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Abstract

Background

Plant-associated bacterial communities caught the attention of sevestigates which

study the relationships between plants and soil and the potential application teidselec
bacterial species in crop improvement and protechtaalicago sativa L. is a legume crop of
high economic importance as forage in temperate areas and one of the most popular mode
plants for investigations on the symbiosis with nitrogen fixing rhizobia (mainly bielgphg
the alphaproteobacterial spectsorhizobium meliloti). However, despite its importance, po
studies have been carried out looking at the total bacterial community asdeaiht the




plant. In this work we explored for the first time the total bacterial commasgociated
with M. sativa plants grown in mesocosms conditions, looking at a wide taxonomic spectrum,
from the class to the single speci8sneliloti) level.

Results

Results, obtained by using Terminal-Restriction Fragment Length Pgamsor (T-RFLP)
analysis, quantitative PCR and sequencing of 16 S rRNA gene libraries, showhkd a hi
taxonomic diversity as well as a dominance by members of theAt[asgr oteobacteria in
plant tissues. Withir\ phaproteobacteria the familiesSphingomonadaceae and
Methylobacteriaceae were abundant inside plant tissues, while Alphaproteobacteria were
represented by the families ldf/phomicrobiaceae, Methylocystaceae, Bradyirhizobiaceae
andCaulobacteraceae. At the single species level, we were able to detect the presefce |of
meliloti populations in aerial tissues, nodules and soil. An analysis of population diversity on
nodules and soil showed a relatively low sharing of haplotypes (30-40%) between the [tw
environments and between replicate mesocosms, suggesting drift as maihdpiogSs
meliloti population at least in this system.

Conclusions

In this work we shed some light on the bacterial communities associateld vedtiva
plants, showing thaklphaproteobacteria may constitute an important part of biodiversity |n
this system, which includes also the well known symb®mnieliloti. Interestingly, this last
species was also found in plant aerial part, by applying cultivation-independtdqgbs, and
a genetic diversity analysis suggested that population structure could be siméinghced
by random drift.

Background

Similar to the intensively studied animal microbioma, plants harbor a wide ddraliverse
bacteria forming a complex biological community, which includes pathogens, mtgual
(symbionts), and commensals [1,2]. Depending on the colonized compartment, these bacteria
are rhizospheric (root colonizers), endophytic (colonizing the endosphere, the bulkna inte
tissues) and phyllospheric or epiphytic (leaf or stem surface). In rezarst plant-associated
bacteria (endophytic, epiphytic and rhizospheric) have been widely studiedy asi
promising tools for biotechnological applications [3-7], but investigations have also bee
carried out on the ecology and taxonomy of plant-associated bacterial comsn@aitig.
Despite a high taxonomic diversity, only few bacterial taxa have been found ehatimetly
associated to the majority of plant species, notably members Alfiiepr oteobacteria class
[2,7,8, 12,13]. Consequently, the generally accepted idea is that the ability to calptané¢

is not a common, widespread feature present in the soil bacterial community, but
preferentially resides in specific taxa which may be considered moregmedip versatile or
genetically prone to the association with plants. This last hypothesis bafyd®=en
supported by the finding that, at least in the clagdgfaproteobacteria, a common gene
repertoire seems to be present in all of its plant-associated members [14].

Medicago sativa L. (alfalfa) is one of the most important legume crop in temperate areas
throughout the world, commonly used as forage or in crop rotation practices to contribute
organic nitrogen to the soil via its symbiosis with the nitrogen fixing bactesiaNoreover,



it is important also for bioenergy production [16] and is one of the most suited plansspecie
for land restoration [17]. Finally, this species, and the diploid reldtivieuncatula Gaertn.
(barrel medic), are among the most studied model species regarding thelan@spects of
plant-bacteria symbiosis, particularly in relation with the alphaprotechaute
Snorhizobium (syn.Ensifer) meliloti [18-20]. Concerning. meliloti, this species is present
in most temperate soils, and, when conditions are suitable, it forms specializtur sy,
called nodules, in the roots of alfalfa plants where it differentiates interbats [18]. It is
assumed that a fraction of bacterial cells is released from dehiscent rtodkgdésgiving rise
to new free-living rhizobial clones [21]. In the last yeanseliloti has been found able to
also endophytically colonize the aerial part of other plant species, §82]jcsuggesting the
presence of several ecological niches for this species (soil, nodule, othdisplaet).

While the plant-associated bacterial floravbfsativa has never been investigated at the
community level S. meliloti population genetics have been extensively studied in the past
[23-28], but only on strains isolated from nodules, with a few early studies performed on
bacteria directly recovered from soil [29,30], due to the lack of efficient sedemiiture

media. No data have been reported on the presence in natural condiomeldbti as

endophytes in other plant compartments (such as leaves) and no comparison of soil vs. plant-
associated populations has been done.

Based on the above mentioned considerations, there is a need to characterize thle bacter
community associated wit. sativa in relation to both the potentially important role the
class ofAlphaproteobacteria seems to have as main component of a “core plant-associated
bacterial community” in several different plant species [13,31-33], and to thiemstaps of
soil vs. plant-associated populations of the symbiotic alphaproteobacterial ganeiloti.

In this work we investigated the bacterial communities associated withgineé&M. sativa,
focusing on both the total bacterial community composition and on the presence and
populations structure of the symbiotic partBemeliloti in soil and plant tissues

The analysis was conducted by cultivation-independent techniques on &fadtdi{a)
plants grown in mesocosm pots. The bacterial community associateldl vedtiva and that
of the surrounding soil were analyzed at high (class, family) and lonwdspgciesS.
meliloti) taxonomic levels by employing Terminal-Restriction Fragment lkengt
Polymorphism (T-RFLP) profiling [33], 16 S rRNA library screening &naheliloti-specific
markers [34,35]. These approaches allowed us to explore for the first time @eabact
community composition of such important plant species and the populatiSnsebil oti
without cultivation.

Results

Ribotype variability of the bacterial community

The ribotype variability of bacterial communities present in soil and assdd@mplant
tissues (nodules, stems and leaves) was investigated by T-RFLP anatps#.oh43
samples was analyzed: in particular one pooled soil sample for each one oéé¢hgotisy one
pooled sample from all the nodules found in each pot and four pan®t (one stem and
2-3 pools of leaveger plant). T-RFLP profiles on these samples produced 253 Terminal-
Restriction Fragments (T-RFs) or ribotypes after the restrictiorstitigewith two restriction



enzymesHinfl andTagl. 16 S rRNA gene amplification and T-RFLP profiling was also
performed on DNA extracted from surface-sterilized seeds, but no bands of 16 SJeR&IA
amplification were recovered (data not shown), suggesting a very lowiakittes in seeds.

Figure 1 shows the pattern of similarity among T-RFLP profiles fronh¢otamunities as
Non-Metric Multidimensional Scaling (N-MDS). Soil and nodule bacterial camties were
strongly differentiated from stem and leaf communities, forming relgttight clusters.
Large heterogeneity was detected in leaf and stem communities.t@odwetiuate the
statistical significance of differentiation of communities we emgdbfxMOVA. Most of the
variation (71.75%) was due to intra-environment differences (Additional filaldleTS1).
However, significant differences between environments were fdux@.0001), in
particular between a soil-nodule group and a stem-leaf group.

Figure 1 Pattern of similarities of individual T-RFLP profiles from total community
analysis.The pattern of similarity has been inspected by using Nonmetric Multidiomeths
scaling (N-MDS) based on Jaccard similarity matrix. Stress ofDd&M0.1896. Stars
indicate nodules; squares, soils; circles, leaves; triangles, stemdillgypot 1; white, pot
2; black, pot 3. Samples of the same environment were grey shaded

Interestingly, stem and leaf communities showed a signifia0(0001), though small
(pairwiseFsr=0.05) separation (Additional file 2: Table S2). Moreover, AMOVA on stems
and leaves community revealed a statistically significant diffextoi between the three
pots P<0.0001), irrespective of possible grouping (either plant genotype-related or
unrelated), suggesting a pot-effect over the taxonomic shaping of thedeaiated
community and no effect of plant genotypes. These data confirmed a previous long-term
experiment only addressir& meliloti species [23].

Taxonomic composition of bacterial communities in@il, nodules and plant
aerial parts

T-RFLP analysis has shown that bacterial communities clustered irgtiorges (soil,

nodules and plant aerial parts). In order to elucidate which taxa are negirdgented in the
bacterial communities of these assemblies, three 16 S rRNA gene clanedibvere
constructed pooling together the DNAs extracted from the samples of each enuironme
additionally, leaves and stems samples were also pooled together due to theimiayities

as mentioned above. Pooled samples did conceivably result in an enrichment of the more
shared taxa possibly preventing the detection of taxa associated only tandifedual
samples. DNA was used as template to construct three 16 S rRNA libradts;d 276

clones (from 78 to 11per library) were sequenced. Sequence analysis revealed, as expected,
that the soil community was the most diverse (Shannen-63; Chaot 168), while the
nodule-associated community was less diverse (Shanmed.Bi8; Chaot 30), (Additional

file 3: Table S3). As a consequence, the library of nodules showed a coverage (8§t
than those of stemdeaves (74.1%) and soil (47.1%).

The percentages of taxonomic classes detected in the sequences of the clarsediarar
reported in Figure 2. Seven classes were represented in both soil ardestem
communities, and 4 of them were also found in nodélghapr oteobacteria were dominant
in nodules (as expected, due to the presence of high titres of the symbiotic
alphaproteobacteriu@ meliloti) and in stems leaves. Also in soiflphaproteobacteria
were highly prevalent, bucidobacteria andCrenarchaeota were also abundant.



Flavobacteria were found only in nodules, however a low presence in the other environments
cannot be excluded, especially in relation to the lower coverage of the respibcaries.
Beta- andGammapr oteobacteria andActinobacteria were found in all three libraries.

Figure 2 Representation of bacterial divisions in the 16 S rRNA gene clone librags.
The percentage of clones accounting for each division with respect to its origin (nodule
stemst leaves, soil) is reported

ConcerningAlphaproteobacteria, only members of thBhizobiaceae family were found in
nodules, with all sequences assigned, as expected, $mtinki zobiunmy/Ensifer genus (Figure
3). Alphaproteobacteria present in soil belonged to tRbizobiaceae, Bradyrhizobiaceae,
Methylocystaceae, Hypomicrobiaceae andCaul obacteraceae families Rhizobiaceae,
Aurantimonadaceae andMethylobacteriaceae, all belonging to th&hizobiales, plus taxa of

the orderphingomonadales, were found in the sternleaf library. The absence of sequences
assigned to th&norhizobiunVEnsifer genus from stermleaves and soll libraries, though this
species was found by gPCR in both these environments (see the following paragrdgh), ¢
be due to its low abundance and to the relatively low coverage of clone libraries.

Figure 3 Distribution of the recovered families inAlphaproteobacteria with respect to
their origin (nodule, stemst+ leaves, soil).The percentage of clones present in the libraries
for each family is reported

Detection and diversity ofsinorhizobium méliloti in soil and plant tissues

Aiming to analyze presence and diversitysomeliloti, we firstly estimated the population
size by gPCR, using two species-specific primer pairs which amplibyradsomal (poE1)
and megaplasmidic locn¢dC on pSymA), respectively [35]. The obtained results are
reported in Table 1. Relatively higher titersSofneliloti DNA were detected in root nodules,
while lower values were obtained in soils, leaves and stems. Interestindlyle titers of.
meliloti DNA detected bypoE marker were higher than those estimateaddC marker
(roughly one order of magnitude). The viable titerS.aheliloti cells from crushed nodules
of M. sativa plants usually ranged from 2.110 5.0x108cells/g of fresh tissue (data not
shown), suggesting that the titers froodC marker are a better proxy of the number of
bacteria involved in the symbiotic nitrogen-fixing process.

Table 1 Titers of S. méliloti in soil and plant tissues.§

Sample Titers
rpoEl-based nodC-based
Pot 1
Soil 4.92+2.82 x 10 2.78+0.63x 10
Nodules 3.070.67 x 0 4.25 +1.24 x 10+*

Stems 2.73+1.21 x 1o 3.22 +2.4 x 16*




Leaves 8.65+4.04 x f0 4.28+1.23 x 10

Pot 2

Soil 1.1620.33x 10 2.88+1.09x 10
Nodules 1.20+0.50 x 16 1.01+0.10 x 1%**
Stems 2.37+0.49 x 10 1.13+0.15 x 19
Leaves 9.7445.08 x 10 2.34 +0.78 x 10
Pot 3

Soil 2.70+0.41 x 10 7.42 +0.93 x 1t
Nodules 6.02+1.45 x 0 2.02+ 3.22 x 10+
Stems 4.91+0.95 x 20 1.07+3.74 x 10
Leaves 5.54+2.83 x 10 5.21+ 3.01 x 10

8Titers were estimated by gPCR [35] wiffoE1 andnodC markers and are expressed as n.
of gene copies/g of tissue or soil; £ standard deviation from triplicate expesindesterisks
indicate significant differences between estimates basego&i andnodC markers (*,
P<0.05; **, P<0.01)

Then, to inspect the genetic diversitymmeliloti populations present in the different
environments, the amplification of the 1.3 kbp long 16 S-23 S ribosomal intergenic spacer
(IGS) which proved to be an efficient marker for the stud$ ofeliloti populations [34],

was attempted. Only DNAs from nodules and soil gave a PCR product, probably as a resul
of the low bacterial titers and high content in inhibitors present in DNA extr&cie stems

and leaves. Consequently, nodule tissue was taken as representative of the ptamhenti

and was compared with soil. A total of 121 different IGS-T-RFs (16 S-23 S ribosomal
intergenic spacer Terminal-Restriction Fragments) was detecézdlagféstion with four
restriction enzymesAul, Mspl, Hinfl, Hhal) in the six DNA samples (three from soil, three
from nodules), after IGS amplification and T-RFLP profiling (Additional fiid=igure S1a).

Most of the 121 detected IGS-T-RFs (71.9%) were detected in one sample out of 6, while 8
(6.6%) IGS-T-RFs were present in all six samples (Additional file 4rgi§1b). Moreover,

from 25.5 to 53.3% of IGS-T-RFs present in soil were also detected in nodules and from 31.4
to 40.1% of IGS-T-RFs present in nodules were detected in the respective ptd. $agure

4 shows the similarity relationships between IGS-T-RFLP profiles. NdrnieW¢DS plot of
IGS-T-RFLP profiles (Figure 4a) showed a possible separation of nodule and scditiomsul

on the second dimension. In particular, the nodule population in pot 1 was more separated
from the soil population of the same pot and from the populations of the other pots. On the
contrary, nodule populations of pots 2 and 3 were the closest ones, with soil population of pot
3 in the same cluster (Figure 4b), suggesting a possible effect of plant gesyeeiously
shown [23,36]. However, in agreement with the high number of single-sample haplotypes
detected, an AMOVA carried out to evaluate the variance contribution to a hypaithet
differentiation of soil and nodul& meliloti population showed that 17.37% only of variance



was attributed to a soil-nodule separation, the remaining 82.63% of variance beiag due t
among-nodules and among-soil differences. Additionally, no statistical seymtifseparation
(P<0.46) was detected for groupings based on the two plant genotypes present in the
mesocosms.

Figure 4 a) Non-metric MDS plot of similarities of IGS-T-RFLP profiles from S.

meliloti population analysis.a) The pattern of similarity & meliloti populations has been
inspected by using Non-metric Multidimensional scaling (N-MDS) basedarad
similarity matrix. Stress 0.0898. b) Cluster analysis based on Jaccard similarity matrix.
Scale bar represents Jaccard similarity coefficient

Discussion

In recent years there has been an increasing interest in exploringtérgabfora associated
with plants [37-41]. A recent field survey indicates [8] that plant aerial dagggs) harbor
complex, but highly variable, bacterial communities, and that only a small number of
bacterial taxa (mainly belonging fdphaproteobacteria) are plant-specific. In the
experiments reported here, as in the majority of the reports on endophytic ona;rok
refer to endophytic and epiphytic bacteria indicating all those that are th&ighlant tissue
or strongly adhering to the plant surface, such as they resist washingrmhson (or their
DNA is retained by plant tissue), therefore a more correct definition cotijuldrg-
associated bacteria”.

The present study shows that root nodules and aerial paedofago sativa plants grown
in mesocosm conditions, harbor distinct bacterial communities with specifi¢isigmat the
class, family and species levels and that these communities do not mirtzacterial
communities.

Initially, T-RFLP profiles allowed us to show that bacterial communitieseort in the

different environments (soil, nodules, stems and leaves) were stronglyrditieed and in
particular that a large heterogeneity was present between leaves afuatplants, though

soil profiles were highly similar. Moreover a clear separation betweaeaground (stem

and leaves) and below-ground environments (soil and nodules) was detected. An analysis of
the clone libraries, prepared from above-ground and below-ground pooled samplesdreveal
an uneven distribution of bacterial classes, with a marked pattern highlighticlgsbeof
Alphaproteobacteria as the more abundant in plant tissues (this class represented half of the
clones in the stemleaf library). The same uneven pattern was then observed, at lower
taxonomic ranks, within thalphaproteobacteria, with sequences of clones belonging to
members of th&lethyl obacteriaceae and Sphingomonadaceae families being more abundant

in stem than in soil and nodulédethylobacteria andSphingomonadaceae have been found

as endophytes in a number of plants [8,12,31,33,42-45] and it is believed that this group of
bacteria may take advantage from living as plant-associated, thanks tatyd@bililize the
one-carbon alcohol methanol discharged by wall-associated pectin metatiodjsywing

plant cells.

Concerning root nodule bacterial communities, obtained data indicated that vesg dive
bacterial taxa are associated with nodules, the most represented beingifiversjzedbial
host ofM. sativa, the alphaproteobacteriugameliloti. However, additional taxa have been
found, including members d@fctinobacteria, Flavobacteria, Gammaproteobacteria and



Betaproteobacteria, which may have some additional plant growth-promoting activities (see
for instance [46,47]).

In soil, Acidobacteria was one of the most important divisions (in terms of number of clones
in the library) and was present exclusively in the soil clone library, in agreewta many
previous observations [48,49]. A relatively high presencd&rdfiaea (Thermoprotei) was

also found. Checking the 16 S rRNA gene sequences present in the Ribosomal Database
799f/pHr primer annealing, we found that PCR amplification fiidwer moproteli was
theoretically possible with this primer pair (data not shown). The preseicehaka in the

soil is not unexpected [50] and could be linked also to the anoxic or nearly anoxic conditions
present in the bottom of the pot. However, since the low coverage of soil clone library, the
presence of many other additional taxa, as well of different proportions of those foend her
cannot be excluded. In addition, it should be mentioned that differences between soil and
plant-tissues bacterial communities could also be ascribed to the diffédénéXdraction
protocols we were obliged to use, since a unique protocol (bead-beading protocol for both
soil DNA and plant DNA) failed in a successful extraction of DNA from bothasadl plant
tissues (data not shown). A similar technical need was encountered by other @sth{83],
which renders the study of the relationships between plant-associated andtedilba
communities still at its beginning.

At the lowest taxonomic rank here investigated, within the sp&crediloti, we detected the
presence of this species in all environment analyzed (soil, nodules and plantssees) ti

This finding is confirming earlier reports on the abilitySMmeliloti to behave as an

endophytic strain, colonizing all plant compartments, besides being a root symbiont of
legumes [22], and suggest a potential higher genetic variabilgynadliloti population, and,
from the other side, potential new ecological and functional roles for this spemies
investigated so far[29,51,52]. Unfortunately, the low population si&ro#liloti in stems

and leaves and the possible presence of PCR inhibitors (plant DNA or phenolic compounds,
for instance) did not permit the amplification of 16 S-23 S rRNA intergenic region fiam pl
aerial parts to obtain information about the genetic diversity and struct8rendfloti

population resident in plant aerial part. No hypothesis could then be drawn about the
relationships between this population and those of soil and nodules. Con&mehigpoti
populations present in soil and nodules, similar values for diversity were detected irsnodule
and in soil, suggesting that both environments harbor a consistent fraction of the population’s
genetic diversity. Interestingly, most of the T-RFs were detectedeisample only, and a

very small fraction of T-RFs was shared among all samples, though the oragjimahterial

was homogeneous and should, in theory, contain the Sametiloti haplotypes. Therefore,

S meliloti populations from all the three mesocosms investigated were highly differéntiate
between each other and, as expected from previous studtesdiloti [23] and on
Bradyrhizobium [53], no statistically significant plant genotype- related haplotypes wer
detected.

A possible explanation of such findings could be linked to the relatively low tit&s of
meliloti in soil (1d-10° cells/g), which is roughly 1/10,000 of the total bacterial community
of soil (estimated at ~216 S rRNA gene copies/g of soil by qPCR, data not shown). Such
estimateds. meliloti titers were similar to those previously observed in other soil and plant
tissues [35] and in line with those normally found in soil with viable (Most Probabldoéium
MPN) estimates [26, 54]. As a consequence of this low population size, foundeaetfect
genetic drift are likely to be among the main shaping forc&roéliloti population in this
experimental set-up, perhaps permitting the fixation of sample-specifiatyiags by simple



chance [55]. Regarding the nodule-soil relationships, though our experiments did niyt direct
address this issue, the reporgdneiloti population analysis suggests the presence of
somewhat nonoverlapping soil and nodule population fractions, even if no specific patterns of
soil and nodule populations were detected. The presence of different rhizobial regplaty
nodules and soil was previously found in chickpea [51] and clover [52], though no simple
conclusion could be drawn, because of limited sampling. However, as for totalddacteri
community analysis, it should be mentioned that the use of two different DNA extracti
protocols for soil and plant DNA may have produced some bias in the proportion of the
different haplotyes detected.

Conclusion

In conclusion, we show oM. sativa that its associated microflora, though highly variable, is
mainly related to the presenceAlphaproteobacteria. This class has an uneven presence of
families in stems leaves, nodules and soil. We then speculated that a sort of “pan-plant-
associated bacterial community” may be composed of a large plethora@edsant taxa,

which are occasionally associated with plants, and a small number of “caadétg.
Alphaproteobacteria families) which, on the contrary, are consistently found in the plants.
Moreover, withinAlphaproteobacteria the specific alfalfa symbiotic speci€smdliloti,

abundant as symbiont in root nodules, was also detected in soil and in leaves, with potentially
different populations, suggesting a more complex interplay of colonization ophaulti
environments (soil, root nodules, other plant tissues) by this species.

Methods

Experimental design and sampling procedure

A controlled experiment was set-up in mesocosms composed of three pots (numbered 1, 2, 3)
containingMedicago sativa (alfalfa) plants grown at CRA-FLC Lodi, Italy, in outdoor
conditions. Two of the three pots were planted with the same line of alfalfa (1x8)thni

third pot was planted with a different line (5x7). The pots (cylinders of 25 cm diaxn@der

cm depth) with a drainage layer on the bottom, were filled with a sandy loam norecakar
soil (57.8% sand, 32% silt, 10.2% clay, 1.7% organic matter and 0.09% total N; pH 6.7) in
which alfalfa has never been grown. Phosphorus and potassium equivalent to 1200Kg ha
P,Os and 180 Kg ha of K,O were distributed into the soil, while no mineral N was added:;
irrigation was not limiting. Twenty plants/pot (density equivalent to 400 plafiswere
transplanted in March 2008 and allowed to grow until the/@ar (the end of September

2009), when plant aerial parts of 12 plants were harvested and the pots were opened to allow
sampling of the whole eye-detectable nodules present (approximately 80-100 of vaesus si
per pot) and of bulk soil. Roots were excluded from the analysis since the presenaé of s
nodules or nodule primordia could not be excluded, possibly inducing a strong bias in the
estimation of “non-nodule-associated root colonizers”. The plant sample size was ohos

the basis of a previous analysis of plant-by-plant variation in which the overaBitne
communities did not change from 2 to 30 plants (unpublished data and [8]). Stems, leaves
(pools of around 10 leaves per plant) and nodules were washed with water and with 10 mM
MgSO, twice to remove most soil and dust particles and eliminate bacteria lodeelyray

to the surface and then surface sterilized with 1% HCIO for 1 min. Samples of soiesjodul
stem and leaves were then stored at —80°C from 1-2 weeks before DNA extraction.



A control of seed-borne bacteria was also prepared with se&tissativa surface sterilized
with 1% HgC}.

S meliloti viable titres in sterilized nodules have been estimated by serial dilution bédrus
nodules as previously reported [54].

DNA extraction real-time PCR and T-RFLP profiling

DNA was extracted from soil by using a commercial kit (Fast DNA Spifokgoil,

QBiogene, Cambridge, UK) following the manufacturer’s instructions. DNAaetcon from
plant tissues and surface sterilized control seeds was performed by a BXp@dtécol as
previously described [56]. The 16 S rRNA gene pool of total bacterial community was
amplified from the extracted DNA with primer pairs 799f (labeled with HEX) aHr which
allow the amplification of most bacterial groups without targeting chloso pIalA [33].

PCR conditions and Terminal-Restriction Fragment Length PolymorphisnF (PR

profiling were as previously reported [8], by usimfl and Tagl restriction enzymes. For
sinorhizobial populations, T-RFLP was carried out on 16 S-23 S ribosomal intergenic spacer
amplified from total DNA (IGS-T-RFLP) witls meliloti specific primers andlul and

Hhall restriction enzymes, as already reported [34]. Real-Time PCR (gqPCR) for
qguantification ofS meliloti DNA was carried out orpoE1 andnodC loci, as previously
reported [35]; two different calibration curves were constructed, one for s@lesand the
other one for plant samples, by using as template DNA extracted froha str(without
presence of. mdliloti) and from sterile plant (grown in petri dishes), both spiked with serial
dilutions of known titres of. meliloti cells, as previously reported [35]. Controls with
medicae WSM419 DNA were included in both IGS-T-RFLP and gPCR Sandliloti
species-specificity check [35].

Library construction and sequencing

Amplified (with 799f and pHr primer pair) 16 S rRNA genes from DNA extracted Boih

nodules, pooled stems and leaves of a 1:1:1 mix of all pots were inserted into a pGemT vector
(Promega, Fitchburg, WI, USA) and clonedscoli IM109 cells. Positive clones were

initially screened by white/blue coloring and the inserted amplified 16Sr&is

sequenced. Plasmid purification and sequencing reactions were performedrbgeviac

Europe Inc. (Amsterdam, The Netherlands). The nucleotide sequences obtamed wer
deposited in Gen- Bank/DDBJ/EMBL databases under accession numbers from HQ834968 to
HQ835246.

Data processing and statistical analyses

For gPCR data, 1-way ANOVA with Tukey post hoc test was employed. Analg<e-it

software (Analyse-It, Ldt., Leeds, UK) was used for both tests. For T-RifitBmatogram

files from automated sequencer sizing were imported into GeneMarker veroftwdre
(SoftGenetics LLC, State College, PA, USA) by filtering with the diéfaptions of the

module for AFLP analysis. Peaks above 100 fluorescence units and whose size ranged from
35 to 500 nt were considered for profile analysis. Only the presence/absenaksoivpe
considered as informative data from the chromatograms. Statisticgdemalere performed

on a binary matrix obtained as previously reported [8]. Past 2.02 [57] software paesge w
used to compute Non-Metric Multidimensional Scaling (N-MDS). To test theldistin of

the variance of T-RFLP profiles within plant tissues and among pots, Analydisletular



Variance (AMOVA [58]) was applied using Arlequin 3.5.1.2 software
(http://cmpg.unibe.ch/software/arlequin3/). Although developed for population genetic
analysis, the general procedure implemented by AMOVA is flexible enough tatstime
statistical significance of groups of bacterial communities as reppréviously [13,42,59].
Pairwise kr distances [60] between T-RFLP profiles of plant tissues and soils were used to
infer a Neighbor-Joining dendrogram with the MEGA4 software [61].

Partial 16 S rRNA sequences were manually inspected for quality, theadalgd clustered
with the furthest neighboring algorithm with the module present in Mothur v.1.12.3 [62].
Diversity indices (Shannon H’ and Chao-1) were calculated with the sameusofLibrary
coverage was estimated with the form@Gla 1-(n/N) [63], wheren is the number of

singletons (defined at 97% sequence identity in Mothur) that are encountered only thece i
library andN is the total number of sequenced clones. Taxonomic assignment was performed
with the Classifier module present in Ribosomal Database Project 10 website [64]
(http://rdp.cme.msu.edu/) at 80% confidence threshold. Sequences with 97% simdagity
treated as a single Operational Taxonomic Unit (OTU). Sequences (onelfdE&d) were
aligned with the 16 S rRNA gene sequences of the closest match retrieved fBIm NC
databases, using MUSCLE [65] and a Neighbor-Joining dendrogram was constringed us
MEGA4 [61]. Phylogenetic inference and evolutionary distance calculatieressgenerated
using the Maximum Composite Likelihood; 1000 bootstrap replicates were used to obtain
confidence estimates for the phylogenetic trees.
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Additional file 1 Table S1.Hierarchical analysis of differentiation between bacterial
communities. AMOVA was performed with T-RFLP profiles from samples ofdbe f

different environments (soil, nodules, stems and leaves). Data show the degreedarhf
(d.f.), the sum of squared deviation, the variance component estimate, the percewmtiade of t
variance contributed by each component, and the probal)ityf ©btaining a more extreme
component estimate by chance alone, estimated from 10,000 permutations.



Additional_file_2 as DOC

Additional file 2 Table S2 Matrix of pairwise FST value$tatistical significancep(< 0.05)

has been computed after 1000 random permutation; n.s., not significant. Only below diagonal
values are reported.

Additional_file_3 as DOC

Additional file 3 Table S3 Statistical analysis of 16SrRNA gene clone libraries. OTUs were
arbitrarily defined at 97% sequence identity based on Mothur clustering. Confidegals

at 95% are given in parentheses. Coverage is defirdd €(n/N)] x 100, where n is the
number of unique clones, and N is the total number of clones examined.

Additional_file_4 as PDF

Additional file 4 Figure S1.S meliloti IGS-T-RFLP profiling of nodule and soil samples.
A), the schematic representation of the binary matrix of IGS-T-RF pregblack) and
absence (empty cell); the IGS-T-RF number is reported on the right sidehofoav. B) The
occurrence of “private” and “public” IGS-T-RFs. The percentage of total nuaftseored
IGS-T-RFs is reported for T-RFs present from 1 to all 6 samples analyzed.
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