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Forty-eight mutants unable to reduce nitrate were isolated from "cowpea"
Rhizobium sp. strain 32HI and examined for nitrogenase activity in culture. All
but two of the mutants had nitrogenase activity comparable with the parental
strain and two nitrogenase-defective strains showed alterations in their sym-
biotic properties. One strain was unable to nodulate either Macroptilium atro-
purpureum or Vigna unguiculata and, with the other, nodules appeared
promptly, but effective nitrogen fixation was delayed. These results, and the
relatively low proportion of nitrate reductase mutants with impaired nitrogen-
ase activity, do not support the proposed commonality between nitrogenase and
nitrate reductase in cowpea rhizobia. Inhibition studies of the effect of nitrate
and its reduction products on the nitrogenase activity in cultured strains 32HI
and the nitrate reductase-deficient, Nif+ strains, indicated that nitrogenase
activity was sensitive to nitrite rather than to nitrate.

Until recently, attempted studies of the ge-
netics and control mechanisms of N2 fixation
and assimilation by rhizobia necessarily en-
tailed consideration of both legume and micro-
symbiont. However the discovery (7, 11, 13, 15,
24) and delineation (2, 5, 6, 8) of conditions
sufficient to induce nitrogenase activity in
some cultured Rhizobium sp. should greatly
facilitate genetic studies. To date we have been
unable to determine the conditions required for
growth ofthe cowpea strain, 32HI, solely on the
products of N2 fixation. Accordingly, we were
forced to use less direct methods in attempts to
isolate mutant strains deficient in nitrogenase
activity in culture.
One possible approach lay through the postu-

lated commonality of the Mo-Fe subunit of ni-
trate reductase and nitrogenase proteins (14).
The isolation of mutant strains of Rhizobium
meliloti, which were deficient in nitrate reduc-
tase activity, was reported (10, 23). However,
only symbiotic nitrogen fixation could be exam-
ined in this species.

In this study, we examine the relationship
between asymbiotic nitrogenase and nitrate re-
ductase activities in chlorate-resistant mutants
of cowpea rhizobia strain 32HI. The inhibition
ofnitrogenase by nitrate and its reduction prod-
ucts was studied by using some of these mu-
tants.

MATERIALS AND METHODS
All chemicals were of reagent grade and were not

further purified. N-1-naphthylethylene-diamine di-

hydrochloride was obtained from Sigma Chemical
Co.

Bacterial cultures and growth conditions. Cul-
tures of the cowpea strain 32H1 (Rhizobium sp.) (21)
and the derived mutants were grown from single
colony isolates on yeast-mannitol agar (YMA) or
yeast-arabinose agar, a medium derived from YMA
by replacement of mannitol with arabinose. For
tests of nitrate reductase activity, the cultures were
grown in yeast arabinose broth or CS8 medium (CS7
medium of Pagan et al. [15] with potassium phos-
phate buffer increased to 30 mM, arabinose in-
creased to 100 mM, and 25 mM succinate included),
or Bergersen synthetic medium (1), modified by re-
placing sodium glutamate with 5 mM KNO3 (BN),
where stated in the text. Growth under conditions
described as "anaerobic" was in a vacuum dessicator
filled with N2 or in bottles entirely filled with me-
dium with the lids screwed on tightly. All cultures
were incubated at 30°C.

Mutant isolation. Chlorate can function as an
alternative substrate to nitrate, and any strains
possessing nitrate reductase activity will catalyze
the conversion of chlorate to the toxic product, chlo-
rite (17). Strain 32HI cultured on YMA was sus-
pended in sterile distilled water, and approximately
106 cells per plate were spread on 20 CS7 (15) or 20
BN plates containing 16.3 mM of KC103. The plates
were cultured under N2 for 2 weeks. Single-colony
isolates of 283 chlorate-resistant mutants were ob-
tained and checked for nitrate reduction by a modifi-
cation of the rapid screening method developed by
Ruiz-Herrera et al. (19). The isolates were grown as
small patches on CS7 plates, and a thick mass of
bacterial growth was transferred to a 1-cm2 piece of
filter paper. The filter papers were put on glass petri
dishes, and 2 drops of a buffer solution (0.05 M
potassium phosphate, pH 8.0) containing 1 M sodium
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formate and 100 mM KNO3 was added, and then
they were incubated at 300C for 2 h. Excess liquid
was removed by partially drying the papers at 600C
for 10 min. The production of nitrite was detected by
adding a drop of the sulfanilamide-naphthylethy-
lene diamine dihydrochloride reagent dissolved in
50% ethanol (19). Forty-eight of the presumptive
nitrate reductase mutants were chosen at random,
inoculated onto 10 CS7 plugs (15), and incubated at
300C. At 4 and 6 days, five plugs ofeach isolate were
examined for their ability to fix N2 in culture as
determined by the acetylene-dependent ethylene
production technique as used by Gibson et al. (6).

Nitrate reductase activity in whole cells. Cells
from 32H1 and eight randomly selected chlorate-
resistant strains were grown in 30 ml of CS8 under
N2 to late log phase and then washed and suspended
in a final volume of 0.5 to 2.0 ml in 50mM potassium
phosphate buffer (pH 6.8). Samples of the suspen-
sion containing 100 to 200 ,ug of protein were added
to the assay mixture (100 mM KNOS and 1 M sodium
formate in 50 mM phosphate buffer, final volume of
2.5 ml). After 5 to 30 min at 220C under a stream of
N2, the reaction was terminated by the addition of
0.75 ml of the sulfanilamide-naphthylethylene dia-
mine dihydrochloride reagent (22). Absorbance at
540 nm was determined after 30 min on a Varian
Techtron spectrophotometer, and nitrate production
was corrected for that observed in the assays with no
added sodium formate. Enzyme activity was linear
for up to 30 min at the protein concentrations used.

Nitrate reductase activity in cell extracts. Cells
ofthe various strains were grown in yeast arabinose
liquid medium until the late log phase; then they
were aseptically washed and suspended in BN me-
dium (100 ml), completely filling the containers with
the lids screwed on tightly, and the cultures were
incubated for an additional 2 days. The cells were
then washed in 100 mM potassium phosphate buffer
(pH 7.5), resuspended in approximately 5 ml of the
buffer, and then sonically treated at 80 W for 3 min
(six 30-s bursts) with a Branson B-12 sonicator. The
nitrate reductase assay, with methyl viologen as
electron donor, was as described by Kennedy et- al.
(9) except that the reaction was conducted in open
tubes under a stream of N2-

Symbiotic effectiveness tests. Five nitrate reduc-
tase-deficient mutant strains were examined for
their symbiotic effectiveness with Macroptilium
atropurpureum ("Sirato") grown on agar slopes (25).
Each mutant strain was tested on 30 plants. In
addition, strains 32H1 and NR293 were also used to
inoculate Vigna unguiculata cv. Meringa grown in
vermiculite (150-ml flasks) with an 18-h, 28C/6-h,
250C light/dark cycle (1,500 lm).

Serology. The immuno-diffusion analysis was
conducted according to Dudman (4).

Inhibition studies. A culture transfer system was
used (W. R. Scowcroft, A. H. Gibson, and J. D.
Pagan, Biochem. Biophys. Res. Commun., in press)
where bacteria were grown on Millipore filter disks.
When actively fixing nitrogen, the bacteria were
transferred to CS10 media (21a) containing various
inhibitors (nitrate, nitrite, hydroxylamine, and am-
monium). Acetylene reduction assays were done

after 1 to 2 h of incubation.
Protein. Protein concentration was detennined in

whole cells (3) or in cell extracts (12).

RESULTS
Preliminary investigations indicated that ni-

trate reductase in strain 32H1 was constitutive
and functioned only under anaerobic condi-
tions. Futhermore, this parental strain was
able to grow under anaerobic conditions in me-
dia containing nitrate as the sole source ofcom-
bined nitrogen. Limited growth of 32H1 does
occur on agar, or in liquid cultures, without the
addition of combined nitrogen. This indicates
that 32H1 can scavenge nitrogen from agar
and/or NH3 from the atmosphere. Growth of
32H1 was completely suppressed only when
grown in nitrogen-free liquid, under an atmos-
phere of N2, over 2 M H2S04.
Mutant isolation and nitrate reductase ac-

tivities. Nitrate reductase-deficient isolates
were sought by selecting clones resistant to
chlorate (17). Of the 283 chlorate-resistant mu-
tants, 145 appeared to have little or no nitrate
reductase activity as detected by the rapid
screening procedure. Nitrate reductase activity
in the whole cells and in crude cell sonic ex-
tracts was examined in eight strains chosen at
random. Whole cells of the parental strain
32H1, with formate as the electron donor, con-
verted nitrate to nitrite at a rate of 140 nmol/
mg of whole cell protein per h. Comparatively
little nitrate reductase activity was detected in
the eight representative mutant strains under
these conditions (Table 1).
The assays on cell extracts tested whether

the inability of the mutant strains to convert
nitrate to nitrite was due to defective nitrate
reductase rather than to lesions in the nitrate
uptake system. Again, comparatively little ac-
tivity was detected in five mutant strains as-
sayed (Table 1).
The growth rate of five mutant strains

(NR34, NR165, NR200, NR241, and NR293) in
Bergersen medium (1), with mannitol and
Na2HPO4 replaced by arabinose and K2HPO4,
was equal to, or greater than, that of 32H1. No
growth of the mutant strains occurred when
sodium glutamate was replaced with 6 mM
NaNO3, except for slight growth of NR293.
Nitrogenase activities. Forty-eight of the ni-

trate reductase-deficient isolates were taken at
random and examined for nitrogenase activity
in culture. They were assayed 4 and 6 days
after inoculation on CS8, and the rates of ethyl-
ene production were compared with that of the
parent strain 32H1. With two exceptions, all
the mutants had functional nitrogenase, and
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the rates of acetylene reduction were similar to
that of strain 32H1. The two strains, NR293 and
NR165 had much lower nitrogenase activity
and, in repeated experiments, NR293 had less
than 2% (i.e., less than 0.3 nmol of C2H4 per
sample per h) of the activity in the parental
strain, whereas NR165 had about 20%. The mu-
tant strains grew at least as well as 32H1 under
the conditions used.

Strain purity checks. Isolates NR165,

TABLE 1. Nitrate reductase activities ofstrain 32H1
and derived nitrate reductase mutants in whole cells

and in cell extracts

Strain Sp acta

Whole cells
32H1 140
NR241 0.4
NR200 2.0
NR315 1.5
NR158 1.3
NR34 1.1
NR293 0.8
NR165 0.4
NR292 0.4

Cell extracts
32H1 540
NR241 22
NR200 10
NR34 8
NR293 <1
NR165 <1

a Specific activities are nmol of nitrite produced
per hour per milligram of protein.

NR293, three randomly chosen mutants, and
strain 32H1 were examined serologically as a
purity check. Antisera prepared against 32H1
was used (4), and all five mutants had a similar
reaction with the antisera as did the parental
strain (Fig. 1).
Symbiotic effectiveness tests. The ability of

strains 32H1, NR34, NR200, NR241, NR165,
and NR293 to nodulate Sirato was investigated.
All except NR293 were able to nodulate Sirato
within 6 to 8 days of inoculation, and subse-
quent plant growth was comparable to that
achieved by plants inoculated with strain 32H1.
Strain NR165 was comparatively slow in estab-
lishing an effective symbiosis, since plants re-
mained comparatively yellow and stunted for 5
to 7 days after the plants inoculated with 32H1
had become green. However, by 21 days, the
NR165-nodulated plants were green, and acety-
lene reduction rates per milligram of nodule
tissue were comparable to those found with
32H1-nodulated plants. Strain NR293 failed to
nodulate Sirato or Vigna unguiculata, even
after 4 weeks.

Isolates were made from large, pink nodules,
and the nitrate reductase activities were as-
sayed (Table 2). Nitrate reductase activity was
low or undetectable in these isolates. Thus, the
nitrogenase activity observed in the nodules of
strain NR165 was not due to a reversion of the
nitrate reductase mutation.

Inhibition of nitrogenase activity. Nitro-
genase activity in many N2-fixing organisms is
sensitive to nitrate. Nitrate and its reduction
products were examined for their effects on the

FIG. 1. Confirmation of serological identity of strains by immunodiffusion against anti-Rhizobium 32H1
antiserum (in the central wells). Cultures grown on yeast-mannitol agar medium were applied as dense
suspensions to the outer wells as shown. All the strains examined gave reactions of identity with the 32HI
standard.
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TABLE 2. Nitrate reductase activities of strains
isolated after nodule passage

Strain No. of nodule is- Sp Act (nmol/holatesa per mg of protein)

32H1 1 105
NR200 1 0.1
NR200 1 <0.1
NR165 4 <0.1
NR34 1 1.0
NR34 2 <0.1

a Single colony isolates were made after passage
through nodules, and the strains were grown anaer-
obically in CS8 medium before whole cell nitrate
reductase activities were determined.

nitrogenase activity in cultures of strain 32H1.
When the cultures reached activity levels of
approximately 20 nmol of C2H2 reduced per
sample per h, the cultures on the Millipore
disks were transferred to CS10 agar with either
no additions, nitrate, nitrite, hydroxylamine,
or ammonia (all at 0.3 mM) (Fig. 2). Nitrogen-
ase activity was about 85% inhibited by either
0.3 mM nitrate or its first reduction product,
nitrite (Fig. 2 and 3), whereas the same concen-
tration of either hydroxylamine or ammonia
did not appear to affect the activity (Fig. 2).
Both nitrate and nitrite caused approximately
50% inhibition at 0.1 mM nitrogen (Fig. 3).
By using the nitrate reductase-deficient

strains, the question as to whether nitrate, or
the nitrite produced from it, was the inhibitor
of nitrogenase activity, was investigated.
NR158 and NR292 were partially inhibited by
0.1 mM nitrate, whereas NR200, NR34, and
NR241 were insensitive to this concentration
(Table 3). Little inhibition of acetylene reduc-
tion by NR34 and NR241 was observed, even
when up to 10 mM KNO3 was included in the
medium. In contrast, the strains remained
largely sensitive to 0.3 mM nitrite.

DISCUSSION
Selection of chlorate-resistant derivatives of

strain 32H1 was used as a possible means for,
obtaining nitrogenase-defective strains. Recent
reports delineated the conditions for the induc-
tion and maintenance of nitrogenase activity
(2, 5, 6, 8) in cowpea rhizobia, strain 32H1, in
culture. Thus, we were able to examine the
effects of lesions in nitrate reductase on nitro-
genase activity independently of the plant host.
Some of these strains, together with the paren-
tal strain, provided a means of determining
whether nitrate or its reduction products were
inhibitory to nitrogenase activity in cultured
rhizobia.

Chlorate-resistant mutants are usually defi-
cient in nitrate reductase A but, at least in
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nitrogenase activity of strain 32H1 in culture.

enteric bacteria, they may also be defective in
nitrate reductase B and many of the associated
enzymes (16). By examining the nitrate reduc-
tase in cell extracts, with methyl viologen as
electron donor, it was ascertained that the mu-
tants were defective in nitrate reductase rather
than in the loss of activity resulting from le-
sions in formate dehydrogenase (16), or had an
altered permeability to nitrate.
Of the 48 nitrate reductase mutant strains
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TABLE 3. The effect of nitrate and nitrite on the
nitrogenase activities of cultures actively reducing

acetylene
IV Nitrogenase activities with inhibitors

(%)a
Bacterial strain

Noe 0.1mm 0.3mMNone KNO3 KNO0
32H1 100 34 11
NR34 100 100 34
NR241 100 100 48
NR200 100 100
NR158 100 63
NR292 100 68

a The activities were calculated for each strain as
a percentage of that obtained in the absence of any
added KNO3 or KNO2. Mean values based on 4
determinations. Activity of 32H1 in the absence of
inhibitors was 31 ± 3.8 nmol of C2H2 reduced per
disk per hour.

examined in this study, 46 did not have impair-
ied nitrogenase activity in culture. This con-
trasts with the results of Kondorosi et al. (10)
and Sik et al. (23) with Rhizobium meliloti,
where approximately one-third of the nitrate
reductase-deficient mutants lacked nitrogenase
activity in symbiosis with Medicago sativa, and
where one-half showed impaired nitrogenase
activity. They concluded that the pleiotropic
effect of the nitrate reductase mutations on ni-
trogen fixation was due to alterations in a Mo-
Fe protein subunit common to both enzymes.
We cannot draw the same conclusion for strain
32H1.

Moreover, Kennedy et al. (9) found that a
possible similarity between a bacteroid consti-
tutive subunit of nitrate reductase and the mo-
lybdoprotein component of nitrogenase inR . ja-
ponicum, another slow growing species, was
unlikely, "because of the great difference ob-
served in their respective [molecular] weights."
This is consistent with our results, i.e., 46 of
48 nitrate reductase-deficient isolates had nor-
mal nitrogenase activities in culture. The pleio-
tropic effect of the mutation in the cowpea
strains NR293 and NR165 may have been due to
a deficiency in some enzyme(s) required for the
function ofboth nitrate reductase and nitrogen-
ase, for example, Mo uptake and utilization.
When tested for nodulation and symbiotic

nitrogen fixation, one of the mutants, NR165,
apparently had low nitrogenase activities in
the early stages of plant growth. However, at
final harvest the C2H2-reducing activity per
gram of nodule weight was comparable to that
in nodules formed by strain 32H1. This could
not be attributed to reversion ofthe mutation(s),
since single-colony isolates from NR165 nodules

were defective in nitrate reductase activity and
had comparatively poor nitrogenase activity in
culture. The mutation(s) in strain NR293 also
affected nitrate reductase and caused both loss
of nitrogenase activity in culture and ability to
form nodules on either Sirato or Vigna ungui-
culata. It has been suggested that the genes for
nitrogen fixation and possibly some genes con-
trolling symbiosis are located on a plasmid in
some rhizobia (20). The parental strain 32H1
contained a plasmid, but this was also found in
the non-nodulating strain NR293 (J. B. Lan-
gridge, personal communication). Because so
little is known about the genes in rhizobia in-
volved in the establishment of effective sym-
biosis, it is difficult to speculate on the nature
of a possible mutation affecting the three func-
tions: nitrate reduction, nitrogen fixation, and
nodule initiation and development.

In this study it was found that nitrogenase
activity in cultured cells of Rhizobium cowpea
was sensitive to both nitrate and nitrite, but
not to the further reduction products, hydroxyl-
amine and ammonia, at low concentrations.
From the results with the mutant strains, it
was apparent that nitrogenase activity was
markedly less sensitive to nitrate. This is con-
sistent with the finding that nitrite inhibited
nitrogenase activity in soybean bacteroids, and
that the major inhibitory effect of nitrate was a
consequence of its reduction to nitrite (9, 18).
However, this study does not eliminate the pos-
sibility that in cultured rhizobia the reduction
of nitrate or nitrite competes with nitrogenase
for electrons, thereby lowering the activity of
the latter. Additional studies (A. H. Gibson and
J. D. Pagan, Planta, in press) examined
whether N2 fixation in such nitrate reductase-
deficient strains remains comparatively insen-
sitive to nitrate in the symbiotic situation.
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