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Exploring essential aspects of chemotaxis and motility in rhizosphere-dwelling bacteria 

K. Idella Collett 

Abstract: 

The agricultural industry faces a constant struggle between generating profit from crop 

yield and the cost of production in terms of monetary loss and environmental impact. A potential 

solution comes from bacteria that are capable of forming a symbiotic relationship with plants to 

deliver nitrogen, thus alleviating the need for synthetic fertilizers that are used in excess. In 

addition, there are bacterial pathogens that cause disease in crops leading to reduction in yield, 

exacerbating the financial strain on farmers. Both groups of bacteria are capable of identifying 

potential hosts and biasing their movement towards them through chemotaxis and flagellar-

driven motility. Key aspects for different portions of this process were examined in three 

agriculturally-relevant bacteria: Bradyrhizobium diazoefficiens (symbiont), Sinorhizobium 

meliloti (symbiont), and Agrobacterium tumefaciens (pathogen). Chapter I encompasses a 

literatures review of the knowledge for the chemotactic pathway and flagellar structure in the 

target bacteria. Additionally, it highlights the gaps in knowledge that this study set to 

characterize. In Chapter II we detail the investigation of the ligand binding capabilities of B. 

diazoefficiens chemoreceptors. A combination of bioinformatics analysis with in vitro high-

throughput screening was utilized to identify chemoreceptors with periplasmic binding motifs 

and predict amino acid binding capabilities for the receptor Blr2932. In Chapter III we 

investigate the sensitivity adaptation system of S. meliloti chemoreceptors via methylation. CheR 

was demonstrated to crosslink to the cytosolic domain of McpX for in vitro experimental basis. 

We were able to demonstrate that single mutations of putative methylation sites could reduce the 

chemotactic ability, indicating that S. meliloti chemoreceptors likely utilizes the same residues as 

E. coli to adapt their signal sensitivity. Chapter IV encompasses the assembly of the A. 
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tumefaciens strain 5A genome and characterization of its novel flagellar structure. The genome 

was sequenced and assembled into four complete contigs, finalizing the previously sequenced 

draft genome. This allowed for the characterization of individual flagellin function in motility 

and flagellar structure. The agricultural relevance of all three bacteria creates a growing need to 

characterize aspects of their functions related to plant interactions. The more knowledge we gain, 

the more opportunities we have to exploit them to improve formation of symbiotic relationships 

or to target them for reduction of disease spread. 
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Exploring essential aspects of chemotaxis and motility in rhizosphere-dwelling bacteria 

K. Idella Collett 

General Audience Abstract: 

One of the most difficult challenges farmers deal with in the United States is producing 

enough crops each year to outweigh the cost of production. Struggles with yield can come from 

many things such as nutrient deficiencies or bacterial disease spread in fields. The current 

methods for curbing loss (fertilizers and bactericides) have been known to have extreme, costly 

impacts on the environment. In the soil is where we find bacteria that are capable of helping 

plants grow, called symbionts, and also bacteria that are harmful to plants, called pathogens. 

These bacteria possess an internal sensing system to identify chemical signals in the wild, 

allowing them to change the direction of their movement towards plants. This process is called 

chemotaxis, and the bacteria’s ability to travel through their surroundings using a flagellum 

(propellor-like tails) is called swimming motility. In this project, we investigated essential parts 

of this process for three different bacterial species: Bradyrhizobium diazoefficiens (symbiont), 

Sinorhizobium meliloti (symbiont), and Agrobacterium tumefaciens (pathogen). We investigated 

what signals B. diazoefficiens is able to sense from the environment, how S. meliloti adapts its 

sensitivity to these signals, and lastly what a unique flagellar structure found in an A. tumefaciens 

strain can mean for its ability to traverse the environment and spread disease. The study of these 

bacterial processes is very important, as new discoveries open more pathways to using natural 

capabilities to replace the current harmful, chemical alternatives for helping farmers make profit. 
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Chapter I 

Introduction: 

Rhizobia and symbiosis 

In terrestrial ecosystems, the nutrient-rich rhizosphere surrounding plant roots is 

colonized by a specific microbial community, which is shaped through chemical communication 

between plants and microbes1. Rhizobia, a unique group among these rhizosphere-colonizing 

bacteria, can live freely in the soil or engage in specific symbiotic relationships with legumes. 

Nitrogen is a vital macronutrient for plant growth, and it is largely unavailable to the plant in the 

atmosphere2. Legumes exude chemical signals from seeds and roots to attract host-specific 

species of bacteria that will attach to root hairs and colonize the root3. An infection thread from 

within the root hair forms that uses a shepherd’s crook formation to ferry the bacteria into the 

root, thus leading to the development of a root nodule4. The bacteria in the nodule are 

endocytosed into the plant cells where they then differentiate into bacteroids that fix nitrogen5, 6. 

There are several species of legumes that are foundational crops for U.S. agricultural system with 

billions of dollars in legumes and legume-products exported to a global market that is 

consistently increasing demand7, 8. Currently, for farmers to keep up with production demands, 

synthetic fertilizers supply nitrogen and phosphorus are the only options for the large-scale cash 

crops. The use of chemical fertilizers comes with an increasing list of detrimental side effects to 

the environment such as waterway pollution from run off, chemical burn to crops, soil 

acidification, and mineral depletion9. 

Sinorhizobium meliloti is a Gram-negative, alpha proteobacterium that is capable of free-

living or in symbiosis with alfalfa (Medicago sativa) and fixing atmospheric nitrogen for the 

host. S. meliloti is a motile bacterium that possesses peritrichous flagella that allow it to navigate 
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the complex rhizosphere environment and ultimately form the symbiotic relationship10. Its host, 

alfalfa, is the third most valuable field crop in the U. S. with an estimated 23 million acres of the 

crop planted every year producing a stunning $8.7 billion in revenue as of 202311. Studying the 

key aspects of how the bacterium and host-plant form this symbiotic relationship opens a 

potential to utilize S. meliloti nitrogen fixation to help wean the agricultural system off the 

harmful synthetic fertilizers. 

Another member of Rhizobia that can fix nitrogen is Bradyrhizobium diazoefficiens, a 

Gram-negative soil bacterium that forms a symbiotic relationship with soybean (Glycine max). It 

has been shown to be one of the most efficient bacteria for fixing nitrogen in soybean compared 

to other Bradyrhizobium species12. This bacterium possesses a constitutive sub-polar as well as 

an inducible peritrichous flagellar system that allows the bacterium to swim through the 

rhizosphere in search of its host13. Interestingly, the sub-polar system was identified to play a 

dominant role in the colonization of soybean while the lateral peritrichous system played more of 

a role in swarming motility that did not aide in colonization14, 15. The U.S. is the second largest 

producer and exporter of soybean with 90% of the oilseed exports comprising of soybean oil16. 

B. diazoefficiens is largely understudied and with soybean being such a valuable crop it is a point 

of interest to gain knowledge of how this bacterium can form the symbiotic relationship. 

Chemotaxis and the chemoreceptor signaling pathway 

Chemotaxis is the process of a motile bacterium biasing its movement towards or away 

from a chemical signal that the cell can sense in the environment. A chemoattractant is a 

compound that promotes movement towards the source where the presence of a chemorepellent 

indicates that the bacterium should avoid the source17. Bacteria can sense a vast number of 

signals including those for nutrient sources, oxygen levels, pH, and toxins as a brief list18. 
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Chemotaxis occurs through a complex network of signaling that functions to alter the 

physiological response of the bacterium’s flagellar-driven motility system. This pathway has 

been studied extensively in the model system Escherichia coli. 

Figure 1: Diagram of the key domains of a chemoreceptor: Ligand binding domain (LBD), transmembrane helices 

(TM), control cable (CC), histidine kinase/adenyl cyclase/methyl-accepting chemotaxis protein/phosphate region 

(HAMP), phase stutter (PS), methylation helices (MH), flexible bundle (FB), and the signaling subdomain (SSD)19. 

The way that bacteria receive and respond to the environmental signals is through 

methyl-accepting chemotaxis proteins (MCPs), otherwise known as chemoreceptors. The basic 

structure of an MCP is depicted in Figure 1 with these single units arranged as trimers of dimers 

in vivo. Chemoreceptor arrays are a hexagonal, honeycomb-like lattice structure that form from a 

trimer of MCP dimers clustering together at the pole of the cell20. The chemotactic pathway 

begins in the periplasmic space where signaling compounds are bound by the ligand-binding 

domain (LBD). LBDs exhibit great diversity between chemoreceptors, and even LBDs of the 

same class can recognize different ligands. There are three highly conserved LBDs that make up 

80% of receptor LBDs: Four-Helix-Bundle (4HB), Cache, and Per-Arnt-Sim (PAS) domains21. 
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The signal received in the LBD is then transduced into the cytosolic domain through the 

transmembrane helix (TM2 in Figure 1), where a signaling cascade begins in the cytoplasm. The 

HAMP domain is responsible for mediating the input-output signaling of the MCPs22. 

Methylation helices (MH1 and MH2 in Figure 1) function as part of a sensitivity adaptation 

mechanism for the receptor based on the methylation of key residues inducing conformational 

changes in the helices23. The flexible bundle region (FB in Figure 1) and signaling subdomain 

(SSD in Figure 1) are responsible for the flexibility of the receptor cytosolic domain and where 

the major structural contacts are located20, 24. The hairpin tip at the bottom of the chemoreceptor 

contains the interfaces where the receptor directly interacts with the base plate25. 

Figure 2: Depiction of the chemotactic pathway of E. coli. Phosphorylation of proteins in the pathway is depicted 

by the addition of a (P) and addition, or subtraction of a methyl group is depicted with (CH3)26. 

Chemoreceptor core units are structured by the scaffold protein CheW and the histidine 

autokinase CheA that form a stable base for the lattice structure20. When a signal (ligand) is 

bound to the LBD, the signal is transduced to the cytosolic domain, which regulates a two-

component signal transduction system resulting in the directional switch of flagellar motor 

rotation (Figure 2). A two-component signal transduction system consists of a histidine kinase, 

where autophosphorylation activity is regulated through the binding of environmental stimuli 

and a response regulator, which is activated through phosphorylation by its cognate kinase. Upon 
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phosphorylation, the response regulator is able to carry out its function, whether it is to regulate 

gene expression, or in the case of chemotaxis, regulate the rotation of the flagellar motor. 

Autophosphorylation of the chemotaxis histidine kinase CheA is activated when a repellent 

ligand is bound and inactivated when an attractant ligand is bound. CheA has the ability to 

phosphorylate CheB (methyl esterase) and CheY, which is the response regulator for mediating 

flagellar rotation. To prime the cell to receive a new signal and change the flagellar rotation 

again, CheZ (phosphatase) promotes CheY dephosphorylation. CheR (methyltransferase) and 

CheB are methylating and demethylating key glutamate residues in the methylation helices to 

regulate the sensitivity of the receptor23. CheR is active all the time, but CheB requires 

phosphorylation for the esterase function to be activated. 

Some chemoreceptors, such as E. coli’s Tar and Tsr, possess a conserved C-terminal 

pentapeptide binding motif (NWETF) attached to a flexible linker that has been demonstrated to 

bind CheR and CheB as a recruitment tool for these as well as the surrounding receptors that do 

not possess this pentapeptide tether. This linker and pentapeptide binding motif have been 

demonstrated to be essential for chemotaxis as the pentapeptide-bearing receptors assist the non-

pentapeptide-bearing receptors around them27. E. coli possesses five genes encoding for 

chemoreceptors with 93% of the receptor population containing the pentapeptide binding motif28. 

The ratio of monomers of pentapeptide-bearing receptors to CheB and CheR was found to be 

0.01 and 0.007 molecules, respectively. The high concentration of pentapeptide-bearing 

receptors in the total receptor population is necessary to increase the localized concentration of 

the CheB and CheR for sensory adaptation27, 29 . 

Unlike E. coli, Bacillus subtilis and Thermotoga maritima do not possess any 

pentapeptide-bearing receptors but are still able to methylate and demethylate their receptors 
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with a pentapeptide-independent CheR30. S. meliloti on the other hand does possess 

pentapeptide-bearing receptors with four of its eight chemoreceptors possessing the conserved 

motif31. However, when the abundance of chemoreceptors with the C-terminal pentapeptide 

motif and those without are compared, only 13% of the total chemoreceptor population possesses 

the motif32, 33 . It is believed that the lower number of pentapeptide-bearing receptors is 

compensated by higher numbers of adaptation molecules. Specifically, ratios of CheB and CheR 

to pentapeptide-bearing receptor monomers are 1.6 and 3.8, respectively. The S. meliloti 

chemoreceptor McpT C-terminal pentapeptide is DWEEF, the receptors McpW and McpX both 

possess a NWEEF sequence, and McpY possess a DWENF sequence. The other four receptors 

(McpU, McpV, McpZ, and IcpA) in S. meliloti do not possess the conserved pentapeptide 

binding motif for CheR and CheB33. The ligand specificity of four of the S. meliloti 

chemoreceptors has been characterized with McpT and McpV mediating chemotaxis to 

carboxylates, McpU mediating the response to amino acids, and McpX mediating chemotaxis to 

quaternary ammonium compounds34-37. The ligand specificity for the receptors McpW, McpY, 

McpZ, and IcpA have yet to be characterized38. 

McpX will serve as model receptor in experimentation because it represents a 

pentapeptide-bearing receptor and the ligand-binding profile has been well characterized. McpX 

has the highest affinity for the ligand glycine betaine34. Furthermore, McpX methylation has 

been previously studied in vitro39 .. 

The chemotactic pathway in S. meliloti is similar to the well-studied E. coli 

pathway, but there are a couple of notable differences. S. meliloti possesses two response 

regulators (CheY1 and CheY2) and lacks a homolog to CheZ. Phosphorylation of CheY2 is the 

main control of the speed of flagellar rotation with CheY1 modulating its actions by functioning 
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as a phosphate sink40. During a run, S. meliloti flagella rotate unidirectionally clockwise in 

synchrony Slowing down the rotational speed of individual flagella through CheY2-P binding 

disrupts the synchrony of rotation and causes the cell to tumble41, 42 . 

B. diazoefficiens, in comparison to S. meliloti, is largely unstudied in regard to its 

chemotactic pathway and range of sensing abilities. The bacterium possesses 36 genes encoding 

for chemoreceptors, but the ligand specificity of any of the receptors is unknown43. The vast 

majority of research involving B. diazoefficiens is limited to genomic and proteomic exploration. 

Other efforts involving this bacterium center around exploring nodule-forming abilities in the 

Bradyrhizobium genus. Little is known about the chemotaxis behavior in this bacterium. 

However, the agricultural significance of its host organism draws interest to the identification of 

chemoreceptor ligands secreted from the host. Identifying what signals the bacterium responds to 

during the formation of the symbiotic relationship will open a pathway to optimizing soybean 

yields and reduce the reliance on harmful synthetic fertilizers. 

Chemoreceptor methylation as adaptation mechanism in chemotaxis 

A key aspect of bacteria being able to sense environmental signals is through adapting 

their sensitivity via methylation of key glutamate and glutamine residues in the cytoplasmic 

domain of each chemoreceptor. CheR uses S-adenosylmethionine as a substrate for methyl group 

donation44. With or without the assistance of the C-terminal pentapeptide motif found in some 

chemoreceptors, CheR can methylate glutamyl residues (E). However, glutamine residues must 

first be deamidated to be methylated by CheR. In E. coli, CheB-P deamidates these residues, and 

in B. subtilis this function is carried out by CheD (deamidase)31. The methylation helices in the 

cytoplasmic domain of receptors are structured as a four helical bundle where the addition and 

subtraction of methyl groups at key residues alters the packing and stability of the helices45. 
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These conformational changes in turn regulate the output of the histidine kinase CheA through 

altering the conformation of the HAMP-domain and glycine hinge on the receptor46. CheR 

methylation stabilizes the helical bundle packing and promotes the kinase-on state where the 

HAMP-domain is loosely packed, the glycine hinge is expanded, and CheA is highly active45, 46 . 

CheB demethylation of the residues tightens the packing of the HAMP-domain, destabilizes the 

helical bundle packing, and promotes the kinase-off state where the glycine hinge is packed tight 

and the activity of CheA is reduced46. This process of adapting the sensitivity is essential for the 

chemotactic pathway to give balance to the response triggered by a ligand-bound receptor. 

There are four conserved residues identified to be methylation sites across all five 

chemoreceptors found in E. coli (Tsr, Tar, Tap, Trg, and Aer)47. The net methylation state of 

these residues directly affects receptor sensitivity to environmental stimuli. The residues are 

rapidly methylated by CheR when in the presence of an attractant and rapidly demethylated by 

CheB-P when the attractant is removed. To further corroborate this adaptation system, the 

byproduct of CheB demethylation, methanol, is only produced when an attractant is removed48. 

It has been assumed for a long time that the methylation adaptation system for chemotaxis of all 

bacteria functions the same as that of E. coli, including predicting methylation sites based on 

sequence homology. 

It has been discovered that the adaptation system in B. subtilis differs from E. coli in 

maintaining an approximately equal net methylation state at conserved methylation sites 

regardless of the ambient concentration of an attractant. When an attractant is added, the residues 

are rapidly demethylated and slowly methylated again if the cell continues to be in proximity to 

the attractant with the exact same process occurring when the attractant is removed. Also, 

methanol is produced both when an attractant is added and removed49. 
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Adaptation in the chemotaxis system of S. meliloti is largely unstudied and its mode of 

chemoreceptor methylation is unknown. In addition, the exact methylation sites of any S. meliloti 

chemoreceptors have not been characterized. Understanding this essential aspect of the 

chemotactic response in S. meliloti will give greater insight into opportunities to maximize 

alfalfa yields through exploiting the bacterium’s natural ability to fix atmospheric nitrogen for 

the host in a symbiotic relationship. 

Flagellar motility in the plant pathogen Agrobacterium tumefaciens 

Agrobacterium tumefaciens is a Gram-negative alpha proteobacterium that populates the 

rhizosphere. Some strains are plant pathogens as they are the causative agent of crown gall 

disease in some fruit trees, brambles, vegetables, and woody plants. This bacterial species 

contains a tumor-inducing (Ti) plasmid that facilitates the transfer of a DNA segment (T-DNA) 

into the infected plant. The host plant then integrates the T-DNA into its genome where the 

expression leads to uncontrolled, rapid cell division that forms a tumor which ultimately impedes 

water flow and access to other nutrients50, 51. This can have drastic effects on crop yield and 

severe impacts in the agricultural industry as many of the plants affected by this bacterium are 

economically important crops such as tomatoes and grapes. Plant infection has been shown to 

occur as a result of A. tumefaciens chemotaxis to phenolic compounds that are released into the 

environment when the plant gets wounded50. As a result of this efficiency in DNA transfer using 

the Ti plasmid, A. tumefaciens has become the preferred system for plant transformation52. 

A. tumefaciens strain 5A was isolated from arsenic-enriched soil in an irrigated pasture 

located in Madison River Valley, MT53. The ability of this bacterium to oxidize arsenite (As(III)) 

after exposure was identified to be possible through the use of a two-component signal 

transduction system as well as quorum sensing54. Only a draft, unassembled, and mostly 
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unannotated genome for this bacterium has been published, making genetic work with this 

bacterium a challenge. Fully assembling the genome and publishing it to a database would open 

up access to further study this organism and its characteristics. 

Bacterial flagella are complex structures composed of around 40 different proteins that 

span through the cell wall and extend out from the bacterial cell55. They facilitate movement by 

rotation that propels the bacterial cell through the environment. Flagellar-driven motility is a key 

virulence factor for many bacterial pathogens. Alternatively, flagella can make bacterial cells 

vulnerable to flagellotropic bacteriophages, highly species-dependent viruses that infect bacteria 

through attachment to the flagellar filament. This creates an evolutionary tradeoff for the 

bacterium where they are forced to either abolish motility to prevent infection, thus attenuating 

the virulence, or remain vulnerable to infection and lysis56. 

A structural analysis of the A. tumefaciens 5A isolated flagellar filament while examining 

the host range of a flagellotropic bacteriophage revealed a composition of two distinct filament 

thicknesses (Sonani, Egelman, and Scharf, unpublished). In contrast, studies of the related A. 

tumefaciens C58 and H13-3 flagellar systems identified flagella with uniform thickness57, 58 . It is 

unclear how the distinct morphology of the A. tumefaciens flagellum 5A impacts its motility and 

infection, and further study of this phenotype is necessary to characterize the function of each 

flagellin. 
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Abstract: 

Soybean (Glycine max) is one of the most economically important crops in the United 

States, yet its production relies heavily on synthetic nitrogen fertilizers that contribute 

substantially to environmental pollution. The symbiotic relationship between soybean and the 

nitrogen-fixing bacterium Bradyrhizobium diazoefficiens provides a sustainable alternative for 

nitrogen acquisition. Successful establishment of this symbiosis depends on bacterial 

chemotaxis, in which methyl-accepting chemotaxis proteins (MCPs) detect host-derived 

chemical signals and direct bacterial movement toward plant roots. Despite the identification of 

36 putative chemoreceptors in B. diazoefficiens, the ligand specificities of these receptors remain 

largely unknown. This study combined bioinformatic analyses with biochemical approaches to 

characterize the ligand-binding domains (LBDs) of B. diazoefficiens chemoreceptors. Genome 

analysis using DeepTMHMM and InterPro reduced the original set of 36 putative receptors to 21 

proteins containing classifiable periplasmic LBDs, with Cache domains representing the 

predominant receptor class. Five highly expressed receptors identified through RNA sequencing 

were selected for recombinant expression, purification, and ligand screening. Purification 

strategies, including Ni-NTA affinity chromatography, optimization of induction conditions, 

protein refolding from inclusion bodies, and circular dichroism spectroscopy, were employed to 

improve protein stability and confirm structural integrity. Differential scanning fluorimetry was 

subsequently used to screen purified receptors against more than 570 potential ligands. Among 

the receptors examined, Blr2506 was successfully purified and remained sufficiently stable for 

ligand screening; however, no significant ligand interactions were detected, suggesting a highly 

specialized ligand-binding profile. Sequence alignment of the Dual Cache_1 receptor Blr2932 

with experimentally characterized receptors from Sinorhizobium meliloti revealed conservation 
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of key residues associated with amino acid recognition, indicating that Blr2932 is a strong 

candidate for amino acid sensing despite partial divergence from the established consensus 

motif. These findings demonstrate the value of integrating bioinformatics with experimental 

characterization to prioritize candidate chemoreceptors and provide a framework for future 

identification of host-derived signaling molecules that regulate soybean colonization. Improved 

understanding of these chemotactic mechanisms may ultimately facilitate the development of 

sustainable agricultural strategies that reduce dependence on synthetic nitrogen fertilizers. 

Introduction: 

Soybean (Glycine max) is the dominant oilseed crop in the United States with around 

87.1 million acres planted and approximately $29.6 billion in soybean/soybean products 

exported in 202416, 59 . To keep up with this high demand, farmers often employ the use of 

synthetic nitrogenous fertilizers to increase crop yield. The consequences of increasing reliance 

on fertilizer in the U.S. costs the nation over $59 billion annually due to nitrogen pollution in 

drinking water60. The natural way that some plants, including soybean, overcome this nitrogen 

limitation is through the formation of a symbiotic relationship with rhizobia, a group of bacteria 

capable of nitrogen fixation where atmospheric nitrogen is converted into biologically-available 

nitrogen for their host plant3. Bradyrhizobium diazoefficiens is a Gram-negative alpha 

proteobacterium known to form symbiotic relationships with soybean. 

Soybean initiates the formation of this relationship by secreting chemical signals into the 

rhizosphere from seed pods and roots to attract B. diazoefficiens. Once a bacterium comes into 

contact with a root hair infection thread, it is ferried into the hair and endocytosed into plant cells 

leading to the formation of a root nodule4. Within the root nodule, the bacterium differentiates 

into bacteroids that fix nitrogen6. 
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The way rhizobia are able to sense the environmental signals and bias movement towards 

the plant is called chemotaxis. The chemotactic pathway begins in the periplasm of the bacterial 

cell where the chemical signal binds to the ligand-binding domain (LBD) of a methyl-accepting 

chemotaxis protein (MCP). The signal is then transduced into the cytoplasmic domain of the 

MCP where the regulation of a two-component signal transduction system mediates the 

rotational direction of the flagellar motor26. 

The LBDs across MCPs are very diverse, but there are three conserved classes of LBDs 

that make up 80% of the population of known receptors: Four-Helix Bundle (4HB), Cache, and 

Per-Arnt-Sim (PAS) domains. However, there is not a unique chemical signal profile for each 

class and LBDs of the same class have been demonstrated to possess unique ligand binding 

profiles21. Therefore, classifying the ligand binding profile of chemoreceptors is more complex 

and requires the combined effort of in vivo and in vitro experimental methods. Additionally, 

bioinformatics approaches to ligand profile characterization have become more feasible with the 

identification of a consensus sequence for amino acid binding identified though comparison of 

the amino acid sequences of MCPs with characterized binding profiles. The proposed amino acid 

binding motif is split into two parts, with the upstream three amino acid motif responsible for 

making contact with the carboxyl group of the ligand and the upstream two amino acid motif 

makes contact with the amino group 61. 

The genome of B. diazoefficiens contains 36 genes encoding for putative chemoreceptors 

but their function is unstudied. B. diazoefficiens has been demonstrated to have a chemotactic 

response to soybean root exudate and several other compounds ranging from amino acids to 

various carbon sources, but no ligand can be attributed to any specific chemoreceptor62, 63 . 

14 



 

 

 

    

 

 

 

 

   

 

 

   

 

   

  

   

  

 

 

 

   

 

    

   

   

   

   

   

Soybean is a foundational crop of the U.S. agricultural system which relies on synthetic 

fertilizer to keep up with the demand for crop yield. B. diazoefficiens provides an alternative way 

for the plant to acquire nitrogen in a symbiotic relationship where the plant sends out chemical 

signals to recruit the bacterium to its roots. The chemical signal profile that B. diazoefficiens 

responds to remains uncharacterized. Identifying these signals will open up opportunities to 

exploit its relationship with soybean and eventually provide a more natural alternative for 

nitrogen acquisition than the expensive, synthetic fertilizers. Combined efforts of experimental 

and bioinformatics approaches provide the opportunity to streamline the identification of ligand-

binding profiles across all chemotactically-capable bacteria. 

Materials & Methods: 

Table 1: Bacterial strains and plasmids utilized in experimentation 

Strain/Plasmid Relevant Characteristics Source or Reference 

Escherichia coli 

DH5α recA1 endA1 64 

M15(pREP4) SG13009[pREP4]; Expression strain for 

pQE-vectors 

QIAGEN 

Bradyrhizobium diazoefficiens 

USDA110 Wild-type strain 65 

Plasmids 

pQE60 Apr Kmr ; Expression system for Ni-NTA New England Biolabs 

pBS730 Apr Kmr ; pQE60-bll7062 This study 

pBS731 Apr Kmr ; pQE60-blr2507 This study 

pBS732 Apr Kmr ; pQE60-blr2506 This study 

pBS733 Apr Kmr ; pQE60-bll6946 This study 

pBS734 Apr Kmr ; pQE60-bll0326 This study 

Media and growth conditions 

E. coli cells were grown using lysogeny broth (LB) at 37˚C65. The E. coli culture, when 

required, was incubated with ampicillin and kanamycin at 100 µg/mL and 25 µg/mL, 

respectively.  
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Construction of mutants and cloning 

B. diazoefficiens chromosomal DNA was isolated and Polymerase Chain Reaction (PCR) 

amplification of target B. diazoefficiens DNA fragments was conducted according to established 

protocols66. The purification of PCR products and plasmid DNA was accomplished according to 

manufacturer protocols in the GeneJET Plasmid Miniprep and Gel Extraction Kits 

(ThermoFisher Scientific, Waltham, MA). The PCR products were cloned into expression 

vectors for purification and correct insertion was confirmed using Sanger sequencing. 

Bioinformatics analysis 

Annotation of the B. diazoefficiens genome identified 36 genes that encoded for putative 

chemoreceptors and these sequences were accessed through NCBI67. The UniProt database was 

used to retrieve amino acid sequences for each of the putative chemoreceptors that was based on 

the same source sequence from NCBI68. 

DeepTMHMM membrane prediction program from the University of Denmark was used 

to predict transmembrane domains in proteins based on the presence of alpha helical and beta 

barrels69. Interpro was used to predict the ligand binding motifs for each putative receptor with a 

periplasmic domain70. Any putative receptor proteins that were not predicted to have a 

periplasmic domain or did not possess an LBD fitting within one of the three established 

classifications were removed from the analysis pool for ligand-screening. 

Comparison of each Bradyrhizobium chemoreceptor sequence to the consensus sequence 

of the model receptor for amino acid binding was accomplished through sequence alignment of 

the LBD of each Cache domain-containing receptor using NCBI BLAST71. The sequence 

alignments were screened for both the specific consensus sequence and the presence of amino 

acid residues with similar side chains that could possibly serve for the same ligand binding. 
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Protein purification 

Nickel-nitrilotriacetic acid (Ni-NTA) purification began with the culturing of 

M15(pREP4) E. coli cells that contained the vector for overexpression. The cells were grown in 

LB (with 100 µg/mL ampicillin and 25 µg/mL kanamycin) in a shaking incubator at 37˚C until 

they reached an optical density (OD600) between 0.6-0.8. Then, overexpression of the gene was 

induced by the addition of 0.3 mM isopropyl-β-d-thiogalactopyranoside (IPTG), and the 

temperature was lowered to 16˚C for the cells to grow for an additional 16-20 hours. Cells were 

harvested via centrifugation, and the resulting pellets were suspended in binding buffer 

containing 20 mM imidazole, 500 mM NaCl, and 20 mM Tris/HCl calibrated to pH 7.4. After 

the lysate was centrifuged and the soluble fraction filtered, it was loaded onto a HisTrap FF 5 mL 

column (Cytivia, Marlborough, MA) that was charged and equilibrated according to 

manufacturer’s guidelines. The protein was eluted using elution buffer containing 1 M imidazole, 

500 mM NaCl, and 20 mM Tris/HCl calibrated to pH 7.4. The purification efficiency was 

examined through SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The concentration of 

the purified protein was determined through a Bradford assay (BioRad, Hercules, CA)23. 

The purification efficiency of the proteins was analyzed on a small-scale using Ni-NTA 

Spin Columns (QIAGEN, Germantown, MD) with 250 mL of E. coli cell culture, and two 

different expression conditions. One culture was induced for four hours at 25˚C, and a second 

culture was induced under the previously described conditions. Due to the smaller volume of 

culture, cells were lysed using a French pressure mini cell (SLM Aminco, Silver Spring, MD). 

Once the lysate was centrifuged and filtered, it was loaded onto the spin columns and purified 

according to manufacturer’s instructions. The columns were prepared using binding buffer and 

the soluble protein fraction was loaded onto the column and centrifuged at 2,000 rpm for two 
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minutes. The protein bound to the column was eluted with elution buffer. The samples were 

analyzed through SDS-PAGE for band intensity. 

Purification from inclusion bodies and refolding 

To extract the protein from inclusion bodies, the insoluble pellet after lysis and 

centrifugation was washed using a buffer containing 1% Triton X-100 (Fluka Analytical, St. 

Louis, MO) and 0.5 mM EDTA (pH 8.0). The inclusion bodies were then denatured using a 

buffer containing 8 M Urea, 50 mM Tris/HCl (pH 8.0), and 50 mM DTT. To refold the 

denatured protein, it was subjected to several rounds of dialysis using three independent 

renaturation buffers. The first buffer contained 50 mM Tris/HCl (pH 7.4), 1 mM EDTA (pH 8.0), 

5 mM DTT, 0.1 M NaCl, and 20% glycerol. The second buffer contained 50 mM Tris/HCl (pH 

7.4), 1 mM EDTA (pH 8.0), 100 mM NaCl, and 20% glycerol. The third and final buffer was the 

same elution buffer without Imidazole used in previous purification methods but with 20% 

glycerol. 

Circular Dichroism (CD) Spectroscopy 

CD spectroscopy was conducted using a J-1500 Circular Dichroism Spectrophotometer 

(JASCO, Easton, MD). The buffer used for CD spectroscopy contained 100 mM NaPO4 (pH 7.4) 

and 50 mM NaCl. CD spectroscopy was conducted according to protocols in previously 

published literature72. The instrument required a constant stream of nitrogen, and all experiments 

were conducted at 4˚C. Three replicate readings were taken per biological replicate with two 

readings for each sample. The spent dialysis buffer was used as a control. Readings were taken at 

a wavelength range from 180 to 250 nm. The secondary structure content of the protein was 

analyzed based on the single spectrum analysis using the BeStSel CD spectroscopy graphing 

software73. The Network Protein Sequence @nalysis (NPS@) was used to predict the secondary 
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structure content based on the amino acid sequence as a cross-comparison for the CD 

spectroscopy results74. 

Differential Scanning Fluorimetry (DSF) 

DSF is a high-throughput screening strategy to identify potential ligands for the purified 

periplasmic binding domain of chemoreceptors. Purified proteins were dialyzed against a buffer 

with the same components as binding/elution buffer without imidazole and adjusted to pH 7.4, 

and, if necessary, concentrated to 30 µM. DSF was performed according to previously 

established protocols using an ABI 7300 real-time PCR system (Applied Biosystems, Foster 

City, CA)3. For screening, 96-well Phenotype MicroArrays plates (Biolog, Hayward, CA) PM1-

PM8 were utilized to screen a broad range of molecules from carbon sources (PM1 and 2A), 

nitrogen sources (PM 3B, 6, 7, and 8), sulfur/phosphorus sources (PM4A), and other nutrients 

(PM5). In a separate clear 96-well plate, 62x SYPRO Orange (Invitrogen, Grand Island, NY) and 

the purified receptor LBD were combined with one compound from the MicroArrays plates and 

sealed using a Microseal adhesive (BioRad, Hercules, CA). The plate was subjected to a 

temperature gradient starting from 10 to 85˚C and the fluorescence of the SYPRO Orange was 

quantified using FRET parameters (excitation, 490 nm; emission, 530 nm) and normalized to the 

lowest and highest intensities for each data set. Melting temperatures of the LBD were 

determined by data analysis with Xlfit (IDBusiness Solutions, Guildford, U.K.)3. A melting 

temperature difference of more than 2˚C from the control was considered significant. 

Results: 

Determining genes encoding for chemoreceptors in B. diazoefficiens 

B. diazoefficiens was predicted to possess 36 genes encoding for chemoreceptors. The 

DeepTMHMM and InterPro structure prediction systems were used to screen the amino acid 
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sequences of each predicted receptor to identify periplasmic LBDs that could be matched into the 

three major classes of MCPs21. Of the 36 receptors, 15 were not able to be classified within these 

categories and were removed from the analysis pool for ligand screening. 

Table 2: Predicted B. diazoefficiens chemoreceptors with classifiable periplasmic LBDs 

Chemoreceptor UniProt ID LBD Class 

Bll5309 Q89JH4_BRADU Cache_3 Cache_2 Fusion 

Blr2932 Q89R40_BRADU Dual Cache_1 

Blr7173 Q89EB4_BRADU Dual Cache_3 

Bll7295 Q89DZ2_BRADU Single Cache_2 

Bll7062 Q89EL1_BRADU Single Cache_2 

Bll4327 Q89M66_BRADU Single Cache_2 

Bll4326 Q89M67_BRADU Single Cache_2 

McpK Q89SQ5_BRADU 4 Helix Bundle 

Blr2931 Q89R41_BRADU 4 Helix Bundle 

Blr2548 Q89S57_BRADU 4 Helix Bundle 

Blr2347 Q89SQ3_BRADU 4 Helix Bundle 

Bll2993 Q89QX9_BRADU 4 Helix Bundle 

Blr2547 Q89S58_BRADU Helical Bimodular Sensor 

Blr2507 Q89S98_BRADU Helical Bimodular Sensor 

Blr2506 Q89S99_BRADU Helical Bimodular Sensor 

Bll6946 Q89EX3_BRADU Helical Bimodular Sensor 

Bll0327 Q89XI7_BRADU Helical Bimodular Sensor 

Bll0326 Q89XI8_BRADU Helical Bimodular Sensor 

Blr2933 Q89R39_BRADU PAS 

Bll4376 Q89M17_BRADU PAS 

Blr0923 Q89VX2_BRADU Three Tandem PAS 

The LBD class that dominated the B. diazoefficiens receptors was the Cache domain with 

seven receptors possessing variants of it. The 4HB and Helical Bimodular Sensor (derivative of 

4HB) domains followed close in number. PER-ARNT-SIM (PAS) domains, involved in signal 

transduction in a variety of organisms, were the least apparent at only three receptors possessing 

variants of that class75. 
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Selection of high-abundance receptors for ligand screening 

RNA sequencing was performed by a collaborator to identify the B. diazoefficiens 

chemoreceptors in high-abundance, which we focused on for in vitro ligand-binding assays. Five 

receptors and their LBD binding motif were identified to be in high abundance (shown in Table 

3) and thus were selected for experimentation. The DNA fragments encoding for the periplasmic 

LBD regions of these receptors were cloned into pQE expression vectors for overexpression and 

purification using Ni-NTA chromatography. 

Table 3: B. diazoefficiens chemoreceptors selected for ligand screening 

Chemoreceptor LBD Type 

Bll7062 Single Cache_2 

Bll6946 Helical Bimodular Sensor 

Blr2506 Helical Bimodular Sensor 

Blr2507 Helical Bimodular Sensor 

Bll0326 Helical Bimodular Sensor 

Purification of LBDs and ligand screening 

The small-scale purification of the LBDs for selected B. diazoefficiens revealed that 

Bll7062, Bll6946, and Blr2506 appeared to have the highest induction levels as well as the best 

purification efficiency of the five tested proteins (Figure 1). Surprisingly, the higher expression 

temperature and shorter expression time appeared to produce better product. However, large-

scale purification of protein showed a reduced yield, so the decision was made to switch to the 

lower temperature and a longer induction time. 
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Four hours at 25˚C Chemoreceptor 18-20 hours at 16˚C 

Bll7062 

Blr2507 

Blr2506 

Bll6946 

Bll0326 
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Figure 1: SDS-PAGE gels of the samples collected throughout the Ni-NTA spin column purification procedure. 

The molecular weight marker (BioRad, Hercules, CA) is depicted on the far left. The uninduced cell culture 

(Unind), cell culture after induction (Ind), soluble fraction after lysis and centrifugation (Sol), insoluble debris 

(Insol), the flowthrough from loading the column (Flow), the flowthrough from washing the bound protein with 

buffer (Wash) and the elution fractions (E1-E3) are shown from left to right on the gel. The expected bands for the 

LBD are highlighted with a white box. 

Bll7062 was the first protein to be purified on a large-scale using Ni-NTA 

chromatography as previously described. However, despite the results of the pilot spin column 

purification, inducing the E. coli cultures for four hours at the higher temperature did not 

produce the same level of yield, so inducing overnight at a lower temperature became the 

standard protocol. The yield was still consistently low, and the protein was not stable for further 

purification methods, so 10% glycerol was added to the binding and elution buffers to reduce 

protein aggregation and unfolding during the purification process. The addition of glycerol 

increased the average yield of the initial protein purification from around 0.6 mg of protein per 

liter of culture to around 2 mg per liter of culture but lacked stability and consistently 

precipitated when under any manipulation. 

Bll6946 was purified next, and it was discovered that the induction conditions produced 

inclusion bodies making the protein inaccessible for Ni-NTA purification from the soluble 

fraction. Refolding of the protein was accomplished through purification from the inclusion 

bodies and dialysis in a series of buffers. The glycerol content was raised to 20% due to the fact 

that the protein would aggregate and precipitate at any lower glycerol content. 

To confirm whether or not the renaturation process was successful with Bll6946, Circular 

Dichroism (CD) spectroscopy was conducted to determine the secondary structure. Table 4 

depicts the percentages of the predicted secondary structures observed in the refolded protein 

from CD spectroscopy and from the prediction software. 

Table 4: Secondary structure of Bll6946 
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Secondary Structure CD Spec Total Content (%) NPS@ Total Content (%) 

Helix 69.5 82.6 

Sheet 24.1 1.9 

Turn 0.0 0.0 

Coil 6.4 15.5 

These percentages from CD spectroscopy were based on the wavelength peaks collected 

from measuring the differential light absorption of left and right-handed circularly polarized light 

by chiral molecules found in the proteins. Alpha helices, beta sheets, and loops all have 

characteristic CD spectra when graphed (Figure 2). 

Figure 2: Graph depicting the data points collected from CD spectroscopy of Bll6946 using BeStSel software76. The 

blue line represents the fitted curve, and the red represents the experimental curve fitted to the linear combination of 

fixed base components to determine the secondary structure elements. The bars in green represent the residues. 

The prominent, W-like curve of the graph was an indicator of the presence of alpha 

helices in the LBD of the Bll6946 protein structure (Figure 2). The dominant occurrence of 

alpha-helices in the secondary structure elements of the LBD of Bll6946 determined by CD 

spectroscopy was 10% lower than predicted (Table 4). The distribution of sheets and coils varied 

with fewer sheets predicted than observed, but it was determined that overall refolding efforts 

were successful. However, like Bll7062, the protein was not very stable and despite buffer 

optimization the resulting yield was too low to accomplish DSF. 
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The third chemoreceptor analyzed, Blr2506, purified well through Ni-NTA 

chromatography and was stable without the addition of glycerol through various buffer changes. 

DSF was conducted with all eight MicroArrays plates in duplicates at concentrations above 30 

µM, but no potential ligands were identified. 

Sequence analysis to identify amino acid binding motif 

Receptor Blr2932 (Dual Cache_1) from B. diazoefficiens was aligned with S. meliloti 

chemoreceptors McpU and McpX per the original literature depicting the identification of the 

consensus sequence for coordination of ligands such as amino acids and other organic 

compounds (Figure 3)61. 

Figure 3: (Top) Sequence alignment of the B. diazoefficiens chemoreceptor Blr2932 and the S. meliloti receptors 

McpX and McpU. (Bottom Left) Model of the full-length Blr2932 LBD. (Bottom Right) Model of the Blr2932 

putative binding pocket for amino acids. The residues highlighted in yellow correspond to those that match the 

carboxyl group-binding motif and those in green correspond to the amino group-binding motif from the consensus 
61sequence . 
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Blr2932 possesses two of three residues (L224 and W230) that correspond to the amino 

acid carboxyl group binding motif and both residues (Y247 and D276) for the amino group 

binding motif. 

Discussion: 

Many species of bacteria, such as Vibrio cholerae, possess a larger number of 

chemoreceptor genes theoretically allowing them to sense a broader range of stimuli and respond 

accordingly77. From the 36 genes encoding for putative chemoreceptors only 21 possessed 

classifiable LBDs as analyzed by InterPro (Table 2). This result was not unexpected as bacterial 

genomes encode many proteins with domains that may mimic MCP function. Those receptor-

like proteins possessing little to no periplasmic regions are theorized to be sensor kinases that are 

embedded in the membrane to facilitate protein-protein interaction instead of periplasmic ligand 

binding for chemotaxis78. 

RNA sequencing identified five receptors that were highly expressed in B. diazoefficiens, 

initially making them the first targets for analysis. Experimental work with the LBD of each of 

these receptors proved to be difficult as four of the five constructs experienced stability and 

solubility issues, despite attempts to mitigate this with different purification and buffer 

conditions (Figure 1, Table 3, Figure 3). Additional modification of the LBD constructs from 

these four receptors could alleviate purification issues and allow for higher stability in in vitro 

experimentation. One methodology to explore is limited proteolysis to digest the exposed, 

vulnerable parts of the LBDs with proteases. This allows for the identification of the most stable 

construct of the LBD that can be cloned into an expression vector to alleviate some issues with 

overexpression and purification. 

26 



 

 

 

    

   

  

   

  

  

  

        

   

 

    

  

   

      

  

 

Blr2506, the only LBD that purified with high efficiency, did not appear to bind to any of 

the 570 unique chemical substrates offered in Biolog array plates. Using high-throughput 

screening methods to identify ligands for bacterial chemoreceptors is a trusted method that has 

allowed for the identification of ligand binding profiles in many different chemotactically 

capable bacteria3, 79, 80 . This is an indication that the ligand binding profile of this particular 

receptor is more specialized, and ligand identification requires the screening of other compound 

libraries, including plant-derived compound libraries for high-throughput screening. 

The bioinformatics approach to predicting ligand binding through sequence homology 

was employed as a result of the difficulties observed during in vitro experimental screening for 

ligands. Amino acids are essential for all life, so it was assumed that B. diazoefficiens would 

surely possess a chemoreceptor that has these binding capabilities. The amino acid binding 

consensus sequence was identified for Dual Cache_1 domains and the B. diazoefficiens genome 

encodes one MCP with this LBD classification (Blr2932) (Figure 3). The YxxxxRxWY portion 

of the motif was conserved across all receptors that only bound amino acids, and interestingly, 

this conservation was lost on the receptors that were demonstrated to bind other ligands61. S. 

meliloti McpX and McpU were selected for alignment with Blr2932 because their ligand profile 

has been analyzed through the same in-vitro approach attempted for the other five B. 

3, 34 diazoefficiens receptors . 

The motif in Blr2932 deviates from the YxxxxRxWY consensus motif by a leucine 

substitution for the tyrosine in the first position and it is missing the arginine in position six. The 

tyrosine and aspartate residues for the second half of the consensus sequence are conserved in 

Blr2932 (Figure 3). Through this, it can be inferred that Blr2932 likely has binding capabilities 

for at least some amino acids. The only amino acid that McpX binds is proline, but it is known to 
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bind quaternary ammonium compounds34. This hypothesis for the Blr2932 ligand-binding profile 

will need experimental conformation and future work will focus on the purification of its LBD 

and test whether it binds amino acids. 

There is a significant research gap between the knowledge of the nature of ligands versus 

their molecular binding motif. This limits further analysis of any of the other B. diazoefficiens 

chemoreceptors. The lack of ligand-binding motifs could be mitigated from alignments of a wide 

variety of chemoreceptors LBDs with characterized ligand profiles. B. diazoefficiens receptors 

that possess significant sequence similarity to any chemoreceptors in these model organisms may 

open up new potential to predict ligand binding through a bioinformatics approach. Identifying 

the signals that B. diazoefficiens responds to will open up opportunities to exploit its relationship 

with soybean that could provide a more natural alternative for nitrogen acquisition than the 

expensive, synthetic fertilizers. 
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Abstract: 

The symbiotic association between Sinorhizobium meliloti and alfalfa (Medicago sativa) 

is essential for biological nitrogen fixation, reducing reliance on synthetic nitrogen fertilizers 

while supporting sustainable agricultural productivity. Successful establishment of this symbiosis 

depends on bacterial chemotaxis toward host-derived compounds, a process regulated by methyl-

accepting chemotaxis proteins (MCPs). Although receptor methylation by the methyltransferase 

CheR is known to be essential for chemotaxis, the molecular basis of sensory adaptation in 

rhizobia remains poorly understood. This study investigated methylation-mediated adaptation of 

the S. meliloti chemoreceptor McpX through biochemical and genetic approaches. Interaction 

between CheR and the cytosolic domain of McpX was first confirmed by chemical crosslinking 

and western blot analysis, providing a foundation for subsequent in vitro methylation studies. 

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used to identify 

methylated residues following incubation with CheR and S-adenosylmethionine (SAM). 

However, inconsistent methylation patterns, including methylated residues detected in negative 

controls, prevented definitive identification of physiologically relevant methylation sites. 

Sequence comparison with the well-characterized Escherichia coli chemoreceptor Tsr identified 

four conserved putative methylation residues in McpX, which were subsequently targeted by 

site-directed mutagenesis. Chemotactic responses of the resulting mutant strains toward glycine 

betaine were quantified using capillary assays. Mutations at Q503, E510, E517, and E699 

significantly reduced chemotaxis, with Q503N and E517D exhibiting the greatest impairment. A 

quadruple mutant displayed chemotactic defects comparable to an mcpX deletion strain, whereas 

mutations at adjacent residues Q504 and E509 had no measurable effect. These findings support 

conservation of key methylation sites between McpX and E. coli Tsr despite divergence in other 
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components of the chemotaxis pathway. Full-length McpX methylation was further examined 

using radiolabeled tritiated SAM and liquid scintillation counting. Although methyl 

incorporation increased over time, methylation levels remained substantially lower than 

previously reported, likely reflecting limitations in receptor expression and membrane vesicle 

purification. Collectively, these results provide evidence that the putative methylation sites 

contribute to McpX-dependent chemotaxis in S. meliloti and establish a framework for future 

studies examining receptor adaptation during host recognition. Improved understanding of 

chemotactic signaling may facilitate strategies to enhance rhizobia colonization and biological 

nitrogen fixation, reducing agricultural dependence on synthetic fertilizers. 

Introduction: 

Every year in the agricultural system, farmers face uncertainty in the market if their profit 

from their crops will outweigh the cost of production. Alfalfa (Medicago sativa) farmers 

experienced an estimated loss of $2.9 billion in their industry in 2025. In 2023, alfalfa was the 

third most valuable crop in the United States, fourth in 2024, and since then the prices have 

fallen more than 40% for alfalfa products11, 81 . On the other hand, nitrogen fertilizer costs have 

increased 30% in the past year, with farmers having to spend an estimated $35.8 billion annually 

on synthetic fertilizers to bridge the nutrient gap required to maximize crop yield82, 83 . This 

synthetic fertilizer use doesn’t just create strain on farmers; it is also estimated to cost the United 

States government over $59 billion yearly due to complications from nitrogen leakage into water 

systems60. 

The natural way that alfalfa evolved to overcome the effects of nitrogen limitation on 

growth is through the formation of a symbiotic relationship with Sinorhizobium meliloti. This 

bacterium is a Gram-negative alpha proteobacterium that is capable of fixing atmospheric 
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nitrogen into biologically available nitrogen for alfalfa. Alfalfa secretes chemical signals into the 

rhizosphere that S. meliloti receives and uses to bias movement towards the host plant3. Once a 

bacterium comes into contact with a host root hair, it is ferried into the root and a nodule is 

developed. Within the nodule, S. meliloti differentiates into a bacteroid capable of nitrogen 

fixation4, 6. 

Chemotaxis is the specific term for a bacterium’s ability to use flagellar-driven motility 

to bias movement towards or away from the source of environmental signals. Most methyl-

accepting chemotaxis proteins (MCPs) are the facilitators of the transmembrane signaling 

system. They typically bind chemical ligands using a periplasmic ligand-binding domain, 

transduce the signal through the membrane, undergo sensitivity adaptation in the cytoplasmic 

helices, and regulate flagellar motility in complex with a histidine kinase that acts as a signal 

relay to the flagellar response regulator84. 

An understudied part of the chemotactic pathway is how bacteria use methylation of 

highly specific residues in the MCPs to alter sensitivity to incoming signals. CheR (methyl 

transferase) uses S-adenosylmethionine (SAM) as a methyl group donor to methylate glutamate 

residues44. Glutamine residues are also capable of being methylated, but they must first be 

deamidated by CheB (methyl esterase), which is also responsible for demethylation of the 

residues when activated by phosphorylation85. The methylation sites are situated in the four 

helical bundle formation of the MCP cytoplasmic domain. The addition and removal of methyl 

groups alter the stability and packing of the helical bundle which in return regulates the activity 

of the histidine kinase through conformational changes45, 46 . In Escherichia coli, the total number 

of residues methylated at one time affects the sensitivity to an environmental signal, with net 

methylation increasing as signal concentration does48. For a long time, this was assumed to be 
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the case for all chemotactically capable bacteria, including methylation sites in all receptors 

based on sequence homology. However, work in Bacillus subtilis identified a different method 

for adapting sensitivity in its MCPs. This bacterium maintains an equal net methylation state in 

its conserved methylation sites regardless of the ambient signal concentration in the 

environment. When an attractant is added, rapid demethylation occurs and residues are gradually 

methylated again the longer the receptor remains in proximity to the attractant. Additionally, the 

removal of an attractant also triggers the same demethylation event and subsequent return to the 

ambient methylation state49. Regardless of the method for sensitivity adaptation, this aspect of 

the pathway is essential for chemotaxis to occur as it resets the system when a response is 

triggered by the binding of a ligand. If residues are unable to be sufficiently methylated, 

chemotaxis itself is abolished27. 

CheR was identified to bind to a C-terminal pentapeptide binding motif on McpX and 

actively methylate the receptor23, 39. However, the way the bacterium adapts chemoreceptor 

sensitivity has not been investigated in S. meliloti or any Rhizobia. Other notable aspects of the 

S. meliloti chemotactic system have already been identified to differ from E. coli, so study of the 

adaptation system could potentially reveal another divergence40-42. S. meliloti has several MCPs 

that have been well studied, but McpX has both a characterized ligand-binding profile and has 

been demonstrated to bind CheR in vitro, making it the target receptor to study methylation23, 34 . 

Understanding how sensitivity adaptation functions in this bacterium opens future work to 

exploit this aspect of S. meliloti chemotaxis to increase nitrogen fixation and ultimately wean the 

agriculture industry off of synthetic fertilizers. 
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Materials & Methods: 

Table 1: Bacterial strains and plasmids utilized in experimentation 

Strain/Plasmid Relevant Characteristics Source or Reference 

Escherichia coli 

ER2566 ion ompT lacZ::T7 New England Biolabs 

DH5α recA1 endA1 64 

S17-1 Smr Tpr ; recA endA thi hsdR RP4-2 

Tc::Mu::Tn7 

86 

Lemo21(DE3) Cmr ; fhuA2 lon ompT 

gal (λDE3) dcm ΔhsdS/pLemo 

New England Biolabs 

Sinorhizobium meliloti 

RU11/001 Smr ; Spontaneous streptomycin-resistant 

wild-type strain 

87 

RU11/805 ΔmcpX 33 

BS369 McpX Q503N This study 

BS370 McpX E510D This study 

BS371 McpX E517D This study 

BS372 McpX E699D This study 

BS382 McpX Q504N This study 

BS383 McpX E509D This study 

BS384 McpX E698D This study 

BS393 McpX Q503N/E510D/E517D/E699D This study 

Plasmids 

pK18mobsacB Kmr ; lacZ mob sacB 88 

pTYB1 Apr ; Expression system for IMPACT New England Biolabs 

pBS0450 Apr ; pTYB1-cheR 39 

pBS0774 pK18mobsacB::mcpX-Q504N This study 

pBS0775 pK18mobsacB::mcpX-E509D This study 

pBS0776 pK18mobsacB::mcpX-E698D This study 

pBS1096 Apr ; pET22B(+)-mcpX 39 

pBS1101 pTYB1::mcpX (AA493-788) - cytosolic 

domain excludes HAMP domain 

39 

pBS1369 pK18mobsacB::mcpX-Q503N This study 

pBS1370 pK18mobsacB::mcpX-E510D This study 

pBS1371 pK18mobsacB::mcpX-E517D This study 

pBS1372 pK18mobsacB::mcpX-E699D This study 

pBS1378 pk18mobsacB::mcpX-

Q503N/E510D/E517D/E699D 

This study 
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Media and growth conditions 

E. coli cells were grown using lysogeny broth (LB) at 37˚C65. The E. coli culture, when 

required, was incubated with ampicillin and kanamycin at 100 µg/mL and 25 µg/mL, 

respectively. S. meliloti cells were grown in tryptone yeast extract calcium chloride (TYC) 

medium at 30˚C. TYC contains 0.5% tryptone, 0.3% yeast extract (BD, Sparks, MD), and 6 mM 

CaCl2 (Fisher, Fairlawn, NJ) with 600 µg/mL streptomycin added for S. meliloti selection. 

The minimal medium used to encourage motility in S. meliloti was Rhizobium Basal 

(RB) medium in addition to low-nutrient content Bromfield plates. RB contained 0.1 mM NaCl, 

0.01 Na2MoO4, 6.1 mM K2HPO4, 3.9 mM KH2PO4, 1 mM (NH4)2SO4, 1 μM FeSO4, 1 mM 

MgSO4, 0.1 mM CaCl2, 20 μg/L D-biotin, and 10 μg/L thiamin89. The Bromfield plates contained 

0.04% tryptone, 0.01% yeast extract, and 0.01% CaCl2·x 2H2O
66. 

Construction of mutants and cloning 

S. meliloti chromosomal DNA was isolated and Polymerase Chain Reaction (PCR) 

amplification of target S. meliloti DNA fragments was conducted according to established 

protocols66. The purification of PCR products and plasmid DNA was accomplished according to 

manufacturer protocols in the GeneJET Plasmid Miniprep and Gel Extraction Kits 

(ThermoFisher Scientific, Waltham, MA). To create mutations in S. meliloti, in vitro overlap 

extension PCR was utilized for site-directed mutagenesis65. The PCR products were cloned into 

the suicide vector pK18mobsacB, then the E. coli strain S17-1 was transformed with the 

respective plasmid for conjugation into S. meliloti through filter-mating and plating on TYC 

plates containing selective antibiotics. Allelic exchange in the S. meliloti chromosome was 

achieved through plating on Bromfield plates containing 10% sucrose and subsequent screening 
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for neomycin sensitivity as described in published protocol66. Colony PCR and Sanger 

sequencing was used to confirm the allelic exchange. 

Cloning S. meliloti chemoreceptor DNA fragments into an expression vector for protein 

purification was accomplished through a similar process to cloning for the suicide vector. Sanger 

sequencing was also used to confirm correct insertion of the DNA fragments into the plasmid. 

Protein purification methods 

IMPACT (Intein Mediated Purification with an Affinity Chitin-binding Tag) purification 

began with the culturing of ER2566 E. coli cells containing expression vectors for protein 

overexpression. The cells were grown in LB (with 100 µg/mL ampicillin) in a shaking incubator 

at 37˚C until they reach an optical density (OD600) between 0.6-0.8. Then, overexpression of the 

gene was induced by the addition of 0.3 mM isopropyl-β-d-thiogalactopyranoside (IPTG), and 

the temperature was lowered to 16˚C for the cells to grow for an additional 16-20 hours. Cells 

were harvested via centrifugation, and the resulting pellets were suspended in IMPACT buffer 

containing 20 mM Tris/HCl (pH 8.0), 500 mM NaCl, 1 mM EDTA, and 1 mM PMSF. The cells 

were then lysed by three passages through an EmulsiFlex-C3 High-Pressure Homogenizer 

system (Avestin, Ottawa, CAN). 

The lysate was centrifuged at 48,000 x g at 4˚C for an hour and 30 minutes to pellet the 

unlysed cells and insoluble debris from the protein-containing soluble fraction. The soluble 

fraction was filtered through a 0.2 µM filter and then loaded onto a chitin-resin column (NE 

Biolabs, Beverly, MA) pre-equilibrated with IMPACT buffer at 4˚C. After washing the column 

with IMPACT buffer, the intein-mediated cleavage of the target protein from the protein tag was 

initiated with the addition of dithiothreitol (DTT), and the column was left to at 4˚C for 48 hours. 

The protein was eluted with IMPACT buffer, and the purification efficiency was examined 

36 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

   

through SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The concentration of the purified 

protein was determined through a Bradford assay (BioRad, Hercules, CA)23. 

Chemical crosslinking assay and western blot analysis 

The protocol for the chemical crosslinking assay has been detailed in previous 

publications39, 90 . Purified S. meliloti CheR (1.4 µM) and the cytosolic domain (AA 493-788) of 

McpX (1.4 µM) were crosslinked with 1% glutaraldehyde (GA) (Sigma-Aldrich, St. Louis, MO), 

to show binding of the two proteins. CheR and McpX were incubated together in crosslinking 

buffer containing 20 mM NaCl, 1 mM EDTA, 20 mM NaPO4 adjusted to pH 7.5 for 30 minutes 

at room temperature in the presence of 1% glutaraldehyde. The crosslinking reaction was 

stopped using an equal volume of 2x Laemmli buffer and binding was analyzed using SDS-

PAGE and western blot. The western blot was performed as detailed in previous studies33. The 

blots were probed with an affinity-purified anti-CheR antibody and then probed with anti-rabbit 

horseradish peroxidase-conjugated antibody. Detection was performed by chemiluminescence 

using Amersham Hyperfilm ECL (Cytiva, Amersham, UK).  

In vitro methylation assays 

As described in a previous publication, the purified cytosolic domain of McpX (AA 493-

788) at 1.2 µM was combined with CheR (0.2 µM) and S-Adenosyl methionine (SAM) (50 µM) 

to mimic the methylation reaction in the cell91. Combinations of McpX with CheR and SAM 

were incubated together for 30 minutes at room temperature before the reaction was stopped by 

boiling in a 100˚C water bath. 

The addition of methyl groups to the cytosolic domain was observed using liquid 

chromatography-mass spectrometry/mass spectrometry (LC-MS/MS). Methylation assay 

samples were first incubated with 4.5 mM dithiothreitol at 37˚C for one hour. After the samples 
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were cooled to room temperature, they were incubated with 10 mM iodoacetamide in the dark 

for 30 minutes. Unreacted iodoacetamide was then quenched through the addition of 10 mM 

dithiothreitol. The proteins were subsequently digested with 2 μg trypsin and incubated 

overnight at 37˚C. The resulting peptides were desalted using Pierce C18 spin columns 

(ThermoFisher Scientific, Waltham, MA) according to the manufacturer’s instructions, with the 

exception that the elution volume was 75 μL. Acetonitrile was removed from the samples using a 

centrifugal vacuum concentrator, and the resulting peptides were resuspended in 25 μL solvent A 

containing 2:98 acetonitrile with 0.1% (v/v) formic acid. 

A total of 5 μLs of each sample were analyzed using a timsTOF fleX MALDI-2 mass 

spectrometer equipped with a CaptiveSpray 2 ion source (Bruker, Billerica, MA), a Vanquish 

Neo HPLC/autosampler (ThermoFisher Scientific, Waltham, MA), and a CapLC μPAC C18 50 

cm column (PharmaFluidics, Ghent, BE). The samples were separated at a flow rate of 2 μL/min 

using a 20-minute gradient from 2% solvent B, containing 80:20 acetonitrile:water with 0.1% 

(v/v) formic acid, to 45% solvent B, followed by a 10-minute wash with 98% solvent B. The 

HPLC/autosampler was controlled using Chromeleon Console v. 7.2.10 ES. Mass spectrometry 

data were collected using a DDA-PASEF method derived from the default timsControl v. 6.1.1 

application method “DDA PASEF-standard1.1sec_cycletime.m”. The voltage was lowered from 

4500 to 1500 V to ensure compatibility with the CaptiveSpray 2 ion source and the 2 μL/min 

flow rate. The sample queue was controlled using Compass HyStar v. 6.3 software. Peptide lists 

were generated using Mascot Distiller, and the resulting peptide lists were searched using Mascot 

Server. Mascot Server search parameters included trypsin-specific cleavage with up to two 

missed cleavage sites, a 1% false discovery rate, a peptide mass tolerance of ±100 ppm, and a 

peptide fragment mass tolerance of ±0.1 Da. Carbamidomethylation of Cys residues was 
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included as a fixed modification, while N-terminal acetylation of proteins, oxidation of Met 

residues, methylation of Glu residues, conversion of N-terminal Gln to pyroGlu, and 

deamidation and methylation of Gln residues were included as variable modifications. 

Purification of full-length McpX in inner membrane vesicles was accomplished as 

detailed in previous publications39. E. coli Lemo21(DE3) cells expressing full-length McpX were 

grown in LB containing ampicillin (100 µg/mL), chloramphenicol (30 µg/mL), and L-rhamnose 

(500 µM). For proper aeration, an overnight culture, diluted to a final OD600 of 0.05 in four liters 

of LB, was placed into flasks with the volume of the medium adjusted to be below 15% of the 

maximum capacity. The cultures were grown on a shaking platform at 37˚C to an OD600 of 0.5 

before induction of gene expression with 0.4 mM IPTG for four hours at 37˚C. Cells were 

harvested via centrifugation and suspended in 80 mL of buffer containing 10 mM Tris/HCl 

(pH 7.5) with 20% sucrose (wt/wt). Lysozyme (100 µg/mL) and EDTA (5 mM) were added, and 

the cells were incubated on ice for five minutes under gentle agitation. Two 20 mL volumes of 

5 mM EDTA, 1 mM PMSF and 1 mM 1,10 phenanthroline (Phe) were then slowly pipetted in 

with a glass pipette. Lysis of the cells was accomplished by adding four 20 mL volumes of cold 

H2O and vigorous mixing for one minute. DNase (10 μg/mL) and MgCl2 (3 mM) were added, 

and the lysate was centrifuged for one hour and 30 minutes at 27,485 x g at 4˚C. The pellet was 

suspended in buffer containing 50 mM Tris/HCl (pH 7.5), 5 mM MgCl2, 50 mM KCl, 0.5 mM 

PMSF, 1 mM Phe and then dialyzed for 14 hours at 4˚C against the same buffer. 

Methylation assays of full-length McpX in membrane vesicles were conducted as 

described previously39. Isolated membrane vesicles with McpX and CheR were dialyzed against 

TGD buffer (50 mM Tris/HCl (pH 7.5), 10% glycerol and 5 mM dithiothreitol). McpX (1.2 µM) 

and CheR (0.2 µM) were incubated together for 30 minutes at room temperature before the 
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methylation reaction was initiated by the addition of adenosyl-L-methionine S-[methyl-3H] 

(SAM) (Revvity, Waltham, MA) (0.9 Ci/mmol) at a final concentration of 50 μM. From 0-30 

minutes, 20 µL samples were added to 20 µL 2× Laemmli buffer and boiled in a 100˚C dry bath 

for 1 minute to terminate the reaction. After the 30-minute mark, an additional sample was 

collected every 10 minutes up to 60 minutes, and reactions were terminated in the same manner. 

Aliquots (20 µL) were separated via SDS-PAGE on a 10% acrylamide gel and stained with 

Coomassie Brilliant Blue R. The gels were dried, and the bands corresponding to McpX were cut 

out and subjected to alkaline hydrolysis for 24 hours in 1 mL of NaOH (1M). Quantification of 

the released tritiated-methanol was accomplished by the addition of 10 mL Ultima GoldTm 

Liquid Scintillation Counting (LSC) Cocktail (Revvity, Waltham, MA) and measurement using a 

Tri-Carb 4910 TR Liquid Scintillation Analyzer (Revvity, Waltham, MA). 

Capillary assay 

The process for performing a capillary assay for S. meliloti has been detailed in previous 

publications34, 92 . Motile S. meliloti cultures were achieved through diluting stationary phase 

cultures from TYC into an RB overlay on Bromfield plates. Cells in overlay plates were grown 

overnight at 30˚C to an OD600 between 0.15 and 0.18 and pelleted at 5,000 x g. The cells were 

then suspended in RB medium to a final OD600 of 0.15, and 350 µL of culture were dispensed 

into U-shaped glass wells positioned between two glass plates. Microcaps glass capillaries 

(Drummond Scientific, Broomall, PA), able to hold 1 µL or liquid, were heated and sealed at one 

end. These capillaries were filled with either RB as a control or varying concentrations (1, 10, 

and 100 mM) of a known S. meliloti chemoattractant. The ligand-containing capillaries were 

inserted into the wells of motile S. meliloti and incubated for two hours at room temperature. 

After the incubation period, the capillaries were removed from the culture, broken, and cells 
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were expelled into a measured amount of RB. Cells were then diluted and plated in duplicate on 

TYC/Str plates and incubated at 30˚C for three days for colony formation. Data were 

corroborated through three technical replicates conducted for each condition in three biological 

replicates23. 

Results: 

CheR binding the cytosolic domain of McpX 

To provide the basis for the in vitro methylation assays, we first had to show that CheR 

binds the cytosolic domain of McpX as binding affinity had only been determined for the C-

terminal pentapeptide-binding motif of McpX. Several trials of Isothermal Titration Calorimetry 

(ITC) were conducted with CheR and cytosolic McpX according to previously published data 

with CheR and the synthesized pentapeptide-binding motif23. Due to the inability to achieve a 

sufficiently high concentration of the cytosolic domain of McpX (1 mM), we were unable to 

determine the binding affinity. Instead, chemical crosslinking was used to show interaction of the 

two proteins, which presents itself as a molecular weight shift in the presence of the crosslinking 

agent glutaraldehyde (GA) was added (Figure 1). 
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Figure 1: Western blot from the chemical crosslinking of purified CheR and the cytosolic domain of McpX 

(AA493-788) is shown above detected with an anti-CheR antibody. The molecular weight marker (MWM) (BioRad, 

Hercules, CA) is depicted to the far left. Lane 1 (L1) shows CheR, Lane 2 (L2) shows CheR + GA, Lane 3 (L3) 

shows CheR + McpX, and Lane 4 (L4) shows CheR + McpX + GA. 

Lanes 1-2 were controls to show CheR (34 kDa) alone and with GA for comparison with 

McpX (47 kDa) added in Lanes 3-4. The addition of McpX to CheR in the presence of GA 

resulted in a significant change in banding pattern in Lane 4. Two migrating bands appear: one 

band around 81 kDa indicating the binding of CheR to monomeric McpX and another band 

around 128 kDa indicating the binding of CheR to a McpX dimer. Interaction between the 

cytosolic domain of McpX and CheR provided a basis for the subsequent in vitro methylation 

experiments. 

Mass spectrometry to identify methylation sites 

The in vitro methylation assay with CheR and the cytosolic domain of McpX was 

performed to identify methylation sites in the receptor. The experiment was conducted in 

triplicate in the presence and absence of the methyl group donor SAM as a control. Mass 

spectrometry was used to identify the location of methyl groups added based on the change in 
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weight of the peptide (data not shown). Despite the control samples lacking either CheR or 

SAM, theoretically making the methylation reaction unable to occur, all samples contained 

various peptides with varying methylation states. Methyl groups had been attached to glutamate 

residues and deamidated glutamine residues. 

McpX sequence comparison to characterized methylation sites 

To try and infer the location of putative methylation sites in McpX, the sequence was 

compared with the known methylation sites of the E. coli receptor Tsr47 (Figure 2). 

Figure 2: (Top) Segment of a sequence alignment of the E. coli chemoreceptor Tsr and the S. meliloti receptor 

McpX. Residues identified as methylation sites for Tsr are highlighted in yellow with the conserved McpX putative 

methylation site. The adjacent residues for experimentation are highlighted in blue. (Bottom) Model of the McpX 

cytoplasmic domain with the box highlighting the location of the conserved putative methylation sites in E. coli. 

McpX possessed sequence homology for all four methylation sites in Tsr. Additionally, 

these residues appeared to have been methylated consistently across the peptides analyzed in 

mass spectrometry (data not shown). These residues were selected for mutagenesis, along with 
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the adjacent glutamyl residue, to determine if methylation sites could be identified through 

measuring the potential reduction in chemotactic ability. 

Measuring chemotactic ability to infer methylation capabilities 

Site-directed mutagenesis was used to substitute the glutamyl residues with asparagine 

and aspartic acid residues, respectively, to eliminate the ability for methylation while 

maintaining the overall charge of the receptor. 

Capillary assays were used to analyze whether the removal of the potential methylation 

site in S. meliloti McpX resulted in an altered phenotypic response to a known ligand (Figure 3). 

In previous work, it was demonstrated that McpX mediates the strongest response to glycine 

betaine, a quaternary ammonium compound. To analyze altered sensitivity, three different 

concentrations of the ligand were tested in each assay, as described previously34. 

Figure 3: The chemotactic response to glycine betaine in capillary assays for S. meliloti WT (RU11-001), ΔmcpX 

(RU11-805), Q503N (BS369), Q504N (BS382), E509D (BS383), E510D (BS370), E517D (BS371), E698D 

(BS384), E699D (BS372), and Quad/Q503N/E510D/E517D/E699D (BS393). Data are the results of three biological 

replicates normalized to WT. Statistical significance was determined using one-way ANOVA (Analysis of 

Variance). Asterisks denote p values; *p < 0.05; **p < 0.005; ***p < 0.001. 
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The deletion of McpX resulted in an 80-90% reduction in response to glycine betaine, as 

did the mutation of the glutamine at AA503. Mutation of the glutamine at AA504 and glutamate 

at AA509 did not reduce the chemotactic ability. Mutation of the glutamate at AA510 resulted in 

an 80% and 50% reduction, respectively, in chemotactic ability to the lower glycine betaine 

concentrations (1 and 10 mM) but showed no significant reduction at the highest concentration. 

The mutation of the glutamate at AA517 caused a 60-70% overall reduction in chemotaxis. 

Mutation of the glutamate did not reduce chemotactic ability. Mutation of the glutamate at 

AA699 resulted in a less, but still significant, 20% reduction in chemotactic ability. A mutant 

strain was constructed combining the point mutations of Q503N, E510D, E517D, and E699D 

and it experienced a 70-80% reduction in chemotactic ability to glycine betaine similar to the 

deletion strain. Overall, the residues Q503, E510, E517, and E699 were essential to confer full 

chemotaxis to glycine betaine. 

Methylation quantification with radiolabeled substrate 

To quantify methylation in McpX, the full-length receptor was purified in membrane 

vesicles, and the methylation reaction by CheR was stimulated with tritiated SAM. Tracking 

methylation over the time course of an hour was selected to ensure saturation of the reaction 

(Figure 4). 
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Figure 4: Time course of McpX methylation by CheR as observed through LSC measurement of the [3H]-S-

adenosylmethionine methyl group incorporation. Data are the result of one biological replicate. 

A linear methylation rate with an apparent saturation level was achieved for one 

experiment, but the counts per minute (CPM) of the 3-15-minute samples were significantly 

lower than previously published data with replicated experimental conditions39. 

Discussion: 

The way receptor methylation is used in bacterial chemotaxis to adjust sensitivity to 

attractants was first characterized in E. coli in the 1970s93, 94. Until a different mechanism was 

identified for B. subtilis in 1999, the E. coli system for adaptation was the accepted model49, 95 . 

This system remains uncharacterized in S. meliloti, which already presents several deviations 

23, 40-42from the E. coli chemotaxis system . The ability for S. meliloti CheR to bind to and 

methylate chemoreceptors was shown to be essential, making the adaptation system a point of 

interest as chemotaxis facilitates the formation of a symbiotic relationship with alfalfa23 . 

CheR was successfully crosslinked to the isolated cytosolic domain of McpX, providing 

the basis for in vitro experimentation to identify methylation sites (Figure 1). However, we were 

not able to identify clear, consistent methylation sites from the mass spectrometry analysis of the 
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cytosolic domain of McpX post-methylation by CheR. The experimental conditions designed to 

serve as controls, such as those missing either enzyme or substrate for the methylation reaction, 

produced peptides with methylated glutamate residues and glutamine residues that had been 

deamidated and methylated as well. Additionally, the distribution of methyl groups was not 

uniform or patterned across peptides of the same sequence and length from McpX. This was 

theorized to be the result of non-specific methylation occurring in vivo during protein expression 

in E. coli ER2566. This result was unexpected as the genes encoding the flagellar master 

transcriptional regulator FlhDC was deleted and endogenous expression of CheR and CheB 

should not have occured96. 

The alternative approach to identify the methylation sites in McpX was taken by 

comparing the sequence homology with an E. coli chemoreceptor Tsr with known methylation 

sites. McpX possesses sequence homology with four out of the five confirmed sites in Tsr, so 

those residues were mutated to remove the methylation capability while maintaining the overall 

charge/stability of the receptor. To account for the potential of methylation in the adjacent 

glutamine/glutamate reside, additional mutant strains were created for those positions (Figure 2). 

Additionally, a strain was constructed that possesses mutations at all four sites with homology in 

E. coli to produce a phenotype that is unable to adapt to constant stimuli and expected to behave 

similar to a strain lacking McpX. 

The chemotactic ability of the McpX variant strains was assessed by attraction to glycine 

betaine, one of the unique compounds only sensed by McpX and with high sensitivity34 (Figure 

3). All four McpX variant strains with mutations in the putative methylation sites from E. coli 

experienced a reduction in chemotactic ability to glycine betaine. The strongest reductions 

appeared from mutating Q503 and E517, indicating that they could potentially be of higher 
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importance in the methylation of the receptor97. Mutation at E510 appeared to affect the ability 

of the bacterium to sense signals of lower concentrations. The strain with the mutation at E699 

had a much more minor reduction in chemotactic ability compared to the other three. The 

quadruple site mutant experienced a significant reduction in chemotactic ability, and though it 

appeared to retain a slightly higher sensitivity than the McpX deletion stain, there was no 

statistically significant difference between the two strains. The strains with mutations at Q504, 

E509, and E698 did not appear to have any reduction in chemotactic ability, indicating that the 

true methylation sites in S. meliloti receptors align with E. coli. 

In the E. coli chemoreceptor Tsr, it has been demonstrated that there is both a sequential 

methylation of the methylation sites and that there are some sites that are more important than 

97-99the others for the chemotactic response . When comparing the effect of single mutations at 

methylation sites between E. coli Tsr and S. meliloti McpX, we observed a similar pattern of 

chemotaxis reduction98 (Figure 5). 

Figure 4: Modeled methylation helices for E. coli Tsr and S. meliloti McpX with the residues highlighted according 

to established methylation sites in literature47. Mutated sites that had no effect on chemotaxis are highlighted in 

green, sites that had a slight impact on chemotaxis are highlighted in yellow, and sites that had drastic impacts on 

chemotaxis are highlighted in red98 

In E. coli the residues Q297, E304, and Q311 all reduce the chemotactic ability when 

mutated, but E304 and E311 have a much more drastic impact98. Differing from E. coli, in this 
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study it was observed that two outer sites in McpX, Q503 and E517, had the most impact. And 

the middle site, E510, appeared to only reduce the sensitivity to lower concentrations of the 

ligand which was not observed in E. coli. Also differing slightly from E. coli, the residue E699 in 

McpX did have a slight, but still significant reduction in chemotaxis when mutated. 

The purpose of purifying membrane vesicles containing the full-length McpX and its 

methylation by CheR was to detect altered methylation in the presence of glycine betaine. 

Observing an increase in total methylation upon the addition of attractant would indicate a 

system more akin to the E. coli adaptation system whereas a ligand having no effect on the net 

methylation would infer greater similarity to B. subtilis48, 95 . In previous work, methylation in 

McpX was only reported during the linear rate of the reaction. The purpose of this experiment 

was to test whether the chemotaxis protein CheT alters the initial rate of methylation by CheR 

and CheT was found to have no influence on the rate of methylation. No change in initial 

methylation rate was observed in the presence of a known ligand, choline, either39. We were 

unable to achieve the same methylation level of McpX as previously reported, presumably due to 

issues of suboptimal McpX expression level, which is known to affect receptor activity100 

(Figure 4). Optimization McpX membrane vesicle purification in the future will allow the 

continuation of this experimentation and characterization of the methylation adaptation system. 

Through this study of McpX methylation we were able to lay the groundwork for future 

experimentation that will identify what mechanism S. meliloti uses to adapt signal sensitivity. 

This system presents a new target for researchers seeking to enhance the symbiotic relationship 

with alfalfa by engineering bacteria to be bioinoculants that can rival the use of harmful, 

synthetic fertilizers. 
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Abstract: 

Agrobacterium tumefaciens is the causative agent of crown gall disease, a destructive 

plant disease affecting more than 600 plant species and resulting in substantial agricultural losses 

worldwide. Bacterial motility is an important virulence factor, yet the flagellar architecture of A. 

tumefaciens strain 5A differs from previously characterized strains by possessing a flagellum 

composed of two distinct filament diameters. To investigate the genetic basis and functional 

significance of this unique flagellar structure, we assembled the complete genome of strain 5A 

and characterized the roles of its flagellin proteins through genetic, biochemical, and 

microscopy-based analyses. Oxford Nanopore sequencing and Flye assembly generated a 

complete genome consisting of four contigs, including one linear chromosome, one circular 

chromosome, and two plasmids, while resolving inconsistencies and likely contaminant 

sequences present in the previously published draft genome. Genome analysis identified four 

flagellin genes (flaA, flaB, flaC, and flaD), with sequence comparisons and cryogenic electron 

microscopy demonstrating that FlaB forms the thicker proximal region of the filament, whereas 

FlaA forms the thinner distal region. Targeted deletion mutants and flagellin domain-swapping 

constructs were generated to define the contribution of each flagellin to motility. Swim plate 

assays demonstrated that deletion of flaA abolished motility, whereas deletion of flaB reduced 

motility to approximately 74% of wild-type levels. Deletion of flaC or flaD produced only minor 

reductions in motility, while removal of the unique FlaB outer domain phenocopied the flaB 

deletion. In contrast, insertion of the FlaB outer domain into FlaA resulted in a non-motile strain, 

demonstrating that correct domain organization is essential for flagellar function. SDS-PAGE 

analysis confirmed the expected alterations in flagellin composition among mutant strains, and 

negative stain transmission electron microscopy revealed that deletion of flaA produced shorter, 
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straighter flagella, whereas other mutants exhibited flagellar morphologies similar to wild type. 

Collectively, these findings establish the first complete genome assembly of A. tumefaciens 

strain 5A, define the genetic and structural basis of its unique dual-diameter flagellum, and 

identify the distinct contributions of individual flagellins to filament assembly and motility. This 

work provides a foundation for future investigations into the evolutionary advantages of this 

novel flagellar architecture, its role in bacteriophage resistance, and its contribution to the 

virulence of this economically important plant pathogen. 

Introduction: 

Grown gall disease causes the formation of tumor-like galls in plant roots, trunks, and 

branches of over 600 species of plants. The galls can create fatal blockages in water/nutrient flow 

for the plants and overall make them more susceptible to things like doubt stress and secondary 

diseases101. Fruit trees, brambles, woody ornamentals, and even some vegetables are just some of 

the cash crops across the globe that are affected by this disease. The United States is estimated to 

be vulnerable to $16.2 billion in loss stemming from disease spread in plant nurseries and 

greenhouses102. Current methods for curbing disease spread from this bacterium are limited to 

antibiotics sprayed onto blossoms and leaves in high-value fruit orchards. 

Agrobacterium tumefaciens, the causative agent of crown gall disease, is a Gram-

negative alpha proteobacterium that can sense chemical signals released by plant wounds. The 

bacterium enters through these wounds to attach themselves to plant cell walls103 . A. tumefaciens 

possesses a tumor-inducing (Ti) plasmid which allows the transfer of the DNA segment (T-

DNA) into the infected cell cytoplasm where it is incorporated into the genome, and the 

expression leads to gall formation51. 
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A. tumefaciens strain 5A was isolated from the Madison River Valley, MT in a pasture 

field with arsenic-enriched soil53. This strain has the capability to oxidize arsenite (As(III)) that 

is induced through the use of a two-component signal transduction system and quorum sensing54. 

While a draft genome for this bacterium has been published, the lack of an assembled genome 

makes genetic work for experimentation on this organism difficult104 . It is imperative to have 

access to as many strains of this species as possible in the effort to combat disease spread. 

Bacteriophages are viruses that infect bacteria with very specific host range 

susceptibility, making them a prime candidate for developing alternatives to general antibiotic 

applications. A. tumefaciens strain 5A was of interest due to its lack of susceptibility to the three 

known flagellotropic bacteriophages for this species (Dhiman, Ziehl, and Scharf, personal 

communication)56. Work on the host-range characterization of these bacteriophages revealed a 

unique flagellin morphology of A. tumefaciens strain 5A, in which two distinct flagellin bands 

appeared on SDS-PAGE of purified flagellar filaments (Figure 1). 

Figure 1: SDS-PAGE of sheared and isolated Agrobacterium tumefaciens strain 5A flagella. The molecular weight 

marker (MWM) (BioRad, Hercules, CA) is depicted to the far left. Two distinct bands are observed at around 47 

kDa and 35 kDa in the right lane. 

53 



 

 

 

 

 

  

   

   

     

 
            

         

 

  

  

 

 

 

  

 

This observation of the assembly of the flagellar filament with two flagellin proteins of 

different sizes was confirmed through cryogenic electron microscopy (cryo-EM) of the sheared 

A. tumefaciens flagellum. Collaborators at the University of Virginia conducted cryo-EM 

analysis as previously described in published work105 . The cryo-EM image of a flagellum 

showed two distinct flagellar filament sizes (Figure 2). Study of the A. tumefaciens strain C58 

flagellar system showed a uniform flagellar filament size, which is assembled of four flagellins 

proteins that all had specific function in flagellar assembly and motility57. 

Figure 2: Image of A. tumefaciens strain 5A flagellum from cryo-EM analysis. The transition point in flagellar 

filament size is marked by the yellow arrow. Image provided by Sonani and Egelman, UVA. 

The assembly of the A. tumefaciens strain 5A genome will open up the opportunity to 

characterize the function of each flagellin-encoding gene in this bacterium. Additionally, it will 

allow comparison with strains of the same species. Characterization of the novel flagellum 

structure will give insight into the potential evolutionary advantage of a flagellum with two 

thicknesses, which the bacterium may employ for motility under specific environmental 

conditions, e.g., higher viscosities in the rhizosphere. A. tumefaciens is a plant pathogen that has 

devastating impacts on the agricultural industry, so it is imperative to have access to as many 

strains of this species as possible in the effort to combat disease spread. 
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Materials & Methods: 

Table 1: Bacterial strains and plasmids utilized 

Strain/Plasmid Relevant Characteristics Source or Reference 

Escherichia coli 

DH5α recA1 endA1 64 

S17-1 Smr Tpr ; recA endA thi hsdR RP4-2 

Tc::Mu::Tn7 

86 

Agrobacterium tumefaciens 

Strain 5A Smr : Spontaneous streptomycin-resistant 

wild-type strain 

104 

Strain 5A ΔmotA ΔmotA This study 

5A ΔflaC ΔflaC This study 

5A ΔflaB ΔflaB This study 

5A ΔflaA ΔflaA This study 

5A ΔflaD ΔflaD This study 

5A FlaB domain Δ FlaB ΔAA199-322 This study 

5A FlaA domain ins FlaA (btwn AA207/208) w/ FlaB 

(ΔAA199-322) insert 

This study 

Plasmids 

pK18mobsacB Kmr ; lacZ mob sacB 88 

pBS0380 pK18mobsacB::ΔmotA This study 

pBS1400 pK18mobsacB::ΔflaC This study 

pBS1401 pK18mobsacB::ΔflaB This study 

pBS1402 pK18mobsacB::ΔflaA This study 

pBS1403 pK18mobsacB::ΔflaD This study 

pBS1408 pK18mobsacB:: FlaB ΔAA199-322 This study 

pBS1409 pK18mobsacB::FlaA(btwn AA207/208) 

w/ FlaB (ΔAA199-322) insert 

This study 

Media and growth conditions 

E. coli cells were grown using lysogeny broth (LB) at 37˚C65. The E. coli culture, when 

required, was supplemented with kanamycin at 25 µg/mL. A. tumefaciens cells were grown in 

tryptone yeast extract calcium chloride (TYC) medium at 30˚C. TYC contains 0.5% tryptone, 

0.3% yeast extract (BD, Sparks, MD), and 6 mM CaCl2 (Fisher, Fairlawn, NJ) with 600 µg/mL 

streptomycin added for A. tumefaciens selection. 
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Sequencing and assembly of the genome 

The A. tumefaciens strain 5A genome was sequenced using the Oxford Nanopore and 

assembled using the Flye algorithm in Geneious Prime 2025.2.2106 . Comparison with the draft 

genome was accomplished with BLAST71. 

Construction of mutants and cloning 

A. tumefaciens strain 5A chromosomal DNA was isolated and Polymerase Chain 

Reaction (PCR) amplification of target A. tumefaciens DNA fragments was conducted according 

to established protocols66. The purification of PCR products and plasmid DNA was 

accomplished according to manufacturer protocols in the GeneJET Plasmid Miniprep and Gel 

Extraction Kits (ThermoFisher Scientific, Waltham, MA). To create mutations in A. tumefaciens, 

in vitro overlap extension PCR was utilized for site-directed mutagenesis65. The PCR products 

were cloned into the suicide vector pK18mobsacB, then the E. coli strain S17-1 was transformed 

with the respective plasmid for conjugation into A. tumefaciens through filter-mating and plating 

on TYC plates containing selective antibiotics. Allelic exchange in the A. tumefaciens 

chromosome was achieved through plating on Bromfield plates containing 10% sucrose and 

subsequent screening for neomycin sensitivity as described in published protocol66. Colony PCR 

and Sanger sequencing was used to confirm the allelic exchange. 

Swim plate assay 

Swim plate assays were performed essentially as in previous publication107 . A. 

tumefaciens cultures were grown in TYC at 30˚C for three days to reach stationary phase before 

being spotted (3 µL) onto Bromfield swim plates (0.3% agar). The plates were incubated at 30˚C 

for three days for quantitative data. The averages and standard deviations were obtained through 

56 



 

 

 

   

 

   

 

  

  

 

 

  

  

  

    

   

the measurement of swim ring diameter from three biological replicates with eight technical 

replicates each. 

Shearing and isolation of bacterial flagella 

Cultures of A. tumefaciens were grown overnight and then inoculated into 500 mL of 

TYC (with 100 µg/mL streptomycin) to incubate at 30˚C in a shaking incubator. Once the cells 

reached an OD600 of 0.5 (peak motility), they were harvested by centrifugation at 8,000 g for 

eight minutes at 4˚C. The pellet was suspended in 100 mL of motility buffer containing 0.5 mM 

CaCl₂, 0.1 mM EDTA, and 20 mM HEPES (pH 7.2) balanced to a pH of 7.4. The buffer was 

then blended for 30 seconds in a household blender to shear the flagella from cells. If the cells 

were still motile after the first blending, they were blended for an additional 30 seconds. The 

supernatant was then centrifuged at 8,000 x g for eight minutes at 4˚C for two additional times to 

pellet cells. Two additional centrifugations at 15,000 g for 15 minutes at 4˚C were used to 

remove residual cells before ultracentrifugation to pellet the flagella. The supernatant was 

centrifuged at 35,000 rpm for two hours at 4˚C two times, resuspending the flagellar pellet in 

fresh motility buffer each time. The purity and size of the flagellar filament was analyzed using 

SDS-PAGE. 

Results: 

Genome sequencing and assembly of the A. tumefaciens strain 5A 

The assembled genome (GenBank accession number JBTWWK000000000) resulted in 

four contigs consisting of a linear chromosome of 2,113,609 bp (JBTWWK010000001); a 

circular chromosome of 2,882,242 bp (JBTWWK010000002); and two circular plasmids of 

190,154 (JBTWWK010000003) and 592,865 (JBTWWK010000004) bp, respectively. These 

four contigs were aligned with the 50 contigs submitted to NCBI (out of 59 identified) from the 
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2012 draft genome of A. tumefaciens strain 5A. The alignment was able to account for 90% 

(45/50) of the draft contigs within the fully-assembled contigs with significant overlap within the 

original 50 submitted. The five contigs that did not appear in the fully-assembled genome for 

strain 5A were analyzed with BLAST71. Four (Contigs 38, 39, 40, and 50) were identical to 

sequences in various Staphylococcus species while the fifth contig (Contig 46) appears to have 

originated from Oryza sativa, a species of rice104. These represent potential contaminants in a 

multiplex GS FLX sequencing. 

Genes encoding for the flagellar filament 

Sequence comparison from the assembled genome revealed that A. tumefaciens 5A 

encodes four flagellins with FlaB and FlaA matching the cryo-EM data for the flagellar filament 

body. The thicker, proximal part of the flagellar filament is composed of FlaB, possessing an 

outer domain with 124-amino acids that accounts for about 13 kDa of the total molecular weight, 

making it thicker than the distal part of the flagellar filament, composed of FlaA. The genome 

assembly revealed two additional flagellin genes (flaC and flaD) that did not appear to contribute 

to the flagellar filament but represent minor flagellins as analyzed in the cryo-EM maps. 

Impact of individual flagellin gene deletions on swimming motility 

To determine the function of each A. tumefaciens 5A flagellin for motility, we performed 

quantitative swim plate assays on mutant strains with individual flagellin gene deletions. 

Additionally, to investigate the functionality of the outer domain of FlaB, swim plate assays were 

conducted for mutant strains with only the outer domain deleted from FlaB and this domain 

inserted into the thin flagellin FlaA (Figure 3). 
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Figure 3: Swim ring diameter on 0.3% agar Bromfield swim plates (example of each strain shown above) of A. 

tumefaciens strain 5A mutants compared to WT. The averages and standard deviations were calculated from three 

biological replicates. Statistical significance was determined using one-way ANOVA (Analysis of Variance). 

Asterisks denote p values; *p < 0.05; **p < 0.005; ***p < 0.001. 

Strains lacking the flagellins FlaC and FlaD had only minor reductions in motility with 

94% and 92% retained when compared to wild type. The strain lacking FlaB showed a more 

significant reduction in motility of 74% while the strain lacking FlaA was non motile. Motility of 

the strain with the outer domain of FlaB removed was similar to that of a full-length gene 

deletion at 71% compared to wild type. The domain insertion into FlaA produced a non-motile 

phenotype. Motility observations were also verified from cell cultures via observation under a 

phase contrast microscope (data not shown). 

Phenotypic observation of flagellar filaments produced from mutant strains 

Negative stain transmission electron microscopy (nsTEM) of whole cells was used to 

observe phenotypic changes in flagella across the mutant strains (Figure 4). 
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Figure 4: Images of A. tumefaciens strain 5A and mutant cells from negative stain transmission electron microscopy 

(nsTEM) analysis. Yellow arrows mark flagella attached to the cell body. Sheared flagella can also be observed in 

some images. Images provided by Sonani and Egelman, UVA. 

Flagella of the strain lacking FlaA were rarely observed and appeared shorter and 

straighter compared to the WT filament. Flagella from the strains lacking FlaB, FlaC, FlaD, and 

the FlaB outer domain deletion (BΔOD) did not appear to differ in length or conformation 

compared to WT. The strain with FlaB outer domain insertion (A+ODB) into FlaA did not 

produce flagella. 

Flagellar filaments were isolated from the strains lacking FlaA, FlaB, and the outer 

domain of FlaB to observe the different banding patterns via SDS-PAGE in comparison to the 

wild-type flagellar filament (Figure 5). Additionally, despite the lack of motility, flagellar 

filament isolation was attempted for the strain with the FlaB outer domain inserted into FlaA to 

observe if any filaments were being produced. 
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Figure 5: SDS-PAGE of sheared and isolated Agrobacterium tumefaciens strain 5A flagellar filaments from WT 

and mutant strains (equal volumes analyzed). The molecular weight marker (MWM) (BioRad, Hercules, CA) is 

depicted to the far left. The bands tracked across each strain correspond to the 47- and 35-kDa bands observed in the 

WT strain. 

Isolated filaments from the wild-type 5A strain separated into two equally intense bands 

after SDS-PAGE at around 47 and 35 kDA. Filaments from the strain lacking FlaA showed only 

the 47-kDa band. The strain lacking FlaB showed a reduction in the intensity of the 47-kDa band 

in the isolated flagellar filaments, although a faint band around the same molecular weight is still 

present. The nature of these bands remains to be shown. Filaments from the strain lacking the 

FlaB outer domain deletion (BΔOD) appeared to match the banding pattern from the ΔflaB 

strain. Filaments from the domain insertion strain (A+ODB) appeared to have the same banding 

pattern as ΔflaA with only a 47 kDa band observed. 

The isolated flagellar filaments from ΔflaA, ΔflaB, BΔOD, and A+ODB strains were 

analyzed using nsTEM and compared to WT (Figure 6). 
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Figure 6: Images of isolated flagellar filaments from A. tumefaciens strain 5A, ΔflaA, ΔflaB, and the FlaB domain 

deletion (BΔOD) after nsTEM analysis. Images provided by Sonani and Egelman, UVA. 

The WT 5A flagellar filament was observed to consist of a thick and thin portion under 

cryo-EM analysis, which cannot be easily observed in nsTEM. Flagellar filaments from the 

strain lacking FlaA matched the shorter, straighter structure observed in the whole cell imaging. 

Again, the ΔflaB and BΔOD strains did not differ in phenotype compared to WT. No flagellar 

filaments were observed for the A+ODB strain. 

Discussion: 

The sequencing and assembly of the A. tumefaciens strain 5A genome produced four 

complete contigs. The previous draft genome reported 59 contigs (50 published) with sequences 

ranging from as low as 200 to over 700,000 base pairs104. Our assembly encompassed 90% of the 

draft contigs with almost 100% pairwise identity and the five unaccounted for contigs were very 

short in length. They were discarded and ruled as potential contaminants from the multiples GS 

FLX sequencing due to mapping to various Staphylococcus species and rice genomes. The 

assembled genome for strain 5A established the foundation for the genetic work for this project 

and also opens access to comparison of this strain with other Agrobacterium species. 

The appearance of a flagellum with two distinct flagellar filament sizes has not been 

observed previously in any A. tumefaciens strain. Two strains with characterized flagellar 

morphologies, C58 and H13-3, both possessed flagella composed of uniform filament sizes57, 108 

Using the atomic structure from the cryo-EM data, the sequences of genes encoding for the 
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corresponding thick/thin flagellins in 5A were identified along with two additional flagellin 

genes (Figure 2). The presence of four genes encoding the flagellins in strain 5A aligns with 

those identified in C58 but differs from H13-3, which possesses only three57, 108, 109 (Table 2). 

Table 2: Flagellin sizes (AA) across A. tumefaciens strains 

Flagellin 5A C58 H13-3 

FlaA 336 306 411 

FlaB 447 320 410 

FlaC 445 313 N/A 

FlaD 430 430 430 

Strain 5A appears to be the only strain with a large difference in amino acid length 

between FlaA and FlaB, with the larger outer domain in FlaB creating the size difference on the 

filament. A comparison of the aligned flagellin gene clusters of strains 5A, C58, and H13-3 

shows that the flagellin genes in strain 5A have the most similar order of genes encoding for 

flagellar components to strain C5858 (Figure 7). 

Figure 7: Alignment of the partial maps of flagellar gene clusters in A. tumefaciens strains H13-3, C58, 

and 5A58. Gene loci are not drawn to scale, and the general transcription polarity is marked by arrows. Genes 

encoding for the flagellar filament are highlighted in bold. 

Flagellar filaments are composed of major flagellins that form the main structure and 

minor flagellins that fine tune shape, structure, and formation of the filament. Major flagellins, 
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like FlaA in C58 and H13-3, are essential for motility but require the presence of minor flagellins 

to assemble correctly57, 110 . The minor flagellins alone are not sufficient to form any filament as it 

was identified that the absence or disruption of FlaA jams the export channel58. The function of 

each minor flagellin is not redundant and their presence represents a combined effort to assemble 

the complete flagellar filament57. 

The only strains that experienced complete loss in motility were the flaA deletion strain, 

encoding for the flagellin of the thin filament, and that with the insertion of the outer domain 

from FlaB into FlaA (Figure 3). The deletion of flaB, encoding for the flagellin composing the 

thick filament, resulted in severely reduced motility. Additionally, this reduction in motility was 

matched with the strain where the FlaB outer domain was removed. The deletion of flaC and 

flaD resulted in a slight reduction in swimming motility but both strains retained above 90% of 

their motility relative to WT, aligning with the results of other A. tumefaciens strains. Together, 

this suggests that the presence of FlaA, the thin filament of the full flagellum, is essential for 

motility, but not sufficient to confer full motility when FlaB is lacking. This mimics the function 

of FlaA as a major flagellin in both C58 and H13-3 where it is essential to confer motility. FlaB, 

C, and D in 5A also appear to function as minor flagellins just like in the other strains57, 58, 109 . 

The nsTEM images captured from motile whole cells identified that only the deletion of 

flaA alters the phenotype of the flagellar filament, despite FlaB making up the proximal flagellar 

filament in WT (Figure 4). This matched the effect of the single flagellin gene deletion in C5857. 

The banding pattern of the isolated flagellar filaments from 5A mutant strains after SDS-PAGE 

was as expected and in agreement with those observed for flagellated cells in EM (Figure 5 & 6). 

The lack of flagellar filament observed for the FlaB outer domain insertion into FlaA strain is 

theorized to be a result of misfolding of the flagellin58. 
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To further characterize the role of each flagellin, future work would encompass 

combinations of flagellin gene deletions to analyze the phenotypic outcome for filaments 

produced. To more clearly observe the location of each flagellin within the entire filament, 

fluorescence microscopy of individually labeled flagellins could be employed. If the minor 

flagellins FlaC and FlaD are unable to be observed through the fluorescent microscopy, as 

observed in strain C58, then their abundance in the flagellar filament could be determined 

through mass spectrometry. 

Through this study we were able to assemble the genome, characterize the flagellar 

structure, and identify the function of each flagellin in motility for A. tumefaciens strain 5A. 

Strain 5A was identified as resistant to infection from three flagellotropic bacteriophages that 

target strains C58, H13-3, and ST15.13/040, which all have a uniform flagellar filament size57, 

58(Dhiman, Ziehl, and Scharf, personal communication). Motility is a key virulence factor for 

bacterial pathogens, therefore expanding knowledge on the flagellar systems of this species 

contributes to the efforts of scientists to develop alternative ways to prevent disease spread in 

crops. Additionally, the dual size flagellar filament presents an opportunity to study a potential 

evolutionary advantage to combat flagellotropic bacteriophages this bacterium possesses over 

other strains of A. tumefaciens. 
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Chapter V 

Final Discussion: 

There are an estimated 570 million farms across the globe that are expected to sustain a 

population that will increase by 1.5 billion by 2050111, 112. Farmers currently rely on over 200 

million metric tons of synthetic fertilizer containing nitrogen, phosphate, and potassium to boost 

crop yield in the face of this staggering demand113. Almost 1.01 million metric tons of 

bactericides are also used to prevent crop loss to disease each year114. These expensive, single-

use tools for farmers place massive financial strains in production costs in an already variable 

market. Additionally, the use of synthetic fertilizer and pesticides has wreaked havoc on the 

environment: chemical-laced runoff from fields poisoning water sources, release of greenhouse 

gases, soil microbe biodiversity reduction, and degradation of soil health115, 116. These issues 

facing the agricultural industry and environment frontline the need for research into development 

of practices to apply the natural capabilities of symbiotic bacteria to wean off the use of harmful 

synthetic fertilizer. Disease spread due to bacterial plant pathogens is also a critical issue, making 

investigations to target these bacteria with natural bactericides, like bacteriophages, important. 

Development of these biotreatments as fertilizers and inoculants previously have yielded 

subpar results due to fitness constraints in the developed strains compared to the established 

rhizosphere microbiome117. It is difficult to overcome these issues when there are still large gaps 

in research surrounding the lifestyles of the targeted bacterial species. Studying the chemotactic 

ability and motility of these organisms presents a translational approach to development that 

centers on enhancing the already present fitness mechanisms for bacterial survival. Additionally, 

the formation of the highly-specific relationship between each plant host and bacterial symbiont 

or pathogen requires extensive study to characterize the unique molecular aspects. 
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Soybean is an incredibly versatile crop in the agricultural system. It has its vitality in food 

and animal feed, and soy-based products are rapidly rising to replace the use of harsh chemicals 

and petrochemical-based materials118. As the demand for soybean rises, farmers will need to 

employ every method possible to increase the yield of their crops while balancing high 

production costs. The symbiosis of Bradyrhizobium diazoefficiens with soybean was identified to 

increase the overall biomass and yield of the crop119. This bacterium was previously 

demonstrated to exhibit chemotaxis towards several classes of compounds including soybean 

root extract, organic acids, and various carbon sources62, 120. However, before this study, no work 

had been done to investigate which chemoreceptors mediate chemotaxis to any of these known 

attractants. In Chapter II we investigated the chemoreceptors of B. diazoefficiens that possessed 

identifiable periplasmic ligand-binding domains. RNA sequencing allowed for the identification 

of the chemoreceptors with the highest expression level, and their ligand binding domains were 

targeted for in vitro screening of potential ligand. Four out of the five analyzed receptors 

experienced issues with purification and stability that were not able to be alleviated for 

experimentation. The fifth receptor, Blr2506, was purified and screened with almost 600 

chemical compounds with no binding capabilities observed for any of them. To circumvent 

purification, we pivoted to a bioinformatics approach to ligand prediction and were able to 

identify Blr2932 as a potential amino acid binding receptor using a consensus sequence 

established in literature61. This receptor will become the next target for in vitro experimentation 

to screen for amino acid binding capacity. Work in B. diazoefficiens will continue in the 

optimization of the expressed regions of ligand-binding domains for the other four highly-

abundant receptors for purification and subsequent ligand screening. 
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Alfalfa, once one of the top three profitable crops in the United States, has experienced a 

gradual decline in market demand that caused significant profit loss for farmers this past year81. 

In combination with increasingly high production costs from synthetic nitrogenous fertilizer, the 

effort to develop alternatives to relieve this expense from farmers is more necessary than ever82. 

It was previously identified that alfalfa yield and total protein content is increased when grown in 

symbiosis with Sinorhizobium meliloti121. Aspects of the S. meliloti chemotaxis system and 

motility related to its ability to form the relationship with alfalfa have been studied extensively. 

One gap in knowledge comes in the uncharacterized methylation adaptation system for altering 

sensitivity to environmental signals. In Chapter III, we began elucidating the way S. meliloti 

adapts its sensitivity in a combination of in vitro and in vivo assays combining observations in 

chemotactic behavior with quantification of methylation. Initial efforts to directly identify 

methylation sites on the chemoreceptor McpX through in-vitro methylation and mass 

spectrometry were inconclusive because of nonspecific methylation detected in control samples. 

These findings illustrate the technical challenges associated with mapping receptor methylation 

and highlight the need for alternative experimental strategies. Guided by sequence conservation 

with a well-characterized E. coli chemoreceptor, targeted mutagenesis identified several residues 

that contribute to McpX-mediated chemotaxis80. The reduced chemotactic responses observed in 

multiple mutant strains support the hypothesis that these putative methylation residues play 

important roles in receptor adaptation and suggest that the overall organization of methylation 

sites is largely conserved between the two species. Although technical limitations prevented 

definitive characterization of ligand-dependent methylation changes in McpX, this work 

establishes an experimental framework for future studies of the S. meliloti adaptation system. 

Optimization of protein expression and membrane vesicle purification, quantitative methylation 
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assays, and direct analysis of receptor modification will further clarify how ligand sensing 

influences methylation dynamics and determine whether the adaptation mechanism more closely 

resembles those described in E. coli, B. subtilis, or represents a distinct strategy. 

The greenhouse and plant nursery business in the United States brings in an estimated 

$16.2 billion per year102. Crown gall disease in the 600+ plants vulnerable to infection cause 

hundreds of millions of dollars in loss every year122. A key virulence factor for Agrobacterium 

tumefaciens, the causative agent for this disease, is its ability to use flagellar driven motility to 

infect the host plant through wounds. Several flagellar systems of strains in this species have 

been characterized, but the appearance of a dual-thickness flagellar filament in strain 5A was 

novel. In Chapter IV we began investigating the function of each flagellin in the bacterium’s 

motility and overall structure of the flagellar filament. The genome of A. tumefaciens strain 5A 

has been sequenced but not assembled, so we first sequenced and assembled the genome to allow 

for genetic manipulation for the rest of the study. Deletion of each individual flagellin gene 

identified that FlaA, the flagellin composing the thinner, distal filament, was essential for 

motility and flagella lacking this flagellin were significantly shorter and straighter compared to 

the wild-type flagellum. FlaB, the flagellin producing the thicker, proximal filament, was 

required to confer full motility, but did not have an effect on the overall appearance of the 

flagellar filament. This result was validated further by genetic removal of the outer domain of 

FlaB, resulting in the same characteristics as the deletion strain. FlaC and FlaD were identified to 

be minor flagellins as deletion did not drastically impact the bacterium’s motility nor phenotype 

of the flagellum. Additionally, they could not be identified when the flagellar filament structure 

was solved using cryo-EM. Overall, appearance and motility phenotypes matched previously 

published literature for strain C5857. Further work to compare the system of these two strains will 
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be accomplished by combinatory flagellin gene deletions, fluorescence labeling of flagellins, and 

quantification of flagellin abundance in the filament. What remains unknown is if the dual-

thickness filament of strain 5A presents an evolutionary advantage over other A. tumefaciens 

strains. This could highlight a new target for attenuating virulence and curbing disease spread, as 

was the goal of the parent project of analyzing flagellotropic bacteriophages in A. tumefaciens. 

Bacteria are complex organisms where the same phenotypic outcome is accomplished 

with nuances in the pathway and distinctions in protein structure that make them unique even 

between strains of the same species. The ability to biased movement towards a plant, for the 

purpose of symbiosis or pathogenicity, is a key aspect of the lifestyle for B. diazoefficiens, S. 

meliloti, and A. tumefaciens. The overarching goal of this research project was to fill in gaps in 

knowledge of the chemotactic and motility capabilities of three agriculturally significant 

bacteria. Each host-bacterial relationship must be extensively studied to identify vital aspects that 

can be exploited to engineer better strains for symbiosis or to create a more effective 

antimicrobial. 
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	Chapter I 
	Chapter I 
	Introduction: Rhizobia and symbiosis 
	In terrestrial ecosystems, the nutrient-rich rhizosphere surrounding plant roots is colonized by a specific microbial community, which is shaped through chemical communication between plants and microbes. Rhizobia, a unique group among these rhizosphere-colonizing bacteria, can live freely in the soil or engage in specific symbiotic relationships with legumes. Nitrogen is a vital macronutrient for plant growth, and it is largely unavailable to the plant in the atmosphere. Legumes exude chemical signals from
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	5, 6
	7, 8
	9

	Sinorhizobium meliloti is a Gram-negative, alpha proteobacterium that is capable of free-living or in symbiosis with alfalfa (Medicago sativa) and fixing atmospheric nitrogen for the host. S. meliloti is a motile bacterium that possesses peritrichous flagella that allow it to navigate 
	Sinorhizobium meliloti is a Gram-negative, alpha proteobacterium that is capable of free-living or in symbiosis with alfalfa (Medicago sativa) and fixing atmospheric nitrogen for the host. S. meliloti is a motile bacterium that possesses peritrichous flagella that allow it to navigate 
	the complex rhizosphere environment and ultimately form the symbiotic relationship. Its host, alfalfa, is the third most valuable field crop in the U. S. with an estimated 23 million acres of the crop planted every year producing a stunning $8.7 billion in revenue as of 2023. Studying the key aspects of how the bacterium and host-plant form this symbiotic relationship opens a potential to utilize S. meliloti nitrogen fixation to help wean the agricultural system off the harmful synthetic fertilizers. 
	10
	11


	Another member of Rhizobia that can fix nitrogen is Bradyrhizobium diazoefficiens, a Gram-negative soil bacterium that forms a symbiotic relationship with soybean (Glycine max). It has been shown to be one of the most efficient bacteria for fixing nitrogen in soybean compared to other Bradyrhizobium species. This bacterium possesses a constitutive sub-polar as well as an inducible peritrichous flagellar system that allows the bacterium to swim through the rhizosphere in search of its host. Interestingly, th
	12
	13
	14, 15
	16

	B. diazoefficiens is largely understudied and with soybean being such a valuable crop it is a point of interest to gain knowledge of how this bacterium can form the symbiotic relationship. 

	Chemotaxis and the chemoreceptor signaling pathway 
	Chemotaxis and the chemoreceptor signaling pathway 
	Chemotaxis is the process of a motile bacterium biasing its movement towards or away from a chemical signal that the cell can sense in the environment. A chemoattractant is a compound that promotes movement towards the source where the presence of a chemorepellent indicates that the bacterium should avoid the source. Bacteria can sense a vast number of signals including those for nutrient sources, oxygen levels, pH, and toxins as a brief list. 
	17
	18

	Chemotaxis occurs through a complex network of signaling that functions to alter the physiological response of the bacterium’s flagellar-driven motility system. This pathway has been studied extensively in the model system Escherichia coli. 
	Figure
	Figure 1: Diagram of the key domains of a chemoreceptor: Ligand binding domain (LBD), transmembrane helices (TM), control cable (CC), histidine kinase/adenyl cyclase/methyl-accepting chemotaxis protein/phosphate region (HAMP), phase stutter (PS), methylation helices (MH), flexible bundle (FB), and the signaling subdomain (SSD). 
	19

	The way that bacteria receive and respond to the environmental signals is through methyl-accepting chemotaxis proteins (MCPs), otherwise known as chemoreceptors. The basic structure of an MCP is depicted in Figure 1 with these single units arranged as trimers of dimers in vivo. Chemoreceptor arrays are a hexagonal, honeycomb-like lattice structure that form from a trimer of MCP dimers clustering together at the pole of the cell. The chemotactic pathway begins in the periplasmic space where signaling compoun
	20
	21

	The signal received in the LBD is then transduced into the cytosolic domain through the transmembrane helix (TM2 in Figure 1), where a signaling cascade begins in the cytoplasm. The HAMP domain is responsible for mediating the input-output signaling of the MCPs. Methylation helices (MH1 and MH2 in Figure 1) function as part of a sensitivity adaptation mechanism for the receptor based on the methylation of key residues inducing conformational changes in the helices. The flexible bundle region (FB in Figure 1
	22
	23
	20, 24
	25

	Figure
	Figure 2: Depiction of the chemotactic pathway of E. coli. Phosphorylation of proteins in the pathway is depicted ). 
	by the addition of a (P) and addition, or subtraction of a methyl group is depicted with (CH
	3
	26

	Chemoreceptor core units are structured by the scaffold protein CheW and the histidine autokinase CheA that form a stable base for the lattice structure. When a signal (ligand) is bound to the LBD, the signal is transduced to the cytosolic domain, which regulates a two-component signal transduction system resulting in the directional switch of flagellar motor rotation (Figure 2). A two-component signal transduction system consists of a histidine kinase, where autophosphorylation activity is regulated throug
	Chemoreceptor core units are structured by the scaffold protein CheW and the histidine autokinase CheA that form a stable base for the lattice structure. When a signal (ligand) is bound to the LBD, the signal is transduced to the cytosolic domain, which regulates a two-component signal transduction system resulting in the directional switch of flagellar motor rotation (Figure 2). A two-component signal transduction system consists of a histidine kinase, where autophosphorylation activity is regulated throug
	20

	phosphorylation, the response regulator is able to carry out its function, whether it is to regulate gene expression, or in the case of chemotaxis, regulate the rotation of the flagellar motor. Autophosphorylation of the chemotaxis histidine kinase CheA is activated when a repellent ligand is bound and inactivated when an attractant ligand is bound. CheA has the ability to phosphorylate CheB (methyl esterase) and CheY, which is the response regulator for mediating flagellar rotation. To prime the cell to re
	23


	Some chemoreceptors, such as E. coli’s Tar and Tsr, possess a conserved C-terminal pentapeptide binding motif (NWETF) attached to a flexible linker that has been demonstrated to bind CheR and CheB as a recruitment tool for these as well as the surrounding receptors that do not possess this pentapeptide tether. This linker and pentapeptide binding motif have been demonstrated to be essential for chemotaxis as the pentapeptide-bearing receptors assist the non-pentapeptide-bearing receptors around them. E. col
	27
	28

	0.01 and 0.007 molecules, respectively. The high concentration of pentapeptide-bearing receptors in the total receptor population is necessary to increase the localized concentration of the CheB and CheR for sensory adaptation. 
	27, 29 

	Unlike E. coli, Bacillus subtilis and Thermotoga maritima do not possess any pentapeptide-bearing receptors but are still able to methylate and demethylate their receptors 
	Unlike E. coli, Bacillus subtilis and Thermotoga maritima do not possess any pentapeptide-bearing receptors but are still able to methylate and demethylate their receptors 
	with a pentapeptide-independent CheR. S. meliloti on the other hand does possess pentapeptide-bearing receptors with four of its eight chemoreceptors possessing the conserved motif. However, when the abundance of chemoreceptors with the C-terminal pentapeptide motif and those without are compared, only 13% of the total chemoreceptor population possesses the motif. It is believed that the lower number of pentapeptide-bearing receptors is compensated by higher numbers of adaptation molecules. Specifically, ra
	30
	31
	32, 33 
	33
	34
	-37
	38


	McpX will serve as model receptor in experimentation because it represents a pentapeptide-bearing receptor and the ligand-binding profile has been well characterized. McpX has the highest affinity for the ligand glycine betaine. Furthermore, McpX methylation has been previously studied in vitro.. 
	34
	39 

	The chemotactic pathway in S. meliloti is similar to the well-studied E. coli pathway, but there are a couple of notable differences. S. meliloti possesses two response regulators (CheY1 and CheY2) and lacks a homolog to CheZ. Phosphorylation of CheY2 is the main control of the speed of flagellar rotation with CheY1 modulating its actions by functioning 
	The chemotactic pathway in S. meliloti is similar to the well-studied E. coli pathway, but there are a couple of notable differences. S. meliloti possesses two response regulators (CheY1 and CheY2) and lacks a homolog to CheZ. Phosphorylation of CheY2 is the main control of the speed of flagellar rotation with CheY1 modulating its actions by functioning 
	as a phosphate sink. During a run, S. meliloti flagella rotate unidirectionally clockwise in synchrony Slowing down the rotational speed of individual flagella through CheY2-P binding disrupts the synchrony of rotation and causes the cell to tumble. 
	40
	41, 42 


	B. diazoefficiens, in comparison to S. meliloti, is largely unstudied in regard to its chemotactic pathway and range of sensing abilities. The bacterium possesses 36 genes encoding for chemoreceptors, but the ligand specificity of any of the receptors is unknown. The vast majority of research involving B. diazoefficiens is limited to genomic and proteomic exploration. Other efforts involving this bacterium center around exploring nodule-forming abilities in the Bradyrhizobium genus. Little is known about th
	43

	A key aspect of bacteria being able to sense environmental signals is through adapting their sensitivity via methylation of key glutamate and glutamine residues in the cytoplasmic domain of each chemoreceptor. CheR uses S-adenosylmethionine as a substrate for methyl group donation. With or without the assistance of the C-terminal pentapeptide motif found in some chemoreceptors, CheR can methylate glutamyl residues (E). However, glutamine residues must first be deamidated to be methylated by CheR. In E. coli
	44
	31
	45

	These conformational changes in turn regulate the output of the histidine kinase CheA through altering the conformation of the HAMP-domain and glycine hinge on the receptor. CheR methylation stabilizes the helical bundle packing and promotes the kinase-on state where the HAMP-domain is loosely packed, the glycine hinge is expanded, and CheA is highly active. CheB demethylation of the residues tightens the packing of the HAMP-domain, destabilizes the helical bundle packing, and promotes the kinase-off state 
	46
	45, 46 
	46

	There are four conserved residues identified to be methylation sites across all five chemoreceptors found in E. coli (Tsr, Tar, Tap, Trg, and Aer). The net methylation state of these residues directly affects receptor sensitivity to environmental stimuli. The residues are rapidly methylated by CheR when in the presence of an attractant and rapidly demethylated by CheB-P when the attractant is removed. To further corroborate this adaptation system, the byproduct of CheB demethylation, methanol, is only produ
	47
	48

	It has been discovered that the adaptation system in B. subtilis differs from E. coli in maintaining an approximately equal net methylation state at conserved methylation sites regardless of the ambient concentration of an attractant. When an attractant is added, the residues are rapidly demethylated and slowly methylated again if the cell continues to be in proximity to the attractant with the exact same process occurring when the attractant is removed. Also, methanol is produced both when an attractant is
	49

	Adaptation in the chemotaxis system of S. meliloti is largely unstudied and its mode of chemoreceptor methylation is unknown. In addition, the exact methylation sites of any S. meliloti chemoreceptors have not been characterized. Understanding this essential aspect of the chemotactic response in S. meliloti will give greater insight into opportunities to maximize alfalfa yields through exploiting the bacterium’s natural ability to fix atmospheric nitrogen for the host in a symbiotic relationship. Flagellar 
	Agrobacterium tumefaciens is a Gram-negative alpha proteobacterium that populates the rhizosphere. Some strains are plant pathogens as they are the causative agent of crown gall disease in some fruit trees, brambles, vegetables, and woody plants. This bacterial species contains a tumor-inducing (Ti) plasmid that facilitates the transfer of a DNA segment (T-DNA) into the infected plant. The host plant then integrates the T-DNA into its genome where the expression leads to uncontrolled, rapid cell division th
	50, 51
	50
	52

	A. tumefaciens strain 5A was isolated from arsenic-enriched soil in an irrigated pasture located in Madison River Valley, MT. The ability of this bacterium to oxidize arsenite (As(III)) after exposure was identified to be possible through the use of a two-component signal transduction system as well as quorum sensing. Only a draft, unassembled, and mostly 
	A. tumefaciens strain 5A was isolated from arsenic-enriched soil in an irrigated pasture located in Madison River Valley, MT. The ability of this bacterium to oxidize arsenite (As(III)) after exposure was identified to be possible through the use of a two-component signal transduction system as well as quorum sensing. Only a draft, unassembled, and mostly 
	53
	54

	unannotated genome for this bacterium has been published, making genetic work with this bacterium a challenge. Fully assembling the genome and publishing it to a database would open up access to further study this organism and its characteristics. 

	Bacterial flagella are complex structures composed of around 40 different proteins that span through the cell wall and extend out from the bacterial cell. They facilitate movement by rotation that propels the bacterial cell through the environment. Flagellar-driven motility is a key virulence factor for many bacterial pathogens. Alternatively, flagella can make bacterial cells vulnerable to flagellotropic bacteriophages, highly species-dependent viruses that infect bacteria through attachment to the flagell
	55
	56

	A structural analysis of the A. tumefaciens 5A isolated flagellar filament while examining the host range of a flagellotropic bacteriophage revealed a composition of two distinct filament thicknesses (Sonani, Egelman, and Scharf, unpublished). In contrast, studies of the related A. tumefaciens C58 and H13-3 flagellar systems identified flagella with uniform thickness. It is unclear how the distinct morphology of the A. tumefaciens flagellum 5A impacts its motility and infection, and further study of this ph
	57, 58 
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	Abstract: 
	Abstract: 
	Soybean (Glycine max) is one of the most economically important crops in the United States, yet its production relies heavily on synthetic nitrogen fertilizers that contribute substantially to environmental pollution. The symbiotic relationship between soybean and the nitrogen-fixing bacterium Bradyrhizobium diazoefficiens provides a sustainable alternative for nitrogen acquisition. Successful establishment of this symbiosis depends on bacterial chemotaxis, in which methyl-accepting chemotaxis proteins (MCP
	Soybean (Glycine max) is one of the most economically important crops in the United States, yet its production relies heavily on synthetic nitrogen fertilizers that contribute substantially to environmental pollution. The symbiotic relationship between soybean and the nitrogen-fixing bacterium Bradyrhizobium diazoefficiens provides a sustainable alternative for nitrogen acquisition. Successful establishment of this symbiosis depends on bacterial chemotaxis, in which methyl-accepting chemotaxis proteins (MCP
	of key residues associated with amino acid recognition, indicating that Blr2932 is a strong candidate for amino acid sensing despite partial divergence from the established consensus motif. These findings demonstrate the value of integrating bioinformatics with experimental characterization to prioritize candidate chemoreceptors and provide a framework for future identification of host-derived signaling molecules that regulate soybean colonization. Improved understanding of these chemotactic mechanisms may 


	Introduction: 
	Introduction: 
	Soybean (Glycine max) is the dominant oilseed crop in the United States with around 
	87.1 million acres planted and approximately $29.6 billion in soybean/soybean products exported in 2024. To keep up with this high demand, farmers often employ the use of synthetic nitrogenous fertilizers to increase crop yield. The consequences of increasing reliance on fertilizer in the U.S. costs the nation over $59 billion annually due to nitrogen pollution in drinking water. The natural way that some plants, including soybean, overcome this nitrogen limitation is through the formation of a symbiotic re
	16, 59 
	60
	3

	Soybean initiates the formation of this relationship by secreting chemical signals into the rhizosphere from seed pods and roots to attract B. diazoefficiens. Once a bacterium comes into contact with a root hair infection thread, it is ferried into the hair and endocytosed into plant cells leading to the formation of a root nodule. Within the root nodule, the bacterium differentiates into bacteroids that fix nitrogen. 
	4
	6

	The way rhizobia are able to sense the environmental signals and bias movement towards the plant is called chemotaxis. The chemotactic pathway begins in the periplasm of the bacterial cell where the chemical signal binds to the ligand-binding domain (LBD) of a methyl-accepting chemotaxis protein (MCP). The signal is then transduced into the cytoplasmic domain of the MCP where the regulation of a two-component signal transduction system mediates the rotational direction of the flagellar motor. 
	26

	The LBDs across MCPs are very diverse, but there are three conserved classes of LBDs that make up 80% of the population of known receptors: Four-Helix Bundle (4HB), Cache, and Per-Arnt-Sim (PAS) domains. However, there is not a unique chemical signal profile for each class and LBDs of the same class have been demonstrated to possess unique ligand binding profiles. Therefore, classifying the ligand binding profile of chemoreceptors is more complex and requires the combined effort of in vivo and in vitro expe
	21
	61

	The genome of B. diazoefficiens contains 36 genes encoding for putative chemoreceptors but their function is unstudied. B. diazoefficiens has been demonstrated to have a chemotactic response to soybean root exudate and several other compounds ranging from amino acids to various carbon sources, but no ligand can be attributed to any specific chemoreceptor. 
	62, 63 

	Soybean is a foundational crop of the U.S. agricultural system which relies on synthetic fertilizer to keep up with the demand for crop yield. B. diazoefficiens provides an alternative way for the plant to acquire nitrogen in a symbiotic relationship where the plant sends out chemical signals to recruit the bacterium to its roots. The chemical signal profile that B. diazoefficiens responds to remains uncharacterized. Identifying these signals will open up opportunities to exploit its relationship with soybe
	Strain/Plasmid 
	Strain/Plasmid 
	Strain/Plasmid 
	Relevant Characteristics 
	Source or Reference 

	Escherichia coli 
	Escherichia coli 

	DH5α 
	DH5α 
	recA1 endA1 
	64 

	M15(pREP4) 
	M15(pREP4) 
	SG13009[pREP4]; Expression strain for pQE-vectors 
	QIAGEN 

	Bradyrhizobium diazoefficiens 
	Bradyrhizobium diazoefficiens 

	USDA110 
	USDA110 
	Wild-type strain 
	65 

	Plasmids 
	Plasmids 

	pQE60 
	pQE60 
	Apr Kmr ; Expression system for Ni-NTA 
	New England Biolabs 

	pBS730 
	pBS730 
	Apr Kmr ; pQE60-bll7062 
	This study 

	pBS731 
	pBS731 
	Apr Kmr ; pQE60-blr2507 
	This study 

	pBS732 
	pBS732 
	Apr Kmr ; pQE60-blr2506 
	This study 

	pBS733 
	pBS733 
	Apr Kmr ; pQE60-bll6946 
	This study 

	pBS734 
	pBS734 
	Apr Kmr ; pQE60-bll0326 
	This study 



	Media and growth conditions 
	Media and growth conditions 
	E. coli cells were grown using lysogeny broth (LB) at 37˚C. The E. coli culture, when required, was incubated with ampicillin and kanamycin at 100 µg/mL and 25 µg/mL, respectively.  
	65


	Construction of mutants and cloning 
	Construction of mutants and cloning 
	B. diazoefficiens chromosomal DNA was isolated and Polymerase Chain Reaction (PCR) amplification of target B. diazoefficiens DNA fragments was conducted according to established protocols. The purification of PCR products and plasmid DNA was accomplished according to manufacturer protocols in the GeneJET Plasmid Miniprep and Gel Extraction Kits (ThermoFisher Scientific, Waltham, MA). The PCR products were cloned into expression vectors for purification and correct insertion was confirmed using Sanger sequen
	66

	Annotation of the B. diazoefficiens genome identified 36 genes that encoded for putative chemoreceptors and these sequences were accessed through NCBI. The UniProt database was used to retrieve amino acid sequences for each of the putative chemoreceptors that was based on the same source sequence from NCBI. 
	67
	68

	DeepTMHMM membrane prediction program from the University of Denmark was used to predict transmembrane domains in proteins based on the presence of alpha helical and beta barrels. Interpro was used to predict the ligand binding motifs for each putative receptor with a periplasmic domain. Any putative receptor proteins that were not predicted to have a periplasmic domain or did not possess an LBD fitting within one of the three established classifications were removed from the analysis pool for ligand-screen
	69
	70

	Comparison of each Bradyrhizobium chemoreceptor sequence to the consensus sequence of the model receptor for amino acid binding was accomplished through sequence alignment of the LBD of each Cache domain-containing receptor using NCBI BLAST. The sequence alignments were screened for both the specific consensus sequence and the presence of amino acid residues with similar side chains that could possibly serve for the same ligand binding. 
	71


	Protein purification 
	Protein purification 
	Nickel-nitrilotriacetic acid (Ni-NTA) purification began with the culturing of M15(pREP4) E. coli cells that contained the vector for overexpression. The cells were grown in LB (with 100 µg/mL ampicillin and 25 µg/mL kanamycin) in a shaking incubator at 37˚C until they reached an optical density (OD) between 0.6-0.8. Then, overexpression of the gene was induced by the addition of 0.3 mM isopropyl-β-d-thiogalactopyranoside (IPTG), and the temperature was lowered to 16˚C for the cells to grow for an additional 
	600
	23

	The purification efficiency of the proteins was analyzed on a small-scale using Ni-NTA Spin Columns (QIAGEN, Germantown, MD) with 250 mL of E. coli cell culture, and two different expression conditions. One culture was induced for four hours at 25˚C, and a second culture was induced under the previously described conditions. Due to the smaller volume of culture, cells were lysed using a French pressure mini cell (SLM Aminco, Silver Spring, MD). Once the lysate was centrifuged and filtered, it was loaded onto
	The purification efficiency of the proteins was analyzed on a small-scale using Ni-NTA Spin Columns (QIAGEN, Germantown, MD) with 250 mL of E. coli cell culture, and two different expression conditions. One culture was induced for four hours at 25˚C, and a second culture was induced under the previously described conditions. Due to the smaller volume of culture, cells were lysed using a French pressure mini cell (SLM Aminco, Silver Spring, MD). Once the lysate was centrifuged and filtered, it was loaded onto
	minutes. The protein bound to the column was eluted with elution buffer. The samples were analyzed through SDS-PAGE for band intensity. 


	Purification from inclusion bodies and refolding 
	Purification from inclusion bodies and refolding 
	To extract the protein from inclusion bodies, the insoluble pellet after lysis and centrifugation was washed using a buffer containing 1% Triton X-100 (Fluka Analytical, St. Louis, MO) and 0.5 mM EDTA (pH 8.0). The inclusion bodies were then denatured using a buffer containing 8 M Urea, 50 mM Tris/HCl (pH 8.0), and 50 mM DTT. To refold the denatured protein, it was subjected to several rounds of dialysis using three independent renaturation buffers. The first buffer contained 50 mM Tris/HCl (pH 7.4), 1 mM E
	CD spectroscopy was conducted using a J-1500 Circular Dichroism Spectrophotometer (JASCO, Easton, MD). The buffer used for CD spectroscopy contained 100 mM NaPO4 (pH 7.4) and 50 mM NaCl. CD spectroscopy was conducted according to protocols in previously published literature. The instrument required a constant stream of nitrogen, and all experiments were conducted at 4˚C. Three replicate readings were taken per biological replicate with two readings for each sample. The spent dialysis buffer was used as a con
	CD spectroscopy was conducted using a J-1500 Circular Dichroism Spectrophotometer (JASCO, Easton, MD). The buffer used for CD spectroscopy contained 100 mM NaPO4 (pH 7.4) and 50 mM NaCl. CD spectroscopy was conducted according to protocols in previously published literature. The instrument required a constant stream of nitrogen, and all experiments were conducted at 4˚C. Three replicate readings were taken per biological replicate with two readings for each sample. The spent dialysis buffer was used as a con
	72
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	structure content based on the amino acid sequence as a cross-comparison for the CD spectroscopy results. 
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	Differential Scanning Fluorimetry (DSF) 
	Differential Scanning Fluorimetry (DSF) 
	DSF is a high-throughput screening strategy to identify potential ligands for the purified periplasmic binding domain of chemoreceptors. Purified proteins were dialyzed against a buffer with the same components as binding/elution buffer without imidazole and adjusted to pH 7.4, and, if necessary, concentrated to 30 µM. DSF was performed according to previously established protocols using an ABI 7300 real-time PCR system (Applied Biosystems, Foster City, CA). For screening, 96-well Phenotype MicroArrays plat
	3
	-
	3

	B. diazoefficiens was predicted to possess 36 genes encoding for chemoreceptors. The DeepTMHMM and InterPro structure prediction systems were used to screen the amino acid 
	B. diazoefficiens was predicted to possess 36 genes encoding for chemoreceptors. The DeepTMHMM and InterPro structure prediction systems were used to screen the amino acid 
	sequences of each predicted receptor to identify periplasmic LBDs that could be matched into the three major classes of MCPs. Of the 36 receptors, 15 were not able to be classified within these categories and were removed from the analysis pool for ligand screening. 
	21


	Table 2: Predicted B. diazoefficiens chemoreceptors with classifiable periplasmic LBDs 
	Chemoreceptor 
	Chemoreceptor 
	Chemoreceptor 
	UniProt ID 
	LBD Class 

	Bll5309 
	Bll5309 
	Q89JH4_BRADU 
	Cache_3 Cache_2 Fusion 

	Blr2932 
	Blr2932 
	Q89R40_BRADU 
	Dual Cache_1 

	Blr7173 
	Blr7173 
	Q89EB4_BRADU 
	Dual Cache_3 

	Bll7295 
	Bll7295 
	Q89DZ2_BRADU 
	Single Cache_2 

	Bll7062 
	Bll7062 
	Q89EL1_BRADU 
	Single Cache_2 

	Bll4327 
	Bll4327 
	Q89M66_BRADU 
	Single Cache_2 

	Bll4326 
	Bll4326 
	Q89M67_BRADU 
	Single Cache_2 

	McpK 
	McpK 
	Q89SQ5_BRADU 
	4 Helix Bundle 

	Blr2931 
	Blr2931 
	Q89R41_BRADU 
	4 Helix Bundle 

	Blr2548 
	Blr2548 
	Q89S57_BRADU 
	4 Helix Bundle 

	Blr2347 
	Blr2347 
	Q89SQ3_BRADU 
	4 Helix Bundle 

	Bll2993 
	Bll2993 
	Q89QX9_BRADU 
	4 Helix Bundle 

	Blr2547 
	Blr2547 
	Q89S58_BRADU 
	Helical Bimodular Sensor 

	Blr2507 
	Blr2507 
	Q89S98_BRADU 
	Helical Bimodular Sensor 

	Blr2506 
	Blr2506 
	Q89S99_BRADU 
	Helical Bimodular Sensor 

	Bll6946 
	Bll6946 
	Q89EX3_BRADU 
	Helical Bimodular Sensor 

	Bll0327 
	Bll0327 
	Q89XI7_BRADU 
	Helical Bimodular Sensor 

	Bll0326 
	Bll0326 
	Q89XI8_BRADU 
	Helical Bimodular Sensor 

	Blr2933 
	Blr2933 
	Q89R39_BRADU 
	PAS 

	Bll4376 
	Bll4376 
	Q89M17_BRADU 
	PAS 

	Blr0923 
	Blr0923 
	Q89VX2_BRADU 
	Three Tandem PAS 


	The LBD class that dominated the B. diazoefficiens receptors was the Cache domain with seven receptors possessing variants of it. The 4HB and Helical Bimodular Sensor (derivative of 4HB) domains followed close in number. PER-ARNT-SIM (PAS) domains, involved in signal transduction in a variety of organisms, were the least apparent at only three receptors possessing variants of that class. 
	75


	Selection of high-abundance receptors for ligand screening 
	Selection of high-abundance receptors for ligand screening 
	RNA sequencing was performed by a collaborator to identify the B. diazoefficiens chemoreceptors in high-abundance, which we focused on for in vitro ligand-binding assays. Five receptors and their LBD binding motif were identified to be in high abundance (shown in Table 
	3) and thus were selected for experimentation. The DNA fragments encoding for the periplasmic LBD regions of these receptors were cloned into pQE expression vectors for overexpression and purification using Ni-NTA chromatography. 
	Table 3: B. diazoefficiens chemoreceptors selected for ligand screening 
	Chemoreceptor 
	Chemoreceptor 
	Chemoreceptor 
	LBD Type 

	Bll7062 
	Bll7062 
	Single Cache_2 

	Bll6946 
	Bll6946 
	Helical Bimodular Sensor 

	Blr2506 
	Blr2506 
	Helical Bimodular Sensor 

	Blr2507 
	Blr2507 
	Helical Bimodular Sensor 

	Bll0326 
	Bll0326 
	Helical Bimodular Sensor 



	Purification of LBDs and ligand screening 
	Purification of LBDs and ligand screening 
	The small-scale purification of the LBDs for selected B. diazoefficiens revealed that Bll7062, Bll6946, and Blr2506 appeared to have the highest induction levels as well as the best purification efficiency of the five tested proteins (Figure 1). Surprisingly, the higher expression temperature and shorter expression time appeared to produce better product. However, large-scale purification of protein showed a reduced yield, so the decision was made to switch to the lower temperature and a longer induction ti
	Four hours at 25˚C 
	Four hours at 25˚C 
	Four hours at 25˚C 
	Chemoreceptor 
	18-20 hours at 16˚C 

	TR
	TD
	Figure

	Bll7062 
	TD
	Figure


	TR
	TD
	Figure

	Blr2507 
	TD
	Figure


	TR
	TD
	Figure

	Blr2506 
	TD
	Figure


	TR
	TD
	Figure

	Bll6946 
	TD
	Figure


	TR
	TD
	Figure

	Bll0326 
	TD
	Figure



	Figure 1: SDS-PAGE gels of the samples collected throughout the Ni-NTA spin column purification procedure. The molecular weight marker (BioRad, Hercules, CA) is depicted on the far left. The uninduced cell culture (Unind), cell culture after induction (Ind), soluble fraction after lysis and centrifugation (Sol), insoluble debris (Insol), the flowthrough from loading the column (Flow), the flowthrough from washing the bound protein with buffer (Wash) and the elution fractions (E1-E3) are shown from left to r
	Bll7062 was the first protein to be purified on a large-scale using Ni-NTA chromatography as previously described. However, despite the results of the pilot spin column purification, inducing the E. coli cultures for four hours at the higher temperature did not produce the same level of yield, so inducing overnight at a lower temperature became the standard protocol. The yield was still consistently low, and the protein was not stable for further purification methods, so 10% glycerol was added to the bindin
	Bll6946 was purified next, and it was discovered that the induction conditions produced inclusion bodies making the protein inaccessible for Ni-NTA purification from the soluble fraction. Refolding of the protein was accomplished through purification from the inclusion bodies and dialysis in a series of buffers. The glycerol content was raised to 20% due to the fact that the protein would aggregate and precipitate at any lower glycerol content. 
	To confirm whether or not the renaturation process was successful with Bll6946, Circular Dichroism (CD) spectroscopy was conducted to determine the secondary structure. Table 4 depicts the percentages of the predicted secondary structures observed in the refolded protein from CD spectroscopy and from the prediction software. 
	Table 4: Secondary structure of Bll6946 
	Secondary Structure 
	Secondary Structure 
	Secondary Structure 
	CD Spec Total Content (%) 
	NPS@ Total Content (%) 

	Helix 
	Helix 
	69.5 
	82.6 

	Sheet 
	Sheet 
	24.1 
	1.9 

	Turn 
	Turn 
	0.0 
	0.0 

	Coil 
	Coil 
	6.4 
	15.5 


	These percentages from CD spectroscopy were based on the wavelength peaks collected from measuring the differential light absorption of left and right-handed circularly polarized light by chiral molecules found in the proteins. Alpha helices, beta sheets, and loops all have characteristic CD spectra when graphed (Figure 2). 
	Figure
	Figure 2: Graph depicting the data points collected from CD spectroscopy of Bll6946 using BeStSel software. The blue line represents the fitted curve, and the red represents the experimental curve fitted to the linear combination of fixed base components to determine the secondary structure elements. The bars in green represent the residues. 
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	The prominent, W-like curve of the graph was an indicator of the presence of alpha helices in the LBD of the Bll6946 protein structure (Figure 2). The dominant occurrence of alpha-helices in the secondary structure elements of the LBD of Bll6946 determined by CD spectroscopy was 10% lower than predicted (Table 4). The distribution of sheets and coils varied with fewer sheets predicted than observed, but it was determined that overall refolding efforts were successful. However, like Bll7062, the protein was 
	The third chemoreceptor analyzed, Blr2506, purified well through Ni-NTA 
	chromatography and was stable without the addition of glycerol through various buffer changes. DSF was conducted with all eight MicroArrays plates in duplicates at concentrations above 30 µM, but no potential ligands were identified. 

	Sequence analysis to identify amino acid binding motif 
	Sequence analysis to identify amino acid binding motif 
	Receptor Blr2932 (Dual Cache_1) from B. diazoefficiens was aligned with S. meliloti chemoreceptors McpU and McpX per the original literature depicting the identification of the consensus sequence for coordination of ligands such as amino acids and other organic compounds (Figure 3). 
	61

	Figure
	Figure 3: (Top) Sequence alignment of the B. diazoefficiens chemoreceptor Blr2932 and the S. meliloti receptors McpX and McpU. (Bottom Left) Model of the full-length Blr2932 LBD. (Bottom Right) Model of the Blr2932 putative binding pocket for amino acids. The residues highlighted in yellow correspond to those that match the carboxyl group-binding motif and those in green correspond to the amino group-binding motif from the consensus 
	61
	sequence . 
	Blr2932 possesses two of three residues (L224 and W230) that correspond to the amino acid carboxyl group binding motif and both residues (Y247 and D276) for the amino group binding motif. Discussion: 
	Many species of bacteria, such as Vibrio cholerae, possess a larger number of chemoreceptor genes theoretically allowing them to sense a broader range of stimuli and respond accordingly. From the 36 genes encoding for putative chemoreceptors only 21 possessed classifiable LBDs as analyzed by InterPro (Table 2). This result was not unexpected as bacterial genomes encode many proteins with domains that may mimic MCP function. Those receptor-like proteins possessing little to no periplasmic regions are theoriz
	77
	78

	RNA sequencing identified five receptors that were highly expressed in B. diazoefficiens, initially making them the first targets for analysis. Experimental work with the LBD of each of these receptors proved to be difficult as four of the five constructs experienced stability and solubility issues, despite attempts to mitigate this with different purification and buffer conditions (Figure 1, Table 3, Figure 3). Additional modification of the LBD constructs from these four receptors could alleviate purifica
	Blr2506, the only LBD that purified with high efficiency, did not appear to bind to any of the 570 unique chemical substrates offered in Biolog array plates. Using high-throughput screening methods to identify ligands for bacterial chemoreceptors is a trusted method that has allowed for the identification of ligand binding profiles in many different chemotactically capable bacteria. This is an indication that the ligand binding profile of this particular receptor is more specialized, and ligand identificati
	3, 79, 80 

	The bioinformatics approach to predicting ligand binding through sequence homology was employed as a result of the difficulties observed during in vitro experimental screening for ligands. Amino acids are essential for all life, so it was assumed that B. diazoefficiens would surely possess a chemoreceptor that has these binding capabilities. The amino acid binding consensus sequence was identified for Dual Cache_1 domains and the B. diazoefficiens genome encodes one MCP with this LBD classification (Blr2932
	61

	3, 34 
	diazoefficiens receptors . 
	The motif in Blr2932 deviates from the YxxxxRxWY consensus motif by a leucine substitution for the tyrosine in the first position and it is missing the arginine in position six. The tyrosine and aspartate residues for the second half of the consensus sequence are conserved in Blr2932 (Figure 3). Through this, it can be inferred that Blr2932 likely has binding capabilities for at least some amino acids. The only amino acid that McpX binds is proline, but it is known to 
	The motif in Blr2932 deviates from the YxxxxRxWY consensus motif by a leucine substitution for the tyrosine in the first position and it is missing the arginine in position six. The tyrosine and aspartate residues for the second half of the consensus sequence are conserved in Blr2932 (Figure 3). Through this, it can be inferred that Blr2932 likely has binding capabilities for at least some amino acids. The only amino acid that McpX binds is proline, but it is known to 
	bind quaternary ammonium compounds. This hypothesis for the Blr2932 ligand-binding profile will need experimental conformation and future work will focus on the purification of its LBD and test whether it binds amino acids. 
	34


	There is a significant research gap between the knowledge of the nature of ligands versus their molecular binding motif. This limits further analysis of any of the other B. diazoefficiens chemoreceptors. The lack of ligand-binding motifs could be mitigated from alignments of a wide variety of chemoreceptors LBDs with characterized ligand profiles. B. diazoefficiens receptors that possess significant sequence similarity to any chemoreceptors in these model organisms may open up new potential to predict ligan
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	Characterizing the methylation adaptation system in the Sinorhizobium meliloti chemotactic pathway 
	Characterizing the methylation adaptation system in the Sinorhizobium meliloti chemotactic pathway 
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	Abstract: 
	Abstract: 
	The symbiotic association between Sinorhizobium meliloti and alfalfa (Medicago sativa) is essential for biological nitrogen fixation, reducing reliance on synthetic nitrogen fertilizers while supporting sustainable agricultural productivity. Successful establishment of this symbiosis depends on bacterial chemotaxis toward host-derived compounds, a process regulated by methyl-accepting chemotaxis proteins (MCPs). Although receptor methylation by the methyltransferase CheR is known to be essential for chemota
	The symbiotic association between Sinorhizobium meliloti and alfalfa (Medicago sativa) is essential for biological nitrogen fixation, reducing reliance on synthetic nitrogen fertilizers while supporting sustainable agricultural productivity. Successful establishment of this symbiosis depends on bacterial chemotaxis toward host-derived compounds, a process regulated by methyl-accepting chemotaxis proteins (MCPs). Although receptor methylation by the methyltransferase CheR is known to be essential for chemota
	components of the chemotaxis pathway. Full-length McpX methylation was further examined using radiolabeled tritiated SAM and liquid scintillation counting. Although methyl incorporation increased over time, methylation levels remained substantially lower than previously reported, likely reflecting limitations in receptor expression and membrane vesicle purification. Collectively, these results provide evidence that the putative methylation sites contribute to McpX-dependent chemotaxis in S. meliloti and est


	Introduction: 
	Introduction: 
	Every year in the agricultural system, farmers face uncertainty in the market if their profit from their crops will outweigh the cost of production. Alfalfa (Medicago sativa) farmers experienced an estimated loss of $2.9 billion in their industry in 2025. In 2023, alfalfa was the third most valuable crop in the United States, fourth in 2024, and since then the prices have fallen more than 40% for alfalfa products. On the other hand, nitrogen fertilizer costs have increased 30% in the past year, with farmers
	11, 81 
	82, 83 
	60

	The natural way that alfalfa evolved to overcome the effects of nitrogen limitation on growth is through the formation of a symbiotic relationship with Sinorhizobium meliloti. This bacterium is a Gram-negative alpha proteobacterium that is capable of fixing atmospheric 
	The natural way that alfalfa evolved to overcome the effects of nitrogen limitation on growth is through the formation of a symbiotic relationship with Sinorhizobium meliloti. This bacterium is a Gram-negative alpha proteobacterium that is capable of fixing atmospheric 
	nitrogen into biologically available nitrogen for alfalfa. Alfalfa secretes chemical signals into the rhizosphere that S. meliloti receives and uses to bias movement towards the host plant. Once a bacterium comes into contact with a host root hair, it is ferried into the root and a nodule is developed. Within the nodule, S. meliloti differentiates into a bacteroid capable of nitrogen fixation. 
	3
	4, 6


	Chemotaxis is the specific term for a bacterium’s ability to use flagellar-driven motility to bias movement towards or away from the source of environmental signals. Most methyl-accepting chemotaxis proteins (MCPs) are the facilitators of the transmembrane signaling system. They typically bind chemical ligands using a periplasmic ligand-binding domain, transduce the signal through the membrane, undergo sensitivity adaptation in the cytoplasmic helices, and regulate flagellar motility in complex with a histi
	84

	An understudied part of the chemotactic pathway is how bacteria use methylation of highly specific residues in the MCPs to alter sensitivity to incoming signals. CheR (methyl transferase) uses S-adenosylmethionine (SAM) as a methyl group donor to methylate glutamate residues. Glutamine residues are also capable of being methylated, but they must first be deamidated by CheB (methyl esterase), which is also responsible for demethylation of the residues when activated by phosphorylation. The methylation sites 
	An understudied part of the chemotactic pathway is how bacteria use methylation of highly specific residues in the MCPs to alter sensitivity to incoming signals. CheR (methyl transferase) uses S-adenosylmethionine (SAM) as a methyl group donor to methylate glutamate residues. Glutamine residues are also capable of being methylated, but they must first be deamidated by CheB (methyl esterase), which is also responsible for demethylation of the residues when activated by phosphorylation. The methylation sites 
	44
	85
	45, 46 
	48

	the case for all chemotactically capable bacteria, including methylation sites in all receptors based on sequence homology. However, work in Bacillus subtilis identified a different method for adapting sensitivity in its MCPs. This bacterium maintains an equal net methylation state in its conserved methylation sites regardless of the ambient signal concentration in the environment. When an attractant is added, rapid demethylation occurs and residues are gradually methylated again the longer the receptor rem
	49
	27


	CheR was identified to bind to a C-terminal pentapeptide binding motif on McpX and actively methylate the receptor. However, the way the bacterium adapts chemoreceptor sensitivity has not been investigated in S. meliloti or any Rhizobia. Other notable aspects of the 
	23, 39

	S. meliloti chemotactic system have already been identified to differ from E. coli, so study of the adaptation system could potentially reveal another divergence. S. meliloti has several MCPs that have been well studied, but McpX has both a characterized ligand-binding profile and has been demonstrated to bind CheR in vitro, making it the target receptor to study methylation. Understanding how sensitivity adaptation functions in this bacterium opens future work to exploit this aspect of S. meliloti chemotax
	40
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	Materials & Methods: Table 1: Bacterial strains and plasmids utilized in experimentation 
	Strain/Plasmid 
	Strain/Plasmid 
	Strain/Plasmid 
	Relevant Characteristics 
	Source or Reference 

	Escherichia coli 
	Escherichia coli 

	ER2566 
	ER2566 
	ion ompT lacZ::T7 
	New England Biolabs 

	DH5α 
	DH5α 
	recA1 endA1 
	64 

	S17-1 
	S17-1 
	Smr Tpr ; recA endA thi hsdR RP4-2 Tc::Mu::Tn7 
	86 

	Lemo21(DE3) 
	Lemo21(DE3) 
	Cmr ; fhuA2 lon ompT gal (λDE3) dcm ΔhsdS/pLemo 
	New England Biolabs 

	Sinorhizobium meliloti 
	Sinorhizobium meliloti 

	RU11/001 
	RU11/001 
	Smr ; Spontaneous streptomycin-resistant wild-type strain 
	87 

	RU11/805 
	RU11/805 
	ΔmcpX 
	33 

	BS369 
	BS369 
	McpX Q503N 
	This study 

	BS370 
	BS370 
	McpX E510D 
	This study 

	BS371 
	BS371 
	McpX E517D 
	This study 

	BS372 
	BS372 
	McpX E699D 
	This study 

	BS382 
	BS382 
	McpX Q504N 
	This study 

	BS383 
	BS383 
	McpX E509D 
	This study 

	BS384 
	BS384 
	McpX E698D 
	This study 

	BS393 
	BS393 
	McpX Q503N/E510D/E517D/E699D 
	This study 

	Plasmids 
	Plasmids 

	pK18mobsacB 
	pK18mobsacB 
	Kmr ; lacZ mob sacB 
	88 

	pTYB1 
	pTYB1 
	Apr ; Expression system for IMPACT 
	New England Biolabs 

	pBS0450 
	pBS0450 
	Apr ; pTYB1-cheR 
	39 

	pBS0774 
	pBS0774 
	pK18mobsacB::mcpX-Q504N 
	This study 

	pBS0775 
	pBS0775 
	pK18mobsacB::mcpX-E509D 
	This study 

	pBS0776 
	pBS0776 
	pK18mobsacB::mcpX-E698D 
	This study 

	pBS1096 
	pBS1096 
	Apr ; pET22B(+)-mcpX 
	39 

	pBS1101 
	pBS1101 
	pTYB1::mcpX (AA493-788) -cytosolic domain excludes HAMP domain 
	39 

	pBS1369 
	pBS1369 
	pK18mobsacB::mcpX-Q503N 
	This study 

	pBS1370 
	pBS1370 
	pK18mobsacB::mcpX-E510D 
	This study 

	pBS1371 
	pBS1371 
	pK18mobsacB::mcpX-E517D 
	This study 

	pBS1372 
	pBS1372 
	pK18mobsacB::mcpX-E699D 
	This study 

	pBS1378 
	pBS1378 
	pk18mobsacB::mcpXQ503N/E510D/E517D/E699D 
	-

	This study 



	Media and growth conditions 
	Media and growth conditions 
	E. coli cells were grown using lysogeny broth (LB) at 37˚C. The E. coli culture, when required, was incubated with ampicillin and kanamycin at 100 µg/mL and 25 µg/mL, respectively. S. meliloti cells were grown in tryptone yeast extract calcium chloride (TYC) medium at 30˚C. TYC contains 0.5% tryptone, 0.3% yeast extract (BD, Sparks, MD), and 6 mM CaCl2 (Fisher, Fairlawn, NJ) with 600 µg/mL streptomycin added for S. meliloti selection. 
	65

	The minimal medium used to encourage motility in S. meliloti was Rhizobium Basal (RB) medium in addition to low-nutrient content Bromfield plates. RB contained 0.1 mM NaCl, 
	0.01 NaMoO, 6.1 mM KHPO, 3.9 mM KHPO, 1 mM (NH)SO, 1 μM FeSO, 1 mM MgSO, 0.1 mM CaCl, 20 μg/L D-biotin, and 10 μg/L thiamin. The Bromfield plates contained 0.04% tryptone, 0.01% yeast extract, and 0.01% CaCl·x 2HO. 
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	Construction of mutants and cloning 
	Construction of mutants and cloning 
	S. meliloti chromosomal DNA was isolated and Polymerase Chain Reaction (PCR) amplification of target S. meliloti DNA fragments was conducted according to established protocols. The purification of PCR products and plasmid DNA was accomplished according to manufacturer protocols in the GeneJET Plasmid Miniprep and Gel Extraction Kits (ThermoFisher Scientific, Waltham, MA). To create mutations in S. meliloti, in vitro overlap extension PCR was utilized for site-directed mutagenesis65. The PCR products were cl
	S. meliloti chromosomal DNA was isolated and Polymerase Chain Reaction (PCR) amplification of target S. meliloti DNA fragments was conducted according to established protocols. The purification of PCR products and plasmid DNA was accomplished according to manufacturer protocols in the GeneJET Plasmid Miniprep and Gel Extraction Kits (ThermoFisher Scientific, Waltham, MA). To create mutations in S. meliloti, in vitro overlap extension PCR was utilized for site-directed mutagenesis65. The PCR products were cl
	66

	for neomycin sensitivity as described in published protocol. Colony PCR and Sanger sequencing was used to confirm the allelic exchange. 
	66


	Cloning S. meliloti chemoreceptor DNA fragments into an expression vector for protein purification was accomplished through a similar process to cloning for the suicide vector. Sanger sequencing was also used to confirm correct insertion of the DNA fragments into the plasmid. Protein purification methods 
	IMPACT (Intein Mediated Purification with an Affinity Chitin-binding Tag) purification began with the culturing of ER2566 E. coli cells containing expression vectors for protein overexpression. The cells were grown in LB (with 100 µg/mL ampicillin) in a shaking incubator at 37˚C until they reach an optical density (OD) between 0.6-0.8. Then, overexpression of the gene was induced by the addition of 0.3 mM isopropyl-β-d-thiogalactopyranoside (IPTG), and the temperature was lowered to 16˚C for the cells to grow
	600

	The lysate was centrifuged at 48,000 x g at 4˚C for an hour and 30 minutes to pellet the unlysed cells and insoluble debris from the protein-containing soluble fraction. The soluble fraction was filtered through a 0.2 µM filter and then loaded onto a chitin-resin column (NE Biolabs, Beverly, MA) pre-equilibrated with IMPACT buffer at 4˚C. After washing the column with IMPACT buffer, the intein-mediated cleavage of the target protein from the protein tag was initiated with the addition of dithiothreitol (DTT),
	The lysate was centrifuged at 48,000 x g at 4˚C for an hour and 30 minutes to pellet the unlysed cells and insoluble debris from the protein-containing soluble fraction. The soluble fraction was filtered through a 0.2 µM filter and then loaded onto a chitin-resin column (NE Biolabs, Beverly, MA) pre-equilibrated with IMPACT buffer at 4˚C. After washing the column with IMPACT buffer, the intein-mediated cleavage of the target protein from the protein tag was initiated with the addition of dithiothreitol (DTT),
	through SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The concentration of the purified protein was determined through a Bradford assay (BioRad, Hercules, CA). 
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	Chemical crosslinking assay and western blot analysis 
	Chemical crosslinking assay and western blot analysis 
	The protocol for the chemical crosslinking assay has been detailed in previous publications. Purified S. meliloti CheR (1.4 µM) and the cytosolic domain (AA 493-788) of McpX (1.4 µM) were crosslinked with 1% glutaraldehyde (GA) (Sigma-Aldrich, St. Louis, MO), to show binding of the two proteins. CheR and McpX were incubated together in crosslinking buffer containing 20 mM NaCl, 1 mM EDTA, 20 mM NaPOadjusted to pH 7.5 for 30 minutes at room temperature in the presence of 1% glutaraldehyde. The crosslinking r
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	As described in a previous publication, the purified cytosolic domain of McpX (AA 493
	-

	788) at 1.2 µM was combined with CheR (0.2 µM) and S-Adenosyl methionine (SAM) (50 µM) to mimic the methylation reaction in the cell. Combinations of McpX with CheR and SAM were incubated together for 30 minutes at room temperature before the reaction was stopped by 
	91

	boiling in a 100˚C water bath. 
	The addition of methyl groups to the cytosolic domain was observed using liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS). Methylation assay samples were first incubated with 4.5 mM dithiothreitol at 37˚C for one hour. After the samples 
	were cooled to room temperature, they were incubated with 10 mM iodoacetamide in the dark for 30 minutes. Unreacted iodoacetamide was then quenched through the addition of 10 mM dithiothreitol. The proteins were subsequently digested with 2 μg trypsin and incubated overnight at 37˚C. The resulting peptides were desalted using Pierce C18 spin columns (ThermoFisher Scientific, Waltham, MA) according to the manufacturer’s instructions, with the exception that the elution volume was 75 μL. Acetonitrile was remov
	containing 2:98 acetonitrile with 0.1% (v/v) formic acid. 
	A total of 5 μLs of each sample were analyzed using a timsTOF fleX MALDI-2 mass spectrometer equipped with a CaptiveSpray 2 ion source (Bruker, Billerica, MA), a Vanquish Neo HPLC/autosampler (ThermoFisher Scientific, Waltham, MA), and a CapLC μPAC C18 50 cm column (PharmaFluidics, Ghent, BE). The samples were separated at a flow rate of 2 μL/min using a 20-minute gradient from 2% solvent B, containing 80:20 acetonitrile:water with 0.1% (v/v) formic acid, to 45% solvent B, followed by a 10-minute wash with 
	A total of 5 μLs of each sample were analyzed using a timsTOF fleX MALDI-2 mass spectrometer equipped with a CaptiveSpray 2 ion source (Bruker, Billerica, MA), a Vanquish Neo HPLC/autosampler (ThermoFisher Scientific, Waltham, MA), and a CapLC μPAC C18 50 cm column (PharmaFluidics, Ghent, BE). The samples were separated at a flow rate of 2 μL/min using a 20-minute gradient from 2% solvent B, containing 80:20 acetonitrile:water with 0.1% (v/v) formic acid, to 45% solvent B, followed by a 10-minute wash with 
	included as a fixed modification, while N-terminal acetylation of proteins, oxidation of Met residues, methylation of Glu residues, conversion of N-terminal Gln to pyroGlu, and deamidation and methylation of Gln residues were included as variable modifications. 

	Purification of full-length McpX in inner membrane vesicles was accomplished as detailed in previous publications. E. coli Lemo21(DE3) cells expressing full-length McpX were grown in LB containing ampicillin (100 µg/mL), chloramphenicol (30 µg/mL), and L-rhamnose (500 µM). For proper aeration, an overnight culture, diluted to a final ODof 0.05 in four liters of LB, was placed into flasks with the volume of the medium adjusted to be below 15% of the maximum capacity. The cultures were grown on a shaking plat
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	Methylation assays of full-length McpX in membrane vesicles were conducted as described previously. Isolated membrane vesicles with McpX and CheR were dialyzed against 
	39

	TGD buffer (50 mM Tris/HCl (pH 7.5), 10% glycerol and 5 mM dithiothreitol). McpX (1.2 µM) 
	and CheR (0.2 µM) were incubated together for 30 minutes at room temperature before the 
	methylation reaction was initiated by the addition of adenosyl-L-methionine S-[methyl-H] (SAM) (Revvity, Waltham, MA) (0.9 Ci/mmol) at a final concentration of 50 μM. From 0-30 minutes, 20 µL samples were added to 20 µL 2× Laemmli buffer and boiled in a 100˚C dry bath for 1 minute to terminate the reaction. After the 30-minute mark, an additional sample was collected every 10 minutes up to 60 minutes, and reactions were terminated in the same manner. Aliquots (20 µL) were separated via SDS-PAGE on a 10% acry
	3
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	Capillary assay 
	Capillary assay 
	The process for performing a capillary assay for S. meliloti has been detailed in previous publications. Motile S. meliloti cultures were achieved through diluting stationary phase cultures from TYC into an RB overlay on Bromfield plates. Cells in overlay plates were grown overnight at 30˚C to an ODbetween 0.15 and 0.18 and pelleted at 5,000 x g. The cells were then suspended in RB medium to a final ODof 0.15, and 350 µL of culture were dispensed into U-shaped glass wells positioned between two glass plates.
	The process for performing a capillary assay for S. meliloti has been detailed in previous publications. Motile S. meliloti cultures were achieved through diluting stationary phase cultures from TYC into an RB overlay on Bromfield plates. Cells in overlay plates were grown overnight at 30˚C to an ODbetween 0.15 and 0.18 and pelleted at 5,000 x g. The cells were then suspended in RB medium to a final ODof 0.15, and 350 µL of culture were dispensed into U-shaped glass wells positioned between two glass plates.
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	were expelled into a measured amount of RB. Cells were then diluted and plated in duplicate on TYC/Str plates and incubated at 30˚C for three days for colony formation. Data were corroborated through three technical replicates conducted for each condition in three biological replicates. 
	23



	Results: CheR binding the cytosolic domain of McpX 
	Results: CheR binding the cytosolic domain of McpX 
	To provide the basis for the in vitro methylation assays, we first had to show that CheR binds the cytosolic domain of McpX as binding affinity had only been determined for the C-terminal pentapeptide-binding motif of McpX. Several trials of Isothermal Titration Calorimetry (ITC) were conducted with CheR and cytosolic McpX according to previously published data with CheR and the synthesized pentapeptide-binding motif. Due to the inability to achieve a sufficiently high concentration of the cytosolic domain 
	23

	Figure
	Figure 1: Western blot from the chemical crosslinking of purified CheR and the cytosolic domain of McpX (AA493-788) is shown above detected with an anti-CheR antibody. The molecular weight marker (MWM) (BioRad, Hercules, CA) is depicted to the far left. Lane 1 (L1) shows CheR, Lane 2 (L2) shows CheR + GA, Lane 3 (L3) shows CheR + McpX, and Lane 4 (L4) shows CheR + McpX + GA. 
	Lanes 1-2 were controls to show CheR (34 kDa) alone and with GA for comparison with McpX (47 kDa) added in Lanes 3-4. The addition of McpX to CheR in the presence of GA resulted in a significant change in banding pattern in Lane 4. Two migrating bands appear: one band around 81 kDa indicating the binding of CheR to monomeric McpX and another band around 128 kDa indicating the binding of CheR to a McpX dimer. Interaction between the cytosolic domain of McpX and CheR provided a basis for the subsequent in vit
	The in vitro methylation assay with CheR and the cytosolic domain of McpX was performed to identify methylation sites in the receptor. The experiment was conducted in triplicate in the presence and absence of the methyl group donor SAM as a control. Mass spectrometry was used to identify the location of methyl groups added based on the change in 
	The in vitro methylation assay with CheR and the cytosolic domain of McpX was performed to identify methylation sites in the receptor. The experiment was conducted in triplicate in the presence and absence of the methyl group donor SAM as a control. Mass spectrometry was used to identify the location of methyl groups added based on the change in 
	weight of the peptide (data not shown). Despite the control samples lacking either CheR or SAM, theoretically making the methylation reaction unable to occur, all samples contained various peptides with varying methylation states. Methyl groups had been attached to glutamate residues and deamidated glutamine residues. 


	McpX sequence comparison to characterized methylation sites 
	McpX sequence comparison to characterized methylation sites 
	To try and infer the location of putative methylation sites in McpX, the sequence was compared with the known methylation sites of the E. coli receptor Tsr(Figure 2). 
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	Figure
	Figure 2: (Top) Segment of a sequence alignment of the E. coli chemoreceptor Tsr and the S. meliloti receptor McpX. Residues identified as methylation sites for Tsr are highlighted in yellow with the conserved McpX putative methylation site. The adjacent residues for experimentation are highlighted in blue. (Bottom) Model of the McpX cytoplasmic domain with the box highlighting the location of the conserved putative methylation sites in E. coli. 
	McpX possessed sequence homology for all four methylation sites in Tsr. Additionally, 
	these residues appeared to have been methylated consistently across the peptides analyzed in 
	mass spectrometry (data not shown). These residues were selected for mutagenesis, along with 
	the adjacent glutamyl residue, to determine if methylation sites could be identified through measuring the potential reduction in chemotactic ability. 

	Measuring chemotactic ability to infer methylation capabilities 
	Measuring chemotactic ability to infer methylation capabilities 
	Site-directed mutagenesis was used to substitute the glutamyl residues with asparagine and aspartic acid residues, respectively, to eliminate the ability for methylation while maintaining the overall charge of the receptor. 
	Capillary assays were used to analyze whether the removal of the potential methylation site in S. meliloti McpX resulted in an altered phenotypic response to a known ligand (Figure 3). In previous work, it was demonstrated that McpX mediates the strongest response to glycine betaine, a quaternary ammonium compound. To analyze altered sensitivity, three different concentrations of the ligand were tested in each assay, as described previously. 
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	Figure
	Figure 3: The chemotactic response to glycine betaine in capillary assays for S. meliloti WT (RU11-001), ΔmcpX (RU11-805), Q503N (BS369), Q504N (BS382), E509D (BS383), E510D (BS370), E517D (BS371), E698D (BS384), E699D (BS372), and Quad/Q503N/E510D/E517D/E699D (BS393). Data are the results of three biological replicates normalized to WT. Statistical significance was determined using one-way ANOVA (Analysis of Variance). Asterisks denote p values; *p < 0.05; **p < 0.005; ***p < 0.001. 
	The deletion of McpX resulted in an 80-90% reduction in response to glycine betaine, as did the mutation of the glutamine at AA503. Mutation of the glutamine at AA504 and glutamate at AA509 did not reduce the chemotactic ability. Mutation of the glutamate at AA510 resulted in an 80% and 50% reduction, respectively, in chemotactic ability to the lower glycine betaine concentrations (1 and 10 mM) but showed no significant reduction at the highest concentration. The mutation of the glutamate at AA517 caused a 
	To quantify methylation in McpX, the full-length receptor was purified in membrane vesicles, and the methylation reaction by CheR was stimulated with tritiated SAM. Tracking methylation over the time course of an hour was selected to ensure saturation of the reaction (Figure 4). 
	Figure
	Figure 4: Time course of McpX methylation by CheR as observed through LSC measurement of the [H]-Sadenosylmethionine methyl group incorporation. Data are the result of one biological replicate. A linear methylation rate with an apparent saturation level was achieved for one experiment, but the counts per minute (CPM) of the 3-15-minute samples were significantly lower than previously published data with replicated experimental conditions. 
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	Discussion: 
	Discussion: 
	The way receptor methylation is used in bacterial chemotaxis to adjust sensitivity to attractants was first characterized in E. coli in the 1970s. Until a different mechanism was identified for B. subtilis in 1999, the E. coli system for adaptation was the accepted model. This system remains uncharacterized in S. meliloti, which already presents several deviations 
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	from the E. coli chemotaxis system . The ability for S. meliloti CheR to bind to and methylate chemoreceptors was shown to be essential, making the adaptation system a point of interest as chemotaxis facilitates the formation of a symbiotic relationship with alfalfa. 
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	CheR was successfully crosslinked to the isolated cytosolic domain of McpX, providing the basis for in vitro experimentation to identify methylation sites (Figure 1). However, we were not able to identify clear, consistent methylation sites from the mass spectrometry analysis of the 
	CheR was successfully crosslinked to the isolated cytosolic domain of McpX, providing the basis for in vitro experimentation to identify methylation sites (Figure 1). However, we were not able to identify clear, consistent methylation sites from the mass spectrometry analysis of the 
	cytosolic domain of McpX post-methylation by CheR. The experimental conditions designed to serve as controls, such as those missing either enzyme or substrate for the methylation reaction, produced peptides with methylated glutamate residues and glutamine residues that had been deamidated and methylated as well. Additionally, the distribution of methyl groups was not uniform or patterned across peptides of the same sequence and length from McpX. This was theorized to be the result of non-specific methylatio
	96


	The alternative approach to identify the methylation sites in McpX was taken by comparing the sequence homology with an E. coli chemoreceptor Tsr with known methylation sites. McpX possesses sequence homology with four out of the five confirmed sites in Tsr, so those residues were mutated to remove the methylation capability while maintaining the overall charge/stability of the receptor. To account for the potential of methylation in the adjacent glutamine/glutamate reside, additional mutant strains were cr
	E. coli to produce a phenotype that is unable to adapt to constant stimuli and expected to behave similar to a strain lacking McpX. 
	The chemotactic ability of the McpX variant strains was assessed by attraction to glycine betaine, one of the unique compounds only sensed by McpX and with high sensitivity(Figure 3). All four McpX variant strains with mutations in the putative methylation sites from E. coli experienced a reduction in chemotactic ability to glycine betaine. The strongest reductions appeared from mutating Q503 and E517, indicating that they could potentially be of higher 
	The chemotactic ability of the McpX variant strains was assessed by attraction to glycine betaine, one of the unique compounds only sensed by McpX and with high sensitivity(Figure 3). All four McpX variant strains with mutations in the putative methylation sites from E. coli experienced a reduction in chemotactic ability to glycine betaine. The strongest reductions appeared from mutating Q503 and E517, indicating that they could potentially be of higher 
	34 

	importance in the methylation of the receptor. Mutation at E510 appeared to affect the ability of the bacterium to sense signals of lower concentrations. The strain with the mutation at E699 had a much more minor reduction in chemotactic ability compared to the other three. The quadruple site mutant experienced a significant reduction in chemotactic ability, and though it appeared to retain a slightly higher sensitivity than the McpX deletion stain, there was no statistically significant difference between 
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	In the E. coli chemoreceptor Tsr, it has been demonstrated that there is both a sequential methylation of the methylation sites and that there are some sites that are more important than 
	97-99
	the others for the chemotactic response . When comparing the effect of single mutations at methylation sites between E. coli Tsr and S. meliloti McpX, we observed a similar pattern of chemotaxis reduction(Figure 5). 
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	Figure
	Figure 4: Modeled methylation helices for E. coli Tsr and S. meliloti McpX with the residues highlighted according to established methylation sites in literature. Mutated sites that had no effect on chemotaxis are highlighted in green, sites that had a slight impact on chemotaxis are highlighted in yellow, and sites that had drastic impacts on chemotaxis are highlighted in red
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	In E. coli the residues Q297, E304, and Q311 all reduce the chemotactic ability when 
	mutated, but E304 and E311 have a much more drastic impact. Differing from E. coli, in this 
	98

	study it was observed that two outer sites in McpX, Q503 and E517, had the most impact. And the middle site, E510, appeared to only reduce the sensitivity to lower concentrations of the ligand which was not observed in E. coli. Also differing slightly from E. coli, the residue E699 in McpX did have a slight, but still significant reduction in chemotaxis when mutated. 
	The purpose of purifying membrane vesicles containing the full-length McpX and its methylation by CheR was to detect altered methylation in the presence of glycine betaine. Observing an increase in total methylation upon the addition of attractant would indicate a system more akin to the E. coli adaptation system whereas a ligand having no effect on the net methylation would infer greater similarity to B. subtilis. In previous work, methylation in McpX was only reported during the linear rate of the reactio
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	Through this study of McpX methylation we were able to lay the groundwork for future experimentation that will identify what mechanism S. meliloti uses to adapt signal sensitivity. This system presents a new target for researchers seeking to enhance the symbiotic relationship with alfalfa by engineering bacteria to be bioinoculants that can rival the use of harmful, synthetic fertilizers. 
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	Characterizing the unique flagellar morphology of Agrobacterium tumefaciens strain 5A 
	Characterizing the unique flagellar morphology of Agrobacterium tumefaciens strain 5A 
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	Abstract: 
	Abstract: 
	Agrobacterium tumefaciens is the causative agent of crown gall disease, a destructive plant disease affecting more than 600 plant species and resulting in substantial agricultural losses worldwide. Bacterial motility is an important virulence factor, yet the flagellar architecture of A. tumefaciens strain 5A differs from previously characterized strains by possessing a flagellum composed of two distinct filament diameters. To investigate the genetic basis and functional significance of this unique flagellar
	Agrobacterium tumefaciens is the causative agent of crown gall disease, a destructive plant disease affecting more than 600 plant species and resulting in substantial agricultural losses worldwide. Bacterial motility is an important virulence factor, yet the flagellar architecture of A. tumefaciens strain 5A differs from previously characterized strains by possessing a flagellum composed of two distinct filament diameters. To investigate the genetic basis and functional significance of this unique flagellar
	straighter flagella, whereas other mutants exhibited flagellar morphologies similar to wild type. Collectively, these findings establish the first complete genome assembly of A. tumefaciens strain 5A, define the genetic and structural basis of its unique dual-diameter flagellum, and identify the distinct contributions of individual flagellins to filament assembly and motility. This work provides a foundation for future investigations into the evolutionary advantages of this novel flagellar architecture, its


	Introduction: 
	Introduction: 
	Grown gall disease causes the formation of tumor-like galls in plant roots, trunks, and branches of over 600 species of plants. The galls can create fatal blockages in water/nutrient flow for the plants and overall make them more susceptible to things like doubt stress and secondary diseases. Fruit trees, brambles, woody ornamentals, and even some vegetables are just some of the cash crops across the globe that are affected by this disease. The United States is estimated to be vulnerable to $16.2 billion in
	101
	102

	Agrobacterium tumefaciens, the causative agent of crown gall disease, is a Gram-negative alpha proteobacterium that can sense chemical signals released by plant wounds. The bacterium enters through these wounds to attach themselves to plant cell walls. A. tumefaciens possesses a tumor-inducing (Ti) plasmid which allows the transfer of the DNA segment (TDNA) into the infected cell cytoplasm where it is incorporated into the genome, and the expression leads to gall formation. 
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	A. tumefaciens strain 5A was isolated from the Madison River Valley, MT in a pasture field with arsenic-enriched soil. This strain has the capability to oxidize arsenite (As(III)) that is induced through the use of a two-component signal transduction system and quorum sensing. While a draft genome for this bacterium has been published, the lack of an assembled genome makes genetic work for experimentation on this organism difficult. It is imperative to have access to as many strains of this species as possi
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	Bacteriophages are viruses that infect bacteria with very specific host range susceptibility, making them a prime candidate for developing alternatives to general antibiotic applications. A. tumefaciens strain 5A was of interest due to its lack of susceptibility to the three known flagellotropic bacteriophages for this species (Dhiman, Ziehl, and Scharf, personal communication). Work on the host-range characterization of these bacteriophages revealed a unique flagellin morphology of A. tumefaciens strain 5A
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	Figure
	Figure 1: SDS-PAGE of sheared and isolated Agrobacterium tumefaciens strain 5A flagella. The molecular weight marker (MWM) (BioRad, Hercules, CA) is depicted to the far left. Two distinct bands are observed at around 47 kDa and 35 kDa in the right lane. 
	This observation of the assembly of the flagellar filament with two flagellin proteins of different sizes was confirmed through cryogenic electron microscopy (cryo-EM) of the sheared 
	A. tumefaciens flagellum. Collaborators at the University of Virginia conducted cryo-EM analysis as previously described in published work. The cryo-EM image of a flagellum showed two distinct flagellar filament sizes (Figure 2). Study of the A. tumefaciens strain C58 flagellar system showed a uniform flagellar filament size, which is assembled of four flagellins proteins that all had specific function in flagellar assembly and motility. 
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	Figure
	Figure 2: Image of A. tumefaciens strain 5A flagellum from cryo-EM analysis. The transition point in flagellar filament size is marked by the yellow arrow. Image provided by Sonani and Egelman, UVA. 
	The assembly of the A. tumefaciens strain 5A genome will open up the opportunity to characterize the function of each flagellin-encoding gene in this bacterium. Additionally, it will allow comparison with strains of the same species. Characterization of the novel flagellum structure will give insight into the potential evolutionary advantage of a flagellum with two thicknesses, which the bacterium may employ for motility under specific environmental conditions, e.g., higher viscosities in the rhizosphere. A
	Materials & Methods: Table 1: Bacterial strains and plasmids utilized 
	Strain/Plasmid 
	Strain/Plasmid 
	Strain/Plasmid 
	Relevant Characteristics 
	Source or Reference 

	Escherichia coli 
	Escherichia coli 

	DH5α 
	DH5α 
	recA1 endA1 
	64 

	S17-1 
	S17-1 
	Smr Tpr ; recA endA thi hsdR RP4-2 Tc::Mu::Tn7 
	86 

	Agrobacterium tumefaciens 
	Agrobacterium tumefaciens 

	Strain 5A 
	Strain 5A 
	Smr : Spontaneous streptomycin-resistant wild-type strain 
	104 

	Strain 5A ΔmotA 
	Strain 5A ΔmotA 
	ΔmotA 
	This study 

	5A ΔflaC 
	5A ΔflaC 
	ΔflaC 
	This study 

	5A ΔflaB 
	5A ΔflaB 
	ΔflaB 
	This study 

	5A ΔflaA 
	5A ΔflaA 
	ΔflaA 
	This study 

	5A ΔflaD 
	5A ΔflaD 
	ΔflaD 
	This study 

	5A FlaB domain Δ 
	5A FlaB domain Δ 
	FlaB ΔAA199-322 
	This study 

	5A FlaA domain ins 
	5A FlaA domain ins 
	FlaA (btwn AA207/208) w/ FlaB (ΔAA199-322) insert 
	This study 

	Plasmids 
	Plasmids 

	pK18mobsacB 
	pK18mobsacB 
	Kmr ; lacZ mob sacB 
	88 

	pBS0380 
	pBS0380 
	pK18mobsacB::ΔmotA 
	This study 

	pBS1400 
	pBS1400 
	pK18mobsacB::ΔflaC 
	This study 

	pBS1401 
	pBS1401 
	pK18mobsacB::ΔflaB 
	This study 

	pBS1402 
	pBS1402 
	pK18mobsacB::ΔflaA 
	This study 

	pBS1403 
	pBS1403 
	pK18mobsacB::ΔflaD 
	This study 

	pBS1408 
	pBS1408 
	pK18mobsacB:: FlaB ΔAA199-322 
	This study 

	pBS1409 
	pBS1409 
	pK18mobsacB::FlaA(btwn AA207/208) w/ FlaB (ΔAA199-322) insert 
	This study 



	Media and growth conditions 
	Media and growth conditions 
	E. coli cells were grown using lysogeny broth (LB) at 37˚C. The E. coli culture, when required, was supplemented with kanamycin at 25 µg/mL. A. tumefaciens cells were grown in tryptone yeast extract calcium chloride (TYC) medium at 30˚C. TYC contains 0.5% tryptone, 0.3% yeast extract (BD, Sparks, MD), and 6 mM CaCl2 (Fisher, Fairlawn, NJ) with 600 µg/mL streptomycin added for A. tumefaciens selection. 
	65


	Sequencing and assembly of the genome 
	Sequencing and assembly of the genome 
	The A. tumefaciens strain 5A genome was sequenced using the Oxford Nanopore and assembled using the Flye algorithm in Geneious Prime 2025.2.2. Comparison with the draft genome was accomplished with BLAST. Construction of mutants and cloning 
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	A. tumefaciens strain 5A chromosomal DNA was isolated and Polymerase Chain Reaction (PCR) amplification of target A. tumefaciens DNA fragments was conducted according to established protocols. The purification of PCR products and plasmid DNA was accomplished according to manufacturer protocols in the GeneJET Plasmid Miniprep and Gel Extraction Kits (ThermoFisher Scientific, Waltham, MA). To create mutations in A. tumefaciens, in vitro overlap extension PCR was utilized for site-directed mutagenesis65. The P
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	Swim plate assays were performed essentially as in previous publication. A. tumefaciens cultures were grown in TYC at 30˚C for three days to reach stationary phase before being spotted (3 µL) onto Bromfield swim plates (0.3% agar). The plates were incubated at 30˚C 
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	for three days for quantitative data. The averages and standard deviations were obtained through 
	the measurement of swim ring diameter from three biological replicates with eight technical replicates each. 

	Shearing and isolation of bacterial flagella 
	Shearing and isolation of bacterial flagella 
	Cultures of A. tumefaciens were grown overnight and then inoculated into 500 mL of TYC (with 100 µg/mL streptomycin) to incubate at 30˚C in a shaking incubator. Once the cells reached an ODof 0.5 (peak motility), they were harvested by centrifugation at 8,000 g for eight minutes at 4˚C. The pellet was suspended in 100 mL of motility buffer containing 0.5 mM CaCl₂, 0.1 mM EDTA, and 20 mM HEPES (pH 7.2) balanced to a pH of 7.4. The buffer was then blended for 30 seconds in a household blender to shear the flage
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	The assembled genome (GenBank accession number JBTWWK000000000) resulted in four contigs consisting of a linear chromosome of 2,113,609 bp (JBTWWK010000001); a circular chromosome of 2,882,242 bp (JBTWWK010000002); and two circular plasmids of 190,154 (JBTWWK010000003) and 592,865 (JBTWWK010000004) bp, respectively. These four contigs were aligned with the 50 contigs submitted to NCBI (out of 59 identified) from the 
	The assembled genome (GenBank accession number JBTWWK000000000) resulted in four contigs consisting of a linear chromosome of 2,113,609 bp (JBTWWK010000001); a circular chromosome of 2,882,242 bp (JBTWWK010000002); and two circular plasmids of 190,154 (JBTWWK010000003) and 592,865 (JBTWWK010000004) bp, respectively. These four contigs were aligned with the 50 contigs submitted to NCBI (out of 59 identified) from the 
	2012 draft genome of A. tumefaciens strain 5A. The alignment was able to account for 90% (45/50) of the draft contigs within the fully-assembled contigs with significant overlap within the original 50 submitted. The five contigs that did not appear in the fully-assembled genome for strain 5A were analyzed with BLAST. Four (Contigs 38, 39, 40, and 50) were identical to sequences in various Staphylococcus species while the fifth contig (Contig 46) appears to have originated from Oryza sativa, a species of ric
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	Genes encoding for the flagellar filament 
	Genes encoding for the flagellar filament 
	Sequence comparison from the assembled genome revealed that A. tumefaciens 5A encodes four flagellins with FlaB and FlaA matching the cryo-EM data for the flagellar filament body. The thicker, proximal part of the flagellar filament is composed of FlaB, possessing an outer domain with 124-amino acids that accounts for about 13 kDa of the total molecular weight, making it thicker than the distal part of the flagellar filament, composed of FlaA. The genome assembly revealed two additional flagellin genes (fla
	To determine the function of each A. tumefaciens 5A flagellin for motility, we performed quantitative swim plate assays on mutant strains with individual flagellin gene deletions. Additionally, to investigate the functionality of the outer domain of FlaB, swim plate assays were conducted for mutant strains with only the outer domain deleted from FlaB and this domain inserted into the thin flagellin FlaA (Figure 3). 
	Figure
	Figure 3: Swim ring diameter on 0.3% agar Bromfield swim plates (example of each strain shown above) of A. tumefaciens strain 5A mutants compared to WT. The averages and standard deviations were calculated from three biological replicates. Statistical significance was determined using one-way ANOVA (Analysis of Variance). Asterisks denote p values; *p < 0.05; **p < 0.005; ***p < 0.001. 
	Strains lacking the flagellins FlaC and FlaD had only minor reductions in motility with 94% and 92% retained when compared to wild type. The strain lacking FlaB showed a more significant reduction in motility of 74% while the strain lacking FlaA was non motile. Motility of the strain with the outer domain of FlaB removed was similar to that of a full-length gene deletion at 71% compared to wild type. The domain insertion into FlaA produced a non-motile phenotype. Motility observations were also verified fro
	Negative stain transmission electron microscopy (nsTEM) of whole cells was used to observe phenotypic changes in flagella across the mutant strains (Figure 4). 
	Figure
	Figure 4: Images of A. tumefaciens strain 5A and mutant cells from negative stain transmission electron microscopy (nsTEM) analysis. Yellow arrows mark flagella attached to the cell body. Sheared flagella can also be observed in some images. Images provided by Sonani and Egelman, UVA. 
	Flagella of the strain lacking FlaA were rarely observed and appeared shorter and straighter compared to the WT filament. Flagella from the strains lacking FlaB, FlaC, FlaD, and the FlaB outer domain deletion (BΔOD) did not appear to differ in length or conformation compared to WT. The strain with FlaB outer domain insertion (A+ODB) into FlaA did not produce flagella. 
	Flagellar filaments were isolated from the strains lacking FlaA, FlaB, and the outer domain of FlaB to observe the different banding patterns via SDS-PAGE in comparison to the wild-type flagellar filament (Figure 5). Additionally, despite the lack of motility, flagellar filament isolation was attempted for the strain with the FlaB outer domain inserted into FlaA to observe if any filaments were being produced. 
	Figure
	Figure 5: SDS-PAGE of sheared and isolated Agrobacterium tumefaciens strain 5A flagellar filaments from WT and mutant strains (equal volumes analyzed). The molecular weight marker (MWM) (BioRad, Hercules, CA) is depicted to the far left. The bands tracked across each strain correspond to the 47-and 35-kDa bands observed in the WT strain. 
	Isolated filaments from the wild-type 5A strain separated into two equally intense bands after SDS-PAGE at around 47 and 35 kDA. Filaments from the strain lacking FlaA showed only the 47-kDa band. The strain lacking FlaB showed a reduction in the intensity of the 47-kDa band in the isolated flagellar filaments, although a faint band around the same molecular weight is still present. The nature of these bands remains to be shown. Filaments from the strain lacking the FlaB outer domain deletion (BΔOD) appeare
	The isolated flagellar filaments from ΔflaA, ΔflaB, BΔOD, and A+ODB strains were analyzed using nsTEM and compared to WT (Figure 6). 
	Figure
	Figure 6: Images of isolated flagellar filaments from A. tumefaciens strain 5A, ΔflaA, ΔflaB, and the FlaB domain deletion (BΔOD) after nsTEM analysis. Images provided by Sonani and Egelman, UVA. 
	The WT 5A flagellar filament was observed to consist of a thick and thin portion under cryo-EM analysis, which cannot be easily observed in nsTEM. Flagellar filaments from the strain lacking FlaA matched the shorter, straighter structure observed in the whole cell imaging. Again, the ΔflaB and BΔOD strains did not differ in phenotype compared to WT. No flagellar filaments were observed for the A+ODB strain. Discussion: 
	The sequencing and assembly of the A. tumefaciens strain 5A genome produced four complete contigs. The previous draft genome reported 59 contigs (50 published) with sequences ranging from as low as 200 to over 700,000 base pairs. Our assembly encompassed 90% of the draft contigs with almost 100% pairwise identity and the five unaccounted for contigs were very short in length. They were discarded and ruled as potential contaminants from the multiples GS FLX sequencing due to mapping to various Staphylococcus
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	The appearance of a flagellum with two distinct flagellar filament sizes has not been observed previously in any A. tumefaciens strain. Two strains with characterized flagellar morphologies, C58 and H13-3, both possessed flagella composed of uniform filament sizesUsing the atomic structure from the cryo-EM data, the sequences of genes encoding for the 
	The appearance of a flagellum with two distinct flagellar filament sizes has not been observed previously in any A. tumefaciens strain. Two strains with characterized flagellar morphologies, C58 and H13-3, both possessed flagella composed of uniform filament sizesUsing the atomic structure from the cryo-EM data, the sequences of genes encoding for the 
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	corresponding thick/thin flagellins in 5A were identified along with two additional flagellin genes (Figure 2). The presence of four genes encoding the flagellins in strain 5A aligns with those identified in C58 but differs from H13-3, which possesses only three(Table 2). 
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	Table 2: Flagellin sizes (AA) across A. tumefaciens strains 
	Flagellin 
	Flagellin 
	Flagellin 
	5A 
	C58 
	H13-3 

	FlaA 
	FlaA 
	336 
	306 
	411 

	FlaB 
	FlaB 
	447 
	320 
	410 

	FlaC 
	FlaC 
	445 
	313 
	N/A 

	FlaD 
	FlaD 
	430 
	430 
	430 


	Strain 5A appears to be the only strain with a large difference in amino acid length between FlaA and FlaB, with the larger outer domain in FlaB creating the size difference on the filament. A comparison of the aligned flagellin gene clusters of strains 5A, C58, and H13-3 shows that the flagellin genes in strain 5A have the most similar order of genes encoding for flagellar components to strain C58(Figure 7). 
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	Figure
	Figure 7: Alignment of the partial maps of flagellar gene clusters in A. tumefaciens strains H13-3, C58, and 5A. Gene loci are not drawn to scale, and the general transcription polarity is marked by arrows. Genes encoding for the flagellar filament are highlighted in bold. 
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	Flagellar filaments are composed of major flagellins that form the main structure and 
	minor flagellins that fine tune shape, structure, and formation of the filament. Major flagellins, 
	like FlaA in C58 and H13-3, are essential for motility but require the presence of minor flagellins to assemble correctly. The minor flagellins alone are not sufficient to form any filament as it was identified that the absence or disruption of FlaA jams the export channel. The function of each minor flagellin is not redundant and their presence represents a combined effort to assemble the complete flagellar filament. 
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	The only strains that experienced complete loss in motility were the flaA deletion strain, encoding for the flagellin of the thin filament, and that with the insertion of the outer domain from FlaB into FlaA (Figure 3). The deletion of flaB, encoding for the flagellin composing the thick filament, resulted in severely reduced motility. Additionally, this reduction in motility was matched with the strain where the FlaB outer domain was removed. The deletion of flaC and flaD resulted in a slight reduction in 
	57, 58, 109 

	The nsTEM images captured from motile whole cells identified that only the deletion of flaA alters the phenotype of the flagellar filament, despite FlaB making up the proximal flagellar filament in WT (Figure 4). This matched the effect of the single flagellin gene deletion in C58. The banding pattern of the isolated flagellar filaments from 5A mutant strains after SDS-PAGE was as expected and in agreement with those observed for flagellated cells in EM (Figure 5 & 6). The lack of flagellar filament observe
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	To further characterize the role of each flagellin, future work would encompass combinations of flagellin gene deletions to analyze the phenotypic outcome for filaments produced. To more clearly observe the location of each flagellin within the entire filament, fluorescence microscopy of individually labeled flagellins could be employed. If the minor flagellins FlaC and FlaD are unable to be observed through the fluorescent microscopy, as observed in strain C58, then their abundance in the flagellar filamen
	Through this study we were able to assemble the genome, characterize the flagellar structure, and identify the function of each flagellin in motility for A. tumefaciens strain 5A. Strain 5A was identified as resistant to infection from three flagellotropic bacteriophages that target strains C58, H13-3, and ST15.13/040, which all have a uniform flagellar filament size(Dhiman, Ziehl, and Scharf, personal communication). Motility is a key virulence factor for bacterial pathogens, therefore expanding knowledge 
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	Chapter V 
	Chapter V 
	Final Discussion: 
	There are an estimated 570 million farms across the globe that are expected to sustain a population that will increase by 1.5 billion by 2050. Farmers currently rely on over 200 million metric tons of synthetic fertilizer containing nitrogen, phosphate, and potassium to boost crop yield in the face of this staggering demand. Almost 1.01 million metric tons of bactericides are also used to prevent crop loss to disease each year. These expensive, single-use tools for farmers place massive financial strains in
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	Development of these biotreatments as fertilizers and inoculants previously have yielded subpar results due to fitness constraints in the developed strains compared to the established rhizosphere microbiome. It is difficult to overcome these issues when there are still large gaps in research surrounding the lifestyles of the targeted bacterial species. Studying the chemotactic ability and motility of these organisms presents a translational approach to development that centers on enhancing the already prese
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	Soybean is an incredibly versatile crop in the agricultural system. It has its vitality in food and animal feed, and soy-based products are rapidly rising to replace the use of harsh chemicals and petrochemical-based materials. As the demand for soybean rises, farmers will need to employ every method possible to increase the yield of their crops while balancing high production costs. The symbiosis of Bradyrhizobium diazoefficiens with soybean was identified to increase the overall biomass and yield of the c
	118
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	Alfalfa, once one of the top three profitable crops in the United States, has experienced a gradual decline in market demand that caused significant profit loss for farmers this past year. In combination with increasingly high production costs from synthetic nitrogenous fertilizer, the effort to develop alternatives to relieve this expense from farmers is more necessary than ever. It was previously identified that alfalfa yield and total protein content is increased when grown in symbiosis with Sinorhizobiu
	Alfalfa, once one of the top three profitable crops in the United States, has experienced a gradual decline in market demand that caused significant profit loss for farmers this past year. In combination with increasingly high production costs from synthetic nitrogenous fertilizer, the effort to develop alternatives to relieve this expense from farmers is more necessary than ever. It was previously identified that alfalfa yield and total protein content is increased when grown in symbiosis with Sinorhizobiu
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	assays, and direct analysis of receptor modification will further clarify how ligand sensing influences methylation dynamics and determine whether the adaptation mechanism more closely resembles those described in E. coli, B. subtilis, or represents a distinct strategy. 

	The greenhouse and plant nursery business in the United States brings in an estimated $16.2 billion per year. Crown gall disease in the 600+ plants vulnerable to infection cause hundreds of millions of dollars in loss every year. A key virulence factor for Agrobacterium tumefaciens, the causative agent for this disease, is its ability to use flagellar driven motility to infect the host plant through wounds. Several flagellar systems of strains in this species have been characterized, but the appearance of a
	The greenhouse and plant nursery business in the United States brings in an estimated $16.2 billion per year. Crown gall disease in the 600+ plants vulnerable to infection cause hundreds of millions of dollars in loss every year. A key virulence factor for Agrobacterium tumefaciens, the causative agent for this disease, is its ability to use flagellar driven motility to infect the host plant through wounds. Several flagellar systems of strains in this species have been characterized, but the appearance of a
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	be accomplished by combinatory flagellin gene deletions, fluorescence labeling of flagellins, and quantification of flagellin abundance in the filament. What remains unknown is if the dual-thickness filament of strain 5A presents an evolutionary advantage over other A. tumefaciens strains. This could highlight a new target for attenuating virulence and curbing disease spread, as was the goal of the parent project of analyzing flagellotropic bacteriophages in A. tumefaciens. 

	Bacteria are complex organisms where the same phenotypic outcome is accomplished with nuances in the pathway and distinctions in protein structure that make them unique even between strains of the same species. The ability to biased movement towards a plant, for the purpose of symbiosis or pathogenicity, is a key aspect of the lifestyle for B. diazoefficiens, S. meliloti, and A. tumefaciens. The overarching goal of this research project was to fill in gaps in knowledge of the chemotactic and motility capabi
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