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Glutamine synthetase (GS) catalyzes the incorporation of ammonium into
glutamate, a crucial reaction in nitrogen metabolism. Despite advances in
plant genomics, the evolutionary relationships among GS isoforms in seed
plants remain incompletely understood. In this study, we selected 155 GS
genes from 45 phylogenetically well-characterized seed plant species. Our
analyses consistently support the existence of three distinct evolutionary
lineages of GS genes in seed plants: GS2 (chloroplastic), and GS/a and
GS1b (cytosolic). Using a Bayesian molecular clock dating approach, we
estimate that GS2 diverged approximately 560 million years ago, whereas
GSla and GS1b began to diverge around 70 million years later. Addition-
ally, we developed ORTHGS, a software tool that implements tree reconcilia-
tion and enables analyses of orthology and paralogy among GS enzymes.
Phylogenetic reconciliation offers new insights into the evolutionary
dynamics of the GS gene family in plants, revealing the existence of new
paralogs of GS7/a and GS2. Most of the genomes analyzed contain multiple
paralogs of GSI1b, whereas GSla and GS2 appear as singleton genes.
Although these single-copy genes have traditionally been considered ortho-
logs, we present evidence challenging this assumption. Thus, our findings
suggest that both GSI/a and GS2 have undergone multiple duplication
events throughout evolutionary history, similar to GS/b. However, unlike
GS1b, only a single paralog of GSla (or GS2) is retained per genome.
Overall, our study reshapes the understanding of GS gene family evolution
in seed plants by uncovering hidden duplication events in GSla and GS2,
highlighting dynamic evolutionary patterns previously overlooked in this
gene family.

Introduction

Glutamine synthetase (GS; EC6.3.1.2) catalyzes the
incorporation of ammonium to glutamate to form glu-
tamine in an ATP-dependent fashion. This amide
ligase, present in virtually all living organisms, seems

Abbreviations

to be vital for life. Consequently, there is a broad con-
sensus that the gene encoding GS is extremely old
[1,2], most likely already present in the Last Universal
Common Ancestor [3]. Consequently, GS-encoding

Abi, Abies firma; Ang, angiosperm; Ap, Abies pinsapo; Ara, Araucaria cunninghamii, Ath, Arabidopsis thaliana, Atr, Amborella trichopoda; Bdi,
Brachypodium distachyon; C, Carboniferous; Cb, Cambrian; Cr, Cretaceous; Cyc, Cycas revoluta; D, Devonian; GS, glutamine synthetase;
Gym, gymnosperm; J, Jurassic; MAD, minimal ancestor deviation; MCMC, Markov Chain Monte Carlo; Mg, Magnolia grandiflora; ML,
Maximum likelihood; MP, midpoint; MV, minimum variance; Nag, Nageia nagi; Ne, Neoproterozoic; O, Ordovician; OG, outgroup; P,
Permian; Pa, Picea abies; pl, isoelectric point; Pin, Pinus armandii, Pl, Paleogene; Pod, Podocarpus macrophyllus; Pp, Pinus pinaster, Pr,
Precrambian; Psm, Picea smithiana; Pta, Pinus taeda; Sci, Sciadopitys verticilloata; T, Triassic; Tax, Taxus chinensis; Tba, Taxus baccata.
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Dynamics of the GS gene family in plants

genes form a large and intricate multigenic family
comprising three distinct groups, characterized by their
primary and quaternary structures. Type I glutamine
synthetases (GSI) are dodecameric enzymes containing
protomers of around 55 kDa, present in the three
domains of life. Type IT (GSII) was first described as a
group characteristic of Eukarya, forming octamers
with a subunit of around 36 kDa. Later on, GSII has
been described as decamers composed of two penta-
meric rings [4], found in Eukarya, as well as in some
Bacteria and Archaea [3]. Finally, type III glutamine
synthetases (GSIII), although initially described as
hexamers, are currently recognized as dodecamers
formed by subunits of around 75 kDa [5]. This type of
GS has been found in species representing all three
domains of life (Archaea, Bacteria, and Eukarya).
Within Eukarya, GSIII has been described in Chloro-
phyta, Fungi, and Heterokonta, but not in Embryo-
phyta nor Metazoa. Embryophyta, also known as land
plants, exhibits GS forms grouped into both GSI and
GSII families. With a few notable exceptions, most
plant genomes examined contain only one GSI gene.
In contrast, GSII genes have diversified significantly
within this group of organisms, and most plant species
express numerous isoenzymes classified as GSII. Addi-
tionally, since GSI homologs in plants appear to lack
glutamine synthetase activity [6,7], the enzymes that
have traditionally been the primary focus of research
belong to the GSII type.

In plants, GS plays a crucial role in nitrogen nutri-
tion, being a key component of nitrogen use efficiency
and plant yield [8-10]. Moreover, GS has been impli-
cated in all aspects of plant development, from germina-
tion [11,12] to senescence [13—15]. Thus, understanding
the mechanisms regulating GS activity is of utmost
importance. Not surprisingly, this enzyme has been the
focus of interest for decades. Despite all this interest and
the enormous effort devoted to the study of this enzyme,
the progress in our understanding has been rather lim-
ited, mainly because the wide diversity of functions and
complex regulation of this enzyme rests on a gene family
with a long and intricate evolutionary history behind it
[16]. In accordance with this diversity of roles, different
paralogs of GS have arisen through gene duplication,
followed by processes of neofunctionalization and sub-
functionalization. Although some works have been
made to dissect the subfunctionalization experienced by
GS paralogs in some plant species [17-20], the results
obtained in one species are hardly transferable to other
species, as it has been repeatedly stated [9,21]. The
observation that the results obtained in different plants
are not directly comparable has led to the importance of
studying GS in both model and crop species [9].
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Regardless of the advantage of broadening the spectrum
of species being studied, the diversity of G'S gene endow-
ments makes it difficult to transfer conclusions obtained
from studies in model species to other species, and this
situation could be improved if data obtained in experi-
mental work on a limited set of species could be inter-
preted and discussed within the framework of a
well-established  network  of  orthology/paralogy
relationships.

Indeed, the evolution of GS has been the subject of
numerous studies dating back to the 1990s [1,2,22-25].
This foundational research was developed before the
accumulation of genomic data. Nevertheless,
the molecular evolution of this enzyme has been revis-
ited multiple times [26-28], extending up to the present
day [3,16]. Altogether, these studies represent a valu-
able contribution. However, none of them has system-
atically addressed the establishment of orthology and
paralogy relationships among members of the GS fam-
ily. Within spermatophytes, the GS family has been
traditionally considered to be formed by the
cytosol-localized GS1 and the plastid-localized GS2
[29-31]. Recently, it has been proposed to distinguish
two groups within GS1, designated as GSla and GS1b
based on their sequence and functional similarity to
the gymnosperm GSla and GS1b [16]. In the current
study, we provide further evidence supporting that
these three GS groups (GSla, GSIb, and GS2) repre-
sent bona fide evolutionary lineages. More interest-
ingly, we present findings that corroborate our
hypothesis that the three GS-encoding genes are
ancient paralogs already present in the last common
ancestor of seed plants. Furthermore, in the current
study, we addressed the origins of the three GS groups
throughout evolutionary time, concluding that GS2
was the first lineage to emerge and has persisted to the
present day. The GS2 branch may have preceded
the divergence between GS/a and GSIb by approxi-
mately 70 million years. Our results also suggest that
while GS7/a and GS2 have been subjected to a tight
selection, GS1b has been heavily diversified. Finally,
we have also analyzed the orthology/paralogy relation-
ship of 155 GS sequences from 45 seed plant species.
In the case of GS2 and GSIa, although in general they
are single-copy genes (singletons), they have undergone
different processes of duplication and subsequent gene
loss, leaving only one gene copy. This has led to the
existence of paralogs and non-orthologous genes for
these two families in nearby species. The results of
such analyses can be explored using an R package
accompanying this paper, written ad hoc and
available at https://cran.r-project.org/web/packages/
orthGS/index.html.
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Species # GS

Arabidopsis thaliana
Populus trichocarpa
Glycine max

Solanum lycopersicum
Vitis vinifera

Aquilegia coerulea

Liriodendron tulipifera
Liriodendron chinense

Magnolia grandiflora

Brachypodium distachyon
{ Oryza sativa

Zea mays
Musa acuminata
Amborella trichopoda
Taxus baccata
Taxus chinensis
Amentotaxus argotaenia
Torreya jackii
Cephalotaxus sinensis
u Fokienia hodginsii

_‘_E Platycladus orientalis
Metasequoia glyptostroboides

Cunninghamia lanceolata
Sciadopitys verticilloata
Podocarpus macrophyllus
Nagia nagi
Araucaria cunninghamii

Pinus sylvestris
_‘—E Pinus pinaster
Pinus taeda

Pinus armandii
Pinus lambertianai

Picea glauca
EPicea engelmannii
Picea smithiana

L Picea abies

Abies pinsapo
—E Abies firma
Gntum montanum

Welwitschia mirabilis
Ephedra equisetina

Cycas hainanensisa
{ Cycas revoluta

Zamia furfuracea
— Ginkgo biloba
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Fig. 1. Tree of selected species. 45 species of Spermatophyta were selected based on their well-established phylogenetic relationships
[32]. 14 species of angiosperms (magenta) account for 76 glutamine synthetase (GS) sequences. On the other hand, within gymnosperms
(79 GS sequences), we distinguish Conifers Il (orange), Pinacea (green), Gnetales (brown), Cycadales (blue), and Ginkgo (purple).
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(A)

GS2

GS1b Ang

GSla

GS1b Gym
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(B)
GS1la
GS1b Ang
GS2

GS1b Gym

Fig. 2. Glutamine synthetases from seed plants cluster into four apparent groups. Unrooted phylogenetic trees were inferred using 155
glutamine synthetase protein sequences from 45 Spermatophyta species (see Table S1 for further details). (A) Tree obtained using a
maximum likelihood analysis. (B) Phylogeny was reconstructed using an alignment-free approach. The tetrapeptide frequencies in each
sequence (4-gram) were used to compute a distance matrix and its corresponding tree. Ang, angiosperms; Gym, gymnosperms. An R script

that reproduces this figure can be accessed at https://github.com/jcaledo/Phylogeny-of-plant-GS/blob/main/Scripts/Figure2_Seed_Plants_4

Clusters.R.

Results

Seed plants GS proteins cluster into three main
phylogenetic lineages

A total of 155 GSII protein sequences from 45 different
species of Spermatophyta were collected as described in
the Materials and methods section. These sequences
were selected because of the well-established phylogeny
of the hosting species (Fig. 1). The taxonomic groups
represented included 24 Pinopsida (13 Conifer IT and 11
Pinaceae), 3 Gnetales, 3 Cycadales, 1 Ginkgoaceae, and
14 Angiospermae (4 primitive and 10 modern angio-
sperms). The number of GS isoforms found in each spe-
cies is indicated in Table S1 [17,21,33-38]. Overall, 76
GS sequences from angiosperms and another 79 from
gymnosperms were subjected to phylogenetic recon-
struction. Figure 2 shows the unrooted tree obtained
using either a maximum likelihood approach (Fig. 2A)
or an alignment-free method (Fig. 2B).

Although the detailed tree topology varies depending
on the approach used to construct the tree, it is notable
that both the alignment-based and alignment-free
approaches consistently cluster all 155 GS proteins into
four distinct groups. Following previous work, these
well-defined groups were designated as GS2, GSla,
GS1b-Ang (angiosperms), and GSlb-Gym (gymno-
sperms). The so-called GS2 group contained all the pro-
teins clustering together with the chloroplast glutamine

synthetase from the angiosperm Arabidopsis thaliana.
This group included enzymes from three species belong-
ing to gymnosperm lineages, such as Ginkgosipda and
Cycadopsida (see Table SI for details). On the other
hand, the labeled GSla group comprised all the proteins
that clustered together with the well-characterized cyto-
solic enzyme GSla from Pinus sylvestris [39,40]. This
last group consisted mainly of GS proteins from gymno-
sperm plants, but primitive angiosperms also contrib-
uted to the GSla group (Table S1). Analogously, the
GS1b-Gym group consisted of all the sequences from
gymnosperms that clustered with the P. sylvestris GS1b
enzyme [40,41], while the GS1b-Ang cluster was consti-
tuted by the GS enzymes from angiosperms that
grouped with the five cytosolic GS1 isoforms from
A. thaliana [21]. Although Fig. 2 seems to suggest four
different groups, as we shall elaborate next, rooting
these protein GS trees underlines the existence of three
evolutionary GS lineages because GS1b from angio-
sperms and GSl1b from gymnosperms most properly
conform to a single evolutionary lineage, sister to GSla

(Fig. 3).

GS2 was the first modern lineage to emerge in
Spermatophyta

Early phylogenetic studies conducted with a limited set
of plant GS sequences indicated that GS2 likely
emerged before GSIla and GSIb began to diverge from
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support. An R script that reproduces this figure can be accessed at https://github.com/jcaledo/Phylogeny-of-plant-GS/blob/main/Scripts/

Figure3_Rooted_GS_Protein_Tree.R.

each other [23.41]. However, gene expression patterns,
conservation of specific Cys residues, and nucleotide
sequence-based phylogeny of GS may suggest a closer
phylogenetic relationship between GS/a and GS2 genes
with respect to the GSIb group [16,42]. To elucidate
the branching order of these three GS lineages, we
have employed various approaches to control factors
that might affect tree topology and rooting, with the

© 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd
Federation of European Biochemical Societies.

goal of achieving robust and reliable conclusions.
Among these factors, we have closely examined sam-
pling bias and the rooting procedure as two critical
elements. We began by randomly sampling our set of
seed plant species. From the 45 species used in this
study, we extracted 100 random samples, each consist-
ing of six species (see Table S2 for the raw data).
While the sampling procedure was random, we
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Fig. 4. Rooting the glutamine synthetase protein family using sets of representative species. (A) Organism tree for a set of species
representative of the main seed plant groups (primitive and modern angiosperms, Gnetales, Pinales, Conifers I, Ginkgoales-Cycadales),
whose phylogenetic relationships are well established. (B) Unrooted glutamine synthetase (GS) protein family tree of the isoform found in
the representative species shown in (A). Each of the four GS groups detected in Fig. 2 has been colored differentially (GS2: green, GS1a:
blue, GS1b Gym: brown, and GS1b Ang: orange). The branches in which a priori the root could be located have been marked with a filled
circle and numbered from 1 to 5. (C) Using the minimal ancestor deviation algorithm, the relative deviations at each of the five potential
places for the root were computed and plotted. (D) The rooted GS tree yielding the minimal relative deviation is shown. Bootstrap support
values are shown in purple. The horizontal axis gives the estimated evolutionary distances (substitutions per site). (E) One hundred species
sets of representative organisms (one species from each taxon) were phylogenetically analyzed. The unrooted trees were rooted using
different approaches, including minimal cost for species tree-gene tree reconciliation, midpoint, outgroup (isoform of Chlamydomonas
reinhardtii as outgroup), minimal variance, and minimal ancestor deviation. The results of such analyses (Table S2) are summarized in this
figure. A green tick indicates that at least one of the 100 samples has been successfully rooted at the specified node using the chosen
rooting method. Ang, angiosperms; Gym, gymnosperms. This figure can be reproduced using the script available at https://github.com/

jcaledo/Phylogeny-of-plant-GS/blob/main/Scripts/Figure4_Rooted_Representative_Trees.R.

ensured the inclusion of one representative from each
of the following taxa: (a) primitive angiosperm, (b)
modern angiosperms, (c) ginkgo-cycad, (d) Gnetales,
(e) Pinacea, and (f) Conifers II. In Fig. 4A-D, we have
taken one of the 100 samples to illustrate the proce-
dure followed with all the random samples. Thus, the
species tree is shown in Fig. 4A. All the GS forms pre-
sent in these six species (20 sequences in the current
example) were retrieved and used to build an unrooted
tree (Fig. 4B). The determination of ancestor—
descendant relationships in an unrooted tree is accom-
plished by inferring a root node, which can initially be
positioned on any branch of the unrooted tree. In our
unrooted tree (Fig. 4B), potential locations for the
root have been indicated with filled circles and num-
bered from 1 to 5. For instance, if we placed the root
at the point 4, then it would be concluded that the
GS?2 lineage was the first to diverge from the common
line. Conversely, if the root were located at point 5,
then GSIa would be considered the first to emerge as
a distinct entity up to the present day, and so on.
Therefore, an accurate placement of the root node is
crucial for our purposes. Figure 4D shows the same
tree as Fig. 4B once it has been rooted. In this case,
the position of the root node was inferred using a
recently introduced outgroup-free method called mini-
mal ancestor deviation (MAD) [43]. Under a strict
molecular clock assumption, that is, when the tree
exhibits ultrametricity, the root can be easily found at
the midpoint of the path between any two tips. How-
ever, strict ultrametricity is rarely met in practice, and
the midpoint deviates from the actual position of the
ancestor node. The MAD method allows us to quan-
tify the deviations of the midpoint criterion for all
potential root positions of the unrooted tree, and the
tree root is chosen as the position that minimizes these
deviations. Figure 4C shows the relative deviations at

the five potential root positions within our unrooted
tree. As can be seen, the root at position 4 exhibits the
minimum relative deviation, while placing the root
either at position 1 or 2 would introduce maximum
deviations with respect to a molecular clock.

In addition to the MAD method, four other rooting
procedures were applied to the 100 trees obtained from
the random samples described above. Among these
alternative strategies of rooting a tree, we considered
the popular outgroup (OG) and midpoint (MP)
methods, as well as two more recently introduced algo-
rithms based on the branch length distribution, such
as the MAD and minimum variance (MV) methods.
The latter minimizes the variance of root to tip dis-
tances [44]. The fifth method used was based on mini-
mizing the cost of tree reconciliation (see Materials
and methods for details). As summarized in Fig. 4E,
in all the 100 samples, the OG, MAD, and MV
methods failed to place the root at any branch other
than the labeled as number 4. On the other hand,
while the MP method placed the root at branch 4 in
two thirds of the rooted trees, some samples were
rooted at branch number 3. Finally, the minimal rec-
onciliation cost ruled out the root at positions 1 and
2, but it could not discriminate between trees with
roots at positions 3, 4, or 5.

In extant organisms, GS1 is present in the cytosol
while GS2 is mainly found in chloroplasts. Thus, the
presence of a transit peptide is common in GS2
preproteins that are synthesized in the cytosol and
must be usually targeted to the chloroplast. The
transit peptide is a sequence at the N-terminus of the
protein that generally directs it to the chloroplast,
where it is cleaved off once the protein has reached its
destination. Since the transit peptide often contains
basic residues, its presence contributes to a significant
increase in both the molecular size and the isoelectric
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Fig. 5. Glutamine synthetase (GS) 2 is the modern lineage that appears first within the GS protein family of seed plants, regardless of the
transit peptide. The size (A) and isoelectric point (pl) (B) distributions of the GS isoforms are shown as boxplots. Phylogenetic trees inferred
using the preprotein GS2 (C), or the mature GS2 protein, mGS2 (D). Despite the differences between GS2 and mGS2 in size (P-
value = 2.1 x 107°) and isoelectric point (P-value = 1.6 x 107®), both forms produce comparable phylogenies. Each lineage has been
colored differently: GS2 (green), GS1a (blue), GS1b Gymnosperm (brown), and GS1b Angiosperm (orange). This figure can be reproduced
using the script available at https://github.com/jcaledo/Phylogeny-of-plant-GS/blob/main/Scripts/Figure5_Mature GS2.R.

point of the GS2 preprotein (Fig. 5A,B, respectively).
At this point, we wondered whether this transit pep-
tide might contribute to confounding the distances
between GS proteins from different lineages. In other
words, we sought to rule out the possibility that GS2

incorrectly appeared in the first place as a lineage
branch. For this purpose, the phylogenetic relation-
ships between the 155 GS proteins were inferred before
and after removing the transit peptide from all the
GS2 forms included in our analyses (Fig. 5C,D,
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respectively). As expected, we observed moderate
changes in topology, reflected by a normalized
Robinson—-Foulds distance of 0.32. Nevertheless, the
conclusion of the existence of three major GS lineages,
with GS2 emerging as the first to establish itself as dis-
tinct, remained well supported.

Dating GS evolution in seed plants

Hitherto, we have shown evidence that supports the
following sequence of evolutionary events: first, an
ancestral form of GS split into the G'S2 lineage and
an ancestral GS/ form, which subsequently gave rise
to the GSla and GSIb lineages. After establishing the
temporal sequence of gene duplications and diversifica-
tion that led to the three main GS lineages in sper-
matophytes, we aimed to date these two splitting
events. For this purpose, we implemented a Bayesian
molecular clock dating methodology using 25 GS pro-
teins from six representative species. As can be
observed in Fig. 6, the emergence of GS2 around 560
million years ago marks a very early event in the his-
tory of life. Our results also indicate that it took an
additional 70 Myr for GS!a to split from GS/b.

Unraveling the hidden GS1a paralogs from
conifers

Genes or proteins that diverge through speciation are
known as orthologs, while those that diverge through
gene duplication events are referred to as paralogs
[45]. Conifers possess two distinct families of cytosolic
GS isoforms: GSla, primarily expressed in photosyn-
thetic tissues and encoded by a single locus, and
GS1b, predominantly found in non-photosynthetic tis-
sues and encoded by multiple loci. Given that GS/a is
a single-copy gene, one might assume that the
sequences of this isoform found in different species
are orthologs. However, using GS data from six spe-
cies within the order Pinales and applying tree recon-
ciliation techniques to align species and protein trees
(see Materials and methods for details), we made an
unexpected discovery. The GS/a isoforms in the genus
Pinus are paralogs of the GS/a isoforms in the genera
Picea and Abies. In contrast, all GSIa isoforms from
Picea and Abies are orthologs to each other. The
inferred sequence of evolutionary events leading to
such reconciliation is shown in Fig. 7. As observed,
ancestral duplicated forms of both GSla and GSIb
were present in the last common ancestor of all the
studied Pinaceae species. GSla subsequently under-
went three independent loss events, one in each of the
lineages leading to pines, spruces, and firs. This

Dynamics of the GS gene family in plants

resulted in the GSla isoforms in Pinus and Picea
being paralogs, while those in Picea and Abies
remained orthologs. In contrast, GS1b underwent
only a single loss event, which occurred in the lineage
leading to fir trees. The species-protein tree reconcilia-
tion, which extends to other conifers such as Cupres-
sales and Araucariales, is shown in Fig. 8.
Surprisingly, the data indicate that GSla of Cupres-
sales and Araucariales are orthologs to each other but
analogous to GSla of Pinales (Figs 8 and 9). Addi-
tionally, we have provided a resource (https://r-pkg.
org/pkg/orthGS) that allows interested readers to infer
tree reconciliations and establish orthology/paralogy
relationships for any subset of the 155 GS isoforms
included in this study. Although ORTHGS was origi-
nally developed to distinguish between orthologs and
paralogs within the GS family, the current version
extends this functionality to other gene families. To
illustrate this, we have provided a vignette titled
‘Orthology Beyond GS’, which demonstrates how to
use this new functionality.

Discussion

The GS gene superfamily is one of the oldest among
living organisms, and the proteins they encode have an
essential function in incorporating inorganic nitrogen
into organic molecules [3]. Until recently, it was con-
sidered that in plants, GS could be subdivided into
two gene subfamilies simply based on their subcellular
localization (cytosolic GS1 and plastidial GS2) [46].
This was due to the lack of gene sequence information
in large groups of plants, as most of the
information gathered was from agronomically impor-
tant plants, almost all of which are monocots and
eudicot angiosperms. However, new genomic data
have revealed that the evolutionary history of GS
genes in plants is much more complex [16]. Focusing
on seed plants, at least three major lineages of GS
genes have been identified: GSla, GSIb, and GS2.
Both GSla and GSI1b genes encode proteins with cyto-
solic localization; however, GSIb is present in all seed
plants, whereas GS/a is found only in gymnosperms,
the ANA grade, and magnoliids, having been lost in
more recently evolved angiosperms. On the other
hand, the GS2 product is a plastidial protein, with this
gene being present in all seed plants except for the
Gnetophyta/Coniferophyta group.

In this work, we have attempted to delve deeper into
the phylogeny of GS in seed plants using methodologi-
cal approaches distinct from those used in previous
studies. This includes reconciliation techniques to align
species with phylogenetic trees, the use of different tree
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rooting methods, and molecular clock techniques. Our
data robustly confirm our previous proposal of the
existence of these three lineages of GS in seed plants,
originating from a common ancestral
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(Figs 2-6). In addition, they shed light on the question
previously raised about two possible scenarios for the
emergence of GS2. These results suggest that the three
gene lineages must have been present in the common
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Fig. 6. Molecular clock dating of glutamine synthetase (GS) splits under relaxed models. (A) Data-time tree of seed plant GS proteins (Cyc,
Cycas revoluta; Mg, Magnolia grandiflora; Atr, Amborella trichopoda; Bdi, Brachypodium distachyon; Ath, Arabidopsis thaliana; Pta, Pinus
taeda). The horizontal axis at the top of the figure shows the time in million years. The colored rectangles at the bottom of the image
represent the geological periods within the eras of the Phanerozoic Eon and part of the Precambrian. Each color corresponds to a specific
period: Pr., Precambrian (dark pink); Ne., Neoproterozoic (orange); Cb., Cambrian (olive green); O., Ordovician (green); D., Devonian (brown);
C., Carboniferous (teal); P., Permian (red); T., Triassic (purple); J., Jurassic (blue); Cr., Cretaceous (lime green); Pl., Paleogene (yellow). The
light blue horizontal bar labeled ‘Phanerozoic’ indicates the Phanerozoic Eon, which includes all periods from the Cambrian to the present.
(B) Posterior distribution of divergence times for GS2-GS1. (C) Posterior distribution of divergence times for GS1a-GS1b. The purple and
green dashed lines represent the distributions of divergence times sampled after analyses where the root age was bounded at 800 and
1000 million years, respectively. The mean and the 95% CI (Highest Posterior Density Credible Interval) are displayed in the top-right corner
of the box enclosing each panel. This figure can be reproduced using the script available at https://github.com/jcaledo/Phylogeny-of-plant-GS/
blob/main/Scripts/Figure6_Dating_GS_Evolution.R.
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Fig. 7. Species and protein trees reconciliation focused on the order Pinales. Duplications (squares) and losses (crosses) have been
emphasized with colored circles: turquoise for GS1a and brown for GS1b. Solid and dashed lines differentiate paralogs originated from a
duplication event. Small blue (GS1a) and orange (GS1b) circles indicate speciation events. This figure can be reproduced using the script
available at https://github.com/jcaledo/Phylogeny-of-plant-GS/blob/main/Scripts/Figure7_Tree_Reconciliation.R.

ancestor of seed plants, with GS2 being the first to
diverge. This suggests that the GS2 gene was lost in
the common ancestor of gnetales and conifers, as pre-
viously suggested [41]. Following this idea, it is neces-
sary to consider which gene family presents
characteristics most similar to the ancestral GS gene.
Despite being the only group present in all seed plants,
GS1b can be ruled out since in older plant groups such
as ferns there are no sequences related to this lineage,
although there are sequences related to GSla and GS2
[16]. Additionally, GS1b usually forms small gene
subfamilies where members have diversified their func-
tions, unlike GSla and GS2 which maintain similar
functions and are usually single-copy genes. On the
other hand, it is difficult to decide between GS2 and

GSla. Although GS2 was the first lineage to diverge,
both GSla and GS2 are expressed in photosynthetic
tissues and perform similar metabolic functions. Addi-
tionally, GS2 protein usually has a plastidial localiza-
tion, which is not found in the proteins encoded by
the phylogenetically related GS genes of ferns, the
closest relatives of seed plants [16]. This implies that it
is necessary to delve deeper into the phylogeny of ferns
and more primitive plant groups to elucidate this issue.
However, the availability of genome sequences for
these plant groups remains limited, with a focus on
only a few taxa. Additionally, many intermediate
groups that preceded seed plants are found only in the
fossil record, which hampers the resolution of this
question.
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Fig. 8. Reconciliation of species and protein trees in conifer species. The analyzed conifers consisted of a set of 12 species, including
representatives of Conifer Il (Tax, Taxus chinensis; Tha, Taxus baccata, Sci, Sciadopitys verticilloata; Nag, Nageia nagi, Pod, Podocarpus
macrophyllus; Ara, Araucaria cunninghamii) as well as representatives of Pinaceae (Ap, Abies pinsapo; Abi, Abies firma; Pin, Pinus armandii
Pp, Pinus pinaster; Psm, Picea smithiana; Pa, Picea abies). Circles, squares, and crosses indicate speciation, duplication, and losses,
respectively. The glutamine synthetase (GS) gene phylogeny was built using the function mitree from the r package orTHgs. The tree
reconciliation was performed with RANGER-DTL and plotted with THIRDKIND.

Our results also raise additional considerations proteins produced by both types of genes are expressed
regarding the relationship between the functions of the in photosynthetic tissues and seem to be linked to pho-
GSla and GS2 and their evolutionary events. The torespiration and nitrate photoassimilation [16]. This
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(A)

(B)

Fig. 9. Orthology networks for glutamine synthetase. Proteins from different species are connected by lines when they are orthologs.
Unconnected nodes represent paralogs. (A) Lineage GS2. (B) Lineage GS1a.
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implies a certain degree of equivalence in their functions
in plant metabolism, so there are groups of plants that
can live without GS/a (modern angiosperms) and others
without GS2 (gnetales/conifers). However, this fact,
along with the observation that a single copy of these
gene families is generally found in plant genomes,
except in cases of recent genetic duplications, suggests a
purifying selective pressure. It is possible that an excess
of GS activity (higher gene dosage) could be detrimental
in the tissues and conditions where GS/a and GS2 genes
are expressed. In this regard, it has been suggested that
high levels of GS2 enzyme activity in Arabidopsis thali-
ana decrease ammonium tolerance [47].

To gather evidence supporting the presence of evolu-
tionary forces limiting the dosage of GS/a and GS2, we
resorted to analyses of orthology/paralogy. To this end,
we have developed an r package, orRTHGS, which imple-
ments tree reconciliation. This software enabled us to
identify ortholog and paralog genes within selected
clades. In this way, we revealed that both GSl/a and
GS2 genes have undergone duplications throughout
evolution. However, unlike what occurs with GS1b, in
all species, one of the two paralogs is eventually lost,
meaning that not all GS/a genes are orthologs to each
other, and the same can be sustained for GS2 (Fig. 9).
Together, these results support our hypothesis of selec-
tion against an increase in GS1a and GS2 dosage, which
may be related to their roles in photosynthesis and
photorespiration.

Since ortholog genes are typically the ones that mir-
ror the evolutionary relationships between species,
accurately predicting orthology is essential in evolution-
ary biology. Furthermore, as argued by Koonin, mak-
ing a clear distinction between orthologs and paralogs
is critical for the construction of a robust evolutionary
classification of genes. In addition, this distinction
between orthologs and paralogs also plays a key role in
ensuring the reliable functional annotation of newly
sequenced genomes [48]. However, single-copy genes
are frequently employed as molecular markers for phy-
logenetic analysis in seed plants [49]. This approach
rests on the critical assumption that these genes are
orthologs across different species. However, that may
not always be always the case. Much of the confusion
arises from the misconception that two paralog genes
must be present within the same genome when nothing
in the definition imposes such a restriction [45]. Of
course, at the time when paralogs originated by duplica-
tion, both copies were present in the same genome, but
it does not imply that these paralogs should be
restricted to the same genome as evolution progresses.
Over time, gene families expand (gene duplication) and
contract (gene loss) in such a way that we can end up

E. Aledo et al.

finding paralogs in different species. Sometimes these
paralogs are easy to recognize when multiple homologs
are in the same genome, as it is the case, for instance, of
GS1bl and GSIb2 from Pinus pinaster [50]. However,
other times paralogs are easy to confuse with orthologs.
For instance, GSla from P. pinaster and Picea abies,
thought to be orthologs, have been unraveled as para-
logs by means of tree reconciliation (Fig. 7). Regarding
GS2, a similar situation occurs in angiosperms, with all
genes being orthologs of those in gymnosperms and
Amborella trichopoda, but paralogs among different
groups of angiosperms (Fig. 9). This implies gene dupli-
cation processes followed by the elimination of one of
the resulting copies. Taken together, these results sup-
port the existence of purifying selection of the pseudo-
genization and/or deletion type, probably related to
genetic dosage and not to genetic sequence [51]. Both
GSla and GS2 are highly expressed genes, so it is possi-
ble that additional copies of these genes increase GS
activity to harmful levels or may produce gene interfer-
ence effects. This could explain why in most groups of
seed plants one of the lineages has been eliminated, such
as GS2 in gnetales and conifers and GS/a in modern
angiosperms. On the other hand, GSI/bh remains in all
seed plants and even undergoes gene expansion pro-
cesses based on neofunctionalization of new genes, for
example, GSI1bh1 and GS1b2 of P. pinaster [50].

Genome sequencing is changing our perception of
the evolutionary history of gene families, which has
been highly influenced by the initial biochemical data
resulting from the characterization of gene products.
This has been the case for the GS family in plants.
Thanks to recent advances, we now understand that
there are three main lineages in seed plants: GSla,
GS1b, and GS2. This has raised different questions
that we have attempted to answer in the present work.

Our results indicate that the three lineages were
already present in the common ancestor of seed plants.
We have also established a timeline for the divergence
of the three lineages currently present in plants. Thus,
the first lineage to diverge was GS2, while it took an
additional 70 Myr for GSla to split from GSIb.

Finally, the results support a selection pressure on the
GSla and GS2 lineages to maintain them as single-copy
genes. This pressure may be related to their shared met-
abolic functions and a potential gene dosage effect.

Materials and methods

Taxon sampling

A total number of 45 Spermatophyta species were
chosen following two criteria. First, their phylogenetic
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relationships must be well established and widely accepted
in the literature [32]. Secondly, the four Gymnosperm clas-
ses (Coniferophyta, Cycadophyta, Ginkgophyta, and Gne-
tophyta), as well as primitive and modern Angiosperms,
should be represented in the species set. Details regarding
the selected species, their taxonomy, and phylogeny are
provided as Table S1.

Glutamine synthetase sequences

Nucleotide sequences of genes encoding plant glutamine
synthetase were retrieved from various public databases or
assembled from transcriptomic NGS data available in the
SRA database at the National Center for Biotechnology
Information (NCBI, https://www.ncbi.nlm.nih.gov) and the
European Nucleotide Archive (ENA, https://www.ebi.ac.
uk/ena), as described elsewhere [16]. All nucleotide and
protein sequences used in the current work can be obtained
after installing the r package orTHGS and typing AngGym
into the console.

Phylogenetic inference and tree rooting
procedures

Phylogenetic relationships between GS protein sequences
were inferred using two different approaches. One of these
approaches used maximum likelihood (ML) analysis,
which relies on multiple sequence alignment. The alterna-
tive approach consisted of an alignment-free method
based on word statistics, which avoids the risks derived
from incorrect sequence alignments [52]. Both approaches
are implemented in R packages (orRTHGS and EnvNJ) avail-
able at CRAN. Further details for reproducing these
analyses can be obtained at (https://github.com/jcaledo/
Phylogeny-of-plant-GS/blob/main/Scripts/Figure2_Seed_
Plants_4 Clusters.R).

Several methods for root inference have been described
in the literature, including the popular outgroup (OG) and
midpoint (MP) methods [53]. More recently, new methods
of rooting a tree, based on their branch length distribution,
have been introduced with considerable success [43,44].
Thus, in addition to the well-known midpoint and out-
group methods, we have implemented two additional
methods aimed at accurately inferring the root position.
The so-called minimal ancestor deviation (MAD) method is
based on the principle of minimizing the deviation from the
molecular clock assumption. Thus, the core idea is to iden-
tify the root position that minimizes the deviation in
branch lengths from the expected values under a molecular
clock [43]. On the other hand, the minimum variance (MV)
method minimizes the variance of root to tip distances [44].
A fifth method for inferring the root node involves using
tree reconciliation. Methods based on tree reconciliation
extract rooting information from the discrepancies between
gene trees and species trees. They consider gene

Dynamics of the GS gene family in plants

duplications, transfers, and losses to find the root that min-
imizes these evolutionary events. All five different alterna-
tives to locate the root node were implemented using the
software indicated below. For the MP method, we used the
function midpoint from the phangorn r package [54]. The
OG and MV rooting procedures were developed using
PYTHON software available at https://github.
com/uym2/MinVar-Rooting, which implement the algo-
rithm previously described in [44]. The sequences GLN2.1
and GLN2.2 from Chlamydomonas reinhardtii were used as
outgroup. Regarding the method MAD, it was implemen-
ted by the R function madRoot from the package ORTHGS
accompanying this paper. We must acknowledge that the
algorithm used in madRoot is a slight modification of the
code provided by Tria et al. [43], available at https://www.
mikrobio.uni-kiel.de/de/ag-dagan/ressourcen. Finally, the
rooting approach based on minimal reconciliation cost was
implemented using the software RANGER-DTL, as previously
described by [55].

Molecular clock dating analyses

Molecular clock dating was performed using a Bayesian
approach implemented into MCMCTREE [56], a computer
program that forms part of the pamL 4 package [57]. A
detailed description of the protocol followed can be found
at  https://github.com/jcaledo/Phylogeny-of-plant-GS/tree/
main/MCMCtree_GS_tutorial. In brief, an alignment in
phylip format of 25 GS plant proteins from six representa-
tive species (see the figure in the tutorial cited above) and
the corresponding calibrated tree were used as input data.
The tree calibration was done using published fossil dating
data [58]. Using these files as input, the maximum likeli-
hood estimation of the branch lengths, the gradient vector,
and the Hessian matrix were estimated in CODEML, using
the LG + G amino acid substitution model [59], with five
gamma rate categories. Divergence times were estimated
under the independent rates model. The prior for the over-
all substitution rate was specified by gamma distributions
with mean values of 0.005, 0.025, 0.05, and 04
substitutions/site/100 million years to assess the robustness
of the resulting posterior distribution of divergence times.
Once the robustness of the results with respect to the mean
value of the gamma distribution was ensured, we fixed the
mean at 0.05 substitutions/site/100 million years, which is a
reasonable value for the rate of amino acid substitutions
reported for Spermatophyta [60]. Subsequently, the MCMC
analyses were repeated using different bounds for the root
age, ranging from 500 to 1000 million years. For each of
these conditions, two independent runs were performed,
each consisting of 401 000 iterations, discarding the first
1000 generations as burn-in and sampling every 20 itera-
tions, which resulted in a total of 20 000 samples post
burn-in. To confirm convergence to the posterior time dis-
tribution and ensure the quality of posterior MCMC
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Fig. 10. Markov Chain Monte Carlo (MCMC) convergence plots. Using the fossil-calibrated tree of representative Spermatophyta species
shown in Fig. 6A, two MCMC posterior sampling runs (starting with different seeds) were conducted for each parameter set. The
parameter sets differed in the RootAge bound indicated in the figure. After the MCMC posterior sampling was finished, the mean times for
the 24 internal nodes were computed and plotted (run 1 vs. run 2, for each parameter set).

samples, we conducted independent MCMC runs and
examined convergence plots as diagnostic tests (Fig. 10).

Tree reconciliation and orthology networking

To infer the evolutionary histories of the GS gene family in
the context of complex events like gene duplications, hori-
zontal transfer, and losses, we resorted to a probabilistic
framework based on parsimony implemented in the software
RANGER-DTL previously described [55]. This software uses the

species and the gene/protein trees as input, and it returns a
file with annotation of the nodes of the gene/protein tree with
evolutionary events (speciation, duplication, transfer, loss),
along with a mapping onto the species tree. To facilitate the
interpretation of the evolutionary history of the GS gene
family, the mapping provided by RANGER-DTL was plotted
using the software THIRDKIND [61]. To this end, it was neces-
sary to convert the reconciliation file to an xml file before-
hand, which was facilitated by the program RECPHYLOXML
[62]. Further details and a script outlining the workflow
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described above are available at https://github.com/
jcaledo/Phylogeny-of-plant-GS/blob/main/Scripts/Figure7
Tree_Reconciliation.R. To construct orthology network
graphs, we used the R packages oRTHGS and igraph. Detailed
instructions are available in the accompanying vignette,
accessible by entering browseVignettes( ‘orthGS’) in the RSTU-
pio terminal. Additionally, a script to reproduce the results
for the GSIa and GS2 orthology networks (Fig. 9) is pro-
vided at https://github.com/jcaledo/Phylogeny-of-plant-GS/
blob/main/Scripts/Figure9_GSla_GS2_orth_networks.R.
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