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SUMMARY

Glutamine synthetase (GS) is a key enzyme responsible for the incorporation of inorganic nitrogen in the
form of ammonium into the amino acid glutamine. In plants, two groups of functional GS enzymes are
found: eubacterial GSlIb (GLN2) and eukaryotic GSlle (GLN1/GS). Only GLN1/GS genes are found in vascu-
lar plants, which suggests that they are involved in the final adaptation of plants to terrestrial life. The pre-
sent phylogenetic study reclassifies the different GS genes of seed plants into three clusters: GS7a, GS1b
and GS2. The presence of genes encoding GS2 has been expanded to Cycadopsida gymnosperms, which
suggests the origin of this gene in a common ancestor of Cycadopsida, Ginkgoopsida and angiosperms.
GS1a genes have been identified in all gymnosperms, basal angiosperms and some Magnoliidae species.
Previous studies in conifers and the gene expression profiles obtained in ginkgo and magnolia in the pre-
sent work could explain the absence of GS7a in more recent angiosperm species (e.g. monocots and eudi-
cots) as a result of the redundant roles of GS1a and GS2 in photosynthetic cells. Altogether, the results
provide a better understanding of the evolution of plant GS isoenzymes and their physiological roles, which
is valuable for improving crop nitrogen use efficiency and productivity. This new view of GS evolution in
plants, including a new cytosolic GS group (GS1a), has important functional implications in the context of
plant metabolism adaptation to global changes.

Keywords: adaptation, glutamine synthetase, new gene classification, nitrogen metabolism, phylogeny,
plant evolution.

INTRODUCTION characterized by different molecular masses, different

Glutamine synthetase (GS, EC 6.3.1.2) catalyzes the incorpo- numbers of subunits and their occurrence in the three dif-

ration of ammonium into glutamate using ATP to produce
glutamine while releasing Pi and ADP (Heldt and
Piechulla, 2011). GS is an enzyme of major importance, as it
represents the main, if not the only, mechanism incorporat-
ing inorganic nitrogen (N) into organic molecules in virtually
all living organisms (Shatters and Kahn, 1989). It has been
suggested that the genes encoding GS are not only some of
the oldest genes in evolutionary history (Kumada et al., 1993)
but also represent an excellent ‘molecular clock’ that can be
used to perform phylogenetic studies (Pesole et al., 1991).
Three GS superfamilies have been identified, namely
GSI, GSII and GSIll, with the corresponding proteins
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ferent domains of life (Archaea, Bacteria and Eukarya)
(Ghoshroy et al., 2010). The GSI superfamily was first
found in prokaryotes, although its presence in mammals
and plants has also been reported (Mathis et al., 2000;
Nogueira et al., 2005; Kumar et al., 2017). The GSII super-
family was described as a group characteristic of Eukarya
and some Bacteria, such as Proteobacteria and Actinobac-
teria (James et al., 2018). However, the nucleotide
sequences deposited in public databases indicate that this
GS superfamily is also present in Euryarchaeota, a phylum
of the Archaea domain. Finally, the GSIII superfamily is
characteristic of bacteria, including cyanobacteria (James

© 2022 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License,
which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

95U8917 SUOLWLLIOD aAIER.D) 8(dedl|dde auyy Aq peusencb afe sajpie O ‘8sn Jo s 1o} Aig 17 8UlUO A3|1M UO (SUOTIPUOO-PUR-SWIB)AL0D B 1M Alelg Ul |uo//Sdny) SUONIPUCD pue Wi 1 8u) 89S *[£202/c0/9T] uo Arigiauljuo A ‘osdi@ - gelu| Aq ZT/ST [dyTTTT 0T/I0p/woo A3 Aeiqpul|uo//sdny wouy pepeojumod ‘v ‘Z202 ‘XETESIET


https://orcid.org/0000-0003-1350-899X
https://orcid.org/0000-0003-1350-899X
https://orcid.org/0000-0003-1350-899X
https://orcid.org/0000-0002-7517-7594
https://orcid.org/0000-0002-7517-7594
https://orcid.org/0000-0002-7517-7594
https://orcid.org/0000-0001-8817-7529
https://orcid.org/0000-0001-8817-7529
https://orcid.org/0000-0001-8817-7529
https://orcid.org/0000-0002-4914-2558
https://orcid.org/0000-0002-4914-2558
https://orcid.org/0000-0002-4914-2558
https://orcid.org/0000-0002-5518-3671
https://orcid.org/0000-0002-5518-3671
https://orcid.org/0000-0002-5518-3671
https://orcid.org/0000-0001-6917-8630
https://orcid.org/0000-0001-6917-8630
https://orcid.org/0000-0001-6917-8630
https://orcid.org/0000-0001-9727-5585
https://orcid.org/0000-0001-9727-5585
https://orcid.org/0000-0001-9727-5585
mailto:frcanton@uma.es
mailto:rcanas@uma.es
https://doi.org/10.1101/2021.11.08.467771
http://creativecommons.org/licenses/by/4.0/

et al., 2018), and some eukaryotes, such as diatoms and
other heterokonts, suggesting that GSIIl is present in the
nuclear genome of early eukaryotes (Robertson and
Tartar, 2006). The hypothesis that these three gene super-
families appeared prior to the divergence of eukaryotes
and prokaryotes has been proposed in several studies
(Robertson and Tartar, 2006).

In plants, glutamine synthesis is catalyzed by enzymatic
proteins belonging to the GSII superfamily. Two main
groups of GSII have been shown to occur in the Viridiplan-
tae group, one of eukaryotic origin, GSII (GSlle), and the
other of eubacterial origin, GSII (GSIlb). GSIIb genes are the
result of horizontal gene transfer (HGT) following the diver-
gence of prokaryotes and eukaryotes, which in turn repre-
sent a sister group of y-proteobacteria GS/I (Tateno, 1994;
Ghoshroy et al., 2010). As N is one of the main limiting
nutrients for plant growth and development, the functions
and characteristics of GS have been studied extensively
in a large number of vascular plant species, and particularly
in crops (Plett et al., 2017; Mondal et al., 2021). It is gener-
ally indicated that angiosperms contain two groups of
nuclear genes encoding GSlle, represented by cytosolic
GS (GS1) and plastidic GS (GS2), each playing distinct
physiological roles (Ghoshroy et al., 2010; Hirel and
Krapp, 2021). GS2 is generally encoded by a single gene,
whereas GS1 is encoded by a small multigene family (Cano-
vas et al., 2007; James et al., 2018). Phylogenetic analyses
suggest that GS2 probably evolved from GS7 gene duplica-
tion (Biesiadka and Legocki, 1997) that diverged from a
common ancestor 300 million years ago (Mya). Therefore,
this gene duplication probably occurred before the diver-
gence of monocotyledons and dicotyledons (Bernard and
Habash, 2009). Interestingly, the gene encoding GS2 is pre-
sent in the gymnosperm Ginkgo biloba (Garcia-Gutiérrez
et al., 1998; Guan et al., 2016). This gene is absent in all the
other gymnosperms examined thus far, including conifers
(Coniferopsida) and the Gnetales (Gnetopsida), in which the
gene encoding GS2 has not been found in their genomes
(Birol et al., 2013; Nystedt et al., 2013; Neale et al., 2014;
Zimin et al., 2014; Stevens et al., 2016; Neale et al., 2017;
Wan et al., 2018; Kuzmin et al., 2019; Mosca et al.,
2019; Scott et al., 2020). Furthermore, this gene also seems
to be absent in cycads (Cycadopsida), as the GS2 protein
was not detected in Western blot analyses (Miyazawa
et al., 2018).

In both angiosperm and gymnosperm plants, the syn-
thesis and relative activity of the different GS isoforms are
regulated in a species-specific manner, but also according
to plant developmental stages, tissue, N nutritional status
and environmental conditions (Canovas et al., 2007; Ber-
nard and Habash, 2009; Mondal et al., 2021). Conse-
quently, each GS isoform plays a different role during
N assimilation and N remobilization throughout the life
cycle of a plant (Thomsen et al, 2014; Hirel and

© 2022 The Authors.
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Krapp, 2021). GS2 predominates in photosynthetic tissues,
such as leaf mesophyll cells, in order to assimilate the
ammonium generated from nitrate reduction and released
during photorespiration (Blackwell et al., 1987; Wallsgrove
et al., 1987; Tegeder and Masclaux-Daubresse, 2017). In
contrast, GS1 is present in almost all plant organs and tis-
sues (Lea and Miflin, 2018). Cytosolic GS isoforms are
mostly involved in primary N assimilation in roots and N
remobilization and translocation in shoots (Thomsen
et al., 2014). As such, it has been shown that they play a
key role during plant growth and development, notably for
biomass and storage organ production (Xu et al., 2012;
Krapp, 2015; Havé et al., 2017; Amiour et al., 2021). In con-
ifers, as a result of the absence of GS2, studies have
focused on GS1a and GS1b, which are each encoded by a
single gene. These two cytosolic isoforms of GS also exhi-
bit distinct molecular and kinetic properties (Avila-Saez
et al., 2000; de la Torre et al., 2002). GS1a has been pro-
posed to fulfill the same function as GS2 in angiosperms
because of its close relationship with chloroplast develop-
ment and the presence of ammonium arising from pho-
torespiration. This hypothesis was also supported by the
fact that the gene encoding GS1a is expressed in photo-
synthetic organs, notably in chlorophyllous parenchyma
cells (Avila et al., 2001), and that its expression is also
upregulated in the presence of light (Canton et al., 1999;
Gdémez-Maldonado et al., 2004). Moreover, GS1b is phylo-
genetically and functionally more closely related to the
cytosolic isoforms of GS in angiosperms than to those of
GS1a in conifers (Avila-Séez et al., 2000; Cénovas
et al., 2007).

In this work, the increasing number of plant genome
sequences made available in public databases were gath-
ered to perform a deep phylogenetic analysis of the GSII
family. The present study includes representative GS
sequences from the entire plant evolutionary spectra,
including those from monocot and dicot angiosperms and
a number of model species that were representative of
other taxa. This new phylogenetic study allowed us to pro-
pose a revised classification and nomenclature for the dif-
ferent GS isoforms in seed plants. In addition, GS gene
expression experiments were conducted in G. biloba, Mag-
nolia grandiflora and Pinus pinaster in order to strengthen
the results obtained in the GS1a phylogeny.

RESULTS

A total of 168 nucleotide sequences from the coding DNA
sequences (CDSs) and the corresponding protein
sequences of the genes encoding GSIl from 45 different
Viridiplantae species were retrieved from different public
databases or assembled using next-generation sequencing
(NGS) data from the Sequence Read Archive (SRA) data-
base (Table S1). Additionally, Escherichia coli ginA (GSI)
was used as an external group. The sequences and species
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analyzed cover the evolutionary history of Viridiplantae
and included members of the main Viridiplantae clades,
unless the sequences were not available in the public data-
bases. These sequences were used to perform phyloge-
netic analyses to assess GSII evolution in Viridiplantae.
The final names of the sequences were assigned depend-
ing on phylogenetic analyses (Figures 1, 2; Table S1). The
GSlIb sequences were named GLN2 following the nomen-
clature of GLNZ, the gene encoding GS in Chlamydomonas
reinhardtii. The GSlle group, which corresponds to species

older than the Embryophyta, was named GLN1. The
sequences from Embryophyta species were named GS1,
except those included in the group of the Spermatophyta
GS2 sequences.

The phylogenetic studies were conducted with nucleo-
tide sequences using Bayesian analyses (Figure 1;
Table S1). For the protein sequences, a maximum-
likelihood approach was used (Figure 2; Table S2). The
results were similar for the main GS groups whether
the nucleotide or the protein sequences were analyzed.
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Figure 1. Phylogenetic tree of plant glutamine synthetase (GS) nucleotide sequences obtained following a Bayesian analysis. The first two letters of the
sequence names correspond to the genera and species listed in Table S1. Green circles highlight the sequences exhibiting a predicted plastidic localization.
Orange circles highlight the sequences exhibiting a predicted mitochondrial localization. Branch lengths are not presented.
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Figure 2. Protein phylogenetic tree of plant glutamine synthetase (GS) protein sequences following a maximume-likelihood analysis. The first two letters of the
sequence names correspond to the genera and species listed in Table S1. Green circles highlight the sequences with a predicted chloroplastic localization.
Orange circles highlight the sequences with a predicted mitochondrial localization. Branch lengths are not presented.

The KnGLNA sequence of Klebsormidium nitens, a charo-
phyte green algae, was the most divergent GS close to the
outer sequence EcGLNA (GSI) of E. coli (Figures S1 and
S2). Both sequences were very distant from the other plant
GS genes (mean length 2.0756), with a node/branch proba-
bility of 1 in the Bayesian analysis.

The first cluster contained all GLN2 (GSlIb) sequences.
Notably, no GLN2 sequence was identified in vascular
plants (Tracheophyta). In the protein sequence analyses,

© 2022 The Authors.

we observed that the GLN2 cluster shared a common ori-
gin. In addition, different subgroups for GLN2 were identi-
fied in the nucleotide sequence clustering analyses. These
GLN2 subgroups were distant from the other plant GS
sequences (GSlle; mean length 0.7142) (Figures S1 and
S2). For both the GLN2 nucleotide and protein sequences,
the node/branch probability/bootstrap was high (>0.65). In
all GLN2 sequences, we found a predicted localization in
the chloroplast using TArRGETP, except for UpGLN2,
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ChrGLN2.1 and ChrGLN2.2, for which mitochondrial local-
ization (Figures 1 and 2; Table S1).

The most ancient GSlle plant sequences were named
GLN1, and in both analyses, they were distributed in a
main group containing four non-clustered sequences,
including KnGLN1 (Klebsormidiophyceae class), CgGLN1.1
and CgGLN1.2 (Coleochaetophyceae class), and PmGLN1
(Zygnemophyceae class). These four sequences were in an
intermediary position between the main GLN1 cluster and
the other GS sequences from land plants. A predicted
chloroplast localization was only found for CgGLN1.2
(Figures 1 and 2).

Three clusters were identified in seed plants (Spermato-
phyta), including plastidic GS2 and gymnosperm GS1a-like
and GS1b-like sequences (Figures 1 and 2). Interestingly,
within the GS2 group, three sequences from gymnosperms
were identified (GbGS2, ChaGS2 and EnGS2). They corre-
sponded to a ginkgo sequence and two Cycadopsida
sequences. The GS1a-like group contained known GS1a
sequences from gymnosperms and GS1 from basal angios-
perms and from some Magnoliidae, except Ranunculales,
Proteales, Liliopsida and Eudycotyledon species. However,
an ortholog of the GS7a gene was not identified in the gen-
ome of Piper nigrum, a Magnoliidae species from the Piper-
ales order (Hu et al., 2019). Finally, the GS1b-like cluster
contained GS1b found in gymnosperms and the GS1
enzymes previously characterized in angiosperms.

The phylogeny of GS from Anthocerotophyta, Bryo-
phyta, Lycopodiopsida, Marchantiophyta and Polypodiop-
sida was more complex than that of Spermatophyta,
especially when the protein sequences were analyzed
(Figures 1 and 2). However, with the cognate gene
sequences, Anthocerotophyta, Bryophyta, Lycopodiopsida
and Marchantiophyta were in a basal position compared
with the other Embryophyta species. Such a distribution
corresponded to the expected evolutionary relationships
between plant species, except for the outlier sequence
MpGS1.4 that was found in the GS1a-like cluster (Figure 1).
Fern (Polypodiopsida) GS genes were grouped into two
clusters. The first one contained most of the nucleotide
sequences linked to the GS1a-like sequences, and the sec-
ond was grouped with GS2 and was composed of
AspGS1.5, AzfGS15  EJGS1.4, LjGS1.1, OvGS1.2,
OvGS1.3, PglyGS1.1, PglyGS1.4 and VsGS1.1. For these
two clusters, the mean probabilities were very high (0.9
and 0.97, respectively) when Bayesian analysis was used
(Figures 1 and S1).

In contrast, the phylogenetic relationships with the pro-
tein sequences were unclear because of a different cluster
distribution and the occurrence of outlier sequences such
as PglyGS1.3 and MpGS1.4 (Figure 2). Most of the
Marchantiophyta and Bryophyta GS enzymes were
grouped with most of the Polypodiopsida sequences,
although MpGS1.3 and AnaGS1 clustered with the GS2

from Spermatophyta. This group of GS proteins was closer
to that of the Spermatophyta GS1 compared with GS2,
even though the node/branch bootstraps were very low
(<1). The Lycopodiopsida GS enzymes were grouped
together with GS1b-like protein sequences even though
the node/branch bootstrap was also very low (<1). Never-
theless, two sequences (SmGS1.3 and SmGS1.4) were
grouped with the Spermatophyta GS1a cluster together
with four Polypodiopsida sequences (EdGS1.4, OvGS1.2,
OvGS1.3 and VsGS1.2) (Figure 2).

As expected, for all members of GS2, the presence of a
signal peptide that allows the targeting of the protein to
the chloroplast was predicted (Figures 1 and 2; Table S1).
Only five of the remaining Embryophyta proteins were pre-
dicted to be localized in the chloroplast, including I1sGS1.2
and PdGS1.2 from Lycopodiopsida species and EdGS1.2,
EdGS1.3 and AfGS1.2 from Polypodiopsida species. More-
over, one could observe that these five GS enzymes did
not belong to the GS2 cluster (Figures 1, 2; Table S1).

Spermatophyta GS gene expression

To further decipher the role of GS1a in ginkgo and in
angiosperms, the level of expression of different GS genes
was quantified in G. biloba, M. grandiflora and P. pinaster.
Maritime pine (P. pinaster) was included in the study
because the role and gene expression pattern of GS17a is
well established in this gymnosperm, characterized by the
absence of a gene encoding GS2 (Canovas et al., 2007).
The gymnosperm G. biloba and the angiosperm M. gran-
diflora were also studied because they possess GS genes
corresponding to the three main Spermatophyta GS
groups (GS1a, GS1b and GS2).

In maritime pine seedlings, the profiles of PpGS7a and
PpGS1b gene expression were analyzed under different
light/dark regimes (Figure 3): germination with a light/dark
(L/D) cycle (16 h of light/8 h of darkness), continuous dark-
ness and two opposite nychthemeral regimes (from light
to dark and from dark to light). PpGS7a was mainly
expressed in the needles, irrespective of the light/dark
regime, and in the stem only during the L/D cycle. In roots,
the PpGS1a expression level was at the limit of detection
under the four different light/dark conditions. In the nee-
dles, PpGS17a reached the highest level of expression in
the dark-light transition, even though it was slightly lower
under the L/D cycle. Compared with these two conditions,
the PpGS1a expression level in the needles was at least
five times lower when the plants were placed under contin-
uous darkness and approximately two times lower follow-
ing a light-dark transition. In contrast, PpGS7b was
expressed in all three organs. In the needles and in the
roots, the expression level of PpGS1b was significantly
higher only during the light-dark transition. In the stem,
the expression level of PpGS1b was highest when the
seedlings were grown under the L/D cycle.
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Figure 3. PpGS7a and PpGS1b gene expression in
Pinus pinaster seedlings grown under different light
regimes. L/D cycle (16-h light /8-h dark photoperiod,
red bars), transition from light photoperiod to con-
tinuous darkness (orange bars), continuous dark-
ness (yellow bars) and transition from complete
darkness to light photoperiod (blue bars). Signifi-
cant differences were determined using two-way L/D
analysis of variance (ANOVA) that compares the
mean for each condition with the mean of the other
condition in the same organ. Letters above the col-
umns indicate significant differences on a Tukey’s
post hoc test (P < 0.05).

In G. biloba seedlings, the expression levels of GbGS1a,
GbGS2and GbGS1b(1-3) were quantified during the L/D cycle
and when plants were placed into continuous darkness
(Figure 4a). The absence of leaves in G. biloba seedlings ger-
minated under continuous darkness did not allow us to quan-
tify the level of GS gene expression in this organ (Garcia-
Gutiérrez et al., 1998). Therefore, light/dark transition experi-
ments were carried out using the leaves of 1-year-old
G. biloba plants (Figure 4b). The level of GbGS2 transcripts
was very low both in the stems and the roots when the seed-
lings were grown under L/D or continuous darkness condi-
tions. In contrast, the expression level of GbGS2 was at least
20-fold higher in leaves grown under L/D conditions. Although
the level of GbGS 7a transcripts was higher in the leaves than
in the other organs, it was four times lower than that of
GbGS2. The three genes encoding GbGS Tb were expressed at
a higher level in the stems and in the roots than in the leaves.
Two significant correlations were found: between the expres-
sion levels of GbGS7a and GbGS2 (0.9) and between the
expression levels of GbGS1bh.7and GbGS1b.2(0.89).

When fully expanded leaves were used, GbGS7a exhib-
ited the highest level of expression compared with all the
other GS genes during the L/D cycle. The pattern of GbGS2
gene expression was similar to that of GbGS1a, although
the transcript accumulation was three times lower. Tran-
scripts for GbGS1b.3 were not detected, irrespective of the
light/dark regime (Figure 4b).

© 2022 The Authors.
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Magnolia grandiflora seedlings were also exposed to dif-
ferent light treatments to study the GS gene expression
pattern in this species (Figure 5). The transcripts of
MgGS1a and MgGS2 were more abundant in the leaves
than in the stems and roots, and their levels were similar
for MgGS1a in the L/D cycle and light-dark treatments. A
very low level of expression was obtained for MgGS17a
when seedlings were placed under continuous darkness.
Its level of expression was approximately fourfold lower
than that of the L/D and light/dark treatments following a
dark-light transition. MgGS2 and MgGS1a exhibited a sim-
ilar pattern of transcript accumulation, except that for
MgGS2 there was a significant decrease in the light-dark
treatment and an increase during the transfer from dark to
light. MgGS1b.1 was the gene exhibiting the highest level
of expression compared with all the other genes encoding
GS. Its pattern of expression in the different organs was
similar to that of MgGS2. However, the levels of MgGS1b.1
transcripts were much higher in the stems, notably in L/D
conditions, and in the roots. MgGS1b.2 expression levels
were similar in the three organs. No marked differences
between the light and dark treatments were observed for
this gene. MgGS1b.3 transcript accumulation was similar
irrespective of the organ and light/dark regimes, except in
the stem, in which it was much higher during the L/D cycle.
As shown in Figure 5, only four significant correlations
were found between the expression level of the gene
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Figure 4. Glutamine synthetase (GS) gene expression in Ginkgo biloba seedlings grown under different light regimes. (a) One-month-old seedlings grown
under the L/D cycle (16-h light/8-h dark photoperiod, red bars) and under continuous darkness (yellow bars). A Pearson correlation test was applied to the
expression level of the different GS genes to quantify their relationship, indicated in the red squares. The significant P values (<0.05) for the Pearson coefficient
are indicated in brackets. (b) One-year-old seedlings grown under the L/D cycle (16-h light/8-h dark photoperiod, red bars), under transition from the light pho-
toperiod to continuous darkness (orange bars) and under transition from complete darkness to light photoperiod (blue bars). Significant differences were deter-
mined using a two-way analysis of variance (ANOVA) to compare the mean for each growth condition with the mean of the other conditions in the same organ.
Letters above the columns indicate significant differences based on a Tukey's post hoc test (P < 0.05); nd, not detected; ms, missing sample.

encoding GS in magnolia, where the highest correlation
was between MgGS7a and MgGS2 (0.92).

DISCUSSION

In all plant species, each GS isoenzyme plays a key role,
either in primary N assimilation or N recycling, as most of
the N-containing molecules required for growth and devel-
opment are derived from glutamine, the product of the

reaction catalyzed by this enzyme. Throughout evolution,
such important metabolic functions are subject to high
selective pressure, which made GS particularly suitable for
plant phylogenetic analyses. However, our knowledge of
the phylogeny of the GS isoenzymes gathered in the evolu-
tionary group called GSII remains limited. The aim of the
present study was thus to improve our knowledge on the
classification and phylogeny of the Viridiplantae GSII. This
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Figure 5. Glutamine synthetase (GS) gene expression in Magnolia grandiflora seedlings grown under different light regimes: L/D cycle (16-h light/8-h dark pho-
toperiod, red bars); transition from light photoperiod to continuous darkness (orange bars); continuous darkness (yellow bars); and transition from complete
darkness to light photoperiod (blue bars). Significant differences were determined using a two-way analysis of variance (ANOVA) that compares the mean for
each condition with the mean of the other condition for the same organ. Letters above the columns indicate significant differences on a Tukey’s post hoc test
(P < 0.05). Pearson'’s correlation test was used to test for correlations between the expression levels of the different genes expressed in M. grandiflora. The sig-

nificant P values (<0.05) are indicated in brackets.

study was performed using the corresponding gene
sequences belonging to the main clades that are represen-
tative of plant evolution and covering a large portfolio of
species, not limited to the model and crop angiosperms.

In the present investigation, the resulting phylogenetic
analysis agreed with previous studies in which two main
groups of plant GSIl encoded by nuclear genes were iden-
tified, namely GSllb (GLN2) and GSlle (GLN1/GS)
(Figures 1 and 2). An HGT event from eubacteria was pre-
viously proposed as the more parsimonious process for
the emergence of the GLN2 group (Tateno, 1994; Ghosh-
roy et al., 2010). This hypothesis is further supported by
the fact that we identified a signal peptide in all members
of GLN2 that allows the targeting of the proteins to orga-
nelles such as plastids and mitochondria (Table S1). Inter-
estingly, genes encoding GLN2 were not identified in
vascular plant (tracheophyte) species. Therefore, GLN2
seemed to be lost, coinciding with the final adaptation of
plants to land habitats. Such an adaptive mechanism nota-
bly included the development of vascular structures for
assimilate transport and the presence of lignin involved in
plant stature (Raven, 2018; Renault et al., 2019). In fact, the
massive production of lignin, a metabolic feature of vascu-
lar plants, was enabled by a deregulation of phenylalanine
biosynthesis that occurred at some point during the evolu-
tion of non-vascular plants and tracheophytes (El-Azaz
et al.,, 2022). These developmental and regulatory pro-
cesses could also be related to the selection of the GLN1/
GS genes in the most ancient vascular plants. Thus, it was
hypothesized that GLN1/GS isoenzymes are involved: (i) in

© 2022 The Authors.

the synthesis of the transport of glutamine and derived
amino acids (Bernard and Habash, 2009); and (ii) in the
production of monolignols used as precursors for lignin
biosynthesis. As lignin represents one of the main sinks
for the photosynthetic carbon assimilated by the plant,
high levels of GS activity are thus required to assimilate
the large quantities of ammonium released during the
reaction catalyzed by the enzyme phenylalanine ammonia
lyase (Pascual et al., 2016). The phylogenetic analyses per-
formed in the present study suggest that the group repre-
sented by GLN1 isoenzymes can be considered the starting
point for the evolution of the most recent genes encoding
GS in plants.

The phylogeny of the ancient Embryophyta clades
(Anthocerotophyta, Bryophyta and Marchantiophyta) sug-
gests that the current GS subgroups in Spermatophyta
clades were not established in non-vascular land plants
(Figures 1 and 2). Curiously, GLN2 was also found in these
three clades, which could be the result of a stable situation
related to the interaction of genotypic and environmental
conditions during the expansion of this group of plants.
However, a different clustering of GS in Lycopodiopsida
and Polypodiopsida was observed between gene and pro-
tein phylogenetic trees, resulting in an unclear phyloge-
netic relationship (Figures 1 and 2). This finding suggests
that during plant evolution there was an active adaptation
process that resulted from changes in environmental con-
ditions, such as an increase in the 0,/CO, ratio (Renault
et al., 2019), and the loss of the GLNZ2 gene. According to
this hypothesis, several Lycopodiopsida and Polypodiopsida
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GS protein sequences contain a predicted transit peptide
allowing its import into plastids (Table S1). Therefore,
under an oxygen-enriched atmosphere, the occurrence of
plastidic GS seems to be beneficial for the plant, in turn
leading to positive selection.

We also refined the classification of GS in seed plants
(Spermatophyta), leading to the identification of three dis-
tinct clusters. One was the well-known group of genes
from angiosperms encoding plastidic GS (GS2) (for a
review, see Hirel and Krapp, 2021). The two other clusters
contained the genes encoding cytosolic GS (GS1). One of
the clusters included all the GS1 isoenzymes classically
found in angiosperms and the GS1b from gymnosperms
(Canovas et al., 2007; Bernard and Habash, 2009). The
third group included the GS1a sequences from gym-
nosperms, including ginkgo (Cantdn et al., 1993; Avila-
Saez et al., 2000), and different GS1 sequences from basal
angiosperms and some Magnoliidae species. We thus pro-
pose to modify the nomenclature of GS genes from sper-
matophyte species into three subsets, namely GS71a, GS1b
and GS2. Consequently, GSlle can be used as a good phy-
logenetic marker in seed plants, as the presence or
absence of the different GS gene groups is characteristic of
the main taxa.

Surprisingly, searches for GS sequences in the NGS data
from public databases allowed us to identify genes encod-
ing GS2 in Cycadopsida species, contrary to previous find-
ings (Miyazawa et al., 2018). Such a finding was
experimentally confirmed by cloning a cDNA encoding
GS2 from Cycas revoluta (MZ073670). The obtained
sequence of the cloned GS2 ¢cDNA from C. revoluta vali-
dated the assembly of the Cycas hainanensis sequence
using public NGS data (Figures S3 and S4). Consequently,
this result demonstrated that there are more plant clades
that possess GS2, which forms a new perspective on the
evolution of GS2. In line with such a finding, recent phy-
logenomic studies showed that Cycadopsida and Gink-
goopsida formed a monophyletic group (Wu et al., 2013; Li
et al., 2017; One Thousand Plant Transcriptomes Initia-
tive, 2019). The presence of the genes encoding GS2 in
both clades and its absence in the other gymnosperm
clades (Coniferopsida and Gnetopsida) supports this taxo-
nomic classification.

Based on our phylogenetic analysis, two hypotheses can
be proposed concerning GS2 emergence and evolution.

i A two-event evolutionary process, in which the gene
encoding GS2 arose from a common ancestor of gym-
nosperms and angiosperms (Figure 6a). GS1 from
Polypodiopsida, which is more closely related to GS2,
could have been the origin of the plastid isoform fol-
lowing a specialization process that included the addi-
tion of a sequence that allowed the protein to be
imported into the plastids. This hypothesis implies that
there was a second genetic event consisting of the loss

of GS2 in the common ancestor of Coniferopsida and
Gnetopsida plants.

A single event during which GS2 sequences emerged
from a common ancestor of Cycadopsida/Ginkgoop-
sida and angiosperm clades, leaving Coniferopsida
and Gnetopsida without this gene (Figure 6b).
Although gymnosperms are considered a mono-
phyletic clade that is sister to angiosperms (One Thou-
sand Plant Transcriptomes Initiative, 2019), the single-
event hypothesis for GS2 evolution is more parsimo-
nious and suggests a revision of the phylogenetic rela-
tionships of the Cycadopsida/Ginkgoopsida clade with
angiosperms.

The occurrence of a gene encoding GS1a has never been
previously described in ginkgo, basal angiosperms and
Magnoliidae species. The physiological function of GS1a
was extensively studied in conifers because it compen-
sates for the lack of GS2. Although GS1a is a cytosolic
form of the enzyme, its light-dependent expression level is
also associated with chloroplast development, photorespi-
ration, and N assimilation and recycling in photosynthetic
tissues (Canovas et al., 2007). One can hypothesize that,
even though they are in different cellular compartments,
GS1a and GS2 play redundant roles in photosynthetic
cells, which could explain the disappearance of GS1a in
the most recent angiosperm species. The light dependence
and organ gene expression of GS7a and GS2in P. pinaster
(Figure 3), G. biloba (Figure 4) and M. grandiflora (Fig-
ure 5) strengthened the previous hypothesis that GS1a
might fulfill the function of GS2 (Cantdn et al., 1999; Avila
et al., 2001; Gémez-Maldonado et al., 2004). Interestingly,
one of the two Cys residues involved in the redox modula-
tion of GS2 activity (e.g. C306 in Arabidopsis) was con-
served in all of the GS1a proteins (Canton et al., 1993; Choi
et al., 1999; Miyazawa et al., 2018). We also observed that
this residue was conserved in all the GS1a and GS2 protein
sequences analyzed in this study, and in sequences from
Polypodiopsida (ancient Embryophyta clades), several
Lycopodiopsida species and GLN1sequences (Figure S5).
Remarkably, this Cys residue is absent in all GS1b
sequences, suggesting a specific role of this residue in the
function of GS2 and GS1a. In angiosperms, a second Cys
residue is present in GS2 (e.g. C371 in Arabidopsis) and in
several GLN1 proteins. Moreover, this second Cys residue
is not present in ginkgo or Cycadopsida GS2, which sug-
gests that it was acquired by angiosperms during plant
evolution (Figure S5).

When the single-event hypothesis is considered, the
emergence of GS2 sequences following the loss of GS1a
sequences in recent angiosperms indicates that they prob-
ably have redundant physiological functions. The Cycadop-
sida/Ginkgoopsida group emerged at least 270 Mya (Wu
et al., 2013; Li et al., 2017; One Thousand Plant Transcrip-
tomes |Initiative, 2019) during the Permo-Carboniferous
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Figure 6. Schematic representation of GS2 emergence hypotheses: (a) two-event hypothesis; (b) single-event hypothesis. (c) Simplified metabolic pathways in
a photosynthetic cell in which ammonium assimilation is catalyzed by GS1a. (d) Metabolic pathway of a photosynthetic cell in which ammonium assimilation is
catalyzed by GS2. GS, glutamine synthetase; Fd-GOGAT, ferredoxin-dependent glutamate synthase; NR, nitrate reductase; NiR, nitrite reductase.

period, when the atmospheric oxygen level rose from 21 to
35%. Such an elevation in oxygen level led to a drastic
increase in the oxygenase activity of the photosynthetic
enzyme Rubisco, leading to increased photorespiration
(Berling and Bermer, 2000). The series of events that
occurred during the Permo-Carboniferous period could
result in the appearance of a plastidic GS isoenzyme (GS2)
through a positive selection process, allowing for a more
efficient reassimilation of ammonium that is released dur-
ing photorespiration. The mutation of GS2 in several spe-
cies induced lethality under photorespiratory conditions
(Blackwell et al., 1987, Wallsgrove et al., 1987; Pérez-
Delgado et al., 2015), which is not the case in Arabidopsis,
as it can cope with the toxicity of ammonium released
from the photorespiratory pathway (Ferreira et al., 2019;

© 2022 The Authors.

Hachiya et al., 2021). Conifers, which are C3 species pos-
sessing only cytosolic GS isoenzymes (Figure 6c¢), are also
able to reassimilate the ammonium released during pho-
torespiration. However, the increase in the level of atmo-
spheric oxygen during the Permo-Carboniferous period
would imply an increase in nitrification rates, as oxygen is
a substrate for nitrification (Ward, 2008), thus leading to an
increase in nitrate availability in the rhizosphere. One can
therefore hypothesize that such an increase in nitrate avail-
ability induced additional evolutionary pressure towards
the selection of plastidic GS (GS2), which, in addition to
photorespiratory ammonium reassimilation, is also
responsible for the assimilation of ammonium in plastids
derived from nitrate reduction (Figure 6d) (Hirel and
Krapp, 2021). Consistent with this hypothesis, it is known
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that most conifers prefer or tolerate ammonium as an inor-
ganic N source, which can be readily assimilated by
cytosolic GS in the absence of GS2.

Concerning the process of GS2 selection, the most likely
hypothesis is the duplication of genes encoding cytosolic
GS, leading to functional specialization through changes
such as those in the gene promoter and the addition of a
sequence encoding a signal peptide used to import the
protein into the chloroplasts (Biesiadka and Legocki, 1997;
Avila-Séez et al., 2000). Gene expression patterns, specific
Cys residue conservation and nucleotide sequence-based
GS phylogeny suggest that GS7a could be at the origin of
GS2 (Figures 1 and 3-5).

Finally, we were able to conclude that the group repre-
sented by GS1b evolved in a different way than the groups
represented by GS1a and GS2. In ginkgo and angiosperms,
GS1b is generally represented by a small multigene family,
with each member playing distinct roles either in N assimi-
lation or N recycling, depending on the organ examined
(Thomsen et al., 2014). In contrast, there is usually only
one gene of GS1a or GS2, strongly suggesting that GS1b
genes play non-redundant roles compared with GS7a and
GS2 (Ghoshroy et al., 2010; Hirel and Krapp, 2021). Related
to their different roles, the comparison between the GS1a
and GS1b proteins in pine showed distinctive characteris-
tics, such as a higher thermal stability of GS1b (de la Torre
et al., 2002).

Conclusions

The combined phylogenetic analysis and gene expression
study presented in this work allowed us to improve our
understanding of GS evolution in plants, notably in the
Spermatophyta clade. In agreement with previous studies,
two distinct groups of GS, GSllb (GLN2) and GSlle (GLN1
and GS), were clearly identified (Tateno, 1994; Ghoshroy
et al., 2010).

An original finding of our study was that in seed plants,
GS is represented by three types of genes (GS7a, GS1b
and GS2), which allowed us to redefine the nomenclature
of GS1 isoenzymes. In particular, the taxa possessing a
gene encoding GS1a, originally represented by conifers
(Cantdn et al., 1993, 1999), are now expanded to ginkgo,
basal angiosperms and some Magnoliidae species. In con-
trast, GS1a is not present in the most recent angiosperm
species such as monocots and eudicots. Therefore, GS1a
represents a new functional group as this cytosolic GS
isoenzyme can compensate for the lack of GS2 (Avila
et al., 2001).

Unexpectedly, a gene encoding GS2 was identified in
Cycadopsida species. This new finding supports the
hypothesis that this clade, together with Ginkgoopsida spe-
cies, represents a monophyletic group (Wu et al., 2013).
Concerning the emergence and evolution of GS2, we pro-
vide strong lines of evidence that this gene arose in the

most recent common ancestor of Cycadopsida, Ginkgoop-
sida and angiosperms. However, additional analyses
including GS gene sequences from ferns will be required
to confirm this hypothesis.

Beyond the numerous studies already performed in
crops, the present investigation proposes new possibilities
for a better understanding of the evolution of GS genes
and their functions in terrestrial plants. Additional studies
of GS evolution could help further decipher the impact of
the different GS isoenzymes on N use efficiency to
improve plant growth and productivity under a wide range
of environmental conditions.

EXPERIMENTAL PROCEDURES

Glutamine synthetase gene sequences and phylogenetic
analyses

Nucleotide sequences of the genes encoding plant glutamine syn-
thetase type Il (GSIl) were obtained from different public data-
bases or assembled from transcriptomic NGS data from the SRA
database at the National Center for Biotechnology Information
(NCBI, https://www.ncbi.nIm.nih.gov) and at the European Nucleo-
tide Archive (ENA, https://www.ebi.ac.uk/ena) (Table S1). The tool
employed for sequence search was BLAST (Altschul et al., 1990)
using mainly the tblastn mode with the sequence of GS1b.1 from
Pinus taeda as the query. For the assembly of sequences from
NGS data, the raw files were uploaded to the web platform Galaxy
(https://usegalaxy.org), which was used to make the transcriptome
assemblies (Afgan et al., 2018). The raw reads were quality
trimmed using TRIMMOMATIC (Bolger et al., 2014). The transcriptome
assemblies were conducted with the TriNnTY assembler (Grabherr
et al., 2011) and the GS sequences were identified using BLAST,
as described above. Database identifiers, names and species for
the different GS sequences are presented in Table S1. All nucleo-
tide and protein sequences used in the present work are available
in Datasets S1 and S2, respectively. The subcellular localization
prediction was determined with TARGETP (Almagro Armenteros
et al., 2019) and LocaLizer (Sperschneider et al., 2017).

For Bayesian phylogenetic analysis a data set of 169 nucleotide
sequences encoding GSII from 45 different Viridiplantae species
and g/nA from E. coli were aligned with muscLe (Edgar, 2004). Posi-
tions with gaps were deleted, and MRMODELTEST 2.4 was used to find
the best-fitting model among the 24 models used to study molec-
ular evolution (Nylander, 2004). The Akaike information criterion
suggested the use of the model GTR + | + G. The Bayesian phylo-
genetic analysis was performed using mreaves 3.2.7 (Huelsenbeck
and Ronquist, 2001 ) with two simultaneous runs of 77 million
generations for each run, with one cold and three heated chains
for each run in which the temperature parameter was set to 0.1.
Trees were sampled once every 10 000 generations. The average
standard deviation of split frequencies at the end of each run was
<0.01, and the first 25% of the trees were discarded as burn-in
samples. The consensus tree was visualized with the interactive
TREE OF LIFE (IToL) web tool (Letunic and Bork, 2019). Detailed results
of the Bayesian analysis are available in Dataset S3.

For maximum-likelihood analysis, the data set was composed
of 169 GS protein sequences obtained from the corresponding
nucleotide sequences used for the Bayesian analyses. The align-
ment and phylogenetic analysis were conducted using MEGA 7
(Kumar et al., 2016). The sequences were aligned with muscLe
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(Edgar, 2004). Maximume-likelihood analyses were carried out
using the complete deletion of gaps, the missing data, and the
Jones-Taylor-Thornton (JTT) amino acid substitution model
(Jones et al., 1992). Nearest-neighbor interchange (NNI) was used
for tree inference. The initial tree was constructed using the NJ/
BioNJ method. The phylogeny test was performed using the boot-
strap method with 1000 replications. Detailed results of the
maximume-likelihood analysis are available in Dataset S4.

Plant material

Ginkgo biloba seeds were obtained from several botanic gardens:
Botanische Garten der Universitat Bonn (Bonn, Germany),
Botanischer Garten der Universitat Bern (Bern, Switzerland),
Plantentuin Universteit Gent (Ghent, Belgium) and Arboretum
Wespelaar (Wespelaar, Belgium). Ginkgo seeds were stratified for
3 months in vermiculite at 4°C. Pinus pinaster seeds from Sierra
Bermeja (Estepona, Spain) (ES20, ident. 11/12) were obtained
from the Red de Centros Nacionales de Recursos Genéticos Fore-
stales of the Spanish Ministerio para la Transicion Ecoldgica vy el
Reto Demogréfico with authorization number ESNC87. Pine seeds
were imbibed for 72 h under continuous aeration with an air
pump. Magnolia grandiflora seeds were obtained from the Parque
de la Alameda garden in Malaga (Spain) and from private suppli-
ers. Magnolia seeds were stratified in vermiculite at 4°C for
4 months. All seeds were growth on vermiculite in order to pre-
vent any nutritional effect of the substrate.

Ginkgo, pine and magnolia seedlings were germinated and
grown at 23°C with a 16-h light/8-h dark photoperiod, and watered
once every 3 days with distillated water, or under continuous
darkness, and watered once a week. For light/dark transition
experiments, seedlings grown in complete darkness were trans-
ferred to a 16-h light/8-h dark photoperiod for 24 h and seedlings
grown with a 16-h light/8-h dark photoperiod were transferred to
complete darkness for 24 h. The leaves, stems and roots of the
seedlings were harvested separately. For ginkgo seedlings grown
in complete darkness the primary and secondary leaves did not
develop, and thus only stems and roots were harvested. To study
the impact of a light-dark transition on the expression of the dif-
ferent genes encoding GS in ginkgo leaves, one-year-old plants
with fully developed leaves were used. These plants were first
exposed to a 16-h light /8-h dark photoperiod, then to complete
darkness for 24 h and then back to a 16-h light/8-h dark photope-
riod. The different plant samples were immediately frozen in lig-
uid N and stored at —80°C.

For the cloning of Cycas revoluta GS2, leaves from one-year-old
plants grown under a 16-h light/8-h dark photoperiod were har-
vested. Leaf tissues were frozen immediately in liquid N and
stored at —80°C until further use for RNA extraction.

RNA extraction and reverse transcription quantitative
polymerase chain reaction (RT-qPCR)

Ginkgo and magnolia RNAs were extracted using the Plant/Fungi
Total RNA Purification Kit (Norgen Biotek Corp., https:/norgen-
biotek.com) according to the manufacturer’s instruction. Pine and
Cycas RNAs were extracted as described by Canales et al. (2012).
For the cDNA synthesis, 500 ng of total RNA was used and retro-
transcribed using the iScrpt™ Reverse Transcription Supermix (Bio-
Rad, https://www.bio-rad.com). qPCR was carried out using 10 ng
of ¢cDNA and the SsoFast™ EvaGreen® Supermix (Bio-Rad). The
reaction was carried out in a thermal cycler CFX384™ Touch Real-
Time PCR (Bio-Rad). The analyses were carried out as described by
Canas et al. (2014) using the MAK3 model in the r package arcr
(Ritz and Spiess, 2008). For the RT-qPCR analysis, three technical
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replicates of each sample and three biological replicates were per-
formed. The results for maritime pine were normalized using a
saposin-like aspartyl protease (unigene1135) as a reference gene
(Granados et al., 2016). Several references genes used to study
gene expression in maritime pine (Granados et al., 2016) were
tested in gingko and magnolia. In this species, the orthologs of
maritime pine saposin-like aspartyl protease (unigene1135), myosin
heavy chain-related (unigene13291) and of an RNA binding protein
(unigene27526) were selected and used to normalize the expression
of the genes encoding GS. In magnolia, the ortholog of an RNA
binding protein (unigene27526) from maritime pine and Actin-7
from magnolia (Lovisetto et al., 2015) were selected and used as
reference genes. The different primers used for the RT-qPCR experi-
ments are presented in Table S2. The magnolia and ginkgo
sequences used to design the primers are listed in Table S3.

A GS2 cDNA from C. revoluta was cloned using a PCR product.
iProof™ HF Master Mix (Bio-Rad) was used to perform the PCR
reaction. Primer sequences were obtained from C. hainanensis
and presented in Table S2. After the initial denaturation step at
98°C for 1 min, the PCR was conducted for 35 cycles with the fol-
lowing conditions: 10 s at 98°C; 20 s at 60°C and 1 min at 72°C,
with a final extension step at 72°C for 5 min. The resulting PCR
product was cloned into the pJET1.2 cloning vector (ThermoFisher
Scientific, https://www.thermofisher.com). The sequence of GS2
from C. revoluta was submitted to GenBank (MZ073670).

Statistics

Statistical analyses were performed using prism 8 (Graphpad,
https://www.graphpad.com). Data obtained from gene expression
quantification were analyzed using a multiple comparison two-
way analysis of variance (ANOVA) test. Differences between
organs were not analyzed statistically. Tukey’'s post hoc test was
used for the statistical analysis of the gene expression data. For
G. biloba and M. grandiflora seedlings a Pearson correlation test
was also used to evaluate the relationships between the expres-
sions of the different GS genes. Differences and correlations were
considered to be significant when the P value was <0.05.

ACKNOWLEDGEMENTS

The authors are very grateful to Dr Juan Antonio Pérez Claros for
his helpful comments on the article and Anett Kramer (Botanische
Garten der Universitat Bonn, Germany), Katja Rembold (Botanis-
cher Garten der Universitat Bern, Switzerland), Chantal Dugardin
(Plantentuin Universteit Gent, Belgium) and Joke Ossaer (Arbore-
tum Wespelaar, Belgium) for the kind supply of ginkgo seeds. We
are also very grateful to José Manuel Sanchez Calle and Maria
Dolores Trujillo Gutiérrez for the kind supply of magnolia seeds.
This work was supported by Spanish Ministerio de Ciencia e Inno-
vacion grant numbers: Bl02015-73512-JIN MINECO/AEI/FEDER,
UE; and RTI2018-094041-B-100 and EQC2018-004346-P. This work
was also supported by Junta de Andalucia, grant number
P20_00036 PAIDI 2020/FEDER, UE. Funding for open access
charge: Universidad de Malaga/CBUA. JMVM was supported by a
grant from the Spanish Ministerio de Educacion y Formacién Pro-
fesional (FPU17/03517). FO was supported by grants from the
Universidad de Malaga (Programa Operativo de Empleo Juvenil
via SNJG, UMAJI11, FEDER, FSE, Junta de Andalucia) and BIO-
114, Junta de Andalucia.

AUTHOR CONTRIBUTIONS

JMVM and FO performed the experiments. FRC and RAC per-
formed the phylogenetic analysis. JMVM, BH, FRC and RAC

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 110, 946-960

95U8917 SUOLWLLIOD aAIER.D) 8(dedl|dde auyy Aq peusencb afe sajpie O ‘8sn Jo s 1o} Aig 17 8UlUO A3|1M UO (SUOTIPUOO-PUR-SWIB)AL0D B 1M Alelg Ul |uo//Sdny) SUONIPUCD pue Wi 1 8u) 89S *[£202/c0/9T] uo Arigiauljuo A ‘osdi@ - gelu| Aq ZT/ST [dyTTTT 0T/I0p/woo A3 Aeiqpul|uo//sdny wouy pepeojumod ‘v ‘Z202 ‘XETESIET



958 José Miguel Valderrama-Martin et al.

wrote the article. JMVM, FO and RAC designed the figures.
FMC and CA made additional contributions and edited the
article. RAC, CA and FMC were responsible of funding acquisi-
tion. FRC and RAC planned and designed the research.

CONFLICT OF INTEREST

The authors declare that they have no conflicts of interest
associated with this work.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Figure S1. Phylogenetic tree obtained following Bayesian analysis
of the GS nucleotide sequences in which branch lengths are main-
tained.

Figure S2. Phylogenetic tree obtained following a Bayesian analy-
sis of the GS protein sequences in which branch lengths are main-
tained.

Figure S3. Multiple sequence alignment of the GS2 protein
sequences from Cycas revoluta (CrGS2) and Cycas hainanensis
(ChaGS2).

Figure S4. Multiple sequence alignment of the complete coding
DNA sequences (CDSs) of the genes encoding GS2 from Cycas
revoluta (CrGS2) and Cycas hainanensis (ChaGS2).

Figure S5. Multiple sequence alignment of the protein regions
around the Cys residues involved in the redox modulation of GS2
activity with C306 and C371 positions in Arabidopsis GS2.

Table S1. Sequences names, accession numbers, species taxon-
omy data and putative subcellular localization of the different
encoded GSs.

Table S2. List of primers used for RT-qPCR experiments on CrGS2
cloning.

Table S3. Magnolia and ginkgo GS gene sequences used to
design the primers used for RT-qPCR experiments.

Data S1. GS nucleotide sequences used to perform the phyloge-
netic analyses.

Data S2. GS protein sequences used to perform the phylogenetic
analyses.

Data S3. Detailed results of the Bayesian analysis using the GS
gene nucleotide sequences.

Data S4. Detailed results of the maximum-likelihood analysis
using the GS protein sequences.

OPEN RESEARCH BADGES

0

This article has earned an Open Data badge for making publicly
available the digitally-shareable data necessary to reproduce the
reported results. The data are available at Cycas revoluta GS2
sequence NCBI's GenBank: https:/www.ncbi.nIm.nih.gov/nuccore/
MZ073670.1/.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are avail-
able from different databases, the supporting information
and from the corresponding author, upon reasonable
request.

REFERENCES

Afgan, E., Baker, D., Batut, B., van den Beek, M., Bouvier, D., Cech, M. et al.
(2018) The galaxy platform for accessible, reproducible and collaborative
biomedical analyses: 2018 update. Nucleic Acids Research, 46, W537—
W544.

Almagro Armenteros, J.J., Salvatore, M., Emanuelsson, O., Winther, O.,
von Heijne, G. et al. (2019) Detecting sequence signals in targeting pep-
tides using deep learning. Life Science Alliance, 2, €201900429.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W. & Lipman, D.J. (1990) Basic
local alignment search tool. Journal of Molecular Biology, 215, 403-410.

Amiour, N., Décousset, L., Rouster, J., Quenard, N., Buet, C., Dubreuil, P.
et al. (2021) Impacts of environmental conditions, and allelic variation of
cytosolic glutamine synthetase on maize hybrid kernel production. Com-
munications Biology, 4, 1095.

Avila, C., Suarez, M.F., Gémez-Maldonado, J. & Céanovas, F.M. (2001) Spa-
tial and temporal expression of two cytosolic glutamine synthetase
genes in scots pine: functional implications on nitrogen metabolism dur-
ing early stages of conifer development. The Plant Journal, 25, 93-102.

Avila-Séez, C., Munoz-Chapuli, R., Plomion, C., Frigerio, J. & Canovas, F.M.
(2000) Two genes encoding distinct cytosolic glutamine synthetases are
closely linked in the pine genome. FEBS Letters, 477, 237-243.

Berling, D.J. & Bermer, R.A. (2000) Impact of a Permo-carboniferous high
0, event on the terrestrial carbon cycle. Proceedings of the National
Academy of Sciences of the United States of America, 97, 12428-12432.

Bernard, S.M. & Habash, D.Z. (2009) The importance of cytosolic glutamine
synthetase in nitrogen assimilation and recycling. New Phytologist, 182,
608-620.

Biesiadka, J. & Legocki, A.B. (1997) Evolution of the glutamine synthetase
gene in plants. Plant Science, 128, 51-58.

Birol, I, Raymond, A., Jackman, S.D., Pleasance, S., Coope, R., Taylor, G.A.
et al. (2013) Assembling the 20 Gb white spruce (Picea glauca) genome
from whole-genome shotgun sequencing data. Bioinformatics, 12, 1492—
1497.

Blackwell, R.D., Murray, A.J.S. & Lea, P.J. (1987) Inhibition of photosynthe-
sis in barley with decreased levels of chloroplastic glutamine synthetase
activity. Journal of Experimental Botany, 196, 1799-1809.

Bolger, A.M., Lohse, M. & Usadel, B. (2014) Trimmomatic: a flexible trimmer
for lllumina sequence data. Bioinformatics, 30, 2114-2120.

Canales, J., Rueda-Lopez, M., Craven-Bartle, B., Avila, C. & Canovas, F.M.
(2012) Novel insights into regulation of asparagine synthetase in coni-
fers. Frontiers in Plant Science, 24, 3-100.

Canas, R.A., Canales, J., Gomez-Maldonado, J., Avila, C. & Canovas, F.M.
(2014) Transcriptome analysis in maritime pine using laser capture
microdissection and 454 pyrosequencing. Tree Physiology, 34, 1278-
1288.

Canovas, F.M., Avila, C., Canton, F.R., Canas, R.A. & de la Torre, F. (2007)
Ammonium assimilation and amino acid metabolism in conifers. Journal
of Experimental Botany, 58, 2307-2318.

Canton, F.R., Garcia-Gutiérrez, A., Gallardo, F., de Vicente, A. & Canovas,
F.M. (1993) Molecular characterization of a cDNA clone encoding glu-
tamine synthetase from a gymnosperm, Pinus sylvestris. Plant Molecular
Biology, 22, 819-828.

Canton, F.R., Suarez, M.F., Jose-Estanyol, M. & Canovas, F.M. (1999)
Expression analysis of a cytosolic glutamine synthetase gene in cotyle-
dons of scots pine seedlings: developmental, light regulation and spatial
distribution of specific transcripts. Plant Molecular Biology, 404, 623-634.

Choi, Y.A., Kim, S.G. & Kwon, Y.M. (1999) The plastidic glutamine syn-
thetase activity is directly modulated by means of redox change at two
unique cysteine residues. Plant Science, 149, 175-182.

de la Torre, F., Garcia-Gutiérrez, A., Crespillo, R., Cantén, F.R., Avila, C. &
Canovas, F.M. (2002) Functional expression of two pine glutamine syn-
thetase genes in bacteria reveals that they encode cytosolic holoenzymes
with different molecular and catalytic properties. Plant & Cell Physiology,
437, 802-809.

Edgar, R.C. (2004) MUSCLE: multiple sequence alignment with high accu-
racy and high throughput. Nucleic Acids Research, 32, 1792-1797.

El-Azaz, J., Canovas, F.M., Barcelona, B., Avila, C. & de la Torre, F. (2022)
Deregulation of phenylalanine biosynthesis evolved with the emergence
of vascular plants. Plant Physiology, 188, 134-150.

© 2022 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 110, 946-960

95U8917 SUOLWLLIOD aAIER.D) 8(dedl|dde auyy Aq peusencb afe sajpie O ‘8sn Jo s 1o} Aig 17 8UlUO A3|1M UO (SUOTIPUOO-PUR-SWIB)AL0D B 1M Alelg Ul |uo//Sdny) SUONIPUCD pue Wi 1 8u) 89S *[£202/c0/9T] uo Arigiauljuo A ‘osdi@ - gelu| Aq ZT/ST [dyTTTT 0T/I0p/woo A3 Aeiqpul|uo//sdny wouy pepeojumod ‘v ‘Z202 ‘XETESIET


https://www.ncbi.nlm.nih.gov/nuccore/MZ073670.1/
https://www.ncbi.nlm.nih.gov/nuccore/MZ073670.1/

Ferreira, S., Moreira, E., Amorim, I, Santos, C. & Melo, P. (2019) Arabidop-
sis thaliana mutants devoid of chloroplast glutamine synthetase (GS2)
have non-lethal phenotype under photorespiratory conditions. Plant
Physiology Biochemistry, 144, 365-374.

Garcia-Gutiérrez, A., Dubois, F., Canton, F.R., Gallardo, F., Sangwan, R.S. &
Canovas, F. (1998) Two different models of early development and nitro-
gen assimilation in gymnosperm seedlings. The Plant Journal, 132, 187-
199.

Ghoshroy, S., Binder, M., Tartar, A. & Robertson, D.L. (2010) Molecular evo-
lution of glutamine synthetase Il: phylogenetic evidence of a non-
endosymbiotic gene transfer event early in plant evolution. BMC Evolu-
tion Biology, 10, 198.

Gomez-Maldonado, J., Avila, C., de la Torre, F., Canas, R., Canovas, F.M. &
Campbell, M.M. (2004) Functional interactions between a glutamine syn-
thetase promoter and MYB proteins. The Plant Journal, 39, 513-526.

Grabherr, M.G., Haas, B.J., Yassour, M., Levin, J.Z., Thompson, D.A., Amit,
I. et al. (2011) Full-length transcriptome assembly from RNA-seq data
without a reference genome. Nature Biotechnology, 29, 644-652.

Granados, J.M., Avila, C., Canovas, F.M. & Canas, R.A. (2016) Selection and
testing of reference genes for accurate RT-gPCR in adult needles and
seedlings of maritime pine. Tree Genetic & Genomes, 12, 60-75.

Guan, R., Zhao, Y., Zhang, H., Fan, G., Liu, X., Zhou, W. et al. (2016) Draft
genome of the living fossil Ginkgo biloba. Gigascience, 5, 49.

Hachiya, T., Inaba, J., Wakazaki, M., Sato, M., Toyooka, K., Miyagi, A. et al.
(2021) Excessive ammonium assimilation by plastidic glutamine syn-
thetase causes ammonium toxicity in Arabidopsis thaliana. Nature Com-
munications, 12, 4944,

Havé, M., Marmagne, A., Chardon, F. & Masclaux-Daubresse, C. (2017)
Nitrogen remobilization during leaf senescence: lessons from Arabidop-
sis to crops. Journal of Experimental Botany, 68, 2513-2529.

Heldt, H. & Piechulla, B. (2011) Plant Biochemistry, fourth edition. San
Diego: Academic Press, Elsevier.

Hirel, B. & Krapp, A. (2021) Nitrogen utilization in plants | biological and
agronomic importance. In: Jez, J. (Ed.) Encyclopedia of biological chem-
istry lll, Third edition. Amsterdam: Elsevier, pp. 127-140.

Hu, L., Xu, Z., Wang, M., Fan, R., Yuan, D., Wu, B. et al. (2019) The
chromosome-scale reference genome of black pepper provides insight
into piperine biosynthesis. Nature Communications, 10, 4702.

Huelsenbeck, J.P. & Ronquist, F. (2001) MRBAYES: Bayesian inference of
phylogeny. Bioinformatics, 17, 754-755.

James, D., Borphukan, B., Fartyal, D., Achary, V.M.M. & Reddy, M.K. (2018)
Transgenic manipulation of glutamine synthetase: A target with
untapped potential in various aspects of crop improvement. In: Gosal,
S.S. & Wani, S.H. (Eds.) Biotechnology of Crop Improvement. Cham:
Springer International Publishing AG, pp. 367-416.

Jones, D.T., Taylor, W.R. & Thornton, J.M. (1992) The rapid generation of
mutation data matrices from protein sequences. Computer Applications
in the Biosciences, 8, 275-282.

Krapp, A. (2015) Plant nitrogen assimilation and its regulation: a complex
puzzle with missing pieces. Current Opinion in Plant Biology, 25, 115~
122.

Kumada, Y., Benson, D.R., Hillemann, D., Hosted, T.J., Rochefort, D.A.,
Thompson, C.J. et al. (1993) Evolution of the glutamine synthetase gene,
one of the oldest existing and functioning genes. Proceedings of the
National Academy of Sciences of the United States of America, 90, 3009
3013.

Kumar, S., Stecher, G. & Tamura, K. (2016) MEGAT7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Molecular Biology and
Evolution, 33, 1870-1874.

Kumar, V., Yadav, S., Soumya, N., Kumar, R., Babu, N.K. & Singh, S. (2017)
Biochemical and inhibition studies of glutamine synthetase from leish-
mania donovani. Microbial Pathogenesis, 107, 164-174.

Kuzmin, D.A., Ferachuk, S.I., Sharov, V.V, Cybin, A.N., Makolov, S.V.,
Putintseva, A. et al. (2019) Stepwise large genome assembly approach: a
case of Siberian larch (Larix sibirica Ledeb). BMC Bioinformatics, 20, 37.

Lea, P.J. & Miflin, B.J. (2018) Nitrogen assimilation and its relevance to crop
improvement. In: Foyer, C.H. & Zhang, H. (Eds.) Annual Plant Reviews.
Volume 42. Nitrogen Metabolism In Plants in the Post-Genomic Era.
Chichester: Wiley-Blackwell, pp. 1-40.

Letunic, I. & Bork, P. (2019) Interactive tree of life (iTOL) v4: recent updates
and new developments. Nucleic Acids Research, 47, W256-W259.

© 2022 The Authors.

New GS classification and functional implications 959

Li, Z., De La Torre, A.R., Sterck, L., Canovas, F.M., Avila, C., Merino, I. et al.
(2017) Single-copy genes as molecular markers for phylogenomic stud-
ies in seed plants. Genome Biology & Evolution, 9, 1130-1147.

Lovisetto, A., Masiero, S., Rahim, M.A., Mendes, M.A. & Casadoro, G.
(2015) Fleshy seeds form in the basal angiosperm Magnolia grandiflora
and several MADS-box genes are expressed as fleshy seed tissues
develop. Evolution & Development, 1, 82-91.

Mathis, R., Gamas, P., Meyer, Y. & Cullimore, J.V. (2000) The presence of
GSl-like genes in higher plants: support for the paralogous evolution of
GSI and GSII. Journal of Molecular Evolution, 50, 116-122.

Miyazawa, S.l., Nishiguchi, M., Futamura, N., Yukawa, T., Miyao, M., Mar-
uyama, T.E. et al. (2018) Low assimilation efficiency of photorespiratory
ammonia in conifer leaves. Journal of Plant Research, 131, 789-802.

Mondal, R., Kumar, A. & Chattopadhyay, S.K. (2021) Structural property,
molecular regulation and functional diversity of glutamine synthetase in
higher plants: a data-mining bioinformatics approach. The Plant Journal,
108, 1565-1584.

Mosca, E., Cruz, F., Gomez-Garrido, J., Bianco, L., Rellstab, C., Brodbeck, S.
et al. (2019) A reference genome sequence for the European silver fir
(Abies alba mill.): a community-generated genomic resource. G3
(Bethesda), 9, 2039-2049.

Neale, D.B., McGuire, P.E., Wheeler, N.C., Stevens, K.A., Crepeau, M.W., Careno,
C. et al. (2017) The Douglas-Fir genome sequence reveals specialization of
the photosynthetic apparatus in Pinaceae. G3 (Bethesda), 7, 3157-3167.

Neale, D.B., Wegrzyn, J.L., Stevens, K.A., Zimin, A.V., Puiu, D., Crepeau,
M.W. et al. (2014) Decoding the massive genome of loblolly pine using
haploid DNA and novel assembly strategies. Genome Biology, 15, R59.

Nogueira, E.D., Olivares, F.L., Japiassu, J.C., Vilar, C., Vinagre, F., Baldani,
J.l. et al. (2005) Characterization of glutamine synthetase genes in sugar
cane genotypes with different rates of biological nitrogen fixation. Plant
Science, 169, 819-832.

Nylander, J.A.A. (2004) MrModeltest v2. Program distributed by the author.
Evolutionary Biology Centre, Uppsala University. https:/github.com/
nylander/MrModeltest2

Nystedt, B., Street, N.R., Wetterbom, A., Zuccolo, A., Lin, Y.C., Scofield,
D.G. et al. (2013) The Norway spruce genome sequence and conifer gen-
ome evolution. Nature, 497, 579-584.

One Thousand Plant Transcriptomes Initiative. (2019) One thousand plant
transcriptomes and the phylogenomics of green plants. Nature, 574,
679-685.

Pascual, M.B., El-Azaz, J., de la Torre, F.N., Canas, R.A., Avila, C. & Canovas,
F.M. (2016) Biosynthesis and metabolic fate of phenylalanine in conifers.
Frontiers in Plant Science, 7, 1030.

Pérez-Delgado, C.M., Garcia-Calderon, M., Marquez, A.J. & Betti, M. (2015)
Reassimilation of photorespiratory ammonium in Lotus japonicus plants
deficient in Plastidic glutamine synthetase. PLoS One, 10, e0130438.

Pesole, G., Bozzetti, M.P., Lanave, C., Preparata, G. & Saccone, C. (1991)
Glutamine synthetase gene evolution: a good molecular clock. Proceed-
ings of the National Academy of Sciences of the United States of Amer-
ica, 88, 522-526.

Plett, D., Garnett, T. & Okamoto, M. (2017) Molecular genetics to discover
and improve nitrogen use efficiency in crop plants. In: Hossain, M.A.,,
Kamiya, T., Burritt, D.J., Tran, L.S.P. & Fujiwara, T. (Eds.) Plant macronu-
trient use efficiency. London: Academic Press, pp. 93-122.

Raven, J.A. (2018) Evolution and palaeophysiology of the vascular system
and other means of long-distance transport. Philosophical Transactions
of the Royal Society B, 373, 20160497.

Renault, H., Werck-Reichhart, D. & Weng, J.K. (2019) Harnessing lignin evo-
lution for biotechnological applications. Current Opinion in Biotechnol-
ogy, 56, 105-111.

Ritz, C. & Spiess, A.N. (2008) gpcR: an R package for sigmoidal model selec-
tion in quantitative real-time polymerase chain reaction analysis. Bioin-
formatics, 24, 1549-1551.

Robertson, D.L. & Tartar, A. (2006) Evolution of glutamine synthetase in het-
erokonts: evidence for endosymbiotic gene transfer and the early evolu-
tion of photosynthesis. Molecular Biology and Evolution, 23, 1048-1055.

Scott, A.D., Zimin, A.V., Puiu, D., Workman, R., Britton, M., Zaman, S. et al.
(2020) A reference genome sequence for giant Sequoia. G3 (Bethesda),
10, 3907-3919.

Shatters, R.G. & Kahn, M.L. (1989) Glutamine synthetase Il in
rhizobium: reexamination of the proposed horizontal transfer of DNA

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 110, 946-960

95U8917 SUOLWLLIOD aAIER.D) 8(dedl|dde auyy Aq peusencb afe sajpie O ‘8sn Jo s 1o} Aig 17 8UlUO A3|1M UO (SUOTIPUOO-PUR-SWIB)AL0D B 1M Alelg Ul |uo//Sdny) SUONIPUCD pue Wi 1 8u) 89S *[£202/c0/9T] uo Arigiauljuo A ‘osdi@ - gelu| Aq ZT/ST [dyTTTT 0T/I0p/woo A3 Aeiqpul|uo//sdny wouy pepeojumod ‘v ‘Z202 ‘XETESIET


https://github.com/nylander/MrModeltest2
https://github.com/nylander/MrModeltest2

960 José Miguel Valderrama-Martin et al.

from eukaryotes to prokaryotes. Journal of Molecular Evolution, 29,
422-428.

Sperschneider, J., Catanzariti, A.M., DeBoer, K., Petre, B., Gardiner, D.M., Singh,
K.B. et al. (2017) LOCALIZER: subcellular localization prediction of both plant
and effector proteins in the plant cell. Scientific Reports, 16, 44598.

Stevens, K.A., Wegrzyn, J.L., Zimin, A., Puiu, D., Crepeau, M., Cardeno, C.
et al. (2016) Sequence of the sugar pine Megagenome. Genetics, 204,
1613-1626.

Tateno, Y. (1994) Evolution of glutamine synthetase genes is in accordance
with the neutral theory of molecular evolution. The Japanese Journal of
Genetics, 69, 489-502.

Tegeder, M. & Masclaux-Daubresse, C. (2017) Source and sink mechanisms
of nitrogen transport and use. New Phytologist, 217, 35-53.

Thomsen, H.C., Erikson, D., M@ller, 1.S. & Schjoerring, J.K. (2014) Cytosolic
glutamine synthetase: a target for improvement of crop nitrogen use effi-
ciency? Trends in Plant Science, 19, 656-663.

Wallsgrove, R.M., Turner, J.C., Hall, N.P., Kendall, A.C. & Bright, S.W. (1987)
Barley mutants lacking chloroplast glutamine synthetase-biochemical
and genetic analysis. Plant Physiology, 83, 155-158.

Wan, T, Liu, Z.M,, Li, L.F,, Leitch, A.R,, Leitch, L.L., Lohaus, R. et al. (2018) A
genome for gnetophytes and early evolution of seed plants. Nature
Plants, 4, 82-89.

Ward, B.B. (2008) Nitrification. In: Jgrgensen, S.E. & Fath, B.D. (Eds.) Ency-
clopedia of Ecology. Amsterdam: Elsevier Science, pp. 2511-2518.

Wu, C.S., Chaw, S.W. & Huang, Y.Y. (2013) Chloroplast Phylogenomics indi-
cates that Ginkgo biloba is sister to cycads. Genome Biology & Evolu-
tion, 5, 243-254.

Xu, G., Fan, X. & Miller, A.J. (2012) Plant nitrogen assimilation and use effi-
ciency. Annual Review of Plant Biology, 63, 153-182.

Zimin, A., Stevens, K.A., Crepeau, M.W., Holtz-Morris, A., Koriabine, M.,
Marcais, G. et al. (2014) Sequencing and assembly of the 22-gb loblolly
pine genome. Genetics, 196, 875-890.

© 2022 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 110, 946-960

85UB01 7 SUOWILLIOD 3AIIRID |ced!|dde Bu Aq pausenob are sajolie WO ‘@SN JO S8 10} Areiq18UIIUO AB|IM UO (SUO HPU0D-PUR-SUBIALI0D™ A8 | 1M Afeuq1Bu|UO//SORY) SUORIPUOD Pue SWB | 8U3 88S *[£202/60/9T] Uo Ariqiauluo A8 |im ‘osdiq - eiu| Aq ZT2GT [dYTTTT 0T/10p/w00 A8 im AReiq i ul|uo//Sany wouy papeojumod ‘7 ‘220z ‘XETESIET



	 SUMMARY
	 INTRODUCTION
	 RESULTS
	tpj15712-fig-0001
	tpj15712-fig-0002
	 Sper�mato�phyta GS gene expres�sion
	tpj15712-fig-0003

	 DISCUSSION
	tpj15712-fig-0004
	tpj15712-fig-0005
	tpj15712-fig-0006
	 Con�clu�sions

	 EXPERIMENTAL PROCEDURES
	 Glu�tamine syn�thetase gene sequences and phy�lo�ge�netic anal�y�ses
	 Plant mate�rial
	 RNA extrac�tion and reverse tran�scrip�tion quan�ti�ta�tive poly�merase chain reac�tion (RT-qPCR)
	 Statis�tics

	 ACKNOWLEDGEMENTS
	 AUTHOR CONTRIBUTIONS
	 CONFLICT OF INTEREST
	 OPEN RESEARCH BADGES
	 DATA AVAILABILITY STATEMENT

	 REFERENCES
	tpj15712-bib-0001
	tpj15712-bib-0002
	tpj15712-bib-0003
	tpj15712-bib-0004
	tpj15712-bib-0005
	tpj15712-bib-0006
	tpj15712-bib-0007
	tpj15712-bib-0008
	tpj15712-bib-0009
	tpj15712-bib-0010
	tpj15712-bib-0011
	tpj15712-bib-0012
	tpj15712-bib-0013
	tpj15712-bib-0014
	tpj15712-bib-0015
	tpj15712-bib-0016
	tpj15712-bib-0017
	tpj15712-bib-0018
	tpj15712-bib-0019
	tpj15712-bib-0020
	tpj15712-bib-0021
	tpj15712-bib-0022
	tpj15712-bib-0023
	tpj15712-bib-0024
	tpj15712-bib-0025
	tpj15712-bib-0026
	tpj15712-bib-0027
	tpj15712-bib-0028
	tpj15712-bib-0029
	tpj15712-bib-0030
	tpj15712-bib-0031
	tpj15712-bib-0032
	tpj15712-bib-0033
	tpj15712-bib-0034
	tpj15712-bib-0035
	tpj15712-bib-0036
	tpj15712-bib-0037
	tpj15712-bib-0038
	tpj15712-bib-0039
	tpj15712-bib-0040
	tpj15712-bib-0041
	tpj15712-bib-0042
	tpj15712-bib-0043
	tpj15712-bib-0044
	tpj15712-bib-0045
	tpj15712-bib-0046
	tpj15712-bib-0047
	tpj15712-bib-0048
	tpj15712-bib-0049
	tpj15712-bib-0050
	tpj15712-bib-0051
	tpj15712-bib-0052
	tpj15712-bib-0053
	tpj15712-bib-0054
	tpj15712-bib-0055
	tpj15712-bib-0056
	tpj15712-bib-0057
	tpj15712-bib-0058
	tpj15712-bib-0059
	tpj15712-bib-0060
	tpj15712-bib-0061
	tpj15712-bib-0062
	tpj15712-bib-0063
	tpj15712-bib-0064
	tpj15712-bib-0065
	tpj15712-bib-0066
	tpj15712-bib-0067
	tpj15712-bib-0068
	tpj15712-bib-0069
	tpj15712-bib-0070
	tpj15712-bib-0071
	tpj15712-bib-0072
	tpj15712-bib-0073
	tpj15712-bib-0074
	tpj15712-bib-0075
	tpj15712-bib-0076


