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Plant hormones and nodulation: what's the connection? 
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Ever since Thimann [20] proposed that auxin 
plays a role in nodule development, considerable 
effort has been expended to show whether phyto- 
hormones are involved. Because the hormones 
are involved in other types of organogenesis, it 
seems likely that they have a role in nodule de- 
velopment. However, important questions remain 
unanswered: which hormones take part in nodule 
formation, and how are they involved? 

What's the evidence for hormone involvement? 

Phytohormones are found in nodules. 

There have been ample studies showing that four 
of the hormones - auxin, cytokinin, gibberellin, 
and ABA - can be isolated from nodules. All are 
present in nodules at concentrations higher than 
in uninfected roots (cited in [21]). However, it is 
not clear which of the symbiotic partners is the 
source of the hormones. It is particularly difficult 
to elucidate the plant's involvement, especially for 
auxin and cytokinin, because genes for the bio- 
synthesis of these hormones have yet to be iden- 
tified. Rhizobia can synthesize plant hormones, 
but mutations in their auxin-producing genes do 
not prevent nodulation, nor do N o d -  mutants 
fail to produce hormones (cited in [8]). Rhizobial 
mutants defective in cytokinin production have 
yet to be identified. 

Inhibitory effects of phytohormones 

Ethylene is a potent inhibitor of nodulation. Non- 
nodulating pea mutants, which are blocked at the 

nodule primordium stage, can be restored to nor- 
mal development if treated with AVG (amino- 
ethoxyvinylglycine) or Ag +, which inhibit ethyl- 
ene formation and action, respectively [7]. 

Another inhibitory role for plant hormones is 
autoregulation, i.e., the control by the plant of the 
number and size of its nodules (see [4] for re- 
view). Supernodulating legume mutants lack this 
autoregulatory control, and copious nodulation 
occurs. Grafting experiments between normal and 
supernodulating plants show that the autoregula- 
tory factor is shoot-derived and that it is elicited 
by some sort of systemic messenger provided by 
the root [4]. The autoregulatory factor is capable 
of traversing graft junctions so it is likely that it 
is a small molecule. Although at one time it was 
speculated that the shoot-derived factor was 
ABA, the autoregulatory molecule remains uni- 
dentified. 

Libbenga et al. [ 12], studying pea root cortical 
explants, found that cell divisions took place in 
the pericycle if auxin only were added to the cul- 
ture medium. If cytokinin and auxin were both 
present, cell divisions occurred at positions where 
nodules would emerge. Cytokinin could be re- 
placed by a factor from the root stele. Smit et al. 
[18] have found that Nod + rhizobia and mito- 
genic Nod factors inactivate this stele factor in a 
normal pea plant, but not in a supernodulating 
mutant, suggesting that the inactivation of the 
stele factor may be part of the autoregulation re- 
sponse, and could possibly influence production 
of the shoot-derived factor. The stele factor has 
been identified (J. Kijne, pers. comm.). 



Hormones or compounds that block hormone trans- 
port induce nodule-like structures 

Hirsch etal. [9], extending the observations of 
Allen etal. [1] and Torrey [21], found that in- 
hibitors of polar auxin transport induced pseudo- 
nodules on alfalfa roots. These contained tran- 
scripts for two nodulin genes, thus demonstrating 
that ENOD2 and Nms30 genes are developmen- 
tally rather than symbiotically regulated. This 
observation has been repeated for other legumes 
and for other early nodulin genes [14, 16]. 

Auxin and cytokinin frequently interact in or- 
ganogenesis. The ratio of these two hormones 
may be unbalanced by an exogenous auxin trans- 
port inhibitor. An increase in the cytokinin/auxin 
ratio is suggested by reports where cytokinin ap- 
plied to roots induced cortical cell divisions [2, 3, 
14]. Similarly, Rhizobium meliloti transconjugants 
carrying the tzs (trans-zeatin secretion) gene of 
Agrobacterium tumefaciens, and presumably se- 
creting cytokinin, induced bacteria-free nodules 
containing MsENOD2 transcripts on alfalfa [5]. 

However, work by Kondorosi et al. [ 11 ] indi- 
cates that auxin-sensitive variants (such plants 
frequently contain a higher concentration of 
auxin) ofMedicago varia formed significantly more 
nodules than a less auxin-sensitive line. The nod- 
ules also developed earlier than the nodules on 
the normal line. In addition, plants transformed 
with the rol genes from Agrobacterium rhizogenes 
were affected in their nodulation ability. Plants 
containing rolABC, and particularly rolB, nodu- 
lated faster and had more nodules than untrans- 
formed plants. 

Nevertheless, nodule development is not re- 
quired for early nodulin gene expression. Dehio 
and deBruijn [6] have demonstrated that exogen- 
ous benzyladenine induced the expression of 
SrENOD2 in Sesbania roots, and we (Y. Fang, 
S. Asad, and A.M. Hirsch, unpublished results) 
have similarly shown that benzylaminopurine 
elicits the expression in alfalfa roots of an 
ENOD2-1ike gene, and also ENOD12 and 
ENOD40 genes. The ENOD genes are thus the 
first reported cytokinin-responsive genes that are 
not activated by other hormones, such as auxin, 

gibberellin, and ethylene, or various environmen- 
tal factors, such as light or nitrate. Moreover, 
gene expression is induced very quickly after cy- 
tokinin application. The ENOD40 gene is ex- 
pressed within 6 h, the same time needed to detect 
ENOD40 transcripts on northern blots after 
treating alfalfa roots with purified Nod factor (Y. 
Fang, S. Asad, and A.M. Hirsch, unpublished 
results). 

What's the relationship between hormones and 
nodule development? 

There are at least two explanations for the con- 
nection between Nod factor, the external signal, 
and nodule organogenesis, the internal response. 
One hypothesis is that the Nod factor acts as a 
hormone, activating cell divisions and nodule pri- 
mordia formation. Endogenous Nod factor-like 
molecules may exist in uninfected plants [19]. 
Transgenic tobacco plants containing either R. 
meliloti nodA or nodB or both genes under the 
control of diverse promoters displayed distinct 
phenotypes which are compatible with modified 
levels of endogenous hormones [17]. NodA is 
involved in attaching a fatty acid acyl chain to a 
tetrasaccharide precursor [15] and NodB is a 
deacetylase [ 10]. NodA and NodB probably per- 
form the same functions in the transgenic plants, 
indicating that substrates for these proteins must 
be present within the plant cells. 

The difficulty with this hypothesis is that lipo- 
chitosans have not been identified in plants ex- 
cept in secondary cell walls (cited in [19]). In 
addition, such molecules are not restricted to 
legumes; yet, only legumes are nodulated. If 
Rhizobium inoculation triggers the release or in- 
creased synthesis of an endogenous Nod factor- 
like molecule, why don't  all plants curl their root 
hairs and undergo mitoses upon inoculation with 
Rhizobium? One argument is that only the legumes 
synthesize Nod factor-like molecules in their roots 
whereas in non-legumes, the endogenous Nod 
factors are produced only in the aerial parts of the 
plant. 

A second and more conservative hypothesis, 
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Fig. I. Diagram showing the various plant growth regulators thought to be involved with nodulation. Cytokinin is produced in all 
the root tips, and auxin, produced in the shoot tip, is basipetally transported down the stem. Rhizobia synthesize Nod factor which 
affects both root hair deformation and cell divisions that foreshadow the nodule primordia. Although rhizobia also produce auxin, 
cytokinins, and gibberellins, it is not clear whether any of these are required for nodule primoria formation. Exogenous cytokinin 
can elicit nodule formation, and nodules contain high levels of cytokinin and auxin. Although auxin is involved in some way with 
nodulation, its role is as yet unclear. Ethylene and a shoot-derived autoregulatory factor inhibit nodule development. The stimu- 
lus to produce the shoot-derived factor is synthesized in the root and transferred to the shoot. During pod fill, nodulation stops. 

relying only on the known plant hormones,  states 
that there is a change in the endogenous hormone  
balance brought about  by N o d  factor treatment.  
This change may come about  either by altering 
the effective concentrat ions of  the endogenous 
phytohormones  or by altering hormone  sensitiv- 
ity through the expression of  different classes of  
hormone  receptors or binding proteins. In addi- 
tion to the experiments described earlier, evidence 

suggesting that a perturbed hormone  balance may 
be downst ream of  N o d  factor perception is sup- 
ported by the existence of  spontaneously nodu- 
lating alfalfa genotypes, which form nodules in 
the absence of  rhizobia and without an apparent  
external trigger [22]. Also, when the non- 
nodulating alfalfa line MN1008 [13] is treated 
with an auxin t ransport  inhibitor, pseudonodules  
form, indicating that cell divisions can be 
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uncoupled from Nod factor perception (Y. Fang, 
S. Asad, and A.M. Hirsch, unpublished results). 
The roots of MN1008 contain ENOD40 tran- 
scripts after treatment with cytokinin (Y. Fang, S. 
Asad and A.M. Hirsch unpublished results). 

The two alternatives presented above are not 
mutually exclusive. The genotype which sponta- 
neously forms nodules may overexpress an en- 
dogenous Nod factor-like molecule. Similarly, a 
nodB gene product may deacylate or a nodA 
gene product may attach a lipid to some other 
target molecule, for example, producing a lipid- 
conjugated plant hormone. This molecule, when 
ectopically expressed, results in a phenocopy of a 
plant treated with an excess of plant hormones. 

Summary and future prospects 

Figure 1 summarizes the various ways the phy- 
tohormones and other factors may control nodu- 
lation. Experimental data implicate all of the 
known hormones in nodulation. Studies of nod- 
ule development and hormone action has pro- 
gressed rapidly in the past five years. The chal- 
lenge now is to determine whether nodule 
organogenesis involves the traditional plant hor- 
mones or novel ones. In addition, the study of the 
hormone-responsive early nodulin genes may help 
elucidate the link between the external (Nod fac- 
tor; Rhizobium) signals and the internal ones (hor- 
mones, novel factors?). 
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