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Abstract

Mutualistic interactions have great importance in ecology, with genetic infor-
mation that takes shape through interactions within the symbiotic partners and 
between the partners and the environment. It is known that variation of the 
host-associated microbiome contributes to buffer adaptation challenges of the 
host’s physiology when facing varying environmental conditions. In agriculture, 
pivotal examples are symbiotic nitrogen-fixing rhizobia, known to contribute 
greatly to host (legume plants) adaptation and host productivity. A holistic view 
of increasing crop yield and resistance to biotic and abiotic stresses is that of 
microbiome engineering, the exploitation of a host-associated microbiome 
through its rationally designed manipulation with synthetic microbial commu-
nities. However, several studies highlighted that the expression of the desired 
phenotype in the host resides in species-specific, even genotype-specific in-
teractions between the symbiotic partners. Consequently, there is a need to 
dissect such an intimate level of interaction, aiming to identify the main ge-
netic components in both partners playing a role in symbiotic differences/host 
preferences. In the present paper, while briefly reviewing the knowledge and 
the challenges in plant–microbe interaction and rhizobial studies, we aim to 
promote research on genotype x genotype interaction between rhizobia and 
host plants for a rational design of synthetic symbiotic nitrogen-fixing microbial 
communities to be used for sustainably improving leguminous plants yield.
Keyword: microbiome engineering, genome x genome, legume-rhizobia mutu-
alism, symbiosis, precision agriculture

Nobody is an island:  
the relevance of mutualistic interactions with eukaryotic hosts

Mutualistic interactions occur everywhere in the biosphere and are pivotal in 
evolution, as well as having great importance in ecology (Bronstein, 2015). Mu-
tualism involves co-evolution, innovation, change and the involvement of part-
ners with complementary skills (Lanier et al., 2017). In 2008, the hologenome 
theory of evolution defined the holobiont as a unit of selection in evolution (Zil-
ber-Rosenberg and Rosenberg, 2008). The eukaryotic host and its associated mi-
crobes are considered a superorganism, in which genetic information takes shape 
through interactions between the partners and between the partners and the en-
vironment (Wilson and Sober, 1989; Zilber-Rosenberg and Rosenberg, 2008). For 
example, plants and animals have extended their metabolic repertoire through 
the establishment of specific microbial communities associated to roots and gut, 
respectively. These microbial communities are characterized by the presence of 
bacteria, archaea, fungi, oomycetes, as well as viruses, and they can be partly con-
sidered as the host’s extended genome, improving the nutrient acquisition process 
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in the animal gut and in plant roots (Turner et al., 2013; 
Hacquard et al., 2015). However, how this can imply co-
evolution and consideration of the holobiont as a unit of 
selection is still hotly debated (Moran and Sloan, 2015; 
Koskella and Bergelson, 2020). Indeed, the host-associ-
ated microbiota is not fully stable, and rapid variation 
in its composition and functioning can take place. Such 
variations may contribute to buffer adaptation challeng-
es of the host’s physiology when facing varying environ-
mental conditions. In other words, the holobiont can 
allow more time-effective adaption in rapidly changing 
environments, reducing the actual selective pressure 
on the host genome (Zilber-Rosenberg and Rosenberg, 
2008; Rosenberg and Zilber-Rosenberg, 2016). 

Interactions between the host and microbes are 
shaped by multiple factors associated with host immuni-
ty, phylogeny, environmental features (e.g., pH, presence 
of biotic or abiotic compounds, temperature), diet and 
nutrient availability (Brinker et al., 2019). 

Classically, plant domestication has involved se-
lection of varieties on the basis of phenotypic features 
relevant to the farmer and adapted to the agricultural 
practices, without considering the associated micro-
biota. Since crops mostly rely on external inputs (e.g., 
fertilizers) and not on associated microbes, a decrease 
of microbiota diversity has been observed (Escudero-
Martinez and Bulgarelli, 2019; Martínez-Romero et al., 
2020), reducing the buffering effect offered by a diverse 
holobiont. For instance, in legumes it has been demon-
strated that in the wild-growing varieties the symbiot-
ic potential is usually higher than in commercial ones 
(Provorov and Tikhonovich, 2003). 

Good diversity at the holobiont level may then be 
crucial in the search for environmentally sustainable 
crop production. Here, the authors explored the knowl-
edge and challenges in the promotion of a rational use of 
symbiotic nitrogen-fixing bacteria for leguminous plant 
growth.

Biotechnology on the holobiont:  
cracking the microbiome

The increase of the human world population in the last 
years (currently 7  billion people, with 9  billion people 
expected by 2050) has led to the need to increase ag-
ricultural production (FAO; 2018). Inorganic nitrogen 
fertilizers are required to increase field production, but 
the excessive use of these compounds has deleterious ef-
fects on the environment (Yang and Fang, 2015; Zheng 
et al., 2019).

One of the possible alternative and sustainable ap-
proaches to enrich fields with nitrogen is the inocula-
tion of crops with microorganisms able to promote the 
plant growth and health, the so-called Plant Growth 
Promoting Microorganisms (PGPM) (Lucy et al., 2004; 

Schlaeppi and Bulgarelli, 2015). In particular, Plant 
Growth Promoting Rhizobacteria (PGPR) can be applied 
as biocontrol agents, bio-inoculants and bio-fertilizers 
(Bloemberg and Lugtenberg, 2001). PGPM and PGPR 
constitute a relevant fraction of the plant mutualistic 
microbiome. They thrive on and within plants, using 
plant-produced organic molecules for their growth and 
“rewarding” the host with increased nutrient availability 
for the root apparatus as well as additional phytohor-
mones (Werner et al., 2014). 

Modification of the plant-associated microbiome 
(mainly, but not only, involving PGPR) has an effective 
potential to improve plant yield and resistance to biotic 
and abiotic stresses; this potential is stirring the atten-
tion of many investigators (Turner et al., 2013). This ap-
proach of “microbiome engineering” is based on recon-
structing synthetic microbial communities after labora-
tory selection of microbes with the best ability to deliver 
PGP traits to the plants (Ke et al., 2020). The principal 
aims of microbiome manipulation are to: 1) reduce the 
incidence of plant diseases (Malfanova, 2013) ; 2)  in-
crease agricultural production (Bakker et al., 2012); 
3) reduce chemical inputs (Adesemoye et al., 2009) and 
4)  reduce emissions of greenhouse gases (Singh et al., 
2010). These goals meet the principles of agronomic sus-
tainability and the world’s increasing population (Turn-
er et al., 2013). To date, successful attempts have been 
reviewed by de Vries et al., 2020; Dubey et al., 2020; Qiu 
et al., 2019; and Sudheer et al., 2020.

Legume–rhizobia mutualism as a model

Among the “rewards” from microbes, assimilable ni-
trogen compounds are one of the key components: the 
supply of nitrogen in the soil represents the classical 
limiting factors of plant productivity (Fageria and Bali-
gar, 2005). Bacteria called rhizobia are the typical exam-
ple of PGPM which provides the host plant assimilable 
nitrogen. Through a process called biological nitrogen 
fixation (BNF), involving several genes and signaling 
molecules, rhizobia fix atmospheric nitrogen into com-
pounds assimilable by plants. The BNF is a paradigmatic 
example of mutualistic association between plants and 
bacteria. The symbiotic BNF (SNF, Symbiotic Nitrogen 
Fixation) is a facultative symbiotic association involving 
rhizobia (bacteria from Alfa- and Betaproteobacteria 
classes) and some actinobacteria (Frankia spp.), which 
associate with plants from the Fabales (Leguminosae), 
Fagales, Cucurbitales and Rosales orders (Pawlowski 
and Newton, 2008; Griesmann et al., 2018). During the 
symbiotic interaction, bacteria induce the formation of a 
specific structure at the root level, the nodule, then col-
onize nodule plant cells intracellularly and activate the 
key component of BNF (i.e., the nitrogenase enzyme), 
producing ammonia, which is then exchanged for the 
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photosynthetic products with the host plant (Kereszt et 
al., 2011). 

The symbiosis between legumes and rhizobia is the 
most diffused and relevant in providing fixed nitrogen to 
agroecosystems. This interaction is mediated by a pleth-
ora of molecular signals that direct bacterial invasion, 
modulate the host defence response, permit the intracel-
lular colonization, guide the regulation of the cell cycle 
and regulate the nutrient exchange (Jones et al., 2007; 
Gibson et al., 2008). One of the most essential signalling 
compounds produced by rhizobia is the Nod Factor (NF). 
Rhizobia are able to produce Nod factors characterized 
by different structures which, consequently, are recog-
nized by specific host plant receptors (Geurts and Bis-
seling, 2002). Due to this process, evidence has emerged 
for coevolution between rhizobia and host plant at the 
population level (Igolkina et al., 2019). However, restrict-
ed host specificity is present, and phylogenetical studies 
confirmed that the limited host range evolved from an an-
cestral broad range mutualism (Pueppke and Broughton, 
1999). Therefore, evolution has shaped the two partners 
toward species-specific and even strain-specific interac-
tions allowing plant selection for the best beneficial sym-
bionts (Checcucci et al., 2016; Remigi et al., 2016; Wes-
thoek et al., 2017; Sachs et al., 2018).

The two-way exchange of benefits between plant 
roots and rhizobia offers us the basic knowledge to mold 
and manipulate this symbiosis interaction, sustaining 
the ecological and agronomic practices in agricultural 
systems (Bakker et al., 2012; Checcucci et al., 2017; Sou-
mare et al., 2020).

Forming the symbiotic structure: 
recognition of the good partners

The multi-step process which allows the symbiotic inter-
action between nitrogen-fixing rhizobia and leguminous 
plants is highly regulated, to allow the selection by the 
plant of the most effective (highly rewarding) partners 
(Sachs et al., 2018). Many genes and mechanisms involved 
in the establishment of the symbiosis between rhizobia 
and host legumes have been identified (Roy et al., 2020).

The early events start with the exchange of signals 
between the nitrogen-fixing rhizobia and the plant in the 
rhizosphere. Here, the first specific signals are found in 
compounds present in root exudates (flavonoids), which 
bind receptor proteins in the rhizobial cell (NodD). Acti-
vated NodD trigger bacterial nod genes expression which 
lead to synthesis of the Nod factor (a lipochitooligosac-
charide molecule), which is then secreted by the bacte-
rial cell. The perception of the Nod factor by the plant 
roots induces developmental changes such as root hair 
curling, membrane depolarization, intracellular calcium 
oscillations, and the initiation of cell division in the root 
cortex, which establishes a meristem and nodule primor-

dium (Liu et al., 2020). Species-specific early recognition 
is based on the fact that different rhizobial species and 
strains can have differential activation by flavonoids on 
NodD proteins and may produce different Nod factor 
molecules. Different Nod factors are then specifically rec-
ognized by plant receptors (LysM), ensuring species-spe-
cific recognition on the plant side (Bozsoki et al., 2020). 

When the dialogue between plant roots and rhizobia 
is successful, a small number of bacteria are trapped by 
the root hair, which begins an inverse tip growth, forming 
a long and narrow passage called the “infection thread”. 
The bacteria reach the root cortex as the final destination 
and reacquire properties of stem cells, which form the lat-
eral organ nodule. The bacteria infect the nodule, enter 
the cytoplasm of plant cells and differentiate into a dis-
tinct cell type called bacteroid, which can fix atmospheric 
nitrogen into ammonia, establishing an intricate metabol-
ic interchange with the host plant (diCenzo et al., 2020; 
Roy et al., 2020). Moreover here, nodules where rhizobia 
fail to produce fixed nitrogen are sanctioned, ensuring 
that only good mutualist rhizobia are allowed to thrive in 
root nodules (Kiers and Denison, 2008), though cheating 
may occur (Checcucci et al., 2016). Though molecular de-
tails of sanctions are still elusive, molecular determinants 
of species-specificity have been discovered. For instance, 
in the model legume Medicago truncatula, the plant re-
sponse after bacteria invasion of the host cell is modulat-
ed by two nodule-specific cysteine-rich (NCR) peptides 
encoded by the genes NFS1 and NFS2 (Wang et al., 2018; 
Tirichine et al., 2000). More recently, again in M. trunca-
tula, MtNPD1, a nodule-specific polycistin lipogenase, 
has been shown to represent an important determinant of 
host-strain specificity, with particular regard to plant in-
vasion and nitrogen fixation (Pislariu et al., 2019). Func-
tional symbiotic compatibility between Mesorhizobium 
loti and Lotus japonicum is determined by the presence of 
the nepenthesin-type aspartic peptidase nodule-induced 
LjAPN1 (Yamaya‐Ito et al., 2018).

In Pisum sativum, Nod factors perception is mediat-
ed by the gene PsSym2, which probably encodes a LysM-
RLK. PsSym2 was the first discovered symbiosis-related 
pea gene and it determines increased selectivity toward 
rhizobia in the pea cv. Afghanistan (Sulima et al., 2017). 

The role of genotype x genotype 
interactions in shaping the symbiotic 
partnership

Interactions between different species with different gen-
otypes imply the expression of a phenotype that depends 
on the interacting organisms (Bose and Schulte, 2014). 
The effects of (microbial) genotype (G) x (host) genotype 
(G) interactions can be relevant for both rate and direc-
tion of evolutionary selection (Wade, 2007) and have clear 
importance for rational improvement of plant–rhizobium 
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symbiosis. As reviewed above, the development and ap-
plication of genetic and genomic tools has made it pos-
sible to dissect in great detail the molecular determinants 
involved in plant–microbe interaction (Levy et al., 2018) 
and rhizobial symbioses (diCenzo et al., 2019).

However, most of the studies involved model 
strains and plants and their respective mutants, with 
only a limited evaluation of the genetic bases of the 
somewhat large phenotypic variation in the symbiot-
ic phenotype due to natural genotype variation. Early 
studies in the alfalfa rhizobial symbiont Sinorhizobium 
meliloti showed that plant variety exerts a detectable 
effect on the recruitment of native soil rhizobial pop-
ulation (Carelli et al., 2000; Paffetti et al., s.d.). Clearly, 
the fitness advantage of the symbiosis (Burghardt, 2020) 
is influenced by GxG interactions between the two (or 
more) partners (Heath, 2008). Recently, the use a “select 
and resequence” approach has disclosed some of the de-
terminants of GxG interaction in the model symbiosis 
between strains of Sinorhizobium meliloti and genotypes 
of the legume the Medicago truncatula (Burghardt et 

al., 2018, 2020). With a similar aim, a recent study has 
been conducted to analyse at the gene expression level 
the genotype-based variation of the interaction, using 
S. meliloti and the forage legume M. sativa (Kang et al., 
2020). In this last work, the transcriptional profile of al-
falfa inoculated with different S. meliloti strains was in-
vestigated, finding that the plant differentially expressed 
genes depending on the S. meliloti strain tested. Among 
the candidate genes influenced by the rhizobial strain 
genotype, genes encoding nodulins, NCR peptides and 
proteins belonging to the NBS-LRR family were identi-
fied (Kang et al., 2020). On the rhizobial side we recently 
sequenced the transcriptome of several S. meliloti strains 
incubated in the presence of root exudates of different 
alfalfa varieties. Results showed an intricate network of 
genes whose expression is influenced by the genotype 
of both symbiotic partners, suggesting the presence of 
a large number of determinants involved in GxG inter-
actions which can have an impact on the outcome of 
the rhizobium–legume symbiosis (Fig.  1) (Fagorzi et 
al., 2021). Dissection of such a complex network, iden-

Fig. 1. Simplified model of genotype x genotype rhizobia–legume interaction. Different genotypes of the same species of legume interact 
with different genotypes of the same rhizobial species. Interactions can be trained by the expression of an intricate network of genes of both 
symbiotic partners, driving host preference. The rhizobial strain can initiate a mutualistic relationship with multiple legume genotypes, but 
specific genotype x genotype interaction can result in a more effective symbiotic ability. In the figure, the effectiveness of symbiotic ability is 
represented by arrows of different thickness (arrows are thicker when symbiosis is more effective) and compounds produced by the different 
plant genotypes are represented by the symbols near the root system (symbols of the same colour of the bacterial strain are responsible for a 
more effective symbiotic relationship).
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tifying the main components playing a role in symbi-
otic differences/host preferences, will make it possible 
to rationally screen and genetically improve the most 
promising plant and symbiotic bacteria partnerships, as 
well as to better understand the intricate routes of the 
evolution of symbioses.

On the plant side, the GxG interactions between se-
lected nitrogen-fixing rhizobia and selected symbiotical-
ly active plant genotypes also lend advantages in terms 
of plant productivity (Provorov & Tikhonovich, 2003).

Holobiont improvement programs toward 
precision agriculture

Classical studies, such as the ones performed by Bliss 
(1990) and Barnes et al. (1984), showed the importance 
of a multidisciplinary approach to improve the symbi-
otic activity in Phaseolus vulgaris and Medicago sativa. 

The study of plant genotype and breeding pro-
grams have been fundamental in understanding plant 
physiological traits and find directions for productivity 
improvement. The use of fertilizers can definitely be re-
duced by exploiting the knowledge of a plant’s genome, 
soil conditions and plant-associated microorganisms. 
Indeed, genome editing methods allow targeted modi-
fication in the plant genotype, making it possible to 
improve and adapt a crop’s genetic traits with the cur-
rent soil characteristics (Joseph et al., 2020), including 
rhizosphere resident bacteria and fungi. The advan-
tages of this technological and biological knowledge 
in the agricultural field were recently discussed in two 
workshops organized by the USDA National Institute of 
Food and Agriculture (NIFA)‐funded Big Data Driven 
Agriculture, where the importance of their applicability 
was assessed on the basis of standardized protocol ap-
plications, funding opportunities and involvement of a 
broader scientific community and farmers (Shakoor et 
al., 2019). Currently, high‐throughput techniques for 
plants and soil phenotyping, tools for the measurement 
of crop productivity, genome editing methods, breeding 
and microbial inoculation technologies form the basis 
of precision agriculture, which involves both soil/plant 
science experts and farm management operators.

For SNF, besides the biotic factors shaping legume–
rhizobia nitrogen fixation (e.g., selection and interaction 
with the partner, competition with indigenous micro-
organisms), abiotic variables can strongly influence the 
success of the symbiosis. Indeed, nutrient availability, 
extreme temperature, pH, salinity and drought (Bella-
barba et al., 2019) challenge legume crops, stimulating 
the need for an adjustable agriculture. Precision agri-
culture can ensure the health and productivity of soil 
and crops through knowledge and technology advance-
ments, guaranteeing protection and well-being of the 
environment.

Presently, several diagnostic methods are based on 
the quantification of nitrogen in legumes, evaluating the 
effectiveness of rhizobial symbiosis (e.g., measures of 
nitrogen at the leaf level and measurement of nitrogen 
abundance in plant tissues through isotope-based meth-
odologies (Thilakarathna and Raizada, 2018). Further-
more, several technologies aimed to optimize biological 
nitrogen fixation in the field are based on the diagnosis 
of soil traits (composition, structure, organic matter, 
landscape position and micronutrients concentration). 

The introduction of beneficial microorganisms 
through crop inoculation is now becoming popular 
among farmers, both in organic farming and unconven-
tional agricultural practices. Nevertheless, the tuning of 
inoculants consistent with indigenous PGPM residents 
in the soil still faces a challenge in precision agriculture 
(Thilakarathna and Raizada, 2018). 

Actually, the success of microbial inoculants’ per-
formance can be increased by precision farming meth-
ods, such as fertigation, which delivers the bioinoculants 
in the root area, thereby minimizing loss and interfer-
ence with other liquid chemical inputs such as fertil-
izers, herbicides, pesticides and growth hormones, still 
used periodically (Bharathi et al., 2017). Furthermore, 
seed coating is widely used in agricultural practice, 
thanks to its beneficial impact on seed performance 
and plant productivity. Among coating agents, chemical 
pesticides, micronutrients, bio-stimulants and marker 
substances (tracing seeds within the crop supply chain) 
can be included. However, microbial (including bacteria 
and fungi) seed coating has been considered a cheap and 
efficient method for the delivery of inoculants. Recent 
research in precision agriculture has mainly focused on 
the optimization of such coating, setting up formulation 
of multi-effect microbial consortia designed for the al-
ready targeted annual crops (such as cereals, legumes, 
and some vegetables) and/or developed for other agri-
cultural products. 

However, it is becoming clear that, apart from soil 
and climatic features, which determine the choice of a 
specific plant variety by the farmer, the symbiotic rhi-
zobia (as the other inoculants) genotypes matter. As re-
ported above, GxG effects are present, determining the 
competitive abilities of the inoculant against the indige-
nous rhizobial populations. As for genetic screening and 
breeding programs for crops, there is a need for similar 
strategies for the symbiotic rhizobia. Several collections 
of rhizobia are present in the world, such as those at the 
USDA in the USA, the Centre for Rhizobium Studies 
(CRS) in Australia or at ARRIAM in the Russian Fed-
eration. Genome sequencing programs (e.g., GEBA at 
DOE-JGI, USA) and analysis of strain genotypes have 
been conducted. For instance, in S. meliloti, more than 
280 high quality genome sequences are available on the 
GenBank database (October 2020). However, informa-
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tion on the set of genes linked to the variation in symbi-
otic partnership performances (such as GxG) are still in 
their infancy. We need more comprehensive, holobiont-
centered and systems biology-oriented studies to provide 
the basis for a future integration into plant breeding pro-
grams, concurrent symbiotic “breeding” programs, re-
sulting in outperformance of the symbiotic partnership. 
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