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Thiswork contributes to unraveling the role of the phosphorylated pathway of serine (Ser) biosynthesis inArabidopsis (Arabidopsis
thaliana) by functionally characterizing genes coding for the first enzyme of this pathway, 3-phosphoglycerate dehydrogenase
(PGDH). We identified two Arabidopsis plastid-localized PGDH genes (3-PGDH and EMBRYO SAC DEVELOPMENT ARREST9
[EDA9]) with a high percentage of amino acid identity with a previously identified PGDH. All three genes displayed a different
expression pattern indicating that they are not functionally redundant. pgdh and 3-pgdh mutants presented no drastic visual
phenotypes, but eda9 displayed delayed embryo development, leading to aborted embryos that could be classified as early
curled cotyledons. The embryo-lethal phenotype of eda9 was complemented with an EDA9 complementary DNA under the
control of a 35S promoter (Pro-35S:EDA9). However, this construct, which is poorly expressed in the anther tapetum, did not
complement mutant fertility. Microspore development in eda9.1eda9.1 Pro-35S:EDA9 was arrested at the polarized stage. Pollen
from these lines lacked tryphine in the interstices of the exine layer, displayed shrunken and collapsed forms, and were unable to
germinate when cultured in vitro. A metabolomic analysis of PGDH mutant and overexpressing plants revealed that all three
PGDH family genes can regulate Ser homeostasis, with PGDH being quantitatively the most important in the process of Ser
biosynthesis at the whole-plant level. By contrast, the essential role of EDA9 could be related to its expression in very specific
cell types. We demonstrate the crucial role of EDA9 in embryo and pollen development, suggesting that the phosphorylated
pathway of Ser biosynthesis is an important link connecting primary metabolism with development.

Plant primarymetabolism is a complexprocesswhere
many interacting pathways must be finely coordinated
and integrated in order to achieve proper plant devel-
opment and acclimation to the environment. An ex-
ample of such complexity is the biosynthesis of the
amino acid L-Ser, which takes place in at least two dif-
ferent organelles and by different pathways. This amino

acid is essential for the synthesis of proteins and other
biomolecules needed for cell proliferation, including
nucleotides and Ser-derived lipids, such as phosphati-
dylserine and sphingolipids. Additionally, D-Ser has
been attributed a signaling function inmale gametophyte-
pistil communication (Michard et al., 2011).

Despite the important role played by Ser in plants, the
biological significance of the coexistence of several Ser
biosynthetic pathways and how they interact to main-
tain amino acid homeostasis in cells is not yet under-
stood. Three different Ser biosynthesis pathways have
been described in plants (Kleczkowski and Givan, 1988;
Ros et al., 2013; Fig. 1). One is the glycolate pathway,
which takes place in mitochondria and is associated
with photorespiration (Tolbert, 1980, 1997; Douce et al.,
2001; Bauwe et al., 2010; Maurino and Peterhansel,
2010). In this pathway, two molecules of Gly are con-
verted to one molecule of Ser in a reaction catalyzed
by the Gly decarboxylase complex and Ser hydroxy-
methyltransferase (Fig. 1). Ser synthesis through the
glycolate pathway is obtained in green tissues during
daylight hours (Tolbert, 1980, 1985; Douce et al., 2001),
suggesting that alternative Ser biosynthesis pathways
maybe required in thedark and/or in nonphotosynthetic
organs. In this respect, Ser can be synthesized through
two nonphotorespiratory pathways (Kleczkowski and
Givan, 1988), the plastidial phosphorylated pathway (Ho
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et al., 1998, 1999a, 1999b; Ho and Saito, 2001) and the so-
called glycerate pathway, which synthesizes Ser by the
dephosphorylation of 3-phosphoglycerate (3-PGA;
Kleczkowski and Givan, 1988; Fig. 1). This latter path-
way includes the reverse sequence of the section of the
oxidative photosynthetic carbon cycle linking 3-PGA to
Ser (3-PGA-glycerate-hydroxypyruvate-Ser), these re-
actions being catalyzed by putative enzymes such as
3-PGA phosphatase, glycerate dehydrogenase, Ala-
hydroxypyruvate aminotransferase, and Gly hydroxy-
pyruvate aminotransferase. Although the existence of
enzymatic activities of this pathway has been demon-
strated (Kleczkowski and Givan, 1988), its functional
significance is unknown and genes coding for the spe-
cific enzymes of the pathway have not been character-
ized to date.
The plastidial phosphorylated pathway of serine bio-

synthesis (PPSB; Fig. 1),which is conserved inmammals
and plants, synthesizes Ser via 3-phosphoserine utilizing
3-PGA as a precursor (Kleczkowski and Givan, 1988).
Evidence for the existence of this pathway inplants stems
from the isolation and characterization of its enzyme
activities (Handford and Davies, 1958; Slaughter and
Davies, 1968; Larsson and Albertsson, 1979; Walton
andWoolhouse, 1986). The PPSB involves three enzymes
catalyzing sequential reactions: 3-phosphoglycerate de-
hydrogenase (PGDH), 3-phosphoserine aminotransfer-
ase, and 3-phosphoserine phosphatase (PSP; Fig. 1).

Genes coding for some isoforms of these enzymes have
been cloned and biochemically characterized in Arabi-
dopsis (Arabidopsis thaliana;Ho et al., 1998, 1999a, 1999b;
Ho and Saito, 2001).

In humans, the PPSB plays a crucial role in cell pro-
liferation control and oncogenesis (Bachelor et al., 2011;
Locasale et al., 2011; Pollari et al., 2011; Possemato et al.,
2011). The functional significance of the PPSB in plants
has recently been unraveled by providing evidence for
the crucial role of PSP1, the last enzyme of the pathway
in embryo, pollen, and root development (Cascales-
Miñana et al., 2013). However, the PPSB still requires
further characterization. In order to gain a complete
understanding of the PPSB function in plants, precise
molecular, metabolic, and genetic knowledge of all the
enzymes and genes of the pathway is needed. In this
work, we follow a gain- and loss-of-function approach
in Arabidopsis to characterize a family of genes coding
for putative isoforms of PGDH, the first enzyme of the
PPSB. Here, we identify the essential gene of this family
and provide evidence for its crucial function in embryo
and pollen development.

Figure 1. Schematic representation of Ser biosynthesis in plants. The
enzymes participating in each Ser biosynthetic pathway are listed
separately. Photorespiratory pathway (glycolate pathway): GDC, Gly
decarboxylase; SHMT, Ser hydroxymethyltransferase. Glycerate pathway:
PGAP, 3-phosphoglycerate phosphatase; GDH, glycerate dehydroge-
nase; AH-AT, Ala-hydroxypyruvate aminotransferase. Phosphorylated
pathway: PSAT, 3-phosphoserine aminotransferase; PSP, 3-phosphoserine
phosphatase. Abbreviations used for metabolites are as follows: 3-PHP,
3-phosphohydroxypyruvate; 3-PS, 3-phosphoserine; THF, tetrahydrofolate;
5,10-CH2-THF, 5,10-methylene-tetrahydrofolate. This figure is adapted
from Cascales-Miñana et al. (2013).

Figure 2. Phylogenetic tree of the Arabidopsis PGDH proteins. The
phylogenetic tree was constructed with deduced amino acid se-
quences of Arabidopsis genes producing the closest significant align-
ments with PGDH, as described in “Materials and Methods.” Confidence
values for grouping in the tree were obtained using Bootstrap Neighbor-
Joining Tree using 2,000 bootstrap trials. Tree was visualized in Tree-
View, and the PGDH family is grouped into a globe. Tree nodes with
bootstrap values greater than 95% and greater than 90% are indicated
with black and white dots, respectively. The Arabidopsis Information
Resource descriptions of genes used for the alignment are as follows:
At1g72190, D-isomer-specific 2-hydroxyacid dehydrogenase; At1g12550,
D-isomer-specific 2-hydroxyacid dehydrogenase; At1g79870, D-isomer-
specific 2-hydroxyacid dehydrogenase; At2g45630, D-isomer-specific
2-hydroxyacid dehydrogenase; At5g14780, formate dehydrogenase;
At1g68010, hydroxypyruvate reductase; and At1g01510, NAD(P)-binding
Rossmann-fold superfamily protein.
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RESULTS

Identification and Expression Analysis of
Plastid-Localized PGDHs

A single gene coding for a PGDH Arabidopsis iso-
form has previously been cloned, and it was demon-
strated that the encoded protein possesses in vitro
PGDH activity (Ho et al., 1999a). This gene (At1g17745)
is namedPGDH. By searchinghomologous sequences to
PGDH in The Arabidopsis Information Resource data-
base (http://www.arabidopsis.org), we identified two
more genes coding for putative PGDHs (At3g19480
and At4g34200), called 3-PGDH and EMBRYO SAC
DEVELOPMENT ARREST9 (EDA9), respectively. Both
are described in the database as being involved in the
L-Ser biosynthesis process, although there is no empiri-
cal information about it. 3-PGDH and EDA9 have 78%
amino acid identity between them and show 74% and
77% amino acid identity, respectively, with PGDH. The
phylogenetic tree confirmed that EDA9 and 3-PGDH
are more closely related to one another than to PGDH
(Fig. 2). Other genes homologous to PGDH exhibiting
putative dehydrogenase activity (i.e. At1g72190, de-
scribed as oxoreductase) display a much lower per-
centage of identity (31%) compared with PGDH,
indicating that EDA9, 3-PGDH, and PGDH are the only
genes of the family (Fig. 2). Accordingly, we choose the
three genes for further studies and collectively refer to
them as the PGDH family. PGDH is a well-known
highly conserved enzyme whose crystal structure has
been solved in Mycobacterium tuberculosis and human
(Dey et al., 2008). The three Arabidopsis PGDH family
proteins displayed 100% identity in all the residues
forming the putative catalytic site and the ligand-

binding domain (Supplemental Fig. S1). According to
the ChloroP prediction server (http://www.cbs.dtu.
dk/services/ChloroP/), the three PGDH family pro-
teins have a putative N-terminal plastid/chloroplast
localization signal. To investigate the subcellular local-
ization of thePGDHfamilyproteins,westablyexpressed
GFP fusion protein constructs in Arabidopsis. In both
leaves and roots, all the PGDH family members were
localized in chloroplasts and innongreenplastids (Fig. 3),
indicating that they could participate in the PPSB.

The analysis of the PGDH family promoters using the
promomer tool (Winter et al., 2007) revealed that the
promoter regions of all three genes were significantly
enriched in consensus sequences present in important
genes controlling anther development, such as the floral
homeotic genes AGAMOUS, AGAMOUS LIKE1, AGA-
MOUS LIKE2, and AGAMOUS LIKE3 (Supplemental
Table S1). In addition, the promoter of EDA9 was
also enriched in regulatory elements responding to
abscisic acid.

We assessed the expression patterns of the PGDH
family genes by quantitative real time (RT)-PCR and by
analysis of promoter-GUS. All three genes displayed
different expression patterns (Fig. 4, A and B). Although
expressed in all the organs studied, PGDH and EDA9
were expressed preferentially in roots at both seedling
and adult stages. However, 3-PGDH was expressed
mainly in the aerial parts andwas not expressed, or very
poorly so, in roots.When expression was studied under
different dark conditions, an 8-h exposure to darkness
induced EDA9 and 3-PGDH expression in the aerial
parts, whereas longer exposures (24 h) repressed the
expression of all the genes studied in both roots and
aerial parts of the plant (Fig. 4C). Ser did not repress the

Figure 3. Subcellular localization of
the PGDH family isoforms by stable
expression of GFP fusion proteins in
Arabidopsis. Chloroplastic/plastidic local-
ization of PGDH, EDA9, and 3-PGDH
in leaves and roots is shown. GFP fluo-
rescence, chlorophyll fluorescence,
light images, and merged images are pre-
sented from top to bottom. Bars = 30 mm
for stomata and 100 mm for root cell
images.
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expression of any of the three genes studied following a
24-h treatment.

GUS expression analyses also showed a specific ex-
pression pattern for each gene (Fig. 4, D and E). Thus,
PGDHwas expressed mainly in the vasculature in both
seedlings and adult plants. In roots, PGDH was ex-
pressed in the meristems at the seedling stage but was
poorly expressed, if at all, at the adult stage. In floral
organs, PGDH was expressed in the stigma and anther
filaments.EDA9was expressedmainly in the vegetative
apex, in the distal zone of cotyledons and leaves, and in
anthers, stigma, and pollen grains. In roots, EDA9 was
expressed mainly along the root vasculature and in the
meristem. 3-PGDH was expressed in the whole aerial
part at both the seedling and adult stages but not in
roots. It was clearly expressed in cotyledons (especially
in the distal zone) and adult leaves as well as in floral
organs, specifically in the stigma and anther filaments.

Phenotypic Characterization of PGDH Family Mutants

In order to shed light onto the in vivo function of
PGDH family mutants, a reverse genetic approach was
followed.Multiple independent transferDNA (T-DNA)
insertion lines affecting the gene familywere identified in
themutant collections (SALK_048256 and SALK_149747
for PGDH, SM_337584 and GK_877F12 for 3-PGDH, and
GK_867A04 and GK_155B09 for EDA9). These mutant
alleles were named pgdh1 (SALK_048256), pgdh2
(SALK_149747), 3-pgdh1 (SM_337584), 3-pgdh2 (GK_877F12),
eda9.1 (GK_155B09), and eda9.2 (GK_867A04). The
presence andgenomic locations of theT-DNAinsertions
were verified by PCR with genomic DNA and by se-
quencing of PCR products. The exact location of each
T-DNA insertion is presented in Figure 5A and in
Supplemental Table S2. Genotyping identified homo-
zygous mutants for alleles pgdh1, pgdh2, 3-pgdh1,
3-pgdh2, and eda9.2. The RT-PCR analysis revealed
that transcript levels of PGDH in pgdh1pgdh1 and
pgdh2pgdh2 and of 3-PGDH in 3-pgdh1 3-pgdh1 and
3-pgdh2 3-pgdh2were very lowor undetectable (Fig. 5B).
Despite this low gene expression level of PGDH or
3-PGDH in their respective homozygous mutants, none
presented significant growth retardation under in vitro
conditions (Supplemental Fig. S2). The expression level

Figure 4. Expression analysis of PGDH family genes. A and B, RT-PCR
analysis of PGDH, EDA9, and 3-PGDH in different adult (30-d-old)
plant organs grown under greenhouse conditions (A) and in the aerial

parts and roots of 18-d-old seedlings grown in one-fifth-strength
Murashige and Skoog (MS) medium (B). C, Effects of different growth
parameters on relative PGDH, EDA9, and 3-PGDH expression in roots
and aerial parts of 18-d-old seedlings grown in one-fifth-strength MS
medium 6 0.1 mM Ser. Values in A to C (means 6 SE; n = 3 inde-
pendent biological replicates) are normalized to the expression in the
shoots (A), aerial parts (B), and aerial parts or roots (C) under light
conditions. *, Significantly different as compared with the control
(P , 0.05). D and E, Expression of GUS under the control of PGDH,
EDA9, and 3-PGDH promoters in seedlings (D) and adult plants (E).
Bars = 2 mm (whole seedling, cotyledons, and flowers), 0.1 mm (roots
and pollen), and 1 cm (leaves).
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of EDA9 in eda9.2eda9.2, whose T-DNA insertion is lo-
cated 471 nucleotides upstream of the start codon, was
similar to that of the wild type (Fig. 5B). Consequently,
this mutant did not show a growth phenotype in vitro
(Supplemental Fig. S2). However, it was not possible to
identify homozygous eda9.1eda9.1 individuals.Ananalysis
of the segregation of the eda9.1 mutant allele was con-
ducted in a population of 200 seeds obtained from hetero-
zygous EDA9eda9.1 plants. No homozygous individuals
(eda9.1eda9.1) were rescued based on PCR genotyping
(Table I). The segregation analysis of the population
displayed a 1:2 ratio (EDA9EDA9:EDA9eda9.1; x2 = 2.4;
P . 0.05), which is typical of a Mendelian segregation
with a lethal phenotype for eda9.1eda9.1 individuals.

To corroborate these results, a second segregation
analysis was conducted based on sulfadiazine resis-
tance conferred by the T-DNA insertion in the eda9.1
mutant allele. From 516 seedlings coming from hetero-
zygous EDA9eda9.1 plants, 65.5% were sulfadiazine re-
sistant and 34.5% were sulfadiazine sensitive (Table II).
These results do not match the expected 75% of re-
sistant individuals for nonlethal eda9.1eda9.1 mu-
tants. On the contrary, the observed results matched a
1:2 segregation (EDA9EDA9: EDA9eda9.1; x2 = 0.31;
P . 0.05), indicating a lethal phenotype associated
with the eda9.1 mutant allele.

Since these data indicated that EDA9 may play a rel-
evant role in Arabidopsis development, we next con-
centrated on the functional characterization of this gene.

The eda9.1eda9.1 Embryo Is Arrested at Early
Developmental Stages

To investigate whether the lethality associated with
the eda9.1 mutation is due to the male gametophyte,

female gametophyte, or embryo defects, reciprocal
out-crosses of EDA9eda9.1 plants as male/female par-
ent (donor/recipient) and the wild type as female/
male parent (recipient/donor) were performed, and
the segregation of the mutant allele was studied based
on the antibiotic resistance conferred by the T-DNA
insertion (Table III). The results indicate that both the
male and female mutant gametophytes were trans-
mitted with a transmission efficiency of 83% and 96%,
respectively, which suggest that eda9.1 triggers an
embryo-lethal phenotype. EDA9eda9.1 plants were vi-
sually indistinguishable from the wild type, indicating
the recessive nature of the mutant allele.

To further confirm this, siliques from heterozygous
EDA9eda9.1 plants were dissected at different devel-
opmental stages. A population of abnormal seeds was
observed 15d after pollination (DAP) thatwas randomly
distributed along the length of the silique (Fig. 6A).
At this stage, mutant seeds were white and started
to deflate. Mutant seeds at 22 DAP turned dark brown
andwere completely deflated. The segregation analysis

Figure 5. Genomic organization and expression
analysis of PGDH family T-DNA mutant lines. A, Gray
boxes represent exons, and black lines represent
introns. The T-DNA insertion point in each PGDH
family mutant is shown. B, Detection of the PGDH,
EDA9, and 3-PGDH transcripts in mutants pgdh1pgdh1,
pgdh2pgdh2, eda9.2eda9.2, 3-pgdh1 3-pgdh1, and
3-pgdh2 3-pgdh2 by RT-PCR analysis. Values (means6 SE;
n = 3 independent biological replicates) are nor-
malized to the expression in the wild type (WT).

Table I. Genotypes of the progeny of self-crossed EDA9eda9.1 and
eda9.1eda9.1 ProEDA9:EDA9 plants

Self Crosses
No. of

Progeny

Genotypes of Progeny (PCR)

EDA9EDA9 EDA9eda9.1 eda9.1eda9.1

EDA9eda9.1 200 77 (38.5)a 123 (61.5)a 0 (0.0)a

eda9.1eda9.1
ProEDA9:EDA9

94 0 (0.0) 0 (0.0) 94 (100)

aSignificantly different from the expected 1:2:1 ratio for normal
Mendelian segregation (x2 = 69.87; P , 0.001); not significantly
different from the 1:2 ratio for eda9.1eda9.1 lethal effect (x2 = 2.40;
P . 0.05).
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of a population of 2,631 seeds obtained from heterozy-
gous EDA9eda9.1 plants displayed a 1:4 ratio (20.4%
mutant:79.6% normal seeds; x2 = 0.28; P . 0.05). The
percentage of eda9.1eda9.1 seeds was lower than ex-
pected, after assuming that there were no significant
differences in themutant allele transmission efficiencies.
This may be related to the completely abnormal and
deflated formofmutant seeds,whichmade it difficult to
identify some of them 22 DAP and beyond as aborted
seeds, and they were excluded from the segregation
analysis. To characterize the nature of seed lethality,
the embryos in developing siliques of heterozygous
EDA9eda9.1 plants were examined (Fig. 6B). At 1 DAP,
all the embryos examined reached a similar develop-
mental stage (octant stage, according to Capron et al.
[2009]). However, at 4 DAP, some of the embryos
showed delayed development (early globular versus
midtorpedo stage). This delayed development of em-
bryos continued 6 DAP (heart versus early cotyledon
stage) andwas clearly assigned tomutant seeds 10DAP
(early cotyledon versus bent cotyledon stage). Terminal
aborted embryos (15 DAP) were albino and could be
classified as short cotyledons (L1) according to the
SeedGenes database (http://www.seedgenes.org).
PCR-based genotyping analysis revealed that the aborted
embryos were eda9.1eda9.1 individuals.
In order to corroborate the phenotype-genotype cor-

relation of the eda9.1mutation,we transformedEDA9eda9.1
plants with the construct ProEDA9:EDA9. We were able to
complement the embryo-lethal phenotype of eda9.1eda9.1

individuals by obtaining homozygous eda9.1eda9.1
plants in the segregating population (Fig. 7). Confocal
imaging of these lines confirmed thatEDA9 is expressed
during seed and embryo development (Fig. 8).

EDA9 Expression Is Required for Mature
Pollen Development

In the adult stage, most transgenic eda9.1eda9.1
ProEDA9:EDA9 plants were fertile and visually indistin-
guishable from thewild type.However,whenEDA9eda9.1
plants were transformed with an EDA9-GFP complemen-
tary DNA (cDNA) under the control of the 35S promoter
(Pro-35S:EDA9), the resulting homozygous eda9.1eda9.1
transgenic lines in the segregating population were sterile,
producing small siliques with no seeds (Fig. 7). An EDA9
overdoseeffectwasnot seen tobe the causeof theobserved
sterility phenotype, since wild-type plants expressing
Pro-35S:EDA9 were fertile (Fig. 7).

As the 35S promoter exhibits very low expression, if
any, in the Arabidopsis tapetum (Grienenberger et al.,
2009; Muñoz-Bertomeu et al., 2010), we performed an
ontogenic serial analysis of anther and pollen develop-
ment in the eda9.1eda9.1 Pro-35S:EDA9 sterile lines as
compared with the wild type. For that purpose, floral
budswere classified from stages 8 to 13 according to the
landmark events described by Smyth et al. (1990) and
analyzed by transmission electron microscopy (Fig. 9,
A and B). In the eda9.1eda9.1 Pro-35S:EDA9 anthers, tet-
rads of microspores were formed (stage 7 according to
Sanders et al. [1999]), which progressed in their devel-
opment and were released from tetrads (stage 8). These
initial steps of microspore development in eda9.1eda9.1
Pro-35S:EDA9were similar to those observed in the wild
type. However, eda9.1eda9.1 Pro-35S:EDA9 microspores
suffered a delay in their development as compared with
the wild type, which led to a degeneration process after
the polarized microspore stage (from stage 9 and be-
yond). At the end of the maturation process (stage 13),
most eda9.1eda9.1 Pro-35S:EDA9 pollen grains showed
partially shrunken or completely collapsed protoplasms.
The baculum and tectum of a typical exine pollen wall
layer were present in the eda9.1eda9.1 Pro-35S:EDA9
gametophyte. However, the interstices of the exine pattern
were not completely filled with tryphine, as was ob-
served in the wild type.

Table II. Antibiotic resistance in the progeny of self-crossed EDA9eda9.1
and eda9.1eda9.1 ProEDA9:EDA9 plants

SulfS, Sensitive; SulfR, resistant

Self-Crosses No. of Progeny
Antibiotic Resistance

SulfS SulfR

%

EDA9eda9.1 516 178 (34.5)a 338 (65.5)a

eda9.1eda9.1 ProEDA9:EDA9 530 0 (0.0) 530 (100)

aSignificantly different from the expected 1:3 ratio for normal Men-
delian segregation considering the antibiotic resistance phenotype
(x2 = 24,82; P , 0.001); not significantly different from the 1:2 ratio
for eda9.1eda9.1 lethal effect (x2 = 0.31; P . 0.05).

Table III. Antibiotic resistance in the progeny of reciprocal out-crosses of EDA9eda9.1 plants as male/female parent (donor/recipient) and the wild
type as female/male parent (recipient/donor)

SulfS, Sensitive; SulfR, resistant

Reciprocal Outcrosses No. of Progeny
Antibiotic Resistance

Transmission Efficiencya

Sulf S Sulf R

%
Recipient 3 donor
Wild type 3 EDA9eda9.1 392 214 (54.6)b 178 (45.4)b 83.1
EDA9eda9.1 3 wild type 212 108 (50.94)c 104 (49.06)c 96.3

aTransmission efficiency (%) = (mutant/wild type) 3 100. bNot significantly different from the expected 1:1 ratio for equal transmission
efficiency (x2 = 3.31; P . 0.05). cNot significantly different from the expected 1:1 ratio for equal transmission efficiency (x2 = 0.08; P . 0.05).
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To confirm which step of gametophyte development
was affected by the eda9.1 mutation, we performed
Hoechst stainingofmicrosporenucleus from eda9.1eda9.1
Pro-35S:EDA9 plants at different developmental stages
(Fig. 9C). For this experiment, the most normally shaped
microspores for the last stages of development were se-
lected, since most of them were seriously malformed.
Nucleus staining indicated that tetrad and polarized
microspore development in eda9.1eda9.1 Pro-35S:EDA9
anthers was normal, but subsequent to the polarized
microspore stage, development was arrested and no bi-
cellular or tricellular pollen was found. These results in-
dicate that microspores from eda9.1eda9.1 Pro-35S:EDA9
are unable to undergo the double mitosis necessary
to reach the mature pollen stage. Scanning electron
microscopy revealed that mature pollen from the
eda9.1eda9.1 Pro-35S:EDA9 line exhibit shrunken and
collapsed shapes and were unable to germinate when
cultured in vitro (Fig. 9D).

The analysis of anther development indicated that
the tapetal cell layer is formed in eda9.1eda9.1 Pro-35S:
EDA9 anthers (Fig. 9B). We could not see any drastic
morphological alteration in this eda9.1eda9.1 Pro-35S:
EDA9 cell layer, as was observed in pollen. However,
an accumulation of aggregated compounds in the an-
ther locules of eda9.1eda9.1 Pro-35S:EDA9 at stage 9
was clearly observed. It is important to note that pollen
in eda9.1eda9.1 Pro-35S:EDA9 anthers initiate the de-
generation process at this developmental stage (Fig. 9A).
In wild-type anther locules, no such compound accu-
mulation could be seen at stage 9. The observed accu-
mulation of aggregated compound in the eda9.1eda9.1
Pro-35S:EDA9 anther locules at stage 9 temporally cor-
related with the expression of EDA9 in this cell layer
(Fig. 8). EDA9 was also clearly expressed in pollen,
mainly in stage 9 and beyond (Fig. 8).

Metabolic Characterization of Overexpressed and
Mutant Lines

Similar to the PGDH family mutants, wild-type
plants overexpressing the three PGDH family genes
(Oex lines) did not display a drastic alteration of the
growth pattern when cultured in vitro, although some
of them presented significantly reduced (Oex EDA9)
growth (Supplemental Fig. S3). Metabolomic analysis,
however, revealed a clearly altered metabolite content
in bothmutant andOex lines as comparedwith thewild
type (Table IV; Supplemental Table S3). The direct prod-
uct of PGDH reaction, 3-phosphohydroxypyruvate,
could not be determined, since phosphorylated interme-
diates are usually not detectable bygas chromatography-
mass spectrometry.However, Ser, thefinalproduct of the
PPSB, increased in both roots and aerial parts of all Oex
lines. This increase was higher in roots than in the aerial
parts for Oex PGDH and Oex EDA9 and similar for Oex
3-PGDH roots and aerial parts. The higher Ser increases
as compared with the wild type were observed in the
following order: Oex PGDH roots (4.2-fold increase)

Figure 6. eda9.1 homozygous mutants are embryo lethal. A, Siliques
from wild-type (WT) and heterozygous EDA9eda9.1 plants at 15 and
22 DAP observed with a binocular microscope. In the EDA9eda9.1
silique, a population of mutant seeds is marked with arrows. The right-
hand images show closeups of the mutant seeds. Bars = 1 mm.
B, Micrographs show the embryo development of the wild type and
homozygous eda9.1eda9.1 from the same silique at different stages
observed with a differential interference contrast microscope (1, 4, 6,
and 10 DAP) or with a binocular microscope (15 DAP). Bars = 100 mm.
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.OexEDA9 roots (2.8-fold increase).OexPGDH aerial
parts (2.1-fold increased) . Oex EDA9 aerial parts
(1.7-fold increase).Oex 3-PGDH aerial parts (1.45-fold
increase) . Oex 3-PGDH roots (1.41-fold increase).
The metabolite profiles of pgdh1pgdh1 and 3-pgdh1

3-pgdh1 were nonidentical, indicating that PGDH and
3-PGDH perform different metabolic functions in the
plant. For instance, while in aerial parts some metab-
olites changed in the same direction in both mutants
(increased [Orn] or decreased [Gly, Pro, glyceric acid,
Fru, Glc, galactinol, and raffinose]) as compared with
controls, some others only changed significantly in one
of the mutants (Asn, Met, citric acid, and succinic acid)
or even changed contrapuntally in the mutants (Val
and malonic acid). A similar behavior of both mutants
with respect to some metabolites could also be ob-
served in roots, changing in the same sense (Pro, citric
acid, malic acid, galactinol, and raffinose). But again,
some other metabolites changed in the opposite di-
rection (Ile, Lys, and Val). Ser was significantly re-
duced in both roots and aerial parts of pgdh1pgdh1 but
was not reduced in the roots and even increased in the
aerial parts of 3-pgdh1 3-pgdh1.

DISCUSSION

Ser biosynthesis provides a good example of the
complexity of plant primary metabolism. Three differ-
ent Ser biosynthesis pathways have been described in

plants (Kleczkowski and Givan, 1988; Ros et al., 2013).
In quantitative terms, Ser production through the gly-
colate pathway is considered the most important, at
least in photosynthetic cells (Tolbert, 1980; Douce et al.,
2001). Experiments performed in the 1970s and 1980s
using high CO2 concentrations and photorespiratory in-
hibitorsprovided strongevidence that nonphotorespiratory
pathways could play an important role in Ser supply to
plants (Johnson andHatch, 1969; Snyder and Tolbert, 1974;
Platt et al., 1977; Servaites, 1977; Morot-Gaudry, 1980).
However, no genetic evidence for the physiological func-
tions of these nonphotorespiratory pathways has been
provided until very recently, when the last enzyme
of the PPSB was characterized (Cascales-Miñana
et al., 2013).

We identified three genes in the database coding for
putative PGDH genes that we considered to constitute
the PGDH family. The biochemical activity of PGDH
has been demonstrated previously (Ho et al., 1999), but
not that of 3-PGDH and EDA9. Due to the high per-
centage of identity among all three PGDH family pro-
teins, especially the 100% identity in the amino acid
residues forming the catalytic site and ligand-binding
domain, we assumed that both 3-PGDH and EDA9 also
have PGDH activity. This assumption would be sub-
stantiated by the significant increase in the Ser content,
thefinal product of the PPSB in theOex 3-PGDH andOex
EDA9 lines (an increase from 1.4- to 2.8-fold as com-
paredwith thewild type). In fact, Serwas the aminoacid

Figure 7. Phenotypic characterization of eda9.1eda9.1
complemented lines. A, Morphology of adult shoots
fromwild-type plants (WT), heterozygous EDA9eda9.1,
homozygous eda9.1eda9.1 lines transformed with a
EDA9-GFP cDNA under the control of the endoge-
nous EDA9 promoter (ProEDA9:EDA9), the wild type
transformed with a EDA9-GFP cDNA under the
control of the 35S promoter (EDA9EDA9 Pro-35S:
EDA9), and homozygous eda9.1eda9.1 lines trans-
formed with the 35S promoter (Pro-35S:EDA9).
Bar = 1.5 cm. B, Closeups of siliques from the same
lines described in A. Bar = 1.5 cm.
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that increased the most in both Oex lines. Additionally,
mutations in PSP1, the single gene coding for the last
reaction of PPSB, produced the same embryo andpollen
defects as eda9.1eda9.1, which would corroborate the
participation of EDA9 in the same pathway.

According to our expression data, the PGDH family
displays a very specific expression pattern at the organ,
tissue, and cell levels. Both PGDH and EDA9 were
preferentially expressed in roots, which supports the
idea that the PPSB plays an important role in supplying

Ser to this organ or to other nonphotosynthetic tissues
(Ho and Saito, 2001; Cascales-Miñana et al., 2013). It has
also been suggested that the PPSB could be relevant in
photosynthetic organs, especially in the dark when the
pathway of carbon flux from glycolate to Ser ceases to
function (Kleczkowski and Givan, 1988; Ho and Saito,
2001). The induction of 3-PGDH and EDA9 expression
in aerial parts of the plant under dark conditions (8-h
exposure) provides experimental evidence for this idea.
Finally, it has been proposed that in green tissues, the
PPSB is probably of minor significance as compared
with the glycolate pathwayduring daylight hourswhen
photorespiration takes place (Ho and Saito, 2001).
However, the specific expression of 3-PGDH in aerial
parts supports a more important role of the PPSB in
photosynthetic organs, even during the light period.
This functionmight bemore related to specific cell types
(nonphotosynthetic) in these photosynthetic organs.
A repression of all thePGDHfamilygeneswas observed
in photosynthetic and nonphotosynthetic organs after
24 h of dark exposure. These opposing effects observed
after different times of exposure to darkness could be
related to the energetic state of cells. Long-term dark-
ness conditions imply a reduced energy supply to cells
from photosynthetic activity. Thus, a low energetic cell
level could activate other mechanisms involved in the
repression of PGDH family genes, short-circuiting the
enhancing effect of darkness exposures. Treatments
with Ser, the product of PPSB activity, did not repress
the expression of any of the three PGDH family genes.
However, translational or posttranslational inhibi-
tion of PGDH family expression/activity cannot be
ruled out.

Our expression experiments indicated that an im-
portant transcriptional regulation of the PGDH family
genes takes place, and not only at the tissue and cell
levels but also by the environment (light-dark transi-
tions). This strong transcriptional control was not seen
with PSP1, which was similarly expressed in all organs
studied (Cascales-Miñana et al., 2013). Thus, the pres-
ence of three genes coding for PGDH with different
expression patterns suggests that the first enzyme of
the PPSB might be the bottleneck regulating the path-
way at the transcriptional level.

Mutants of the three PGDH family genes clearly dis-
play different phenotypes.While single pgdh and 3-pgdh
mutants are viable and have no apparent phenotype
under standard growth conditions, homozygous
eda9.1eda9.1 mutants are unviable. This result indicates
that the essential gene in this family is EDA9 and that
PGDH and 3-PGDH may have compensating effects
and/or specific nonessential functions under normal
growth conditions.Homozygous eda9.1eda9.1 is embryo
lethal, indicating that EDA9 activity is essential for
embryo development. Specifically, mutants show a
delay in embryo development starting at the globular
stage, which finally leads to abortion. According to
microarray databases, EDA9 is expressed in embryos
from the globular stage onward. It is at the globular-
heart transition stage when the first steps of proplastid

Figure 8. EDA9 is expressed in seeds, embryo, tapetum, and pollen.
EDA9 expression is shown in seeds, embryo, tapetum (stage 9), and
pollen (stages 9 and 13) visualized by confocal microscopy of a EDA9-
GFP fusion protein under the control of the endogenous EDA9 pro-
moter expressed in eda9.1eda9.1. GFP fluorescence, light, and merged
images are presented. Bars = 50 mm for embryos, anthers, and pollen
and 500 mm for siliques and seeds.
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Figure 9. EDA9 expression is essential for proper pollen development. A, Developmental analysis of pollen (stages 7–13,
according to Sanders et al. [1999]) in wild-type (WT) and homozygous eda9.1eda9.1 plants transformed with a EDA9-GFP
cDNA under the control of the 35S promoter (Pro-35S:EDA9) by transmission electron microscopy. AG, Aggregated com-
pounds; Ba, baculum; Te, tectum; Tp, tryphine. Bars = 5 mm for all images except closeups of stages 9 and 13, where bars = 0.5 mm.
B, Cross sections of anthers (stages 7 and 9, according to Sanders et al. [1999]) in wild-type and homozygous eda9.1eda9.1
plants transformed with Pro-35S:EDA9 by transmission electron microscopy. TC, Tapetum cell. Bars = 5 mm. C, Developmental
analysis of pollen (from tetrad to tricellular stage) in wild-type and eda9.1eda9.1 Pro-35S:EDA9 plants visualized by Hoechst
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differentiation occur (Devic, 2008). The delay in
eda9.1eda9.1 mutant embryo development is probably
related to the establishment of the PPSB in embryo
plastids at the globular stage, as has been discussed
previously (Cascales-Miñana et al., 2013).

eda9.1eda9.1 Pro-35S:EDA9 anthers displayed a male-
sterile phenotype. According to microarray databases,
the expression of EDA9 at the polarizedmicroscope and
bicellular stages correlates well temporally with the
developmental alterations observed in pollen during
maturation. However, reciprocal crossing revealed that
the male mutant allele eda9.1 showed no significant
difference in transmission efficiency as compared with
the wild-type allele, indicating that there are no male
gametophyte defects when gametes are produced by
heterozygous anthers. These results suggest that EDA9
deficiency could not only affect the development of
microspores but also that of other anther cellular types
important for pollen development. Several of the genes
controlling tapetum development have been found to
affect pollen viability and/or development (Colcombet
et al., 2005;Yang et al., 2007). Cells from the tapetumand
the microspores develop as “communicating” neigh-
bors. The tapetal cell layer plays an important role in the
formation of the pollen wall during microgameto-
genesis, secreting molecules into the locule for micro-
spore maturation. We could observe that the tapetally
derived tryphine (Dickinson and Lewis, 1973) did not
fill the interstices of the exine pattern in eda9.1eda9.1
Pro-35S:EDA9 pollen. An accumulation of compounds
that aggregated in the anther loculus could be seen in
the eda9.1eda9.1 Pro-35S:EDA9 anther at critical stages of
pollen development (stage 9). The nature of the aggre-
gated compounds in the anther locule is not known, but
the proteinaceous fibrogranular nature of tryphine de-
posits liberated by the tapetal cells could be a good
candidate. These deposits could not be seen in the wild
type at the developmental stages observed in the
eda9.1eda9.1 Pro-35S:EDA9 anther, which could indicate
that the delivery of components from the tapetum is not
properly incorporated into the pollen wall, because
there is a time offset between the development of the
two cell types or a problem with the component itself
that leads to improper delivery of tapetum components
to the pollenwall. Sincewe founda temporal correlation
between EDA9 expression in the tapetum and micro-
spore developmental alterations in eda9.1eda9.1 Pro-35S:
EDA9, we propose that the absence of EDA9 activity is
somehow able to affect the proper development of both
microspores and tapetal cells, which, in turn, affects
pollen maturation. Thus, our results support the

essential role of EDA9 in the tapetum for proper pollen
development.

eda9.1eda9.1 phenocopied the embryo and pollen de-
fects ofPSP1mutants (Cascales-Miñana et al., 2013). The
expressionpatternofEDA9 is similar to that ofPSP1. For
instance, they are both expressed in the embryo, meri-
stems, anthers, and pollen. We hypothesize that the
essential role of these genes may be related to their ex-
pression in very specific cell types inwhich Serwould be
supplied exclusively by the intracellular PPSB. Our re-
sults suggest that other Ser biosynthetic pathways, such
as the glycerate pathway or the activity of the Gly de-
carboxylase complex:Ser hydroxymethyltransferase-
coupled reactions, are of minor biological relevance in
the tapetum, male microspores, or embryo cells. As Ser
is easily transported within the phloem (Riens et al.,
1991; Hunt et al., 2010), the Ser synthesized in photo-
synthetic cells through the photorespiratory pathway
could readily be supplied to nonphotosynthetic cells. If
our hypothesis is correct, some cellular types might be
devoid of Ser transporters or might not be conveniently
connected to the vasculature, or a combinationof both of
these factors may be involved.

Ser levels were significantly increased in Oex lines
from all three PGDH family genes as comparedwith the
wild type, which indicates that the three PGDH family
enzymes could participate in the biosynthesis of this
amino acid. Oex PGDH and Oex EDA9 lines increased
the Ser level in roots more than in the aerial parts. Since
PGDH and EDA9 were expressed under the control
of the 35S promoter, these results would indicate a
posttranscriptional/translational regulatory mechanism
controlling their encoded enzyme activities.

PGDH overexpression provoked the highest increases
in Ser in both aerial parts and roots as compared with
3-PGDH andEDA9. However,PGDH is not the essential
gene for embryo and pollen development. These results
would support that the essential function of EDA9 is
related to its expression in specific cell types. The func-
tion of 3-PGDH seemed to be less important in our ex-
perimental conditions, since 3-pgdh1 3-pgdh1 did not
display reduced Ser levels and the Oex 3-PGDH lines
were less efficient in amino acid biosynthesis. Never-
theless, 3-PGDH could have a function under specific
conditions, such as during the night in photosynthetic
cells. This would be supported by its high expression
level in the aerial parts and its induction under dark
exposure. It is also interesting that the Ser levels were
not reduced but increased in the aerial parts of 3-pgdh1
3-pgdh1. This increasemay be related to the activation of
the glycolate pathways by an unknown mechanism.

Figure 9. (Continued.)
staining of the microspore nucleus. Bars = 25 mm. D, Scanning electron micrographs of pollen grains (left) and light microscope
images of pollen germination assays (right) from the wild type, the wild type transformed with Pro-35S:EDA9 (EDA9EDA9
Pro-35S:EDA9) and the endogenous EDA9 promoter (EDA9EDA9 ProEDA9:EDA9), and heterozygous EDA9eda9.1 and homo-
zygous eda9.1eda9.1 plants transformed with Pro-35S:EDA9 and the endogenous EDA9 promoter (ProEDA9:EDA9). Bars = 10 mm
(left column) and 200 mm (right column).
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One question to be answered is which metabolic
changes are important targets that translate into devel-
opmental modifications. In humans, it has been shown
that PGDHexpression alters Glcmetabolism and affects
cell morphology, proliferation, and oncogenesis (Bachelor
et al., 2011; Locasale et al., 2011; Pollari et al., 2011;
Possemato et al., 2011; Ying et al., 2012). Our results
indicate that EDA9 plays an essential function in non-
photosynthetic actively dividing cells such as embryos
and anthers. Thus, Ser could well be the link connecting
primary metabolism with the control of cell cycle pro-
gression in specific cell types. This could be related to the
role of Ser in transcriptional regulation (Timmet al., 2013).

This work corroborates that the PPSB plays an es-
sential function in plant metabolism and development,
probably because it provides Ser to specific cell types
where the only supplies of the amino acid would orig-
inate from the intracellular pools. Further research is
required to investigate the specific function of the PPSB
in photosynthetic tissues and in a future atmosphere
containing increased CO2 concentrations, where the
contribution of the glycolate pathway to plant Ser sup-
ply could be compromised.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) seeds were supplied by the European
Arabidopsis Stock Center (Scholl et al., 2000). Unless stated otherwise, seeds
were sterilized and sown on 0.8% agar plates containing one-fifth-strength MS
medium with Gamborg vitamins as described previously (Muñoz-Bertomeu
et al., 2009). The selection of overexpressing plants and growth in greenhouse
conditions were performed as described elsewhere (Muñoz-Bertomeu et al.,
2009).

Primers

All primers used in this work are listed in Supplemental Table S4.

Mutant Isolation and Characterization

Themutant alleles of At1g17745, At3g19480, and At4g34200 (SALK_048256,
SALK_149747, SM_3_37584, GK_877F12, GK_867A04, and GK_155B09) were
identified in the SIGnAL Collection database at the Salk Institute (Alonso et al.,
2003). Mutants were identified by PCR genotyping using gene-specific primers
and left border primers of the T-DNA insertion. The T-DNA insertions were
confirmed by sequencing the fragment amplified by the T-DNA internal primers
and gene-specific primers (Supplemental Table S4).

Cloning and Plant Transformation

For gene promoter-reporter fusions, fragments corresponding to the native
PGDH, 3-PGDH, and EDA9 promoters (1,506, 1,243, and 1,514 bp, corre-
sponding to regions 21,500 to +6, 21,240 to +3, and 21,509 to +5 relative to
the PGDH, 3-PGDH, and EDA9 translation start codons, respectively) were
fused to the GUS gene in pCAMBIA1303 or pBI121. Promoter fragments of
PGDH and 3-PGDHwere PCR amplified from genomic DNA using the primers
specified in Supplemental Table S4 to introduce HindIII and SpeI sites and
cloned into pCAMBIA1303, giving ProPGDH:GUS and Pro-3-PGDH:GUS. The
EDA9 promoter was PCR amplified from genomic DNA using primers speci-
fied in Supplemental Table S4 to introduce HindIII and BamHI sites and cloned
into pBI121, giving ProEDA9:GUS.

The cDNAs corresponding to PGDH, 3-PGDH, and EDA9 were placed
under the control of the constitutive 35S promoter (Pro-35S), giving constructs

Pro-35S:PGDH, Pro-35S:3-PGDH, and Pro-35S:EDA9, respectively. PGDH and
EDA9 cDNAs (U13169 and U09809 supplied by the Arabidopsis Biological
Resource Center) were PCR amplified with primers specified in Supplemental
Table S4 and cloned in the pCR8/GW/TOPO plasmid (Invitrogen). These
cDNAs were subcloned in the plasmid pMDC83 (Curtis and Grossniklaus,
2003) using Gateway technology with Clonase II (Invitrogen). A cDNA from
gene 3-PGDH was obtained by RT using total RNA as a template. This cDNA
was PCR amplified using primers specified in Supplemental Table S4, cloned
in the pCR8/GW/TOPO plasmid, and subcloned in the plasmid pMDC83 as
described above. This plasmid allowed us to clone the PGDH family cDNAs in
frame with a GFP cDNA at the C-terminal position. Pro-35S:EDA9was used to
obtain the construct ProEDA9:EDA9. The 35S promoter of Pro-35S:EDA9 (lo-
calized between the PmeI and PacI sites) was exchanged with the native EDA9
promoter previously PCR amplified from ProEDA9:GUS with primers speci-
fied in Supplemental Table S4 to introduce PmeI and PacI sites, giving the
ProEDA9:EDA9 vector. All PCR-derived constructs were verified by DNA
sequencing.

Arabidopsis plants were transformedwith the different constructs using the
floral dipping method (Clough and Bent, 1998) with Agrobacterium tumefaciens
carrying pSOUP. For GUS and overexpressing lines, the wild type was used.
As eda9.1eda9.1 is embryo lethal, whenever necessary, the progeny of hetero-
zygous plants (EDA9.1 eda9.1) were transformed with the different con-
structs. Transformants were selected by antibiotic selection, while homozygous
eda9.1eda9.1, heterozygous EDA9eda9.1, and the wild type were identified by
PCR genotyping using gene-specific primers and left border primers of the
T-DNA insertions (Supplemental Table S4).

At least five independent, single-insertion homozygous T3 lines were
obtained for all thedifferent constructs.After characterizationbyRT-PCR, two to
three different lines were selected for further analysis depending on the exper-
iment. We used both syngenic wild-type lines as well as wild-type Columbia-0
as controls for our studies. Syngenic plantswere thewild-type progeny from the
segregation of heterozygous mutant lines.

RT-PCR

RT-PCR was performed as described previously (Cascales-Miñana et al.,
2013). Primers used are listed in Supplemental Table S4.

Pollen Germination and GUS Activity Assays

In vitro pollen germination assays were done using the optimized solid
medium described by Boavida and McCormick (2007) as described previously
(Muñoz-Bertomeu et al., 2010).

GUS activity assays were performed as described previously (Cascales-
Miñana et al., 2013). At least three independent transgenic lines showed
identical GUS staining patterns, which differed only in the expression level of
GUS. Images were acquired with a Leica DM1000 microscope and a Leica
DC350 digital camera.

Microscopy

For differential interference contrast microscopy, siliques from heterozy-
gous EDA9 eda9.1 plants were dissected longitudinally at 1, 4, 6, and 10 DAP.
Ovules from individual siliques were morphologically classified and pro-
cessed as described previously (Cascales-Miñana et al., 2013). For transmission
electron microscopy of anther and pollen, inflorescences containing buds at
different developmental stages from wild-type and eda9.1eda9.1 Pro-35S:EDA9
plants were collected and classified into different development groups
according to Smyth et al. (1990). Buds from the same group were removed
from plants and processed as described previously (Cascales-Miñana et al.,
2013).

Formicrospore nucleus stainingwithHoechst, inflorescences containing buds
at different developmental stages fromwild-type and eda9.1eda9.1 Pro-35S:EDA9
plants were collected and classified in different groups as described for
transmission electron microscopy. Pollen grains released from anthers were
stained with 10 mg mL21 Hoechst dye and observed as described (Cascales-
Miñana et al., 2013).

For scanning electron microscopy, pollen was mounted on standard stubs
and coated with gold-palladium prior to observation with a field emission
microscope (Hitachi S-4100). GFP fluorescence was observed with a confocal
microscope (Leica TCS-SP).
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Metabolite Determination

Aerial parts and roots of 15-d-old wild-type, mutant, and Oex line plants
(two to three different lines for each gene) grown on one-fifth-strength MS
plates were used to determine metabolite content in derivatized methanol
extracts by gas chromatography-mass spectrometry using the protocol defined
by Lisec et al. (2006). Plants were grown in a growth chamber in a 22°C, 16-h-
day/16°C, 8-h-night photoperiod, with light at 100 mmol m22 s21, and were
sampled for metabolite analysis after 4 to 5 h in the light.

Bioinformatics and Statistics

PGDH genes were initially identified in The Arabidopsis Information
Resource (http://www.arabidopsis.org/). The percentage of identity be-
tween different PGDHs was obtained by aligning pair sequences using
bl2seq at the National Center for Biotechnology Information (http://blast.
ncbi.nlm.nih.gov/Blast.cgi). Amino acid sequences were aligned using the
ClustalX program (Thompson et al., 1997), version 1.83, and the GENEDOC
program. Phylogenetic analyses were performed according to the neighbor-
joining method (Saitou and Nei, 1987). Bootstrapping was performed with
2,000 replicates to obtain support values for each internal branch, and the
representation of the calculated consensus tree was drawn using the TreeView
program (Page, 1996). Putative chloroplast/plastid localization sequences were
identified using the ChloroP prediction server (Emanuelsson et al., 1999).

Experimental values represent mean values and SE, and n represents the
number of independent samples. P values were calculated with Student’s t test
(two-tailed) using Microsoft Excel. The level of significance was fixed at 5%
(0.05), representing the probability of error if the hypothesis of a significant
difference between mean values was accepted. In the segregation analysis,
data were tested to evaluate if the observed values agreed with Mendelian
proportions using the x2 test. P values higher than 0.05 indicate that the ob-
served values are not significantly different from the expected ratio. P values
lower than 0.001 indicate that the observed values differ significantly from the
expected ratio.

Arabidopsis Genome Initiative locus identifiers for the Arabidopsis genes
used in this article are as follows: At1g17745 (PGDH), At3g19480 (3-PGDH),
and At4g34200 (EDA9).

Supplemental Data

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

Supplemental Figure S1. Amino acid alignment of Arabidopsis PGDH
family proteins using the GENEDOC program.

Supplemental Figure S2. Relative fresh weight (aerial parts and roots) of
wild-type and PGDH family mutant seedlings grown in one-fifth-
strength MS medium for 18 d.

Supplemental Figure S3. Relative fresh weight (aerial parts and roots) of
wild-type and PGDH family overexpressing seedlings grown in one-
fifth-strength MS medium for 18 d.

Supplemental Table S1. Genomic organization of PGDH family T-DNA
mutant lines.

Supplemental Table S2. Some of the significantly enriched consensus se-
quences in the promoter regions of PGDH family genes.

Supplemental Table S3. Metabolite levels in the aerial parts and roots of
wild-type, mutant (pgdh1pgdh1 and 3-pgdh1 3-pgdh1), and overexpress-
ing (Oex PGDH, Oex EDA9, and Oex 3-PGDH) plants.

Supplemental Table S4. List of primers used in this work.
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