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ABSTRACT

When detached soybean Glycine max (L.) Merr. cv. Hark, nodules
assimilate 113NIN2, the initial organic product of fixation is glutamine;
glutamate becomes more highly radioactive than glutamine within 1 minute;
13N in alanine becomes detectable at I minute of fixation and increases
rapidly between I and 2 minutes. After 15 minutes of fixation, the major
13N-labeled organic products in both detached and attached nodules are
glutamate and alanine, plus, in the case of attached nodules, an unidentified
substance, whereas 113Niglutamine comprises only a small fraction of
organic 13N, and very little 13N is detected in asparagine. The fixation of
113NIN2 into organic products was inhibited more than 99% by C2H2 (10%,
v/v). The results support the idea that the glutamine synthetase-glutamate
synthase pathway is the primary route for assimilation of fixed nitrogen in
soybean nodules.

Ammonium is the initial product of dinitrogen fixation by
symbiotic (1) and free-living (19, 21) prokaryotes and by nitrogen-
ase in vitro (16). Activities of the ammonium-assimilating enzymes
glutamic acid dehydrogenase and glutamine synthetase, as well as
glutamate synthase, have been detected in bacteroid fractions
isolated from root nodules of soybean (2, 3) and lupin (2, 9).
Nevertheless, free-living N2-fixing Rhizobiumjaponicum and bac-
teroids of R. japonicum isolated from soybean release 90 to 94% of
the products of fixation of '5N2 into the medium as ammonium
(1, 13). Dilworth and Brown (2) suggested that ammonium pro-
duced by bacteroids is assimilated in nodules through either the
glutamine synthetase-glutamate synthase or glutamic acid dehy-
drogenase pathways, and favored the latter. In serradella, the
major amino acids formed from '5N2 were glutamate and gluta-
mine, but the initial organic product, and thereby the primary
assimilatory route, was not determined (8). The form in which
nitrogen is translocated from the nodules to the root and shoot of
the host plant has not been directly identified, but is assumed to
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be asparagine, based on analysis of compounds in the bleeding
sap (4, 14, 17, 23).

In this study we identify glutamine as the initial organic product
of fixation of [13N1N2 (t112 [13NJ = 10 min) by detached soybean
nodules. However, the major organic products that accumulate
after 15 min of fixation of [13N1N2 are glutamic acid and alanine,
with minimal amounts of glutamine. After 6 or 15 min of fixation
of [13N1N2 by nodules attached to seedlings, these two amino acids
and, in addition, an unidentified substance are highly labeled.

MATERIALS AND METHODS

Plant and Bacterial Strains, and Growth Conditions. Yeast
extract-mannitol medium (YM) contains, in g/l: mannitol, 10;
yeast extract (Difco), 1; K2HPO4, 0.5; MgSO4 7H20, 0.2; NaCl,
0.1; and CaSO4 2H20, 0.1. Rhizobium japonicum strain 3Ilb- 110,
kindly supplied by K. D. Nadler, Department of Botany and Plant
Pathology, Michigan State University, was maintained on YM
agar (1.5%) slants and transferred every 3 months. Liquid cultures,
started from slants in 20 ml of YM medium, were transferred to
500 ml of YM medium in 1-liter flasks, and were aerated by
agitation on a reciprocating shaker. Cells from 2-day-old cultures
were harvested by centrifugation at 6,000g for 10 min, washed and
resuspended in ("N-free") legume nutrient medium free of com-
bined nitrogen (6), and used as inoculum.

Glycine max (L.) Merr. cv. Hark seeds were surface-disinfected
for 20 sec with I% NaOCl, washed in running tap water, and
planted in a Vermiculite-Perlite bed. The bed was inoculated with
the Rhizobium suspension. Aerated N-free medium was circulated
through the bed of germinating seeds for I week. The beds were
illuminated with two 40-w Gro-lux fluorescent lamps (Westing-
house Electric Corp., Bloomfield, N.J.) at a distance of 60 cm.
Inoculated seedlings were transferred to pots (five/pot) containing
a mixture of Vermiculite and Perlite and grown in a greenhouse
with supplementary illumination from four 40-w Gro-lux fluores-
cent lamps at a distance of 35 to 45 cm. Seedlings were watered
with N-free medium. Under these inoculation conditions, nodules
form predominantly at the crown of the root (12). Seedlings 2.5 to
5 weeks old, and nodules from such seedlings, were used in these
experiments.

Acetylene Reduction. Detached nodules were placed in 5-ml
vials which were then sealed with a serum stopper. The vials were
evacuated three times and filled to atmospheric pressure with
Ar/02/CO2 (80:19:1, v/v/v). Acetylene was injected to a final
concentration of 0.006% (v/v) (60 ,u/1), or 6% (v/v) (60 ml/1).
When 6% C2H2 was used, 40 Al of the atmosphere was analyzed
for C2H4 with a Varian Aerograph model 1200 gas chromatograph
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(Varian Instrument Division, Palo Alto, Calif.) (22) after 10 to 30
min of incubation at room temperature (about 22 C). When the
lower concentration of C2H2 was used, I ml of atm. from the vials
was analyzed with a Varian Aerograph series 2400 gas chromat-
ograph after 3 to 4 min (in certain cases, also after 15 and 30 min)
of incubation at room temperature. This instrument was equipped
with a column (45 x 0.32 cm) containing A1203, and was operated
at 80 C with N2 as the carrier gas (7).

Detached nodules to be used for fixation of ['3N1N2 were
selected on the basis of weight (fresh wt c 20 mg) and of activity
for reduction of 60 tdl/l of C2H2. The selected nodules were
transferred to 1-ml reaction vials, which were evacuated three
times and refilled each time to atmospheric pressure with
Ar/02/CO2 (80:19:1, v/v/v). Nodules were used for fixation of
['3N]N2 within 40 min after detachment.

Fixation of 113NIN2. 13N was generated by irradiation of 18.6
mg of 13C with protons, and [C3NJN2 was formed by Dumas
combustion of the target (20, 21). Detached nodules were exposed
to [13NJN2 in 1-ml Reactivials (Pierce Chemical Co., Rockford,
Ill.) fitted with a serum stopper, whereas nodules attached to
seedlings were exposed to [13NJN2 in 3-ml reaction chambers. A
reaction chamber consisted of a 1.5-cm length of 7-mm glass
tubing with a side arm fitted with a serum stopper, and with a
rubber nipple inserted over one end of the glass tubing. The
secondary roots were trimmed from the seedlings; the primary
root truncated to about 2 cm, under water; and a 0.25-ml glass
reservoir filled with tap water inserted over the cut end of the
primary root (but not over the nodules) and sealed with silicon
tubing. The seedling was inserted into the reaction chamber with
the attached reservoir extending into the nipple, and the stem held
by a split rubber stopper and sealed with Plasteline (Jolly King
modeling material, Sculpture House, New York). Reaction vials
and chambers were briefly evacuated, [13N1N2 (approximately 0.02
atmospheric cc) introduced, and Ar/02/CO2 (80:19:1, v/v/v) then
added to I atm. In certain experiments, acetylene was then im-
mediately added to a final concentration of 10%o (v/v).

Analysis of Products of Fixation of 113NIN2. Fixation by de-
tached nodules was terminated by evacuating the ['3N]N2 (about
5 sec), injecting 0.1 ml of cold 80%o methanol, and grinding the
nodules in the Reactivial with a tapered stainless steel pestle
(about 7 sec). The contents of the Reactivials were washed into a
10-ml centrifuge tube with 1.4 ml of 80%o methanol. Fixation by
seedlings was terminated by evacuating the [13N1N2, removing the
seedling from the reaction chamber, excising the nodules, and
grinding them in 1.5 ml of 80o methanol in a 10-ml centrifuge
tube (about 20 sec). Extracts ofthe nodules were, in both instances,
clarified by centrifugation at 20,000g for I min. The supernatant
solutions were concentrated by evacuation, and subjected to high
voltage (3 kv) electrophoresis on thin layers of cellulose with 70
mm borate buffer (pH 9.2) (21). Radioactive constituents were
localized and quantified by one-dimensional radioelectrophore-
togram scanning, and identified as described previously (10, 21).
In certain experiments, electrophoresis was followed by chroma-
tography in an orthogonal direction in phenol-water (3:1, v/v)
equilibrated with 3% aqueous NH40H, and the thin layer plates
then scanned in two dimensions (10). In other experiments, the
methanolic extract ofdetached nodules was subjected sequentially
to vacuum distillation at pH 10 to recover 13NH3 and to steam
distillation in strong alkali to recover ['3N]amide nitrogen (21).
Radioactivity in the original extract and in the distillates was
determined by scintillation spectrometry (21).

In certain experiments, 5 ulI of water containing ['4C]glutamine
(about 2 x 10 dpm, 230 ,Ci/,umol, New England Nuclear) or
[14C]asparagine (about 2 x 105 dpm, 150 ,uCi/,umol, New England
Nuclear) were placed on nodules, and the nodules then ground
and extracted as described above. The extracts were concentrated,
and subjected to electrophoresis at pH 9.2 and to radioscanning
as described above.

RESULTS

Acetylene Reduction. Preliminary experiments indicated that
both the rate of fixation of [13NJN2 and the rate of reduction of
C2H2 by single detached soybean root nodules, per mg fresh wt,
varied extensively, up to 20-fold variation being found with nod-
ules of approximately equal weight obtained from a single plant.
It was therefore necessary to assess the N2-fixing capacity of
individual nodules prior to fixation of [13NJN2. However, after
nodules had been assayed for nitrogenase activity at 6% C2H2
(v/v) and evacuated three times to about 100,um Hg, they failed
to fix [13N1N2, and continued to release C2H2, e.g. 13 nmol of C2H2
after 5 min increasing linearly to 22 nmol after 25 min. Acetylene,
an alternate substrate for nitrogenase, is also an inhibitor of N2
fixation. Apparently, sufficient C2H2 was retained by the nodules
to inhibit fixation of [13NJN2. We therefore developed an assay or
reduction of C2H2 by detached nodules using a low concentration
of C2H2 (0.006%). The rates of C2H2 reduction with a low concen-
tration of C2H2 are, as expected, lower than, but appear to increase
correlatively with, the rates at a higher concentration of C2H2
(Table I). Reduction of 0.006% C2H2 was linear with time for at
least 30 min. Determination of the relative activities of the nodules
using a low concentration of C2H2 enabled us to choose nodules
with the highest nitrogenase activities without a subsequent, det-
rimental effect on the fixation of ['3N1N2 by residual C2H2.

Products of Fixation of [13NIN2 by Detached and Attached
Nodules. Incubation of detached and attached nodules with [13NJ-
N2 for up to 15 min resulted in incorporation of "3N into three
organic constituents; in attached nodules, a fourth compound was
found in addition (Table II). The three compounds formed in
attached and detached nodules were identified as glutamate,
glutamine, and alanine on the basis of their co-migration with
stable amino acids during electrophoresis at pH 9.2 and during
subsequent chromatography in phenol-water (3:1, v/v) equili-
brated with 3% aqueous NH40H. After 20 sec of fixation of
[13NJN2 by detached nodules, glutamine was the most highly
radioactive organic compound, accounting for about 82% of the
total organic 1 N recovered (Fig. 1). The fraction of '3N in gluta-
mine decreased and that in glutamate increased until, after times
of fixation greater than 1 min, glutamate was more highly radio-
active than glutamine. The fraction of "3N in glutamate reached
a maximum after 6 min of fixation whereas the fraction of 13N in
glutamine continued to decline slowly for up to 15 min of fixation.
Alanine became detectably labeled between 0.5 and I min of

Table I. Reduction of C2Hj by Intact Nodules at Low and High
Concentrations of C2H2

Fresh wt. of pmoles C2H4 fonned per min
nodule (mg) 0.006X C2H2 6X C2H2

13.4 2.4 21.6
18.9 2.6 30.0
16.5 2.8 43.2
15.4 3.5 97.7
12.7 3.7 110.5
9.6 5.0 184.6

13.2 9.2 450.1
20.0 10.0 318.8
8.9 13.4 499.6

Nodules from 3- to 5-week old plants from the same pot were weighed,
and placed into 5-ml vials which were stoppered and then evacuated
and refilled with Ar:02:C02 (80:19:1, v/v/v). The vials were then
injected with C2H2 to a final concentration of 60 ppm, and assayed
for formation of C2H4 after 3 min of incubation. After thes assays,
additional C2H2 was added to a final concentration of 6 x 104 ppm
and the vials assayed for formation of C2Hg after an additional
30 min of incubation.

Table II. Principal products observed after fixation of [13N]N2 for 6 and 15 min by detached
and attached nodules of soybean. Methanolic extracts were subjected to electrophoresis
at pH 9.2 on thin layers of cellulose, the thin layer plates scanned, and the peaks
in the scans integrated and corrected for decay. The values are reported as the
fraction of total extractable 13N9 standard deviation of the mean.

Nodules Incubation
time, min

Detached 6
Detached 15
Attached 6
Attached 15

13N found in compound, as fraction of total 13N extracteda
Glu Unidentified Gin Ala

0.67 ! 0.04 - 0.11 t 0.03 0.16 f 0.03
0.67 ! 0.03 - 0.08 - 0.01 0.25 ± 0.02
0.57 t 0.03 0.29 ± 0.03 0.04 ± 0.01 0.11 ! 0.01
0.51 ± 0.04 0.30 ± 0.05 0.014± 0.002 0.16 ± 0.02

aThe small difference between the sum of these values, and unity, corresponds to minor peaks not
consistently seen.
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FiG. 1. Distribution of "'N in organic products extracted with 80%o
methanol after fixation of ["NJN2 for 0.33, 0.5, 1, 2, 6, 10, and 15 min by
detached soybean nodules. The radioactivity in the constituents of extracts

subjected to electrophoresis at pH 9.2 was quantified by integration of

peaks in radioscans, with corrections applied for decay. Values presented
are means, from 2 or 3 experiments, of the fraction of organic "N migrating
with stable glutamine (A), glutamate (0), and alanine (0).

Fic;. 2. Scan of radioactivity from "N in an electrophoretogram of

organic compounds extracted from a soybean nodule with 1.5 ml 80%/O
methanol after 6 min of fixation of "3N-labeled N2 by a seedling. The

extract, supplemented with stable aspartate, glutamate, asparagine, gluta-
mine, and alanine as markers, was applied to a cellulose thin layer plate
in a thin strip (origin = 0). After displacement of lipids from the origin by
chromatography (21), the extract was subjected to electrophoresis at 3 kv

for II min in 70 mm sodium borate buffer (pH 9.2). The plate was scanned

at 2 cm/min (T = 3 sec) from + (at left) to -, and was then dried and

sprayed with a solution of ninhydrin to localize the marker amino acids.

The '3N-containing substances detected which migrated with glutamate,
an unidentified compound (unid.), glutamine and alanine during electro-

phoresis were present in ratio (time-corrected) 1.00:0.44:0.06:0.19. Less

than 3% of the radioactivity was attributable to asparagine.

fixation and continued to accumulate '3N for at least 15 min.
When half of the methanolic extract of three detached nodules

(average fresh wt, 14.1 mg) which had fixed ['3N]N2 for 15 min

was subjected to vacuum distillation at pH 10, no '3N (i.e. < 0.07%

of the 3N in organic products) was detected in the ammonia

distillate. Approximately 5% of the '3N distilled as amide nitrogen.
Six per cent of the organic '3N in the remaining extract migrated

with glutamine during electrophoresis.
The fourth '3N-labeled compound which was formed after 6 or

15 minof incubation by nodules attached to seedlings, and which
migrated between glutamic acid and asparagine during electro-
phoresis at pH 9.2 (Fig. 2), has not been identified. As of 6 or 15
min of assimilation by attached nodules, up to about 30% of the
fixed '3N was present in this substance, with most of the residual
extracted radioactivity distributed between glutamic acid and
alanine; glutamine accounted for a smaller fraction of the fixed
'3N in attached than in detached nodules (Table II). In extracts of
nodules, no more than traces of "N-labeled asparagine were

observed (Fig. 2).
As of 15 min of fixation of ['3N1N2, at most 10% as much '3N

could be extracted from the remainder of the seedling as could be
extracted from the nodules. Fixation of ['3NJN2 into organic
products in attached and detached nodules was inhibited about
99.5%, or more, after 15 min of incubation in the presence of 10
C2H2 (v/v). When nodules were ground and extracted in the
presence of ['4Clasparagine or ['4CJglutamine, and the extracts
subjected to electrophoresis at pH 9.2, "C was detected only in
the regions to which asparagine or glutamine had migrated.

DISCUSSION

After 20 sec of fixation of ['3NJN2 by detached soybean nodules,
glutamine accounts for the great majority of '3N-labeled metabo-
lites (Fig. 1). After I min, glutamic acid exceeds glutamine in
radioactivity. The relative proportion of 13N in glutamic acid
continues to increase, and the fraction in glutamine continues to
decline, for an additional 5 min. The kinetics of incorporation of
13N into glutamine and glutamic acid in soybean nodules is similar
to the kinetics observed in cyanobacteria (10, 21), the only other
organisms heretofore subjected to a similar study. Based in part
on inhibitor studies and pulse-chase experiments, it was concluded
that the glutamine synthetase-glutamate synthase pathway is the
primary route by which free-living cyanobacteria assimilate N2-
derived and exogenously supplied NH4' (10, 21). Because of the
similarity in kinetics, we suggest that the major route for assimi-
lation of N2-derived NH4+ in soybean nodules also consists of the
glutamine synthetase-glutamate synthase pathway. Our results are

consistent with the hypothesis, recently advanced by Miflin and
Lea (I1), that the assimilation of NH4' by plants occurs in general
by the glutamine synthetase-glutamate synthase pathway, rather
than by the glutamic acid dehydrogenase pathway.

Glutamic acid and alanine are prominent among the radioactive
products in both detached and attached nodules after 6 and 15
min of fixation of [13NJN2. [13NJAlanine, because it appears after
1[3Nlglutamic acid (Fig. 1), and because the corresponding trans-
aminase is active in nodules (15), may be formed by transamina-
tion from glutamic acid. However, [13Nglutamine constitutes a

much smaller fraction of the '3N-labeled metabolites extracted
from attached than from detached nodules after 6 and 15 min of
fixation of [1'3NN2 (Table II). In addition, up to 30%o of the total
13N extracted from attached nodules found in an unidentified
compound (Fig. 2 and Table II) which is conspicuously labeled
only in attached nodules. One possible explanation for the differ-
ences in the amount of 13N in glutamine and in the unknown is
that root tissue supplies attached nodules with a substrate or

cofactor for a reaction in which nitrogen is transferred from
glutamine, and that the substance supplied becomes limiting in
detached nodules.
We have not yet identified the interactions between the nodules

and the root tissue, including which '3N-labeled compounds are

translocated. Glutamic acid is found in the bleeding sap of broad
bean and soybean nodules (14, 23). Alanine, a major amino acid
in the transport stream of soybean leaves fed 14CO2 (5), is a minor
constituent of the bleeding sap of broad bean nodules (14). Both
amino acids could function either as translocation compounds
directly or, by transamination, as nitrogen donors to other com-
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pounds which are translocated. Asparagine, the predominant
amino acid in the bleeding sap of broad bean and soybean
nodules, and therefore presumably the major vehicle for transport
of nitrogen (14, 23), was not agpreciably labeled in nodules in our
experiments. Conceivably, [1 N]asparagine was not formed in
detached nodules because a required substance could not be
provided from the detached root system (see above), and was not
observed in attached nodules because it had been exported. Alter-
natively, 15 min may have been insufficient time for ['3Nlaspara-
gine to accumulate.

Streeter (18) suggested that asparagine is rapidly degraded by
asparaginase, even during extraction of nodule tissue with 75%
ethanol. However, we determined that neither [14Clasparagine nor
[14C]glutamine is degraded during extraction of nodule tissue by
our procedures. It therefore appears that degradation cannot
account for the virtual absence of ['3Nlasparagine from our elec-
trophoretograms, for the low level of ['3Njglutamine in nodules
after relatively long periods of fixation, or for the appearance of
the unidentified, '3N-labeled compound observed after fixation of
['3NJN2 by attached nodules.
The electrophoretic mobility of the unidentified compound

differs from the mobilities of aspartate, glutamate, and cystine,
but could correspond to it being a different dicarboxylic acid. This
compound was not detected after 15 min of exposure to [13N]N2
in the presence of 10% C2 H2 (v/v). It therefore does not appear
to be an artifact due to nonbiological complexing of 13N.
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