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Ethylene inhibits the establishment of symbiosis between rhizobia and legumes. Several rhizo-
bia species express the enzyme ACC deaminase, which degrades the ethylene precursor 1-cy-
clopropane-1-carboxilate (ACC), leading to reductions in the amount of ethylene evolved by the
plant. M. Ioti has a gene encoding ACC deaminase, but this gene is under the activity of the NifA-
RpoN-dependent promoter; thus, it is only expressed inside the nodule. The M. loti structural
gene ACC deaminase (acdS) was integrated into the M. loti chromosome under a constitutive
promoter activity. The resulting strain induced the formation of a higher number of nodules and
was more competitive than the wild-type strain on Lotus japonicus and L. tenuis. These results
suggest that the introduction of the ACC deaminase activity within M. loti in a constitutive way
could be a novel strategy to increase nodulation competitiveness of the bacteria, which could be

useful for the forage inoculants industry.
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Introduction

Inoculations with rhizobia may be vital to overcome
nitrogen deficiencies in soil. However, some strains of-
ten fail to nodulate due to competition with native soil
populations (Maier and Triplett, 1996; Vlassak and
Vanderleyden, 1997). One approach to solve this prob-
lem is their genetic enhancement.
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The gaseous phytohormone ethylene inhibits the
early signal transduction cascade that characterizes
and governs the earlier plant physiological changes
during the nodulation process of legumes (Nukui et
al., 2004; Oldroyd et al., 2001). It affects the infection
thread initiation and elongation (Gage, 2004) and lim-
its nodule number and development in Medicago trun-
catula and M. sativa (Penmetsa and Cook, 1997; Pe-
ters and Crist-Estes, 1989), which form indeterminate
nodules, and in Lotus japonicus, which forms determi-
nate ones (Nukui et al., 2000). In contrast, no inhibition
has been found for Glycine max (Schmidt et al., 1999).
Some rhizobia have developed mechanisms to lower
plant ethylene and improve root nodulation. One of
them relies on the constitutive production of rhizobi-
toxine, an amino-acid found in Bradhyrhizobium el-
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kanii, which inhibits the activity of two enzymes in-
volved in the ethylene biosynthetic pathway (Okazaki
et al., 2004; Yuhashi et al., 2000). Mutants unable to
synthesize rhizobitoxine are remarkably less competi-
tive than the wild-type strain (Yuhashi et al., 2000). An-
other mechanism for ethylene diminution involves the
production of ACC deaminase, an enzyme that con-
verts 1-aminocyclopropane-1-carboxilate (ACC, the
ethylene precursor) into ammonia and o-ketobutyrate
(Penrose and Glick, 2003).

This enzyme has been intensively studied in some
plant growth-promoting bacteria (PGPR, Glick et al.,
1998; Penrose and Glick, 2001). In rhizobia, the gene
codifying for ACC deaminase (acdS) has been detect-
ed in Rhizobium leguminosarum (Ma et al., 2003), B.
japonicum (Kaneko et al., 2002), M. loti (Kaneko et al.,
2000; Uchiumi et al., 2004), Rhizobium sp. (TAL1145)
and Sinorhizobium sp. (BL3) (Tittabutr et al., 2008).
The beneficial effect of this gene expression on bacte-
rial competitiveness was demonstrated in R. legumi-
nosarum and M. loti mutants (Ma et al., 2003; Uchiumi
et al., 2004). In addition, S. meliloti strains expressing
the R. leguminosarum acdS gene showed greater effi-
ciency in nodulating alfalfa and were more competitive
than the wild type strain (Ma et al., 2004). The intro-
duction of multiple copies of the acdS gene from both
Rhizobium sp. (TAL1145) and Sinorhizobium sp. (BL3)
strains into the first one enhanced its symbiotic effi-
ciency on Leucaena leucocephala (Tittabutr et al.,
2008).

M. loti MAFF303099 expresses ACC deaminase only
as bacteroid (inside the mature nodule), under the ac-
tivity of a NifA-RpoN dependent promoter (Nukui et al.,
2006). Mesorhizobum forms a symbiotic association
with Lotus spp., a plant genus comprising more than
200 species, including L. japonicus, a model legume
for genetic studies, whose genome has been se-
quenced (Sato et al., 2008; Szczyglowski and Stou-
gaard, 2008). L. tenuis (syn. L. glaber) is an important
forage legume with high adaptability to several abiotic
conditions (Teckle et al., 2006). In addition, genotypes
of this species may be propagated by stem cuttings as
a way to reduce the intrinsic genetic heterogeneity oc-
curring in available commercial lines (Echeverria et al.,
2008). Since inoculated M. loti strains have to com-
pete with those naturally occurring in the field, which
often present a low nitrogen fixation capacity (Triplett
and Sadowsky, 1992), the objective of the present
work was the construction of a Mesorhizobium strain
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with the ability to constitutively express ACC deami-
nase during the free-living stage, additionally to its
natural, induced expression as bacteroid, and to study
its effect on Lotus nodulation. Our hypothesis was that
the new ability would improve the infectivity and com-
petitiveness of the engineered strain.

Results and Discussion

Characterization of the M. loti strain MAFF303099 bear-
ing a constitutively expressed acdS gene copy inte-
grated into its chromosome

The acdS gene of M. loti MAFF303099, transcrip-
tionally fused with the promoter region of the Gentami-
cin (Gm) cassette (Ugalde et al., 2000) was integrated
by a simple recombination event into the chromosome
of M. loti MAFF303099 (MAFF SR) (Fig. 1A). There
were no differences in growth between the recombi-
nant and the wild-type (MAFF Sm) strains (Fig. 2A). In
contrast, the ACC deaminase activity of MAFF SR was
higher than that of the corresponding control, either in
the presence or absence of Gm in the culture medium
(Fig. 2B). This result confirms the constitutive activity
of the cloned promoter.

Effect of the increased ACC deaminase activity on the
symbiosis with Lotus spp.

Infectivity. The number of nodules induced by M.
loti strains was assessed at 28 days post inoculation
(dpi) on L. japonicus and at 60 dpi on L. tenuis. Both
plant species presented a higher number of nodules
per root when inoculated with the strain having in-
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Fig. 1.
work.

A) MAFF SR. An additional copy of the acdS gene under the
control of the Gentamicin resistance cassette promoter was in-
serted into the chromosome of the wild-type MAFF303099.
B) MAFF acdS mutant strain. The chromosomal copy of the
acdS gene was interrupted by a Gentamicin resistance cassette
in order to generate the dysfunctional mutant.

Physical map of the constructions obtained in this
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Fig. 2. Growth and ACC deaminase activity for wild-type and SR strains.

A) Comparison of growth culture kinetic between MAFF Sm and MAFF SR strains. Each
value is the average of two determinations. B) ACC deaminase activity in MAFF Sm and MAFF
SR strains, cultured in the presence or in the absence of Gentamicin. The results are the aver-

age of two determinations.

creased ACC deaminase activity (Fig. 3A and B). No
differences were observed in the plant growth. This re-
sult extends to L. tenuis the direct relationship between
the increased ability to degrade the ethylene precur-
sor and the improved strain infectivity, previously dem-
onstrated in L. japonicus (Uchiumi et al., 2004). To pro-
vide additional evidence about the occurrence of this
relationship in L. tenuis, a further experiment was per-
formed, where the nodulation level induced by a M. loti
strain with its acdS gene disrupted (MAFF acdS) was
compared with that induced by MAFF Sm. To avoid
the genetic heterogeneity of the plant material, we
used L. tenuis plants obtained from stem cuttings of
two different genotypes (Echeverria et al., 2008). After
28 dpi, plants inoculated with the strain bearing the
disrupted acdS gene presented a significantly lower
number of nodules than those inoculated with the wild-
type strain (Fig. 3C). This result was independent of
the L. tenuis plant genotype and supports our previ-
ous finding of a direct relationship between ACC
deaminase activity and root infectivity, also in this plant
species. However, nodulation levels in genotype 19
were higher than those in genotype 30, what puts for-
ward the possibility that infectivity may greatly vary
within populations of L. tenuis and shows the conve-
nience of using a more genetically homogeneous
plant material for this kind of experiment.
Competitiveness for nodule occupancy. Earlier ex-
periments demonstrated that the modified strain pos-
sesses a higher infectivity than the wild-type. Since M.
loti MAFF303099 has a natural capacity to express
ACC deaminase only into the active nodule, the ob-
tained results indicate that an additional beneficial ef-

fect comes from expressing this activity also in earlier
steps of the nodulation process. The capacity of a
modified rhizobium to express the ACC deaminase in
the free-living state allows it to lower the ACC levels in
the rhizosphere. According to the model postulated by
Glick et al. (1998) for the PGPR, a lowering of the ACC
levels in the rhizosphere will conduce to a lowering of
plant ethylene that could result in a positive effect for
nodulation. However, this would favor nodulation by
any compatible rhizobium in the rhizosphere, not only
the engineered one. Therefore, we asked whether the
constitutive expression of ACC deaminase during the
free-living stage may confer a competitive advantage
to the engineered bacteria over the wild-type strain. To
test this hypothesis, seedlings of both L. japonicus
and L. tenuis were co-inoculated with a mixture of
MAFF Sm and MAFF SR bacterial suspensions. Table
1 shows the percentage of M. loti MAFF SR in the in-
ocula used on L. japonicus and in that used on L.
tenuis, and the percentage of nodules occupied by M.
loti MAFF SR at 28 dpi, in the respective plants. Re-
sults indicate that the constitutive expression of ACC
deaminase confers a competitive advantage to the en-
gineered bacteria over the wild-type strain suggesting
a more local effect. This also was suggested for the
effect of the rhizobitoxine of Bradyrhizobium elkanii
(Okazaki et al., 2004).

Strain competitiveness to colonize the root surface.
There exists the possibility that the higher competitive-
ness might be due to the new capacity of the modified
strain to use constitutively the ACC as a nutrient
source, as suggested by Glick et al. (1998). To test
whether the observed higher nodulation competitive-



334 CONFORTE et al. Vol. 56
157 - 1007 *
T O] s ]
s 2 ]
o | e -
g ] * 8 801
7] w
[+] - (1)
s 10 z i
- S 60-
< . < :
% I s [
T —
g b 3 40 -
E 51 £ '
2 7] 2
[ 4]
[=2] Q E
g g 207
> b b -
>
< i 2 :
0 T 0 T
MAFF Sm MAFF SR MAFF Sm MAFF SR
MAFF 303099 Strains MAFF 303099 Strains
cC .
E=
i)
S g0~ 1 MAFF Sm
2 1 MAFF acds-
@ a
= 60+
3 T
(=]
=
S 401
e b
2 b
E 20 =
c c
&
g —/
'5 0 T T
2 N o
Genotypes
Fig. 8. Infectivity of wild-type and SR strains.

A) Number of nodules induced on a plant population of L. japonicus by MAFF Sm and by MAFF SR at 28 dpi.
B) Number of nodules induced at 60 dpi on a plant population of L. tenuis (cv. Pampa INTA) by the MAFF Sm
and the MAFF SR. Results are the average of three experiments. Asteriks mean significantly different at p<0.05.
C) Number of nodules induced on two different L. tenuis genotypes by the MAFF Sm and the MAFF acdS mutant
strains. Results are the average of three experiments. Bars with the same letter are not significantly different

(0=<0.05).

Table 1. Competitiveness for nodule occupancy.

% of M. loti MAFF % of nodules

Inoculated plant SR in the occupied by
P co-inoculation M. loti MAFF SR
mixture at 28 dpi
L. tenuis 48 70t7
L. japonicus 22 67t11

Values for % of nodules occupied by MAFF SR represent the
mean of three experiments.

ness is due to a higher colonization due to this capac-
ity, a bacterial suspension containing a mixture of the
wild type and recombinant strain (MAFF SR) in a
0.25 : 0.75 proportion was inoculated on L. japonicus
roots and changes in that proportion were followed
during 22 days. Figure 4 shows that the relative
amounts of recombinant and wild type strains in the
bacterial population on the root suffered respectively a
slight decrease and increase during the time course
experiment. This result, although it suggests that the
MAFF SR strain has less capacity for long-term sur-
vival, rules out the possibility that the observed posi-
tive effect of the increased ACC deaminase activity on
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Fig. 4. Relative proportion of MAFF Sm and MAFF SR strains
on L. japonicus roots.

A mixture of wild-type and recombinant strain, ina 0.25 : 0.75
proportion, was inoculated on L. japonicus roots and the pro-
portion of each one at the root surface was determined at differ-
ent post inoculation times.

nodulation was due to an improved ability to colonize
the root surface by the recombinant strain. This is in
line with Belimov et al. (2009), who observed that ge-
netic modification had no effect on the root coloniza-
tion ability of the PGPR ACC deaminase-expressing
Pseudomonas brassicacearum in tomato.

In conclusion, we have constructed a new strain of
M. loti with the ability to express ACC deaminase in
free-living conditions in addition to its natural bacte-
roid state-expressing capacity. The obtained modified
strain was able to induce more nodules (both on the
model L. japonicus and on the economically important
forage L. tenuis) and also presented higher competi-
tiveness compared with the wild type strain. Conse-
quently, the introduction of the ability to express ACC
deaminase in the free-living state, in addition to the
natural bacterial expression into active nodules, could
constitute a good strategy to increase the competitive-
ness of inoculants applied to fields. With this objective
in mind, our next step is to obtain a modified strain
with constitutive ACC deaminase expression but with-
out the information for Gentamicin resistance. Howev-
er, rigorous experimentation must be done before this
strain may become a realistic and efficient inoculant
option for plant growth promotion in the field, includ-
ing the assessment of the nitrogen fixing capacity and
survival length of mutants, compared with those of
wild-type strains, as well as the description of potential
adverse effects of the integrated acdS gene and mech-
anisms intervening in the improvement of M. loti nodu-
lation competitiveness on Lotus spp.).
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Experimental Procedures

Bacterial strains and growth media. Escherichia
coli strains were grown at 37°C in Luria-Bertani media.
M. loti strains were grown at 28°C in AB minimal me-
dium (Douglas et al., 1985) supplemented with su-
crose (0.5%, wt/vol). When necessary, antibiotics were
added to the following final concentration (ug/ml):
Gentamicin (Gm) at 15, Ampicilin (Amp) at 100, Strep-
tomycin (Sm) at 250, and tetracycline (Tc) at 10 for E.
coli or 1 for M. loti.

Construction of the MAFF SR strain. A DNA frag-
ment was amplified from M. loti MAFF303099 by poly-
merase chain reaction (PCR) with the pfu enzyme and
with the primers 5-GGATCCTTGCGTGGCTATTTC-3’
and 5’-TTAACAACTGCCCGCTGA-3’. The PCR ampli-
fied a DNA fragment of 1,153 bp, spanning from 27 bp
upstream of the ATG to 76 bp downstream of the stop
codon of the M. loti acdS gene. The PCR product was
ligated into pBluescript Il KS (+/-) (Stratagene) di-
gested with EcoRV (pBlue-acdS). The construction
was sequenced to eliminate the possibility of any mu-
tation generated during amplification. Then, the con-
struction was digested with EcoRI and Hindlll and the
resulting fragment was cloned into pBBR1MCS-4 (Ko-
vatch et al., 1995), which was digested with the same
enzymes, in the opposite direction with respect to the
transcription of the endogenous promoter of the vec-
tor multiple cloning site. The resulting plasmid was
called pBBRacdS. A Gm cassette was digested from
plasmid pSPG1 (Ugalde et al., 2000) with BamH|. This
cassette is devoid of a transcriptional terminator se-
quence (Ugalde et al., 2000) and has constitutive pro-
moter activity in rhizobium. pBBRacdS was digested
with BamH|I upstream of the acdS ATG and ligated to
the Gm cassette. Constructs in which the transcription
of acdS was in the orientation of the Gm promoter
were selected. The construction in the pPBBR1MCS-4
vector was digested with Xbal and Hindlll and the Gm::
acdS construct was ligated into pK18mobTc (Sanchez
et al., 2009), a suicide vector in rhizobium obtaining
the pK18mobGm:acdS plasmid. pK18mobTcGm::
acdS was used to transform E. coli S17 Apir and then
introduced into M. loti MAFF303099 by biparental mat-
ing. Gm-resistant clones were isolated and a simple
recombination event was selected by searching Tc re-
sistant strains. On this basis a recombinant strain
called MAFF SR was selected. Figure 1A shows an
schematic representation of the new construction inte-
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grated into the M. loti chromosome.

Construction of the MAFF acdS mutant. A Gm cas-
sette, devoid of a transcriptional terminator sequence
(Ugalde et al., 2000), was digested with BamH]I, ex-
treme filled and ligated into a unique Stul site of the
acdS insert into the pBlue-acdS plasmid. The gene
fragment containing the Gm cassette was cut out of
pBlue-acdS::Gm with Pstl and Hindlll and ligated to
the pK18mobTc (Sanchez et al., 2009), digested with
the same enzymes. The resulting plasmid, pK18mobTc-
acdS::Gm, was used to transform the E. coli S17 Apir
strain and then introduced into M. loti MAFF303099 by
biparental mating. Gm-resistant clones were isolated
and double recombination events were selected by
testing sensitivity to Tc. On this basis, a mutant named
MAFF acdS was selected. The occurrence of a double
crossover event was corroborated by PCR analysis.
Figure 1B shows a schematic representation of the
Gm cassette integration into the M. loti genome.

Analysis of ACC deaminase activity. ACC deami-
nase activity was measured, at an exponential phase
of bacterial growth (0.8-1.0 OD), according to Penrose
and Glick (2003).

Nodulation assays. Germinated seeds: L. japoni-
cus Gifu and L. tenuis (cv. Pampa INTA) seeds were
surface sterilized and pre-germinated following Lepek
et al. (1990). Three-day-old seedlings were planted (5
plants per jar) in autoclaved modified Leonard jars
filled with vermiculite and B & D 1/4 (Broughton and
Dilworth, 1971) solution supplemented with 0.1 mm
KNO3, and inoculated with M. loti strains at an OD of
0.6 (200 pl/plant). The number of nodules per plant
was determined at 28 days post inoculation (dpi) in
the case of L. japonicus and at 60 dpi for L. tenuis.
Results are the average of three experiments.

Stem cuttings: Two genotypes of L. tenuis (19 and
30) differing in their salt tolerance capacity (Echeverria
et al., 2008) were vegetatively propagated according
to Mujica and Rumi (1998). Nineteen-day-old rooted
cuttings were transferred to modified Leonard jars
filled with sterile vermiculite and Evans solution (Evans
and Hoagland, 1927), and inoculated with M. loti
strains at an OD of 0.6 (1 ml/plant). The number of
nodules per plant was determined at 28 dpi. Results
are the average of three experiments.

Competition assay for nodule occupancy. The two
strains, wild type (MAFF Sm) and MAFF SR, were
mixed together and used to inoculate Lotus spp.
plants, as described previously (D’Antuono et al.,
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2005). The exact proportion of each strain in the mix-
ture was determined by dilution and plating in media
with the corresponding antibiotics. At 28 dpi, 10 nod-
ules from each of three experiments were harvested,
sterilized, and crushed separately in AB minimal me-
dium. To determine the proportion of nodules occu-
pied by each strain, serial dilutions were plated on AB
(0.5% sucrose) minimal medium with Gm or Sm re-
spectively. Nodulation results are the average of the
three experiments.

Evaluation of strain competitiveness to colonize the
root surface. The colonization competitiveness be-
tween the wild-type and MAFF SR strains was as-
sessed according to Wolfgang et al. (1996) with some
modifications. Seeds of L. japonicus were sterilized
and germinated as above. Two-day-old seedlings were
transferred to a Leonard jar filled with vermiculite and
B&D 1/4 solution and roots were inoculated with a
bacterial suspension containing a mixture (0.25 : 0.75)
of the wild type and recombinant strain on day 0. The
exact proportion of each strain in the mixture was de-
termined by dilution and plating in media with the cor-
responding antibiotics. Different days after the inocu-
lation, plants were harvested and shaken in order to
remove the vermiculite. The root was excised from the
stem and placed in a 1.5 ml tube containing 1 ml of
distilled water plus 0.01% Tween 20 and vortexed for
10 min. In order to calculate the relative proportion of
each strain that colonized the root surface, an appro-
priate dilution of the suspension was placed in AB su-
crose 0.5% agar and incubated. Grown colonies were
then sub-cultured in the same medium supplemented
with either Gm or Sm. Each treatment consisted of at
least three replicate Leonard jars, each containing
three plants.

Statistical analysis.
ing Duncan’s test.

Differences were analyzed us-
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