
1. Introduction
Chemotaxis 
[bookmark: _GoBack]Chemotaxis is the net movement of a motile organism towards chemical attractants and away from repellants. The study of motile bacteria began with the popularization and convenience of Anton van Leeuwenhoek’s small light microscope. In the 1880’s, the observations of the plant physiology pioneer Wilhem Pfeffer began in earnest the study of chemotaxis with his descriptions that certain organic and inorganic compounds attracted some bacteria at exceptionally low concentrations [1]. It wasn’t until 80 years later when the curiosity of Julius Adler expanded the knowledge of the field with the publication, “Chemotaxis in Bacteria” in Science in 1966 using Escherichia coli as his model organism [2]. Since that time, the chemotaxis pathway of E. coli has become the best characterized signaling system in biology. The study of chemotaxis of various motile bacterial species shows certain common themes. One is that flagellar rotation propels the cells in an aqueous environment with random switches or stops in rotation allowing reorientation of the cell in a new swimming direction. Second, the “random walk” of swimming bacteria is biased. As cells near attractants, the rate of switching decreases due to more favorable conditions. Conversely, as cells near repellants, the rate of switching increases as they search for a better niche. Many environmental cues have been shown to elicit a response in the bacterial swimming bias including pH, temperature, gravity, light, oxygen, and numerous sources of carbon and nitrogen [3-9]. Another theme conserved across Bacteria and Archaea is the cellular machinery necessary for chemotaxis which localizes at one or both cell poles [10]. The ultimate goal of sensing multiple environmental and cellular signals is to allow the cell to navigate to the most favorable niche [11]. The evolutionary advantage to acquiring the ability to sense more and more signals could give bacteria a competitive advantage, especially when nutrients are limited. 

Model organisms for chemotaxis: Escherichia coli and Bacillus subtilis
The E. coli genome encodes one chemotaxis operon consisting of the necessary molecular components for the signaling pathway [12, 13]. CheA is an auto-phosphorylating histidine kinase that associates with the C-terminal domain of the methyl-accepting chemotaxis proteins (MCPs) via the adapter protein CheW [14, 15]. The MCPs, or chemoreceptors, in E. coli are membrane bound proteins that detect extracellular concentrations of attractants and repellants in the cell’s microenvironment as it swims [16]. Binding and dissociation of these ligands initiate the signal across the membrane to CheA which autophosphorylates at a conserved histidine residue [17]. The phosphate group is transferred to one of two cognate response regulators, CheY and the methyl esterase CheB [18]. Phospho-CheY diffuses through the cell and binds the flagellar switch protein FliM, reversing the direction of flagella rotation from counter clockwise to clockwise [19-21]. The signal output through Phospho-CheY is terminated by phosphatase activity of CheZ [22-24]. As part of an adaptation system, phosphorylated CheB removes methyl groups from specific glutamyl residues of MCPs which are added by the constitutively active methyltransferase CheR [12, 25, 26]. This allows for greater sensitivity to a large ligand concentration range.
Escherichia coli encodes five individual chemoreceptors; the two abundant receptors, Tar and Tsr, along with Trg, Tap, and Aer. Tar allows cells to respond chemotactically to aspartate and maltose (when the sugar is bound to the periplasmic maltose binding protein, MBP) [27, 28], with relatively high affinity for aspartate at 3 µM in E. coli [29]. Several solved structures for the ligand binding periplasmic domain are available for different bacteria including E. coli and Salmonella typhimurium (S. typhimurium). The other abundant receptor is Tsr which binds serine directly [30] as well as participates in energy and aero-taxis with the  more recently discovered Aer [31]. Unlike the other four MCPs, Aer does not contain transmembrane domains and thus monitors the cytoplasm via the FAD-containing PAS domain [31, 32]. The remaining two MCPs, Trg and Tap, recognize ribose (Trg), galactose (Trg), or dipeptides (Tap). 
The chemotaxis pathways of B. subtilis have become the best studied among Gram positive bacteria. One major difference with chemotaxis in E. coli lies within the adaptation system. In E. coli, methylation ultimately decreases CheA activity [33] while the methylation pattern of McpB, for example, in B. subtilis determines how the cell adapts:  E637 methylation leads to adaptation to the presence of attractant while methylated E630 (but not E637) leads to adaptation to removal of attractant [34]. Secondly, B. subtilis does not encode a CheZ homolog leading to different modes of dephosphorylation of CheY-P, rather, using CheC-CheD and FliY to return CheY to its prestimulus state [35]. CheC is a CheY specific phosphatase displaying poor activity.  Instead CheC appears to predominantly interact with the receptor deamidase CheD [36-38]. As attractant binds to the chemoreceptors, an increase in phospho-CheY leads to an increase in CheC-CheY-P complexes which become alternative interaction partners for CheD; luring the deamidase away from the receptor complex thus lowering CheA activity. The dephosphorylation of phospho-CheY occurs predominantly at the flagellar switch via FliY [39]. 

Diversity in bacterial chemotaxis
Like other model systems in Biology, E. coli does not reflect the chemotactic variation and complexity of all characterized Bacteria and Archaea. The alphaproteobacterium Rhodobacter sphaeroides is another well understood chemotaxis model system; however, it is an example of a more complex model. First, unlike E. coli, the genome of R. sphaeroides encodes multiple chemotaxis pathways [7, 40]. It also has two flagellar systems, Fla1 and Fla2, controlled by separate chemotaxis pathways [41, 42]. Fla1 is a unidirectional flagellar system with frequency and duration of stops regulated by two distinct chemotaxis systems, the membrane localized CheOp2 and cytoplasmic CheOp3 [43, 44]. The membrane-bound chemoreceptors associated with CheOp2 presumably sense periplasmic concentrations of attractants while the soluble chemoreceptors of CheOp3 sense the intracellular metabolic state. The cheOp1 encoded proteins regulate the Fla2 system [45]. However, this flagellar system is not expressed under normal laboratory conditions. 
Another departure from the E. coli model is the predominance of a strategy known as energy taxis in which cell motility depends upon cell metabolism and not necessarily on concentrations of attractants. The cytoplasmic cluster of chemoreceptors and their associated Che proteins are predicted to sense the intracellular energy state and regulate CheA3 phosphorylation [46]. Interestingly, through the use of mathematical modeling and experimental verification, R. sphaeroides uses a phosphorelay system to link the membrane and cytoplasmic receptor clusters [47]. Activation of CheA3 leads to phosphorylation of CheY6 or CheB2. Phospho-CheB2 can then phosphorylate CheA2, part of the membrane cluster complex, leading to phosphorylation of one of its cognate response regulators. This phosphorelay allows for cytoplasmic CheA3 to indirectly phosphorylate a non-cognate regulator leading to a change in motility. This would be advantageous if attractant concentrations are high (CheA2 activity is low) but intracellular metabolic conditions are becoming less favorable (increased CheA3 activity) and a change in direction is needed. 
The genome of the deltaproteobacterium Myxococcus xanthus encodes 8 che operons, the most of any sequenced genome [48]. M. xanthus also has two distinct motility systems; adventurous (A) and social (S) motility [49, 50]. S motility, motility of groups of cells, is necessary for aggregation into fruiting bodies while A motility is required for movement of individual cells using Type IV pili (TFP) [51]. The most studied pathway was discovered screening mutants deficient in aggregating to form fruiting bodies when nutrients were limiting [52].  Closer analysis determined the mutations targeted the frz (“frizzy”) operon controlling cell reversals and sequence analysis revealed the gene products were homologous to che genes of enteric bacteria [53, 54]. The MCP homolog FrzCD has no predicted transmembrane domain and fluorescent protein fusions to FrzCD showed cytoplasmic clusters  localized in a helical pattern along the length of the cell [55]. The FrzCD clusters were dynamic in size and number, and interestingly sensitive to cell-cell contacts. 
Another characterized che system in M. xanthus is the Dif (defective in fruiting) pathway, which was discovered after screening fruiting-null mutants [56]. Some of these mutants were found to be lacking the ability to produce exopolysaccharides (EPS) (CheA, CheW, MCP homologs) [57] while others overproduced EPS (CheY and CheC homologs) [58] suggesting this pathway does not follow the canonical phosphorelay of two component systems (CheA to CheY). Studies have shown an epistatic link between the Dif system and TFP in EPS regulation [59]. The authors have proposed pili are the sensor stimulating Dif-regulation of EPS [59]. Besides EPS regulation, the Dif system controls reversal frequency of starved cells which respond chemotactically to some phosphatidylethanolamines (PEs), a chemoattractant for the DifA chemoreceptor [60]. A link between the Dif and Frz systems were observed in response to PE. M. xanthus suppresses reversal frequency when on PE agar via the Dif system (~15 min) then adapt and return to a prestimulus frequency in about an hour [61]. However, frz mutants were unable to return to prestimulus reversal frequency indicating the two systems interact to control motility. 
The Che3 system is involved in gene regulation during the vegetative to fruiting body transition with no direct role in motility [62]. Che4 functions in regulating S motility [63]. 
Pseudomonas aeruginosa is another well studied organism for chemotaxis and chemotaxis-like systems. The P. aeruginosa PAO1 genome encodes four che-like signaling pathways as well as 26 chemoreceptors [64] with 6 receptors expressed in stationary phase [65]. One operon regulates pilus-mediated surface motility [66]. Another system, the Wsp system, is involved in c-di-GMP regulated biofilm formation [67, 68]. The Wsp system is homologous to chemotaxis in E. coli with few modifications. The signal output of E. coli chemotaxis, phosphorylated CheY (a single domain protein), leads to a switch in flagella rotation while in P. aeruginosa, the signal output promotes production of c-di-GMP via WspR [68]. WspR, a CheY homolog fused to the diguanylate cyclase domain, is responsible for conversion of 2 GTP to c-di-GMP [69, 70]. The increase in cellular c-di-GMP concentrations leads to transcription of genes necessary for biofilm formation via c-di-GMP binding to the transcription factor FleQ [71]. 
Using fluorescent protein fusions to Che and Che2 proteins, the Harwood laboratory determined Che is the major regulator of flagellar motility while Che2 is upregulated in stationary phase [72]. Interestingly, McpA-CFP, a receptor expressed during stationary phase fused to cyan fluorescent protein, appeared to colocalize with CheA-YFP when cells entered stationary phase [72]. This suggested chemotaxis clusters reorganize over the life of the cell with at least some chemoreceptors being introduced into the complex. However, a colocalization study with CheA-CFP and the stationary phase expressed CheY2-YFP suggested the two chemosensory systems do not colocalize or “inter-mix”. 
Rhodospirillum centenum is one of the most similar microorganisms to A. brasilense with respect to construction of its three che operons [73]. R. centenum is a purple nonsulfur photosynthetic bacterium, predominantly aquatic, and capable of nitrogen fixation [74]. It also has all three che operons characterized. che1, homologous to Che1 from A. brasilense, is the chemotaxis pathway similar to the model from E. coli [75, 76]. che2 is a chemotaxis-like pathway regulating flagella biosynthesis [77]. Mutants of che2 are defective in swarming and swimming motility due to perturbations in lateral and polar flagella [77]. che3 was shown to regulate cell differentiation into dessication-resistant cyst cells with deletions in cheY3, cheB3, cheS3, and che3 resulting in constitutive cyst development [78]. The remainder of deletion mutants, cheW3a, cheW3b, cheA3, cheR3, and mcp3, are unable to efficiently form cyst cells on nutrient-deprived media [78].  
Chemoreceptor architecture and function
The genomes of motile bacteria encode many chemotaxis proteins absent in E. coli. The most variable component of chemotaxis systems is the chemoreceptor, in both number per genome and specificity. Prototypical chemoreceptors contain several domains; a sensing domain, two transmembrane domains, a HAMP domain, and a methyl-accepting (MA) domain. The most conserved region is the MA domain. It consists of two methylation helices where the adaptation proteins interact and a highly conserved region at the hinge necessary for interaction with CheW and CheA. The methylation helices contain conserved glutamate (or glutamine) residues available for modification via a variety of adaptation proteins. These modifications alter CheA activity and ultimately lead to a greater sensitivity over a dynamic attractant concentration range and a molecular memory [79]. The highly conserved region contains the residues necessary for interaction with CheW and CheA [80]. The structure of each component of the ternary complex has been solved separately, but the interactions between them that govern regulation of kinase activity are still poorly understood. The sequence conservation of this region also allows identification of new representatives of this protein family in newly sequenced bacterial genomes. 
Another cytoplasmic domain common to chemoreceptors is the HAMP domain named for the proteins it is found in; histidine kinases, adenylate cyclases, MCPs, phosphatases. Despite the large amount of experimental data for this domain, the structure is poorly understood, with the exception of a solution structure from an archeal HAMP protein (Af1503) [81], as well as how this domain converts the periplasmic signal into a cytoplasmic signal. 
The most variable domain and least characterized is the sensing, or ligand binding, domain. This domain serves as the input module which interacts with specificity to attractants or repellants. As of January 2012, the MiST2 database contained 21,722 annotated receptor genes from sequenced bacterial and archaeal genomes [82]. However, over 80 percent of bacterial receptor sequences have no identifiable sensing domain suggesting these characterized protein domains are not detectable by available algorithms or are novel domains with unknown function [83, 84]. Due to gene duplication leading to overlap of function and the number of potential ligands (sugars, organic acids, etc.), the characterization of individual chemoreceptors within an organism is not trivial. 
The positioning of chemotaxis protein clusters is also not trivial. Using fluorescent protein fusions and immunogold labeling electron micrographs, chemoreceptors are shown to localize to the polar region within bacteria [85-88]. In fact, polar localization of the chemotaxis cluster is conserved across Eubacteria and Archea [10]. Receptors colocalize with other chemotaxis proteins creating a macromolecular protein signaling complex. 
Data suggest chemoreceptors form homodimers which associate with two other homodimers (known as a “trimer of dimers”) and interact at the membrane-distal tip with CheA and the adapter CheW [89, 90]. Having signaling teams clustered together is thought to increase cooperativity and sensitivity to small net changes in ligand occupancy of receptors [91]. Using GFP fusions in E. coli, newly transcribed receptors were inserted into the lateral membrane in a Sec pathway-dependent manner  and later were observed to be polar [92]. Even though localization of chemotaxis clusters are observed in the polar region, smaller lateral clusters are also observed using fluorescent protein fusions [93]. These nascent-periodic clusters are thought to become polar clusters after several rounds of cell division. 
Thousands of copies of chemotaxis proteins are localized in the receptor clusters. This sub-localization allows for all necessary components to colocalize and maximize efficiency. Many studies have shown these signaling clusters to be highly cooperative [91, 94] and a functional CheB is necessary for sensitivity [95]. Using electron microscopy cryotomography, the receptor arrays are arranged in a hexagonal lattice in several species [96-98]. The stoichiometry of receptors, CheW, and CheA varies 
Studies have investigated the presence, function, and localization of cytoplasmic chemotaxis clusters in other bacteria including Myxococcus xanthus [55], Pseudomonas aeruginosa [99], and Sinorhizobium meliloti  [88, 100]. Many observed soluble chemoreceptors localize to the membrane and are predicted to interact with the membrane associated chemotaxis machinery [99, 100].

Chemoreceptor diversity
The number of receptor genes per genome also varies from 1 (Mezorhizobium loti) to 64 (Magnetospirillum magnetotacticum) with no correlation between number of chemoreceptor genes and genome size [83]. Lifestyle and environment, however, show strong correlation. A recent study by Lacal and colleagues noted bacteria with several metabolic strategies (diazotrophic, photosynthetic, etc.) or variable environmental niches have larger receptor repertoires than commensal or metabolically limited organisms. They also organized receptors into classes based upon topology. The most dominant class is Class I, comprised of Ia and Ib, which contain two or one transmembrane domains, respectively, and a periplasmic ligand binding region [83]. Class II also contains transmembrane domains. Class IIa has a cytoplasmic ligand binding region and IIb lacks any putative sensing domain and contains one to eight transmembrane domains. Class III is comprised of the cytoplasmic chemoreceptors, IIIa contain a sensing domain and IIIb do not. According to analysis from this study, the relative abundance of Class I, II, and III are 74%, 13%, and 13%, respectively. 
Another important study by Alexander and Zhulin analyzed the cytoplasmic signaling domains of 2,125 annotated chemoreceptors [101]. A multiple sequence alignment of the receptors detected symmetric insertions or deletions, referred to as indels within the sequences. The indels were 7-amino acid segments called heptads. The study also clearly defined the regions of the methylation helices and signaling domains and described a third domain called the flexible bundle which they predict allows for signal transmission to the signaling domain. This study also led to the classification of chemoreceptors based upon the length of their cytoplasmic domain measured in heptads. The 5 receptors of the model organism E. coli are all 36H meaning the cytoplasmic domain consists of 36 heptads while the 10 receptors of B. subtilis are 44H (44 heptads) [101]. 
As stated earlier, the sensing domain of chemoreceptors is highly variable with almost 9 out of 10 having no known sequence conservation to annotated, functional domains [83]. However, a majority of chemoreceptors in which the sensing domain is annotated contain a PAS domain, a ubiquitous protein domain named after the 3 proteins Per, Arnt, Smt [102, 103]. The PAS domain is common within energy taxis transducers. The Aer receptor from E. coli is the most studied energy taxis receptor containing a PAS domain [31]. The Aer PAS domain binds the cofactor FAD [104], an important redox molecule within the cell. PAS containing receptors have been classified using a comparative genomics approach into three classes based upon sequence conservation [105]. Class I and II non-covalently bind FAD, however, class I is membrane-bound and class II cytoplasmic. Class III contains PAS-containing receptors that may or may not bind FAD. PAS domains are known to bind several cofactors including heme-b [106], heme-c [107, 108], FMN [109], dicarboxylates [110, 111], and divalent cations [112, 113]. Many bacteria capable of energy taxis contain Aer-like receptors [11, 114-116] including the alpha-proteobacterium Azospirillum brasilense. 

Azospirillum chemotaxis systems from a genome perspective
Azospirillum brasilense is a motile diazotrophic soil bacterium commonly associated with the roots of various cereals including corn, wheat, and rice [117]. The recently published genome of strain Sp245 has four chemotaxis-like operons [73] as well as 48 putative chemoreceptors. The genus Azospirillum is very diverseand whose closely related relatives are aquatic including Rhodospirillum [73]. Also, the major motility chemotaxis operon of Rhodospirillum centenum only plays a minor role in flagellar motility in Azospirillum brasilense [118]. The other two operons in R. centenum which have been studied are homologous to A. brasilense Che2 and Che3 controlling flagellar biosynthesis and cyst development, respectively [77, 119]. Che4 is thought to be result of horizontal gene transfer in a common ancestor to all sequenced Azospirilla. 
The genes encoding the chemoreceptors were annotated based upon the high conservation within the methyl-accepting domain. However, assigning function or ligand specificity is much more arduous. Che1 does not encode receptors, but Che2 and Che3 have one each. Che4 encodes two receptors, one of which is transcriptionally coupled to the methyltransferase CheR. The presence of chemoreceptor genes within chemotaxis-like operons suggests their importance for the function of that pathway. However, the cellular function of these three operons is unknown as well as the specificity of the operon-encoded receptors. 

Azospirillum sensing, locomotor behavior, and chemoreceptors 
To date, the characterization of A. brasilense chemotaxis systems has assigned function to one che operon, Che1 [118], and two chemoreceptors, Tlp1 and AerC [105, 120]. Unlike most chemotaxis systems, Che1 controls the swimming speed but not the swimming reversal frequency and thus has only a limited role in chemotaxis (submitted). Che1 and also appears to regulate changes in cell surface properties as well as cell size [118] (Bible Russell, Alexandre, submitted). AerC is a soluble receptor containing two PAS domains and was shown to bind the redox compound FAD [105]. The location of aerC on the genome, within a nitrogen fixation cluster, suggested its role under nitrogen-limiting conditions. This was confirmed using a promoter fusion beta-glucuronidase assay. The predominant role of AerC is energy taxis when nitrogen is limiting.  How about FADbinding and energy sensing? Detail this more here too
Tlp1 (transducer-like protein 1) was found to have a conserved sensing domain of unknown function found among chemoreceptors and histidine kinases of various bacteria. Through mutagenesis, Tlp1 was described as an energy taxis transducer involved in chemotaxis to oxidizable substrates, aerotaxis, and redox taxis [120]. Tlp1 also contains an amino acid sequence beyond the conserved signaling domain common to all receptors. Two years after the characterization of Tlp1, a landmark paper entitled, PilZ domain is part of the bacterial c-di-GMP binding protein, by Amikam and Galperin, annotated this sequence as a PilZ domain [121]. The PilZ domain was predicted and subsequently verified as a binding partner for the bacterial second messenger molecule cyclic-di-GMP (c-di-GMP) [122, 123]. C-di-GMP is a relative newcomer in second messenger research; only discovered by the Benziman laboratory in the 1980’s  by studying regulation of cellulose synthesis [124, 125]. Now, c-di-GMP is known as a ubiquitous second messenger implicated in many bacterial processes including pathogenesis [126-128], biofilm formation [129-131], exopolysaccharide (EPS) production [132, 133], motility [134, 135], cell differentiation [136, 137], and others [129, 138, 139]. Synthesis of c-di-GMP occurs via the diguanylate cyclase domain [69, 70], referred to as the GGDEF domain due to active site residues, and degraded by phosphodiesterase activity of the EAL domain [140, 141] and/or HD-GYP domain [142]. Enzyme activity is regulated by several mechanisms including product inhibition [143, 144] and numerous sensing domains like PAS [145-147], GAF [148], and REC [149, 150]. 
To date, the PilZ domain is the only specific protein binding partner for c-di-GMP. Cyclic nucleotide binding (cNMP) domains have evolved to link intracellular levels of c-di-GMP to transcription regulation [139, 151] and c-di-GMP specific riboswitches have also been identified [152, 153]. Unlike binding to transcription factors or translation regulators, the output effect of c-di-GMP binding to the PilZ domain remains elusive because the downstream protein-protein interactions have not been identified. A search of the Microbial Signal Transduction 2 database (MiST2) [82] reveals a large number of annotated PilZ domain proteins from sequenced bacterial genomes are single domain proteins and only a very small subset (42 out of 21,000) are coupled to chemoreceptors. The PilZ-containing Tlp1 from A. brasilense offers an opportunity to investigate a direct role of the second messenger c-di-GMP in modulation of energy taxis and motility.  
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