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Abstract

In investigating the pivotal role of glutamine syn-
thetase in woody plant development, we have strived to
develop an understanding of the biochemical and physi-
ological mechanisms whereby enhanced expression of
glutamine synthetase (GS) in poplar contributes to vege-
tative growth through enhanced nitrogen use efficiency.
Considerable effort has also centered on characteriza-
tion of enhanced resistance of transgenic GS overexpres-
sor lines to abiotic stresses and proposed mechanisms.
This summary of our work also focuses on future appli-
cations in forest tree improvement.
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Nitrogen assimilation in woody plants

The availability of inorganic nitrogen in soils is often a
limiting factor in plant growth and development. Most
trees grow in places where nitrate or ammonium ions
are the major forms of nitrogen available in soil. There
are no differences in the way herbaceous and woody
plants acquire inorganic nitrogen from soil. Several
reviews of amino acid metabolism and nitrogen metabo-
lism in forest tress have appeared in recent years. Refer-
ence should be made to GALLARDO et al. (2003) and
MIFLIN and HABASH (2003).

Nitrate is the major form of inorganic nitrogen found
in the soil (WoLr and WoLt, 1994). Uptake of nitrate
and ammonium by plant roots is the result of a balance
between the active influx of these ions into root cells and
their passive efflux into the soil. Genes encoding compo-
nents of the inorganic nitrogen transport systems have
been identified in different model organisms, including
Arabidopsis and Chlamydomonas (GLASS et al., 2002).
Identification of their counterparts in trees will require
additional research efforts since limited information is
currently available regarding nitrogen transport in
woody plants. One main difference between herbaceous
and woody plants in the manner by which they assimi-
late nitrogen is that in many tree species the majority of
nitrate taken up by the roots is actually reduced in the
roots (GALLARDO et al.,, 2003). Regulation of nitrate
uptake in roots depends on several factors including the
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concentration of nitrate in soil, the C and N status of the
plant, the accumulation of amino acids in roots, and
active cytokinin levels that up-regulate nitrate uptake
at the transcriptional level (GESSLER et al., 2004).

Nitrate is reduced to ammonium by the action of both
nitrate reductase (NR) and nitrite reductase (NiR) in
root cells and in photosynthetic cells of the leaf. NR and
NiR require cytosolic NAD(P)H and plastidic NAD(P)H
(or reduced ferredoxin), respectively, for their reactions.

Ammonium ions produced by NR and NiR are incorpo-
rated into the organic pool of molecules in the reaction
catalyzed by glutamine synthetase (GS) (EC 6.3.1.2). GS
plays a central role in the complex matrix of plant nitro-
gen metabolism since the enzyme catalyses the incorpo-
ration of ammonium into glutamine, an amino acid pre-
cursor of glutamate and of all nitrogen compounds
required for plant growth.

Plant GS is a holoenzyme composed of eight identical
polypeptide subunits and exists as two major isoen-
zymes, GS1 and GS2, located in different subcellular
compartments. The GS isoenzymes display non-overlap-
ping roles (Figure 1). GS1, the cytosolic isoform, is the
predominant enzyme in roots and non-photosynthetic
tissues. GS1 is less abundant in green tissues. The bio-
logical role of GS1 is still not well-defined, but it seems
to be involved in the primary assimilation of ammonium
from the soil and in recycling of ammonium released
through metabolic processes other than photorespiration
(i.e. phenylpropanoid biosynthesis; protein and chloro-
phyll breakdown). Since GS1 in the leaf is expressed
specifically in the vascular bundles, a role for GS1 in
transport of glutamine to other plant organs has been
proposed (CARVALHO et al., 1992, PEREIRA et al., 1992).

In photosynthetic tissues of most species, plastidic
GS2 is responsible for the assimilation of ammonium
derived from nitrate reduction and photorespiration
(IRELAND and Lea, 1999). GS2 is expressed in
angiosperms during plastid differentiation (GALLARDO et
al., 1988; GALVEZ et al., 1990) and under stress condi-
tions, including water stress (BAUER et al., 1997) or
pathogen attack (PEREZ-GARCIA et al., 1998). Genetic
and molecular studies have shown that GS may be a key
component of plant nitrogen use efficiency and yield
(HIREL et al., 2001; OBARA et al., 2001). These reports
suggest that cytosolic GS1 plays a central and critical
role in nitrogen metabolism and in nitrogen use efficien-
cy in higher plants.

The products of glutamine synthetase, glutamate and
glutamine, are precursors of all plant nitrogen com-
pounds (IRELAND and LEa, 1999). GS2 works with plas-
tidic ferredoxin-dependent glutamate synthase (Fd-
GOGAT) (EC 1.4.7.1) in the production of glutamate
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Figure 1. — The GS/GOGAT cycle is the main entry of inorganic
N into the pool of N-compounds in plants. Ammonia produced
from nitrate reduction or from the C-2 photorespiratory path-
way is assimilated into Gln by plastidic GS (GS2), while cytoso-
lic GS (GS1) is involved in the assimilation of ammonia
released from other process. GIn and Glu are the N donors for
the biosynthesis of all plant nitrogen-containing compounds.

from 2-oxoglutarate. GS1 works with plastidic NADH-
GOGAT (EC 1.4.1.14) to produce glutamate in non-pho-
tosynthetic cells, especially in nitrogen fixing nodules in
the roots of leguminous species. In the genomes of most
plants, GS1 comprises a small gene family of 2-5 mem-
bers. In contrast, GS2, Fd-GOGAT, and NADH-GOGAT
gene families consist of only 1-2 genes (LAM et al., 1996).

Genes encoding GS isoforms and GOGAT appear to be
expressed in both angiosperm and gymnosperm species
with the exception of GS2. Based on molecular, biochem-
ical, and cytological studies, there is currently no evi-
dence for a plastidic GS2 in conifers (GARCIA-GUTIERREZ
et al., 1998). Two GS1 isoenzymes have been reported in
pine, GS1la and GS1b, with different patterns of expres-
sion and distinct molecular and kinetic properties (AviLA
et al.,, 2001; DE LA TORRE et al., 2002). While GS1b
exhibits an expression pattern similar to the
angiosperm GS1, pine GSla expression is associated
with chloroplast development, suggesting that its physi-
ological role may be similar to that of GS2 in
angiosperms.

Biochemical and molecular analysis of GS
transgenic lines of poplar

We have developed a molecular approach to increase
glutamine production in transgenic poplar by the over-
expression of a conifer glutamine synthetase gene (GAL-
LARDO et al., 1999). A chimeric construct consisting of
the cauliflower mosaic virus 35S promoter fused to pine
cytosolic GSla c¢DNA and nopaline synthetase
polyadenylation region has been transferred into pBin19
for transformation of hybrid poplar (clone INRA 7171-
B4, Populus tremula X P. alba) via Agrobacterium tume-
faciens (GALLARDO et al.,, 1999). Transformed poplar
lines were selected by their ability to grow on selective
medium containing kanamyecin.

The presence of the introduced GS sequence in the
poplar genome has been verified by Southern blotting
and PCR analysis. Transgene expression was detected
in all selected poplar lines at the mRNA level. The
detection of the corresponding GS polypeptide (41 kDa)
and increased GS activity in the transgenics suggest
that pine transcripts are correctly processed by the
angiosperm translational machinery and that GS1 sub-
units are assembled into a functional holoenzyme. Fur-
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thermore, the enzymatic product of the transgene exhib-
ited kinetic and functional properties similar to the pine
holoenzyme (FU et al., 2003).

Biochemical analysis of transgenic poplar lines
expressing the pine cytosolic GS has revealed that
ectopic expression of the pine GSla in leaves leads not
only to increased GS activity, but also to enhanced levels
of chlorophyll and protein (GALLARDO et al., 1999; FU et
al., 2003). As shown in greenhouse studies, transgene
expression affected plant features with time resulting in
increased protein, increased total GS activity, and
increased levels of glutamate synthase (GOGAT) in
leaves. However, no differences in either the abundance
of the large subunit of Rubisco or total chlorophyll con-
tent were detected between transgenics and controls.
This suggests that GS1 transgene expression does not
alter the differentiation state of leaf (GALLARDO et al.,
1999).

Greenhouse studies of GS1 transgenic poplars showed
that enhanced GS activity in young leaves was correlat-
ed with increases in height growth (Fu et al., 2003).
Furthermore, mean net height growth was significantly
greater for GS transgenic lines than for non-trans-
formed controls, ranging from a 76 % increase in height
at 2 months to 21.3 % increase at 6 months (GALLARDO et
al., 1999). In comparison with non-transgenic controls,
transgenic trees exhibited significantly greater numbers
of leaf nodes and leaves, as well as increases in leaf
area. Similar results have been obtained with herba-
ceous plants (FUENTES et al., 2001; MIFLIN and HABASH,
2002; OLIVEIRA et al., 2002), indicating that modification
of cytosolic GS levels may be an appropriate approach
for improving growth of crop and forest species.

Field performance of GS transgenic poplars

Field trials of transgenic trees represent relevant and
important assessments of the biological role of intro-
duced genes and are essential to verify the potential use
of transgenics for commercial applications. A three-year
field study of eight independently-transformed lines of
poplar expressing the pine GS1 and non-transgenic con-
trol plants was carried out in Andalucia, Spain (JING et
al., 2004). Expression of the transgene was stable
throughout the period of study. Furthermore, transgenic
poplars expressing the pine cytosolic GS exhibited
enhanced vegetative growth compared with control
plants during the study. Expression of the GS transgene
was associated with average heights that were 21, 36
and 41% greater than control plants after the first, sec-
ond and third year of growth, respectively. These data
are in agreement with our growth chamber and green-
house studies (GALLARDO et al., 1999; Fu et al., 2003).
There were no significant differences between trans-
genic and control field-grown poplars with regard to
either total polysaccharide or total lignin contents in
trunks throughout the three-year study.

Interestingly, a higher capacity to accumulate bark
storage proteins has been observed in the GS-overex-
pressing poplars grown under field conditions (JING et
al., 2004). Vegetative storage proteins (VSPs) in the
bark of woody plants serve as sinks for re-absorption of
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nitrogen released from senescing leaves. They also func-
tion as a reservoir of reduced nitrogen that can be readi-
ly mobilized to support growth during the start of each
growing season (WETZEL et al., 2001). Analysis of total
proteins from poplar stems revealed accumulation of a
32 kDa VSP concomitantly with stem differentiation
(ZHu and COLEMAN, 2001). This polypeptide represented
up to 40% of total protein detected in bark during dor-
mancy. Interestingly, expression of VSP in poplar has
been reported to be regulated by glutamine, the main
form of nitrogen transported in poplar (SAUTER and VAN-
CLEVE, 1992). The contribution of the cytosolic GS (local-
ized in the vascular bundles) to nitrogen transport from
source to sink tissues is clearly important for overall
nitrogen economy. Rapid accumulation of the 32 kDa
VSP in transgenic poplar could reflect differences in the
GS capacities detected in transgenic and control plants
and, consequently, a differential availability of organic
nitrogen in the form of glutamine for tree growth and
development (JING et al., 2004).

GS overexpression results in enhanced nitrogen
use efficiency

In a recent study (MAN et al., 2005) we investigated
the hypothesis that enhanced GS expression in poplar
results in enhanced efficiency of nitrogen assimilation.
Leaves of transgenic poplar showed increases in levels
of both free glutamine and total free amino acids com-
pared with leaves of non-transgenic controls. However,
levels of free ammonium in leaves of GS transgenic lines
were 85% less (p < 0.01) than in leaves of non-transgenic
control plants, implying that enhanced levels of GS
result in enhanced assimilation of free ammonium into
organic nitrogen.

As predicted from earlier work (GALLARDO et al.,
1999), when compared with controls grown under both
low (0.3 mM) and high (10 mM) nitrate conditions, GS
transgenic poplar lines exhibited significant increases in
total leaf area, plant height, and leaf dry weight. How-
ever, when compared to non-transgenic controls grown
under similar nitrogen regimes, the percent increases in
growth for transgenic lines were greater under low
nitrate availability than under high nitrate availability.
Furthermore, ®N-enrichment experiments showed that
27% more (p < 0.05) N was incorporated into structural
compounds in leaves of transgenic lines than in leaves of
non-transgenic controls. Taken together, these studies
provide strong evidence that genetically engineered
lines of poplar displaying ectopic expression of the pine
GS1 are characterized by enhanced nitrogen assimila-
tion efficiency .

GS overexpression results in enhanced expression
of anthranilate synthase

We have recently used GS1 transgenic lines of poplar
to investigate the effect of glutamine overproduction on
the transcriptional regulation of growth. Specifically, we
examined the effect of glutamine on expression of
anthranilate synthase, a critical enzyme in the produc-
tion of the plant hormone indole-3-acetic acid (IAA).
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Glutamine is directly involved in the initial reaction
in the pathway leading to de novo purine biosynthesis
(SmiTH and ATKINS, 2002). The intermediate products of
this pathway, including AMP and GMP, provide purine
bases for nucleic acid biosyntheses, as well as for a num-
ber of essential coenzymes (NAD, NADP, FAD, and coen-
zyme A) and for signaling molecules, such as cAMP
(SMiTH and ATKINS, 2002). The biosynthesis of IAA is
also directly linked with glutamine production (CROZIER
et al., 2000; CHO et al., 2000).

The initial step in the pathway for tryptophan-depen-
dent/tryptophan-independent biosynthesis of IAA is the
transfer of the a-amino group of glutamine to choris-
mate to produce anthranilate. This reaction is catalyzed
by anthranilate synthase (AS). Plant AS holoenzymes
characterized to date are tetramers consisting of two a-
and two B-subunits encoded by separate nuclear genes.
The AS subunits are initially synthesized in the cytosol
as precursor proteins with plastid-targeting transit pep-
tides (CRAWFORD, 1989; RADWANSKI and LAST, 1995) and
the functional holoenzyme is assembled in the plastids
(POULSEN et al., 1993; BOHLMANN et al., 1995; ROMERO
and ROBERTS, 1996). The AS B-subunit is an aminotrans-
ferase that cleaves glutamine to produce ammonia,
which is then transferred by the a-subunit to choris-
mate producing anthranilate (ZHANG et al., 2001).
Nucleotide sequence analyses of AS a-subunits from
rice, Arabidopsis, Ruta graveolens, and tobacco reveal a
high degree of sequence homology (T0zAwA et al., 2001;
N1vocI and FINK, 1992; BOHLMANN et al., 1996).

Recent work (MAN and KiRBY, in preparation) has
revealed that, compared with leaves of non-transformed
control poplar plants, leaves of transgenic poplar
expressing the pine cytosolic GS1 showed significant
increases in total GS activity, free glutamine, and free
tryptophan in leaves. Using RT-PCR, we have shown
that the AS a-subunit-specific fragments were more
strongly amplified in transgenic poplar leaves than in
controls. The enhanced free glutamine content in leaves
of transgenic poplar leads us to consider the possible
role of glutamine in regulating the transcription of AS
a-subunit gene.

In order to get more direct insight into the role of
glutamine on the transcription of AS a-subunit, we feed
detached tobacco leaves with exogenous glutamine
(30 mM). Results showed that feeding with exogenous
glutamine boosted transcription of the AS a-subunit
message by approximately 120%, compared with con-
trols. This adds further evidence that glutamine may
directly enhance transcription of the AS a-subunit. This
increase was a glutamine-specific response.

Little is known about the relationship between gluta-
mine levels and cellular concentrations of IAA (free and
conjugated forms). We are currently evaluating levels of
free and conjugated IAA in GS transgenic and control
poplars. It is possible that the reaction of glutamine and
chorismate leading to the production of IAA may repre-
sent a central point at which products of nitrogen
metabolism (glutamine) and carbon metabolism (choris-
mate) meet, leading to the regulation of growth and
development.
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Phosphinothricin/glufosinate tolerance of poplar
GS transgenics

The mechanism of action of one of most common her-
bicides used in agriculture, phosphinothricin, or glufos-
inate (PPT) is through its direct inhibition of glutamine
synthetase. PPT is a structural analog of glutamate that
irreversibly binds GS resulting in inactivation of the
enzyme. Since GS expression is intimately associated
with the development of photosynthetic tissues, young
leaves are the main target of PPT. The inactivation of
GS by PPT results in amino acid depletion leading to
inhibition of the C-2 photorespiratory pathway and the
inhibition of photosynthesis (LA CUESTA et al., 1992;
HOERLEIN, 1994). We have observed enhancement of
PPT tolerance in GS overexpressing poplar, both in in
vitro studies and in greenhouse experiments (PASCUAL et
al., in preparation). The higher viability of transgenic
poplar cultivated in presence of PPT was associated
higher higher GS content. The responses of both trans-
genic and control poplar lines to PPT, including increase
in GS, Rubisco and NADP*-isocitrate dehydrogenase,
seem to depend also on the physiological and develop-
mental state of the photosynthetic tissue.

GS overexpression is correlated with enhanced
resistance to water stress

Although the role of cytosolic GS is not well defined in
leaves of angiosperms, its expression in photosynthetic
tissues has been associated with responses to biotic and
abiotic stresses, fruit ripening, and leaf senescence
(BAUER et al., 1997; PEREZ-GARCIA et al., 1998; GALLARDO
et al. 1988; BRUGIERE et al., 2000). Therefore, modifica-
tion of GS1 levels could have important effects not only
on nitrogen partitioning, but also on stress tolerance.

Recent work from our laboratory has examined
responses of transgenic poplars overexpressing the pine
GS1 gene to untransformed lines prior to, during, and
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Figure 2. — Leaf dehydration in controls and GS1 transgenic
poplar lines. Curve shows values for high and medium perfor-
mance transgenic lines and non-transgenic controls. The num-
bers of leaves showing wilting (dehydration) during 7 days of
maximum stress were determined. Each value represents the
mean of 5 independent measurements; bars indicate one SE.
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after recovery from transient water stress. When water
stress was applied to GS1 transgenic and control poplar
lines grown under growth chamber conditions by with-
holding irrigation for 7 days, transgenic poplars showed
fewer dehydrated leaves when compared to non-trans-
genic control plants [(F, ,, = 4.94; P < 0.05); type-by-time
interaction (F12,72 = 2.75; P £ 0.05)] (Figure 2). This sug-
gests that the GS transgenic poplar lines showed
enhanced resistance to drought.

We have investigated possible mechanisms for
enhanced water stress resistance in GS transgenic lines
in ecophysiological studies (EL-KHATIB et al., 2004). As
expected from increased growth of GS transgenic lines,
net photosynthetic rates (A ) were maintained at high-
er levels in transgenic poplars than in controls.

Chlorophyll fluorescence data can provide -critical
insight into mechanisms for stress tolerance. The funda-
mental principles of chlorophyll fluorescence are
straightforward. Light absorbed by chlorophyll mole-
cules can result in one of three events. It can drive pho-
tosynthesis (i.e. enhance photochemistry), excess light
energy can be dissipated as heat, or energy can be re-
emitted as light (chlorophyll fluorescence). These three
processes compete with each other. Thus, measuring the
yield of chlorophyll fluorescence provides critical infor-
mation on overall photochemistry as well as heat dissi-
pation. Generally, fluorescence yield is highest when
photochemistry and heat dissipation are lowest.
Changes in chlorophyll fluorescence yield can be used to
study the effects of environmental stresses on plants
since photosynthesis is often reduced in plants experi-
encing adverse conditions, such as water deficits,
extreme temperatures, nutrient deficiencies, and
pathogen attack. Principles of chlorophyll fluorescence
and applications of these techniques are reviewed in
MAXWELL and JOHNSON (2000).

Fluorescence data showed that energy-dependent
quenching of light energy absorbed in the antennae of
photosystem II (PSII) is a significant component of the
stress response in poplar, especially in GS transgenic
lines. This component appears most significant during
recovery from water stress. NPQ, a measure of thermal-
dissipative photoprotection and short-term adjustment
to high light levels, is highly dynamic and tightly cou-
pled to xanthophyll cycle kinetics (OsMOND, 1994;
ANDERSON et al., 1997). PSII antennae transfer efficien-
cy (F/F ), which is also an energy-dependent parame-
ter and light-adapted PSII yield (@,g;), both remained
higher in the GS1 transgenic poplar lines compared
with controls throughout the recovery period. F /F ’ is
an index of the intrinsic efficiency of PSII under ambi-
ent light conditions, while @, directly reflects PSII effi-
ciency (BARKER and ADpAMS, 1997). Therefore, the vary-
ing responses of NPQ and F/F ’may reflect differences
in fine- and course-scale adjustments in antennae-level
thermal dissipation during drought recovery, resulting
in PSII yields being maintained at higher levels in GS
transgenic poplar lines as compared to controls. Differ-
ences in photochemical quenching (qP) between trans-
genic lines and controls very likely affected @, (HYmMUS
et al., 1999). Higher PSII yield suggests greater poten-
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tial for photochemical processes contributing to electron
transport. Taken as a whole, our evidence suggests that
overexpression of cytosolic GS in leaves of transgenic
poplars under water stress conditions results in engage-
ment of antennae-level, energy-dependent mechanisms
that protect the reaction centers during water stress
(OSMOND, 1994).

A photoprotective role for photorespiration is contro-
versial. Kozakl and TAKEBA (1996) showed that trans-
genic tobacco having twice the normal level of expres-
sion of chloroplastic GS also displayed improved pho-
torespiration capacity and increased tolerance to high
light intensities. We observed that over-expression of GS
in poplar was correlated with a greater post-lower illu-
mination burst of photorespiratory CO,, an indirect
assessment of photorespiration (VINES et al., 1983;
LEAKEY et al., 2002; LEAKEY et al., 2005). It is likely that
photorespiration provides protection against photooxida-
tion in transgenic poplar by providing an alternative
pathway for light-induced electron transport, allowing
the quantum yield of PSII to be higher in GS1 trans-
genic lines compared to controls (HOSHIDA et al., 2000).
Greater photorespiratory capacity in GS transgenic
poplar could be important in that continued flow of elec-
trons into photorespiration could insure that the trans-
thylakoid pH gradient is maintained, thereby providing
energy for greater antennae-level protection. This may
also account for the higher levels of A , observed in
transgenics after recovery from water stress, even under
extreme stomatal limitation and is consistent with high-
er levels of F'//F ’ and @,q;;, which may indicate greater
ET capacity in transgenics. During recovery from water
stress, when stomatal limitations are high, photorespi-
ration may function as an energy sink in transgenic
plants in order to sustain positive levels of Anet.

Conclusions and future work

To date the work on GS transgenic lines of poplar indi-
cate that overexpression of glutamine synthetase may
confer desirable field performance characteristics,
including enhanced vegetative growth and stress resis-
tance. Our work has attempted to propose mechanisms
whereby enhanced field performance is determined by
alterations in glutamine metabolism. Glutamine occu-
pies the central position in the link between carbon and
nitrogen metabolism in plants. Furthermore, it is known
that specific carbon and nitrogen metabolites can func-
tion to regulate the expression of genes involved in criti-
cal metabolic processes including photosynthesis, carbon
metabolism, nitrogen metabolism, and the allocation of
nutrient resources (CORUZZI and ZHOU, 2001; FOYER and
BowsHER, 2004; KrAPP et al., 2005). Future work will
focus on further elucidation of these mechanisms and of
the matrix of interactions of carbon and nitrogen metab-
olism.
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