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Abstract

Mesorhizobium loti MAFF303099 has a functional type III secretory system
(T3SS) involved in the nodulation process on Lotus tenuis and Lotus japonicus.
Four putative M. loti T3SS effectors (Mlr6358, Mlr6331, Mlr6361, and
MlIr6316) have been previously described, and it has been demonstrated that
the N-terminal regions of MIr6361 and MIr6358 mediate the secretion via a
T3SS. Here, we demonstrate the capacity of Mlr6316 and MIr6331 N-terminal
regions to direct the secretion of a translational fusion to a reporter peptide
through T3SS. By using single, double, and triple mutants, we demonstrated
the positive and negative participation of some of these proteins in the deter-
mination of competitiveness on Lotus spp. Low competitiveness values corre-
lated with low nodulation efficiency for a mutant deficient in three of the
putative M. loti effectors. Our data suggest that the net effect of M. loti T3SS
function on symbiotic process with Lotus results from a balance between posi-
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Introduction

Type III secretion systems (T3SSs) are present in several
pathogenic bacteria (Cornelis, 2002). These systems are
multiprotein complexes through which effector proteins
are delivered into the host cell where they can modulate
various cellular functions (Galan, 2001; Cornelis, 2002;
Alfano & Collmer, 2004).

Various rhizobium species also have a T3SS through
which several proteins are secreted (Viprey et al., 1998;
Krause et al., 2002; Lorio et al., 2004; de Lyra et al,
2006). Three of these proteins, NopA, NopB, and NopX,
constitute the pili, whereas NopX has been postulated to
act as the translocator protein (Saad et al., 2008). Other
secreted proteins, including NopD, NopJ, NopL, NopM,
NopP, and NopT, have been described as effector pro-
teins (Bartsev et al., 2004; Skorpil et al., 2005; Rodrigues
et al., 2007; Dai et al., 2008; Kambara et al., 2009).

Nodule formation and nitrogen fixation in legume
roots are the result of a symbiotic process characterized
by a complex exchange of signals between the plant and
the bacterium. Plant flavonoids induce the production of
rhizobial Nod factors responsible for the first morpholo-
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tive and negative effects.

gical and physiological events that trigger nodule develop-
ment. As for Nod factors, expression of rhizobial T3SS
components and effectors is induced by flavonoids and
NodD as the gene encoding the Ttsl transcriptional factor
contains a nod box consensus sequence in its promoter
region (Krause et al., 2002; Marie et al., 2004). TtsI binds
to tts boxes in the promoter regions of genes encoding
T3SS components, inducing their transcription (Wassem
et al., 2008). Mesorhizobium loti forms a symbiotic associ-
ation with Lotus spp. The sequencing of the M. loti
MAFF303099 genome has revealed the presence of all the
genes required to encode a T3SS (Kaneko et al,
2000a,b). Regulation of the M. loti MAFF303099 T3SS is
the same as in other rhizobia because its ttsI homolog is
preceded by a nod box. Using a bioinformatic approach,
we have previously searched for other tts box-controlled
genes. We identified three new T3SS putative effectors in
M. loti MAFF303099 (proteins encoded by mlr6331,
mlr6358, and mlr6361) (Sanchez et al., 2009) and deter-
mined the NodD/flavonoid-transcriptional regulation for
another putative effector previously described for M. loti
MAFF303099 (a protein encoded by mlr6316) (Hubber
et al., 2004). We also determined that the N-terminal
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region of Mlr6361 and MIr6358 directs the secretion of
the protein through T3SS (Sanchez et al., 2009).

We have previously found that a M. loti rhcN mutant
strain is negatively affected in nodulation competitiveness
on Lotus glaber (now called Lotus tenuis) (Sanchez et al.,
2009). The rhcN gene encodes a protein similar to RhcN
of Rhizobium sp. strain NGR234, a T3SS protein that
shares characteristics of ATPase and whose mutation
abolishes T3SS secretion (Viprey et al., 1998). Okazaki
et al. (2010) analyzed the nodulation efficiency of an
M. loti mutant which lacked a region of the chromo-
some-containing genes encoding for both structural com-
ponents of T3SS and putative secreted proteins and
demonstrated that the presence of T3SS affected nodula-
tion positively on Lotus corniculatus and Lotus filicaulis
but negatively on Lotus halophilus, Lotus peregrinus, and
Lotus subbiflorus. Okazaki et al. also observed no signifi-
cant differences, between this mutant and the wild-type
strain, in nodulation ability on Lotus japonicus Gifu
B-129. Transcriptional analysis applied to Lo. japonicus
Gifu B-129 inoculated with the M. loti rh¢N mutant
strain showed alterations in the expression level of genes
normally upregulated during the nodulation process
(Sanchez et al., 2009). Mesorhizobium loti induced small
white ‘tumor-like’ growth on Leucaena leucocephala, but a
mutant in a conserved structural component of T3SS (the
M. loti rhc] mutant strain) formed large pink nodules
(Hubber et al.,, 2004). Little is known about the role of
each of the putative M. loti T3SS effectors. The protein
encoded by mlr6316 has been described to have a partial
negative effect on Le. leucocephala nodulation (Hubber
et al., 2004), whereas the protein encoded by mir6361 has
been described to have a negative role in Lo. halophilus
nodulation (Okazaki et al., 2010). However, it has not yet
been determined which of the proteins secreted by the
M. loti T3SS are involved in the positive nodulation
effects observed in some Lotus spp.

The aim of this work was to determine whether the
N-terminal regions of proteins encoded by mir6316 and
mlr6331 are able to direct the protein secretion via M. loti
T3SS and to determine the involvement of the different
T3SS putative effectors in the symbiosis with two differ-
ent Lotus species.

Materials and methods

Plasmids, bacterial strains, and growth media

Bacterial strains and plasmids used in this study are listed
in Supporting Information, Table S1. MAFF303099
strains were grown at 28 °C in AB minimal medium
(Douglas et al., 1985) supplemented with sucrose (0.5%
w/v). When necessary, antibiotics were added to the

FEMS Microbiol Lett 330 (2012) 148-156

149

following final concentrations (ug mL™'): gentamicin
(Gm), 30; ampicillin (Amp), 100; neomycin (Nm), 100;
spectinomycin (Sp), 100; and tetracycline (Tc), 10 for
Escherichia coli or 1 for M. loti. For T3SS induction, na-
ringenin was added to cultures at an optical density
600 nm (ODggopm) of 0.1 to a final concentration of
1 uM.

Construction of the chromosomally integrated
3xFLAG translational fusions

PBAD-mir6331 was constructed as previously described
(Sanchez et al.,, 2009). The oligonucleotide primer pairs
used are described in Table S1. Sequences encoding the
N-terminal portion of the protein, together with the
upstream promoter region, were cut from pBAD-mlr6361
(59 aa), pBAD-mlir6316 (160 aa), pBAD-mlr6358 (160 aa)
(Sanchez et al., 2009), and pBAD-mlr6331 (177 aa),
respectively, and cloned into the pK18mobTc vector (San-
chez et al., 2009). The same plasmids were also intro-
duced by biparental mating into an M. loti rhcN
pMP2112 mutant strain.

Isolation of extracellular and intracellular
proteins

Supernatant protein extractions were carried out by direct
TCA precipitation as previously described (Sanchez et al.,
2009). Supernatant was concentrated approximately 2000
times. For total (intracellular) bacterial protein extrac-
tions, 1 ml of the bacterial cultures used above was cen-
trifuged and the pellets dissolved in cracking buffer.

Analysis of proteins by gel electrophoresis

Proteins were separated using SDS-PAGE and then
stained using silver nitrate. For immunoblotting, anti-
NGR234 strain NopA (Marie et al., 2004) or a commer-
cially available anti-FLAG M2 monoclonal antibody
(Sigma) was used.

Creation of M. loti mutants

Analyzed mutants and oligonucleotides pairs used for
their construction are described in Table S1. Construction
details are given in Appendix S1.

Competitive assays

For competitive analysis, the indicated strains were mixed
together in equal amounts and used to inoculate lotus
plants as described previously (D'Antuono et al, 2005).
The proportion of each strain in the mixture was

© 2012 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved



150

determined as described previously (Sanchez et al., 2009).
Statistical analyses were carried out using aNova and the
chi-square test.

Nodulation tests

Lotus seeds were surface-sterilized and pregerminated.
Nodulation was observed by the agar slant method (Vin-
cent, 1970). Three-day-old seedlings were placed into col-
umn tubes containing agar B&D Y (Broughton &
Dilworth, 1971) (two plants per tube), inoculated with
M. loti strains at an OD of 0.6 (100 pL), and observed
daily for nodule number. Results are the average of three
experiments. Statistical analysis was carried out by ANOva.

Results

N-terminal translational fusions of mir6316 and
mir6331 direct secretion through T3SS

It has been proposed that the signal to be secreted by
T3SS resides in the amino acid sequence of the N-termi-
nal region of T3SS effectors (summarized in Gosh, 2004).
Experiments using fusion of this region to a reporter pro-
tein have been previously carried out to demonstrate the
N-terminal region capacity to direct protein secretion
through T3SS (Russmann et al., 2002; Lorio et al., 2004).
Thus, we fused a FLAG epitope at the C-terminus of the
truncated proteins by cloning the respective N-terminal
regions into the vector pBAD24 3xFLAG (Fig. S1) (Guz-
man et al., 1995; Spano et al., 2008). To investigate pro-
tein secretion through T3SS, we introduced translational
constructions into M. loti MAFF303099 already contain-
ing pMP2112, which constitutively expresses nodD of
Rhizobium leguminosarum. Because the flavonoid that
specifically induces the expression of M. loti promoters
containing the nod box is unknown, we used this heterol-
ogous system (as proposed by Lopez-Lara et al., 1995) to
induce flavonoid-controlled genes in MAFF303099 with
naringenin.

We have previously described that the N-terminal
regions of mlr6361 and mlr6358 are able to direct the
secretion of a reporter peptide through the T3SS of
M. loti (Sanchez et al., 2009). As strains carrying plas-
mid-borne translational fusions of mlr6316 and mlr6331
were growth defective, we decided to analyze the secre-
tion of the N-terminal translational fusions of mir6316
and mlir6331 as single copies integrated into the M.
loti MAFF303099 chromosome (MAFF6316SRpMP2112
and MAFF6331SRpMP2112). We also assayed the
mlr6358 (MAFF6358SRpMP2112) and mir6361 (MAFF
6361SRpMP2112) secretion capacity. When the assay was
carried out in the presence of naringenin, secretion of the
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fused protein into the supernatant was observed in small
amounts (data not shown). It has been previously
described for pathogenic animal bacteria (Boyd et al,
2000; Lee et al., 2001; Deng et al., 2005), that secretion of
effectors proteins by T3SS could be induced by lowering
the calcium concentration of the culture medium. To test
whether a similar culture condition could trigger secre-
tion in M. loti, we assayed the same translational fusions
by growing the bacteria in induction medium without
calcium. Secretion of the translational fusions corre-
sponding to the four proteins was easily detected under
these conditions (Fig. 1a). Another band, probably due to
the degradation of the fused MIr6331, was detected only
in the pellet, indicating that the presence of the complete
fused protein in the supernatant was not because of bac-
terial lysis. Fusions were also integrated into the chromo-
some of the rhcN mutant strain already containing
pMP2112 (rhcN6316SRpMP2112, rhcN6331SRpMP2112,
rheN6358SRpMP2112, and  rheN6361SRpMP2112). No
secretion was observed for any of them (Fig. 2b). These
results demonstrate that secretion of the translational
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Fig. 1. Secretion of FLAG amino terminal fusions of MIr6316,
MIr6331, MIr6358, and MIr6361. Supernatants (Sn) and intracellular
proteins (pellet) were isolated from the MAFF303099 (a) and rhcN
mutant (b) strains containing the respective chromosomally integrated
fusions. The left blot in (a) corresponds to MIr6316 and Mir6331
fusions, the middle blot to MIr6358 fusion, and the right blot to
MIr6361 fusion. The left blot in (b) corresponds to MIr6316 and
MIr6331 fusions and the right blot to MIr6358 and MIr6361 fusions.
Bacteria were grown for 30 h in inducing conditions in the absence of
calcium. Proteins were separated by 15% SDS-PAGE, immunoblotted,
and probed with an anti-FLAG antibody. Positions of size markers
loaded onto the gels are shown (in kDa).
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fusions corresponding to mir6361, mir6358, mir6316, and
mlr6331, chromosomally integrated in the wild-type (wt)
strain, occurs in a T3SS-dependent manner.

Symbiotic phenotype of M. loti T3SS mutants

Previous reports have indicated that mutations in protein
secretion systems in M. loti affect symbiotic competitive-
ness in lotus (Hubber et al., 2004; Sanchez et al., 2009).
Mesorhizobium loti MAFF303099 rhcN mutant was less
competitive than the wt strain with regard to nodulation
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Fig. 2. (a) Symbiotic phenotype of the rhcN mutant strain on
different Lotus plants. Plants were co-inoculated with an equal
mixture of wt and rhcN mutant strains. The percentages of nodules
occupied by each bacterial strain 6 weeks postinoculation are shown.
Data corresponding to Lotus tenuis cv. Pampa INTA were previously
reported by Sanchez et al. (2009). The asterisk indicates that the
relative nodule occupancy differed significantly (P < 0.05) from the
null hypothesis of 50%:50% occupation applying the chi-square test
and that using anova, the difference between relative percentages is
significant (P < 0.05). (b) Nodulation kinetics of Lotus japonicus MG-
20 inoculated with the Mesorhizobium loti wild-type and rhcN
mutant strains. The number of nodules was counted daily and
recorded for at least 20 plants per strain per experiment. The values
are means of three nodulation tests for each strain, and the error
bars indicate standard deviations. Statistically significant differences
(P < 0.05) were analyzed by applying the anova test. Dpi, days
postinoculation.

FEMS Microbiol Lett 330 (2012) 148-156

151

on Lo. tenuis cv. Pampa INTA (Sanchez et al., 2009).
Because it has been reported that the M. loti T3SS mutant
has different nodulation efficacies on different Lotus spe-
cies (Okazaki et al., 2010), we decided to compare the
symbiotic competitiveness of the wt with that of rhcN
mutant strains on Lo. japonicus Miyacojima MG-20. As
shown in Fig. 2a, the strains showed no differences in
competitiveness when they were co-inoculated in this
plant. As the two strains differ in their protein secretion
capacity, the lack of differences in competitiveness in the
co-inoculation assays could be due to phenotypic comple-
mentation. We thus performed a nodulation test to com-
pare the nodulation efficiency of the wt with that of rhcN
mutant strains on Lo. japonicus MG-20 and found no
significant differences between strains (Fig. 2b). Also, we
analyzed the competitiveness of the wt and rhcN mutant
strains on Lo. tenuis cv. Esmeralda, and in contrast to
that observed on Lo. tenuis cv. Pampa INTA, the mutant
was more competitive than the wt strain in this variety
(Fig. 2a). This result indicates that the inability to secrete
some effectors, or to surface-expressed T3SS pili compo-
nents, favors the M. loti’s competitive ability on Lo. tenuis
cv. Esmeralda. To determine the role of the four M. loti
T3SS putative effectors in the nodulation process, we
performed nodulation competitive assays on Lo. fenuis cv.
Esmeralda and Lo. japonicus MG-20 with the wt and sin-
gle, double, and triple mutant strains. Co-inoculation
experiments were carried out using different combinations
of the strains analyzed. Surprisingly, the mutant deficient
in three of the putative T3SS effectors (M. loti mlr6358/
mlr6361/mlr6316, hereafter triple mutant) showed a signifi-
cant decrease in competitiveness compared to the wt strain
on both Lo. tenuis cv. Esmeralda (Fig. 3a) and Lo. japoni-
cus MG-20 (Fig. 3c). These differences were not the conse-
quence of different growth rates as both strains showed
similar growth curves in minimal medium (data not
shown). The M. loti triple mutant also showed a signifi-
cantly lower competitive ability when co-inoculated with
the rheN mutant strain (Fig. 3a).

Different independent experiments (Fig. 3a) indicated a
positive role for the protein encoded in mir6316 in the
symbiotic competitiveness on Lo. tenuis cv. Esmeralda:
The wt strain showed a slightly higher competitiveness
than the mlr6316 mutant, and the same difference was
observed when the double mutant mlr6358/mlr6361 was
co-inoculated with the triple mutant.

The comparison between the results obtained when the
wt strain was co-inoculated with the mlr6316 mutant and
those obtained when the wt strain was co-inoculated with
the triple mutant indicates that the triple mutation affects
competitiveness more drastically than the single mutation
in milr6316 (Fig. 3a and b). This suggests the possibility
that the protein encoded in mir6358 and/or the protein
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Fig. 3. Competition assays on Lotus tenuis cv. Esmeralda and Lotus
japonicus  MG-20. The strains were co-inoculated at equal
concentrations. For each x vs. y assay, the gray bars correspond to
the percentage of nodules occupied by strain x, and the black bars
correspond to percentage of nodules occupied by strain y. The
asterisk indicates that the relative nodule occupancy differed
significantly (P < 0.05) from the null hypothesis of 50%:50%
occupation applying the chi-square test and that using anova, the
difference between relative percentages is significant (P < 0.05). (a)
Competitiveness on Lo. tenuis cv. Esmeralda; (b) competitive index
(Cl) for each mutant strain co-inoculated with the wt strain (MAFF)
on Lo. tenuis cv. Esmeralda. Cl is defined as the number of singly
occupied nodules formed by the mutant strain as a proportion of all
nodules formed, divided by the proportional representation of viable
cells of that strain in the inoculate mixture according to McDermott &
Graham (1990); (c) competitiveness on Lo. japonicus MG-20. tm,
triple mutant Mesorhizobium loti mIir6358/mir6361/mir6316.
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encoded in mlr6361 play a positive role in the symbiotic
competitiveness. Consistent with this, the double mutant
mlr6358/mlr6361 was less competitive than the wt strain
(Fig. 3a). The triple mutation in mlr6358, mlr6361, and
mlr6316 also caused a more drastic effect on competitive-
ness than the combined mir6316/mlr6361 mutation
(Fig. 3a and b). This indirectly indicates that MIr6358 has
a positive effect on competitiveness on Lo. tenuis.

No statistically significant differences were observed in
competitiveness on Lo. tenuis cv. Esmeralda between the
wt and the mlr6361 mutant or between the wt and
the double mutant mlr6331/mir6361 (Fig. 3a). However,
the mutant affected in both MIr6361 and MIr6331
showed decreased competitiveness compared with the wt
strain on Lo. japonicus MG-20 (Fig. 3¢). To determine
which of the two proteins are responsible for the positive
effect on this plant, co-inoculation assays of the double
mutant with each of the single mutants were performed.
Results indicate that the double mutant was less competi-
tive than the single mutant affected in mir6361 but more
competitive than the single mutant affected in mlr6331
(Fig. 3c). This indicates that Mlr6331 has a positive effect
and that MIr6361 has a negative effect on the competi-
tiveness on Lo. japonicus MG-20.

We determined the nodulation kinetics for the M. loti
wt, the rhicN mutant, and the triple mutant on Lo. tenuis
cv. Esmeralda (Fig. 4). Although the rhcN mutant showed
greater competitive ability on this plant (Fig. 3a), its nod-
ulation kinetics was negatively affected when compared
with the wt strain. On the other hand, in concordance
with the competitiveness results, the M. loti triple mutant
presented a kinetic phenotype significantly negatively
affected compared with the wt strain and a delayed nodu-
lation kinetics compared with the rhcN mutant strain
(Fig. 4).

Discussion

Chromosomal integration of the mir6331 and
mlr6316 N-terminal regions fused to the reporter peptide
allowed us to assess their ability to direct protein secre-
tion in a T3SS-dependent manner. The secretion was
more efficient in induction media in the absence of
calcium. In animal pathogenic bacteria, a decrease in
calcium concentrations has been proposed as one of the
signals that trigger T3SS secretion of T3SS effectors (Lee
et al., 2001; Deng et al., 2005).

Although no canonical T3SS signal sequence is present
in Mlr6316, we demonstrated that its N-terminal region
(160 aa) directs secretion in a T3SS-dependent manner.
The homologous MIr6316 protein expressed by M. loti
R7A is encoded by the msi059 gene and is translocated
into the host cell through a type IV secretion system
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Fig. 4. Nodulation kinetics of Lotus tenuis cv. Esmeralda plants
inoculated with the Mesorhizobium loti wt and the rhcN and triple
mutant strains. Nodulation tests for each strain were performed three
times, and 20 plants were tested each time. Error bars correspond to
standard deviations from the mean. Means with the same letter,
corresponding to each indicated time, are not significantly different
(P < 0.05). Dpi, days postinoculation.

(T4SS) (Hubber et al., 2004). It has been suggested that
an RxR motif in the C-terminal region forms part of the
T4SS signal (Hubber et al., 2004). MIr6316 and the pro-
tein encoded by msi059 (Msi059) share 88% of amino
acid identity, and very few differences have been observed
between their respective N-terminal regions. Both Msi059
and MIr6316 also have an RxR motif in their C-terminal
region. It is possible that the two proteins conserve the
capacity to be secreted both by T3SS and T4SS.

The case of mlr6331 is similar to that of milr6316 as it
does not have the characteristic amino acid pattern pres-
ent in T3SS substrates. However, Yang et al. (2010)
applied a computational prediction of type III secreted
proteins in Gram-negative bacteria and found that the
protein encoded by mlr6331 is a putative T3SS substrate.

Competitive experiments were carried out to analyze
the participation of M. loti T3SS or putative M. loti T3SS
effectors in the symbiotic process. Competitive assays
have been used in several works to analyze the changes in
the symbiotic phenotype (Lagares et al, 1992; Vinuesa
et al., 2002; Hubber et al., 2004). This method has the
advantage that the symbiotic capacities of two bacterial
strains are compared on the same plant, and this could
improve the sensitivity for the detection of a subtly
altered phenotype.

The results presented here demonstrate that symbiotic
competitiveness on Lo. tenuis cv. Esmeralda was nega-
tively affected by a functional T3SS. To determine which
proteins were responsible for this effect and taking into
account that a particular T3SS effector is often only
partially responsible for the overall effect of the T3SS
(Kambara et al., 2009), we went on to analyze the nodu-
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lation competitiveness phenotype on Lo. tenuis cv. Esmer-
alda using single, double, and triple mutants affected in
the potentially secreted M. loti T3SS proteins described.
Surprisingly, we observed a significantly diminished com-
petitiveness associated with the triple mutant compared
to the wt strain. The same phenotype was observed on
Lo. japonicus MG-20. The results of the nodulation
kinetic test indicate that the triple mutant also induced a
lower number of nodules than the wt strain on Lo. tenuis
cv. Esmeralda. These experiments indicate that some of
the proteins affected in the triple mutant or a combina-
tion of them have a positive role in the nodulation ability
on lotus and also suggest that no phenotypic complemen-
tation occurred between the co-inoculated strains in com-
petitiveness assay.

We here demonstrated the positive involvement of
MIr6316 in the symbiotic competitive capacity. It has
been previously described that the msi059 mutant
(affected in the mlr6316 homolog in M. loti R7A) shows
a delayed nodulation on Lo. corniculatus (Hubber et al.,
2004). From results, we also indirectly conclude a positive
participation of Mlr6358 in the bacterial competitiveness
on Lo. tenuis cv. Esmeralda. No effect on competitiveness
was demonstrated for Mlr6361 in co-inoculation experi-
ments on Lo. tenuis. However, it could not be discarded
that this protein exerts certain effect. In fact, although a
positive effect was indirectly demonstrated for Mlr6358,
no direct evidence was obtained for this, co-inoculating
strains that differed only in the presence of MlIr6358. In
general, the functional analysis of type III secreted effec-
tors in phytopathogenic bacteria is hindered by the fact
that mutation of effectors genes frequently has very small
or no effect on the bacterial phenotype in the interaction
with the plant (Grant et al., 2006). A possible reason is
the existence of effectors with redundant functions. A
functional redundancy for the putative T3SS effectors
described in M. loti is possible as MIr6331 is 68% similar
to the 2360-aa C-terminal of MIr6361, and MIr6358 is
54% similar to the 684-aa N-terminal of MIr6361 (San-
chez et al., 2009).

In spite of the positive effects attributed to some of the
proteins, individually or in combination, on the symbiotic
competitiveness on the two lotus species assayed, a muta-
tion in the rhcN gene had either no effect or a significant
positive effect on this phenotype, depending on the
legume examined. The rhcN mutant is affected in the
protein secretion through T3SS. Our results suggest that
some pili components or T3SS-secreted proteins could
negatively affect bacterial competitiveness on these plants.
The balance between positive and negative effects
may determine the role of T3SS in the symbiotic process
on the respective legumes (negative on Lo. tenuis cv.
Esmeralda and no effect on Lo. japonicus MG-20). The
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results obtained for Mlr6331 and MIr6361 on Lo. japoni-
cus MG-20 also indicate a positive effect for MIr6331 and
a negative effect for MIr6361. This negative effect was evi-
dent only in the absence of MIr6331. As this condition,
was not assayed on Lo. tenuis cv. Esmeralda, it could not
be discarded that MIr6361 also has a negative effect on
this plant. The fact that the double mutant mlr6331/
mlr6361 was less competitive than the wt strain on
Lo. japonicus MG-20 seems to indicate that the positive
effect of MIr6331 is stronger than the negative effect of
MIr6361 and that the net balance result is thus positive.
The two proteins share a large C-terminal sequence, and
double hybrid experiments indicate that interaction
occurs between them (Shimoda et al.,, 2008a, b). Further
analysis must be carried out to determine how these char-
acteristics are involved in protein functionality. In the
interaction between Rhizobium strain NGR234 and Tephr-
osia vogelii, both positive and negative T3SS effectors have
been described, resulting in the generation of the ‘equilib-
rium hypothesis’, which suggests that the combination of
these effects determines whether T3SS acts positively, neg-
atively, or has no effect on nodule formation (Skorpil
et al.,, 2005; Kambara et al., 2009). A dual effect of T3SS
effectors also was described for plant-bacterial pathogens
(Oh et al, 2010; Boureau et al., 2011). Okazaki et al.
(2010) attributed a negative effect for Mlr6361 on
Lo. halophilus nodulation. Our results also indicate a neg-
ative effect for Mlr6361 in competitiveness on Lo. japoni-
cus MG-20 and could not discard the same on Lo. tenuis.
However, the negative role of MIr6361 does not appear
to be the only factor responsible for the negative effects
of T3SS functionality on both plants. Besides the putative
M. loti T3SS effectors studied here, several other candi-
date effectors remain to be analyzed. Some arose from
our bioinformatic search of promoter regions containing
sequences significantly homologous to the tts box (San-
chez et al., 2009). Other candidate effectors arose from
the analysis of Yang et al. (2010), and by homology to
known phytopathogen T3SS effectors, other two putative
T3SS proteins in M. loti MAFF303099 were identified
(Grant et al., 2006).

The results obtained from kinetic nodulation and com-
petitiveness analysis on Lo. tenuis cv. Esmeralda also indi-
cate a better performance for the rhcN mutant than for
the mutant affected in the expression of the three putative
T3SS effectors. This is in concordance with the idea that
a mutation that affects T3SS functionality prevents both
positive and negative T3SS effects. However, the rhcN
mutant induced a lower number of nodules than the wt
strain in spite of the higher competitiveness of the for-
mer. This indicates that high competitiveness not neces-
sarily reflects high nodulation capacity and suggests that
the participation of the positive and negative effects
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resulting from T3SS functionality may affect different
phenotypes in a different manner.

In conclusion, the results presented here demonstrate
the capacity of MIr6331 and MIr6316 N-terminal regions
to direct secretion through M. loti T3SS. The results also
show that MIr6358, MIr6361, Mlr6331, and MIr6316,
either individually or in combination, play a role in the
symbiotic competitiveness on Lo. tenuis and/or Lo. japo-
nicus. Data also show that the function of T3SS in the
symbiotic process with lotus results from a balance
between positive and negative effects. Further analysis is
needed to identify other M. loti T3SS effectors or compo-
nents involved in T3SS functionality in symbiosis.

Acknowledgements

The project was supported by grants from the ANPCyT
(PICT-2007-00650). We acknowledge the MAFF GENE
BANK of the National Institute of Agrobiological Sciences
(NIAS), Japan, for providing the Mesorhizobium loti
MAFF303099 strain and the Biological Resource Center
in Lotus japonicus and Glycine max, Frontier Science
Research Center, University of Miyazaki for M. loti
mutant strain STM40t02g01 and STM34T01d06.

References

Alfano JR & Collmer A (2004) Type III secretion system
effector proteins: double agents in bacterial disease and
plant defense. Annu Rev Phytopathol 42: 385—414.

Bartsev AV, Deakin WJ, Boukli NM, McAlvin CB, Stacey G,
Malnoe P, Broughton WJ & Stachelin C (2004) NopL, an
effector protein of Rhizobium sp. NGR234, thwarts
activation of plant defense reactions. Plant Physiol 134: 871—
879.

Boureau T, Slamer S, Perino C, Gaubert S, Patrit O, Degrave
A, Fagard M, Chevreau E & Barny MA (2011) The HrpN
effector of Erwinia amylovora, which is involved in type III
translocation, contiributes directly or indirectly to callose
elicitation on apple leaves. Mol Plant Microbe Interact 24:
577-584.

Boyd AP, Lambermont I & Cornelis GR (2000) Competition
between the Yops of Yersinia enterocolitica for delivery into
eukaryotic cells: role of the SycE chaperone binding domain
of YopE. J Bacteriol 182: 4811-4821.

Broughton WJ & Dilworth MJ (1971) Control of
leghemoglobin synthesis in snake beans. Biochem ] 125:
1075-1080.

Cornelis GR (2002) Yersinia type III secretion: send in the
effectors. J Cell Biol 158: 401-408.

D'Antuono AL, Casabuono A, Couto A, Ugalde RA & Lepek
VC (2005) Nodule development induced by Mesorhizobium
loti mutant strains affected in polysaccharide synthesis. Mol
Plant Microbe Interact 18: 446—457.

FEMS Microbiol Lett 330 (2012) 148-156



Mesorhizobium loti T35S

Dai WJ, Zeng Y, Xie ZP & Staehelin C (2008) Symbiosis-
promoting and deleterious effects of NopT, a novel type 3
effector of Rhizobium sp. strain NGR234. J Bacteriol 190:
5101-5110.

de Lyra MCCP, Lopez-Baena FJ, Madinabeitia N, Vinardell
JM, Espuny MR, Cubo MT, Bellogin RA, Ruiz-Sainz JE &
Ollero FJ (2006) Inactivation of the Sinorhizobium fredii
HH103 rhc] gene abolishes nodulation outer proteins
(Nops) secretion and decreases the symbiotic capacity with
soybean. Int Microbiol 9: 125-133.

Deng W, Li Y, Hardwidge PR, Frey WA, Pfuetzner RA, Lee S,
Gruenheid S, Strynakda NCJ, Puente JL & Finlay BB (2005)
Regulation of type III secretion hierarchy of translocators
and effectors in attaching and effacing bacterial pathogens.
Infect Immun 73: 2135-2146.

Douglas CJ, Staneloni RJ, Rubin RA & Nester EW (1985)
Identification and genetic analysis of an Agrobacterium
tumefaciens chromosomal virulence region. J Bacteriol 161:
850-860.

Galan JE (2001) Salmonella interactions with host cells: type
III secretion at work. Annu Rev Cell Dev Biol 17: 53-86.

Gosh P (2004) Process of protein transport by the type III
secretion system. Microbiol Mol Biol Rev 68: 771-795.

Grant SR, Fisher EJ, Chang JH, Mole BM & Dangl L (2006)
Subterfuge and manipulation: type III effector proteins of
phytopathogenic bacteria. Annu Rev Microbiol 60: 425—429.

Guzman L-M, Belin D, Carson MJ & Beckwith J (1995) Tight
regulation, modulation, and high-level expression by vectors
containing the arabinose Pgap Promoter. J Bacteriol 177:
4121-4130.

Hubber A, Vergunst AC, Sullivan JT, Hooykaas PJ] & Ronson
CW (2004) Symbiotic phenotypes and translocated effector
proteins of the Mesorhizobium loti strain R7A VirB/D4 type
IV secretion system. Mol Microbiol 54: 561-574.

Kambara K, Ardissone S, Kobayashi H, Saad MM, Schumpp
O, Broughton WJ & Deakin WJ (2009) Rhizobia utilize
pathogen-like effector proteins during symbiosis. Mol
Microbiol 71: 92—-106.

Kaneko T, Nakamura Y, Sato S et al. (2000a) Complete
genome structure of the nitrogen-fixing bacterium
Mesorhizobium loti. DNA Res 7: 331-338.

Kaneko T, Nakamura Y, Sato S et al. (2000b) Complete
genome structure of the nitrogen-fixing bacterium
Mesorhizobium loti (Supplement). DNA Res 7: 381-406.

Krause A, Doerfel A & Gottfert M (2002) Mutational and
transcriptional analysis of the type III secretion system of
Bradyrhizobium japonicum. Mol Plant Microbe Interact 15:
1228-1235.

Lagares A, Caetano-Anollés G, Niehaus K, Lorenzen J,
Ljunggren HD, Puhler A & Favelukes G (1992) A Rhizobium
meliloti lipopolysaccharide mutant altered in
competitiveness for nodulation of alfalfa. J Bacteriol 174:
5941-5952.

Lee VT, Mazmanian SK & Schneewind O (2001) A program of
Yersinia enterocolitica type III secretion reactions is activated
by specific signals. J Bacteriol 183: 4970—4978.

FEMS Microbiol Lett 330 (2012) 148-156

155

Lopez-Lara IM, van den Berg JDJ, Thomas-Oates JE, Glushka
J, Lugtenberg BJJ & Spaink HP (1995) Structural
identification of the lipo-chitin oligosaccharide nodulation
signals of Rhizobium loti. Mol Microbiol 15: 627—638.

Lorio JC, Kim WW & Krishnan HB (2004) NopB, a soybean
cultivar-specificity protein from Sinorhizobium fredii
USDA257, is a type III secreted protein. Mol Plant Microbe
Interact 17: 1259-1268.

Marie C, Deakin W], Ojanen-Reuhs T, Diallo E, Reuhs B,
Broughton WJ & Perret X (2004) Ttsl, a key regulator of
Rhizobium species NGR234 is required for type III-
dependent protein secretion and synthesis of rhamnose-rich
polysaccharides. Mol Plant Microbe Interact 17: 958-966.

McDermott TR & Graham PH (1990) Competitive ability and
efficiency in nodule formation of strains of Bradyrhizobium
japonicum. Appl Environ Microbiol 56: 3035—3039.

Oh HS, Park DH & Collmer A (2010) Components of the
Pseudomonas syringae type III secretion system can suppress
and may elicit plant innate immunity. Mol Plant Microbe
Interact 23: 727-739.

Okazaki S, Okabe S, Higashi M, Shimoda Y, Sato S, Tabata S,
Hashiguchi M, Akashi R, Gottfert M & Saeki K (2010)
Identification and functional analysis of type III effector
proteins in Mesorhizobium loti. Mol Plant Microbe Interact
23: 223-234.

Rodrigues JA, Lopez-Baena FJ, Ollero FJ et al. (2007) NopM
and NopD are rhizobial nodulation outer proteins:
identification using LC-MALDI and LC-ESI with a
monolithic capillary column. J Proteome Res 6: 1029—-1037.

Riissmann H, Kubori T, Sauer ] & Galan JE (2002) Molecular
and functional analysis of the type III secretion signal of the
Salmonella enterica Inv] protein. Mol Microbiol 46: 769-779.

Saad MM, Staehelin C, Broughton W] & Deakin WJ (2008)
Protein—protein interactions within type III secretion
system-dependent pili of Rhizobium sp. strain NGR234.

J Bacteriol 190: 750-754.

Sanchez C, Iannino F, Deakin WJ, Ugalde RA & Lepek VC
(2009) Characterization of the Mesorhizobium loti
MAFF303099 type-three protein secretion system. Mol Plant
Microbe Interact 22: 519-528.

Shimoda Y, Mitsui H, Kamimatsuse H et al. (2008a)
Construction of signature-tagged mutant library in
Mesorhizobium loti as a powerful tool for functional
genomics. DNA Res 15: 297-308.

Shimoda Y, Shinpo S, Kohara S, Nakamura M, Tabata Y &
Sato S (2008b) A large scale analysis of protein—protein
interactions in the nitrogen-fixing bacterium Mesorhizobium
loti. DNA Res 15: 13-23.

Simon R, Priefer U & Pithler (1983) A broad host range
mobilization system for in vivo genetic engineering:
transposon mutagenesis in Gram negative bacteria. Bio/
Techology 1: 784-791.

Skorpil P, Saad MM, Boukli NM, Kobayashi H, Ares-Orpel F,
Broughton WJ & Deakin W] (2005) NopP, a
phosphorylated effector of Rhizobium sp. strain NGR234, is
a major determinant of nodulation of the tropical legumes

© 2012 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved



156

Flemingia congesta and Tephrosia vogelii. Mol Microbiol 57:
1304-1317.

Spano S, Ugalde JE & Galan JE (2008) Delivery of a
Salmonella Typhi exotoxin from a host intracellular
compartment. Cell Host Microbe 3: 30-38.

Vincent JM (1970) A Manual for the Practical Study of Root
Nodule Bacteria. Blackwell Scientific Publications, Oxford.

Vinuesa P, Neumann-Sllkow F, Pacios-Bras C, Spaink HP,
Martinez-Romero E & Werner D (2002) Genetic analysis of
a pH-regulated operon from Rhizobium tropici CIAT899
involved in acid tolerance and nodulation competitiveness.
Mol Plant Microbe Interact 16: 159-168.

Viprey V, Del Greco A, Golinowski W, Broughton WJ &
Perret X (1998) Symbiotic implications of type III protein
secretion machinery in Rhizobium. Mol Microbiol 28: 1381—
1389.

Wassem R, Kobayashi H, Kambara K, Le Quéré A, Walker GC,
Broughton WJ & Deakin WJ (2008) TtsI regulates symbiotic
genes in Rhizobium species NGR234 by binding to tts boxes.
Mol Microbiol 68: 736-748.

Yang Y, Zhao ], Morgan RL, Ma W & Jiang T (2010)
Computational prediction of type III secreted proteins from

© 2012 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

C. Sanchez et al.

gram-negative bacteria. BMC Bioinformatics 11(Suppl. 1):
547.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Schematic representation of hybrid proteins con-
sisting of the truncated derivatives of the four putative
T3SS effectors fused to the reporter peptide 3xFLAG into
the pBAD24-3xFLAG.

Table S1. Bacterial strains, plasmids, and primers used in
this study.

Appendix S1. Creation of M. loti mutants.

Please note: Wiley-Blackwell is not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.

FEMS Microbiol Lett 330 (2012) 148-156



