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Introduction

Mobile genetic elements drive bacterial evolution and adaptation 
via recombination and horizontal transfer events, and may be 
responsible for some of the genetic and phenotypic variability of 
bacteria.1 These mobile elements include bacteriophages, trans-
posons, integrons, insertion sequences (ISs) and group II introns.

ISs are small genetic elements, usually less than 2.5 kb in 
size. They generally encode no functions other than those 
involved in their mobility. These include factors required in 
cis, such as the DNA sequences active in recombination that 
define the ends of the element (inverted repeats), together with 
an enzyme, the transposase, that recognizes and processes these 
ends. This enzyme is generally encoded by one or two open 
reading frames covering almost the entire length of the ele-
ment.2 The transposition process can be divided into several 
steps, generally comprising the binding of the transposase to 
the ends of the element, the formation of a complex involv-
ing the enzyme, and possibly some accessory proteins, together 
with the two ends of the transposon, cleavage and strand trans-
fer of the ends of the transposon into the target, followed by 
final processing of the strand transfer complex to generate a 
final product.3

RmInt1 is a mobile group II intron from Sinorhizobium meliloti that is exceptionally abundant in this bacterial species. 
We compared the presence of RmInt1 and two of its insertion sequence homing sites (ISRm2011-2 and ISRm10-2) in two 
phylogenetic clusters (I and II) identified by AFLP analysis in a collection of S. meliloti field isolates from Italy. Both clusters 
contained several copies of the ISRm2011-2 element, which is present at high copy number in almost all S. meliloti isolates. 
By contrast, isolates from cluster I harbored no copies of ISRm10-2 and only a truncated copy of RmInt1, despite the 
absence of constraints on intron mobility in this genetic background, whereas cluster II strains harbored several copies of 
this intron. The absence of ISRm10-2 from one of the strains of this cluster suggests that this element was acquired more 
recently than the other two elements. Furthermore, studies of insertional polymorphisms in cluster II strains revealed the 
acquisition of ISRm10-2 and subsequent retrohoming of RmInt1 to this homing site. These results highlight the role of 
intron homing sites (ISs) in facilitating intron dispersal and the dynamic and ongoing nature of the spread of the group II 
intron RmInt1 in S. meliloti.
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Group II introns are catalytic RNAs and self-splicing mobile 
retroelements that are believed to have been the progenitors of 
nuclear pre-mRNA introns4 and the ancestors of non-LTR ret-
rotransposons.5 A group II intron consists of a large catalytic 
RNA molecule displaying a conserved secondary structure with 
six double-helical domains (dI to dVI), one of which (dIV) may 
encode a multifunctional reverse transcriptase protein (the intron-
encoded protein or IEP).4 This IEP facilitates intron splicing and 
intron mobility in vivo. Group II introns can move in a site- 
specific manner to homologous intron-less genes, in a process 
known as retrohoming; they may also move at a much lower fre-
quency to new, ectopic sites, in a process known as retrotranspo-
sition.6-11 These properties are of interest because they have been 
used in the development of a new type of gene-targeting tool.12,13 
The basic retrohoming process involves a target DNA-primed 
reverse transcription (TPRT) mechanism mediated by a ribonu-
cleoprotein complex containing the IEP and the excised intron 
lariat RNA. This mechanism has been studied for a limited num-
ber of these mobile genetic elements, all within the IIA subclass 
of group II introns (reviewed in ref. 14). The IEPs of introns 
from this subclass have several conserved domains, including 
an N-terminal RT domain, domain X, a putative RNA-binding 
domain associated with RNA splicing or maturase activity and 
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Italian soil collection. This IS element was originally detected in 
the intergenic region between nodQ1 and nodJ.29

Recent experimental data have shown that RmInt1 propaga-
tion within the S. meliloti genome occurs principally by retro-
homing into the ISRm2011-2 element.30 Other Rhizobium and 
Sinorhizobium species were recently shown to have acquired the 
RmInt1 intron by vertical inheritance and independent horizon-
tal transfer events.25 It has been suggested that RmInt1 location, 
together with the inefficiency of the splicing, is consistent with 
a role for this intron in preventing the spread of other poten-
tially harmful mobile elements in these bacteria.31 However, the 
dynamics of bacterial group II introns in natural conditions and 
the factors influencing their gain or loss from some strains remain 
to be elucidated.32

In this study, we investigated the presence and distribution of 
RmInt1 and its IS homing sites in two genomic clusters from a 
collection of Italian field isolates of S. meliloti. Our results sug-
gest that RmInt1 is probably still spreading and that the presence 
of intron homing sites (ISs) has facilitated intron dispersion in S. 
meliloti, partly accounting for the exceptionally high abundance 
of this element in this rhizobial species.

Results and Discussion

We investigated the genomic structure of S. meliloti isolates from 
an Italian collection of alfalfa-nodulating field isolates (Table 
1),33 by AFLP (amplified fragment length polymorphism) analy-
sis.34 The dendogram obtained identified two main clusters (I 
and II), with a Pearson correlation index value in the range of 75 
to 95% (Fig. 1). These AFLP differences are significant because 
the isolates can be differentiated from the reference strain 1021 
and other strains from different sources. Cluster I comprises the 
isolates of types B4, C1, B11, A1 and B12, and the more distantly 
related A2 (correlation index of only 62%). Cluster II comprises 
isolates of types B1, C10, B9, C4 and B10, and the more distantly 
related C3 (correlation index of only 60%). This clustering pat-
tern was further supported by IS/intron fingerprint data (Fig. 2). 
Clusters I and II were clearly distinguished by the ISRm2011-2 
fingerprint. Thus, all the strains of cluster I shared at least five 
hybridizing bands and differed in terms of the number of addi-
tional copies (copies 7–11; Fig. 2B and C). The cluster II finger-
print was also defined by five common bands, but these bands 
differed in size from those of cluster I. The number of additional 
copies (9–12 bands in total) differentiated between the isolates 
within this cluster. This genetic variation was even more pro-
nounced in C4, which had six additional bands absent from the 
other isolates of cluster II (Fig. 2C). By contrast, ISRm10-2 fin-
gerprinting showed that only five isolates, all belonging to cluster 
II, harbored this IS element (Fig. 2C and Table 1). C3 from clus-
ter II was devoid of this IS element; four isolates contained four 
identical copies (B1, B9, B10 and C10), and C4 harbored seven 
copies with only the highest molecular weight band in common 
(Fig. 2C). Thus, cluster II isolates account for the high relative 
abundance of the ISRm10-2 element previously reported for this 
Italian collection (32% of the isolates).29 These findings fur-
ther support the hypothesis that ISRm2011-2 is ancestral in the 

C-terminal DNA-binding (D) and DNA-endonuclease (En) 
domains for target DNA cleavage. However, many bacterial group 
II intron IEPs lack the endonuclease domain.15,16 One of the best 
studied introns of this type is the RmInt1 intron, which belongs 
to the IIB3/D subclass.10 It was found in Sinorhizobium meliloti, 
the nitrogen-fixing symbiotic bacterium that establish symbio-
sis in the roots of leguminous plants of the genus Medicago.17 
This intron has been shown to be highly mobile in vivo.18-20 This 
mobility is characterized by a bias in the orientation of replication 
of the DNA target, indicating that cDNA synthesis is primed by 
the 3' end of the DNA at the replication fork.21

Detailed information about group II intron content is cur-
rently available for only four bacterial taxa: Escherichia coli 
strains,22 the Bacillus cereus group,23 Wolbachia bacterial endo-
symbionts24 and Sinorhizobium meliloti and related rhizobiales.25 
Studies on these introns have reported considerable variability in 
intron copy number between strains. In particular, RmInt1 is 
usually very abundant in S. meliloti strains, which may contain 
up to 11 copies. It is widespread and has been detected in 90% of 
the S. meliloti strains tested.26,27 Within the genome of S. meliloti, 
this intron is found mostly within copies of ISRm2011-2, an IS 
element present in almost all S. meliloti strains.25,26,28 Other cop-
ies of the intron have been found in genes such as oxi1, and other 
IS elements closely related to ISRm2011-2 have been identified 
(ISRm10-1 and ISRm10-2).9 ISRm10-1 has been detected in sev-
eral isolates (but only in one or two copies), whereas ISRm10-2 
was initially found as a single copy in one isolate from Uruguayan 
soils.9 Interestingly, ISRm10-2 was found to be more abundant, 
with several copies per genome, in 11 of 36 field isolates from an 

Table 1. Presence of RmInt1 and host elements (ISRm2011-2 and 
ISRm10-2) in the genome of S. meliloti isolates

Cluster
S. meliloti 

isolate
Location ISRm2011-2* ISRm10-2*

- 1021 Toulouse 12/2† 0/0†

- GR4 Granada 12/9† 0/0†

- CE31A Uruguay 4/2† 1/1†

- RMO17 Salamanca 13/0‡ ND

I A1 Lodi 9/0 0/0

I A2 Lodi 7/0 0/0

I C1 Mix§ 7/0 0/0

I B4 Rome 10/0 0/0

I B12 Rome 10/0 0/0

I B11 Rome 11/0 0/0

II C3 Mix§ 12/7 0/0

II B9 Rome 9/5 4/0

II B1 Rome 9/5 4/0

II B10 Rome 9/5 4/0

II C10 Mix§ 9/5 4/0

II C4 Mix 12/7 7/3
*Total number of the host elements/number of copies of the host 
element invaded by RmInt1. †Data obtained from reference 9. ‡Data 
obtained from reference 30. §Isolates from a mixture of Roma and Lodi 
soils as indicated in reference 33. ND, Not determined.
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fragments were amplified from this intergenic region with primers 
pnodQrv and pN6313fw (Fig. 3A). An analysis of the sequence of 
the smallest of these fragments (1,614 bp), obtained from isolate 
C3, showed it to contain a fragmented ISRm8 element (identical 
to the Sma0861 ORF; Fig. 3B). The structure of the intergenic 
region between nodJ and nodQ1 was identical to that of strain 
1021.37 Isolates B1, B9, B10 and C10 gave an amplified fragment 
of 3,971 bp. This fragment was larger than that obtained from 
C3, due to the insertion of elements ISRm10-2 and ISRm3,38 82 
and 825 bp downstream from the nodQ1 gene (GenBank acces-
sion number: AY570924; see also Fig. 3B), respectively. A third 
band, 5,855 bp in size, was amplified from isolate C4. This frag-
ment contained the same elements as obtained from isolates B1, 
B9, B10 and C10, but also carried a copy of RmInt1 inserted 
into the corresponding intron insertion site of ISRm10-2 (identi-
cal to the published sequence, accession number: Y11597). These 
results reveal the occurrence of genetic variation caused by suc-
cessive transposition events in the nodQ1 and nodJ intergenic 
region and involving different IS elements, including ISRm10-
2, with subsequent RmInt1 retrohoming to this homing site. 
The sequences of these insertional polymorphisms suggest that 
ISRm10-2 is an active transposable element, colonizing the inter-
genic region between nodQ1 and nodJ genes in particular. The 
ISRm10-2 copy in the former intergenic region seems to have 
become a target site for RmInt1, providing further evidence that 
the spread of RmInt1 in the genome is dependent on previous 
transposition events of its IS target sites.27

Our data also suggest that RmInt1 is continuing to spread 
in S. meliloti. RmInt1 requires a DNA target site for the initial 
invasion of the S. meliloti genome; this site may be provided by 
a conservative transposition event involving an existing (e.g., 
ISRm2011-2 ancestral in S. meliloti) or newly acquired ISRm2011-
2-type homing site (e.g., transposition of ISRm10-2 to the inter-
genic region between the nodQ1 and nodJ genes). RmInt1 then 
moves from its presumed natural homing site (ISRm2011-2) into 
the new target site and spreads throughout the genome, provid-
ing a confirmation in the natural environment of the findings of 

evolution of S. meliloti,35 whereas ISRm10-2 is probably a recent 
acquisition.

The presence and abundance of ISs in cluster I (up to 11 cop-
ies of ISRm2011-2; Table 1) and cluster II (up to 19 copies of 
ISRm2011-2 plus ISRm10-2 ), corresponding to potential DNA 
target sites (homing sites) for RmInt1, suggest that this intron 
should be well represented in both clusters of isolates. However, 
the distribution of RmInt1 in the Italian isolates showed unex-
pected differences between the two clusters. In cluster I, only 
one hybridizing band was detected for RmInt1, corresponding 
to a 3'-truncated remnant of RmInt1 (Fig. 2B and lane 2). This 
fragmented form of the intron can reflect a tendency of RmInt1 
to evolve toward an inactive form by fragmentation, with loss 
of the intron-encoded protein ORF, similar to those previ-
ously described in rhizobia other than S. meliloti,25 and to other 
truncated forms of group II introns described elsewhere in ref-
erence 36. By contrast, cluster II strains contained five to nine 
full-length copies of RmInt1 (Fig. 2B and C), consistent with 
previous findings for S. meliloti strains from different collections 
(Table 1).25-27 Genetic variation based on this retroelement was 
more pronounced for isolates C3 and C4, consistent with the 
considerable genomic diversity of these isolates revealed by both 
IS fingerprint analyses. Thus, S. meliloti isolates may lack active 
RmInt1 despite the presence of IS homing sites. Furthermore, the 
absence of full-length active copies of RmInt1 in the genome of S. 
meliloti cluster I isolates is not associated with particular restric-
tions on the mobility of this element. Mobility assays with an 
intron donor plasmid and target recipient plasmid,19 performed 
with representative isolates from the two clusters showed similar 
homing efficiencies between isolates and for the positive control 
S. meliloti strain RMO17 (data not shown). The most plausible 
explanation for these findings is that RmInt1 is still spreading 
in the S. meliloti species. The isolates of cluster I thus provide an 
illustration of the cycle of gains and losses of RmInt1.

The ISRm10-2 element was initially found in these Italian 
isolates in studies of insertional polymorphisms in the nodQ1 
and nodJ intergenic region.29 In cluster II strains, three different 

Figure 1. AFLP analysis of the S. meliloti isolates. AFLP patterns were normalized and transformed to horizontal electrophoretic gel format by the soft-
ware package GelCompar 4.1, with the program Abicon. The dendrogram, based on ABI310 data obtained from AFLP fingerprints, was generated with 
the UPGMA algorithm, and shows two differentiated genomic clusters (I and II). Other S. meliloti strains (GR4, RMO17, CE31A and 1021) were included in 
the analysis as a reference.
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AFLP analysis. We used a modified version of the experi-
mental protocol described in the Gibco BRL AFLP manual and 
published by Biondi et al.34 The PCR products obtained were 
analyzed with a Perkin-Elmer ABI 310 analyzer.

Electrophoretic data were collected with ABI Genescan soft-
ware (PE Applied Biosystems). After normalization, the levels of 
genetic similarity between the AFLP patterns were calculated with 
the Pearson product-moment correlation coefficient (r). For clus-
ter analysis of AFLP banding patterns, we used the unweighted 
pair group method using arithmetic averages (UPGMA).40 We 

experimental studies.30 Thus, the successful spread of RmInt1 in 
S. meliloti, as a retroelement, is based principally on a strategy of 
targeting alternative insertion sequences as homing sites.

Materials and Methods

S. meliloti isolates and reference strains. All the Italian field iso-
lates used in this work were obtained from a collection described 
in a previous study in reference 29 and 33. The other strains used 
were S. meliloti 1021,38 CE31A, GR4,9 RMO17.39

Figure 2. RFLP analysis of the S. meliloti isolates. (A) Schematic diagrams of intron-less and intron-invaded DNA sites. The DNA probes used for DNA 
hybridization are indicated below each diagram. Numbers indicate relevant nucleotide positions within the exons and intron sequences. (B) Examples 
of RFLP analysis depicted in (C) for XhoI-digested total DNA from S. meliloti 1021 (lane 1) and representative isolates from cluster I (B4, lane 2) and clus-
ter II (B10, lane 3 and B1, lane 4), with probes for the mobile elements indicated under each part and represented in (A). DNA molecular size markers 
are indicated on the left of the first part. (C) Schematic diagrams of Southern blot hybridizations of XhoI-digested total DNA from isolates of clusters I 
(above) and II (below). The mobile elements used as probes are indicated at the bottom. DNA molecular size markers (λ) are also shown. Asterisks (*) 
indicate that the band hybridizes only with the probe for the 5'-end of RmInt1.
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considered only band patterns that were reproducible in three 
independent amplification reactions.

IS/intron-fingerprint. Fingerprints were obtained by DNA 
hybridization with various IS- and intron-derived DNA probes, 
as described elsewhere in reference 9 and 25. DNA hybridiza-
tion analysis was carried out on the same filters, with the vari-
ous probes. DNA probes for RmInt1 and the insertion elements 
ISRm2011-2 and ISRm10-2 were obtained by PCR amplifica-
tion with the following oligonucleotides: for ISRm2011-2, 
2011B1 (5'-TGG ACG AAG ACG AAC ATG G-3') and 2011B2 
(5'-TTG AAG TAG GCT GCG CAT T-3'); for ISRm10-2, 
ISRm10-67f (5'-ACG TCC GCC GTG TGG AGG-3') and 
ISRm10-430r (5'-CGC GTG ATG TTG TGC CGC-3'); for 
the 5' end of RmInt1, Epsilon (5'-GTG AGC GTC GGA TGA 
AAC-3') and C18R0 (5'-ACG TTT CTC AAT TCG AAA 
CG-3') and for the 3' end of RmInt1, Int1 (5'-GTA TCC GAA 
TGT CAC GTT CG-3') and Int2 (5'-CCG TCC ATA GTA 
GGC AAT CC-3').

PCR amplification and DNA sequencing. The intergenic region 
between the nodQ1 and nodJ genes (from nt 475,031 to 476,645 

Figure 3. Independent invasion of ISRm10-2 copies by RmInt1. (A) Ethidium bromide-stained agarose gel of amplified fragments of the intergenic 
region between nodJ and nodQ1, from total DNA of the cluster II isolates and the control strain 1021 (see Materials and Methods). Various amplified 
fragments were obtained: 1,614 a, 3,971 b and 5,855 c bp. (B) Structure of each amplified fragment. White boxes indicate genes present on pSymA in 
1021 and the C3 isolate; gray boxes indicate the acquisition of IS transposable elements in the B1, B9, B10 and C10 isolates and the black box indicates 
the insertion of the RmInt1 group II intron into ISRm10-2 in isolate C4. Arrowheads indicate the positions of the primers used.

in pSymA; 3) of cluster II strains was obtained by PCR, with the 
High Fidelity PCR System (Roche), using primers pnodQrv (5'-
AAT CAG CTC CCT GCC GTT CTC TGG TTC ACC-3') 
and pN1105fw (5'-GGTA GCC ATC CGA GCA GGG-3'). The 
amplified DNA fragment was purified and used as a template for 
sequencing. We used pN6313fw, pnodQrv and pN61105fw for the 
sequencing of ISRm10-2 and ISRm10-2-RmInt1 in the C4, B1, 
B9, B10 and C10 isolates; pN61143fw (5'-GGC CGC GCT CCT 
GCC ACG-3') and pN61055rv (5'-GCT GAC TCA GCC TCG 
GTG CAG G-3') were used for the sequencing of ISRm3 in these 
isolates. The accession number of the sequence obtained from the 
B1 isolate is AY570924. Sequence similarity was evaluated against 
the BLAST database at the National Center for Biotechnology 
Information (NCBI).
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