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Abstract 

It is generally believed that only the nodulating species of the Leguminosae fix atmospheric nitrogen; however, 
anatomical, ecological and taxonomic considerations indicate that non-nodulating legume species may also fix 
nitrogen. To test whether nitrogen-fixing symbioses in the Leguminosae might extend to the non-nodulating 
species, a survey of the Leguminosae was conducted: living plants of non-nodulating species were assayed using 
acetylene reduction. Ethylene evolution, indicating apparent nitrogenase activity, was detected in non-nodulating 
species representing the major taxonomic groups of Caesalpinioideae as well as in non-nodulating species of the 
Papilionoideae and Mimosoideae. Non-nodules nitrogen fixation appears to have provided evolutionary precursors 
for the nodular symbiosis in the Leguminosae. 

Introduction 

Even before the discovery that bacteria in the root nod- 
ules of legumes provide atmospheric nitrogen for plant 
growth (Hellriegel and Wilfarth, 1888), it had been 
observed that some species of the Leguminosae do not 
form nodules (Lachmann, 1858; reviewed by Leonard, 
1925 and Fred et al., 1932). It has long been assumed 
that the non-nodulating species do not fix atmospheric 
nitrogen. Consequently, on the basis of their observed 
failure to produce root nodules in either natural settings 
or in the presence of introduced rhizobia, approximate- 
ly 71% of the species of the Caesalpinioideae, 10% of 
the Mimosoideae and 3% of the Papilionoideae are 
thought to lack the capacity to fix nitrogen symbioti- 
cally (Allen and Allen, 1981; Faria et al., 1989). 

Both the Mimosoideae and the Papilionoideae are 
considered to have evolved, separately, from species 
resembling primitive Caesalpinioideae (Polhill and 
Raven, 1981). The apparent relationships between 
non-nodulating and nodulating taxa are illustrated in 
Figure 1, in which the reported nodulation data of Allen 
and Allen (1981) and Faria et al. (1989) have been 
overlaid on the putative evolutionary relationships of 
the Leguminosae, as presented by Polhill et al. (1981). 
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Taxonomic groups with only non-nodulating species 
are shown in white; those in which nodulation is the 
rule are shown in dark gray; and taxonomic groups 
with rare or mixed reports of nodulation or with a mix 
of both nodulating and nodulating species are shown 
with stripes. In all three subfamilies of the Legumi- 
nosae, some or most advanced species nodulate, while 
other species, generally the less specialized, lack nodu- 
lation capacity. 

The assumption that non-nodulating species of the 
Leguminosae do not fix atmospheric nitrogen has pro- 
foundly affected our concepts of the evolution of the 
nitrogen-fixing symbioses between legumes and rhi- 
zobial bacteria. Based on present understanding of the 
taxonomy of the Leguminosae (Figure 1), the symbio- 
sis would have had to evolve, separately, in at least 
three taxonomic groups of the Leguminosae: in the 
Charnaecrista or their ancestors; in the ancestors of the 
Mimosoideae such as the Dimorphandra group of the 
Caesalpinioideae; in ancestors of the Papilionoideae 
such as the Sclerolobiurn group of the Caesalpinioideae 
(Doyle, 1994; Sprent, 1994; Young and Johnston, 
1989); and probably also in several other taxa such 
as the Detarieae-Amherstieae and the Bauhiniinae, 
where nodulation has been reported to occur occa- 
sionally (Allen and Allen, 1981; Athar and Mahmood, 
1980; Bonnier, 1957; Bonnier, 1958; Ding et al., 1986; 
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Figure 1. Putative evolutionary pattern of the Leguminosae, derived from Polhill, Raven and Stirton ( 1981), with nodulation and non-nodulation 
patterns in the Leguminosae. Percents of nodnlating species calculated from Faria et al. (1989), updated. A range of  nodulation percents indicates 
species with conflicting reports of nodulation (updated from Allen and Alien, 1981), calculated here both as negative (lower %) and as positive 
(higher %). Not to scale. 
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Lechtova-Trnka, 1931; Lira, 1977; Quifiones as cited 
in Domingo, 1983; Rothschild, 1970). 

Multiple separate evolutions of the nitrogen-fixing 
symbioses in the Leguminosae appear implausible, 
however, particularly because, in each of the three 
major nodulating groups of the Leguminosae, nodula- 
tion occurs with both Rhizobium and Bradyrhizobium 
(Barnet et al., 1985; Dreyfus and Dommergues, 1981; 
Jenkins et al., 1988; Martinez-Romero, 1994; Mor- 
eira et al., 1993; Moreira and Franco, 1994; Turk and 
Keyser, 1992; Zhang et al., 1991). Rhizobium and 
Bradyrhizobium, distinct genera of bacteria, appear to 
have ancestors that diverged before the evolution of 
land plants and long before the legume-rhizobia sym- 
bioses (Young and Johnston, 1989; Young, 1993). 

An alternative view of the evolution of the symbio- 
sis is suggested by the taxonomy of nodulation. Several 
generic and supergeneric groups of species (striped in 
Figure 1) have rare or mixed capacity for nodulation. 
The wide range of taxa with rare or mixed nodula- 
tion capacity, taxonomically positioned between sev- 
eral non-nodulating and nodulating parts of the fami- 
ly, suggests a continuum from non-nodulation to rare, 
perhaps circumstantial nodulation, to sparse nodula- 
tion, often with only partial rhizobial occupation of 
infected cells, and finally to the abundant nodulation 
of advanced Mimosoideae, advanced Papilionoideae 
and some of the Chamaecrista. The nodular symbiosis 
itself appears to have evolved (Faria and Sprent, 1994; 
Naisbitt et al., 1992; Sprent, 1994; Sutherland et al., 
1994) along with a suite of other advanced floral, seed 
and vegetative characteristics. 

Several lines of evidence are now accumulating to 
suggest that non-nodulating legumes may also form a 
symbiotic relationship with rhizobia, at the beginning 
of this symbiotic continuum (Bryan, 1995). Rhizobia 
have been observed to form infection threads in the root 
hairs of the non-nodulating legumes Gleditsia triacan- 
thos L. (Allen and Allen, 1981; Bryan, 1995), Cassia 
fistula and C. grandis and Senna tora (as Cassia tora 
Allen and Allen, 1981). Allen and Allen (1981) did 
not believe that the observed root hairs were part of 
a symbiosis, the infection threads they observed hav- 
ing grown only to the outer root cortices. However, 
forms resembling bacteroids have long been reported 
inside the roots of non-nodulating Gleditsia species 
(Feh6r and Bokor, 1926; Friesner, 1926; Rothschild, 
1967). Recently, apparent bacteroids were observed 
in the roots of G. triacanthos and five other species 
by scanning electron microscopy (see discussion) and 
ethylene evolution (acetylene reduction), an indication 

of nitrogenase activity, was detected in G. triacanthos 
(Bryan, 1995). 

We therefore decided to test whether nitrogenase 
activity might extend to other non-nodulating species 
of the Leguminosae and conducted acetylene reduction 
trials with twelve additional species of non-nodulating 
legumes. Here, we present the results of that survey and 
a follow-up assay with one of the species, Peltophorum 
pterocarpum (DC.) Backer. 

Materials and methods 

Species were selected to represent diverse taxonomic 
groups of the Leguminosae. In the Caesalpinioideae, 
the primitive Gleditsia triacanthos L. and G. caspi- 
ca Desf., and the more specialized Cercidium micro- 
phyllum (Torrey) Rose and I. M. Johnston and P. pte- 
rocarpum represent the Caesalpinieae tribe, appar- 
ently fundamental to both the Caesalpinioideae and 
the Leguminosae (PolhiH and Raven, 1981). Cera- 
tonia siliqua L. is thought to represent the base of 
the Cassieae tribe; Cassia fistula L., Senna alata (L.) 
Roxb. and S. auriculata (L.) Roxb. of the Cassieae 
were also selected because of their affinity with the 
nodulating Chamaecrista (Figure 1). The basic Cer- 
cis siliquastrum L. and the more advanced Bauhinia 
purpurea L. represent the Cercideae tribe. Tamarindus 
indica L. represents the other major division of the Cae- 
salpinioideae, the Amherstieae-Detarieae. Adenan- 
thera pavonina L., one of the non-nodulating or rarely 
nodulating Mimosoideae, was included in the trial. 
Dipteryx panamensis (Pittier) Record and Mell was 
also evaluated, representing the Papilionoideae. 

Availability of diverse rhizobia could enhance the 
likelihood of compatibility between potential sym- 
bionts and the non-nodulating plants. Many species 
of nodulating legumes had been grown on a sand- 
and gravel-covered greenhouse bench; non-nodulating 
plants collected from various locations were also 
placed on this bench, to form a possible additional 
reservoir of potentially compatible bacteria. 

Collected non-nodulating plants 1-4 years old and 
seedlings germinated for these studies were transplant- 
ed into potting mix in individual open pots with holes 
in the bottoms and grown on the sand and gravel sur- 
face; seedlings were also grown in open plastic (PVC) 
pipes filled with patting mix, with their bottoms cov- 
ered with plastic screening. Nodulating legumes con- 
tinued to be rotated on the greenhouse bench to assure 
abundant and diverse rhizobia. Plants were periodical- 
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ly provided dilute solutions of low N fertilizer (Peters 
Blossom Booster, 10-30-20). To maximize the pho- 
tosynthetic surface and to concentrate the roots into 
a small volume for these trials, plants had not been 
recently pruned, and had been grown in small pots. 

To permit effective mixing of gas in the root zones 
during the initial trial, plants of four species of legumes 
had been grown directly in plastic (PVC) pipes (25 cm 
height, 10 cm inner diameter) with bulkhead fittings 
near the bottom and reducing couplings at the top, to 
permit the stems to be enclosed by their insertion into 
slotted rubber stoppers, which were then pushed into 
the reducing couplings and sealed with modeling clay. 
Bulkhead fittings were also inserted in the rubber stop- 
pers; screening was removed from the bottoms of the 
tubes, which were then sealed with plastic caps and 
silicone stopcock grease; and gas was circulated by 
a peristaltic pump through plastic (PVC) tubing and 
sampled through a rubber port in the tubing. When the 
first trial had positive results, two additional trials were 
conducted, each with four species of non-nodulating 
leguminous plants grown in plastic pots. Plants in pot- 
ting mix were removed from their pots with intact root 
balls. The root balls were placed in 7.5 L (trial 2) or 3.8 
L (trial 3) plastic (HDPE) containers with gasket-fitted 
lids, which had been drilled and slit to fit loosely around 
the stems. Modeling clay was then molded around the 
stems to provide gas-tight seals. Tubes were attached 
to bulkhead fittings near the bottom of the containers 
and in the lids, to permit circulation of gas through the 
chambers by a peristaltic pump. 

Two plants of each species were separated into ini- 
tial treatment and control groups. Acetylene (10% of 
free container volume) was injected into each treat- 
ment container, which was briefly vented at the pump; 
the gas was then circulated through the container. 
Gas samples (0.1 mL) were drawn by gas-tight glass 
syringes from rubber ports in the pump tubing. Each 
plant was sampled with a separate syringe throughout 
the experiment, to avoid gas contamination between 
treatments. Standard methods were used for the mea- 
surement of ethylene evolution (Turner and Gibson, 
1980; Upchureh, 1987). A Hewlett Packard 5890A 
gas chromatograph was equipped with a 120 cm stain- 
less steel column with 3.2 mm outer diameter, packed 
with Porapak T 80/100. The column was heated to 
100 °C, the injection port to 120 °C and the detector 
to 200 °C. Nitrogen (40 mL min -1) was used as the 
carrier gas; hydrogen (25 mL min - l )  and air (400 mL 
min-i)  were used for the flame ionization detector. 
In the second and third trials, plants initially used as 
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Figure 2. Ethylene evolution in root balls of intact plants after 
injection of 10% acetylene. Plants of the first test group (black 
symbols) were tested on a cloudy day, those of the second test group 
(initial controls; white symbols) the following day, in full sun. 

controls were subsequently assayed in the same man- 
ner on the following day. Somewhat delayed ethylene 
evolution had been anticipated based on a previous 
experiment (Bryan, 1995); however, in these trials, 
with improved circulation of gas, ethylene evolution 
was detected immediately; the sampling schedule was 
then modified in the third trial, reported here, to permit 
more prompt sampling. To provide an initial estimate 
of the extent of ethylene evolution on a plant tissue 
basis, the roots of the plants from the second day of 
Trial 3 were harvested and oven dried 24 h at 70 °C, 
24 h at 80 °C and 24 h at 90 °C prior to weighing. 

As a follow-up trial, the potting mix was removed, 
in November, 1995, from the roots of one of the tested 
P. pterocarpum plants; both a water spray and clippers 
were needed to remove the potting mix from the tightly 
grown roots. The plant was repotted in sand, to per- 
mit subsequent easy and trauma-free bare-rooting, and 
returned to the greenhouse to recover; by April, 1996, 
root growth appeared to be vigorous and many leaves 
had regrown. Three tests were then conducted: the 
plant in the sand; the plant bare-rooted, and the sand in 
which the plant had been growing. To avoid possible 
pre-incubation, assays were begun an hour after seal- 
ing the roots in the pots. Temperature was maintained 
constant near 25 °C (+ 0.25 °C); light, provided by 
a Sylvania 1000 watt metal arc lamp, also remained 
constant. Gas was sampled at 10 minute intervals for 
2 hours. Samples were taken in replicates of three; the 
means of three samples at each 10 minute interval is 
reported here. 



Table 1. Ethylene evolved calculated by root weight of plants (sunny day in Figure 2) 

Species Shoot Root #mol C2 l-la Root 
dry wt. fresh wt. g -  t root fresh dry wt. 

(g) (g) wt. h r -  ] (g) 

/zmol C2H4 
g -  1 root dry 
wt. hr -1 

Adenanthera pavonina 12.9 51 

Ceratonia siliqua 28.1 44 

Cercidium microphyllum 16.4 17 

Cercis siliquastrum 6.3 15 

6.61 I1.1 30.35 

2.21 14.4 6.74 

18.97 6.9 46.74 

7.76 4.5 25.86 
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Figure 3. Ethylene evolution by P pterocarpum plant (86 cm shoot 
height, 1560 g fresh weight): the roots and the sand they were 
growing in, the bare roots (780 g fresh weight) and the sand (4.4 L) 
washed from the roots, each after injection of 10% acetylene. 

from which the plant had been removed (Figure 3); no 
ethylene was detected during the hour prior to injec- 
tion of acetylene in any of the treatments. A lag period 
(< 20 min.) after injection of acetylene was observed 
both in the potting-sand and in the plant growing in 
sand, during which time both the acetylene concentra- 
tions and the background ethylene decreased; by the 
20 minute measurements, ethylene detected exceeded 
background ethylene in both cases. In the bare-rooted 
plant, a slight increase in ethylene was detected within 
10 minutes of acetylene injection, and continued at a 
slow rate (61.3 = #moles C2H4 hr -1 plant -1, or 0.079 
#moles C2H4 hr -1 g fresh root weight -z) throughout 
the 2 hour trial (Figure 3). 

Results 

All of the non-nodulating leguminous plants tested 
evolved ethylene after injection of acetylene. Ethylene 
evolution began within 15 min for three of the four 
species sampled immediately after injection of acety- 
lene (Adenanthera pavonina, Ceratonia siliqua and 
Cercidium microphyllum), within less than an hour 
in Cercis siliquastrum (Figure 2). No ethylene was 
evolved by any of the control plants (0 acetylene on the 
frst day). As a reverse control, the original 0-acetylene 
control plants were injected with 10% acetylene the 
following day, and all evolved ethylene (Figure 2). 
The rates of ethylene evolved ranged from 2.21 #moles 
g-  t root fresh weight hr- 1 (C. siliqua) to 18.97/zmoles 
C2H4 g-1 root fresh weight hr-I in C. microphyllum 
(Table 1 ). In three of the four species in this series of 
tests, (A. pavonina, C. microphyllum and C. siliquas- 
trum), plants evolved more ethylene on the sunny day 
than on the cloudy day (Figure 2). No ethylene was 
detected in plants in the absence of acetylene. 

In the follow-up assay with the bare-rooted P. ptero- 
carpum plant, ethylene was evolved by the plant grow- 
ing in sand, by the bare-rooted plant, and by the sand 

Discussion 

The long-standing assumption that non-nodulating 
species of the Leguminosae do not fix nitrogen has 
led to ecological anomalies. Non-nodulating species of 
the Leguminosae grow well in many nitrogen-limited 
soils, as do nodulating legumes. Non-nodulating legu- 
minous trees dominate many poor sites and outproduce 
nodulating species on a variety of sites (Bryan, 1995; 
Felker and Clark, 1981; Szott et al., 1991). 

Tissues of both nodulating and non-nodulating 
species tend to be rich in nitrogen compared with most 
non-legumes ( Bryan, 1995; McKey, 1994; Waterman, 
1994). While nodulating species tend to have greater 
concentrations of nitrogen, no clear distinction can be 
drawn between nodulating and non-nodulating species 
on the basis of their nitrogen content (Bryan, 1995). 
Several Bauhinia species, for example, have higher 
seed N contents (up to 32.5%) than most nodulat- 
ing species of legume trees (Barclay and Earle, 1974; 
Bower et al., 1988; Bryan, 1995; Earle and Jones, 
1962; Jones and Earl, 1966). McKey (1994) surveys 
recent comparisons of the leaf nitrogen concentrations 
of the nodulating Mimosoideae and Papilionoideae and 
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Figure 4. Root of the non-nodulating legume Peltophorum pterocarpum, with clusters of forms resembling rhizobial bacteroids (arrows) in 
cortex (c), outside xylem poles (x). A. cross section of root, stained with alum hematoxylon; Bar = 100 p. B. scanning electron micrograph 
of clusters of forms resembling rhizobial bacteroids (arrows) concentrated in inner cortex, outside the xylem pole; Bar = 10 p. C. scanning 
electron micrograph of enlargement of cluster of possible bacteroids in cortical cell outside xylem pole; Bar = p. 



non-nodulating Caesalpinioideae (which he assumes 
not to fix nitrogen); in diverse environments, nodulat- 
ing mimosoid and papilionoid species had higher leaf 
nitrogen concentrations than non-nodulating species, 
which, in turn, had higher leaf nitrogen concentrations 
than plants of most other families in the sites stud- 
ied. Nitrogen fixation in non-nodulating species would 
explain much of the ecological success and high nitro- 
gen tissue contents of these species. Such non-nodular 
nitrogen-fixation would have provided an environmen- 
tally based predisposition for the evolution of the nodu- 
lar symbioses. 

We have conducted other studies that provide 
a mechanism by which this evolution may have 
occurred. Using scanning electron microscopy (SEM), 
we have observed a mechanism previously report- 
ed by Feh6r and Bokor (1926), Friesner (1926) and 
Rothschild (1967), which may explain the nitrogenase 
activity reported here. Forms resembling rhizobial bac- 
teroids were found within the cells of swollen roots of 
six of the non-nodulating species used in these acety- 
lene reduction trials: A. pavonina, B. purpurea, C. 
siliqua, D. panamensis, G. triacanthos and P. ptero- 
carpum (Figure 4); apparent bacteroids were observed 
by SEM in every plant we examined, representing all 
three subfamilies of the Leguminosae (Bryan, 1995). 

In P. pterocarpum, a taxonomically advanced cae- 
salpinoid species closely related to several nodulating 
trees (Faria et al., 1989; Polhill et al., 1981), the forms 
resembling bacteroids were densely packed and con- 
centrated in the inner root cortex, opposite the xylem 
poles, as in the initial stages of nodule development 
of nodulating species (Figure 4). In the other species 
examined, especially the putatively primitive G. tri- 
acanthos, the apparent bacteroids only partially filled 
the infected cells and were widely scattered throughout 
the root cross section including the stele. Thus, our ini- 
tial investigations suggest a possible suite of precursors 
leading to concentration of rhizobial bacteroids outside 
the xylem poles and then to nodule development. 

These acetylene reduction trials were not designed 
to quantify or compare the nitrogen-fixing potential 
of different non-nodulating species and no compar- 
ison is given. In all of the trials variation between 
plants of a given species as well as between species 
was considerable. The previous November, prior to 
being bare-rooted, the same P. pterocarpum root zone, 
then in potting mix, had evolved ethylene at a con- 
siderably higher rate (529 #moles C2H4 hr-1 plant-l, 
or approximately 0.68 529/zmoles C2H4 hr -1 g fresh 
root weight -1) under the same experimental condi- 
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tions. The lower rates in the trials reported here could 
have had various causes, such as incomplete regrowth 
of leaves and roots after the bare-rooting, depletion of 
available photosynthate over winter in the greenhouse, 
poorer plant vitality in sand than in potting mix, or 
perhaps greater activity of free-living nitrogen-fixing 
bacteria in the potting mix, which was unfortunately 
not assayed at the time of bare-rooting. 

Similarly, comparison of acetylene reduction rates 
of non-nodulating legumes with those of nodulating 
legume species cannot be made on the basis of these tri- 
als; based on preliminary observations we hypothesize 
that the rates of acetylene reduction in non-nodulating 
plants may be between 1 and 2 orders of magnitude 
lower in than in nodulating plants. 

The hypothesis that symbiotic nitrogen-fixation 
occurs in the roots of non-nodulating legume species 
was supported, by the acetylene reduction experi- 
ments reported here. The evolution of ethylene indi- 
cated probable nitrogenase activity in thirteen non- 
nodulating species of the Leguminosae throughout the 
family, the taxa outlined in bold in Figure 1. It is clear 
(Figure 3) that a portion of the ethylene detected was 
generated in the potting medium, not within the plant 
roots; the reported rates of ethylene evolution of the 
plants in potting mix include any ethylene generated 
by the plant roots, on the plant root surfaces and in the 
potting medium; however, it is also apparent from the 
ethylene evolved by the bare-rooted P. pterocarpum 
plant (Figure 3) that part of the ethylene evolved orig- 
inated in the roots or on the root surfaces. Since no 
wound response was detected and sand and potting 
mix residues were slight, nitrogenase activity may be 
presumed. 

Based on the indications of nitrogenase activity 
reported here, whatever mechanism or mechanisms 
may ultimately prove responsible, it appears that nitro- 
gen fixation extends to non-nodulating species of the 
Leguminosae and that non-nodular nitrogen fixation 
provides a basis for the evolution of the nodular 
legume-rhizobial symbioses. 
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