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Rhizobia interact with host legumes to induce the formation of nitrogen-fixing nodules, which is very important in agriculture and 
ecology. The development of nitrogen-fixing nodules is stringently regulated by host plants and rhizobial symbionts. In our pre-
vious work, a new Sinorhizobium meliloti LysR regulator gene (lsrB) was identified to be essential for alfalfa nodulation. Howev-
er, how this gene is involved in alfalfa nodulation was not yet understood. Here, we found that this gene was associated with pre-
vention of premature nodule senescence and abortive bacteroid formation. Heterogeneous deficient alfalfa root nodules were in-
duced by the in-frame deletion mutant of lsrB (lsrB1-2), which was similar to the plasmid-insertion mutant, lsrB1. Irregular se-
nescence zones earlier appeared in these nodules where bacteroid differentiation was blocked at different stages from microscopy 
observations. Interestingly, oxidative bursts were observed in these nodules by DAB staining. The decreased expression of lipo-
polysaccharide core genes (lpsCDE) was correspondingly determined in these nodules. S. meliloti lipopolysaccharide is required 
for suppression of oxidative bursts or host cell defense. These findings demonstrate that the S. meliloti lsrB gene is involved in 
alfalfa root nodule development and bacteroid differentiation by suppressing oxidative bursts or defense responses in host cells. 
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Gram-negative soil bacteria, rhizobia interact symbiotically 
with host legumes to elicit nitrogen-fixing nodules under 
nitrogen-limited conditions. It is very important for sus-
tainable agriculture and environmental conservation. During 
the early stages of Rhizobium-legume symbiosis, leguminous 
roots secrete secondary metabolites like flavonoids into soil. 
These flavonoids are recognized by one type of rhizobial 
LysR family regulators, the NodD proteins [1]. Expression 
of nodulation genes (nod) is then upregulated by NodD 
proteins to synthesize nodulation factors (NFs, chitin-lipo- 
oligosaccharides) [2]. NFs are then sensed by host plant 
transmembrane LysM receptor kinases, such as NFP/LYK3 
of Medicago truncatula and NFR1/5 of Lotus japonicus to 

activate specific signaling pathways. A calcium spiking re-
sponse is achieved and the expression of symbiosis-specific 
downstream genes initiates bacterial infection threads and 
root nodule formation. Rhizobia enter host cells along in-
fection threads by endocytosis and differentiate into a ni-
trogen-fixing state (bacteroids) in mature nodules [3]. 

Root nodules begin senescence when a host develop-
mental program is activated at the beginning of pod filling 
or under several different kinds of environmental stresses 
including darkness, drought, and temperature stress [4]. 
Leguminous root nodules exhibit differential senescence 
processes. Senescence of determinant root nodules (round 
root nodules lacking persistent meristems) on Glycine max 
(soybean) initiates from the inside and spreads towards the 
exterior. Senescence of indeterminate root nodules (com-
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posed of apical meristem zone, infection zone, and nitrogen 
fixing zone) on Medicago sativa (alfalfa) originates in the 
nitrogen-fixing zone and forms a senescent zone that 
moves gradually to the apical zone [4]. However, senescent 
root nodules have several key features as described below: 
(1) a color shift in the nitrogen fixation zone, appearing 
white or turning from pink to green due to degradation or 
oxidization of leghemoglobin; (2) central vacuole differen-
tiated into multiple vesicles; (3) cytoplasm that appears less 
electronically dense; (4) disintegrated symbiosome mem-
branes; (5) degraded bacteroids; and (6) resorbed symbio-
somes. Infected cells decay and collapse finally. Nitrogen-
ase activity is then significantly decreased or completely 
abolished [5]. 

Senescence of nitrogen-fixing root nodules is regulated 
by both symbiotic partners. In the host plant, ascorbate and 
glutathione play regulatory roles in delaying nodule senes-
cence, whereas ethylene and abscisic acid promote prema-
ture nodule senescence [5]. A large number of host genes 
are upregulated in aging nodules, as indicated by tran-
scriptomic data. These include a few transcriptional factors 
and cysteine proteases [6,7]. However, only few leguminous 
mutants were studied with respect to delaying or accelerat-
ing nodule senescence in detail. In bacterial symbionts, sev-
eral genes are involved in the control of premature senes-
cence among leguminous nodules. For example, S. meliloti 
lpsB and bacA mutants induced early senescence in alfalfa 
root nodules and bacteroid differentiation was blocked or 
aborted [8,9]. The regulators of nitrogen fixation, oxygen 
perception, and C4-dicarboxinate transportation, NifA, FixL/ 
FixJ/FixK, DctB/DctD, are required for the prevention of 
root nodule senescence [10,11]. The sequencing of Rhizo-
bium genomes has allowed the prediction of more regulatory 
genes, which gives us an opportunity to identify genes that 
participate in premature nodule senescence using reverse 
genetic methods. 

In our previous work, a new S. meliloti LysR family gene 
(lsrB) was identified to be essential for alfalfa nodulation 
and nitrogen fixation [12]. However, how this gene is in-
volved in alfalfa nodulation was not yet understood. Here, 
alfalfa root nodules induced by the lsrB in-frame deletion 
mutant (lsrB1-2) were observed in detail using microscopy; 
the oxidative burst in these nodules was determined by 
DAB staining, and the expression of LPS core genes (in-
volved in suppression of host defense) was also analyzed. 
Our data suggest that S. meliloti lsrB is associated with pre-
vention of premature nodule senescence and abortive bac-
teroid formation by suppressing oxidative bursts or defense 
response in host cells.  

1  Materials and methods 

1.1  Bacterial strains and growth conditions 

Escherichia coli DH5 and MT616 were grown in Luria- 

Bertani (LB) medium at 37C. Sinorhizobium meliloti 
1021 and lsrB1-2 were grown in LB medium supplement-
ed with 2.5 mmol L1 MgSO4 and 2.5 mmol L1 CaCl2 

(LB/MC) at 30C [13]. The following antibiotics were 
used at indicated concentrations: 10 g mL1 chloram-
phenicol; 200 g mL–1 neomycin; 100 g mL1 spectino-
mycin; 10 g mL1 tetracycline and 500 g mL1 strepto-
mycin. The S. meliloti phage M12 was used for general 
transduction [13].  

1.2  Plant nodulation test and nitrogenase activity assay 

Assays of the alfalfa nodulation on plates were carried out 
as described previously [12]. Assays of the alfalfa nodula-
tion in a vermiculite-perlite (3:1) mixture were performed 
as described by Wang et al. [14]. Alfalfa nodule nitrogenase 
activity was analyzed using an acetylene (C2H2) reduction 
method [12]. 

1.3  Light, electronic and fluorescence microscopy 

The microscopic sections of alfalfa nodules were prepared 
and examined as by Vasse et al. [15]. The semi-thin sections 
were examined under an optical microscope from DME 
(Leica, Germany). Infection threads were labeled using S. 
meliloti constitutively expressing GFP (pHC60, [16]). Flu-
orescence was observed under a fluorescence microscope of 
DM2500-3HF-FL (Leica), and ultrathin sections were in-
spected under a transmission electron microscope of JEM- 
2100 (JEOL, Japan).  

1.4  DAB staining of H2O2 

Three-week-old alfalfa root nodules were picked and hand- 
sectioned. The pieces of nodules were incubated into the 
staining solution for 30 min at room temperature. The solu-
tion contained 0.5% (w/v) 3,3′diaminobenzidine (DAB) 
dissolved in 50 mmol mL1 NaAc buffer, pH 3.6 [17]. The 
nodule sections were examined under an optical microscope 
of DME (Leica). 

1.5  DNA sequence analysis 

The deduced protein sequence of LsrB was downloaded 
from Sinorhizobium meliloti genome site (http://iant.Tou-      
louse.inra.fr/bacteria/annotation/cgi/rhime.cgi). Homologs of 
LsrB were aligned and downloaded on NCBI Blast Micro-
bial Genomes (http://www.ncbi.nlm.nih.gov/sutils/genom_ 
table.cgi). The phylogenetic tree was constructed using 
MEGA 3.1 program and the neighbor joining method was 
used to test the tree. The putative promoter DNA sequences 
were downloaded from S. meliloti genome server, and pos-
sible promoters were predicted by using BDGP program 
(http://www.fruitfly.org/seq_tools/promoter.html). 
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2  Results  

2.1  S. meliloti lsrB in-frame deletion mutant established 
deficient symbiosis on alfalfa plants 

The symbiotic phenotypes of S. meliloti lsrB in-frame dele-
tion mutant (lsrB1-2) were estimated. Three weeks after 
inoculation, alfalfa plants inoculated with the lsrB1-2 mu-
tant were shorter and thinner, with more yellow leaves as 
compared to those inoculated with the wild type strain, S. 
meliloti 1021. The shoot biomass of these plants was sig-
nificantly reduced (Figure 1(c)), and nitrogenase activity 
was decreased (Figure 1(b)). Alfalfa inoculated with the 
lsrB1-2 mutant formed slightly more nodules than those 
with S. meliloti 1021 (Figure 1(a)). These results reveal that 
alfalfa plants inoculated with the lsrB1-2 mutant showed 
nitrogen starvation. When the S. meliloti lsrB gene was ex-
pressed from a lac promoter (lacIQ) of the complementation 
plasmid (pLGM2) in the lsrB1-2 mutant, the symbiotic de-
ficiency of the mutant was almost rescued (Figure 1(a)–(c)). 
These data indicate that the lsrB1-2 mutant establishes defi-
cient symbiosis with alfalfa, which is similar to the plasmid- 
insertion mutant, lsrB1 described before [12].  

2.2  S. meliloti lsrB1-2 mutant induced formation of 
deficient alfalfa root nodules 

The nitrogen starvation observed in those alfalfa plants in-
oculated with the lsrB1-2 mutant prompted us to examine 
formation of infection threads and root nodule development. 
GFP-labeled Sinorhizobium revealed that the lsrB1-2 mu-
tant induced normal infection threads on alfalfa seedlings 
like S. meliloti 1021, though a delay of one or two-day was 
observed. During the nodulation stages of symbiosis, the 
lsrB1-2 mutant elicited a large number of heterogeneous 
root nodules on alfalfa (Figure 2(b)–(d)). A few three-week 
old alfalfa nodules appeared pale pink and had a size similar 
to those induced by the wild type strain (Figure 2(b)), but 
most nodules were white and small (Figure 2(d)). Histolog-
ical examination showed that pale pink nodules were fully 
developed, and each cell in the nitrogen-fixation zone was 

occupied by bacteroids, but the central vacuole was ruptured 
into smaller ones (Figure 2(f)). In many white nodules, a few 
large plant cells infected by rhizobia were surrounded by a 
number of small cells which contained a few bacteroids and 
many large starch grains (Figure 2(g)). Most of the small 
white nodules were composed of plant cells containing a 
fewer bacteroids and some starch granules (Figure 2(h)). 
These data indicate that S. meliloti lsrB gene is associated 
with premature nodule senescence. 

2.3  S. meliloti lsrB1-2 mutant differentiated into ab-
normal bacteroids in alfalfa root nodules 

The bacteroid status of bacteroids in alfalfa nodules was ex-
amined. The observation by transmission electronic micros-
copy showed that several lsrB1-2 cells differentiated into 
full-length bacteroids in the nitrogen fixation zone of pale 
pink nodules, but the symbiosome membranes were sepa-
rated from those bacteroids (Figure 3(b)). Some abortive 
bacteroids were visible (Figure 3(b)–(d)). In small white 
nodules, a fewer bacteroids were found and PHB (poly-- 
hydroxybutyrate) was accumulated in them (Figure 3(c) and 
(d)). These senescent symptoms were not observed in three- 
week old nodule cells when the nitrogen fixation zone con-
taining S. meliloti 1021 was examined (Figures 2(a), 2(e) 
and 3(a)). These data demonstrate that S. meliloti lsrB gene 
participates in bacteroid differentiation. 

2.4  Oxidative bursts emerged in alfalfa root nodules 
induced by the lsrB1-2 mutant 

Since reactive oxygen species (ROS) are involved in the 
regulation of leguminous nodule senescence [5], the accu-
mulation of ROS was examined in three-week old alfalfa 
root nodules. DAB staining of H2O2 indicated that much 
increased levels of H2O2 were generated in the majority of 
alfalfa root nodules induced by the lsrB1-2 mutant (Figure 
4(b)–(c)), but only slight H2O2 levels were detectable in 
alfalfa root nodules induced by the wild type strain, S. meli-
loti 1021 (Figure 4(a)). H2O2 accumulation was also observed  

 
Figure 1  The lsrB1-2 mutant is deficient in symbiosis with alfalfa. As measured by average number of alfalfa nodules after three-week inoculation (a), 
nitrogenase activity of alfalfa nodules per plant as detected by C2H2 reduction (b), and biomass (fresh weight) of alfalfa shoots (c). Data from three inde-
pendent experiments, mean±SD (n>20). Stars indicate significant differences as compared to the wild type strain, S. meliloti 1021 (t-test, P<0.05).  
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Figure 2  Premature senescence of alfalfa nodules induced by the lsrB1-2 mutant. (a) A three-week nodule induced by S. meliloti 1021. (b)–(d) Three-week 
nodules hosting the lsrB1-2 mutant. The nodule sections were observed under an optical microscope and pictures were taken by a digital camera. Squares, 
corresponding regions shown in (e)–(h). Arrows, ruptured vacuoles; stars, cells filled with starch granules; triangles, cells containing less content. Black bars, 
200 m; white bars, 50 m.  

 

Figure 3  Bacteroid differentiation of the lsrB1-2 mutant in alfalfa nod-
ules. (a) S. meliloti 1021 bacteroids from the nitrogen fixation zone. (b)–(d) 
lsrB1-2 bacteroids from corresponding zone of one pale pink nodule, one 
large white nodule and one small white nodule. Bars, 2 m; Arrows, abor-
tive bacteroids; black triangles, separated symbiosome membranes; white 
triangles, granules of PHB (poly--hydroxybutyrate); stars, differentiated 
bacteroids.  

 
Figure 4  H2O2 accumulation assayed by DAB staining in three-week old 
alfalfa nodules induced by S. meliloti 1021 (a) and by the lsrB1-2 mutant 
((b) and (c)). (d) H2O2 accumulation in a four-week old alfalfa nodule 
induced by the wild type strain. Bars, 200 m. 

in the senescence zones of a few four-week old nodules 
hosting S. meliloti 1021 (Figure 4(d)). These data indicate 
that oxidative bursts earlier emerged in alfalfa nodules in-
duced by the lsrB1-2 mutant, which could lead to premature 
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nodule senescence.  

2.5  The expression of lpsCDE was positively regulated 
by S. meliloti LsrB in symbiosis 

It was noticed that LPS core genes, lpsCDE are divergently 
located with lsrB, suggesting that their expression may be 
regulated by LsrB in S. meliloti. To test this possibility, the 
predicted promoters of lpsCDE were fused with GUS re-
porter gene, respectively. Each fusion was introduced into S. 
meliloti strains, which were then inoculated onto alfalfa 
seedlings. GUS activity analysis showed that the expression 
of lsrB, trxB, lrp3 and lpsC was differentially decreased in 
three-week old alfalfa root nodules induced by the lsrB1-2 
mutant compared with the wild type strain (Figure 5(a)–(h)). 
Quantitative analysis also confirmed that the expression of 
these four genes was remarkably decreased in bacteroids of 
the lsrB1-2 mutant (Figure 5(k)). These data suggest that 
LsrB positively regulates the transcription of the lpsCDE 
genes in bacteroids.  

3  Discussion 

S. meliloti LysR family gene, lsrB was identified to be es-
sential for alfalfa nodulation [12]. We try to elucidate how 
this Rhizobium gene works in symbiosis with its host plants 
using different methodologies. Here, we found that this 
gene played key roles in prevention of premature nodule 
senescence and abortive bacteroid formation, which is asso-
ciated with oxidative bursts or defense responses in host 
cells. 

LsrB belongs to the LysR transcriptional factor family 
that regulates the expression of diverse downstream genes 
to modulate different physiological processes in bacteria 
[18,19]. Therefore, we postulated that LsrB should regulate 
the expression of important genes that are required for sym-
biosis. LysR-family transcriptional factors usually regulate 
the expression of the divergently localized genes. Interest-
ingly, lpsCDE genes are divergently localized with lsrB on 
the S. meliloti genome. S. meliloti lpsCDE genes encode 
glycotrasferases involved in biosynthesis of LPS core, 
which is required for efficient nodulation on alfalfa [8,20]. 
Therefore, we determined the transcripts of theses genes by 
RT-PCR, cloned the predicted promoters of lpsCDE, and 
fused them with the GUS reporter gene. The GUS activity 
analysis showed that the expression of lpsCDE was de-
creased in the free-living lsrB deletion mutant (Tang et al. 
unpublished data). Moreover, LsrB can bind to the conserved 
TN11A motif on the promoter of the lrp3-lpsCDE operon 
by analyses of Chromatin Immunoprecipitation (ChIP) and 
Electrophoresis Motility Shift Assay (EMSA) (Tang et al. 
unpublished data). Similar expression patterns of these 
genes were also detected in alfalfa nodules (Figure 5), sug-
gesting that LsrB positively regulates the expression of these  

 

Figure 5  The expression of promoter-GUS fusions in alfalfa root nodules. 
(a)–(h) GUS staining of nodules induced by S. meliloti carrying PlpsC-GUS, 
Plrp3-GUS, PlsrB-GUS and PtrxB-GUS fusions, respectively. (i) and (j) GUS 
staining of nodules induced by S. meliloti carrying the empty vector. (a), 
(b), (e), (f) and (i) three-week old nodules induced by S. meliloti 1021 
carrying each promoter-GUS fusion or vector. (c), (d), (g), (h) and (j), 
three-week old nodules induced by the lsrB1-2 mutant. (k) The 
-Glucuronidase activity in alfalfa nodules. Data were from three inde-
pendent experiments and expressed as mean±SD. Vector, pRK960; Plrp3, 
the promoter of the lrp3. Bars, 200 m. 

genes under both free living and symbiotic conditions. Cor-
respondingly, less LPS was correspondingly detected from 
the lsrB deleted cells than the wild type strain under free 
living conditions (Tang et al. unpublished data).  

S. meliloti LPS is able to suppress oxidative bursts or de-
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fense responses of Medicago cells [21,22]. Interestingly, the 
oxidative bursts were detected in 3-week old nodules in-
duced by the lsrB1-2 mutant, which only appeared in the 
senescence zone of 4-week old nodule hosting the wild type 
strain (Figure 4). These data support that the accumulation 
of ROS is involved in nodule senescence. Therefore, we 
propose that LsrB suppresses nodule premature senescence 
during nodule development and bacteroid differentiation by 
upregulating LPS production and reducing oxidative bursts 
or defense response in host cells (Figure S1).  

The possibility can not be excluded that LsrB positively 
regulates the expression of rhizobial redox- related genes 
(such as trxB, Figure 5). Their products scavenge ROS gen-
erated by both symbiotic partners. Rhizobial symbionts ac-
cumulate abundant ROS through respiration and nitrogen 
fixation. To protect against ROS damage, rhizobia develop 
ROS scavenging and antioxidant systems, which include 
superoxide dismutases (SOD), peroxidases, catalases, and 
the glutathione system [23–25]. These genes are required 
for the delay of premature nodule senescence. Whether their 
expression is regulated by LsrB needs to be further studied. 

Last, genomic DNA sequence analysis showed that at 
least 34 homologous proteins share 55%–99% identity with 
S. meliloti LsrB, which are distributed in Sinorhizobium, 
Rhizobium, Mesorhizobium, Bradyrhizobium, Brucella and 
Bartonella species. All these proteins harbored one DNA 
binding domain (HTH, helix-turn-helix) and one PBP2_ 
LTTR substrate domain. Moreover, the reconstruction of 
the phylogenetic tree showed that these proteins belong to 
one family, except the Azorhizobium caulinodans protein 
(Figure S2). Additionally, these proteins were clustered into 
two main clades on the phylogenetic tree. One clade in-
cluded LsrB homolohs from Rhizobium and Sinorhizobium 
species, and the other consists of the proteins from Meso-
rhizobium, Bradyrhizobium, Brucella and Bartonella spe-
cies. Altogether, these data provide an important clue that 
lsrB homologs play a similar regulatory role in the symbio-
ses between rhizobia and legumes, and even in the patho-
genesis of Brucella and Bartonella. 

In summary, S. meliloti lsrB gene is required for preven-
tion of alfalfa nodule premature senescence and bacteroid 
differentiation by regulating the expression of LPS core or 
other downstream genes. Therefore, LsrB is a new LysR 
family regulator working in the later stage of symbiosis 
between Rhizobium and legumes. 
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Figure S1  A possible model of LsrB regulating root nodule senescence. 
Figure S2  Phylogenetic tree of LsrB homologs were reconstructed using an MEGA program. 
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