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The transcriptomic and metabolic consequences of the lack of plastidic glutamine (Gln) synthetase in the model legume Lotus
japonicus were investigated. Wild-type and mutant plants lacking the plastidic isoform of Gln synthetase were grown in
conditions that suppress photorespiration and then transferred for different lengths of time to photorespiratory conditions.
Transcript and metabolite levels were determined at the different time points considered. Under photorespiratory active
conditions, the mutant accumulated high levels of ammonium, followed by its subsequent decline. A coordinate repression of
the photorespiratory genes was observed in the mutant background. This was part of a greater modulation of the transcriptome,
especially in the mutant, that was paralleled by changes in the levels of several key metabolites. The data obtained for the mutant
represent the first direct experimental evidence for a coordinate regulation of photorespiratory genes over time. Metabolomic
analysis demonstrated that mutant plants under active photorespiratory conditions accumulated high levels of several amino acids
and organic acids, including intermediates of the Krebs cycle. An increase in GIn levels was also detected in the mutant, which
was paralleled by an increase in cytosolic GIn synthetasel gene transcription and enzyme activity levels. The global panoramic
of the transcripts and metabolites that changed in L. japonicus plants during the transfer from photorespiration-suppressed to
photorespiration-active conditions highlighted the link between photorespiration and several other cellular processes, including

central carbon metabolism, amino acid metabolism, and secondary metabolism.

Plant photorespiration is caused by the light-dependent
uptake of oxygen and is concomitant with the release
of CO, and ammonia. The first step of photorespira-
tion takes place in the chloroplast, where Rubisco
oxygenates a molecule of ribulose-1,5-bisphosphate to
give one molecule of 3-phosphoglycerate and one of
2-phosphoglycolate. The latter molecule enters in a
complex pathway, the C, cycle that encompasses three
compartments: chloroplasts, mitochondria, and peroxi-
somes. The cycle serves as a carbon recovery system by
transforming 2-phosphoglycolate into 3-phosphoglycerate,
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which goes back to the Calvin cycle (Maurino and
Peterhansel, 2010). Photorespiration also generates a high
flux of ammonium (NH,") that, at least in C3 plants, can
be 10 times higher than the originated from nitrate re-
duction (Hirel et al.,, 2007). This NH," is then reassimi-
lated by the plastidic isoform of GIn synthetase2 (GS,).
Although the recovery of the carbon equivalents
diverted from photosynthetic metabolism by the oxy-
genase activity of Rubisco is probably the main func-
tion of photorespiratory metabolism, other roles have
been proposed, such as the dissipation of excessive
reducing power in the chloroplast as a consequence of
high light, drought, or salt stress (Kozaki and Takeba,
1996; Hoshida et al., 2000; Maurino and Peterhansel,
2010). Photorespiration is also needed to produce
metabolites for other pathways such as Ser and Gly,
with the latter also serving as substrate for glutathione
biosynthesis (Wingler et al., 2000). On the other hand,
impairment of the photorespiratory cycle leads to in-
creased photoinhibition of PSII through inhibition of
the synthesis of the D1 protein (Takahashi et al., 2007).
Several of the steps of the photorespiratory pathway
that were first defined through classical biochemical
experiments were later confirmed by the isolation of
photorespiratory mutants (Keys and Leegood, 2002). A
mutant screening that was first devised to isolate
photorespiratory mutants from Arabidopsis (Arabidopsis

1834 Plant Physiology®, August 2013, Vol. 162, pp. 1834-1848, www.plantphysiol.org © 2013 American Society of Plant Biologists. All Rights Reserved.


mailto:mbetti@us.es
http://www.plantphysiol.org
mailto:mbetti@us.es
http://www.plantphysiol.org/cgi/doi/10.1104/pp.113.217216

thaliana) was based on the fact that photorespiratory
mutants are conditionally lethal. Mutant plants grow
normally under a CO,-enriched atmosphere (>0.2%),
where photorespiration is suppressed. However, when
such mutants are transferred to normal CO, conditions,
they show various stress symptoms. Once the photo-
respiratory mutants have been identified, the plants can
be transferred back to CO,-enriched atmosphere, per-
mitting their recovery. Several of these mutants accu-
mulated the substrate of the reaction of the mutated
enzyme (Wingler et al., 2000), indicating that the pho-
torespiratory cycle was active, albeit impaired, in the
mutant plants. This approach has been applied suc-
cessfully to isolate photorespiratory mutants from sev-
eral other species such as barley (Hordeum vulgare) and
pea (Pisum sativum; Wingler et al., 2000; Foyer et al.,
2009). The genetic analysis of such mutants allowed the
identification of the genes involved in photorespiratory
metabolism. Knockdown approaches in other species
such as tobacco (Nicotiana tabacum) also helped in the
characterization of the photorespiratory genes (Ferrario-
Mery et al., 2000, 2002).

The photorespiratory cycle has an important impact
over several other metabolic processes. First of all, mu-
tants with reduced activity of photorespiratory enzymes
often showed reduced rates of CO, assimilation. This
can be caused either by depletion of Calvin cycle me-
tabolites, by a decline of the nitrogen status of the leaf, or
by inhibition of Calvin cycle activities due to the accu-
mulation of photorespiratory metabolites (Wingler et al.,
2000). In addition, several important pathways, such as
nitrogen assimilation, respiration, one-carbon metabo-
lism, purine biosynthesis (Bauwe et al., 2010), and redox
signaling (Foyer et al., 2009), interact in different ways
with photorespiration. Despite the impact of photores-
piration on several aspects of plant metabolism and
growth, the enzymes involved in this pathway have
been completely identified only recently (Reumann and
Weber, 2006). Moreover, there is little information about
the transcriptional response of photorespiratory genes to
environmental stimuli and whether they may be regu-
lated in a coordinate way (Foyer et al., 2009).

In our laboratory, the first photorespiratory mutants
of legumes were isolated from the model legume Lotus
japonicus (Orea et al., 2002; Marquez, 2005; Marquez
et al., 2005). These mutants, deficient in plastidic GS,,
were further characterized at the molecular level (Betti
et al., 2006) as well as nodule function (Garcia-Calderén
et al., 2012). Under CO, enriched atmosphere, the mu-
tants did not show any visible phenotype and only a
slightly lower growth rate (Orea et al., 2002). However,
the mutants accumulated high levels of NH," when
transferred from CO,-enriched to normal CO, atmos-
phere and showed severe stress symptoms when grown
for long periods of time under these conditions. One of
the mutants, named Ljgln2-2, was affected in its ability
to recover after drought stress and presented a dis-
tinctive transcriptional response to water deprivation,
demonstrating a novel link between plastidic GS, and
drought-induced Pro accumulation (Diaz et al., 2010).
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In this work, we carried out a comparative study of the
response to active photorespiration in wild-type and
LjgIn2-2 mutant plants that were previously grown
under conditions where the rate of photorespiration is
very low (0.7% [v/v] CO,; Orea et al., 2002). After the
transfer to active photorespiratory conditions, a concerted
regulation of the photorespiratory genes, together with
massive transcriptomic changes and a perturbation of
central metabolism, were observed in the case of the
LjgIn2-2 mutant. Interestingly, most changes in tran-
script and metabolite levels were either parallel or op-
posite to the NH," ones. The data presented in this
paper provide novel information on the regulation of
photorespiration and on the interaction between the
photorespiratory pathway and the central metabo-
lism of legumes.

RESULTS AND DISCUSSION
Kinetics of NH," Accumulation in the Ljgln2-2 Mutant

Previous studies showed that photorespiratory mu-
tants of L. japonicus that are deficient in plastidic GS,
accumulated NH," at least during the first 24 h after
exposure to normal CO, atmosphere (Orea et al., 2002).
We aimed now to study the time course process of NH,"
accumulation and to address the effect of an impaired
photorespiratory cycle on an extended time scale. Wild-
type plants and the plastidic GS, mutant Ljgln2-2 were
grown under high CO, atmosphere (where photores-
piration is very low) and then transferred to normal
CO, atmosphere (normal photorespiration) for different
periods of time up to 10 d. Free NH," levels were de-
termined in the sampled leaf tissue (Fig. 1). Not sur-
prisingly, NH," content in the wild-type leaves was
extremely low over the time span of the experiment,
indicating that the photorespiratory NH," was effi-
ciently reassimilated by GS,. However, the Ljgln2-2
mutant showed an almost 20-fold increase in NH,"
levels, reaching a maximum of about 60 pmol NH," g™
fresh weight (FW) after 3 d, a content about 150 times
higher than that of the wild type. Interestingly, the NH,"
concentration dropped afterward and reached a mini-
mum of about 20 umol g™ FW after 8 d of active pho-
torespiration, still above wild-type levels. Beyond 10 d
of incubation under normal CO, conditions, Ljgln2-2
plants showed important chlorosis and necrosis of the
leaves. For this reason, longer incubation times were not
considered in this study.

A Concerted Repression of Photorespiratory Genes
Is Triggered by Photorespiratory Conditions in the
LjgIn2-2 Mutant

The NH," levels in the Ljgln2-2 mutant showed a
drop after a maximum level has been attained (Fig. 1).
This was suggestive of the existence of a regulation of
the photorespiratory metabolism. To investigate this,
the expression of L. japonicus photorespiratory genes
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Figure 1. NH," content in leaves of wild-type and Ljg/n2-2 mutant
plants. Free NH,* was determined in plant leaves at different times of
the transfer from high CO, (time zero) to normal CO, conditions for
the indicated periods of time. Black dots and black line indicate the
wild type and white dots and dashed line indicate Ljg/In2-2 mutant.
Data are the mean = sp of three independent biological replicates. At
some time points, the error bars are too small to be noticed.

was quantified by quantitative real-time (RT)-PCR in
wild-type and mutant plants at the same time points
considered in Figure 1. The expression levels of most of
the genes analyzed showed a sudden drop after the
transfer to normal CO, conditions in the mutant, with
a reduction in transcript levels of about 70% to 80%
after 2 or 3 d, followed in most cases by a slow recu-
peration (Fig. 2). This was not the case for the wild-
type plants, where most genes did not show any clear

tendency and only three of them (LjGIn2, LjGlul, and
LjGlyK1, encoding for plastidic GS,, ferredoxin-
dependent Glu synthase [GOGAT], and a glycerate
kinase isoform, respectively) were repressed more than
2-fold after the transfer to normal CO, conditions (Fig.
2; Supplemental Fig. S1). The coordinate repression
and the similar trend in transcript levels observed for
most photorespiratory genes in the mutant indicated
that L. japonicus photorespiratory genes could be reg-
ulated in a common way. This is, to our knowledge,
the first direct experimental evidence for a coordinate
regulation of photorespiratory genes over time. For
reason of space, the complete time course of transcript
levels is presented in Figure 2 for six of the 23 genes
analyzed. However, the common transcriptional trend
of the photorespiratory genes in the mutant is also
evident when considering two time points: 2 d, where
transcription is often minimal, and 8 d, where the
transcript levels show a slight recuperation. Signifi-
cant differences in transcript levels between the two
genotypes at these two key time points are high-
lighted in bold in Table I. The complete transcrip-
tional time course for all the photorespiratory genes is
in Supplemental Figure S1.

Induction of LjGO1 Is Associated with Increased Glycolate
Oxidase Activity and H,O, Content in the Ljgln2-2 Mutant

The most striking exception to the common tran-
scriptional trend showed by photorespiratory genes

Figure 2. Expression of some photorespiratory 25 25
genes in L. japonicus plants under active photo- LjRbc_s1 LjSGAT2
respiration. Wild-type (black dots, black line) and 3 20 = 2.0
ngln2.-2 (Yvh[te dots,.dashed line) plants grown for L5 f.' 15
35 d in high CO, (time zero) were transferred to g 2
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levels are reported as relative units (r.u.). For
comparative purposes, the transcript levels mea- LjGIn2 LjHPR
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conditions (time 0) were taken as 1. The expres- :‘.:, 15 ;
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was LjGO1, one of the two genes found in the L. japonicus
genome encoding for glycolate oxidase (GO; Fig. 2; Table I).
While LjGO1 was the only gene that was highly induced
in the mutant, the other gene encoding for GO (LjGO2)
was repressed in this genotype mutant like most pho-
torespiratory genes (Table I; Supplemental Fig. S1). This
peculiar transcriptional behavior was of particular in-
terest because an eventual increase of GO activity may
lead to high levels of hydrogen peroxide (H,O,). Pro-
duction of H,O, by GO has a strongly negative effect on
plants (Maier et al., 2012) and may contribute to Ljgln2-2
phenotype. Interestingly, recent works suggested that
H,0, production by GO may be increased upon reacti-
vation of photorespiration in Arabidopsis (Timm et al.,
2012). For this reason, the levels of GO enzyme activity
and the H,0O, content were determined in leaves of wild-
type and mutant plants at all the time points considered
(Fig. 3). GO activity was increased about 50% in the

Table I. Expression levels of photorespiratory genes at selected time
points

The transcript levels for the wild type and Ljg/n2-2 mutants at time 0
(high CO,) and after 2 and 8 d of transfer to normal CO, conditions are
reported. The expression profile of the following genes is presented:
LjGlyK1 and LjGlyK2, LjGO1 and LjGO2, Ser hydroxymethyl-
transferase (LjSHMT and LjSHM2), plastidic dicarboxylate transporter
(LjDiT1 and LjDiT2.1), LjGlul, LiSGAT1 and LjSGAT2, Gly decar-
boxylase P subunit (LjGDCPT and LjGDCP2), LjGIn2, LjHPR, Gly
decarboxylase T subunit (LjGDCT), LjRbc_s1 and LjRbc_s2, phos-
phoglycolate phosphatase (LjPglP1 and LjPglP2), LjGDCH1 and
LjGDCH?2. Other abbreviations are defined in the text and in the legend
of Figure 2. For comparative purposes, the transcript levels in wild-type
plants under high CO, conditions (time 0) were taken as 1. Numbers in
bold mean significant difference between genotypes at one specific time
point according to Student’s t test (P < 0.05).

Wild Type LjgIn2-2
Gene
0 2 8 0 2 8
(d)
LjRbc_I 1.00 1.21 0.96 0.86 0.34 0.43
LjRbc_s1 1.00 1.03 0.92 1.12 0.02 0.03
LjRbc_s2 1.00 0.89 0.82 0.81 0.23 0.38
LjPglP1 1.00 0.62 0.81 0.78 0.16 0.31
LjPglP2 1.00 0.69 1.07 0.80 0.19 0.40
LjGO1 1.00 1.13 1.52 1.21 3.05 5.00
LjGO2 1.00 1.31 1.86 1.05 0.29 1.04

LjSGAT1 1.00 1.12 2.01 1.41 0.65 2.61
LjSGAT2 1.00 1.08 1.15 0.80 0.30 0.65
LjGDCH1 1.00 0.70 0.58 0.74 0.15 0.19
LjGDCH?2 1.00 0.88 0.81 0.76 0.24 0.34
LjGDCP1 1.00 1.29 1.55 1.04 0.31 0.96
LjGDCP2 1.00 1.02 1.38 1.07 0.19 0.63
LjGDCT 1.00 0.98 0.96 0.80 0.18 0.33
LjSHM1 1.00 0.89 0.85 0.73 0.19 0.35

LjiSHM?2 1.00 0.78 1.00 0.66 0.59 0.57
LjHPR 1.00 1.20 1.14 0.97 0.25 0.53
LjGlyK1 1.00 0.44 0.31 0.81 0.36 0.61
LjGlyk2 1.00 0.79 0.76 0.70 0.21 0.22
LjGIn2 1.00 1.29 0.76 0.97 0.22 0.36
LjGlu1 1.00 0.77 0.76 1.31 0.29 0.38
LjDiT1 1.00 1.21 2.28 1.45 0.43 0.99
LjiDiT2.1 1.00 0.95 1.53 0.79 0.29 0.36
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mutant after the transfer to normal air conditions, in
quite good agreement with the increase in LjGO1 tran-
script levels observed in the mutant (Fig. 2). Moreover,
the decrease of LjGO1 transcript levels in the mutant
after the maximum attained (Fig. 2) was also paralleled
by a decrease in enzyme activity. In fact, GO activity at
days 2 and 3 in the mutant was significantly higher than
the activity observed at day 10 for the same genotype
(P < 0.05, according to Student’s t test; not shown in
Fig. 3). H,O, content in mutant leaves was slightly in-
creased after the first days of transfer to normal CO,
conditions and diminished after an initial maximum
(Fig. 3B). Even if statistically significant, the differ-
ences in H,O, content between the wild type and
mutant are probably too modest to account for the
observed differences in gene expression. Neverthe-
less, the data presented suggest that the induction of
LjGO1 may be responsible at least in part for the in-
crease of GO activity in LjgIn2-2 under normal CO,
conditions.

To get further insight into the different regulation of
the two GO genes, a coexpression study was carried
out to identify the top 100 genes with the most similar
transcriptional profile to either LjGO1 or LjGO2,
as described in “Materials and Methods.” Several of
the 100 top LjGO2 coexpressed genes were linked to
photosynthetic metabolism, such as photorespiratory,
photosynthetic, and Calvin cycle genes (Supplemental
Fig. 52). However, this was not the case for LjGO1. By
contrast, 23 of the 100 LjGO1 coexpressed genes were
related to stress response, while in the case of LjGO2,
only 10 of the top 100 coexpressed genes belonged to
the stress response category, according to the MapMan
software (Supplemental Fig. S2). Recent studies have
demonstrated that GO is involved in stress response
and pathogen resistance in plants (Taler et al., 2004;
Rojas et al., 2012), probably by means of H,O, pro-
duction. The data presented here clearly indicate that
LjGO?2 is regulated in a similar way to other photo-
respiratory genes, while LjGO1 may be involved in the
response to stress in L. japonicus. If this hypothesis is
true, the induction of LjGO1 in the mutant plants may
represent a generic stress response due to the meta-
bolic unbalance observed in the mutant under active
photorespiratory conditions as a result of the impair-
ment of the C, photorespiratory cycle. It is well known
that different types of stresses share an overlapping
group of genes (Fujita et al., 2006), and it may be
possible that the induction of LjGO1 may be associated
to this generic stress response. Moreover, it has to be
taken into account that the data presented here were
obtained at the level of whole leaf and do not reveal
the anatomical distribution of these two GO isoforms.
Further studies at greater anatomical resolution should
be carried out to obtain a more detailed scenario of
the transcriptional regulation of LjGO1 and LjGO2 in
different cell types. It may be possible that greater
changes in H,0, may accompany altered expression
of both LjGO1 and LjGO?2 in the corresponding cell

types.
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Figure 3. GO activity (A) and H,O, content (B) in wild-type and
LjgIn2-2 mutant leaves. Wild-type (gray bars) and Ljg/n2-2 (white bars)
plants grown for 35 d in high CO, (time zero) were transferred to
normal CO, conditions for the indicated periods of time. GO activity is
expressed as nanomole of H,0, produced per minute and milligram of
total protein. H,O, is expressed as nanomole of H,O, per milligram of
leaf FW. Data are the mean = sp of three independent biological
replicates. The lowercase a indicates significant difference between
the wild type at this time point and the wild type at time zero; the
lowercase b indicates sb between LjgIn2-2 at this time point and
Ljgin2-2 at time zero; and the asterisk indicates sp between the wild
type and LjgIn2-2 at this time point. sps are defined as P < 0.05
according to Student’s ¢ test.

Photorespiratory and Photosynthetic Genes Show a
Similar Transcriptional Regulation

Recent analysis of Arabidopsis microarray data
suggested that photorespiratory and photosynthetic genes
respond in a similar way to environmental changes (Foyer
et al.,, 2009). To test this hypothesis, the expression of some
genes of PSI, PSII, and cytochrome b6f complex was
quantified by quantitative RT-PCR in wild-type and
LjgIn2-2 mutant plants. A drop-and-recover tendency,
strikingly similar to the observed for the photorespiratory
genes, was observed for the transcript levels of the pho-
tosynthetic genes in the mutant (Supplemental Fig. S3).
This demonstrates that photorespiratory and photosyn-
thetic genes are regulated in a similar way in Ljgln2-2.
By contrast, transcriptomic analysis of the response to
drought stress of Ljgln2-2 showed a general repression
of the photosynthetic genes that was not paralleled by
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the photorespiratory ones (Diaz et al., 2010), thus sug-
gesting that the photosynthetic and photorespiratory
pathways may have both common and independent
regulatory mechanisms in L. japonicus. Nevertheless,
care should be taken in the interpretation of tran-
script abundance, especially in the case of photosyn-
thetic genes. Transcript levels of photosynthetic genes
may not necessarily reflect protein abundance in the
thylakoid membrane, considering that some of these
proteins undergo a high turnover, such as the PSII D1
protein (Takahashi et al., 2007).

A comparative analysis of all the quantitative
RT-PCR data obtained from wild-type and mutant plants
was carried out by hierarchical clustering. This analy-
sis confirmed that the regulation of photorespiratory
and photosynthetic genes was very similar (Fig. 4).
Only three photorespiratory genes (LjGO1, LjSHM?2
[encoding for a serine hydroxymethyltransferase
isoform], and LjGIyK1) showed an important deviation
from the common trend and grouped in a separate
cluster (Fig. 4, top). As mentioned before, LiGO1 was
induced exclusively in the mutant, while LjSHM?2 and
LjGlyK1 were repressed both in wild-type and mutant
plants (Table I; Supplemental Fig. S1). It is interesting
to notice that for each of the three photorespiratory
genes that clustered separately, another gene copy
coding for the same enzyme activity followed the
common transcriptional trend. This may suggest that
the gene copy regulated in the common fashion may
encode for an enzyme involved in photosynthetic/
photorespiratory metabolism, while the other copy may
be carrying out a different function.

Transfer from High CO, to Normal Air Conditions
Produces Massive Transcriptomic Changes in the Ljgin2-2
Mutant and Minor But Significant Ones in the Wild Type

To determine if the transfer from high to normal CO,
conditions may have an influence on the transcription
of other genes than those involved in photosynthesis
and photorespiration, a global transcriptomic study was
carried out in leaves of wild-type and mutant plants.
For this aim, the recently developed Affymetrix Lotus
Genechips (Sanchez et al., 2008; Guether et al., 2009;
Heogslund et al., 2009; Diaz et al., 2010) was used with
three independent biological replicates for each geno-
type and time point. The analysis was carried out at
time zero (high CO,) and after 2 d of exposition to
normal CO,, in which the plants showed active photo-
respiration associated with transcriptional changes, to-
gether with almost maximum levels of NH,", but did
not show apparent symptoms of chlorosis.

Changes in gene expression between wild-type and
LjgIn2-2 plants were analyzed by a significance-based
comparison applying a false discovery rate (FDR) of
less than 0.05. No fold change threshold was applied
because recent transcriptomic studies in L. japonicus
demonstrated that subtle transcriptional changes, if
statistically significant, are often biologically relevant

Plant Physiol. Vol. 162, 2013
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Figure 4. Hierarchical clustering analysis of quantitative RT-PCR data
for photorespiratory and photosynthetic genes. Transcript levels were
determined at the indicated time periods after the transfer of wild-type
and mutant plants from high CO, (time zero) to normal CO, condi-
tions. The transcript levels of wild-type plants under high CO, con-
ditions were taken as 1, and the difference between the log, of relative
expression levels of LjgIn2-2 and the wild type is presented. The genes
considered were: LjGlyK1 and LjGlyK2, LijGO1 and LjGO2, LjSHM1
and LjSHM2, LjDiT1 and LjDiT2.1, PSIl reaction center protein G
(LjPsb_G), LiGlul, LiSGATT and LjSGAT2, LiGDCP1 and LjGDCP2,
LjGIn2, PSI P subunit (LjPsa_P1 and LjPsa_P2), sedoheptulose 1,7
bisphosphatase (LjSedoh1.7), LjHPR, Gly decarboxylase T subunit
(LiGDCT), LjRbc_s1 and LjRbc_s2, PSI reaction center subunit N
(LjPsa_N), LjPgIP1 and LjPglP2, LiGDCH1 and LjiGDCH2, cytochrome
b6f complex subunit (LjPet_M), PSIl protein D1 (LjPsb_a), and the
gene for the Rubisco large subunit (LjRbc_I). Other abbreviations as in
the legends of Table I and Fig. 2 and in the text.

and represent robust responses to stress conditions
(Sanchez et al., 2010). Statistically changed genes were
visualized and functionally characterized using Map-
Man, PathExpress, and GeneBins programs (Usadel
et al., 2005; Goffard and Weiller, 2007a, 2007b). Quan-
titative RT-PCR was used to validate AffyChip data for
several genes that were significantly modulated in wild-
type or mutant plants. A remarkable good agreement
between the two technologies was found, with a linear
regression slope of 1.22 (r* = 0.85; Supplemental Fig. S4).
Because the transcriptomic differences between the wild
type and Ljgln2-2 grown under high CO, atmosphere
were recently described (Diaz et al., 2010), we focused
on changes induced by the transfer from high to normal
CO, atmosphere.

The total number of genes modulated by the 2-d
shift to photorespiratory conditions was much higher
in the mutant plants: 6,610 AffyChip probe sets were
changed in the Ljgln2-2 genotype compared with 1,480
of the wild type. The two genotypes shared 825 mod-
ulated probe sets, corresponding to about 56% and 12%
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of the total modulated probe sets for the wild type and
LjgIn2-2, respectively. On the other hand, 655 and 5,785
probe sets were modulated specifically in the wild type
or in the mutant plants, respectively (Fig. 5A). The three
groups of genes defined by the Venn diagram in Figure
5A are analyzed hereafter.

Genes Modulated Only in Wild-Type Plants

Among the genes modulated by the transfer to normal
CO, conditions, it was interesting to analyze sepa-
rately the ones that changed exclusively in the wild-
type genotype, because they probably represent part of
the normal response of the plant to active photorespir-
ation that is directly or indirectly dependent on plastidic
GS, activity. A first global functional analysis of this
small subset of 655 probe sets was carried out using
PathExpress (Goffard and Weiller, 2007a), a program
that identifies the most relevant metabolic pathways
associated with a subset of genes. The analysis carried
out, however, did not discover any metabolic pathway
that was significantly overrepresented. For this reason,
a further analysis of this group of genes was carried out
using GeneBins (Goffard and Weiller, 2007b). This tool
assigns genes to hierarchical categories (BINs) based on
the ontology provided by the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database, thus finding not
only metabolic pathways, but also cellular functions
that are significantly up- or down-regulated in a micro-
array experiment. GeneBins found that the gene families
coding for three of the four core histones (H2B, H3, and
H4) were statistically overrepresented (Supplemental
Fig. S5). Analysis of the corresponding 22 probe sets
indicated that the transcription of these histone genes
was repressed roughly about 2-fold in wild-type plants
by the transfer to normal CO, conditions (Supplemental
Table S1). This was curious because the transcription of
the genes encoding for histone proteins is modulated
mainly by the entry of the cells in S phase, rather than
by external conditions. This general repression of the
histone genes may indicate a reduced cellular division
when wild-type plants are shifted from high to normal
CO, atmosphere. Several marker genes involved in cell
division and in the control of the cell cycle were also
repressed, supporting this hypothesis (Supplemental
Table S1). Quantitative RT-PCR analysis of selected
genes encoding for different histone proteins and cyclins
confirmed the down-regulation depicted by the micro-
array study (Supplemental Table S2).

The transcription of photorespiratory genes was al-
most unaffected in the wild type by the transfer to
normal CO, conditions, confirming the quantitative
RT-PCR data. This probably indicates that the wild-
type plants do not need to modulate the expression
of photorespiratory genes to cope with the transfer to
photorespiratory active conditions. The full list of genes
from this subset, together with the genes modulated in
both genotypes and exclusively in the mutant as well
as their MapMan overview of general metabolism, are
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Figure 5. Genes elicited by the transfer from high to normal CO,
conditions in wild-type and Ljg/n2-2 mutant plants. A, Venn diagram
representing the number of genes elicited by the transfer from high to
normal CO, conditions in wild-type and Ljg/n2-2 mutant plants. Sig-
nificantly modulated genes were identified by comparing the log, of
the mean of expression levels at 2 d and time zero and applying a FDR
of less than 0.05. The expression levels at time zero in the wild type or
in the mutant were used as a control for the wild type and the mutant,
respectively. B, Comparison of the log, of fold change value for the
genes significantly elicited in both genotypes that changed in the
same direction. A linear regression analysis was carried out (” =0.80,
m=1.39).

available in Supplemental Table S1 and Supplemental
Figure S6.

Genes Modulated Both in Wild-Type and Ljgin2-2
Mutant Plants

To study the core/common response of L. japonicus
to the change from high to normal CO, atmosphere
that is not dependent on plastidic GS,, we analyzed the
group of 825 probe sets that were modulated in both
genotypes. The analysis of the fold change of these
sequences revealed that about 90% of them (739 out of
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825) changed in the same direction in the two plant
genotypes (Fig. 5B). Interestingly, linear regression of
the log, of the fold change for these genes in wild-type
and mutant plants gave an angular coefficient value
of 1.39, indicating that on average, these genes were
elicited more than 2-fold (2% = 2.62) in Ljgln2-2
compared with the wild type. Diaz et al. (2010) dem-
onstrated that most of the genes that changed both in
the wild type and Ljgln2-2 in response to drought were
also more modulated in the mutant. This suggested
proportionality between the extent of the gene modu-
lation and the level of stress perceived /received by the
LjgIn2-2 mutant plants (Diaz et al., 2010).

Analysis of the data using PathExpress gave three
significantly more represented pathways: starch and
sucrose (Suc) metabolism, flavonoids biosynthesis, and
stilbene/lignin/coumarin biosynthesis (Supplemental
Fig. S7). In the first case, down-regulation of the genes
for both starch and Suc degradation was observed
(Supplemental Fig. S8), suggesting that the drop in
CO, concentration may be influencing carbohydrate
metabolism in both genotypes. This is consistent with
a decreased starch production in conditions of lower
CO, availability and increased photorespiration. Accord-
ing to this hypothesis, starch and Suc levels in the nodules
of the wild type and Ljgin2-2 were reduced by the
transfer from high to normal CO, conditions (Garcia-
Calderén et al., 2012). Several genes for both flavonoids
and stilbene/lignin/coumarin biosynthesis were induced
upon transfer to normal CO, conditions, including genes
encoding for key enzymes of these routes such as chal-
cone synthase and isoflavone reductase (Supplemental
Table S3). Flavonoids are a group of secondary metab-
olites belonging to the family of phenylpropanoids with
different functions in plants, including protection from
pathogens or ultraviolet light, and they can also act as
scavengers of reactive oxygen species. Previous tran-
scriptomic experiments carried out with salt-stressed
wild-type L. japonicus plants (Sanchez et al., 2008) and
drought-stressed wild-type and Ljg/n2-2 mutant plants
(Diaz et al., 2010) also reported the induction of genes
for flavonoids biosynthesis, indicating that this is a
common response of L. japonicus to different abiotic
stresses. The last more represented pathway identi-
fied, stilbene/lignin/coumarin metabolism, is part of
the larger phenylpropanoid pathway. The modulated
genes identified within this group were essentially the
same as the ones for flavonoid biosynthesis, as they
represent common steps in the synthesis of different
classes of phenylpropanoids. The repression of some key
genes in starch and Suc degradation and the induction
of genes encoding for chalcone synthase and isoflavone
reductase in both genotypes were confirmed by quan-
titative RT-PCR analysis (Supplemental Table S2).

Analysis of this group of genes with GeneBins gave
33 overrepresented pathways and cellular functions,
which can be classified mainly in three groups: car-
bohydrate metabolism, secondary metabolism, and
redox-related genes (Supplemental Fig. S5). While the
physiological relevance of altered carbohydrate and
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secondary metabolism has been discussed previously,
the modulation of redox-related genes observed also
indicates that the atmospheric CO, concentration is
able to affect the cellular redox state. Recent studies
with Arabidopsis confirm this hypothesis (Queval
et al., 2012). Among the group of genes recognized by
GeneBins, the pathways for starch and Suc metabolism,
flavonoids biosynthesis, and stilbene/lignin/coumarin
biosynthesis were defined as overrepresented, con-
firming the results obtained with PathExpress. A list
of the genes belonging to these three pathways accord-
ing to either GeneBins or PathExpress is available in
Supplemental Table S3 for comparative purposes.

Genes Modulated Only in Ljgln2-2 Mutant Plants

The majority of the modulated probe sets (almost
6,000) corresponded to genes that changed specifically
in LjgIn2-2 mutant plants as consequence of the transfer
from high to normal CO, conditions. Because this group
of genes is elicited specifically in the absence of plastidic
GS,, it can be inferred that they are truly responding to
the presence of an impaired photorespiratory cycle
and/or to the high levels of NH," accumulated by the
mutant. PathExpress analysis identified two significantly
more represented pathways: porphyrin/chlorophyll
metabolism and carbon fixation (essentially the Calvin
cycle; Supplemental Fig. S7). The MapMan overview
of photosynthesis-related genes showed that most
photosynthetic genes, as well as several photorespiratory
genes, were repressed exclusively in the mutant
(Supplemental Fig. S9), confirming the data obtained by
quantitative RT-PCR. Moreover, several genes of the
Calvin cycle and of the biosynthesis of photosynthetic
pigments were repressed, indicating that there is a
general shutdown of photosynthetic metabolism in the
mutant. Quantitative RT-PCR analysis confirmed that
genes encoding for enzymes of the Calvin cycle, such
as sedoheptulose-1,7-bisphosphatase and Fru-1,6-
bisphosphatase, as well as key genes in porphyrin/
chlorophyll metabolism such as glutamyl-tRNA
reductase and magnesium chelatase, were repressed
in the mutant genotype (Supplemental Table S2). It is
worth noticing that a mutation in a gene of nitrogen
metabolism such as LjGIn2 affects the transcription of
the genes of Calvin cycle, reflecting the tight interac-
tion between carbon and nitrogen metabolism.

GeneBins analysis of the genes specifically elicited in
Ljgln2-2 detected more than 120 overrepresented gene
families, spanning the majority of the primary and sec-
ondary metabolism, including, for example, carbon and
nitrogen metabolism, biosynthesis of chlorophyll, amino
acids metabolism, glycolysis, the Krebs cycle, and
starch/Suc metabolism, among others (Supplemental
Fig. S5). This indicates that impairment of the photo-
respiratory cycle and/or the subsequent accumulation
of NH," have a global effect on the metabolism of the
leaf, revealing the crucial importance of the reassimilation
of photorespiratory NH," and the multiple metabolic
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interconnections of it. Once again, GeneBins analysis
confirmed that the two pathways recognized by PathEx-
press, porphyrin/chlorophyll metabolism and carbon
fixation, were overrepresented (Supplemental Fig. S5;
Supplemental Table S3).

Many genes associated with photorespiration, such
as those for transporters involved in substrate flow
between the chloroplast, the mitochondrion, and the
peroxisome, have not been, with counted exceptions,
characterized (Bauwe et al., 2010; Peterhansel et al.,
2010; Weber and von Caemmerer, 2010; Eisenhut
et al., 2013; Pick et al., 2013). Interestingly, we found 287
transporter gene sequences within the group of genes
modulated exclusively in the mutant, several of them
with unknown function. Future experiments should be
designed to characterize these transporter genes and,
particularly, to determine if any of them may be in-
volved in the transport of photorespiratory metabolites.

Metabolite Profiling Analysis

The transcriptomic analysis carried out for the
Ljgln2-2 mutant was complemented with further met-
abolic analysis using gas chromatography-mass spec-
trometry technology. Changes in the levels of soluble
metabolites between wild-type and mutant plants
were examined at the different time points considered
in Figures 1 to 4. For a targeted analysis of metabo-
lites, we compiled a total of 202 mass spectral tags (MSTs,
i.e. manually recognized analytes; Desbrosses et al.,
2005), including known and yet unknown compounds
(Supplemental Table S4). Of the latter group, 31 MSTs
represented unknown metabolites that were so far
found only in Lotus species (indicated by a D code;
Sanchez et al., 2012). The metabolite profiles were
statistically analyzed with a supervised two-factorial
ANOVA at a stringent threshold (P < 0.0001), using
the factors “genotype” (Ljgln2-2 and the wild type)
and “time of exposure to normal CO,” (0, 2, 3, 4, 6, 8,
and 10 d after transfer from high to normal CO, at-
mosphere). A total of 100 MSTs were found to be
significantly changed, most of them due to the geno-
type factor (94 MSTs), thus demonstrating a profound
metabolic effect of the Ljgln2-2 mutation upon expo-
sure to photorespiratory conditions (Supplemental
Table S4). Five different patterns of behavior were
recognized as global metabolomic responses of the
statistically changed MSTs (Fig. 6): (a) Metabolites that
increased in the mutant upon transfer to normal CO,
conditions with no change in the wild type (40 MSTs);
in many cases, their content was low under a high
CO, atmosphere. This group included several amino
acids, including Gly, Leu, Ile, Val, Trp, and Phe and or-
ganic acids such as malate, citrate, succinate, and 2-oxo-
glutarate. (b) Metabolites that increased in the mutant
upon transfer to normal CO, conditions but decreased
in the wild type (eight MSTs), including Man, Glc,
Glc-6-P, and GIn. (c) Metabolites that showed a higher
content in the mutant background under high CO,
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conditions, which sometimes increased upon transfer acid, glucaric acid-1,4-lactone, 2-isopropyl-malic acid,
to normal CO, conditions only in the mutant (23 MSTs). and 2-piperidine-carboxylic acid. (d and e) Metabolites
These included many unknown compounds and par- that increased / decreased in the wild type or mutant but
ticular organic acids such as saccharic acid, gluconic showed lower content in the mutant background under
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Figure 6. Metabolite profiling of wild-type and Ljg/In2-2 mutant plants. The metabolomic profiles of wild-type and Ljglin2-2
mutant plants were statistically analyzed using a supervised two-factorial ANOVA, with “genotype” and “time of exposure to
normal CO,” (0, 2, 3, 4, 6, 8, and 10 d after transfer from high to normal CO, atmosphere) as factors at a stringent threshold
(P < 0.0001). Five different groups were defined by clustering tools. Data represent the direct normalized responses of me-

tabolite pool measures. The color bar represents this relative unit (r.u.). More details can be found in “Materials and Methods.”
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high CO, conditions (group d, nine MSTs) or behave
sometimes transiently or to a higher level in the mutant
when the content at day 0 was similar between both
genotypes (group e, 14 MSTs). These groups included
metabolites such as Pro, trehalose, putrescine, and
myoinositol and also key metabolites linking nitrogen
and carbon metabolism, such as Asp and Glu.

Finally, four metabolites (uric acid, A182009, A180002,
and A281001) were ruled out from our statistical analysis
because their levels were below the detection limit in
most wild-type samples, but in Ljgln2-2, they displayed
a high peak at days 3 to 4 after transfer to normal CO,
atmosphere (Supplemental Table 54).

The first two groups suggest the existence of meta-
bolic pathways that were secondarily elicited as a result
of the metabolic toxicity due to the lack of a complete
photorespiratory cycle or in which the plastidic GS, is
directly required for physiological acclimation to (1) the
changes induced by active photorespiration, (2) the
detoxification of NH,", or (3) changes in carbon level
due to the transition from high CO, atmosphere to
normal CO,. The increase of various amino acids (Leu,
Val, lle, Trp, Phe, Lys, and Gly) found exclusively in the
mutant suggests that nitrogen metabolism was not a
limiting factor for the mutant fitness but rather a means
to NH," detoxification. In line with this idea, the levels
of these amino acids paralleled the peak of NH," at
day 3. Curiously, GIn showed a distinctive pattern, as it
remained increased until day 10 in the mutant (Fig. 6,
group b). This demonstrates that the Ljgln2-2 mutant is
able to produce high levels of Gln, even in the absence
of plastidic GS,, which is the most abundant GS isoform
in L. japonicus leaves (Orea et al., 2002; Betti et al., 2006).
Cytosolic GS, should then be responsible for the accu-
mulation of GIn in the mutant. The fact that GIn levels
in the mutant were high even after the drop in NH,"
levels may also suggest that the cytosolic GS, isoform
could be detoxifying the photorespiratory NH," and
contribute partially to the reduction of NH," levels after
day 3. In accordance with this hypothesis, two probe
sets corresponding to cytosolic GS, (Ljwgs_088254.1
and Ljwgs_015806.2) were induced about 2-fold exclu-
sively in the mutant. A search in the gene databases of
L. japonicus revealed the existence of at least three dif-
ferent genes encoding for cytosolic GS,; in this model
legume (not shown). The two probe sets previously
mentioned corresponded to the same LjGInl gene en-
coding for a cytosolic GS isoform located on chromo-
some 6 that will be, from now on, called LjGInl.2.
Quantitative RT-PCR analysis confirmed that this gene
was induced about 2-fold in the mutant under active
photorespiratory conditions (Fig. 7). The increase in
LjGIn1.2 transcript was also paralleled by an increase in
GS enzyme activity in Ljgln2-2 mutant plants, which
was not observed in wild-type plants (Fig. 7). This in-
duction of a cytosolic GS; isoform may explain the in-
crease of the GIn pool observed in the mutant. Moreover,
the increased GS; activity may also be involved in the
reduction of the NH," levels after the maximum attained
at day 3 (Fig. 1).
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Group ¢, composed mainly of unknown metabolites,
suggests the existence of metabolic pathways in which
plastidic GS, is constitutively required for particular
metabolic processes and may, in some cases, be in-
volved in the acclimation to changes induced by the
transfer from high to normal CO, conditions.

The two last groups of metabolites (groups d and e)
suggest the existence of general metabolic pathways
required for the acclimation to the changes induced by
the transition from high to normal CO, atmosphere.
Interestingly, in addition to several unknown com-
pounds, various important nitrogen metabolites clus-
tered in these two groups. Asp levels in the mutant
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Figure 7. LjGIn1.2 cytosolic GS transcript levels (A) and total GS
activity (B) in wild-type and LjgIn2-2 mutant plants. A, The relative
expression levels of the LjGIn1.2 gene encoding for a cytosolic GS
isoform were determined by quantitative RT-PCR in leaves of the wild
type (black dots, black line) and LjgIn2-2 (white dots, dashed line).
Plants were grown under high CO, for 35 d and transferred for the
indicated periods of time to normal CO, atmosphere. Transcript levels
are reported as relative units (r.u.). For comparative purposes, the
transcript levels measured in the wild-type plants before the transfer to
normal CO, conditions (time 0) were taken as 1. B, The GS specific
activity was determined in crude extracts from leaves of the wild type
(black dots, black line) and Ljgln2-2 (white dots, dashed line) at the
same time points as in A. Total GS activity is reported as relative units
(r.u.). For comparative purposes, the specific GS activity at time zero in
wild-type or in mutant leaves was taken as 1 for the wild type and
mutant, respectively. Total GS activity at time zero was 591 and 85
milli-Units mg™" protein in wild-type and mutant leaves, respectively.
Data are the mean = sp of three independent biological replicates.
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were almost one-half of the wild type under control
conditions, while Asn was only slightly lower in the
mutant in the same conditions. This could indicate that
in the mutant under nonphotorespiratory conditions,
Asp and Asn may be used more extensively as amino
donors. This is possibly related to the fact that Asn
constitutes most (86%) of the nitrogen translocated in
L. japonicus plants (Credali et al., 2011). The decrease of
Glu in the mutant under normal CO, conditions is
quite surprising considering that the levels of this
amino acid are normally quite stable in plants (Forde
and Lea, 2007) and could be explained by the great
accumulation of several amino acids (Fig. 6, group a)
that may drain the Glu pool. Pro levels decreased in
both genotypes as a consequence to the shift to normal
CO, conditions. Despite this common trend, Pro levels
were higher in the mutant than in the wild type at all
the experimental time points considered. This is sur-
prising because it was previously described that the
Ljgln2-2 mutant accumulated lower amounts of Pro
than the wild type under drought stress conditions
(Diaz et al., 2010). Plastidic GS, is thus important in
L. japonicus Pro production only under particular stress
conditions such as drought, but not under the stress
conditions caused by impaired photorespiration. Tre-
halose levels also decreased in both genotypes after
shift to normal CO, conditions. Both Pro and trehalose
are molecules that accumulate in response to different
kind of stresses (Sanchez et al., 2012). The similar trend
shown by these two compounds indicates that the
general responses against environmental changes were
conserved between wild-type and mutant plants and
that Pro levels may differ in the two genotypes even in
absence of osmotic stress. While most of the metabo-
lites analyzed belonged to different pathways, four
organic acids that are also intermediates of the Krebs
cycle were significantly altered in the mutant, indi-
cating a relationship between plastidic GS, and central
carbon metabolism. The time course of these four or-
ganic acids is shown in more detail in Figure 8 for both
genotypes. Data for all the other metabolites can be
found both in Figure 6 and in Supplemental Table S4.
The accumulation of NH," as well as the increase in
ATP/ADP ratio and in NADH and NADPH levels
in photorespiratory mutants is known to inhibit the
Krebs cycle at the level of pyruvate dehydrogenase
and isocitrate dehydrogenase (Bykova et al., 2005;
Bauwe et al., 2010). Quantitative RT-PCR analysis of
genes encoding for components of the pyruvate de-
hydrogenase multienzyme complex (pyruvate dehy-
drogenase and dihydrolipoamide S-acetyltransferase)
and for the mitochondrial NAD'-dependent isocitrate
dehydrogenase showed a general transcriptional re-
pression over time, with the only exception of a very
slight induction of isocitrate dehydrogenase in the
mutant at 2 d (Supplemental Table S2). Taking this into
consideration, it seems unlikely that the accumulation
of Krebs cycle intermediates may be related to tran-
scriptional regulation of the genes involved in this
pathway. On the other hand, the lack of a functional

1844

Citric acid

25
/%\

Succinic acid
20

15 g N
/ 1

1071 7/

2-oxoglutarate
25

Metabolite (r.u.)

0 2 4 6 8 10 12
Time (days)

Figure 8. Time course of some organic acids in wild-type and mutant
plants. The relative amount of some organic acids that were defined as
significantly different between the wild type and mutant by the sta-
tistical analysis of Figure 6 is reported at different times after the
transfer of the plants to normal CO, conditions. Black dots and black
line indicate the wild type and white dots and dashed line indicate
LjgIn2-2 mutant. Metabolite levels are reported as relative units (r.u.).

GS,/GOGAT cycle in the chloroplast of Ljgln2-2 may
be responsible for the increase in the levels of 2-
oxoglutarate that enters the Krebs cycle and may force
a higher flux of metabolites through this route. On the
other hand, 2-oxoglutarate is not only a key interme-
diary in the Krebs cycle but also the end product of Lys
degradation (Aradjo et al., 2010). The accumulation of
this compound may also explain the increment of many
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metabolites known to be upstream of this catabolic
pathway (2-hydroxy-glutarate, 2-piperidine-carboxylic
acid, and Lys; Aratjo et al., 2010). Accumulated gluta-
ric, 2-hydroxy-glutaric, and 5-amino valeric acid acids
are also intermediates of lipid B-oxidation and/or Lys
and Pro degradation pathways, suggesting that other
catabolic processes may be initiated. Supporting this
hypothesis, the accumulation of branched-chain amino
acids together with the accumulation of Krebs cycle
intermediates in Arabidopsis indicates that alternative
pathways of respiration based on protein and fatty acid
degradation are induced (Timm et al., 2012). Interest-
ingly, rice (Oryza sativa) mutants lacking a cytosolic GS;
isoform showed a decrease in tricarboxylic acid cycle
intermediates in the leaves, as well as a decrease of the
Asp family amino acids when compared with the wild
type (Kusano et al., 2011). While differences between
the metabolite profiles of cytosolic and plastidic GS
mutants are to be expected, both the data from Kusano
et al. (2011) and from this study point out the central
role of GS in coordinating carbon and nitrogen me-
tabolism in plants.

CONCLUSION

In summary, in this paper, it has been demonstrated
that the suppression of the key reaction of photo-
respiratory NH," reassimilation, catalyzed by plastidic
GS,, results in several changes both at transcriptomic
and metabolic level. The study of the Ljg/n2-2 mutants
under photorespiratory conditions gave several novel
insights on the regulation of photorespiration, photo-
synthesis, and central metabolism in L. japonicus. On
one hand, a coordinate repression of the photorespiratory
genes was observed as a result of transfer from high to
normal CO, conditions exclusively in the mutant, pos-
sibly to avoid a further accumulation of NH,". Several
photosynthetic genes were also repressed in the mutant
with a similar trend over time, indicating a common
transcriptional regulation of photorespiratory and pho-
tosynthetic genes under these conditions. These tran-
scriptional changes were part of a vast modulation of
the transcriptome, especially in the mutant. The tran-
scriptomic response was indicative of a regulation of
several aspects of both primary and secondary metab-
olism. This was the result of impaired photorespiration
during the shift from high to normal CO, conditions
(modulation of photorespiratory and photosynthesis
genes in the mutant), lower carbon availability (starch
and Suc metabolism, modulated in both genotypes),
and higher levels of cellular stress (flavonoids and
phenylpropanoids metabolism in the mutant). The
levels of several metabolites were also altered, reflecting
transcriptomic changes, and this included several amino
acids and organic acids. Interestingly, an increase in GIn
levels was detected in the mutant, which was paralleled
by induction of cytosolic GS; gene transcription and
enzyme activity. Moreover, the data suggest that the
increased GS, activity may also be involved in the drop
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of the NH," levels observed after 3 d of transfer from
high to normal CO, condition. This work clearly dem-
onstrates how the photorespiratory cycle, in addition to
its obliged intertwining with photosynthesis, is linked
to several other cellular metabolisms, including central
carbon metabolism, amino acid metabolism, and
secondary metabolism.

MATERIALS AND METHODS
Growth Conditions and Harvesting of Plant Material

Lotus japonicus (Regel) Larsen ‘Gifu’ was initially obtained from Jens
Stougaard (Aarhus University) and then self propagated at the University of
Seville. The Ljgln2-2 mutant, which lacks of plastidic GS, protein and activity,
was isolated from photorespiratory mutant screening carried out using ethyl
methanesulfonate as described previously (Orea et al., 2002). The mutant
progeny of two consecutive backcrosses into the wild-type background were
used. Wild-type and mutant seeds were scarified and surface sterilized, then
germinated in 1% (w/v) agar in petri dishes, and transferred to pots using
vermiculite as solid support. Five seedlings were planted in each pot and
grown during 35 d in a growth chamber under 16-h-day (20°C) and 8-h-night
(18°C) conditions with a photosynthetic photon flux density of 250 pmol m™~ s
and a constant humidity of 70%. CO, was automatically injected to a final
concentration of 0.7% (v/v) to allow for normal growth of the Ljgln2-2
mutant in a photorespiration-suppressed atmosphere. Plants were watered
with “Hornum” nutrient solution containing 5 mm NH,NO; and 3 mm KNO,
(Handberg and Stougaard, 1992). After 35 d of growth under high CO, at-
mosphere, leaf tissue was harvested for each plant genotype, constituting the
time zero point (photorespiration-suppressed conditions). The plants were
then transferred to normal air (0.04% [v/v] CO,), that is active photores-
piration conditions. Each plant genotype was sampled at different time
points (Supplemental Fig. S10). Every harvest involved at least three inde-
pendent biological replicates for each genotype/time point from the same
experiment. A biological replicate consisted of tissue pooled from five plants
grown in the same pot.

RNA Extraction and Quantitative RT-PCR

Leaf material was flash frozen in liquid nitrogen, homogenized with a
mortar and pestle, and kept at —-80°C until use. Three independent biological
replicates were used for the transcriptomic and quantitative real-time RT-PCR
analyses as well as for metabolite profiling analysis. Total RNA was isolated
using the hot borate method (Sanchez et al., 2008). The integrity and concen-
tration of the RNA preparations were checked using an Experion bioanalyzer
(Bio-Rad) with RNA StdSens chips and a Nano-Drop ND-1000 (Nano-Drop
Technologies), respectively.

For quantitative RT-PCR analysis, total RNA was treated with the TURBO
DNA-free DNase (Ambion). RT was carried out using SuperScript III reverse
transcriptase (Invitrogen), oligo(dT), and RNAsin RNase inhibitor (Ambion).
DNA contamination and RNA integrity were checked by carrying out quan-
titative RT-PCR reactions with oligonucleotides that amplified an intron in the
L. japonicus Hypernodulation Aberrant Root (LjHARI) gene and the 3’ and
5" ends of the L. japonicus glyceraldehyde-3-P dehydrogenase, respectively.
Quantitative RT-PCR reactions were carried out in 10 uL in a LightCycler
480 thermal cycler (Roche) using a SensiFAST SYBR No-ROX Kit (Bioline). Ex-
pression data were normalized using the geometric mean of four housekeeping
genes, L. japonicus glycosylphosphatidyl inositol (LjGPI)-anchored protein (chr3.
CMO0047.42), L. japonicus protein phosphatase 2A (LjPp2A; chr2.CM0310.22),
L. japonicus ubiquitin carrier protein 10 (LjUbc10; chr1. TM0487.4), and L. japonicus
polyubiquitin 4 (LjUbg4; chr5.CM0956.27), that were selected among the most
stably expressed genes in plants (Czechowski et al., 2004). A list of all the
oligonucleotides used is provided in Supplemental Table S5.

DNA Chip Hybridization and Data Analysis
For the transcriptomics experiments, RNA samples were labeled using

the One-Cycle Target Labeling Kit (Affymetrix), hybridized to the Affymetrix
GeneChip Lotus1a520343, and scanned according to the manufacturer’s
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instructions. Minimum Information About a Microarray Experiment (MIAME)-
compliant data were deposited at Array Express (http://www.ebi.ac.uk/
arrayexpress) as E-MEXP-3603. The differentially expressed genes were
visualized using the MapMan program (Usadel et al., 2005) and analyzed
according to the corresponding metabolic pathways or functional categories
using PathExpress and GeneBins (Goffard and Weiller, 2007a, 2007b). The
default thresholds of P < 0.1 with FDR and P < 0.05 with Bonferroni cor-
rection were used for PathExpress and GeneBins, respectively. Coexpression
studies were carried out using the profile-matching tool at the Lotus Tran-
script Profiling Resource Web site (http://cgi-www.cs.au.dk/cgi-compbio/
Niels/index.cgi; Hogslund et al., 2009). Probe sets Ljwgs_013523.1_at and
Ljwgs_038509.1_at were used to search the database for genes with similar
expression profiles to LjGO1 and LjGO2, respectively. A Pearson distance
cutoff value of less than 0.2 was applied to consider only highly positively
coexpressed genes. Gene sequence searches were carried out at the Kazusa
database (http://www .kazusa.or.jp/lotus/) and at The Institute for Genomic
Research (TIGR) gene index (http://plantta.jcvi.org/index.shtml).

Determination of NH,*, H,0,, and Enzyme Activities

Ammonia determination was carried out according to the method of
Solorzano (1969) with some modifications as described by Orea et al. (2002).

H,O, determination was carried out according to Rao et al. (2000) with
some modifications. Frozen leaves (0.1 g) were ground to a powder with
mortar and pestle under liquid nitrogen and homogenized in 0.5 mL of 0.2 N
HCLO,. The homogenate was held on ice for 5 min and centrifuged at 10,000g
for 15 min and 4°C. After this, 0.2 mL of the supernatant were neutralized to
pH 7.7 with 1 mL of 0.2 N NH,OH, pH 9.4, and centrifuged for 3 min at 3,000g.
The colored compound in the extract were removed by applying 0.5 mL of the
extract to a prepacked 2-mL AG 1-X8 Poly-Prep column (Bio-Rad), and the
soluble metabolites were eluted with 3 mL of Milli-Q water. H,0O, was
quantified using the Amplex Red Hydrogen Peroxide/Peroxidase assay kit
(Invitrogen). Two hundred microliters of soluble metabolites were incubated
for 30 min at 30°C with 200 uL of Amplex reaction mix. The fluorescence at
583 nm was determined with a Hitachi F-2500 fluorescence spectrophotometer
and H,0,, quantified by comparison with a standard fluorescence curve
constructed with 3% (w/w) H,O, provided with the kit. GO activity was
determined according to Hall et al. (1985) with some modifications. Samples
(about 0.1 g) of frozen leaves that were ground to a powder with mortar and
pestle under liquid nitrogen were homogenized in 5 mL g™ FW of 100 mm
phosphate buffer, pH 8.0, at 4°C using a pellet homogenizer. The homogenate
was centrifuged for 15 min at 15,000¢ and 4°C, and the supernatant was used
for the enzyme activity assay. The reaction mix contained, in a final volume of
1 mL, 100 mm potassium phosphate buffer, pH 8.0, 5 mm glycolate, 1 mm
4-amino-antipyrine, 0.1 mm FMN, 2 mm phenol, 5 Units of horseradish per-
oxidase, and 50 uL of enzyme extract. The reaction was started by addition of
enzyme extract and incubated for 10 min at 30°C, and water substituted
glycolate in the blank. The H,O, produced by GO was quantified spectro-
photometrically at 520 nm. Under these conditions, the assay was linear up to
20 min at 30°C and 100 uL of L. japonicus leaf crude extract.

GS activity was determined using the biosynthetic enzyme assay as de-
scribed by Marquez (2005). Samples of frozen leaves were homogenized in
5 mL g FW of extraction buffer. Four microliters of a 1:10 dilution of the
crude extract were added to the reaction mix and incubated for 15 min at 37°C;
the phosphate released by ATP hydrolysis was quantified using the malachite
green method as described by Marquez (2005).

Metabolite Profiling Analysis

For metabolite profiling, 60 mg of frozen plant tissue were extracted with
methanol/chloroform, and the polar fraction was prepared by liquid parti-
tioning into water and derivatized (Desbrosses et al., 2005). Gas chromatog-
raphy coupled to electron impact ionization-time of flight-mass spectrometry
was performed using an Agilent 6890N24 gas chromatograph (Agilent) with
splitless injection mounted to a Pegasus III time-of-flight mass spectrometer
(LECO; Wagner et al., 2003). Metabolite features were quantified after mass
spectral deconvolution (ChromaTOF software 1.00, Pegasus driver 1.61, LECO),
and their chemical identification was manually assessed using the NIST05
software (http://www.nist.gov/srd/mslisthtml) and the mass spectral and
retention time index collection of the Golm Metabolome Database (Kopka
et al., 2005). Metabolite profiles were analyzed with the TagFinder software
(Luedemann et al., 2008) and filtered for those metabolic features represented
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by three or more intercorrelated mass fragments within each independent ex-
periment. The validity of this analytical approach to quantify metabolites in
plant tissues has been demonstrated (Allwood et al., 2009). The resulting data
were normalized to internal standard (a mixture of ribitol, 2,3,3,3-d,-DL-Ala, and
D[—]-isoascorbic acid) and FW. All the mass spectra of the recognized MSTs
can be obtained from http://gmd.mpimp-golm.mpg.de/ using the corre-
sponding identification number.

Statistical Data Analysis

Microarray data were normalized with the Robust Multi-array Analysis
(RMA) algorithm using Robin software (Lohse et al., 2010), and differential
expression was tested for the probe sets called present in all chips (17,464
probe sets according to the present/absent MicroArray Suite 5.0 algorithm),
correcting for multiple testing using the linear step-up FDR. Changes in gene
expression following the transfer to normal CO, conditions are reported as
the difference between the log, of relative expression levels after 2 d under
normal CO, conditions and the log, of relative expression levels at time zero
(high CO,).

For the metabolomic analysis, each metabolic feature was normalized to the
median within each experiment and genotype and log,, transformed prior to
statistical analysis. sps were assessed with two-way ANOVA at P < 0.0001
using the Multiexperiment Viewer version 3.1 (Saeed et al., 2006). The varia-
bles “genotype” (wild type or mutant) and “time of exposure to normal CO,”
0, 2,3,4,6,8,and 10 d) were used as factors, including all the independent
samples. Data were log;, transformed only for the statistical analysis. The data
presented in Figure 6 represent the direct normalized responses of metabolite
pool measures, that is, mass detector signals in arbitrary units normalized to
internal standard and sample FW.

For hierarchical clustering of the quantitative RT-PCR data in Figure 4, the
transcript levels of wild-type plants under high CO, conditions were taken as
1, and the difference between the log, of relative expression levels of Ljgln2-2
and the wild type were presented. Hierarchical clustering of these data were
performed using the Multiexperiment Viewer software version 4.8.1 (Saeed
et al., 2006) with optimized gene leaf order and complete linkage clustering
algorithm. For metabolomic data, hierarchical clustering of the statistically
significant MSTs was performed using both wild-type and mutant data and
using Multiexperiment Viewer version 3.1 with a matrix based on Pearson
correlation.

Sequence data from this article can be found at the Kazusa database (www.
kazusa.or.jp/lotus/) by searching the probeset corresponding to each gene as
indicated in Supplemental Table S5.

Supplemental Data

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

Supplemental Figure S1. Expression of photorespiratory genes in L. japonicus
plants under active photorespiration.

Supplemental Figure S2. Coexpression analysis of LjGOI and LjGO2.

Supplemental Figure S3. Expression of genes encoding for some compo-
nents of the photosynthetic apparatus.

Supplemental Figure S4. Validation of microarray data by quantitative
RT-PCR.

Supplemental Figure S5. GeneBins analysis of overrepresented hierarchi-
cal categories (BINs).

Supplemental Figure S6. MapMan metabolism overview of probe sets
elicited by the transfer from high to normal CO, conditions.

Supplemental Figure S7. PathExpress analysis of overrepresented
pathways.

Supplemental Figure S8. MapMan metabolism overview of genes for
starch and Suc metabolism.

Supplemental Figure S9. MapMan overview of photosynthetic and photo-
respiratory genes in Ljgln2-2.

Supplemental Figure S10. Experimental design used in this work.
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Supplemental Table S1. List of all the probe sets modulated by the transfer
from high to normal CO, conditions in wild-type and Ljgin2-2 plants.

Supplemental Table S2. Expression levels of genes of particular interest.

Supplemental Table S3. List of genes belonging to pathways defined as
overrepresented by both GeneBins and PathExpress.

Supplemental Table S4. Metabolite levels at different time points under
normal CO, conditions in the two genotypes.

Supplemental Table S5. List of the oligonucleotides used for quantitative
RT-PCR measurement.
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