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Abstract

A few legume species possess the ability to form N,-fixing nodules on stems as well as on roots. Little is
known of the functional characteristics of stem nodules, or to what extent they differ from root nodules.
Stem and root nodules of greenhouse-grown plants of Aeschynomene scabra (inoculated with the
photosynthetic rhizobial strain BTAil) and Sesbania rostrata (inoculated with Azorhizobium
caulinodans strain BTSr3) were examined for assimilation of '*CO, in the light and dark, soluble
carbohydrate and starch contents, acetylene reduction activity, relative efficiency of nitrogenase in
terms of uptake-hydrogenase activity, glutamine synthetase and glutamate synthase, and reduced N and
ureide contents. In general, stem nodules possessed higher enzyme activities and metabolite contents
than did root nodules, suggesting that they fix N, with greater energy efficiency. This greater efficiency
correlated with photosynthesis in the cortex of stem nodules. Differences in enzyme activities and
metabolite contents between the stem nodules on A. scabra and those on §. rostrata probably result
either from legume-species characteristics or from the photosynthetic capability of strain BTAi 1.

Introduction

Legume species in the genera Aeschynomene
and Sesbania can form nodules on stems as well
as on roots (Alazard, 1990; Dreyfus and Dom-
mergues, 1981; Dreyfus et al., 1988; Eaglesham
and Szalay, 1983; Yatazawa and Yoshida, 1979).
Stem nodules differ most strikingly from root
nodules in that they have chloroplasts through-
out the cortex (Dreyfus and Dommergues, 1981;
Legocki et al., 1983) including cells contiguous
with the bacteroid zone (A R J Eaglesham,
unpublished data). In root nodules, the genera-
tion of reducing power and ATP necessary for
nitrogenase activity and for growth and mainte-
nance of cells depends on the translocation of
photosynthate from leaves (Rawsthorne et al.,

1980). Actively fixing legumes partition 30 to
50% of total photosynthate to the root nodules,
with losses of 18 to 30% via respiration (Minchin
et al., 1981). Any mechanism permitting an
economy in photosynthate usage for the process
of N, fixation is likely to have a positive effect on
yield. Consequently, much recent work has
focussed on hydrogen recycling via rhizobial up-
take-hydrogenase, CO, recycling via nodule PEP
carboxylase, and ureide-transport compounds
that have a lower C:N ration than do amines or
amides (Neves and Hungria, 1987).

In stem nodules it would seem likely that C
supplied by photosynthesis in the cortical cells
would contribute to N, fixation in the bacteroids,
and to the assimilation of ammonia in the
legume cell cytosol. However, little is known of
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the functional characteristics of stem nodules or
to what extent they differ from those of root
nodules. Consequently, in this paper we com-
pare stem and root nodules for physiological
parameters related to C and N metabolism. The
nodules were induced on Aeschynomene scabra
and Sesbania rostrata. S. rostrata was inoculated
with rhizobial strain BTSr3 which has charac-
teristics (Hungria et al., 1991) of the new species
Azorhizobium caulinodans (Dreyfus et al.,
1988). A. scabra was inoculated with strain
BTAIi 1 which was recently shown to synthesize
bacteriochlorophyll a (Evans et al., 1990), and to
be photosynthetic in vitro (Hungria et al., 1991);
it has been suggested that this Rhizobium be
named Photorhizobium thompsonianum (Eag-
lesham et al., 1990).

Materials and methods
Plant material

Plants of Aeschynomene scabra and Sesbania
rostrata were grown in the greenhouse between
May and July, under natural light supplemented
with 500-W tungsten-halogen lamps, with day/
night temperatures of 30/24°C, and relative
humidity of 50 to 80%.

All plants were grown from 30-cm stem cut-
tings. In the case of S. rostrata, root and stem
nodules were induced to form on the same
plants. Two cuttings were rooted per 15-cm pot
containing 2 kg fine silica sand. Each pot con-
tained 500 mL nutrient solution (Eaglesham et
al., 1983) with 5.7mM KNO, (40 mg N per pot)
to encourage vigorous early growth. Once per
week each pot was watered with N-free nutrient
solution (Eaglesham et al., 1983), otherwise tap
water was applied as needed, by application to
saucers.

In the case of A. scabra, root nodules and
stem nodules were induced to form on separate
groups of plants; poor development of stem
nodules has been attributed to prior presence of
root nodules (A R J Eaglesham, unpublished).
For stem-nodule plants, cuttings were surface-
sterilized (by immersion in alcohol for 2 min with
thorough rinsing in sterile tap water) and were
submerged in glass cylinders in nutrient solution

containing 5.7 mM KNO,. After 14 days, the
adventitious roots were closely inspected for in-
cipient nodules. Cuttings free of root nodules
were transplanted, three per 25-cm sealed
ceramic pot. Each ceramic pot contained 6 kg
fine silica sand flooded with N-free nutrient solu-
tion to a depth of 4 cm, and had been placed in a
sealed plastic bag in an oven at 80°C for 7 days
to eliminate any contaminating rhizobia. For
root-nodulated A. scabra, plants were grown as
described for §. rostrata.

Plants were harvested at 5 weeks after inocula-
tion with rhizobia.

Rhizobia and inoculation

The rhizobial strain for A. scabra was BTAi 1.
This was isolated at the Boyce Thompson Insti-
tute from a submerged stem nodule on A. indica
(Eaglesham and Szalay, 1983) having originated
from the sand in which the plant was grown
(Stowers and Eaglesham, 1983). This is now
known to be the first photosynthetic rhizobial
strain to have been discovered (Eaglesham et al.,
1990; Evans et al., 1990; Hungria et al., 1991).

In order to have a non-photosynthetic
Rhizobium to compare with BTAi 1, several
strains from Aeschynomene spp. were obtained
from other culture collections; however, all
failed to nodulate the stems of A. scabra. There-
fore, the non-photosynthetic rhizobial strain
BTSr 3 was used with its host legume S. rostrata.
This strain was isolated from a nodule high on
the stem of a 3-m high S. rostrata plant grown in
the field at the International Institute of Tropical
Agriculture, Nigeria. The stem of this plant had
been inoculated with Azorhizobium caulinodans
strain ORS 571 (Dreyfus et al., 1988) as a rooted
cutting in the greenhouse prior to transplanting
in the field, by Dr K Mulongoy. Therefore,
strain BTSr 3 is probably the same as ORS 571.

For inocula, the rhizobia were cultured in
yeast-extract broths (Vincent, 1970) containing
1% (wt/vol) of either mannitol (BTAil) or
succinate (BTSr 3). Inoculations were made at 4
weeks after cuttings were transplanted. For root
nodules, 2-mL aliquots of inoculum (10’
cellsmL™") were added to 250 mL of N-free
nutrient solution, then applied to the surface of
each pot. For stem nodules, inoculum-soaked



cotton swabs were applied to stems on three
occasions over a period of 4 days.

Enzyme extractions and analyses

Nitrogenase (EC 1.18.6.1) activity was assayed
by the acetylene reduction technique. Stems
were cut into 10-cm lengths, and roots excised,
and placed separately in 500-mL glass jars fitted
with rubber serum stoppers. Acetylene was in-
jected to a partial pressure of 0.015 MPa, and,
after incubations at room temperature of 4 and
30 min, samples were taken and assayed for
ethylene by gas chromatography (Hardy et al.,
1968).

Hydrogen evolution was assayed by gas chro-
matography without injection of acetylene, and
the relative efficiency (RE) of electron allocation
was evaluated as follows:

H, evolved
C,H, reduced

(Schubert and Evans, 1976).

RE=1-

Nodules were picked off, dried (75°C) and
weighed. Total N contents of dried nodules were
determined by Kjeldahl digestion and automated
NH, -assay by the indophenol-blue method
(Keeny and Nelson, 1982). Nodule ureide con-
tents were evaluated after extraction in 50%
ethanol in 100 mM potassium phosphate buffer
(pH 7.0) at 80°C for 5 min. Filtrates were cen-
trifuged and assayed by the phenylhydrazine
method (Boddey et al., 1987).

Rates of uptake of '*CO, by excised nodules
were determined by modification of previously
described methods (Maxwell et al., 1984). Fresh
nodules (200 to 400mg for S. rostrata, 80 to
120 mg for A. scabra) from stems and roots were
placed on moist filter paper in 10-mL glass scin-
tillation vials, and sealed with rubber serum
stoppers. In a separate sealed vial containing
NaH''CO, (37 MBq), 4 M lactic acid was inject-
ed so as to release 10 uCi of *CO,mL™". A
I-mL aliquot was injected into each of four
replicate reaction vessels, with a 1-h incubation
at  28°C  and light flux density of
400 umol m *sec” . Also, four replicates were
incubated in the dark, covered with black paper.
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Reactions were stopped by injection of 1.5mL
50% ethanol (vol/vol) at 70°C. Nodules were
homogenized in the ethanol, sonicated for 5 min,
extracted for 20 min at 45°C, finally with the
addition of 0.2 M HCI. Samples were dried in a
laminar flow hood, 10 mL of scintillation fluid
added to each, and radioactivity determined.
Protein contents were determined (Bradford,
1976).

Glutamine synthetase (GS, EC 6.3.1.2) was
extracted by grinding nodules (approximately
500 mg fresh weight) with a mortar and pestle in
the medium of Kendall et al. (1986). After cen-
trifugation at 20,000 g for 30 min, low molecular
weight components of the crude extract were
removed by Sephadex G-25 gel filtration with
S0mM Tris-HCl buffer (pH7.8) containing
10mM MgSO,, 10% ethanediol and 5mM
dithiothreitol. All extraction procedures were at
4°C. The transferase assay was performed with
50-wL samples according to Cullimore and Sims
(1980), and the semi-biosynthetic-hydroxylamine
assay according to Cullimore et al. (1982).

Glutamate synthase (GOGAT, EC 1.2.1.14)
was extracted by grinding approximately 500 mg
fresh nodules with a mortar and pestle, in 50 mM
potassium phosphate buffer (pH 7.5) containing
SmM EDTA, phenylmethyl sulphonyl fluoride
and 0.05% Triton X-100. The filtered homoge-
nate was centrifuged at 20,000 g for 30 min, and
low molecular-weight components of the crude
extract were removed by Sephadex G-25 gel
filtration with the extraction buffer. All extrac-
tion procedures were at 4°C. The enzyme was
assayed using 50-uL aliquots of nodule extract
and the following reaction mixture in a total of
1 mL: 100 mM potassium phosphate pH 7.5, 1%
mercaptoethanol, 1 mM 2-oxoglutarate, 0.1 mM
NADH, and 0.1 mM EDTA. Activity was de-
termined spectrophotometrically at 30°C by
monitoring the oxidation of NADH at 340 nm
after the addition of 5 mM L-glutamine.

Soluble carbohydrate was extracted from
frozen nodules as follows. Aliquots of 200 mg
were placed in 5ml ethanol at 70°C, sonicated
for 10 sec and allowed to stand without heat for
10 min. After centrifugation at 1,400 g for
10 min, the supernatant was collected. The pellet
was washed twice in 5 mL of 100% ethanol and
supernatants collected. Soluble carbohydrate in
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the combined supernatant fraction was deter-
mined by the anthrone method (modified from
Ou-Lee and Setter, 1985). The pellet was as-
sayed for starch after gelling by the addition of
200 wL 95% ethanol (vol/vol) and 4 mL of ace-
tate-fluoride buffer (0.1 M sodium acetate,
20mM NaF, with 100mM acetic acid added
dropwise to a pH of 4.5). After 15min in a
boiling-water bath, samples were cooled quickly
on ice. To each sample was added 1mL of
buffered amyloglucosidase (250 mg amylogluco-
sidase at6 U mg ™' (Sigma Chemical Co.)in 100 mL
of acetate-fluoride buffer), followed by mix-
ing, capping and incubation at 50°C for 24 h.
Samples were then vortexed and centrifuged at
1,400 g for 10 min, and 200 uL of supernatant
added to 300 uL acetate-fluoride buffer. Glucose
was assayed by conversion via glucose oxidase
(Sigma Chemical Co.) to gluconate and hydro-
gen peroxide, and the latter produced a color in
combination with o-dianisidine and peroxidase;
this was achieved by the addition of 5mL of
Sigma Kit 510-A and 1.6 mL o-dianisidine reag-
ent. After mixing and incubation at 37°C for
30 min, samples were read at 450 nm. Glucose
and starch standards were analyzed with each set
of determinations.

Results and discussion

In the dark, the rates of '*CO, assimilation
(putative PEP carboxylase activity) by stem and
root nodules from Aeschynomene scabra and
Sesbania rostrata were in the range 76 to
88 nmol mg ' protein min~' (64 to 77 pmol g~"
dry nodule h™") (Table 1). In soybean nodules it
was calculated that 66% of PEP carboxylase
activity (of 102 wmol g~ dry nodule h™') was
involved in the production of organic acids, the
oxidation of which would provide a 48% saving
in ATP equivalents (King et al., 1986). There-
fore, the rates we observed contributed signifi-
cantly to C economy.

In his description of stem nodules on A. aspera
60 years ago, Hagerup (1928) remarked on their
green color and on the presence of starch grains
in their cortical cells, and he suggested the likeli-
hood of ‘efficient’ photosynthesis. The increased
incorporation of '*CO, in the light demonstrated

Table 1. The effects of light (400 wmol m*sec™") on rate of
CO, assimilation by 5-week-old nodules of Sesbania rostrata
and Aeschynomene scabra

Legume Nodule Light/ "CO, assimilation
species type dark rate (nmol mg
protein min ")
S. rostrata Stem Light 941a*
Dark 88.6b
Root Light 75.2b
Dark 88.5b
A. scabra Stem Light 2618a
Dark 75.7b
Root Light 81.5b
Dark 82.6b

* Within legume species, means of five replicates followed by
the same letter are not significantly different (p =0.05,
Tukey’s test).

that stem nodules are, indeed, photosynthetic
organs (Table 1). Increases of 10- and 33-fold
were obtained with §. rostrata and A. scabra,
respectively, whereas light had no effect on root
nodules. The responses of stem nodules were
doubtless the result of the presence of chloro-
plasts, but the greater response in A. scabra
correlates with the photosynthetic capability of
the rhizobial endophyte. Reports that BTAi 1
synthesizes bacteriochlorophyll a4 and photosyn-
thetic reaction centers (Evans et al., 1990), and
exhibits light-driven assimilation of '*CO, and
light-decreased O, uptake (Hungria et al., 1991)
demonstrate that it is the first photosynthetic
Rhizobium to have been discovered. Moreover,
there is evidence that stem-nodule bacteroids of
BTAIi 1 can photosynthesize in situ (Evans et al.,
1990). Inability to synthesize bacteriochlorophyll
in the dark (Evans et al., 1990) explains the lack
of stimulation of CO, fixation by light in A.
scabra root nodules.

The higher contents of soluble carbohydrate
and of starch in stem nodules than in root
nodules (Table 2) are explained in terms of the
photosynthetic capability of the former. With the
greater availability of C, specific acetylene reduc-
tion activities of stem nodules were higher than
those of root nodules, by 50% in S. rostrata and
by 8-fold in A. scabra (Table 3). Very high
specific activity has been observed before with
stem nodules of A. scabra (Eaglesham and
Szalay, 1983); these activities (300 to



Table 2. Soluble carbohydrate and starch contents of 5-week-
old root and stem nodules of Sesbania rostrata and Aes-
chynomene scabra

Legume Nodule Soluble Starch
species type carbohydrate (mgg ' FW)
(mg glucose
equivg ' FW)
S. rostrata Stem 16.1a° 29.7a
Root 11.7b 16.6b
A. scabra Stem 19.4a 50.2a
Root 9.87b 17.8b

“ Within legume species, means of five replicates followed by
the same letter are not significantly different (p =0.05,
Tukey’s test).

400 pwmol g~ ' nodule h™") are higher than values
commonly reported for alfalfa, soybean or cow-
pea. Statistical comparison of stem nodules of A.
scabra and S. rostrata revealed that the specific
acetylene reduction activity of the former was
significantly greater than that of the latter.
Whether the acetylene-induced inhibition of
acetylene reduction activity of root nodules
(Minchin et al., 1983; 1986) occurs also with
stem nodules remains to be determined.

Dixon (1972) suggested that the recycling of
hydrogen in root nodules by uptake-hydrogenase
is a mechanism of protection of nitrogenase from
O,. The higher RE of stem nodules in com-
parison with root nodules of A. scabra (Table 3)
may correlate with higher levels of O, diffusion
to the bacteroid zone from the photosynthetic
cortex. However, it is interesting to note that no
such higher RE was found in the stem nodules of
S. rostrata. Differences in leghemoglobin compo-
nents in stem and root nodules of both S. ros-

Table 3. Relative efficiencies and acetylene reduction ac-
tivities of nitrogenase of 5-week-old root and stem nodules of
Sesbania rostrata and Aeschynomene scabra
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trata (Bogusz, 1984) and A. scabra (Legocki et
al., 1983) may correlate with higher levels of O,
in the bacteroid zone of stem nodules. On the
other hand, model system studies with bacteroids
from S. rostrata stem nodules have suggested
that O, levels are not significantly different from
those in root nodules (Bergersen et al., 1988).

The assimilation of ammonia produced in
nodules occurs via the combined functions of GS
and GOGAT in the host-cell cytoplasm (Miflin
and Cullimore, 1984). Probably as a con-
sequence of higher nitrogenase activity and high-
er availability of carbohydrate, GS transferase
and GOGAT activities were also higher in stem
than in root nodules of both species (Table 4).
The transferase:synthetase ratios for GS were
similar for stem and root nodules within both
species, i.e. 46 for A. scabra, and 45 for §.
rostrata. The stem:root ratios for GS and
GOGAT activities were larger in A. scabra (4.5
and 2.8, respectively) than in S. rostrata (1.5 and
1.3, respectively) (Table 4).

Detached nodules did not exude xylem sap,
therefore ureide contents were analyzed in
nodule homogenates. Ureide concentrations in
A. scabra nodules were higher than those in §.
rostrata (Table 5) and similar to those found in
Phaseolus vulgaris nodules from which 96% of N
was transported as ureide (M Hungria and A R J
Eaglesham, unpublished). As a general rule,
nodulated tropical legume species transport N
mainly as ureides, and it is believed that the
lower C:N ratio (as compared to amide and
amine transported by temperate legumes) contri-
butes a 14% economy in C usage, although it is
unclear what energy costs are involved in ureide

Table 4. Activities of glutamine synthetase (GS) and gluta-
mate synthase (GOGAT) of 5-week-old root and stem
nodules of Sesbania rostrata and Aeschynomene scabra

Legume Nodule Relative Acetylene Legume Nodule GS GOGAT
species type efficiency reduction species type
(wmolg ' nod.h™") (pmol mg " proteinh ')
S. rostrata Stem 0.85a* 93.4a S. rostrata Stem 3.01a° 7.44a
Root 0.85a 62.4b Root 2.03b 5.58b
A. scabra Stem 0.86a 363a A. scabra Stem 5.47a 13.5a
Root 0.71b 40.2b Root 1.22b 4.73b

* Within legume species, means of five (relative efficiency) or
six (acetylene reduction) replicates followed by the same
letter are not significantly different (p = 0.05, Tukey’s test).

* Within legume species, means of five replicates followed by
the same letter are not significantly different (p = 0.05,
Tukey’s test).
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Table 5. Dry weight, percent N, and ureide contents of 5-week-old root and stem nodules of Sesbania rostrata and Aeschynomene

scabra
Legume Nodule Dry weight N conc. Ureide
species type (mg nodule ) (%) (ngNg ' nod.)
S. rostrata Stem 2.30a* 4.46a 724a
Root 2.15a 4.12b 577b
A. scabra Stem 0.39a 4.99a 1774a
Root 0.23a 4.04b 1515b

* Within legume species, means of six replicates followed by the same letter are not significantly different ( p = 0.05, Tukey’s test).

utilization (Neves and Hungria, 1987). Consis-
tent with the higher specific nitrogenase activities
in stem nodules as compared with root nodules,
concentrations of reduced N and ureides were
higher in the former than in the latter (Table 5).

Both stem and root nodules of A. scabra and
S. rostrata possess mechanisms for economizing
on C requirements, i.e. PEP carboxylase and
ureide synthesis. In both species, stem nodules
apparently benefit from photosynthesis in corti-
cal cells by the provision of C compounds in situ
for nitrogenase, GS and GOGAT and for ureide
synthesis. The differences in enzyme activities
between stem nodules on A. scabra and S. ros-
trata are consistent with the previously observed
energy-sufficiency of Aeschynomene stem
nodules (Eardly and Eaglesham, 1985), and can
be explained in terms of the photosynthetic
capability of rhizobial strain BTAi 1. However,
pending comparisons of photosynthetic and non-
photosynthetic rhizobial strains able to nodulate
the same host legume, it cannot be ruled out that
observed differences resulted from contrasting
characteristics of stem nodules on A. scabra vs.
S. rostrata.

In conclusion, the characteristics of stem
nodules over root nodules would seem to justify
an effort to induce stem nodules on agriculturally
important legumes. If successful, it would be
advantageous to have the infecting Rhizobium
express photosynthesis genes.

Acknowledgements

We thank Ms Joan M Ellis for technical assist-
ance, and Dr Timothy L Setter (Cornell Uni-
versity) for discussions and for facilities for “c

work. M H acknowledges a fellowship from the
Conselho Nacional de Pesquisa (CNPq), Brazil.

References

Alazard D 1990 Nitrogen fixation in pure culture by rhizobia
isolated from stem nodules of tropical Aeschynomene
species. FEMS Microbiol. Lett. 68, 177-182.

Bergersen F J, Turner G L, Bogusz D and Appleby C A 1988
Fixation of N, by bacteroids from stem nodules of Sesbania
rostrata. J. Gen. Microbiol. 134, 1807-1808.

Boddey R M, Pereira J A R, Hungria M, Thomas R J and
Neves M C P 1987 Methods for the study of nitrogen
assimilation and transport in grain legumes. Mircen J. 3,
3-32.

Bogusz D 1984 Leghaemoglobin from root and stem nodules
of Sesbania rostrata. In Advances in Nitrogen Fixation.
Eds. C Veeger and W E Newton. p 534. Martinus Nijhoff/
Dr W Junk, The Hague, The Netherlands.

Bradford M M 1976 A rapid and sensitive method for the
quantification of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem. 72,
248-254.

Cullimore J V, Lea P J and Miflin B J 1982 Multiple forms of
glutamine synthetase in the plant fraction of Phaseolus root
nodules. Israel J. Bot. 31, 151-162.

Cullimore J V and Simms A P 1980 An association between
photorespiration and protein catabolism: Studies with
Chlamydomonas. Planta 150, 392-396.

Dixon R O D 1972 Hydrogen in legume root nodule bac-
teroids: Occurrence and properties. Arch. Mikrobiol. 85,
193-201.

Dreyfus B L and Dommergues Y R 1981 Nitrogen-fixing
nodules induced by Rhizobium on the stem of the tropical
legume Sesbania rostrata. FEMS Microbiol. Lett. 10, 313~
317.

Dreyfus B L, Garcia J L and Gillis M 1988 Characterization
of Azorhizobium caulinodans gen. nov., sp. nov., a stem-
nodulating nitrogen-fixing bacterium isolated from Ses-
bania rostrata. Int. J. Syst. Bacteriol. 38, 89-98.

Eaglesham A R J, Ellis J M, Evans W R, Fleischman D E,
Hungria M and Hardy R W F 1990 First photosynthetic
nitrogen-fixing rhizobium: Characteristics. In Nitrogen Fix-
ation: Achievements and Objectives. Eds. P Gresshoff, G



Stacey and W E Newton. Chapman and Hall, New York.
In press

Eaglesham A R J, Hassouna S and Seegers R 1983 Fertilizer-
N effects on N, fixation by cowpea and soybean. Agron. J.
75, 61-66.

Eaglesham A R J and Szalay A A 1983 Aerial stem nodules
on Aeschynomene spp. Plant Sci. Lett. 29, 265-272.

Eardly B D and Eaglesham A R J 1985 Fixation of nitrogen
and carbon by legume stem nodules. In Nitrogen Fixation
Research Progress. Eds. H J Evans, P J Bottomley and W
E Newton. p 324. Martinus Nijhoff, Dordrecht, The
Netherlands.

Evans W R, Fleischman D E, Calvert H E, Pyati P V, Alter
G M and Subba Rao N S 1990 Bacteriochlorophyll and
photosynthetic reaction centers in Rhizobium strain
BTAi 1. Appl. Environ. Microbiol. 56, 3445-3449.

Hagerup O 1928 En hygrofil baelgplante (Aeschynomene
aspera 1..) med bakterieknolde paa stangelen. Dan. Bot.
Ark. 15, 1-9.

Hardy R W F, Holsten R D, Jackson E K and Burns R C
1968 The acetylene-ethylene assay for N, fixation. Plant
Physiol. 43, 1185~1207.

Hungria M, Ellis J M, Eaglesham A R J, Suwanto A, Kaplan
S and Hardy R W F 1991 Photosynthesis in the stem-
nodulating rhizobial strain BTAi1l. J. Bacteriol. (Sub-
mitted).

Keeny D R and Nelson D W 1982 Nitrogen ~ inorganic
forms. In Methods of Soil Analysis, Edition 2, Part 2. Ed.
A L Page. pp 643-709. Agronomy No. 9. Am. Soc.
Agron., Madison, WI.

Kendall A C, Wallsgrove R M, Hall N P, Turner ] C and Lea
P J 1986 Carbon and nitrogen metabolism in barley (Hor-
deum vulgare L.) mutants lacking ferredoxin-dependent
glutamate synthase. Planta 168, 316-323.

King B J, Layzell D B and Canvin D T 1986 The role of dark
carbon dioxide fixation in root nodules of soybean. Plant
Physiol. 81, 200-205.

Legocki R P, Eaglesham A R J and Szalay A A 1983 Stem
nodulation in Aeschynomene: A model system for bac-
terium-plant interactions. In Molecular Genetics of Bac-
teria-Plant Interaction. Ed. A Puhler. pp 210-219.
Springer-Verlag, Berlin.

Physiology of stem nodules 13

Maxwell C A, Vance C P, Heichel G H and Stade S 1984
CO, fixation in alfalfa and birdsfoot trefoil root nodules
and partitioning for “C to the plant. Crop Sci. 24, 257-
264.

Miflin B J and Cullimore J V 1984 Nitrogen assimilation in
the legume-Rhizobium symbiosis: A joint endeavour. In
Genes Involved in Microbe-Plant Interactions. Ed. D P §
Verma and T Hohn. pp 129-178. Springer-Verlag, Vienna.

Minchin F R, Witty J F, Sheehy J E and Muller M 1983 A
major error in the acetylene reduction assay: Decreases in
nodular nitrogenase activity under assay conditions. J.
Exp. Bot. 34, 641-649.

Minchin F R, Sheehy J E and Witty J F 1986 Further errors
in acetylene reduction assays: Effects of plant disturbance.
1. Exp. Bot. 37, 1581-1591.

Minchin F R, Summerfield R J, Hadley P, Roberts E H and
Rawsthorne S 1981 Carbon and nitrogen nutrition of nodu-
lated roots of grain legumes. Plant Cell Environ. 4, 5-26.

Neves M C P and Hungria M 1987 The physiology of
nitrogen fixation in tropical grain legumes. CRC Crit. Rev.
Plant Sci. 6, 267-321.

Ou-Lee T.-M. and Setter T L 1985 Enzyme activities of
starch and sucrose pathways and growth of apical and basal
maize kernels. Plant Physiol. 79, 848-851.

Rawsthorne S and Minchin F R, Summerfield R J, Cookson
C and Coombs J 1980 Carbon and nitrogen metabolism in
legume root nodules. Phytochem. 19, 341-355.

Schubert K R and Evans H J 1976 Hydrogen evolution: A
major factor affecting the efficiency of nitrogen fixation in
nodulated symbionts. Proc. Nat'l Acad. Sci. USA 73,
1207-1211.

Stowers M D and Eaglesham A R J 1983 A stem-nodulating
Rhizobium with physiological characteristics of both fast
and slow growers. J Gen. Microbiol. 129, 3651-3655.

Vincent J M 1970 Manual for the Practical Study of Root
Nodule Bacteria. IBP Handbook No. 15. Blackwell, Ox-
ford. 164 p.

Yatazawa M and Yoshida S 1979 Stem nodules in Aes-
chynomene indica and their capacity of nitrogen fixation.
Physiol. Plant. 45, 293-295.



