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ABSTRACT 

INTERACTION OF Rhizobium sp. strain IRBG74 WITH A LEGUME 

(Sesbania cannabina) AND A CEREAL (Oryza sativa) 

 
 
 

by 
Shubhajit  Mitra 

 
 

The University of Wisconsin-Milwaukee, 2014 
Under the Supervision of Dr. Gyaneshwar Prasad 

 

Rhizobium sp. IRBG74 (IRBG74) develops a classical nitrogen-fixing symbiosis with the 

legume Sesbania cannabina and also promotes the growth of rice (Oryza sativa), but not 

much is known about the rhizobial determinants important for these interactions. We 

hypothesize that Rhizobium sp. IRBG74 utilizes similar mechanisms to endophytically 

colonize both legume and cereal hosts. In this study, we analyzed the colonization of rice 

and S. cannabina using a strain of IRBG74 marked with β-glucuronidase (GUS) and 

Green Fluorescent Protein (GFP). IRBG74 infected both of the host plants through crack 

entry under submerged conditions, but showed root hair mediated infection under aerobic 

conditions. In rice, IRBG74 was localized within intercellular spaces in the cortex, in the 

xylem of roots and stems, and intracellularly within epidermal and hypodermal cell 

layers. We have also shown that the colonization of rice by Rhizobium sp. IRBG74 

requires the nod factor. A transposon insertion mutant of IRBG74 in rffB, which encodes 

dTDP-glucose dehydratase, exhibited significant defects not only in rice colonization but 

also in nodulation of S. cannabina. IRBG74 was found to synthesize a rhamnose-rich 
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LPS and the rffB mutant produced a truncated version of LPS lacking rhamnose. 

Colonization of both rice and S. cannabina roots by the rffB mutant was restored by 

supplementation with purified LPS from wild type IRBG74, but not by LPS from the rffB 

mutant.  Another transposon insertion mutant of IRBG74, thiQ, was identified as a 

biofilm defective mutant. It exhibited significant defects in rice colonization and showed 

no nodulation phenotype in S. cannabina. Preliminary results on the thiQ mutant suggest 

that it is likely involved in flavonoid transport. Taken together, these results indicate that 

IRBG74 is an effective rice endophyte that utilizes a similar physical mode of entry and a 

common signaling mechanism to invade rice and its legume host, Sesbania. 

Understanding this rhizobial-cereal interaction may provide novel avenues for 

engineering a symbiotic nitrogen-fixing system in these important crops. 
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Chapter I - Introduction 

 

Significance of nitrogen and the importance of nitrogen fixation in cereals 

Atmospheric dinitrogen (N2), the major gas in earth’s atmosphere (~80%) is inert in 

nature and is disinclined to associate with other molecules. As a result, plants cannot use 

or assimilate N2 into biologically active molecules including amino acids or other 

nitrogen rich compounds such as chlorophyll, nucleic acids, ATP, etc. Nitrogen is the 

major plant growth-limiting factor in soil (Gruber and Galloway, 2008). As a result, the 

thriving human population is dependent on synthetic nitrogen fertilizers for food 

production. Cereal crops, a critical source of food, feed and biofuel, are the most nitrogen 

hungry plants due to their fast growth rate. To cope up with this nitrogen demand, current 

agricultural systems are heavily dependent upon nitrogen fertilizers (~60 million tons 

used worldwide per year). The nitrogen fertilizers are made out of natural gas using the 

Haber-Bosch (1909 -1913) process. In this process, the N2 is fixed to ammonia in the 

presence of hydrogen (obtained from natural gas) and an iron catalyst under 200 atm at 

450˚C. The ammonia obtained in this process is utilized to make most of the nitrogenous 

fertilizers. The major concerns associated with industrial nitrogen production are: 

1. Industrial production of nitrogen fertilizer uses hydrogen from fossil fuel, thus the 

cost of these fertilizers are increased with the increasing cost of natural gas.  The 

production and use of these fertilizers represents a major use of fossil fuels and a 

significant expense for farmers. In addition, these fertilizers are a major source of 

environmental pollution.  
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2. Only 30 - 50 % of the fertilizers used for agricultural purpose is actually taken up 

by plants and the majority is lost from the field as agricultural runoff to surface 

water, causing eutrophication of streams and coastal regions as seen in the 

formation of a massive dead zone in the Gulf of Mexico (Diaz and Rosenberg, 

2008; Gutiérrez-Zamora and Martínez-Romero, 2001). A significant fraction of 

these nitrogen fertilizers is also released to the atmosphere as reactive nitrogen 

gases, adding more burden to the already existing problem of ozone depletion and 

global warming (Fig 1) (Sutton et al., 2011). 
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Fig. 1 The Nitrogen cycle, focusing on the environmental impact of nitrogen 

fertilizers. Only half or less than half of the fertilizers used in agricultural lands are 

actually taken up by the plants. A significant amount is lost from the field during the 

process of ammonia volatilization or is converted to nitrate, which is readily soluble in 

water and leaches into ground water causing serious health hazards in children. Nitrate is 

also converted to nitric and nitrous oxide (potent green house gases) during the process of 

denitrification and lost into the atmosphere. But the major problem associated with the 

excess use of nitrogen fertilizers is eutrophication of surface water bodies from 

agricultural runoff, which destroys the delicate environmental balance. 
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It is therefore imperative to engineer nitrogen fixation in cereals for sustainable food, 

feed and biofuel production (Beatty and Good, 2011). 

While some plants, like legumes, are able to obtain their nitrogen directly from 

the air through efficient associations with nitrogen-fixing bacteria (commonly known as 

rhizobia), most cereals unfortunately are unable to develop such associations. Though the 

bacteria from genera Azospirillum, Herbaspirillum, Azoarcus and Acetobacter are 

reported to form association with economically important crops like wheat, maize and 

rice, the amount of nitrogen fixation was often reported to be too low to sustain plant 

growth (Santi et al., 2013). 

Rhizobium-Legume symbiosis 

By definition, ‘rhizobia’ are a group of nitrogen fixing soil bacteria capable of 

forming and inhabiting in a specific plant structure known as root-nodule. Rhizobia, also 

called the root nodule bacteria (Zakhia et al., 2004), require a huge amount of energy to 

fix N2 to ammonia, which they get by respiring on photosynthate provided to it by the 

plant hosts (O'gara and Shanmugam, 1976). The process of nitrogen fixation by rhizobia 

in plant root nodules is a symbiotic process, in which the plant provides a safe niche (van 

Rhijn and Vanderleyden, 1995) and nutrients (Lodwig et al., 2003) to rhizobia for its 

growth and maintenance inside the plant cell and, in return, receives nitrogen, the major 

growth-limiting factor in nutrient poor soil. 
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The beneficial interaction between nitrogen fixing rhizobia and legumes, 

commonly known as (RLS), is one of the well-studied and most effective nitrogen fixing 

system known. As described earlier, RLS involves formation of root nodules in legume. 

Formation of root nodule in the presence of a Rhizobium was first established in late 19th 

century by Beyerinck, where he induced nodules in faba beans growing in sterile soil, 

using a pure bacterial culture (Perret et al., 2000).  

Mechanism of Rhizobium-Legume symbiosis 

The development of RLS starts with a molecular crosstalk between the rhizobia 

and the host legume to establish an effective symbiotic relationship. Legumes secrete a 

large amount of organic matter into soil (Perret et al., 2000), which serve as the nutrient 

source for thriving microbial populations in the rhizosphere. The rhizobia in the host 

rhizosphere sense and recognize the host root due to the presence of particular plant 

secondary metabolites known as flavonoids, and initiate the process of root nodule 

formation. Flavonoids activate rhizobial NodD protein, which is a LysR type of 

transcriptional regulator, and induce the expression of nodulation specific genes (nod, nol 

and noe). NodD binds to a highly conserved 47 bp DNA motif (nod box), commonly 

found in promoter regions of the nodulation specific genes, and regulates the expression 

of these genes. Various nod genes encode approximately 25 proteins involved in 

synthesis and secretion of nodulation factors in the rhizosphere (Perret et al., 2000). 

The Nod factor is a lipochitooligosaccharide (LCO)-like rhizobial signaling 

molecule, which upon recognition by the host plant receptor, initiates a number of 

developmental changes in the plant (Jones et al., 2007). The rhizobial LCOs are usually 

made of a chitin core (4 to 5 molecules of β-1, 4 linked N-acetyl glucosamine) with a 
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lipid moiety attached to the non-reducing end and host specific modification on the 

backbone, which imparts the specificity of the interaction with the target receptor (Fig 2). 

Rhizobia carry nodulation specific genes like nod, noe and nol genes, and mutation in 

theses genes hinders nodule organogenesis. Some of these genes, such as nodABCD, are 

found in all rhizobia and others may not be present in some rhizobial species (Debellé et 

al., 2001; Mergaert et al., 1997). Nod factors from different rhizobia differ in their side 

chain substitution of the chitooligosaccharide backbone and these substitutions confer the 

specificity of a Nod factor towards its cognate receptor. Some nod genes,like nodABCD, 

are intrinsically involved in synthesis of the Nod factor core and strictly required for 

nodulation, whereas host specificity genes like nodL or nodH are involved in side chain 

substitution and determines the host range of those rhizobia (Debellé et al., 2001). 

Therefore nod genes and nod factors are crucial for nodulation and host range 

determination. 
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Fig. 2 The structure of Nod factor from Sinorhizobium meliloti (Oldroyd, 2013)	
  

Recognition of Nod factor by its cognate plant receptor initiates many developmental 

changes in the host plant during early stages of the nodulation process. The major events 

during this process include membrane depolarization, intracellular calcium oscillations 

and alteration of root hair cytoskeleton that results in root hair deformation and curling. 

The recognition of LCOs by their cognate receptors also initiate cell division in the root 

cortex and establish a meristem and nodule primordium (Gage, 2004).  

Due to root hair curling the rhizobia, present on the root hair surface, get 

entrapped between cell walls of a single root hair. Then the entrapped rhizobia undergo 

several cycles of cell division to form a micro-colony within the curled root hair structure 

(Jones et al., 2007), degrade the cell wall and induce a progressive ingrowth of the root 

hair cell membrane and form a tubular structure known as the infection thread. The 

infection thread grows in through the root hair cell to the basal part of the epidermal cells 
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and delivers bacteria to the nodule primordium. Once inside, bacteria differentiate to 

form bacteroids and start fixing atmospheric nitrogen (Fig 3). 

 

Fig. 3 Root hair mediated rhizobial invasion in legumes (Perret et al., 2000). (A) 

Rhizobial (rh) attachment to the root hair (r). (B) Nod factor induced root hair curling; 

formation of center of infection (ci) and initiation of the infection thread (it). (C) 

Elongating infection thread (it) reaches at the base of the root hair cells. (D) A developing 

ramified infection thread (rit) reaches to the nodule primordium. (E) Bacteroids (b), 

enveloped in a peribacteroid membrane (pb) are released from infection thread (it) and 
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form symbiosome (s).  

Abbreviations: phb, poly-β-hydroxybutarate; c, cortex; d, digestive vacuole; ep, 

epidermis; ed, endodermis (Perret et al., 2000).  

Evolution of Rhizobium-Legume symbiosis and the role of common symbiotic genes  

It was postulated that, during the evolution of rhizobia legume symbiosis, rhizobia 

hijacked the plant genetic machinery required for fungal endosymbiosis in legumes. The 

non-legume Parasponia uses a single receptor for lipochitooligosaccharides like 

signaling molecule to interact with both rhizobia and arbuscular mycorrhizal (AM) fungi 

(Op den Camp et al., 2011). Genetic and molecular analyses of the rhizobia-legume and 

the AM fungi-legume interaction have revealed the transduction of these rhizobial and 

fungal lipochitooligosaccharidic signals in legumes is mediated by a common symbiotic 

pathway (CSP) that is required for the initiation of both nodulation and mycorrhization 

(Fig. 4) (Mitra et al., 2004). At least eight genes belong to this CSP: a receptor-like 

kinase with leucine rich repeats - DMI2/NORK/SYMRK (Endre et al., 2002; Stracke et 

al., 2002); two ion channels localized to the nuclear envelope - DMI1/POLLUX and 

CASTOR (Ané et al., 2004; Peiter et al., 2007; Riely et al., 2007); three nucleopore-

associated proteins - NUP85, NUP133 and NENA (Groth et al., 2010; Saito et al., 2007) 

a calcium and calmodulin dependent kinase - DMI3/CCaMK and a nuclear protein with 

coiled-coil domains -IPD3/CYCLOPS which interacts with DMI3 (Messinese et al., 

2007). The CSP genes are highly conserved throughout land plants and their distribution 

mirrors the ability of plants to form arbuscular mycorrhizal symbiosis (Zhu et al., 2006). 

In particular, CSP genes have been shown to be required for arbuscular mycorrhizal 
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symbiosis in rice through the use of different rice knock out mutants (Chen et al., 2008; 

Chen et al., 2009; Chen et al., 2007; Gutjahr et al., 2008). 

 

 

Fig. 4 Signaling pathway controlling mycorrhizal and rhizobial symbioses in the 

model legume Medicago truncatula. The recognition of microbial 

lipochitooligosaccharides (Myc and Nod factors) triggers nuclear calcium spiking, 

regulates gene expression and allows the colonization of plant roots. These processes are 

controlled by common symbiotic pathway (CSP) genes like DMI1, DMI2, DMI3 and 

IPD3 (Courtesy Jean M Ané). 
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Rice as a model system for paving the way to engineering nitrogen fixation in cereals 

Recent studies have revealed that rice has a natural ability to form an association 

with rhizobia, the bacteria that forms N fixing symbiosis with legumes (Biswas et al., 

2000a,b; Yanni and Dazzo, 2010; Chaintreuil et al., 2000; Chi et al., 2005; Peng et al., 

2008). These observations have renewed interest in exploring the possibility of extending 

N-fixation to rice. Rice requires the homologs of legume CSP pathway genes for 

mycorrhizal infection (Chen et al., 2008; Chen et al., 2009; Chen et al., 2007; Gutjahr et 

al., 2008), indicating that the mechanism of mycorrhizal symbiosis in rice is similar to 

that in legumes. Additionally, many strains of rhizobia form growth-promoting 

associations with cereals (Chaintreuil et al., 2000; Yanni and Dazzo, 2010). 16S rDNA 

and nifH sequences of rhizobia were found in rice (Sessitsch et al., 2012) and rhizobial 

sequences were significantly decreased in a rice mutant lacking OsCCaMK (Ikeda et al., 

2011). Rice, one of the most important cereal crops for humans, has emerged as an 

excellent model for genomics and systems biology of cereals because of its small genome 

size, sequenced genome, established genetic modification techniques and resources for 

various “omics” studies (Devos, 2010; Kellogg, 2001; Wood et al., 2001). In addition, 

rice has also been a main target crop to characterize nitrogen fixation with cereals. 

Studies over the last few decades have revealed that many features of the rhizobial-

legume interactions are also involved in rhizobial-rice interactions. Rhizobial nod genes 

are induced, though at a lower level, by rice root exudates. Transgenic rice containing 

promoter-reporter fusions of legume nodulin genes could express these genes in a way 

similar to their expression in legumes, and homologues of legume CSP genes are well 

conserved in rice (Zhu et al., 2006). These results suggest that rice contains many of the 
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genetic determinants required for forming a symbiosis with rhizobia. However, very little 

is known about the mechanisms that rhizobia and rice use for mutual recognition and the 

subsequent formation of beneficial associations. The molecular mechanisms underlying 

the rhizobial legume symbiosis, and the apparent evolution of RLS using legume-

mycorrhizal symbiosis suggest that development of rhizobial symbiosis with cereals is 

feasible in the long term. However, in order to realize this potential it is necessary to 

identify the genetic determinants and the key events involved in rice-rhizobial 

interactions.  

Rhizobium sp. IRBG74 

Rhizobium sp. strain IRBG74 was originally isolated in the Philippines from the 

root nodules of the aquatic legume Sesbania cannabina. Sesbania is a genus of 60 species 

of tropical legume, out of which 40 plant species were reported to form nodule with a 

variety of rhizobia. Due to its nitrogen fixing ability with different rhizobia, it is widely 

used as a green manure in wetland rice production in different Asiatic countries.  

Nodulation studies with different Sesbania sp. showed that, Rhizobium sp. IRBG74 forms 

nitrogen-fixing root nodules with at least eight different Sesbania species. Additionally, 

the rice growth promotion ability of Rhizobium sp. IRBG74 (Biswas et al., 2000 a,b), 

makes it a good model system for determining the mechanisms of Rhizobium-cereal 

interactions. 16SrDNA, rpoB and fusA sequence analysis identified Rhizobium sp. strain 

IRBG74 as a close relative to the plant pathogen Rhizobium radiobacter (syn. 

Agrobacterium tumefaciens), but DNA: DNA hybridization with other Agrobacterium (R. 

radiobacter, R. rubi, R. vitis and R. huautlense) suggested that IRBG74 is potentially a 

new species in the Rhizobium/Agrobacterium clade (Cummings et al., 2009). Unlike 
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pathogenic Agrobacterium species, Rhizobium sp. strain IRBG74 doesn’t have virulence 

genes (virABCDEFG) and as a result it lacks tumor-forming ability in plants. But it has a 

large plasmid, containing a number of genes (nod, nif, and fix), which helps it to associate 

with legume plants for symbiotic nitrogen fixation. 
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Chapter II 

Rhizobium sp. IRBG74, a classic nitrogen fixing symbiont of Sesbania sp. and an 

endophytic colonizer of rice, requires rhamnose-rich LPS for endophytic 

colonization of rice and for nodulation of Sesbania cannabina 

 

Introduction 

Legume root- and stem-nodulating bacteria belonging to the Alpha- and 

Betaproteobacteria, collectively called rhizobia (Graham, 2008; Gyaneshwar et al., 

2011), are among the most effective plant growth-promoting rhizobacteria. Rhizobia 

form intimate symbiotic associations with legumes that result in the formation of nitrogen 

fixing root nodules, which can supply all of the hosts N-requirements (Graham and 

Vance 2003, Peoples et al., 2009). The legume-rhizobia symbiosis has been studied 

extensively, and it requires a complex signal exchange between host plants and their 

microbial partners. A combination of microbial genetics and biochemistry has elucidated 

bacterial and plant factors that mediate the often-high level of host specificity observed in 

the association (Oldroyd and Downie, 2006; Stacey et al., 2006; Jones et al., 2007).  

In addition to forming nodules on legumes, many strains of rhizobia develop non-

nodulating and often endophytic associations with cereal crops, including maize (Zea 

mays), wheat (Triticum aestivum) and rice (Biswas et al., 2000a, b; Gutierrez-Zamora and 

Martinez-Romero 2001; Chaintreuil et al., 2000; Chi et al., 2005; 2008; Peng et al., 2008; 

Sun et al., 2008; Yanni and Dazzo, 2010). This indicates that rhizobial-cereal 

associations, both endophytic and epiphytic/rhizospheric, are widely prevalent in nature, 
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especially in agricultural systems. These associations can lead to a significant increase in 

plant biomass and improved nutrient uptake (Biswas et al., 2000a, b; Yanni and Dazzo, 

2010), but the growth promotion is not thought to involve N-fixation, and instead has 

been attributed to the ability of some rhizobia to secrete plant growth-promoting 

hormones, such as indole acetic acid (IAA) (Biswas et al., 2000; Misra et al., 2008). 

While rhizobial strains have consistently been reported to colonize and stimulate rice 

growth, very little is known about the signals and genetic mechanisms that regulate rice-

rhizobial interactions and growth promotion. In order to elucidate the mechanisms 

involved in the establishment of rhizobial-cereal associations, we have chosen as a model 

Rhizobium sp. IRBG74, a symbiont of some species in the aquatic legume genus 

Sesbania (Cummings et al., 2009), and for which the genome sequence is available 

(Crook et al., 2013). Rhizobium sp. IRBG74 can enhance the growth of many rice 

cultivars (by approx.18-20%) under both gnotobiotic and greenhouse conditions (Biswas 

et al., 2000a, b; Peng et al., 2002). Based on phylogenetic analyses using both 16S rRNA 

and other housekeeping genes, Rhizobium sp. IRBG74 was found to belong to a novel 

lineage within the Rhizobium-Agrobacterium cluster (Tan et al., 2001; Cummings et al., 

2009), which is supported by its genome sequence (Crook et al., 2013). As Rhizobium sp. 

IRBG74 nodulates S. cannabina, a semi-aquatic legume that grows in conditions similar 

to rice paddies, we hypothesized that it may possess mechanisms to interact with and 

colonize rice, and that these mechanisms might have commonalities with its interaction 

with its natural legume host, S. cannabina. As a first step towards a systematic dissection 

of these mechanisms, we analyzed the colonization of rice and S. cannabina by 

Rhizobium sp. IRBG74. In this report we show that Rhizobium sp. IRBG74 infects both S. 
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cannabina and rice through crack entry under submerged conditions. Under aerobic 

conditions, however, rhizobia commonly enter S. cannabina through root hairs via the 

formation of infection threads. Similarly, in rice grown under aerobic conditions, 

Rhizobium sp. IRBG74 can colonize root hairs internally, albeit at a low frequency, by an 

as yet unknown infection process. Our studies have demonstrated that Rhizobium sp. 

IRBG74 forms extensive cell aggregates on the surface of rice roots, including root hairs, 

and then penetrates into the interior of the roots and stems, where it is localized within 

intercellular spaces and in the xylem.  

As Sesbania and rice both share the same habitat and similar colonization pattern 

we hypothesized that the interaction of Rhizobium sp. IRBG74 with rice is specific and 

that IRBG74 Nod factor may play a crucial role in rice colonization. To test this 

hypothesis, we have generated a Nod factor defective mutant and performed a rice 

colonization study. The Nod factor defective mutant of Rhizobium sp. IRBG74 showed 

reduced rice colonization, suggesting a role of Rhizobium sp. IRBG74 Nod factor in rice. 

However, further plant studies are required to uncover the specifics of this interaction and 

to understand the role of Nod factor in rice signaling.  

A mutant of Rhizobium sp. IRBG74 that produces altered lipopolysaccharide 

(LPS) displayed a reduced ability not only to colonize rice, but also to colonize and form 

nodules on S. cannabina. These data establish that there are commonalities in the 

processes involved in the endophytic colonization of rice and in the establishment of 

symbiotic association in legumes by this rhizobial strain. 
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Materials and Methods 

Bacterial strains and growth conditions 

The strains, plasmids and DNA primers used in this study are listed in Table 1. 

Rhizobial strains were grown at 28°C and maintained on Yeast Mannitol (YM) (Vincent, 

1970). 

E. coli strains were grown at 37°C and maintained on LB agar. For inoculation 

studies, rhizobia were grown on YM medium and washed with Phosphate buffered saline 

(PBS) at least 2 to 3 times before plant inoculations.  

 

Table 1: Strains, plasmids and primers used in this study 

Strains/Plasmids/ 
Primers 
 

Description Reference 

Strains 
IRBG74-GUS 
 

 
Wild type IRBG74 marked with 
pCAM120 (papH-gusA) Specr 

 
Cummings et al. 
(2009) 
 

IRBG74-GUS-GFP 
 

Rhizobium sp. IRBG74-GUS containing 
pHC60 Tetr 

This study 
 
 

IRBG74-ΔnodABC 
 

Rhizobium sp. IRBG74-GUS nodABC 
deletion mutant Genr 

 

This study 
 

IRBG74-GUS-
rffB::Himar 
 

Rhizobium sp. IRBG74-GUS rffB::Himar 
mutant Kanr 

This study 
 

IRBG74-GUS-GFP 
rffB::Himar 

Rhizobium sp. IRBG74-GUS-GFP 
rffB::Himar mutant Kanr 

This study 
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E. coli β2155 
 
 

thrB1004 pro thi strA hsdsS lacZ  ΔM15 
(F9 lacZ  ΔM15 lacIq traD36 proA1 
proB1) ΔdapA::erm (Ermr) pir::RP4 
[::kan (Kmr) from SM10] 

Dehio and Meyer 
(1997) 

E. coli S17.1 thi pro res- mod+ Smr Tpr  recA1 RP-4-
2[Tc::Mu; Km::Tn7] 
 

Simon et al. 
(1983) 

Plasmids   

pHC60 IncP Tetr, gfp under the control of a 
constitutive lac promoter 
 

Cheng and 
Walker (1998) 

 
pMiniHiMar 

 
mini-HimarRB1 transposon, R6K ori 

 
Bouhenni et al. 
(2005) 

 
pCAM121 

 
Sm/Sp, Ap; mTn5SSgusA2l (Paph-gusA-
trpA ter) in pUT/mini-Tn5 Sm/Sp 

 
Wilson et al. 
(1995) 
 

 
pENTR™/D-TOPO® 
Vector 
 
pMBC219 
 
 
 
 
Primers  

 
Entry Vector for TOPO cloning Kanr 
 
 
The Gateway destination vector  
derivative of the suicide plasmid  
pJQSK200 Genr 
 

 

 
Life Technologies  
 
 
Quandt and Hynes 
(1993) 
J.M Ane Lab 
 
 

 
nodABC upstream_F 
 
 
nodABC upstream_R     
 
 
nodABC downstream_F 
 
 
nodABC downstream_R 
 
nodA_RT_FP 
 

 
GGCGTGCTAAAGTCATGGGAG 
 
 
CCATCGGCAGAGATTTAAGCGATTG 
CAGTTCAGTTTCCCAGC 
 
GCTGGGAAACTGAACTGCAATCGC 
TTAAATCTCTGCCGATGG 
 
CCTTCGCTGAAGACCTGGAAC 
 
TTGCTGGGAAACTGAACTGC 

 
This study 
 
 
This study 
 
 
This study 
 
 
This study 
 
This study 
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nodA _RT_RP 
 
rpoB_RT_FP 
 
rpoB_RT_RP 
 
Himar 1 
 
Himar 615 
 
rffBC F 
 
rffBC R 

GCGTGCTATCGGAAAAACGA 
 
CGAGTTCGACGCCAAGGATA 
 
ACGCGGTAGATGTCGAACAG 
 
CATTTAATACTAGCGACGCCATCT 
 
TCGGGTATCGCTCTTGAAGGG 
 
AATCCCGGCTCGTTTCGGCG 
 
TGTCGCGTCGATGGCGTAGC 

This study 
 
This study 
 
This study 
 
This study 
 
This study 
 
This study 
 
This study 
 

   
GUS and GFP marking of rhizobial strains 

Rhizobium sp. IRBG74 was marked with gusA (encodes β-glucuronidase), using E. coli 

harboring pCAM121 containing Paph- gusA-trpA ter cassette inserted as a NotI fragment 

in mini-Tn5 encoding Smr/Spr. Conjugants were selected on YMA (Yeast mannitol agar) 

containing 25 µg ml-1 spectinomycin. The GUS marked Rhizobium strains were 

transformed by electroporation with plasmid pHC60 (Cheng and Walker 1998). pHC60 is 

a broad host range plasmid which expresses GFP under the control of a constitutive lac 

promoter (Cheng and Walker 1998). 

Colonization of rice and S. cannabina by Rhizobium sp. IRBG74 

The bacterial inoculation of rice was performed as described earlier (Gyaneshwar et al. 

2001; James et al. 2002). Briefly, de-hulled seeds of Orzya sativa cultivar Nipponbare 

were surface sterilized with 70% ethanol followed by 0.2% mercuric chloride for 30 

seconds and were washed three times with sterile water. The seeds were germinated on 

0.1% agar plates, and seedlings free of visual bacterial and fungal contamination were 

used for inoculation with the gusA-marked strains. The latter were grown in YM 
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supplemented with spectinomycin (100 µg ml−1) until they reached an optical density of 

0.6. The cells were then harvested by centrifugation, washed twice with normal saline, 

and resuspended in PBS (107 bacteria ml−1) and used for inoculation. Surface-sterilized 

seedlings were grown in 100 ml glass tubes filled with Fahraeus medium (Fahraeus 1957) 

without nitrogen covered with Parafilm® such that the roots were submerged into the 

growth medium. The inoculated plants were incubated in a growth chamber (14 h light/10 

h dark cycle) at 27°C (day) and 25°C (night). Uninoculated plants served as controls. The 

inoculation and nodulation of S. cannabina was determined as described by Cummings et 

al. (2009). Seeds of S. cannabina were surface sterilized and their dormancy broken by 

treating them with concentrated sulfuric acid for 20 min. The seedlings were grown in 

100 ml tubes containing N-free nutrient solution as for rice. The nodulation was 

determined at 30 days after inoculation (DAI) and the nodules were stained for GUS 

activity using X-Gluc as described previously (Cummings et al., 2009).  

Enumeration of Rhizobium sp. IRBG74 colonizing rice roots and stems  

The colonization of rice roots and stems was quantified as described earlier (Gyaneshwar 

et al., 2001). Briefly, rice seedlings were sampled at various times, from 1 to 14 DAI. 

Loosely attached bacteria were removed by washing the roots in excess sterile water, and 

the roots were then immersed in sterile water and vortexed for 30s. The resulting solution 

was serially diluted and placed on LB agar plates containing spectinomycin (100 µg ml−1) 

and X-Gluc (40 µg ml−1). Bacterial colonies showing blue coloration were then counted, 

and these counts were assumed to be those bacteria that were closely associated with the 

root surface. In another set, the roots were surface sterilized by immersion in 95% ethanol 

for 5 min followed by treatment with 3% calcium hypochlorite containing 0.1% sodium 
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dodecyl sulfate for 1 min. After three washes with sterile distilled water followed by 

maceration in saline, the homogenate was serially diluted and plated on LB agar as 

described above. The saline solution before maceration was plated to determine the 

efficiency of surface sterilization, and the number of bacteria present in this solution, if 

any, was subtracted from the total count after maceration.  

Microscopic studies of plant infection and colonization by Rhizobium sp. IRBG74  

At least three rice seedlings from three independent inoculations were collected at 10 

DAI and GUS activity was determined using X-Gluc as described earlier (Gyaneshwar et 

al., 2001). Portions of roots and shoots that were stained blue were cut into small (1 - 2 

mm) pieces and fixed in 4% glutaraldehyde in 50 mM phosphate buffer (pH 7.0) 

containing 0.1% (vol/vol) Triton X-100. The fixed samples were prepared for light 

microscopy and TEM, and TEM sections were immunogold-labeled with an antibody 

raised against Rhizobium sp. IRBG74 as described earlier (Cummings et al., 2009). 

Briefly, ultrathin (80 nm) sections were collected on grids, treated with the Rhizobium sp. 

IRBG74-antibody, washed, and incubated in a 15 nm gold-labeled goat anti-rabbit 

antibody (Amersham International). The sections for light microscopy were viewed under 

a Zeiss Axiophot 2 optical microscope, and the ultrathin sections were viewed using a 

JEOL 1200 EX TEM.  

Green fluorescent protein (GFP)-marked Rhizobium strains showed bright 

fluorescent signal, which allowed their detection on rice and S. cannabina tissues by 

fluorescence microscopy. The plant tissues were treated with 10 µg ml-1 propidium iodide 

(Sigma-Aldrich) for 5 min to stain the plant cell wall to differentiate between inter or 
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intra cellular presence of Rhizobium sp. IRBG74 in rice and S. cannabina. Free hand 

sectioning was done on stained roots and three-dimensional (3D) laser scanning confocal 

microscopy performed with a TCS SP2 (Leica Microsystems, Bannockburn, IL) using an 

excitation wavelength of 488 nm to detect the fluorescence of GFP and propidium iodide 

in two specific emission windows of 500-550 nm (GFP) and 640-700 nm (propidium 

iodide) (Marcel et al., 2010). 

RNA isolation  

To isolate the bacterial RNA in the presence of rice, the strains were grown to mid-

logarithmic phase in YM minimal medium. For the isolation of RNA from the rice 

rhizosphere, bacteria (107 cells ml-1) were inoculated in sterile Magenta boxes containing 

aseptically germinated rice seedlings. The entire setup was then incubated in a growth 

chamber for 7 days. At 7DAI bacteria from the rice rhizosphere were harvested 

aseptically and RNA was isolated using TRIzol reagent (Sigma).  

The RNA concentrations were determined by UV/Vis spectrophotometry. RNA 

samples were further treated with RNase free DNase (Promega) to eliminate any DNA 

contamination. 

 

Reverse Transcription PCR 

cDNA synthesis and RT-PCR were performed using the AccessQuick RT-PCR system 

(Promega) as follows. The DNase treated RNA sample (0.3 µg) was used as template for 

cDNA synthesis at 45°C for 45 min. PCR amplification was performed using primers 

listed in Table 1 as follows: 2 min of incubation at 94°C, followed by 25 cycles of 

amplification with denaturing at 94°C for 30 sec, annealing at 58°C for 30 sec, and 
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extension at 72°C for 1 min. Final extension was carried out at 72°C for 10 min. RNA 

samples that had not been subjected to reverse transcription were used as negative 

controls and rpoB was used as the internal control. 

 
Construction of nodABC deletion mutant  

To construct a deletion mutant of nodABC, Gateway® Cloning Technology (Life 

Technologies) was employed to clone a 2 kb IRBG74 ∆nodABC PCR amplicon in the 

destination vector pMBC219. The deletion vector pMBC219 (pJQ200SK modified with 

the Gateway® cloning cassette from pDEST24™ [Invitrogen]) was kindly provided by 

Matthew Crook (University of Wisconsin–Madison). Briefly, PCR primers were 

designed to amplify approximately 1kb upstream and 1 kb downstream sequence of the 

IRBG74 nodABC operon.  Overlap extension PCR (OE-PCR) was used to generate the 

IRBG74 nodABC deleted (∆nodABC) amplicon. The ∆nodABC amplicon was then 

cloned into pENTR™/D-TOPO® Vector (entry vector) using manufacturer’s (Life 

Technologies) protocol. The vector containing the IRBG74 ∆nodABC fragment was then 

chemically transformed into One Shot® TOP10 chemically competent E. coli cells using 

manufacturer’s protocol and selected on LB plates containing 50µg ml-1 of kanamycin. 

The kanamycin resistant TOP10 E. coli colonies were inoculated in LB broth and the 

entry vectors containing 2 kb IRBG74 ∆nodABC fragment were isolated and confirmed 

by PCR. Using LR cloning technique the 2 kb IRBG74 ∆nodABC PCR fragment was 

then transferred to the destination vector pMBC219. The destination vector containing 

IRBG74 ∆nodABC was then chemically transformed into β2155 cells and selected on LB 

gentamycin 50 µg ml-1 plates (Dehio and Meyer, 1997). For efficient transfer of 

destination vector (containing ∆nodABC fragment) to IRBG74 gusA strain the process of 
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conjugation was employed. The single recombinants of Rhizobium sp. IRBG74 

containing the IRBG74 ∆nodABC fragment were then selected on LB gentamycin 150 

µg- ml-1 plates and confirmed with PCR. Sucrose selection was performed on YM 

minimal media plates, containing 10% sucrose, to obtain the double recombinants. The 

double recombinants obtained were then tested for their gentamycin sensitivity to 

confirm loss of the destination vector. Then, sucrose resistant and gentamycin sensitive 

IRBG74 colonies were screened for ∆nodABC using PCR.  

Genome sequencing and contig analysis 

For whole-genome sequencing, 100-bp paired-end libraries were generated from 

Rhizobium sp. strain IRBG74, which was previously marked with mTn5ssgusA20 

(Cummings et al., 2009). 

 Sequencing was done using Illumina’s Phusion-based library kits according to 

their protocols (Illumina, Hayward, CA) and sequenced on Illumina GAIIx machines at 

the National Center for Genome Resources (Santa Fe, NM). Base calling was done 

according to the manufacturer’s protocols. The insert sizes averaged 309 nucleotides (nt), 

and 90,615,496 reads were obtained, comprising approximately 300X coverage of the 

genome. Read assembly was performed de novo using ABySS 

(http://www.bcgsc.ca/platform/bioinfo/software /abyss/), resulting in 26 contigs. Several 

k-mers were run, and the best resulting assembly was chosen based on assembly 

contiguity statistics, the placement of a subset of high-quality read pairs in the assembly 

with correct spacing, and orientation. Potential contig junctions were predicted based on 

the conservation of synteny with two reference genomes (those of Agrobacterium 

tumefaciens C58 and Agrobacterium sp. strain H13-3) and an analysis of contig ends. 
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These predicted contig junctions were resolved by PCR.  

Construction and screening of a Rhizobium sp. IRBG74 mutant library 

A random insertion mutant library of Rhizobium sp. IRBG74 was constructed using a 

modified mariner transposon miniHimar (pMiniHimarRB1) that encodes kanamycin 

resistance (Bouhenni et al., 2005) by conjugation and subsequent selection of kanamycin 

resistant mutants. The mutants were isolated on modified YM medium in which 

ammonium chloride replaced the yeast extract, thus eliminating rhizobial auxotrophs.  

The transconjugates were isolated and purified on YM plates containing 

kanamycin, and then maintained in YM medium in 96-well plates. The mutants were then 

screened for defects in biofilm formation ability in 96-well plates using crystal violet 

staining and also for defects in motility on LB motility plates as described below.  

Identifying the transposon insertion sites  

The genes disrupted by the transposon were identified by PCR amplification and by 

sequencing of genomic regions flanking the transposon as described by Bouhenni et al. 

(2005). Genomic DNA from the mutants was isolated, digested with SphI and self- 

ligated with T4 DNA ligase. The transposon insertion region was amplified from the 

ligation mixture using inverse PCR with the Himar1 and Himar 615 primers, gel purified 

and sequenced directly.  
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Motility assays	
  

The motility of the wild type and mutant strains was assessed using swim plates (0.3% 

agar) in rice media containing 10 mM mannitol and 5 mM ammonium chloride as carbon 

and nitrogen sources, respectively. The bacteria were grown in YM media overnight, and 

5 µl of each strain was inoculated into the center of the plates. Motility was assessed by 

measuring the diameter of the swim circle after incubation at 30°C for 24 and 48 hours. 

LPS isolation and characterization 

LPS was extracted from the wild type and rffB mutant strain by hot phenol extraction, 

essentially as described earlier (Noel et al., 2004). The bacteria were grown in YM, 

harvested by centrifugation, washed and resuspended in distilled water. The bacterial 

pellet was heated at 650C and mixed with an equal volume of hot phenol. The sample was 

further incubated at 650C for 15 min, and the water and phenol phase was separated by 

centrifugation at 13,000 X g for 15 min at 100C. The water phase was dialyzed against 

distilled water and lyophilized. The lyophilized sample was resuspended in 0.05 M Tris-

HCl, pH 7.0 and treated with RNase A, DNase I and proteinase K. The crude LPS extract 

was analyzed by SDS-PAGE and silver-stained as described by Noel et al. (2004).  

 
LPS composition analysis 
 
Sugar and fatty acid composition of the purified LPS was determined at the Complex 

Carbohydrate Research Center, University of Georgia. Briefly, 100 µl of each sample 

was incubated in 4N HCl for 2 hrs at 100 °C followed by drying under nitrogen, and the 

residue was used for composition analyses. Glycosyl composition analysis was 

performed by combined gas chromatography/mass spectrometry (GC/MS) of the per-O-
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trimethylsilyl (TMS) derivatives of the monosaccharide methyl glycosides produced from 

the sample by acidic methanolysis. Methyl glycosides were then prepared from the dry 

samples by methanolysis in 1 M HCl in methanol at 80°C (16 hours), followed by re-N-

acetylation with pyridine and acetic anhydride in methanol (for detection of amino 

sugars). The samples were then per-O-trimethylsilylated by treatment with Tri-Sil 

(Pierce) at 80°C (0.5 hours). These procedures were carried out as previously described 

(Merkle and Poppe 1994). GC/MS analysis of the TMS methyl glycosides was performed 

on an Agilent 7890N GC interfaced to a 5975C MSD (EI-MS), using a Grace EC-1 fused 

silica capillary column (30m × 0.25 mm ID).  Additionally, the TMS methyl glycosides 

was performed on a Shimadzu QP2010 (GC/CI-MS), using a Grace EC-1 fused silica 

capillary column (30m × 0.25 mm ID). 

 

Complementation studies with purified LPS 

Germinated rice seeds were divided into two sets of 10 seeds each. Seeds from one set 

were soaked in isolated bacterial LPS overnight, and seeds from the second set were 

soaked in sterile water. The next day, seeds were transferred into glass tubes containing 

N-free growth medium and were inoculated with approximately 2 × 107 Rhizobium sp. 

IRBG74 rffB mutant. Bacterial colonization was determined at 7 DAI by harvesting the 

seedlings, and then by performing histochemical staining with X-gluc as well as making 

total bacterial counts. Similar experiments were performed to study the effect of 

rhamnose supplementation.  
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Results 

Rhizobium sp. IRBG74 infects S. cannabina through root hairs under aerobic 

condition and via crack entry under flooded conditions  

In order to study the plant colonization pattern of Rhizobium sp. IRBG74, we utilized a 

strain chromosomally marked with a constitutively expressed β-glucuronidase (GUS) that 

was previously shown to form effective nodules with S. cannabina similar to the wild 

type strain (Cummings et al., 2009). To facilitate easy determination of the colonization 

pattern, the GUS strain was also marked with a plasmid containing constitutively 

expressing green fluorescent protein (GFP) (Cheng and Walker, 2008). Rhizobium sp. 

IRBG74 infection occurred mainly through curled root hairs via infection thread 

formation when S. cannabina was grown under aerobic conditions (Fig. 5A-C) and were 

found to infect roots through crack entry at the point of lateral root emergence in S. 

cannabina seedlings when grown under submerged conditions (Fig. 5D). Regardless of 

the infection process it formed a typical N-fixing rhizobial endosymbiosis in the mature 

nodules (Fig. 5E-F). These results are similar to those from studies on the nodulation of 

S. rostrata by Azorhizobium caulinodans ORS571 (Goormachtig et al., 2004) and S. 

virgata by Az. doebereinerae (Bomfeti et al., 2013) i.e., Rhizobium sp. IRBG74 can 

infect S. cannabina by two mechanisms: crack-entry under submerged conditions and 

through root hairs under aerobic conditions.  
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Fig. 5 Colonization of S. cannabina by Rhizobium sp. IRBG74-GFP. (A-C) Under 

aerobic conditions, Rhizobium sp. IRBG74 colonized S. cannabina via root hair curling 

and infection thread (arrow) formation. Scale bar = 10 µm (D) The GFP marked strain 

colonized S. cannabina roots through crack entry at the point of lateral root emergence 

(small arrow) under submerged conditions. Scale bar = 150 µm; (E) GFP fluorescing 

bacteria can be seen on the base of the nodule (arrow head) Scale bar = 600 µm. (F) GFP 

fluorescing bacteria can be seen inside the infected nodule. Scale bar = 600 µm; inst 

showing symbiosomes containing GFP fluorescing bacteria. 
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Rhizobium sp. IRBG74 endophytically colonizes Japonica rice variety nipponbare 

via cracks in lateral root junctions and through root hairs 

To determine how Rhizobium sp. IRBG74 enters and colonizes rice, rice seedlings were 

inoculated and the colonization patterns were determined at 3 and 10 days after 

inoculation (DAI) by staining the plants for GUS activity (Gyaneshwar et al., 2001). At 3 

DAI, GUS activity was primarily localized at the sites of lateral root emergence (Fig. 6A 

arrows). At 10 DAI, however, intense GUS activity was observed throughout the roots of 

inoculated plants as well as on the basal portions of stems and leaves (Fig. 6B-arrow). No 

GUS activity was found on uninoculated seedlings (Fig. 6C). In accordance with the 

GUS staining, bacteria were found accumulated at the lateral root junctions, as 

determined by scanning electron microscopy (SEM) (Fig. 6D). When viewed under the 

confocal laser-scanning microscope (CLSM), GFP-expressing rhizobia were observed on 

the root surface (Fig. 6E small arrow) as well as at the points of lateral root emergence 

(Fig. 6E large arrow).   
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Fig. 6 Colonization of rice cultivar Nipponbare under submerged conditions by 

Rhizobium sp. IRBG74 marked with GUS and GFP. (A) At 3 days after inoculation 

(DAI), GUS staining was localized at the point of lateral root emergence (arrows) 

indicating crack entry. Scale bar = 0.5 mm. (B) At 10 DAI, the GUS staining can be seen 

throughout the primary roots as well as lateral roots. Scale bar = 1 mm. (C) GUS staining 

was not detected on the roots of control non-inoculated plants. Scale bar = 1 mm. (D) 

Scanning electron micrograph showing dense colonization of rice at the lateral root 

emergence (star). Scale bar = 25 µm. (E) Confocal laser scanning micrograph (CLSM) 

showing localized colonization of GFP-expressing Rhizobium sp. IRBG74 at the point of 

lateral root emergence (large arrow) as well as its presence on rice root surface (small 

arrow). Scale bar = 25 µm. (F) Confocal laser scanning micrograph (CLSM) showing the 
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presence of GFP-expressing Rhizobium sp. IRBG74 in the internal rice tissues. The rice 

root was stained with propidium iodide, which fluoresces red.  

When the inoculated rice seedlings were grown under aerobic conditions, bacteria 

expressing GFP were also observed within root hairs (Fig. 7 A-C arrow) including the 

contiguous basal portion of the trichoblast from which the root hair has emerged and the 

cells adjacent to the infected root hairs (Fig. 7C and 7D arrow and star). In contrast to S. 

cannabina, where Rhizobium sp. IRBG74 induces root hair curling, we did not observe 

circumstances of this occurring in rice under these conditions. Further examination of 

rice root transversal sections showed that Rhizobium sp. IRBG74 colonizes the epidermal 

cells (small arrows), the exodermis (large arrow), as well as intercellular spaces and the 

aerenchyma in the cortical region (Fig. 7E; thin arrows). Additionally, examination of the 

GUS-stained stem sections demonstrated that Rhizobium sp. IRBG74 had colonized the 

internal tissues of the stem and was localized in the aerenchyma (large arrow) and stele 

(small arrow) (Fig. 7 F, G & H). 

 In order to further confirm the microscopic observations showing enodophytic 

colonization of rice by Rhizobium sp. IRBG74, we re-isolated Rhizobium sp. IRBG74 

from the interior of inoculated plants by surface-sterilizing roots and shoots, and then 

quantified the bacteria using plate counts at different time points (3, 7, and 10 and 20 

DAI). Bacteria were found inside roots and shoots in significant amounts, although at 

lower levels than in the non-surface-sterilized ones (Table 2). Total bacterial counts in 

both roots and shoots indicate that colonization continues to increase up to 20 DAI. 

However, the internal colonization pattern differed between plant organs. Inside the roots, 
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the Rhizobium sp. IRBG74 population increased between 3 and 7 DAI, while the internal 

colonization of the shoot was delayed and occurred between 7 and 10 DAI (Table 2). 

 
 

 
 

Fig. 7 Rhizobium sp. IRBG74 colonizes Nipponbare via root hairs and is endophytic 

under aerobic conditions. (A) Green fluorescence can be seen at the tip of a root hair 

(arrow). Scale bar = 50 µm.  (B) Green fluorescing bacteria are present throughout the 

root hairs (arrow) Scale bar = 50 µm. (C &D) Bacteria expressing GFP were also 

observed within root hairs including the contiguous basal portion of the trichoblast (star) 

from which the root hair has emerged and the cells adjacent (arrow head) to the infected 

root hair. Scale bar = 50 µm. (E) CLSM of a transverse section of a rice root showing 

bacteria at the root surface (small arrow), inside the epidermal cells (large arrow) as well 
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as inside the arenchyma (thin arrows). Scale bar = 100 µm. (F) Transverse section 

showing green fluorescing bacteria in rice stem (circle and rectangle). Scale bar = 150 

µm. (G) Inset of image F showing the localization of bacteria in aerenchyma. Scale bar = 

100 µm. (H) Inset of figure (F) showing the localization of bacteria in Xylem (arrowhead) 

Scale bar = 30 µm. 

 

Table 2. Surface and endophytic colonization of rice cultivar Nipponbare by 

Rhizobium sp. IRBG74 

________________________________________________________________________ 

Days after inoculation              Total bacterial counts (cfu X 103 mg-1 fresh weight)

 (DAI)        Roots   Shoots 

    Surface Internal Surface Internal  

________________________________________________________________________ 

3 DAI            520 ± 25  0.15 ± 0.03 0.22 ± 0.08 0.12 ± 0.05       

7 DAI          1000 ± 85    35 ± 4.5 6.2 ± 0.85 0.17 ± 0.03  

10 DAI         2500 ± 75   58 ± 6.8  38 ± 5.2 5.9 ± 0.95   

20 DAI         3400 ± 90   65 ± 7.2         150 ± 7.0 7.5 ± 1.5 

________________________________________________________________________ 

Results are mean ± standard deviation of numbers obtained from 3 plants inoculated and 

incubated separately.  
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Rhizobium sp. IRBG74 is an endophyte of an indica rice cultivar 

The above results were obtained using the japonica cultivar Nipponbare. To determine if 

Rhizobium sp. IRBG74 can also colonize and become endophytically established within 

an indica rice cultivar, we inoculated bacteria onto surface-sterilized seeds of cultivar 

Moroberekan, an aluminum-tolerant indica rice variety, that was previously shown to 

support N2-fixation by the rice endophyte Herbasprillum seropedicae Z67 (Gyaneshwar 

et al., 2002). Dr. Euan K. James at the James Hutton Institute, Dundee, UK, performed 

these experiments. As our results with O. sativa ssp. Japonica suggested that the lower 

stem was heavily colonized by Rhizobium sp. IRBG74 (Fig. 2), we focused our attention 

on this tissue. The stems showing GUS activity were fixed with glutaraldehyde, sectioned 

and analyzed by light and transmission electron microscopy (TEM) (James et al., 2002). 

The bacteria were observed inside epidermal cells (Fig. 8A) and occasionally in cortical 

cells (Fig. 8B), but the majority of bacteria were located in the intercellular spaces 

between cortical cells, especially those close to the endodermis (Fig. 8B). A few bacteria 

were also observed in the xylem (Fig. 8C). The identity of the bacteria inside the rice 

tissues was confirmed by TEM and immunogold labeling using a polyclonal antibody 

against Rhizobium sp. IRBG74 (Cummings et al., 2009). Intense labeling of the bacteria 

present both outside and inside the rice stems was observed (Fig. 8D), further confirming 

that Rhizobium sp. IRBG74 forms an endophytic association with rice. Taken together, 

these results demonstrate that Rhizobium sp. IRBG74 forms endophytic associations with 

O. sativa ssp. indica.   
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Fig. 8 Endophytic colonization of the lower stem of a seedling of rice cultivar 

Moroberekan by Rhizobium sp. IRBG74. (A) Light microscopy (LM) showing 

colonization of an epidermal cell (large arrow). (B) LM showing colonization of cortical 

intercellular spaces (arrows) close to the endodermis (e). Also note that some other 

spaces are apparently filled with material that stains with toluidine blue (*). (C) LM 

showing a few bacteria (arrows) in a xylem vessel (X). (D). Transmission electron 

microscopy (TEM) of bacteria (b) in the intercellular spaces. The bacteria were 



	
  

	
  

37	
  

immunogold labeled (small arrows) with an antibody specific to Rhizobium sp. IRBG74 

(see Cummings et al. 2009 for more details). Serial sections treated with non-immune 

serum in place of the antibody were unlabeled (not shown). Bars, 20 µm (A – C). Scale 

bar = 200 nm (D). The light and transmission electron microscopy was performed by Dr. 

Euan K. James at The James Hutton Institute, Dundee, Scotland. 

 

Nod factor dependent colonization of rice by Rhizobium sp. IRBG74  

The formation of nodules by a rhizobium in a host legume requires recognition of a 

nodulation (Nod) factor produce by that rhizobium. As Rhizobium sp. IRBG74 forms 

classic nitrogen fixing nodules in S. cannabina, it confirms that Rhizobium sp. IRBG74 

has genetic machinery to synthesize and secrete the nod factor. In legume, when a nod 

factor binds to its cognate receptor, the signal transcends through a pathway involving 

activation of a set of plant genes (common symbiotic pathway genes or CSP genes) 

required for symbiotic association with arbuscular mycorrhizal fungi (AM fungi).  

Cereals form symbiosis with mycorrhizae and since rice requires the homologs of 

legume CSP pathway genes for mycorrhizal infection (Chen et al., 2007, 2008, 2009; 

Gutjhar et al., 2008), we hypothesized that the nod factors in IRBG74 may have a role in 

rice IRBG74 colonization and may involve the legume CSP homolog genes. 

To test this hypothesis, we first checked expression of the nodA (involved in nod 

factor backbone synthesis) in Rhizobium sp. IRBG74 in the presence and absence of rice 

using semi-quantitative RT-PCR (Fig 9E). Transcripts for nodA were detected in the 

bacteria in the presence of rice. Expression of rpoB was used as an internal control. 
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To test if Rhizobium sp. IRBG74 requires nod factor for rice colonization, a 

nodABC deletion mutant was generated and a rice colonization study was performed. 

Interestingly, significantly less GUS activity was detected on the rice root colonized with 

the nodABC deletion mutant  (Fig. 9B &D), when compared to the wild type Rhizobium 

sp. IRBG74 (Fig. 9A & C) . The decrease in colonization of rice by the nodABC deletion 

mutant was further verified via quantification of colony-forming units (cfu g-1 fresh rice 

root), which showed more than a 5-fold reduction in rice colonization by the mutant as 

compared to the parental strain (Fig. 9F). 

 

Fig. 9 Nod factor dependent colonization of rice by Rhizobium sp. IRBG74 and RT-

PCR analysis of nodA expression. (A & C) GUS staining of rice roots colonized by the 

wild type strain. Scale bar = 1mm. (B & D) Substantially less GUS staining was observed 
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on the roots colonized by the nodABC deletion mutant. Scale bar = 1 mm. (E) Transcript 

for nodA was detected in Rhizobium sp. IRBG74 grown in the presence of rice, but not in 

the absence of rice. rpoB was used as an internal control. (F) Counts of bacteria re-

isolated from inoculated roots showed significantly less colonization by the nodABC 

deletion mutant as compared to the WT strain. Results are mean ± standard deviation of 3 

plants inoculated with independent bacterial cultures. 

Rhizobium sp. IRBG74 genome 

Though rice doesn’t have the specific nod factor perception receptor, experiments in this 

study suggest that the colonization of rice by Rhizobium sp. IRBG74 is Nod factor 

dependent. So, we hypothesized that the Rhizobium sp. IRBG74 Nod factor is structurally 

similar to that of mycorrhizal LCO like signal and like Parasponia, rice also possesses a 

plant receptor capable of identifying LCOs from both Rhizobia as well as from 

Arbuscular mycorrhiza. (Op den Camp et al., 2011). 

To deduce the structure of Rhizobium sp. IRBG74 nod factor, and to know 

whether other symbiotic specific genes are present in Rhizobium sp. IRBG74 we 

performed the complete genome sequencing of Rhizobium sp. IRBG74. The genome of 

Rhizobium sp. IRBG74  (5,464,982 bp) consists of a 5,540 predicted coding DNA 

sequences (CDS), which are distributed on a circular chromosome (2,844,565 bp, 59.30% 

G+C content), a linear chromosome (2,035,452 bp, 59.29% G+C content), and a 

symbiotic plasmid, pIRBG74a (584,965 bp, 57.48% G+C content). Plasmid pIRBG74a, a 

repABC-family plasmid, contains many symbiotic specific genes including, nod, nif and 

fix. 
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These results are consistent with those of earlier studies (Cummings et al., 2009) 

and show that Rhizobium sp. IRBG74 is a naturally occurring unique species in the 

Rhizobium/Agrobacterium clade that likely obtained nodulation capabilities by 

acquisition of the pIRBG74a symbiosis plasmid by horizontal gene transfer. The 

availability of this genome sequence will help determine the mechanisms by which 

Rhizobium sp. IRBG74 forms endophytic and growth-promoting associations with rice, 

an important cereal crop. 

The Rhizobium sp. IRBG74 rffB mutant is defective in rice colonization  

To identify genetic determinants important for rice colonization by Rhizobium sp. 

IRBG74, we generated random transposon-insertion mutants, tagged them with GUS, and 

then screened them for their inability to colonize rice using GUS staining. Out of ca. 500 

mutants screened, we isolated one mutant that showed a marked decrease in colonization 

(Fig. 10B) as compared to its parental strain (Fig. 10A). The decrease in colonization was 

verified via quantification of colony-forming units (CFU), which showed more than a 

1000-fold reduction in rice colonization by the mutant as compared to the parental strain 

(Fig. 10C). To identify the transposon-insertion site in the mutant, the genomic DNA 

flanking the transposon was cloned and sequenced using transposon-specific primers. 

The DNA sequence was then used for a homology search against the genome sequence of 

Rhizobium sp. IRBG74 (Crook et al., 2013). The sequence analysis found that the 

transposon had disrupted a gene showing high similarity (>99% identical) to A. 

tumefaciens rffB, encoding dTDP-D-glucose-4, 6-dehydratase, that is part of a cluster of 

four genes involved in the synthesis of O-antigen of bacterial LPS (Fig. 11A). RffB 

synthesizes dTDP-rhamnose, which is important for the synthesis of O-specific 
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lipopolysaccharide (LPS) in many Gram-negative bacteria, including Rhizobium and 

Agrobacterium. Earlier studies have shown that LPS is a major determinant of symbiotic 

competence in rhizobia (Gage 2004; Becker et al., 2005; Jones et al., 2007) as well as for 

effective colonization of plants by beneficial plant-associated bacteria, such as 

Pseudomonas putida (de Weger et al., 1989) and Herbaspirillum seropedicae (Balsanelli 

et al., 2010, 2013). It is thus not surprising that our mutant screen would identify a LPS 

mutant.  

 

 
Fig. 10 Rice root colonization by Rhizobium sp. IRBG74 and the rffB mutant.  

(A) GUS staining on rice roots colonized by the wild type strain. Scale bar = 1 mm. (B) 

Substantially less GUS staining was observed on the roots colonized by the rffB mutant. 

Scale bar = 1 mm. (C) Counts of bacteria re-isolated from inoculated roots showed 

significantly less colonization by the rffB mutant as compared to the parental strain. 

Results are mean ± standard deviation of 3 plants inoculated with independent bacterial 

cultures. 
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The Rhizobium sp. IRBG74 rffb mutant synthesizes an altered LPS that lacks 

rhamnose 

To determine if the rffb mutant produces altered LPS due to the transposon insertion, 

total LPS was extracted using the hot phenol water method and resolved by SDS- 

polyacrylamide gel electrophoresis, silver staining and comparison to LPS from the wild-

type strain. The LPS from the wild type strain showed an intense low molecular band 

consisting of lipid A and the LPS core (Fig. 11B, black bar), and a high molecular weight 

band corresponding to the O-antigen (Fig. 11B, white bar inside the boxed).  In 

accordance with the insertional inactivation of rffB, the LPS of the mutant lacked the 

higher molecular weight band corresponding to the O-antigen of LPS (Fig. 11B, Box) 

suggesting a defect in the synthesis of the O-antigen by the rffB mutant similar to that 

reported for the rffB mutant of H. seropedicae (Balsanelli et al., 2010).  

 Analysis of monosaccharides of the LPS from the wild type and rffB mutant 

strains using gas chromatography-mass spectrometry showed that the wild type LPS 

contained glucose (45.7%), rhamnose (42.6%), ribose (7.9%), mannose (1.7%), galactose 

(0.9%), N-acetyl glucosamine (0.4%) and KDO (0.7%) (Table 3). In contrast, LPS from 

the rffb mutant completely lacked rhamnose and contained higher concentrations of 

glucose (85.7%), but was not affected in other sugars, indicating that insertional 

inactivation of rffB specifically altered the rhamnose content of the LPS (Table 3).  

 

 

 



	
  

	
  

43	
  

Rhizobium sp. rffB mutant is not affected in growth, motility, or survival in the rice 

rhizosphere 

Earlier studies have shown that LPS modifications are correlated with reduced bacterial 

motility and reduced growth rates (Ormeño-Orrillo et al., 2008; Balsanelli et al., 2010). 

As these phenotypes are important for host colonization, we examined the swimming 

motility and growth rate of the rffB mutant and its parental strain in rice growth media 

supplemented with mannitol and ammonium chloride as carbon and nitrogen sources, 

respectively.  No significant differences were observed in motility of the rffB mutant and 

the parental strain (Fig. 11C) or in their growth rate in YM liquid medium, with both 

strains showing a doubling time of ~75 minutes.  

LPS is a structural component of Gram-negative bacteria, and defects in LPS can 

lead to sensitivity to antimicrobial compounds and detergents (Nikaido 2003). 

Additionally, LPS mutants of R. tropici (Ormeño-Orrillo et al., 2008) and H. seropedicae 

(Balsanelli et al., 2010) were found to be susceptible to antimicrobial compounds 

produced during plant defense, leading to a decrease in plant colonization ability 

(Ormeño-Orrillo et al., 2008). To determine if the rffB mutant of Rhizobium sp. IRBG74 

was similarly sensitized to plant-produced antimicrobials in the rice rhizosphere, we 

determined its survival in the rice root zone by viable counts at different DAI. This 

showed that the survival level of the rffB mutant was not significantly different from the 

wild type at 5 and 10 DAI (Fig. 11D). Taken together, these results suggest that the rice 

colonization defect of the rffB mutant is not due to pleiotropic defects associated with 

altered LPS, but it is likely that the rhamnose-containing O-antigen is involved in the 

interactions with rice that lead to surface and endophytic colonization.   
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Fig. 11 Characterization of the rffB mutant of Rhizobium sp. IRBG74. 

 (A) The transposon insertion was found in rffB, which is part of a cluster containing 

genes for rhamnan O-antigen synthesis. (B) SDS-PAGE analysis of purified LPS 

showing the lack of higher molecular weight O-antigen in the rffB mutant as compared to 

the wild type (WT). (C) The rffB mutant did not show any significant differences in 

motility as compared to the WT. (D) No significant differences were observed in the 

survival of the rffB mutant in the rice rhizosphere as compared to the WT.  
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Table 3. Monosaccharide composition of LPS isolated from Rhizobium sp. IRBG74 

and its rffB mutant. 

 

Monosaccharide 

 

Wild type 

 

rffB:Himar 

 

Glucose  

Rhamnose 

Ribose 

Mannose 

Galactose 

N-acetyl glucosamine 

KDO 

 

 

45.7 

42.6 

7.6 

1.7 

0.9 

1.1 

0.4 

 

85.7 

ND 

9.9 

1.9 

1.2 

0.6 

0.7 

 

Sugars are expressed as Mol% of total carbohydrate.  
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The rffB mutant is also defective in nodulating S. cannabina 

LPS synthesis is involved in rhizobial-legume interactions and subsequent nodule 

formation (Beker et al., 2005). Rhizobial LPS has been hypothesized to act as an 

inhibitor of the plant defense response, or as being important for rhizobial adaptation to 

the nodule environment. Specifically, a knockout of dTDP-ramnose synthase in 

Azorhizobium caulinodans was shown to be arrested in intracellular multiplication and 

nitrogen fixation (Gao et al., 2001; Mathis et al., 2005). It was postulated that rhamnose-

containing LPS of A. caulinodans ORS571 acts as a communication signal for promoting 

an effective symbiosis with S. rostrata (Mathis et al., 2005). As Rhizobium sp. IRBG74 is 

also a Sesbania symbiont, and since both Sesbania-nodulating symbionts synthesize 

rhamnose-containing LPS, we tested the nodulation and symbiotic properties of the 

IRBG74 rffB mutant on S. cannabina. It formed only a few white nodules (6-10 nodules 

plant-1) as compared to the parental strain that formed large pink nodules (15-20 nodules 

plant-1) (Fig. 12, A and E). Staining of the nodules revealed that nodules elicited by a 

GUS-tagged variant of the rffB mutant showed very little GUS activity, as compared to 

nodules from the GUS-tagged parental strain, that turned intense blue (Fig. 12, B and F). 

In accordance with the GUS staining pattern, no fluorescent bacteria were detected in the 

nodules induced by a GFP-tagged variant of the rffB mutant as compared to extensive 

fluorescence in nodules containing the wild type bacteria tagged with GFP (Fig. 12, C 

and G). The white nodules formed by the rffB mutant were most likely defective in 

symbiotic nitrogen fixation, as indicated by the pale green chlorotic leaves of the 

inoculated plants compared to the dark green leaves of plants nodulated with the wild 

type strain (Fig. 12, D and H). To further determine the nature of defects associated with 
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the rffB mutant, the fixed nodules were examined by light and electron microscopy and 

compared to the nodules of the wild type strain. Light microscopic analysis showed that 

the rffB mutant infected the nodules but the nodule infection was much lower than the 

wild type, and the nodules showed signs of degradation (Fig 13). Further analysis using 

transmission electron microscopy revealed that the rffB mutant formed symbiosomes that 

were enlarged as compared to the wild type and the bacteroids showed signs of 

senescence indicating lack of symbiotic effectiveness (Fig 13). The light and transmission 

electron microscopy was performed by Dr. Euan K. James at The James Hutton Institute, 

Dundee, Scotland. These results show that the rhamnose-containing LPS of Rhizobium 

sp. IRBG74 is critical for successful nodule occupancy in a manner similar to that 

reported for LPS in the A. caulinodans symbiosis with S. rostrata (Mathis et al., 2005).  
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Fig. 12 The Rhizobium sp. IRBG74 rffB mutant is defective in symbiosis with S. 

cannabina. (A-D) The symbiosis of S. cannabina with WT Rhizobium sp. IRBG74. (A) 

WT forms numerous pink nodules. Scale bar = 1mm. (B) Nodule showing intense GUS 

staining. Scale bar =500 µm. (C) GFP fluorescing WT bacteria inside a nodule. Scale bar 

= 300 µm. (D) Evidence of effective N-fixation (green leaves). Scale bar =500 µm. (E-H) 

The interaction between S. cannabina with rffB mutant. (E) rffB mutant induces small 

white nodules in Sesbania. (F) Sesbania nodule induced by rffB mutant showed very little 

GUS staining. Scale bar =500 µm. (G) Almost undetectable amount of green fluorescing 

mutant bacteria inside the nodules. Scale bar = 300 µm. (H) Pale green leaves indicating 

an N-deficiency in plant. Scale bar =500 µm. 
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Fig. 13 Light and electron micrographs of S. cannabina nodules induced by wild 

type and the rffB mutant of Rhizobium sp. IRBG74. (A, B) Light micrograph showing 

a semi-thin section of a nodule infected with wild type bacteria (A) and the rffB mutant 

(B). (C, D) Transmission electron micrograph showing ultra-thin section of nodules 

infected with wild type bacteria (C), and the rffB mutant (D). Scale Bar = 20 µm (A, B) 

and 1 µm (C, D).  
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Purified LPS from wild type IRBG74 rescues the rice colonization defect of the 

Rhizobium sp. IRBG74 rffB mutant   

Our results indicated that LPS is important for establishment of endophytic colonization 

of both legume and rice hosts by Rhizobium sp. IRBG74. To confirm that LPS is the main 

determinant of this phenotype, we determined the colonization of rice and S. cannabina 

by the wild type and rffB mutant in the presence of purified LPS extracted from the wild 

type or the rffB mutant.  The rffB mutant containing the GFP plasmid (Cheng and 

Walker, 2008) was inoculated onto surface-sterilized seeds of rice and S. cannabina with 

or without LPS and the colonization was determined by GFP fluorescence, SEM and cell 

counts. Addition of LPS extracted from the wild type strain led to a significant 

enhancement of bacterial attachment on inoculated rice roots (Fig. 14B) as compared to 

roots that were supplemented with the mutant LPS (Fig. 14C) or to the untreated roots 

(Fig. 14A). Analysis using SEM further confirmed these observations, as addition of wild 

type LPS led to increased bacterial attachment on rice roots as compared to the untreated 

roots (Fig. 14D), and the bacteria were found to be present in a biofilm-like matrix (Fig. 

14E). In contrast, addition of the mutant LPS did not promote bacterial attachment or 

matrix production (Fig. 14F). These microscopic observations were confirmed by 

determining the bacterial counts that showed significantly higher numbers of bacteria on 

the roots treated with wild type LPS as compared to the mutant LPS or no LPS (Table 4). 

These results confirm that rhamnose-containing LPS is an important determinant for 

successful Rhizobium sp. IRBG74-rice interactions.  
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Fig. 14 Colonization of rice by the rffB mutant in the presence of purified LPS.  

(A) Roots inoculated with the GFP marked rffB mutant show sparse amount of green 

fluorescing bacteria on their surfaces. Scale bar = 600 µm. (B) Supplementation of LPS 

from the WT strain leads to an increase in GFP fluorescence, when compared to roots 

inoculated with the rffB mutant alone. Scale bar = 600 µm. (C) Supplementation of LPS 

from the rffB mutant strain does not lead to increased colonization by the mutant. Scale 

bar = 600 µm. (D) SEM showing the rffB mutant on roots not treated with LPS. Scale bar 

= 1 µm (E) SEM of the rffB mutant on rice roots treated with WT LPS. Scale bar = 0.5 

µm. (F) rffB mutant on rice root treated with LPS extracted from the rffB mutant. Scale 
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bar = 1 µm. Note the increased amount of a filamentous-like matrix in the presence of 

LPS extracted from the WT strain but not from the rffB mutant.  

 

Table 4. Effect of LPS addition on the endophytic colonization of rice by wild type 

and rffB mutant strains of Rhizobium sp. IRBG74.  

 

Strain Treatment CFU × 103 mg-1 of fresh 

rice tissue 

WT Water 1214 ± 25 

WT WT LPS 1152 ± 52 

rffB Water 14 ± 2 

rffB WT LPS 1022 ± 34 

rffB rffB LPS 29 ± 12 

Results are mean ± standard deviation of at least 3 plants inoculated with independent 
bacterial cultures. 
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Supplementation of LPS restores the defects in early steps but not nodulation and 

symbiotic nitrogen fixation of the Rhizobium sp. IRBG74 rffB mutant 

Earlier studies have suggested that LPS is important for proper progression of 

endosymbiosis between A. caulinodans and S. rostrata (Mathis et al., 2005). To 

determine if purified LPS can rescue the nodulation and symbiotic defect of the 

Rhizobium sp. IRBG74 rffB mutant, we studied colonization of S. cannabina by the rffB 

mutant in the presence or absence of LPS, and compared it to the colonization of the wild 

type strain. Analysis using confocal microscopy showed that at 3DAI, the rffB mutant 

colonized S. cannabina roots at a much lower level than the wild type strain (Fig 15A and 

B). Supplementation with LPS led to significant enhancement of bacterial numbers on the 

roots as observed by increase in fluorescence (Fig 15C). At 10 DAI, the rffB mutant was 

still much lower in number but still showed root hair deformation similar to the wild type 

(Fig 15 D and E). Supplementation with LPS resulted in much higher colonization and 

root hair deformation (Fig 15F). However, addition of purified LPS did not affect the 

total number of nodules formed or the dry weight of the plants inoculated with the rffB 

mutant (Table 5).  
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Fig. 15 Effect of LPS supplementation on the colonization of Sesbania cannabina by 

the rffB mutant. (A) At 3DAI, wild type Rhizobium sp. IRBG74 (wildtype) was found to 

be closely associated with Sesbania cannabina root hair and on the root surface. (B) gfp-

expressing rffB mutant formed small aggregations (box) on Sesbania cannabina root 

hairs, but were found to be significantly lower in number when compared to the wildtype. 

(C) Supplementation of the rffB mutant with wild type LPS during sesbania cannabina 

colonization study results in enhanced aggregation of gfp-expressing rffB mutant on 

Sesbania cannabina root surface.  (D) At 10 DAI, gfp-expressing wild type Rhizobium 

sp. IRBG74 colonized the deformed root hair (arrow); Inset showing the formation of 

shepherd crook structure. (E) Very few gfp-expressing rffB mutant bacteria around a 
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deformed Sesbania cannabina root hair; Inset showing the formation of root hair curling 

in the presence of the rffB mutant. (F) Increased aggregation of the gfp-expressing rffB 

mutant and root hair deformation in the presence of purified WT LPS on Sesbania 

cannabina root surface; inset showing the entrapped bacteria (arrow) in curled root hair. 

Scale bars = 75 µm (A-C), 150 µm (D-F) and 15 µm for insets.  

 

Table 5. Nodulation of S. cannabina by Rhizobium sp. IRBG74 and its rffB mutant 

________________________________________________________________________ 

Strain     No. Nodules (Size)  Plant Dry Weight (mg) 

________________________________________________________________________ 

None          0     126 ± 16a 

Wild type   30 ± 5 (large)    255 ± 24b 

rffB    12 ± 6 (small)    165 ± 13c 

rffB + WT LPS  10 ± 5 (small)    150 ± 10c 

________________________________________________________________________ 

Results are mean ± standard deviation of 3 plants inoculated with independent bacterial 

cultures. Values in a column with different letters are statistically different with p<0.05.  
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Discussion 

Although many rhizobial strains are able to enhance the growth of cereals, very little is 

known about the bacterial determinants for beneficial rhizobial-cereal interactions. In the 

present study, interactions between Rhizobium sp. IRBG74 and rice were analyzed and 

we found that Rhizobium sp. IRBG74 showed extensive colonization of rice roots at 7-10 

DAI, especially at the point of lateral root emergence. This pattern of colonization is 

similar to that observed with other rice endophytes, such as H. seropedicae (James et al., 

2002; Roncanto-Maccari et al., 2003) and Azoarcus (Egener et al., 1998). We used 

microscopy and immunogold labeling to demonstrate that Rhizobium sp. IRBG74 is a 

bona fide rice endophyte, as it is able to colonize the interior of both roots and stems. 

Akin to legumes, Rhizobium sp. IRBG74 accumulated especially around root hairs on 

rice and extensively colonized them internally, but unlike in legumes no root hair 

deformation was observed. Based on the pattern of surface colonization during the early 

stages of colonization as shown by SEM, and by intense GUS staining at the points of 

lateral root emergence, it is likely that Rhizobium sp. IRBG74 penetrated through the 

cracks at the sites of lateral root emergence and then migrated up to the shoots.  Indeed, 

the points of lateral root emergence are prominent sites for entry of another rice 

endophyte, H. seropedicae (James et al., 2002).  

Most legumes so far studied for their rhizobial infection processes appear to be 

infected via root hairs. However, it is now clear that crack entry and/or direct epidermal 

infection are also quite common mechanisms by which rhizobia can enter their legume 

hosts, and they may represent an evolutionary “default” infection process, even in 
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legumes that are normally infected via root hairs (Madsen et al., 2010). The natural 

occurrence of crack entry is particularly common (and often predominant) in aquatic and 

flooding-tolerant legumes, such as those in the hydrophytic genera Aeschynomene, 

Neptunia and Sesbania (Goormachtig et al., 2004; Bonaldi et al., 2011; Bomfeti et al., 

2012). Interestingly, some species in these genera, with Sesbania being of particular 

relevance with regard to the present study, are capable of “dual” rhizobial infection 

processes which, depending on the degree of root/stem submergence, tend to be either via 

root hair infections under aerobic (non-flooded) conditions or via crack entry under 

flooded conditions (Goormachtig et al., 2004; Cummings et al., 2009; Bomfeti et al., 

2012; this study). What is also clear from these studies is that the rhizobia that infect 

semi-aquatic Sesbania spp. are also highly plastic in terms of their ability to infect their 

legume hosts, and taken together with the new observations for rice and Rhizobium sp. 

IRBG74 presented in the present study, suggest that under flooded conditions aquatic 

rhizobia, such as Rhizobium sp. IRBG74 and Azorhizobia, utilize similar mechanisms to 

infect/colonize both their legume hosts and rice (this study; Gopalaswamy et al., 2000). 

Although Rhizobium sp. IRBG74 was inoculated into the rooting medium, it was 

subsequently found to colonize the internal tissues of stems indicating ascending 

migration of Rhizobium sp. IRBG74 within rice tissues. Colonization of the xylem might 

explain the ability of rhizobia to migrate efficiently from roots to shoots. This pattern of 

colonization has been observed with other rhizobial rice endophytes, such as R. 

leguminosarum bv. trifolii (Prayitno et al., 1999) and Sinorhizobium (Ensifer) meliloti 

1021 (Chi et al., 2005). A similar migration in rice tissues (and localization in the xylem 

in many, but not all cases) have been reported for other rhizobial and non-rhizobial 
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endophytes of rice, such as Az. caulinodans (Gopalaswamy et al., 2000), Bradyrhizobium 

sp. (Chaintreuil et al., 2000), R. leguminosarum bv. trifolii (Prayitno et al., 1999), S. 

meliloti (Chi et al., 2005) and H. seropedicae (James et al.,  2002; Gyaneshwar et al., 

2002; Roncanto-Maccari et al., 2003). Our results indicate that rhizobial endophytic 

colonization in the stems of rice is a common phenomenon that needs to be further 

studied.  

 A mutant of Rhizobium sp. IRBG74 deficient in rice colonization was identified 

via random transposon mutagenesis. This mutant was found to contain a transposon 

insertion in rffB, a gene that was shown to be involved in the synthesis of UDP-

rhamnose, an essential component of LPS in A. tumefaciens (De Castro et al., 2006). 

Considering the close phylogenetic relationship of Rhizobium sp. IRBG74 to A. 

tumefaciens, it is likely that Rhizobium sp. IRBG74 produces a rhamnan-O-antigen 

similar to the one produced by A. tumefaciens, and the Rhizobium sp. IRBG74 rffB 

mutant is indeed defective in O-antigen synthesis.  Supplementation of rice seeds with 

LPS from the wild type strain restored the rice colonization ability of the Rhizobium sp. 

IRBG74 rffB mutant, thus indicating that the rhamnose moiety of LPS made by 

Rhizobium sp. IRBG74 is likely to be of importance for its recognition by rice as a 

potentially beneficial endophyte, and for the subsequent internalization of the bacteria. 

These results are consistent with the observations that rhamnose-containing LPS is 

important for the endophytic colonization of maize by the beneficial bacterium H. 

seropedicae (Balsanelli et al., 2010) and that maize lectins, which bind LPS, mediate H. 

seropedicae-maize interactions (Balsanelli et al., 2013).  
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Earlier studies have shown that the LPS-O-antigen is important for nodulation of 

legume-hosts by various rhizobia (Becker et al., 2005; Noel et al., 2004; Ojdea et al., 

2010). In particular, a rhamnan-O-antigen of Sinohizobium sp. NGR234 is specifically 

induced by plant-produced flavonoids and is important for symbiotic interactions with 

many legumes (Reuhs et al., 2005). In accordance with these studies, the rffB mutant 

formed small and ineffective nodules on S. cannabina that contained prematurely 

senescing bacteroids, but it remains to be determined if the rhamnan-LPS of Rhizobium 

sp. IRBG74 is induced during its interactions with rice and S. cannabina. 

In legume, when a nod factor is perceived via its cognate receptor, the signal 

transcends via activation of a set of plant genes. In legumes these genes are also involved 

in AMS, and thus considered as the common symbiotic pathway genes or CSP genes. As 

rice requires the homologs of legume CSP pathway genes for mycorrhizal infection 

(Chen et al., 2007, 2008, 2009; Gutjhar et al., 2008) and IRBG74 is capable of infecting 

legume (Sesbania) and is also an aggressive colonizer of rice, we tested the possibility of 

nod factor dependent rice colonization by Rhizobium sp. IRBG74. First, we checked the 

expression of Rhizobium sp. IRBG74 nodA (involved in nod factor backbone synthesis) 

gene in the rice rhizosphere, and then tested the importance of Rhizobium sp. IRBG74 

nod factor in rice colonization by making a ∆nodABC mutant and performing a rice 

colonization study with the nod factor defective mutant. Surprisingly, we were able to 

detect the expression of nodA in Rhizobium sp. IRBG74 grown in the presence of rice and 

also found that the nod factor defective mutant of Rhizobium sp. IRBG74 is also 

defective in rice colonization. These results strongly suggest that, the Rhizobium sp. 

IRBG74 nod factor is important in the rice- Rhizobium sp. IRBG74 interaction and plays 
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a pivotal role in successful colonization. However, whole genome transcriptome analysis 

of rice in the presence of Rhizobium sp. IRBG74 purified nod factor is required to further 

deduce the role of nod factor and to understand the mode of interaction.  

The genome sequence of Rhizobium sp. IRBG74 reveals that it contains a linear 

and a circular plasmid similar to those of A.tumifecian C 58 and Agrobacterium sp. H13-

3. In addition, it also contains a symbiosis specific plasmid (pIRBG74a) with a large 

number of nod, nif, and fix genes, required for nitrogen fixation within legume hosts. In 

accordance with the previous study (Cummings et al., 2009), we agree on the fact that 

Rhizobium sp. IRBG74 is a naturally occurring unique species in the 

Rhizobium/Agrobacterium clade and most likely it obtained its nodulation capabilities by 

acquisition of the pIRBG74a symbiosis plasmid by horizontal gene transfer. The 

availability of this genome sequence will open a plethora of opportunities to determine 

the mechanisms by which Rhizobium sp. IRBG74 forms endophytic and growth-

promoting associations with rice. 

The fact that the Rhizobium sp. IRBG74 mutant defective in rhamnan-LPS 

synthesis was not only significantly affected in its ability to colonize rice (both surface 

and internally), but was also defective in its ability to colonize S. cannabina suggests a 

similar role of LPS in initial colonization of both legume and cereal hosts. However, even 

though the initial mechanisms by which they are colonized have similarities, the mode of 

action of Rhizobium sp. IRBG74 on each of the two hosts is very different i.e. it acts as a 

non-diazotrophic epiphytic/endophytic plant growth-promoting rhizobacteria on rice, and 

as an endosymbiotic N2-fixing nodulator in S. cannabina.  
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Chapter III 

Role of a novel ABC transporter in endophytic colonization of rice and 

nodulation of Sesbania cannabina by Rhizobium sp. IRBG74 

 

Introduction 

Bacterial adherence to environmental surfaces and formation of a well-organized 

multicellular structure is commonly known as a biofilm. Rhizobia form biofilms on plant 

surfaces during symbiosis, which help them to mitigate common environmental stresses, 

like nutrient limitation and desiccation, and give a competitive advantage in that 

rhizosphere. (Pérez-Montaño et al., 2014; Ramey et al., 2004; Rinaudi and Giordano, 

2010). The structure of a rhizobial biofilm may vary from small aggregations to an 

extensive biofilm, depending on the properties of the plant root surface, availability of 

water and nutrients in the rhizosphere and the proclivity of that Rhizobium to colonize a 

plant. (Pérez-Montaño et al., 2014; Ramey et al., 2004). Though the role of biofilms in 

rhizosphere survivability is well-studied in bacteria from the genera Mesorhizobium, 

Sinorhizobium, Bradyrhizobium and Rhizobium, there are only a few studies describing 

the role of rhizobial biofilms in symbiosis. 

As Rhizobium sp. IRBG74 forms extensive biofilm on rice root surfaces, we 

hypothesized that the biofilm formation is an intrinsic component of the Rhizobium sp. 

IRBG74- rice interaction. To study this interaction, a transposon insertion mutant library 

of Rhizobium sp. IRBG74 was screened to identify biofilm defective mutants. We 

identified a mutant (BD1, biofilm defective mutant 1), which showed impaired substrate 

attachment and defective biofilm formation on biotic and abiotic surfaces. When tested 
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for colonization and nodulation efficiency in rice and Sesbania respectively, the biofilm 

defective mutant showed a severe defect in colonization of both legume and cereal hosts. 

Materials and Methods 

Bacterial strains and growth conditions 

Bacterial strains and plasmids used in the study are summarized in Table 6. The media 

and growth conditions used for the maintenance of the strains are the same as described 

in Materials and Methods section in Chapter II.  

 

Table 6: Strains, plasmids and primers used in this study 

 
Strains/Plasmids/ 
Primers 
 

 
Description 

   
 Reference 

Strains 
IRBG74-GUS 
 
 
IRBG74-GUS-
GFP 
 
thiQ::Himar 
 
 
thiQ::Himar-GFP 

 
ΔthiQ 
 
 
thiQ::Himar 
complemented 
 
 
E. coli β2155 
 
 

 
Wild type Rhizobium sp. IRBG74 marked with 
pCAM121 (papH-gusA) Specr 

 

 
Cummings et 
al. (2009) 

Rhizobium sp. IRBG74-GUS containing pHC60  This study 
 
 
Rhizobium sp. IRBG74-GUS thiQ::Himar mutant 
Kanr 
 

 
 
This study 
 
 
 
This study 
 

Rhizobium sp. IRBG74-GUS thiQ deletion 
mutant Genr 

 

This study 
 

Rhizobium sp. IRBG74-GUS thiQ::Himar mutant 
with pMBC223-thiBPQ Tetr  
 
thrB1004 pro thi strA hsdsS lacZ  ΔM15 (F9 lacZ  
ΔM15 lacIq traD36 proA1 proB1) ΔdapA::erm 
(Ermr) pir::RP4 [::kan (Kmr) from SM10] 
 

This study 
 
 
Dehio and 
Meyer (1997) 
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Plasmids   
pHC60 IncP Tetr, gfp under the control of a constitutive 

lac promoter 
 

Cheng and 
Walker (1998) 

pMiniHimar mini-HimarRB1 transposon, R6K ori Bouhenni et al. 
(2005) 
 

pCAM121 Sm/Sp, Ap; mTn5SSgusA2l (Paph-gusA-trpA ter) 
in pUT/mini-Tn5 Sm/Sp 

Wilson et al. 
(1995) 

 
pENTR™/D-
TOPO® Vector 
 
pMBC219 
 

 
Entry Vector for TOPO cloning Kanr 
 
 
The gateway destination vector  
derivative of the suicide plasmid pJQSK200 Genr 

 
Life 
Technologies  
 
Quandt and 
Hynes 

  (1993) 
 
Wells and 
Long  
(2002) 
 
 

pMBC223 
 
 

The gateway destination vector  
derivative of the expression plasmid pRF771Tetr 

 

Primers   
Himar 1 CATTTAATACTAGCGACGCCATCT 

 
Bouhenni et al. 
(2005) 

 
Himar 615 

 
TCGGGTATCGCTCTTGAAGGG 

 
Bouhenni et al. 
(2005) 

 
k2 
 
 
 
kt 

 
CGGTGCCCTGAATGAACTGC 
 
 
 
CGGCCACAGTCGATGAATCC 

 
Datsenko and 
Wanner (2000) 
 
 
Datsenko and 
Wanner (2000) 

   
thiQ upstream_F 
 
 
thiQ upstream_R    
 
 
 

CACCCGGCCTCATCTTCATGCTTTG 
 
 
GCAAAGAAATCCGCTGTCGCGAGCTGCAC
TGCGAAATCGTC  
 
 

This study 
 
 
This study 
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Colonization of rice and S. cannabina by Rhizobium sp. IRBG74 
 
The colonization studies of rice and Sesbania by Rhizobium sp. IRBG74 were performed 

using the same methods as described in Chapter II.  

 

 Enumeration of Rhizobium sp. IRBG74 colonizing rice roots and stems 

 The colonization of rice roots and stems was quantified as described earlier in the 

Materials and Methods section in Chapter II. 

 

Microscopic studies of plant infection and colonization by Rhizobium sp. IRBG74  

The sample preparations for microscopic studies were performed as	
  described	
  earlier	
  in 

the Materials and Methods section in Chapter II. 

 

thiQ 
downstream_F 
 
thiQ 
downstream_R 
 
 
P_thiBPQ F 
 

GACGATTTCGCAGTGCAGCTCGCGACAGC
GGATTTCTTTGC 
 
GAGACTGGTTTCTGGACGGTATAG 
 
 
 
CACCTCGAGACATCGAGAGCCTTCTTC                
 
 

This study 
 
 
This study 
 
 
 
This study 
 

thiBPQ R 
 
thiQ_RT_FP 
 
thiQ_RT_FP 
 
rpoB_RT_FP 
 
rpoB_RT_RP 
 
 

TTTGTTGACGTTCGTGAGTG 
 
TGTCCACGGCCTTCACATTT 
 
GCAGGATTTCGACCTCGACT 
 
CGAGTTCGACGCCAAGGATA 
 
ACGCGGTAGATGTCGAACAG 

This study 
 
This study 
 
This study 
 
This study 
 
This study 
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Construction of a Rhizobium sp. IRBG74 mutant library 
 
The random insertion mutant library of Rhizobium sp. IRBG74 was constructed using a 

modified mariner transposon miniHimar (pMiniHimarRB1) as described earlier in the 

Materials and Methods section in Chapter II. 

 

Screening of a biofilm defective mutant 

Substrate attachment and biofilm formation ability of the mutants were tested on 96 well 

polystyrene plates. Overnight grown mutants on YM plates were separately inoculated in 

to 200 µl of fresh YM media in each well of a 96 well plates. After incubation at 30˚ C 

for 48 h the optical density (OD) of the cells were measured at 600 nm using a 

spectrophotometer. Planktonic cells from the 96 well plates were gently pipetted out of 

the well and discarded. The wells were then washed with sterile distilled water and 

stained with 1% crystal violet (CV) for 10 min. After 10 min the wells were washed 

twice with sterile distilled water and dried briefly, before adding 95% ethanol. The 

optical densities of the CV in 96 well plates were measured at 570 nm using a 

spectrophotometer. 

 

Biofilm preparation 

The substrate attachment and biofilm formation ability of the bacteria were also 

tested on other abiotic and biotic surfaces using different microscopic techniques as 

described in Chapter II. For the preparation of biofilms on glass and plant surfaces, the 

bacteria were revived on a freshly prepared YM plate containing suitable antibiotics and 

then inoculated into 10 ml of YM media and grown overnight for the preparation of seed 
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culture. The bacteria were re-inoculated in fresh YM from the seed culture at a 1:1000 

ratio and grown until the OD600 reached 0.6.  The grown bacterial cultures were pelleted 

by centrifugation and washed twice with sterile distilled water.  

For preparing biofilm on glass surfaces, sterile glass coverslips were used. The 

coverslips were placed in glass petriplates and inoculated with bacteria. The entire setup 

was incubated at 30˚C for 48 - 72 hours for proper formation of biofilms on glass 

surfaces. 

For preparing biofilms on plant (sesbania and rice) surfaces, plants were germinated 

aseptically as described in Chapter II. After germination, plants were transferred to sterile 

Magenta boxes containing 30 ml of plant growth medium and inoculated with 3 × 107 

cells. Plant samples were harvested at different time points to observe the formation and 

maturation of the biofilm. 

 

Identifying the transposon insertion sites  

Genes disrupted by the transposon were identified by PCR amplification and by 

sequencing of genomic regions flanking the transposon as described earlier in the 

Materials and Methods section in Chapter II. 

 

Southern Hybridization 

Approximately 10 µg of bacterial chromosomal DNA was digested with BamHI and 

separated on a 0.8% agarose gel. The gel was depurinated with 5-10 volumes of 0.25 M 

HCl and the DNA was denatured using a solution containing 1.5 M NaCl and 0.5 N 

NaOH. The DNA transfer from gel to a nylon membrane was done overnight at room 
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temperature using 20X SSC buffer. The probe used for hybridization was synthesized by 

PCR using primers k2 and kt listed in Table 6, which annealed to the neomycin 

transferase gene of pMiniHiMar (Bouhenni et al., 2005). The probe was labeled with 

DIG-dUTP using a Biotin 3 ́ End DNA Labeling Kit according to the manufacturer's 

instructions (Thermo Scientific). Hybridization was performed overnight with shaking at 

55°C in the North2South® Hybridization buffer (Thermo Scientific). After hybridization, 

the membrane was washed three times with North2South® Stringency wash buffer (2 × 

SSC, 0.1% SDS) for 15 to 20 min at 37˚ C. Probe hybridization was detected using 

North2South® Chemiluminescent detection kit (Thermo Scientific).	
  

 

Construction of the thiQ deletion mutant  

To construct a deletion mutant of thiQ, Gateway® Cloning Technology (Life 

Technologies) was employed to clone a 2 kb IRBG74 ∆thiQ PCR amplicon into the 

destination vector pMBC219. The deletion vector pMBC219 [pJQ200SK (Quandt and 

Hynes, 1993) modified with the Gateway® cloning cassette from pDEST24™ 

(Invitrogen)] was kindly provided by Matthew Crook (University of Wisconsin–

Madison). Briefly, PCR primers were designed to amplify approximately 1kb upstream 

and 1 kb downstream sequence of IRBG74 thiQ gene.  Overlap extension PCR (OE-

PCR) was used to generate the IRBG74 thiQ deleted (∆thiQ) amplicon. The ∆thiQ 

amplicon was then cloned into pENTR™/D-TOPO® Vector (entry vector) using 

manufacturer’s (Life Technologies) protocol. The vector containing the IRBG74 ∆thiQ 

fragment was then chemically transformed into One Shot® TOP10 chemically competent 

E. coli cells using manufacturer’s protocol and selected on LB plates containing 50 µg 
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ml-1 of kanamycin. Kanamycin resistant TOP10 E. coli colonies were inoculated in LB 

broth and the entry vector containing 2 kb IRBG74 ∆thiQ fragments were isolated and 

confirmed by PCR. Using LR cloning technique, the 2 kb IRBG74 ∆thiQ PCR fragment 

was then transferred to the destination vector pMBC219. The destination vector 

containing IRBG74 ∆thiQ was then chemically transformed into β2155 cells and selected 

on LB gentamycin 50 µg ml-1 plates. (Dehio and Meyer, 1997). For efficient transfer of 

destination vector (containing ∆thiQ fragment) to the IRBG74 gusA strain the process of 

conjugation was employed. The single recombinants of Rhizobium sp. IRBG74 

containing IRBG74 ∆thiQ fragment were then selected on LB gentamycin 150 µg ml-

1plates and confirmed with PCR. Sucrose selection was performed on YM minimal media 

plate, containing 10% sucrose, to obtain the double recombinants. The double 

recombinants obtained were then tested for their gentamycin sensitivity to confirm loss of 

the destination vector. Then sucrose resistant and gentamycin sensitive IRBG74 colonies 

were screened for ∆thiQ using PCR.  

 

Complementation of the thiQ::Himar mutant 

The entire thi operon including the 500 bp upstream DNA region was amplified using the 

primers (P_thiBPQ F and thiBPQ R) listed in Table 6 and high fidelity Phusion 

polymerase (Thermo Scientific). The 5.8 kb amplicon was then cloned into destination 

vector pMBC223 (a derivative of pRF771) using Gateway technology, transferred into 

chemically competent β2155 (Dehio and Meyer, 1997), and selected on LB tetracycline 

10 µg ml-1 plates. The expression vector pMBC223 [pRF771 (Wells and Long, 2002) 

modified with the Gateway® cloning cassette from pDEST24™ (Invitrogen)] was kindly 
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provided by Matthew Crook (University of Wisconsin–Madison). The destination vector 

containing the thi operon was then transferred from β2155 E. coli cells to IRBG74 thiQ 

Himar mutant by the process of conjugation. The transconjugants were then selected on 

YM minimal media plate containing tetracycline 10 µg ml-1. 

 

RNA isolation  

To isolate bacterial RNA in the presence of naringenin, the strains were grown to mid-

logarithmic phase in YM minimal medium containing 50 µm naringenin. The cells were 

then harvested and RNA was isolated using TRIzol reagent (Sigma). The RNA 

concentrations were determined by UV/Vis spectrophotometry. RNA samples were 

further treated with RNase free DNase (Promega) to eliminate any DNA contamination. 

 

Reverse Transcription PCR 

cDNA synthesis and RT-PCR were performed using the AccessQuick RT-PCR system 

(Promega) as follows. The DNase treated RNA sample (0.3 µg) was used as template for 

cDNA synthesis at 45°C for 45 min. PCR amplification was performed using primers 

listed in Table 1 as follows: 2 min of incubation at 94°C, followed by 25 cycles of 

amplification with denaturing at 94°C for 30 sec, annealing at 58°C for 30 sec, and 

extension at 72°C for 1 min. Final extension was carried out at 72°C for 10 min. RNA 

samples that had not been subjected to reverse transcription were used as negative 

controls and rpoB was used as the internal control. 
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Sensitivity to Flavonoids 

The bacterial strains were grown in YM in the presence of a synthetic flavonoid, 

naringenin. Varying concentrations of naringenin ranging from 50-200 µM were used for 

the flavonoid sensitivity experiments. The strains were allowed to grow overnight and the 

absorbance was measured at 600 nm. 
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Results 

Rhizobium sp. IRBG74 forms an extensive biofilm on rice root surface 

When studying the colonization pattern of Rhizobium sp. IRBG74 with rice, we observed 

that the initial response of  Rhizobium sp. IRBG74 is to form a biofilm-like structure on 

the rice root surface. In order to obtain a high resolution image of these cellular 

aggregation on the rice root surface, SEM was performed on plant samples inoculated 

with Rhizobium sp. IRBG74. Rhizobium sp. IRBG74 was found to form an extensive 

biofilm on rice root surfaces (Fig 16 A-C). The bacteria was found to be embedded in an 

extracellular fibrillar matrix which is not evident in other rice colonizing bacteria, such as 

Azoarcus sp. DQS4 (Fig 16 D). This suggests that the formation of biofilm is an intrinsic 

part of the Rhizobium sp. IRBG74- rice interaction. 
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Fig. 16 Rhizobium sp. IRBG74 forms an extensive biofilm on the surfaces of the rice 

roots. (A-C) Scanning electron micrographs showing biofilm formed by Rhizobium sp. 

IRBG74 on the surface of rice roots, where rhizobia were embeded in a fibrilar extra 

cellular matrix. (A &B) Scale bar =20 µm; (C) Scale bar =5 µm. (D) Rice inoculated with 

Azoarcus sp. DQS4, where aggrigation of bacteria on the rice surface is markedly 

different than IRBG74. Formation of extra cellular fibrillar matrix was not observed 

during the surface colonization of rice by DQS4. Scale bar =5 µm. 
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Identification of mutants defective in biofilm formation on biotic and abiotic 

surfaces 

The mutant library of Rhizobium sp. IRBG74 was screened for biofilm defect in 96 well 

polystyrene plates. Approximately 790 independent mutants were screened for biofilm 

defects by growing in YM media for 48 hours in separate wells, followed by staining 

with CV and taking the absorbance at 570 nm.  

Screening for biofilms resulted in identification of one mutant [biofilm deficient 1 

(BD1)], which showed a severe biofilm defect on 96 well polystyrene plates (Fig 17C) as 

well as on glass surfaces (Fig 17B), compared to WT (Fig 17A,C). Quantification of 

biofilms showed at least 5-fold reduction in biofilm formation in the mutant compared to 

WT Rhizobium sp. IRBG74 (Fig 17D). 

 

 

Results are mean ± standard deviation of 10 wells inoculated with bacterial cultures. 

Fig. 17 The BD1 mutant was defective in biofilm formation.  

(A) Biofilm formed by Rhizobium sp. IRBG74 on a glass surface. (B) BD1 failed to form 
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a biofilm on a glass surface. Scale bar =50 µm. (C) Crystal violet staining of biofilm 

formed by Rhizobium sp. IRBG74 (Top two rows) and BD1 (Bottom two rows). (D) 

Absorption of crystal violet at 570 nm by Rhizobium sp. IRBG74 and BD1. 

During plant colonization studies, BD1 showed defective surface colonization on 

Sesbania (Fig 18B) as well as on the surface of rice root surface (Fig 18D) compared to 

WT, which was able to form extensive multilayer cellular aggregation on both Sesbania 

(Fig 18A) and rice root surfaces (Fig 18C). 

 
 
Fig. 18 Confocal microscopy showing that BD1 defective in biofilm formation on 

tested biotic surfaces. (A, C) GFP-expressing Rhizobium sp. IRBG74 on Sesbania 

cannabina (A) and rice (C) root surfaces. (B, D) GFP-expressing BD1 mutant on 

Sesbania cannabina (B) and rice (D) root surface. BD1 failed to form multilayered 
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cellular aggregations and biofilms on both, Sesbania as well as rice root surfaces, 

compared to WT. Scale bar =100 µm. 

 

Identification of the disrupted gene in the biofilm defective mutant of Rhizobium sp. 

IRBG74 

The gene disrupted by the transposon insertion in the biofilm defective mutant of 

Rhizobium sp. IRBG74 was identified by PCR amplification and by sequencing of 

genomic regions flanking the transposon. Comparison of the DNA sequence to the 

genome of A. tumefaciens using BLAST revealed that the transposon has inserted into a 

putative ABC transporter gene annotated as thiQ (involved in the transport of thiamine in 

E. coli and Salmonella). The transposon insertion site was reconfirmed by PCR 

amplification of thiQ from the mutant and WT Rhizobium sp. IRBG74 using thiQ gene 

specific primers. The thiQ amplicon from the mutant showed a shift in size (Fig 19A) due 

to the presence of the transposon within thiQ gene.  

To determine if the observed biofilm defective phenotype of the BD1 mutant is 

due to transposon insertion in thiQ and not in any other gene, a Southern blot of DNA 

isolated from biofilm defective mutant and hybridization with a specific probe for 

neomycin resistance gene, present inside the transposon was performed. The results 

demonstrate that the mutant had a single integrated copy himar transposon (Fig 19B). 
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Fig. 19 Single integrated copy of Himar transposon in BD1. (A) Larger amplicon of 

thiQ in BD1 confirms insertion of himar in thiQ when compared to wild type (WT). (B) 

Agarose gel analysis of BamHI digested genomic DNA from BD1 mutant (left panel). 

Southern blot of Rhizobium sp. thiQ::Himar showing single inserted copy of the Himar 

transposon. 

 

Characterization of the thiQ gene in Rhizobium sp. IRBG74  

As insertional inactivation of the thiQ gene resulted in a severe biofilm defect in 

Rhizobium sp. IRBG74, we wanted to test if the biofilm defect of Rhizobium sp. 

thiQ::Himar can be restored by genetic complementation. The biofilm defect in 

thiQ::Himar mutant was restored back to wild type levels by plasmid-based 

complementation, observed on 96 well plate surfaces. To further confirm the role of the 

thiQ gene in biofilm formation we constructed a fresh in-frame deletion of thiQ gene in 

IRBG74-GUS (IRBG74-GUS- ΔthiQ). ΔthiQ showed a similar phenotype as the 

thiQ::Himar mutant, suggesting that mutation in thiQ resulted in the biofilm defect (Fig 

20).   
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Fig. 20 Mutation in thiQ results in a biofilm defect. Biofilm defect of the thiQ::Himar 

mutant was restored back to wild type levels by genetic complementation with the entire 

thi operon. Inframe deletion of the thiQ gene in (ΔthiQ) reduced the biofilm formation by 

at least 5-7 fold. 

 
Inactivation of the thiQ gene results in defective rice root colonization 
 
To further understand the role of thiQ in rice root colonization, histochemical GUS 

staining followed by enumeration of bacteria from inoculated rice plants were performed. 

The thiQ himar and the ΔthiQ mutants showed a marked decrease in colonization (Fig. 

21B, D) as compared to its wild type strain (Fig. 21A). The decrease in colonization was 

restored back by complementation with thi operon (Fig. 21C). The colonization 

phenotype was further quantified and expressed as colony-forming units g-1 of fresh rice 
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root (cfu g-1 of fresh rice root), which showed more than a 15-fold reduction in rice 

colonization by the mutant as compared to the wild type strain (Fig. 21E). 

 

 
 
 

Fig. 21 Rice root colonization by Rhizobium sp. IRBG74 and the thiQ mutants.  

(A) GUS staining on rice roots colonized by the wild type strain. Scale bar = 1mm. (B & 

D) Substantially less GUS staining was observed on roots colonized by the thiQ::Himar 

and ΔthiQ mutants. Scale bar = 1mm. (C) The colonization defect in the thiQ::Himar 

mutant was restored in the complemented strain. Scale bar = 1mm. (E) Counts of bacteria 

re-isolated from inoculated roots showed significantly less colonization by the ∆thiQ 
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mutant as compared to the wild type strain. A significantly higher number of bacteria 

were recovered from the rice roots inoculated with the thiQ::Himar complemented. 

 
Inactivation of the thiQ gene results in defective nodulation of Sesbania 
 
As Rhizobium sp. IRBG74 is a Sesbania symbiont we tested the nodulation properties of 

the thiQ mutant on S. cannabina. Interestingly, thiQ mutant had lost the ability to form 

nodules in its host legume (Sesbania), suggesting that thiQ is involved in the symbiotic 

association of Rhizobium sp. IRBG74 with its host.  

 

 
 
Fig. 22 The Rhizobium sp. IRBG74 thiQ mutant is defective in symbiosis with S. 

cannabina.  

(A) WT formed large pink nodules (shown by arrows) on the roots of Sesbania. Scale bar 

= 1mm. (B) No functional nodules were detected on the roots of Sesbania that were 

inoculated with the thiQ himar mutant. Scale bar =1mm.  
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thiQ is likely involved in flavonoid transport in Rhizobium sp. IRBG74 

Often the no nodule phenotype is the result of a disruption in the very early stages of 

nodule organogenesis, which depends on synthesis and recognition of a Nod factor 

(Mergaert et al., 1997; Perret et al., 2000). Due to the absence of nodules in Sesbania 

cannabina inoculated with thiQ::Himar, we consider the possibility of a defect in Nod 

factor production. To evaluate Nod factor production in the thiQ::Himar mutant, nodA 

transcript levels were determined by semi-quantitative RT-PCR. The transcript for nodA 

was not detected in thiQ himar mutant (Fig 23A). 

Synthesis of nod factor is contingent on the activation of rhizobial NodD [a 

transcriptional activator of other nod genes involved in Nod factor production and side 

chain decoration (Mergaert et al., 1997; Perret et al., 2000)] by plant flavonoids. A defect 

in transportation of plant flavonoid may results in defective Nod factor production.  To 

test the hypothesis that the thi operon is involved in the transportation of flavonoid in 

Rhizobium sp. IRBG74, we performed the flavonoid cytotoxicity test, as flavonoids are 

cytotoxic to bacteria at high concentration (Ulanowska et al., 2006; Xu and Lee, 2001), 

on Rhizobium sp. IRBG74 and thiQ::Himar in the presence of varying concentration of 

naringenin. 

The wild type strain was found to be more susceptible to flavonoids at high 

concentrations when compared to the mutant (Fig 23B). These results suggest that the 

thiQ mutant is impaired in flavonoid transport, and thus can withstand high 

concentrations of flavonoids. 
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Fig. 23 Role of thiQ in plant flavonoid transport 

(A) Semi quantitative RT-PCR analysis suggesting that the thiQ::Himar mutant is 

impaired in nod gene expression. Transcript for nodA could not be detected in the thiQ 

mutant. rpoB levels were used as internal control. (B) The wild type strain was found to 

be more susceptible to flavonoids at higher concentrations compared to the thiQ::Himar 

mutant. 
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Discussion 
 

During the initial stages of root colonization, biofilm formation on plant root surfaces by 

rhizobia is very prominent and important. The ability to form a biofilm helps rhizobia to 

thrive in adverse rhizospheric condition like desiccation, nutrient limitation, etc. and 

gives it a competitive advantage over other microbes present in that niche (Pérez-

Montaño et al., 2014; Ramey et al., 2004; Rinaudi and Giordano, 2010).  

When grown in hydroponic culture, Rhizobium sp. IRBG74 forms an extensive 

biofilm on the surface of rice roots, similar to that of its symbiotic partner Sesbania 

cannabina. After initial attachment, Rhizobium sp. IRBG74 synthesizes an extracellular 

fibrillar matrix and embeds itself in it to form an extensive biofilm on the root surface. 

This type of cellular aggregation and extracellular matrix formation was observed in 

different rhizospheric bacteria in which the bacteria are embedded in a self-produced 

matrix composed of proteins, nucleic acids, and EPS (Danhorn and Fuqua, 2007; 

Rodríguez-Navarro et al., 2007). However, the role of biofilms during a plant-microbe 

interaction has not yet been studied in a rhizobium capable of colonizing cereal as well as 

a legume. 

 In order to study the role of biofilms in colonization of cereals and legumes by 

Rhizobium sp. IRBG74, a rapid biofilm screening of the mutant library of Rhizobium sp. 

IRBG74 was performed in 96 well plates. A mutant defective in biofilm formation on this 

abiotic surface was identified.  

When rice colonization and Sesbania nodulation studies were performed with WT 

and the biofilm-defective mutant of Rhizobium sp. IRBG74, the mutant showed 
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significantly less colonization and no nodulation phenotype in Sesbania. The rice 

colonization defect of the mutant is probably due to a defect in substrate attachment, as it 

is well established that attachment to the plant root surface is required for subsequent 

endophytic colonization (Meneses et al., 2011).  

Rhizobium legume symbiosis, which results in formation of root nodules, is a 

highly specific and multistep process. Disruption in any of these steps results in 

ineffective nodule formation or sometimes complete absence of nodules on the legume 

plants. Often the no nodule phenotype is the result of a disruption in the very early stages 

of nodulation. As both biofilm defects and the no nodule phenotype in legumes indicates 

disruption in the early stages of plant microbe interaction, we were interested to know 

what gene was disrupted in the BD1 mutant of Rhizobium sp. IRBG74. 

PCR and sequencing of the adjacent chromosomal DNA of the transposon 

insertion in the biofilm defective mutant of Rhizobium sp. IRBG74 resulted in 

identification of thiQ as the disrupted gene. The thiQ gene is a part of a putative operon 

involved in transportation of thiamine in A. tumefaciens. 

Based on RT-PCR analysis of the nodA transcript in thiQ:: Himar mutant and 

sensitivity to flavonoid of the wild type strain, thiQ is likely to be involved in active 

transport of flavonoids in Rhizobium sp. IRBG74. The transport of flavonoids into the 

WT Rhizobium sp. IRBG74 results in activation of NodD, which then transcriptionally 

activate the IRBG74 nod genes required for Nod factor synthesis. Disruption in the 

transport of flavonoid in thiQ::Himar mutant results in the absence of Nod factor 

synthesis and a communication blockage between thiQ::Himar and Sesbania. However, 
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further experiments need to be performed to confirm the role of thiQ in flavonoid 

transport. 
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Concluding Remarks 

 

This study has established the Sesbania-nodulating Rhizobium sp. IRBG74 as a rice 

endophyte. It has been shown to infect the rice plant via cracks in lateral root junctions 

and through root hairs. Nodulation factors (Nod factors) that have been known to be the 

major player in rhizobium legume symbiosis were also shown to be required for  rice 

rhizobial interaction. It will be interesting to see if the rhizobial interaction with rice also 

involves the signal transduction pathway (Common symbiotic pathway) that is known to 

be involved in rhizobium legume symbiosis and Arbuscular mycorrhizal symbiosis.  

We have also demonstrated that biofilm formation and rhamnose rich 

lipopolysaccharide are indispensable for successful interaction of Rhizobium sp. IRBG74 

with rice. However more experiments need to be performed to understand the mechanism 

of thiQ mediated biofilm formation, and also, to explore the possibility of the 

lipopolysaccharide serving as a signaling molecule in the rice-rhizobial interaction. 

The ability of Rhizobium sp. IRBG74 to colonize both cereals and legumes makes 

the interaction unique. This duality in its beneficial interactions with two very different 

plant types also raises the possibility that Rhizobium sp. IRBG74 could be used as a 

model system to compare more closely the genetics underpinning legume and non-

legume infection processes, with the ultimate aim of producing more effective (i.e. more 

productive in N-accumulation and biomass production) N2-fixing associations between 

rhizobia and cereals. 

 
  



	
  

	
  

86	
  

 

References: 

 

Ané JM, Kiss GB, Riely BK, Penmetsa RV, Oldroyd GE, Ayax C, Lévy J, Debellé F, 

Baek JM, Kalo P, Rosenberg C, Roe BA, Long SR, Dénarié J, Cook DR. 2004. 

Medicago truncatula DMI1 required for bacterial and fungal symbioses in legumes. 

Science 303, 1364-1367. 

 

Balsanelli E, Serrato RV, de Baura VA, Sassaki G, Yates MG, Rigo LU, Pedrosa 

FO, de Souza EM, Monteiro RA. 2010. Herbaspirillum seropedicae rfbB and rfbC 

genes are required for maize colonization. Environ Microbiol 12, 2233-2244. 

 

Balsanelli E, Tuleski TR, de Baura VA, Yates MG, Chubatsu LS, Pedrosa FeO, de 

Souza EM, Monteiro RA. 2013. Maize root lectins mediate the interaction with 

Herbaspirillum seropedicae via N-acetyl glucosamine residues of lipopolysaccharides. 

PLoS One 8, e77001. 

 

Beatty PH, Good AG. 2011. Plant science. Future prospects for cereals that fix nitrogen. 

Science 333, 416-417. 

 

Becker A, Fraysse N, Sharypova L. 2005. Recent advances in studies on structure and 

symbiosis-related function of rhizobial K-antigens and lipopolysaccharides. Mol Plant 

Microbe Interact 18, 899-905. 



	
  

	
  

87	
  

 

Biswas JC, Ladha JK, Dazzo, F.B. 2000a. Rhizobia inoculation improves nutrient 

uptake and growth of lowland rice. Soil Sci Soc Am J 64, 1644-1650. 

 

Biswas JC, Ladha JK, Dazzo FB, Yanni YG, Rolfe BG. 2000b. Rhizobial inoculation 

influences seedling vigor and yield of rice. Agronomy J 92, 880-886. 

 

Bomfeti CA, Ferreira PA, Carvalho TS, De Rycke R, Moreira FM, Goormachtig S, 

Holsters M. 2013. Nodule development on the tropical legume Sesbania virgata under 

flooded and non-flooded conditions. Plant Biol (Stuttg) 15, 93-98. 

 

Bonaldi K, Gargani D, Prin Y, Fardoux J, Gully D, Nouwen N, Goormachtig S, 

Giraud E. 2011. Nodulation of Aeschynomene afraspera and A. indica by photosynthetic 

Bradyrhizobium Sp. strain ORS285: the nod-dependent versus the nod-independent 

symbiotic interaction. Mol Plant Microbe Interact 24, 1359-1371. 

 

Bouhenni R, Gehrke A, Saffarini D. 2005. Identification of genes involved in 

cytochrome c biogenesis in Shewanella oneidensis, using a modified mariner transposon. 

Appl Environ Microbiol 71, 4935-4937. 

 

Broughton WJ, Hanin MBR, Kopcinska J, Golinowski W, Simsek S, Ojanen-Reuhs 

T, Reuhs B, Marie C, Kobayashi H, Bordogna B, LeQuere A, Jabbouri S, Fellay R, 

Perret X, Deakin WJ. 2006. Flavonoid-inducibe modifications to rhamnan-O-antigens 



	
  

	
  

88	
  

are necessary for Rhizobium sp. strain NGR234-Legume symbioses. J. Bacteriol. 188, 

3654-3663.  

Chaintreuil C, Giraud E, Prin Y, Lorquin J, Bâ A, Gillis M, de Lajudie P, Dreyfus 

B. 2000. Photosynthetic bradyrhizobia are natural endophytes of the African wild rice 

Oryza breviligulata. Appl Environ Microbiol 66, 5437-5447. 

 

Chen C, Ané JM, Zhu H. 2008. OsIPD3, an ortholog of the Medicago truncatula DMI3 

interacting protein IPD3, is required for mycorrhizal symbiosis in rice. New Phytol 180, 

311-315. 

 

Chen C, Fan C, Gao M, Zhu H. 2009. Antiquity and function of CASTOR and 

POLLUX, the twin ion channel-encoding genes key to the evolution of root symbioses in 

plants. Plant Physiol 149, 306-317. 

 

Chen C, Gao M, Liu J, Zhu H. 2007. Fungal symbiosis in rice requires an ortholog of a 

legume common symbiosis gene encoding a Ca2+/calmodulin-dependent protein kinase. 

Plant Physiol 145, 1619-1628. 

 

Cheng HP, Walker GC. 1998. Succinoglycan is required for initiation and elongation of 

infection threads during nodulation of alfalfa by Rhizobium meliloti. J Bacteriol 180, 

5183-5191. 

 



	
  

	
  

89	
  

Chi F, Shen SH, Cheng HP, Jing YX, Yanni YG, Dazzo FB. 2005. Ascending 

migration of endophytic rhizobia, from roots to leaves, inside rice plants and assessment 

of benefits to rice growth physiology. Appl Environ Microbiol 71, 7271-7278. 

 

Crook MB, Mitra S, Ané JM, Sadowsky MJ, Gyaneshwar P. 2013. Complete 

Genome Sequence of the Sesbania Symbiont and Rice Growth-Promoting Endophyte 

Rhizobium sp. Strain IRBG74. Genome Announc 1. 

 

Cummings SP, Gyaneshwar P, Vinuesa P, Farruggia FT, Andrews M, Humphry D, 

Elliott GN, Nelson A, Orr C, Pettitt D, Shah GR, Santos SR, Krishnan HB, Odee D, 

Moreira FM, Sprent JI, Young JP, James EK. 2009. Nodulation of Sesbania species 

by Rhizobium (Agrobacterium) strain IRBG74 and other rhizobia. Environ Microbiol 11, 

2510-2525. 

 

Danhorn T, Fuqua C. 2007. Biofilm formation by plant-associated bacteria. Annu Rev 

Microbiol 61, 401-422. 

 

Debellé F, Moulin L, Mangin B, Dénarié J, Boivin C. 2001. Nod genes and Nod 

signals and the evolution of the Rhizobium legume symbiosis. Acta Biochim Pol 48, 359-

365. 

 



	
  

	
  

90	
  

Dehio C, Meyer M. 1997. Maintenance of broad-host-range incompatibility group P and 

group Q plasmids and transposition of Tn5 in Bartonella henselae following conjugal 

plasmid transfer from Escherichia coli. J Bacteriol 179, 538-540. 

 

De Castro C, Carannante A, Lanzetta R, Liparoti V, Molinaro A, Parrilli M. 2006. 

Core oligosaccharide structure from the highly phytopathogenic Agrobacterium 

tumefaciens TT111 and conformational analysis of the putative rhamnan epitope. 

Glycobiology 16, 1272-1280. 

 

Devos KM. 2010. Grass genome organization and evolution. Curr Opin Plant Biol 13, 

139-145. 

 

Diaz RJ, Rosenberg R. 2008. Spreading dead zones and consequences for marine 

ecosystems. Science 321, 926-929. 

 

Egener T, Hurek T, Reinhold-Hurek B. 1998. Use of green fluorescent protein to 

detect expression of nif genes of Azoarcus sp. BH72, a grass-associated diazotroph, on 

rice roots. Mol Plant Microbe Interact 11, 71-75. 

 

Endre G, Kereszt A, Kevei Z, Mihacea S, Kaló P, Kiss GB. 2002. A receptor kinase 

gene regulating symbiotic nodule development. Nature 417, 962-966. 

 



	
  

	
  

91	
  

Fahraeus A. 1957.The infection of clover root hairs by nodule bacteria studied by a 

simple glass slide technique. J Gen Microbiol 16, 374–38. 

 

Gage DJ. 2004. Infection and invasion of roots by symbiotic, nitrogen-fixing rhizobia 

during nodulation of temperate legumes. Microbiol Mol Biol Rev 68, 280-300. 

 

Goormachtig S, Capoen W, James EK, Holsters M. 2004. Switch from intracellular to 

intercellular invasion during water stress-tolerant legume nodulation. Proc Natl Acad Sci 

U S A 101, 6303-6308. 

 

Gopalaswamy G, Kannaiyan S, O'Callaghan KJ, Davey MR, Cocking EC. 2000. The 

xylem of rice (Oryza sativa) is colonized by Azorhizobium caulinodans. Proc Biol Sci 

267, 103-107. 

 

Graham PH, Vance CP. 2003. Legumes: importance and constraints to greater use. 

Plant Physiol 131, 872-877. 

 

Graham PH. 2008. Ecology of the root-nodule bacteria of legumes. in: Dilworth MJ, 

James EK, Sprent JI, Newton WE, eds. Nitrogen-fixing Legume Symbioses. Dordrecht: 

Springer Press, 23-58 

 

Groth M, Takeda N, Perry J, Uchida H, Dräxl S, Brachmann A, Sato S, Tabata S, 

Kawaguchi M, Wang TL, Parniske M. 2010. NENA, a Lotus japonicus homolog of 



	
  

	
  

92	
  

Sec13, is required for rhizodermal infection by arbuscular mycorrhiza fungi and rhizobia 

but dispensable for cortical endosymbiotic development. Plant Cell 22, 2509-2526. 

 

Gruber N, Galloway JN. 2008. An Earth-system perspective of the global nitrogen 

cycle. Nature 451, 293-296. 

 

Gutiérrez-Zamora ML, Martínez-Romero E. 2001. Natural endophytic association 

between Rhizobium etli and maize (Zea mays L.). J Biotechnol 91, 117-126. 

 

Gutjahr C, Banba M, Croset V, An K, Miyao A, An G, Hirochika H, Imaizumi-

Anraku H, Paszkowski U. 2008. Arbuscular mycorrhiza-specific signaling in rice 

transcends the common symbiosis signaling pathway. Plant Cell 20, 2989-3005. 

 

Gyaneshwar P, Hirsch AM, Moulin L, Chen WM, Elliott GN, Bontemps C, Estrada-

de Los Santos P, Gross E, Dos Reis FB, Sprent JI, Young JP, James EK. 2011. 

Legume-nodulating betaproteobacteria: diversity, host range, and future prospects. Mol 

Plant Microbe Interact 24, 1276-1288. 

 

Gyaneshwar P, James EK, Mathan N, Reddy PM, Reinhold-Hurek B, Ladha JK. 

2001. Endophytic colonization of rice by a diazotrophic strain of Serratia marcescens. J 

Bacteriol 183, 2634-2645. 

 



	
  

	
  

93	
  

Gyaneshwar P, James EK, Reddy PM, Ladha JK. 2002. Herbaspirillum colonization 

increases growth and nitrogen accumulation in aluminium-tolerant rice varieties. New 

Phytol 154, 131-145. 

 

Ikeda S, Okubo T, Takeda N, Banba M, Sasaki K, Imaizumi-Anraku H, Fujihara S, 

Ohwaki Y, Ohshima K, Fukuta Y, Eda S, Mitsui H, Hattori M, Sato T, Shinano T, 

Minamisawa K. 2011. The genotype of the calcium/calmodulin-dependent protein 

kinase gene (CCaMK) determines bacterial community diversity in rice roots under 

paddy and upland field conditions. Appl Environ Microbiol 77, 4399-4405. 

 

James EK, Gyaneshwar P, Mathan N, Barraquio WL, Reddy PM, Iannetta PP, 

Olivares FL, Ladha JK. 2002. Infection and colonization of rice seedlings by the plant 

growth-promoting bacterium Herbaspirillum seropedicae Z67. Mol Plant Microbe 

Interact 15, 894-906. 

 

Jones KM, Kobayashi H, Davies BW, Taga ME, Walker GC. 2007. How rhizobial 

symbionts invade plants: the Sinorhizobium-Medicago model. Nat Rev Microbiol 5, 619-

633. 

 

Kellogg EA. 2001. Evolutionary history of the grasses. Plant Physiol 125, 1198-1205. 

 



	
  

	
  

94	
  

Lodwig EM, Hosie AH, Bourdès A, Findlay K, Allaway D, Karunakaran R, Downie 

JA, Poole PS. 2003. Amino-acid cycling drives nitrogen fixation in the legume-

Rhizobium symbiosis. Nature 422, 722-726. 

 

Madsen LH, Tirichine L, Jurkiewicz A, Sullivan JT, Heckmann AB, Bek AS, 

Ronson CW, James EK, Stougaard J. 2010. The molecular network governing nodule 

organogenesis and infection in the model legume Lotus japonicus. Nat Commun 1, 10. 

 

Marcel S, Sawers R, Oakeley E, Angliker H, Paszkowski U. 2010. Tissue-adapted 

invasion strategies of the rice blast fungus Magnaporthe oryzae. Plant Cell 22, 3177-

3187. 

 

Mathis R, Van Gijsegem F, De Rycke R, D'Haeze W, Van Maelsaeke E, Anthonio E, 

Van Montagu M, Holsters M, Vereecke D. 2005. Lipopolysaccharides as a 

communication signal for progression of legume endosymbiosis. Proc Natl Acad Sci USA 

102, 2655-2660. 

 

Meneses CH, Rouws LF, Simoes-Araujo JL, Vidal MS, Baldani JI. 2011. 

Exopolysaccharide production is required for biofilm formation and plant colonization by 

the nitrogen-fixing endophyte Gluconacetobacter diazotrophicus. Mol Plant Microbe 

Interact 24, 1448-1458. 

 



	
  

	
  

95	
  

Mergaert P, Van Montagu M, Holsters M. 1997. Molecular mechanisms of Nod factor 

diversity. Mol Microbiol 25, 811-817. 

 

Merkle RK, Poppe I. 1994. Carbohydrate composition analysis of glycoconjugates by 

gas-liquid chromatography/mass spectrometry. Methods Enzymol 230, 1-15. 

 

Messinese E, Mun JH, Yeun LH, Jayaraman D, Rougé P, Barre A, Lougnon G, 

Schornack S, Bono JJ, Cook DR, Ané JM. 2007. A novel nuclear protein interacts with 

the symbiotic DMI3 calcium- and calmodulin-dependent protein kinase of Medicago 

truncatula. Mol Plant Microbe Interact 20, 912-921. 

 

Mishra RPN, Singh RK, Jaiswal HK, Singh MK, Yanni YG, Dazzo FB. 2008. Rice-

rhizobia association: evolution of an alternate niche of beneficial plant-bacteria 

association. In: Ahmad I, Pichtel J, Hayat S, eds. Plant-bacteria Interactions: Strategies 

and Techniques to Promote Plant Growth. Weinheim: Wiley-VCH Verlag, 165–194. 

 

Mitra RM, Gleason CA, Edwards A, Hadfield J, Downie JA, Oldroyd GE, Long SR. 

2004. A Ca2+/calmodulin-dependent protein kinase required for symbiotic nodule 

development: Gene identification by transcript-based cloning. Proc Natl Acad Sci U S A 

101, 4701-4705. 

 

Nikaido H. 2003. Molecular basis of bacterial outer membrane permeability revisited. 

Microbiol Mol Biol Rev 67, 593-656. 



	
  

	
  

96	
  

Noel KD, Box JM, Bonne VJ. 2004. 2-O-methylation of fucosyl residues of a rhizobial 

lipopolysaccharide is increased in response to host exudate and is eliminated in a 

symbiotically defective mutant. Appl Environ Microbiol 70, 1537-1544. 

 

O'gara F, Shanmugam KT. 1976. Control of symbiotic nitrogen fixation in Rhizobia. 

Regulation of NH4+ assimilation. Biochim Biophys Acta 451, 342-352. 

 

Ojeda KJ, Box JM, Noel KD. 2010. Genetic basis for Rhizobium etli CE3 O-antigen O-

methylated residues that vary according to growth conditions. J Bacteriol 192, 679-690. 

 

Oldroyd GE, Downie JA. 2006. Nuclear calcium changes at the core of symbiosis 

signalling. Curr Opin Plant Biol 9, 351-357. 

 

Oldroyd GE. 2013. Speak, friend, and enter: signalling systems that promote beneficial 

symbiotic associations in plants. Nat Rev Microbiol 11, 252-263. 

 

Op den Camp R, Streng A, De Mita S, Cao Q, Polone E, Liu W, Ammiraju JS, 

Kudrna D, Wing R, Untergasser A, Bisseling T, Geurts R. 2011. LysM-type 

mycorrhizal receptor recruited for rhizobium symbiosis in nonlegume Parasponia. 

Science 331, 909-912. 

 



	
  

	
  

97	
  

Ormeño-Orrillo E, Rosenblueth M, Luyten E, Vanderleyden J, Martínez-Romero E. 

2008. Mutations in lipopolysaccharide biosynthetic genes impair maize rhizosphere and 

root colonization of Rhizobium tropici CIAT899. Environ Microbiol 10, 1271-1284. 

 

Peiter E, Sun J, Heckmann AB, Venkateshwaran M, Riely BK, Otegui MS, 

Edwards A, Freshour G, Hahn MG, Cook DR, Sanders D, Oldroyd GE, Downie JA, 

Ané JM. 2007. The Medicago truncatula DMI1 protein modulates cytosolic calcium 

signaling. Plant Physiol 145, 192-203. 

 

Peng G, Yuan Q, Li H, Zhang W, Tan Z. 2008. Rhizobium oryzae sp. nov., isolated 

from the wild rice Oryza alta. Int J Syst Evol Microbiol 58, 2158-2163. 

 

Peoples MB, Brockell J, Herridge DF, Rochester IJ, Alves BJR, Urquiaga S, Boddey 

RM, Dakora FD, Bhattarai S, Maskey SL, Sampet C, Rerkasem B, Khan DF, 

Hauggaard-Nielsen H, Jensen ES. 2009. The contributions of nitrogen-fixing crop 

nodules to the productivity of agricultural systems. Symbiosis 48, 1-17.  

 

Pérez-Montaño F, Jiménez-Guerrero I, Del Cerro P, Baena-Ropero I, López-Baena 

FJ, Ollero FJ, Bellogín R, Lloret J, Espuny R. 2014. The symbiotic biofilm of 

Sinorhizobium fredii SMH12, necessary for successful colonization and symbiosis of 

Glycine max cv Osumi, is regulated by Quorum Sensing systems and inducing flavonoids 

via NodD1. PLoS One 9, e105901. 

 



	
  

	
  

98	
  

Perret X, Staehelin C, Broughton WJ. 2000. Molecular basis of symbiotic promiscuity. 

Microbiol Mol Biol Rev 64, 180-201. 

 

Prayitno J, Stefaniak J, McIver J, Weinman JJ, Dazzo FB, Ladha JK, Barraquio W, 

Yanni YG, Rolfe BG. 1999. Interactions of rice seedlings with bacteria isolated from 

rice roots. Austr J Plant Physiol 26, 521-535. 

 

Quandt J, Hynes MF. 1993. Versatile suicide vectors which allow direct selection for 

gene replacement in gram-negative bacteria. Gene 127, 15-21. 

 

Ramey BE, Koutsoudis M, von Bodman SB, Fuqua C. 2004. Biofilm formation in 

plant-microbe associations. Curr Opin Microbiol 7, 602-609. 

 

Reuhs BL, Relić B, Forsberg LS, Marie C, Ojanen-Reuhs T, Stephens SB, Wong 

CH, Jabbouri S, Broughton WJ. 2005. Structural characterization of a flavonoid-

inducible Pseudomonas aeruginosa A-band-like O antigen of Rhizobium sp. strain 

NGR234, required for the formation of nitrogen-fixing nodules. J Bacteriol 187, 6479-

6487. 

 

Riely BK, Lougnon G, Ané JM, Cook DR. 2007. The symbiotic ion channel homolog 

DMI1 is localized in the nuclear membrane of Medicago truncatula roots. Plant J 49, 

208-216. 



	
  

	
  

99	
  

Rinaudi LV, Giordano W. 2010. An integrated view of biofilm formation in rhizobia. 

FEMS Microbiol Lett 304, 1-11. 

 

Roncato-Maccari LD, Ramos HJ, Pedrosa FO, Alquini Y, Chubatsu LS, Yates MG, 

Rigo LU, Steffens MB, Souza EM. 2003. Endophytic Herbaspirillum seropedicae 

expresses nif genes in gramineous plants. FEMS Microbiol Ecol 45, 39-47. 

 

Saito K, Yoshikawa M, Yano K, Miwa H, Uchida H, Asamizu E, Sato S, Tabata S, 

Imaizumi-Anraku H, Umehara Y, Kouchi H, Murooka Y, Szczyglowski K, Downie 

JA, Parniske M, Hayashi M, and Kawaguchi M. (2007). NUCLEOPORIN85 is 

required for calcium spiking, fungal and bacterial symbioses, and seed production in 

Lotus japonicus. Plant Cell 19, 610-624. 

 

Santi C, Bogusz D, Franche C. 2013. Biological nitrogen fixation in non-legume plants. 

Ann Bot 111, 743-767. 

 

Sessitsch A, Hardoim P, Döring J, Weilharter A, Krause A, Woyke T, Mitter B, 

Hauberg-Lotte L, Friedrich F, Rahalkar M, Hurek T, Sarkar A, Bodrossy L, van 

Overbeek L, Brar D, van Elsas JD, Reinhold-Hurek B. 2012. Functional 

characteristics of an endophyte community colonizing rice roots as revealed by 

metagenomic analysis. Mol Plant Microbe Interact 25, 28-36. 

 



	
  

	
  

100	
  

Stacey G, Libault M, Brechenmacher L, Wan J, May GD. 2006. Genetics and 

functional genomics of legume nodulation. Curr Opin Plant Biol 9, 110-121. 

 

Stracke S, Kistner C, Yoshida S, Mulder L, Sato S, Kaneko T, Tabata S, Sandal N, 

Stougaard J, Szczyglowski K, Parniske M. 2002. A plant receptor-like kinase required 

for both bacterial and fungal symbiosis. Nature 417, 959-962. 

 

Sugawara M, Shah GR, Sadowsky MJ, Paliy O, Speck J, Vail AW, Gyaneshwar P. 

2011. Expression and functional roles of Bradyrhizobium japonicum genes involved in 

the utilization of inorganic and organic sulfur compounds in free-living and symbiotic 

conditions. Mol Plant Microbe Interact 24, 451-457. 

 

Sun L, Qiu F, Zhang X, Dai X, Dong X, Song W. 2008. Endophytic bacterial diversity 

in rice (Oryza sativa L.) roots estimated by 16S rDNA sequence analysis. Microb Ecol 

55, 415-424. 

 

Sutton MA, Oenema O, Erisman JW, Leip A, van Grinsven H, Winiwarter W. 2011. 

Too much of a good thing. Nature 472, 159-161. 

 

Tan Z, Hurek T, Vinuesa P, Müller P, Ladha JK, Reinhold-Hurek B. 2001. Specific 

detection of Bradyrhizobium and Rhizobium strains colonizing rice (Oryza sativa) roots 

by 16S-23S ribosomal DNA intergenic spacer-targeted PCR. Appl Environ Microbiol 67, 

3655-3664. 



	
  

	
  

101	
  

Ulanowska K, Tkaczyk A, Konopa G, Wegrzyn G. 2006. Differential antibacterial 

activity of genistein arising from global inhibition of DNA, RNA and protein synthesis in 

some bacterial strains. Arch Microbiol 184, 271-278. 

 

van Rhijn P, Vanderleyden J. 1995. The Rhizobium-plant symbiosis. Microbiol Rev 59, 

124-142. 

 

Vincent JM. 1970. A Manual for the Practical Study of Root-Nodule Bacteria. Oxford - 

Edinburgh: Blackwell Scientific. 

 

Wells DH, Long SR. 2002. The Sinorhizobium meliloti stringent response affects 

multiple aspects of symbiosis. Mol Microbiol 43, 1115-1127. 

 

Wilson KJ, Sessitsch A, Corbo JC, Giller KE, Akkermans AD, Jefferson RA. 1995. 

beta-Glucuronidase (GUS) transposons for ecological and genetic studies of rhizobia and 

other gram-negative bacteria. Microbiology 141, 1691-1705. 

 

Wood DW, Setubal JC, Kaul R, Monks DE, Kitajima JP, Okura VK, Zhou Y, Chen 

L, Wood GE, Almeida NF, Woo L, Chen Y, Paulsen IT, Eisen JA, Karp PD, Bovee 

D, Chapman P, Clendenning J, Deatherage G, Gillet W, Grant C, Kutyavin T, Levy 

R, Li MJ, McClelland E, Palmieri A, Raymond C, Rouse G, Saenphimmachak C, 

Wu Z, Romero P, Gordon D, Zhang S, Yoo H, Tao Y, Biddle P, Jung M, Krespan 

W, Perry M, Gordon-Kamm B, Liao L, Kim S, Hendrick C, Zhao ZY, Dolan M, 



	
  

	
  

102	
  

Chumley F, Tingey SV, Tomb JF, Gordon MP, Olson MV, Nester EW. 2001. The 

genome of the natural genetic engineer Agrobacterium tumefaciens C58. Science 294, 

2317-2323. 

 

Xu HX, Lee SF. 2001. Activity of plant flavonoids against antibiotic-resistant bacteria. 

Phytother Res 15, 39-43. 

 

Yanni Y, and Dazzo F. 2010. Enhancement of rice production using endophytic strains 

of Rhizobium leguminosarum bv. trifolii in extensive field inoculation trials within the 

Egypt Nile delta. Plant Soil 336, 129-142. 

 

Zakhia F, Jeder H, Domergue O, Willems A, Cleyet-Marel JC, Gillis M, Dreyfus B, 

de Lajudie P. 2004. Characterisation of wild legume nodulating bacteria (LNB) in the 

infra-arid zone of Tunisia. Syst Appl Microbiol 27, 380-395. 

 

Zhu H, Riely BK, Burns NJ, Ané JM. 2006. Tracing nonlegume orthologs of legume 

genes required for nodulation and arbuscular mycorrhizal symbioses. Genetics 172, 2491-

2499. 

 

 

  



	
  

	
  

103	
  

Curriculum Vitae 
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Ph.D. Biological Sciences, Area of Specialization: Molecular Microbiology, 2009- 
2014. 
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M. Sc. in Biotechnology, 2005-2007. 
         Bangalore University, India. 
 

Advance Diploma in Genetic Engineering, 2005-2006. 
         Jain Institute of Vocational and Advanced Studies, India. 

Research Experience  
Doctoral Research, University of Wisconsin-Milwaukee 

Synopsis 
During my PhD I have studied the interaction of Rhizobium sp. IRBG74 with 
Sesbania cannabina (legume) and rice (cereal) to identify the key events and the 
common genetic determinants to realize the potential of symbiotic nitrogen fixation 
in major food crops.  

Rhizobium sp. IRBG74 is the first known, naturally occurring, nitrogen 
fixing symbiont in the Agrobacterium/Rhizobium clade that nodulates the semi-
aquatic legume Sesbania cannabina and is also a rice growth promoting 
rhizobacterium. Using GUS and GFP reporter system we have established 
Rhizobium sp. IRBG74 as a classic nitrogen-fixing symbiont of Sesbania cannabina 
and a bona fide rice endophyte, capable of colonizing root as well as the shoot. As 
per our understanding we know that this bacterium is involved in a molecular 
crosstalk with rice and requires the rice common symbiotic pathway (CSP) genes to 
associate endophytically. In order to determine the mechanism by which Rhizobium 
sp. IRBG74 forms endophytic and growth-promoting associations with rice, we 
sequenced the genome of Rhizobium sp. IRBG74, which revealed the presence of 
plasmid pIRBG74a (a repABC- family plasmid containing nod, nif, and fix genes 
involved in symbiosis) in addition to a circular and a linear chromosome. 

Before IRBG74 genome was sequenced, using random transposon 
mutagenesis we created a mutant library of Rhizobium sp. IRBG74 and identified 
some of the genetic determinants involved in root nodule formation (in its host 
legume Sesbania cannabina) and rice colonization. The availability of the complete 
genome of Rhizobium sp. IRBG74 allowed us to further characterize the genes using 
site-directed mutagenesis and genetic complementation. 
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Rhizobium (Agrobacterium) sp. IRBG74 requires rhamnose rich LPS for 
endophytic colonization of rice as well as nodulation of Sesbania cannabina. 
Journal of Experimental Botany (2014) [Communicated] 

• Hukam Singh Gehlot, Nisha Tak, Muskan Kaushik, Shubhajit Mitra, Wen-
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its native relatives. Ann Bot (2013) 112 (1): 179-196  [PMID: 24265489] 
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Sadowsky, and Prasad Gyaneshwar. Complete Genome Sequence of the 
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13 (*Joint First Author)[PMID: 23712450] 
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flavonoid transporter in Rhizobium sp. IRBG74 is involved in biofilm 
formation and nodulation in Sesbania cannabina. [In Preparation] 
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Microscopy – Laser Confocal Scanning Microscopy, Scanning Electron 
Microscopy, Transmission Electron Microscopy  
Microbiology - Culturing and aseptic techniques, enumeration and identification of 
bacteria, media and buffer preparation, antibiotic assay (MIC) 
Molecular biology and bacterial genetics 

Isolation and Purification - DNA, RNA, Protein and LPS  
Amplification - PCR, OE PCR, RT-PCR 
Gene Delivery – Conjugation, electroporation, transformation. 
Mutagenesis – Insertional mutagenesis, Site-directed mutagenesis 
Separation & Detection – Agarose gel electrophoresis, SDS-PAGE, Western 
blot, Southern blot, LPS profiling, Gas chromatography. 

Bioinformatics – ApE-a plasmid editor, BioCyc, NCBI BLAST and other basic 
bioinformatics tools. 
Plant handling – Germination and maintenance of plant under aseptic, gnotobiotic 
and green house condition. 

 

Presentations 
Invited Lecture 

Interaction of Rhizobium sp. IRBG74 with Rice to Extend the Possibility of 
Biological Nitrogen Fixation in Cereals. Biological Sciences Colloquium Series, 
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UWM, Wisconsin, Milwaukee, 2014. 
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Rhizobium sp. IRBG74 utilizes common mechanisms for endophytic colonization of 
Sesbania cannabina and rice. Shubhajit Mitra, Arijit Mukherjee, Matthew Crook, 
Euan K. James, Michael Sadowsky, Jean-Michel Ané, and Prasad Gyaneshwar. The 
22nd North American Symbiotic Nitrogen Fixation Conference, Minnesota, 2013.  

Identification of Genetic Determinants involved in Rice Rhizobial Interaction and 
Role of Lipopolysaccharide during Colonization of Rice by Rhizobium sp. IRBG74. 
113th ASM General Meeting, Denver, Colorado, 2013. 
Role of Lipopolysaccharide and Biofilm Formation during Endophytic Colonization 
of Rice and Nodulation of Sesbania cannabina by Rhizobium sp. IRBG74, 72nd 
Annual Meeting of the North Central Branch American Society for Microbiology, 
Fargo, North Dakota, 2012. 
Identification of Genetic Determinants Involved In Rice Rhizobial Interaction. 
Biological Sciences Research Symposium, UWM, Wisconsin, Milwaukee, 2011. 
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2013: Chancellors Graduate Student Award for exceptional academic records 
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Achievement in Biological sciences” 
2013: UWM Graduate School Travel Award 
2012: Chancellors Graduate Student Award for exceptional academic records 
2011: Chancellors Graduate Student Award for exceptional academic records 
2011: Best Poster Award (Graduate Student), Biological Sciences Research Symposium, 

UWM 
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