
Nod Factors and lacking on  the factors produced by R. 
kguminosarum bv. viciae. Normally the Nod 

Nodulation in Plants factor of R. meliloti is not active on vetch, a 
host plant of R. kguminosarum bv. viciae, but 
after removal of the sulfate group it gains the 

Irma Vijn, Lucinda das Neves, Ab van Kammen, ability to interact with vetch and loses this 

Henk Franssen, Ton Bisseling ability on its own host, alfalfa (5). The in- 
volvement of Nod factor substitutions in 
host specificity is emphasized by studies on 
Rhizobium sp. NGR234, which has a broad 
host range. This bacterium has the unique 

Certain plant-the legumes-are able to pression of the nodulin genes ENODl2 (1 ) ability to interact with more than 70 genera 
reduce nitrogen from the air and form ammo- and ENOD40 (2). Although the function of of legumes as well as with Paraponia a d r -  
nia. This "fixed" nitrogen serves as the most these genes in these dividing plant cells is sonii, the only non-legume that can form 
important source of nitrogen for the legume unknown, these nodulins allow easy identifi- nodules with Rhizobium. Rhizobium sp. 
and, secondarily, for other plants and ani- cation of Rhizobium-induced cell divisions NGR234 produces over 18 different Nod 
mals. This unique capacity is conferred by when they are compared to other dividing factors, each having a similar basic structure 
the symbiotic bacterium Rhizobium, which plant cells. but with different substitutions (6). 
resides within nodules on plant roots. These The Rhizobium genes of prime importance Purified Nod factors, when applied to le- 
bacteria have recently been shown to secrete in the early steps of nodulation are the nod gume seedlings at concentrations as low as 
a class of lipo-oligosaccharides that trigger genes (3-5). In free-living bacteria these genes lo-'* M, stimulate the differentiation of epi- 
the early steps of legume nodule formation. are not expressed, with the exception of the dermal cells into root hairs and also deform 
These lipo-oligosaccharides may, in fact, be nodD gene. Flavonoids secreted by the plant root hairs (3-5) (Fig. 2). Nod factors also 
related to as yet unidentified, endogenous inconcertwiththeNodDproteininduce the induce cytoplasmic rearrangements in the 
plant growth regulators. root outer cortex, which lead 

The first visible step of the to the formation of cytoplas- 
Rhizobium-legume interaction mic bridges that form a track 
is the deformation and curl- normally followed by the 
ing ofroot hairs. Within these Rhizobium-induced infection 
curled root hairs, rhiwbia pro- thread. The formation of 
mote the formation of tubu- infection threads is not in- 
lar structures-the so-called duced by purified Nod fac- 
infection threads-by which tors, but the expression of the 
the bacteria enter the plant. early nodulin genes ENOD5 
As the infection threads de- and ENODI 2, which are re- 
velop, mitotic activity is in- lated to the infection process 
duced in the terminally dif- (1 ), is induced in root epi- 
ferentiated root cortex. In dermal cells by Nod factors 
temperate legumes like pea, Fig. 1. Structure of Nod factors. The chitin oligomer and the acyl moiety (Q) are (7). ~ ~ ~ ~ h ~ ~ ~ ~ ~ ~ ,  these 

present in all Nod factors. The number (n) of Nacetyl glucosamine residues can vary. 
and these mi- Q can vary in length and in the number of unsaturated bonds. Several different cOm~Ounds are in- 

totically activated cells* substitutions to the sugar backbone occur (R,  to R,) (4-6). duce cell divisions and the 
which form the nodule pri- expression of the early nod- 
mordia, are located in the in- R. leguminosarum R, meliloti R. sp. NGR234 ulin gene ENOD40 in the 
ner cortex. The infection bv. viciae inner cortex of the root, pref- 
thre.ads grow from the root n 2 or 3 1, 2, or3  3 erentially opposite the pro- 
hairs toward these nodule pri- Q c 18: 1 or CI 8:4 C16:2 C18:l or C16:O to-xylem poles just as Rhizo- 
mordia. There they enter R,  CH3C0 or H CH3C0 or H H bium does (Fig. 3). In addi- 
primordium cells, where the R~ H S03H 2-Omethylfucose or tion, ENOD40 gene expres- 
bacteria move into the cyto- substituted with either sion is induced in the root 
plasm by an endocytotic pro- 

R3 H H 
3-0CH3c0 Or 4-0-S03H pericycle facing the nodule 

cess. Subsequently, the nod- R~ H H NH,CO or H primordia. The ENOD12 CH3 

ule primordium differentiates R, H H NHzCO or H gene is also induced but only 
into a mature nodule, which in the cells of the primordi- 
provides the proper environment for the bac- expression of the other nod genes. Subse- um (Fig. 3). This spatial pattern of ENODl2 
teria to reduce atmospheric nitrogen into am- quently, the encoded Nod proteins cause the and ENOD40 expression induced by purified 
monia, and the process of symbiotic nitrogen production of signal molecules: mono-N- Nod factors precisely corresponds to the pat- 
fixation can start. acylated-chitin oligomers, called Nod factors tern after Rhizobium infection. So Nod fac- 

Each of these steps in nodule formation is (Fig. 1). The nodABC genes, common to all tors induce cortical cell divisions as well as 
marked by the expression of nodule-specific rhizobia, are required for the production of nodulin gene expression in a spatially con- 
plant genes that code for plant proteins called the core oligosaccharide molecule. The host- trolled manner. 
nodulins (1 ). Even a basic process like corti- specific nod genes control the decoration of In these induction experiments, the roots 
cal cell division is accompanied by the ex- the core molecule with side groups (Fig. I), are bathed in a medium containing Nod 

which likely render Nod factors specific for factors, so this defined pattern of gene ex- 
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their particular host. Indeed, the Nod factor pression implies that thk susceptibility of a 

ogy, Agricultural University, Dreijenlaan 3, 6703 HA of R. meliloti carries a sulfate group on the root cortical cell to become mitotically ac- 
Wageningen, The Netherlands. reducing sugar, whereas this substitution is tive is determined by its position in the root. 
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About two decades ago it was pos- ules with R. kguminosarum bv. viciae 
tulated by Torrey and Libbenga (8) strains containing an additional nod 
that this positional information is gene, nodX (12). Commercial pea 
controlled by a plant compound (stele lines canying sym2 introgressed from 
factor) released from the proto-xy- Afghanistan peas form root nodules 
lem poles. A stele factor capable of only with R .  kguminosarum bv. viciae 
inducing cell divisions in the inner strains containing the extra nodX 
cortex of pea root explants has since gene and not with common R. kgum- 
been purified, but its structure remains inosarum bv. viciae lines that lack a 
to be elucidated (9). In view of these nodX gene. Recently, it has been 
observations, it seems likely that the shown that NodX is involved in add- 
position where cell divisions can be ing an 0-acetyl group at the reducing 
induced in the root cortex is deter- 

.. . . . .  sugar (R,) (Fig. 1) (13). Therefore, it 
mined by the interplay of at least two can be hypothesized that sym2 en- 
oppositely oriented morphogen gra- codes a receptor that specifically rec- 
dients. One morphogen (stele factor) ognizes nodX-modified Nod factors. 
is released from parts of the plant vas- Recently, the laboratory of De 
cular tissue and the other is the Nod Vries (1 4) has obtained evidence that 
factor itself or a hypothetical sec- Nod factors can also influence devel- 
ondary signal generated in the plant opment in a non-legume plant. They 
by the Nod factor. showed that a mutant cell line from 

How do the Nod factors induce carrot, which is arrested in somatic 
their effects? Separate parts of the - embryogenesis, can be rescued by ad- 
Nod factors contribute to the bio- dition of Nod factors. Thus, plant- 
logical activity of these compounds Fig. 3. Gene induction by Nod factors. Cross sections of 6-daY-old produced Nod factor-like molecules 

Vicia sativa (vetch) roots treated with purified Nod factors of R. (3-5). As discussed above, the pres- ,eguminosarum bv, viciae, ENODIP is expressed in the nodule can be involved in non-symbiotic, 
of a sulfate group on the termi- primordia (arrowheads) [bright field (A) and dark field (B)]. The developmental Processes in plants, 

nal reducing sugar is a major deter- ENOD40 gene is expressed in the nodule primordia and the peri- suggesting that these processes may 
minant for the activity on alfalfa. cycle of the root vascular bundle (arrow) opposite a protoxylem pole be the evolutionary origin of the 
The nature of the lipid moiety is (x) [bright field (C) and dark field (Dl]. Labeling was by in situ bacterial signal molecules. Further- 
equally important for the activity of hybridization with 35S-labeled antisense RNA probes. more, Nod factor recognition mecha- 
the Nod factors. For example, R. nisms might occur in non-legume 
leguminosarum bv. viciae Nod factors contain- The nature of this possible receptor-Nod plants, which could allow the use of a model 
ing a C18:4 fatty acid chain are mitotically factor interaction is unclear. Does the plant system like Arabidopsis to study recognition 
active, whereas compounds containing a recognize just one factor or has each factor its of Nod factors. In this way, research origi- 
C18:l group (Fig. 1) are unable to induce cell own receptor? Is the Nod factor itself or a nally initiated to elucidate the development 
divisions (4). Since the molecules that in- molecule derived from the Nod factor being of nitrogen-fixing root nodules might pro- 
duce the initial steps of nodulation have a recognized? Is only part of the Nod factor vide tools to study plant development from 
very specific structure and are active at nan- active in signal transduction, while the re- an unexpected perspective. 
omolar to picomolar concentrations, they maining part of the molecule has a function 
probably act through receptors. in transporting the Nod factor to the recep- References and Notes 

. tive cells? And, with respect to signal trans- J.-P, Nap and T, Bisseling, Science 250, 948 
duction, are Nod factors or the active parts of (1990). 

Fig. 2. How nodulation begins. Changes in 
the root of a temperate legume induced by 
Rhizobium bacteria (Dart I). Durified Nod factors 
(part I I ) ,  as compared to the untreated situation 
(part Ill). The induction of nodulin gene expres- 
sion in the pericylce is represented by the red 
area. P, phloem; np, nodule primordium; i ,  in- 
fection thread; cr, cytoplasmic rearrangements; 
pc, pericycle; en, endodermis; ic, inner cortex; 
oc, outer cortex; drh, deformed root hair; rh, root 
hair; and x, xylem pole. 

the Nod factors transported by a specific 
mechanism toward the inner cortical cells or 
are secondary signal molecules elicited in the 
epidermis of the root? Further studies to an- 
swer these questions will require both bio- 
chemical and genetic approaches. The bio- 
chemists will focus in particular on the iden- 
tification of the putative receptor molecule. 
This work will be facilitated by the chemical 
synthesis of Nod factors (lo), which will al- 
low the labeling of these signal molecules. 

The major task for the geneticists will be 
the identification of useful mutants among 
the many that have been generated during 
the last few decades. Several legume mutants 
have been described that have lost the ability 
to interact with Rhizobium. In a few cases 
there appears to be a gene-for-gene relation 
between a plant gene controlling nodula- 
tion and a host-specific nod gene. The best 
studied example is the sym2 gene present in 
the primitive pea line Afghanistan (1 1 ). 
Afghanistan peas form in general root nod- 
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