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1.1. The biological nitrogen fixation and the agronomic relevance of the 
 rhizobium-legume symbiosis 

 
Nitrogen is one of the most abundant elements on Earth and it is also one of the 

most limiting nutrient for plant growth because it is predominately found as atmospheric 

nitrogen (N2), which is a chemically inert form. Nitrogen cycle is defined as a gaseous 

biogeochemical cycle (Figure 1.1) because the reserve pool of this chemical element is 

precisely the atmosphere, within which nitrogen occupies about 78% of the total volume 

[1]. The importance of the nitrogen cycle for living organisms is due to their need to 

assimilate nitrogen for the biosynthesis of essential organic compounds, such as 

proteins and nucleic acids. The atmospheric nitrogen does not constitute an available 

form and cannot be directly absorbed by organisms, except for nitrogen-fixing 

microorganisms thus representing a limiting factor for development of aquatic, as well as 

terrestrial ecosystems [2]. In agriculture the nitrogen is supplied by the use of various 

industrial fertilizers rich in nitrogen to achieve maximum productivity [3]. The production 

of nitrogenous fertilizers required a large amount of energy and fossil fuel, which is costly 

and consumes many natural resources. Furthermore, the carbon dioxide (CO2) released 

during  the process of combustion of fossil fuels and the nitric oxide released during the 

decomposition of fertilizers contribute to the increased greenhouse effect. The use of 

fertilizers has also resulted in increasing the risk of unacceptable levels of water pollution 

and the eutrophication of lakes and rivers [4].  

International emphasis on environmentally sustainable development with the use of 

renewable resources is likely to focus attention on the potential role of biological nitrogen 

fixation (BNF) in supplying nitrogen for agriculture. Indeed, the largest input of nitrogen in 

the biosphere comes from the biological fixation of atmospheric nitrogen that is 

estimated to account for over half of the nitrogen fixed annually in terrestrial 

environments [5]. The BNF is a process by which chemically inert N2 present in the 

atmosphere is enzymatically reduced to the metabolically usable form ammonia (NH3) 

through the action of nitrogenase enzyme [5]. The ability to catalyze the conversion of N2 

to NH3 has evolved only among prokaryotes. These prokaryotes include some strains of 

Archea, aquatic microorganisms, such as cyanobacteria, free-living soil bacteria, such as 

Azotobacter, Bacillus, Clostridium and Klebsiella, bacteria that form associative 

relationships with plants, such as Azospirillum, and most importantly, bacteria, such as 

Rhizobia and Frankia, that form symbioses with legumes and/or not legumes, 

respectively [6].  
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Figure 1.1. The nitrogen cycle 
(modified by http://www.epa.gov/maia/html/nitrogen.html-Environmental Protection Agency) 

 
 

Rhizobia, a group of Gram-negative soil bacteria, play a role of particular interest within 

the context of an intimate symbiosis established with legume plants. Symbiosis is 

defined as an intimate relationship between different biological species that are 

interdependent and gain reciprocal benefit [7]. Symbiotic interactions of microorganisms 

are widespread in nature, and support fundamentally important processes in several 

areas of biology that range from health and disease to agriculture and environment. 

Since plants and microorganisms coexisted for millions of years, they have evolved 

sophisticated strategies to perceive the presence of each other and respond 

appropriately. Plants release in the rhizosphere a series of molecules, which are 

recognized as signals by the microorganisms, inducing reciprocal responses [8]. 

Communications between plants and microorganisms are extremely complex and 

heterogeneous. Plants are able to recognize microbial-derived compounds and adjust 

their response according to the type of microorganism encountered.  In some cases, the 

signal molecules exchanged can act as elicitors of defensive responses protecting plants 

against harmful organisms such as phytopathogenic fungi, bacteria, viruses, and 

nematodes. In other cases, plant-microbe interactions can be beneficial as in the context 

of the symbiosis between legumes and nitrogen-fixing bacteria (rhizobia) [9].  

The rhizobium-legume symbiosis occurs in nitrogen limiting conditions through a 

multistep process in which, following an initial chemical signal released by the plant, 
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represented by flavonoids, rhizobia as response excreted the Nod Factor (NF). NF 

stimulates the entry of rhizobial cells into the roots, induces the formation of specialized 

structures, called root nodules (Figure 1.2) and the differentiation of rhizobia within the 

nodule into the bacteroid form. Bacteroids express genes encoding nitrogenase, which is 

the enzymatic complex responsible for atmospheric nitrogen fixation into ammonia. It is 

estimated that the rhizobium-legume symbiosis contributes to about half of the total 

biological fixation-nitrogen in the biosphere [10]. Amounts of N2 fixed by the crop 

rhizobium-legume symbiosis were valued about 21 Tg  annually and by the forage and 

fodder rhizobium-legume symbioses were valued 12-25 Tg annually. The symbiotic 

nitrogen-fixation promoted by rhizobia enhances the growth of legume plants, increases 

crop yield and reduces the dependence on chemical fertilizers [11]. The advantages 

granted by the symbiosis association endow the legume hosts with special significance 

among agricultural plants: their productivity is theoretically independent of soil nitrogen 

status and fertilizer application and they provide important grain and forage crops, both 

in temperate and in tropical zones. 

 
 

 
 

Figure 1.2. Symbiotic association between nitrogen-fixing rhizobia and legume plants. On the left, 
a magnification by scanning electron microscope of  rhizobial cells colonizing legume root hairs is 
reported. On the right, root nodules containing rhizobia are shown [modified by 
bioinfo.bact.wisc.edu/themicrobialworld/Effects.html]. 

 
 

The host plants are not the only ones to benefit by the symbiotic interaction, because in 

exchange  rhizobia receive nutrients from the host plant, such as sugars as well as 

protection within the nodule structure [12]. Nevertheless, rhizobia that not fixed nitrogen 

efficiently received the same nutrients from the host plant. In this case, rhizobia can be 
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considered as parasites rather than symbionts. Indeed, there are metabolic sanctions 

that plants can apply to non-efficient nodules, to limit the development of rhizobial strains 

which do not fix nitrogen efficiently [13].  

The symbiosis of greatest importance both economically, agriculturally, basic and 

applied research involves the nitrogen-fixing bacterium Ensifer meliloti and compatible 

host legume [4] (Figure 1.3). Leguminous plant are the main crop commonly used as 

forage for cattle and in the crop rotation practice to supply soil with organic nitrogen. 

Moreover, the legume plants in phytoremediation could be used to capture and remove 

toxic compounds from contaminated soils and groundwater [11]. In the context of the 

rational use of resources, leguminous crops in symbiosis with E. meliloti provide 

considerable advantages. Nodulated plants, thanks to the nitrogen-fixing symbiosis with 

the bacterium E. meliloti, have higher yield than not nodulated and fertilized ones of the 

same species and have the ability to growth in nitrogen poor soil as well as in marginal 

areas where other more demanding plants, such as cereals, cannot be cultivated. The 

entire ecosystem can benefit of nitrogen fixed by rhizobia, which enter in the trophic 

network through the flow of elements between organisms [14]. The E. meliloti is 

significant also from an economic point of view. Indeed,  the biological nitrogen fixation 

due to the E. meliloti-legume symbiosis is estimated to provide 90 million tons per year of 

assimilable-nitrogen worldwide, thus saving annually around $ 200 million in nitrogen 

chemical fertilizers. The economic value of leguminous crops in the U.S. is estimated 

about $ 8,1 billion per year [15]. For these reasons, the biological nitrogen fixation has 

been extensively exploited in agriculture for practical applications designed to improve 

the yield of leguminous crops used for human nutrition (beans, peas, peanuts, soybeans) 

and as forage plants as well as to accomplish other important functions such balancing 

the different components of the agro-system and  maintaining the soil fertility.  

The study of the nitrogen-fixing symbiosis between rhizobia and plants is one of the 

greatest contributions of the microbiology to agricultural applications aimed to improve 

growth of leguminous crops, their environmental sustainability and their cultivation as 

fodder plants, crops for bio-energy, to recover low fertility, degraded  and contaminated 

areas [16]. An increasing interest of the research is addressed to the potential 

biotechnological exploitation of nitrogen-fixing rhizobia in symbiosis with legume plants, 

as urged by the Food and Agriculture Organization (FAO). The United Nations agency 

has expressed a position of interest in the innovative approaches and tools able to 

improve agricultural yields without impairing the input budget required for the production 

process (energy, water, soil). Trials sponsored by FAO are currently underway in 

several developing countries (www.fao.org/biotech/logs/) in the context of a "sustainable 

intensification and innovation" of agriculture. The employment of nitrogen-fixing rhizobia 
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targeted to optimize plant productivity and the process of plants growth, especially in 

arid and marginal areas, is a part of such trials. A concrete example of the increasing 

interest about the potential applications of nitrogen-fixing rhizobia is represented by 

foundation of biotechnology realities, such as Agradis in 2012 (http://www.agradis.com/, 

www.sribio.com and www.waterlooenvironmentalbiotechnology.com). Agradis is a 

biotechnology company to improve the sustainability and productivity of agriculture 

exploiting the interactions of plant species with beneficial microorganisms of the 

rhizophere.  

 

 

1.2. General taxonomic features of rhizobia  
 

The rhizobia are soil Gram-negative bacteria belonging to the rhizosphere 

microbial community, the region of soil characterized by the presence of  living plant 

roots and closely associated soil. The word rhizobia comes from ancient Greek "rhiza" 

meaning "root" and "bios" meaning "life". Rhizobia are able to fix atmospheric nitrogen 

(N2) through the formation of a symbiotic relationship with their host legume plants, 

belonging to the Leguminosae (Fabaceae) family. Although rhizobia require a plant host 

to fix nitrogen, they can survive in soil over periods of several years even in the 

absence of their legume hosts. The taxonomy and nomenclature of the rhizobia are the 

subjects of much debate and controversy. According to the latest version of taxonomy, 

rhizobia are divided into 13 genera, for a total of 76 species [17]. Rhizobia form a group 

that falls into two classes of the proteobacteria, α-proteobacteria and β-proteobacteria 

[18]. Most rhizobia belong to the Bradyrhizobium, Mesorhizobium, Rhizobium and 

Ensifer genera of the α-proteobacteria (order Rhizobiales) and are closely related to 

nonsymbiotic soil bacteria (Figure 1.3). Symbiotic nitrogen-fixing β-proteobacteria (β-

rhizobia) also have been reported, and the evolution of other rhizobial species is 

attributed to the horizontal transfer of symbiotic genes into different types of bacteria 

[19]. 
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Figure 1.3.  Phylogenetic tree that shows the main species belonging to the α-proteobacteria, based on 
homology of 16S ribosomal RNA sequence (modified by [20]). The Ensifer meliloti (Sinorhizobium meliloti) 
species, which includes the strains used in this thesis, is highlighted by a red circle. 
 
 

1.2.1.  Biology and genomics of the bacterial model organism Ensifer meliloti 

 

Ensifer meliloti, a Gram-negative nitrogen-fixing proteobacterium that is distributed 

worldwide in temperate soils both in free-living and symbiotic form, is considered a 

model bacterium for the study of the rhizobium-legume symbiosis. E. meliloti specifically 

establishes symbiosis with species belonging to three genera of leguminous plants 

(Melilotus, Medicago, Trigonella) [21]. The infection of the host plant roots by E. meliloti 

induced the formation of specialized organs, the nodules within which bacteria carry out 

the process of nitrogen fixation. The genome of E. meliloti has been fully sequenced in 
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2001 [22] providing a solid basis for several genetic and molecular studies concerning 

the rhizobium-plant interaction and the bacterial response to environmental stimuli. 

E. meliloti genome (6,69 Mb) contains 6204 genes predicted to encode proteins and 

distributed on three circular replication units: a chromosome (3,65 Mb) and two 

megaplasmids,  pSymA (≈1,35 Mb) and pSymB (≈1,68 Mb) (Figure 1.4).  

 
 

 
 
 
Figure 1.4. The genome of Ensifer meliloti. A) Chromosome (3,65 Mb); B) Megaplasmid pSymA (1,35 Mb); 
C) Megaplasmid pSymB (1,68 Mb) [modified by http://iant.toulouse.inra.fr/bacteria/annotation/cgi/rhime.cgi]. 

 
 

At the time of E. meliloti genome sequence determination, 40% of the genes on the 

chromosome could not be placed into a functional category. Moreover, 8% were orphan 

genes, defined as those not found in any other sequenced genome. Becker et al. [23] 

published a E. meliloti genome annotation update that incorporates information 

published from 2001 to 2008. The improved prediction tools allowed to identify 86 new 
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putative genes, to remove 66 previously predicted orphan genes and to adjust the start 

positions of 360 coding regions. As a result, more than 71% of genes have now a 

predicted function. The chromosomal genes include all the major housekeeping 

functions involved in essential processes of E. meliloti central metabolism. Accessory 

genes, usually encoding for proteins implicated in secondary metabolic pathways, are 

located on the megaplasmids pSymA and PsymB. The megaplasmid pSymA carries the 

most genes required for nodulation and nitrogen fixation (nod, nif, and fix genes), carbon 

metabolism, transport and stress responses, whereas pSymB reveals a high number of 

genes involved in exopolysaccharide biosynthesis. Both megaplasmids carry genetic loci 

for coniugation processes, such as tra and tra2, as well as mob and oriT loci.  

 

TABLE 1 

General genomic features of Ensifer meliloti 

 Chromosome pSymA pSymB Genome 

Lenght (bp) 3,654,135 1,354,226 1,683,333 6,691,694 

G+C Content (%) 62.7 60.4 62.4 62.1 

Coding (%) 85.8 83.2 88.6 85.9 

tRNAs  51 2 1 54 

tmRNA* 1 0 0 1 

Ribosomal RNA 3 0 0 3 

Genes (ORFs) 3341 1293 1570 6204 

Mean lenght of genes (bp) 938 871 950 927 

Genes with annotated function 59% 56.5% 64.4% 59.7% 

Genes orphans ** (% of total proteins-encoding genes) 5% 11.5% 12.3% 8.2% 

Regulatory genes (% of total protein-encodng genes 7.2% 10.4% 10.5% 8.7% 

Insertionalor phase sequences 2.2% 3.6% 0.9% 2.2% 

Rhizobium-specific intergenic mosaic elements (RIME) 185 6 27 218 

Palindromic sequences 253 0 5 258 

* tmRNA are tRNA with two distinct domains: one functioning as tRNA and the other one functioning as mRNA. 

** Genes with no homology with other sequenced genome 
 

 

E. meliloti genome contains a high percentage of mobile genetic elements such as 

insertion sequences, mobile introns, trasposons, phage sequences, mosaic elements. 

The presence of ripetitive elements has been identified on the chromosome as 

palindromic sequences and RIME elements (Rhizobium-specific intergenic mosaic 

elements). Insertion and phage sequences has been mainly found on pSymA plasmid 

and on the chromosome (Table 1). Such genetic elements are associated to the genomic 

polimorphism of rhizobia  and strongly contribute to the genetic diversity revealed within 

the E. meliloti populations.  The most variable portion of the E. melioti genome is 

represented by the symbiotic megaplasmid pSymA containing genes required for host 
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nodulation and nitrogen-fixation [24]. Laboratory strains of E. meliloti as well as 

environmental strains that not contain the symbiotic plasmid pSymA or the nodulation 

genes are reported. The existence of such strains suggest that the genetic elements for 

nodulation and nitrogen-fixation could be acquired by  processes of horizontal gene 

transfer. Most of the analysis of bacterial comparative genomic revealed large 

differences in genes content even between closely related strains leading to propose that  

non-essential genes are responsible for driving the evolutionary diversification between 

bacterial strains [25].  Based on such evidences the concept of "Pangenome" has been 

developed to describe the genome of a bacterial species. Pangenome is defined as 

composed by a "core genome" and by an "accessory genome". Core genome is the set 

of genes conserved in all strains, whereas genes variable among strains constituted the 

accessory genome [26]. It is extremely outstanding to outlined the core and the 

accessory genome because the corresponding  gene sets include genes linked to the 

phenotypic similarities and to the phenotypic differences among strains, respectively. 

The comparative analysis performed on the available genomes of E. meliloti strains 

allowed to define the pangenome, which resulted in a core genome of 5196 genes and in 

an accesory genome of 3085 genes [24]. The accessory genome represent an about 

38% of the total genome and therefore it constitutes a large portion of the total genetic 

repertoire. The symbiotic accessory genome was found to be highly variable. The most 

notable feature was a large variability in the so-called “microaerophilic” gene set, which 

includes the transcriptional regulator annotated as FixK-like, a third copy of electron 

transport chain (fixNOQP) and several genes related to nitrogen metabolism (nos, nor, 

nir, nnr and nrt). A comparable variability at regulatory level was also revealed. Presence 

and extent of polymorphism in E. meliloti regulons of transcription factors (NolR, NodD, 

FixJ, FixK, NifA, ChvL, Fur, NesR) involved in symbiotic interaction were also determined 

[27]. Regulatory interactions present in all the strains of E. meliloti constitute the core 

regulon and the regulatory interactions present in one or two strains constitute the 

accessory regulon. A large accessory symbiotic regulon of E. meliloti was found for most 

of the analyzed transcriptional regulators  either because of the absence of the target 

gene or because of the absence of the predicted regulator binding site. About 31% of the 

putatively missing connections between regulator and regulated genes are due to the 

loss of DNA binding sites, the relative genes being still present in the genome. It can be 

conjectured that the presence of genes, which have lost (or not still acquired) the binding 

sites, may reflect a relatively recent evolutionary divergence, such as is expected among 

strains of the same species. The outlined data indicate that regulons are flexible, with a 

large number of accessory genes, suggesting that regulon polymorphism could also be a 
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key determinant in the variability of symbiotic performances among the analyzed strains 

of E. meliloti.  

 

1.3. Evolution of symbiosis  
 

The rhizobium-legume symbiosis, a relatively recent evolutionary adaptation, is 

thought to have evolved from the ancient arbuscular mycorrhizal symbiosis that is nearly 

ubiquitous throughout the plant kingdom [28]. This evolutionary relationship has been 

inferred based on findings that several host genes represent common requirements for 

the establishment of both rhizobial and mycorrhizal symbioses. Given that nearly all 

vascular plants interact with mycorrhizal symbionts, it remains unclear why the nitrogen-

fixing symbiosis is strictly limited to legume species, with the exception of Parasponia 

(Ulmaceae). Current understandings of legume evolution and the appearance of 

nodulation indicate that the first symbiosis event involved bacterial invasion of roots via 

cracks in the host epidermis where lateral roots emerge. Subsequent to this, 

developmental mechanisms evolved, likely through the process of gene duplication, to 

craft the highly selective symbiosis described here. The emergence of a host-derived 

infection structure allows host control over the bacterial infection process. In this context, 

the symbiont is regarded as an "addomesticated" pathogen [29]. There is a strict 

specificity in the establishment of a symbiosis between host legume species and their 

nitrogen-fixing symbionts . Some rhizobia have very restricted host ranges, composed of 

only one or a few closely related legume species.  Rhizobium etli is compatible only with 

species of Phaseolus (bean) genus and Ensifer meliloti is compatible with species of 

Medicago (alfalfa), Melilotus (sweetclover), and Trigonella (fenugreek) genera (Table 2). 

On the other hand, some rhizobia have a broader host range [30]. The Rhizobium strain 

NGR234 can nodulate legumes belonging to at least 112 genera of legumes (Table 2). 

Based on rhizobial phylogenetic relationships, it was suggested that the restricted host 

range symbiosis evolved from an ancestral broad host range symbiosis, and perhaps the 

specificity engendered by narrow host range interactions creates a finely tuned and more 

effective symbiosis [6].Several genomic evidences suggest that the symbiotic capacity of 

rhizobia have evolved in part through horizontal gene transfer events. Within the 

symbiotic rhizobial lineage, Ensifer is estimated to have diverged from Bradyrhizobium 

approximately 500 Mya, which is well before the initial appearance of legume species 

(60 Mya) [31]. The large and multipartite genomes of rhizobia consisting of a 

chromosome supplemented with one or more independent megaplasmids, contribute to 

an evolutionarily dynamic genome through the process of horizontal gene transfer. 

Moreover, rhizobial genes involved in symbiosis are often located within chromosomal 
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islands or on highly mobile plasmids. This is the case of the Ensifer meliloti genes 

involved in nodulation and nitrogen-fixation that are located on the megaplasmid pSymA. 

Horizontal transfer of these genomic elements has been observed among rhizobia within 

the rhizosphere and has the ability to convert a non symbiont into a symbiont through a 

single transfer event [32]. Other than symbiosis genes, there is no significant synteny 

shared between the plasmids of various rhizobial species or rhizobial chromosomes. 

Recently, has been discovered that two rhizobia belonging to the Burkholderia genus of 

β-proteobacteria are also able of establishing nitrogen-fixing symbioses with legumes 

[33], confirming the high mobility of the genetic elements necessary  for the nitrogen-

fixation symbiosis. Moreover, comparative phylogenetic analyses support the notion that 

the plasmid-borne symbiotic genes in rhizobia  are derived from at least one horizontal 

gene transfer event [34]. 

 

 

TABLE 2 

Some Species of Rhizobia and Their Legumes Hosts 

Glycine, Macroptilium, Vigna
Sesbania

Vigna, Arachis, Desmodium, Lotus, etc.
Sarothannus, Ulex, etc.

Galega
Lupinus
Phaseolus, Leucaena
Glicine
Medicago, Melilotus, Trigonella
Lotus, AstragalusMesorhizobium meliloti

Bradyrhizobium japonicum

Azorhizobium caulinodans c

Rhizobium spp. d

Bradyrhizobium spp.

Phaseolus
Trifolium
Pisum, Lens, Vicia
PhaseolusRhizobium etli

Rhizobium galegae
Rhizobium lupini
Rhizobium tropici
Sinorhizobium fredii
Ensifer meliloti

Speciesa,b Hosts nodulated

Rhizobium leguminosarum
bv. phaseoli
bv. trifolii
bv viciae

 
a,b Rhzobium, Sinorhizobium and Ensifer species are fast growing in laboratory culture media. 
Bradyrhizobium species grow more slowly and Mesorhizobium species display an intermediate 
growth rate.  
c Stem-nodulating and exceptional among rhizobia in nitrogen fixing in the free-living state. 
d Includes strain NGR234, which can nodulate at least 112 legume genera.  
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1.4. The nodulation process of the host plant  
 

1.4.1.  Root infection and nodule development  
 

Invasion of the host plant roots by rhizobia is a multistep process that begins with the 

signaling pre-infection events that take place in the rhizosphere [35].  

Nitrogen-fixing rhizobia and leguminous plants have developed a complex molecular 

signal exchange that, in the early stages, involves the release from plant roots of 

flavonoid compounds (Figure 1.5), which are key signals for the organogenesis of 

nitrogen-fixing nodules. The secreted flavonoids are recognized by specific rhizobia 

through the NodD receptors. The flavonoid recognition leads to the transcriptional 

activation of rhizobial nodulation (nod) operon, resulting in the synthesis of the chito-

oligosaccharide NF as response to the plant signal. The recognition of specific NFs by 

the plant root hairs elicits organized responses and differentiation programs in the plant 

roots leading to the rhizobium invasion and de novo formation of a specialized root 

organ, the nodule [36]. The whole process is tightly regulated at the genetic level and is 

developed in several stages,   

 

 
 
 
Figure 1.5. Signal exchange and root invasion in the rhizobium-legume symbiosis. Flavonoids released by 
the host plant induce rhizobial nodulation genes expression and lead to production of NFs. a-b) In turn, 
rhizobial NFs lead to the curling of hair root and formation of root nodules (modified by [6]). 
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The primary sites of infection for many rhizobia are young root hairs. Rhizobia respond to 

root exudates and move by chemotaxis toward specific sites localized on the legume 

roots.  Apparently, chemotaxis is not a necessary requirement for nodulation  although it 

has an influence on competition and organization in the rhizosphere [37]. The host 

lectines play an important role for the adhesion of rhizobia to the plant roots.  Lectines 

are located in root hair apex and it is believed could help to maintain the host-symbiont 

specificity by binding simultaneously the plant cell wall and the carbohydrate portions of 

compatible bacteria outer surface. Recent studies suggest that cell-cell contact and 

specific binding of compatible bacteria to root hairs are important for early infection. 

Indeed, high localized concentration of NF is required to stimulate the curling of the root 

hair and root invasion [38]. When the bacteria adhering to the plant wall, the NF 

produced by rhizobia is absorbed by root cells an stimulates mitotic cell division both in 

root hairs and in root inner cortex of the host plant. The changes induce by NF lead to 

the root hair curling at the tip that entraps intimately associated rhizobial cells (Figure 

1.6a). After the entrapment, a local lesion by rhizobium hydrolysis of the plant cell wall is 

formed (Figure 1.6b) [39]. The tubular intrusion structure formed by the ingrowth of the 

root hair cell walls from the point of penetration of rhizobia is called Infection Thread (IT). 

Inside IT, the rhizobial invasion proceed to the root cortical cells, by continued bacterial 

proliferation and new membrane synthesis at the tip of the developing IT (Figure 1.6c,d) 

[39]. Finally, bacteria within IT are deposited into the host cell cytoplasm in a process 

that resembles endocytosis [6] 
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Figure 1.6. Root hair invasion by Ensifer meliloti. (a) Interaction between rhizobial cells and root hair; (b) 
Infection thread development; (c) Infection thread penetration into the underlying cell layers allowing rhizobial 
cells to reach the root cortex; (d) Invasion of the legume root (red) by cells of E. meliloti that over-express the 
green fluorescent protein (GFP). This root hair contains a rare double strand of infection (white arrow) 
(modified by [29]. 

 
 

The  size and shape of the nodules are very different among the species of legume 

genera. The root nodules can be classified into two major categories from a morfological 

and hystological point of view: indeterminate nodules and determinate nodules. Ensifer 

meliloti, forms indeterminate nodules (Figure 1.7). 

These indeterminate nodules are usually formed on temperate legumes (e.g. Medicago 

sativa, Pisum sativum, Vicia hirsuta) and are characterized by persistent meristematic 

activity, which  causes an elongated shape of nodules. The central tissue of such 

nodules consists of a number of distinct zones containing both plant cells and invading 
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rhizobia at different stages of differentiation. Once inside nodule, the bacterial cells 

continue to differentiate and synthetize proteins required for nitrogen fixation. 

 

 

 
 

Figure 1.7. Indeterminate nodules on legume roots [modified by 
http://biologia.campusnet.unito.it/cgi-bin/corsi.pl/Show?_id=2a87]. 

 
 

Structural studies of mature nodules led to distinguish the following spatially defined 

regions [40]:  

Zone I meristematic, situated at the apex of the nodule, is a region of actively dividing 

plant cells devoid of bacteria.  

Zone II is called the infection zone. Here the bacteria enter the root cells via infection 

threads and undergo differentiation into bacteroids.  

Interzone II-III is a very restricted zone that contains only 3-4 layers of cells, separating 

the pre- nitrogen fixation zone II and nitrogen-fixing zone III.  

Zone III contains fully differentiated nitrogen-fixing bacteroids and therefore it is 

characterized by an intense nitrogen-fixation activity. In  zone III, the leghemoglobin is 

produced giving the typical pink color of the nitrogen-fixing nodules. Leghemoglobin is 

essential because of its binding of oxygen molecules, protecting oxygen-sensitive 

nitrogenase, the crucial bacterial enzyme catalyzing nitrogen-fixation.  

The basal part of the indeterminate nodule is constituted by a senescence zone (Zone 

IV) containing rhizobia no more efficient in nitrogen-fixation processes.  

Determinate nodules are formed on tropical and subtropical legumes (Glycine max, 

Phaseolus vulgaris, Lotus japonicum). The determinate nodules are characterized by 

disappearance of meristematic activity after nodulation and thus have a cylindrical 

shape. Inside determinate nodules, the three infection zones (recent, mature, senescent) 
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follow each other in time rather than space. This leads to the formation of a structure 

called nodule primordium [39]. 

 

 
1.4.2. Differentiation into bacteroids  
 

Invading bacteria within the infection thread, once reached the target tissue that 

is the inner bark of the plant, are internalized in the cell cortex. Each bacterial cell 

undergoes endocytosis by a target cell in an individual vesicle in which the membrane is 

formed by the plasmalemm of plant cells. The entire unit, which consists of a single 

bacterium and the surrounding endocytic membrane is called symbiosome [39]. At this 

point rhizobial cells  undergo into a series of changes and differentiate into a specialized 

symbiotic form referred as bacteroid (Figure 1.8). Bacteroids are surrounded by a 

modified plant membrane, greatly increased their size, assumed a club shape and lost 

the ability to replicate. Moreover the bacteroids membrane contains many invaginations 

to improve the metabolic exchanges between the two symbionts, cytoplasm is rich of 

nitrogenase and has more than one nucleoid. Bacteroids establish a chronic infection of 

the host cell cytoplasm and constitute the active form of rhizobia able to fix nitrogen. New 

lipidic and proteic material attached to the symbiosome membrane assigns a new 

chemical identity to this compartment [41]. 

 

 
 

Figure 1.8. Endocytosis of rhizobia and bacteroids differentiation (modified by [42]). 
 
 

1.4.3.  Symbiotic relationship establishment and nitrogen-fixation  
 

The in planta differentiation of rhizobia involves significant morphological and 

metabolic changes resulting from a fine-tuned modification of gene expression.  

The transcriptional changes occuring into the bacteroids consist of a down-regulation of 

many metabolic processes in conjunction with the increased expression of gene 

products involved in nitrogen-fixation respect to the rhizobium cells. Bacteroids 
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undertake respiratory chain modification, which allows energy utilization under 

microaerobic conditions, repress glycolysis genes, activate C4-dicarboxylic acid 

utilization pathways for carbon metabolism and induce nitrogenase gene expression [43]. 

The ATP-dependent enzyme nitrogenase is responsible for catalyzing nitrogen-fixation 

by which rhizobial bacteroids provide  nitrogen into an available form or the host plant 

[42]. This essential enzyme complex is constituted by an iron-protein -reductase and by 

a molibden-iron protein  [44]. The metabolic product of the nitrogenase enzyme reaction 

is ammonia, assimilated by the host through its  incorporation  into the aminoacids 

glutamine and glutamate. In exchange, rhizobia are provided by the host plant with 

energy in the form of photosynthesis products (carbohydrates). The energy cost for 

rhizobia is about 16 molecules of ATP for reducing one molecule of atmospheric nitrogen 

into two molecules of ammonia  [45]. The concentration levels of O2 inside the nodule is 

critical for the nitrogenase enzymatic activity because oxygen strongly inhibits the 

nitrogenase. Thus, the O2 levels must to be strictly controlled. Nevertheless, oxygen is  

required for the normal metabolic activities and for the cellular respiration of bacteria  to 

provide ATP to nitrogenase. The control of the host microaerobic environment is 

dependent on structural aspects of the nodule that form an oxygen diffusion barrier in 

combination with high expression levels of plant leghemoglobin [46]. The leghemoglobin  

helps to limit the concentration of free oxygen and well simplifies the symbiotic 

relationship. Indeed leghemoglobin consists of a heme group synthesized by rhizobium 

and a globin part synthesized instead by plant cell [47]. Leghemoglobin provides 

sufficient oxygen for the metabolic functions of the bacteroids but prevents the 

accumulation of free oxygen that would destroy the activity of nitrogenase 

 

 

1.4.4.  Host defense response to symbiotic rhizobia  

Plants in response to the microbial invasion can set up a complex defense 

responses mediated by signal molecules such as salicylic acid, reactive oxygen species 

(ROS: O2
⋅
−, H2O2, and HO·), nitric oxide, jasmonic acid and ethylene (Figure 1.9) [48]. 

Therefore, rhizobia have in turn evolved strategies to avoid the accumulation of such 

signals once they have been recognized by the legume host. Several studies have 

revealed a striking similarity between the molecular mechanisms underlying the 

perception of nodulation factors of rhizobia and molecular structures that are associated 

with bacterial pathogens of plants (Figura 1.9) [49]. As with many host-microbe 

interactions, the rhizobium-legume symbiosis can be associated with a host-generated 
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release of ROS. The unsuccessful or aborted ITs display characteristics of the 

hypersensitive plant defense response  that typically includes ROS production. Thus, the 

ROS efflux could play a role in limiting bacterial invasion [50]. Strategies to limit the 

synthesis of ethylene by the plant in response to microbial invasion are taken by some 

rhizobia and by plant-pathogenic bacteria. Bradyrhizobium elkanii and the plant 

pathogen Burkholderia andropogonis produce rizobitoxine [2-amino-4-(2-amino-3-

hydroxypropoxy)-trans-but-3-enoic acid ], an inhibitor of ethylene synthesis [51]. Several 

rhizobia produce the enzyme 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, 

which degrades the immediate precursor of ethylene [52]. Each strategy leads to an 

increase in efficiency of nodulation.  Some pathogenic strains of P. syringae synthetize a 

phytotoxin (coronatine), which suppresses plant defenses based on salicylic acid 

inducing the jasmonic acid signaling pathways [53]. In addition to these strategies, 

rhizobia and plant-pathogenic bacteria  use similar components, such as surface 

polysaccharides (EPS), antioxidant systems, ethylene inhibitors and specific virulence 

factors  to control or actively suppress plant defenses [54]  

Interestingly to note that hundreds of gene homologues to pathogen virulence factors are 

present in the available genomes of rhizobia. Moreover, the functional characterization of 

some of these genes, such as those that encode for type III and IV secretion systems, 

indicate a similar role in rhizobia-legume interaction. Thus, in plant-pathogenic bacteria  

and rhizobia are present factors such as surface polysaccharides, quorum sensing 

signals and secretion proteins, which play an important role modulating the plant defense 

response and in the outcome of the interaction [49]. 
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Figure 1.9. Bacterial components used to control plant defense responses. Surface polysaccharides (SPS) 
are able to suppress microbial-induced defence reactions and/or to act as shields protecting the bacterium 
against toxic compounds. Additionally, active suppression of defence reaction is achieved with ethylene 
inhibitors (ETin) and virulence factors such as type III and IV secretion systems. Antioxidant systems protect 
bacteria against reactive  oxygen species (ROS) [49]). 

 

The maintenance by rhizobia of a  large number of genes required for symbiosis with 

their legume hosts is a question particularly relevant from an evolutionary point of view, 

especially in light of the recent observation that bacteroids within indeterminate nodules 

are terminally differentiated and unable to give rise to progeny [55;56]. A single symbiotic 

rhizobium is predicted to have a greater fitness if it successfully colonizes a nodule than 

its nonsymbiotic cousin living in the soil where growth can be severely limited by nutrient 

availability. Although there appears to be a fitness gain for rhizobia able to invade the 

nodule, it is also clear that the host has evolved mechanisms that prevent nitrogen-

nonfixing rhizobia from parasitizing the legume nodule for energy. While the legume host 

controls the infection process and nodule morphology, the microsymbiont largely dictates 

the efficiency of nitrogen-fixation. Mathematical models suggest that if legumes deal with  

nitrogen-fixing and nonfixing rhizobial strains within the nodule without distinctions, then 
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nitrogen-nonfixing rhizobia would quickly outcompete the nitrogen-fixing ones [57]. For 

this reason, the host imposes effective sanctions on nitrogen-nonfixing rhizobial cheaters 

within the nodule [57;58]. So far, host sanctions have been found to take the form of 

severe O2 limitation to nitrogen-nonfixing rhizobia within the nodule, which restricts 

bacterial viability and growth. Thus, the legume host imposes selective pressure on 

rhizobial cells that may affect the evolution of rhizobium populations in favor of efficient 

nitrogen-fixing rhizobia [59]. Despite the plant host sanctions, possible explanations for 

the persistance of less efficient rhizobial strains in nitrogen-fixation, could be the 

presence of mixed population inside nodules, systems of balanced selection, 

biochemical manipulations of the host by some rhizobial strains and differences in 

sanctions by different host genotypes [58;61]. The frequency of mixed nodules has rarely 

been measured in field. More than 32% of the nodules of soybean grown in field contains 

two strains [62], which allow to maintain the total nitrogen-fixation per nodule high 

enough to avoid sanctions if one strain less reduces nitrogen. The differentiation of the 

rhizobial cells into bacteroids avoids the redirection of resources from nitrogen-fixation to 

the bacterial reproduction and it avoids that they become pests and infect other tissues 

of the plant [56]. The bacteroids can be more easily lysed during senescence of the 

nodule, thereby facilitating the recovery of nutrients from the host. In addition, bacteroids 

have not direct benefit to accumulate reserve substances such as polyhydroxybutyrate, 

(PHB). The synthesis of PHB may reduce the total amount of carbon available for 

efficient rhizobia able to reproduce. Furthermore, diverting resources from nitrogen-

fixation to the synthesis of PHB could trigger sanctions at the nodule that may damage 

undifferentiated rhizobia [60].  

 
 
 
 

1.5.  Genes and molecular signals in the rhizobium-legume  symbiosis 

 

1.5.1. The Host plant flavonoids 

The high specificity of the rhizobium-legume symbiosis is mainly due to the 

molecular signals produced by the two symbionts. Different legumes secret different 

types of signals and different rhizobia have NodD proteins that recognize different root-

exudated signals, allowing the establishment of a highly specific relationship. Compatible 

rhizobia are uniquely capable of gaining entry and invading the host roots based on a 

series of reciprocal signalling events. The early signals involved a diverse cocktail of 

flavonoids, which are actively exudated by the roots of leguminous plants into the soil 
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(Figure 1.10) [63]. Flavonoids released from plant roots are the key signals to trigger 

invasion and root nodules formation [64].  

 

 

 

 
 
Figure 1.10. Major representative host flavonoids that are crucial signaling molecules  for symbiosis: luteolin, 

isoliquiritigenin, daidzein, naringenin and genistein (modified by [64]). 
 

 

Flavonoids are a class of plant secondary metabolites produced by the central 

phenylpropanoid pathway and the acetate-malonate pathway of plants. They consist of 

polyaromatic compounds with a skeleton of 15 carbon atoms, divided into subclasses 

according to their structure. The flavonoid skeleton can be modified by a diversity of 

substitutions that have important effects on flavonoid function, solubility, mobility and 

degradation in the soil. The main flavonoid subclasses (e.g., chalcones, flavones, 

flavanones, flavonols, proanthocyanidins, isoflavones, isoflavans, pterocarpans) contain 

numerous compounds involved in many plant functions including pigmentation, 
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protection against ultraviolet (UV) light, pollen fertility, regulation of auxin transport, and 

hydrogen peroxide scavenging, as well as interactions with symbiotic microorganisms or 

defense against microbial pathogens [65;66]. 

Flavonoids, acting as primary signals to rhizobia, have been found in legume seed coat 

and root exudates. When deposited on seed coat, flavonoids are simply released into the 

surrounding aqueous environment during imbibition without the involvement of any 

metabolic regulation. The storage of flavonoids in roots and their release from epidermal 

tissues are, however, subject to internal metabolic controls, and a strong evidence exists 

for a process of concurrent synthesis and release. Flavonoids may be released as 

aglycones or glycosidic conjugates. The latter are inherently more soluble and therefore 

may have a greater potential for diffusion from the root surface, before being hydrolyzed 

to the aglycone form by rhizobia, other soil microorganisms, or plant exoenzymes [67]. 

Rhizobia themselves may be able to alter the hydrophobicity of flavonoid aglycones; the 

complexation of the luteolin with cyclosophoraoses produced by E. meliloti markedly 

enhances the solubility of this nodulation inducer [68]. The presence of rhizobia in the 

legume rhizosphere also influences the quantity and the types of flavonoids released 

from roots. About that, root exudates of Medicago sativa inoculated with E. meliloti were 

found to be qualitatively different with respect to flavonoid content compared with 

exudates from sterile plants [69]. Moreover, flavonoids and isoflavonoids are not inert 

compounds, because rhizobia in legume rhizosphere are capable of metabolizing them 

to yield a plethora of polycyclic and monocyclic phenolic products [70]. These 

compounds and many other simple phenolics can be used by rhizobia as sole carbon  

and energy sources  [71]. The concentration of flavonoids into rhizosphere varies widely 

and depends on plant growth conditions, nutrient supply and plant species. However, 

only few information on actual flavonoids concentrations in the soil and how these 

concentrations change in space and time are available [72]. 

Flavonoids generally have a fundamental role in protecting higher plants from biotic and 

abiotic stresses. In the rhizophere, plant-derived flavonoids play multiple roles (Figure 

1.11), depending on their structure, such as to inhibit several phytopathogens, to 

stimulate mycorrhizal spore germination and hyphal branching, to mediate allelopathic 

interactions and to chelate soil nutrients [64]. Flavonoids can also alter the nutrient 

concentration and availability in the soil by acting as antioxidants and metal chelators. An 

isoflavonoid identified in Medicago sativa root exudates was able to dissolve ferric 

phosphate, thus making both phosphate and iron available to the plant [73]. In 

rhizobium-legume symbiosis, plant flavonoids have been shown to evoke a strong 

chemoattractant response of rhizobia toward plant roots, to act as microbial 

developmental regulators, as determinants of host specificity as well as regulators of 
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phytoalexin and rhizospheric compounds resistance. Moreover, flavonoids were 

demonstrated to inhibit the auxin transport thus causing accumulation of this 

phytohormone at the nodule initiation site to stimulate cell division and nodule 

organogenesis [74-76]. Several rhizobia genes  have also been reported to be regulated 

in response to host flavonoids, including those for exopolysaccharide synthesis, which 

are important for modulate the defense responses in the host. 

 

 
 
Figure 1.11. Schematic overview of flavonoid functions in the rhizosphere. Flavonoid functions in the 
rhizosphere range from nod gene inducers and chemoattractants in rhizobia, stimulators of mycorrhizal 
spore germination and hyphal branching, possible quorum-sensing regulators in bacteria, repellents for 
parasitic nematodes, nutrient mining, and as allelochemicals in plant–plant interactions. They can also 
affect root development. Examples of biologically active flavonoids mediating the different interactions are 
shown (modified by [72]). 
 
 

Rhizobia exhibit positive chemotaxis both toward legume exudates [77] and to individual 

compounds that are present in exudates, including a number of flavonoids. Luteolin, 

4,40-dihydroxy-20-methoxychalcone, 7,40-dihydroxyflavone, and 7,40-

dihydroxyflavanone from alfalfa  induce positive chemotaxis in E. meliloti.  Apigenin, 

luteolin, umbelliferone, and acetosyringone act as chemoattractans for Rhizobium 

leguminosarum bv. phaseoli [78]; naringenin, kaempferol (3,4,5,7-tetrahydroxyflavonol) 

and apigenin are chemoattractants for R. leguminosarum bv. viciae [79]. Conversely, 

Bradyrhizobium japonicum showed no chemotaxis to isoflavonoids from its soybean 
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host; however, hydroxycinnamic acids were strong chemoattractants [80]. In addition to 

plant flavonoids, rhizobia display to be positively chemoattracted to many other 

compounds such as sugars, common aminoacids [81] as well as aromatic acids, 

hydroxyaromatic acids and simple phenolic compounds [78]. Flavonoids depending on 

their concentration are potentially toxic to bacteria and inhibitory effects on rhizobial 

growth have been reported. Soybean rhizobia are sensitive to the phytoalexin glyceollin 

[82], whereas medicarpin and kievitone from soybean roots were strong inhibitors of 

growth for B. japonicum and R. lupini. Flavonoids also act as growth stimulators. Lameta 

and coworkers [83] reported a stimulatory effect on the growth of B. japonicum by 

daidzein at low concentrations. Genistein, naringenin, chrysin, and apigenin  promoted 

the growth of Sinorhizobium fredii in late log phase [84]. Quercitin was found to exert a 

positive effect on the growth of E. meliloti [85]. 

 

 

1.5.2. Flavonoids as inducers of nodulation (nod) genes 
 

The most relevant and crucial role of root-exudated flavonoids is as inducers of host 

nodulation in rhizobium-legume symbiosis.The first inducing flavonoids to be discovered 

were the luteolin [86] and 7,4 -dihydroxyflavone [87]. The former has been isolated from 

the seed coat of Medicago sativa and the latter from roots of Trifolium repens. They are 

nodulation inducers for Ensifer meliloti and Rhizobium leguminosarum bv. trifolii, 

respectively (Table 3). 

 

TABLE 3 

Rhizobial nod Genes Inducers Isolated from Legumes 

Host legume Inducer 

Medicago sativa Luteolin (5,7,3'4'-tetrahydroxyflavone) 
Chrysoeriol (3'-methoxy-5,7,4'-trihydroxyflavone) 
Liquiritigenin (7,4'-dihydroxyflavanone) 
7,4'-dihydroxyflavone 
Methoxychalcone 
Stachydrine (betaine) 
Trigonelline (betaine) 

Pisum sativum Apigenin-7-O-glucoside 
Eriodictyol  (5,7,3',4'-trihydroxyflavanone) 

Vicia sativa 3,5,7,3'-tetrahydroxyflavone-4'-methoxyflavanone 
7,3'-dihydroxyflavone-4'-methoxyflavanone 
Four more partially characterized flavanones 
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Trifolium repens 7,4'-dihydroxyflavone 
Geraldone  ( 7,4'-dihydroxy-3'-methoxyflavone) 
4'-hydroxyflavone-7-methoxyflavone 

Glycine max Daidzenin  (7,4'-dihydroxyisoflavone) 
Genistein  (5,7,4'-trihydroxyisoflavone) 
Coumestrol  (3,9-dihydroxycoumestan)  
Isoliquiritigenin  (4,2',4'-trihydroxychalcone) 
Genistein-7-O-glucoside 
Genistein-7-O-(6-O-malonylglucoside) 

Phaseolus vulgaris Delphinidin  (3,5,7,3',4',5'-hexahydroxyflavylium) 
Kaempferol   (3,5,7,4'-tetrahydroxyflavonol) 
Malvidin   (3,5,7,4'-pentahydroxy-3',5'-dimethoxyflavylium) 
Myricetin  (3,5,7,3',4',5'-hexahydroxyflavone) 
Petunidin   (3,5,7,4',5'-pentahydroxy-3'-methoxyflavylium) 
Quercitin   (3,5,7,3',4'-pentahydroxyflavonol) 
Eriodictyol  (5,7,3',4'-trihydroxyflavanone) 
Genistein (5,7,4'-trihydroxyisoflavone) 
Naringenin  (5,7,4'-trihydroxyflavanone) 
Daidzein (7,4'-dihydroxyisoflavone) 
Liquiritigenin  (7,4'-dihydroxyflavanone) 
Isoliquiritigenin (4,2',4'-trihydroxychalcone) 
Coumestrol (3,9-dihydroxycoumestan)  

Vigna Daidzein  (7,4'-dihydroxyisoflavone) 
Genistein (5,7,4'-trihydroxyisoflavone) 
Coumestrol (3,9-dihydroxycoumestan)  

Sesbania rostrata Liquiritigenin (7,4'-dihydroxyflavanone) 
Lupinus albus Erythronic acid (aldonic acid) 

Tetronic acid (aldonic acid) 
Galega orientalis   uncharacterized chalcone       

 

 

 

Plant-derived flavonoids, which passively diffuse across the bacterial membrane, are 

perceived by the rhizobial regulator NodD, thereby eliciting a significant transcriptional 

response from compatible bacteria within the rhizosphere, which results in host 

nodulation.  

NodD proteins belong to the LysR family of transcriptional regulators [88]. They are 

constituted of an N-terminal-ligand-binding domain thought to function as  flavonoid 

receptor that regulates the activity of the associated C-terminal DNA-binding domain. In 

the presence of suitable plant inducer, NodD regulators  bind a conserved regulatory 

DNA sequence, called nod boxes, thereby inducing the expression of nodulation genes 

(nod, nol, noe). The protein products of nodulation genes (Table 4) are collectively 

involved in biosynthesis of lipo-oligosaccharide signal, known as NF [89]. However, 
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interesting nuances to NodD-dependent regulation are beginning to emerge, including 

the identification of genes unrelated to the NF biosynthesis within the NodD regulon  

and a temporal progression to flavonoid-induced gene expression that implies NodD 

coordinates a complex regulatory hierarchy [90]. The molecular basis for the NodD 

activation are not yet completely understood. The binding of an appropriate flavonoid 

presumably induces a conformational change in NodD that enhances the RNA 

polymerase access at  the promoter of target genes  [91]. NodD regulatory system is 

present in all Rhizobium, Bradyrhizobium and Azorhizobium strains studied so far. 

However, there are variations between species in the number of nodD copies present 

and one to five copies have been observed in the sequenced rhizobia genomes. The 

species that have only one copy of this gene, such as Rhizobium leguminosarum bv. 

trifolii, a mutation usually results in the abolition of nodulation [92]. In E.  meliloti, R. 

leguminosarum bv. phaseoli and B. japonicum, which have multiple nodD copies, the 

nodulation is not completely suppressed by a mutation in a single nodD gene [93]. In 

some rhizobia, such as E. meliloti and B. japonicum, nod gene induction appears to 

involve more complicated regulatory mechanisms. In E. meliloti another symbiotic 

regulatory gene, syrM which is flavonoid independent, acts in conjunction with nodD3 to 

provide self-amplifying positive regulation of nodulation  genes in developing root 

nodules [94]. B. japonicum possesses two supplementary genes, nodV and nodW, 

which are distinct from nodD and involved in the regulation of the NFsynthesis via 

isoflavonoid inducers. This two-component system relies on NodV, a sensory kinase, to 

recognize flavonoids that do not normally interact with NodD, whereas NodW activates 

gene transcription [95]. Another regulatory system is present in S. fredii and involves the 

nolJ, nolBTUV, and nolX transcriptional units [96]. Regulation of nodulation gene 

expression is also subjected to negative control by repressor proteins such as NolR and 

NolA whose production is flavonoid independent [97]. An excess of NFs in the 

rhizosphere is apparently harmful to efficient nodulation and can affect the spectrum of 

hosts that are nodulated. It may also trigger unwanted host defense reactions [98]. In R. 

leguminosarum bv. viciae the single nodD gene is negatively autoregulated by its own 

product, NodD [99]. The specific perception of a certain mixture of exudated flavonoids 

by NodD proteins of different rhizobia is responsible for the host range determination. 

Moreover, the spectrum of flavonoid specificity of the endogenous  NodD protein 

appeared to correlate with the broadness of the host range [100]. The NodD regulators 

of broad host range rhizobia respond to a wider range of flavonoid species than those 

present in restricted host range bacteria [63]. NodD1 from the broad host range 

symbiont Rhizobium sp. NGR234 responds positively to a structurally diverse arrayof 

compounds, including phenolics (vanillin and isovanillin) that are inhibitors for other 
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rhizobia [101]. Rhizobia with narrower host range appear to require a more specific 

pattern of substitutions in the basic flavonoid structure to ensure interaction with NodD. 

The activation of the transcriptional regulator NodD by suitable host flavonoids results in 

the expression of the Rhizobium nodulation genes that are essential for host infection 

and nodulation. The nodulation genes can be divided in four major classes: nod, nif, fix 

and enf genes (Table 4). The structural nod genes are in turn classified into two groups, 

the common and host-specific nod genes. The common genes, as nodABC and nodIJ, 

have been found in Azorhizobium, Rhizobium and Bradyrhizobium [102]. These genes 

are designated as common nod genes because are structurally conserved and 

functionally interchangeable between the species outlined above without altering the 

host range [103]. The host-specific nod genes are not conserved among rhizobia and 

are necessary for the nodulation of a particular host plant [104]. In most cases, 

mutations of host-specific genes cannot be fully complemented by the introduction of 

ortholog genes from other rhizobia and such mutations often result in alteration or 

enlargement of the host range [105]. Common nod genes encode for the enzymes 

responsible for synthesis of the NF chitin backbone. In contrast, host-specific nod genes 

introduce various modifications of the NF basal structure in order to confer specificity for 

nodulation of a particular host [63]. The symbiotic nitrogen-fixation requires the 

coordinate interaction of the nif and fix classes of genes present in rhizobia. The nif 

genes are involved in the synthesis, functioning and regulation of the nitrogenase 

enzymatic complex [106], which catalyzes nitrogen-fixation in symbionts and free-living 

microorganisms.  Environmentally, nif genes expression can be repressed in the 

presence of high soil ammonia and high oxygen concentrations [107]. The fix genes 

coordinate and regulate the nitrogen-fixation process inside the nodule and therefore 

are essential for its proper functioning.  The enf genes influence the kinetic and 

efficiently of the host nodulation.  

In most Rhizobium species studied to date, the nod genes reside on large symbiotic 

plasmids (pSym) that also carry the nif and fix genes [25]. The symbiosis-related genes 

are localized on the chromosome, in Rhizobium loti, Bradyrhizobium spp. and 

Azorhizobium spp.. 
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TABLE 4 

Nodulation Genes Products Required For Synthesis and Release of Nod Factor (NF) 

Biosynthesis of glucosamine (chitin) oligosaccharide backbone

NodM Glucosamine synthase
NodC N -acetyl-glucosamine transferase
NodB Deacetylase, acting at the non reducing end of 

glucosamine oligosaccharide

Biosynthesis and transfer of fatty acid moiety at nonreducing end

NodF Acyl carrier protein
NodE β -Ketoacyl synthase

NodAa Acyl transferase involved in N -acylation od deacetylated nonreducing
end of glucosamine oligosaccharide

Modification of nonreducing end

NodS Methyl transferase
NodU Carbamoyl transferase
NolO Carbamoyl transferase
NodL O -acetyl transferase, O -acetylates at 6-C position

Modification of reducing end

NodP,Q ATP suphurylase and APS kinase, provide activated sulphur for sulphated 
Nod Factors

NodH Sulphotransferase
NoeE Sulphotransferase involved in sulphation of fucose
NolK GDP fucose synthesis
NodZ Fucosyl transferase
NolL O -acetyltransferase; involved in acetyl-fucose formation
NodX O -acetyltransferase, specifically O -acetylglucosamine of 

 of R. leguminosarum 
NoeI 2-O -methyltransferase involved in 2-O -methylation of fucose

Secretion of Nod Factors 

NodI a ABC transporter component carrying an ATPase domain

NodJ a ABC transporter sub-unit

Protein Function

 
a 

Present in all rhizobia 

Some flavonoids that are inducers of nodulation genes for some rhizobia can act as anti-

inducers (antagonists) for others [108]. The isoflavones genistein and daidzein are 

inducers of nod genes expression in B. japonicum and Rhizobium sp. NGR234, but they 

are anti-inducers for R. leguminosarum bv. trifolii and viciae. This antagonist effect may 

be based on competitive inhibition because it can be overcome by increasing inducer 

concentration [109]. The fact that inducers and anti-inducers often are present in the 

exudates of a single legume species has prompted the suggestion that in vivo levels of 

nod gene induction are the net outcome of positive and negative flavonoid effects on the 

process [108].  
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1.5.3. Rhizobial response to host flavonoids: the Nod Factors (NFs) 
 

The rhizobial response to the inducing flavonoids from the plant is represented by 

production and secretion of the NFs. The specific mechanisms, that characterize the NF 

discharge are still unknown. However, recent studies indicated that nodl and nodJ genes 

are implicated in the production of proteins that affect the lipo-oligosaccharides excretion 

from rhizobial cells [110]. Bacterial NFs  are considered to function as a key for rhizobial 

entry into legume roots,  and the success or otherwise of the infection process is in large 

part determined by their structural features [111]. Indeed, there is a high degree of 

stringency for NF chemical structure that determines whether the host allows bacterial 

invasion to proceed. NF is a complex signaling molecule secreted from the cell as a lipo-

oligosaccharide with a backbone of β-(1,4)-linked N-acetyl-D-glucosamine (GlcNAc) 

residues varying from three to five units [112]. The chitin backbone is modified on the 

nonreducing terminal residue at the C2 position by a fatty acid. However, the size and 

saturation-state of this lipid chain varied in a species-specific manner. NF can be further 

modified with a variety of chemical substituents, including acetyl, arabinosyl, carbamoyl, 

fucosyl, methyl, and sulfuryl additions. In fact, a given rhizobial species  produces a 

mixture of NF compounds, anywhere from 2 to 60 distinct molecules, and this is true of 

broad host range bacteria [63] (Figure 1.12). 

The NF also plays a role in E. meliloti biofilm development and in a host-independent 

manner [113]; thus, the NF appears to perform a significant role in both free-living and 

symbiotic lifestyles. 
 

 
Figure 1.12. Composite structure of Nod Factor and biosynthetic enzymes (Nod proteins) responsible for 
synthesis and structural modifications on the oligochitin backbone (modified by [6]). 
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The host signaling-transduction pathway that leads from the perception of NFs to 

symbiosis-related gene activation is yet the subject of intensive research [114]. The plant 

receptors Medicago truncatula Nod factor perception (MtNFP) could be directly involved 

in the perception and transduction of the rhizobial NFs  signals [114]. The MtNFP 

receptors belong to the lysin motif (LysM) receptors-like kinase family that  contains 

multiple extracellular domains (Figure 1.13). Host plant responses to specific NF 

structures depend on the LysM domain specifically and  one amino acid difference within 

this motif can alter the range of rhizobia recognized for symbiosis [115]. 

 

 
 

Figure 1.13. Initial dialogue between rhizobium and Medicago truncatula. The induction of nod genes of 
rhizobium demands plant flavonoids; nod genes then lead to the production of the NF, which initially is 
perceived by the receptor Medicago truncatula Nod factor perception (MtNFP) (modified by [42]). 

 

A number of physiological responses to NFs perception were observed in the host plant 

by biochemical, molecular and microscopical analysis. Initial root epidermal responses 

include an alkalinization of the cytosol and a depolarization of the plasma membrane. 

These two responses appear to depend on a brief NF-induced Ca2+-influx that precedes 

them, and they are closely followed by a prolonged Ca2+-spiking response. NFs also 

elicit  root hair deformation and root hair curling, leading the rhizobia invasion into the 

root during the infection thread formation [116]. Root hair deformation likely relies on 

Ca2+-induced changes to the organization of the actin cytoskeleton, which produces a 

reorientation of cell growth. In fact, NFs can accumulate within the host plasma 

membrane [117], and appear to provide a direct positional cue to the host such that the 

tip of the root hair grows toward the site of the greatest NF concentration [118]. Inhibition 

of the reactive oxygen-generating system in Medicago truncatula roots by NFs, indicating 

a plant defense suppression function, has recently been reported. NF promotes early 

morphological responses in root hairs that initiate the process of rhizobial invasion. NFs 

also induce significant changes in the expression of host genes, including those referred 
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to as nodulin or ENOD genes [119;120] that are induced early in nodule development. 

More globally, transcriptome profiles reveal that plant genes predicted to be involved in 

responses to abiotic and biotic stresses, as well as cell reorganization and proliferation, 

are rapidly induced by rhizobia and largely in a NF-dependent manner [121]. NFs can 

function as a mitogen modifying the plant hormone balance to elicit the primordium 

formation that ultimately gives rise to a mature nodule tissue [119;120;122].  

 
 

1.5.4. Flavonoids as inducers of rhizobial genes other than nod genes  
 
In addition to the nodulation genes, transcriptional and proteomic analyses have 

identified other rhizobial genes and proteins, whose expression is flavonoid-dependent 

but whose functions have not yet be defined [89;123-127]. They are located both on 

chromosome and on the symbiotic plasmid pSym. Several flavonoid-inducible 

transcripts have been found on the symbiotic plasmid of Rhizobium sp. NGR234 that 

shared no homologies with known nodulation genes but strong homologies to a number 

of other prokaryotic genes and proteins [128]. Further, detailed studies showed that the 

flavonoid daidzein enhanced the transcription of 147 previously silent ORFs in 

Rhizobium NGR234, and that genes involved in NF biosynthesis were more rapidly 

induced than some others whose products are required at a later stage of interaction 

with a host plant [90]. In B. japonicum, soybean flavonoid genistein was found to induce 

flagellar cluster and several genes that are involved in transport processes, in addition 

to nodulation-associated genes [125]. Similarly, other genes are induced by the 

perception of the plant flavonoid luteolin in E. meliloti besides those related to nodulation 

[89]. The repertoire of luteolin-regulated genes includes genes encoding the EmrAB 

efflux system, the conjugal transfer protein TraA, a NTPase essential for the E. meliloti 

infective phenotype, three genes involved in iron metabolism as well as the SyrM  

transcriptional regulator [89]. Moreover, studies aiming to assess the expression of small 

non-coding RNA (sRNA) in E. meliloti have pointed out that at least three RNA 

transcripts involved in modulating gene expression are controlled by the flavonoid 

luteolin [129]. 

Proteomic analysis has identified new proteins whose expression levels are influenced 

by the presence of nod gene-inducing flavonoids in the bacterial growth medium. Two 

proteins that did not show sequence matches with any known nod gene products were 

induced in R. leguminosarum bv. trifolii by dihydroxyflavone [130]. The expression of 

several proteins that appeared to be encoded by pSymA of E. meliloti was positively 

regulated by luteolin and none of them matched the products of any previously identified 

luteolin-regulated gene [127]. Other proteins were down-regulated in the presence of 
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luteolin, or expressed only in the absence of pSymA, or accumulated in maximum 

amounts when pSymA was either present or absent.  At the level of protein expression, 

it is clear therefore that luteolin exerts both positive and negative regulatory effects on 

plasmid and chromosomal genes in E. meliloti. Two proteins with homologies to a 

molecular chaperone, GroEL, which is thought to assist partially folded proteins to 

acquire a correct configuration [131], were up-regulated by luteolin. It was suggested 

that chaperone up-regulation fulfilled the need for specific folding requirements of other 

luteolin induced proteins and that another up-regulated, 30S ribosomal protein, was 

indicative of a luteolin influence on the cell translational machinery [127]. It has been 

established that flavonoid inducers are also required for the transcription of type III 

secretion system (TTSS) genes. TTSS genes occur in several plant and animal Gram-

negative bacterial pathogens as well as in rhizobia such as Rhizobium sp. NGR234 

[132], Mesorhizobium loti [133], Bradyrhizobium japonicum USDA110 [134], Rhizobium 

etli CFN42 and Rhizobium fredii USDA257 [135]. Exceptions are R. leguminosarum and 

E. meliloti that lack homologues of genes encoding a TTSS [22]. The TTSS systems are 

characterized by secretion of proteins into the extracellular environment or directly into 

eukaryotic cytoplasm when in contact with the host cells, thereby eliciting a defense 

response [136]. In rhizobia, protein production and secretion by TTSS were dependent 

on the presence of flavonoid inducers (e.g, genistein, daidzein, luteolin, naringenin) and 

export occurred without N-terminal processing. Proteins secreted by rhizobial TTSSs 

were referred as nodulation outer proteins (Nops). TTSS systems, governing the 

delivery and reception of Nops, appear to make an important contribution to the 

formation of successful symbiosis by influencing nodulation [137]. TTSS mutants exhibit 

inconsistent symbiotic phenotypes compared to the wild-type strains, ranging from 

changes in nitrogen-fixation capacity of nodule to alteration in nodule number and host 

specificity. To cite a few examples: the wild-type Rhizobium sp. NGR234 and wild-type 

S. fredii HH103 form (nonfixing) nodule-like structures on the roots of Crotalaria juncea 

and Erythrinia variegata, respectively, but TTSS defective mutants form effective 

nodules. B. japonicum  USDA257 displayed an altered phenotype after TTSS disruption, 

consisting in the ability to efficiency nodulate a soybean cultivar which cannot be 

nodulated at all by the wild-type strain [135]. Another flavonoid-inducible rhizobial gene, 

encoding a secreted protein NodO, has been found, but only in R. leguminosarum bv. 

viciae [138] and a broad host range strain, Rhizobium sp. BR816, isolated from 

Leucaena leucocephala [100]. NodO is a Ca2+-binding protein with partial homology to 

Escherichia coli hemolysin [139] and is released by a different, type I, rhizobial secretion 

system.  NodO can suppress nodulation defects brought about by the absence of fatty 

acid and carbamoyl NFsubstituens, in several rhizobial species [140]. Original proposals 
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for the mode of action of NodO invoked a capacity to form ion channels that permit 

cation movement across and concomitant depolarization of the plasma membrane of 

plant cells [141]. Such changes are among the first to be observed when roots are 

challenged with NFs. More recently nodO has been identified as a gene that promotes 

infection thread development in root hairs [142]. 

 
 

1.5.5. Additional bacterial components required in rhizobium-legume symbiosis  
 
Plant flavonoids, in addition to the processes outlined in the above paragraphs, influence 

the biosynthesis and the structural features of other rhizobial components that contribute 

to the symbiotic development. Included in this category are the various secreted and 

surface polysaccharides of rhizobia that fulfill defense functions and influence rhizobial 

invasion: extracellular polysaccharides (EPS), lipopolysacchardides (LPS), K-antigen 

polysaccharides (KPS) and cyclic glucans [143;144]. Similar to NF, several EPS, LPS, 

KPS and cyclic glucans exert their effects on symbiosis in a structurally dependent 

manner, arguing that they may function as signals between invading bacteria and their 

hosts [145]. Evidences suggest that bacterial EPSs (Figure 1.14a) suppress a potentially 

lethal host defense response, and in the absence of EPSs, the unproductive response 

may cause a block in infection thread formation [146]. The cyclic β-glucans (unbranched 

polymers of glucose) may play a role in modulating a host defense response to bacterial 

invasion. Specifically, M. loti cyclic β-glycans are required to suppress high-level 

production of antimicrobial phytoalexins during symbiotic development with L. japonicus 

[147]. The LPS, as a component of the Gram-negative outer membrane, plays an 

important role in promoting rhizobial adaptation and persistance within the particular 

environment of the host cell cytoplasm (Figure 1.14b) [143;148]. Indeed, the rhizobial cell 

surface is in intimate association with its host throughout symbiotic development but this 

is particularly true for the microsymbiont within the root nodule (symbiosome).  

Flavonoids in some rhizobia appear to brought directly structural changes on LPS  

[149;150]. In turn, the alteration of the LPS carbohydrate core and content has an 

aberrant effect in a variety of symbioses. For example, an E. meliloti lpsB mutant has a 

dramatically altered LPS core and is unable to establish a chronic host infection [151]. 

Moreover, defects in LPS can sensitize bacteria to membrane-disrupting agents and 

antimicrobial peptides. Thus, the LPS layer may provide a protective barrier against 

environmental stress and host defense responses. There are indications that the 

rhizobial LPS may also play an active role by suppressing the release of Reactive 

Oxygen Species (ROS) [152]. The LPS component of E. meliloti  is able to suppress the 
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oxidative burst and to damp the plant transcriptional response [152], indicating that an 

interaction between the rhizobial LPS and its host plant could suppress any potential 

immune response to intracellular bacteria. This could be particularly important for 

bacteroids  within the root nodule (symbiosome) as they no longer express genes for the 

biosynthesis of succinoglycan that appears to dampen a potential plant defense 

response to bacteria within the infection thread [42]. 

 

 

 
 
 
Figure 1.14. Schematic representation of additional rhizobial molecules involved in symbiosis with legume 
plants and enzymes responsible for the substitutions on the core structure.  a) The exopolysaccharide (EPS) 
and b) lipopolysaccharide (LPS) of Ensifer meliloti. ExoH is responsible for succinyl modification; 
succinoglycan molecular weight is controlled by ExoPTQ and two extracellular glycosylases, ExsH and 
ExoK. (d ) Schematic representation of E. meliloti lipopolysaccharide (LPS). LpsB is a glycosyltransferase 
with broad substrate specificity involved in synthesis of the LPS core. AcpXL, LpsXL, and BacA are required 
for the Very-Long-Chain Fatty Acid (C28) modification of lipid A (modified by [6]). 
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1.5.6. Bacterial quorum sensing as a strategy to modulate symbiotic interaction  
 

Several studies revealed that many plant associated bacteria (PAB) such as 

rhizobia coordinate the gene expression in response to changes in bacterial cell density, 

a process known as Quorum Sensing (QS) [153]. QS is employed as a strategy by 

phytopathogens for the regulation of virulence associated functions and by plant-growth-

promoting bacteria for beneficial traits. In the case of rhizobia, QS signaling allows to 

regulate the expression of important genes for host colonization and invasion to establish 

compatible association with  their hosts [154;155] (Figure 1.15). 

 

 
 
Figure 1.15. Coordination of genes expression for host colonization and invasion mediated by quorum 
sensing (QS) signals and two component regulatory systems (2-CR). Detection of N-acyl homoserine 
lactones (AHL, loop and tail) by cytosolic LuxR-type transcriptional activators (black oval) and non-AHL 
(black triangles) by 2-CR systems (white and black squares), allow plant-interacting bacteria to coordinate 
the expression of important genes for host colonization and invasion in response to cell density. AHLs play 
an additional role in plant signaling. Regulation of bacterial factors required during the infection process is 
also accomplished in plant-interacting bacteria by 2-CR systems (white and grey hexagons), which are 
activated by environmental conditions usually encountered during the invasion process. Common rhizobia 
and pathogenic bacteria responses are shown by bold arrows, whereas responses observed only in one or 
other are represented by dotted arrows (modified by [49]). 
 

 



Introduction │ 

 

36 

The QS is mediated by small diffusible signal molecules referred as autoinducers, which 

can differ in their chemical and structural properties but they share a common role [156]. 

Once the threshold concentration of autoinducers is reached, the bacterial population 

detects the signaling molecules and responds with a population-wide alteration in gene 

expression. The most common signals of QS belong to the class of acyl-homoserin 

lactones (AHLs), which contain a conserved homoserin ring tied to a variable acyl chain. 

The QS signals are detected through two-component regulatory systems. Several AHLs 

as well as two-component regulatory systems (2-CR) were identified both in bacterial 

plant pathogens and in rhizobia, and they are essential for a successful interaction with 

the host plants [157;158]. A canonical QS regulatory system consists of a LuxI-family 

synthase responsible for synthesizing the AHL signal (autoinducer), which then interacts 

with the cognate LuxR-family transcription factors (response regulator). The response 

elicited by AHL signals consists in the expression of hundreds of bacterial genes, 

including genes responsible for biofilm formation, nodulation, nitrogen-fixation, synthesis 

of toxins, as well as motility and conjugation [157;158]. Shortcomings in QS lead to a 

reduction or a loss of virulence in plant pathogenic bacteria and to an alteration in the 

nodulation efficiency and nitrogen-fixation in rhizobia [154;158;159]. In addition to the 

common response regulators of QS, other LuxR-type proteins have been found. They 

were defined as orphan LuxR regulators because they have the same modular structure 

of QS LuxRs but are devoid of a cognate LuxI synthase associated with them in the 

genome [160-162]. LuxR orphans have been shown to be responsive to exogenous 

AHLs produced by neighboring cells as well as to endogenously produced AHLs [163]. It 

is now also evident that some LuxR orphans proteins have evolved the ability to respond 

to other molecular signals different from AHLs. Recently a group of LuxR orphans that do 

not bind AHLs and instead respond to low-molecular weight plant compounds have been 

discovered in plant associated bacteria (PAB) [164;165]. Then, the QS signaling is not 

restricted to bacterial cell-to-cell communication, but also allows an interkingdom 

signaling between microorganisms and their host. On the other hand, plants have been 

shown to synthesize QS mimics compounds that can both inhibit and stimulate AHL-

dependent genes, although most of these remain unidentified [166;167]. The so-far 

identified mimic signals from plants include flavonoid catechin that are present in the 

rhizosphere  [168]. Another flavonoid with inhibitory effects on QS-regulated genes is 

naringenin, which is exudated by some legume roots [169]. Naringenin was shown to 

inhibit QS in Escherichia coli and Vibrio fisheri as well as Pseudomonas aeruginosa 

[170]. Interestingly, the flavonoid pathway is activated in legume plants  by exposure to 

QS signals from rhizobia. It has been also show that bacterial AHLs can stimulate the 

production of AHL mimics by M. truncatula [171]. Inducing flavonoids were reported to 
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increase AHL synthesis in the three species of rhizobia, Sinorhizobium fredii, Rhizobium 

etli and Rhizobium sullae, concomitant with enhanced expression of AHL synthesis 

genes [172]. These evidences suggest a link between nodulation genes induction by 

plant flavonoid, QS activation of the flavonoid pathway and possible feedback on 

bacteria by production of possible AHL mimics.  
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The symbiosis between soil rhizobia and host legumes is of great importance at 

environmental, agricultural and ecological level. The potential exploitation and 

improvement of the nitrogen-fixing rhizobia in symbiosis with legume plants to increase 

agriculture productivity is one of the main focus of the worldwide scientific community.  

The nitrogen-fixing rhizobia are capable to access atmospheric N that represents a 

renewable and environmentally sustainable source of nitrogen. Moreover, the N2 fixing is 

a cheaper and very effective natural effective agronomic practice to ensure an adequate 

supply of N in agroecosystems than the application of  nitrogen fertilizers. 

The establishment of a successful rhizobium-legume symbiosis depends on a complex 

molecular signal exchange between the two partners. In the early stage, it involves the 

release of flavonoids from plant roots, which in turn induce the expression of rhizobium 

nodulation (nod) genes required for both root infection and nodule development. In 

particular, the flavonoid luteolin is the key plant inducer for Ensifer meliloti, which 

represents a model bacterium for rhizobium-legume symbiosis. A more comprehensive 

understanding of the cascade triggered by the plant signal luteolin should be exploited to 

improve the symbiosis performance of the bacterial partner. This could potentially lead to 

an increase of the efficiency of the nitrogen-fixing process itself for agricultural 

applications. To date, the plant flavonoid luteolin has been the subject of a number of 

transcriptional and molecular studies, which led to the characterization of luteolin-

triggered bacterial response mainly at the transcriptional level. However, the effective 

role of luteolin on bacterial physiology cannot be fully described using only molecular 

approach, because a number of the genes modulated by luteolin still have unknown 

function. In addition, the plant signal luteolin could also exert regulatory activity at post-

transcriptional level. Therefore, a global analysis of phenotypic responses induced by 

luteolin in Ensifer meliloti is still lacking. The present work was mainly addressed to 

provide an extensive phenotypic investigation of the luteolin effects on the phenotypes of 

E. meliloti to get an interpretative framework in modeling luteolin-induced metabolic 

switches. In the context of the luteolin-responsive phenotypes, the changes dependent 

or independent from the NodD regulation (i.e the major luteolin sensor) were elucidated 

using a deletion nodD mutant of E. meliloti and the possible contribution of other luteolin 

mediators, beyond NodD, was then investigated. 
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Additional file, ESM_1: 

Phenotype MicroArray (PM) analysis on metabolic panels (PM1-2-3-9-10). Area of 

the PM kinetic curves obtained for each condition after 96 h incubation and the 

parameter ∆area (as defined in Materials and Methods) used to identify different 

responses in presence of luteolin. 

 

Additional file, ESM_2: 

Phenotype MicroArray (PM) analysis on chemical sensitivity panels (PM11-20). IC50 

values obtained for each tested chemical after 96 h incubation in presence and 

absence of luteolin and the parameter ∆IC50 used to compare the phenotypic 

profiles. 
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Abstract 

The early molecular signaling in the symbiosis between the nitrogen-fixing bacterium 

Ensifer meliloti and its host legumes is mediated by the plant flavonoid luteolin, which 

activates the transcriptional regulators NodD. NodD regulon has been deeply 

investigated, however a comprehensive scenario of Ensifer meliloti phenotypic 

responses induced by luteolin (dependent or independent from NodDs) remains to be 

elucidated. To investigate both the NodD-dependent and NodD-indipendent response to 

luteolin an extensive comparison of the phenotypes of both the wild type strain Rm1021 

and the triple nodD mutant (A2012) in the presence of the luteolin was performed using 

Phenotype Microarray (PM) technology. PM results revealed that the utilization of some 

phosphorus sources were luteolin and NodDs dependent. Interestingly, NodDs-

independent modulation of osmotolerance was found. Moreover, several resistance 

phenotypes to toxic compounds were induced by luteolin, both NodD- dependent and 

independent. The inactivation of emrB efflux pump gene, whose expression is induced 

by luteolin through ErmR regulator (NodD independent), resulted in an increased 

susceptibility to a range of toxic compounds and allowed to extend the number of 

compounds known to be substrate of the emrB efflux pump. Moreover, a lower ability to 

promote plant growth and an altered nodulation efficiency were found for the emrB 

mutant compared to the wild type. Overall, these findings suggest that luteolin plays a 

wider role in the symbiosis development than just the induction of Nod Factors 

biosynthesis. 
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1. Introduction 

The rhizobium-legumes symbiosis development requires a complex exchange of 

molecular signals between the two partners. The molecular dialogue involves, in the 

early stages, the perception of flavonoids present in root exudates, which 

subsequently activate the rhizobial transcriptional regulator NodD [1]. NodD proteins, 

which belong to the LysR family of transcriptional regulators, induce the expression of 

the nodulation genes (nod genes) [2]. The nod gene products are implicated in the 

biosynthesis of Nod factors (NFs) that trigger root infection and nodule organogenesis 

[3]. In some bacterial strains, alternative NodD activators recognizing different plant 

flavonoids provide an extended host range. Bradyrhizobium japonicum possesses an 

alternative two component regulatory pathway for activating its nod regulon, and the 

nod gene expression is fine-tuned by positive- and negative-control circuits in Ensifer 

(syn. Sinorhizobium) meliloti  [4]. It is noteworthy that many reports showed that NodD 

proteins may control other symbiosis-related functions in rhizobia beyond the Nod 

factor biosynthesis. NodD regulator of Rhizobium tropici has been reported to play 

roles in swarming motility and IAA synthesis  [5]. In Sinorhizobium fredii and 

Bradrhizobium japonicum, NodD activates a regulator of a type III secretion system 

(TTSS) that contributes to host range determination [6]. NodD also controls 

exopolysaccharide biosynthesis genes also  [7], lipopolysaccharide modification and 

indole-3-acetic acid synthesis in S. fredii [8;9]. 

The sequenced genomes of rhizobia contain one to five copies of nodD gene. In the 

species that possess one copy only, such as Rhizobium leguminosarum bv. trifolii, a 

mutation usually results in the abolition of nodulation  [10]. Whereas, in Ensifer meliloti, 

R. leguminosarum bv. phaseoli and B. japonicum, which have multiple nodD copies, 

the nodulation is not completely suppressed by mutations in a single nodD gene. The 

genome of E. meliloti harbors three functional copies of nodD, designed nodD1, 

nodD2 and nodD3 [11]. These NodD paralogues are involved in the establishment of 

the rhizobium-legume symbiosis and in the control of host specificity [12;13]. The 

transcription factor NodD1, encoded by the constitutively expressed nodD1 gene, is 

activated by the flavonoid luteolin. The regulator NodD1 is considered to play the main 

role in host nodulation by inducing the transcription of the nodABC operon involved in 

the Nod factors (NFs) biosynthesis  [11]. nodD2 has been reported to be luteolin 

unresponsive and to interfere with the activation of the nodABC operon in response to 

NodD1 leading to a negative effect on Nod factor production [7]. A suppressive role for 

the transcriptional regulator nodD2 has been observed also in Bradyrhizobium 

japonicum and Sinorhizobium fredii strain NGR234 [14;15]. The transcriptional 
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regulator NodD3 does not require exogenous compounds to activate nod genes. 

Indeed, the expression of the nodD3 gene in E. meliloti is subject to a complex 

regulation involving the regulatory protein SyrM, the flavonoid-activated regulator 

NodD1, and the nitrogen status of rhizobial cells. In turn, NodD3 can activate SyrM 

expression thus establishing a self-amplifying regulatory circuit [16]. Demont et al. [17] 

found that NodD3 of E. meliloti controls the production of variant acyl groups (18- to 

26-carbon N-acyl groups with omega-1-OH modifications) that were present in Nod 

factor preparations. Additional regulators seem to operate for the nodulation gene 

control constituting further layers of regulation to the NodD-inducer circuit [18-20]. As 

an example, the transcription of E. meliloti nodD1, nodD2 and several nod-boxes is 

negatively regulated by NolR, a repressor of the ArsR family that binds to conserved 

motifs  [21]. The repertoire of NodD-regulated genes in E. meliloti was identified by 

bioinformatic/computational approaches (e.g, prediction of nod boxes, putative binding 

sites for NodD) and transcriptomic studies [22;23]. Notably, the NodD1 regulon of E. 

meliloti comprises a number of additional targets beyond nod genes. The expression 

of genes encoding the SyrM transcriptional regulator, the GroES/GroEL chaperones, 

three hypothetical proteins, conjugal transfer protein TraA, as well as an NTPase 

essential for the E. meliloti infective phenotype, and three genes involved in iron 

metabolism have been reported to be significantly induced by luteolin-activated NodD1  

[24]. Furthermore, EmrAB efflux pump and its putative regulator EmrR have been also 

found to be regulated via luteolin [25]. We can consequently hypothesize that a 

number of additional pathways with respect to the only Nod factor biosynthesis are 

triggered by luteolin perception. In fact, we recently reported a large variety of 

phenotypes to be induced in E. meliloti by luteolin, as an enhanced resistance toward 

antibiotics and others antimicrobial agents, a reduction of AHLs and indole-3-acetic 

acid (IAA) production [26]. This work was then aimed to investigate the extent of 

substrate utilization phenotypes and toxic compounds tolerance in E. meliloti, triggered 

by the flavonoid luteolin perception that are dependent or independent from the NodD 

regulatory circuit  using two mutants derived  from E. meliloti Rm1021 [24]. The E. 

meliloti  triple nodD A2012 mutant, which provided a genetic background devoid of all 

three NodD regulators, and the E. meliloti emrB mutant, to investigate the contribution 

of the emrAB efflux pump to the phenotypes not mediated by NodDs.  
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2. Materials and methods 

2.1. Bacterial strains and growth conditions 

The bacterial strains of E. meliloti used in this study are reported in Table 1. E. 

meliloti strains were grown at 30°C either in TY [27] or in Vincent minimal medium 

(VMM) [28]  supplemented with 0.2% of Na-succinate as a carbon source. Antibiotics 

were used at the following final concentrations: neomycin, 100 µg/ml, and streptomycin 

200 µg/ml. The stock solution of luteolin was prepared at a final concentration of 3.18 

mM in a 9 mM NaOH dissolving solution. The working concentration of luteolin was 10 

µM, known to be the required concentration in vitro for NodD induction [29][30]. 

Untreated cultures were supplemented with an equal volume of the 9 mM NaOH 

dissolving solution rather than luteolin.  

 

2.2. Phenotype MicroArray (PM) and data analysis 

The growth of E. meliloti strains was tested in 1,437 different culture conditions 

using PM metabolic (PM1, PM2, PM3, PM4) and chemical sensitivity panels (PM9-

PM20). The tested conditions included carbon and nitrogen sources, several 

concentrations of ions and osmolytes, pH stress, and a wide variety of antibiotics, anti-

metabolites, heavy metals and other inhibitors. PM11-PM20 allowed assaying for the 

sensitivity to 240 chemical agents at four concentrations. The complete list of the 

compounds assayed can be obtained at http://www.biolog.com/pdf/PM1-PM10.pdf. PM 

uses tetrazolium violet reduction as a reporter of active metabolism. The reduction of the 

dye causes the formation of a purple color that, recorded every 15 min, provides 

quantitative and kinetic information about the response of the cells in the PM plates [24]. 

E. meliloti strains were grown at 30°C on Biolog Universal Growth agar (BUG) (Biolog 

Inc, Hayward CA, US) for two days. Then colonies were picked up with a sterile cotton 

swab and suspended in 1x IF-0 (Biolog) until OD600=0.1. Inoculation fluid for PM1 and 

PM2 was obtained diluting the cellular suspension (OD600=0.1) 10 times in an 

appropriate volume of VMM supplemented with 1x Dye Mix A (Biolog). The inoculation 

fluid for PM3 was prepared diluting the cellular suspension (OD600=0.1) 10 times in VMM 

without ammonium chloride, and supplemented with 0.2% Na-succinate as a carbon 

source and with 1x Dye Mix A (Biolog). The inoculation fluid for PM4 was prepared 

diluting the cellular suspension (OD600=0.1) 10 times in IF-0 1x (Biolog) supplemented 

with 0.2% Na-succinate as a carbon source and with 1x Dye Mix A (Biolog).  The 

inoculation fluid for PM9-10 was prepared diluting the cellular suspension (OD600=0.1) 10 

times in VMM supplemented with 0.2% Na-succinate as carbon source and with 1x Dye 
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Mix A (Biolog). The inoculation fluid for PM11-PM20 was prepared diluting the cellular 

suspension (OD600=0.1) 13.64 times in VMM supplemented with 0.2% Na-succinate as a 

carbon source and with 1x Dye Mix A (Biolog). PM plates were inoculated with 100 µl per 

well. To test the influence of luteolin on the phenotype of the strains, luteolin was added 

to the inoculation fluids, at a final concentration of 10 µM, according to other in vitro 

induction assays [13;23;24]. All the PM experiments were performed in duplicate, as two 

independent experiments. PM panels were incubated statically at 30°C in an Omnilog 

Reader (Biolog) for 96 hours. The kinetic profiles for the E. meliloti wild type and mutant 

strains were analyzed by inspecting kinetic curves and compared using the Omnilog-PM 

software (release OM_PM_109M). In order to discard possible false errors, the set of 

criteria reported by Kathri et al.  [31] were applied to the PM data analysis. The 

dedicated software DuctApe [32] was applied to the PM results to find the differences 

between the phenotype profiles of the E. meliloti strains in more detail. A single and 

concise parameter, Activity Index (AV), was calculated to rank and compare each kinetic 

curve, providing both qualitative and quantitative information about the ability to grow in a 

specific culture condition. The AV parameter was obtained through a k-means clustering 

(with k clusters) on five growth curve parameters (max, area, average height, lag time, 

and slope). Therefore, an AV value equal to zero indicates a curve with no metabolic 

activity, while higher AV values will be assigned to curves with increasing levels of 

metabolic activity. The difference of AV(∆AV) was used as discriminating parameter for 

comparing the kinetic curves obtained in order to identify different responses on 

metabolic and chemical sensitivity panels (PM1-20). Any differences and thus the related 

compounds, lower than the standard threshold of the parameter (∆AV ≥ │2│) was 

considered not significant and discarded. 

 

2.3. Minimal inhibitory concentration assays  

E. meliloti strains were subjected to an array of toxic compounds at different 

concentrations in VMM with 0.2% Na-succinate both in absence and in presence of 10 

µM luteolin in order to establish the minimal inhibition concentration (MIC) of each 

chemical. The toxic chemicals tested were: polymyxin B, compound 48/80, 

chlorhexidine, 8-hydroxyquinoline, 5,7-dichloro- 8-hydroxy quinaldine, benzalkonium 

chloride, dequalinium. Toxic chemicals were prepared as solutions at 10 times the 

highest concentration desired in the working plate and sterilized by filtration. 

Subsequently, each solution was serially twofold diluted along twelve wells of a 96-well 
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plate, to obtain a 10X solution series (twelve concentration points). For each 

concentration series, a negative control without a toxic chemical was also included. 

Working solutions (1x) were freshly prepared by diluting the stock solutions (10x) with 

the appropriate medium (VMM+ 0.2% Na-succinate) into 96-wells standard microplates. 

Each well was inoculated with a bacterial culture in the late exponential phase to obtain 

an optical density at 600 nm (OD600) of 0.1 (107 CFU ml-1). For each chemical, cultures 

for MIC determination were set up both supplemented and not supplemented with 10 µM 

luteolin. The microplate was statically incubated at 30°C and growth data (OD590 

determination) were collected after 24 h of incubation using a microtiter plate 

spectrophotometer (programmable MPT reader DV 990 BV5, GDV). Each experiment 

was performed in four replicates.  

 

2.4. Nodulation assays 

 Seeds of Medicago sativa (cv. Pomposa) were sterilized in HgCl2, repeatedly 

washed, and germinated in sterile plastic Petri dishes for 72 h in the dark and 48 h in the 

light in a growth chamber maintained at 26°C with a 16-h photoperiod (100 microeinstein 

m−2 s−1).  For in vitro assays, seedlings were transferred in Petri dishes containing 

Buffered Nod Medium [33] and 16 g/l of type A agar (Sigma-Aldrich). Plantlets were 

grown for an additional 3 to 5 days before inoculation with the E. meliloti strains. For 

nodulation assays strains were grown in liquid TY medium at 30°C for 48 h, then washed 

three times in 0.9% NaCl solution and resuspended to an OD600 =1.0 (1·107cells/ml) (in 

single or a 1:1 ratio of the two strains for competition experiments). One hundred µl of 

the standardized bacterial suspension was spread over the seedling root (resulting  

about 4·104cells/cm2). Plates were pierced to let the plant grow outside, and transferred 

in a near-vertical position to the growth chamber Each experiment was performed in 

eight replicates. 

 

2.5 Plant symbiotic-related phenotypes 

 The effect of symbiotic interaction on plant growth was evaluated using 

conventional parameters, such as the number of nodules per plant, length of aerial part 

[34] and kinetics of nodule formation. Data were expressed as mean of eight replicates ± 

standard deviation. Statistically significant differences were detected by ANOVA analysis 

(P<0.05). 
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2.6. Estimation of bacterial loads in nodules 

Bacteria within nodules were estimated by viable titers using standard cultivation 

method. The emrB mutant cells were discriminated from the wild type cells by selective 

plating on TY plates containing neomycin to which the emrB mutant is resistant. Single 

nodules of the same size (about 1 mm in length) were excised from plants after four 

weeks of growing, their surface was sterilized with 0.1% NaHClO for 30'' then washed 

three times in sterile distilled water, crushed and resuspended in 100 µl of 0.9% NaCl 

solution. Aliquots of serial dilutions and the third wash water (as control) were then 

plated on TY+  neomycin plates, incubated at 30°C for 48 h and the numbers of CFU  

was determined. Data were expressed as mean of eight replicates ± standard deviation. 

Statistically significant differences between were detected by ANOVA analysis (P<0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



│NodD- dependent and independent phenotypic responses 

 

85 

3. Results and discussion 

3.1 Detection of luteolin-responsive phenotypes, NodD-dependent and NodD-

independent, in E. meliloti Rm1021  

The wild type Rm1021 of E. meliloti and its triple nodD mutant A2012 were tested 

in presence and absence of the luteolin on a thousand of different growth conditions by 

the application of the high-throughput Phenotype MicroArray (PM) technology. The 

tested conditions included carbon, nitrogen, sulfur and phosphorous sources, several 

concentrations of ions and osmolytes, pH stresses, and a wide variety of antibiotics and 

toxic compounds. To identify the overall phenotypic responses triggered by the luteolin 

both in a NodDs dependent and independent manner these steps were followed: i) the 

comparison of the phenotypic profiles of Rm1021 in presence and absence of luteolin 

allowed to identify all the luteolin dependent phenotypes, detectable by PM system, ii) 

luteolin dependent phenotypes ruled by the NodDs regulation pathway were identified by 

the comparison of PM profiles of Rm1021 and A2012 strains both cultured in presence of 

luteolin, iii) the phenotypes induced by luteolin but not dependent by NodDs were 

defined “NodD independent phenotypes” and were supposed to be under the control of 

different regulation pathways. The whole metabolic and sensitivity pattern of E. meliloti 

Rm1021 in the presence and in absence of luteolin obtained by PM analysis is reported 

in Fig.1 (circular plot). The complete data set of the PM experiments can be found in 

Table S1. E. meliloti Rm1021 was found to be able to metabolize 44% of tested carbon 

sources, 88% of nitrogen sources, 80% of sulfur sources and 93% of phosphorous 

sources, in both the absence or presence of the luteolin. The profile of metabolic abilities 

obtained for the wild type strain Rm1021 revealed an overall phenotypic similarity for all 

the carbon, nitrogen, sulfur and phosphorous sources in presence as well as in absence 

of luteolin (Fig. 1). This finding indicated that plant inducer luteolin did not affect carbon, 

nitrogen as well as sulfur and phosphorous metabolism, as also pointed out in the E. 

meliloti 3001 strain [26]. Since rhizobia are exposed to fluctuating environmental 

conditions and must cope with several stresses in the rhizosphere, the effect of the 

luteolin on the metabolic activity of E. meliloti Rm1021 under several osmolyte gradients 

and pH conditions was evaluated [35]. The pH range where E. meliloti Rm1021 exhibited 

active metabolism was between 6 and 10, with an optimal pH value around 7.0. E. 

meliloti Rm1021 displayed an overlapping trend of tolerance under different osmolyte 

gradients and pH condition in the presence and in absence of luteolin [26]. An increased 

osmotolerance associated with luteolin presence was observed for the Rm1021 strain to 

20% ethylene glycol (Fig. 1, Table S1). An analogous increased of osmotolerance, 
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triggered by luteolin, was observed for the E. meliloti 3001 strain [26], supporting the 

hypothesis of a luteolin involvement in mediating osmoprotection beside the standard 

stress tolerance systems. The uptake of osmoprotector peptides through ABC-

transporters has been reported to confer osmoprotection in many rhizobia  [36]. We can 

speculate that the observed osmotolerance of the strain grown in presence of luteolin 

might be due to the luteolin-mediated activation of some osmoprotective systems [26]. 

The E. meliloti Rm1021 strain was also analyzed for chemical sensitivity in the presence 

of luteolin to hundreds of antimicrobials and toxic compounds, each one presenting four 

different concentration levels. The chemical sensitivity profile of E. meliloti Rm1021 

showed different phenotypic responses associated with the luteolin treatment on 22% of 

the tested compounds (Fig.1). They included substances belonging to antibiotics (17) 

toxic ions (6), chelators (4), membrane damagers (9), antimicrobial agents (7), oxidizing 

agents and respiration inhibitors (8), listed in Table 2. As also reported for other 

rhizospheric microorganisms, plant-derived flavonoids play multiple roles, depending on 

their structures, beside Nod Factors (NFs) biosynthesis, such as to inhibit several 

phytopathogens and evoke a strong chemoattractant response in rhizobia toward plant 

roots  [37]. Moreover, efflux pumps and other resistance systems may be activated by 

plant flavonoids that in this way might offer a further level of protection and adaptation for 

symbionts in the soil [26]. The repertoire of adaptive changes mediated by luteolin 

pointed out PM analysis supported that the luteolin might exert an additional 

physiologically important role concerning oxidative and abiotic stress conditions as well 

as coping with antimicrobial and toxic compounds in the rhizosphere. Such pleiotropic 

luteolin effect constitutes an advantage in the selective rhizospheric soil to establish an 

effective symbiosis.  

To detect phenotypic changes induced by the luteolin that are dependent on NodDs 

regulatory circuit, the extensive phenotypic analysis using PM, outlined above, was 

performed on the E. meliloti A2012 strain compared to the wild type Rm1021 upon the 

luteolin treatment. Comparison of the metabolic profile of the A2012 mutant with that of 

the wild type strain Rm1021 in the presence of luteolin revealed an overlapping trend for 

all the carbon, nitrogen, sulfur and phosphorous sources tested. Nevertheless, some 

different growth phenotypes associated with the triple nodD deletion were observed for 

some P sources (Fig.2). The A2012 mutant strain displayed a reduced activity on 2-

deoxy-D-glucose-6-phosphate, revealing its tendency to metabolize this substrate with 

lower efficiency relative to the Rm1021 strain. Conversely, the A2012 mutant 

metabolized D-mannose-6-phosphate and phosphocreatine sources, on which the wild 

type Rm1021 did not display active metabolism (Table S1). Phosphorus is an essential 

nutrient, present at low concentration in most soils and free-living bacteria satisfy the 
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demand for this element by uptake of soluble inorganic and organic phosphate 

compounds. The scenario evolving from previous studies on rhizobia has suggested that 

phosphate uptake is due to at least two phosphate transport systems, which are 

differentially expressed under different growth conditions [38]. The involvement of 

cellular and extracellular phosphatases in response to phosphate deficiency has also 

been reported [39-42]. E. meliloti Rm1021 was found to be very efficient in utilizing 

unusual phosphorous compounds [33;38]. Gene expression profiles of the E. meliloti 

phosphate starvation response revealed eleven regulatory genes belonging to different 

families that might be responsible for secondary effects in the complex regulatory 

network activated under conditions of phosphate starvation [38]. The ChvI-ExoS two 

component system resulted one of them and its expression was recently shown to be 

linked to the NodD3-SyrM regulatory circuit [16]. Differences in transcriptional regulation, 

most likely NodD dependent, might explain the differences in P-sources utilization 

observed between the wild type Rm1021 and the A2012 mutant.  

Under the osmolyte gradients and pH conditions tested using PM, the wild type Rm1021 

and A2012 mutant strain displayed a similar overall profile (Fig. 2), indicating that nodD 

genes deletion did not affect the E. meliloti stress tolerance. The E. meliloti Rm1021 and 

A2012 strains were also analyzed for chemical sensitivity-resistance toward hundreds of 

antimicrobial and toxic compounds in presence of the inducing compound luteolin. A 

global overview of chemical sensitivity patterns, obtained for E. meliloti Rm1021 wild 

type and A2012 mutant strain is reported in Fig. 2. The comparison of chemical 

sensitivity profile of the strains highlighted different phenotypic responses associated 

with the deletion of the nodD genes on 16% (38/240) of the tested compounds (Table 

S1). The A2012 mutant strain compared to the wild type Rm1021 displayed a lower 

metabolic activity for 78% (30/38) of tested compounds. The A2012 mutant was found to 

be more sensitive for a broad set of chemicals as antibiotics (8), oxidizing agents (6), 

toxic anions (8), chelators (2), membrane damagers (6), and other antimicrobial agents 

(2) (Table 3). On the other hand, A2012 mutant showed a higher tolerance for 3,5-

dinitrobenzene (respiration inhibitor), 4-aminopyridine (ion channel inhibitor), 1-hydroxy-

piridine-2-thione (chelator) and three antibiotics (amoxicillin, chloramphenicol, 

cefmetazole). The increased susceptibility of A2012 suggests that NodD proteins 

contribute to mediate resistance toward antimicrobial and toxic compounds likely trough 

the regulation of gene encoding efflux pumps. This hypothesis is supported by the 

finding that genes encoding for MSF type pump were found to be luteolin-responsive and 

NodD1 dependent [24]. The activation of efflux pumps is a bacterial strategy to survive in 

the rhizosphere in which several antimicrobial compounds are released by the plant. This 
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strategy might confer an advantage to E. meliloti to gain an efficient nodulation of the 

host plant, as reported for R. tropici [5].  

The comparison of luteolin dependent and luteolin-NodDs dependent phenotypes of E. 

meliloti Rm1021 showed that the phenotypes partially differ. An increased tolerance to 

the ethylene glycol osmolyte was found to be a luteolin dependent phenotype but not a 

luteolin-NodD dependent phenotype. Similarly, the resistance of E. meliloti Rm1021 to 

some toxic compounds was found to be luteolin dependent but not luteolin-Nods 

dependent, suggesting that luteolin modulates resistance in E. meliloti through a direct 

effect on resistance systems and/or indirectly through a regulation system that not 

involves NodD regulators. In order to verify these resistance phenotypes that are 

induced by luteolin but not dependent on NodD regulators, minimal inhibitory 

concentrations (MIC) experiments were performed. The MICs experiment were carried 

out on the wild type Rm1021 and A2012 mutant strains both in presence and in absence 

of luteolin (Table 4) The wild type and A2012 mutant strains, treated with luteolin 

compared to the untreated ones, were found more tolerant towards crystal violet, 

chlorhexidine, compound 48/80, polymyxin B, dequalinium chloride, benzalkonium 

chloride, 8 hydroxyquinoline and 5,7-dicloro-hydroxyquinaldine. Both strains showed an 

increased MIC to the toxic compounds tested upon luteolin treatment  with the only 

exception of dequalinium chloride (Table 4). The obtained results indicate that the 

detected resistance phenotypes correlate with the luteolin presence but are independent 

from NodDs regulatory pathways. This observation suggested other targets, either 

regulators or cellular structures, modulated by the luteolin beyond NodD regulators. We 

can hypothesize the presence of an additional luteolin-dependent signal transduction 

pathway, independent from NodD. Indeed, flavonoids has been shown to induce a Ca2+ 

spikes, upstream to NodD activation in Mesorhizobium loti and R. eguminosarum bv. 

viciae [43-45], suggesting the presence of a perception of flavonoid not mediated by 

NodD. Indeed, similarly to other plant flavonoids, luteolin was found to induced in E. 

meliloti the expression of novels regulatory genes whose function of regulation has not 

been examined in detailed yet [24;25;46]. Moreover, at least three small non-coding RNA 

involved in the control of gene transcription were identified to be controlled by luteolin, 

suggesting a luteolin regulatory activity at the post transcriptional level [47-49]. Cannot 

be also excluded that the phenotype differences with and without luteolin were  a 

consequence of the interaction between luteolin and possibly cellular structures, which 

indirectly could even turn out to hamper the gene expression.  
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3.2 Phenotypic and symbiotic profiling of E. meliloti emrB mutant strain  

 The high number of phenotypes related to the antimicrobial and toxic compounds 

resistance mediated by luteolin, strongly suggested the involvement of efflux pump as 

main mediators of such luteolin-induced changes. To shed some light on this hypothesis, 

the contribution of the EmrAB efflux system, reported to be induced by luteolin in E. 

meliloti througth ErmR regulator [25],  was investigated. The susceptibility profile of the 

emrB mutant respect to the wild type was extensively characterized through Phenotype 

MicroArray (PM) high-throughput technology. 

The comparison of chemical sensitivity profiles of the wild type Rm1021 and emrB 

mutant strains upon luteolin induction revealed that emrB gene inactivation increased the 

susceptibility to toxic compounds (29) and antibiotics (17) (Fig. 3)(Table S1). The emrB 

mutant strain displayed an enhanced susceptibility respect to the wild type toward 

compounds belong to classes already known to be efflux targets of transporters 

belonging to the MFS family [50;51], such as quaternary ammonium compounds-QACs 

(methyltrioctylammonium chloride, domiphen bromide, cetylpyridium chloride), 

bisguanides (alexidine, chlorexidine), bis-phenols and dyes (triclosan, umbelliferone, 

crystal violet, 2-phenylphenol, 2,4-dinitrophenol)(Table 5). In addition, the emrB mutant 

was more sensitive than the wild type Rm1021 to classes of compounds previously not 

associated with MFS transporters. These include chelators (EDTA, 1,10-phenanthroline, 

5,7-dichloro-8-hydroxyquinaldine), inhibitors (b-chloro-L-alanine, guanazole, 

azathioprine) and antimicrobial agents (1-hydroxypyridine-2-thione, hydroguaiaretic acid, 

patulin, coumarin) (Table 5). A higher resistance for the mutant strain respect to the wild 

type was revealed in the presence of chlorambucil (chelator), hexachlorophene 

(respiration inhibitor) and 9-Aminoacridine (dye). The altered phenotypic response 

exhibited by the emrB mutant strain toward compounds outlined above, suggested that 

such compounds are likely preferred substrates transported by this efflux pump. 

Although these compounds have different structures, transporters of the MSF are known 

to be promiscuous in substrate recognition and efflux  [52;53]. The MDR pumps ACrAB 

of E. coli and the MexAB of P. aeruginosa have demonstrated to play major roles in 

making these bacteria intrinsically resistance to most classes of antibiotics and 

compounds [54-56]. The increased susceptibility displayed by the strain lacking the emrB 

multidrug efflux pump gene indicates the involvement of the emrAB efflux system in the 

resistance of E. meliloti to a range to antimicrobial and toxic compounds. The extrusion 

of toxic compounds by MDR pumps might benefit rhizobia enabling bacterial cells to 

cope with the effects of naturally occurring chemicals in their environment [52;57-59]. 

This hypothesis is consistent with the observations reported for other rhizobia. In 
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Rhizobium etli, the flavonoids-inducible RmrAB pump was found to be involved in 

antimicrobial resistance [60] as well as the RND-type pump, BdeAB, of B. japonicum 

[61].  

Several studies have pointed out the contribution of the flavonoids-inducible MDR 

efflux pumps to the extrusion-mediated resistance to antimicrobials and thereby to the 

colonization ability during symbiotic or virulent plant-bacteria interaction [62;63]. 

Consequently, to examine the involvement of emrB in nodulation and competition for 

symbiosis, the symbiotic phenotype of the emrB mutant respect to the wild type Rm1021 

was evaluated both in single and competition assays. Nodulation assay was performed. 

M. sativa plants were inoculated with single and a mixture of both wild type and mutant 

strains. After 40 days of growth, the plants nodulated by the only wild type Rm1021 were 

60% whereas those nodulated by the emrB mutant were 40%. Plants inoculated with the 

emrB mutant resulted significantly reduced in size compared to the plants inoculated with 

the wild type Rm1021 (Fig. 4a)(1-way ANOVA, p<0.05). Then, results indicated that the 

emrB mutant was able to induce nodule formation, but the number of nodules produced 

was significantly lower compared to the wild type strain (Fig. 4b)(1-way ANOVA, p<0.05). 

Additionally, emrB mutant formed root nodules more slowly than the wild type Rm1021 

(Figure 5). These data suggested a lower ability of the E. meliloti emrB mutant to 

promote plant growth together with a reduced nodulation efficiency respect to the wild 

type strain. The defective mutualism displayed by the mutant indicates the importance of 

antimicrobial resistance mediated by efflux in the nodulation ability of the E. meliloti. This 

evidence supports what suggested by Gonzalez-Pasayo and coworker [60] that MDR 

pumps prevent the accumulation of toxic and plant-derived compounds within bacterial 

cells and thereby increase rhizobia fitness in the rhizosphere. Moreover, evidences that 

MDR efflux pumps contributed to establishing a successful interaction in plant-symbiotic 

rhizobia are also consistent with our observations reported above [59;61;62]. When the 

wild type Rm1021 and emrB mutant were co-inoculated in the same host plant, the 

defective nodulation behavior showed by the emrB mutant turned out to be compensated 

by the presence of the wild typethe mutant did not affect the behaviour of wild type. 

Indeed, the resulted symbiotic phenotype was more similar to that of the wild type 

Rm1021, for both number of nodules formed and plants size (Figs. 4a and 4b). Two main 

hypothesis can be formulated to explain this result: i) in the co-inoculated plants the 

mutant is completely overcome by the presence of the wild type that acts as the only 

competitor in the symbiotic process [64]; ii) the interaction between the two strains fits 

the mutant to the wild type in the establishment of the symbiosis [65]. To deepen and 

clarify the scenario of the interaction between mutant and wild type during the symbiotic 

process, the occupancy of the nodules by each strain was evaluated. Viable cells were 
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counted from each nodule formed by single and mixed inocula. Comparing the viable 

cells resulting from the plating of the emrB mutant nodules with that from the wild type, 

the mutant seemed able to colonize nodules in number significantly lower than wild type 

(Table 6)(1-way ANOVA, p<0.05). This result could suggest an altered efficiency in 

nodule colonization and in bacterial fitness for emrB mutant that is in agreement with the 

lower number of nodules and the smaller size of the plants inoculated with this strain 

(Figs. 4a and 4b). The results obtained by the plating of mixed inocula nodules didn’t 

show a significantly difference in the presence of the two strains. Indeed, the nodule 

occupancy resulted of 51% for the wild type and 48% for the emrB mutant. This data 

may suggest that emrB mutant is equally competitive as the wild type 1021 strain in 

terms of nodule occupancy when both are present in the nodule. This data was in line 

with that observed by Capela et al. [24] and supported the hypothesis that the wild type 

strain able to efficiently colonized host plant and harboring a full-functioning network of 

efflux systems could help the less performance mutant to nodule colonization. 

Additionally, almost all the deletion mutants of E. meliloti in single multidrug resistance 

(MDR) systems investigated by Eda and coworkers were found competitive as the wild 

type strain in nodule occupancy [59]. Can be excluded  that the EmrAB efflux pump 

could act as a system that can be shared by the rhizobia population, being not only a 

system that extrudes toxic compounds to protect the single cells but also a system that 

exports outside one or more endogenous cellular compounds required for the nodule 

induction. Indeed, it appears that apart from extruding antimicrobial compounds, efflux 

systems may also contribute to the export of intrinsic, potentially beneficial, molecules 

that can help rhizobia to survive the root hair microenvironment and indispensable in 

plant-microorganisms interactions [66;67]. 

 

 

4. Conclusions 

Luteolin is well known as an inducer of the NodD transcriptional factor in E. meliloti 

thereby triggering the biosynthesis of Nod factor and a successful nodulation of the host 

plant. Nevertheless, this study has shown that luteolin can elicit additional responses 

suggesting another major role in E. meliloti Rm1021, which consists in modulating 

osmolytes and chemical resistance in accordance with what reported for E. meliloti 3001 

[21]. The detected resistance phenotypes were found to be NodD dependent or NodD 

independent suggesting that i) NodD is involved in the regulation of resistance systems 

ii) the flavonoid luteolin has other regulatory targets, different from NodD, which confer to 
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E. meliloti the ability to tolerate toxic compounds and osmolytes. EmrR has been 

identified as a transcriptional regulator ruled by luteolin that acts as a repressor of the 

EmrAB efflux pumps. This study has clarified that EmrAB could act as an efflux pump 

protecting the bacterium from the effect of toxic chemicals, but it is likely that it can 

export bacterial compounds that have a role in the symbiosis establishment. 
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Fig. 1. Circular plot representing the whole metabolic and chemical sensitivity profile of 

E. meliloti Rm1021 strain in presence and in absence of nodDs inducer luteolin. The 

activity index (AV) calculated for the wild-type strain Rm1021 for each PM condition is 

reported as color stripes going from red (AV = 0) to green (AV = 5) (inner ring). The 

external ring reports the phenotypic differences detected for the wild-type Rm1021 in 

presence of luteolin (AV difference ≥threshold); purple stripes indicate an higher activity 

for the strain treated with luteolin compared to the untreated one; orange stripes indicate 

a lower activity (more details on the calculation of the AV can be found in “Material and 

methods” section). 

 

Fig. 2. Circular plot representing the whole metabolic and chemical sensitivity profile of 

E. meliloti A2012 mutant in comparison with the wild-type Rm1021. The activity index 

(AV) calculated for the wild-type strain Rm1021 for each PM tested condition is reported 

as color stripes going from red (AV = 0) to green (AV = 5) (inner ring). The external ring 

reports the phenotypic differences detected for the A2012 mutant compared to the wild-

type Rm1021 (AV difference ≥threshold); purple stripes indicate an higher activity with 

respect to the selected wild-type 1021 strain; orange stripes indicate a lower activity 

(more details on the calculation of the AV can be found in “ Material and methods” 

section). 

 

Fig. 3. Circular plot representing the whole chemical sensitivity profile of E. meliloti 

emrB mutant in comparison with the wild-type Rm1021 upon luteolin induction. The 

activity index (AV) calculated for the wild-type Rm1021 strain for each PM chemicals is 

reported as color stripes going from red (AV = 0) to green (AV = 5) (inner ring). The 

external ring reports the phenotypic differences detected for the emrB mutant compared 

to the wild-typeRm1021 (AV difference ≥threshold); purple stripes indicate an higher 

activity with respect to the selected wild-type strain; orange stripes indicate a lower 

activity (more details on the calculation of the AV can be found in “Material and methods” 

section). 

 

Fig. 4. Symbiotic phenotypes of the E. meliloti Rm1021 wild-type, emrB mutant and 

co-inoculated strains; a) Mean length of aerial parts of M. sativa plants inoculated with 

the indicated strains is reported. b) Mean of nodules number, four weeks after 
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inoculation of M. sativa plants with the indicated strains, is reported. Error bars indicate 

standard deviation from eight replicates for each condition. Different letters above bars 

indicate significant different means after 1-way ANOVA (P<0.05 ). 

 

Fig. 5. Nodulation kinetic. Rate of root nodules induced by the E. meliloti strain 

Rm1021 (●) and the emrB mutant (■). Means of nodules ± standard deviation of eight 

independent experiments for each conditions are reported. * statistically significant 

differences between data at the same sampling time at the level of P-value<0.05 (one-

way ANOVA). 
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Figure 3 
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Figure 4a 

 

 

 

 

Figure 4b 
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Figure  5 

 

 

 

 

Table 1. Strains used in this work. 

Strains Description Reference 

E. meliloti Rm1021 wild-type Strr derivative of SU47 [68] 

E. meliloti A2012 Rm1021 nodD1 nodD2 nodD3 [13] 

E. meliloti emrB Rm1021 SMc03167 Neor [24] 
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Table 2. Compounds identified through PM analysis towards which the presence of 

luteolin induced an increase or a decrease of resistance phenotype in E. meliloti 

Rm1021 strain. 
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Table 3. Compounds identified through PM analysis towards which A2012 mutant strain 

displayed a higher sensitivity or a higher resistance than wild-type Rm1021 upon luteolin 

induction.  
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Table 4. MICs of toxic compounds detected for the wild type1021 and the triple nodDs 

mutant A2012 in absence and presence of 10 µM luteolin. 

 

 

 

 

a MICs were determined for the E. meliloti Rm1021 and A2012 mutant strains in VMM 

+Na-succinate both in absence and in presence of 10 µM luteolin. Each MIc 

determination was repeat four times. 
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Table 5. Compounds identified through PM analysis towards which emrB mutant 

displayed a higher sensitivity or a higher resistance than wild-type Rm1021 in presence 

of luteolin. 
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Table 6. Bacteria loads inside the nodules of single strain inoculum. 

  

aViable cells/nodule 

  

Rm1021  1332 (± 472)  

  
emrB mutant 731 (± 262) * 

  
 

a Values as determined by vital count are the mean ± standard deviation of eight 

independent experiments. * statistically significant differences at the level of P-

value<0.05 (one-way ANOVA) compared with wild-type Rm1021  

 

 

ADDITIONAL FILE 

Additional file, Table S1: 

Data set of the PM analysis on E. meliloti strains obtained on metabolic plates (PM1-

PM10) and on chemical sensitivity plates (PM11-PM20). The AV value and the AV 

difference for each one of the E. meliloti strains in each tested growth condition are 

reported. 
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Role of the LuxR-like transcriptional regulator SMc00658 

in Ensifer meliloti  

in collaboration  with the Professor Becker's team of the LOEWE Center for Synthetic 

Microbiology (SYNMIKRO) at the University of Marburg (Germany) 

 

Introduction 

The SMc00658 gene of E. meliloti is predicted to encode a LuxR-like transcriptional 

regulator involved in the cell-density dependent intercellular signaling, known as Quorum 

Sensing (QS). The QS system is reported to play a significant role in regulation of a variety 

of genes responsible for physiological traits related both to the free-living and symbiotic state 

[1;2]. The QS system of E. meliloti is composed by a LuxI-family synthase responsible for 

synthesizing the signal molecule (autoinducer) that then interacts at a quorum concentration 

with the cognate LuxR-family transcription factors affecting the expression of target genes 

[3]. The SMc00658 LuxR-type protein contains two functional domains, a DNA-binding 

domain and a signal binding domain. The DNA-binding domain recognizes and binds to a 

DNA conserved site called lux box. The signal binding domain recognizes a ligand that is 

usually an acyl homoserine lactone (AHL)  [2;4-7]. Unlike common response regulators of 

QS, SMc00658 is devoid of an AHL LuxI synthase associated with it in the genome of E. 

meliloti and therefore is defined as orphan LuxR regulator [6;8]. LuxR orphans are shown to 

be responsive to exogenous AHLs produced by neighboring cells as well as to 

endogenously produced AHLs [9]. It is now also evident that some LuxR orphan proteins 

have evolved the ability to respond to other molecular signals different from AHLs. Recently, 

a group of LuxR orphans that lost the capacity to bind AHLs and respond to plant secondary 

metabolites, as the flavonoids  have been discovered in plant associated bacteria (PAB)[10-

12]. The QS signaling is not restricted to bacterial cell-to-cell communication, but also allows 

an interkingdom signaling between microorganisms and their hosts [12]. 

The results obtained from the experiments reported in the previous chapters pointed out that 

the luteolin affects the biosynthesis of the AHL signal molecules that are mediators of the E. 

meliloti QS. Therefore, the research activity was focused on the analysis of the SMc00658 

gene encoding a transcriptional regulator of QS in E. meliloti [13] to provide insight into its 

regulatory role. The gene expression profile of the SMc00658 mutant strain, available at the 

bacterial strains repository of the LOEWE Center for Synthetic Microbiology, was 

investigated  compared to its wild-type Rm2011 through a transcriptomic approach.  
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Materials and methods 
 
 
Strains, media, and growth conditions 

 
The strains of E. meliloti used for microarray experiments were the wild-type Rm2011 [14] 

and its SMc00658 mutant strain, kindly provided by Professor Becker (LOEWE Center for 

Synthetic Microbiology of the University of Marburg, Germany). Ensifer meliloti strains were 

grown in VMM at 30°C. VMM medium was composed of 14.7mM K2HPO4, 11.5 mM 

KH2PO4, 0.46mM CaCl2, 0.037mM FeCl3, 1mM MgSO4, 15.7 mM NH4Cl, 10 mM Na-

succinate, 4.1µM biotin, 48.5 µM H3BO3, 10 µM MnSO4, 1 µM ZnSO4, 0.5 µM CuSO4, 0.27 

µM CoCl2, and 0.5 µM NaMoO4; pH 7. Four biological replicates of the wild-type strain 

Rm2011 or SMc00658 mutant strain were grown in  50 ml of liquid medium in 250-ml  

Erlenmeyer flasks and shaken at 150 rpm until  mid-exponential phase was reached. Total 

RNA isolated from these cultures was used for comparison of gene expression between 

mutant and wild-type in VMM media. 

 
RNA isolation   

 
Cells from cultures of the E. meliloti Rm2011 wild-type and SMc00658 mutant (50 ml at 

OD600 = 0.8) were harvested by centrifugation (10,000 × g, 1 min, 20°C) for comparison of 

gene expression. Cell pellets were immediately frozen in liquid nitrogen and stored at –80°C 

until RNA extraction. Total RNA was purified using the RNeasy Mini Kit (Qiagen, Hilden, 

Germany). Cells were resuspended in 10 mM Tris-HCl (pH 8.0) and disrupted in RLT buffer 

provided with the kit in Fast Protein tubes (Q BIOgene, Carlsbad, CA, U.S.A.) using the 

Ribolyser (Hybaid, Heidelberg, Germany) (30 s, level 6.5) prior to spin column purification 

according to the RNeasy mini kit RNA purification protocol. Then  RNA was extracted with 

phenol-chloroform and ethanol precipitated. DNA was removed from RNA preparations by 

DNase I using Qiagen columns (clean-up procedure). The integrity of all RNA samples was 

assessed visually using 1% agarose gel electrophoresis and ethidium bromide staining, and 

then the quantity and purity of the RNA were measured using NanoDrop ND- 1000 UV-VIS 

Spectrophotometer version 3.2.1. All RNA samples were prepared from four independent 

biological replicates per strain. 
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Labeling of cDNA probes, hybridization, and image acquisition 

 
For microarray experiment of the Rm2011 wild-type and SMc00658 mutant comparison, four 

slide hybridizations were performed in parallel using the labelled cDNA synthesized from 

four  independent RNA preparations obtained from four independent bacterial cultures. 

Fluorescent-labeled cDNA with Cy3- and Cy5-  probes were prepared according to DeRisi et 

al.[15] (http://www.microarrays.org/protocols.html) starting from 10 to 30 µg of total RNA. 

Amino-allyl modified first strand cDNA was synthesized by reverse transcription using 

random hexamer primers (Qiagen-Operon, Hilden, Germany), SuperScriptII reverse 

transcriptase (Stratagene, La Jolla, CA) and a dNTP + aa-dUTP mixture (dTTP:aa-dUTP = 

1:4) (dNTPs: Peqlab, Erlangen, Germany; aa-dUTP: Sigma-Aldrich, Taufkirchen, Germany). 

After hydrolysis and cleanup using Microcon-30 filters (Millipore, Eschborn, Germany), the 

N-hydroxysuccinimidyl ester dyes (Cy3- and Cy5-NHS esters; Amersham Biosciences, 

Freiburg, Germany) were coupled to the amino-allyl-labeled first-strand cDNA. Uncoupled 

dye was removed using QiaQuick PCR Purification columns (Qiagen, Hilden, Germany). 

Pre-hybridization of microarrays was carried out for 45 min at 42°C in Easyhyb hybridization 

solution (Roche Diagnostics, Mannheim, Germany) supplemented with sonicated salmon 

sperm DNA at 5 µg/ml. Following pre-hybridization microarrays were washed in MilliQ water 

(21°C, 1 min), dunked in ethanol (21°C, 10 s), and centrifuged (185 × g, 3 min, 20°C). 

Hybridization of the fluorescent-labeled cDNA was performed at 42°C for 16 h in Easyhyb 

hybridization solution (Roche Diagnostics) supplemented with sonicated salmon sperm DNA 

at 50 µg/ml in a final volume of 65 µl under a cover slip. Before applying the fluorescent-

labeled cDNA to the microarray, it was denatured for 5 min at 65°C. Microarrays were 

washed once in 2× SSC, 0.2% SDS (5 min, 42°C), twice in 0.2× SSC, 0.1% SDS (2 min, 

21°C), and twice in 0.2× SSC (2 min, 21°C). Following the washes, slides were dried by 

centrifugation (3min, 185 × g, 20°C) and scanned with a pixel size of 10 µm using the 

ScanArray 4000 microarray scanner (Perkin-Elmer, Boston).   

 

Content and layout of Sm14kOligo microarrays 

 
The Sm14k microarrays, described by Ruberg et al. [16], representing all currently predicted 

6,207 protein-coding genes were used for genome-wide gene expression analysis of Ensifer 

meliloti strains. Sm6kPCR microarrays contain 6,046 internal open reading frame (ORF)-

specific DNA fragments of 80 to 350 bp, 161 70-mer oligonucleotides as ORF-specific 

probes and 3 alien DNA fragments (Spot Report Alien PCR product #1, Stratagene 252551; 

Spot Report Alien PCR product #2, Stratagene 252552; Spot Report Alien PCR product #3, 

Stratagene 252553; Stratagene, La Jolla, CA, USA) that can serve as probes for spiking 
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controls. Each probe was spotted in triplicate. DNA fragments were  generated by two 

rounds of PCR amplification. In the first round, ORF-specific primers carrying standard 

primer sequences at their 5’ends were used. Then, re-amplification using standard primers 

directed against 5’- Extensions of the ORF-specific primers was carried out to generate PCR 

fragments sets for the production of microarray. PCR fragments (200–300ng/l) and 

oligonucleotides (50 M) in 1.5 M betaine, 3× SSC (1× SSC is 0.15 M sodium chloride, 0.015 

M sodium citrate) [17] were printed onto 3-aminopropyltrimethoxysilane coated SA-1 glass 

slides (Asper Biotech, Tartu, Estonia) using the MicroGrid II 600 spotter (BioRobotics, 

Cambridge, UK) equipped with 48 SMP3 stealth pins (TeleChem International, Sunnyvale, 

CA, USA). DNA was cross-linked to the surface by incubation of the slides for 3 h at 80 °C. 

Unbound DNA was removed by two washes in 0.1% (w/v) SDS for 2 min at 42 °C and two 

washes in distilled water for 2 min at 20 °C. After denaturation at 100 °C for 3 min in distilled 

water, slides were dunked into ethanol and dried by centrifugation (3 min, 185 × g, 20 °C). 

 

 
Data analysis 
 

Mean signal and mean local background intensities were obtained for each spot of the 

microarray images using the ImaGene 8.0 software for spot detection, image segmentation, 

and signal quantification (Biodiscovery Inc., Los Angeles). Spots were flagged as “empty” if 

R ≤1.5 in both channels, where R = (signal mean – background mean)/background standard 

deviation. The remaining spots were considered for further analysis. The log2 value of the 

ratio of intensities (fold change in gene expression) was calculated for each spot using the 

following formula: 

Mi = log2(Ri/Gi) 

where Ri = Ich1(i) –Bgch1(i)i and Gi = Ich2(i) – Bgch2(i), Ich1(i) or Ich2(i) is the intensity of a 

spot in channel 1 or channel 2 and Bgch1(i)i or Bgch2(i) i is the background intensity of a 

spot in channel 1 or channel 2, respectively. The mean intensity was calculated for each 

spot, Ai = log2(RiGi)*0.5 (Dudoit et al. 2002). A normalization method based on local 

regression that account for intensity and spatial dependence in dye biases was applied. 

Within a print tip group, normalization was performed according to Yang et al. [18]: 

Mi = log2(Ri/Gi) →log2(Ri/Gi) – cj(A) = log2(Ri/[kj(A)Gi]) 

where cj(A) is the lowest fit to the MA plot for the jth grid only (i.e., for the jth print tip group), j 

= 1, …, J, and J denotes the number of print tips. A floor value of 20 was introduced before 

normalization. Genes significantly up or down regulated were identified by t statistics [19]. 
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Genes were regarded as differentially expressed if P ≤ 0.05 and M ≥1.00 or M ≤–1.00. 

LOWESS Normalization and t statistics were carried out using the EMMA 2.8.2 microarray 

data analysis software developed at the Bioinformatics Resource Facility, Center for 

Biotechnology, Bielefeld University) (http://www.genetik.uni-bielefeld.de/ EMMA/) [20]. 
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Results 

Transcriptome analysis of the E. meliloti strains 

The expression profile of the E. meliloti SMc00658 mutant strain lacking  the transcriptional 

regulator SMc00658 was analyzed compared to that of its wild-type Rm2011 using a 

transcriptomic approach to identify the spectrum of differentially expressed genes and gain 

more information about the functions controlled by the SMc00658 factor.  

Analyses of the microarray data identified a total number of 86 significantly differentially 

expressed genes more than 2-fold (M value≥ 1.0 and P ≤ 0.05) in the SMc00658 mutant 

respect to the wild-type, 60 of which up-regulated and 26 down-regulated (Table 5.1). The 

evidence that 60 genes were found up-regulated rather than down-regulated in the mutant 

might suggest that the SMc00658 factor primarily functions as a negative regulator of 

transcription in E. meliloti. The majority of differentially expressed genes (61/86) belonged to 

the chromosome and therefore mainly related to processes of the bacterial central 

metabolism [21]. Conversely, only 7 genes were located on the pSymA plasmid and 18 

genes on the pSymB plasmid of E. meliloti (Table 5.1). pSymB was reported to encode 

exopolysaccharides biosynthesis and many ABC transporters [22] whereas most of the 

genes required for nodulation and nitrogen-fixation (nod, nif, and fix genes) were present on 

pSymA  [21]. 

 

Table 5.1. Differentially expressed genes number in transcriptome profiling experiments of the E. 
meliloti SMc00658 mutant in comparison with the wild-type Rm2011 and relative number of 
annotated genes in COGs categories 

 

 

Differentially Expressed Genes (DEGs) 

Total 
Up-

regulated 
Down-

regulated 

Annotated 
in COGs 

Categories 

SMc00658 mutant   86 60 26 59 

Chromosome  - 45 16 - 

pSymA - 4 3 - 

pSymB - 11 7 - 
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According to the COG functional classification, the main classes of genes differentially 

expressed were represented by translation, cell wall/membrane biogenesis and inorganic 

ions transport and metabolism (Figure 5.1).  

 

 

Figure 5.1. Number of differentially expressed genes in the SMc00658 mutant strain compared to the 
wild-type Rm2011. Genes are grouped by functional classification according to the COG  annotation  of 
the E. meliloti Rm2011 genome. Code J, Translation, code A, RNA processing and modification; code K,  
Transcription, code L, Replication, recombination and repair, code B, Chromatin structure and dynamics, code D, 
Cell cycle control, cell division, chromosome partitioning, code V, Defense mechanisms, code T, Signal 
transduction mechanisms, code M, Cell wall/membrane biogenesis, code N, Cell motility, code U, Intracellular 
trafficking and secretion , code O, Posttranslational modification, protein turnover, chaperones; code C, Energy 
production and conversion, code G, Carbohydrate transport and metabolism, code E, Amino acid transport and 
metabolism, code F, Nucleotide transport and metabolism; code H, Coenzyme transport and metabolism; code I, 
Lipid transport and metabolism,  code P, Inorganic ion transport and metabolism; code Q, Secondary metabolites 
biosynthesis, transport and catabolism, code R, General function prediction only,  respiration; code S, Function 
unknown. 

The analysis of the entire transcriptome data has revealed that the major processes 

modulated by the SMc00658 regulator are associated with the transcription/translation, iron 

uptake, metabolism and uptake of phosphorous compounds, flagellar assembly and motility 

as well as oxidative stress response.  The major sigma factor of E. meliloti, RpoE1, was 

found to be transcriptionally up-regulated in the SMc00658 mutant (Table 5.2). RpoE1 was 

reported to be  active upon entry in stationary phase, and it mainly controlled the expression 

of chaperones and proteases involved in folding and degradation of cytoplasmic and 

secreted proteins, respectively  [23]. The up-regulation of the transcriptional sigma factor 

supports the hypothesis of a manly negative regulatory role of the SMc00658 gene product. 

Accordingly to the transcription up-regulation, the translation machinery was largely 

increased in the SMc00658  mutant, since ribosomal protein-encoding genes (n=8), as well 

as the infC gene required for translation initiation were found to be up-regulated (Table 5.2).  



Role of the LuxR-like Transcriptional regulator SMc00658│ 

 

118 

 

Table 5.2. Transcriptome profile of the E. meliloti SMc00658 mutant in comparison with the wild-type Rm2011 

 

Genes up-regulated more than 2-fold (M value≥ 1.0) in the SMc00658 mutant 
 

Gene  Gene product description   M value * 

    
SMa0011 SelA selenocysteine synthase 1.47** 

SMa0745 groES2 chaperonin  1.05 
SMa1081 Hypothetical protein 1.08 
SMa2111 Hypothetical protein 2.02 
SMb20066 Hypothetical protein 1.10 
SMb20089 Hypothetical protein 1.04 
SMb20910 Hypothetical protein 1.26 
SMb21483 Hypothetical protein 1.16 
SMb21681 Hypothetical protein 3.26 
SMc00198 Hypothetical protein 1.78 
SMb20207 pqqD-  pyrroloquinoline quinone synthesis protein  1.12 
SMb20230   smc22-r protein 1.31 
SMb20894 gguA- sugar uptake ABC transporter  0.98 

SMb20932 
exsH - endo-beta-glycanase, C-terminal secretion 

signal protein 
1.20 

SMb21069 Hypothetical protein 1.20 
SMb21314 expE - secreted calcium-binding protein 1.22 
SMc00286 Hemolysin-type calcium binding protein  0.98 
SMc00362 infC - Translation initiation factor IF-3 protein  1.60 
SMc00432 iolB  Myo-inositol catabolism protein  1.10 
SMc00604 ropB  Outer membrane protein 0.99 
SMc00722 Hypothetical protein 1.14 
SMc00732 Hypothetical protein 1.30 
SMc00809 Hypothetical signal peptide protein  1.68 
SMc00885 Hypothetical transmembrane signal peptide protein  2.34 
SMc00912 co-chaperonine groES 1.30 

SMc01111 Apolipoprotein N-acyltransferase (acid-inducible 
gene) transmembrane  

1.22 

SMc01173 Hypothetical protein 1.04 
SMc01182 Hypothetical protein 1.85 
SMc01302 rplP 50S Ribosomal protein L16 1.27 
SMc01303 rpsC  30S Ribosomal protein  S3 1.20 
SMc01310 rpsJ Ribosomal protein  S10 1.22 
SMc01314 rpsL 30S Ribosomal protein S12 1.57 
SMc01418 Hypothetical  signal peptide protein  3.85 
SMc01419 rpoE1  RNA polymerase sigma factor  2.43 
SMc01557 Hypothetical  signal peptide protein  1.24 
SMc01804 rplM  50S Ribosomal protein L13 1.36 
SMc02051 Hypothetical protein 1.06 

SMb21174 
phoT phosphate uptake ABC transporter 

permease  
1.01 

SMb21177 phoC phosphate uptake ABC transporter  1.39 
SMc02144 pstC  Phosphate transport system permease  1.16 
SMc02145 Hypothetical  signal peptide protein  1.07 
SMc02146 Phosphate- binding periplsmatic protein   2.21 
SMc02156 Hypothetical protein 4.17 
SMc02389 Hypothetical protein 1.00 
SMc02405 smpB  SsrA-binding protein 1.01 
SMc02407 Hypothetical protein 1.05 
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SMc02755 ahcY  Adenosylhomocysteinase hydrolase  1.07 
SMc02868 Multidrug efflux system 1.03 

SMc02898 
kdsB  3-deoxy-manno-octulosonate 

cytidylyltransferase protein  1.34 

SMc03037 flaA Flagellin A  0.98 
SMc03050 flaF  Flagellin synthesis regulator protein  1.25 
SMc03100 Hypothetical protein 1.03 
SMc03124 Periplasmatic binding ABC transporter   1.76 
SMc03208 hmgA Homogentisate 1,2-dioxygenase  1.58 
SMc03770 rplU  50S Ribosomal protein L21 1.29 
SMc03780 Hypothetical protein 1.34 
SMc04239 Hypothetical protein 1.16 
SMc04291 L-sorbosone dehydrogenase (SNDH)   1.05 
SMc04316 afuA iron transport ABC permease  1.34 

*
Average M value (=log2FC) calculated from microarray analysis were reported 

** Based on the M value, significantly differentially expressed genes (P ≤ 0.05) were divided as induced (M ≥ 1 ) or repressed 
(M ≤ 1 ) in the SMc00658 mutant  

 

The induction of the chaperone groES (SMa0745) and co-chaperonine groES (SMc00912) 

genes observed in the SM0c0658 mutant, may also correlate with an increased protein 

synthesis. The products of the SMa0745 and SMc00912 genes are known as "heat shock 

proteins" since involved in the bacterial response to stress such as a heat shock and are 

essential genes for the bacterial growth [24]. The SMa0745 and SMc00912 genes, which  

encode for molecular chaperons required to help refolding of denatured proteins, are also 

involved in protein secretion and in facilitating the correct folding of de novo synthesized 

proteins both during and after translation [25]. Two fully functional copies of groES 

chaperone are reported for E. meliloti: the chromosomal copy is required for activation of 

nodulation (nod) genes through NodD regulator and are induced by the plant flavonoid 

luteolin [26]; the second copy borne on the plasmid pSymA appears sufficient for all other 

growth functions [27]. The afuA gene (SMc04316) encoded an ABC-type transport system 

involved in the iron uptake resulted induced in the SMc00658 mutant (Table 5.2). The uptake 

of iron is a crucial aspect of rhizobial metabolism because enzymes related to nitrogen-

fixation such as nitrogenase and leghemoglobin contain iron as cofactor [28]. Genes related 

to the uptake and metabolism of phosphorous compounds were induced in the SMc00658 

mutant (Table 5.2). The phoC and phoT genes were known to be member of Pho regulon of 

E. meliloti. A similar pattern of up-regulation was observed for pstC, SMc02145, SMc02146 

and pstS genes, members of the pstSCAB operon that may encode an ABC-type phosphate 

uptake system. In E. coli, the pstSCAB operon was involved in the inhibition of the sensor 

kinase PhoR, which was acting as activator of the transcriptional regulator PhoB in the 

presence of high external phosphate concentrations [29]. A similar regulatory mechanism 

may operate in E. meliloti, although this assumption remains to be demonstrated 

experimentally. 
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E. meliloti SMc00658 mutant revealed some differentially expressed genes that were 

implicated in oxidative stress and adaptation. The katA gene, encoding a monofunctional 

catalase enzyme and the oxidoreductase transmembrane protein (SMc00374) were 

repressed (Table 5.3) [30]. The KatA protein of E. meliloti  was responsible for detoxifying 

"Reactive Oxygen Species" (ROS), thereby limiting their concentrations within the bacterial 

cell to cope the subsequence stress [31]. As with many host-microbe interactions, the 

rhizobium-legume symbiosis can be associated with a host-generated release of ROS (O2
-, 

H2O2 and HO.) [32] that play a role in limiting rhizobial invasion. The katA gene was found 

induced in bacteroids and proposed to have a role in responding to oxidative stress [33]. 

Thus the repressed pattern found for katA in the mutant suggested that SMc00658 regulator 

might play a role in E. meliloti adaptation and protection to oxidative stress.  Seven genes 

most likely involved in cell wall/membrane biosynthesis were differentially expressed. Genes 

associated to the biosynthesis of lipopolysaccharide component (LPS) were found among 

them. SMc01790 and SMc02640 genes encoding a glycosyltransferase (lpsB) and an UDP-

glucuronic acid epimerase (lpsL), respectively, and participating in the biosynthesis of the 

LPS core were observed induced in the SMc00658 mutant (Table 5.2). The surface 

polysaccharide LPS plays a role in promoting the rhizobial adaptation and persistance within 

rhizosphere as well as in promoting the invasion of plant roots [34]. E. meliloti lpsB mutant, 

due to a dramatically altered LPS core, failed to effectively colonized host plant roots and 

was proposed to contributed to the structural integrity of LPS [35]. Moreover, defects in LPS 

can sensitize rhizobial cells to membrane-disrupting agents and antimicrobial peptides. Thus 

LPS layer  may provide a protective barrier against environmental stress and host defense 

responses. There are indications that rhizobial LPS may also play an active role by 

suppressing the release of ROS [36].  

 

Table 5.3. Transcriptome profile of the E. meliloti SMc00658 mutant in comparison with the wild-type Rm2011 

Genes down-regulated more than 2-fold (M value ≤ 1.0) in the SMc00658 mutant  

Gene  Gene product description   M value * 

SMa0121 Hypothetical protein -2.42 **   
SMa0725 Hypothetical protein -1.15 
SMb21584 Hypothetical protein -1.54 
SMc00022 Hypothetical protein -1.24 
SMc02689  Aldehyde dehydrogenase  -2.32 
SMb20020 pdh -pyruvate dehydrogenase  -1.13 
SMb20204 pqqA - pyrroloquinoline quinone synthesis protein  -2.07 
SMb20209 Hypothetical protein -1.25 
SMb21130 Sulfate uptake ABC transporter  -1.65 
SMb21491 Hypothetical exported protein -1.12 
SMc00229 Hypothetical  transmembrane protein  -1.08 
SMc00349 lepA- GTP-binding protein membrane  -1.31 
SMb20268 Proline racemase -1.56 
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SMc00374 Oxidoreductase transmembrane protein   -1.03 

SMc00714 1-acyl-sn-glycerol-3-phosphateacyltransferase 
(PLSC)   

-1.16 

SMc00819 katA - Catalase hydroperoxidase HPII(III) protein  -1.120 
SMc01227 nerA - Glycerol trinitrate (GTN) reductase  -1.17 
SMc01666 mdeA-Methionine gamma-lyase  -1.24 
SMc01790  Glycosyltransferase  -1.23 
SMc02640 lpsL- UDP-Glucuronic acid epimerase  -1.25 
SMc01369 rpmG - 50S Ribosomal protein L33  -1.16 
SMc01609 ribH2 riboflavin synthase s -1.47 

SMc03948 TRm1b transposase for insertion sequence 
element  

-1.02 

SMc00794  Two component response regulator (TCS)  -1.48 
SMc01403  Transcriptional regulator protein  -1.24 
SMa0850 SyrM transcriptional regulator -1.16 

*
Average M value (=log2FC) calculated from microarray analysis were reported 

** Based on the M value, significantly differentially expressed genes (P ≤ 0.05) were divided as induced (M ≥ 1 ) or 
repressed (M ≤ 1 ) in the SMc00658 mutant  

 

Some genes involved in energy and central metabolism were differentially regulated. Genes 

encoding pyruvate dehydrogenase enzymes taking part in the pathways required to 

generate acetyl-coA (pdhAbB, SMc02689 aldehyde dhydrogenase, pqqA) were repressed in 

the absence of SMc00658 regulator under free-living conditions (Table 5.3).  Conversely, 

Cabanes and coworkers [37] provided evidence that pdh genes expression of E. meliloti was 

induced during symbiosis, compared with free-living conditions. The iolB gene encoding a 

protein involved in the catabolism of myo-inositol and a gene for L-sorbosone 

dehydrogenase (SNDH) were found induced suggesting that these compounds may be used 

as a carbon source by E. meliloti. Flagellar genes involved in the control of motility were up-

regulated in the SMc00658 mutant.  These genes included the structural flagellin gene flaA 

(SMc03037) for assembling a functional flagellar filament and the transcriptional regulator 

flaF (SMc03050) of the flagellin biosynthesis. Mutational analysis in R. lupini and E. meliloti 

revealed that flagellin A is the essential subunit required for assembling a functional flagellar 

filament [38]. The motile ability of rhizobia facilitates survival and optimized resource 

utilization in hostile environments. Furthermore, motility allows the rhizobial cells  to find their 

specific host legume and has been shown to be an important phenotypic trait related to the 

bacterial survival as well as to the symbiosis [39]. Such movement ability, mediated by cell-

surface organelles, such as flagella, may promote the accumulation of rhizobial cells around 

the host roots, as highly localized bacterial “clouds” and simultaneously enhance the 

successful invasion of the roots. The main genes involved in nodulation (nod operon) and in 

nitrogen fixation process (fix and nif operons)  were not found to be differentially expressed 

in the mutant compared to the wild-type. However, the SyrM transcriptional regulator was 

down-regulated in the SMc00658 mutant.  SyrM has been related to the nodulation and 

constituted a self-amplifying circuit with the regulator NodD3 for nod genes activation [40]. 
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Two other genes encoding regulatory proteins were down-regulated in the SMc00658 

mutant. SMc1403 codifying a transcriptional regulator and SMc00794 codifying  the RsiB2 

response regulator of a two-component regulatory system [41]. SMc1403 showed homology 

with proteins belonging to the Lrp/AsnC family of global or specific transcriptional regulator 

[42]. Members of this family influence cellular metabolism and are widely distributed in 

numerous prokaryotes, including bacteria and Archaea. The best-characterized member of 

the Lrp/AsnC family was E. coli Lrp [43]. The genes found to be regulated by members of 

Lrp/AsnC family are involved in transport, degradation and biosynthesis of amino acids, as 

well as a small number of proteins involved in the production of pilum, porins, sugar 

transporters and nucleotide hydrogenases. RsiB2 has been reported in E. meliloti to 

positively regulate the RpoE2-dependent response, blocking the anti-sigma factors [44]. 

About the 20% of the total number of induced genes and repressed genes in the SMc00658 

mutant were functionally classified as hypothetical proteins with unassigned cellular 

functions (Table 5.2), thus remaining an open question to be explored.  

 

 

 

Concluding remarks and future works  

 

The transcriptional profiling of the E. meliloti SMc00658 mutant compared to the wild-type 

Rm2011 allowed to elucidate the repertoire of genes differentially expressed and therefore 

modulated by the LuxR-like transcriptional regulator SMc00658. The majority of the 

differentially regulated genes (70%) were up-regulated in the mutant respect to the wild-type, 

indicating that the regulatory role of SMc00658 has a mainly negative effect on the 

expression of the target genes. Accordingly, the inactivation of the SMc00658 regulator 

resulted in the up-regulation of the major transcriptional σ-factor RpoE1 in E. meliloti, in the 

up-regulation of the translation machinery and  of the protein-folding chaperone GroEL. 

Moreover, the SMc00658 regulator turned out to control genes involved in symbiosis-related 

process such as iron uptake, motility, LPS biosynthesis and also genes for adaptation and to 

cope with oxidative stress. The portion of genes with unassigned cellular functions among 

induced or repressed genes revealed that other genetic pathways under the control of the 

SMc00658 regulator  remain to be explored. All the identified genes as well as genes with 

still unknown function are good candidates for further molecular and phenotypic analysis of 

the SMc00658 regulon in E. meliloti. Future analysis would involve the quantitative 

assessment of the expression of promising identified genes by real-time PCR. The 

SMc00658 mutant would be subject of an extensive phenotypic characterization respect to 
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the wild-type  using the Phenotype Microarray (PM)  high throughput technology. Moreover, 

motility assays, in vitro nodulation experiments, assays under several stress and nutrients-

limiting conditions would  be performed to further investigate these phenotypic traits.  All the 

planned experiments would be carried out in the absence as well as in presence of the plant 

signal luteolin to evaluate whether the SMc00658 regulator of E. meliloti is luteolin 

responsive. 
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The study of the nitrogen-fixing symbiosis between Ensifer meliloti and leguminous 

plants is an important contribution of the microbiology to agricultural applications aimed 

to improve the yield of legume crops and to find innovative approaches to increase their 

environmental sustainability. Therefore, an extensive investigation of the responses 

induced by the plant flavonoid luteolin in the symbiont E. meliloti was provide in the 

present work.  

The high-throughput Phenotype MicroArray (PM) approach had a key role in the 

characterization of the metabolic and chemical sensitivity responses mediated by luteolin 

in E. meliloti. For the first time, the analysis revealed that the plant signal luteolin makes 

a significance change in the sensitivity and osmotolerance profile of E. meliloti. The 

major effect of luteolin was an enhanced resistance phenotype to osmolytes and to a 

broad set of antimicrobials and toxic compounds. The luteolin-mediated resistance, firstly 

reported in this work, indicates that the compound exerts an additional physiologically 

important role concerning oxidative and abiotic stress conditions. Furthermore, luteolin 

allows E. meliloti coping with antimicrobial and toxic compounds in the rhizosphere. All 

the above mentioned luteolin effects confer an advantage for E. meliloti to establish an 

effective symbiosis in the selective rhizospheric environment.  

The extensive characterization of the E. meliloti strain defective in the NodD regulator, 

which is reported to be the luteolin-sensor, elucidated that the resistance to osmolytes is 

a luteolin dependent phenotype but it not luteolin-NodD dependent. Therefore, luteolin 

stimulates osmotolerance in E. meliloti through the activation of a regulation system that 

does not involve the NodD regulator. The resistance phenotypes related to the 

antimicrobial and toxic compounds induced by luteolin turned out to be dependent and 

independent from the NodD regulatory circuit. Consequently, the NodD factor is involved 

not only in the activation of nodulation genes but also in the regulation of systems that 

contribute to mediate resistance. Moreover, the flavonoid luteolin has other regulatory 

targets, beyond NodD, which confer to E. meliloti the ability to tolerate toxic compounds 

and osmolytes. Results from this study provide evidences that the EmrAB efflux pump 

acts as further luteolin-mediator to the chemical resistance not mediated by NodD. The 

reduced nodulation efficiency displayed by the emrB mutant revealed also the 

involvement of the efflux-mediated resistance in establishing a successful symbiosis 

interaction. The phenotypic assays, performed to evaluate the luteolin effect on a set of 

symbiosis- related phenotypes, point out that the luteolin exerts a growth-promoting 

effect on low cellular densities of E. meliloti. A significant reduction of the QS signals 

production and lower levels of cellular motility were observed in presence of luteolin, 

revealing that the plant signal promotes the accumulation of a higher rhizobial cell 



Concluding remarks│ 

 130 

number in the rhizosphere of the host plant compared to the bulk soil. Such mechanism 

increases the competitiveness of E. meliloti  during roots colonization. The host plant can 

use the flavonoid luteolin to stimulates siderophores production by rhizobial cells and 

then the bacterial uptake of iron, which is crucial cofactor for the enzymes related to 

nitrogen-fixation.  

Overall, obtained data show that the plant signal luteolin triggers a pleiotropic response 

in E. meliloti strongly related to the nutritional conditions to which the bacterium is 

exposed, extending the current scenario. Luteolin turned out to affect a broad spectrum 

of E. meliloti phenotypes and to control several aspect of bacterial physiology, unknown 

until now.  

The acquired information about the phenotypic traits enhanced and modulated by the 

luteolin may be exploited to improve the fitness of the E. meliloti strains in the 

rhizosphere as well as the efficiency and the competitiveness for the plant host 

nodulation 
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ADDITIONAL FILES 

 

 

Additional file, Table S1: 

Collection of S. meliloti strains over which nreB gene has been detected. 

 

Additional file, Fig. S1: 

Results of Phenotype Microarray: a) PM09, b) PM10 and c) PM13B. Rm1021 pMR20 

(red line) Rm1021∆nreB (blue line). Conditions present in each well are reported on 

the following websites: http://www.biolog.com/pdf/pm_lit/PM1-PM10.pdf (for PM09 

and PM 10); http://www.biolog.com/pdf/pm_lit/PM11-PM20.pdf (for PM13B).  

 

Additional file, Fig. S2: 

Sensitivity to CuCl2 of BM623 (Rm1021 pMR20) (grey line) and BM589 

(Rm1021∆nreB) (black line). 0.5 mM NiCl2dash-dot-dot lines with squares, 1.0 mM 

NiCl2 dashed lines with triangles, 1.5 mM NiCl2 dotted lines with diamonds and 

2.0 mM of NiCl2 solid lines with circles. 
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ADDITIONAL FILES 

 

 

Additional file, Material S1: 

Inter and intra-regulation in the 51 S. meliloti srains. (ZIP) 

  

Additional file, Material S2: 

Single regulons correlations with the COLOMBOS expression compendium. (ZIP) 

 

Additional file, Table S1: 

Sources and information content of the TF PSSM of this study.   

 

Additional file, Table S2: 

Experimental validation of NodD targets 

 

Additional file, Table S3: 

State transitions probability for the regulatory networks.  

 

Additional file, Table S4: 

Genomic sequences used in this study.  

 

Additional file, Table S5: 

Predicted operons statistics.  

 

Additional file, Fig. S1: 

Total TFs encoded in the pangenome. 

a) TFs frequency (expressed as the number of strains having the TF encoded in 

their genome) in S. meliloti and the other rhizobial genomes; b) TF 

presence/absence matrix in the strains analyzed in this study: red indicates the 

TF absence. TFs are colored according to the replicon they belong to: red for 

chromosome, green for the pSymA megaplasmid and blue for the pSymB 

chromid.  

 

Additional file, Fig. S2: 
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Correlation between predictions quality and TF information content. 

Vertical dashed line indicates the minimum information content for S. meliloti 

strain Rm1021. a) Correlation between predictions true positive rate and 

information content; b) Correlation between the number of predicted regulated 

genes and information content.  

 

Additional file, Fig. S3: 

COG categories enrichment in the replicons. 

For each replicon, the proportion of regulated downstream genes belonging to 

each category is compared with the genes belonging to other replicons. Purple 

categories indicate a statistically significant enrichment.  

 

Additional file, Fig. S4: 

Replicon mapping quality control. 

For each orthologous group in the S. meliloti pangenome, the abundance of the 

most mapped replicons has been computed as a proxy for the consistency of the 

replicon mappings. 

 

 


