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Under natural conditions, growth of plants is often limited by the 
availability of nutrients such as nitrogen and phosphorous. Plants 
have therefore developed strategies to acquire nutrients with the 
help of soil microorganisms. Most land plants enter mutualistic 
root symbioses with arbuscular mycorrhizal (AM) fungi, whereas 
legumes form special root nodules containing nitrogen-fixing 
bacteria, so-called rhizobia.1-4 Establishment and maintenance 
of symbiosis requires plant resources, such as photosynthetically 
assimilated carbon. To minimize these costs, host plants are 
able to control the degree of their symbiotic interactions. Above 
a critical threshold level further establishment of symbiosis is 
restricted—a feedback phenomenon termed autoregulation of 
symbiosis. Autoregulation can be experimentally demonstrated 
in split-root systems. When legume roots are already infected by 
rhizobia on one side of a split-root, further nodule development 
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Legumes enter nodule symbioses with nitrogen-fixing bacteria 
(rhizobia), whereas most flowering plants establish symbiotic 
associations with arbuscular mycorrhizal (AM) fungi. Once 
first steps of symbiosis are initiated, nodule formation and 
mycorrhization in legumes is negatively controlled by a shoot-
derived inhibitor (SDI), a phenomenon termed autoregulation. 
According to current views, autoregulation of nodulation 
and mycorrhization in legumes is regulated in a similar way. 
CLE peptides induced in response to rhizobial nodulation 
signals (Nod factors) have been proposed to represent the 
ascending long-distance signals to the shoot. Although 
not proven yet, these CLE peptides are likely perceived by 
leucine-rich repeat (LRR) autoregulation receptor kinases in 
the shoot. Autoregulation of mycorrhization in non-legumes 
is reminiscent to the phenomenon of “systemic acquired 
resistance” in plant-pathogen interactions.
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is “systemically” inhibited on the other side. Similarly, prior colo-
nization of split-roots by AM fungi on one half suppresses later 
fungal root colonization on the other half. Hence, important ele-
ments of the symbiotic autoregulation circuit are not only local-
ized in roots, but also in aerial parts of the plant, implicating 
transport of signals in vascular bundles (Fig. 1). Whereas auto-
regulation of nodulation in legumes has been studied for many 
decades,5-9 the first publications clearly stating a shoot-controlled 
autoregulation of mycorrhization in split-root systems appeared 
in 2000 for the non-legume barley (Hordeum vulgare) and there-
after for alfalfa (Medicago sativa) and soybean (Glycine max).10-13 
The data from these split-root experiments are supported by the 
findings that supernodulating (or hypernodulating) loss-of-auto-
regulation mutants displayed either an increased degree of AM 
colonization and/or a higher abundance of arbuscules.14-16

Shoot-controlled Autoregulation of Nodulation

Loss-of-autoregulation mutants of various legumes have been 
identified by their capacity to form significantly more nodules.5-9 
Reciprocal grafting experiments with mutant and wild-type 
plants revealed that the supernodulating (or hypernodulating) 
phenotype of many mutants depended on the aerial part of the 
legume plants, providing genetic evidence that autoregulation 
is controlled by long-distance transport. Following inoculation 
with rhizobia, an ascending signal is transported from roots to 
the shoot in the xylem and a shoot-derived descending inhibitor 
is transported back to the roots in the phloem (Fig. 1).

Recent findings on autoregulation of nodulation suggest 
that the root-derived ascending signals to the shoot are short 
peptides belonging to the CLE peptide family.17-19 CLE pep-
tides have a conserved C-terminal domain (CLE domain) and 
are named after representative genes, CLV3 (or CLAVATA3) of 
Arabidopsis thaliana and ESR (endosperm-surrounding region) of 
Zea mays. Extracellular CLE peptides of Arabidopsis and other 
non-legumes possess hormone-like activities and are involved in 
regulation of various processes of plant development such as cell 
differentiation in apical shoot, floral and root meristems, as well 
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L. japonicus and M. truncatula were constructed in which the 
Nod factor-inducible CLE genes (LjCLE-RS1/LjCLE-RS2; 
MtCLE12/MtCLE13) were constitutively expressed in hairy 
roots after transformation with Agrobacterium rhizogenes. In both 
legumes, overexpression of these CLE peptides under the control 
of the CaMV 35S promoter suppressed nodule formation in non-
transgenic parts of the root system.18,19 These data provided first 
evidence that CLE peptides suppress nodule formation via long-
distance signaling.

High nitrate levels in the soil block formation of legume root 
nodules. Molecular mechanisms underlying the relationship 
between nitrate and nodulation are poorly understood, how-
ever. Classical work on various loss-of-autoregulation mutants 
revealed that they not only form more nodules than wild-type 
plants, but also gained the ability to nodulate in the presence 
of high nitrate concentrations.5-9 Thus, nitrate-controlled inhi-
bition of nodulation shares common steps with the autoregula-
tion circuit. Interestingly, expression of LjCLE-RS2 was strongly 
upregulated in L. japonicus roots treated with 10 mM KNO

3
,18 

suggesting that certain CLE peptides are not only involved in 
autoregulation of nodulation, but also locally inhibit nodulation 
when roots are exposed to high nitrate concentrations.

as differentiation into vascular cells.20-23 In legumes, expression 
of specific CLE genes in roots is induced in response to rhizobial 
infection. First examples are the genes LjCLE-RS1/LjCLE-RS2 
in Lotus japonicus and MtCLE12/MtCLE13 in Medicago trun-
catula.18,19 L. japonicus and M. truncatula mutants deficient in 
perception of rhizobial Nod factors (lipo-chitooligosaccharidic 
nodulation signals) did not show induction these genes, provid-
ing evidence that Nod factor signaling is required for expression 
of nodulation-related CLE genes.18,19 These findings are consis-
tent with earlier observations that Nod factors not only initiate 
infection and cell division processes, but also activate the auto-
regulation circuit. When split-root systems of Vicia sativa subsp. 
nigra or alfalfa were treated on one half with active Nod fac-
tors, nodulation was significantly reduced on the other half.12,24 
Similarly, grafting experiments with various Nod factor signaling 
mutants of pea (Pisum sativum) indicated that a functional Nod 
factor signal transduction cascade is required for formation (or 
activation) of the ascending autoregulation signal to the shoot. 
In the supernodulating nod3 mutant of pea, autoregulation is 
likely blocked at an early stage in the root, perhaps during syn-
thesis or activation of CLE peptides.25,26 To examine the effect of 
symbiosis-related CLE peptides on nodule formation, transgenic 

Figure 1. Proposed model of shoot-controlled autoregulation of symbiosis in a split-root system. Prior infection of root A by rhizobia or AM fungi 
systemically suppresses later establishment of symbiosis in root B. Expression of specific CLE peptides (and/or other peptide hormones) is induced in 
response to rhizobial nodulation signals (Nod factors) and perhaps also in response to colonization by AM fungi (stage 1). The CLE peptides (and/or 
other signals) are then presumed to be transported in the xylem to the shoot, where they are perceived by leucine-rich repeat (LRR) autoregulation 
receptor kinases (stage 2). As a result of autoregulation signaling in the shoot, an unknown shoot-derived inhibitor (SDI) is produced (stage 3) and 
transported as a phloem-mobile signal to the root. Perception and action of the SDI signal in roots would then inhibit nodulation and root coloniza-
tion by AM fungi (stage 4).
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suggests that auxin flow is systemically regulated by autoregu-
lation mechanisms and that the SDI signal and auxin perhaps 
function antagonistically in root tissues. Furthermore, recent 
reports point towards a possible involvement of JA signaling in 
autoregulation of noduation. In soybean plants inoculated with 
rhizobia, genes involved in JA biosynthesis as well as JA-inducible 
genes were systemically regulated. This effect was abolished in 
nts mutants (mutated in the autoregulation LRR receptor kinase 
gene NARK ). Furthermore, levels of JA in leaves were higher and 
JA-inducible genes upregulated in a non-inoculated nts mutant as 
compared to wild-type plants. These data suggest that NARK-
mediated signaling reduces JA signaling in soybean leaves.46,48 
In L. japonicus, foliar application of methyl-JA reduced nodula-
tion.44 An inhibition effect of JA on nodulation was also seen 
for the tml mutant, suggesting that JA itself is not the descend-
ing SDI signal.42 Furthermore, levels of certain symbiosis-related 
flavonoids seem to be influenced by autoregulation signaling. 
When alfalfa split-root systems were infected with rhizobia, lev-
els of formononetin and ononin were not only reduced in inocu-
lated roots, but also systemically lowered in non-inoculated roots. 
Exogenous application of formononetin, and to lesser extent ono-
nin, significantly increased nodule initiation in autoregulated 
roots, suggesting that these flavonoids act antagonistically to 
SDI-induced changes.49

Analysis of mutants revealed a close relationship beween 
autoregulation of nodulation and plant developmental pro-
cesses. For example, most hypernodulating L. japonicus 
mutants show morphological changes as compared to wild-
type plants. Mutations in the autoregulation LRR receptor 
kinase gene HAR1 resulted in plants with strongly altered root 
architecture,50 whereas the hypernodulating klavier mutant 
showed altered leaf veins, delayed flowering and a dwarf phe-
notype.36 Furthermore, the hypernodulating astray mutant, 
which is mutated in a gene encoding a basic leucine zipper 
protein, possesses agravitropic lateral roots.51,52 These pleio-
tropic effects in loss-of-autoregulation mutants indicate that 
autoregulation and plant morphogenesis share common mech-
anisms, in which CLE peptides and phytohormones possess 
dual functions.

Shoot-Controlled Autoregulation of Mycorrhization 
in Legumes and Non-Legumes

Although more information is available on autoregulation of 
nodulation, there is accumulating evidence that autoregula-
tion of mycorrhization in legumes functions in a similar way. 
Supernodulating mutants of soybean, Lotus japonicus, M. trun-
catula and pea displayed increased mycorrhizal colonization, 
accompanied by a higher abundance of arbuscules as compared 
to wild-type mycorrhization.14-16 Furthermore, a mutant of  
M. truncatula with increased mycorrhization and low nodulation 
potential has been recently identified.53 These findings suggest 
that mycorrhization is autoregulated in legumes. Clear evidence 
for a shoot-controlled autoregulation circuit has been provided 
with mycorrhizal split-root systems. Split-roots inoculated at two 
different times have been found to be most suitable for analysis 

Future biochemical experiments are required to demonstrate 
that CLE peptides are indeed the ascending long-distance sig-
nals in the xylem. Alternatively, other peptides could have similar 
functions in systemic suppression of nodulation. In M. truncatula 
roots for example, rhizobial infection resulted in strongly induced 
expression of the genes MtRALFL1 and MtDVL1,27 which encode 
small peptides belonging to the RALF (“rapid alkalinization fac-
tor”) and DEVIL (ROT4) peptide family, respectively.28 When 
inoculated with rhizobia, transgenic M. truncatula overexpress-
ing MtRALFL1 and MtDVL1 formed fewer nodules and exhib-
ited an increase in the number of aborted infection threads as 
compared to non-transformed plants.27 Whether these peptides 
act locally or systemically has not been examined yet.

A first essential receptor kinase gene involved in autoregula-
tion of nodulation has been identified by map-based cloning of 
supernodulating/hypernodulating mutants. The genes HAR1 
in L. japonicus,29,30 SYM29 in pea,29 NARK in soybean,31 and 
SUNN in M. truncatula32,33 are strongly expressed in leaf tis-
sues and encode orthologous leucine-rich repeat (LRR) receptor 
kinases (class XI) with sequence similarities to the CLV1 recep-
tor kinase (CLAVATA1) of Arabidopsis. It has been shown that 
the CLV1 receptor biochemically interacts with the ligand CLV3, 
a well-investigated CLE peptide of Arabidopis.34 Although not 
proven yet, it is likely that root-derived CLE peptides represent 
the peptide ligands for the autoregulation LRR receptor kinase 
in legumes. Indeed, overexpression of the CLE genes LjCLE-RS1 
or LjCLE-RS2 in L. japonicus showed systemic suppression effects 
on nodulation in wild-type plants, but not in the har1 mutant.18 
Similar results were obtained in M. truncatula overexpressing 
MtCLE12 or MtCLE13, whereas suppressive effects on nodula-
tion induced by MtCLE13 expression were significantly weaker 
in the sunn-1 mutant.19

The kinase-associated protein phosphatase genes GmKAPP1 
and GmKAPP2 of soybean35 and the gene at the KLAVIER 
locus in L. japonicus36 encode likely additional elements of the 
autoregulation signal transduction pathway in the shoot. As 
a consequence, a shoot-derived inhibitor (SDI) is generated 
and transported in the phloem to the root, where it inhibits 
nodule formation (Fig.  1). The descending SDI signal from 
soybean plants has been biochemically characterized as ethanol-
soluble and heat-stable molecule with a low molecular weight 
(<1  kDa).37‑40 Grafting experiments suggested that the hyper-
nodulating L. japonicus mutant too much love (tml) is involved 
in perception of the descending SDI signal.41 Accordingly, recent 
expression analysis with the tml mutant showed normal induc-
tion of the CLE genes LjCLE-RS1 and LjCLE-RS2 in response to 
rhizobial infection.42

Autoregulation signaling affects levels and action of phyto-
hormones, such as auxin, abscisic acid, ethylene and jasmonic 
acid (JA).32,43-48 In M. truncatula, an autoregulation-defective 
sunn mutant (mutated in the autoregulation LRR receptor kinase 
gene SUNN) showed increased auxin transport from the shoot 
to the root, suggesting that high auxin levels positively affect 
nodule formation.45 Following inoculation with rhizobia, the 
auxin-responsive gene GH3 was higher expressed in roots of the 
sunn mutant than in wild-type plants.32 Taken together this data 
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reflect the higher number of formed arbuscules in this mutant as 
compared to wild-type plants.58

Data from classical split-root experiments indicate that auto-
regulation of mycorrhization also exists in non-legume plants. 
In barley, mycorrhization was significantly reduced when other 
parts of the root system were already colonized by AM fungi.10,11 
The feedback inhibition effect depended on the degree of AM 
colonization in the first half of the split-root system, suggesting a 
dose-dependent effect.54 We suggest that autoregulation processes 
of mycorrhization in legumes and non-legumes are controlled by 
similar molecules (Fig. 1). It would be interesting to find out 
whether CLE peptides17-23 or other plant bio-active peptides28,59 
represent the ascending signals in non-legumes.

Using split-root systems, a recent study demonstrated that 
the broad-host range strain Rhizobium sp. NGR234 systemically 
suppressed mycorrhization of barley roots.60 Rhizobia cannot 
infect barley, but bacterial rhizophere colonization in one half of 
the split-root system systemically affected AM root colonization 
on the other half. The observed suppression effect was indepen-
dent of Nod factors, as a mutant strain of NGR234 deficient in 
Nod factor synthesis (strain NGRΔnodABC) suppressed mycor-
rhization in a similar way. These data suggest that barley roots 
can perceive the rhizobia in the rhizophere. We postulate that 
there are rhizobial elicitors (microbe-associated molecular pat-
terns), which are recognized by corresponding pattern recogni-
tion receptors and trigger activation of plant defense reactions 
in barley roots. Indeed, roots challenged with NGR234 showed 
increased levels of free salicylic acid, a typical defense response 
against pathogens.60

Work on cucumber (Cucumis sativus) revealed that application 
of root exudates from mycorrhizal plants reduced the degree of 
AM root colonization, whereas root exudates from non-infected 
plants stimulated mycorrhization. Root exudates from the non-
mycorrhizal half of a split-root system (with mycorrhizal roots 
on the other half) partially inhibited mycorrhization of cucum-
ber plants.61 These data indicate that the composition of root 
exudates is systemically regulated and suggest a systemic plant 
defense response against AM fungi. This is reminiscent to the 
effects of the “endogenous elicitor” systemin, a peptide hormone 
of tomato (Lycopersicon peruvianum) involved in systemic activa-
tion of plant defense reactions.62

Interestingly, prior mycorrhization in barley split-root sys-
tems not only suppressed later mycorrhization, but also systemi-
cally reduced subsequent infection of the pathogenic fungus 
Gaeumannomyces graminis.63 Hence, autoregulation of mycorrhi-
zation and the systemic biocontrol effect of AM fungi (or rhi-
zobia) on pathogenic fungi could be regulated by a similar SDI 
signal.64 Apparently, autoregulation of mycorrhization possesses 
certain parallels with the phenomenon of “systemic acquired 
resistance” in plant-pathogen interactions, where prior infec-
tion by a pathogen systemically induces plant defense reactions 
in the host plant.65 It is worth mentioning in this context that 
autoregulation signaling affected root-knot nematode infection 
in L. japonicus roots. The har1 mutant (mutated in the autoregu-
lation LRR receptor kinase gene HAR1) was hyperinfected by 
Meloidogyne incognita and formed significantly more galls than 

of systemic control of mycorrhization, as interaction between 
the two root sides implicates long-distance transport of signals 
via aerial parts of the host plant. Using such a split-root system 
approach, autoregulation of mycorrhization has been first identi-
fied in the non-legume barley and thereafter studied in alfalfa 
and soybean.10-13,49,54-56

In alfalfa, inoculation of one half of a split-root system with 
the fungus Glomus mosseae significantly reduced later AM colo-
nization on the other half. A similar suppressive effect on mycor-
rhization was observed after inoculation with Sinorhizobium 
meliloti.12 Furthermore, prior addition of purified rhizobial Nod 
factors on one half significantly reduced mycorrhization on the 
other half of the split-root system. Reciprocally, prior mycorrhi-
zation on one side suppressed nodule formation on the other side 
of the split-root system.12 Taken these data together, they point to 
a common autoregulation circuit for both symbioses (Fig. 1). We 
suggest that Nod factor signaling as well as mycorrhizal signal-
ing in response to unknown mycorrhizal signals (“Myc factors”) 
induces expression or post-translation processing of CLE pep-
tides, which likely function as ascending long-distance signals 
to the shoot. Moreover, the descending SDI transported to the 
root seems to inhibit both, nodule formation as well as mycor-
rhizal root colonization. Indeed, inoculation experiments with 
the supernodulation mutant nts1007 provided genetic evidence 
for autoregulation of mycorrhization in soybean (cv. Bragg). 
The nts1007 mutant carries a nonsense mutation that truncates 
the autoregulation LRR receptor kinase NARK.31 In contrast 
to wild-type soybean plants, prior AM colonization of nts1007 
plants on one half did not suppress later AM colonization by the 
AM fungus G. mosseae on the other half of the split-root system, 
indicating that NARK is essential for shoot-controlled autoregu-
lation of mycorrhization.13 En6500, an allelic mutant with a simi-
lar nonsense mutation in NARK derived from cv. Enrei, retained 
the ability to systemically regulate AM fungi under these con-
ditions, suggesting that the genetic background (varietal differ-
ences) influences autoregulation of mycorrhization under certain 
experimental conditions.56 Using reciprocal grafting experiments 
however, shoot-controlled autoregulation of mycorrhization has 
been recently demonstrated for the En6500 mutant. In this study, 
abundance of arbuscules was determined in roots colonized by 
the AM fungus Gigaspora rosea.57

Similar to autoregulation of nodulation, the SDI signal seems 
to induce physiological changes in the root that limit AM root 
colonization. Analysis of phytohormonal changes in soybean 
points to a possible role of auxin in autoregulation of mycor-
rhization.13 Levels of isoflavonoids such as formononetin and 
ononin were systemically reduced in non-infected parts, when 
alfalfa split-roots were infected with AM fungi on one half. On 
the other hand, exogenous application of ononin to autoregulated 
root parts stimulated AM colonization, indicating that certain 
flavonoids thwart SDI-induced inhibition effects on mycorrhi-
zation.49 Proteomic analysis of the mycorrhized autoregulation-
defective sunn mutant (mutated in the autoregulation LRR 
receptor kinase gene SUNN of M. truncatula) revealed increased 
accumulation of proteins involved in plant defense reactions, 
cytoskeleton rearrangements and auxin signaling, which perhaps 
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polypeptide chains and certain CLE peptides undergo post-trans-
lational modifications, such as arbinosylation to gain their bio-
logical activity.20-23,68 Furthermore, CLE peptides seem to affect 
nodule inhibition not only via shoot-controlled autoregulation, 
but also directly within roots. Thus, short-distance transport of 
CLE peptides within roots could interfere with shoot-controlled 
autoregulation of symbiosis. We hypothesize that expression and 
short-distance transport of CLE peptides is particularly impor-
tant for nitrate-mediated inhibition of nodulation as well as for 
phosphate-mediated inhibition of mycorrhization. Indeed, recent 
expression studies indicated that LjCLE-RS2 in L. japonicus roots 
is induced by KNO

3
, whereas expression levels of LjCLE19/

LjCLE20 were stimulated when plants were grown at high phos-
phate concentrations.18,69 It is tempting to speculate that auto-
regulation LRR receptor kinases expressed in roots are receptors 
for CLE peptides induced by high nitrate or phosphate levels. 
Consequently, an inhibitor identical or related to the SDI sig-
nal would be also locally synthesized in roots. In other words, 
mechanisms of nutrient-mediated inhibition of symbiosis and 
autoregulation of symbiosis controlled by long-distance signaling 
would represent variations of a common theme.
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wild-type plants.66 Similarly, as compared to the parent cv. Enrei, 
the supernodulating soybean line Sakukei4 was more damaged 
by red crown rot, which is caused by Calonectria ilicilola.67 These 
differences could be due to reduced expression of disease resis-
tance genes in loss-of-autoregulation mutants and point to a 
possible crosstalk between autoregulation and defense signaling 
pathways.46

Concluding Remarks

Whereas knowledge on autoregulation of nodulation consider-
ably increased during the recent years, studies on autoregulation 
of mycorrhization are still in their infancy. In legumes, auto-
regulation of nodulation and mycorrhization seem to be regu-
lated by the same signaling pathway in the shoot. Autoregulation 
of mycorrhization in non-legumes is reminiscent to “systemic 
acquired resistance” in plant-pathogen interactions. CLE pep-
tides are putative ligands for the autoregulation LRR receptor 
kinases HAR1/SYM29/NARK/SUNN. It will be of interest to 
investigate these receptor-ligand interactions biochemically in 
order to characterize their specificity. Further research on loss-of-
autoregulation mutants in legumes and identification of mutants 
from non-legumes will provide a way to understand autoregula-
tion signaling in more detail.

The overlaps between autoregulation of symbiosis and plant 
developmental processes might complicate the molecular analysis 
of symbiotic autoregulation circuits. Redundancy in expression 
and multiple functions of CLE peptides likely contribute to a 
high level of complexity. CLE peptides are processed from longer 
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