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Bayesian Phylogenetic Analysis of Rhizobia Isolated From Root-Nodules of
Three Tunisian Wild Legume Species of the Genus Sulla
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Abstract

inferring phylogenies and divergence times in bacteria.

We used a relaxed-clock program (Multidivtime) to estimate the phylogenetic relatedness and substitution rates by comparative
analyses of 16S rRNA gene and ITS region sequences. Four rhizobial strains isolated from three Tunisian wild Sulla legumes were used
together with reference strains to obtain the 16S rRNA gene and ITS region alignments. Bayesian inferred trees were congruent, and
showed a clear split between Agrobacterium and Rhizobium species. Among the four Tunisian isolates, HscO1 belonged to Rhizobium
species and formed a monophyletic clade with Rhizobium sullae. The strain Hc04 was placed into the Agrobacterium group, but it
belonged to Rhizobium species. Two remaining strains (HcO1 and Hcar01) belonged to typically Agrobacterium species. Divergence
times between these four strains were earlier the existence of legumes. Using sequence alignments of the 16S rRNA genes and ITS
regions, we inferred different rates of nucleotide substitutions across these two molecular markers. The ITS region evolutionary rate
was 15-fold higher than the 16S rRNA gene rate, suggesting that the ITS region represented an appropriate molecular marker for

Keywords: Agrobacterium; Rhizobium; 16S rRNA gene; ITS region;
Molecular phylogeny; Sulla

Introduction

The family Leguminosae (or Fabaceae) is the third largest family of
angiosperms with approximately 730 genera and about 19400 species
[1]. It is most remarkable for its wide evolutionary diversification and
cosmopolitan distribution [2].Within this family, the genus Hedysarum
L. consists of about 150 species [3]. Herbaceous legumes of this genus
present a natural distribution, particularly in the Mediterranean,
temperate Europe, North and South Africa, Asia Minor, Siberia, North
America from Arizona into Alaska and the Arctic regions of Canada
[4]. In the Mediterranean basin, nine Hedysarum species were classified
in the section Spinosissima [5]. Referring to morphological characters,
Choi and Ohashi [6] treated this section as a distinct genus Sulla.

In Tunisia, the genus Sulla is represented by five native species (S.
capitata, S. carnosa, S. coronaria, S. pallida and S. spinosissima) widely
distributed throughout the country [5]. The interest in these wild
legumes arises from their important forage value under all climate types
(sub humid, semiarid and arid) of Tunisia. However, little is known
about their root-nodule symbiotic bacteria which were investigated in
only the two spontaneous species, S. spinosissima and S. carnosa, of
the arid regions of the country [7,8]. Up today, there is no information
regarding nitrogen-fixing symbioses diversity from the other Sulla wild
species distributed in the semiarid and sub humid areas of Tunisia.

The establishment of nitrogen-fixing symbiosis with some soil
bacteria, collectively named rhizobia, is a unique feature of the plants
of the Fabaceae family [9]. According to Bergey’s Manual of Systematic
Bacteriology, rhizobia are included in the well-known genera
Rhizobium, Bradyrhizobium, Agrobacterium and Phyllobacterium
within the family of Rhizobiaceae in the Alphaproteobacteria
subphylum [10]. Since then, rhizobial and agrobacterial taxa have
been revised at the genus and species levels. The genus Sinorhizobium
was proposed for Rhizobium fredii [11,12]. Mesorhizobium genus was
proposed by Jarvis et al. [13] for other rhizobial taxa, e.g. Rhizobium
loti, Rhizobium huakuii, Rhizobium ciceri, Rhizobium mediterraneum
and Rhizobium tianshanense. Also, Agrobacteria were classified as
Agrobacterium tumefaciens, Agrobacterium radiobacter, Agrobacterium
rhizogenes, Agrobacterium rubi and Agrobacterium vitis. Young et al.
[14] proposed that the genus Rhizobium be emended to include the
species within the genus Agrobacterium. Part of the justification for this
proposal was the observation that the 16S rRNA sequences of certain
species of Rhizobium (e.g. galegae) are more similar to Agrobacterium

sequences than they are to Rhizobium sequences. This proposal has
been controversial, however, because of the ecological and genomic
differences that exist between the two genera [15,16].

Rhizobium, Brady rhizobium, Meso rhizobium, Sino rhizobium and
Agrobacterium were traditionally classified on the basis of phenotypic
characteristics such as nodulation, and pathogenic and physiological
properties. However, phenotypic traits have become less important
in the taxonomic evaluation of rhizobia [17]. Due to its universal
distribution and slow rate of sequence evolution, 16S rRNA has
been the most widely used gene for the identification and taxonomic
assignment of bacteria [18]. However, high sequence variation in
the internally transcribed spacer (ITS) region has been shown to be
more informative for the taxonomic evaluation and phylogenetic
classification of rhizobia [19,20].

In this study, rhizobial strains were isolated from root-nodules of
Sulla legumes grown in semiarid and sub humid areas of Tunisia. Their
ITS regions and 16S rRNA genes were sequenced and compared with
those of reference strains. Phylogenetic analysis of these sequences was
performed to compare the phylograms generated from these two types
of sequences and to evaluate the use of the ITS region as a taxonomic
marker. Evolutionary rates and divergence times between the different
rhizobial species included in this study were also estimated using
several Bayesian approaches.

Materials and Methods
Collection of root-nodules and isolation of bacteria

The investigated strains and the host plants are listed in Table 1.
Root-nodules were collected in November-December 2009 from young
Sulla plants with about three or four ramifications. The distance between
sampling sites was at least 50 km from each site, 4-6 plants separated at
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least by 30 m between each other were chosen randomly and uprooted.
Three or four undamaged, healthy root-nodules of similar size were
excised from the lateral roots of each plant, brushed free of soil debris
and then immediately either directly used for bacterial isolation or
stored dried in tubes containing CaCl2 [21]. Isolation was performed
on each nodule separately. Upon use, nodules were rehydrated in
sterile water and surface-sterilized by immersion in 95% ethanol for
20 s followed by 5% sodium hypochlorite for 3 min, and finally washed
seven times with sterile distilled water. Nodules were then individually
crushed in a drop of sterile water and the suspension was streaked on
yeast-mannitol agar (YMA) medium [21] in Petri dishes. Isolates were
incubated at 28°C, and the purity of the isolates was guaranteed by
repeated streaking of single colonies on the same media. Pure cultures
were preserved at 4°C for temporary storage or in 30% v/v glycerol at
-20°C for longer time storage.

DNA extraction

DNAs were extracted according to the method of Muresu et al. [22]
with little modifications. Cells were lysed by resuspending a loopful of
plate-grown isolated colonies in 50 uL of lysis buffer [0.5% sodium
dodeycyl sulphate (SDS), 0.1M NaOH] in a 1.5-mL polypropylene
tube, followed by stirring for 60 s on a vortex and heating at 95°C
for 15 min. The lysate was centrifuged for 15 min, and 40 pL of the
supernatant was mixed with 160 uL of sterile water. Lysates were stored
at 4°C prior to PCR.

PCR amplification of the 16S rRNA gene and ITS region

For thel6S rRNA gene amplification, one microliter of the lysate
containing the total DNA of each bacterial isolate was treated in a
PCR Eppendorf Cycler using the two 16S rRNA gene-target universal
bacterial primers 63F [23] and 1389R [24] at 1 uM each in a 25-uL
reaction volume, using the following program: initial denaturation at
95°C for 2 min; 35 cycles at 95°C for 30 s, 55°C for 1 min, 72°C for
4 min; and a final extension at 72°C for 10 min. Primers FGPS1490
[25] and FGPS132’ [26] were used to amplify the ITS region, using the
following program: initial denaturation at 94°C for 5 min; 35 cycles
at 94°C for 1 min, 55°C for 55 s, 72°C for 2 min; and a final extension
at 72°C for 10 min. For both PCR, the reaction mixture contained 20
mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5 mM MgCl2, 0.2 mM of each
of dATP, dCTP, dGTP and dTTP, 1 uM of each primer, and 2.5 U Taq
DNA polymerase, recombinant (Invitrogen Life Technologies).

rDNA sequencing

PCR products were electrophoresed on 1.5% agarose gel. Bands
were eluted and purified with QIAquick gel extraction kit (Qiagen) and
sequenced. Sequencing reactions were performed in the DNA Engine
Tetrad 2 Peltier Thermal Cycler (BIO-RAD) using the ABI BigDye®
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems), following
the protocols supplied by the manufacturer. Single-pass sequencing
was performed on each template using the above-described primers.
CodonCode Aligner (CodonCode Corporation) was used to edit and
reconcile sequences. The 16S rRNA and ITS region sequences were
then deposited in GenBank under the accession numbers indicated in
Table 1, and compared with those held in GenBank using the BLASTN
program [27]. Percent identity between nucleotide sequences was
estimated by using the FASTA program version 36.3.5d [28].

Phylogenetic analyses

Two data sets were constructed from the BLASTN researches.
The first data set was composed of 20 16S rRNA sequences from
Agrobacterium and Rhizobium species, including the four 16S rRNA
sequences obtained in this study. The second data set contained 21

ITS sequences from the same Agrobacterium and Rhizobium groups,
also including the four ITS sequences from this study. These two data
sets were aligned by using ClustalX version 2.0.10 [29]. We used 1513
and 1636 nucleotide positions for phylogenetic analysis of the first
and second data sets, respectively. The best-fit model of nucleotide
substitution for these data sets was selected by sampling across the
entire general time reversible model space using the Bayesian Markov
chain Monte Carlo (MCMC) analysis [30] using MrBayes program
V3.2 [31].

The substitution model was set to HKY [32] for tree construction.
To test the robustness of inferred topologies, posterior probabilities
were determined by a Bayesian MCMC method also implemented in
the program MrBayes V3.2. Two independent runs were conducted for
one million generations using the HKY matrix and model parameters
(gamma shape and proportion invariant), and trees were sampled
every 500 generations (default value). Agreement of the estimated
parameters between the two independent runs was assessed by the
average standard deviation of split frequencies (a value below 0.01 was
considered as a very good indication of convergence). After discarding
the first 25% of the MCMC chains as burn-in, the sampled trees from
both runs were pooled. The tree with maximum posterior probability
was assessed using a consensus of the pooled trees. Posterior probability
of >90% was considered to identify supported nodes. We also tested
two alternative molecular clock hypotheses (strict-clock hypothesis
versus relaxed-clock model) by calculating the Bayes Factors (BF)
using the following equation [33]:

2In (BF21) =2 [In (HM2) - In (HM1) where HM2 is the harmonic
mean of the posterior sample of likelihoods from the second model
and HM1 is the harmonic mean of the posterior sample of likelihoods
from the first model. Positive values of 2In (BF21) greater than 10 are
indicative of support for the second model over the first one.

Divergence time estimating

Molecular dating analyses were conducted separately for each
data set, using a Bayesian relaxed molecular clock approach [34]. This
Bayesian dating approach uses MCMC methods to derive posterior
distributions of rates and times given an assumed evolutionary
topology. For each data set, the phylogenetic tree generated by
MrBayes program was used as a framework for this study. The Thorne
et al. [34] method could be achieved in three steps. First, the program
Baseml of the PAML package version 3.14 [35] was used to obtain
estimates of the transition/transversion ratio, and the rates for site
classes under the discrete-gamma model of rates among sites under
the HKY+G substitution model. The slow-growing rhizobial species,
Bradyrhizobium japonicum, was used as outgroup to investigate
divergence times within- and between Agrobacterium/Rhizobium
groups. Second, the program Estbranches [34] was used to estimate
branch lengths of the topology. Finally, the program Multidivtime [34]
was used to estimate divergence times. After a burn-in phase including
100 000 cycles, the Markov chain was sampled 10 000 times with 100
cycles between samples. Convergence of the MCMC algorithm was
assessed by repeating each analysis at least twice. The outgroup is not
considered in the Multidivtime output files.

Mulidivtime requires a value for the mean of the prior distribution
of the time separating the ingroup root from the present (rttm). A value
of 250 million years (Myr) was used on the basis of the divergence time
between Rhizobium and Agrobacterium, estimated to be in the range
110-415 Myr [36,37]. Because of the uncertainty in determining this
prior, a standard deviation (rttmSD) of 125 Myr was used. Other
parameters such as the mean of the prior distribution for the rate
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GeneBank accession number

Isolate Host plant 16S rRNA gene ITS region
Hc01, Hc04 | S. coronarium = JN944178, IN944189 | JUN944179, JN944182

Hcar01 S. carnosa JN944192 JN944185

Hsc01 S. capitata JN944190 JN944183

Table 1: Bacterial strains isolated from Sulla species in Tunisia.

of evolution (rtrate) and the mean of the prior distribution for the
autocorrelation parameter (brown mean) were calculated specially
for each alignment using the branch lengths information from the
Estbranches program and the in group root prior; rtrate was given by
the median of the root-to-tip branch lengths divided by rttm, whereas
brown mean was obtained dividing a constant value of 1.5 by rttm [38].
Standard deviations of these parameters (rtrateSD and brownSD) were
set equal to the parameters themselves [39,40].

Results and Discussion

Sequence analyses

For the 16S rRNA sequence analyses, 16 reference strains and
four Tunisian isolates were included. For the ITS region sequence
analysis, four Tunisian isolates and 17 reference strains were studied.
Al TTS region sequences analysed in this study contained two deduced
tRNA genes, tRNAlle and tRNAAla. It is interesting to note that the
four Tunisian strains produced one band in PCR amplification of the
ITS region. Kwon et al. [19] also signalled that most rhizobial strains
contained one type of ITS region sequence, suggesting that this region
may be useful as a marker for phylogenetic analysis.

Among the four Tunisian strains included, the percent sequence
identity between the 16S rRNA genes of Hc04 and those of Hc01,
Hcar01, and Hsc01 averaged 94.5%, with values ranging from 94.2 to
94.8%. The percent sequence identity between the 16S rRNA genes of
HscO01 and those of Hc01, Hcar01, and Hc04 was slightly less (94.4%),
with values ranging from 94.1 to 94.6%. In contrast, the percent
sequence identity between the 16S rRNA genes of Hc01 and Hcar01
was high (98.6%), indicating that these two strains could be assigned
to the same species. It is in fact generally admitted that 16S rRNA
sequences with greater than 97% identity are typically assigned to the
same species, those with >95% identity are typically assigned to the
same genus, and those with > 80% identity are typically assigned to the
same phylum [41]. According to these conventionally sequence identity
limits, the four Tunisian rhizobial isolates represented different strains
that could be placed in three genera of the same phylum.

The sequence identity search from the database showed that the
strain Hsc01 was most similar (99.4%) to R. sullae (Y10170). The strains
Hcar01 and Hc01 were most similar to R. pusense FJ969841 (99.9%)
and A. tumefaciens EF620461 (99.6%), respectively. The strain Hc04
was most similar (96.3%) to R. huautlense (AM237359), indicating that
it may represent a new species to be further characterised by DNA:
DNA hybridisations.

A similar pattern but with lower percent sequence identity values
emerged in parallel comparisons among the ITS region sequences. For
the four Tunisian strains, the average percent sequence identity was
72.5%, with values ranging from 67.2% (between Hsc01 and Hc04) to
78.9% (between HcO01 and Hcar0O1). After a pairwise analysis, the ITS
regions of strain Hcar01 and A. tumefaciens (AF541973) showed 92.5%
sequence identity. The strain Hc01 was most similar (84.9%) to A. rubi
(AF345277). The strain Hsc01 was similar to A. rhizogenes AF345275
(79.0%) and to R. hainannese AF321872 (76.2%), whereas Hc04 was
most similar (72.0%) to R. giardinii (EU288738).

Both molecular markers used in this study confirmed the
assignment of HscO1 and Hc04 to the genus Rhizobium, whereas Hc01
and Hcar0O1 could be considered as Agrobacterium-like bacteria. The
substantial percent sequence identity (79%) between the ITS regions
of HscOl and A. rhizogenes confirmed the relationship of the later
Agrobacterium with some Rhizobium species, such as R. tropici [42].
Also, the relatively high percent sequence identity (72%) between the
ITS regions of Hc04 and R.giardinii is especially interesting in rhizobial
taxonomy because R. giardinii is separated from rhizobial genera and
may represent a novel genus [43]. The identification of Agrobacterium-
like bacteria (Hc01, Hcar01) isolated from root-nodules of Sulla species
is another interesting result because such nodule endophyte may have
a positive impact on nodulation [44], and on the growth of host plants
[43]. However, Agrobacterium was not isolated from root-nodules of
Sphaerophysa salsula [9], and did not represent a predominant nodule
endophyte [45].

Despite the important number of nodules (about 50) examined in
this study, only four Rhizobium-Agrobacterium strains were isolated.
Previous studies indicated the difficulty to isolate rhizobia from root-
nodules of wild Sulla species [46]. This experimental difficulty may be
due to the viable but non-culturable state of rhizobia within nodules
[22].

Best substitution model testing

Phylogenetic analysis is first based on the choice of the model of
DNA substitution that best describes each alignment. The models
typically used in phylogenetic analysis are all special cases of the
general time-reversible (GTR) model. We applied the reversible jump
MCMC approach [30] by using MrBayes program to select the best
DNA substitution model for our 16S rRNA and ITS alignments. In this
Bayesian analysis, model choice is guided by the posterior probability
criterion. For the two data sets analysed in this study, the posterior
probability is spread among a handful of models. Table 2 shows the best
models selected for each alignment. For the two data sets analysed, we
observe that there is considerable uncertainty concerning the correct
substitution model. Models with the highest posterior probabilities
were (121131) and (121321) for 16S rRNA and ITS alignments,
respectively. However, these two models, which are not available in
MrBayes v3.2, were not used for further analyses. So, the HKY model,
referred as (121121) and associated to posterior probability values
greater than 0.05 (Table 2), was retained for both alignments. It should
be noted that the most complicated model (GTR: (123456)) was not
found to be best in any of our two analyses. This model was however
chosen with a high probability in other analyses as in the mammalian
mitochondrial alignment [30], and for the molecular markers glnII and
recA in Brdyrhizobium populations [47].

Molecular clock testing

The HKY model with invariant sites and gamma rate distribution
(HKY + I+ G) was used for all phylogenetic analyses conducted in this
study to test the molecular clock models using MrBayes program. On
the basis of the Bayes factors (BF), for which the 2ln (BF21) values were
positive and greater than 10 (Table 3), the strict-clock hypothesis was
rejected for both alignments in favour of the relaxed-clock hypothesis.

Strict (also called global) molecular clock uses the assumption
of a constant substitution rate across the phylogenetic tree for each
gene, but it does not make any assumption on rate constancy across
genes [48]. Reject of the global molecular clock hypothesis indicated
a deviation from evolutionary rate constancy among lineages [49]. In
contrast, the relaxed molecular clock allows substitution rate to vary
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16S rRNA gene ITS region
Moder prababity Moder probabity
[121131] 0.222 [121321] 0.179
[123343] 0.085 [121121] 0.171
[121134] 0.054 [121131] 0.108
[121121] 0.053 [121341] 0.082
- - [121323] 0.078
- - [123121] 0.056

(') Model symbolisation: For equal substitution rates, (r,, =r,; = =g = er = o)
the model is noted [111111]; for all other models, the index number for the first rate

is always 1, and indices are labelled sequentially [30].

Table 2: Best models for the 16S rRNA and ITS sequence alignments (only models
with posterior probabilities above 0.050 were retained).

Alignment In (HM,) In (HM,) 2In (BF,,)
16S rRNA gene -4495.52 -4437.01 117.02
ITS region -13764.25 -13703.41 121.68

() 2In (BF,,) = 2 [In (HM,) — In (HM,)]

Table 3: Testing of the molecular clock hypotheses under the ‘HKY + | + G’
substitution model (HM,: harmonic mean for the strict-clock model; HM,: harmonic
mean for the relaxed-clock model; BF: Bayes factor).

between lineages [34,50,51]. In the present study, the tree topologies
for the 16S rRNA gene and for the ITS region were constructed under
the relaxed molecular clock model by using MrBayes program.

16S rRNA gene phylogeny

The Bayesian phylogeny of the twenty 16S rRNA gene sequences
showed two main groups (Figure 1). The Bradyrhizobium japonicum
sequence (AY904772) was used as the outgroup. One group consisted
of 11 isolates mainly related to Agrobacterium clade, and another group
included the remaining 8 isolates related to Rhizobium clade. Posterior
probability support values for the Agrobacterium and Rhizobium
lineages were 0.8 and 0.7, respectively. These same two lineages have
been identified in previous analyses of 16S rRNA sequences [52]
regardless of the method of phylogenetic analysis.

There was sufficient sequence variation in the 16S rRNA gene
to resolve relationships within these two major groups. The median
number of pairwise nucleotide differences among the 11 isolates in
Agrobacterium was 56 (about 4% of the approximately 1300 bp 16S
rRNA region analysed), and producing in the consensus tree two
monophyletic clades supported by high posterior probability values,
at least of 0.8. One clade was represented by three Rizobium species
(R. huautlense: AM273359, R. soli: EF363715, and Rhizobium sp.:
AB453869), and included our isolate Hc04 (JN944189). The second
clade was composed by all sensu stricto Agrobacterium species (A.
vitis: CP000634, A. tumefaciens: AJ389901, A. tumefaciens: EF620461),
and two other Rhizobium species (R. giardinii: U86344 and R. pusense:
FJ969841). Our Rhizobial isolates Hc01 (JN944178) and Hcar0O1
(JN944192) belonged to Agrobacterium tumefaciens (EF620461), and
to Rhizobium pusense (FJ969841), respectively. Rhizobium pusense,
which formed a monophyletic clade with the strain Hcar01 (Figurel),
may be an Agrobacterium sp. because it is unable to nodulate chickpea
or to induce tumour in tobacco plant [53]. The same situation was
described for Agrobacterium sp. H13-3 (the former Rhizobium
lupine H13-3) which is unable to nodulate Lupinus under laboratory
conditions [54].

Unlike for the Agrobacterium group, the median number of
pairwise nucleotide differences among the 8 isolates of the Rhizobium
group (Figure 1) was only 24 (<2% of the 1300 bp 16S rRNA region

analysed). Despite the low sequence variation in the 16S rRNA
gene in the Rhizobium group, three monophyletic clades were well
distinguishable, and supported by high posterior probabilities. One
monophyletic clade was represented by isolate HscO1 (JN944190) and
Rhizobium sullae (Y10170), or the well known R. ‘hedysari’ isolated
from the European cultivated H. coronarium [55]. This later clade was
a sister to a second monophyletic clade formed by R. leguminosarum
(FJ595998), R. tropici (U89832), and A. rhizogenes (GU320290). A
third monophyletic clade was composed by three Rhizobium species
(R. leguminosarum: FJ172678, R. sullae: EU723702, and R. alamii:
GU552885).

It should be noted here that in the 16S rRNA phylogram
(Figure 1), R. giardinii (U86344) as well as the R. huautelense clade
(AM237359, EF363715, AB453869, and JN944189) were with the
members of the Agrobacterium clade. Inversely, Agrobacterium
rhizogenes (GU320290) was included in the Rhizobium clade. These “R.
huautelense-Agrobacterium” and “A. rhizogenes-Rhizobium” clusters
were in agreement with previous studies on the 16S rRNA phylogenies
[19,20,42,52]. Despite these exceptions, the 16S rRNA gene topology
(Figurel) showed a clear split between Agrobacterium and Rhizobium
clades. Among our four 16S rRNA sequences included in the present
study, one sequence (Hc04: JN944189) was positioned in the R.
huautelense cluster, two sequences (HcOl: JN944178 and Hcar01:
JN944192) were placed with the members of the Agrobacterium (sensu
stricto) clade, and one sequence (Hsc01: JN944190) was included in the
Rhizobium clade.

ITS region phylogeny

A similar topology was obtained from the ITS sequences analysis
(Figure 2). The split between the Agrobacterium and Rhizobium clades
was supported by moderate posterior probability values (0.5 and
0.6, respectively). In the Agrobacterium group, A. vitis (CP000634)
branched at the basal node. Isolate HscO1 (JN944183) was also
branched at the basal node in the Rhizobium clade.

As for the 16S rRNA analysis, the ITS region phylogenetic
tree (Figure 2) showed that the Agrobacterium group was more
heterogeneous than the Rhizobium clade. A monophyletic clade,
grouping the R. giardinii strains (EU288738, AF345268, AF321871)
and Hc04 isolate (JN944182), was included in the Agrobacterium
group. Isolates Hc01 (JN944179) and Hcar01 (JN944185) belonged
to A. rubi and A. tumefaciens, respectively. In the Rhizobium group,
A. rhizogenes (AF345275) formed a monophyletic clade with R.
hainanense (AF321872).

There was also sufficient sequence variation in the ITS region to
resolve relationships within the two main rhizobial groups. The median
number of pairwise nucleotide differences among the 11 isolates in
the Agrobacterium group was 204, against 193 among the remaining
sequences in the Rhizobium clade. These values, which were higher
than those obtained for 16S rRNA sequences, confirmed that ITS
sequencing is an efficient tool for analyzing relatedness between closely
related rhizobial strains [19].

Divergence time estimation

The estimation of the dates when species diverged is often perceived
to be as important as estimating the phylogeny itself [56]. Due to the
absence of an informative fossil record, dating bacterial divergence
times is very difficult [57]. Some estimates have been made based on the
assumption that eukaryotes and bacteria have comparable substitution
rates for all genes [36,37]. Based on 16S rDNA, these authors dated
the Agrobacterium-Rhizobium split of at about 250 million years ago
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Figure 1: Bayesian inference tree topology based on 16S rRNA gene sequences from Sulla nodule isolates and reference strains from GenBank. The Bayesian phylogeny
was constructed under the ‘HKY+I+G’ substitution model, and the molecular relaxed-clock. The tree was rooted on B. japonicum. Numbers on nodes indicate posterior
probabilities of the Bayesian method. GenBank accession numbers are in parentheses. Abbreviations: R., Rhizobium; A., Agrobacterium; B., Bradyrhizobium.

(110-415 Myr). This information has been used in the present study
to estimate divergence times between Agrobacterium and Rhizobium
species, using the 16S rRNA gene (Figure 3) and the ITS region (Figure
4). We particularly estimated the age of the following nodes:

- Node 1: divergence between Agrobacterium and Rhizobium clades;

Node 2: divergence of the Hsc01 lineage;

Node 3: divergence of the Hc04 lineage;

Node 4: divergence between Hc01 and HcarO1 clades.

Divergence times for these four nodes were estimated separately for
the 16S rRNA gene and the ITS region (Table 4). Standard deviations
(SD) for the age of nodes, and 95% credible intervals (CI) were also
given. Table 4 showed that the variation among date estimates for
individual nodes was large between the different molecular data sets.
For example, the divergence time of the root (node 1) varied from
329.64 + 92.88 Myr (for the ITS marker) to 360.41 + 92.73 Myr (for the
16S rRNA gene). The posterior time estimates obtained from the 16S
rRNA gene analysis were slightly older than those from the ITS marker
(except for node 4), but the CIs overlap substantially between the two
analyses. Overall, the date estimates from both molecular markers
(Tables 4) were all earlier than the oldest known legume fossils with an

age of 56 Myr [58]; this confirmed the possibility that rhizobia started
to diverge before the existence of leguminous plants [59].

Substitution rate estimation

It has been well established that Multidivtime method by using
the relaxed-clock model produced reliable point estimates of time
for large numbers of genes [38]. The Multidivetime approach was
used as a framework for MCMC estimation of evolutionary rates
for the 16S rRNA gene and the ITS region. The date of split between
Agrobacterium and Rhizobium clades was used as the divergence time
prior in Multidivtime analyses for calibrating rates of both molecular
markers (see Materials and Methods). The Rato program [60] was used
to read the Multidivtime main output file, in particularly by extracting
the average substitution rate for each alignment used. Rate estimates
obtained for the 16S rRNA gene and the ITS region were 0.005 and
0.076 substitutions/site per 50 Myr, respectively. For thel6S rRNA
gene, our substitution rate estimation was lower than the average
substitution rate (0.01 substitutions/site per 50 Myr) in eubacteria [36],
but not very different from an estimated substitution rate of 0.012-
0.018 substitutions/site per 100 Myr in non-endosymbiotic bacteria
[61]. In contrast, the current study showed a substantial difference in
evolutionary rates between the 16S rRNA and ITS markers. For the ITS
region, the substitution rate was approximately 15-fold higher (0.076
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Figure 2: Bayesian inference tree topology based on Internally Transcribed Spacer (ITS) region sequences from Sulla nodule isolates and reference strains from GenBank.
The Bayesian phylogeny was constructed under the ‘HKY+I+G’ substitution model, and the molecular relaxed-clock. The tree was rooted on B. japonicum. Numbers on
nodes indicate posterior probabilities of the Bayesian method. GenBank accession numbers are in parentheses.

HscOl [INS44183)

versus 0.005 substitutions/sites per 50 Myr for the 16S rRNA marker),
indicating that most sites in rRNA genes are under strong selective
constraint. This finding confirmed the wide range of substitution
rates across genes and bacterial taxa suggested by [18]. In this context,
Parker et al. [62] showed that the nifD marker had more than six-fold
higher evolutionary rate than 16S rRNA. However, the 16S rRNA
gene evolved slightly faster in obligate endosymbiotic bacteria, and
averaged 0.029-0.045 substitutions per site per 50 Myr in some gamma
proteobacterial symbionts [63,64].

Conclusion

This is the first report of rhizobial strains being the predominant
root-nodule symbionts for three wild species of the genus Sulla in
their Tunisian native geographic range. Four isolates, sampled from
S. coronaria (Hc01 and Hc04), S. carnosa (Hcar01), and S. capitata
(Hsc01), were studied together with reference strains for 16S rRNA
gene and ITS region sequences. In both the 16S rRNA gene and

ITS region phylogenies, Tunisian rhizobial strains were placed into
different groups. The HscO1 strain was always placed in the Rhizobium
group in both molecular marker phylogenies. In the 16S rRNA gene
tree, this strain formed a strongly supported monophyletic clade with
the well known R. sullae of the European cultivated H. coronarium
(namely S. coronaria).

Among the Agrobacterium group, the Hc04 strain belonged to
Rhizobium species such as R. soli and R. huautlense in the 16S rRNA
gene tree, or R. giardinii in the ITS marker phylogeny. This strain may
represent a novel species of the genus Rhizobium. In phylogenetic trees
from molecular markers, the strains HcOl and Hcar01 were always
included in the genus Agrobacterium sensu stricto composed by the
classical species A. vitis, A. rubi and A. tumefaciens.

Despite the heterogeneity within the Agrobacterium group,
the Bayesian phylogenetic inference showed a clear split between
Rhizobium/Agrobacterium clades for both 16S rRNA gene and ITS
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Figure 3: Divergence times among 16S rRNA gene sequences from Sulla nodule isolates and reference strains from GenBank. Sequence accession numbers are in

parentheses. The Multidivtime approach was with a mean prior of 250 + 125 million years (Myr) for the Rhizobium-Agrobacterium split. Date estimates are given for nodes
1-4 in Table 4. The scale bar represents 40 Myr.
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Figure 4: Divergence times among ITS region sequences from Sulla nodule isolates and reference strains from GenBank. Sequence accession numbers are in parentheses.

The Multidivtime approach was with a mean prior of 250 + 125 million years (Myr) for the Rhizobium-Agrobacterium split. Date estimates are given for nodes 1-4 in Table
4. The scale bar represents 40 Myr.
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16S rRNA gene ITS region
Node Age SD 95% CI Age SD 95% CI
1 360.43 92.73 [177.60, 517.09] 329.64 92.88 [164.06, 507.40]
2 335.81 90.23 [162.59, 494.11] 305.91 88.37 [149.95, 480.02]
3 294.89 84.54 [135.72, 454.17] 238.62 72.95 [111.87, 388.08]
4 114.16 53.28 [25.29, 229.16] 156.97 57.24 [64.15, 281.76]

Table 4: Node age, standard deviation (SD), and 95% credible interval (Cl) estimates based on 16S rRNA gene and ITS region sequences.

region. By using the approximately date of 250 million years ago as a
divergence time prior between these rhizobial clades, the evolutionary
rate of the ITS marker was estimated to be about 15-fold than the 16S
rRNA gene rate (0.076 versus 0.005 substitutions/site per 50 Myr).
This indicated that the ITS marker can serve as a reliable chronometer
for bacterial evolution. However, it will be important in future work

to

extend analyses to additional loci that evolve in more consistent

manners such as symbiotic genes (e.g., nod and nif genes).
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