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Abstract
Because it is the precursor for various essential cellular components, the amino acid serine is indispensable for every living or-
ganism. In plants, serine is synthesized by two major pathways: photorespiration and the phosphorylated pathway of
serine biosynthesis (PPSB). However, the importance of these pathways in providing serine for plant development is not fully
understood. In this study, we examine the relative contributions of photorespiration and PPSB to providing serine for growth
and metabolism in the C3 model plant Arabidopsis thaliana. Our analyses of cell proliferation and elongation reveal that PPSB-
derived serine is indispensable for plant growth and its loss cannot be compensated by photorespiratory serine biosynthesis.
Using isotope labeling, we show that PPSB-deficiency impairs the synthesis of proteins and purine nucleotides in plants.
Furthermore, deficiency in PPSB-mediated serine biosynthesis leads to a strong accumulation of metabolites related to nitrogen
metabolism. This result corroborates 15N-isotope labeling in which we observed an increased enrichment in labeled amino acids
in PPSB-deficient plants. Expression studies indicate that elevated ammonium uptake and higher glutamine synthetase/gluta-
mine oxoglutarate aminotransferase (GS/GOGAT) activity causes this phenotype. Metabolic analyses further show that elevated
nitrogen assimilation and reduced amino acid turnover into proteins and nucleotides are the most likely driving forces for
changes in respiratory metabolism and amino acid catabolism in PPSB-deficient plants. Accordingly, we conclude that even
though photorespiration generates high amounts of serine in plants, PPSB-derived serine is more important for plant growth
and its deficiency triggers the induction of nitrogen assimilation, most likely as an amino acid starvation response.
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Introduction
The availability of serine is crucial for every living organ-
ism, as it is a constituent of proteins and indispensable for
several cellular processes, such as the metabolism of folate
and the biosynthesis of nucleotides, amino acids, the anti-
oxidant glutathione, phospholipids, and sphingolipids
(Kalhan and Hanson, 2012; Ros et al., 2014). In most
organisms, serine is synthesized via the phosphorylated
pathway of serine biosynthesis (PPSB; Supplemental
Figure S1), starting from the glycolytic intermediate 3-
phosphoglycerate (3-PGA; Pizer, 1963; Snell, 1984; Achouri
et al., 1997; Dey et al., 2005; Tabatabaie et al., 2010;
Locasale et al., 2011). The first and rate-limiting reaction of
the PPSB is catalyzed by 3-PGA dehydrogenase (PGDH),
which oxidizes 3-PGA into 3-phosphohydroxypyruvate.
The latter is converted to 3-phosphoserine by 3-phospho-
serine aminotransferase (PSAT) via a transamination reac-
tion using glutamate as an amino-group donor. The final
reaction of the pathway, the conversion of 3-phosphoser-
ine into serine, is catalyzed by 3-phosphoserine phospha-
tase (PSP). This pathway is well conserved across
prokaryotic and eukaryotic species (Wulfert and Krueger,
2018), indicating its essential role for cellular metabolism.

In heterotrophic organisms, PPSB-mediated serine biosyn-
thesis acts as a central node in the metabolic network
crucial for cell proliferation (Locasale et al., 2011; Yang and
Vousden, 2016). It has been previously shown that the PPSB
represents an important metabolic flux control point bal-
ancing the glycolytic carbon flow between the biosynthesis
of serine and the tricarboxylic acid (TCA) cycle in fast prolif-
erating cancer cells (Locasale et al., 2011; Chaneton et al.,
2012; Labuschagne et al., 2014; Kottakis et al., 2016; Mattaini
et al., 2016; Gao et al., 2018). Consequently, the PPSB has be-
come of major interest in cancer research (Possemato et al.,
2011; Amelio et al., 2014).

In contrast to heterotrophic organisms, serine metabo-
lism in plants is still poorly understood. Plants possess
three possible routes for the formation of serine
(Supplemental Figure S1): the PPSB in heterotrophic tissue,
the glycolate pathway associated with photorespiration in
autotrophic tissue, and the glycerate pathway
(Kleczkowski and Givan, 1988; Kleczkowski et al., 1988; Ho
and Saito, 2001; Ros et al., 2014). Photorespiration is con-
sidered to be the main source of serine in plants (Bauwe
et al., 2012), whereas the importance of the glycerate
pathway for serine biosynthesis is still unknown due to
the lack of clear genetic evidence for the rate limiting en-
zyme 3-PGA phosphatase (Robinson, 1982).

Photorespiration is required in photoautotrophic organ-
isms due to the dual nature of RuBisCO (Andrews et al.,
1971; Bowes et al., 1971). Although the carboxylase activity
of RuBisCo yields two molecules 3-PGA, the oxygenase
activity produces one molecule 3-PGA and one molecule
2-phosphoglycolate, a toxic intermediate. The photorespira-
tory pathway converts two molecules 2-phosphoglycolate to
CO2 and 3-PGA via a series of complex reactions. Although

photorespiration is often seen as a wasteful pathway due to
the loss of up to 25% of the photosynthetic fixed carbon, it
is also considered to be an important source for the amino
acids glycine and serine in plants (Bauwe et al., 2010).

The presence of the PPSB in plants was initially described
by Handford and Davies (1958) and the first genetic evi-
dence of its importance was previously obtained by studying
mutants deficient in the major enzymes of the pathway
(Benstein et al., 2013; Cascales-Minana et al., 2013). The
Arabidopsis thaliana genome encodes three genes for PGDH
(At4g34200, PGDH1; At1g17745, PGDH2; At3g19480, PGDH3),
two for PSAT (At4g35630, PSAT1; At2g17630, PSAT2), and
one gene for PSP (At1g18640, PSP1). The in vitro activity of
the respective enzymes has been demonstrated (Ho et al.,
1998, 1999a, 1999b; Ho and Saito, 2001; Benstein et al.,
2013). In Arabidopsis, all enzymes of the pathway are local-
ized in plastids and the genes are highly expressed in hetero-
trophic tissue, except for PGDH3, which is expressed at low
levels in autotrophic tissues (Benstein et al., 2013). Although
mutations in PGDH2 or PGDH3 revealed no obvious pheno-
type, loss of either PGDH1 or PSP causes embryo lethality
and impairs pollen development (Benstein et al., 2013;
Cascales-Minana et al., 2013). In addition, preliminary char-
acterization of conditional PSP mutants and PGDH1- and
PSAT1-silenced plants revealed that PPSB-deficiency also
impairs vegetative plant growth (Benstein et al., 2013;
Cascales-Minana et al., 2013). However, it is still unknown
which serine-requiring cellular functions are disrupted in
these plants to cause growth inhibition. Furthermore, inhibi-
tion of PPSB-mediated serine biosynthesis strongly alters
amino acid levels in plants, but the reason for this pheno-
type is also unclear (Benstein et al., 2013; Cascales-Minana
et al., 2013). Considering the generally accepted assumption
that photorespiration represents the major source of serine
in plants (Douce et al., 2001; Ros et al., 2014), the cause of
the growth and metabolic phenotypes in PPSB-deficient
plants is even more puzzling.

The aim of our study was to carry out an in-depth analy-
sis to further clarify the function of the PPSB in plants, and
to better understand the relative contributions of the PPSB
and photorespiration to serine biosynthesis and subse-
quently to plant metabolism and growth. For this purpose,
a combination of techniques including growth analyses, iso-
tope labeling experiments, and targeted metabolomics were
performed under carefully chosen growth conditions. The
results of our study demonstrate that the PPSB is more im-
portant than photorespiration in providing serine for plant
growth. This finding was confirmed by performing isotope
labeling experiments to determine the metabolic fate of ser-
ine produced by the PPSB. In addition, the analysis of tran-
scripts, metabolites and 15N-isotope enrichment reveals that
PPSB-deficient plants have an unusual metabolic phenotype
caused by enhanced nitrogen assimilation and amino acid
catabolism in response to serine starvation. Altogether, these
results imply that even in the presence of photorespiration,
PPSB-derived serine is indispensable for the plant and its
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deficiency triggers the induction of nitrogen assimilation,
most likely as an amino acid starvation response.

Results

Growth analyses indicate that deficiency in
PPSB-mediated serine synthesis cannot be
compensated by photorespiration
To dissect the individual contributions that photorespiration
and PPSB have on plant serine metabolism, we analyzed
changes in the growth rate and biomass production of
empty vector (EV) control plants, PGDH1-silenced lines
(ts-pgdh1.1 and ts-pgdh1.2) and psp1-1 mutants at photores-
piratory CO2 (400 mL L�1 CO2) conditions and at elevated
CO2 (4,000 mL L�1 CO2) conditions where photorespiration
is severely repressed (Figure 1; Supplemental Figure S2). As
incubation at elevated CO2 strongly inhibits seedling growth
of PGDH1-silenced lines, plants were germinated and precul-
tured for 8 d at photorespiratory conditions before half of
them were transferred for additional 8 d to elevated CO2

conditions.
Cultivation of control plants at elevated CO2 conditions

enhanced the primary root growth rate (PRGR) from 0.21 to
0.26 mm h�1 (Figure 1A). In accordance, the shoot biomass
increased by around 10 mg and root biomass by around 4
mg compared with plants grown at ambient CO2 conditions
(Figure 1A). The increase in growth and biomass was ac-
companied by a higher abundance of the B-type cyclin B1
(Figure 1B), a commonly used marker for cell proliferation
(Weingartner et al., 2004; Rodriguez et al., 2010). Therefore,
suppression of photorespiration by elevated CO2 has no
negative impact on plant growth. Interestingly, expression
analysis showed that the transcript levels of major PPSB
genes were significantly increased in plants after the sup-
pression of photorespiration (Supplemental Figure S3), sug-
gesting that enhanced growth of plants at elevated CO2

requires the activation of the PPSB.
In contrast to plants with repressed photorespiration,

plants deficient in the PPSB were strongly impaired in
growth (Figure 1A; Supplemental Figure S2). Compared to
control plants, the PRGR of PGDH1-silenced lines and psp1-1
mutants was reduced to 45% and 15%, respectively
(Figure 1A; Supplemental Figure S2). The shoot and root
biomasses of PGDH1-silenced lines decreased to 55% and
35% of control plants, and the biomasses of psp1-1 mutants
to 47% and 22% of control plants (Figure 1A; Supplemental
Figure S2). In accordance with the strong growth phenotype
of PPSB-deficient plants, the abundance of the B-type cyclin
B1 was significantly reduced in shoot and root tissues of
PGDH1-silenced lines (Figure 1B).

The PRGR, as well as the shoot and root biomasses, of
PGDH1-silenced lines and psp1-1 mutants improved sub-
stantially when these plants were cultivated in the presence
of 0.1-mM serine in the growth medium (Figure 1A;
Supplemental Figure S2). In line with this finding, the cyclin
B1 abundance in the shoot and root tissues of PGDH1-si-
lenced lines increased after external application of serine

(Figure 1B). Thus, the growth defects of PPSB-deficient
plants were mainly caused by serine starvation. To support
this conclusion, plants were germinated and continuously
cultivated on growth medium supplemented with 0.1-mM
serine before transfer to serine-free medium (Supplemental
Figure S4). While withdrawal of external serine has no signifi-
cant impact on the PRGR of control plants, the PRGR of
PGDH1-silenced lines decreased constantly from 0.22 mm
h�1 at Day 1 to 0.08 mm h�1 at Day 5 (Supplemental
Figure S4). Thus, plants without a functional PPSB are de-
pendent on continuous application of external serine to
maintain normal plant growth.

In contrast to the control plants, the growth rate of roots
of PGDH1-silenced lines and psp1-1 mutants deteriorated
significantly when these plants were grown under low-pho-
torespiratory conditions (Figure 1A; Supplemental Figure
S2). Furthermore, the shoot and root biomasses of PGDH1-
silenced lines were also exacerbated, and decreased to
around 35% and 12% of those of the EV control, respectively
(Figure 1A). Accordingly, the cyclin B1 abundance was re-
duced in shoot and root tissues of PGDH1-silenced lines
compared to control plants (Figure 1B). Thus, simultaneous
inhibition of PPSB-mediated and photorespiratory serine bio-
synthesis by growing PGDH1-silenced plants and psp1-1
mutants at high CO2 exacerbated the growth phenotypes of
these plants, which was most likely the consequence of en-
hanced serine deficiency. This assumption was supported by
the finding that the deterioration of the growth phenotype
of PGDH1-silenced lines at elevated CO2 could be signifi-
cantly mitigated by serine supplementation (Supplemental
Figure S5).

Plant growth is a combination of cell division and elonga-
tion (Gonzalez et al., 2012). To test whether deficiency of
PGDH1 or PSP also alters cell elongation, we determined the
size of cells in the elongation zone above the root apical
meristem (Figure 1C; Supplemental Figure S6). The size of
the root apical meristem and the size of the cells above the
transition zone were both significantly reduced in PGDH1-si-
lenced lines and psp1-1 mutants compared to control plants
(Figure 1C; Supplemental Figure S6).

Collectively, our study showed that plants lacking a func-
tional PPSB are impaired in growth due to reduced cell divi-
sion and elongation, while inhibition of photorespiration
alone has no negative impact on plant growth. However, si-
multaneous inhibition of both pathways aggravated the
growth defects of PPSB-deficient plants, indicating that pho-
torespiratory serine partially contributes to plant growth.

Tracer studies reveal elevated incorporation of
carbon derived from external applied [3-14C] serine
into major cellular components in shoot and root
tissues of PGDH1-silenced lines
PGDH1-silenced lines and psp1.1 mutants require a continu-
ous supply of external serine to maintain normal plant
growth (Figure 1A; Supplemental Figures S2 and S4). This
finding suggests that external serine is incorporated into
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cellular components, which are insufficiently supplied with
serine in PPSB-deficient plants. Amino acid feeding has been
widely used to rescue amino acid auxotrophic mutants (Last
and Fink, 1988; Muralla et al., 2007), indicating that external
supplied amino acids are metabolized in the same way as
plant’s own.

To follow the fate of externally applied serine throughout
the plant, a feeding experiment using 14C-labeled serine
[3-14C] was conducted (Figure 2). For this purpose, plants
were constantly grown on medium supplemented with ser-
ine before incubating them for 2 d on medium additionally
supplemented with 50-mCi 14C-labeled serine. Under such
conditions PGDH1-silenced lines were phenotypically

indistinguishable from control plants. Shoot and root tissue
of the traced plants were harvested separately, fractionated
into four fractions containing DNA, proteins, polar metabo-
lites, and lipophilic metabolites according to Valledor et al.
(2014), and the amount of incorporated radioactivity was
analyzed by scintillation counting (Figure 2).

The feeding experiment revealed that serine was efficiently
taken up by the plant, allocated into shoot and root tissues
and rapidly incorporated into cellular components, such as
lipids, DNA, polar metabolites, and proteins (Figure 2A).
Generally, PGDH1-silenced lines accumulated significantly
more radioactivity in shoots and roots than control plants
(Figure 2A). The analysis of the radioactivity enrichment in

Figure 1 PGDH1-deficiency inhibits cell division and elongation. A, PRGR and plant biomass of EV control plants and PGDH1-silenced plants (ts-
pgdh1.1 [1] or ts-pgdh1.2 [2]) were determined under different growth conditions: a.CO2 (ambient CO2, 400 mL L�1), a.CO2 supplemented with
0.1-mM serine (Ser) and e.CO2 (elevated CO2, 4,000 mL L�1). Scale bar ¼ 1 cm. Primary root growth rate was determined at a.CO2, e.CO2 and at
a.CO2 with increasing serine concentration. Data (n> 20) are shown as box plot; the line represents median; the whiskers represent 1.5 interquar-
tile range (IQR) and dots show 5th/95th percentiles. FW of shoots and roots are the mean 6 SD of n> 5. B, CYCB1;1::DB:GUS expressing plants
were transformed with the PGDH1 silencing construct and cultivated under different conditions. GUS activity was visualized by histological stain-
ing with X-Gluc for 12 h at 37�C (Scale bar ¼ 50mm) or quantified by a fluorescent b-galactosidase assay. Values are the mean and SE of n¼ 5. For
(A) and (B), one-way analysis of variance (ANOVA) followed by Fisher’s least significant difference test (P< 0.05) were performed and columns
with the same letter are not significantly different. C, Roots were stained with propidium iodine and cell size and number were analyzed by confo-
cal laser scanning microscopy. Black bars represent the size of the meristem zone (MZ) and white bars represent the size of the first 11 cells above
the transition zone, also called elongation zone (EZ). White arrowheads mark the boundaries of the MZ and EZ. Scale bars indicate 100 mm. The
cell area and meristem size were determined using the ImageJ software. Data presented are means 6 SE of n> 11. Asterisks indicate significantly
different values between EV control plants and PGDH1-silenced lines by the Student’s t test (**P< 0.01; ***P< 0.001).
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different cellular components revealed a significantly in-
creased incorporation of radioactivity into lipids and pro-
teins in shoots of both PGDH1-silenced lines, and there was
also a clear trend for a higher amount of label incorporation
into the DNA and polar fractions. In roots, the amount of
radioactivity in the polar fraction as well as in DNA and lip-
ids was significantly higher in both PGDH1-silenced lines
compared to control plants, while incorporation into pro-
teins was more variable.

Assessing the proportional distribution of radioactivity be-
tween the analyzed compounds revealed no clear indica-
tions that any of the analyzed compounds was preferentially
labeled in PGDH1-silenced lines (Figure 2B).

Altogether, our findings revealed that radioactivity derived
from externally applied 14C labeled serine [3-14C] is more ef-
ficiently incorporated into major cellular components in
shoots and roots of PGDH1-silenced lines, indicating that
the lack of PGDH1-mediated serine biosynthesis causes a
general shortage of serine for the synthesis of these compo-
nents in plants.

Protein and purine biosynthesis are impaired in
PGDH1-silenced lines
PGDH1-silenced lines and psp1-1 mutants are substantially
impaired in plant growth, indicating that serine produced
by the PPSB is required for the formation of essential cellular
components, such as proteins and nucleotides (Ros et al.,
2014). In order to elucidate the role of PPSB-derived serine
for the synthesis of these components, we analyzed protein
and adenosine monophosphate (AMP) biosynthesis in shoot
and root tissues of PGDH1-silenced lines (Figure 3).

Protein biosynthesis was quantified by analyzing the incor-
poration rate of 35S-labeled methionine into proteins in
shoot and root tissues (Figure 3A). Therefore, plants were in-
cubated with 35S-labeled methionine for 6 h during the light
period, and total proteins were isolated from shoot and root
tissues according to Koprivova et al. (2000). The amount of
newly synthesized proteins was determined by scintillation
counting and finally normalized to the total amount of ra-
dioactivity taken up by the plants. By this method, we found
that around 8.7% of the absorbed radioactivity was inte-
grated into shoot proteins of control plants, while 6.5% and
6.1% were incorporated into shoot proteins of ts-pgdh1.1
and ts-pgdh1.2 lines (Figure 3A). However, this slight reduc-
tion in the biosynthesis of shoot proteins was significant
only for the ts-pgdh1.2 line. In agreement with the strong in-
hibition of root growth of PGDH1-silenced lines, only 9%
and 10% of the absorbed radioactivity was incorporated into
root proteins of ts-pgdh1.1 and ts-pgdh1.2 lines, respectively,
while 17% was incorporated into root proteins extracted
from control plants (Figure 3A).

To investigate purine biosynthesis, we quantified the
amount of 15N-labeled AMP extracted from plants grown in
the presence of 15N-labeled ammonium nitrate (Figure 3B).
Similarly, as observed for protein biosynthesis, the synthesis
of AMP was significantly reduced in roots, but not substan-
tially altered in shoots of PGDH1-silenced lines grown at am-
bient CO2 (Figure 3B). However, when plants were
transferred to elevated CO2 conditions, the amount of la-
beled 15N-AMP was significantly lower in shoot and root tis-
sues compared to control plants (Figure 3B). Thus, our data
indicate that in PGDH1-silenced lines the biosynthesis of
AMP in shoots is preferentially supplied with serine pro-
duced by photorespiration, while the roots are starved for
serine for the synthesis of purine nucleotides.

To further elucidate the importance of the PPSB for pu-
rine biosynthesis, PGDH1-silenced lines were cultivated on
medium supplemented with 0.25-mM adenosine
(Figure 3C). Externally applied adenosine is efficiently taken

Figure 2 PGDH1-silenced lines incorporate more [14C-3] serine-
derived radioactivity. Plants were germinated and pre-cultivated
on plates containing half-strength MS medium supplemented with
0.1-mM serine. Subsequently, plants were transferred to liquid half-
strength MS medium supplemented with 0.1-mM serine and traced
with 50 mCi [14C-3] serine for 48 h. After incubation, shoot and
root materials were harvested separately and fractionated into DNA,
proteins, polar, and lipophilic compounds. A, The incorporation of ra-
dioactive carbon derived from 14C-labeled serine into DNA, proteins,
polar, and lipophilic compounds in shoot and root tissues of EV and
PGDH1-silenced lines (ts-pgdh1.1 [1], ts-pgdh1.1 [2]) was determined
as counts per minute using a scintillation counter. B, Based on these
data, the percent distribution of radioactivity in the individual com-
pounds was calculated. For (A) and (B), data presented are means 6

SD of n¼ 5. Asterisks indicate significantly different values between EV
and PGDH1-silenced lines by the Student’s t test (*P< 0.05).
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up by the plants via nucleoside carriers (Möhlmann et al.,
2001) and enters purine metabolism through the salvage
pathway (Witte and Herde, 2020). Previously, it has been
reported that adenosine feeding is sufficient to rescue the
growth phenotype of AMP-deficient plants lacking the plas-
tid localized AMP exporter (Kirchberger et al., 2008).

Interestingly, external application of 0.25-mM adenosine
significantly improves the PRGR of PGDH1-silenced plants
(Figure 3C). Although the effect of adenosine supplementa-
tion on the PRGR of control plants was weak, the PRGR of

PGDH1-silenced lines improved significantly by 190% (ts-
pgdh1.1) and 175% (ts-pgdh1.2), respectively (Figure 3C).

Conclusively, our tracer studies and feeding experiments
revealed that protein and nucleotide biosynthesis were im-
paired in PGDH1-silenced lines, which very likely contributed
to the strong growth phenotype of these plants.

Photorespiration and PPSB contribute to the
steady-state serine content in plants
To elucidate the relative contribution of photorespiration
and PPSB to the steady-state serine content in plants, we ex-
amined the serine content in shoot and root tissues of
PGDH1-silenced lines and control plants, before and after re-
pression of photorespiration (Figure 4).

We found that the serine content was not reduced in
PGDH1-silenced lines when grown at ambient CO2

(Figure 4). These plants actually contain higher serine levels
in shoots than controls, while the serine content in roots
was not significantly altered (Figure 4A).

External application of serine at a concentration of 0.1
mM, which rescued the shoot and root growth phenotypes
of PGDH1 and PSP deficient plants (Figure 1A; Supplemental
Figures S2 and S4), had no effect on the internal serine con-
tent in shoots of both control and PGDH1-silenced lines.
However, this serine feeding caused a significant accumula-
tion of internal serine in roots, although to a lesser extent in
PGDH1-silenced lines (Figure 4A). These data support the
fast metabolization of externally applied serine in plants,
and confirmed that PGDH1-silenced lines are starved of ser-
ine. In addition, our results indicate that PGDH1-silenced
lines adjust their growth rate to the reduced availability of
serine, most likely to maintain a certain cellular
concentration.

Repression of photorespiration strongly reduced the shoot
serine content in control plants, while the root serine con-
tent was not altered (Figure 4A). In PGDH1-silenced lines, re-
pression of photorespiration reduced the serine content in
shoots more drastically than observed in control plants
(Figure 4A). The analysis of the serine ratio at elevated and
ambient CO2 (e.CO2/a.CO2) confirmed this observation
(Figure 4B).

The root serine content was significantly decreased in
PGDH1-silenced lines after repression of photorespiration
(Figure 4). This finding was also reflected by the significantly
lower e.CO2/a.CO2 ratio for serine in roots of the silenced
lines compared to control plants (Figure 4B). Therefore, our
data indicate that PPSB and photorespiration both contrib-
ute to the serine pool in roots.

External application of serine to plants grown at elevated
CO2 caused a moderate serine accumulation in shoots of
control plants, but had no significant effect on the internal
serine content in shoots of PGDH1-silenced lines (Figure 4).
In roots, serine feeding caused a significant increase in the
internal serine content in both control and PGDH1-silenced
lines. However, this increase was significantly lower in the si-
lenced lines (Figure 4). Furthermore, the accumulation of

Figure 3 PGDH1-deficiency impairs protein and purine biosynthesis.
A, Protein synthesis in shoot and root tissues of EV and PGDH1-
silenced lines (1 and 2) was determined by analyzing 35S-methionine
incorporation into proteins. Data presented are means 6 SD of n¼ 5.
B, AMP synthesis was examined by quantifying fully labeled 15N-AMP
in shoots and roots of plants grown at a.CO2 (ambient CO2, 400 mL
L�1) and at e.CO2 (elevated CO2, 4,000 mL L�1) on medium supple-
mented with 15NH15

4 NO3. For (A) and (B), data presented are means
6 SD of n¼ 5. Asterisks indicate significantly different values between
EV and PGDH1-silenced lines by the Student’s t test (*P< 0.05). C,
PRGR of EV control plants and PGDH1-silenced lines in the absence
(Mock; �) or the presence (Adenosine [0.25 mM]; þ) of 0.25-mM
adenosine is shown. Data (n> 20) are shown as box plot (white, EV
control; gray, PGDH1-silenced lines 1 and 2); the line represents me-
dian; the whiskers represent 1.5 IQR and dots show outliers. Asterisks
indicate significantly different values between Mock and adenosine-
treated EV plants and PGDH1-silenced lines by the Student’s t test
(*P< 0.05).
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serine in roots after serine feeding was substantially lower in
plants grown at elevated CO2 compared with plants grown
at ambient CO2 (Figure 4). Thus, the consumption of exter-
nally applied serine is higher in PGDH1-silenced lines and in
EV control plants after repression of photorespiration.

Overall, our results show that both photorespiration and
the PPSB contribute to the steady-state serine content in
shoot and root tissues of plants, although only inhibition of
the PPSB has a negative impact on plant growth linked to
serine deficiency.

Photorespiration and PPSB have different impacts
on plant metabolism
To gather more information about the role of the PPSB for
plant metabolism, we analyzed the composition of primary
metabolites in shoot and root tissues of plants impaired in
either photorespiration, the PPSB or in both pathways
(Figure 5). To test whether the observed metabolic pheno-
types originate specifically from serine deficiency, we exam-
ined the effect of external serine application on the
metabolic changes in these plants.

Repression of photorespiration in control plants resulted
in distinct changes in the content of many primary metabo-
lites in shoot and root tissues (Figure 5). The most obvious

change was the strong decrease in glycine and serine con-
tent in the shoot. Apart from minor differences in the con-
tent of some compounds, serine feeding had no substantial
impact on the metabolite profile of these plants (Figure 5).
Thus, the vast majority of the observed metabolic changes
in these plants were not related to serine starvation, and
were most likely caused by changes in the C/N balance due
to alterations in carbon and nitrogen assimilation after re-
pression of photorespiration by elevated CO2 (Rachmilevitch
et al., 2004).

The analysis of the metabolite composition in PGDH1-si-
lenced lines revealed only a very small overlap with the met-
abolic changes observed after repression of photorespiration
(Figure 5). Although the majority of analyzed metabolites
were significantly increased in shoot and root tissues of
PGDH1-silenced lines, the most important changes were ob-
served for amino acids, nitrogen-containing compounds, and
TCA cycle-related organic acids (Figure 5).

In shoots the contents of most amino acids, nitrogen-
containing compounds (except for nicotinic acid and 4-
hydroxyproline) and TCA cycle-related organic acids (except
for 2-oxoglutarate and pyruvate) were elevated. In roots,
many of the amino acids, nitrogen-containing compounds
and TCA cycle-related organic acids were also increased.
However, several amino acids were not significantly altered
or were even decreased (leucine, phenylalanine, serine, tyro-
sine, lysine, isoleucine, tryptophan; Figure 5). In addition, the
content of the N-containing metabolite tyramine and the
organic acids succinic acid, 2-oxoglutarate and fumaric acids
were not altered in roots.

To test whether the alteration of TCA cycle intermediates
is caused by reduced or enhanced activity of the pathway,
we measured the activity of the citrate synthase enzyme
(Supplemental Figure S7). Citrate synthase represents a key
enzyme of this pathway, as it catalyzes the first committed
step in the TCA cycle (Schmidtmann et al., 2014). The cit-
rate synthase activity was significantly increased in shoot
and root tissues of PGDH1-silenced lines, indicating that the
alteration in TCA cycle intermediates was caused by in-
creased activity of the respiratory metabolism. This finding is
supported by the elevated respiration in roots of the
silenced lines (Supplemental Figure S7).

Apart from the abovementioned metabolites, the contents
of various glycolytic intermediates, carbohydrates, sugar alco-
hols, and secondary metabolites were also elevated in shoot
and root tissues of PGDH1-silenced lines (Figure 5).

Most of the metabolic changes observed in PGDH1-si-
lenced lines were significantly attenuated by serine feeding
(Figure 5). Thus, the metabolic alterations in these plants
clearly correspond to the availability of serine. This as-
sumption is further supported by the finding that simulta-
neous inhibition of photorespiration and PPSB, by growing
PGDH1-silenced lines at elevated CO2, enhanced the meta-
bolic phenotypes of these plants, and most of the changes
were also attenuated by serine feeding, at least in root
tissue.

Figure 4 Contribution by photorespiration and PPSB to the steady-
state serine content in plants. A, Total serine content in shoot and
root tissues of EV and PGDH1-silenced lines (1 and 2), grown at differ-
ent conditions, a.CO2 (ambient CO2, 400 mL L�1), þSer (supple-
mented with 0.1-mM serine), and e.CO2 (elevated CO2, 4,000 mL L�1).
B, Calculated ratio between serine levels determined at ambient and
elevated CO2. Values are shown as Log2 fold change (FC). For (A) and
(B), data are presented as mean 6 SE of n¼ 8; one-way ANOVA fol-
lowed by Fisher’s least significant difference test (P< 0.05) were per-
formed and columns with the same letter are not significantly
different.
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In summary, our comprehensive metabolic analysis
revealed that repression of photorespiration causes substan-
tially different changes in plant metabolism than inhibition

of the PPSB. In addition, the metabolic phenotype of
PGDH1-silenced lines was clearly serine dependent, while the
vast majority of metabolic changes after repression of

Figure 5 Changes in metabolite composition in response to the inhibition of photorespiration or PPSB. Changes in the content of metabolites
extracted from shoot and root tissues of EV control plants and PGDH1-silenced lines (ts-pgdh1.1 and ts-pgdh1.2) grown at a.CO2 (ambient CO2,
400 mL L�1) and e.CO2 (elevated CO2, 4,000 mL L�1) with 0.1-mM serine (Ser) or without (Mock) in the growth medium. Data are presented as
heatmap. Blue indicates elevated metabolite content and red indicates decreased metabolite content. Data are presented as Log2 FC. To simplify
the data presentation, the average between the values obtained for ts-pgdh1.1 and ts-pgdh1.2 (i.e. “ts-pgdh1” in figure) was used for all calculations.
For EV, the ratio (Log2 FC) of measured analytes in plants grown under a.CO2 and e.CO2 (a.CO2/e.CO2) is presented. Metabolites were grouped
into (1) amino acids, (2) nitrogen-containing compounds, (3) organic acids related to respiratory metabolism, (4) carbohydrates and glycolytic
intermediates, (5) organic acids, (6) carbohydrates, (7) sugar alcohols and phosphoric ester, and (8) aromatic compounds. Data are means of n ¼
8. One-way ANOVA followed by Fisher’s least significant difference test (P < 0.05) were performed and fields within one raw with the same letter
are not significantly different.
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photorespiration were not related to serine deficiency.
However, simultaneous inhibition of photorespiration and
PPSB enhanced the metabolic phenotype of PGDH1-silenced
lines, confirming that both pathways interact in providing
serine to the plant.

Shortage in PPSB-mediated serine biosynthesis
alters nitrogen metabolism in plants
Based on the metabolic characterization of PGDH1-silenced
lines, we became interested in whether the high content of
amino acids in shoot and root tissues of these plants origi-
nates from elevated nitrogen assimilation or impaired amino
acid turnover. To answer this question, we measured the en-
richment of 15N in amino acids in shoot and root tissues of
PGDH1-silenced lines after labeling the plants with 15N-la-
beled ammonium nitrate (Figure 6; Supplemental Figures S8
and S9). Labeling started right after the end of the dark
phase, and samples for the first time point (0 h) were imme-
diately harvested (see insets in Figures 6 and 7;
Supplemental Figures S8 and S9). Further samples were pro-
gressively taken during the light period at 2, 4, 8, and 16 h
after labeling began, corresponding to 8 and 10 am, and 2
and 10 pm, respectively. The contents of amino acids were
determined and the extent of labeling was evaluated by
quantification of the heavy isotope peak for the respective
amino acid by liquid chromatography–mass spectrometry
(LC–MS; Figure 6; Supplemental Figures S8 and S9). Changes
in the abundance of the 15N-labeled isotopes of major
amino acids are shown in Figure 7 and changes in the total
amino acid content (sum of 14N and 15N isotopes) are
depicted in Supplemental Figures S8 and S9.

The total amino acid content in shoots of PGDH1-silenced
lines and control plants varied over the day along the diur-
nal cycle, which is in agreement with previous observations
(Gibon et al., 2006; Usadel et al., 2008). However, we ob-
served some differences between the lines. Although in
shoots of control plants the amino acid content was highest
at 10 am (4 h after labeling) and decreased significantly until
2 pm (8 h after labeling), the amino acid content in shoots
of PGDH1-silenced lines remained at high levels until 2 pm
(Supplemental Figures S8 and S9). In roots, the levels of all
amino acids were highest at 6 am (0 h) and either decreased
continuously over the day (aspartate, asparagine, threonine,
leucine, valines, isoleucine, lysine, tyrosine), kept constant
(phenylalanine) or increased again at the end of the light
period (serine, alanine, glutamate, glutamine, glycine, methi-
onine; Supplemental Figures S8 and S9). Except for alanine,
which accumulated in control plants at the end of the day,
no differences in the diurnal variation of total amino
acid accumulation in roots were observed between the
control and the PGDH1-silenced lines. (Supplemental
Figures S8 and S9).

Interestingly, the intensity of 15N labeling of several amino
acids was significantly different in PGDH1-silenced lines com-
pared to control plants. The flux of 15N-labeled nitrogen
into aspartate, asparagine, glutamate, glutamine, and

threonine was significantly elevated in root tissue and to
some extent also in shoot tissue of PGDH1-silenced lines
(Figure 6; Supplemental Figures S8 and S9). However, some
amino acids revealed tissue specific differences. While label-
ing of serine and alanine was elevated in shoots, the flux of
15N into both amino acids was significantly reduced in roots
(Figure 6; Supplemental Figure S8). Similarly, the flux of 15N
into glycine and methionine was also significantly lower in
roots of PGDH1-silenced lines, but not altered in shoots
(Supplemental Figure S9). This finding was in agreement
with the reduced biosynthesis of serine in roots of PGDH1-
silenced lines, and supports the intimate association of ser-
ine metabolism with the biosynthesis of glycine, methionine,
and alanine (Hesse and Hoefgen, 2003; Engel et al., 2011;
Zhang et al., 2013). In addition, slightly elevated labeling was
also observed for the minor-abundant amino acids leucine,
valine, and phenylalanine (Supplemental Figure S9).
Although labeling of leucine was marginally enhanced in
shoots, labeling of valine and phenylalanine was slightly
higher in roots.

Next, we investigated whether the elevated amino acid
levels in PGDH1-silenced lines are caused only by en-
hanced synthesis. Therefore, we calculated the relative iso-
tope abundance (RIA) for the respective amino acids
based on the 15N labeling data (Figure 7). The RIA indi-
cates to what extent the pool of an individual amino acid
is labeled, and therefore represents a useful measure for
determining the turnover rate of each individual amino
acid pool. Our evaluation of the RIA revealed lower values
for most of the amino acids in the shoot and root tissues
of PGDH1-silenced lines, indicating that the increase in the
steady-state content was not proportional to the increase
in the content of 15N-labeled amino acids. Thus, the accu-
mulation of amino acids in shoot and root tissues of
PGDH1-silenced plants cannot be explained only by en-
hanced synthesis and might be additionally caused by re-
duced turnover or increased remobilization of older
nitrogen storages.

To further test whether the elevated flux of nitrogen in
PGDH1-silenced lines was accompanied by an increased con-
tent of ammonium, we quantified the total ammonium
content in shoot and root tissues of these plants
(Supplemental Figure S10). As expected from the higher in-
corporation of 15N into amino acids, the absolute amount
of ammonium was significantly higher in shoot and root tis-
sues of PGDH1-silenced lines (Supplemental Figure S10).
Thus, the elevated levels of ammonium in PGDH1-silenced
lines support our finding that nitrogen is more efficiently as-
similated in these plants.

To elucidate whether the elevated 15N labeling of amino
acids in PGDH1-silenced lines was accompanied by an acti-
vation of the nitrogen assimilation pathway, we determined
the transcript levels of genes encoding for major compo-
nents involved in nitrogen uptake and assimilation
(Figure 8). These genes included nitrate transporter
(NRT2.1), ammonium transporter (AMT1.2), nitrate
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reductase (NIA1, NIA2), glutamine synthetase (GLN1.1-
GLN1.5, GLN2), glutamate synthase (GLU1, GLU2, GLT1), and
glutamate dehydrogenase (GDH1-GDH3).

Although the expression of NIA genes was not altered in
PGDH1-silenced lines, the expression of the cytosolic gluta-
mine synthetase GLN1.2, a marker for an oversupply of am-
monium in roots (Lothier et al., 2011), was significantly
induced in roots of these plants (Figure 8).

Furthermore, the expression of the glutamate synthase
isoform GLU1 was increased in shoots, while that of GLT1
and GLU2 was higher in roots of the silenced lines
(Figure 8). In addition to the genes belonging to the GS/
GOGAT pathway, the expression of the ammonium trans-
porter AMT1.2 was also elevated in roots of PGDH1-silenced
lines (Figure 8). Furthermore, we found that the expression
of GDH2 and GDH3 were also significantly elevated in

Figure 6 Quantification of 15N-labeled amino acids in PGDH1-silenced lines. 15N-isotopes (Mþ 1 orange; Mþ 2 yellow) of major amino acids are
shown in shoot and root tissues of EV control plants and PGDH1-silenced lines (ts-pgdh1.1 and ts-pgdh1.2) in a 16-h time course (see inset). Data
presented as relative (rel.) abundance per mg FW are means 6 SE of n¼ 5. Asterisks (Mþ 1) and cross (Mþ 2) indicate significantly different val-
ues between EV and PGDH1-silenced lines by the Student’s t test (*P< 0.05).
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PGDH1-silenced lines (Figure 8). The GDH enzymes play a
central role in amino acid catabolism as they catalyze the
deamination of glutamate into 2-oxoglutarate and ammo-
nium (Glevarec et al., 2004; Masclaux-Daubresse et al., 2006;
Skopelitis et al., 2007; Labboun et al., 2009; Fontaine et al.,
2012). Therefore, the expression data indicate that elevated
nitrogen assimilation is driven by an enhanced ammonium

uptake and assimilation, mainly in the roots of PGDH1-
silenced lines. In addition, the induced expression of
GDHs indicates that not only nitrogen assimilation and
uptake, but also amino acid recycling, are enhanced in these
plants.

Conclusively, the higher content of 15N-labeled amino
acids, the elevated content of ammonium and the enhanced

Figure 7 Changes in the RIA in PGDH1-silenced lines. Based on the 15N-enrichment in major amino acids, the RIA was calculated for the individual
amino acids in shoot and root tissues of EV control plants and PGDH1-silenced lines (ts-pgdh1.1 and ts-pgdh1.2) grown in a 16-h time course (see
inset). Data presented are means 6 SE of n¼ 5. Asterisks indicate significantly different values between EV and PGDH1-silenced lines by the
Student’s t test (*P< 0.05).
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expression of N-assimilatory genes hint at an increased ni-
trogen assimilation in the absence of PGDH1 function.

Discussion

PPSB-derived serine is the driving force for plant
growth
Plants are continuously growing by a combination of cell di-
vision and cell elongation (Gonzalez et al., 2012). Both pro-
cesses require a constant supply of serine for the
biosynthesis of proteins, purine bases for nucleic acid

synthesis, phospho- and sphingolipids for the synthesis of
cellular membranes, glutathione, and also the phytohor-
mone auxin, which regulates cell proliferation (Ros et al.,
2014). Thus, it is reasonable to assume that serine deficiency
would lead to a strong developmental phenotype in plants.

Photorespiration is assumed to represent the main pro-
ducer of serine in plants since photorespiratory serine bio-
synthesis can exceed 1,200 nmol serine mg�1 protein min�1

(Douce et al., 2001; Ros et al., 2014). However, repression
of photorespiration by growing plants at elevated CO2

has no negative impact on plant growth (Figure 1A;

Figure 8 PGDH1-deficiency triggers the induction of genes involved in nitrogen assimilation. The expression of the genes encoding for the gluta-
mate synthases GLU1, GLU2, and GLT1, the glutamine synthetase GLN1.1-GLN1.5 and GLN2, the glutamate dehydrogenase GDH1-GDH3, the ni-
trate reductases NIA1 and NIA2, the ammonium transporter AMT1.2 and the nitrate transporter NRT2.1 is shown in shoots and roots of EV
and PGDH1-silenced lines (1 and 2) as FC of n¼ 5. Lower values are displayed whiter and higher values are displayed darker. Yellow boxes indicate
proteins and double lines around arrows for AMT and NRT indicate membrane transport processes. Asterisks indicate significantly different values
between EV and PGDH1-silenced lines by the Student’s t test (*P< 0.05; **P< 0.01).Note: Figure Replacement Requested.
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Supplemental Figure S2). In addition, it has been previously
reported that bypassing photorespiration even improves
plant growth by preventing energy-intensive photorespira-
tory 2-phosphoglycolate recycling (Kebeish et al., 2007;
Maier et al., 2012; South et al., 2019). Thus, plant growth
cannot rely only on serine produced by photorespiration.

In this study, we dissect the relative contributions made
by photorespiration and the PPSB towards plant serine bio-
synthesis. We present multiple lines of evidence demonstrat-
ing that the PPSB makes an irreplaceable contribution to
whole-plant serine supply. Previously, the essential role of
PGDH1 and PSP for pollen and embryo development has
been demonstrated (Benstein et al., 2013; Cascales-Minana
et al., 2013). However, the function of the PPSB during vege-
tative plant growth was still enigmatic. It has been proposed
that the PPSB is mainly active during the night (Modde
et al., 2017), but the genes of the PPSB are highly expressed
during the day and required for light-dependent growth
promotion (Wulfert and Krueger, 2018), indicating that the
PPSB is also functional during the day time.

To elucidate the role of the PPSB during vegetative plant
growth, we performed a number of experiments analyzing
growth of PGDH1-silenced lines and psp1-1 mutants under
various conditions. These data revealed that plants deficient
in either PGDH1 or PSP were significantly impaired in
growth due to reduced cell division and elongation, which
consequently also resulted in lower plant biomass
(Figure 1A; Supplemental Figures S2 and S6). We found that
this phenotype was directly linked to the availability of ser-
ine since growth of PGDH1-silenced lines and psp1-1
mutants could be completely rescued by serine feeding
(Figure 1A; Supplemental Figure S2). A continuous supply of
external serine was required to maintain normal growth of
PGDH1-silenced lines and withdrawal immediately lowered
the growth rate (Supplemental Figure S4). The requirement
of externally supplied serine for plant growth was further
supported by the observation that radioactivity derived
from externally supplied 14C-labeled serine was significantly
enriched in major cellular components, such as DNA, lipids,
and proteins in shoot and root tissues of PGDH1-silenced
lines (Figure 2). This result is in agreement with the reduced
synthesis of proteins and AMP in the silenced lines, al-
though this phenotype was more pronounced in root tissue
(Figure 3). The latter finding indicates that photorespiration
partially compensates for the lack of PPSB-derived serine in
shoots, which was supported by the observation that AMP
synthesis was additionally reduced in shoot tissue after si-
multaneous inhibition of PPSB and photorespiration
(Figure 3B).

A relevant question arising from our observations was
whether photorespiratory serine contributes to plant
growth. As mentioned before, repression of photorespiration
has no negative impact on plant growth. However, expres-
sion analysis revealed that plants compensate for repression
of photorespiratory serine biosynthesis by activating the
PPSB (Supplemental Figure S3). In addition, we found, by

transferring PGDH1-silenced lines to elevated CO2, that si-
multaneous inhibition of photorespiration and PPSB resulted
in a stronger growth phenotype of these plants (Figure 1),
which could be substantially mitigated by serine feeding
(Supplemental Figure S5). These findings indicate that serine
deficiency, and not secondary effects induced by elevated
CO2 assimilation, causes the deterioration of the growth
phenotype of PGDH1-silenced lines. Furthermore, it supports
our assumption that photorespiration and PPSB partially co-
operate to provide serine to the plant. Accordingly, the
steady-state serine content was more rapidly reduced in
shoot and root tissues of PGDH1-silenced lines than in con-
trol plants after transfer to elevated CO2. Furthermore,
PGDH1-silenced lines accumulated less serine after serine
feeding when grown at nonphotorespiratory CO2 conditions
(Figure 4). Taking into consideration that approximately
30% of the photorespiratory serine constantly leaves the
photorespiratory cycle (Abadie et al., 2016; Busch et al.,
2018), it is very likely that part of the released serine con-
tributes to plant growth even though it is not sufficient to
compensate for the lack of PPSB-derived serine.

Altogether, from our analysis, it became evident that
PPSB-derived serine is required for the synthesis of major
cellular components in shoot and root tissues, which finally
explains the strong growth phenotype of PPSB-deficient
plants. In addition, our data indicate that photorespiratory
serine is insufficient to compensate for PPSB-mediated serine
biosynthesis and its contribution to plant growth is limited.

Deficiency in PPSB-mediated serine biosynthesis
alters plant primary metabolism, possibly triggered
by the induction of nitrogen assimilation
Previous studies revealed that plants deficient in one of the
major enzymes of the PPSB extensively accumulate amino
acids (Benstein et al., 2013; Cascales-Minana et al., 2013;
Wulfert and Krueger, 2018). However, the reason for this un-
expected metabolic phenotype was unknown.

To gather more information about the metabolic conse-
quences of PPSB deficiency, we conducted a comprehensive
metabolic analysis of PGDH1-silenced lines and control
plants (Figure 5).

Metabolite profiling confirmed that accumulation of
amino acids represented the most intense metabolic altera-
tions in PGDH1-silenced lines (Figure 5). However, a variety
of different nitrogen-containing compounds, organic acids,
and carbohydrates were also altered in these plants
(Figure 5). We found that this metabolic phenotype clearly
corresponds to the availability of serine, as it was attenuated
by serine feeding and enhanced after simultaneous repres-
sion of PPSB and photorespiration (Figure 5). In contrast, re-
pression of photorespiration alone also altered plant
metabolism, but these changes exhibited a substantially dif-
ferent pattern and only a few were connected to serine star-
vation (Figure 5).

Detailed analysis of nitrogen-containing compounds al-
tered in PGDH1-silenced lines revealed that most of them,
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namely b-alanine, pipecolic acid, ornithine, putrescine, and
c-aminobutyric acid, are intermediates of amino acid ana-
bolic as well as catabolic pathways (Alcázar et al., 2006;
Hildebrandt et al., 2015; Parthasarathy et al., 2019). Thus,
amino acid catabolism seemed to also be elevated in
PGDH1-silenced lines, most likely to attenuate the excessive
accumulation of amino acids caused by repression of protein
and nucleotide biosynthesis in these plants (Figure 3). This
conclusion is supported by two additional findings: first, am-
monium, which is released during amino acid degradation,
accumulates to high concentrations in shoot and root tis-
sues of these plants (Supplemental Figure S10). Second, re-
spiratory metabolism, required to respire the carbon
skeleton released by amino acid degradation (Hildebrandt
et al., 2015), was also enhanced, indicated by an increased
content of TCA cycle intermediates and an elevated activity
of the citrate synthase (Supplemental Figure S7A). However,
a closer inspection revealed specific differences in the accu-
mulation of amino acids and organic acids between shoot
and root tissues of PGDH1-silenced lines (Figure 5).

In contrast to shoots, the contents of the amino acids iso-
leucine, leucine, phenylalanine, tryptophan, and tyrosine
were not increased and even decreased in roots (Figure 5).
In addition, the contents of pyruvate and citrate were in-
creased, while the contents of 2-oxoglutarate, succinic acid,
fumaric acid and malic acid were not altered at ambient
CO2 and even decreased at elevated CO2 (Figure 5). The
pattern of changes in the content of organic acids (Figure 5)
in combination with a high activity of the citrate synthase
(Figure S7A) suggests that the drain of carbon from the
TCA cycle was elevated in roots of PGDH1-silenced lines.
This is in agreement with the higher content of glycolytic
carbohydrates and amino acid breakdown products
(Figure 5), indicating that anaplerotic reactions might coun-
teract the enhanced drain of carbon from the TCA cycle in
roots of these plants (Sweetlove et al., 2010; Hildebrandt
et al., 2015). The low content of leucine, isoleucine, and the
aromatic amino acids (Figure 5) support this assumption,
because their oxidative degradations provide carbon for the
TCA cycle and function as alternative substrates to feed
electrons into the mitochondrial electron transport chain
(Däschner et al., 2001; Araújo et al., 2010; Engqvist et al.,
2011). In agreement with this hypothesis, we found that res-
piration was elevated in roots of PGDH1-silenced lines
(Supplemental Figure S7B). A question arising from our ob-
servation was which metabolic pathway consumes more
TCA cycle intermediates in these plants. It is well established
that nitrogen assimilation represents a main consumer of or-
ganic acids derived from the TCA cycle (Araújo et al., 2014).
Accordingly, serine deficiency in PGDH1-silenced plants
could activate nitrogen assimilation as an amino acid starva-
tion response, a mechanism well established in heterotro-
phic organisms (Gaba et al., 2001; Natarajan et al., 2001).

To more precisely answer the question whether nitrogen
assimilation was altered in PGDH1-silenced lines, stable iso-
tope labeling was performed by using 15N-labeled

ammonium nitrate. Using this approach, we found that the
flux of 15N-labeled nitrogen into the major abundant amino
acids was significantly elevated in PGDH1-silenced lines
(Figure 6; Supplemental Figures S8 and S9). Although label-
ing of glutamate, glutamine, aspartate, and asparagine was
slightly higher in shoots, it was substantially increased in
roots of PGDH1-silenced lines. This finding supported our as-
sumption that nitrogen assimilation is elevated in PGDH1-si-
lenced lines and that elevated nitrogen assimilation might
be the reason for the observed changes in the content of
TCA cycle intermediates in these plants.

To further elucidate the mechanism behind the elevated
nitrogen assimilation phenotype of PGDH1-silenced plants,
we analyzed the expression of a set of central genes involved
in nitrogen uptake and assimilation as well as in amino acid
biosynthesis and degradation (Lancien et al., 2002; Ishiyama
et al., 2004; Guan et al., 2016; Konishi et al., 2017; Moison
et al., 2018). These data revealed that the expressions of the
ammonium transporter AMT1.2 and the GS/GOGAT genes
GLN1.2, GLU1, and GLT1 were significantly upregulated in
PGDH1-silenced lines (Figure 8), indicating that elevated ni-
trogen assimilation in these plants is driven by a higher ca-
pacity of ammonium uptake and increased activity of the
GS/GOGAT pathway. This result also explained the high
concentrations of ammonium in shoot and root tissues of
PGDH1-silenced lines (Supplemental Figure S10). However,
we also found elevated expression of GDH2 and GDH3; both
enzymes are involved in deamination of glutamate to pro-
vide 2-oxoglutarate to the TCA-cycle (Fontaine et al., 2012).
This finding further indicates that amino acid catabolism
was also elevated in PGDH1-silenced lines, most likely to pre-
vent their excessive accumulation.

To gather more information about the origin of the
amino acids accumulating in PGDH1-silenced lines, we uti-
lized the 15N labeling data to calculate the RIA for the major
abundant amino acids. The evaluation of the RIA revealed
that the increase in the steady-state amino acid content in
shoot and root tissues of the silenced lines was not propor-
tional to the increase of the content of 15N-labeled amino
acids (Figure 7). Thus, the accumulation of amino acids in
PGDH1-silenced lines cannot be explained only by enhanced
de novo synthesis, and is most likely the consequence of
two effects: enhanced de novo synthesis and reduced turn-
over. This conclusion is in agreement with our finding that
the biosynthesis of proteins and purine nucleotides, two ma-
jor consumers of amino acids, were significantly impaired in
PGDH1-silenced lines (Figure 3).

Taken together, our data elucidate a serine-dependent
metabolic phenotype, where inhibition of the PPSB leads to
a strong increase in ammonium uptake, followed by its as-
similation into amino acids. This remarkable phenotype indi-
cates that plants sense the cellular status of serine and its
deficiency triggers the activation of nitrogen assimilation.
Although this phenotype is accompanied by enhanced ex-
pression of genes encoding ammonium transporter and GS/
GOGAT enzymes, the signaling cascade starting from serine
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starvation and followed by the activation of ammonium up-
take and assimilation still remains elusive. Its mechanistic
elucidation will provide us information about the metabolic
regulation of nitrogen assimilation in plants.

Conclusion
Our study aimed to better understand serine metabolism in
plants. Therefore, we dissected the individual contributions
made by photorespiration and the PPSB to provide serine
for plant growth. We found that in contrast to photorespi-
ration, the PPSB is indispensable for maintaining cell division
and elongation and, therefore, plant growth. Accordingly, we
found that the PPSB provides serine for the synthesis of ma-
jor cellular components and its deficiency triggers changes
in plant primary metabolism driven by alterations in nitro-
gen metabolism. Alongside slower rates of amino acid turn-
over into proteins and purine nucleotides, we found that
PPSB-deficient plants exhibit enhanced levels of nitrogen as-
similation, which most likely represent a global plant re-
sponse to amino acid starvation. Conclusively, our data
show that the PPSB plays a crucial role in plant performance
and constitutes an important future target for crop im-
provement, especially in the context of plant growth and ni-
trogen use efficiency.

Materials and methods

Plant material
Arabidopsis thaliana plants of the ecotype Columbia (Col-0)
were used. Empty vector control plants (EV), PGDH1-si-
lenced lines (ts-pgdh1.1 and ts-pgdh1.2), and conditional
psp1-1 mutant plants have been described previously
(Benstein et al., 2013; Cascales-Minana et al., 2013; Krueger
et al., 2017). The annotation of PGDH1-silenced lines was
changed from #133.7 and #133.15 (Benstein et al., 2013) to
ts-pgdh1.1 and ts-pgdh1.2. The efficiency of PGDH1 silencing
under the current growth conditions was analyzed by quan-
titative RT-qPCR (Supplemental Figure S11).

For the analysis of cell proliferation, CYCB1;1::DB:GUS
plants were transformed with the PGDH1-silencing construct
previously generated by Benstein et al. (2013). In
CYCB1;1::DB:GUS plants, the cyclin-destruction-box (DB) of
CYCB1;1 is fused to the GUS gene, causing the degradation
of the GUS protein at the end of mitosis, allowing visualiza-
tion and quantification of cell-cycle progression by staining
or measuring the GUS activity.

For all experiments, Arabidopsis seeds were surface-steril-
ized by incubation with ethanol (2 � 10 min in 70% [v/v], 1
� 10 min in 100% [v/v]) and sown on plates containing
half-strength Murashige and Skoog (MS) basic salt medium
(Duchefa). After 2–4 d of stratification at 4�C, plates were
transferred to longday conditions (16 h photoperiod) for
germination. Except where stated otherwise, all experimental
plants were grown under controlled conditions (16 h photo-
period, 20�C /18�C, 150 lmol�m�2�s�1 irradiance, 60% hu-
midity) in growth chambers.

For all experiments, each biological replicate was collected
from plants grown in different plates. Unless otherwise
stated, all experiments were performed independently at
least twice with similar results.

Analysis of CYCB1;1::DB:GUS activity
For the analysis of cell proliferation, CYCB1;1::DB:GUS ts-
pgdh1 plants were transferred 4 d after germination to verti-
cal plates containing half-strength MS medium supple-
mented with or without 0.1-mM serine. The plates were
further incubated for 2 d at 16 h photoperiod, 20/18�C, 150
lmol�m�2�s�1 irradiance, 60% humidity at ambient (400 mL
L�1) CO2. After 2 d, half of the plates were transferred to el-
evated (4,000 mL L�1) CO2. Eight days after transfer to ele-
vated CO2, plant material was harvested and the GUS
activity was determined. For histochemical staining, the GUS
signal was visualized by staining seedlings with X-Gluc for 12
h at 37�C, followed by 3-h destaining of the chlorophyll in
75% ethanol. GUS-stained seedlings were cleared by incuba-
tion in Hoyer’s solution (Anderson, 1954; mixture of chloral
hydrate:water:glycerol 3.0:0.8:0.2 [w/v/v]), placed on a glass
slide and photographed either using a Leica S8AP0 binocular
microscope and the respective LAS-EZ (2.1.0) software pack-
age or using differential interference contrast microscopy
(Nikon Eclipse E800).

To quantify alterations in CYCLIN B1;1 accumulation, total
protein was extracted from seedlings of CYCB1;1::DB:GUS
and CYCB1;1::DB:GUS ts-pgdh1 plants and used for a fluores-
cent b-galactosidase assay (MUG). Product formation was
determined fluorometrically (365/455 nm) every 90 s. The
rate of product formation corresponds to the amount of
b-galactosidase activity, which can be equated with the
abundance of CYCB1;1:DB:GUS fusion protein and is an indi-
rect measure of cell proliferation.

Analysis of cell elongation
For the analysis of cell elongation, PGDH1-silenced lines and
EV control plants were transferred 4 d after germination to
vertical plates containing half-strength MS medium. The
plates were further incubated for 8 d at 16-h photoperiod,
20�C/18�C, 150 lmol�m�2�s�1 irradiance, 60% humidity at
ambient (400 mL L�1) CO2.

Eight days after transfer to vertical plates, seedlings were
harvested and incubated in the dark for ten minutes in 10
lg mL�1 propidium iodide (PI) solution. Seedlings were
washed twice in distilled water, placed on a glass slide and
PI fluorescence (Ex488/Em503) was monitored using a Zeiss
LSM 700 confocal laser-scanning microscope. Images were
collected with a 25� lens (Plan-Apochromat 25�/.8 NA wa-
ter immersion), a laser intensity of 10% and with 543 nm ex-
citation. Fluorescence was measured at 610–700 nm. All
measurements were performed with an averaging of eight
repetitive scans per line for improved signal-to-noise ratios.
The cell size was determined by analyzing the confocal
images using ImageJ software (https://imagej.nih.gov/ij/index.
html).
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14C-labeled serine tracer experiments
For the tracer experiment using 14C-labeled serine [3-14C]
(Hartmann Analytic), plants were germinated on half-
strength MS medium supplemented with 0.1-mM serine for
4 d before transfer to vertical plates containing the same
medium. The plates were incubated for 6 d at 16-h photo-
period, 20/18�C, 150 lmol�m�2�s�1 irradiance, 60% humid-
ity at ambient (400 mL L�1) CO2 prior to transfer of the
plants to freshly prepared plates to avoid nutrient starvation
effects. After additional 6 d, the plants were transferred
from vertical plates to hydroponic solutions containing liq-
uid half-strength MS medium supplemented with 0.1-mM
serine, and incubated for 24 h. For the labeling experiment,
the liquid medium was exchanged to freshly prepared half-
strength MS medium containing 0.1-mM serine traced by
5-mCi 14C-labeled serine [3-14C]. Plant material was
harvested after 48 h of incubation in the middle of the light
period and immediately frozen in liquid nitrogen.

For the analysis of tracer incorporation into DNA,
proteins, and polar and apolar metabolites, a fractionation
procedure was adapted from Valledor et al. (2014) using the
MACHEREY-NAGEL DNA purification kit for total DNA iso-
lation. Shoot and root material was homogenized using a
ball mill (18 Hz, 30 s) and solubilized in 400-mL PL buffer
provided in the MACHEREY-NAGEL purification kit. Ultra-
pure DNA was isolated from the plant material following
the instruction manual. Solubilized plant material was incu-
bated for 10 min at 65�C, continuously shaking at 900 rpm.
After centrifugation for 5 min at 11,000g, the supernatant
was transferred into a new tube and mixed with 400-mL PC
DNA binding buffer by pipetting. The mixture was loaded
onto a silica column and centrifuged for 1 min at 11,000g
for DNA binding. The flow through was transferred into a
new tube, while the bound DNA was washed and eluted
according the instruction manual. The flow through was fur-
ther processed by adding 1,200 mL of a mix containing
methanol, water, and chloroform (1:1:1.25 [v/v/v]). The mix-
ture was vortexed and incubated for 5 min at room temper-
ature by continuously shaking at 900 rpm. For phase
separation, the mixture was centrifuged for 5 min at
11,000g. The polar phase was completely transferred into a
new tube, contamination with the apolar/lipophilic and in-
terphase was avoided. Similarly, the apolar phase was also
transferred into a new tube. The remaining protein disc was
washed twice with 1 mL 100% MeOH (v/v). The protein pel-
let was resuspended in 100 mL 0.1M NaOH by incubation
for 5 min at 65�C. The total volumes of the polar phase, the
lipid/apolar phase, the DNA eluate and the protein suspen-
sion were mixed with 4 mL of the scintillation cocktail
(Rotiszint eco plus; Roth) and counted in a liquid scintilla-
tion counter (Beckman Coulter LS6500).

Analysis of protein translation using 35S-labeled
methionine
For the tracer experiment using 35S-labeled methionine,
plants were transferred 4 d after germination to vertical
plates containing half-strength MS medium. The plates

were incubated for 6 d at 16-h photoperiod, 20/18�C,
150 lmol�m�2�s�1 irradiance, 60% humidity at ambient
(400 mL L�1) CO2 prior to transfer of the plants to
freshly prepared plates to avoid nutrient starvation
effects. After additional 6 d, the plants were transferred
from vertical plates to hydroponic solutions containing
liquid half-strength MS medium supplemented with
0.1-mM methionine and incubated for 24 h. For the
labeling experiment, the liquid medium was exchanged
with freshly prepared half-strength MS medium contain-
ing 0.2-mM methionine traced with 1 mCi 35S-labeled
methionine (Hartmann Analytic). Plant material was
harvested after 6 h of incubation and immediately frozen
in liquid nitrogen.

For the analysis of tracer incorporation into proteins, plant
material was homogenized and extracted with 500-mL 0.1M
HCl for shoot and 250-mL 0.1M HCl for root tissue in
Eppendorf tubes. Ten microliters of the extract was trans-
ferred into a scintillation vial, 1-mL scintillation cocktail was
added and the radioactivity was determined in the scintilla-
tion counter as a measure of total methionine uptake. One-
hundred microliters of the residual extract were mixed with
25-lL 100% TCA solution and kept on ice for 15 min to
precipitate the proteins. The mixture was centrifuged at
11,000g for 10 min and supernatant was discarded. The
remaining protein pellet was washed once in 200-lL 1%
TCA and once in 400-lL EtOH, and finally dissolved in 100-
lL 0.1M NaOH. The total volume of the protein suspension
was mixed with 2 mL of the scintillation cocktail (Rotiszint
eco plus; Roth) and counted in a liquid scintillation counter
(Beckman Coulter LS6500). To calculate the protein transla-
tion rate, radioactivity incorporated into proteins was
normalized to the incubation time and total methionine
uptake.

Adenosine feeding
For adenosine feeding, plants were transferred 4 d after ger-
mination to vertical plates containing half-strength MS me-
dium supplemented with or without 0.25-mM adenosine.
The plates were incubated at 16 h photoperiod, 20/18�C,
150-lmol�m�2�s�1 irradiance, 60% humidity at ambient
(400 mL L�1) CO2 and the PRGR was continuously moni-
tored for 10 d.

Metabolite analysis
For metabolite profiling, plants were transferred 4 d after
germination to vertical plates containing half-strength MS
medium supplemented with or without 0.1-mM serine. The
plates were incubated for 6 d at 16-h photoperiod, 20/18�C,
150-lmol�m�2�s�1 irradiance, 60% humidity at ambient
(400 mL L�1) CO2 prior to transfer of the plants to freshly
prepared plates to avoid nutrient starvation effects. After an
additional 4 d, half of the plates were transferred to elevated
(4,000 mL L�1) CO2 and further incubated for 4 d. Plant ma-
terial was harvested in the middle of the light period.

Primary metabolites were analyzed either by high-
performance liquid chromatography (HPLC) or by gas
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chromatography coupled mass spectrometry (GC–MS).
HPLC analysis was conducted to quantify the amino acid
content in plants, as described previously (Krueger et al.,
2017). For GC–MS based metabolite profiling, the plant ma-
terial was freeze-dried and homogenized using a ball mill.
Metabolite extraction, derivatization, and analysis was con-
ducted as described previously by Lisec et al. (2006).
Metabolites were identified in comparison to database
entries of authentic standards (Kopka et al., 2005).
Chromatograms and mass spectra were evaluated with the
Chroma TOF 1.0 (LECO) and TagFinder 4.0 software
(Luedemann et al., 2008).

LC–MS analysis of 15N-labeled compounds
For the time-resolved analysis of 15N incorporation into
amino acids, plants were transferred 4 d after germination
to vertical plates containing half-strength MS medium. The
plates were incubated for 6 d at 16-h photoperiod, 20/18�C,
150-lmol�m�2�s�1 irradiance, 60% humidity at ambient
(400 mL L�1) CO2 prior to transfer of the plants to freshly
prepared plates to avoid nutrient starvation effects. After
additional 6 d, half of the plates were transferred to elevated
(4,000 mL L�1) CO2. After additional 4 d, the plants were
transferred from vertical plates to hydroponic solutions con-
taining liquid half-strength MS medium and incubated for
24 h. For the labeling experiment, the liquid medium was
exchanged to either half-strength MS medium containing
10-mM 14NH14

4 NO3, or to medium in which 14NH14
4 NO3 was

replaced by 15NH15
4 NO3. Plant material was harvested during

the light period after 0, 2, 4, 8, and 16 h for plants grown at
ambient CO2.

To determine the amount of 15N incorporated into amino
acids and AMP, LC–MS analysis was conducted. Shortly be-
fore extraction, frozen plant material was freeze-dried and
homogenized in a ball mill. The dry plant powder was dis-
solved in 80% MeOH (v/v) including 20-mM methyl-trypto-
phan (MeOH/MeTrp) as an internal standard, and
metabolites were extracted by shaking for 30 min at 600
rpm. To minimize the influence of differences between
shoot and root weight on the extraction efficiency, shoot
and root materials were dissolved in 500 and 150 mL 80%
MeOH/MeTrp (v/v), respectively, corresponding to approxi-
mately 3 mL mg�1 fresh weight. Various dilutions of metabo-
lite extracts were tested to avoid ion suppression effects: a
1:50 dilution of shoot extracts and 1:10 of root extracts
were found to be most suitable. The diluted samples (5 mL)
were injected for LC-MS analysis. Metabolites were separated
on a Dionex HPG 3200 HPLC system (Thermo Scientific)
equipped with a 150� 3 mm2, 2.7 lm, XP Xselect HSS T3
C18 column (Waters) with a binary gradient system. Mobile
phase A consisted of water þ 0.1% formic acid (FA; v/v)
and mobile phase B consisted of MeOH þ 0.1% FA (v/v).
The mobile phase gradients were: 0–1 min, 1% B; 1–10 min,
40% B; 10–15 min, 99% B; 15–16 min, 99% B; and 16–20
min, 1% B. The conditions were kept at 1% mobile phase B
for another 3 min for equilibration prior to injection of the
next sample. The flow rate was 0.5 mL min�1. Metabolites

were analyzed by Q-TOF MS on a maXis 4G instrument
(Bruker Daltonics) equipped with an electrospray ionization
source. The instrument was operated in positive ion mode.
The operating conditions were: dry gas (nitrogen): 8.0 L
min�1, dry heater: 220�C, nebulizer pressure: 1.8 bar, capil-
lary voltage: 4,500 V. Collision RF voltage was optimized to
250 V to allow analysis of small metabolites. Mass spectrom-
etry data were evaluated using Compass Quant Analysis
software (Bruker). For identification, standard substances for
all metabolites of interest were analyzed. Except where
stated otherwise, all compounds were purchased from
Sigma.

The RIA was calculated as follows:

RIA ¼ M1� ðM � cfÞð Þ
MþM1ð Þ � ðM � cfÞ

M represents the abundance of the light isotope, M1 the
abundance of the heavy (Mþ 1) isotope and cf is a factor
to correct for the naturally occurring M1 peaks mainly
derived from 13C atoms. For each molecule analyzed, the
appropriate cf was calculated using the molecular mass
calculator (http://www.lfd.uci.edu/�gohlke/molmass/), a
publicly available software tool.

For the analysis of AMP synthesis, plants were grown at
ambient CO2 and elevated CO2 as described above. The 15N
incorporation into AMP was determined by LC–MS similarly
as described for amino acids. For quantification of 15N-la-
beled AMP, the abundances of Mþ 1, Mþ 2, Mþ 3, Mþ 4,
and Mþ 5 were summarized and normalized to the amount
of 15N-labeled glutamate. Glutamate represents the unique
nitrogen source for all amino acid precursors of AMP syn-
thesis. Thus, normalization to glutamate was used to avoid
artificial effects coming from differences in nitrogen uptake
and assimilation.

Quantification of ammonium
The amount of ammonium in plant tissue was determined
according to the modified method previously described by
Bräutigam et al. (2007). Therefore, frozen plant tissue was
homogenized by using a ball mill. Fifty microliters of 0.1M
HCl per 10 mg fresh weight (FW) was added to the frozen
powder and ammonium was extracted by incubation of the
sample for 5 min at 80� C. Insoluble plant material was re-
moved by centrifugation of the extract at 10,000g for 20
min. The supernatant was transferred into a fresh tube and
ammonium was determined based on the Berthelot
method. The absorbance at 635 nm was determined after
sequential addition of 150-mL sodium phenoxide trihydrate
(0.3 M), 300-mL sodium nitroprusside (0.02%), and 150-mL
sodium hypochlorite (1:50) to 150 mL of the extract.

Determination of citrate synthase activity
and cellular respiration
To measure citrate synthase activity, proteins were
extracted with a buffer containing 50-mM Hepes/KOH, pH
7.4, 1-mM EDTA, 1-mM EGTA, 2-mM benzamidine, 2-mM
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E-aminocaproic acid, 0.5-mM PMSF, 10% glycerol, and 0.1%
Triton x-100. Enzyme activity was assayed as described by
Stitt (1989). Cellular respiration in plant roots was analyzed
according to Jacoby et al. (2015) using a Clark-type oxygen
electrode (Hansatech). Entire root systems (�40 mg fresh
weight) were excised, and oxygen consumption rate was
measured in respiration buffer (half-strength MS, 50-mM
MES, pH 5.8) over 10 min at 25�C.

Expression analysis by reverse transcription
quantitative PCR
For the analysis of transcripts by reverse transcription quan-
titative polymerase chain reaction (RT-qPCR), plants were
transferred 4 d after germination to vertical plates contain-
ing half-strength MS medium. The plates were further incu-
bated for 10 d at 16-h photoperiod, 20/18�C, 150-
lmol�m�2�s�1 irradiance, 60% humidity at ambient (400 mL
L�1) CO2. RT-qPCR was conducted according to a previously
published protocol (Czechowski et al., 2005). Therefore, total
RNA was extracted from 20 to 50 mg of shoot and root ma-
terial by hot phenol extraction, followed by a LiCl precipita-
tion. Isolated RNA was digested with the TURBO DNA-free
kit (Ambion) and 5-lg digested RNA was used for first-
strand cDNA synthesis using Bioscript Reverse Transcriptase
(Bioline), according to the manufacturer’s instructions. To
quantify the expression of the respective genes, quantitative
PCR was performed using the 7300 Real-Time PCR System
and SYBR Green (Applied Biosystems), according to the
manufacturer’s instructions. Sequences of the primers used
for the PCR reactions are listed in Supplemental Table 1.

Statistical analysis
Bar plots and box plots were generated in SigmaPlot 10 soft-
ware. The Shapiro–Wilk test of normality was used before
the one-way ANOVA followed by Fisher’s least significant
difference test was conducted. P-values were adjusted with
the Benjamini–Hochberg method. Statistical analyses were
performed in RStudio Version 1.1.456, except for Student’s t
test, which was performed in Excel (Microsoft). All Figures
were finalized in ADOBE Photoshop CS3 EXTENDED
Version 10 software.

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession
numbers_At4g34200; At1g17745; At3g19480; At4g35630;
At2g17630; At1g18640.
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