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Abstract The major isoenzyme of glutamine synthetase found
in leaves of angiosperms is the chloroplastic form. However, pine
seedlings contain two cytosolic glutamine synthetases in green
cotyledons: GSla, the predominant isoform, and GS1b, a minor
enzyme whose relative amount is increased following phosphino-
tricin treatment. We have cloned a GS1b ¢cDNA, and comparison
with the previously reported GS1a cDNA sequence indicated that
they correspond to separate cytosolic GS genes encoding distinct
protein products. Phylogenetic analysis showed that the newly
reported sequence is closer to cytosolic angiosperm GS than to
GSla, suggesting therefore that GSla could be a divergent
gymnospermous GS1 gene. Gene mapping using a F2 family of
maritime pine showed co-localization of both GS genes on group
2 of the genetic linkage map. This result supports the proposed
origin of different members of the GS1 family by adjacent gene
duplication. The implications for gymnosperm genome organiza-
tion are discussed. © 2000 Federation of European Biochemi-
cal Societies. Published by FElsevier Science B.V. All rights
reserved.
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1. Introduction

Nitrogen availability is usually a limiting factor for tree
growth and development. Nitrate is the most common form
of inorganic nitrogen to be utilized by the plant, except in
acidic soils of boreal forests where little nitrification occurs
and ammonium is predominant [1]. Conifers, unlike herba-
ceous plants, have a preference for ammonium over nitrate
as nitrogen source [2,3]. Plant metabolic activity also releases
ammonium in many different processes. Both assimilation
from the soil and reassimilation into biomolecules are crucial
processes for plant nitrogen economy which are catalyzed by
glutamine synthetase (GS, EC 6.3.1.2).

There are two types of GS in angiosperms, which are found
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in different cellular compartments, GS1 in the cytosol and
GS2 in the chloroplasts [4]. GS2 is encoded by a single nuclear
gene in most species [5]. Expression of GS2 in leaves is re-
stricted to photosynthetic mesophyll cells. GS1 is encoded by
a small gene family of several members exhibiting different
patterns of gene expression during development and in re-
sponse to external stimuli [6]. More uncertain are the specific
biological roles of individual GS1 gene products. Recent re-
ports indicate that they are involved in primary assimilation
of ammonium from the soil [7], reassimilation of ammonium
released in the biosynthesis of lignin [8] and nitrogen mobi-
lized during senescence [9], in response to pathogen attack
[10], herbicide treatment [10,11] or water stress [12].

The members of the GS1 gene family in plants have been
proposed to have evolved by duplication of an ancestral cy-
tosolic GS gene and evolution of separate gene copies to fulfil
different metabolic cell requirements [13]. GS2 genes are much
more similar to cytosolic GS genes than to prokaryotic GS
genes and therefore it is assumed that they originated by evo-
lution of a duplicated GS1 copy rather than by transfer from
the chloroplast [14].

We are interested in the characterization of genes involved
in nitrogen assimilation in conifers. Seedlings of pine and
other conifer species mainly express cytosolic GS in both pho-
tosynthetic and non-photosynthetic tissues [15]; however,
functional expression of the GS2 gene has not yet been dem-
onstrated in a reliable way. These inferences were assessed by
the immunocytochemical detection of GS1 in mesophyll and
phloem cells of pine seedlings [16], suggesting a key role for
cytosolic GS in the early development of conifers. It remains
to be determined whether the same or different gene products
(GS1) are present in both mesophyll and phloem cell types in
pine.

We have previously characterized a GS1 cDNA clone from
Scots pine [17] and showed that it encodes the predominant
GS polypeptide in green tissues [18]. This gene is actively ex-
pressed in pine cotyledons in a light-dependent fashion [19]
suggesting a specific role in glutamine biosynthesis and am-
monium assimilation associated with chloroplast activity.
However, data derived from Southern blotting suggested
that Scots pine GS is encoded by a gene family of at least
two members [17]. We recently reported the existence of two
GS isoproteins in Scots pine, GSla and GS1b. The addition-
ally reported GS isoform, GS1b, has been identified in coty-
ledons of phosphinotricin (PPT)-treated plants [20]. This new
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GS exhibited a different chromatographic behavior and sub-
unit composition but a similar size compared to the previously
characterized cytosolic enzyme, GSla. In this paper, the iso-
lation of a full-length cDNA clone encoding GS1b from PPT-
treated pine seedlings is described. A comparison of the
c¢DNA sequences of GS1b and GSla indicates that they cor-
respond to separate cytosolic GS genes encoding distinct pro-
tein products. The two genes are evolutionarily divergent but
are closely located in linkage group two of the maritime pine
genetic map.

2. Materials and methods

2.1. Plant material

Scots pine seeds (Pinus sylvestris) were obtained from Servicio de
Material Genético, ICONA (Instituto de Conservacion de la Natural-
eza), Guadalajara (Spain). Seed germination and growth of seedlings
have been previously described [21].

2.2. RNA extraction and Northern blot analysis

Total RNA was isolated using phenol/SDS [22]. For Northern anal-
ysis, total RNA (10 ug per lane) was separated on denaturing form-
aldehyde-agarose gels and blotted onto nylon filters which were pre-
hybridized at 42°C in 50% formamide, 5XSSC, 5XDenhardt’s
solution (1 X Denhardt’s solution is 0.02% (w/v) Ficoll, 0.02% (w/v)
polyvinylpyrrolidone, 0.02% (w/v) bovine serum albumin), 50 mM
sodium phosphate pH 6.5 and 100 pg/ml denatured salmon sperm
DNA. Hybridization was performed under the same conditions, but
in the presence of 10% dextran sulfate at 42°C.

2.3. RT-PCR reaction, cDNA library construction and screening for
GS clones

PCR (polymerase chain reaction) amplification was carried out as
described [23], using a GeneAmp 2400 thermocycler (Perkin-Elmer).
Beforehand, a cDNA was synthesized using poly(A)™ RNA extracted
from cotyledons of Scots pine seedlings treated with PPT [20]. A so-
lution containing the herbicide (25 mM in Tween-20 0.02% v/v) was
sprayed over plants and samples were harvested after treatment.

Poly(A)* RNA was purified from total RNA isolated from 2.5 cm
cotyledons of PPT-treated seedlings using two sequential rounds of
affinity chromatography on oligo(dT) columns [24]. cDNA synthesis
was achieved using the Stratagene synthesis kit. The cDNA library
was cloned into AZAP vector and plated on the host strain XL1 Blue.
Plaque screening hybridizations were performed in a solution contain-
ing 6 X SSC, 5X Denhardt’s solution, 0.1% SDS and 100 pg/ml dena-
tured salmon sperm DNA at 65°C. Filters were washed twice in
2XSSC, 0.1% SDS for 30 min at 65°C followed by 0.2 X SSC, 0.1%
SDS for 30 min at 72°.

2.4. DNA sequencing and structural analysis

Restriction fragments derived from cDNA clones corresponding to
the GS1b gene were subcloned into pBluescript SK to serve as tem-
plates for double-stranded DNA sequencing using primers T7 and T3.
Nucleotide sequences were determined using the dideoxy chain termi-
nation method [25] and Sequenase enzyme (United States Biochemical
Corporation). Computer sequence analysis was carried out using the
Genetics Computer Group (GCG) software package [26]. Sequence
analysis comparison was made using the Fasta program [27].

2.5. Phylogenetic analysis

We have analyzed 10 plant GS amino acid sequences corresponding
to the coding regions of cytosolic and chloroplast isozymes from
angiosperms as well as the Pinus sequences GSla and GS1b. The
Chlamydomonas sequence was used as an outgroup, and a partial
sequence of another alga (Dunaliella) was also included. These are
the only published sequences of non-flowering plants available. To
study the phylogenetic relationships of the plant sequences with the
Chlamydomonas GS2 sequence, we constructed an alignment of these
sequences, and a number of fungi and prokaryotic sequences, using
the Escherichia coli sequence as an outgroup.

The sequences were obtained from SwissProt or translated from the
nucleotide sequences, and aligned using the program PileUp [26]. The
compared stretch of the alignments was that overlapping with the
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357 residues of the Pinus GSla sequence. The phylogenetic analysis
was carried out under the maximum parsimony criterion through the
program PAUP version 3.1.1 [28]. Phylogenetic trees were obtained
with the heuristic search option. Starting trees were obtained by step-
wise addition with one tree held at each step. Tree bisection—recon-
nection branch swapping was performed with the MULPARS option.
The reliability of the clades obtained was tested through a bootstrap
analysis performed with the heuristic search option, taxa added at
random order and 100 replicates [29].

The sequences included in the alignments, the key used in Fig. 3
and the accession numbers were as follows: Angiosperm GS1: Lac-
tuca sativa (Lact, P23712), Medicago sativa (Med, P04078), Nicotiana
plumbaginifolia (Nic, P12424), Oryza sativa (Ory, P14656), Phaseolus
vulgaris (Phas, P04771). Angiosperm GS2: Arabidopsis thaliana (Ara2,
S69727), Nicotiana tabacum (Nic2, S39536), Oryza sativa (Ory2,
P14655), Pisum sativum (Pis2, P08281), Zea mays (Zea2, P25462).
Gymnosperm: Pinus sylvestris GSla (Pina, X69822), Pinus sylvestris
GS1b (Pinb, AJO05119). Algae: Dunaliella salina (Dun, P11600),
Chlamydomonas reinhardtii (Chl and Chl2, Q42688 and Q42689). Fun-
gi: Agaricus bisporus (Agar, O00088), Colletotrichum gloeosporoides
(Coll, Q12163), Saccharomyces cerevisiae (Sacc, M65157). Prokary-
otes: Bacillus subtilis (Bac, P12425), Escherichia coli (Eco, P06711),
Methanococcus maripaludis (Meth, E1309187), Pyrococcus furiosus
(Pyr, Q05907), Rhizobium leguminosarum (Rhiz, P09826), Synechocys-
tis 6803 (SynA and SynN, X69199 and X76719).

2.6. Two-dimensional electrophoresis of proteins and Western blotting
analysis

Total proteins were extracted from needles and vascular tissue of
Pinus pinaster separated by 2D PAGE and revealed by silver staining
[30]. Alternatively, 2D gels were electrotransferred to nitrocellulose
filters and the GS spots immunodetected using specific antibodies
[18]. In situ proteolytic digestion of GS spots, peptide purification
and microsequencing analysis were performed following the method
of Costa et al. [31].

3. Results and discussion

Two GSI1 isoforms (GSla and GS1b) are present in Scots
pine cotyledons [20]. GSla is predominant in the tissue [17,32]
whereas GS1b is a minor activity whose relative amount is
increased following PPT treatment of seedlings [20]. These
findings strongly suggested enhanced expression of an addi-

0 8 24 48 Time (h)
-
GS1a mRNA
GS1b mRNA

RBP4 ribosomal
protein mRNA

Fig. 1. Expression analysis of GSla and GS1b genes in PPT-treated
Scots pine seedlings. GS gene expression was studied in 2.5 cm coty-
ledon length plants treated with PPT after 8, 24 and 48 h. Time O h
represents control untreated plants. Treatment conditions were as
described in Section 2. 10 pg of total RNA was loaded per track
and hybridized with GS1b and GSla 3’-untranslated specific probes
in each case. Time exposures to film were 24 h for GSla and 8 h
for GS1b. The same filter was reprobed with an RBP4 ribosomal
protein DNA probe to compare the relative loading among samples.
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1 GGAATTCGGCACGAGGGCCTTCACTGCTTGCGAAATTATACTTG gslb
46 TGCGGGAGTCTGTGATTTTGTTGTACATCCAAGATGTC-~--TCTACTGACGgslb
1 TTCCCTTCCTCTGGTTTGTTTTGGAGAGTGGCCATG. GAGCG..T.A . .gsla
96 GGATTTGATCAACTTGGACCTCTCTGATATCACTGAGAAGATAATCGCTG gslb
51 A..CC.TC . .C.T. . .GAGC .Cc6.6..A......G.C..T..A.gsla
146 AGTACATATGGA CGGAGGCTCTGGCATGGATATCCGCAGCAAGGCCA G gslb
101 e e e o T ... o . .T.....A..A. .A7. e e e e o Gl .T..A. ... .Agsla
196 ACCTTATCTCACCCAGTTACGGACCCCAAAGATCTACCCAAGTTGAATT AGgslb
151 T.TC.G..AGGA .T..6G.GTAG.GTT.....G..T.....A.G...C..gsla
246 TGATGGAT CAGT CTGGACAGGCTCCTGGAAAGGACAGTGAAGTCATC C gslb
2000 .. .C..C. . +¢.C. e v e e e.AA.,. . .C.T.....CL. ... .. T. gsla
296 TTTACCCTCAGGCTATCTTCAGGGATCCATTCCGCAGGGGGAACAACATCgslb
251 A..T..A . A .. . e e e .C LT 0 e s . T . A..A..GC....Tgsla
346 TTGGTGATTTGTGATACATATACCCCAGCTGGAGAACCTATTCCTACTAAGgslb
301 . . A..C......G.C..CT.T . TAA . . GACTG . .. .. .. .T.C. . gsla
396 CAAGAGAGCAAATGCGCAAAAATATTTAGCCATCCAGATGTTGTTTGCCGgslb
351 « ¢ +e¢e..G..TGCA..AGCG. .AT .TAA.GAAA..GC.G.TAG. .AT. gsla
446 AGGAACCATGGTATGGGATTGAACAAGAATACACT TTCTGCAAAAGGATgslb
401 A..GA. . .....C. 0 oCiv v v v v v .. .T. .A. GT .. ...+ ... . .Cgsla
496 GTGAATTGGCCTCTTGGATGGCCCGTAGGTGGTTACCCTGGTCCTCAGGGGgslb
451 . . C . .A .. . e s s s .C. .. . .AA T . ..C L. o0 .C v v v i v e v . wgsla
546 TCCTTATTATTGTGGAACGGGAGCAGACAAAGCCTACGGCCGTGATATCGGgslb
501 c. .nAa. . ..CL. L. ... .GTT. . .+.T....¢v¢ev+e...66..A..A..C..T.gsla
596 TCG TGCCCACTATAAGGCTTGCCTGTATGCAGGAATCAACATTAGTGG C gslb
551 . T . . T . . . e« .. T .C. .. T . «..T..C.. ... .gsla
646 ATCAATGGAGAAGTCATGCCCGGTCAATGGGAATTTCAAGTTGGCCCGACGgslb
601 . . v v et i e e e e e e e e e e e e s AL LG .G i h it et e e e e e sAL. . T. . .T.gsla
696 GGTTGGTATTTCATCTGGTGATCAAGTCTGGGCTGCACGTTACCTTCTTG gslb
651 A..G.....C...G.A.CA...G G C G...TG. . T ... TTA. A . G . gsla
746 AGAGAATCACAGAAGTGGCTGGTGTTGTCCTCTCATTTGACCCCARAACCCgslb
701 e e . .G .. T .+« .. .AA. . .G. ...C..T..G..C. .. ..T.. . G . . Agsla
796 ATTCAGGGTGATTGGAATGGTGCTGGTGCTCACACTAACTACAGTACGAAGgslb
751 .G. .. .G .C .0 it i i s e e e ATGC . A..T .. .C C . . gsla
846 ATCAATGAGGGAAGAAGGGGGAATTAAAGTGATAAAAAAGGCCATTGAAAGgslb
801 G..C...CcC.CcA.G .6G..A..CT.CG....A..T..G. A..A . A . . . gsla
896 AGTTAGGGTTGAGGCATAAGGAACACATTGCTGCCTATGGAGAGGGT CAACGgslb
851 .AC.GAA. .. .G. .T...T.¢oeeeeeweeeG.oooooA. . Tagsla
946 AGAGGCGTTTGACTGGCCGACATGAGACAGCAGAC TAAACACATTTTC gslb
901 ¢« .+« A..CC.C. v oT. .G oCuiw v v v .. N ] T..C.....gsla
996 ATGGGGAGTTGCAAATCGTGGAGCTTCTATTCGAGTTGGCCGTGACACGGgslb
951 C. oo T v v v v v v v o« on.. «.+...AG..A....G.....G.....A.gsla
106 AACGTGAAGGCAAAGGGTACTTCGAAGACCGCAGGCCAGCTTCCAACATG gslb
1001 . .AAA . . .. A.....T7T..T7..7..6.....T7TC.A..T.....A......agsla
1096 GACCCCTATATTGTAACATCTATGATTGCTGAGACCAACCATCCTTTGAAgslb
1051 . T . A..C..A..G . T . .G.C.AT. TA .G . gsla
1146 G———TGAGAGTAACATTGATTACTCAATGAATAAAGATGCCGATACGATTgslb
1101 A C TTAAATTACAAAGTGGAGGCCAGTTACACGCGTGGTCGTGGTGCTTTgsla
119 GAAGTGTTCTTGATGCTAGTCAAATTGCGAGGGGATCCCCAATTGTTTGTgslb
1151 GCTTTGGAGGCCAGCGTCACTGATAAGCTAATATGTATGTAAATGTGATT gsla
1246 GGGGGATATTCTCATTTGAATCTCTCTGTGCCTAAAGTATTTCCCCTATTgslb
1200 CCAATGTTTAAGTAGGTTGGTAACTTTGCTTTGGTTGTGGGTAGACCTG A gsla
1206 TCTGTTAATAAGAACATTCTAGAAATAGGACTTGAGATTTAGGGTGCATTgslb
1251 ACTTTGGTCAAACAATTTCCTCTTGCTATATGGATATATATATATTTTTGgsla
1346 ATATTCAGTGTCTAGTTTGTCATTCAGATTTGCATTATTCCATGACTCTG gslb
1301 TATTTGTTCTACTTGTAATATGGCGAGGGCTTTAAAAGACTCTCTTTTAC gsla
136 ATATGATTGGTGTGCAATTGAATT TAATGAATTCAGAAGTT TCTTTTATTGgslb
1351 CTTTATTTATTCCGTTGTGGAAGATGTATTCGACAAATTGT TTTAGAATG GTgsla
1446 CTTGCGAAAAAADLA gslb
1401 TTGAATATGATATATTCTTTGTG gsla

Fig. 2. Comparison of nucleotide sequences of Scots pine GS1b with the previously characterized GSla clone [17]. The sequence of the GSla
cDNA coding region is only indicated when it differs from GS1b, except for initiation and termination codons which are marked in bold.
Dashes indicate missing nucleotides in the alignment.
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tional GS1 gene in the above conditions. To examine this
possibility, RNA was isolated from cotyledons of PPT-treated
plants and an apparent single band was amplified by RT-PCR
using the following primers: 5-GGTCGTCTCAGCAAT-
CAT-3' and 5'-GGCATCAATGGAGAAGTCATGCCAG-
GGCAGTGG-3'".

As conserved GS primers were used for DNA amplification,
the PCR product presumably corresponded to a mixture of
GS1 amplificates. The cloning and differential hybridization
using the previously reported cDNA as a probe [17] allowed
us to identify two kinds of positives that hybridized differently
to the probe. Sequence analysis of both types of clones con-
firmed that the strongly hybridizing positives were 100% ho-
mologous in sequence to the pine GS cDNA described earlier
[17], whereas the weakly hybridizing signals, quantitatively
more abundant, corresponded to a GS sequence that was
related but not identical to the previously cloned GSla [17].
Using this PCR product as a probe, we obtained a full-length
cDNA for GS1b (Section 2).

The strategy followed to detect this new type of cytosolic
GS was a transient treatment of plants with PPT. To deter-
mine to what extent the GS1b message was affected by the
herbicide treatment, we isolated total RNA from cotyledons
of the treated plants 8, 24 and 48 h after treatment and GS
message was assessed by Northern blotting analysis (Fig. 1).
The relative abundance of GS1b mRNA was very low in un-
treated plants, as would be expected for an accessory isoen-
zyme in that tissue. Herbicide treatment induced GS1b gene
expression in a transient way with a peak at 8 h and returned
to initial levels after 24 h. No significant effect was observed in
GSla transcript abundance after treatment. These results are
in agreement with previously reported data on the effects of
PPT treatment on glutamine synthetase protein isoforms [20]
indicating that enhancement of GS1b abundance is correlated
with mRNA level. In tomato cotyledons and leaves PPT also
triggered the appearance of an additional GS1 polypeptide
[10,11].

The complete nucleotide sequence of GSIb (pGSP15)
cDNA is 1451 bp in length with an open reading frame span-
ning 1068 nucleotides, a 5'-untranslated region of 77 nucleo-
tides and a 3’-untranslated portion of 306 nucleotides includ-
ing a poly(A) tail. A comparison of the nucleotide sequences
of GS1b cDNA (pGSP15) and GSla (pGSP114), the other
GS1 cDNA from P. sylvestris previously reported [17], is pre-
sented in Fig. 2. The coding regions show a high degree of
conservation, 73.4% identity, frequently using alternative co-
dons for the same amino acid residues. However, no signifi-
cant homology was found in the 5’- and 3’-untranslated re-
gions indicating the cDNA sequences represent two different
pine GS1 genes (Fig. 2).

Table 1
Characteristics of the predicted protein products of GS1b (pGSP15)
and GSla (pGSP114) Scots pine cDNAs

GS1b GSla?
Amino acid sequence identity 100 81.5
Number of residues 355 357
Molecular mass (kDa) 39.2 39.5
Isoelectric point 6.0 6.6
Charge at pH 7.0 —4.0 —-2.0
1 A280nm (mg/ml) 0.6 0.6

4Data from Canton et al. [17].
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Fig. 3. Phylogenetic analysis of Scots pine GSla (Pina) and GSlb
(Pinb) sequences. The length of the branches is proportional to the
number of changes along the branch. The numbers represent the
percentage of bootstrap replicates supporting the clades. A: The
maximum parsimony tree (536 steps, CI=0.757) shows a distinct
clustering of the sequences in two groups, consisting of the chloro-
plastidic (Ang-GS2) and cytosolic sequences (Ang-GS1). The Pinus
sequences cluster with the angiosperm GS1 clade. B: The inclusion
of prokaryote and fungus sequences shows that the Chlamydomonas
GS2 sequence (boxed) is unrelated to the angiosperm GS2 gene,
being the sister group of all the plant and fungus sequences. See
Section 2 for key of sequence identification.

Some characteristics of the predicted protein products of
GS1b (pGSP15) and GSla (pGSP114) are shown in Table
1. The derived protein sequence for GS1b does not have a
N-terminal pre-sequence, thereby identifying it as a cytosolic-
like protein. This inference is supported by comparative pro-
tein sequence analysis (data not shown) indicating that the
GSI1b amino acid sequence is more similar to cytosolic GS
(83-86% identity) than to chloroplastic GS enzymes (72—
76%). However, the GS1b sequence is closer to angiosperm
cytosolic GS than to pine GSla (81.5%) (Table 1). The GS1b
deduced protein sequence has 355 residues, two less than
GSla, resulting in a small decrease in molecular mass (39.5
to 39.2 kDa), insufficient to separate the polypeptides by
SDS-PAGE. However, GS1b and GSla with predicted iso-
electric points of 6.0 and 6.6 respectively can be easily re-
solved by 2D PAGE [20]. These sequence-derived data are
consistent with the observed GS profiles obtained by anionic
exchange chromatography with cotyledon samples treated
with PPT which indicated differences in the charge of both
GS1 isoproteins [20]. The elution of GS1b at a higher ionic
strength (0.5 M) than GSla (0.15-0.18 M) is consistent with a
higher content of acidic amino acid residues.

To examine explicitly the phylogenetic relationships be-
tween the genes, we performed a cladistic parsimony analysis
of the combined nucleotide sequences of both gymnosperm
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GS sequences with 23 previously published GS genes includ-
ing angiosperms, algae, yeast and prokaryotes. When we only
included the angiosperm sequences, and the compared stretch
of the alignments overlapped with the 357 residues of the
Pinus GSla, we obtained a most parsimonious tree of 536
steps (Fig. 3A), with a consistency index of 0.757. The tree
showed a definite separation of the plant GS sequences into
two groups, cytosolic and plastidic. Bootstrap analysis
showed the consistency of the GS2 and the (GSla, GSlb,
angiosperm GS1) clades, which appeared in 99% and 86%
of the replications, respectively. Bootstrap proportions
=70% correspond to a probability =95% that the respective
clade is a historical lineage [33]. This evidence suggests that
the gene duplication which created chloroplast GS from an
ancestral cytosolic gene occurred long before the divergence
gymnosperms/angiosperms. This would explain the grouping
of the cytosolic Pinus sequences with the angiosperm GSI
sequences, the angiosperm GS2 sequences being a sister
group. Although expression of the GS2 gene in conifers has
not been detected [16,17,21], the above data are consistent
with the recent finding of GS2 expression in Ginkgo biloba
leaves [16].

With regard to the evolutionary relationships of cytosolic
GS genes, Pinus GSla and GS1b sequences clustered with the
GS1 sequences, GSla being the sister group of the (GSl1b,
angiosperm GS1) clade. This clade was present in 64% of
the bootstrap replications, while the clade (GSla, GSl1b)
only appeared in 21%, and the (GSla, angiosperm GS1) in
6% of the replications. The results reveal the structural rela-
tionship between GS1b and cytosolic angiosperm GS rather
than between the Pinus GS1 sequences. The higher consis-
tency of the (GS1b, angiosperm GS1) clade suggests the pos-
sibility that angiosperms might have received an ancestral
GS1 gene more closely related to the Pinus GS1b whereas
GSla is a unique gymnospermous GS1 gene. It is tempting
to speculate on the possibility that the GSla gene might be
orthologous to the GS2 gene in angiosperms taking into con-
sideration that tissue-specific expression has been suggested as
a criterion to predict GS gene orthology [13]. In fact, recent
data from our laboratory demonstrated that the nuclear gene
for GSla is expressed in green cotyledons in a light-dependent
fashion [19] suggesting a specific role in glutamine biosynthe-
sis associated with chloroplast activity.

In this context, the recent report of a putative GS2 gene in
C. reinhardtii [34] prompted us to study the phylogenetic re-
lationships with plant GS genes. Phylogenetic analysis of the
Chlamydomonas GS2 sequence (Fig. 3B) places this gene mid-
way between the prokaryotic and eukaryotic GS sequences,
and phylogenetically unrelated to the plant chloroplastidic GS
sequences. We think that the Chlamydomonas GS2 gene may
result from duplication of an ancestral GS gene in primitive
eukaryotes, although transfer from the plastid endosymbiont
genome to the host cell genome cannot be excluded [35].

Thus, although more GS sequences from algae and lower
plants are required to outline the evolution of GS isoforms,
our findings strongly suggest that plant GS2 evolved from a
duplicated GS1 gene around the time of land plant evolution,
after separation of algae and vascular plants but before the
separation of the angiosperm/gymnosperm lineages. This re-
sult would address the question of why a ‘prokaryotic GS
gene’ has not been maintained in the nuclear genome during
evolution of chlorophyta unlike other genes involved in nitro-
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gen metabolism (i.e. FA-GOGAT) or photosynthesis (RbcS,
Lhcb2).

Recently, a genetic linkage map has been established in
maritime pine (P. pinaster) using RAPD and protein markers
[36-38]. Scots (P. sylvestris) and maritime (P. pinaster) pines
are closely related species with presumably a high degree of
conservation in gene structure and organization. This assump-
tion has been demonstrated by PCR amplification of a 1.3 kb
fragment using conserved primers for GS1 and genomic DNA
from both pine species as template [39]. The DNA sequence of
the obtained PCR products was homologous in 97% including

A

GS‘I_. GS1b

N A
¥ . e 4 >
'N46 / N171

B N171/N171

Fig. 4. Two-dimensional electrophoresis, protein microsequencing
and segregation analysis of GSla and GS1b expression products in
maritime pine. A: Immunodetection of GSla and GSlb protein
spots using specific GS antibodies [18]. Note the presence of allelic
products for both genes. B: Silver staining of total soluble protein
showing a position shift variation for a pair of spots segregating in
Mendelian fashion in a F2 (selfed) pedigree of maritime pine. Spots
N47 and N48 are allelic products of GSla (basic GS) and segregate
in the 1/4:1/2:1/4 ratio, for genotypes (N47/N47), (N47/N48), and
(N48/N48). Spots N46 and NI171 are allelic products of GSlb
(acidic GS) and segregate in the 1/4:1/2:1/4 ratio, for genotypes
(N46/N46), (N46/N171), and (N171/N171).
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Fig. 5. Map location of the GSI genes in linkage group two of the
maritime pine genetic map [36]. GSla, pair N47:N48=S2205-87;
GSlb, pair N46:N171

introns (data not shown) confirming the similarity of GS
genes in both pine species.

We mapped GSla and GS1b genes using a F2 family ob-
tained by selfing one hybrid tree, a cross of the Landes and
Corsican provenances of maritime pine. Protein products of
the two GS1 genes have been detected in photosynthetic tis-
sues (needles) of P. pinaster by 2D analysis and Western blot-
ting (Fig. 4A) using GS antibodies raised against GS1 protein
expressed in E. coli [18]. Two needle spots (named N47 and
N48, see URL http://www.pierroton.inra.fr/genetics/2D) cor-
responding to two allelic products of GSla were localized
on linkage group 2 of the maritime pine genetic map
[37,38]. A 15 amino acid microsequence of spot N47
(DVNWPLGWPVGGYPG) confirmed it was a glutamine
synthetase protein. These spots were close together on a 2D
gel, slightly differing in their p/ (Fig. 4). Approximate molec-
ular size and isoelectric point were 40-41 kDa and 6.5 respec-
tively, consistent with expectations that the polypeptide cor-
responded to GSla (Table 1). Two identical microsequences
for glutamine synthetase protein (ITAEYWIGGSGMDI) were
obtained from two immature xylem spots of maritime pine
(X16 and X17, see URL http://pierroton.inra.fr/genetics/2D).
Both spots were located close together on a 2D gel, slightly
differing in their p/. This polypeptide was slightly smaller in
size and had a lower pf value (5.7) than GSla, suggesting it
corresponded to GS1b (Table 1). Comigration analysis be-
tween xylem and needle proteins confirmed spot homology.
In this photosynthetic tissue both GS spots (named N46 and
N171) showed a positional polymorphism (Fig. 4B) allowing
this protein to be placed on the maritime pine genetic map.
Again this protein was localized to linkage group 2.

The more striking observation was that GSla and GSlb
exactly cosegregate, i.e. no recombinant could be found
when 68 F2 individuals were analyzed on 2D gels. In addition,
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both GS were found to be located with the GS gene already
mapped using the PCR-based approach [39].

The above data indicate that GSla and GS1b genes are
closely linked on linkage group two of the maritime pine
genetic map (Fig. 5). This result agrees well with the proposed
origin of different members of the GS1 family by a gene
duplication phenomenon [14] suggesting the presence of
both cytosolic GS genes as a tandem repeat in the pine ge-
nome. In fact, there is some experimental evidence showing
that genes in some plants are not uniformly distributed in the
genome, but localized in clusters separated by interspersed
blocks of repetitive DNA sequences [40].
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