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The role of pyrophosphate in primary metabolism is poorly understood. Here, we report on the transient down-regulation of
plastid-targeted soluble inorganic pyrophosphatase in Nicotiana benthamiana source leaves. Physiological and metabolic
perturbations were particularly evident in chloroplastic central metabolism, which is reliant on fast and efficient pyrophos-
phate dissipation. Plants lacking plastidial soluble inorganic pyrophosphatase (psPPase) were characterized by increased
pyrophosphate levels, decreased starch content, and alterations in chlorophyll and carotenoid biosynthesis, while constituents
like amino acids (except for histidine, serine, and tryptophan) and soluble sugars and organic acids (except for malate and
citrate) remained invariable from the control. Furthermore, translation of Rubisco was significantly affected, as observed for
the amounts of the respective subunits as well as total soluble protein content. These changes were concurrent with the fact that
plants with reduced psPPase were unable to assimilate carbon to the same extent as the controls. Furthermore, plants with
lowered psPPase exposed to mild drought stress showed a moderate wilting phenotype and reduced vitality, which could be
correlated to reduced abscisic acid levels limiting stomatal closure. Taken together, the results suggest that plastidial

pyrophosphate dissipation through psPPase is indispensable for vital plant processes.

Pyrophosphate (PP,) is a key metabolite generated
in the activation of several polymerization steps
(Geigenberger et al., 1998; Stitt, 1998; Rojas-Beltran
et al., 1999; Farré et al., 2001; Sonnewald, 2001; Lopez-
Marqués et al., 2004), and its removal is essential
to prevent the inhibition of thermodynamically unfa-
vorable reactions (Geigenberger et al., 1998; Lopez-
Marqués et al., 2004). PP, is generally removed by
inorganic pyrophosphatases, which hydrolyze PP; to
orthophosphate (P;). Pyrophosphatases are ubiquitous
in plant cells and found both as soluble forms in the
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cytosol and plastid and as membrane-bound forms on
the tonoplast (Rea and Poole, 1993; Baltscheffsky et al.,
1999; Maeshima, 2000), mitochondria (Vianello and
Macri, 1999), and chloroplast (Jiang et al., 1997). In
Arabidopsis (Arabidopsis thaliana), six soluble pyro-
phosphatase (sPPase) isoforms have been identified to
date (Schulze et al., 2004). Five (AtPPal, -2, -3, -4, and
-5) are far more similar to each other than to AtPPa6
(Schulze et al.,, 2004) and have been shown to be
localized to the cytosol using GFP fusions (Ergen,
2006). In potato (Solanum tuberosum), two sPPase
genes, StPPal and StPPa2, which are similar to AtPPal,
have also been identified and demonstrated to be
present in the cytosol using immunogold labeling
(Rojas-Beltran et al.,, 1999). In addition to sPPases,
several other cytosolic enzymes can remove PP,, in-
cluding the soluble enzymes pyrophosphate:Fru 6-P
phosphotransferase and UDP-Glc pyrophosphorylase.
Due to a lack of adverse phenotypic alterations found
when altering the expression of these enzymes in au-
totrophic sink metabolism, a considerable degree of
redundancy in cytosolic PP; catabolism has been pro-
posed (Hajirezaei et al., 1994; Paul et al., 1995).
Heterologous studies aimed at elucidating the bio-
logical role of PP, in plants demonstrated to date that
cytosolically expressed Escherichia coli sPPase leads to
major effects on carbohydrate partitioning between
Suc and starch (Sonnewald, 1992; Geigenberger et al.,
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1998; Farré et al., 2000; Lee et al., 2005). In contrast,
tuber-specific plastid-targeted E. coli sPPase led to
only minor changes in metabolite levels (Farré et al.,
2006). In light of the fact that the majority of sPPase
activity resides in the plastid (Gross and ap Rees, 1986;
Weiner et al., 1987, Gémez-Garcia et al., 2006) and,
therefore, relatively low PP, levels are maintained (5%—
15% of the total cellular PP; content is in the plastid
compared with approximately 70% in the cytosol;
Weiner et al., 1987; Farré et al., 2006), the most likely
explanation is that basal plastidial soluble inorganic
pyrophosphatase (psPPase) activity tightly governs
and efficiently hydrolyzes plastidial PP;. In Arabidop-
sis, a single isoform, AtPPa6, with an N-terminal
plastid transit peptide extension has been identified
(Schulze et al., 2004). Subsequent import (Schulze
et al., 2004) and GFP localization studies (Ergen,
2006) have confirmed its subcellular localization. Plas-
tidial PP; generation occurs during several metabolic
pathways within the chloroplast, for example, chloro-
phyll, starch, nucleic acid, carotenoid/xanthophyll
(Supplemental Fig. S1), and fatty acid and amino
acid biosynthesis, and it is hypothesized that these
pathways could be severely inhibited if PP; is not
effectively removed.

Recent studies on key processes in primary metab-
olism have demonstrated that much still has to be
learned about its regulation (Crevillén et al., 2003;
Kulma et al., 2004; Kolbe et al., 2005; Sparla et al., 2005;
Lunn et al., 2006; Marri et al., 2009; Petreikov et al.,
2010), and understanding the influence of PP; would
expand our knowledge further. Here, we demonstrate
that a transient repression of the native psPPase gene
using virus-induced gene silencing (VIGS) led to in-
creased PP, levels associated with altered starch, chlo-
rophyll, carotenoid, malate, and His contents as well
as affected photosynthesis in Nicotiana benthamiana
leaves. Interestingly, events associated with a defi-
ciency in translation of Rubisco were also evident.
Furthermore, reduced psPPase led to plants that were
less able to cope with drought stress due to an inability
to synthesize sufficient abscisic acid (ABA), which
leads to an inefficiency to promote stomatal closure.
The results presented here suggest that psPPase is
essential for the removal of PP, which plays a central
role in basic cellular function and maintenance, with
little or no metabolic compensation by other plastidial
PP;-removal mechanisms, demonstrating the impor-
tance of this enzyme for maintaining plastidial PP,
concentrations at low steady-state levels.

RESULTS

VIGS Repression of psPPase Activity in
N. benthamiana Leaves

Sequence analysis of the DNA sequence of At5g09650
(AtPPab) revealed high similarity (75.5%) of the to-
mato (Solanum lycopersicum) EST clone cLET20N17
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(GenBank accession no. AW(092511.1) to the AtPPa6
cDNA sequence (Schulze et al., 2004), sharing only
between 25.4% and 28.1% identity to the cytosol-
targeted AtPPal to AtPPa5 sequences (Supplemental
Fig. 52), thus strongly suggesting that the tomato EST
encodes a psPPase. This cDNA was used to produce
a vector that is able to induce VIGS of the sPPase
encoded by it through ligation of the fragment into the
multiple cloning site of the deconstructed TRV2 vector
(Liu et al., 2002b). Subsequent coinfiltration with TRV1
and TRV2 (empty or containing the cLET20N17 frag-
ment) into N. benthamiana seedlings resulted in re-
duced total in-gel sPPase activity (Fig. 1A) and an
approximate 90% reduction in total sPPase maximal
catalytic activity when compared with the TRV2
empty vector controls (Fig. 1C). In order to examine
whether the repression was specific to the plastidial
isoform, fractions enriched in chloroplast marker en-
zymes (Supplemental Table S1) were also subjected to
an in-gel assay for sPPase activity. A band correspond-
ing to those of the plastidial fraction was significantly
reduced in total protein extracts of psPPase-silenced
plants (Fig. 1A; Supplemental Fig. S3A). Similarly,
immunoblotting using antibodies specifically recog-
nizing the cytosolic isoforms (Rojas-Beltran et al., 1999)
was performed (Fig. 1B) and showed a band of ap-
proximately 30 kD that was similar in intensity of
extracts from both TRV2 control and psPPase-silenced
N. benthamiana plants, demonstrating that the VIGS
inhibition was specific to psPPase. Lastly, total PP,
content from leaves of psPPase-silenced and TRV2
control plants was measured and indicated a 3-fold
increase in cellular PP, in the silenced plants compared
with the controls (Fig. 1D).

Effects of Reduced psPPase Activity on Photosynthesis
and Carbon Partitioning between Soluble Sugars
and Starch

A striking observation in the TRV2-psPPase plants
was the appearance of mottling on the source leaves
compared with the control (Fig. 2, A and B). This
suggests that pigment accumulation was significantly
affected. To further investigate this, chlorophyll, ca-
rotenoid, and xanthophyll contents were analyzed by
HPLC (Table I). This indicated that the B-carotene,
chlorophyll a (chl a), and violaxanthin contents of
psPPase-silenced plants were reduced between 30%
and 50% compared with the controls (Table I). In
contrast, chlorophyll b (chl b) and lutein remained
invariable from the control, while zeaxanthin content
was increased 3-fold in the silenced plants (Table I).

Carbon assimilation was severely impaired in the
psPPase-silenced plants (Fig. 2C). At both 380 and
1,000 umol mol ™ CO, concentrations, carbon fixation
was significantly reduced by 62% and 71%, respec-
tively, in the down-regulated psPPase leaves (Fig. 2C).
Starch amounts were also measured and showed a
significant decrease in the silenced leaves (Table II).
In order to distinguish between a decrease in starch
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Figure 1. Pyrophosphatase activity measurements and PP, levels in transiently repressed psPPase in N. benthamiana leaves. A,
In-gel assays for soluble inorganic pyrophosphatase activity of N. benthamiana plastid-enriched fraction (lane 1), crude protein
extract (lane 2), infiltrated TRV2 control (lane 3), and TRV2-psPPase-silenced plants (lane 4). B, Immunoblotting of 30 ug of crude
protein extracts for cytosolic sPPase expression in TRV2 control and psPPase-silenced plants. C, Maximal catalytic pyrophos-
phatase activity of soluble crude protein extract from TRV2 control and TRV2-psPPase-silenced leaves. D, Total cellular PP,
concentrations of TRV2 control and TRV2-psPPase-silenced leaves. FW, Fresh weight. Values are presented as means = st of five
individual plants; values with an asterisk were determined by Student’s ttest to be significantly different (P < 0.05) from the TRV2

control.

content resulting from increased PP; levels and
decreased photosynthesis rates, down-regulated
psPPase plants were dark adapted for 3 d to allow
complete degradation of starch in the leaves. Subse-
quently, the leaf discs were transferred onto Suc and
kept in the dark, and starch content was measured
6 and 24 h after supplementation. Starch levels in-
creased significantly in the TRV2 control plants, while
down-regulated psPPase plants could not synthesize
starch under these conditions (Fig. 3A). In-gel activity
assays for phosphoglucomutase showed no discern-
ible difference between silenced and control plants
(Supplemental Fig. S3C), while ADP-Glc pyrophos-
phorylase activity was increased by approximately
40% in the silenced plants (Fig. 3B). Lastly, soluble
sugars levels (Suc, Glc, and Fru) did not change in
comparison with the TRV2 control (Table II).

Effects of Reduced sPPase Activity on Protein Expression
and Metabolite Levels

In light of the fact that a reduction in sPPase led to
a significant reduction in plastidial carbon metabo-
lism, it was decided to also investigate protein and
metabolite contents following the accumulation of PP,.
Total soluble protein content expressed on an equal
leaf area basis was significantly reduced by approxi-
mately 60% in the psPPase plants compared with the
controls (Fig. 3C). Furthermore, denaturing protein
gels were evaluated for differences in protein-banding
patterns between the TRV2 control and psPPase-
silenced leaves. Interestingly, the major discernible
differences were in the accumulation of both the
nucleus- and plastid-encoded Rubisco subunits, which
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were greatly reduced in the down-regulated psPPase
plants (Fig. 3D). To determine whether the observed
effect was due to inhibition of transcription, semi-
quantitative reverse transcription (RT)-PCR expres-
sion analysis of the two subunits was performed (Fig.
3E). Relative mRNA accumulation values indicated a
30% reduction in the plastid-encoded large subunit
of Rubisco (rbcL), with no significant change in the
nucleus-encoded small subunit of Rubisco (rbcS; Fig. 3E).

Nonredundant primary metabolites identified via
gas chromatography (GC)-time of flight-mass spectrom-
etry (MS) indicated that glyceraldehyde 3-phosphate,
malate, quinate, myoinositol, Trp, His, Ser, ferulate,
coniferylalcohol, 3-caffeoyl quinate, 4-caffeoyl quinate,
5-caffeoyl quinate, and 1-pyrroline-2-carboxylate levels
significantly increased in psPPase-silenced plants com-
pared with the respective controls under well-watered
conditions. In contrast, citrate levels decreased signifi-
cantly under the same conditions (Fig. 4; for a full list,
see Supplemental Table S2). In light of the fact that an
alteration in PP; levels could lead to several secondary
effects, a linear correlation matrix between prevailing
PP; levels and the complete subset of primary metab-
olites was constructed. This indicated highly signif-
icant positive correlations between PP; levels and
ferulate, coniferylalcohol, malate, quinate, His, glycer-
aldehyde 3-phosphate, and 5-caffeoyl quinate contents
(r > 0.8), while significant negative correlations be-
tween PP, levels and chl a and B-carotene (r > —0.8)
contents were observed (Supplemental Table S3).

Due to the precedence of PP, utilization as an
alternative energy donor, adenylate and uridinylate
levels were also determined (Fig. 5). Unfortunately,
it was not possible to determine ADP-Glc levels in
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Figure 2. Phenotypical characteristics and physiological assessment of
carbon assimilation of down-regulated soluble plastidial pyrophospha-
tase activity in N. benthamiana source leaves. A and B, TRV2 control
(A) and TRV2-psPPase-silenced (B) leaves grown under prevailing
greenhouse conditions. C, Photosynthetic carbon assimilation at both
ambient (380 umol mol™"; black bars) and saturated (1,000 umol
mol~"; gray bars) intercellular CO, concentrations in TRV2 control and
TRV2-psPPase-silenced plants. Values are presented as means * st of
four individual plants; values with an asterisk were determined by
Student’s t test to be significantly different (P < 0.05) from the
respective TRV2 control.

N. benthamiana extracts, making it impossible to estab-
lish a direct link between reduced ADP-Glc synthesis
and starch accumulation. However, nucleotide levels
measured remained either unaltered or were only
slightly enhanced for ATP and UDP (Fig. 5, B and C).

Effects of PP, Metabolism on Drought Tolerance

In order to evaluate the vitality of plants with
reduced psPPase activity, a short-term, mild drought
stress was induced and phenotypically and biochemi-
cally evaluated. Treatment with 10% (w/v) polyeth-
yleneglycol-6000 (water potential (w) ~ —0.25 MPa)
resulted in an accelerated wilting phenotype in down-
regulated psPPase plants compared with the control
(Fig. 6A). Stomatal conductance measurements were
similar between the control and the down-regulated
psPPase plants under well-watered conditions (Fig.
6B); however, the transpiration rate was significantly
reduced by approximately 55% in the control and 30%
in the psPPase-silenced plants under drought-induced
conditions (Fig. 6B). PP; concentrations measured un-
der these conditions also indicated a 40% increase in
the psPPase plants compared with the TRV2 controls
(Fig. 6C). Given this observation, levels of three
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key phytohormones, namely ABA, GA,, and indole
3-acetic acid (IAA), were measured (Fig. 6, D-F). ABA
concentrations increased 3-fold in the drought-
stressed control plants, while ABA levels of stressed
psPPase plants were unaltered from the well-watered
conditions (Fig. 6D). In addition, under drought-
induced conditions, both GA; and IAA levels in-
creased 2- and 3-fold, respectively, in the psPPase
plants (Fig. 6, E and F). Other metabolic constituents,
such as soluble sugars (Glc, Fru, and Suc), measured
under drought stress were unaffected by the treatment
(Table II). On the other hand, starch levels were
decreased in psPPase-stressed plants with respect to
the stressed control (Table II). Also, the majority of
the metabolite changes that were observed for the
psPPase-silenced plants under well-watered condi-
tions were also reflected when exposing the TRV2
control to drought stress. psPPase drought-stressed
plants revealed few further changes compared with
the TRV2-stressed control (Fig. 4; Supplemental Table
S2). The exception to this was a significant increase in
2-oxoglutarate levels (Fig. 4).

DISCUSSION

Over the past 20 years, PP; metabolism has been
extensively studied in many species. In microorganisms
and invertebrates, it is known that soluble pyrophos-
phatase activity is necessary for growth and develop-
ment (Chen et al., 1990; Pérez-Castifieira et al., 2002;
Islam et al., 2005; Ko et al., 2007). Knowledge about the
role of PP, in plant metabolism, however, remains
fragmented. While several attempts have relied on ad-
dressing this by removal of PP; from a specific subcel-
lular compartment, to our knowledge, no study has
been undertaken to examine the effect of PP; accumu-
lation in a particular organelle. An Arabidopsis psPPase
isoform has been identified (Schulze et al., 2004); how-
ever, no insertion mutant in the coding sequence could
be identified in various stock centers (RIKEN, SALK,

Table I. Pigment levels of VIGS-infiltrated TRV2 control and
psPPase-silenced leaf discs grown under prevailing greenhouse
conditions

Values are presented as means = st of three individual plants, and
values in boldface were determined using Student’s t test to be
significantly different (P < 0.05) from the TRV2 control. Values are
normalized to the internal standard B-apo-caroten-8-al as described in
“Materials and Methods.”

Pigment TRV2 Control psPPase
response g~ fresh wt
B-Carotene 29.7 £ 0.8 209 = 2.0
Chl a 504.4 £ 53 377.9 = 30.9
Chl b 134.8 = 1.8 129.4 = 12.9
Lutein 20.4 £ 0.3 174 £2.3
Neoxanthin 23 *+02 2.6 = 0.1
Violaxanthin 6.2 = 1.0 3.2%1.1
Zeaxanthin 3.6 = 0.0 109 = 1.5

Plant Physiol. Vol. 154, 2010
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Table II. Effect of down-regulation of psPPase activity on soluble sugar and starch levels of
N. benthamiana leaves of TRV2 control and TRV2-psPPase-silenced plants under well-watered

and drought-induced conditions

Values are presented as means = st of five individual plants, and values determined to be significantly
different (P < 0.05) from the respective TRV2 control using Student’s t test are shown in boldface.

) TRV2 sPPase TRV2 Drought sPPase Drought
Metabolite Watered \E)Vatered Stressedg b Stressed i
umol g’ fresh wt
Starch 55*1.0 3.0 £ 0.1 75 *1.0 3.0x1.0
Glc 0.4 = 0.1 0.5 = 0.1 0.6 = 0.2 0.4 = 0.1
Fru 0.8 = 0.1 1.1 £ 0.2 1.1 = 0.1 0.7 = 0.1
Suc 0.9 = 0.1 0.8 = 0.1 0.9 = 0.1 0.8 = 0.1

SAIL, GABI-KAT). Because of this, we decided to use
VIGS to study the biological role of psPPase in the
established N. benthamiana posttranscriptional gene-
silencing system (Liu et al., 2002b).

Successful silencing of the target protein was con-
firmed by a 90% decrease in total soluble pyrophos-
phatase activity, with no discernible effect on cytosolic

sPPase protein expression (Fig. 1, A-C). In addition,
PP, levels increased 3-fold (Fig. 1D). Taken together,
this demonstrates that a transient repression of the
plastidial isoform led to a significant alteration in PP,
catabolism in N. benthamiana chloroplasts. While PP,
accumulation would be expected to significantly per-
turb pathways generating PP; (Supplemental Fig. S1),
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Figure 3. Alterations in starch, protein, and Rubisco transcript levels in down-regulated soluble plastidial pyrophosphatase
activity in N. benthamiana leaves. A, Change in starch content of dark-adapted leaf discs from TRV2 control and silenced plants
after 6 h (black bars) and 24 h (gray bar) of incubation on 1.5% (w/v) Suc. B, Maximal catalytic activity of ADP-Glc
pyrophosphorylase (AGPase) from TRV2 control and TRV2-psPPase leaf protein extracts expressed in relation to fresh weight
(black bars) and total soluble protein (gray bars). FW, Fresh weight. C, Total soluble protein content of leaf discs of TRV2 control
and silenced plants. D, Soluble protein amounts of control and psPPase-silenced 64-mm? leaf discs, extracted in equal volumes
of buffer and 60 L of supernatant separated on either 10% (w/v; left) or 12% (w/v; right) SDS-PAGE, and stained with Coomassie
Brilliant Blue. Molecular mass markers are indicated on the left of each gel. The large (rbcL) and small (rbcS) subunits of Rubisco
are indicated by arrows. E, Relative mRNA accumulation of rbcS (black bars) and rbcl (gray bars) subunits in TRV2 and TRV2-
psPPase leaves determined by semiquantitative RT-PCR. Transcript levels are represented as the expression ratio of the respective
rbc subunit and B-actin gene. Values are presented as means = st of four/five individual plants; values with an asterisk were
determined by Student’s ¢ test to be significantly different (P < 0.05) from the TRV2 control.
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and in light of our phenotypical and physiological
observations, several essential plastidial components
that were affected by this perturbation were identified.
These included pigment metabolism, triose phosphate
utilization, starch synthesis, and abiotic stress/
drought tolerance.

The mottled appearance of light green islands along
the leaf adaxial lamina of psPPase-silenced plants (Fig.
2) suggested that isoprenoid biosynthesis could be
compromised following PP, accumulation. In autotro-
phic metabolism, isoprenoids act in fundamental roles
as photosynthetic pigments (chlorophylls, carotenoids),
electron carriers (quinones), radical scavengers (to-

60
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copherols), membrane components (sterols), as well as
growth and defense regulators such as ABA, GAs,
brassinosteroids, cytokinins, monoterpenes, sesquiter-
penes, and diterpenes. Isoprenoids are synthesized
from isopentenyl and dimethylallyl diphosphate pre-
cursors either in the cytosol via the mevalonate/
acetate pathway or through the plastid-localized
methylerythritol phosphate pathway (Lichtenthaler,
1999; Supplemental Fig. S1). Plastidial isopentenyl
pools have been previously shown to serve primarily
as substrate for monoterpenes, diterpenes, tetrater-
penes (carotenoids), prenyl moieties of chlorophyll,
plastoquinone, and tocopherol as well as having a dual
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Figure 5. Uridinylate and adenylate levels of VIGS-repressed psPPase
activity in N. benthamiana leaves. UDP-Glc (A), ATP (B), UDP (C), and
ADP (D) levels were determined by HPLC. Data are presented as
means * st of four individual plants per treatment. The data were
analyzed using one-way ANOVA followed by Fisher’s sp test; bars that
do not share letters are significantly different (P < 0.05) from each
other. FW, Fresh weight.

role with the mevalonate/acetate pathway to supply
substrates for sesquiterpene synthesis (Chappell, 2002;
Dudareva et al., 2005). The action of the plastid-
localized phytoene synthase (Seo and Koshiba, 2002) is
reliant on efficient PP, dissipation, so its accumulation

Plant Physiol. Vol. 154, 2010
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would be expected to affect the synthesis of carot-
enoids, xanthophylls, ABA, and GAs (Supplemental
Fig. S1). In psPPase plants, carotenoid and the phenyl
moieties investigated were largely, but not exclusively,
down-regulated (Table I). B-Carotene serves as a
precursor to the xanthophylls zeaxanthin and viola-
xanthin. Sunflower (Helianthus annuus) deficient in
{-carotene desaturase, an enzyme involved in the early
steps of carotenoid biosynthesis, experiences a con-
current decrease in B-carotene, violaxanthin, and chlo-
rophyll contents (Conti et al., 2004), suggesting that
substrate availability plays an important role in the
levels of these pigments (for review, see Aharoni et al.,
2005). In this study, although violaxanthin was de-
creased, zeaxanthin was increased in the plants with
lowered psPPase activity (Table I). Interestingly, both
ABA and GA; levels remained invariable under un-
stressed conditions (see below for further discussion),
despite the decreases in their precursor molecules.

Chlorophyll is also synthesized in a PP-generating
step via chlorophyll synthetase (Supplemental Fig. S1).
Chl a but not chl b amounts were significantly de-
creased compared with the controls (Table I). This led
to a significant decrease in the chl a/b ratio (from 3.74
in control to 2.92 in psPPase), suggesting that the stoi-
chiometry of the light-harvesting complex of PSII
relative to PSI increased to compensate for the loss in
pigment molecules. An alteration in the chl a/b ratio
has also been suggested to affect retrograde signaling
of photosynthetic genes (Pesaresi et al., 2007); how-
ever, it is evident from our results that a posttran-
scriptional mechanism coordinates the accumulation
of the Rubisco heteroenzyme subunits (Fig. 3E). A
plausible explanation for this is that RNA polymerase
and tRNA synthases (both of which produce PP;
Supplemental Fig. S1) are inhibited within the chloro-
plasts by the PP; concentrations in the silenced plants.

The reductions in photosynthetic pigments ob-
served here as well as the reduced amounts of Rubisco
suggested that carbon fixation may be affected in the
psPPase-silenced plants. Photosynthetic assimilation
measurements confirmed that carbon fixation rate was
reduced by approximately 55% under ambient CO,
concentrations (Fig. 3A). The reduction in the photo-
synthetic rate in the silenced plants could be ruled out
as related to phosphate limitation of photosynthesis,
due to the fact that the silenced plants do not contain
less ATP than controls (Fig. 5B). Reduced photosyn-
thesis under saturating CO, concentrations suggests a
further limitation in triose phosphate utilization in the
psPPase plants. This is supported by an inability of
leaf discs to synthesize starch in dark-adapted, Suc-
supplemented conditions as well as the enhanced
3-phosphoglyceraldehyde levels observed (Figs. 3A
and 4). The reduction in carbon fixation is most likely
caused by a combination of all of these factors.

As was noted above, the silenced plants in this study
were less able to synthesize starch than the controls
(Table II; Fig. 3A). A likely explanation for these
observations is that the increased PP, would affect
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Figure 6. Physiological and biochemical as-
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ADP-Glc pyrophosphorylase. This enzyme catalyzes
the first committed reaction in starch biosynthesis
using Glc-1-P and ATP to produce ADP-Glc and PP,
(Supplemental Fig. S1) and is known to be essential for
starch synthesis. Despite the increase in its activity in
crude extracts (Fig. 3B), increased plastidial PP; would
be expected to make its reaction less thermodynami-
cally favorable in the forward direction in vivo (Amir
and Cherry, 1972).

When grown under mild drought stress, ABA con-
centrations were significantly decreased in the psPPase-
silenced plants compared with the controls (Fig. 6D).
ABA may be synthesized either through a 9-cis-viola-
xanthine (C40 indirect carotenoid) pathway (mainly
found in higher plants; Schwartz et al., 2003) or
a farnesyl diphosphate (C15 precursor) pathway
(Oritani and Kiyota, 2003). Under drought conditions,
ABA is up-regulated and triggers stomatal closure to
limit water loss (Mittelheuser and van Steveninck,
1969). In this study, psPPase-repressed plants were
characterized by reduced violaxanthin, normal neo-
xanthin, and increased zeaxanthin contents under
prevailing greenhouse conditions (Table I). ABA was
also unchanged in the psPPase-repressed plants under
normal conditions, and synthesis could not be induced
when the plants were challenged with mild water
stress. This suggested that stress-induced ABA syn-
thesis in TRV2-psPPase plants is probably derived
from violaxanthin. However, it cannot be ruled out
that, under water stress conditions, the substrates
might become limiting due to compensatory mech-
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anisms, whereby pigments are directed toward
increasing the photoprotective capacities of the light-
harvesting complex (Snyder et al, 2006, Dall’Osto
et al., 2007). In accordance with the ABA levels, no
difference in transpiration rate between unstressed
TRV2-psPPase and TRV2 control plants could be
found under normal conditions. The rate decreased
in both variants under drought stress; however, the
decrease was far less severe in the TRV2-psPPase
plants than in the TRV2 controls and led to the
TRV2-psPPase plants wilting faster than the respective
TRV2 control (Fig. 6, A and B). In addition, it could
be speculated that the increased GA; and IAA levels
in the silenced plants (Fig. 6, E and F) contribute to
the reduced ABA biosynthesis through alleviation
of DELLA activation of a putative E3 ligase gene
(Zentella et al., 2007) or other downstream targets.

In contrast to metabolites that are only evident when
exposed to drought-stressed conditions, the TRV2-
psPPase plants exhibited a mock drought response
under well-watered conditions. These included the
increases in metabolite levels of several phenylpropa-
noids or precursors (quinate, coniferylalcohol, ferulate,
3-caffeoyl quinate, 4-caffeoyl quinate, and 5-caffeoyl
quinate), which may be involved in lignification pro-
cesses associated with drought stress (Lee et al., 2007).
Protection against drought stress can also be facili-
tated by the induction of osmoprotective compounds
such as the amino acids Pro and Glu, sugar or sugar
polyols, and/or inorganic ions (Mahajan and Tuteja,
2005, and refs. therein). Increases in 1-pyrroline-2-
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carboxylate (precursor to Pro), myoinositol, and a
metabolite similar to pinitol were also observed in
this data set (Fig. 4). When TRV2 control plants were
drought induced, the majority of these metabolites
accumulated in a similar manner to the TRV2-psPPase
unstressed plant and also were not significantly dif-
ferent from the TRV2-psPPase-stressed metabolite
levels (Fig. 4). This suggests that PP; metabolism
might be indirectly involved in mediating drought
stress responses in N. benthamiana leaves. Interest-
ingly, malate levels also showed similar patterns to
those observed for the osmoprotective responses.
While the exact mechanism remains unknown, mod-
ulation of malate levels in transgenic tomato leaves
has been shown to induce opposing photosynthetic
responses (Nunes-Nesi et al., 2005, 2007), with anti-
sense fumarase plants impaired in regulating stoma-
tal aperture (Nunes-Nesi et al., 2007). Cumulatively,
these results suggest that malate plays a profound role
in mediating photosynthetic performance and that
these responses may also be integrated with the
prevailing PP; levels.

It remains unclear whether PP; is transported across
the plastid membrane and whether this could affect
metabolism in different compartments. Lunn and
Douce (1993) described a transporter from isolated
chloroplast preparations that is able to import PP, over
the chloroplast membrane; however, neither a PP; ex-
port mechanism nor the corresponding gene has been
isolated to date. Similarly, in developing maize (Zea
mays) embryos, L-malate/PP, transport has been dem-
onstrated (Lara-Nufiez and Rodriguez-Sotres, 2004),
but gene identification remains elusive.

In summary, examining the effect on metabolism of
a repression of plastidial pyrophosphatase has demon-
strated the essential role that PP; plays in many plas-
tidial pathways. Increased PP; concentrations led to
reduced accumulation of several chloroplast-localized
metabolites that are important for plant survival, such
as ABA, chlorophyll, and carotenoids. This indicated
that repression of psPPase is extremely detrimental to
the plant, as photosynthesis is reduced and the plant
becomes unable to regulate its water exchanges under
mild drought stress due to an inability to manufacture
ABA. Taken together, these data indicate that psPPase
plays an extremely important role in plastidial metab-
olism and, similar to microorganisms (Chen et al.,
1990; Pérez-Castifieira et al., 2002), we would suggest
that a mutation eliminating this soluble pyrophospha-
tase would be lethal.

MATERIALS AND METHODS
VIGS Plasmids for psPPase Transient Repression

The tomato (Solanum lycopersicum) EST clone cLET20N17, obtained from
the Clemson University Genomics Institute, was digested with Kpnl and
BamHI and ligated into the same restriction sites in the tobacco mosaic rattle
virus vector pTRV2. Deconstructed vectors (pTRV1, pTRV2, and pTRV2-PDS)
were transformed into Agrobacterium tumefaciens (strain GV2260) by the freeze-
thaw method (Hofgen and Willmitzer, 1988).
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Plant Material, Infiltration, and Growth Conditions

Nicotiana benthamiana seeds were surface sterilized and germinated on
0.4% (w/v) Plant Gel (Highveld Biotechnology) supplemented with 4.32 g L™
Murashige and Skoog basal salt medium (Highveld Biotechnology) and 1.5%
(w/v) Suc. Plants were grown in a 16-h/8-h light/dark regime at 24°C. At the
four-leaf seedling stage, plants were transferred to 1-L tissue culture con-
tainers with the same growth medium constituents for 10 d before being
subjected to VIGS infiltration. Seedlings (4-5 weeks after germination) were
vacuum infiltrated with 20 mL of transformed Agrobacterium suspension
(containing a 1:1 mix of TRV1 and either TRV2 or TRV2-psPP). The air volume
was adjusted to 20 mL before the nib of the syringe was stoppered. While the
leaves of the plant were submerged, the air volume was increased to 40 mL,
corresponding to a vacuum of 50 kPa, and held there for 30 s. Infiltrated
seedlings were planted and grown in sterile potting soil (with silica and
vermiculite [8:1:1]) during the summer months under prevailing greenhouse
conditions without any additional carbon supplementation. After 3 weeks,
leaves were harvested at midday (unless stated otherwise), immediately
frozen in liquid nitrogen, and stored at —80°C until further use. Samples were
either whole leaves (leaves 3 to 5) or 64-mm? leaf discs taken from leaf 3 using
a cork borer and homogenized prior to sample processing. In order to monitor
transfection efficiency and growth conditions, the TRV2-PDS vector (contain-
ing a cDNA encoding phytoene desaturase; Liu et al., 2002a) was used in
parallel as an internal in-house control. All of the phenotypic alterations
documented in this paper were observed in at least three independent
infiltration experiments.

Protein Isolation and Determination

Total leaf protein extracts were obtained by vortexing homogenized tissue
with ice-cold extraction buffer (50 mm Tris-HCI [pH 7.5], 5 mm dithiothreitol,
2 mm EDTA, and 0.1% [v/v] Triton X-100). Soluble protein extracts were
recovered following centrifugation (13,000¢ for 20 min, 4°C). Protein concen-
trations were measured according to Bradford (1976) using bovine serum
albumin as a standard.

Plastidial Isolation and Enrichment Determination

Leaf material was harvested from plants that had been destarched by
darkening over a 48-h period. Enrichments were then performed according to
Kubis et al. (2008). Plastids were collected and centrifuged at 3,000 for 2 min
at 4°C, and the pellet was resuspended in 500 uL of the protein extraction
buffer described above and sonicated for three 1-s bursts separated by 10-s
incubations on ice.

In-Gel sPPase Activity and Denaturing
SDS-PAGE Analyses

sPPase in-gel assays were performed by running either total or plastid-
enriched protein extracts on a nondenaturing 10% (w/v) polyacrylamide gel
at 4°C. The gel was incubated in 20 mL of pyrophosphatase assay buffer as
described by Schulze et al. (2004) for 1 h, washed for 5 min in distilled water,
before a further 5-min incubation in 1% (w/v) ammonium molybdate, 5%
(w/v) FeSO,, and 0.5 M H,SO,. Color development was stopped by washing in
excess water.

Soluble proteins were visualized by grinding a 64-mm? leaf disc in 200 uL
of 2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) B-mercaptoethanol, 0.002%
(w/v) bromphenol blue, and 50 mm Tris-HCI (pH 7.0). Protein extracts were
denatured by heating at 95°C for 5 min, and 60 uL per sample was separated
on a 10% or 12% (w/v) denaturing gel and stained with Coomassie Brilliant
Blue.

Immunoblotting of 30 ug of protein was performed by denaturing the
soluble sample according to Laemmli (1970) prior to separation on a 10% (v/v)
SDS-PAGE gel. The proteins were transferred onto a polyvinylidene difluo-
ride membrane (GE Healthcare) using the semidry method (Sambrook et al.,
1989) before detection as described previously (Rojas-Beltran et al., 1999).

Enzyme Assays
In-gel assays for phosphoglucomutase were performed by loading 30 ug of
total protein onto a 10% (v/v) native polyacrylamide gel containing 4 mg of

glycogen (Muytilus edulis type VII; Sigma). The gel was stained according to
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Vallejos (1983). Marker enzyme assays were performed to determine the
degree of plastid enrichment. For this purpose, nonphosphorylating glyc-
eraldehyde-3-phosphate dehydrogenase (Fernie et al., 2002), ADP-Glc
pyrophosphorylase (Sweetlove et al., 1996), UDP-Glc pyrophosphorylase
(Sowokinos, 1976), and phosphoenolpyruvate carboxylase (Merlo et al.,
1993) activities were determined for plastidial and cytosolic enrichments.
Inorganic pyrophosphatase assays were performed as described previously
(Schulze et al., 2004).

Semiquantitative RT-PCR Analysis

Total RNA was isolated from 200 mg of leaf material using the phenol-
chloroform method. First-strand cDNA synthesis using oligo(dT) primers was
performed on 2 ug of DNase-treated RNA using RevertAid H Minus reverse
transcriptase according to the manufacturer’s instructions (Fermentas). Semi-
quantitative PCR was performed using BIOTAQ (Bioline) on 0.1 L of cDNA
as recommended. The PCR products were separated by electrophoresis on a
1% (w/v) agarose gel, and band intensities were UV light imaged on an Alpha
Innotech Chemilmager and normalized to the housekeeping gene using
AlphaEase FC imaging software (Alpha Innotech). Primer pair combinations
that were used are as follows: for rbcS, 5 -TTGAAAAATGGATGGGTTCC-3" /
5'-GCGATGAAACTGATGCACTG-3', for rbcL, 5'-GCTGCCGAATCTTCTA-
CTGG-3'/5'-ACAGGGGACGACCATACTTG-3'; and for B-actin, 5'-AGATC-
CTCACAGAGCGTGGT-3' /5'-CTGCTTCCATTCCGATCATT-3".

Drought Stress Treatment

TRV2 control and TRV2-psPPase plants were subjected to a mild drought
stress by drenching the root system with 10% (w/v) polyethyleneglycol-6000
for 12 h and subjecting them to phenotypical and biochemical evaluation.
Well-watered plants served as a control for each transformant.

Stomatal Conductance and Carbon Assimilation Rates

Stomatal conductance was measured on an EGM-4 Environmental Gas
Monitor (PP Systems). Readings were taken directly prior to harvesting at
midday on the fourth leaf of each plant with the flow rate (50 mL min ') and
temperature (25°C) kept constant. Carbon assimilation rates were analyzed
using an infrared gas analyzer (Ciras-1; PP Systems) on the third fully ex-
panded leaf from psPPase and control plants at 0, 380, and 1,000 umol mol !
intercellular CO, concentrations with a flow rate of 350 mL min™, 25°C, and
constant photosynthetically active radiation of 1,400 umol m™> s™.

Metabolite Determinations

PP, was extracted from leaf tissue by the TCA/ether method (Jelitto et al.,
1992). PP; was determined using the colorimetric PiPer PP; cycling assay kit
(Invitrogen) according to the manufacturer’s specifications. All porcelain and
glassware were pretreated overnight with 0.1 m HCI to remove residual
phosphate. PP, levels were determined by a sample blank with or without
sPPase, and total P; was calculated by comparison of fluorescence at 595 nm
with a linear P, standard curve.

Soluble sugars and starch were extracted and assayed according to Miiller-
Rober et al. (1992).

Primary metabolite levels were extracted and derivatized as described
previously (Roessner et al., 2001), and GC-MS evaluation was according to
Erban et al. (2007). Data integration and quantification were processed using
TagFinder software (Luedemann et al., 2008) by integrating libraries housed in
the Golm metabolome database (Kopka et al., 2005; Schauer et al., 2005).

Adenylates and uridinylates were extracted and detected as described by
Fernie et al. (2001).

Carotenoids and xanthophylls was extracted and determined according to
Taylor et al. (2006). Homogenized leaf discs were incubated for 5 min with 100
uL of methanol containing B-apo-caroten-8-al as an internal standard, 100 uL
of 50 mm Tris-HCI (pH 8.0), and 1 m NaCl added and incubated for another
5 min. The mixture was partitioned twice with 400 uL of chloroform and
centrifuged at 3,000¢ for 5 min at 4°C, and the lower phases were pooled and
dried under vacuum. Samples were immediately resuspended in ethyl
acetate:methanol (1:4) with 0.1% (w/v) butylated hydroxytoluene and run
according to Taylor et al. (2006). The peak area was integrated and normalized
with respect to 53.5 ng of B-apo-caroten-8-al injected.
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Phytohormone Profiling

Phytohormones were extracted according to Edlund et al. (1995). In brief,
500 uL of 0.05 M Na-phosphate buffer (pH 7.0) was added in a 10:1 ratio to
homogenized leaf tissue and incubated for 1 h in the dark with continuous
shaking at 4°C. After extraction, the pH was adjusted to 2.6, and the sample was
enriched with approximately 35 mg of Amberlite XAD-7 (Serva) and further
incubated for 1 h in the dark with continuous shaking at 4°C. After centrifuga-
tion, the XAD-7 was washed twice with 500 uL of 1% (v/v) acetic acid before
elution with 500 uL of dichloromethane for 30 min, and elution was repeated
once more. The combined dichloromethane fractions were reduced under
vacuum until dry. Derivatization of the sample (modified from Schmelz et al.,
2003) was achieved by adding 50 uL of 2.0 M trimethylsilyl diazomethane in
hexane (Sigma-Aldrich) and 10 uL of methanol and incubating at room
temperature for 30 min. Excess trimethylsilyl diazomethane was destroyed by
adding 50 uL of 1% acetic acid. n-Alkane time standards were added to each
sample prior to reducing the sample to dryness under vacuum. Samples were
resuspended in 50 uL of heptane and injected splitless into a GCT Premier
benchtop orthogonal acceleration time-of-flight MS apparatus (Waters). Running
conditions was exactly as described previously (Edlund et al., 1995), phytohor-
mone identification and quantification were done by means of linear calibration
curves for authentic standards, and the mass spectra were adjusted accordingly.

Statistical Analysis

Unless otherwise specified, statistical analyses were performed using
Student’s t test embedded in the Microsoft Excel software. Only the return
of a value of P < 0.05 was designated significant. ANOVA followed by Fisher’s
LsD test was conducted either in Statistica 8 (StatSoft), SPSS, or R 2.10.0
software (R Development Core Team, 2009), and the return of a value of P <
0.05 was designated significant. Linear correlations were performed with the
partial least-square regression algorithm embedded in the XLSTAT software
for Microsoft Excel at a 95% confidence level. cDNA sequence analysis was
performed using the ClustalW2 algorithm (Larkin et al., 2007).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers NM_099987.3, NM_127380.3, NM_130253.2,
NM_115222.2, NM_116378.3, and NM_121002.3 for AtPPal to AtPPa6, respec-
tively, as well as AW092511 for cLET20N17.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Schematic representation of selected plastidial
reactions generating PP;.

Supplemental Figure S2. Dendrogram of the Arabidopsis cytosolic and
plastidial sPPases and the tomato EST clone, cLET20N17.

Supplemental Figure S3. Protein expression in TRV2 control and TRV2-
psPPase plants.

Supplemental Table S1. Marker enzyme activities following chloroplast
isolation.

Supplemental Table S2. Full list of relative metabolite contents of TRV2
control and TRV2-psPPase-silenced plants.

Supplemental Table S3. Linear correlation matrix of PP;, primary metab-
olite, and ABA levels.
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