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ABSTRACT 
 
 
 Supervising Professor:  Juan E. González 
 
 
 
 
The overall goal of this study was to identify and discern the functional role of a quorum 

sensing-like transcriptional regulator in Sinorhizobium meliloti. This aerobic soil-dwelling 

bacterium forms a symbiotic relationship Medicago sativa and is an excellent model for host-

symbiont interactions. Quorum sensing, bacterial cell-cell communication, allows S. meliloti to 

coordinate its gene expression in a population density dependent manner. The process of 

symbiosis is dependent on the SinRI/ExpR quorum sensing system, which coordinates the 

expression of genes responsible for exopolysaccharide production and motility.  

Quorum sensing-like regulators, or orphan regulators, play an important role in S. meliloti but 

may not be involved in the process of cell-cell communication. For example, the orphan 

regulator NesR is involved in stress response, but does not respond to known quorum sensing 

signal molecules. The SMc00658 locus encodes another such orphan regulator that we have 

named Adr (aerobic denitrification regulator). The protein sequence of Adr has some similarity 

to typical LuxR-like proteins, including a predicted N-terminal signal binding domain and a C-

terminal DNA binding domain.  
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To determine the role of Adr, the transcriptomic profile of an adr mutant was compared to wild-

type S. meliloti. The results of this analysis indicated that Adr is involved in regulating 

denitrification and microoxic respiration in S. meliloti. Since the transcriptomic study was 

performed under aerobic conditions, it is likely that Adr is involved in regulating aerobic 

denitrification or detoxification of nitrogen oxides. To test this, assays designed to determine the 

denitrification ability of the adr mutant were performed. Additionally, plant symbiosis and 

competition assays were performed to determine the symbiotic capability of the adr mutant 

compared to wild-type S. meliloti. 

From these studies we demonstrate that the adr mutant is a less efficient denitrifier than its wild-

type counterpart. We also found that while Adr is not required for nitrogen fixation, strains 

deficient in this regulator will not be as competitive as wild-type S. meliloti when invading M. 

sativa.  

The results obtained in this study enhance the current understanding of denitrification regulation 

in S. meliloti and will be essential to further understanding aerobic denitrification in this and 

other denitrifying bacteria. 
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CHAPTER 1 

 DENITRIFICATION IN RHIZOBIA 
 
 

 Rhizobia are agriculturally important bacteria that participate in nitrogen fixation, a 

process that converts inorganic dinitrogen into ammonia, thus returning nitrogen to the soil. 

These bacteria also able to perform the denitrification, the sequential reduction of nitrate to 

dinitrogen gas. Nitrogen fixation and denitrification are two essential reactions in the global 

nitrogen cycle and both reactions in rhizobia are carried out under similar conditions. Most 

rhizobial denitrifiers require low oxygen tension and the presence of nitrate or nitrite to express 

the denitrification genes. Many rhizobia are only capable of partial denitrification and release 

nitrous oxide in place of dinitrogen. Partial microbial denitrification is a significant source of the 

greenhouse gas nitrous oxide, which plays a role in ozone depletion and has a half-life of ~120 

years. Additionally, microbial denitrification reduces the nitrogen content of the soil, resulting in 

higher amounts of fertilizers used for crop growth. Understanding how rhizobial populations 

impact the nitrogen content of the soil, both by denitrification and nitrogen fixation is essential  

for developing practices that best take advantage of these microbial processes.  
 
 

INTRODUCTION 

Nitrogen is an essential nutrient and is required for all life on earth. Nitrogen fixing 

bacteria such as rhizobia can convert the otherwise inaccessible atmospheric nitrogen to 

bioavailable forms such as ammonia and nitrate. The fluctuations of nitrogen from an inorganic 

state to an organic form and back are the result of the microbial nitrogen cycle (Figure 1.1) (1). 

In addition to nitrogen fixation, rhizobia are also capable of denitrification, the stepwise   
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Figure 1.1. A simplified view of the global nitrogen cycle. 
 
 
reduction of nitrate (NO3

-) or nitrite (NO2
-) to nitric oxide (NO), nitrous oxide (N2O), or 

dinitrogen gas (N2). Microbial denitrification by rhizobia and other denitrifiers makes up one of 

the branches of the nitrogen cycle (2).  

Bacterial denitrification is a process found primarily in the taxonomically diverse 

subclass of Proteobacteria, which includes the rhizobia, a diverse group of soil dwelling α- and 

β-proteobacteria that fix nitrogen when symbiotically associated with a plant host (3, 4). In 

recent decades, rhizobial denitrification has been the focus of many studies aimed at determining 

the role that denitrification plays during symbiosis, both during nodule establishment and 

maintenance (5, 6).  

This review will focus on the steps of the denitrification process in rhizobia as well as the 

regulation of this pathway in the model rhizobia Sinorhizobium meliloti and two representative 
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species of Bradyrhizobium, B. japonicum and B. diazoefficiens. Additionally, the denitrification 

pathways of other rhizobia will be compared to S. meliloti and Bradyrhizobium spp. Finally, the  

advantages that a denitrification system confers to rhizobia will be discussed. 
 
 

GENETIC BASIS OF DENITRIFICATION 

Denitrification can be thought of as a modular system, where each reaction occurs 

independently from the others (Figure 1.2) (7). Complete denitrification refers to the reduction of 

nitrate (NO3
-) to dinitrogen gas (N2) and requires the presence of four reductase complexes: 

nitrate reductase (nap or nar), nitrite reductase (nirK or nirS), nitric oxide reductase 

(norECBQD), and nitrous oxide reductase (nosRZDYFLXI). Table 1.1 lists the genes required for 

denitrification, as well as their functions.  

Nitrate reduction is not a unique process to denitrifiers, as it is also the first step of 

ammonification and assimilatory nitrate reduction (2). Therefore, the reduction of NO2
- to NO is 

considered the first committed step of denitrification. Originally thought to be a strictly 

anaerobic process, further study over the past 30 years have revealed that denitrification can 

occur over a range of oxygen concentrations (8). In most rhizobia, the denitrification pathway 

serves as an N oxide detoxification system or as an alternate form of respiration for growth in 

microoxic or anoxic conditions (9).  

Many rhizobia only encode a partial denitrification pathway, which may or not allow for 

anaerobic respiration in the presence of nitrate. The partial denitrification pathway typically 

terminates after the reduction of NO to N2O. Among rhizobia, only Sinorhizobium meliloti, 

several strains of Bradyrhizobium spp., and Mesorhizobium loti NZP2037 encode the genes  
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Figure 1.2. Overview of denitrification in rhizobia. 
 
 
Table 1.1. Denitrification genes and their functions. 
Gene Gene product and function Reference 

Periplasmic nitrate reduction 
napA Large subunit of periplasmic NR, contains catalytic molybdopterin 

guanine-dinucleotide site 
(7)  

napB Small subunit of periplasmic nitrate reductase, cytochrome c (7)  
napC Membrane bound cytochrome c, transfers electrons to NapB (7)  
napD Involved in NapA maturation (7) 
napE Transmembrane protein, unknown function (7) 
napF Iron-sulfur center assembly of NapA (7) 

Nitrite respiration  
Copper-containing nitrite reductase  
nirK Copper-containing nitrite reductase subunit (10) 
nirV Accessory protein, may assist with NirK membrane insertion (11) 
Cytochrome cd1-type nitrite reductase  
nirS cd1-type cytochrome, nitrite reductase functional subunit (12) 
nirE d1-heme maturation, cytoplasmic (12) 
nirC Cytochrome c  (13) 
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nirF Truncated nirS homolog, periplasmic (12) 
nirD d1-heme synthesis (12) 
nirL d1-heme synthesis, cytoplasm (14) 
nirG d1-heme synthesis or processing (14) 
nirH d1-heme synthesis (14) 
nirJ d1-heme maturation (14) 
nirN nirS homolog (14) 

Nitric oxide respiration 
 

norC NOR catalytic subunit, membrane anchored c-type cytochrome (15) 
norB NOR subunit, membrane anchored b-type heme (15) 
norQ Product necessary for NorCB function (16) 
norD NOR accessory protein (17) 
norE NOR membrane accessory protein (18) 

Nitrous oxide respiration 
nosR Involved in nos gene regulation (19) 
nosZ Nitrous oxide reductase (19) 
nosD Periplasmic protein required for copper insertion into nitrous oxide 

reductase 
(19) 

nosY Copper processing inner membrane protein (19) 
nosF ATP/GTP-binding protein, copper insertion  (19) 
nosL Putative lipoprotein (20) 
nosX S. meliloti specific, required for nitrous oxide production (20) 

 
 
required to convert N2O to N2 (21). Despite the presence of all four denitrification modules, a 

study of the denitrification capabilities of various S. meliloti strains revealed different 

denitrification end products depending on the presence or absence of oxygen and/or nitrate 

(9).Studies in Bradyrhizobium revealed that B. japonicum shows less efficient anaerobic nitrate 

reduction to N2O than that of B. diazoefficiens when grown under denitrifying conditions (22, 

23).  

The denitrification genes, as well as the symbiotic nitrogen fixation genes, are thought to 

have been transferred to and among the rhizobia via horizontal gene transfer (24, 25). Reports of 

differing expression levels of denitrification genes are found across rhizobia and are likely the 
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result of the various systems rhizobia employ to regulate this complex process (2, 26, 27). In this 

section each reductase responsible for carrying out the individual denitrification reactions are 

explored. Additionally, the different types of denitrification reductases are discussed, with 

specific focus on those found in rhizobia.  

Nitrate Reductase 

 Bacterial dissimilatory nitrate reductases (NR) are divided into two groups: the 

membrane bound respiratory NR encoded by the nar genes, and the periplasmic NR encoded by 

the nap genes. Typically, rhizobia encode the periplasmic nitrate reductase, napABC, along with 

several auxiliary subunits, napD, napE, and napF (7). NapA contains a molybdenum cofactor as 

well as a sulfur-ion center and carries out the reduction of nitrate to nitrite. The small subunit, 

NapB, is a c-type cytochrome and, along with NapC, facilitates electron transfer (28). Post-

translational modification of NapA is carried out by NapD and NapF, if present. The function of 

the transmembrane protein NapE has yet to be determined.  

The arrangement, location, and inclusion of these genes varies. For example, in S. 

meliloti the nitrate reductase genes (napEFDABC) are clustered on pSymA, a symbiotic 

megaplasmid that encodes the denitrification gene cluster as well as the genes required for 

nitrogen fixation and microoxic respiration (29). However, B. japonicum encodes the more 

typical arrangement of NR genes (napEDABC) on the chromosome. Unlike S. meliloti, the 

Bradyrhizobium spp. denitrification genes are scattered throughout its genome (30). Some 

rhizobia such as Rhizobium etli and Mesorhizobium loti do not encode any known NR genes and 

do not have detectable NR activity. 
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There is strong evidence that the main two roles of the periplasmic nitrate reductase are 

to provide the cell with nitrite for denitrification and to maintain redox balance within the cell (2, 

7). For example, Torres et al. have shown that nitrate can support growth of S. meliloti Rm1021 

under microoxic conditions (≤ 2% O2), but no growth is observed under anaerobic conditions in 

the presence of nitrate, unless the NR is overexpressed (31, 32). However, B. japonicum is 

capable of anaerobic growth using NO3
- as a sole electron acceptor (33).  

Nitrite Reductase 

 There are two types of bacterial nitrite reductases (NiR): copper-containing NirK or 

cytochrome cd1-type NirS. NirK synthesis only requires one gene, nirK, though it is sometimes 

accompanied by nirV which is involved in post-translational modification and insertion of NirK 

into the periplasm (34). In contrast, ten genes are required for the synthesis and function of 

cytochrome cd1-containing NiR: nirSECFDLGHJN (Table 1.1). The nirS gene encodes the 

functional subunits, while the other nine genes are responsible for the synthesis and maturation 

of the d1-heme cofactor (2). Both enzymes are non-electrogenic and located in the periplasm 

where the one electron reduction of NO2
- to NO occurs. Due to the cytotoxicity of NO, the 

presence of NiR in rhizobia is typically accompanied by a nitric oxide reductase and the 

regulation of these two complexes is linked (15, 31, 35).  

Until recently the two types of nitrite reductases were thought to be mutually exclusive. 

However, several organisms identified in the last decade encode both types of NiR. For example, 

members of the Bradyrhizobium genus have been shown to possess either nirK (B. japonicum, B. 

elkanii, and B. diazoefficiens), or both nirK and nirS (B. oligotrophicum S58 and 

Bradyrhizobium sp. TSA1) (36, 37). All species of Rhizobium, Sinorhizobium, Azorhizobium, 
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and Mesorhizobium isolated and characterized thus far only encode nirK. The apparent 

redundant function of the nitrite reductases may explain why only a handful of organisms have 

been identified to encode both nitrite reductases. Genetic exchange through horizontal gene 

transfer and the loss of function of redundant genes may play a role in the distribution of nirK 

and nirS. Regardless of the type of the nitrite reductase, the function remains the same in all 

denitrifiers: the reduction of nitrite to nitric oxide.  

Since the reduction of nitrite is the key committed step of denitrification, a functional 

copy of this reductase must be present for an organism to be considered a denitrifier. Studies in 

both S. meliloti and Bradyrhizobium spp. have demonstrated that nirK is required for microoxic 

and anoxic growth, respectively, in the presence of nitrite (31, 38). The partial denitrifier R. etli 

also encodes a copy of nirK which has been functionally verified (35).  

In most denitrifiers, nitrite reductase is most highly expressed under low oxygen 

conditions in the presence of nitrite as to minimize NO production in the presence of reactive 

oxygen species. Nitric oxide reacts with a variety of biomolecules, including heme, non-heme 

iron, and copper containing enzymes, making strict regulation of NO production by denitrifiers 

paramount (39). In the presence of oxygen NO will react with superoxide resulting in 

peroxynitrite, a potent oxidizer that is mutagenic to bacterial DNA (40).  

Nitric Oxide Reductase 

Nitric oxide reductases (NOR) are found in denitrifiers and non-denitrifiers alike, 

indicating the importance of the enzyme and its ability to protect cells from nitrosative stress 

(39). NOR is a respiratory enzyme that also serves as a defense mechanism against external 

sources of nitric oxide. NO production via NO synthase is an intrinsic defense response in both 
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plants and animals, and nitric oxide reductases have been well studied in pathogens as well as in 

microsymbionts such as S. meliloti (41). During symbiosis, NO is produced by both the host 

plant and the bacteria as part of the rhizobial invasion process and acts as a signaling molecule 

during nodule development (42). Rhizobia must be able to detect and respond quickly to NO, 

whether it is produced by the plant host or by the bacteria during symbiosis.  

Nitric oxide reductases are localized in the inner membrane and act as a NO sink, 

capturing the nitric oxide as it is generated in the periplasm before it can reach the cytoplasm. 

There are three types of bacterial nitric oxide reductases: 1) cNOR, the cytochrome bc complex 

that accepts electrons from cytochrome c,2) qNOR, a non-cytochrome reductase that receives 

electrons from a quinol donor, and 3) the rare hybrid qCuANOR, which can accept electrons from 

either quinol or cytochrome c (15, 43). Thus far, only cNOR, encoded by norECBQD, has been 

detected in rhizobia. (Table 1.1).  

cNOR is composed of two subunits, NorC (cytochrome c subunit) and NorB (heme b 

subunit). NorC is anchored in the inner membrane with the active site of the reductase in the 

periplasm, while NorB is a transmembrane protein that spans the inner membrane (15). In 

bacteria that have the c-type NOR, norB is always encoded directly downstream of norC and 

both genes are part of a larger operon that contains the other nor genes which are required for 

cNOR function (15). Nitric oxide reductases that utilize quinol as an electron donor (qNOR) are 

encoded by a norB homolog that possesses an N-terminal domain that is similar to the NorCB 

complex and has been previously isolated as a single subunit. Bacterial genomes that encode 

qNOR lack the norC gene.  
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Studies in S. meliloti have shown that removal of norD, whose function is still unknown, 

results in a decrease in nitrite, nitric oxide, and nitrous oxide reduction (46). NorE appears to be 

another subunit of NO reductase, along with NorF, but may not be essential to rhizobial nitric 

oxide reduction, as only the norE gene is found in S. meliloti. Finally, norQ encodes a putative 

chaperone that helps in folding NorCB. Expression of NOR has been observed during symbiosis 

and free-living conditions in rhizobia (31, 44). During symbiosis with soy beans, B. japonicum 

nitric oxide reductase expression is observed but does not appear to be the main source of NO 

detoxification in the nodule, as shown by Meakin, et al. (45). However, NO reductase has been 

shown to be essential for anaerobic growth in free-living B. japonicum (17).  

Many organisms, including some rhizobia such as S. meliloti, are capable of 

denitrification in the presence of oxygen (8). To prevent accumulation of NO, many of these 

bacteria utilize various types of hemoglobin that convert NO to nitrate. Flavohemoglobin is used 

by many rhizobia to detoxify NO under aerobic conditions, as well as to complement NOR 

detoxification under anaerobic conditions (40). The N-terminal domain of flavohemoglobin 

contains a b-type heme-binding globin and the C-terminal domain consists of a FAD- and 

NAD(P)H-binding reductase (40). S. meliloti and various species of Rhizobium possess both 

domains, while Bradyrhizobium and Mesorhizobium species possess the reductase C-terminal 

domain with a variable N-terminal domain. In S. meliloti mutants that lack flavohemoglobin, 

higher NO sensitivity and reduced nitrogen fixation has been observed (46). In other rhizobia 

such as Bradyrhizobium, flavohemoglobin has been implicated in nitrate assimilation as well as 

NO detoxification.  
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Nitrous Oxide Reductase 

The final step in the denitrification pathway is carried out by nitrous oxide reductase 

(NOS), the sole enzyme responsible for the removal of N2O from soil and water (47). Nitrous 

oxide is a greenhouse gas that directly contributes to the depletion of the ozone layer and 

methods to reduce human emissions and/or remove N2O are being currently studied (47). The 

two electron reduction of N2O to N2 is carried out by many soil bacteria, including those that do 

not possess any other denitrification related genes, allowing non-denitrifiers and denitrifiers alike 

to respire using N2O (2, 48).  

Nitrous oxide reductase is a multi-copper enzyme that is encoded by the nosZ gene (49, 

50). Based on sequence comparison, NOS can be split into two distinct clades: clade I which 

includes the “typical” Z-type copper enzyme that is encoded by the denitrifiers, and clade II, 

which is defined by the “atypical” NOS that contains a C-terminal heme domain (47). Rhizobia 

have only been found to possess clade I NOS, therefore for the purpose of this review, only clade 

I will be discussed.  

The nos gene cluster is highly conserved in most denitrifiers, though its location in the 

genome may vary. In S. meliloti and M. loti the nosRZDFYLX genes are encoded on a plasmid, 

along with the other denitrification and microoxic respiration genes while B. diazoefficiens 

encodes the nos cluster on the chromosome (19, 51, 52). The periplasmic N2O reductase is 

comprised of two identical copper-containing subunits of NosZ whose synthesis is dependent on 

the presence of NosD, which is required for the insertion of the copper centers into the reductase 

(2). NosF is an ATP/GTP-binding protein that is thought to help NosD insert the copper centers 

into the NosZ subunits by supplying energy (19). The nosY gene encodes a permease and NosL 
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is predicted to be involved in lipoprotein modification. NosX has been shown to be required for 

nitrous oxide reduction in S. meliloti, but its role (if present) in other rhizobia is unclear (20). 

Finally, nosR encodes an integrated membrane protein that is required for transcription of the nos 

cluster, though it does not appear to have any similarities with typical transcriptional regulators 

(53).  

Other rhizobia mentioned in this review such as R. etli and B. japonicum are considered 

partial denitrifiers because they do not encode the capability to reduce nitrous oxide to nitrogen 

gas. The inability to reduce N2O does not inhibit the preceding denitrification reactions and a 

recent study showed that the absence of the nos gene cluster in commercial alfalfa inoculants is  

likely due to gene loss during rhizobial domestication (54). 
 
 

REGULATION OF DENITRIFICATION 

 Like many other processes, denitrification regulation requires environmental monitoring 

to ensure the appropriate response by the bacteria. Several factors affect the efficiency of 

denitrification, including changes in oxygen concentration, carbon and nitrogen availability, as 

well as temperature and pH (8). Oxygen concentration is the main regulatory signal that triggers 

expression changes in denitrifiers, though environmental nitrogen/nitric oxide concentrations 

play a role prominent role in regulating denitrification in rhizobia. Bacteria have three methods 

for detecting oxygen concentration in the environment: two-component systems, soluble iron-

sulfur regulatory proteins, and redox detection systems (39). Two-component sensory response 

systems are common regulatory systems employed by rhizobial denitrifiers to allow them to 

detect environmental factors and adjust transcription accordingly. The sensory proteins detect the 
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signal and then activate a DNA-binding response regulator via phosphorylation. The activated 

response regulator can then modulate the transcription of the denitrification genes accordingly.  

 The components of the denitrification pathway are not susceptible to oxygen inactivation 

(with the exception of nitrous oxide reductase), allowing most of the regulation to occur at the 

transcriptional level. Variation in regulation of denitrification gives rise to different tolerances of 

environmental factors between rhizobial species. For example, we have recently shown that S. 

meliloti is capable of denitrification gene expression when grown without intentional oxygen 

limitation (Slape and González, submitted for publication, 2018). In contrast, B. japonicum will 

only express its denitrification system when the oxygen concentration drops below 5%. Maximal 

expression of the denitrification genes in B. japonicum requires low oxygen concentration (≤ 

0.05%) and high nitrate/nitrite concentrations (55).  

 In this section the similarities and differences between two rhizobial denitrification 

regulatory processes will be explored. The optimal environmental conditions for the expression 

of the denitrification in these bacteria will also be discussed. 

Sinorhizobium meliloti 

 S. meliloti can completely reduce NO3
- to N2 under oxygen limiting conditions (31). To 

effectively regulate nitrogen fixation, denitrification, and microaerobic respiration, S. meliloti 

must be able to sense the surrounding environment and adjust its gene expression accordingly. 

The FixLJ two-component system regulates denitrification as well as microoxic respiration and 

nitrogen fixation during symbiosis. This regulatory system is composed of a membrane-bound 

oxygen sensing hemoprotein kinase (FixL) and a response regulator (FixJ) that modulates 

transcription of target genes based on signal transduction from FixL (Figure 1.3). FixL contains  
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Figure 1.3. Regulation of denitrification in Sinorhizobium meliloti. 
 
 
three main features: 1) the N-terminal domain, a series of four transmembrane helices, 2) the 

oxygen-sensing heme-binding middle domain, and 3) the C-terminal domain, an active kinase 

(56). Oxygen regulation of FixL kinase activity is dependent on the presence of the heme-

binding domain. Under aerobic conditions, oxygen slows the autophosphorylation reaction of 

FixL, reducing the overall amount of FixL-P available. This in turn reduces the amount of 

phosphorylated FixJ. While FixJ can bind DNA in the unphosphorylated form, it is far more 

efficient in the phosphorylated state (56). 

FixL has both kinase and phosphatase functions, allowing it to phosphorylate FixJ as well 

as remove the phosphate from FixJ-P in an oxygen-dependent manner (56). This positive and 

negative FixL-based mediation the phosphorylation state of FixJ is crucial for expression 
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changes in response to fluctuating oxygen concentrations in the soil environment. Under 

oxygenated conditions, both forms of FixL retain phosphatase activity and are able to remove the 

phosphate from any FixJ-P present in the cell, resulting in a reduction of FixJ-mediated 

transcription under aerobic conditions (56).  

FixJ has five direct target genes in S. meliloti: the nitrogen fixation regulator, nifA, the 

denitrification and microaerobic respiration regulators fixK1 and fixK2, and two genes predicted 

to be involved in proline metabolism, proB2 and SMc03253 (26, 57). Recently, we have 

characterized a second denitrification transcriptional regulator, Adr (Slape and González, 

submitted for publication, 2018). This regulator works in parallel with FixJ and allows for 

transcription of the denitrification genes during aerobic growth conditions. The FixJ and Adr 

regulons overlap substantially and removal of either of these regulators results in reduced 

expression of the denitrification genes as well as the microoxic respiration genes when S. meliloti 

is grown under normal aerobic conditions.  

While FixJ and Adr are considered denitrification regulators, they both mediate 

expression of the denitrification system through FixK1 and FixK2 (Figure 1.3). FixK-type 

regulators belong to a class of cAMP receptor proteins/fumarate and nitrate reductase regulatory 

proteins (CRP/FNR). Typical FNR regulators are composed of four domains: 1) an N-terminal 

redox domain that contains an iron-sulfur cluster associated with cysteine residues, 2) a central 

domain that interacts directly with the RNA polymerase, 3) a domain involved in dimerization, 

and 4) a conserved helix-turn-helix DNA binding domain that recognizes the FNR box 

consensus sequence (58). In S. meliloti, FixK1 and FixK2 lack the N-terminal redox sensing 

domain and maximal expression of the fixK genes is dependent on the presence of both FixJ and 
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Adr when S. meliloti is grown aerobically. Both FixK1 and FixK2 regulate the expression of 87 

genes, including the nap, nir, nor, and nos genes in S. meliloti.  

A second FNR regulator protein involved in denitrification has been identified in S. 

meliloti. The nitrite/nitric oxide response regulator, NnrR, has been shown regulate nirK and 

norC in the presence of NO in S. meliloti (59). Regulation of both nitrite reductase and nitric 

oxide reductase by a regulator that is not linked to FixLJ allows S. meliloti detoxify NO without 

expressing the entire denitrification system. The NO response in S. meliloti has been observed to 

increase the expression of the denitrification genes in free-living cultures as well as in bacteroids 

isolated from alfalfa nodules (59).  

Bradyrhizobium spp. 

The facultative anaerobe soybean symbiont B. japonicum is a model for nitrogen fixation 

as well as denitrification. Recently several strains of B. japonicum have been reclassified to 

better reflect the genetic diversity of the genus. B. japonicum USDA 110 as well as several 

others have been shown to encode a functional nitrous oxide reductase and are now referred to as 

B. diazoefficiens. The B. japonicum USDA 6, which does not contain the nos gene cluster, is 

now the representative strain for the species (22). The denitrification modules and their 

regulation function in the same manner in both B. japonicum and B. diazoefficiens. Under 

anaerobic conditions using nitrate as a terminal electron acceptor and sole nitrogen source, B. 

diazoefficiens is capable of simultaneously reducing nitrate to dinitrogen gas (N2) and ammonia 

(NH4
+), while B. japonicum can simultaneously reduce nitrate to N2O and NH4

+. For simplicity, 

we refer to B. japonicum as the model for denitrification regulation in this section, except when 

specifically discussing the regulatory control of the nitrous oxide reductase gene cluster.  
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B. japonicum controls denitrification via two linked regulatory cascades that respond to different 

oxygen concentrations (Figure 1.4) (60). The FixLJ-FixK2 system responds to moderate 

decreases in oxygen concentration (≤ 5% dissolved oxygen) and functions in a manner very 

similar to the FixLJ system in S. meliloti (60). The second regulatory cascade, RegSR-NifA, is 

activated under very low oxygen concentrations (≤ 0.5%) and is maximally expressed under 

anaerobic conditions (60). This system moderates the expression of the nitrogen fixation genes as 

well as the denitrification genes (38, 60). Under low oxygen conditions, the two-component 

system FixLJ act as redox sensor and response regulator in the same manner as described 

previously in S. meliloti. One major difference is the localization of FixL, which is soluble and 

localized in the cytoplasm in B. japonicum (61). Additionally, unlike S. meliloti, the fixK genes 

are not identical and have different functions in B. japonicum (62). The fixK2 gene in B. 

japonicum is similar to the fixK genes found in S. meliloti and directly regulates the expression of 

over 200 genes, including fixK1, the denitrification genes (nap, nir, nor, nos), high affinity 

cytochrome oxidase genes (fixNOQP and fixGHIS), and heme biosynthesis (17, 63-65). 

Transcription of fixK2 is negatively autoregulated in B. japonicum, though the mechanism is still 

unclear (66). Strains containing a fixL, fixJ, or fixK2 mutation are unable to grow using nitrate as 

the sole electron acceptor (61, 63). 

Recently, Mesa et al. have shown that levels of FixK2 remain the same regardless of 

growth conditions (aerobic, microaerobic, or anaerobic) (67). This is a curious finding since 

transcription of fixK2 by FixJ was shown to be strictly regulated by oxygen concentration and 

fixK2 is therefore not expressed under aerobic conditions. In their study, Mesa et al. show that a 

second mechanism of FixK2 regulation occurs at a post-translational level (67). Unlike other 
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Figure 1.4. Regulation of denitrification in Bradyrhizobium spp. 
 
 
CRP/FNR proteins, no effector molecule or cofactor is necessary for FixK2 activation; once 

translated, the regulator can dimerize, bind DNA, and interact with the RNA polymerase. 

However, when exposed to an oxidizing agent, FixK2 is rapidly inactivated, either temporarily, in 

the case of exposure to CuCl2 or permanently when exposed to H2O2 (67). This inactivation is 

caused by the oxidation of a single cysteine residue (C183) near the helix-turn-helix DNA 
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binding domain (67). Though not a direct explanation for the presence of FixK2 under aerobic 

conditions, the inactivation of FixK2 may allow for this regulator to be present in a suspended 

state when oxygen levels are higher than 5%. If not oxidized into a permanently inactive state, 

reduced FixK2 will regain functionality, allowing it to regulate the transcription of its target 

genes.  

Post-translational modification of this nature confers at least two advantages: 1) rapid 

changes of transcription in response oxidative stress prevents production of unnecessary gene 

product, and 2) restoration of function of FixK2 by reduction conserves cellular resources since 

the inactive protein does not have to be broken down and resynthesized (67). Since FixK2 

regulates genes required for microaerobic, anaerobic, and symbiotic growth, including multiple 

regulators (nnrR, rpoN1, and fixK1), post-translational inactivation ensures minimal wasted gene 

product and rapid response to changes in oxidation state of the cell.  

Unlike FixK2, FixK1 contains all four domains of typical CRP/FNR proteins and is redox 

sensitive (62). However, mutants of this regulator show no defect in nitrate respiration or 

nitrogen fixation capabilities (62). The regulon of FixK1 is small, consisting of only 29 known 

target genes (64). Unlike FixJ and FixK2 which mostly serve as activators, FixK1 negatively 

influences the transcription of almost half the genes in its regulon (64). Interestingly, Mesa et al. 

found that there is a substantial overlap between genes repressed by FixK1 and activated by 

NifA, pointing to a conflict in regulation between the FixLJ- FixK2 cascade and the RegSR-NifA 

cascade, though it is possible that the repression and activation occur under different oxygen 

concentration levels (64).  
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NnrR, the nitrite/nitric oxide response regulator, acts in a similar manner to the 

homologous regulator found in S. meliloti, adding another layer of control to the denitrification 

system of B. japonicum. While nnrR transcription is controlled by FixK2, an anaerobic 

environment and the presence of nitric oxide is also required for this regulator to induce 

expression of its target genes (nirK and the nor gene cluster) (Figure 1.4) (68). Like the FixK1 

and FixK2, NnrR is also a member of the FNR family of regulators, however, like FixK2 it lacks 

the cysteine N-terminal sensory domain (62). How this regulator senses nitric oxide has yet to be 

elucidated.  

The second regulatory cascade that controls denitrification gene expression in B. 

japonicum, the RegSR-NifA system, is expressed in the nodule when oxygen levels are below 

inhibitory levels (≤ 0.5%). The histidine kinase RegS autophosphorylates and transfers the 

phosphate to RegR, which then activates transcription of target genes which include the nor gene 

cluster, the nos gene cluster, the nitrogen fixing regulator nifA, and genes involved in copper 

homeostasis and electron transport (69). Previous studies of this system have shown that 

phosphorylated RegR more efficiently binds DNA than the unphosphorylated regulator, and that 

a mutation in RegS does not appear to affect the expression profile of RegR target genes when 

compared to the wild-type cells with an intact RegS (69, 70). It has been suggested that since 

RegR induces expression of the fixR-nifA operon under both oxic and anoxic conditions, the 

RegSR system likely responds to the overall redox state of the cell, rather than environmental 

oxygen concentration (71).  

Recent transcriptional studies of RegR highlight its role as a regulator of the final two 

steps of denitrification (69). Torres et al. have shown that phosphorylated RegR is capable of 
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binding to the promoter region of norC and nosR (69). Additionally, under denitrifying 

conditions (microoxia and in the presence of nitrate), RegR has been shown to induce expression 

of norECBQD and nosRZDFYLX in B. diazoefficiens (B. japonicum USDA 110). 

Transcription of nifA is also dependent on phosphorylated RegR (71). NifA, the nitrogen 

fixation regulator, is the oxygen sensitive component of the RegSR-NifA signal cascade (60). 

NifA activates the expression of the nitrogen fixation genes, including those required for 

nitrogenase synthesis, and is required for maximal expression of the denitrification pathway 

(napEDABC, nirK, and norCBQD) in the nodule (55, 72). Additionally, NifA autoregulates its 

own transcription in concert with RpoN (σ54) (60). B. japonicum encodes two similar copies of 

the RpoN sigma factor, rpoN1 and rpoN2(73). The rpoN1 gene is regulated by FixK2, which links  

the FixLJ-FixK2 regulatory cascade to the RegSR-NifA cascade (60) (Figure 1.4).  
 
 

CONCLUDING REMARKS 

 Rhizobia are a diverse group of bacteria that contribute to the nitrogen cycle in multiple 

ways. While past study of rhizobia has focused on the nitrogen fixing capabilities of these 

microsymbionts, efforts to sequence and further characterize these important organisms has 

revealed that many rhizobia are capable of reducing fixed nitrogen back to nitrogen gas. 

Understanding how rhizobia regulate their denitrification pathways is an important step to 

minimizing the agricultural production of greenhouse gasses that can be mitigated reducing the 

amount of nitrate added to the soil and water in the form of fertilizer. Variance in the abilities of 

the rhizobial denitrification pathways discussed here shed light on the evolutionary pressures that 

shape modern denitrifiers. The divergence of B. japonicum and B. diazoefficiens, as well as the 

loss of the nitrous oxide reductase genes in some alfalfa symbionts, is evidence that while there 
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are advantages of complete denitrification, a partial denitrification system may be sufficient for 

these bacteria to be a competitive part of the rhizosphere. Selective pressures such as farming  

practices will continue to shape the evolution of the rhizobial denitrification pathway. 
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CHAPTER 2 

QUORUM SENSING AND SYMBIOSIS IN Sinorhizobium meliloti 
 
 

Quorum sensing in S. meliloti. Quorum sensing (QS), a population density dependent 

communication system, is a well-studied phenomenon that occurs in both gram-negative and 

gram-positive bacteria (74). In S. meliloti, quorum sensing regulates pathways involved in 

symbiosis and, in some strains, plasmid transfer (75, 76). These QS systems consist of an 

autoinducer synthase which produces N-acylhomoserine lactones (AHLs), and a transcriptional 

regulator that binds the AHLs in a concentration dependent manner and influences target gene 

transcription (76). The SinRI/ExpR QS system is located on the chromosome and controls the 

symbiosis regulon (77). During growth, sinI, the autoinducer synthase, is expressed 

constitutively at low levels resulting in low levels of AHL production (Figure 2.1). As the 

population increases, the concentration of AHLs in the environment increases, allowing the 

response regulators, SinR and ExpR to detect and bind the signal molecules (77). SinRI/ExpR 

quorum sensing regulated gene expression is detectable in cultures beginning during exponential 

growth, but maximal expression is seen in stationary phase. AHL-bound SinR enhances the 

transcription of sinI, resulting in autoinduction AHL production. The second regulator involved 

in this quorum sensing system, ExpR, has been classified as an orphan quorum sensing regulator 

as it is not associated with a cognate AHL synthase (78). Other orphan regulators of S. meliloti 

include NesR, a stress response regulator, VisN/VisR, motility regulators, and several 

uncharacterized open reading frames (SMc00658, SMc00877, and SMc00878) (78). ExpR 

recognizes and binds the AHLs produced by SinI in a concentration dependent manner. Once 

bound to the inducer molecule, ExpR can then regulate transcription of genes relevant to  
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Figure 2.1. The SinRI/ExpR quorum sensing system in S. meliloti. The autoinducer synthase 
SinI is regulated by SinR. ExpR is a transcriptional regulator that controls quorum sensing 
associated processes such as motility and chemotaxis as well as exopolysaccharide production. 
a) At low cell population densities, S. meliloti produces N-acylhomoserine lactones (AHLs) at a 
basal level. The AHLs diffuse out of the cell and into the environment. No autoinduction of the 
system occurs. b) When the population increases, the amount of AHLs in the environment also 
increases, leading to movement of AHLs in and out of the cell. Once ExpR binds an AHL 
molecule, it can then affect the expression of its target genes.  

 
 

symbiotic processes, such as exopolysaccharide synthesis (79, 80). This regulatory system 

ensures that these high energy demand processes are only activated when root invasion of a plant 

host is eminent. When an element of this quorum sensing system is removed or disrupted, lower 

nodulation efficiency is observed (77). 

Some strains of S. meliloti, such as Rm41, possess an accessory plasmid that carries an 

additional QS system, TraRI, which mediates plasmid transfer (76). Unlike the SinRI/ExpR 

system, the Tra system is only active at high population densities. This difference in activity is 

due to TraM, a regulator that binds TraR and prevents autoinduction until quorum has been 

reached (76). This ensures that plasmid transfer is only initiated when the population of S. 

meliloti in the environment is high. Previous studies of the Tra system in S. meliloti well as 
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Agrobacterium tumefaciens indicate that cells lacking a functional traM show high AHL 

production prior to stationary phase (76, 81). Additionally, removal of traR or traI results in no 

Tra system AHL production.  

Quorum sensing systems in S. meliloti rely on AHLs as the signaling molecule. However, 

for the various LuxR-like regulators to bind the correct AHL, there is some variation in AHL 

structure. AHL synthases catalyze the ligation of S-adenosyl methionine to an acylated acyl 

carrier protein (acyl-ACP) (82). This is followed by lactonization of the homoserine lactone ring 

(83). Variation and modification of the acyl chains are a result of nonspecific selection of acyl-

ACPs by the specific AHL synthase (84). AHLs produced by SinI are referred to as long-chain  

AHLs and generally have acyl chain tails that vary from eight to eighteen carbons in length (77). 

TraI AHLs are shorter with acyl chain tails that are six to eight carbons in length (76).  

S. meliloti-legume symbiosis. Symbiosis is a complex process that requires coordination 

between the bacterial population and the host to be successful. Quorum sensing allows for 

communication within the bacterial population but signaling between the plant host and S. 

meliloti is also necessary for successful root invasion and nodule formation (Figure 2.2) (85). S. 

meliloti is capable of forming a symbiotic relationship with several legume hosts, including 

alfalfa (Medicago sativa), fenugreek (Trigonella foenum-graecum), and several varieties of 

clover (Melilotus) (86). This relationship is mutually beneficial; the bacteria fix nitrogen and 

provide the plant host with ammonium compounds while in return the host provides the bacteria 

nutrients and a stable environment in which to live.  

The process of symbiosis is initiated by the plant host secreting flavonoids, three ring 

aromatic compounds, which S. meliloti detect and move toward (87). Flavonoids produced by the 
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Figure 2.2. An overview of symbiosis between S. meliloti and the legume host M. sativa. The 
host plant, M. sativa, secretes chemoattractant compounds (flavonoids) which attract S. meliloti 
to the plant roots and activate the production of nodulation (nod) factors by the bacteria. These 
nod factors induce root hair curling, which traps nearby bacteria. The population density of S. 
meliloti increases as the bacteria migrate to the plant roots resulting in an increase in the 
concentration of AHLs, triggering the production of exopolysaccharides. After migrating through 
the infection thread into the nodule, S. meliloti differentiates into bacteroids which synthesize 
nitrogenase and begin to fix atmospheric nitrogen for the benefit of the plant.  
 
 
between host and symbiont, the trapped bacteria are able to migrate into the plant via the  

legume host attract specific bacteria, which results in a concentration of plant specific symbionts 

in the rhizosphere around the plant (88). In addition to being chemoattractant molecules, 
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flavonoids also serve as a signal molecule which is bound by the S. meliloti regulator and sensor, 

NodD, inducing the expression of the nodulation (nod) genes (87, 89). Once flavonoids are 

detected, S. meliloti begins production and secretion of Nod factors which induce root hair 

elongation and curling, trapping the bacteria close to the roots (89, 90). At this point the quorum 

sensing system in S. meliloti will be promoting the expression of the exopolysaccharides EPS II 

and succinoglycan (79). Production of these exopolysaccharides is essential for plant recognition 

of the bacteria and bacterial entry into the plant (91). Once the correct signals are exchanged  

infection thread, a plant derived structure, that ultimately deposits S. meliloti into the developing 

nodule (92). Once in the nodule, S. meliloti differentiates into nitrogen fixing bacteroids (92).  

Nitrogen fixation by S. meliloti requires two sets of genes, nif and fix, which are located 

on the symbiotic megaplasmid, pSymA (93). These genes are regulated by the FixLJ two 

component system which detects the low oxygen concentration present in the nodule and 

responds by activating the genes required for nitrogen fixation (26). The nif genes encode the 

nitrogenase and its required accessory proteins, while the fix genes encode membrane bound 

cytochrome oxidases that have a high affinity for oxygen and allow for microoxic bacterial 

respiration (94). For nitrogenase to function, the nodule oxygen concentration must be very low 

(10-21.5 nM) (95). Leghemoglobin, a plant produced protein, ensures that the oxygen content of 

the nodule is minimal by binding excess oxygen and controlling the amount of oxygen available 

to the bacteroids (96). The plant also produces dicarboxylic acids which serve as a carbon source 

for the bacteroids (97). In return, the plant receives ammonia, the end product of nitrogen 

fixation, from the bacteroids.   
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CHAPTER 3 

A NOVEL DENITRIFICATION REGULATOR, Adr, MEDIATES DENITRIFICATION  
 

UNDER AEROBIC CONDITIONS IN Sinorhizobium meliloti. 
 
 

Sinorhizobium meliloti is a soil dwelling bacterium capable of forming a symbiotic 

relationship with the legume alfalfa. Denitrification enhances the survival of these organisms in 

the various environments they may encounter, including free-living conditions in the 

rhizosphere, during invasion of the plant host, and after a symbiotic relationship has been 

established. Many global regulators are involved in coordinating these complex processes, 

including the symbiotic quorum sensing response ExpR, and the denitrification regulator FixJ; 

both of these regulators share features of the LuxR superfamily. S. meliloti contains an additional 

LuxR-like homolog in its genome, adr, which appears to be involved in aerobic denitrification. 

This introduces several interesting questions the role Adr in denitrification: 1) Is Adr a quorum 

sensing regulator? 2) Where does adr fit in the denitrification regulatory cascade? 3) 

Denitrification in S. meliloti is typically induced under low oxygen concentrations. Does oxygen 

concentration affect Adr? Using transcriptomics, enzymatic assays, and symbiotic invasion  

assays, we characterized the role that Adr plays in S. meliloti aerobic denitrification.  
 
 

INTRODUCTION 

Sinorhizobium meliloti is an aerobic soil dwelling α-proteobacteria that is found in a 

variety of environments in which oxygen concentrations fluctuate, including free-living in the 

soil or in association with a plant host. Like many Rhizobiaceae, S. meliloti contributes to the 

nitrogen cycle, either by fixing atmospheric nitrogen as bacteroids in conjunction with a legume 
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host (Medicago sativa) or by breaking down nitrates and nitrites to nitric oxide, nitrous oxide, or 

dinitrogen gas (Figure 3.1) (9). Although these two processes seem incongruous, both play an 

important role in S. meliloti (2, 4). During symbiosis with a legume host, oxygen limitation is 

intrinsic to the nodule and is required for the expression and function of the nitrogenase enzyme. 

The first step of denitrification, the reduction of nitrate to nitrite, removes any excess reducing 

power that may be present in the cell (98). Denitrification is also thought to be involved in 

removal nitrite from the nodule to ensure an optimal environment for nitrogenase function. Aside 

from the presence of NOx (NO3ˉ, NO2ˉ, NO, or N2O), the major signal for the expression of the 

denitrification pathway is oxygen limitation. Denitrification usually occurs under anaerobic or 

low oxygen tension conditions where oxygen cannot serve as an efficient electron acceptor. 

However, it is now well established that denitrification can occur aerobically, either with no or 

partial oxygen limitation, in several bacteria, including Paracoccus denitrificans, Pseudomonas 

aeruginosa, and Agrobacterium sp. (99). While denitrification is documented in S. meliloti, most 

reports focus on microaerobic conditions such as those found in the nodule (100, 101). The 

primary role of aerobic denitrification is likely the removal of excess reducing power or 

detoxification of NOx found in the environment (99). Since respiratory reduction of NOx is 

coupled with energy generation, denitrification even in the presence of oxygen can enhance 

bacterial survival in environments where the oxygen concentration may fluctuate (99). 

Denitrification may also allow S. meliloti to remove nitrate or nitrite from the soil near 

plant roots as these compounds inhibit bacterial attachment to host roots (102). While migrating 

through the infection thread during root invasion of the symbiotic host Medicago truncatula, the 

ability of S. meliloti to denitrify enhances its survival when it encounters plant defense responses  
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Figure 3.1. The denitrification pathway in S. meliloti and its associated functional genes. 
 
 
such as nitric oxide bursts (42). Once S. meliloti successfully inhabits the nodules, denitrification 

is thought to be active to reduce nitrate, as it is inhibitory to nitrogenase activity (103). 

An overview of the regulation of denitrification and nitrogen fixation in S. meliloti is 

shown in Figure 3.2. The FixL/FixJ two component system is essential for S. meliloti to form a 

symbiotic relationship with a legume host (104). FixL is a membrane bound sensory kinase that 

detects oxygen levels in the environment. When the oxygen concentration in the environment 
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drops, FixL autophosphorylates and transfers the phosphate to FixJ (56). Previous studies have 

demonstrated that phosphorylation of FixJ relieves the weak interaction of the FixJ DNA binding 

domain (C-terminal) and the signal recognition domain (N-terminal) by triggering a 

conformational change (105). Once this interaction between domains is abolished, FixJ is able to 

bind DNA and/or dimerize (106). The FixJ C-terminal domain alone is able to recognize 

promoters and activate transcription in the absence of phosphorylation, which supports the 

theory that the N-terminal signal recognition domain is regulatory in nature (107). Though 

dimerization is not essential for DNA binding or promoter recognition, it is thought to contribute 

to promoter binding affinity (106). 

Two component systems similar to FixL/FixJ are fairly ubiquitous in nitrogen fixing 

bacteria. However, regulation downstream of FixJ can vary greatly (3). In S. meliloti FixJ has 

five direct targets: nifA, fixK1, fixK2, proB2, and SMc03253 (26, 108). The nifA gene is located 

on the symbiotic plasmid, pSymA, and is essential for nitrogen fixation. It is an enhancer-

binding protein that acts in conjunction with σ54 to control the expression of nitrogenase (nifH, 

nifDK) and a high oxygen affinity cytochrome oxidase (fixABCX) (104). Two copies of fixK are 

also found on pSymA and are classified as crp/fnr-type regulators that control the expression of 

the denitrification genes (nap, nir, nor, nos) as well genes responsible for the synthesis of an 

oxidase with high oxygen affinity (fixNOPQ) (58). It is unknown why chromosomally located 

proB2 and SMc03253, both involved in proline metabolism, are direct targets of FixJ (26, 108). 

Unlike many other FixL/FixJ systems found in rhizobia, FixJ does not directly 

autoregulate in S. meliloti (Figure 3.2). Instead, FixK controls the expression of fixT, an 

antikinase that represses the FixLJ regulon by preventing the autophosphorylation of FixL (109).  
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Figure 3.2. A revised comprehensive model for the regulation of denitrification and nitrogen 
fixation in S. meliloti. Grey lines indicate an inhibitory effect while the straight black arrows 
indicate a positive effect.  In the presence of oxygen, FixL autophosphorylation is inhibited, 
leading to a decrease of FixJ~P in the cell. Adr interacts with FixJ (dotted line), promoting the 
expression fixK and nifA. FixK induces the expression of the denitrification genes, as well as 
FixT, which further inhibits the autophosphorylation of FixL. Oxygen sensitive NifA is inactive, 
therefore preventing the expression of the symbiotic fixation genes. When oxygen is limited, 
FixL autophosphorylates and transfers the phosphate group to FixJ which then activates the 
expression of the denitrification and nitrogen fixation genes. AsnO acts to inhibit the antikinase 
activity of FixT. Figure adapted from Terpolilli, et al. (3). 
 
 
Repression by FixT is abolished in the absence of the glutamine-dependent asparagine 

synthetase, AsnO, though how this occurs is still poorly understood (110). One possibility 

suggests that AsnO may serve a regulatory role by monitoring nitrogen balance within the cell 

via a metabolite, such as glutamine, and controlling nitrogen fixation accordingly (110). 
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However, more study is required to determine how the interaction works, though it is known that 

neither FixT nor AsnO is required for nitrogen fixation in S. meliloti (111). 

In addition to acting as an oxygen sensor, FixL also detects nitric oxide. Meilhoc et al. 

demonstrated that FixLJ along with the nitric oxide response regulator (NnrR) are involved in the 

S. meliloti response to nitric oxide exposure (59). The nitric oxide response was observed when 

lag phase cultures were exposed to a nitric oxide donor under aerobic conditions, as well as 

inside the nodule. 

During symbiosis, oxygen concentrations can be as low as 5-30 nM within legume 

nodules, compared to the aerobic conditions in culture media where oxygen concentrations are 

approximately 250 µM at the start of growth (111, 112). Since most denitrification studies are 

performed under low oxygen tension and/or early in culture growth, we found that there is 

limited literature regarding denitrification in S. meliloti under conditions such as the higher cell 

population densities that occur in the rhizosphere prior to root invasion. In this work we show 

that the LuxR-like regulator SMc0065 is involved in denitrification at high cell population 

densities in cultures where no intentional oxygen limitation occurred. For this reason, we have 

changed the name of the SMc00658 locus to the aerobic denitrification regulator, adr. We also 

include an analysis of the FixLJ system. In the absence of Adr, we see a dramatic drop in the 

expression of fixK, nifA, and the downstream genes (nap, nir, nor, nos) which is remarkably 

similar to the expression profile of a fixJ mutant (17).  

In this study, we show that the FixLJ system is actively expressed under aerobic growth 

conditions and that Adr is necessary for this activity. We also demonstrate that while Adr has a 
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dramatic effect on the expression of FixK and NifA under aerobic conditions, it is not required 

for nitrogen fixation in the nodule. 

 
MATERIALS AND METHODS 

Bacterial strains and media. Strains and plasmids used in this study are listed in Table 

3.1. S. meliloti strains were grown at 30º C, 250 rpm in Luria-Bertani media supplemented with 

2.5 mM MgSO4 and 2.5 mM CaCl2 for routine cultures (referred to as LB/MC). Escherichia coli  

cultures were grown in Luria-Bertani media with the appropriate antibiotics at 37º C, 250 rpm. 

For RNA isolation, S. meliloti cultures were grown in tryptone-yeast extract medium 

supplemented with 3.6 mM calcium chloride (TYC) or minimal low phosphate (19 mM glutamic 

acid, 55 mM mannitol, 0.1 mM K2HPO4/KH2PO4 mix, 1 mM MgSO4, 0.25 mM CaCl2, 0.004 

mM biotin, pH 7). 

To screen for recombinant mutants, strains were grown on minimal glutamate media 

(MGM) plates (11 g Na2HPO4, 3 g KH2PO4, 0.5 g NaCl, 1 g glutamate, 10 g mannitol, 1.5% 

agar, 1 mg/ml biotin, 27.8 mg CaCl2, and 246 mg MgSO4); plates were supplemented with 5% 

sucrose when appropriate. Media for growth curves was supplemented with various nitrogen 

sources at the following concentrations: 10 mM KNO3, or 5 mM NaNO2. 

Antibiotics were used in the following concentrations when appropriate, streptomycin 

(Sm) 500 µg/ml, neomycin (Nm) 200 µg/ml, trimethoprim (Tp) 200 µg/ml, spectinomycin (Sp) 

100 µg/ml, kanamycin (Km) 25 µg/ml, and chloramphenicol (Cm) 20 µg/ml. 

Construction of the adr mutant. adr was amplified from S. meliloti Rm8530 

chromosomal DNA and cloned into the EcoRV site of pPCR-Script, creating the vector p658. 

The EZ::TN insertion kit (Epicenter) was used to disrupt the cloned adr by transposon 
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Table 3.1. Strains and plasmids. 
Strains or plasmids Relevant characteristics Reference or source 
S. meliloti  

Rm8530 Su47 str-21, expR+, SmR (113) 

Rm8530 adr SMc00658::Tp This work 

Rm8530 fixJ fixJ::Nm This work 

Rm8530 fixJ adr SMc00658::Tp fixJ::Nm This work 

Rm8530 fixL fixL::Nm This work 

E. coli  

DH5α See source Life Technologies 

MT616 MT607(pRK600) (114) 

S17-1 ʎpir See source (115) 

Plasmids  

pPCR-Script See source, AmpR Stratagene 

pVIK112 lacZY for transcriptional fusions, KmR (116) 

pJQ200SmSp Suicide vector, sacB, GmR (76) 

pMB419 Vector carrying Hygromycin cassette (117) 

p658 pPCR-Script carrying SMc00658 This work 

p658Tp pPCR-Script carrying SMc00658 disrupted 

with Tp 

This work 

pJQ658Tp pJQ200 SmSp carrying SMc00658::Tp This work 

pVIKfixK1 pVIK112 carrying fixK1 fragment This work 

pK19fixK2 pK19mobΩHMB carrying fixK2 fragment Anke Becker 

pK19fixK2Hy pK19mobΩHMB carrying fixK2::Hy This work 

 
 
mutagenesis to create p658Tp. The disrupted adr was then cloned into the SpeI site of the suicide 

vector pJQ200SmSp and the resulting recombinant plasmid (pJQ658Tp) was transformed into 

DH5α (76). Triparental mating was performed with DH5α pJQ658Tp, MT616 (helper strain), 

and Rm8530 (114). S. meliloti carrying the disrupted copy of adr was selected by plating on 
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minimal media supplemented with Tp and 5% sucrose (118). Mutations were confirmed by PCR 

and phage φM12 was used to transduce the adr mutation into subsequent strains (119). Primers 

for mutant construction and confirmation are listed in Table 3.2. 

 
Table 3.2. Primers used for mutant construction. 

Gene Forward Primer Reverse Primer 

658-SpeI GCACTAGTCGCAGACGCGGCG 
GGCGTCGTC 

CGACTAGTGTGGCGATATTGCT 
GGATGCGCGTC 

Hy-BspHI ATATATATCATGAGCTGCAGAA 
AGGAATTACCAC 

ATATATATCATGACTAGTAACA 
TAGATGACACCGCGC 

fixK2 CGAAGCGGCTAAGTAGTT TCCTTCAGTTTCGTCACC 

fixK1 TCCTTCAGTTTCGTCACC GATATTACACGGAATCCTACGA 

fixJ GCCATCAACCAGCAGTA CACATTGTTGATGACGAGAG 

fixL TTCTTCACGGGCTTCATC CTTCAACGACGACTGCTA 

 
 

Construction of the denitrification mutants. Internal fragments of fixJ and fixK2 were 

cloned into pK19mobΩHMB creating recombinant vectors harbored in E. coli S17-λpir (Table 

3.1). These vectors were provided by Dr. Anke Becker from the Philipps University of Marburg, 

Germany. The vector carrying fixK2 was modified by inserting a hygromycin cassette cloned 

from pMB419 into the Km cassette of the pK19fixK2 backbone. Vectors were transferred via bi-

parental mating into S. meliloti Rm8530 and recombinants were selected by plating on minimal 

media with the appropriate antibiotics. Mutations were confirmed by PCR and phage φM12 was 

used to transduce the fixJ mutation in Rm8530 658::Tp (119).  
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To construct the fixK1 fixK2 double mutant, an internal fragment of fixK1 was cloned into 

pVIK112 to create pVIKfixK1. This vector was transferred via tri-parental mating into the 

Rm8530 fixK2::Hy strain. Mutations were confirmed by PCR. 

 S. meliloti Rm2011 containing a Tn5 mutation in fixL was also provided by Dr. Anke 

Becker. This mutation was transferred into Rm8530 by phage φM12 and plated on LB agar with 

the appropriate antibiotics (119). Mutations were confirmed by PCR. 

RNA purification and cDNA synthesis. Bacterial cultures were grown for two days in 

LB/MC and appropriate antibiotics. A 1:100 dilution was used to inoculate 20 ml of TY media 

supplemented with Sm. Cultures were grown aerobically to OD600 0.2 (lag), 0.8 (mid log), or 1.2 

(stationary). After reaching the appropriate growth stage, 1.5 ml aliquots of culture were 

harvested by centrifugation (14,500 rpm for 2 minutes at 4º C), immediately frozen in liquid 

nitrogen, and stored at -80º C for future use. RNA purification was performed using the RNeasy  

Mini Kit (Qiagen) with slight modifications. Briefly, cells were thawed on ice then resuspended 

in 10 mM Tris HCl (pH 8) and RLT buffer provided from the Qiagen kit (supplemented with β-

mercaptoethanol). The cells were transferred to FastProtein tubes (Qbiogene) and disrupted using 

an MP FastPrep-24 ribolyser (40s, speed 6.5). Spin column purification was performed 

according to the RNeasy Mini Kit RNA purification protocol. After the first round of 

purification, samples were treated with Qiagen on column RNase-free DNase. The RNA samples 

were eluted and DNase treated a second time with the Ambion TURBO RNase-free DNase 

which was followed by an RNA clean up step. Concentration of RNA was determined by 

Nanodrop and DNA contamination was assessed by qRT-PCR. cDNA for each strain was 
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synthesized with the Ambion RETROscript kit according to the manufacturer's protocol. 1 µg of 

total RNA was used per cDNA synthesis reaction. 

Affymetrix GeneChip hybridization and expression analysis. The cDNA synthesis 

was performed using 10 μg of RNA harvested from cells grown to OD600 1.2. Hybridization of 

the cDNA to the GeneChip Medicago Genome Array (Affymetrix, Santa Carla, CA) was 

performed at the Core Microarray facility at UT Southwestern Medical Center (Dallas, TX) as 

previously described (80, 120). The GeneChip Scanner 3000 was used to measure the signal 

intensity of each array. Affymetrix GeneChip Operating Software, (GCOS v 1.4) was used to 

generate the .CEL files. Comparative analysis of the control and experimental expression were 

represented in terms of M-value (signal log ratio) which also indicated an increase, decrease, or 

lack of change in expression of a gene in the mutant with respect to the wild-type. An M value ≥ 

1 (2-fold change) with a p value of ≤ 0.05 were considered significant.  

Quantitative real-time PCR. Oligonucleotide sequences used for qRT-PCR are listed in 

Table 3.3. The reaction mixture for qRT-PCR analysis contained 0.3 µM of sense primer, 0.3 

µM of antisense primer, 0.5X of SYBR green 1 (Sigma), 0.5 Omni Mix HS PCR bead (contains 

1.5 U Taq DNA polymerase, 10 mM Tris-HCl [pH 9.0], 50 mM KCl, 1.5 mM MgCl2, 200 µM 

deoxynucleotide triphosphate, and stabilizers), and 1 µl of cDNA. Total reaction volume was 25 

µl. Analysis was performed using a Cepheid Smart Cycler, version 2.0c as previously described 

(120). Expression analyses were conducted in triplicate. The expression of SMc00128 was used 

as an internal control and for normalization, as described previously (121, 122). Expression 

analysis were performed as three independent experiments. 
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Table 3.3. qRT-PCR primers. 
Gene Forward Primer Reverse Primer 

norC CACCGCTTCCACACATTG ACTATTACATGAAGACCGAATC 
nirK CCTTGTCATAGGTAATTGAATTGC CCTCCAGGCATGGTTCCG 
nosZ GCATCCCTCGTTTACAGAC AGTGTGCTGGTTCGGAAG 
napA ACGCCTTGTAGAGTTCCG ATCTCCCGACGACGAATAC 
nifA GCCGAAGAGTCCGATTATGAT CTGCTGATTGTGCGATGAAG 
fixQ1 CTCGCAATGACGTTGTTCTT TCCTCCTTTAACGGGATGAC 
fixJ CACATTGTTGATGACGAAGAG TTCAGATCGCCGAGATTG 
nnrR ACTCAGGAAGTGGAGCGGCG TGCAGCGTGGTTCCGGTCAT 
fixK CGGAATATGCAGGAGCGTTCG CACATTGCCTGCCGATTACCA 
adr TGCCGGTATGGGTCACTTCG TAGCGCCAGATAGAGCGTCG 
nifH ATATCGTTCAGCACGCAG  GTCGCTCTTCATGATTCC 
fixG TACGTCTTCGGCGGACTGAT GTTCTCGTCTAGCATGGCCG 
fixA GGCGTGCCGACCATTATCAA AAATGGCGGTCGGTCAAGAG 

 
 
Growth analysis. Cells for all growth curves were grown to saturation in LB/MC with 

appropriate antibiotics. Aerobic growth curves were performed using a Tecan plate reader (29º 

C, shaking at 250 rpm). Cells were diluted 1:100 in TYC media, TYC with 10 mM KNO3, or 

TYC with 5 mM NaNO2 and added to a 96 well plate. OD600 readings were taken every 30 

minutes.  

Microaerobic conditions were also tested. Starter cultures were diluted to an initial OD600 

of 0.2, then 2 ml of each culture was added to each vial. Once sealed, the vials were sparged with 

a mixture of 2% oxygen, 98% argon for one minute. Vials were incubated at 30º C, shaking at 

250 rpm and OD600 was measured every 24 hours. We refer to aerated cultures to differentiate 

between aerobic cultures grown with free gas exchange with the environment and intentionally 

oxygen restricted (microaerobic) cultures. 

Viable counts were performed for both aerobic and microaerobic cultures. Several 

dilutions were plated on LB agar with the appropriate antibiotics. Plates were incubated for 
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several days at 30º C before colonies were counted by hand. Nitrite levels of cultures were 

qualitatively assessed using nitrite test strips (0-80 mg/L or 0-10 mg/L, EMD Millipore). 

Media complementation assay. Cells were grown in the same manner as those grown 

for RNA pellets. Cultures were grown to OD600 of 1.2 in TYC media with Sm. Cells were 

removed from the media by centrifugation (3 x 6000 rpm, 30 minutes, 4º C) and the resulting 

supernatant was passed through a 0.22 µm filter (Fisher) and stored at 4º C. Glucose (100 mM) 

and glutamate (19 mM) were added to the spent media to replace depleted nutrients. To 

determine if the spent media contained effector molecules that are detected by or that activate 

adr, cultures were grown to OD600 of 0.2 and then harvested for RNA in the manner described 

above. 

Methyl viologen assay for nitrate and nitrite reductase activity. Starter cultures were 

grown aerobically in TYC media with appropriate drugs for two days. Cells were then spun 

down (2 minutes, 14,000 rpm), and diluted to an initial OD600 of 0.2 in MLP supplemented with 

Sm and 0.5 µM NaMoO4. Cells grown aerobically were harvested at OD600 of 1.2 by spinning 

down 1 ml of culture (two minutes, 14,000 rpm, 4º C), removing the supernatant, and 

immediately freezing the cell pellet in liquid nitrogen. Microaerobically grown cells were 

harvested at OD600 of 0.5-0.6 (stationary phase for microaerobic cultures). 

Samples were assayed for either nitrate or nitrite reductase activity using methyl viologen 

as the electron donor as previously described (123, 124). Cell pellets were resuspended in 10 

mM Hepes buffer (pH 7) and 1 mM methyl viologen to a final volume of 1 ml. The cuvettes 

were sealed and sparged for five minutes with nitrogen gas. Methyl viologen was reduced by 

adding aliquots of freshly prepared aqueous sodium dithionite until a steady state absorbance of 
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1-1.5 at 600 nm was obtained. Substrate (10 mM nitrate or nitrite) was added, and the rate of 

absorbance decrease measured. The rate of substrate-dependent methyl viologen oxidation was 

calculated using 13 mM-1 cm-1 as the extinction coefficient of reduced methyl viologen (125). 

Protein concentrations were measured by the Bradford method (Bio-Rad) and used to determine 

specific activities. All strains were measured in triplicate. 

Plant symbiosis assays. Infection assays of Medicago sativa were performed to 

determine nodulation and nitrogen fixation efficiency of the S. meliloti mutant strains Rm8530 

adr, Rm8530 fixJ¸ and Rm8530 fixJ adr compared to wild-type Rm8530. M. sativa was 

inoculated with S. meliloti strains on Jensen’s agar plates as previously described (126). Plants 

were grown in a 16-hour light cycle at 20º C and in 65% humidity. Weekly inspections of roots 

and plant health were performed beginning the second week post inoculation. Nitrogen fixing 

nodules, empty nodules, and plant height were recorded for approximately 60 plants per strain 

tested. Data shown was collected fourth week post inoculation. 

Plant symbiosis competition assay. Five dilutions (100:1, 10:1, 1:1, 1:10, and 1:100) of 

Rm8530 to Rm8530 adr were tested for competitive nodulation of M. sativa. Strains were grown 

for two days in LB/MC with antibiotics, washed three times with sterile water, then diluted 1:100 

in water. These dilutions were then mixed to obtain the appropriate ratio of wild-type to mutant. 

A portion of the mixed inoculum was diluted and plated on the appropriate antibiotics to 

determine cell viability. M. sativa seedlings were inoculated with 1 ml of the dilution and plants 

were grown in the same conditions discussed above. Harvested nodules were washed in 50% 

bleach for five minutes and rinsed three times with sterile water. After rinsing, each nodule was 

added to a well of a microtiter plate and crushed in LB/MC supplemented with 0.3 M glucose. 
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The bacteria released from the crushed nodules were diluted, divided in half, and plated on 

LB/MC Sm and LB/MC Tp. Colony PCR was used to confirm the genetic background of the  

strains. Nodulation competitiveness was tested twice for each dilution. 
 
 

RESULTS 

Adr sequence analysis. Initial sequence analysis suggests that Adr belongs to the LuxR 

family of transcriptional regulators. These regulators are identified by a carboxyl-terminal helix-

turn-helix motif and an amino-terminal signal recognition domain. LuxR family regulators are 

best known for their role in quorum sensing, where they act as the signal response regulator. 

However, the LuxR family is large and loosely conserved, with a reported 18-25% overall 

sequence identity (127). S. meliloti has several characterized LuxR-like regulators, including the 

quorum sensing regulators ExpR and SinR, the motility regulators VisN and VisR, and the 

methyl cycle regulator NesR (77, 80, 128). Here we report a new LuxR-like transcriptional 

regulator in S. meliloti, Adr, which appears to regulate aerobic denitrification. 

Though members of the LuxR family generally have very low sequence identity, ≥ 95% 

of known LuxR family members share nine conserved residues that are important for DNA 

binding and AHL signal recognition (Figure 3.3) (129). Sequence analysis shows that Adr only 

has four of these nine conserved residues, three of the DNA binding residues and only one of the 

signal recognition residues. Based on this analysis, it is unlikely that Adr responds to the N-

acylhomoserine lactone (AHL) molecules produced by S. meliloti (76). Additionally, when S. 

meliloti is unable to produce AHLs, there is no change in the ability of the adr mutant to invade 
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Figure 3.3. Alignment of Adr with other LuxR-family proteins. Sequence alignment of TraR from Agrobacterium 
tumefaciens, LuxR from Aliivibrio fischeri, SinR and ExpR from S. meliloti, RhlR from Pseudomonas aeruginosa, and AvhR 
from Agrobacterium vitis with Adr from S. meliloti. The region involved in signal binding is indicated by the grey bar while 
the DNA-binding region is shown using a black bar. Grey shaded residues are highly similar between proteins and identical 
residues are shaded in black. Asterisks indicate the nine highly conserved residues found in >95% of LuxR-type proteins. The 
alignment was performed using Invitrogen’s Vector NTI 11 software.

TraR     1   -----------MQHWLDKLTDLAAIEGDECILKTGLADIAEHYGFTGYAYLHIQHR------HITAVTNYHREWQSTYFDKKLVALDPVVKRARSRKHIF 
LuxR     1   --------MKNINADDTYRIINKIKACRAYDINQCLSDMTKMVHCEYYLTLAIIYPHSMVKSDISILDNYPKKWRQYYDDANLIKYDPIVDYSNSNHSPI 
SinR     1   -------MANQQAVLNLLDIVEYGGCADPERFFALMRRTFNISHLLYLEAESLPDG----LRICRLHHTFGAYAAEIYAARGLYRIDPILKLALGGVRPV 
ExpR     1   ----------MNITLLVQFLALLEEMKTREEILPEFERLLDRCGFDFYGIVRQPKP-HENPLRLLLAGRWPEGWPQIYIRKKYVVIDPTIRFLGHAQRGF 
RhlR     1   -----MRNDGGFLLWWDGLRSEMQPIHDSQGVFAVLEKEVRRLGFDYYAYGVRHTIP-FTRPKTEVHGTYPKAWLERYQMQNYGAVDPAILNGLRSSEMV 
AvhR     1   -------------------MRELSGYKTQFDVFRLMKRLTDFFGAKGFMVMNVPSAGAKTLTGSSVITNWPADFLSEYDMASLLSSSPMFNRLRNTSIPV 
Adr      1   MKDSNEPASRREAEANMPFEIDPASVRTEYELLHLMRRLISRYGFAHFMIARLPLADEQRFSERLVLSNWPAELVQQYDAGETFQTSELVERLRQTKLPV 
                                                                                      *   *        ** 
 
TraR     84  TWSGEQERPS---LSRDERSFYARAADFGIRSGITIPIRTANGSMSMFTLASDKPVIDLDREIDAVAAASTIGQIHARISYLRTTPTAED----AAWLDP 
LuxR     93  NWNIFENNAVN---KKSP-NVIKEAKTSGLITGFSFPIHTANNGFGMLSFAHSEKDNYIDSLFLHACMNIPLIVPSLVDNYRKINIANNKS---NNDLTK 
SinR     90  EWAT---ARR--RFPECEPLFEAAEEIGLSTEGVALPLPSPAGRMALLAIGANMSPVEWSAYRRCHLRDFQLAANLFHASMLEHSAMAGALDERDLRLTG 
ExpR     90  RWRDTLVAFRSDPHRKRMESMMVEARNHGLFDGYIFPVHGRRGLMGNLTVGGRVVDLSPVELSLFDAIAKRLFWKLLELTDPEIMAELVSR--VEVQMTR 
RhlR     95  VWSDS--------LFDQSRMLWNEARDWGLCVGATLPIRAPNNLLSVLSVARDQQNISSFEREEIRLRLRCMIELLTQKLTDLEHPMLMSN---PVCLSH 
AvhR     82  VFDVHVVARE--RDPKTVELATDLFLRFGMPRGACFPVHDAHGNRGAVNICGEMPAFSFVDMVLLQYLAGHVFNRLAEIRELDARVTE--------TLTE 
Adr      101 TGGPELMEPA--GKGAGKAAFIRLPPHAGMG-HFAVLLHTTYGEPFVAVLSGTRDEPAGAERATLYLALLQLFECLERTFDAGSGARE--------KLSS 
              *                              * 
 
TraR     177 KEASYLRWIAVGMTMEEIADVEGVKYNSVRVKLREAMKRFDVHSKAHMIALAIRRKLI------- 
LuxR     186 REKECLAWACEGKSSWDISKILGCSERTVTFHLTNAQMKLNTTNRCQSISKAILTGAIDCPYFKN 
SinR     185 RETEVLTWSAAGKSYWEIATILGISERTVRFFMTNARRKLNVVSNTQAVAHAVRHALIPTI---- 
ExpR     188 REMEALHYLADGMTSNDIGKVLDISSHTVDWYMNGIQEKLKAKNRHHVVAIAFRLGLIS------ 
RhlR     184 REREILQWTADGKSSGEIAIILSISESTVNFHHKNIQKKFDAPNKTLAAAYAAALGLI------- 
AvhR     172 REIECLTWTAAGKTSVEIAEIMGLSEHTINHYLNRATRKLDTVNRTQAVAKALRLSLIK------ 
Adr      190 REVECLRWAAAGKSSDEIAIILGISAYTVSSYFKSATRKLDAVNRMQAIARAMRMKLI------- 
              *   *     * 
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M. sativa compared to adr mutants that produce AHLs. Adr also does not appear to be regulated 

by the legume symbiosis quorum sensing regulator ExpR. 

Disruption of adr reduces expression of denitrification and nitrogen fixation genes. 

To determine the regulatory role of Adr during normal growth of S. meliloti, we conducted a 

microarray analysis to compare the transcriptomic profiles of wild-type S. meliloti Rm8530 to 

Rm8530 adr. Since Adr is similar to quorum sensing related regulators, conditions for the 

microarray followed those used for other quorum sensing expression analysis microarrays (80, 

120). Cultures were aerated and grown to early stationary phase (OD600 1.2) before RNA was 

harvested. Preliminary analysis performed using the AffyMetrix GCOS software revealed that 

427 genes were differentially regulated between the wild-type and the adr mutant. Of these, 247 

genes were downregulated in the adr mutant. Within this set of downregulated genes, we were 

particularly interested in the genes involved in denitrification (nap, nir, nor, nos) and 

microaerobic respiration (fix) (Table 3.4). Further analysis of the microarray data revealed that 

the regulatory genes fixK1, fixK2, and nifA were also downregulated in the absence of Adr. 

Previous work on the denitrification pathway performed by Bobik et al. revealed that FixJ is the 

major regulator of limited oxygen response in S. meliloti. This response includes activating the 

denitrification pathway. When comparing our microarray results to those obtained by Bobik et 

al. we observed that 83% of the downregulated genes in the FixJ mutant are also downregulated 

in the Adr mutant, indicating that Adr is a yet uncharacterized regulator involved in the 

denitrification and limited oxygen response pathways in S. meliloti (Table 3.4) (26). 

To verify our microarray results, several genes involved in the denitrification pathway 

were selected for quantitative real time-PCR analysis (Figure 3.4). Results are represented as  
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Table 3.4. Comparison of the Adr and FixJ microarrays. 
Group and Gene Name Gene product or description 
A. Overlap of Adr and FixJ regulation 

SMa0630 conserved hypothetical transmembrane protein 
SMa0631 hypothetical protein 
SMa0633 hypothetical protein 
SMa0636 conserved hypothetical protein 
SMa0661 conserved hypothetical protein 
SMa0667 conserved hypothetical protein 
SMa0669 hypothetical transmembrane protein, HlyD-family 
SMa0678 putative amino acid transporter 
SMa0680 decarboxylase (lysine, ornithine, arginine) 
SMa0682 decarboxylase (lysine, ornithine, arginine) 
SMa0684 amino acid transporter 
SMa0687 hypothetical protein 
SMa0689 conserved hypothetical protein 
SMa0690 hypothetical protein 
SMa0693 arcA1; arginine deiminase 
SMa0695 arcB; ornithine carbamoyltransferase, catabolic 
SMa0697 arcC; carbamate kinase 
SMa0760 fixT2; anti-kinase protein 
SMa0762a fixK2; transcriptional regulator 
SMa0763 hypothetical protein 
SMa0765 fixN2; cytochrome c oxidase subunit I 
SMa0771 hypothetical protein 
SMa1013 actP; copper translocating P-type ATPase 
SMa1082 hypothetical protein 
SMa1084 probable phosphoketolase 
SMa1086 conserved hypothetical protein 
SMa1087 cation transport ATPase 
SMa1089 hypothetical protein 
SMa1091 hypothetical protein 
SMa1093 hypothetical protein 
SMa1095 hypothetical protein 
SMa1100 conserved hypothetical protein 
SMa1101 hypothetical protein 
SMa1118 hspC; heat shock protein 
SMa1120 ABC transporter, ATP-binding protein 
SMa1126 putative protease, transmembrane protein 
SMa1128 degP; protease like protein 
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SMa1131 metallo-beta-lactamase superfamily protein 
SMa1132 hypothetical protein 
SMa1134 conserved hypothetical protein 
SMa1136 hypothetical protein 
SMa1146 conserved hypothetical protein 
SMa1147 conserved hypothetical protein 
SMa1149 conserved hypothetical protein 
SMa1151 conserved hypothetical protein 
SMa1153 conserved hypothetical protein 
SMa1154 conserved hypothetical protein 
SMa1155 cation transport P-type ATPase 
SMa1156 alcohol dehydrogenase, Zn-dependent class III 
SMa1158 conserved hypothetical protein 
SMa1163 cation transport P-type ATPase 
SMa1166 protein containing an alpha/beta hydrolase fold 
SMa1168 dehydrogenase, FAD-dependent 
SMa1169 hypothetical protein 
SMa1170 conserved hypothetical protein 
SMa1176 hypothetical protein 
SMa1179 nosR; regulatory protein 
SMa1182a nosZ; nitrous oxide reductase 
SMa1183 nosD; nitrous oxidase accessory protein 
SMa1184 nosF; ATPase (Should most if these be italics? 
SMa1185 nosY; permease 
SMa1186 nosL; copper chaperone 
SMa1188 nosX; accessory protein 
SMa1191 hmp; Flavohemoprotein 
SMa1195 conserved hypothetical protein 
SMa1200 conserved hypothetical protein 
SMa1201 hypothetical protein 
SMa1207 transcriptional regulator, CAP/Crp family 
SMa1208 fixS; nitrogen fixation protein 
SMa1209 fixI1; ATPase 
SMa1210 fixH; nitrogen fixation protein 
SMa1211a fixG; iron sulfur membrane protein 
SMa1213 fixP1; di-heme c-type cytochrome 
SMa1214a fixQ1; nitrogen fixation protein 
SMa1216 fixO1; cytochrome C oxidase subunit 
SMa1220 fixN1; cytochrome c oxidase subunit 1 
SMa1223 fixM; flavoprotein oxidoreductase 
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SMa1225a fixK1; transcriptional regulator 
SMa1226 fixT1; antikinase protein 
SMa1231 conserved hypothetical protein 
SMa1236a napA; periplasmic nitrate reductase 
SMa1240 napF; component of periplasmic nitrate reductase 
SMa1241 napE; component of periplasmic nitrate reductase 
SMa1243 azu1; pseudoazurin 
SMa1256 conserved hypothetical protein 
SMa1259 conserved hypothetical protein 
SMa1266 hemN; coproporphyrinogen III oxidase 
SMa1273 norB; nitric oxide reductase, large subunit 
SMa1276a norC; nitric oxide reductase, small subunit 
SMa1279 norE; accessory protein for nitric oxide reductase 
SMa1283 nnrU; NnrU-like transmembrane protein 
SMa1296 adhA1; Alcohol dehydrogenase, Zn-dependent class III 
SMb21487 cyoA; Putative cytochrome o ubiquinol oxidase chain II 
SMb21488 cyoB; Putative cytochrome o ubiquinol oxidase chain I 
SMb21489 cyoC; Putative cytochrome o ubiquinol oxidase chain III 
SMc01169 ald; Probable alanine dehydrogenase oxidoreductase 
SMc03252 proB2; Putative glutamate 5-kinase 
SMc03253 L-proline cis-4-hydroxylase 

B. Genes regulated by FixJ and not Adr 
SMa0128 hypothetical protein 
SMa0130 fatty acid desaturase 
SMa0132 hypothetical protein 
SMa0625 hypothetical protein 
SMa0657 cytochrome c binding protein, amino terminus  
SMa1198 copper binding protein 
SMa1232b napC; membrane bound nitrate reductase subunit 
SMa1233b napB; periplasmic nitrate reductase 
SMa1239b napD; component of periplasmic nitrate reductase 
SMa1288 carboxy-lyase 
SMb20139 conserved hypothetical transmembrane protein 
SMb20433 eutC; probable ornithine cyclo-deaminase  
SMb20654 hypothetical protein 
SMb20704 glgA2; putative glycogen synthase  
SMb20934 exsF; putative two component response regulator  
SMb21490 putative SUR1-like protein 
SMc00063 conserved hypothetical protein 
SMc00739 conserved hypothetical protein 
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SMc00784 fbpA; iron transport protein  
SMc03254 fixT3; putative antikinase  

Highlighted genes are directly involved in the low oxygen or denitrification pathways. 
Underlined genes are the FixJ direct targets found by Bobik, et al. (nifA not shown as it was not 
seen in the FixJ microarray data) (26). aGene expression verified by qRT-PCR in this study. 
bIndicates genes that were confirmed by qRT-PCR to be regulated by Adr but did not appear in 
the Adr microarray; no other genes were tested. It should be noted that the FixJ microarray was 
carried out under different conditions than those used for the Adr microarray (26).  
 
 
fold change, which is 2ΔCt, where ΔCt equals the difference in expression of the wild-type from 

the mutant. napA, nirK, norC, and nosZ are structural subunits of nitrate reductase, nitrite 

reductase, nitric oxide reductase, and nitrous oxide reductase, respectively. Genes were selected 

based on M-value (>1.5). The results of this analysis indicate a significant downregulation (5- to 

300-fold change) in each step of the denitrification pathway in the absence of Adr (Figure 3.4a). 

We also included fixK and nifA in this analysis since these two regulators also appeared 

downregulated in our microarray data. The reduction of fixK (16-fold) and nifA (42-fold) 

transcript levels seen in Figure 3.4a in the adr mutant is typically seen in a fixJ mutant, 

indicating that Adr impacts these genes even in the presence of FixJ. The decrease of FixK is 

likely causing the downstream effect in the denitrification genes.  

We next measured the effect of Adr on other FixK dependent genes, including the two 

subunits of high oxygen affinity cytochrome oxidases, fixG and fixQ1 (Figure 3.4b) (93). As was 

the case with the denitrification pathway genes, the lack of Adr lead to a decrease in fixG and 

fixQ1 transcript levels (39-fold and 42-fold respectively), confirming that FixK is downstream of 

Adr when regulating genes related to the denitrification and limited oxygen response pathways. 

We also measured nifA expression since, like FixK, it is controlled by FixJ. As was the 

case with fixK, the deletion of adr leads to a decrease in expression of nifA (Figure 3.4a).
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Figure 3.4. Relative gene expression of the adr mutant compared to wild-type strain Rm8530. 
Expression was measured using qRT-PCR and relative transcript levels are displayed as fold 
change between the wild-type Rm8530 and the adr mutant. Negative values indicate 
downregulation of the denoted gene in the mutant strain in comparison to the wild-type, while 
positive values represent the inverse. Results are the average of three independent biological 
replicates, error bars are present and represent the standard deviation between three samples. 
SMc00128 was used as an internal control (121). 
 
 
However, unlike with FixK, we found that genes downstream of NifA, such as nifH or fixA, were 

not affected by the presence or absence of Adr (Figure 3.4b). This is unsurprising since previous 
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studies have shown NifA to be sensitive to oxygen levels higher than those found in the nodule; 

though the nifA gene is being expressed, the NifA protein is not active under our aerobic growth 

conditions (4). 

Though not seen in our microarray data, we also performed qRT-PCR analysis to 

determine the effect of Adr on nnrR, the nitric oxide response regulator. This regulator induces 

the transcription of nitrite reductase (nirKV) and nitric oxide reductase (norECBQD) in the 

presence of nitric oxide. While FixLJ also responds to nitric oxide, NnrR is not in the FixJ 

regulon (59). Under our conditions, we saw no differential expression of nnrR. 

Since the expression of both nifA and fixK are impacted by the absence of Adr, it appears 

that Adr is acting in a manner that is either parallel and/or in conjunction with FixJ. 

Adr and FixJ regulate denitrification in tandem. Previous studies of S. meliloti 

denitrification have revealed FixJ as the major denitrification regulator (Figure 3.2) (26, 57). 

These studies approached denitrification regulation by examining expression under microoxic 

(<2% oxygen) conditions, comparable to those found before the cells enter the nodule as well as 

after the cells differentiate into nitrogen fixing bacteroids. In our study, we show that many of 

the same genes regulated by FixJ also show differential expression in the absence of Adr in 

aerobically grown cells. Though not a direct comparison due to the difference in conditions, we 

found that 83% of genes reported by Bobik, et al. to be regulated by FixLJ are also differentially 

expressed in the Adr mutant (26). Additionally, it was also noted that the five genes directly 

regulated by FixJ (fixK1, fixK2, nifA, proB2, and SMc03253) were also found to be regulated by 

Adr (Table 3.4) (108). 
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In light of these findings, we generated a fixJ mutant to determine if the FixLJ system is active 

under the same conditions as Adr. qRT-PCR analysis of the fixJ mutant revealed that the FixJ is 

actively influencing denitrification expression in aerated stationary phase cultures (Figure 3.5a). 

Direct targets of FixJ such as fixK and nifA were downregulated (approximately 1000-fold) in the 

fixJ mutant; downregulation was also see in the indirect targets including the denitrification 

(100- to 1000-fold) and microoxic respiration genes (65- to 70-fold) (Figure 3.5b and 3.5c). 

However, as with the adr mutant, we did not see a large change in transcripts of genes controlled 

by NifA (a direct target of FixJ) such as the nitrogenase structural gene nifH or a subunit of 

another oxidase, fixA (Figure 3.5c). This supports data from other laboratories that found that 

nitrogenase and its auxiliary proteins are only expressed in bacteroids (4). 

The presence of an active FixJ revealed the possibility that adr is either regulated by the 

FixLJ system or regulated independently but affecting the same genes. To this end, we measured 

the expression of adr in the absence and presence of fixJ. We also tested the reverse to determine 

if fixJ expression depends on the presence of adr. In both cases we saw no differential expression 

between the wild-type and mutant backgrounds. 

A fixJ adr double mutant was also constructed to determine if there is an additive effect 

on expression by Adr and FixJ. Expression levels of fixK, napA, nirK, norC, and nosZ were 

compared between the adr, fixJ, and fixJ adr double mutant. Results show that there is no 

compounding effect by introducing an adr mutation into a fixJ mutant (Figure 3.5a). To verify 

that Adr is working at the FixJ level, we measured the expression of the denitrification genes in a 

fixK double mutant. The results confirm that when FixK is not expressed, the denitrification 

genes are downregulated (Figure 3.5a). 
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Figure 3.5. Aerobic expression of denitrification and other FixJ regulated genes. a) The 
expression of denitrification genes from four mutant strains (adr, fixJ, fixJ adr, and fixK1 fixK2) 
compared to wild-type Rm8530 expression levels. b) Direct targets of FixJ, fixK (total 
expression of both genes) and nifA. c) Comparison of expression between four indirect FixJ 
targets. adr mutant data is the same as that seen in Figure 3.4, repeated for clarity. Results are the 
average of three independent biological replicates. Error bars are present and represent standard 
deviation. SMc00128 was used as an internal control (121). 
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Expression of adr during growth. Past studies have focused on the activity of FixJ and 

as a consequence experiments were performed under conditions that lead to FixLJ activation. 

Therefore, previous work was generally done early in the growth cycle (OD600 0.2-0.5) and 

under microoxic (2% O2) conditions. To determine if growth phase influenced Adr expression, 

we performed expression measurements during early growth (OD600 0.2), mid exponential 

growth (OD600 0.8), and stationary phase (OD600 1.2). We found that there is no difference in 

expression of the adr gene in wild-type Rm8530 between the three different time points tested  

(Table 3.5). 
 
 
Table 3.5. Relative transcript levels of adr over time, represented as Ct value*. 

Strain 
Lag 

(OD600 0.2) 

Mid-exponential 

(OD600 0.8) 

Early Stationary 

(OD600 1.2) 

Rm8530 34.74 ± 0.48 33.34 ± 0.46 34.64 ± 0.34 

*Ct value represents the arbitrary cycle where PCR product is detected. Values closer to 40 
indicate lower amounts of starting transcript. 
 
 

To determine if Adr activity is growth phase dependent, we measured the expression of 

several denitrification genes during early growth (OD600 0.2) and exponential growth (OD600 

0.8). Results show that there is very little change in expression of the napA, nirK, norC, and nosZ 

genes during early growth when wild-type was compared to the adr mutant. However, activation 

of denitrification gene expression occurs during mid exponential phase and continues into 

stationary phase (Figure 3.6).  

Since differential expression due to Adr was detected during exponential growth, we next 

attempted to determine if a media soluble signal was responsible for this change. Spent media 



 

54 

was harvested from early stationary phase cultures and used to grow fresh cultures of Rm8530 

and Rm8530 adr to OD600 0.2. While no difference in expression was seen between cultures 

using fresh versus spent media, we do not rule out the possibility of a signal produced by the cell 

involved in the activation of Adr (data not shown). 

Figure 3.6. Expression of denitrification genes in an adr mutant over time. Cells were grown to 
the indicated optical densities (measured at 600 nm). Expression was measured in three 
independent biological replicates per density and all are compared to the wild-type expression 
value. Error bars represent standard deviation. No difference in expression was observed at 
OD600 0.2. SMc00128 was used as an internal control to normalize values (121). 
 
 

Effect of the absence of FixL. As discussed previously, FixL is the oxygen sensing 

component of the FixLJ system. Our data presented here shows a relationship between Adr and 

FixJ under aerobic conditions. To determine if FixL has a role in this relationship by interacting 

with Adr, a fixL mutant was generated and expression of adr was measured. Expression of adr  

was not affected by the absence of FixL in stationary phase (data not shown). 
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The Adr mutant shows decreased survival under oxygen limitation in the presence 

of nitrite. Since Adr enhances expression of the denitrification pathway under aerobic 

conditions, we measured the effect of Adr during aerobic growth. Rm8530 (wild-type) and 

Rm8530 adr were grown in TYC media supplemented with either 10 mM KNO3, or 5 mM 

NaNO2 was. The growth rate was similar between all strains under all three conditions (Figure 

3.7a). Viable counts were performed on aerobically grown cultures after 72 hours to determine 

survival of S. meliloti under conditions listed above. No differences in survival were observed 

(Figure 3.7b). 

Since no difference in growth or survival was observed during aerobic growth conditions, 

we also conducted the same growth and survival assay under microaerobic conditions. Cultures 

were grown in LB/MC for two days then diluted to OD600 0.2 in TYC before microaerobiosis 

was induced by filling the headspace of the vial with a mixture of 2% oxygen and 98% argon 

gas. Figure 3.7c shows that, while growth appeared to be similar between the wild-type and 

mutant under all three conditions, the number of viable colony forming units dropped 

significantly when the adr mutant was grown in media containing nitrite (Figure 3.7d). 

Anaerobic conditions were also tested but no growth or denitrification was seen after seven days 

of incubation (data not shown). 

 The nitrate reductase activity in S. meliloti. The S. meliloti nitrate reductase is encoded 

by the nap genes, which are controlled by FixJ, though expression of these genes in S. meliloti 

was thought to be constitutive regardless of oxygen concentration (2, 130). The microarray data 

and qRT-PCR analysis presented here indicate otherwise. We have shown that the nap genes are 

expressed by wild-type S. meliloti during aerobic growth, but that the expression is controlled by  
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Figure 3.7. Growth and survival of the Adr mutant. Growth measurements of wild type Rm8530 
and the mutant Rm8530 adr were conducted in triplicate under aerobic and microaerobic 
conditions as described previously. 
 
 
both FixJ (through FixK) and Adr (Figure 3.5a). Previous studies have demonstrated that under 

microaerobic conditions, the S. meliloti strain Rm2011, a strain very similar to Rm8530, has an 

active nitrate reductase and can convert nitrate to nitrite during growth (31). To determine if the 

transcripts of the nap genes are being translated into a functional enzyme in our strains, we 

performed assays using methyl viologen to determine the Rm8530 and Rm8530 adr nitrate 
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reductase activities. Cells grown aerobically or microaerobically in nitrate free minimal media 

were tested. In both the aerobically grown wild-type and adr mutant samples, no change in 

absorbance was observed after adding 10 mM of KNO3, indicating that the conditions tested, 

these strains do not produce detectable levels of nitrate reductase.  The same results were seen in 

cells grown in 2% oxygen (data not shown). However, when the cells were grown for 72 hours 

such as in Figure 3.7, low amounts of nitrite were detected qualitatively (via nitrite detection 

strips) in cultures of both Rm8530 and the adr mutant grown in 10 mM KNO3, indicating that 

there is a low level of nitrate reductase activity. 

 The Adr mutant has reduced nitrite reductase activity. S. meliloti encodes a copper-

containing nitrite reductase, nirK, whose enzyme product is found in the periplasm (123, 130). 

As it appears that S. meliloti is incapable of utilizing nitrate for the first step of denitrification, 

we next tested whether nitrite could be used to initiate the reaction. Under microaerobic 

conditions, wild-type Rm8530 showed a growth and survival deficiency (Figure 3.7c and 3.7d). 

However, this growth defect was not as dramatic as that seen in the adr mutant. This led us to 

believe that Rm8530 is capable of using nitrite to initiate denitrification, and that the inability to 

do so prevents the mutant from removing this toxic compound from the environment, resulting in 

slower growth and poor survival. To test the nitrite reductase activity, we performed the same 

methyl viologen assay as described above, using 10 mM sodium nitrite as the substrate. We 

found the nitrite reductase activity of wild-type cells to be ten times higher than that of the adr 

mutant when the cells were grown aerobically (Table 3.6).  

Microaerobically grown wild-type cells also exhibited higher nitrite reductase activity than the 

adr mutant, though the mutant was still capable of reducing nitrite (Table 3.6). We also observed 
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that under microoxic conditions, cells lacking adr show nitrite reductase activity that is 

comparable to wild-type under aerobic conditions (Table 3.6). We predict that this change in 

expression of nitrite reductase from aerobic growth to microaerobic growth is due to the 

activation of the FixLJ system under microoxic conditions. However, it appears that for optimal 

denitrification under these conditions using nitrite as the substrate, both FixJ and Adr are  

necessary.  
 
 
Table 3.6. Specific activity of nitrite reductase estimated by methyl-viologen reduction. 

Strain 

Nitrite reductase activity 

Aerobic 

Nitrite reductase activity 

Microaerobic 

μmol/min/mg of protein μmol/min/mg of protein 

Rm8530 0.372 ± 0.031 0.935 ± 0.076 

Rm8530 adr 0.042 ± 0.004 0.442 ± 0.049 

 
 
Absence of Adr results in a decrease in competitiveness during Medicago sativa 

symbiosis. Successful symbiosis and nitrogen fixation requires S. meliloti to not only perform 

the appropriate symbiotic functions at the right time, but it must also compete against other 

organisms in the rhizosphere for resources and hosts. To determine the symbiotic and 

competitive characteristics of an adr mutant, plant nodulation assays were performed. Medicago 

sativa inoculated with either Rm8530 or Rm8530 adr were equally proficient at forming 

nitrogen fixing nodules (Figure 3.8a). Since it has been shown that FixJ is a regulator of 

symbiosis, we also included a fixJ mutant and the fixJ adr double mutant in the nodulation assay  
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Figure 3.8. Symbiosis and competition assays. a) Medicago sativa cv. Iroquois was inoculated 
with either the wild-type strain Rm8530 or the adr mutant. Pink bars represent the percentage of 
pink (nitrogen-fixing) nodules while white bars represent the percentage of white (non-nitrogen 
fixing) nodules. Data represents a total of 55 plants per strain, 28 days post-inoculation. The 
results are the average of three independent experiments and the standard deviations are shown. 
b) Plant height was measured (centimeters) and recorded four weeks post-inoculation. Data 
represents the average height of 55 plants per strain. c) Plants were co-inoculated with varying 
proportions of Rm8530 and the adr mutant, represented on the X-axis. The percentage of 
bacteria recovered is shown on the Y-axis. Data represents the average of two independent 
experiments in which bacteria were harvested from six nodules for each condition.  
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to ensure that any effect that Adr has on nodulation was not obscured by an active FixJ. 

However, as shown in Figure 3.8a, there is no significant difference between plants inoculated 

with Rm8530 fixJ and those inoculated with the double mutant. Both sets of plants exhibited the 

classic Fix- phenotype of poor growth and a severe decrease in the number of nitrogen fixing 

nodules, which is typical of FixJ mutants (Figure 3.8a and 3.8b). 

While there appears to be no difference between wild-type Rm8530 and Rm8530 adr 

invasion efficiency in monoculture, we also assessed the ability of these strains to compete for 

invasion when co-inoculated. Wild-type Rm8530 and the adr mutant were mixed in a range of 

ratios (100:1, 10:1, 1:1, 1:10, and 1:100) and applied to plants. After harvesting bacteria from the 

root nodules, we found that Rm8530 was able to out-compete the adr mutant during nodulation 

(Figure 3.8c). This indicates that while Adr is not essential for nitrogen fixing nodules to form, it  

is beneficial to S. meliloti during growth in the rhizosphere. 
 
 

DISCUSSION  

Understanding the process of denitrification and its regulation is an ongoing task. While 

the machinery of denitrification and nitrogen fixation have been known for some time, 

determining how these pieces fit together under a complex regulatory network has proved to be a 

challenging undertaking. Though most denitrification regulatory elements are very similar, such 

as a sensory two-component system and crp/fnr-type regulators, interactions between these 

components vary between denitrifiers (2). Members of the same regulatory family perform 

different roles in various genetic backgrounds and target different respiratory systems while 

regulating denitrification (2). For example, in S. meliloti and Bradyrhizobium japonicum, FixL 
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senses low oxygen tension and activates a regulatory cascade through FixJ that leads to the 

expression of the denitrification and nitrogen fixation pathways (131). Additionally, both S. 

meliloti and B. japonicum possess duplicated copies of the fixK gene, a crp/fnr-type regulator. 

However, in S. meliloti both copies of fixK activate the same set of promoters, while in B. 

japonicum FixK2 is essential for denitrification and nitrogen fixation, as well as regulating the 

expression of FixK1 (3). In Pseudomonas species, a variant of FixLJ, the NarXL system, controls 

denitrification and NarL acts as the transcriptional activator of the nitrate reductase genes (132, 

133). 

Unlike the typical model denitrifiers, genes for the denitrification pathway in S. meliloti 

are located on the symbiotic plasmid pSymA instead of the chromosome (2, 93). Generally, 

rhizobia are considered to have acquired nitrogen fixing capabilities (fix and nif genes) by 

horizontal gene transfer of the symbiotic plasmid (130). It is reasonable to assume that the same 

is true for the denitrification genes as they are interspersed among the fix genes on pSymA and 

both the symbiotic nitrogen fixation genes and the denitrification genes share the same regulator 

(FixJ). The origin of the denitrification genes may also explain the differences in denitrification 

efficiency observed between various strains of S. meliloti. For example, in a study of 13 S. 

meliloti strains, three failed to denitrify when nitrate was used as a terminal electron acceptor 

under anaerobic conditions, despite the presence of the appropriate reductases (9). However, 

when some amount of oxygen was present, all strains tested were able to reduce nitrate to either 

nitrous oxide or dinitrogen gas (1). More recently, reports have shown that S. meliloti Rm1021 is 

able to reduce nitrate under microoxic conditions but is unable to do so when incubated in the 

absence of oxygen (101). 



 

62 

In most bacteria the regulators of the denitrifying pathway (fixK, nosR, nnr) lie in close 

proximity to the genes that code for the reductase enzymes; this is also true of S. meliloti, these 

regulators are found on the symbiotic plasmid pSymA (93). Other denitrification regulators that 

have been observed are typically global transcriptional activators found outside the 

denitrification loci (2).  In this study we analyze Adr, a LuxR-like protein located on the 

chromosome of S. meliloti. LuxR family proteins affect a broad number of cell functions that 

typically act on multiple operons; both FixJ and NarL belong to this superfamily due to the helix-

turn-helix motif they share. Adr also appears to play a role in the expression of many cell 

functions including denitrification, ornithine catabolism (arc), sugar metabolism (smo), motility, 

and genes that appear to be involved in respiration (pnt and cyo). 

As Adr is a predicted quorum sensing regulator, we examined whether population size or 

AHLs play a role in how this regulator functions. We observed that the presence or absence of 

the native AHLs synthesized by S. meliloti had no effect on the expression of the denitrification 

genes. This allows for the possibility that Adr is responding to an environmental or secreted 

signal that is not traditionally associated with quorum sensing, such as environmental oxygen 

concentration.  

Various factors such as nitrate concentration, oxygen concentration, metal ion 

availability, and moisture influence denitrification in the laboratory as well as the external 

environment (2). Denitrification can occur under a range of oxygen concentrations and is no 

longer considered a strictly anaerobic process. Previously, Bobik et al. showed that FixJ is the 

major regulator of denitrification and low oxygen response in S. meliloti. When our data is 

compared side by side with that obtained by Bobik et al., there is a remarkable overlap between 
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the results (17). With this in mind, we examined the relationship between Adr and FixJ. Under 

our conditions we did not expect the low oxygen dependent regulator of denitrification, FixJ, to 

be active. However, we observed that when FixJ was removed, the expression of the 

denitrification genes was reduced 100- to 1000-fold when compared to wild-type levels of 

transcription. There are several possible explanations for this 1) the oxygen content of our 

aerobic cultures was low enough to activate FixJ via FixL, 2) unphosphorylated FixJ is sufficient 

to induce transcription of the denitrification genes, or 3) an unknown factor allows for enhanced 

aerobic activity of FixJ. Considering the high degree of similarity between the Adr data and the 

expression data gathered by Bobik, et al. on FixJ, we consider the third option to be most likely, 

with the unknown facilitating factor being identified here as Adr. We do acknowledge that 

oxygen concentrations in stationary phase media are decreased when compared to fresh media. 

However, it is clear that FixJ and Adr each have an effect on denitrification expression without 

intentional oxygen removal. Further research is required to determine the mechanism by which 

the above observed phenomena occur. 

Due to the tiered expression control of the denitrification genes, we also included FixK in 

our study. Under aerobic growth conditions, the presence of both FixJ and Adr, acting through 

FixK, are required for the optimal expression of the denitrification genes (nap, nir, nor, nos) in S. 

meliloti. While the absence of Adr decreases the expression of these genes 5- to 300-fold, 

removing FixJ has a larger effect on expression. This indicates that the effect of Adr on 

denitrification is indirect; as proposed above, Adr likely acts to facilitate FixJ-dependent 

expression when oxygen is present. Since neither FixJ nor Adr affect the other’s transcription, 

we suspect that a protein-protein interaction may be occurring. Whether Adr functions to 
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stabilize FixJ under free-living oxygenated conditions or help FixJ bind to the DNA is unknown 

at this time. Further study is required to elucidate the potential interaction occurring between 

these two proteins. 

In addition to transcriptomic studies, we also assessed the ability of Rm8530 and the 

Rm8530 adr mutant to denitrify in a variety of conditions, including different oxygen 

concentrations and in the presence and absence of nitrate and nitrite. Nitrate represents one of the 

fixed forms of nitrogen in the environment and an essential component in the biosphere, serving 

as a nutrient for plants and microorganisms and acting as a final electron acceptor in several 

bacteria, archaea, and eukaryotes (134). This heavily sought after resource is utilized by 

microbes involved in performing reactions that contribute to the nitrogen cycle, such as 

denitrification and  dissimilatory nitrate reduction (135). The reduction of nitrate to nitrite is a 

key reaction in the nitrogen cycle and is the first step of denitrification. Nitrite is found in water 

and soil environments as a result of the first step of denitrification and as an intermediate of 

microbial nitrification (136). 

Under anaerobic conditions, no growth and no evidence of denitrification was observed 

in either strain of S. meliloti, even after seven days of incubation. Since S. meliloti is an aerobe, 

we surmise that it is not capable of transitioning from respiration to denitrification when there is 

a complete lack of oxygen. It has also been suggested that most rhizobial denitrification is energy 

inefficient, since they are observed to grow slowly in comparison to other denitrifiers (137). This 

observation serves to emphasize the variation in denitrification ability seen between strains of S. 

meliloti. In the previously mentioned study of thirteen S. meliloti strains, ten strains were capable 

of anaerobic growth using nitrate as a terminal electron acceptor (9). 
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The defect in growth we observed when growing S. meliloti Rm8530 and the adr mutant 

under microoxic conditions may be explained in several ways. When growing aerobically, S. 

meliloti does not have to rely on denitrification for energy generation. While the process is 

occurring, it is simply not necessary for the production of proton motive force and ATP because 

the electrons will pass to oxygen instead of a NOx. Once the oxygen concentration in the 

environment drops, the cells require high oxygen affinity cytochrome oxidases and NOx 

reductases in order to maintain energy production. Therefore, it is possible that this decrease in 

growth is due to the lower amount of energy that S. meliloti is able to produce under limited 

oxygen conditions (8). 

We next explored whether the nap and nir translation products are functional in S. 

meliloti. Both the nitrate (nap) and nitrite (nir) reductases in S. meliloti are localized in the 

periplasm. S. meliloti only possesses the periplasmic nap variant of nitrate reductase; the 

respiratory nitrate reductase is not present in the genome. Typically, periplasmic nitrate 

reductases are expressed aerobically in order to remove excess reducing power and provide 

nitrite for the next step of aerobic denitrification (49). Conversion of nitrite to nitric oxide can be 

carried out by two types of reductases: the cytochrome cd1-type reductase or the copper 

containing nitrite reductase. S. meliloti encodes nirKV, a copper containing periplasmic nitrite 

reductase and an accessory protein which is required for reductase activity (8). The function of 

both the nitrate and nitrite reductases can be assayed with the addition of the artificial electron 

donor methyl viologen. When added to whole cells, methyl viologen can donate electrons to 

enzymes located in the periplasm, but cannot cross the bacterial membrane, allowing for a 

specific assay of reductases localized in the periplasm (123). 
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Since the nitrate and nitrite reductases are not oxygen sensitive, we assayed the reductase 

activities in aerobically grown cells as well as microaerobically grown cells. No denitrifying 

activity was seen when nitrate was used as a substrate in either growth conditions. This 

corroborates the results seen in our growth assays. If S. meliloti were capable of reducing nitrate 

to nitrite, we would expect to see the same microaerobic growth defect in cultures with nitrate as 

those results seen when nitrite was present (Figure 3.7). These results lead to the conclusion that 

the denitrification pathway in Rm8530 is truncated and likely begins at the second step, the 

reduction of nitrite to nitric oxide. Many denitrifiers are capable of bypassing this low energy 

reduction of nitrate to nitrite since nitrite is present in the environment (136). For example, 

similar results were seen in a napA gene analysis in Pseudomonas isolates; several strains were 

positive for nap gene expression but were incapable of denitrification when nitrate was provided 

as a substrate (138). 

When nitrite was provided as a substrate, we found nitrite reductase activity in both 

aerobic and microaerobic conditions in wild-type Rm8530. There is limited activity of the nitrite 

reductase in the adr strain under aerobic conditions, supporting our previous data showing a 

reduction in transcription of these genes in the mutant. Additionally, when the adr mutant was 

grown under microaerobic conditions, there was increased activity of the nitrite reductase 

compared to aerobic conditions, though levels were not restored to wild-type activity. This 

increase may be linked to the microaerobic environment. Previous studies have shown that under 

low oxygen concentrations, FixJ is responsible for nirK expression (46). This leads to the 

possibility that Adr mainly functions when the cells are growing in oxic conditions. 
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To determine if Adr is necessary for symbiosis with a plant host, we performed symbiosis 

assays. We found no significant difference between wild-type and the adr mutant symbiotic 

ability, which indicates that Adr is not essential for symbiosis or nitrogen fixation. This suggests 

that under microoxic conditions, prior to bacteroid differentiation, FixJ in conjunction with FixL 

are sufficient for mediating expression of the denitrification genes. However, when co-inoculated 

on the same plant, we observed that the Rm8530 wild-type strain has a competitive advantage in 

forming nitrogen fixing nodules. 

Taken together with our growth and reductase activity results, we propose that a 

functional Adr, along with FixJ, helps prepare S. meliloti for symbiosis during the free-living 

phase when oxygen concentrations are either too high for FixL to effectively increase 

phosphorylated FixJ levels, or during the infection stage when oxygen levels fluctuate and begin 

to decrease as the cells enter the nodule. As seen in Figure 3.2, we have added Adr to the existing 

model for denitrification regulation, with a tentative interaction proposed between FixJ and Adr. 

Whether Adr is influenced by an effector molecule has yet to be elucidated. We observed 

expression of the denitrification genes in wild-type S. meliloti in the presence of oxygen and the 

absence of denitrification substrates, which can be abolished by the removal of either Adr or 

FixJ. Aerobic expression of the denitrification genes may serve multiple purposes, such as 

removal of excessive reducing power or reducing toxic NOx from the environment around the 

cell. Whether directly or indirectly, Adr influences the aerobic expression of the denitrification 

genes in S. meliloti in conjunction with FixJ.  Further study should include elucidation of the 

possible interaction between FixJ and Adr and the identification and/or isolation of the Adr 

effector molecule. 
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CHAPTER 4 

IDENTIFICATION OF A NOVEL PLASMID IN Sinorhizobium meliloti Rm2013 
 
 

Quorum sensing is a population density dependent communication system used by both 

gram-negative and gram-positive bacteria coordinate gene expression. There are three essential 

components in a gram-negative quorum sensing system: 1) an autoinducer synthase that 

produces a signal molecule, 2) a response regulator that detects the signal molecule and 

influences gene expression, and 3) target genes whose expression is dependent on the response 

regulator. Sinorhizobium meliloti is a gram-negative bacterium that can exist free-living in the 

soil or as a microsymbiont of Medicago sativa (alfalfa). Gene regulation by quorum sensing is 

essential for two processes in S. meliloti: symbiosis and plasmid transfer. Symbiosis is controlled 

by the well characterized SinRI/ExpR quorum sensing system. Plasmid transfer regulated by 

quorum sensing has only been observed in a subset of S. meliloti and is controlled by the TraRI 

system. In this work, we use sequencing and phenotypic analysis to identify a TraRI-like quorum 

sensing system in an uncharacterized strain of S. meliloti, Rm2013. We also explore the host  

range of Rm2013 in comparison to the laboratory model strain Rm1021.  
 
 

INTRODUCTION 

Sinorhizobium meliloti is a gram-negative bacterium capable of existing in a free-living 

state in the soil or as symbiont of several legume species, including Medicago, Melilotus, and 

Trigonella sp. During symbiosis, S. meliloti transitions from a motile, dividing bacterium to a 

stationary, differentiated bacteroid where most of its energy devoted to producing the nitrogen 

fixing enzyme nitrogenase. To achieve such flexibility in its lifecycle, S. meliloti encodes a large 
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multipartite genome which consists of a chromosome (3.7 Mbp) and two symbiotic 

megaplasmids, pSymA (1.4 Mbp) and pSymB (1.7 Mbp). Various strains of S. meliloti, such as 

strain Rm41, have also been shown to carry smaller accessory (non-symbiotic) plasmids which 

are generally thought to confer a competitive advantage to the cells that harbor them, such as 

catabolism of specific compounds or production of exopolysaccharides. For example, S. meliloti 

Rm41 carries pRme41a which encodes genes required for the catabolism of calystegine (cac), a 

plant produced compound that acts as a bacterial attractant (139). Strains that contain the cac 

genes have a competitive advantage when colonizing the rhizosphere of calystegine producing 

plants (139).  

Transfer of small, non-symbiotic plasmids such as pRme41a is common among rhizobia. 

The conjugative transfer of plasmids allows for highly adaptable genomes and the rapid 

dissemination of genetic information throughout a bacterial population. Plasmid transfer in S. 

meliloti is controlled by one of two systems: rctA/rctB or quorum sensing (QS). The RctA/RctB 

transfer system is encoded on pSymA and is capable of mobilizing both pSymA and pSymB 

(140). Briefly, the transfer of plasmids harboring this system is inhibited by RctA which prevents 

the transcription of the type IV secretion system genes (140). The presence of RctB allows for 

plasmid transfer by responding to an unknown environmental signal and blocking the 

transcription of rctA (140). Once the secretion system is active, plasmids with a compatible oriT 

can be transferred (140).  

Quorum sensing mediated plasmid transfer is seen in many rhizobia, including S. meliloti 

(pRme41a), Agrobacterium tumefaciens (pTi), Rhizobium sp. (pNGR234a), Rhizobium etli 

(p42a), and others (141, 142). This signal based bacterial communication system effectively 
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ensures that plasmid transfer only occurs at high population densities. QS systems in rhizobia are 

composed of three essential parts: an autoinducer synthase which produces the signal molecule 

N-acyl homoserine lactone (AHL), a transcriptional response regulator that recognizes and binds 

the AHLs, and the target genes whose regulation is dependent on the presence of the response 

regulator. S. meliloti has two known QS systems: the chromosomally encoded symbiotic QS 

system (SinRI/ExpR) and the plasmid transfer system (TraRI).  

The SinRI/ExpR QS system in S. meliloti consists of an AHL synthase, SinI, and two 

response regulators, SinR and ExpR (Figure 4.1) (77). During growth, sinI is expressed at low 

levels, allowing for small amounts of AHL to be synthesized and secreted into the environment. 

The AHLs produced by SinI are referred to as long-chain AHLs with tails that are 12 to 18 

carbons in length (85). As the population density increases, there is a proportional increase of 

AHLs in the surrounding environment. Once the concentration of AHLs reaches a critical 

threshold, they become detectable by the response regulators (SinR and ExpR) which in turn 

affect the expression of their target genes. When bound to an AHL, SinR enhances the 

expression of sinI, establishing a positive feedback loop. When ExpR detects and binds AHLs, it 

activates the expression of several pathways required for successful host invasion, including 

exopolysaccharide production. ExpR also represses the expression of the motility genes once the 

bacteria have migrated to the plant roots (80).  

The QS system controlling plasmid transfer in S. meliloti Rm41 functions in a similar 

fashion to the SinRI/ExpR system, though the response regulator, TraR, only influences the 

expression of the plasmid transfer genes (tra and trb) (76). TraI produces short-chain AHLs with 

tails four to eight carbons in length (85). In addition to TraRI, another regulator, TraM,   
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Figure 4.1. Quorum sensing system in S. meliloti. The sinRI/expR system is located on the 
chromosome and controls symbiosis related processes such as exopolysaccharide production. 
SinI synthesizes AHLs that are detected by SinR and ExpR when the population density of S. 
meliloti is high. SinR, in the presence of AHLs, increases the transcription of sinI. ExpR 
regulates the exopolysaccharide synthesis genes as well as the motility genes. The TraRI QS 
system is encoded on a non-symbotic plasmid and controls the conjugal plasmid transfer. AHLs 
are synthesized by TraI and TraR is inhibited by TraM. At high AHL concentrations, the TraM 
repression is relieved and the plasmid transfer genes (trb) can be transcribed by TraR (76). 
 
 
ensures efficient regulation of this system by preventing early activation of TraR by inhibiting 

AHL production prior to high cell population densities being reached (Figure 4.1). 

S. meliloti Rm2013 is a little studied strain that produces an AHL profile that is similar to 

Rm41, which consists of long-chain AHLs from the SinRI system and short-chain AHLs from 

the Tra system. In this study, we present evidence that a second quorum sensing system aside 
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from the SinRI system is responsible for the production of the small AHLs in Rm2013. 

Additionally, we analyzed the sequence of Rm2013 and propose that an accessory plasmid 

similar to pRme41a is present and encodes the second quorum sensing system. Finally, we show 

 that Rm2013 can form symbiotic relationships with five legume hosts.  
 
 

MATERIALS AND METHODS 

 Bacterial strains and media. Strains used in this study are listed in Table 4.1. S. meliloti 

strain Rm2013 was kindly donated by Dr. Michael Hynes. S. meliloti was grown in Luria-Bertani 

broth which was supplemented with 2.5 mM MgSO4 and 2.5 mM CaCl2 (LB/MC). When 

appropriate, the following concentrations of antibiotics were added: rifampin (Rif) 50 µg/ml, 

neomycin (Nm) 200 µg/ml, hygromycin (Hy) 100 µg/ml, or streptomycin (Sm) 500 µg/ml. 

Agrobacterium tumefaciens NTL4 was grown in LB supplemented with 50 µg/ml of gentamicin 

(Gm). Chromobacterium violaceum CV026 was grown in LB with no antibiotics added. 

Escherichia coli cultures were grown in LB with kanamycin (Km) 25 g/ml when appropriate.  

Construction of the Rm2013 sinI mutant. Primers designed from Rm1021 sequence 

were used to probe for the presence of sinI in Rm2013 (Table 4.2). To construct Rm2013 sinI, 

the sinI gene was amplified from Rm2013 and cloned into the BglII site of pPCRScript, creating 

pPCRSinI. The sinI fragment was disrupted with a hygromycin cassette that was amplified using 

primers that contained ends homologous to the sinI sequence, allowing for cassette integration 

into pPCRSinI during PCR amplification, creating pPCRSinI::Hy. The disrupted sinI::Hy 

fragment was next cloned into the SpeI site of pJQ200SmSp to create pJQSinI::Hy which was 

transformed into DH5α. This construct was then transfered into Rm2013 by triparental mating, 

where MT616 served as a helper strain. The sinI mutation was confirmed by PCR.  
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Table 4.1. Strains and plasmids. 

Strains or plasmids Relevant characteristics Reference or source 
S. meliloti  

Rm1021 Su47 str-21, expR, SmR (126) 
Rm1021 sinI sinI::Nm (77)  
Rm8530 Su47 str-21, expR+, SmR (113)  
Rm8530 sinI sinI::Nm (79)  
Rm1021 exoY exoY::Nm (126) 
Rm2013 RfR Dr. Michael Hynes 
Rm2013 sinI sinI::Nm This work 

E. coli 
DH5α See source Life Technologies 
MT616 Life Technologies (114) 

C. violaceum  
CV026 CV017 cviI::Tn5xylE (143)  

A. tumefaciens  
NTL4 (pZLR4) NT1 traG::lacZ, GmR (144)  

 
 
Table 4.2. PCR primers. 
Gene Forward primer Reverse primer 

sinI GGCTTTCCACCGAAGGCGT CCTGCAGCGGCTGGTAACG 

sinI-Hy  GGAATCGAGCCGCTTCTGCAT
CGCTGCAGAAAGGAATTACCA
C 

ATGCGCGATCCTGGGAGATTTCGGG 
CTAGTAACATAGATGACACCGCGC 

 
 

Agar plate bioassay detection of AHLs. Two reporter strains, Chromobacterium 

violaceum CV026 and A. tumefaciens NTL4, were used to detect short- and long-chain AHLs 

produced from Rm2013 as described previously (76). Briefly, 2 µl of stationary phase cultures of 

Rm2013, Rm2013 sinI, Rm8530, and Rm8530 sinI were spotted on LB plates. Plates were dried 

before moving to prevent smearing of the cultures before an overlay of either CV026 or NTL4 

was added. When using CV026 as an indicator, cultures were grown from a single colony for 

four to six hours at 30° C with shaking (250 rpm) and then added to an equal volume of molten 
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LB top agar (0.75% final agar concentration). This mixture was then poured in a thin layer over 

the plate and allowed to set before moving the plate to incubate overnight at 30° C.For long-

chain AHL detection, overnight cultures of NTL4 were grown in LB broth and then subcultured 

(1:100) into mannitol glutamate minimal media (per liter: 11 g Na2HPO4, 10 g mannitol, 3 g 

KHPO4, 0.5 g NaCl, 1 g glutamate, 1 mg biotin, 27.8 mg CaCl2, and 246 mg MgSO4). Minimal 

media cultures were grown six to eight hours at 30° C (250 rpm). After growth, 50 µg/ml of X-

Gal and this mixture was combined with an equal volume of 1.5% Bacto agar (Difco) and 

applied directly to the plate which was incubated overnight for growth and color development.  

Crude extraction of AHLs. Cultures of S. meliloti were grown to stationary phase 

(OD600 1.2) in LB/MC. Whole cultures were extracted twice with equal volumes of 

dichloromethane, and phase separation was carried out by spinning the mixture for 20 minutes at 

4,000 rpm. The extracts were dried for at least two hours in a Brinkman SpeedVac centrifuge and 

then resuspended in 70% methanol/ 30% water. Extracts were stored at -30º C until use.  

TLC analysis of the Rm2013 AHLs. Approximately 10 µl of each extract was spotted 

on a Whatman LKC18 analytical TLC plate. The plates were dried with a heat gun for at least 

thirty minutes before being chromatographed in 70% methanol/ 30% water. Plates were dried 

overnight and then overlaid with an indicator organism, as described previously (77).  

Sequencing and analysis of the S. meliloti strain Rm2013 genome. Total genomic 

DNA was extracted from Rm2013 and sent to MR DNA Lab for library preparation and 

sequencing. Library preparation was performed with 50 ng of DNA and the Nextera DNA 

Sample preparation kit (Illumina) was used, following the manufacture’s guidelines. After 

library analysis using the Agilent 2100 Bioanalyzer (Agilent Technologies), the library was 
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diluted to 10.0 pM and pair end sequenced (300 cycles, Illumina HiSeq). Raw data was compiled 

into two fastq files which contained the sequencing reads. Sequence assembly was performed 

using the Qiagen CLC Genomics Workbench (v. 12). Genome annotation was performed using 

RAST (Rapid Annotation using Subsystem Technology) and BLAST was used to verify 

individual ORFs of interest. 

Legume symbiosis assays. The nodulation and nitrogen fixation efficiency of Rm2013 

and Rm2013 sinI was measured as described previously (126). Sterilized Medicago sativa cv. 

Iroquois was germinated on Jensen’s agar plates for three days in the dark at 25° C, 65% 

humidity. Cultures of S. meliloti were grown for 48 hours in LB/MC with the appropriate 

antibiotics before being washed and then diluted 1:100 in sterile water. Each strain was applied 

to three-day old seedlings. The inoculated seedlings were incubated on a 16-hour light cycle at 

25° C, 65% humidity and were monitored weekly for nodulation and plant height for up to four  

weeks.  
 
 

RESULTS AND DISCUSSION 

Rm2013 encodes two functional AHL synthases. AHLs can be detected using 

biosensors such as A. tumefaciens NTL4 (pZLR4) or C. violaceum CV026. Both organisms 

normally contain complete quorum sensing circuits, however as biosensors, the AHL synthases 

are disrupted. In C. violaceum, detection of short-chain AHLs results in the production of the 

purple pigment violacein. A. tumefaciens also contains a quorum sensing circuit that has been 

disrupted by removing the native AHL synthase. However, since A. tumefaciens does not 

naturally produce a visible reaction to AHLs, a plasmid (pZLR4) carrying lacZ driven by a traI 

promoter was introduced into NTL4. For AHL detection assays with NTL4, X-gal must be added 
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to the media. β-galactosidase will only be expressed in the presence of exogenous AHLs. A. 

tumefaciens NTL4 detects a much broader range of AHLs including, short-chain AHLs, long-

chain, and AHLs with modified tails (145).  

Rm2013 was able to elicit a response from both biosensor strains, indicating that this 

strain produces both short- and long-chain AHLs (Figure 4.2). Rm8530 and Rm8530 sinI were 

used as controls and are known to only produce long-chain AHLs. Disruption of sinI in Rm8530 

abolishes the strain’s ability to produce any AHLs (Figure 4.2a). However, when Rm2013 sinI 

was tested, no difference in AHL production between the wild-type and sinI mutant was 

observed using either biosensor (Figure 4.2). Additionally, unlike Rm8530, Rm2013 is able to 

activate the QS system in CV026, indicating that this strain produces small AHLs that are not 

produced by Rm8530 (Figure 4.2b).  

Figure 4.2. Rm2013 AHL production and detection using biosensors NTL4 and CV026. a) A. 
tumefaciens NTL4 (pZLR4) was used to detect total AHL production from Rm2013, Rm2013 
sinI, Rm8530, and Rm8530 sinI. b) C. violaceum CV026 was used to detect short-chain AHL 
production from Rm2013, Rm2013 sinI, Rm8530, and Rm8530 sinI.  

 

a. b. 
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Identification of AHLs produced by Rm2013. AHLs are polar organic molecules that 

can be extracted directly from culture with dichloromethane. Rm2013 and Rm2013 sinI AHLs 

were extracted from cultures grown to stationary phase (OD600 1.2). Crude extracts were spotted 

on TLC plates and chromatographed in 70% methanol, 30% water. After the plates were dried, 

either NTL4 or CV026 were added to the plate for visualization of the separated AHLs. As seen 

in Figure 4.3a, there is no observable difference between the AHL patterns in Rm2013 and 

Rm2013 sinI when NTL4 is used as the AHL detector. This suggests that the sinI in Rm2013 is 

not producing any AHLs. Sequence analysis of both sinI and sinR show that both genes have 

97% homology to the Rm1021 sinRI locus. All differences between the Rm2013 and Rm1021  

 

Figure 4.3. TLC analysis of Rm2013 AHLs. a) AHLs extracted from Rm2013 (lane 1) and 
Rm2013 sinI (lane 2) were chromatographed on a TLC plate before an A. tumefaciens NTL4 
(pZLR4) overlay was applied. No difference in AHL production was observed between the wild-
type Rm2013 and the sinI mutant. b) Undiluted (lanes 1 and 3) and a ten-fold dilution (lanes 2 
and 4) of Rm2013 (lanes 1 and 2) and Rm2013 sinI (lane 3 and 4) AHLs as well as C4-HSL and 
C6-HSL (lane 5) were chromatographed before a C. violaceum CV026 overlay was added. The 
AHL samples were diluted so that individual spots could be observed.  

C6-HSL 

a.  b.  

Lane:           1 2     3       4         5 Lane:        1             

C4-HSL 

C6-HSL 
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sinI and sinR sequences are base substitutions scattered throughout the genes (20 and 21 point 

mutations, respectively). Whether these point mutations prohibit the function of sinI is difficult 

to ascertain without further analysis.  

The pattern of AHLs detected by CV026 is also the same between the Rm2013 and 

Rm2013 sinI mutant (Figure 4.3b), confirming that if there is a functioning sinI, it has no effect 

on short-chain AHL production in S. meliloti Rm2013. From this TLC we also observed that 

Rm2013 is capable of producing at least six AHLs (HSLs), though the identity of only two, C4-

HSL and C4-HSL can be confirmed by comparison to the standards which are spotted in lane 5. 

The spots produced by Rm2013 above the C4-HSL standard are likely modified C4-HSL. It was 

previously shown that modified AHLs run faster on a TLC plate than unmodified AHLs. The 

other four spots are likely oxo-C6-HSL (between C4-HSL and C6-HSL), oxo-C8-HSL, and C8-

HSL.  

 Sequence analysis of S. meliloti Rm2013. Whole-genome sequencing was used to 

determine the number and nature of QS systems in Rm2013. Annotations of the Rm2013 

genome confirm the presence of the SinRI/ExpR system and reveal a secondary QS system that 

is similar to the tra system of pRme41a. The traI, traR, and traM genes are present in Rm2013, 

as well as a full complement of conjugal transfer genes (trb and tra genes). We have found no 

evidence of a rctA/rctB transfer system in Rm2013, which is unusual, as there is significant 

sequence similarity between pSymA and several contigs of the Rm2013 genome. 

There are two sets of replication genes (repABC) in what appears to be the replication and 

transfer region of the proposed QS regulated plasmid. However, one set of rep genes appears to 

be truncated while the other set is very similar to those found on pSymA (92% identity). The 
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region between the two sets of rep genes contains the traI, traR, and traM QS genes, the trb 

genes which function in mating pore formation, and the traAFBH and traCDG transfer genes. 

This region has 84% sequence similarity with the pRme41a plasmid. The region flanking the 

truncated rep genes has very little similarity to other known S. meliloti sequences while the 

region flanking the intact rep genes has significant similarity with pSymA. We have not 

completed the genome construction, so we are unable to say if this tra-like QS system is on a 

discrete replicon or was absorbed, via recombination, into pSymA. 

Host range of Rm2013. S. meliloti can form a symbiotic relationship with five legumes: 

Medicago sativa (alfalfa), Medicago truncatula (barrel clover), Melilotus albus (white sweet 

clover), Melilotus officinalis (yellow sweet clover), and Trigonella foenum-graecum (fenugreek). 

In rhizobia, host range is determined by several factors, including the type and molecular weight 

of exopolysaccharides produced, recognition of plant produced signal molecules, and plant 

recognition of bacterial nod factors. 

To determine if Rm2013 is capable of symbiosis with all five legume hosts, symbiosis 

assays were performed by inoculating three-day old seedlings of each legume type with Rm2013. 

The well-studied strain Rm1021 was used as a control. Ten plants for each strain were inoculated 

and after four weeks, the nitrogen fixing nodules and plant heights were recorded. We observed 

that Rm2013 was able to form symbiotic relationships will all five legumes with varying degrees 

of success (Table 4.3).  

To determine if disrupting sinI impacts the symbiotic efficiency of Rm2013, a larger symbiosis 

assay was conducted with the model legume host M. sativa. As before, either Rm2013 or the sinI 

mutant were used to inoculate three-day old seedlings of M. sativa (Figure 4.4). After  
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Table 4.3. Symbiotic efficiency of Rm2013 and Rm1021 in five legume hosts. 
Plant Species Strain Percentage of Nodules 

(Pink/Total) 
Plant Height 

(cm) 
Medicago sativa Rm1021 90% 8 

 Rm2013 76% 4.6 
Medicago truncatula Rm1021 81% 5.2 

 Rm2013 80% 4.4 
Melilotus albus Rm1021 77% 6 

 Rm2013 79% 5.4 
Melilotus officinalis Rm1021 85% 5.9 

 Rm2013 70% 6.6 
Trigonella foneum-graceum Rm1021 51% 6.6 

 Rm2013 73% 7.4 
 
 
four weeks, nitrogen fixing nodules and plant height of one hundred plants were observed. We 

found that the presence of an intact sinI gene is necessary for efficient formation of nitrogen 

fixing (pink) nodules when inoculating M. sativa with S. meliloti Rm2013 (Figure 4.4a). We also 

observed that plants inoculated with Rm2013 sinI were, on average, approximately 1 cm shorter 

and looked less healthy than those inoculated with Rm2013 wild-type (Figure 4.4b). 

Due to the many variables involved in host range determination, rhizobia can have as few 

as one host, to over 100 host legumes. Many host determinant factors are carried on the 

megaplasmids present in these strains. However, our sequence analysis of Rm2013 suggests a 

different arrangement and origin of genes on the putative pSymA plasmid, as well as several 

novel genetic islands present in the genome. It is possible that Rm2013 possesses genes that 

expand its host range or enhance its ability to form a symbiotic relationship with the five known 

hosts. 
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Figure 4.4. Rm2013 symbiosis assay. One hundred M. sativa seedlings were inoculated with 
either Rm2013 or Rm2013 sinI. a.) The percentage of nitrogen fixing (pink) nodules and b.) 
plant heights of one hundred plants per strain were observed after 4 weeks of growth.  
 
 

CONCLUSIONS AND FURTHER WORK 

By characterizing the QS systems in Rm2013, we gain insight into the various functions 

of QS in S. meliloti. Plasmid transfer is a major source of genetic variation in rhizobia and the 

ability to receive and retain plasmid DNA typically confers an advantage to the host (146, 147). 

As discussed previously, other non-symbiotic plasmids are present in S. meliloti, though many 

laboratory strains have lost much of the genetic variety conferred by these non-essential plasmids 

due to the lack of environmental selective pressure.  

S. meliloti Rm2013 appears to encode both QS circuits, though whether these systems are 

functional in this strain has yet to be determined. We have found that the AHL profile of 

Rm2013 is not affected by disrupting the AHL synthase sinI and that the production of the short-

chain AHLs is not dependent on the presence of sinI. Our plant data suggests that the sinI gene is 

required for efficient symbiosis with M. sativa. However, TLC analysis of the AHLs produced 
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by Rm2013 and Rm2013 sinI show no detectable difference between the two strains. Further 

work, including a more detailed analysis of the Rm2013 AHLs, is required to explain these 

conflicting results.  

We have also shown that Rm2013 is capable of forming a symbiotic relationship with the 

five known legume hosts of M. sativa. Future studies should expand on these findings by 

performing a wider host range analysis. Additionally, further sequence analysis of the Rm2013  

genome will help our understanding of host range determinants in S. meliloti.  
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CHAPTER 5 
 

SUMMARY AND PERSPECTIVES 
 
 

Precise control of gene expression in response to environmental stimuli is essential for 

bacterial processes such as denitrification and symbiosis. Sinorhizobium meliloti is capable of 

symbiotic nitrogen fixation when associated with a legume host. This organism is also capable of 

denitrification while free-living in the soil as well as during the symbiotic invasion process (31). 

Denitrification is a complex and energetically taxing process that requires strict regulation of 

gene expression. Detecting and responding to environmental conditions such as low oxygen or 

the presence of N oxides requires transcriptional regulators that respond to signals produced by 

specialized sensory proteins (2). In Chapter 1 of this dissertation, I have described some of the 

types of regulators involved in rhizobial denitrification and the roles of these regulators under 

various conditions. Some, such as FixJ, respond to a signal produced by the sensory protein 

FixL, while others such as NnrR respond directly to environmental conditions (46). A third, 

newly characterized LuxR-like regulator, Adr, is involved in regulation of denitrification, but the 

signal that triggers Adr activity has yet to be elucidated.  

Quorum sensing also requires specialized transcriptional regulators that respond to 

chemical signals in a population density dependent manner. This process is utilized by many 

bacteria to coordinate gene expression on a population level and is dependent on the production 

and detection of signals that are recognized by DNA binding response regulators (78). As 

discussed in Chapter 2, LuxR-like transcriptional regulators are typically associated with quorum 

sensing. Traditional LuxR-like regulators are associated with an autoinducer synthase and 

respond to the autoinducer molecules produced by said synthase. LuxR-like regulators such as 
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ExpR and Adr are not associated with a cognate synthase and are referred to as orphan regulators 

(78). Some orphan regulators such as ExpR have been shown to respond to the gram-negative 

quorum sensing molecule, N-acylhomoserine lactone (AHL). However, other orphan regulators 

such as Adr (Chapter 3 of this dissertation) and NesR have not been shown to respond to any 

known quorum sensing signal (128).  

Transcriptional analysis of genes controlled by the novel denitrification regulator Adr 

reveals another layer of denitrification regulation in S. meliloti. Previous, denitrification in S. 

meliloti was studied under low oxygen concentrations (≤ 2%). However, as I show in Chapter 3, 

Adr appears to allow denitrification gene expression even when oxygen is present in cultures at 

higher concentrations, such as during normal aerobic growth. Microoxic denitrification is not 

unusual, however, as described in Chapter 3, the absence of Adr lead to a decrease in 

denitrification gene expression. These results indicate that the oxygen limitation on 

denitrification gene expression may not be as strict as previously thought in S. meliloti. The 

results in Chapter 3 also demonstrate that nitrogen fixation, which is regulated by the same 

system as denitrification (FixLJ), is not affected by the absence of Adr. However, I did observe 

that an adr mutant is less competitive compared to wild-type S. meliloti during nodulation, which 

likely indicates that Adr expression assists S. meliloti during nodulation but is no longer required 

once the nodule is established.  

In Chapter 4, I identify a second quorum sensing system in the S. meliloti strain Rm2013. 

Phenotypic analysis of the AHL production of this strain in comparison to the laboratory strain 

Rm8530 revealed a different AHL profile in Rm2013. In addition, I show that disruption of the 

sinI AHL synthase gene does not impact the AHL production of Rm2013. Additionally, plant 
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symbiosis assays demonstrated that Rm2013 can successfully induce and inhabit nodules formed 

in the five known S. meliloti host legumes. To determine the presence of a second quorum 

sensing system in Rm2013, I analyzed the sequence of the Rm2013 genome and found evidence 

of a TraRI-like quorum sensing system. This system appears to be present on a plasmid that has 

some similarity with pRme41 from S. meliloti Rm41 and the S. meliloti symbiotic megaplasmid 

pSymA. Further genetic analysis is required to determine the functionality of this quorum 

sensing system and if it does indeed control plasmid transfer.  

The focus of this dissertation revolves around signal detection and transfer in respect to 

denitrification and quorum sensing in S. meliloti. Transcriptomic analysis via microarray and 

genomic sequencing were both heavily utilized to decipher the regulons discussed. LuxR-like 

regulators control a wide range of functions in S. meliloti, from symbiosis, to motility, stress 

response, and, as shown here, denitrification. The discovery of yet another LuxR-like protein that 

is not directly linked to the known AHL-based quorum sensing circuit in S. meliloti indicates that 

there is great deal more to learn about this family transcriptional regulators. Further work could 

include identifying the direct targets of Adr and determining the exact nature of the interaction 

between Adr and FixJ. Additionally, it is possible that a yet unknown signal influences the 

activity Adr and future work could focus on determining the existence and/or identity of such a 

signal. Understanding the mechanisms that influence Adr will give further understanding of 

various orphan LuxR-like proteins and how S. meliloti and other bacteria take advantage of this 

versatile group of regulators.  

The identification of a new denitrification regulator as presented here, as well as the 

sequencing of another strain of S. meliloti provide valuable insights into bacterial environmental 
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signaling and regulatory response networks in both free-living and symbiotic conditions 

experienced by this bacterium.   



 

88 

REFERENCES  

1. Kuypers MMM, Marchant HK, Kartal B. 2018. The microbial nitrogen-cycling 
network. Nat Rev Microbiol 16:263-276. 

2. Zumft WG. 1997. Cell biology and molecular basis of denitrification. Microbiol Mol 
Biol Rev 61:533-616. 

3. Terpolilli JJ, Hood GA, Poole PS. 2012. What Determines the Efficiency of N2-Fixing 
Rhizobium-Legume Symbioses? Adv. Microb. Physiol. 60:325-389. 

4. Fischer HM. 1994. Genetic regulation of nitrogen fixation in bacteria. Microbiological 
Reviews 58:352-386. 

5. Meilhoc E, Blanguet P, Cam Y, Bruand C. 2013. Control of NO level in rhizobium-
legume root nodules: not only a plant globin story. Plant Signal Behav 8:1-4. 

6. Cabrera JJ, Sánchez C, Gates AJ, Bedmar EJ, Mesa S, Richardson DJ, Delgado 
MJ. 2011. The nitric oxide response in plant-associated endosymbiotic bacteria. 
Biochem. Soc. Trans. 39:1880-1885. 

7. Moreno-Vivián C, Cabello P, Martínez-Luque M, Blasco R, Castillo F. 1999. 
Prokaryotic Nitrate Reduction: Molecular Properties and Functional Distinction among 
Bacterial Nitrate Reductases. J Bacteriol 181:6573-6584. 

8. Ji B, Yang K, Zhu L, Wang H, Zhou J, Zhang H. 2015. Aerobic Denitrification: A 
Review of Important Advances of the Last 30 Years. Biotechnol Bioprocess Eng 20:643-
651. 

9. García-Plazaola JI, Becerril JM, Arrese-Igor C, Hernandez AG-M, C. , Aparicio-
Tejo PM. 1993. Denitrifying ability of thirteen Rhizobium meliloti strains. Plant and Soil 
149:43-50. 

10. Ye RW, Fries MR, Bezborodnikov SG, Averill BA, Tiedje JM. 1993. Characterization 
of the structural gene encoding a copper-containing nitrite reductase and homology of 
this gene to DNA of other denitrifiers. Appl Environ Microbiol 59:250-254. 



 

89 

11. Jain R, Shapleigh JP. 2001. Characterization of nirV and a gene encoding a novel 
pseudoazurin in Rhodobacter sphaeroides 2.4.3. Microbiology 147:2505–2515. 

12. de Boer AP, Reijnders WN, Kuenen JG, Stouthamer AH, van Spanning RJ. 1994. 
Isolation, sequencing and mutational analysis of a gene cluster involved in nitrite 
reduction in Paracoccus denitrificans. Antonie van Leeuwenhoek 66:111-127. 

13. Jüngst A, Wakabayashi S, Matsubara H, Zumft WG. 1991. The nirSTBM region 
coding for cytochrome cd1-dependent nitrite respiriation of Pseudomonas stutzeri 
consists of a cluster of mono-, di-, and tetraheme proteins. FEBS Lett 279:205-209. 

14. Kawasaki S, Arai H, Kodama T, Igarashi Y. 1997. Gene cluster of dissimilatory nitrite 
reductase (nir) from Pseudomonas aeruginosa: sequencing and identification of a locus 
for heme d1 biosynthesis. J Bacteriol 179. 

15. Hendriks J, Oubrie A, Castresana J, Urbani A, Gemeinhardt S, Saraste M. 2000. 
Nitric oxide reductases in bacteria. BBA 1459:266-273. 

16. de Boer AP, van der Oost J, Reijnders WN, Westerhoff HV, Stouthamer AH, van 
Spanning RJ. 1996. Mutational analysis of the nor gene cluster which encodes nitric-
oxide reductase from Paracoccus denitrificans. Eur J Biochem 242:592-600. 

17. Mesa S, Velasco L, Manzanera ME, Delgado MJ, Bedmar EJ. 2002. Characterization 
of the norCBQD genes, encoding nitric oxide reductase, in the nitrogen fixing bacterium 
Bradyrhizobium japonicum. Microbiology 148:3553-3560. 

18. Chan YK, McCormick WA. 2004. Experimental evidence for plasmid-borne nor-nir 
genes in Sinorhizobium meliloti JJ1c10. Can J Microbiol 50:657-667. 

19. Holloway P, McCormick W, Watson RJ, Chan YK. 1996. Identification and analysis 
of the dissimilatory nitrous oxide reduction genes, nosRZDFY, of Rhizobium meliloti. J 
Bacteriol 178:1505-1514. 

20. Chan YK, McCormick WA, Watson RJ. 1997. A new nos gene downstream from 
nosDFY is essential for dissimilatory reduction of nitrous oxide by Rhizobium 
(Sinorhizobium) meliloti. Microbiology 143:2817-2824. 



 

90 

21. Velasco L, Mesa S, Xu C, Delgado MJ, Bedmar EJ. 2004. Molecular characterization 
of nosRZDFYLX genes coding for denitrifying nitrous oxide reductase of Bradyrhizobium 
japonicum. Antonie van Leeuwenhoek 85:229-235. 

22. Delamuta J, Ribeiro R, Ormeño-Orrillo E, Melo I, Martínez-Romero E, Hungria M. 
2013. Polyphasic evidence supporting the reclassification of Bradyrhizobium japonicum 
group Ia strains as Bradyrhizobium diazoefficiens sp. nov. IJSM 63:3342-3351. 

23. Siqueira A, Minamisawa K, Sánchez C. 2017. Anaerobic Reduction of Nitrate to 
Nitrous Oxide Is Lower in Bradyrhizobium japonicum than in Bradyrhizobium 
diazoefficiens. Microbes Environ. 32:398-401. 

24. Jones CM, Stres B, Rosenquist M, Hallin S. 2008. Phylogentic analysis of nitrite, nitric 
oxide, and nitrous oxide respiratory enzymes reveal a complex evolutionary history for 
denitrification. Mol. Biol. Evol. 25:1955-1966. 

25. Masson-Boivin C, Giraud E, Perret X, Batut J. 2009. Establishing nitrogen-fixing 
symbiosis with legumes: how many rhizobium recipes? TRENDS in Microbiology 
17:458-466. 

26. Bobik C, Meilhoc E, Batut J. 2006. FixJ: a major regulator of the oxygen limitation 
response and late symbiotic functions of Sinorhizobium meliloti. J Bacteriol 188:4890-
4902. 

27. Bedmar EJ, Robles EF, Delgado MJ. 2005. The complete denitrification pathway of 
the symbiotic, nitrogen-fixing bacterium Bradyrhizobium japonicum. Biochem. Soc. 
Trans. 33:141-144. 

28. González PJ, Correia C, Moura I, Brondino CD, Moura JJG. 2006. Bacterial nitrate 
reductases: Molecular and biological aspects of nitrate reduction. J. Inorg. Biochem. 
100:1015-1023. 

29. Barloy-Hubler F, Capela D, Batut J, Galibert F. 2000. High-resolution physical map 
of the pSymb megaplasmid and comparison of the three replicons of Sinorhizobium 
meliloti strain 1021. Curr Microbiol 41:109-113. 



 

91 

30. Kaneko T, Nakamura Y, Sato S, Minamisawa K, Uchiumi T, Sasamoto S, Watanabe 
A, Idesawa K, Iriguchi M, Matsumoto M, Shimpo S, Tsuruoka H, Wada T, Yamada 
M, Tabata S. 2001. Complete genomic sequence of nitrogen-fixing symbiotic bacterium 
Bradyrhizobium japonicum USDA110. DNA Res 9:189-197. 

31. Torres MJ, Rubia MI, de la Pena TC, Pueyo J, Bedmar EJ, Delgado MJ. 2014. 
Genetic basis for denitrification in Ensifer meliloti. BMC Microbiol 14:142-151. 

32. Torres MJ, Avila S, Bedmar EJ, Delgado MJ. 2018. Overexpression of the periplasmic 
nitrate reductase supports anaerobic growth by Ensifer meliloti. FEMS Microbiol Lett. 
365:1-6. 

33. Delgado MJ, Bonnard N, Tresierra-Ayala A, Bedmar EJ, Muller P. 2003. The 
Bradyrhizobium japonicum napEDABC genes encoding the periplasmic nitrate reductase 
are essential for nitrate respiration. Microbiology 149:3395-3403. 

34. van Spanning RJM. 2011. Chapter 7: Structure, Function, Regulation and Evolution of 
the Nitrite and Nitrous Oxide Reductases: Denitrification Enzymes with a Beta-propeller 
Fold.135-161. 

35. Gómez-Hernández N, Reyes-González A, Sánchez C, Mora Y, Delgado MJ, Girard 
L. 2011. Regulation and symbiotic role of nirK and norC expression in Rhizobium etli. 
Mol Plant Microbe Interact 24:233-245. 

36. Sánchez C, Minamisawa K. 2018. Redundant roles of Bradyrhizobium oligotrophicum 
Cu-type (NirK) and cd1-type (NirS) nitrite reductase genes under denitrifying conditions. 
Fems Microbiol Lett 365. 

37. Jang J, Ashida N, Kai A, Isobe K, Nishizawa T, Otsuka S, Yokota A, Senoo K, Ishii 
S. 2018. Presence of Cu-Type (NirK) and cd1-Type (NirS) Nitrite Reductase Genes in the 
Denitrifying Bacterium Bradyrhizobium nitroreducens sp. nov. Microbes Environ. 
33:326-331. 

38. Bueno E, Robles EF, Torres MJ, Krell T, Bedmar EJ, Delgado MJ, Mesa S. 2017. 
Disparate response to microoxia and nitrogen oxides of the Bradyrhizobium japonicum 
napEDABC, nirK, and norCBQD denitrification genes 

Nitric Oxide 1:137-149. 



 

92 

39. Bueno E, Mesa S, Bedmar EJ, Richardson DJ, Delgado MJ. 2012. Bacterial 
adaptation of respiration from oxic to microoxic and anoxic conditions: redox control. 
Antioxid. Redox Signal. 16:819-852. 

40. Poole RK. 2005. Nitric oxide and nitrosative stress tolerance in bacteria. Biochem. Soc. 
Trans. 33:176-180. 

41. Damiani I, Pauly N, Puppo A, Brouquisse R, Boscari A. 2016. Reactive oxygen 
species and nitric oxide control early steps on the legume--rhizobium symbiotic 
interaction. Front. Plant Sci. 7. 

42. del Giudice J, Cam Y, Damiani I, Fung-Chat F, Meilhoc E, Bruand C, Brouquisse 
R, Puppo A, Boscari A. 2011. Nitric oxide is required for an optimal establishment of 
the Medicago truncatula--Sinorhizobium meliloti symbiosis. New Phytol 191:405-417. 

43. Sudharti H, de Vries S. 2004. NO Reductase from Bacillus azotoformans is a 
bifunctional enzyme accepting electrons from menaquinol and a specific endogenous 
membrane-bound cytochrom c551. Biochemistry 43:13487-13495. 

44. Horchani F, Prevot M, Boscari A, Evangelisti E, Meilhoc E, Bruand C, Raymond P, 
Boncompagni E, Aschi-Smiti S, Puppo A, Brouquisse R. 2011. Both plant and 
bacterial nitrate reductases contribute to nitric oxide production in Medicago truncatula 
nitrogen-fixing nodules. Plant Physiol 155:1023-1036. 

45. Meakin GE, Jepson BJ, Richardson DJ, Bedmar EJ, Delgado MJ. 2006. The role of 
Bradyrhizobium japonicum nitric oxide reductase in the nitric oxide detoxification in 
soya bean root nodules. Biochem. Soc. Trans. 34:195-196. 

46. de Bruijn FJ, Rossbach S, Bruand C, Parrish JR. 2006. A highly conserved 
Sinorhizobium meliloti operon is induced microaerobically via the FixLJ system and by 
nitric oxide (NO) via NnrR. Environ Microbiol 8:1371-1381. 

47. Yoon S, Nissen S, Park D, Sanford RA, Loffler FE. 2016. Nitrous Oxide Reduction 
Kinetics Distinguish Bacteria Harboring Clade I NosZ from Those Harboring Clade II 
NosZ. Appl Environ Microbiol 22:3793-3800. 



 

93 

48. Sanford RA, D. WD, Wu Q, Chee-Sanford JC, Thomas SH, Cruz-Garcia C, 
Rodriguez G, Massol-Deya A, Krishnani KK, Ritalahti KM, Nissen S, 
Konstantinidis KT, Loffler FE. 2012. Unexpected nondenitrifier nitrous oxide 
reductase gene diversity and abundance in soils. Proc Natl Acad Sci U S A 109:19709-
19714. 

49. Berks BC, Ferguson SJ, Moir JWB, Richardson DJ. 1995. Enzymes and associated 
electron transport systems that catalyse the respiratory reduction of nitrogen oxides and 
oxyanions. Biochim Biophys Acta 1232:97-173. 

50. Schneider LK, Wust A, Pomowski A, Zhang L, Einsle O. 2014. No laughing matter: 
the unmaking of the greenhouse gas dinitrogen monoxide by nitrous oxide reductase. Met 
Ions Life Sci. 14:177-210. 

51. Monza J, Irisarri P, Diaz P, Delgado MJ, Mesa S, Bedmar EJ. 2006. Denitrification 
ability of rhizobial strains isolated from Lotus sp. Antonie van Leeuwenhoek 89:479-484. 

52. Valasco L, Mesa S, Xu CA, Delgado MJ, Bedmar EJ. 2004. Molecular 
characterization of nosRZDFYLX genes coding for denitrifying nitrous oxide reductase of 
Bradyrhizobium japonicum. Antonie van Leeuwenhoek 85:229-235. 

53. Wunsch P, Zumft WG. 2005. Functional domains of NosR, a novel transmembrane 
iron-sulfur flavoprotein necessary for nitrous oxide respiration. J Bacteriol 187:1992-
2001. 

54. Brambilla S, Frare R, Soto G, Jozefkowicz C, Ayub N. 2018. Absence of the nitrous 
oxide reductase gene cluster in commercial alfalfa inoculants is probably due to the 
extensive loss of genes during rhizobial domestication. Microb Ecol 76:299-302. 

55. Bueno E, Mesa S, Sánchez C, Bedmar EJ, Delgado MJ. 2010. NifA is required for 
maximal expression of denitrification genes in Bradyrhizobium japonicum. Environ 
Microbiol 12:393-400. 

56. Lois AF, Weinstein M, Ditta GS, Helinski DR. 1993. Autophosphorylation and 
Phosphatase Activities of the Oxygen-sensing Protein FixL of Rhizobium meliloti Are 
Coordinately Regulated by Oxygen. J Biol Chem 268:4370-4375. 



 

94 

57. Ferrieres L, Francez-Charlot A, Gouzy J, Rouille S, Kahn D. 2004. FixJ-regulated 
genes evolved through promoter duplication in Sinorhizobium meliloti. Microbiology 
150:2335-2345. 

58. Batut J, Daveran-Mingot ML, David M, Jacobs J, Garnerone AM, Kahn D. 1989. 
fixK, a gene homologous with fnr and crp from Escherichia coli, regulates nitrogen 
fixation genes both positively and negatively in Rhizobium meliloti. Embo J 8:1279-
1286. 

59. Meilhoc E, Cam Y, Skapski A, Bruand C. 2009. The Response to Nitric Oxide of the 
Nitrogen-Fixing Symbiont Sinorhizobium meliloti. Mol Plant Microbe Interact 23:748-
759. 

60. Sciotti M, Chanfon A, Hennecke H, Fischer HM. 2003. Disparate oxygen 
responsiveness of two regulatory cascades that control expression of symbiotic genes in 
Bradyrhizobium japonicum. J Bacteriol 185:5639-5642. 

61. Anthamatten D, Hennecke H. 1991. The regulatory status of the fixL- and fixJ-like 
genes in Bradyrhizobium japonicum may be different from that in Rhizobium meliloti. 
Mol Gen Genet 225:38-48. 

62. Mesa S, Hennecke H, Fischer HM. 2006. A multitude of CRP/FNR-like transcription 
proteins in Bradyrhizobium japonicum. Biochem. Soc. Trans. 34:156-159. 

63. Torres MJ, Bueno E, Jiménez-Leiva A, Cabrera JJ, Bedmar EJ, Mesa S, Delgado 
MJ. 2017. FixK2 Is the Main Transcriptional Activator of Bradyrhizobium diazoefficiens 
nosRZDYFLX Genes in Response to Low Oxygen. Front Microbiol 8. 

64. Mesa S, Hauser F, Friberg M, Malaguti E, Fischer HM, Hennecke H. 2008. 
Comprehensive assessment of the regulons controlled by the FixLJ-FixK2-FixK1 cascade 
in Bradyrhizobium japonicum. J Bacteriol 190:6568-6579. 

65. Nellen-Anthamatten D, Rossi P, Preisig O, Kullik I, Babst M, Fischer HM, 
Hennecke H. 1998. Bradyrhizobium japonicum FixK2, a crucial distributor in the FixLJ-
dependent regulatory cascade for control of genes inducible by low oxygen levels. J 
Bacteriol 180:5251-5255. 



 

95 

66. Reutimann L, Mesa S, Hennecke H. 2010. Autoregulation of the fixK(2) gene 
expression in Bradyrhizobium japonicum. Mol Genet Genomics 284:25-32. 

67. Mesa S, Reutimann L, Fischer HM, Hennecke H. 2009. Posttranslational control of 
transcription factor FixK2, a key regulator for the Bradyrhizobium japonicum-soybean 
symbiosis. Proc Natl Acad Sci U S A 106:21860-21865. 

68. Mesa S, Bedmar EJ, Chanfon A, Hennecke H, Fischer HM. 2003. Bradyrhizobium 
japonicum NnrR, a denitrification regulator, expands the FixLJ-FixK2 regulatory 
cascade. J Bacteriol 185:3978-3982. 

69. Torres MJ, Argandoña M, Vargas C, Bedmar EJ, Fischer HM, Mesa S, Delgado 
MJ. 2014. The global response regulator RegR controls expression of denitrification 
genes in Bradyrhizobium japonicum. PLoS One 9. 

70. Emmerich R, Panglungtshang K, Strehler p, Hennecke H, Fischer HM. 1999. 
Phosphorylation, dephosphorylation and DNA-binding of the Bradyrhizobium japonicum 
RegSR two-component regulatory proteins. Eur. J. Biochem. 263:455-463. 

71. Bauer E, Kaspar T, Fischer HM, Hennecke H. 1998. Expression of the fixR-nifA 
operon in Bradyrhizobium japonicum depends on a new response regulator, RegR. J 
Bacteriol 180:3853-3863. 

72. Hauser F, Pessi G, Friberg M, Weber C, Rusca N, Lindemann A, Fischer HM, 
Hennecke H. 2007. Dissection of the Bradyrhizobium japonicum NifA+σ54 regulon, and 
identification of a ferredoxin gene (fdxN) for symbiotic nitrogen fixation. Mol Genet 
Genomics 278:255-271. 

73. Kullik I, Fritsche S, Knobel H, Sanjuán J, Hennecke H, Fischer HM. 1991. 
Bradyrhizobium japonicum has two differentially regulated, functional homologs of the 
sigma 54 gene (rpoN). J Bacteriol 173:1125-1138. 

74. Waters CM, Bassler BL. 2005. Quorum sensing: cell-to-cell communication in bacteria. 
Annu Rev Cell Dev Biol 21:319-346. 



 

96 

75. Calatrava-Morales N, McIntosh M, Soto MJ. 2018. Regulation Mediated by N-Acyl 
Homoserine Lactone Quorum Sensing Signals in the Rhizobium-Legume Symbiosis 
Genes 9. 

76. Marketon MM, González JE. 2002. Identification of two quorum-sensing systems in 
Sinorhizobium meliloti. J Bacteriol 184:3466-3475. 

77. Marketon MM, Gronquist MR, Eberhard A, González JE. 2002. Characterization of 
the Sinorhizobium meliloti sinR/sinI locus and the production of novel N-acyl homoserine 
lactones. J Bacteriol 184:5686-5695. 

78. Patankar AV, González JE. 2009. Orphan LuxR regulators of quorum sensing. FEMS 
Microbiol Rev 33:739-756. 

79. Marketon MM, Glenn SA, Eberhard A, González JE. 2003. Quorum sensing controls 
exopolysaccharide production in Sinorhizobium meliloti. J Bacteriol 185:325-331. 

80. Hoang HH, Gurich N, González JE. 2008. Regulation of motility by the ExpR/Sin 
quorum-sensing system in Sinorhizobium meliloti. J Bacteriol 190:861-871. 

81. Fuqua C, Burbea M, Winans SC. 1995. Activity of the Agrobacterium Ti plasmid 
conjugal transfer regulator TraR is inhibited by the product of the traM gene. J Bacteriol 
177:1367-1373. 

82. Miller MB, Bassler BL. 2001. Quorum sensing in bacteria. Annu Rev Microbiol 55:165-
199. 

83. Hanzelka BL, Parsek MR, Val DL, Dunlap PV, Cronan JE, Jr., Greenberg EP. 
1999. Acylhomoserine lactone synthase activity of the Vibrio fischeri AinS protein. J 
Bacteriol 181:5766-5770. 

84. Fuqua WC, Winans SC, Greenberg EP. 1994. Quorum sensing in bacteria: the LuxR-
LuxI family of cell density-responsive transcriptional regulators. J Bacteriol 176: 269-
275. 



 

97 

85. González JE, Marketon MM. 2003. Quorum sensing in nitrogen-fixing rhizobia. 
Microbiol Mol Biol Rev 67:574-592. 

86. Roche P, Maillet F, Plazanet C, Debellé F, Ferro M, Truchet G, Promé J, Denarie J. 
1996. The common nodABC genes of Rhizobium meliloti are host-range determinants. 
Proc Natl Acad Sci U S A 93:15305-15310. 

87. Redmond JW, Batley M, Djordjevic MA, Innes RW, Kuempel PL, Rolfe BG. 1986. 
Flavones induce expression of nodulation genes in Rhizobium. Nature 323:632-635. 

88. Liu C, Muarry JD. 2017. The Role of Flavonoids in Nodulation Host-Range Specificity: 
An Update. Plants 5. 

89. Broughton WJ, Jabbouri S, Perret X. 2000. Keys to symbiotic harmony. J Bacteriol 
182:5641-5652. 

90. Djordjevic MA, Schofield PR, Ridge RW, Morrison NA, Bassam BJ, Plazinski J, 
Watson JM, Rolfe BG. 1985. Rhizobium nodulation genes involved in root hair curling 
(Hac) are functionally conserved. Plant Mol Biol 4:147-160. 

91. González JE, Reuhs BL, Walker GC. 1996. Low molecular weight EPS II of 
Rhizobium meliloti allows nodule invasion in Medicago sativa. Proc Natl Acad Sci U. S. 
A. 93:8636-8641. 

92. Poole P, Ramachandran V, Terpolilli J. 2018. Rhizobia: from saprophytes to 
endosymbionts. Nature Reviews 16:291-303. 

93. Barnett MJ, Fisher RF, Jones T, Komp C, Abola AP, Barloy-Hubler F, Bowser L, 
Capela D, Galibert F, Gouzy J, Gurjal M, Hong A, Huizar L, Hyman RW, Kahn D, 
Kahn ML, Kalman S, Keating DH, Palm C, Peck MC, Surzycki R, Wells DH, Yeh 
KC, Davis RW, Federspiel NA, Long SR. 2001. Nucleotide sequence and predicted 
functions of the entire Sinorhizobium meliloti pSymA megaplasmid. Proc Natl Acad Sci 
USA 98:9883-9888. 

94. Fischer H-M. 1994. Genetic Regulation of Nitrogen Fixation in Rhizobia. 
Microbiological Reviews 58:352-386. 



 

98 

95. King BJ, Hunt S, Weagle GE, Walsh KB, Pottier RH, Canvin DT, Layzell DB. 1988. 
Regulation of O2 Concentration in Soybean Nodules Observed by in Situ Spectroscopic 
Measurment of Leghemoglobin Oxygenation. Plant Physiol 87:296-299. 

96. Becana M, Klucas RV. 1992. Oxidation and reduction of leghemoglobin in root nodules 
of leguminous plants. Plant Physiol. 98:1214-1221. 

97. Watson RJ, Chan YK, Wheatcroft R, Yang AF, Han SH. 1988. Rhizobium meliloti 
genes required for C4-dicarboxylate transport and symbiotic nitrogen fixation are located 
on a megaplasmid. J Bacteriol 170:927-934. 

98. Lucinski R, Polcyn W, Ratajczak L. 2002. Nitrate reduction and nitrogen fixation in 
symbiotic association Rhizobium-legumes. Acta Biochim Pol 49:537-546. 

99. Chen J, Strous M. 2013. Denitrification and aerobic respiration, hybrid electron 
transport chains and co-evolution. Biochim Biophys Acta 1827:136-144. 

100. García-Plazaola JI, Becerril JM, Arrese-Igor C, González-Murua C, Aparicio-Tejoi 
PM. 1993. The contribution of Rhizobium meliloti to soil denitrification. Plant and Soil 
157:207-213. 

101. Torres MJ, Rubia MI, Bedmar EJ, Delgado MJ. 2011. Denitrification in 
Sinorhizobium meliloti, p. 1886-1889, Biochem. Soc. Trans., vol. 39. 

102. Dazzo FB, Brill WJ. 1978. Regulation by Fixed Nitrogen of Host-Symbiont Recognition 
in the Rhizobium-Clover Symbiosis. Plant Physiol 62:18-21. 

103. Minchin FR, Minguez MI, Sheehy JE, Witty JF, Skot L. 1986. Relationships Between 
Nitrate and Oxygen Supply in Symbiotic Nitrogen Fixation by White Clover. Journal of 
Experimental Botany 37:1103-1113. 

104. David M, Daveran ML, Batut J, Dedieu A, Domergue O, Ghai J, Hertig C, P. 
Boistard, Kahn D. 1988. Cascade regulation of the nif gene expression in Rhizobium 
meliloti. Cell 54:671-683. 



 

99 

105. Da Re S, Bertagnoli S, Fourment J, Reyrat J, Kahn D. 1994. Intramoleculat signal 
transduction within the FixJ transcriptional activator: in vitro evidence for the inhibitory 
effet of the phosphoyrlatable regulator domain. Nucleic Acids Res 22:1555-1561. 

106. Da Re S, Schumacher J, Rousseau P, Fourment J, Ebel C, Kahn D. 1999. 
Phosphorylation-induced dimerization of the FixJ reciever domain. Mol Microbiol 
34:504-511. 

107. Karashima-Ito K, Kasai Y, Hosono K, Tamura K, Oue S, Isogai M, Ito Y, 
Nakamura H, Shiro Y. 2005. Solution structure of the C-terminal transcriptional 
activator domain of FixJ from Sinorhizobium meliloti and its recognition of the fixK 
promoter. Biochemistry 44:14835-14844. 

108. Ferrieres L, Francez-Chralot A, Gouzy J, Rouille S, Kahn D. 2004. FixJ-regulated 
genes evolved through promoter duplication in Sinorhizobium meiloti. Microbiology 
150:2335-2345. 

109. Garnerone A, Cabanes D, Foussard M, Boisatrd P, Batut J. 1999. Inhibition of the 
FixL Sensor Kinase by the FixT Protein in Sinorhizobium meliloti. J Biol Chem 
274:32500-32506. 

110. Berges H, Checroun C, Guiral S, Garnerone A, Boistard P, Batut J. 2001. A 
glutamine-amidotransferase-like protein modulates FixT anti-kinase activity in 
Sinorhizobium meliloti. BMC Microbiology 1:6. 

111. Foussard M, Garnerone AM, Ni F, Soupene E, Boistard P, Batut J. 1997. Negative 
autoregulation of the Rhizobium meliloti fixK gene is indirect and requires a newly 
identified regulator, FixT. Mol Microbiol 25:27-37. 

112. Dixon R, Kahn D. 2004. Genetic Regulation of Biological Nitrogen Fixation Nat Rev 
Microbiol 2:621-631. 

113. Pellock BJ, Teplitski M, Boinay RP, Bauer WD, Walker GC. 2002. A LuxR homolog 
controls production of symbiotically active extracellular polysaccharide II by 
Sinorhizobium meliloti. J Bacteriol 184:5067-5076. 



 

100 

114. Glazebrook J, Walker GC. 1991. Genetic techniques in Rhizobium meliloti. Methods 
Enzymol 204:398-418. 

115. Simon R, Priefer U, Puhler A. 1983. A broad-host range mobilization system for in 
vivo genetic engineering: transposon mutagenesis in gram-negative bacteria. Bio 
Technology 1:784-791. 

116. Kalogeraki VS, Winans SC. 1997. Suicide plasmids containing promoterless reporter 
genes can simultaneously disrupt and create fusions to target genes of diverse bacteria. 
Gene 188:69-75. 

117. Barnett MJ, Oke V, Long SR. 2000. New genetic tools for use in the Rhizobiaceae and 
other bacteria. BioTechniques 29:240-245. 

118. Quandt J, Hynes MF. 1993. Versatile suicide vectors which allow direct selection for 
gene replacement in Gram-negative bacteria. Gene 127:15-21. 

119. Finan TM, Hartweig E, LeMieux K, Bergman K, Walker GC, Signer ER. 1984. 
General transduction in Rhizobium meliloti. J Bacteriol 159:120-124. 

120. Glenn SA, Gurich N, Feeney MA, González JE. 2007. The ExpR/Sin quorum-sensing 
system controls succinoglycan production in Sinorhizobium meliloti. J Bacteriol 
189:7077-7088. 

121. Krol E, Becker A. 2004. Global transcriptional analysis of the phosphate starvation 
response in Sinorhizobium meliloti strains 1021 and 2011. Mol Genet Genomics 272:1-
17. 

122. Hoang HH, Becker A, González JE. 2004. The LuxR homolog ExpR, in combination 
with the Sin quorum sensing system, plays a central role in Sinorhizobium meliloti gene 
expression. J Bacteriol 186:5460-5472. 

123. Bell LC, Richardson DJ, Ferguson SJ. 1990. Periplasmic and membrane-bound 
respiratory nitrate reductases in Thiosphaera pantotropha. FEBS Lett 265:85-87. 



 

101 

124. Craske A, Ferguson SJ. 1986. The respiratory nitrate reductase from Paracoccus 
denitrificans. Eur J Biochem 158:429-436. 

125. Jones RW, Garland PB. 1977. Sites and specificity of the reaction of bipyridylium 
compounds with anaerobic respiratory enzymes of Escherichia coli. Biochem J 164:199-
211. 

126. Leigh JA, Signer ER, Walker GC. 1985. Exopolysaccharide-deficient mutants of 
Rhizobium meliloti that form ineffective nodules. Proc Natl Acad Sci USA 82:6231-
6235. 

127. Fuqua C, Parsek MR, Greenberg EP. 2001. Regulation of gene expression by cell-to-
cell communication: acyl-homoserine lactone quorum sensing. Annu Rev Genet 35:439-
468. 

128. Patankar AV, González JE. 2009. An orphan LuxR homolog of Sinorhizobium meliloti 
affects stress adaptation and competition for nodulation. Appl Environ Microbiol 75:946-
955. 

129. Whitehead NA, Barnard AM, Slater H, Simpson NJ, Salmond GP. 2001. Quorum-
sensing in Gram-negative bacteria. FEMS Microbiol Rev 25:365-404. 

130. Galibert F, Finan TM, Long SR, Pühler A, Abola P, Ampe F, Barloy-Hubler F, 
Barnett MJ, Becker A, Boistard P, Bothe G, Boutry M, Bowser L, Buhrmester J, 
Cadieu E, Capela D, Chain P, Cowie A, Davis RW, Dreano S, Federspiel NA, Fisher 
RF, Gloux S, Godrie T, Goffeau A, Golding B, Gouzy J, Gurjal M, Hernandez-
Lucas I, Hong A, Huizar L, Hyman RW, Jones T, Kahn D, Kahn ML, Kalman S, 
Keating DH, Kiss E, Komp C, Lelaure V, Masuy E, Palm C, Peck MC, Pohl TM, 
Portetelle D, Purnelle B, Ramsperger U, Surzycki R, Thebault P, Vandenbol M, 
Vorholter FJ, Weidner S, Wells DH, Wong K, Yeh KC, Batut J. 2001. The composite 
genome of the legume symbiont Sinorhizobium meliloti. Science 293:668-672. 

131. Anthamatten D, Scherb B, Hennecke H. 1992. Characterization of a fixLJ-regulated 
Bradyrhizobium japonicum gene sharing similarity with the Escherichia coli fnr and 
Rhizobium meliloti fixK genes. J Bacteriol 174:2111-2120. 



 

102 

132. Hartig E, Schiek U, Vollack KU, Zumft WG. 1999. Nitrate and nitrite control of 
respiratory nitrate reduction in denitrifying Pseudomonas stutzeri by a two-component 
regulatory system homologous to NarXL of Escherichia coli. J Bacteriol 181:3658-3665. 

133. Stewart V, Parales J, Jr., Merkel SM. 1989. Structure of genes narL and narX of the 
nar (nitrate reductase) locus in Escherichia coli K-12. J Bacteriol 171:2229-2234. 

134. Hayatsu M, Tago K, Saito M. 2008. Various players in the nitrogen cycle: Diversity and 
functions of the microorganisms involved in nitrification and denitrification. Jpn. J. Soil 
Sci. Plant Nutr. 54:33-45. 

135. Kraft B, Strous M, Tegetmeyer HE. 2011. Microbial nitrate respiration -- Genes, 
enzymes, and environmental distribution. Journal of Biotechnology 155:104-117. 

136. Van Cleemput O, Samater AH. 1996. Nitrite in soils: accumulation and role in the 
formation of gaseous N compounds. Fertilizer Research 45:81-89. 

137. Casella S, Shapleigh JP, Payne WJ. 1986. Nitrite reduction in Rhizobium hedysarï 
strain HCNT 1. Arch Microbiol 146:233-238. 

138. Flanagan DA, Gregory LG, Carter JP, Karakas-Sen A, Richardson DJ, Spiro S. 
1999. Detection of genes for periplasmic nitrate reductase in nitrate respiring bacteria and 
in community DNA. Fems Microbiol Lett 177:263-270. 

139. Guntli D, Heeb M, Moenne-Loccoz Y, Defago G. 1999. Contribution of calystegine 
catabolic plasmid to competitive colonization of the rhizosphere of calystegine-producing 
plants by Sinorhizobium meliloti Rm41. Mol. Ecol. 8:855-863. 

140. Ding H, Hynes MF. 2009. Plasmid transfer systems in the rhizobia. Can J Microbiol. 
55:917-927. 

141. He X, Chang W, Pierce DL, Seib LO, Wagner J, Fuqua C. 2003. Quorum sensing in 
Rhizobium sp. strain NGR234 regulates conjugal transfer (tra) gene expression and 
influences growth rate. J Bacteriol 185:809-822. 



 

103 

142. Wetzel ME, Olsen GJ, Chakravartty V, Farrand SK. 2015. The repABC plasmids 
with quorum-regulated transfer systems in members of the Rhizobiales divide into two 
structrually and separately evolving groups. Genome Biol Evol. 7:3337-3357. 

143. McClean KH, Winson MK, Fish L, Taylor A, Chhabra SR, Camara M, Daykin M, 
Lamb JH, Swift S, Bycroft BW, Stewart GS, Williams P. 1997. Quorum sensing and 
Chromobacterium violaceum: exploitation of violacein production and inhibition for the 
detection of N-acyl homoserine lactones. Microbiology 143:3703-3711. 

144. McLean RJ, Whiteley M, Stickler DJ, Fuqua WC. 1997. Evidence of autoinducer 
activity in naturally occurring biofilms. Fems Microbiol Lett 154:259-263. 

145. Luo ZQ, Clemente TE, Farrand SK. 2001. Construction of a derivative of 
Agrobacterium tumefaciens C58 that does not mutate to tetracycline resistance. Mol Plant 
Microbe Interact 14:98-103. 

146. Roumiantseva ML, Andronov EE, Sharypova LA, Dammann-Kalinowski T, Keller 
M, Young JP, Simarov BV. 2002. Diversity of Sinorhizobium meliloti from the Central 
Asian Alfalfa Gene Center. Appl Environ Microbiol. 68:4694-4697. 

147. Zahran HH. 2001. Rhizobia from wild legumes: diversity, taxonomy, ecology, nitrogen 
fixation and biotechnology. J Biotechnol. 91:143-153. 

 



 
 
 

104 

BIOGRAPHICAL SKETCH 

Coreen Slape was born in Denton, Texas. After graduating from Aledo High School in 2009, she 

attended the University of North Texas in Denton where she earned a Bachelor of Science in 

Biology in August 2012. She was accepted into the molecular and cell biology program at The 

University of Texas at Dallas in Richardson, Texas and began attending classes in August 2012. 

She earned her Master of Science in Molecular and Cell Biology and qualified as a doctoral 

candidate in May 2014.  

 



 
 
 

 

CURRICULUM VITAE 

Coreen Slape 

Address: 800 W Campbell Road, NSERL, Richardson, TX 

Email: cxm126530@utdallas.edu 

EDUCATION 

Doctor of Philosophy in Cell and Molecular Biology  
Expected graduation December, 2018 
University of Texas at Dallas 
 
Master of Science in Cell and Molecular Biology, 2014 
University of Texas at Dallas 
 
Bachelor of Science in Biology, 2012 
University of North Texas 
 

TEACHING/RESEARCH ASSISTANT EXPERIENCE 

Teaching Assistant 2013-present 
University of Texas at Dallas 

• Organizing and training other teaching assistants for genetics courses and a microbiology 
teaching laboratory.  

• Responsibilities include designing lecture material such as comprehensive slides, 
assessments (quizzes, pre-labs, and lab reports), and monitoring students in labs. 

• Lectured multiple sections of 20 or more undergraduate students and strove to improve 
learning outcomes by meeting with students outside of class hours and being available 
through email.  

• During my time teaching the microbiology lab, I was also responsible for maintaining a 
diverse bacterial strain collection and performed regular biochemical checks to ensure 
stability and purity of strains.  This collection was comprised of both gram-negative and 
gram-positive bacteria, including lactic acid producing bacteria.  

 

Doctoral Researcher  2012-present 
University of Texas at Dallas 

• Microbiology skills: media preparation, culturing bacteria in various media, phage 
transduction, performing viable counts and measurement of plaque forming units and 
aseptic technique. 



 

 

• Molecular biology skills: DNA/RNA/protein isolation and quantification, vector-based 
cloning, PCR, gel electrophoresis, qRT-PCR, organic molecule extraction, microarray 
data analysis, NGS data analysis, genome annotation.  

• Served as safety liaison for the lab. Duties included waste management, knowledge of 
laboratory stocks and strains, and communication with the Office of Environmental 
Health and Safety at UTD. 

• Responsible for managing and training laboratory members in molecular and 
microbiological techniques, maintaining lab supplies, and ensuring the cleanliness and 
safety of the lab space. 

• Collaborated with other labs in interdisciplinary work which resulted in a peer reviewed 
publication. 

• Completed training to qualify to work in a BSL 2 research laboratory. 

 

RESEARCH INTERESTS 

• Molecular microbiology 
• Quorum sensing 
• Microbial genetics 

 

PUBLICATIONS 

• Slape CM. Denitrification in Sinorhizobium meliloti. Ph.D. Thesis, University of Texas at 
 Dallas, Richardson, TX. 2018. 

• Slape CM, Patankar A, González JE. A Novel Denitrification Regulator, Adr, Mediates
 Denitrification Under Aerobic Conditions in Sinorhizobium meliloti. Submitted
 for publication, AEM, 2018. 

• Slape CM, González JE. Denitrification in Rhizobia. Pending publication, 2018. 
• Ren Y, Slape CM (co-first author), Amika I, Fiedler A, Wallace A, González JE, Biewer 

 C, Zimmern P, Stefan MC. Biodegradation of polypropylene mesh in an 
Escherichia coli environment. Pending publication, 2018. 

• Pope WH et al. Whole genome comparison of a large collection of mycobacteriophages 
reveals a continuum of phage genetic diversity. Elife. 2015. 

• Pope WH et al. Cluster K Mycobacterreiophages: Insights into Evolutionary Origin of 
 Mycobacteriophage TM4. PLoS ONE. 6. 2011. 

• Manley CM, Simon SE, Hughes LE, Benjamin RC. Purification and Analysis of 
 Mycobacteriophage Alice. University of North Texas Libraries, Digital Library. 
 2010. 

 



 

 

CONFERENCE PRESENTATIONS 

• Slape CM, González JE. Regulation of Denitrification in Sinorhizobium meliloti Under  Aerobic 
Conditions. American Society for Microbiology Meeting, Poster  presentation. San Marcos, TX, 
March 2017. 

• Slape CM, González, JE. Regulation of Denitrification in Sinorhizobium meliloti Under  Normal 
Growth Conditions. American Society for Microbiology Meeting, Oral  presentation. Dallas, 
TX, November 2016.  

• Slape CM, González JE. A Novel Quorum Sensing System in Sinorhizobium 
 meliloti. American Society for Microbiology Meeting, Poster presentation. 
 Huntsville, TX, July 2015.  

• Manley CM, Hughes LE. Characterization of Mycobacteriophage Alice and Comparison 
 of tRNA Genes with Other C1 Subcluster Phage. American Society for 
 Microbiology General Meeting, San Francisco, CA, 2012.  

• Manley CM, Simon SE, Hughes LE, Benjamin RC. Purification and Analysis of 
 Mycobacteriophage Alice. Second Annual Student Education Alliance (SEA) 
 Symposium, Oral presentation. Ashburn, VA, 2010.  

 

TECHNICAL SKILLS 

• Proficient with Word, Excel, and PowerPoint as well as using said programs to create 
unique figures for data interpretation. 

• Exceptional writing, multi-tasking, and communication skills. 
• Skilled at creating and trouble-shooting molecular biology protocols. 
• Proactive in furthering understanding of new topics.  
• Adept at public speaking. 

 

AWARDS & HONORS 

• Selected as graduate student representative interviewed for the University of Texas at 
Dallas Lifetime Achievement Award given to Dr. Aziz Sancar. 2018. 

• Received the Harris Award for oral presentation of research in 2013.  
• Received the Dean’s Scholarship for exceptional graduate student applicant in 2012.  
• Awarded second place in the Natural Sciences, Mathematics, and Engineering category 

for a research paper and presentation at the University of North Texas Scholars Day, 
2010.  

 

PROFESSIONAL MEMBERSHIPS 

• American Society for Microbiology 


	Acknowledgments
	Table of Contents
	List of Figures
	List of TABLES
	CHAPTER 1
	Denitrification in Rhizobia
	Introduction
	Figure 1.1. A simplified view of the global nitrogen cycle.

	Genetic Basis of Denitrification
	Figure 1.2. Overview of denitrification in rhizobia.
	Table 1.1. Denitrification genes and their functions.
	Nitrate Reductase
	Nitrite Reductase
	Nitric Oxide Reductase
	Nitrous Oxide Reductase

	Regulation of Denitrification
	Sinorhizobium meliloti
	Figure 1.3. Regulation of denitrification in Sinorhizobium meliloti.

	Bradyrhizobium spp.
	Figure 1.4. Regulation of denitrification in Bradyrhizobium spp.


	Concluding Remarks
	Acknowledgments

	CHAPTER 2
	Quorum sensing and symbiosis in Sinorhizobium meliloti
	Quorum sensing in S. meliloti. Quorum sensing (QS), a population density dependent communication system, is a well-studied phenomenon that occurs in both gram-negative and gram-positive bacteria (74). In S. meliloti, quorum sensing regulates pathways ...
	Figure 2.1. The SinRI/ExpR quorum sensing system in S. meliloti. The autoinducer synthase SinI is regulated by SinR. ExpR is a transcriptional regulator that controls quorum sensing associated processes such as motility and chemotaxis as well as exop...
	Figure 2.2. An overview of symbiosis between S. meliloti and the legume host M. sativa. The host plant, M. sativa, secretes chemoattractant compounds (flavonoids) which attract S. meliloti to the plant roots and activate the production of nodulation (...


	CHAPTER 3
	A Novel Denitrification Regulator, Adr, Mediates Denitrification
	Under Aerobic Conditions in Sinorhizobium meliloti.
	Introduction
	Figure 3.1. The denitrification pathway in S. meliloti and its associated functional genes.
	Figure 3.2. A revised comprehensive model for the regulation of denitrification and nitrogen fixation in S. meliloti. Grey lines indicate an inhibitory effect while the straight black arrows indicate a positive effect.  In the presence of oxygen, FixL...

	Materials and Methods
	Table 3.1. Strains and plasmids.
	Table 3.2. Primers used for mutant construction.
	Table 3.3. qRT-PCR primers.

	Results
	Figure 3.3. Alignment of Adr with other LuxR-family proteins. Sequence alignment of TraR from Agrobacterium tumefaciens, LuxR from Aliivibrio fischeri, SinR and ExpR from S. meliloti, RhlR from Pseudomonas aeruginosa, and AvhR from Agrobacterium vitis...
	Table 3.4. Comparison of the Adr and FixJ microarrays.
	Figure 3.5. Aerobic expression of denitrification and other FixJ regulated genes. a) The expression of denitrification genes from four mutant strains (adr, fixJ, fixJ adr, and fixK1 fixK2) compared to wild-type Rm8530 expression levels. b) Direct targ...
	Table 3.5. Relative transcript levels of adr over time, represented as Ct value*.
	Figure 3.7. Growth and survival of the Adr mutant. Growth measurements of wild type Rm8530 and the mutant Rm8530 adr were conducted in triplicate under aerobic and microaerobic conditions as described previously.
	Microaerobically grown wild-type cells also exhibited higher nitrite reductase activity than the adr mutant, though the mutant was still capable of reducing nitrite (Table 3.6). We also observed that under microoxic conditions, cells lacking adr show ...
	necessary.
	Table 3.6. Specific activity of nitrite reductase estimated by methyl-viologen reduction.

	Discussion
	Acknowledgments

	CHAPTER 4
	Identification of a novel plasmid in Sinorhizobium meliloti Rm2013
	Introduction
	Figure 4.1. Quorum sensing system in S. meliloti. The sinRI/expR system is located on the chromosome and controls symbiosis related processes such as exopolysaccharide production. SinI synthesizes AHLs that are detected by SinR and ExpR when the popul...

	Materials and Methods
	Table 4.1. Strains and plasmids.
	Table 4.2. PCR primers.

	Results and Discussion
	Figure 4.2. Rm2013 AHL production and detection using biosensors NTL4 and CV026. a) A. tumefaciens NTL4 (pZLR4) was used to detect total AHL production from Rm2013, Rm2013 sinI, Rm8530, and Rm8530 sinI. b) C. violaceum CV026 was used to detect short-c...
	Figure 4.3. TLC analysis of Rm2013 AHLs. a) AHLs extracted from Rm2013 (lane 1) and Rm2013 sinI (lane 2) were chromatographed on a TLC plate before an A. tumefaciens NTL4 (pZLR4) overlay was applied. No difference in AHL production was observed betwee...
	To determine if disrupting sinI impacts the symbiotic efficiency of Rm2013, a larger symbiosis assay was conducted with the model legume host M. sativa. As before, either Rm2013 or the sinI mutant were used to inoculate three-day old seedlings of M. s...
	Table 4.3. Symbiotic efficiency of Rm2013 and Rm1021 in five legume hosts.
	Figure 4.4. Rm2013 symbiosis assay. One hundred M. sativa seedlings were inoculated with either Rm2013 or Rm2013 sinI. a.) The percentage of nitrogen fixing (pink) nodules and b.) plant heights of one hundred plants per strain were observed after 4 we...

	Conclusions and Further Work
	Acknowledgments

	CHAPTER 5
	SUMMARY AND PERSPECTIVES

	REFERENCES
	Biographical sketch
	CURRICULUM Vitae



