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Genetically, Rhizobium sp. strain NGR234 and R. fredii
USDA257 are closely related. Small differences in their
nodulation genes result in NGR234 secreting larger
amounts of more diver se lipo-oligosaccharidic Nod factors
than USDA257. What effects these differences have on
nodulation were analyzed by inoculating 452 species of
legumes, representing all three subfamilies of the L egumi-
nosae, as well as the nonlegume Parasponia andersonii,
with both strains. The two bacteria nodulated P. ander-
sonii, induced ineffective outgrowths on Delonix regia, and
nodulated Chamaecrista fasciculata, a member of the only
nodulating genus of the Caesalpinieae tested. Both strains
nodulated a range of mimosoid legumes, especially the
Australian species of Acacia, and the tribe I ngeae. Highest
compatibilities were found with the papilionoid tribes
Phaseoleae and Desmodieae. On Vigna spp. (Phaseoleae),
both bacteria formed more effective symbioses than rhi-
zobia of the “cowpea” (V. unguiculata) miscellany.
USDA257 nodulated an exact subset (79 genera) of the
NGR234 hosts (112 genera). If only one of the bacteria
formed effective, nitrogen-fixing nodules it was usually
NGR234. The only exceptions were witt\pios americana,
Glycine max, and G. soja. Few correlations can be drawn
between Nod-factor substituents and the ability to nodu-
late specific legumes. Relationships between the ability to
nodulate and the origin of the host were not apparent. As
both P. andersonii and NGR234 originate from Indone-
sia/Malaysia/Papua New Guinea, and NGR234's preferred
hosts Pesmodiinae/ Phaseoleae) are largely Asian, we sug-
gest that broad host range originated in Southeast Asia
and spread outward.

Fuchsius (1542) was probably the first to publish drawings
of legume root nodules. Unfortunately, nodules were not
mentioned in the accompanying text, and subsequent publica-
tions assigned them to everything from disease responses to
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storage organs (see Fred et al. 1932). Frank (1879) showed
that sterilizing soil prevented nodule formation, while Hell-
riegel (1886) and Hellriegel and Wilfarth (1888) demonstrated
that nodule formation results from an infection. Proof that bac-
teria were the causative agents came from Beyerinck (1888a,
1888b, 1888c, 1888d, 1888€), who prepared pure cultures of the
nodule occupants and used them to infect legumes (Beyerinck
1890). Finally, Prazmowski (1889, 1890) inoculated Pisum
sativum with pure cultures and showed that the bacteria pene-
trate legumes viainfection threads in root hairs.

Specificity in legume-Rhizobium associations was aso ap-
parent at the end of the last century. Nobbe et al. (1891, 1895)
found that bacteria isolated from P. sativum nodules were un-
able to nodulate plants belonging to the tribes Genisteae and
Hedysareae. Ever since Hilther and Stormer (1903) tried to
classify rhizobia from various plant sources, numerous taxo-
nomic proposals have been made (e.g., Fred et al. 1932). All
strongly emphasized the host from which the rhizobia were
isolated, which led to numerous problems (Wilson 1939; Lim
and Burton 1982; Trinick 1982). Foremost among these is the
unwieldy size of groups such as the “cowpea” miscellany,
which originally had as its nucleus 21 legume genera (41 spe-
cies). By definition, each of these “cowpea” rhizobia can
nodulateVigna unguiculata in addition to the host from which
it was isolated. An additional 117 species were added to the
group in the mid 1930s (Carroll 1934; Allen and Allen 1936).
Two decades later, the majority of all nodulated legumes were
included in this untidy and largely unworkable assemblage
(Norris 1956).

Interestingly, work on the molecular basis of host specific-
ity also began about 100 years ago. Hiltner (1900) showed
that aqueous, bacteria-free filtrates from matBresativum
nodules contained a substance that induced root-hair forma-
tion and deformation of the root hairs (Had) Rfsativum.
Although many others sought these “Had-factors,” the re-
search only culminated in the report of Lerouge et al. (1990),
who showed that the substances responsible for deformation
are N-acylated oligomers oN-acetylb-glucosamine (see
Reli¢ et al. 1993). Since then, the “Had-factor” structures
(now called Nod factors as they are the products of tha-nod
lation genes; see Roche et al. 1991b) of a numbéeahi-
zobiumy/  Bradyrhizobiuny  Mesorhizobium/  Snorhizobiuny
Rhizobium species have been elucidated (see Schultze et al.
1994; Fellay et al. 1995b; Dénarié et al. 1996; Long 1996;
Spaink 1996; Hanin et al. 1999; Cohn et al. 1998).
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As Nod factors are responsible for root-hair curling (Hac),
the induction of nodulation (Hai), and the entry of rhizobia
into the roots, it should be possible to define host-range dif-
ferences between rhizobia in terms of the genes involved in
Nod-factor production.

Our work is concerned with the control of broad host range
in legume-Rhizobium associations. As model rhizobia, we use
Rhizobium sp. strain NGR234 (W. J. B.), and R fredii
USDA257 (S. G. P). NGR234 was the only fast-growing
strain among 30 isolates prepared from Lablab purpureus
nodules in Papua New Guinea (soil pH 8.5) by M. J. Trinick
(in 1965). Shortly afterward, Trinick recognized the potential
of NGR234 and generously distributed it a decade in advance
of publication (see Trinick 1980). Thus, Broughton and Dil-
worth (1971) inoculated V. unguiculata with either NGR234
or a Bradyrhizobium sp. to confirm that the plant encodes the
globin portion of the leghemoglobin molecule. Reports fol-
lowed on both the bacterium (Broughton et al. 1972) and de-
velopment of V. unguiculata nodules induced by NGR234
(Broughton et al. 1978). Interest in NGR234 gradualy in-

ent, nodulation capacity can be evaluated in terms of legume
distribution and taxonomy. For these reasons, we tested the
ability of both strains to nodulate a wide spectrum of plants.

RESULTS

Reproducibility of nodulation tests.

Rigorously controlled nodulation tests would have involved
optimizing (i) growth conditions for each individual legume,
(ii) inoculation conditions, especially by including a
“benchmark” strain (i.e., one chosen for the particular plant
because of its high nitrogen-fixing capacity), and (iii) harvest
times for each legume. Given the number of legumes tested
and the paucity of information available on many of them
(including their rhizobial requirements), this was not practical.
Rather, standardized conditions were developed that, though
probably suboptimal for some plants, permitted reproducible
tests in disparate laboratories.

Glycine max presents a good example of the kinds of prob-
lems presented by suboptimal growth conditions. Trinick

creased following Trinick’'s comparison with other fast- (1980) reported that NGR234 effectively nodulates (i.e., is
growing rhizobia (Trinick 1980), and the nodulation charac- Fix*) on G. max but did not specify the cultivar. Broughton et
teristics of various derivatives as well as spontaneous resis-al. (1984) found that NGR234 formed ineffective nodules on
tance mutants including ANU237 (wild type), ANU240 (m  G. max cv. Caloria (Nod), but that it failed to nodulate cv.
ANU265 (cured of the symbiotic plasmid), ANU280 (Sm Peking. Both sets of experiments were performed in large,
Rif"), and MPIK3030 (S have been published (Kondorosi “Leonard jar” assemblies (Leonard 1943) housed in glass-
et al. 1982; Morrison et al. 1983; Pankhurst et al. 1983a, houses. Balatti and Pueppke (1990) concludedGhatax cv.
1983b; Wong et al. 1983; Morrison et al. 1984; Broughton et McCall is not infected by NGR234 in plastic growth pouches.
al. 1984; Bachem et al. 1985; Broughton et al. 1985; Bachemln a later study, Balatti et al. (1995) stated that “under uniform
et al. 1986; Bassam et al. 1986; Broughton et al. 1986; Dil- growth conditions in vermiculiteRhizobium sp. NGR234 did
worth et al. 1986; Horvath et al. 1987; Lewin et al. 1987a, not form normal Fix nodules on any of a wide variety of soy-
1987b; Nayudu and Rolfe 1987; Stanley et al. 1988; Williams bean cultivars.” This set of inoculation tests was performed on
et al. 1988; Wong et al. 1988). In the 10 years since the last 089 differentG. max cultivars grown in the same type of Ma-
these reports, there has been an explosion of interest irgenta jar assemblies described here. It thus seems unavoidable
NGR234 and related strains (see Perret, Jabbouri, andhat both abiotic and biotic factors (particularly cultivar and
Broughton,in press, and Perret et alin press). Although inoculum dosage) influence the spectrum of plants nodulated.
NGR234 has a short generation time and a G+C content charin this sense, nodulation is a conditional phenotype.
acteristic ofRhizobium spp. (Broughton et al. 1972), its single
subpolar flagellum (Padmanabhan et al. 1989) is more repreNodulation status of the L eguminosae nodule type.
sentative of those found @radyrhizobium spp. About 57% of the legume genera have been examined for
In contrast,R. fredii USDA257 was isolated from a wild  nodulation (approximately 3,500 species, 20% of the Legumi-
soybean Glycine soja) plant growing near Wuking, China  nosae). Of these, only 23% of Caesalpinioid species have been
(Keyser and Griffin 1987; Keyser et al. 1982). Although gen- found to nodulate, versus 90% in the Mimosoideae and 97%
erally considered to be a soybean symbiont (e.g., Dénarié ein the Papilionoideae (de Faria et al. 1989). It was thus im-
al. 1992),R. fredii nodulates a number of additional legume portant to compare the nodulation ability of the two rhizobia
species (Broughton et al. 1984; Heron and Pueppke 1984with the capacity of each individual legume to nodulate. To do
Keyser et al 1982; Morrison et al. 1986; Stowers and Ea- this, a collation of the nodulation status of all the species
glesham 1984). tested (taken from Lim and Ng 1977; Allen and Allen 1981,
Data from DNA subtraction hybridizations confirmed that de Faria et al. 1989; de Souza Moreira et al. 1992; Whitty et
NGR234 and USDA257 are phylogenetically closely related, al. 1994; Athar 1993, 1996a, 1996b, 1997; and J. |. Sprent,
and share most of their genomic background (Perret et al.personal communication) is presented in Table 1. Taxonomic
1994). Homologies with insertion sequences (IS) and the ab-entities not known to nodulate are shaded in the table.
sence from the USDA257 genome of the NGRRS-1 trans- Since nodule structure and function are largely determined
poson-like repeat (Perret et al. 1997) suggest that many of théay the plant (Dart 1977; Corby et al. 1983; Sprent and Sprent
sequences “unique” to NGR234 are mobile elements that havel990), the nodulation capacities of the two bacteria were also
accumulated since both bacteria diverged. Comparisons of theeompared with the types of nodules elicited. For simplicity,
host ranges of NGR234 and USDA257 should thus allow cor-only three different types of nodule were recognized:
relations to be made between those genes (and the Nod-factoAeschynomenoid, determinate, and indeterminate (marked in
substituents) that are unique to NGR234 and its ability to pink, blue, and green, respectively, in Table 1). This informa-
nodulate specific plants. Furthermore, as the geographic andion was taken from the publications of Corby et al. (1983),
temporal origins of the two rhizobia are substantially differ- Crisp and Weston (1987), Sprent et al. (1989), Corby (1988),
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James et a. (1993), Sutherland et al. (1994), Cordeiro and
Sprent (1996), and Harrier et a. (1997), and from J. |. Sprent
(personal communication).

Nodules formed on Lupinus spp. (Genisteae), which do not
fit easily into any of these classes, were not classified.
Aeschynomenoid nodules, which are a feature of the
Aeschynomeneae (but also found in the Dalbergieae), are
characterized by a direct, intercellular invasion process (Allen
and Allen 1940; Dart 1977; Chandler 1978; Chandler et a.
1982). Rather than entering through the root hairs of, eg.,
Arachis spp. and Stylosanthes spp., rhizobia penetrate the in-
tercellular spaces. After the bacteria have gained entry into the
root, they penetrate the cortical cells in a process that resem-
bles pinocytosis (Meijer and Broughton 1982). A unique fea-
ture of Aeschynomenoid nodules is that the bacteroid-
containing cortical cells continue to divide. Although a certain
amount of dimorphism exists (Corby et al. 1983), determinate
nodules (see cover) generally lack an apical meristem and are
short-lived; the vascular strands fuse at the apex and they usu-
aly export ureides to the xylem (Sprent 1980). On the other
hand, indeterminate nodules possess an apical meristem and
export amino acids and amides (Corby et a. 1983). Although
both types of nodules are found in the Papilionoideage, the in-

determinate “caesalpinioid” type is the only one found in the

not known to nodulate (Sprent 1994) (Table 1). It was there-

fore perhaps not surprising that USDA257 was Nadd
NGR234 Fix on C. fasciculata (Table 1). AlthoughDelonix

regia is generally considered to be refractive to rhizobia
(Allen and Allen 1981), Lim and Ng (1977) reported the pres-

ence of small, Fixnodules on this plant growing in Singa-
pore. As NGR234 and USDA257 dlicited similar nodules, we
were able to confirm their observations.

Subfamily Mimosoideae.

NGR234 nodulated 28 of 53 species in this subfamily and
in 16 cases the nodules were Fix*. Nodulation by USDA257
was restricted to 18 of these species, but nitrogen was fixed in
combination with only seven (Table 1). Thus, with the excep-
tion of the genera Calliandra and Leucaena, the nodulating
abilities of the two strains for mimosoid legumes are quite
similar. Both strains nodulated hosts such as Albizia spp., En-
terolobium contortisiliquum, and Desmanthus illinoensis, al
of which are thought to have symbiotic preferences for slow-
growing bradyrhizobia (Allen and Allen 1981). The produc-
tion of fully Fix" nodules by USDA257 on Albizia lebbeck
and A. procera is noteworthy, because it shows that R. fredii
can also effectively nodulate leguminous trees.

Interestingly, almost &l the species of the Acacia subgenus

Caesalpinioideae and Mimosoideae, suggesting that it is theHeterophyllum are Australian, and all tested here (A. auricu-

plesiomorphic type (Doyle et al. 1997).

L egumes nodulated by NGR234 and USDA257.
In all, the ability of Rhizobium sp. strain NGR234 ani.

liformis, A. cyanophylla, A. mangium, A. mearnsii, A. pen-
dula, A. retionodes, and A. saligna) nodulated with NGR234.
Furthermore, with the exception of A. pendula, all also formed
nodules with USDA257. Of the subgenus Aculeiferum (A.

fredii USDA257 to form root nodules was tested on a total of aroma, A. ataxacantha, A. bonariensis, and A. macracantha),
452 legume species (Table 2), distributed among 194 generanly the two Argentinian species (A. bonariensis and A. mac-
in all three subfamilies of the Leguminosae (Polhill and Raven racantha) nodulated, and then only ineffectively, with
1981; Corby et al. 1983; Polhill 1994). Twenty-four of the 153 NGR234. None of the African species nodulated with either
Caesalpinioid genera, including all four tribes in this subfam- strain. A. ataxacantha is believed not to nodulate, in common
ily, were tested. The corresponding figures for the subfamily with a number of close relatives within the section Mono-
Mimosoideae are 20 out of 65 genera, distributed within four canthea of the subgenus Aculeiferum (Harrier et a. 1997).
of the five recognized tribes. Far more nodulation tests were Acacia spp. are known to form symbioses with both rhizo-
performed with papilionaceous genera, however. One hundredbia and bradyrhizobia (Dreyfus and Dommergues 1981). Re-
and fifty of 448 genera were examined, including every tribe cently, the rhizobial requirements of a number of them have
except theCarmichaelieae, Dipterygeae, Euchresteae, and been shown to be even more diverse and include Rhizobium
Liparieae. Among the Papilionoideae seven of the eight sub- saheli and R. teranga bv. sesbaniae, species that produce
tribes of thePhaseoleae, the largest tribe of the Leguminosae, arabinosylated and fucosylated Nod factors similar to those
and one that contains many species of commercial impor-produced by Azorhizobium caulinodans (Lorquin et al. 19973,
tance, were tested. 1997b). Although inoculation with NGR234 gave Fix* nod-
ules with four Acacia spp. (A. auriculiformis, A. pendula, A.
Subfamily Caesalpinioideae. retinodes, and A. saligna), none of the 15 species tested fixed
Chamaecrista, a mostly tropical and subtropical tribe, is the nitrogen with USDA257. Perhaps this indicates that NGR234
only large exception to the rule that Caesalpinioid legumes arepossesses host-specific nitrogen-fixation genes for Acacia that

Table 2. Analyses of the ability of Rhizobium sp. strain NGR234 and R. fredii USDA 257 to nodulate members of the plant family Leguminosae®

Tribes Genera Species Total species nodulated

Subfamily USDA NGR USDA NGR USDA NGR USDA NGR
Caesal pinoideae 2N N, 1F 2N N, 1F 2N N, 1F

Number tested 4 24 46
Mimosoideae N, 2F 3F aN, 6F 2N, 107 1N, 77 12N, 167

Number tested 4 20 53
Papilionoideae N, oF 3N, 187 34N, 337 37N, 617 56N, 597 83V, 1197

Number tested 26 150 353 452
Totals by taxonomic group 12N, 11F 4N, 20F 40N, 397 40N, 72F 69N, 667 96V, 136F 135 (30%) 232 (51%)

a A total of 452 species distrbuted among the three subfamilies of the Leguminosae were tested. Superscripts represent the number of taxa that formed
Nod* or Fix* nodules. Both bacteria were also Nod* on Parasponia andersonii (Ulmaceae).
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are either absent or inactive in USDA257, an observation that
is consistent with the fact that Acacia prefers sulfated Nod
factors (Lortet et a. 1996).

Subfamily Papilionoideae.

Both NGR234 and USDA257 are widely compatible with
species of this subfamily (Table 1). USDA257 nodulated 115
Papilionoid species (out of 359 tested), and in 52% of the
cases, nitrogen was fixed. NGR234 nodulated the same 115
species, as well as an additional 87 species distributed among

Modulates with;
#234 and 257
only NGR234

24 tribes of this subfamily (= 57% of al Papilionoideae
tested). One hundred and nineteen of the 202 species (59%)
nodulated by NGR234 fixed atmospheric nitrogen.

Although our data on some tribes are limited, analysis of
Table 1 reveals distinctive patterns in the nodulation of Papil-
ionoid legumes by the two strains. Thus, members of severa
tribes appear to be responsive only to NGR234. These include
the Abreae, which is monotypic, the subtribe Clitoriinae of
the Phaseoleae, the subtribe Aeschynomeninae of the Aeschy-
nomeneae, the subtribe Glycyrrhizinae of the Galegeae, the

Fig. 1. Climatic map of the world showing the places of isolation of Rhizobium sp. strain NGR234 (Papua New Guinea) and R. fredii USDA257 (China).
Also shown are the origins of some legume hosts and nonhosts of the two bacteria. Red spots indicate that both bacteria formed Fix* nodules on a leg-
ume originating from that region; green spots show that only NGR234 was able to nodulate the particular host; yellow spots mark origins of legumes
unable to form nodules with either bacterium. Most of the data on origins of the legumes was taken from Allen and Allen (1981) and Mabberley (1987).

Table 3. Variation in the ability of three Vigna spp. to nodulate and fix nitrogen with three Bradyrhizobium and three Rhizobium strains®

Bradyrhizobium japonicum Rhizobium spp.
Species/variety CB756 USDA76 USDA110 NGR234 NZP4010 USDA257
V. mungoR©C Nod* Fix*/~ Fix* Fix* Nod~ Fix*
V. radiata
KingWsA Fix7/* Nod~ Fix* Fix* Nod~ Fix*
PUSa91738SY Fix* Fix* Fix* Fix* Fix* Fix*/-
RUM-18sY Nod~ Nod~ Nod~ Fix* Nod~ Fix*~
Texproust®SY Nod* Fix7/* Fix* Fix* Nod~ Fix*/~
V3890 ABSY Nod* Fix/* Fix* Fix* Nod~ Fix/*
VC4718 ABSY Fix* Nod-+ Fix* Fix* Nod* Fix*
WM-928SV Fix* Nod~ Fix* Fix* Nod*/~ Fix*
V. radiata subsp. sublobata®SV Nod* Fix* Fix* Nod* Nod~ Nod*
V. unguiculata
CA B #5855V Nod* Fix* NT Fix* Nod~ Fix*
P118646555V Nod* Fix* Fix* Fix*/~ Nod~ Fix*
R. Caloona?/sA Nod* Nod* Nod* Fix* Nod~ Fix*
TVN9638SY Nod* Fix* Fix* Fix* Nod~ Fix*
UCR43085Y Nod* Fix* Fix* Fix* Fix/* Fix*
84S-2246-655V Fix~ Fix* Fix* Fix* Fix/* Fix*
524 BBSY Nod~ Fix* Fix* Fix* Nod~ Fix*

@ Sources of seeds are as listed in the footnote to Table 1. NT = not tested. Phenotypes as in Table 2, except that in order of decreasing nitrogen-fixing
efficiency they are Fix*, Fix"~, and Fix 7*. Nod* nodules did not fix nitrogen.
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Podalyrieae, and the Thermopsideae. Both strains, but espe-
cialy NGR234, are broadly compatible with members of the
Dalbergieae, Desmodieae, Millettieae, and Phaseoleae. This
is particularly evident in the Phaseoleae as NGR234 nodu-
lates all species tested in the subtribes Diocleinae, Glycininae,

Kennediinae, and, with two exceptions (Physostigma reticu-
latum and Strophostyles helvola), al other species of the
Phaseolinae. In the Phaseolinae, 87% of the species formed
nodules that were Fix*. Perhaps adaptation to the Phaseoleae
can be explained by the fact that NGR234 was isolated from

G
D=|
OCH
0 2
I Q
HG—ﬁ—D
0
CH4
,CONH, o]
0 o
o) 0
H,NCO—0 a
H,NCO—0 e -
CHaCONH CH3CONH
D -
Substituent Genes Presence in
responsible USDA257
CH,0OH
nodcC, Intact
nodS Mutated
CH3CONH
l —CH, nods Mutated
HaNCO — nodl Mutated
HNCO— & HyNCO nolO Inactive
?H3 H? nolL Absent
o==C & D=?=D noeE Absent
CH30— noel Unknown

Fig. 2. Comparison of the structures of the Nod factors produced by Rhizobium sp. strain NGR234 and R. fredii USDA257 along with the known differ-

ences in nodulation and host-specificity genes between the two organisms. Data were taken primarily from Price et abd:FR988,eB al. (1994),
and Jabbouri et al. (1998).
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Lablab purpureus (subtribe Phaseolinae). Intriguingly,
NGR234 nodulated all eight Phaseolus spp. as well as the 17
Vigna spp. tested (Table 1). In the latter case, al developed
effective, nitrogen-fixing nodules. A member of the Des
modiinae, Pycnospora lutescens, is the only addition to the list
of legumes known to nodulate.

Lack of nodulation in several taxonomic divisions is aso
significant. Included in this category are al members of two
well-studied tribes: the Trifolieae, whose species are normally
nodulated by R. meliloti and R. leguminosarum bv. trifolii, and
the Vicieae, which are usually nodulated by R. leguminosarum
bv. viceae (Trinick 1982). To see if exceptions to this “lack of
nodulation rule” exist, the capacities of 40 differbtedicago
spp. were tested witR. meliloti as a positive control. Al-

though M. cancellata and M. papillosa spontaneously pro-

ineffectively) a related speciesParasponia andersonii
(Trinick and Galbraith 1980). Since, for evolutionary reasons,
it is important to know if USDA257 can also nodulate
Parasponia spp. (see Discussion), we attempted to perform
similar nodulation experiments with plants of this group. Un-
fortunately, we were unable to germinate any of the batches of
seeds obtained, but in collaboration with G. Webster and E. C.
Cocking (Plant Genetic Manipulation Group, University of
Nottingham, Nottingham, UK), we tested the nodulation ca-
pacity of the two bacteria dd andersonii seedlings raised in
tissue culture. Both nodulated this plant (Table 1).

Legume origins and nodulation capacity.
As NGR234 was isolated in Papua New Guinea, it is often
regarded as a bacterium that is specific to tropical species. To

duced nodules, neither plant responded to inoculation withexamine whether correlations between the centers of origin

NGR234 or USDA257.
Both strains failed to nodulat€icer arietinum, the best-
known member of the sole genus constitutingGleereae. C.

arietinum nodulates exclusively with a group of highly spe-

cific Rhizobium strains that have affinities t&® legumi-

nosarum bv. viceae (Allen and Allen 1981). Non-nodulation

also occurred within certain tribes. Thus, none of Akta-

galus (tribe Galegeae) species tested (normally nodulated by a

group of strains now classified Bshaukuii), no members of

the genugOnobrychis (Hedysareae) (specific for a subgroup

of bradyrhizobia), norLotononis bainesii (Crotalarieae)

(recognized as a model of acute symbiotic specificity) (Norris
1956; Allen and Allen 1981; Chen et al. 1991) nodulated with

either strain.

Nodulation of the nonlegume Parasponia ander sonii
(Ulmaceae).

and the nodulation capacities of the legumes exist, those spe-
cies with known origins were grouped into three classes: hosts
(i.e., Nod) to both NGR234 and USDA257; Nbdwvith
NGR234 but Nodwith USDA257; and, Nod~ with both bac-
teria. These data, together with the centers of origin of the
legumes representing all three nodulation classes, were plotted
on amap of the world that also displays regiona variation in
vegetation density (Fig. 1). One limitation of this analysis is
that the origins of many legumes are difficult to trace, and are
therefore not shown. Nevertheless, it is apparent that legumes
that form nodules with both NGR234 and USDA257 can be
found in most parts of the world. This includes such northern
temperate species as Amorpha fruticosa, Colutea arborescens,
Lespedeza bicolor, Oxytropis halleri, Robinia pseudoacacia,
Ulex europaeus, and Wisteria sinensis. Equally, a number of
southern temperate species form Nod* nodules with both bac-
teria. These include Hardenbergia comptoniana, Kennedia

Nodulated weeds were found in tea plantations in Papuarubicunda, Mirbelia dilatata, Oxylobium ellipticum, and

New Guinea. Initially, they were identified dsema aspera

(Trinick 1973). Further studies showed that the specimensspp.,

were incorrectly identified and in fact belong Rarasponia

Psoralea pustulata. Finaly, the tropical legumes Cajanus
Codariocalyx motorius, Dolichos junghuhnianus,
Flemingia spp., Macrotyloma axillare, Macroptilium spp.,

rugosa Bl. (see Akkermans et al. 1978; Akkermans and van Psophocarpus tetragonolobus, Pycnospora lutescens, Tephro-
Dijk 1981). Later it was shown that NGR234 nodulates (albeit sia vogelii, and Sesbania grandiflora, as well as many Vigna

Table 4. A simplified comparison of differential responses of selected legumes to inoculation with various broad-host-range rhizobia

Nodulation in response to broad-host-range r hizobia?

Albizia Desmodium Glycine Lablab Macrotyloma Mucuna

Inoculated (Rhizobium)® (Rhizobium)® USDA257* NGR234* CB756* (Bradyrhizobium)t
Clitoria sp. + + - ]k + +
Colutea arborescens - + + + NT _
Desmanthusillinoensis - + + + NT _
Laburnum anagyroides + - - + NT +
Onobrychisvicifolia + + - - NT

Phaseolus angularis - - + + + _
Pueraria phaseoloides + - - + + _

Vigna unguiculata - - + + + +

aData are from Wilson (1939)Diatloff and Date (1978)*, and this work (Table 1)*. NGR234 is Fix* with Clitoria laurifolia, but Nod™ with C. ter-
natea**. + = plants were nodulated; — = nodules did not form; NT = not tested.

>

Fig. 3. Putative relationships among tribes of the Leguminosae and the abiyizobium sp. strain NGR234 anR. fredii USDA257 to nodulate
them. “Tree” was constructed from morphological analyses of Corby et al. (1983). Tribes in yellow letters on gray backgeousichblean tested for
their nodulation capacity. Tribes in dark blue (in black, shaded boxes) are not known to nodulate. Tribes in dark-bluetackearé Nodwith both
bacteria; those in light-blue are Fix* with NGR234 but Nod~ with USDA257; those marked in pink are Nod* with both bacteria; those in green are Nod*
with USDA257 and Fix* with NGR234; those in red are Fix* with both bacteria. Dotted blue arrows show absence of nodulation; dotted red arrows, loss
of nodulation with NGR234/USDA257. Colors of the arrows match those of their immediate “progenitor.”
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spp., form nitrogen-fixing nodules with both bacteria. Even
such Mimosoid legumes as Dichrostachys cinerea (Africa, In-
dia), Albizia lebbeck (tropical Asia), Samanea saman (tropical
America), and Paraserianthus falcataria are Fix* with both spe-
cies. Equally, Fix* hosts are found in high-rainfal regions
(Albizia spp., Codariocalyx motorius, Flemingia congesta,
Indigofera tinctoria, Psophocarpus tetragonolobus, some Vi-
gna spp., etc.) and relatively dry parts of the world (Colutea
arborescens, Hardenbergia comptoniana, €tc.).

L egume growth habit and nodulation capacity.

Growth habit of the host plant also seems to bear little rela-
tionship to its propensity to be nodulated by either bacterium.
NGR234, for example, fixes nitrogen in association with an-
nuals from Asia, the Americas, Australia, southern Africa, and
Europe (e.g., Lablab purpureus, Phaseolus spp., Kennedia
rubicundra, Psoralea spp., and Lotus spp., respectively), as
well as shrubs from temperate and tropical zones (e.g., Des-
manthus illinoensis, Dichrostachys cinerea, Enterolobium
contortisiliquum, and Sophora spp.). Both tropical (e.g., some
Acacia spp., Albizia lebbeck, Leucaena leucocephala,

Mundulea sericea, Samanea saman, and Xeroderris stuhl-
mannii), and temperate trees (Erythrina crista-galli, Colutea
arborescens, Hesperolaburnum platycar pum, Sophora davidii,
and Robinia pseudoacacia) are effectively nodulated by
NGR234 (Table 1). Species as ecologicaly diverse as Lotus
corniculatus, a forage legume known for its heat and drought
tolerance, and Neptunia oleracea, a tropical aguatic legume,
are a'so nodulated by NGR234.

Comparison of the USDA257 and NGR234 host ranges.
Perhaps the most striking correlation observed here is that
all 135 legume species nodulated by USDA257 are also host
to NGR234. Thus, with respect to nodulation, the host range
of USDA257 is a subset nested entirely within that of
NGR234. In the 135 combinations in which both strains
nodulated the same plant, 30% of al the nodules were
NodFix~ with both bacteria, 46% were Fix* with both bacte-
rig, while NGR234 produced Fix" nodules on 64% of these
plants. In other words, NGR234 also has a symbiotic advan-
tage over USDA257 in terms of nitrogen fixation. Apios
americana, G. max, and G. soja (wild soybean) constitute the

Temperate
Old World Herbaceous
Tropical e Galagese
Abreae Robineas Heldl_.r.s_‘amae
Desmodieae Sophoreae ;"}'ﬂ_’-‘"’ﬂﬂ'ﬂ
e Indigofereae fchene
Gfmﬁ‘lﬁﬂ'd New World i Milfettieae g
s Tropical "’é‘-é-’;ltigg?é‘ Phassoleae Millettieae
Brongniartieae, Adesmieae Psoraleeac L
Aesschynoemanaae Bossieaeae
Amorpheae Mirbelieae ‘
Dalbargiaas
Podalyrieae, [
Sophoreae, Sophareas
Thermopsideae ‘

—— Swarlzieae

Y
.
=N

— Dafbergieas

Fig. 4. Tribal relationships in the Papilionoideae, inferred from sequences of the chloroplast gene ribulose-1,5-bisphosphate carboxylase/oxygenase
(rbcL) strict consensus tree (Doyle et a. 1997). Color coding for the capacity of the various tribes to nodulate with NGR234/USDA257 is the same as
shown in Figure 3.

Table 5. Bradyrhizobiu/Rhizobium strains used in this study

Reference
Kuykendall et al. 1992

Characteristics?

|solated from USDA74 by plant passage. Sero-
group 76 type strain
Broad-host-range inoculant. Ap', Rif"

Strain Host of isolation

B. elkanii USDA76

Glycine max

B. japonicum CB756 Macrotyloma africanum Norris 1956; Diatloff and Date 1978

B. japonicum USDA110 G. max Genetically best-characterized B. japonicum spe- Kuykendall and Elkan 1976
cies. Sp'
Rhizobium sp. strain NGR234 Lablab purpureus Broad host range. Rif" Trinick 1980

R. loti NZP4010 = NZP2037 cured of its plasmid, broad host range.  Chuaet al. 1985; Lewin et a. 1987b
Rif", Sm'

Km" derivative of wild-type USDA257. Carriesa
silent Tn5 insertion in the Sym plasmid

R. meliloti RCR2011 =SU47. Sm', Tc'
a Antibiotics used: Ap = ampicillin; Rif = rifampicin; Sm = streptomycin; and Tc = tetracycline.

Lotus divaricatus

R. fredii USDA257S1 Glycine soja Heron et al. 1989

Medicago sativa Rosenberg et al. 1981
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Table 1.Host range oRhizobiumsp. strain NGR234 ard. frediiUSDA257. Classification of the Leguminosae follows that of Corby et al. (1983) and Polhill (1994). C, M, and P
are abbreviations for the subfamily names CAESALPINIOIDEAE, MIMOSOIDEAE, and PAPILIONOIDEAE, respectively, while the numiesrgood to the tribes and genera of
Polhill (1994). N denotes nodulation (but not nitrogen fixation), F that the nodules were effective, and a dash the atushries. Shaded species have never been observed to
nodulate, while te boxkd species is the first report of nodulation. Legumes printedrinave indeterminate nodules, thosébing determinate nodules, namespink are species
possessing Aeschynomenoid nodules, while the information available for those printed in black is either inconsistentientinsuffttermine the nodule type. Names in brackets
are obsolete.

Index P5.1; M4.1; AcrocarpusC1.3; M3.9; AdenolobusC3.2,AdesmiaP15.1;AeschynomenP14.9; M5.3; AlysicarpusP11.18; P6.4;
AmphicarpaeaP10.44; M3.26; P29.3; Anthyllis P13.2; P24.21;Apios P10.7; Arachis P14.26; P16.15; P1.13; P29.5;
Bauhinia C3.4; Bituminaria P12.2; P2.37, P23.6; P24.16;Burkea C1.45; ¢ ) P24.1;CaesalpiniaCl.24; CajanusP10.73;
P30.17, M5.9; CalopogoniumP10.45;CanavaliaP10.21; P16.11;CassiaC2.16;Castanospermur®2.12;Centrosem&10.14;CeratoniaC2.1; Cercis C3.1;
ChamaecristaC2.18; £30.15;ChorizemaP24.10;Christia P11.17; P20.1;CladrastisP2.41; P16.1;Clitoria P10.16;CodariocalyxP11.10;
P16.5; P13.11; P8.8;Cratylia P10.25; P27.7; P9.6;CynometraC4.1; P30.15;DalbergiaP4.3; P6.8; P24.4:Delonix
C1.22;DendrolobiumP11.6; M3.35; DesmodiunP11.9; P7.14;DicermaP11.8; M3.32; P24.25; M3.1; DiocleaP10.18;Dolichos
P10.64;Dorycnium P13.6;Dunbaria P10.74;DysolobiumP10.50; P30.23; M5.7; EriosemaP10.81;Erythrina P10.1; M5.8; Flemingia
P10.77;GalactiaP10.27; P16.20; P24.13; P30.22,GleditsiaC1.2; P8.6;GlycineP10.35; P16.22; P24.1;
P23.5; P16.19;GymnocladusC1.1; P16.10,HardenbergiaP10.48;Hardwickia C4.34; P18.2; P30.10;
P13.13;HoffmannseggiaC1.34; P22.4;Hymenocarpos13.4, Po.7; M5.1; P24.6; P24.8; KennediaP10.47; KummerowiaP11.25;
LabicheaC2.19;Lablab P10.61; P30.9; P19.2; P30.16; P19.3;Lespedez#11.24; M3.30; P27.9;Lotus P13.7;Lupinus
P30.8; P2.40;Macroptilium P10.71;MacrotylomaP10.65; P21.5; P21.3; P7.23; M3.27; P24.11;MucunaP10.3;
P7.25; P24.15 P24.9;NeonotoniaP10.40; M3.36; P18.6; P21.1; P13.15;0OtopteraP10.56; P24.9;
P16.17;PachecoaP14.23,PachyrhizusP10.46;Paracalyx P10.82; M5.14; M1.2; ParkinsoniaC1.20; PeltophorumC1.15; PetalostylisC2.20; Phaseolus
P10.72;PhyllodiumP11.7;Piliostigma C3.4; M3.22; P29.2; P19.4; M5.11; P7.34, M3.16; PseudarthriaP11.11;
Psophocarpud?10.51;PsoraleaP12.9;PterocarpusP4.17;Pueraria P10.32; P24.23;PycnosporaP11.12; P30.21;RhynchosiaP10.80; P8.7;
M5.5; SchizolobiumC1.17; Schotia C4.8; P13.14; SecurigeraP13.12; Senna C2.17; P8.1; P2.45; P30.19; StrophostylesP10.70;
M3.20; P2.44;Stylosanthe$14.25; P16.3; P16.2;TadehagiP11.13;TamarindusC4.74; P22.4;
P7.40;TeramnusP10.36;TeyleriaP10.39; P29.4;TipuanaP4.13; P21.6; P21.4; P32.25; P19.1;VignaP10.66; P24.3;
P25.3; P7.43; P7.44;ZorniaP14.21.
Response to Response to
USDA NGR USDA NGR
Families, subfamilies, tribes, and species Seed solitce 257 234 Families, subfamilies, tribes, and species Seed solitce 257 234
LEGUMINOSAE Juss. F Caesalpiniagroup
SUBFAMILY CAESALPINIOIDEAE C1.24 Caesalpinia eriostachyBenth. 4098TC - -
Tribe Caesalpinieae Caesalpinia ferreaviart. com*HA.FBA - -
A Gleditsiagroup Caesalpinia pulcherrimdL.) Sw. comHiA - -
Cl.1  Gymnocladus dioicdl.) K. Koch colHPP.SNU - - Caesalpinia spinoséMolina) Kuntze Tare&“P - -
Cl.2  Gleditsia triacanthod.. CcoIFSB.SNU - - C1.34 Hoffmannseggia lacte¢Schinz) 9099%RC - -
B Acrocarpusgroup Schinz
C1.3  Acrocarpus fraxinifoliusV. & A. conFNA - - | Dimorphandragroup
E Peltophorumgroup C1.45 Burkea africanaHook. 90685%RG - -
C1.15 Peltophorum africanunsond. - -
Peltophorum dubiuniSpreng.) Taub. Tribe Cassieae
[syn - Peltophorum ferrugineum A Ceratoniinae
(Decne.) Benth.] 4855(KRG - - C2.1  Ceratonia siliqual. colPBE - -
Peltophorum pterocarpurfDC.) conmoA - - D Cassiinae
Heyne C2.16 Cassia fistulaL. 21963T¢ - -
C1.17 Schizolobium parahyb@/ell.) Blake  452%TC - - Cassia javanicd.. var.indochinensis
C1.20 Parkinsonia aculeata. 156FTC - - Gagnepain confBA - -
C1.22 Delonix regia(Boj. ex Hook.) Raf. coftiAPPM N N (continued on the next page
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Table 1. (continued from the precedinpge

Response to

Response to

USDA NGR USDA NGR
Families, subfamilies, tribes, and species Seed solitce 257 234 Families, subfamilies, tribes, and species Seed solitce 257 234
C2.17 Senna hebecarp@ernald) Irwin & C4.8  Schotia brachypetal§ond. comfHA - -
Barneby Schotia latifoliaJacq. conFNA - -
[syn -Cassia hebecarpgernald] contfBA - - D Crudia group
Senna pallidgVahl) Irwin & Barneby col?PM - - C4.34 Hardwickia binataRoxb. 88/8177NPNF - -
Senna martiangBenth.) Irwin & I Amherstiagroup
Barneby 48527FKRG - - C4.74 Tamarindus indicd.. contBA - -
Sg‘;‘:%;‘l)tab'“‘":' Muell.) B.R. comfioA ) _ *Note: Amherstiahas been placed in tBetarieae(Breteler 1995).
Senna siamef@_am.) Irwin & Barneby 2277/9fZM - -
Senna spectabili@C.) Irwin &
Barneby varspectabilis 14287C - - ?ﬁtipﬁa'\ﬂyig;y IMOSOIDEAE
Senna sulfuregCollad.) Irwin & B M1.2  Parkia javanica(Lam.) Merr. comFs - -
Barneby col RG . . Parkia timoriana(DC.) Merr.
Senna torglL.) Roxb. 1915 = z [syn - Parkia roxburghii(DC.) comFs - -
C2.18 Chamaecrista desvauxiCollad.) 18025-CC - - Merr ]
Killip :
Chamaecrista fasciculatgMichx.) ; ;
Greene comwu N F ATsliﬁfz?glm%ieae
Chamaecrista nictitané_.) Moench 19085¢C - - M3.1  Dinizia e%celgaDucke 1598TC ) )
Chamaecrista rotundifoligPers.) . T E Adenanthea group
Greene 729 : : M3.9  Adenanthera pavoning. COMENAFBA - -
E Labicheinae H
C2.19 Labichea cassioideSaud. colkPA - - M3.16 colULA
C2.20 Petalostylis labicheoideR. Br. conmoA - - ' colULA
BA
Tribe Cercideae ESHA
A Cercidinae |
C3.1  Cercis occidentaliFor. ex A. Gray  colU9¢ - - M3.20 181CC
Cercis siliquastrunti.. comfHA - - M3.21 4905KRG
C3.2 Adenolobus pechuelKuntze) Torre M3'26
& Hillc. 8238%RG S o ' 48295KRG
B Bauhiniinae M3.27
C3.4 Baubhinia forficatal.. subsppruinosa ' colPBE
(J. Vog.) Fortunato & Wunderlin
[syn -Bauhinia candican8enth.]  colARG - - colBIF
Bauhinia cunninghamienth. comfOA - -
Bauhinia galpiniiN. E. Br. colPPA - - ColUBR
Bauhinia rufescenkKillip. & Macbride colBAP - - corf\Mu
Baubhinia syringifolia K
(F. Muell.) R. P. Wunderlin colROG - - M3.30 52QNHU
C3.4  Piliostigma reticulatun(DC.) Hochst. colBAP - - ' 1725€CC
i RA
Tribe Detarieaé CCSJr?&r;gharﬁ
A Cynometragroup .
C4.1  Cynometra cauliflora.. colPPM - - (continued on the next page

302 / Molecular Plant-Microbe Interactions



Table 1. (continued from the precedizge

Response to

Response to

USDA NGR USDA NGR
Families, subfamilies, tribes, and species Seed solitce 257 234 Families, subfamilies, tribes, and species Seed solitce 257 234
L Dichrostachysgroup Standley varanomala(Kunth)
M3.32 Dichrostachys cinerefL.) W. & A. 1909FccC F F Barneby [syn -Calliandra
M3.35 Desmanthus illinoensis grandiflora Benth]. colPTF - N
(Michx.) MacMill. ex Robinson colPCY N F Calliandra houstoniangMiller)
Desmanthus virgatu@..) Willd. MarchSA - F Standley varcalothyrsus
M3.36 Neptunia gracilisBenth. (Meissner & Barneby)
var.major (Benth.) Windler colkPA - - [syn - Calliandra calothyrsus
Neptunia natangL.) Druce colBSS N N Meissner] comPHAIFS - -
Pithecellobium dulc¢Roxb.) Benth.  comlFS - -
Tribe Acaciead M5.14 Paraserianthes falcatariéL.) Nielsen coAHANHU F F
M4.1 A subgenAcacia Paraserianthes lophanth@Villd.)
Acacia farnesiandL.) Willd. comfHA - N Nielsen comfHA - -
Acacia karrooHayne colBJF - - 5
B subgenAculeiferum see Barneby (1998)
Acacia aromaGillis ex H.&A. colVtA - -
Acacia ataxacanth@C. colAD - SUBFAMILY PAPILIONOIDEAE
Acacia bonariensi§illis ex H. & A, colVtA - N Tribe Swartzieae
Acacia macracanth#l. & B. ex Willd. coILcJ)LD'Z - N D Ateleiagrougf
Acacia polyacanthavilld. col - - ; cc B
Acacia senegalL.) Willd, 57AD ) ) P1.13 Ateleia ovataMohlenbr. 736X F
C subgentieterophyllum *see Polhill (1994)
Acacia auriculiformisA. Cunn. 365\HY N F
Acacia cyanophylld.indl. colFNC N N Tribe Sophoreae
Acacia mangiunwilld. confHA N N B Angylocalyxgroup
Acacia mearnsiDe Wild. col NHU N N P2.12 Castanospermum austrafe Cunn.  confHAFBA - -
Acacia pendulaA. Cunn. ex. G. Don confBA - F F Sophoragroup
Acacia retinodesSchltdl. confOA N = P2.37 Bolusanthus specios(Bolus) Harms confFNA - N
Acacia saligna(Labill.) Wendl. compHA N = P2.40 Maackia_amurens!ﬁ?upr. & Maxim.  colSNY - -
TDivisi f the tribeAcacieacinto sub oll th dati v _P2.41  Cladrastis luteaMichx. f.) Koch colSNY - -
ivision of the tribeAcacieaeinto subgenera follows the recommendations of Vasséps 44 StyphnolobiunjaponicumSchott coPMF ) ;
(1981). P2.45 Sophora davidi(Franch.) Pavol. colCGC F F
Tribe Ingeac Sophora microphyllaiton coICG"jA - -
M5.1  Inga mortonianal. Ledn. confSB F F ggpﬂgg Eﬁtr;aerﬁggé Vil gng\HA = E
M5.3  Albizia julibrissin Durazz. colceC N N At colNHZ c-
Albizia lebbecKL.) Benth. 143?32\0/* FF . ‘
Albizia procera(Roxb.) Benth. co F F ; ;
Albizia saponariglLour.) Mig. CoIVBR N N BTDrEIEErSIiZegr%LeJSe
M5.5  Samanea sama@acq.) Merr. 2181%¢¢ F F P4.5 Dalbergia martiniiF. White colNHZ N N
M5.7 Enterolobium contortisiliquum LA Dalbergia retusaHems. 247BTC ) =
En(t\é?!)ligg/ilﬁrrr?z%wbouvaﬂart gglrrFNA N E P4.13 Tipuana tipu(Benth.) Kuntze colACAUGC N N
. - ; BAD
M5.8 Faidherbia albida(Del.) A. Chev. 5041&RC, F F P4.17 Pterocarpus lucens&uill. & Perr. col N F
2067/85% (continued on the next page
M5.9  Calliandra houstoniangMiller)
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Table 1. (continued from the precedizge

Response to Response to
USDA NGR USDA NGR
Families, subfamilies, tribes, and species Seed solitce 257 234 Families, subfamilies, tribes, and species Seed solitce 257 234
Tribe Abreae P8.8  Coursetia caribaedJacg.) M. Lavin ~ 939%CC - -
P5.1  Abrus precatoriug.. colltFIFS - -
Tribe Indigofereae
Tribe Amorpheae P9.6  Cyamopsis tetragonolobi.) Taub.  EsseRCY - -
P6.4  Amorpha fruticosa.. colTF.PBE F F P9.7  Indigofera arrectaHochst. ex A. Rich. 186615A F F
P6.8  Dalea candidawilld. cofMU - F Indifogera australiswilld. colWBA N N
Dalea purpureaventenat confWu F F Indigofera glandulosawilld. colVGc - -
Indigofera jamaicensiSpreng. 9319-cc - F
Tribe Millettieaet Indigofera lespedezioidé$BK 904gcc - -
P7.14 Derris robusta(DC.) Benth. comFs - - Indigofera tinctorial. comFs F F
P7.25 Mundulea sericegWilld.) A. Chev. 84176RG F F
P7.23 Millettia megasperma@enth. comPHASDS N N Tribe Phaseoleae
P7.34 Pongamia pinnatdL.) Pierre conmoA - - A Erythrininae
P7.40 Tephrosia cineredl.) Pers. 9459-cC - F P10.1  Erythrina abyssinicaDC. colNHZ - F
Tephrosia rose&. Muell. ex Benth.  com*CA - F Erythrina costaricensi#. Micheli 415FTC F F
Tephrosia sessiliflorgPoir.) Hassl. ~ 9155°¢C - F Erythrina crista-galliL. co[PBEULA - F
Tephrosia vogeliHook. f. 38787$CY F F Erythrina fuscalour. 2160F¢CC - F
P7.43 Wisteria frutescenf..) Poir. conFNA - N Erythrina poeppigiangWalpers)
Wisteria sinensigSims) Sw. colV0G N N O.F. Cook 452037C - -
P7.44 Xeroderris stuhimanniiTaub.) Mend. Erythrina variegatal. confBATSU - N
& Sousa colNHZ F F Erythrina vespertiliaBenth. confBA - F
"Numbers in this tribe follow the alphabetical system of Corby et al. (1983) and ha eg 0.3 Mucuna pruriengL.) DC. COEESM' s - -
taxonomic relevance. 0.7 Apios _gmerlcana/ledlk. col F N
C Clitoriinae .
: e P10.14 Centrosema pubesceBenth. co ' - N
ATSrfSebF;ﬁiggr'gﬁg P10.16 Clitoria laurifolia Poir. 17366.°C - F
P8.1  Sesbania sesbdh.) Merr. D%Iitc?éll:irt-ggateaL. com . .
- i i FS ZM
S[esgg]an?;z?sama aegyptiadeoir.] COTPM’ 2296/91 P10.18 Dioclea guianensi8enth. 7351¢€cC N N
pinos@acq.) W.F. Wight col N N . ; cc
Sesbania cannabin@etz.) Pers. comPOA N N Dioclea sericeaiBK 8434 N N
Sesbania formoséE.Muell.) N. Burb. conmfHA ) i Dioclea virgata(L.C. Rich.) Amshoff 18124°CC - N
. JN. . . » SCU
Sesbania grandiflordL.) Pers. comhHA = = P10.21 Canaval!a ensiformigL.) DC. col N N
Sesbania herbace@ill.) R. comsSY - - Canavalia rosegSw.) DC. HA AOA
McVaugh [syn - Canavalia maritimaThouars] com?® e N F
Sesband icocan) by o | e oo o lunze 1eser: . b
: seshania rostratdrem. & Oberm. - col . N Galactia latisiliquaDesv. 923cce N N
Note - stem nodules (where they occur) are Aeschynomenoid. Galactia striata(Jacq.) Urb. 4647SA - N
C Gliricidia group E Glycininae
P8.6  Gliricidia maculataHBK com*s - - P10.32 Pueraria lobata(Willd.) Ohwi colP™ N N
D Robinia group Pueraria phaseoloideRoxb.) Benth. colFS - N
P8.7 Robinia hlSpIda_ var.fertilis (Ashe) P10.35 G|ycine canesceriderman colPCU - F
R.T. Clausen [syn Robinia fertilis Glycine maxL.) Merr. McCallrAU,SSU,uuU N N
Ashe] comENA N F (continued on the next page
Robinia pseudoacacika. colFNC,FSB F F
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G. max Peking’c! F N Vigna luteola(Jacq.) Benth. 330607,40634%Y F F
G. max PrestofAY - - Vigna minima(Roxb.) Ohwi & Ohashi 4985¢CC F F
Glycine sojaSieb. & Zucc. P181762HY F N Vigna mungdL.) Hepper conRROG F F
Glycine tabacingLabill.) Benth. colPCY - F Vigna oblongifoliaA. Rich. 60430\SA F F
Glycine tomentelladayata colPLY F F Vigna parkeriBaker ShawASA F F
P10.36 Teramnus labialigL. f.) Spreng. 60381\SA - F Vigna radiata(L.) Wilczek King"SA, 305070, F F
Teramnus uncinatud..) Sw. 8788 1HSA N F 197019, 22775#Y
P10.39 Teyleria koordersi{Backer) Backer =~ 2115FC¢ - N Vigna radiatasubspsublobata
P10.40 Neonotonia wighti{Arn.) Lackey CoopergVsa - F (Roxb.) Verdc. colBsY N N
P10.44 Amphicarpaea trispermBaker colHBeC F F Vigna subterranegl.) Verdc. 49A, 57B1B! F F
P10.45 Calopogonium caeruleuiBenth.) Vigna trilobata(L.) Verdc. 13671SA F F
Sauv. compHAIFS - F Vigna umbellatgThunb.)
Calopogonium mucunoidé3esv. com'Fs N N Ohwi & Ohashi 2476956V F F
P10.46 Pachyrhizus erosud..) Urb. 2103gcCC - N Vigna unguiculatgL.) Walp. Red Caloon¥SA F F
Pachyrhizus tuberosy&am.) Spreng. comsFM - F Vignavexillata(L.) A. Rich. 406401, 40639V F F
F Kennediinae P10.70 Strophostyles helvold..) Ell. cofMU - -
P10.47 Kennedia beckxiank. Muell. comENA N N P10.71 Macroptilium atropurpureum
Kennedia nigricansindley conFNA N F (DC.) Urb. SiratrdVsA F F
Kennedia prostratd. Br. comPHAACA N F Macroptilium bracteatum
Kennedia rubicundg¢Schneev.) Vent. confBA N F (Nels & Mart) Maréchal & Baudet RLBB62WSA F F
P10.48 Hardenbergia comptoniana Macroptilium lathyroidegL.) Urb. comVSA F F
(Andr.) Benth. comfbU,WDA F F Macroptilium longepedunculatum
Hardenbergia violace¢Schneer.) (Benth.) Urb. 575°¢cC - N
Stearn comsSM N F P10.72 Phaseolus acutifoliud. Gray 214338V - N
G Phaseolinae P. acutifolius 440813VPV - N
P10.50 Dysolobium apioidegGagnepain) P. acutifolius TenuifoliusWPY - N
Maréchal 459¢-CC N F Phaseolus angustifolitRoxb.
P10.51 Psophocarpus palustridesv. comFs - F [syn -Phaseolus anisotrichus
Psophocarpus tetragonolob(is.) DC. comSFM F F Schlect.] 312122VPU - N
P10.56 Otoptera burchelliDC. 8244&RG F F Phaseolus leptostachy&enth. 32558WPU & - F
P10.61 Lablab purpureugl.) Sweet Rongaf'sA - F 30677F¢cC
P10.64 Dolichos junghuhnianuBenth. 2003(¢cC F F Phaseolus coccineus colMKD N N
Dolichos trilobusL. 21038&ccC - F Phaseolus coccineus subsp.
P10.65 Macrotyloma axillare(E. Mey.) Verdc. comVSA F F polyanthugGreenman) Maréchal,
Macrotyloma uniflorum(Lam.) Verdc. LeichardfSA - F Mascherpa, & Stainier 196813VPU F F
P10.66 Vigna aconitifolia(Jacq.) Maréchal ~— 214323CUV - F Phaseolus polystachyssitt.,
Vigna angularis(Willd.) Stearns & Pogg 196813vPU - F
Ohwi & Ohashi colPtV F F Phaseolus vulgarik. Hilds Maron&¢¢ N N
Vigna caracalla(L.) Verdc. 14680%CY - F Phaseolus vulgarik. var. aborigineus
Vigna cylindricaSkeels comPSA F F (Burk.) Baudet 266910VPY F F
Vigna glabrescenBlaréchal, H Cajaninae
Mascherpa & Stainer 20765%8Y N F P10.73 Cajanus cajar(L.) Millsp. ICP6443! F F
Vigna hose{Craib) Backer 498FcC F F Cajanus scarabaeoidék.) Thou. colrSA g7P! F F
Vigna lanceolataBenth. CQ592\SA F F (Continued on the next pape
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P10.74 Dunbaria circinalisBacker 1732¢ccC - F Tribe Loteae
Dunbaria niveaMig. 17734¢C - F P13.2  Anthyllis vulnerariaL. 5540XRG N
Dunbaria villosaMak. 2064¢CC N F P13.4 Hymenocarpos circinnatu@..) Savi ~ 2722%RG - -
P10.77 Flemingia congest&oxb. comVsA F F P13.6  Dorycnium herbaceundill. colBGD - -
Flemingia strobilifera(L.) Ait. f. 204" F F P13.7 Lotus corniculatug.. colPcy N F
P10.80 Rhynchosia minimé..) DC. 1806%KRC - F Lotus halophilusBoiss. & Sprun. 26004RC - N
Rhynchosia phaseoloid¢Sw.) DC.  colSNV - - Lotus japonicugRegel) K. Larsen GifuMLU.PKU F F
Rhynchosia reticulatéSw.) DC. 715%CC - - Lotus pedunculatu€av. Grassl. MakPN N N
Rhynchosia rothiBenth. ex Aitch. 30232SA - F Lotus tetragonolobuk. colHPP - -
Rhynchosia sublobatgchumach.) P13.11 Coronilla varial. colKLB - -
Meikle 77003 SA F F P13.12 Securigera securidaci..)
P10.81 Eriosema simplicifoliunfHBK) G. 733¢-CC - - Degen & Doerfler cofPF - -
Don P13.13 Hippocrepis ciliatawilld. 2660XRG - -
Eriosema violaceurfAubl.) G. Don ~ 1829%cCC - N P13.14 Scorpiurus vermiculatuis. co[BGD - -
P10.82 Paracalyx scariosugRoxb.) Ali 207P! - - P13.15 Ornithopus compressus comVSA - -
Tribe Desmodieae Tribe Aeschynomeneae
B Desmodiinae B Aeschynomeninae
P11.6 Dendrolobiumtriangulare Schindl. 2310%cC F F P14.9 Aeschynomene aspeka colP! - N
P11.7 Phyllodium elegané_our.) Desv. 23236¢ N N Aeschynomene falcaf®oir.) DC. Barjod*SA - N
Phyllodium pulchellunfL.) Desv. 1323%ccC - - Aeschynomene indida colP! - N
P11.8 Dicerma biarticulatum(L.) DC. 1840£cCC N N D Poiretiinae
P11.9 Desmodium canadengk.) DC. colvsy F F P14.21 Zornia brasiliensisvogel 14287FCC - -
Desmodium dichotomum®C. 47186°SA - F Zornia diphyllaPers. 7016FCC - N
Desmodium intorturJrb. GreenleafRA - F Zornia gemellaWilld.) Vogel 4926%KRG - -
Desmodium uncinatui@acg.) DC. Silverleal'RA - F Zornia glabraDesv. 8345-cC - -
P11.10 Codariocalyx gyroide$Roxb.) Hassk. 13547FCC F F Zornia latifolia Sm. 100463SA - N
Codariocalyx motoriugHoutt.) Ohashi 23414CC F F E Stylosanthinae
P11.11 Pseudarthria viscidglL.) W. & A. 13701CC - N P14.23 Pachecoa prismaticéSessé & Moc.)
[P11.12 Pycnospora lutescer{®oir.) Schindl.  1741%C F F | Standl. & Schub. 182¢F7C N N
P11.13 Tadehagi triquetruniL.) Ohashi 13268°C - - P14.25 Stylosanthes capitatdog. 55843\SA - -
P11.17 Christia obcordataPoir.) Bakh. 2065%¢°C - - Stylosanthes guianengiéubl.) Sw.  EndeavofsA - N
P11.18 Alysicarpus vaginaligL.) DC. 2058§¢CC F Stylosanthes hamata.) Taub. VerandVsA - N
C Lespedezinae Stylosanthes humilisunth TownsuvillgVSA - N
P11.24 Lespedeza bicoldFurcz. colTF F F Stylosanthes scabiog. SecéSA - N
P11.25 Kummerowia stipulacegMaxim.) P14.26 Arachis hypogaea. NC4CRY - N
Makino Summifcy F F
Kummerowia striatg Thunb.) Schindl. MariofffY F F Tribe Adesmieae
P15.1 Adesmia bicolofPoir.) DC. colURY - -
Tribe Psoraleeae Adesmia remyanRhil. COWRG - -
P12.2 Bituminaria bituminos4dL.)
C.H. Stirton colFBD - -
P12.9 Psoralea plumos&. Muell. colKPA - F (continued on the next page
Psoralea pustulaté&. Muell. colKPA N F
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Tribe Galegeae Vicia narbonensis.. 13167SC - -
A Coluteinae Vicia sativaL. subspnigra (L.) Ehrh. comltF - -
P16.1 Clianthus formosu¢G. Don) Vicia pannonicaCrantz PannonicaSc - -
Ford & Vick comfHA - - Vicia villosaRoth
P16.2 SwainsonayclocarpaF. Muell. Paradox&™A - - subsppseudocraccéBertol.) Ball  Glabrecen®S¢ - -
Swainsona formoséG. Don) Vicia vulgarisMoench comtSC - -
J. Thompson comAPU.NAA - - P19.2 Lathyrus japonicusVilld. cobMC - -
Swainsona forrestiF. Muell. ex A. colkPA - F Lathyrus magellanicusam. colPPA - -
Lee Lathyrus odoratus.. comY - -
Swainsona maccullochiara Muell.  com?CA - - P19.3 Lens culinarisMedik. colPCV - -
Swainsona procumberiB. Muell.) P19.4 Pisum sativuni.
F. Muell. comfHA - - subspelatius(Bieb.) Asch. & Gr. ~ comSC - -
P16.3 Sutherlandia frutescer(s.) R. Br. colBBD - - Pisum sativun. Rond¢RN - -
P16.5 Colutea arborescenis. Co[BGD.HPP F F
B Astragalinae Tribe Cicereae
P16.10 Halimodendron halodendron P20.1  Cicer arietinumL. AnnigeriP! - -
(Pallas) Voss colHBC N N
P16.11 Caragana arborescerisam. confBAIMF - - Tribe Trifolieae”
P16.15 Astragalus alpinus. colNPF - - P21.1 Ononis natrix_. colcGC - -
Astragalus canadende P21.3 Melilotus officinaliswilld. 3116%RG - -
[syn -Astragaluscicer L.] confWUY, ¢olCGC - - P21.4 Trigonella foenum-graecuin. colCGC - -
Astragalus cruikschankiriseb. colPPA - - Trigonella gladiataM. Bieb. 5524(fRG - -
P16.17 Oxytropis campestrif..) DC. co[BJF.HPP - - P21.5 Medicago arabicgL.) Huds. colWPy - -
Oxytropis halleriBunge ex Koch 3610&RG F F Medicago arbored.. coWPUV - -
Oxytropis uralensi®C. Medicago blancheanBoiss. colWPU - -
[syn - Oxytropis arcticaR. Br.] cobPMC - - Medicago brachycarpi. Bieb. coWPUV - -
P16.19 Gueldenstaedtia stenophyBunge colHBC } N Medicago cancellatdl. Bieb. colWPy NO  NH
C Galeginae Medicago ciliaris(L.) Krocker coWPUV - -
P16.20 Galega officinalis_. 36670RG - - Medicago constrictdDurien colWPy - -
E Glycyrrhizinae Medicago coronatdL.) Bart. coWPUV - -
P16.22 Glycyrrhiza acanthocarplLindl.) Medicago disciformi©C. colWPy - -
J.M. Black colKPA - - Medicago doliataCarmign. MuricataVPV - -
Glycyrrhiza glabral. colKLB - F Medicago granadensig/illd. colWPy - -
Medicago heynian&reuter coWPUV - -
Tribe Hedysareae Medicago italica(Miller) Fiori colWPy - -
P18.2 Hedysarum alpinun. colFBD N N Medicago laciniata(L.) Miller coWPUV - -
Hedysarum coronariurh. comY - - Medicago lesinsiE. Small colWPy - -
P18.6 Onobrychis caput-gall{L.) Lam. colBBD - - Medicago littoralisRohde ex Lois.  coWPY - -
Onobrychis viciifoliaScop. colCBC - - Medicago medicaginoiddRetz.)
E. Smith coWPUV - -
Tribe Vicieae Medicago minim4L.) Bart. colWPy - -
P19.1 Vicia benghalensit. compPWu - - Medicago monanthéC. A. Meyer)
Vicia craccalL. colBJF - - Trautv. colWPU - -
Vicia dasycarparen. confBA - - (continued on the next page
Vicia fabal. colcGC - -
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Medicago monspeliacé..) Trautv. colWPy - - Bossiaea obcordatBruce comfHA - -
Medicago muricoleptiin. colWPY - - Bossiaea rhombifolisiebl. comfHiA - -
i i WPU . N . .
Meg!cago no;anqui St CO:WPU ONote: The “Templetonia group” has been transferred from Bbesiaeaeto the
edicago orbicularigL.) Bart. oL PU 0 o Brongniartieae In this system, th@ossiaeaeonly consists of the “Bossiacaoup”
Medicago papillosaoiss. col N N (Crisp and Weston 1987)
Medicago pironag/is. colWPY - - '
Medicago platycarpdL.) Trautv. colWPU - - Tribe Mirbelieae
Meg!cago pcgrceratli(;;.) Trautv. col""! . : P24.1 Gompholobium polyzyguf Muell.

edicago polymorpha. var. WPU [syn -Burtonia polyzygdF. Muell.)

polymorpha coIWPU - - Benth.] comiHA, colKPA B -
Medicago rigidula(L.) Al CO'WPU i i Gompholobium latifoliuntabill. confHA N N
Medicago ruthenicgl..) Ledebour  co™” ) ) Gompholobium scabru@mith comfoA - -
Medicago sativd.. Nitro : ) P24.3 Viminaria junceaSchrad.) Hoffmgg. comfHA - -
Medicago sativd.. subspfalcata(L.) . P24.4 Daviesia corymbossm. corAHA FBA . i

Arcang. . col® . S Daviesia latifoliaR. Br. comPHA -
Medicago sativd.. subspsativa col . ) P24.6 Isotropis atropurpured. Muell. colkPA - -
Medicago sativa.. subspxvaria WPU P24.8 Jacksonia scopari®. Br. confHA - -

(Martyn) Arcang. col ) . Jacksonia velutin®enth. colKPA - -
Medicago sativd.. subspfalcata(L..) P24.9 Oxylobium ellipticunR. Br. colkPA N

AFgcanhg. vbar.vFLscosa WeU P24.10 Chorizema cordaturhindley”

(Reichenb.) Posp. coll oy - [syn -C. ilicifolium Labill ] comAHA -
Medicago secundiflor®urien col . : Chorizema dicksoniGraham comtHA N N
Medicago shephardipost COlaEB i i Chorizema diversifoliunA. DC. confHA - F
Medicago soleiroliDuby col . : P24.11 Mirbelia dilatataR. Br. comtHA N N
Medicago tenorean&er. colWPy - - Mirbelia pungendon comtHA ) =
Medicago truncatuléGaertn. coMPU Jemalong™* - - P24.13 Gastrolobium bilobuniz. Br corPOA N N

; ; WPU : - Pl
P16 ¥id'|?ago t“rb'rs‘f‘t"’(L-) All. g‘." v S P24.15 Nemcia capitatdBenth.) Domin
: rroliuM repenst.. At v . ) [syn - Oxylobium capitatunBenth.]  comfOA - -
Trifolium subterraneunt. Trikkala? : ) P24.16 Brachysema latifoliun®. Br. conmoA - -
PNomenclature of thledicagospecies is based on Small and Jompe (1989). P24.21 Aotus ericoidegVent.) G. Don
OSpontaneous (i.@seudo-) nodules — see Truchet et al. (1989). [syn -Aotus villosa(Andr.) Sm.] comPHAACA N F
P24.23 Pultenaea blakelyd. Thompson comfHA - F
Tribe Brongniarteaé? Pultenaea microphyll®C. conmHA N N
P22.3 Templetonia egenéE. Muell.) Benth. comfHA - - Pultenaea daphnoide&/endl. colWBA N N
Templetonia retuséVent.) R. Br. compHA - N Pultenaea villosawilld. comHA.FBA N N
P22.4 Hovea acutifoliaG. Don comFNA N N P24.25 Dillwynia glaberrimaSmith comfhA N N
Hovea lineariSm.) R. Br. conmfHA N N Dillwynia juniperinaSieb. conmfHA - -
Tribe Bossiacal UNote: Chorizema cordatunwas originally acquired a€horizema ilicifolium,from
P235  Goodia lotifoliaSalish comfHA N F which it segregates (Taylor and Crisp 1992).
P23.6 Bossiaea folios#&. Cunn. conmHA - -
Bossiaea heterophyligent. comfHA - -
(continued on the next page
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Tribe P30.9
P25.3 CcoICGC. JTF
confBA
confHiA P30.10
colROG 8417&RG
P30.15 confBA
Tribe confBA
P27.7 comlFs P30.15
colPCY 6647KRC
P27.9 comWVsA P30.16 8851(KRG
P30.17 3196%RG
Tribe P30.19 colTF
P29.2 colHBC P30.21 8434%RG
P29.3 colBBD confBA
P29.4 P30.22 colcGC
CO|SNU CO|CGC
P29.5 co[BNU.UOG P30.23 colCGC
P30.25 CoIBBD.HPP
P30.8 Iﬂgﬁﬁfgﬁi& Kijevsky mutarf'SC i i “Note -Lupinusnodules are unusual, and for this reason have not been classified here.
Lupinus angustifoliug. colAPN - -
Lupinus luteus.. JantafSC - - ULMACEAE Mirbel
tﬂg:gﬂ: Bﬁ‘g:lﬁfugl' %’i;’;(m N Parasponia anderson®lanch. tiss cuf N N
YNote - Experiments were performed on plants raised in tissue culture.

awhere: col = collected seeds; com = commercial variety; names are those of varieties/cultivars; figures represent the swggdienshactber; and superscripts are abbreviations
for the suppliers whose addresses are listed below.

aSeed sources are as follows®\AU = Agronomy Department, lowa State University, Ames 50011-1010, U.S.A. (W. Fehr, JAOK)= Australian Tree Seed Centre, CSIRO
Division of Forestry, PO Box 4008, Queen Victoria Ber, Canberrd600, AUS (C. GardinerADU = Australian Products Inc., 7502 Greenvile - Suite 500, Dallas, TX 75231,
U.S.A.; AHA = Australian Seed Co., PO Box 67, Hazetik, NSW 2779, AUS (A. J. Bournel\OA = Australian Revegetation Corp., 42 Sarich Court, Osborne Park, 6017 AUS
(W. Haines);APN = Applied Biochemistry Division, Department of Scientific and Industrial Research, Palmerston Nor&kGAZ; Australian Tropical Forages Genetic Resources
Centre, CSIRO Division of Tropical Crops and Pastures, Cunningham Laboratory, 306 Carmody Rd., St. Lucia, 4067 AUS (B; R8gelligritec Research, Breeding &
Services Ltd., Zemedelska 16, 787 01 Sumperk-Temenice, CR (M. HyMY = W. Atlee Burpee Co., Warminster, PA 18974, U.SBRAD = Botanisk Institut, Aarhus
Universitet, Nordlandsvej 68, 8240, DK (K. Tybirl3BD = Botanischer Garten und Botanisches Museum, Berlin-Dahlem, K&nigin-Luise-StralRe 6-8, 14195 B&GH B;
Botanischer Garten, der Universitat, Untere Karspiile 1, 37073 GéttingeBJD= Botanical Gardens, University of Joensuu, PO Box 111, 80101 Joensuu BMWI=
Biochemistry Department, Kansas State University, Manhattan 65506, U.S.A. (L. BNG)- Biology Department, The University, Newcastle Upon Tyne, NE1 7RU BSS;,=
Hortus Botanicus Bergianus, University of Stockholm, PO Box 50017, 10405 Stockh®®US; Department of Plant Pathology, University of Minnesota, 495 Borlaug Hall, 1991
Upper Buford Circle, St. Paul 55108, U.S.A. (N. D. YourB)JC = Banco Latinamericano de Semilas Forestales, CATIE, Turrialba, CR (E. LedMd)= Bountiful Gardens,
Willits, CA 95490, U.S.A.;,CBC = Ceskoslovenska Akademie Ved, Ustav experimentalni botaniky, 37005 Ceske Budejovi@CCZ Centro Internacional de Agricultura
Tropical (CIAT), Apdo. aéro 6713, Cali, CO (B.L. Maass, A. Ortiz, and R. Schultze-K&®&{; = Conservatoire et Jardin botaniques de la Ville de Genéve, PO Box 60, 1292
Chambésy/Geneve, CH (G. Lachar@)\F = Conservatoire et Jardins Botaniques de Nancy, 100 rue du Jardin Botanique, 54600 Villiers les NaRy, +;,Cebe & Co.,

(continued on the next page
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Blaak 31, 3011 GA, Rotterdam, NCRU = Crop Science Department, North Carolina State University, Raleigh 27650, U.S.A. (J. C. V@@Ine)Conservatoire et Jardin
Botanique de Mascarin, Domaine des Colimagons, 97436 Saint-Leu, lle de la Réuriifi) 5 Danida Forest Seed Centre, Krogerupvej 3 A, 3050 Humlebk, DK (K.
Poulsen)DNF = Département forestier CIRAD-Forét, 45 bis, av. de la Belle Gabrielle, 94736 Nogent s/MdDR&\ E;Darwin Botanic Gardens, PO Box 496, Palmerston
0831, AUS;ENA = Ellison Horticultural, PO Box 365, Nowra 2541, AUFBA = M.L. Farrar Pty. Ltd. (now AustraHort Pty. Ltd.), PO Box 1046 Bomaderry 2541, BDA;

= Fruit Spirit Botanical Garden, Dorroughby, 2480 AUS (P. Rechk®Y; = Forestry Department, Ministry of Agriculture and Natural Resources, Nicosia, CY (S. P. Soteriou);
FSB = Forest Research Insitute, 132 Blv. Kliment Ohridski, 1756 Sofia, BG (V. Bouzov and A. Ddfi&R ) FAO-UN, Avda. Santa Maria 6700, Casilla 10095, Santiage,
RCH; FZM = Forest Research Institute of Malawi, PO Box 270, Zomba, MW (J. P. Go®&#); = Institut Penyelidikan Getah Malaysia, Biotechnology Division, 260 Jalan
Ampang, Petisurat 10150, 50908, Kuala Lumpur, Malay$#)\ = Hortus Botanicus Plantage, Plantage Middenlaan 2, 1018 DD AmsterdardlBL= Hortus Botanicus
Pekinensis, Instituti Botanici Academiae Sinicae, Xiangshan, Beip@§93, China (Z.-M. ZhangHBU = Horticulture Department, Louisiana State University, Baton Rouge
70803, U.S.A. (W. J. BlackmonjJCA = Harper Seed Co., PO Box 315, Cannington 6107, AU = Hortus Botanicus, Universitatis Posnaniensis, Dgbrowskiego 165, 60-
594 Posnan, PUAE = International Livestock Centre for Africa, PO Box 5689, Addis Ababa, ETH (J. HanB8r; Inland and Foreign Trading Co., Block 79A Indus Road,
Singapore 0316, SGH;.F = INRA-SAPF, 86600 Lusignan, 2l = ICRISAT, Patancheru, Andhra Pradesh 502 324, IND (A. M. Ghaneld(}; = Jardin Botanique de
Montréal, rue Sherbrooke, Montréal, Quebec H1X 2B2, CIN{E = Jardins Botaniques de Marseille, 48 Av. Clot-Bey, 13008 Marseil@RF;= Jardin Botanique, 7 rue de
Trianon, 76100 Rouen, BTF = Jardin Botanique, Laboratoire de Biologie Végétale, 37042 Tours Ced€RAF= Kings Park and Botanical Garden, West Perth 6005, AUS;
KLB = Kruidtuin van de Stad Leuven, Hortus Botanicus Lovaniensis, 30 Kapucijnenvoer, 3000 Leu¥&G B; Royal Botanical Gardens Seed Bank, Wakehurst Place,
Ardingly, Haywards Heath, West Sussex RH17 6 TN, GB (J. BviKD = Max-Planck-Institut fir Zichtungsforschung, Carl von Linné Weg, 50829 Kéln, D (E. Czerny);
MLU = MSU-DOE Plant Research Laboratory, Michigan State University, East Lansing 48825, U.S.A. (F. J. deNgxAijg)Natseeds, 5 Reynolds Rd., Applecross, 6153,
AUS; NHU = NIfTAL Project, 1000 Holomua Av., Paia, Maui, HI 96779-9774, U.SM{Z = National Herbarium & Botanic Garden, PO Box 8100, Causeway, Harare,
Zimbabwe (T. Muller)NMA = Native Plant Section, Woods & Forests, Bremer Rd., PO Box Murray Bridge, 5253 AUS (J. FaN&tab¥ Northrup King Co., Horticulture
Div., PO Box 959 Minneapolis, MN 55440, U.S.AIPF = Muséum d'Histoire Naturelle-Cultures, 43 Rue Buffon, 75005, Parld\WR;) = Nitrogen Fixing Tree Association
(NFTA), PO Box 680, Waimanolo, HI 96795, U.S.QCC = OSEVA, Zemedelskal6, 78701 Sumperk-Temenice, CZ (M. H@ID)S = OSTROM, Laboratoire de Biologie
des Sols, PB 1386 Dakar, SRBE = Parcs | Jardins, Escola de Jardineria, Av. Marquées de Comillas, s/n. Parc de Monthuic, 08038 Bardina, Blant Introduction
Office, USDA-ARS-PSI-NGRL-PIO, Barc-West, Beltsville, MD 20705, U.SIRCU = Department of Plant Pathology, University of Missouri, 108 Waters Hall, Columbia
65211, U.S.A. (S. G. Pueppkd@KU = Plant Molecular Genetics, 269 Ellington Plant Sci. Bldg., University of Tennessee, Knoxville 37901-1071, U.S.A. (P. héffBress
PPA = Universidad Nacional de la Patagonia, cc No. 786, 900 Comodoro Rivadavia, Patagonia, Argentina (M. BRbhatipusat Penyelidikan Sains Kajihayat, Universiti
Sains Malaysia, Pulau Pinang, MAL (Wong Chee-Hoong, Zairi J8&l);= Faculty of Pharmaceutical Sciences, University afyb, Bunkyo-ku, Tokyo 113, JP (U. Sankawa);
PUU = Perennial Glycine Germplasm Collection, Department of Crop Science, University of Illinois, AE-110 Turner Hall, 1102w8n BGwed Urbana 61801, U.S.A. (T.
Hymowitz); PWU = Prairie Moon Nursery, Route 3, Box 163, Winona, MN 55987, U.RRAG = Rawlings Seeds, 5 Worlds End Lane, Green Street Green, Orpington, Kent
BR6 6AA, GB (W. Rawlings)SAA = South Australian Seed Growers Cooperative, 135 StladeerAdelaidé&000, AUS;SCP = Sistemas Agroecologicos de Manejo Comunal
en la Costa Norte del Peru, Los Alhelies 164, Santa Victoria, Chiclay&®E= Southern Regional Plant Introduction Station (USDA), Athens, GA 30602, UShAl;=
Botanic Garden of Smith College, Northampton, MA 01063, U.SSRM = Soon Huat Seeds Co., 248d8h St.10300 Penang, MALSPZ = Seed Section, Department of
Water Affairs and Forestry, Forestry Branch, PO Box 727, 0001 PretoriaSBAl= Department of Soil, Water, and Climate, University of Minnesota, Borlaug Hall, 1991
Upper Buford Circle, St. Paul 55108, U.S.A. (P. H. Graham and M. J. Sadowsky ) Thompson & Morgan Seed Co., Jackson, NJ 08527, U.BSAJ;= Tropical Seeds,

PO Box 11122, Honolulu, HI 96828, U.S.AIBR = UPT Balai Pengembangan Kebun Raya-LIPI, JI. Ir. H. Juanda 13, PO Box 309, Bogor, 16003, RI (Ir. Suba@an);
Université de Genéve, 1 ch. de I'lmpératrice, 1292 Chambésy/Genéve, CH (W. J. Broughtom;Institute of Plant Physiology, cc 327, Universidad Nacional de La Plata,
La Plata, 1900 Argentina (A. Arambarrl)OG = University of Oxford Botanic Garden, Rose Lane, Oxford OX1 4AX, GBYU = Universidad de la Republica, Sayago-
Montevido, UruguayUUU = USDA Soybean Germplasm Collection, USDA-Agricultural Research Service, University of lllinois, 232 EASB, 1101 West Peigbpdy D
Urbana 61801, U.S.A. (R. NelsonyBI = Department of Legume Inoculation, The Volcani Center, PO Box 6, Bet Dagan 50-250 il8Aek Wildlife Reserve, LaTrobe
University, Bundoora, Victoria 3083, AUS (B. C. SmitlyDA = West Australian Wildflower Seed Co., Darlington 6070, AUS (D. M. Wils@/if}U = Western Regional Plant
Introduction Station, 59 Johnson Hall, Washington State University, Pullman 99164, U.S.A. (D.V8®Aty; Wrightson Seeds., PO Box 357, Seven Hills 2147, AUS (S. Mitchell
and H. Osborn)YRA = Arthur Yates Co., 25 Stanley St., Rockhampton 4700, AUS.
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sole exceptions to these rules. On these plants, the nodules
produced by USDA257 were Fix*, while those produced by
NGR234 were Nod"Fix~. Perhaps this is understandable with
the Glycine spp., because their center of origin is in northeast
Chinawhere R. fredii was first isolated (Hymowitz and New-
ell 1980; Keyser et al. 1982). It is less obvious with A. ameri-
cana, however, as this species is indigenous to North America
(Allen and Allen 1981).

NGR234, USDA257, and the “cowpea miscellany.”

As mentioned above, both NGR234 and USDA257 are
highly compatible with genera of the Phaseoleae, particularly
the subtribe Phaseolinae, which includes the genus Vigna.
Coincidentally, thisis a defining characteristic of the “cowpea

cidating Nod-factor structures and the plant requirement for
nodulation. Leucaena leucocephala is an example. L. leu-
cocephala not only possess indeterminate nodules, but it is
one of only two Mimosoid plants that are Nod™ with
USDA257 and Fix* with NGR234 (Table 1). For these rea-
sons, it has been widely used in extension of host-range stud-
ies. It is now known that N-methylated Nod factors are neces-
sary for nodulation of L. leucocephala and L. diversifolia (Fig.
2). Similarly, Calopogonium caeruleum and Pachyrhizus
tuberosus, which have determinate nodules, are Nod~ with
USDA257 and Fix* with NGR234 and have been helpful in
the elucidation of Nod-factor structures (see below).

Model legumes.

miscellany” (see above). To examine further these affinities, Spurred on by the success attained when numerous research
we compared the NGR234 and USDA257 host ranges withgroups concentrated their efforts on Arabidopsis thaliana (L.)
those of classic “cowpea” strains. Three diffef@readyrhizo- Heynh., molecular biologists have sought a comparable leg-
bium strains were used, including CB756, which is widely ume for genetic manipulation. Idedly, such alegume should (i)
used as an inoculant and is known to have a broad host rangbe diploid, (ii) have few, morphologically distinct chromosomes,
(Diatloff and Date 1978). Also included were USDA76 and (iii) possess a smdl genome, (iv) be autogamous, (v) possess
USDA110, the latter of which is by far the best-studied simple and well-developed genetics, (vi) have arapid generation
Bradyrhizobium strain (see Gottfert 1993). We also included time, (vii) be transformable, (viii) grow readily under laboratory
R. loti NZP4010 along with the fast-growing isolates because conditions, and (ix) have the capacity to nodulate with a wide
it has a moderately broad host range (Lewin et al. 1987b) everrange of rhizobia. Obviously, model plants would be of more
though its symbiotic genes are borne on the chromosomeinterestif they were also economically important.
(Pankhurst et al. 1983b; Chua et al. 1985; Scott et al. 1996). Surprisingly, very few of the widely used or studied leg-
The nodulation capacities of all six bacteria were tested onumes meet these criteria. Arachis hypogaea, G. max, and
three differenMgna spp. Only NGR234 and USDA257 were Medicago sativa are tetraploids, while the genome of P. sati-
able to nodulate all plants (Table 3), and even then both werevum is much larger than that of humans. Of the widely traded

Fix~ on V. radiata subsp. sublobata. In comparison, NZP4010
only nodulated 30% of the test plants, while the nodulation
capacities of the Bradyrhizobium strains were in the range of
80 to 90%. Since NGR234 and USDA257 nodulate more Vigna

species and cultivars than conventional “cowpea” bradyrhizobia,

legumes, only Phaseolus and Vigna spp. possess relatively
small genomes (500 to 600 Mbp/1C) and are true diploids
(Arumuganathan and Earle 1991). Both are difficult to trans-
form and regenerate, however. Partly for this reason, two other
legumes have been adopted as models. Lotus japonicus

they obviously possess the host-range requirements of this groufHandberg and Stougard 1992; Jiang and Gresshoff 1997

and could, for this reason, be considered part of it.

Nodule mor phology.

Stiller et a. 1997; Szczyglowski et a. 1998) and Medicago
truncatula (Barker et al. 1990). Rhizobium loti is the symbiont
of L. japonicus, while M. truncatula associates with R.

Although it is clear that the legume controls nodule struc- meliloti. Asthe molecular genetics of R. loti are not very well
ture, much useful symbiotic information can be obtained by developed, however, the finding that both NGR234 and
comparing the effects of different rhizobia on nodulation of USDA257 effectively nodulate L. japonicus removes this ob-
the same or different plants. As examples, Dilworth (1969) stacle to the establishment of L. japonicus as a model system
examined the effect of changing the plant spediemifus (Table 1). Many nodulation and other mutants of NGR234
luteus and Ornithopus sativus) while maintaining a constant  exist, and the complete nucleotide sequence of the symbiotic
bacterial componenB(adyrhizobium lupini) on leghemoglo- plasmid (Freiberg et al. 1997) should make up for the lack of
bin synthesis. By inoculatingy. unguiculata with either a molecular information on R. loti strains. Of course, the ability
Bradyrhizobium sp. or with NGR234, Broughton and Dil- of USDA257 and NGR234 to nodulate G. max and V. ungui-
worth (1971) were able to confirm that the plant encodes theculata, respectively, has also alowed intensive study of these
globin portion of the molecule. Extension of host-range stud- hosts (e.g., Trese and Pueppke 1991; Krause et a. 1994; Ar-
ies, in which a nonreactive strain is complemented for nodu- senijevié¢-Maksimovi¢ et a. 1997; Gehring et a. 1997).
lation by genetic loci derived from homologous rhizobia
(Broughton et al. 1984, 1986), allowed identification of spe- Correlations between Nod factors and nodulation.
cies-specific nodulation genes (Lewin et al. 1987a; 1990; Although the concept of host specificity is nebulous, host-
Krishnan et al. 1992; Fellay et al. 1995a; Hanin et al. 1997; specificity of nodulation (hsn) loci, which are unique to spe-
Jabbouri et al. 1998). Correlations have been made betweemific rhizobia, direct the adjunction of unique groups to the
the activity of these genes, their effect on Nod-factor struc- core lipo-oligosaccharide Nod factors, and should thus permit
ture, and their ability to nodulate specific plants (Jabbouri et nodulation of certain legumes. For example, stem nodules on
al. 1995; Hanin et al. 1997; Quesada-Vincens €t987; Jab- Sesbania rostrata are only induced by Azorhizobium cauli-

bouri et al. 1998; Berck et al. 1999).
Some combinations of legume species that aré Wwith
NGR234 and Nodwith USDA257 have proven useful in €lu-

nodans, a bacterium that produces arabinosylated Nod factors
(Mergaert et . 1993). Host specificity, while not so stringent
in other legume-Rhizobium combinations, can also restrict the
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pool of possible microsymbionts to a few rhizobia. R. legumi-
nosarum bv. viceae, which nodulates P. sativum and some Vi-
cia spp., produces Nod factors in which the acyl-chain is
highly unsaturated (Spaink et al. 1991). Perhaps the clearest
examples concern M. sativa and R. méliloti. Wild-type R
meliloti Nod factors are sulfated {NodRm(IV,V)[Ac,S]},
while those of NodH™ mutants, which are unable to nodulate
M. sativa, are not {NodRm(IV,V)[Ac]}. Yet, NodH™ mutants
nodulate Vicia sativa subsp. nigra, which wild-type R. meliloti
is unable to do (Roche et al. 1991a). Although these results
are clouded by the varying phenotype of some NodH™ mutants
(Ogawa et d. 1991), they suggest that M. sativa requires sul-
fated Nod factors for nodulation while V. sativa does not tol-
erate them.

NGR234 and USDA257 represent the other extreme. As
shown here, NGR234 is able to nodulate more than 50% of all
legumes on which it was tested. Obviously, nod genes (and to
alarge extent, Nod factors) are involved in these varying pat-
terns of nodulation. At first sight, some genes seem to func-
tion like nodH. noeE, which is involved in sulfation of the 2-
O-methylfucose residue of NodNGR factors, is essentia for
nodulation of Calopogonium caeruleum (Hanin et a. 1997).
Gaps within the nod box promoter region and the 5’ end of
nodS of USDA257 render the strain incapable of nodulating
Leucaena diversifolia, L. leucocephala, and L. trichodes
(Krishnan et a. 1992). On the other hand, NGR234, which
possesses a functional nodSU operon, readily nodulates these
species (Table 1). Yet, at least three L. leucocephala isolates
exist (94A3, 94A4, and WBM16) that apparently lack nodSU
(Krishnan et a. 1992). This suggests either that N-methylated
Nod factors (see Figure 2) are not always necessary for nodu-
lation of Leucaena spp., or that another N-methyltransferase
exists that has minimal homology to NodS. Nevertheless, ad-
junction of the N-methyl group to NodNGR factors is per-
formed by the N-methyltransferase encoded by NodS
(Jabbouri et a. 1995; Geelen et al. 1995).

nodZ and its role in fucosylation of Nod factors present an
even greater paradox. All the usual G. max symbionts (B. el-
kanii, B. japonicum, R. fredii, but also NGR234) are fucosy-
lated (see Hanin et a. 1998). Teleologically, one would have
expected this fucose group (normally 2-O-methylfucose) to be
a requirement for nodulation of G. max. Mutation of nodZ in
the respective strains abolishes fucosylation of both NodBj
and NodNGR factors but not nodulation of G. max, however
(Stacey et a. 1994; Quesada-Vincens et al. 1997). Even more
puzzling is the observation that nonfucosylated NodBj factors
isolated from a NodZ~ mutant are unable to deform root hairs
of G. soja, a plant that nodZ mutants nevertheless nodulate
(Stacey et a. 1994). In fact, the only Nod~ phenotype ob-
served so far concerns NGRAnodZ mutants that are Nod™ on
Pachyrhizus tuberosus (Quesada-Vincens et al. 1997), sug-
gesting that fucosylated Nod factors are necessary for nodula-
tion of this plant. As mentioned above, NodRf factors are also
fucosylated (Fig. 2), and, on this basis, USDA257 would be
expected to nodulate P. tuberosus, but this is not the case
(Table 1). On M. atropurpureum, a NodZ~ mutant of B. ja-
ponicum displays a delayed nodulation phenotype (Stacey et
al. 1994), yet the same nodZ gene extends the host range of R.
leguminosarum to include M. atropurpureum (Lopez-Lara et
a. 1996). Mutation of nodZ has no effect on nodulation of M.
atropurpureum by NGR234 (Quesada-Vincens et a. 1997).
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Obviously, Nod-factor substituents alone are insufficient to
explain host range. Host specificity can aso be broken when
Nod factors are present above certain “threshold” levels (Ref
et al. 1994a). Probably, a complex interplay between the in-
duction ofnod genes by flavonoids, the excretion of variously
substituted Nod factors, the relative and absolute Nod-factor
levels, and feedback control of flavonoid accumulation
(Schmidt et al. 1994) are all involved in nodulation of the dif-
ferent legumes.

DISCUSSION

Broad host range.

To the best of our knowledge, the host-range spectrum of
individual Rhizobium strains has been the subject of only two
other extensive investigations. The first, and certainly the
most detailed, was that of Wilson (1939), who measured the
abilities of 32 soil isolates to nodulate 160 different legumes.
Broad-host-range rhizobia were found in both the Mimosaceae
(present day Mimosoideae) and Fabaceae (Papilinoideae). All
but two of the 32 isolates could nodulate more than 25 spe-
cies, and three were extremely promiscuous in their symbiotic
capacities. These includedRhizobium isolate fromAlbizia
julibrissin that nodulated 92 speciesRaizobium isolate from
Desmodium canadense that nodulated 93 species, and a pre-
sumed Bradyrhizobium isolate fromMucuna pruriens DC.
subsp. deeringiana (Bort.) P. Hanelt (=Sizolobium deer-
ingianum Bort.) that nodulated 105 legume species. Unfortu-
nately, these strains were not examined further and, as far as
we know, they have been lodBradyrhizobium sp. strain
CB756, which was isolated froMacrotyloma africanum (R.
Wilczek) Verdc. growing in Zimbabwe, is another broad-host-
range organism. Although widely available, it has been tested
on a relatively restricted set of legumes, for which only posi-
tively responding species were recorded (Diatloff and Date
1978).

A simplified comparison of the nodulation data available for
these four rhizobia plus USDA257 and NGR234 is presented
in Table 4. All six strains appear to be adapted for nodulation
of members of the Mimosoid tribégacieae, Ingae, and Mi-
moseae as well as the Papilionoid tribé&esmodieae, Genis-
teae, Robinieae, but especially théhaseoleae. Given the af-
finity of both NGR234 and USDA257 for tHeesmodieae/
Phaseoleae, it might have been expected that broad-host-
range rhizobia would have preferred hosts within these tribes.
Two out of the six strains failed to nodulafeunguiculata,
which is widely recognized as being promiscuous (Table 3;
Lewin et al. 1987b; Hernandez-Lucas et al. 1995). None of the
strains nodulated all plants, nor was any one plant nodulated
by all strains. Nevertheless, NGR234 nodulated more of these
“broad-host-range hosts” than any other rhizobia so far stud-
ied, and in this sense is the most promiscuous known rhizobia.
Perhaps not surprisingly, in view of the hypothesis that defects
in the host account for the lack of nodulation, none of the
promiscuous rhizobia were able to overcome the recalcitrance
of caesalpinioid legumes such Bauhinia, Caesalpinia, and
Cassia spp. to nodulate (see Allen and Allen 1981).

Molecular basis of broad host range.
Perhaps the most striking observation presented here is not
that both bacteria have exceptionally broad host ranges, but



that every plant that is nodulated by R. fredii USDA257 isaso
host to Rhizobium sp. strain NGR234. The antithesis is not
truec USDA257 only nodulates approximately 58% of the
NGR234 hosts. And this is the conundrum: if USDA257
nodulates an exact subset of the NGR234 hosts and excretes
an exact subset of NodNGR factors (see Figure 2), why can-
not Nod-factor requirements be assigned to specific legumes?
Obviously, correlations exist but they are far from perfect, and
Nod-factor levels dso play a role. Wild-type USDA257 se-
cretes only one fortieth the amount of Nod factors produced
by NGR234 (Reli¢ et a. 1994a). Perhaps a combination of
different levels of various Nod factors is responsible for the
nodulation patterns.

Another intriguing observation is that if only one of the two
bacteria forms an effective (i.e., nitrogen-fixing) association,
it is amost dways NGR234. The only exceptions to this rule
concern Apios americana, G. max, and G. soja, where there is
a reversa of the nitrogen fixation phenotypes. USDA257 is
Fix* while NGR234 is Fix". Again, the reasons for these dif-
ferences are not clear. Since nod genes are only expressed
early in the symbiosis (Fellay et al. 1995b), it is unlikely that
Nod factors themselves are responsible for the Fix*/Fix~ phe-
notypes. Rhizobia are known to possess genes that permit full
development of bacteroids and hence nodules (Wilson et d.

different between the two strains (Reli¢ et a. 1994b). Obvi-
oudly, similar nod genes direct the synthesis of comparable

Nod factors, and these are part of the molecular basis of the
nested host ranges. Still, this does not explain the evolutionary
pressures that lead to broad host range. Experiments with dif-
ferent Vigna spp. and cultivars showed that both strains are
more “cowpea-like” than bacteria (normally slow-growing
Bradyrhizobium spp.) of the “cowpea” miscellany. Hosts of
the “cowpea miscellany” that include a range of tropical and
subtropicalPhaseoleae andDesmodieae are also the preferred
hosts of both bacteria. In other words, two different bacteria
(USDA257 and NGR234) isolated from different genega (
soja and Lablab purpureus), at widely separated locations
(China and Papua New Guinea), and at least a decade apatrt,
acquired the ability to nodulate a group of Old World and
Central American plants (Doyle et al. 1997).

Whether the ability of plants to nodulate arose once or a
number of times during evolution is a matter of some contro-
versy. Sprent and Sprent (1990) and Doyle (1994) suggest that
it may have arisen several times within the Leguminosae. In
contrast, Solitis et al. (1995) wrote of “the likelihood of only a
single origin of the predisposition for root-nodule symbioses
in angiosperms . . ."—a radically opposed idea. Of course, our
limited data are insufficient to resolve this conflict, yet Figure

1987; Muller et al. 1995a, 1995b). Perhaps some of these dif-3 suggests that both NGR234 and USDA257 have acquired
fer between USDA257 and NGR234. Another possibility con- the ability to nodulate three distinct groups of plants, in the
cerns the presence of genes homologous to the type thre€aesalpiniodieae, Mimosoideae, and Papilionoideae. In the
protein secretion system (TTSS) in both bacteria (Balatti et al. Papilionoideae this ability arose early, and was maintained
1995; Freiberg et al. 1997; Gu et al. 1997; Viprey et al. 1998; through to theAmorpheae, Robinieae, Indigofereae, Phase-
Viprey et al.,in press). The TTSS is an essential component oleae, and Desmodieae. Once acquired, the capacity to sym-
of pathogenicity in both animal (e.gsalmonella, Shigdlla, biose with promiscuous rhizobia was apparently lost in only
Yersinia) and plant Erwinia, Pseudomonas, Ralstonia, and five tribes. Of these, it is difficult to draw conclusions on the
Xanthomonas) pathogens. Indications that genes encoding part Abreae and Adesmieae, since only one and two plants, re-
of the TTSS are present in USDA257 developed from the spectively, were tested. It seems clear, however, that tribes
work of Meinhardt et al. (1993). This and later studies showed P19 to P21 \(icieae, Cicereae, and Trifolieae) have lost the
that thenolXWTUV locus is responsible for the flavonoid- ability to nodulate with NGR234 or USDA257. Since the mi-
induced excretion (Krishnan and Pueppke 1993; Krishnan etcrosymbionts of these plants generally secrete fewer, less-
al. 1995) of at least five proteins (Krishnan and Pueppke modified Nod factors, albeit with polyunsaturated acyl chains,
1993). Mutation oholXWTUV has cultivar- and host-specific  this implies that narrow host range is a specialization that de-
effects on nodulation of certain legumes (Krishnan and Puep-veloped for certain plants in restricted niches.

pke 1994; Kovacs et al. 1995; Bellato et al. 1997). Sequence It is possible to argue that Figure 3, which is based on mor-
analysis of pNGR23# revealed that all genes necessary for phological rather than molecular data, does not present the
elaboration of the TTSS are present in NGR234 (Freiberg ettrue relationships between the tribes. Accordingly, we sought
al. 1997). Insertional inactivation of several of them abolishes molecular evidence of tribal associations, particularly those
not only secretion of two proteins, but severely alters their involving the crucial loss of nodulation that may have oc-

ability to nodulate Pachyrhizus tuberosus (Phaseoleae—
Glycininag and Tephrosia vogeli(Millettiea€e) (Viprey et d.
199). It is thus possible that protein secretion is an important
component of effectiveness in nitrogen fixation, and that dif-
ferences in either the TTSS machinery itself or the exported
proteins could help explain the variation in Fix*/Fix~ pheno-
types of USDA257 and NGR234.

Evolutionary implications.

It is even more difficult to explain the close genetic rela
tionship between USDA257 and NGR234. Rhizobium popu-
lations are often heterogenous (e.g., see Broughton et al.
1987), yet no essential genes were found when genomic DNA
of USDA257 was subtracted from that of NGR234 (Perret et
a. 1994). DNA sequence homologies even extend to the
nodulation genes. Only 19 bp of the 3.08-kb nodABC loci are

curred between th&alegeae and the tribeicereae, Trifo-

lieag, and Micieae. Unfortunately, although much sequence
data is now being published, it tends to deal with specific gen-
era rather than whole subfamilies. Also, as Doyle et al. (1997)
point out: “The chloroplast genome has provided . . . weak
support for many clades in the [ribulose-1,5-bisphosphate car-
boxylase/oxygenaseapcL tree suggests that data from addi-
tional genes will be required to construct rigourous hypotheses
from some groups [of the Leguminosae]” (words in brackets
have been added for clarity). In other words, it is not possible,
at the present moment, to replace Figure 3 with one con-
structed from purely molecular data. Nevertheless, Doyle et
al. (1997) present a molecular analysis of the tribal relation-
ships among the Papilionoideae. These are shown in Figure 4,
along with the capacity of the tribes to nodulate with NGR234
and USDA257. Although th€icereae were not included in
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Doyle et al.’s analysis, their data confirm our finding (Fig. 3) (e.g., Hippocrepis ciliata). When the radicals were approxi-
that the ability to nodulate with NGR234 or USDA257 has mately 2 cm long, the seedlings were planted into washed
been lost in temperate, herbaceous legumes (their observatiomermiculite held in Leonard jars of three different sizes. Ma-
that theGalageae did not give rise to thdrifolieae and Vi- genta jars (250 ml capacity) were used for small seedlings
cieaeis irrelevant to this argument). (Lewin et al. 1990), modified wine bottle assemblies (volume
It thus seems likely that symbiotic promiscuity is ancestral = 750 ml) were used for medium to large seddadhis, Vicia
to restricted host range. Support for this hypothesis comesfaba, etc.) (Broughton and John 1979), while Leonard jars
from the observation that NGR234/USDA257 also nodulate made from 2.5-liter laboratory reagent bottles were used for
Parasponia andersonii (Ulmaceae)Parasponia spp. are small extremely large seeds (e.gcastanospermum, Cynometra,
trees (up to 15 m high) that grow as pioneer plants in moun-Millettia megasperma, etc.). All plants were raised at a day
tain areas of Indonesia, Malaysia, and Papua New Guineaemperature of 30°C, a night temperature of 20°C, and a light
(Akkermans and van Dijk 1981). In other wor@syasponia- phase of 16 h (including a 1-h stepped “sunrise” and a 1-h
Rhizobium symbioses evolved in NGR234's habitat. As there stepped “sunset”). The intensity of illumination was 350 YE
is a direct correlation between solar energy input and speciess? m?2 PAR). Germinating seeds were inoculated with ap-
diversity (Roy et al. 1998), tropical regions are probably proximately 1 x 10 log-phase cells of one of the bacteria
driving evolution. In this scenario, bacteria like NGR234/ listed in Table 5 at planting (Pueppke 1983) or upon estab-
USDA257 would have been the first to intimately associate lishment (Lewin et al. 1990). Given the large number of leg-
with legumes. umes involved, and the paucity of information available on
Exactly what symbiotic genes, and therefore Nod factors, their rhizobial requirements, it was not possible to include
were necessary for these ancestral interactions is not apparemgositively nodulating controls for all plants in the experimen-
from the present data. Clearly, those additional Nod-factor tal design. Rather, with the exception of tkiedicago and
substituents that NGR234 produces but USDA257 lacks areVigna spp., we simply asked whether either of the test bacteria
like “baroque” decorations—they enhance the general appealcould nodulate the plants listed in Table 1 (noninoculated
of NGR234, but they are not necessary for basic promiscuity. plants served as negative controls). Since the rhizobial re-
Enzymes encoded biyodS (the N-methyltransferase)yodU quirements oMedicago andVigna spp. are well known, and
(the 6O-carbamoyl transferasenolO (the 3- [or 4-]O- as many species were tested, positive controls were inoculated
carbamoyl transferasefolL (an acetyltransferasehoeE (a with R. meliloti RCR2011 and. japonicum USDA110, re-
sulfotransferase), andoel (a 2:O-methyltransferase) simply  spectively. Each experiment was replicated, with one to 10
extend an already broad host range. Insertional mutation ofplants per treatment, depending on the availability of seeds
nodZ, which encodes the fucosyltransferase, suggests that it isand the size of the seedlings. Most nodulation experiments
also a “baroque” gene, since the mutants are only” Nod were performed at least twice. Plants were grown until the
Pachyrhizus tuberosus (Quesada-Vincens et a. 1997). “controls” displayed clear symptoms of nitrogen deficiency
If this logic reflects evolution, then the ancestral Nod fac- (yellowing of the leaves, stunted growth), which varied be-
tors were simply oligomers of chitin (probably trimers to tween approximately 1 and 6 months, depending on the size of
pentamers), N-acylated with a C18 fatty acid, and were able to the seeds and the initial growth raf@egmodium and Cas-
nodulate many plants. Modifications followed that in the case tonospermum represent the extremes). At harvest, the roots
of NGR234 alowed it to nodulate even more plants. Northern were examined for the presence/absence of nodules. Plants

migration of USDA257 was accompanied, however, by point
mutations and genome re-arrangements that restricted its host
range. Such changes, when they occurred in the nodSU op-
eron, for example, deprived USDA257 of the ability to secrete
N-methylated and 6-O-carbomoylated Nod factors, and thus
the capacity to nodulate Leucaena spp. (Krishnan et al. 1992).

MATERIALS AND METHODS

were listed as Nodwhen there was no apparent response to
inoculation. Nod* was used to describe outgrowths/nodules
that, irrespective of the interna structure, lacked |eghemoglo-
bin. Fix* nodules possessed organized internal structures and
bacteroids. Mature Fix* nodules were red in color, fixed nitro-
gen, and caused the leaves to green.
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