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The Effect of Nitrogen Nutrition on the Cellular
Localization of Glutamine Synthetase Isoforms in
Barley Roots’
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Glutamine synthetase (GS) was detected by immunogold local-
ization in the cytosol and plastids of roots of 7-d-old barley (Hor-
deum vulgare L. cv Klaxon) seedlings grown in the presence or
absence of NO,~ (15 mm) or NH,* (30 mm). The number of GS
polypeptides changed during root development, and this was af-
fected by N nutrition. There was no evidence of a NO; -inducible
root plastid GS. In apical 5- to 10-mm regions of the root the
concentration of immunogold labeling of cytosolic GS was higher in
the cortical parenchyma than in the vascular cells of the stele,
irrespective of N nutrition. This labeling was at least 50% higher in
both cell types in N-free compared with N-grown (either NO;~ or
NH,*) seedlings. In contrast, GS specific activity was highest in
roots of NO; -grown seedlings. It is suggested that this indicates
the presence of inactive GS in roots grown without N. This study has
identified both cell- and development-specific responses of GS to N
nutrition.

The role of GS (EC 6.3.1.2) in the GS/ glutamate synthase
cycle, which assimilates the majority of ammonia into Gln
and glutamate, makes it an ubiquitous enzyme in higher
plant cells (McNally et al., 1983; Oaks and Hirel, 1985). The
enzyme occurs as several distinct isoforms: a plastidic form
(GS2), a cytosolic form (GS1), a root isoform distinct from
GS1 (Vézina and Langlois, 1989; Sakakibara et al.,, 1992;
Marttila et al.,, 1993), and specific cytosolic root nodule
forms (Cullimore and Miflin, 1984; Lea et al., 1991).

GS2 is probably a stromal protein of plastids (Brangeon
et al., 1989; Pereira et al., 1992), and in leaves of C; plants,
it plays a major role in the reassimilation of ammonia
produced during photorespiration (Wallsgrove et al.,
1987). The roles of leaf and root GS1 isoforms are still under
investigation. Recently, the distinct and separate roles of
GS1 and GS2 in leaves have been emphasized by evidence
that GS1 is preferentially localized in phloem companion
cells and other vascular tissues, suggesting a role in the
synthesis of Gln for transport to sink tissues (Botella et al.,
1988; Edwards et al., 1990; Carvalho et al., 1992; Kamachi et
al., 1992; Pereira et al., 1992).
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In barley (Hordeum vulgare L.), two isoforms of GS, GS1
and GS2, were initially identified in leaves and roots (Mann
et al.,, 1979). However, Marttila et al. (1993) recently iden-
tified a second root GS isoform on western blots, and Mack
(1995) has isolated two cytosolic isoforms from leaves and
roots. The ultrastructural localization of GS in barley has
not been investigated to date, although Fentem et al. (1983)
found that GS had higher activities in root tips, and Mann
et al. (1980) found varying ratios of GS1:GS2 in different
parts of mature barley plants.

The expression and synthesis of GS isoforms is a com-
plex process that differs between species (McNally et al.,
1983) and is influenced by plant development (Tobin et al.,
1985; Walker and Coruzzi, 1989; Marsolier and Hirel, 1993),
spatial (Cullimore et al., 1984) and temporal factors (Pear-
son and Ji, 1994), and external stimuli such as light (Hirel et
al., 1982) and available N forms (Hirel et al., 1987; Miao et
al., 1991; Stanford et al.,, 1993).

Given that N nutrition can influence whether N is assim-
ilated in the root or shoot (Andrews, 1986) and also the
form in which it is transported in the plant (Mann et al.,
1979; Lewis et al., 1982; Imsande and Touraine, 1994), it
may influence the relative distribution of GS isoforms.
Although previous studies have identified NO, - and
NH, "-inducible GS isoforms (Emes and Fowler, 1983;
Vézina and Langlois, 1989; Sakakibara et al., 1992), to our
knowledge there have been no studies to date about the
cellular localization of these responses. In this study we
have used immunogold electron microscopy to investigate
how N nutrition affects the cellular localization of GS iso-
forms in barley roots.

MATERIALS AND METHODS
Plant Growth

Barley (Hordeum vulgare L. cv Klaxon) seedlings were
grown hydroponically using constantly aerated Long Ash-
ton complete nutrient solution (Hewitt, 1966) modified to
contain either no N, 15 mm KNO,, or 15 mm (NH,),50,.
Where applicable, antibacterial and fungicidal reagents
(0.002% [v/v] Myxazin and 0.002% [v/v] Protozin, respec-

Abbreviations: GS, Gln synthetase; GS1, cytosolic Gln syn-
thetase; GS2, chloroplastic Gln synthetase; NIS, nonimmune
serum.
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tively; Waterlife Research Ltd., West Drayton, UK) were
added. Plants were grown in a controlled-environment
cabinet (Sanyo Gallenkamp, Loughborough, Leicestershire,
UK). Growth conditions were a 16-/8-h, 20/10°C light/
dark period, RH of 80%, and a light intensity of 220 umol
m~ 2 s~ ', Nutrient solutions were changed every 24 h, and
CaCO, was added to NH," solutions to avoid pH fluctu-
ations. Seven-day-old seedlings were used for experiments,
since we determined, by daily measurement of primary
leaves and roots, that 7 d was the period of maximum
growth rate. Mean root lengths were obtained from 30
individual seedlings from 3 separate experiments.

Electron Microscopy Preparation

Roots were harvested from three randomly selected
seedlings and sampled at 5 to 10 mm distal to the tip. The
tissue was fixed overnight at 4°C in 2.5% (v/v) glutaralde-
hyde, 0.05 M sodium cacodylate, pH 7.3. Tissue was dehy-
drated in ethanol series and infiltrated with LR White resin
(London Resin Co, London, UK) at less than 0°C. Polymer-
ization was at ~20°C under UV light for 24 h, using 0.5%
(w/v) Lowicryl K4M initiator (Chemische Werke Lowi,
Waldkraiburg, Germany).

Silver-gold ultrathin sections were cut from three blocks
per growth treatment using a Reichert (Vienna, Austria)
ultramicrotome and placed onto Formvar (TAAB Labora-
tories, Aldermaston, UK) and carbon-coated nickel grids.
After immunolabeling, grids were stained with 2% (w/v)
uranyl acetate and 0.3% (w/v) lead citrate and examined
on a Hitachi (Tokyo, Japan) 600 transmission electron mi-
croscope at 70 kV. Tissue that was fixed and stained with
1% (w/v) osmium tetroxide for structural observation
showed good general preservation with little tissue shrink-
age or membrane distortion.

Immunolabeling

The antiserum used in this study was raised against
Phaseolus nodule GS, and it recognizes all GS isoforms
tested from a wide range of higher-plant species (Culli-
more and Miflin, 1984). On a western blot of a whole
primary leaf extract of barley, the antiserum recognized
two clear bands of approximately 42 and 44 kD, corre-
sponding to GS1 and GS2, respectively (Fig. 1). Before
incubation with antiserum, grids were floated onto 0.5 M
NH,C], followed by blocking buffer (10 mm sodium phos-

Figure 1. Barley leaf GS isoforms. Western blots of barley leaves
were probed with GS antiserum, which revealed two bands. The
lower band, at approximately 42 kD, corresponds to GS1 (cytosolic),
and the upper band, at approximately 44 kD, corresponds to GS2
(chloroplastic). Twenty micrograms of protein was loaded per well.
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phate, 3% [w/v] NaCl, 1% [w/v] globulin-free bovine al-
bumin, 0.1% [v/v] Tween 20, pH 7.3) for 1 h. GS antiserum
was used at a dilution of 1:400 in blocking buffer for 4 h,
followed by at least three 5-min washes in blocking buffer.
Incubation with secondary antibody (goat anti-rabbit,
15-nm gold conjugate; Biocell, Cardiff, UK) occurred over-
night at 4°C. Control sections were incubated with rabbit
NIS (Sigma) also diluted at 1:400 with blocking buffer.

Quantification of Immunogold Labeling

Random micrographs (10-30 for each cell type) were
taken at a magnification of X20,000. Immunogold label was
quantified by counting gold particles, and areas of cell
compartments were calculated by tracing, cutting, and
weighing to give final mean values of gold label pm 2.
Data were analyzed using Minitab (State College, PA) soft-
ware employing a one-way analysis of variance to each set
of data. Data sets showing some variation from the group
mean were then subject to a Student’s t test with significant
differences at P = 0.05.

GS Extraction and Assay

For each enzyme extract, 1-cm segments were taken from
the roots of 20 individual seedlings, ground to a powder in
liquid N, with a mortar and pestle, and then extracted in
0.5 mL of GS extraction buffer (25 mm Trizma base, 1 mm
EDTA, 1 mMm DTT, 1 mm 2-mercaptoethanol, 1 mm reduced
glutathione, 10 mm MgSO, - 7H,O, 5 mm glutamate, pH
8.0). The extract was centrifuged at 12,500 for 20 min in a
microfuge (Beckman model E). The supernatant was as-
sayed using the GS synthetase and transferase assays
(Rhodes et al., 1975) modified for microassay (200 pL of
total reaction volume). As,, of y-glutamyl hydroxamate
was measured in a microplate reader (model MR5000, Dy-
natech Laboratories Ltd., Billingshurst, UK). Protein was
assayed using the Bradford (1976) method (Bio-Rad) with
thyroglobulin as standard.

Analysis of GS Polypeptides by Western Blotting

One-centimeter root segments from 20 seedlings were
ground to a powder in liquid N, and extracted in 2.0 mL of
2.5% (w/v)SDS, 100 mm sodium phosphate, 0.5 mm EDTA,
1 mMm 2-mercaptoethanol, 10 um leupeptin, pH 7.7. Proteins
(40 pg/well) were separated by SDS-PAGE (Laemmli,
1970) using 10% acrylamide gels and the Bio-Rad mini
Protean II system. Protein transfer to nitrocellulose was
done by the method of Towbin et al. (1979) using a Bio-Rad
mini Trans-blot.

GS polypeptides were detected by incubation with GS
antiserum (1:750 dilution) followed by goat anti-rabbit IgG
conjugated to alkaline phosphatase (Sigma). The final color
reaction used nitroblue tetrazolium/bromo-chloro-indolyl
phosphate in sodium bicarbonate (pH 9.8) (Mierendorf et
al., 1987).
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RESULTS
General Plant Growth

Roots grown without N were consistently longer after d
5 (Fig. 2A) and appeared to develop lateral roots before
those grown in other solutions. Roots grown with NH,*
tended to be straighter, whereas the NO, -grown roots
appeared to have denser root hair growth at 7 d.

Soluble protein content (mg g~ ' fresh weight) of 1-cm
segments of roots differed between seedlings grown on
different N-containing media (Fig. 2B). In all treatments the
protein content increased toward the root tip. N-free-
grown roots, however, showed a much larger increase in
protein content at the root tip than the other roots.

Structural Observations

For the immunolocalization study, data were collected
from two tissue types at 5 to 10 mm distal to the root tip:
the vascular tissue, comprising xylem, phloem, vascular
parenchyma, and pericycle, which is bound by the
endodermis; and the surrounding cortex, which consists of
several layers of cortical parenchyma cells (Fig. 3a). The
single, outer layer of epidermal cells was not analyzed in
the present study because of the difficulty in achieving
good structural preservation.

Cells of the cortical parenchyma are highly vacuolate,
with only a thin layer of cytoplasm, whereas vascular cells
of the stele often appear to have a greater area of cytoplasm
in the cross-section (Fig. 3, b and ¢).

Cellular Localization of GS: Quantification of
Immunogold Labeling

Cortical parenchyma and vascular tissue showed signif-
icant levels of immunogold labeling with GS antiserum in
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both the cytosol and the plastid (Fig. 3, b and c). Back-
ground labeling of other cell compartments, e.g. nucleus
and mitochondria, was extremely low, on the order of 0.3
gold particles um™?, which is similar to that found in
control sections using NIS (Fig. 3d).

Within each growth treatment, mean cytosolic immu-
nolabeling was significantly higher (P = 0.05) in the
cortical parenchyma than in the vascular cells. In both
cortical and vascular cells the mean density of cytosolic
immunolabeling was significantly lower (P < 0.05) by at
least 50% with growth on either 15 mm NO,;™ or 30 mm
NH,* (Fig. 4A). Given that the vascular tissue comprises
a number of different cell types, it is possible that
there may be differences in GS localization within this
tissue. Our preliminary observations are that cytosolic
immunolabeling is higher in the pericycle than in ph-
loem companion cells, whereas immunolabeling is low-
est in the metaxylem and xylem parenchyma (not
shown).

The mean immunolabeling density of plastids from cor-
tical parenchyma and vascular cells was significantly
higher than that of NIS control sections in all N treatments,
with the exception of vascular plastids of 15 mm NO, -
grown plants (Fig. 4B). The level of immunolabeling of
plastids was significantly higher (P = 0.05) in the cortical
parenchyma than in the vascular tissue of both N-free and
NO; ™ ~grown plants but not in NH,*-grown plants, where
plastid labeling was the same in both cell types (Fig. 4B).
Although growth on NO;~ did not aiter the labeling den-
sity of cortical plastids compared with those of N-free-
grown plants, growth on NH,* resulted in a large decrease
in plastid GS immunolabeling.

The large sE values in some of these plastid samples,
together with our own observations, lead us to suggest
that there are different populations of plastids within the
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Figure 2. A, Barley root growth with different N media. Seedlings were grown hydroponically on modified Long Ashton
solution containing no N (W), 15 mm KNO, (¥), or 15 mm (NH,),SO, (). Mean root measurements shown are from one
experiment, n = 30; error bars represent * st where appropriate. Two replicate experiments revealed a similar pattern of
growth under these conditions. B, Soluble protein content of roots grown with different N media. Protein was measured in
extracts of 1-cm root segments along the entire length of roots of 7-d-old barley seedlings grown with no N (@), 15 mm KNO,
(W), or 15 mm (NH,),50, (k). The number of segments differs between treatments because of the difference in final root

length.
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Figure 3. a, Barley root morphology in cross-section. Tissue is from a seedling grown with 15 mm KNO; and is
representative of that used for immunogold studies, sampled from 5 to 10 mm distal to the tip. Contrast was obtained with
0.1% toluidine blue. epi, Epidermis; cp, cortical parenchyma; end, endodermis; pc, pericycle; ph, phloem; x, xylem. Bar =
0.1 mm. b to d, Immunogold localization of GS in barley roots. p, Plastid; ¢, cytosol; cw, cell wall; m, mitochondrion; v,
vacuole. Arrowheads indicate gold label. Bars = 0.5 um. b, Cortical parenchyma cell from a seedling grown with NO, .
GS is immunolabeled throughout the cytosol. Note the lack of immunolabeling on the mitochondrion and vacuole and low
immunolabeling of the cell wall. ¢, Vascular pericycle cell from a seedling grown without N. Note the low immunolabeling
of the starch-containing plastid and cell wall and high immunolabeling of the cytosol. d, Control section from a seedling
grown with NH, ", incubated with rabbit NIS. Note the low amount of gold label.

root. Our preliminary observations are that these forms
of plastids occur in a range of different cell types. Some
of the plastids have well-defined starch grains (see Fig.
3c) and tend to be less densely immunolabeled; others
appear to contain either globular membranous regions
(Fig. 5a) or a single internal lamella (Fig. 5b), and these

plastids are generally more intensely immunolabeled.
Another group has a level of immunolabeling similar to
that of the starch-containing plastids but has no discern-
ible internal organization or starch grains (Fig. 5¢). More
work is necessary to establish these differences in plastid
populations.
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Figure 4. A, Quantification of cytosolic GS immunolabeling of root vascular and cortical parenchyma cells. Barley was
grown for 7 d with no N, 15 mm KNO;, or 15 mm (NH,),50,. Ten to 30 micrographs of each cell type were taken of sections
from 5 to 10 mm distal to the root tip and analyzed as described in “Materials and Methods.” Values represent the mean
immunolabeling density of the cytosol of vascular (B) and cortical ((J) cells = se. Control sections were stained with rabbit
NIS. B, Quantification of plastid GS immunolabeling of root vascular and cortical parenchyma cells. Barley was grown for
7 d with no N, 15 mm KNO;, or 15 mm (NH,),SO,. Ten to 30 micrographs of each cell type were taken of sections from
5 to 10 mm distal to the root tip and analyzed as described in “Materials and Methods.” Values represent the mean
immunolabeling density of the plastids of vascular (@) and cortical (CJ) cells = se. Control sections were stained with

rabbit NIS.

The Effects of N Nutrition on GS Polypeptides during
Root Development

Western blot analysis of 1-cm root segments indicates a
change in GS polypeptide content with root development
(Fig. 6). Protein degradation during extraction was kept to
a minimum by grinding the tissue directly in SDS (see
“Materials and Methods”). In all extracts the upper band at
approximately 42 kD (Fig. 6) corresponded to the GS1
protein from barley leaves (cf. Fig. 1). Up to three distinct
bands were visible in sections of roots grown on NO;™ or
NH, ™ (Fig. 6). NH,*-grown roots appeared to have three
polypeptides in the five basal sections and only two at the
tip (Fig. 6). NO, -grown roots showed two discernible
bands in all five root sections, which showed a marked
decrease in intensity at the root tip (Fig. 6). N-free-grown
roots showed two bands in the basal sections, the lower-
molecular-mass polypeptide of which gradually decreased
toward the root tip (Fig. 6). In the root tip section, sampled
for immunogold labeling, GS polypeptides were least
abundant in NO, -treated plants. When plants were
grown on media containing antibacterial and fungicidal
agents (see “Materials and Methods”), there was no change
in either the number or the intensity of the bands (not
shown). This suggests that the proteins are all of plant
origin. :

The Effect of N Nutrition on GS Activity

Root segments were assayed for GS activity. Transferase
and synthetase assays were performed but because of the
very small amount of tissue used per assay (<0.2 g fresh
weight), the sensitivity of the transferase assay was judged

to be more representative of actual activities, and the syn-
thetase assay was used only for comparative purposes.

N appeared to affect the GS transferase activity of root
segments as expressed on a protein basis (Fig. 7A). NO;™ -
grown roots showed the highest rates of activity, with a
relatively constant rate along the root. N-free and NH,™-
grown roots have similar activities with decreasing rates
toward the root tip, the earlier decline in activity in NH,*-
grown roots being due to their shorter final length (Fig.
7A). These activities gave a much different profile when
expressed on a fresh weight basis (Fig. 7B). Whereas in
NH,"-grown roots GS activity remained relatively con-
stant along the root, in N-free and NO; ™ -grown roots the
activity increased markedly to a similar value toward the
tip. The earlier rise in GS activity in NO; ™ -grown roots is
due to the shorter length of these compared with N-free-
grown roots.

DISCUSSION

The small number of previous immunolocalization stud-
ies of GS in roots have been restricted to legumes, and no
comparisons have been made between different types of
root cells (Brangeon et al., 1989; Datta et al., 1991). To our
knowledge, our study is the first to use quantitative im-
munogold electron microscopy to investigate the intercel-
lular localization of GS in cereal roots and to examine how
this is influenced by N.

Since the growth of barley seedlings was influenced by
N, as reported previously (Dale et al., 1974), it was impor-
tant to distinguish between a direct effect of N on root GS
content and an indirect effect resulting from altered root
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development. Developmental influences are illustrated by
the observed changes in GS activity and polypeptide com-
position along the length of the root. The number of GS
polypeptides detected on western blots increased with root
cell age in all N treatments, and this is analogous to the
increase in GS2 activity with advancing cell age in wheat
leaves (Tobin et al., 1985). Multiple isoforms of GS have
been detected previously in barley roots (Marttila et al.,
1993; Mick, 1995). Although our immunolocalization de-
tected GS in the plastids, none of the observed GS polypep-
tides corresponded to the molecular mass of barley chlo-
roplast GS, which implies that either root plastid GS has a
different molecular mass than leaf GS2, or it is present in

Plant Physiol. Vol. 111, 1996

(b)

Figure 5. Immunolocalization of GS in barley root plastids of NO, -
grown plants. Note the different ultrastructures of the three represen-
tative plastids shown: (a) appears to have globular membranous
structures, (b) has a single visible internal lamella, and (c) has no
defined internal structures. Arrowheads indicate gold label. Note the
immunolabeling of GS in plastids and cytosol and the lack of immu-
nolabeling in the vacuole and cell wall. p, Plastid; ¢, cytosol; cw, cell
wall; v, vacuole. Bars = 0.5 um.

amounts too small to be detected by this method, and the
other polypeptides present on western blots are cytosolic in
origin. This result requires further corroboration. In addi-
tion to these developmental effects, the presence of a third
polypeptide only in the basal sections of the NH, "-grown
roots suggests a specific induction by NH," in mature
cells. N-inducible GS isoforms have been identified in
maize roots (Sakakibara et al., 1992) and pea root plastids
(Emes and Fowler, 1983; Vézina and Langlois, 1989). Pre-
vious studies have reported conflicting effects of NH," on
GS activity of barley roots (Lewis et al., 1982; Mack, 1995),
but these discrepancies could be due to different develop-
mental ages of the roots used in each study.
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Figure 6. GS polypeptide composition along roots of barley grown
with different N media. Western blots were made of extracts of 1-cm
root segments along the entire length of roots of 7-d-old barley grown
with no N, 15 mm KNO;, or 15 mm (NH,),SO,. The number of
segments differs between treatments because of the difference in final
root length. GS polypeptides were visualized following incubation
with the GS antiserum as described in “Materials and Methods.”
Forty micrograms of protein was loaded per well.

In view of these developmental influences on root GS
content and the fact that differences in GS activity between
N treatments were greater at the root tip than in basal
regions, we sampled tissue for the immunolocalization
study from just behind the tip, where cell age would be
similar in all treatments. We found significant GS immu-
nolabeling of root plastids from all N treatments, with the
exception of vascular plastids from NO; -grown plants.
We have also made preliminary observations of root plas-
tids with distinct morphologies, similar to those previously
reported by Lux (1986), and with apparent differences in
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GS immunolabeling. Additional work is necessary to de-
termine whether these plastid forms differ in their capacity
for N assimilation. There was no evidence of a NO; -
inducible root plastid isoform, as has been reported in
other species (Emes and Fowler, 1983; Vézina and Langlois,
1989), although plastid GS labeling was lowest in NH, -
grown seedlings. To our knowledge, ours is the first evi-
dence of a root plastid GS isoform in barley; other studies
analyzed whole root extracts and therefore may have failed
to detect small amounts of plastidic GS (Mann et al., 1980;
Marttila et al., 1993; Mack, 1995).

In all N treatments we found a higher concentration of
cytosolic GS in the cortical parenchyma rather than in the
vascular stele cells, indicating that there is a greater capacity
for NH, " assimilation and Gln formation in the cortex. Our
preliminary observation of lower GS immunolabeling in root
phloem companion cells than in other root vascular cells also
implies that in the region adjacent to the root tip GIn export is
limited. The relatively small size of barley root companion
cells reflects their function as sinks, i.e. importing rather than
exporting metabolites (Warmbrodt, 1985). In contrast, leaf
GS1 has been localized only in the vascular tissue of some
species, particularly the phloem companion cells, suggesting
a primary role in the synthesis of Gln for translocation (Ka-
machi et al., 1992; Pereira et al., 1992).

In both cortical parenchyma and vascular stele cells,
immunolabeling of cytosolic GS is as much as 50% lower
when seedlings are grown with either NO;~ or NH,",
compared with that grown with N-free medium. Although
there are no directly comparable studies, GS gene expres-
sion was extended from the vascular tissue and root apices
to the entire root following NH," treatment (Miao et al.,
1991). In maize roots, the cellular distribution of nitrate
reductase activity was altered by increasing the NO, ™~ sup-
ply (Rufty et al., 1986).
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Figure 7. A, GS transferase activity (per mg protein) along roots of barley grown on different N media. GS transferase activity
was determined in extracts of 1-cm root segments along the entire length of roots of 7-d-old barley grown with no N (M),
15 mm KNO; (W), or 15 mm (NH,),SO, (%). Results are the mean of three replicate assays of one representative experiment.
B, GS transferase activity (per gram fresh weight) along roots of barley grown on different N media. GS transferase activity
was determined in extracts of 1-cm root segments along the entire length of roots of 7-d-old barley grown with no N (M),
15 mm KNO; (¥), or 15 mm (NH,),SO, (%). Results are the mean of three replicate assays of one representative experiment.
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Overall, in the region behind the root tip, plants grown
with NO,~ had a higher GS specific activity but less im-
munolabeling, soluble protein, and GS polypeptides on
western blots compared with those grown without N.
NH, "-grown plants had slightly less GS specific activity
and polypeptides but much less immunolabeling and sol-
uble protein than those grown without N. These discrep-
ancies between GS activity and immunolabeling can be
explained in a number of ways. First, any change in either
the number or the size of root cells, or in GS content of the
epidermis, which was not analyzed in our study, would
have to be very large to account for these differences.

A more likely explanation, however, is that in plants
grown without N some GS is inactive. Inactive forms of
GS protein have been reported in legume roots under
N-limited conditions (Hoelzle et al., 1992). It may be that in
N-free-grown roots, where there is little demand for NH,™
assimilation, GS is still synthesized but is largely inactive.
This situation might serve to poise the roots for a rapid
response, via GS activation, should NH," become avail-
able. In NO,~-grown roots, a high demand for N assimi-
lation would require GS protein to be fully active. In NH, *-
grown plants the majority of assimilation would occur in
the roots, and low amounts of NH," would translocate to
the shoot (Lewis and Chadwick, 1983) and, therefore, ac-
tive GS is present in the roots.

Our study highlights the need to support immunolocal-
ization with measurement of enzyme activity wherever
possible. In support of this, discrepancies between nitrate
reductase activity (Rufty et al., 1986) and immunolabeling
(Fedorova et al., 1994) have been previously reported.

In summary, we have found that there are both cell- and
development-specific responses of GS to N in the growth
medium. Developmental changes in NO;~ uptake can
occur within millimeter-sized regions of barley roots
(Siebrecht et al., 1995). It is therefore important to under-
stand how these localized changes in root N metabolism
are regulated.
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