDH, sorbitol debgenase; SPP, sucrose-phosphate
phosphatase; SuSy, sucrose synthase; TPI, triasppate isomerase.



1.1. Sucrose synthesis

Triose phosphates produced in the chloroplastransported across the chloroplast
envelope to the cytosol by triose phosphate traasto (TPT) in counter exchange for inorganic
phosphate (fPfrom the cytosol (Fligge and Heldt, 1991). Thechiemical regulation of sucrose
synthesis has been well characterized (Daie, 1190Ber and Huber, 1996). The key regulatory
steps of sucrose biosynthesis are the conversitmaibse-1,6-bisphosphate (F1,6BP) to
fructose-6-phosphate (F6P) catalyzed by fructo6eébilsphosphatase (FBPase), and the
formation of sucrose-6-phsphate from UDP-glucoskR6P catalyzed by sucrose phosphate
synthase (SPS) (Daie, 1993; Huber et al., 1985h BBPase and SPS are allosteric enzymes.
FBPase activity is inhibited by the signal metatediiuctose-2,6-bisphosphate (F2,6BP) (Stitt,
1990). SPS activity is subject to allosteric regjataby metabolites (G6P and Pi) (Doehlert and
Huber, 1983) and post-translational modificatioa ngversible protein phosphorylation (Huber
and Huber, 1992), but species differ considerablyis regard (Huber et al., 1989; Huber and
Huber, 1992). It appears that apple leaf SPS igwebkly regulated by G6P and Pi (Zhou et al.,
2002) and there is no evidence of covalent modifican vivo in response to light/dark signal
(Zhou et al., 2001).

Sucrose synthesis is coordinated with photosyrilt&gd, fixation by a feedforward
mechanism. When triose phosphate content riseseadbtweshold level as photosynthesis
increases, cytosolic FBPase activity is stimulditgé decrease in the content of F2,6BP (Stitt,
1990), and SPS is activated by dephosphorylatid®R8 protein and an increase in G6P/P
(Huber and Huber, 1992). The activation of bothyemzs allows sucrose synthesis coordinated
with rising photosynthesis (Stitt and Heldt, 198%ft, 1996).

The roles of TPT (Riesmeier et al., 1993; Haudled.e 1998), cytosolic FBPase (Sharkey

et al., 1988, 1992; Zrenner et al., 1996), and &P&use, 1994; Worrell et al., 1991; Signora et



al., 1998) in sucrose synthesis in vivo have béetied by using antisense suppression, mutants
and overexpression of the respective proteins.H&otcal and physiological characterization of
these transgenic plants and mutants have revdagdl) sucrose synthesis is inhibited, resulting
in elevated 3-PGA/Pi ratio. As a result, starchtlsgais is up-regulated; 2) G@ssimilation at
ambient CQis not affected whereas G®aturated photosynthesis is generally decreased by
reduced sucrose synthesis; 3) starch degradatisidisequent carbon export is increased
(Heineke et al., 1994; Hausler et al., 1998) algiothe underlying biochemical mechanism
remains unclear; and 4) When sucrose synthesigrneased by overexpression of SPS in potato
(Galtier et al., 1993, 1995) and Arabidopsis (Srgnet al., 1998), starch synthesis is decreased.
Photosynthesis at ambient € not significantly increased by elevated SP &gt When

grown at elevated C{ronditions, however, transgenic plants with insesBSPS activity have
higher photosynthesis compared with the untransédroontrols, indicating a reduced limitation

imposed by end product synthesis (Micallef et2095; Signora et al., 1998).

1.2. Sorbitol synthesis

Sorbitol is a primary end-product of photosynthesid a major phloem-translocated
carbohydrate in many agriculturally important tfeet species of the Rosaceae family, such as
apple, pear, peach, cherry, apricot, plum, and ath{Bieleski, 1982; Loescher, 1987). In these
species, sorbitol accounts for 50 to 90% of thelpéwed carbon and the carbon exported from
leaves (Bieleski, 1982; Bieleski and Redgwell, 198%escher, 1987; Escobar-Gutierrez and
Gaudillere, 1996, 1997). On a global scale, sulgahals (polyols) are estimated to account for
about 30% of primary carbon production (Bieleskig2).

In source leaves, sorbitol is synthesized throudbse-6-phosphate reductase (A6PR),

which converts G6P to sorbitol-6-phosphate, folldwg dephosphorylation catalyzed by



sorbitol-6-phosphatase (Fig. 2; Negm and Loesd887]; Grant and ap Rees, 1981; Kanayama
and Yamaki, 1993; Zhou et al., 2003). The reacat@mialyzed by A6PR is thought to be the key
regulatory step in sorbitol synthesis.

When sorbitol is transported to sink tissues, dasverted to fructose by sorbitol
dehydrogenase (SDH) (Loescher et al., 1982), wisiemcoded by a multiple-gene family (Park
et al., 2002; Nosarszewski et al., 2004). As aleafergoes developmental changes from sink to
source, there is a striking increase in A6PR agtand a corresponding decrease in SDH
activity (Loescher et al., 1982; Merlo and Pass&981). Since SDH activity is very low in
source leaves, leaf sorbitol level is mainly detfesd by the rates of synthesis and export.

Sorbitol is implicated in responses of plants tm&ab and biotic stresses. As a compatible
solute, sorbitol plays a role in osmotic adjustnarapple (Wang and Stutte, 1992) and cherry
(Ranney et al., 1991). Accumulation of sorbitol Icbalso provide cold hardiness (Raese et al.,
1978; Whetter and Taper, 1966). In vitro studiesanbitol have revealed its unique ability to
stabilize protein structure (Wimmer et al., 1990rbitol also displays the ability to scavenge
hydroxyl radicals (Smirnoff and Cumbes, 1989). déhecy, synthesis and accumulation of
mannitol, another sugar alcohol, increased in nespdo salinity (Everard et al., 1994).
Transgenic tobacco and Arabidopsis plants engiddersynthesize mannitol showed an
increased tolerance to salinity (Tarczynski etl#893; Gifang and Loescher, 2003). Sorbitol
increases the mobility of boron in the phloem ankagces the tolerance of boron deficiency by
forming a boron-sorbitol complex (Brown and Hu, @9Blu et al., 1997; Brown et al., 1999;
Bellaloui et al., 1999). Sorbitol accumulation nago play a role in resistance to fire blight

(Erwinia amylovora) infection (Suleman and Steiri&94).



1.3. Starch synthesisand degradation

In leaves, starch is synthesized in the chloroplashg the day. The key enzyme in starch
synthesis is ADP-glucose pyrophosphorylase (AGP&g¢gPase is subject to allosteric
regulation, being activated by 3-phosphoglycerBtgA) and inhibited by Pi (Preiss, 1988, Stitt,
1991). When sucrose synthesis decreases, phosatearyhtermediates accumulate, and P
content in the cytosol falls. This causes an irsgea PGA content and a decrease;icoptent
in the chloroplast, leading to up-regulation ofstesynthesis (Neuhaus et al., 1989; Preiss and
Sivak, 1996; Stitt, 1991). AGPase is also regulatadedox modification in response to light
and sucrose levels in leaves (Hendriks et al., @3 ases where 3-PGA/Pi ratio is not altered,
redox regulation seems to explain the changes iRa#s8 activity and starch synthesis (Tiessen
etal., 2002).

Antisense inhibition of AGPase expression in pofdémts (Miller-Rober et al., 1992;
Leidreiter et al., 1995) resulted in lower stancheaves. Leaf soluble sugars remained
unchanged. However, a higher proportion of thenaitsied carbon is transported from leaves to
sink tissues during the light period. As a requtiptosynthesis is not affected at ambient.CO
When grown at elevated GQransgenic plants with decreased AGPase achate lower
photosynthesis than the control (Ludewig et al98)9This indicates that the capacity for starch
synthesis limits photosynthesis at elevated @Qhese transgenic plants. When potato plants are
double-transformed with antisense constructs of afd AGPase (Hattenbach et al., 1997),
photosynthesis at ambient €@mains unchanged in transgenic plants with 5@%atgon in
AGPase, but it is significantly lower in those wth% reduction in AGPase. Both lines have
lower CQ saturated photosynthesis than control plantsclB@eficient mutants of Arabidopsis

have lower CQassimilation at both ambient G@nd at saturated G@ompared to controls



(Sun et al., 1999). This indicates that starchlsssis plays an important role in ameliorating any
potential reduction in photosynthesis caused bgldaek regulation.

Transitory starch in source leaves provides cafborinks at night (Caspar et al., 1985;
Schulze et al., 1991). Significant progress has meade recently in understanding the pathway
of starch degradation and carbon export out ofroplasts at night. Starch granules are first
attacked by a previously unknown enzyme calledaiyevater dikinase, which phosphoylates
the C6 or C3 positions of the glucosyl residuearof/lopectin (Ritte et al., 2002). It appears that
the presence of the phosphate residue is requorestdrch degradation to proceed (Lorberth et
al., 1998; Yu et al., 2001). The breakdowruef,6-linkage in amylopectin is accomplished by
debranching enzymes. The resulting linear glucampamarily converted to maltose By
amylase (Scheidig et al., 2002) and, to a muchdrtmt, to glucose by the action of
disproportionating enzyme on maltotriose (D-enzy@wtchley et al., 2001). Most of the carbon
from starch degradation is exported as maltoséheanaltose transporter (MEX1) with a
smaller fraction as glucose to the cytosol (Schieuet al., 1998; Niittyla et al., 2004; Weise et
al., 2004). Mutants of Arabidopsis (mex1-1 andla2king a functional MEX1 accumulate high
levels of both maltose and starch and have yelkawvds (Niittyla et al., 2004). The maltose
exported to the cytosol is metabolized by a cyioggilcanotransferase, which catalyzes the
transfer of a glucosyl residue onto a polyglucareator (Chia et al., 2004; Lu and Sharkey,
2004), releasing the second glucose. The natuteeadcceptor is currently unknown, but it's
likely that a cytosolic maltodextrin phosphorylasénvolved, resulting in formation of glucose-
1-phosphate (G1P), as maltodextrin phosphorylase toE. coli (Lu and Sharkey, 2004). Both
the glucose exported from chloroplast and the glaageleased from maltose by cytosolic
glucanotransferase are converted to G6P by hexekifizeramendi et al., 1999). Finally both

G6P and G1P are used for sucrose synthesis.



2. Organic acid metabolism and nitrogen metabolism in sour ce leaves

Although the pathways of primary metabolism haverbeell established, their regulatory
metabolisms are still not fully understood. Coneitide efforts have been made on model plants
to figure out a universal principle in regulatinigmt central metabolism but always appended
with flexibilities, exceptions or adaptations taieais external and internal factors (Fernie et al.,
2004). Multiple entry points come from diverse liegjory substrates, such as sucrose, sorbitol,
starch, glucose, hexoses, hexose phosphates, lpatsins, and amino acids. Respiratory
iIsozymes exist in the cytosol, plastid, mitochoadn nucleus and this multiple compartment
complicates the functions of these pathways. Altevie pathways, non-cyclic TCA cycle, and
non-phosphorylating mETC pathways all interactwitie predominant routes to develop the
metabolic flexibility (Plaxton and Podesta, 200@&nvDongena et al., 2011). With the
metabolism of photosynthetic end products reviealsalve, the following parts will be focused
on the major respiratory pathways in carbon metatvoaind interrelated nitrogen metabolism

(Fig. 1-2).
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Figure 1-2. Primary carbon and nitrogen metabolism in souraeds. Abbreviations of enzymes
are as follows:AAT, aspartate aminotransferase;asparagine synthetase; ATP-PFK, ATP-
phosphofructokinase; CS, citrate synthase; FBRas#pse-1,6-bisphosphate phosphatase; Fd-
GOGAT, Ferredoxin -glutamate synthase; G3PDH, ghldehyde-3-phosphate dehydrogenase;
G6PDH, glucose-6-phosphate dehydrogenase; GDHyrghte dehydrogenase; GPT, glutamate
pyruvate transaminase; GS, glutamine synthetaseHaKokinase; ICDH, isocitrate
dehydrogenase; MDH, malate dehydrogenase; ME, realigme; NR, nitrate reductase; PEPC,
phosphoenolpyruvate carboxylase; PEPP, phosphognolie phosphatase; PG,
phosphoglucose isomerase; PK, pyruvate kinasePPR|-PPi-phosphofructokinase; TPI, triose
phosphate isomerase.



2.1. Glycolysis

Glycolysis, which occurs in the cytosol and plastid the oxidation of glucose to pyruvate.
Glycolysis provides substrates and generates AT@Reducing equivalents for TCA cycle and
amino acid biosynthesis, secondary metabolismp#imer cellular activities. As mentioned
above, sucrose, sorbitol, starch, hexoses, hexussppates and triose phosphates can all serve
as a carbon source for glycolysis. From a classictf view, any metabolic pathway is
regulated by the total activity or the amount afyenes involved (Fig. 1-2), which provides
‘coarse’ control to the pathway. However, transggmants with altered amount of glycolytic
enzymes, such as hexokinase (HK), phosphoglucom(@SM), phosphofructokinase (PFK),
and glyreraldehyde-3-phosphate dehydrogenase (G3Blibrought tiny changes on
respiration rate (Fernie et al., 2002; Veramenail ¢2002; Davies, 2005; Hajirezaei et al., 2006).
Van Dongena et al (2011) pointed out that, moddytime activities of individual glycolytic
enzymes could not be considered as a key congatiechanism of plant respiration. More
efforts should be focused on the regulatory medmasiat the transcriptional and
posttranslational level (Tang et al., 2003).

The ‘fine’ metabolic control of glycolysis primayiinvolves the phosphorylated level of
F6P and phosphoenolpyruvate (PEP) turnover fronboiiiem up (Plaxton and Podesta, 2006).
The concept of ‘bottom-up’ regulation of plant rieapon has been well established, i.e.
downstream intermediates can feedback to the @ststeps to simulate or inhibit enzymes
there (Beaudry et al., 1989; Hatzfeld and Stit§ 1, Plaxton, 1996) to avoid a futile
accumulation of intermediates as well as a wastmefgy while meeting the demand for both
substrates and energy. For example, the cellulat t& ADP can regulate plant respiration from
the downstream electron transport chain, up to T¢d&e, and finally to glycolysis. In all

organisms, the conversion of F6P to F1,6BP catdlyePFKs and FBPase is considered to be a
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major regulatory step in glycolysis, and plant-sfie®Pi-PFK brings more flexibilities into the
system. Both ATP-PFK and PPi-PFK are subject tus#dric inhibition of PEP whereas the
latter is activated by another key regulatory melitédy F2,6BP. Besides PEP and F2,6BP, other
metabolite effectors also function in the allosteggulation of glycolysis, such as G6P, F6P,
F1,6BP, Pi, maltate, glutamate (Glu) and aspa(tsdp). PEP turnover is highly active in plants.
The conversion of PEP to pyruvate is primarily betad by pyruvate kinase (PK) whereas the
phosphoenolpyruvate carboxylase-malate dehydrogematic enzyme (PEPC-MDH-ME)
bypass of PK is activated under Pi deficiency (Msrand Plaxton, 2000; Le Roux et al., 2006).
PEP is also the substrate of shikimate pathwaychveiads to the synthesis of flavonoids, lignin
and other secondary metabolites.

According to Van Dongena et al (2011), PK, catalgzihe terminal step in glycolysis from
PEP to pyruvate, possibly participates in the raoh of glycolysis. Pyruvate feeding increased
the Q consumption rate in pea roots and the availahlitgyruvate was a key regulator for the
mitochondrial electron transport chain (Zabalzalgt2009). The activation of PK dependeds on
the contents of its two substrates ADP and PERIdiitian to the presence of Mig(Podesta and
Plaxton, 1992; Ruiz et al., 1999). And ATP inhibitiof PK was found in many organisms, such
as tomato (Besford and Maw, 1975) and some seadgy{Eby and Dennis, 1973; Nakayama et
al., 1976). The activity of PK can also be reguddig the cellular need for carbon skeletons,
ammonia assimilation and some amino acids. Cyto$i{i of green algae S. minutum was
inhibited by Glu produced in the chloroplast (Linag¢, 1989). The first isoform of PK in spinach
leaves was inhibited by citrate whereas the se@wfdrm was activated by Asp and inhibited

by Glu (Baysdorfer and Bassham, 1984).

11



2.2. Bypasses of glycolysis

The presence of more than one enzyme catalyzingtabmlic step contributes to the
complexity and flexibility of plant metabolism. Bdes the PEPC-MDH-ME bypass of PK, by
which glycolysis can maintain the generation ofywate from PEP under Pi deficiency, PPi-
PFK, non-phosphorylating G3PDH and phosphoenol@teiphosphatase (PEPP) can also
bypass the regular glycolytic steps. Pi-starvedtglare a good system for studying these
bypasses because most of them are operating ia pteasts to circumvent adenine nucleotide or
Pi-dependent steps. The review of Plaxton and Ra¢d2806) provides a clear summarization of
alternative pathways of cytosolic glycolysis indearved cells.

The PEPC-MDH-ME bypass is emphasized because magonly circumvent the reaction
catalyzed by PK under Pi depletion (Moraes andtBigX2000; Miyao and Fukayama, 2003; Le
Roux et al., 2006), but also replenish intermedi@é TCA cycle to supply the biosynthesis of
amino acids with carbon skeletons; PEPC can atpdate cellular pH and electroneutrality
(Doubnerova and Ryslava, 2011). PEPC is a cytosaliyme, whose activity is regulated by
both allosteric effectors and covalent modificati@®P activates whereas Asp inhibits its
activity; phosphorylation of a Ser residue of PERG C&"-dependent PEPC kinase also
activates this enzyme (Vidal and Chollet, 1997] &twal., 2003) and PEPC kinase is also
inhibited by its allosteric effectors, malate anld.G\ccording to Borsani et al (2009), the
activity of PEPC was increased during the post-éstripening of peach fruit and PEPC was a
key component in controlling organic acid accumatatUnder excessive N supply, more N was
partitioned into PEPC than rubisco, making PEP&samoir for redundant N in field-grown
maize leaves (Uribelarrea et al., 2009). NADP-MB&nsther C4 photosynthetic enzyme which
is believed to play important physiological rolesd; plants especially in stress, as antioxidative

enzyme (Valderrama et al., 2006), or by respontbrepiotic stresses via increasing its activity
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to generate NADPH and pyruvate (Liu et al., 200&hrtenstich et al., 2007), and regulating
stomatal closure by altering organic acid metaboliPoubnerova and RysSlava, 2011). Different
from NADP-ME, which is functioning in the cytosat@ chloroplasts, NAD-ME is found in
mitochondria. Besides the similar roles that NADE-Mays, NAD-ME as well as NAD-MDH
facilitates the mitochondrion to respire malate, dampared with the flux from PEP to pyruvate,
the flux from malate to pyruvate is relatively sutioate (Plaxton and Podest4, 2006). Tronconi
et al (2008) found that, the expression of Arabgi®sNAD-ME during the night period was
higher than the day period; NAD-ME during the nigktiod could convert excess mitochondrial
malate to pyruvate and played a central role indioating carbon and amino acid synthesis in
nocturnal metabolism. Doubnerova and Ryslava (28aigyest that, when stomata are closed,
PEPC recaptures G@enerated by NADP-ME; the generated NADPH wad fotaamino acid
biosynthesis, and PEP could be regenerated by aiguphosphate dikinase (PPDK) at the

expense of ATP consumption.

2.3. Oxidative pentose phosphate pathway

The oxidative pentose phosphate pathway (OPPmRpther route available for sugar
oxidation in both the cytosol and plastids, with tine in plastids being predominant. This
pathway comprises an irreversible section anddyr@versible section. In the irreversible
section, G6P is oxidized to ribulose-5-phosphateGlucose-6-phosphate dehydrogenase
(G6PDH) and 6-phosphogluconate dehydrogenase (6BGidth NADPH being generated; in
the reversible section, ribulose-5-phosphate iv¥edad to F6P and then G3P, which can
regenerate G6P via glytolytic enzymes. OPPP funstat a very low rate in the chloroplast of
photosynthetic cells. However, in photosynthetitsocguring the dark period or non-

photosynthetic cells, OPPP is the primary sourcéhi® generation of reducing equivalents
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(NADPH) for N assimilation and lipid biosynthesikg generated NADPH can also be involved
in O, reduction. Intermediates of this pathway suppheoimetabolic pathways with substrates:
ribulose-5-phosphate is required by DNA and RNAtkgais; erythrose-4-phosphate is needed
in shikimate pathway for aromatic amino acids, iligand flavonoids synthesis (Kruger and
Von Schaewen, 2003). OPPP might also be involvedarsugar-sensing pathway, regulating
root nitrogen and sulfur acquisition (Lejay et 2D08). G6PDH was found to be involved in the
regulation of reduced glutathione levels an®Haccumulation in reed callus under salt stress
(Wang et al., 2008). The disruption in cytosolicRB8 resulted in a metabolic change in
Arabidopsis that, more carbon skeletons were @yt into storage compounds, such as seed
oil content and mass (Wakao et al., 2008).

Generally speaking, the first reaction catalyzedS6?DH is the key regulatory step in
OPPP and both plastid and cytosolic GGPDH actiityinhibited by a high NADPH/NADP
ratio. However, the regulatory mechanism of cyt@sG6PDH is much more complicated.
Hauschild and Von Schaewen (2003) developed a naixtelt the regulation of cytosolic
G6PDH in potato leaves. Via sugar signaling tortheleus, higher hexoses content increased

MRNA level of cytosolic GGPDH, which led to highemzyme activities.

24.TCA cycle

ConventionallCA cycle occurs in the matrix of mitochondria, Wkiich pyruvate and
malate generated in the cytosol are converted tpa®@ HO, providing energy and reducing
power (Fig. 1-2). Similar to the regulation of ghjgsis, changes in TCA enzyme activities, such
as citrate synthase, aconitase, or MDH only shgatiect cellular respiration rate. Although
TCA cycle is largely regulated by the mitochondgédctron transport chain itself (Van Dongen

et al., 2011), evidences indicate that the eadgsstn TCA cycle that generate 2-oxoglutarate (2-
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OGQG) are parts of TCA cycle regulation and maintagrthe level of 2-OG is important for
regulating N and amino acid metabolism (Hodges22@0itt and Fernie, 2003; Fernie et al.,
2004). In addition to the conventional TCA cyclene specific non-cyclic TCA fluxes also
exist in plants which can adjust the carboxylicdanietabolism to be more suitable for the
biosynthesis of amino acids (Sweetlove et al., 20hhe illuminated spinach leaves, the
mitochondria took malate as a respiratory substmatethe TCA cycle enzymes catalyzed a non-
cyclic flux converting OAA to citrate via malatedpyruvate. The generated citrate was then
exported to the cytosol supporting ammonium asatih (Hanning and Heldt, 1993). The
operation of TCA cycle was found to vary betweewntidae and nighttime in cocklebur leaves:
TCA cycle ran as a conventional cycle at nighttinieereas as two weakly connected branched
pathways at daytime with the stored citrate anerinediates produced by PEPC as precursors
(Tcherkez et al., 2009). And the synthesized aestaitrate was an important precursor for Glu

and GABA synthesis (Hanning and Heldt, 1993).

2.5. Nitrogen metabolism

Nitrogen (N) is vital for plants to fulfill fundanmeal cellular functions as the primary
constituent of nucleoside phosphates, phospholipigdeins, nucleic acids and secondary
metabolites. N exists in inorganic or organic foim&aves. Inorganic N includes nitrate and
ammonium; organic N mainly includes amino acids pradeins. Proteins account for a large
proportion of leaf total N (Chapin and Kedrowsld8B) and 70-80% of these proteins perform
their functions in chloroplasts ins@lants (Morita and Kono, 1975). For example, robjghe
key enzyme in plant photosynthesis, usually accotont20-30% of leaf total N in{plants
(Evans, 1989).

Both ammonium and nitrate are taken up by plardssr(N&asholm et al., 2009) from soil
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via high or low affinity transporters. The fatesmitirate in plant cells are various (Crawford and
Glass, 1998). In addition to efflux back to the plpsm and storage in the vacuole and transport
from roots to shoots, nitrate is rapidly conveie@mmonium by NR (Srivastavab, 1980) and
NiR (Joy and Hageman, 1966) and this so-callea@teitassimilation occurs in both roots and
shoots. Ammonium in plant cells also comes fromtptespiration and amino acid cycling.
Amino acids are then synthesized in both rootssdwabts mainly via glutamine synthetase (GS)
and glutamate synthase (GOGAT) by incorporating amom from different sources into
carbon skeletons where organic acids function easuypsors or ammonium acceptors, which
tightly coordinates nitrogen metabolism and carb@tabolism in plants (Dutilleul et al., 2005).
Both nitrate assimilation and ammonium assimilaaos transcriptionally and post-
translationally regulated by various metabolic aatfular activities in plants and this complex
mechanism primarily centers on plant carbon-nitroigeéeractions and enzymes in both N and C
metabolism are coordinately regulated, in respémsiee diurnal balance between N reduction

and ammonium assimilation (Stitt et al., 2002).

3. Hypotheses

Previous work in our lab showed that, when ‘Greests’ apple was transformed with a
cDNA of A6PR in the antisense orientation, A6GPRwigtin mature leaves of the transgenic
plants decreased to approximately 30 to 15% otithensformed control. The antisense plants
had lower contents of sorbitol but higher conteftsucrose and starch in mature leaves at both
dusk and predawri?’CO, pulse-chase labeling at ambient &2monstrated that partitioning of
the newly fixed carbon to starch was significamigreased whereas that to sucrose remained
unchanged in the antisense lines with decreaséidalmsynthesis. Contents of G6P and F6P

were significantly higher in the antisense plahemtin the control, but 3-phosphoglycerate
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content was lower in the antisense plants with B5%e control A6PR activity. F2,6BP content
increased in the antisense plants, but not toxteneexpected from the increase in F6P
comparing sucrose-synthesizing species. There wagnificant difference in CQassimilation

in response to photon flux density or intercellul®d, content. It was concluded that cytosolic
FBPase activity in vivo was down-regulated andcstaynthesis was up-regulated in response to
decreased sorbitol synthesis. As a result; @8imilation in source leaves was sustained &t bot
ambient CQ and saturating CODetailed characterization of the response of stips to
decreased sorbitol availability and increased seavailability indicate that sorbitol
dehydrogenase is down-regulated whereas sucrotfeasgns up-regulated in shoot tips of the
transgenic apple trees with decreased sorbitohsgig, leading to homeostasis of vegetative
growth. Sorbitol and sucrose act as signal molacidenodulate the expression and activities of
sorbitol dehydrogenase and sucrose synthase, bathich play an important role in

determining the sink strength of apple shoot t{pisgng et al., 2005; Zhou et al., 2006).
Antisense plants were also expected to have dextdegel of inorganic phosphate because the

accumulation of hexose phosphates in the cytosaldue up a large proportion of Pi.

Considering 1) the direct effects of antisensehitimn of AGPR are an accumulation in
hexose phosphates (G6P and F6P) and a decreaseganic phosphate in the cytosol, 2)
hexose phosphates are the direct substrates odgrimetabolism, and 3) Pi itself is also
involved in regulating primary metabolism (Plaxtd®996; Duff et al., 1989), we hypothesized
that 1) both organic acid metabolism and amino aethbolism are up-regulated in the
transgenic plants and 2) as a result of this upladign of organic acid metabolism and amino
acid metabolism the transgenic plants are moreaoief nitrogen deficiency. My dissertation

research will be focused on testing these two hgses by comparing the transgenic plants with
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the untransformed control under adequate N supmlyNadeficiency conditions in terms of

metabolites and activities of key enzymes in prinmaetabolism.
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CHAPTER 2

ORGANIC ACID METABOLISM AND AMINO ACID METABOLISM IN

TRANSGENIC APPLE LEAVESWITH DECREASED SORBITOL SYNTHESIS

Abstract

In apple and many other tree fruit species oRbeaceae family, sorbitol serves as a
main photosynthetic end-product, and a primarysi@arated form of carbon. Sorbitol synthesis
shares the same hexose-phosphate pool with susyosesis in the cytosol. The conversion
from glucose-6-phosphate (G6P) to sorbitol-6-phasplatalyzed by aldose-6-phosphate
reductase (A6PR) is the limiting step in sorbitgtthesis. It has been shown that, when the
expression of A6PR in ‘Greensleeves’ apple wasadsgd via antisense inhibition, A6PR
activity in mature leaves was decreased to apprabeiy 15-30% of the control, and
consequently sorbitol synthesis was significandgréased. As a result, both G6P and fructose
6-phosphate (F6P) accumulated in the cytosol agtpense of decrease in inorganic phosphate
(Pi) content, leading to up-regulation of starchthgsis without altering C{assimilation. Since
G6P and F6P also play a pivotal role in glycolyais] the down-stream tricarboxylic acid (TCA)
cycle and amino acid synthesis, it was hypothedizatlboth organic acid metabolism and
nitrogen metabolism are up-regulated in the ansisgrbants with decreased sorbitol synthesis. In
this study, the activities of key enzymes in glysid, TCA cycle and amino acid biosynthesis,
and the contents of organic acids and free amiius at leaves of the antisense plants were
compared with the untransformed control at bothnnaxed midnight. The leaves of the antisense
plants were found to had higher activities of sal/key enzymes in glycolysis, anaplerotic

pathway and tricarboxylic acid cycle, higher reapan rate, and higher levels of organic acids
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and amino acids in mature leaves than the untremsfi control, which included higher
activities of ATP-phosphofructokinase (ATP-PFK),i#pRosphofructokinase (PPi-PFK), NAD-
glyceraldehyde3-phosphate dehydrogenase (NAD-G3Pmdtyphosphorylating NADP-
glyceraldehyde3-phosphate dehydrogenase (NADP-G3Pddtblase, enolase,
phosphoenolpyruvate carboxylase (PEPC), pyruvateski (PK), NAD-malic enzyme (NAD-
ME), glucose-6-phosphate dehydrogenase (G6PDH)yo8fghogluconate dehydrogenase
(6PGDH), and Ferridoxin-glutamate synthase (Fd-GO@§ Aigher contents of
phosphoenolpyruvate (PEP), pyruvate, succinatateiand oxaloacetate (OAA), and higher
contents of glutamate, glutamine, aspartate, agpeaaserine, threoning;aminobutyric acid,

etc. These results indicate that both organic m@thbolism and amino acid biosynthesis are
enhanced in the antisense plants. Moreover, whietlied leaves of the untransformed control
were fed with 10 mM mannose (a Pi sequester) tetdie Pi pool as a mimic of what happened
in the antisense plants, organic acid metabolismwsld a similar trend as found in the antisense
plants, suggesting that the smaller pool of Pi atsttributes to the responses of organic acid

metabolism observed in the antisense plants teedsed sorbitol synthesis.

I ntroduction

Sorbitol is the dominant photo-assimilate synthesialong with sucrose and starch in apple
source leaves. Sorbitol synthesis shares a comamrophexose phosphates with sucrose
synthesis in the cytosol, with the reduction of GéBorbtiol-6-phosphate, a reaction catalyzed
by A6PR, being the key regulatory step (Negm anelscber, 1981; Loescher et al., 1982). After
unloading to sink tissues, sorbitol is convertettuotose via NAD-sorbitol dehydrogenase
(NAD-SDH) and the resulting fructose enters dowseestn metabolic pathways (Yamaguchi et al.,

1994; Oura et al., 2000). Sorbitol plays importahés in drought tolerance (Ranney et al., 1991;
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Wang and Stutte, 1992; Lo Bianco et al., 2000)] ¢@rdiness (Raese et al., 1978) and phloem
mobility of boron (Blevins and Lukaszewski, 1998pin et al., 1999).

When ‘Greensleeves’ apple was transformed with IADf A6PR in the antisense
orientation, A6PR activity in mature leaves of trensgenic plants decreased to approximately
15-30% of the untransformed control (Cheng et2&l05). The antisense plants had lower
contents of sorbitol but higher contents of suciarse starch in mature leaves at both dusk and
predawn. In the antisense lines with decreasedtebsynthesis**CO, pulse-chase labeling at
ambient CQ demonstrated that partitioning of the newly fixaadbon to starch was significantly
increased whereas partitioning to sucrose remaineblanged. Contents of G6P and F6P were
much higher in the antisense plants than in thérabrut 3-phosphoglycerate (3-PGA) content
was lower in the antisense plants with 15% of thetrol A6PR activity. Fructose-2,6-
bisphosphate (F2,6BP) content increased in thearge plants, but not to the extent expected
from the increase in F6P comparing sucrose-syrtimgsspecies. There was no significant
difference in CQassimilation in response to photon flux densitineercellular CQ content. It
was concluded that cytosolic FBPase activity irowvas down-regulated and starch synthesis
was up-regulated in response to decreased soslittiiesis. As a result, G@ssimilation in
source leaves was sustained at both ambienta@@ saturating CJCheng et al., 2005). As a
result of decreased supply of sorbitol and incréasgply of sucrose to shoot tips, SDH was
down-regulated whereas sucrose synthase (SuSy)pvaggulated, leading to homeostasis of
vegetative growth. So, both sorbitol and sucrosedaas signal molecules to modulate the
expression and activities of SDH and SuSy, botllath played important roles in determining
the sink strength of apple shoot tips (Zhou et28lQ6). These findings suggest that the altered
carbon partitioning between sorbitol, sucrose darthk in source leaves affects the carbohydrate

metabolism not only in both source leaves but aisink organs. However, it is not known how
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the down-stream processes that utilize carbohysirateeaves (glycolysis / TCA cycle and

amino acid metabolism) respond to the decreasdutalosynthesis.

The significant accumulation of hexose phosphasslting from antisense suppression of
A6PR expression in the leaves of transgenic phaotdd directly influence glycolysis, TCA
cycle, and amino acid metabolism because hexosgpphates are not only involved in
photosynthetic carbon metabolism but also functisithe starting point for central metabolism.
Hexose phosphates enter glycolysis and TCA cycteteerate organic acids, which are then
used for the synthesis of amino acids. Another G&@suming route is oxidative pentose
phosphate pathway (OPPP). Changes in the contEhéxose phosphates have been found to
affect all metabolic pathways listed above. Merwvale(2010) reported that, down-regulation of
PPi-PFP, the enzyme catalyzing a readily reversdaetion between F6P and FBP, resulted in
an eightfold increase in the hexose-phosphatesdsphosphate ratio in immature internodes of
transgenic sugarcane, which in turn drove an irsg@a&arbon partitioning to sucrose. In
Arabidopsis shrunken seed 1 (ssel)/pex16 mutadssaelramatic reduced rate of fatty acid
synthesis caused starch accumulation (Lin et @062 The levels of hexoses, hexose
phosphates and most detectable sugars were fouredHhigher in ssel and the elevated level of
hexose phosphates might have directly caused tineased carbon partitioning to starch. More
carbon also flowed into the downstream glycolysid &CA cycle, and as a result, pyruvate,
total TCA cycle intermediates and other organidaevere higher in ssel mutant seeds. Based
on these findings, it is predicted that the dowesstn organic acid metabolism and amino acid

metabolism are stimulated by the accumulation d? @6d F6P in transgenic apple leaves.

The significant accumulation of hexose phosphatesdcalso indirectly affect glycolysis,
TCA cycle and amino acid metabolism by lowering ¢batent of inorganic phosphate (Pi).

Since the total amount of phosphates (sum of plwygfated intermediates and inorganic
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phosphates) in the cytosol is relatively constdra,significant accumulation of G6P and F6P
would tie up a large amount of Pi in the cytosotha transgenic plants with decreased sorbitol
synthesis, consequently lowering the level of Rireunder adequate supply of phosphates. We
have found that the level of Pi in leaf tissuesrahsgenic plants was significantly higher than
that of the untransformed control, which indicatiegt the roots of the transgenic plants sensed
this low Pi in the cytosol of leaves and responiaeithis Pi deficiency by taking up more Pi from
the soil. In response to Pi starvation, plants fdexesloped physiological and biochemical
mechanisms in addition to morphological change({lal., 2006; Plaxton and Carswell, 1999)
to cope with low Pi. These include 1) enhancingekeretion of organic acids, malate and citrate,
by PEPC to increase Pi availability in the rhizasgh(Plaxton and Carswell, 1999); 2)
increasing the expression of high-affinity Pi traoter genes to allow plants to take up Pi more
efficiently (Raghothama, 1999); 3) recycling andwanging Pi via acid phosphatase, nuclease,
phosphodiesterase and other metabolic phosphateirgcenzymes (Plaxton, 2004; Ticconi,
2010); 4) conserving the limited cellular poolsAdfP via tonoplast Fpumping
pyrophosphatase and using metabolic by-passesctomyent those Pi-demanding steps and turn
to use pyrophosphate (PPi) or even produce Pwvgiin of PPi-PFK and upregulation of UTP-
glucose pyrophosphorylase, NADP-G3PDH and PEP tadape (PEPP) (Plaxton, 1996; Duff
et al., 1989). Of these physiological and biochatmeechanisms, those that involve glycolysis
and TCA cycle are expected to up-regulate orgaritt gynthesis in response to low Pi in the
transgenic apple leaves, leading to enhanced le¥élsth organic acids and amino acids.
Considering the possible direct and indirect efexdftaccumulation of hexose phosphates, it
is hypothesized that both organic acid metabolisthamino acid metabolism are up-regulated

in the transgenic apples plants with decreasedtebgynthesis. The objective of this study is to
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test the hypothesis above to gain insight into pbatosynthetic carbon metabolism, organic

acid metabolism and amino acid metabolism are ¢oated in apple.

Methods and materials
Plant materials and growth conditions

Expression of antisense A6PR in ‘Greensleeves’eappls described in detail in Cheng et
al. (2005). RNA gel blotting showed that all thartsformed lines had significantly lower A6PR
transcript levels compared with the untransformaatiol. Line A27 had about 30% of the
control A6PR activity. All the other lines (A0O4, AQA10, Al14, A18, A41, and A75) had about
15% of the control A6PR activity (Cheng et al., 2R0

One-year-old untransformed ‘Greensleeves’ plarggh@ control) and three transformed
lines A27, A0O4 and A10 grafted onto M26 rootstoake used in the following experiment.
After budbreak, all plants were cut back to 30crd anly one shoot was allowed to grow on
each plant. They were fertilized with 15mM N PlankPK (20-10-20) with micronutrients
twice weekly during the growing season. Fungicialed pesticides were sprayed at regular
intervals during the growing season. Fully expandegature leaves were used for the

biochemical and physiological measurements.

Respiration
Fully expanded, mature leaves of the control ari@mse lines were taken at noon and
adapted in dark for 30 min at 26°C. Leaf dark negmn was measured via a CIRAS-1 portable

photosynthesis system (PP systems, Herts, UK).

36



M easur ements of primary metabolites

Leaf discs were taken from fully expanded, mataevés of the untransformed control and
antisense lines A27, A04 and A10 at both noon (AR2M\3-1:30PM) and midnight (12:00AM-
1:00AM) on a sunny day at the end of July 2007d8@gs after budbreak), frozen in liquid,N

and stored at -80°C until assayed.

Extraction and analysis of soluble sugars, sugar alcohols, hexose phosphates and organic
acids

Non-structural carbohydrates, such as sugars, sliganols, hexose phosphates, and most
organic acids (citrate, 2-oxoglutarate (2-OG), suaie, fumarate, malate, glycerate and
shikimate) were extracted, derivatized and analyedrding to the protocol of Lisec et al.
(2006) with some modifications. Three leaf discsi# in size; about 100 mg FW) were
extracted in 1.4 ml 75% (v/v) methanol withyb@ibitol (0.6mg/ml) added as the internal
standard. After fractionating the non-polar met#bslinto chloroform, the non-diluted, aqueous
extracts were used to determine low abundance widgthand the extracts at 1:20 dilution were
used to measure high abundance metabolites, swsdrl@®l, sucrose and malate. After
sequential derivatization with methoxyamine hydtodde and N-methyl-N- trimethylsilyl-
trifluoroacetamide (MSTFA), metabolite profiling waperated at an Agilent 7890A GC /5975C
MS (Agilent Technology, Palo Alto, CA, USA). Injéah, chromatography and MS parameters
were described in detail in Wang et al. (2010). &betites were identified by comparing
fragmentation patterns against a mass spectrahyilgenerated on our GC-MS system and an
annotated quadrupole GC-MS spectral library anchtjfied based on standard curves generated
for each metabolite and internal standard.

3-phosphoglycerate (3-PGA), pyruvate, phosphoemoi@te (PEP), oxaloacetate (OAA),

37



isocitrate, fructose-1,6-bisphosphate (F1, 6BB)alaldhyde-3-phosphate (G3P) and
dihydroxyacetone phosphate (DHAP) were extractedraling to Chen et al. (2002) with
modifications. Five leaf discs (6 érm size) were pulverized with a liquid,Mre-cooled mortar
and pestle in 2 ml of 5% (v/v) HCl&nd 100 mg insoluble PVPP gdNO)x, MW 111.1).

After centrifugation at 16100 g for 10 min, the sugpatant was withdrawn and neutralized with
5M KOH/1M triethanolamine, keeping on ice for ass2®PGA was measured according to Chen
and Cheng (2003). Pyruvate, PEP, OAA, isocitratd,[&l,6BP ere measured according to Chen
et al. (2002) with minor modifications. Pyruvatesaassayed in 1ml reaction medium containing
100 mM Hepes-KOH (pH 7.5), 1 mM Mg&£l mM ADP, 0.1 mM NADH, and 1 unit of LDH
(EC 1.1.1.27). PEP was assayed in the same reangdium of pyruvate assay by adding 1 unit
of PK (EC 2.7.1.40). OAA was assayed in a 1ml ieaanedium containing 100 mM
triethanolamine-HCI (pH 7.6), 0.1 mM NADH, and litiwf MDH (EC 1.1.1.37). Isocitrate was
assayed in 1ml reaction medium containing 100 mi-ACI (pH 7.6), 3.3 mM MnSg) 0.15

mM NADP, and 1 unit of ICDH (EC 1.1.1.42). F1,6BRsassayed in 1ml reaction medium
containing 100 mM Hepes-KOH (pH 7.5), 5 mM Mg@d.2 mM NADH, 2 units of glycerol-3-
phosphate dehydrogenase (EC 1.1.1.8), 4 units bfE®5.3.1.1), and 0.5 unit of aldolase (EC

4.1.2.13). G3P and DHAP were assayed accordingpp€ et al. (1958).

Extraction and analysis of amino acids

Amino acid analysis was performed at a HP1100 lddgthromatograph equipped with an
Agilent 1200 fluorescence detector (Agilent Teclogyl Palo Alto, CA, USA). Contents of
twenty free amino acids glutamate (Glu), glutan{@#), proline (Pro), arginine (Argy;
aminobutyric acid (GABA), ornithine (Orn), histidir(His), asparate (Asp), asparagine (Asn),

threonine (Thr), lysine (Lys), methionine (Metplsucine (lle), alanine (Ala), valine (Val),
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leucine (Leu), serine (Ser), glycine (Gly), tyrasifTyr), and phenylalanine (Phe) were measured
in this study. Extraction, derivatization of fremiao acids and chromatography parameters were
described in detail in Wang et al. (2010). Aminaaavere indentified and quantified according

to Cohen and Michaud (1993) with modifications.

Assay of enzymesinvolved in primary metabolism

Enzymes in carbon and nitrogen metabolism wereaetdd according to the protocols of
Hausler et al. (2000), Hausler et al. (2001) andrCénd Cheng (2003) with modifications.
Enzymes used in assays were purchased from Sigdr&ci(St. Louis, MO, USA) and the unit
of enzymes was in standard form (IU). Contents@ndbinations of reagents used in assays
were optimized according to standard enzyme assaegdures described in Bergmeyer et al.

(1983) and preliminary assays performed in our lab.

Assay of enzymesin carbon metabolism

ATP-phosphofructokinase (ATP-PFK), PPi-phosphofikctase (PPi-PFP), NAD-
glyreraldehyde-3-phosphate dehydrogenase (NAD-G3RIDH non-phosphorylating NADP-
G3PDH were extracted from five leaf discs (6°émsize) with 1.5 mL extraction mixture
containing 100 mM Hepes-NaOH (pH 8.0), 5 mM Mgl mM EDTA, 5 mM DTT, 5% (w/v)
insoluble PVPP, and a pinch of sand. The homogemasecentrifuged at 16,000 g for 10 min
and the resultant supernatant was desalted witha8leff G-25 M PD10 columns (GE
Healthcare, UK). ATP-PFK and PPi-PFP were measacedrding to Moorhead and Plaxton
(1988) and Botha et al. (1992) with modificatioA3P-PFK was assayed in a reaction mixture
containing 100 mM Hepes-NaOH (pH 8.0), 5 mM Mg@..1 mM NADH, 10 mM F6P, 25 mM

NaH,PQO,, 1mM ATP, 5 units of aldolase (EC 4.1.2.13), Stsioif TPI (EC 5.3.1.1), and 5 units
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of G3PDH (EC 1.1.1.8). PPi-PFP was assayed inaiosamixture containing 100 mM Hepes-
NaOH (pH 8.0), 5 mM MgGJ 0.1 mM NADH, 10 mM fructose-6-phosphate, 1 mM,RF01

mM F2,6BP, 5 units of aldolase (EC 4.1.2.13), Sxaf TPI (EC 5.3.1.1), and 5 units of
G3PDH (EC 1.1.1.8). NAD-G3PDH was assayed in ati@acnixture containing 50 mM
triethanolamine-HCI (pH 8.5), 4 mM NAD, 10 mM sodiwarsenate, 1 mM F1,6BP, and 6 units
of alsolase (EC 4.1.2.13). Non-phosphorylating NAGBPDH was assayed in a reaction
mixture containing 50 mM tricine-NaOH (pH 8.5), oM NADP, 1 mM F1, 6BP, and 6 units
of alsolase (EC 4.1.2.13).

Aldolase, enolase, pyruvate kinase (PK), PEP praisph (PEPP), phosphoglucose
isomerase (PGl), hexokinase (HK), PEP carboxylB&(C), NAD-malate dehydrogenase
(NAD-MDH), NAD-malic enzyme (NAD-ME), NADP-ME, gluzse-6-phosphate
dehydrogenase (G6PDH), 6-phosphogluconate dehydasgg6PGDH), citrate synthase,
aconitase, NADP-isocitrate dehydrogenase (NADP-IGRiHd fumarase were extracted from
three leaf discs (4 chin size) with 1.5ml of extraction mixture contaigi100 mM Hepes-KOH
(pH 7.5), 30% (v/v) glycerol, 5 mM Mggll mM EDTA, 5 mM DTT and 0.3% (v/v) Triton X-
100, 4% (w/v) insoluble PPVP, and a pinch of sakfter centrifugation at 16000g for 10 min at
4 °C, the supernatant was desalted with SeptfaGe25 M PD10 columns (GE Healthcare, UK).
Aldolase was assayed in a 1ml reaction mixtureainintg 50 mM Tris-HCI (pH 7.5), 1 mM
EDTA, 2 mM FBP, 0.2 mM NADH, 10 units of TPI (EC351.1) and 1 unit of-
glycerophosphate dehydrogenase (EC 1.1.99.5). &m@las assayed in a 1ml reaction mixture
containing 50 mM Tris-HCI (pH 7.5), 5 mM Mg§ Il mM 2-PGA, 0.2 mM NADH, 2 units of
LDH (EC 1.1.1.27) and 2 units of PK (EC 2.7.1.49K was assayed in a reaction mixture
containing 100mM Hepes-KOH (pH 7.0), 2 mM PEP, 2 iBIP, 10 mM MgC}, 0.2 mM

NADH, 0.2 mM ammonium molybdate, 0.2 mg/ml BSA, MTT, and 2 units of LDH (EC
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1.1.1.27). PEPP was assayed in the same mixtlR& asthe absence of ADP and ammonium
molybdate. PGl was assayed in a reaction mixtunéagming 100 mM Tris-HCI (pH 8.0), 10

mM MgCl,, 0.4 mM NAD, 2 mM F6P and 2 units NAD-G6PDH (EQ.1.49). HK was assayed
in a reaction mixture containing 100 mM Tris-HCH(8.0), 1 mM MgC}, 0.5 mM EDTA, 10

mM KCI, 1 mM NAD, 1 mM ATP, 30 mM glucose and 2 ts\NAD-G6PDH (EC 1.1.1.49).
PEPC was assayed in a reaction mixture contairdngl®@ Tris-HCI (pH 9.2), 10 mM MgS£ 4
mM PEP, 10 mM NaHC¢ 0.2 mM NADH and 5 units MDH (EC 1.1.1.37). NAD-MDwas
assayed in a reaction mixture containing 50 mMmdKOH (pH 8.0), 1 mM DDT, 0.2 mM
NADH, 1 mM EDTA, 5 mM MgC}, 1 mM OAA and 0.01% BSA. NAD-ME was assayed in a
reaction mixture containing 100 mM imidazole-HCH(j.0), 10 mM MgSO4, 3(QM coenzyme
A (CoA), 2 mM NAD, and 20 mM malate. NADP-ME wassaged in the same reaction mixture
with NAD-ME except that 0.25mM NADP instead of NAB6PDH was assayed in a reaction
mixture containing 100 mM Tris-HCI (pH 8.0), 1 mMDEA, 5 mM MgSQ, 5 mM KCI, 0.5

mM NADP and 3 mM G6P. 6PGDH was assayed in the seastion mixture with G6PDH

only except that 3mM 6-phosphogluconate was usstdan of G6P. Citrate synthase was
assayed in a 1ml reaction mixture containing 50 frid-HCI (pH 7.8), 0.1 mM DTNB, 0.2 mM
acetyl-CoA, and 0.5 mM OAA (Chen et al., 2009). Aitase was assayed in a reaction mixture
containing 50 mM Hepes-KOH (pH 7.5), 10 mM Mg5$6 mM MnCh, 2 mM DTT, 5 mM
NADP, 10 mM cis-aconitate, and 2 units of NADP-ICEC 1.1.1.42). NADP-ICDH activity
was measured in a reaction mixture containing 180Kk ,PO,-KOH (pH 7.5), 5 mM Mg,
0.25 mM NADP, and 250 mM isocitrate. Fumarase vgaayged in a reaction mixture containing
100 mM KHPO, (pH 7.3), 50 mM L-malate followed by measuring themation of fumarate at

240 nm.
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Assay of enzymesinvolved in N and amino acid metabolism

Nitrate reductase (NR), glutamine synthetase (@§)artate aminotransferase (Asp-AT),
glutamate pyruvate transaminase (GPT), asparagigagaminase, glutamate dehydrogenase
(GDH), and 3-PGA dehydrogenase (PGDH) were extrftten five leaf discs (6 cfwith 2
ml of extraction medium containing 50 mM Tris-H@H 7.5), 1 mM EDTA, 5 mM DTT, 0.3%
(v/v) Triton X-100, and 5% (w/v) PVPP. The homogenaas centrifuged at 16,0009 for 10 min
and the supernatant was desalted with Sepffa@ex5 M PD10 columns (GE Healthcare, UK).
NR was assayed in a reaction mixture containingidHepes-KOH (pH 7.5), 10 mM KN£)
and 0.25 mM NADH, and incubated at 30°C for 30 foimthe determination of nitrite
production according to Hageman et al. (1980). rfHaetion was stopped by adding 0.5 ml 1%
sulfanidamide (in 3M HCI), followed by addition 8f5 ml 0.2% 1-naphthylamine and held for
15min. The mixture was then centrifuged at 1308 gmin. A standard curve was made using
authentic KNQand the absorbance was measured at 540 nm. GSgaged in a reaction
mixture containing 100 mM Tris-HCI (pH 7.5), 20 m¥gySO,, 10 mM NHOH, 5 mM ATP, 30
mM Glu, incubating at 30 °C for 20 min, followed agldition of 0.7 ml FeGlreagent (2.5%
FeCk, 5% (w/v) TCA in 1.5 M HCI). The resulting predgie was spun down at 16100 g for 5
min and the absorbance was measured at 540nm (IBoretdal., 1995). A standard curve was
made using authentic r-glutamyl hydroxamate. AspwéE assayed in a reaction mixture
containing 50 mM Hepes-KOH (pH 7.5), 25 mM Asp, (iRl NADH, 25 mM 2-OG and 5 units
MDH (EC 1.1.1.37) according to Murray and Kenneti980). GPT was assayed in a 1ml
reaction mixture containing 100 mM Tris-HCI (pH ¥.85 mM Ala, 0.2 mM NADH, 10 mM 2-
OG and 5 units LDH (EC 1.1.1.27). Asparaginase aggsaiyed in a reaction system containing
62.5 mM KHPO,-KOH (pH 7.5), 6.25 mM 2-0OG, 12 mM Asn, 0.2 mM NADd#d 1 unit of

GDH (EC 1.1.1.47) according to Murray and KennetB80). Glutaminase was assayed in the
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same reaction system with asparaginase except2na¥! GIn was used instead of asparagine.
GDH was assayed in a reaction system containednMdris-HCI (pH 7.0), 10 mM 2-0OG, 50
mM ammonium chloride, and 0.1mM NADH according atts et al. (1999). PGDH was
assayed in a reaction mixture containing 200 mM-HCI (pH 9.0), 25 mM EDTA, 5 mM 3-
PGA, 2.5 mM DTT, and 0.5mM NAD according to Ho &t(&4999).

Asparagine synthetase (AS) was extracted and assagerding to Bellucci et al. (2004).
Three leaf discs (4 chin size) were extracted with 2 ml extraction buffentaining 200 mM
Hepes-KOH buffer (pH 7.5), 10 mM DTT, 2 mM EDTA186 Triton X-100, 10% glycerol (v/v),
and 10% PVPP (w/v). After centrifugation at 15,@0fdr 20 min at 4 °C, the enzymatic activity
of the GIn-dependent AS was determined by meastinmgeneration of glutamate via HPLC
using the same method for free amino acid quaatitia described above. The 1 ml substrate
mixture contained 200 mM KiPOy-KOH (pH 7.5), 2 mM GIn, 10 mM ATP, 17 mM
magnesium acetate, 2 mM L-Asp, and 400f enzyme extract. The mixture was incubated at
37 °C for 15 min and the assay was stopped by gddml of 80% ethanol followed by
centrifugation at 5000 g for 5 min. Controls wessayed in the same conditions without Asp
and ATP.

Fd-glutamate synthase (Fd-GOGAT) activity was asgaccording to (Lea et al., 1990).
The reaction mixture consisted of 200 mM #&,-KOH (pH 7.5), 10 mM GIn, 10 mM 2-0G,
15 mM methyl viologen (the electron donor), and i amino-oxyacetic acid (transaminase
inhibitor). After incubation at 30 °C for 5 mingheaction was started by the addition of
reductant solution (47 mg 804, 50 mg NaHC®in 1 ml of water). After 30 min of
incubation at 30 °C, the reaction was stopped biyngdlL ml of 100% ethanol followed by
vigorous vortex. Fd-GOGAT activity was determingdrbeasuring the Glu generation via

HPLC using the same method for free amino acid tfization described above.
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Feeding detached leaves with sucrose and mannose

Both sucrose and inorganic Pi have been reported tovolved in regulating primary
metabolism in leaves (Koch, 2004; Rolland et &I0& Morcuende et al., 1998; Plaxton, 1996).
To help determine which factor is primarily respiblesfor the metabolic changes observed in
transgenic plants, feeding of exogenous sucroseramiose (a Pi sequester) to the mature
leaves of the untransformed control was used toiortime higher sucrose content and the
expected lower Pi content in the antisense pldmis.reason mannose feeding decreases
cytosolic Pi content is that mannose can be easityerted to mannose-6-phosphate in cytosol,
which can tie up a significant amount of Pi (Weietal., 1992). On a sunny day in August 2007
(approximately 100 days after budbreak), maturedsavere detached from the untransformed
control plants at the bottom of the petiole usimgzor blade and re-cut under water immediately,
and then brought to the lab. The detached leaves fed with water (as the control), 50 mM
sucrose or 10 mM mannose for 8 hr in a fume ho@dtoton flux density of approximately
100pumol m? s* and a temperature of 23°C. Each treatment wakatgtl five times in a
completely randomized design. Leaf discs were taktehe end of the 8 hr feeding period,
frozen in liquid nitrogen and stored at -80°C famblysis of metabolites and enzymes described

above.

Results
Non-structural carbohydrates

Previous work in our lab (Cheng et al., 2005) shbwinat, compared with the
untransformed control, both the partitioning of hefixed carbon to starch and the contents of
starch at dusk and predawn were significantly higlantisense lines A27, A04 and A10. In

this study, it was found that the content of saibit antisense lines was significantly decreased
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whereas the content of sucrose was significantdseimsed in three antisense lines at both noon
and midnight (Fig. 2-1a, b). There was no significdifference between the control and
antisense lines in glucose and fructose contemts@t whereas only A10 had a statistically
lower level of fructose. However, the three antsgelines were found to have significantly
decreased contents of glucose and fructose at ghitl(frig. 2-1c, d) and significantly decreased
contents of galactose at both noon and midniglgt @ile). Antisense lines A04 and A10 had
significantly higher levels of maltose at both na@om midnight (Fig. 2-1f). Contents of myo-
inositol were significantly increased in three aetise lines at both noon and midnight (Fig. 2-
1g). Contents of ribose were significantly highethree antisense lines at noon and in A10 at

midnight (Fig. 2-1h).

Hexose phosphates and triose phosphates

Compared with the untransformed control, threesanse lines had significantly higher
contents of both G6P and F6P at noon and thisaseran hexose phosphate contents was kept in
A04 and A10 at midnight (Fig. 2-2a, b). The consenitF1, 6BP were not changed in antisense
lines at noon but slightly decreased in A10 at ngbn(Fig. 2-2c). No significant differences
were detected in G3P content at noon or midnigtwéxen the antisense lines and control (Fig.
2-2d). No significant difference was found in DH&®&ntent between antisense lines and the
control at noon (Fig. 2-2e); antisense lines AOd AthO were found to have slightly higher

contents of DHAP at midnight.
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Figure 2-1. Contents of sorbitol (a), sucrose (b), glucoseftagtose (d), galactose (e), maltose
(f), myo-inositol (g), and ribose (h) in mature &&nsleeves’ leaves at noon and midnight. Each
bar is mean of five replicates with standard er@: Untransformed control; Line A27 had
about 30% of the control A6PR activity whereas bd@4 and A10 had about 15% of the control
AG6PR activity. Different letters above the barsigadle significant difference using Duncan’s
multiple range test at P < 0.05, for samples talteroon and midnight, respectively.
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Figure 2-2. Contents of hexose phosphates (a-c) and triosgpplates (d-e) in mature
‘Greensleeves’ leaves at noon and midnight. Eaclisbraean of five replicates with standard

error. Different letters above the bars indicagm#icant difference using Duncan’s multiple
range test at P < 0.05, for samples taken at nodmadnight, respectively.

Respiration rate

The dark respiration rates of all three antiseimssIwere significantly higher than the

control (Fig. 2-3).
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Figure 2-3. Respiration of mature ‘Greensleeves’ leaves. Bachs mean of five replicates with
standard error. Different letters above the badgate significant difference using Duncan’s
multiple range test at P < 0.05.
Organic acids

Compared with the untransformed control, conteh&BGA were lower in A0O4 and A10
at noon, but no difference was found at midnigig.(E-4 a); antisense line A10 had
significantly higher contents of PEP at both nond midnight (Fig. 2-4b); the contents of
pyruvate were higher in AO4 and A10 at noon anallithree antisense lines at midnight (Fig. 2-
4c); the contents of shikimate were higher in thaesense lines at noon and in A04 and A10 at
midnight (Fig. 2-4d).

Compared with the control, the content of citratswignificantly increased in all three
antisense lines at both noon and midnight (FigeR-#he content of isocitrate did not change
(Fig. 2-4f); the content of 2-OG was slightly inased in antisense lines only at noon (Fig. 2-4Q);
the content of succinate was significantly increlaseboth A04 and A10 at noon and only in
A04 at midnight (Fig. 2-4h); the content of OAA w&ignificantly increased in all three
antisense lines at noon and in both A0O4 and AIfidnight (Fig. 2-4k); the content of fumarate
was significantly decreased in all three antiséim&s at noon and in A10 at midnight (Fig. 2-4i);
the content of malate in A0O4 and A10 was signiftgadecreased at both noon and midnight
(Fig. 2-4j). Additionally, the content of glyceratas significantly decreased in all three

antisense lines at midnight (Fig. 2-4l).
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Figure 2-4. Contents of 3-phosphoglycerate (3-PGA, a), phosptipgruvate (PEP, b),
pyruvate (c), shikimate (d), citrate (e), isociréf), 2-oxoglutarate (2-OG, g), succinate (h),
fumarate (i), malate (j), Oxaloacetate (OAA, k)datycerate (I) in mature ‘Greensleeves’
leaves at noon and midnight. Each bar is mearvefréplicates with standard error. Different
letters above the bars indicate significant diffeeusing Duncan’s multiple range test at P <
0.05, for samples taken at noon and midnight, spedy.
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Amino acids

Compared with the untransformed control, antiséines A04 and A10 with 15% of the
control A6PR activity had significantly higher cents of total amino acids at both noon and
midnight (Fig. 2-5a).

For the seven amino acids in the Glu family, thietent of Glu was significantly increased
in all three antisense lines at noon and in both &@d A10 at midnight (Fig. 2-5b). The contents
of GIn and Arg were significantly increased onlyAfO at noon (Fig. 2-5c, e). The content of
Pro was significantly increased in all three amisgelines at noon, but was not altered at
midnight (Fig. 2-5d). The content of GABA was sifigantly increased in all three antisense
lines at both noon and midnight (Fig. 2-5f). Thatemt of Orn was increased in A0O4 and A10 at
midnight (Fig. 2-5g). The content of His was deeseshin all three antisense lines at noon and in
A10 at midnight (Fig. 2-5h).

For the six amino acids in Asp family, the contehAsp was significantly increased in
both A04 and A10 at noon and in A10 at midnighg(F3-6a). Asn content was significantly
increased in both A0O4 and A10 at noon and in ald¢lantisense lines at midnight (Fig. 2-6b).
Thr content was significantly higher in AO4 and Aditboth noon and midnight (Fig. 2-6¢). The
content of Lys was only slightly increased in ARy 2-6d). No significant difference was
detected in Met or lle contents between antisengs bnd the control at noon, but A10 had a

slightly higher content of Met at midnight (Fig.62; f).
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Figure 2-5. Contents of total amino acids (a) and glutamata@lfaamino acids (b-h) in mature
‘Greensleeves’ leaves at noon and midnight. Eaclisbraean of five replicates with standard
error. Different letters above the bars indicagm#icant difference using Duncan’s multiple
range test at P < 0.05, for samples taken at nodmadnight, respectively.

51



__300Fa ——= Noon b a a w’\
€ == Mignight a 1135
o i ab 2
2 200 B 1 b o0 E
% b £
gtoor ol & & al| 4| 445 €
e LAl Al ol el T, 8
0 FL 0 <
o« C a d a 4112
75k —
§, { b ab ab fh <
e a 418 o
— 50 b
£ be o[ [2 | ]2 <
c c
= LAl ol T ;
— 4le f 112 —
: i =
E 3r ab | [ab a 18 g
g 2t [|b o
= c
44 o
Z 0 o -
CK A27 A04 Al10 CK A27 A04 Al10

Figure 2-6. Contents of aspartate family amino acids (a-thature ‘Greensleeves’ leaves at
noon and midnight. Each bar is mean of five repdisavith standard error. Different letters
above the bars indicate significant difference gghincan’s multiple range test at P < 0.05, for
samples taken at noon and midnight, respectively.

For three amino acids sharing pyruvate as the mestthe content of Ala was significantly
increased in all three antisense lines only at glinFig. 2-7a); the content of Val was
significantly decreased in all three antisensesliaenoon and in both A04 and A10 at midnight
(Fig. 2-7b) whereas the content of Leu was sligtmtyeased only in A10 at midnight (Fig. 2-7c).
The content of Ser was significantly increasedathliA0O4 and A10 at noon and in A10 at
midnight (Fig. 7d). Gly content was decreased linheiee antisense lines at midnight (Fig. 2-7e).
And for the two aromatic amino acids, Tyr contemisvgignificantly increased in both A04 and

A10 at noon and in A10 at midnight (Fig. 2-7f); ttentent of Phe was significantly increased

only in A10 at both noon and midnight (Fig. 2-79).
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Figure 2-7. Contents of other free amino acids (a-g) in mai@reensleeves’ leaves at noon and
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Enzymesin glycolysis

Compared with the untransformed control, the at¢isiof ATP-PFK, PPi-PFK, NAD-
G3PDH and NADP-G3PDH in A04 and A10 were all signaihtly higher at noon; whereas at
midnight, the activities of ATP-PFK, NAD-G3PDH ahNADP-G3PDH were not altered and the
activity of PPi-PFK was significantly higher only A10 (Fig. 2-8a, b, ¢, d). The activity of

aldolase tended to be higher in antisense linesa@t, but only A10 had a statistically higher
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aldolase activity (Fig. 2-8e). The activity of easé was significantly higher only in A0O4 and
A10 at midnight (Fig. 2-8f). The activity of PK wagynificantly higher in all three antisense
lines at noon, but was not altered at midnight.(Bi§g). The activity of PEPP was not altered at
either noon or midnight (Fig. 2-8h). The activifyRG| was significantly higher in A10 at noon,
but significantly lower in AO4 and A10 at midnigtiig. 2-8i). No significant difference was

found in HK activity between antisense lines argl¢bntrol at either noon or midnight (Fig. 2-

8)).

Enzymesin anaplerotic pathway and pentose phosphate pathway

Compared with the untransformed control, the aistiof PEPC was significantly higher in
all three antisense lines at both noon and midr(igigt 2-9a). The activity of NAD-MDH was
not altered (Fig. 2-9b). The activity of NAD-ME waggnificantly higher in all three antisense
lines at noon and only in A10 at midnight (Fig. @-9The activity of NADP-ME was statistically
higher only in A10 at noon (Fig. 2-9d). For thesfitwo enzymes in oxidative pentose phosphate
pathway, the activity of GGPDH was significantlgher in both A0O4 and A10 only at midnight
(Fig. 2-9e) whereas the activity of 6PGDH was digantly higher in both A04 and A10 at both

noon and midnight (Fig. 2-9f).
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Figure 2-8. Activities of ATP-phosphofructokinase (ATP-PFK, BRPi- phosphofructokinase
(PPi-PFK, b), NAD-glyreraldehyde-3-phosphate debgenase (NAD-G3PDH, c), NADP-
G3PDH (d), aldolase (e), enolase (f), pyruvate $en@K, g), PEP phosphatase (PEPP, h),
phosphoglucose isomerase (PGI, i), and hexokirtdlsejf in mature ‘Greensleeves’ leaves at
noon and midnight. Each bar is mean of five repdisavith standard error. Different letters
above the bars indicate significant difference gghincan’s multiple range test at P < 0.05, for
samples taken at noon and midnight, respectively.
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Figure 2-9. Activities of PEP carboxylase (PEPC, a), NAD-maldeéhydrogenase (NAD-MDH,
b), NAD-malic enzyme (NAD-ME, c), NADP-ME (d), glose-6-phosphate dehydrogenase
(G6PDH, €), and 6-phosphogluconate dehydrogen&se¥6i, f) in mature ‘Greensleeves’
leaves at noon and midnight. Each bar is mearvefréplicates with standard error. Different
letters above the bars indicate significant diffeeusing Duncan’s multiple range test at P <
0.05, for samples taken at noon and midnight, spedy.
Enzymesin TCA cycle

Compared with the untransformed control, the at#isiof both citrate synthase and
aconitase were significantly higher in AO4 and At®oon and only in A10 at midnight (Fig. 2-

10a, b). No difference was found in the activityN\ADP-ICDH or fumarase between antisense

lines and the control at noon or midnight (Fig.@:1d).
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Figure 2-10. Activities of citrate synthase (a), aconitase ()DP-isocitrate dehydrogenase
(NADP-ICDH, c), and fumarase (d) in mature ‘Greersks’ leaves at noon and midnight. Each
bar is mean of five replicates with standard eriferent letters above the bars indicate
significant difference using Duncan’s multiple rartgst at P < 0.05, for samples taken at noon

and midnight, respectively.
Enzymesin N metabolism and amino acid synthesis

The activity of NR was not altered in antisensediat noon but significantly lower than the
control at midnight (Fig. 2-11a). The activity o§p-AT was higher in antisense lines at
midnight (Fig. 2-11b). No difference was detectedhie activity of AS and GS between
antisense lines and the control (Fig. 2-11c, fpakaginase activity was lower in antisense lines
at noon (Fig. 2-11d). The activity of Fd-GOGAT agldtaminase was significantly higher in all
three antisense lines at both noon and midniglgt ¢=iL1e, g). GDH activity was significantly
lower in all three antisense lines at noon (Fid1®). GPT activity was significantly lower in all
three antisense lines at noon and in both A04 &g midnight (Fig. 2-11i). The activity of
PGDH, which is important for serine synthesis ia tfark was significantly lower in both A04

and A10 at noon, but significantly higher in A1Onaitinight (Fig. 2-11)).
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Figure 2-11. Activities of nitrate reductase (NR, a), aspartatenotransferase (Asp-AT, b),
asparagine synthetase (AS, c), asparaginase (djiumate synthase (Fd-GOGAT, e),
glutamine synthetase (GS, f), glutaminase (g) aghaite dehydrogenase (GDH, h), glutamate
pyruvate transaminase (GPT, i), and 3-PGA dehydragge (PGDH, j) in mature ‘Greensleeves’
leaves at noon and midnight. Each bar is mearvefréplicates with standard error. Different
letters above the bars indicate significant diffeeusing Duncan’s multiple range test at P <
0.05, for samples taken at noon and midnight, iespdy.
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Non-structural carbohydratesin H»0, sucrose or mannose-fed leaves

Compared with KD-fed leaves, the contents of sucrose, glucosetase and galactose in
sucrose-fed were significantly higher; the cont&@nnaltose was significantly lower; and the
content of myo-inositol was not altered. In mannfegkleaves, the contents of glucose,
galactose, and maltose were significantly highwes;dontent of sorbitol was slightly lower; and
the contents of sucrose, fructose and myo-inogiése not altered (Fig. 2-12a).

For hexose phosphates and triose phosphates, ceinpah HO-fed leaves, the contents
of G6P and DHAP were significantly higher in suerded leaves whereas the contents of F6P
and F1, 6BP were not altered and the content of W&BPeven lower. In mannose-fed leaves,
contents of G6P and F6P were significantly highgrdontents of F1, 6BP, G3P and DHAP

were not altered (Fig. 2-12b).

Organic acidsin H,0, sucrose or mannose-fed leaves

Compared with BKO-fed leaves, only the content of succinate wasifstgntly higher in
sucrose-fed leaves whereas the content of allttier organic acids was not altered. However,
mannose-fed leaves had significantly higher costehpyruvate, succinate and OAA, and
significantly lower contents of 3-PGA, glycerateddOG. The content of PEP, shikimate,

citrate, isocitrate, fumarate or malate was n@raft in mannose-fed leaves (Fig. 2-13).
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Figure 2-12. Contents of non-structural carbohydrates (a) ana$e phosphates & triose
phosphates (b) in mature ‘Greensleeves’ leavewitdH,O, sucrose or mannose. Each bar is
mean of five replicates with standard error. Défarletters above the bars indicate significant
difference between feeding treatments using Dumscamiltiple range test at P < 0.05.
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Amino acidsin H,0O, sucrose or mannose-fed leaves

First of all, the contents of a large proportiorfree amino acids in #D, sucrose and
mannose-fed leaves were lower than those measucahirol and antisense Leaf tissues taken
at noon or midnight. For the seven amino aciddutaghate family (Fig. 2-14a), the contents of
most amino acids were not altered in sucrose-faeele whereas only the content of GABA was
slightly lower compared with }0-fed leaves. In mannose-fed leaves, the conteRtmivas
significantly higher; the contents of Glu and GAB#&re significantly lower; and the contents of
GIn, Arg, Orn and His were not altered.

For the six amino acids in aspartate family (Fig.4b), sucrose-fed leaves had a higher
content of Thr but a lower content of Asp. The emnf lle was slightly higher in mannose-fed
leaves whereas the contents of Asp, Thr and Lys aisignificantly lower than those in@-
fed leaves.

For other amino acids (Fig. 2-14c), sucrose-feddednad significantly higher contents of
Ala, Tyr and Phe but the same contents of Val, ISar,and Gly. In mannose-fed leaves, the
content of Ser was significantly higher whereasdabetents of Ala and Leu were significantly
lower. No significant difference was found betwa@eannose-fed leaves and®ifed leaves in

terms of the contents of Val, Gly, Tyr and Phe.
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Figure 2-14. Contents of amino aicds (a-c) in mature ‘Greengseeaves fed with D,
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Enzymesinvolved in primary metabolism in H,O, sucrose and mannose-fed leaves

For key enzymes in glycolysis, no significant diéfiece was found in the activity of ATP-
PFK, PPi-PFP, NAD-G3PDH, NADP-G3PDH, aldolase, ase] PK or PEPP betweep®ifed
leaves and sucrose-fed leaves. However, the actf/MTP-PFK in mannose-fed leaves was
significantly higher than that of J@-fed leaves. The activity of PPi-PFP, NAD-G3PDH\DP-
G3PDH, aldolase, enolase, PK and PEPP was notdliteimannose-fed leaves (Fig. 2-15a).

For key enzymes involved anaplerotic and OPPPathieity of PEPC was higher, but the
activity of GGPDH was lower in sucrose-fed leavdgermeas the activities of NAD-MDH, NAD-
ME, NADP-ME and 6PGDH were not altered. Howevernnase-fed leaves had significantly
higher activities of PEPC, NAD-ME, G6PDH and 6PGOMe activities of NAD-MDH and
NADP-ME were not altered in mannose-fed leaves. (E@5b).

For the activity of citrate synthase, aconitase IWAICDH and fumarase in TCA cycle,
neither sucrose-fed leaves nor mannose-fed lednagesl any significant difference from those
in H,O-fed leaves (Fig. 2-16).

For the key enzymes involved in N and amino acithimgism (Table 2-1.), sucrose-fed
leaves had a significantly lower activity of Fd-GAGwhereas mannose-fed leaves had a
significantly higher activity of NR than4@-fed leaves. The activities of ASP-AT, asparagnas
GC, glutaminase, GDH and GPT were not alteredthreesucrose-fed leaves or mannose-fed

leaves.
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Figure 2-15. Activities of enzymes in glycolysis (a) andanaptar pathway & OPPP (b) in
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Table 2-1. Activities of key enzymes in nitrogen metabolismmature ‘Greensleeves’ leaves

fed with H,O, sucrose or mannose.

Enzymes H,0O 50mM 10mM
Sucrose M annose
NR (umol m“ min™) 2.61+0.47b 1.7+0.26b  4.14+0.56a
ASP-AT (umol mi? s%) 12.99+1.22 12.56+0.60  11.93+0.63
Asparaginaseufmol m? s?) 0.77+0.03 0.76+0.04 0.75+0.02
Fd-GOGAT @umol m? s%) 0.89+0.08 0.57+0.08&  0.73+0.0Zab
GS @mol m? s 0.21+0.03 0.21+0.02 0.22+0.02
Glutaminase(mol m? s%) 1.08+0.04 1.22+0.08 1.18+0.09
GDH (umol m? s™) 11.03+1.59 9.33+0.61 9.7+0.80
GPT @mol m? s?) 30.50+1.97 28.85+0.81  28.44+0.72

Each number is mean of five replicates with stath@aror. Different letters above the bars
indicate significant difference between feedin@tneents using Duncan’s multiple range test at

P < 0.05.
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Discussion
I. Up-regulation of glycolysisin the leaves of transgenic plantsisinitiated by accumulation
of hexose phosphates

Accumulation of G6P and F6P in the transgenic Inessilting from antisense inhibition of
AG6PR activity at both daytime and nighttime notyoalters photosynthetic carbon partitioning
(Cheng et al. 2005), but also leads to changeswnestream processes that utilize carbon in
source leaves. The conversion of F6P to F1, 6BBrisidered as a pivotal step in regulating the
carbon flux through glycolysis, which involves thetion of three enzymes (ATP-PFK, PPi-PFK
and FBPase). Although both cytosolic and plastidiflP-PFKs are strongly inhibited by PEP
and up-regulated by Pi in higher plants via a negdeedback mechanism (Plaxton, 1996), the
slightly higher content of PEP and the expecteckloli in transgenic plants at daytime (Fig. 2-
4b) did not result in lower activity of ATP-PFK.dtead, higher activities both ATP-PFK and
PPi-PFK in A0O4 and A10 were found at daytime (Riga, b), which suggests an enhanced
conversion from F6P to F1,6BP. Higher activitiesnainy other key enzymes involved in
glycolysis, including NAD-G3PDH, NADP-G3PDH, aldsk enolase, and PK (Fig. 2-8c-Q)
indicate that glycolysis is up-regulated in thenggenic plants. Apparently, the general ‘bottom
up’ regulation of glycolysis that operates undesthamnditions is overridden by accumulation of
hexose phosphates in the transgenic plants. Theepbof ‘bottom-up’ regulation of plant
respiration has been well established that, dowastrintermediates can feedback to the
upstream steps to simulate or inhibit enzymes tf@eaudry et al, 1989; Hatzfeld and Stitt,
1991; Plaxton, 1996). Therefore, generally speakprant respiration is demand-driven and the
futile accumulation of intermediates as well aswlaste of energy can be avoided. However, in
the transgenic plants, this ‘top-down’ feedforwegdulation, initiated by accumulation of

hexose phosphates drives the central metabolisroe $ioth PEP and pyruvate are not only the
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lower end intermediates of glycolysis but alsoghbstrates for TCA cycle and the biosynthesis
of amino acids, a large proportion of PEP and pgtegenerated are used in TCA cycle and
amino acid synthesis while their contents are kelatively stable (Fig. 2-4b, c).

The expected low Pi in the cytosol resulting frocowamulation of hexose phosphates in the
transgenic plants may have also contributed tafaegulation of glycolysis. First, the activity
of non-phosphorylating NADP-G3PDH was significarttigher in both A04 and A10 than in the
control at daytime, suggesting the Pi-independenversion of G3P to 3-PGA was more active,
a typical response to Pi limitation (Fig. 2-8d).alddition, mannose-fed leaves had higher
activity of ATP-PFK than the D-fed leaves (Fig. 2-15a). However, this up-regokadf ATP-
PFK activity by mannose-feeding is apparently rartsistent with the bottom-up regulation in
which higher Pi enhances ATP-PFK activity. The thett sucrose-feeding did not alter the
activity of ATP-PFK activity or the activity of angther key enzymes in glycolysis suggests that
the higher level of sucrose might not be involwedhe up-regulation of glycolysis in the
transgenic plants (Fig, 2-15; 2-16).

While higher activities were observed for many kegymes in glycolysis in the transgenic
plants, contents of most glycolytic intermediatésez remained unchanged (G3P, DHAP, and
F1,6BP) or even decreased (3-PGA), with only PEPmmuvate showing slight increases (Fig.
2-2; 2-4). These relatively small changes are mobnsistent with up-regulation of glycolysis
because fluxes can be increased while maintaihiagntermediates fairly stable. The lower
contents of 3-PGA in both A04 and A10 at daytimig(E-4a) are most likely related to the up-
regulation of shikimate pathway and the subsegsymhesis of aromatic amino acids as
indicated by higher contents of shikimate and Tha Bhe (Fig. 2-4d; Fig. 2-7f, g). The higher
content of DHAP in transgenic plants at nighttirReg( 2-2e) might come from the increased

starch degradation (Cheng et al., 2005). This €wss@nsistent with the functions of glycolysis
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in the dark including participating in starch detgaon and generating carbon skeletons and

energy compounds for anabolic pathways.

I1. Both the anaplerotic pathway and the TCA cycle are up-regulated in the leaves of
transgenic plants

In addition to direct entry into the mitochondria pyruvate, PEP generated in glycolysis
can be converted to OAA by PEPC, and then to malateAD-MDH in the cytosol, both of
which can enter the mitochondria to replenish T@éle intermediates for several biosynthetic
pathways including biosynthesis of amino acids pimeholic compounds (Andrews 1986;
Melzer and O’Leary 1987; Noguchi and Yoshida 2008)late can also be decarboxylated in
the cytosol by NADP-ME or in the mitochondrial matoy NAD-ME to produce pyruvate,
which is then oxidized in the TCA cycle. The adias of both PEPC and NADP-ME were
higher in the transgenic lines than in the contsdlich clearly indicate up-regulation of the
anaplerotic pathway in the transgenic plants (Eifa, d). This is consistent with enhanced
amino acid biosynthesis in the transgenic planteeSup-regulation of the PEPC-MDH-ME
bypass of PK is an important feature of Pi-deficieresponse (Plaxton and Podesta, 2006),
higher activities of PEPC, NAD-ME and NADP-ME in nmose-fed leaves suggest that the
expected low level of Pi in the cytosol is involviedhe up-regulation of these enzymes (Fig. 2-
15b). And following the significant accumulation@6P and F6P, the PEP metabolism is the
secondary most activated step of carbon metabatigransgenic plants.

TCA cycle was up-regulated in the transgenic plastsdicated by higher activities of
citrate synthase and aconitase at both daytimengdtime (Fig. 2-10a, b). The contents of
some TCA intermediates, citrate, 2-OG, succinatt@AA were higher in the transgenic plants

at both daytime and nighttime or at least at dagrt{ffig. 2-4e, g, h, k) whereas contents of both
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malate and fumarate were lower (Fig. 2-4h, j). €levated OAA content in the transgenic plants
are likely the result of 1) increased activity &HRC (Fig. 2-9a) and 2) enhanced TCA cycle
whereas the lower contents of fumarate and makage 2-4i, j) are related to higher activities of
NAD-ME and NADP-ME (Fig. 2-9c, d). In addition tbeé conventional TCA cycle, it is possible
that some specific non-cyclic TCA fluxes also opedan the transgenic plants, which could
adjust the carboxylic acid metabolism to be moitable for the biosynthesis of amino acids
(Sweetlove et al., 2010; Tcherkez et al., 2009;r#amand Heldt, 1993). The up-regulation of
both the anaplerotic pathway and the TCA cycle pley more carbon skeletons and energy for
amino acid synthesis, which is consistent with bBrigkvels of amino acids in the transgenic
plants (Fig. 2-5a). Since mannose feeding did hahge the activity of any TCA cycle enzymes
(Fig. 2-16), the lower Pi level in the cytosol béttransgenic plants might not be directly
involved in the up-regulation of TCA cycle. Meanvehino changes on the activities of these
TCA enzymes were found in sucrose-fed leaves @itf), which suggests that sucrose was not

involved either.

I11. Oxidative pentose phosphate pathway is up-regulated in the transgenic plants at
nighttime

OPPP is generally running at a low rate in thetl{@laiz and Zeiger, 2006). It appears that
the up-regulation of OPPP in the transgenic plantearily occurred at night as the activity of
the key regulatory enzyme, G6PDH, was significahtgher in AO4 and A10 only at nighttime
(Fig. 2-9e). Since one of the most important fumtsi of OPPP is to provide NADPH for
nitrogen assimilation in the dark (Oji et al., 198%ight et al., 1997; Jin et al., 1998), this lsca
consistent with the fact that the three antiseim&s Ihad higher contents of total amino acids,

particularly at night (Fig. 2-5a). Mannose-fed leanalso had significantly higher activities of
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both G6PDH and 6PGDH, which suggests that the ¢ggdow Pi content in the cytosol of the
transgenic plants might have also contributed ¢ough-regulation of OPPP (Fig. 2-15b). Similar
results were reported by Liu et al. (2007) on rebh&y bean roots that, an inhibitor of GGPDH,
NagP O, could blocked the increase of G6PDH induced byssedss. Mannose-induced higher
activity of GGPDH was also reported by Hauschild &haewen (2003), but they pointed out
that it was the altered sugar availability not Fheequestration led to the enhanced cytosolic
G6PDH expression. They also came up with a modeb&PDH regulation, which highlighted
the function of substrate availability on G6PDHiation, and suggested that the major trigger
of higher activities of G6PDH and 6PGDH in antiseptants at nighttime was still the
accumulation of G6P and F6P.

Compared with the enzyme data obtained at dayfemesr enzymes showed higher
activities at nighttime in the transgenic plantpexially for those in glycolysis. However, the
accumulation of hexose phosphates at night ssilllted in higher contents of downstream
intermediates, such as pyruvate, shikimate, citgtecinate and OAA (Fig. 2-4c, d, e, h, k). Still,
the accumulation of pyruvate, the end-product g€gllysis, in three antisense lines at nighttime,

is the most obvious sign for the up-regulated dliysis.

V. The enhanced amino acid synthesisin transgenic plants was mainly caused by the
increased substrate availability

Transgenic plants accumulated higher levels & &mino acids at both daytime and
nighttime (Fig. 2-5a) which suggests that aminal acetabolism was up-regulated in the
transgenic plants. Percentage wise, more aming agde accumulated in transgenic plants at
nighttime than at daytime (80.9% vs. 29.4% increataive to the control, respectively).

Among the glutamate family amino acids, the leebtu was increased mostly (Fig. 2-5b),
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which is highly consistent with the significantlieeated activity of Fd-GOGAT in all three
antisense lines at both daytime and nighttime (&igjle). Although GDH might catalyze the
synthesis of Glu with the presence of sufficient@mnium, its main function is to deaminate
glutamate (Miyashita and Good, 2008; Labboun ef8l09). So, the decreased activity of GDH
in transgenic plants at daytime could also contelta the accumulation of Glu (Fig. 2-11h). No
difference in GS activity was detected betweensgenic lines and the control and (Fig. 2-11f)
and only A10 had slightly higher level of GIn atytime (Fig. 2-5c). However, the activity of
glutaminase, catalyzing the catabolism of GIn, feasd to be significantly higher in all three
antisense lines at both daytime and nighttime (Filg), which may have prevented the
transgenic plant from accumulating GIn. GABA wasrid to be accumulated in all three
antisense lines at both daytime and nighttime (Bfjg.The higher content of GABA in all three
antisense lines might come from higher contentlof(Gig. 2-5f). GABA could be transported
into the mitochondria to produce more succinatg.(E4h). In most cases, GABA accumulates
in response to biotic and abiotic stresses (Shedh,€1999; Kinnersley, 2000) although the
regulation of GABA shunt is still not clear (Bouchéd Fromm, 2004). In addition, the levels of
Pro (Fig. 2-5d) and Arg (Fig. 2-5e) were highetransgenic plants only at daytime. This
elevated level of Glu family amino acids combindthvimited changes in the enzymes in their
synthesis suggests that the higher contents ofaadiuls in transgenic plants were mainly
caused by elevated levels of their substrates, asiditrate and 2-OG as discussed above.

The contents of three major members in Asp famiiyna acids, Asp, Asn and Thr were all
increased in transgenic plants at both daytimenagiattime (Fig. 2-6a, b, c). However, for the
two key enzymes functioning in Asp and Asn biosgsth, Asp-AT and AS, only the activity of
Asp-AT was slightly higher in transgenic plantigghttime (Fig. 2-11b). The decreased

catabolism of Asn due to the slightly decreasetviagbf asparaginase at daytime (Fig. 2-11d)
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might be one reason for the accumulation of Astmansgenic plants. Still, these results suggest
that the accumulation of both Asp and Asn was lgrggated to the more available OAA in the
transgenic plants (Fig. 2-4k). For aromatic amiaids, higher levels of both Tyr and Phe were
also closely related to higher shikimate conterggR2-4d; 2-7f, g). Therefore, in the transgenic
plants, glycolysis, anaplerotic pathway and TCAleyeere up-regulated in a coordinated
manner to provide more carbon skeletons to amiibsamthesis. At the same time, most
enzymes involved in nitrate assimilation and anaom enzymes remained unchanged or were
changed to a much lesser extent compared to thegekan metabolite levels.

However, based on this point anout more substwtadtlity, it is difficult to explain why
transgenic plants also accumulated significantiynar content of Ser at daytime since the
content of 3-PGA, the substrate for Ser synthegs, found to be significantly decreased in A04
and A10 at daytime. Different from other amino acifler is also involved in photorespiration
and its metabolism is less affected by the glydolyathway. The activity of PGDH, the enzyme
catalyzing the first step in Ser synthesis mainlgark, was found to be slightly higher in
transgenic plants at nighttime, which might explk&i@ accumulation of Ser in transgenic plants
at nighttime (Fig. 2-11j) .

Not all of the amino acids were increased in thadgenic plants. For example, although
Ala, Val and Leu share the same substrate, pyrueatg Ala and Leu contents were slightly
increased at nighttime (Fig. 2-7a, b, c). Additibnahe activity of GPT, which catalyzes the
transamination between Glu and Ala, was lower #t baytime and nighttime in transgenic
plants (Fig. 2-11i). These data suggest that, austé being used for the synthesis of more Ala,
Leu and Val, more pyruvate was directed towardsithenstream TCA cycle to generate more

organic acids for the synthesis of both Glu and fespilies of amino acids.
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Conclusions

In response to accumulation of hexose phosphdigzlgsis, the anaplerotic pathway, the
TCA cycle, and the OPPP are up-regulated in thesg@anic plants with decreased sorbitol
synthesis which amy provide more organic acidsearatgy for amino acid synthesis, leading to
enhanced amino acid synthesis and significant aclation of amino acids. The lower Pi level

in the cytosol may also contribute to the metabcohianges observed in the transgenic plants.
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CHAPTER 3

CARBON AND NITROGEN METABOLISM IN THE LEAVES OF TRANSGENIC
APPLE TREESWITH DECREASED SORBITOL SYNTHESISIN RESPONSE TO

NITROGEN DEFICIENCY

Abstract

Sorbitol is the main photosynthetic end-product dredprimary translocated form of
carbohydrates in apple. Previous study indicatat] thhen the expression of aldose-6-phosphate
(A6PR), the key enzyme in sorbitol synthesis, wesrélased via antisense inhibition in
‘Greensleeves’ apple, both A6PR activity and sottmbontent were significantly decreased. As a
result, hexose phosphates accumulated in the dytbte expense of inorganic phosphate,
leading to up-regulation of starch synthesis, oiganid and amino acid metabolism in the
antisense plants. In this study, a transgenic(#i®) and the untransformed control (CK) were
supplied with 0.5, 2.5, 7.5 or 15mM nitrogen toatatine the responses of the transgenic plants
to N deficiency. The net CQassimilation rate of A10 was significantly highiean that of CK
under N deficiency and A10 had significantly higbentents of chlorophylls and higher
activities of ribulose-1,5-bisphosphate carboxylasggenase (rubisco), NADP-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), stromal frueth$ebisphosphate phosphatase (FBPase),
and ribulose-5-phosphate kinase (PRK) than CK uNdgeficiency. Under N deficiency,
organic acid metabolism including glycolysis, thearboxylic acid (TCA) cycle and other
alternative pathways was maintained at a highesl lievA10 compared to CK. Moreover, A10
had significantly higher contents of soluble progesinder N deficiency and total free amino

acids across the entire range of N treatmentsvities of nitrate reductase (NR) and several
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enzymes in amino acid synthesis also displayedraral increase in A10 under N deficiency.
These results indicate that under N deficiencyridwesgenic plants shifted metabolic flux
toward organic acids which were utilized to supgtyino acid and protein synthesis with more
carbon skeletons to maintain the higher photoswmhé addition, A10 accumulated a

dramatically higher level of maltose than CK uniNedeficiency.

I ntroduction

Nitrogen (N) is critical for plant growth and degpment because it plays important roles in
fundamental cellular functions as the primary cibnsht of macromolecules such as proteins
and nucleic acids. The majority of the total Neaves is in proteins (Chapin and Kedrowski,
1983) and 70-80% of these proteins perform theictions in chloroplasts ingplants (Morita
and Kono, 1975). For example, rubisco, the key er@zin photosynthesis, typically accounts for
20-30% of leaf total N in €plants (Evans, 1989). Under nitrogen deficientgnis develop
smaller leaf area and have lower photosynthessdjrig to less biomass accumulation, lower
yield, and higher root to shoot ratio (Rufty et 4B84; Stitt and Krapp, 1999; Hermans et al.,
2009). In terms of carbon and nitrogen metabolism,N availability restricts amino acid and
protein synthesis, leading to accumulation of ntvaesural carbohydrates in leaves. The basic
underlying mechanism of plants responses to N i@efy is that N starvation can modify N
remobilization and recycling as well as carboniparting between source leaves and sink
tissues by affecting nitrate uptake and reducidrotosynthesis (Chen and Cheng, 2003; Huang
et al., 2004), sugar metabolism, organic acidsyetdn, and amino acid biosynthesis.

Although N fertilizers are routinely applied forgatucing higher yields worldwide, the
enormous loss of N fertilizers due to various emwimental factors results in low nitrogen use

efficiency (NUE) in crops and significant wastenaftural resources and energy. Based on its
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original definition (Moll et al., 1982), the termWE combines two processes: the N uptake
efficiency (NupE) and the N utilization efficien¢iMutE). Both are influenced by crop,
environmental and management factors, which cayolbed down to how N is applied and how
N is lost (Balasubramanian et al, 2004). In additm optimizing agricultural practices, one
strategy to increase NUE is to breed plants or Imgwids with improved tolerance to N
deficiency to meet the requirements of sustainatdp production. A key to this strategy is to
understand the regulation of metabolic processasdgtermine NUE. Since assimilation of
nitrogen into amino acids depends on the suppbadfon skeletons from organic acid
metabolism (Stitt et al., 2002), plants with entethorganic acid metabolism are expected to
have higher nitrogen use efficiency and betterswlee to nitrogen deficiency. Indeed, potato
plants with overexpression of phosphoenolpyruvatbaxylase (PEPC) (Rademacher et al.,
2002) and Arabidopsis plants with overexpressiobafftranscriptional factor (Yanagisawa et
al., 2004) had enhanced organic acid metabolisrichated to higher levels of amino acids;
moreover, the broad metabolic alterations indugeD&f1 made the transgenic plants grow
better under low N conditions and have larger fnesight than the control. These findings were
consistent with the hypothesis that, improvingftagibility of metabolic pathways could
generate a more efficient driving force for N metam, which in turn results in an enhanced
NUE (Foyer et al., 2011). Some recently releaseidertaybrids were reported to be more
tolerant of N deficiency than older hybrids dudheir more slowly decreased photosynthetic
capacity caused by being able to maintain the cositef chlorophylls and soluble proteins as
well as the activity of PEPC at low levels of apdliN fertilizer (Ding et al., 2005). However,
this enhancement of organic acid metabolism ologén use has not been tested in woody
perennial plants, whose nitrogen assimilation @it to occur primarily in the roots (Andrews,

1986; Black et al., 2002).
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When sorbitol synthesis was decreased in applesely expressing A6PR in the antisense
orientation, transgenic plants accumulated higklkwof hexose phosphates in leaves. Both
organic acid metabolism and amino acid metabolisrup-regulated under sufficient N supply.
These transgenic plants provided us with a unigyedunity to gain insights into the
relationship between organic acid metabolism atrdgen use in woody plants. It is predicted
that these transgenic plants with enhanced orgamitmetabolism and amino acid biosynthesis
will be better able to adapt to low N conditionsl@mow more tolerance to N deficiency than the

untransformed control.

Methods and materials
Transgenic linesand N treatments

Generation of transgenic ‘Greensleeves’ apple dattreased expression of AGPR was
described in detail in Cheng et al. (2005). RNAlgelting showed that all the transformed lines
had significantly lower A6PR transcript levels caamgd with the untransformed control. Line
A27 had about 30% of the control AG6PR activity;ta# other lines (A04, A05, A10, Al4, A18,
A41, and A75) had about 15% of the control A6PRvégt(Cheng et al., 2005). The
untransformed control (CK) and antisense line ABdeaused in this study.

One-year-old tissue-cultured CK and A10 were triangpd into two-gallon pots containing
sand before budbreak, pruned to about 30 cm, awl gutdoors at Cornell Orchards. After
budbreak, two shoots were allowed to grow on edamt pCK and A10 were supplied twice a
week with 0.5, 2.5, 7.5 or 15 mM N in Hoagland'susion via a fertigation system from mid
May 2009, which lasted for seven weeks. Fungicadespesticides were sprayed at regular
intervals during the growing season. After 7-weékl dreatment, fully expanded, mature leaves

of CK and A10 were taken at noon (12:30PM-1:30Pkbgen in liquid N, ground into fine
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powder in liquid N, and stored at -80°C for the following biochemiaall physiological

measurements.

Sucrose and G6P feeding experiment

In a separate experiment, two-year-old untransfdraostrol on M.26 rootstock were
supplied twice a week with 0.5 mM N in Hoagland¥usion via a fertigation system from mid
May 2010, which lasted for eight weeks. At 8:00AMRture leaves were detached from the
plants at the bottom of the petiole using a ratadé and were re-cut under water immediately,
and then brought to the lab. The detached leaves fed with water, 50 mM sucrose, 3 mM
glucose-6-phosphate (G6P), or 50 mM sucrose plaM3G6P in a fume hood under fluorescent
lights at a photon flux density of 100 pmofms" for a total of 48 hours. Each treatment was
replicated five times in a randomized design. ldiats were taken at both 24 hrs and 48 hrs for

analysis.

Gas exchange measur ements

Leaf CQ assimilation and respiration were measured VidRAS-1 portable
photosynthesis system (PP systems, Herts, UK). C&€afassimilation was measured under
ambient CQ (360umol mor?), photon flux density (PFD) of 1500 + 50 pmofms’ and air
temperature 23+1 °C from 10:00 AM to 11:30AM affeweek of N treatment. Leaf dark

respiration was measured at 3:00 PM after adapttgched leaves in dark for 30 min at 26°C.

Analysis of leaf chlorophylls, N and soluble proteins
Leaf chlorophylls were extracted with 80% (v/v) taree and measured according to Arnon

(1949). Total leaf N content per unit leaf area wesasured with a C/N analyzer using
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combustion analysis. Leaf soluble protein contamtymit leaf area was assayed according to

Bradford (1976).

Analysis of primary metabolites

Non-structural carbohydrates, such as sugars, sliganols, hexose phosphates, and most
organic acids (citrate, 2-oxoglutarate (2-OG), smete, fumarate, malate, glycerate and
shikimate) were extracted, derivatized and analymdrding to the protocol of Lisec et al.
(2006) with some modifications. Leaf tissues (alddl@ mg FW) were extracted in 1.4 ml 75%
(v/v) methanol with 60l ribitol (0.6mg/ml) added as the internal standafer fractionating
the non-polar metabolites into chloroform, the mlnted, aqueous extracts were used to
determine low abundance metabolites and the exteact:20 dilution were used to measure high
abundance metabolites, such as sorbitol, sucrabenatate. After sequential derivatization with
methoxyamine hydrochloride and N-methyl-N- trimdsilyl- trifluoroacetamide (MSTFA),
metabolite profiling was operated at an AgilentGRI5C /5975C MS (Agilent Technology,
Palo Alto, CA, USA). Injection, chromatography avi& parameters were described in detail in
Wang et al. (2010). Metabolites were identifieddoynparing fragmentation patterns against a
mass spectral library generated on our GC-MS systahman annotated quadrupole GC-MS
spectral library and quantified based on standardes generated for each metabolite and
internal standard.

3-phosphoglycerate (3-PGA), pyruvate, phosphoemoi@te (PEP), oxaloacetate (OAA),
isocitrate, fructose-1,6-bisphosphate (F1, 6BB)alaldhyde-3-phosphate (G3P) and
dihydroxyacetone phosphate (DHAP) were extractedraing to Chen et al. (2002) with
modifications. Leaf tissues (about 100mg FW) weregrized with a liquid N pre-cooled

mortar and pestle in 2 ml of 5% (v/v) HGJ@nd 100 mg insoluble PVPP gdsNO)x, MW
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111.1). After centrifugation at 16100 g for 10 ntime supernatant was withdrawn and
neutralized with 5M KOH/1M triethanolamine, keepioig ice for assay. 3-PGA was measured
according to Chen and Cheng (2003). Pyruvate, PR, isocitrate, and F1, 6BP ere measured
according to Chen et al. (2002) with minor modificas. Pyruvate was assayed in 1ml reaction
medium containing 100 mM Hepes-KOH (pH 7.5), 1 mM®k, 1 mM ADP, 0.1 mM NADH,
and 1 unit of LDH (EC 1.1.1.27). PEP was assaydtersame reaction medium of pyruvate
assay by adding 1 unit of PK (EC 2.7.1.40). OAA wsasayed in a 1ml reaction medium
containing 100 mM triethanolamine-HCI (pH 7.6), @M NADH, and 1 unit of MDH (EC
1.1.1.37). Isocitrate was assayed in 1ml reactiediom containing 100 mM Tris-HCI (pH 7.6),
3.3 mM MnSQ, 0.15 mM NADP, and 1 unit of ICDH (EC 1.1.1.42),6BP was assayed in
1ml reaction medium containing 100 mM Hepes-KOH {fB), 5 mM MgCi, 0.2 mM NADH,

2 units of glycerol-3-phosphate dehydrogenase (HQ B), 4 units of TPI (EC 5.3.1.1), and 0.5
unit of aldolase (EC 4.1.2.13). G3P and DHAP wessaged according to Copper et al. (1958).
Starch was digested and determined enzymaticalijue®se equivalents (Chen et al.,
2002). The residue after 75% methanol extractiofGl6/MS analysis was re-extracted with 1.5

ml 80 % (v/v) ethanol at 8TC for three times, and the pellet was digested @@thinits of
amyloglucosidase (EC 3.2.1.3) and retained forggaaetermination using enzyme-link assay.
NH," and twenty free amino acids glutamate (Glu), ghitee (GIn), proline (Pro), Arginine
(Arg), y-aminobutyric acid (GABA), ornithine (Orn), histigg (His), asparate (Asp), asparagine
(Asn), threonine (Thr), lysine (Lys), methioninedi isoleucine (lle), alanine (Ala), valine
(Val), leucine (Leu), serine (Ser), glycine (Gliggrosine (Tyr), and phenylalanine (Phe) were
extracted from 50 mg (FW) leaf tissues in 1.5 mh#@ HCI with norleucine added as an
internal standard. Measurements were performedidld 00 Liquid Chromatograph equipped

with an Agilent 1200 fluorescence detector (Agil€ethnology, Palo Alto, CA, USA).
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Derivatization of free amino acids and chromatogyaparameters were described in detail in
Wang et al. (2010). Amino acids were indentified gouantified according to Cohen and

Michaud (1993) with modifications.

Assay of photosynthetic enzymes

Leaf tissues (about 100mg FW) were homogenizedsmiL extraction mixture containing
50 mM Hepes-KOH (pH7.5), 10 mM Mg&£ 12 mM EDTA, 10 mM DDT, 1%(v/v) Triton X-100,
5% (w/v) insoluble PVPP, 1% (w/v) BSA, and 10% {uélycerol. The extract was centrifuged
at 13000g for 5 min and the supernatant was usetkdrately for enzyme activity assay
according to Chen and Cheng (2003) with slight rications.Ribulose-1,5-bisphosphate
carboxylase oxygenase (Rubisco) activity was detesthin a reaction mixture containing 100
mM Bicine-KOH (pH 8.0), 25 mM KHCg 20 mM MgC}, 3.5 mM ATP, 5 mM
phosphocreatine, 5 units glyceraldehyde-3-phospdetigdrogenase (EC 1.2.1.12), 5 units 3-
phosphoglyceric phosphokinase (EC 2.7.2.3), 17its greatine phosphokinase (EC 2.7.3.2),
0.25 mM NADH and 0.5 mM RuBP. NADP-glyceraldehydet®sphate dehydrogenase
(GAPDH) activity was determined at 340nm in a reactnixture containing 100 mM Tricine-
KOH (pH 8.0), 4 mM 3-phosphoglycerate, 5 mM ATP,raM MgCl,, 0.2 mM NADPH, 20
units 3-phosphoglyceric phosphokinase (EC 2.7.&8pmal fructose- 1,6-bisphosphate
phosphatase (stromal FBPase) was assayed in sreawxture of 50 mM Tris-HCI (pH 8.2),
10 mM MgCh, 1 mM EDTA, 0.1 mM fructose 1,6-bisphosphate (FBEP mM NAD(P), 4
units of phosphoglucose isomerase (EC 5.3.1.9)2amdts of G6PDH (EC1.1.1.49). Cytosolic
fructose- 1,6-bisphosphate phosphatase (cytosBIRaBe) was assayed in a reaction mixture of
50 mM Hepes-NaOH (pH 7.0), 2 mM MgD0.1 mM FBP, 0.5 mM NAD(P), 4 units of PGI

(EC 5.3.1.9), and 2 units of G6PDH (EC1.1.1.49huRise-5-phsophate kinase (PRK) activity
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was assayed in a reaction mixture containing 100 Tnikine-KOH (pH 8.0), 0.5 mM ribose 5-
phosphate, 1 mM ATP, 10 mM Mg&b0 mM KCI, 5 mM phosphenolpyruvate, 0.4 mM NADH,
7 units PK (EC 2.7.1.40), 10 units lactate dehydnage (EC 1.1.1.27), 1 unit R5P isomerase

(EC 5.1.3.6).

Assay of starch, sorbtiol and sucrose metabolism enzymes

ADP-Glucose pyrophosphorylase (AGPase) and su@gd®sphate synthase (SPS) were
extracted and assayed according to Chen and CRB8Ag)(with slight modificationd.eaf
tissues (about 100mg FW) were ground with a lidUigbre-cooled mortar and pestle in 1.5 ml
extract buffer containing 50 mM Hepes-NaOH (pH ;7%inM MgChb, 1 mM EDTA, 2%(w/v)
polyethylene glycol-20000 (PEG-20), 1% (w/v) BSA4 06 (v/v) Triton X-100, and 5% (w/v)
insoluble PVPP. The extract was then centrifuge3800 g for 5 min and the supernatant was
used immediately for AGPase activity measuremetit thie reaction mixture containing 50 mM
Hepes-KOH (pH 8.0), 1 mM ADPG, 5 mM Mg{D.6 mM NAD, 1.5 mM PR3 mM PGA, 2
units G6PDH (EC 1.1.1.49, NAD-linked), and 2 upt®osphoglucomutase (EC 5.4.2.2). For
SPS activity assay, leaf tissues (about 100mg Fe&vg\womogenized in 1.5 mL extraction
mixture containing 50 mM Hepes-KOH (pH 7.5), 10 tMCl,, 2 mM EDTA, 10 mM DDT,
1%(v/v) Triton X-100, 5% (w/v) insoluble PVPP, 1%/¢) BSA, and 10% (v/v) glycerol. The
extract was centrifuged at 130009 for 5 min and 2Qpernatant was mixed with 50ul assay
mixture containing 70mM Hepes-NaOH (pH 7.5), 15 dMPG, 10 mM F6P, 40 mM G6P and
kept at 25 °C for 30 min. The reaction was stogpeHteating in the boiling water for 3min. The
control was carried out with heat-denatured enzyifter brief centrifugation at full speed for
5min, the supernatant was used to determine UD@uptimn with the reaction mixture

containing 50 mM Hepes-NaOH (pH 7.0), 5 mM Mg@.3 mM NADH, 0.8 mM PEP, 14 units
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LDH (EC 1.1.1.27), and 4 units PK (EC 2.7.1.40)}dd@de-6-phosphate reductase (A6PR) was
extracted according to Negm and Loescher (1981 satne modifications. Leaf tissues (about
100mg FW) were ground with a liquid;ldre-cooled mortar and pestle in 1.5 ml extracfdyuf
containing 100 mM Tris-HCI (pH 8.0), 5 mM DTT, 0.384v) Triton X-100, 5% insoluble
PVPP, and 6% (v/v) glycerol. The extract was themtfuged at 13000 g for 5 min and the
supernatant was used immediately for enzyme agtigisay with a reaction mixture containing
100 mM Tris-HCI (pH 9.0), 0.11 mM NADPH, and 50 n(B6P.

B-amylase activity was measured following the protaf Laby et al. (2001) with
modifications. Leaf tissues (about 100mg FW) wemigd in 2 ml extraction buffer containing
50 mM potassium acetate (pH 6.0) 1 mM EDTA, 5 mMIDand 3 mM CaGlplus PVPP -
amylase reaction mixtures were prepared by mixmgl®f the enzyme extract with 78 of 20
mg mL* amylopectin and 150L of 0.1 M KAc-HAc (pH 4.5). Immediately after mixg, 95uL
aliquots of eaciff-amylase reaction mixture were transferred to negvatubes, and the
reactions were stopped by placing the microtubédmiling water for 2 to 3 min ( as the zero
time point). The remainder of each reaction mixwes incubated at 37°C for 60 min before
removing and boiling additional 98_ aliquots. To quantify the amount of sugar presemach
sample, 2QuL aliquots of each sample were mixed with 2800f ddH,O and 75QuL of p-
hydroxybenzoic acid hydrazide (PAHBAH)/NaOH solatid@he PAHBAH/NaOH solution was
prepared immediately prior to use by mixing ond pé&b (w/v) PAHBAH in 0.5 M HCI with 4
parts 0.5 M NaOH. The sugar assay reaction mixtwere incubated at 100°C for 5 min and
allowed to cool, and then absorbance at 410 nm deermined and compared with the values
obtained using a maltose standard curve. Glycoagkterase (DPE2) was extracted and
determined according to Chia et al (2004) withrglignodifications. Leaf tissues (about 100mg

FW) were extracted in a total volume of 1.5 mL 60InM Mops-KOH (pH 7.0), 10% (v/v)

90



glycerol, and 5 mM DTT, 0.3% Triton X-100, with 8y PVPP and a pinch of sand. After
centrifuged at 16100 g for 20 min, the supernatarg desalted with Sephade®-25 M PD10
columns (GE Healthcare, UK) and used immediatelyafsay. The activity of DPE2 was
measured as the difference between the amounticbgg generated in the incubations that
contained both maltose and the second substrateo(gn), and the sum of the amounts of
glucose generated in separate incubations thaaio@ok either maltose or glycogen alone.
Incubation buffer contained 100 mM of Mops-KOH (@H), 10% glycerol, 30 mM maltose,
1.5% (w/v) oyster glycogen and 0.1 mL of the extr&@ontrol incubations were operated
without either maltose or glycogen. After 2 hr &t°Z, incubations were stopped by heating at
90 °C for 2 min, and the glucose was assayed sgguitometrically at 340nm with hexokinase

and glucose-6-phosphate dehydrogenase in the peeséNAD.

Assay of enzymesinvolved in organic acid metabolism and nitrogen metabolism

Enzymes in carbon and nitrogen metabolism wereetdd according to the protocols of
Hausler et al. (2000), Hausler et al. (2001) andrCénd Cheng (2003) with modifications.
Enzymes used in assays were purchased from Sigdva&e(St. Louis, MO, USA) and the unit
of enzymes was in standard form (IU). Contents@nmdbinations of reagents used in assays
were optimized according to standard enzyme assaegdures described in Bergmeyer et al.

(1983) and preliminary assays performed in our lab.

Assay of enzymesin organic acid metabolism
ATP-phosphofructokinase (ATP-PFK), PPi-phosphofrlctase (PPi-PFP), NAD-
glyreraldehyde-3-phosphate dehydrogenase (NAD-G3RDH non-phosphorylating NADP-

G3PDH were extracted from leaf tissues (about 1086wy with 1.5 mL extraction mixture
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containing 100 mM Hepes-NaOH (pH 8.0), 5 mM MgQlmM EDTA, 5 mM DTT, 5% (w/v)
insoluble PVPP, and a pinch of sand. The homogemasecentrifuged at 16,000 g for 10 min
and the resultant supernatant was desalted witha®legf' G-25 M PD10 columns (GE
Healthcare, UK). ATP-PFK and PPi-PFP were measacedrding to Moorhead and Plaxton
(1988) and Botha et al. (1992) with modificatioA3P-PFK was assayed in a reaction mixture
containing 100 mM Hepes-NaOH (pH 8.0), 5 mM Mg@.1 mM NADH, 10 mM F6P, 25 mM
NaH,PQ,, 1ImM ATP, 5 units of aldolase (EC 4.1.2.13), Stsiof TPI (EC 5.3.1.1), and 5 units
of G3PDH (EC 1.1.1.8). PPi-PFP was assayed inaiosamixture containing 100 mM Hepes-
NaOH (pH 8.0), 5 mM MgG| 0.1 mM NADH, 10 mM fructose-6-phosphate, 1 mM ,RP0O1
mM F2,6BP, 5 units of aldolase (EC 4.1.2.13), §suof TPI (EC 5.3.1.1), and 5 units of
G3PDH (EC 1.1.1.8). NAD-G3PDH was assayed in ati@acnixture containing 50 mM
triethanolamine-HCI (pH 8.5), 4 mM NAD, 10 mM soditarsenate, 1 mM F1, 6BP, and 6 units
of alsolase (EC 4.1.2.13). Non-phosphorylating NAGBPDH was assayed in a reaction
mixture containing 50 mM tricine-NaOH (pH 8.5), oM NADP, 1 mM F1, 6BP, and 6 units
of alsolase (EC 4.1.2.13).

Aldolase, pyruvate kinase (PK), PEP phosphatas®PEhosphoglucose isomerase (PGI),
hexokinase (HK), triose phosphate isomerase (FHHR, carboxylase (PEPC), NAD-malate
dehydrogenase (NAD-MDH), NAD-malic enzyme (NAD-MEBJADP-ME, glucose-6-
phosphate dehydrogenase (G6PDH), 6-phosphoglucdehtelirogenase (6PGDH), citrate
synthase, aconitase, NADP-isocitrate dehydrogefiN&BP-ICDH), NAD-ICDH, succinate
dehydrogenase, and fumarase were extracted frdridsaes (about 100 mg FW) with 1.5ml of
extraction mixture containing 100 mM Hepes-KOH (pB), 30% (v/v) glycerol, 5 mM Mgg|
1 mM EDTA, 5 mM DTT and 0.3% (v/v) Triton X-100, 4@&/v) insoluble PPVP, and a pinch

of sand. After centrifugation at 160009 for 10 ratrd °C, the supernatant was desalted with
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SephadeX G-25 M PD10 columns (GE Healthcare, UK). Aldolases assayed in a 1ml reaction
mixture containing 50 mM Tris-HCI (pH 7.5), 1 mM EB, 2 mM FBP, 0.2 mM NADH, 10
units of TPI (EC 5.3.1.1) and 1 unit @fglycerophosphate dehydrogenase (EC 1.1.99.5). &K w
assayed in a reaction mixture containing 100mM Ké0@H (pH 7.0), 2 mM PEP, 2 mM ADP,
10 mM MgCb, 0.2 mM NADH, 0.2 mM ammonium molybdate, 0.2 mgB8A, 2 mM DTT,

and 2 units of LDH (EC 1.1.1.27). PEPP was assay#tt same mixture as PK in the absence
of ADP and ammonium molybdate. PGl was assayedéaetion mixture containing 100 mM
Tris-HCI (pH 8.0), 10 mM MgGl 0.4 mM NAD, 2 mM F6P and 2 units NAD-G6PDH (EC
1.1.1.49). HK was assayed in a reaction mixturgainimg 100 mM Tris-HCI (pH 8.0), 1 mM
MgCl,, 0.5 mM EDTA, 10 mM KCI, 1 mM NAD, 1 mM ATP, 30 miglucose and 2 units
NAD-G6PDH (EC 1.1.1.49)Triose phosphate isomerase (TPI) wasayed in a reaction
mixture containind 00mM triethanolamine -KOH (pH 7.6), 10 mM EDTApIM G3P, 0.2 mM
NADH, and 1 unit ofui-glycerophosphate dehydrogenase (EC 1.1.99.5). RiR@Gssayed in a
reaction mixture containing 50 mM Tris-HCI (pH 9.2 mM MgSQ, 4 mM PEP, 10 mM
NaHCG;, 0.2 mM NADH and 5 units MDH (EC 1.1.1.37). NAD-MDwas assayed in a
reaction mixture containing 50 mM Bicine-KOH (pH)8.1 mM DDT, 0.2 mM NADH, 1 Mm
EDTA, 5 mM MgCh, 1 mM OAA and 0.01% BSA. NAD-ME was assayed iraction mixture
containing 100 mM imidazole-HCI (pH 7.0), 10 mM Mg&, 30uM coenzyme A (CoA), 2 mM
NAD, and 20 mM malate. NADP-ME was assayed in Hraesreaction mixture with NAD-
malic enzyme except that 0.25mM NADP instead of N&BPDH was assayed in a reaction
mixture containing 100 mM Tris-HCI (pH 8.0), 1 mMDEA, 5 mM MgSQ, 5 mM KCI, 0.5

mM NADP and 3 mM glucose-6-P. 6PGDH was assaydkdrsame reaction mixture with
G6PDH only except that 3mM 6-phosphogluconate veasl instead of G6P. Citrate synthase

was assayed in a 1ml reaction mixture containingW®Tris-HCI (pH 7.8), 0.1 mM DTNB, 0.2
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mM acetyl-CoA, and 0.5 mM OAA (Chen et al., 2008¢onitase was assayed in a reaction
mixture containing 50 mM Hepes-KOH (pH 7.5), 10 'M4SQy, 5 mM MnCb, 2 mM DTT, 5
mM NADP, 10 mM cis-aconitate, and 2 units of NADEEIH (EC 1.1.1.42). NADP-ICDH
activity was measured in a reaction mixture comgri00 mM KHPQO,-KOH (pH 7.5), 5 mM
MgCl,, 0.25 mM NADP, and 250 mM isocitrate. NAD-isoctealehydrogenase (NAD-ICDH)
activity was measured in a reaction mixture cortgri00 mM KHPO,-KOH (pH 7.5), 5 mM
MgCl,, 1 mM NAD, and 5 mM isocitrat&Succinate dehydrogenas@as assayed in a reaction
mixture containing 50 mM KEPO,-KOH (pH 7.5), 0.1mM 2,6-dichlorophenolindoplendQ

mM potassium cyanide, 40 mM sodium succinate, aAdr@/ml (w/v) phenazine methosulfate.
Fumarase was assayed in a reaction mixture congpifi0 mM KHPO, (pH 7.3), 50 mM L-

malate followed by measuring the formation of fuatarat 240nm.

Assay of enzymesinvolved in N and amino acid metabolism

Nitrate reductase (NR), glutamine synthetase (@§jartate aminotransferase (Asp-AT),
glutamate pyruvate transaminase (GPT), asparagiglgaminase, glutamate dehydrogenase
(GDH), and 3-PGA dehydrogenase (PGDH) were extdafttan leaf tissues (about 100 mg FW)
with 2 ml of extraction medium containing 50 mM §-#Cl (pH 7.5), 1 mM EDTA, 5 mM DTT,
0.3% (v/v) Triton X-100, and 5% (w/v) PVPP. The rmgenate was centrifuged at 16,0009 for
10 min and the supernatant was desalted with Segfi&+25 M PD10 columns (GE Healthcare,
UK). NR was assayed in a reaction mixture cont@iml mM Hepes-KOH (pH 7.5), 10 mM
KNOs, and 0.25 mM NADH, and incubated at 30°C for 3@ forr the determination of nitrite
production according to Hageman et al. (1980). fEaetion was stopped by adding 0.5 ml 1%
sulfanidamide (in 3M HCI), followed by addition 68f5 ml 0.2% 1-naphthylamine and held for

15min. The mixture was then centrifuged at 1308 $min. A standard curve was made using
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authentic KNQand the absorbance was measured at 540 nm. GSgaged in a reaction
mixture containing 100 mM Tris-HCI (pH 7.5), 20 md¥gySO,, 10 mM NHOH, 5 mM ATP, 30
mM Glu, incubating at 30 °C for 20 min, followed agldition of 0.7 ml FeGlreagent (2.5%
FeCk, 5% (w/v) TCA in 1.5 M HCI). The resulting predgie was spun down at 16100 g for 5
min and the absorbance was measured at 540nm (IBoretdal., 1995). A standard curve was
made using authentic r-glutamyl hydroxamate. Aspwek assayed in a reaction mixture
containing 50 mM Hepes-KOH (pH 7.5), 25 mM Asp, Rl NADH, 25 mM 2-OG and 5 units
MDH (EC 1.1.1.37) according to Murray and Kenneti980). GPT was assayed in a 1ml
reaction mixture containing 100 mM Tris-HCI (pH ¥.85 mM Ala, 0.2 mM NADH, 10 mM 2-
OG and 5 units LDH (EC 1.1.1.27). Asparaginase aggsayed in a reaction system containing
62.5 mM KHPO;-KOH (pH 7.5), 6.25 mM 2-0OG, 12 mM Asn, 0.2 mM NADd#d 1 unit of
GDH (EC 1.1.1.47) according to Murray and KennetB80). Glutaminase was assayed in the
same reaction system with asparaginase exceptZnal Gln was used instead of asparagine.
GDH was assayed in a reaction system containeariM(ris-HCI (pH 7.0), 10 mM 2-0OG, 50
mM ammonium chloride, and 0.1mM NADH according tatts et al. (1999). PGDH was
assayed in a reaction mixture containing 200 mM-HCI (pH 9.0), 25 mM EDTA, 5 mM 3-
PGA, 2.5 mM DTT, and 0.5mM NAD according to Ho &t(&4999).

Asparagine synthetase (AS) was extracted and assagerding to Bellucci et al. (2004).
Leaf tissues (about 100 mg FW) were extracted @ithl extraction buffer containing 200 mM
Hepes-KOH buffer (pH 7.5), 10 mM DTT, 2 mM EDTA186 Triton X-100, 10% glycerol (v/v),
and 10% PVPP. After centrifugation at 15,000 gZ@min at 4 °C, the enzymatic activity of the
GIn-dependent AS was determined by measuring therggon of Glu via HPLC using the same
method for free amino acid quantification describbdve. The 1 ml substrate mixture contained

200 mM KH,POy-KOH (pH 7.5), 2 mM GIn, 10 mM ATP, 17 mM magnesiacetate, 2 mM L-
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Asp, and 40Qu of enzyme extract. The mixture was incubated/at@ for 15 min and the assay
was stopped by adding 1 ml of 80% ethanol followgdentrifugation at 5000 g for 5 min.
Controls were assayed in the same conditions withsp and ATP.

Fd-glutamate synthase (Fd-GOGAT) activity was asdaccording to (Lea et al., 1990).
The reaction mixture consisted of 200 mM #&@,-KOH (pH 7.5), 10 mM GIn, 10 mM 2-0G,
15 mM methyl viologen (the electron donor), and Ml amino-oxyacetic acid (transaminase
inhibitor). Pre-incubatiing at 30 °C for 5 min, treaction was started by the addition of
reductant solution (47 mg 80,4, 50 mg NaHCQ@in 1 ml of water). After 30 min of
incubation at 30 °C, the reaction was stopped biyngdlL ml of 100% ethanol followed by
vigorous vortex. Fd-GOGAT activity was determingdnbeasuring the Glu generation via

HPLC using the same method for free amino acid tfization described above.

Results
Leaf N status

Total N content, soluble protein content, total momacids, and N} content of both A10
and CK leaves all decreased as N supply decre@s&l.leaf N content of A10 was consistently
higher than that of CK across the entire range tlebtments (Fig. 3-1a) whereas leaf \H
content of A10 was consistently lower than thaC#&f (Fig. 3-1d). The content of NOn A10
decreased as N supply decreased whereas it indriea€& as N supply decreased; under the
three highest N treatments, the content oENIWA10 was significantly higher than CK (Fig. 3-
le). Leaf soluble proteins in A10 decreased tesadeextent than that of CK, and under the two
lowest N treatments A10 leaf soluble protein cohteas significantly higher than that of CK
(Fig. 3-1b). Total amino acids in A10 leaves wds® @onsistently higher than that of CK over

the entire range of N supply (Fig. 3-1c).

96



a ...0... CK d *;:c_ 24
= —o-- Al10 .
§ 3 6 B q::
§(\T\ *k et 116+ v;\
= E24_ //:,/“’ ..... *f. /4 I &
© 2 % T Lt xk et Pl < 2
e * lwe P 1 08
5 12f =7 - e
= —————
00 1 1 1 1 1 1 1 1 000
8r 112
= b * /”..’--"i © i " =
T gl A -
I - P 3 4.8 Vet
EN *x / Eeen T-. l O IE
Py E 4 | }’/ Lt T e T = o
> L3 4 .4
5 2f
- 0 1 1 1 1 1 1 1 1 0'0
= 0 5 10 15
[} L
‘g L2re ; N treatment (mM)
/7
=}
O~ . / I
© 'E / ‘..'
8 o)) *k /
— N | /.-'
I o
o 0.0 1 1 1
|_
0 5 10 15

N treatment (mM)
Figure 3-1. Total N leaf content (a), soluble proteins (bjat@mino acid content (c), NH(d),

and NQ' (e) in leaves of CK and A10 in response to N sydpach point is mean of five
replicates with standard error. CK: Untransformedtml; A10: Antisense line. Specific leaf
weight (SLW, g nf) in CK and A10 in response to N supply (lower igher N level) are as
follows: 99.3+2.9, 100.9£0.9, 103.4£1.7, 105.2+#A4CK; 113.1+2.3, 109.7+2.0, 114.1+1.6,
116.7£1.7 for A10. One asterisk and two asterisks/a the bars indicate significant difference
between A10 and CK using Studertt®est at P < 0.05, and 0.01, respectively.
CO; assimilation and dark respiration

In response to decreasing N supply, net @ssimilation of both A10 and CK decreased
(Fig. 3-2a). At the two highest N supply levels,difference was found in net G@ssimilation
between A10 and CK; at the two lowest N supply leveowever, the net Gssimilation of
A10 was significantly higher than that of CK (51%trer at the lowest N supply).

Dark respiration rates of A10 leaves were signiftbahigher than those of CK leaves
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under the two highest N treatments whereas nordiifee was found at the two lowest N

treatments (Fig. 3-2b).

Chlorophylls

Chla and Chlb decreased in both A10 and CK as [lguecreased. No difference was
detected in either Chla or Chlb between A10 andaCte two highest N supply levels.
However, at the two lowest N supply levels, bothaGind Chl b of A10 leaves were

significantly higher than those of CK leaves (Re2c, d).
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Figure 3-2. CO; assimilation (a), dark respiration (b) and cordesftchlorophylls (c and d) in
leaves of CK and A10 in response to N supply. Eaaiht is mean of five replicates with
standard error. CK: Untransformed control; A10: i8abse line. One asterisk and two asterisks
above the bars indicate significant difference leetvA10 and CK using Student:dest at P <
0.05, and 0.01, respectively.
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Key photosynthetic enzymes

Activities of rubisco, GAPDH, stromal FBPase andkHR both A10 and CK all decreased
as N supply decreased. No significant difference #letected in rubisco activity between A10
and CK at the two highest N treatments. Howevedeuthe two lowest N treatments, the
activity of rubisco in A10 was significantly hight#ran that of CK (Fig. 3-3a). The activities of
GAPDH, stromal FBPase and PRK in A10 were all sigantly higher than those in CK leaves
except that no significant difference in PRK adtiwwas found between A10 and CK under the

highest N treatment (Fig. 3-3b, c, d).
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Figure 3-3. Activities of ribulose-1,5-bisphosphate carboxglaxygenase (rubisco, a), NADP-
glyceraldehyde-3-phosphate dehydrogenase (GAPDHtro)mal fructose- 1,6-bisphosphate
phosphatase (FBPase, c), and ribulose-5-phospimateck(PRK, d) in leaves of CK and A10 in
response to N supply. Each point is mean of fipdicates with standard error. CK:
Untransformed control; A10: Antisense line. Oneeask and two asterisks above the bars
indicate significant difference between A10 and @nhg Student’s- test at P < 0.05, and 0.01,
respectively.
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Metabolite levels
Starch, soluble sugar s and sugar alcohols

In response to decreasing N supply, contents offst&uctose and maltose increased in
both A10 and CK leaves (Fig. 3-4a, d, h); contehtsorbitol, sucrose, and myo-inositol
decreased (Fig. 3-4b, c, g); contents of glucoskegaihactose did not change much (Fig. 3-4e, f).
At each given N supply, contents of starch, sugrasd myo-inositol were significantly higher
in A10 than in CK whereas contents of sorbitolctose, glucose, and galactose were
significantly lower in A10 than in CK. Relative i3 content in CK, maltose in A10 accumulated

to levels about 10-fold higher under the two lowgdteatments (Fig. 3-4h).

Hexose phosphates and triose phosphates

Contents of G6P and F6P increased slightly in Bdth and CK as N supply decreased,
with higher contents of G6P and F6P detected in &l&ny given N supply (Fig. 3-5a, b). F1,
6BP content decreased in both A10 and CK with destng N supply, but A10 had significantly
higher F1, 6BP content than CK under the three sb\Wetreatments (Fig. 3-5¢). G3P content did
not change much in either A10 or CK in responsgettreasing N supply, but A10 had
significantly higher G3P content under the two IstMd treatments (Fig. 3-5d). The content of
DHAP in A10 and CK decreased as N supply decreasi#iu no significant difference found

between A10 and CK at any given N supply (Fig. 3-5e
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Figure 3-4. Contents of starch (a), sorbitol (b), sucroseftagtose (d), glucose (e), galactose (f),
myo-inositol (g), and maltose (h) in leaves of GiKlaA10 in response to N supply. Each point is
mean of five replicates with standard error. CKtldnsformed control; A10: Antisense line.

One asterisk and two asterisks above the barsatad#ignificant difference between A10 and
CK using Student’'s- test at P < 0.05, and 0.01, respectively.
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Figure 3-5. Contents of glucose-6-phosphate (G6P, a), fruddegkosphate (F6P, b), fructose-
1,6-bisphosphate (F1,6BP, c), glyceraldhyde-3-phatgp(G3P, d), and dihydroxyacetone
phosphate (DHAP, e) in leaves of CK and A10 in oese to N supply. Each point is mean of
five replicates with standard error. CK: Untransfied control; A10: Antisense line. One asterisk
and two asterisks above the bars indicate sigmifiddéference between A10 and CK using

Student's- test at P < 0.05, and 0.01, respectively.
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Organic acids

At the highest N treatment, A10 had significantdwer 3-PGA content than CK; 3-PGA
content decreased slightly in both A10 and CK wiglereasing N supply; at the lowest N
treatment, A10 had significantly higher contenB8d?GA than CK (Fig. 3-6a). PEP content in
both A10 and CK did not change much as N supplyessed, but A10 had significantly higher
PEP content than CK at the lowest N treatment @igb). Pyruvate content in both A10 and
CK decreased with decreasing N supply; howevercomeent in A10 was consistently higher
than that of CK at any given N supply (Fig. 3-80AA content increased slightly in both A10
and CK with decreasing N supply, but A10 had sigatiitly higher OAA contents under the two
highest N treatments (Fig. 3-6d). Malate contertelesed in both A10 and CK with decreasing
N supply, but A10 had consistently lower malateteats than CK over the entire range of N
supply (Fig. 3-6e). Under the three highest N tresits, citrate content in A10 was consistently
higher than that of CK whereas it was lower in At@he lowest N treatment, (Fig. 3-6f). As N
supply decreased, isocitrate content in both AXD@IK decreased, with no difference detected
between A10 and CK at any given N supply (Fig. 3-@gresponse to decreasing N supply, 2-
OG content did not change in A10, but increase@Kn A10 had significantly lower 2-OG than
CK over the entire range of N supply, especiallgenthe two lowest N supply levels (Fig. 3-
6h). Succinate content in both A10 and CK did ri@rnge much in response to decreasing N
supply, with higher content detected in A10 onlglenthe highest N treatment (Fig. 3-6i). As N
supply decreased, fumarate content decreasedhndd@ and CK, with A10 having slightly
higher content only at the lowest N supply (FigjB-Shikimate content in both A10 and CK
decreased in response to decreasing N supply Adihhaving higher contents at the two
highest N treatments (Fig. 3-6k). Glycerate contitreased in both A10 and CK as N supply

decreased, with higher contents detected in CKuthaéetwo highest N treatments (Fig. 3-6l).
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Figure 3-6. Contents of 3-phosphoglycerate (3-PGA, a), phospbipyruvate (PEP, b),
pyruvate (c), oxaloacetate (OAA, d), malate (ayate (f), isocitrate (g), 2-oxoglutarate (2-OG,
h), succinate (i), fumarate (j), shikimate (k), ajigcerate (l) in leaves of CK and A10 in
response to N supply. Each point is mean of fiypdicates with standard error. CK:
Untransformed control; A10: Antisense line. Onesask and two asterisks above the bars
indicate significant difference between A10 and @nhg Student’s- test at P < 0.05, and 0.01,
respectively.
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Amino acids

Contents of six out of seven amino acids in the f@ily decreased in response to
decreasing N supply (Fig. 3-7). Contents of Glw, Arg, and GABA were consistently higher
in A10 than in CK over the entire range of N supig. 3-7a, c, d, e). The content of GIn in
A10 was significantly higher than that of CK onlyder the highest N treatment (Fig. 3-7b). No
difference was found in Orn between A10 and CKngtgiven N supply (Fig. 3-7f). His content
in A10 was consistently lower than that of CK otlez entire range of N treatments (Fig. 3-79).

Contents of all six amino acids in Asp family dexsed in response to decreasing N supply
(Fig. 3-8). Asp content was significantly higherAaO than in CK over the entire range of N
treatments (Fig. 3-8a). No difference was detertessn content between A10 and CK at any
given N supply (Fig. 3-8b). Content of Thr was #iigantly higher in A10 under the two lowest
N treatments (Fig. 3-8c). Contents of Lys and lerevhigher in A10 only under the lowest N
treatment (Fig. 3-8d, f). No difference was foundet content between A10 and CK at any
given N supply (Fig. 3-8e).

Contents Ala, Val, and Leu all decreased in respoosiecreasing N supply (Fig. 3-9a, b,
c). Contents of Ala and Leu did not show significdifferences between A10 and CK at any
given N supply; Val content in A10 was lower thaattof CK at the highest N treatment, but
was higher than that of CK at the lowest N treatm€ontents of Ser and Gly both decreased as
N supply decreased; A10 had significantly higherteats of Ser than CK across the entire range
of N treatments whereas Gly content showed noréifiee between A10 and CK (Fig. 3-9d, e).
Tyr contents in both A10 and CK decreased as Nlgu#grreased, with A10 having
significantly higher content only at the seconddstN treatment (Fig. 3-9f). Phe content in
both A10 and CK decreased with decreasing N sujppltyA10 had significantly higher content

of Phe than CK under the two highest N treatmdfits 3-99).
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Figure 3-7. Contents of glutamate (Glu, a), glutamine (Gln,dopline (Pro, c), Arginine (Arg,
d), y-aminobutyric acid (GABA, e), ornithine (Orn, fnéhistidine (His, g) in leaves of CK and
A10 in response to N supply. Each point is meafivefreplicates with standard error. CK:
Untransformed control; A10: Antisense line. Oneeask and two asterisks above the bars
indicate significant difference between A10 and @nhg Student’s- test at P < 0.05, and 0.01,

respectively.

106



180 | a ...0... CK b | 120
—o-- AL0 4
£ 3 77 €
I s -/ c
n 60} * / ...... . 140 o
= , g <
0 Ie'— 1 1 1 1 1 1 1 0
c d
. r i g
E //I /‘/[ E
2 30f /o 7 112 2
E s A E
= / P o
- 25+ / .\r 16 o
*k k%
o=
0 I.”” 1 1 1 1 1 1 1 0
e
=~ Al A
E ////... -3 .;';/ R=
=y 8 i /i’ --------- / N 6 o
= o * -~ -
% 4 i {..'_'f E\\r/ -1 3 g
0.0 1 1 1 1 1 1 1 1 O
0 5 10 15 0 5 10 15

N treatment (mM)

Figure 3-8. Contents of asparate (Asp, a), asparagine (Asthigonine (Thr, c), lysine (Lys, d),
methionine (Met, e), and isoleucine (lle, f) invea of CK and A10 in response to N supply.
Each point is mean of five replicates with standardr. CK: Untransformed control; A10:
Antisense line. One asterisk and two asterisks altos bars indicate significant difference
between A10 and CK using Studertt'sest at P < 0.05, and 0.01, respectively.
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Figure 3-9. Contents of alanine (Ala, a), valine (Val, b), lme(Leu, c), serine (Ser, d), glycine
(Gly, e), tyrosine (Tyr, f), and phenylalanine (Pggin leaves of CK and A10 in response to N
supply. Each point is mean of five replicates vgitéindard error. CK: Untransformed control;
A10: Antisense line. One asterisk and two asterdl®/e the bars indicate significant difference
between A10 and CK using Studertt'sest at P < 0.05, and 0.01, respectively.
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Key enzymesin car bon metabolism
Enzymesin star ch, sorbitol and sucr ose metabolism

In response to decreasing N supply, the activiifdsur key enzymes for sucrose, sorbitol,
and starch synthesis, cytosolic FBPase, A6PR, &RBEAGPase all decreased (Fig. 3-10a, b, c,
d). A10 had consistently higher activity of cytdsdtBPase than CK over the entire range of N
supply (Fig. 3-10a). Compared with CK, the actiofyA6PR in A10 decreased to a much less
extent and was consistently lower across the ergirge of N supply (Fig. 3-10b). Under the
three lowest N treatments, SPS activity in A10 sigsificantly higher than that of CK (61%
higher at the lowest N supply) (Fig. 3-10c). Untlex two highest N treatments, no difference in
AGPase activity was detected between A10 and CKubder the two lowest N treatments,
AGPase activity in A10 was significantly higher ththat of CK (On average 71% higher; Fig.
3-10d). The activities of two key enzymes involwedtarch degradatiofi;amylase and DPEZ2,
decreased in both A10 and CK as N supply decre&imgever, both enzyme activities were

significantly higher in A10 than in CK at any givhsupply (Fig. 3-10e, f).
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Figure 3-10. Activities of cytosolic fructose-1,6-bisphospha&dsytosolic FBPase, a), aldolase-
6-phosphate reductase (A6PR, b), sucrose-6-phaspiiathase (SPS, c), ADP-glucose
pyrophosphorylase (AGPase, fJamylase (e), and glycosyl transferase (DPE2, lgaves of

CK and A10 in response to N supply. Each pointéamof five replicates with standard error.
CK: Untransformed control; A10: Antisense line. Casterisk and two asterisks above the bars
indicate significant difference between A10 and @#hg Student’s- test at P < 0.05, and 0.01,
respectively.
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Enzymesin glycolysis

The activities of ten key enzymes involved in glysts all decreased in both A10 and CK
as N supply decreased (Fig. 3-11; Fig. 3-12a, bg. dctivities of aldolase, TPI, NAD-G3PDH,
NADP-G3PDH, PGI, and PK in A10 were consistentlgti@r than those of CK across the entire
range of N treatments (Fig. 3-11c, d, e, f, h; Bid.2a). A10 had significantly higher activity of
ATP-PFK only under the highest N treatment (Fid.13) and significantly higher activity of
HK only under the two lowest N treatments (Fig.13L No difference in the activity of PPi-

PFK or PEPP was detected between A10 and CK agjiaay N supply (Fig. 3-11b; Fig. 3-12b).

Enzymesin anaplerotic pathway

The activities of PEPC, NAD-MDH, NAD-ME and NADP-M#l decreased in both A10
and CK as N supply decreased (Fig. 3-12c, d, HEPC activity in A10 was significantly
higher than that of CK across the entire range stipply (Fig. 3-12c). A10 also had
significantly higher activities of NAD-MDH under ¢ithree lowest N treatments (Fig. 3-12d).
NAD-ME activity in A10 was significantly higher thahat of CK under both the highest and the
lowest N treatments (Fig. 3-12e) whereas NADP-Méwstd no difference between A10 and

CK at any given N supply (Fig. 3-12f).

Key enzymes in oxidative pentose phosphate pathway

The activity of GGPDH decreased in both A10 andaSKN supply decreased, but GGPDH
activity in A10 decreased to a lesser extent anslsignificantly higher than that of CK under
the two lowest N treatments (On average 38% higkigr;3-129). The activity of 6PGDH also
decreased in both A10 and CK as N supply decreasged10 had significantly higher activity

than CK across the entire range of N supply (F#2B).
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Figure 3-11. Activities of ATP-phosphofructokinase (ATP-PFK, BRi- phosphofructokinase
(PPi-PFK, b), aldolase (c), triose phosphate isase(TPI, d), NAD-glyreraldehyde-3-
phosphate dehydrogenase (NAD-G3PDH, e), NADP- gijdehyde-3-phosphate
dehydrogenase (NADP-G3PDH, f), hexokinase (HKagyd phosphoglucose isomerase (PGl, h)
in leaves of CK and A10 in response to N supplehHaoint is mean of five replicates with
standard error. CK: Untransformed control; A10: i8anse line. One asterisk and two asterisks
above the bars indicate significant difference leetvA10 and CK using Student:gest at P <
0.05, and 0.01, respectively.
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Figure 3-12. Activities of pyruvate kinase (PK, a), PEP phospka (PEPP, b), PEP carboxylase
(PEPC, c), NAD-malate dehydrogenase (NAD-MDH, d\DNmalic enyzme (NAD-ME, e),
NADP-malic enzyme (NADP-ME, f), glucose-6-phospha@édydrogenase (G6PDH, g), and 6-
phosphogluconate dehydrogenase (6PGDH, h) in lezvé& and A10 in response to N supply.
Each point is mean of five replicates with standardr. CK: Untransformed control; A10:
Antisense line. One asterisk and two asterisks elto bars indicate significant difference
between A10 and CK using Studertt'sest at P < 0.05, and 0.01, respectively.
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Enzymesin TCA cycle

The activities of six enzymes in TCA cycle all dessed in both A10 and CK as N supply
decreased (Fig. 3-13). The activity of citrate base of A10 decreased to a lesser extent than
that of CK, with significantly higher activity deteed at the three lowest N treatments (Fig. 3-
13a). The activity of aconitase in A10 was sigmifidy higher than that of CK under the two
highest N treatments (Fig. 3-13b). NADP-ICDH adyivih A10 was higher than that of CK only
under the lowest N treatment and NAD-ICDH actiwityA10 was significantly higher than that
of CK under the two lowest N treatments (Fig. 3;18c The activity of succinate
dehydrogenase in A10 was lower than that of CK utftetwo highest N treatments, but was
significantly higher under the lowest N treatmédfig( 3-13e). No significant difference was

found in fumarase activity between A10 and CK (Big.3f).
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Figure 3-13. Activities of citrate synthase (a), aconitase )DP-isocitrate dehydrogenase
(NADP-ICDH, c), NAD-isocitrate dehydrogenase (NADBH, d), succinate dehydrogenase (e),
and fumarase (f) in leaves of CK and A10 in respdosN supply. Each point is mean of five
replicates with standard error. CK: Untransformedtml; A10: Antisense line. One asterisk and
two asterisks above the bars indicate significéiféreénce between A10 and CK using Student’s
t- test at P < 0.05, and 0.01, respectively.
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Enzymesin N metabolism
Key enzymein N assimilation

No difference in NR activity was found between Adii CK at the highest N supply; NR
activity decreased dramatically in CK as N suppgreased to below 7.5 mM, but in A10, NR
activity showed a much lesser decrease, with sagmifly higher activity detected in A10 than in

CK at the two lowest N treatments (on average 78%bdn activity; Fig. 3-14).
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Figure 3-14. Activity of nitrate reductase (NR) in leaves of @Kd A10 in response to N supply.
Each point is mean of five replicates with standardr. CK: Untransformed control; A10:
Antisense line. One asterisk and two asterisks aliwe bars indicate significant difference
between A10 and CK using Studertt'sest at P < 0.05, and 0.01, respectively.

Enzymesin amino acid biosynthesis

The activities of eight enzymes involved in amirmadaiosynthesis except GDH in A10 all
decreased as N supply decreased (Fig. 3-15). Tivityaof GS in A10 was significantly higher
than that of CK across the entire range of N treats(Fig. 3-15a). The activity of Fd-GOGAT
in A10 was significantly higher than that of CK @ndhe highest and the two lowest N
treatments (Fig. 3-15b). AS activity was signifitgrower in A10 than in CK under the three
highest N treatments, but it was significantly léghnder the lowest N treatment (Fig. 3-15c).
Asp-AT activity was significantly higher in A10 gnunder the two lowest N treatments (Fig. 3-
15d). The activities of GPT and asparaginase in Wéfe significantly higher only under the

lowest N treatment (Fig. 3-15e, h). GDH activityAtO was significantly lower than that of CK
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across the entire range of N treatments (Fig. 3-@@titaminase activity in A10 was

significantly higher than that of CK under both tiighest and the lowest N treatments (Fig. 3-

159).
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Figure 3-15. Activities of glutamine synthetase (GS, a), Fdtgoate synthase (Fd-GOGAT, b),
asparagine synthetase (AS, c), aspartate amintgrass (Asp-AT, d), glutamate pyruvate
transaminase (GPT, e), glutamate dehydrogenase (§Ddlutaminase (g), and asparaginase (h)
in leaves of CK and A10 in response to N supplehHaoint is mean of five replicates with
standard error. CK: Untransformed control; A10: i8anse line. One asterisk and two asterisks
above the bars indicate significant difference leetvA10 and CK using Student:gest at P <
0.05, and 0.01, respectively.
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Maltose level in response to sucrose and G6P feeding

At 24 hr, no difference in maltose content was tbbrtween water or 3 mM G6P-fed
leaves and Jcontrol leaves; however, leaves fed with 50 mMrase or 50 mM sucrose plus 3
mM G6P accumulated significantly higher contenmaiitose (127% and 75% higher,
respectively). At 48 hr, leaves fed with sucroséP@r sucrose plus G6P all had significantly

higher content of maltose than water -fed leavé¥ater-fed leaves also had significantly higher

maltose content at 48 hr thap dontrol leaves.
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Figure 3-16. Content of maltose in detached 0.5mM N treated € és fed with water, 50mM
sucrose, 3mM G6P or 50mM sucrose plus 3 mM G6R4dir and 48 hr. TO: CK leaves whitout
any feeding treatment as the control; T24-W, T24-8l-G, and T24-SG: CK leaves fed with
water, 50mM sucrose, 3mM G6P or 50mM sucrose phsl E6P for 24 hr; T48-W, T48-S,
T48-G, and T48-SG: CK leaves fed with water, 50 siMrose, 3 mM G6P or 50 mM sucrose
plus 3mM G6P for 48 hr. Each bar represents medinefeplicates with standard error.
Different letters above the bars indicate signiftcdifference using Duncan’s multiple range test

at P <0.05.
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Discussion
I. Carbon metabolism isaltered in transgenic plantsto gener ate mor e substrates for
ammonium assimilation under N deficiency

Data about soluble protein and total amino acidemas (Fig. 3-1b, c) clearly show that,
more amino acids in A10 are utilized to synthepieins under N deficiency. First, the
consistently higher level of hexose phosphates @-fg, b) in A10 than in CK across the entire
range of N supply indicates that the “top-down’d&eward regulation of carbon metabolism
operates under N deficiency as well as under Netiggl. Under replete N, the accumulation of
hexose phosphates in A10 appears to be entireBedauy inhibition of AGPR activity because
no difference in HK activity was detected betweer0/Aand CK. However, under N deficiency,
HK may have also contributed to the accumulatiohexfose phosphates in A10 because HK
activity was significantly higher in A10 than in Qlader low N supply (Fig. 3-119). In fact, of
all the enzymes in glycolysis, HK is the only enzythat showed a preferential increase in A10
relative to CK under low N supply. In addition te catalytic role, HK might also be involved in
sensing sugar levels to regulate carbon metabalssdiscussed extensively in recent reviews
(Rolland et al., 2006; Granot, 2008; Bolouri-Mogtanh et al., 2010). In contrast to HK, the
activity of ATP-PFK in A10 was higher than that@K only at the highest N supply. Neither
ATP-PFK nor PPi-PFK was responsible for the elava@rbon flow from hexose phosphates to
G3P in A10 because no difference in activity westedted between A10 and CK for either
enzyme under N deficiency (Fig. 3-11a, b).

Second, transgenic plants maintained a higherigctf glycolysis, TCA cycle and OPPP
under N deficiency than CK. Both higher content8-#1GA and higher activities of NAD-
G3PDH and NADP-G3PDH in A10 under N deficiency segjghat more G3P was converted to

3-PGA in A10 relative to CK under N deficiency (F816a; Fig. 3-11e, f). Higher G3P content
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(Fig. 3-5d) along with a possibly higher requireftnien NADPH is consistent with this up-
regulation of G3PDH. It is known that NADP-G3PDHyé a role in generating NADPH for
sugar alcohol synthesis and facilitating the transf reducing equivalents from chloroplasts to
the cytosol (Loescher and Everard, 2000). NADP-G3RIBo allows the bypass of the ATP-
consuming reaction catalyzed by 3-PGA kinase duzimgygy-limitation stage (Van Dongen et
al., 2011). As discussed in Chapter 2, the direntersion of G3P to 3-PGA catalyzed by
NADP-G3PDH was important for transgenic plants ibgate the Pi limitation in the cytosol.
Therefore, the up-regulation of NAD-G3PDH and NABBPDH in A10 not only supplies the
lower-end glycolysis with more 3-PGA but also gees more reductants to meet other
biosynthetic needs, such as N assimilation or lsipgghe Pi and ATP consuming step to help
A10 maintain a more efficient glycolysis. MoreovAd,0 consistently had significantly higher
pyruvate content (Fig. 3-6¢) and higher PK actitfitgn CK across the entire range of N supply
(Fig. 3-12a), which clearly indicates that A10 ntaines the activity of glycolysis under N
limitation to a larger degree than CK.

In contrast to higher contents of most intermediateglycolysis, contents of key organic
acids in TCA cycle in A10 were either lower (2-O@damalate) or remained the same (isocitrate,
succinate and fumarate) relative to CK under Naileficy (Fig. 3-6d-j). When combined with
higher activities of citrate synthase, isocitragdyblrogenase and succinate dehydrogenase in
A10 under N deficiency (Fig. 3-13a, c, d, e), tladsuggest that more TCA intermediates are
withdrawn for amino acid synthesis in A10 underdicdency. These changes in organic acids
of A10 in response to decreasing N supply are amfdr the most part to the results reported by
Tschoep et al (2009) that N limitation induced @ased contents of malate, fumurate, cirtrate,
succinate and 2-OG. They are also consistent wgftelh contents of amino acids and soluble

proteins in A10 under N deficiency (Fig. 3-1b, \Why most intermediates in glycolysis are
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maintained at higher contents whereas those in ¢{the are kept at lower contents or remained
unchanged? We think that the significant accumuhatif G6P and F6P in A10 under N
deficiency is powerful enough to maintain a higaetivity of glycolysis with the intermediates
elevated whereas, TCA cycle, as a downstream ppdasen by upstream intermediates,
operates at a higher rate with lower or the saméetts of intermediates when some of its
intermediates are withdrawn for amino acid syntheBo replenish the TCA cycle intermediates
that were withdrawn for amino acid synthesis, thapderotic pathway must be up-regulated.
This is indeed the case as higher activities of ®EBAD-MDH and NAD-ME in A10 under the
highest N treatment were maintained under loweupply (Fig. 3-12c, d, e).

It was found previously in Chapter 2 that, G6PDit¢ key regulatory enzyme in OPPP, was
up-regulated mainly at nighttime in transgenic fdao support N metabolism under N repletion.
Under the two lowest N treatments, however, G6PDiivigy in A10 during daytime was on
average 38% higher than that of CK, indicatingupeegulation of the OPPP in A10 under N
deficiency (Fig. 3-12g). This is not inconsistenthaprevious work showing that the enzymes of
the OPPP pathway is up-regulated in responsera@iaddition in Arabidopsis (Scheible et al.,
2004) and other plants (Crawford, 1995) becausmih cases more amino acids and proteins
are synthesized. Since OPPP provides intermediattlADPH for nucleotides synthesis,
shikimake and aromatic amino acids synthesis,ngrfiavonoids, phenylpronoids synthesis and
other cellular activities (Kruger and Von Schaew#d0)3), a more active OPPP helps to support
the higher rates of amino acid synthesis and otiegabolic activities in A10 under N deficiency.
Hauschild and Von Schaewen (2003) reported thdenigontents of sugars (sucrose and
fructose) increased the mRNA level of cytosolic G6PFin potato leaves, leading to the elevated
G6PDH activity. The up-regulation of GGPDH in Aldder N deficiency belonged to the same

mechanism and the involvement of sugar signalinglevbe discussed in details below.
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I'1. Nitrogen metabolism is up-regulated in transgenic plantsunder N deficiency

Compared with the untransformed control, higherteots of amino acids (Fig. 3-7, 8 and 9)
and soluble proteins (Fig. 3-1b) and higher adésipf NR (Fig. 3-14) and key enzymes in
amino acid synthesis, GS, Fd-GOGAT, AS, Asp-AT @RIl (Fig. 3-15a, b, c, d, e) found in the
transgenic plants under low N supply clearly inthdidat, N metabolism is up-regulated in the
transgenic plants under nitrogen deficierBgth metabolite and enzyme activity data point to
the following scenario that eventually leads toragulation of nitrogen metabolism and
synthesis of amino acids and proteins. Sustainednaglation of hexose phosphates in A10
relative to CK under N deficiency drives the opiemrabf glycolysis, anaplerotic pathway and
TCA cycle at a higher rate as discussed above.prbides more substrates for amino acid
synthesis and subsequent protein synthesis, whidflected in higher contents of amino acids
and soluble proteins. The increased amino acicpamigin synthesis demands more Nk
transgenic plants, which directly or indirectly tggulates nitrate reduction. This explains why
the content of Nif was lower in A10 than in CK under N deficiencygF8-1d). The higher
NO3" content found in the transgenic plants (Fig. 3iddikely the result of differential up-
regulation of nitrate uptake and reduction (uptekeeeds reduction). In addition, accumulation
of hexose phosphates up-regulates OPPP to prodoreeraducing equivalents requied for
nitrate reduction as discussed above. HoweverghighW found in A10 may have also
contributed to its consistently higher total leatdhtent (Fig. 3-1a) across the entire range of N

treatments.

122



[11. The reprogrammed carbon and nitrogen metabolism in A10 under N deficiency is
related to low nitrate, high sucrose, high HK activity, and maltose accumulation

As discussed above, changes on NR activity in AldeuN deficiency was a consequence
of several factors functioning coordinately, so wasreprogrammed carbon and nitrogen
metabolism. Sugar involvement in plants’ resporiselifferent N supply has been well
established: sugar status could directly or indliyanfluence NR transcription and low sugar
resulted in NR inactivation at the post-translagidevel (Kaiser and Forster, 1989; Kaiser and
Huber, 1994, Klein et al., 2000). According to Klait al (2000), only falling below a critical
level, could low level of sucrose repress the ession of NR. Morcuende et al (1998) reported
that, the detached tobacco leaves supplied witmZ5sucrose had elevated nitrate assimilation
rate, ammonium assimilation rate, amino acid bitdsgsis, and 2-OG content. Sucrose
supplement stimulated carbon flow from glycolysiotganic acids and nitrate was also
involved in this process. However, these metahlienges brought by high sucrose or high
nitrate were not consistent with what had beendaarthe experiment described in Chapter 2
that, the higher level of hexose phosphates, mohifher level of sucrose, was responsible for
the changes in primary metabolism of transgenintplan response to the decreased sorbitol
synthesis under N repletion. In this chapter, therelased sucrose content in both CK and A10
due to the decreased N supply apparently resuitddsiinct metabolic responses in A10 most
probably because A10 had higher content of sudteseCK under N deficiency (Fig. 3-4c).
Since sorbitol content in A10 and sucrose contei@K did not change much as N supply
decreased (Fig. 3-4b, c), it had been postulai@dtiie significant decrease but consistently
higher content of sucrose in A10 might be the digneesponse to N deficiency to bring about
the metabolic changes listed above. Moreover, $B@tg in A10 under the lowest N treatment

showed the highest increase, which indicated thabse synthesis was more active in A10
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under N deficiency than what happened under N tiepléFig. 3-10c). The cytosolic FBPase
activity in A10 was on average 42.07% and 101.4%§ldr than that of CK under the highest N
and lowest N treatments, respectively (Fig. 3-10h)s higher activity of cytosolic FBPase in
A10 under N deficiency also suggests that more ywéweéd carbon was partitioned to the
cytosol supporting sucrose synthesis. A10 condigtancumulated a higher content of starch
across the entire range of N treatments and pagentise, but the extent of increase in A10
under N deficiency was even slightly smaller (RBgta). Considering that AGPase activity in
A10 was significantly higher than that of CK onlyder N deficiency (Fig. 3-10d), it was clear
that, more starch was utilized in A10 under N deficy. Of the two major products of starch
degradation, glucose content did not change mué&iihand whereas maltose content in A10
showed the biggest increase ever under N deficifffigy 3-4e, h). The content of maltose in
A10 was 58.19%, 451.74%, 1165.20%, and 950.95%ehigfan that of CK under four N
treatments from higher to lower N, respectivelye iigher activities of botp-amylase and
DPEZ2 in A10 suggest that, in response to decredsisigpply, less maltose was converted to
glucose in the cytosol than generated by starchadegon in the chloroplast in A10 under N
deficiency (Fig. 3-10e, f). This explains why makoaccumulated to such a high level in A10.
Maltose accumulation has been suggested to plale @&rsome stress tolerance mechanism.
Kaplan and Guy (2005) reported that, a starch-dégr@mmaltose accumulation plus a maltose-
dependent increase in glucose, fructose and suprigge function in protecting the
photosynthetic electron transport chain under frepgtress. As discussed above, HK activity
was also significantly higher in A10 than in CK @ndN deficiency (Fig. 3-119). Therefore, the
response of A10 to N deficiency is the result afrdinated consequence regulated by sucrose,
HK and maltose signals plus low nitrate. Additidpaas discussed in Chapter 2, when some

upstream substrates of the respiratory pathwags, @81 G6P and F6P, accumulate to a critically
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high level, the regular ‘bottom-up’ feedback intidx could be released by the ‘top-down’
feedforward up-regulation. Since the levels ofatér sucrose, hexsoe phosphates, and maltose
changed simultaneously, it is difficult to pinpowmhich signal plays a more important role.
However, the data from sucrose feeding experimemontrol leaves with low N mimicked the
response of transgenic plants under N deficiendgnms of maltose accumulation (FIG. 3-16).
So, it's likely that the higher sucrose level presa the transgenic leaves has made them more

responsive to nitrogen deficiency to generate ntugher levels of maltose.

V. Transgenic plants have higher photosynthesisunder N deficiency asaresult of up-
regulation of nitrogen metabolism

Compared with CK, A10 had significantly higher cemis of chlorophylls and higher
activities of rubisco, GAPDH, stromal FBPase, aRKRinder N deficiency, thereby
maintaining higher photosynthesis (Fig. 3-2a, &id; 3-3). The relatively higher
photosynthesis per unit leaf area in A10 under fit@mcy indicates that the transgenic plants
are more tolerant of N deficiency. Because N deficy lowers leaf photosynthetic capacity by
reducing the synthesis of proteins (Sugiharto.ett800; Scheible et al., 2004), a slow decrease
of photosynthetic rate in response N deficienctherecently released maize hybrids has been
taken as a sign of tolerance to N deficiency (Dahgl., 2005). So, the fact that transgenic plants
had less reduction in the activity of most enzymgshotosynthesis relative to the control under
N deficiency can only be explained by up-regulattbmitrogen metabolism in the transgenic
plants. In other words, a more active nitrogen @amtbon metabolism in the transgenic plants
under N deficiency has enabled them to synthesizieips or enzymes at a higher level than the
control plants, thereby rendering them more toleoamitrogen deficiency. These findings are

consistent with the conclusions made by Foyer.€Rall1) that, improving the flexibility of
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respiratory pathways can generate a more poweriftihg force for N metabolism and enhanced

NUE.

Conclusions

Under N repletion, glycolysis, TCA cycle and N nieihsm is up-regulated in the
transgenic plants because of the accumulationxafdeephosphates and the resulting Pi
limitation. The elevated levels of both organicdagietabolism and nitrogen metabolism are
maintained or even enhanced in the transgenicplamder N deficiency. This enables the
transgenic plants to synthesize more proteins feesy, thereby maintaining a higher
photosynthesis per unit leaf area relative to thteamsformed control plants under N deficiency.
As a result of having a more active organic acid mitrogen metabolism, the transgenic plants

are more tolerant of N deficiency.
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