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3. Effects of gaseous ammonia on nitrogen metabolism of     
    needles3

                                        
3 Published as Pérez-Soba M, Stulen I, Van der Eerden LJM. 1994.  Effect of atmos-

pheric ammonia on the nitrogen metabolism of Scots pine (Pinus sylvestris) needles.
Physiologia Plantarum 90: 629-636.

3.1. Abstract

Four-year-old seedlings of Scots
pine (Pinus sylvestris  L.) were ex-
posed to filtered air (FA), and to FA
supplemented with NH 3 (60 and 240
µg m-3) in controlled-environment
chambers for 14 weeks. Exposure to
the higher NH 3 concentration r e-
sulted in an increased activity of
glutamine syntheta se (GS, EC
6.3.1.2), and an increase in the co n-
centrations of soluble proteins, total
nitrogen, free amino acids and leaf
pigments in the needles. The GS
activity (µmol g -1 fresh weight h -1)
in the needle extract increased to
levels 69% higher than in FA and
the soluble protein concentration to
levels 22 % higher. Total nitrogen
concentration in the needles was
42% higher than in FA, while the
free amino acid concentration was
300% higher, which was caused by
an increase in ar ginine, glutamate,
aspartate and glutamine. Chlorophyll
a, chlorophyll b and carotenoids
concentra tions were 29, 38 an d 11%
higher. Neither the glutamate deh y-
drogenase (GDH, EC 1.4.1.2) acti v-
ity nor the concentrations of free
NH4

+ and glucose in the needles
were affected by exposure to NH 3.

After fumiga tion with 240 µg m-3

NH3, the starch concentration d e-
creased by 39% relative to the FA.
The results indicate that the metab o-
lism of Scots pine acclimates to
concentrations of NH 3 which are 3 to
10 times higher than the average
concentration in areas with intensive
stock farming. The possible mech a-
nisms underlying acclimation to NH 3

are discussed.

3.2. Introduction

In a non-polluted atmosphere, trees
obtain nearly all their nitrogen from
the soil. In the proximity of inte n-
sive stock breeding farms or agricu l-
tural regions, forest ecosystems are
exposed to high con centrations of
gaseous ammonia (NH 3), sometimes
at a concentration above 500 µg m-3.
The dry deposition  of NHy (NH3 +
NH4

+) is mainly absorbed by the
shoots and most of the wet depos i-
tion is absorbed by the
roots/mycorrhiza system. In most
European countries about 50% of the
NHy deposition is dry; in the Nether-
lands this is on average 70% and
close to NH 3 sources even higher
(Heij & Schneider, 1991). The
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toxicity of NH 3 was thought to be
based on the u ncoupling of photo-
synthesis by ammonium (NH 4

+;
Losada & Arnon, 1963). Recent
research has shown that the drop in
the photosynthetic rate was not d i-
rectly connected with high conce n-
trations of NH 4

+, but related to the
decreased and limiting concentr a-
tions of amino acids required for the
photorespiratory nitrogen (N) cycle
(Lea et al., 1989). NH 3 toxicity has
also been associated with alterations
in the acid-base balance of the cell
and regulation of cytoplasmic pH
(Raven, 1988). NH 3 is taken up
through the stomata (Van Hove et
al., 1989) and it is dissolved in the
leaf to form NH 4

+. NH4
+ in turn is

incorporated into glutamine  by the
action of glutamine synthetase  (GS,
EC 6.3.1.2) and subsequently inco r-
porated into glutamic acid  by gluta-
mate synthase  (GOGAT, EC 1.4.1.13
and EC 1.4.7.1) (Lea & Miflin,
1974). Glutamate dehydrogenase
(GDH, EC 1.4.1.2) catalyses the
reversible amination/deamination of
2-oxoglutarate to glutamic acid.
Recent research has confirmed that
the activity of the enzymes of the
GS-GOGAT pathway is mainly
responsible (95%) for the assimil a-
tion of NH 3 into amino acids in the
shoots and roots of higher plants
(Lea  et al., 1989; Rhodes et al.,
1989; Amâncio & Santos, 1992).

Reports on effects of atmo s-
pheric NH 3 show that NH 3 alters the
growth and physi ology of forest
trees. Atmos pheric NH 3 increases the
N deposi tion in forest close to NH 3

sources, causing excess foliar N

concentration. Von Heinsdorf &
Krauß (1991) measured a monthly
mean concentration of 45-65 µg m-3

NH3 in pine forests close to livestock
farms and they found that N conce n-
trations in the needles increased
linearly with their proximity to the
farms, reaching values up to 3%,
which is toxic for normal growth
(Van den Burg, 1990; Heij &
Schneider, 1991). Excess foliar N
concentration may disturb the nutr i-
ent balance of the needles (Van Dijk
& Roelofs, 1988; Kaupenjohann et
al., 1989) and increase sensitiv ity to
frost, drought and diseases (De Kam
et al., 1991; Dueck et al., 1991,
1992a). Fumigation with NH 3 leads
to increases in tree biomass produc-
tion and in net photo synthesis (Van
der Eerden & Pérez-Soba, 1992).

In order to explain the effects
of atmospheric NH 3 on the growth
and physiol ogy of conifers, we
studied the effects of NH 3 on the N
metabolism of Scots pine. We e x-
pected to find the major metabolic
response to NH 3 in the shoots b e-
cause this is where primary assim i-
lation of gaseous NH 3 is located
(Porter et al., 1972; Lalisse &
Bardin, 1981; Whitehead & Lockyer,
1987; Grundmann et al., 1993).
Therefore, we exposed Scots pine
trees to gaseous NH 3 in controlled-
environment chambers for 14 weeks
and we measured the activity of GS
and GDH and composition of some
metabolite pools in the needles. We
chose Scots pine ( Pinus sylvestris )
because it shows a decline in vitality
in the Dutch forests (Smits, 1992),
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where the dry deposition of NH 3 is
very high (Erisman, 1991).

3.3. Materials and methods

Plant material and soil type
Three-year-old Scots pine seedlings
(Pinus sylvestris  L.) of a single
provenance NL-ZS Voorsterbos-02
were potted into nutrient-poor acidic
sandy soil in 10 l pots, a year before
the beginning of the experim ent.
The soluble fraction of the soil had:
pH(CaCl 2) 3.8, 167 µM NH4

+, 3 µM
NO3

-, 123 µM Mg2+, 26 µM K+ and
23 µM P. Trees were kept outdoors
until 29 Decem ber 1988. Then they
were brought into a frost-free glas s-
house to acclimate gradually before
their transfer into controlled-
environment chambers. Buds on the
saplings started to burst in February
and most of new needles reached
maximum elongation in the middle
of April. On March 1 the trees were
sorted into groups with similar ave r-
age length (26.8-28.0 cm) of their
top branch. Each group con sisted of
8 replicates. From March 1 to 3, we
harvested one-year-old needles from
trees of each group and determined
the initial concentrations and enzyme
activities.

NH3 fumigation
Eight trees were placed into each
controlled-environ ment chamber on
March 3 and exposed to filtered air
(FA), and to FA supplemented either
with a low or a high concentration of
gaseous NH 3. The concentrations of
NH3 (µg m-3) measured in the exp o-
sure chambers were 1.5±0.6 in FA,

60±5 in low NH 3 and 240±11 in
high NH 3. Ambient air was purified
in activated charcoal filters with 1.5
s contact time. Ammonia was i n-
jected into the ventilation air using
thermal mass flow regulators
(Brooks 5850 TR, Veenendaal, The
Netherlands). Concentrations of NH 3

were measured with a chemilumini s-
cent NOx monitor (Monitor Labs
8840, San Diego, California), pr e-
ceeded by a thermal converter to
oxidize NH 3 to NO. The climatic
conditions were 17 oC during the day
(7:00-19:00 h) and 11 oC at night.
Relative humidity was 70% during
the day and 85% at night. Light
intensity was 400 ± 20 µmol m -2 s-1

(PAR). Wind velocity was 1 m s -1.
Seedlings were not fertilized through
the soil during the e xperiment.

Determination of parameters in the
one-year-old needles
Total nitrogen
Needles were oven-dried at 75 oC for
24 h, after which they were weighed
and finely ground for analysis. From
the tissue powder, samples of 1.5 mg
were used for determining the N
concentration, which was measured
with a Carlo Erba Elemental An a-
lyzer Mod. 1106 (Milan, Italy).

Free NH4
+ and free amino acids

Needles were harvested according to
Buwalda et al. (1988) in order to
minimize N losses. They were
cleaned with tissue paper moistened
with demi water to prevent contam i-
nation and ground to a fine powder
in liquid nitro gen, 100 mg of which
was extracted with 3 ml 0.5 M
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HClO4. After homogenization and
centrifugation of the extract for 10
min at 10 000 g, 1 ml of the clear
supernatant was neutralized with 200
ml  2 M KHCO 3. Then the solution
was mixed and incubated for 15 min
in an ice-bath, mixed again and ce n-
trifuged for 10 min at 10 000 g. The
supernatant was kept at -20 oC until
determina tion of free NH 4

+ and FAA
with an automatic amino acid an a-
lyzer (Biotronik LC 6000E, Merck,
Germany).

Leaf pigments
For extraction of leaf pigments,
needles were ground very fine in
liquid nitrogen after  harvesting. 
From   the  powder, 0.5 g was
weighed into a 10 ml centri fuge tube
with 10 ml 96% ethanol. Tubes were
stored at -20 oC in the dark for 96 h,
during which the extraction solution
was replaced twice. The 3 supe r-
natant frac tions were recovered by
centrifugation (15 min, 5 000 g) and
combined. Concentrations were
calculated with the equations of
Lichtenthaler & Wel lburn (1983).

Glucose and starch
The concentrations of glucose and
starch were deter mined with the UV-
method of Boehringer (Test comb i-
nation Cat. No. 207 784). Needles
were ground in liquid nitrogen,
freeze-dried and kept at -80 oC until
analysis, when the starch was co n-
verted to a soluble form using dim e-
thyl sulfoxide (Anonymous, 1986a).

Needle extracts for e nzymes and
soluble protein determinations

Needles were harvested between
9:00 and 10:00 h, since diurnal
variations in GS activity were found
in trial experiments (data not
shown). Three samples per tree, each
consisting of approxi mately 15 pairs
of needles, were taken from the ce n-
tral branch. Needles were quickly
frozen in liquid nitrogen, and kept
there till extraction. Prelimi nary
experiments showed that GS activity
decreased by 25, 50 and 55% when
needles were kept at -80 oC for 1, 8
and 15 days respectively (data not
shown). Therefore, the extraction
was performed immedi ately by the
following procedure. After harves-
ting, the needles were ground very
fine in liquid nitrogen with pestle
and mortar. The powder (0.5 g) was
weighed into a centrif uge tube pr e-
viously cooled in liquid ni trogen and
4 ml extrac tion media co nsisting of
100 mM K-phosphate of pH 7.5,
7.5% polyvinyl pyrrolidone 25
(w/w), 0.5% Triton X-100 (Weimar
& Rothe, 1986) and 10 mM 2-
mercaptoethanol. Samples were
mixed on a vortex three times for 1 s
at maximum speed, filtered through
one layer of Miracloth and then
centrifuged for 30 min at 20 000 g at
0-4oC. This extract was used to d e-
termine GS and GDH activity and
protein concentration of the needles.

Glutamine synthetase
Two different methods of determi n-
ing GS (EC 6.3.1.2) activity were
tested and compared: (1), the h y-
droxamate synthetase assay (O'Neal
& Joy, 1973) which uses a non-
physiological substrate and (2), the
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coupled ATP assay based on a
physiological reaction (Boyer,
1974). The first method measures GS
activity by the form ation of γ-
glutamylmonohydroxamate. In the
second, the ADP produced in the
glutamine synthesis is coupled to
pyruvate kinase and lactate dehydr o-
genase and measured via NADH
oxidation. The difference between
the results from the two methods was
only 3% (data not shown). The h y-
droxamate synthetase assay was
chosen because it could be car ried
out more quickly. Needle extract
(0.25 ml) was added to a solution of
 a  final  volume of  2  ml,  contain-
ing
0.1 M Tricine KOH buffer, pH 7.8,
20 mM MgSO 4, 1 mM EDTA, 16
mM ATP, 160 mM L-glutamate and
24 mM hydrox ylamine. The reaction
was started by the addition of the
extract, and the assay mixture was
incubated at 37 oC for 15 min. The
reaction was stopped by adding 1 ml

of ferric chloride reagent, containing
0.37 M FeCl 3, 0.67 M HCl and 0.2
M trichloroacetic acid. It was not
necessary to centrifuge the sample in
order to remove the protein before
reading the spectrophotometric a b-
sorption at 540 nm. A standard curve
of γ-glutamylmonohydroxamate was
prepared (up to 2.5 µmol ml -1 assay
mixture). Absorbance increased
linearly with the amount of extract
in the assay mixture; it also i n-
creased linearly with the amount of
plant material added to the extraction
and with the incubation time
(data not shown).

Glutamate dehydrogenase
GDH (EC 1.4.1.2) aminating activity
was measured ac cording to Pahlich
& Joy (1971).

Soluble proteins
Concentration of soluble proteins
was determined following Bradford
(1976), using the Bio-rad dye re a-

Table 3.1. Changes in DW (% FW), in concentrations of total N (mg g-1

DW) and free NH4
+ (mmol g-1 DW) and in ratios free NH4

+/total N and
FAA pool/total N (mmol mmol-1) in needles of Pinus sylvestris exposed
for 14 weeks to filtered air (FA), and to FA supplemented with low or
high NH3. Means within the same row followed by the same letter not
significantly different at α=0.05.

Week 0 (n=8) Week 14 (n=8)

  FA    Low NH3 High NH3 

DW 39 ± 1.0 a 38 ± 0.7 a 40 ± 0.8 a 42 ± 2.3 a

N 18.4 ± 2.1 a 12.3 ± 2.5 b 13.0 ± 2.5 b 17.5 ± 2.6 a

NH4
+ 16.1 ± 1.1 a 13.1 ± 2.8 b 10.5 ± 3.1 b 9.2 ± 2.9 b

NH4
+/N 12.3 bc 14.9 c 11.3 b 7.4 a

FAA /N 83.2 c 17.9 a 24.8 a 45.8 b
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gent (Anonymous, 1979) and bovine
plasma albumin as a protein sta n-
dard. The sam ples were diluted
1:100 to prevent interference from
the Triton X-100, used in the extra c-
tion media. Interference from ph e-
nolic compounds was prevented with
the polyvinylpyrrolidone and me r-
captoethanol used in the extraction
media. A micro-assay was performed
using a micro-titerplate, mix ing 50
µl of colour reagent with 200 µl of
blank (extrac tion media diluted
1:100), standards or samples. After
mixing 3 times with a micro-pipette,
the absorbance was read at 620 nm in
an Anthos Labtec Instruments reader
2001 (Salzburg, Austria).

Statistics
The results concerning the total n i-
trogen, free NH 4

+, free amino acids,
leaf pigments, and glucose and starch
concentra tions were evaluated by
one-way analysis of variance. After
the analyses of variance an LSD-test
was used for testing pairwise diffe r-
ences between treatments. The r e-
sults concerning soluble protein
concentration and GS and GDH
enzyme activities refer to the mea s-
urements for individual trees at 3
time points. These data were studied
with analyses of variance according
to a split-plot design with time on
subplots and concentration levels on
main plots.

3.4. Results

Total nitrogen and free ammonium
concentrations

During the 14 weeks fumigation, the
total N concentration in the needles
decreased significantly in all trea t-
ments except in trees exposed to
high NH 3 (Table 3.1). In this trea t-
ment, the N con centration did not
differ signifi cantly from the initial
value and it was 42% higher than in
FA.

The concentration of free
NH4

+ decreased in the three trea t-
ments and this decrease was enlarged
by NH3, but not significantly.

Soluble proteins
The soluble protein concentration
increased significantly from week 0
to week 6 in all treatments (Fig.
3.1a). The increase was significantly
larger in trees exposed to high NH 3

(29%) than in trees exposed to FA
(4%). After week 6, the concentr a-
tion tended to decrease in the three
treatments, but this was not signif i-
cant.

Glutamine synthetase and gluta-
mate dehydrogenase
At the start of the fumigation, there
were large differences in GS activity
between trees (>10%) despite the
fact that plants of the same prov e-
nance were selected (variation b e-
tween individuals of a single pop u-
lation). Consequently, we decided to
calculate the changes in GS activity
(as a proportion of the initial acti v-
ity) for individual trees and not for
the average activity in the treatment.
Calculated in this way, the activity
of GS (µmol γ-
glutamylmonohydroxamate g -1 fresh
weight h -1) increased by 34% in FA,
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by 58% in low NH 3 and by 76% in
high NH 3, at week 6 (Fig. 3.1b). The
differences between treatments o b-
served at week 6, were larger at week
12. At this week, GS activity (% of
week 0) decreased by 17% in FA,
and increased by 20% in low NH 3

and by 51% in high NH 3.
The changes in the activity of

GDH were calculated like the
changes in GS activity. The activity
of GDH decreased in all treatments
from week 0 to week 6 ( P<0.01) and
increased strongly from week 6 to
week 12 (P<0.001), as figure 3.1c
shows. The changes in GDH activity
of NH3-fumigated trees did not di f-
fer significantly from the changes in
FA. The
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Figure 3.1.  Changes (% of week 0) in (a) soluble protein concentration (mg g-1 FW), (b) glutamine
synthetase and (c) glutamate dehydrogenase activities (µmol g-1 FW h-1 ) in needles of Pinus sylvestris
exposed to filtered air (FA), and to FA supplemented with either low or high NH3 concentration for 14
weeks (3 March - 12 June); n = 4. Significant differences between NH3 treatments and control are
indicated by * (P<0.05). Values week 0: soluble protein 9.8 ± 1.0, 9.2 ± 0.7 and 9.3 ± 1.0, glutamine
synthetase 107.4 ± 31.2, 93.0 ± 27.6 and 91.2 ± 21.6, and glutamate dehydrogenase 27.6 ± 6.0, 27.6 ± 4.2
and 33.6 ± 12.0 for FA, low and high NH3, respectively.



Effects of ammonia on nitrogen metabolism of needles     29

expression of GS and GDH data on a
dry weight basis gave similar results
(data not shown).

Free amino acid pool
From week 0 to week 14, the FAA
concentration in the needles of trees
exposed to FA decreased by 86%
(Table 3.2). Asp and Glu were the
only amino acids still present in
quantity in the FAA pool. Fumig a-

tion with NH 3 resulted in the follo w-
ing changes: (1) no disap pearance of
some amino acids from the pool:
Ala, Gln, Lys and Orn; (2) maint e-
nance or even build-up of amino
acids levels above those at the start
of the experiment: Arg , Glu; (3) no
effect of NH 3 fumigation: Gaba, Gly ,
His, Thr and Val.

Leaf pigments

Table 3.2. Composition of the free amino acid pool (FAA) and total concen-
tration (µmol g-1 FW) in needles of Pinus sylvestris exposed for 14 weeks to
filtered air (FA), and to FA supplemented with either low or high NH3 concen-
trations. Means within the same row followed by the same letter not signifi-
cantly different at α=0.05. Concentrations of Asn, Cys, Met, Leu, Phe, Tyr and
Pro were less than 0.001 mmol g-1 FW. Concentrations< 0.001 µmol g-1 FW
are indicated by -.

Amino acid Week 0 (n=6) Week 14 (n=8)

FA Low NH3 High NH3

Ala 2.50 a - 0.32 b   0.63 b

Arg 1.54 a  0.36 a  0.68 a 10.38 b 

Asp 8.52 c 1.82 a 2.31 a   3.12 b

 Gaba 7.94 - - -

Glu 8.18 a 3.24 b 5.04 b   7.07 a

Gln 8.07 a - -   1.24 b

Gly 0.88 a 0.36 b 0.33 b   0.33 b

His 0.56 a 0.03 a -   0.05 a

Ile -  0.04 a   0.09 b   0.05 ab

Lys 0.48 a - 0.03 a   0.18 a

Orn 0.20 a - -   0.23 a

Ser 2.65 a 0.14 b 0.41 b   0.77 c

Thr 0.58 - - -

 Val 0.37 - - -

Total FAA pool 42.47   5.99 9.21  24.05  

Table 3.4. Changes in glucose and starch (mg g-1 FW) in needles of Pinus
sylvestris exposed for 14 weeks to filtered air (FA), and to FA supplemented
with either low or high NH3 concentration. Means within the same row
followed by the same letter not significantly different at α=0.05.

Carbohydrate Week 0 (n=6) Week 14 (n=6)

  FA    Low NH3 High NH3 

Glucose 33.3 ± 2.9a 35.3 ± 4.0 a 35.3 ± 1.8 a 36.1 ± 4.0 a

Starch 40.4 ± 8.9a 10.8 ± 2.5 b 11.5 ± 2.5 b   6.6 ± 1.9 c
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The concentration of chlorophyll a
(Chl a) did not change significantly
during the experimental period
(Table 3.3). However, the final co n-
centration in trees exposed to high
NH3 was significantly higher (30%)
than the con centration in trees e x-
posed to FA. 

The concentration of chlor o-
phyll b (Chl b) decreased in all
treatments, but this decrease was
only significant ( P<0.001) in FA.

The concentration of car o-
tenoids increased in the three trea t-
ments, but it was only significant
following exposure to high NH 3. In
this treatment, the concen tration
increased by 23%.

Glucose and starch
Glucose oncentration did not change
significantly in the three treatments
during the 14 weeks (Table 3.4).
Starch concentration decreased si g-
nificantly ( P<0.001) in all trea t-
ments. This decrease was signif i-
cantly larger in trees exposed to high
NH3 (83%) than in trees exposed to
FA (73%).

3.5. Discussion

In the present experiment, the co n-
centration  of total N in the one-year-
old needles of trees exposed to 240
µg m-3 NH3 was 42% higher than in
FA. The concentrations of soluble
proteins, free amino acids and leaf
pigments were also enhanced by the
high NH 3-fumigation with respect to
FA. This results suggest that the
shoot used NH 3 as an additional N
source and incorporated it into N
compounds. The absorption of gas e-
ous NH3 by leaves and subsequent
assimilation  has been demonstrated
in leaves of Italian ryegrass (Lockyer
& Whitehead, 1986) and maize
(Grundmann et al., 1993). Gaseous
NH3 is directly taken up by the
shoots rather than indirect ly by the
roots (Whitehead & Lockyer, 1987;
Pérez-Soba & Van der Eerden,
1993). In order to study the assim i-
lation of NH 3, we decided to study
the ratios FAA pool/total N and free
NH4

+/total N.  A high FAA/total N
ratio means that NH 3 is assimilated
while a high NH 4

+/total N ratio ind i-
cates a deficient assimilation. Fum i-

Table 3.3. Changes in leaf pigments (mg g-1 FW) in needles of Pinus sylvestris
exposed for 14 weeks to filtered air (FA), and to FA supplemented with either
low or high NH3 concentration. Means within the same row followed by the
same letter not significantly different at α=0.05.

Pigment Week 0 (n=8) Week 14 (n=8)

  FA    Low NH3 High NH3 

Chl a 1 175 ± 207ab 1 060 ± 69 a 1 215 ± 93 a 1 370 ± 61 b 

Chl b    430 ± 117bc    280 ± 18 a    310 ± 34 ab    385 ± 32 bc

Carotenoids    214 ± 30ab    237 ± 19 ab    248 ± 23 bc    263 ± 22 c
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gation with 240 µg m-3 NH3 signifi-
cantly affected these ratios;
FAA/total N was 160% higher than
in FA and NH 4

+/total N was 50%
lower (Table 3.1). This result su g-
gests that NH 3 was incorporated into
amino acids but that NH 4

+ assimila-
tion did not totally compensate for
the added NH 3. NH3 was mainly
incorporated into Arg , since the
contribution of Arg to the total FAA
pool was 43% after exposure to 240
µg m-3 NH3, compared with 6% in
the FA (Table 3.2). This result co n-
firms the important role of Arg  in
conifers as N storage compound
(Durzan, 1968; Pietiläinen & Lä h-
desmäki, 1986). Arginine  is consid-
ered to act as a source of readily
available N, both because its relative
abundance and because its N/C ratio
which is 0.67, the highest among the
amino acids (Kim et al., 1987). In
addition, Arg responds directly to N
fertilization (Kim et al., 1987; Pérez-
Soba & De Visser, 1994) and seems
to dominate the FAA pool in conifer
forests with a high N deposi tion
(Zedler et al., 1986; Van Dijk &
Roelofs, 1988; Kainulainen et al.,
1993). The relatively high conce n-
trations of Asp , Glu and Gln
measured in the present experiment,
also indicated assimilation of gas e-
ous NH3. An increase of these amino
acids has been associated with NH 4

+

fertilization; 15N-labelled-NH 4
+ was

mainly incor porated into free Ala,
Asp/Asn and Glu/Gln in shoots,
roots and mycelial tissues of Fagus
sylvatica  infected with Paxillus inv o-
lutus (Finlay et al., 1989b). The
decrease observed in total N and

FAA concentra tions in one-year-old
needles between March and May in
all treatments, was prob ably caused
by retranslocation of N  to plant o r-
gans with a high requirement, like
newly-formed needles (Gezelius et
al., 1981).

Before the fumigation started,
there was a large variation in GS
activity between trees. This variation
may have been partly due to inte r-
clonal variabil ity in the saplings.
Consequently, when changes in GS
activity were compared with the
initial average activity of the trea t-
ment, the high standard deviations
probably masked the effect of NH 3

on the GS activity, and hence no
significant differences were found
(data not shown). However, when
changes were compared with the
initial activity of a specific tree, GS
activity was found to have increased
significantly ( P<0.05) after fumig a-
tion with NH 3 (Fig. 3.1b). Data in
the literature on the effect of
NH3/NH4

+ on GS activity are co n-
flicting. Wellburn et al. (1976)
found no effect on the GS activity of
seedlings of Pisum sativum  after 6
days of exposure to NH 3. They fu-
migated with NH 3 concentrations of
760 and 1 518 µg m-3, 3 to 6 times
higher than the maxi mum used in
our experiment. Vollbrecht et al.
(1989) found no stimula tion of GS
activity in cotyledons and roots of
seedlings of Pinus sylvestris  after
supplying NH 4

+ to the soil solution;
roots were non-mycorrhizal and root
growth was drastically reduced.
Thus, the energy supply was prob a-
bly also strongly reduced, which
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could result in a negative effect on
GS, since its activity is regulated by
the internal energy level (Cammaerts
& Jacobs, 1985). Quetz et al. (1982)
found an increase in GS activity in
maize shoots after transfer of see d-
lings into a NH 4

+-rich medium. We
observed an increase in GS activity
in pine needles after exposure to
gaseous NH 3. This increase might be
associated with an increased primary
assimilation of NH 3 and with an
enhanced reassimilation of ph o-
torespiratory NH 3 in the shoots,
since NH 3 stimulated photorespir a-
tion in needles of Pseudotsuga me n-
ziesii (ME Bossen, personal co m-
munication). For the present experi-
ment we can not distin guish between
these two poss ibilities.

Although NH 4
+ has been re-

ported to increase the aminating
activity of GDH (Good child &
Givan, 1990), fumigation with NH 3

did not affect GDH activity in the
present experiment (Fig. 3.1c). GDH
has a predominantly deaminating
activity (Robinson et al., 1991)
providing carbon skeletons from
proteins when there is a carbohydrate
deficiency (Lea et al., 1992). A ge n-
eral increase of GDH activity was
noticed between the 6 th and the 14 th

week when most of the current-year
needles reached maximum elong a-
tion. This increase in GDH amina t-
ing activity during plant develo p-
ment has also been observed by
Quetz et al. (1982) and Cammaerts
& Jacobs (1985). During the same
period, the protein concentration
tended to decrease (Fig. 3.1a),
probably caused by breakdown of

proteins into amino acids to supply
the new growth; the Glu  liberated in
the hydrolysis of proteins may be
deaminated by GDH. The concentr a-
tion of starch  in one-year-old needles
decreased strongly (80% approx i-
mately) in all treatments (Table 3.4).
This decrease was also probably
caused by remobilization of reserves
for the growth of the new shoot
(Ericsson, 1979; Gezelius et al.,
1981). The decrease of starch content
was faster in needles from N ferti l-
ized trees than in needles from u n-
fertilized trees (Ericsson, 1979). This
is in agreement with the stronger
decrease in starch concen tration that
we measured in needles from trees
fumigated with high NH 3. In the
same experi ment, fumig ation with
NH3 enhanced growth (Van der Ee r-
den & Pérez-Soba, 1992), thus it
increased the sink demand of the
tree, which in turn caused an i n-
creased utilization of the starch r e-
serves in the needles.

During the 14 weeks fumig a-
tion, we did not find toxic effects of
NH3. If NH3 were the only N source
for the tree, its assimila tion by the
shoots would generate an excess of
0.22 mol H + per mol N assimilated
(Raven, 1988). The vacuoles of con i-
fers have very small buffer capacity
(Pfanz & Heber, 1986) and if the
buffer capacity of the cell sap is
exceeded, the assimila tion of NH 3

could result in acidifica tion, decreas-
ing the activity of GS (Miflin & Lea,
1977). The absence of NH 3 toxicity
in this experiment may be due to
several reasons. The trial took place
during the growing season when the
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demand for N was very high. In
addition, the total N concentration in
the needles of trees exposed to FA
was below 1.3%, the minimum level
for normal growth in P. sylvestris
(Van den Burg, 1990). There fore the
extra N sup plied by NH 3 was used to
meet the high N demand. Furthe r-
more, the total N concen tration in
the needles of trees fumigated with
the higher NH 3 level did not exceed
1.8%, a level con sidered optimal for
growth (Heij & Schneider, 1991).
Ammonium was not accumulated in
the needles, but as the con centrations
of FAA suggest assimilated into
organic comp ounds instead. The
conditions of tempera ture and light
intensity in the experiment were
favourable for the activity of GS
(Margolis et al., 1988).

To summarize, Scots pine
needles showed the capacity to a s-
similate and detoxify high conce n-
trations of gaseous NH 3. Changes in
the activity of GS rather than of
GDH were associated with the i n-
corporation of NH 3 into Gln and
subsequently into amino acids and
proteins. These changes indicate that
Scots pine might acclimate to the
high concentrations of atmospheric
NH3 observed in the Dutch forests.


