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ABSTRACT

Symbiotic bacteria, commonly called rhizobia, lead a saprophytic lifestyle in the soil and
form nitrogen-fixing nodules on legume roots. During their lifecycle, rhizobia have to
adapt to different conditions prevailing in the soils and within host plants. To survive
under these conditions, rhizobia fine-tune the regulatory machinery to respond rapidly
and adequately to environmental changes. Symbiotic bacteria play an essential role in
the soil environment from both ecological and economical point of view, since these
bacteria provide Fabaceae plants (legumes) with large amounts of accessible nitrogen
as a result of symbiotic interactions (i.e., rhizobia present within the nodule reduce

atmospheric dinitrogen (N,) to ammonia, which can be utilized by plants). Because
of its restricted availability in the soil, nitrogen is one of the most limiting factors for
plant growth. In spite of its high content in the atmosphere, plants are not able to

assimilate it directly in the N, form. During symbiosis, rhizobia infect host root and
trigger the development of specific plant organ, the nodule. The aim of root nodule
formation is to ensure a microaerobic environment, which is essential for proper activity
of nitrogenase, i.e., a key enzyme facilitating N, fixation. To adapt to various lifestyles
and environmental stresses, rhizobia have developed several regulatory mechanisms,
e.g., reversible phosphorylation. This key mechanism regulates many processes in

both prokaryotic and eukaryotic cells. In microorganisms, signal transduction includes
two-component systems (TCSs), which involve membrane sensor histidine kinases
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(HKs) and cognate DNA-binding response regulators (RRs). Furthermore, regula-
tory mechanisms based on phosphoenolopyruvate-dependent phosphotranspherase
systems (PTSs), as well as alternative regulatory pathways controlled by Hanks-type
serine/threonine kinases (STKs) and serine/threonine phosphatases (STPs) play an
important role in regulation of many cellular processes in both free-living bacteria and
during symbiosis with the host plant (e.g., growth and cell division, envelope biogenesis,
biofilm formation, response to stress conditions, and regulation of metabolism). In
this review, we summarize the current knowledge of phosphorylation systems in
symbiotic nitrogen-fixing bacteria, and their role in the physiology of rhizobial cells
and adaptation to various environmental conditions.
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INTRODUCTION

The soil is an environment, which hosts an extremely diverse community of organisms,
with high numbers of microorganisms (from 10* to 10° cells per gram of soil) (Poole,
Ramachandran & Terpolilli, 2018). The largest microbial variety is observed in the
rhizosphere, which is the soil surrounding the plant root. This zone is approximately
1-mm wide, and is the most intense area of biological and chemical activity, and thus
the most dynamically changing niche in the soil (Kannan, Sithara & Chandru, 2015).
Numerous compounds secreted by plant root (referred to as rhizodeposits), such as
water-soluble ions, low-molecular weight compounds, carbohydrates, amino acids,
organic acids, and other metabolic products cause biochemical changes in the soil
(Haldar & Sengupta, 2015). Plant root secretome and abiotic factors, such as climate,
low and high temperatures, humidity, pH, and light, influence the soil microbiome,
affecting its biodiversity and adaptability (e.g., Acidobacter bacteria predominate in the
soil under acidic conditions, while Proteobacteria, Acinobacteria, and Firmicutes prevail
at neutral and alkaline pH). Consequently, soil microorganisms have developed a
variety of metabolic strategies, including photosynthetic abilities, ammonia oxidation,
and atmospheric dinitrogen (N;) fixation. Among them, biological fixation of N is
extremely important not only for its ecological aspect, but also from an economical point
of view. Globally, approximately 200 million tons of N per year are introduced into the
environment via microbial fixation, an amount that is similar to that introduced by artificial
N fertilizers (Roca et al., 2013; Rascio ¢» La Rocca, 2013). Further, 70% of biologically fixed
N; comes from symbiotic systems, whereas only 30% comes from non-symbiotic N,
fixation. The non-symbiotic relationships involve heterotrophic bacteria living freely

in the soil environment, such as Azotobacter spp., Bacillus spp., Clostridium spp., and
Klebsiella spp., whose N,-fixing capacity varies from 10 to 20 kg N per hectare per year
(Kumar et al., 2015). Another example of N, fixation on a similar scale as that mentioned
above is the associative N, fixation conducted by microorganisms from Azospirillum
spp- These bacteria establish associations with several types of grasses and cereals, such
as wheat, oat, barley, rice, and maize (Fukami, Cerezini ¢» Hungria, 2018). However, it
was recently determined that free-living fixation represents the dominant biological
source of N, in many ecosystems, which lack of large numbers of symbiotic N,-fixers
(e.g., tropical evergreen forests, moist tundra and alpine tundra, and temperate grasslands)
(Reed et al., 20105 Reed, Cleveland ¢» Townsend, 2011). Among microorganisms capable
of fixing atmospheric N,, bacteria establishing symbiotic interactions with leguminous
plants (Fabaceae) (e.g., pea, bean, soybean, clover, and alfalfa) play an important role
(Williams et al., 2008). These N,-fixing symbiotic bacteria, collectively called rhizobia,
belong to the large and diverse family Rhizobiaceae (order Rhizobiales, classes a- and
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B-Proteobacteria), which encompasses several genera (e.g., Rhizobium, Sinorhizobium,
Azorhizobium, Allorhizobium, Methylobacterium, Carbophilus, and Ciceribacter (a-
rhizobia); and Burkholderia and Cupriavidus (B-rhizobia)). Furthermore, bacteria from
two other families, Bradyrhizobiaceae (Bradyrhizobium spp.) and Phyllobacteriaceae
(Mesorhizobium spp.), possess N,-fixing symbiotic ability ( Dresler-Nurmi et al., 2009; Weir,
2016). Currently, rhizobia are N,-fixing microorganisms that are the most studied and best
described on a molecular level. These bacteria can live as free-living soil microorganisms
and engage in symbiotic interactions with compatible host plants (Williams et al., 2008).
Rhizobia infect legume root and induce formation of special organs called nodules, inside
which they differentiate to bacteroids able to fix atmospheric N;. Thus, these bacteria
provide nitrogen forms that the host plant can assimilate and make the host independent
of the external input of this nutrient. For this reason, rhizobia play a significant role in the
environment from both an economic and ecological point of view.

Changes in the soil conditions, occurrence of competition in this ecological niche, and
various lifestyles of symbiotic bacteria require coordination of their cellular functions
in response to signals of both extracellular and intracellular origin. To adapt to these
different conditions, rhizobia have developed various strategies. These include numerous
post-translational modifications of proteins (PTMs), which are involved in several signal
transduction pathways (Kobir et al., 2011). PTMs affect a number of important protein
features, such as their structure, activity, surface charge, and stability. They also influence
their interactions with other molecules or subcellular location (Mijakovic, Grangeasse
& Turgay, 2016). By contrast with eukaryotic organisms, only a few types of PTMs
have been discovered in prokaryotes (e.g., glycosylation, methylation, phosphorylation,
and acetylation) that are involved in signal transduction and pathogenesis, and may
directly or indirectly change or abolish the interaction between proteins and other
cellular components. Among these PTMs, phosphorylation is the most frequent and
best-characterized modification (Kennelly, 2001; Kobir et al., 2011; Mijakovic, Grangeasse
¢ Turgay, 2016). The phosphate group covalently attached to proteins by bacterial kinases
is extremely reactive, which determines its biophysical properties, causing structural
perturbation and changes in protein functionality. Many amino acids in a protein can
act as potential acceptors of the phosphate group [including histidine (His), tyrosine
(Tyr), serine (Ser), threonine (Thr), and aspartic acid (Asp)] (Johnson & Lewis, 2001).
Based on the type of chemical bond formed with the phosphate group, amino acids can
be divided into several groups. The first type of bond is a simple phosphoamide bond,
when the phosphate group is attached to the hydroxyl residue of an amino acid (Ser, Thr,
and Tyr); this type of bond is extremely stable chemically, and is resistant to both acids
and hydroxylamine. The second type includes phosphorylation of basic amino acids [Arg,
His, and lysine (Lys)] involving the formation of phosphoamidic bond, which is resistant
to the action of base but is hydrolysable by acid and hydroxylamine. The third group
encompasses phosphate modification of acidic amino acids [i.e., Asp and glutamic (Glu)
acids], with acyl phosphate bond formation. The modifications of these amino acids are
relatively unstable. The literature data also indicate the phosphorylation of protein cysteine
(Cys) residues, with the formation of a phosphate phosphothiol bond (Cozzone, 1998;

Lipa and Janczarek (2020), PeerdJ, DOI 10.7717/peer|.8466 3/35


https://peerj.com
http://dx.doi.org/10.7717/peerj.8466

Peer

Mijakovic, Grangeasse ¢ Turgay, 2016). Another important feature of phosphorylation

is its reversibility (i.e., dephosphorylation), catalyzed by bacterial phosphatases. The
phosphorylation/dephosphorylation cycle ensures precise regulation of many metabolic
pathways in microorganisms. Differences in the stability of chemical bonds involving the
phosphate group determine the ability to transfer phosphate group to the target proteins,
leading to changes in their biological functions (Mijakovic, Grangeasse & Turgay, 2016).
Based on recent data, three main phosphorylation mechanisms are present in prokaryotic
organisms: two-component signal transduction systems (TCSs), phosphoenolopyruvate
(PEP)-dependent phosphotransferase systems (PTSs), and phosphorylation of Ser, Thr,
or Tyr residues in proteins (Kobir et al., 2011). Moreover, Arg-kinases phosphorylating
proteins on this amino acid are known in bacteria (Mijakovic, Grangeasse & Turgay, 2016).
To date, protein phosphorylation in prokaryotic organisms has been extensively described
mainly in pathogenic bacteria. Until now, phosphorylation systems in symbiotic N,-fixing
bacteria and their role in the adaptation of these microorganisms to various environmental
conditions have not been an object of review reports. Therefore, in the present review, we
summarize the current knowledge of phosphorylation systems in symbiotic bacteria and
their role in rhizobial adaptation to various environmental conditions.

Experimental studies in rhizobia indicate that phosphorylation plays an essential
role in many physiological processes in these bacteria and their adaptation to various
environmental factors (e.g., exopolysaccharide and flagellum production, dicarboxylate
transport, catabolite repression, phosphate utilization, N fixation, and adaptation to pH
stress and microaerobic conditions) (Liu, Tian ¢ Chen, 2015). We here present a concise
overview of phosphorylation mechanisms in rhizobia and outline the current knowledge
of the role of this PTM of proteins in cell signaling, coordination of vital functions, and
bacterial adaptation to environmental stress conditions.

SURVEY METHODOLOGY

In this review, we discussed the current literature data related to phosphorylation systems
in rhizobia, and their functions in physiology and adaptation of these bacteria to various
environmental conditions. References mentioned in the review were retrieved from
PubMed up to September 2019. We used search terms such as phosphorylation in symbiotic
bacteria, TCS system, PTS system, Hanks-type Ser/Thr kinases, Ser/Thr phosphatases,
rhizobia, and nitrogen-fixing symbiosis. The considered references provide information
about phosphorylation mechanisms in rhizobia, and their role in free-living bacteria
and during symbiosis with host plant. Grouping and classification of rhizobial response
regulators (RRs) were done based on conserved domains, according to papers of Galperin
(2006) and Galperin ¢» Nikolskaya (2007). The RRs encoded by genomes of rhizobial species
have been counted and classified into individual families according to a type of their
effector domain (DNA-binding, RNA-binding, enzymatic, and other). Protein sequences
of ExoP and PssZ homologs were obtained from the NCBI public database. Alignment of
protein rhizobial ExoP and PssZ homologs was performed using EMBL-EBI, 2019 available
online (https://www.ebi.ac.uk/Tools/msa/clustalo/). To obtain theoretical models of three-
dimensional structures of ExoP and PssZ homologs, sequences of these proteins in FASTA
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format obtained from the NCBI database (http://www.ncbi.nlm.nih.gov/) and a protein
structure prediction server RaptorX (http://raptorx.uchicago.edu/) were used. Several
properties of ExoP and PssZ proteins were determined using Protein Molecular Weight
Calculator (http://www.sciencegateway.org/tools/proteinmw.htm/), Isoelectric Point
Calculator (http://isoelectric.org/calculate.php/), and program for secondary structure
prediction of proteins (http://www.cbs.dtu.dk/services/NetSurfP/). Sequence identity and
similarity were determined using BLAST program (https://blast.ncbi.nlm.nih.gov/Blast/).

TWO-COMPONENT SIGNAL TRANSDUCTION SYSTEMS
(TCSS)

TCSs are ubiquitous among bacteria. They occur exclusively in prokaryotes and archaea
(Wang, 2012). They allow the microorganism to adapt to various environmental conditions,
such as changes in nutrient availability, soil pH, temperature, redox status, osmolality,
bacterial population density, and the presence of antibiotics and repellent plant metabolites.
The number of TCS systems present in individual bacteria is closely correlated not only with
the size of the genome, but also with the ecological niche these bacteria occupy (Galperin,
20065 Gao, Mack ¢ Stock, 2007). Typically, TCS-encoding genes account for approximately
1-2% of the microbial genome, although it depends on many factors. Among such factors,
the most important is the frequency of environmental changes in the ecological niche and
microbial lifestyle (e.g., pathogenic bacteria possess up to 200 TCSs, whereas endosymbionts
have fewer TCSs) (Galperin, 2006; Gao, Mack ¢ Stock, 2007). For an example, QseBC and
QseEF TCSs in enteric foodborne pathogens, such as enterohemorrhagic Escherichia coli
(EHEC) and Salmonella enterica serovar Typhimurium, are involved in modulation of the
expression of virulence genes in response to quorum sensing signals (i.e., autoinducer-3,
epinephrine, and norepinephrine) from the microbiota or the host (Lustri, Sperandio

& Moreira, 2017). Another TCS, KdpDE is involved in potassium homeostasis and
intracellular survival of pathogenic bacteria, including Staphylococcus aureus, EHEC,

S. typhimurium, and Yersinia pestis (Freeman, Dorus ¢» Waterfield, 2013).

Understanding the molecular mechanisms of signal transduction pathways in the
soil nitrogen-fixing microorganisms could contribute to better use of these bacteria in
bioremediation and N, fixation, which are important processes for the production of high-
quality crops (rendering them independent from artificial N fertilization and increasing
the amount of N available to plants). However, most studies currently focus on elucidation
of the roles of TCSs in pathogenic bacteria (Gao, Mack ¢ Stock, 2007). Sequence analysis of
prokaryotic genomes demonstrated that TCSs exhibit unusual complexity and variability.
These systems are composed of histidine kinases (HKs), which are sensor proteins located
in the bacterial membrane, and RRs involved in the regulation of gene expression. The
majority of HKs and RRs of individual TCSs in microorganisms are encoded by genes,
which are located in the same operon and can be easily identified. However, over 15% of
genes coding for RRs in bacteria occur individually (not grouped in operons) (Schaller,
Shiu & Armitage, 2011). The architecture of TCS pathways in microorganisms can be
extremely diverse. One of the simplest models is a TCS in which one HK capturing the
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signal of extracellular origin and one RR, which is the most common transcription factor
(TF) that regulates the expression of a single target operon, are cognate (Fig. 1). Another
model involves one HK activating one RR protein and affecting the expression of many
different operons (even up to 30% of the bacterial genome, e.g., during bacterial entry
into a latent state or a metabolism change from aerobic to anaerobic). Other TCS systems
are also known, where one HK regulates many RRs or multiple HKs regulate only one RR
(Schaller, Shiu & Armitage, 2011). Four main steps in the signal transduction cascade via
TCSs can be distinguished: (I) signal detection, (II) sensor kinase activation, (III) phosphate
group transfer to a regulatory protein, and (IV) response generation (Zschiedrich, Keidel ¢
Szurmant, 2016) (Fig. 1).

HKs are homodimeric integral membrane proteins containing two transmembrane
helices and with the N-terminus located in the cytosol. The sensor domain of these proteins
is located between the transmembrane helices and shows a low degree of sequence similarity,
in contrast to the other domains. The sensor domain may be located in the cytosol, cell
membrane, or outside the cell, where it is involved in the recognition of extracellular signals
and changes in the bacterial envelope (Wang, 2012). HAMP domain, which is commonly
found also in other enzymes (named after the first letters of enzymes in which it occurs: His
kinases, adenylate cyclases, methyl-accepting proteins, and phosphatases), is C-terminal
to the second transmembrane helix. This domain connects the transmembrane helix 2
and His phosphorylation domain DHp (dimerization His phosphotransfer). It is the most
conserved portion of the HK, which contains His, and is a signature motif of this type of
enzyme. The DHp domain consists of two helices that form a hairpin-type structure, and
a His residue that is also a site of HK autophosphorylation, located within the first helix.
After ATP binding by the HK, the y-phosphate group is transferred to histidine in the
DHp domain. The catalytic domain possesses five conserved motifs, designated as N, G1, F,
G2, and G3, which together with the H-frame are determinants for HK classification. The
catalytic and ATP-binding domain (CA) is located at the C-terminus of the protein. The
signature motifs within the HKs and phylogenetic analyses of HK protein sequences resulted
in the identification of 11 major families of enzymes involved in TCSs. Further, recently,
Karniol and Vierstra (Karniol & Vierstra, 2004) identified a new family of HKs, which share
homology with protein BphP2 of Agrobacterium tumefaciens, whose phytochrome-sensing
domain is involved in light perception. This type of HK lacks the F motif, although it does
contain conserved amino acid residues in other motifs (e.g., histidine in the N motif and a
tryptophan-X-glutamic acid motif in the G1 motif). Alterations of the above motifs were
also detected in other members of «- and B-Proteobacteria, including bacteria from the
Rhizobiaceae family (Karniol ¢ Vierstra, 2004).

By contrast with HKs, RR proteins involved in the TCSs have only two domains, i.e., a
receiver domain located at the N-terminus of the protein, which is responsible for binding
the phosphate group, and an effector domain located at the C-terminus, which relays
the signal in the transduction cascade. The receiver domain of RRs has a specific type
of conservativeness in terms of its structure and sequence, while effector domains are
characterized by high sequence variability, reflecting their different cellular functions.
The vast majority of regulatory proteins of the TCS systems are TFs, which have different
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Figure 1 Model of signal transduction via the bacterial TCS system (based on data included in a study
by Wang, 2012). TM, transmembrane domain; HAMP domain, name after the first letters of enzymes in
which it occurs, i.e., histidine kinases, adenylate cyclases, methyl-accepting proteins, and phosphatases;
CA, catalytic and ATP-binding domain; DHp, Dimerization Histidine phosphotransfer domain; H, histi-
dine; D, aspartic acid; P, phosphate residue.

Full-size & DOI: 10.7717/peer;j.8466/fig-1

effector domains responsible for DNA, RNA, protein, and enzyme binding. In the receiver
domain, an invariable Asp residue is present, which accepts the phosphate group coming
from a cognate HK. Conformational changes in RRs induced by phosphorylation are next
transferred to the effector domain, which consequently affects its activity (Gao, Mack ¢
Stock, 2007; Mitrophanov ¢ Groisman, 2008; Wang, 2012). Further, autophosphorylation
regulates the duration of RR phosphorylated state, which translates into the half-life of
the molecule, ranging from a few seconds to even an hour (Gao, Mack ¢ Stock, 2007).
Sequence analyses of bacterial genomes enabled structural and functional evaluation of
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Figure 2 Global classification of bacterial RRs occurring in «-Proteobacteria in respect to their reg-
ulatory functions. (A) Numbers of individual-type RRs (DNA-binding, RNA-binding, enzymatic pro-
teins, and of other cellular functions); (B) Numbers of chosen DNA-binding and (C) enzymatic RRs in o-
Proteobacteria (prepared using data present in NCBI (2007)).

Full-size Gl DOI: 10.7717/peer;j.8466/fig-2

the diversity of TCS RRs, which were grouped in a database and classified (the database
contains nearly 9000 RRs) (NCBI, 2007). The largest number of endosymbiotic bacteria
belong to the «-Proteobacteria; within this group, nearly 3530 RR proteins have been
identified. Among them, a significant majority are TFs, which bind DNA (83.46%), and
enzymes (7.90%) (Fig. 2).

Galperin (2006) and Galperin (2010) showed that TFs belonging to the families OmpR,
Narl, and NtrC account for almost 60% of all bacterial RRs. Similar, in «-Proteobacteria,
these TF families constitute 51.64% of RRs. The regulatory domains of these RRs are very
similar (from 20 to 30% sequence homology), and control the structure and function of
various effector domains. These regulatory domains exist in two different conformations
(active form, stabilized by phosphorylation, and inactive form), whose molecular surfaces
differ in both states, allowing their various regulatory effects. In response to different
environmental factors, symbiotic bacteria belonging to o Proteobacteria use various TCSs
composed of a particular sensor HK and dedicated RR, which enables them to adapt to
the changing habitat conditions. Examples of rhizobial TCSs and their function in various
cellular processes are presented in Table 1. With respect to individual rhizobial species,
genes encoding RRs from families REC, OmpR, NarL, NtrC, ActA, AmiR, GGDEF, HisK,
and CheB constitute from 0.81 to 1.15% of the total number of genes in their genomes
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Table 1 Role of TCSs in regulation of various cellular functions in representatives of rhizobial «-Proteobacteria (based on data from the KEGG and NCBI databases
(https://www.genome.jp/kegg-bin/show_pathway?rlg02020, https://www.ncbi.nlm.nih.gov/; GenomeNet, 2019a; GenomeNet, 2019b)).

Family Environmental Sensor Response Regulated Function Bacteria Reference
factors histidine regulators proteins
kinases
PhoR PhoB, PhoP PhoA, PhoD Rhizobium Santos-Beneit (2015)
Mesorhizobium
Bradyrhizobium
Sinorhizobium
Phosphate Phosphate Agrobacterium
limitation SenX3 RegX3 PhoA, PstS assimilation Agrobacterium Xu et al. (2018)
Mg?* Starvation PhoQ PhoP Unknown Mg*t Rhizobium Prost et al. (2007)
assimilation Mesorhizobium
Bradyrhizobium
Sinorhizobium
Agrobacterium
Osmotic EnvZ OmpR Unknown Change in Rhizobium Yoshida, Cai ¢
up-shift (K1) outer membrane Mesorhizobium Inouye (2002),
(small and large holes) Bradyrhizobium Yuan et al. (2011) and
Sinorhizobium Sablok et al. (2017)
Agrobacterium
Misfold protein CpxA CpxR Unknown Cell envelope Rhizobium Weatherspoon-Griffin et al.
protein folding Sinorhizobium (2014)
and protein
degradation
CusA Rhizobium
CusC, CusF, CusB Mesorhizobium
Copper CusS CusR CusB, CusA Copper Bradyrhizobium Gudipaty et al. (2012)
ions efflux
CusF, CusB, CusA Sinorhizobium
CusF, CusB, CusA Agrobacterium
Hormone QseC QseB MotA Flagellum Rhizobium Andpres et al. (2013) and
like-molecules regulation Mesorhizobium Corsini, Walker ¢ Santini
Bradyrhizobium (2018)
Sinorhizobium
Agrobacterium
K™ limitation KdpD KdpE KdpA, KdpB, KdpC Potassium Rhizobium Prell et al. (2012) and
transport Mesorhizobium Sablok et al. (2017)
Bradyrhizobium
Sinorhizobium
Agrobacterium

(continued on next page)
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Table 1 (continued)

Family Environmental Sensor Response Regulated Function Bacteria Reference
factors histidine regulators proteins
kinases
TctE Rhizobium
Mesorhizobium
Teth Sinorhizobium
Catabolit cta, Tricarboxylat i
atabolite TetD TotB nicarboxylates Agrobacterium Antoine et al. (2003)
repression Unk > transport Bradyrhizobi
OmpR nknown TetC radyrhizobium
family Unknown ResD Rhizobium
Sinorhizobi .
l(.)x}.’ger.l CtaA Respiration Hmorizobim SVSZZISS?”’[LLYZ}([)(C” &
1mitation ResE Unknown Bradyrhizobium Hederstedt (1993)
Temperature MtrB MtrA DnaA DNA replication, Rhizobium Wu et al. (2019)
Osmoprotection Mesorhizobium
VirB, VirR, Rhizobium
Mesorhizobium
) Bradyrhizobium
Acid ChvG Chl fegglatg’n l;)fl Agrobacterium Vanderlinde &
i v V. acid-inducible genes ¢
condition KatA, VirB, VirR and virulence 8 Sinorhizobium Yost (2012)
Citrate CitA CitB CitE, CitF, Citrate Rhizobium Scheu et al. (2012)
CitG fermentation Mesorhizobium
Bradyrhizobium
Agrobacterium
C4- dicarboxyrate DctB Unknown DctP C4- dicarboxyrate Rhizobium Yurgel & Kahn (2004)
transport Mesorhizobium
Bradyrhizobium
Sinorhizobium
Agrobacterium
CitB Unknown Bradyrhizobium
family Malat Mesorhizobium
Malate MalK Unknown i.a < Kiihnau et al. (1991)
MalR utilization Rhizobium
Sinorhizobium
Agrobacterium

(continued on next page)
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Table 1 (continued)

Family Environmental Sensor Response Regulated Function Bacteria Reference
factors histidine regulators proteins
kinases
LytS LytR Rhizobium
Mesorhizobium
Ly¢TR LrgA, Mureine Sinorhizobium
family LrgB hydrolase o Behr et al. (2017)
Unknown LytR activity Bmdyrhzzobmm
Agrobacterium
NarX NarL NarG, NarH, Nitrate reductase Rhizobium Nohno et al. (1989)
Narl, Nar] (Nitrogen metabolism) Bradyrhizobium
FdnG, FdnH, Fdnl Mesorhizobium
Nitrate/ FdnG, Fdnl Formate B'mdyr‘hizo'hium
NarL Nitrite Unknown NarP de}.lydrogenase Sinorhizobium Nohno et al. (1989)
family (Nitrogen
Unknown metabolism) Agrobacterium
Salt stress DegS DegU Unknown Degradative enzymes Rhizobium Msadek et al. (1990)
Mesorhizobium
Bradyrhizobium
Agrobacterium
GInL GInG GlnA Nitrogen assimilation Rhizobium Shatters, Somerville &
(glutamate metabolism) Mesorhizobium Kahn (1989)
Bradyrhizobium
Sinorhizobium
Agrobacterium
NifA Rhizobium
Mesorhizobium
Low Bradyrhizobium
nitrogen ; Sinorhizobi )
Ntr@ availabilit NtrY NtrX Nlt.ro.gen. HnorzagIm Salazar et al. (2010)
family Y Unknown assimilation Agrobacterium
C4- dicarboxyrate DctB DctD DctA C4- dicarboxyrate transport Rhizobium Golby et al. (1999)
Mesorhizobium
Bradyrhizobium
Sinorhizobium
Agrobacterium
CheY Rhizobium
CheV Mesorhizobium
h . A , CheB Flagell Bradyrhizobium
emotaxis ttractant MCP- agellar motor .
. Unknown . . Jahreis et al. (2004)
family Repelent CheA CheY switch adaptation Sinorhizobium
CheB Agrobacterium

(continued on next page)
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Table 1 (continued)

Family Environmental Sensor Response Regulated Function Bacteria Reference
factors histidine regulators proteins
kinases
NifA, FixK Rhizobium
Mesorhizobium
Bradyrhizobium
LuxR Oxygen . . Respiration and Sinorhizobium Monson, Ditta & Helinski
: Lo FixL Fix] . .
family limitation FixK nitrogen fixation Agrobacterium (1995)
RegB RegA PetA, PetB Electron transfer system Rhizobium Bauer et al. (1998)
Mesorhizobium
Bradyrhizobium
Sinorhizobium
Agrobacterium
q NifA Rhizobium
Redox Bradyrhizobium
Others : i 4
signal RegS RegR NIFrOgIeH_ Lindemann et al. (2007)
Unknown assimiation Agrobacterium
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(e.g., B. japonicum, 1.15%; Rhizobium etli, 1.14%; R. leguminosarum, 0.98%; S. meliloti,
0.92%; Rhizobium sp. NGR234, 0.89%; and M. loti, 0.81%) (NCBI, 2007).

The availability of phosphate to bacteria in the soil varies, and ranges from 0.1 to 10 pM.
Changes in the concentration of this element in the environment trigger activation of
the TCS systems in soil bacteria and thus induce changes in the cell function. Phosphate
limitation, in addition to other environmental factors, such as osmolality, ammonium
availability, or the presence of flavonoids, affects the biosynthesis of extracellular surface
polysaccharide (EPS) in symbiotic bacteria. The TCS system PhoR-PhoB is involved in
the regulation of EPS synthesis in Rhizobiaceace. As indicated in S. meliloti, the PhoR
protein is a HK that acts as a sensor of phosphate limitation in the environment, while
the PhoB protein is a RR responsible for positive regulation of the expression of many
genes associated with phosphate deficiency (among others, wgaA, wggR, and wgeA). These
genes are involved in the synthesis of EPS II (also called galactoglucan), which, as shown
by numerous studies, is a signal molecule indispensable for biofilm formation, plant
colonization, and establishment of effective symbiosis of S. meliloti with alfalfa (Bahlawane
et al., 2008; Hagberg et al., 2016; Gao et al., 2012).

Other TCSs are also involved in the chemo-screening process in «-Proteobacteria.
These TCSs are composed of transmembrane proteins, which are chemoreceptors, called
methyl-accepting chemotaxis proteins (MCPs) (Fig. 3) (Meier, Muschler & Scharf, 2007;
Zatakia et al., 2018). These proteins consist of two domains: a periplasmic domain that is a
ligand and a signaling domain functioning as a cytoplasmic binding site, which is flanked
by methylation regions. The cytoplasmic domain also contains a binding site for the HK
CheA. This process is also mediated by adapter protein CheW. If a repellent compound
is bound to the periplasmic domain, the conformation of the MCP changes; this relays
the signal to the CheA protein and results in autophosphorylation. The phosphate group
is then transferred to the CheY protein, which is a respiration regulator. By interacting
with the FliM switch protein, it reverses the direction of the flagellum rotation, which
changes the direction of bacterial migration in the environment (Alexander et al., 2010;
Haslbeck, 2016). The phosphorylated CheY protein can spontaneously dephosphorylate,
and its inactivation is accelerated by the CheZ protein, which has a dephosphatase activity.
CheR and CheB are other Che proteins that are very important in bacterial chemotaxis.
They are responsible for the methylation and demethylation of MCPs (Baker, Wolanin ¢
Stock, 2006; Tambalo, Yost ¢ Hynes, 2015). In the case of E. coli and Salmonella, five genes
encoding MCP chemoreceptors have been identified in their genomes. They include genes
for Tap protein, which traps dipeptides and pyrimidines; Tar, which reacts with maltose
and aspartate; Tsr, which traps serine; Trg, which reacts with galactose and ribose; and Aer,
which senses changes in the accessibility of oxygen. Four of these proteins are common
to both these bacterial species (Tar, Tsr, Trg, and Aer) (Parkinson, Hazelbauer ¢ Falke,
2015a).

In representatives of a-Proteobacteria, the majority of genes associated with motility,
chemotaxis, and flagellum synthesis, as well as regulatory genes related with these
processes, are located on the chromosome, usually in one or two operons. This type
of organization provides coordinated expression of genes related to cell migration. In
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R. leguminosarum, R. etli, and B. japonicum, two complete operons (Chel and Che2)
encode proteins homologous to E. coli Che AWYRB (Aizawa, Harwood ¢ Kadner, 2000;
Miller et al., 2007). In the case of S. meliloti, only one of the Che operons is fully functional
and encodes necessary chemotactic proteins. The second operon is located on plasmid
pSymA and contains an incomplete set of genes (Meier, Muschler ¢ Scharf, 2007). Only one
complete Che operon is present in A. tumefaciens, while literature data indicate that M. loti
harbors one but incomplete Che operon (Kareko et al., 2000; Huang et al., 2018). Sequence
analysis of the genomes of all these bacteria allowed determining the number of MCP
chemoreceptors in different rhizobial species. The highest number of MCPs was identified
in B. japonicum (36 MCPs), followed by bacteria belonging to the genus Rhizobium (28
MCPs), A. tumefaciens (20 MCPs), Sinorhizobium (9 MCPs), and only one chemoreceptor
in M. loti (Tambalo, Yost ¢» Hynes, 2015).

Other TCS systems are involved in atmospheric N, fixation in rhizobia and are
responsible for controlling the permeability of the bacterial envelope to oxygen in root
nodules. One of the most common TCSs involved in these processes is FixL-Fix], the
activation of which occurs under micro-aerobic conditions, i.e., when the concentration of
oxygen in the microbial cell is low (2%) (Monson, Ditta & Helinski, 1995; Bobik, Meilhoc
¢ Batut, 2006). HK FixL has the ability to autophosphorylate using ATP as a phosphate
donor. This is possible because of the presence of a heme group in the protein, to which the
oxygen molecule binds and thus regulates the autophosphorylation. The phosphate group
is then transferred to RR Fix]J, which is a TF from the Crp-Fnr family. Phosphorylated
Fix] controls a number of genes that influence signal transduction and adaptation of
rhizobia to changing environmental conditions. According to literature data, FixJ controls
nearly 74% of genes related to cell respiration under microaerobic conditions in S. meliloti.

Fix] also acts as a positive regulator of the expression of the fixK gene, whose product is
responsible for the regulation of the entire FixL-Fix] TCS system (Bobik, Meilhoc ¢ Batut,
2006). Furthermore, FixK also controls the expression of the fixT gene, which encodes a
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protein that facilitates the dephosphorylation of FixL. The FixK protein itself controls over
90 genes related to cellular respiration and TCS regulation, as well as the response to stress
factors, denitrification process, and cellular metabolism (e.g., transport of substances and
Arg metabolism). Interestingly, FixK not only regulates the expression of genes involved
in symbiotic processes but also affects the expression of genes related to the function

of free-living bacteria (Bobik, Meilhoc ¢ Batut, 2006; Reyes-Gonzilez et al., 2016). The
FixL-Fix] system also controls another transcription regulator involved in the expression
of N,-fixing genes, the NifA protein. In bacterial cells, NifA controls a small number

of genes (fixABCX, nifHDKEX, nifB, or nifN ) whose expression is only detected in the
bacteroid, but also genes involved in EPS production (syrA in S. meliloti) (Reyes-Gonzilez
et al., 2016). The occurrence of the FixL, Fix]J, FixK, and NifA proteins is conserved among
a-Proteobacteria; however, they differ with respect to the regulation mode and the set
of the controlled target genes in different rhizobial species. However, some differences
between various rhizobial species are observed, for example the expression of the nifA gene
in B. japonicum is not dependent on the FixL-Fix] system, but depends on a completely
different TCS system (RegS-RegR), which responds to redox potential changes in the
cell (Bobik, Meilhoc & Batut, 2006; Stacey, 2007; Zamorano-Sdnchez et al., 2012; Terpolilli,
Hood ¢ Poole, 2012).

PHOSPHENOLOPYRUVATE-DEPENDENT
PHOSPHOTRANSPHERASE SYSTEMS (PTSS)

The PTS system in bacteria was first described over 50 years ago by Kundig, Ghosh ¢
Roseman (1964), and is involved in the transport of carbohydrates in cell. This system

is based on the transport of sugar components and other soluble substances from the
environment to the bacterial cell, coupled with their simultaneous phosphorylation, which
involves the participation of PEP (Kundig, Ghosh ¢ Roseman, 1964; Saier, 2015). PTS
systems are also involved in other physiological processes in bacteria, such as chemotaxis,
regulation of carbon and nitrogen metabolism, and signal transduction (Kotrba, Inui &
Yukawa, 2001; Pfliiger-Grau ¢ Gorke, 2010; Saier, 2015).

Currently, two types of PTSs are distinguished; the first one is associated with transport
of most sugars and the second, PTSNY, is involved in regulatory processes in the cell.
The classic PTS system is associated with transport of many different sugars, such as
ketohexoses, aldohexoses, sugar alcohols, di- and trisaccharides, and aminosugars, into the
cell. However, not all sugars can be transported through this system, for instance glycerol,
glucuronide, and arabinose, which are transported by permeases and ATP-binding cassette
(ABC) transporters. The PTS system is composed of four cytoplasmic proteins and one
membrane protein. The first protein, called enzyme I (EI), is phosphorylated by PEP in
the presence of Mg?™ ions on a His residue. Then, the phosphate group is transferred
from EI to the HPr protein (to another conserved His residue). Both these proteins are
involved in capturing the majority of PTS substrates and are subject to constitutive or
partially induced expression in the cell (Deutscher, Francke & Postma, 2006; Deutscher
et al., 2014; Choe et al., 2017). Another component of this system is the enzymatic complex
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Figure 4 Models of the PTS systems in Gram-negative bacteria. (A) Classic PTS system responsible for
the transport of carbohydrates into bacterial cells (example: E. coli); (B) PTS system involved in regulatory
functions in the bacterial cells (referred to as PTS¥") present in representatives of a-Proteobacteria (devel-
oped on the basis of S. meliloti species (Pfliiger-Grau ¢ Girke, 2010).
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IT (EI), which consists of three to four protein domains called EIIA, EIIB, EIIC, and
EIID. Phosphorylated HPr phosphorylates EII components. All these components have
different substrate specificity with respect to carbohydrate transport and species specificity.
Regulatory schemes within the PTS systems are not conserved among Gram-negative
microorganisms, and are subject to numerous structural and functional modifications
across species. Target proteins phosphorylated by PTSs are quite diverse and represent
not only sugar transport systems or catalytic enzymes, but also TFs and HKs belonging to
the TCSs. In most Gram-negative bacteria, the regulatory role of PTSs is reduced to the
regulation of carbohydrate catabolism, which allows these microorganisms to adapt quickly
to the changing and favorable carbon source, by phosphorylating PTS components. Based
on sequence analyses of numerous genomes of bacteria belonging to the a-Proteobacteria,
no fully functional PTS system, such as that in Gram-negative bacteria, has been found
(Fig. 4).

In rhizobial representatives (S. meliloti, M. loti, B. japonicum, R. leguminosarum bv.
viciae, and S. fredii), only proteins homologous to the basic components of PTS were
found, with the exception of EIIB and EIIC transport proteins (Li ef al., 2016). Current

Lipa and Janczarek (2020), PeerdJ, DOI 10.7717/peer|.8466 16/35


https://peerj.com
https://doi.org/10.7717/peerj.8466/fig-4
http://dx.doi.org/10.7717/peerj.8466

Peer

Table 2 Effects of mutations in genes encoding PTSN™ system components in o-Proteobacteria representatives.

Bacterial strain Mutated gene Effects of the mutation Reference
S. meliloti 1021 HPr (ptsH), Disorders in functioning of catabolic repression, inefficient Pinedo, Bringhurst & Gage (2008)
manX, symbiosis (nodules formed on alfalfa roots are inefficient
ptsO in nitrogen fixation), decreased expression of melA, agp
and lac operons (needed for the utilization of a- and f3-
galactosides), the enhanced production of high-molecular-
weight succinoglycan
S. fredii ptsP, Disorders in symbiosis (ineffective nodules formed on Lietal. (2016)
ptsO soybeans)
S. fredii ptsN No negative effects on the symbiosis with soybean Lietal. (2016)
R. etli pisN Decreased growth on carboxylic compounds, reduced Michiels et al. (1998)
production of melanin, and induction of nifH expression
R. leguminosarum bv. ptsP, Change in the colony morphology from mucous to rough, Prell et al. (2012),
viciae 3841 ptsN, reducing the range of ABC transporters Untiet et al. (2013)
ptsO
B. japonicum 1110 ptsP Reduction of oligopeptide uptake King & O’Brian (2001)

literature data suggest that the incomplete PTS system in o-Proteobacteria is not involved in
carbohydrate transport into the cell. Sugars and other soluble compounds are transported in
these bacteria by widely distributed ABC-type transporters, which together with permeases,
form up to 180 individual transport systems that are not yet fully characterized. The
extremely complex network of the ABC-type systems in o-Proteobacteria reflects the
requirements of these bacteria during their existence in the soil environment and symbiosis
with legumes.

The second type of PTS (PTSNY) is present in all a-Proteobacteria representatives. This
system contains the following components: EIN" (PtsP), NPr (PtsO), and EITANT (PstN)
(Fig. 3) (Prell et al., 2012; Muriel-Milldn et al., 2017). It has been intensively studied in
recent years; nevertheless, the main functions of this system are still not fully understood.
Based on the phenotypic effects of mutations present in genes encoding PTSN" system
components in the representatives of «-Proteobacteria, the system is involved in metabolic
processes of rhizobia and their adaptation to stress conditions (Table 2).

It was experimentally determined that PTSN" components also participate in the
regulation of ABC-type transporters in R. leguminosarum bv. viciae 3841, and the presence
of PtsP and PtsN proteins is required for their full activation. The PtsN protein also plays
an important role in the activation of K* ion transporters because it interacts (most
likely in the non-phosphorylated state) with the KdpD sensor kinase. In addition to
its involvement in the regulation of K* ion concentration, PtsN regulates, directly or
indirectly, many other cellular processes in various microorganisms, including rhizobia
(Fig. 5). These processes include regulation of phosphate starvation (in E. coli), expression
of nitrogen-fixing genes (nif genes in Klebsiella pneumoniae), and accumulation of
polyhydroxybutyrate (in Azotobacter vinelandii). The current data also suggest that the
presence of a-ketoglutarate glutamine can affect the phosphorylation status of the PTSN'
system by binding to the GAF domain (named after some proteins in which it is found:
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cGMP-specific phosphodiesterases, Adenylyl cyclases, and FhlA) of the PtsP protein, as in
E. coli. These observations suggest that PTSN™ can “sense” the availability of nitrogen.

PHOSPHORYLATION OF TYR, SER, AND THR RESIDUES

Phosphoproteomic analyses performed for different bacterial species, including rhizobia,
revealed that, in contrast with eukaryotes, bacteria contain several enzymes that are able
to phosphorylate a wide range of amino acids (Mijakovic, Grangeasse ¢ Turgay, 2016;
Janczarek et al., 2018). As indicated for S. meliloti cells in the stationary phase, 96 unique
phosphorylated sites in 77 proteins were identified; the ratio of detected phosphopeptides
in these proteins was 63:28:5 Ser/Thr/Tyr (Liu, Tian ¢» Chen, 2015). A similar ratio was
also found in E. coli strain K12 (Ser 67.9%, Thr 23.5%, Tyr 8.6%), and is similar to those
in human proteins (Ser 86.4%, Thr 11.8%, and Tyr 1.8%). The phosphorylation of these
amino acids is dynamic and reversible, due to the action of appropriate phosphatases,
which are thus involved in signal transduction pathways in the cell (Macek et al., 2008;
Shi, 2009).

The process of phosphorylation and dephosphorylation of Tyr in bacteria is conducted by
protein tyrosine kinases (TKs) and two types of tyrosine phosphatases (TPs). The former
are conventional eukaryotic-type phosphatases, while the latter are acid phosphatases
characterized by low molecular weight (LMW-TPs) (Macek et al., 2008). Genes encoding
relevant pairs of TKs and TPs most often located in large operons, which are responsible
for regulating the synthesis of surface polysaccharides [such as EPS and capsular
polysaccharides (CPS)] or biofilm formation. These processes are involved in both the

virulence of pathogenic bacteria and symbiotic interactions (as in the case of rhizobia)
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(Janczarek, 2011; Medeot et al., 2016; Marczak et al., 2017). Bacterial TKs are characterized
as polysaccharide co-polymerases participating in the polymerization of EPS subunits
or recurring O-antigen subunits in LPS molecules (Marczak et al., 2017). This group
includes the following proteins: Wzc of E. coli, CpsD of Streptococcus pneumoniae, Ptk of
Acinetobacter johnsonii, and AmsA of Erwinia amylovora (Soulat et al., 2007; Grangeasse,
Nessler & Mijakovic, 2012; Nourikyan et al., 2015). Unfortunately, only a small number of
TKs (e.g., ExoP of S. meliloti and PssP of R. leguminosarum) and TPs have been described
in symbiotic bacteria (Mazur et al., 2002; Medeot et al., 2016). Additionally, there is no
knowledge of the mechanisms and role of these proteins in the signal transduction pathway
in rhizobia as well as target proteins that they regulate. The structure of TKs in symbiotic
bacteria does not greatly differ from that of classical TKs, which are present in the majority
of pathogenic bacteria. The catalytic domain is characterized by the presence of the Walker
A and B motifs, and the absence of motifs characteristic of typical eukaryotic kinases. These
enzymes also have the potential to autophosphorylate, which occurs in the Tyr-rich region
located in the C-terminal part of these proteins (Grangeasse, Nessler ¢ Mijakovic, 2012).
As in the case of other kinases described herein, the donor of the phosphate group is ATP,
and the degree of phosphorylation of bacterial TK determines its ability to interact with
other proteins in the bacterial cell (Whitmore ¢ Lamont, 2012). Among rhizobial TKs, the
most detailed description has been provided for ExoP in S. meliloti, which is involved in
the polymerization of EPS I (succinoglycan). This protein is encoded by the exoP gene,
which is located in a large gene cluster (30 kb) on pSymB plasmid responsible for EPS I
biosynthesis (this cluster includes 21 exo and exs genes) (Niemeyer ¢ Becker, 2001). ExoP is
a membrane protein consisting of an N-terminal periplasmic domain located between two
transmembrane regions, and an additional cytoplasmic domain located at the C-terminus
and containing ATP-binding motifs (Walker A and B motifs) (Niemeyer ¢ Becker, 2001;
Schmid, Sieber ¢~ Rehm, 2015; Medeot et al., 2016).

Numerous studies have shown that a mutation in the exoP gene in S. meliloti blocks the
polymerization of EPS I subunits and results in a significant reduction in the production
of this polysaccharide (increased LMW fraction of EPS I in relation to the HMW form).
This was caused by the fact that only the N-terminal part of the protein is expressed
in the exoP mutant. Despite the changes in the ratio between HMW and LMW EPS I
produced, as well as the adhesion ability of the exoP mutant, this bacterium can infect
the host plant. Homologs of S. meliloti ExoP are also present in other representatives of
a-Proteobacteria, including B. japonicum (Becker ¢ Piihler, 1998), M. loti (Kaneko et al.,
2000), Rhizobium spp. (Stachelin et al., 2006), or A. tumefaciens, where these proteins serve
similar functions as that in S. meliloti. In spite of their functional similarity in different
bacteria, ExoP proteins in these microorganisms differ in biochemical properties and
sequence (i.e., molecular mass, length, amino acid composition, and isoelectric point)
(Table 3). Analysis of the amino acid sequences of ExoP proteins from rhizobial strains
described to date indicates a diverse degree of sequence similarity (from 24% to 99%
identity and from 45% to 99% sequence similarity, depending on the species) (Table 3,
Figs. 6A and 6B). These differences are also highlighted by the analysis of the secondary
structure of these proteins, revealing a variable number of a-helices and B-sheets in
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Table 3 Comparison of the biochemical and structural properties of ExoP proteins in selected rhizobial species.

Nameof  Bacteria Molecular Length Sequence Hydrophobic Hydrophilic pI Secondary
protein weight (aa) identity (%)/ amino acids (%) amino acids structure of
(kDa) Sequence (%) the protein
similarity (%)
Number of  Number of
a-helixes [-sheets
ExoP S. meliloti 86.14 786 40/57 53.32% 46.68% 7.0 26 15
ExoP B. japonicum 81.65 756 28/46 53.18% 46.30% 6.1 24 13
ExoP M. loti 80.58 759 24/45 57.18% 42.82% 4.8 22 14
PssP R. leguminosarum bv. trifolii 84.05 758 99/99 52.11% 47.89% 5.2 25 13
ExoP A. tumefaciens 85.34 782 40/59 52.43% 47.57% 5.9 26 15
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Figure 6 Characteristics of ExoP proteins in selected rhizobial species. (A) Alignment of sequences of
ExoP proteins from S. meliloti, B. japonicum, M. loti, R. leguminosarum, and A. tumefaciens, developed in
the ClustalOmega program; (B—E) theoretical models of ExoP proteins from selected symbiotic bacteria
generated by the RaptorX program.

Full-size & DOI: 10.7717/peer;.8466/fig-6

these proteins (Table 3) (based on NetSurfP-2.0, 2007 analysis), and are evident during
generation of theoretical three-dimensional protein models (Fig. 6) (based on the RaprorX,
2011 analysis).

The EPS copolymerase in R. leguminosarum is PssP (PCP2a), which is similar to the
S. meliloti ExoP protein. The pssP gene encoding TK is located in the terminal part of the
Pss-I region, in which genes responsible for the synthesis, polymerization, and export of
EPS are grouped (Mazur et al., 2002). PssP is 746-aa long protein (molecular mass of 82.39
kDa) located in the bacterial internal membrane. The structure of PssP is highly similar to
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that of ExoP proteins. In its structure, a hydrophilic N-terminal domain surrounded by
two transmembrane regions and a C-terminal domain containing Walker A and B motifs
have been identified. The only major difference is that the PssP protein does not contain
a Tyr-rich region present in ExoP (Ivashina ¢ Ksenzenko, 2012). The mutation in the pssP
gene, similar to the mutation in the exoP of S. meliloti, affects the amount of EPS produced
by R. leguminosarum. A deletion of the entire pssP gene in R. leguminosarum strain TAl
results in a complete inhibition of EPS production, and alteration of colony morphology
(rough, non-fluid colonies are formed) in comparison with the wild type (mucoid colonies).
It also affects the ability of the mutant to interact with the host plant (no colonization
of clover roots) and fix atmospheric N,. Further, mutant strains synthesizing PssP that
lacks the C-terminal region produce a reduced amount of EPS, with a changed ratio of
the HMW fraction to the LMW fraction of this polymer (dominance of the LMW EPS
fraction) (Mazur et al., 2002; Marczak et al., 2017).

Currently, very little information is available for the TPs in Rhizobiaceae. To date, the
literature contains one example gene, the chromosomal gene SMc02309 in S. meliloti, which
encodes a potential TP. Bioinformatics analyses have shown that a protein encoded by
this gene shares a high (43%) sequence identity with the E. coli Wzb protein. Biochemical
analyses have confirmed that SMc02309 can hydrolyze an artificial substrate p-NPP, used in
in vitro assays, allowing determination of its phosphatase properties. Furthermore, studies
with S. meliloti SMc02309 have shown that this protein is able to dephosphorylate ExoN
(UDP-glycosyl pyrophosphorylase involved in UDP-glucose synthesis) on Tyr residues
(Medeot et al., 2016).

Another important issue in bacterial regulatory pathways is phosphorylation of Ser
and Thr. Although Ser and Thr are among the most frequently phosphorylated amino
acids in bacteria, the knowledge of kinases and phosphatases responsible for their
phosphorylation/dephosphorylation is insufficient. In bacteria, two types of Ser kinases can
be distinguished: Hanks-type (commonly referred to as eukaryotic-like Ser/Thr) kinases
(STKs) and atypical Ser kinases. The first type encompasses cytoplasmic and membrane
proteins whose location is variable, and depends on the enzyme structure and occurrence
of additional sub-domains that also affect its activity. This group of enzymes contains 12
specific motifs that were defined by the discoverer of the Hanks proteins. As in the case of
classical kinases, the catalytic domain participates in the binding of the phosphate group
from the donor molecule (ATP) in the N-terminal part of protein, while the C-terminal
part is responsible for the interaction of the protein with substrate molecules and is
involved in the transfer of this group. Thus far, a large number of STKs (approximately
60) has been described. They mainly originate from Gram-positive and Gram-negative
bacteria pathogenic to human, which emphasizes the importance of phosphorylation in all
microorganisms and how much research is still needed to fully understand this regulatory
process. The functional range of proteins regulated by STKs is extremely broad and is
related to many diverse cellular processes, such as cell division, central metabolism control,
envelope biogenesis, regulation of ABC transport systems, regulation of translation and
transcription, and stress responses (e.g., heat shock, sporulation, osmotic stress, etc.)
(Janczarek et al., 2018).
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Unfortunately, the knowledge of STKs and Ser/Thr phosphatases (STPs) in symbiotic
bacteria is still insufficient. At present, only one rhizobial STK has been described in
the literature (i.e., PrkA STK in Mesorhizobium alhagi, a bacterium able to infect Alhagi
sparsifolia naturally occurring in the Mediterranean area) (Chen et al., 2010; Liu et al.,
2016). PrkA is an extremely conservative STK with homology to STKs not only in E. coli,
but also in Bacillus subtilis and Mycobacterium tuberculosis. This protein plays an important
role in the regulation of bacterial metabolism under stress conditions (such as osmotic or
acid stress). PrkA of M. alhagi consists of 649 amino acids (molecular mass of 74.73 kDa)
and is involved in the adaptation of rhizobial cell to stress conditions caused by increased
salinity in the environment (Liu et al., 2016).

Even less information can be found for rhizobial STPs. The currently available literature
data pertain to a small percentage of these enzymes, mainly focusing on human pathogenic
bacteria (in particular, Gram-positive bacteria; only 30% of STPs described in the
literature originate from Gram-negative bacteria). Bacterial STPs are classified into two
phosphatase families: classical bacterial phosphoprotein phosphatases (PPPs) or protein
metallophosphatases (PPMs). These enzymes play a variety of functions in the bacterial cell,
as do the corresponding STKs. STPs are involved in the following processes: cell growth
and division, cell signaling, sporulation, biofilm formation, motility, and regulation of
transcription and translation. Interestingly, the first and only STP described to date in
a symbiotic bacterium from the Rhizobiaceae family is PssZ from R. leguminosarum bv.
trifolii. This protein is encoded by the pssZ gene located in the Pss-I region, which is
responsible for the synthesis and export of EPS. PssZ is 263-amino acid-long protein
with a molecular mass of 29.28 kDa (isoelectric point of 8.62) (Table 4). The protein
shows a various degree of homology with proteins from other symbiotic bacteria (46-90%
for bacterial strains from the genus Rhizobium; 44-46% for the genus Sinorhizobium;
47-54% for the genus Agrobacterium; and 44—47% for the genera Bradyrhizobium and
Mesorhizobium). Bioinformatics analyses of the secondary structure of PssZ have shown
that this protein contains 11 «-helixes and 10 B-sheets, as well as three motifs characteristic
for and conserved in PPMs (-GDXHG-, -GDXVDRG-, and -GNHE-) (Fig. 7). Furthermore,
amino acids characteristic for STPs from the PPM family (His at positions: 45, 108,186,
and 225; and Asn107, Asp43, and Asp76), which are responsible for the binding of metal
ions magnesium and manganese have also been identified. To determine the role of the
PssZ protein in the functioning of rhizobial cells, a spontaneous mutant harboring a
Tn5 transposon insertion in the pssZ gene was evaluated. Comparative transcriptomic
analyses of the pssZ mutant and the wild-type strain showed that the lack of functional
PssZ protein affects multiple cellular processes, including transcription, translation, and
signal transduction, as well as cell division and motility. Furthermore, the mutation in pssZ
led to the inhibition of the synthesis of surface polysaccharides, such as EPS and CPS, and
substantially reduced the amount of produced gel-forming and neutral polysaccharides.
The lack of functional PssZ also significantly affects the growth of R. leguminosarum,
prolonging the generation time, and negatively influences cell motility. The lack of this
protein also dramatically affects the effectiveness of symbiosis of this bacterium with its
host plant, i.e., red clover (Trifolium pratense) (the pssZ mutant induces the formation
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Table 4 Comparison of the biochemical and structural properties of PssZ proteins in selected rhizobial species.

Protein Bacteria Molecular Length Sequence Hydrophobic Hydrophilic pI Secondary structure
weight (aa) identity (%)/ amino acids amino acids of the protein
(kDa) Sequence (%) (%)
similarity (%)
Number of  Number of
a-helixes [-sheets
PssZ R. leguminosarum bv. 29.28 263 -/- 58.55 41.45 8.6 11 10
WP_026230739 trifolii Rt24.2
ABC92003 R. etli CFN 42 28.95 260 92/94 56.92 43.08 8.2 13 12
WP_085738086 Rhizobium sp. CIAT894 29.26 263 94/96 57.41 42.59 8.4 12 12
WP_063898332 M. loti 28.87 256 47/60 54.68 45.32 6.8 10 11
EKJ95978 B. lupini HPC(L) 29.4 263 46/62 57.41 42.59 6.9 13 10
WP_012652475 A . tumefaciens 28.92 263 50/66 55.51 44.49 5.4 11 12
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A ' B R. leguminosarum bv. trifolii Rt24.2
motif 1 (WP_026230739.1)

Rt24.2 ---fiGCMFNYLGPWRQOT PTLAGNRKGRARLTEAE -GEFAAUNENS YNEJVKAQR 56

Rhizobium sp. CIAT894 ---MGYMFNNLGPWRQOISILAGSRKGRARLTEAE-GEFAAV YKENTEAHR 56

M. loti ---MSLFQRSRRPR------------ PLPREREVMDMRDTVUYALG YEEERTLEQ 45

B. lupini — - -MPKVLNWIRGRKQP- -~ APREARRRRRVERGDRLTS FPANATCDVHGS 1 DL LORE] 54

A. tumefaciens MSMMGLTYRLFSSRT-— - -ARSMEQSRRART DPA-ONYTARMANSDIHAL HDERTEAER 55

o motif 2 ’ : .

Rt24.2 1PGPK VM TBRPGE 16

Rhizobium sp. CIAT894 PGPKIIVM . PGE 16

M. loti Kifor FRGRKVIIM POSRRYIEHENA P BBKGE L) 05

B. lupini 1ABLAGDRS PALVVE D! RPPBAPIR 14

a. iens K T PGRK LEME] PQSS DYLOEECDPBESNE 15

Rt24.2 RKPARILENEGFAGPEEHB¥EID EHELOSAA-GNETIARVIRNMEBERAIOFBESEBE 175 c M. loti (WP_063898332.1)
Rhizobium sp. CIAT894 RKPAHILEWNGFAGTEELHSYGIDTEHLLOSAA-GSEMIARVIRNMEBERHTOFLESERT 175 -

M. loti DGYLSREPHETVGEREMHY] PAHLTNLYA- SSEEVDERIREARBAGHIGFIRSEBY 164

B. lupini ENPRENMHNEDFGEROTHL (T DYE TEKGRLRVQPFKDALLGATEOTHROLEANERY 174

A. tumefaciens DDPRGNSDNBEYGSGP) DYLLREEGRSAEELGEAARRATEPAHVKLERSERY 175

Rt24.2 MLRIGRV KBl D <@ B s BN« BRO PEl DEG POl v L]
Rhizobium sp. CIAT894 MLRMGRVY IKBGI DI KQKDSDLM" EROPEN DEGPOEEVINA|
M. loti MVCSDEFWI IRBGI ENERSD) HREDCHY
B. lupini YARIGPY LREGL TDEBMEW IRE PEE S OGAGEDL LY
A. tumefaciens AVTVGSVE IOB Y PH»GQTDNDLIWERE PEHS0GPOlP VLUV

e

PARTETFGP 235
PARTETFGP 235
IVDVETLDG 224
PVTEBETGP 234
PSPREVEGN 235

Rt24.2 IKGTRVEBEL---- 263 D
Rhizobium sp. CIAT894 IKGTRVEEL---- 263
M. loti ITVGRYGRELSSRD 256
B. lupini IVESGLSBIV--~ 263
A. tumefaciens IVDGQPEEL---~ 263
E A. tumefaciens (WP_012652475.1)

Figure 7 Characteristics of the PssZ proteins in selected rhizobial species. (A) Alignment of sequences
of PssZ proteins from B. lupini, M. loti, R. leguminosarum, and A. tumefaciens developed in the
ClustalOmega program; (B—E) theoretical models of PssZ proteins from selected symbiotic bacteria
generated by the RaptorX program.

Full-size G4 DOI: 10.7717/peerj.8466/fig-7

of deformed root nodules, which are unable to reduce atmospheric N,) (Lipa et al., 2018;
Lipa, Vinardell & Janczarek, 2019).

CONCLUSIONS

Phosphorylation is a key mechanism that enables microorganisms to exist in various
ecological niches, and to sense and respond to changing environmental conditions.
Sensing and transduction of different signals (both external and internal) allow bacteria
to adapt to different environments. These processes are conducted by various regulatory
systems, including TCSs, PTSs, and STKs/STPs. Several studies indicate that regulatory
pathways controlled by phosphorylation/dephosphorylation processes play an essential
role in the regulation of various cellular processes in symbiotic bacteria, such as growth and
cell division, cell wall biosynthesis, biofilm formation, stress response, metabolic processes,
symbiotic interaction with legumes, and nitrogen fixation. Reversible phosphorylation
of many protein targets involved in bacterial signaling and physiology is catalyzed by
enzymes belonging to different families of kinases and phosphatases. However, the current
knowledge of rhizobial enzymes involved in the phosphorylation/dephosphorylation
processes, environmental signals that trigger the signaling cascade, and the mechanisms
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that regulate the crosstalk between these enzymes is insufficient. Studies in this research field
will provide understanding of the function of prokaryotic regulatory networks and their
role in adaptation of rhizobia to different ecological niches, such as the soil, rhizosphere,
and legume root nodules. Thus, the most important aspects of the role of these regulatory
systems that should be addressed are understanding their molecular mechanisms of action,
as well as the relationships between them. These data will allow us to understand the
complexity of rhizobial sensing and response to various environmental stressors that may
ensure better application of these bacteria in sustainable agriculture in the future.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the Polish National Science Centre (NCN, No.
2018/31/B/NZ9/00663). The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Polish National Science Centre: 2018/31/B/NZ9/00663.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Paulina Lipa and Monika Janczarek conceived and designed the experiments, performed
the experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:
This is a literature review and does not have raw data.

REFERENCES

Aizawa SI, Harwood CS, Kadner RJ. 2000. Signaling components in bacterial
locomotion and sensory reception. Journal of Bacteriology 182:1459—1471
DOI 10.1128/jb.182.6.1459-1471.2000.

Alexander RP, Lowenthal AC, Harshey RM, Ottemann KM. 2010. CheV: cheW-
like coupling proteins at the core of the chemotaxis signaling network. Trends in
Microbiology 18:494-503 DOI 10.1016/j.tim.2010.07.004.

Andres J, Arséne-Ploetze F, Barbe V, Brochier-Armanet C, Cleiss-Arnold J, Cop-
pée J-Y, Dillies M-A, Geist L, Joublin A, Koechler S, Lassalle F, Marchal M,
Médigue C, Muller D, Nesme X, Plewniak F, Proux C, Ramirez-Bahena MH,
Schenowitz C, Sismeiro O, Vallenet D, Santini JM, Bertin PN. 2013. Life in an

Lipa and Janczarek (2020), PeerdJ, DOI 10.7717/peer|.8466 26/35


https://peerj.com
http://dx.doi.org/10.1128/jb.182.6.1459-1471.2000
http://dx.doi.org/10.1016/j.tim.2010.07.004
http://dx.doi.org/10.7717/peerj.8466

Peer

arsenic-containing gold mine: genome and physiology of the autotrophic arsenite-
oxidizing bacterium Rhizobium sp. NT-26. Genome Biology and Evolution 5:934-953
DOI 10.1093/gbe/evt061.

Antoine R, Jacob-Dubuisson F, Drobecq H, Willery E, Lesjean S, Locht C. 2003. Over-
representation of a gene family encoding extracytoplasmic solute receptors in Borde-
tella. Journal of Bacteriology 185:1470-1474 DOI 10.1128/]B.185.4.1470-1474.2003.

Bahlawane C, Baumgarth B, Serrania J, Riiberg S, Becker A. 2008. Fine-tuning of
galactoglucan biosynthesis in Sinorhizobium meliloti by differential WggR (ExpG)-,
PhoB-, and MucR-dependent regulation of two promoters. Journal of Bacteriology
190:3456-3466 DOI 10.1128/JB.00062-08.

Baker MD, Wolanin PM, Stock JB. 2006. Signal transduction in bacterial chemotaxis.
BioEssays: News and Reviews in Molecular, Cellular and Developmental Biology
28:9-22 DOI 10.1002/bies.20343.

Bauer E, Kaspar T, Fischer H-M, Hennecke H. 1998. Expression of the fixR-nifA operon
in Bradyrhizobium japonicum depends on a new response regulator, RegR. Journal of
Bacteriology 180:3853-3863 DOI 10.1128/JB.180.15.3853-3863.1998.

Becker A, Piihler A. 1998. Specific amino acid substitutions in the proline-rich motif
of the Rhizobium meliloti ExoP protein result in enhanced production of low-
molecular-weight succinoglycan at the expense of high-molecular-weight succino-
glycan. Journal of Bacteriology 180:395-399 DOI 10.1128/]B.180.2.395-399.1998.

Behr S, Brameyer S, Witting M, Schmitt-Kopplin P, Jung K. 2017. Comparative analysis
of LytS/LytTR-type histidine kinase/response regulator systems in y -proteobacteria.
PLOS ONE 12:20182993 DOI 10.1371/journal.pone.0182993.

Bobik C, Meilhoc E, Batut J. 2006. Fix]: a major regulator of the oxygen limitation re-
sponse and late symbiotic functions of Sinorhizobium meliloti. Journal of Bacteriology
188:4890-4902 DOI 10.1128/JB.00251-06.

Chen W-M, Zhu W-F, Bontemps C, Young JPW, Wei GH. 2010. Mesorhizobium
alhagi sp. nov. isolated from wild Alhagi sparsifolia in north-western China.
International Journal of Systematic and Evolutionary Microbiology 60:958-962
DOI 10.1099/ij5.0.014043-0.

Choe M, Park Y-H, Lee C-R, Kim Y-R, Seok Y-J. 2017. The general PTS component
HPr determines the preference for glucose over mannitol. Scientific Reports 7:43431
DOI 10.1038/srep43431.

Corsini PM, Walker KT, Santini JM. 2018. Expression of the arsenite oxidation
regulatory operon in Rhizobium sp. str. NT-26 is under the control of two pro-
moters that respond to different environmental cues. MicrobiologyOpen 7:¢00567
DOI 10.1002/mbo3.567.

Cozzone AJ. 1998. Post-translational modification of proteins by reversible phosphoryla-
tion in prokaryotes. Biochimie 80:43—48 DOI 10.1016/50300-9084(98)80055-2.

Deutscher J, Aké FMD, Derkaoui M, Zébré AC, Cao TN, Bouraoui H, Kentache
T, Mokhtari A, Milohanic E, Joyet P. 2014. The bacterial phosphoenolpyru-
vate:carbohydrate phosphotransferase system: regulation by protein phosphorylation

Lipa and Janczarek (2020), PeerdJ, DOI 10.7717/peer|.8466 27/35


https://peerj.com
http://dx.doi.org/10.1093/gbe/evt061
http://dx.doi.org/10.1128/JB.185.4.1470-1474.2003
http://dx.doi.org/10.1128/JB.00062-08
http://dx.doi.org/10.1002/bies.20343
http://dx.doi.org/10.1128/JB.180.15.3853-3863.1998
http://dx.doi.org/10.1128/JB.180.2.395-399.1998
http://dx.doi.org/10.1371/journal.pone.0182993
http://dx.doi.org/10.1128/JB.00251-06
http://dx.doi.org/10.1099/ijs.0.014043-0
http://dx.doi.org/10.1038/srep43431
http://dx.doi.org/10.1002/mbo3.567
http://dx.doi.org/10.1016/s0300-9084(98)80055-2
http://dx.doi.org/10.7717/peerj.8466

Peer

and phosphorylation-dependent protein-protein interactions. Microbiology and
Molecular Biology Reviews 78:231-256 DOI 10.1128/MMBR.00001-14.

Deutscher J, Francke C, Postma PW. 2006. How phosphotransferase system-related
protein phosphorylation regulates carbohydrate metabolism in bacteria. Microbiology
and Molecular Biology Reviews 70:939-1031 DOT 10.1128/MMBR.00024-06.

Dresler-Nurmi A, Fewer DP, Résédnen LA, Lindstrom K. 2009. The diversity and
evolution of Rhizobia. In: Pawlowski K, ed. Prokaryotic symbionts in plants. Mi-
crobiology monographs. Berlin, Heidelberg: Springer Berlin Heidelberg, 3—41
DOI 10.1007/7171_2007_099.

EMBL-EBI. 2019. Cluster Omega. Available at https:// www.ebi.ac.uk/ Tools/msa/ clustalo/
(accessed on 20 September 2019).

Freeman ZN, Dorus S, Waterfield NR. 2013. The KdpD/KdpE two-component
system: integrating K™ homeostasis and virulence. PLOS Pathogens 9:¢1003201
DOI 10.1371/journal.ppat.1003201.

Fukami J, Cerezini P, Hungria M. 2018. Azospirillum: benefits that go far beyond
biological nitrogen fixation. AMB Express 8:e73 DOI 10.1186/s13568-018-0608-1.

Galperin MY. 2006. Structural classification of bacterial response regulators: diversity of
output domains and domain combinations. Journal of Bacteriology 188:4169-4182
DOI10.1128/JB.01887-05.

Galperin MY. 2010. Diversity of structure and function of response regulator output do-
mains. Current Opinion in Microbiology 13:150-159 DOI 10.1016/j.mib.2010.01.005.

Galperin MY, Nikolskaya AN. 2007. Identification of sensory and signal-transducing
domains in two-component signalling systems. Methods in Enzymology 422:47-74
DOI 10.1016/S0076-6879(06)22003-2.

Gao M, Coggin A, Yagnik K, Teplitski M. 2012. Role of specific quorum-sensing signals
in the regulation of exopolysaccharide II production within Sinorhizobium meliloti
spreading colonies. PLOS ONE 7:e42611 DOI 10.1371/journal.pone.0042611.

Gao R, Mack TR, Stock AM. 2007. Bacterial response regulators: versatile regulatory
strategies from common domains. Trends in Biochemical Sciences 32:225-234
DOI 10.1016/j.tibs.2007.03.002.

GenomeNet. 2019a. KEGG Pathway: bacterial chemotaxis—Rhizobium leguminosarum
bv. trifolii WSM1325. Available at hitps:// www.genome.jp/ kegg-bin/show_pathway?
rlg02030 (accessed on 20 September 2019).

GenomeNet. 2019b. KEGG Pathway: two-component system—Rhizobium legumi-
nosarum bv. trifolii WSM1325. Available at hitps:// www.genome.jp/ kegg-bin/show
pathway?rlg02020+Rleg_4168 (accessed on 20 September 2019).

Golby P, Davies S, Kelly DJ, Guest JR, Andrews SC. 1999. Identification and character-
ization of a two-component sensor-kinase and response-regulator system (DcuS-
DcuR) controlling gene expression in response to C4-dicarboxylates in Escherichia
coli. Journal of Bacteriology 181:1238—1248 DOI 10.1128/JB.181.4.1238-1248.1999.

Grangeasse C, Nessler S, Mijakovic I. 2012. Bacterial tyrosine kinases: evolution, biolog-
ical function and structural insights. Philosophical Transactions of the Royal Society of
London. Series B, Biological Sciences 367:2640—-2655 DOI 10.1098/rstb.2011.0424.

Lipa and Janczarek (2020), PeerdJ, DOI 10.7717/peer|.8466 28/35


https://peerj.com
http://dx.doi.org/10.1128/MMBR.00001-14
http://dx.doi.org/10.1128/MMBR.00024-06
http://dx.doi.org/10.1007/7171_2007_099
https://www.ebi.ac.uk/Tools/msa/clustalo/
http://dx.doi.org/10.1371/journal.ppat.1003201
http://dx.doi.org/10.1186/s13568-018-0608-1
http://dx.doi.org/10.1128/JB.01887-05
http://dx.doi.org/10.1016/j.mib.2010.01.005
http://dx.doi.org/10.1016/S0076-6879(06)22003-2
http://dx.doi.org/10.1371/journal.pone.0042611
http://dx.doi.org/10.1016/j.tibs.2007.03.002
https://www.genome.jp/kegg-bin/show_pathway?rlg02030
https://www.genome.jp/kegg-bin/show_pathway?rlg02030
https://www.genome.jp/kegg-bin/show_pathway?rlg02020+Rleg_4168
https://www.genome.jp/kegg-bin/show_pathway?rlg02020+Rleg_4168
http://dx.doi.org/10.1128/JB.181.4.1238-1248.1999
http://dx.doi.org/10.1098/rstb.2011.0424
http://dx.doi.org/10.7717/peerj.8466

Peer

Gudipaty SA, Larsen AS, Rensing C, McEvoy MM. 2012. Regulation of Cu(I)/Ag(I)
efflux genes in Escherichia coli by the sensor kinase CusS. FEMS Microbiology Letters
330:30-37 DOI 10.1111/j.1574-6968.2012.02529 x.

Hagberg KL, Yurgel SN, Mulder M, Kahn ML. 2016. Interaction between nitrogen
and phosphate stress responses in Sinorhizobium meliloti. Frontiers in Microbiology
7:01928 DOI 10.3389/fmicb.2016.01928.

Haldar S, Sengupta S. 2015. Plant-microbe cross-talk in the Rhizosphere: in-
sight and biotechnological potential. The Open Microbiology Journal 9:1-7
DOI 10.2174/1874285801509010001.

Haslbeck M. 2016. The two-component CheY system in the chemotaxis of Sinorhi-
zobium Meliloti. In: Stress and environmental regulation of gene expression
and adaptation in bacteria. New Jersey: John Wiley & Sons, Ltd, 277-281
DOI 10.1002/9781119004813.ch24.

Huang Z, Zhou Q, Sun P, Yang J, Guo M. 2018. Two Agrobacterium tumefaciens CheW
proteins are incorporated into one chemosensory pathway with different efficiencies.
Molecular Plant-Microbe Interactions 31:460-470 DOI 10.1094/MPMI-10-17-0255-R.

Ivashina TV, Ksenzenko VN. 2012. Exopolysaccharide biosynthesis in Rhizobium
leguminosarum: from genes to functions. The Complex World of Polysaccharides
DOI 10.5772/51202.

Jahreis K, Morrison TB, Garzon A, Parkinson JS. 2004. Chemotactic signaling by an Es-
cherichia coli CheA mutant that lacks the binding domain for phosphoacceptor part-
ners. Journal of Bacteriology 186:2664-2672 DOI 10.1128/]B.186.9.2664-2672.2004.

Janczarek M. 2011. Environmental signals and regulatory pathways that influence
exopolysaccharide production in Rhizobia. International Journal of Molecular Sciences
12:7898-7933 DOI 10.3390/1jms12117898.

Janczarek M, Vinardell JM, Lipa P, Karas M. 2018. Hanks-type serine/threonine
protein kinases and phosphatases in bacteria: roles in signaling and adaptation
to various environments. International Journal of Molecular Sciences 19:2872
DOI10.3390/ijms19102872.

Johnson LN, Lewis RJ. 2001. Structural basis for control by phosphorylation. Chemical
Reviews 101:2209-2242 DOI 10.1021/cr000225s.

Kaneko T, Nakamura Y, Sato S, Asamizu E, Kato T, Sasamoto S, Watanabe A, Idesawa
K, Ishikawa A, Kawashima K, Kimura T, Kishida Y, Kiyokawa C, Kohara M,
Matsumoto M, Matsuno A, Mochizuki Y, Nakayama S, Nakazaki N, Shimpo S,
Sugimoto M, Takeuchi C, Yamada M, Tabata S. 2000. Complete genome structure
of the nitrogen-fixing symbiotic bacterium Mesorhizobium loti. DNA Research
7:331-338 DOI 10.1093/dnares/7.6.331.

Kannan VR, Sithara S, Chandru S. 2015. Proportional analysis of leghaemoglobin con-
centration in various nodulating plants and intuitive Rhizobium species. European
Journal of Experimental Biology 5:15-23.

Karniol B, Vierstra RD. 2004. The HWE histidine kinases, a new family of bacterial two-
component sensor kinases with potentially diverse roles in environmental signaling.
Journal of Bacteriology 186:445-453 DOT 10.1128/]B.186.2.445-453.2004.

Lipa and Janczarek (2020), PeerdJ, DOI 10.7717/peer|.8466 29/35


https://peerj.com
http://dx.doi.org/10.1111/j.1574-6968.2012.02529.x
http://dx.doi.org/10.3389/fmicb.2016.01928
http://dx.doi.org/10.2174/1874285801509010001
http://dx.doi.org/10.1002/9781119004813.ch24
http://dx.doi.org/10.1094/MPMI-10-17-0255-R
http://dx.doi.org/10.5772/51202
http://dx.doi.org/10.1128/JB.186.9.2664-2672.2004
http://dx.doi.org/10.3390/ijms12117898
http://dx.doi.org/10.3390/ijms19102872
http://dx.doi.org/10.1021/cr000225s
http://dx.doi.org/10.1093/dnares/7.6.331
http://dx.doi.org/10.1128/JB.186.2.445-453.2004
http://dx.doi.org/10.7717/peerj.8466

Peer

Kennelly PJ. 2001. Protein phosphatases—a phylogenetic perspective. Chemical Reviews
101:2291-2312 DOI 10.1021/cr0002543.

King ND, O’Brian MR. 2001. Evidence for direct interaction between enzyme INtrand
aspartokinase to regulate bacterial oligopeptide transport. Journal of Biological
Chemistry 276:21311-21316 DOI 10.1074/jbc.M101982200.

Kobir A, Shi L, Boskovic A, Grangeasse C, Franjevic D, Mijakovic I. 2011. Protein
phosphorylation in bacterial signal transduction. Biochimica Et Biophysica Acta
1810:989—994 DOI 10.1016/j.bbagen.2011.01.006.

Kotrba P, Inui M, Yukawa H. 2001. Bacterial phosphotransferase system (PTS) in
carbohydrate uptake and control of carbon metabolism. Journal of Bioscience and
Bioengineering 92:502-517 DOI 10.1016/S1389-1723(01)80308-X.

Kiihnau S, Reyes M, Sievertsen A, Shuman HA, Boos W. 1991. The activities of
the Escherichia coli MalK protein in maltose transport, regulation, and inducer
exclusion can be separated by mutations. Journal of Bacteriology 173:2180-2186
DOI'10.1128/jb.173.7.2180-2186.1991.

Kumar N, Lad G, Giuntini E, Kaye ME, Udomwong P, Shamsani NJ, Young
JPW, Bailly X. 2015. Bacterial genospecies that are not ecologically coherent:
population genomics of Rhizobium leguminosarum. Open Biology 5:140133
DOI 10.1098/rsob.140133.

Kundig W, Ghosh S, Roseman S. 1964. Phosphate bound to histidine in a pro-
tein as an intermediate in a novel phosphor-transfer system. Proceedings of the
National Academy of Sciences of the United States of America 52:1067—1074
DOI10.1073/pnas.52.4.1067.

LiYZ, Wang D, Feng XY, Jiao J, Chen WX, Tian CF. 2016. Genetic analysis reveals the
essential role of nitrogen phosphotransferase system components in Sinorhizobium
fredii CCBAU 45436 symbioses with soybean and pigeonpea plants. Applied and
Environmental Microbiology 82:1305-1315 DOI 10.1128/AEM.03454-15.

Lindemann A, Moser A, Pessi G, Hauser F, Friberg M, Hennecke H, Fischer H-

M. 2007. New target genes controlled by the Bradyrhizobium japonicum two-
component regulatory system RegSR. Journal of Bacteriology 189:8928—8943
DOI 10.1128/]B.01088-07.

Lipa P, Vinardell JM, Janczarek M. 2019. Transcriptomic studies reveal that the
Rhizobium leguminosarum serine/threonine protein phosphatase PssZ has
a role in the synthesis of cell-surface components, nutrient utilization, and
other cellular processes. International Journal of Molecular Sciences 20:2905
DOI 10.3390/ijms20122905.

Lipa P, Vinardell JM, Kopcinska J, Zdybicka-Barabas A, Janczarek M. 2018. Mutation
in the pssZ gene negatively impacts exopolysaccharide synthesis, surface properties,
and symbiosis of Rhizobium leguminosarum bv. trifolii with clover. Gene 9:369
DOI 10.3390/genes9070369.

LiuX, Luo Y, Li Z, Wei G. 2016. Functional analysis of PrkA—a putative serine protein
kinase from Mesorhizobium alhagi CCNWXJ12-2—in stress resistance. BMC
Microbiology 16:227 DOI 10.1186/512866-016-0849-6.

Lipa and Janczarek (2020), PeerdJ, DOI 10.7717/peer|.8466 30/35


https://peerj.com
http://dx.doi.org/10.1021/cr0002543
http://dx.doi.org/10.1074/jbc.M101982200
http://dx.doi.org/10.1016/j.bbagen.2011.01.006
http://dx.doi.org/10.1016/S1389-1723(01)80308-X
http://dx.doi.org/10.1128/jb.173.7.2180-2186.1991
http://dx.doi.org/10.1098/rsob.140133
http://dx.doi.org/10.1073/pnas.52.4.1067
http://dx.doi.org/10.1128/AEM.03454-15
http://dx.doi.org/10.1128/JB.01088-07
http://dx.doi.org/10.3390/ijms20122905
http://dx.doi.org/10.3390/genes9070369
http://dx.doi.org/10.1186/s12866-016-0849-6
http://dx.doi.org/10.7717/peerj.8466

Peer

Liu T, Tian CF, Chen WX. 2015. Site-specific Ser/Thr/Tyr phosphoproteome
of Sinorhizobium meliloti at stationary phase. PLOS ONE 10(9):¢0139143
DOI 10.1371/journal.pone.0139143.

Lustri BC, Sperandio V, Moreira CG. 2017. Bacterial chat: intestinal metabolites
and signals in host-microbiota-pathogen interactions. Infection and Immunity
85:¢00476-17 DOI 10.1128/1A1.00476-17.

Macek B, Gnad F, Soufi B, Kumar C, Olsen JV, Mijakovic I, Mann M. 2008. Phos-
phoproteome analysis of E. coli reveals evolutionary conservation of bacterial
Ser/Thr/Tyr phosphorylation. Molecular & Cellular Proteomics 7:299-307
DOI 10.1074/mcp.M700311-MCP200.

Marczak M, Mazur A, Koper P, Zebracki K, Skorupska A. 2017. Synthesis of rhizobial
exopolysaccharides and their importance for symbiosis with legume plants. Gene
8(12):360 DOI 10.3390/genes8120360.

Mazur A, Krdl JE, Wielbo J, Urbanik-Sypniewska T, Skorupska A. 2002. Rhizobium
leguminosarum bv. trifolii PssP protein is required for exopolysaccharide biosyn-
thesis and polymerization. Molecular Plant-Microbe Interactions 15:388—397
DOI 10.1094/MPMI1.2002.15.4.388.

Medeot DB, Romina Rivero M, Cendoya E, Contreras-Moreira B, Rossi FA, Fischer SE,
Becker A, Jofré E. 2016. Sinorhizobium meliloti low molecular mass phosphotyrosine
phosphatase SMc02309 modifies activity of the UDP-glucose pyrophosphory-
lase ExoN involved in succinoglycan biosynthesis. Microbiology 162:552-563
DOI 10.1099/mic.0.000239.

Meier VM, Muschler P, Scharf BE. 2007. Functional analysis of nine putative chemore-
ceptor proteins in Sinorhizobium meliloti. Journal of Bacteriology 189:1816—1826
DOI 10.1128/JB.00883-06.

Michiels J, Van Soom T, D’hooghe I, Dombrecht B, Benhassine T, De Wilde P,
Vanderleyden J. 1998. The Rhizobium etli rpoN locus: DNA sequence analysis
and phenotypical characterization of rpoN, ptsN, and ptsA mutants. Journal of
Bacteriology 180:1729-1740 DOIT 10.1128/JB.180.7.1729-1740.1998.

Mijakovic I, Grangeasse C, Turgay K. 2016. Exploring the diversity of protein mod-
ifications: special bacterial phosphorylation systems. FEMS Microbiology Reviews
40:398-417 DOI 10.1093/femsre/fuw003.

Miller LD, Yost CK, Hynes MF, Alexandre G. 2007. The major chemotaxis gene cluster
of Rhizobium leguminosarum bv. viciae is essential for competitive nodulation.
Molecular Microbiology 63:348-362 DOI 10.1111/j.1365-2958.2006.05515.x.

Mitrophanov AY, Groisman EA. 2008. Signal integration in bacterial two-component
regulatory systems. Genes ¢ Development 22:2601-2611 DOI 10.1101/gad.1700308.

Monson EK, Ditta GS, Helinski DR. 1995. The oxygen sensor protein, FixL, of Rhi-
zobium meliloti. Role of histidine residues in heme binding, phosphorylation,
and signal transduction. The Journal of Biological Chemistry 270:5243-5250
DOI 10.1074/jbc.270.10.5243.

Msadek T, Kunst F, Henner D, Klier A, Rapoport G, Dedonder R. 1990. Signal trans-
duction pathway controlling synthesis of a class of degradative enzymes in Bacillus

Lipa and Janczarek (2020), PeerdJ, DOI 10.7717/peer|.8466 31/35


https://peerj.com
http://dx.doi.org/10.1371/journal.pone.0139143
http://dx.doi.org/10.1128/lAl.00476-17
http://dx.doi.org/10.1074/mcp.M700311-MCP200
http://dx.doi.org/10.3390/genes8120360
http://dx.doi.org/10.1094/MPMI.2002.15.4.388
http://dx.doi.org/10.1099/mic.0.000239
http://dx.doi.org/10.1128/JB.00883-06
http://dx.doi.org/10.1128/JB.180.7.1729-1740.1998
http://dx.doi.org/10.1093/femsre/fuw003
http://dx.doi.org/10.1111/j.1365-2958.2006.05515.x
http://dx.doi.org/10.1101/gad.1700308
http://dx.doi.org/10.1074/jbc.270.10.5243
http://dx.doi.org/10.7717/peerj.8466

Peer

subtilis: expression of the regulatory genes and analysis of mutations in degS and deg
U. Journal of Bacteriology 172:824-834 DOI 10.1128/jb.172.2.824-834.1990.

Muriel-Millan LF, Moreno S, Gallegos-Monterrosa R, Espin G. 2017. Unphospho-
rylated EITANtr induces ClpAP-mediated degradation of RpoS in Azotobacter
vinelandii. Molecular Microbiology 104:197-211 DOT 10.1111/mmi.13621.

NCBI. 2007. Census of prokaryotic response regulators. Available at hitps:// www.ncbi.
nlm.nih.gov/ Complete_Genomes/ RRcensus.html (accessed on 20 September 2019).

NetSurfP-2.0. 2007. Available at hitp:// www.cbs.dtu.dk/services/ NetSurfP/ (accessed on
20 September 2019).

Niemeyer D, Becker A. 2001. The molecular weight distribution of succinoglycan pro-
duced by Sinorhizobium meliloti is influenced by specific tyrosine phosphorylation
and ATPase activity of the cytoplasmic domain of the ExoP protein. Journal of
Bacteriology 183:5163—-5170 DOI 10.1128/jb.183.17.5163-5170.2001.

Nohno T, Noji S, Taniguchi S, Saito T. 1989. The narX and narL genes encoding
the nitrate-sensing regulators of Escherichia coli are homologous to a family of
prokaryotic two-component regulatory genes. Nucleic Acids Research 17:2947-2957
DOI 10.1093/nar/17.8.2947.

Nourikyan J, Kjos M, Mercy C, Cluzel C, Morlot C, Noirot-Gros M-F, Guiral S,
Lavergne J-P, Veening J-W, Grangeasse C. 2015. Autophosphorylation of the bac-
terial tyrosine-kinase CpsD connects capsule synthesis with the cell cycle in Strepto-
coccus pneumoniae. PLOS Genetics 11:1005518 DOI 10.1371/journal.pgen.1005518.

Parkinson JS, Hazelbauer GL, Falke JJ. 2015a. Signaling and sensory adaptation in
Escherichia coli chemoreceptors: 2015 update. Trends in Microbiology 23:257-266
DOI10.1016/j.tim.2015.03.003.

Pfliiger-Grau K, Gorke B. 2010. Regulatory roles of the bacterial nitrogen-related phos-
photransferase system. Trends in Microbiology 18:205-214
DOI10.1016/j.tim.2010.02.003.

Pinedo CA, Bringhurst RM, Gage DJ. 2008. Sinorhizobium meliloti mutants lacking
phosphotransferase system enzyme HPr or EIIA are altered in diverse processes,
including carbon metabolism, cobalt requirements, and succinoglycan production.
Journal of Bacteriology 190:2947-2956 DOI 10.1128/JB.01917-07.

Poole P, Ramachandran V, Terpolilli J. 2018. Rhizobia: from saprophytes to endosym-
bionts. Nature Reviews. Microbiology 16:291-303 DOI 10.1038/nrmicro.2017.171.

Prell ], Mulley G, Haufe F, White JP, Williams A, Karunakaran R, Downie JA,

Poole PS. 2012. The PTS(Ntr) system globally regulates ATP-dependent trans-
porters in Rhizobium leguminosarum. Molecular Microbiology 84:117-129
DOI10.1111/j.1365-2958.2012.08014.x.

Prost LR, Daley ME, Le Sage V, Bader MW, Le Moual H, Klevit RE, Miller SI. 2007. Ac-
tivation of the bacterial sensor kinase PhoQ by acidic pH. Molecular Cell 26:165-174
DOI 10.1016/j.molcel.2007.03.008.

RaptorX. 2011. RaptorX: protein structure and function prediction powered by deep
learning. Available at hitp://raptorx.uchicago.edu/ (accessed on 20 September 2019).

Lipa and Janczarek (2020), PeerdJ, DOI 10.7717/peer|.8466 32/35


https://peerj.com
http://dx.doi.org/10.1128/jb.172.2.824-834.1990
http://dx.doi.org/10.1111/mmi.13621
https://www.ncbi.nlm.nih.gov/Complete_Genomes/RRcensus.html
https://www.ncbi.nlm.nih.gov/Complete_Genomes/RRcensus.html
http://www.cbs.dtu.dk/services/NetSurfP/
http://dx.doi.org/10.1128/jb.183.17.5163-5170.2001
http://dx.doi.org/10.1093/nar/17.8.2947
http://dx.doi.org/10.1371/journal.pgen.1005518
http://dx.doi.org/10.1016/j.tim.2015.03.003
http://dx.doi.org/10.1016/j.tim.2010.02.003
http://dx.doi.org/10.1128/JB.01917-07
http://dx.doi.org/10.1038/nrmicro.2017.171
http://dx.doi.org/10.1111/j.1365-2958.2012.08014.x
http://dx.doi.org/10.1016/j.molcel.2007.03.008
http://raptorx.uchicago.edu/
http://dx.doi.org/10.7717/peerj.8466

Peer

Rascio N, La Rocca N. 2013. Biological nitrogen fixation. In: Reference mod-
ule in earth systems and environmental sciences. New York: Elsevier Science
DOI 10.1016/B978-0-12-409548-9.00685-0.

Reed SC, Cleveland CC, Townsend AR. 2011. Functional ecology of free-living nitrogen
fixation: a contemporary perspective. Annual Review of Ecology, Evolution, and
Systematics 42:489-512 DOI 10.1146/annurev-ecolsys-102710-145034.

Reed SC, Townsend AR, Cleveland CC, Nemergut DR. 2010. Microbial community
shifts influence patterns in tropical forest nitrogen fixation. Oecologia 264:521-531
DOI 10.1007/s00442-010-1649-6.

Reyes-Gonzalez A, Talbi C, Rodriguez S, Rivera P, Zamorano-Sanchez D, Girard
L. 2016. Expanding the regulatory network that controls nitrogen fixation in
Sinorhizobium meliloti: elucidating the role of the two-component system hFixL-
FxkR. Microbiology 162:979-988 DOI 10.1099/mic.0.000284.

Roca A, Pizarro-Tobias P, Udaondo Z, Fernandez M, Matilla MA, Molina-Henares
MA, Molina L, Segura A, Duque E, Ramos J-L. 2013. Analysis of the plant growth-
promoting properties encoded by the genome of the rhizobacterium Pseudomonas
putida BIRD-1. Environmental Microbiology 15:780-794
DOI10.1111/1462-2920.12037.

Sablok G, Rosselli R, Seeman T, Van Velzen R, Polone E, Giacomini A, La Porta N,
Geurts R, Muresu R, Squartini A. 2017. Draft genome sequence of the nitrogen-
fixing Rhizobium sullae type strain IS123T focusing on the key genes for sym-
biosis with its host Hedysarum coronarium L. Frontiers in Microbiology 8:1348
DOI 10.3389/fmicb.2017.01348.

Saier MH. 2015. The bacterial phosphotransferase system: new frontiers 50 years
after its discovery. Journal of Molecular Microbiology and Biotechnology 25:73—78
DOI10.1159/000381215.

Salazar E, Diaz-Mejia JJ, Moreno-Hagelsieb G, Martinez-Batallar G, Mora Y, MoraJ,
Encarnacion S. 2010. Characterization of the NifA-RpoN regulon in Rhizobium
etli in free life and in symbiosis with Phaseolus vulgaris. Applied and Environmental
Microbiology 76:4510-4520 DOI 10.1128/AEM.02007-09.

Santos-Beneit F. 2015. The Pho regulon: a huge regulatory network in bacteria. Frontiers
in Microbiology 6:402 DOI 10.3389/fmicb.2015.00402.

Schaller GE, Shiu S-H, Armitage JP. 2011. Two-component systems and their co-
option for eukaryotic signal transduction. Current Biology 21:R320-R330
DOI 10.1016/j.cub.2011.02.045.

Scheu PD, Witan J, Rauschmeier M, Graf S, Liao Y-F, Ebert-Jung A, Basché T, Erker W,
Unden G. 2012. CitA/CitB two-component system regulating citrate fermentation
in Escherichia coli and its relation to the DcuS/DcuR system in vivo. Journal of
Bacteriology 194:636—-645 DOT 10.1128/JB.06345-11.

Schmid J, Sieber V, Rehm B. 2015. Bacterial exopolysaccharides: biosynthesis pathways
and engineering strategies. Frontiers in Microbiology 6:00496
DOI 10.3389/fmicb.2015.00496.

Lipa and Janczarek (2020), PeerdJ, DOI 10.7717/peer|.8466 33/35


https://peerj.com
http://dx.doi.org/10.1016/B978-0-12-409548-9.00685-0
http://dx.doi.org/10.1146/annurev-ecolsys-102710-145034
http://dx.doi.org/10.1007/s00442-010-1649-6
http://dx.doi.org/10.1099/mic.0.000284
http://dx.doi.org/10.1111/1462-2920.12037
http://dx.doi.org/10.3389/fmicb.2017.01348
http://dx.doi.org/10.1159/000381215
http://dx.doi.org/10.1128/AEM.02007-09
http://dx.doi.org/10.3389/fmicb.2015.00402
http://dx.doi.org/10.1016/j.cub.2011.02.045
http://dx.doi.org/10.1128/JB.06345-11
http://dx.doi.org/10.3389/fmicb.2015.00496
http://dx.doi.org/10.7717/peerj.8466

Peer

Shatters RG, Somerville JE, Kahn ML. 1989. Regulation of glutamine synthetase II
activity in Rhizobium meliloti 104A14. Journal of Bacteriology 171:5087-5094
DOI10.1128/JB.171.9.5087-5094.1989.

Shi Y. 2009. Serine/threonine phosphatases: mechanism through structure. Cell
139:468-484 DOI 10.1016/j.cell.2009.10.006.

Soulat D, Jault J-M, Geourjon C, Gouet P, Cozzone AJ, Grangeasse C. 2007.
Tyrosine-kinase Wzc from Escherichia coli possesses an ATPase activity reg-
ulated by autophosphorylation. FEMS Microbiology Letters 274:252-259
DOI 10.1111/§.1574-6968.2007.00841 .x.

Stacey G. 2007. Chapter 10—the rhizobium-legume nitrogen-fixing symbiosis. In: Bothe
H, Ferguson SJ, Newton WE, eds. Biology of the nitrogen cycle. Amsterdam: Elsevier
147-163 DOI 10.1016/B978-044452857-5.50011-4.

Staehelin C, Forsberg LS, D’Haeze W, Gao M-Y, Carlson RW, Xie Z-P, Pellock BJ,
Jones KM, Walker GC, Streit WR, Broughton WJ. 2006. Exo-oligosaccharides
of Rhizobium sp. strain NGR234 are required for symbiosis with various legumes.
Journal of Bacteriology 188:6168—6178 DOI 10.1128/]B.00365-06.

Svensson B, Liibben M, Hederstedt L. 1993. Bacillus subtilis CtaA and CtaB function in
haem A biosynthesis. Molecular Microbiology 10:193-201
DOI'10.1111/j.1365-2958.1993.tb00915.x.

Tambalo DD, Yost CK, Hynes MF. 2015. Motility and chemotaxis in the Rhizobia.

In: Biological nitrogen fixation. New Jersey: John Wiley & Sons, Ltd, 337-348
DOI 10.1002/9781119053095.ch33.

Terpolilli JJ, Hood GA, Poole PS. 2012. What determines the efficiency of N(2)-fixing
Rhizobium-legume symbioses? Advances in Microbial Physiology 60:325-389
DOI10.1016/B978-0-12-398264-3.00005-X.

Untiet V, Karunakaran R, Krimer M, Poole P, Priefer U, Prell J. 2013. ABC transport
is inactivated by the PTS(Ntr) under potassium limitation in Rhizobium legumi-
nosarum 3841. PLOS ONE 8:¢64682 DOI 10.1371/journal.pone.0064682.

Vanderlinde EM, Yost CK. 2012. Mutation of the sensor kinase chvG in Rhizobium
leguminosarum negatively impacts cellular metabolism, outer membrane stability,
and symbiosis. Journal of Bacteriology 194:768—777 DOI 10.1128/JB.06357-11.

Wang S. 2012. Bacterial two-component systems: structures and signaling mechanisms.
Protein Phosphorylation in Human Health DOI 10.5772/48277.

Weatherspoon-Griffin N, Yang D, Kong W, Hua Z, Shi Y. 2014. The CpxR/CpxA two-
component regulatory system up-regulates the multidrug resistance cascade to
facilitate Escherichia coli resistance to a model antimicrobial peptide. The Journal of
Biological Chemistry 289:32571-32582 DOI 10.1074/jbc.M114.565762.

Weir BS. 2016. The current taxonomy of rhizobia. NZ Rhizobia website. Available at
https:// www.rhizobia.co.nz/ taxonomy/ rhizobia. Last updated: X Jan, 2016.

Whitmore SE, Lamont RJ. 2012. Tyrosine phosphorylation and bacterial virulence.
International Journal of Oral Science 4:1-6 DOI 10.1038/1j0s.2012.6.

Williams A, Wilkinson A, Krehenbrink M, Russo DM, Zorreguieta A, Downie JA. 2008.
Glucomannan-mediated attachment of Rhizobium leguminosarum to Pea Root Hairs

Lipa and Janczarek (2020), PeerdJ, DOI 10.7717/peer|.8466 34/35


https://peerj.com
http://dx.doi.org/10.1128/JB.171.9.5087-5094.1989
http://dx.doi.org/10.1016/j.cell.2009.10.006
http://dx.doi.org/10.1111/j.1574-6968.2007.00841.x
http://dx.doi.org/10.1016/B978-044452857-5.50011-4
http://dx.doi.org/10.1128/JB.00365-06
http://dx.doi.org/10.1111/j.1365-2958.1993.tb00915.x
http://dx.doi.org/10.1002/9781119053095.ch33
http://dx.doi.org/10.1016/B978-0-12-398264-3.00005-X
http://dx.doi.org/10.1371/journal.pone.0064682
http://dx.doi.org/10.1128/JB.06357-11
http://dx.doi.org/10.5772/48277
http://dx.doi.org/10.1074/jbc.M114.565762
https://www.rhizobia.co.nz/taxonomy/rhizobia
http://dx.doi.org/10.1038/ijos.2012.6
http://dx.doi.org/10.7717/peerj.8466

Peer

is required for competitive nodule infection. Journal of Bacteriology 190:4706—4715
DOI 10.1128/]B.01694-07.

Wu Z, WangJ, Liu J, Wang Y, Bi C, Zhang X. 2019. Engineering an electroactive
Escherichia coli for the microbial electrosynthesis of succinate from glucose and CO2.
Microbial Cell Factories 18:e15 DOI 10.1186/512934-019-1067-3.

XuJ, Zhang Y, Zhang P, Trivedi P, Riera N, Wang Y, Liu X, Fan G, Tang J, Coletta-
Filho HD, Cubero J, Deng X, Ancona V, Lu Z, Zhong B, Roper MC, Capote N,
Catara V, Pietersen G, Verniére C, Al-Sadi AM, Li L, Yang F, Xu X, Wang J, Yang
H, Jin T, Wang N. 2018. The structure and function of the global citrus rhizosphere
microbiome. Nature Communications 9:1-10 DOI 10.1038/s41467-018-07343-2.

Yoshida T, Cai S, Inouye M. 2002. Interaction of EnvZ, a sensory histidine kinase, with
phosphorylated OmpR, the cognate response regulator. Molecular Microbiology
46:1283-1294 DOI 10.1046/j.1365-2958.2002.03240.x.

Yuan J, Wei B, Shi M, Gao H. 2011. Functional assessment of EnvZ/OmpR two-
component system in Shewanella oneidensis. PLOS ONE 6(8):¢23701
DOI 10.1371/journal.pone.0023701.

Yurgel SN, Kahn ML. 2004. Dicarboxylate transport by rhizobia. FEMS Microbiology
Reviews 28:489-501 DOI 10.1016/j.femsre.2004.04.002.

Zamorano-Sanchez D, Reyes-Gonzélez A, Gomez-Hernandez N, Rivera P, Georgellis
D, Girard L. 2012. FxkR provides the missing link in the fixL-fixK signal trans-
duction cascade in Rhizobium etli CFN42. Molecular Plant-Microbe Interactions
25:1506-1517 DOI 10.1094/MPMI-05-12-0136-R.

Zatakia HM, Arapov TD, Meier VM, Scharf BE. 2018. Cellular stoichiometry of methyl-
accepting chemotaxis proteins in Sinorhizobium meliloti. Journal of Bacteriology
200:e00614—e00617 DOI 10.1128/]B.00614-17.

Zschiedrich CP, Keidel V, Szurmant H. 2016. Molecular mechanisms of two-
component signal transduction. Journal of Molecular Biology 428:3752-3775
DOI 10.1016/j.jmb.2016.08.003.

Lipa and Janczarek (2020), PeerdJ, DOI 10.7717/peer|.8466 35/35


https://peerj.com
http://dx.doi.org/10.1128/JB.01694-07
http://dx.doi.org/10.1186/s12934-019-1067-3
http://dx.doi.org/10.1038/s41467-018-07343-2
http://dx.doi.org/10.1046/j.1365-2958.2002.03240.x
http://dx.doi.org/10.1371/journal.pone.0023701
http://dx.doi.org/10.1016/j.femsre.2004.04.002
http://dx.doi.org/10.1094/MPMI-05-12-0136-R
http://dx.doi.org/10.1128/JB.00614-17
http://dx.doi.org/10.1016/j.jmb.2016.08.003
http://dx.doi.org/10.7717/peerj.8466

