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Detached cowpea nodules that contained a nitrous oxide reductase-positive (Nor') rhizobium strain (8A55)
and a nitrous oxide reductase-negative (Nor-) rhizobium strain (32H1) were incubated with 1% '-N20 (95
atom% 15N) in the following three atmospheres: (i) aerobic with C2H2 (10%), (ii) aerobic without C21[2, and
(iii) anaerobic (argon atmosphere) without C2112. The greatest production of '5N2 occurred anaerobically with
8A55, yet very little was formed with 32H1. Although acetylene reduction activity was slightly higher with
32H1, about 10 times more '5N2 was produced aerobically by 8A55 than by 32111 in the absence of acetylene.
The major reductive pathway of N20 reduction by denitrifying rhizobium strain 8A55 is by nitrous oxide
reductase rather than nitrogenase.

Nitrogen fixation and denitrification are dramatically op-
posed processes usually regarded as independent and sepa-
rated by space, if not also by time. Nevertheless, over the
last decade, denitrification has been demonstrated in a few
genera of N2-fixing bacteria (6, 18, 19, 25, 29). Compar-
atively more is known about N20 as an intermediate of
denitrification and a substrate of N20 reductase (20) than as
a substrate of nitrogenase. N20 is a competitive inhibitor of
nitrogen fixation in free-living nitrogen fixers (15, 22), and
both N20 and N2 compete for the same enzyme site (24).
Mozen and Burris (16) found equal amounts of 15N20 and
15N2 incorporated as 15NH3 in sliced nodules. In contrast,
very little N20 was incorporated as ammonia, and most was
released as N2 with cell extracts of free-living N2 fixers (8,
13).
Hoch et al. (10) also observed the evolution of 15N2 from

15N20 with detached soybean nodules. Because all of the N2
fixation studies with 15N20 described above were conducted
before the discovery by Murphy and Elkan (17) that some
strains of R. japonicum were denitrifiers, it was never
considered that '5N2 production could arise from anything
other than nitrogenase.

Nitrate reduction to nitrite has been readily observed in
nodules (3, 23) and bacteroids (26) ofR. japonicum. By using
a denitrifying cowpea rhizobium, Zablotowicz and Focht
(30) showed that 15NO3- was reduced to '5N20 during active
reduction of acetylene by bacteroid preparations incubated
anaerobically. These studies clearly establish that bacterial
respiratory nitrate reduction can supply ATP for nitrogenase
activity of nodules under anaerobic conditions. However,
nitrogen fixation coupled to respiratory N20 reduction has
not been demonstrated because measurements of nitrogen
fixation invariably involve the use of C2H2 reduction, and
C2H2 completely inhibits N20 reductase (1, 28) at concen-
trations (1%, vol/vol) lower than those used for acetylene
reduction activity (ARA; 10%, vol/vol).

Since N20 reductase can be induced solely by low oxygen
tension without previous exposure to nitrate or nitrite (14,
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20, 21), it should be expressed in nodules as soon as the
oxygen tension is low enough for nitrogenase to function.
Which of the two processes, N2 fixation or denitrification,
accounts for the primary evolution of '5N2 from 15N20 in
nodules has not been established. Thus, the study presented
here was undertaken to compare the relative importance of
the two nitrous oxide-reducing reactions between two
denitrifying cowpea rhizobia which differed only in their
ability to reduce N20 to N2 under denitrifying conditions.
Cowpea rhizobial strains 8A55 and 32H1 were obtained

from the Nitragin Co., Milwaukee, Wis., courtesy of J. C.
Burton. 32H1 is a truncated denitrifer which lacks dissimi-
latory N20 reductase (Nor-) and accumulates N20 as the
terminal product of denitrification, while 8A55 possesses a
dissimilatory N20 reductase (Nor') and produces N2 as the
final product of denitrification (M. S. Coyne, M.S. thesis,
University of California, Riverside, Calif. 1984). Both strains
were maintained at 40C on yeast extract-mannitol slants (4).
Inocula were prepared by growing rhizobia in sidearm flasks
(275 ml) containing 25 ml of glucose-yeast extract medium
(4) on a rotary platform shaker (100 rpm) at 280C to an optical
density (525 nm) of 0.70.
Cowpea seeds (Vigna unguiculata (L.) Walp.) were sur-

face sterilized with 0.1% (wt/vol) HgCl2, rinsed, and added
aseptically to sterilized masonry sand contained in clay pots,
which were continually moistened with a sterile nutrient
solution (27) from below in accordance with procedures
previously described (12). The emerged seedlings were in-
oculated with 2.0 ml of inoculum (optical density at 525 nm,
0.70) applied to the base of the stem 1 week after planting
and then thinned to three per pot after 2 weeks. Five weeks
after planting, plants were removed, roots were washed free
of sand, and the nodules from each inoculum strain were
pooled separately.
Detached nodules were incubated statically at 250C in

50-ml Erlenmeyer flasks containing gas-tight serum stop-
pers. Each flask contained 218 + 52 mg (dry mass; 65°C) of
nodules. Before injection of 0.5 ml of 15N15NO (95 atom%
15N; U.S. Services, Inc., Summit, N.J.) into all flasks,
appropriate atmospheric conditions were established with a
gasing manifold to give the following treatments: (i) aerobic,
(ii) aerobic plus 10% (vol/vol) acetylene, and (iii) anaerobic
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FIG. 1. Nodule-specific ARA by 8A55 (Nor') and 32H1 (Nor-)
incubated aerobically with 10% (vol/vol) acetylene.

(argon). Each treatment consisted of eight flasks, two of
which contained inactivated nodules (before immersion in
boiling water for 1 min) for sampling at zero time. Duplicates
of the remaining six flasks for each treatment were likewise
removed at 2, 4, and 6 h, analyzed for headspace 15N2 and
15N20, and analyzed later for 15NH4' incorporation into
nodules. Approximately 90 min elapsed from the time at
which plants were harvested until "N20 was injected.
Headspace gas was analyzed for 15N2 by removing a

5.0-ml sample and storing it in a 3.0-ml VACUTAINER for
later analyses by gas chromatography-mass spectrometry on
a Finnigan 4000 mass spectrometer (7). Nitrous oxide and
ethylene were analyzed immediately with a Varian 3700 gas
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FIG. 2. Cumulative 15N20 consumption (closed symbols) and
15N2 production (open symbols) in nodules inoculated with strains
8A55 and 32H1: ambient atmosphere (OI, *), ambient atmosphere
with 10% (vol/vol) acetylene (A, A), argon atmosphere (O, 0).

chromam3graph with a fixed 0.5-ml injection loop. A Porapak
Q (2.0 m by 1.6 mm inside diameter) column with an electron
capture detector (340°C) was used for N20, and a Porapak T
column (2.0 m by 1.6 mm inside diameter) with a flame
ionization detector (340°C) was used for ethylene. An N2
carrier gas flow rate of 25 ml/min and oven temperature of
65°C were used for both analyses. After gas sampling of the
headspace, nodules were removed, dried at 65°C overnight,
weighed, and ground with a mortar and pestle. Total N was
determined by Kjeldahl digestion and NH3 distillation (2), N2
was converted from NH3 by the Rittenberg method (9), and
'5N2 was determined by direct inlet to the Finnigan 4000
mass spectrometer (11).
ARA was lower in 8A55 (Nor') nodules than in 32H1

(Nor-) nodules (Fig. 1). Reduction of 15N20 to 15N2 was not
observed in this treatment since 10% acetylene blocks re-
duction of N20 by either nitrogenase or nitrous oxide
reductase. Despite the higher ARA, in the absence of
acetylene the nodules inoculated with Nor- bacteria reduced
much less 15N20 than the nodules inoculated with Nor'
bacteria (Fig. 2).

15N20 consumption was attributable to 15N production
(Fig. 2), and in no instance could we detect significant
enrichment in nodule 15N content. Virtually all (97 + 5%) of
the 15N could be accounted for as 15N2 and 15N20 in all
samples. This is not unexpected if N20 reduction by nitro-
genase proceeds through N2, as suggested by Lockshin and
Burris (13), rather than directly to 15NH4. The dilution effect
of 15N2 (produced from 15N20) with ambient N2 would be
most pronounced at the beginning, when both ARA and
ambient N2 concentrations were highest and 15N2 was low-
est.

If ARA is a valid measurement of N2 fixation, then it
follows that the proportional quantity of 15N2 attributable to
nitrogenase activity in the nodules inoculated with Nor'
bacteria at 6 h (Fig. 2) can be calculated from the product of
15N2 in the nodules inoculated with Nor- bacteria (4.3
,umol/g) multiplied by the ratio of ARA of both strains
(108/170; Fig. 1), which gives 2.7 ,umol of 15N2 per g. Since
the total 15N2 production was 39 ,umol/g (Fig. 2), only 7% of
the total 15N2 production in the aerobic incubation could be
attributable to nitrogenase. The amount and proportion of
15N2 produced anaerobically is higher yet. Moreover, the
comparative kinetics of both reductive processes greatly
favor denitrification versus N2 fixation since the 15N20
concentration was well above half-saturation for nitrous
oxide reductase (5), but not for nitrogenase (8). We therefore
conclude that the major reductive pathway of N20 in strain
8A55 is by nitrous oxide reductase and not by nitrogenase.

This work was supported by a grant from the Statewide Critical
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Station.
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