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Gene conversion, defined as the nonreciprocal transfer of DNA, is one result of homologous recombination.
Three steps in recombination could give rise to gene conversion: (i) DNA synthesis for repair of the degraded
segment, (ii) Holliday junction migration, leading to heteroduplex formation, and (iii) repair of mismatches in
the heteroduplex. There are at least three proteins (RuvAB, RecG, and RadA) that participate in the second
step. Their roles have been studied for homologous recombination, but evidence of their relative role in gene
conversion is lacking. In this work, we showed the effect on gene conversion of mutations in ruvB, recG, and
radA in Rhizobium etli, either alone or in combination, using a cointegration strategy previously developed in
our laboratory. The results indicate that the RuvAB system is highly efficient for gene conversion, since its
absence provokes smaller gene conversion segments than those in the wild type as well as a shift in the
preferred position of conversion tracts. The RecG system possesses a dual role for gene conversion. Inactiva-
tion of recG leads to longer gene conversion tracts than those in the wild type, indicating that its activity may
hinder heteroduplex extension. However, under circumstances where it is the only migration activity present
(as in the ruvB radA double mutant), conversion segments can still be seen, indicating that RecG can also
promote gene conversion. RadA is the least efficient system in R. efli but is still needed for the production of

detectable gene conversion tracts.

DNA may be the target of several intracellular and extra-
cellular injuries that can either modify or break it. Many of
these may cause, either directly or indirectly, single- or double-
strand breaks, leading to replication fork collapses. Indepen-
dent of their origin, breaks provoke the activation of several
pathways that can repair the damage; homologous recombina-
tion is the most important of these because of its ability to
repair without a loss of information. Besides its role in repair,
homologous recombination helps the diversification of the ge-
nome through the acquisition of foreign DNA sequences. Par-
adoxically, recombination also participates in the maintenance
of identity among multigenic families, a process known as
concerted evolution (38).

Concerted evolution can be generated through gene conver-
sion, an outcome of homologous recombination, which is de-
fined as the nonreciprocal transfer of DNA between two or
more homologous sequences. In bacteria, this nonreciprocal
transfer of information usually entails sizable gene segments
(400 to 600 bp are frequent) and occurs at frequencies higher
than the mutation frequency (1, 38, 39). The mechanism of
gene conversion has as a consequence the spread of se-
quence polymorphisms present in one of the two recombin-
ing homologs; these polymorphisms can be either main-
tained or eliminated in both sequences, thus giving rise to
identity between homologs. The occurrence of gene conver-
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sion in bacteria has been either demonstrated experimen-
tally (3, 12, 21, 31; see reference 38 for a review) or inferred
from the conservation pattern among repeated genes
through phylogenetic analysis (5, 9, 14, 20, 24, 32, 34, 46; see
reference 38 for a review).

The most accepted model that explains homologous recom-
bination and gene conversion is the double-strand-break repair
(DSBR) model (47). This model, characterized for the pres-
ence of double Holliday junctions (HJs) (Fig. 1), is flexible
enough to explain gene conversion and its association with
crossovers. In the DSBR model (Fig. 1), the length of gene
conversion segments can be modulated by three separate
events, namely (i) resynthesis of the degraded segment, using
information from the uncut homolog (Fig. 1C); (ii) the extent
of migration of the HJs (Fig. 1D); and (iii) mismatch repair in
the resulting heteroduplex regions (Fig. 1E and F). Consistent
with these predictions, inactivation of bacterial systems partic-
ipating in the generation of the degraded segment, such as the
RecBCD or AddAB system (1, 3), or in charge of mismatch
repair, such as MutS (1, 39), provokes a reduction in the
frequency and/or extent of gene conversion in bacteria. Oddly
enough, the extent of migration of the HJs on gene conversion
has been a poorly studied factor.

Movement of the HJs may be a crucial factor to determine
the extent of gene conversion, because long heteroduplex re-
gions can be processed afterwards by the mismatch repair
system, generating extensive tracts of gene conversion. At least
three systems (RuvAB, RecG, and RadA) participate in the
migration of HJs in Escherichia coli. RuvA binds to HJs either
as a homotetramer (16) or a double homotetramer (35), main-
taining the HJs in a planar form; RuvA is also needed for the
binding of the RuvB helicase to DNA (33). RuvB forms a
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FIG. 1. Gene conversion under the DSBR model. (A) Two homol-
ogous sequences are shown, differing by sequence polymorphisms
(black circles). (B) A double-strand break in the recipient homolog is
processed (by RecBCD or AddAB) to a gap, generating 3’ tails.
(C) After homolog invasion, DNA synthesis (discontinuous lines) fills
the gap, and upon ligation, two HJs are formed. At the gap-filling step,
gene conversion has occurred because the uncut sequence was the
template for gap resynthesis (note the black circles in the cut ho-
molog). (D) HJ migration (by RuvAB, RecG, or RadA) leads to
heteroduplex formation. Mismatch repair in the heteroduplex region
(mediated by MutS) dictates, depending on the orientation, whether
further gene conversion occurs. (E) After HJ resolution, a crossover
event with gene conversion to both the gain (black circles in both
homologs) and loss of the polymorphisms is generated. (F) Another
possible outcome is a crossover event with gene conversion to the gain
of both polymorphisms. Only the resolution of HJs leading to cross-
overs is shown.

hexameric ring responsible for the migration of the HJs away
from the initiation site through ATP hydrolysis.

The RecG helicase binds to HJs as a monomer; the so-called
“wedge” domain in this protein is responsible for both strand
separation and processivity (6). RecG was demonstrated in
vitro to drive branch migration in the opposite direction of that
of RecA (52); consequently, RecG may undo preformed HJs
(an antirecombinogenic activity), but it also has recombino-
genic activity (30). Although the third protein, RadA, has not
been studied in vitro, mutations in the gene displayed genetic
synthetic effects with both ruv4 and recG mutations (4, 28),
indicating that RadA participates in the migration of HJs.

Single mutations in ruvB, recG, or radA reduce homologous
recombination to about the same extent in Escherichia coli (4,
22), an unexpected result given the differing in vitro activities
for RuvB and RecG. The effect of these mutations on gene
conversion has been studied only, to our knowledge, in the case
of gonococcal pilin variation (a specialized gene conversion
system), where mutations in either ruvB or recG equally reduce
the frequency of gene conversion (40). As interesting as these
data are, there are some doubts as to whether these pheno-
types are applicable for all bacteria. For instance, in several
bacteria, such as Helicobacter pylori (18, 19), Acinetobacter bay-
lyi (15), and Rhizobium etli (27, 28), inactivation of ruvB re-
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duces recombination markedly, but inactivation of recG en-
hances recombination. The role of RadA outside of E. coli has
been studied only in Bacillus subtilis (7), where it affects chro-
mosome segregation, and in R. etli, where radA mutants were
only weakly affected in recombination (28). These data open
up the possibility of differing contributions of RuvB, RecG,
and RadA to gene conversion in bacteria other than E. coli.

One interesting system in this regard is in Rhizobium etli, a
symbiotic nitrogen-fixing alphaproteobacterium. R. etli CFN42
has a multipartite genome of 6.53 Mb, harboring approxi-
mately 200 reiterated DNA families. More than 133 of these
families are comprised of identical repeats longer than 100 bp
(13), long enough to be substrates for homologous recombi-
nation (43). Sequence identity among members of repeated
families in R. etli (at least for the nitrogenase multigene family)
is maintained by multiple recombination events, including gene
conversion (36). Phylogenetic analysis of the nitrogenase mul-
tigene family members in several R. etli isolates is fully consis-
tent with the operation of gene conversion as a homogenizing
mechanism (E. Sepulveda, M. Castellanos, and D. Romero,
unpublished results).

To gain insight into the mechanism of gene conversion in R.
etli, we have studied the anatomies of tracts undergoing gene
conversion in this organism (39). Our results revealed that (i)
crossover events were almost invariably accompanied by a gene
conversion event occurring nearby; (ii) gene conversion tract
lengths ranged in size from 150 bp up to 800 bp; (iii) gene
conversion events displayed a strong bias, favoring the preser-
vation of incoming sequences; and (iv) the MutS mismatch
repair system plays an important role in determining the length
of gene conversion segments (39).

The differential roles of RuvB, RecG, and RadA in homol-
ogous recombination in this organism were described recently
(28). Based on the effects of single and multiple mutations on
recombination frequency, we proposed that RuvAB is the
main system for migration of HJs, with RadA playing an an-
cillary role. RecG, in contrast, appears to inhibit recombina-
tion, perhaps due to HJ regression. Gene conversion would be
an ideal system to test these proposals because it allows us to
explore the length of converted segments, a factor highly re-
lated to HJ migration. In particular, we predict that in com-
parison to the wild type, (i) inactivation of radA4 should not
affect gene conversion tract length, (ii) null mutations in recG
should lead to longer gene conversion tracts, and (iii) absence
of ruvB would instigate a marked reduction in the length of
gene conversion segments, or even their disappearance. Evi-
dence reported here fully confirms these predictions.

MATERIALS AND METHODS

Bacterial strains and media. All Rhizobium etli strains were grown in peptone-
yeast extract medium (39) at 30°C. E. coli strains were grown in Luria-Bertani
(LB) medium at 37°C. Antibiotics were used in the following concentrations (in
micrograms per milliliter): kanamycin (Km), 15; nalidixic acid (Nal), 20; specti-
nomycin (Sp), 100; and tetracycline (Tc), 5.

Molecular analysis of transconjugants. Escherichia coli S17-1 (F~ pro-82 thi-1
endAl hsdR17 supE44 recA13; chromosomally integrated RP-4-2 [Tc::Mu Km::
Tn7]) (45) was used as a host for conjugative transfer of pJGus28 (39). The
integrative plasmid pJGus28 harbors a kanamycin resistance gene, allowing con-
venient selection for its presence, and a derivative of the nifH gene modified to
contain eight unique restriction sites (restriction fragment length polymorphisms
[RFLPs]) spaced nearly every 100 bp (39). Biparental matings between Esche-
richia coli S17-1 harboring pJGus28 and the desired R. etli strains were set up on
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FIG. 2. Experimental strategy for analyzing gene conversion.
(A) The modified nifH gene is represented by a gray rectangle, and
capital letters indicate different restriction sites as follows: H, HindIII;
B, BamHI; M, Maelll; A, ApaLI; N, Narl; Ml, Mlul; Be, Bcll; X, Xbal.
The only wild-type nifH gene of the symbiotic plasmid of R. etli is
depicted as a white rectangle. Upon recombination of pJGus28 and
pSym (a cross between both nifH genes), we could expect a reciprocal
recombination event (markers are just redistributed) (B), a nonrecip-
rocal recombination event to a gain of sites (note the central markers
A and N) (C), or a loss of sites (note that the central markers A and
N have been lost in both parts of the cointegrate) (D). Arrows in all
panels represent the specific primers used for amplifying each nifH
gene in the cointegrate molecule.

solid peptone-yeast extract medium lacking antibiotics (Fig. 2 and see below);
transconjugants were selected by their resistance to nalidixic acid (a naturally
occurring trait in all R. etli strains) and kanamycin (selecting for the integration
of pJGus28). To avoid the analysis of siblings, 10 different conjugation experi-
ments were set up for each R. erli recipient strain, retaining not more than five
single colonies from each experiment. Genomic DNA was isolated from 50
transconjugants from every recipient strain, and each one was analyzed by PCR
using a Techgene thermal cycler and a conventional 7ag DNA polymerase, with
a regime of 31 cycles with denaturation at 94°C for 1 min, annealing at 45°C
(primers 1 and 2) (Fig. 2B) or 48°C (primers 3 and 4) (Fig. 2B) for 1 min, and
extension at 72°C for variable times ranging from 1 to 1.5 min. To amplify both
nifH products in the cointegrates, specific primers were employed (primers 1 and
2 for the upper part of the cointegrate; primers 3 and 4 for the lower part) (39)
(Fig. 2). The resulting PCR products were purified by using Centri-Sep spin
columns (Applied Biosystems) before digestion with appropriate restriction en-
zymes. Restriction enzymes were purchased from diverse companies and used
according to the recommendations of the suppliers. Restricted products were
separated on 1% agarose gels and visualized after staining with ethidium bro-
mide.

Construction of R. efli mutants. To direct the integration of pJGus28 into a
single nifH region, we took advantage of a deletion derivative from pSym (strain
CFNX355) that lacks two of the three nifH genes from strain CFN42 (37). This
strain was used as the wild-type strain. Strain CFNX55 was modified afterwards
by allelic exchange with the ruvB::loxPSp or radA::loxPSp allele (28). To that end,
plasmid pJMS3 (ruvB::loxPSp) or pJMS15 (radA::loxPSp) was mobilized sepa-
rately from E. coli to R. etli by biparental matings; double recombinants were
identified by their Nal* Sp” Km® phenotype, giving rise to strains CFNX728
(ruvB::loxPSp Asym) and CFNX730 (radA::loxPSp Asym).

For some mutant derivatives, deletion of the symbiotic region of R. etli was
achieved by recombination enhancement by replication (RER) (50). In this
system, activation of a supernumerary replication origin on pSym leads to the
high-frequency generation of a deletion on pSym identical to the one in strain
CFNXS55 (39, 50). The recG mutant was generated by exchange with the recG::
loxPSp allele (pJMS11) on the CE3 strain, and after double recombination, the
symbiotic region was removed by RER, leaving a single nifH gene (CFNX729).
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To introduce further mutations, the loxPSp cassette of strain CFNX729 (recG::
loxPSp Asym) was first excised by using the Cre recombinase expressed from
plasmid pJMSS (28). Losses of the Sp marker, as well as of pJMS8, were selected
by screening single-colony isolates for a Sp® Tc® phenotype. After that first step,
strain recG::loxP Asym was conjugated with pJMS15 (radA::loxPSp allele). Dou-
ble recombinants were selected by their Nal” Sp” Km® phenotype. This strain was
called CFNX734 (recG::loxP radA::loxPSp Asym).

To construct ruvB recG and ruvB radA double mutants, the ruvB::loxPSp allele
(pIMS3) (27, 28) was introduced first by gene replacement in strain CE3. The Sp
marker from the loxPSp allele was excised by pop-out recombination mediated
by the Cre recombinase as described above, and then either the recG::loxPSp
(pIMS11) or the radA::loxPSp (pJMS15) allele was introduced in the ruvB back-
ground, selecting for double recombinants. In the case of ruvB:loxP radA:
loxPSp, the subsequent excision of the loxPSp marker was obtained as for the
ruvB allele. Once double mutants were obtained, deletions of the symbiotic
region were generated either by RER (strain CFNX732; ruvB::loxP recG::loxPSp
Asym) or spontaneously (strain CFNX733; ruvB::loxP radA:loxP Asym). The
triple mutant (strain CFNX735; ruvB::loxP recG::loxP radA:loxPSp) was obtained
by introducing the radA::loxPSp allele (pJMS15) in the ruvB recG background by
the same strategy as described previously (28).

Statistical analyses. All the statistical analyses were done with Excel software
(Microsoft Corp., Redmond, WA). Nonparametrical binomial tests were applied
to those data divided in two excluding categories (i.e., cointegrates associated or
not with gene conversion and gene conversion gain or loss) employing the
absolute numbers for each category. The goal of these tests was to evaluate if
proportions of the two categories under consideration were equal or not. Chi-
square tests for seven independent samples were used for comparisons between
strains; when the P values were significantly different at the 5% level, chi-square
tests for paired samples were done, comparing the wild-type strain with every
mutant strain.

RESULTS

Experimental design. To evaluate the characteristics of gene
conversion in each of the recombination mutants, we employed
a strategy developed previously in our laboratory (39) (Fig. 2).
This strategy is based on the use of a Rhizobium etli nifH gene
derivative, differing from the wild-type gene in that it harbors
eight unique RFLPs, spaced approximately every 100 bp along
the gene. These RFLPs serve as convenient landmarks to eval-
uate the occurrence and extension of gene conversion events.

This modified nifH gene was cloned into a mobilizable plas-
mid that is able to replicate in Escherichia coli but does not
replicate in R. etli. Upon introduction of this plasmid in R. etli
derivatives possessing only a single copy of a wild-type nifH
gene on a deleted pSym (264 kb), single-crossover recombina-
tion generates cointegrates between both plasmids, separated
by nifH gene copies (Fig. 2A).

Both nifH sequences of the cointegrate molecule were am-
plified separately by using specific primer pairs for the nonho-
mologous regions flanking each nitrogenase gene. The PCR
products were subjected to digestions with the eight different
enzymes that recognize the introduced RFLPs. Of course, sim-
ple crossover recombination without gene conversion leads to
a mere redistribution of the RFLP markers (Fig. 2B). In con-
trast, crossovers associated with gene conversion were easily
identified by digestion of both nifH gene segments flanking the
cointegrate with the same restriction enzyme(s) (gene conver-
tants toward a gain of markers) (Fig. 2C) or by lack of restric-
tion on both sides of the cointegrate (gene convertants toward
a loss of markers) (Fig. 2D). Application of this strategy to a
set of 50 independent cointegrates allowed the evaluation of
occurrence, extension, and localization of gene conversion
events in the wild-type strain (39).

In this work, we aimed to evaluate the differences in gene
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TABLE 1. High association of cointegration with gene conversion
in all the HJ migration mutants
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TABLE 2. Gene conversion is biased toward gain of markers in all
the HJ migration mutants

No. of
cointegrates with:

Strain (relevant genotype) P value®
Gene No gene
conversion conversion
CFNXS5 (wild type) 84 12 0
CFNX728 (ruvB::loxPSp) 37 13 8§x 1071
CFNX729 (recG::loxPSp) 43 7 0
CFNX730 (radA::loxPSp) 40 10 0
CFNX732 (ruvB::loxP recG::loxPSp) 36 14 9x107°
CFNX733 (ruvB::loxP radA::loxP) 38 12 2x10°8
CFNX734 (recG::loxP radA::loxPSp) 42 8 0

“ Probability that the observed distribution agrees with the null expectation
(cointegrates with gene conversion being equal to cointegrates without gene
conversion), evaluated by a nonparametrical binomial test. All P values are
significant at the 5% level.

conversion architecture between the wild-type strain and seven
mutant strains affected in HJ migration activity. To ensure that
the observed changes were not due to statistical variability, we
decided to analyze a new set of 50 cointegrates from the wild-
type strain. In the course of this analysis, we discovered that a
significant fraction of the convertants in our previous work was
wrongly identified as having a conversion of the BamHI RFLP.
This error was due to the unnoticed presence of a BamHI site
on the plasmid sequence, which generated digestion patterns
reminiscent of bona fide gene convertants for this RFLP. This
error was corrected both in the previous data and in the new
data set. Comparison of gene conversion parameters in both
data sets by chi-square tests revealed the absence of significant
differences, as expected (data not shown). For this reason, all
subsequent statistical analyses (comparison of the wild type
versus mutants) were done by pooling together data from both
wild-type data sets, representing 96 cointegrates (see Fig. S1 in
the supplemental material).

To evaluate the effect on the gene conversion of mutations
in genes affecting HJ migration, 50 independent cointegrates
were generated in each of six different mutants (the ruvB, recG,
radA, ruvB recG, ruvB radA, and recG radA mutants) as de-
scribed in Materials and Methods. It was not possible to ana-
lyze gene conversion in the ruvB recG radA triple mutant
because its low recombination activity (28) precluded the iso-
lation of cointegrates. The low recombination frequency ob-
served in this triple mutant supports the view that RuvAB,
RecG, and RadA are the main systems for HJ migration in R.
etli. Detailed data on gene conversion for each mutant are
shown (see Fig. S1 in the supplemental material).

Association of gene conversion to crossover events and gene
conversion skew in mutants does not change with respect to
that of the wild type. Previously (39), we have reported a strong
association between cointegration and gene conversion in the
R. etli wild-type strain (i.e., over 80% of the cointegrates have
an associated gene conversion event). Here we found that in all
the HJ migration mutants, over 70% of the cointegrates ana-
lyzed harbor a gene conversion event (Table 1). For all the
strains, including the wild type, a nonparametrical binomial
test revealed that the proportion of cointegrates with gene
conversion was significantly larger than the proportion of
cointegrates without gene conversion (Table 1). To ascertain if

No. of gene
conversi'on
Strain (relevant genotype) tracts with: P value®
Gain of  Loss of
markers  markers
CFNX55 (wild type) 85 25 9x107°
CFNX728 (ruvB::loxPSp) 28 9 0.0015
CFNX729 (recG::loxPSp) 43 4 1x1078
CFNX730 (radA::loxPSp) 36 9 5x107°
CFNX732 (ruvB::loxP recG::loxPSp) 29 11 0.0035
CFNX733 (ruvB::loxP radA::loxP) 29 15 0.025
CFNX734 (recG::loxP radA::loxPSp) 40 8 3x107°

“ Probability that the observed distribution agrees with the null expectation
(gene conversion toward gain of markers being equal to gene conversion toward
loss of markers), evaluated by a nonparametrical binomial test. All P values are
significant at the 5% level.

there were significant changes among the different strains in
the number of cointegrates with a gene conversion versus the
number of cointegrates lacking a gene conversion, a chi-square
test for seven independent samples was applied. The calculated
P value for this comparison was 0.1892; therefore, there were
not significant differences among the strains. Thus, mutations
in ruvB, recG, and radA, either alone or in combination, do not
affect the association between gene conversion and homolo-
gous recombination.

We have reported previously (39) that gene conversion in R.
etli is highly skewed toward the acquisition of markers located
in the incoming plasmid (i.e., a gain of RFLPs in this case). To
explain this skew, we have proposed an alternative, based on
the DSBR model, in which the modified nifH gene in the
incoming plasmid frequently functions as a template for re-
pairing the degraded segment. In this way, we proposed that
breaks happen preferentially in the resident wild-type nifH
gene because it is inside R. etli all the time (39). This alterna-
tive has turned out to be more convincing than explanations
based on the conventional Holliday model or its modifica-
tions, such as the Aviemore (Meselson-Radding) model
(39). According to this proposal, the reason for this skewed
distribution is events at the beginning of recombination and
they should not be affected by modifications in later events
(such as HJ migration). Supporting this proposal, all the HJ
migration mutants tested were still strongly biased toward
the gain of RFLPs (Table 2). This bias was highly significant
in every strain, as evaluated by a nonparametrical binomial
test (Table 2). As expected, a chi-square test for seven
independent samples revealed that there were no significant
differences among strains in this parameter (a calculated P
value of 0.1036).

RadA is an inefficient system for gene conversion in R. erli.
For evaluation of the effect of HJ migration systems on gene
conversion, it can be anticipated, based on current models, that
the most sensitive parameter would be the length of gene
conversion segments. This is due to the fact that conversion
length will be affected by the extent of heteroduplex migration.
Thus, evaluation of this parameter will reveal the relative ef-
ficiency of each of the HJ migration systems.

As shown in Fig. 3, inactivation of radA does not have a
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FIG. 3. Lengths of gene conversion tracts are modified in strains with mutations affecting HJ migration. Each panel shows the distribution of
lengths of gene conversion tracts (excluding discontinuous events) in the indicated strains, derived from Fig. S1 in the supplemental material. To
facilitate comparisons between the strains, data are presented as percentages, although the statistical analysis presented in the text was done using
the actual values. Lengths of gene conversion tracts are shown in base pairs. Numbers of gene conversion tracts analyzed for each strain were as
follows: wild type, 65; radA::loxPSp, 37; recG::loxPSp, 40; ruvB::loxPSp, 37; ruvB::loxP recG::loxPSp, 35; ruvB::loxP radA::loxP, 36; and recG::loxP

radA::loxPSp, 40.

strong effect on gene conversion tract length. The length of
gene conversion segments in this strain shows a unimodal dis-
tribution centered at 400 bp, similar to that in the wild-type
strain. Comparisons of the length distribution in the wild type
versus the distribution in the rad4 mutant revealed that the
differences were not significant (chi-square test; a P value of
0.87). Thus, these results suggest that RadA is a relatively
inefficient system for gene conversion in an otherwise wild-type
strain.

To support this interpretation, analysis of the length of gene
conversion segments in a ruvB recG mutant was instructive. In
this mutant, two of the three main HJ migration systems were
removed, allowing us to evaluate the participation of RadA on
gene conversion in a more direct way. In this mutant (Fig. 3),
the gene conversion tract length was severely affected, display-
ing segments with a modal length of just 150 bp. This difference
was highly significant compared to the wild-type strain (chi-
square test; a P value of 0.006). Therefore, these results con-
firm the participation of RadA in gene conversion, although its
efficiency is very low.

RecG plays a dual role in gene conversion. Inactivation of
recG has a striking effect on the length of gene conversion
segments. The modal length of gene conversion tracts (Fig. 3)

was longer in the recG mutant (600 bp) than in the wild-type
strain (400 bp). In fact, in the recG mutant, about 75% of the
segments were longer than 600 bp, compared to less than 40%
for the wild-type strain. These differences were highly signifi-
cant as evaluated by a chi-square test (P = 0.003). The ob-
served increase in gene conversion tract length in the recG
mutant is fully consistent with the proposed antirecombino-
genic role of RecG in R. etli (28), as has been demonstrated in
vitro in E. coli (52).

To evaluate if RecG in R. etli is also able to migrate HJ away
from the recombination start point (recombinogenic role), the
gene conversion tract length was analyzed for the ruvB radA
mutant strain. As shown in Fig. 3, although this double mutant
showed a distribution of conversion lengths with a mode of 150
bp, the overall distribution was not significantly different from
the distribution found in the wild-type strain (chi-square test; a
P value of 0.241). Even though many of the tracts in this
mutant fell in the 150-bp size class, 45% of the segments were
longer than 400 bp, similar to the case in the wild-type strain
(65%, Fig. 3). Thus, these results indicate that RecG in R. etli
plays a dual role, having both recombinogenic and antirecom-
binogenic activities.
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FIG. 4. Distribution of converted sites in continuous gene conversion tracts in the wild-type and HJ mutant strains. For each panel, the
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RuvB is the most efficient HJ migration system, and its
absence causes a shift in the distribution of most converted
sites. As shown in Fig. 3, inactivation of the RuvB protein
causes a notable reduction in gene conversion lengths. The
modal length for gene conversion segments (150 bp) was, in
fact, the shortest of those observed among the single-HJ mi-
gration mutants. Comparison of the length distribution for this
mutant with the wild-type distribution revealed highly signifi-
cant differences (chi-square test; a P value of 0.005). Simulta-
neous inactivation of the RecG and RadA systems allowed us
to analyze the activity of the RuvB system alone. In this double
mutant, the observed modal length was 600 bp (Fig. 3); al-
though the differences in the length distribution in this double
mutant were not significant from the distribution in the wild-
type strain (chi-square test; a P value of 0.27), it is clear that
this mutant displays the longest tract length mode among the
double mutants. These results support the interpretation that
the RuvB protein is the most efficient system for gene conver-
sion in R. etli.

Our approach allows us to explore the location of the most
highly converted sites. As shown in Fig. 4, the most highly
converted RFLPs in the wild-type strain showed a symmetrical
distribution, centered in the ApalLl site. This was expected
because the interval spanning the ApaLl and NarI sites (200
bp) is the longest segment in the nifH gene lacking RFLPs.
One consequence of this distribution is that the Mlul and Bcll
RFLPs were converted in a minority of the cases. This distri-
bution was maintained in the recG, radA, and recG radA mu-

tants (chi-square test; P values of 0.83, 0.54, and 0.28, respec-
tively). Notably, in the set of mutations where the RuvB system
is inactive (ruvB, ruvB recG, ruvB radA) (Fig. 4), the distribu-
tion of the most converted sites was shifted toward sites lo-
cated to the right of the ApaLLI RFLP. Instead of a symmetrical
distribution centered on the ApalLl site, these mutants showed
a highly skewed distribution, favoring conversion of the Narl
RFLP. Moreover, the Mlul and Bell RFLPs were also signif-
icantly converted in these strains, being converted at a fre-
quency twice as high as the one observed in the other strains
(Fig. 4). These differences were highly significant, as evaluated
by a chi-square test (P = 0.001). Possible reasons for this
skewed distribution, based on the preferred role of RuvB in
gene conversion, will be presented in Discussion.

DISCUSSION

For the interpretation of the data reported in this paper, it
is important to stress that RuvAB, RecG, and RadA appear to
be the main systems responsible for HJ migration in R. etli
(28). The main evidence in favor of this interpretation is the
very low recombination frequency in a ruvB recG radA triple
mutant, which is as low as the one observed in a recA mutant
(28). It has been reported that topoisomerase III may also
promote HJ migration and resolution in E. coli; this resolution
pathway, however, can produce only gene conversion not as-
sociated with crossovers (23). As mentioned in Results, all the
gene convertants analyzed here require the presence of a prior
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crossover; therefore, the contribution of a topoisomerase III
pathway is judged to be negligible under our conditions.

The main conclusions obtained here, namely that (i) inacti-
vation of radA does not affect gene conversion tract length, (ii)
null mutations in recG lead to longer gene conversion tracts,
and (iii) the absence of ruvB instigates a marked reduction in
the length of gene conversion segments, fully agree with pre-
vious proposals that RuvAB is the main system for HJ migra-
tion while RecG promotes HJ regression (but also migration
away from the recombination start site) and that RadA has a
minor role in HJ migration. These conclusions, based on the
analysis of single-gene mutations, are also fully consistent with
the results found with multiple-gene mutations.

In this regard, we have explored here four different scenarios
after formation of HJs. In both the wild-type and radA4 genetic
backgrounds, RuvAB and RecG must be acting, competing
with HJs, and originating gene conversion tracts of about 400
bp on average. The second scenario is that in which either
RuvAB (in the recG radA mutant) or RuvAB-RadA (in the
recG mutant) is active. In these cases, migration of HJs by
RuvAB proceeds without interference by RecG, leading to the
production of long gene conversion tracts; tract length is fur-
ther extended by a small but significant contribution by RadA.
The third scenario is where RecG (in the ruvB radA mutant) or
RecG-RadA (in the ruvB mutant) is present; in these cases,
upon elimination of the main HJ migration activity (RuvAB),
HJ migration should be relatively restricted as a result of the
relative contribution of the recombinogenic and antirecombi-
nogenic activities of RecG, leading to the generation of short
gene conversion tracts. Interestingly, the fact that the range of
tract lengths was wider for cases in which RecG was the only
active system than for the situations where both RecG and
RadA were functioning suggests the intriguing possibility that
RadA may potentiate the antirecombinogenic activity of
RecG. The last scenario is where RadA is the only system
migrating HJs (in the ruvB recG mutant) and thereby produc-
ing very short gene conversion tracts.

Based on published data on the in vitro activities of at least
some of these systems in E. coli as well as their relative abun-
dance in the cell, it is possible to make a rough approximation
of how big the antirecombinogenic effect of RecG should be in
vivo. The E. coli RuvAB enzyme shows in vitro preferential
migration of HJs away from the initiation site (48), a high level
of processivity (98 = 3 bp s~ ') (2), and high intracellular
abundance (200 protein copies per cell or, considering the
multimerization state, roughly 35 active copies per cell) (44,
51). RecG, in contrast, exhibits an in vitro preference in E. coli
for regression of HJ intermediates, although it also promotes
its migration away from the initiation site (30, 52). This fact,
coupled with RecG’s lower level of processivity (26 bp s~ ')
(29) compared to that of RuvAB and low intracellular abun-
dance (less than 10 copies per cell) (6), militates in favor of an
inhibitory role of this system in gene conversion.

Assuming, for simplicity, that RecG’s effects are mostly in-
hibitory, the relative effect on HJ migration in a wild-type
strain can be shown as follows: [(effect of the RuvAB system) —
(effect of the RecG system) X 100]. Since the processivity of
RecG is roughly one quarter of that seen for RuvAB and its
abundance is 3.5 times lower, the length of gene conversion
segments in a wild-type strain should be just 7% shorter than
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the length that would be observed in a recG mutant. The
predicted modest effect of recG elimination in E. coli agrees
with published data where recG mutants displayed weak re-
ductions in recombination frequency (22) except in systems
such as adaptive mutagenesis, where inactivation of RecG pro-
vokes a marked increase in the frequency of this interesting
phenomenon (11, 17). This behavior contrasts with the 50%
increase in the modal gene conversion tract length observed in
R. etli (from 400 bp to 600 bp) upon recG inactivation. These
differences in the in vivo behavior of R. etli versus that of E. coli
lead us to suggest that RecG parameters should differ between
these species in abundance, processivity, or even preference
for HJ regression. These possible differences should be ex-
plained by our proposal that RadA potentiates the antirecom-
binogenic activity of RecG. Experimental support for these
proposals, including an exploration of how general they can be
to explain gene conversion in bacteria, should have to wait for
the in vivo quantification, purification, and kinetic character-
ization of RuvAB, RecG, and RadA in R. etli.

A relatively unexpected feature of our data is the shift in the
position of gene conversion tracts toward the 3’ end of the nifH
gene whenever RuvB is absent. Although this shift might be
explained by invoking a differential association of HJ proteins
with repair systems, our previous data militate against such an
explanation (39). In fact, an analysis of preferred converted
markers in a mutS derivative failed to reveal such a shift (39).
However, two non-mutually exclusive alternatives can be pos-
tulated, namely (i) preferential HJ migration toward the 3’ end
of the gene by RecG and RadA and (ii) a preferential associ-
ation of the RuvC HJ endonuclease with RuvAB coupled with
the association of RecG and RadA with a different HJ re-
solvase.

Regarding the first alternative, it has been reported that
RuvAB (49) and RecG (52, 53) are helicases with opposing
strand polarities on RecA-coated substrates. These opposing
polarities impose different migration abilities, which may trans-
late into different positions for gene conversion tracts. It was
previously proposed that the RuvAB system extends 3’ end
invasions, while the RecG system unwinds this intermediate,
and that the reverse happens with a 5’ end invasion interme-
diate (17). Both 3’ and 5’ invading ends occur in the DSBR
model (Fig. 1). Invasions employing a 3’ end are commonly
regarded as preferred alternatives for gene conversion because
this kind of invasion may give rise to gene convertants either
through limited DNA synthesis or by heteroduplex extension.
According to the previous proposal (17), extension in this
circumstance occurs efficiently by the RuvAB system, aided by
its high copy number and significant processivity. Invasions
using the 5’ end, in contrast, may generate only gene conver-
tants through extension, which occurs in this case by using the
less-efficient RecG or RadA system. According to this proposal
(Fig. 5), in the wild-type situation, gene convertants may be
generated either in the 5" half or the 3’ half of the gene by the
combined action of these two helicases (and perhaps through
the action of RadA). However, in the absence of the RuvAB
system, convertants should be generated by the action of RecG
and RadA, with a preferential location toward the 3’ half of
the gene.

A second alternative is to postulate the presence of pre-
ferred resolution sites depending on the HJ migration system
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FIG. 5. Proposal to explain shifting of the most converted sites in

HJ mutants. In all panels, two recombining homologs are shown, as
well as 3" ends (half-arrowheads), RFLPs (small black circles), RuvAB
(gray diamonds), RecG or RadA (gray circles), and the direction of
movement of HJ migration proteins (arrows). (A) HJ migration and
gene conversion in the wild type and recG or radA mutant strain. At
the top of panel A, 3’ end invasions are processed by RuvAB, while 5’
end invasions are processed by RecG or RadA. These intermediates
migrate preferentially in the direction indicated by the small arrows.
Given the high processivity of RuvAB, migration toward the 5’ end
spans a larger extension than migrations toward the 3" end. The prod-
uct of both migration events encompasses a sector located in the
middle of the gene. (B) HJ migration and gene conversion in the
absence of ruvB (the ruvB, ruvB recG, or ruvB radA mutant strain).
Under these circumstances, 3’ end invasions are not processed, leaving
only the processing of 5’ invasions by RecG or RadA. Preferential
movement of these intermediates toward the 3’ end (top) instigates
gene conversion events shifted toward the 3’ end of the gene (bottom).
(C) HJ migration and gene conversion in the absence of both recG and
radA. In this case, processing of 3" end invasions by RuvAB provokes
the movement of HJs (and hence gene conversion) mostly toward the
5" end, although migration covering the 3’ end is yet possible, given the
high processivity of this complex.

used. There is clear evidence, both in vitro and in vivo (10, 42),
that the RuvAB complex associates with the HJ-specific endo-
nuclease RuvC. RecG-loaded HJs, in contrast, are thought to
be resolved by another unrelated endonuclease, called RusA
(26). E. coli RuvC depicts clear preferences for sites with the
sequence A/TTTG/C (41); RusA, in contrast, shows somewhat
less-stringent sequence requirements, favoring cleavage at the
5" end of a CC dinucleotide at the point of crossover of the HJ
(8, 25). Interestingly, potential RuvC resolution sites are twice
as frequent (eight versus four) in the 5 half than in the 3’ half
of the nifH gene. This suggests that RuvAB migrating com-
plexes have an increased probability of being resolved on the 5
half of nifH. Since there are no clear rus4 orthologs in the R.
etli genome, RecG migrating complexes should be resolved by
another RusA analogous activity in this organism. Identifica-
tion of this putative endonuclease and elucidation of its par-
ticipation in gene conversion constitute an interesting avenue
for future research.
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