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FIG. 2. Uniaoculated infation site of S. rustmru. 
The md primordium h a y s  potrudes through the 
cpidamis. forming a fissure Chl a n  be a u h u e n t f u  
invaded by rhizobia. Ihe hr rcprcxnu 25 m. From 
DuhW and Dreyrus (13). 

Subgroup 1 comprises species with the most 
evolved root primordia. as susceptible to infec- 
tion as those of S. rosrrato. A.  ofrospero is of 
this typc Fig. 1B) 0. Alazard and E. Duhoux, 

S u b m "  2. which can bc considerrd ai inter- 
I : unpublished data). 
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mediace &tween subgroups 1 and 3. comprises 
species with root primordia less developed than 
those of subgroup 1. The root primordia scarcely 
penelrate the epidermis and arc often located in 
the center of lenticels. Two typical species of 
this subgroup arc A.  scobra (14) and A. indicu 
(14; Alazard and Duhoux. unpublished data). 
Their roo( primordia arc S h i  accessible to Rhi- 
robium infect&, and these species nodulate. 
though kss readily thao S. rostrofa or A. clfro- 
spera. A. poniculata and A. sensitivo (14. 28) 
probabty also belong to Ihe same subgroup. Likc 
A. scobro aad A.  indica. A. paniculora was 
reported to have lenticels (28). 

Subgroup 3 comprises specks with rhc least 
evolved root primorda. Two typical species are 
A. crossicoulü and A. claphroxylon (Fig. 10. 
the latter species being'an aquatic tre+ (26: 
Al& and Duhoux. unpublished dam). In 
these species, stem nodules lire restricted to the 
lower and submerged section of the stem. where 
the conditions break the dormancy of the moi 
primordia and induce their development inro 
adventilkus mois susceptible to rhuobial infec- 
tion. 

In contrast to S. rosfrato and all the Aeschy- 
nomcnc species mentioned above, the nodula- 
tion sites of N. olrracca M located only in thc 
vicinity of the stem nodes. When the plant grows 
on drained soils, the moi primordia remain 
emkdded in rbe stem cortex and no noduks arc 

formcd. When N. derocea gmws in watuloggcd 
d s .  the stems h a t  at the surface of the water, 
and the root primordia p i a c c  the stem epidermis 
and develop into typical adventitious roots. 
-arc then suxeptible to infedon by Rhizo- 
K m  sp. Nodules an usualty found at the base 
of these llxxs (Fig. ID). 

Thus. diBcrenccs in the structure otthe nodu- 
htion site appear to explain the variations ob- 
.-ed in rhc stem-nodulating ability of difkrent 
species. Stem-nodulating legumes form a contin- 
uum between those with Ik most developed 
mot primordia k g . .  those ofS. rostrota and A.  
ojïaspero) and chose with thc kas1 evolved ones 
(thme of A. elophroxylon and N. derocco). 

STEM INFECTION BY RHROBIlJM SP. 
Xoot nodulation has bem very well docu- 

mcnted (e.g.. in Dan's cxcelleoÍ review 181). but 
it is only recently that studia on stem nodula- 
tiar have been initiated. Since these investiga. 
lions conccmcd mainly S. " o r o  (27) and little 
is b w n  about th+ infcaim process in ACS- 
c h p h " e  and Neprunia spxies. the present 
discussion will bc devoted mainly lo the devel- 
opmnt of stem nodules in S. rosrruru. 

Before dealing with this spccific topic, it is 
ncasary,to review briefly our current knowl- 
edge on the ¡n¡htion of root nodules. Two 
diacrent types of root infection by Rhizobium 
sp. have been reported for root nodules. In most 
kgmnes, especially tcmperalc legumes, the in- 
fedon process starts in root hain. with the 
formation of an inktion tbrud. The infenion 
Uucd containing the Rhizo6ium EUS passes 
tbnmgh the root hair into the mot cortex. After 
tbc ïmfection threads have mered  the meriste- 
matic cells of the cortex. the rhizobia are re- 
kavd into the c);loplasm oftbe host cells (8, 
22)- The second type of root infection observed 
i0 t few InpiUr legumes. such as Arochis 
h m o c a  (6). s(aN by direct ~ e r c c l l u l u  inkc- 
tion The rhhobia penetrate a the kicd  root 
junctions between the basal 03s  of root hain 
lad prolierate between these cells. forming 
interrellular zones of infectioa. ?his intercettu- 
lar pbase is followed by an intmzcllular invasion 
which starts with the i n v a g i "  of the plant 
C a  vall. Infection threads are not formed. ?he 
htrkxllular infection then develop by succes- 
sive divisions of bost cells, rvizb each daughter 
cell receiving the rhizobia (1. 6). Similar to the 
hockis type of 'hfe*ion is tbai of SIylosonrhzs 
O. where direct cell invasion occurs but rool 
hairs UT not involved and ; M u  do not form 
mtaccllular zones of infection as in A. h y p  
xoeu U). The Arochis and Sfykasonrhes (both in 
the a m e  lnbe as Acschynomerrc) types of infcc- 
tion tbus differ from the typical tempente k- 
gume infection by two chanaCrS. absencc o( 
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mol hair peneawn a d  absence of infectinn dboibutcd i t  random along the stem and 
chrrsdS. bna&cs. h t  seems to play a significant role in 
In S. rostrm(Z7) thcrffizobia reach the base tbc nojulation of stems, as plants that grow 

of root primadilw lhroogh thc fissure encir- JmJ dirt mads arc generally m m  nodulated 
ding it. This h u r e  provides an optimal micro- tba ahcr planou. Other vectors that may be 
environment for ibe apprqniau spcciKc Rhiw -I i& insects and raia Since only 
bivm sp. whcbcdonizesi  N@lcgcncsis then uxœ of the nodulation sites am spontaneously 
consists of thrp distinct stages. hf¿c&d. the number. and consequently the tocal 

O Intcmil- Thc rhizobiu pene- 
trate the intcrPllubr spacc ofthc Toot primordi- 
um basal cek *re tbey multiply in krge 
numbers. f o e  pockets cf infection (Fig. 3). 
At the same time. diffumtiatioa of some cor& 
cal cdls of the pod primordium occurs through 
an activating mochanisra which is still not 
known. The rratting " a t i c  cells arc rhea 
infacd by thc mizobia No root hairs have 
b a n  observed &her in tbe fissure oron the root 
primordium. o Devdopnrat ar Infedion thrt.dr The large 
intercellular wets (up to 50 Rhizobium cells 
wide) progc&ejy get oarrower and narrower 
in a funnel-like manner, d i n g  in an infection 
thrr?d (one or twoocells wide) which divides and 
pcnemtes the meristematic cells. 
0 IntradUar infection. Rhizobia arc re- 

leased from tbc infection threads into the cell 
cytoplasm and are prompriy individually sur- 
rounded by themembrane envelope (Fig. 4). At 
this stage (4 u 5 days ?&r inocikition), the 
rhizobia (then slbr bacteroid sfage) begin to fu 
Nx Symbiotic*, m d  tk ~ U I C  exhibiu the 
red color chararteristic ofleghemoglobin. Bac- 
tcroids which K origidty alone in the mcm- 
b m e  envelopehta divide so that there can be 
up Io 20 Rhizdiren cells pa membrane enve- 
lope (11). The mode of infaion of S. rosrrata 
stem is thus ulisuc among tbc known leaumes. 

arrigbt, of stem n+utcs varies from oie plant to 
~ . I n o c u h h n  g the stems greatly increases 
tbc nomkr ml weight of stem nodules of S. 
mmnta. so tbrt neatly all the nodulating sites 
Prr Dodulatcd (Fq. U). 

JnocuIation OrAeschynomene sp. of subgroup 
1 always ~suhs in significant improvement of 
noduhion. RcpeUcd and heavy inoculation is 
requbrd for %"um nodulation of Aeschy- 
nonune sp. dnrbgroups 2 and 3. 

MATURESIEM NODULE AND ITS 
LEGHl3lOGLOBlN C 0 " T  

Two days dm stem inoculation, there arc 
stntaural changa in the root primordia of S. 
rostrata (27). Withiill week, one can recognize 
the typical morphology of nodules and detea 
acctykne sul!" activity (11). Stem nodules 
of S. rostrata M generally spherical. sometimes 
&gular. Ex- for their gmn chloroplast- 
containing cortex. they resemble typical round 
or oval root d e s  found on Glycine mar or 
Vigna unguiculara (11). Their dLameter nngcs 
from 0.3 to 0.8 an. and they arc easily detach- 
able from the stem. In conIras1 to stem nodules, 
root nodules appear elongated, with an apical 
meristem. Plants ofS. rostratu 3 to 4 m high can 
bcarncmnodulesofup to40goffreshweight(S 
g of dry weight), whereas the fresh weight of 
root nodules reaches only 2 to 4 I! mzr ulant. 
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as Î I  involves baih ad inI&Udar invasion by 
Rhizobium sp. &dar to Unt of Arachis hypo-:? kd toappearwilhina days (A. scabra) or 12 days 
gara (6) p d  mC devekpment of infection , (A. demiCuha. A. indica. A.  pratensis. A .  ru. 
threads as II1 tcapcratc legumes. dis. ml A. evenia) after stem halat ion (14). 

In several Acrckfnomene species lhe mode of Stem nodules of Aeschynomenc arc usually el- 
infection seems ?o be rciarcd more to that of lipsoidal (ca. 4 by 5 mm) or sphcrical(3 to 7 mm 
Sglasanthes sp.fhan to thai ofhachis sp. since in diameter). They form more or less prominent 
Mither root kirs nor infedon threads arc swellings under the stem epidermis and are not 
found, and the lhizobia are spread by cell divi- easily detached from the stems. The dry wcight 
sion after direct ~ r c e l l u l u  infection (2,21). of stern d u l e s  of A. scabra can mach 0.5 g per 

In N. oferaas, according to Schacde (U), plant 04). 
nodules arc fomed h m  infeaon threads ïNI¡- Stem nodules of N. olcracea am elongated as 
a e d  at the base ofadventitious roots. No root a resuh of the presence of an apical meristem . 
hairs are found. The mode of infection in N. and measure up to 12 mm long. Unlike other 
deracca could tms be similar to that of S. stem aodulcs, those of N. olcracea do not 
roslrata. harbor chloroplasts in their cortex. 
The question bas bem nised as to whether Ia S. msfrata and Aeschynomene spp.. the 

rhizobia could nach the nodulation sites from green cortex with chloroplasts--rids the 
thc mots via tk s e m  vascular bundles (17). red-pigmented central zone. As expected. the 
Such M infectka bas never k e n  found. nt of stem nodules was &own to be 

In nature. ndoIation sita o f  S. rosiraie are E t s o b i n  (R. P. Ltpocki. A R J. Eagle- 
irregularly i n f d  so that nodules appear to be sham, .od A. A. SAY. fn A. Publcr. ed.. 

In Ae&ynomene spp;, nodulèiwerë report-' 
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FIG. 3. Intercellular infection in S. rosirafa. Multiplicatiw drbirobir IRh) in inlrrCrnular spm between 
lhe baral c c b  of tk root primonlit" The bar mprnentr 3 w lMicrograph kindly supplied by K C. Tskn.) 

fiofcedings of the First International Sympo- press). tbere are two distinct mdccubr  species 
sium on Molecular Genetics of the BacteM- of kgkmoglobin. designated tbp and Lbß. 
h n t  Interaction. in press: D. Bogusz. personal Stem and root nodules of A. scabro contained 
Communication). In A. srabra ( L q c r k i  et al.. in the same amount of Lbu. but Lbß u;lz suhstan- 
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FIG. 4. Inrsrtlukr infmion in S. rosiraie. lnterccllular infection threads I I I 1  penetrate imo the host cclls 
where the v a r e  r e k d  and immediately enclosed in the membrane cnvelope IMei. Thc t e r  represents 5 
m. Fmm Tap CL al. C ~ L  

tially more aamdant in sem nodules. Recently. 
Bogusr(perwpa) commrmication) found that the 
kghemoglobb &om stem nodules of S. rosirora 
was compoad Orfour Merent  molecular spe- 
cies. wherra xhat of root nodules was com- 
?sed of o& thrcc. Three root molecular spe- 
ctes were c- 10 Stan and root nodules. and 
the s u p p l ~  founh molecular species 
(called 1IIS)was spec ik  to the stem nodules. 
The differ- m le&awdobin composition 

between stem and root nodules d both S. ;os- 
frara and A.  scabra might be in relation to the 
increased oxygen level resuliing tÎum the photo- 
synthetic activity in the cortical lissues or stem 
nodules. 

-%¡trogen fixation by stem ncdldts of A. sra- 
bra and S. rosfrufa was measured by the acety- 
lene reduction method (181. The g i f i c  activity 

.* h?mRoGm m.mox 
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of nem nodules was’wry similar in the tw: 
species, 259 pmol of C& g-’ (dry weight) h- 
for S. rosfrafa (Il) and 270 mol of CzK g-’ 
(dry weight) h-’ for A. scabra (Legocki et al.. in 
press). Thcse activities arc comparable to lhov 
of mot nodules of other legumes such as  soy- 
bean (20) or cowpea (3). When expressed on the 
whole plant basis, acetylene reduction activity 
was 600 and I65 pmol of C2H, per plant pcr h in 
S. rosfiara and A. scabra. respectively. ?he 
higher activity found in S. rosirafa is easily 
explained by its greater size at the time of 
evaluation of acetylene reduction activity. Ni- 
mgcn furation by field-grown S. rosfrafu was 
shown to be about 200 kg ha-’ for a period of 7 
weeks (24). indicating that this is OM of the most 
powerful nitrogen-fixing legumes. Because of 
this potential. S. rostiara has been successfully 
used as green manure in paddy fields in Senegal, 
increasing the rice p i n  yield two- to threefold. 

Combined nitrogen is well known to affea 
nodulation and nitrogen fixation of root-nodulat- 
ed legumes. through processes that are not yet 
fully understood except perhaps for infection. 
which is known to te locally inhibited by N4- 
(23). When grown in the presence of combined 
nitrogen (6 mM) in hydroponic solution or 200 kg 
of N ha-’ in soil, stem nodulation and related 
nitrogen fixation were not affected. whereas roo( 
nodulation was completely inhibited (9). Higher 
concentrations of combined nitrogen (10 to Is 
mM) did not reduce the number of nodules but 
did d e a  their weight and nitrogenase activity 
(G. Rinaudo, personal communication). Similar- 
ly, Eaglesham and Szalay (14) found that. in A. 
scabra, N concentrations of 17 mM did not alter 
the number of nodules but strongly inhibited 
their growth and nitrogenase activity. Other 
Acschynomcnc species appeared to be less t o b  
ant to combined nitrogen than A. scabra, since 
m nodules were found when the same concen- 
tration (17 mhf) was uscd (14). 

The threshold of tolerance to combined niuo- 
gen thus appears to be much higher in S. ros- 
frafa and some other stem-nodulated legumes 
lhan in legumes that have only root nodules. 
This characteristic confers to these stem-nodu- 
ktcd legumes a specsc agrohomic advantage. 

’ STEM-NODULATING RHIZOBIA 
H M  sped&ity. Since we never found any 

cross-inoculation berwccn rhizobia nodulating 
stems of S. msfrafa, Acschynommr spp., and 
N. olcracca. we propow to ckssify the stem 
riodulahg strains according to their host relat- 
edness. 
S. mstmra p u p .  R h i i  from S. roslrara 

stem nodules (type strain ORS5711 arc fast 
growers (geneation time. 3 h) but exhibit many 

physiological characteriaies of the cowpea 
group (Garcia et al.. in pepamtion). 

Aeschynamcne group. From a study of 15 
trop7&4 strains of rhizobh isolated from stem 
nodules of different Aeschpomene species. Ala- 
& and Dreyfus (5th lot. Symp. Nitrogen Fixa- 
don. 1983) suggested thp the Aeschynomenc 
a b i a  be classified into b e  subgroups. 

Subgroup 1 contains rhizobia isolated from A. 
aJ5asprra. which seem to have a narrow host 
nnge since they were found to effectively nodu- 
Me only A. afraspcra. 

Subgroup 2 contains rhizobia from A. indica, 
A. schimpcri. and A. scdtivva. which form a 
rehtively homogeneous cross-inoculation sub- 
group. Strain BTAil, isolatcd from stem ncdules 
dA. indica (Legocki et al- i0 press). probably 
belongs to this subgroup. Strain BWil. a fast- 
growhg Rhizobium strain. sra5 shown to be an 
“ m e d i a t e  type ofRhizc&wn sp. with charac- 
taistics of both fast and sknv growers (M. D. 
Stowen and A. R. 1. J3iglCzbam. J. Gen. Micro- 
bioi., in press). 

Subgroup 3 contains rhizobia from A. cluph. 
-Ion and A. crassicaulù. probably related to 
th+ cowpea group. since h y  are typically dow 
growers (generation time. 10 6) and ekctively 
nodulate lhe roots of Macruprïlium afropurpur- 
eum. the test host for the forvpea rhizobia. 

This classification of Acsdrlnomcnr rhizobia 
Ms reasonably well with the classification or 
thir hosts of origin based on& structure of the 
infenon site. 
iVcpt” group. The N w n i a  rhizobia are 

fast growers and probably arc closely related to 
R mclilori since they nodulate alfalfa, though 
Mcctivcly.  and they contair, a megaplasmid of 
Ibc same size as that’of R. meIflari (C. Roscn. 
bcrk personal communicacim). 

Root-strm spedfidty. In S- msrrafa. two types 
d mains have been i s o l a w  stem-nodulating 
stnins (called stem smins), capble of noduhi- 
hg both stems and roots. and root-nodulating 
maiPr (called root suah). which nodulate only 
mou (Dreyfus. unpublished daCr). Both types 
are fast growers. but according to a taxonomic 
study (Garcia et al.. in prepamion). stem strainr 
arc doser to the cowpea rhi2obia than to h 
TOO( strains. These nsulu -st the involve- 
ment of specifìc stemnoduking genes in Ihc 
stern strains, but to &te t k  is no informar+ 
on what these genes might mecde for. Since 
~ l c m  nodulation is dependeat 00 the presence of 
nms (as dormant mot primodá). this mobstem 
specificity is surprising. Funkmore. this specï- - seems to be resuicted toS. rosmata. s ina  
it kas not been observed in otba stem-nodulated 

rbbbia. For many years. if - thought Ihc 
%e”-axt.p grotrth d t)w *III-nodula~ 

P -  A’. 




