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in leaves. GS, is localized in the cytoplasm, but is present
mainly in the phloem companion cells, and GS, is located
in the chloroplasts (Woodall et al., 1996). Refixation of
photorespiratory NH,+ is mediated by GS,. Despite this
efficient system for reassimilating NH,+, plants with normal activities of GS can, under certain conditions, lose NH,
to the atmosphere. Barley (Hordeum vulgare) plants grown
with NH,+ in the root medium were shown to accumulate
NH4+ in their tissues and to emit NH, (Mattsson and
Schjoerring, 1996; Mattsson et al., 1997). Inhibition of GS
with Met sulfoximine resulted in a dramatic increase in
NH, emission from barley (Mattsson and Schjoerring,
1996).
Plants have a compensation point for NH, (Farquhar et
al., 1980), reflecting the fact that they can both absorb and
emit NH,. If the atmospheric mole fraction of NH, is below
the compensation point, emission occurs, whereas at concentrations above the compensation point, NH, absorption
takes place. In barley NH, compensation points between
0.9 and 8 nmol mol-' have been measured (Husted et al.,
1996). Since the NH, compensation point is highly dependent on the apoplastic pH and NH,+ concentration, it is
important to measure these parameters to understand the
regulation of NH, exchange. Husted and Schjoerring (1996)
have also shown that the NH, compensation point can be
predicted on the basis of the pH and NH4+ concentration
in the leaf apoplast.
Mutant lines of barley have been isolated that lack chloroplastic GS, (Blackwell et al., 1987; Wallsgrove et al.,
1987). Hausler et al. (1994a) have employed heterozygous
plants with leaf GS activities in a range between 47 and
97% of the wild-type activity to study the control of CO,
assimilation. A decrease in GS activity resulted in increases
in leaf NH,+ and in decreases in leaf amino acids and
protein, consistent with a decrease in the capacity of GS to
reassimilate NH4+ in heterozygous plants. There was also
evidence that a compensatory mechanism might be induced that restricts leaf NH4+ accumulation when the GS
activity falls below about two-thirds that of the wild type
(Hausler et al., 1994a, 199413).
In the present study we have measured NH, exchange
with the atmosphere in two GS mutants with 66 or 47% of

Mutants of barley (Hordeum vulgare L. cv Maris Mink) with 47 or
66% of the glutamine synthetase (GS) activity of the wild type were
used for studies of NH, exchange with the atmosphere. Under
normal light and temperature conditions, tissue NH,+ concentrations were higher in the two mutants compared with wild-type
plants, and this was accompanied by higher NH, emission from the
leaves. The emission of NH, increased with increasing leaf temperatures in both wild-type and mutant plants, but the increase was
much more pronounced in the mutants. Similar results were found
when the light intensity (photosynthetic photon flux density) was
increased. Compensation points for NH, were estimated by exposing intact shoots to 10 nmol NH, mol-' air under conditions with
increasing temperatures until the plants started to emit NH,. Referenced to 25OC, the compensation points were 5.0 nmol mol-' for
wild-type plants, 8.3 nmol mol-' for 47% GS mutants, and 11.8
nmol mol-' for 66% GS mutants. Compensation points for NH, in
single, nonsenescent leaves were estimated on the basis of apoplastic pH and NH4+concentrations. These values were 0.75, 3.46, and
7.72 nmol mol-' for wild type, 47% GS mutants, and 66% GS
mutants, respectively. The 66% CS mutant always showed higher
tissue NH,+ concentrations, NH, emission rates, and NH, compensation points compared with the 47% GS mutant, indicating that
NH4+ release was curtailed by some kind of compensatory mechanism in plants with only 47% GS activity.

There are severa1 reactions in plant tissues that release
NH,+ from organic compounds. The most important are
photorespiration and the utilization of N transport compounds (Joy, 1988). This NH4+ must be reassimilated if the
plant is not to be depleted of N, since photorespiratory
NH,+ release may occur at rates up to 10 times higher than
primary NH4+ assimilation (Lea et al., 1992; Leegood et al.,
1995). The major pathway for reassimilating NH,+ is
through the enzyme GS, which is present in two isoforms
This work was supported by grants from the European Commission DG XII/D (shared cost project no. EV5V-CT94-0426,
EXAMINE, and research training project no. ENV4-CT95-5002) to
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normal leaf GS activity. These were compared with wildtype plants to investigate how the level of GS activity
influences NH, exchange, compensation points for NH,,
apoplastic pH, and NH,+ concentrations.

MATERIALS AND METHODS

Two lines of GS mutants of spring barley (Hordeum vulgare L. cv Maris Mink) with only 66 or 47% of wild-type GS
activity (Hausler et al., 1994a) were grown simultaneously
with wild-type plants in nutrient-rich soil (nutrients added:
180 g m-' N as NO,-, 100 g m-' P, and 210 g m-' K) in
0.5-L pots in a climate chamber at 17°C with 16 h of light
(350 pmol m-' s-') and 8 h of darkness. Every 6 to 8 weeks
the plants were repotted and propagated vegetatively by
dividing the tillers. The plants were watered with deionized water three times a week. At the time of monitoring
NH, exchange, the plants were in a growth stage just prior
to anthesis.
NH,-Exchange Measurements

NH, exchange was monitored in a cuvette system for
continuous measurement (Mattsson and Schjoerring, 1996).
The pots were put in polyethylene bags to avoid NH,
uptake or emission from the soil surface. Control measurements showed insignificant NH, exchange between the air
and pots where the shoots had been cut off. A cuvette made
of polycarbonate and coated with Margard (General Electric) having low water- and NH,-adsorption properties was
used in the experiments. The plant cuvette was installed in
a growth chamber in which temperature, light, and RH
were controlled.
The air entering the cuvette (0.040 m3 min-l) was filtered
to reduce the NH, concentration to a very low level. Experiments with NH,-free air and with NH, mixed into the
air at a known concentration were carried out. Flow controllers (model1100, KDG Mobrey Ltd., Crawley, UK) were
used to ensure that the flow rates were kept constant
through the cuvette and NH, monitor. The NH, was collected in a rotating denuder and detected by conductometry (Wyers et al., 1993). CO, and H,O concentrations were
monitored simultaneously in a combined IR gas analyzer
(CIRAS-1, PP Systems, Herts, UK). When light intensity
(PPFD) or temperature was changed, the system was allowed to adjust for 45 min between measurements.
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procedure was repeated 10 times to ensure that the leaves
were fully infiltrated. After centrifugation at 2000g for 15
min, apoplastic extracts were collected in microtubes. The
concentration of NH,+ in the apoplastic extracts was determined with a flow-injection system (Tecator FIA Star
5020, Hoganas, Sweden). The pH values of the extracts
were determined directly with a microelectrode (9802 BN,
Orion, Boston, MA). To correct for the dilution of the
apoplast during the infiltration procedure, the apoplastic
air and water volumes were determined and a dilution
factor of 1.72 was calculated according to the method of
Husted and Schjoerring (1995).
The rest of the leaf material was freeze-dried for 24 h and
ground to a fine powder, which was used for extraction of
NH,+ with 0.025 M H,SO, for 1 h. Tissue-extract NH,+
concentrations were determined by the same flow-injection
system described above.
NH, Compensation Points

Since the distribution between gaseous and aqueous
NH, in the plant leaf is very sensitive to the leaf temperature, it is possible to estimate the compensation point for
NH, (xNH3)by changing the leaf temperature while keeping the surrounding NH, concentration constant. The
plants were exposed to 10 nmol NH, mo1-l air and the leaf
temperature was increased from 18 to 33°C. Each temperature was maintained for 45 to 60 min to obtain stable
readings. Absorption of NH, decreased with increasing
temperatures and at a certain temperature the plants
started to emit NH,, indicating a compensation point of 10
nmol NH, mel-' air at this temperature. If it is assumed
that the equilibrium between NH, in the intercellular air
space and aqueous NH,/ NH,+ in the apoplast determines
the xNH,, it is possible to recalculate the xNH3to any other
leaf temperature using the thermodynamic equilibria:
NH,+-NH,,,,,

+ H+ A@,s

NH3(aq,*NH3(g, A e , , = 34.18 kJ mol-';

K:5"c = 10-9.25

pZc = 10-1.76

The enthalpy (AH) of these reactions is essentially independent of temperatures below 40"C, and the variation in
AH with ionic strength is insignificant below 100 mM
(Stumm and Morgan, 1981). Using a slightly modified
Clausius-Clapeyron equation, the compensation point
(xNH3) at 25°C could therefore be calculated according to
Husted and Schjoerring (1996) by:

Plant Analysis
~2

After gas-exchange measurements the shoots were cut
off and the total leaf area was measured. Two to three
green, nonsenescent leaves (approximately 0.6 g) were
used for isolation of an apoplastic solution. The leaves
were rinsed in deionized water, cut in 20- to 30-mm segments, and infiltrated with a 350 milliosmole isotonic sorbitol solution (280 mM) in a 50-mL syringe. Four syringes
were mounted on a hydraulic infiltrator (Knapp Micro
Fluid, Neutraubling, Germany) programmed to expose the
leaves to 4 atm of pressure under a vacuum for 10 s. This

= 52.21 kJ mol-';

In - =
x1

AEis

+
R

(il h)

x _--

where x1 is the actual NH, compensation point at temperature T, and x2 is the compensation point at a new temperature T,. R denotes the gas constant (8.31 J K-l mol-').
Another method for estimating the NH, compensation
points employed the measured pH and NH,+ concentration of the apoplastic solution. Using the following equation the compensation point for NH, (xNH,)at 25°C was
calculated:
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where C,,, is the NH,+ and NH, concentration of the
apoplast and (H') is the H+ activity of the apoplast.

-

RESULTS

Wild-type barley plants and GS mutants were similar in
size, although the plants with 47% GS activity had slightly
smaller leaves (and thus a lower leaf area) than the plants
with 66% GS activity and wild-type plants (Table I). Leaftissue NH,' concentrations increased from 1.9 pmol g-'
fresh weight for wild-type plants to 3.7 and 2.9 pmol 8-l
fresh weight for 66 and 47% GS mutants, respectively
(Table I). Emission of NH, from the leaves of wild-type
plants was very low at 24"C, but increased in the mutants
to an average of 0.58 and 0.41 nmol m-' s-' for 66 and 47%
GS mutants, respectively. Emissions were stable during the
morning hours, but often showed an increased rate during
the late afternoon/evening hours (Fig. 1).Emission of NH,
decreased during the night to about one-half of the daytime
value in a11 three groups (Fig. 1).
Increasing leaf temperatures from 20 to 32°C resulted in
increased NH, emission for a11 plants, but the increase was
much more pronounced in the mutants (Fig. 2A). The NH,
emission from the 66% GS mutant was higher compared
with the 47% GS mutant at a11 temperatures. Increasing
temperatures caused a decrease in photosynthesis, and the
mutants showed marginally lower rates of photosynthetic
CO, assimilation compared with the wild type (Fig. 28).
Transpiration increased at the same time, but did not show
any differences between wild-type and mutant plants (Fig.
2C). Increasing the light intensity (PPFD) had a similar
effect on NH, emission, as did increasing the temperature
(Fig. 3). Emission of NH, increased more in the GS mutants
compared with the wild-type plants as the light intensity
was increased (Fig. 3).
Absorption and emission of NH, were measured by
increasing the temperature from 18 to 33°C at a constant
atmospheric NH, concentration of 10 nmol mol-' air. At
18"C, the wild-type plants absorbed approximately 1nmol
m-' leaf area s-' NH, from the air coming into the cuvette,
whereas the mutants absorbed slightly less NH, (Fig. 4). As
the temperature was increased, NH, absorption decreased
until a certain temperature was reached, at which time the
plants started to emit NH,. At this temperature the com-
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Figure 1. Typical curves of NH, emission at 24°C during the light
and dark period of wild-type barley plants and mutants with 66 or

47% CS activity.

pensation point was 10 nmol mol-I air (Fig. 4). Referenced
to 25°C (see "Materials and Methods"), the NH, compensation points were 5.0, 11.8, and 8.3 nmol NH, mol-I for
wild-type and 66 and 47% GS plants, respectively (Table I).
Both apoplastic NH,+ concentrations and pH values in
nonsenescent leaves were higher in the GS mutants than in
wild-type plants (Table 11). The 66% GS mutant also
showed higher NH,+ concentration in the apoplastic solution than the 47% GS mutant, whereas the pH values of the
apoplast were not significantly different.
DlSCUSSlON

The exchange of NH, with the atmosphere was clearly
affected by a decrease in GS activity in the barley mutants.
This was unlikely to be due to any pleiotropic effects, since

Table 1. lntact shoot parameters: leaf area, leaf tissue NH,+ concentrations, NH, emission at 24"C, and NH, compensation points at 25°C
for wild-type barley plants and two mutants with 66 and 47% GS
NH, compensation points were determined on the basis of data for shoot-atmosphere NH, fluxes measured at different air temperatures and
at a constant atmosaheric NH, concentration of 10 nmol mol-' air. Values are means t- SE of three redicates.
Plant

Leaf Area

Wild type
66% CS
47% CS

295 2 32
307 2 27
263 2 23

cm' por-

'

Leaf Tissue NH4'

NH3 Emission

pmol g-

nmol m-'

fresh wt

1.95 t- 0.38
3.70 t- 0.73
2.87 t- 0.51

s-'

0.10 5 0.02
0.58 5 0.14
0.41 2 0.05

NH3
Compensation
Point
nmol mo/-

5.02 t- 0.79
11.78 0.41
8.32 ? 0.60

*
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Figure 2. Effect of increasing leaf temperature from 20 to 32°C on
NH, emission (A), CO, assimilation (B), and transpiration (C) in
wild-type barley plants and mutants with 66 or 47% GS activity.
Values are means t- SE.

parameters such as leaf protein, chlorophyll content, fresh
weight, or a range of other enzyme activities were not
affected in mutants compared with wild-type plants (Hausler et al., 1994a).
The emission of NH, was very low in wild-type barley
plants (Fig. l), in agreement with earlier observations of
plants grown in nutrient solutions with only nitrate as the
N source (Mattsson and Schjoerring, 1996). However, decreased GS activity resulted in NH,+ accumulation in leaf
tissues and increased NH, emission to the atmosphere
(Table I).
Temperature influences plant-atmosphere NH, exchange, both by affecting the concentration of atmospheric
NH, in equilibrium with NH, in the apoplastic solution
and by affecting physiological processes such as photorespiration, which generates NH4+ in leaf tissue (Schjoerring
et al., 1997).Temperature effects on plant-atmosphere NH,
exchange have previously been observed both over a natural forest (Langford and Fehsenfeld, 1992) and in chamber
experiments (Farquhar et al., 1980; Stutte and da Silva,
1981). As the temperature was increased from 18 to 32"C,
NH, emission increased and photosynthesis decreased,
which clearly showed that the increased emission was not
due to increased photosynthesis (Fig. 2). The temperaturedependent increase in NH, emission was much steeper in
the mutants compared with the wild-type plants. This
higher sensitivity of the mutants was probably a result of
increased flux through the photorespiratory pathway, since

increasing temperatures favor the oxygenation of ribulose1,5-bisphosphate (Leegood et al., 1995).
Photosynthesis was also slightly affected by the decreased GS activities of the mutants (Fig. 2B), which correlates to the decrease in total protein and therefore Rubisco
observed by Hausler et al. (1994a). In the 47% GS mutant
NH, emission was lower at a11 temperatures compared to
the 66% GS mutant. Increasing the light intensity (PPFD)
had a similar effect on NH, emission as increasing the
temperature, except that the difference between the two
mutants was smaller than with exposure to elevated temp e r a t u r e s . With increasing light intensities the photorespiratory rate increases as a result of increased rate of photosynthesis rather than as an increased proportion of total
photosynthesis (Leegood, 1993).
In earlier studies barley mutants with decreased activities of chloroplastic GS were used to study the regulation
and control of photorespiration (Hausler et al., 1994a,
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Table II. Single-leaf parameters: apoplastic NH4+ concentration, apoplastic pH, and NU, compensation points at 25°C estimated on the basis of apoplastic NH4+ and pH for wild-type barley and
two mutants with 66 and 47% GS activity
Values are means 5
Plant

SE

of three replicate plants with two parallel samples taken from each.
NH3

Apoplastic
NH,+

Apoplastic pH

Compensation
Point

5.32 i 0.06
5.86 2 0.14
5.71 i 0.09

0.75 2 0.2
7.72 i 2.4
3.46 2 1.8

nmol mo/-

mM

Wild type

66% GS
47% GS

0.36 5 0.08
1 .O8 5 0.26
0.69 2 0.12

-

1994b; Leegood et al., 1995). Under conditions that favor
photorespiration, contents of amino acids directly involved
in the photorespiratory pathway, as well as NH,+ contents
and the activation state of Rubisco, exhibit a biphasic response to a decrease in GS activity. When GS activity falls
below 60 to 70% of the wild type, NH4+ accumulation is
curtailed (Hausler et al., 1994a, 1996). Under similar conditions, photorespiratory CO, and NH, release is decreased (Hausler et al., 199413).The data presented here are
fully consistent with the notion that a decrease in GS
results in an increase in NH, release down to 66% of the
wild-type activity, but that once GS activity is further
reduced (to 47% of wild-type activity), some further mechanism restricts NH, loss. The nature of this compensating
mechanism is still unclear. Hausler et al. (1996) have suggested that it may involve the engagement of alternative
pathways of glyoxylate metabolism.
The importance of leaf temperature for plant-atmosphere
NH, exchange is clear from the data shown in Figure 4 for
wild-type and mutant plants exposed to 10 nmol NH,
mol-I air at temperatures from 18 to 33°C. At 18°C both
wild-type and mutant plants absorbed NH, from the air,
but as the temperature was increased they switched from
being sinks for NH, to being NH, sources (Fig. 4). At the
temperature at which no net NH, exchange occurred the
compensation point was 10 nmol mol-'. At 25°C the estimated NH, compensation points (Table 11) agreed well
with compensation points measured using the same technique in oilseed rape (Brassica napus; 7.7 nmol NH, mol-I
at 25°C; Husted and Schjoerring, 1996). Previous measurements of NH, compensation points in agricultura1 crops
range from 1 to 7 nmol NH, mol-' air (Farquhar et al.,
1980; Dabney and Bauldin, 1990; Schjoerring et al., 1993;
Sutton et al., 1995; Husted et al., 1996).Differences in NH,
compensation points between cultivars and developmental
stages have also been shown for barley (Husted et al.,
1996). The higher compensation points for the GS mutants
agree with the observed tissue NH,+ and NH, emission
data (Table I).
Leaf apoplastic pH values varied from 5.3 in wild-type
plants to 5.9 for the 66% GS mutants. In most plant species
apoplastic pH values range between 5.0 and 6.5 (Grignon
and Sentenac, 1991; Husted and Schjoerring, 1995; Mattsson et al., 1997). Apoplastic pH values have been shown to
increase with increasing NO,- concentrations in the root
medium (Hoffmann et al., 1992; Kosegarten and Englisch,
1994; Dannel et al., 1995), probably as a result of a proton-

'

nitrate cotransport (Dannel et al., 1995). Increasing NH,'
concentrations in the root medium also resulted in decreasing apoplastic pH values in the leaves (Mattsson et al.,
1997). In the present experiment leaf apoplastic pH values
increased in the mutants compared with wild-type plants
(Table 11), indicating a consumption of protons as NH,/
NH,+ was excreted from the leaf cells into the apoplast.
Increasing apoplastic pH and NH4+ concentrations were
also seen in oilseed rape plants after inhibition of GS with
Met sulfoximine (Husted and Schjoerring, 1995). The apoplastic NH4+ concentration was 1.1 and 0.7 mM in the 66
and 47% GS mutants, respectively (Table 11). These values
are similar to those in NH,+-grown barley plants (Mattsson et al., 1997) and oilseed rape plants grown with a high
N supply (Husted and Schjoerring, 1996).
Compensation points for NH, estimated on the basis of
apoplastic NH,+ and H' in single, nonsenescent leaves
were lower (Table 11) than those calculated on the basis of
NH, fluxes between whole shoots and the atmosphere
under conditions of increasing temperatures (Table 11).This
difference is not very surprising if we take into account the
fact that the latter measurements included plants with
tillers of different developmental stages, having both old,
senescent leaves and young leaves. Apoplastic solution
was, on the other hand, collected only from young leaves,
and was therefore not representative of the whole plant. In
oilseed rape plants apoplastic NH4+ concentration was
shown to increase with leaf age, and the best agreement
between estimated and measured NH, compensation
points was found in the early, vegetative growth stage
(Husted and Schjoerring, 1996).
Another factor contributing to differences in NH, compensation points obtained by the two methods could be
uncertainties in using the Clausius-Clapyron equation for
referencing NH, compensation points to 25°C in the
temperature-ramping measurements. Such uncertainties
originate from the assumption that temperature is the only
parameter affecting the compensation point, whereas the
apoplastic NH,+ and H+ concentrations should be constant. The latter may not have been the case, as shown by
a steeper temperature response for NH, emission from the
mutants than from the wild-type plants (Fig. 2A), indicating that the NH,+ concentration of the apoplast increased
in the mutants as the temperature was increased, probably
because there was not sufficient GS activity for assimilating
the higher amounts of NH, released in photorespiration.
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Although the apoplastic d a t a resulted i n lower NH,
compensation points t h a n the temperature-ramping measurements, i n particular for wild-type plants, the values
obtained by t h e t w o m e t h o d s w e r e i n t h e s a m e range
(Tables I a n d 11) a n d clearly show that t h e NH, compensation point is higher i n m u t a n t s w i t h reduced GS activity
t h a n i n wild-type plants. The results presented in the
present w o r k t h u s clearly demonstrate t h e significance of
GS i n controlling t h e flux of NH, between plants a n d t h e
atmosphere. It is therefore important t o obtain more
knowledge regarding variations i n GS activity i n plants
growing u n d e r natural conditions, particularly d u r i n g senescence, and whether certain stress factors o r particular
environmental conditions may reduce GS activity t o an
extent that leads to increased NH, emission.
Received February 10, 1997; accepted May 13, 1997.
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