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Abstract

Plant root rhizosphere interactions with mutualistic microbes are diverse and numerous, having evolved over time in 
response to selective pressures on plants to attain anchorage and nutrients. These relationships can be considered 
to be formed through a combination of architectural connections: molecular architecture interactions that control 
root–microbe perception and regulate the balance between host and symbiont and developmental architecture inter-
actions that enable the microbes to be ‘housed’ in the root and enable the exchange of compounds. Recent findings 
that help to understand the common architecture that exists between nodulation and mycorrhizal interactions, and 
how this architecture could be re-tuned to develop new symbioses, are discussed here.

Key words: Arbuscular mycorrhizal root interactions, evolution of root architecture, nodulation, plant–microbe signalling, 
rhizosphere biology, SYM symbiosis genes.

Evolution of plant below-ground tissues 
and contact with soil microbes

Plants must interact with their environment both above-
ground (in the phyllosphere) and below-ground (in the rhizo-
sphere). The rhizosphere represents a particularly complex 
interactive matrix since it consists of multivariate organ-
ism–environment relationships, involving both physical and 
molecular plant–microbe–soil interactions. Together with 
studying soil biodiversity and soil health, the rhizosphere 
has gained increased interest in recent years due to the avail-
ability of new visualization techniques (Downie et al., 2012; 
Mairhofer et al., 2012) together with advances in sequencing 
of inhabiting microbial communities (Bulgarelli et al., 2012; 
Lundberg et al., 2012; Schlaeppi et al., 2014). This review aims 
to use such recent findings to discuss aspects of the architec-
ture connecting mutualistic plant–microbe interactions.

Underlying the colonization of land by plant species, sev-
eral important processes occurred (Fig.  1). These includes 
development of multicellular specialized tissues such as 

roots—below-ground organs that help plants to acquire water 
and nutrients for development. During plant evolution the 
gradual shift from aquatic environments towards moist terres-
trial habitats (Becker and Marin, 2009) can be hypothesized as 
the selective pressure that led to rhizoid development in plants. 
These rhizoid features provided the opportunity for anchorage 
of the plant as well as water and nutrient uptake (Delaux et al., 
2012). Plant colonization of drier soil landscapes, the develop-
ment of specialized rhizoid tissues, and more widespread root 
system architecture opened up the possibility of increased 
interaction of these early roots with soil microbes. However, 
cell–microbe interaction was not new. Even before the appear-
ance of multi-cellular organisms, primitive cell–cell interaction 
events had already occurred. Eukaryotic cells themselves are 
the product of endosymbiosis between ancestral prokaryotic 
cell types (Margulis, 1970; reviewed in Archibald, 2011), sug-
gesting that cells have molecular responses to allow or block 
cell–cell interactions between different organisms. This situates 
the context of cell–cell interactions (and thus symbiosis) in a 
broader and more ancestral scenario (Fig.  1). Pathogenesis, 
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symbiosis, and intermediate interactions could all originate 
from a type of cell–cell interaction. The comparison of cur-
rent innate immune signalling pathways in plants (reviewed 
in Dodds and Rathjen, 2010; Dangl et al., 2013; Wirthmueller 
et al., 2013) and animals suggests that they have a different 
evolutionary origin (reviewed in Ausubel, 2005). However, it 
could also be that certain components have a common origin, 
but that it diverged in an early premature eukaryotic stage and 
that both animals and plants evolved into highly specialized 
and differentiated multicellular organisms.

Cell–cell interactions between different organisms, controlled 
both by evolutionary and environmental pressures, have shaped the 
types of interactions that we currently know about. Interestingly, 
it has been found recently that simple environmental changes can 
induce free-living organisms to be mutualistic without requiring 
adaptive co-evolution. However, the degree of success on these 
mutualisms seems to be controlled by species-specific traits (Aanen 
and Bisseling, 2014; Hom and Murray, 2014). To address this sub-
ject much more would need to be understood about the environ-
mental, molecular, and biochemical profile of species interactions.

Soil and rhizosphere diversity provides a 
complex interactive environment for roots

Soil is a complex matrix containing mineral nutrients present 
in a broad range of chemical species and states, together with 

water and diverse different-sized physical particles. Another 
enormous component of soil is a vast diversity of living 
organisms including microbes. From what we know, soil 
microbes represent the largest reservoir of biodiversity on 
earth (Berendsen et al., 2012). It is estimated that 1 g of soil 
could contain 1 billion bacterial cells and 200 million fungal 
hyphae as well as many other types and species of organisms. 
Although there is not a large difference in the total amount 
of microbe cells between forest and agricultural soils, there 
is, in fact, a dramatic difference in the number and type of 
taxa present. It has been found that certain forest soils are 
the richest in microbe biodiversity (Helgason et  al., 1998; 
Roesch et al., 2007; Wagg et al., 2014). Soil microbe biodiver-
sity, in turn, influences soil properties including the physical 
structure and nutrient composition (de Vries et al., 2013) and 
ultimately affects soil–root interactions and thus the environ-
ment where plants develop and grow.

Recent technical advances have allowed the exploration of 
natural soil bacterial communities and the characterization 
of the rhizosphere microbiota (Bulgarelli et al., 2012, 2013; 
Knief et al., 2012; Lundberg et al., 2012;). These studies have 
enabled progress to be made in understanding the different 
microbe–root interactions that can potentially be established 
within a complex community, from endophytic to symbiotic 
and pathogenic, across a wide range of intermediate states. 
This work has also shown that plant genotype contributes to 
the biodiversity of the root microbiota (reviewed in Bulgarelli 

Fig. 1. Accumulation of symbioses. Schematic representation of the evolution of molecular and biochemical interactions related to symbiosis over an 
indicative time-scale. (A) Ancient cell–cell interactions together with the development of molecular recognition mechanisms allowed the establishment 
of endosymbiotic events. This facilitated higher energy efficiency in eukaryotic cells, underpinning the ability to form multicellular tissues. (B) Land 
colonization of plants required the development of highly complex multicellular tissues including rhizoids and roots to achieve water and nutrient uptake. 
Early land plants formed primitive plant–microbe mutualistic interactions. Such interactions are also evident in single cell algal–microbe interactions, for 
example as found in lichens. (C) Within the rhizosphere, microbial diversity together with more specialized recognition genetic signalling pathways in roots 
has enabled increased symbiosis with higher plants. In legumes (such as M. truncatula), plants interact with AM fungi and rhizobia, enabling more efficient 
nutrient exchange between plants and the soil. This enables plasticity of the root system to colonize new rhizosphere niches.
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et al., 2013), probably due to the composition of root exu-
dates ‘rhizodeposition’ (reviewed in Bednarek et  al., 2010; 
Bulgarelli et al., 2013).

In the soil environment, plant roots are therefore sur-
rounded by a large variety of  soil microbes and they can estab-
lish different types of  molecular and physical interactions 
with them. This then defines a wide range of  root–microbe 
associations where beneficial or pathogenic interactions can 
be considered to be the most extreme lifestyles, but many 
others can remain in intermediate associative states. Some 
microbes can colonize root host tissue and remain neutral, 
without causing any damage or disease symptoms in a so-
called co-existence. The natural abundance of  this type of 
plant–microbe interaction is generally unknown since they 
are hard to detect. Other microbial species could also be 
beneficial for the plant, acting as mutualists, for example, 
promoting growth and impacting function via production 
of  plant regulators such as auxin, cytokinin or gibberel-
lins (reviewed in Reinhold-Hurek and Hurek, 2011). As 
an example of  growth promotion, the endophyte fungus 
Piriformospora indica, establishes interactions with a broad 
range of  plant species with the consequence of  enhancing 
plant growth and enabling biotic and abiotic stress resistance 
without causing disease symptoms in the host (Schäfer et al., 
2007; Qiang et al., 2012). However, there are cases in which 
endophytes could turn into more saprophytic or pathogenic 
stages during their whole life cycle (reviewed in Slippers and 
Wingfield, 2007; Behie and Bidochka, 2014).

Evolution of a molecular architecture 
supporting plant–mutualist interactions

It can be hypothesized that the establishment of current root–
microbe interactions, with pathogenic or mutualistic as the 
most extreme, was an extremely long evolutionary transition 
driven by many selective pressures. This includes the accord-
ance of a ‘molecular language’ between the microbe and the 
plant (Bulgarelli et al., 2013; Oldroyd, 2013) and the co-ordi-
nation of plant microbe responses (Zamioudis and Pieterse, 
2011; Doehlemann et  al., 2014). Since plants and microbes 
establish a broad range of interactions, it can be considered 
that there were many attempts at communication between 
these organisms, thereby generating a spectrum of interac-
tions. If  a successful mutualistic interaction was established, 
positive selective pressure could have helped to maintain it. 
This new mutualist pathway enabling microbe entry would 
then have been susceptible for future evolutionary changes 
and new symbiotic interactions, but also susceptible to attack 
by pathogenic microbes.

Legume–rhizobia (reviewed in Suzaki and Kawaguchi, 
2014) and plant–mycorrhizal interactions (reviewed in 
Bonfante and Genre, 2010; Gutjahr and Parniske, 2013) are 
both well-studied examples of higher plant root interactions 
with mutualistic microbes. They both involve recognition of 
microbial signatures followed by microbial entry into roots, 
concomitant with plant developmental changes and hormone 
signalling, all carefully orchestrated in specific cell types.

Most likely all plants form interactions with soil fungi, and 
at least 90% form interactions with mycorrhizal fungi (Wang 
and Qiu, 2006). Among the seven different types of mycorrhi-
zal fungi, Arbuscular Mycorrhizal Fungi (AMF) are the best 
studied, and it has been found that they form interactions 
with >80% of higher plants (reviewed in Behie and Bidochka, 
2014). All AMF belong to the Glomeromycota phyla, and the 
levels of specificity among host plants and fungal species are 
fairly low. Many species of AMF have a cosmopolitan dis-
tribution (reviewed in Richardson et al., 2000), consequently 
allowing the ubiquity of this interaction.

The interaction between AMF and plant roots has the 
important benefit of enabling plants to obtain the highly 
immobile and limiting nutrient phosphorus (P) (Lynch and 
Brown, 2008). In exchange, the fungus is provided with car-
bon compounds (Helgason and Fitter, 2005; Brundrett, 
2009). P can occur as a range of negatively and positively 
charged or uncharged chemical species in the soil solution, 
the distribution of which is much dependent on the pH and 
on the concentration of metal cations such as Ca, Fe, and 
Al and organic and inorganic ligands (Helgason and Fitter, 
2005). Consequently, the chemical speciation of P in soil is 
complex but it is mostly found in low mobile precipitates in 
soil that are not directly available for the plant (Shen et al., 
2011). AMF are able to take up P and provide it directly to 
the plant, bypassing the metabolically inefficient direct P 
uptake at the plant epidermis (Helgason and Fitter, 2005).

Fossil evidence suggests that AMF interactions similar to 
current interactions already existed around 400 million years 
ago (MYA) and it is thought that this interaction aided plants 
to colonize land at the beginning of root system development 
(reviewed in Remy et al., 1994) (Fig. 1). Primitive mycorrhi-
zal associations with early land plants were probably also in 
water-rich environments such as bogs (Helgason and Fitter, 
2005). Supporting this, it is known that AMF also form asso-
ciations with mosses, one of the closest existing relatives of 
the first plants that colonized land (Zhang and Guo, 2007). 
These AMF structures have been detected in stems and leaves 
since mosses lack proper roots (Zhang and Guo, 2007). 
Furthermore there is also evidence of aquatic and semi-
aquatic plant species that form mycorrhizal symbiosis (Beck-
Nielsen and Vindbæk Madsen, 2001).

It is known from classical studies that mycorrhization pre-
dates the evolution of nodulation (see below), and analysis of 
genetic and molecular regulators has established that a large 
part of the signalling machinery for nodulation is shared, or 
derived simultaneously with the pathways for AM forma-
tion (Op den Camp et al., 2011; Delaux et al., 2013, 2014). 
Genetic and phylogenetic analyses place gain of nodulation 
function occurring around 58 MYA (Sprent, 2007). During 
nodule development, rhizobia-derived signal molecules (Nod 
factors) are sensed in root epidermal cells and, concomitantly 
with bacterial entry, cortical cell division is induced, ena-
bling the formation of a niche to host the bacteria (reviewed 
in Oldroyd, 2013). Inside a functional nodule, rhizobia fix 
atmospheric nitrogen into a form usable by the plant and, 
in exchange, the plant supplies the bacteria with a mixture 
of carbon compounds and amino acids (reviewed in Lodwig 
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et al., 2003; Oldroyd et al., 2011b; Oldroyd, 2013). This inter-
action normally occurs in plant roots, but there are some 
exceptions where nodules are developed in stems such as in 
the case of Sesbania (Becker and George, 1995), although this 
stem nodulation appears to be a unique evolutionary gain of 
function event.

Pathogenesis and mutualism: a genetic 
and molecular shift from foe to friend?

One hypothesis suggests that pathogenic interactions derived 
from a mutualistic plant–microbe relationship (reviewed in 
Stukenbrock and McDonald, 2008). An alternative, non-
mutually-exclusive hypothesis suggests that mutualistic 
root–microbe interactions evolved from early pathogenic 
interactions, since both require prevention of host defence 
programmes for microbe survival (Pel and Pieterse, 2013). 
Several lines of evidence suggest that the initial perception 
of beneficial microbes activates the plant immune system 
(Helgason and Fitter, 2005; Zamioudis and Pieterse, 2011) 
and then, in later stages of symbiotic associations, the expres-
sion of defence-related genes is down-regulated (Zamioudis 
and Pieterse, 2011). This suggests that suppression of the host 
immune system enables symbiosis to occur. There is a tight 
interplay between pathogen and beneficial microbe recogni-
tion by host plants. For example, in the legume L.  japoni-
cus, defence responses induced by the Microbe-Associated 
Molecular Pattern (MAMP) flg22 inhibit rhizobial symbiosis 
(Lopez-Gomez et al., 2011). In addition, more recent work 
suggests that non-legumes respond to the rhizobial-produced 
Nod Factor, suppressing plant innate immunity and render-
ing plants more susceptible to pathogen attack (Liang et al., 
2013).

The potential shift from a pathogenic interaction to a sym-
biotic one could be partially due to the presence of more spe-
cialized LysMs with small alterations in their protein domains 
(Nakagawa et al., 2011) that enable different microbes includ-
ing pathogens and mutualists to be distinguished. In legumes, 
the entire LysM family duplicated 60 MYA, potentially ena-
bling the divergence of family members for roles in AMF sig-
nalling and also rhizobial symbiosis (reviewed in Young and 
Bharti, 2012). This was corroborated by Delaux et al. (2014) 
who carried out phylogenetic and phenotypic analysis across 
plants with differing levels of abilities to form AMF interac-
tions and who found a highly interrelated evolutionary rela-
tionship between AMF interactions and host plant symbiosis 
regulatory genes (Delaux et al., 2014).

Molecular evidence suggests that the duplication of LysM 
receptor genes could have generated two closely related genes, 
NFP (for nodulation) and LYK related 1 (LYR1, for mycorrhi-
zation) that now exist in M. truncatula (Young et al., 2011). 
This supports the idea that the emergence of nodulation in 
legumes was associated with the whole genome duplication 
event (reviewed in Young and Bharti, 2012). The fact that 
Nod factors and Myc factors are highly similar lipo-chitoo-
ligosaccharide molecules also supports this theory (Maillet 
et al., 2011). Most recently, work on the impact of symbiotic 

associations on the host genome has shown that the evolu-
tionary loss of many genes of the ‘symbiotic toolkit’ makes 
it impossible for non-hosts to establish symbiotic interac-
tions (Delaux et al., 2014). The specific loss of mycorrhiza-
tion genes in some legumes such as those from Lupinus is 
suggested as an explanation of why they are able to nodulate 
but not form AMF interactions. The establishment of these 
species in extreme soil conditions (Lambers and Teste, 2013) 
could possibly have been a selective pressure for the specific 
loss of mycorrhization genes but not the genes involved in 
nodulation (Delaux et al., 2014).

Common genetic and molecular 
architecture underlying both nodulation 
and mycorrhization pathways

Rhizobia-derived lipo-chitooligosaccharides (LCOs) or Nod 
factors are recognized by plasma membrane-localized Lysine 
Motif-Receptor-Like Kinases (LysMs) (Limpens et al., 2003; 
Oldroyd and Long, 2003). These include NFP and LYK3 
in Medicago truncatula (Amor et  al., 2003) or NFR1 and 
NFR5 in Lotus japonicus (Madsen et  al., 2003). Structural 
variations in the rhizobia-derived Nod factors, together 
with variations in the plant-derived-signal flavonoids, enable 
species-specificity in nodulation (reviewed in Denarie et al., 
1996). During plant-AMF recognition, AMF-derived LCOs 
(or Myc factors) are thought to be perceived by Myc LCO 
receptors. Their precise identity is still unknown in most spe-
cies although they are postulated to have a similar structure 
and membrane-bound location to Nod factor-recognizing 
LysMs (Maillet et al., 2011; Op den Camp et al., 2011; Gust 
et al., 2012).

Nodulation is associated with legume species, but is not 
restricted to them, since plant species from the non-legume 
genus Parasponia can also form nodules through interaction 
with rhizobia (Trinick, 1973; Akkermans et al., 1978) (Fig. 2). 
Parasponia nodules differ from legume nodules in that they 
are modified lateral roots with a central vascular bundle and 
infected cells in the peripheral zone. This is in comparison to 
legume nodules that have a peripheral vasculature with a cen-
tral zone of infected cells (Pawlowski and Sprent, 2008). These 
differences in nodule structure and development in Parasponia, 
together with its close relationship to the non-nodulating genus 
Trema, suggest that Parasponia gained nodulation ability in 
an independent and more recent evolutionary event to leg-
umes (Streng et al., 2011) (Fig. 2). By contrast with the whole 
genome duplication event giving rise to nodulation genes in 
legumes, in Parasponia andersonii, the same LysM-type recep-
tor has been found to enable both mycorrhizal and rhizobia 
recognition. This dual nature could explain why Parasponia 
interacts with a broad range of rhizobial species, resulting 
in differences in nitrogen fixation efficiency (Op den Camp 
et al., 2012). The dual function of LysM seems also to render 
Parasponia susceptible to pathogen attack since some rhizo-
bial interactions with Parasponia can become parasitic (Op 
den Camp et al., 2012). The dual nature of the LysM receptor 
in P. andersonii contrasts with the function of LysMs in the 
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model legumes M. truncatula and L. japonicus, in which muta-
tions in the Nod factor receptor have no influence on AMF 
symbiosis (Limpens et al., 2003; Madsen et al., 2003; Oldroyd 
and Long, 2003). It would be interesting to identify how cal-
cium spiking and signal transduction occurs in Parasponia, 
since, in this species, the same molecular pathway seems to be 
utilized by both rhizobia and AMF.

Common SYM genes pre-date nodulation 
and AMF interactions

Downstream of the symbiotic receptors, transcription fac-
tor-mediated signalling induces calcium spiking, involving 
proteins associated with the nuclear membrane (extensively 
reviewed, for example, in Oldroyd et al., 2011a). In M. trun-
catula, for example, DMI1 and DMI2 are involved in initi-
ating calcium spiking to activate both nodulation and AM 
formation. This results in the activation of calcium/calmodu-
lin-dependent protein kinase (CCaMK) and subsequent nod-
ule organogenesis (Kosuta et al., 2008; Capoen et al., 2009). 
DMI1, DMI2 and CCaMK are three members of a defined 
set of common symbiosis ‘SYM’ regulatory genes (Fig.  3). 
Upon spore germination, AMF perception involves regula-
tion of SYM genes, calcium spiking, starch accumulation 
in roots, and also lateral root formation prior to coloniza-
tion (Chabaud et al., 2011). It has been hypothesized that the 
frequency of epidermal calcium spiking codes for microbe 
specificity (Oldroyd and Downie, 2008) since, in response to 
rhizobia these spikes are highly regular, whereas in response 
to AMF they can be highly irregular (Chabaud et al., 2011). 
However, other studies show that the calcium spiking between 

different types of microbial interactions are indistinguishable 
and that differences in calcium spiking are a reflection of the 
stage of the establishment of the symbiosis (Sieberer et al., 
2012). Another alternative explanation is that rhizobia and 
AMF might have different binding requirements for calmo-
dulin to bind to CCaMK (Shimoda et al., 2012).

SYM genes are functionally conserved in rice, which sug-
gests their existence prior to the diversification of angiosperms 
(reviewed by Gutjahr and Parniske, 2013). Homologues 
are also found in bryophytes and in the green algae order 
Charales, which raises the possibility that the common sym-
biosis genes evolved prior to the colonization of land by 
plants (reviewed in Delaux et al., 2013).

AMF interaction, nodulation, and lateral 
root development pathways: diversification 
but conservation during evolution

Genetic evidence shows that, aside from the commonalities 
with AMF interaction, nodule development integrates pre-
existing plant regulatory pathways that are related to lateral 
root organogenesis (Mathesius, 2003). Regulation of lateral 
root development itself  shares parallels with root–mutual-
ist interactions, although, rather than microbes, these plant 
pathways are regulated by environmental conditions includ-
ing nitrogen and phosphorus form and availability (reviewed 
in Giehl et  al., 2014). Lateral root development and nodu-
lation share a more specific common environmental regula-
tion—they are both tightly regulated by nitrogen (although 
nodulation is also rhizobia-dependent). In addition, the devel-
opment of the two organs can be seen to be fundamentally 

Fig. 2. Overview of Leguminosae, highlighting multiple origins of nodulation. Relative/indicative (not to scale) phylogenetic positions of species that form 
AMF interactions (purple shading) and those that form AMF and rhizobial interactions (orange shading). Putative origins of nodulation are indicated with 
vertical red lines. Indicative positions of land plants including mosses, and green plants including green algae, are also shown. The Tree is drawn from 
information in the Tree of Life Project (http://tolweb.org/tree/), and for Leguminosae following Sprent (2007).
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similar since both nodules and lateral roots are formed by the 
reactivation of cell division in differentiated cells in specific 
developmental zones (Malamy and Benfey, 1997; Stougaard, 
2000) and are controlled spatially and quantitatively by hor-
mone flux (De Smet et al., 2007, 2008; Tirichine et al., 2007; 
van Noorden et al., 2007). This similarity is even more rel-
evant in Parasponia, where the architecture of a nodule is 
more similar to a lateral root (Pawlowski and Sprent, 2008). 

Although lateral roots and nodules are formed from cell divi-
sion in different root cell types (pericycle and cortex, respec-
tively), they both involve cortical cell division. In the case of 
lateral roots, these cortical divisions are orientated to repair 
consequential damage to the cortex and to ensure structural 
integrity to the new lateral root (Mathesius, 2003). There is 
also considerable overlap between the genes whose expression 
changes in lateral root and nodule development that could 

Fig. 3. Comparative overview of (A) nodulation, (B) mycorrhizal formation, and (C) lateral root development in response to nitrogen. Rhizobia- and 
AM-derived small molecules are perceived by LysM receptors on the epidermal plasma membrane. Root nodules form under nitrogen-deprived 
conditions. Common SYM genes (blue) lead to the activation of calcium spiking in the nucleus and gene regulatory signalling between cell types 
(green=key nodulation genes; purple=key mycorrhizal interaction genes) that trigger nodule or arbuscule establishment in the inner cortex. Nitrogen 
has a complex effect on lateral root development, both activating and repressing genes that control primordium initiation and subsequent emergence 
(reviewed in Vidal et al., 2008). In brief, lateral root primordia develop in the pericycle, regulated by signalling downstream of Nitrate Transporters 
(NRTs), transcriptional regulation, and auxin signalling. Currently nine common SYM genes have been identified and characterized: SYMRK=DMI2, 
POLLUX=DMI1, CCaMK=DMI3 and CYCLOPS=IPD3, CASTOR, NUP85, NUP133, NENA, and NSP2 (when characterized in two species, Lotus 
japonicus names are given first then Medicago truncatula names: as discussed in Oldroyd, 2013). Within the plant, a number of regulators including 
VAPYRIN, STR1*, STR2*, RAM1, RAM2, DIS, RED, PT4, and OsPT13* identified in M. truncatula (bold), L. japonicus (underlined) or rice (*) control 
formation of the mature arbuscule (reviewed by Gutjahr and Parniske, 2013).
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be related to the common requirement for the regulation of 
cell division and differentiation (Hirsch and LaRue, 1997). In 
the case of AMF–plant interactions, although a new organ 
does not develop, there is stimulation of root growth as well 
as differentiation and re-orientation of root cortical cells 
(Harrison, 1999). Possibly due to this common regulation 
of cell growth and development, nodulation has been found 
to increase the likelihood of mycorrhizal interaction estab-
lishment on the same plant, and vice versa (Xie et al., 1995, 
1998). In M. truncatula it has been found that Nod factors 
and Myc factors, both stimulate root branching via lateral 
root development (Olah et  al., 2005; Maillet et  al., 2011). 
These interactions occur both at the level of symbiont/envi-
ronment recognition and more directly between developmen-
tal pathways (reviewed in Olah et al., 2005; Mathesius, 2003).

Lateral root development and nodulation are genetically 
linked in legumes. For example, in M.  truncatula, RNAi 
knockdown of the cytokinin receptor MtCRE1 results in a 
reduction in nodule number but an increase in lateral root 
number (Gonzalez-Rizzo et al., 2006). Suggestive of a shared 
genetic pathway linking lateral root and nodule development, 
lateral root organ defective (latd/nip) mutants in M. trunca-
tula are unable to form active nodules or to complete lateral 
root formation with consequential effects on primary root 
development (Bright et al., 2005). The LATD gene is a high 
affinity nitrate transporter, with additional developmental 
functions likely as have already been found for other nitrate 
transporters (Bagchi et al., 2012).

Nitrogen levels regulate both nodule and lateral root 
number, and high levels of nitrogen in the soil or in the 
plant inhibit the formation of nodules via autoregulation 
of nodulation (AON) mechanisms. This is controlled by 
the Supernumary Nodules (MtSUNN) gene in M.  trunca-
tula (Schnabel et  al., 2005), and the probably orthologous 
Hypernodulation Aberrant Root formation (LjHAR1) gene 
in L.  japonicus (Wopereis et  al., 2000). In the presence of 
rhizobia the har1 mutant has an overabundance of nod-
ules (termed hypernodulation) and drastically reduced root 
growth. In the absence of rhizobia, har1 does not nodulate 
but there are effects on root growth. In the har1 mutant root 
pericycle layer, there is a significantly higher level of mitotic 
activity, resulting in higher lateral root density compared with 
the wild type. Together this suggests that the LjHAR1/SUNN 
gene is a common developmental regulator of lateral root 
and nodule formation.

At low levels of nitrogen, both Nod factor and Myc factor 
stimulate lateral root development via a DMI1 and DMI2-
regulated signalling pathway (Olah et al., 2005; Maillet et al., 
2011). However, it has been found that the presence of rhizo-
bia at high levels of nitrogen that inhibit nodulation, actually 
represses lateral root development. We have discovered that 
this appears to act via signalling from the AON mechanism 
(Bonyadi Pour et al., unpublished data).

Together the nodule–lateral root developmental and 
molecular connections support the received hypothesis that 
the nodule structure arose from a lateral root blueprint (dis-
cussed in Mathesius, 2003) whilst also ‘co-opting’ or utiliz-
ing genetic interactions involved in AMF interactions. This 

suggests tight co-regulation of lateral root and nodule forma-
tion, with the connection of gene regulatory pathways a prob-
able mechanism underlying this. These regulatory connections 
appear to be conserved in non-symbiotic species. For exam-
ple, it has recently been found that the putative orthologue of 
M. truncatula NSP2 in Arabidopsis (At4g08540) has a differ-
ent lateral root phenotype depending on nitrate availability 
(B Lagunas et al., unpublished data). Both genes are GRAS 
transcription factors and appear to mediate GA-controlled 
developmental root processes in specific root cell types that 
form nodules or lateral roots.

Future prospects

Understanding how plants manage and balance interac-
tions with different microorganisms is more important than 
ever with a rapidly increasing world population (UN, 2013). 
Sustainable solutions are, therefore, needed to ensure food 
security. The importance of investigating root–environment 
interactions is achieving increasing recognition as a critical 
area in this global challenge. In this direction, transferring 
nodulation ability into crops such as rice and wheat would 
be one sustainable solution to decrease human dependence 
on fertilizer usage. To approach this goal, it is necessary to 
gain a deeper knowledge of the symbiotic mechanisms in cur-
rent model symbiotic systems. This would include carrying 
out a molecular cost–benefit analysis to quantify the carbon 
requirements of nodulation but also the effects of introduc-
ing a new symbiosis upon those already existing in a plant 
species. It is also important to consider how to develop an 
efficient technical strategy for transferring it to crops and to 
determine which species will be best to transfer it into (see 
comments in Rogers and Oldroyd, 2014). Clues for this can 
come from studying the evolutionary history of nodulation 
and AMF interactions, since the gene families in existence 
today define the range and scale of symbiosis. We could also 
assess how to integrate novel aspects of the nitrogen cycle. 
For example free-living nitrogen fixing bacteria could miti-
gate low N levels in particular agricultural soil types (Bashan 
et al., 2014).

We are still discovering to what extent symbiotic and path-
ogenic mechanisms are linked and will need to know whether 
increasing or enabling symbiotic interactions has an effect on 
the ability of pathogens to infect plants. One avenue to study 
these connections could be to analyse pathogen susceptibility 
of the single-LysM-receptor species Parasponia andersonii. 
We must further begin to model symbioses together in order 
to define a multi-scale model of Parasponia plant–mutual-
ist interactions. For this, our analysis can be informed by 
examining the expression patterns and mode of regulation 
for orthologous symbiosis-controlling genes. By connect-
ing information about the regulation of different pathways 
at the phenotypic, molecular, and biophysical levels, it will 
be possible to gain new insight. For example, by integrating 
individual mathematical models describing the regulation of 
shoot growth and architecture by day-length, light intensity, 
and temperature, with carbon partitioning and gene regula-
tory network dynamics, the combined multi-model had much 
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greater power for testing novel hypotheses with agronomi-
cally relevant outputs (Chew et al., 2014). These multi-scale 
approaches are particularly relevant for understanding devel-
opmental processes with a common origin and hold poten-
tial for us, in future, to identify the regulatory connections 
between developmental pathways and species.
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