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Summary. A collection of nodule isolates from Medicago polymorpha obtained from southern and central Portugal was
evaluated by M13-PCR fingerprinting and hierarchical cluster analysis. Several genomic clusters were obtained which, by
16S rRNA gene sequencing of selected representatives, were shown to be associated with particular taxonomic groups of rhi-
zobia and other soil bacteria. The method provided a clear separation between rhizobia and co-isolated non-symbiotic soil
contaminants. Ten M13-PCR groups were assigned to Sinorhizobium (Ensifer) medicae and included all isolates responsible
for the formation of nitrogen-fixing nodules upon re-inoculation of M. polymorpha test-plants. In addition, enterobacterial
repetitive intergenic consensus (ERIC)-PCR fingerprinting indicated a high genomic heterogeneity within the major M13-
PCR clusters of S. medicae isolates. Based on nucleotide sequence data of an M13-PCR amplicon of ca. 1500 bp, observed
only in S. medicae isolates and spanning locus Smed 3707 to Smed 3709 from the pSMEDO1 plasmid sequence of S. med-
icae WSM419 genome’s sequence, a pair of PCR primers was designed and used for direct PCR amplification of a 1399-bp
sequence within this fragment. Additional in silico and in vitro experiments, as well as phylogenetic analysis, confirmed the
specificity of this primer combination and therefore the reliability of this approach in the prompt identification of S medicae
isolates and their distinction from other soil bacteria. [Int Microbiol 2009; 12(4):215-225]
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stem nodules. Although the isolation of rhizobia from nod-
ules relies on simple experimental procedures, co-isolation
of non-symbiotic saprophytic soil bacteria and endophytes
can occur and the recognition of these contaminants is not
always straightforward [7,21,33,40]. Conventional methods
for the identification of rhizobial isolates rely on the evalua-
tion of nodulation ability by plant re-infection. These assays,
however, are time-consuming and the results are often mis-
leading, which has strengthened the need for developing new

Introduction

Rhizobia are a diverse and widely distributed group of soil
bacteria that establish symbiotic interactions with legumi-
nous plants through the formation of nitrogen-fixing root or
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screening tools. DNA-based molecular techniques do not
exclude the need for characterization by plant tests within
these trials but have already proven useful in providing apre-
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liminary selection of isolates with specific genomic proper-
ties [5,22,30].

DNA-typing methods have been widely employed for the
study of rhizobial populations, offering greater discrimina
tion and reproducibility for strain characterization than the
usua phenotyping approaches. Thisisthe case for techniques
based on the polymerase chain reaction (PCR) that use
primers directed to highly repetitive DNA sequences, such as
the nucleotide sequences designated ERIC (enterobacterial
repetitive intergenic consensus) or REP (repetitive extragenic
palindromic), thus generating strain-specific fingerprints
[6,16,23]. The M13-PCR method represents a similar
approach but relies on the use of a single primer specific to a
particular sequence of the gene encoding the core protein of
wild-type phage M 13, which has been found as multiple and
hypervariable microsatellite insertions in most known
genomes [29,37]. The primer anneals to these repeated inser-
tionsand, if inversely oriented sequences occur close enough
to each other, then the region between them, mostly consist-
ing of unstructured, non-coding sequences with variable
length, is amplified. This method has been applied to genomic
fingerprinting of different microorganisms [2,13,17,18,36]
but thus far has never been used for rhizobia genotyping.

The aim of this work was to test the usefulness of PCR
fingerprinting in the screening and characterization of alarge
collection of root-nodule isolates. The host legume selected
for the study, the burr medic Medicago polymorpha L., isan
annual, highly polymorphic pasture species that is native to
the Mediterranean basin and well established in many other
regions of the world with Mediterranean-type climates
[19,35]. Burr medic is quite strict in its symbiotic require-
ments, showing a stringent specificity for Snorhizobium
(now Ensifer) medicae, while the closely related species S
meliloti only forms rudimentary and ineffective nodules in
this host [11,27]. The advantages of M. polymorpha over
other Medicago members include its tolerance to drought [1]
and ability to grow on mildly acidic soils [15]. Such condi-
tions are characteristic of the southern regions of Portugal,
where M. polymorpha grows spontaneously and represents
the most common species of annual medics, being highly dis-
seminated through a wide range of habitats. In this study,
M13-PCR was applied in the genomic fingerprinting of acol-
lection of burr medic nodule isolates, obtained from either
native plants or soil samples collected at different locations
in those Portuguese regions. The method was combined with
ERIC-PCR fingerprinting for further characterization of the
isolates and with 16S rRNA gene sequencing for taxonomic
evaluation. An M13-PCR fragment potentially specific for S.
medicae was identified and a primer pair designed which, as
shown by in silico and in vitro experiments as well as phylo-

genetic analysis, together provide a smple and reliable PCR
protocol for the prompt identification of this species among
large collections of field isolates.

Materials and methods

Strain isolation and growth conditions. Soil samples and spon-
taneously occurring burr medic plants were collected, between March and
May 2004 from 24 |ocationsin two regions with different geological and cli-
matic characteristics: southern (Alentgjo) and central (Estremadura)
Portugal . Thelack of aknown historical record of cultivated pastures and the
presence of spontaneous burr medic plants were a pre-requisite for the
choice of sampling spots. At each site, one or several native burr medic
plants showing good growth status and a healthy condition were randomly
chosen. Whole plants were uprooted, packed into plastic bags, and kept at
4°C. The largest, healthier nodules in each plant were removed and surface-
disinfected. Bacteria were isolated by the crushed-nodule method [39].
Additionally, surface soilswere sampled at each collection site, and seeds of
commercia burr medic (Medicago polymorpha cv. Santiago) were used to
trap rhizobia as follows: surface-sterilized, pre-germinated seeds were
sowed directly into 0.5 g of undiluted soil, placed in 25-ml serum-type vials
containing sterile river sand moistened with 4 ml of nitrogen-free plant-
growth solution, and incubated for 6-8 weeks in a controlled-environment
growth cabinet, according to the method of Vincent [39]. Each soil sample
was used to inoculate four seedlings. After growth, the plant roots were
examined for the presence of nodules. The largest nodules were selected and
used for bacterial isolation as described above. A total of 132 isolates was
obtained from the samples collected at the different sites (Table 1).

Each isolate was identified with a three-letter code identifying the loca-
tion of origin; one letter (uppercase) specifying the place of sampling; and
the number given to theisolation in that place. | solates were routinely grown
on tryptone-yeast (TY) medium [3] at 27°C, and stock cultures were kept in
20% glycerol at —-80°C. Nitrogen-fixing activity associated with M. polymor-
pha was evaluated through the effectiveness index (E) of Ferreira and
Marques [8], comparing the mean dry weight of shoots from inoculated
plants grown in nitrogen-free medium with those of non-inoculated nitro-
gen-supplied plants. Isolates were classified asineffective, intermediate, and
highly effective corresponding to values determined for E of <25%,
25-74%, and >75%, respectively. The following reference or type strains were
included in the study: Snorhizobium (Ensifer) medicae LMG 18864 (although
Snorhizobium and Ensifer are now combined as the genus Ensifer, the former
designation of Sinorhizobium will be maintained in this paper), S meliloti
DSMZ 30135", S meliloti ATCC 51124, S fredii DSMZ 58517, S saheli
DSMZ 11273, S terangae DSMZ 112827, Rhizobium leguminosarum DSM
30132" (reclassified as R. pisi [25]), Azorhizobium caulinodans DSMZ
5975", Bradyrhizobium japonicum DSMZ 301317, Mesorhizobium loti
DSMZ 2626", Blastobacter denitrificans DSMZ 1113" and Burkholderia
phymatum DSMZ 17167". In addition, S. medicae strain 55Mp, S. meliloti,
Agrobacterium spp., and Burkholderia spp. field isolates were from internal
laboratory collections of INIA/ INRB, IP (Oeiras, Portugal). Strain 55Mp, a
highly effective isolate from M. polymorpha originating from the Serpa
region (Alentejo, Portugal) (E.M. Ferreira, unpublished data), was included
for comparison in genomic fingerprinting studies and nitrogen fixation
assay's.

DNA extraction and PCR fingerprinting. |solates were cultured
in TY medium for 48 h at 27°C, and cells were harvested by centrifugation
at 10,000 rpm for 5 min at 4°C. Total genomic DNA was extracted using the
AquaPure genomic DNA isolation kit (BioRad). Extracted DNA from each
isolate was submitted to PCR amplification of M13 microsatellites using the
single primer csM13 (5-GAGGGTGGCGGTTCT-3') [20]. M13-PCR reac-
tions were performed using Diamond DNA polymerase (Bioline).
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Table 1. Sampling sites of soils and of spontaneous annual burr medics, geological characteristics, and number of nodule isolates

Location Site Geological characteristics No. of isolates
Alter do Chéo AltA Schist, grauwacke/sand, sandstone, clay 4
Avis AViA Eruptive rocks 2
Caldas da Rainha CaA Sand 9
Crato CraA, B Granite 4
Marvéo MarA Schist, grauwacke 5
Mértola MerA,B,C,D,E, F, G Slate clay, grauwacke, sandstone 47
Mora MorA Schist, grauwacke/sand, sandstone, clay 11
Moura MouA Limestone with diorite and schist 3
Moura MouB Limestone 4
Nisa NisA, B Granite 7
Portalegre PtgA Schist, grauwacke 2
Portel PorA Schist, grauwacke 18
Serpa SerA, D Granite 13
Serpa SerB Diorite, garboard-strake/limestone/granite 3

Amplifications were carried out as follows: an initial denaturation step at
95°C for 5 min, 40 cycles consisting of 1 min at 94°C, 1 min at 50°C, and 2
min at 72°C, followed by a fina extension step at 72°C for 7 min. ERIC
sequences were amplified according to Versalovic et a. [38] using primers
ERIC2 (5-AAGTAAGTGACTGGGGTGAGCG-3) and ERICI1r (3-CA
CTTAGGGGTCCTCGAATGTA-5"), and Immolase DNA polymerase
(Bioline). Amplified fragments were separated by standard electrophoresis
using 1.2% (w/v) agarose gels.

Analysis of genomic fingerprints. BioNumerics software (version
5.0, Applied Maths) was used for the alignment of fingerprinting profiles
and the determination of fragment size, as well as to calculate the similarity
matrices of whole densitometric curves of DNA band patterns by using the
pair-wise Pearson’s product-moment correlation coefficient (r value) [14].
The similarity matrices were subjected to cluster analysis according to the
unweighted pair group with arithmetical average (UPGMA) agorithm. The
reproducibility level of each fingerprinting method was assessed by the min-
imum correlation value observed in a random sample of 10% duplicate fin-
gerprints. Genetic diversity was evaluated by calculating the Simpson’s
index (D) [32], which varies between 0, when all isolates belong to the same
genomic group, and 1, when each isolate corresponds to a different genomic
group.

PCR-amplification and sequence analysis of the 16S rRNA
gene. The 16S rRNA gene for sequencing was PCR-amplified using the
universal primers 27f (5-AGAGTTTGATYMTGGCTCAG-3') and 1492r
(5-GGYTACCTTGTTACGACTT-3). After separation by electrophoresis
in 1.2% (w/v) agarose gels, the PCR products were purified with the
QIAquick PCR purification kit (Qiagen). They were then sequenced using
standard protocols and either the universal primer 907r (5-CCGT-
CAATTCMTTTRAGTTT-3) or the primers pair (27f and 1492r) described
above. The sequences were edited and assembled with the Vector NTI

Advance 10.3 software (Invitrogen) and then compared with the available
public nuclectide databases using NCBI Mega BLAST algorithm to identify
significant sequence alignments. The maximum homology criterion was
applied to assign a putative identification at the species level to the isolates.

The identities of S. medicae isolates were also checked by PCR ampli-
fication of a 419-bp fragment of the 16S rRNA gene using specific primers
for either S medicae or S. meliloti, according to Garau et a. [11]. To further
support this identification, a phylogenetic analysis was conducted using
MEGA version 4 [34]. Reference sequences for the rhizobial species were
selected according to TOBA information [12]. Experimental and reference
sequences were aligned using the ClustaW algorithm. The aligned
sequences were truncated to the minimum length of experimental sequences,
corresponding to a 600-bp region spanning the 16S rRNA gene variable
regions V3-V5. Based on this region, a phylogenetic tree was constructed
using the neighbor-joining algorithm and the maximum composite likeli-
hood model. The bootstrap method was used to test the inferred phylogeny.
The obtained 16S rRNA gene sequences, from the order Rhizobiales, were
deposited in GenBank (Table 2).

Nucleotide sequence determination of an M13-PCR frag-
ment and PCR amplification of a S. medicae target ampli-
con. M13-PCR was carried out as described above, except that Tag DNA
polymerase was used and the final extension step of the PCR protocol was
extended to 10 min. The amplified products were separated by overnight 1.2
% (w/v) agarose gel electrophoresis. Selected M13-PCR fragments were
excised from the agarose gel, purified using NucleoSpin Extract Il
(Macherey-Nagel), and concentrated by ethanol precipitation. The purified
and concentrated DNA fragments were cloned using pGEM-T Easy Vector
System | (Promega) according to the manufacturer’s recommendations. The
fragments were sequenced using the universal primers SP6 (5'-CATTTAG-
GTGACACTATAG-3) and T7 (5-TAATACGACTCACTATAGGG-3'), and
the sequences edited and analyzed using the same tools as described above.
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Table 2. GenBank accession numbers of 16S rRNA gene partial sequences
from Rhizobiales obtained in this work

Isolate Accession number |solate Accession number
MerE-6 GU143692 SerB-2 GU143701
MerF-3 GU143693 MerB-2 GU143702
NisA-4 GU143694 MerF-1 GU143703
AltA-2 GU143695 MerG-3 GU143704
MorA-12 GU143696 MerE-11 GU143705
MorA-5 GU143697 NisB-1 GU143706
CaA-11 GU143698 MerA-7 GU143707
AViA-3 GU143699 MarA-4 GU143708
MouA-1 GU143700 MarA-6 GU143709

The primer pair SMEDO1-f (5-GCGCGTAGTTCTGAAAGACC-3)
and SMEDO1-r (5-GGTTCTGGACGATCGTGTTT-3') was designed using
the software Primer3 [http://frodo.wi.mit.edu] [28] and Serial Cloner 1.3
(Seria Basics) and specifically targeted a partial sequence (1399 bp) of aca.
1500-bp M13-PCR genomic fragment in S medicae. The NCBI Mega
BLAST algorithm was used to compare primer sequences with sequencesin
public nucleotide databases in order to determine significant identities.
These primers were also tested through in silico PCR experiments with the
program In Silico Simulation of Molecular Biology Experiments
[http://insilico.ehu.es] [4], using the available genomes of genera of the fam-
ily Rhizobiaceae as well as those of type species of type genera of al the
other families of the Rhizobiales.

Genomic BLAST was performed in the NCBI database against all avail-
able bacterial genomes and using the 1399-bp sequence as the query. A phy-
logenetic tree was constructed with neighbor-joining, with 0.75 as the maxi-
mum allowed fraction of mismatched basesin the aligned region between any
pair of sequences. Additional neighbor-joining trees were also constructed
using locus Smed_3707, Smed_3708, Smed_3709, and Smed_3710 from S
medicae WSM419 pSMEDO1 plasmid as the query against all the bacterial
sequences available in KEGG database [http://www.genome.jp/kegg] [24].

In vitro PCR was performed using 1 U Tagq DNA polymerase, 1 pM of
SMEDO1-f and SMEDO1-r primer, and the following PCR protocol: initial
denaturation at 94°C for 5 min, 34 cyclesat 94°C for 45 s, 62°C for 30 sand
72°C for 1.5 min, and afinal 7-min extension cycle at 72°C. Amplified frag-
ments were separated by standard electrophoresis using 1.2% (w/v) agarose
gels.

Results

M13-PCR fingerprinting of nodule isolates. A
total of 132 isolates were recovered from root nodules of burr
medic and submitted to genotyping by M13-PCR. Genomic
amplification with primer csM13 generated a variable num-
ber of PCR products, typically consisting of 2—13 bands dis-
tributed within the 200- to 3200-bp region. Replicate M13-
PCR analysis of randomly chosen isolates produced PCR

profiles with an average similarity of 90%, indicating a good
level of reproducibility for the method.

Hierarchic analysis of M13-PCR banding patterns
allowed categorization of the isolates into 28 clusters at 65%
minimum similarity (Fig. 1). Although a significant number
of isolates gave rise to individual profiles, most clustered
together in larger groups of up to 36 individuas. Each of the
major clusters included isolates of different geographic ori-
gins and obtained from either spontaneous field plants or
soil-inoculated laboratory plants.

Twenty-eight isolates were randomly chosen among the
collection and further characterized by determining the par-
tial nucleotide sequence of their 16S rRNA genes (Fig. 1).
BLAST analysis of these sequences resulted in the assign-
ment of 12 of the isolates to the genus Sinorhizobium, based
on at least 99% identity with the 16S rRNA gene sequences
of S medicaeand S. meliloti. In fact, ahigh level of sequence
similarity was previously reported for the 16S rRNA genes of
S. meliloti LMG 6133" and S. medicae A 321" [27].
Alignment of the 16S rRNA gene sequences of S medicae
strain WSM419 (GenBank accession no. CP000738) and S.
meliloti LMG 6133 (GenBank accession no. X67222) iden-
tified four nucleotide substitutions. These sequences were
further aligned with the partial sequences of the Snorhi-
zobium isolates, which in the differing positions between the
two species were visually checked.

Additionally, each Snorhizobium isolate was PCR-ana-
lyzed using the set of primers proposed by Garau et a. [11]
for the specific amplification of a 419-bp region in the 16S
rRNA gene of either S medicae or S. meliloti. This combined
strategy alowed the identification of all 12 isolates assigned
to the Snorhizobium genus as S. medicae. Six other 16S
rRNA gene sequences from nodule isolates were found to be
closely related to those of members of the genus Rhizobium,
with no significant relationship at the species level (data not
shown). Sequences from other isolates were related to known
16S rRNA gene sequences from members of the y-subgroup
of Proteobacteria (Pseudomonas) and gram-positive bacteria
(Bacillus).

A phylogenetic tree was constructed that included refer-
ence sequences from Rhizobiales. It confirmed the clustering
of thetwelve S medicae isolatesin aclade with the reference
strain S. medicae WSM419 (data not shown). Five of the
Rhizobium isolates were closely associated in a clade with R.
leguminosarum, and the remainder distantly related with R.
giardinii. It was observed that, within the sample of isolates
selected for identification, those included in the same M 13-
PCR cluster were also assigned to the same genus/species,
each taxonomic group having severa different M13-PCR
profiles (Fig. 1). Thus, through similarity analysis of the M13
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No. of isolates
N, fixation
effectiveness index
medium highly Identification by 16S
Per Place of origin ineffective  effective  effective  rRNA gene sequencing
r(%)20 40 60 80 100 cluster (no. of isolates) (<25%)  (25-74%) (275%) (no. of isolates analysed)
CalA (4), MerA (1), MerC (2),
| 1 MerD (1), PorA (1), SerA (2) 1 0 0 Pseudomonas spp. (3)
TR 3 MerA (3) 3 0 0
[T 4 MerF (1), MorA (1), MouB (1), SerD (1) 4 0 0
T 4 MerC (1), PorA (1), PtgA (1), SerA (1) 4 0 0 Pseudomonas spp. (1)
[T 5 MorA (1), PorA (3), SerA (1) 5 0 0 Bacillus spp. (1)
S 2 MouA (1), SerD (1) 2 0 0
CalA (1), CraA (1), NisA (1), "
| 6 PorA (1), SerB (1), SerD (1) 6 0 0 Bacillus spp. (1)
TR 1 SerA (1) 1 0 0
e ] MarA (3), MerG (3), PorA (1) 7 0 0 Rhizobium spp. (3)
[ S S| NisB (1) 1 0 0
AltA (1), CalA (1), CraB (2),
- 11 MerA (1), MerE (1), MorA (3), 2 2 7 Sinorhizobium medicae (2)
PtgA (1), strain 55Mp
| 5 AltA (1), MarA (1), MerA (2), NisB (1) 5 0 0 Rhizobium spp. (2)
| T | 2 MerE (2) 2 0 0 Rhizobium spp. (1)
s i 1 MerB (1) 1 0 0
e MerE (1) 1 0 0
AviA (1), MerE (1) MorA (2), .
| 15 MouB (1), PorA (9), SerD (1) 15 0 0 Bacillus spp. (2)
[ 2 NisA (1), NisB (1) 2 0 0
jes | i 1 MerB (1) 1 0 0
[ 1 SerA (1) 1 0 0
I 1 MerD (1) 1 0 0
E—— | MerC (1) 1 0 0
. CraB (1), MorA (1) 1 1 0
AltA (2), AviA (1), CalA (2),
MerA (2), MerB (2), MerD (3),
T | 36 MerE (3), MerF (3), MorA (3), 2 18 16 Sinorhizobium medicae (9)
MouA (1), MouB (2), NisA (1),
PorA (2), SerA (1), SerB (2)
3 . 1 MouA (1) 0 1 0 Sinorhizobium medicae (1)
| AN 1 MerA (1) 1 0 0
(B MarA (1), MerA (1), SerA (1) 3 0 0 Pseudomonas spp. (1)
| T 1 CalA (1) 1 0 0 2
~=lll W 3 MerE (2), NisA (1) 3 0 0 Pseudomonas spp. (1) 5
g

Fig. 1. Cluster analysis of M13-PCR genomic fingerprints obtained for 132 root nodule isolates from Medicago polymorpha, native to southern Portuguese
locations. The dendogram was constructed using the Pearson correl ation coefficient and the UPGMA clustering method. A representative fingerprint is shown
on theright hand side of each cluster at 65% minimum similarity. The effectiveness index for N, fixation associated with M. polymor pha was determined by
the mean dry weight of shoots from inoculated plants grown in nitrogen-free medium, shown as the percentage of the value obtained with non-inoculated
nitrogen-supplied plants. Genus/species assignment was based on 16S rRNA gene sequencing data.

PCR profiles, the isolates were clustered according to their  designated M13-1 through M13-10 (Fig. 2A). Analysis of the
taxonomic affiliation. Based on these results, 48 nodule iso- M 13-PCR pattern of S. medicae strain LMG 18864 led to its
lates in ten M13-PCR groups at 80% minimum similarity  inclusion in group M13-8. This group consisted of six nod-
were assigned to the species S medicae; these groups were  ule isolates and was related at 74.3 % similarity to group
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M13-PCR groups Isolate ERIC-PCR profile/ group
r(%) 20 40 60 80 100
AviA-3 ERIC-7
MorA-1 ERIC-22
MerD-1 ERIC-21
MerE-17 | ERIC-6
MerD-6 ERIC-12
MerF-3 ERIC-6
MerD-3 ERIC-22
SerB-1 ERIC-4
L—  SerAA1 ERIC-21
MerB-2 ERIC-9
M13-1 SerB-2 ERIC-20
Vs R :ic->
MerA-4 ERIC-2
MerB-3 ERIC-7
M13-2 , Mous-1 ERIC-1
MorA-7 N.D.
MorA-8 ERIC-7
CalA-3 ERIC-22
MerE-7 N ERIC-7
= | MerE-15 N.D.
M13 PorA-1 ERIC-22
PorA-2 ERIC-21
MouB-2 ERIC-21
AltA-2 ERIC-16
AltA-3 ERIC-6
N3-S MerE-5 ERIC-9
L MerE-6 ERIC-7
MerE-4 ERIC-10
MerE-8 ERIC-22
MerE-12 ERIC-8
MerE-19 ERIC-15
MerA-1 ERIC-3
MerF-1 ERIC-22
M13-6  \oua2 ERIC-22
L e  MouA-1 ERIC-19
M13- MerE-13 ERIC-1
MerA-2 N.D.
e Sro; N Rc
CraB-1 ERIC-13
strain 55Mp N.D.
CalA-1 ST - ERIC-1
PtgA-4 ERIC-14
MorA-12 ERIC-17
AltA-4 ERIC-7
M13-9 MorA-5 ERIC-7
. ERIC-18
M13-10 MorA-14
Strain / M13-PCR grou
r (%) 20 40 60 80 100 9 R
AT SR T FE TR FNETA NN RN FRE NI REET FE R
[ S. medicae LMG 18864
M13-8
— M13-9
M13-10
S. meliloti ATCC 51124
S. meliloti DSMZ 30135"
L
S. terangae DSMZ 112827
S. fredii DSMZ 58517
M13-6 ) A
—| Fig. 2. (A) Dendogram (UPGMA with the Pearson
ke correlation coefficient) of M13-PCR fingerprints of
M13-4 Sinorhizobium medicae isolates, showing the ten
_: M13-3 clusters defined at 80% minimum similarity. For
M13-1 each isolate, the corresponding ERIC-PCR profile
M13-2 . and ERIC-PCR group are indicated at the right. ND,
M13-7 2 not determined. (B) Simplified dendogram showing
[<] N . .
] T 8 the clustering of one representative isolate of each
S Sehel BSMETSTS 2| M13-PCR cluster and referenceltype strains of six
=] Sinorhizobium species,
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M13-9, but it was quite distinct from the remaining groups,
in which the mgjority of theisolates were included. Analysis
of referenceltype strains belonging to other species of the
genus Snorhizobium revedled diverse M13-PCR profiles
lacking significant correlation with any group of isolates
(Fig. 2B).

The results from nitrogen fixation assays in association
with M. polymorpha generally agreed with the hierarchy
derived from the M13-PCR analysis (Fig. 1). With a few
exceptions, most isolates presenting M13-PCR patterns
assigned to S. medicae were consistently responsible for the
formation of intermediate or highly effective nitrogen-fixing
root nodules in M. polymorpha test plants upon re-inocula-
tion. Conversely, the majority of the remaining isolates were
either unable to nodulate or ineffective for nitrogen fixation
with M. polymorpha. The nitrogen-fixing activities of S
medicae isolates were variable, but no correlation was found
between the levels of nitrogen fixation and particular M13-
PCR genotypes.

Distribution and diversity of sinorhizobial
M13-PCR groups. The distribution of S medicae iso-
lates among different M13-PCR groups was neither related to
geographic location nor to the geological characteristics of
their sites of origin. The relatively small number of M13-
PCR groups found within the set of S medicae isolates (10
profiles for 48 isolates) suggested alow discriminating capa-
bility of the technique. The Simpson’s diversity index of the
M13-PCR genotypes within this population was 0.841. To
increase the resolution of the analysis, 44 isolates presenting
M13-PCR profiles assigned to S. medicae were further char-
acterized by ERIC-PCR. Hierarchical analysis of the
obtained ERIC-PCR profiles clustered the isolates into 22
clusters at 80% minimum similarity. The Simpson’s diversi-
ty index of the ERIC-PCR profiles was 0.934, showing the
technique’s higher discriminating power compared to M13-
PCR analysis.

Based upon data from the ERIC-PCR anaysis, we con-
cluded that, within most of the S medicae M13-PCR groups,
the isolates were geneticaly heterogeneous. For example,
within group M 13-6, comprising nine isolates mostly originat-
ing from the same geographic region (Mértola), seven differ-
ent ERIC-PCR profiles were observed (D = 0.917); similarly,
10 out of 15 isolates within profile M13-1 differed in their
ERIC-PCR band patterns (D = 0.943). Conversdly, isolates
distributed into different M13-PCR groups shared similar
ERIC-PCR profiles. This was true for four isolates (MorA-1,
CalA-3, PorA-1, and MouA-2) originating from different geo-
graphic regions and presenting distinct M13-PCR profiles, but
with highly similar (96.5%) ERIC-PCR fingerprints.

Identification of a M13-PCR fragment specific
for S. medicae. An M13-PCR amplification product of
ca. 1500 bp was observed in al S medicae isolates except
two (MerA-2 and MerE-13), but was absent in members of
other species or genera, suggesting that it was specific for S.
medicae (Fig. 3A). The DNA fragment retrieved from a ran-
domly selected isolate (MerE-6) was sequenced (GenBank
accession no. GU143691), and database searches revealed
100% similarity with a 1468-bp segment spanning loci
Smed_3707 to Smed_3709 in the pPSMEDO1 megaplasmid of
S medicae WSM419 (GenBank accession no. CP000739)
(Fig. 3B). These loci belong to a gene cluster that putatively
encodes a glycerol-3-phosphate ABC transport system
including UgpC protein [Smed_3707], an ATP-binding sub-
unit; UgpE [Smed 3708] and UgpA [Smed 3709], inner
membrane components; and UgpB [Smed 3710], a periplas-
mic/extracellular solute-binding protein.

Analysis of the published sequence of pPSMEDO1 con-
firmed the presence of two nucleotide sequences in the flank-
ing regions of this fragment with, respectively, 80%
(149404-149418 bp) and 67% (150857—-150871 bp) identity
to the csM13 primer sequence. Based on the nucleotide
sequence of this M13 amplicon, a primer pair (SMEDO1-f
and SMEDO1-r) was designed to amplify a 1399-bp frag-
ment. The SMEDO1-f primer also showed highly significant
seguence alignments (20/20) with plasmid and/or chromoso-
mal segquences of S meliloti, R. leguminosarum bv. trifolii
and bv. viciae, Roseobacter denitrificans, and Thermotoga
petrophila, but the SMEDO1-r primer seemsto be highly spe-
cific for S medicae. The specificity of the SMEDO1 primer
combination was confirmed after a genomic BLAST of the
1399-bp sequence of isolate MerE-6 against all 1106 bacter-
ia genomes available in the NCBI, as revedled by its
resolved position with S. medicae WSM419 in the phyloge-
netic tree depicted in Fig. 3C. Although a phylogenetic analy-
sis of each ugp gene in the KEGG database evidenced the
wide distribution of all loci amongst gram-negative bacteria,
a well-resolved clade including S. medicae and S. meliloti
was constant in all cases (data not shown).

In silico PCR experiments further reinforced the potential
applicability of the proposed primer pair, since no PCR prod-
uct was obtained with any of the available genomes of gen-
era comprising the family Rhizobiaceae, as well as those of
type species of type genera comprising all the other families
of the Rhizobiales, except for S medicae WSM419, for
which a single 1399-bp product was predicted (Fig. 3D). In
vitro PCR was then performed using a representative assort-
ment of previously identified isolates, including the 48 S. me-
dicae isolates obtained in this work, Rhizobium spp., Agro-
bacterium spp., Burkholderia spp., Pseudomonas spp., and
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Bacillus spp., as well astype and reference strains of several
rhizobial and non-rhizobial species (Fig. 3E). A PCR product
of the expected size was obtained with all S. medicae isolates
originating from different locations in Portugal (including
isolates MerE-13 and MerA-2 typed as S. medicae but lack-
ing the 1468-bp fragment amplified with primer csM13) and
the reference strain LMG 18864. In contrast, no amplifica-
tion product was obtained with S meliloti or any other
species used for analysis, thus indicating that this primer pair
was suitable for the direct detection of S. medicae strains.
Unexpectedly, a fainter 380-bp amplicon was also present in
S medicaeisolates (Fig. 3E). However, asecond priming site
with six mismatches was found in locus Smed 3708 for
primer SMEDO1-f (Fig. 3B), which could explain this sec-
ondary amplicon.

Discussion

The usefulness of M13-PCR fingerprinting for the identifica-
tion and discrimination of microbial isolates has already been
well demonstrated. For instance, the method has been suc-
cessfully applied in the genotypic analysis of yeast and bac-
terial clinical isolates, allowing not only their assignment to
particular species but also the differentiation between strains
within species [18,31], thus providing a valuable tool in epi-
demiological studies [9,10]. In one of those studies, the
screening of 88 clinical isolates of Pseudomonas aeruginosa
by PCR-fingerprinting using csM13 primer has allowed the
establishment of 50 different genogroups, each one cluster-
ing isolates with band patterns of >80% similarity [10]. The
typing and traceability of cyanobacteria within a freshwater
reservoir has been also achieved using M 13-PCR fingerprint-
ing combined with ERIC-PCR [36]. In this work, the M13-
PCR fingerprinting approach provided a firm separation
between sinorhizobial isolates on the one hand and other rhi-
zobial species and non-nodulating soil bacteria on the other,

thus clustering the target microorganisms in clearly distinct
genomic groups.

We identified ten distinct M13-PCR profile-groups
among 48 S. medicae isolates, although no relationship could
be established between the distribution of S. medicae isolates
among these M13-PCR genomic groups and either the geo-
graphic location, the climate, or the geological characteristics
of their places of origin. Moreover, in spite of the observed
dispersion, genotypic variations at the strain level could be
detected only by the combined use of a higher discriminato-
ry method, which restricted the applicability of this approach
in diversity analysis. An interesting result from the M13-PCR
clustering analysis was the observation that one of the groups
(M13-8), which included the reference strain of S medicae,
was more closely related to type or reference strains of other
species of Snorhizobiumthan to the remaining groups of S me-
dicae isolates. This suggested that, although sharing charac-
teristic properties of the species, such as the ability to estab-
lish nitrogen-fixing symbiosis with M. polymorpha and the
appropriate 16S rRNA gene nucleotide sequence, a signifi-
cant proportion of native S medicae from Portuguese soils
might have genomic features different from those of other
members of the same species and from other species of the
same genus. These differences might be associated with a
specific adaptation response to a peculiar and restrictive
habitat—as is the case with other, unrelated bacteria [41]—
thus making the role of saprophytic stress resi stance, compet-
itiveness for nodulation, and host-range preferences interest-
ing topics that certainly deserve further investigation. Our
results also raise the possibility that sinorhizobial reference
or type strains might be genomically unrepresentative of field
isolates assigned to the same species, strengthening the
necessity of carefully using the information retrieved from
comparative studies.

A magjor outcome of the M13-PCR fingerprinting
approach was the finding that primer csM13 amplified a
1468-bp DNA fragment with 100% sequence identity to a

« Fig. 3. (A) M13-PCR profiles of sinorhizobia. Lane 1: 1-kb Plus DNA Ladder (Invitrogen); lanes 2-6: S. medicae LM G 18864, S meliloti DSMZ 30135",
MerE-6, MerE-13, MerA-2. (B) Structural organization of the 148- to 152-kb region of pPSMEDOL plasmid of S medicae WSM419 encompassing the
UgpABCE sn-glycerol-3-phosphate uptake system. The 1468-bp M 13 amplicon, the 1399-bp target, and the 380-bp secondary amplicon are also depicted.
Plasmid sequences at annealing sites of primers csM13, SMEDO1-f and SMEDO1-r are indicated, with nucleotide mismatches in red. (C) Phylogenetic tree
of the 1399-bp S. medicae target amplicon obtained by genome BLAST against al 1106 available bacterial genomes in the NCBI database. (D) Graphical
representation of in silico PCR using SMEDO1-f and SMED-r primers with available sequenced genomes of Rhizobiaes. (E) PCR amplification of genom-
ic DNA from root nodule isolates and type or reference strains of several soil bacteria using primers SMEDO1-f and SMEDO1-r. The S medicae 1399-bp
target amplicon and the 380-bp second amplicon are indicated by the arrows. Lanes 1 and 26, 1-kb Pius DNA Ladder (Invitrogen); lanes 2-8, S. medicae
(strain LMG 18864, and isolates MerE-4, MerE-5, MerE-6, MerE-12, MerE-13, MerA-2, respectively); lanes 9-11, S meliloti (strain DSMZ 30135T, and
two field isolates, respectively); lane 12, S fredii DSMZ 5851T; lane 13, S terangae DSMZ 11282T; lane 14, Rhizobium pisi DSMZ 30132T; lane 15,
Rhizobium spp. (isolate MerG-3); lane 16, Azorhizobium caulinodans DSMZ 5875T; lane 17, Bradyrhizobium japonicum DSMZ 30131T; lane 18,
Mesorhizobium loti DSMZ 2626T; lane 19, Burkholderia phymatum DSMZ 17167T; lane 20, Burkholderia spp. (field isolate); lane 21, Blastobacter deni-
trificans DSMZ 1113T; lanes 22-23, Pseudomonas spp. (isolates SerA-7 and CalA-5, respectively); lanes 24-25, Bacillus spp. (isolates SerD-4 and CalA-7,
respectively).
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region in the pSMEDO1 megaplasmid of S. medicae
WSM419, which is part of an ABC transporter operon. This
seguence and the PCR primer combination SMEDO1-f and
SMEDO1-r developed in this work were shown, by in silico
and in vitro analysis, to be sufficiently specific to allow the
reliable distinction of S medicae from other rhizobial and
non-nodulating soil bacteria.

Notwithstanding the considerable range of geological
types and geographic distribution covered with the group of
isolatestested in thiswork, all isolates originated from south-
ern and central Portugal (except the reference strain LMG
18867), which might question the universality of the pro-
posed method. However, all the work performed in silico in
genes and genome databases, as well as the negative results
obtained with all tested strains of non-symbiotic soil bacteria,
including the common nodule contaminant Agrobacterium
spp. [7,21], contradict this possibility and as such validates
the method's use in routine analysis.

Several molecular techniques based on sequence particu-
larities of the 16S rRNA gene have been previously proposed
for the identification of S medicae and its distinction from
the related species S meliloti. These approaches rely on the
use of species-specific oligonucleotide probes complementa-
ry to 16S rRNA gene sequences [26], restriction fragment
length polymorphism (RFLP) analysis of amplified 16S
rDNA sequences [42], or PCR amplification using 16S-
rDNA-specific primers [11]. The PCR protocol described in
this work represents a novel approach for the direct identifi-
cation of S medicae strains among field isolates, providing
an additional tool for the already implemented 16S-rRNA-
based methods.
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