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Strigolactones as Potential Endogenous Signals 
During Symbioses

Until recently, strigolactones were characterized as a rhizosphere 
signal in the establishment of mycorrhizal symbiosis. Plant host 
roots secrete strigolactones which activate the mycorrhizal fun-
gal partner, stimulating both germination and hyphal branching 
through enhanced fungal mitochondrial activity.2,11,12 Consistent 
with this, mutants with defects in strigolactone biosynthesis 
secrete little strigolactone and have reduced mycorrhizal coloni-
zation, which can be increased with exogenous strigolactones.3-5,13 
Our recent results using a pea mutant with defects in strigolac-
tone signaling indicate that in addition to the rhizosphere role, 
strigolactones may also play a role as an endogenous hormone 
inside the root during mycorrhizal establishment. The rms4 
mutant of pea is not deficient in strigolactones but is strigolac-
tone insensitive and contains a mutation in an F-box protein that 
may form a component of a SCF complex required for strigo-
lactone response.5,14 Total mycorrhizal colonization was signifi-
cantly reduced in rms4 mutant plants, with reductions in both 
hyphal colonization and arbuscule formation, although the 
arbuscules that did form appeared to be normal.5 An independent 
paper exploring the mycorrhizal phenotypes of a strigolactone 

as the newest plant hormone, strigolactone research is undergoing an exciting expansion. in less than five years, roles 
for strigolactones have been defined in shoot branching, secondary growth, root growth and nodulation, to add to 
the growing understanding of their role in arbuscular mycorrhizae and parasitic weed interactions.1 Strigolactones are 
particularly fascinating as signaling molecules as they can act both inside the plant as an endogenous hormone and in the 
soil as a rhizosphere signal.2-4 our recent research has highlighted such a dual role for strigolactones, potentially acting 
as both an endogenous and exogenous signal for arbuscular mycorrhizal development.5 there is also significant interest 
in examining strigolactones as putative regulators of responses to environmental stimuli, especially the response to 
nutrient availability, given the strong regulation of strigolactone production by nitrate and phosphate observed in many 
species.5,6 in particular, the potential for strigolactones to mediate the ecologically important response of mycorrhizal 
colonization to phosphate has been widely discussed. however, using a mutant approach we found that strigolactones 
are not essential for phosphate regulation of mycorrhizal colonization or nodulation.5 this is consistent with the relatively 
mild impairment of phosphate control of seedling root growth observed in Arabidopsis strigolactone mutants.7 this 
contrasts with the major role for strigolactones in phosphate control of shoot branching of rice and Arabidopsis8,9 and 
indicates that the integration of strigolactones into our understanding of nutrient response will be complex. new data 
presented here, along with the recent discovery of phosphate specific CLE peptides,10 indicates a potential role for 
PsnarK, a component of the autoregulation of nodulation pathway, in phosphate control of nodulation.
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insensitive mutant of rice was consistent with this result. As we 
found in pea, rice mutants with defects in the OsD3 F-box pro-
tein, orthologous to PsRMS4, also exhibited a strong reduction 
in mycorrhizal colonization, including reduced hyphal growth 
and arbuscule number, but normal arbuscule shape.15 Clearly, 
this component of the strigolactone perception pathway enhances 
mycorrhizal colonization. The simplest interpretation of this is 
that strigolactones not only need to be produced by the root and 
exuded into the rhizosphere to enhance the fungal partner, but 
that strigolactones must also be perceived by the plant itself via 
the RMS4/D3 F-box pathway to enhance mycorrhizal coloni-
zation (Fig. 1). Consistent with a role for strigolactones inside 
the root during mycorrhizal colonization, expression of a recently 
identified ABC strigolactone transporter is elevated in root tissue 
flanking mature arbuscules.13

Strigolactones are thought to act as an endogenous plant hor-
mone during the related legume symbiosis with rhizobial bac-
teria. Application of synthetic strigolactone directly to pea- and 
Medicago sativa-specific rhizobial cell cultures failed to enhance 
growth, stimulate nod factor production or induce calcium spik-
ing, all processes that are strongly induced by flavonoids, which 
are nodulation-specific rhizosphere signals.16,17 Our recent work 
with mutants indicate that endogenous strigolactones are required 
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The Role of Strigolactones in the Response  
to Phosphorus and Nitrogen

The exudation of the hormone strigolactone is highly sensitive 
to nutrient levels in the soil, with all the species tested so far 
exhibiting a strong increase in strigolactone production under 
low phosphate conditions, with some species also responding to 
low nitrogen.1,5,6 Indeed, it has been suggested in the literature 
that this strong regulation of strigolactones may be the mecha-
nism through which plants mediate changes in shoot and root 
growth and architecture in response to phosphate availability.7-9 
Further, it has been discussed that this response may form part of 
the strict regulation of (metabolically expensive) symbioses with 
the mycorrhizal fungi.6,19,20 Studies with strigolactone-deficient 
or -insensitive mutants offer the most elegant method for test-
ing such hypotheses and have recently yielded some contrasting 
results that require careful consideration.

We found that strigolactones are not essential for the regu-
lation of mycorrhizal symbioses in response to phosphate, as 
strigolactone-deficient and -insensitive mutants can still enhance 
mycorrhizal colonization in response to low phosphate.5 Similarly, 
regulation of nodulation in response to nitrate and phosphate is 
also not dependant on strigolactones.5 Whether they play any 
part in the responses is not clear but the response of nodulation 
to low phosphate is in the wrong direction for such a role. This 
is consistent with the fact that exogenous strigolactone cannot 
enhance mycorrhizal colonization under high phosphate19,20 and 
is significant as it indicates additional genetic programs must be 
in place for these responses. One such system is the autoregula-
tion of nodulation (AON) pathway that has been defined in sev-
eral legume species and regulates nodule number and mycorrhizal 
colonization.21,22 The suppression of nodulation in response to 
nitrate acts in part through the NARK protein, an LRR receptor 
kinase that is a component of the autoregulation system, and this 
includes the action of a number of CLE peptides.23,24

We have found preliminary evidence that in pea NARK may 
play some role in the phosphate response of nodulation but not 
mycorrhizal colonization. Mutants defective in PsNARK,25,26 
exhibited a similar suppression of mycorrhizal colonization in 
response to phosphate as observed in wild type pea plants (Fig. 
2a, b), as has been reported for the orthologous soybean Gmnark 
mutant.27 As observed previously,28 Psnark mutants grown under 
low phosphate may exhibit a small increase in mycorrhizal colo-
nization compared with wild type plants, although in this case 
the effect was not significant (Fig. 2a). In contrast to the suppres-
sion of mycorrhizal colonization by high phosphate observed in 
both genotypes, the suppression of nodulation by low phosphate 
observed in wild type plants29 was impaired in Psnark mutants 
(Fig 2c, d). A highly significant approximately 2-fold reduc-
tion in nodule number was observed in wild type plants grown 
under low phosphate compared with high phosphate (Fig. 2c; 
p < 0.001). In contrast, Psnark mutants exhibited a clear super-
nodulating phenotype under both phosphate treatments, with no 
significant reduction in nodule number in response to phosphate 
limitation. With the recent description of phosphate-induced 
CLE peptides,10 the potential for integration of phosphate 

to enhance nodulation, as strigolactone-deficient mutants form 
significantly fewer nodules and this can be restored by synthetic 
strigolactones.5,18 Strigolactones appear to influence nodule 
development after root hair curling but before visible nodule 
emergence (Fig. 1), as strigolactone-deficient mutants exhibited 
wild type numbers and length of roots hairs18 and similar levels 
of root hair curling in response to rhizobia (unpubl. data Hugill, 
Foo, Reid) but no abnormal or small nodules.18 We observed 
an interesting difference between the role of the RMS4 F-box 
protein in nodulation and mycorrhizal symbioses. In contrast 
to the prediction that rms4 mutants may have reduced nodula-
tion as observed in the strigolactone biosynthesis mutants, we 
found rms4 mutants did not exhibit reduced nodule number. 
This is the reverse of what was seen in mycorrhizal studies5 (Fig. 
1). One interpretation of this finding is that the influence of 
strigolactones on nodulation is not inside the root but external 
to it. However, as indicated above, all the data available suggests 
strigolactones do not influence the growth or behavior of the 
bacteria. It must be noted that changes in root size or root archi-
tecture do not appear to be the cause of the altered fungal and 
bacterial symbioses observed in the strigolactone pea mutants, 
as such small changes are accounted for in the sampling meth-
ods used.5,18

Figure 1. Proposed roles of strigolactone biosynthesis genes (PsCCD7, 
PsCCD8) and signaling gene (PsRMS4) in nodulation and mycorrhizal 
development of pea roots. all arrows drawn have been tested to some 
degree; solid arrows indicate relationships supported by experimen-
tal evidence; dashed arrows indicate relationships not supported by 
experimental evidence.
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Data are also presented that suggests auxin may 
play a role in this relatively small contribution 
of strigolactones to the phosphate root response. 
Taken together, we would interpret these results 
to indicate that strigolactones are not essential 
for the root growth response to phosphate, as 
mutants unable to produce or perceive strigo-
lactones still respond strongly to phosphate. We 
would agree with the authors of this paper that 
the small and sometimes transient impairments 
in phosphate response observed in the mutants 
would suggest a small (modulating) role for 
strigolactones in early seedling responses to 
phosphate and that this indicates additional 
pathways are the main contributor to the phos-
phate response of root growth at later stages of 
seedling development.

In contrast to the two examples given above, 
where strigolactones may only play a minor role 
in nutrient response, there is evidence for a signifi-
cant role for strigolactones in regulation of shoot 
branching in response to phosphate. In both rice 
and Arabidopsis, there is a correlation between low 
phosphate, high strigolactone levels and reduced 
bud outgrowth, with strigolactone-deficient 
mutants in these species failing to suppress bud 
outgrowth under low phosphate.8,9 This substan-
tial reduction in response in strigolactone-defi-
cient mutants is surely the strongest indication 
that strigolactones are required for this response.

Conclusions

The recent discovery of a potential endogenous 
role for strigolactones in nodulation and mycorrhizal develop-
ment5,15,18 opens up a myriad of exciting avenues for future research. 
Two such recent developments are the discovery of a potential 
interaction between strigolactones and auxin in mycorrhizal 
development30 and a novel role for gibberellin in mycorrhizal sym-
biosis.31 Integration of strigolactones into the symbiosis pathways 
will be achieved through the use of more detailed anatomical 
studies, molecular markers and symbiosis mutants. These studies 
will help us to understand how legumes in particular strike the 
delicate balance required in their interaction with bacterial and 
fungal symbiotic partners.
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response in the AON pathway is an intriguing avenue for future 
research.

Since the publication of our investigation into the role of 
strigolactones in nutrient regulation of symbioses, a paper 
examining the role of strigolactones in the phosphate control of 
Arabidopsis root growth has been published. A mutant approach 
was also used to examine if strigolactone-deficient or -insensitive 
mutants have impaired ability to modify aspects of seedling root 
development or gene expression in response to phosphate.7 The 
enhancement of root hair number in response to low phosphate 
was found to be impaired in strigolactone deficient and insensi-
tive mutants, but only at 48 h post-germination and not at later 
stages of seedling development. Other aspects of root growth 
that respond strongly to phosphate in wild type plants, including 
main root length and lateral root formation, were also found to 
be significantly affected by phosphate in max2 mutants, which 
are strigolactone-insensitive due to a lesion in an F-box protein 
orthologous to PsRMS4 and OsD3. However, the authors point to 
the small but significant impairment in main root length and lat-
eral root density in response to phosphate limitation observed in 
max2 mutants. Some impairment in the induction of phosphate-
responsive genes was also observed in the strigolactone mutants. 

Figure 2. Effect of phosphate fertilisation on the development of mycorrhizal symbiosis (A 
and B) and nodulation (C and D) in Psnark (autoregulation mutant, sym29) and wild type pea 
(cv Frisson). Plants were grown as described previously5 with thrice weekly fertilisation with 
0.05 (low P) or 5 mM (high P) nah2Po4. For (A –C) values are mean ± s.e., n = 6 - 10. (A and B) 
Mycorrhizal colonization after 7 weeks growth with Glomus intraradices expressed as percent-
age of the root containing (A) arbuscules or (B) any fungal structure. (C and D) nodulation of 
3 week old plants inoculated at 1 week with Rhizobium leguminosarum bv viciae. (C) nodule 
number per mg root dry weight and (D) photo of nodules on secondary root of wild type and 
Psnark mutant plants (tertiary roots have been removed), scale bar = 1 cm.
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