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Summary

The development of legume nitrogen-fixing nodules

is regulated by reactive oxygen species (ROS) pro-

duced by symbionts. Several regulators from

Rhizobium are involved in ROS sensing. In a previous

study, we found that Sinorhizobium meliloti LsrB reg-

ulates lipopolysaccharide production and is

associated with H2O2 accumulation in alfalfa (Medi-

cago sativa) nodules. However, its underlying

regulatory mechanism remains unclear. Here, we

report that the cysteine residues in LsrB are required

for adaptation to oxidative stress, gene expression,

alfalfa nodulation and nitrogen fixation. Moreover,

LsrB directly activated the transcription of lrp3 and

gshA (encoding g-glutamylcysteine synthetase,

responsible for glutathione synthesis) and this regu-

lation required the cysteine (Cys) residues in the

LsrB substrate-binding domain. The Cys residues

could sense oxidative stress via the formation of

intermolecular disulfide bonds, generating LsrB

dimers and LsrB-DNA complexes. Among the Cys

residues, C238 is a positive regulatory site for the

induction of downstream genes, whereas C146 and

C275 play negative roles in the process. The lsrB

mutants with Cys-to-Ser substitutions displayed

altered phenotypes in respect to their adaptation to

oxidative stress, nodulation and nitrogen fixation-

related plant growth. Our findings demonstrate that

S. meliloti LsrB modulates alfalfa nodule develop-

ment by directly regulating downstream gene

expression via a post-translational strategy.

Introduction

Reactive oxygen species (ROS) play an important regula-

tory role in establishing Rhizobium-legume symbiosis

(Ribeiro et al., 2015). The accumulation of hydrogen perox-

ide is associated with rhizobial infection and nodulation

factor signalling, and this process can strengthen the host

cell wall in the infection thread (Jamet et al., 2007). Super-

oxide anion radicals predominately accumulate in the

nodule primordia through an unknown mechanism (Rubio

et al., 2004). These radicals are also found in the infection

zones of the nodules and are likely due to host defense

responses. Notably, ROS do not accumulate in the

nitrogen-fixation zone, where levels of free oxygen are

reduced by leghemoglobin. In this microaerobic environ-

ment, superoxide anion is still produced by bacterial

respiration, nitrogenase activity or host defense responses

(Puppo et al., 2005). However, a number of antioxidants

and ROS-scavenging enzymes are synthesized to protect

the bacteroids or nitrogenase complexes against ROS

(Puppo et al., 2005; Becana et al., 2010). The depletion of

antioxidants in host legume plants or deficiency of ROS-

scavenging enzymes in rhizobial mutants lead to the for-

mation of defective nodules with a low nitrogen-fixing
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capacity and premature senescence. For example, Sino-

rhizobium meliloti null mutants deficient in glutathione

synthase (gshA, or gshB1), thioredoxin (trxA), glutaredoxin

(grx1, or grx2) and superoxide dismutase (sodB) as well

as catalase double mutants (katA/katC or katB/katC)

induce defective nodules in alfalfa (Medicago sativa)

(Santos et al., 2000; Jamet et al., 2003; Harrison et al.,

2005; Castro-Sowinski et al., 2007; Benyamina et al.,

2013). In M. truncatula, the depletion of homoglutathione

results in the altered expression of various genes and

impairs symbiosis efficiency (Pucciariello et al., 2009).

Therefore, ROS are key regulators of nitrogen-fixing nod-

ule development in legumes, but its underlying regulatory

mechanisms remain unclear.

The regulatory systems of ROS metabolism in rhizobia

and Escherichia coli appear to be similar. In E. coli, a LysR

family transcription factor, OxyR, acts as a sensor and reg-

ulator of oxidative stress via intramolecular disulfide bond

formation (Zheng et al., 1998). Oxidized OxyR can be

reduced by glutaredoxin 1 (GrxA). As OxyR regulates the

expression of various genes related to oxidative stress,

such as katG, trxB, aphC and soxR (Zheng et al., 2001), it

is an important regulator of adaptation to oxidative stress

in E. coli. SoxR, another regulatory protein of E. coli, was

shown to respond to peroxide-induced stress via the oxidi-

zation and reduction of a Fe-S cluster (Hidalgo and

Demple, 1994). In S. meliloti, OxyR induces the expression

of katA when exposed to H2O2, but it represses katA

expression in the absence of an oxidizing agent. Notably,

an oxyR null mutant was able to generate efficient

nitrogen-fixing nodules on alfalfa, even though the bacteria

are hypersensitive to H2O2 (Jamet et al., 2005). These

observations suggest that rhizobia may contain a regulator

that monitors ROS dynamics, thereby allowing adaption to

an oxidative burst in nodules.

In a previous study, we found that a new Sinorhizobium

LysR family transcriptional regulator gene, lsrB, is required

for efficient alfalfa nodulation (Luo et al., 2005b). The nod-

ules induced by a S. meliloti lsrB deletion mutant showed

premature senescence, indicating impaired bacteroid dif-

ferentiation (Tang et al., 2013). LsrB directly regulates the

expression of genes involved in lipopolysaccharide biosyn-

thesis (Tang et al., 2014); this regulator is associated with

glutathione production and with induction of katA in an

OxyR-dependent manner (Lu et al., 2013). Here, we report

a direct relationship among alfalfa nodule development,

ROS accumulation and LsrB regulation.

Results

Identification of conserved Cys residues in LsrB

Because LsrB is associated with ROS accumulation in

free-living bacteria and symbiotic bacteroids (Lu et al.,

2013; Tang et al., 2013), we first analyzed the amino acid

sequences of LsrB in different strains. Rhizobial LsrB pro-

teins contain a DNA-binding domain and a LysR substrate

domain (Fig. 1A). Notably, up to 3 Cys residues are pre-

sent in the substrate domain at conserved positions (Fig.

1B). In S. meliloti LsrB, Cys residues are present at resi-

dues 146, 238 and 275 (Fig. 1B). The Cys residue at

position 146 (C146) is conserved in most rhizobial strains,

except those from the genus Bradyrhizobium (Fig. 1B).

C238 is found in LsrB proteins from Rhizobium and Bradyr-

hizobium species, whereas C275 is specific for Rhizobium

species (Fig. 1B). The identification of conserved Cys resi-

dues in the substrate domain of LsrB suggests a possible

role for these residues in ROS response.

To analyze the function of these Cys residues in the

LsrB protein, we constructed S. meliloti mutants using a

PCR-based homologous recombination method. These

constructed mutants produce LsrB variants with C146,

C238 and C275 substituted by serine (lsrBC146S, lsrBC238S,

lsrBC275S, lsrBC146/275S, lsrBC146/238S, lsrBC238/275S and

lsrB3m with the triple substitution C146/238/275S).

S. meliloti resistance to oxidized glutathione (GSSG)
requires Cys residues in LsrB

We observed that the lsrB3m and DlsrB mutants grew

slightly more slowly compared with the parent strain

(Rm1021) and other mutants (Fig. 1C–E). An inhibition

zone test showed that the lsrB3m and DlsrB mutants were

slightly more sensitive to H2O2 than Rm1021 and the other

mutants (Fig. 2A). Because bacterial ROS regulators such

as OxyR can sense several types of oxidants (Carmel-

Harel and Storz, 2000), we also tested the responsiveness

of the lsrB mutants to other oxidizing agents. A cell sensi-

tivity assay with GSSG was performed. The results

showed that lsrB3m and DlsrB were hypersensitive to 4 mM

GSSG, whereas lsrBC146/238S and lsrBC238/275S exhibited

similar sensitivity to 4 mM GSSG as Rm1021 (Fig. 2B).

However, compared to that of lsrBC146/238S and lsrBC238/

275S, lsrBC146/275S was more sensitive to 4 mM GSSG

(Fig. 2B). Consistently, the lsrB mutant carrying a single

Cys substitution was shown to have the same sensitivity to

the oxidant as the parent Rm1021 (Fig. 2B). These results

indicate that LsrB is essential for S. meliloti adaptation to

oxidative stress and the cysteine residues C146 and C275

play a key role in this process.

Roles of Cys residues in LsrB for the transcriptional
activation of downstream genes

The sensitivity of lsrB mutants to GSSG prompted us to

investigate the expression of lsrB and downstream genes

in response to oxidative stress. Accordingly, the LsrB target

gene lrp3 (Tang et al., 2014) and ROS-related genes,

including katA and gshA (Lu et al., 2013), were induced in
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Fig. 1. Amino acid constitution of Rhizobium LsrB proteins and the effect of the Cys-Ser mutations on bacterial growth.

A. Predicted LsrB proteins of rhizobia contain a DNA-binding domain and a LysR substrate domain.

B. The amino acid sequence alignment of LsrB substrate domains. Sm1021, Sinorhizobium meliloti Rm1021; SmWSM419, Sinorhizobium
medicae WSM419; SfNGR234, Sinorhizobium fredii NGR234; RtCIAT899, Rhizobium tropici CIAT 899; ReCNF42, Rhizobium etli CNF42;
Rlbv3841, Rhizobium leguminosarum bv. viciae 3841; MlMAFF303099, Mesorhizobium loti MAFF303099; MoWSM3075, Mesorhizobium
opportunistum 2075; MaWSM2073, Mesorhizobium australicum WSM2073; BBTAi1, Bradyrhizobium BTAi1; BORS571, Bradyrhizobium
ORS571; BjUSDA6, Bradyrhizobium japonicum USDA6; BdUSDA110, Bradyrhizobium diazoefficiens USDA110.

C–E. The growth curves of lsrB mutants producing LsrB with one, two or three Cys-to-Ser substitutions. Bacteria were cultured in LB/MC medium. The

cells in the exponential growth phase were diluted in fresh medium to OD600 5 0.03. Cell density (optical density at 600 nm [OD600]) was monitored

over time. The figure shows the results of a typical experiment, which was done three times. [Colour figure can be viewed at wileyonlinelibrary.com]
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Rm1021 by treatment with GSSG. Compared to Rm1021,

the lsrB3m and DlsrB mutants exhibited decreased induc-

tion of lrp3, katA and gshA in response to GSSG (Fig. 3).

These results indicate that the three Cys residues of LsrB

affect the induction of downstream genes. To identify the

roles of Cys residues in LsrB for the induction of down-

stream genes, we also analyzed downstream gene

expression in S. meliloti lsrB mutants carrying double Cys

substitutions. Our data revealed efficient induced expres-

sion of downstream genes with LsrB containing the single

Cys residue C238 (lsrBC146/275S), but C146 (lsrBC238/275S)

and C275 (lsrBC146/238S) suppressed the expression of the

target genes to different extent (Fig. 3). Consistent with

these results, the lsrBC238S mutant completely abolished

downstream gene induction (Fig. 3). Interestingly, com-

pared to expression in the parent strain Rm1021, a large

effect on the expression levels of two downstream genes

of lrp3 and gshA was not observed for lsrBC146S or

lsrBC275S, while the substitution of C275 appears stimulat-

ing the expression of katA and lpr3(Fig. 3). These data

indicate that C238 is a positively regulatory site, but C146

and C275 are the negative ones in LsrB responsible for

the induction of downstream genes.

LsrB dimerization is induced by oxidative stress via

disulfide bonds

LsrB belongs to a family of LysR regulators known to form

DNA-binding dimers or tetramers (Maddocks and Oyston,

2008). To elucidate the regulatory mechanism of gene

expression, we analyzed LsrB oligomerization in vitro.

When a His-LsrB fusion protein purified from E. coli was

analyzed, bands corresponding to the oligomers (presum-

ably dimers and tetramers) were only occasionally

Fig. 2. The responses to oxidants of S.
meliloti lsrB mutants carrying Cys residue
substitutions.

A. The inhibition zone test of lsrB

mutants. Wild-type bacteria and indicated

lsrB mutants producing LsrB with one, two

or three Cys-to-Ser substitutions were

subjected to treatment with 50 mM H2O2.

The data (n 5 3, 6 SEM) represent the

diameter of the inhibition zone. This

experiment was repeated twice. Asterisks

indicate significant differences from the

parent strain; Student’s t-test, P< 0.05 (*).

B. The sensitivity to GSSG of the lsrB

mutant carrying a single Cys substitution.

S. meliloti strains were cultured to

OD600 5 0.5, diluted and spot inoculated

on LB/MC medium containing 4 mM

GSSG. This experiment was performed

three times. [Colour figure can be viewed

at wileyonlinelibrary.com]
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observed in the absence of oxidizing agents (Fig. 4B).

However, two bands interpreted to be dimeric and tetra-

meric were observed with the addition of low

concentrations of either H2O2 to the purified LsrB protein

(Fig. 4A). Furthermore, the abundance of these LsrB

oligomers was diminished with the addition of dithiothreitol

(DTT) (Fig. 4B). Similarly, the formation of the LsrB oligom-

ers was reduced with increases in the ratio of GSH/GSSG,

which was hindered by treatment with 1 mM GSH in the

presence of 0.3mM GSSG (Fig. 4C). Consistent with the

results in vitro, immunoprecipitation experiments revealed

that LsrBC146/238S, LsrBC146/275S and LsrBC238/275S also

formed dimers in S. meliloti cells, whereas barely any

dimer formation was observed for LsrB3m (Fig. 4D). These

results indicate that LsrB dimerization requires at least one

of these three Cys residues.

To determine whether LsrB dimerization was due to the

direct oxidation of Cys residues, disulfide bond formation

was examined in the His-LsrB fusion protein purified from

E. coli. Disulfide bonds (intermolecular linkage of C146-

C146, C238-C238 and C275-C275 residues) were con-

firmed by tandem mass spectrometry analysis (Fig. 4E).

These results suggest that LsrB dimers are composed of

monomeric molecules linked via intermolecular disulfide

bonds.

Formation of LsrB-PgshA DNA complexes in vitro
and in vivo

An electrophoretic mobility shift assay (EMSA) using the

promoter of gshA and lrp3 was performed to determine

whether LsrB dimerization is associated with DNA complex

formation. Specific LsrB-DNA complexes (LsrB-DNA com-

plex 2) were detected when using purified His-LsrB fusion

proteins and PgshA DNA fragments (containing a putative

TN11A motif), and these complexes were decreased upon

treatment with different concentrations (1 mM and 10 mM)

of DTT (Fig. 4F). Similarly, LsrB-Plrp3 DNA complexes

were not observed after treatment with 10 mM DTT, but

they were induced by treatment with GSSG (Fig. 4G).

These results indicate that LsrB binds directly to the pro-

moter regions of gshA to activate its transcription and

suggest that the formation of LsrB-DNA complexes is

induced by oxidative stress. A chromatin immunoprecipita-

tion (ChIP) assay using LsrB from S. meliloti cells was

performed to determine whether LsrB binds directly to the

gshA promoter in vivo. The PgshA fragment was precipi-

tated from Rm1021 cells, which was similar to the Plrp3

positive control (Tang et al., 2014), though little or no DNA

fragments precipitated when using lsrB3m mutant cells

(Fig. 4H). These results confirm that LsrB-PgshA DNA

complexes are formed in vivo without oxidative stress and

that LsrB-DNA complex formation requires Cys residues in

LsrB.

Nodule development depends on Cys residues in LsrB

To analyze the role of Cys residues in LsrB during nodule

development, various lsrB mutants (producing LsrB with

one to three Cys-to-Ser substitutions) were inoculated on

alfalfa (cv. aifeinite). After four weeks, plants inoculated

with the lsrB3m mutant grew smaller (Fig. 5A), similar to

those inoculated with DlsrB (Tang et al., 2013). In contrast,

plants inoculated with the other lsrB mutants (namely,

lsrBC146S, lsrBC238S, lsrBC275S, lsrBC146/275S, lsrBC146/238S

and lsrBC238/275S) grew normally and appeared visibly simi-

lar to plants inoculated with Rm1021 (Fig. 5A).

Nevertheless, the biomass (dry weight) of plants inocu-

lated with each mutant (except lsrBC275S) was somewhat

decreased compared with that of plants inoculated with

Rm1021 (Fig. 5B). The nodules number for plants inocu-

lated with the other lsrB mutants was not significantly

different from that of plants inoculated with Rm1021, but it

was significantly higher for the triple mutant and DlsrB. It

consisted mainly of white nodules, which were presumably

not properly infected and not fixing N2 (Fig. 5C). These

results indicate that the development of nitrogen-fixing

nodules requires three Cys residues in LsrB.

Fig. 3. The gene expression of lsrB
mutants under free-living condition. S.
meliloti strains were grown to an OD600 of
0.5. The cells were treated with 5 mM
GSSG for 30 min before harvesting. The
expression levels of lsrB, katA, lrp3 and
gshA were measured by qRT-PCR. The
relative amount of mRNA for each gene
was calculated using the threshold cycle
(DCt) method, normalized to the S.
meliloti rpsF gene. Error bars indicate the
standard deviation (SD, n 5 3). The fold
induction indicates the expression level
with GSSG treatment divided by the
expression level of the mock control. This
experiment was performed three times.
[Colour figure can be viewed at
wileyonlinelibrary.com]
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Fig. 4. The effect of oxidants on LsrB oligomerization and DNA-binding activity in vitro and vivo.

A. The effects of H2O2 (incubation at 258C for 30 min) on LsrB dimerization and oligomerization.

B. The effects of 100 mM DTT (incubation at 258C for 30 min) on LsrB and variants containing Cys-to-Ser substitutions.

C. LsrB oligomerization in vitro after treatment of the purified proteins (0.2 lg) with 0.3 mM GSSG in the presence of increasing concentration

of GSH. This experiment was repeated three times.

D. LsrB oligomerization was induced in vivo. An immunoprecipitation assay (western blotting using anti-LsrB antibodies) for detection of

oligomers (predictive dimers) of LsrB and Cys-to-Ser variants in S. meliloti. LsrB3m monomers were released from genomic DNA after

treatment with DNase I. This experiment was repeated three times. The protein molecular weight marker: in the range of 35 kDa to 130 kDa.

E. The identification of disulfide bonds in LsrB purified from E. coli by LC-MS/MS analysis.

F–G. The binding of LsrB to DNA fragments in vitro. The complex was abolished by the addition of 10 mM DTT for the shift assay of gshA

promoter DNA fragments (F). 10 mM DTT or 0.5 mM GSSG was added to the reaction buffer for the shift assay of lrp3 promoter DNA

fragments (G). This experiment was performed three times.

H. The binding of LsrB to DNA fragments in vivo. A ChIP assay for analyzing the PgshA/Plrp3 DNA-binding activity of LsrB and the triple Cys-

to-Ser variant from S. meliloti. This experiment was repeated three times. [Colour figure can be viewed at wileyonlinelibrary.com]

Functions of cysteine residues in LsrB proteins 5135

VC 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 5130–5145

http://wileyonlinelibrary.com


Fig. 5. The plant growth and nodulation of S. meliloti lsrB mutants.

A. Plant growth with S. meliloti lsrB mutants. Alfalfa plants were harvested at 4 weeks after inoculation with the indicated strains. This

experiment was repeated three times.

B. The biomass (dry weight) of whole plants inoculated with the indicated lsrB mutants at the time of harvest.

C. The number of nodules on plants inoculated with the indicated strains at the time of harvest. The lsrB3m mutant showed reduced nodulation

efficiency and nitrogen fixation (as deduced from the plant biomass data and the formation of white nodules lacking leghaemoglobin). Alfalfa

plants were harvested at 4 weeks after inoculation with the indicated strains. Three biological repeats were performed. The data are shown as

the mean 6 SEM (n 5 30 plants). Significant differences compared to the parent strain are indicated by different letters (Student’s t-test,

P< 0.05). [Colour figure can be viewed at wileyonlinelibrary.com]
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Infection and nodule initiation were then analyzed to

determine the stage of alfalfa nodule development that is

blocked by the lsrB mutation. The observations showed

that infection events induced by lsrB3m or DlsrB were less

than those induced by Rm1021 at five days after alfalfa

seedling inoculation, but the difference disappeared on the

seventh day (Supporting Information Fig. 1A). Fewer nod-

ule primordia elicited by lsrB3m or DlsrB were found

compared to Rm1021 at five and seven days after inocula-

tion, whereas the number of nodule primordia was similar

at ten days after inoculation (Supporting Information Fig.

S1B). These data indicate that the lsrB deletion or the tri-

ple Cys substitution in LsrB delayed early infection and

nodule initiation.

Three-week-old nodules were further analyzed by micros-

copy. Ineffective nodules induced by lsrB3m (Supporting

Information Fig. S2) were similar in appearance to those eli-

cited by DlsrB (Tang et al., 2013). In nodules induced by

lsrBC146/238S, lsrBC146/275S and lsrBC238/275S, the frequency

of amyloplasts in the nitrogen-fixing zone was increased

compared to that of corresponding cells in nodules contain-

ing lsrBC146S, lsrBC238S, lsrBC275S or Rm1021 bacteroids

(Fig. 6D–I). A large number of amyloplasts was also present

in nodule cells hosting lsrB3m (Fig. 6B and C). The ineffec-

tive lsrB3m bacteroids (Fig. 6J–L) had defects similar to

those of DlsrB (Tang et al., 2013). In contrast, bacteroids

from the other lsrB mutants were similar to those of

Rm1021. These observations indicate that bacteroid differ-

entiation is dependent on the Cys residues in LsrB.

O2
2 accumulation in alfalfa nodules induced

by S. meliloti

Superoxide anion (O2
2 ) is a key ROS radical, and high lev-

els of O2
2 have been detected in nodule primordia and

aging nodules (Rubio et al., 2004). Using a modified nitro-

blue tetrazolium (NBT) staining method, we found that O2
2

predominantly accumulated in young and immature alfalfa

nodules (Fig. 7Ai and ii). In mature nodules, high levels of

O2
2 were detected in the apical meristem zone and the

infection zone, but little superoxide anion was found in the

intermediate and nitrogen-fixation zones (Fig. 7Aiii).

NBT staining data showed that DlsrB, lsrB3m and the

parent strain (wild-type Rm1021) caused a similar accu-

mulation of O2
2 in young nodules (Fig. 7Ai, Bi and Ci).

However, compared to the pink nodules containing

Rm1021, the levels of O2
2 were increased in the pale pink

nodules (approximately 1/3 of the total nodules) hosting

DlsrB or lsrB3m (Fig. 7Aiii, Biii and Ciii). In the white nod-

ules (approximately 2/3 of the total nodules) induced by

the DlsrB or lsrB3m mutant, either the superoxide and

microaerobic zones converged (Fig. 7Biv and Civ) or only

low O2
2 levels were detected (Fig. 7Bv and Cv). To confirm

these results, we observed sections of NBT-stained two-

week old alfalfa nodules. The observations showed O2
2

mainly accumulated in nodule cells hosting DlsrB com-

pared to Rm1021 (Fig. 7D–F). The quantified data also

indicated that the level of O2
2 in nodules induced by DlsrB

was increase by approximately 30% compared with that of

Rm1021. These results indicate that S. meliloti cells

released from infection threads into the host cytoplasm

encounter oxidative stress, and S. meliloti LsrB suppresses

the oxidative burst in the host cells, which requires the Cys

residues in the regulator.

Expression of lsrB and downstream genes during
symbiosis

To evaluate whether ROS accumulation in nodules is asso-

ciated with the expression of lsrB and downstream genes,

we inoculated alfalfa with S. meliloti derivatives carrying

promoter-GUS fusions (lsrB, gshA and katA promoters)

(Lu et al., 2013; Tang et al., 2013). For each promoter

fusion, high GUS activity was observed at the curling sites

of root hair tips where infection threads initiate and ramifi-

cation points of infection threads into root epidermal cells

(Fig. 8A). The expression level of the lsrB or katA pro-

moter-GUS fusion appeared higher in infection threads

induced by the lsrB3m mutant than Rm1021, whereas it

was reverse for the gshA promoter fusion (Fig. 8A). GUS

staining, which indicated lsrB expression, was high in

young nodules hosting either Rm1021 or lsrB3m. In mature

nodules, the expression of the PlsrB-GUS fusion was

found in the infection and intermediate zones as well as at

the base of the nodules (Fig. 8B). Relatively high GUS

activity was observed in two-week-old pale pink nodules

induced by the lsrB3m mutant (Fig. 8B). Strong expression

of the PgshA-GUS fusion gene was found in the intermedi-

ate zone of the nodules, but the level of expression was

higher in nodules induced by Rm1021 compared to those

induced by lsrB3m (Fig. 8B). The PkatA-GUS construct

was weakly expressed in the infection zone of two-week-

old pink nodules elicited by Rm1021, whereas the signals

were much stronger in two-week-old pale pink nodules

hosting lsrB3m (Fig. 8B). These observations suggest that

the activation of the stronger expression of gshA in symbi-

osis requires LsrB Cys residues.

To further confirm these findings, we determined the

transcript levels of lsrB, gshA and katA in two-week-old

alfalfa nodules. Our qRT-PCR results showed increased

transcript levels of lsrB in nodules hosting lsrB3m (Fig. 8C).

Compared with Rm1021, the expression of gshA was sig-

nificantly reduced in nodules harboring lsrB3m or DlsrB

(Fig. 8C). The transcript levels of katA were higher in nod-

ules induced by lsrB3m or DlsrB compared with those

induced by Rm1021 (Fig. 8C). These results support the

conclusion that the stronger activation of gshA expression

in alfalfa nodules requires the LsrB Cys residues.
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Discussion

During the development of nitrogen-fixing nodules, once

rhizobia are released from infection threads into host cells

of the nodule infection zone, they encounter oxidative

stress produced by host defense responses (Santos et al.,

2001; Shaw and Long, 2003; Cardenas et al., 2008). Rhi-

zobia have developed some anti-oxidation and regulatory

strategies. In rhizobia, superoxide dismutase (SOD),
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Fig. 6. The morphology of nodule cells and bacteroids.

A–I. Nodule cells of lsrB mutants analyzed by transmission electron microscopy. Alfalfa plants were inoculated with the parent strain Rm1021

and the indicated lsrB mutants. Nodules were harvested at 21 days after inoculation. Nodules containing the lsrB3m mutant were either pale

pink (lsrB3m-p) or white (lsrB3m-w). Amyloplasts are marked by arrows. Asterisks indicate regions with only a few bacteroids. Bars, 10 lm.

Twenty alfalfa nodules induced by each strain were sectioned and observed.

K and L. The ultrastructure of lsrB3m bacteroids. Alfalfa plants were inoculated with the parent strain Rm1021 (J) or the mutant lsrB3m (K and

L), and nodules were harvested 21 days after inoculation. Cells containing bacteroids (distal region of nitrogen fixation Zone III) were analyzed

by transmission electron microscopy. Nodules harbouring the lsrB3m mutant were either pink (lsrB3m-p; panel K) or white (lsrB3m-w; panel L).

The peribacteroid membranes of senescent symbiosomes (black arrows), poly-b-hydroxybutyric acid granules (white arrows) and irregular

bacteroids (asterisks) are marked. Ten alfalfa nodules induced by each strain were sectioned and observed.

Fig. 7. The ROS accumulation in alfalfa nodules.

A. The O2
2 distribution in young (I) nodules, in the apical meristem and infection zone of immature (II) and mature (III) nodules induced by

Rm1021. The ROS accumulation patterns in alfalfa nodules induced by the lsrB mutant.

B and C. The O2
2 distribution in young (I) nodules and in the apical meristem and infection zone of immature (II) and mature (III) nodules

induced by DlsrB and lsrB3m respectively. Bars: 100 lm. (IV and V, early senescent nodules). Forty-five alfalfa seedlings were inoculated with

each S. meliloti strain. All two-week-old nodules were collected, stained and analyzed. This experiment was performed three times.

D–F. Sections of alfalfa nodules staining by NBT. Ten pale or pink nodules were using for sectioning. [Colour figure can be viewed at

wileyonlinelibrary.com]
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peroxide/catalase, thioredoxin, glutaredoxin and glutathi-

one are essential for infection and nitrogen-fixing nodule

development (Santos et al., 2000; Jamet et al., 2003;

Harrison et al., 2005; Castro-Sowinski et al., 2007;

Benyamina et al., 2013). OxyR has been found to regu-

late the expression of katA, but it is not required for

symbiotic nitrogen fixation (Jamet et al., 2005; Luo et al.,

2005a). LsrB, another LysR family regulator from

Sinorhizbium meliloti, has been reported to modulate the

formation of alfalfa nitrogen-fixing nodules, and

regulates the expression of gshA, gshB1 and lpsCDE

(Luo et al., 2005b; Lu et al., 2013; Tang et al., 2013;

2014). Therefore, it could be a new ROS regulator. Here,

we revealed that the three Cys residues are required for

bacterial adaptation to oxidative stress, alfalfa nodulation

and nitrogen fixation and gene expression. Each Cys

residue plays different regulatory roles in these physio-

logical processes.

The mutant expressing LsrB with a triple substitution of

Cys residues (lsrB3m) is equal to the deletion mutant

Fig. 8. The expression of lsrB and its downstream genes in symbiosis.

A. The GUS activity of the promoter (lsrB, gshA and katA) fusion in infection threads of alfalfa roots. More than 30 alfalfa seedlings inoculated for

7 days with each S. meliloti strain were stained and observed. Red arrows indicate infection threads. This experiment was performed three times.

B. The expression of promoter—GUS fusions in alfalfa root nodules. The GUS staining of nodules induced by S. meliloti 1021 or the lsrB3m mutant

carrying PlsrB-GUS, PgshA-GUS or PkatA-GUS fusions respectively. More than 20 3-week-old root nodules were used in the experiments. Bar: 200 lm.

C. The expression of lsrB and downstream genes in alfalfa nodules. The qRT-PCR analysis of lsrB, lrp3, katA and gshA in alfalfa nodules

harbouring the indicated strains. The data are shown as the mean 6 SEM (root nodules from 20 two-week-old alfalfa plants were used for RNA

extraction, n 5 3). The relative amount of mRNA for each gene was calculated using the threshold cycle (DCt) method, normalized to the S.

meliloti rpsF gene. Asterisks indicate significant differences from the parent strain according to Student’s t-test, P< 0.05 (*). This experiment

was done three times. [Colour figure can be viewed at wileyonlinelibrary.com]
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(DlsrB) according to phenotypic analysis (Figs 1, 2, 5 and

7). We confirmed that the mutated proteins are stable (Fig.

4B and D), so these defects of lsrB3m possibly result from

interactions of protein–protein and protein–DNA, and the

differential gene expression. This possibility has been vali-

dated in our study (Figs (3 and 4) and 8). Therefore, the

three Cys residues are the key regulatory sites in LsrB.

Each Cys residue could be oxidized as a disulfide bond

in a dimer in vitro and in vivo (Fig. 4B and D), and appears

equally important for free-living growth, alfalfa growth and

nodule formation (Figs 1C–E, 5A and C). However, three

Cys residues in LsrB play distinct roles in other aspects.

For example, C238 is the most sensitive residue to oxi-

dants in free living condition (Fig. 2). For downstream gene

expression, C238 functions as a positive factor, but C146

and C275 may work as negative ones (Fig. 3).

We noticed that LsrB proteins could be oxidized by

appropriate dosage of oxidants (Fig. 4A and C). The mono-

mer of LsrB could be constitutively binding to some sites of

gshA promoter region (complex I, Fig. 4F). After the three-

dimension structure of LsrB will be resolved, these results

could be explained.

In summary, we propose a possible mechanism of

S. meliloti LsrB modulating alfalfa nodule development. Only

a few LsrB dimers are formed under normal conditions, and

they interact poorly with the operator of gshA and lrp3. Once

bacteria encounter oxidative stress (or enter host cells of the

nodule infection zone), the Cys residues in LsrB could be

oxidized to form disulfide bonds. The dimerization of LsrB

results in binding to specific DNA sites to induce the expres-

sion of gshA and lrp3-lpsCDE to increase the adaptation of

bacteria to oxidative stress (synthesis of glutathione) and

suppress the oxidative burst of host cells (production of lipo-

polysaccharide). When LsrB Cys residues are replaced by

Ser, the dimerization and specific DNA binding activity is

decreased. Consequently, the expression of downstream

genes is not sufficiently increased to keep the bacteroid

redox status and to suppress ROS production in host cells.

Lastly, the regulatory mechanism of LsrB could be con-

served in rhizobia and some pathogens, because lsrB

homologues are also present in Rhizobium, Agrobacte-

rium, Brucella and Bartonella species (Tang et al. 2013).

Remarkably, a lsrB knockout mutant of Brucella reduced

virulence in mice (Sheehan et al., 2015). Hence, our find-

ings, while providing new insights into the function of a

symbiosis-related LsrB protein, offer the perspective to

analyze LsrB homologues in pathogenic bacteria.

Experimental procedures

Growth of bacterial strains

The strains used in this study are listed in Supporting Informa-

tion Table S1. Escherichia coli DH5a, MT616 and BL21 (DE3)

were grown in Luria-Bertani (LB) medium at 378C.

Sinorhizobium meliloti Rm1021 and the lsrB mutants were

grown in LB medium supplemented with 2.5 mM MgSO4 and
2.5 mM CaCl2 (LB/MC) at 288C (Leigh et al., 1985). Antibiotics

were used at the following concentrations: chloramphenicol,

10 lg ml21; neomycin, 200 lg ml21; kanamycin, 25 lg ml21;
gentamicin, 10 lg ml21; tetracycline, 10 lg ml21; streptomy-

cin, 500 lg ml21.

DNA manipulation techniques

The plasmids and primers used in this study are listed in Sup-

porting Information Table S1 and S2 respectively. The lsrB
coding region was amplified from Rm1021 genomic DNA

using primers P1/P2 (see Supporting Information Table S2 for

the primers used in this study). The PCR products were
digested with XbaI and HindIII and cloned into pK18mobsacB

(Schafer et al., 1994) to construct the plasmid pLMG9. The

lsrB point mutants lsrBC146S, lsrBC238S, lsrBC275S, lsrBC146/

238S, lsrBC146/275S, lsrBC238/275S and lsrBC146/238/275S were con-
structed using a PCR-based site-directed mutagenesis

method with primers containing the desired mismatch to alter

a given Cys codon to Ser. The primer pairs P3/P4 (C146S),
P5/P6 (C238S) and P7/P8 (C275S) were used to amplify the

open reading frame (ORF) of lsrB by PCR with the DNA tem-

plate of pLMG9. The PCR products were digested and ligated
to generate plasmids for transformation of DH5a competent

cells according to the manufacturer’s protocol (QuikChange

Lightning Site-Directed Mutagenesis kit, Agilent Technologies,
Beijing, China). The plasmids were named pLMG10, pLMG11

and pLMG12 respectively. Plasmids carrying double point

mutations (lsrBC146/238S, lsrBC146/275S and lsrBC238/275S) were

constructed using primer pair P5/P6 and template DNA
pLMG10, P7/P8 and pLMG10, as well as P7/P8 and pLMG11.

The resulting plasmids were called pLMG13, pLMG14 and

pLMG15 respectively. The plasmid with three point mutations,
named pLMG16, was created with primers P7/P8 and tem-

plate DNA pLMG13. Plasmids were mobilized into S. meliloti

via conjugation using E. coli MT616 (Finan et al., 1984).
Transformants were selected on LB/MC plates with neomycin

and then on fresh LB/MC plates containing 13% sucrose.

Neomycin sensitivity of the resulting colonies was tested. To
verify construction of the lsrB mutants with LsrB C146S,

C238S and C275S substitutions, PCR products (primers P1/

P2) were digested with AfeI, NdeI and SacI respectively. Each
PCR product was verified by sequencing (Invitrogen, Shang-

hai, China).

To construct a plasmid for complementation of lsrB mutants,

an lsrB DNA fragment (including the native promoter and a

FLAG tag sequence at the C-terminus of the coding region)
was PCR amplified from Rm1021 genomic DNA (using pri-

mers P11/P12). The PCR product was cloned into pSRKGm

(Khan et al., 2008); the plasmid was named pLMG17. To
obtain recombinant LsrB proteins from E. coli, the lsrB coding

region was amplified from Rm1021 genomic DNA using the

primers P9/P10. The PCR product was digested with NotI and
NcoI and cloned into the expression vector pET28b from

Novagen. The constructed plasmid was named pLMG19. Sim-

ilarly, expression plasmids (pLMG20, pLMG21, pLMG22,
pLMG23, pLMG24, pLMG25 and pLMG26) encoding LsrB

variants with Cys-to-Ser substitutions were constructed as fol-

lows: DNA was amplified (from pLMG10, pLMG11, pLMG12,
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pLMG13, pLMG14, pLMG15 and pLMG16) using the primers

P9/P10 and cloned into pET28b.

RNA extraction and quantitative real-time RT-PCR

RNA was extracted from S. meliloti cells, and quantitative

real-time RT-PCR was performed as reported previously

(Tang et al., 2014). S. meliloti subcultures were started by

inoculation into 50 ml of fresh LB/MC medium with 5% of

overnight cultures and allowed to grow at log phase

(OD600 5 0.5). Exponential growth phase cells grown in LB/

MC medium were either treated with 5 mM GSSG or not

treated for 30 min, prior to harvest. RNA was extracted

using Trizol reagents (Invitrogen, Shanghai, China). RNA

quality was assayed by 1% agarose gel electrophoresis.

Total RNA from nodules was isolated from at least 20 mg

fresh materials for each sample using Trizol Plants Total

RNA Isolation Kit (TransGen Biotech, Beijing, China). 1 mg

of total RNA was used for preparing cDNA with random hex-

amer oligonucleotide primers and a PrimeScript RT reagent

Kit with gDNA Eraser (Takara, Dalian, China). Gene specific

primers were used for real-time PCR with SYBR green

Supermix (TransGen, Beijing, China). The expression of

rpsF (a ribosome protein gene) in each sample was used to

normalize the expression of the gene(s) of interest. Real-

time PCR primers are listed in Supporting Information Table

S2. The expression level was calculated using the threshold

cycle (DCt) method.

Expression and purification of LsrB and immunoblotting

His-LsrB fusion proteins were purified and analyzed as

described (Tang et al., 2014). Purified proteins were reduced

by treatment with 10 mM DTT, and the remaining DTT was

displaced by 20 mM Tris-HCl Buffer (pH 8.0) containing 20%

glycerol with Amicon R Ultra-15 Centrifugal Filter Devices

(30K, Merk Millipore, Cork, Ireland). The fusion protein sam-

ples (0.8 mM) were then treated with defined concentrations

of H2O2 (0–2 mM) or GSSG (0–1 mM of GSH and 0.3 mM of

GSSG) for detection of oligomeric LsrB. Immunoblotting was

performed using anti-LsrB polyclonal antibodies (Tang et al.,

2014) and anti-FLAG monoclonal antibodies (Sigma, St.

Louis, MO, USA).

Electrophoretic mobility shift assay

EMSA assay was performed according to the manufacturer’s

protocol for the Light Shift Chemiluminescent EMSA Kit

(20148, Pierce, Rockford, IL) with modification. PCR products

of gshA or lrp3 promoter regions were Biotic-labelled. Biotic

labelled DNA oligonucleotides were synthesized by JieRui

Corporation (Shanghai, China). Binding reactions contained

LsrB-His proteins (0–1 lg) and 0.1 ng of Biotic-labelled DNA

in a buffer consisting of 10 mM Tris-HCl (pH 7.9), 5 mM

MgCl2, 2.5% Glycerol, 0.05% NP-40, add indicated DTT or

GSSG. After 20 min of incubation at 288C, samples were size-

fractionated using 5% polyacrylamide gels in 1 3 Running

buffer (10 mM Tris-HCl, 2.6 mM EDTA, 76 mM Glycine, pH

8.5).

Chromatin immunoprecepitation

The lsrB deletion mutant (DlsrB) derivatives expressing FLAG-

tagged LsrB (or LsrB3m) and DlsrB mutant were used as

strains of ChIP assay. Mid-log phase cells (50 ml, OD600 of

0.5) were cross-linked in 10 mM sodium phosphate (pH 7.6)

and 1% formaldehyde at room temperature for 10 min and on

ice for 30 min thereafter, washed twice in PBS buffer and

lysed with lysozyme 2.2 mg ml21 in TES (10 mM Tris-HCl pH

7.5, 1 mM EDTA, 100 mM NaCl) at 378C. Lysates (final vol-

ume of 1 ml) were sonicated (Bioruptor UCD-200) on ice to

shear DNA fragments to an average length of 0.3–0.5 kb and

were cleared by centrifugation at 12 000 rpm for 5 min at 48C.

Supernatant was normalized by protein content by measuring

the absorbance at 280 nm; lysates were diluted in 1 ml of

ChIP buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA,

16.7 mM Tris-HCl [pH 8.0]), added to 167 mM NaCl plus pro-

tease inhibitor Cocktail (Roche, Germany) and pre-cleared

with 40 ll of protein-A agarose beads (Thermo, Germany) for

2 h, centrifuged at 3000 rpm for 3 min at 48C. FLAG monoclo-

nal antibodies (Sigma, St. Louis, MO, USA) were then added

to the remains of the supernatant (3:1000 dilution), incubated

overnight at 48C with 150 ll of protein-A agarose beads,

washed once with low salt buffer (0.1% SDS, 1% Triton X-100,

2 mM EDTA, 20 mM Tris-HCl (pH 8.0), 150 mM NaCl), high

salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20

mMTris-HCl (pH 8.0), 500 mM NaCl) and LiCl buffer (0.25 M

LiCl, 1% NP-40, 1% sodium deoxy-cholate, 1 mM EDTA,

10 mM Tris-HCl (pH 8.0) and twice with TE buffer (10 mM Tris-

HCl (pH 8.0) and 1 mM EDTA). The protein-DNA complexes

were eluted in 200 ll freshly prepared elution buffer (1% SDS,

0.1 M NaHCO3) supplemented with NaCl to a final concentra-

tion of 300 mM and incubated for 6 h or overnight at 658C to

reverse the crosslinks. DNA was extracted using MinElute kit

(QIAGEN, D€usseldorf, Germany) and resuspended in 40 ll of

Elution Buffer. ChIP PCR was performed, and the level of the

rpsF gene was used to normalize expression data.

Assay for oxidative stress sensitivity

The sensitivity of S. meliloti to H2O2 was assessed by a

growth inhibition test (Luo et al., 2005a). Briefly, aliquots (300

ml each) of S. meliloti cultures with optical densities at 600 nm

of 0.5 were plated onto LB/MC plates. Paper disks (10 mm in

diameter) were impregnated with 3 ml H2O2 (1 M) and placed

in the center of the S. meliloti plates. After 2 to 3 days of incu-

bation at 288C, the diameters of the halos were analyzed. The

sensitivity of S. meliloti to GSSG was analyzed by a spotting

assay. Rm1021 and lsrB mutants were grown in LB/MC

medium at 288C with shaking (250 rpm/min). Cells

(OD600 5 0.5) were harvested by centrifugation. Aliquots (5 ml)

of cultures serially diluted tenfold in LB/MC broth were spotted

onto LB/MC agar or supplemented with 4 mM GSSG to deter-

mine their oxidant resistance.

Identification of LsrB oligomers in vivo

To construct plasmids for expression of LsrB variants in lsrB

mutants (lsrBC146/238S, lsrBC146/275S, lsrBC238/275S and

lsrBC146/238/275S), DNA was amplified by PCR from genomic

DNA of the corresponding mutants using primers P11/P12.
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The amplicons, which contained the native promoter and a

FLAG tag at the C-terminus of the coding sequence, were

cloned into pSRKGm (Khan et al., 2008). The obtained plas-

mids were named pLMG28, pLMG29, pLMG30 and pLMG31

respectively.

The lsrB deletion mutant (DlsrB) derivatives expressing

FLAG-tagged LsrB and FLAG-tagged Cys-to-Ser variants of

LsrB were grown overnight in LB/MC medium. The DlsrB

mutant was used as a negative control. The bacteria were har-

vested at OD600 5 0.5. The resuspended cells were then

treated with 0.8 mM cross-linking reagent DSP (dithiobis (suc-

cinimidyl propionate), Thermo Scientific, Waltham, MA, USA)

as described (Liu et al., 2011). LsrB dimers were enriched

using anti-LsrB polyclonal antibodies and then detected by

western blotting using anti-FLAG monoclonal antibodies

(Sigma, St. Louis, MO, USA).

Nodulation tests

Nodulation assays of alfalfa plants were performed as

reported previously (Tang et al., 2013). Surface-sterilized

alfalfa seeds (cv. aifeinite) were germinated on 1% agar plates

for 1 day in the dark, were transferred into pots filled with auto-

claved vermiculite and perlite (3:1) supplied with half-strength

Fahraeus medium, and inoculated with Rhizobium strain

(OD600 5 0.05) after 2 day. Plant growth conditions were as

follows: photoperiod, 16 h light and 8 h dark. Nodules of

Rm1021 (WT) and lsrB mutants for sectioning (semi-thin and

ultrathin) were selected at 3 weeks post-inoculation (wpi). Dry

weight of shoots, nodule number of indicated strains were

examined at 4 wpi.

Examination of infection events

Surface-sterilized seeds were germinated on 1% agar

plates for 1 day in the dark, Homozygous alfalfa seeds

(cv. aifeinite) were selected, planted into pots and inocu-

lated with Rm1021 or 3m strains harbouring a promoter-

GUS constructs after 2 day. Infection events were exam-

ined at 7 day post-inoculation (dpi) for GUS staining,

Roots and nodules were collected, incubated in GUS

buffer (100 mM Na2HPO4, 100 mM KH2PO4, 10 mM

EDTA, 0.5 mM K3Fe(CN)6, 0.5 mM K4Fe(CN)6, 1 mg

ml21 x-gluc, pH 7.0) overnight at 378C, and then cleared

for direct observation. Infection events were observed

under bright field microscopy. Infection events were

examined at 5, 7 and 10 days post-inoculation (dpi) into

Rm1021 or lsrB mutants containing a PhemA-lacZ con-

structs. For examining b-galactosidase activity, whole

roots were fixed for 1 h with fixative solution (1% (v/v)

glutaraldehyde in 13 phosphate-buffered saline (PBS)

buffer, pH 7.5. Fixed samples were subsequently

washed twice with 13 PBS buffer and incubated a solu-

tion composed of 0.2 3 PBS, 2.5 mM K3[Fe(CN)6],

2.5 mM K4[Fe(CN)6] and 0.8 mg ml21 of 5-bromo-4-

chloro-3-indolyl-b-D-galactoside in N, N-dimethylforma-

mide overnight at room temperature. Stained samples

were rinsed three times with 13 PBS and cleared in dif-

ferent concentrations of ethanol solution.

Analysis of superoxide anion radicals

To detect superoxide anions, alfalfa nodules (about 45 plants)

were harvested at 14 dpi and stained with 0.5 mg/ml nitroblue

tetrazolium (NBT) from Sigma in 0.1 M potassium phosphate

at pH 7.0 (Muglia et al., 2008). Nodules were vacuum-

infiltrated three times (5 min each) in the NBT staining solu-

tion. After infiltration, the nodules were stained for 45 min at

room temperature followed by a wash with distilled water, and

then nodules were hand-sectioned using a double-edged

razorblade or semi-thin sectioning (thickness, 10 lm). Sec-

tions were rapidly immersed in the coagulation reagent

containing with 1.25 M trichloroacetaldehyde hydrate (Sino-

pharm Chemical Reagent Co. Ltd., Shanghai, China) and

25% glycerol for 1 h and then analyzed by optical microscopy

(Tang et al., 2013). After NBT staining of alfalfa nodules, the

quantification assay of superoxide anion was performed as

described by (Ramel et al., 2009; Arthikala et al., 2014).

Briefly, NBT-stained nodules were measured and then ground

in liquid nitrogen, the formazan content of the obtained powder

was solubilized in 2 M KOH-DMSO (1/1.16) (v/v), and then

centrifuged for 10 min at 12 000 rpm. The A630 was immedi-

ately measured, and compared with a standard curve

obtained from known amounts of NBT in the KOH-DMSO mix.

The quantity of NBT was determined by measuring the optical

density and comparing with the standard curve. Experiments

were repeated three times on at least 100 mg nodules.

Mass spectrometry analysis

LsrB protein (2 nmol) purified from E. coli was dissolved in

250 ll 25 mM NH4HCO3 and 20 mM iodoacetamide (pH 8).

The sample was then treated with 3 lg chymotrypsin (Calbio-

chem, Darmstadt, Germany) and 3 lg trypsin (Promega,

Madison, WI, USA) and incubated at 378C for 20 h. Half of the

above protein was then reduced with 20 mM DTT at 378C for

1.5 h. The digested peptides were purified by HPLC (LC-

20AD; Shimadzu, Shanghai) and analyzed using a Triple-TOF

5600 mass spectrometer (Triple TOFTM 56001 system; AB

SCIEX, Shanghai). Thermo Bioworks 3.3 software was used

for SEQUEST searches. The results for disulfide linkages in

LsrB peptide fragments were confirmed by manual inspection.

DNA sequence analysis

The protein sequence of LsrB (CAC46145.1) was downloaded

from the S. meliloti genome site (http://iant.Toulouse.inra.fr/

bacteria/annotation/cgi/rhime.cgi). Sequences of LsrB homo-

logs were obtained from the NCBI homepage using the

BLAST protein program (Microbial Genomes; http://www.ncbi.

nlm.nih.gov/sutils/genom_table.cgi). The predicted protein

sequences were aligned using BLASTor Clustal W.
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Fig. S1 The lsrB3m mutant delayed infection and nodulation.
Infection events (A) and nodule primordia (B) of alfalfa roots
were counted at 5, 7 and 10 days after inoculation with S.

meliloti lsrB3m expressing PhemA-lacZ. For comparison,
plants were also inoculated with the parent strain Rm1021
and the deletion mutant DlsrB. Compared to Rm1021, an
infection delay of approximately 2 days was observed for

the lsrB3m and DlsrB mutants. Data indicate means 6 SEM
(n 5 3). Asterisks indicate significant differences from the
parent strain; Student t-test, P< 0.05 (*). These experi-
ments were done three times.
Fig. S2 Morphology of alfalfa nodules hosting lsrB3m. Alfalfa

plants were inoculated with the parent strain Rm1021 or the
mutant lsrB3m, and nodules were harvested at 3 weeks
post-inoculation. Nodules were stained with methylene blue.
Abbreviations for strains: Rm1021, the nodule induced by
Rm1021; lsrB3m-p/w, the pale pink/small white nodule

induced by lsrB3m. Bars, 100 lm. This experiment was per-
formed three times.
Table S1 Strains and plasmids.
Table S2 Primers.
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