
Developmental Biology of a Plant-Prokaryote 
Symbiosis: The Legume Root Nodule 

The development of nitrogen fixing root nodules on the 
roots of leguminous plants is induced by soil bacteria (for 
example, from the genus Rhizobium). The formation of 
this plant organ involves specific activation of genes in 
both plant and bacterium. Analysis of these genes gives 
insight into the way in which plant and bacterium succeed 
in coordinating plant development. 

A M A J O R  FACTOR I N  T H t  ECOLOGICAL SL1(;CESS O F  MEhIHEKS 

of  the pl,~nt f,lniily L2cguminos,1e is their abili? t o  enter a 
henefici,ll relationship with soil bacteria of the gcncra 

l i l ~ i ~ o l ~ i ~ ~ r r i ,  Hiz~tiyr/~r:ol~rriii~, o r  .4:oi./irzo11rrrrii. In this ,~ssoci,~tion, the 
bactcri,l induce the p lmt  t o  de~,c lop ,I ncn. plant organ, the root 
nodulc. IZ'ithln this nociulc, the ecological niche required for 
fis,ltion of  atmospheric nitrogen by the bacteria is created, thus 
rcnilering the pl,lnt indepcncicnt of  soil nitrogcn ( 1 ) .  

Leguniino~ls root nociulcs arc by far the largest sole source of  
orglnic nitrogcn in the glob'll nitrogcn cycle. '4s earl!. ,IS in mcient 
Rome, the soil-enriching cluali? of  I c g ~ ~ m c s  \v,ls rccognizeci. ,111d 
s!rstcnis of  crop rot,ltlons lvcrc ilcvclopccl that ~ l scd  Icgumcs for 
green m a n ~ ~ r i n g  (2) .  R \  the 18th centul?, these s!.stcms had grc,ltly 
incre,lscd Europe's ,~gricultural productivi?, and they arc still in use 
in large arc,Is of  toila!'~ world. Synihiotic nitrogen fi\;,~tion has 
al\\.~ys attractcci a great cle,ll o f  basic research interest, but rcccnt 
aci\.anccs i l l~~st ra te  tli,~t thc stud\. of  root nodulc dc\.elopment rn,l!. 
be attracti\,c beyond its economical and environmental rcle\,lncc; 
this system is likely t o  co~ltributc consicierably to  our  ~lndcrstancling 
of  plant dc\,eloprncnt in general. 

. . 
Combined ctforts of  cytologists, p lmt  physiologists, gcnetlclsts 

,~nd  molecul,~r biologists have given insight into the proccss of  
~ ~ o d u l c  forni,ltion anti f~lnction (.?-Xi. In short, a p.lrt~cular (B~iltiy) 
Kl~i:c~i~ir~rii species is ~ h l c  to  interact \vith one o r  ,I limiteci nurnher of  
Icgurnc species. Rhizobi,l att,~ch to  the roots of  their host and cause 
a ch,lrL1ctcristic curling o f  the host's root h,lirs. The rhirobia tlicn 
in\,ade the pl,lnt by \\.,I!. of  a ncnl\r forrneci tube calleci the infection 
thread. hleannhilc, cclls in the root cortex s t m  to  diviilc and form 
the nociulc primorilium (Fig .  1 ) .  Infection t h r e d s  enter individual 
primorilium cclls, ,111d hactcri'~ are rclcaseil from the infection thre,ld 
into the cytoplasm of the t'lrget cell. Bacterid then ditferenti'lte into 
their endos!~nibiotic foriims rcferrcci t o  a b,lctcroids, and hcgin to  fix 
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'To \\horn corrc$p(~n~ic~i~.c \hould he ~cidrc$sed 

nitrogcn h! thc dction of the cnL\.me nitrogcn<~se, ,I proccss thdt is 
assisted h!. the m o r p h o l o p   nil phy51ology of the root nodule. 
Ammonia is transported from the bactcroids to  the pl,lnt c!.toplcisrn, 
\\,here it is clssin~ilc~tcd , ~ n d  then transported to  other p a t s  of  the 
plant. 

Identific,ltion and analysis of  pl'lnt and baitcri,~l gcnes that ilircct 
nodulc forrn'~tion , ~ n d  f~lnction Ii,~\-c progrcsscd t o  ,I point n-here 
thcsc processes can be dcscribeci in con~ic ier~~ble  ilct,lil at the 
molecular Icvcl. The  relati\-c c ~ s c  b!. n.hich the "prokanotc induccr" 
can be s t~ldicd and man ip~~ la t cd  otfcrs ,In c~pcrimcntal  ,~ppro,lch to  
eluciil'~tc sign,~l-rcsponsc path\\ ays invol\.cd in plant cell division 
and ditfcrcntlation iluitc ~ ~ n l i k c  ,111\. other plant ilc\,clopmcnt,~l 
process. 

In this rcviclv, I\-c \vill conccntr~tc  on  the developmental ,~spccts 
of root nodule formation , ~ n d  the molecular interactions t h ~ t  guide 
this development, r,ltlicr than g o  into det'11ls of  s!.mbiotic nitrogcn 
fis'ltlon. IZ'e \\-ill ilcscribe the gcncs of hot11 partners t h ~ t  have bccn 
found to  be in~por tant  for nodule de\.clopmcnt mi l  function. \'\'here 
pos5ihlc, \vc \\.ill refer t o  one of  the m~lin\. rcvicn.s ,111d monographs 
a\.'~ilablc, in n.hich the rc,~iler can find an c.xh,i~~sti\ c co\.erage of  the 
priman- l i tcra t~~re .  

Plant Nodulin Genes and Bacterial 
Nodulation Genes 

Specific cspression of  p l m t  anii b'~ctcrldl genes accompanies the 
cievclopmcnt of  the symbiosis. The  idcntific,ltion of thcsc gcnes is 
therefore ,I prcrcilnis~te for insight into root nodulc de\,eloprnent 
,lnd the undcrl!ing comniunic '~ t io~~ benvccn b '~c te r i~~rn  anil plant. 

The plant proteins t11,lt ,Ire specific'11ly formcci ciuring the  form,^- 

tion and function o f  ,I root nodule ,Ire c,lllcd nodulins ( 8 ,  91. In '111 
Klii:~l/~rrrrii-legunic symbioses es,~mineci, nodulin gene c\prcssion 1~1s 
been firmly est,lblisheci cithcr b\. c o n ~ p ~ ~ r i s o n  of  in vitro tr'lnslation 
p ~ ~ d u c t s  from noilulc and root m R N A  or  b\. the isolation of  
nodule-specific c D S A  clones ( 10). The noilulin gcnes ha\.c been 
opcration,llly defined as earl!. ,~ncl ldtc nodulin genes ,~ccording to  
the tlming of  their expression during noilule dc\,clopment (8 .  10). 

The 1,ltc nodulin genes comprise a large group of  genes that arc 
csprcsscil around the onset of  nitrogcn fi\;ation. [,ate nodulins aid in 
the function of  ,I root nodule b!. crc,iting the physiological condi- 
tions recluireci ~vi th in  the nodulc for nitrogcn fix,ltion, ammoilium 
assimil~~tion, ,111d transport. Among the identified latc nodulins are 
the Icghcmoglohins, ~ ~ r i c ~ ~ s e ,  m d  subunits o f  sucrose s\.nthase and 
glutaminc synthetase ( 8 ) .  I n  terms of ile\ clopmcnt. I'xe n o d ~ ~ l i n s  'Ire 
truly late, bec,~u\c the full nodulc 5tructurc \vith all its defining 
ch'~ractcristics 11'1s dc~.clopcd bcforc latc nodulin gene csprcssion 
becomes dctcct'~ble. Althougll late noclulin gene espresion n.ell 
be regul~tcd b\ rhizobi,~l signals, such signals need not be related to 
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Fig. 1. Schematic representation of 
the three processes induced by 
Rhizobium in legume roots. (1) root 
hair deformation and curling, (2) 
infection thread formation, and (3) 
mitotic activity in the root cortex. 

the signals that trigger the formation of the nodule organ. 
Relatively few nodulin genes have been identified that are ex

pressed in the developing root nodule well before the onset of 
nitrogen fixation. The proteins from these early nodulin genes are 
most likely involved in the infection process and development of the 
nodule structure. Most early nodulins are highly proline-rich pro
teins, and may therefore be cell wall components (8). The induction 
of plant cell differentiation and of early nodulin gene expression is 
most likely under control of the bacterial partner. 

In numerous Rhizobium species, genes involved in establishing an 
effective symbiosis have been identified with the use of transposon 
mutagenesis, complementation analysis, and other genetic tech
niques (7, 11, 12). In the fast-growing Rhizobium species, most of 
these genes are located on large plasmids (pSyms), whereas the 
slow-growing Brady rhizobium species carry7 these genes on the bac
terial chromosome. Genes essential for the process of nitrogen 
fixation include m/and fix, among which are the structural genes for 
nitrogenase (13). Despite the intrinsic importance of these genes for 
nitrogen fixation, nif and fix mutants are able to induce the 
formation of root nodules in which all nodulin genes are expressed 
(8) and with a morphology like that of nodules induced by wild-tvpe 
Rhizobium. Apparently, nitrogen fixation is the result of and not a 
prerequisite for nodule development and nodulin gene expression. 

The rhizobial genes required for nodule formation and nodulin 
gene expression include the nodulation (nod) genes, several groups 
of genes concerned with the structure of the outer surface of the 
bacterium (the exo, Ips, and ndv genes), and a number of less well 
defined genes (8, 12). Formal proof for the involvement in the 
induction of the expression of early nodulin genes has only been 
demonstrated for the nod genes (8). Upon transfer of the nod gene 
region, the recipient non-nodulating Agrobacterium gained the ability 
to nodulate. The nod gene products, therefore, are the most likelv 
candidates to be signals eliciting nodule development. 

The nod genes fall in three classes, common, host-specific, and 
nodD. The common nod genes include, among others, the nod ABC 
genes that are found in all rhizobial species. The common nod genes 
of different species are structurally very similar and functionally 
interchangeable (7, 12). Mutations in the nodABC genes abolish 
completely the ability to nodulate, which underlines their pivotal 
role in nodule development. 

The host-specific nod genes determine the specificity of nodulation 
on a particular host. Upon mutation of such a nod gene, nodulation 
is delayed or reduced, or the host range is altered. Host-specific nod 
genes are not functionally interchangeable between rhizobial spe
cies, despite a sometimes striking sequence conservation between 
the respective genes (11). Although sequence homologies and 
protein analyses of Nod proteins hint at a diversity of functions, 
conclusive evidence for any biochemical function is lacking (12). 

The third type of nod genes is nodD (7, 12), of which some species 
carry multiple copies. The nodD gene is the only nod gene that is 
constiaitively expressed in both the free-living and symbiotic states 
of Rhizobium. In combination with flavonoids excreted by plant 
roots, the NodD protein probably acts as a transcriptional activator 
for all other nod genes, and the gene is as essential for nodulation as 
are the common nodABC genes. Because the NodD protein of a 

particular Rhizobium species proves most responsive to the fla
vonoids excreted by its homologous host, NodD also contributes to 
host specificity. 

Root Hair Deformation and Curling 
The first microscopically visible responses of the legume upon 

contact with Rhizobium are deformation and curling of root hairs 
(14). Rhizobia interact with almost all the young emerging root 
hairs, but only —25% of the root hairs actually curl. Computer 
simulation studies suggest that the curling is caused by local 
stimulation of growth of the root hair tip, rather than by inhibition 
of growth (14). Even at this early stage, nodulation is host-specific, 
because as a rule only the homologous Rhizobium causes deforma
tion and curling. Because Rhizobium is chemotactic towards the 
flavonoid able to induce nod gene expression (15), host specificity 
may even be manifested in the rhizosphere before plant and 
bacterium visibly interact. 

Plant gene expression correlated with deformation and curling is 
difficult to approach experimentally. Only in one study have changes 
in the expression level of two plant genes been demonstrated (16), 
and no plant genes have yet been analyzed in further detail. 

With respect to Rhizobium, it was shown over 20 years ago that 
the physical presence of the bacterium is not a prerequisite for root 
hair deformation (17). More recently, it was shown that sterile 
culture filtrates of rhizobia grown in the presence of root exudate or 
nod gene-inducing flavonoids contain factors that cause root hair 
deformation. Genetic analyses indicated that the presence of func
tional common nod genes is required for the production of these 
extracellular factor (7). Recently, Denarie and co-workers have 
purified an extracellular compound excreted by the alfalfa symbiont 
R. meliloti and elucidated its structure (18). This compound, 
NodRm-1, is shown by chemical analysis to be a sulphated p-1,4-
tetrasaccharide of D-glucosamine, in which three amino groups are 
acetylated and one is acylated with an unsaturated C16 fatty acid 
chain (Fig. 2). Because the functionally interchangeable common 
nod genes are involved in the synthesis of NodRm-1, it is likely that 
deformation factors produced by other rhizobial species will have 
features in common with NodRm-1. 

NodRm-1 is only excreted when the common nod genes and a 
host-specific nod gene (nodH) are functional and the R. meliloti 
bacteria are grown in the presence of the nod gene-inducing 
flavonoid luteolin. Addition of purified NodRm-1 to alfalfa roots in 
a concentration range of 1 0 - 8 to 10 - 1 1 M resulted in root hair 
deformation, whereas no deformation was observed when this 
compound was added to vetch roots (18, 19). A R. meliloti nodH 
mutant is unable to cause root hair deformation on alfalfa, but does 
induce root hair deformation on vetch. Analysis of the nodH mutant 
shows it to be defective in NodRm-1 production. Instead, the 
mutant excretes a more hydrophobic factor, NodRm-2, that, in 
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Fig. 2. Structure of the NodRm-1 factor that is excreted 

2,5 by the alfalfa symbiont R. meliloti upon induction of the 
CH3 nod genes (18). 
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pur~fied form, causes root h x r  deforrn.lt~on on vetch but not on 
.~lfalfa The structure of NodRm-2 IS ~clent~c.ll to NodRm- 1, except 
for the presence of the sulphate group. The NodH proteln m.ly thus 
be a spec~fic sulphate transferase ( 1 9 ) .  

The d~fkrencc 111 structure ben\~een NodRm-1 and NodRm-2 
sho\vs t h ~ t  minor stn1ctur.11 fe'ltures in the oligosaccharide rnolccule 
can be responsible for the all-or-nothing phenotype. It also suu ests ?! 
that .lt least some host-specific rioti genes are in\~olved in rnod~fying 
.I b'lsic compound to form a sig11.11 molecule that is specific for the 
homologous host. The availability of purified NoclRm-like f'lc~ors 
and mutants for all nod genes is likely to result in .I rapicl elucid.ltion 
of the biosytithetic pathnay for these factors .~ncl the filnctions of the 
\r.lrious noti genes. It \\,ill be ititcresting to see xvhether NoclRm-like 
factors arc formed by degrad'ltion of existing cell \v.111 rnacromole- 
culcs, or by synthesis from glucosamine resiclues. Moreover, the 
a\r.lil.lbility of purified Nod factors \\,ill facilit'lte research into the 
sign.11 transduction path\\,ays that l e d  to nodule dc\relopment ancl 
nodulin gene expression. 

Infection 
Upon root hair curlitig, rhizobia beconic entrapped in the curls. 

The resulting high local concentration of b'lcterial factors may be the 
clecisi\re step for the induction of infection. bec'luse infection is also 
obsened in root hairs that entrap bacteria Lvhile they touch inste'ld 
of curl (14). Actual infection st.lks ni th  a \'cry localized hydrolysis of 
the plant cell \v.111 in the root h.lir curl. The mechanism of this 
hydrolysis is not clear. The b'lcteria m.ly produce hydrolytic enzymes 
that are responsible for the cell \vall dissolution. Alternatively, the 
bacteria may enlist endogenous plant mechanisms, such .IS, for 
inst.lnce, those used \\~hen~epider&al cells form root hairs (14). 

At the site of cell \\,all hydrolysis, b'lcteria enter the root h.lir cell 
by invagination of the plasrna rnernbr.lne. Around the invagitiatecl 
membrane, the plant forms a tube-like infection threacl by deposi- 
tion of cell \\,all-like rn'lterial (4, 7) .  As the infection threacl 
Denetrates the root h a ~ r  cell. the bacteri.1 orollferate \v~thln the 
thread and becorne surrouncled by a rn~~copolysaccharicle matrix. 
Most likely both b.lcteri.11 and p1.m components contribute to this 
ni.ltrtx, although as vet .I pl'lnt-der~ved ortgln has been denionstr.ltcd 
onl\r for one gl\ coprotem (20). The ~nfectlon threads c.lrnr the 
bacterla from the root h a ~ r  to the nodule prlniord~a formed In the 
root cortex. 

1)etailed cytological analyses of the pea root cortcs into \vhich 
infection thre'lds grow and ramify she\\ that distinct niorphological 
ch'lnges occur in cortex cells before they .Ire penetr.lted b i  an 
infection thread ( 14). Microtubules remange, the nucleus migrates - - 
to  the cell center, .lnd an additional cell \\.all is formed. These 
morphological ch.lnges suggest that a signal from the grouing 
infection thread prepares the cortical cells for penetration. As the 
morphological chatlges resernble changes obsened in the initial 
steps of the cell cycle, it has been suggested that the cortex cells are 
starting cell division and are .~rrestecl in the proph'lse of the cell cycle. 

The expression of nt70 early ~iodulin genes has been correlated 
with the infection process in pea. The early nodulin cDNA clones 
pPsENODS (21) and pPsENOD12 (22) \vere isol'lted from a pea 
nodule cDNA libran by differential screening. Sequence analysis 
sho\vs both c'lrly nodulins to be prolinc-rich proteins. The 
PsENOL)12 early tiodulin is for the ni'ljor p ~ r t  cornposed of mro  
repe'lting pentapeptides, each of which contains ni80 prolines. This 
structure suggests that this early nocl~~lin is .I hydroxyprolinc-rich 
cell nrall protein (22). The PsENODS protein, besides being rich in 
proline, is relatively rich in alanine, glycinc, and serine, suggesting it 
is related to  arabinogalactan proteins (21). PsENOD5 lacks the 

repet~tive structure of PsENOD12. Both earlv nodul~ns have a 
putatlve slgnal pept~de at the m l n o  terrnlnal end of t h e ~ r  sequence, 
and therefore are probably transported across a nienibr.lne. In situ 
hybridization studies with the use of antisense RNA probes sho\v 
that the PsENOD5 gene is only expressed in cells contaitiing 
gro\vitig infection thre'lds (21) (Fig. 3, C .~ncl D ) .  Bec.luse 
.~r.lbinogalactan-like proteins are knonti to be components of the 
plasrn.1 rncrnbr'lne (23). the I'sENODj protein may be part of the 
pl.lsn1.1 niernbrane of the itifection threacl. 

Expression of  the PsENOD12 gene is obsenred in root hairs .~ncl 
in cortical cells t h ~ t  contain .I growing infection thread. 111 contrast 
to the PsENOD5 gene, the PsENOD12 gene is also expressed in 
cclls that occur several layers in front of the gro\\.ing infection 
thre'lds (Fig. 3, A and 13) and are undergoing the morphological 
changes that precede penetration by an infection thread (22). The 
putative cell \\,all protein PsENOD12 may thus be part of the 
.~dclitional cell nall forrned in the cortex cclls that prepare for 
infection thread passage. 111 addition, the PsENOD12 protein r11.1y 
be a cornponcnt of the infection thread itself. 

Another plant protein for which .In in\~ol\~enient in the infection 
process h.ls been clcmonstrated is lectiti. R .  lr~qrrrnitro~nrinm biov'lr 
(bv.) viciuc norni.llly infects and tiodulates pea .~ncl vetch, but not 
\vhite clo\rer. In partial exception to the barriers of host specificity, 
K .  1r;qnrninosnnrrtr bv. vicine is .~ble to induce root h.lir curling on 
Lvhitc clover roots, although infection threads are never formed. 
Hone\rer, introduction of a pea lcctin gene in transformed h.lin 
roots on Lvhitc clo\rer a1lon.s the infection to proceed beyond root 
hair curling (24). Apparently, pea lectin is in sornc nay  in\rolved in 
specif\.i~ig the host specificity of infection threacl forni.ltion. The 
plant receptor of NodRm-like molecules h.ls been postulateel to  he 
a lectin (18), .llthough experimental dat.1 h.lve not yet been put 
fonvard. 

The i?/r~rohrrrrtr genes ~nvol\ed 111 gcner'ltlon ot s~gnals that relate 
to  lntectlon thre'ld forniat~on and gronth \\ 111 be more d~fficult to 
identify than the genes and factors involvecl in root hair deforma- 
tion. For instance, genetic an'llysis has inclicated that the common 
trod genes are requireel for infection thread formation. Ho\\,ever, the 
recl"irernent ma!. actually be for root hair curling, which noulcl then 
.~llonr itifection thread formation as a secondary response. Because 
no noclular stnicture has ever been described in \\,hich an infection 
thre'ld o r  .I thread-like structure is formed in the absence of the 
bacterium, the physical presence of Klli:ohint~~ may be essential for 
infection thre'ld forrnation to occur ancl proceed. Possibly the 
dividing bactcri.1 .Ire the driving force for itifection thre'ld grojvth. 

Application of sterile culture filtrates of K .  1r;yrrrw~nosarrrwr bv. vicine 
to pe.1 seeclli~igs elicits PsENOL)12 gene expression in root hairs. 
The expression of this infection process-related plant gene shows 
that such a gene can be iticluced by soluble Llctors without actual 
infection thread forrn.ltion. Application of the purified extracellul.lr 
factor, NodRlv, also caused root h.lir deformation (2.5). Although 
the structure of  this NodRlv Gctor h.ls not been elucidated yet, it is 
likely to resemble NoclRm-1 in several fc'ltures, as discussed .~bo\re. 
App.lrently, the oligosaccharicle that is responsible for root hair 
deforrn'ltion is also involvecl in triggering at least part of the 
infection process. 

In addition to the trod genes, genetic analyses of RhizoOirrnr 
mutants h.lve identified numerous other b'lcterial genes t h ~ t  are 
recluirecl for normal noclule de\reloprnent (8, 12). As .I rule, rhizobia 
niut.ltecl in these genes c.ln induce pl.lnts to  form nodule-like 
structures, but these Oil to  form infection threads, for111 infection 
threads that abort prem'lturely, or are defective in b'lcterial release 
from the infection threacls. Exiunples include the genes invol\.ed in 
the productton of bacter~al outer surface components such as 
exopolvsacchar~des (pxo genes), 11popolvs.lcch.lndes ( l p ~  genes). and 
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(cyclic) glucans (ndv genes), in addition to genes related to drug 
resistance, auxomphy, and carbohydrate metabolism (8, 12, 26). 

Genetic evidence indicates that the Rhizobium genes described 
above are all essential for proper infection thread formation, and 
each of them may and often has been claimed to produce a signal 
that induces a step in this process. However, in our view at least 
three different classes of genes should be recogwed in the interac- 
tions between Rhizobium and the legume plant. 

The first class of genes conmbutes to the synthesis of signals that 
induce developmental processes in the plant, as demonstrated fbr the 
nod genes in the production of NodRm-like factors (18, 19). The 
second class of genes is concerned with gene products that are 
required for infection, but do not induce a developmental process in 
the plant. An example is the symbiotic deficiency of auxotrophic 
NiUtants (26), which indicates that the bacteria need to be metabol- 
ically active and multiply in order to infect. The genes producing the 
rhizobial compounds in the matrix of the infection thrrad are also 
likely to belong to this class of genes. The third class of genes is 
involved in the disguise of Rhizobium in order for Rhizobium to avoid 
the plant defense mechanisms and the plant-bacterium interaction to 
result in a functional root nodule. Plants are able to defend 
themselves against pathogens by a variety of means (8), none of 
which is observed during nodule development. A perturbation of 
the normal situation, however, appears to elicit a defense response 
(8). In our opinion, the products of the exo, Ips, and ndv genes most 
likely act as so-called avoidance determinants to make Rhizobium a 
parasite in disguise. Any mutation that unmasks an avoidance 
determinant will mgger the plant's defense responses and result in 
abortion of nodule development, even if all s@ for proper 
development are ptesent. 

The only bacterial genes fbr which a direct involvement in 
generating a signal that mggers development has been demon- 
strated are the nod genes, which produce the Nod factors. Satisfac- 
tory evidence has yet to be presented that any bacterial gene other 
thm the nod genes is involved in the production of the signals 
eliciting infection thread formation and growth. 

from the plasmalemma of the plant cell (28). 
Concomitantly with bacterial release, some cell layers at the distal 

site of the nodule primordia develop into the small cytoplasm-rich 
cells that fbrm the meristem of the indeterminate nodule (Fig. 3H). 
The meristem generates the different tissue types of the nodule. 
While the meristematic cells are pushed outwards, the infection 
threads reverse their growth direction to follow the nodule meri- 
stem. Thus, the growth direction of the infection thread appears to 
be correlated with the position of mitotically active cells (28). 

In situ hybridization studies show that the nodule primordium 

Primordium Formation 
The third visible process induced by rhizobia is mitotic activity in 

the root cortex (6, 14,27). While the infection threads penetrate the 
root cells and move inward, fully differentiated cells in the root 
cortex are reactivated and start to divide, thus forming the nodule 
primordium (2, 16) (Fig. 3H). Which root cortex cells divide 
depends upon the type of nodule a particular host plant forms. In 
general, temperate legumes, such as pea, vetch, clover, and alfalfa, 
form indeterminate nodules that are club-shaped and have a persist- 
ent apical meristem. In these legumes, the nodule originates from 
cells located in the inner cortex of the root, in most cases opposite a 
xylem pole of the root vascular system (27) (Fig. 3F). In contrast, 
most mpical legumes, such as soybean and French bean, form 
globose-structured determinate nodules, in which mitotic activity 
ceases during development and cell expansion rather than cell 
division is responsible for the increase in nodule size. Determinate 
nodules originate from mitotic activity induced in the root outer 
cortex (27). 

In the development of both determinate and indeterminate 
nodules, the infection threads grow towards the nodule primordia. 
Upon contact, the dueads branch and penetrate the cells of the 
central region of the primordium. In these cells, the bacteria bud off 
from the tips of the infection threads into the plant cytoplasm. This 
release is an endocytotic process in which the bacteria become 
enclosed by the peribacteroid membrane, which is initially derived 

Fig. 8 Light micrographs of tne ~ocalization by in situ hybridization with 
antisense RNA of early nodulin mRNAs in pea root nodules at different 
stages of development. (A to D) Lacahtion of PsENOD12 (A and B) and 
PsENODS (C and D) mRNA in cross sections of infecfed pea roots. (A and 
C), bright-field micrographs corresponding to the dark-field micrographs in 
(B) and (D), respectively. In the dark-field micrographs, silver grains 
represen~g hybridization are visible as white spots. Thc arrows indicate the 
tip of the infection thread. PsENODS mRNA (D) is located in the cell 
containiig the i n f ' n  thread tip and in the root cortex cell just passed by 
the infection thread. PsENOD12 mRNA (B) is located in root cortex cells 
containing the infection thread as well as in cortex cells in front of thc thread. 
(E to G) Localiution of PsENOD12 mRNA in a mature pea nodule. (F), 
bright-field micrograph of the corresponding dark-field micrograph in (G). 
In (E) the approximate position of the different developmental zones of the 
determinate root nodule shown in (F) and (G) is indicated. The PsENOD12 
mRNA is resuicted to the invasion zone. (H and I) Bright-field micrograph 
(H) and the corresponding dark-field micrograph (I) of a anssection 
through a pea root containing a nodule primordium. At the distal site of the 
nodule primordium a meristem (M) is fonncd. Part of the infixtion thread 
that carries Rhizobium from the root surface to the nodule primordium is 
indicated with arrowheads. At this stage the primordium starts to dfiren- 
tiate. The fim cell to differentiate into a nodule parenchyma cell hybridizes 
with antisense PsENOD2 RNA (arrow). Abbreviations: (M), meristem; 
(IZ), invasion zone; (ESZ), early syrnbiic zone; (LSZ) late symbiotic 
zone; (SZ), senescent zone; (X), xylem pole of the root vascular bundle; (P), 
phloem pole of the root vascular bundle; (VB), vascular bundle of the 
nodule; (C), central tissue. 
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can be dis t ing~~ishcd from the nodule ineristern by molecular criteria 
in addition to  its distinct inorphological features (22) .  Tlie infection- 
related PsENOI3 12 gcnc is esprcsscd in all cells of  the primordium, 
\inhereas PsENOD12 m R N A  is not detectable in the cells of tlie 
nodule mcristcm. )\lost Ilkel!-. the csprcssion of thc PsENOD12 
gene reflects the conditioning of  tlie deditferentiated primordium 
cells for infection, but PsENOD12 ma!. also h w e  a defined function 
in primordium formation. 

NodKm-1 applied t o  alf'11f~1 seedlings in approsiinatcl! a h u ~ i -  
drcdfold higlicr concentration than required for curling induces 
mitotic activi? at sites in the inner cortcs \\,liere noilulc primordiuni 
formation is normally induced by K / ~ r z o l ~ i r i i t ~  ( 19). .As a result of  this 
mitotic acti\,in. nodule-like structures develop ( 1  9).  .A single bactc- 
rial oligosaccharidc is thus able to  elicit a \vide rangc of  r c p o n s c  
from its legume host. The oligosaccharidc nature of  NodRm-1 is 
consistent \i,itli other obsenations that oligosaccharides can regulate 
plant morphogcncsis (29). 

Differentiation into a Root Nodule 
After meristcm formation. ditfercnt nodule t~ssucs are formed 

from the nodule meristcm. In fully de\,eloped root nodules, t ~ . o  
major tissue v p c s  can be rccognized. the central tissue, and the 
peripheral tissuc (Fig.  3 F ) .  The peripheral tissue consists of  the 
nodule cortcs and tlic nodulc cndoderrnis, in addition to  the nodule 
parenclivma (inncr cortcs), which contains the vascular bundles that 
connect the nodule \vith the root stele (28) 

The tissue most characteristic of  thc root nodule is the central 
tissue. In the ccntral tissuc of the indeterminate nodulc, thrcc 
dc\~elopmcntal zones can be disting~~isheci (Fig.  3, E and F) .  In the 
invasion zonc immediately adjacent t o  the meristcm, release of 
bacteria from the infection threads continues to  establish ne\\.l!. 
infected cclls. Approsimately half of  the cclls arc not penetrated by 
infection thrcads and remain uninfected. The in\.asion zonc is 
followed by the early symbiotic zonc, in \\-hich plant cells elongate 
and bactcria proliferate. In tlie late s!-mbiotic zonc, the infected cclls 
are completely fillcd with bacteria that have diKerentiatcd into their 
plciomorphic endosymbiotic bactcroid form. Nitrogen fisation 
takes place in this latc s\,mbiotic zone. In older I ~ O ~ L I I C S ,  a fourtli 
m n c  is the scncsccnt zone, in \i,Iiicli both plant cclls and bacteroids 
dcgcncratc. Due to  the pcrsistcncc of  tlic apical meristcm, all 
developmental phases of  tlic indeterminate nodule arc rcprcscntcd 
within a single nodule. 

Determinatc nodules lack a persistent meristcm. As a consc- 
cluuicc. the devclopmcnt and final o rgan iza t io~~  of  a dcternlinate 
nodulc differs from the indeterminate nodule. A11 cclls of  the central 
tissuc ~vi th in  2 singlc determinate noilulc arc progressing through 
the same stage o f  dcvclopnlcnt (28) .  The smallcr uninfcctcd cclls 
found interspersed among thc infected cclls in the central tissuc of  
determinate nodulcs arc spcc~alized for the assimilation of  fixed 
nltrogcn to  ure~dcs  (-7). N o  c \ ~ d e n c e  lias bccn found for such a 
special17at1on o t  the uiiinfcctcd cells in indctcrni~natc nodules. 

S t ~ ~ d i c s  on  plant gcnc csprcssion confirmed the existence o f  
se\,eral distinct dcvcloprncntal zones in an inilctcrminatc root nod- 
ulc ( 2  1 ) .  The dc\~elopmcntal zones as defined b!. cytological criteria 
coincide inorc or  less \i,itIi tlic zones characterized b\. the csprcssion 
of  particular early nodulin gcncs. The e.~rl! nodulin gcnc 
PsENOL)12 is esprcsscd in all cclls of  the invasion zonc, n.Iiic11 1s 
consistent with a function of  PsENOD12 in the infection process 
(22) (Fig. 3G) .  I n  olilcr parts of the nodulc. PsENOD12 m R N X  is 
not clctcctablc. The PsENODS gcnc csprcssion is apparent in the 
iiivas~on ~ o n c  of  the central tissue, but t o  the greatest estcnt in tlic 
infected cclls of the earl!. symbiotic zone (21).  In t h c c  cells, 

infection thrcads have stopped groning,  bacteria proliferate, and a 
\.en. acti1.c membrane-s!.nthcsizing apparatus surrounds the prol~f- 
cratlng bacteria jvith the pcribactcroid membrane. 'The relati\.ely 
high a c t ~ v i n  of the l'sENOD5 gene in these cells suggests that the 
ar'1binoga1~1ctan-like protcin PsENOD5 ma!. not only be part of  tlie 
plasma rncrnbraiic of  the infection thread. but also part of  the 
pcribacteroicl membrane. 

In the earl! s!.mbiotic zonc, nvo othcr earl! nodulin genes, 
PsENOD3 and PsENOD14,  arc cxclui\~cl!. csprcssed in the in- 
fected cells o f  the central tissue (21) .  Sequence analyset of PtE- 
N O D 3  and PsENOD14 cDNX cloncs s l ion that the mRNAs 
encode 6 -kD polypeptides tliat arc 55% homologous. 'The!. have a 
putative signal peptide at  the amino terminal end and contain four 
c!steiiie residues nit11 a spatial distribution resembling that of  
metal-binding proteins. Tlie PsENOD3 and PsENOD13 nodulins 
ma!. bc metal-binding proteins in\,ol\.ed in, for instance, transport of  
Fe or  h l o  to  the bacteroids ~vliich require thcsc metals for a 
functional nitrogcn/lidase. Similar t o  the PsENOD12 and PsE- 
N O D 5  genes, the Ps -ENOD3 and PsENOD14 gencs are transicntl!. 
expressed during the dc\.elopmcnt o f  tlie nodule. In the latc 
svmbiotic zone, tlic a n i o ~ ~ ~ i t s  o f  PsENOD3 and PsENOD14 
mRNXs decrease. and latc nodulin rnRNAs, such as for legherno- 
globin, become detectable. 

Physiological s t ~ ~ d i c s  have indicatcd tliat the pcriplieral tissue 
contributes to tlic special features of  root nodule m o r p h o l o g  (30).  
The compact structure o f  tlie nodulc parcnch!ma nit l i  its fe\\. and 
small intraccllular spaces forms an osvgcn difusion barrier. In 
combination lvith the high o\!,gcn consumption rate o f t h e  bacteria 
anil the presence o f  leghemoglobin, this barrier helps t o  maintain 
the I o n  free oxygen concentration in the central tissue .IS recluircd 
for nitrogcnasc function. 

The special characteristics of  the nodulc parenchyma are also 
reflected in the pattern o f  earl!. nodulin gene cspression. The earl!- 
nodulin gene PsENOD2 is specificall\. expressed in tlie nodule 
parenchyma of  pea (31) .  Siniilarl!., Gn iENOD2 gcnc csprcssion in 
the determinate soyhcai~ nodulc is confined to the ilodulc parcn- 
chyma. PsENOD2 (31)  and G m E N O D 2  (.??I are stn~cnirall!~ 
similar t o  PsENOD12,  in that both are nlainl!. composcd of  nt-o 
altcrnatiiig pentapeptidcs, each o f  \\hich contains n\.o proline 
residues. This structure suggests that these carly nodulins are cell 
\\.all components. Because the cell ~vall  is thc major determinant of  
cell n1orp11010g, it is likcly that an earl!- nodulin such as E N O D 2  
contributcs to  tlie special morpholog.  of  nodule parenchyma cells, 
\vhich is required for establishing the osygcn diffi~sion barrier. 

Nodule Functioning 
The cstablishmcnt of  the early synbiotic zoilc marks the end of 

the morphological changes accompan\.ing diffcrcntiation into a root 
nodule. Nest, biochemical alterations brouglit about by, among 
othcr things, latc nodulin gene csprcssioii, create and support the 
required environmcnt for nitrogen fisat~on and ammonia assimila- 
tion to  occur. Late nodulin gcnc expression has been demonstrated 
in a large varicn. o f  legume species (8. 10). Numerous latc nodulin 
gencs, including all so!.bcan Icghcnioglobin ( L b )  genes, ha\zc bccn 
s c q ~ ~ c n c e d  and a list o f  all cloned (late) nodulin gcncs has been 
presented recentl!. (-33). 

'The best studied latc nodulin also is the most abundant one: Lb  
constin~tcs up  to 25% o f  the total solublc protcin in a mature 
nodulc. L b  is an osyhcmoprotc~n ~vitl i  a h ~ g h  osygcn affinin. 1.34, 
and rcscrnblcs the vcrtcbratc globins. In combination n i t h  the 
special nodulc inorpliologl\., Lb  controls the concentration of free 
ox!,gcn in the nodule. It provides a f loa  of  osvgcn to\\.ard the 



bacteroids that balances protection of  nitrogenasc against oxygen 
damage n i t h  support  o f  respiration. Lb  may be a true "symbiotic 
protein," because the heme group is presumed to  be a bactcroid 
product, \\.hereas the globin part is encoded by the plant gcnornc 
( 8 ) .  

Other late nodulins ha1.c bccii identified as cnzymes or  subunits o f  
enzymes thar function in nitrogen (glutanline synthetase, uricase) o r  
carbon (sucrose synthase) rnctabolisrn (81. These latc nodu l in  all 
perform tasks that individually are not unique to  nodulc function- 
ing, but occur in other parts of  the plant as \\,ell. Based on  this and 
other obscnations not  t o  be discussed here, \\.c ha1.c put fon\~ard  the 
hypothesis that nodulc formation evolved from relatively minor 
altcratiori iri tlic path\vay of root difirentiation, in \vhich common 
plant genes became adapted to  fit the ph\.siological or  regulatory 
constraints of  the symbiosis (.?.i). Several nodule enzymes have been 
shonrn t o  ditfcr in physical, kinetic, or  inununological characteristics 
from the forrns found in roots ( 3 6 ) :  phosphociiolpyruvate carboxyl- 
ase, cholinc kinasc, santhine dchydrogcn'~sc, purine nucleosiclasc, 
and ~nala tc  dchydrogeiiase. It 1s unkiio\vn \\.hether the nodule- 
s p ~ i f i c  foriris of  thcsc enzymes originate frorn the csprcssion of  
nodulin genes, or  result from nodule-specific, post-translational 
modifications of  gene products also found clsc\\.hcre in the plant. 

Late nodulins arc also associated nit11 the peribacteroid mcm- 
branc (8). This membrane cncloscs the bacteria ~vi th in  the plant 
cytoplasm, thus forming the physical and metabolic interface be- 
nvccn bacterium and plant. The precise biochemical function of  
most of  these peribactcroid membrane nodu l in  is as !.ct unkno\\.n. 
The best studied is the soybean nodulin Ngm-26, ~vhich probably is 
a transmembrane protcin spanning tlic full peribactcroid mcmbranc. 
Its amino acid sequence is honlologous to  the I:.iil~c.r.irllin 1-oli glycerol 
facilitator protein (.ji), \\.hich is the onl! kno\vn pore-type protcin 
in the E.  ccili cytoplasmic mcmbranc and \\.hich fi~nctions in trans- 
port of  srnall n ~ o l c c u l c .  Recent results demonstrate that h'gm-26 
forms an ion channel likely t o  hnc t ion  in translocation of  srnall 
compounds, like the carbon source succinatc, across the peribac- 
teroid membrane (38) .  

All late nodulin genes appear t o  be coordinately expressed in time 
and development (8, 10). These genes might dlus all be activated as 
a result o f  a single signal, perhaps related t o  release o f  bacteria from 
the infection threads, because they are not  expressed in nodules 
writhout infected cells. The nature of  this presumed signal, however, 
and the involvement o f  bacterial genes remain unclear. 

The importance of  the promoter region of  nodulin genes for 
nodule-specific gene expression has been demonstrated with the use 
of  transgenic plants. The  promoter region of  a soybean I,b gene 
directed nodule-specific and developmentally correct expression of  a 
reporter gene when transformed into other lepuninous plants. Ap- 
parently, the L b  promoter region not only carries all required cis- 
regulatoy sequences, but ,111 relevant ruans-acting factors arc also 
conserved among different leguminous species. Deletion analysis of  
the soybean Lb promoter defines a relatively small region as respon- 
sible for the correct expression pattern (39) .  I n  soybean, a nod~tlc- 
specific trans-acting factor interacting with the L b  promoter has been 
identified (40) and awaits cloning. ~Molec~tlar analyses of  promoters 
and their ruat1.s-acting f ~ c t o r s  will give insight in the mechanisms of  
nodulirl gene regulation and may hint t o  d ~ e  nature and origin of  the 
signal presumed t o  trigger d ~ e  expression of  these genes. 

In situ hybridization studies ~ v i t h  the use of bdcterial antisense 
R N A  sho\vcd that the rhizobial t i~ f  genes, encoding nitrogcnasc, 
lvcrc expressed later than the late nodulin gcncs (4  1 ) . This confirmed 
the notion that the nodulc prepares tor nitrogen fixation by synthe- 
sizing late nodulins. I t  also suggcstcd yet another step in the 
conlmunication bcn\~ccn plant and bactcri~irn to  yield symbiotic 
nitrogen fixation. 

Concluding Remarks 

Application of  h'odRrn- 1 t o  Icg~imc roots is suficicnt to induce 
root hair deformation, csprcssion of  the early nodulin gene 
PsENOD12 (rcprcsentati\.c of  at  lcast part of  the infection process), 
'1nd mitotic activin in tlic root cortcs follo\ved by formdtion of  a 
nodule-like stnicturc ( 19) .  NodRm-like factors thus have a pi\.otal 
role in all three processes incl~iccd by K/ii:ohiiiir~ (Fig.  1 ) .  The 
oligosaccharidc naturc of  the KodRni-  1 factor is consistent ~ v i t h  
obsenations that oligosaccharides can regulate plant morphogenesis 
( 2 9 ) .  The naturc o f t h c  signals in\.olvcd in induction of  latc nodulin 
gene expression is not  kno\\.n, but the presence of  infection threads 
or  intraccllular bacteria appears t o  be required. Therefore, the 
signals triggering latc nodulin gcnc csprcssion arc most likely 
generated by the release of  the bacteria from the infection thread. 

It is currently an open qucsrion hon. a singlc factor can induce 
three apparently different proccsscs. It nlight be possible that, for 
csanlplc, mitotic acti\.ih. in the root cortex is induced by a second 
signal generated in dcfornicd or  curlcd root hairs (42) .  Alternatively, 
thc ditfcrcnt proccsscs induced by Rl~i=ol~itriii might share ccrtaln 
aspects. Infection and induction o f  mitotic activiv seem rather 
d i f i rent ,  but a relationship ben\,ccn both follo\vs from the hypoth- 
esis that cells preparing for infcction thread gro\\.th begin di\.ision 
and are arrested in the prophasc of  the cell cycle (14).  

i\nothcr p o s s i b i l i ~  might be that the h'od factor inducc  the 
diKcrcnt de\.elopmcntal proccsscs, but plant factors determine the 
outcome of  dc\.cloprncnt. ,417 involvcrncnt of plant factors in steps of  
nodulc formation has been demonstrated (4.i). Root  nodules are 
ind~iced predominantly opposite a s!,lcnl pole (Fig. 3F) ,  and an 
alcoholic cstract of  the root stele is able t o  influcncc the pattern of  
cortical cell divisions in the root cortex (43 ) .  Therefore, it has been 
suggested that factors from the xylcm arc in\~olvcd in triggering cell 
division. It is conccivablc that a gradient of  the Nod f ~ c t o r ,  or  a Nod 
f~ctor+ierivcd signal, decreasing in concentration frorn infection 
site root in~vards,  interacts ~ v i t h  a sylcm f ~ c t o r  gradient in the 
opposite direction. This interaction m a \  determine \\.hetl~er cortical 
cells divide to  form the nodule prirnordium or  become arrested in 
their cell cycle as preparation for penetration by the g ro~v ing  
infection thread 

The mechanism by ~vhich a h'od factor triggers plant develop- 
mcnt is u n h o \ v n ,  but may involve changes in ph!.tohorinone ratios. 
Addition o f  ausin transport inhibitors t o  alfalf~ roots gives rise to  
nodule-like structures, in nrhich early nodulin pcncs are expressed 
(44) and \vhich cytologically rcscrnblc Rl~~:clh~~rtti-ind~~ccd nodules. 
F~irthcmmorc, the introduction of  a Leatin gcnc, in\.ol\.ed in cytoki- 
nin synthesis, can partly complement N o d  mutants of  K. ri~cliloti 
(4;;). The Nod Octor may thus accomplish changes in the balance of  
phytohorri~oncs in the root, ~vhich secondarily (46) result in nodule 
formation. 

T o  understand more about the mechanism of  Nod hctor  action, 
the nray the signal given b!. the Nod factor is perceived and 
transduccd by the plant must be elucidated. Identification of  the 
plant receptors in\.ol\.cd, as nrcll as research into the signal trans- 
duction path~vays in the legume plant, \\.ill be f~cilitated enormously 
by the opportunities to  obtain substantial anio~ints of  purified h'od 
factors from bacterial cult~ires. 

The possible involvcrncnt of  phytohormoncs in nodule develop- 
mcnt suggests that the prokanotc  Klii:ci/iiirit~ has acquired the abilin 
to  copc \ \ .~ th  the ciidogcnous plant systems that regulate develop- 
ment. In terms of  symbiosis, it ~vou ld  seem to  makc sense that the 
bactcri~irri employs those plant systcrns as much a possible. The 
challcngc no\\. is t o  disco\,cr ~vl ia t  the bacterium apparcntl!, already 
kno\\,s. Further exploitation ot' this prokan.ote and its signals n i l1  
contribute to  ou r  understanding of  the developrncntal biology ot' 
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root nodule formation, and be of general significance for our insight 21 1%- Schcr" . I'I'ltlr ( : i i l ,  ln t2rcss. 
22. 11. Schercs ct . ( : i , l l  60. 281 (19901. 

into the development of plants. 23. I.  P Knou. S. 1hv. K. Rohcrts. L ) t ~ ~ , ( I o ~ t n ( ~ t i r  / ( : f l l ~ / l r l < i ~ l  J 106. 4 7  (1989).  
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Molecular Chaperones: The Plant Connection 

Molecular chaperones are a family of unrelated proteins 
found in all types of cell. They mediate the correct 
assembly of other polypeptides, but are not components 
of the mature assembled structures. Chaperones function 
by binding spec3cally to interactive protein surfaces that 
are exposed transiently during many cellular processes 
and so prevent them from undergoing incorrect interac- 
tions that might produce nonfunctional structures. The 
concept of molecular chaperones originated largely from 
studies of the chloroplast enzyme rubisco, which fixes 
carbon dioxide in plant photosynthesis; the function of 
chaperones forces a rethinking of the principle of protein 
self-assembly. 

T HE STUDY OF THE MOLECULAR BIOLOGY OF PLANTS IS 

undergoing a rapid expansion, fueled both by technical 
advances and by the realization that there may be economic 

advantages if plants can be manipulated in new lvays. One of the few 
basic concepts in molecular biology that has originated from 
research with plants is that of molecular chaperones. This concept 

developed from studies on  the biogenesis of the chloroplast enzyme 
that fixes carbon ciioxide in photosynthesis (ribulose bisphosphate 
carboqlase-oqgenase or nlbisco), but the field now encompasses 
animal and microbial cells and has medical and biotechnological 
aspects (1-10) .  In this article I describe how the chaperone concept 
de\reloped from studies on rubisco and ciiscuss the in~plications of 
this concept for future plant research. 

Rubisco Biogenesis 
Kubisco indirectly or directly plays a vital role in the metabolism 

of all cells, since it is the principal catalyst that brings carbon into 
organic combination from atmospheric carbon dioxide during pho- 
tosynthesis. Its biogenesis is unusually complex and involves the 
interaction of light as a developmental trigger with two ciistinct 
genetic systems, one located within the chloroplast and the other 
within the nucleus ( 1 1 ) .  Despite its vital role, nrbisco is a poor 
catalyst and has both a low affinity for carbon &oxide and a small 
turnover number; thus autotrophic organisms devote a major part 
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