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Arabidopsis Phosphoglycerate Dehydrogenase1 of the
Phosphoserine Pathway Is Essential for Development
and Required for Ammonium Assimilation and
Tryptophan Biosynthesis“*™"
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Henning Frerigmann, Markus Gierth, Ulf-Ingo Fliigge, and Stephan Krueger?
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In plants, two independent serine biosynthetic pathways, the photorespiratory and glycolytic phosphoserine (PS) pathways,
have been postulated. Although the photorespiratory pathway is well characterized, little information is available on the
function of the PS pathway in plants. Here, we present a detailed characterization of phosphoglycerate dehydrogenases
(PGDHs) as components of the PS pathway in Arabidopsis thaliana. All PGDHs localize to plastids and possess similar kinetic
properties, but they differ with respect to their sensitivity to serine feedback inhibition. Furthermore, analysis of pgdh1 and
phosphoserine phosphatase mutants revealed an embryo-lethal phenotype and PGDH1-silenced lines were inhibited in
growth. Metabolic analyses of PGDH1-silenced lines grown under ambient and high CO, conditions indicate a direct link
between PS biosynthesis and ammonium assimilation. In addition, we obtained several lines of evidence for an interconnection
between PS and tryptophan biosynthesis, because the expression of PGDH1 and PHOSPHOSERINE AMINOTRANSFERASET1 is
regulated by MYB51 and MYB34, two activators of tryptophan biosynthesis. Moreover, the concentration of tryptophan-derived
glucosinolates and auxin were reduced in PGDH1-silenced plants. In essence, our results provide evidence for a vital function of

PS biosynthesis for plant development and metabolism.

INTRODUCTION

Ser is an important amino acid that is an essential constituent of
proteins, and is also a substrate for the biosynthesis of phos-
phatidylserine (Vance and Steenbergen, 2005; Nerlich et al.,
2007), Trp (Tzin and Galili, 2010), and Trp-derived secondary
metabolites such as auxin, indolic glucosinolates, and cama-
lexin (Glawischnig et al., 2000; Gigolashvili et al., 2007; Sazuka
et al., 2009; Vernoux et al., 2010). Furthermore, Ser functions as
an important single-carbon (C1) donor in tetrahydrofolate (THF)
metabolism in plants (Hanson and Gregory, 2002; Rébeillé et al.,
2007). Therefore, appropriate levels of Ser for each of these
metabolic pathways have to be maintained in almost all tissues
to ensure proper plant development.

In plants, photorespiration is thought to be the main route of
Ser biosynthesis (Bauwe et al., 2010; Maurino and Peterhansel,
2010). Photorespiration, as a consequence of the oxygenase
reaction of ribulose-1,5-bisphosphate carboxylase/oxygenase,
results in one molecule of 3-phosphoglycerate (3-PGA) and one
molecule of 2-phosphoglycolate (2-PG). Via multiple reactions
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residing in chloroplasts and peroxisomes, 2-PG is converted to
Gly, which is then metabolized to Ser in mitochondria by a glycine
decarboxylase complex (GDC) and a serine hydroxymethyl-
transferase (SHMT), using THF as a coenzyme (Figure 1). Pho-
torespiratory Ser biosynthesis requires photosynthesis and is
thus restricted to photosynthetic tissues. Although plants are
able to reallocate amino acids from source to sink tissue via the
phloem (Winter et al., 1992), it remains unclear whether non-
photosynthetic cells can be sufficiently supplied with amino acids
by phloem-mediated transport.

The genomes of several plant species encode enzymes for an
alternative pathway of Ser biosynthesis, the glycolytic or phos-
phoserine (PS) pathway (Slaughter and Davies, 1968; Larsson
and Albertsson, 1979; Ho and Saito, 2001). In prokaryotes and
mammals, Ser is synthesized predominantly via the PS pathway
using 3-PGA (Pizer, 1963; McKitrick and Pizer, 1980; Snell, 1984;
Achouri et al., 1997; Dey et al., 2005), whereas in yeast (Sac-
charomyces cerevisiae), Ser can be produced either by the PS or
the gluconeogenic pathway, depending on the available carbon
source (Melcher and Entian, 1992; Sinclair and Dawes, 1995).

The PS pathway consists of three enzymatic reactions (Figure
1). Initially, 3-PGA is reversibly oxidized to 3-phosphohydrox-
ypyruvic acid (3-PHP) by phosphoglycerate dehydrogenase
(PGDH). Subsequently, 3-PHP is converted by phosphoserine
aminotransferase (PSAT) to PS and 2-oxoglutarate, using Glu as
an amino group donor, and finally to Ser by a phosphoserine
phosphatase (PSP). In Arabidopsis thaliana, PGDH activity is
encoded by three loci (PGDH1 [At4g34200], PGDH2 [At1g17745],
and PGDH3 [At3g19480]) and PSAT activity by two loci (PSAT1
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Ser can be synthesized by two major pathways: the PS pathway and the
photorespiration pathway. The PS pathway starts with the oxidation of
3-PGA catalyzed by PGDH, yielding 3-PHP and reduced NADH. Phos-
phoserine (PSer) is synthesized by the transfer of an amino group from
Glu to 3-PHP by PSAT. Finally, PS is dephosphorylated to Ser by PSP.
Photorespiratory Ser biosynthesis starts with the synthesis of 2-PG by
the oxygenase activity of ribulose-1,5-bisphosphate carboxylase/oxy-
genase. 2-PG is converted to Gly by several enzymatic reactions oc-
curring in chloroplasts and peroxisomes. In mitochondria, Ser is
synthesized from two molecules of Gly catalyzed by the GDC and SHMT.
GDC catalyzes the decarboxylation of Gly by releasing CO, and NH,,
yielding one molecule of 5,10-CH,-THF. Finally, Ser is synthesized by the
transfer of the methyl group of 5,10-CH,-THF to an additional molecule
of Gly, catalyzed by the SHMT enzyme.

phosphatidyl Trp
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Figure 1. Ser Biosynthesis Pathways in Plants.

[At4g35630] and PSAT2 [At2g17630]), whereas PSP is present as
a single copy gene (PSP [At1g18640]).

RNA gel blot analysis and in situ hybridization of some of the
PS pathway genes in Arabidopsis indicate a function of the
pathway in both heterotrophic and autotrophic tissues (Ho et al.,
1998, 1999a, 1999b; Ho and Saito, 2001). Furthermore, in-
hibition of de novo Ser biosynthesis was not complete in plants
grown under nonphotorespiratory conditions by either trans-
ferring them to high CO, conditions (Aglera et al., 2006; Pick
et al., 2013) or inhibiting glycolate oxidase, a photorespiratory
enzyme (Servaites, 1977). Therefore, the presence of an additional
pathway for the biosynthesis of Ser in plants was postulated.

Although the PS pathway is apparently present in plants, its
significance for plant metabolism has remained elusive. Here,
we report a detailed characterization of the Arabidopsis PGDH
isoenzyme family, which encode the initial and rate-limiting en-
zyme of the PS pathway. Our data demonstrate that all putative
PGDH isoenzymes possess PGDH activity, are partly regulated
by Ser feedback inhibition, and are located within plastids.
Moreover, loss-of-function mutants for PGDH1 and PSP are
embryo lethal, indicating that the PS pathway is essential for

plant viability. In addition, analyses of PGDH17-silenced plants
indicate an important function of the PS pathway in plant de-
velopment, ammonium assimilation, and the biosynthesis of
secondary metabolites.

RESULTS

PGDH Isoenzymes Localize Exclusively to Plastids

According to in silico predictions, all Arabidopsis PGDH isoenzymes
possess putative plastidic transit peptides (ARAMEMNON
database, http://aramemnon.botanik.uni-koeln.de; Schwacke
et al., 2003). Previous studies investigating C-terminal green
fluorescent protein (GFP) fusion proteins indicated a plastidic
localization of PGDH2 (Ho et al., 1999a). However, the in vivo
localization of the more highly expressed PGDH1 and the
weakly expressed PGDH3 isoform (eFP-Browser, http://bar.
utoronto.ca/efp/cgi-bin/efpWeb.cgi; Winter et al., 2007) have not
yet been clarified. To study the subcellular localization of
PGDHs, we investigated GFP fusion proteins by expressing
PGDH full-length coding regions and sequences encoding
putative plastid target peptides predicted by the TargetP 1.1
program (Emanuelsson et al., 2007) transiently in Nicotiana
benthamiana. Localization of the fusion proteins was compared
with chlorophyll autofluorescence as well as with localization of
the chloroplastidic triosephosphate/phosphate translocator fused
to GFP (Fligge and Heldt, 1976). Analyses showed that the full-
length fusion protein of PGDH1 was clearly targeted to the
chloroplast, because the GFP signal and chlorophyll auto-
fluorescence colocalized (Figure 2). However, no or only weak
GFP fluorescence was detected in plastids of heterotrophic
and autotrophic tissue of plants transformed with genes encoding
full-length PGDH2 or PGDH3-GFP fusion proteins. Therefore,
GFP fusions with the putative N-terminal target peptides of
PGDH2 and PGDHS3 were analyzed instead. Both putative target
peptides clearly directed GFP to the chloroplast (Figure 2),
confirming the plastidic localization of both enzymes.

PGDH Isoenzymes Are Differentially Regulated via Ser
Feedback Inhibition

To determine substrate affinity and feedback regulation of Arab-
idopsis PGDH isoenzymes, truncated versions of all three genes
lacking putative target peptide sequences were cloned into the
pET16b vector (Novagen). The constructs containing an
N-terminal 6 X His-tag were expressed in Escherichia coli and
the fusion proteins were purified using nickel-nitrilotriacetic
acid (Ni-NTA) affinity chromatography. Purification of PGDH en-
zymes to near homogeneity was confirmed by SDS-PAGE anal-
ysis (see Supplemental Figure 1 online). Because plant PGDH
enzymes might be active in chloroplasts as well as in heterotro-
phic plastids, the catalytic properties were determined at the
physiological pH conditions present in the stroma of illuminated
chloroplasts, pH 8.1, or plastids of heterotrophic tissue, pH 7.2
(Heldt et al., 1973; Werdan et al., 1975).

The three Arabidopsis PGDH enzymes exhibited typical
Michaelis-Menten kinetics (see Supplemental Figure 2 online),
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Figure 2. Subcellular Localization of Arabidopsis PGDH Isoenzymes in
Transiently Transfected N. benthaminana Leaves.

For each of the PGDH isoenzymes, fusion proteins with GFP were
generated and transiently expressed in N. benthaminana leaves under
the control of the cauliflower mosaic virus 35S promoter. Chlorophyll
autofluorescence and the fluorescence signal of the transiently ex-
pressed TPT:GFP fusion protein were used as a marker for chloroplastic
localization. TPT, triosephosphate/phosphate translocator.

with higher specific activities and turnover (k.,) at pH 8.1
compared with pH 7.2 (Table 1). Whereas the K, for 3-PGA was
higher at pH 7.2 compared with at pH 8.1, the K, for nicotin-
amide dinucleotide (NAD*) was only slightly higher for PGDH2
and PGDH3 and almost unchanged for PGDH1 in more alkaline
conditions. Notably, the K., values for 3-PGA and NAD* as well
as the V., value and turnover number were of the same mag-
nitude for all PGDH isoenzymes (Table 1).

In several organisms, PGDH activity is negatively regulated by
Ser binding to the so-called ACT domain, which is present in
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all known PGDH enzymes (Grant, 2006). The ACT domain is
a regulatory domain named after the bacterial enzymes Aspar-
tate kinase, Chorismate mutase and TyrA (prephenate de-
hydrogenase) in which this domain was first identified. To
investigate a possible negative feedback regulation of Arabi-
dopsis PGDH enzymes, their specific activity was determined in
the presence of different Ser concentrations. In the presence of
100 uM Ser, the specific activity of SerA, the well-studied E. coli
PGDH used as a control, was reduced to ~60%, whereas the
activities of the Arabidopsis enzymes were not significantly al-
tered (Figure 3). However, the activity of PGDH3 was decreased
at 1 mM Ser and that of PGDH1 at 5 mM Ser. By contrast,
PGDH2 activity was completely unaffected at any Ser concen-
tration tested (Figure 3).

Organ- and Tissue-Specific Expression Patterns of
PGDH Isoenzymes

According to publicly available microarray data (eFP-Browser,
http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi; Winter et al., 2007;
https://www.genevestigator.com, Zimmermann et al., 2004),
PGDH1 is the most highly expressed isoform in root and shoot
tissues, followed by PGDH2. The third isoform, PGDH3, is only
weakly expressed. However, tissue-specific expression data are
not available for Arabidopsis PGDHs. Therefore, we analyzed
plants expressing the B-glucuronidase (GUS) reporter gene un-
der control of the native PGDH promoters.

In 10-d-old seedlings, each of the three PGDHs displayed
distinct expression patterns (Figures 4A to 4l). PGDH?1 is highly
expressed at the tips of the cotyledons, within the shoot apical
meristem (SAM), within the vasculature of leaves and roots, at
points of lateral root emergence, and within the root apical
meristem (RAM) (Figures 4A, 4D, 4G, and 4J). PGDH?2 is ex-
pressed within the vasculature of the shoot and in the SAM, but
expression is more pronounced in the vasculature of the root.
However, PGDH2 expression was not detected within the RAM
(Figures 4B, 4E, 4H, and 4K). By contrast, PGDH3 is strongly
expressed in the cotyledons of 10-d-old seedlings and weakly
expressed in leaves, but is completely absent from the roots and
meristematic tissue (Figures 4C, 4F, 41, and 4L).

In mature plants, PGDH1 and PGDHZ2 showed strongly
overlapping expression domains in the vascular tissue of leaves
and roots (Figures 4M, 4N, 4P, and 4Q). In addition, both genes

Table 1. Biochemical Properties of the Three Arabidopsis PGDH Enzymes

K, (mM) Efficiency k /K., (M~1-s77)

Enzyme pH Vinax U-mg~") Keat 577) 3-PGA NAD+* 3-PGA NAD+*
PGDH1 8.1 165.0 1741 1.308 0.390 133,112.8 446,325.5
7.2 109.1 1151 2.110 0.377 54,572.8 305,677.1
PGDH2 8.1 133.0 147.4 0.899 0.189 153,974.5 780,115.9
7.2 108.0 119.7 1.926 0.271 62,162.4 442,605.3
PGDH3 8.1 137.6 142.4 1.006 0.239 141,600.4 595,029.1
7.2 93.7 97.0 2.559 0.551 37,914.9 176,151.6

For characterization of the PGDH enzyme, kinetic properties such as V.

max

and K, values for 3-PGA and NAD* were determined at two different pH

values. The turnover number (k ,) and the catalytic efficiency of the enzymes were calculated.
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were expressed in the petal vasculature, and in the style, and
base of the siliques (Figures 4S and 4T).

Although expression of PGDH1 and PGDH2 was high in
vegetative tissues, no GUS activity was detected at the early
stages of embryo development. However, during late embryo
development, PGDH1 showed specific expression at the tips of
the cotyledons, whereas PGDHZ2 was not expressed at all at this
stage (Figures 4V and 4W). In contrast with PGDH1 and PGDH2,
PGDH3 showed a very weak but uniform expression in the
embryo (Figure 4X).

Deficiency in PS Biosynthesis Impairs Embryo and
Plant Development

To investigate the importance of the PS pathway for plant de-
velopment and viability, T-DNA insertion mutants for PGDH1,
PGDH2, and PSP were isolated. Two allelic homozygous lines
were identified for PGDH2 (pgdh2_1 [SALK_069543] and pgdh2_2
[SALK_149747]), but we were unable to isolate plants homozygous
for a T-DNA insertion in either PSP or PGDH1 from two in-
dependent lines for each locus (SALK_062391 [psp-1/+] and
SAIL_658_A06 [psp-2/+], SAIL_209_G08 [pgdh1-1/+], and
GK_155B09 [pgdh1-2/+]). Further analyses of the two allelic
PGDH2 mutants revealed no discernible mutant phenotype
(see Supplemental Figures 3 and 4 online).

Because no homozygous lines could be isolated for PGDH1
and PSP, we analyzed seed maturation in siliques of pgdh1-1/+,
pgdh1-2/+, psp—-1/+, and psp-2/+ 12 to 14 d after flowering
(Figures 5A to 5D; see Supplemental Figures 5A to D online).
Siliques of the heterozygous pgdh1 and psp lines contained
nongreen, translucent seeds in addition to normally developed
green seeds (Figure 5B). Microscopic analyses of these seeds
revealed arrest of embryo development at early stages ranging
from the globular to the torpedo stage (Figure 5C; see Supplemental
Figures 5B and 5C online). Further analysis of isolated embryos by
PCR-based genotyping clearly showed that embryos from non-
green seeds were homozygous for the respective T-DNA insertion,
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Figure 3. Ser Feedback Inhibition of PGDH Isoenzymes of Arabidopsis.

Feedback sensitivity of the respective PGDH enzymes against different
concentrations of Ser (0 to 5 mM) was tested. The values represent the
percentage activity in the presence of Ser compared with the nontreated
control (0 mM Ser). The mean of eight replicates is shown, and error bars
indicate the sp. *P = 0.05; **P = 0.01.
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Figure 4. Histochemical Staining of GUS Activity in Plants Expressing
ProPGDH1:GUS, ProPGDH2:GUS, and ProPGDH3:GUS Constructs.

(A) to (C) Ten-day-old seedlings.

(D) to (F) Meristematic tissue in shoots of 10-d-old seedlings.
(G) to (I) Primary and lateral roots of mature plants.

(J) to (L) Root tip of mature plants.

(M) to (O) Rosettes of mature plants.

(P) to (R) Rosette leaves of mature plants.

(S) to (U) Flowers.

(V) to (X) Embryos.
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Figure 5. Phenotype of pgdh1-1/+ and pgdh1-2/+ Heterozygous
Knockout Mutants.

(A) Two allelic T-DNA insertion lines for PGDH1 were analyzed by PCR
using gene-specific (pgdh1-1 [414 and 452] and pgdh1-2 [474 and 475])
and T-DNA-specific primers (pgdh1-1 [473] and pgdh71-2 [539]). The
T-DNA insertion was either localized in the second intron (pgdh1-1) or in
the last exon (pgdh1-2) of the PGDH1 gene.

(B) Seeds in mature siliques of heterozygous pgdh1-1/+ and pgdh1-2/+
lines were analyzed. Asterisks indicate nongreen, translucent seeds
within siliques of segregating heterozygous lines.
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indicating that the loss of function of PSP or PGDH1 led to embryo
lethality (Figure 5D; see Supplemental Figure 5C online).

Because we could not obtain homozygous loss-of-function
mutants for PGDH1, we generated PGDH1-silenced plants us-
ing a microRNA-based approach (Felippes et al., 2012). Transgenic
plants harboring the empty vector construct were generated as
a control and are further referred to as EV.

Silencing of PGDH1 led to a strong growth inhibition of trans-
genic plants (Figure 6A), with a significantly reduced leaf area and
root length (Figures 6B and 6D). Among several lines exhibiting
the same phenotype, two lines (133.7 and 133.15) were selected
for further investigation. In both lines, the overexpression of the
artificial silencing construct led to a significant repression of the
PGDH1 transcript, whereas the expression of PGDH2 and PGDH3
was unaltered (Figure 6E). Moreover, both silencing lines showed
a significant reduction in total PGDH activity to ~40% that of the
control (Figure 6F), indicating that PGDH1 is a major contributor to
total PGDH activity in Arabidopsis.

In addition to the growth-inhibition phenotype of adult plants,
lines 133.7 and 133.15 also showed a delay of the heterotrophic
phase of seedling development (see Supplemental Figure 6A
online). The growth phenotypes at both developmental stages
were reverted to the wild type by growing plants on medium
supplemented with Ser (see Supplemental Figure 6A and 6B
online). A clear growth-promoting effect of Ser on the silenced
lines was observed, whereas growth of the EV control appeared
to be slightly inhibited on medium supplemented with 100 uM Ser
(see Supplemental Figure 6A and 6B online). Notably, the reduced
root-growth phenotype of lines 133.7 and 133.15 disappeared at
the much lower concentration of 10 uM Ser in the medium,
a concentration that did not negatively affect growth of the EV
control (see Supplemental Figure 6B online).

PS Biosynthesis Is Particularly Important in High
CO, Conditions

Because the PS pathway might be of particular importance for
Ser biosynthesis in conditions of decreased or absent photores-
piration, we compared the growth of PGDH1-silenced plants in
ambient and elevated CO, conditions.

In elevated CO, conditions, the development of rosette leaves
was completely abolished in the silenced lines, whereas the
development of the EV control plants was not affected (Figure 7).

(C) Bright (nongreen) and green seeds collected from siliques of het-
erozygous lines were cleared and analyzed by differential interference
contrast microscopy. Arrows mark the position of the embryo within the
seed.

(D) Embryos of bright (b) or green (g) seeds from heterozygous lines were
extracted for isolation of genomic DNA. Zygosity of embryos was de-
termined by PCR using gene-specific (pgdh1-1 [473 and 452] and
pgdh1-2 [539 and 475]) and T-DNA-specific (pgdh7-1, 414 and 452;
pgdhi-2, 474 and 475) primers. PCR products were separated on a 1%
agarose gel and visualized using ethidium bromide stain. The 1 Kb DNA
Ladder (Invitrogen) was used for sizing DNA fragments from 250 to
12,000 bp.

[See online article for color version of this figure.]
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Figure 6. Phenotype of PGDH1-Silenced Plants.

(A) Shoot phenotype of PGDH1-silenced plants (lines 133.7 and 133.15)
grown under standard greenhouse conditions.

(B) Leaf area for EV control and PGDH1-silenced plants is shown as
a percentage of the control. The data represent the mean of 10 to 15 plants.
(C) Root phenotype of mature PGDH1-silenced and control plants grown
on soil. Root-adhering soil particles led to the dark appearance of the roots.
(D) Root length of EV and PGDH1-silenced plants grown on one-half-
strength Murashige and Skoog medium without Suc. The data represent
the mean of 12 to 14 plants.

(E) Relative expression of PGDH1, PGDH2, and PGDH3 genes in the EV
control and PGDH1-silenced plants. The values represent the mean of
four independent measurements.

(F) Specific PGDH activity in EV control and PGDH1-silenced plants. The
values represent the mean of four independent measurements.

Error bars indicate the sp. **P = 0.01.

[See online article for color version of this figure.]

To study the influence of a high CO, concentration on the me-
tabolism of mature leaves, EV control and PGDH1-silenced plants
were germinated and initially grown at ambient CO, and were
subsequently transferred to high CO, conditions for 5 d. This
short-term high CO, exposure led to a strong inhibition of leaf
growth and to the occurrence of lesions in young and mature
leaves of the PGDH1-silenced plants (Figures 8A and 8B). By
contrast, growth of the EV control plants was not affected by
high CO, concentrations (Figures 8A and 8B). Transcript anal-
ysis by quantitative RT-PCR and histochemical staining of plants
expressing the GUS gene under control of the PGDH1 promoter
clearly showed a significant induction of PGDH1 expression when
plants were grown at high CO, levels, whereas expression of
PGDH2 and PGDH3 did not change (Figures 8C and 8D).
Because alteration of Ser biosynthesis might also lead to
a general perturbation of amino acid metabolism, we analyzed
the amino acid and ammonium concentration of silenced lines
under ambient and elevated CO, conditions. At ambient CO,
levels, GiIn, Asn, Arg, Ala, His, and ammonium accumulated in
leaves of PGDH1-silenced plants, whereas the concentration
of none of the other amino acids was significantly altered in
comparison to the EV control (Figure 9). The transfer of PGDH1-
silenced lines to high CO, conditions led to a strong increase in

EV #133.7 #133.15

Ambient CO5
14 day old plants

lants

3000 ppm CO9

14 day old

Figure 7. Germination of PGDH1-Silenced Plants in High CO, Con-
ditions.

Developmental phenotype of PGDH1-silenced plants (lines 133.7 and
133.15) and EV control germinated and grown for 14 d at ambient CO, or
at high CO, (3000 ppm).

[See online article for color version of this figure.]
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Figure 8. Phenotype of Mature PGDH1-Silenced Plants after 5 d in Elevated CO, Conditions.

(A) Visible lesion phenotype (red arrows) of 21-d-old PGDH1-silenced plants (lines 133.7 and 133.15) grown for 5 d at elevated CO,.

(B) Leaf area of plants grown for 5 d at high CO, (black bars) compared with plants grown at ambient CO, (white bars, control). Values are given as
a percentage of the EV control and represent the mean of five to seven replicates.

(C) Histochemical staining of GUS activity in plants expressing ProPGDH1:GUS, ProPGDH2:GUS, and ProPGDH3:GUS constructs grown at ambient

and high CO,.

(D) Relative expression of PGDH1, PGDH2, and PGDH3 in plants grown at ambient and high CO, levels. Values represent the mean of three in-

dependent measurements.

Error bars indicate the sp . **P = 0.01, significant differences between control and PGDH1-silenced plants.

GiIn, Asn, Arg, His, Lys, and ammonium levels. By contrast, the
Ser concentration was significantly reduced in silenced plants
upon transfer to elevated CO, by >50% compared with the EV
control and the nontreated plants (Figure 9). Under the same
conditions, the concentration of most amino acids in the EV control
remained unchanged. The only significant alterations observed
were a 50% reduction in Gly and a minor increase in aspartate,
Ala, His, and Leu concentrations compared with plants grown at
ambient CO, levels (Figure 9).

The PS Pathway Delivers Ser for the Synthesis of Trp and
Its Derivatives

The in silico analysis of publicly available expression data (CSB.
DB, http://csbdb.mpimp-golm.mpg.de; ATTED, http://atted.jp)
revealed a strong coexpression of PGDH1 and PSAT1 with

genes involved in Trp biosynthesis (see Supplemental Table 1
online). Analysis of the tissue-specific expression of PGDH genes
revealed a distinct expression pattern of PGDH1, which over-
lapped with the activity of DR5, a synthetic auxin response ele-
ment (Figure 10A). PGDH1- and DR5-driven GUS expression
were observed at the tips of the cotyledons, within the root vas-
culature, at the tip of the root, and in the leaf margin (Figures 10A
to 10D). To test the influence of reduced PGDH1 activity on the
auxin response, the PGDH1 silencing construct was transformed
into the background of the ProDR5:GUS line. The selected plant
lines (139.8 and 139.15) exhibited a total PGDH activity that was
70% less than in the control (nontransformed ProDR5:GUS line)
and showed the same growth phenotype as described for lines
133.7 and 133.15 (see Supplemental Figure 6C online). Differ-
ences in auxin response were visualized by staining the seedlings
with 5-bromo-4-chloro-3-indolyl-B-p-glucuronic acid (X-Gluc) and
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Figure 9. Metabolic Alterations in PGDH1-Silenced Plants in Ambient and High CO, Conditions.

Alteration in amino acid and ammonium concentration in PGDH1-silenced plants (lines 133.7 and 133.15) and EV control plants. Plants were grown for
21 d at ambient CO, before transfer for 5 d to high CO, conditions (gray bars). In parallel, plants grown at ambient CO, were used as a control (black



were quantified by measuring the conversion of 4-methyl-
umbelliferyl-B-p-glucuronide (MUG) in a fluorometric assay
(Lewis et al., 2007). In 4-d-old seedlings, PGDH1 expression was
high within the root and at the tips of the cotyledons (see
Supplemental Figures 7A to 7E online). All lines with reduced
PGDH1 activity showed less GUS staining at the root tip and the
GUS activity was >50% lower than in the control (Figures 10B to
10D), suggesting a decreased auxin accumulation in these lines.
To validate these results, the auxin concentration was additionally
quantified in 4-d-old seedlings by an enzyme-linked immuno-
sorbent assay (ELISA). In both silenced lines, the auxin con-
centration was significantly reduced to <50% of the concentration
of control plants (Figure 10E).

To examine the link between the PS pathway and Trp bio-
synthesis, the expression of PGDH1 and PSAT1 was analyzed in
plants that overexpressed High Indolic Glucosinolatel (HIG1/
MYB51) or Altered Tryptophan Regulation1 (ATR1/MYB34), known
transcriptional regulators of Trp biosynthesis (Celenza et al., 2005;
Gachon et al., 2005; Gigolashvili et al., 2007). In both over-
expressing lines, expression of PGDH1 and PSAT1 was en-
hanced (Figure 11A; Malitsky et al., 2008). In addition, we
performed a trans-activation assay using cultured Arabidopsis
root cells (Berger et al., 2007) to test whether the MYB51 tran-
scription factor activates any PS pathway gene promoters.
Staining and fluorometric determination of GUS activity revealed
a significant activation of PGDH1, PGDH2, and PSAT1 pro-
moters, whereas the activity of the PGDH3, PSAT2, and PSP
promoters remained unaffected by MYB51 (Figure 11B). Apart
from regulating Trp biosynthesis genes, MYB51 is a central
regulator of genes of the Trp-derived indolic glucosinolate path-
way (Gigolashvili et al., 2007).

To assess a possible link between the PS pathway and the
indolic glucosinolate biosynthetic pathway, plants of the PGDH1-
silenced lines were harvested and the concentration of glucosi-
nolates was analyzed (Figures 11C to 11F). In leaves of silenced
plants, no significant changes in aliphatic glucosinolate concen-
tration were observed and only the concentration of the
1-methoxyindole-3-ylmethyl glucosinolate (1MOI3M) was re-
duced (Figures 11C and 11D). By contrast, the concentration of
1MOI3M was significantly reduced in roots of the PGDH1-si-
lenced plants (Figures 11E and 11F).

Camalexin represents another important secondary metabo-
lite derived from Trp and its biosynthesis is induced upon in-
fection with necrotrophic pathogens such as Botrytis cinerea
(Windram et al., 2012). To test the influence of B. cinerea infection
on the PS pathway, leaves of promoter GUS lines containing the
respective promoters of PS pathway genes were infected with B.
cinerea as described by Windram et al. (2012) and GUS activity
was analyzed 4 d after infection. The promoter activity of PGDH1,
PSAT1, and PGDH2 was enhanced at the site of infection,
indicating an activation of the respective promoters (see
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Supplemental Figure 8B online). By contrast, the PSP, PGDH3,
and PSAT2 promoters were not activated, as indicated by the
lack of elevated GUS staining at the site of infection (see
Supplemental Figure 8B online).

DISCUSSION

PS Biosynthesis Takes Place in Plastids and Is Essential for
Plant Development

The first committed step of the PS pathway is catalyzed by the
PGDH enzyme (Slaughter and Davies, 1968; Ho et al., 1999b; Ho
and Saito, 2001).

The biochemical characterization of the putative PGDH
enzymes revealed that all three isoenzymes catalyze the 3-PGA
to 3-PHP conversion (Table 1) and substrate affinities and cat-
alytic efficiencies are comparable to those for PGDH from Tri-
ticum aestivum (Rosenblum and Sallach, 1970).

In several organisms, PGDH enzymes are known to be feed-
back regulated by Ser (Pizer, 1963; Dey et al., 2005), whereas
such a mechanism has been controversial in plants (Slaughter
and Davies, 1968; Rosenblum and Sallach, 1970). In Arabidopsis,
PGDH1 and PGDH3 were sensitive to Ser concentrations of 1 and
5 mM, whereas PGDH2 was completely insensitive (Figure 3). The
Ser concentrations in the stroma of chloroplasts and heterotro-
phic plastids were estimated to range from 1.7 to 4.3 mM (Mills
and Joy, 1980; Winter et al., 1994; Farré et al., 2001). On the basis
of these concentrations, PGDH1 and PGDH3 would be partly
inhibited in both types of plastids and hence substrate feed-
back inhibition might be one mechanism to regulate PGDHs in
Arabidopsis.

Transiently expressed PGDH:GFP fusion proteins of the three
Arabidopsis PGDH isoenzymes all localized to chloroplasts (Fig-
ure 2); however, PGDH1 and PGDH2 are dominantly expressed in
heterotrophic tissue (Figure 4). These data indicate that the PS
pathway might be more important for Ser biosynthesis in plastids
of nonphotosynthetic tissue, which is further supported by the
embryo-lethal phenotype of pgdh and psp mutants (Figure 5; see
Supplemental Figure 5 online).

During embryo development, the cell division rate in mer-
istems, in which PGDH1 and PSP are preferentially expressed
(Figure 4; see Supplemental Figure 7 online), is high and thus so is
the demand for Ser as a substrate for protein biosynthesis and as
a precursor for other important metabolites. Embryo lethality has
frequently been observed in mutants with functionally disrupted
metabolic enzymes, although the exact cause of abortion often
remains unknown (Caims et al., 2006; Muralla et al., 2007; Meinke
et al., 2008; Székely et al., 2008). Recently, it has been shown that
the biosynthesis of phosphatidylserine, a phospholipid synthe-
sized from Ser, is important for plant reproduction. Mutation of

Figure 9. (continued).

bars). Bars represent the mean of six to eight replicates, and error bars indicate the sp. *P = 0.1; **P = 0.05; **P = 0.01, significant differences between
control and PGDH?1-silenced plants at ambient CO, . 2Significant differences at between control and PGDH1-silenced plants at high CO, levels (P =
0.05). bSignificant differences between high CO,- and ambient CO,-grown plants (P = 0.05).
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Figure 10. Association of the PS Pathway with Local Auxin Biosynthesis.

(A) Overlapping localization of GUS activity between plants expressing the uidA gene either under the control of the PGDH1 promoter ([a] to [d]) or
under control of the auxin-responsive DR5 promoter ([f] to [i]). GUS activity was determined in seedlings ([a] and [e]), root tips ([b] and [f]), root
vasculature ([c] and [g]), and the margin/serration of developing leaves ([d] to [h]).

(B) PGDH activity was determined in control (DR5) and PGDH1-silenced lines (139.8 and 139.15). PGDH activity is given as a percentage of the DR5
control. Bars represent the mean of four independent replicates.

(C) GUS staining in root tips of DR5 control and PGDH1-silenced plants. GUS activity was determined by staining 4 d after imbibition.

(D) Auxin accumulation was determined in seedlings of the DR5 control and PGDH1-silenced plants at 4 d after imbibition. GUS activity was quantified
by the 4-methylumbelliferyl-g-p-glucuronide fluorometric assay (Lewis et al., 2007). GUS activity is shown as a percentage of the DR5 control. Bars
represent the means of four to six independent replicates.

(E) Indole-3-acetic acid (IAA) concentration was measured by ELISA in 4-d-old seedlings of DR5 control and PGDH1-silenced plants. Bars represent the
means of six independent replicates.

Error bars indicate the sp. *P = 0.1; *P = 0.05; **P = 0.01.

PHOSPHATIDYLSERINE SYNTHASET led to embryo lethality and cannot be excluded that decreased Ser supply to other cellular
affected microspore development (Yamaoka et al., 2011). The processes also affects embryo vitality in pgdh1 and psp mutants.
lack of Ser normally synthesized via the PS pathway might result Apart from its vital function during embryo development, the
in reduced phosphatidylserine synthesis and lead to the abortion PS pathway appears to play an additional role in mature plants.
of embryos homozygous for pgdh1 or psp mutations. However, it Plants with reduced PGDH1 activity show reduced shoot and
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Figure 11. Association of the PS Pathway with Indolic Glucosinolate Biosynthesis.

(A) Expression of PGDH1 and PSAT1 in HIG1-1D and atr1D transformants Celenza et al., 2005). Bars represent the means of four independent
replicates.

(B) Trans-activation assay of PS pathway promoter:uidA fusions and the ProCYP83B1:GUS positive control is shown. Fusion constructs of the
respective promoters were coexpressed with Pro35S:MYB51 in cultured Arabidopsis root cells and GUS activity was determined by staining (a) or by
measuring the 4-methylumbelliferyl-B-p-glucuronidase activity in nmol (4-MU) - min—' - mg~" protein (b). The data shown in (a) consist of three
independent replicates and were repeated twice. The bars in (b) represent the means of six independent replicates and were repeated twice. Asterisks
indicate significant difference in 4-methylumbelliferyl-B-D-glucuronidase activity between samples expressing PS pathway promoter:uidA fusions
constructs alone or in combination with Pro35S:MYB51 constructs.

(C) Glucosinolate concentration in leaves of PGDH1-silenced plants (lines 133.7 and 133.15) and EV control plants grown on one-half-strength
Murashige and Skoog medium without Suc. The mean of eight replicates is shown.

(D) Glucosinolate concentration in leaves of PGDH1-silenced plants and EV control plants grown on soil in standard greenhouse conditions. The mean
of eight replicates is shown.

(E) Glucosinolate concentration in roots of PGDH1-silenced plants and EV control plants on half-strength Murashige and Skoog medium without Suc.
The mean of eight replicates is shown.
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The PS pathway is essential for the synthesis of Ser and its derivatives in specific cells of developing embryos (A), the SAM (B), and the root (C).
Furthermore, at high CO, levels, the PS pathway compensates for Ser biosynthesis via photorespiration and provides 2-oxoglutarate for Glu synthesis

and subsequently ammonium fixation by the GS/GOGAT cycle (D).

root growth (Figure 6), whereas disruption of the PGDH2 gene
did not lead to any obvious morphological or metabolic pheno-
type (see Supplemental Figures 3 and 4 online). In comparison
with PGDH1, PGDH2 is only weakly expressed, which together
with the wild-type-like phenotypic growth of mutants, might in-
dicate a rather minor role of this isoenzyme in plant metabolism.

According to our metabolite analyses, the Ser concentration
of PGDH1-silenced plants was unaltered compared with the
control (Figure 9; see Supplemental Figure 9 online), but si-
lenced plants still displayed severely reduced growth (Figure 6)
and increased levels of some other amino acids (Figure 9). The

majority of the total Ser measured in whole leaf or root extracts
of silenced plants is likely synthesized during photorespiration,
because this pathway represents the major source of Ser in
plants. By contrast, Ser generated via the PS pathway might be
limited to a few cell types and account for only a small fraction of
total Ser. Thus, decreased Ser synthesis via the PS pathway
might not be detected on a whole organ basis. External supply
of Ser to PGDH1-silenced plants rescued the root-growth
phenotype (see Supplemental Figure 6A and 6B online).
Therefore, the observed growth defects of PGDH1-silenced
plants appear to originate from Ser deficiency in specific cells,

Figure 11. (continued).

(F) Glucosinolate concentration in roots of PGDH1-silenced plants and EV control plants grown on soil in standard greenhouse conditions. The mean of

eight replicates is shown.

3MSOP, 3-methylsulphinylpropyl-glucosinolate; 4MOI3M, 4-methoxyindol-3-ylmethyl glucosinolate; 4MSOB, 4-methylsulphinylbutyl glucosinolate;

DW, dry weight; I3M, indol-3-ylmethyl glucosinolate.
Error bars indicate the sp. **P = 0.05; **P = 0.01.
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which are insufficiently supplied with Ser synthesized by
photorespiration.

When plants were grown at high CO, levels to inhibit photo-
respiratory Ser biosynthesis, leaf initiation was completely
abolished in seedlings of PGDH1-silenced plants (Figure 7).
PGDH1 and other genes of the PS pathway are predominantly
expressed in cells of the SAM and RAM (Figure 4; see
Supplemental Figure 10 online). Because leaf initiation is
a function of the SAM (Micol and Hake, 2003; Murray et al.,
2012), our findings indicate that the synthesis of Ser in the SAM
via the PS pathway is important for leaf initiation and growth.

In proliferating cells of the meristem, Ser might be important
as a donor of C1 units for 5,10-methylene-tetrahydrofolate (5,10-
CH,-THF) synthesis in plants (Douce et al., 2001; Jabrin et al.,
2003; Sahr et al., 2005; Rébeillé et al., 2007). The transfer of C1
units mediated by THF is important for metabolic processes such
as the synthesis of S-adenosylmethionine and nucleotides (Hesse
et al., 2004; Ravanel et al., 2004; Zrenner et al., 2006). In pro-
liferating cells, the rate of nucleic acid synthesis is high and
consequently, so is the demand for nucleotides and S-ad-
enosylmethionine for methylation reactions. Thus, a reduced Ser
biosynthesis in the meristem would affect nucleic acid synthesis
and subsequently cell proliferation.

However, in PGDH1-silenced plants grown at ambient CO,
levels, leaf development is not as strongly affected as under
elevated CO, (Figure 7), indicating that in early stages of leaf
development, Ser can also be synthesized by photorespiration.
Because cotyledons are autotrophic organs (Marek and Stewart,
1992), Ser will most likely be synthesized via photorespiration
and transported to the SAM via the phloem. Taken together, Ser
synthesized by either photorespiration or PS pathway is essential
for proper leaf development in plants.

The PS Pathway Compensates the Lack of Photorespiratory
Ser Biosynthesis

Although photorespiration is an important pathway in primary
plant metabolism, plants are able to develop normally at non-
photorespiratory high CO, conditions (Somerville and Ogren, 1980;
Bauwe et al., 2010; Maurino and Peterhansel, 2010; Eisenhut
et al., 2013). Therefore, an alternative source of Ser is required to
compensate for the lack of photorespiratory Ser biosynthesis at
high CO, concentrations. The expression of PGDH1 is dramati-
cally enhanced in the whole leaves of plants grown for 5 d at high
CO, levels and leaf growth of mature PGDH1-silenced plants is
severely impaired (Figures 8C and 8D). In addition, the Ser con-
centration of these plants is significantly reduced (Figure 9).
Therefore, our data indicate that under high CO, conditions,
the PS pathway assumes the role of providing Ser.

Furthermore, impairment in Ser biosynthesis via the PS
pathway led to other notable but unexpected effects on plant
amino acid metabolism; the concentrations of several amino acids
were significantly increased in PGDH1-silenced plants upon
transfer to high CO, concentrations (Figure 9).

Recently, metabolomic studies of a variety of mutants un-
covered a thus far unexpected complexity in amino acid me-
tabolism in plants (Jander et al., 2004; Joshi et al., 2006; Lu et al.,
2008; Araujo et al., 2010). For example, mutants defective in
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branched chain amino acid degradation accumulate a broad
range of amino acids in seeds (Gu et al., 2010). Because the bio-
synthesis of amino acids accumulating in these mutants is obvi-
ously unrelated to the mutation, their accumulation seems to be
a pleiotropic effect. Hence, increased amino acid concentrations in
leaves of PGDH1-silenced lines may also reflect a pleiotropic effect.
On the other hand, the accumulation of only nitrogen-rich amino
acids in PGDH1-silenced lines might rather point to a specific effect
as observed in the presence of excess ammonium due impaired
ammonium assimilation (Coschigano et al., 1998; Lancien et al.,
2000, 2002; Potel et al., 2009). Ammonium does, in fact, accu-
mulate in PGDH1-silenced plants in both photorespiratory and
nonphotorespiratory conditions (Figure 9). Thus, the necrotic le-
sions that appeared on leaves of these plants at high CO, con-
centrations might be the result of toxic ammonium accumulation
(Figure 8) (Platt and Anthon, 1981; Britto and Kronzucker, 2002).
The PSAT reaction represents a potential link between ammo-
nium assimilation and the PS pathway, in which the amino group
from Glu is transferred to 3-PHP, resulting in one molecule of
2-oxoglutarate and one molecule of PS (Figure 12D). The
2-oxoglutarate released by this reaction can be directly used for
ammonium fixation via the glutamine synthetase/glutamine ox-
oglutarate aminotransferase (GS/GOGAT) cycle. In plants de-
ficient in PS biosynthesis, this recycling mechanism is disturbed,
because less 2-oxoglutarate is released from the PSAT reaction.
This effect becomes important at high CO, levels when flux
through the PS pathway is enhanced, whereas photorespiratory
2-oxoglutarate synthesis is diminished. Because the additional
lack of 2-oxoglutarate synthesis in PGDH1-silenced lines would
affect ammonium assimilation by the GS/GOGAT cycle, the plant
might use different pathways for ammonium fixation to detoxify
ammonium and maintain the amino acid pool in leaves. Beside
the GS/GOGAT cycle, plants possess three additional pathways
for ammonium assimilation (Potel et al., 2009). First, ammonium
can be integrated into Asn by Asn synthetase. Second, car-
bamoylphosphate, an essential precursor for Arg and pyrimidine
biosynthesis, is formed by carbamoylphosphate synthetase using
bicarbonate, ATP, and ammonium. Finally, in the presence of high
ammonium levels, plants incorporate ammonium into Glu by
NADH-Glu dehydrogenase (Skopelitis et al., 2006). Increased flux
through all three pathways would explain why nitrogen-rich amino
acids are accumulating in PGDH1-silenced lines at a high CO,
level.

Ineffective PS Biosynthesis Impairs the Synthesis of
Trp-Dependent Secondary Metabolites

Ser is an important precursor for the biosynthesis of several
essential compounds in plants. The coexpression data indicated
a possible function of the PS pathway in Trp biosynthesis, be-
cause PGDH1 and PSATT1 are strongly coexpressed with genes
of Trp metabolism (see Supplemental Table 1 online). The cor-
relation between both pathways is reasonable, because Trp is
synthesized by the condensation of Ser and indole (Radwanski
and Last, 1995; Miles, 2001; Tzin and Galili, 2010; Dunn, 2012).

Involvement of the PS pathway in Trp biosynthesis is further
supported by the tissue-specific expression pattern of PS path-
way genes. Several Trp biosynthesis genes are highly expressed
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within cells of the vasculature and meristem (Pruitt and Last, 1993;
Birbaum et al., 2003; Sazuka et al., 2009) and therefore strongly
overlap with the expression of PS pathway genes. However, con-
clusions based solely on promoter GUS studies have to be drawn
with caution because the intensity of GUS signal can differ
significantly depending on the promoter sequence used (Rose
and Last, 1997).

Additional evidence for an association of the PS pathway and
Trp metabolism came from reduced auxin and 1MOI3M con-
centrations in PGDH1-silenced lines (Figures 10 and 11). 1MOI3M
represents the major indolic glucosinolate present in roots and
both auxin and indolic glucosinolates are synthesized from a com-
mon Trp-derived precursor indole-3-acetaldoxime. Therefore, the
metabolic phenotype of the PGDH1-silenced lines resembles the
phenotype observed for mutants defective in the biosynthesis of
indole-3-acetaldoxime (Zhao et al., 2002). The interaction between
both pathways, however, seems to be restricted to certain cells,
because the Trp concentration, similar to the whole tissue con-
centration of Ser, was not significantly altered in PGDH1-silenced
plants (Figure 9; see Supplemental Figure 9 online).

Although local auxin biosynthesis is known to be essential for
proper meristem function (Vernoux et al., 2010), auxin deficiency
owing to reduced Trp biosynthesis in meristems does not ap-
pear to be the only reason for the short-root phenotype of PGDH1-
silenced plants because it could not be reverted by supplementing
the growth medium with Trp (see Supplemental Figure 6B online).

In addition, expression analyses of PS pathway genes further
support an interaction between the Trp and PS biosynthesis.
The expression of genes involved in Trp and indolic glucosino-
late biosynthesis is regulated by two transcription factors, HIG1/
MYB51 (Gachon et al., 2005; Gigolashvili et al., 2007) and ATR1/
MYB34 (Celenza et al., 2005). We found that the genes of the PS
pathway are regulated by the same transcription factors (Figure
11). These results are consistent with recent data from Malitsky
et al. (2008), which showed that the activities of HIG1/MYB51
and ATR1/MYB34 are not restricted to core Trp and indolic glu-
cosinolate biosynthesis, but are also involved in the regulation of
pathways at the interface between primary and secondary me-
tabolism. However, the regulation of PS pathway gene expression
appears to be more complex, because the activities of the PGDH1,
PGDH?2, and PSAT1 promoters were also induced in plants sub-
jected to infection with B. cinerea (see Supplemental Figure 8 on-
line). Plants attacked by necrotrophic pathogens such as B. cinerea
typically reduce the synthesis of glucosinolates, whereas sub-
stantial amounts of the Trp-derived phytoalexin camalexin are
produced (Denby et al., 2004; Kliebenstein et al., 2005; Rauhut and
Glawischnig, 2009). Camalexin is synthesized immediately at in-
fection sites; thus, upregulation of the PS pathway might be im-
portant to ensure Trp and subsequently camalexin biosynthesis in
plants, under conditions or in tissues in which Ser cannot be de-
livered by photorespiration.

In summary, we provide evidence for an essential function of
the PS pathway in nonphotosynthetic tissues such as developing
embryos and the SAM and RAM. Here our data revealed an un-
expected role of Ser as an essential metabolite for meristematic
cell proliferation because absence of the PS pathway caused
defects in embryo development and led to reduced leaf and root
growth in mature plants.

The effect of PS pathway loss in PGDH1-silenced plants
could be partially compensated by photorespiratory Ser bio-
synthesis, and upregulation of the PS pathway in plants grown
under nonphotorespiratory conditions indicated that both path-
ways work in concert and are able to partly compensate for one
another. Furthermore, our results indicate involvement of the PS
pathway in the biosynthesis of Trp-derived defense-related me-
tabolites and in auxin biosynthesis.

Future research will enable a more detailed understanding of
the interaction of photorespiratory and PS pathway-mediated
Ser biosynthesis and its implication for plant development and
metabolism.

METHODS

Plant Materials and Growth Conditions

All plants used in this study are of the Arabidopsis thaliana ecotype Col-0.
Plants germinated on soil (Einheitserde Classic; Einheitserde- und Hu-
muswerke Sinntal-Altengronau) or on plates were stratified for 2 d in the
dark at 4°C. For sterile culture, plants were cultivated on one-half-strength
Murashige and Skoog medium including modified vitamins (M0245.0050;
Duchefa) without Suc. Plants were grown under standard greenhouse
conditions (16-h light/8-h dark; 140 to 200 umol m~2/s~' photon flux
density and a temperature of 21°C at 50% relative humidity). High CO,
experiments were conducted either with 21-d-old plants that were grown
at ambient CO, conditions (~300 ppm) before transfer for 5 d to high CO,
conditions (3000 ppm) or with plants grown from seeds that were directly
germinated in high CO, conditions. Botrytis cinerea infection of Arabi-
dopsis leaves was conducted according to Windram et al. (2012). Five
microliters of spores (1 X 10° spores X mL~") were pipetted onto de-
tached leaves of 25-d-old plants. Leaves were placed on wet filter paper in
a Petri dish and incubated for 2 d.

Isolation of T-DNA Insertion Mutants and Generation of
PGDH1-Silenced Plants

Putative T-DNA insertion lines for the PGDH1, PGDH2, and PSP genes of
Arabidopsis (Col-0) (SAIL_209_G08 [pgdh1-1/+], GK-155B09 [pgdh1-2/+],
SALK_069543 [pgdh2-1], SALK_149747 [pgdh2-2], SALK_062391
[psp-1/+], and SAIL_658_A06 [psp-2/+]) were obtained from the Euro-
pean Arabidopsis Stock Centre. All T-DNA mutants were identified using
the respective primers LBb1 and LBal, together with an appropriate
gene-specific primer (see Supplemental Table 2 online). For target-
specific gene silencing, plants expressing the full-length PGDH1 se-
quence fused 3’ to the trans-acting small interfering RNA target miR173
were generated (Felippes et al., 2012). These lines are referred to as
PGDH1-silenced lines. For this, full-length PGDH7 cDNA was amplified
using a modified 5’-oligonucleotide that included the miR173 target
sequence. The PCR amplicon was cloned into the pENTR/D-TOPO (In-
vitrogen) vector and recombined into the pAM-PAT-GWPro35S vector
(Jakoby et al., 2006). The generated construct was transformed into the
Agrobacterium tumefaciens strain GV3101 pmp90RK and subsequently
into Arabidopsis Col-0. Transformed plants were germinated on soil and
transgenic lines were selected by spraying with glufosinate (BASTA).

Expression Analysis by Quantitative RT-PCR

To analyze PGDH1, PGDH2, and PGDH3 transcript levels in control plants
and PGDH1-silenced lines, total RNA was extracted from 50 mg of plant
material by hot phenol extraction, followed by a LiCl precipitation. Isolated
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RNA was digested with the TURBO DNA-free kit (Ambion) and 5 ug di-
gested RNA was used for first-strand cDNA synthesis using Bioscript
Reverse Transcriptase (Bioline), according to the manufacturer’s in-
structions. To quantify the expression of the respective genes, quanti-
tative PCR was performed using the 7300 Real-Time PCR System and
SYBR Green (Applied Biosystems), according to the manufacturer’s in-
structions. Expression was analyzed from five biological replicates.
Sequences of the primers used for the PCR reactions are listed in
Supplemental Table 2 online.

Preparation of Seeds and Embryos for Microscopy and Genotyping

Siliques of Arabidopsis wild-type and mutant plants were harvested 12 to
14 d after flowering and fixed onto a glass slide using double-sided
adhesive tape. Siliques were opened using forceps and seeds were
isolated in water for embryo isolation or mounted in clearing solution (30 g
gum arabic, 200 g chloral hydrate, 20 g glycerol, 50 mL water) for mi-
croscopy. To affect sufficient clearing of the seed coat and the embryo,
seeds were incubated in clearing solution at least overnight. For mi-
croscopy, the cleared seeds were transferred to a glass slide and images
were captured by differential interference contrast microscopy (Nikon
Eclipse E800). Mature or immature embryos were obtained by removing
the seed coat. The isolated embryos were rinsed at least four times with
distilled water to prevent genomic DNA contamination from the seed coat
and the endosperm. For genotyping, isolated embryos were collected in
100 wL DNA extraction buffer (200 mM Tris-HCI, pH 7.5, 250 mM NaCl, 25
mM EDTA, 0.5% SDS) and homogenized using a pestle; 35 nL 3M po-
tassium acetate, pH 6.0, was added and the sample was centrifuged for
10 min at 12,000g. The supernatant was transferred to a new tube and
genomic DNA was precipitated by addition of 125 pL isopropanol fol-
lowed by 10-min centrifugation at 12,000g. The remaining pellet was
washed once with 75% ethanol and subsequently dissolved in 10 pL Tris-
EDTA buffer (10 mM Tris-Cl, pH 7.5, 1 mM EDTA). The zygosity of the
respective T-DNA insertion of the different embryo types (mature green,
immature bright) was determined by PCR.

Subcellular Localization of PGDH Isoenzymes

To determine the subcellular localization of PGDH1, PGDH2, and PGDH3,
GFP fusion constructs were generated. Full-length ¢cDNA and the 5’
region of PGDH1, PGDH2, and the PGDH3 were amplified by PCR and
cloned into the pENTR/D-TOPO vector. Oligonucleotide sequences are
provided in Supplemental Table 2 online. The generated ENTRY clones
were recombined with the pGWB5 vector (Invitrogen) and the final
constructs were transformed into the supervirulent A. tumefaciens strain
LBA4404.pBBR1MCS.virGN54D (Koroleva et al., 2005). The obtained
A. tumefaciens clones were subsequently used for transient expression of
the fusion proteins in Nicotiana benthamiana. In addition to chlorophyll
fluorescence, the triosephosphate phosphate translocator fused to GFP
was used as positive control for chloroplastic localization (Fligge and
Heldt, 1976). GFP fluorescence and chlorophyll autofluoresence were
monitored using a Zeiss LSM 700 confocal laser-scanning microscope.
GFP and chlorophyll were excited at 488 nm and emission was analyzed
between 502 and 525 nm for GFP and between 600 nm and 650 nm for
chlorophyll. Images were captured using ZEN 2009 software and were
processed using Adobe Photoshop CS3.

Generation of Promoter:uidA Fusion Constructs for Transformation
of Plants and Cultured Cells

To study the expression pattern of genes encoding the enzymes of the PS
pathway, promoter GUS fusion constructs were generated. For all con-
structs, 1800 to 2000 bp upstream sequence from the start codon (ATG)
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was amplified from genomic DNA and cloned into the pENTR/D-TOPO
vector (for oligonucleotide sequences, see Supplemental Table 2 online).
The generated ENTRY clones were recombined with the pGWB3 desti-
nation vector (Invitrogen) containing the B-glucuronidase (uidA) gene. The
final constructs were transformed into both the supervirulent A. tume-
faciens strain LBA4404.pBBR1MCS.virGN54D (Koroleva et al., 2005) for
transient expression in cultured Arabidopsis root cells and also into the
A. tumefaciens strain GV3103 for stable transformation of Arabidopsis
plants. Transgenic plants were selected on 1/2 Murashige and Skoog
medium containing the respective antibiotics. Promoter activity was
analyzed by detection of GUS activity after incubating the whole plant or
plant parts in an assay solution containing X-Gluc as a substrate as
previously described (Gigolashvili et al., 2007). Histochemical staining
was monitored using a Leica SBAPO binocular microscope and the re-
spective LAS-EZ (2.1.0) software package.

Trans-Activation Assays Using the Promoter:uidA Fusion Constructs
of PS Pathway Genes and the MYB51 Transcription Factor

The supervirulent Agrobacterium strain LBA4404.pBBR1MCS.virGN54D
harboring the constructs for expressing the MYB51 transcription factor
(Gigolashvili et al., 2007), the antisilencing protein p19, and the uidA gene
under the control of the respective promoters were used for the trans-
formation of cultured Arabidopsis root cells. The root cells were grown and
transformed as previously described (Berger et al. (2007). GUS activity was
visualized 5 to 6 d after transfection by adding 100 p.L of staining solution (1
mM X-Gluc, 50 mM NaH,PO,, pH 7.1) to 3 mL of the cells followed by
incubation for up to 12 h at 37°C. GUS staining was monitored using
a Canon EOS 1100D digital camera. To quantitatively measure GUS activity,
the pellet of 1.5 mL of the cell culture was homogenized in 500 p.L extraction
buffer (1 mM EDTA, 0.1% v/v Triton X-100, 50 mM NaH,PO,, pH 7.1) and
centrifuged for 20 min at 4°C at 12,000g. Twenty-five microliters of su-
pernatant was mixed with 200 pL MUG solution (22 mg 4-methyl-
umbelliferyl-B-p-glucuronide in 50 mL extraction buffer) and incubated at
37°C. The increase in fluorescence intensity (excitation at 365 nm; emission
at 455 nm) was measured every 90 s using a plate reader. The linear slope of
the curve was determined and the values were normalized to the protein
content within the extract. The total amount of protein in the extract was
quantified according to the Bradford (1976) method.

Extraction and Measurement of Metabolites

Amino acids were extracted according to the methods of Giavalisco et al.
(2009) and quantified following a modified protocol from Lindroth and
Mopper (1979). Fifty milligrams (fresh weight) of freshly ground frozen
plant tissue was extracted for 10 min at 25°C with 1 mL precooled (—15°C)
extraction mixture (25% methanol, 75% methyl tert-butyl ether) followed
by an incubation for 10 min in an ultrasonic bath. To separate the solid
from the soluble and the polar from the lipophilic phases, 650 pL of
a mixture of water:methanol (3:1) was added to the sample, which was
then mixed and centrifuged for 5 min at maximum speed in a table-top
centrifuge. After phase separation, 200 pL of the lower methanol:water
phase was transferred to a HPLC vial and mixed with 800 pL HPLC-grade
water. The extracts were subjected to HPLC analysis using a Hyperclone
C18 ODS column (Phenomenex) connected to a HPLC system (Dionex).
Amino acid concentrations were quantified by precolumn online de-
rivatization with orthophthaldehyde in combination with fluorescence
detection (Lindroth and Mopper, 1979). The ammonium concentration
was determined using a protocol described by Brautigam et al. (2007). For
the analysis of glucosinolates, ~100 mg (fresh weight) plant tissue was
lyophilized overnight, homogenized with a tissue lyzer, and extracted with
1 mL 80% methanol (v/v) containing benzyl-glucosinolate as an internal
standard. The final extract was loaded onto a self-made anion exchange
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column (DEAE Sephadex A25) and incubated overnight with sulfatase
(E.C. 3.1.6.1; designated type H-1, from Helix pomatia; Sigma). De-
sulfoglucosinolates were eluted from the column with 3 X 2 mL HPLC-
grade water and the eluate was dried overnight in a vacuum concentrator.
The remaining pellet was resolved in 300 pL HPLC-grade water and the
amount of desulfoglucosinolates was quantified by Ultra Performance
Liguid Chromatography coupled to a Photo-Diode Array detector at 229
nm relative to the internal standard. Differences in auxin accumulation
were determined indirectly, by analyzing the GUS activity in ProDR5:GUS
and ProDR5:GUS/PGDH1-silenced lines. ProDR5:GUS signal was visu-
alized by staining seedlings with X-Gluc for 12 h at 37°C, followed by 3 h
destaining in 75% ethanol. Stained seedlings were placed on a glass slide
and photographed using a Leica S8APO binocular microscope and the
respective LAS-EZ (2.1.0) software package. To quantify alterations in
auxin accumulation, total protein was extracted from seedlings (50 mg) of
ProDR5:GUS and ProDR5:GUS/PGDH1-silenced lines and used for
a MUG assay of GUS activity. Product formation was determined fluo-
rometrically (365/455 nm) every 90 s as previously described by Lewis
et al. (2007). The rate of product formation corresponds to the amount of
GUS expression driven by the DR5 promoter and is therefore an indirect
measure of auxin. Direct quantification of indole-3-acetic acid concen-
tration in 4-d-old seedlings was performed ELISA according to the
manufacturer’s instructions (Uscn Life Science).

Cloning, Heterologous Expression, Purification, and
Characterization of the PGDH Enzymes
from Arabidopsis and E. coli

cDNA fragments encoding PGDH from Arabidopsis, lacking sequences
encoding the predicted targeting signal, were amplified from cDNA by
PCR using an appropriate proofreading Taq polymerase. The E. coli
PGDH-encoding DNA fragment (SerA) was amplified from genomic DNA
isolated from the E. coli strain DH5a. The PCR products were cloned into
the pET16b expression vector (Novagen) by ligation. Restriction sites
were incorporated within the DNA fragments using modified oligonu-
cleotides for the PCR reaction (for primer sequences, see Supplemental
Table 2 online). Cloning of DNA fragments into the pET16b vector allows
in-frame insertions with a hexa-His-coding tag, resulting in a N-terminal
His-tag fusion of the respective protein. Correctness of the clones was
determined by sequencing and positive clones were transformed into the
E. coli expression strain BLR21. Heterologous expression of the proteins
was induced by application of 1 mM isopropyl B-b-thiogalactopyranoside
during the exponential growth phase of the cell culture (ODg,, of 0.5).
Three hours after induction, cells were harvested by centrifugation
(4000g, 20 min at 4°C) and the cell pellet was stored at —80°C until further
use. The frozen cell pellet from a 500 mL cell culture was thawed on ice
and resuspended in 7.5 mL lysis buffer (50 mM Tris, pH 8.0; 300 mM
NaCL, 10 mM imidazole). For cell lysis, 1 mg/mL lysozyme, 10 ng/mL
RNase A, and 1 U/mL DNase | were added and the suspension was
incubated for 30 min at 4°C. Afterwards, the suspension was sonicated
three times at 30% duty cycle and power level 3 using a Branson Sonifier
equipped with a microtip. Cell debris was removed by centrifugation
(6000g 20 min at 4°C) and the clear cell lysate was transferred to a new
tube. Two milliliters of prewashed Ni-NTA agarose was added to the
cleared cell lysate, which was then incubated for 1 h at 4°C on a rotor.
After incubation, the Ni-NTA matrix was pelleted by centrifugation (300g,
1 min) and resuspended in 4 mL wash buffer (50 mM Tris, pH 8.0; 300 mM
NaCl, 20 mM imidazole) and loaded onto a self-made cotton-plugged
column. The matrix was washed again with 4 mL of wash buffer and the
bound protein was subsequently eluted by adding 4 X 500 pL elution
buffer (50 mM Tris, pH 8.0; 300 mM NaCl, 250 mM imidazole). The elution
fractions were desalted by size exclusion chromatography using NAP-5
columns (GE Healthcare). Before use, the columns were equilibrated
using three column volumes of PGDH storage buffer (200 mM Tris, 1 mM

EDTA, 1 mM DTT). Five hundred microliters of the elution fractions was
loaded onto the equilibrated NAP-5 column and proteins were eluted with
1 mL PGDH storage buffer. The eluates were stored on ice until further use
and the protein concentration was determined according to the Bradford
(1976) method. The purity of the purified proteins was determined by SDS-
PAGE followed by Coomassie staining and protein gel blot analysis using anti-
His antibodies (see Supplemental Figure 1 online). PGDH activity was
determined according to the Ho et al. (1999b) method with minor modifications.
The assay was performed in a total volume of 200 p.L containing 200 mM
Tris, pH 8.1 or 7.2, 25 mM EDTA, 0.1 mM DTT, 5 mM hydrazine sulfate, 1
to 2 ug (PGDH of Arabidopsis), or ~50 g (SerA) of the purified enzyme
and variable concentrations of the respective substrates and inhibitors.

Accession Numbers

Sequence data from this article can be found in the EMBL/GenBank data
libraries under the following accession numbers: At4g34200 (PGDH1),
At1g17745 (PGDH2), At3g19480 (PGDH3), At4g35630 (PSAT1), At2g17630
(PSAT2), and At1g18640 (PSP).
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