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ABSTRACT  

Maintaining intracellular carbon-nitrogen balance is essential for rhizobial growth in the 

free-living state and for establishing effective symbiosis with host legumes. In these 

organisms, this balance is modulated post-translationally by the nitrogen-related 

phosphotransferase system (PTSNtr), which comprises the sensor protein PtsP (EINtr), the 

phosphotransfer protein NPr, and the output regulators PtsN (EIIANtr) and ManX (EIIAMan). 

PtsP reacts to the intracellular nitrogen status of the cell. Under nitrogen-limiting 

conditions, PtsP autophosphorylates at a histidine residue and subsequently transfers 

the phosphate to NPr, which in turn phosphorylates the output proteins PtsN and ManX. 

In contrast, when the cell is nitrogen-sufficient, allosteric binding of glutamine inhibits 

the autophosphorylation of PtsP, resulting in nonphosphorylated NPr, PtsN and ManX. 

The bifunctional HPr kinase/phosphorylase (HPrK/P) adds an additional layer of control 

by phosphorylating a conserved serine on NPr, preventing histidine phosphorylation and 

blocking the phosphotransfer to the downstream effectors PtsN and ManX. In this thesis, 

I investigated the role of PTSNtr in the metabolism of Rhizobium leguminosarum. First, the 

components, signalling mechanisms, and known targets of the Alphaproteobacterial 

PTSNtr were reviewed. The involvement of ManX and HPrK/P in carbon metabolism was 

then examined; mutations in these proteins were found to perturb the TCA cycle, causing 

carbon to be redirected to storage compounds, a response also observed under nitrogen 

starvation. PTSNtr was also shown to sense nitrogen availability and signal to the 

RelA/SpoT homolog (RSH), which regulates amino-acid uptake through the AapJQMP 

transport system via modulation of the AbcR1/2 sRNAs. Finally, the rhizobial homolog of 

the Escherichia coli phosphohistidine phosphatase SixA was characterised and shown 

not to affect PTSNtr function under the conditions tested.
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1. Introduction 

1.1 Context and Aims 

Rhizobia are a group of soil bacteria capable of establishing symbiotic associations with 

leguminous plants. Within root nodules, these bacteria fix atmospheric nitrogen (N₂) into 

ammonia (NH₃), which is assimilated by the plant as a readily available nitrogen source. 

In return, the host plant supplies rhizobia with carbon compounds derived from 

photosynthesis predominantly in the form of C4-dicarboxylates. This process of 

biological nitrogen fixation is ecologically significant and, in the context of modern 

agriculture, represents a promising sustainable alternative to synthetic nitrogen 

fertilisers, whose intensive use poses substantial environmental concerns (Ledermann 

et al., 2021; Poole et al., 2018; Reis Ely et al., 2025).  

For rhizobia to form a successful symbiosis with the legume hosts, they must first persist 

within the complex and competitive soil microbiome before initiating host interactions, 

then rapidly colonise the roots, compete for nodulation, and differentiate into efficient, 

nitrogen-fixing bacteroids (Burghardt & diCenzo, 2023; Mendoza-Suárez et al., 2021). This 

challenge is amplified in agricultural systems, where high mineral-nitrogen inputs, 

physical disturbance, and frequent cultivar/genotype turnover reshape selection on 

rhizobia and favour soil-adapted competitors (Checcucci et al., 2017; Liu et al., 2020). 

Inoculant strains are effective only if they can both compete with indigenous populations 

for nodulation and subsequently reprogram central metabolism to differentiate into 

efficient, nitrogen-fixing bacteroids.  Consequently, the regulation of carbon and nitrogen 

balance emerges as a critical determinant for selecting strains that combine ecological 

resilience with high nitrogen fixation efficiency in the field.
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The nitrogen-related phosphotransferase (PTSNtr) system is a conserved central regulator 

of metabolism in Alphaproteobacteria that integrates carbon and nitrogen status (Dozot 

et al., 2010; Pflüger-Grau & Görke, 2010). This system comprises an initial sensor protein 

PtsP (EINtr), a phosphotransfer protein NPr, and two output regulatory proteins, PtsN 

(EIIANtr) and ManX (EIIAMan). It functions as a rapid post-translational switch that 

coordinates nitrogen uptake, exopolysaccharide synthesis, ATP synthase-binding 

cassette (ABC) transporter activity, carbon metabolism, and potassium homeostasis 

(Prell et al., 2012; Sánchez-Cañizares et al., 2020). These traits are strongly linked to field 

persistence, stress tolerance, and competitive nodulation efficiency in rhizobia.

Although protein:protein interaction studies have established links between the core 

PTSNtr relay, the stringent response (Ronneau et al., 2016), and K⁺ homeostasis (Feng et 

al., 2022; Prell et al., 2012), several mechanistic details remain unresolved. Its role in 

carbon metabolism is particularly underdefined: in Rhizobium leguminosarum, ManX 

has been implicated in carbon control, but downstream pathways remain to be mapped 

(Sánchez-Cañizares et al., 2020); in Sinorhizobium meliloti, the HPr 

kinase/phosphorylase (HPrK/P) branch influences succinate-mediated catabolite 

repression, though the mechanism is unclear (Pinedo & Gage, 2009); and SixA, a 

conserved histidine phosphatase known to modulate PTSNtr in E. coli, remains largely 

unexplored in rhizobia (Schulte et al., 2021). Similarly, while the PTSNtr-mediated 

regulation of ABC transporters involved in nitrogen uptake has been proposed based on 

physiological phenotypes, direct molecular interactions with specific transporters have 

not been demonstrated. 
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This work addresses these gaps by investigating the role of PTSNtr in carbon metabolism 

through the characterisation of hprK, manX, and sixA in rhizobia. We also propose a 

mechanism for how PTSNtr regulate ABC transporters. Under nitrogen starvation, the 

interaction between phosphorylated PtsN and RelA/Spot Homolog (RSH) induces the 

production of (p)ppGpp. This alarmone, in turn, controls the transcription of sRNAs 

AbcR1/2, which then post-transcriptionally regulate the transcripts of AapJQMP amino 

acid transporters and fine-tune their activity.  

1.2 Thesis Outline 

The main contents of this thesis are organised into three scientific manuscripts currently 

in preparation (Chapters 2–4), followed by an additional results chapter (Chapter 5). 

Chapter 2 is written in a minireview format, providing a general overview of PTSNtr 

regulation in Alphaproteobacteria. The conserved structures, accessory components, 

phosphotransfer mechanisms, and downstream functions are discussed, along with 

their connections to other regulatory pathways. The review also highlights regulatory 

targets identified in other bacterial groups but not yet confirmed in Alphaproteobacteria 

and summarises all published functional insights to date. 

Chapter 3 investigates the role of PTSNtr effectors ManX and HprK in regulating carbon 

metabolism. Using enzyme activity assays and polymer quantification, the impact of 

mutations in these genes on carbon flux and distribution was assessed. This study forms 

the basis of a manuscript currently in preparation. 

Chapter 4 focuses on the crosstalk between PTSNtr, the RelA (RSH) stringent response, 

small RNAs AbcR1/2, and their downstream effects on amino acid transport in 

Rhizobium leguminosarum. Measurements of (p)ppGpp levels, amino acid transport 
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activity, and sRNA transcription in various PTSNtr mutants, coupled with interaction 

studies between PtsN and RSH using native mass spectrometry, provide insights into 

how PTSNtr senses nitrogen stress, signals to RelA, and regulates sRNA transcription to 

control amino acid uptake via the ABC transporter Aap. My main contributions were 

(p)ppGpp quantification, relative transcript quantification by RT-qPCR, and sRNA 

characterisation. This work is also in preparation for publication. 

Chapter 5 presents the characterisation of SixA in R. leguminosarum. Mutant generation 

and phenotypic analysis were performed to assess PTSNtr-related functions.  

Chapter 6 summarises the main findings of this thesis and provides perspectives for 

future research. 

Beyond this thesis, my first D.Phil lab rotation also led to a manuscript:  

Wong, E.L.Y., Lyu, J., Tjahjono, O., Alkemade, J., Buddie, A., Ryan, M.J. and Barraclough, 

T.G. 2026. Historical comparative genomics to track the evolution of fungal pathogens: a 

proof of concept. BMC Genomics. https://doi.org/10.1186/s12864-025-12472-2
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2. Background  

The nitrogen-related phosphotransferase system (PTSNtr) in 

Alphaproteobacteria: architecture, mechanisms, and functions 

2.1 Abstract  

The nitrogen-related phosphotransferase system (PTSNtr) is a conserved His-to-His 

phosphorelay consisting of EINtr (PtsP), NPr (PtsO), and EIIANtr (PtsN). By integrating 

carbon and nitrogen status, this regulatory module reprograms bacterial physiology by 

controlling downstream effectors via phosphorylation-dependent protein:protein 

interactions. In Alphaproteobacteria, PTSNtr is broadly present, but downstream partners 

and outputs diverge across lineages. Inputs comprise the carbon flux via the 

[PEP]:[pyruvate] balance that sets PtsP autophosphorylation, and nitrogen status 

sensed by glutamine binding to the N-terminal GAF domain of PtsP. Downstream, PTSNtr

regulates various cell functions, including K+ uptake, stringent response, ABC 

transporter activity, and carbon metabolism. Here, we discuss the current 

understanding of the PTSNtr in Alphaproteobacteria, focusing on its component 

organisation, phosphotransfer mechanisms, and crosstalk with other regulatory 

pathways.  

2.2 Introduction 

Bacterial survival depends on their capacity to maintain the balance of intracellular 

metabolite pools. In Proteobacteria, the nitrogen-related phosphotransferase system 

(PTSNtr) functions as a conserved regulatory module that integrates carbon and nitrogen 

status to modulate diverse cellular processes (Dozot et al., 2010; Pflüger-Grau & Görke, 
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2010; Ronneau, Petit, et al., 2016; Sánchez-Cañizares, et al., 2020). Unlike the sugar-

PTS, PTSNtr lacks the typical EIIB and EIIC, and instead of directly transporting sugars, it 

functions primarily as a regulatory system (Dozot et al., 2010; Pflüger-Grau & Görke, 

2010).  

The signalling pathway is driven by phosphoenolpyruvate (PEP) and involves a histidine-

to-histidine phosphorelay: EINtr (PtsP) autophosphorylates on a conserved histidine using 

PEP and transfers the phosphoryl group to NPr (PtsO) and then to EIIANtr (PtsN) (Dozot et 

al., 2010; Goodwin & Gage, 2014; Pflüger-Grau & Görke, 2010). In some species, the relay 

also branches to ManX, an EIIA-like output protein distinct from PtsN (EIIANtr), creating a 

parallel regulatory arm (Sánchez-Cañizares, et al., 2020). In Escherichia coli, the GAF 

domain of PtsP senses the [glutamine]:[2-oxoglutarate] and [PEP]:[pyruvate] balance to 

relay specific physiological outputs (Dozot et al., 2010; Goodwin & Gage, 2014). 

Downstream, EIIANtr effector governs various cell functions, including the Rsh/SpoT 

(RSH) stringent response protein (Ronneau, Petit, et al., 2016; Ronneau et al., 2019a), 

ABC transporters (Prell et al., 2012; Untiet et al., 2013), KdpD/KdpE-dependent 

potassium (K+) uptake (Feng et al., 2022; Untiet et al., 2013), exopolysaccharide 

(EPS)/envelope-linked phenotype via ChvI/ChvG (Sánchez-Cañizares et al., 2020), and 

carbon metabolism (Dozot et al., 2010; Pinedo & Gage, 2009; Sánchez-Cañizares et al., 

2020).  

The relay protein, NPr, is tuned by lineage-specific auxiliary proteins. The histidine 

phosphatase SixA, which has been characterised in E. coli, dephosphorylates NPr and 

thus modulates the phosphorylation state of NPr and downstream EIIA proteins (Schulte 

et al., 2021; Schulte & Goulian, 2018). On the other hand, the homolog of HPr serine 
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kinase/phosphatase (HprK/P), originally identified in Firmicutes, can phosphorylate the 

PTSNtr carrier NPr on a conserved serine (Ser) residue in Alphaproteobacteria, and this 

Ser-phosphorylation antagonises PtsP-dependent phosphorylation of NPr on the 

histidine (His) residue (Dozot et al., 2010). Together, PTSNtr relays form a versatile hub 

that integrates carbon and nitrogen availability to regulatory outcomes.

In this review, we summarise recent mechanistic insights, evolutionary conservation, 

and functional interplay among the sensor, the relay, and the effector components of the 

PTSNtr system. We also investigate downstream regulatory targets, with particular 

emphasis on mechanisms operating in Alphaproteobacteria. 

Foundational work 

The phosphotransferase system (PTS) was first discovered in enteric bacteria as a PEP-

dependent system that couples sugar import with concomitant phosphorylation (Fox et 

al., 1984; Kundig et al., 1964; Misset et al., 1983; Postma et al., 1993). The paralogs of EI, 

HPr, and EIIA were later identified and mapped to be genetically neighbouring the region 

of the sigma factor rpoN/σ54 circuitry (Powell et al., 1995). This distinct, non-transporting 

regulatory branch was designated as nitrogen-related PTS (PTSNtr), consisting of EINtr

(PtsP), NPr (PtsO), and EIIANtr (PtsN). EINtr is distinguished from its sugar-transporting 

paralog by an N-terminal GAF domain, suggesting a role in metabolite-sensing within this 

pathway (Reizer et al., 1996). Biochemical and genetic evidence established that EINtr

phosphorylates NPr but not HPr, while EI (sugar) phosphorylates HPr but not NPr, thus 

maintaining a separation between the nitrogen and carbohydrate circuits (Rabus et al., 

1999). Orthologs of PTSNtr have been identified beyond Enterobacteria, including 

Pseudomonas and Brucella, where regulatory roles for PtsN were later demonstrated 
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(Cases et al., 1999, 2001; Dozot et al., 2010). Comparative analyses indicate that PTSNtr

is widespread across Proteobacteria (apart from ε-subdivision) and Firmicutes 

(Barabote & Saier, 2005), while occurrence outside these groups is inconsistent.  

2.3 General phosphorelay mechanism in Alphaproteobacteria 

The PTSNtr is a regulatory phosphorelay that routes phosphate from PEP to EINtr (PtsP), 

then to the histidine phosphocarrier NPr (PtsO), and finally to EIIANtr (PtsN) (Figure 1). 

These proteins are paralogous to the canonical sugar-PTS components EI, HPr, and 

EIIAFru identified in E. coli (Barabote & Saier, 2005; Reizer et al., 1996). In most 

Alphaproteobacteria, the PTSNtr functions without the sugar-PTS permeases and instead 

mediates exclusively regulatory roles rather than carbohydrate transport. Genome 

organisation and the structural relationships of these core proteins of the sugar-PTS are 

reviewed in more detail in (Barabote & Saier, 2005; Pflüger-Grau & Görke, 2010).  

Sensor node: EINtr/PtsP  

EINtr (PtsP) contains an N-terminal sensing GAF domain fused to an EI-like catalytic core, 

whereas the sugar-PTS EI lacks this GAF module (Rabus et al., 1999). Like the sugar-PTS, 

PTSNtr uses PEP as a phosphoryl donor to PtsP, releasing pyruvate (Begley & Jacobson, 

1994; Dozot et al., 2010; Goodwin & Gage, 2014). This dependency on PEP makes the 

phosphotransfer flux sensitive to intracellular PEP levels, and positions PtsP as a sensor 

for the cellular energy state that monitors the [PEP]:[pyruvate] ratio. However, direct 

quantification of how the ratio of these two metabolites affects PtsP 

autophosphorylation remains limited.  
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Figure 1. Phosphorylation cascades in PTSNtr under varying nutrient conditions: (A) 2-OG 

< glutamine; (B) 2-OG > glutamine; and (C) additional regulation by HprK/P. Points (i)–(iii) 

indicate key metabolic inputs: (i) glutamine; (ii) phosphoenolpyruvate (PEP), the 

phosphoryl donor that is converted into pyruvate (Pyr); and (iii) fructose-1,6-biphosphate 

(FBP). Yellow circles indicate histidine phosphorylation, while the red circles represent 

serine phosphorylation. (D) shows their position within central metabolism.  

By contrast, the role of glutamine as a direct inhibitory ligand is well supported. While 2-

OG, a precursor of glutamine, has been reported to stimulate PtsP in E. coli (Lee et al., 

2013), evidence for this effect in Alphaproteobacteria is lacking. In Sinorhizobium 

meliloti, glutamine binds the N-terminal GAF domain of PtsP and suppresses its 

autophosphorylation, as demonstrated by in vitro kinetic assays at physiological 

glutamine concentrations (Goodwin & Gage, 2014). In Caulobacter crescentus, in vivo

studies further show that glutamine deprivation elevates the PtsP→NPr→PtsN 

phosphorylation via the PtsP GAF domain (Ronneau, Petit, et al., 2016).  2-oxoglutarate 

(2-OG) was proposed as an alternative ligand for the PtsP GAF domain in Brucella 
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melitensis, but no direct binding was shown (Dozot et al., 2010). In S. meliloti, 2-OG 

binding to the PtsP GAF domain is not detected, nor competition with glutamine 

observed (Goodwin & Gage, 2014), suggesting that sensing and signal transduction 

mechanisms differ between Enterobacteria and Alphaproteobacteria.  

Notably, the PtsP→NPr phosphotransfer of S. meliloti operates with lower catalytic 

efficiency than the classic sugar-PTS EIHPr reaction measured in E. coli, which occurs 

near the diffusion limit, highlighting a slower kinetic regime for the PTSNtr branch 

(Goodwin & Gage, 2014; Hoving et al., 1981; Meadow et al., 2005). 

Relay nodes: NPr, HprK/P and SixA  

NPr

NPr is a structural and functional paralog of the sugar-PTS HPr. Despite the homology, 

NPr is not a productive substrate of EI-sugar and forms an insulated phosphorelay with 

PtsP (Rabus et al., 1999; Strickland et al., 2019). This specificity is enforced by the 

distinct stereospecific docking geometries at the PtsP:NPr and EI-sugar:HPr interfaces 

(Li et al., 2008; Strickland et al., 2016). While nuclear magnetic resonance (NMR) 

spectroscopy and other protein structural studies show that a transient, non-productive 

encounter can occur and bias partner search (e.g., between PtsP and Hpr), they did not 

lead to phosphotransfer (Strickland et al., 2019).  

HprK/P

In many Firmicutes, HPr carries an additional regulatory serine (Ser46) that can be 

reversibly modified by the bifunctional HPr kinase/phosphorylase (HprK/P) (Figure 2) 

(Fieulaine et al., 2002; Mijakovic et al., 2002). The kinase reaction is ATP-dependent, 

while the reverse reaction proceeds via an unusual phosphorolysis mechanism, in which 
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inorganic phosphate (Pi) acts as the nucleophile to attack the phosphoryl group of HPr-

Ser, resulting in the production of pyrophosphate (PPi).  

Figure 2. The X-ray crystal structure of HPr kinase/phosphorylase (HprK/P) hexamer from 

Lactobacillus casei (green) in complex with HPr from Bacillus subtillis (orange) 

(pdb_00001kkm) (Fieulaine et al., 2002). The core catalytic pocket at the HPr–HPrK/P 

interface is highlighted in the inset. Asp179 is proposed to function as the catalytic base, 

removing and donating a proton from Ser46-OH during phosphorylation and 

dephosphorylation, respectively. The crystal structure contains Ca²⁺ in the binding site; 

however, based on homology with other HPrK/P enzymes, Mg²⁺ is expected to occupy 

this site under physiological conditions. Structural superposition and rendering were 

performed using UCSF ChimeraX (Meng et al., 2023). 
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The HprK/P activity in firmicutes is directly linked to the glycolytic state, with fructose-

1,6-bisphosphate (FBP) validated as an allosteric activator of HprK/P activity (Fieulaine 

et al., 2002; Nessler et al., 2003). Under conditions in which preferred carbon sources 

are abundant, FBP stimulates the ATP-dependent kinase activity, leading to 

phosphorylation of HPr at Ser46. The Ser46-phosphorylated HPr functions as a co-

effector for the transcriptional regulator CcpA, forming CcpA-P~Ser-HPr/Crh complex, 

which induces carbon catabolite repression (CCR) (Chaptal et al., 2007; Galinier et al., 

1998; Mijakovic et al., 2002). Conversely, when preferred carbon sources are limited (low 

FBP and ATP; high Pi), Pi serves as a substrate for the reverse reaction, 

dephosphorylating HPr Ser46. Loss of HPr-Ser~P disrupts the CcpA co-repressor 

complex, thereby relieving CCR and allowing the expression of genes required for the 

utilisation of alternative carbon sources.  

HprK/P employs a single P-loop catalytic centre in its C-terminal domain for both 

kinase/phosphorolysis. The Walker A/P-loop (GxxxxGKS/T) binds the competing 

substrates ATP/Mg2+ (kinase mode) and Pi (phosphorolysis mode) (Deutscher et al., 

2006; Nessler et al., 2003). In the kinase mode, ATP occupies the P-loop, and a 

conserved aspartate (Asp) residue serves as a general base to deprotonate HPr/NPr Ser, 

with FBP allosterically stabilising the kinase-active hexamer. In the reverse reaction, Pi 

binds in the same pocket and attacks the Ser-phosphate to release PPi; the same Asp 

then acts as a general acid to reprotonate the Ser (Figure 3).  
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Figure 3. The catalytic activity of (A) phosphorylation and (B) phosphorolysis by HprK/P. 

Modified from the Uniprot database (Consortium, 2025).  

Alphaproteobacteria generally lack the canonical sugar-PTS/CcpA system, and CcpA-

dependent transcription via HPr(Ser~P) has not been demonstrated in this clade (Dozot 

et al., 2010; Pinedo & Gage, 2009). Regardless, the hprK gene is present in several 

Alphaproteobacteria, and typically resides upstream of the npr and manX genes 

(encoding NPr and EIIAMan) (Hu & Saier, 2002; Pinedo & Gage, 2009). This HprK/P homolog 

is truncated in Alphaproteobacteria: the catalytic C-terminal P-loop domain is retained, 

whereas the N-terminal domain found in Firmicutes is absent (Figure 4) (Hu & Saier, 

2002; Pinedo & Gage, 2009). 
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Figure 4. AlphaFold-predicted structure of HprK/P from Rhizobium leguminosarum bv. 

viciae 3841 (yellow) (Varadi et al., 2022, 2024) superimposed on the X-ray crystal 

structure of HprK/P from Lactobacillus casei (green, pdb_00001kkm) (Fieulaine et al., 

2002). The light green region represents the N-terminal domain present in Firmicutes but 

missing in Alphaproteobacteria. Global backbone alignment gave an RMSD of 3.95 Å 

when all 131 aligned residues were included, but the pruned core of 82 residues 

superimposes with 1.03 Å RMSD, indicating that the two structures share a conserved 

core fold, while substantial differences occur in flexible loops or peripheral segments. 

The inset highlights the conservation of the catalytic site between the two species. 

Residue numbering corresponds to the R. leguminosarum sequence, and Asp54 is 

highlighted in red. Structural superposition and rendering were performed using UCSF 

ChimeraX (Meng et al., 2023). 

Because the catalytic domain is present, Alphaproteobacterial HprK/Ps are expected to 

remain functional. Supporting this view, truncated HprK/P fragments without the N-

terminal domain (resembling the Alphaproteobacteria version) are catalytically active in 

Lactobacillus casei (Fieulaine et al., 2001). Moreover, point mutations within the P-loop 
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of L. casei selectively reduce phosphorolysis activity (Monedero et al., 2001), suggesting 

that sequence differences in this loop could affect the enzyme function. Notably, Gram-

negative Alphaproteobacteria such as Rhizobium leguminosarum, Brucella spp., and 

Agrobacterium tumefaciens exhibit few amino acid variations in the P-loop relative to 

Firmicutes, which may affect phosphorylase activity, although this remains to be tested 

experimentally.  

Consistent with this, direct evidence from Brucella melitensis shows that HprK/P 

phosphorylates NPr on Ser61, with kinase activity stimulated by FBP and inhibited by 

inorganic phosphate (Dozot et al., 2010). Unlike in Firmicutes, in vitro tests show that Pi 

did not promote phosphorolysis of P~Ser-NPr by Brucella HprK/P, leaving the 

mechanism of dephosphorylation unresolved. These data indicate that metabolite 

signals (FBP, Pi) control the Ser-phosphorylation state of NPr and are expected to 

modulate the phosphotransfer through the PTSNtr relay from EINtr to EIIANtr. 

While direct biochemistry was not presented, physiological characterisations in S. 

meliloti using hprK deletion mutant and a strain with NPr bearing single substitutions at 

Ser53 or His22 also support antagonism between the Ser and His residues (Pinedo & 

Gage, 2009). Phosphorylation at the Ser53 residue will prevent phosphorylation at His22, 

thereby reducing phosphotransfer to downstream PTSNtr components. HPrK/P also acts 

akin to a brake for CCR in S. meliloti: deletion of hprK produces a pronounced succinate-

mediated catabolite repression (SMCR) phenotype due to accumulation of HPr-His22~P 

(Pinedo & Gage, 2009). Introducing npr(H22A) (non-His-phosphorylatable NPr) 

suppresses the ΔhprK SMCR phenotype, whereas npr(H22A) alone has an eased SMCR 

response. 
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SixA

In enteric γ-Proteobacteria, such as E. coli and Salmonella, HprK/P-Ser46 regulation is 

absent. E. coli HPr lacks the Ser46 regulatory loop, and NPr has no equivalent serine site 

(Nessler et al., 2003). In contrast, the dephosphorylation arm of the PTSNtr is provided by 

SixA (Figure 5), which was identified as the phosphohistidine phosphatase acting on the 

catalytic histidine of NPr via suppressor screening (Schulte & Goulian, 2018). Consistent 

with a role in PTSNtr signalling, the sixA mutant shows reduced intracellular potassium 

levels under the tested conditions, a phenotype also observed in ptsN mutants (Schulte 

& Goulian, 2018; Sharma et al., 2016). Other E. coli phenotypes of ΔsixA include a growth 

defect in minimal medium (Schulte & Goulian, 2018) and an NPr-dependent colonisation 

defect in the mouse intestine (Schulte et al., 2021).  

Genetic evidence positions SixA at the NPr node, since loss of upstream 

phosphotransfer components such as ptsP suppresses the ΔsixA phenotype (Schulte & 

Goulian, 2018). The role of SixA is further supported by in vivo evidence showing an 

increased NPr~P fraction in sixA mutants, and by in vitro phosphotransfer assays 

demonstrating that SixA dephosphorylates NPr-His~P via phosphoryl transfer from NPr 

to a histidine residue on SixA, with strong selectivity for NPr over other PTSNtr components 

(PtsP and PtsN) (Schulte et al., 2021). 

Beyond E. coli, sixA is conserved across Proteobacteria, Actinobacteria, and 

Cyanobacteria, and is typically not operon-linked to ptsP/ptsO/ptsN  (Schulte & Goulian, 

2018). To date, no definitive transcriptional, post-transcriptional, or allosteric regulators 

of SixA have been reported. Alternatively, SixA may provide a constant phosphatase 

capacity, while the metabolic inputs upstream of NPr (EINtr) set the phosphate flux 
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through the standard histidine-mediated PTSNtr relay (Schulte et al., 2021; Schulte & 

Goulian, 2018).  

Figure 5. AlphaFold-predicted structure of SixA from Rhizobium leguminosarum bv. 

viciae 3841 (blue) (Varadi et al., 2022, 2024) superimposed on the X-ray crystal structure 

of Escherichia coli SixA (pink; pdb_00001ujb) (Hamada et al., 2005). The catalytic 

histidine is shown in green for R. leguminosarum (His16) and in purple for E. coli (His8). 

Global backbone alignment gave an RMSD of 3.60 Å when all 147 aligned residues were 

included, but the pruned core of 95 residues superimposes with 0.94 Å RMSD, indicating 

that the two structures share a very similar core fold, while most differences occur in 

flexible loops or peripheral segments. Structural superposition and rendering were 

performed using UCSF ChimeraX (Meng et al., 2023). 

Effector nodes: PtsN (EIIANtr) and ManX (EIIAMan)

PtsN

PtsN (EIIANtr) is the terminal effector of the PTSNtr pathway, and in the canonical relay, 

phosphate flows PEPPtsP (EINtr)PtsO (NPr)PtsN (EIIANtr). A notable exception has 
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been reported in Pseudomonas putida, where cross-branch crosstalk allows FruB, a 

component of the fructose PTS, to phosphorylate PtsN in vivo during bacterial growth on 

fructose (Kremling et al., 2012; Pflüger & de Lorenzo, 2008).  

The PtsN protein adopts the EIIAMan Rossmann-like fold with the conserved 

phospho-acceptor histidine positioned on the solvent-exposed loop (e.g., E. coli H73; C. 

crescentus H66; P. putida H68; Brucella melitensis H66; R. leguminosarum PtsN1 H66; 

Azotobacter vinelandii H68) (Dozot et al., 2010; Lee et al., 2007; Muriel-Millán et al., 2015; 

Noguez et al., 2008; Pflüger & de Lorenzo, 2008; Ronneau, Petit, et al., 2016; Sánchez-

Cañizares et al., 2020). High-resolution structures and NMR data are available for E. coli

PtsN (Figure 6) (Bordo et al., 1998; Wang et al., 2005). PtsN is active in its monomeric 

form in various species, including E. coli (Lee et al., 2007; Wang et al., 2005), C. 

crescentus (Ronneau, Petit, et al., 2016), and S. meliloti (Ronneau et al., 2019a). While 

most genomes encode a single ptsN copy, notable exceptions exist: Sinorhizobium fredii

carries three EIIANtr paralogs (Feng et al., 2022), and R. leguminosarum harbours two 

PtsN copies (Sánchez-Cañizares et al., 2020). In both cases, the PtsN1 copy functions 

as the principal active paralog, since loss of this paralog produces strong phenotype 

defects. 

The ptsN gene is frequently co-transcribed with rpoN, but it has been shown in P. putida

that the PtsN-dependent regulation does not overlap with σ54 targets (Cases et al., 2001), 

as additional layers of control exist. The RNA-binding chaperone Hfq selectively targets 

E. coli ptsN transcripts without affecting rpoN (Sikora et al., 2024). In Salmonella 

enterica, post-translational control also tunes PtsN: excess nitrogen triggers PtsN 
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dephosphorylation followed by Lon-dependent degradation, and acidic pH lowers PtsN 

abundance in a PhoP- and Lon-dependent manner (Choi et al., 2019; Yoo et al., 2016).  

Figure 6. (A) The X-ray crystal structure of the PtsN of E. coli (blue; pdb_00001a6j) (Bordo 

et al., 1998). The conserved phosphate-acceptor histidine residue (His73) and adjacent 

catalytic arginine (Arg57) are highlighted in dark blue. (B) AlphaFold-predicted structure 

of PtsN1 (orange) and PtsN2 (pink) from Rhizobium leguminosarum bv. viciae 3841 

(Varadi et al., 2022, 2024) superimposed on the X-ray crystal structure of E. coli (blue). 

The catalytic histidine for both PtsN1 and PtsN2 of R. leguminosarum is His50, and its 

catalytic arginine is Arg50. Global backbone alignment of E. coli PtsN to the two R. 

leguminosarum homologs, PtsN1 and PtsN2, yielded global RMSDs of 1.16 Å (148 

residues) and 1.81 Å (147 residues), with pruned core RMSD of  0.85 Å (143 residues) and 

0.98 Å (131 residues), respectively. These values indicate that both homologs closely 

preserve the E. coli PtsN core fold, with PtsN1 showing slightly higher overall structural 

similarity. Structural superposition and rendering were performed using UCSF ChimeraX 

(Meng et al., 2023).  
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ManX

In most Alphaproteobacteria, the sugar-PTS permeases EIIB/EIIC are absent, yet a 

homolog of the sugar-PTS system mannose-specific EIIA component (ManX) is present 

(Hu & Saier, 2002). This manX homolog, referred to as ptsM in some species,  is typically 

encoded within a conserved locus along with npr and hprK (ptsM-ptsO-hprK). In B. 

melitensis, this locus lies near the two-component sensor kinase/response regulator 

pair bvrR/bvrS in (Sola-Landa et al., 1998), which is homologous to the chvI/chvG system

in R. leguminosarum (Sánchez-Cañizares et al., 2020) and Agrobacterium tumefaciens 

(Charles & Nester, 1993), and to chvI/exoS in S. meliloti (Bélanger et al., 2009). Promoter 

fusion analysis in R. leguminosarum demonstrated that the manX-npr and chvI-chvG-

hprK genes are transcribed together (Sánchez-Cañizares et al., 2020).  

Structurally, Alphaproteobacterial ManX contains only the homolog of the N-terminal 

loop of the EIIA domain, while lacking the EIIB (Figure 7). The catalytic His (His10 in E. 

coli), which accepts phosphate from HPr-His in classical sugar-PTS relays, is retained 

(Erni et al., 1989; Gutknecht et al., 1999). In E. coli, EIIAMan donates the phosphate to 

EIIBMan at His175, which in turn passes it to the incoming sugar to mediate sugar 

transport. Therefore, because Alphaproteobacteria lack the EIIB and EIIC/D membrane 

domains, the remaining EIIAMan protein is best interpreted as a regulatory phosphate-

accepting residue rather than part of a transport function. Consistent with this, in vitro

experiments in B. melitensis showed that NPr efficiently phosphorylates EIIAMan, 

integrating ManX as a functional EIIA partner within the PTSNtr system (Dozot et al., 2010). 

The same study also reported that, like PtsP and HprK, ManX interacts with itself to form 

oligomers, unlike PtsN. 
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The model Betaproteobacterium (β-proteobacteria) Rastolnia eutropha also possesses 

an incomplete mixed PTS system composed of EI (PtsH, without GAF-domain), HPr, 

EIIANtr (PtsN) and EIIAMan (PtsM) (Krauße et al., 2009; Pries et al., 1991). In vitro, HPr~P 

transfers phosphates readily to PtsN and only extremely slowly to PtsM. However, these 

findings should not be generalised to Alphaproteobacteria, as they are evolutionarily 

distant from Ralstonia and possess a distinct genomic organisation of ptsM, hprK, and 

hpr.  

Figure 7. AlphaFold-predicted structure of ManX from Rhizobium leguminosarum bv. 

viciae 3841 (orange) (Varadi et al., 2022, 2024) superimposed on the X-ray crystal 

structure of EIIA-Man from Streptococcus pneumoniae (magenta; pdb_00006fmg) 

(Magoch et al., 2020). The catalytic histidine is shown in red for R. leguminosarum (His16) 

and in purple for S. pneumoniae (His11). Global backbone alignment gave an RMSD of 

2.15 Å when all 132 aligned residues were included, but the pruned core of 107 residues 

superimposes with 0.86 Å RMSD, indicating that the two structures share a very similar 

core fold, while moderate differences occur in flexible loops or peripheral segments. 

Structural superposition and rendering were performed using UCSF ChimeraX (Meng et 

al., 2023). 
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Fate of the phosphoryl group in PTSNtr

In the sugar-PTS branch, the phosphoryl group is passed to the EIIB domain and then 

onto the imported sugar, yielding sugar-phosphate. By contrast, there is no EIIB/EIIC 

“sink” nor transfer of phosphate onto small metabolites in the regulatory PTSNtr. Instead, 

in the PtsP→NPr→PtsN or ManX cascade, phosphate is used as a regulatory signal that 

controls the binding of EIIAs to effectors rather than phosphorylating them. The 

phosphate of PtsN~P or ManX~P is dissipated as inorganic phosphate, either through 

spontaneous hydrolysis due to the intrinsic lability of His~P, or, as shown in E. coli, via a 

dedicated phosphohistidine phosphatase (SixA), which dephosphorylates NPr (Schulte 

et al., 2021; Schulte & Goulian, 2018). In other words, each signalling cycle spends PEP 

to set the phosphorylation state of the PTSNtr relay solely for its regulatory function.  

2.4 Regulatory targets of PTSNtr 

PTSNtr influences diverse cellular processes. Early comparative and genetic studies 

noted that npr (ptsO) frequently colocalises with rpoN (often in the same operon), and 

neighbour genes such as hpf (yhbH) and rapZ (yhbJ) in Enterobacteria or hprK in 

Alphaproteobacteria. These genomic contexts led to the hypothesis that PTSNtr integrates 

carbon and nitrogen metabolism (Barabote & Saier, 2005; Pflüger-Grau & Görke, 2010), 

and indeed, accumulating experimental evidence has since supported and refined this 

view.  Below, we summarise confirmed PTSNtr targets in Alphaproteobacteria, along with 

additional examples from other bacterial lineages (Table 1). 
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Table 1. Physiologically confirmed PTSNtr-controlled processes in Alphaproteobacteria; ordered by year of discovery 

Processes Organisms 
Component 

involved 
Mechanism(s) Reference(s) 

Succinate-mediated 

catabolite response 

(SMCR)  

S. meliloti  HprK/P 
∆hprK shows pronounced SMCR response and severe 

growth defect; direct mechanism remains unresolved. 

(Pinedo et al., 2008; 

Pinedo & Gage, 2009) 

Envelope & acid 

stress 

R. leguminosarum, 

S. meliloti  
PtsN 

Phosphorylated PtsN correlates with increased EPS 

production; PtsN is shown to interact with ChvI sensor 

kinase of ChvI/ChvG system.  

(Pinedo et al., 2008; 

Sánchez-Cañizares et 

al., 2020) 

TCA cycle  
B. melitensis,  

R. leguminosarum 
ManX  

Nonphosphorylated ManX interacts with SucA 

(component of 2-OG dehydrogenase complex); ∆manX

shows a growth defect and has impaired TCA cycle 

activity.  

(Dozot et al., 2010; 

Sánchez-Cañizares et 

al., 2020) 

Nutrient uptake via 

ABC transporters 
R. leguminosarum PtsN 

PtsN~P is required for activation of various ABC 

transporters; molecular mechanisms remain to be fully 

defined. 

(Prell et al., 2012; Untiet 

et al., 2013; Sánchez-

Cañizares et al., 2020) 

K+ Transport  
R. leguminosarum, 

S. fredii 
PtsN 

The binding of unphosphorylated PtsN to the GAF 

domain of KdpD results in the induction of the kdpFABC

operon for the high-affinity K+ uptake system. 

(Untiet et al., 2013; Feng 

et al., 2022) 

Stringent response 
C. crescentus,  

S. meliloti 
PtsN, Npr 

PtsN~P interacts with the ACT domain of RSH and 

inhibits its hydrolase activity, allowing (p)ppGpp to 

accumulate; NPr activates RelA/SpoT Homologs (RSH) 

synthase through an unknown mechanism. 

(Ronneau, Petit, et al., 

2016; Ronneau et al., 

2019a) 
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Stringent response – RelA/SpoT (RSH)  

RelA/Spot Homologs (RSH) control the synthesis and hydrolysis of the alarmone 

nucleotides ppGpp and pppGpp, collectively termed (p)ppGpp, which function as the 

central effectors of the stringent response (Dalebroux & Swanson, 2012). Most bacterial 

lineages encode at least one long, multi-domain RSH, whereas in many 

Gammaproteobacteria (γ-proteobacteria), these activities are partitioned between two 

proteins: RelA (a ribosome-activated synthetase) and SpoT (a bifunctional synthase-

hydrolase).  

Alphaproteobacteria typically encode a single “long” RSH (also termed Rel or SpoT/Rsh) 

that harbours both N-terminal synthase and hydrolase catalytic domains, followed by 

regulatory TGS (ThrRS–GTPase–SpoT), helical linker, ZFD (zinc-finger), and an ACT 

domain (Figure 8)  (Atkinson et al., 2011; Brown et al., 2016). The ACT region is required 

for full hydrolase activity and for binding to PtsN (Ronneau, Petit, et al., 2016; Ronneau 

et al., 2019a).  

The PtsN~P-ACT interaction inhibits hydrolase activity and promotes (p)ppGpp 

accumulation during nitrogen starvation. This PTSNtr and RSH crosstalk has been 

demonstrated in C. crescentus and S. meliloti (Ronneau, Petit, et al., 2016; Ronneau et 

al., 2019a; Ronneau & Hallez, 2019b), and PtsN-SpoT interaction has also been shown in 

the Betaproteobacteria Ralstonia eutropha (Karstens et al., 2014).  

The regulatory cascade is as follows: nitrogen starvation lowers intracellular glutamine, 

alleviating inhibition of PtsP autophosphorylation. This drives the phosphate flow 

PEPPtsPNPrPtsN, and results in PtsN~P. Once bound to the C-terminal ACT 

domain of the long RSH, PtsN~P inhibits its hydrolase activity, thereby elevating 
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(p)ppGpp. The elevated (p)ppGpp will then orchestrate the canonical stringent response, 

which includes reduction of ribosome biogenesis, global reduction in protein synthesis, 

and transcription and metabolism to enhance survival under nitrogen limitation 

(Ronneau & Hallez, 2019b). Relief of the stringent state occurs when nitrogen is 

replenished, and RSH hydrolase activity resumes.  

Figure 8. The X-ray structure of the bifunctional RelA/SpoT homolog (RSH) from 

Streptococcus equisimilis (pdb_00001vj7) (Hogg et al., 2004). The synthase region is 

shown in green, and the hydrolase domain in red. Ligands are depicted as follows: 

guanosine-5’-diphosphate (GDP), pink; Guanosine 5’-diphosphate 2’-3’-cyclic 

monophosphate (GPX), blue; manganese (II) ion, dark blue. Structural superposition and 

rendering were performed using UCSF ChimeraX (Meng et al., 2023). 

Notably, under N-starvation (p)ppGpp accumulation can still occur in ΔptsN or a strain 

carrying a non-phosphorylatable PtsN (ptsN H66A) background, but not in ΔptsP or Δnpr. 

This indicates that RSH is controlled by PTSNtr by at least two mechanisms: one PtsN~P-

dependent, and another PtsN~P-independent route whose mechanism remains 

unresolved (Ronneau, Petit, et al., 2016; Ronneau & Hallez, 2019).
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By contrast, direct PtsN–SpoT interaction has not been established in 

Gammaproteobacteria such as E. coli. Instead, SpoT integrates other signals: it binds 

acyl carrier protein (ACP) via its C-terminal regulatory region (Battesti & Bouveret, 2006) 

and is controlled by the ribosome-associated GTPase CgtA (Jiang et al., 2007; Raskin et 

al., 2007). The sugar-PTS component, HPr, can also influence SpoT indirectly via the anti-

σ factor Rsd (Lee et al., 2018).  

Nutrient uptake – ABC transporters  

ABC transporters (ATP synthase-binding cassette transporters) are high-affinity, widely 

spread ATP-dependent transporters present in all kingdoms of life. Rhizobia, 

representative soil-dwelling bacteria, encode many ABC transporters, several of which 

remain poorly characterised (Mauchline et al., 2006; Ramachandran et al., 2011). In R. 

leguminosarum, uptake of diverse ABC transporter substrates, including γ-amino butyric 

acid (GABA), ALA, glucose and myo-inositol, has been examined (Prell et al., 2012). For 

their relevance to symbiosis, an emphasis has been placed on the study of Aap and Bra 

branched-chain amino acid transporters, where the uptake of non-metabolizable 

amino-acid analogue AIB (2-Aminoisobutyric acid) provides a quantitative readout for 

ABC transporter capacity (Prell et al., 2012; Sánchez-Cañizares et al., 2020; Untiet et al., 

2013).   

Transport through ABC uptake systems in R. leguminosarum requires the PTSNtr

phosphorelay. Phosphorylation of PtsP and NPr is required for full transporter activity 

(Untiet et al., 2013), and genetic as well as physiological evidence on ptsN mutant 

(ΔptsN), non-phosphorylatable PtsN (PtsN H66A), and phosphomimetic PtsN strains 

(PtsN H66E) implicates phosphorylated PtsN as the key activator (Sánchez-Cañizares et 
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al., 2020). Notably, the intracellular potassium levels determine the regulatory mode of 

PtsN (Untiet et al., 2013). Under strong K+ limitation, unphosphorylated PtsN contributes 

to the inactivation of ABC systems, while its phosphorylation favours activation. This 

PtsN regulation occurs post-translationally, as observed in the transporter activity level, 

with a minimum change observed in the transcript abundance of the Aap transporter 

(Prell et al., 2012). However, no direct protein:protein interaction between PtsN and any 

component of the ABC transporter has been shown yet. Thus, while the evidence ties 

ABC transporter activity to the PTSNtr phosphorelay and positions PtsN as the most 

probable regulatory node, the causal mechanism remains to be proven.  

Potassium homeostasis – KdpD/KdpE  

Bacteria use four main K+ uptake systems: Trk, Ktr, Kup, and Kdp, for adaptations to 

different environments (Diskowski et al., 2015). KdpFABC is a high-affinity K+ uptake 

system, whose expression is controlled by the two-component regulatory system KdpD 

(a membrane-bound sensor histidine kinase) and KdpE (a cytosolic response regulator). 

Direct protein:protein interaction between PtsN and KdpD is well established in non-

Alphaproteobacterial models. In E. coli, the dephosphorylated form of PtsN binds the 

DHp/HisKA part of the KdpD transmitter region to stimulate signalling (Lüttmann et al., 

2015; Mörk‐Mörkenstein et al., 2017). A similar cross-talk has also been reported in P. 

putida (Deuschle et al., 2015).  

In Alphaproteobacteria, R. leguminosarum requires PtsN for the induction of the kdpABC

operon under K+ limitation (Prell et al., 2012; Untiet et al., 2013). A mechanistic 

breakthrough came in Sinorhizobium fredii, where unphosphorylated PtsN1 binds the N-

terminal GAF domain of KdpD, unlike the interaction described for E. coli PtsN (Feng et 
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al., 2022). Indeed, the non-phosphorylatable PtsN (H66A), but not the phosphomimetic 

PtsN (H66E), binds to KdpD. KdpD then uses its HisKA–HATPase region to engage 

response regulator KdpE, which induces the kdpFABC operon encoding the high-affinity 

K+ uptake system. While PtsN–KdpD coupling occurs via the GAF domain in S. fredii, not 

all Alphaproteobacteria (e.g. C. crescentus) encode a KdpD with a cytoplasmic GAF 

domain, suggesting a lineage-specific wiring of the K+ response (Quintero-Yanes et al., 

2024).  

Beyond Kdp activation, K+ limitation also correlates with inactivation of several ATP-

dependent ABC transporters in R. leguminosarum, indicating coordinated control of K+

and nutrient uptake under potassium stress (Untiet et al., 2013). Because PtsP 

autophosphorylation integrates carbon and nitrogen cues (e.g., glutamine), the 

phosphate flux through PTSNtr can indirectly tune Kdp output via PtsN, supporting the 

broader view that K+ homeostasis is integrated with central metabolism rather than being 

a purely ionic/osmotic reflex.  

Envelope and acid stress – ChvG/ChvI 

Across Alphaproteobacteria, ChvG/ChvI (also known as ExoS/ChvI, BvrS/BvrR, or ChvIG) 

functions as a two-component system responsive to envelope and acid stress 

(Greenwich et al., 2023). In Agrobacterium and many rhizobia, its activation is gated by a 

third periplasmic regulatory protein, ExoR, which enables ChvG/ChvI to upregulate 

succinoglycan (EPS-I) biosynthesis, export, and processing while repressing motility 

(Bouchier et al., 2025; Greenwich et al., 2023; Williams et al., 2022). By contrast, ExoR-

lacking lineages such as Brucella and Caulobacter rely on the periplasmic sensing 

domain of ChvG to directly monitor acid and envelope perturbations, leading to lineage-
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specific outputs (Greenwich et al., 2023). Additionally, ChvG/ChvI is also activated by 

ExoR-independent cell wall/envelope stress; in Agrobacterium, this induction occurs 

without detectable ExoR cleavage and contributes to intrinsic β-lactam tolerance 

(Bouchier et al., 2025; Williams et al., 2022). The molecular features of envelope stress 

sensed by ChvG remain to be defined.  

Previous work in R. leguminosarum links PTSNtr signalling to ChvI/ChvG regulation. 

Bacterial two-hybrid assays show that PtsN physically interacts with the ChvI sensor 

kinase (Sánchez-Cañizares et al., 2020), and phosphorylation of PtsN correlates with 

increased EPS polymerase gene pssA, supporting a model in which PtsN~P promotes 

EPS production via ChvI. Prior work in S. meliloti places PtsN signalling upstream of EPS 

control, consistent with potential crosstalk between the PTSNtr pathway and ExoS/ChvI 

signalling (Pinedo et al., 2008).  

Carbon metabolism 

ManX and HprK act as carbon-response nodes in Alphaproteobacteria, with the 

strongest direct protein:protein interaction evidence coming from B. melitensis. Yeast 2-

hybrid (Y2H) assays show that EIIAMan (ManX) interacts with SucA (Enzyme 1 subunit of 2-

OG dehydrogenase complex), and their intracellular interaction is supported by DivIVA-

based polar recruitment localisation experiments in E. coli (Dozot et al., 2010).  Because 

budding yeast lacks the PTS phosphorelay, these Y2H experiments report 

dephosphorylated ManX binding SucA. However, several attempts to delete manX (ptsM) 

in this work failed, and thus the phenotypes of a ΔmanX strain were not reported.  

Phenotypical studies of the manX and hprK mutants in S. meliloti indeed suggest a 

relation to carbon-mediated regulation. The manX and hprK mutant show slower growth 
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on several single carbon sources, and additionally, the hprK mutant displays 

pronounced succinate-mediated catabolite response (SMCR) phenotypes on mixed 

carbon sources. ΔhprK displays prolonged diauxic lag when grown on succinate plus 

lactose or raffinose, along with minimal lactose utilisation compared to the wild-type. 

Additionally, both ΔmanX and ΔhprK accumulate succinoglycan, while showing reduced 

expression of sugar-utilisation operons melA-agp (α-galactoside) and lac (β-galactoside) 

(Pinedo et al., 2008; Pinedo & Gage, 2009).  

In R. leguminosarum, the manX mutant grows more slowly than the wild-type, exhibiting 

reduced oxygen consumption across different carbon and nitrogen conditions, 

consistent with impaired tricarboxylic acid (TCA) cycle flux (Sánchez-Cañizares et al., 

2020). Activities of two TCA cycle enzymes, malate dehydrogenase (MDH) and 2-OG 

dehydrogenase (α-KGDH), are decreased in ΔmanX, but the expression levels of mdh-

lacZ and sucA-lacZ transcriptional fusions are unchanged relative to wild-type, 

indicating a primarily post-transcriptional effect. Polarity effects on the adjacent npr

gene were excluded, confirming that the observed phenotypes were exclusively due to 

loss of manX.  

Regulatory targets in non-Alphaproteobacteria  

K+ transporters – Trk system 

In E. coli, unphosphorylated PtsN binds to TrkA to inhibit Trk-mediated K+ uptake (Lee et 

al., 2007). Concomitantly, PtsN activates KdpD/KdpE signalling to induce kdpFABC, 

thereby favouring high-affinity Kdp uptake over Trk under appropriate conditions 

(discussed in more detail in the earlier section: Potassium Transport – KdpD/KdpE). 

Across Alphaproteobacteria, Trk components are inconsistently distributed; for 
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example, they are clearly present in S. meliloti but absent from R. leguminosarum 

(Domínguez-Ferreras et al., 2009). Regardless, a direct interaction between PtsN and 

TrkA has not been reported outside of E. coli. 

Phosphate stress response - PhoR/PhoB  

In E. coli, PtsN directly interacts with the histidine kinase PhoR and modulates the 

PhoR/PhoB two-component system that activates the phosphate-starvation pho regulon 

(Hsieh & Wanner, 2010; Lüttmann et al., 2012). This interaction is reported to depend on 

the phosphorylation state of PtsN, with the dephosphorylated form leading to increased 

PhoB~P and elevated expression of pho genes. PhoR/PhoB is well conserved in 

Alphaproteobacteria and is functional in Alphaproteobacteria (Al-Niemi et al., 1997; 

Hagberg et al., 2016), although interaction with PtsN has not been reported.  

Virulence regulatory system - PhoP/PhoQ 

Another two-component system functionally linked to PtsN is the PhoP response 

regulator and PhoQ sensor kinase (PhoP/PhoQ), which regulates a broad set of virulence 

genes in response to environmental cues, including low Mg²⁺, acidic pH, and 

antimicrobial peptides (Groisman et al., 2021). In Salmonella enterica, acidic pH induces 

a Lon- and PhoP-dependent reduction of PtsN protein levels. The PhoP/Q system, via Lon 

protease, indirectly controls the degradation of PtsN. At the same time, because PtsN 

inhibits DNA binding by PhoP, its initial presence suppresses PhoP activity, and 

subsequent PtsN degradation removes this inhibition, creating a programmed delay in 

PhoP activation (Choi et al., 2019). Some Alphaproteobacteria (e.g. Agrobacterium spp.

and R. leguminosarum) appear to encode phoP/phoQ orthologs, but experimental 

characterisation is lacking (Groisman et al., 2021). Instead, the acid/envelope-stress-
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responsive ChvG/ChvI system is conserved and functionally central across many 

Alphaproteobacteria (Greenwich et al., 2023). Regulation of ChvG/ChvII has been 

discussed in greater detail in the previous section: Envelope and acid stress: ChvG/ChvI.  

Pathogenicity – SsrA/SsrB  

The SsrA/SsrB two-component system is located within Salmonella pathogenicity island 

2 (SPI-2), which encodes the type III secretion system and many of its effectors required 

for intracellular survival and virulence. PtsN forms a complex with the response regulator 

SsrB and inhibits its DNA binding, thereby lowering the expression of SPI-2 target genes. 

Deletion of ptsN increases SPI-2 expression, but the original study did not determine 

which phosphorylation state of PtsN is active (Choi et al., 2010). Subsequent work in 

Salmonella indicates that PtsN phosphorylation state and abundance are condition-

dependent. Excess nitrogen promotes PtsN dephosphorylation and Lon-dependent 

degradation, and acidic pH decreases PtsN levels via a PhoP- and Lon-dependent 

mechanism. By inference, conditions that lower PtsN abundance would relieve inhibition 

and favour SsrB promoter binding (Choi et al., 2019; Yoo et al., 2016).  

Non-EIIA-mediated outputs of the PTSNtr

Beyond Alphaproteobacteria, there is stronger evidence that the components of the 

PTSNtr relay can function outside phosphate transfer to EIIA. In E. coli, dephosphorylated 

NPr directly binds LpxD to down-regulate lipid A biosynthesis (Kim et al., 2011). In P. 

aeruginosa, recent work indicates that NPr and PtsN can regulate overlapping but 

distinct sets of quorum-sensing-controlled genes, with NPr-dependent effects 

detectable even in the absence of PtsN. This supports the model in which NPr 
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contributes to regulatory outputs that are at least partly independent of EIIA (Banerjee et 

al., 2025).  

In Alphaproteobacteria, most established outputs of the PTSNtr relay run through EIIA-

type effectors: primarily through PtsN (EIIA), with some species also encoding a parallel 

EIIA-Man/ManX branch. Robust evidence for Alphaproteobacterial NPr acting as a direct 

effector independent of EIIA is currently lacking. That said, in C. crescentus, NPr~P 

contributes to activation of the Rsh/SpoT synthetase activity under glutamine starvation, 

increasing (p)ppGpp. However, the underlying mechanism is not fully resolved, and 

direct binding of NPr to RSH has not been demonstrated (Ronneau, Petit, et al., 2016).  

2.5 Regulators of carbon-nitrogen metabolism beyond PTSNtr 

In addition to the PTSNtr system, Alphaproteobacteria possess additional central 

regulators integrating carbon and nitrogen metabolism. This section highlights two 

regulators that are proposed to sense the [glutamine]:[2-oxoglutarate] ratio and 

modulate downstream nitrogen-responsive pathways. 

PII signaling  

PII proteins (GlnB/GlnK family) are ubiquitous trimeric sensor-integrators of cellular 

nitrogen and energy status present in nearly all bacteria, including Alphaproteobacteria 

(Huergo et al., 2013; Shapiro, 1969). PII senses the cellular status through competitive 

ATP/ADP binding and through 2-OG, which binds only as part of a ternary Mg–ATP–2-OG 

complex. A second control layer is the GlnD-mediated post-translational modification: 

when glutamine levels are low, GlnD uridylylates Tyr51 in the T-loop (a flexible loop 

structure that mediates interaction between PII and many of their target proteins); when 

glutamine is high, GlnD removes the uridylyl (UMP) group, shifting partner affinities 
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accordingly (Merrick, 2015; Yurgel et al., 2010). Downstream regulation by PII reflects the 

combination of these two modulatory layers. 

In Alphaproteobacteria, confirmed PII targets include the AmtB ammonium channel, the 

NtrB/NtrC two-component system, and GlnE, which controls glutamine synthetase (GS) 

(Arcondéguy et al., 1997; Michel-Reydellet & Kaminski, 1999; Yurgel et al., 2010). 

Activation of N-acetylglutamate kinase (NAGK) by PII is conserved across bacteria, but it 

is inferred rather than directly demonstrated in rhizobia (Huergo et al., 2013; Merrick, 

2015). Under nitrogen limitation (high 2-OG, low glutamine), PII is uridylylated and, 

together with Mg–ATP–2-OG binding, it disengages from AmtB, allowing NH4
+ influx. 

Urydylated PII is also released from NtrB, resulting in NtrC~P accumulation, which drives 

transcription of σ54-dependent nitrogen stress-regulated genes. Uridylylated PII also 

biases GlnE toward deadenylylation, thereby activating GS. The converse holds under 

nitrogen sufficiency. Reviews by Huergo et al. (2013) and Merrick (2015) provide detailed 

descriptions of PII mechanisms and their downstream effectors.  

There is no established direct mechanistic coupling between the PII and PTSNtr systems, 

and their primary targets are largely distinct. Nonetheless, both systems sense the same 

metabolic signal, the glutamine and 2-OG ratio, and each includes fast post-

translational responses (within minutes) alongside slower transcriptional programs, 

suggesting coordinated actions.   

Hfq/sRNAs 

Hfq is a central RNA chaperone in rhizobia that stabilises trans-acting sRNAs and 

accelerates their base-pairing to mRNAs, mostly those mRNAs related to nutrient uptake 

systems and metabolic enzymes (Gao et al., 2010; Torres-Quesada et al., 2014). 



43 

Hfq-sRNA interactions fine-tune translation initiation and mRNA stability, enabling fast, 

concentration-sensitive regulation (Hussein & Lim, 2011; Torres-Quesada et al., 2014). 

In rhizobia, deletion of Hfq globally derepresses many ABC importers, shifts the 

metabolism of nitrogen compounds, and impairs symbiosis (Gao et al., 2010; Sobrero et 

al., 2012; Torres-Quesada et al., 2013). Additionally, in C. crescentus, loss of Hfq 

disrupts 2-OG homeostasis, consistent with reduced 2-OG dehydrogenase enzyme (α-

KGDH) activity due to Coenzyme A (CoA) limitation, leading to 2-OG accumulation. This 

imbalance impairs peptidoglycan biosynthesis, demonstrating how Hfq-dependent 

post-transcriptional control can influence cell wall biogenesis through metabolite-level 

effects (Irnov et al., 2017). The direct post-transcriptional routes by which Hfq affects the 

TCA cycle remain unknown.  

The dominant, validated axis that links Hfq to carbon and nitrogen metabolism in 

Alphaproteobacteria is via the AbcR-family of sRNAs (AbcR1/AbcR2), which use 

conserved anti-Shine–Dalgarno motifs to repress translation of mRNAs encoding 

periplasmic binding proteins (PBPs) and permease subunits of ABC importers for amino 

acids, peptides, and polyamines (García-Tomsig et al., 2022; Sheehan & Caswell, 2018; 

Torres-Quesada et al., 2013). Their action dampens inappropriate uptake, aligns import 

with physiological state, and, together with broader Hfq effects, reshapes flux through 

TCA/gluconeogenic nodes. Direct validations show that AbcR1 represses GABA-binding 

PBP Atu2422 in A. tumefaciens (Wilms et al., 2012), while in S. meliloti, AbcR1/AbcR2 

directly repress livK, prbA, aapQ, and SMa0495 (García-Tomsig et al., 2022; Torres-

Quesada et al., 2013). In B. abortus, AbcR1/2 act redundantly to silence multiple 

amino-acid and polyamine transporter mRNAs (Caswell et al., 2012). Generally, AbcR1 
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predominates during exponential growth/early infection, while AbcR2 accumulates 

during stationary or stress conditions.  

Additionally, another Hfq-dependent trans-encoded sRNA, MmgR, has been shown to be 

a negative regulator of polyhydroxybutyrate (PHB) storage under nitrogen limitation 

(carbon surplus). Its expression responds to the carbon/nitrogen balance, where 

activation under nitrogen limitation requires NtrC, and repression under carbon 

limitation requires AniA (also known as PhaR, a transcriptional regulator linked to PHB 

metabolism) (Ceizel Borella et al., 2018; Lagares et al., 2017, 2025).  

2.6 Conclusions 

In Alphaproteobacteria, PTSNtr senses the intracellular nitrogen status through glutamine 

binding to the PtsP GAF domain, which inhibits PtsP autophosphorylation. In lineages 

encoding HprK/P, a carbon/energy layer is added: high FBP levels induce HprK/P to 

phosphorylate a serine residue on NPr, antagonising the PtsP-dependent His 

phosphorylation. These integrated inputs at the NPr node will then shape the 

phosphorylation state of the output EIIAs (PtsN and ManX). As proposed in R. 

leguminosarum, nitrogen-rich/carbon-limiting conditions bias ManX and PtsN toward 

the dephosphorylated state, whereas nitrogen-limiting/carbon-rich conditions bias 

them toward the phosphorylated state (Sánchez-Cañizares et al., 2020). This 

reciprocally regulated PtsN-ManX module thus allows continuous balancing of carbon-

skeleton supply based on nitrogen availability. 

The nitrogen response mediated by the PtsN regulatory branch is particularly evident, 

with the phosphorylation state of PtsN coherent with the initiating signal. When the cell 

is nitrogen starved and glutamine is low, PtsP autophosphorylates and transfers 
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phosphate via NPr to yield phosphorylated PtsN. Phosphorylated PtsN then induces the 

Rsh/SpoT-mediated stringent response, which supports survival under N-starvation 

(Ronneau & Hallez, 2019b).  

The carbon arm, likely mediated by ManX, is less well defined mechanistically but 

supported functionally. HprK/P, whose kinase activity is stimulated by FBP and inhibited 

by Pi, can serine-phosphorylate NPr and counteract EIIA His-phosphorylation (Dozot et 

al., 2010), resulting in unphosphorylated EIIAs downstream. Unphosphorylated ManX 

has indeed been shown to be functional in R. leguminosarum, where it tunes the 

TCA/central carbon flux (Sánchez-Cañizares et al., 2020).  

The conservation of FBP as the activator of HprK in Alphaproteobacteria suggests an 

interesting functional divergence of this protein. In Firmicutes, FBP is a glycolytic 

intermediate which directly gates CCR via the HPrK/CcpA system. Many 

Alphaproteobacteria lack phosphofructokinase (PFK), and consequently, FBP is 

predominantly made during gluconeogenesis, including during growth on C4 organic 

acids (Hottes et al., 2004; Zhang et al., 2016). In this clade, a high FBP level does not 

necessarily result in high glycolytic activity. Instead, HprK may primarily function during 

growth on organic acids, where its kinase activity promotes NPr-Ser phosphorylation, 

lowering PtsN~P and ManX~P, and therefore stimulating the TCA cycle.  

While the core PTSNtr relay and at least one key regulatory target, the PtsN~P interaction 

with the ACT domain of the RSH enzyme, appear to be conserved across 

Alpharoteobacteria, downstream targets and physiological outputs vary between clades 

and even among species. For instance, in S. fredii, unphosphorylated PtsN1 interacts 

with the GAF domain of KdpD to drive the activation of the high-affinity K+ uptake pathway 
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(Feng et al., 2022), whereas C. crescentus KdpD has been reported to lack a GAF domain, 

making a similar PtsN–KdpD-GAF interface unlikely in this organism (Quintero-Yanes et 

al., 2024). Additionally, since sixA orthologs are present in Alphaproteobacteria 

genomes, a potential hypothesis is that SixA could dephosphorylate NPr on the 

conserved His residue and thereby tune PTSNtr outputs; this remains untested in the 

Alphaproteobacterial systems covered here. Accordingly, cross-clade results should be 

treated as mechanistic guidance rather than general rules. Experimental validation 

within the Alphaproteobacteria lineage is needed before extrapolating PTSNtr outputs.  

The downstream targets and regulatory mechanisms by which PTSNtr influences central 

carbon metabolism in Alphaproteobacteria are incompletely mapped. R. 

leguminosarum provides evidence in which PTSNtr signals bifurcate to ManX (controlling 

TCA flux) and to PtsN (controlling nitrogen uptake, EPS, and K+ homeostasis), but broader 

conservation and molecular details remain to be defined. HprK/P has also been tied to 

the SMCR response, but the mechanism behind its regulation remains unclear.  

Additionally, the interplay between PTSNtr and other major carbon and nitrogen regulatory 

circuits, such as the PII and Ntr systems, remains unexplored.  

Alphaproteobacteria are a diverse taxonomic group that occupy niches ranging from 

oceanic oligotrophs to plant symbionts and obligate intracellular pathogens. Among 

them, members of the Rhizobiales (Hyphomicrobiales) are particularly well studied 

because of their ability to establish symbioses with legumes and provide nitrogen for the 

host (Rhizobium, Sinorhizobium), as well as their biotechnology significance 

(Agrobacterium) (Hördt et al., 2020; Hwang et al., 2017; Udvardi & Poole, 2013). 

Perturbing PTSNtr components alters nitrogen-fixation efficiency as well as traits tied to 
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soil resilience and competitive nodulation, suggesting that a better understanding of its 

regulation could inform strategies to develop improved rhizobial inoculants (Greenwich 

et al., 2023; Sánchez-Cañizares et al., 2020). Beyond symbiosis, PTSNtr circuits also 

intertwine metabolic state and environmental cues in related pathogenic Rhizobiales 

(e.g. Brucella and Agrobacterium), regulating their ability to infect and interact with their 

hosts (Dozot et al., 2010; Hwang et al., 2017; Ronneau, Moussa, et al., 2014).  Therefore, 

investigating this global PTSNtr regulatory network is strategically important, as these 

systems act as rapid post-translational switches that rebalance carbon oxidation, 

nitrogen uptake, potassium homeostasis, and other related processes in response to 

intracellular nutrient status.  
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ABSTRACT  17 

Coordination of intracellular carbon and nitrogen levels is essential for optimal bacterial 18 

growth, and in rhizobia, for their survival in the soil, root colonisation, and symbiotic 19 

interactions with their host plants. Here, we show that the phosphoransferase system 20 

PTSNtr, a global regulator of carbon and nitrogen metabolism, influences the tricarboxylic 21 

acid (TCA) cycle and the accumulation of three important carbon storage polymers: 22 

glycogen, polyhydroxybutyrate, and exopolysaccharide in R. leguminosarum. The 23 

unphosphorylated form of the effector protein ManX is essential for the full activation of 24 

the TCA cycle dehydrogenase enzymes. Loss of manX leads to reduced dehydrogenase 25 

activity and overflow carbon to storage polymers. This accumulation of key carbon 26 

polymers mimics the phenotype of wild-type cells grown under nitrogen starvation. 27 

Furthermore, we demonstrate that tight regulation of carbon metabolism in R. 28 

leguminosarum is also mediated by the HPr kinase/phosphorylase (HprK) protein. In an 29 

hprK mutant, loss of NPr Ser48 phosphorylation favours phosphorylation through the 30 

histidyl arm and is predicted to increase phosphorylation of downstream PTSNtr 31 

components. When grown on glucose, the hprK mutant shows elevated intracellular 32 

pyrimidine levels and increased malate dehydrogenase and TCA cycle activity, indicating 33 

a shift toward gluconeogenesis. It also overproduces EPS, an effect potentially mediated 34 

by crosstalk between phosphorylated PtsN and the ChvI/ChvG system. These data 35 

suggest that HprK exerts pleiotropic regulatory effects on processes regulated by PTSNtr, 36 

influencing central metabolism while also repressing EPS production, likely by 37 

promoting the unphosphorylated state of PtsN.  38 

Word count: 23739 
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INTRODUCTION 40 

Biological nitrogen fixation (BNF) is essential for sustainable agriculture by supplying 41 

bioavailable nitrogen, thereby reducing the reliance on synthetic fertilisers (1, 2). The 42 

symbiotic bacteria that carry out this process must persist as free-living cells in the soil 43 

and as intracellular growth-arrested bacteroids within their legume hosts (3, 4). Each 44 

stage of this complex lifecycle is intricately linked to cellular energy homeostasis, as well 45 

as carbon and nitrogen metabolism (5, 6). A tight regulation of bacterial carbon and 46 

nitrogen metabolism is necessary to adapt to diverse environments while meeting energy 47 

demands and supporting growth across different lifestyles.  48 

Among the major systems coordinating nitrogen and carbon metabolisms in 49 

Alphaproteobacteria (α-proteobacteria) are the Ntr/PII pathway and the nitrogen-related 50 

phosphotransferase system (PTSNtr). The Ntr/PII system mediates both post-51 

translational and transcriptional effects in response to nitrogen availability, which is 52 

sensed by PII proteins through the [glutamine]:[α-ketoglutarate] ratio (7–11). As a key 53 

tricarboxylic acid (TCA) cycle intermediate, α-ketoglutarate is converted to glutamine 54 

through the GS-GOGAT pathway (11). This ratio therefore signals the relative state of both 55 

carbon and nitrogen metabolism. A low [glutamine]:[α-ketoglutarate] ratio, signalling for 56 

nitrogen deficiency, leads to upregulation of nitrogen and amino acid uptake in the free-57 

living state (12, 13). In contrast, a high [glutamine]:[α-ketoglutarate] ratio is indicative of 58 

nitrogen sufficiency.  59 

Another regulatory system important in sensing carbon and nitrogen balance, the 60 

nitrogen-related phosphotransferase system (PTSNtr), is primarily a post-translational 61 

signalling system that regulates various cell functions via protein-protein interactions 62 
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(14–17). It is a three-step phosphorelay cascade in which PtsP (EINtr) autophosphorylates 63 

using phosphoenolpyruvate (PEP) as the phosphate donor, transfers the phosphate to 64 

Npr (PtsO), and ultimately to output regulators PtsN (EIIANtr) and ManX (EIIAMan), whose 65 

phosphorylation states regulate downstream targets. PtsP has a GAF sensing domain 66 

that detects changes in internal nitrogen availability, with autophosphorylation being 67 

inhibited by glutamine-binding in Alphaproteobacteria (17). The function of output 68 

regulators, PtsN and ManX, depends on their phosphorylation states: unphosphorylated 69 

ManX has been shown to be necessary for full activation of the tricarboxylic acid (TCA) 70 

cycle (17–19), while phosphorylated PtsN activates ATP-binding cassette (ABC) 71 

transporters and interacts with the two-component regulatory system ChvI/ChvG 72 

controlling exopolysaccharide (EPS) secretion (17, 20, 21).  73 

In Alphaproteobacteria, PTSNtr is additionally regulated by a bifunctional HPr 74 

kinase/phosphorylase (HprK/P) (19, 22). This enzyme phosphorylates Npr at a conserved 75 

serine (Ser) residue, which in turn reduces subsequent histidine phosphorylation of Npr 76 

by PtsP.  Although homologous to the Firmicutes HprK/P, which phosphorylates HPr at 77 

Ser46 rather than NPr, the Alphaproteobacterial HprK/P lacks the N-terminal phosphate-78 

binding domain characteristic of the Firmicutes protein (22–24). Direct evidence for 79 

HprK/P activity in Alphaproteobacteria comes from Brucella melitensis, where this 80 

enzyme phosphorylates NPr on Ser61 in an ATP-dependent reaction. The kinase is 81 

inhibited by inorganic phosphate and stimulated by fructose-1,6-bisphosphate (FBP) 82 

(19). In Sinorhizobium meliloti, deletion of hprK causes a severe growth defect and 83 

significantly enhances succinate-mediated catabolite repression (22). Similarly, our 84 

previous work in R. leguminosarum has shown that hprK mutants display severe growth 85 
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defects, suggesting that HprK/P is a potential PTSNtr component involved in carbon 86 

regulation (17). 87 

Besides the hprK mutant, PTSNtr mutants such as ptsP, npr, and manX mutants exhibited 88 

growth defects. For reference, the mean generation times of the PTSNtr mutant strains, as 89 

well as several phosphomimetic and nonphosphorylatable variants of R. leguminosarum90 

described in our previous study (17), are included in Table S1 with newly plotted growth 91 

curves shown in Figure S1. The PTSNtr regulatory interactions and associated cellular 92 

functions in R. leguminosarum bv viciae 3841 (Rlv3841) are summarised in Figure 1.A, 93 

while an overview of carbon metabolism in this bacterium, highlighting features relevant 94 

to this study, is shown in Figure 1.B.  95 

Although PTSNtr has been implicated in coordinating carbon metabolism relative to 96 

nitrogen availability in Alphaproteobacteria, the physiological roles and regulatory logic 97 

of its individual components remain incompletely understood. Nevertheless, direct 98 

interaction of ManX with key enzymes has been previously demonstrated. In B. 99 

melitensis, Yeast 2-hybrid (Y2H) assays showed interaction of ManX and SucA, a 100 

component of the 2-oxoglutarate dehydrogenase (α-KGDH) complex (19). In 101 

Pseudomonas putida, the sole EIIA component of PTSNtr (PtsN) binds to pyruvate 102 

dehydrogenase (PDH), shown by co-immunoprecipitation and mass-spectrometry (18). 103 

However, similar interactions with central metabolic enzymes have not been shown in 104 

other species, including R. leguminosarum.  105 

A link between PTSNtr and internal carbon storage has been proposed through 106 

mechanisms that are not yet understood (17, 20–22, 27–30). In S. meliloti, the promoter 107 

region of manX contains putative consensus binding sites for PhaR 108 
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(polyhydroxybutyrate, PHB-binding transcriptional regulator), and its expression 109 

increased under PHB-producing conditions (30). Polyhydroxyalkanoates (PHA) 110 

accumulate in the ptsN mutant of P. putida (28), while phosphorylated PtsN (PtsN~P) of 111 

R. leguminosarum is shown to interact with the ChvI/ChvG two-component system to 112 

regulate the synthesis of the extracellular carbon-polymer exopolysaccharide (EPS) (17). 113 

This function is conserved in S. meliloti, where PtsN interacts with the homologous 114 

system ChvI/ExoS to modulate the production of the surface polymers galactoglucan 115 

and succinoglycan (20, 21). Additionally, as shown in S. meliloti (22, 29) and more 116 

recently in R. leguminosarum (17), the hprK mutant also accumulates EPS when grown 117 

on nitrogen-excess media.  118 

Thus, in this work, we investigate how PTSNtr contributes to the allocation of carbon 119 

between central metabolism and storage in R. leguminosarum. Using biochemical 120 

assays complemented with Raman spectroscopy, we characterise patterns of polymer 121 

accumulation in the wild-type under contrasting nitrogen conditions. We then assess the 122 

physiological consequences of disrupting the PTSNtr components ManX, PtsN, and HprK, 123 

by integrating data on central metabolic enzyme activities and polymer accumulation 124 

with previously characterised growth phenotypes. 125 
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Figure 1. PTSNtr regulatory system and carbon metabolism in R. leguminosarum. (A) 127 

Schematic diagram of the current understanding of PTSNtr regulation. Under N-rich 128 

conditions, glutamine inhibits PtsP autophosphorylation. In contrast, under N-limiting 129 

conditions, autophosphorylated PtsP transfers its phosphate to NPr on His17 and 130 

downstream effectors PtsN and ManX. The phosphorylation state of NPr is additionally 131 

modulated by an alternative serine phosphorylation (Ser48) by HprK. Yellow circles 132 

indicate histidine phosphorylation, while red circles indicate serine phosphorylation. (B) 133 

Overview of the carbon metabolism pathways in Rlv3841. Blue arrows indicate anabolic 134 

metabolic pathways. Orange labels are key carbon sources (glucose and succinate) and 135 

the nitrogen source (ammonia) used in this study, while purple labels indicate polymers 136 

(EPS, glycogen, and PHB) and other compounds (pyrimidines) quantified in this work. 137 

Only selected reactions are shown, based on information from (25, 26). 138 
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RESULTS  139 

ManX modulates the activity of TCA cycle dehydrogenases 140 

Reduced malate dehydrogenase (MDH) and 2-oxoglutarate dehydrogenase (α-KDH) 141 

activities shown previously in the Rlv3841 manX mutant background indicate that ManX 142 

is essential for the complete activation of the TCA cycle (17). To further elucidate the role 143 

of ManX in TCA cycle activity, we measured activities of TCA cycle enzymes (Figure 2.A). 144 

In addition to confirming reduced activity of MDH and α-KDH, we examined additional 145 

enzymes: fumarase hydratase (FH), citrate synthase (CS), isocitrate dehydrogenase 146 

(IDH), as well as pyruvate dehydrogenase (PDH) that catalyses the intermediate reaction 147 

linking glycolysis to the TCA cycle (Figure 2.B). Enzyme activity assays were performed 148 

on crude extracts of Rlv3841 wild-type and manX mutant strains. The reaction kinetics 149 

were assessed by monitoring substrate consumption over time. All bacterial strains were 150 

grown in UMS minimal medium supplemented with 10 mM glucose and 10 mM NH4Cl, 151 

which corresponds to nitrogen (N)-excess conditions.  152 

The specific activities of CS and fumarase (Figure 2.B.b and 2.B.h) were not affected in 153 

the manX mutant. However, the activity of MDH decreased by ~40%, α-KDH by ~54%, 154 

IDH by ~17%, and PDH by ~40% (Figure 2.B.i, 2.B.e, 2.B.c, and 2.B.a, respectively). The 155 

manX*H9A mutant (strain OPS1012), which mimics the non-phosphorylated state of 156 

ManX (His9 replaced by an alanine residue), exhibited wild-type growth across diverse 157 

carbon sources and wild-type levels of oxygen (O2) consumption rates (17). We therefore 158 

assayed MDH activity and found that it remains unchanged in the manX*H9A mutant 159 

relative to wild-type (Figure 2.B.i). Collectively, our results suggest that ManX modulates 160 

the dehydrogenase enzymes of the TCA cycle, and its non-phosphorylated state is 161 
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sufficient for activation of the TCA cycle’s dehydrogenases. In the absence of ManX 162 

regulation, TCA dehydrogenase enzymes exhibit reduced activity.  163 

164 

Figure 2. Loss of ManX is associated with reduced activity of TCA cycle 165 

dehydrogenase enzymes. (A) Diagram of the TCA cycle and its enzymes, with the 166 

assayed enzymes being highlighted in yellow boxes: (A.a) pyruvate dehydrogenase, (A.b) 167 

citrate synthase (CS), (A.d) isocitrate dehydrogenase (IDH), (A.e) α-ketoglutarate 168 

dehydrogenase (α-KDH), (A.h) fumarase, and (A.i) malate dehydrogenase (MDH). (B) 169 

Enzyme activity assays of those six TCA cycle enzymes were performed using cell lysates 170 

of wild-type, manX mutant, and manX*H9A strain. Assays were normalised to total 171 

protein content. The manX mutant showed significantly reduced activity of 172 

dehydrogenase enzymes (PDH, MDH, α-KDH, IDH), but not fumarase and CS. (B.i) The 173 

MDH activity of the manX*H9A strain recovers to wild-type level, suggesting that the non-174 

phosphorylated state of ManX is required for activation of the TCA cycle dehydrogenase 175 

enzymes to wild-type level. Data are averages (±SEM) from at least three independent 176 

cultures. Statistical significances were assessed by one-way ANOVA (for MDH) or 177 

Student’s t-test (other enzymes), with asterisks indicating the following level of 178 

significance: **** P ≤ 0.0001, ** P ≤ 0.01, * P ≤ 0.05, and ns, not significant.179 
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The hprK mutant shows reduced oxidative metabolism 180 

As an aerobe, R. leguminosarum oxidises TCA cycle intermediates to facilitate growth 181 

(31). Therefore, O2 consumption can serve as a proxy of aerobic respiratory activity and 182 

oxidative metabolism in free-living liquid cultures. Building from the previous 183 

observation that the Rlv3841 hprK mutant exhibits lower growth rates in various carbon 184 

sources (17), we now show that this growth defect is accompanied by reduced O2185 

consumption rate when the hprK mutant is grown under N-excess conditions (10 mM 186 

NH4Cl), supplemented with either 10 mM glucose or 20 mM succinate as carbon sources 187 

(Figure 3.A). As seen in the wild-type, the O2 consumption rate for the hprK mutant is 188 

higher when succinate is used as the sole carbon source. This can be explained by the 189 

fact that, unlike glucose, which is catabolised via the Entner-Doudoroff (ED) pathway, 190 

succinate feeds directly into the TCA cycle. Previous studies have also confirmed that 191 

supplying succinate or other dicarboxylates leads to increased O2 demand and a highly 192 

reduced redox state (5, 32). Under N-limiting conditions (Figure S2), the O2 consumption 193 

is low in the wild-type and hprK mutant.  194 

MDH activity is increased in the hprK mutant 195 

To determine whether the reduced O2 consumption observed in the hprK mutant could 196 

be associated with downregulated TCA cycle activity, we measured the in vitro enzyme 197 

activity of MDH and α-KDH (Figure 3.B). Paradoxically, despite the overall slowdown of 198 

the TCA cycle, MDH activities were significantly upregulated in the hprK mutant, while α-199 

KDH activity was at the same rate as that of wild-type. This regulation exerted by HprK on 200 

the TCA cycle appears to occur at the post-translational level, potentially by modulating 201 

the PTSNtr activity and consequent changes in the accumulation of phosphorylated ManX, 202 
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or via other direct regulation of carbon metabolic processes. This is supported by the 203 

absence of changes in the promoter activities of mdh and sucA (coding for Enzyme 1 204 

component of α-KDH) in the hprK mutant (Figure 3.C). The promoter activities of both 205 

genes remain unchanged and comparable to those of the wild-type, indicating once again 206 

that PTSNtr regulation occurs at the post-translational level.  207 

208 

Figure 3. The TCA cycle is altered in the hprK mutant despite upregulation of MDH 209 

activity at the post-transcriptional level.  (A) The TCA cycle activity of the hprK mutant, 210 

assessed indirectly by O
2
 consumption rates, is reduced relative to wild-type. The strains 211 

were grown in liquid UMS cultures supplemented with 10 mM NH4Cl as nitrogen source 212 

and either 10 mM glucose (dark grey bars) or 20 mM succinate as carbon source (light 213 

grey bars). (B) Enzyme activity assays of malate dehydrogenase (MDH) and α-KDH were 214 

performed in cell lysates of wild-type and hprK mutant grown in UMS cultures with 10 mM 215 

glucose and 10 mM NH4Cl and normalised to total protein contents. Despite reduced O
2

216 

consumption, hprK showed an increase in the activity of MDH. (C) Promoter activities for 217 

the genes encoding mdh and sucA were measured using the lacZ reporter assay on 218 
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cultures grown on UMS with 10 mM glucose and 10 mM NH4Cl. Values are shown as the 219 

fold change relative to the strain-specific background rate of the promoter-less lacZ220 

plasmid. Data are averages (±SEM) from at least three independent cultures. Statistical 221 

significances were assessed by Student’s t-test, with asterisks indicating the following 222 

level of significance: **** P ≤ 0.0001, ** P ≤ 0.01, * P ≤ 0.05, and ns, not significant. In 223 

panel A, black asterisks are comparisons between strains grown in the same conditions, 224 

whereas grey asterisks indicate comparisons of the same strain grown under different 225 

carbon sources, done as a separate T-test.  226 

The accumulation of extracellular and intracellular polymers is affected by PTSNtr227 

regulation 228 

As PTSNtr influences TCA cycle enzymes, the disruption of PTSNtr regulation could lead to 229 

either overaccumulation or depletion of carbon storage polymers, depending on nutrient 230 

availability. Indeed, previous evidence indicated that PTSNtr regulates carbon storage in 231 

various gram-negative bacterial species (17, 20–22, 28, 29). Given the essential role of 232 

ManX in sustaining the activity of TCA cycle dehydrogenases, PTSNtr kinases, particularly 233 

ManX, PtsN, and HprK, together may function as a regulatory node linking central carbon 234 

metabolism and carbon storage. To investigate this possibility, we performed chemical 235 

assays to quantify and compare the accumulation pattern of carbon polymers in wild-236 

type and PTSNtr mutant strains. EPS and two important internal carbon storage polymers 237 

in rhizobia, PHB and glycogen (Figure 4.A-C), were measured on cultures grown in UMS 238 

supplemented with 10 mM glucose under two different nitrogen regimes: N-excess (10 239 

mM NH4Cl) and N-limiting (0.5 mM NH4Cl). Additionally, the PHB content was also 240 

quantified in cultures grown in UMS with 10 mM succinate as a carbon source, as we 241 

reasoned that PHB storage might be different when the cells are grown on sugars or on 242 

an organic acid that feeds directly into the TCA cycle (Figure 4.D).  243 
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Our results show that when carbon (glucose) was in surplus due to N-limitation (0.5 mM 244 

NH4Cl), Rlv3841 wild-type cells allocated carbon into internal storage polymers (PHB 245 

and glycogen) and extracellular polymers (EPS) (Figure 4.A-C). Unlike wild-type, the 246 

manX mutant constitutively accumulates a significant amount of PHB, glycogen, and 247 

EPS regardless of nitrogen availability (Figure 4.A-C). This accumulation was not 248 

observed in manX*H9A, which retains a functional TCA cycle in contrast to the manX249 

mutant and restores carbon storage patterns to wild-type levels (Figure 4.A-C), 250 

indicating that it is the non-phosphorylated version of ManX that acts on central 251 

metabolism. Intracellular polymer concentrations were not altered in the ptsN1N2252 

mutant, with PHB (Figure 4.C) and glycogen (Figure 4.B) levels comparable to those of 253 

wild-type. As previously reported, ptsN1N2 produces less EPS compared to wild-type 254 

(Figure 4.A) (17). The ptsN*H66D mutant (strain OPS1104), which is a phosphomimetic 255 

version of PtsN (His66 replaced by a glutamate residue), enhances EPS production 256 

beyond wild-type levels, whereas ptsN*H66A (strain OPS1102), a permanently non-257 

phosphorylated PtsN, exhibited reduced EPS comparable to the original ptsN1N2 258 

mutant (Figure 4.A). These results suggest that PtsN primarily influences EPS synthesis, 259 

and its phosphorylated form (PtsN~P) induces the production.  260 

This was further supported by complementation assays of an npr mutant with NPr 261 

variants containing amino acid substitutions at the phosphorylation sites (His17 and 262 

Ser48). The original npr mutant showed dry colony morphology when grown on agar 263 

plates, indicative of reduced EPS production (Figure S5.B) (17). The same phenotype was 264 

observed when the npr mutant was complemented with an NPr version carrying His17-265 

to-alanine (H17A) (Figure S5.D, H) or the double mutation NPr His17A and Ser48-to-266 
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alanine (S48A) (Figure S5. F, J). In contrast, complementation with Npr carrying a S48A 267 

mutation, which mimics phosphorylation by HprK, resulted in a very wet colony 268 

morphology (Figure S5. E, I), in agreement with the hprK mutant EPS phenotype (Figure 269 

4.A). Together, these results suggest that HprK-mediated Ser phosphorylation of NPr 270 

inhibits EPS production, whereas His-dependent phosphotransfer via NPr is required for 271 

EPS induction. These findings also indicate that His17 is the Npr dominant 272 

phosphorylation site and are therefore consistent with a model in which EPS production 273 

is modulated by the activity of phosphorylated PtsN. 274 

We also observed a different PHB accumulation pattern when succinate was used as the 275 

carbon source. Wild-type cells grown in succinate accumulated less PHB when nitrogen 276 

was limited, compared to when glucose was the carbon source. The manX mutant still 277 

accumulates PHB regardless of the carbon sources and nitrogen status. Strikingly, the 278 

hprK mutant, which did not accumulate PHB when grown in glucose as the sole carbon 279 

source (Figure 4.C), built up PHB when grown on succinate under N-limiting conditions 280 

(Figure 4.D). 281 
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282 

Figure 4. The accumulation patterns of storage polymers are impacted in PTS
Ntr

283 

mutants under differing nitrogen availability and carbon sources. Quantification of 284 

three main carbon storage compounds in R. leguminosarum: (A) exopolysaccharide, (B) 285 

glycogen, (C) and (D) polyhydroxybutyrate. The strains were grown in liquid UMS cultures 286 

supplemented with either 10 mM glucose (A-C) or 20 mM succinate (D), and with 10 mM 287 

NH4Cl (dark grey bars) or 0.5 mM NH4Cl (white bars). Data are averages (±SEM) from at 288 

least three independent cultures. Statistical significances were assessed by two 289 

independent one-way ANOVAs (for N-rich condition and for N-poor condition separately), 290 

with asterisks indicating the following level of significance: **** P ≤ 0.0001, *** P ≤ 0.001, 291 

** P ≤ 0.01, * P ≤ 0.05, and ns, not significant. Black asterisks are comparisons between 292 

strains grown in the same conditions, whereas grey asterisks indicate Student’s t-test 293 

comparisons between the specific strains being compared, as indicated by the 294 

connecting lines. 295 
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Raman spectral analysis reveals altered biomolecule accumulation in PTSNtr mutant 296 

strains  297 

The results from chemical assays were further validated using single-cell Raman 298 

spectroscopy (SCRS), a non-invasive technique to monitor intracellular metabolites in 299 

their native cellular context based on their vibrational fingerprints (33). To do that, we first 300 

applied different principal component analysis (PCA) combinations to the obtained 301 

spectra, classified the spectra based on the loadings of individual Raman shifts, and 302 

then spotted several biologically meaningful Raman bands. Previous work in Rlv3841 had 303 

previously identified a peak at 1735 cm-1 as a biomarker for PHB, while peaks at 850 cm-1304 

and 1050 cm-1 for glycogen (34). Calculation of the Raman spectra intensities of selected 305 

biomolecules provided further insights into the allocation of macromolecules under 306 

different mutants. In addition to quantifying peaks corresponding to glycogen and PHB 307 

as discussed in the previous section, we also assessed spectral regions associated with 308 

pyrimidine (765-795 cm-1) (35, 36) and amides (1645-1676 cm-1) (35–37). 10 mM glucose 309 

was used as the carbon source for growing all cultures, and 10 mM NH4Cl as the nitrogen 310 

source for wild-type control, manX and hprK mutants. Additionally, wild-type was also 311 

grown under N-limiting conditions in UMS with 0.5 mM of NH4Cl for comparison across 312 

different nitrogen regimes. As expected, Rlv3841 wild-type cells grown under N-limiting 313 

conditions accumulated internal polymers (PHB and glycogen), reflecting an imbalance 314 

of the ability of cells to metabolise available carbon sources (Figure 5.A-F). This was 315 

accompanied by reduced amides and pyrimidines, as nitrogen scarcity limits the 316 

synthesis of amino acids and nucleotides (38).  Even when nitrogen was available, the 317 

manX mutant built up glycogen and PHB, while also having reduced levels of amides and 318 

DNAs that mimicked wild-type grown under N-limitation. In contrast to the manX mutant, 319 



78 

the hprK mutant accumulated nucleotides, while its levels of PHB, glycogen, and amides 320 

were those of wild-type grown under N-excess conditions (Figure 5.A-F).  321 

322 

Figure 5. Quantification of biomolecular features using integrated band intensities 323 

of Single-cell Raman Spectra. (A) Averaged single-cell Raman spectra of wild-type (red), 324 

manX (blue), and hprK (magenta) grown under N-excess conditions (10 mM glucose + 10 325 

mM NH4Cl), and wild-type under N-limiting conditions (green; 10 mM glucose +0.5 mM 326 

NH4Cl). (B-F) Box plots of integrated areas under selected Raman bands for quantitative 327 

analysis. Integrated intensity of each band was calculated after baseline correction, with 328 

bands’ identity as such: 765-795 cm
-1 

(pyrimidine ring breathing), 837-864 cm
-1

329 
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(glycogen), 1035-1065 cm
-1 

(glycogen), 1640-1680 cm
-1 

(amides), and 1710-1760 cm
-1

330 

(PHB). Data are averages (±SEM) from at least 60 replicates, and red crosses are outliers. 331 

Statistical significances were assessed by one-way ANOVA, with asterisks indicating the 332 

following level of significance: **** P ≤ 0.0001, *** P ≤ 0.001, * P ≤ 0.05, and ns, not 333 

significant.  334 

Differential expression of pckR and its target genes in the hprK mutant is consistent 335 

with gluconeogenic bias under glycolytic conditions 336 

The combined phenotypes of growth defects on both glucose and succinate, elevated 337 

MDH activity, and abnormal accumulation of EPS and PHB in the hprK mutant suggested 338 

a shift in the balance between the Entner-Doudoroff (ED)/glycolytic pathways and the 339 

TCA cycle/gluconeogenesis towards gluconeogenesis. Because the LacI-type 340 

transcriptional regulator PckR (PEP carboxykinase regulator) is implicated in this 341 

metabolic control in rhizobia (39, 40), we measured pckR and selected PckR target genes 342 

during growth on glucose and succinate to assess whether the hprK mutant phenotypes 343 

were consistent with altered pckR expression. The PckR target genes analysed included 344 

pckA and fbaB (encoding phosphoenolpyruvate carboxykinase and fructose-345 

bisphosphate aldolase, respectively) on the gluconeogenic side and zwf and pgl346 

(encoding glucose-6-phosphate dehydrogenase and 6-phosphogluconolactonase) on 347 

the ED side.  348 

When grown on glucose, the hprK mutant showed increased expression of 349 

gluconeogenic genes, with pckA at approximately 3.7-fold and fbaB at approximately 2-350 

fold relative to wild-type. In contrast, expression of the ED pathway gene zwf was slightly 351 

reduced, while no significant difference was observed for pgl. During growth on 352 

succinate, the expression levels of pckA, fbaB, zwf and pgl of the hprK mutant were 353 
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comparable to those of wild-type, where pckA and fbaB were induced approximately 19-354 

fold and 120-fold, respectively. The transcript level of pckR was approximately twofold 355 

lower in the hprK mutant during growth on glucose and was similar to wild-type during 356 

growth on succinate. 357 

358 

Figure 6. qPCR analysis of pckR and its target genes in the hprK mutant compared to 359 

wild-type. Relative transcript level of gluconeogenesis genes (A) fbaB and (B) pckA, the 360 

ED pathway genes (C) zwf and (D) pgl, and their transcriptional regulator (E) pckR are 361 

measured using quantitative PCR (qPCR). (F) Schematic representation of central carbon 362 

metabolism indicating the positions of the analysed enzymes within gluconeogenesis (A, 363 

B; blue) and glycolysis (C, D; yellow). Carbon storage compounds measured in this work 364 

are shown in purple, and carbon sources are marked in orange. Only selected 365 

intermediates are shown. The strains were grown in liquid UMS cultures supplemented 366 

with 10 mM NH4Cl as the nitrogen source and either 10 mM glucose (dark grey bars) or 20 367 

mM succinate (light grey bars) as the carbon source. Data are averages (±SEM) from at 368 

least three independent cultures. Statistical significances were assessed by Student’s t-369 

test, with asterisks indicating the following level of significance: *** P ≤ 0.001, ** P ≤ 0.01, 370 

* P ≤ 0.05, and ns, not significant. 371 



81 

DISCUSSION372 

The regulation of carbon and nitrogen metabolism in symbiotic rhizobia is critically 373 

important for the success and efficiency of symbiotic nitrogen fixation (17). In 374 

Alphaproteobacteria, PTSNtr regulation ensures a balanced central metabolic activity and 375 

supply of energy based on nitrogen availability. Rhizobia are known to accumulate 376 

carbon polymers as energy reserves and as a mechanism to maintain redox balance 377 

during nitrogen starvation (41, 42). In line with this, we observed accumulation of two key 378 

internal polymers, PHB and glycogen, under such conditions in free-living R. 379 

leguminosarum. EPS production, which shares sugar biosynthetic precursors with 380 

glycogen, was also elevated. Additionally, a decreased level of pyrimidines was also 381 

detected, and this is consistent with data from E. coli and S. cerevisiae, where growth 382 

under nitrogen or carbon limitation similarly leads to diminished nucleotide abundance 383 

(38).  384 

In R. leguminosarum, ManX and PtsN are the downstream effectors of the PTSNtr385 

regulatory system, whose activity is modulated by the upstream sensor component PtsP 386 

and the relay protein NPr (17, 29). These regulators integrate environmental cues, 387 

particularly nitrogen and carbon availability, to control downstream metabolic outputs. 388 

In this study, we demonstrate that the absence of ManX leads to reduced activity of TCA 389 

cycle dehydrogenases, followed by the accumulation of key intracellular carbon-storage 390 

polymers (glycogen and PHB) and the extracellular carbon polymer EPS. The manX391 

mutant also exhibited reduced levels of amides and pyrimidines, which resemble N-392 

starved wild-type rhizobia (18).  393 



82 

The phenotype observed in the manX mutant when grown on sugar is likely caused by 394 

overflow carbon metabolism. With the TCA cycle flux reduced, while sugar intake 395 

remains relatively high, carbon is diverted into biosynthetic pathways for carbon 396 

(glycogen and EPS) and energy (PHB) reserve polymers. Indeed, the accumulation of PHB 397 

and lipids has been reported across diverse bacterial species as a mechanism to buffer 398 

excess energy and reductants, which typically occurs under nutrient imbalance (43–45), 399 

as observed in the N-starved wild-type strain.  400 

The reduction in amides and pyrimidines observed in the manX mutant can be attributed 401 

to similar underlying regulatory mechanisms. The overall slowdown of the TCA cycle 402 

likely reduces the availability of intermediates such as 2-oxoglutarate, which is required 403 

for glutamate synthesis and ammonia assimilation. The limited fumarate or oxaloacetate 404 

availability contributes to less aspartate, which serves as a carbon backbone in de novo405 

pyrimidine synthesis. Overall, these results support previous conjectures (17, 29) that 406 

ManX serves as the branch of the PTSNtr effector that is involved in carbon regulation. 407 

The decrease in enzymatic activities observed in the manX mutant is restricted to 408 

dehydrogenases linked to central metabolism. Because our enzymatic assays were done 409 

in vitro under substrate-saturating conditions, the reduced dehydrogenase activities are 410 

unlikely to result from substrate and cofactor limitation, or from differences in controlled 411 

assay parameters such as pH and temperature. However, the observed differences may 412 

arise from variations in enzyme abundance, post-translational regulation, or other 413 

factors affecting enzyme function in cell extracts.  414 

As a potential explanation for reduced TCA cycle dehydrogenases activities, we 415 

assessed whether the expression of genes encoding TCA enzymes was altered. 416 
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However, transcript levels of malate and 2-oxoglutarate dehydrogenase components 417 

remain unchanged in the manX mutant (17), further excluding transcriptional regulation 418 

as the primary cause. A strain with a permanently non-phosphorylated ManX version 419 

(ManX*H9A) restored growth, enzyme activities, and polymer accumulation to the wild-420 

type level, suggesting that ManX unlikely exerts its regulation through phosphorylation. 421 

Taken together, these findings suggest that ManX predominantly influences 422 

dehydrogenase activities at the post-translational level, potentially through protein-423 

protein interactions. This interpretation is consistent with prior evidence of ManX and α-424 

KDH (E1 component SucA) direct interaction in B. melitensis when assayed using Y2H 425 

(19), and EIIANtr (PtsN homolog) with the E1 subunit of PDH in P. putida by co-426 

immunoprecipitation (18). However, our attempts to test these interactions by 427 

expressing ManX protein from Rlv3841 and by using bacterial two-hybrid assays (BACTH) 428 

in E. coli were inconclusive.  ManX aggregated and precipitated during purification and 429 

size-exclusion chromatography under all tested purification conditions. In addition, 430 

BACTH assays did not detect an interaction between Rlv3841 ManX and MDH or between 431 

ManX and SucA (Figure S3). Although negative BACTH results can have several 432 

explanations (e.g. fusion geometry, absence of required cofactors, or expression level), 433 

the strong tendency of ManX to aggregate suggests that misfolding or aggregation of the 434 

ManX fusion protein in E. coli potentially limits the detection of this interaction. 435 

The observed slowdown of the TCA cycle, accompanied by increased carbon allocation 436 

toward storage compounds, despite unaltered amino acid transport in the manX mutant 437 

(17), suggests that ManX may affect overall TCA cycle activity, and that the phenotypes 438 

observed in the manX mutant cannot be explained just by the disturbances in one or 439 
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several TCA enzymatic steps. This interpretation is supported by comparison with the 440 

strain RU116 (32, 46), which carries a mutation in sucD, the gene for the β-subunit of 441 

succinyl-CoA synthetase. Although RU116 exhibited low growth rates, reduced succinyl-442 

CoA synthase activity, and strong upregulation of MDH (46), it showed reduced amino 443 

acid uptake (46) and did not accumulate lipids (32) and glycogen (Figure S4). Therefore, 444 

when the TCA cycle is blocked due to direct enzyme impairment, cells avoid carbon and 445 

reductant buildups by redirecting the TCA intermediates and reducing cycle flux. In 446 

contrast, disruption of manX perturbs global carbon metabolism, allocating carbon 447 

overflow into storage. 448 

It was established in previous work that the other PTSNtr effector, PtsN, regulates EPS 449 

biosynthesis through its interaction with the ChvG/I two-component system(17). We now 450 

show that the phosphorylated state of PtsN is essential for this function, as evidenced 451 

by differences in EPS accumulation between non-phosphorylatable (H66A) and 452 

phosphomimetic (H66D) PtsN variant strains. In the ptsN*H66A mutant, EPS level is 453 

comparable to that of the original ptsN mutant, whereas in the ptsN*H66D strain, EPS 454 

accumulation is slightly higher than the Rlv3841 wild-type level.  Other polymers are not 455 

altered in the ptsN mutant, suggesting that the role of PtsN in carbon metabolism is 456 

exclusively linked to the control of EPS biosynthesis or secretion.  In the hprK mutant, the 457 

preferential accumulation of carbon into EPS, but not glycogen, is likely driven by the 458 

activity of PtsN~P, which is the predominant version in this mutant (19), leading to the 459 

upregulation of EPS production. This was further supported by EPS surface phenotypic 460 

assays on agar plates using NPr variants containing with substitutions at the Ser48 and 461 
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His17 phosphorylation sites, showing that the histidine phosphorylation is the dominant 462 

phosphorylation site (Fig. S5).  463 

Similar to the regulation exerted by non-phosphorylated ManX, the regulatory role of 464 

HprK cannot be easily explained by a single target. The hprK mutant shows a severe 465 

growth defect on various carbon sources, including glucose or succinate (Table S1, 466 

Figure S1) (17, 22), along with a reduced O2 consumption. Growth on succinate is slightly 467 

better (mean generation time, 5.48 ± 0.24 h) than on glucose (7.64 ± 0.17 h), although 468 

growth under both conditions remains markedly worse than that of Rlv3841 wild-type 469 

(3.42 ± 0.11 h on glucose; 3.44 ± 0.28 h on succinate) (17). The hprK mutant also shows 470 

EPS overproduction, elevated pyrimidine (nucleotide) levels, and increased MDH 471 

activity. Grown under N-limitation, the hprK mutant does not accumulate PHB when the 472 

carbon source is glucose, but it does when succinate is the carbon source. One potential 473 

explanation for these distinct phenotypes is that this hprK mutant biases carbon flow 474 

towards gluconeogenesis and TCA cycle activity under conditions that normally favour 475 

ED metabolism. MDH links the TCA cycle to gluconeogenesis by catalysing the 476 

conversion of malate to oxaloacetate (Figure 1.B). Increased MDH activity could 477 

therefore elevate oxaloacetate levels, leading to enhanced aspartate formation and 478 

subsequent nucleotide biosynthesis, which may account for the elevated pyrimidine 479 

levels observed in the hprK mutant. In addition, oxaloacetate may be converted to PEP 480 

via PEPCK, thereby directing carbon through gluconeogenesis toward glucose 6-481 

phosphate, a central metabolic intermediate that supplies precursors for both glycogen 482 

and EPS biosynthesis.  483 
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Another piece of evidence for the relative shift toward the gluconeogenesis pathway in 484 

the hprK mutant is its PHB accumulation pattern. In rhizobia, glucose is normally 485 

processed primarily through the ED/PPP (pentose phosphate) pathways, and PHB 486 

synthesis requires a route from the carbon source to acetyl-CoA and a sufficient NADPH 487 

supply during nitrogen limitation (5, 47). Therefore, the lack of PHB accumulation by the 488 

hprK mutant during growth on glucose under nitrogen limitation, despite PHB 489 

accumulation on succinate, suggests a defect in ED/PPP-dependent PHB synthesis from 490 

glucose. It also indicates a potential carbon shift towards a more gluconeogenic state, 491 

rather than the typical ED-dominated metabolic state observed during growth on 492 

glucose.  493 

In rhizobia, one well-characterised regulator for the decision between glycolysis/ED 494 

metabolism and TCA cycle/gluconeogenesis is PckR, a LacI-family transcriptional 495 

regulator that represses the ED pathway (zwf–pgl–edd, eda2, mgsA) and activates the 496 

gluconeogenic genes pckA and fbaB when bound to DNA (39, 40). Normally, elevated 497 

PEP causes the regulator PckR to dissociate from DNA, lifting repression of the ED 498 

pathway. However, strains carrying effector-insensitive missense alleles of pckR499 

maintain ED repression even during growth on glucose. Measuring transcript levels of 500 

pckR and its target genes by qPCR under glucose and succinate conditions was therefore 501 

used to assess whether the misregulated central carbon control in the hprK mutant 502 

arises from altered PckR regulation.  503 

The transcript level of pckR itself is reduced approximately twofold in the hprK mutant 504 

during growth on glucose and is unchanged on succinate. When PckR downstream 505 

targets were assessed on glucose, the hprK mutant showed higher pckA and fbaB506 



87 

expression than wild-type and slightly reduced zwf expression. Grown on succinate, 507 

pckA, fbaB, and pckR transcript levels are comparable to wild-type. This pattern 508 

suggests that the mutant shifts central metabolism towards gluconeogenesis under 509 

typically glycolytic conditions (e.g., glucose growth), while the transcriptional program 510 

associated with succinate utilisation is largely intact. Altogether, these data are 511 

consistent with PckR being a plausible participant in the misregulated central carbon 512 

metabolic network caused by the hprK mutation. However, since pckR transcript 513 

abundance changes only modestly, and only when cultures are grown on glucose but not 514 

on succinate, these results do not demonstrate that HprK directly regulates pckR. 515 

Instead, HprK likely influences how the PckR regulatory network responds to different 516 

carbon sources, either indirectly by altering the cell’s metabolic state or directly by 517 

modulating pckR expression under certain conditions.  518 

Loss of HprK was expected to relieve serine-dependent inhibition of NPr histidine 519 

phosphorylation and thus favour phosphorylation of both downstream proteins ManX 520 

and PtsN. The increased EPS production in the hprK background, along with the npr521 

complementation data, is consistent with enhanced His-phosphorylation through the 522 

PtsN branch. However, the hprK mutant does not phenocopy the effects of ManX 523 

perturbation. Although our study indicates that ManX is functionally active in its 524 

nonphosphorylated form,  the growth defect of the hprK mutant cannot be fully explained 525 

by a simple reduction in the unphosphorylated ManX pool, as the hprK dehydrogenase 526 

readouts do not match the manX mutant phenotype. This hprK phenotype might also 527 

reflect the additional metabolic burden resulting from hyperphosphorylated PtsN, as 528 

this state could lead to overactivation of ABC transport and misregulation of ion 529 
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homeostasis, among other effects, that may contribute to the growth defect. Thus, the 530 

hprK mutation results in an overall regulatory imbalance between PtsN and ManX output 531 

proteins, which in turn produces complex downstream effects that are more consistent 532 

with differential regulation than with a uniform increase in phosphorylation of both ManX 533 

and PtsN. Future studies will be needed to assign hprK mutant phenotypes to specific 534 

downstream EIIA components and to determine whether HprK has additional regulatory 535 

functions beyond those mediated by ManX or PtsN. 536 

CONCLUSION537 

Our findings show that PTSNtr coordinates carbon metabolism and storage through 538 

intricate metabolic interactions. Central to this role is ManX, whose activity is essential 539 

for maintaining the activity of TCA cycle dehydrogenase enzymes. Loss of ManX disrupts 540 

the flux throughout the TCA cycle, leading to the accumulation of all tested key polymers 541 

(glycogen, PHB, and EPS), which mimic nitrogen starvation phenotypes even when 542 

nitrogen is available. While the effect on internal polymers seems to be mediated by 543 

ManX, analysis of PtsN variants further supports a role for phosphorylated PtsN in 544 

promoting EPS production. This regulatory balance is mediated by Npr phosphorylation, 545 

highlighting the importance of the control exerted via HprK.  The metabolic phenotypes 546 

of the hprK mutant suggest a bias toward the gluconeogenic state during growth on sugar 547 

and confirm complex regulatory effects caused by increased phosphorylation of ManX 548 

and PtsN. Collectively, our findings highlight the tight integration of both central 549 

metabolism and the accumulation of carbon storage polymers. Imbalanced PTSNtr550 

regulation disrupts this coordination, leading to a slowed TCA cycle and atypical carbon 551 
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polymer accumulation patterns. This reinforces the role of PTSNtr as a key regulatory 552 

network of bacterial metabolic balance. 553 

METHODS 554 

Bacterial strains, plasmids, and culture conditions 555 

This work was conducted using the laboratory reference strain R. leguminosarum bv. 556 

viciae 3841 or derivative mutants listed in Table S2. R. leguminosarum was grown on 557 

tryptone yeast (TY) nutrient-rich medium or the minimal medium Universal Minimal Salts 558 

(UMS) supplemented with 10 mM glucose and 10 mM ammonium chloride, unless 559 

otherwise stated (48, 49). R. leguminosarum was grown at 28˚C supplemented with 560 

antibiotics at the following concentrations (μg ml-1): spectinomycin 100, streptomycin 561 

500, tetracycline 1 (liquid cultures) or 5 (agar plates). Escherichia coli was grown on 562 

nutrient-rich Luria-Bertani (LB) medium at 37˚C unless otherwise stated (50). E. coli 563 

cultures were supplemented with antibiotics at concentrations (μg ml-1) of ampicillin 100, 564 

kanamycin 20, spectinomycin 50, and streptomycin 25. 565 

Reporter plasmids containing the lacZ (β-galactosidase) gene under control of the mdh566 

or sucA promoter (pRU3037 and pRU3068, respectively) were conjugated into R. 567 

leguminosarum using the pRK2013 helper plasmid.568 
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TCA cycle enzyme assays  569 

R. leguminosarum strains were grown in 50 mL UMS supplemented with 10 mM glucose 570 

and 10 mM ammonia to mid-exponential growth at an OD600 of 0.4 – 0.6. Bacterial cells 571 

were then washed and resuspended in 20 mM phosphate buffer, pH 7.2, containing 1 mM 572 

dithiothreitol (DTT), and cytosolic fractions were obtained by breaking the cells with 573 

FastPrep-24 5G Ribolyzer (MP Biomedicals), followed by centrifugation at 13,000 rpm to 574 

remove membranes and debris. Enzyme activities were assayed with a 575 

spectrophotometer at 29°C by monitoring the rate of change in absorbance per second 576 

upon the addition of the cell lysate and respective substrates. The enzyme rate was 577 

standardised by measuring the protein concentration of whole cells using QubitTM Protein 578 

Assay Kits following the manufacturer's instructions. The final compositions of the 579 

reaction mix and wavelength used for each enzyme assay were as follows: citrate 580 

synthase (200 mM Tris/HCl pH 8.1, 0.2 mM DTNB, 0.1 mM Acetyl-CoA, 0.5 mM 581 

Oxaloacetate; measured at 412 nm) (51), isocitrate dehydrogenase (20 mM Tris/HCl pH 582 

7.4, 3.3 mM MgCl2, 0.5 mM NADP, 0.5 mM DL-Isocitric Acid, measured at 340 nm) (52), 583 

oxoglutarate dehydrogenase (100 mM Tris/HCl pH 8.4, 0.1 mM CoA, 7.8 mM Cysteine, 25 584 

mM 2-oxoglutarate, 2 mM NAD; measured at 340 nm) (51), fumarase (50 mM 585 

Phosphate/NaOH pH 8, 50 mM L-malate, measured at 240 nm) (53), malate 586 

dehydrogenase (100 mM Phosphate/NaOH pH 7.5, 0.2 mM NADH, 0.5 mM Oxaloacetic 587 

acid; measured at 340 nm) (54), pyruvate dehydrogenase (50 mM pH Phosphate/NaOH 588 

7.5, 3.5 mM NAD, 0.12 mM CoASNa, 4 mM Cysteine, 0.3 mM Thiamine pyrophosphate, 589 

1.5 mM MgCl2, 2.5 mM Sodium pyruvate; measured at 340 mM) (54). All assays were 590 

performed from at least three independent biological replicates. Negative controls 591 

(lysates without substrate or cofactor) were included to account for background activity. 592 
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O2 consumption assays 593 

To measure oxygen (O2) consumption, liquid cultures (25 mL) at the exponential phase 594 

were added to a glass universal with an OxyDot oxygen sensor and a magnetic stirrer, and 595 

quickly sealed. O2 consumption was measured in real time every 15 seconds until the O2596 

level decreased below 15% using a non-invasive O2 electrode from the OxySense 325I 597 

System (Industrial Physics) and analysed with the OxySense GenIII program. The 598 

consumption rate was measured as the time taken for the bacterial population to reduce 599 

the O2 level by 3% as previously described (17).  600 

Promoter activity assays 601 

The promoter activity of mdh or sucA was measured using the β-galactosidase method 602 

(55, 56). To do this, reporter plasmids containing the lacZ (β-galactosidase) gene under 603 

the control of the mdh or sucA promoter were conjugated into R. leguminosarum (17). A 604 

promoter-less plasmid containing only lacZ was included as an experimental control and 605 

baseline measure. Cultures were harvested during the exponential phase. Cells were 606 

lysed through the addition of 0.1% SDS and chloroform to a cell suspension in Z buffer 607 

(57). The β-galactosidase reaction was initiated by the addition of o-nitrophenyl-β-D-608 

galactosidase with β-mercaptoethanol and stopped after the suspension turned yellow 609 

by adding 1 M Na2CO3. Centrifugation removed cell debris, and activity was quantified by 610 

measuring the absorbance at 420 nm. Transcriptional activity was converted into Miller's 611 

Units (56). Activity is reported as fold-change relative to strain-specific background rates. 612 

This adjusts for the overall lower transcriptional activity of slow-growing strains such as 613 

the hprK mutant.614 
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PHB quantification 615 

Cellular PHB content was determined by flow cytometry after staining cells with the 616 

fluorescent dye Nile Red (NR). The median fluorescence intensity, expressed in the 617 

arbitrary fluorescent unit (AFU), has been reported to correlate linearly well with the 618 

bacterial PHB content (58, 59). Briefly, R. leguminosarum was first grown in 10 mL UMS 619 

supplemented with 10 mM glucose as a carbon source and 10 mM ammonia (N-rich) or 620 

0.5 mM ammonia (N-poor) to an OD600 of 0.8– 1. Bacterial cells were harvested and 621 

washed with PBS buffer and then permeabilised by treatment with 35% ethanol for 15 622 

minutes. They were diluted in PBS to reach a concentration of 5 × 106 cells, stained with 623 

0.01% (w/v) NR stock solution (20 µl for 1 mL sample) for 30 minutes under dark 624 

conditions, and then analysed on the flow cytometer (Amnis CellStream) with the 625 

excitation 488 nm wavelength of Argon Laser. Fluorescence was measured in channel 626 

F2, with a filter centred on a bandwidth of 585 nm. The data is analysed with CellStreamTM627 

software. Strain LMB816 (double mutant of phaC1/phaC2) was used as the negative 628 

control.  629 

Glycogen quantification  630 

Glycogen was extracted from R. leguminosarum cultures following the modified version 631 

of the previously described protocol (60) by boiling it with 30% KOH for 1.5 h. Dissolved 632 

glycogen was then precipitated with 70% EtOH, spun down, and dried. The glycogen 633 

amount for each sample was normalised with the total protein content of the cells. To 634 

quantify, pelleted glycogen was resuspended in 10 mM acetate buffer, pH 4.75 and 635 

digested with amyloglucosidase (4 units/assay) and amylase (8 units/assay) for 1.5 h at 636 

room temperature. Aliquots of the digested samples were then assayed by standard 637 
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hexokinase/glucose-6-phosphate dehydrogenase (G6P-DH/HK) assay coupled with 638 

NADP+ reduction [30]. The assay reaction mix contains 265 mM triethanolamine buffer 639 

pH 7.6, 3.3 mM MgCl2, 10 mM ATP, 10 mM NADP, 0.5 units of G6P-DH/HK, and the 640 

sample. The increase in absorbance at 340 nm was read with the Omega FLUOstar plate 641 

reader. Strain OPS2031 (glgA mutant), deficient in glycogen biosynthesis, was used as 642 

the negative control, and glycogen content was calculated by comparing the absorbance 643 

(340 nm) with that of the glycogen standards.  644 

EPS quantification 645 

EPS was quantified following the previously described protocol (17). R. leguminosarum 646 

was grown in 50 mL UMS with 10 mM glucose and 10 mM NH4Cl to reach an OD of 1. The 647 

cultures were then centrifuged, and the pelleted cells were dried and weighed. The 648 

supernatants were treated with twice the volume of ethanol (100 mL) and incubated at 649 

4oC for 24h. The precipitated EPS was then collected, dried, and weighed. Strain LMB310 650 

(pssA mutant) that did not produce EPS was used as the negative control.  651 

Raman spectroscopy and analysis 652 

Single-cell Raman spectra (SCRS) were acquired using a confocal Raman micro-653 

spectrometer (HR Evolution 800, Horiba, Japan) equipped with a continuous 532 nm 654 

laser set to 80 mW. The laser beam was attenuated with a 10% neutral-density (ND) filter 655 

and focused onto the sample through a 100× objective (NA 0.9; Olympus, Japan). Spectra 656 

were recorded with a 300 lines/mm⁻¹ grating, with the spectral centre set at 2000 cm⁻¹. 657 

The Raman acquisition time was 12 s per cell. For each sample group, at least 30 SCRS 658 

were randomly acquired.  659 
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Pre-processing of raw spectra comprised quality control to remove saturated high-660 

intensity spectra, cosmic-ray spike removal, spectral trimming (retaining only the 661 

fingerprint region, 320–1,850 cm⁻¹), baseline fitting (third-order polynomial with 100 662 

points) and baseline correction. The spectra were then normalised such that the sum of 663 

all integrated peak intensities was equal to one. 664 

Principal component analysis (PCA) of SCRS: SCRS from all experimental groups were 665 

combined pairwise (wild-type vs wild-type N-limiting; wild-type vs manX mutant; wild-666 

type vs hprK mutant), and PCA was performed on the fingerprint region for each pair. For 667 

each pairwise analysis, we examined combinations of the top ten principal components 668 

(e.g., Dim 1 vs Dim 2, Dim 3 vs Dim 6) to identify the projection that best separated the 669 

two groups (maximising inter-group distance on the score plots). Using the optimal Dim 670 

pair thus identified, we computed the loadings across Raman shifts for that projection 671 

and ranked the shifts by loading value (from +1 to -1), yielding an ordered list according 672 

to each shift’s contribution to group discrimination. By cross-referencing our in-house 673 

Raman spectral database, we assigned the key biomolecular contributors underlying the 674 

separations observed for each pair of strains. PCA, computation of PCA loading matrices, 675 

and score-plot visualisation/analysis were carried out in R (version 4.4.2) using the base 676 

‘stats’ package together with ‘dplyr’ and ‘ggplot2’. 677 

RNA extraction and real-time qPCR analysis 678 

Rlv3841 cells were harvested by centrifugation at 4 °C, lysed using the FastPrep-24 5G 679 

instrument, and their cell debris was removed by another round of centrifugation. RNA 680 

was extracted from the lysate using the Qiagen RNAeasy extraction kit, and gDNA was 681 

depleted by treatment with Invitrogen Turbo DNAse according to the manufacturer’s 682 
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recommendation. cDNAs are generated from 0.5 μg of purified RNA using an Invitrogen 683 

SuperScript IV reverse transcriptase kit as per the manufacturer’s recommendations. 684 

Quantitative PCR reactions were prepared in 384-well qPCR plates containing 5 μL of 685 

Applied Biosystems PowerUp SYBR Green master mix, 250 nM of each primer, and 5 ng 686 

of RNA template, for a total volume of 10 μL per reaction. Reactions were run using the 687 

StepOnePlus™ Real-Time PCR System. Four biological replicates were extracted for each 688 

condition, each represented by two technical replicates and the average expression was 689 

calculated. The primer pairs used in the real-time qRT-PCR are listed in Table S3 and 690 

were initially tested for amplification efficiency and target specificity by generating a 691 

standard curve of amplification with the rpoD housekeeping gene. Relative expression of 692 

each individual gene was calculated using the Pfaffl Method.  693 

Statistical analysis 694 

All statistical analyses were carried out using GraphPad Prism 10.5.0 (GraphPad 695 

Software, 7825 Fay Avenue, Suite 230, La Jolla, CA 92037, USA). Student’s T-tests and 696 

analysis of variance were used to measure the significance of results. Where multiple 697 

comparisons were necessary, the One-way ANOVA (Tukey-Kramer method) was used. 698 

We took a p-value less than 0.05 to be statistically significant. All values are taken from 699 

single colonies representing one biological replicate. Biological replicates were sampled 700 

with two to three technical replicates each.701 
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Regulation of central carbon metabolism and storage polymers by PTSNtr in 1 

Rhizobium leguminosarum2 

3 
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8 

9 

Table S1. Mean generation time for PTSNtr mutants grown in Universal Minimal Salt (UMS) 10 

supplemented with ammonia (NH4Cl 10 mM) as the nitrogen source and glucose or 11 

succinate as the carbon source, reproduced from (1). Strains shown in bold indicate 12 

those examined in this study. Mean generation times slower than the wild-type are 13 

highlighted in red, with increasing intensity indicating the magnitude of the difference 14 

(light red ~1h slower; medium red ~2h slower; dark red >3h slower).  15 

Description Strain 
Mean Generation Time

Glucose 10 mM Succinate 10 mM

wild-type 3841 3.42± 0.11 3.44 ± 0.28
ptsP ptsP107 4.44 ± 0.16 5.65 ± 0.32 
npr AA031 4.43 ± 0.09 4.04 ± 0.43

ptsN1N2 AA047 3.33 ± 0.16 4.34 ± 0.35
ptsN1N2*H66A OPS1102 3.42 ± 0.09 3.51 ± 0.11 
ptsN1N2*H66D OPS1104 4.48 ± 0.50 4.41 ± 0.08

manX LMB692 6.13 ± 0.12 6.15 ± 0.21
manX*H9A OPS1012 3.39 ± 0.11 3.46 ± 0.10 

hprK AA081 7.64 ± 0.17 5.48 ± 0.24 

16 
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Table S2. List of strains and plasmids  17 

Strains Description Reference

Escherichia coli

DH5a supE44, hsdR17, recA, thi-1, ΔlacU169(f801acZΔM15) 
endA1, gyrA96, relA1

(2)

Rhizobium leguminosarum

Rlv3841 R. leguminosarum bv. viciae; StrR derivative of strain 300 (3)
AA047 Rlv3841 ptsN2 in-frame deletion in ptsN1::ΩSpec

background or ptsN1(RL0425)/ptsN2(pRL110376) double 
mutant 

(1)

LMB310 Rlv3841 pssA::Tn5 transductant or pssA (RL1532) mutant (4)
LMB692 Rlv3841 manX (RL0033) in-frame deletion mutant (1)
LMB816 Rlv3841 phaC1 (RL2098)/phaC2(pRL100105) double 

mutant  
(1)

OPS0374 Rlv3841 transduction ptsN1::Ωspec mutation transduced 
into LMB692 or manX/ptsN1 double mutant 

(1)

OPS1012 Rlv3841 with non-phosphorylatable ManX made by a single 
amino acid substitution at H9A 

(1)

OPS1102 Rlv3841 ptsN2 with non-phosphorylatable PtsN1 made by 
single amino acid substitution at H66A 

(1)

OPS1104 Rlv3841 ptsN2 with PtsN1 phosphomimetic made by single 
amino acid substitution at H66D 

(1)

RU1448 Rlv3841 glgA in-frame deletion mutant (5)
AA081 Rlv3841 hprK::ΩSpec (1)
AA031 Rlv3841 npr::ΩSpec (6)
PtsP107 Rlv3841 Tn5::ptsP (4)

Plasmids

pRK2013 Self-transmissible helper plasmid, KmR (7, 8)
pK18mobsacB Wide range suicide vector, oriT (mobilisable), sacB; KanR (9)
pRU3070 mdh::lacZ (10)
pRU3068 sucA::lacZ (10)
pOPS0186 ptsN1 PCR-amplified from Rlv3841 genomic DNA using 

primers oxp516/517 and cloned into the BACTH vector 
pUT18C via BamHI/KpnI restriction sites.

(1)

pOPS0174 C-terminal region of kdpD PCR-amplified from Rlv 3841 
using primers oxp520/521 and cloned into pKNT25 via 
BamHI/KpnI.

(1)

pOPS0179 manX PCR-amplified from Rlv3841 using primers 
oxp529/530 and cloned into pKNT25 via BamHI/KpnI.

this work

pOPS0193 manX PCR-amplified from Rlv3841 using primers 
oxp529/530 and cloned into pUT18C via BamHI/KpnI.

this work

pOPS0289 mdh PCR-amplified from Rlv3841 using primers 
oxp634/635 and cloned into pKNT25 via BamHI/KpnI.

this work

pOPS0291 sucA PCR-amplified from Rlv3841 using primers 
oxp632/633 and cloned into pKNT25via BamHI/KpnI.

this work

pOPS0292 mdh PCR-amplified from Rlv3841 using primers 
oxp634/635 and cloned into pUT18C via XbaI/KpnI

this work
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pOPS0295 sucA PCR-amplified from Rlv3841 using primers 
oxp632/633 and cloned into pUT18C via XbaI/KpnI

this work

pKNT25 BACTH vector for fusions to the N-terminus of fragment 
T25

this work

pUT18C BACTH vector for fusions to the C-terminus of fragment 
T18

this work

pOPS0741 mdh (Rlv3841) cloned into pOPINF with an N-terminal 
3×FLAG and His-tag by BD (In-Fusion) cloning

this work

pOPS0114 manX (Rlv3841) cloned into pOPINF with an N-terminal 
3×FLAG and His-tag by BD (In-Fusion) cloning

this work

pOPS1067 manX His9Ala cloned into pOPINF with an N-terminal 
3×FLAG and His-tag by BD (In-Fusion) cloning;

this work

pOPINF bacterial expression vector from the pOPIN for high-
throughput cloning and expression 

(11)

pAA039 pRK415 with npr containing a single amino acid 
substitution at H17A

(6)

pAA040 pRK415 with npr containing a single amino acid 
substitution at S48A

this work

pAA041 pRK415 with npr containing amino acid substitutions at
H17A and S48A 

this work

pRK415 IncP stable broad-host-range cloning vector (12)

18 
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Table S3. List of primers   19 

Primers Description Sequence

oxp6980 RT-qPCR primer for rpoD GATGAAGTCGATCGGCAATCTG 

oxp6981 RT-qPCR primer for rpoD GCTTCGACCATTTCCTTCTTGG 

oxp7570 RT-qPCR primer for zwf TACTACGTCTCGGTCGATGC 

oxp7571 RT-qPCR primer for zwf GCTTGTGGTCGTGGATCTTC 

oxp7572 RT-qPCR primer for pgl CTTGCAACCGAGAAGACCAG 

oxp7573 RT-qPCR primer for pgl TCCGCTTCCATGGTGATGAT 

oxp7592 RT-qPCR primer for pckA GGTTCGACGACACCCTTTTC 

oxp7593 RT-qPCR primer for pckA GACTTCATCCCGAACGCTTC 

oxp7594 RT-qPCR primer for fbaB ATATCTCCGGCGTCATCCTC 

oxp7595 RT-qPCR primer for fbaB CGACCTTGATGCCTGGAATG 

oxp7596 RT-qPCR primer for pckR ATCGCTACCAGGGCTATGTC 

oxp7597 RT-qPCR primer for pckR CAGCGAAAGGAAATGCACTG 

oxp529 
PCR amplification of manX for 

cloning into BATCH vectors 

TTTGGTACCCGGCGCCCGATAT

CCGGCACTT  

oxp530 
PCR amplification of manX for 

cloning into BATCH vectors 

TTTGGATCCCATGATCGGACTT

GTGCTTGT 

oxp632 
PCR amplification of sucA for 

cloning into BATCH vectors 
ATGCGCCGCGGACAGGCGGC 

oxp633 
PCR amplification of sucA for 

cloning into BATCH vectors 
ACCGCCCAATGCATCCTCGA 

oxp634 
PCR amplification of mdh for 

cloning into BATCH vectors 
ATGGCGCGTAACAAGATCGC 

oxp635 
PCR amplification of mdh for 

cloning into BATCH vectors 
CTTGAGGGCAGGCGCGATGT 
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20 

Figure S1. Growth curves of Rlv3841 strains grown in UMS supplemented with 10 mM 21 

NH4Cl and (A) 10 mM glucose or (B) 20 mM succinate. Strains shown are wild-type Rlv3841, 22 

ptsP, npr, ptsN1N2, ptsN1N2*H66A, ptsN1N2*H66D, manX, manX*H9A and hprK (1).23 
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24 

Figure S2. The O
2
 consumption rates of the hprK mutant compared to wild-type under 25 

N-limiting conditions. The strains were grown in liquid UMS cultures supplemented with 26 

0.5 mM NH4Cl as nitrogen source and either 10 mM glucose (dark grey bars) or 20 mM 27 

succinate as carbon source (light grey bars). Data are averages (±SEM) from 3 replicates. 28 

Statistical significances were assessed by Student’s t-test, with asterisks indicating the 29 

following level of significance: ** P ≤ 0.01, and ns, not significant. 30 



109 

31 

Figure S3. Bacterial two-hybrid assay (B2H) to study potential interaction between 32 

Rlv3841 ManX and TCA cycle dehydrogenase enzymes, MDH and α-KDH. 1. Positive 33 

control (KdpD-T25/T18-PtsN1), 2. Negative control (empty vector pKNT25/pUT18C), 3. 34 

Mdh-T25/T18-ManX, 4. ManX-T25/T18-Mdh, 5. Mdh-T25/T18-ManX, 6. ManX-T25/T18-35 

SucA, 7. SucA-T25/T18-ManX, 8. SucA-T25/T18-ManX, 9. ManX-T25/T18-Mdh. Tested 36 

combinations did not yield detectable B2H signals.  37 
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38 

Figure S4. Glycogen quantification in the strain RU116 (sucD mutant) compared to 39 

wild-type. The strains were grown in liquid UMS cultures supplemented with 10 mM 40 

glucose as a carbon source and either 10 mM NH4Cl (dark grey bars) or 0.5 mM NH4Cl 41 

(light grey bars). Data are averages (±SEM) from 3 replicates. Statistical significances 42 

were assessed by Student’s t-test, with asterisks indicating the following level of 43 

significance: ** P ≤ 0.01, and ns, not significant. 44 



111 

45 

Figure S5. Colony morphology of the R. leguminosarum npr mutant and 46 

complemented strains on TY agar plates. Surface phenotypes are as follows: (A) 47 

Rlv3841 wild-type, mucoid; (B) AA031 (npr::ΩSpec), dry; (C, G) AA031(pRK415-npr), 48 

mucoid; (D, H) AA031(pRK415-npr H17A), dry; (E, I) AA031(pRK415-npr S48A), very wet; 49 

(F, J) AA031(pRK415-npr H17A,S48A), dry. Panels (A) and (B) are reproduced from (1). 50 

Panels (C-F) are magnified images of colonies grown in panels (G-J) to better appreciate 51 

colony morphology and surface mucoidity. 52 
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ABSTRACT (172 words) 20 

The nitrogen phosphotransferase system in R. leguminosarum (PTSNtr) balances carbon 21 

and nitrogen metabolism by utilising the output proteins PtsN and ManX, while the 22 

master regulator RelA synthesises the alarmone (p)ppGpp in response to stress such as 23 

amino acid starvation. Suppressors of a transposon mutant of PtsP, the first component 24 

of PTSNtr, mapped to different domains of RelA. This bifunctional (p)ppGpp 25 

synthase/hydrolase acts on cellular processes controlled by PtsN, with RelA being 26 

required for free-living activities and a fully functional legume-Rhizobium symbiosis. 27 

Bacterial two-hybrid and native mass spectrometry revealed that PtsN and RelA 28 

physically interact, confirming crosstalk between PTSNtr and RelA. This interaction alters 29 

(p)ppGpp levels, which modulate transcription of the small RNAs AbcR1 and AbcR2 and 30 

control translation of the Aap general amino acid transporter. Thus, PTSNtr signals the 31 

intracellular nitrogen balance to RelA, which, via (p)ppGpp synthesis, controls multiple 32 

aspects of transcription and translation. These results reinforce the importance of 33 

crosstalk between PTSNtr, RelA and AbcR1/R2 sRNAs, allowing bacteria to respond 34 

transcriptionally and post-transcriptionally according to the magnitude of nitrogen 35 

stress.36 
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IMPORTANCE (146 words) 37 

Bacteria constantly adapt to fluctuations in their environment to survive. Optimal 38 

resource allocation upon nutritional starvation requires efficient control of metabolism 39 

to adjust growth by modulating gene expression. We show that the stringent response 40 

modulates cell physiology at the transcriptional level in R. leguminosarum by sensing the 41 

carbon and nitrogen status of central metabolism via interaction with the nitrogen 42 

phosphotransferase system (PTSNtr). The multidomain bifunctional (p)ppGpp 43 

synthetase/hydrolase RelA interacts with PtsN~P to enable activation of RelA under 44 

nitrogen starvation. Furthermore, RelA is also required for an efficient symbiosis 45 

between rhizobia and legumes. The interaction between these regulatory pathways is 46 

highly conserved, highlighting the importance of these connections in various bacterial 47 

species that inhabit nutrient-limited or highly fluctuating environments like the soil and 48 

root environments. This PTSNtr-RelA-AbcR1/R2 crosstalk allows the cell to grade an 49 

adaptive response and maintain fitness depending on the severity of the stress. 50 

51 

KEY WORDS: plant-microbe interactions, bacterial metabolism, regulatory network, 52 

nitrogen, stringent response, small RNAs, amino acid transport53 
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INTRODUCTION 54 

Maintaining proper intracellular carbon (C) and nitrogen (N) levels is crucial in cell 55 

physiology to maximise nutrient utilisation and cell growth. Equally important for the 56 

survival of the cell is the ability to adapt itself to environmental stress. To this aim, 57 

bacteria have evolved intricate regulatory networks that coordinate their physiology 58 

based on a plethora of internal and external signals of their status. These regulatory 59 

networks are typically signal transduction pathways that sense chemical stimuli and 60 

drive cellular decision-making in processes such as nutrient uptake, central metabolism, 61 

motility and chemotaxis, and the production of surface and internal polymers. These 62 

regulatory networks have traditionally been characterised independently, but recent 63 

studies have shown the existence of crosstalk [1-4].  64 

Rhizobia are soil-dwelling α-proteobacteria that induce the formation of nodules in 65 

legume plants under nitrogen limitation. As free-living cells in soil, they are confronted 66 

with diverse and stressful conditions, such as non-optimal temperatures and pH levels, 67 

near-starvation conditions, and competition with other microbial populations [5-7]. 68 

When they invade root nodules, rhizobia differentiate into specialised forms called 69 

bacteroids, which reduce atmospheric dinitrogen to biologically available ammonia and, 70 

in exchange, are provided with carbon and energy by the host plant [8, 9]. Therefore, 71 

these two lifestyles involve complex microbe-microbe and plant-microbe interactions, 72 

requiring signalling pathways and tight metabolic regulation between the host and the 73 

bacterium [10, 11]. We have previously shown that PTSNtr is an essential bacterial 74 

regulatory mechanism composed of an initial sensor protein PtsP, a phosphotransfer 75 

protein NPr, and two output regulatory proteins, PtsN and ManX [4, 12]. This system is a 76 
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phosphorylation cascade that is linked to nitrogen metabolism. Glutamine, which 77 

signals high intracellular nitrogen, binds to an N-terminal GAF domain in PtsP, thereby 78 

inhibiting PTSNtr autophosphorylation by phosphoenolpyruvate (PEP) [4, 13, 14]. This 79 

inhibition downregulates amino acid uptake and upregulates TCA cycle activity, 80 

respectively, increasing carbon catabolism to match the nitrogen status of the cell 81 

through a carbon and nitrogen switch [4, 12, 15]. In contrast, under nitrogen-limiting 82 

conditions, PtsP is phosphorylated (PtsP~P), the phosphate is transferred to the small 83 

carrier protein NPr (NPr~P), and subsequently to a conserved histidine residue on the 84 

output regulators PtsN (PtsN~P) and ManX (ManX~P). Interacting at the protein:protein 85 

level, PtsN and ManX control essential processes for cell survival by modifying enzyme 86 

activity or the binding affinity of target proteins, which, in the case of transcriptional 87 

regulators, leads to changes in gene expression [2, 16].  88 

Another global regulatory system is the stringent response that allows bacteria to 89 

respond to amino acid and/or carbon deprivation through the synthesis of the alarmone 90 

(p)ppGpp (guanosine penta- or tetra-phosphate). During nutrient stress, (p)ppGpp levels 91 

increase significantly, leading to the repression of genes associated with rapid growth. 92 

The accumulation of the alarmone arrests growth and helps in reallocating cellular 93 

resources by reprogramming transcription and increasing the expression of stress-94 

responsive genes to ensure a timely cell adaptation and survival to nutrient downshift 95 

[17-19]. In bacteria, (p)ppGpp also regulates translation, lowering ribosome abundance 96 

and global translation [20]. Intracellular concentrations of (p)ppGpp are determined by 97 

a highly conserved and widely distributed family of proteins called RelA-SpoT Homologs 98 

(RSH). Whereas in E. coli the (p)ppGpp level is determined by the activities of two 99 
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paralogous enzymes: RelA, which synthesises (p)ppGpp in response to amino acid 100 

starvation (EC:2.7.6.5), and SpoT, responsible for the hydrolysis of this nucleotide 101 

(EC:3.1.7.2), α-proteobacteria involved in host-microbe interactions mainly harbour a 102 

single long bifunctional RelA-like protein that produces and degrades (p)ppGpp [21, 22]. 103 

A crosstalk between PTSNtr and RelA was found in Caulobacter crescentus and Ralstonia 104 

eutropha. In C. crescentus, low glutamine levels relieve glutamine-binding to PtsP, 105 

resulting in increased PtsN~P , and stimulating (p)ppGpp accumulation by modulating 106 

the synthetase and hydrolase activities of the RSH homolog (SpoT) [3, 18]. Whereas 107 

PtsN~P inhibits the hydrolase activity of SpoT in C. crescentus by binding to its ACT 108 

(Aspartokinase, Chorismate mutase and TyrA) domain [18], in the β-proteobacteria R. 109 

eutropha, non-phosphorylated PtsN interacts with the (p)ppGpp hydrolase SpoT1, which 110 

gets activated and triggers intermediate levels of ppGpp when nitrogen becomes 111 

available, integrating the nutritional status into the stringent response via PTSNtr [23]. 112 

ATP-binding cassette (ABC) transporters have been found among the targets controlled 113 

by PTSNtr [4, 12, 24, 25] and are also known to be upregulated under nitrogen limitation 114 

through a stringent response-dependent mechanism [17-19]. In R. leguminosarum and 115 

the related α-proteobacteria Agrobacterium tumefaciens and Sinorhizobium meliloti, 116 

mutations in the RNA chaperone hfq led to the misregulation of many ABC transporters 117 

[26-28]. The best-characterised Hfq-mediated small RNAs (sRNAs) in this role are the 118 

AbcR1-family sRNA (AbcR1/2), which uses conserved anti-Shine–Dalgarno motifs to 119 

silence the mRNAs of periplasmic binding proteins (PBPs) and permease subunits of 120 

ABC transporters [29, 30]. AbcR1, but not AbcR2, downregulates the expression of the 121 

periplasmic substrate-binding protein Atu2422 [27] in A. tumefaciens, and LivK in S. 122 
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meliloti [30]. Both proteins are orthologs of the branched-chain amino acid binding 123 

protein BraC (RL3745) in R. leguminosarum. Another study confirmed that the 124 

overexpression of AbcR1 or AbcR2 reduces aapQ transcript levels in S. meliloti [29], and 125 

hundreds of other potential targets were identified through MS2 affinity purification 126 

coupled with RNA sequencing (MAPS). Furthermore, the same study demonstrated that 127 

expression of AbcR1 and AbcR2 requires transcriptional factors LsrB and RpoH1, 128 

respectively. In mutants lacking these proteins, the expression of AbcR1 or AbcR2 was 129 

undetectable by Northern blot analysis.  130 

Altogether, these findings suggested the existence of a global crosstalk acting through 131 

different regulatory mechanisms and modulated by nitrogen availability. Given the 132 

importance of metabolic control in the Rhizobium-legume symbiosis, we investigate in 133 

this work how the regulatory crosstalk between PTSNtr, RelA and the sRNAs AbcR1/AbcR2 134 

allows the cells to orchestrate a comprehensive response to nutrient deprivation in 135 

Rhizobium leguminosarum bv. viciae 3841 (Rlv3841). We confirm RelA as an interacting 136 

component of PTSNtr, and show how this crosstalk occurs by RelA directly binding to 137 

PtsN~P. We also characterise the effects caused by a mutation in the R. leguminosarum138 

relA gene, which is required for free-living adaptation to amino acid starvation and for 139 

establishing a functional symbiosis. Finally, (p)ppGpp measurements suggest a 140 

hierarchical signalling cascade from PTSNtr, RelA, and downstream amino acid 141 

transporters mediated by the small RNAs AbcR1 and AbcR2. Overall, this is the first study 142 

to simultaneously characterise all the molecular components underlying this regulatory 143 

crosstalk. The convergence of PTSNtr, RelA and AbcR1/2 sRNAs to signal the intracellular 144 
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nitrogen balance in R. leguminosarum illustrates the plasticity of the regulatory network 145 

controlling α-proteobacterial metabolism. 146 

RESULTS 147 

ptsP suppressor mutants appear when growing the ptsP mutant on aspartate 148 

The ability of PtsN and ManX to interact with their partner proteins is regulated by their 149 

phosphorylation state. We previously showed that disruption of PTSNtr phosphorylation 150 

has pleiotropic effects, affecting cellular processes such as central metabolism, 151 

nutrient uptake and cell surface polymers [4, 12]. When grown on agar plates, PTSNtr152 

mutants ptsP, npr, or ptsN1N2 have a dry surface phenotype compared to wildtype, 153 

which is linked to a lower EPS production [4, 12]. When analysing the effect of PTSNtr154 

mutations on growth, we observed that the ptsP Tn5 insertion mutant (PtsP107) can use 155 

aspartate as its sole nitrogen source only when dicarboxylates are absent. This is 156 

because aspartate uptake occurs via two routes:the dicarboxylate transport system 157 

(Dct), which is competitively blocked by the carbon source succinate [31], and via the 158 

ABC-type amino acid permeases  Aap and Bra, whose activity is inhibited by the absence 159 

of PtsN~P [4, 12]. However, when PtsP107 was forced to grow by prolonged incubation 160 

on agar plates with UMS minimal medium supplemented with 20 mM succinate as the 161 

carbon source and 10 mM aspartate as the sole nitrogen source, several colonies with 162 

wild-type mucoid phenotype arose. This restrictive condition blocks Dct-mediated 163 

transport by succinate, forcing growth to depend solely on Aap-mediated aspartate 164 

uptake (Supplementary Fig. S1). These colonies retained the original Tn5 insertion, 165 

indicating the presence of a second-site suppressor mutation that presumably restores 166 

aspartate transport by compensating for the PtsN-dependent, Aap-mediated transport 167 
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in the PtsP107 background. Crucially, when these suppressor mutants were tested for 168 

amino acid transport using 14C-radiolabelled α-aminoisobutyric acid (AIB), they 169 

recovered transport rates to similar levels to the wildtype (Fig. 1). Additionally, these 170 

suppressors also recovered the wildtype surface phenotype (Supplementary Fig. S2). 171 

Thus, this secondary mutation appears to have a global effect, altering uptake, growth 172 

and surface mucoidy, suggesting increased EPS production and amino acid transport.  173 

174 

Figure 1. Amino acid transport rates. Standard rates obtained from cultures grown on 175 

UMS with 10 mM glucose and 10 mM NH4Cl. Rlv3841 wildtype, ptsP (PtsP107), and the 176 

different ptsP suppressor isolates (1-22). AIB, α-aminoisobutyric acid. All rates are 177 

expressed in nmol min-1 mg protein-1. Data are averages (±SEM) from biologically 178 

independent cultures (n = 5 for 3841 WT, n=6 for ptsP, n=4 for sup1, and n=3 for sup 2-179 

22). Statistical significance was analysed by 1-way ANOVA with Dunnett’s post-test for 180 

multiple comparisons with (****) p < 0.0001, (*) p < 0.1, and no asterisks denoting not 181 

significant.182 
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RelA was identified as an interacting partner of PTSNtr in R. leguminosarum183 

Whole-genome sequencing of 20 ptsP suppressor mutants revealed SNPs (Single 184 

Nucleotide Polymorphisms) mutations exclusively restricted to the gene encoding RelA 185 

(RL1506), listed in Table 1.  All SNPs in the relA gene were confirmed by Sanger 186 

sequencing, with the genomes of the wildtype strain Rlv3841 and the ptsP original 187 

mutant (PtsP107) being also sequenced as experimental controls (see Supplementary 188 

Table 1 for sequencing data and statistics).  189 

Table 1. SNPs identified in ptsP suppressor mutants. All SNPs map to relA.  190 

Residue 
positionsa

NCBI Rlv3841 
RelA sequence

Mutation 
found

Suppressor 
genome sequence 

ID

Suppressor isolate 
numberb

37 Q (CAA) L (CTA) 3566 & 3579 9 and 22

101 T (ACC) I (ATC) 3578 21

115 Q (CAG) P (CCG) 3562 5

119 L (CTG) P (CCG) 3573 16

142 H (CAC) R (CGC) 3564 7

143 N (AAT) S (AGT) 3561 4

162 T (ACG) A (GCG) 3576 19

216 I (ATC) M (ATG) 3570 13

294 D (GAC) N (AAC) 3577 20

318 R (CGC) H (CAC) 3575 18

368 I (ATC) N (AAC) 3563 6

379 E (GAA) K (AAA) 3567 10

381 L (CTC) R (CGC) 3574 17

406 P (CCG) L (CTG) 3566 & 3579 9 & 22

428 G (GGC) D (GAC) 3568 11

445 G (GGC) R (CGC) 3560 2

471 A (GCG) V (GTG) 3569 12

563 W (TGG) STOP (TGA) 3572 15

741 R (CGC) L (CTC) 3571 14

(a) Colour code denotes the different domains of RelA as indicated in Fig. 2, with residues 191 

in black found in interdomain regions. (b) Suppressors selected for follow-up work are 192 

marked in bold. 193 
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α-Proteobacteria encode a single bi-functional synthetase/hydrolase RSH (RelA/SpoT 194 

homologue) enzyme [21]. This is the case for R. leguminosarum, in which the long RSH 195 

protein contains an N-terminal enzymatic domain and a C-terminal regulatory domain 196 

[32]. The Rlv3841 relA gene encodes a protein of 744 amino acids and contains five 197 

different domains (Fig. 2A): the hydrolase domain (HD, 26-176 aa, indicated in red) with 198 

3′-pyrophosphatase activity that degrades (p)ppGpp to GDP/GTP and a RelA_SpoT-like 199 

(p)ppGpp synthetase domain (SYNTH, 236-347 aa, shown in green), both located 200 

towards the N-terminus; a RelA/SpoT_AH_RIS binding domain between the C-terminal 201 

region and the ribosome (463-652 aa, shown in dark blue), and the nucleotide-binding 202 

region TGS (ThrRS, GTPase and SpoT, 393-452 aa, shown in yellow) and ACT regulatory 203 

domain (Aspartokinase, Chorismate mutase and TyrA, 663-741 aa, in light blue) at the C-204 

terminal end. We mapped the SNP mutations onto the RelA sequence and used 205 

Alphafold to predict RelA structure (Fig. 2A, B) [33]. Interestingly, the SNPs identified 206 

covered all the domains of the protein, with the highest number of changes found in the 207 

HD, SYNTH and TGS domains and the lowest in the RIS and ACT domains, with the ACT 208 

domain shown to interact directly with the phosphorylated version of (PtsN∼P), inhibiting 209 

the hydrolase activity of RelA in C. crescentus [18]. 210 
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211 

Figure 2. Sequence and structural analysis of R. leguminosarum RelA. (a) Sequence-212 

level domain organisation of Rlv3841 RelA. Domain arrangement identification based on 213 

Pfam database model prediction: RelA/SpoT (SYNTH): ppGpp synthetase (EC:2.7.6.5); 214 

HD: ppGpp phosphohydrolase (EC:3.1.7.2); TGS (PF02824) is a nucleotide-binding 215 

region; AH/RIS: Alpha Helical and Ribosome-Inter Subunit, and the ACT regulatory 216 

domain (PF01842). SNPs identified are indicated with the amino acid substitution and 217 

position in the protein. (b) Cartoon representation of Alphafold predicted structure of 218 

Rlv3841 RelA with different domains highlighted in different colours. (c) Alphafold 219 

predicted structure of Rlv3841 RelA with residues coloured according to their degree of 220 

conservation, using the colour-coded conservation scale: cyan (variable) to magenta 221 

(fully conserved). 222 

To further understand the nature of these suppressor mutants, we performed sequence 223 

conservation analysis on R. leguminosarum RelA between different RelA sequences 224 

across bacteria with 25-95% seq. ID to Rlv3841 RelA. Conservation analysis shows that 225 

several residues, identified as suppressor mutants, are highly conserved, in particular 226 

the Q37, T101, Q115, H142, N143, D294, E379, P406, G428, G445, A471, and R741, 227 

suggesting that mutations may occur with comparably low frequency (Fig. 2C and 228 

Supplementary Fig. S3).  229 
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relA secondary mutations are gain-of-function 230 

To further confirm our results and test whether these point mutations resulted in a 231 

phenotypic gain or loss of function, three different versions of RelA were chosen, 232 

harbouring mutations in the main functional domains of the protein: suppressor 2 (TGS 233 

domain, G445R), 7 (HD domain, H142R) and 20 (SYNTH domain, D294N). These modified 234 

RelA versions and the wildtype gene were cloned into mTn7 vectors and integrated into 235 

the wildtype strain and the original ptsP Tn5 insertion mutant (PtsP107) as a single copy. 236 

All the RelA variants tested complemented PtsP107 as predicted by the protein model. 237 

PtsP107 retained the original dry phenotype and small colonies when the wildtype copy 238 

of relA was introduced as a control (Supplementary Fig. S4). We carried out the same 239 

mini-Tn7 complementation assay in Rlv3841, but no change was observed. This assay 240 

confirmed that the SNPs mutations were gain-of-function, and these suppressor 241 

mutants recovered the wildtype phenotype for amino acid transport and EPS production.  242 

relA mutant phenocopies ptsP in free-living and symbiotic conditions243 

To determine the physiological role of the R. leguminosarum RelA, an ΩSpec marker was 244 

introduced with a sacB suicide vector into the R. leguminosarum relA gene to generate a 245 

stable relA mutant (OPS1097). OPS1097 exhibited a dry surface phenotype, resembling 246 

PtsP107 [4, 12], which was fully restored upon relA complementation (Fig. 3A), indicative 247 

of lower EPS production (Fig. 3B; p=0.0412 for relA, p=0.0024 for ptsP). Overall, ptsP and 248 

relA mutants displayed highly similar phenotypes across multiple PTSNtr-regulated 249 

functions linked to central metabolism [34],  including reduced swimming motility on 250 

agar plates (Fig. 3C), growth (Supplementary Fig. S5) and oxygen consumption rates 251 

(Fig. 3D). Both mutants also showed a collapse in amino acid transport rates (Fig. 3E), 252 
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and this was also restored by single copy complementation by relA (RL1506 gene 253 

sequence) integrated with Tn7 (strain OPS3331) into the original relA mutant (OPS1097). 254 

The ability to restore both the mucoid Rlv3841 surface phenotype and transport rates 255 

indicated that only the RelA protein was implicated in these phenotypes (Fig. 3A, E). The 256 

(p)ppGpp alarmone has also been shown to be required for an effective symbiosis in R. 257 

etli [35, 36], and this was also true for R. leguminosarum. Despite having similar nodule 258 

numbers, the relA mutant showed reduced acetylene reduction (ARA) activity, indicating 259 

impaired nitrogen fixation ability (Fig. 3F), as observed in the ptsP mutant.260 
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261 

Figure 3. relA mutant phenotype in free-living conditions. (A) Surface phenotype on 262 

representative agar plates for wildtype, relA mutant and relA complemented strains. (B)263 

EPS production measurements for Rlv3841 wildtype, ptsP (PtsP107), ptsP suppressors 264 

2, 7 and 20 (LMB163-S2; G445R, ptsP107-S4; H142R, pstP107-S17; D294N), relA265 

(OPS1097), and pssA (LMB310) EPS mutant as control. Data are averages (±SEM) from at 266 

least 4 independent cultures analysed by 1-way ANOVA with Dunnett’s post-test for 267 

multiple comparisons (*) P < 0.01, (**) P < 0.01 and n.s., not significant. All rates are 268 

expressed in mg EPS dry weight mg-1 cell dry weight. (C) Swimming motility on UMS 0.22% 269 

agar plates (D) O2 consumption assay on UMS supplemented with 10 mM glucose + 10 270 

mM NH4Cl for Rlv3841 wildtype, ptsP (ptsP107), suppressors 2, 7 and 20 and relA 271 

(OPS1097). O2 consumption rates are expressed in mol L-1 min-1 OD600nm
-1. Data are 272 

averages (±SEM) from at least three independent cultures; 2-way ANOVA with Dunnett's 273 

F.
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post-test for multiple comparisons (E) Membrane transport of AIB in wildtype cells (3841 274 

WT), ptsP mutant (PtsP107), relA mutant (OPS1097) and relA complemented (OPS3331) 275 

grown on UMS with 10 mM glucose as the carbon source and 10 mM NH4Cl. Data are 276 

averages (±SEM, n=3 independent cultures). (F) Symbiotic phenotype: acetylene 277 

reduction assay, nodule number and weight measured at 21 days post-inoculation (dpi) 278 

for Rlv3841 wildtype, ptsP (PtsP107), and relA (OPS1097) mutants. Data are averages 279 

(±SEM) from at least 8 plants inoculated with independent cultures. Statistical analyses 280 

are indicated following the level of significance, (*) P < 0.05, (**) P < 0.01, (***) P < 0.001, 281 

(****) P < 0.0001, and (n.s.) not significant. 282 

One of the reasons that could explain the defective symbiotic phenotype could be that 283 

RelA is required for growth at low oxygen, as predicted in a whole genome InSeq 284 

mutagenesis screen carried out previously in UMS with 10 mM glucose or 20 mM 285 

succinate as carbon sources and 10 mM NH4Cl as nitrogen source [37]. The response to 286 

oxygen limitation is crucial in rhizobia because microoxic conditions prevail inside root 287 

nodules, where symbiotic nitrogen fixation occurs [38]. Thus, RelA may be involved 288 

in regulating the stress response to oxygen limitation in Rlv3841. We looked first for the 289 

presence of the anaerobox sequence TTGAT-N4-ATCAA [39, 40], corresponding to the 290 

binding site of the oxygen-responsive transcriptional factor FnrN-, upstream of the relA291 

or the PTSNtr genes, but we found no anaeroboxes in these promoter regions. To assess 292 

the requirement for RelA under microaerobic conditions, we monitored bacterial growth 293 

at 1% oxygen compared with 21%. Both ptsP and relA mutants showed reduced growth 294 

at 21% and were also impaired in low oxygen when grown in glucose (Supplementary 295 

Fig. S6), being able to reach the same levels as wildtype after 48h, thus suggesting 296 

delayed growth rather than complete inability to grow. This growth defect was rescued 297 

when the relA mutant was complemented. These data therefore suggest that RelA and 298 
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PtsP contribute to optimal bacterial growth under both aerobic and microaerobic 299 

conditions, particularly during the early stages of growth. The lack of an anaerobox 300 

suggests that the oxygen-related growth defect for relA and ptsP is not due to a classical 301 

anaerobic gene regulation mechanism but instead to a more general metabolic response.  302 

RelA interacts directly with PtsN~P 303 

As the phenotypes restored in the suppressor mutants were linked to the role of PtsN (i.e. 304 

nutrient uptake, surface mucoidity or motility), we tested whether RelA was directly 305 

interacting with this regulatory protein. Initially, using Bacterial Two-Hybrid (BACTH) 306 

assays, we saw that PtsN1 was able to bind to RelA – which is presumably 307 

phosphorylated in E. coli under these conditions (Fig. 4A). We then tested the two 308 

different versions of PtsN1 that replaced the conserved histidine residue where NPr 309 

phosphorylation occurs with either a permanent phosphorylation mimic (H66D) or a non-310 

phosphorylatable substitution (H66A). Although the PtsN1-H66A mutant retains the 311 

ability to interact with RelA, the interaction seemed stronger with the phosphorylated 312 

mimic PtsN1-H66D (Fig. 4A).  313 

314 

Figure 4. Protein-protein interaction shown between PtsN1 and RelA. (A) Bacterial 315 

Two-Hybrid (BACTH) assays of the interaction of PtsN1 with RelA. Interactions expressed 316 

in Miller units of LacZ activity. PtsN1-KdpD is the positive control, and pUT18C-pKNT25 is 317 
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the empty vector negative control. Data are averages (±SEM) from at least 3 independent 318 

cultures. (B) Native mass spectrum (left) of a complex between PtsN1 (blue) and the ACT 319 

domain of RelA (yellow). The region containing the complex is magnified 6 times as 320 

indicated. Dissociation (right) of the 10+ charge state of the complex confirmed its 321 

composition. 322 

To further confirm that PtsN interacts directly with RelA, both Rlv3841 PtsN1 and the ACT 323 

domain of RelA were expressed in E. coli, as attempts to obtain the full-length protein 324 

were unsuccessful due to precipitation. The interaction between them was then studied 325 

using native mass spectrometry (Fig. 4B). The formation of a complex between PtsN1 and 326 

the ACT domain was observed and confirmed by tandem mass spectrometry, although 327 

a large fraction of both proteins remained unbound. PtsN1~P was also present, indicating 328 

that the PTS systems in E. coli are able to phosphorylate Rhizobium PtsN; a similar 329 

phenomenon was previously observed for Caulobacter PtsN in E. coli [3]. Consistently, 330 

the ACT domain interactions were also tested with the different mutant versions of PtsN1331 

(H66D and H66A), and binding of both PtsN1-H66D and PtsN1-H66A to the ACT domain 332 

was observed (Supplementary Fig. S7A, S7B), regardless of the PtsN1 phosphorylation 333 

status. This differs from observations in C. crescentus, where the ACT binding is 334 

dependent on phosphorylation [18]. Analysis of the isolated ACT domain may alter 335 

protein conformation or accessibility, leading to a reduction in the phosphorylation 336 

specificity observed in the full-length RelA protein.337 
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(p)ppGpp measurements correlate with amino acid transport rates in R. leguminosarum338 

Given the role of RelA as the key enzyme in the synthesis of (p)ppGpp and its signalling 339 

interaction with PtsN, we next sought to determine whether nitrogen availability also 340 

modulates the intracellular levels of (p)ppGpp and if this regulation is mediated by PTSNtr. 341 

The mutants of relA, ptsP and its suppressors (ptsP sup 2, 7, and 20),  ptsN1N2,  ptsN1342 

H66D,  and ptsN1 H66A were evaluated for their ability to produce (p)ppGpp in free-living 343 

cultures, measured with HPLC–MS/MS as described previously [41]. We observed no 344 

detectable signal for the relA mutant and a 2.5x increased production under nitrogen 345 

starvation (0.5mM NH4Cl) in Rlv3841 wildtype (Fig. 5A), consistent with previous studies 346 

on other species [3, 42]. Whereas ptsP exhibited an approximately 75% reduction of 347 

(p)ppGpp levels compared to the wildtype, all three suppressors recovered wildtype 348 

levels. (p)ppGpp was not detected in ptsN, but it was present at lower levels (about 43% 349 

of the wildtype) in its unphosphorylated version (ptsN1H66A) and increased to 154% in 350 

its phosphorylated version (ptsN1H66D). These findings suggest that the 351 

phosphorylation of PtsN1 favours a functionally productive interaction with RelA and 352 

increases(p)ppGpp levels. This aligns with previous findings in C. crescentus, where 353 

strains with mutated PtsN or other conditions that prevent PtsN phosphorylation (e.g. 354 

ptsP mutant) exhibited increased (p)ppGpp hydrolysis [3]. Further comparison of 355 

(p)ppGpp levels with the transport rates of AIB (Fig. 5B) shows that both measurements 356 

follow the same trend, indicating a crosstalk and shared regulatory mechanisms.  357 
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358 

Figure 5. (p)ppGpp levels in relA and PTSNtr mutants compared to AIB transport rates.359 

(A) Guanosine tetraphosphate ((p)ppGpp) levels in relA (OPS1097), ptsP (ptsP107), ptsP360 

suppressors 2, 7, and 20 (LMB163-S2; G445R, ptsP107-S4; H142R, and pstP107-S17; 361 

D294N), ptsN1N2 (AA047), ptsN1H66A (OPS1102), and ptsN1H66D (OPS1104) wer 362 

quantified using 13-(p)ppGpp internal standards. Cultures were grown to the exponential 363 

phase on UMS supplemented with 10 mM glucose and 10 mM NH4Cl, except WT (N-364 
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starved) with 0.5 mM NH4Cl. All values are expressed in pmol OD600nm
-1. Data are averages 365 

(±SEM) from at least four independent cultures. Statistical significances were assessed 366 

by two independent one-way ANOVA, with asterisks indicating the following level of 367 

significance, (*) P < 0.05, (**) P < 0.01, (***) P < 0.001, (****) P < 0.0001, and (n.s.) not 368 

significant. Black asterisks indicate comparisons to the wild type, whereas grey asterisks 369 

represent comparisons to the ptsP mutant. These comparisons were calculated 370 

separately. (B) Comparison table of (p)ppGpp levels and AIB transport rates in various 371 

strains. AIB transport values for ptsN1N2, ptsN1 H66A, and ptsN1 H66D were obtained 372 

from [4]. Absolute values for (p)ppGpp are expressed in pmol OD600nm
-1 and transports in 373 

nmol min-1 mg-1 protein. Bars indicate the relative values.  374 

RelA orchestrates cellular adaptation by acting at different regulatory levels  375 

To further characterise the PTSNtr - RelA transcriptional crosstalk, we tested the 376 

expression profile of genes previously reported to be regulated by (p)ppGpp as 377 

downstream targets of RelA. A R. etli relA mutant that prevented (p)ppGpp accumulation 378 

showed reduced nodulation ability due to deregulation of Nod factor production, 379 

demonstrated by a nodA::lacZ fusion [36]. nodA expression in this relA mutant was 380 

constitutive, as opposed to the wildtype, where it was expressed only after induction by 381 

naringenin, a flavonoid required to activate nodulation (nod) genes. In Rlv3841, a 382 

nodA::lux fusion (pLMB712) showed that the absence of relA significantly increases the 383 

expression of nodA after induction by naringenin (Fig. 6A), whereas no constitutive 384 

expression was observed without naringerin (Supplementary Fig. S8). Stress is also 385 

known to regulate quorum sensing in rhizobia. (p)ppGpp accumulation starts 386 

immediately after a shift to carbon or nitrogen starvation. In these conditions, the 387 

regulatory gene sinR was induced in a RelA-dependent manner in S. meliloti [43]. In R. 388 

etli, N-acyl homoserine lactone (AHL) accumulation and expression of the quorum-389 
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sensing signal synthase genes cinI and raiI were reduced in a relA mutant [35]. 390 

Accordingly, the expression of a cinI::lux fusion (pOPS2016) in the Rlv3841 relA mutant 391 

was also reduced (Fig. 6B). This reduction was also seen for the ptsP mutant, whereas 392 

there was no transcriptional effect in the suppressor mutants. Finally, as mutants with a 393 

disrupted PTSNtr phosphorylation cascade have a dry surface compared to wildtype, and 394 

the Rlv3841 relA mutant also showed this phenotype on agar plates [4, 12], we also 395 

measured the expression of pssA, a gene essential for exopolysaccharide biosynthesis. 396 

A pssA::lux fusion (pOPS1000) showed reduced expression for both the relA and the ptsP397 

mutants, but no transcriptional effect in the ptsP suppressor mutants (Fig. 6C). These 398 

results confirm that RelA (RL1506) alters transcription in R. leguminosarum.  399 
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400 

Figure 6. Expression analysis of key genes. (A-C) Quantification of promoter activity for 401 

nodA, cinI and pssA measured by lux activity in Rlv3841 wildtype, ptsP (PtsP107), relA402 

(OPS1097), and ptsP suppressors 2, 7, and 20 (LMB163-S2; G445R, ptsP107-S4; H142R, 403 

and pstP107-S17; D294N). All rates are expressed in luminescence arbitrary units 404 

relative to OD600nm. Cultures are grown in UMS supplemented with 10 mM glucose and 10 405 

mM NH4Cl. Data are averages (±SEM) from 3 independent cultures.  (D-F) Quantification 406 

of promoter activity for mdh, sucA and aapJ measured by lacZ activity in cosmids 407 

introduced in Rlv3841 wildtype, ptsP (PtsP107), and relA (OPS1097) in 10 mM NH4Cl (N-408 

rich, dark grey) and 10 mM glutamate (N-poor, light grey). All rates are expressed in 409 

nmol/min/mg. Data are averages (±SEM) from at least 5 independent cultures. (G)410 

Quantification of promoter activity for glnII cloned in pMP220 expression vector and 411 

introduced into Rlv3841 wildtype, ptsP (PtsP107), relA (OPS1097), ptsP suppressors 2, 7, 412 
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and 20 (LMB163-S2, ptsP107-S4, ptsP107-S17), and ntrC mutant. For each strain, bars 413 

compare growth under N-rich (dark grey) and N-poor (light grey) conditions. (H-I) qPCR 414 

done for aapQ and aapJ in Rlv3841 wildtype, ptsP (PtsP107), relA (OPS1097), and ptsP415 

suppressors 2, 7, and 20 (LMB163-S2, ptsP107-S4, ptsP107-S17).  Statistical analyses 416 

are indicated following the level of significance, with (****) as p-value <0.0001, (***) as 417 

p-value <0.001 and n.s., not significant. 418 

The pleiotropic phenotypes of both ptsP and relA mutants indicated that PTSNtr and RelA 419 

act on common cellular processes and control similar genes involved in essential 420 

metabolic processes and stress adaptation through different regulatory mechanisms. 421 

We carried out different transcriptional assays using promoter-reporter fusions in the 422 

ptsP and relA mutant backgrounds to assess the expression of the genes encoding the 423 

TCA cycle enzymes mdh::lacZ (pRU3070) and sucA::lacZ (pRU3068), and the amino acid 424 

transporter aapJ::lacZ (pRU3028), in different nitrogen conditions (10 mM NH4Cl, as N-425 

rich with unphosphorylated PTSNtr, and 10 mM glutamate as N-limiting with 426 

phosphorylated PTSNtr). As expected, transcriptional upregulation of the TCA enzymes 427 

was independent of PTSNtr, with no changes observed in the ptsP mutant (Fig. 6E).  428 

Despite a severe decrease in amino acid transport observed in the ptsP mutant, the aapJ 429 

transcript level remains unchanged compared with WT under N-rich conditions. In N-430 

poor conditions, aapJ transcription is not upregulated in the ptsP mutant. Notably, the 431 

transcriptional response observed in the relA mutant for any of the three genes under 432 

study matches the trend observed in the ptsP mutant (Fig. 6F). The ptsP suppressor 433 

mutants also showed the same aapJ, mdh or sucA expression profiles as the original ptsP434 

mutant, indicating that their phenotypic differences might be the result of post-435 
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transcriptional interactions rather than changes in the promoter activity 436 

(Supplementary Fig. S8).  437 

The only promoter-dependent upregulation observed in wild-type cells grown under N-438 

poor conditions was aapJ (Fig. 6D), suggesting regulatory control by another major 439 

nitrogen metabolism regulator, potentially the Ntr system. Ntr is a candidate regulator 440 

because it is activated under nitrogen limitation and has previously been shown to 441 

control expression of amino acid transport genes, including the aap system, in response 442 

to nitrogen availability [44]. To examine this possibility, we examined glnII promoter 443 

activity, the gene encoding glutamine synthase II (GSII), a direct transcriptional target of 444 

phosphorylated NtrC, and included the ntrC mutant as a control. We observed that glnII445 

expression was not altered in the relA or suppressor mutants, as transcription increased 446 

under N-limiting conditions (Fig. 6G). However, this response was absent in the ptsP447 

mutant, suggesting a link to the Ntr system, which may become important under 448 

nitrogen-limiting conditions. We then performed qPCR analysis on the aapQ and aapJ449 

genes under N-rich conditions, and this resulted in lower relative expression in the relA450 

mutant and higher levels in suppressors 7 and 20 (Fig. 6H, I). This suggested different 451 

transcript levels despite wildtype level promoter activity, pointing again to post-452 

transcriptional regulation. Overall, whereas RelA alters transcription initiation at the 453 

promoter level presumably via (p)ppGpp, the collapse of AIB transport under N-rich 454 

conditions (Fig. 1, 3E) did not correlate with aapJ transcriptional control in the relA455 

mutant (Fig. 6F). All this pointed towards an alternative regulatory mechanism acting on 456 

ABC transporters, potentially affecting translation. 457 
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AbcR1/2 post-translationally downregulate amino acid transport in R. leguminosarum  458 

The tandemly encoded sRNAs AbcR1 and AbcR2 had been previously identified by a 459 

series of genome-wide screens conducted in S. meliloti [45] and were shown to act on 460 

different ABC uptake systems at the post-transcriptional level in an Hfq-dependent 461 

manner [29, 46]. These sRNAs belong to the αr15 family, whose members always exist in 462 

multiple copies in the genomes of bacteria of the Rhizobiaceae and Brucellaceae 463 

families of the order Rhizobiales [30, 47]. While (p)ppGpp measurements indicate a 464 

correlation between transport activity (i.e. protein levels) and (p)ppGpp levels (Fig. 5B), 465 

the collapse in transport rates for the ptsP and relA mutants (Fig. 3E) was not linked to 466 

transcriptional control (Fig. 6E, F). Taken together, these results suggest that ABC 467 

transport regulation by RelA occurs at the translational level. We therefore tested 468 

whether AbcR1 and AbcR2 are controlled by PTSNtr and RelA to mediate this effect.  469 
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470 

Figure 7. PTSNtr-RelA crosstalk with sRNAs AbcR1/2. (A) The genomic region of AbcR1 471 

and AbcR2 sRNA in the R. leguminosarum bv. viciae 3841 chromosome, flanked by the 472 

genes lsrB (LysR family transcriptional regulator; RL3429) and ArsR-type transcriptional 473 

regulation (RL3430). (B) AIB transport rates of sRNA mutants abcR1 (OPS3802), abcR2474 

(OPS3803), and abcR1/2 (OPS3804). Strains were grown to the exponential phase on 475 

UMS supplemented with 10 mM glucose + 10 mM NH4Cl. All values are expressed in nmol 476 

min-1 mg-1 protein, and data are averages (±SEM) from at least three independent cultures. 477 

(C) Predicted secondary structures of R. leguminosarum sRNAs AbcR1 (left) and AbcR2 478 

(right) and their base-pairing interactions with target mRNAs aapJ and aapQ. The anti-479 

Shine-Dalgarno (aSD) and A/U-rich regions are highlighted in orange. Predicted base-480 

C 

E F 
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pairing sites between sRNAs and target mRNAs are shown, with numbers indicating 481 

nucleotide positions relative to the AUG start codon. The hybridisation energy [E, 482 

kcal/mol] is provided for each interaction.  (D-F) Promoter activity of PabcR1, PabcR2 and 483 

PrpoH1 measured with the GUS reporter system. Strains tested are relA (OPS1097), ptsP484 

(ptsP107), ptsP suppressors 2, 7, and 20 (LMB163-S2; G445R, ptsP107-S4; H142R, and 485 

pstP107-S17; D294N), grown either in UMS media with 10 mM glucose + 10 mM NH4Cl. 486 

Values are expressed as modified Miller units. Data are averages (±SEM) from at least 487 

four independent cultures. Statistical analyses are indicated following the level of 488 

significance, with (****) as p-value <0.0001, (***) as p-value <0.001, (**) as p-value <0.01, 489 

(*) as p-value <0.05 and n.s., not significant.  490 

As in S. meliloti, AbcR1 and AbcR2 of R. leguminosarum are also tandemly encoded in 491 

the intergenic region between the transcriptional regulatory genes lsrB (RL3429) and 492 

arsR (RL3430) (Fig. 7A). The predicted secondary structure of AbcR1 and AbcR2 reveals 493 

a potential Hfq binding site [48, 49] and two anti-SD motifs, which can form base pairings 494 

with the translation initiation region of mRNAs of AapJ and AapQ (Fig. 7C). We then 495 

confirmed the effect of AbcR1/2 by generating single and double mutant strains and 496 

testing their amino acid uptake rates (Fig. 7B). The absence of AbcR1, AbcR2, or both 497 

leads to higher AIB transport rates, consistent with observations in S. meliloti, where 498 

overexpression of AbcR1/2 reduces aapQ transcript levels [29] and AbcR1 499 

downregulates the solute-binding protein LivK (homolog of BraC in Rlv3841) [30]. 500 

To investigate the crosstalk between PTSNtr-RelA and sRNAs AbcR1/2, promoter-GUS 501 

fusions of AbcR1 and AbcR2 were generated and introduced into different mutant strains. 502 

The relA, ptsP, and ptsN1N2 mutants showed upregulation of both the AbcR1 and AbcR2 503 

promoters (Fig. 7D, E). In AbcR2 particularly, ptsP suppressors 2, 7, and 20 had 504 

significantly lower promoter activities than ptsP, closer to Rlv3841 wildtype levels. This 505 
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suggests that the PTSNtr-RelA interaction, presumably resulting in the production of 506 

(p)ppGpp, negatively regulates the AbcR2 promoter under high nitrogen conditions. On 507 

the other hand, while promoter activities of AbcR1 increased in relA, ptsP, and ptsN1N2, 508 

the ptsP suppressors did not show such a clear trend as seen for AbcR2. RT-qPCR 509 

analysis of transcriptional regulators involved in the expression of AbcR1 and AbcR2 in S. 510 

meliloti, namely lsrB and rpoH1 [29], also showed that only rpoH1 is upregulated in the 511 

relA mutant, but not lsrB in Rlv3841 (Supplementary Fig. S9). Additionally, the promoter 512 

activity of rpoH1 has a similar trend to that of abcR2 in the relA, ptsP, and ptsP513 

suppressors. Specifically, rpoH1 promoter activity was upregulated in the relA and ptsP514 

backgrounds, and returned closer to wildtype levels in the ptsP suppressors, supporting 515 

the regulatory link between rpoH1 and AbcR2. Indeed, in S. meliloti, it has been 516 

previously shown that the absence of RpoH1 is enough to render AbcR2 undetectable 517 

under standard and nutrient stress conditions [29]. Remarkably, while ptsP suppressor 518 

strains significantly reduced rpoH1 transcription compared to ptsP, their expression 519 

remained higher than that of the wildtype. Given that rpoH1 is a sigma factor that globally 520 

alters transcription in response to stress, even subtle changes may be sufficient to 521 

influence the AbcR2 and downstream transports. Altogether, these results connect 522 

PTSNtr-RelA regulation with AbcR2 sRNA expression, in which its transcription is 523 

dependent on the sigma factor RpoH1. Meanwhile, the effects observed in AbcR1 might 524 

be an indirect result of the misregulation of AbcR2. 525 

DISCUSSION 526 

The stringent response, mediated by accumulation of the alarmone (p)ppGpp, is one of 527 

the main homeostatic systems that rebalance bacterial physiology during nutrient 528 
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limitation and other stresses by globally reprogramming gene expression and resource 529 

allocation. Here, we present an integrated nitrogen-stress response pathway, from initial 530 

sensing to cellular response. We show how nitrogen availability is sensed by the PTSNtr531 

system and transmitted to RelA, which induces (p)ppGpp production and thereby 532 

activates the stringent response to coordinate cell-wide adaptation. Within this pathway, 533 

enhanced amino acid uptake via the ABC transporters is fine-tuned by the sRNAs AbcR1 534 

and AbcR2. Notably, our results indicate that abcR2 transcription requires the sigma 535 

factor RpoH1, whose own transcription is dependent on PtsP and RelA, thereby 536 

establishing a regulatory cascade that links PTSNtr to the stringent response and, 537 

downstream, to amino acid transport. 538 

The interaction between PTSNtr and RelA first became evident after we isolated ptsP539 

suppressors. The original ptsP mutant of R. leguminosarum 3841 has a longer mean 540 

generation time, 5.65 hours, compared to 3.44 hours for the wildtype [4]. A previous 541 

InSeq screen done in our laboratory also showed that the ptsP mutant of R.542 

leguminosarum 3841 is growth-defective in minimal medium with 10 mM NH4Cl and 20 543 

mM succinate as carbon source at 21% O2  [37]. It was also unable to grow using 544 

glutamate as a nitrogen source because the Tn5 mutation inactivated the PTSNtr 545 

phosphorylation cascade to NPr and PtsN. The absence of PtsN~P results in post-546 

translational repression of uptake by Aap and Bra, which are the sole transport systems 547 

for glutamate uptake. This inactivation blocked not only glutamate uptake but also 548 

transport of a broad range of amino acids, including aspartate [12, 50], which is itself a 549 

low-affinity solute for the Dct dicarboxylate transport system [31]. Thus, the use of 550 

aspartate as an organic carbon source readily selects for suppressor mutations in this 551 
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background, as it provides selection pressure while unphosphorylated PtsN weakly 552 

activates ABC transporters, enabling survival. The ability of these ptsP suppressor 553 

mutants to recover both EPS production and AIB uptake indicated that an unidentified 554 

regulatory component was interacting with PTSNtr, and genome sequencing followed by 555 

SNP analyses corroborated that the interacting partner was RelA.  556 

Indeed, crosstalk with the stringent response has also been reported in C. crescentus557 

and S. meliloti, where the phosphorylated version of PtsN binds the ACT domain of RelA, 558 

inhibiting the hydrolase activity and driving (p)ppGpp accumulation during nitrogen 559 

starvation [18]. In this work, we utilised Alphafold to predict the protein structure of 560 

Rlv3841 RelA and subsequently used mass spectrometry to show that the interaction 561 

between PtsN and RelA is conserved in R. leguminosarum. As in most α-proteobacteria 562 

[21, 22], this enzyme exists as a single long protein with dual function, containing the HD, 563 

SYNTH, TGS, AH/RIS, and ACT domains. R. leguminosarum RelA interacts with PtsN via 564 

its ACT domain and preferentially binds phosphorylated PtsN, as observed in C. 565 

crescentus [18]. The ACT domain also controls the activity of the RelA protein in 566 

Rhodobacter capsulatus by binding branched-chain amino acids (valine and isoleucine), 567 

which subsequently increases (p)ppGpp hydrolase activity [51]. Depletion of branched-568 

chain amino acids inhibits (p)ppGpp hydrolysis, triggering the stringent response. 569 

RelA exerts its regulation via the alarmone (p)ppGpp, which modulates transcription 570 

primarily by binding to RNA polymerase and reprogramming promoter activity during 571 

stress conditions. The pleiotropic effects of the relA mutant in Rlv3841 agree with 572 

previous work, where RelA was shown to be acting in broader biological processes, 573 

including quorum sensing, EPS production, and nodulation [17-19]. Consistent with this, 574 
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we find that transcription of cinI, pssA, and nodA is altered in the relA mutant. Both cinI 575 

and pssA promoter activities decrease in the relA and ptsP mutants, placing PTSNtr576 

upstream of relA. Suppressor ptsP strains with gain-of-function mutations in relA restore 577 

cinI promoter activity to wildtype levels and increase the promoter activity of pssA 578 

towards wildtype, reinforcing this model. A regulatory connection between the stringent 579 

response and quorum sensing had been observed in other bacterial species [52, 53], 580 

including the endosymbionts R. etli and S. meliloti, where the expression of the 581 

synthases cinI and raiI, or the regulator sinR, respectively, is RelA-dependent [35, 43]. In 582 

S. meliloti, a rsh mutant is defective in nodulation of Medicago sativa and overproduces 583 

the exopolysaccharide succinoglycan, which is crucial for root infection [54]. On the 584 

other hand, PnodA is upregulated in the Rlv3841 relA mutant but not in the ptsP mutant 585 

background, suggesting that RelA also influences the activity of another regulator or 586 

responds to a signal independent of PTSNtr. A similar effect was already observed in R. 587 

etli, where Nod factor production was constitutively upregulated in a relA mutant [35, 36], 588 

and in S. meliloti, this mutant displayed strikingly different nodulation efficiencies 589 

depending on the host species [55]. (p)ppGpp has been shown to accumulate in 590 

symbiotic bacteria as a result of amino acid starvation [54, 56] and to be required for an 591 

effective symbiosis [35, 36]. Similarly, an rsh mutant in Bradyrhizobium diazoefficiens592 

was defective in inducing the type 3 secretion system, elicited a stronger plant defence 593 

response at early root infection, and showed impaired competitiveness for nodulation in 594 

soybean plants [57]. Notably, plant-produced (p)ppGpp has been detected during plant-595 

microbe interactions, and it is essential to fully understand the evolutionary interplay 596 

between (p)ppGpp in plants and pathogens or symbionts [58, 59].597 
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Despite the growth defect and downregulation of amino acid transport in the ptsP and598 

relA mutants, no transcriptional response was observed in promoter fusions to the mdh 599 

and sucA genes, encoding the TCA cycle enzymes, nor to aapJ, the substrate-binding 600 

protein (SBP) component of the AapJQMP amino acid transporter under N-rich 601 

conditions. Regardless, the correlation observed between (p)ppGpp levels and AIB 602 

transport rates measured across PTSNtr strains and the relA mutant suggested a 603 

(p)ppGpp-dependent regulation. The decrease in aapJ mRNA levels shown in the ptsP604 

and relA mutants, despite its unchanged promoter activity, pointed towards an 605 

additional post-transcriptional mechanism acting on transport regulation. Indeed, a 606 

GOGAT (gltB) mutant that prevents glutamine cycling via the glutamine synthase (GS)-607 

GOGAT pathway and has impaired N and C metabolism already suggested the 608 

occurrence of post-transcriptional regulation of amino acid transport. While the 609 

resuspension of Rlv3841 wildtype in glucose/glutamate resulted in an increased rate of 610 

amino acid uptake via the Aap and Bra systems, the GOGAT mutant became starved of 611 

amino acids due to the post-transcriptional shutdown of amino acid uptake [28]. 612 

Based on our results and previous work on A. tumefaciens and S. meliloti [27, 29], we 613 

propose that (p)ppGpp negatively regulates the transcription of two small sRNAs, AbcR1 614 

and AbcR2, which have been shown to repress the expression of ABC transporters, 615 

including the AapJQMP system of rhizobia [29, 30] (Figure 8). Using abcR1, abcR2, and 616 

abcR1/2 double mutants, we demonstrated that the absence of these sRNAs results in 617 

upregulation of AIB transport. We further showed that AbcR2 promoter activity increases 618 

in the ptsP and relA mutants and reverts to wildtype levels in the ptsP suppressor strains. 619 
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This pattern of regulation is likely mediated by the sigma factor RpoH1, as the activity of 620 

the rpoH1 promoter mirrors that of abcR2.   621 

622 

Figure 8. Nitrogen-dependent signalling via PTSNtr - RelA modulates AbcR2 control of 623 

amino acid transport via AapJQMP. (A) Under N-excess conditions (upper panel), 624 

PTSNtr is unphosphorylated, the interaction with RelA is minimal, and the transcription 625 

factor rpoH1 is expressed. This maintains a steady level of the sRNA AbcR2, which 626 

represses translation of its target mRNAs aapJ and aapQ, resulting in basal amino acid 627 

uptake. Under N-limiting conditions (lower panel), PTSNtr becomes phosphorylated, 628 

leading to PtsN~P interaction with RelA. Activated RelA induces the synthesis of 629 

(p)ppGpp, which modulates the cell’s global transcriptome, including suppression 630 

of rpoH1 expression. The decline in rpoH1 expression lowers AbcR2 sRNA abundance, 631 

relieving repression of the aapJ and aapQ mRNAs. These genes are translated at elevated 632 

levels, driving hyperactive amino acid transport. (B) Simplified diagram for the regulatory 633 

cascade PTSNtr   RelA  RpoH1 AbcR2  AapJQMP in nitrogen-limiting conditions.  634 
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Taken together, we conclude that the crosstalk between PTSNtr, RelA and AbcR1/R2 635 

reprograms cell physiology during amino acid starvation mediated by a combined 636 

response at different regulatory levels. PTSNtr controls the normal function of the cell by 637 

protein-protein interactions upon sensing glutamine as an internal signal and reporting 638 

to RelA on the carbon and nitrogen (C/N) balance (Figure 8). Under nitrogen starvation, 639 

autophosphorylated PtsP signals via PtsN~P to bind to the ACT domain of RelA, allowing 640 

(p)ppGpp accumulation. This alarmone affects global transcription, including that of 641 

rpoH1 and consequently expression of the sRNAs abcR1 and abcR2, thus adjusting 642 

rhizobial physiology to ensure cell survival in their ever-changing surroundings. This 643 

crosstalk indicates that the response of RelA to nitrogen starvation is graded, responding 644 

quickly to C/N balance through protein:protein interactions mediated by PTSNtr but 645 

subsequently stimulated by other signals, such as severe nitrogen starvation that causes 646 

ribosome stalling [51]. To achieve optimal resource allocation in response to shifts in 647 

nutrient availability, metabolic pathways must be precisely and timely tuned. RelA 648 

activity may be dialled up in successive stages depending on the severity of the 649 

starvation [32]. Efficient control of metabolism senses stress, adjusts growth 650 

accordingly, and controls gene expression to ultimately provide a fitness advantage [60]. 651 

The crosstalk between PTSNtr-RelA-AbcR1/R2 can accomplish all of this. 652 

This work is therefore the first to describe the comprehensive signalling crosstalk related 653 

to nitrogen sensing in α-proteobacteria, revealing how different regulatory networks 654 

operate at multiple levels to coordinate amino acid uptake and metabolism. The 655 

elucidation of this intricate crosstalk is a crucial step toward understanding how bacteria 656 
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coordinate central metabolic adaptation and stress responses, ultimately informing 657 

future engineering strategies to modulate and control these processes.658 

METHODS659 

Bacterial strains and growth conditions. The bacterial strains and plasmids used in 660 

this study are listed in the SI Appendix, Table S2. E. coli strains were grown in liquid or 661 

solid Luria–Bertani (LB) medium [61] at 37°C supplemented with appropriate antibiotics 662 

(µg ml-1): ampicillin, 100; tetracycline, 10; and kanamycin, 20. R. leguminosarum strains 663 

were grown at 28oC in Tryptone-Yeast (TY) extract [62] or Universal Minimal Salts (UMS) 664 

[37] with appropriate carbon and nitrogen sources at 10 mM unless otherwise stated. 665 

Antibiotics were used at the following concentrations (µg ml-1) unless otherwise stated: 666 

gentamicin, 20; kanamycin, 20; neomycin, 40; spectinomycin, 50; streptomycin, 500; 667 

tetracycline (2 in UMS, 5 in TY). Mean generation times for Rlv3841-derived strains were 668 

obtained from cells grown in 50 mL UMS with the corresponding carbon and nitrogen 669 

sources at an initial optical density (OD600nm) of 0.01. OD600nm measurements were taken 670 

at 4-hour time intervals until growth reached the stationary phase from at least three 671 

biological replicates. Mean generation time (MGT) was calculated as the number of 672 

hours it takes the population to double while in the exponential growth phase.  673 

Mutant and plasmid construction. All routine DNA analyses were done using standard 674 

protocols [61]. PCR reactions for cloning were carried out according to the 675 

manufacturer’s instructions with Phusion High-Fidelity DNA Polymerase 676 

(ThermoFischer) and for mapping, with MangoTaq™ DNA Polymerase (Bioline). 677 

Restriction enzymes (New England Biolabs) were used according to the manufacturer’s 678 

instructions. Sanger sequencing was carried out by Eurofins Genomics. All primers used 679 
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in this work are listed in the SI Appendix, Table S3. Conjugations were done as previously 680 

described [63]. Transductions with bacteriophage RL38 were performed as described 681 

[64]. The cloning details are described in the SI Appendix.682 

Next-generation sequencing and SNP analysis. We have sequenced genomes of the R. 683 

leguminosarum bv. viciae 3841 WT, ptsP mutant and of 20 suppressor strains derived 684 

from this mutant. The genomes were sequenced using Illumina MiSeq. For each strain, 685 

the initial sequencing data were assembled into genomic contigs by MicrobeNG. For 686 

further data analysis and SNP location identification, and core genome alignments, the 687 

GitHub tool SNIPPY was used [65]. Knowing the locations of the SNPs of each suppressor, 688 

we identified their positions in relA. We extracted the sequence of this gene for the R. 689 

leguminosarum bv. viciae 3841 wildtype genome from the NCBI GenBank database and 690 

BLAST-aligned it against the suppressor genomic contigs, yielding a single nucleotide 691 

mismatch for each suppressor genome. Each suppressor had a single mismatch in their 692 

relA gene; however, its exact location was strain specific. For each strain, we have 693 

amplified the relA gene using PCR and used Sanger’s sequencing to confirm the exact 694 

SNP location.  695 

Protein conservation analysis and bioinformatics. The degree of sequence 696 

conservation in Rlv3841 RelA (UniProt Ref.: Q1MJ59_RHIL3) was obtained using the 697 

Consurf server [66]. ConSurf defines a conservation score by analysing the evolutionary 698 

rate of a specific position through alignment and phylogenetic analysis of homologous 699 

sequences. A total of 300 sequences from the UniRef90 database were selected using 700 

the HMMER package with an E-value of 0.01 and reporting threshold. The sequence 701 

similarity search results have been further filtered by applying maximum and minimum 702 
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sequence identity cutoffs of 95% and 25%, respectively, and used to derive normalised 703 

conservation scores. The conservation scores were plotted on the Alphafold-predicted 704 

RelA structure using Chimera software [67]. Protein structures with desired mutations 705 

were predicted using Alphafold [68], and the CB-Dock2 [59] web server was used for 706 

protein-ligand docking (using PDB code: 6S2T as the template). 707 

Transport assays. Uptake assays were performed with 25 M (4.625kBq) of 14C-labelled 708 

solute [69, 70], using cultures grown in UMS with 10 mM glucose and 10 mM NH4Cl 709 

unless otherwise specified. α-aminoisobutyric acid (AIB) was used to measure amino 710 

acid transport because it is transported exclusively by Aap and Bra permeases but 711 

cannot be metabolised by the cell.  712 

Exopolysaccharide measurements. 250 mL cultures were grown up to mid-713 

exponential phase. Cells were spun down, dried and weighed. The supernatant was 714 

treated with two volumes (500 mL) of cold isopropanol. After precipitation, the EPS was 715 

spun down, and the pellet was dried at 37°C. Values are expressed in mg/mg dry weight 716 

of cells. 717 

Swimming test. To study swimming activity, UMS plates containing 0.22% agar, 20 mM 718 

succinate, and 10 mM NH4Cl were spot-inoculated with cultures in the exponential 719 

phase and incubated at 28°C. The swimming halo diameter was measured after 5 days. 720 

Oxygen consumption assays. Oxygen consumption rates were obtained from UMS 721 

cultures grown with 10 mM glucose and 10 mM NH4Cl, unless otherwise specified, to the 722 

early exponential phase as described in Sánchez-Cañizares et al. [4] with the OxySense 723 

325I system. The data was analysed with the OxySense Gen III software, and oxygen 724 



155 

consumption rates were calculated as the time it takes the population to decrease the 725 

oxygen concentration by 3%.  726 

Microaerobic induction measurements in cultured cells. Rlv3841 strains were first 727 

grown on TY slopes with appropriate antibiotics for three days. Cells were resuspended 728 

and washed with UMS (no carbon nor nitrogen added) three times by centrifugation at 729 

5,000 RCF for 10 minutes. Washed cells were diluted to an initial OD600nm of 0.05 in 10 mL 730 

liquid UMS cultures supplied with 10mM NH4Cl as the sole nitrogen source and either 731 

10mM glucose or 20 mM succinate as the carbon source. Cultures were shaken at 28 °C 732 

and 200 rpm in an orbital shaker either in atmospheric conditions (21% O2) or within a 733 

glove box (Belle Technology, UK) set at 1% O2. OD600nm readings were taken at 24 and 48 734 

hours post-inoculation.  735 

Promoter analysis and translational fusions. Promoter analysis with lux fusions was 736 

done by growing rhizobial strains on UMS 1.5% agar slopes (with appropriate antibiotics), 737 

following the protocol by Pini et al [71]. The sensitivity of each promoter fusion was 738 

measured using either the NightOWL in vivo Imaging System (Berthold Technologies) 739 

with agar plates or the Promega GloMax Microplate Reader with liquid cultures. β-740 

Galactosidase fusions were assayed according to Miller [72], with modifications as 741 

described by Poole et al. [73]. Similarly, rhizobial strains for promoter analysis with ß-742 

glucuronidase (GUS) fusions were grown in liquid UMS supplemented with 743 

corresponding carbon and nitrogen sources to an OD600nm of 0.4 to 0.6. Cells were lysed 744 

and incubated with p-nitrophenyl-β-D-glucuronide (PNPG) until a light yellow colour 745 

appeared, and absorbance was measured at 405. The β-Glucuronidase activity was 746 
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measured using a modified Miller Unit [72] = (OD405 x 1000)/( OD600-normalised cell 747 

amount x incubation time in minutes).  748 

(p)ppGpp extraction and quantification. Cultures were grown to the exponential phase 749 

in UMS medium supplemented with 10 mM glucose as a carbon source and 10 mM NH4Cl 750 

or 0.5 mM NH4Cl as a nitrogen source. Harvested cell pellets were then washed twice in 751 

1 volume of TBS, OD adjusted to 2, and frozen at -80 °C before nucleotide extraction in 2 752 

M formic acid.  Quantification was done by HPLC–MS/MS at IJPB Paris using a 13C-753 

labelled stable isotope as internal standard, as described previously [41]. 754 

Bacterial two-hybrid (BACTH) assays. Interacting partners on the high-copy pUT18C 755 

vectors were transformed into MAE01 (cyaA::ApraR) cells, and BACTH interactions were 756 

tested as in [4]. These colonies were grown overnight at 28 °C in 10 mL LB with ampicillin 757 

and kanamycin at standard concentrations. A standard β-galactosidase assay [72] was 758 

used to quantify the interaction between proteins. The KdpD/PtsN1 pair was used as a 759 

positive control [12], whilst empty vectors were used as a negative control. 760 

Protein expression and native mass spectrometry analysis. Geneblocks for Rlv3841 761 

wildtype PtsN, PtsNH66A and PtsNH66D mutants, and the ACT domain of RelA (amino 762 

acids 663-741) were inserted into a modified pET-15b expression vector between NdeI 763 

and NheI cloning sites (C-terminal 6-His-tag) using In-Fusion snap-assembly master mix 764 

(Takara Bio). The plasmids were transformed into Stellar cells for amplification, and the 765 

insertion of the correct gene was verified by Sanger sequencing. The plasmid for each 766 

protein was transformed into BL21 (DE3) competent cells (Agilent). Primary cultures (100 767 

mL LB, 100 µg/mL ampicillin) were inoculated with 3-5 colonies from agar plates and 768 

shaken at 37 oC and 200 rpm overnight. 20 ml of each primary culture was used to 769 
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inoculate 2x1 L LB (100 µg/ml ampicillin) and grown (37 °C, 200 rpm) until OD of 0.6-0.8. 770 

Protein expression was induced by adding IPTG at a final concentration of 0.2 mM, and 771 

the cultures were shaken at 20 °C and 200 rpm overnight. The cells were harvested by 772 

centrifugation (4000 g, 10 min) and resuspended in lysis buffer (20 mM Tris (pH 7.6), 150 773 

mM NaCl, 10% glycerol) supplemented with 1 EDTA-free protease inhibitor cocktail 774 

tablet (Roche). The cells were lysed by several passes through a Microfluidiser (20,000 775 

psi, 4 °C). The lysates were clarified by centrifugation (20,000 g, 20 min, 4 °C), and the 776 

supernatants were purified by IMAC at 4 °C. Empty gravity-flow chromatography 777 

columns (Bio-Rad) were supplemented with 3-5 ml of Ni-NTA agarose beads (Qiagen) 778 

and washed with 5 column volumes (CV) of water. Three IMAC buffers were prepared, 779 

varying in imidazole concentration (20 mM Tris (pH 7.6), 250 mM NaCl, 10% glycerol, and 780 

either 20 mM (IMAC buffer A), 80 mM (IMAC buffer B), or 300 mM (IMAC buffer C) 781 

imidazole). The columns were equilibrated in 5 CV of buffer A before the supernatants 782 

were loaded. Then, they were washed with 5 CV of buffer A and 5 CV of buffer B. The 783 

proteins were eluted with 5 CV of buffer C and then dialysed overnight at 4oC into 4 L of 784 

dialysis buffer (20 mM Tris (pH 7.6), 250 mM NaCl, 10% glycerol) using a 3.5 MWCO 785 

dialysis cassette (Thermo Scientific). The dialysed proteins were concentrated, flash-786 

frozen, and stored at -80 °C. For native mass spectrometry analysis, the proteins were 787 

thawed and then desalted and buffer exchanged into 0.2 M ammonium acetate buffer 788 

using 2 micro-biospin P6 columns (Bio-Rad). Native mass spectrometry experiments 789 

were performed using an Orbitrap Q-Exactive UHMR instrument (Thermo Scientific). 790 

Proteins were diluted to a concentration of 10 µM. For the binding experiments, the two 791 

proteins were mixed together and incubated on ice for at least 2 hours before being 792 

introduced into the mass spectrometer. 3 µL of sample were loaded into gold-coated 793 
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borosilicate electrospray capillaries prepared in-house. The instrument was operated at 794 

gentle activation conditions to promote desolvation while preserving the non-covalent 795 

interactions: 1.2 kV capillary voltage, 30 °C capillary temperature, 20V HCD collision 796 

energy, in-source trapping set to Off. 797 

Plant growth and acetylene reduction. Pisum sativum cv. Avola seeds were surface 798 

sterilised using 95% ethanol and 2% sodium hypochlorite at the time of sowing. Plants 799 

were inoculated with 1 × 107 cells of the appropriate rhizobial strain and grown in 1 L 800 

beakers filled with sterile medium-grade vermiculite and nitrogen-free nutrient solution 801 

as previously described [73] in a growth room (16h light /8h dark). They were harvested 802 

at pea flowering (3 weeks), and acetylene reduction was determined as previously 803 

described [74].  804 

RNA extraction and real-time qPCR analysis. Rlv3841 cultures are grown in 10 mM 805 

glucose and 10 mM NH4Cl as described above. Cells were harvested by centrifugation at 806 

4 °C, lysed using the FastPrep-24 5G instrument, and their cell debris was removed by 807 

another round of centrifugation. RNA was extracted from the lysate using the Qiagen 808 

RNAeasy extraction kit, and gDNA was depleted by treatment with Invitrogen Turbo 809 

DNAse according to the manufacturer’s recommendation. cDNAs are generated from 810 

0.5 μg of purified RNA using an Invitrogen SuperScript IV reverse transcriptase kit as per 811 

the manufacturer’s recommendations. Quantitative PCR reactions were prepared in 812 

384-well qPCR plates containing 5 μL of Applied Biosystems PowerUp SYBR Green 813 

master mix, 250 nM of each primer, and 5 ng of RNA template, for a total volume of 10 μL 814 

per reaction. Reactions were run using the StepOnePlus™ Real-Time PCR System. Four 815 

biological replicates were extracted for each condition, each represented by two 816 
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technical replicates and the average expression was calculated. The primer pairs used 817 

in the real-time qRT-PCR are listed in Table S3 and were initially tested for amplification 818 

efficiency and target specificity by generating a standard curve of amplification with the 819 

rpoD housekeeping gene. Relative expression of each individual gene was calculated 820 

using the Plaffl Method.   821 

Bioinformatics and statistical analysis. The IntaRNA 2.0 website 822 

(http://www.rnainter.org/IntaRNA/) was used to predict sRNA-mRNA base-pairing 823 

interactions [75], and VARNA ver. 3.93 was used to visualise the secondary structure of 824 

the sRNAs [76]. All statistical analyses were performed using GraphPad Prism 8 825 

(GraphPad Software, 7825 Fay Avenue, Suite 230, La Jolla, CA 92037 USA). Significant 826 

differences between pairs of parameters were determined by Student’s t-tests. 827 

Comparisons among more than two groups were performed using ANOVA followed by 828 

multiple comparisons post hoc corrections, as indicated in each figure legend. A p-value 829 

less than 0.05 was considered statistically significant.  830 

DATA AVAILABILITY. The data supporting the findings of the study are available in this 831 

article and its SI Appendix.832 
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PTSNtr regulates the stringent response to control translation of 1 

transport systems in Rhizobium leguminosarum2 
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Supplementary Figure S1. PtsP suppressor isolates. (A) When the ptsP mutant was 13 

forced to grow for 7-14 days on UMS with 20 mM succinate and 10 mM aspartate, 14 

second-site suppressor mutants were recovered, showing large, mucoid colonies. (B) 15 

Detail of the surface phenotype of the ptsP suppressor colony marked with a black 16 

square in A and grown as above. 17 
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18 

Supplementary Figure S2. Confirmation of suppressor isolates. Surface phenotype 19 

(mucoid) for suppressors 1 to 22 on representative agar plates with UMS 20mM 20 

succinate and 10mM aspartate compared to Rlv3841 wildtype (WT, mucoid) and ptsP21 

original mutant (dry). 22 

ptsP mutant (3) ML3 F28(1) ML3 F26 (2) ML3 F273841 WT (4) Mold J7 (5) Mold J8 (6) Mold J9

(7) Mold J10 (8) Mold J11 (9) Mold J12 (10) Mold J13 (11) Mold J14 (12) Mold J15

(15) Mold J18

(14) Mold J17(13) Mold J16

(16) Mold J19 (18) Mold J21(17) Mold J20 (19) Mold J22 (21) Mold J24(20) Mold J23 (22) ML3 F26



169 

Supplementary Table S1. Genome sequencing results and statistics23 

Sample id # contigs
 (>= 0 bp) 

# contigs  
 (>= 1000 bp)

Total length 
(>= 0 bp) 

Total length
 (>= 1000 bp) 

# contigs Largest 
contig 

Total 
length 

GC (%) N50 N75 L50 L7
5 

# N's / 
100 kbp 

3558-3841 
WT 

138 73 7722016 7691049 88 598283 7701792 60.87 296051 163937 9 17 0

3559-
ptsP107 

151 77 7959610 7925075 96 651850 7937856 60.9 306369 180921 9 17 0

3560-sup2 112 73 7714267 7694288 87 642146 7704444 60.87 306369 180921 8 16 0

3561-sup4 171 79 7735989 7692137 103 598354 7708440 60.87 306369 180921 9 17 0

3562-sup5 130 81 7717510 7693732 96 651866 7704295 60.87 289482 180921 10 18 0

3563-sup6 143 77 7728788 7698401 93 1250173 7708800 60.88 306369 180924 6 14 0

3564-sup7 170 114 7712089 7683207 137 519018 7699033 60.87 152953 93712 16 33 0

3565-sup8 129 82 7721235 7699035 95 598314 7707717 60.87 301749 161435 10 18 0

3566-sup9 142 88 7717781 7691276 104 699160 7703174 60.87 254251 143605 10 20 0

3567-sup10 131 78 7721603 7695422 95 731175 7707169 60.87 290366 163937 9 18 0

3568-sup11 128 85 7713440 7692975 101 598421 7704148 60.88 289493 161435 10 19 0

3569-sup12 122 75 7717121 7692845 94 699160 7705951 60.87 364991 197343 7 14 0

3570-sup13 107 73 7693954 7677344 82 1157934 7683866 60.88 294171 180921 7 15 0

3571-sup14 120 71 8129655 8106896 80 1016698 8113919 60.91 364991 167214 7 15 0

3572-sup15 133 99 7715145 7697331 113 598421 7707310 60.87 270234 112082 10 22 0

3573-sup16 114 73 7716647 7696327 85 899071 7705384 60.88 296199 163937 8 17 0

3574-sup17 124 76 7718836 7695738 93 1250173 7706829 60.87 364991 180921 7 14 0

3575-sup18 134 76 7721985 7694519 93 1250173 7705882 60.87 364991 197343 7 14 0

3576-sup19 122 79 7717286 7696942 91 803760 7705688 60.87 307482 163937 8 17 0

3577-sup20 147 79 7721751 7690237 93 803662 7699819 60.87 307661 169507 8 17 0

3578-sup21 137 89 7719391 7696186 105 560931 7707073 60.87 259614 157027 12 21 0

3579-sup22 127 74 7720177 7695729 88 1157934 7705378 60.87 306369 168993 7 15 0

24 
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Supplementary Figure S3: Consurf analysis of the RelA protein.  Evolutionary 26 

conservation of the residues in RelA between RelA sequences (with 25-95% seq. ID to R. 27 

leguminosarum RelA) across bacteria as obtained by ConSurf. e (orange): an exposed 28 

residue according to the NACSES algorithm, b (green): a buried residue according to the 29 

NACSES algorithm, f (red): a predicted functional residue (highly conserved and 30 

exposed), s (dark blue): a predicted structural residue (highly conserved and buried). 31 

Regions for which insufficient data were found are marked in yellow. RelA domains are 32 

indicated as lines above the sequences: HD (red), SYNTH (green), TGS (yellow), AH and 33 

RIS (dark blue), ACT (light blue).34 
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35 

Supplementary Figure S4. RelA complementation assay. Different versions of relA were introduced by Tn7 chromosome integration 36 

into PtsP107 (ptsP mutant) and Rlv3841 WT: relA wildtype copy (relA WT), and the relA mutated versions of three different suppressors 37 

(sup2, sup7 and sup20). The surface phenotype was compared to wildtype Rlv3841 (WT) and the original ptsP mutant grown in the same 38 

conditions. 39 

relA* sup7relA* sup2

ptsP mutant complementation

relA* sup20relA WT

WT

ptsP

relA* sup7relA* sup2 relA* sup20relA WT

WT complementation

A).

B).
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40 

Supplementary Figure S5. Growth phenotype of Rlv3841 relA mutant (OPS1097) compared to ptsP (ptsP107) and WT strains. Growth 41 

curves on UMS supplemented with different carbon and nitrogen sources and MGT calculations (mean generation time) for each 42 

condition tested. Glc: glucose, Succ: succinate, Arab: arabinose, Pyr: pyruvate, Gln: glutamine, Glut: Glutamate, Asp: aspartate. Data 43 

are averages (± SEM) from at least 3 independent cultures. *Conditions leading to suppressor mutations.44 
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45 

Supplementary Figure S6. Bacterial growth assay at different oxygen 46 

concentrations. Cells were grown in UMS liquid cultures with 10 mM glucose or 20 mM 47 

succinate and 10 mM NH4Cl as nitrogen source at 1% oxygen inside a glove box or 21% 48 

in an orbital shaker. 1 mL samples were taken at 24 h and 48 h to measure OD600nm and 49 

monitor their growth. The strains used were wildtype Rlv3841 (black dots), ptsP (PtsP107, 50 

grey dots), relA mutant (OPS1097, white diamonds) and the complemented relA51 

(OPS3331, black diamonds). Statistical analyses are indicated following the level of 52 

significance, (*) P < 0.05, (**) P < 0.01, (***) P < 0.001, (****) P < 0.0001 and ns, not 53 

significant.54 
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55 

Supplementary Figure S7. (A) Relative amount of phosphorylation (orange square) for 56 

PtsN (blue dot) and for its complex with the ACT domain of RelA (yellow dot). Each panel 57 

is normalised to have the unphosphorylated peak at 100%. The unlabelled peaks 58 

correspond to Na+ adducts. (B) Native mass spectra of RelA ACT bound to PtsN mutant 59 

variants H66A (permanent non-phosphorylated) and H66D (phosphomimic). 60 

A
\

B
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61 

Supplementary Figure S8. Quantification of promoter activity by lux and lacZ62 

fusions. (A) nodA without narigenin addition and (B) constitutive promoter Pneo, 63 

measured by lux activity in Rlv3841 wildtype, ptsP (PtsP107), relA (OPS1097), and ptsP64 

suppressors 2, 7, and 20 (LMB163-S2, ptsP107-S4, ptsP107-S17). All rates are expressed 65 

in luminescence arbitrary units relative to OD600nm; data are averages (±SEM) from 3 66 

independent cultures. (C-D) Quantification of promoter activity for mdh, sucA and aapJ67 

measured by lacZ activity in cosmids introduced in ptsP suppressors 2, 7, and 20 in 10 68 

mM NH4Cl (N-rich, dark grey) and 10 mM glutamate (N-poor, light grey). (A-E) Glucose 10 69 

mM was used as a carbon source. All rates are expressed in nmol/min/mg. Data are 70 

averages (± SEM) from at least 5 independent cultures; n.s., not significant.71 

A

B 

C 

D

E 
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72 

Supplementary Figure S9. qPCR analysis for rpoH1 and lsrB. Rlv3841 wildtype and 73 

relA (OPS1097) cultures were grown in UMS supplemented with 10 mM glucose + 10 mM 74 

NH4Cl. Data are averages (± SEM) from 4 independent cultures. Statistical analyses are 75 

indicated following the level of significance, with (***) as p-value <0.001 and n.s., not 76 

significant.77 
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Supplementary Information Text 78 

Materials and Methods.79 

Cloning details. PCR reactions for cloning were carried out according to the 80 

manufacturer’s instructions using Phusion High-Fidelity DNA Polymerase 81 

(ThermoFischer) and for mapping, with MangoTaq™ DNA Polymerase (Bioline) or GoTaq™ 82 

(Promega). Restriction enzymes (New England Biolabs) were used according to the 83 

manufacturer’s instructions. Sanger sequencing was carried out by Eurofins Genomics.  84 

sRNAs mutant strains of ∆abcR1, ∆abcR2, and ∆abcR1/2 were generated by exchanging 85 

the chromosomal loci with ΩSpec cassette from pHP45, adapting strategies used in 86 

Sinorhizobium [1]. A 2580 bp fragment encompassing abcR1, abcR2, and flanking 87 

sequences (1061 bp upstream of abcR1 5’ region and 1143 bp downstream of abcR2 3’ 88 

region) was amplified using primers oxp7151/7152, and cloned into pUC18 vector, 89 

resulting in plasmid pOPS2210. This plasmid was then used as the template for inverse 90 

PCR to incorporate the BamHI sites at the end of amplified fragments flanking abcR1 91 

(oxp7153/7154), abcR2 (oxp7157/7158), and abcR1/2 (oxp7153/oxp7158). PCR products 92 

were assembled with ΩSpec cassette, resulting in plasmids carrying abcR1::ΩSpec93 

(pOPS2211), abcr2::ΩSpec (pOPS2212), and abcR1/2::ΩSpec (pOPS2213) mutations. 94 

After the amplification step by PCR, each of the products was ligated to pK18mobsacB 95 

vector digested by SmaI, followed by conjugation of plasmids into Rlv3841 and sucrose 96 

selection to produce OPS3802, OPS3803, and OPS3804, respectively.  97 

For GUS reporter expression analysis, plasmid pOPS1850 was first generated by cloning 98 

promoterless gusA into mTn7 delivery plasmid pUC18T-mini-Tn7T-Gm. The promoter 99 

region of each of the candidate genes was amplified using primers listed in the SI 100 
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Appendix, Table S3. The fragments are cloned into pOPS1850 after digestion with PstI, 101 

and four-parental matings with prk2013 and ptNS3 were done to integrate the 102 

transposases into Rhizobium.   103 

Supplementary Table S2. List of strains and plasmids. 104 

Strains Description Reference

Escherichia 

coli 

DH5 supE44, hsdR17, recA1 thi-1, lacU169(801acZM15) 

endA1 gyrA96 relA1 

[2]

MAE01 F- - ilvG- rfb-50 rph-1, cyaA::ApraR (host strain for 

BACTH assays)

[3]

Rhizobium 

leguminosarum

Rlv3841 R. leguminosarum bv. viciae; Strr derivative of strain 300 [4]

PtsP107 Rlv3841 Tn5::ptsP [5]

OPS1097 Rlv3841 relA (RL1507) Spec mutant This work

LMB163-1 ptsP suppressor 1 mutant of PtsP107 isolated for rapid 

growth and large 'gloopy' colony morphology after 7 days 

on 20mM succinate/10mM aspartate 

This work

LMB163-2 ptsP suppressor 2 mutant (G445R) of PtsP107 isolated for 

rapid growth and large 'gloopy' colony morphology after 7 

days on 20mM succinate/10mM aspartate 

This work

LMB163-3 ptsP suppressor 3 mutant of PtsP107 isolated for rapid 

growth and large 'gloopy' colony morphology after 7 days 

on 20mM succinate/10mM aspartate 

This work

ptsP107-S1 ptsP suppressor 4 mutant (N143S) of PtsP107 isolated for 

rapid growth and large 'gloopy' colony morphology after 

14 days on 20mM succinate/10mM aspartate 

This work

ptsP107-S2 ptsP suppressor 5 mutant (Q115P) of PtsP107 isolated for 

rapid growth and large 'gloopy' colony morphology after 

14 days growth on 20mM succinate/10mM aspartate 

This work

ptsP107-S3 ptsP suppressor 6 mutant (I368N) of PtsP107 isolated for 

rapid growth and large 'gloopy' colony morphology after 

14 days growth on 20mM succinate/10mM aspartate 

This work

ptsP107-S4 ptsP suppressor 7 mutant (H142R) of PtsP107 isolated for 

rapid growth and large 'gloopy' colony morphology after 

14 days on 20mM succinate/10mM aspartate 

This work

ptsP107-S5 ptsP suppressor 8 mutant (no SNPs) of PtsP107 isolated 

for rapid growth and large 'gloopy' colony morphology 

after 14 days on 20mM succinate/10mM aspartate 

This work
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ptsP107-S6 ptsP suppressor 9 mutant (Q37L & P406L) of PtsP107 

isolated for rapid growth and large 'gloopy' colony 

morphology after 14 days on 20mM succinate/10mM 

aspartate 

This work

ptsP107-S7 ptsP suppressor 10 mutant (E379K) of PtsP107 isolated 

for rapid growth and large 'gloopy' colony morphology 

after 14 days on 20mM succinate/10mM aspartate 

This work

ptsP107-S8 ptsP suppressor 11 mutant (G428D) of PtsP107 isolated 

for rapid growth and large 'gloopy' colony morphology 

after 14 days on 20mM succinate/10mM aspartate 

This work

ptsP107-S9 ptsP suppressor 12 mutant (A471V) of PtsP107 isolated 

for rapid growth and large 'gloopy' colony morphology 

after 14 days on 20mM succinate/10mM aspartate 

This work

ptsP107-S10 ptsP suppressor 13 mutant (I216M) of PtsP107 isolated 

for rapid growth and large 'gloopy' colony morphology 

after 14 days on 20mM succinate/10mM aspartate 

This work

ptsP107-S11 ptsP suppressor 14 mutant (R741L) of PtsP107 isolated 

for rapid growth and large 'gloopy' colony morphology 

after 14 days on 20mM succinate/10mM aspartate 

This work

ptsP107-S12 ptsP suppressor 15 mutant (W563*) of PtsP107 isolated 

for rapid growth and large 'gloopy' colony morphology 

after 14 days on 20mM succinate/10mM aspartate 

This work

ptsP107-S13 ptsP suppressor 16 mutant (L119P) of PtsP107 isolated 

for rapid growth and large 'gloopy' colony morphology 

after 14 days on 20mM succinate/10mM aspartate 

This work

ptsP107-S14 ptsP suppressor 17 mutant (L381R) of PtsP107 isolated 

for rapid growth and large 'gloopy' colony morphology 

after 14 days on 20mM succinate/10mM aspartate 

This work

ptsP107-S15 ptsP suppressor 18 mutant (R318H) of PtsP107 isolated 

for rapid growth and large 'gloopy' colony morphology 

after 14 days on 20mM succinate/10mM aspartate 

This work

ptsP107-S16 ptsP suppressor 19 mutant (T162A) of PtsP107 isolated 

for rapid growth and large 'gloopy' colony morphology 

after 14 days on 20mM succinate/10mM aspartate 

This work

ptsP107-S17 ptsP suppressor 20 mutant (L381R) of PtsP107 isolated 

for rapid growth and large 'gloopy' colony morphology 

after 14 days on 20mM succinate/10mM aspartate 

This work

ptsP107-S18 ptsP suppressor 21 mutant (T101I) of PtsP107 isolated for 

rapid growth and large 'gloopy' colony morphology after 

14 days on 20mM succinate/10mM aspartate 

This work

ptsP107-S19 ptsP suppressor 22 mutant (Q37L & P406L) of PtsP107 

isolated for rapid growth and large 'gloopy' colony 

morphology after 14 days on 20mM succinate/10mM 

aspartate 

This work
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OPS3319 Rlv3841 Tn7 complemented with relA wiltype This work

OPS3320 Rlv3841 Tn7 complemented with relA from suppressor 2 This work

OPS3321 Rlv3841 Tn7 complemented with relA from suppressor 7 This work

OPS3322 Rlv3841 Tn7 complemented with relA from suppressor 20 This work

OPS3323 ptsP mutant Tn7 complemented with relA wiltype This work

OPS3324 ptsP mutant Tn7 complemented with relA from 

suppressor 2  

This work

OPS3325 ptsP mutant Tn7 complemented with relA from 

suppressor 7 

This work

OPS3326 ptsP mutant Tn7 complemented with relA from 

suppressor 20  

This work

OPS3331 relA mutant OPS1097 Tn7 complemented with relA 

wildtype  

This work

LMB310 pssA1 Tn5::spec transductant into Rlv3841 [5]

LMB275 ptsN1:: SPec; ptsN2:: Tet; ptsP::Tn5 Rlv3841 triple 

mutant 

This work

AA047 Rlv3841 ptsN2 (markerless mutation) in ptsN1::ΩSpec 

background (Rlv3841 ptsN1/N2 double mutant) 

[6]

OPS1102 ptsN1 H66A (Rlv3841 ptsN2 mutant with non-

phosphorylatable PtsN1) 

[6]

OPS1104 ptsN1 H66D (Rlv3841 ptsN2 mutant with PtsN1 

phosphomimic) 

[6]

OPS3802 Rlv3841 abcR1::ΩSpec mutant This work

OPS3803 Rlv3841 abcR2::ΩSpec mutant This work

OPS3804 Rlv3841 abcR1/2::ΩSpec mutant This work

Plasmids

pJET1.2/blunt E. coli cloning vector Thermo Fisher 

Scientific 

pHP45Spec pBR322 derivative carrying Spec interposon, pHP45 

replicon; AmpR, SpecR

[7]

pIJ11268 Transcriptional bioreporter; luxCDABE cassette with 

upstream cloning site for driving Lux expression 

[8]

pIJ11282 pIJ11268 with promoter region of nptII promoter cloned 

upstream of luxCDABE, positive control for Lux 

expression studies

[8]

pJQ200SK Suicide vector, pACYC derivative, P15A origin of 

replication; GmR, lacZ sacB traJ

[9]

pKNT25 BACTH vector for fusions to the N-terminus of fragment 

T25; KanaR

Euromedex

pUT18C BACTH vector for fusions to the C-terminus of fragment 

T18; AmpR

Euromedex

pRK415 IncP stable broad-host-range cloning vector; TetR [10]

pBBRMCS5 Broad-host-range cloning vector; GmR [11]
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pOPS0984 

relA amplified from wild type Rlv3841 with primers 

oxp1939/1940 and cloned into pUC18T-Tn7T for Tn7 

integration 

This work

pOPS0985

relA amplified from ptsP suppressor 2 with primers 

oxp1939/1940 and cloned into pUC18T-Tn7T for Tn7 

integration (clon 2.8)

This work

pOPS0986

relA amplified from ptsP suppressor 7 with primers 

oxp1939/1940 and cloned into pUC18T-Tn7T for Tn7 

integration (clon 7.1)

This work

pOPS0987 

relA amplified from ptsP suppressor 20 with primers 

oxp1939/1940 and cloned into pUC18T-Tn7T for Tn7 

integration (clon 13.5)

This work

pRU2204 relA PCR-amplified from Rlv3841 with primers 

p1628/p1629 and cloned into pCR2.1 

This work

pRU2205 Inverse PCR from pRU2204 to generate relA deletion with 

primers p1712/p1713 and Spec blunt-end ligated 

This work

pRU2216 relA::Spec digested ApaI/XbaI and cloned into 

pJQ200SK, used to generate relA::Spec mutant

This work

pOPS0174 C-terminus of kdpD PCR-amplified from Rlv3841 with 

primers oxp0520/0521 and cloned into BACTH vector 

pKNT25 with BamHI/KpnI 

This work

pOPS0357 relA PCR amplified with oxp0516/0517 in BACTH vector 

pKNT25 cloned via BamHI/KpnI  

This work

pOPS0182 ptsN1-H66A PCR-amplified from Rlv3841 with primers 

oxp0516/0517 and cloned into BACTH vector pKNT25 

with BamHI/KpnI   

This work

pOPS0989 ptsN1-H66D PCR-amplified from Rlv3841 with primers 

oxp0516/0517 and cloned into BACTH vector pKNT25 

with BamHI/KpnI  

This work

pOPS0172 ptsN1 PCR-amplified from Rlv3841 with primers 

oxp0516/0517 and cloned into BACTH vector pKNT25 

with BamHI/KpnI 

This work

pOPS0188 C-terminus of kdpD PCR-amplified from Rlv3841 with 

primers oxp0520/0521 and cloned into BACTH vector 

pUT18C with BamHI/KpnI 

This work

pOPS0713 relA PCR-amplified from Rlv3841 with primers 

oxp0516/0517 and cloned into BACTH vector pUT18C 

with BamHI/KpnI   

This work

pOPS0196 ptsN1-H66A PCR-amplified from Rlv3841 with primers 

oxp0516/0517 and cloned into BACTH vector pUT18C 

with BamHI/KpnI 

This work

pOPS0994 ptsN1-H66D PCR-amplified from Rlv3841 with primers 

oxp0516/0517 and cloned into BACTH vector pUT18C 

with BamHI/KpnI

This work
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pOPS0186 ptsN1 PCR-amplified from Rlv3841 with primers 

oxp0516/0517 and cloned into BACTH vector pUT18C 

with BamHI/KpnI

This work

pUC18T-mini-

Tn7T-Gm 
AmpR GmR oriT oriV(ColE1) Tn7 delivery vector [12] 

poPS1850  
promoterless gusA in mTn7 delivery plasmid for 

promoter fusions  
This work 

pOPS1854 
pOPS1850 derivative expressing the transcriptional 

fusion of relA promoter to gusA; GmR
This work 

pOPS2248 
pOPS1850 derivative expressing the transcriptional 

fusion of abcR1 promoter to gusA; GmR
This work 

pOPS2249 
pOPS1850 derivative expressing the transcriptional 

fusion of abcR2 promoter to gusA; GmR
This work 

pUC18 pUC cloning vector; AmpR [13]

pOPS2210 
pUC18 carrying Rlv3841 abcR1/2 and its upstream and 

downstream regions for abcR1/2 deletion; AmpR, SpecR
This work 

pOPS2211 
pOPS2210 derivative where abcR1 region is replaced 

with ΩSpec interposon; AmpR, SpecR
This work 

pOPS2212 
pOPS2210 derivative where abcR2 region is replaced 

with ΩSpec interposon; AmpR, SpecR
This work 

pOPS2213 
pOPS2210 derivative where abcR1/2 region is replaced 

with ΩSpec interposon; AmpR, SpecR
This work 

pK18mobsacB wide range suicide vector, oriT (mobilizable), sacB; KanR [14]

pOPS2214 Suicide plasmid for abcR1 deletion; AmpR, SpecR This work

pOPS2215 Suicide plasmid for abcR2 deletion; AmpR, SpecR This work

pOPS2216 Suicide plasmid for abcR1/2 deletion; AmpR, SpecR This work

Supplementary Table S3. List of primers. 105 

Primers Description Sequence

oxp5245 

Forward for PCR gusA into 

pUC18T-mini-Tn7T-Gm with 

HindIII/KpnI site 

GCTGCAGGAATTCCTCGAGATAGACTGAGGT
AATCATGGTC 

oxp5246 

Reverse for PCR gusA into 

pUC18T-mini-Tn7T-Gm with 

HindIII/KpnI site 

GCAAGGCCTTCGCGAGGTACTCATTGTTTGC
CTCCCTG 

oxp5253 

Forward for PCR of the 

promoter of relA with PstI 

site 

TTCGATCATGCATGAGCTCAACCAGATGTCG
GAAGAAG 

oxp5254 

Reverse for PCR of the 

promoter of relA with PstI 

site 

TATCTCGAGGAATTCCTGCAATAAAAATAAAA
GCGCGCC 
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oxp7159 

Forward for PCR of the 

promoter of abcR1 with PstI 

site 

CGATCATGCATGAGCTCACTGCAGATCAACA
GCCAG 

oxp7160 

Reverse for PCR of the 

promoter of abcR1with PstI 

site 

TCTCGAGGAATTCCTGCAATGAGCGATATGGT
GGTTTATTG 

oxp7161 

Forward for PCR of the 

promoter of abcR2 with PstI 

site 

CGATCATGCATGAGCTCACTTTTCCTCCCAGT
TCCAC 

oxp7162 

Reverse for PCR of the 

promoter of abcR2 with PstI 

site 

TCTCGAGGAATTCCTGCAGAGAGGGATATGG
TGCTTC 

oxp0721 
Tn7 integration mapping 

primer  
TTTTGAAGACAACATCTCCGAACTCACGAC 

oxp0092 
Tn7 integration mapping 

primer  
CCACAGTTTTCGCGATCCAG 

oxp7151 
Forward for PCR to generate 

abcR1/2 region with BamHI 
TGCAGGTCGACTCTAGAGTATCTGACGGGCC
ACATG 

oxp7152 
Reverse for PCR to generate 

abcR1/2 region with BamHI 
TCGAGCTCGGTACCCGGGCCGATCAGGAAC
AGCGTC 

 oxp7153 
Inverse PCR of abcR1 with 

BamHI site added  
TTTTTTGGATCCATGAGCGATATGGTGGTT 

oxp7154 
Inverse PCR of abcR1 with 

BamHI site added 
TTTTTTGGATCCGCCTTTCTTCCTCAG 

oxp7155 
Forward for PCR abcR1/2

region with SmaI site  
GACTCTAGAGGATCCCCTATCTGACGGGCCA
CATG 

oxp7156 
Reverse for PCR abcR1/2

region with SmaI site  
ATTCGAGCTCGGTACCCCCGATCAGGAACA
GCGTC 

oxp7157 
Inverse PCR of abcR2 with 

BamHI site added 
TTTTTTGGATCCAGAGGGATATGGTGCT 

oxp7158 
Inverse PCR of abcR2 with 

BamHI site added 
TTTTTTGGATCCGCCCAAAATTTGCGCAT 

oxp7177 
abcR1/2 region mapping 

primer 
GATGGTGATCGATGGCGTCT 

oxp7178 
abcR1/2 region mapping 

primer 
AAGCTTGCCATTGCCCAAAG 

oxp0584 
ΩSpec interposon mapping 

for abcR1/2 mutant check 
TCACAAAACGGTTTACAAGC 

oxp2326 
pUC18 mapping for abcR1

and abcR2 mutant check 
CGTTCGGTCAAGGTTCTGGA 

oxp6980 RT-qPCR primer for rpoD GATGAAGTCGATCGGCAATCTG 

oxp6981 RT-qPCR primer for rpoD GCTTCGACCATTTCCTTCTTGG 
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oxp7207 RT-qPCR primer for rpoH1 AAGCGCCTGTTCTTCAACC 

oxp7208 RT-qPCR primer for rpoH1 ATGACCTCCTCCTCCGAGAC 

oxp7029 RT-qPCR primer for lsrB TGTGCACCGTGAAGAGCTT 

oxp7030 RT-qPCR primer for lsrB TGCAGATCCAGCTCATCCTC 

oxp6439 RT-qPCR primer for aapJ CGGCATTGATCAGCGCATAA 

oxp6440 RT-qPCR primer for aapJ TCCCGACGAACACATCATCC 

oxp6441 RT-qPCR primer for aapQ TATCATGCCCGTGTCGAAGA 

oxp6442 RT-qPCR primer for aapQ TCTGGTATCTCGGCGTTCTC 

oxp6248 RT-qPCR primer for pssA ACTTCCAAATTCGGCGCG 

oxp6249 RT-qPCR primer for pssA TGAAACGGGCAAGGCGAA 

106 
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Characterisation of the SixA phosphatase in Rhizobium 1 

leguminosarum 2 

5.1 Introduction 3 

In Escherichia coli, the HPr kinase/phosphorylase (HPrK/P) is absent, and instead the 4 

phosphohistidine phosphatase SixA has been shown to act on PTSNtr by 5 

dephosphorylating NPr at its histidine residue, helping to modulate signal transduction 6 

and maintain proper control of central metabolism. A loss-of-function mutation in sixA 7 

exhibits phenotypes consistent with hyperphosphorylated NPr, including impaired 8 

growth in various carbon sources (acetate, maltose, and glucose), and reduced 9 

potassium levels (1). Although the role of SixA (1) and its crystal structure (2) have been 10 

characterised in E. coli, information about its role, conservation, and physiological 11 

functions in other species, including rhizobia, is lacking (Figure 1). Here, we investigate 12 

whether SixA affects any cellular function associated with the nitrogen-related 13 

phosphotransferase system PTSNtr in R. leguminosarum and find no functional role under 14 

the tested conditions. SixA is dispensable in this context and may act under specific 15 

conditions yet to be identified.  16 
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17 

Figure 1.  Schematic diagrams of (A) current phosphorylation model of PTSNtr regulated 18 

by different 2-OG/glutamine ratios and HprK/P. Points (i)–(iii) indicate key metabolic 19 

inputs: (i) glutamine; (ii) phosphoenolpyruvate (PEP), the phosphoryl donor that is 20 

converted into pyruvate (Pyr); and (iii) fructose-1,6-biphosphate (FBP). (B) working 21 

hypothesis for the role of SixA in R. leguminosarum. Yellow circles indicate histidine 22 

phosphorylation, while the red circles represent serine phosphorylation.  23 

5.2 Materials and Methods24 

Sequence analysis and database search of the sixA gene 25 

The sixA sequence of E. coli strain K12 (Taxonomy ID: 511145; Accession: NP_416842) 26 

was retrieved from the NCBI database. BLAST (4) and the Biocyc database (5) were used 27 

to find its homolog in R. leguminosarum. 28 

Bacterial strains and culture conditions29 

E. coli strains were grown in Luria-Bertani (LB) (6) solid or liquid medium supplemented 30 

with appropriate antibiotics at 37 °C. R. leguminosarum strains were grown and 31 

maintained at 28 °C in the Tryptone Yeast (TY) extract with the appropriate antibiotics or 32 

transferred into universal minimum salts (UMS) (7) with various carbon and nitrogen 33 
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sources for the different assays.  The bacterial strains and plasmids used in this study 34 

are shown in Table 1.  35 

Table 1. List of strains and plasmids  36 
Strains Description Reference

Escherichia coli

DH5a supE44, hsdR17, recA1 thi-1, ΔlacU169 (φ80lacZΔM15) 
endA1 gyrA96 relA1 

(8)

Rhizobium leguminosarum

Rlv3841 R. leguminosarum bv. viciae; StrR derivative of strain 300 (9)

LMB310 Rlv3841 pssA::Tn5 transductant or pssA (RL1532) mutant (10)

AA081 Rlv3841 hprK::ΩSpec (3)

OPS3278 Rlv3841 with MCS-sgfp with the promoter region of 
RL2644 (sixA) made from conjugation with pOPS1995 

this work

OPS3279 Rlv3841 with MCS-sgfp with the promoter region of 
RL0036 (chvI-chvG-hprK) made from conjugation with 
pOPS1996 

this work

OPS3280 Rlv3841 ΔsixA (RL2644) markerless deletion mutant 
generated with plasmid pOPS1997, mapped with 
oxp5738 and oxp5872 

this work

OPS3282 Rlv3841 containing pOPS1916 (MCS-gfp empty vector) to 
use as negative control for expression analysis 

this work

Plasmids

pRK2013 Self-transmissible helper plasmid, KmR (11, 12)

pK18mobsacB wide range suicide vector, oriT (mobilisable), sacB; KanR (13)

pOPS1916 Golden Gate assembled plasmid (RK2 low-copy number 
backbone) with a multi-cloning site (MCS) upstream of a 
strong RBS, superolder GFP (sfGFP), and DT16 
terminator  

this work

pOPS1995 pOPS1916 (MCS-gfp) digested with SpeI to clone the 
promoter region of RL2644 (sixA); PCR amplified from 
Rlv3841 with oxp5818 and oxp5819 using HiFi 

this work

pOPS1996 pOPS1916 (MCS-gfp) digested with SpeI to clone the 
promoter region of RL0036 (chvI-chvG-hprK) PCR 
amplified from Rlv3841 with oxp5820 and oxp5821 using 
HiFi assembly 

this work

pOPS1997 pK19mobsacB digested with SmaI to clone the 
upstream/downstream region to make a deletion mutant 
of RL2644 (sixA) PCR amplified from Rlv3841 with 
oxp5734-oxp5735 and oxp5736-oxp5737 using HiFi 
assembly 

this work

37 

Bacteria growth curves and mean generation time  38 

Single colonies of rhizobial strains were streaked and grown in 10 mL TY agar slopes at 39 

28 °C for three days. The bacteria were then washed 3 times in UMS (without carbon and 40 
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nitrogen sources), and this cell suspension was used to inoculate 500 μL of UMS liquid 41 

media supplemented with the corresponding carbon and nitrogen sources in 24-well 42 

plates, adjusted to a starting OD600 value of 0.05. The bacteria were then grown for 48 43 

hours to reach their stationary phase at 28 °C with shaking at 700 rpm inside the Omega 44 

FLUOstar plate reader, with their OD600 monitored every 30 minutes to obtain the 45 

growth curves. Mean generation times were calculated as the number of hours required 46 

for a population of a particular rhizobial strain to double in number.  47 

Cloning and generation of mutants  48 

Cloning was done following standard molecular biology protocols (6). PCR reactions 49 

were performed using Phusion High-Fidelity DNA Polymerase (Thermo Fisher) with 50 

primers listed in Table 2; restriction digests were conducted with enzymes from New 51 

England Biolabs, following the manufacturer's protocols. The cloning results were then 52 

confirmed using Sanger sequencing performed by Source Biosciences.  53 

Table 2. List of primers  54 

Primers Description Sequence 

oxp5734
sixA upstream 
forward GTCGACTCTAGAGGATCCCCGGTCCAGTTTCCATCCAG 

oxp5735
sixA upstream 
reverse GACTTCAGGCTACGGTCATGGGCAAATC 

oxp5736
sixA downstream 
forward CATGACCGTAGCCTGAAGTCTTTCTCGC 

oxp5737
sixA downstream 
reverse  TGAATTCGAGCTCGGTACCCTTCCAGATCTTGCACGGC 

oxp5738
sixA mapping 
forward CTTTCCGATGCAGCGACAAG 

oxp5872 sixA mapping reverse TCCTTCACCAGCGCACGG 

oxp5818
sixA promoter 
forward CGAATTCGGATCCGGAGAAACGCGATTCTCCTGAAGAAC 

oxp5819
sixA promoter 
reverse  AATTCTAGATGCGGCCGCTACATGGGCAAATCCAAGATC 

oxp5820
hprK promoter 
forward CGAATTCGGATCCGGAGAAAGGCGGAAAAGTTGTAGCG 

oxp5821
hprK promoter 
reverse  AATTCTAGATGCGGCCGCTAATATCCTTCGGCCTCCAG 
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The sixA deletion mutant strain was constructed by first amplifying the 1kb upper and 55 

downstream regions of sixA (RL2644, 495bp) with the pair of primers oxp5734-oxp5735 56 

and oxp5736-oxp5737 (Table 2). Amplified regions were subsequently integrated into the 57 

suicide plasmid pK19mobSacB, which had been cut with the SmaI restriction enzyme, 58 

and assembled using the Gibson assembly method. The resulting plasmid was 59 

conjugated into R. leguminosarum bv. viciae 3841 (Rlv3841), and the selection for single-60 

crossover integration into the chromosomal region of interest was performed by plating 61 

cells on selective TY agar media containing 100 μg mL-1 kanamycin. The selected single-62 

crossover mutants were then grown on TY agar supplemented with 10% (v/v) sucrose to 63 

select double-crossover deletions occurring at the target gene sixA, which was 64 

confirmed by antibiotic screening and PCR sequencing.  65 

To study GFP expression, the promoter regions of the sixA and hprK genes were amplified 66 

with primers oxp5818-oxp5819 and oxp5820-oxp5821, respectively (Table 2). These 67 

fragments were then cloned into pOPS1916 by digestion with SpeI, followed by Gibson 68 

assembly. The resulting plasmids were transferred into Rlv3841 by conjugation.  69 

Promoter activity assays 70 

GFP reporter assays were used to study sixA and hprK promoter activity. Rhizobial 71 

colonies were prepared in TY agar slopes and washed twice in UMS, as described for the 72 

bacterial growth curves explained above. To study gene expression in different carbon 73 

and nitrogen sources, these bacterial suspensions were used to inoculate 500 μL of UMS 74 

with the corresponding carbon and nitrogen sources in 24-well plates with a starting 75 

OD600 value of 0.05. The bacteria were then grown for 48 hours to reach their stationary 76 

phase at 28 °C with shaking at 700 rpm inside the Omega FLUOstar plate reader. GFP 77 
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measurements were taken at time points 15h (log phase) with excitation 485 nm, 78 

emission 520 nm, and gain set at 750. 79 

EPS quantification 80 

EPS was quantified following the previously described protocol (3). R. leguminosarum 81 

liquid cultures were grown in 50 mL UMS with 10 mM glucose and 10 mM NH4Cl to reach 82 

an OD600 of 1. The cultures were then centrifuged, and the pelleted cells were dried and 83 

weighed. The supernatants were treated with twice the volume of ethanol (100 mL) and 84 

incubated at 4°C for 24 hours. The precipitated EPS was then collected by centrifugation, 85 

dried, and weighed. The strain LMB310 (pssA mutant), which did not produce EPS, was 86 

used as the negative control.  87 

Transport assays 88 

Rhizobia strains were grown in 50 mL UMS liquid cultures with 10 mM glucose and 10 mM 89 

NH4Cl overnight. After washing the cells with plain UMS twice, the cells were adjusted to 90 

an OD600 of 1 and starved for 2 hours (no carbon or nitrogen was added to the growth 91 

medium). Transport assays were performed with 25 μM (4.625 kBq) of 14C-labelled solute 92 

of α-aminoisobutyric acid (AIB), following the protocols that have been previously 93 

described (14, 15).  94 

Plant growth and acetylene reduction assays  95 

Seeds of Pisum sativum cv. Avola were surface sterilised using 70% ethanol and 2% 96 

sodium hypochlorite. They were sown into 1 L beakers filled with sterile medium-grade 97 

vermiculite and N-free solution as described previously (16) and inoculated with 98 

appropriate rhizobial liquid cultures. Pea plants were grown under long-light conditions 99 

(16 h light/8 h dark, 24 °C) and harvested 3 weeks after sowing.  100 
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Acetylene reduction assays (ARA) were performed as described in (17). Pea plants were 101 

put inside Schott bottles, in which 2% of the total headspace atmosphere was replaced 102 

with acetylene using a 10 mL syringe and needles. After a 1 h interval, aliquots of the 103 

headspace atmosphere were collected using a 1 ml syringe. The conversion of acetylene 104 

gas to ethylene gas was measured using a gas chromatograph (PerkinElmer, Clarus 480, 105 

equipped with a HayeSep® N (80–100 MESH) 584 column).  106 

Statistical analysis 107 

All statistical analyses were carried out using GraphPad Prism 10.5.0 (GraphPad 108 

Software, 7825 Fay Avenue, Suite 230, La Jolla, CA 92037, USA). Student’s t-tests and 109 

analysis of variance were used to measure the significance of results. Where multiple 110 

comparisons were necessary, the One-way ANOVA (Tukey-Kramer method) was used. 111 

We took a p-value less than 0.05 to be statistically significant. All values are derived from 112 

single colonies representing a single biological replicate. Biological replicates were 113 

sampled with two to three technical replicates each. 114 

5.3 Results  115 

The SixA phosphatase homolog was identified by sequence similarity in116 

R. leguminosarum  117 

To investigate the potential interplay between the HprK/P and the SixA phosphatase in 118 

regulating the phosphorylation state of NPr in R. leguminosarum, we first identified 119 

potential SixA candidates by performing a protein BLAST search against the E. coli SixA 120 

amino acid sequence (Taxonomy ID: 511145; Accession: NP_416842). The top hit RL2644 121 

(RL_RS13650) was annotated as a putative histidine phosphatase family, sharing 36.05% 122 

(E-value 2e-09) amino acid identity with E. coli sixA (Figure 2). Despite its lower identity, 123 
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the sixA gene of Rlv3841 conserves the region corresponding to the phosphatase active 124 

site. RL2644 contains the histidine phosphatase active sites and two amino acid 125 

residues highly conserved in the E. coli sixA homolog (18). Additionally, Dali structural 126 

comparison (19) of the RL2644 revealed a highly significant match to proteins of the 127 

histidine phosphatase family with strong conservation of the overall folds (Z-score 128 

>20.0). Unlike in R. leguminosarum, in which only one homolog was identified, other 129 

rhizobia, such as R. etli, Mesorhizobium loti, and Sinorhizobium meliloti, seem to harbour 130 

two copies of E. coli’s sixA homologs (18), although their functionality remains unknown.  131 

132 

Figure 2.  BLAST search result of E. coli SixA protein sequence in R. leguminosarum. 133 

The highest match obtained was RL2644 (RL_RS13650), followed by RL0954 134 

(RL_RS04970). The residues highlighted in orange on the alignment correspond to the 135 
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phosphatase active site. On the other hand, the residues highlighted in blue are the 136 

residues which are considered to be highly conserved in the different sixA homologs 137 

across genera (18). 138 

The existing INSeq library (20–22) (Table 3) and a Co-Expression database (23, 24) 139 

already available in our laboratory (Table 4) were used to narrow down the conditions 140 

under which SixA might be functional. The INSeq library data indicated that RL2644 141 

mutant growth is defective during pea root attachment at pH 7.5 (22). Co-expression 142 

analysis (23, 24) shows the overlap of RL2644 expression with genes that function in 143 

carbon metabolism and transport (aaC, glgB, xylA), cell envelope biosynthesis (murA, 144 

bamD), and stress response (dksA, UbiH/UbiF family hydroxylase), among other genes 145 

(Table 4).  146 

Table 3. INSeq Results for sixA (20–22). NE = Growth neutral; DE = Growth defective  147 

Growth Condition INSeq Growth Condition INSeq
Pea Root Attached 
Alkaline pH7.5

DE 21% Oxygen + 10mM Glucose NE

Pea Root Attached Acid 
pH6.5

NE 21% Oxygen + 20mM Succinate NE

Pea Root Attached 
Neutral pH7.0

NE 1% Oxygen + 10mM Glucose NE

Bacteroid (pea) NE 1% Oxygen + 20mM Succinate NE

Rhizosphere (pea) NE TY media NE

Colonisation (pea) NE Vincent's media NE

148 

Table 4. List of genes co-expressed with RL2644 (sixA). Community detection, Pajde 149 

Rank, and Edge Weight are 3 methods used to measure the degree of co-expression (23, 150 

24). The smaller the value, the higher the chance that both genes are co-expressed. 151 

Genes which are counted as highly co-expressed with RL2644 by two or more detection 152 

methods (<50) are highlighted in blue.   153 

Gene 
Code 

Community 
detection 

Padje 
rank

Edge 
weight

Gene Description Group 

pRL120025 10 540 103 sugar phosphate isomerase/epimerase carbon 
metabolism 

and transportpRL120556 1148 5 516 
sugar ABC transporter substrate-binding 

protein 
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pRL120596 1394 2 696 
phosphoenolpyruvate hydrolase family 

protein 

RL2088 146 305 6 accC
acetyl-CoA carboxylase biotin carboxylase 

subunit 

RL4115 19 233 8 glgB 1,4-alpha-glucan branching protein GlgB 

RL4176 186 150 2 xylA xylose isomerase 

RL4621 41 170 9 acetyl-CoA C-acetyltransferase 

RL0611 2 120 4 murA
UDP-N-acetylglucosamine 1-

carboxyvinyltransferase 

cell envelope 
biosynthesis

RL3296 1082 9 245 bamD
outer membrane protein assembly factor 

BamD 

RL3463 4 241 48 prolipoprotein diacylglyceryl transferase 

RL3646 7 126 70 lipopolysaccharide biosynthesis protein 

RL2096 1650 4 867 LL-diaminopimelate aminotransferase 
synthesis 

RL0493 90 387 3 dihydroorotase 

RL2292 3 156 11 UbiH/UbiF family hydroxylase 

stress 
response 

RL2745 1457 1 602 aldehyde dehydrogenase family protein 

RL2643 1365 7 699 dksA RNA polymerase-binding protein DksA 

pRL110545 9 231 10 minD septum site-determining protein MinD 

other 

pRL90271 1150 10 487 
prolyl-tRNA editing protein YbaK/EbsC 

family protein  

RL0196 25 90 45 
BMP family ABC transporter substrate-

binding protein 

pRL110618 34 337 1 hypothetical membrane protein 

RL1536 24 296 7 
TIGR00730 family Rossman fold protein 

RL2697 162 220 5 
DUF2059 domain-containing protein 

RL0961 1 64 12 hypothetical protein 

RL1608 8 194 41 hypothetical protein 

RL4074 6 115 17 hypothetical protein 

RL3480 5 292 49 hypothetical protein 

RL3891 1351 3 824 hypothetical protein 

154 
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R. leguminosarum SixA phosphatase does not affect PTSNtr-related 155 

functions156 

Because HprK and SixA are expected to act synergistically to promote the 157 

dephosphorylated state of NPr, the expression pattern of the sixA gene was studied 158 

together with hprK using their promoter regions fused to sfGFP and cloned in a RK2 low-159 

copy-number plasmid background (pOPS1916). The bacterial cells harbouring these 160 

vectors were cultured with 10 mM glucose or 20 mM succinate as the carbon source. PsixA161 

was more strongly activated than PhprK in the tested conditions, and both the expression 162 

of PsixA and PhprK were strongest when the strains were grown in 20 mM succinate (Figure 163 

3.A). The expression patterns of PsixA and PhprK were also comparable when cells were 164 

grown under different pH levels supplemented with 10 mM glucose and 10 mM NH4Cl 165 

(Figure 3.B-C). Both promoters were more active at a lower pH (pH 5.75).   166 

Additionally, a stable sixA deletion mutant was also generated by double recombination 167 

and subjected to different phenotypic assays targeting the PTSNtr-regulated process 168 

(Figure 4.A-D). These include assessment of growth, O2 consumption rates, EPS 169 

production, active nutrient uptake, and symbiosis capability. To measure nutrient 170 

uptake, α-aminoisobutyric acid (AIB) was used as substrate, as this amino acid cannot 171 

be metabolised but can be transported by the Aap and Bra ABC amino acid transport 172 

systems (15). Our results showed that the sixA mutant displayed no growth defect across 173 

the tested conditions (Table 5). The O2 consumption, EPS production, and AIB transport 174 

rates were those of wild-type. The symbiotic capacity of the sixA mutant, measured by 175 

counting the nodule number and carrying out the acetylene reduction assay on the 176 

inoculated pea plants, with values also comparable to those of wild-type, indicating that 177 

the Rlv3841 SixA homolog has no impact on these PTSNtr-regulated processes. This is 178 
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unlike in E. coli, where the sixA mutant is less efficient in colonising the mouse gut than 179 

wild-type (1).  180 

181 

Figure 3. The sixA gene is transcribed in the same pattern as the hprK gene. (A) 182 

Promoter activities of the sixA and hprK genes of wild-type cells grown in UMS liquid 183 

culture supplemented with 10 mM NH4Cl and either 10 mM glucose (dark grey bars) or 184 

10 mM succinate (light grey bars). Statistical significances were assessed by Student’s t-185 

test, with asterisks indicating the following level of significance: *** P ≤ 0.001 and * P ≤ 186 

0.05. Expression of (B) PsixA and (C) PhprK at different pHs in media supplemented with 10 187 

mM glucose and 10 mM NH
4
Cl. Data are averages (±SEM) from at least three independent 188 

cultures. Statistical significances were assessed by one-way ANOVA against pH 7 (grey 189 

bar), with asterisks indicating the following level of significance: ** P ≤ 0.01, and ns, not 190 

significant.191 
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192 
Figure 4. Deletion of sixA does not affect the tested phenotypes. Phenotypic assays 193 

comparing the sixA mutant to wild-type under identical conditions, with (B-C) done in free 194 

living cells in 10 mM glucose + 10 mM NH
4
Cl; and (D) in pea plants inoculated with these 195 

strains. The oxygen consumption rate (A), EPS production (B), AIB transport (C), and 196 

symbiotic phenotypes (D) of the sixA mutant were comparable to those of the wild-type. 197 

Data are averages (±SEM) from at least three independent cultures. Statistical 198 

significances were assessed by Student’s t-test, with asterisks indicating the following 199 

level of significance: * P ≤ 0.05 and ns, not significant. 200 

Table 5. Mean generation time of sixA mutants compared to Rlv3841 wild-type 201 

Growth Condition 
MEAN GENERATION TIME (hours)

wild-type ∆sixA

10 mM glucose + 10 mM NH4Cl 4.01 ± 0.93 4.27 ± 0.60
20 mM succinate + 10 mM NH4Cl 3.75 ± 0.12 4.09 ± 0.67
10 mM glucose + 10 mM glutamine 3.04 ± 0.47 3.64 ± 0.77
10 mM glucose + 10 mM glutamate 7.43 ± 1.53 8.10 ± 2.83
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Discussion 202 

Because E. coli SixA functions as a phosphohistidine phosphatase that 203 

dephosphorylates NPr within the PTSNtr regulatory network (1), we therefore studied the 204 

role of its homologue in R. leguminosarum. Despite evidence from GFP promoter fusions 205 

suggesting that sixA and hprK share similar expression patterns, functional 206 

characterisation of the sixA mutant in R. leguminosarum showed no evidence that SixA 207 

affects known PTSNtr functions. Across all tested conditions, the sixA mutant phenotype 208 

is indistinguishable from wild-type. This contrasts with findings in E. coli (1), which 209 

notably lacks the hprK gene present in α-proteobacteria, suggesting that R. 210 

leguminosarum and E. coli may employ distinct regulatory mechanisms to control the 211 

phosphorylation state of NPr. It is also plausible that the regulatory function of SixA 212 

manifests only under environmental contexts not yet tested, such as carbon limitation 213 

or osmotic stress, as suggested by the co-expression databases (23, 24). Additionally, 214 

given the role of the PTSNtr in regulating carbon and nitrogen balance, future work should 215 

include analysis of this strain under nitrogen-limiting conditions.  216 

Conclusion  217 

R. leguminosarum, and possibly other Alphaproteobacteria, regulate NPr 218 

phosphorylation differently from E. coli. Given that HprK is present in this lineage, it likely 219 

serves as the dominant regulator which promotes the non-phosphorylated state of the 220 

NPr. 221 
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6. General discussion & future perspectives 

First characterised in the 1990s (Powell et al., 1995), PTSNtr acts as a major sensor-

actuator of the carbon and nitrogen status in Alphaproteobacteria and has been the 

subject of several studies. More recent work has begun to elucidate the molecular 

mechanism and direct targets, notably the non-phosphorylated PtsN (EIIANtr) control of 

the KdpD-mediated potassium transport (Feng et al., 2022; Untiet et al., 2013) and 

PtsP~P binding to the ACT domain of long RSH protein (Ronneau, Petit, et al., 2016; 

Ronneau et al., 2019a). Nonetheless, dedicated PTSNtr reviews are sparse, with the last 

focused review on this system done by Pflüger-Grau and Görke (2010). Therefore, as the 

background for this thesis (Chapter 2), I review the most recent findings on PTSNtr with a 

focus on Alphaproteobacteria, discussing the general phosphorelay mechanism, each 

individual PTSNtr node, and its known regulatory targets. I also briefly cover some of the 

interaction partners identified in other clades but not yet confirmed in 

Alphaproteobacteria, as well as other key regulators that may act in concert with PTSNtr.  

In Chapter 3, I sought to characterise the role of PTSNtr in shaping carbon metabolism. 

Enzyme activity assays and polymer quantification show that carbon flux is regulated by 

the carbon-nitrogen balance, and that mutations in manX or hprK disrupt this control. In 

its unphosphorylated state, ManX regulates the TCA cycle dehydrogenase enzymes. 

Mutating manX, in turn, results in reduced TCA activity under nitrogen excess conditions. 

This phenotype resembles that of the wild-type under nitrogen-limiting conditions, in 

which TCA activity is reduced and carbon is rerouted to PHB, glycogen, and EPS. Loss of 

HprK abolishes serine phosphorylation of NPr, which normally antagonises the NPr-His 

phosphorylation (Dozot et al., 2010; Pinedo & Gage, 2009). Consequently, PtsN is 



210 

hyperphosphorylated in the hprK mutant, and EPS accumulates in this strain. 

Pyrimidines likewise accumulate in the hprK mutant, consistent with increased MDH 

activity. The hprK mutant appears to shift toward gluconeogenesis under conditions that 

are typically glycolytic. Based on qPCR analysis, we observed that pckR, which encodes 

a transcriptional factor that differentially regulates glycolysis/ED versus 

gluconeogenesis/TCA genes, is affected in the hprK mutant. While the evidence remains 

indirect, our findings refine the functional roles of ManX and HprK, positioning them as 

components of PTSNtr involved in the regulation of carbon metabolism.  

The interplay between the stringent response and PTSNtr under nitrogen starvation 

conditions was first established in the Alphaproteobacterium Caulobacter crescentus

(Ronneau, Petit, et al., 2016). In Chapter 4, we confirmed that this regulation is indeed 

conserved in R. leguminosarum, as evidenced by epistasis between ptsP and relA, and a 

direct PtsN-RelA protein:protein interaction. We further demonstrated how the readout 

of the intracellular nitrogen status by PTSNtr engages with the stringent response, resulting 

in common downstream physiological shifts, including the upregulation of the AapJQMP 

amino acid uptake system. This regulation does not involve (p)ppGpp acting at the 

promoter of the aapJQMP operon; rather, it is mediated by the sRNAs AbcR1/2. These 

findings provide evidence that PTSNtr, acting via (p)ppGpp, coordinate a graded, 

hierarchical regulatory cascade that governs the nitrogen-stress response at 

transcription initiation. Downstream sRNAs then provide an additional post-

transcriptional regulatory layer that scales the amplitude and timing of the response in 

proportion to the severity of starvation. The evidence for sRNA control obtained with the 

promoter activity reporters used in this study would be strengthened by direct 
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quantification of sRNA AbcR1 and AbcR2 abundance. Additionally, investigating whether 

NPr regulates RelA independently of PtsN in R. leguminosarum, as previously proposed 

for C. crescentus (Ronneau, Moussa, et al., 2016; Ronneau & Hallez, 2019b), is a 

potential direction for future study.

SixA is a phosphohistidine phosphatase originally characterised in Escherichia coli 

(Schulte & Goulian, 2018). Alphaproteobacteria encode SixA homologues that, despite 

their lower overall sequence similarity, retain the catalytic motif. In Chapter 5, we used a 

sixA mutant to study its PTSNtr-related function; however, the mutant was phenotypically 

indistinguishable from the wild-type under all conditions tested. Since sixA is 

predominantly co-expressed with genes involved in carbon metabolism, cell envelopes, 

and stress responses, future studies should investigate its role in these contexts.  

Going forward, potential follow-up work includes identifying novel interacting partners of 

PtsN (EIIANtr) and ManX (EIIAMan) using affinity native pull-downs with cell extracts followed 

by mass spectrometry, or using in vivo screening platforms such as yeast two-hybrid 

(Y2H) or bacterial two-hybrid (B2H). A particularly attractive candidate to test this direct 

interaction is the phosphate stress signalling pair PhoR/PhoB, since direct binding 

between PtsN and PhoR has already been shown in E. coli (Hsieh & Wanner, 2010; 

Lüttmann et al., 2012), and well-characterised links between the Pho regulon and the 

nitrogen response in Alphaproteobacteria have been described (Al-Niemi et al., 1997; 

Hagberg et al., 2016). Additionally, phosphate is an essential element that serves as a 

structural component of nucleic acids, plays central roles in cellular energy metabolism, 

and mediates signalling via protein phosphorylation. Phosphate availability constrains 

both carbon and nitrogen utilisation, and the Pho regulon accordingly exerts broad 
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control over carbon and nitrogen metabolism. To better understand the PTSNtr system, it 

can be advantageous to consider it within a carbon–nitrogen–phosphorus context rather 

than only carbon and nitrogen. 

A major challenge in studying the PTSNtr is disentangling the specific roles of its individual 

kinases, as well as in determining whether observed mutant phenotypes reflect direct or 

indirect effects of perturbing this globally acting signalling system. These difficulties are 

compounded because PTSNtr proteins have distinct targets and activities in different 

phosphorylation states. Consequently, simple loss-of-function mutants cannot 

unambiguously reveal whether a given defect is due to the phosphorylated form, the 

nonphosphorylated form, or both. This was particularly a challenge when we were 

studying the phenotype of the hprK mutant in Chapter 3. HprK regulates the 

phosphorylation states of NPr, PtsN, and ManX. Phenotypes attributed to an hprK 

mutation may result from hyperphosphorylated PtsN, ManX, or both, or from a direct 

activity of HprK that has not yet been identified. One important strategy for dissecting the 

PTSNtr function is therefore to use approaches that decouple protein presence from its 

phosphorylation state. This includes pairing phosphorylation-state mutants of one 

component with deletions of another (e.g. an hprK mutant combined with a non-

phosphorylatable PtsN and ManX, or non-phosphorylatable PtsN in the manX mutant 

background). Such double-mutant approaches should help to clarify the contributions of 

individual PTS proteins and their phosphorylation states to the observed phenotypes.  

Related to the signalling architecture of the PTSNtr regulatory system, it will also be 

informative to determine how phosphate is partitioned between the two PTSNtr branches, 

because asymmetric allocation of the phosphoryl groups will cause differential 
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regulation of downstream physiological programmes, with NPr acting as a control switch 

that sets the balance. It remains to be determined whether ManX and PtsN are 

phosphorylated at similar rates and whether, in the manX mutant, the absence of ManX 

as a phosphate sink results in hyperphosphorylation of PtsN, and conversely, whether 

loss of PtsN affects the phosphorylation state of ManX. Potential mechanisms that could 

shift this phosphate partitioning toward preferred regulatory output EIIA proteins include 

(i) partner abundance and affinity, which pull phosphate toward specific complexes and 

thereby shape the phosphorylation flow; (ii) the presence of multiple EIIA proteins (e.g., 

PtsN paralogues in rhizobia (Feng et al., 2022; Sánchez-Cañizares et al., 2020) that act as 

phosphate sinks; and (iii) serine phosphorylation of NPr by HprK/P competing with 

histidine phosphorylation. Indeed, the unequal distribution of phosphate observed in 

other clades is consistent with this view: in Pseudomonas putida, under fructose-

utilising conditions, the PTSNtr branch dominates the phosphoryl flux, with most 

phosphate preferentially transferred to EIIANtr (PtsN) (Pflüger & de Lorenzo, 2008). 

Likewise, in Ralstolnia eutropha, HPr~P readily phosphorylates PtsN, but it transfers 

phosphate only very slowly to the ManX homolog, PtsM (Krauße et al., 2009). 

Overall, the work presented in this thesis extends current understanding of PTSNtr-

mediated regulation in R. leguminosarum by elucidating roles for ManX and HprK in 

carbon metabolism and by describing how PTSNtr senses nitrogen and signals to the RSH 

(RelA) to trigger stringent response and promote amino-acid uptake during nitrogen 

stress. It also demonstrates that the sixA mutant displays no detectable phenotype in R. 

leguminosarum despite reported functions in E. coli, which refines our understanding of 

PTSNtr regulatory conservation across species. 
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APPENDIX: Supplementary Data  

A. Protein Purification 

In Chapter 3, we demonstrated that the manX mutant shows reduced activity of TCA 

cycle dehydrogenases. To assess whether this effect is mediated by protein-protein 

interactions, we planned to perform pull-down assays, which require prior purification of 

the relevant protein. Here, we show two purification trials of (1) ManX, (2) ManX carrying 

a single amino acid substitution at His9 to Alanine (ManX*Ala), and (3) malate 

dehydrogenase (MDH).  

The results of purification under non-reducing SDS-PAGE are shown in Figure 1. Proteins 

eluted in 300 mM imidazole were dialysed and then concentrated. MDH bands appeared 

as intense bands that corresponded to the expected molecular weight (~36.3 kDa).  ManX 

and ManX*Ala appeared less abundant and appeared to be aggregated after dialysis, as 

shown by the shift of bands from the expected ~19 kDa to ~50 kDa post-dialysis.  The 

presence of additional faint bands further suggested the presence of impurities in the 

sample. 

Additional attempts were made to obtain non-aggregating ManX and ManX*Ala proteins 

by incorporating the reducing agent DTT (2 mM) and glycerol during purification (Figure 

2). Under these conditions, aggregations appeared to be reduced.  



220

Figure 1. Purification results under non-reducing SDS-PAGE. Black arrows indicate the 

target protein based on the expected molecular weight, ~19 kDa for ManX and ManX*Ala, 

and ~36 kDa for MDH. White arrows show the aggregated ManX and ManX*Ala after 

overnight dialysis. 

ManX ManX*Ala MDH
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Figure 2. Purification of ManX and ManX*Ala proteins when reducing agent DTT (2 mM) 

and glycerol were added. Black arrows indicate the target protein based on the expected 

molecular weight (~19 kDa). 
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Methods  

pOPINF plasmids [1] carrying 6xHis-tag fusion of manX, manX H9A, or mdh were 

transformed into competent cells BL21(DE3) [2]. Escherichia coli transformants were 

grown in Luria-Bertani (LB) [3] solid or liquid medium supplemented with appropriate 

antibiotics (50 μg ml-1 carbenicillin) at 37oC. 0.5 mM isopropyl β-D-thiogalactopyranoside 

(IPTG) was used to induce 6xHis-tagged fusion protein expression for 16 hours at 20oC. 

Protein extracts were then prepared and purified using Ni-NTA columns (Thermo Fisher) 

according to the manufacturer's recommendations. Purified proteins were recovered as 

soluble fractions, and their purity was assessed by SDS-PAGE stained with Coomassie 

Brilliant Blue.  
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B. Single-Nucleotide Polymorphism Analysis  

Follow-up analysis of suppressor mutants identified in Muley [1]. Single-nucleotide 

polymorphisms (SNPs) detected in selected ΔgltB suppressor mutant strains isolated by 

selection of RU2307 (gltB::Ω - specR) for growth on AMS glucose–glutamate plates. These 

suppressor mutants exhibited elevated rates of amino acid uptake via the Aap and Bra 

transport systems; however, the genomic locations of the SNPs were not previously 

identified. 
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Table 1. Location of SNP detected in selected ΔgltB suppressor mutant strains.  

STRAINS CHROMOSOME 
GENOMIC 
POSITION 

TYPE 
REF 
NT 

ALT 
NT 

EVIDENCE 
FEATURE 

TYPE 
STRAND 

NT 
POSITION 

AA 
POSITION 

EFFECT 
LOCUS 

TAG 
GENE PRODUCT 

LMB88 pRL11 131216 snp T G G:96 T:0

LMB89 pRL7 84921 snp G A A:50 G:4

LMB89 Chromosome 2377579 snp G C C:87 G:0 CDS + 790/1452 264/483 
missense_variant 
c.790G>C 
p.Gly264Arg 

RL2257 ntrC 
two-component 
sensor/regulator; nitrogen 
transcriptional regulator NtrC 

LMB90 Chromosome 2058859 snp A C C:64 A:0 CDS - 348/435 116/144 
synonymous_variant 
c.348T>G 
p.Gly116Gly 

RL1952 RL1952 transmembrane protein 

LMB90 Chromosome 2377579 snp G C C:57 G:0 CDS + 790/1452 264/483 
missense_variant 
c.790G>C 
p.Gly264Arg 

RL2257 ntrC 
two-component 
sensor/regulator; nitrogen 
transcriptional regulator NtrC 

LMB94 pRL12 551322 snp T A A:66 T:0

LMB94 Chromosome 2402322 snp G T T:37 G:0 CDS + 30/2271 10/756 
synonymous_variant 
c.30G>T p.Ala10Ala 

RL2281 ntrY 
two-component 
sensor/regulator; nitrogen 
transcriptional regulator NtrY 

LMB94 Chromosome 3610499 snp C T T:44 C:0

LMB94 Chromosome 4982059 snp A C C:36 A:0 CDS + 440/657 147/218 
missense_variant 
c.440A>C 
p.Asp147Ala 

RL4678 RL4678 acetyltransferase 

LMB95 pRL12 551322 snp T A A:42 T:0

LMB95 Chromosome 2402322 snp G T T:27 G:0 CDS + 30/2271 10/756 
synonymous_variant 
c.30G>T p.Ala10Ala 

RL2281 ntrY 
two-component 
sensor/regulator; nitrogen 
transcriptional regulator NtrY 

LMB95 Chromosome 2406950 snp A G G:30 A:0

LMB95 Chromosome 2520244 snp T A A:45 T:0 CDS - 82/339 28/112 
missense_variant 
c.82A>T p.Ile28Phe 

RL2393 glnB* nitrogen regulatory protein PII 

LMB99 pRL12 551322 snp T A A:93 T:1

LMB99 Chromosome 2354431 snp C T T:56 C:0 CDS - 908/1290 303/429 
missense_variant 
c.908G>A 
p.Gly303Asp 

RL2234 gltA 
bifunctional citrate synthase 
type II / type II citrate synthase 

LMB99 Chromosome 2377849 snp G C C:60 G:0 CDS + 1060/1452 354/483 
missense_variant 
c.1060G>C 
p.Val354Leu 

RL2257 ntrC* 
two-component 
sensor/regulator; nitrogen 
transcriptional regulator NtrC 

LMB99 Chromosome 2402322 snp G T T:49 G:0 CDS + 30/2271 10/756 
synonymous_variant 
c.30G>T p.Ala10Ala 

RL2281 ntrY 
two-component 
sensor/regulator; nitrogen 
transcriptional regulator NtrY 

LMB99 Chromosome 3610499 snp C T T:63 C:0

LMB99 Chromosome 3867095 snp C A A:65 C:0
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Methods 

R. leguminosarum was grown on the minimal medium Universal Minimal Salts (UMS) 

supplemented with 10 mM glucose and 10 mM ammonium chloride to an OD₆₀₀ of 0.7. 

Genomic DNA was then extracted using the GeneJET Genomic DNA Purification Kit 

(Thermo Fisher Scientific, K0721) according to the manufacturer’s instructions. Purified 

DNA was submitted to MicrobesNG (Birmingham, UK) for whole-genome sequencing. 

Libraries were prepared and sequenced using Illumina short-read technology. Single 

nucleotide polymorphisms (SNPs) were identified using Snippy, a rapid haploid variant 

calling and core SNP phylogeny pipeline [2]. Snippy aligns Illumina reads to a reference 

genome, performs variant calling, and generates core SNP alignments for downstream 

phylogenetic analysis. 
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