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Figure 34. plasmid profiles gel (A) and Southern hybridisation (B) of some isolates with a nodC (29-

Beja) probe. Lane l-29-Beja,lane 2-6b.-Beja, lane 3-7a.-Beia,lane 4-64b.-Beja, lane 5-78-Elvas, lane

6-CV-1 8-Elvas, lane 7-EE-29-ENMP.

6.3. Discussion

The symbiosis genes, niJH and nodC, from 2l chickpea mesorhizobia isolates were sequenced.

Regardless of their species affiliation, all chickpea nodulating isolates, used in the present study,

contained niJH and nodC sequences that cluster together in highly supported clades in the

corresponding gene trees.

The nffi and nodC genes from the isolates used in this study show more than 99oh and 98'h

identity, respectively, among them and with the type strains of M. ciceri and M. mediterraneum,which

suggests a monophyletic origin of these symbiosis genes for the whole cluster of chickpea symbionts'

The ni/H and nodC are located more than 200 kb apart from one another on the chromosomal

symbiosis island of sequenced strains Mesorhizobium sp. MAFF303099 and M. loti R7A (Kaneko e/

al. , 2O0Oa; Sullivan et al., 2002). It is probable that these genes have a common phylogenetic origin

and were acquired together by lateral gene transfer (LGT) between different species enabling effective

nodulation of chickpea.

LGT of symbiosis genes seems to be the most plausible hypothesis to explain the obtained

incongruence between phylogenies based on symbiosis and core genes, such as 165 rDNA, as

suggested before (Lan & Reeves, 2000; Sullivan & Ronson, 1998; Wernegreen & Riley, 1999). LGT

might explain the similarity among niJH and nodC seqtences from chickpea mesorhizobia belonging

to different species. LGT among diverse rhizobia has been proposed before to explain the dispersion

of symbiosis genes (Gonzfilez et al.,2OO6;Haukka et al.,1998; Laguerre et a\.,2001'Lindstrom et al.,

2002; Moul in et aI.,2001; Parker et aI.,2002; Sawada et aI.,2003; Sullivan et a\.,1995; Suominen et

al.,2O0l; Vinuesa et aI.,2005a; 2005b; 2005c). Symbiosis plasmids detected in the present study are

smaller than, for example, pSymA and pSymB of S. melilori (Downie & Young, 2001), which might

t20



Chapter 6

favour their easier exchange, explaining their dispersal among so many different Mesorhizobium

species.

The occurrence of lateral gene transfer events across species in the Mesorhizobium genus, has been

reported before for Lotus corniculatus and Astragalus sinicus symbionts (Sullivan et al., 1996; Turner

et aI.,2002).

The close position of all chickpea rhizobia in niJH and nodC phylogenies might also reflect the

distribution of this legume mostly within the Mediterranean region. Besides the n{H and nodC from

Portuguese isolates of the present study, all other niJH and nodC seqtences available in the GenBank

database, from chickpea rhizobia isolated in countries of the Mediterraneanarea, namely Spain (Rivas

et al., In Press.; fuvas e/ al., Submitted.), Morocco (Sanjuan, J., unpublished results) and kan

(Asgharzadeh, A. and Hosseini-Mazinani, S.M., unpublished results), fall into the same clusters in the

phylogeny of these two genes (data not shown).

Both niJH and nodC phylogenies evidence a close relationship among rhizobial strains nodulating

the same host, however some cases of incongnrence have been detected before (Laguerre et a1.,2001).

There must be some reason that could have constrained niJH relatively to nodC, as it seems they

show a similar phylogeny for chickpea rhizobia, despite no plausible reason exists for niJH to be host

related. The hypothesis is that plasmid symbiosis genes are horizontally transferred together, due to

plasmid transfer, so that, although this transfer might be host conditioned, the genes responsible for

nitrogen fixation are also transferred. It is possible that the nodC gene is chickpea rhizobia specific,

since this gene has already been reported as host determinant (Roche et a1.,1996).

The niJH gene may have existed long before the symbiotic association between rhizobia and host

legumes was established, and its phylogeny has been reported to be broadly more compatible with that

based on 165 rDNA (Terefework et a1.,2000; Ueda et al., 1995b; Young, 1992a), when nifiL

sequences from all groups of nitrogen-fixing organisms are considered. Similarly, the phylogenies for

NifD, NifK and NifA have also been reported to agree with NiffI (Young, 1993; Young, 2003b).

However, Haukka and collaborators (1998) have looked at the genera of rhizobia and suggested that,

at this level, the niJ[phylogeny resemblesthe nodA phylogeny.

The phylogeny obtained with the nodC gene is in general agreement with the phylogenies reported

by other authors for nodulation genes, such as nodA, nodB, nodC, nodl, nodJ, nodZ, noeL, nolL

(Moulin et a1.,2004; Suominen et al., 2001; Wernegreen & Riley, 1999; Zhang et al., 2000), which

suggests that nodulation genes have had a common evolutionary origin.

The rhizobial host range is determined by several specific nodulation genes that confer them

specificity for a given legume (Roche et al., 1996). Rhizobia show various degrees of promiscuity

(Perret et a1.,2000). The promiscuity of a given legume is related to the number of Nod factors it can

interact with, rather than the chromosomal diversity of rhizobia, which are able to nodulate this

legume (Downie, 1998). However, rhizobia that nodulate legumes of the tribes Cicereae, Trifolieae
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and Vicieae are more specialised and, thus have more restricted host ranges (Broughton & Perret,

l eee).

Chickpea has been considered a narrow-host range legume (Broughton & Perret, 1999; Gaur &

Sen, 1979), mainly because it cannot be nodulated by broad host range rhizobia, such as Rhizobium sp.

NGR234 (Broughton & Perret, 1999). Nevertheless, our studies, as well as others (Rivas et al., In

Press.; Rivas e, al., Submitted ), show that chickpea is able to establish symbioses with several species

of Mesorhizobium, although these carry identical nodC and nifH genes. Therefore, our results suggest

that chickpea can be considered a narow host legume, since it is nodulated by rhizobia with similar

symbiosis genes, which could lead to the production of similar Nod Factors. Similar results have been

reported by others with Bradyrhizobium species (Jarabo-Lorenzo et al., 2003).

Our results suggest that strains from different species, namely M. loti and M. tianshanense, as well

as from two putative new species, acquired symbiosis genes similar to the ones of the known chickpea

rhizobia species, M. ciceri and M. mediterraneum, and are thus able to effectively nodulate chickpea.

They also show that distinct symbiosis genes may have been acquired by different strains from the

same species depending on the legume hosts present in various geographical locations.

The number of rhizobia in the soil increases in the presence of a compatible host legume or after it

has been cultivated (Young et a1.,2003). Thus, the occurrence of the M. loti related isolate 75-Elvas

in the soil of Elvas might be related to the existence of Lotus corniculatus in Portuguese soils

(Talavera et al., 1999). However, this is more unlikely for isolates of M. tianshanense, since

Glycyrrhiza pallidiflora, the host legume from which the first strains were isolated, does not exist in

the Portuguese soils used in this study (Talavera et a1.,1999).

The GC content of accessory genome is generally lower than that of the core genome (Downie &

Young, 2001 ; Galib ert et al., 2001; GonzLlez et al., 2006; Kaneko et al., 2002a; Kaneko et al., 2000a'1.

The accessory genome has at least two distinct components (high and low GC) (J. Peter W. Young,

personal communication). It has a history of horizontal gene transfer, but resides in a rhizobium long

enough to acquire its characteristics. Symbiosis loci such as niJH and nodC belong to the accessory

genome and have usually an evolutionary history independent of other loci. niJH usually has a higher

GC content than nodC gene, at least in the available rhizobial complete genomes. The chickpea

symbionts mean GC content is 60.2%o for the nifiL gene and 56.1%o for the nodC gene (data not

shown). As suggested before by Freiberg and collaborators (1997), it is possible that nodulation genes

have evolved separately from nitrogen fixation genes. Hennecke (1985) and co-workers have pointed

out that the GC content of the niJH genes is typical of the genomes that carry them.

Chitinases are plant enzlimes responsible for Nod factors cleavage in the rhizosphere. Different

chitinases inactivate specific Nod factors (Penet et al., 2000). In the present work, the rhizobia

phylogeny based on nodC uscleotide sequences correlates with the host phylogeny based on legume

class III chitinases nucleotide sequences (data not shown). More legume chitinases sequences are

needed, namely from the original hosts of mesorhizobia, in order to confirm this result, since only a
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few sequences are available until now. These results agree with other studies that have been reported

similar correlations between nodC atdhost phylogenies, based on leghemoglobin, ITS sequences and

otherdata(Dobert etal.,l994;Suominen etal.,2}Ol;tJedaetal.,lggia;Wemegreen&Riley, lggg).

This broad correspondence between the nodC gene and legume phylogeny indicates that the

association between chickpea and its microsymbionts has been stable in evolution, as suggested before

(Wernegreen & Riley, 1999). However, rhizobia are able to grow as saprophytes in the soil, without

being in symbiosis with any legume. Therefore, each rhizobium may come across different legume

species and thus the opportunity for changes in host range is huge (Young & Johnston, 1989).

Symbiosis loci are unsuitable characters for the definition of species, but may be used in the

description of biovars. These biovars should not be mistaken with new species based on their
symbiosis genome or phenotype (Graham et al., l99L;Lan & Reeves, 2001), since symbiosis plasmids

or islands are easily exchangeable between bacteria.

Based on the present phylogenetic analyses of symbiosi s niJH and, nodC sequences, and on plant-

infection experiments, we probably found one new biovar for chickpea isolates, namely M. loti bv.
ciceri. However, a formal description is not proposed, since it only has one representative, namely

isolate 75-Elvas, and more isolates are needed to substantiate this biovar.

Furthermore, our results have contributed to the proposal of the new biovar M. tianshanensebv.

ciceri, suggested by Rivas et al. (Submitted.), that includes five chickpea rhizobia strains isolated in
both Porfugal and Spain.

The results obtained with the Southern hybridisation experiments regarding the niJ[gene generally

agree with the results previously obtained by PCR amplification of the niJH gene from plasmid DNA.
In most isolates no hybridisation signal was observed, suggesting chromosomal location of symbiosis

genes. One hybridisation signal was detected with the niJH probe in three isolates (6b.-Beja, 29-Beja
and 94-Evora). In isolates 6b.-Beja and,29-Beja, the nifH gene had been previously detected in two
plasmids by PCR amplification from plasmid DNA. It is possible that one of the amplification results

was a false positive. However, the hybridisation signal obtained for these two isolates is diffrrse and

the hypothesis that it may correspond to hybridisation of the niJHprobe to the two plasmids, closely

located in the gel, can not be excluded. Nevertheless, in this case, the hybridisation signal should be

stronger.

The existence of more than one symbiosis plasmid in chickpea rhizobiahas been suggested before.

However, the presence of the same symbiosis genes in more than one plasmid is uncommon (Barbour

et a1.,1985; Ha:rison et al.,1988; Rosenberg et a1.,1981). Reiteration of symbiosis genes generally

occurs within the same replicon, plasmid (Freiberg et al., 1997; Prakash & Atherly, l9g4) or
chromosome (Barbour et al., 1985; Freiberg et al., !997; Prakash & Atherly, 1984; euinto et al.,
1982; Quinto et al., 1985). Extra copies of symbiosis genes have been proposed to be either
pseudogenes, that do not confer any obvious selective advantage, in nodulation or nitrogen fixation, to
the isolates that carry them, or functional genes induced by various environmental conditions (Scolnik
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& Haselkorn, 1984). Rastogi and collaborators have reported reiteration of functional niJE and nodC

genes (1992).

Interestingly, our results also suggest the existence of two copies of the nodC gene, in isolates 29-

Beja and EE-29-ENMP.

The plasmid profiles of both 29-Beja and EE-Z9-ENMP are similar, and given the same

hybridisation pattern observed in both isolates with the niJH (data not shown) and the nodC probe

(Figure 34), we may speculate that these two isolates may indeed carry the same plasmids. This is

even more interesting, since they are from different origins, but from the same species, which may

suggest that plasmids do not move randomly among distinct species in the population. The association

of certain plasmids to particular species is not totally unexpected, since it has been reported as a

constant feature for R. leguminosarum strains (Young, 1992a), which could possibly be a sign of

coevolution of plasmid and chromosomal bacterial genomes and host plant (Young & Wexler, 1988).

Since data for only a few isolates are available, we did not attempt to correlate SE with number of

copies of both niJH a11dnodC. However, it is interesting to notice that isolate 29-Beja, the one with

more than one niJH and nodC copies, shows a very high SE (71%), which may suggest that these

could be functional copies.

In the present work the phylogenetic analysis of the symbiosis and accessory genome in

Mesorhizobium has been performed. This study has contributed to the elucidation of the molecular

bases of host specificity. However, some questions have also arisen from the results obtained and

future work will include the investigation of the host range of these chickpea isolates.
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7.1. Phylogenies based on housekeeping loci and symbiosis genes

Sequencing of the 165 rRNA gene from 2l rhizobia revealed a diversity of sequences, despite

being all isolated from Cicer arietinumL.

According to the 165 rDNA phylogeny (Figure 6), the 21 chickpea mesorhizobia isolates belong to

six different species groups: six isolates to candidate species I (group Al), two isolates to candidate

species II (group A2), two isolates to M. tianshanense (group B), five isolates to M. meditel.raneum

(group c), one isolate to M. loti (group D1), and five isolates to M. ciceri (group D2).

The presented 165 rDNA based phylogeny (Figure 6) is generally well supported, since all six

species groups show high bootstrap values (68-98%).

Until recently, only two species were known to effectively nodulate chickpea, namely M. ciceri
(Nour et al.,I994a) and M. mediterraneum (Nour et a1.,1995). Chickpea rhizobia isolates different
ftom M. ciceri and M. mediterraneum had been isolated before, but their species affiliation had not

been investigated (Nour et al., 1994b). Up to this work, M. loti and, M. tianshanense strains were not

known to nodulate chickpea.

From the analysis of the phylogenetic tree based on 165 rDNA sequences presented in Figure 6, it
is clear that no branch of the evolutionary tree exclusively carries root nodule bacteria (Martnez-

Romero & Caballero-Mellado, 1996; Young, 1996; Young & Haukka, 1996), which supports their
polyphyletic origin. Furthermore, the great diversity in chromosomal backgrounds of rhizobia

nodulating the same host indicates there has been a high level of LGT of symbiosis genes between

rhizobia (Dobert et a1.,7994; Haukka et a1.,1998; Laguerre et a1.,2001;Moulin et a1.,2004;Normand

& Bousquet, 1989:' Souza & Eguiarte, 1997; Suominen et al.,2O0l; IJeda et al., 1995a; young &
Wexler, 1988; Young & Haukka,1996;Zhanget al.,2OOO).

A full length 165 rDNA sequence is now a pre-requisite for the description of a new bacterial

species (Kiimpfer et a1.,2003; Stackebrandt et a1.,2002). However, for a few years it has become

clear that this molecule poses some problems and the use of its sequence in phylogenetic inferences

therefore presents some limitations. In most bacteria, the presence of several rRNA operons,

sometimes heterogeneous in sequence, has been reported (Cilia et al., 1996; Eardly et al., 2005;

Hashimoto et a1.,2003; van Berkum et a1.,2003). However, 165 rRNA gene copies with different

sequences does not seem to be a problem in rhizobia, since the sequences of 165 rRNA genes of
rhizobial complete genomes are identical (Capela et al.,20Ol; Galibert et al.,2O0l; Gonz1lez et al.,

2006;Kaneko et a1.,2000a; Young et a1.,2006). Recombination among 165 rRNA sequences as well
as transfer of 165 rDNA between strains or even species has been reported (Eardly et al., 1996;

Hashimoto et a1.,2003; Young & Haukka, 1996). A third problem of the use of 165 rDNA is that the

resolution power of the gene is not enough to resolve relationships between closely related species
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(Fox et al., 1992; Stackebrandt & Goebel, 1994; Stackebrandt et al., 2002). Thus, sequencing of

additional genes is necessary to assess phylogeny at the species level.

The phylogenetic trees of rhizobia isolates based on flS, atpD, recA and glnA are globally

congruent pointing out the species assignment of the Portuguese chickpea isolates, already indicated

by 165 rDNA sequence analysis, and provide strong support for the monophyly of the genus

Mesorhizobium. They all support the existence of two putative new species (groups A1 and A2),

within the genus Mesorhizobium. However, the relationships between the different species within the

genus are not the same for all loci. In particular, the positions of M. chacoense and M. plurifarium are

cloudy, since they mostly seem to be apart from all other Mesorhizobium species, and, at the same

time, their position is poorly supported, with bootstrap values mostly below 50olo, specially in the

protein-coding genes phylogenies. The position of candidate species Al within the genus

Mesorhizobium also differs from tree to tree: it is closer to M. ciceri in the concatenated tree (Figure

27,Figxe 28) and to M. huakuii in the 165 rDNA phylogeny (Figure 6).

Diversity and phylogeny of symbiosis getes niJH and nodC, were studied by sequence analysis.

The resulting phylogenies were compared to each other, to the 165 rDNA phylogeny and to the host

plant phylogeny.

Although the sequenc es of niJH and nodC genes were the only analysed, these can be considered as

representative of the most common symbiosis genes, namely nitrogen fixation and nodulation genes.

The symbiosis genes of all chickpea mesorhizobia appear to be similar. Sequence analysis of the

symbiosis genes niJH and nodC from all 21 isolates has revealed that independently of their

chromosomal background, all chickpea nodulating isolates harbour similar symbiosis genes, which

may suggest the occurrence of LGT among different Mesorhizobium species. This is quite expectable

when their usual location in plasmids or islands is considered. In chapter 6 it was shown that some

chickpea mesorhizobia catcarry their symbiosis genes in pSym, which had not been reported before

for chickpea symbionts. Nevertheless, the possibly that some of our isolates carry their symbiosis

genes in the chromosome, was not excluded.

The sequence analysis of the symbiosis ru/tl and nodC genes has shown that all isolates share very

similar sequences, which may suggest the existence of lateral gene transfer between the different

species in the soil.

The phylogenies for ni/H and nodC genes from chickpea rhizobia are very similar supporting the

occu1rence of transfer as plasmids or symbiosis islands. All chickpea rhizobia were placed in the

same large niJH and nodC seqtence branches. Although it has been suggested that ni/H phylogeny

closely follows the 165 rDNA phylogeny at higher taxonomic levels (Hennecke et al., 1985; Young,

lgg2b), whereas the phylogeny of nod genes is more closely related to the phylogeny of host plants

(Dobert et al., 1994; IJeda et al., I995a), our isolates z/fl sequences cluster in a single branch,

independently of their chromosomal background, supporting the existence of LGT.
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The results obtained in the present study indicate that several factors may influence the phylogeny

and evolution of symbiosis genes, namely host plant, geographical origin, chromosomal background

and lateral gene transfer.

Our studies are similar to the ones by Zhang and co-workers (Zhang et al., 2000), who have

demonstrated that the nodulation genes of M. huakuii strains that nodulate Astragalus sinicus arc

conserved despite chromosomal diversity. This provided evidence for LGT of symbiosis genes among

members of the genus Mesorhizobium.

Plasmids and chromosomal gene islands are key mobile elements involved in LGT, which leads to

rapid evolution of bacterial genomes (Bushman, 2002), as well as fast adaptation and colonisation of

different ecological niches (Souza & Eguiarte, 1997). The symbiosis genes of Rhizobium and

Sinorhizobium are located on symbiosis plasmids and transfer of these plasmids between strains has

been demonstrated in laboratory conditions (Hynes et al., 1986; Kaijalainen & Lindstnim, 1989;

Martinez et al., 1987; Rogel et a1.,2001), in cultivated soils (Laguene et al., 1992; Lotlier et al.,

1996; Young & Wexler, 1988) and in natural soils (Wernegreen & Riley, 1999). On the contrary, the

symbiosis genes are located in the chromosome, in a "symbiosis island", in Bradyrhizobium and

Mesorhizobium, with the exception of M. amorphae (Wang et al., L999a) and M. huakuii (Zhang et

a1.,2000). Other authors, have shown the presence of symbiosis genes in a chromosomal "symbiosis

island" with the ability to transfer inthe M. loti strain R7A (Sullivan & Ronson, 1998). Additionally,

two putative "symbiosis islands" have been revealed by comparative genome sequence analysis in the

complete genomes of M. loti strain MAFF303099 (Kaneko et a1.,2000a; Sullivan et a1.,2002) and .8.

japonicum strain USDAI l0 (Kaneko et al., 2002a; Moulin et al., 2004). However, the mobility of

these two putative "symbiosis islands" has not yet been demonstrated.

Probably the isolates related to M. loti ard M. tiansltanense harbour the symbiosis genes of

chickpea symbionts, and due to that are able to nodulate chickpea, since they do not appearto possess

symbiosis genes identical to their type strains. M. tianshanense was originally isolated in China from

Glycyrrhiza pallidiflora (Chen et al., 1995), and this is the first time that it isolated from European

soils and from a different host. It is also the first time that M. loti, which was originally isolated in

New Zealand from Lotus corniculatus (Jarvis et al., 1982), is recovered from chickpea nodules.

Since the host range of M. loti and M. tianshanense is not known, the type strains of these species

were used to inoculate chickpea, and it was observed that they were unable to nodulate Cicer

arietinum (data not shown).

In those isolates where the symbiosis genes, niJH and nodC, could not be detected in plasmids, but

only in the whole genomic DNA, the hypothesis is that there has been an integration of symbiosis

plasmid into the chromosome of the host bacteria. This has been reported before (Mavingui et al.,

2002) and reveals the plastic genome organisation of rhizobia. Another hypothesis could be that in

these cases symbiosis genes are located in the chromosome in "symbiosis islands", which are also able

to transfer between bacteria and may even transforn a saprophyte in a symbiont (Sullivan et a1.,1995;
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Tan et al., 2001a). Thanks to these transfers, the integration of symbiosis functions in new bacteria

enable a better adaptation to local environmental conditions and hosts specificities (Sessitsch et al.,

2002), and it is probably what happened with the strains of M. loti and M. tianshanense to effectively

nodulate chickpea.

Insertion sequences that commonly flank symbiosis genes regions (Freiberg et a1.,1997; Mazurier

et al., 1996; Meneghetti et al., 1996; Radeva et al., 2001) may play an important role in the

mechanisms of LGT of symbiosis genes. The symbiosis island of the M. loti strain R7A appears to

function in a way similar to the integrative plasmids of other bacteria or pathogenesis islands (Sullivan

&Ronson,1998).

Recently, strains of M. amorphae and M. tianshanense able to nodulate chickpea have also been

isolated in Spanish soils (Rivas et al.,In Press.;Rivas er al., Submitted.).

There may be two new biovars, namely M. lotibv. ciceri and M. tianshanensebv. ciceri. However,

the number of isolates characterised for each group, namely one and two isolates, respectively, does

not allow the formal description to be taxonomically valid.

One of the most interesting findings of this work is that niJH and nodC genes from the common

chickpea endosymbionts, M. ciceri and M. mediterraneum, are harboured by isolates of the six species

groups. This means that, although nodulated by several different species, chickpea is indeed a

restrictive host for nodulation, as suggested before (Broughton & Perret, 1999), because all these

species share the same symbiosis genes. Chickpea probably only recognises a minority of Nod factors

(Downie, 1998), which are encoded by the symbiosis genes of M. ciceri andM. mediterraneum.

Naturally, for a rhizobium to produce Nod factors that will be recognised by chickpea, so that the

bacterium can enter its root and form nodules, several other nodulation genes are needed, besides

nodC, such as the common nodulation genes nodA and nodB.

The diversity of nod genes carried by a rhizobium determines the structural variation of Nod

factors, which, in turn, determines the host range of legumes that a particular strain is able to nodulate

(Downie, 1994; Downie, 1998). A single strain can produce a diversity of Nod factors and the number

of Nod factors produced may be proportional to the number of hosts it can nodulate (Downie,1994).

Therefore, the isolate related to M. loti (75-Elvas) and the two isolates from M. tianshanense (93-

Evora and ST-2-setribal) might originally have their own set of symbiosis genes. Later, they acquired

the symbiosis genes from one of the common chickpea endosymbionts by LGT, and their nodulation

range was either changed or extended to chickpea. In order to test this hypothesis nodulation tests

would have to be performed with these strains on the original hosts of M. loti and M. tianshanense,

Lotus corniculatus and Glycyrrhiza pallidiflora, respectively. We can expect that they are not able to

nodulate the original hosts, otherwise they should carry the required symbiosis genes. However, the

possibility that they have additional copies of niJH and nodC, that would allow them to effectively

nodulate these hosts, can not be excluded.
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The chromosomal background of a rhizobium may also influence nodulation (Roest et al., 1997).

The hypothesis of different regulation of the same symbiosis genes in different chromosomal

backgrounds, namely different transcription levels, would explain why rhizobia harbouring similar or

even the same symbiosis genes may exhibited such different SE values on the same host, chickpea.

This is the first molecular phylogenetics study of mesorhizobia that used a multilocus sequence

analysis approach for species delineation. It is also the first report on evidence of LGT in chickpea

mesorhizobia.

The present work has changed the current view of chickpea symbionts and contributed to the

further knowledge of rhizobia phylogeny in general. Variation in core-symbiosis genes associations in

rhizobia might constitute a problem for the classification of rhizobia. Until now rhizobial species

descriptions have always included important accessory characteristics, such as symbiotic abilities.

However, these are encoded by genes that are prone to LGT, and this study has contributed further to

the knowledge that rhizobia with different chromosomal backgrounds may carry similar symbiosis

genes. This may explain why a restrictive host for nodulation, such as chickpea, is nodulated by

several different rhizobia species.

7.2. Diversity of chickpea mesorhizobia

Strains of different mesorhizobia species able to effectively nodulate chickpea have been isolated

from the four studied soils from the Portuguese Alentejo region.

Several methods were used to characterise 41 Portuguese chickpea rhizobia strains and to evaluate

diversity within and between different natural populations: 165 rDNA RFLP analysis (chapter 3),

auxanographic tests, symbiotic effectiveness (SE), DAPD fingerprinting, SDS-PAGE total protein

patterns and plasmid profiles (chapter 4).

The methods of DAPD, SDS-PAGE total protein and plasmid profiles have been shown to be

useful for the evaluation of rhizobial genetic diversity. However, DAPD analysis is a better strain

differentiation method, since it has shown good resolution at the species level. Furthennore, DAPD
profiles are a fast, easy and relatively cheap method to routinely implement in the laboratory. Total
protein profiles, contrary to the results obtained by other authors (de Lajudie et al., 1994;Nick et al.,

I999a;Yelir,qluez et a1.,2001), have a low resolution power at the species level and does not seem to

be an appropriate method for strain differentiation in mesorhizobia_

If a single method had to be chosen for evaluation of genetic diversity of rhizobia populations and

strain differentiation, that method would be DAPD fingerprinting.

Although the increased SE of isolates from 165 rDNA sequence species group Al can not be

related to the presence of a particular plasmid, all isolates from this group have one megaplasmid,
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which has approximately the same molecular weight in four isolates (64b.-Beja, 78-Elvas, 85-Elvas

and CV-18-Elvas), with the exception of isolate lO2-Evora, in which no plasmids were detected.

Cryptic plasmids in rhizobia are also known to influence nodulation and competitiveness for

nodule occupation (Bromfield et a1.,1985; Pankhurst et a1.,1986; Toro & Olivares, 1986).

Nitrogen fixation has been related with cryptic plasmids (Baldani et a1.,1992; Brom et a1.,1992;

Hynes & McGregor,1990 Kuykendall et a1.,1994; Pankhurst et a1.,1986; Thurman et a1.,1985).

Some authors have reported that the presence of cryptic plasmid inhibits nitrogen fixation (Barbour &

Elkan, 1989; O'Connell et a1.,1998;Yelinqtez et a1.,1995), while others have described a positive

effect of cryptic plasmid on nitrogen fixation (Martinez et al',1987).

Furthermore, plasmid number has been reported to be negatively correlated with SE (Harrison er

al.,1988; Thurman et a1.,1985). Although most of the highly effective isolates studied in this work

have one or no plasmids, isolate 29-Beja,which has six plasmids, is the exception, since it has a SE of

7l% (chapter 4).

7.3. New species of Mesorhizobium

Entering a new era, where the term "prokaryote" no longer has a place (Sapp, 2005), it is time to

re-evaluate how to define bacterial species (Gevers et a1.,2005; K?impfer et a1.,2003; Stackebrandt et

al., 2002). A biological species concept has been suggested as probable good approach for defining

bacterial species as a group of strains that share a common gene pool (Cohan, 2002; Dykhuize/l &

Green, 1991).

The gene coding for 165 rDNA is at the moment still the most commonly used molecule for

phylogenetic characterisation in bacteria. However, there are some limitations to its use, namely the

existence of several copies (Cilia et al., 1996; Clayton et al., 1.995; Coenye & Vandamme, 2003) and

the recognition that it may be subjected to LGT (van Berkum et a1.,2003). Therefore, alternative

phylogenetic markers have been searched for. Genes to include in comparative sequence analyses

should, if possible, be widely distributed, not be frequently transmitted by LGT, be present in single

copy, be long enough to contain sufficient information and short enough to allow easy sequencing, be

neither too conserved nor too variable (Gevers & Coenye, In Press). Nevertheless, few genes will be

found that can be used universally and match these criteria. Thus, group specific markers will

probably be the most successful approach.

The currently described species of rhizobia are distinctive by polyphasic analysis, including

cultural characteristics, and the standard description criteria, DNA-DNA hybridisation and 165 rDNA

sequence (Graham et al.,l99l). However, it has been suggested that these methods may not always

provide accurate estimates of evolutionary relationships and new approaches should be tested (van

Berkum & Eardly, 1998).
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At least one new species of mesorhizobia able to nodulate chickpea is proposed based on 165

rDNA, ITS, atpD, recAandg/nA sequences, and named Mesorhizobium lusitanurz (group Al).

Looking at the individual trees based on each of the five loci, it could be concluded that among the

studied isolates there are at least two candidate species (A1 and A2) within the genus Mesorhizobium.

About the phylogeny of these new groups within the genus not much can be concluded, as the

bootstrap values for the individual loci and even for the combine d (atpD, recA and glnl\) tree are low.

glnA and atpD strongly support three new species, ITS and recA support at least two new species,

and, compared to this, the resolution of the 165 rDNA is limited, as was known before (Coenye et al.,

2005; Fox et al., 1992; Hanage et a1.,2005; Kwon et a1.,2005; Stackebrandt & Goebel, 1994;

Stackebrandt et al., 2002).

A formal description of a second putative new species (group A2) has not been done in the present

work, because only four isolates belonging to this new group were found and, according to the most

recent guidelines, species descriptions should include at least five isolates (Christensen et a1.,2001;

Stackebrandt et al., 2002).

Both new species are supported by both DAPD profiles and total protein profiles.

Isolates from M. lusitanum have a high symbiotic effectiveness. Furthermore, they are acid

tolerant (Brigido et al., In Press.; Rodrigues et a1.,2006) and show an elevated survival rate when

subjected to heat shocks (our unpublished results). On the other hand, isolate 64b.-Beja is very

competitive when used together with other strains (L. Alho, personal communication).

7.4. Perspectives for future studies

This study clearly demonstrated that genetically and phenotypically diverse strains are able to

nodulate chickpea. Phylogenetic analysis based on symbiosis genes suggests LGT of symbiosis genes

between chickpea endosymbionts.

The success of establishment of an inoculant strain in the soil depends, among other things, on the

indigenous rhizobia population in that soil. Therefore, it seemed important to investigate the native

populations of agricultural soils, and in particular, their symbiotic properties, where chickpea is to be

cultivated and there is the need for inoculation with compatible rhizobia.

The proposed new species M. lusitanun isolates share several characteristics which are very

interesting from the point of view of inoculants production. Stress response to different environmental

conditions should be carefully investigated, and special attention should be paid to the nodulation

competitiveness of some isolates in the field.

Further studies will be conducted on the four isolates of candidate species II (group A2) and new

isolates belonging to this species will be searched for.
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General Discussion

The molecular bases of symbiosis will be investigated using the symbiosis between chickpea and
different mesorhizobia as a model. In particular, the hypothesis that the same nodulation genes would
allow effective nodulation of several hosts will be investigated. The possibility that different
transcription levels of the same nitrogen fixation genes might be responsible for different SE values in
different strains will also be considered.

It will also be worthwhile to further examine the stress tolerance to different environmental

conditions of symbiotically effective isolates, and to go a step forward towards the understanding of
the molecular bases of stress response in rhizobia.

Improved knowledge on the symbiosis and stress characteristics of rhizobia at the molecular level,

will allow the future use of successful field inoculants.
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