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Abstract 
 

Plant growth can be influenced by a large variety of biotic and 

abiotic factors. Among these factors, the microrganisms associated 

with plants play an important role. Plant-associated microrganisms 

(fungi and bacteria) can be present on the surface of plant tissue 

(rhizospheric and epiphytic), or colonize the internal tissues of the 

plants (endophytes). Rhizobia represent a paradimantic group of 

microrganisms which have peculariar plant-association. They are 

soil bacteria, which colonize also the rhizosphere of plants, and on 

some of them (legumes) can enter the root or stem tissues 

establishing a symbiotic interaction. Under this interaction, rhizobia 

positively influence the host's growth thanks to the nitrogen fixation 

process, by which the bacterium is able to fix nitrogen from the 

atmosphere, making it bioavailable for the plant. The symbiosis is a 

highly specific process and it is strongly regulated by genetic and 

chemical factors, which allow the formation of new organs, the root 

(or stem) nodules. A well-established model used for the nitrogen-

fixing symbiosis is that involving the rhizobium Sinorhizobium 

meliloti and the host legume Medicago sativa (alfalfa). S. meliloti is 

a particularly interesting study model for its high genetic and 

phenotypic variability and for the multipartite nature of its genome. 

This thesis is focused on three main aspects which characterize S. 

meliloti biology: the interaction and competition for the symbiosis 

(sociomicrobiology), the relevance of dispensable genes in such 

interaction, the functional meaning of the multipartite genome. 

From the sociomicrobiological point of view, the study mainly 

focused on the cooperative interactions established among different 
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strains, which are able to colonize the same plant and, interestingly, 

the same root nodule. This capability allowed the evolutionary 

persistence of strains with highly different symbiotic phenotypes. 

Concerning the dispensable genome fractions which may affect 

strain competition, we focused on acdS, an accessory gene present 

in S. meliloti strains and in some other rhizobia. This gene encodes 

the enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase, 

which is postulated to be involved in the decrease of ethylene 

production by the host plant and in the improvement of the symbiotic 

performance. Actually, its role in the symbiosis has not been 

completely elucidated. In our work, we present a phylogenetic and 

a functional analysis of acdS that allowed to hypothesize a role 

linked to rhizospheric or endophytic colonization. 

The last part of the thesis focuses on the bacterial cell metabolic 

reconstruction, which allowed to deep of the proposed step-by-step 

evolutionary scenario of S. meliloti multipartite genome. The study 

assessed the contribution of each replicon (which composes the 

multipartite genome of S. meliloti) to its life cycle, in particular in 

relation with the main three colonized environments (soil, 

rhizosphere and the root nodule). 

Overall, this thesis aimed to design a social, molecular and 

metabolic profile of S. meliloti, trying to improve its application in 

agriculture and biotechnology and to understand the ecology and the 

evolution of plant-microbe symbiotic interaction.  
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Riassunto 
 

La crescita delle piante può essere influenzata da una grande varietà 

di fattori biotici e abiotici. Tra questi, i batteri che abitano suolo e 

rizosfera hanno un ruolo fondamentale, tanto che negli ultimi anni il 

loro uso come biofertilizzati o agenti patoprotettivi è aumentato 

enormemente. I batteri capaci di colonizzare i tessuti interni della 

pianta sono chiamati endofiti; tra questi un particolare gruppo è 

rappresentato dai rizobi, che sono geneticamente programmati per 

infettare le radici delle leguminose, stabilendo con esse una 

interazione di tipo simbiotico. I rizobi influenzano positivamente la 

crescita della loro pianta ospite grazie al processo di azotofissazione, 

tramite il quale il batterio simbionte fissa l’azoto atmosferico 

rendendolo biodisponibile per la pianta. La simbiosi è un processo 

altamente specifico e fortemente regolato da fattori genetici e 

chimici da parte di entrambi i partner, e che permette la formazione 

di nuovi organi radicali, i noduli. Il modello biologico utilizzato per 

lo studio della simbiosi azotofissatrice è quello che coinvolge 

Sinorhizobium meliloti e la leguminosa Medicago sativa. S. meliloti 

è un modello studio particolarmente interessante in quanto 

caratterizzato da un’alta variabilità genetica, fenotipica e dalla 

natura multipartita del genoma. 

Questa tesi si è quindi soffermata su tre aspetti principali che 

caratterizzano la biologia di S. meliloti: le interazioni e la 

competizione nella simbiosi (gli aspetti sociomicrobiologici), 

l’importanza della frazione accessoria del genoma in queste 

interazioni (aspetto molecolare) e il ruolo funzionale ed evolutivo 

del genoma multipartito. 
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Dal punto di vista sociomicrobiologico, lo studio si è focalizzato 

principalmente sulle interazioni di tipo cooperativo che si possono 

stabilire tra ceppi diversi che possono colonizzare lo stesso nodulo 

radicale, e che permettono una persistenza evolutiva di ceppi con 

fenotipi simbiotici altamente diversi tra loro. 

L’aspetto molecolare su cui ci siamo concentrati è invece legato al 

genoma accessorio che può influenzare la competizione tra ceppi. Ci 

siamo infatti soffermati sullo studio di acdS, un gene accessorio 

presente sia nei ceppi di S. meliloti che in altri rizobi. Codificando 

per l’enzima 1-aminocyclopropane-1-carboxylate (ACC) 

deaminasi, studi precedenti hanno mostrato un suo coinvolgimento 

nella diminuzione della produzione di etilene da parte della pianta 

ospite e nel miglioramento delle performance simbiotiche. In realtà, 

il suo ruolo nella simbiosi non è stato totalmente chiarito. Nel nostro 

lavoro, presentiamo un’analisi filogenetica e funzionale di acdS che 

ci ha permesso di ipotizzarne l’origine polifiletica e un 

coinvolgimento nella colonizzazione rizosferica. 

L’ultima parte della tesi si è invece focalizzata sulla ricostruzione 

del metabolismo cellulare di S. meliloti, che ha permesso di 

approfondire lo scenario evolutivo attualmente proposto per il suo 

genoma multipartito. Lo studio ha permesso di valutare il contributo 

di ciascun replicone (che compone il genoma multipartito di S. 

meliloti) al suo ciclo vitale, in particolare, in relazione alle tre 

nicchie ecologiche che può occupare (suolo, rizosfera e nodulo 

simbiotico).  

Nel complesso, questa tesi si propone di delineare un profilo delle 

caratteristiche di interazione sociale, dei meccanismi molecolari e 

metabolici del batterio simbionte S. meliloti, mirando a migliorare 
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la sua applicabilità in campo agricolo e biotecnologico e 

proponendosi di approfondire il suo ruolo ecologico e l’evoluzione 

delle interazioni simbiotiche pianta- batterio.  
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Chapter 1- Introduction 
 

1.1 A panoply of plant-bacteria interactions 
 

1.1.1 PGPB: functioning and applications  

 

A large variety of factors can influence plant growth. These can be 

abiotic or biotic, as the environmental conditions, which include 

temperature and water, the chemical and physical characteristics of 

the soil (including the contamination by heavy metal and toxic 

compounds), the bioavailability of nutrients and the pathogens 

which can negatively infect the plant (Singh et al., 2015). All these 

factors can strongly influence the agricultural productivity 

worldwide. Furthermore, the need for an improvement of the 

agricultural techniques to cope these stresses, is flanked by the 

necessity of a more sustainable and environmentally friendly 

practices (Glick, 2012). 

In this purpose, in the last years, the use of microbial organisms 

instead of chemical pesticides and biofertilizers is getting preferred. 

As it is known, the rhizosphere is the richer environment in terms of 

bacteria with beneficial influence on the plant growth (referred as 

PGPB- Plant-Growth Promoting Bacteria) (Bashan and Holguin, 

1998). In literature, their capability to protect the plants from abiotic 

stresses and pathogens and to stimulate their growth is highly 

documented (Reed and Glick, 2013). Indeed, they can reduce the 

susceptibility to diseases caused by pathogens by competition or by 

the production of particular compounds for the suppression of 

pathogenic infections (antagonism). In addition, they can increase 
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the bioavailability of nutritional sources (with nitrogen fixation, 

phosphate solubilization and iron sequestration), produce various 

compounds as  phytohormones for the root development (Gamalero 

and Glick, 2015) and contribute to the modulation of the plant 

defense mechanism referred as induce system resistance (ISR) (van 

Loon et al., 1998). 

 

Figure 1.1 Schematic overview of the main mechanisms used by PGPB. From 

(Gamalero and Glick, 2015). 

 

1.1.2 The endophytic colonization 

 

Thanks to the nutrient-rich exudates released by the plant roots, a 

large variety of bacteria can establish in the rhizosphere and, some 

of these, can gradually penetrate the root tissue and choose their 

lifestyle inside the host (Gamalero and Glick, 2015). The 

endophytes (both fungi and bacteria) are usually defined as 

“microorganisms that colonize healthy plant tissue without causing 
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obvious symptoms or produce obvious injuries to the host” (Bacon 

and Hinton, 2006;Reinhold-Hurek and Hurek, 2011). The 

endophytic association and way of colonization is not totally 

understood, but it is known that their infection is not organ-specific, 

because a large variety of endophyte were isolates from different 

plant tissues (Rosenblueth and Martinez-Romero, 2006).  

Before the colonization of the plant internal tissues, the endophytes 

colonize the rhizosphere or the phyllosphere (Sturz and Nowak, 

2000). They can enter inside plant through different mechanisms, as 

tissues wound, via roots hair or with the direct production of 

degradative enzymes (Reinhold-Hurek and Hurek, 2011). Once 

penetrated inside the host, the endophyte may localize itself at the 

point of entry or may diffuse among the plant through vascular 

system or intercellular spaces. 

 

 

Figure 1.2 Different endophytes can colonize all the plant organs. Endophytes 

including fungal leaf endophytes (A), bacterial leaf endophytes (B), Rhizobia (C), 

and arbuscular mycorrhizal fungi (D), can infect all organs of a plant. From 

(Partida-Martinez and Heil, 2011). 
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It is important to know that the true endophytic lifestyle can be only 

confirmed by the presence of the microorganism inside the plant for 

long time after the colonization, and the endophytic state must be 

maintained for generation among different plant organs. This could 

mean a very strong and deep association between plant and its 

associated bacteria during evolution.  

As previously reported, when their presence influence positively the 

plant growth and health, the bacteria can be classified as PGPB. 

Bacterial endophyte can serve their host efficiently under a larger 

range of environmental conditions. It is clearly demonstrated that in 

many cases they have a protective function for the plant against 

foreign phytopathogens, nematodes or insects infections (Alvin et 

al., 2014) through active hydrolytic enzymes or active molecules 

(Berg, 2005;Berg and Hallmann, 2006). In this purpose, in the last 

decades, the interest on the potential use of these compounds in the 

agrochemical, biotechnological and pharmaceutical fields increased 

a lot (Christina et al., 2013).  

Rhizobia are soil bacteria which can lives in a large variety of 

habitat. Besides the inhabiting of the soil as free living organisms, 

they can represent a particular group of endophytic bacteria 

genetically programmed to infect and colonize plant roots 

establishing a mutualistic symbiosis with specific leguminous 

plants. Their capability to improve the plant growth is primarily 

based on the nitrogen fixation process (more detail in section 1.3.3). 

This highly specific and highly regulated interaction is able to 

induce genetic, physiological and morphological modification in the 

legumes, which leaves to hypostasize a long history of co-evolution.  
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1.2 Legume-rhizobia symbiosis co-evolution  
 

1.2.1 Evolution of the Leguminosae (Fabaceae) family and 

its associated rhizobia  

 

Despite the difficult fossils dateability, recent phylogenetic analyses 

based on molecular data have allowed to characterize past 

occurrence and habitat distribution of the first leguminous plants 

(Lavin M. et al., 2005). The first legumes ancestor seems to originate 

in the late Cretaceous, approximately around 70-60 million years 

ago in Africa. However, during the Eocene (mid Tertiary, 34-56 

Mya) Africa, Europe and North America were still geographically 

one continuous land, therefore amore recent and detailed hypothesis 

places the original distribution of legumes in the region of the north 

Thetys Sea, a strip of salt water that separated the two enormous 

ancient lands Gondwana (South America, Africa and Australia) and 

Laurasia (North America, Asia and Europe) (Sprent, 2007a). Here, 

the conditions were semiarid, which explain the first succulent 

legumes biome, with a progressive spread in other biomes when the 

climate change towards cooler temperature (Schrire B.D. et al., 

2005). 
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Figure 1.3 Suggested movement of legumes from seasonally dry areas either 

side of the Tethys Seaway about 60 million years ago to their present locations. 

After Schrire et al. (2005) from (Sprent and Gehlot, 2010). 

 

The divergence between the three subfamilies (Caesalpinioideae, 

Mimosoideae and Papilionoideae) of the Fabaceae seems to have 

occurred about 50 Mya, after the spreading and worldwide diffusion 

of the Fabaceae. 

The Fabaceae family is the third largest family of angiosperm. 

Presently, the members of Fabaceae are distributed in different 

ecological habitats, with different temperature and humidity 

condition, and can be annual or perennial herbs and shrubby tree. 

For many years, a progressive and orderly diversification among the 

three subfamilies was hypothesized, especially because nodulation 

and bacterial infection processes are not totally shared among them. 

However,  recent molecular and phylogenetical studies (Lavin M. et 

al., 2005) award the nodulating ability and the occurrence of plant-

bacterial interactions to members of all legumes subfamilies. 

Actually, the symbiotic interaction with rhizobia with the formation 

of root or stem nodules (nodulation) is rare in Caesalpinioideae, 

more common in Mimosoideae and very common in 
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Papilionoideae. This pattern of distribution of the nodulation seems 

to support the temporal order in which these subfamilies evolved 

(Allen and Allen, 1981). 

However, as previously mentioned, the first legumes fossils are not 

easily identifiable, mostly those with nodule infections. Thus, it is 

not totally clarified how long ago the first legumes started to 

associate with rhizobia. 

Considering the complete absence of rhizobial fossils evidence 

(where rhizobia stand for “bacteria with the ability of nodulation and 

nitrogen fixation”), it is difficult to date their speciation, especially 

in relation with the host plant. Some hypotheses (Sprent, 1994) 

described the possibility of two separate nodulation events occurred 

in the late Cretaceous, one that involved the ancestor of Rhizobium, 

the other one that involved the slow growing Bradyrhizobium. 

Furthermore, it is possible that the rhizobia-legumes symbiosis is 

originated from more general pathogenic interactions. More 

recently, a phylogenetic analysis based on a set of conserved genes 

in different genera of rhizobia allowed evidence that the appearance 

of rhizobia anticipated the arise of their host leguminous plants 

(Turner and Young, 2000). Consequently, rhizobia, originated 

before of their host plants, likely as free-living soil or rhizospheric 

bacteria. 
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Figure 1.4 Estimated divergence times in rhizobium-legume symbiosis. From 

(Dresler-Nurmi et al., 2007). 

1.2.2 Nodulation: evolution and revolution 

 

In addition to wonder when and where legumes evolved, it is 

interesting to ask why rhizobial-plant association evolved in some 

of them. It is important to take in mind that the evolution of this 

association is not completely independent. As rhizobia, fungi can 

establish symbiotic interaction with the roots of leguminous (and not 

leguminous) plants. In the mycorrhizal association, the fungus 

colonizes the host plant's roots, both intracellularly, as in arbuscular 

mycorrhizas (AMs), and extracellularly, as in ectomycorrhizas 

(ECMs). As well as rhizobia, they represent an important component 

of soil and of its chemical balance, enhancing nutrient uptake and 

parasitic defense. The AMs and the ECMs in legumes evolved long 

before them (Sprent and James, 2007), assuming that, potentially, 

all legumes can produce mycorrhizas following the fungus 

symbiotic association. This is an ancient symbiosis verifiable in a 

large variety of plant species, which has been detected in fossils of 

early land plants more than 400 million years ago (Stracke et al., 

2002). Several studies showed the evidence of a common 

https://en.wikipedia.org/wiki/Intracellular
https://en.wikipedia.org/wiki/Arbuscular_mycorrhizal_fungi
https://en.wikipedia.org/wiki/Arbuscular_mycorrhizal_fungi
https://en.wikipedia.org/wiki/Extracellular
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evolutionary development of the molecular players of rhizobial and 

fungal association with their respective legume hosts, sharing some 

common key genes. In particular, the two symbiotic associations 

overlap genetic programs deeply related in terms of common the 

signaling pathways. In both the host model species used for the 

associations study (Medicago truncatula and Lotus japonicas), the 

common symbiotic pathways comprise a conserved set of genes 

encoding a membrane receptor-like, a nuclear cation- channel and 

several interacting proteins important for fungal and bacterial 

recognition (Stracke et al., 2002;Streng et al., 2011). Thus, in 

legumes the common signaling pathway is activated by distinct Lys-

M type receptors kinase highly specific for fungal or bacterial signal 

molecules (respectively, Myc factor and Nod factor). 

 

 

Figure 1.5 Schematic representation of the genetically dissected symbiosis 

signaling pathway in legumes from (Streng et al., 2011). 

 

Legumes can be very versatile in their symbiosis, consequently, 

multiple concomitant symbiotic association coud have taken place. 

Indeed, nodulation has a significant requirement for phosphorus, so 

it can be inclined to establish P-acquiring symbioses as AMs and 

ECM near nodules (Sprent and James, 2007). In contrast to the 
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mycorrhizal association, the nitrogen fixing symbiosis evolved more 

recently, and the host and partner choice is more phylogenetically 

restricted. Several studies confirmed that the following few million 

years after the first legumes appearance (55 Mya), were 

characterized by a great climate change. Indeed, there was a strong 

increase of temperature, which favored the carbon mobilization 

from sea-sediment and its cycle through terrestrial ecosystem.  It is 

known that the nitrogen fixation process uses a large amount of the 

total carbon produced by the plant. Then, it was hypothesized that 

the high level of carbon dioxide in the atmosphere, coupled to a 

decrease of bioavailable nitrogen, favored the evolution of 

symbiotic nodulation (Bowen  et al., 2004;Sprent, 2007b;Sprent and 

James, 2007).  

The genomic rearrangement and the horizontal gene transfers (HGT) 

among different species are the most important factors in bacterial 

evolution (Gogarten et al., 2002;Koonin, 2009). Molecular analyses 

upon the rhizobial symbiotic accessory genes allowed to establish a 

quite ancient origin of them (Moulin et al., 2001). Possibly, they 

evolved to their actual form thanks to divergence and transfer events 

among different genera of α- and β- Proteobacteria (both the orders 

comprise rhizobia) and strains from different geographical areas 

(Provorov, 1998). Under these hypotheses, it was proposed that the 

common ancestor of rhizobia was a free-living organism with the 

additional capability to fix nitrogen, which was preserved during 

evolution only by nodulating strains (Dresler-Nurmi et al., 2007). 

The evidence of bacterial genetic plasticity may then suggest a 

strong ability of rhizobia to adapt to different host legumes, more 

than a direct effect on plant evolution. Furthermore, the 

correspondence between the phylogenies of some rhizobial genes 



Legume-rhizobia symbiosis co-evolution 

11 

 

(also related to the nodulation) and some genomic elements of the 

host plants, could suggest a co-evolution model of the symbiotic 

association (Dobert, 1994).  

The coordination that can allow the establishment of a symbiotic 

interaction, especially in terms of morphological modification and 

molecular mechanism of regulation, could be explained by a recent 

model proposed by Werner et al. (Werner et al., 2014a). The study 

suggests a “predisposition hypothesis”, which demonstrate the 

evidence of a single and necessary innovation event as basis of 

nitrogen fixation evolution. Indeed, it seems that a single shared 

symbiotic trait among leguminous plants, defined as “precursor 

state”, could have represented the initial stage of nodulation process, 

which in some cases evolved as “stable fixer state” following 

additional mutations but in other, it could also disappear. The 

proposed single nitrogen fixation origin could represent the 

explanation for the homology existing between all the symbiotic 

association established by different rhizobial microorganism and 

their specific legume host.  

 

1.2.3 Nodules and nodulation types 

 

Nodulation is a complex mechanism evolved by rhizobia which 

allows the interaction with specific host plants, establishing a 

continuous and cooperative exchange of benefits between partners. 

Firstly, rhizobia penetrate into the legume roots. The infection can 

occur directly through the epidermis or through breaks (referred to 

cracking infection).  
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Figure 1.6 Bacterial penetration of the root tissue can occur by two different 

strategies. In root hair-independent (intercellular) entry (a), disruption of the 

epidermal cell layer allows rhizobia to enter the root. This contrasts with the classic 

model of root hair invasion (b), where flavonoids released by legume roots trigger 

the synthesis of rhizobial Nod factors, which induce root hair curling, bacterial 

penetration at the center of the infection pocket and division of cortical cells. From 

(Deakin and Broughton, 2009). 

 

The most studied and diffused root hairs entry is the highly regulated 

epidermal infection, and involves transcellular colonization. The 

infection occurs in some but not in all the cells of the root invaded 

region. These cells divide repeatedly and enlarge their size giving a 

well know swollen structure to the nodule, usually retaining the 

meristematic activity (Sprent and James, 2007;Sprent, 2008). 

However, the plant species that usually are characterized by the 

epidermal way of infection, could sometimes become infected by 

the formation of wounds, especially under stress condition. 

Actually, the breaks can be a normal way of infection which can 

include the formation of occasional lateral roots. This event can 

characterize particular plants as dalbergioid and genistoid clades of 

legumes, which include grain as Lupinus and Arachis, and forage as 
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Stylosanthes.(Sprent and James, 2007). It was hypothesizing (Sprent 

and James, 2007) that both the epidermal and the breaks infections 

may include the possibility of the formation of two different pattern 

of nodule development: one that includes the transcellular infection 

and one not. Then, two type of nodules could evolve from each of 

these: the determinate one and the indeterminate one.  

The mechanism of indeterminate nodules formation is the most 

common in legumes. This mechanism was favored during evolution 

probably for the attitude of this nodules to survive after years 

(indeed, it is very common in perennial legumes) and under stress 

condition. The indeterminate nodule development includes the 

formation of the root hair curling, the fast division of root cortical 

cells and the differentiation of the nodule primordium (see figure 

1.6). Inside the new formed structure, the bacteria are surrounded by 

a membrane and some of them differentiate in the symbiotic form 

able to fix nitrogen, the bacteroid (for details, see section 1.3).  The 

maintenance of the active apical meristem (which confer to the 

nodule the typical cylindrical shape) allow to the nodule cells a 

continuous replication and regeneration, creating a gradient of 

infected and uninfected cells among the structure. It is possible to 

detect four different regions, commonly called zones, which demark 

different stages of the symbiotic process and of the bacteroids 

differentiation. Indeed, not all bacteria inside the nodule are 

differentiated into nitrogen fixing bacteroids. Bacteroids are mainly 

located in the III and IV zones (respectively nitrogen fixation and 

senescence zone, closer to the root) and a fraction of undifferentiated 

bacterial cells is maintained in correspondence of the apical tissue. 
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Figure 1.7 Diagram of indeterminate nodule development. The nodule grows by 

meristematic cell divisions in zone I. In zone II, rhizobia are released by the 

infection thread into cortical cells by an endocytic process. There, rhizobia 

differentiate into bacteroids that in zone III synthesize nitrogenase and other 

enzymes involved in nitrogen fixation. After some weeks, the nodule starts 

senescing and bacteroids are degraded (zone IV). VB indicates Vascular Bundle. 

From (Rodríguez-Haas et al., 2013). 

 

Contrarily, in the determinate nodules, the meristematic activity 

disappears shortly after nodule formation, and the fast growth of 

cells after the infection resulting in a spherical shape of the nodule. 

Here, all the bacteria assume the form of bacteroid, able to fix 

nitrogen, but not terminally differentiate. 
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Figure 1.8 Comparison between the structure of determinate (a) and 

indeterminate nodules (b). Diagrammatic representation of the components. From 

(Puppo et al., 2005). 

 

If a way of infection directly corresponds to a particular nodule type, 

is still not totally clarified (Sprent, 2007a). However, it is recurrent 

that the determinate nodules preferentially originate following a 

crack infection. On the contrary, the indeterminate nodule formation 

seems to be more common for the epidermal infections. 

In the last decades, evolutionary studies (Sprent, 1980) have 

hypothesized the origin of determinate nodule from the 

indeterminate nodule, following precise metabolic requests. The 

rapid development and the fast cell division which characterize the 

determinates, can be evolved following an environment adaptation, 

possibly to short life plants as the annual crop and the shrubby 

species (Sprent, 2001). On the contrary, the indeterminate nodules 

are able to endure long period of stress. This could be related also to 
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host plants which colonizes more temperate and seasonal areas 

(Sprent, 2007a).  

 

1.2.4 What remains of nodules? 

 

Of course, the lifetime of the nodule is extremely variable, and it 

depends on the legume species and on the environmental and stress 

conditions to which the host plant is exposed. Then, senescence is a 

natural stage of the symbiotic nodule life, and it allows the nutrients 

recirculation among the organisms of the same habitat (Serova and 

Tsyganov, 2014). 

For their typical round-shaped form, determinate nodules are 

characterized by a radial senescence of the tissue (see figure 1.8). 

Contrarily, accordingly to the differentiation-zones structure, in the 

indeterminate nodules the senescence area (IV zone) gradually 

moves to the apical part initiating the degeneration of the nodule 

(Van de Velde et al., 2006). Phenotypically, the nodule senescence 

is characterized by the evident color shift of the tissues from the 

typical pink (indicating the presence of leghemoglobin in plat 

tissues, then an active nitrogenase) to green, which is determined by 

the degradation of the leghemoglobin heme group (for details see 

section 1.3.3) (Roponen, 1970). Biochemically, senescent nodules 

are characterized by an intense proteolytic activity that causes a 

progressive protein degradation (Pladys and Vance, 1993). 

If the studies performed on the nodule senescence have been well 

deepen from the plant physiology and biochemistry, the release of 

the symbiotic bacteria in the soil is still not totally explored. As 

previously mentioned, the bacteroids in determinate nodules are 
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densely distributed and remain quite similar to the free‐living 

rhizobia. Indeed, they are not terminally differentiated, but assume 

a reversible form. On the contrary, bacteroids in indeterminate 

nodules are functionally and morphologically distinct from free‐

living rhizobia. Then, when determinate nodules die and release the 

bacteroids in the soil, they can easily de-differentiate to the free-

living form, enriching the soil populations of substances stored 

during their symbiotic-life. In particular, the carbon storage polymer 

poly-β-hydroxybutyrate (PHB) is one of the most important 

metabolism product of the bacterial cells, as in most of the rhizobial 

species. The storage of PHB for rhizobia can mostly occur during 

free-living lifestyle, but it can occur also during the symbiotic 

process (Trainer and Charles, 2006). It was largely demonstrated 

that the bacteroids able to accumulate PHB in determinate nodules 

and in the undifferentiated cells of indeterminates, may have a 

competitive advantage when released into the soil after nodule 

senescence (Denison, 2000). 

On the contrary, in indeterminate nodules, the terminally 

differentiated bacteroids die with the nodule, but the still maintained 

undifferentiated rhizobia are released from the nodule tissue giving 

rise to a new rhizobial soil population (Denison, 2000). 
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Figure 1.9 Life cycle of rhizobia from soil to soil via determinate (left panel) or 

indeterminate (right panel) legume root nodules. PBU (peribacteroid unit).  

From (Denison, 2000).
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1.3 Molecular details of the legume-rhizobia 

symbiosis 
 

1.3.1 The importance of nitrogen 

 

The nitrogen is the most abundant gas in Earth's atmosphere (78%), 

and is an important element for the life. The nitrogen could be 

present in the ecosystems in a large variety of chemical forms, as 

ammonium (NH4
+), nitrite (NO2

−), nitrate (NO3
−), nitrous oxide 

(N2O), nitric oxide (NO) or inorganic nitrogen gas (N2) (Postgate, 

1982). The nitrogen cycle, in which atmospheric nitrogen (N2) is 

converted into different available organic compounds, is one the 

most crucial natural processes to sustain living organisms, in 

particular the plants. The conversion can be sustained by biological 

or physical mechanisms, and is primary for its circulation among the 

ecosystems. Prokaryotes are the only organisms able to utilize 

molecular nitrogen, and in particular, the symbiosis between 

bacteria and leguminous plants alone provides 20% of the global 

biological nitrogen fixed annually (Dresler-Nurmi et al., 2007). For 

this reason, the use and the control of the activity of this bacteria and 

the process of Biological Nitrogen Fixation (BNF) could be 

considered a fundamental element for a sustainable agriculture 

(Stewart, 1966).  

Prokaryotes able to perform the BNF are called diazotrophs, and 

their fixing behavior can be very variable. One of the most studied 

BNF, is exactly that which involves the leguminous plants roots and 

the rhizobia. 
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1.3.2 Symbiosis: host specificity, infection and nodule 

formation  

 

A large variety of bacterial species belonging to α- and β- 

proteobacteria are able to perform the nitrogen fixation on 

leguminous plants (Chen et al., 2003). Among all the BNF, that 

which involves Sinorhizobium meliloti strains and Medicago  

sativa is one of the most studied. Indeed, M. sativa (commonly 

named alfalfa) is a perennial leguminous plant cultivated as forage 

crop in many countries of the world. It is native of temperate climate 

but it is known to be tolerant to a large variety of temperature. M. 

sativa can be used as forage, for the high protein and vitamin content 

(important for the ruminants’ nutrition), but also as biofuel and for 

soil quality improvement (Mozaffari et al., 2000;Bouton, 

2007;McCaslin and Miller, 2007 ). Indeed, alfalfa cultivation 

naturally allows to enrich the soil with nitrogen after the depletion 

due to the previous crops (e.g. cereals) cultivation.  

The mechanism which allows the symbiotic interaction between the 

nitrogen fixing rhizobia and leguminous plants, is highly regulated. 

Indeed, both the organisms have evolved a complex and specific 

signals exchange that let to set up the multi-step mutualist 

association (Jones et al., 2007). In Sinorhizobium meliloti (Capela et 

al., 2006), the symbiotic process starts with the mutual recognition 

between the plant and the bacteria present in the rhizosphere. Indeed, 

in general, the soil area close to the roots is exposed to a large variety 

of microorganisms, and can represent an important source of 

nutrients for bacteria due to the presence of root exudates. The host 

legume is able to secrete specific signals represented by flavonoid 

compounds (2-phenyl-1,4-benzopyrone derivatives, as for instance 
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luteolin). They selectively bind a receptor protein in the bacterial 

cell (NodD), activating the expression of the bacterial nod genes, 

which allows the production and secretion of the Nod factor (Shaw 

et al., 2006), a chito-lipo-oligosaccharide molecule. The Nod factor, 

in turn, triggers the expression of plant developmental cascade for 

nodule formation (starting with root hair curling). The exact 

chemical structure of the Nod factor and the flavonoid secreted by 

plant, are the basis for host–symbiont specificity (Kondorosi et al., 

1984).  

 

 

Figure 1.10 Schematic overview of the nodulation process and biological 

nitrogen fixation From (Laranjo et al., 2014). 

 

The root hair curling and the cortical cell divisions are the following 

step of the symbiotic process. This step favours the invasion of the 

plant root cells and the formation of the infection thread by bacteria 

(Shaw et al., 2006). When the rhizobia are completely internalized 
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by root cells, they are included by endocytosis in vesicles named 

symbiosomes, where they differentiate in specialized forms, the 

bacteroids (Brewin, 1991;Brewin, 2004). In the same time, the 

infected root cells undergo an enlargement and produce a swell on 

the root surface. This process led ultimately to the formation of a 

new organ, the root nodule. Inside the microaerobic environment of 

the nodules, the bacteroids expresses the oxygen-sensitive enzyme 

nitrogenase that catalyzes the conversion of atmospheric nitrogen to 

ammonia (Peters and Szilagyi, 2006).  

 

1.3.3 Nitrogen fixation in legume-rhizobia symbiosis 

 

The nitrogen fixing enzyme complex, named nitrogenase, consists 

of two protein components, called the Fe-protein and the MoFe-

protein. Both are required for the nitrogen fixation process, that 

consist in a step by step protein association and dissociation and the 

hydrolysis of ATP molecules for the delivery of the electrons (Peters 

et al., 1995). The nitrogenase complex is produced by certain 

prokaryotes, including species of Rhizobium genus, the free-living 

Azotobacter, Actinobacteria belonging to Frankia genus, 

Cyanobacteria (blu-green algae), and in some Archaea (Raymond et 

al., 2004). In the legumes-rhizobia symbiosis, the nitrogen fixation 

takes place inside the root nodules. Indeed, it is here that the 

bacterial cells morphologically differentiate in bacteroids. As 

previously mentioned, they are characterized by a swollen and 

irregular form and exhibit a strong downregulation of many classical 

metabolic function (including the DNA replication) in favor of the 

activation of the genes related to the nitrogen fixation process 

(Barnett and Fisher, 2006). Indeed, bacteroids use the enzyme 
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nitrogenase to catalyze the reduction of dinitrogen with this 

chemical reaction: 

N2 + 8H+ + 8e- + 16ATP → 2NH3 + H2 + 16ADP + 16P 

The BNF requires a large amount of energy (for every nitrogen 

conversion, 16 ATP molecules) which is provided by the host plant 

in the form of photosynthates, basically composed by carbohydrates. 

These substances are transported to the nodule in the form of sucrose 

via phloem. Essentially, in the nodule, the sucrose is cleaved by 

sucrose synthase to UDP-glucose and fructose. Then, the hydrolyzed 

products are metabolized by glycolytic enzymes to produce 

phosphoenolpyruvate (PEP), which is finally converted in malate. 

Here, the dicarboxylates are transported across the symbiotic 

membrane inside the bacteroid, thanks to the dicarboxylic acid 

transport (Dct) system, and metabolized via the tricarboxylic acid 

(TCA) cycle required to fuel nitrogen fixation. Ammonium is the 

primary stable product of the reaction, it is crucial for the N 

assimilation for the plant, and it is transferred by diffusion through 

bacterial cytoplasm to the plant  (Lodwig and Poole, 2003). 

 

 



Molecular details of the legume-rhizobia symbiosis 

24 

  

Figure 1.11 Schematic representation of nutrient exchange between a nitrogen 

fixing bacteroid and the plant cell; AAs, amino acids; BM, bacteroid membrane; 

GSGOGAT, Glutamine synthetase-Glutamate synthase; MDH, malate 

dehydrogenase; PBM, peribacteroid membrane; PEP, phosphoenolpyruvate; PEPC 

phosphoenolpyruvate carboxylase; SS, sucrose synthase; TCA, tricarboxylic acid 

cycle from (Lodwig and Poole, 2003). 

Besides the inclusion in aminoacids as alanine and aspartate, the 

nitrogen is mainly assimilated into glutamine and glutamate through 

the action of glutamine synthetase (GS) and glutamate synthase 

(GOGAT). Fixed nitrogen is then transferred from glutamine to 

asparagine or to purine derivates, as ureides, depending on the 

legume species (Vance, 2000). Temperate legumes (such as pea and 

alfalfa) which form indeterminate nodules, export mainly 

asparagine. Tropical legumes, such as soybean and Phaseolus bean, 

which form determinate nodules, have a complex biosynthetic 

pathway for synthesis and export of ureides such as allantoin and 

allantoic acid (Atkins, 2000).  

Asides from the high amount of energy required, the BNF is 

characterized by some limiting factors. One of this is the amount of 

oxygen concentration. O2 can indeed inactivate the nitrogenase 
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activity. Otherwise oxygen is required by aerobic nitrogen-fixers to 

provide the large amount of ATP required. Therefore, the bacteroids 

are able to regulate the amount of oxygen present in the nodules 

thanks to the leghemoglobin (legume-hemoglobin).  

 

 

Figure 1.12 Nodules with active BNF. Indeterminate nodules characterized by the 

typical pink color of active nitrogen fixation from a S. meliloti- M. sativa 

experiment. 

 

This oxygen-binding protein is found in very high concentration 

inside root nodules. It is composed by an heme group produced by 

rhizobial cells, and a globinic part provided by the plant. Thanks to 

its chemical structure, leghemoglobin is able to bind free-oxygen in 

the nodule facilitating the respiration of the bacteroids and, at the 

same time, preventing the inactivation of nitrogenase (O'Brian et al., 

1987). 
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1.4 Sociomicrobiology of the legumes-rhizobia 

symbiosis 
 

1.4.1 Interaction strategies  

 

Since Darwin’s studies, the importance of biotic interactions in 

organisms’ evolution, has stirred the attention of a large plethora of 

biologists. In particular, evolutionary biologists started to develop 

theories on the evolution of cooperation and its effect in terms of 

fitness benefits (Wilson, 2000). The interaction mechanisms, 

according to which individuals in a particular environment can 

interact with multiple partners, can determine variable costs and 

benefits, then allowing to evolve new organization types (colonies, 

multicellularity, etc.), which derive from the interaction among 

single cells or organisms.  

Classically, the interaction strategies can provide benefits for one of 

the organism involved in the interaction, or can provide a common 

advantage which allows an increase of fitness for both (or for all, if 

more than two) the individuals (Werner et al., 2014b). Commonly, 

the close relationship establishing between two organism of 

different species is named symbiosis. Regarding the benefit that 

such organism may confer, three type of association are defined: the 

mutualism, the parasitism and the commensalism, and they basically 

differ from each other from the overall shared benefits. 

In the mutualism both the organisms involved in the interaction 

receives benefit from the other, in commensalism one species 

benefits while the other is unaffected, and in parasitism only one 

species benefits from the interaction, the other is affected negatively.  
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Table 1. Schematic summary of the interaction strategies. 

Interaction Species A Species B 

Mutualism receives benefit receives benfit 

Commensalism receives benefit not affected 

Parasitism receives benefit harmed 
 

The symbiotic interactions can be classified according to the 

location of the symbiont with respect to the host cells: ectosymbiosis 

or endosymbiosis.   Despite the evolutionary preservation of all three 

relationship strategies, detailed researches revealed that much of the 

achieved global diversity is sustained by mutualist-cooperative 

interactions among different species (Bascompte and Jordano, 

2007). Actually, it is known that every species is involved directly 

or indirectly in mutualistic interactions with one or more partners, 

and most of these are important for the reproduction and the 

survival, as the pollination (Potts et al., 2010), the seeds dispersal 

(Potts et al., 2010) and critically participating to nutrient cycling, as 

for plant associated with fungal mutualists (Wilson et al., 2009;Kiers 

et al., 2010). The cooperative interactions between individual of 

different species and the shared increase of the fitness can be 

successfully explained as a biological market (Werner et al., 2014b). 

Indeed, the theory recently proposed, allows to explain the 

maintenance and the evolution of the mutualism interdependence, 

considering the costs and the risks for the partners, the active choose 

of cooperator and the competitions between individuals. Recently, 

microorganisms have become popular models for addressing 

sociobiological questions related to the evolution of multicellularity 

and to the exchange of nutrients. Indeed, microbial system are 

suitable to study the mutualistic interactions for the readiness of 

manipulation, the simple tracking of the resources and the short 
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generation times.  In particular, keeping on the parallelism between 

mutualistic interaction and biological markets, the collaborative 

behavior established by microbe can be compared to a trading 

partner. Besides the classical exchange of benefits and the reciprocal 

control of the fitness, the microbial mutualist evolved the possibility 

of the partner discrimination, basing on its quality and 

cooperativeness, and to respond to resource variability, influenced 

by biotic and abiotic conditions. 

The bacterial kingdom can be involved in a large range of beneficial 

or not-beneficial interactions with different organisms, such 

animals, fungi and plants. Today, many example of microbial 

symbiosis are known, and the phylogenetic  distribution of 

symbiotic interactions between prokaryotes and the eukaryotic hosts 

is much wider than previously thought (Moya et al., 2008).  

Many unicellular eukaryotes are able to ingest bacteria through 

phagocytosis. This can be the case of the ameba Amoeba proteus, 

which can be infected by X-bacteria establishing a parasitic 

interaction. Interestingly, today we have evidences that, in some 

cases, this interaction can become a mutualistic association, that 

makes the bacteria a required cell component for the eukaryote. 

Dictyostelium discoideum, commonly nicknamed “social amoeba”, 

can be used as model for the different interactions establishing with 

various bacterial classes. This amoeba is indeed able to eat bacteria 

and human pathogens, or being destroyed by them. (Cosson and 

Soldati, 2008). The model system used to describe a predator and 

collaborative social behavior (multicellular formation necessity) is 

the bacterium Mixococcus xantus, which is able to predate other 

microbes in normal environmental condition, or cooperate forming 

multicellular structure if in nutrients lack (Berleman et al., 2008).  
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Advances in genomics have had a large impact on the research into 

microbial symbioses, especially those with eukaryotes, which has 

implications for biotechnology (for example, sponge-associated 

prokaryotes (Taylor et al., 2007), biomedicine (for example, the 

human intestine microbiome (Stingl et al., 2005) and agriculture 

(nitrogen fixation in plant-associated bacteria (Kneip et al., 2007). 

In this case, that which involves rhizobia and leguminous plants is 

one of the most studied. 

This is a cooperative interaction known as beneficial mutualism. It 

is interesting to know that different rhizobia strains belonging to a 

single species can behave differently towards the host. Indeed, 

possibly as a result of multiple mutation (in the bacterial genes 

correlated with the nitrogen fixation), some rhizobia are able to 

infect and nodulate the plant, but fixing little or no N2. These 

rhizobia are termed “ineffective” strains and establish with the plant 

a parasitic interaction. 

 

1.4.2 Evolutionary balance is maintained by host sanctions  

 

It is plausible that mutualistic rhizobia easily persisted during the 

evolution displacing the non-fixing strains, because of the reciprocal 

beneficial relationships established with the plant. However, 

nitrogen fixation is an energetically expensive process, which uses 

resources that rhizobia may utilize for their own growth. 

Consequently, in theory we can hypothesize that the parasites (not 

nitrogen fixers) could gain fitness over the mutualists (nitrogen-

fixers). A possible explanation for the persistence of the fixers could 

be the sanctions inflicted by the host plant on the parasites, thus 
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indirectly favoring the beneficial infection of the mutualists (Akçay 

and Simms, 2011). According to the sanctions hypothesis (Kiers et 

al., 2006), the host plant is able to discriminate among nodules 

according to their capability in the nitrogen fixation. Indeed, the 

presence of sanctions could support the infections by mutualist 

strains and inhibit that by the non-mutualist. Therefore, under this 

hypothesis the host would perform a “partner choice”. Different type 

of symbiotic interactions may be also present in the same host plant, 

which then, is able to maintain a balance between multiple symbiont 

genotypes (Kiers et al., 2003). In this case, the sanctions theory 

seems to be particularly important to describe the stabilization of 

cooperation  

between different strains, which can colonize the same host plant, 

and, apparently, the same symbiotic nodule. According to the a 

recent view of rhizobial symbiotic interaction, which uses the 

theoretical framework of the market economy to explain the benefits 

of the symbiosis (Werner et al., 2014b), the legume sanctions (which 

punish rhizobia that fail to fix nitrogen) can warrant the “fair trade” 

and can ensure the evolutionary persistence of different symbiotic 

performances. 
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1.5 Sinorhizobium meliloti: a symbiosis study 

model  
 

1.5.1 Genes for symbiosis 

 

Basically, every bacterial species is characterized by a high 

variability among the different strains. The concept of pan-genome 

has been developed to consider these differences (Medini et al., 

2005;Tettelin et al., 2008). Considering that new genes are always 

discovered when a new genome is sequenced, the pan-genome is 

composed by a core and a dispensable fraction. The core contains 

genes shared among closely related species (Young et al., 2006), and 

the dispensable comprises more specialized unique and accessory 

genes. Therefore, the house-keeping genes are included in the core 

genome of a species, and are mainly collocated on the principal 

chromosome. On the contrary, the dispensable genome contains 

genes more related with the environmental adaptation and survival 

in particular ecological niches, where the unique genes harbour more 

specific functions for a single strains (Galardini et al., 2013b). These 

fraction is usually collocated on the secondary plasmids. Indeed, in 

the most of rhizobial species, the majority of the symbiosis- related 

genes, which are not essential for the life of the bacterium, map on 

plasmids or chromosomal islands (Becker, 2007). The case of S. 

meliloti 1021 is not different from this generalization. 
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Figure 1.13 Size of core and accessory genome of three S. meliloti strains. The 

number of orthologous groups found in each intersection is reported. Areas are 

not in scale. From (Galardini et al., 2011). 

 

1.5.2 Comparative genomics and genome evolution of S. 

meliloti 

 

S. meliloti is a gram-negative α-proteobacterium which belongs to 

the order of Rhizobiales. As other rhizobia, can be found in many 

soil type as free living organism (Roumiantseva et al., 2002) or in 

association with specific leguminous plants, on which it induces the 

formation of nodules. Medicago sativa L. (alfalfa) and Medicago 

truncatula are the most studied host species for the S. meliloti 

symbiosis (Gibson et al., 2008). In the recent years, complete 

genome sequences of a number of rhizobia have been determined, 

in particular that of the strain S. meliloti 1021 (Galibert et al., 2001) 

has aroused a great interest. The new knowledge based on the 
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genomic sequences allowed to deeper the molecular details and the 

major steps of this symbiotic interaction and rhizobial lifestyle. 

The genome of several rhizobia is characterized by a multipartite 

genome structure. In particular, (Galibert et al., 2001) the genome of 

S. meliloti 1021, comprises a primary chromosome (3.65 Mb) and 

two small units termed megaplasmid pSymA (1.35 Mb) and chromid 

pSymB (1.68 Mb) (Galibert et al., 2001). This multipartite nature is 

also present in all the other members of this species sequenced so 

far (Galardini et al., 2011;Schneiker-Bekel et al., 2011;Galardini et 

al., 2013a;Galardini et al., 2013b), which may also contain some 

additional smaller plasmids. The chromosome is the largest replicon, 

and contains most of the core genes. The pSymB chromid is mainly 

harbouring genes related to transport and catabolism of carbon 

sources. The pSymB chromid contains also some essential genes 

(Harrison et al., 2010), which makes sense of its chromid nature 

(Harrison et al., 2010)). Finally, the pSymA megaplasmid mostly 

contains the genes related to the symbiosis interaction and to the 

nitrogen-fixation process. A large fraction of the genome variability 

(as genomic rearrangements and presence of the dispensable 

genome) is located on pSymA (Galardini et al., 2011). pSymA is 

hypothesized to be the most recent replicon in the S. meliloti 

genome, likely acquired through horizontal gene transfer (HGT) 

(Wong and Golding, 2003). One of the main aspect of 

Sinorhizobium meliloti pangenome is the high intraspecific 

variability among the different strains. Only recently, the scientists 

tried to explore the correlation between this large genetic variation 

and the symbiotic performances with the host plant (Pini et al., 

2011). It was clearly demonstrated that the determinant traits related 

to the symbiotic capabilities located on the megaplasmid, (as nod, 
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nif and fix genes (Batut et al., 1985;Fischer, 1994) are liable to 

variations. In particular, the genes involved in microaerophilic 

growth during bacteroid development, those who determines the 

competitiveness inside nodules, their number for each plant, and 

those for the nitrogen metabolism can be in some strains completely 

absent or downregulated (Pini et al., 2011). This can of course 

determine a variation in the symbiotic phenotype of the bacterium, 

with an effect on the plant growth, giving a genetic base to the 

existence of cheater strains. 

 

 

Figure 1.14 Tasks and evolutionary differences of replicons in S. meliloti. Pie 

charts indicate the proportion of each replicon that is present in the DNA backbones. 

The arrows indicate the transmission mechanism: vertical inheritance (two arrows) 

or HGT (radial arrows) from (Galardini et al., 2013b). 
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Recent experimental studies performed by diCenzo et al. (diCenzo 

et al., 2014) on strains obtained by the complete removal of pSymA, 

pSymB or of both of them, allowed to outline a more detailed 

evolutionary model of the multipartite genome in Sinorhizobium 

meliloti strains. In particular, the results indicated that the 

chromosome is sufficient for the growth in bulk soil environment, 

and suggested that pSymA and pSymB are more involved in 

metabolic capabilities for the growth in specialized ecological niche, 

as the rhizosphere and the symbiotic nodules. 
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In the proposed model, the ancestral S. meliloti acquired a plasmid 

(the proto-pSymB megaplasmid), which encoded particular genetic 

traits allowing the cell to expand its ecological niche (e.g. to colonize 

the rhizosphere environment). Subsequently, the selective pressure 

of the new environment allowed the replicon to acquire additional 

genes through HGT providing a fitness benefit for this new location. 

This new large amount of genetic material acquired by the proto-

megaplasmid, results in a metabolic advantage for the cell in the new 

environment, but contrarily, it could disadvantage the bacterium in 

its original niche. The translocation and integration of essential 

genes from the chromosome into the proto-megaplasmid resulted in 

the composition of a new element, the chromid, now maintained 

during evolution for the essential functions which holds, making it 

indispensable in all environments. Later on, this ancestral 

rhizospheric S. meliloti cell, acquired through HGT the proto-

pSymA megaplasmid, which allowed ultimately to enter in 

symbiosis with the host legumes. 
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1.6 The puzzling dispensable genome of S. meliloti 
 

From recent studies, it has become clear that the gene content of the 

bacterial dispensable genome is commonly responsible for the 

evolutionary diversification and the adaptive capability of different 

strains (Galardini et al., 2011;Galardini et al., 2013b). Despite the 

large interest on the composition of this genetic fraction (often larger 

than the core), the function and the role of some genetic 

determinants remain still not totally clarified, especially those in 

relation with the bacterial lifestyle and the phenotypic characteristics 

which characterize every particular strain. In S. meliloti several 

essential features of the symbiotic association with its host plant 

must be still elucidated. Recent studies evidenced that particular 

characteristics linked to environmental conditions or to stresses 

adaptation can be present in unrelated organisms. This could be the 

case of the heavy metal resistance, conferred by several types of 

genes, as for example cnr, nre, czc systems (Mergeay et al., 2003) 

(Grass et al., 2001).These determinants are present in heavy metal-

resistant bacteria, but, interestingly, also in many non-resistant 

strains (Mengoni et al., 2010). Their function in those strains is still 

unclear, in particular in relation with the genomic localization. 

Indeed, nreB gene (encoding for a Ni+/H+ antiporter) in S. meliloti 

strains is located on pSymA plasmid, and its position leaves to 

hypostasize a possible involvement in the symbiotic capabilities of 

the strains, possibly in the metal balance for the symbiosome 

development (Pini et al., 2013).  

Among the S. meliloti genes included in the dispensable genome and 

of which the function related with the symbiotic lifestyle is not 

totally elucidated, that encoding the enzyme ACC (1-
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aminocyclopropane-1-carboxylate) deaminase is one of the most 

puzzling. 

 

1.6.1 What does it mean having an ACC deaminase? 

 

The plant response to stresses is mediated by its hormones, which 

can regulate the expression of specific proteins, necessary for the 

protection of plant cells from the deleterious effects they caused 

(Singh et al., 2015). As previously reported, PGPB can indirectly or 

directly interfere with the plant growth (Glick, 1995), and 

commonly, the bacterial production of specific compounds is able 

to modulate the stresses response in the plant. One of the most 

common plant hormone that mediates response to the stressors is 

ethylene. This is a gaseous hormone with a large range of biological 

effect on the plant in its developmental process, as the seeds 

germination, the tissues differentiation, the roots formation and 

elongation, the flowers blossoming and the fruits ripening (Abeles 

et al., 1992). Therefore, the plant senescence is clearly influenced by 

this hormone. A local increase of the concentration of ethylene can 

also occur during stress signalling and during the plant-bacteria 

symbiosis. Indeed, this interaction can benefit the host but, at the 

same time, it is an infection that can alter the electrochemical and 

biological balance of the plant. 

Numerous studies suggested the importance of bacterial multimeric 

enzyme ACC (1-aminocyclopropane-1-carboxylate) deaminase in 

the reduction of the plant-ethylene level. Indeed, it was postulated 

(Glick et al., 1998) that the ACC deaminase-producing PGPB are 

able to bind the surface of plant roots or seeds, and once penetrated 

inside the cells, they can take up the free portion of ACC  (amino 
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acid which is the precursor of ethylene), with the subsequent 

sequestering and cleaving of it. The enzyme ACC deaminase is 

encoded by the acdS gene, present in the dispensable genome 

fraction of most of the rhizobial strains. It was hypothesized that 

bacterial ACC deaminase is able to hydrolase ACC to ammonia and 

α-keto-butyrate decreasing the total amount of ACC in the plant. 

This would interrupt the normal cycle for the production of ethylene, 

reducing the extent of the hormone effect. 

 

Figure 1.16 Schematic representation of how ACC deaminase producing 

PGPB can influence the level of plant ethylene from (Glick et al., 1998). 

 

The presence of ACC deaminase was confirmed in a large set of 

bacterial species, and several models for its activity and regulation 
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were proposed (Li and Glick, 2001;Ma et al., 2003a;Duan et al., 

2009;Duan et al., 2013) even if only a small fraction of putative acdS 

genes has been shown to encode active enzyme (Nascimento et al., 

2013;Nascimento et al., 2014). Furthermore, the transport processes, 

which involves the sequestering of ACC and its displacement from 

the bacterial cells to the plant cells, have never been demonstrated 

in any plant-microbe symbiotic system. Furthermore, even if in 

several reports the positive effect of possessing ACC deaminase has 

been reported, its beneficial effect cannot be generalized to every 

bacterial species and to all nodulating plants (Murset et al., 2012).



Outline of the thesis 

42 

1.7 Outline of the thesis 
 

The nitrogen fixing symbiosis involves most of the 18,000 legume 

species together with an expanding collection of α and β 

proteobacteria, referred as rhizobia. This cooperation has a high 

ecological importance, occurs on all continents and accounts for a 

fourth of the global nitrogen fixed annually. The knowledge on the 

BNF operated by symbiotic bacteria has increased the interest on the 

application and the manipulation of them, in particular on the 

ecological and genomic evolutionary mechanisms which are the 

basis of the symbiotic association  

The studies presented in this thesis aimed to give an insight into the 

bacteria lifestyle associated with host plant.  

i) One of the main topics presented in this thesis is the 

sociomicrobiological interactions established by bacteria with other 

bacteria or plants. By now, it is clear that with rare exceptions 

microbes did not practice sociality (Greenberg, 2011). Just the 

terminology “colony growth” implies a sort of social interaction. 

Bacterial cells cooperate and communicate to perform a large range 

of multicellular behavior, such biofilm formation and quorum 

sensing (West et al., 2006). It is assumed that cooperation is favored 

during evolution because it can provide a benefit at population or a 

species level. Actually, this is not totally true. Several studies argued 

that the formation of a population can be a risk when single 

individuals (cheaters or free loaders) don’t cooperate but obtain 

benefits from the interaction with the other (Hamilton, 1964). In 

addition, cheaters can be competitive and be able to invade and take 

over the population, supporting the economical and human 

parallelism with the tragedy of the commons (Hardin, 2009). That’s 
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why explaining cooperation is one of the greatest problems for 

evolutionary biologists, which are mainly focused on the 

consequences of a social behavior and on the fitness improvement. 

Answer to the question: “how can cooperative behavior be 

maintained?” could help to find an explanation for the natural 

selection of the cooperative behavior. 

In the rhizobia-legumes symbiosis, the interaction between bacteria 

and its host from both the ecological and the molecular point of 

views has largely been explored. The plant benefits from the 

nitrogen supplied by symbiotic bacteria, that is able to growth and 

use nutrients provided by the host. Several experiments have shown 

that this cooperation is favored, even if energetically expensive for 

both the partners. Indeed, if the rhizobia in a nodule doesn’t provide 

the host with fixed nitrogen, the plant punishes them by decreasing 

the O2 in the nodule, which severely reduces the growth rate of the 

bacteria (Kiers et al., 2003). In this case the cheater (not able to fix 

N2) has a direct fitness cost. This cost occurs at nodule level, that 

usually seems to be colonized by a single clone. Actually, recent 

studies explained that mixed nodules can occur, but this was not 

really demonstrated (Denison, 2000). The presence of mixed 

nodules could indeed explain the reduction of the evolutionary 

effects of nodule-level sanctions. When the cheater shares a nodule 

with a mutualist is somewhat protected from nodule-level sanctions.  

In the chapter 2, we tried to give evidence of the mixed nodules 

existence and of the consequences of the cheater behavior inside the 

same root nodule. The study deepens the sociomicrobiological 

behavior of the free rider when it is in presence of mutualists strains. 
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ii) Another issue addressed in this thesis was related to deciphering 

the functions of dispensable genes located on the symbiotic 

megaplasmid in relation to the symbiosis. In particular, we focus on 

the expression and regulation of the gene acdS, located in the 

dispensable genome of a large variety of rhizobial strains. This gene, 

able to encode the enzyme 1-aminocyclopropane-1-carboxylate 

(ACC) deaminase, seems to be linked to the improvement of 

symbiotic performance and competitiveness of bacterial strains (Ma 

et al., 2003b;Ma et al., 2004). Indeed, the enzyme is responsible for 

the sequestering and cleaving of ACC, the immediate precursor of 

the hormone ethylene. The systemic lowering of the ethylene 

production allows a decrease of its inhibitory effect on the plant 

growth and on the root elongation. Up to now, the activity of the 

enzyme and the presence of acdS gene were tested in Pseudomonas 

sp. strain ACP and in a wide range of microbes including the fungus 

Penicillium citrinum, the yeast Hansenula saturnus (Honma and 

Shimomura, 1978). Furthermore, the enzyme was found in a large 

number of plant growth promoting rhizobacteria, including 

Rhizobium leguminosarum bv. viciae, Rhizobium hedysari, and 

Mesorhizobium loti (Duan et al., 2009). For Sinorhizobium meliloti, 

past works (Ma et al., 2004) showed the increase of the nodule 

competitiveness of a recombinant strain containing acdS gene 

respect to the wild type, or the increase of the host plant growth 

when infected by ACC deaminase-overproducing S. meliloti strains 

(Kong et al., 2015). However, no details on the functional role and 

regulation of the gene in S. meliloti native strains are present, 

especially in relation with their symbiotic performance.  
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In the chapter 3, we tried to explore the phylogenetic profile of acdS 

orthologs among rhizobia strains and the functional role of the gene 

in relation with its symbiotic behavior. 

iii) While most microbial genomes have only a unique chromosome, 

many are more complex and consist of two or more large replicons. 

This organization is largely diffused among proteobacteria, but it is 

not limited to this class. Indeed, a complex multipartite genome is 

present in plant symbionts as Sinorhizobium and Rhizobium species, 

and plant and animal pathogens (Agrobacterium, Vibrio, 

Burkholderia and Brucella). Usually, the chromosome contains all 

the genes essential for the free-living growth of the organism, indeed 

classified as core genes. Instead, the “non-essential genes”, involved 

in specific metabolic function linked to stresses response or adaptive 

traits, are usually located on the secondary replicons. In 

Sinorhizobium meliloti strains, the secondary replicons which are 

part the genome are named megaplasmid (laterally acquired with a 

plasmid origin of replication and characterized by the complete 

absence of  core genes), and chromid, which shows characteristics 

of both chromosomes and megaplasmids (Harrison et al., 2010).  

To understand the role, the evolution and the metabolic connections 

of these replicons could provide an important deepening in the 

biology of the bacterium, in particular in relation with its symbiotic 

lifestyle and all the possible strategies to promote or modified the 

interactions.  

Recently, a possible scenario for the evolution of S. meliloti 

multipartite genome  was proposed (diCenzo et al., 2014) and 

several hypothesis were advanced for the function of every 

replicons, in particular related with the environmental specialization 
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and microbial life cycle. Indeed, the bacterial genome are not 

randomly organized. However, these proposals were not really 

demonstrated.  

In chapter 4, we tried to give an explanation and a confirmation of 

the niche specialization hypothesis through a genome scale 

metabolic modelling. In particular, we focus on the metabolic role 

and the fitness contribute of genes carried by each replicon during 

the shifts between the three environment colonisable by S. meliloti: 

bulk soil, rhizosphere and symbiotic nodule.  

iv) In this thesis the appendix is reporting additional works related 

with the plant-microbe’s interaction. In particular, the studies 

focused on:  

 On the bacterial microbiota (essentially endophytes) 

associated with aromatic plants from the genus Thymus. In 

this work, we tried to answer to the questions on the possible 

association between the endophytic microbial community 

and the essential oil extracted from their respective host 

plant. In particular, we focused on the pattern of resistance 

of the plants isolates to the EOs, considering their species 

specific chemical composition. 

 We prepared a literature review on the use of rhizobial 

symbiont to improve phytoremediation in contaminated 

areas. 

 We contribute to a book chapter describing the pipeline of 

genomic comparative analysis by the use of IMG tool. 
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Chapter 2 

 

2.1 Mixed nodule infection in Sinorhizobium 

meliloti- Medicago sativa symbiosis suggest the 

presence of cheating behaviour 
 

Last decades have seen an increasing interest on the ecological and 

molecular aspects of plant-bacteria interactions. In particular, one of 

the main topic of the last few years has been related to the 

sociobiological issues arisen from such interaction in terms of 

antagonism or cooperation between bacterial strains and the plant. 

In the nitrogen fixing symbiosis between rhizobia and legumes, the 

mutualism taking place between plant and bacterium, as well as the 

exclusiveness of the interaction, is a key point for a successful 

symbiosis. Until now, the possibility to find different rhizobial 

strains in the same root nodule has not been experimentally verified. 

The occurrence of mixed nodules could represent an interesting 

chance for strains with different symbiotic performance to overcome 

the sanctions imposed by plants to the unproductive nodules. 

Finally, this strategy could allow to the non-mutualist strains to 

persist during the evolution. 
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Chapter 3 
 

3.1 Role and regulation of ACC deaminase gene 

in Sinorhizobium meliloti: is it a symbiotic, 

rhizospheric or endophytic gene? 
 

In this work, we focused on the gene acdS, located in the dispensable 

genome of a large variety of S. meliloti strains. According to 

previous studies, the gene, which is supposed to be involved in the 

degradation of the ethylene precursor (ACC), seems to be linked 

also to the improvement of symbiotic performance and 

competitiveness of rhizobial strains. Indeed, the gene is located in S. 

meliloti on the symbiotic megaplasmid (pSymA), supporting a 

hypothesis of relationships with the symbiosis. However, no data are 

present on its actual functional role in relation with the symbiotic 

performance, as well as to the modulation of ethylene production by 

the plant. 
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Chapter 4 
 

4.1 Metabolic modelling reveals the specialization 

of secondary replicons for niche adaptation 

in Sinorhizobium meliloti 
 

The multipartite genome organization of a large variety of bacteria, 

and in particular of our model species Sinorhizobium meliloti, 

kicked off the questions about its origin and functional meaning in 

evolutionary terms. In particular, the genomic composition of the 

replicons allowed to speculate a different role of each one in the 

microbial life cycle and possibly, an adaptative function in different 

environmental conditions. 
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Chapter 5 
 

5.1 Conclusions 
 

By now, it is known that many bacteria are able to establish a large 

variety of associations with plants, colonizing their surface, their 

tissues and/or forming with them symbiotic relationships. Among 

bacteria engaged for long term interactions with plants, those able to 

form nitrogen fixing symbiosis with legumes are collectively called 

rhizobia. As endophytic association, it is possible that more than one 

bacterial species could colonize the plant and form symbiotic root 

nodules, explaining the persistence of different rhizobial phenotypes 

during the evolution. 

The most used legume-rhizobia symbiosis study model is the 

association established between Sinorhizobium meliloti and 

Medicago. During years, this symbiosis was explored by different 

points of view. The molecular and biochemical features which 

characterized the symbiotic association were largely explored and 

deepen. Then, lately, the exploration focus in particular on the 

different type of sociomicrobiological association established by 

bacteria with other bacteria or the plant. The topics of mixed nodules 

(more than one strain inside the same nodule) inspires the interest of 

scientists, but the real evidence of their existence it was not clearly 

demonstrated. 

Therefore, in the second chapter of this thesis, we gave proof of the 

existence of mixed infections in nodules in the Sinorhizobium 

meliloti- Medicago sativa symbiosis, and the possibility of them to 

contain non-fixing strains. This demonstration can explain the 
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persistence of different symbiotic phenotypes during evolution, both 

mutualist and non-mutualists, despite the sanctions imposed by plant 

to the ineffective nodules. Indeed, it seems that the non-mutualist 

strains could be protected by plant sanctions masking by the 

mutualist strains, which provide a sufficient amount of fixed 

nitrogen to the legume. Neverthless, the impact and the role of the 

cheaters (non-fixing strains) on rhizobial evolution is hard to 

evaluate, in particular for the understanding of the fitness advantage 

they give to the plant.  

In the last decades, also the interest and the exploration on the 

genomic evolutionary mechanisms behind the symbiotic association 

increased a lot, considering the peculiar multipartite genome 

composition of Sinorhizobium species. The function of a large 

number of dispensable genes are indeed not totally clarified, in 

particular in relation with their genome location, considering the 

hypothesis of a specific environmental function of each replicon.  

In the third chapter of this thesis, we focus on the functional and 

phylogenetic profile of the gene acdS in S. meliloti strains, which is 

located on pSymA. The gene encodes the enzyme ACC deaminase, 

which is postulated to be involved degradation of the ethylene direct 

precursor, and it is present in many PGP bacteria.  

The genomic context analysis in which the gene is included, showed 

the presence of mobile genetic elements in its close proximity 

among S. meliloti strains and in some other rhizobia. Accordingly, 

the phylogenetic analysis showed two different clades for S. meliloti 

strains, confirming a possible polyphyletic origin of acdS. Our 

results didn’t evidence an involvement of the gene in the reduction 

of plant ethylene production and in the increasing of the symbiotic 
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competitiveness of acdS expressing strains. However, the gene 

seems to confer the ability to use unusual nitrogen sources, leaving 

to hypothesize a link with the increase of fitness in non-symbiotic 

conditions, (as endophytic lifestyle and rhizosphere colonization) 

which can be confirmed by the study of acdS expression profile. 

Then, could the localization of S meliloti acdS be sintom of an initial 

evolutionary phase of genes acquisition by the megaplasmid? 

Since the 80s, the multipartite organization of S. meliloti genome, 

and of a large number of bacteria, has aroused the interest of 

scientists. The three replicons which compounds S. meliloti genome, 

are characterized by an arrangement and a gene localization evolved 

over billion years, and therefore, their co-evolution implies strong 

metabolic connections among them. The actual evolutionary 

scenario, which describes a following acquisition of secondary 

replicons and of few housekeeping genes in the chromid, was 

enriched by the robustness of the metabolic pathways which connect 

the replions and by the hypothesis of secondary replicon’s niche 

specialization. 

In the fourth chapter, we perform in silico reconstruction of the S. 

meliloti cell metabolisms. Our results confirm the role of each 

replicon for the ecological niches inhabited by the bacterium, bulk 

soil, rhizosphere and symbiotic root nodule. In particular, the 

genome scale metabolic model predicts the differential activation of 

the metabolic pathways in the different environments, which are 

similar in the bulk soil and in the rhizosphere but very different in 

the nodule. Furthermore, the analysis showed that genes located in 

different replicons contribute differentially to the fitness of the 

bacterium in different conditions. From our results, accordingly to 
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the proposed evolutionary model, it seems that the chromosome is 

not metabolically specialized for particular niche. Instead, pSymB is 

metabolically specialized for the rhizosphere, helping S. meliloti to 

adapt to this environment and utilize the newly available substrates 

and pSymA functions are solely relevant to the symbiotic process. 

In conclusions, in this thesis, three main aspects of the lifestyle of 

the facultative-symbiotic bacterium S. meliloti were broached. The 

sociomicrobiology topic, which usually comprises the study of the 

interactions between the rhizobia and the host legume and among 

different bacterial strains in the same plant, here is addressed toward 

the study of the cooperation established by bacterial strains with 

different symbiotic phenotype, which colonize the same root nodule. 

The molecular and functional analysis of the dispensable S. meliloti 

gene acdS is instead focused on the undestending of its phylogenetic 

history and its role, in particular in relation with the symbiotic 

interactions with the host plant. This study could be placed within a 

broader framework, aimed to a deeper comprehension of the 

functional role of accessory genes in relation with their location in 

the genome, accounting its multicomposite nature. Then, the third 

part of the thesis describes the in silico genome scale reconstruction 

of S. meliloti metabolism, to evaluate the contribute of each replicon 

to the microbial life cycle. This part is particularly important for the 

understanding of the evolutionary mechanism at the basis of the 

replicons specific niche-adaptation, and, to close the cycle, of the 

developed symbiotic lifestyle and cooperative phenotype.  

In conclusion, the results presented in the four chapter of this thesis 

are aimed at providing a momentum for the understanding of plant-

rhizobium interaction in the framework of a systems biology view 

of rhizobium symbiotic interaction, in which genome structure and 
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the plethora of dispensable genes in the pangenome may be used to 

predict the way of interaction among strains and plants (symbionts 

sociomicrobiology) and metabolic adaptation to the symbiosis. In 

perspective, the data S. meliloti reported here pose the bases for a 

predictive modelling of rhizobial symbiotic behavior in natural 

strains. Such modelling amy allowing to improve 

biotechnologically-related issues of symbiotic nitrogen fixation (e.g. 

élite strains development and selection) and allow to understand the 

ecology and evolution of plant-microbe interactions. 
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Appendix 
 

6.1 Is the plant-associated microbiota of Thymus 
spp. adapted to the plant essential oil? 
 

-Endophytes as Source of Bioactive molecules 

 

In the last decades, the interest on the endophytic association 

between plant and its microbiota and their biological and chemical 

system, is increased a lot. This great attention is mainly based on the 

capability of endophytes to produce a great number of molecules 

with different biological activities. Furthermore, even the 

association plant-endophytes itself could represent a rich source of 

biologically active metabolites with an effect on the most disparate 

organisms. These natural products may have a great potential not 

only in agrochemical and biotechnology industries, but also in the 

pharmaceutical field (Christina et al., 2013). In this purpose, the 

increasing demand of novel source of antibiotics to contrast the 

bacterial multidrug resistance could find a response. Indeed, many 

studies of the last twenty years focused on the possible application 

of the endophytic products as antimicrobial compounds, but also as 

source of anticancer, antioxidant and immunosuppressive agents.  

These applications are not only related with the molecules of 

bacterial production, but often the biochemical interaction 

endophytes-plant may assume a key role.  
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-Medicinal plants with essential oils and endophytes 

 

As microbes, plants are able to produce a large variety of functional 

relevant metabolites, which, have been demonstrated to exhibit a 

diversity of medicinal properties. Most of these phytochemicals 

compounds are used by plant as defense against pathogens or 

competitors. Others, are instead represented by essential oils (EO) 

phenolic compounds, alkaloids, lectins/polypeptides and 

polyacetylenes (Cowan, 1999). 

EO can be described a complex mixture of natural, volatile, and 

aromatic compounds synthesized by plants with medical use (Nerio 

et al., 2010). Many EOs biological activities have been reported such 

as antimicrobial, antiviral, antimycotic, antiparasitic, insecticidal, 

antidiabetic, antioxidant, and anticancer (Edris, 2007). The 

biological activity is mainly related with the chemical composition 

of the EO which is very variable and strongly dependent by the plant 

genotype and by the characteristics of its ecological niche. EOs can 

exhibit antibiotic potential against a large number of gram positive 

and gram negative bacteria. This is probably due to its extremely 

variable composition and to its lipophilic nature, which allows to 

destroy the cell wall and the cytoplasmatic membrane (Burt, 2004). 

By now, their commercial importance in the cosmetic, food, and 

pharmaceutical industries is well known. Despite the high relevance 

of medicinal plants producing antibacterial EOs, very little is known 

about their associated endophytic bacteria, even if some recent 

papers suggest their involvement in the production of plant bioactive 

molecules (Berg, 2005,Brader et al., 2014).  
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In this work, we investigate about the endophytic association 

between different species of the aromatic plants from the genus 

Thymus and their microbiota. In particular, we focus on the possible 

involvement of the microbiota in the EOs production, possibly 

related with their resistance profiles.  
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6.2 Exploiting nitrogen-fixing rhizobial symbionts 

genetic resources for improving phytoremediation 

of contaminated soils 

 

This work is a review about the large variety of possible application 

of rhizobial symbionts to improve phytoremediation in 

contaminated areas. 

 

Authors: Alice Checcucci, Marco Bazzicalupo, Alessio Mengoni 

Department of Biology, University of Florence, via Madonna del Piano 6, 50019 

Sesto Fiorentino (Firenze), Italy 

 

in “Enhancing Cleanup of Environmental Pollutants: Biological 

Approaches”, Editors Naser A. Anjum, Sarvajeet S. Gill, Narendra 

Tuteja,  

Springer International Publishing AG, Cham. (2017). In Press. 

 

6.2.1 Abstract 

 

Rhizobia are one of the most relevant components of the plant-

associated microbiota. They are found both in soil and associated, as 

commensals or symbionts with several plant taxa. In particular, with 

leguminous plants they establish a symbiotic association which 

allow the bacteria to express the enzyme nitrogenase responsible for 

the reduction of atmospheric dinitrogen. Consequently, rhizobia 

allow host plants to colonize marginal lands and nitrogen-deficient 
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soils, as for instance contaminated soils. The use of legume-

rhizobial symbiosis for phytoremediation would allow to increase 

plant coverage (then  

phytostabilization) of contaminated areas, without the need of 

expensive nitrogen fertizilization of the soil. Moreover, among host 

legumes, both pioneer plants (of for instance degraded lands) and 

crops (as alfalfa) are present, which allow an easy implementation 

of agronomical practices. Finally, the large genomic and phenotypic 

diversity of rhizobia allows the selection of élite strains resistant to 

harsh soil conditions and the creation of potentially new strains with 

the desired features for assisting legume-based phytoremediation. 

 

6.2.2 The diversity of rhizobia 

 

Rhizobia constitute a fraction of bacteria inhabiting on the root of 

plants (rhizobacteria), which have effect in promoting growth and 

alleviating the stress of the plant (plant growth-promoting 

rhizobacteria, PGPB) (Dimkpa et al., 2009;Lugtenberg & Kamilova, 

2009). The PGPB may supply the host with a higher amount of 

nitrogen, synthesize several different phytohormones which can 

enhance various stages of plant growth, synthesize siderophores 

which can solubilise and sequester iron from the soil providing it to 

plant cells, have mechanisms for the solubilisation of phosphates, 

which then become more readily available, etc. (Lugtenberg & 

Kamilova, 2009). Rhizobia includes all those rhizobacteria which 

form endosymbiotic nitrogen fixing association with legumes. 

Rhizobia are a paraphyletic group of soil-inhabiting bacteria that fall 

into two classes of the Proteobacteria, the alpha- and beta-

proteobacteria with the potential for establishing symbiotic 
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relationships with many legume plants. The first known species of 

rhizobia was Rhizobium leguminosarum, and with some subsequent 

known species was initially placed in Rhizobium genus (van Rhijn 

& Vanderleyden, 1995). Then, more advanced methods allow a re-

classification into distinct genera (Azorhizobium, Bradyrhizobium, 

Mesorhizobium, Rhizobium and Sinorhizobium/Ensifer).  

 

Table 1. Genera and Species of the most known nitrogen-fixing PGPB and 

respective host legumes 

Root-Nodule Bacteria Host Legume (genus) 

Genus Species 

Azorhizobium caulidans Sesbania  

Bradyrhizobium elkanii Glycine  

// japonicum Glycine  

// liaoningense Glycine  

// yuanmingense Lespedeza  

Mesorhizobium amorphae Amorpha  

// chacoense Prosopis  

// ciceri Cicer  

// huakuii Astragalus  

// loti Lotus  

// mediterraneum Cicer  

// plurifarium Acacia , Leucaena  

// tianshanense Glycyrrhiza , Sophora  

Rhizobium etli Phaseolus 

// galegae Galega , Leucanena  

 gallicum Phaseolus ,Dalea 

,Onobrychis , Leucaena  

 giardinii Phaseolus  

 hainanense Stylosanthes , Centrosema  

 huautlense Sesbania  

 indigoferae Indigofera  

 leguminosarum bv 

trifolii 

Trifolium  

 leguminosarum bv 

viciae 

Pisum, Vicia , Lathyrus , 

Lens  
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 leguminosarum bv 

phaseoli 

Phaseolus  

 loessense Astragalus  

 mongolense Medicago, Phaseolus 

 sullae Hedysarum 

 tropici Phaseolus, Leucaena, 

Dalea, Macroptilium 

 undicola Neptunia 

Sinorhizobium abri Abrus 

 americanus Acacia 

 fredii Glycine 

 indianense Sesbania 

 kummerwiae Kunmerowia 

 medicae Medicago 

 meliloti Melilotus, Medicago, 

Trigonella 

 morelense Leucaena 

 saheli Sesbania 

 sahalense Sesbania 

 terangae Sesbania, Acacia 

 xinjiangnse Glycine 

 

The symbiotic relationship allows rhizobia to live inside the roots of 

the legume plant, consuming carbohydrates from the host and 

providing the legume with nitrogen that the bacteria convert into 

plant-usable form. Most of the symbiotic associations that involve 

legumes and rhizobia are characterized by a species-specificity, 

mainly due to the specific signal molecules present in the root 

exudates of legume plants that allow partners recognition and 

symbiosis development. In particular, rhizobia are able to sense 

specific secondary metabolites called flavonoids secreted by the 

roots of their host legume plant. The perception of the flavonoid 

signal modifies the rhizobial behaviour (Spini et al., 2015) and 

initiate a cascade of events which then lead to the entry of rhizobia 

inside plant root tissue and establish the symbiotic interaction 
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(Gibson et al., 2008). In fact, flavonoids trigger the secretion of Nod 

factors by the rhizobia that are recognized by transmembrane 

receptors on root hairs cells of specific legume: different strains of 

rhizobia produce different Nod factors, and different legumes 

produce receptors of different specificity.  Following the root 

bacterial colonization, the root cortical cells begin to divide 

generating the nodules where the rhizobia differentiate into nitrogen 

fixing bacteroids. In effective nodules, the bacteria convert 

atmospheric nitrogen (N2) into ammonia (NH3), which then enter 

plant biosynthetic pathways via glutamine. This allow plants to grow 

better and thrive especially in nitrogen deficient soils.  

 

 

Figure 1. Steps of the symbiotic interaction. a) The symbiotic process starts with 

the approaching of the rhizobia present in the soil to the leguminous plant roots. b) 

The rhizobia are attracted by specific chemoattractants, the flavonoids, released by 

legume roots. Then the first step in developing the symbiosis is their consequent 

attachment to the surface of the plant root hair and the formation of the nodules. 

The nodules hold the bacterial symbiont providing specialized conditions necessary 

for nitrogen fixation. c) Inside the nodules part of the rhizobial population 

differentiate into nitrogen fixing bacteroids, d) the only form capable to transform 

molecular nitrogen in ammonia, thanks to the activity of the bacterial enzyme 

nitrogenase. The produced ammonia is then released within the plant. 

 

This biological process is possible thanks to a multi-enzymatic 

complex called nitrogenase, active inside bacteroids. In return, the 
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rhizobia can benefit of the nutrients that the plant provides, and are 

protected inside the nodule structure. In ineffective nodules no or 

low nitrogen level is fixed but the rhizobia are still supplied with 

nutrients, and in this situation the bacteria could be considered 

parasitic (Denison & Kiers, 2004). To control the efficiency of the 

symbiotic partnership allowing the improvement of their growth, the 

plants have evolved mechanisms which favor nodules colonized by 

beneficial rhizobia (Denison, 2000).  

 

6.2.3 Host legumes relevant for phytoremediation  

 

Plant-associated bacteria have been recognized as one of the most 

relevant issues in improving phytoremediation yields (Glick, 

2003;Afzal et al., 2014). In the last years, the association between 

leguminous plants and rhizobia has stirred the attention of 

researchers involved in the restoration of degraded lands and 

phytoremediation (Zahran, 1999;Sheaffer & Seguin, 2003;Wang et 

al., 2005;Hao et al., 2014;Teng et al., 2015). In particular, the 

possibility offered to cultivate legumes on marginal and nutrient-

poor soils thanks to the intimate association with PGPB and in 

particular with nitrogen-fixing symbiotic partners has been seen as 

an opportunity to increase phytoremediation yields, while reducing 

its costs (Safronova et al., 2011; Hao et al., 2014). Among the most 

relevant legumes tried for phytoremediation are those belonging to 

genera Lupinus and Sesbania which have been used in the 

remediation of mine deposits. Interestingly, for the forage legume 

M. sativa, application trials for decontamination from PCB have 

been carried out, in symbiosis with S. meliloti strains, possibly able 

to degrade such recalcitrant compounds. In some cases, interesting 
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results were obtained when the symbiotic partnership between host 

legume and rhizobial symbiont included also arbuscular mycorrhizal 

fungi, which allowed to reduce the toxic effect of the contaminant 

(Garg & Bhandari, 2012) 

 

Table 2. Some legumes used in phytoremediation*.  

Host legume Use in 

phytoremediation 

Rhizobial 

symbiont 

Reference 

Anthyllis 

vulneraria  

Heavy metals Mesorhizobium 

metallidurans 

Vidal et al, 

2009  

Cajanus cajan Cd Rhizobium sp. Garg and 

Bhandari , 

2012  

Cicer arietinum Cr Mesorhizobium 

sp. 

Wani et al., 

2008  

Cicer arietinum Zn, Cu, Cr, Cd, Fe Rhizobium sp. Gupta et al.,  

2004  

Glycine max Cd Pseudomonas 

putida, 

Pseudomonas 

monteilli 

Rani et al., 

2009  

Lablab 

purpureus 

Spent engine oil, 

Cu 

Rhizobium 

sp.,Bradyrhizobi

um lablabi 

Younis, 2007; 

Ismail et al., 

2014  

Lens culinaris Zn Rhizobium 

leguminosarum 

Wani et al., 

2008  

Leucaena Cd, Zn Rhizobium sp. Saraswat and 

Rai, 2011  

Lolium 

multiflorum 

Cd, Zn and Ni Bradyrhizobium 

sp. 

Wani, 2007; 

Guo, 2014  

Lotus edulis Cd, Pb and Zn Mesorhizobium 

loti 

Safronova, 

2010  

Lotus 

ornithopodioid

es 

Cd, Pb and Zn Mesorhizobium 

loti 

Safronova, 

2010  

Lupinus albus Cd, Cu, Pb and Zn Bradyrhizobium 

sp., 

Pajuelo et al., 

2008  



Appendix- Exploiting nitrogen-fixing rhizobial symbionts genetic resources for 

improving phytoremediation of contaminated soils 

122 

Ochrobactrum 

sp 

Lupinus luteus Cd, Cu, Pb and Zn Bradyrhizobium 

sp., 

Ochrobactrum 

sp 

Pajuelo et al., 

2008  

 

Medicago 

ciliaris 

Cd, Pb and Zn Sinorhizobium 

sp. 

Safronova, 

2010  

Medicago 

sativa 

As Sinorhizobium 

sp. 

Pajuelo et al., 

2008  

Medicago 

sativa 

polychlorinated 

biphenyls (PCB) 

S. meliloti Mehmannavaz

a, 2002  

Mimosa pudica Pb, Cu and Cd Cupravirus 

taiwanensis 

Chen, 2008  

Pisum sativum Ni and Zn Rhizobium sp. Wani et al., 

2008  

Pisum sativum Cd Rhizobium 

leguminosarum 

Engqvist et al., 

2006  

Prosopis 

juliflora 

Fe, Mn, Cu, Zn, Cr 

and Pb 

Rhizobium sp. Rai et al.,2004  

Sinha et al., 

2005  

Robinia 

pseudoacacia 

Zn Agrobacterium 

tumefaciens  

Smith, 1992  

Robinia 

pseudocacia 

Cu Mesorhizobium 

amorphae 

Hao et al., 

2015  

Sesbania 

cannabina 

Pb and Zn Azorhizobium 

caulinodans 

Chan et al., 

2003  

Sesbania 

grandiflora 

Pb and Zn Azorhizobium 

caulinodans 

Chan et al., 

2003  

Sesbania 

rostrata 

Pb and Zn Azorhizobium 

caulinodans 

Chan et al., 

2003  

Shuguang et 

al., 2009  

Sesbania 

sesban 

Pb and Zn Azorhizobium 

caulinodans 

Chan et al., 

2003  

Vigna mungo Cd Pseudomonas 

aeruginosa 

strains 

Ganesan, 2008  

Vigna radiata Cd, Zn and Ni Bradyrhizobium 

sp. 

Wani, 2007  

Guo, 2014  
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Vigna radiata Cr Ochromobactru

m intermedium 

Faisal and 

Hasnain, 2006  

 

* Host legume, rhizobial symbiont and the related use in phytoremediation are 

reported.  

 

6.2.4 Use of rhizobia in phytoremediation  

 

Tough potentially tolerant to pollutants, legumes relevant for 

phytoremediation can be limited in their growth. Symbiotic rhizobia, 

providing fixed nitrogen can allow to promote host legumes growth 

in marginal and degraded soils, as usually are those claimed for 

restoration. Several efforts have been carried out both on 

improvement of plant traits to cope with unfavourable conditions 

(Dwivedi et al., 2010;Dwivedi et al., 2015). Since the efficiency of 

the process of N2 fixation is related to both the physiological state 

of the host plant and to rhizobial partner (Zahran, 1999), efforts have 

been made to find symbiotic rhizobia which can tolerate harsh 

conditions. Rhizobial strains in natural environments showing 

tolerance to various stressors (e.g. salinity, heavy-metals, pH, etc.) 

have been found and tested as inocula on target plant (Hungria et al., 

1993;Zahran, 2001;Provorov & Tikhonovich, 2003;Roumiantseva, 

2009; Elboutahiri et al., 2010;Trabelsi et al., 2010;Boukhatem et al., 

2012).  

Concerning salt stress, this inhibits the initial steps of symbiosis 

(Coba de la Peña et al., 2003). Several studies have been performed 

looking at salt tolerant rhizobia, especially in sub-arid regions, 

where conditions may likely have contributed in selecting rhizobial 

strains with the ability to cope with osmotic stress (Mnasri et al., 

2007;Trabelsi et al., 2010) These studies showed the presence of 
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rhizobia tolerant to high NaCl concentrations (up to 1M), which can 

be used as inocula for crop production in salinized soils. Often 

linked to salt stress are also drought and temperature stresses 

(Alexandre & Oliveira, 2013). In particular, desiccation is a critical 

step if proper inocula have to be prepared for spraying as 

biofertilizers as well as for long term survival of inoculated rhizobia 

in arid soils. An adaptation to desiccation has been shown for strains 

which experienced salt stress before desiccation, but the molecular 

mechanisms of desiccation survival, which may involve bet genes, 

as well as exopolysaccharide production, are still not fully 

understood (Vriezen et al., 2007). 

Related to the phytoremediation, highly relevant is the 

contamination by heavy-metals. In last few years there has been an 

increasing interest in rhizobial symbionts from wild legumes 

growing in soil rich in trace metals (as nickel, copper, etc.). In 

particular the flora of serpentine soils has been deeply investigated. 

Serpentine soils are distributed all over the world and originate from 

an array of ultramafic rock types characterized by high levels of 

nickel, cobalt and chromium, low levels of N, P, K, Ca, and a high 

Mg/Ca ratio (Brooks, 1987). The flora of serpentine soil contains 

several endemics, including many legume species (Brady et al., 

2005) The bacteria inhabiting serpentine soil and endophytes of 

serpentine plants have attracted the attention of many investigators 

(Mengoni et al., 2010) and references therein). In particular, several 

bradyrhizobial strains with tolerance up to 15 mM Ni(II) have been 

isolated from the endemic legume Serianthes calycina growing in 

New Caledonia serpentine soils (Chaintreuil et al., 2007). Moreover, 

metal tolerant rhizobia have been isolated also from legume species 

growing on mine deposits. A new highly tolerant to Zn rhizobial 
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species (Mesorhizobium metallidurans) has been identified as 

symbiont of Anthyllis vulneraria, a legume species growing in zinc 

mine deposits (Vidal, C et al., 2009). Interestingly, the association 

between A. vulneraria and M. metallidurans has been demonstrated 

effective for the growth of the host plant in soil contaminated by Zn, 

Pb and Cd (Mahieu et al., 2011). A. vulneraria / M. metallidurans 

association was able to promote A. vulneraria growth on strongly 

contaminated soil (16% Zn, 9.2% Pb and 1.3% Cd) and to obtain fix 

up to 80% of its total nitrogen from atmospheric N2. In conclusion, 

there are several rhizobial strains which have been isolated and 

characterized for tolerance to many environmental stresses and 

proved to be effective in improving legume growth under 

unfavourable conditions as for instance as pioneer species for 

restoration ecology in marginal lands (Wang et al., 2005).  

 

6.2.5 Genomics as a way for improving rhizobial 

performances 

 

Rhizobial tolerance to pollutants is related to the presence of specific 

genes or metabolic pathways able to degrade the pollutant (e.g. 

organic pollutants) or tolerate the toxic effects (e.g. trace metals). 

Consequently, to improve phytoremediation yields of rhizobial-

legume partnerships, selection of tolerant élite rhizobial strains 

(Dwivedi et al., 2015) is as crucial as is that of tolerant plant 

germplams. In the last years, thanks to the efforts of the scientific 

communities in the sequencing of the genomes of a plethora 

rhizobacteria and rhizobia (Reeve et al., 2015), a lot of information 

is available which can be used to identify, by genome analysis, 

useful strains or gene traits. In particular, comparative genome 
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analysis has helped to identify additional genetic determinants for 

plant-bacteria interaction relevant phenotypes (Mengoni et al., 

2014;Galardini et al., 2015). In fact, bacterial genomes are 

composed by two main part, a common gene set (shared by all 

members of a given taxon) named core genome and by a dispensable 

gene set (dispensable genome) which is specific of some members 

only (Tettelin et al., 2005;Tettelin et al., 2008).  Core genome 

includes genes which confer the taxon identity (e.g. basic cellular 

machinery, housekeeping metabolism, etc.), while the dispensable 

genome fraction is related to genes which confer strain-specific 

features, such as environmental adaptation. The modular feature of 

the bacterial pangenome (as sum of core and dispensable genome 

fractions), allow bacterial strains to easily adapt to changing 

environmental conditions by integrating genes (and replicons, such 

as accessory plasmids) into the core genome machinery (Young et 

al., 2006). It is consequently plausible that genes related to 

improving plant-bacteria relationships in terms of plant productivity 

and especially plant tolerance to abiotic stress, can be found in the 

dispensable genome fraction. The analysis of rhizobial pangenomes 

(viz. the comparative genome analysis of conspecific strains) can 

then disclose the genetic basis of their different tolerance to 

pollutants allowing to potentially design new strains which may 

combine the genetic relevant features of different individual strains 

(e.g. for both high nitrogen fixation rate and heavy-metal tolerance). 

The modular nature (diCenzo et al., 2014) and redundant feature 

(González et al., 2006;diCenzo & Finan, 2015) of many rhizobial 

genomes helps in defining nearly-independent genetic cassettes 

(even containing several genes), which can be delivered through the 

large plasmids typical of many rhizobial strains in a sort of 



Appendix- Exploiting nitrogen-fixing rhizobial symbionts genetic resources for 

improving phytoremediation of contaminated soils 

127 

“pangenome-assisted strain improvement” or in analogy with plant 

breeders. 

For the alfalfa symbiont Sinorhizobium meliloti, the pangenome 

analysis approach has allowed to identify genes related to the 

different cooperative behaviour of strains (Galardini et al., 

2011;Galardini et al., 2013), which could be used for improving the 

symbiotic performance of strains. Moreover, the same analysis has 

helped to identify and characterize a core genome determinant 

(Sma1641), encoding an ortholog of nreB gene involved in Ni+ 

efflux (Grass et al., 2001). This gene has been shown to have 

pleiotropic effects also toward the tolerance to Cu+ (Pini et al., 2013) 

and in particular, its deletion, induced a higher plant growth under 

in vitro culture conditions (Pini et al., 2013), indicating that metal 

homeostasis, symbiosis and plant growth promotion can be tightly 

linked. A copper tolerant S. meliloti strain (CCNWSX0020) has 

been isolated from mine tailing and its genome has been completely 

sequenced (Li et al., 2012) and shown to positively influence the 

growth of the host legume Medicago lupulina in copper 

contaminated soils (Li et al., 2014). Functional genomics analyses 

of S. meliloti CCNWSX0020 revealed that genes involved in copper 

homeostasis (copper chelation and export to the bacterial periplasm) 

were responsible for the copper tolerance (Li et al., 2014). 

Interestingly, those genes are widespread in Rhizobiaceae and 

several genomes of strains of S. meliloti, as well as R. 

leguminosarum, contain such genes (Figure 2), indicating that 

common cellular mechanisms (then being part of the core genome) 

can be used also, in adjunct to dispensable genes, for 

biotechnological improvement of élite strains. A similar 

investigation carried out on a copper tolerant strain of 
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Mesorhizobium amorphae nodulating Robinia pseudoacacia 

indicated that a P-type ATPase, possibly involved in the efflux of 

cytoplasmic copper can be one of the determinants of the copper 

tolerant phenotype (Hao et al., 2015). However, the same authors 

found that other genes, with unknown function are related to copper 

tolerance in such strain. This latter evidence indicate that our 

understanding of heavy-metal tolerance in bacteria is still far from 

being complete. 
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Figure 2. Widespread occurrence of genes for metal homeostasis in rhizobia. 

Maximum likelihood phylogenetic tree of the orthologs of the protein 

SM0020_14779 from S. meliloti CCNWSX0020. Number at nodes indicate 

bootstrap values. Arrow indicates the protein SM0020_14779 

(gi|359504626|gb|EHK77159.1|).  
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The genomic features of rhizobia in terms of modular and 

functionally redundant genomes and the large pangenomes they 

harbour, allow the search for both élite strains and élite genes to be 

used in phytoremediation. In particular, élite genes (as for instance 

the above mentioned Sma1641 from S. meliloti) could be transferred 

from tolerant to sensitive strains to possibly combine tolerant 

features with strain competitiveness and other important features for 

the symbiotic interaction (Dwivedi et al., 2015). This perspective of 

rhizobial synthetic biology has granted credits and genome 

sequencing of relevant strains have been promoted by the USA 

Department of Energy – Joint Genome Institute have been 

performed (Biondi et al., 2009). 

 

6.2.6 Conclusions 

 

We have presented here a brief summary of the use of the legume-

rhizobium symbiosis for increasing phytoremediation yields and 

application. There is now a number of investigation, mainly done 

under laboratory and controlled conditions, which indicate that 

rhizobia with the ability to tolerate toxic compound and/or to 

degrade contaminants are present in nature. These bacteria can be 

found as symbionts of legumes thriving on contaminated soils, by 

either geological features (e.g. serpentine outcrops) and anthropic 

causes (e.g. mine deposits). The study of their physiology and of 

their genome may enable to use them (or their genes) as partner of 

the same host legumes, or of legumes for which better growth and 

agronomic potential are present. In this respect, the use of legume 

crops in phytoremediation could allow the use of already settled 
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agronomic practices, then reducing the cost and time of the 

translation of lab-based evidences to the field
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6.3 The Integrated Microbial Genome resource of 

analysis 

 

This part includes a contribute to the book “Bacterial Pangenomics: 

Methods and Protocol, Methods in Molecular Biology” vol 1231, 

doi:10.1007/978-1-4939-1720-4_18, Eds Alessio Mengoni et al., 

Springer Science+Buisness Media, New York, and describes the 

pipeline of genomic comparative analysis by the use of IMG tool. 

This tool was used during the preparation of some analyses reported 

in the present thesis, as the ACC deaminase phylogenyetic 

reconstruction. 



Appendix- The Integrated Microbial Genome resource of analysis 

141 

 



Appendix- The Integrated Microbial Genome resource of analysis 

142 



Appendix- The Integrated Microbial Genome resource of analysis 

143 



Appendix- The Integrated Microbial Genome resource of analysis 

144 



Appendix- The Integrated Microbial Genome resource of analysis 

145 



Appendix- The Integrated Microbial Genome resource of analysis 

146 

 



Appendix- The Integrated Microbial Genome resource of analysis 

147 





 List of Publications 
 

a 

 

List of Publications 
 

1. Checcucci, A., & Mengoni, A. (2015). The integrated microbial 

genome resource of analysis. In Mengoni, A., Galardini, M., 

Fondi, M. (eds.) Bacterial Pangenomics: Methods and 

Protocols. Methods in Molecular Biology Series, Volume 1211. 

Humana Press, Springer. pp 289-295.  

2. Checcucci, A., Azzarello, E., Bazzicalupo, M., Galardini, M., 

Lagomarsino, A., Mancuso, S., ... & Zanardo, M. (2016). Mixed 

nodule infection in Sinorhizobium meliloti-Medicago sativa 

symbiosis suggest the presence of cheating behavior. Frontiers 

in Plant Science, 7, 835. 

3. diCenzo G., Checcucci, A., Bazzicalupo, M., Mengoni, A., Viti, 

C., Dziewit, L., Finan, T. M., ... & Fondi, M. (2016). Metabolic 

modelling reveals the specialization of secondary replicons for 

niche adaptation in Sinorhizobium meliloti. Nature 

communications, 7, Article number 1221 

4. Checcucci A., Maida I., Bacci G., Ninno C., Bilia A.R., Biffi S., 

Firenzuoli F., Flamini G., Fani R., Mengoni A. (2016) Is the 

plant-associated microbiota of Thymus spp. adapted to the plant 

essential oil? Research in Microbiology. In Press. 

5. Checcucci A., Azzarello E., Bazzicalupo M., De Carlo A., 

Emiliani G., Mancuso S., Spini G., Viti C., Mengoni A. (2017) 

Role and regulation of ACC deaminase gene in Sinorhizobium 

meliloti: is it a symbiotic, rhizospheric or endophytic gene? 

Frontiers in Genetics, 8:6.  

 

 



 List of Publications 
 

b 

 

6. Checcucci A., Bazzicalupo M., Mengoni A. (2017). Exploiting 

nitrogen-fixing rhizobial symbionts genetic resources for 

improving phytoremediation of contaminated soils. In Anjum, 

N.A., Gill, S.S. Tuteja, N. (eds.) Enhancing Cleanup of 

Environmental Pollutants: Biological Approaches. Springer 

Science+Business Media (New York). In Press 


