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ABSTRACT 
 

 

The bacterium Sinorhizobium (Ensifer) meliloti is a member of the Rhizobiaceae family and can 

enter a mutualistic, diazotrophic relationship with most plants of the genera Medicago, Melilotus, 

and Trigonella. Medicago sativa (alfalfa) is an agriculturally important legume that hosts S. 

meliloti and allows the bacterium to invade the plant root and begin fixing nitrogen. Prior to 

invasion, S. meliloti exists as a free living bacterium and must navigate through the soil to find 

alfalfa, using chemical signals secreted by the root. Alfalfa is the 4th most cultivated crop in the 

United States, therefore, identification of plant host signals that lure S. meliloti, and identification 

of the bacterium’s chemoreceptors that perceive the signals can aid in propagating the symbiosis 

more efficiently, thus leading to greater crop yields. Investigations here focus on discovering 

alfalfa derived attractant signals and matching them to their respective chemoreceptors in S. 

meliloti. We have determined the chemotactic potency of alfalfa seed exudate and characterized 

and quantified two classes of attractant compounds exuded by germinating alfalfa seeds, namely, 

amino acids and quaternary ammonium compounds (QACs). At all points possible, we have 

compared alfalfa with the closely related non-host, spotted medic (Medicago arabica). The 

chemotactic potency of alfalfa seed exudate is the same as spotted medic seed exudate, however, 

the attractant compositions are chemically different. The amount of each proteinogenic amino acid 

(AA) exuded by spotted medic is slightly greater than the amounts exuded by alfalfa. In addition, 



 

 

the five QACs studied are exuded in various amounts between the two Medicago species. In 

comparison, the total amount of proteinogenic AAs exuded be alfalfa and spotted medic are 2.01 

μg/seed and 1.94 μg/seed respectively, and the total amount of QACs exuded are 249 ng/seed and 

221 ng/seed respectively. By performing a chemotaxis assay with synthetic AA mixtures 

mimicking the amounts exuded from the medics, it was found that the AA mixtures contribute to 

23% and 37% of the responses to alfalfa and spotted medic exudates, respectively. The 

chemoreceptor McpU was found to be the most important chemoreceptor of the eight for 

chemotaxis to the whole exudates and the AA mixtures. Furthermore, McpU is shown to mediate 

chemotaxis to 19 of 20 AAs excluding aspartate. McpU directly interacts with 18 AAs and 

indirectly mediates chemotaxis to glutamate. Through single amino acid residue substitutions, it 

is determined that McpU directly binds to amino acids in the annotated region called the Cache_1 

domain, likely utilizing residues D155 and D182 to interact with the amino group of AA ligands. 

In all, McpU is a direct sensor for AAs except for the acidic AAs aspartate and glutamate. Work 

is presented to show that the QACs betonicine, choline, glycine betaine, stachydrine, and 

trigonelline are potent attractants for S. meliloti, McpX is the most important chemoreceptor for 

chemotaxis to these QACs, and we demonstrate the binding strength of McpX to the QACs with 

dissociation constants ranging from low millimolar to low nanomolar, thus making McpX the first 

observed bacterial MCP that mediates chemotaxis to QACs. Overall, we match medic derived AAs 

with McpU and QACs with McpX. These results can aid in optimizing chemotaxis to the host 

derived attractants in order to propagate the symbiosis more efficiently resulting in greater crop 

yields.  

 Chapter 2 characterizes the function of the S. meliloti Methyl accepting Chemotaxis Protein 

U (McpU) as receptor for the attractant, proline. A reduction in chemotaxis to proline is observed 



 

 

in an McpU deletion strain, but the defect is restored in an mcpU complemented strain. Single 

amino acid substitution mutant strains were created, each harboring a mutant mcpU gene. The 

behavioral experiments with the mutants display a reduction in chemotaxis to proline when 

aspartate 155 and aspartate 182 are changed to glutamates. The periplasmic region of wild type 

McpU was purified and demonstrated to directly bind proline with a dissociation constant (Kd) of 

104 μM. The variant McpU proteins show a reduction in binding affinity confirming McpU as a 

direct proline sensor. 

 Chapter 3, describes the development of a high-throughput technique that is able to observe 

chemotaxis responses in ten separate chemotaxis chambers all at once. This procedure also allows 

for real time observations at intervals of two minutes for however long the experiment is scheduled. 

Using this new method it was found that McpU and the Internal Chemotaxis Protein A (IcpA) are 

the most involved with chemotaxis to seed exudates followed by McpV, W, X, and Y. The amounts 

of each proteinogenic amino acid (AA) in host and non-host seed exudates are quantified, which 

reveals that similar amounts are exuded from each species. It is shown that McpU is the most 

important receptor for chemotaxis toward synthetic mixtures that mimic the amounts seen in the 

exudates. 

 Chapter 4 further investigates the role of McpU in sensing amino acids using the high-

throughput technique developed in Chapter 3. It is shown that McpU is important for chemotaxis 

to all individual proteinogenic amino acids except the acidic AA, aspartate. In vitro binding 

experiments confirm that McpU directly interacts with all AAs except the acidic AAs aspartate 

and glutamate. Binding parameters are determined for aspartate, glutamate, phenylalanine and 

proline.  



 

 

In Chapter 5, five quaternary ammonium compounds (QACs) are quantified from the host 

and non-host seed exudates, which reveals distinctive QAC profiles. S. meliloti is found to display 

strong chemotaxis to all QACs, which is further shown to be mediated mostly by McpX. McpX is 

then established as a direct binder to all QACs as well as proline, with dissociation constants 

ranging from nanomolar to millimolar.  

These studies have increased our knowledge of how chemoreceptors sense attractants, and 

they have contributed to the bank of known attractant molecules for bacteria. Our new 

understandings of chemotaxis and how it relates to the Sinorhizobium-alfalfa model can allow for 

manipulations of the system to enhance chemotaxis to the host, thus propagating the symbiosis 

more efficiently, ultimately leading to greater crop yields.  
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GENERAL AUDIENCE ABSTRACT 
 

 

The bacterial species known as Sinorhizobium meliloti exists in the soil as a free living bacterium. 

The microbe can also form a symbiotic relationship with alfalfa, where it invades the plant root 

and fixes atmospheric nitrogen into a form that is utilizable by the plant. This relationship results 

in an increase in plant biomass and productivity. As a free-living organism, S. meliloti must 

navigate through the soil to find the root, and does so using chemical attractants secreted by the 

alfalfa seeds and roots. Here we identify several attractant molecules that are exuded by the 

germinating seeds of alfalfa. We then match the attractant molecules to the particular S. meliloti 

chemoreceptors that sense them. Alfalfa-derived amino acids are sensed by the chemoreceptor 

named McpU, and alfalfa derived betaines are sensed by McpX. The identification of these 

attractants and the chemoreceptors that perceive them can aid in propagating the symbiosis more 

efficiently, thus leading to greater crop yields.  
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Chapter 1 - Introduction 

 

The bacterium Sinorhizobium (Ensifer) meliloti is a member of the Rhizobiaceae family, 

which is composed of bacteria known for their ability to enter a particular type of symbiosis with 

plants of the Fabaceae family. During this symbiosis the bacteria fix nitrogen for the plant causing 

a drastic increase in plant biomass and in return the plant supplies the rhizobia with nutrients and 

a safe haven from fierce competition in the rhizosphere. Prior to symbiosis, S. meliloti, exists as a 

free living bacterium in the bulk soil, rhizosphere, and spermosphere (plant root and seed 

associated soils). The microbe is proficient in chemotaxis, and actively seeks out the symbiotic 

relationship with particular genera of legumes, including, Medicago, Melilotus, and Trigonella.  

Medicago sativa (alfalfa) is the fourth most cultivated crop in the United States, and 

biomass accumulation is highly dependent upon symbiosis with particular rhizobial species. This 

symbiosis is arguably the most important in agriculture since it dissolves the need to use synthetic 

nitrogen fertilizers, thus saving approximately ten billion dollars annually (1) as well as preventing 

harmful effects on the environment, such as eutrophication of water bodies and increased acidity, 

salinity, and erosion of soils.  

Alfalfa can form this mutual relationship with two different species of the Sinorhizobium 

genus (2, 3), however, the mostly occurs with S. meliloti (4-6). There are many steps along the 

way that go towards crafting this specific symbiosis, of which, these phases, behaviors, and 

mechanisms are detailed below. 
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Symbiosis 

Legume root nodules provide rhizobia with nutrients and protection from predation while 

the rhizobial cells provide the legumes with metabolizable nitrogen. This relationship begins when 

a rhizobial cell makes contact with a root hair near the tip (Fig. 1.1). The root hair curls over onto 

itself, in effect, trapping a rhizobial cell. At this junction, a root cell invaginates where the bacterial 

cell is trapped thus taking up the bacterial cell into the root. This invagination continues inward 

through several layers of root cells creating an infection thread. During this time, the rhizobial cell 

growth and division occurs and then the cells are forced into the cytoplasm of a root cell forming 

a membrane-bound symbiosome called a nodule (1, 7, 8). The rhizobial cells further multiply until 

the plant recognizes a sufficient number of them. The plant signals the rhizobia to cease growth 

and differentiate into bacteroids in order to become nitrogen fixing entities. Energy for bacteroid 

metabolism and nitrogen fixation is supplied by the plant mostly in the form of organic acids (9). 

To increase the odds of symbiosis with a particular rhizobium strain, seeds are coated prior to 

planting with a S. meliloti species that has a high symbiotic efficiency. When nodulation is 

successful, many inoculum strains demonstrate greater proficiency in symbiosis than the 

indigenous populations of rhizobium (10). 

 

Chemotaxis 

In order for this symbiosis to occur, Rhizobia must seek out a host legume. Legume seeds 

and roots exude specific and non-specific attractants for Rhizobia and other soil symbionts. The 

exudates are primarily composed of a vast array of carbon compounds, and to a lesser extent, ions 

and water (11). Most of these components are exuded into the rhizosphere and/or spermosphere. 

Polar compounds tend to diffuse away forming a density gradient while non-polar compounds tend 
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to localize at the area of exudation. S. meliloti senses attractants in this gradient with 

chemoreceptors named Methyl accepting Chemotaxis Proteins (MCPs) primarily located in a 

cluster at each cell pole (12). The chemoreceptors signal cytoplasmic factors that control the 

rotational speed of flagella and therefore the cell’s orientation in space, thus allowing the cell to 

swim up the gradient toward the roots (12, 13). The general scheme for S. meliloti chemotaxis in 

a gradient is diagrammed in Figure 1.2. Repellents shorten the runs allowing the cell to reorient in 

a random fashion and begin running in new direction, while attractant molecules induce longer 

runs. In all, the combination of these runs results in a random yet biased movement towards the 

source of attract and/or away from repellent. 

  

The factors that play a role in chemotaxis of S. meliloti toward a host plant are: 

 

1. Signal Transduction 

2. Sensory Adaptation 

3. Chemoreception 

4. Plant/Microbe Signal Exchange 

5. Root and Seed Exudation 

 

Signal Transduction 

Chemotaxis signal transduction in E. coli 

Signal transduction occurs when an extracellular signal is transformed into an intracellular 

signal that elicits a cellular response. The signal transduction process of bacterial chemotaxis has 

been best studied in E. coli. An extracellular signal sensed by an MCP is transferred through a 
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two-component regulatory system consisting of the auto-histidine kinase CheA and the response 

regulator CheY, which ultimately interacts with the motors of the left-handed peritrichous flagella 

(Fig. 1.3). The protein interaction domain of the MCP strongly associates with CheA with help of 

the adaptor protein CheW. It is suggested that an attractant signal causes the protein interaction 

domain to flare outward, in essence switching off CheA autokinase kinase activity. The 

deactivation of CheA results in no deactivating signal to the flagellar motors, therefore, the flagella 

continue to rotate in a counter clockwise (CCW) fashion, thus keeping the flagellar bundle 

together. As a result, the cell continues swimming straight forward (14, 15). In the absence of an 

attractant or sensing of a repellent, the protein interaction domain of the MCP would swing back 

into its original place, and CheA autophosphorylates at a conserved histidine residue. This 

phosphate is passed to a conserved aspartate residue on the response regulator, CheY. CheY-P 

diffuses through the cytoplasm, interacts with a flagellar motor and signals it to rotate in the 

opposite direction (CW), which results in a tumble. Signal termination is mediated by the 

phosphatase, CheZ, which removes the phosphate from CheY. This signal transduction pathway 

in E. coli has been the major paradigm for how bacteria perform chemotaxis on the molecular 

level. 

 

Chemotaxis signal transduction in S. meliloti 

There are several studies on chemotaxis signal transduction in S. meliloti and since there is 

structural homology with the well-studied E. coli paradigm for chemotaxis, many inferences about 

S. meliloti chemotaxis can be made. S. meliloti uses a signal transduction pathway to control the 

rotational speed of its peritrichous right-handed flagella. The flagella of S. meliloti only rotate 

Clockwise (CW), and when all peritrichous flagella rotate in sync the cell swims, but when the 
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rotation of one or more flagella slows down, the bundle comes apart and the cell tumbles. When 

an extracellular signal binds to the periplasmic sensing domain of an MCP this causes a change in 

the protein’s cytoplasmic conformation; this in turn creates an intracellular signal. Much of this 

signal transduction pathway used for chemotaxis has been characterized in S. meliloti and is shown 

in Figure 1.4. The major differences from the E. coli paradigm are flagellar rotation and the method 

of signal termination. The phosphate of CheA-P is passed to a conserved aspartate residue on the 

response regulator, CheY2. CheY2-P diffuses through the cytoplasm to regulate the flagellar motor 

by slowing down the clockwise rotation of the flagellum. The asynchronous change of rotational 

speed of one or more flagella causes the flagella bundle to fall apart (38). Signal termination is 

accomplished through retrophosphorylation of CheA by CheY2-P. The phosphate is then 

transferred to a second response regulator known as CheY1, which acts as a phosphate sink (16). 

CheS aids in dephosphorylation of CheY1-P, thereby draining the phosphate sink (17). This signal 

transduction pathway differs from the E. coli paragdigm in several ways and it is likely due to 

large differences in their environments.  

 

Sensory Adaptation 

An essential part of chemotaxis is the ability to compare past stimuli with current stimuli. 

Methylation of chemoreceptors provides the cell with a primitive “memory” that allows it to 

compare the current concentration of ligand to the recent past, thus allowing movement in a 

beneficial direction (18). Sensory adaptation is carried out by the methyl transferase, CheR and 

the methyl esterase, CheB. 

Attractant stimuli increase the rate at which CheR methylates the conserved glutamate 

residues on the kinase signaling domain of an MCP, which “dampens” the attractant signal and 
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increases the chemoreceptor’s ability to enhance CheA autophosphorylation activity. More 

specifically, the methylation reduces the net negative charge on the four-helix bundles of the MCP 

CheA signaling domain and this induces a more condensed conformation, thus hiding the specific 

residues that deactivate CheA autophosphorylation activity (19, 20). Further methylation induces 

a reversal of the piston-like movement of the transmembrane helices that had originally thrust 

downward, in turn releasing the ligand (21).  Figure 1.5 demonstrates how E. coli adapts to 

chemotactic stimuli. Briefly, when an attractant is added to motile E. coli cells, CheA activity 

drops immediately and from that point, CheA activity slowly recovers due to methylation of the 

chemoreceptors. CheB, the methyl esterase, acts in contrary to CheR by removing the methyl 

groups from the glutamate residues. CheB is activated through phosphorylation by increasing 

CheA-P levels. Demethylation results in inhibition of CheA activity by increasing the net negative 

charge on the kinase control region to favor a less condensed signaling domain. Counteraction of 

CheR/CheB activity returns CheA activity to its pre-stimulus value, thus allowing the cell to 

resample the environment and compare the present concentration of stimuli with the past 

concentration (18, 20). 

 

Chemoreception 

Chemoreception allows motile bacteria to be aware of the immediate chemical 

environment and to move through the environment accordingly using chemotaxis.  Many 

chemicals typical of legume root and seed exudates have shown to govern the movement of S. 

meliloti such as amino acids, sugars, C4 carboxylic acids, and flavonoids (22-25). Many of these 

chemicals enter the periplasm and interact with Methyl accepting Chemotaxis Proteins (MCPs). 
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MCPs are responsible for transducing a signal from an attractant and/or repellent molecule into an 

internal signal to elicit a flagellar motor mediated swimming response.  

The mechanism of chemoreception and signal transduction by MCPs has been well 

documented for the aspartate receptor (Tar) in Escherichia coli (19) and is demonstrated in Figure 

1.6. Prior to chemoreception, the single MCP proteins form homodimers, which then form trimers 

of dimers that are anchored in the cytoplasmic membrane forming array of closely associated 

trimer-dimers (26). A ligand may interact with one or more of the Periplasmic Regions (PR) in a 

trimer dimer. In the case of Tar, the aspartate ligand is thought to bind in-between the two four-

helix bundles causing a conformational change that forces one or more transmembrane helices 

downward in the direction of the cytoplasm in a piston-like movement (27). Indeed, this downward 

movement is likely the mode of PR signaling for most MCPs. The four-helix bundle conformation 

of Tar allows it to directly bind and sense a relatively small number of molecules including alanine, 

asparagine, aspartate, cysteine, glutamate, glycine, methionine, and serine (attractants), cobalt and 

nickel (repellents) and indirectly sense maltose through the aid of a periplasmic binding protein 

called “maltose binding protein.”(28-31). E. coli also harbors a gene encoding for the serine 

receptor (Tsr). The PRs of Tsr and Tar share a large sequence identity and Tsr also forms a 4-helix 

bundle; however, there are key differences in the amino acid residues of the binding pocket of Tsr 

(32) that change its ligand binding profile so that it only senses alanine, asparagine, cysteine, 

glycine, and serine, albeit with different binding affinities (28). The overlap in ligand specificity 

between Tar and Tsr is due to their structural homology.  

Another well studied example of chemoreception in bacterial chemotaxis comes from 

studies exploring the function of chemoreceptors with tandem Per-Arnt-Sim (PAS) domains that 

comprise most of the PR. The PAS fold was named after the first proteins in which it was 
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discovered, i.e. the Period circadian protein, Aryl hydrocarbon receptor nuclear translocator 

protein, and Single-minded protein (33-35).   

Tandem PAS domains are found in many bacterial and archaeal chemoreceptors and like 

Tar and Tsr, they are predicted and/or shown to sense amino acids (36). The PR of the MCP known 

as Tlp3 in Campylobacter jejuni has tandem PAS domains and directly binds twelve different 

ligands, four of which are amino acids (arg, asp, ile, and lys) (37). The PR of the Bacillus subtilis 

chemoreceptor McpC is predicted to have tandem PAS domains and it directly senses eleven of 

the twenty proteinogenic amino acids (AA) in the membrane distal PAS domain. The PR was also 

shown to indirectly sense four AAs in the membrane proximal PAS domain (38). The MCP known 

as PctA in Pseudomonas putida directly senses 19 of the 20 proteinogenic AAs where aspartate 

was the only AA that did not bind (39). The Vibrio cholera chemoreceptor Mlp24 also has a PR 

composed of tandem PAS domains, which mediates chemotaxis to at least eleven of the 

proteinogenic AAs and directly binds at least four of them. Interestingly, an mlp24 deletion strain 

does not produce cholera toxin in a mouse model, implying that chemotaxis to AAs via Mlp24 is 

necessary for the pathogenicity of Vibrio cholera (40). These chemoreceptors harboring tandem 

PAS domains are structurally very different from Tar and Tsr, and they have a broader ligand 

profile and likely bind to molecules beyond the proteinogenic AAs. The mechanism of direct AA 

binding in the distal PAS domain is thought to involve five highly conserved residues. The protein 

Tlp3 from C. jejuni utilizes residues Lys149, Trp151, Tyr167, Asp169 and Asp196, which only 

bind to the backbone of an AA ligand. Structural flexibility of this domain allows it to “open” in 

order to allow for entry of AAs with variable lengths and moieties (36). This expansion provides 

the ability of the aforementioned MCPs to directly bind chemically different AAs, e.g. arginine 

(the side chain is positively charged and relatively long) and alanine (the side chain is hydrophobic 
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and relatively short). The variation in ligand profiles amongst these MCPs can be explained by the 

side chains of the AA residues that protrude into the binding pocket from the opposite side of the 

binding pocket. For example, in the protein Tlp3, the residues Val126, Leu128, Leu144 and 

Val171 are short and hydrophobic and allow for binding of large hydrophobic AA ligands, whereas 

in McpC, these residues are substituted with larger, polar side chains (Tyr121, Gln123, Tyr133 

and Ser161) and allow for binding of AAs with polar and relatively small side chains. A 

mechanism of binding the ligand isoleucine in the distal PAS domain of Tlp3 has been animated 

with the help of crystallographic structures of the bound protein and the apo-protein. The 

conformational changes observed in the animation has been used as a model for how 

chemoreceptors with a tandem PAS domain structure transmit an attractant signal (32). Briefly, 

the binding of an AA in the membrane distal PAS domain causes a conformational change 

inducing the proximal PAS domain to undergo a conformational change as well, which finally 

causes the downward piston-like movement of the transmembrane helix (Fig. 1.7) (36). 

It is currently accepted that in most transmembrane MCPs, the downward piston-like 

movement is sensed by the cytoplasmic HAMP domain. The HAMP domain is a common motif 

seen in histidine kinases, adenylyl cyclases, methyl-accepting chemotaxis proteins, and 

phosphatases (41). The domain has a conserved helix-turn-helix fold.  Its role is to perform the 

actual signal conversion. The downward piston-like movement forces the HAMP domain to 

expand (14). This expansion changes the conformation of the kinase control region of the MCP, 

which puts stress on the glycine hinge at the flexible bundle domain. The stress is thought to cause 

the protein interaction domain to flare outward and deactivate CheA autokinase activity (15, 42, 

43). 
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The genome of S. meliloti has eight genes encoding MCPs and one gene that codes for a 

transducer-like protein known as Internal Chemotaxis Protein A (IcpA).  The nine chemoreceptors 

are sequentially named McpS – Z plus IcpA. Together, S. meliloti uses eight of the nine 

chemoreceptors to sense attractants and/or repellents molecules in the rhizosphere (44) (expression 

of mcpS has never been observed). Attractant and/or repellent signal sensing for the six 

transmembrane MCPs is based on chemoreception in the periplasm. A domain organization of the 

MCPs can be seen in Figure 1.8, which draws light on how they function to transmit signals. The 

chemoreceptors (except McpY and IcpA) have two transmembrane domains. The region between 

them is the PR and is looped into the periplasm where it is exposed to the extracellular milieu and 

can interact with potential attractants/repellents. The PR of each chemoreceptor varies in length 

and amino acid sequence, although there is some conserved homology for those PRs that contain 

defined sub-domains, such as the Cache_1 domain of McpU, and McpX. The mechanism of 

chemoreception has yet to be defined for McpY and IcpA for the following key reasons; McpY 

has no transmembrane domains and is a cytosolic protein; IcpA has no transmembrane domains 

and lacks a methyl accepting domain, thus is thought to be exempt from adaptation by CheR and 

CheB (44). Despite not having transmembrane domains, McpY and IcpA still associate with the 

chemoreceptor cluster at the cell poles (12). It is hypothesized that these two chemoreceptors sense 

compounds that have been internalized (12) or could be used as energy level sensors by somehow 

sensing the energy flux in the cell.  

Of the compounds tested by Meier et al., 2007, McpU, McpW, McpX, and IcpA are 

observed on swim plates to be most important for mediating chemotaxis to the organic acids citrate, 

fumarate, malate, succinate, and the sugars fructose, galactose, maltose, mannitol, and sucrose. 

McpU, McpW, McpY, and IcpA are the most important receptors for mediating chemotaxis 
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towards the five amino acids glutamate, glutamine, histidine, lysine, and proline.  McpU was 

shown to be the strongest sensor for histidine, lysine, and proline. McpV appeared to only mediate 

chemotaxis towards the select amino acids and did not appear to be vital for chemotaxis towards 

the organic acids and sugars tested above. The chemoreceptors of S. meliloti seem to sense more 

than one ligand and one ligand seems to be detected by more than one receptor (44) creating an 

overlap in ligand perception by the MCPs.   

Most motile bacteria are able to respond to low concentrations of attractant or repellent. 

This high signal sensitivity is thought to be due to clustering of MCP trimer dimers at the cell pole 

which would create a packing pattern necessary for the docking of the CheA/CheW sensor 

histidine kinase at the base of the MCPs. In this model, binding of a ligand could have several 

effects. 1: The binding of a ligand to one receptor could influence a signaling response from 

adjacent, unbound receptors. 2: If the ligand is big enough, it could bind to multiple receptors at 

once. 3: One ligand could bind to multiple receptors in a short period of time (45). For example, 

the Kd for aspartate binding to the E. coli MCP Tar is approximately 1μM, and the half-life of an 

individual aspartate-bound receptor is about one millisecond. Once an aspartate molecule enters a 

sensory domain array it will tend to bind numerous times to numerous different receptors (19). 

This model allows for a highly sensitive signal response. 

 

Attractants from Root and Seed Exudates 

As a seed germinates or as a root penetrates the soil, chemicals are released into the soil. 

The composition of seed/root exudate among plant species is unique, and even different 

physiological states of a single plant species create varying root exudate profiles. In addition, 

individual seeds of the same species can produce slightly distinctive exudate profiles (46-51). 
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Generally, seed and root exudates share many common chemotactically active compounds, such 

as, sugars, amino acids, and organic acids, (52). Most plant species also exude their own unique 

profile of secondary metabolites that include phenolic acids, terpenoids, alkaloids, and others. 

Considering the broad variation and diversity of exudate molecules across plant hosts, 

characterization of these molecular signals and their impact on bacterial chemotaxis are an 

important step in the management of the mutualism to benefit alfalfa growth. 

Amino acids are attractants for many bacteria and archaea (28, 53, 54) and are known to 

be exuded by seedlings and roots, which can have selective effects on rhizosphere residents. For 

example, the high proportion of glycine in cowpea seed exudate has an inhibitory effect on 

particular Rhizobium species (49). L-proline is commonly exuded by plant roots and is also a 

strong attractant for S. meliloti (44, 55). The amino acids exuded by most plant roots are a mix of 

L and D enantiomers (43). Uptake and conversion of d-amino acids in Arabidopsis thaliana. Amino 

Acids 40: 553–563. Prokaryotes and fungi use D-AA to construct portions of their cell walls. They 

are even found in animal tissues where they aid in cellular  signaling, however the role they play 

in plants is still uncertain (43). Gas Chromatography Mass Spectrometry (GC-MS) studies on the 

D-amino acid profiles of selected plants have shown differences in the amounts found. 

Interestingly, D-proline has been found in alfalfa seedlings but not in soybean seedlings (46). The 

differences in exudate compounds could easily result in attraction to one rhizosphere, while being 

repelled by another. Evidence supporting this hypothesis, is outlined by Currier and Strobel where 

they observed the S. meliloti 102F66 strain to exhibit positive chemotaxis (attracted) to alfalfa root 

exudate, but displayed negative chemotaxis (repelled) to the root exudate of the non-host cicer 

milk vetch (56). The uniqueness of a plant’s exudate profile could play a role in discrimination of 

rhizosphere inhabitants.   
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Quaternary ammonium compounds (QACs) have also been shown to be exuded by plant 

seeds and roots (57). These molecules have an ammonium cation that bears no hydrogen atom. 

This class of compounds includes betaines, which additionally, have a negatively charged moitie, 

thus making the betaines zwitterionic. Examples of betaines include betonicine (hydroxyproline 

betaine), glycine betaine, stachydrine (proline betaine), homostachydrine (pipecolic acid betaine), 

and trigonelline. This class also includes compounds like choline, which is a precursor of glycine 

betaine, which lacks the carboxylate group and therfore is simply a QAC and not a betaine. QACs 

can be found in organisms across the domains of life and can serve as osmoprotectants, nutrient 

sources, and cell-to-cell signals (58-62). The aforementioned roles are observed in S. meliloti (63-

66) as well. Chemotaxis to QACs has been shown for a few marine microbes and the archaeon 

Halobacterium salinarum, however, these studies did not elucidate an MCP that directly interacts 

with them (53, 67).  

Legume selection for rhizobia is also thought to be mediated by exudation of antibiotics. 

L-canavanine is an arginine analog exuded by the seeds of the Glycyrrhiza genera (licorice 

legumes), which have been shown to select for one of their rhizobial symbionts, Mesorhizobium 

tianshanense. M. tianshanense is resistant to L-canavanine because licorice seed exudate induces 

expression of an exporter protein belonging to the LysE (lysine exporter) family of translocators 

known as MsiA (68). Most rhizobia including S. meliloti have MsiA homologues, which are 

essential for canavanine resistance (69, 70). L-canavanine has been shown to elicit positive 

chemotaxis from Bradyrhizobium japonicum even though it does not induce nodule formation with 

the licorice legumes.  S. meliloti strain LMG6133 is a symbiont of particular Glycyrrhiza sp., yet 

it does not induce as many nodules as M. tianshanense and is therefore considered to be a relatively 

weak competitor (71). Interestingly, L-canavanine is also exuded by alfalfa seeds (72) and elicits 
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a chemotactic response (Webb and Scharf, unpublished). Host and non-host specific 

antimetabolites, such as canavanine are of interest since they have a selective nature for particular 

rhizobia and may be attractants for S. meliloti. 

There are molecules that are common between legume seed and root exudates including 

Nod factor inducing flavonoids, however, for the most part, their chemical profiles are different 

(73-76). On the species level, the seed exudate chemical profile is generally the same from seed to 

seed, but the chemical profiles of the roots change drastically. The chemicals exuded from roots 

are subject to change based on soil type, moisture, temperature, time of day, life cycle, plant health, 

other symbioses, and even the exudation rates change  (50, 52, 77-82). In addition, the exudate 

profiles vary at different locations on the roots (83). Therefore, knowing the attractants exuded 

from roots could be beneficial to developing chemotactically enhanced strains, as long as 

exudation of particular root attractants always coincide with sections of root that are able to form 

nodules. Furthermore, early nodulation of the young seedling strongly inhibits subsequent 

nodulation in newer regions of the alfalfa root (84, 85). All together, these factors make it difficult 

to discover root derived attractants that would be useful in developing strains with enhanced 

chemotaxis to the host, especially if those attractants were only exuded from section of root that 

do not form nodules. Since early establishment of a rhizobium population is crucial for nodulation 

by a seed inoculum strain (51, 86-88) becoming familiar with the attractants from the seed exudate 

could aid in propagating earlier establishment of S. meliloti through chemotaxis. However, 

nodulation continues through the lifespan of alfalfa at particular sections of new roots. 

 

Signal Exchange 
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Plant growth is at the mercy of metabolizable nitrogen availability. Approximately 78% of 

the Earth’s atmosphere is nitrogen in the form of N₂ but this species of nitrogen cannot be used by 

plants. Plants rely on reduced nitrogen that is taken up by their roots.  Leguminous plants have the 

upper hand when it comes to utilizing reduced nitrogen because their roots can form nodules that 

harbor nitrogen fixing bacteria (specifically Rhizobia), thus allowing the plants to proliferate in 

soils with a low content of reduced nitrogen.  How are legumes able to corral enough nitrogen 

fixing bacteria? In 1904, Hiltner described the “Rhizosphere effect” in which a multitude of 

microorganisms are attracted to nutrients exuded by the plant roots and that this occurs in the 

vicinity of plant roots (89). Miller et al., 2007 showed that chemotaxis towards attractants 

originating from legume roots promotes nodulation by directing rhizobia to the proper infection 

site (90). Furthermore, it has been shown that S. meliloti displays chemotaxis towards root exudates 

of leguminous plants (23, 24, 91-94). These exudates are primarily composed of a vast array of 

carbon compounds including sugars, amino acids, organic acids, and phenolic acids, such as 

isoflavonoids and flavonoids. The isoflavonoids and flavonoids (Fig 1.9) are considered to be 

among the main signal components involved in specific host-microbe relationships (11, 95).  

Isoflavonoids are unique to legumes; specifically, the isoflavonoids daidzein and genistein, which 

are exuded by the soybean plant Glycine max. These two isoflavonoids and have been shown to 

attract the soybean symbiont, B. japonicum and induce expression of the bacterium’s nodulation 

genes. On the other hand, daidzein and genistein inhibit nodulation gene expression in S. meliloti 

(96) and have no effect on chemotaxis. Instead, S. meliloti has been shown to display a weak 

positive chemotaxis towards the alfalfa derived flavone luteolin, which also acts to induce 

transcription of nodulation genes (22).  It is these chemical specificities that allow Rhizobia to 

distinguish between their host and non-host legumes (80). 
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Legumes must also be able to recognize the difference between their rhizobial symbionts 

and non-symbionts. The secreted flavonoids are detected by rhizobia through transcriptional 

activators of nodulation (nod) genes, interestingly, some QACs have been shown to activate nod 

genes as well (97). Most of these nod genes encode enzymes that synthesize species specific 

chemical signals (98). These chemical signals are distinctive lipo-chitooligosaccharides known as 

Nod factors (8, 48). Nod factors are secreted by the bacterium into the rhizosphere to be perceived 

by receptors on the legume root (99). Nod factors can be thought of as a “password” into the plant 

root, thus allowing a select species of rhizobia to be taken up by the plant root to form nodules. 

This communication between legume and rhizobia is diagrammed in Figure 1.10. 

Exposure of S. meliloti to whole root exudate induces transcription of the nod genes (100, 

101). It is known that alfalfa root exudate contains several nod inducing flavonoids, namely 

luteolin, chrysoeriol, 7,4’-dihydroxyflavone, 7,4’-dihydroxyflavonone, and 4,4’-dihydroxy-2’-

methoxychalcone (24), some of which bind to and activate the NodD proteins of S. meliloti (22, 

102). The genome of S. meliloti encodes three nodD polypeptides, nodD1, nodD2, and nodD3, 

which are constitutively expressed and localized in the cytoplasmic membrane (103). These 

proteins are the transcriptional activators of the other nod genes needed for the catalyzation of S. 

meliloti Nod factors.  

 

Objectives of this work 

In our current time and place in human civilization, growth and demand has put a stress on 

the amenities available on Earth. It is becoming more apparent that learning how to conserve and 

maximize resources will be a major necessity in order to prolong human comfort and increase 

longevity of our species. The rhizobia-legume mutualism is an invaluable model to learn from, for 
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it embodies the most efficient process for the production of utilizable nitrogen for plants. This 

natural process saves approximately $10 billion annually in the United States (1), which otherwise 

would be invested in the production of synthetic nitrogen fertilizers. Alfalfa (Medicago sativa) is 

the fourth most cultivated crop in the United States and is a major source of animal feed, which in 

turn feeds a growing population. However, these benefits could be greater. The average potential 

crop yield of this symbiosis between alfalfa and S. meliloti is estimated to be 450 kg ha-1 year-1 

(104), however, in the United States this value hovers around 200 kg ha-1 year-1 (105). Currently, 

indigenous rhizobia with weaker symbiotic efficiency and or weaker nitrogen fixation abilities 

mostly outcompete the inoculum strains for nodule residence (a little over 50% of nodules), thus 

reducing crop yields (6, 106-112). As well, most plant families lack the ability to form such a 

beneficial mutualism. In this dissertation I aim to 1) define host derived attractants, 2) determine 

the S. meliloti MCPs that sense the attractants, and how. Our new understandings of how the 

Sinorhizobium meliloti-Medicago sativa symbiosis is propagated through chemotaxis could help 

to outcompete indigenous strains and increase crop yields in a resource conserving manner. Also, 

our acquired knowledge can aid in non-legume/rhizobia studies that seek to establish a similar 

mutualism that would open the doors for non-leguminous plant families to take advantage of a 

natural nitrogen source.  Chemotaxis is an important aspect of the relationship between the S. 

meliloti and alfalfa, which helps establish the mutualism and is the focus of this work. 

Chapter 2 characterizes the effect of an S. meliloti strain lacking mcpU on its ability to 

perform chemotaxis to host seed exudate compared to the wild type. The alfalfa derived attractant, 

proline is quantified in the seed exudate and the molecular mechanism for how McpU is able to 

sense proline is evaluated. In Chapter 3, a high throughput chemotaxis method is developed in 

order to investigate the roles of individual chemoreceptors for mediating chemotaxis toward host 



 

18 
 

and non-host seed exudates. By assaying single chemoreceptor deletion strains, hierarchies for 

importance in exudate chemotaxis are uncovered for the MCPs. Furthermore, all proteinogenic 

amino acids of the alfalfa (host) and spotted medic (non-host) exudates are quantified and the 

chemotactic contribution of the AAs in exudate is assessed. Additionally, regarding AA 

chemotaxis, another hierarchy of importance is uncovered for the MCPs regarding. Chapter 4 

delves into the relationship between McpU and the individual AAs exuded from seed exudates. 

The importance of McpU for chemotaxis to each discrete AA is shown. Using previous knowledge 

from Chapter 2, an investigation of how McpU senses all these AAs is conducted and a correlation 

is made between AA moieties and direct sensing abilities by McpU. In Chapter 5, a class of 

molecules called quaternary ammonium compounds (QACs) is quantified from the host and non-

host exudates. It is shown how these QACs are attractants for S. meliloti and further parses apart 

the MCPs involved in QAC chemotaxis. McpX is shown to be the most important receptor for 

QAC chemotaxis and binding studies confirm McpX as a novel bacterial MCP for QAC sensing. 

All together these studies improve our understanding of chemotaxis by S. meliloti and how 

it finds its host, alfalfa. Of the attractants identified, the MCPs responsible for sensing them are 

determined. These results further our understanding of how the symbiosis between rhizobia and 

legumes is propagated and using this information can aid in optimization of chemotaxis toward 

the host, ultimately leading to increased nodulation by the intende d S. meliloti inoculum strain 

and thus greater crop yields.  
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Fig 1.1. Infection thread development in M. truncatula root hairs. M. truncatula mutant sunn 

expressing the 35S-GFP-HDEL transgene was inoculated with S.meliloti-2011-cCFP and  

successive confocal images were taken showing the fluorescence of the rhizobia (magenta) B., 

There are only a very few bacteria in the early stage of the infection thread. E., The infection thread 

has progressed within the root hair and the rhizobia have multiplied within. H., The infection 

thread has grown further down the hair toward the base of the cell as the bacteria have multiplied 

and formed a thick stretching colony Bars = 10 µm. Figure used with permission of Fornier 2008. 

Plant Physiol. 148:1985-1995 (2008). Copyright 2008 American Society of Plant Biologists. 
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Fig 1.2. Chemotaxis to a host plant. This diagram simply depicts a microbe’s journey through 

the soil to find the rhizosphere of its host plant alfalfa. The gradient from red to white represents a 

density gradient (red being densest) composed of attractant. The microbe senses the attractant and 

uses chemotaxis to swim up the gradient towards the host roots. The inset table describes a general 

behavioral scheme for chemotaxis used by S. meliloti. Scales are exaggerated.  
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Fig 1.3. The chemotaxis signal transduction pathway of E. coli. A. A view of the tip of the 

protein interaction domain of an MCP. Signal transduction begins with the conversion of an 

extracellular signal into an intracellular signal mediated by an MCP. When an attractant binds the 

LBD of an MCP dimer, the tip of the protein interaction domains splay outward, deactivating the 

CheA autokinase. In the absence of an attractant or binding of a repellent, the protein interaction 

domains swing inward and activate the CheA autokinase. B., CheA autophosphorylates and passes 

the signal to the response regulator CheY. CheY-P commands the flagellar motor to switch rotation 

from CCW to CW. The phosphatase CheZ terminates the signal by removing the phosphate from 

CheY. Figure A. used with permission of Proc Natl Acad Sci USA 2008, 105(43):16555-16560. 

B used with permission of Dr. Birgit Scharf. 
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Fig 1.4. The signal transduction pathway of S. meliloti.  In the absence of an attractant the MCP 

activates the CheA autokinase which is then autophosphorylated. This phosphate is relayed to 

CheY2 which binds to the flagellar motor signaling it to slow rotation. CheY1 acts as a phosphate 

sink and CheS promotes dephosphorylation of CheY1-P. Figure used with permission of Dr. Birgit 

Scharf. 
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Fig 1.5. Signal adaptation in E. coli. A. Chemoreceptor signaling. Cartoons of a stimulated and 

adapted receptor dimer illustrate the conformational changes that couple stimulation by attractant 

binding to kinase inhibition (left-hand image and labels) and adaptation by methylation to re-

establish pre-stimulation kinase activity (right-hand image and labels).  Blue symbolizes the 

inactivated form. B. timecourse of a typical chemotactic response. Addition of attractant at time 

zero decreases CheA activity. During adaptation time, CheA activity slowly rejuvenates due to 

increasing CheR activity. Removal of attractant immediately increases CheA activity followed by 

CheB dependent adaptation through demethylation.  A. used with permission of Curr Opin 

Microbiol. 2010 Apr;13(2):124-32. Epub 2010 Feb 1. B. Figure traced in Photoshop. Original from 

Vladimorov & Sourjik, Biol Chem. 2009 Nov;390(11):1097-104. 
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Fig 1.6. Picking apart a mechanism for bacterial chemoreception. Follow the flow chart to 

witness the dissection of a bacterial MCP. A., Cartoon representation of typical MCP organization 

in the trimer dimer formation. B., Zoom in to a ribbon model of the E. coli MCP dimer, “Tar.” 

Domains are indicated on the left, roles or identities of module segments on the right. C., Crude 

schematic of the Tar monomer. With this first iteration, it is obvious that the sensing domain forms 

a 4-helix bundle. The cytoplasmic domain contains the HAMP domain; adaptation domain where 

CheR and CheB act on key glutamate residues; signaling domain that binds to the CheA/CheW 

complex. D., the second iteration is a cartoon model of the dimerized LBD from Tar that resides 

in the periplasm. Notice how the monomers are splayed apart. E., Aspartate bound to the ribbon 

model of the dimerized Tar-LBD. Notice how the monomers have closed in on each other.   Figure 

B taken from Hazelbauer et al. Trends Biochem Sci. 2008 Jan;33(1):9-19. Epub 2007 Dec 31. 

A. B. C. 

D. E. 
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Figure C used with permission from Bioessays. 2006 Jan;28(1):9-22. B used with permission of 

Trends Biochem Sci, 2008 January; 33(1): 9–19. doi:10.1016/j.tibs. 2007.09.01. C used with 

permission of Bioessays, 28: 9–22. doi: 10.1002/bies.20343. D and E used with permission of J. 

Mol Biol. 1996 Sep 20;262(2):186-201. 
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Fig 1.7. Piston model for transmembrane signaling by periplasmic tandem PAS domains. 

The model is based on the superimposition of the two extreme conformational states of the 

periplasmic region of Transducer like protein 3 (Tlp3) observed in subunit A of the free protein 

(shown in magenta/red), respectively. Attractant binding to the distal PAS domain locks it in the 

closed form, weakening its association with the proximal domain, which results in the transition 

of the latter into an open form, concomitant with a downward ∼4 Å displacement of the C-terminal 

helix towards the membrane. Figure used with permission of The Journal Biological of 

Crystallography, doi:10.1107/S139900471501384X, Copyright 2016 International Union of 

Crystallography 
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Fig 1.8. Domain organization of chemoreceptor proteins in S. meliloti. TM1 and TM2 are 

transmembrane regions. HAMP, is a conserved signal transduction domain. H1 and H2 helices in 

IcpA lack the conserved methylated helices (MH1&2). The signaling domain interacts with CheW 

and CheA. MH1&2 is the make up the adaptation domain. TarH is a four helix ligand binding 

domain motif known to mediate chemotaxis toward aspartate and related amino acids. Cache, 

acronym for the names of the proteins in which these signaling domains were recognized. PAS, 

acronym for the names of the proteins in which imperfect repeat sequences were recognized. PAS 

domains are typically involved in sensing redox potential, oxygen, or light.  
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Fig 1.9. The basic structure of flavonoids. Flavones are built up from 2-Phenyl-1,4-

benzopyrone while isoflavones are built up from 3-Phenyl-1,4-benzopyrone. Figure used with 

permission of Springer. Plant and Soil. April 2010, Volume 329, Issue 1, pp 1–25. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

36 
 

 
 

 

 

Fig 1.10. Signal exchange between rhizobia and legumes before nodulation. Figure used with 

permission of Microbiology and Molecular Biology Reviews. Copyright 2003, American Society 

for Microbiology. 
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ABSTRACT 

Bacterial chemotaxis is an important attribute that aids in establishing symbiosis between rhizobia 

and their legume hosts. Plant roots and seeds exude a spectrum of molecules into the soil to attract 

their bacterial symbionts. The alfalfa symbiont Sinorhizobium meliloti possesses eight 

chemoreceptors to sense its environment and mediate chemotaxis towards its host. The methyl 

accepting chemotaxis protein McpU is one of the more abundant S. meliloti chemoreceptors and 

an important sensor for the potent attractant proline. We established a dominant role of McpU in 

sensing molecules exuded by alfalfa seeds. Mass spectrometry analysis determined that a single 

germinating seed exudes 3.72 nmoles of proline, producing a millimolar concentration near the 

seed surface which can be detected by the chemosensory system of S. meliloti. Complementation 

analysis of the mcpU deletion strain verified McpU as the key proline sensor. A structure-based 

homology search identified tandem Cache (calcium channels and chemotaxis receptors) domains 

in the periplasmic region of McpU. Conserved residues Asp-155 and Asp-182 of the N-terminal 

Cache domain were determined to be important for proline sensing by evaluating mutant strains 

in capillary and swim plate assays. Differential scanning fluorimetry revealed interaction of the 

isolated periplasmic region of McpU (McpU40-284) with proline and the importance of Asp-182 in 

this interaction. Using isothermal titration calorimetry, we determined that proline binds with a KD 

of 104 μM to McpU40-284 while binding was abolished when Asp-182 was substituted by Glu. Our 

results show that McpU is mediating chemotaxis towards host plants by direct proline sensing. 
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INTRODUCTION 

Rapidly changing environmental conditions make soil a challenging environment for bacteria to 

persist. Motile soil bacteria use chemotaxis to navigate through the soil and to find optimal 

surroundings for survival. One important group of soil bacteria are symbiotic rhizobia, which fix 

atmospheric nitrogen to forms utilizable by its host plant. In particular, crop legumes, such as peas, 

soybeans, and alfalfa, form symbiotic relationships with Rhizobium leguminosarum, 

Bradyrhizobium japonicum, and Sinorhizobium meliloti, respectively (1, 2). Symbiosis partners 

have evolved a complex and specific molecular dialogue through the exchange of chemical signals, 

which direct bacterial species to the roots of host plants (3, 4). The rhizosphere is a narrow zone 

of soil that is influenced by root secretions, while the spermosphere is defined as the zone of soil 

surrounding a germinating seed. Roots and seeds alike have been shown to exude different types 

of compounds for the ultimate purposes of successful establishment and proliferation of beneficial 

microbial communities (5, 6). Host plant exudates recruit symbiotic rhizobia by inducing positive 

chemotaxis, which allows microbes to accumulate in the rhizosphere (7). Various attractants are 

exuded from the roots of the S. meliloti host, alfalfa (Medicago sativa), including sugars, amino 

acids, carboxylic acids, and phenolic compounds (8-12), but knowledge of substances exuded by 

germinating seeds is greatly lacking (13-18). Information about how S. meliloti perceives seed-

derived attractants may aid in symbiotic efficiency, and ultimately greater crop yield by enhancing 

the recruitment of S. meliloti to the spermosphere of germinating seeds. 

Chemotaxis is directed movement based on the perception of chemical stimuli. S. meliloti and 

other soil bacteria from the Rhizobiaceae family such as Agrobacterium tumefaciens, 

Bradyrhizobium japonicum, and Rhizobium leguminosarum use their chemotactic trait to move 

towards roots of their host plants, while chemotaxis-compromised strains are outcompeted by 
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wild-type bacteria (19-23). However, little is known about the specific role of individual 

chemoreceptors in this process. In R. leguminosarum, an mcpC chemoreceptor mutant is severely 

diminished in nodulation occupancy compared to wild type (24). To date, there are no studies 

characterizing the specificity of a rhizobial chemoreceptor for host-derived signals. 

Previous work has characterized important aspects of S. meliloti chemotaxis and how it differs 

from the Escherichia coli paradigm regarding the number and domain topology of chemoreceptors 

(9), the two-component regulatory system (25-27), and the unidirectional flagellar motor (28-31). 

E. coli has four conventional chemoreceptors, called methyl-accepting chemotaxis proteins 

(MCPs) and one unorthodox receptor, Aer (32). Aer and the four MCPs share a highly conserved, 

C-terminal signaling domain that forms a ternary complex with two cytoplasmic chemotaxis 

proteins, CheA, a histidine kinase, and CheW, an adaptor protein. In the absence of an attractant, 

CheA is autophosphorylated and subsequently transfers the phosphoryl group to the response 

regulator protein, CheY (33, 34). Phosphorylated CheY interacts with the cytoplasmic face of the 

flagellar motor and controls the swimming paths of bacteria (35-37). Orthodox MCPs have an N-

terminal periplasmic ligand-binding domain, which have been extensively studied in E. coli along 

with each chemoreceptor’s repertoire of detected chemotactic stimuli (38-42). 

S. meliloti has nine genes coding for putative chemoreceptors (9, 43). We have shown that eight 

of these receptors participate in chemotaxis, while the mcpS gene is not expressed when cells are 

motile, and presumably regulates processes other than chemotaxis (9, 44). Seven of the S. meliloti 

chemoreceptors are classical MCPs, McpT to McpZ, and one receptor, IcpA, lacks the conserved 

residues that typically serve as methyl-accepting sites to control adaptation. Six of the MCPs are 

located in the cytoplasmic membrane via two membrane-spanning regions, whereas McpY and 

IcpA lack such hydrophobic regions (9). All chemoreceptors vary in their ligand-binding domains; 
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however, McpU, McpV, and McpX contain specialized domains such as Cache and TarH signaling 

domains (9), which are known to bind small molecules like amino acids (45, 46). McpY possesses 

two PAS domains, which typically sense redox potential, oxygen, or light (47). Deletion of 

individual receptor genes causes differential impairments in the chemotactic response towards 

various sugars, amino acids, and organic acids (9). The exact function of S. meliloti 

chemoreceptors and mode of attractant binding is not known, and the identification of ligands, and 

in particular, plant-borne signaling molecules, is a focus of our work. 

McpU is one of the most strongly expressed chemoreceptors in S. meliloti and is a major sensor 

for the potent attractant proline (9). This study reveals that proline is sensed through direct binding 

to the periplasmic region of McpU. We also demonstrate that McpU mediates positive chemotaxis 

to host seed exudates and quantify the amount of proline exuded by germinating seeds. In 

conclusion, sensing of seed-derived proline by McpU plays a significant role in host plant 

recognition. 
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MATERIALS AND METHODS 

Bacterial strains and plasmids 

Derivatives of E. coli K-12 and S. meliloti MV II-1 (48) and the plasmids used are listed in Table 

1. 

 

Media and growth conditions 

E. coli strains were grown in lysogeny broth (LB) (49) at 37C. S. meliloti strains were grown in 

TYC (0.5% (w/v) tryptone, 0.3% (w/v) yeast extract, 0.13% CaCl2 x 6 H2O (w/v) pH 7.0) at 

30C (50). Motile cells for capillary assays were grown for two days in TYC, diluted 1:2 in 3 ml 

TYC and grown for 11 h. Cultures were then diluted 1:100 in 10 ml RB minimal medium (6.1 mM 

K2HPO4, 3.9 mM KH2PO4, 1 mM MgSO4, 1 mM (NH4)2SO4, 0.1 mM CaCl2, 0.1 mM NaCl, 0.01 

mM Na2MoO4, 0.001 mM FeSO4, 20 g/l biotin, 100 g/l thiamine (11)), layered on Bromfield 

agar plates (27), and incubated at 30C for 14 h to an optical density at 600 nm (OD600) of 0.12 ± 

0.02. All strains were motile and exhibited swimming characteristics as described by Meier et al. 

(9). The following antibiotics were used at the indicated final concentrations: for E. coli, ampicillin 

at 100 g/ml, kanamycin at 50 g/ml; for S. meliloti, neomycin at 120 g/ml, streptomycin at 600 

g/ml. 

 

Preparation of seed exudates 

The Medicago sativa cultivar ‘Guardsman II’ (Registration number CV-203, PI 639220), used in 

this study was developed from the extensively studied cultivar ‘Iroquois’ by the Cornell University 

Agricultural Experiment Station, New York State College of Agriculture and Life Sciences, 

Cornell University, Ithaca, NY (48). Seeds (0.1 g, approximately 47 +/-1 seeds) were placed in a 
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50-ml conical tube and washed four times with 35 ml of autoclaved, sterile-filtered water. Next, 

seeds were washed once with 3 ml of 6% commercial bleach for 3 min and four times with 35 ml 

of autoclaved, sterile filtered water under slow agitation. Seeds were then transferred to a 125-ml 

Erlenmeyer flask containing 20 ml of autoclaved, sterile-filtered water. Seeds were jostled to 

distribute them evenly at the bottom of the flask and germinated without shaking at 30°C for 24 h. 

Post incubation, the germination efficiency was approximately 95% as determined by radicle 

emergence. To harvest the exudate, 19 ml of seed supernatant was removed from the flask, placed 

into a 50-ml conical tube and flash frozen in liquid nitrogen. The frozen sample was freeze-dried 

for 72 h and stored at -20°C. Seed exudates were tested for bacterial contamination by microscopic 

examination and by plating 20 l on TYC plates and incubation at 30°C for 24 h. Contaminated 

samples were not included in this study. 

 

Quantification of proline in alfalfa seed exudates by liquid chromatography mass 

spectrometry (LC-MS) 

Seed exudate residue from three biological replicates was thawed to room temperature, 

resuspended in 1 ml of 0.1% formic acid in water and sonicated for 10 min. The samples were 

centrifuged at 3,450 x g for 10 min to remove insoluble material. Two 120 μL aliquots were 

removed from the supernatant of each biological replicate and transferred to separate 1.5-ml 

microfuge tubes and centrifuged at 14,000 x g to pellet remaining insoluble material. A 100 μL 

aliquot of supernatant was then processed using the “EZ:faast® for Free Physiological Amino Acid 

Analysis by LC-MS” kit according to the manufacturer instructions (Phenomenex, Torrance, CA). 

Briefly, the EZ:faast® consists of a solid phase extraction step followed by a derivatization and 

extraction of free amino acids. The derivatized amino acids were analyzed by LC-MS using the 

supplied EZ:faast AAA-MS on an Agilent 1100 series HPLC (Agilent Technologies, Santa Clara, 
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CA) coupled with an Applied Biosystems 3200 Q Trap LC/MS/MS System (AB SCIEX, 

Framingham, MA). Calibration solutions were made separately from the Phenomenex® kit with 

L-proline (Sigma-Aldrich, St. Louis, MO). Proline standard solutions ranging from 55 to 220 

nmoles/ml were derivatized alongside the exudate samples to establish the proline calibration 

curve. Using Analyst software (AB Sciex, Concord, Ontario, Canada) for data analysis. the peak 

area of the internal standard, homoarginine, was used to normalize the concentration of proline 

and given as average derived from three biological replicates, each processed twice, with duplicate 

injections.  

 

Swim plate assay 

Swim plates containing containing RB minimal medium complemented with 10-4 M L-proline, 

0.27% Bacto Agar and varying concentrations of isopropyl--D-thiogalactopyranoside (IPTG) 

were inoculated with 3 µl droplets of the test culture and incubated at 30C for three to four days 

(9). 

 

Traditional capillary assays 

Traditional capillary assays were performed essentially as described by Adler (51), with minor 

modifications (9, 52). Cells were harvested by centrifugation at 3,000 x g for 5 min at room 

temperature and suspended in RB minimal medium to OD600 of 0.1. Closed U-shaped tubes (bent 

from 65 mm micropipettes, Drummond Scientific Co., Broomall, Pennsylvania, USA) were placed 

between two glass plates. For each capillary, 400 μl of bacterial suspension were used to make a 

bacterial pond. Capillary tubes (1-µl disposable micropipettes, Drummond Microcaps) were sealed 

at one end and filled with attractant dissolved in RB minimal medium. The capillaries were inserted 

open end first into the bacterial pond and incubated for two hours at 22.5°C. Capillaries were 
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removed, the sealed end was cut off and the complete content was transferred into 1 ml RB minimal 

medium. Dilutions were plated in duplicate on TYC plates containing streptomycin. After 

incubation for three days at 30°C, colonies were counted. 

 

Agarose capillary assays 

Agarose capillary assays were performed essentially as described by Grimm and Harwood (1997) 

(53), with minor modifications. Dried seed exudate was thawed to room temperature, dissolved in 

acetone:water (7:3 v/v) and centrifuged at 3,000 x g for 5 min. The soluble fraction was 

concentrated to dryness, dissolved in RB to a concentration of 1.5 mg/ml and diluted 1:10 in molten 

1.1% low-melting temperature agarose (NuSieve GTG). To fill the capillaries, 0.5-μl capillaries 

(Drummond Microcaps) with one end sealed were heated with a Bunsen burner and the open end 

was placed into the molten mixture. The mixture was allowed to solidify and the open end of the 

capillary was placed into a circular chemotaxis chamber formed by a microscope slide, a rubber 

O-ring with an inner diameter of 8.5 mm and a height of 1 mm (Sarstedt), and a coverslip. Cells 

were harvested and suspended in RB to an OD600 of 0.20. An 81 μl aliquot of S. meliloti suspension 

was placed in the chamber before the coverslip was in place. The open end of the capillary was 

observed at 100x magnification under dark phase using a Nikon Optiphot-2. Pictures were taken 

using a Q-Imaging Micropublisher camera. 

 

Hydrogel capillary assays 

Capillaries containing a cross-linked hydrogel instead of agarose were used because of their 

improved properties in preventing cells from entering the capillaries. The inner glass surface of 

0.5-μl capillaries (Drummond Microcaps) was cleaned with a 3:1 solution of concentrated sulfuric 
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acid and 30% hydrogen peroxide before capillaries were treated with 1% (v/v) solution of 3-

(trichlorosilyl)propyl methacrylate (TPM) (Sigma-Aldrich, St. Louis, MO), diluted in paraffin oil 

at room temperature for 10 min. After a thorough rinse with 100% ethanol and removal of residual 

ethanol in a nitrogen gas stream, capillaries were baked at 95°C for 10 min. A 10% (w/v) solution 

of poly(ethylene glycol) diacrylate (PEG-DA) with an average Mn of 6,000 (Sigma-Aldrich, St. 

Louis, MO) in phosphate buffered saline, pH 7.4 was mixed with 10% (w/v) Irgacure®2959 

(Sigma-Aldrich) in 70% ethanol at a ratio of 1:20 to form the hydrogel solution, which was 

subsequently pulled into the capillaries with a rubber suction bulb. After submerging the capillaries 

in hydrogel solution, photopolymerization was performed for 20 seconds using a 365 nm, 18 W 

cm−2 UV light source (Omnicure S1000, Vanier, Quebec). Hydrogel capillaries were soaked in 

distilled H2O for 5 h with 5 water exchanges and equilibrated with L-proline solutions using the 

same method. One end of each capillary was sealed with machine grease (Apiezon, Manchester, 

U.K.) and chemotaxis assays were carried out as described for agarose capillary assays. 

 

DNA methods and genetic manipulations 

S. meliloti DNA was isolated and purified as described previously (27). Plasmid DNA was purified 

with a Wizard Plus SV Miniprep system (Promega). DNA fragments or PCR products were 

purified from agarose gels using a Wizard SV Gel and PCR Clean-Up System (Promega). PCR 

amplification of chromosomal DNA was carried out according to published protocols (54). 

Deletion and codon replacement constructs were created by PCR and overlap extension PCR as 

described by Higuchi (55). These constructs were cloned into the suicide vector pK18mobsacB, 

which was then used to transform E. coli S17-1. The plasmid was conjugally transferred to S. 

meliloti by filter mating according to the method of Simon et al. (56). Allelic replacement was 
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achieved by sequential selections on neomycin and 10% (w/v) sucrose as described previously 

(27). Confirmation of allelic replacement and elimination of the vector was obtained by gene-

specific primer PCR and DNA-sequencing. 

 

Isolation of S. meliloti cell membranes 

S. meliloti strains BS183, BS185, RU11/001, and RU13/301 (Table 1) were grown in 

Sinorhizobium motility medium (SMM; RB minimal medium, 0.2 % mannitol, 2 % TY) (11, 57) 

to an OD600 of 0.26 ± 0.10. An amount of 250 mL of cell culture normalized to an OD600 of 0.26 

was harvested by centrifugation at 5,000 x g for 5 min at 4°C. Cells were suspended in 20 ml of 1 

mM PMSF, 20 mM Tris/HCl, pH 8.0 plus 5 μg/ml DNase I. After two passages through a French 

press at 20,000 psi, the resulting extract was freed of unbroken cells by centrifugation at 2,000 x 

g for 2 min. Broken cells were centrifuged at 200,000 x g for 60 min at 4°C, yielding the pellet as 

the membrane fraction. Membrane fractions were resuspended in 3.5 ml of 1 mM PMSF, 20 mM 

Tris/HCl, pH 8.0 and homogenized for use in immunoblots. Prior to sodium dodecyl sulfate (SDS) 

gel electrophoresis, 40 l of samples were mixed with 25 l of SDS sample buffer containing 0.5 

% -mercaptoethanol. Prior to SDS-electrophoresis, samples were heated to 100°C for 10 min. 

 

Immunoblotting 

Homogenized membrane fractions were separated in 10% acrylamide gels, transferred to Trans-

Blot® nitrocellulose (Bio-Rad Laboratories, Hercules, CA) and probed using monoclonal 

antibodies raised against Green Fluorescent Protein (GFP) (Living Colors® GFP Monoclonal 

Antibody, Clontech, Mountain View, CA) at a 1:20,000 dilution. Blots were incubated with sheep 

anti-mouse horseradish peroxidase-linked whole immunoglobin (GE Healthcare Life Sciences, 
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Pittsburgh, PA) diluted 1:40,000. Detection was achieved by enhanced chemiluminescence using 

SuperSignal® West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL) using 

Hyperfilm™ ECL (Amersham, Pittsburgh, PA). Films were scanned by using an Epson Perfection 

1640SU and Corel Photo-Paint 10 software. Analysis of the scans was performed using ImageJ 

and Origin 8.1 software. 

 

Expression and purification of the periplasmic region of McpU (McpU-PR) 

The recombinant ligand-binding, periplasmic region of McpU (McpU-PR, McpU40-284) and its 

single amino acid substitution variants were overproduced from plasmid pBS373, pBS383, 

pBS384, and pBS390 in E. coli M15/pREP4 (Table 1). Three liters of cell culture were grown to 

an OD600 of 0.8 at 37C in LB containing 100 μg/ml ampicillin and 50 μg/mL kanamycin and gene 

expression was induced by 0.6 mM isopropyl-β-D-thiogalactopyranoside (IPTG). Cultivation was 

continued for 4 h at 25C until harvest. Cells were suspended in 50 ml column buffer (500 mM 

NaCl, 20 mM imidazole, 1 mM PMSF, 20 mM NaPO4, pH 7.0) and lysed by three passages 

through a French pressure cell at 20,000 psi (SLM Aminco, Silver Spring, MD) and the soluble 

fraction was loaded on a 5-ml NTA column (GE Healthcare Life Sciences, Pittsburgh, PA) charged 

with Ni2+. Protein was eluted from the column with elution buffer (500 mM NaCl, 500 mM 

imidazole, 1 mM PMSF, 20 mM NaPO4, pH 7.0). Pooled fractions were concentrated by 

ultrafiltration on regenerated cellulose membranes (10-kDa cut-off) and further purified by 

Äktaprime™ Plus gel filtration HiPrep 26/60 Sephacryl S-300 HR (GE Healthcare Life Sciences, 

Pittsburgh, PA). The column was equilibrated and developed in 100 mM NaCl, 50 mM HEPES, 

pH 7.0 at 0.5 ml/min, and protein containing fractions were combined and stored at 4°C. 
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Thermal denaturation studies 

Differential Scanning Fluorimetry experiments were performed using an ABI 7300 Real-Time 

PCR System (Applied Biosystems, Foster City, CA, USA). L-proline was dissolved in 20 mM 

imidazole, 500 mM NaCl, 20 mM NaPO4, pH 6.4 and used at final concentrations of 100 μM, 1 

mM, and 10 mM. McpU-PR (wild type and its variants) and SYPRO® Orange (Invitrogen, Grand 

Island, NY) were diluted in the same buffer to final concentrations of 10 μM and a final SYPRO® 

Orange concentration of 0.7x (from 5,000x stock). Thirty microliter reactions of all conditions 

were performed in duplicate. A temperature gradient was applied from 10–85 °C with a 30 second 

equilibration at each half degree °C. Fluorescence was quantified using the preset FRET 

parameters (excitation, 490 nm; emission, 530 nm) and normalized to the lowest and highest 

intensity for each data set. Melting temperatures were determined by data analysis with XLfitTM 

from IDBusiness Solutions (Guildford, UK). 

 

Isothermal titration calorimetry (ITC) 

McpU-PR and McpU-PR/D182E in 100 mM NaCl, 50 mM HEPES, pH 7.0 were concentrated to 

812 μM using a 10-kDa regenerated cellulose membrane in a 50 ml Amicon filter unit and a 10-

kDa Centricon centrifugal filter device (Millipore, Bedford, MA). Measurements were made on a 

VP-ITC Microcalorimeter (MicroCal, Northampton, MA) at 22°C. The protein was placed in the 

sample cell and titrated with 10 μl injections of 4 mM L-proline that had been dissolved in the 

flow-through of the protein filtration step. The flow-through fraction was titrated with the same 

concentration of L-proline to produce a baseline that was subtracted from the protein titration. Data 

analysis was carried out using the “one binding sites” model of the MicroCal version of Origin 8.1 

software (OriginLab, Northampton, MA). 
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RESULTS 

McpU mediates S. meliloti chemotaxis towards seed exudate of its host Medicago sativa 

Chemotaxis of rhizobacteria in the soil towards host plant roots is important in establishing 

symbiosis (58, 59). Since McpU is a major receptor in S. meliloti chemotaxis (9, 44), we analyzed 

the reaction of wild type (WT, RU11/001), a strain lacking mcpU (ΔmcpU; RU11/828), and a che 

strain (mcpS, mcpT, mcpU, mcpV, mcpW, mcpX, mcpY, mcpZ, icpA (RU 

towards exudates of Medicago sativa (alfalfa) seeds. Exudates were prepared from surface-

sterilized germinating seeds and tested with motile cell populations in qualitative agarose capillary 

assays. The wild-type strain revealed a strong positive response towards seed exudate as detected 

by the accumulation of cells at the mouth of the capillary (Fig. 2.1, top), while a strain lacking all 

nine chemoreceptors genes (RU13/149) showed a complete lack of cell accumulation, and is 

therefore defined as chemotaxis negative (che; Fig. 2.1, middle). In comparison, the mcpU deletion 

strain exhibited a very weak, but still visible response, observed as faint accumulation of cells at 

the capillary opening (Fig. 2.1, bottom). The strongly diminished response of the ΔmcpU strain 

indicates that McpU is a principal chemoreceptor for attractant components in alfalfa seed 

exudates. 

 

The potent chemoattractant proline is exuded by germinating alfalfa seeds 

Since capillary assays revealed that McpU is an important chemoreceptor for host seed exudates 

and previous studies recognized McpU as a major proline sensor (9), we analyzed the amount of 

proline exuded by germinating alfalfa seeds. Three biological replicates of surface-sterilized seeds 

were germinated, exudates harvested and processed with the Phenomenex EZ:faast® kit. Data 

analysis after liquid chromatography mass spectrometry (LC-MS) revealed that 1.75 ± 0.24 μmoles 

of proline are exuded by one gram of seeds (201 g/g of seed), which equals an amount of 3.72 
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nmoles of proline per alfalfa seed. With an average seed volume of 2.17 l, the concentration of 

exuded proline at the seed surface is predicted to be 1.71 mM which would then be allowed to 

diffuse from the seed into the spermosphere. Millimolar concentrations of proline have been 

reported to elicit an attractant response from S. meliloti (9, 11). In conclusion, proline is secreted 

by germinating alfalfa seeds in concentrations detectable by the chemotaxis system of S. meliloti. 

 

McpU mediates chemotaxis of S. meliloti towards proline 

In a previous study, we analyzed the chemotaxis behavior of single chemoreceptor deletion strains 

and identified McpU as a major receptor for the strong attractant proline (9). To further assess the 

importance of McpU for the attraction of S. meliloti to proline, we constructed the broad-host range 

plasmid pBS1053 which allows controlled expression of mcpU from an inducible lac promoter by 

the addition of varying concentrations of isopropyl β-D-1-thiogalactopyranoside (IPTG). We first 

performed a quantitative swim plate assay with 10-4 M proline (L-proline was used in all studies) 

as the sole carbon source. After 5 days of incubation at 30 °C, the wild type formed a swim ring 

with a diameter of 80 mm, while the swim ring produced by the mcpU deletion strain was 44% of 

the wild-type swim ring (Fig. 2.2A). In comparison, a che strain formed a ring on proline swim 

plates which had a diameter of 27% of the wild-type swim ring size (9). In the absence of the 

inducer IPTG, the complemented strain (mcpU/mcpU) formed a ring larger than that of the 

deletion strain (64% of wild type). The observed partial complementation demonstrates that McpU 

is already expressed under these conditions, which can be explained by basal leakiness of the E. 

coli lac promoter/LacIq repressor system. The swim ring size of the complemented strain increased 

with increasing ITPG concentration, reaching a plateau between 5 and 500 M ITPG with a 

maximum of 91% of the wild-type swim ring at 500 μM IPTG (Fig. 2.2). Higher concentrations 
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of IPTG had a marginally inhibitory effect on swim ring size (data not shown). To serve as a 

second assessment, we quantified the response of S. meliloti strains to proline in a traditional 

capillary assay. This test is considered the gold standard of chemotaxis assays because of its ability 

to quantify cell numbers in a capillary, thus allowing for accurate classification of tested chemicals. 

When the response of wild-type cells to 10 mM proline was tested, 1.1 x 106 cells accumulated in 

the 1-l capillary after 2 hour incubation at room temperature. The che strain exhibited a negligible 

response compared to wild type, while the response of the mcpU deletion strain was 34% of the 

wild-type response (Fig. 2.2B). When the complemented strain was grown in the presence of 500 

M IPTG, which caused optimal recovery of proline sensing on swim plates (Fig. 2.2A), it attained 

86% of the wild-type response (Fig. 2.3B). Taken together, both assays provided consistent results 

showing that the response of S. meliloti to proline is greatly dependent on McpU. Furthermore, 

proline taxis can be restored by the expression of mcpU in trans. 

 

A structure-based homology search identifies the ligand binding site in McpU 

The periplasmic region of McpU contains a conserved Cache (calcium channels and chemotaxis 

receptors; (45)) signaling domain (amino acid residues 149-226; (60, 61)) and a less well-

conserved TarH domain (residues 106-144; (61)). Members of the Cache family are widespread 

in both prokaryotic and eukaryotic organisms and are predicted to bind small molecules, including 

amino acids (45). A homologue search in the RCSB Protein Data Bank revealed that the 

periplasmic region of McpU (McpU-PR, residues 40-284) shares the greatest sequence identity 

(26%) with the sensor domain of McpN from Vibrio cholerae. The structure of the McpN sensor 

domain (residues 61-300, Protein Data Bank code 3C8C) appears as a homodimer (Fig. 2.3). Each 

polypeptide chain has an N-proximal -helix that loops over into two consecutive Cache domains. 
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Zooming in on either of the N-proximal Cache domains (close up in Fig. 2.3) reveals the ligand 

alanine in the binding pocket formed by the domains. The carboxyl groups of two aspartate 

residues, Asp-172 and Asp-201, coordinate the ligand via hydrogen bonds between the oxygen 

atoms and the amino group of the ligand. Alignment of McpU-PR and McpN-PR revealed a 34% 

identity in the region of the McpN tandem Cache domains, whereas the regions outside of the 

tandem cache domains have only 16% identity (62), corroborating the presence of tandem Cache 

domains in McpU-PR. The amino acid sequence of the McpU periplasmic region was submitted 

for three dimensional-structure-based homology modeling in the SWISS-MODEL Workspace 

(63). A model was constructed with McpU-PR residues 7-245 based on the McpN template (3C8C) 

of V. cholerae. When the homology model of McpU-PR was superimposed with the structure of 

the McpN sensor domain, two aspartate residues, namely Asp-155 and Asp-182, were conserved 

in the same positions as the two ligand-coordinating residues in McpN. This finding allows the 

prediction that the ligand binding pocket of V. cholerae McpN and S. meliloti McpU is conserved 

and that McpU coordinates proline in a similar manner that McpN uses to bind the ligand alanine. 

 

Single-point mutations in the ligand-binding pocket of McpU cause a diminished chemotaxis 

response to proline 

Homology modeling predicted two conserved aspartate residues in McpU-PR to be involved in 

ligand sensing. To elucidate the role of these residues in chemotaxis towards proline, we created 

S. meliloti mutants carrying single point mutations in position 155 and 182. Initially, we made 

alanine substitutions and analyzed the behavior of the resulting mutants in comparison to 

appropriate control strains in hydrogel capillary assays. The hydrogel capillary assay is an 

improved variation of the agarose capillary assay used earlier (Fig. 2.1). Wild-type cells 
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(RU11/001) strongly accumulated around the mouth of the capillary filled with 1 mM proline (Fig. 

2.4A), while the che (RU13/149) and the mcpU deletion (RU11/828) strains displayed no or a 

strongly reduced response to proline, respectively (Fig. 2.4B and 2.4C). Strain BS184 (McpUD155A) 

exhibited a weaker response compared to wild type, yet considerably stronger than that of the 

mcpU deletion strain (RU11/828) (Fig. 2.4D). In contrast, the response of strain BS182 

(McpUD182A) to proline was almost abolished (Fig. 2.4E). Therefore, we introduced a glutamate 

residue in position 182, which we predicted to be a less detrimental substitution. The resulting 

strain, BS187 (McpUD182E) exhibited an intermediary response (Fig. 2.4F), which was weaker than 

wild type, but stronger than the mcpU deletion strain. To quantify the importance of aspartate 

residues 155 and 182 for proline taxis, we performed proline swim plate assays with the mutant 

strains and compared their behavior to the wild type (Fig. 2.5). All mutant strains exhibited a 

diminished response to proline, with the order of response ranking as mcpU ˂ McpUD182A ˂ 

McpUD182E ˂ McpUD155A ˂ wild type, correlating with the results obtained from the hydrogel 

capillary assays. 

To verify that the altered chemotactic responses of the mutant strains are not caused by reduced 

levels of mutant McpU protein, we assessed the expression of McpU variant proteins in S. meliloti 

using immunoblots. Since antibodies directly targeting McpU were not available, we created 

mutants strains with corresponding variants of McpU-EGFP in its native chromosomal locus for 

McpUD155A and McpUD182A (Table 1) and compared their expression and incorporation in S. 

meliloti cell membranes with that of McpU-EGFP (44) using a commercially available monoclonal 

anti-GFP antibody. Full-length McpU-EGFP fusion variant proteins (101 kDa) were present in 

isolated membranes at similar levels compared to wild-type McpU-EGFP (Fig. 2.6). Band 

intensities from three independent blots quantified as 114% and 91% for McpUD155A-EGFP and 
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McpUD182A-EGFP, respectively, compared to McpU-EGFP. Since there is no correlation between 

attractant response of the mutant strains (Fig. 2.4) and the respective band intensities of variant 

protein (Fig. 2.6), we concluded that both aspartate residues in McpU-PR are involved in proline 

sensing, with Asp-182 being more important than Asp-155. 

 

Proline interacts with the periplasmic region of McpU involving Asp-182 

To test the interaction of proline with the isolated sensing domain in vitro, we overexpressed and 

purified McpU-PR and its single amino acid variants McpU-PRD182A and McpUD182E fused N-

terminally to a His6-tag using affinity and size exclusion chromatography. Next, we monitored the 

thermal unfolding of isolated proteins in the presence of the fluorescent dye SYPRO orange, which 

binds to the hydrophobic parts of proteins as they unfold. This technique, named differential 

scanning fluorimetry (DSF), enables the identification of ligands that bind and stabilize purified 

proteins (64). Characteristically, the transition midpoint, Tm, shifts to higher temperatures upon 

binding of a low-molecular weight ligand. We determined the Tm of McpU-PR as 37°C, which 

shifted upon addition of 10 mM proline to 52°C (Fig. 2.7). The drastic Tm increase of McpU-PR 

in the presence of proline indicates that it stabilizes the protein through direct interaction. 

Furthermore, we observed a promotion of McpU-PR stability at lower concentrations of proline 

(1.0 and 0.1 mM, data not shown). When we tested the protein variants, we found that McpU-

PRD182A has a Tm of 29°C, which is 8°C lower than that of McpU-PR, indicative of reduced protein 

stability. In the presence of proline, no change in Tm was observed, demonstrating lack of 

interaction. For McpU-PRD182E, the Tm in the absence of proline was 34°C, which only marginally 

increased by 2°C to 36°C. While the general stability of McpU-PRD182E appears to be comparable 

to the wild-type protein, the small increase of Tm in the presence of proline infers a relatively weak 
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interaction. Altogether, proline directly interacts with the sensing domain of McpU, while 

mutations in the binding pocket that affect ligand coordination reduce the affinity between receptor 

and proline. 

 

Proline binds directly to McpU-PR 

Next, we used isothermal titration calorimetry (ITC) to quantitatively assess binding of proline to 

the sensing domain of McpU and its binding site variant (McpU-PRD182E). As shown in Fig. 2.8A, 

titration of McpU-PR with proline resulted in large exothermic heat signals that dissipate into heats 

of dilution. The affinity derived from the binding curve yielded a KD of 104 μM, a value well 

within the range of reported bacterial chemoreceptor-ligand interactions (65-67). Titration of the 

McpU-PRD182E variant caused very small exothermic heat signals and earlier saturation of heat 

release (Fig. 2.8B). Due to the extremely weak interaction, a KD was not derived. The ITC results 

confirm direct binding of proline to McpU and the importance of Asp-182 for ligand binding. 

 



 

58 
 

DISCUSSION 

The symbiotic soil bacterium S. meliloti uses chemotaxis to optimize movements towards nutrients 

and host plant-secreted attractants (9-13). This early step in host interaction allows bacteria to 

effectively locate infection sites along emerging roots and therefore more effectively compete for 

nodulation (19, 58). Alfalfa roots release a spectrum of phytochemicals in the soil, including 

carbohydrates, amino acids, organic acids, fatty acids, sterols, growth factors, vitamins, and 

flavonoids, to initiate and modulate the dialogue with its microbial symbiont (14, 68, 69). 

Similarly, germinating seeds exude many organic compounds and we have shown that alfalfa seed 

exudates elicit a prevailing chemotactic response from S. meliloti (Fig. 2.1). An early recruitment 

of the microbial symbiont to the growing root, e.g. during seed germination, appears to be a 

plausible strategy to maximize interaction. While flavonoids have been suggested as host-specific 

attractants, they elicit only a weak chemotactic response (8, 59), and likely have a short diffusion 

range in aqueous soil due to their hydrophobic nature. Therefore, amino acids, organic acids, and 

sugars are more attractive candidates to function as recruiting agents, because they are hydrophilic 

and many of these substances have been shown to serve as chemoattractants for S. meliloti (9, 11, 

12). 

In this study, we rationally related proline exudation by germinating alfalfa seeds with S. meliloti 

chemotaxis towards proline. We found that proline is exuded from germinating alfalfa seeds in 

millimolar concentrations. It is known that plants exude most proteinogenic amino acids into the 

soil where they can serve as biological sources of carbon and nitrogen for soil bacteria (70). In 

addition, certain amino acids, including proline and glutamate, function as osmoprotectants and 

are accumulated by a variety of bacteria during osmotic stress. This ability is particularly valuable 

in environments that are prone to significant variation in solute concentration such as the 
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rhizosphere (70, 71). Therefore, it is beneficial for microbes to seek higher concentrations of 

proline in the soil and proline taxis has been reported for several soil bacteria, including 

Agrobacterium sp. H13-3, Bacillus subtilis, Pseudomonas fluorescens, and S. meliloti (11, 65, 72). 

Our current work and other studies presented that S. meliloti can sense and migrate towards proline 

in the micro to millimolar range (Figs. 2.2 & 2.4; (9, 11)). Furthermore, preliminary analyses 

revealed a greater attraction of S. meliloti to host compared to non-host legume seed exudates (data 

not shown). It would be interesting to see whether the capacity of host plants to exude amino acids 

such as proline has co-evolved with the capability of bacterial symbionts to chemotactically react 

to these substances, thereby increasing symbiotic effectiveness. Studies are on the way to 

comparatively examine the secretomes of host and non-host legumes. 

Based on previous results, we focused our studies on McpU, one of eight chemoreceptors 

mediating S. meliloti chemotaxis. McpU is one of the more abundant chemoreceptors in S. meliloti 

(44), and capillary and swim plate assays of single deletion mutants identified McpU as major 

receptor for proline (9). We first investigated the reaction of an in-frame mcpU deletion strain 

towards exudates harvested from germinating alfalfa seeds and established that its chemotaxis 

response is strongly diminished (Fig. 2.1). Since proline is exuded in millimolar concentrations by 

germinating alfalfa seeds and proline elicits a strong chemotactic response of S. meliloti wild-type 

but not the mcpU deletion strain (Figs. 2.2 & 2.4), we concluded that McpU is mediating 

chemotaxis towards host plants through proline sensing. However, proline is likely not the sole 

chemoattractant. The function of individual S. meliloti chemoreceptors for root colonization or 

nodulation has not been investigated. It will be interesting to see whether the mcpU deletion strain 

is impaired in its ability to induce nodule formation. It is worth mentioning that proline chemotaxis 

is not completely abolished in the mcpU strain, which suggests an overlap in specificity by other 
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chemoreceptors. It has been reported that at least three chemoreceptors in Pseudomonas putida 

have overlapping specificity for organic acids (14). In fact, S. meliloti McpX and McpY have been 

identified previously through capillary assays to contribute to proline taxis (9). McpX and McpU 

both possess Cache domains, which are known to bind small ligands such as amino acids (45), 

while McpY is a cytosolic protein with dual Per-Arnt-Sim (PAS;(73)) domains (9). Since detailed 

information about the proline sensing characteristics of McpX and McpY is lacking, we can only 

speculate about their involvement in the recognition of plant-derived proline. Proline binding 

and/or cooperative signaling of receptor homodimers forming mixed trimers-of-dimers are among 

the possible explanations for the behavior of mcpX and mcpY receptor mutants. Behavioral studies 

of S. meliloti are hampered by the circumstance that chemoreceptor function appears to depend on 

the presence of a receptor ensemble (9). A strain bearing only a chromosomal copy of mcpU but 

lacking all other receptor genes (RU13/285) behaves like a che strain on swim plates and in the 

agarose capillary assay. In addition, overexpression of mcpU from pBS1053 in a strain lacking all 

chemoreceptors (RU13/149) failed to restore proline taxis (data not shown). One plausible 

hypothesis for this behavior is a reduced capability of an individual chemoreceptor to form a 

signaling cluster (44). This rules out the possibility of analyzing the sensing range of single 

chemoreceptor species in vivo without the influence of other chemoreceptors. 

Bacterial chemoreceptors can bind attractants directly to their periplasmic domains or indirectly 

through periplasmic substrate-binding proteins (74). Our in-vitro binding studies revealed that 

McpU binds proline directly to its periplasmic region (Figs. 2.7&2.8). Using ITC we determined 

the KD to be 104 M, which is within the range of KD values obtained for proline binding to the 

periplasmic regions of McpC of B. subtilis and McpX of V. cholerae with 14 μM and 75 μM, 

respectively (65, 66). It is worth mentioning that McpU exhibited exothermic binding, similar to 
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McpX, while McpC displayed endothermic binding. The structures of their periplasmic domains 

were modeled after V. cholera McpN and proposed to have tandem Cache domains. Interestingly, 

McpC and McpX were shown to bind multiple amino acid ligands (65, 66). It remains to be seen 

whether similar binding characteristics hold true for McpU and to what extent these putative 

ligands are exuded by the alfalfa host. 

Since no structural data are available for McpU, we used the crystal structure of V. cholerae McpN 

complexed with alanine to model the ligand binding pocket and identify residues that coordinate 

proline (Fig. 2.3). Two conserved residues, Asp-155 and Asp-182 (Asp-172 and Asp-201 in 

McpN) in the N-terminal Cache domain were predicted to bind the ligand proline and were chosen 

for further phenotypic analyses. The moderate decrease in proline taxis caused by a mutation of 

Asp-155 to Ala indicates the involvement of this residue in proline binding. However, the effect 

is not as detrimental as an Asp to Ala mutation in position 182, which abolished proline taxis 

mediated by McpU and in-vitro binding of proline to McpU-PRD182A (Figs. 2.4, 2.5, 2.7). We 

hypothesize that a change in the side chain of residue 155 can be relatively promiscuous, while the 

nature of the residue in position 182 is critical for proper proline binding. This conclusion is 

supported by the less impaired phenotype of a strain carrying an Asp to Glu mutation in position 

182, which conserves the carboxyl group of the side chain (Figs. 2.4&2.5). The carboxyl moiety 

of the glutamate residue likely allows coordination of the ligand via hydrogen bonds to the amino 

group of the ligand, yet the increased length of the side chain possibly reduces the size of the 

binding pocket thereby weakening ligand affinity. Reduced affinity of proline to McpU-PRD182E 

was confirmed by in-vitro DSF and ITC binding analyses (Figs. 2.7&2.8). Additional information 

delivered by DSF was the moderate decrease in stability of the proteins with a variation in position 

182. We found DSF to be a useful technique for monitoring interactions with proline. Although 
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this technique does not provide KD values, it can be beneficial as a first screen of mutant proteins 

or potential ligand interactions. 

Chemoreceptor proteins vary in their genomic abundance, sequence, and domain topologies 

throughout the bacterial kingdom (67, 75). The number of MCPs in bacteria that establish 

pathogenic or symbiotic interactions with plant roots is typically high, e.g., 20 in Agrobacterium 

tumefaciens (76) and 36 in Bradyrhizobium japonicum (77). In this view, S. meliloti is an ideal 

model organism to study chemoreception of phytochemicals, because it only has eight receptors 

directing chemotaxis (9, 43). Four of these receptors have un-annotated ligand binding domains, 

while the remaining four contain either Cache or PAS domains (9). We showed that the Cache 

domain in McpU directly binds proline. McpU is the first chemoreceptor in S. meliloti or other 

rhizobial bacteria for which a host plant-derived ligand was identified. Furthermore, we presented 

the importance of proline sensing for the recognition of the S. meliloti host alfalfa. Lastly, we drew 

the conclusion that McpU has a major contribution in host recognition. It will be interesting to 

decipher the role of the remaining seven chemoreceptor proteins in host recognition, as we 

continue the search for, possibly unique, host plant-specific attractants. 
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Fig 2.1 Chemotactic responses of S. meliloti wild type (WT, RU11/001), mcpU deletion (mcpU, 

RU11/828) and che strain (RU13/149, mcpS, mcpT, mcpU, mcpV, mcpW, mcpX, mcpY, 

mcpZ, icpA () towards alfalfa seed exudate. Strains from early log phase in RB were tested 

with agarose capillaries containing 0.15 mg/ml of alfalfa seed exudate in RB solidified with 1% 

agarose. Photographs were taken at 100x magnification under dark field microscopy after 10 min 

for wild type and 20 min for the mcpU and che strain, respectively. 
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Fig 2.2 Complementation of the 

chemotactic response of the S. meliloti 

mcpU deletion strain to proline. A. 

Quantitative proline swim plate assay with 

increasing amounts of IPTG. Strains 

RU11/828 (▲-▲) and RU11/828 with 

pBS1053 (●-●) were pipetted onto RB plates 

containing 10-4 M proline with varying 

concentrations of IPTG to induce expression 

of mcpU under control of the lac promoter 

from plasmid pBS1053. Percentages of the 

wild-type swim diameter on 0.27% agar are 

the means of three replicates, each in 

duplicate. Error bars represent the standard 

deviation from the mean. B. Quantitative 

capillary assay of the mcpU deletion strain (mcpU, RU11/828), the complemented strain 

(mcpU/mcpU, RU11/828 with pBS1053) induced with 500 M IPTG, and the chemotaxis 

negative strain (che, RU13/149) with 10 mM proline. Results for each strain are the means of three 

experiments, each in triplicate. The means of each strain were normalized to the number of wild-

type cells per capillary. Error bars represent the standard deviation from the mean. 
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Fig 2.3 Identification of McpU residues involved in proline sensing using the structure of the 

Vibrio cholerae McpN as a model. The structure of the periplasmic amino-terminal domain of 

the McpN dimer (Protein data bank code 3C8C) is oriented to display the tandem Cache domains 

of V. cholera McpN. The view on the right provides a close up of the alanine ligand in the binding 

pocket of the N-terminal Cache domain on the monomer on the right. Two aspartate residues 

(Asp172 and Asp201) likely coordinate the ligand. The corresponding residues in S. meliloti 

McpU, Asp155 and Asp182, were chosen for further studies. 
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Fig 2.4 Chemotactic responses of S. meliloti mcpU mutant strains towards proline in hydrogel 

capillaries. A. wild type (RU11/001), B. che (RU13/149), C. mcpU (RU11/828), D. McpUD155A 

(BS184), E. McpUD182A (BS182), F. McpUD182E (BS187). Strains from early log phase in RB were 

tested with hydrogel capillaries containing 1 mM proline. Photographs were taken at 100x 

magnification under dark field microscopy after 20 min. 
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Fig 2.5 Chemotactic responses of S. meliloti mcpU mutant strains towards proline in a 

quantitative swim plate assay compared to the wild-type strain. The mcpU deletion strain 

(mcpU, RU11/828), McpUD155A (D155A, BS184), McpUD182A (D182A, BS182), McpUD182E 

(D182E, BS187) were pipetted onto RB plates containing 10-4 M proline. Percentages of the wild-

type swim diameter on 0.27% agar are the means of three replicates, each in duplicate. Error bars 

represent the standard deviation from the mean. 
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Fig 2.6 Immunoblot analysis of McpU and McpU-variant EGFP fusions in S. meliloti 

membrane fractions. S. meliloti cells were fractionated, and equal volumes of membrane 

fractions were electrophoretically separated, blotted on nitrocellulose and detected with anti-GFP 

monoclonal antibody. Lane 1, BS183 (McpUD182A-EGFP), lane 2, RU13/301 (McpU-EGFP), lane 

3, BS185 (McpUD155A-EGFP), lane 4, RU11/001 (wt). 
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Fig 2.7 Differential scanning fluorimetry profiles for binding of proline to McpU-PR and 

McpU-PR variants. Protein stability was monitored as a function of fluorescence intensity. 

Proteins were tested at a concentration of 10 μM with or without 10 mM proline. McpU-PR (■), 

McpU-PR with proline (■), McpU-PRD182A (●), McpU-PRD182A with proline (●) McpU-PRD182E 

(▲), and McpU-PRD182E with proline (▲). 
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Fig 2.8 Isothermal titration calorimetry of McpU-PR and McpU-PRD182E with proline. 

Titration of A. McpU-PR and B. McpU-PRD182E was carried out at a protein concentration of 812 

μM with 10 μl injections of 9.8 mM proline. Reference data were produced by titrating buffer with 

proline and subtracting the resulting heat of ligand dilution from the experimental curves shown. 

Upper panels show the raw titration data and lower panels show the normalized and dilution 

corrected peak areas of the raw titration data. Data were fitted with the One-set-of-sites model of 

the MicroCal version of Origin7. 

 



 

77 
 

Table 2.1. Bacterial strains and plasmids 

Strain/Plasmid Relevant characteristics a 
Source or 

Reference 

Strain   

E. coli   

DH5 recA1 endA1 (78) 

M15/pREP4 Kmr; lac ara gal mtl F recA uvr Qiagen 

S17-1 recA endA thi hsdR RP4-2 Tc::Mu::Tn7 Tpr Smr (56) 

S. meliloti   

BS182 Smr; mcpU with codon 182 changed from GAT to GCC (D182A) This work 

BS183 Smr; mcpU-EGFP gene with codon 182 changed from GAT to 

GCC (D182A) 

This work 

BS184 Smr; mcpU with codon 155 changed from GAC to GCC (D155A) This work 

BS185 Smr; mcpU-EGFP gene with codon 155 changed from GAC to 

GCC (D155A) 

This work 

BS187 Smr; mcpU with codon 182 changed from GAT to GAG (D182E) This work 

RU11/001 Smr; spontaneous streptomycin-resistant wild-type strain (79) 

RU11/828 Smr; mcpU (9) 

RU13/149 Smr; mcpS, mcpT, mcpU, mcpV, mcpW, mcpX,  

mcpY, mcpZ, icpA ( 

(26) 

RU13/285 Smr; mcpS, mcpT, mcpV, mcpW, mcpX, mcpY, mcpZ, 

icpA (8); mcpU crossed-back into RU13/149 

This work 

RU13/301 Smr; mcpU-EGFP gene (44) 

Plasmid   

pACYC184 Cpr, Tcr; source of lacIq (80) 

pBBR1-MCS2 Kmr (81) 

pBS189 Apr , lacIq fragment from pBS189 cloned into the SacI site of 

pBBR1-MCS2 

This work 

pBS373 Apr; 735 bp SphI/HindIII PCR fragment containing mcpU 118-

852 bps (aa 40-284) cloned into pQE30 

This work 

pBS383 Apr; 735 bp SphI/HindIII PCR fragment containing mcpU 118-

852 bps (aa 40-284) with mcpU codon 155 changed from GAC to 

GCC (D155A) cloned into pQE30 

This work 

pBS384 Apr; 735 bp SphI/HindIII PCR fragment containing mcpU 118-

852 bps (aa 40-284) with mcpU codon 182 changed from GAT to 

GCC (D182A) cloned into pQE30 

This work 

pBS390 Apr; 735 bp SphI/HindIII PCR fragment containing mcpU 118-

852 bps (aa 40-284) with mcpU codon 182 changed from GAT to 

GAG (D182E) cloned into pQE30  

This work 

pBS1053 2124 bp HindIII/XbaI PCR fragment containing mcpU cloned 

into pBS189 

This work 

pK18mobsacB Kmr, lacZ mob sacB (82) 

pQE30 Apr; expression vector Qiagen 

 
a Nomenclature according to Bachmann (83) and Novick et al. (84). 



 

78 
 

Chapter 3 - Contribution of individual chemoreceptors to Sinorhizobium meliloti 

chemotaxis towards amino acids of host and non-host seed exudates 

 

 

BENJAMIN A. WEBB1, RICHARD F. HELM2, AND BIRGIT E. SCHARF1* 

 
1Virginia Tech, Department of Biological Sciences, Life Sciences I, Blacksburg, VA 24061; 

 2Virginia Tech, Department of Biochemistry, Life Sciences I, Blacksburg, VA 24061 

 

 

 

 

 

 

 

 

 

 

Running title: Chemotaxis towards host and non-host seed exudates 

 

 

Key words: flagellar motor, motility, rhizosphere, symbiosis, two-component system 

 

 

* For correspondence: 

  E-mail bscharf@vt.edu 

  Tel (+1) 540 231 0757 

  Fax (+1) 540 231 4043 

  Biological Sciences, Life Sciences I 

  Virginia Tech 

  Blacksburg, VA 24061, USA 

 

 

Mol Plant Microbe Interact. MPMI. 2016 Mar;29(3):231-9. doi: 10.1094/MPMI-12-15-
0264-R. Accepted manuscript posted online 22nd of February 2016, doi: 
10.1128/AEM.00115-14 
 
Attribution: BAW has generated the data shown here in Fig. 3.1 - Fig. 3.7. BAW, RFH, and 
BES drafted the final manuscript. 

 
  



 

79 
 

ABSTRACT 

Plant seeds and roots exude a spectrum of molecules into the soil that attract bacteria to the 

spermosphere and rhizosphere, respectively. The alfalfa symbiont Sinorhizobium meliloti utilizes 

eight chemoreceptors (McpT-Z, IcpA) to mediate chemotaxis. Using a modified hydrogel capillary 

chemotaxis assay that allows data quantification and larger throughput screening, we defined the 

role of S. meliloti chemoreceptors in sensing its host, Medicago sativa, and a closely related non-

host, Medicago arabica. S. meliloti wild type and most single deletion strains displayed 

comparable chemotaxis responses to host or non-host seed exudate. However, while the mcpZ 

mutant responded like wild type to M. sativa exudate, its reaction to M. arabica exudate was 

reduced by 80%. Even though the amino acid amounts released by both plant species were similar, 

synthetic amino acid mixtures that matched exudate profiles contributed differentially to the S. 

meliloti wild-type response to M. sativa (23%) and M. arabica (37%) exudates, with McpU 

identified as the most important chemoreceptor for amino acids. Our results show that S. meliloti 

is equally attracted to host and non-host legumes; however, amino acids play a greater role in 

attraction to M. arabica than to M. sativa, with McpZ being specifically important in sensing M. 

arabica. 
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INTRODUCTION 

The legume-rhizobia symbiosis is characterized by the infection of a legume root by rhizobia 

resulting in the formation of an organ called the nodule. Inside the nodule, rhizobia transform into 

bacteroids, which fix atmospheric nitrogen into a utilizable nitrogen source resulting in greater 

legume biomass. In return, the legume provides nutrients to the rhizobia. A key step in the initiation 

of nodulation is the rhizobial recognition of compatible host-legume secreted flavonoids followed 

by the legume recognition of compatible microsymbiont-borne Nod factors (Cooper, 2007; Hirsch 

et al., 2001; Jones et al., 2007; van Rhijn and Vanderleyden, 1995). The symbiotic partners have 

developed very specific means of molecular dialogue resulting in interactions that can be highly 

exclusive (Garau et al., 2005; Sprent, 2007). For example, the soil dwelling bacterium 

Sinorhizobium meliloti is hosted by the agriculturally important legume, Medicago sativa (alfalfa) 

(Jones et al., 2007) as well as Melilotus alba (white sweet clover) (Yan et al., 2000) and Medicago 

truncatula (barrel medic) (Terpolilli et al., 2008). However, the closely related Medicago arabica 

(spotted medic) cannot serve as a host for S. meliloti (Garau et al., 2005). 

There are several steps prior to nodulation that contribute to propagation of the symbiosis including 

rhizobial chemotaxis, attachment mediated by Type IVb pili, exopolysaccharide synthesis and 

biofilm formation, and flavonoid-Nod factor recognition (Downie, 2010; Fujishige et al., 2006; 

González et al., 1996; Gulash et al., 1984; Kamberger, 1979; Rinaudi and González, 2009; 

Sorroche et al., 2010; Wang et al., 2012; Zatakia et al., 2014). Chemotaxis is one of the earliest 

steps in symbiosis, which enables rhizobia to respond to compounds released by host seed and 

roots and actively swim towards and accumulate in the spermosphere and rhizosphere (Ames and 

Bergman, 1981; Bergman et al., 1988; Caetano-Anolles et al., 1988b; Dharmatilake and Bauer, 

1992; Malek, 1989; Soby and Bergman, 1983; Uren, 2000). This initial step has proven to be 
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important for successful symbiotic interactions in several rhizobia-legume partnerships including 

S. meliloti – alfalfa, Rhizobium trifolii – clover, and Rhizobium leguminosarum – pea (Ames and 

Bergman, 1981; Caetano-Anolles et al., 1988b; Mellor et al., 1987; Miller et al., 2007). Even more, 

a strain of Bradyrhizobium japonicum with enhanced chemotaxis had a greater nodulation 

efficiency than the wild type (Althabegoiti et al., 2008b). 

A germinating seed exudes a multitude of compounds into the soil creating a spermosphere that is 

unique to that species and even to that seed (Miller and Oldroyd, 2012; Nelson, 2004). The 

molecular composition of seed exudate includes amino acids, sugars, lipids, phenolics, proteins, 

and other metabolites (Barbour et al., 1991; Nelson, 2004; Webb et al., 2014). Chemotaxis to their 

host seed exudates has been shown for S. meliloti, B. japonicum, and R. leguminosarum (Barbour 

et al., 1991; Gaworzewska and Carlile, 1982; Webb et al., 2014), but knowledge of the compounds 

responsible is mostly lacking. A more comprehensive study of the attractants exuded by alfalfa 

seeds and the corresponding S. meliloti chemoreceptors is required for the development of strains 

with enhanced chemotaxis towards the host. 

Previous work has characterized particular aspects of the S. meliloti chemotaxis system regarding 

the number and domain topology of chemoreceptors (Meier et al., 2007), chemoreceptor-ligand 

specificity (Meier et al., 2007; Webb et al., 2014), the two-component regulatory components 

(Amin et al., 2014; Dogra et al., 2012; Riepl et al., 2004; Sourjik and Schmitt, 1998), and the 

unidirectional, speed-variable flagellar motor (Attmannspacher et al., 2005; Eggenhofer et al., 

2004; Platzer et al., 1997; Sourjik and Schmitt, 1996). S. meliloti has eight genes coding for 

putative chemoreceptors called methyl-accepting chemotaxis proteins (McpS-Z) and one internal 

chemotaxis protein (IcpA) lacking typical methyl-accepting sites (Galibert et al., 2001; Meier et 

al., 2007). McpS, encoded from a second chemotaxis operon on the pSymA plasmid, is not 
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expressed when cells are motile, and a contribution to chemotaxis can be excluded (Meier et al., 

2007; Meier and Scharf, 2009). The eight chemoreceptors contributing to chemotaxis share a 

highly conserved, C-terminal signaling domain, which forms a ternary complex with two 

cytoplasmic chemotaxis proteins, CheA, an autohistidine kinase, and CheW, an adaptor protein. 

In the absence of an attractant, CheA is autophosphorylated and subsequently transfers the 

phosphoryl group to the response regulator protein, CheY2, which interacts with the cytoplasmic 

face of the flagellar motor and controls the swimming paths of bacteria (Scharf, 2002; Sourjik and 

Schmitt, 1996). Seven of the S. meliloti MCPs possess two transmembrane regions and a 

periplasmic region harboring the ligand-binding domain located between the transmembrane 

helices. In contrast, McpY and IcpA lack such hydrophobic regions and thus exhibit a cytosolic 

localization (Meier et al., 2007). All the chemoreceptors vary in their ligand-binding domains, 

however, McpU, McpV, and McpX share specialized domains such as Cache_1 and Cache_2 

signaling domains (Meier et al., 2007), which are known to bind small molecules, such as  amino 

acids (Anantharaman and Aravind, 2000; Ulrich and Zhulin, 2005). McpY possesses a PAS 

domain, which typically senses redox potential, oxygen, or light (Taylor and Zhulin, 1999). 

Deletion of individual receptor genes causes differential impairments in the chemotactic response 

towards a variety of small biomolecules tested, including various sugars, five amino acids, and 

four organic acids (Meier et al., 2007), but a more complete study is needed to establish their 

significance in host sensing. 

While S. meliloti chemotaxis mutants are less competitive in inducing nodule formation with 

alfalfa (Ames and Bergman, 1981; Caetano-Anolles et al., 1988b), little is known about the 

specific role of individual chemoreceptors in chemotactic host recognition. To date, only McpU 

has been characterized in playing a significant role in host plant recognition by mediating 
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chemotaxis to host-derived proline (Webb et al., 2014). To identify S. meliloti chemoreceptors 

important for host sensing, quantitative chemotaxis assays of wild type and single receptor deletion 

strains were performed with M. sativa seed exudate. In comparison, the seed exudate of the closely 

related non-host, M. arabica, was tested to identify differential responses of mutant strains, and 

concomitantly, differences in exudate attractant composition. Since amino acids are relatively 

strong attractants for S. meliloti (Götz et al., 1982; Meier et al., 2007), we also analyzed the amino 

acid profiles of host and non-host exudates, their contribution to chemotaxis, and the involvement 

of individual chemoreceptors in amino acid sensing.  
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RESULTS 

A modified agarose capillary assay with automated data acquisition and quantification 

The classic Adler capillary assay allows for the direct quantitative measurement of the response of 

a population of cells to an attractant or repellent gradient (Adler, 1973). However, when several 

variables are to be tested, such as multiple strains and/or attractants, this method can become 

tedious and time consuming. In addition, reproducible removal of the capillary contents can be 

difficult (Sampedro et al., 2014). The modified agarose or hydrogel capillary assays ease the 

assessment of chemotaxis, but the results are purely qualitative (Parales and Harwood, 2002; Webb 

et al., 2014). To avoid disadvantages of the classic capillary assay but still generate quantitative 

data, we combined the simplicity of the modified hydrogel capillary assay with a quantifiable 

measure of the chemotactic response at the mouths of the capillaries. 

Fig. 3.1A illustrates the setup of the chemotaxis chambers on a microscope slide. The dimensions 

of the setup allow for testing of up to ten different variables such as strains and attractants, or 

repetitions. Once the slide is set on the microscope stage, it is important to utilize a motorized 

focusing drive with software that allows for memorization of the x-, y-, and z-coordinates for each 

capillary. Fig. 3.1B illustrates the pipeline for image acquisition and analysis for one chemotaxis 

chamber (for more details, refer to the Materials and Methods section). The combination of the 

hydrogel capillary assay, motorized focusing drive, and image analysis software enabled 

quantitative time-course assessments of the chemotactic response, providing detailed comparative 

information on multiple experimental variables. 

 

Chemotaxis of S. meliloti wild type toward seed exudate of M. sativa and M. arabica 

To assess the potencies of germinating seed exudates from M. sativa (host) and M. arabica (non-



 

85 
 

host), the S. meliloti wild-type strain RU11/001 was tested with the hydrogel capillary assay for 

its ability to sense either exudate. In this assay, capillaries contained a hydrogel that was 

equilibrated with seed exudate. This format allowed efflux of liquid material, but prevented cells 

from swimming into the capillary, thus cells that were attracted to the exudate accumulated at the 

mouth of the capillary. A control experiment was performed to rule out a chemotactic response of 

S. meliloti to Rhizobial Basal medium (RB) used to dissolve the exudate. Comparatively, wild type 

and the che strain, which lacks all chemoreceptor genes, exhibited no response to RB, whereas 

wild type displayed a strong response to M. sativa exudate, which is abolished for the che strain 

(Fig. 3.2A). For quantitative analyses, photographs were taken at the mouth of the capillary every 

four minutes under a pseudo dark field, the pixel intensity in front of the capillaries was quantified 

using the Time Series Analyzer V3 plug-in of the ImageJ software (Balaji, 2014), and the 

intensities were normalized to the greatest intensity observed from the wild type. In this assay, 

pixel intensity positively correlates with the amount of cells present and thus with strength of the 

chemotactic response. To determine the optimal exudate concentration for optical observation and 

pixel intensity quantification, a dose response assay was performed (data not shown). During the 

first 12 min, the wild type appeared to show a slightly greater response to the M. arabica exudate. 

However, after 12 min the response to either exudate did not differ from each other (Fig. 3.2B). 

The responses plateaued between 20 and 34 min before declining. It should be noted that the 

plateau in the response is purely physiological, because pixel intensities did not reach a level of 

saturation in the images. Upon microscopic examination, it was observed that the declination in 

response after 34 min was due to the dissemination of cells away from the capillary. This is most 

likely due to depletion of the attractants from the capillary into the bacterial pond. Taken together, 

these results support the claim that the chemotactic potencies of M. arabica and M. sativa seed 
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exudate are relatively equal. 

 

Chemotaxis of single S. meliloti chemoreceptor deletion strains to M. sativa and M. arabica 

seed exudates 

To elucidate the importance of each chemoreceptor in M. sativa and M. arabica exudate sensing, 

eight single deletion strains were assessed for their maximum chemotactic response using the 

hydrogel capillary assay. The wild type exhibited a maximum response to exudate of M. sativa 

and M. arabica between 20 and 34 min (Fig. 3.2B); therefore, the pixel intensities of the mutant 

images pertaining to this time period were averaged and normalized to the greatest average 

intensity observed for the wild type for the same time period (Fig. 3.3). McpT, U, V, Y, and IcpA 

appeared to contribute similarly to the chemotaxis response toward either legume exudate. A strain 

lacking mcpU showed the most diminished response toward M. sativa and M. arabica legume 

exudates with reductions to 35% and 20% of the wild-type response, respectively. Strains lacking 

mcpW and mcpX displayed significant reductions in response to the exudate of M. sativa and M. 

arabica, respectively. Interestingly, the strain lacking mcpZ displayed a pronounced differential 

response toward the two legume exudates. While this strain responded like wild type to the M. 

sativa exudate, its reaction to the M. arabica exudate was reduced by 80%. The results indicate 

that the attractant compositions of the two legume exudates are different, and that S. meliloti senses 

an altered, but presumably overlapping attractant spectrum in M. sativa and M. arabica exudates. 

 

Chemotaxis of S. meliloti toward M. sativa and M. arabica seed exudates and synthetic amino 

acid mixtures 

S. meliloti is able to utilize each proteinogenic amino acid (AA) for growth and displays positive 

chemotaxis of varied strengths to all of them (Burg et al., 1982; Götz et al., 1982; Jordan, 1952; 
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Malek, 1989). Therefore, we first analyzed the AA composition of M. sativa and M. arabica seed 

exudates to investigate their contribution to host sensing. Exudates from surface sterilized and 

germinated seeds of M. sativa and M. arabica were quantified with LC-MS in conjunction with 

authentic AA standards. The amounts of each AA exuded by one seed was determined and the 

concentration of these AAs at the seed surface was calculated using the average M. sativa and M. 

arabica seed volumes of 2.17 l and 1.84 l, respectively. Fig. 3.4 gives a comparison of the 

concentration of each AA on the seed surface of M. sativa or M. arabica. Since both legume 

species are closely related, there appears to be no striking differences between the amounts of each 

AA exuded. It should be noted that the concentration of each AA is within range of eliciting a 

chemotactic response, thus making the individual amounts exuded relevant for attraction of S. 

meliloti to the spermosphere, and therefore for symbiosis with M. sativa. Since chemotaxis has 

been observed for the non-proteinogenic AA, ornithine, citrulline, and cystine (data not shown), 

their analysis was included in this study. 

To assess the chemotactic contribution of the AA fraction in the exudate (proteinogenic AAs plus 

cystine, ornithine, and citrulline), synthetic AA mixtures were created mimicking the exact 

quantities detected in the seed exudates of M. sativa and M. arabica, and the wild-type responses 

to the exudates were compared to the responses to their respective synthetic AA mixture. Here, 

responses to M. sativa exudate and the M. sativa synthetic AA mixture were normalized to the 

highest response observed to the exudate. The same normalization procedure was done for the M. 

arabica exudate and synthetic AA mixture. In both cases, the wild-type response toward the 

exudate is greater than it is toward the respective synthetic AA mixture (Fig. 3.5A and 3.5B). By 

adding up the normalized response values for each data set, we determined that the wild-type 

response to the M. sativa and M. arabica synthetic AA mixtures is 23% and 37% of its response 
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to the corresponding exudates, respectively. In conclusion, AA have a greater contribution to non-

host than to host exudate chemotaxis, indicating that host sensing is mediated by additional 

attractants other than measured AAs. 

 

Chemotaxis of single S. meliloti chemoreceptor deletion strains to synthetic amino acid 

mixture mimicking M. sativa exudate composition 

To determine the chemotactic contribution of individual chemoreceptors toward the synthetic AA 

mixture of the S. meliloti host, M. sativa, the single receptor deletion strains were assessed for their 

maximum chemotactic response using the hydrogel capillary assay and responses were quantified 

in Fig. 3.6. All deletion strains but ΔmcpY exhibited a decreased response, although this reduction 

was not statistically significant for ΔmcpT, ΔmcpV, ΔmcpW, and ΔmcpZ. The single deletion 

strains ΔmcpX and ΔicpA displayed significantly reduced responses of approximately 35% and 

40%, respectively, whereas a strain lacking mcpY exhibited a significantly increased response. 

Most interestingly, a strain lacking mcpU showed the largest reduction compared to wild type, 

namely a 90% decrease. This result may indicate that McpU is not only a receptor for proline, as 

previously shown (Webb et al., 2014), but proposes a function as a general AA sensor. The 

intermediate response levels of strains lacking mcpT, mcpV, mcpW, mcpX, and icpA suggests that 

these chemoreceptors also play a role in AA sensing. 

 

Chemotaxis to synthetic amino acid mixtures with and without proline 

To determine if McpU is important for chemotaxis to AAs other than proline, the chemotactic 

responses of the wild type and the ΔmcpU strain to the synthetic AA mixture were compared to 

their responses to a synthetic AA mixture lacking proline. When exposed to the synthetic mixture 

with proline, as expected, the ΔmcpU strain exhibited a reduced response compared to the wild 
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type (Fig. 3.7A and 3.7C); however, there appeared to be no difference in the responses to the 

synthetic mixtures without proline (Fig.3.7B and 3.7D). This result implies that McpU senses 

amino acids other than proline and is likely a general amino acid sensor.  

 

DISCUSSION 

S. meliloti uses chemotaxis to direct its movements toward host seed and root exuded attractants 

(Dharmatilake and Bauer, 1992; Malek, 1989). This early host-microbe interaction is important 

for increasing nodulation efficiency, because it allows the bacterial cells to effectively locate 

infection sites and compete for nodulation (Ames and Bergman, 1981; Gulash et al., 1984). 

Germinating alfalfa seeds release compounds that attract S. meliloti, which can be viewed as an 

early recruitment phase of the microsymbiont to the spermosphere. The initial recruitment and 

establishment of a positional advantage on the roots may be attained by attractants with a longer 

diffusion range such as hydrophilic amino acids, organic acids, sugars, and sugar alcohols (Ma et 

al., 2005), whereas hydrophobic substances such as phenolic compounds might only have short 

range effects (King and Srinivas, 2011). In fact, organic metabolites have been reported to be 

effective chemoattractants for S. meliloti (Burg et al., 1982; Götz et al., 1982; Meier et al., 2007; 

Robinson and Bauer, 1993), while flavonoids, although proposed as host-specific attractants, elicit 

a rather small chemotactic response (Caetano-Anolles et al., 1988a; Dharmatilake and Bauer, 

1992). Since chemical compounds are commonly exuded by many plant species during 

germination, comparing the attractant profile of S. meliloti host and non-host legumes can lead to 

a better understanding of the initial stages of symbiont recruitment. 

We observed no obvious difference in the strength or time course of attraction of S. meliloti wild 

type to seed exudate of the host, M. sativa, and the closely related non-host, M. arabica, in the 
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hydrogel capillary assay (Fig. 3.2B). This may be simply due to the high phylogenetic proximity 

of the two medics; however, the specific molecular composition of host and non-host exudates is 

unknown. Therefore, we cannot conclude that (i) the attractant spectrum is the same for both 

exudates, and (ii) S. meliloti will accumulate equally well in host and non-host spermosphere and 

rhizosphere. To address the first point, a detailed analysis of the secretome and attractome of host 

versus non-host exudate is required. The second idea can be challenged by analyzing preferential 

accumulation of S. meliloti in a microfluidic device with competing host and non-host exudates 

(Sahari et al., 2014).  

When we analyzed the chemotaxis response of single receptor deletion strains to both exudates, 

certain parallels and differences emerged. McpU and IcpA appeared to be most important for 

general exudate sensing, followed by McpV, W, X, and Y (Fig. 3.3). While the role of McpU in 

proline (Webb et al., 2014) and general amino acid sensing (Fig. 3.6) has been uncovered, little is 

known about the ligand spectrum of the remaining receptors (Meier et al., 2007). In particular, a 

function of the cytosolic IcpA in sensing the metabolic state of the cell has been discussed (Meier 

et al., 2007). Most interestingly, McpZ plays no role in host sensing, but is equally important as 

McpU for non-host sensing (Fig. 3.3). Thus, the attractants sensed by McpZ are absent in the host 

exudate, which is a clear indication that the attractant profiles of both exudates differ. In 

conclusion, S. meliloti senses a divergent, but most likely overlapping attractant spectrum in M. 

sativa and M. arabica exudates. 

Amino acids are documented as potent attractants (Burg et al., 1982; Götz et al., 1982), and our 

previous work revealed McpU as proline sensor (Webb et al., 2014). The present study identified 

McpU as the most important receptor for host sensing (Fig. 3.3). Therefore, we quantified each 

proteinogenic amino acid (AA), citrulline, cystine, and ornithine in the host and non-host seed 
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exudates, determining their millimolar concentrations per seed to classify their abundances in the 

spermosphere. Götz et al. specified the chemotactic thresholds for each proteinogenic AA ranging 

from 10-6 M (proline) to 10-4 M (aspartate) (Götz et al., 1982). Thus, single seeds from both medics 

exude chemotactically relevant amounts of most proteinogenic AAs. The AA profiles appear very 

similar between the two medics, although with slightly higher amounts exuded by M. arabica (Fig. 

3.4). The only significant difference between the two profiles is the concentration of alanine, which 

is approximately 40% higher in M. arabica exudate. While this difference is small, it could still be 

influential on the scale of chemotactic strength. 

Using the hydrogel capillary assay, we observed the wild-type response to the M. sativa and M. 

arabica synthetic AA mixtures to be 23% and 37% of the respective exudates (Fig. 3.5), suggesting 

that non-amino acid attractants contribute significantly more to the chemotactic response than 

amino acids. Potential attractants based upon the metabolomes of Medicago seeds include non-

reducing oligosaccharides, phenolics as well as betaines (Horbowicz et al., 1995; Phillips et al., 

1995). Due to the presence of these compounds in the exudate, it is conceivable that they modulate 

chemotaxis to AAs. Thus, reported contributions of the AAs based upon synthetic mixtures may 

not directly correlate to AA-based chemotaxis in exudate samples. Studies are currently under way 

to identify the remaining attractants and characterize differences in the attractant profile between 

host and non-host secretomes. The majority of the single deletion strains exhibited a reduced 

response to the synthetic M. sativa AA mixture, inferring that most receptors, directly or indirectly, 

play a role in AA sensing. Clearly, this study revealed that the proline receptor McpU also senses 

other AAs (Figs. 3.6 and 3.7). McpU binds proline in its amino-proximal Cache domain (Webb et 

al., 2014), and it remains to be shown whether the same holds true for other AAs. 

Identifying environmentally relevant chemotaxis signals in soil bacteria, in particular plant 
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symbionts, and matching them to respective chemoreceptors is a difficult task, due to the complex 

composition of the rhizosphere. Additionally, bacterial chemoreceptors are known to sense 

chemically diverse ligands through two different mechanisms; via direct binding to the periplasmic 

region or indirectly involving specialized periplasmic binding proteins. As an example, the E. coli 

chemoreceptor Tar mediates positive chemotaxis to aspartate through direct binding and senses 

maltose through binding of maltose-bound maltose binding protein (Kossmann et al., 1988). McpU 

appears to be the most important chemoreceptor for host sensing, and it remains to be seen whether 

it is mediating chemotaxis to attractants other than AAs. Furthermore, the attractant profiles of the 

remaining seven S. meliloti chemoreceptors need to be identified to understand their role in host 

sensing. With this knowledge, a promising avenue for enhancement of S. meliloti chemotaxis 

toward its host would be opened. This goal could be attained by (i) increased expression of 

receptors dedicated to host sensing; (ii) genetic tuning of receptors to induce a greater positive 

chemotactic response towards host-specific exuded attractants; and (iii) increased exudation of 

host-borne attractants. Fine-tuning the chemotaxis process could assist in microsymbiont 

positioning early during rhizosphere formation, resulting in a greater recruitment of S. meliloti to 

the plant host and thus greater crop yields. 
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MATERIALS AND METHODS 

Bacterial strains and plasmids 

Derivatives of S. meliloti MV II-1 (Kamberger, 1979) used are listed in Table 1. 

 

Media and growth conditions 

(Bertani, 1951) S. meliloti strains were grown in TYC (0.5% (w/v) tryptone, 0.3% (w/v) yeast 

extract, 0.13% CaCl2 x 6 H2O (w/v) pH 7.0streptomycin (600 g/ml.)) at 30C (Platzer et al., 

1997). Motile cells for hydrogel capillary assays were grown for two days in TYC, diluted 1:1000 

in 3 ml TYC and grown overnight. Cultures were then diluted 1:100 in 10 ml Rhizobial Basal 

minimal medium (RB) (6.1 mM K2HPO4, 3.9 mM KH2PO4, 1 mM MgSO4, 1 mM (NH4)2SO4, 0.1 

mM CaCl2, 0.1 mM NaCl, 0.01 mM Na2MoO4, 0.001 mM FeSO4, 20 g/l biotin, 100 g/l thiamine 

(Götz et al., 1982)), layered on Bromfield agar plates with no antibiotics (Sourjik and Schmitt, 

1996), and incubated at 30C for approximately 15 h to an optical density at 600 nm (OD600) of 

0.17 ± 0.02. 

 

Preparation of seed exudates 

The Medicago sativa cultivar ‘Guardsman II’ (Registration number CV-203, PI 639220), used in 

this study was developed from the extensively studied cultivar ‘Iroquois’ by the Cornell University 

Agricultural Experiment Station, New York State College of Agriculture and Life Sciences, 

Cornell University, Ithaca, NY (Althabegoiti et al., 2008a). Seeds were harvested in 2012 and 

stored at 4 °C prior to experiments. Medicago arabica (L.) Huds. (accession SA7746) from a wild 

population in Siena, Italy in 2008, was cultivated ex situ in Lodi, Italy in 2010, and seeds were 

harvested and stored at 4 °C prior to experiments. Seeds (0.1 g, approximately 47 ± 1 M. sativa 
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seeds and 49 ± 1 M. arabica seeds) were placed in a 50-ml conical tube and washed four times 

with 35 ml of autoclaved, sterile-filtered water. Next, seeds were washed once with 8 ml of 

commercial hydrogen peroxide (3% in water) for 12 min and then four times with 35 ml of 

autoclaved, sterile filtered water under slow agitation. Seeds were then transferred to a 125-ml 

Erlenmeyer flask containing 20 ml of autoclaved, sterile-filtered water. Seeds were jostled to 

distribute them evenly at the bottom of the flask and germinated without shaking at 30 °C for 24 

h. To harvest the exudate, the contents were mixed by swirling, a 19-ml aliquot of seed supernatant 

was removed from the flask, placed into a 50-ml conical tube and flash frozen in liquid nitrogen. 

The frozen sample was freeze-dried for approximately 48 h and stored at -20 °C. Prior to flash 

freezing, seed exudates were tested for bacterial contamination by microscopic examination and 

by plating on TYC plates and observation of colony forming units after incubation at 30 °C for 48 

h. Contaminated samples were not included in this study. Seed exudate powders were resuspended 

to a volume less than the original volume in the flask, thus concentrating the contents to 50x. 

Aliquots were stored at -30°C and prior to a chemotaxis assay, they were thawed and then diluted 

in RB to working concentrations. Post incubation, the germination efficiency was approximately 

90-95% for both Medics as determined by radicle emergence. Seed exudate powders were 

resuspended to a 50x smaller volume than the original volume in the flask, thus concentrating the 

contents. Aliquots were stored at -30°C, thawed prior to a chemotaxis assay, and then diluted in 

RB to working concentrations. 

 

Quantification of amino acids (AA) in M. arabica and M. sativa seed exudates by liquid 

chromatography mass spectrometry (LC-MS) 

For each Medic, seed exudate residue from six biological replicates was thawed to room 
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temperature, suspended in 250 μl of RB and sonicated for 10 min. The samples were centrifuged 

at 4,000 x g for 10 min to pellet insoluble material. The six biological replicates were combined in 

pairs yielding three biological replicates consisting of 500 μl per combined sample. The samples 

were briefly vortexed and split into 120 μl aliquots to be used for either amino acids (AA) 

quantification or chemotaxis experiments. Aliquots were stored at -20 °C prior to use. Aliquots 

were thawed on ice, briefly vortexed, sonicated for 5 min, centrifuged at 14,000 x g for 5 min to 

pellet any remaining insoluble material, and transferred to microfuge tubes that had been 

previously rinsed with 100% ethanol. Exudate samples were diluted 1:1, 1:3, 1:5, and 1:7 in RB, 

titrated to pH 3.5 with HCl, and 100 μL of material per sample was processed using the “EZ:faast® 

for Free Physiological Amino Acid Analysis by LC-MS” as previously described (Webb et al., 

2014). Amino acid standard solutions ranging from 55 to 220 nmoles/ml made from the 

Phenomenex® kit (Sigma-Aldrich, St. Louis, MO) were derivatized alongside the exudate samples 

to establish a calibration curve for each amino acid. Using Analyst software (AB Sciex, Concord, 

Ontario, Canada) for data analysis, the peak area of the internal standard homoarginine was used 

to normalize the concentration of the amino acids Ala, Arg, Asn, Asp, Cit, Gln, Glu, Gly, His, Lys, 

Met, Orn, Pro, Ser, Thr, Trp, and the peak area of the internal standard homophenylalanine was 

used to normalize Ile, Leu, Phe, cystine (C-C), and Tyr. The Phenomenex kit does not allow for 

quantification of cysteine. Results are given as the average concentration derived from three 

biological replicates, with two to four technical replicates, and duplicate injections per technical 

replicate.  

 

Creation of synthetic amino acid mixtures 

Synthetic mixtures were made with amino acids from the Fluka Analytical kit, “21 L-Amino acids 
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+ glycine” (lot number 09416) which were dissolved in RB to 50x the concentrations observed in 

seed exudates, aliquoted, and stored at -30 °C  until ready for experiments.  

 

Preparation of hydrogel capillaries 

Capillaries containing a cross-linked hydrogel were essentially prepared according to Webb et al., 

2014 with minor modifications (Webb et al., 2014). Briefly, capillaries (0.5 μl Drummond 

Microcaps) were sealed at one end in a Bunsen burner flame and the inner glass surface was 

hydroxylated by placing the mouth of the capillaries into a 1% (v/v) solution of 3-(trichlorosilyl) 

propyl methacrylate (TPM) (Sigma-Aldrich, St. Louis, MO) diluted in paraffin oil at room 

temperature for 10 min. After excess TPM was removed via desiccation, the capillaries were 

submerged in 100% ethanol and put under desiccation for approximately 30 seconds. Ethanol was 

removed via desiccation and capillaries were wiped with a micro-fiber cloth to remove any residual 

material. Capillaries were then quickly passed once through a Bunsen burner flame. A 10% (w/v) 

solution of poly(ethylene glycol) diacrylate (PEG-DA) with an average Mn of 6,000 (Sigma-

Aldrich, St. Louis, MO) in phosphate buffered saline, pH 7.4 was mixed with 10% (w/v) 

Irgacure®2959 (Sigma-Aldrich) in 70% ethanol at a ratio of 1:20 to form the precursor solution, 

which was subsequently pulled into the capillaries by placing them under vacuum for 

approximately 30 seconds. The mouths of the capillaries were submersed in the precursor solution, 

and photopolymerization was performed for 20 seconds using a 365 nm, 18 W cm−2 UV light 

source (Omnicure S1000, Vanier, Quebec). Hydrogel capillaries were observed under 100x 

magnification to check for hydrogel integrity. If any hydrogel extended from the mouth of the 

capillary, the mouth was gently scraped with a wet Kimwipe and re-checked for hydrogel integrity. 

Only capillaries with a flush surface at the mouth were used for experiments. Hydrogel capillaries 
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were washed with distilled water and then soaked in distilled water with 1 μg/ml ampicillin, 1 

μg/ml kanamycin, 1 ug/ml neomycin, and 1 μg/ml gentamicin for at least 4 h at room temperature, 

followed by three subsequent washes with the same solution. Hydrogel capillaries could be stored 

in distilled water with antibiotics at 4 C for at least two months.  

 

Hydrogel capillary assay 

Prior to experiments, hydrogel capillaries were washed and equilibrated for four hours twice with 

RB. Amino acid mixtures and seed exudates suspended in RB were thawed to room temperature, 

briefly vortexed, centrifuged at 13 x g for three minutes and diluted to working concentrations in 

RB. For experiments including only seed exudates, the solutions were tested at 5x concentration. 

For experiments including seed exudates and amino acid mixtures, the solutions were tested at 

7.6x concentration. For experiments with only the amino acid mixtures, the solutions were tested 

at 7.6x concentration. For equilibration of the capillaries with attractant, capillaries were placed 

into 50 μl of attractant solution per capillary and left overnight at 4 C. Cells were harvested by 

centrifugation at 4,000 x g for 5 min at room temperature, suspended with RB to an OD600 of 0.12 

and 81 μl of each strain suspension was added to a circular chemotaxis chamber formed by a 

microscope slide (100 mm x 50 mm), a cut rubber O-ring with an inner diameter of 8.5 mm and a 

thickness of 1 mm (Sarstedt), and a coverslip. The open end of a hydrogel capillary was inserted 

into the chemotaxis chamber before the coverslip was placed on top. After the assembly of ten 

such chambers (Fig. 3.1A), the microscope slide was placed on the computer-assisted stage of a 

Zeiss Axio Observer Research microscope. By programming the Zen software module, the X, Y, 

and Z positions of all ten chambers were observed at 25x magnification under pseudo dark field 

and images were taken with a 1.3 millisecond exposure every two minutes. 
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Quantification of chemotaxis responses 

Images from the hydrogel capillary assay were imported to GIMP 2.0 Image Manipulation 

Program (The GIMP Team) and adjusted by rotation to align the capillaries in such a way that the 

capillaries rest precisely on top of one another when images were stacked. Rotated images were 

then imported to ImageJ (Rasband) as an image sequence and the Time Series Analyzer V3 plugin 

(Balaji, 2014) was utilized to obtain the total intensity from a rectangular region of interest (ROI) 

spanning 551 pixels wide and 294 pixels high. The total intensity of an ROI is reported as “area,” 

but will be referred to as “intensity” in this study. The placement of the ROI was centered in front 

of the mouth of the capillary to encapsulate the chemotactic response in the images. Images were 

maintained as .TIFF files with no compression. For a single repetition, the mean intensity obtained 

for the chemotaxis-negative strain (che) at each time point was subtracted from the mean intensities 

obtained for all other strains. These intensity values were then normalized to the greatest average 

intensity value observed from the wild-type (wt) strain. In all experiments, intensity values were 

normalized to the highest wt response observed. Due to small variations in experimental start time, 

each area value for a strain is plotted against the average time point. An average time point was 

derived from the three closest time points for an intensity value from three independent 

experiments. 
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Table 3.1. Bacterial strains 

Strain/Plasmid Relevant characteristics a 
Source or 

Reference 

Strain   

S. meliloti   

RU11/001 Smr; spontaneous streptomycin-resistant wild-type strain (Pleier and 

Schmitt, 1991) 

RU11/803 Smr; ΔmcpW (Meier et al., 

2007) 

RU11/804 
Smr; ΔmcpY 

(Meier et al., 

2007) 

RU11/805 
Smr; ΔmcpX (Meier et al., 

2007) 

RU11/815 
Smr; ΔicpA (Meier et al., 

2007) 

RU11/818 
Smr; ΔmcpZ (Meier et al., 

2007) 

RU11/828 
Smr; ΔmcpU (Meier et al., 

2007) 

RU11/830 
Smr; ΔmcpV (Meier et al., 

2007) 

RU11/838 
Smr; ΔmcpT (Meier et al., 

2007) 

RU13/149 Smr; mcpS, mcpT, mcpU, mcpV, mcpW, mcpX,  

mcpY, mcpZ, icpA (che) 

(Meier et al., 

2007) 

   
a Nomenclature according to Bachmann (Bachmann, 1990). 
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Fig. 3.1 Hydrogel capillary assay set up and flow chart of image acquisition and analysis. A. 

Ten chemotaxis chambers are constructed on a microscope slide (100 mm x 50 mm x 1 mm). Each 

chamber consists of an O-ring 8.5 mm in diameter obtained from the cap of a Sarstedt 1.5 ml 

screw-cap tube that is sealed to the slide with an application of machine grease. A bacterial 

suspension (81 μl) is placed within the O-ring and a 0.5 μl hydrogel capillary is slid into the 

chamber via a pre-cut section of the O-ring. A glass coverslip is placed on top of the O-ring that 

is sealed by an application of machine grease. The chemotaxis response is considered to start when 

the coverslip is set in place. B. Upon microscopic observation of a chemotaxis chamber, the 

guidelines in the flow chart are followed to acquire images of the chemotaxis response and to 

quantify the response in each image. 
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Fig. 3.2 S. meliloti wild-type response to M. sativa and M. arabica exudates. A. Responses of 

S. meliloti wild type and the che strain to M. sativa seed exudate (exudate) and Rhizobial Basal 

medium (RB) were observed at 25 x magnification under pseudo dark field and images were taken 

at 20 min. Exudate was diluted with RB and tested at 5x concentration of the original exudate 

sample. To allow for ease of visualization, the image brightness, contrast, and intensity were 

adjusted equally for each image. B. Responses to M. sativa (○) and M. arabica (●) exudates were 

observed at 25x magnification under pseudo dark field and images were taken with a 1.3 

A 

B 
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millisecond exposure every four minutes. Normalized response values are the mean and standard 

deviation of the pixel intensities from three independent experiments. Each response value for a 

strain is plotted against an average time point. Exudates were tested at 5x concentration of the 

original exudate samples.  
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Fig. 3.3 Responses of S. meliloti wild type and single mcp deletion strains to exudates of M. 

sativa and M. arabica. Responses to M. sativa (dark gray bars) and M. arabica (light gray bars) 

exudates were observed at 25x magnification under pseudo dark field. The wild type exhibited a 

maximum response to exudates of M. sativa and M. arabica between 20 and 34 min (see Fig. 

3.2B). Therefore, images taken during this time period were averaged. Responses were normalized 

to the wild type response (horizontal line at 1.0) and are the mean and standard deviation from 

three independent experiments. Exudates were tested at 5x concentration of the original exudate 

samples. Data were analyzed for statistical significance using the one sample t-test, P < 0.05 or 

two sample t-test. Responses marked with * are significantly smaller than the wild type, and the 

responses of mcpZ marked with ** are significantly different from each other (P < 0.01). 
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Fig. 3.4 Amino acids exuded by germinating seeds. Bars indicate the concentrations of amino 

acids at the surface of a germinating seed as determined by liquid chromatography-mass 

spectrometry for M. sativa (dark gray bar) and M. arabica (light gray bar). The seed volumes are 

2.17 μl and 1.84 μl for M. sativa and M. arabica, respectively. Data are organized from highest to 

lowest concentrations and are the mean and standard deviation from three biological replicates and 

two to four technical replicates. 
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Fig. 3.5 Wild-type responses to exudates and synthetic AA mixtures. A. M. sativa exudate (■) 

and synthetic M. sativa AA mixture (○). B. M. arabica exudate (■) and M. arabica synthetic AA 

mixture (○). To observe responses that are visibly bright enough for quantification, seed exudate 

and AA mixtures were tested at a 7.6x concentration of the original exudate samples. Normalized 

response values are the mean and standard deviation from three independent experiments. Each 

response value for a strain is plotted against an average time point. 
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Fig. 3.6 Responses of single mcp deletion strains to M. sativa synthetic AA mixture. Responses 

were observed at 25x magnification under pseudo dark field. Images taken between 20 and 34 min 

were averaged and responses are normalized to the wild-type response (horizontal line at 1.0). 

Data are the mean and standard deviation from three independent experiments. Each response 

value for a strain is plotted against an average time point. Exudates were tested at 7.6x 

concentration of the original exudate samples. Data were analyzed for statistical significance using 

the one sample t-test, P < 0.05. Responses marked with * are significantly smaller (ΔmcpU, 

ΔmcpX, ΔicpA) or larger (ΔmcpY) than the wild type. 
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Fig. 3.7 Responses of wild type and the ΔmcpU strain to M. sativa synthetic amino acid 

mixtures with and without proline. A. Wild-type response to AA mixture with proline. B. Wild-

type response to AA mixture without proline. C. ΔmcpU response to AA mixture with proline. D. 

ΔmcpU response to AA mixture without proline. AA mixtures were tested at a 7.6x concentration 

of the original exudate samples. Responses were observed at 25x magnification under pseudo dark 

field and images were taken at 10 min. To allow for ease of visualization, the image brightness, 

contrast, and intensity were adjusted equally for each image. 
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ABSTRACT 

The legume symbiont Sinorhizobium meliloti is chemo-attracted to compounds exuded by 

germinating seeds of its host alfalfa. This response is mediated greatly by one of the S. meliloti 

chemoreceptors, namely McpU. McpU also has a prominent contribution in sensing a synthetic 

amino acid mixture mimicking the amounts and composition observed in seed exudate. Here, we 

used the hydrogel capillary assay to quantify chemotactic responses of S. meliloti to individual 

amino acids (AAs) exuded by germinating alfalfa seeds and to define the role of McpU in this 

behavior. S. meliloti exhibited positive chemotaxis responses of different intensities to all 

proteinogenic AAs except for aspartate, and also to citrulline, cystine, gamma-aminobutyric acid, 

and ornithine. Opposing, a strain lacking mcpU displayed strongly diminished responses towards 

these compounds. Differential scanning fluorimetry demonstrated an interaction of the purified 

periplasmic region of McpU (McpU-PR) with the AAs, except glutamate and aspartate. We 

additionally tested organic acids and sugars, but with mostly negative results. Using isothermal 

titration calorimetry, we confirmed the interaction of McpU-PR with select AAs representing 

strong and weak attractants. Our results show that S. meliloti McpU is a broad-range AA receptor 

mediating differential responses to individual attractants, but does not bind negatively charged 

AAs. 
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INTRODUCTION 

Soil dwelling bacteria from the Rhizobiaceae family form a species-specific symbiosis with their 

legume hosts that is characterized by the formation of a plant organ known as a nodule (1-3). In 

developing nodules, bacteria undergo metamorphosis into bacteroids, which fix atmospheric 

nitrogen into ammonium. This form of nitrogen is utilized by the plant to aid in prolific growth (1, 

4). Bacterial chemotaxis precedes symbiosis and enables rhizobia to actively swim towards and 

accumulate in the host spermosphere and rhizosphere by responding to host-released compounds 

(5-12). In particular, rhizobial motility and chemotaxis have been proven to enhance successful 

symbiotic interactions of Bradyhizobium japonicum, Rhizobium leguminosarum, Rhizobium 

trifolii, and Sinorhizobium meliloti, with soybean, pea, clover, and alfalfa, respectively (5, 7, 13-

15). 

A germinating seed exudes a multitude of compounds into the soil creating a unique and species-

specific spermosphere (16). The complex molecular composition of seed exudates comprises 

amino acids (AAs), sugars, lipids, phenolics, proteins, and other metabolites (16-18). Positive 

chemotactic responses to host seed exudates were described for B. japonicum, R. leguminosarum, 

and S. meliloti (17-19). However, the heterogeneous nature of exudates hamper the identification 

of individual molecules responsible for the chemotactic responses. 

Preceding work characterized the response of S. meliloti to exudate of germinating alfalfa seeds 

and identified that host seed-derived AAs contribute to 23% of this response (20). S. meliloti uses 

eight chemoreceptors, namely seven methyl-accepting chemotaxis proteins (McpT to McpZ) and 

one internal chemotaxis protein (IcpA), for chemotaxis (21). Each chemoreceptor is composed of 

a variable sensing domain and a highly conserved signaling domain. A variety of molecules have 

been identified to serve as chemoattractants, including AAs, organic acids, and sugars, but the 
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functions of the corresponding chemoreceptors are mostly unknown (21). 

We previously presented that McpU senses proline via tandem Cache domains located in its 

periplasmic region (18, 22). Moreover, McpU is the most important chemoreceptor for host 

exudate and AAs recognition (20). Homology modeling of the periplasmic region of McpU with 

the crystal structure of Vibrio cholerae McpN as the template identified the ligand-binding site 

and specifically two conserved aspartate residues (asp-155 and asp-182) of the N-terminal Cache 

domain to be involved in ligand sensing. The prediction was supported by chemotaxis behavioral 

assays of single point mutants and in vitro binding analysis of purified mutant variant proteins 

(18). The recognized motif, also known as a double PhoQ-DcuS-CitA (PDC) domain, recognizes 

AAs directly as well as indirectly through ABC transport-binding lipoproteins (18, 22-26). 

In this study, we characterized the strength and temporal reaction profile of all proteinogenic AAs 

as well as to citrulline, cystine, gamma-aminobutyric acid, and ornithine in S. meliloti chemotaxis, 

as they are present in alfalfa seed exudates. Since the proline sensor McpU is the most important 

chemoreceptor for host exudate and AAs recognition, we elucidated its role in AA sensing using 

quantitative in vivo chemotaxis assays and in vitro binding assays with the purified periplasmic 

region of McpU. 
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RESULTS 

Chemotaxis of S. meliloti wild type and the mcpU deletion strain toward amino acids 

Since host seed-derived AAs are contributing to 23% of the chemotactic response to whole seed 

exudates (20), we determined the chemotactic strength of individual proteinogenic AAs, citrulline 

(cit), cystine (c-c), gamma-aminobutyric acid (gaba), and ornithine (orn) in S. meliloti chemotaxis. 

We also tested the response of the mcpU deletion strain, because experimental and bioinformatics 

evidence suggested that McpU serves as general amino acid sensor (18, 20). Chemotactic 

responses of both strains were observed in a modified hydrogel capillary assay, which enables 

quantitative time-course assessments (20). Each capillary contained a hydrogel that was 

equilibrated with 1 mM compound dissolved in Rhizobial Basal medium (RB). Cells exhibiting 

positive chemotaxis accumulated at the mouth of the capillary, whereas no accumulation was 

observed for the control capillary with RB or for a chemotaxis negative strain (che) ((20); data not 

shown). Photographs were taken near the mouth of the capillary every four minutes under a pseudo 

dark field, and the pixel intensity in front of the capillary, correlating with the number of cells, was 

quantified as described ((20). 

The wild-type strain responded to all AAs except asp, but with different intensities and time 

courses. The strongest wild-type response occurred after exposure to arg for 16 min and all 

responses depicted in Fig. 4.1 were normalized to this value. Response curves in Fig. 4.1 are 

categorized in four classes from strongest (Fig. 4.1A) to weakest (Fig. 4.1D). Peak responses to 

ala, arg, his, leu, phe, and thr in Fig. 4.1A ranged from 0.51 to 1.00 with differently shaped 

response curves. While responses to ala, arg, leu, and thr peaked at around 14-16 min, responses 

to his and phe gradually increased to a plateau response at around 25 min. Responses to ile, lys, 

met, pro, ser, and trp grouped in Fig. 4.1B are medium to strong ranging from 0.38 to 0.50. 
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Responses to lys, pro, and ser peaked relatively early between 8 and 12 min, whereas those to ile 

and met came to a plateau at around 25 min. Interestingly, the response to trp increased steadily 

during the 40-min observation period. The third group comprises weak to medium responses to 

asn, cit, gly, orn, tyr, and val. Responses to asn, cit, gly, and val reached a plateau between 12 and 

16 min, while the response to orn plateaued at about 22 min. Similar to the trp response, the 

response to tyr increased steadily during the 40-min observation period. The last group contains 

weak responses to c-c, cys, gaba, gln, and glu, and no response to asp. The responses to gln and 

glu peaked at 12 and 20 min, respectively. The c-c response stayed at a constant level, while 

responses to cys and gaba steadily increased or decreased, respectively. Upon closer microscopic 

examination, it was noticed that declining responses towards the end of the observation period are 

due to the dissemination of cells away from the capillary. This response can be explained by 

attractant depletion due to diffusion from the capillaries into the bacterial ponds, bacterial 

metabolism of the attractant, or production of repellent. 

The response of the mcpU deletion strain to all AAs was decreased substantially as compared to 

the wild-type response. In particular, responses to arg, cit, cys, c-c, gaba, glu, lys, orn, phe, and ser 

fell within the region of no response (pink box in Fig. 4.1A-D). Responses to the remaining AAs 

increased steadily during the observation period, but remained much lower than that of wild type. 

Peak responses of wild type and the mcpU deletion strain are compared in Fig. 4.2. Taken together, 

these results establish that all AAs but asp are chemoattractants for S. meliloti with distinct 

responses to individual compounds. Furthermore, we demonstrated that AA chemotaxis is 

mediated through McpU. 

 

Thermal denaturation of McpU-PR with AAs 



 

120 
 

To monitor direct interactions of AAs with McpU, we performed differential scanning fluorimetry 

(DSF) with the isolated periplasmic region of McpU (McpU-PR) and a single amino acid variant, 

McpU-PRD182E, which is strongly reduced in function. Homology modeling predicted the 

involvement of asp-182 in ligand coordination, which was experimentally supported for the 

binding of proline to McpU in vivo and in vitro (18), thus this variant protein serves as a negative 

control for binding. Thermal unfolding of both proteins, wild-type and mutant McpU-PR, in the 

presence of the fluorescence dye SYPRO Orange and individual AAs was monitored. A resulting 

sigmoidal melting curve yields an inflection point, which denotes the melting temperature (Tm) of 

half the protein population. In the presence of stabilizing ligands, the Tm shifts to higher 

temperatures (27). McpU-PR and McpU-PRD182E in the absence of ligand yielded an average Tm 

of 36 °C and 34 °C, respectively, which were subtracted from the Tm determined in the presence 

of a compound. Background fluctuations in fluorescence in reactions with McpU-PR and McpU-

PRD182E in the absence of a compound were determined to be ± 1.5 °C each. Tm shifts were plotted 

against corresponding AAs in Fig. 4.3. All AAs except asp and glu shifted the Tm of McpU-PR 

significantly above the background level between 2.5 and 15.5 °C. In contrast, McpU-PRD182E only 

experienced Tm shifts slightly above background in the presence of cit, cys, pro, and trp. We also 

tested for the interactions of two non-metabolizable analogs of arginine and proline, namely 

canavanine and azetidine-2-carboxylate, which produced substantial Tm shifts of 11.5 and 13.0 °C, 

respectively. Additional compounds tested for binding to McpU-PR included six organic acids, 

three inorganic salts, and ten sugars and sugar derivatives with corresponding Tm shifts listed in 

Table 1. With the exception of citric acid, none of the tested compounds produced a significant Tm 

shift. Taken together, these results demonstrate that McpU-PR directly interacts with non-acidic 

AAs and citric acid. 
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Isothermal titration calorimetry of McpU-PR with AAs 

To assess the correlation between strength of chemotactic response in vivo and binding affinity to 

AAs in vitro, we performed isothermal titration calorimetry (ITC) of McpU-PR with the two 

strongest (arg and phe) and weakest (glu and asp) AA attractants, respectively. Since we observed 

that McpU-PR unfolding starts at around 20 °C during thermal denaturation studies, temperature 

conditions for ITC measurements were set to 10 °C. First, we performed a titration with pro, to 

compare results with previously published data collected at 22 °C, which resulted in a Kd of 104 

μM (18). Titration of McpU-PR with pro at 10 °C resulted in exothermic heat signals yielding a 

Kd of 29 μM (Fig. 4.4A). Titration with the strong attractant phe resulted in endothermic heat 

signals and a Kd of 458 μM (Fig. 4.4B), while titration with arg caused large erratic exothermic 

heat signals that could not be resolved into a binding isotherm (data not shown). Titrations with 

the weakest attractant glu, and the non-attractant asp, both resulted in large exothermic heats of 

dilution (Fig. 4.4C+D) indicating that these two AAs do not bind to McpU-PR. In conclusion, ITC 

data confirmed results gained from the DSF experiments, in particular, the binding of phe and pro 

to McpU-PR and a lack of interaction with asp and glu.  
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DISCUSSION 

Chemotaxis towards host seed and root-exuded attractants is an important step in early host-

microbe interaction (12). Since 23% of the chemotactic response of S. meliloti RU11/001 to 

exudates from germinating alfalfa seeds is due to amino acid chemotaxis, we evaluated the 

chemotactic potency of 24 AAs using a recently developed hydrogel capillary assay that enables 

quantitative time-course assessments (20). While the S. meliloti wild-type response to a synthetic 

AA mixture peaked at 12 min, peak maxima for the reaction to individual AAs varied greatly from 

4 to 36 min, with responses to trp and tyr still increasing at the end of the observation time at 40 

min (Fig. 4.1). This complex reaction pattern likely stems from the diverse chemical nature of the 

amino acid side chains and molecule size, although no obvious correlation between hydrophobicity 

and charge was observed. Similarly, relative strength of attraction was not related to the AA class, 

with arg and phe as the two strongest attractants being positively charged and hydrophobic, 

respectively. A similar lack of correlation was reported for AA taxis in E. coli and B. subtilis (24, 

28). Furthermore, no relationship was seen between the strength of attraction and the amount 

exuded by germinating alfalfa seeds (20). S. meliloti RU11/001 is attracted to most AAs, which is 

consistent with previous findings of the parental strain, MVII-1, using traditional Adler capillary 

assays (29). Recognition and chemotaxis towards a broad range of AAs enables S. meliloti to 

benefit from these carbon compounds as energy sources and host-plant signaling molecules. 

Previous observations linked the proline sensor McpU to AA taxis (20). Here, we observed that a 

strain lacking mcpU displayed a drastically reduced response to all AAs in the hydrogel capillary 

assay. Specifically, the mcpU strain showed no reaction towards arg, cit, c-c, cys, gaba, glu, lys, 

orn, phe, and ser, indicating that these AAs are solely sensed by McpU (Figs. 4.1 & 4.2). The 

response of the mcpU strain at the time of the wild-type peak response to most AAs was lower 
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than its maximal response and is included in Fig. 4.2 as horizontal bars. Interestingly, responses 

of the mcpU strain to these AAs slowly increased during observation time. This behavior suggests 

overlapping specificity of McpU with other chemoreceptors. Potential candidates are Cache-

domain bearing receptors, such as McpX and McpV, or the hypothetical energy sensors IcpA and 

McpY (21). 

Results from the thermal denaturation studies demonstrated direct interaction of the periplasmic 

region of McpU with all AAs except asp and glu. This finding is in agreement with the behavioral 

assays, which supports the hypothesis that McpU is a general AA sensor and that the chemotactic 

response is mediated through direct binding. The only exception is glu, which does not bind to 

McpU-PR in vitro, but elicits an McpU-dependent chemotaxis response. We hypothesize that 

chemotaxis towards glu is mediated through indirect binding to McpU, analogous to McpC of B. 

subtilis, which senses gln via binding of GlnH, an ABC transport-binding lipoprotein (24). S. 

meliloti possesses a general L-amino acid transporter system with broad specificity (Aap), and the 

solute binding protein AapJ is a potential candidate for mediating glu taxis (30). Alternatively, S. 

meliloti might have evolved a specialized periplasmic binding protein to mediate chemotaxis 

towards glu, especially in light of the increased number of solute-binding protein-dependent 

transporters in rhizobia compared to other bacteria (31). 

Previous work identified two conserved residues, asp-155 and asp-182, in the amino-proximal 

PDC domain of McpU as critical for proline binding (18). Using DSF, we showed that only three 

of the AAs were able to exhibit weak interaction with the variant protein McpU-PRD182E (Fig. 4.3). 

Therefore, AA sensing by McpU most likely occurs in the same ligand-binding pocket. The 

presence of two negatively charged amino acids within the binding pocket may also explain the 

lack of interaction of McpU-PR with the acidic AAs asp and glu. In addition, we excluded direct 
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binding of sugars and most organic acids, however, identified citric acid as a likely ligand for 

McpU (Table 1). 

Using ITC, we confirmed the lack of asp and glu binding to McpU-PR. Therefore, McpU can be 

placed in the same sub-family of broad range AA receptors that possess a dual PDC domain 

structure, but do not sense negatively charged AAs directly, such as B. subtilis McpC and P. 

syringae PctA (23, 24). We also titrated McpU-PR with the two strongest attractants, arg and phe. 

Unfortunately, binding parameters with arg could not be determined due to erratic releases of heat 

during titration, which lowered the signal to noise ratio beyond resolution of a binding isotherm 

(data not shown). This behavior might be attributed to the positively charged guanidinium group 

in arg, which probably interacted non-specifically with McpU-PR (32). Phe bound with a Kd of 

458 μM, which indicates weaker binding compared to pro with a Kd of 29 μM (Fig. 4.4). The 

chemotaxis response of S. meliloti to phe is about 50 % stronger than to pro (Fig. 4.1), but this 

difference is not necessarily reflected in the in vitro binding characteristics. A similar observation 

was made for the binding of ala and pro to B. subtilis McpC (24), which can be explained by 

different conformational changes of the receptor and consequently, signaling to the histidine kinase 

CheA. Interestingly, titration of McpU-PR with phe and pro resulted in opposite heat signals, 

which is often an indication of different binding sites (Fig. 4.4). However, the binding-site variant 

protein McpU-PRD182E was unable to bind either ligand, which supports a one-binding site model 

(Fig. 4.3). Therefore, other factors, including temperature and buffer condition contributed to the 

sign of heat signal (33). 

Our previous study identified McpU as the most important chemoreceptor for host sensing (20). 

Here, we classified McpU as broad-range AA sensor, which also directly interacts with citric acid. 

Individual AAs elicit a broad spectrum of response intensities and times, which aids in survival 
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and host sensing of S. meliloti in the soil. 
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MATERIALS AND METHODS 

Media and growth conditions 

S. meliloti RU11/001 (wild type) (34), RU11/828 (mcpU) (21), and RU13/149 (che) (21) were 

grown in TYC (0.5% (w/v) tryptone, 0.3% (w/v) yeast extract, 0.13% CaCl2 x 6 H2O (w/v) pH 

7.0streptomycin (600 g/ml) at 30 C (35). Motile cells for hydrogel capillary assays were grown 

for two days in TYC, diluted 1:1,000 in 3 ml TYC and grown overnight. Cultures were then diluted 

1:1,000 in 10 ml Rhizobial Basal minimal medium (RB) (6.1 mM K2HPO4, 3.9 mM KH2PO4, 1 

mM MgSO4, 1 mM (NH4)2SO4, 0.1 mM CaCl2, 0.1 mM NaCl, 0.01 mM Na2MoO4, 0.001 mM 

FeSO4, 20 g/l biotin, 100 g/l thiamine (29)), layered on Bromfield agar plates with no antibiotics 

(36), and incubated at 30C for approximately 15 h to an optical density at 600 nm (OD600) of 0.16 

± 0.02. 

 

Hydrogel capillary assay 

Prior to experiments, capillaries containing a cross-linked hydrogel were prepared according to 

Webb et al. (20). Amino acids (Fluka Analytical kit, 21 L-amino acids + glycine) were dissolved 

in RB to 1 mM, sterile filtered, and stored at -30 °C. Hydrogel capillaries were washed and 

equilibrated for four hours twice with RB. AA solutions were thawed to room temperature and 

briefly vortexed. For equilibration of the capillaries with AAs, capillaries were placed into 50 μl 

of AA solution per capillary and left overnight at 4 C. Cells were prepared and harvested by 

centrifugation at 4,000 x g for 5 min at room temperature, suspended with RB to an OD600 of 0.12. 

One repetition of the hydrogel capillary assay was performed as described in Webb et al. (20). 

 

Quantification of chemotaxis responses 
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Quantification of the responses were essentially performed according to Webb et al. (20) with 

minor modifications. Images from the hydrogel capillary assay were adjusted by rotation to align 

the capillaries in such a way that the capillaries rest precisely on top of one another when images 

were stacked. Rotated images were then imported to ImageJ (37) as an image sequence. A 

rectangular region of interest (ROI) spanning 424 pixels wide and 235 pixels high was placed in 

front of the mouth of the capillary to encapsulate the chemotactic response and the Time Series 

Analyzer V3 plugin (38) was utilized to attain the average intensity from this ROI (“Response 

ROI”). To account for background, an ROI with the same dimensions was placed at the top of each 

image, distant from the chemotactic response (“Background ROI”). The average intensities 

obtained from the background of each image were subtracted from their respective intensities of 

the Response ROIs. These intensity values were then normalized to the greatest average intensity 

value observed from the wild-type (wt) strain, which was the response to 1mM arginine at 16 min.  

 

Expression and purification of the wild type and mutant variant periplasmic region of McpU 

(McpU-PR) 

The recombinant ligand-binding, periplasmic region of McpU (McpU-PR, McpU40-284) and its 

single amino acid substitution variant (McpU-PRD182E) were overproduced from plasmid pBS373 

and pBS390 (18) in E. coli M15/pREP4, providing N-terminal His6 tagged proteins. Five L of each 

cell culture were grown to an OD600 of 0.8 at 37C in LB containing 100 μg/ml ampicillin and 50 

μg/ml kanamycin and gene expression was induced by the addition of 0.6 mM isopropyl-β-D-

thiogalactopyranoside. Cultivation was continued for 4 h at 25C until harvest. Cells were 

suspended in 50 ml column buffer (500 mM NaCl, 25 mM imidazole, 1 mM PMSF, 20 mM 

NaPO4, pH 7.4) and lysed by three passages through a French pressure cell at 20,000 psi (SLM 
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Aminco, Silver Spring, MD) and the soluble fraction was loaded onto three stacked 5 ml NTA 

columns (GE Healthcare Life Sciences) charged with Ni2+. Protein was eluted from the column 

with elution buffer (500 mM NaCl, 250 mM imidazole, 1 mM PMSF, 20 mM NaPO4, pH 7.0) in 

a gradient fashion. Pooled fractions were further purified by Äktaprime™ Plus gel filtration HiPrep 

26/60 Sephacryl S-300 HR (GE Healthcare). The column was equilibrated and developed in 100 

mM NaCl, 50 mM HEPES, pH 7.0 at 0.5 ml/min, and protein containing fractions were pooled 

and concentrated by ultrafiltration using 10-kDa regenerated cellulose membranes in a 50 ml and 

10 ml Amicon filter units (Millipore, Bedford, MA) and stored at 4C. 

 

Thermal denaturation studies 

Differential scanning fluorimetry (DSF) experiments were performed essentially as described in 

Webb et al. (18) using a Bio-Rad CFX96 Realtime System, C1000™ Thermal Cycler in 

conjunction with Bio-Rad CFX Manager Software (Life Science Research 2000 Alfred Nobel Dr. 

Hercules, California 94547, USA). Compounds were dissolved in 100 mM NaCl, 50 mM HEPES, 

pH 7.0 and used at final concentrations of 10 mM unless otherwise stated. McpU-PR or McpU-

PRD182E and SYPRO® Orange (Invitrogen, Grand Island, NY) were diluted in the same buffer to 

final concentrations of 10 μM protein and a final SYPRO® Orange concentration of 0.7x (from 

5,000x stock). Thirty-microliter reactions of all conditions were performed in duplicate. A 

temperature gradient was applied from 10–85 °C with a 30 sec equilibration at each 0.5 °C. 

Fluorescence was quantified using the preset parameters for FRET as the fluorophore and SYBR 

green as the target. Melting temperatures were recorded and averaged. 

 

Isothermal titration calorimetry 
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McpU-PR and McpU-PRD182E in 100 mM NaCl, 50 mM HEPES, pH 7.0 were concentrated to 601 

μM using 10-kDa regenerated cellulose membranes as described above. Measurements were made 

on a VP-ITC Microcalorimeter (MicroCal, Northampton, MA) at 10 °C to maintain a folded 

protein population, because the McpU-PR begins to unfold around 20 °C during thermal 

denaturation (Webb et al. 2014). McpU-PR or McpU-PRD182E were placed in the sample cell and 

titrated with 5 μl injections of 16.6 mM arginine, aspartate, glutamate, phenylalanine, and proline 

dissolved in protein dialysis buffer (100 mM NaCl, 50 mM HEPES, pH 7.0). Baselines produced 

using the compounds dissolved in dialysis buffer was subtracted from each protein titration. Data 

analysis was carried out using the “one binding sites” model of the MicroCal version of Origin 8.1 

software (OriginLab, Northampton, MA). 
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2 

Table 4.1. Thermal shift of McpU-PR with various organic acids, inorganic salts, and sugars. 

Compound Tm (°C) Compound Tm (°C) 

Organic acids  Sugars  

Citric acid 14 Arabinose 1.0 

Fumaric acid 0 Fructose 0 

Glutaronic acid 0 Galacturonic acid 1.5 

Itaconic acid 0 Glucose 0 

Malic acid 0 Maltose 0 

Succinic acid 0 Mannose 0 

 0 Rhamnose 0 

Inorganic salts  Ribose 0 

NaCl 0 Sucrose 0.5 

NaNO3 1.5 Xylose 0 

KCl 0   

All compounds were tested at final concentrations of 10 and 100 mM, with the exception of 

citric acid, which was tested at 10 mM. The sugars are D-enantiomers, glutaronic acid is the D-

enantiomer, and malic acid is the L-enantiomer. Only maximal temperature shifts are listed. 
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Fig. 4.1 Chemotaxis responses of S. meliloti wild type and the ΔmcpU strain to AAs at a 

concentration of 1 mM in the hydrogel capillary assay. Images were taken every four minutes 

and the pixel intensities at the mouth of the capillaries were quantified and normalized to the 

maximum response observed (wild-type response to arginine at 16 min). Wild-type (●) and ΔmcpU 

(■) responses to each AA are color-coded and grouped from the highest to the weakest response; 
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A. 0.51-1.00; B. 0.38-0.50; C. 0.21-0.38, and D. 0.09-0.18, respectively. The response of the che 

strain (black squares and lines in A - D) to arg is given for comparison. The pink box in each graph 

represents the region of no response as determined by fluctuations in background pixel intensity 

(± 0.036). 
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Fig. 4.2 Maximal peak responses of S. meliloti wild type (dark gray) and the ΔmcpU strain 

(light gray) to AAs normalized to the maximum response to arg at 16 min. The horizontal lines in 

columns of the ΔmcpU strain reflect its response at the time of wild-type peak response. The dotted 

lines depict the region of no response. 
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Fig. 4.3 Interaction of McpU-PR and McpU-PRD182E with AAs determined by differential 

scanning fluorimetry. Protein stability was monitored as a function of fluorescence intensity and 

the Tm shift was recorded after subtraction of the negative control. McpU-PR (black) and McpU-

PRD182E (dark gray) were tested at a concentration of 10 μM with or without 10 mM of each AA 

with the following exceptions due to solubility limitations: asn, 9.4 mM; asp, 4.8 mM; c-c, 0.115 

mM; glu, 4.3 mM; phe, 6 mM; trp, 5.8 mM; and tyr, 0.62 mM. Cit, citrulline; c-c, cystine; orn, 

ornithine. The horizontal box (light gray) represents the background (± 1.5 °C) encompassing the 

range in fluctuation of fluorescence from the negative control. 

 

 

 

 



 

139 
 

 

 

 

 

 

Fig. 4.4 Isothermal titration calorimetry with McpU-PR and AAs. The upper panels show raw 

titration data of protein (I) and buffer (II), the lower panels are the integrated and dilution corrected 

peak areas of the raw titration data. A. 601 μM McpU-PR with 16.6 mM asp; B. 601 μM McpU-

PR with 16.6 mM glu; C. 601 μM McpU-PR with 16.6 mM phe; D. 601 μM McpU-PR with 

16.6 mM pro. Data were fit with the One-set-of-sites model of the MicroCal version of Origin7 

(Northampton, MA). 
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ABSTRACT 

The bacterium Sinorhizobium meliloti is attracted to seed exudates of its host plant alfalfa 

(Medicago sativa). Since quaternary ammonium compounds (QACs) are exuded by germinating 

seeds, we assayed chemotaxis of S. meliloti towards betonicine, choline, glycine betaine, 

stachydrine, and trigonelline. The wild type displayed a positive response to all QACs. Using LC-

MS, we determined that each germinating alfalfa seed exuded QACs in the nanogram range. 

Compared to the closely related non-host species, spotted medic (Medicago arabica), unique 

profiles were released. Further assessments of single chemoreceptor deletion strains revealed that 

an mcpX deletion strain displayed little to no response to these compounds. Differential scanning 

fluorimetry showed interaction of the isolated periplasmic region of McpX (McpXPR, McpX34-306) 

with QACs. Isothermal titration calorimetry experiments revealed tight binding to McpXPR with 

nanomolar dissociation constants (Kd) for choline and glycine betaine, micromolar Kd’s for 

stachydrine and trigonelline, whereas titration with betonicine exhibited a Kd in the millimolar 

range. Our discovery of S. meliloti chemotaxis to plant-derived QACs adds another role to this 

group of compounds, which are known to serve as nutrient sources, osmoprotectants, and cell-to-

cell signalling molecules. This is the first report of a bacterial chemoreceptor that mediates QACs 

taxis through direct binding. 
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INTRODUCTION 

Bacteria of the Rhizobiaceae family have the ability to form a species-specific mutualism with 

plants of the Leguminosae family. This intimate relationship takes place inside of the legume root, 

specifically in a plant organ called the nodule (Jones et al., 2007, Cooper, 2007, Suzaki et al., 

2015). During nodule formation, the rhizobia undergo metamorphosis into bacteroids, which then 

fix atmospheric nitrogen into ammonium. This form of nitrogen is utilised by the plant to aid in 

abundant growth (Jones et al., 2007, Hirsch et al., 2001). Bacterial chemotaxis precedes the 

mutualism and enables cells to actively swim through the soil by responding to host-released 

compounds and accumulate in the spermosphere and rhizosphere (Ames & Bergman, 1981, 

Bergman et al., 1988, Caetano-Anolles et al., 1988, Dharmatilake & Bauer, 1992, Malek, 1989, 

Soby & Bergman, 1983, Uren, 2000, Scharf et al., 2016). Rhizobial motility and chemotaxis have 

been recognized to improve symbiotic interactions of Bradyhizobium japonicum, Rhizobium 

leguminosarum, Rhizobium trifolii, and Sinorhizobium meliloti, with soybean, pea, clover, and 

alfalfa, respectively (Ames & Bergman, 1981, Caetano-Anolles et al., 1988, Mellor et al., 1987, 

Miller et al., 2007, Althabegoiti et al., 2008). 

Germinating seeds exude numerous compounds into the soil creating a species-specific 

spermosphere (Nelson, 2004). Seed exudates include a large variety of metabolites such as amino 

acids, organic acids, sugars, lipids, and flavonoids (Barbour et al., 1991, Nelson, 2004, Webb et 

al., 2014). Chemotaxis towards host seed exudates have been described for B. japonicum, R. 

leguminosarum, and S. meliloti (Barbour et al., 1991, Gaworzewska & Carlile, 1982, Webb et al., 

2014, Webb et al., 2016). However, the complex composition of exudates hampers the 

identification of individual molecules shaping the chemotactic response. 

Attractants for flagellar-mediated bacterial chemotaxis are generally perceived by Methyl 
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accepting Chemotaxis Proteins (MCPs). S. meliloti uses eight chemoreceptors, namely seven 

methyl-accepting chemotaxis proteins (McpT to McpZ) and one internal chemotaxis protein 

(IcpA) (Meier et al., 2007). Each chemoreceptor is composed of a distinctive sensing domain and 

a highly conserved signalling domain. Six of the MCPs are localized to the cytoplasmic membrane 

via two transmembrane-spanning regions, whereas McpY and IcpA lack such transmembrane 

domains (Meier et al., 2007). A variety of molecules have been recognized to serve as 

chemoattractants, including amino acids, organic acids, and sugars, but the cognate 

chemoreceptors are mostly unidentified (Meier et al., 2007). Through behavioural and in vitro 

binding assays, we recently discovered that S. meliloti McpU mediates proline chemotaxis via 

direct binding (Webb et al., 2014). McpU was also found to be an important sensor for exudates 

from germinating alfalfa seeds and for the amino acid portion of exudates (Webb et al., 2016). The 

periplasmic region of McpU (McpUPR) contains two Cache_1 domains. In general, Cache domains 

bind small molecules, such as amino acids (Anantharaman & Aravind, 2000, Anantharaman et al., 

2001, Zhulin et al., 2003). Mutational analyses and molecular modeling showed that ligands bind 

to the proximal McpU Cache domain (Webb et al., 2014). A second S. meliloti chemoreceptor 

with a Cache_1 domain is McpX. However, cognate ligands for McpX or any of the remaining six 

chemoreceptors are unidentified. 

One group of metabolites exuded by plant seeds and roots are quaternary ammonium compounds 

(QACs) (Phillips et al., 1995). This compound class includes betaines, which possess a positively 

charged ammonium cation that bears no hydrogen atom and a negatively charged carboxylate and 

are therefore zwitterionic, and the positively charged choline, which is a precursor of glycine 

betaine. Many QACs are prevalent in organisms and serve as nutrient sources, osmoprotectants, 

and cell-to-cell signalling molecules (Chambers & Kunin, 1987, Kunin et al., 1992, Lever et al., 
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1994, Phillips et al., 1992, Phillips et al., 1998). Examples of betaines detected in plant tissues 

include betonicine (hydroxyproline betaine), glycine betaine, stachydrine (proline betaine), and 

trigonelline (Fig. 5.1). Stachydrine and trigonelline have been shown to be released from alfalfa 

seeds in quantities of 1.1 and 2.3 nmoles per seed, respectively (Phillips et al., 1992). Like 

flavonoids, stachydrine and trigonelline have been described to induce S. meliloti nodD2 gene 

activity, which is important for the initiation process of nodulation (Phillips et al., 1992). In S. 

meliloti, QACs can serve as nutrient sources as well as osmoprotectants (Boncompagni et al., 

1999, Barra et al., 2006, Gouffi et al., 2000, Boivin et al., 1990). Moreover, chemoattraction of 

phytoplankton and marine bacterial species to glycine betaine has been reported to play a role in 

the marine microbial food web (Seymour et al., 2010). Finally, the archaeon Halobacterium 

salinarum is attracted to glycine betaine, choline, and carnitine (Kokoeva et al., 2002). The study 

implicated an indirect sensing mechanism via a periplasmic binding protein forming a complex 

with these quaternary amines, which then binds to a transmembrane MCP (Kokoeva et al., 2002).  

In this study, we quantified QACs (Fig. 5.1) exuded from germinating host and non-host seeds, 

analysed the chemotactic behaviour of S. meliloti toward individual QACs, identified the cognate 

chemoreceptor, McpX, and its in vitro binding characteristics to QACs. This is the first report of 

a bacterial chemoreceptor that mediates chemotaxis to QACs through direct binding. 
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RESULTS 

Quaternary ammonium compound (QAC) quantification in seed exudates 

We previously found the attractant proline and other amino acids to be exuded by host seeds and 

identified the chemoreceptor McpU as a universal amino acid sensor (Webb et al., 2014, Webb et 

al., 2016). Expanding upon this work, we performed a general LC-MS screen using hydrophilic 

interaction chromatography (HILIC) in positive ion mode, evaluating the seed exudates of S. 

meliloti host alfalfa (Medicago sativa) and closely related non-host spotted medic (Medicago 

arabica). This work led to the identification of several quaternary ammonium compounds (QACs) 

in alfalfa and spotted medic seed exudates including betonicine, choline, glycine betaine, 

stachydrine, and trigonelline. Stachydrine and trigonelline were already known to be exuded by 

alfalfa seeds (Phillips et al., 1992, Phillips et al., 1995). A preliminary chemotaxis screen revealed 

a positive response to several QACs for S. meliloti wild type (data not shown), prompting the 

development of a method to quantify the amounts of QACs exuded by germinating seeds of alfalfa 

and spotted medic by LC-MS/MS (Table 1).  

The QAC profiles for alfalfa and spotted medic seed exudates were different, with a total amount 

of 241 nmol (249 ng) and 225 nmol (221 ng) QACs, respectively. To obtain the concentration of 

QACs at the seed surface, and therefore a value meaningful for chemotaxis experiments, exuded 

amounts per seed were converted using experimentally acquired seed volumes of 2.17 l and 1.84 

l for alfalfa and spotted medic, respectively (Webb et al., 2016). Compounds will diffuse from 

the seed into the spermosphere, where they are detected by S. meliloti. Concentrations at the seed 

surface are depicted in Figure 5.2 and range from approximately 4 to 400 μM, which are relevant 

concentrations for bacterial chemotaxis (Webb et al., 2014, Meier et al., 2007, Mello & Tu, 2007). 

Choline was exuded at the highest concentration and in similar amounts by both legume seeds. 
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Stachydrine was exuded at a similar concentration by alfalfa seeds, but 4-fold less by spotted medic 

seeds. Trigonelline was released at about half of the concentration determined for choline. Glycine 

betaine was exuded at 10-fold higher concentrations by spotted medic than alfalfa, but about 4-

fold less than choline. Finally, betonicine release was much lower than the other measured 

compounds for alfalfa and not detectable for spotted medic. In comparison, glycine and proline, 

which are structurally similar to glycine betaine and stachydrine, are exuded at approximately 5-

fold and 2.5-fold higher concentrations from alfalfa and spotted medic, respectively, when 

compared to choline (Webb et al., 2016). Therefore, QACs are exuded from host and non-host 

seeds in chemotactically relevant concentrations and with unique profiles. 

 

Chemotaxis of S. meliloti wild type toward QACs 

Since QACs are exuded at concentrations relevant to bacterial chemotaxis, we investigated their 

chemotactic potency using the Adler capillary assay. We determined concentration-response 

curves for the five QACs in comparison with proline. The wild-type strain RU11/001 was attracted 

to all QACs with a maximal response at 1 mM choline and 100 mM for the remaining four QACs 

(Fig. 5.3). Responses were highest for stachydrine, followed by glycine betaine, trigonelline, and 

betonicine. Maximal response to choline was 4-fold lower than that to stachydrine. Compared to 

the wild-type response to proline with a maximal response at 10 mM, stachydrine and glycine 

betaine elicited a stronger response, while responses to trigonelline and betonicine were 

comparable. No response of the chemotaxis-negative strain (RU13/149; che strain) to stachydrine 

was observed (Fig. 5.3), and the same result was obtained for betonicine (data not shown). 

Altogether, the QACs elicit positive chemotactic responses from S. meliloti wild type. Choline is 

a weaker attractant, but elicits a response at lower concentrations than the other QACs tested. 
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Identification of chemoreceptors involved in QAC sensing 

To identify the chemoreceptor(s) involved in QAC sensing, we used the semi-quantitative 

chemotaxis drop assay to screen S. meliloti wild type, eight single chemoreceptor deletion mutants, 

and a non-chemotactic che strain. In this assay, the accumulation of bacteria around the site of an 

attractant drop is observed as the formation of a denser cloud or ring, and responses were semi-

quantified by comparison of pixel intensity using ImageJ. Two amino acids, glycine and proline 

were also included in the assay due to their structural similarities to glycine betaine and 

stachydrine. While the che strain showed no chemotactic response to any of the compounds (Table 

2), the wild type displayed a strong positive response to all QACs except for betonicine, which 

elicited a moderate response. The majority of the strains showed a behaviour similar to wild type. 

Most profoundly, the ∆mcpX strain exhibited no response to any of the QACs and only a weak 

response to choline. It should be noted that the ∆icpA strain displayed weaker responses to all 

QACs and both amino acids as compared to wild type, but that responses were still more 

pronounced than those of the ∆mcpX strain. In conclusion, this screen clearly identified McpX as 

a chemoreceptor for QACs and indicated some involvement of IcpA. Since IcpA is assumed to be 

an energy sensor that senses intracellular metabolites, and therefore is thought to mediate 

chemotaxis indirectly, we focused our studies on McpX. 

 

QACs and proline interact with the periplasmic region of McpX (McpXPR) 

Chemoattractants can interact directly with the periplasmic region of chemoreceptors or they bind 

to a periplasmic binding protein, which then interacts with the chemoreceptor to elicit a response 

(Zhang et al., 1999). To test whether the QACs bind to the isolated sensing domain in vitro, we 

overexpressed and purified the periplasmic region of McpX (McpXPR, McpX34-306) fused N-
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terminally with a His6 tag by affinity and size exclusion chromatography. Next, we performed 

differential scanning fluorimetry, which allows the identification of ligands that bind and stabilize 

purified proteins (Niesen et al., 2007). The transition midpoint, Tm, during thermal unfolding of 

proteins shifts to higher temperatures upon binding of a low-molecular weight ligand. The Tm of 

McpXPR was determined to be 45.0 ± 0.0 °C in the absence of a ligand and increased in the presence 

of all QACs (Fig. 5.4A), indicating that they stabilize McpXPR through direct interaction. 

Betonicine caused the smallest shift (1 °C), while the addition of choline and glycine betaine 

resulted in larger shifts of 10 °C. Furthermore, we observed a dose response effect of McpXPR 

stability at 10-fold lower concentrations of QACs, in particular, Tm shifts were reduced by 0.5 to 

3.5 °C (data not shown). We also analysed the binding of all proteinogenic amino acids and found 

that only proline caused a significant shift in Tm. Large negative shifts were observed for the acidic 

amino acids aspartate and glutamate. However, destabilisation is not typically observed upon 

ligand binding, and we attribute the reduction of Tm to unspecific protein destabilization. In 

summary, QACs and proline directly interact with the sensing domain of McpX. 

 

Quantification of QAC chemotaxis in S. meliloti wild type and the mcpX deletion strain 

The semi-quantitative drop assay and the DSF analysis identified McpX as a chemoreceptor for 

QACs (Table 2, Fig. 5.4). To quantify the importance of McpX for QAC chemotaxis, the responses 

of wild type and the ΔmcpX strain were compared in the high-throughput quantitative hydrogel 

capillary assay, which monitors responses in real-time under pseudo dark field microscopy. In this 

assay, a hydrogel capillary containing attractant is submersed in a bacterial pond, the region around 

the mouth of the capillary is imaged as cells accumulate at the source of attractant, and the increase 

in pixel intensity caused by the accumulation of cells is quantified. Capillaries were observed over 



 

149 
 

a period of 60 minutes allowing for the observation of cell accumulation due to attraction as well 

as cell dissipation most likely due to depletion of the attractants from the capillary into the bacterial 

pond. The wild type displayed a peak in response for betonicine, choline, glycine betaine, 

stachydrine, and trigonelline at 30, 50, 35, 20, and 19 minutes, respectively (Fig. 5.5A-E). The 

ΔmcpX strain showed no response when exposed to choline, glycine betaine, or trigonelline. 

However, positive responses were observed for betonicine and stachydrine albeit the peak 

responses were approximately 60% and 40% of the wild-type peak responses (Fig. 5.5F). This 

assay confirmed McpX as QAC receptor and revealed its indispensability for S. meliloti 

chemotaxis to choline, glycine betaine, and trigonelline, and its important contribution to 

betonicine and stachydrine chemotaxis. 

 

QACs bind directly to McpXPR 

To determine binding parameters of McpXPR with the QACs and proline, we performed isothermal 

calorimetry at 15 °C using a MicroCal VP-ITC. Titrations with all compounds produced 

exothermic heat signals until saturation confirming direct binding (Fig. 5.6). Data was fit with a 

one binding site model for titrations with betonicine, proline, stachydrine, and trigonelline. Upon 

fitting the data from choline and glycine betaine titration, we found that a model for two binding 

sites provided the best fits. The dissociation constants (Kd) for compounds fit with the “one binding 

site” model were calculated to be 2.3 mM with betonicine, 45.2 μM for proline, 3.8 μM with 

stachydrine, and 88.5 μM with trigonelline. The dissociation constants for compounds fit with the 

“two binding sites” model were calculated to be 123 nM and 2.1 μM with glycine betaine; 366 nM 

and 6 nM for choline. Therefore, choline and glycine betaine exhibit the strongest affinity to 

McpXPR, followed by stachydrine, proline, trigonelline, and betonicine. Together, the ITC data 
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confirmed results gained from the DSF experiments and allowed ranking of compounds by 

affinity. 

 

Analysis of a second binding site for QACs in McpXPR 

Choline and glycine betaine titrations of McpXPR were best fit with the “two binding site” model. 

This observation led us to investigate closer whether McpXPR has indeed two different ligand 

binding sites. If McpXPR has only one binding site, then titration of protein previously saturated 

with a weaker ligand should produce a change in enthalpy (ΔH) due to displacement of the weaker 

ligand, and the apparent Kd (Kd app) should be weaker for the ligand with a higher affinity. If 

McpXPR has two ligand binding sites, then titration of the protein previously saturated with a 

weaker ligand should yield the same change in enthalpy and Kd app since the stronger ligand would 

bind to an empty site. 

To aid in predicting the outcome of displacing the weaker ligand trigonelline with the strong ligand 

glycine betaine, the displacement titration was modeled in silico with ITCSim (MicroCal) using 

the experimentally acquired binding parameters for each ligand to McpXPR. Upon displacement of 

trigonelline by glycine betaine, a predicted positive ΔH of about 7,600 calories/mol and a Kd app of 

1.0 μM for a one-binding site model was obtained (Fig. 5.7A). Upon actual experimentation, a 

negative enthalpy (-6,990 ± 337 calories/mol), similar to the direct titration with glycine betaine 

was measured (-6,151 ± 76 calories/mol), and the Kd app was closer to the Kd calculated from the 

direct titration with glycine betaine (105 nM). These results indicate that glycine betaine binds to 

a site separate from trigonelline. 
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DISCUSSION 

Plant root exudates mediate root-rhizosphere signalling and therefore shape soil microbial 

communities (Badri & Vivanco, 2009). The interaction of legumes with their bacterial symbiont 

is initiated by the release of attractants from host-plant germinating seeds and roots, followed by 

directed movement of the rhizobacterium towards the plant-borne attractants. We aim to classify 

host plant-derived attractants and their cognate chemoreceptors in the model organism S. meliloti 

to enhance our knowledge of this important symbiotic relationship. Previously, we established that 

the chemoreceptor McpU mediates chemotaxis to proline and other plant-borne amino acids 

(Webb et al., 2016, Webb et al., 2014). Here, we analysed the release of quaternary ammonium 

compounds (QACs) by legume seeds and characterised chemotaxis of S. meliloti towards QACs 

through behavioural and in vitro binding assays. 

Our findings demonstrate that the QACs betonicine, choline, glycine betaine, stachydrine, and 

trigonelline are exuded by germinating seeds of alfalfa and spotted medic. We also identified 

homostachydrine in the seed exudates of alfalfa and spotted medic (data not shown). However, it 

was not quantified in this study due to the lack of a molecular standard. While stachydrine and 

trigonelline release from alfalfa seeds has been reported previously (Phillips et al., 1992, Phillips 

et al., 1995), the release of betonicine, choline, and glycine betaine is a new finding. We 

determined that a single seed of either species exudes a total of over 2 nmol QACs, which results 

in concentrations of individual compounds on the seed surface of up to 400 M. The structurally 

similar amino acids, proline and glycine, yield seed surface concentrations of 1 and 2 mM, 

respectively (Webb et al., 2016). Choline, a precursor of glycine betaine, is released in highest 

concentration and similar amounts from both legume seeds. The other four QACs, which are all 

betaines, exhibit more unique profiles. Stachydrine is the betaine exuded in the highest 
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concentration from alfalfa seeds and has been known to be the most abundant betaine in alfalfa 

tissues (Trinchant et al., 2004). It can be speculated that differences in release profiles between 

host and non-host seeds contribute to a specific attraction of S. meliloti to the alfalfa rhizosphere. 

The amounts of betaines in legume tissues differ between species. While alfalfa tissues have been 

shown to contain betonicine, homostachydrine (pipecolate betaine), and stachydrine, the closely 

related red clover (Trifolium pratense) lacks homostachydrine and stachydrine, but contains higher 

levels of glycine betaine and trigonelline (Wood et al., 1991). 

As microbes adjust to the changes in osmolarity and salinity of an environment, they accumulate 

compatible solutes (Wood, 1999). Betaines, choline and certain amino acids such as proline are 

compatible solutes that protect bacterial cellular components and contribute to osmotic 

homeostasis and growth, thus serving as osmoprotectants (Gouffi et al., 2000, McNeil et al., 1999, 

Moe, 2013). Compatible solutes are utilised to various extents by different bacterial species. In S. 

meliloti, betaines are the best osmoprotectants, proline serves as an intermediate osmoprotectant, 

while choline is not used (Barra et al., 2006, Boncompagni et al., 1999, Alloing et al., 2006, Smith 

et al., 1988). Interestingly, there appears to be a positive correlation between the qualities as 

osmoprotectant and chemoattractant in S. meliloti. In the Adler capillary assay (Fig. 5.3), betaines 

attracted a larger number of S. meliloti cells as compared to proline and even more so to choline, 

although higher concentrations of betaines were required to elicit that response. The dose-response 

curves for betonicine, stachydrine, and trigonelline increased steeply to their peak at 100 mM, 

whereas response curves elicited by choline and glycine betaine were rather broad. This behaviour 

correlates with the optimal attractant concentrations used in the hydrogel assay, with the latter two 

QACs being assayed at 1 mM, compared to 50 mM for the remaining QACs (Fig. 5.5). The ΔmcpX 

strain lacked a response to choline, glycine betaine, and trigonelline, but only diminished its 



 

153 
 

response to betonicine and stachydrine by 40 and 60%, respectively, indicating that other receptors 

contribute to QAC sensing. A strong candidate for the second QAC receptor is IcpA, because the 

icpA deletion strain was the only other strain that displayed a reduced response to all QACs in the 

drop assay (Table 2). We are currently testing this notion by creating a ΔicpA ΔmcpX strain and 

assaying for QAC chemotaxis. In addition, the ΔicpA strain showed a reduced response to glycine 

and proline. The broad attractant spectrum of IcpA supports our hypothesis that IcpA serves as 

energy sensor, measuring the metabolic state of the cell (Meier et al., 2007). In fact, metabolism 

by S. meliloti has been shown for several QACs (Burnet et al., 2000, Goldmann et al., 1991, 

Boncompagni et al., 1999). 

It would be interesting to investigate whether the S. meliloti-alfalfa symbiosis could be enhanced 

by QAC overproduction in the host plant and subsequent increased attraction of the symbiont to 

the rhizosphere of its host. Elevated glycine betaine levels have been generated in tomato plants 

by transformation with a bacterial codA gene that encodes choline oxidase to catalyze the 

conversion of choline to glycine betaine. This procedure yielded accumulation of glycine betaine 

resulting in greater tolerance to high temperatures and chilling stress during seed germination and 

plant growth (Li et al., 2011, Park et al., 2004). Furthermore, transgenic Arabidopsis thaliana 

expressing codA or two cyanobacterial glycine N-methyltransferases exhibited elevated levels of 

glycine betaine leading to improved abiotic stress tolerance (Huang et al., 2008, Waditee et al., 

2005). In addition, traditional plant breeding yielded corn plants with an approximately 400-fold 

increase of glycine betaine in leaves (Rhodes et al., 1989). Much work has been done to selectively 

breed alfalfa for growth in high saline soils, especially to generate seeds that tolerate high salinity 

during germination (Bhardwaj et al., 2010, Anower et al., 2013). It would be interesting to explore 

whether high-salinity resistance alfalfa breeds are expressing higher QAC levels and 
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simultaneously attracting a higher number of S. meliloti cells to their rhizosphere. In conclusion, 

enhanced production and release of compatible solutes by alfalfa can mediate high-salinity 

resistance to host and microsymbiont, attracts the symbiont to its host, protects it from high salt 

conditions, and propagates symbiosis. 

Results from both in vitro binding assays, DSF and ITC, demonstrated direct binding of the 

periplasmic region of McpX (MxpXPR) to all QACs as well as to proline. These findings are in 

agreement with the behavioural assays, supporting the conclusion that McpX is a QAC 

chemoreceptor mediating response through direct binding. The binding affinities obtained from 

the ITC studies correlate well with the size of the thermal shifts observed in DSF assays. In 

particular, choline (Kd = 6.0 nM) produced the largest shift in DSF, while addition of betonicine 

(Kd = 2.3 mM) resulted in the smallest significant shift (Fig. 5.5). There appears to be a correlation 

between QACs binding strength (Figs. 5.4 & 5.7), S. meliloti chemotaxis response (Figs. 5.3 & 

5.5), and amounts released from germinating seeds (Table 5.1, Fig. 5.2). Choline, which yielded 

the highest concentrations on the seed surface, displayed the lowest Kd in the ITC assay, and 

elicited a chemotaxis response at concentrations as low as 0.1 and 1.0 mM. In contrast, betonicine, 

which produced a nearly 100-fold lower concentration on the seed surface, has a 106 lower affinity 

to MxpXPR and elicited a maximal chemotaxis response at 100-fold higher concentration as 

compared to choline. Thus, it is conceivable to speculate that McpX has evolved to display higher 

affinities for the more abundant QACs released by its host plant. 

Titrations of McpXPR with betonicine, stachydrine, and trigonelline resulted in isotherms that fit 

well with the one-binding site model resulting in dissociation constants of 2.3 mM, 3.8 μM and 

88.5 μM, respectively (Fig. 5.7). However, titrations with choline and glycine betaine yielded 

isotherms with two observable transitions and were fitted with the one-binding site model at low 
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confidence. Instead, the two-binding sites model provided the best fit for these curves, each 

generating two dissociation constants (Fig. 5.7). This result indicates that choline and glycine 

betaine either bind at two distinct sites with different affinities, or that they bind at one site, yet 

cause conformational changes that are detected as change in enthalpy.  

Simulation of a competition experiment between McpXPR saturated with trigonelline (weak 

ligand), titrated with glycine betaine (strong ligand) for the one-binding site model predicted a 

positive enthalpy (endothermic reaction). Experimentally, an exothermic reaction occurred that 

appears to disprove the one-binding site model (Fig. 5.7). However, data was best fitted with the 

one-binding site model, yielding an apparent Kd similar to Kd observed during a direct titration 

(Figs. 5.6 & 5.7). This result could be interpreted in two ways: (i) glycine betaine binds only to 

one site, but this site is distinct from the trigonelline binding site, or (ii) preceding saturation with 

trigonelline causes a conformational change that prevents the observation of a second transition. 

In search for potential residues that form the ligand-binding pocket, homology models of McpXPR 

were constructed but only yielded low confidence models. We are currently attempting to analyse 

the binding mechanism by crystallisation and X-ray diffraction data collection of McpXPR 

complexed with ligands. 

This study characterised the first bacterial chemoreceptor that senses QACs. S. meliloti McpX 

mediates chemotaxis to QACs released during host-plant germination into the soil via direct 

binding. In addition to their function as nutrient sources, osmoprotectants, and cell-to-cell signals, 

we thus revealed a new function of QACs as chemoattractants.  
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EXPERIMENTAL PROCEDURES 

Bacterial strains and plasmids 

E. coli strains and derivatives of S. meliloti MV II-1 (Kamberger, 1979) and the plasmids used are 

listed in Table S1. 

 

Medicago spp.  

Medicago sativa cultivar ‘Guardsman II’ (Registration number CV-203, PI 639220; (Althabegoiti 

et al., 2008) and Medicago arabica (L.) Huds. (accession SA7746) seeds were used in this study. 

 

Chemicals 

Stachydrine (L-proline betaine) and betonicine (L-hydroxyproline betaine) were purchased from 

Extrasynthese (Toulouse, France), and choline, glycine betaine and, trigonelline were from Sigma-

Fluka (St. Louis, MO, USA). Amino acids were from a Fluka Analytical kit, 21 L-amino acids + 

glycine). Compounds were dissolved in RB and titrated to pH 7.0 with KOH for behavioural 

assays. For in vitro assays, compounds were dissolved in 100mM NaCl, 50 mM HEPES pH 7.0, 

and titrated with KOH when necessary. 

 

Media and growth conditions 

E. coli strains were grown in lysogeny broth (LB) (Bertani, 1951) at 37C. S. meliloti strains were 

grown in TYC (0.5% (w/v) tryptone, 0.3% (w/v) yeast extract, 0.087% CaCl2 x 2 H2O (w/v) pH 

7.0) at 30C (Platzer et al., 1997). Motile cells for Adler capillary assays and hydrogel capillary 

assays were prepared essentially as described in Webb et al. 2016 (Webb et al., 2016)with minor 

modifications. Briefly, overnight were diluted 1:1,000 in 10 ml Rhizobial Basal minimal medium 
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(RB) (6.1 mM K2HPO4, 3.9 mM KH2PO4, 1 mM MgSO4, 1 mM (NH4)2SO4, 0.1 mM CaCl2, 0.1 

mM NaCl, 0.01 mM Na2MoO4, 0.001 mM FeSO4, 20 g l-1 biotin, 1 mg l-1 thiamine (Götz et al., 

1982)) and layered on Bromfield agar plates (Sourjik & Schmitt, 1996). Cultures were harvested 

at an optical density of 600 nm (OD600) of 0.16 ± 0.02. Motile cells for drop assays were prepared 

the same way on Bromfield-RB overlay plates, except they were grown to an OD600 of 0.33 ± 0.01.  

 

Quantification of quaternary ammonium compounds (QACs) in seed exudates  

Seed exudates from seeds (0.1 g) were prepared in triplicate for each Medicago spp. as described 

previously (Webb et al., 2016). A multiple reaction monitoring (MRM) method using authentic 

standards was developed for the identification and quantification of each QAC essentially as 

described previously (Servillo et al., 2016, Sánchez-Hernández et al., 2012, Naresh Chary et al., 

2012, Li et al., 2010) using the direct infusion method on a 3200 QTrap (ABSciex, see Supporting 

Information for details). All samples and standards were dissolved in RB and diluted to working 

concentrations in 90% Buffer A (ACN:50 mM ammonium formate, pH 3.2 (9:1)) and 10% Buffer 

B (ACN:50 mM ammonium formate, pH 3.2:water (5:4:1)), sonicated for 5 min, and centrifuged 

at 14,000 x g for 5 min. The sample queue was arranged in a random fashion with RB blank 

samples on each end and one in the middle. All biological samples were tested in biological 

triplicates and technical triplicates and standards were tested in technical triplicates. Using an 

Agilent 1100 series auto sampler, 5 μl of each sample was injected onto a 2.6 μm HILIC 100A 

HPLC column 100 x 2.1 mm (Kinetex) equipped with a KrudKatcher Ultra (Phenomenex) guard 

system. The column was equilibrated with 90% Buffer A and 10% Buffer B for 13 min at a flow 

rate of 200 μl min-1, followed by sample injection and 2 min wash step. Compounds were eluted 

in a 9-min gradient to 100% Buffer B, followed by 2 min wash of 100% Buffer B. Ion suppression 
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or enhancement was evident for the detection of all QACs except for stachdyrine in alfalfa exudate. 

Ion suppression was accounted for by using the standard addition method (Furey et al., 2013). LC-

MS data was processed and analysed with Analyst (AB Sciex, Version 1.6). 

 

Chemotaxis drop assay 

Hydroxypropyl methylcellulose (HPMC) was added to a final concentration of 0.2% to each S. 

meliloti culture and 1 ml was pipetted into a 35 mm petri plate. One μl of a 100 mM compound 

solution in RB was spotted in the center, and plates were imaged every two min for 30 min in a 

Bio-Rad Universal Hood II with standardized camera zoom and constant exposure of 0.65 sec. For 

each data set, images were imported into ImageJ as an image stack and analysed by setting a 25 

pixel diameter circle as ‘Region Of Interest (ROI)’ around the center of the plate. The z-axis profile 

of each ROI was plotted for the stack and the average pixel intensity of the first image was 

subtracted from the average pixel intensity of the image with the highest intensity. The resulting 

change in average pixel intensity was used to determine the chemotactic response. Responses with 

a change in pixel intensity of less than 1 were binned into no response (-), changes of 1 to 4 were 

binned as moderate chemotactic response (+), and changes greater than 4 were categorized as 

strong chemotactic response (++). The che strain served as the negative control. 

 

Traditional Adler capillary assay 

Capillary assays were performed essentially as described by Adler (Adler, 1973), with minor 

modifications (Götz & Schmitt, 1987, Meier et al., 2007). Cells were harvested by centrifugation 

at 3,000 x g for 5 min at room temperature and suspended in RB to OD600 of 0.17. Closed U-

shaped tubes (bent from 65 mm micropipettes, Drummond Scientific Co., Broomall, Pennsylvania, 
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USA) were placed between two glass plates. For each capillary, 375 μl of bacterial suspension 

were used to make a bacterial pond. Capillary tubes (1 µl disposable micropipettes, Drummond 

Microcaps) were sealed at one end and filled with QAC solution. The capillaries were inserted 

open end first into the bacterial pond and incubated for two h at 22.5°C. Capillaries were removed, 

the sealed end was cut off and the complete contents were transferred into 999 μl RB using a 

Drummond bulb dispenser. Dilutions were plated in duplicates on TYC plates containing 

streptomycin. After incubation for three days at 30°C, colonies were counted. Compounds were 

tested in technical triplicate and the experiments were carried out in biological triplicate. 

 

Hydrogel capillary assay 

Capillaries containing a cross-linked hydrogel were prepared according to Webb et al. (Webb et 

al., 2016). Prior to experiments, hydrogel capillaries were equilibrated for eight h with RB with 

one buffer exchange after the first 4 h. For equilibration of the capillaries with QACs, capillaries 

were placed into 50 μl of QAC solution per capillary and incubated overnight at 4C. Motile cells 

were prepared and harvested by centrifugation at 4,000 x g for 5 min at room temperature and 

suspended in RB to an OD600 of 0.12. Three repetitions of the hydrogel capillary assay were 

performed as described (Webb et al., 2016). Dose responses for each QAC were performed with 

wild type and the ΔmcpX strain to determine the concentration for optimal imaging of the 

chemotactic responses. Requirements were an increase in pixel intensity above background, pixel 

intensity values below the pixel saturation value of 255, and responses that could be completely 

encapsulated by a drawn ‘Region Of Interest (ROI)’ across the observed image. The optimal 

concentrations were determined to be 1 mM for choline and glycine betaine, and 50mM for 

betonicine, stachydrine, and trigonelline. 
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Quantification of the responses were essentially performed according to Webb et al. (Webb et al., 

2016) with minor modifications. Images from the hydrogel capillary assay were imported to 

MATLAB (MathWorks) and an Enhanced Correlation Coefficient (ECC) algorithm from the 

Image Alignment Toolbox (IAT) was utilised to perform a Euclidean transformation of images to 

align the capillaries in such a way that they rest precisely on top of one another when images were 

stacked (Evangelidis & Psarakis, 2008, Evangelidis, 2013). Rotated images were then imported to 

ImageJ (Rasband) as an image sequence. A rectangular region of interest (ROI) spanning 448 

pixels wide and 270 pixels high was placed in front of the mouth of the capillary to encapsulate 

the chemotactic response and the Time Series Analyzer V3 plugin (Balaji, 2014) was utilised to 

attain the total intensity from this ROI (Response ROI) for each image. To account for background, 

an ROI with the same dimensions was placed at the top of each image, distant from the chemotactic 

response (Background ROI). The total intensities obtained from the background of each image 

were subtracted from their respective intensities of the Response ROIs. These intensity values were 

then normalized to the greatest total intensity value observed in the comparisons of wild type 

versus the ΔmcpX strain.  

 

Construction of McpXPR overexpressing plasmid 

The mcpX 100-919 bps fragment was PCR amplified with Phusion DNA polymerase (NEBiolabs) 

using chromosomal DNA at template and cloned into Qiagen expression vector pQE30 using 

BamHI and HindIII sites. Confirmation was obtained by pQE30 specific oligonucleotides and 

DNA sequencing. 

 

Expression and purification of the periplasmic region of McpX  
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The recombinant ligand-binding, periplasmic region of McpX (McpXPR, McpX34-306) was 

overproduced from plasmid pBS455 in E. coli M15/pREP4, providing N-terminal His6-tagged 

protein. Four liter of cell culture were grown to an OD600 of 0.7 at 37C in LB containing 100 μg 

ml-1 ampicillin and 50 μg ml-1 kanamycin and gene expression was induced by the addition of 0.6 

mM isopropyl-β-D-thiogalactopyranoside. Cultivation was continued for 4 h at 25C and cells 

were harvested and stored at -30°C. Cells were suspended in 70 ml column buffer (500 mM NaCl, 

25 mM imidazole, 20 mM NaPO4, pH 7.4, 2 mM tri(2-carboxyethyl)phosphine (TCEP), 1 mM 

phenylmethylsulfonyl fluoride (PMSF)) with 1 μg/ml of DNase and lysed by three passages 

through a French pressure cell at 20,000 psi (SLM Aminco, Silver Spring, MD). The soluble 

fraction was loaded onto three stacked 5 ml NTA columns (GE Healthcare Life Sciences) charged 

with Ni2+. Protein was eluted from the column a linear gradient of elution buffer (500 mM NaCl, 

350 mM imidazole, 20 mM NaPO4, pH 7.0, 2 mM TCEP, 1 mM PMSF). Protein-containing 

fractions were pooled and further purified by Äktaprime™ Plus gel filtration on HiPrep 26/60 

Sephacryl S-300 HR (GE Healthcare). The column was equilibrated and developed in 100 mM 

NaCl, 50 mM HEPES, pH 7.0 at 0.5 ml min-1. Protein-containing fractions were pooled, 

concentrated by ultrafiltration using 10-kDa regenerated cellulose membranes in a 50 ml Amicon 

filter unit (Millipore, Bedford, MA) and stored at 4C. 

 

Thermal denaturation studies 

Differential scanning fluorimetry (DSF) experiments were performed essentially as described in 

Webb et al. (Webb et al., 2014) using a Bio-Rad CFX96 Realtime System, C1000™ Thermal 

Cycler in conjunction with Bio-Rad CFX Manager Software (Life Science Research 2000 Alfred 

Nobel Dr. Hercules, California 94547, USA). Compounds were dissolved in 100 mM NaCl, 50 
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mM HEPES, pH 7.0 and used at final concentrations of 10 mM unless otherwise stated. McpXPR 

and SYPRO® Orange (Invitrogen, Grand Island, NY) were diluted in the same buffer to final 

concentrations of 10 μM protein and 0.7 x SYPRO® Orange (from 5,000 x stock). QACs were 

tested at 1 mM and 10 mM final concentrations, while amino acids were tested at a final 

concentration of 10 mM with the following exceptions due to solubility limitations: asn, 9.4 mM; 

asp, 4.8 mM; c-c, 0.115 mM; glu, 4.3 mM; phe, 6.0 mM; trp, 5.8 mM; and tyr, 0.62 mM. 

Abbreviations are as follows, cit, citrulline; c-c, cystine; gaba, gamma aminobutyric acid; orn, 

ornithine. Thirty-microliter reactions of all conditions were performed in duplicate. A temperature 

gradient was applied from 10 to 85 °C with a 30-s equilibration at each 0.5 °C step. Fluorescence 

was quantified using the preset FRET parameters (excitation, 490 nm; emission, 530 nm). Melting 

temperatures were recorded and averaged. 

 

Isothermal titration calorimetry 

McpXPR in 100 mM NaCl, 50 mM HEPES, pH 7.0 was used at 183 μM for testing with glycine 

betaine, 142 μM for testing with proline, 91.5 μM for testing with choline and trigonelline, 80 μM 

for testing with stachydrine, 75.7 μM for testing with betonicine, and 80 μM for the competition 

titration with trigonelline and glycine betaine. Ligands were dissolved in spent dialysis buffer (100 

mM NaCl, 50 mM HEPES, pH 7.0). Measurements were made on a VP-ITC Microcalorimeter 

(MicroCal, Northampton, MA) at 15°C. McpXPR was placed in the sample cell and titrated with 

ligand. Final QAC concentrations were as follows: choline and stachydrine at 1.5 mM; betonicine 

at 20 mM; proline at 6 mM; glycine betaine at 5.1 mM for the direct titration and 2.22 mM for the 

competition titration; trigonelline at 4.4 mM for the direct titration and 446 μM for the competition 

titration. Baselines were produced using the compounds dissolved in dialysis buffer and were 



 

163 
 

subtracted from each protein titration. For the baseline titration accompanying the competition 

titration, the cell was filled with trigonelline dissolved in buffer and titrated with glycine betaine. 

Data analysis was carried with the MicroCal version of Origin 8.1 software using the “one binding 

sites” model for titration with proline, stachydrine, and trigonelline; the “two-sites” model for 

choline and glycine betaine; and the “competitive binding” model for the titration of trigonelline-

saturated McpXPR with glycine betaine (OriginLab, Northampton, MA). Binding parameters were 

evaluated in silico using ITCSim (MicroCal, Northampton MA). 
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3Table 5.1. Amount of QACs exuded per seed of alfalfa and spotted medic 

Compound                    ng/seed                pmol/seed 

 alfalfa spotted medic alfalfa spotted medic 

betonicine   1.5 ± 0.1    N.D.*  10 ± 0.6    N.D.* 

choline  86.2 ± 4.7 91.3 ± 1.5 779 ± 45 893 ± 15 

glycine betaine   3.6 ± 0.7 35.2 ± 5.9  31 ±  6 298 ± 50 

stachydrine 108.5 ± 4.4 25.6 ± 1.3 758 ± 31 179 ±  9 

trigonelline  49.2 ± 6.9 68.7 ± 3.0 827 ± 50 876 ± 22 

All compounds were measured in ng/ml of exudate and converted to ng/seed or 

pmol/seed based on the number seeds in 0.1 g for each species. Each value is the 

mean of three experiments and standard deviation of the mean. 

* Below the limit of detection. 
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4 

Table 5.2. Chemotactic responses of S. meliloti strains with QACs and amino acids. 

 betonicine choline glycine betaine stachydrine trigonelline glycine proline 

wt + ++ ++ ++ ++ ++ ++ 

∆icpA - + + + + + + 

∆mcpT + + ++ ++ ++ ++ ++ 

∆mcpU ++ - ++ ++ ++ - ++ 

∆mcpV + ++ ++ ++ ++ ++ ++ 

∆mcpW + + ++ + ++ + ++ 

∆mcpX - + - - - ++ + 

∆mcpY ++ ++ ++ ++ ++ ++ ++ 

∆mcpZ + ++ ++ ++ ++ ++ ++ 

che - - - - - - - 

One μl of 100 mM attractant solution was spotted into the center of a culture containing 0.2% 

hydroxypropyl methylcellulose. Chemotaxis responses were observed as accumulation of bacteria 

around the site of attractant drop. Images were taken after 25-30 min and change in pixel intensities 

was determined. - denotes no chemotactic response (changes <1), + denotes moderate chemotactic 

response (changes 1-4), and ++ denotes strong chemotactic response (changes >4). 
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Fig. 5.1. Structures of Quaternary ammonium compounds (QACs) analysed in this study. 

Betonicine and stachydrine are also known as hydroxyproline betaine and proline betaine, 

respectively. Of the QACs, betonicine, glycine betaine, stachydrine, and trigonelline are sub-

classified as betaines. 
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Fig. 5.2. QAC concentrations residing at the surface of a germinating seed. QAC quantities in 

seed exudates were measured with liquid chromatography-mass spectrometry. Exuded amounts 

and seed volumes, 2.17 l for alfalfa and 1.84 l for spotted medic, were used to calculate a 

concentration at the seed surface (Webb et al., 2016). Light grey bars are for an M. sativa seed and 

dark grey bars are for an M. arabica seed. Values are means and standard deviations of three 

biological replicates. 
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Fig. 5.3. Interaction of McpXPR with QACs (A) and amino acids (B) measured with 

differential scanning fluorimetry. Protein stability was monitored as a function of fluorescence 

intensity and the Tm shift was recorded after subtraction of the negative control (protein alone in 

buffer). No standard deviations were recorded for (A), because duplicate samples displayed no 

variation in Tm. 
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Fig. 5.4. Chemotaxis responses of S. meliloti wild type to QACs and proline in the Adler 

capillary assay. Graphs with circles denote the wild-type responses to QACs; the black graph with 

asterisks as symbol denote the wild-type responses to proline; the black graph with squares as 

symbol denote the average responses of the chemotaxis null strain (che) to stachydrine. The 

standard deviations for the che strain are smaller than the symbols. Values are the means and 

standard deviations of three biological replicates. 
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Fig. 5.5. Chemotaxis responses of S. meliloti wild type and the mcpX deletion strain to QACs 

in the hydrogel capillary assay. Images were taken under pseudo dark field, encapsulating the 

mouth of the capillary, and pixel intensities caused by cell accumulation were analysed. Black 

circles denote the wild type and gray triangles denote the mcpX deletion strain. Responses to (A) 

50 mM betonicine; (B) 1 mM choline; (C) 1 mM glycine betaine; (D) 50 mM stachydrine; (E) 50 

mM trigonelline. (F) Responses of the mcpX deletion strain were normalized to the corresponding 

peak responses of the wild type. Briefly, the response values from five time points enveloping the 

peak response of the wild type were compared to the values of the same time points of the mcpX 

deletion strain. For each QAC, responses were normalized to the highest observed response of the 

wild type. 
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Fig. 5.6. Isothermal titration calorimetry of McpXPR with QACs and proline. Upper panels 

show the raw titration data, and lower panels show the normalized and dilution corrected integrated 

peak areas of the raw titration data. (A) 75.7 μM McpXPR with 20 mM betonicine; (B) 91.5 μM 

McpXPR with 1.5 mM choline; (C) 183 μM McpXPR with 5.1 mM glycine betaine; (D) 91.5 μM 

McpXPR with 4.44 mM trigonelline; (E) 80 μM McpXPR with 1.5 mM stachydrine; (F) 142 μM 

McpXPR with 6 mM proline. Data were fit with the one-set-of-sites model of the MicroCal version 

of Origin7 (Northampton, MA) for A, D, E, and F. The two-set-of-sites model was used to fit B 

and C. Chemical structures represent the ligand. Kd was calculated from the reported Ka. 
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Fig. 5.7. Competition experiment with a McpXPR/trigonelline complex and glycine betaine. 

The upper panels show raw titration data of protein and buffer with the specific compound. The 

lower panels are the integrated and dilution corrected peak areas of the raw titration data. (A) 

Simulation of a theoretical competition between a McpXPR/trigonelline complex and glycine 

betaine, where McpXPR is saturated with trigonelline in the sample cell and titrated with glycine 

betaine. The parameters for the simulated titration are 80 μM McpXPR and 446 μM trigonelline in 

the sample cell, 5 μl injections of 2.22 mM glycine betaine. Experimentally determined binding 

parameters for glycine betaine and trigonelline with McpXPR were obtained from the direct 
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injection experiments in Fig. 5.5 and used for the simulation. (B) 80 μM McpXPR saturated with 

446 μM trigonelline in the sample cell, titrated with 2.22 mM glycine betaine.  
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Chapter 6 - Final Discussion 

 

In Chapters 2, 3, and 4 we show how McpU interacts with and mediates chemotaxis to 19 

of 20 proteinogenic AAs and interacts directly with 19 of 20 AAs and likely interacts with 

glutamate in an indirect manner.  

The mechanism of direct binding of McpU to amino acids most likely involves hydrogen 

bonding between the amino group of the ligand and the carboxyl group of two conserved 

aspartates, Asp155, Asp182. As well, based on homology modeling, it is predicted that hydrogen 

bonds are formed with the carboxylate group by Tyr91 and Arg96. These characteristics of binding 

the amino and carboxylate groups are also predicted to be accurate for the characterized 

chemoreceptors Tlp3 (C. jejuni), McpC (B. subtilis), Mlp24 and Mlp37 (V. cholera) (1-3), which 

also have or are predicted to have tandem PAS domains. 

The variation in ligand profiles amongst these MCPs can be explained by the AA residue 

side chains that protrude into the binding pocket from the opposite side of the residues that bind 

the AA main chain. For example, in Tlp3 of C. jejuni the residues Val126, Leu128, Leu144 and 

Val171 are short and hydrophobic and allow for binding of large AA ligands (1), whereas in McpC 

of B. subtilis these residues are substituted with larger, polar side chains (Tyr121, Gln123, Tyr133 

and Ser161) and allow for binding of AAs with polar and relatively smaller side chains (2). Liu et 

al 2015 noted that Val126 and Leu128 of Tlp3 are substituted by Met110 and Trp112 in McpU of 

S. meliloti and argued that McpU likely only binds to small ligands due to the bulky nature of Met 

and Trp (1). Regardless of the prediction by Liu et al 2015, our results from the thermal 

denaturation and ITC studies indicate that McpUPR directly interacts with 18 of 20 AAs (Figs. 2.7 
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& 3.4) including the biggest and bulkiest of AAs. A clear picture of how McpU binds to these 

ligands can be elucidated through crystallographic studies with and without AAs. 

Aspartate was the only AA that did not elicit a chemotactic response nor bound to McpUPR, 

however the chemically related AA, glutamate elicits a response yet does not appear to directly 

interact with McpUPR. Aspartate and glutamate have in common a negatively charged carboxyl 

group in the sidechain. This negative charge could be what prevents direct binding to McpU. 

Periplasmic binding proteins (PBP) used for indirect binding to MCPs with tandem PAS domains 

have been described before, e.g. aspartate indirectly binds to Tlp1 of C. jejuni; arginine, lysine, 

and methionine indirectly bind McpC of B. subtilis (2, 4). Therefore, we hypothesize that 

glutamate indirectly binds McpUPR with the aid of a periplasmic binding protein (PBP). 

In chapter 4 we show that the chemotactic potency of seed exudates from host (alfalfa) and 

non-host (spotted medic) is the same, but single mcp deletion strains displayed distinct various 

responses revealing a hierarchy in importance for chemotaxis to the exudates. The ΔmcpZ strain 

was the only one that responded differently towards the two exudates indicating that the exudate 

compositions are different. The amino acid profiles (20 proteinogenic AAs plus citrulline, cystine, 

and ornithine) almost match each other in regards to quantities, with spotted medic exuding slightly 

higher amounts. Synthetic AA mixtures mimicking the amounts from the exudates elicit different 

chemotactic responses, i.e. 23% of the response to alfalfa exudate and 37% the response to spotted 

medic exudate, which means there are more unidentified attractants and/or repellents in the alfalfa 

exudate compared to the spotted medic exudate. The single mcp deletion strains have various 

responses to the synthetic mixtures revealing another hierarchy of importance for mediating 

chemotaxis to the AA mixtures. McpU is the most important followed by IcpA, McpX, and McpY. 

Interestingly, the strain lacking mcpY displayed a response approximately 20% greater than the 
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wild type. McpY is an internal receptor and is predicted to mediate chemotaxis to redox materials 

inside the cell, such as oxygen. After deleting mcpY one would expect the response to be less than 

that of the wild type, especially since the deletion strain showed a decrease in response to the whole 

exudate. Given the predicted role of McpY, a correlation with the increase in response to the 

synthetic AA mixture cannot be made; however, a different role as a sensor for attractants and 

repellents could explain these observations. For example, McpY may sense an AA as a repellent, 

thus an mcpY deletion strain would exhibit a stronger response to the synthetic AA mixture than 

the wild type. In this scenario, McpY may sense other repellents in the whole exudate, but a 

relatively large amount of attractants overwhelms a potential repellent response in an mcpY 

deletion mutant. 

In Chapter 5, five quaternary ammonium compounds (QACs) are quantified in host and 

non-host exudates where it is revealed that the two different species exude different amounts of 

each. This is contrary to the AA exudate profiles of the two species and finally opens the door for 

designing systems where S. meliloti exhibits preferential chemotaxis toward the host. The QACs 

were shown to be strong attractants for S. meliloti, and McpX is characterized as a novel bacterial 

chemoreceptor for direct binding of the QACs. We also show evidence that IcpA may also be 

involved in mediating chemotaxis to the QACs. However, IcpA likely indirectly senses most 

attractants since it is predicted to sense energy flux involved with the electron transport chain. 

Indeed, some of the QACs have been documented as energy sources for S. meliloti (5-7). 

Crystallographic studies of McpXPR with and without QACs will reveal the mechanism of binding 

and allow for further design of a preferential chemotaxis system.  

Soils typically contain indigenous Sinorhizobium strains that have lower symbiotic 

efficiency and/or weaker nitrogen fixing abilities than the seed inoculum strains on the market (8-
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13). These indigenous strains are generally better adapted to the soils and are able to outcompete 

the newly introduced inoculum strains for nodule residence, in effect reducing crop yields (13-18). 

The establishment of the first nodules induces a feedback mechanism in which alfalfa greatly 

reduces further nodulation (19). Therefore, early nodulation by indigenous strains is to be avoided 

in order to propagate symbiosis with the inoculum strain during the first year of growth. The 

adaptation(s) that the indigenous populations utilize to outcompete inoculum strains is not known, 

however, chemotaxis could very well be a contributing factor. A strain of Bradyrhizobium 

japonicum, which forms the same symbiosis with soybean, was selected for enhanced chemotaxis 

in a laboratory setting and was shown to have a greater nodulation efficiency than its parent strain 

(20). This experiment with B. japonicum indicates that a similar scenario could be accomplished 

with S. meliloti and alfalfa. 

Microscopic analysis of an indigenous S. meliloti field isolate, (Sm11) (21), indicated that 

it had a greater chemotactic ability toward the attractant proline than the common seed inoculum 

strain, Sm1021. Interestingly, the lab strain RU11/001 (of which all studies in this dissertation 

were performed with) displayed the strongest response out of the three strains (Fig. 6.1). A 

potential explanation for this occurrence is that the immediate ancestor of RU11/001 (RU10/406) 

was originally selected for greater motility on swim plates in a laboratory setting (22). 

Unfortunately, the nitrogen fixing abilities of RU11/001 appear to be less than that of the inoculum 

strain, Sm1021 (lab observations, unpublished). The nitrogen fixing ability of the Sm11 strain 

relative to the other two strains is not known. This experiment showing proline-taxis was only 

performed once, thus would need to be repeated to show statistical significance. Nevertheless, this 

result indicates that chemotaxis to an attractant exuded by alfalfa could be enhanced beyond that 

of indigenous field isolates. Evidently, the chemotactically enhanced strain would also need to 
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maintain a high proficiency in fixing nitrogen. Our new understandings of how the Sinorhizobium 

meliloti-Medicago sativa symbiosis is propagated through chemotaxis could help to outcompete 

indigenous strains and increase crop yields in a resource conserving manner.  

Throughout the lifespan of the crop (typically 4-5 yr), alfalfa will form nodules each year 

(23). At this point in the plants life, root exudate is the main source of attractant compounds. 

During these later stages of growth, little is known about the persistence of the inoculum strains, 

however it is known that indigenous strains typically maintain their populations throughout the 

years (24). To outcompete indigenous strains for nodulation during these later stages, research 

would need to be done to 1) determine how to maintain inoculum strain in the soil for years, and 

2) identify the attractants coming from the new roots that form nodules. Knowing these factors 

could aid in maintaining nodulation with an inoculum strain. If maintenance of the inoculum strain 

is not achievable, then perhaps a periodic soil treatment with inoculum near the alfalfa roots could 

aid in maintaining inoculum populations. 

Enhancement of S. meliloti chemotaxis toward the host is one avenue towards increasing 

crop yields, and the knowledge we have acquired from this work can aid in the optimization of S. 

meliloti chemotaxis. Two ways of optimizing would include 1) targeted mutagenesis of residues 

involved in ligand binding based on structural predictions, and 2) random mutagenesis of the PR 

and selection of mutants exhibiting enhanced chemotaxis. AA residue changes could cause an 

increased affinity for an attractant ligand, class of ligands, or broaden the ligand spectrum. For 

example, a change in the binding pocket of McpUPR could alter it in a way that it senses betaines 

instead. These types of mutagenesis studies have been performed with the Tar receptor of E. coli 

(25, 26), where the ligand specificity of Tar was changed based on the amino acid residue 

substitutions. As well, affinities for particular ligands of the chemoreceptor were altered. In these 
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studies, the DNA encoding for the PR was randomly mutagenized and resulting mutants were then 

screened in swim plates, Adler capillary assays, and a kinase (CheA) activation assay. 

It is more likely that mutagenesis of a PR results in diminished chemotaxis to attractants 

as compared to enhanced chemotaxis. If random mutagenesis does not result in chemotaxis 

enhancement of S. meliloti, then another method may be used to expand the ligand profile of the 

organism by creating a chimeric MCP. Chimeric MCPs (specifically Tar chimeras) have been 

created to study this possibility of expanding ligand profiles in E. coli (27) by swapping the PR of 

Tar with the sensing domains of other chemoreceptors. For instance, Tar of E. coli does not sense 

citrate, but when the periplasmic region of Tar was replaced with the sensing region of CitA, this 

chimeric MCP could directly bind citrate and mediate chemotaxis towards it. Interestingly, by 

cloning the sensing region of citA into a different part of the periplasmic region, this new chimeric 

receptor mediated a repellent response to citrate. The repellent response indicated that the 

periplasmic region had adopted a different structural conformation that induces an opposing 

cytoplasmic signal. Now that we know specific ligands and their affinities to McpUPR and McpXPR, 

both the mutagenesis and the PR swapping techniques can be employed in studies with S. meliloti 

to either enhance chemotaxis to the known ligands, and/or broaden their ligand specificities. 

Another point to keep in mind when broadening the ligand specificity of an S. meliloti 

chemoreceptor is the chance of sensing non-host specific chemicals. Therefore, one would need to 

focus on a search for chemoreceptors from other organisms with the ability to sense host derived 

chemicals. 

Germinating alfalfa seeds release the Nod factor inducing flavonoids, chrysoeriol and 

luteolin, which prime S. meliloti for root nodulation (28-30). The relatively strong attractants 

trigonelline and stachydrine are also released from germinating seeds and induce Nod factor 
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production (31), therefore, defining the seed derived attractants is of importance in this study 

because chemotaxis to the spermosphere is crucial for the establishment and subsequent nodulation 

(32). Once S. meliloti is established in the relatively short-lived spermosphere, S. meliloti would 

be proximal to an emerging root as it grows through the spermosphere, thus allowing the rhizobium 

to colonize the growing root. Young seedlings such as these are primed for nodulation, and a large 

population of rhizobia would enhance the efficacy of nodulation and the number of nodules formed 

(33), therefore, knowing the attractants and MCPs that perceive them could aid in developing 

strains with enhanced chemotaxis to the spermosphere to ultimately lead toward greater nodulation 

by an inoculum strain.  

Coating the seed with an attractant of choice sounds like a reasonable solution, but changes 

to the inoculum strain would still need to be made, so that the attractant only elicits chemotaxis 

from the inoculum strain, or else indigenous strains would have an equal opportunity to be attracted 

to the seedling. Also, due watering, substances from the seed coatings diffuse into the soil and may 

or may not form an undisturbed gradient with higher concentrations of attractant closer to the 

seedlings, thus an inoculum strain may be led in the wrong direction. While coating a seed with an 

attractant may not be ideal, engineering an alfalfa line that secretes more attractant during early 

growth stages would likely maintain a gradient leading to accumulation of rhizobium on the root.  

While chemotaxis plays a role in propagating the mutualism with alfalfa, other non-plant 

derived factors affect the process, such as abiotic factors like soil chemistry, exogenous 

fertilization, temperature, and moisture, and biotic factors like predation, quorum sensing, 

hitchhiking on nematodes, and plant growth promoting microbes (34-42). While chemotaxis can 

be tuned for optimal encounters with host plants, the aforementioned factors likely need to be 
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optimal for S. meliloti, thus soils must be taken care of prior, during, and after seed inoculation 

with a chemotactically enhanced strain of S. meliloti. 

Most plant families lack the ability to form such a beneficial mutualism. Our acquired 

knowledge could aid in non-legume/rhizobia studies that seek to establish a similar mutualism in 

order to take advantage of a natural nitrogen source. For instance, the diazotroph Azospirillum 

brasilense forms an associative symbiosis with corn (the most cultivated crop in the United States 

(43)) by utilizing chemotaxis to find host roots (44). Like alfalfa, corn roots exude attractants, 

therefore, it is conceivable that chemotaxis of A. brasilense to corn roots could be enhanced with 

a chemoreceptor that has been optimized for sensing corn root derived attractants, thus propagating 

the symbiosis more efficiently and increasing corn yields. 

Taken together, the results of matching host-derived attractants with the corresponding 

bacterial chemoreceptors presented in this study enhances our understanding of how the symbiosis 

is propagated prior to the exchange of species specific signals, i.e. flavonoids and Nod factors. 

These facts will aid in future studies aimed at further elucidation of the specificity of the remaining 

chemoreceptors and host attractants, as well as constructing S. meliloti strains with enhanced 

chemotaxis to the host. 
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Fig. 6.1. Chemotaxis response of three different S. meliloti strains to proline in the agarose 

capillary assay. Strains were cultured for motility using RB/overlays. Cultures were harvested 

and suspended in RB. Cultures were placed in a chemotaxis chamber in which a 1% agarose 

capillary filled with 10 mM L-proline was placed. The area around the mouth of the capillary was 

monitored for 1 h. Images shown are from 30 min after the initial placement of the capillary into 

the cultures and represent the time of peak responses. Sm11 is an indigenous field isolate, Sm1021 

is a common seed inoculum strain, and RU11/001 is a lab strain selected originally selected from 

a field isolate for greater motility on swim plates. 

Sm11                             Sm1021                           RU11/001 


