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Abstract: Protein kinases and phosphatases are essential for post-translational regulation, enabling 

bacteria to adapt to environmental stresses and modulate virulence. While prior reviews have 

broadly covered their roles in stress response, antibiotic resistance, and virulence, this article updates 

specifically on the roles of histidine kinases (HKs) and serine/threonine kinases (STKs) in mediating 

phage-bacteria interactions. A key aspect is phage-encoded kinases, which hijack bacterial signalling 

by phosphorylating and disrupting host processes to promote infection. Despite their importance, 

significant gaps remain in understanding these regulatory networks. This microreview highlights 

both the unresolved mechanisms and the therapeutic potential of targeting kinase pathways—for 

instance, by disrupting phage evasion strategies or enhancing phage-based antimicrobial therapies. 
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resistance; persistence 

 

1. Introduction 

Bacterial survival in dynamic environments relies on sophisticated signalling systems, including 

particularly histidine kinases (HKs) and serine/threonine kinases (STKs) (for a more exhaustive 

classification and discussion of bacterial kinases refer to [1]), which govern adaptive responses to 

stressors ranging from nutrient scarcity to antimicrobial threats. HKs, central to two-component 

systems (TCSs) (e.g., Escherichia coli EnvZ/OmpR), transduce extracellular signals via histidine 

phosphorylation, driving stress adaptation, antibiotic tolerance/resistance [2] and virulence [3]. STKs, 

resembling eukaryotic kinases, regulate intracellular processes such as Staphylococcus aureus PknB-

dependent efflux pump activation [4] and E. coli HipA-induced persister cell formation [5,6], linking 

kinase activity to antibiotic tolerance and resistance. While these kinases are well-documented in 

stress resilience and therapeutic evasion [1,2,7], their roles in phage-bacteria interactions remain 

underexplored despite emerging evidence. For instance, Marinomonas mediterranea TCS BarA/UvrY 

modulates CRISPR-Cas defenses [8], and phages like T7 deploy kinase mimics (Gp0.7) to subvert host 

signalling [9]. Moreover, most studies of phage-bacteria interactions overlook environmental stress 

conditions that kinetically reshape bacterial physiology, potentially altering phage infectivity besides 

antibiotic susceptibility. This gap persists despite the clinical urgency of multidrug-resistant 

pathogens and the therapeutic promise of phages. By synthesizing recent advances, this article 

highlights the dual significance of HKs/STKs in stress-driven antibiotic resistance and more their 

nascent, yet critical, intersections with phage defense—a triad of interactions essential for 

deciphering bacterial adaptability and guiding next-generation antimicrobial strategies. 

2. Brief Sum of HKs and STKs in Bacterial Stress Response and Antibiotic 

Tolerance/Resistance 

Bacterial HKs and STKs are master regulators of stress adaptation and antibiotic 

tolerance/resistance. Their roles have been extensively reviewed across various organisms, including 
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in several recent reviews [1,2,10,11]. Therefore, only a brief summary is provided here to illustrate 

their distinct structural features and mechanistic strategies for counteracting environmental stress 

and therapeutic interventions. HKs, as core components of TCSs, are typically transmembrane 

proteins with a sensor domain that detects extracellular stressors such as osmotic shifts, nutrient 

deprivation, or antimicrobial presence. Upon signal perception, HKs autophosphorylate a conserved 

histidine residue within their cytoplasmic kinase domain, subsequently transferring the phosphate 

group to an aspartate residue on a cognate response regulator (RR) [12,13]. This phosphorylation 

activates the specific RR, enabling it to modulate transcription of stress-response genes. For instance, 

E. coli HK EnvZ phosphorylates RR OmpR to adjust porin expression in response to osmolarity, 

indirectly influencing antibiotic influx [14,15]. In more complex signaling networks, additional 

phosphotransfer intermediates such as DHp and Hpt domains are involved, and signal crosstalk 

between different TCS pathways can occur, even though HK-RR specificity is generally maintained  

[12,13]. For instance, Pseudomonas aeruginosa LadS, an HK autophosphorylates and passes on the 

phosphate to a second HK GacS, then to RR GacA, leading to a switch from the acute to the chronic 

virulence program and drug tolerance [16]. 

In contrast, STKs operate through eukaryotic-like phosphorylation cascades, dynamically 

modifying substrate proteins by transferring phosphate groups from ATP to specific serine/threonine 

residues to orchestrate diverse cellular processes, including cell division, sporulation, biofilm 

formation, stress responses, and host interactions [1]. For instance, in Bacillus subtilis, PrkC directs 

cell wall remodeling and sporulation [17]; Pseudomonas aeruginosa Stk1 modulates virulence and 

antibiotic resistance through transcription factor phosphorylation [18]; and Mycobacterium tuberculosis 

STK PknG regulates metabolic adaptation by redirecting carbon flux via GarA phosphorylation [19]. 

Among STKs is another group of toxin-like kinase exemplified by the E. coli HipA STK and its 

homologs/paralogs [20]. HipA is a component of the HipBA toxin-antitoxin (TA) system, 

orchestrating the formation of antibiotic-tolerant persister cells through a sophisticated 

phosphorylation cascade (reviewed in [21]). Under stress conditions, HipA phosphorylates glutamyl-

tRNA synthetase (GltX) at Ser239 [5], a critical enzyme responsible for charging tRNAGlu with 

glutamate during translation. This modification disrupts GltX’s function, leading to the accumulation 

of uncharged tRNAGlu. The uncharged tRNA activates the stringent response via the alarmone 

(p)ppGpp, a global regulator of stress adaptation. Elevated (p)ppGpp levels halt ribosomal RNA 

synthesis [22], repress translation machinery assembly, and arrest growth-related processes [23,24], 

effectively inducing a metabolically dormant state. This transient shutdown allows a subpopulation 

of cells (persisters) to evade bactericidal antibiotics (e.g., fluoroquinolones [25]) that target active 

cellular functions. While not genetically resistant, persisters survive treatment by entering this 

quiescent state, later resuscitating to repopulate the bacterial community post-stress. Alternatively, 

persisters could obtain mutations, becoming resistant to the applied antibiotics [26]. The HipA-GltX 

axis exemplifies how TA systems drive phenotypic heterogeneity [27], highlighting a key mechanism 

behind chronic infections and antibiotic recalcitrance [21,26]. 

While HK/STK pathways are well-established modulators of bacterial metabolism and envelope 

integrity—directly shaping antibiotic susceptibility by altering drug targets or access—their interplay 

with phage infections remains poorly characterized. Recent breakthroughs in phage-bacteria 

interaction studies have unveiled sophisticated defense and counter-defense systems [28], yet the 

involvement of kinase signalling in these dynamics is strikingly understudied. Given that phages 

predominantly infect bacteria living under various environmental stresses—conditions where 

HK/STK networks are supposed to be active—it is logical to hypothesize that kinase activity 

influences phage predation efficacy, either by priming host defenses or by reshaping physiological 

states critical for viral replication. This highlights a pivotal gap in our understanding of the tripartite 

interactions between bacteria, antibiotics, and phages. Addressing this knowledge gap could reveal 

novel strategies to potentiate phage therapy or disrupt stress-induced antibiotic tolerance. Therefore, 

the following section explores how HK/STKs influence the outcomes of phage infections. 
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3. Bacteria-Encoded STKs in Phage-Bacteria Interactions 

So far, there are very few studies (Figure 1A) reporting the involvement of host bacteria-encoded 

STKs in mediating interaction with phages. 

3.1. Mycobacterium smegmatis StpK7: A Pro-Phage Kinase [29] 

In M. smegmatis, the STK StpK7 (MSMEG_1200) is uniquely exploited by the TM4 phage to 

counteract host defenses. StpK7 resides within a BREX (bacteriophage exclusion)-like gene island 

(MSMEG_1191 to MSMEG_1200) and phosphorylates to inhibit a transcription factor (MSMEG_1198) 

in this locus, silencing this host defense system. This phosphorylation sustains TM4 phage adsorption 

to host cells by maintaining normal glycolipid surface receptors and suppresses bacterial cell death, 

thereby enabling phage replication. However, the exact activating signal of StpK7 remains unknown. 

3.2. Staphylococcus aureus StpK: Altruistic Suicide via Phosphorylation [30] 

In Staphylococcus, infection by a temperate phage CNPx triggers the activation of StpK by the 

viral protein PacK, a P-loop NTPase domain protein. Activated StpK phosphorylates many essential 

host proteins involved in translation, DNA repair, and central metabolism, inducing rapid cell death. 

This altruistic suicide limits phage propagation, protecting neighboring bacterial populations—a 

defense mechanism akin to abortive infection systems. Intriguingly, StpK (Stk2) seems to collaborate 

with a second conserved kinase Stk1 (or PknB) (linked to cell wall integrity, antimicrobial resistance 

[4,31] and virulence [32] of Staphylococcus), forming a phosphorylation cascade reminiscent of 

eukaryotic antiviral pathways. 

3.3. Streptomyces PglW: Component of Pgl/BREX Defense [33] 

Streptomyces coelicolor STK PglW is linked to the phage growth limitation (Pgl) and BREX anti-

phage systems, which block phage C31 DNA replication. In Pgl, PglW’s kinase activity is essential 

for signaling during phage infection, likely phosphorylating downstream targets like PglZ (a 

phosphatase-like antitoxin) and PglX (a toxin DNA methyltransferase) to activate phage restriction. 

This system uniquely combines toxin-antitoxin regulation with DNA modification: PglX methylates 

phage DNA during initial infection, marking progeny phages for attenuation in subsequent 

infections of Pgl+ host cells. Unlike classical Restriction-Modification systems, Pgl tolerates transient 

modification failures but restricts phage spread through phase variation, which is regulated by a 

hypervariable G-tract in pglX gene to balance defense costs and evade phage counteradaptation. 

3.4. Enterococcus faecalis IreK: Sensing Phage Infection Signals [34] 

IreK, a STK in Enterococcus faecalis, plays a central role in mediating stress-responsive activation 

of the type VIIb secretion system (T7SS), which drives collateral damage to non-target bacteria in 

multi-species communities. During lytic phage infection, membrane damage triggers IreK-

dependent signaling, leading to transcriptional upregulation of T7SS genes in coordination with 

OG1RF_11099, a GntR-family transcription factor. This activation induces contact-dependent 

antagonism of bystander Gram-positive bacteria through toxin (LXG)-mediated activity, while 

immunity proteins protect kin cells. 

3.5. Pseudomonas aeruginosa KKP: Dual-Function Module Balancing Prophage Activation and Antiphage 

Defense [35] 

The KKP (kinase-kinase-phosphatase) module comprising two Ser/Thr kinases (PfkA, PfkB) and 

a phosphatase (PfpC) is a dual-function regulatory system in Pseudomonas aeruginosa Pf filamentous 

prophages that coordinates prophage activation and antiphage defense. The KKP system controls 

virion production of co-resident Pf prophages by modulating phosphorylation of MvaU, a host 

nucleoid-binding protein and prophage silencer, where phosphatase activity promotes virion release 
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while kinase activity maintains lysogeny. Additionally, KKP functions as a tripartite toxin-antitoxin 

system, providing defense against diverse lytic phages: when lytic phages infect, a conserved phage 

replication protein (e.g., T4 phage Gp59) inhibits PfpC phosphatase activity, unleashing toxic kinase 

activity that blocks lytic phage replication. The conservation of KKP-like modules across >1,000 

temperate prophages suggest widespread roles in balancing lysogeny and lytic defense, with 

implications for biofilm formation, virulence, and phage competition in bacterial populations. 

These examples underscore divergent STK roles: while Staphylococcus, Pseudomonas and 

Streptomyces STKs mediate anti-phage defenses, M. smegmatis StpK7 is subverted by phages to disable 

host immunity. 

 

Figure 1. Bacteria-encoded (A) and phage-encoded (B) Serine/Threnine Kinases (STKs) in mediating phage-

bacteria interactions. Gram-positive and negative-bacteria cell envelopes are colored in purple and red, 

respectively. The STK names are in bold; phage names and their proteins are in red font; prophages and their 

encoded proteins are in purple. (A) Briefly, TM4 phage infection of M. smegmatis activates StpK7, inhibiting the 

defense island BREX thereby facilitating TM4 infection [29]. Phage CNPx derived protein PacK activates 

Staphylococcus StpK(Stk2) to inhibit essential host proteins, aborting phage infection [30]. Streptomyces coelicolor 

STK PglW phosphorylates PglZ to activate PglX, methylating phage DNA to prevent its infection [33]. 

Enterococcus STK IreK phosphorylates GntR to express the type VIIb secretion system (T7SS), mediating contact-

dependent killing [34]. Pseudomonas KKP (kinase-kinase-phosphatase) module balances prophage activation and 

antiphage defense [35]. (B) Briefly, T7 phage STK Gp0.7 reprograms transcription and translation for viral 

proliferation, while prophage 933W encoded Stk, activated by HK90-derived Orf41, blocks HK90 infection [36]. 

JSS1_004 phosphorylates a few phage-defense systems (Dnd, CRISPR-Cas), facilitating the infection of phage 

JSSI in Salmonella [37]. See main text for details. (Created in BioRender. ZHANG, Y. (2025) 

https://BioRender.com/pjeuujn). 

4. Phage-Encoded STKs in Phage-Bacteria Interactions [9] 

Not surprisingly, phages also encode kinases, playing critical roles in subverting host machinery 

to facilitate viral replication (Figure 1B). A well-characterized example is T7 phage Gp0.7, a STk that 

phosphorylates multiple host E. coli proteins to hijack cellular processes. Gp0.7 modifies the β’ 

subunit of host RNA polymerase at Thr1068, promoting transcription termination at phage early 

genes and redirecting resources to viral middle/late gene expression [38,39]. It also phosphorylates 
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RNase III, enhancing its activity to process phage transcripts, and targets translation machinery—

including elongation factor G, ribosomal protein S6, and initiation factors—to prioritize phage 

mRNA translation [39,40]. Additionally, Gp0.7 destabilizes host RNA degradosome components like 

RNase E, stabilizing viral RNA [41]. These modifications optimize T7 replication, particularly under 

stress conditions (e.g., nutrient scarcity) [42], where Gp0.7 becomes essential for phage survival [9]. 

A recent preprint reported a much broad range of substrates of Gp0.7 and suggest that Gp0.7 is a 

hyper-promiscuous STK [43]. 

Another example is a tyrosine kinase Stk, encoded by the lambdoid phage 933W. Stk is activated 

during infection by the heterologous phage HK97, which expresses the protein Orf41 [36]. This 

interaction triggers Stk autophosphorylation, leading to phage exclusion and protecting the bacterial 

population from secondary HK97 infections. 

A third example is the phage-encoded kinase JSS1_004 in Salmonella phage JSS1, functioning as 

a versatile immune evasion factor that disrupts multiple bacterial defense systems to facilitate viral 

proliferation [37]. JSS1_004 employs its N-terminal Ser/Thr/Tyr kinase activity to phosphorylate key 

components of the host’s DNA degradation (Dnd) system—specifically targeting the DndFGH 

complex—thereby subverting phosphorothioate-mediated self/non-self discrimination and DNA 

cleavage. Beyond Dnd, JSS1_004 broadly phosphorylates (likely similar to T7 Gp0.7) diverse bacterial 

immune pathways, including CRISPR–Cas, QatABCD, SIR2+HerA, and DUF4297+HerA, effectively 

neutralizing their defensive capabilities. This multisite phosphorylation strategy allows JSS1_004 to 

dismantle layered host defenses, enhancing phage survival even against combinatorial bacterial 

immunity. The widespread phylogenetic distribution of JSS1_004 homologs suggests that such 

kinase-driven immune evasion represents a conserved countermeasure among phages, enabling 

them to overcome complex resistance mechanisms and thrive in hostile host environments. 

These examples highlight the dual roles of phage kinases: T7 Gp0.7 reprograms transcription 

and translation for viral proliferation, while 933W Stk acts more as a defensive sentinel. These and 

the above mechanisms underscore the importance of phosphorylation in phage-host conflicts, 

offering insights into bacterial stress adaptation and potential therapeutic targets to facilitate phage 

replication. 

Notably, it is clear from above descriptions that defining the origin of kinases as strictly bacterial 

or phage-encoded presents a significant challenge due to the blurred boundaries between host and 

viral genomes. For instance, prophages are viral DNA integrated into bacterial chromosomes and 

complicate categorization, as their genes may become permanently fixed in the host genome over 

evolutionary time, functioning as bacterial genes. Similarly, phage defense islands often cluster with 

mobile genetic elements [44], suggesting that many of these genes originate from ancient prophages, 

transposons and integrative conjugative elements that are co-opted by bacteria and repurposed to 

combat related or novel phages. Regardless of their evolutionary origin, STKs exemplify their 

functional versatility, acting as potent tools to manipulate host physiology or disrupt phage activity 

during their dynamic interplay. This genetic fluidity underscores the difficulty in disentangling 

“bacterial” from “phage” contributions, reflecting the intertwined evolutionary histories of microbes 

and their viruses. 

5. Bacteria HKs in Phage-Bacteria Interactions 

There are surprisingly fewer reports (Figure 2) of canonical HK/RRs systems that are involved 

in phage-bacteria interactions, despite the large body of research of them in bacterial stress response 

and antibiotic tolerance and resistance. Only three examples were found and described below, i.e., 

the Rcs, BarA/UvrY and Cpx pathways. Recent excellent reviews of relevance are recommended for 

further read [11,45]. 
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6. The Rcs (Regulator of Capsule Synthesis) System: A Multifaceted Envelope 

Stress Response Pathway [46] 

The Rcs system is a complex bacterial signalling network that responds to diverse envelope 

stresses, including perturbations in lipopolysaccharide (LPS) charge/fluidity [47–49], peptidoglycan 

biosynthesis defects [50], impaired lipoprotein trafficking [51], and loss of periplasmic osmoregulated 

glycans [52]. Central to this system is the outer membrane lipoprotein RcsF, which acts as a stress 

sensor. In its unique conformation, RcsF threads through outer membrane proteins (OMPs), 

positioning its signalling domain in the periplasm to detect LPS alterations via electrostatic 

interactions and potentially sense peptidoglycan disruptions [49]. Activation of Rcs involves a multi-

step phosphorelay distinct from simpler two-component systems: under stress, RcsF relieves IgaA-

mediated repression of the HK RcsC [53,54], enabling autophosphorylation and subsequent 

phosphotransfer through RcsD to the RR RcsB. Phosphorylated RcsB regulates transcription either as 

a homodimer or by forming heterodimers with auxiliary regulators like RcsA, which is controlled 

post-translationally via proteolysis and folding dynamics [46]. The Rcs regulon drives diverse 

physiological adaptations, including upregulation of colanic acid capsule synthesis, biofilm 

formation [55], and stress resistance (via RpoS activation through the sRNA RprA [56]), while 

repressing motility genes [57]. RcsB also interacts with non-canonical partners (e.g., BglJ, GadE) [46] 

to fine-tune responses. Despite its well-characterized roles, many Rcs-regulated genes remain 

unannotated [46], underscoring the system’s complexity in bridging envelope integrity monitoring 

with global transcriptional reprogramming. 

The Rcs phosphorelay system in Serratia sp. ATCC 39006 was found to act as a dual regulator 

of phage defense, balancing innate and adaptive immunity [58] (Figure 2A). Mutations activating Rcs 

(e.g., ∆igaA/∆mdoG) induce cell-surface modifications via RcsB-RcsA, blocking phage adsorption 

through innate mechanisms, while concurrently suppressing CRISPR-Cas adaptive immunity. 

Suppressed CRISPR-Cas system instead facilitates plasmid-mediated antibiotic resistance gene 

transfer. This trade-off prioritizes rapid, energy-efficient innate protection under stress over costly 

CRISPR-Cas activity, enhancing survival in dynamic environments. Therefore, Serratia seems to have 

repurposed Rcs to strategically allocate defenses. These findings position Rcs as a central integrator 

of environmental signals and defense prioritization, with implications for therapeutic design and 

understanding conserved stress-immune crosstalk in Gram-negative bacteria. 

 

Figure 2. Bacterial Histidine Kinases (HK) (in two-component systems, TCS) in mediating phage-bacteria 

interactions. For simplicity, all three HKs. (in bold) and their cognate response regulators (RRs, with a phosphate 
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Pi) are presented in the similar 3-D architectures with varied colors. (A) Briefly, Serratia Rcs TCS system balances 

innate immunity (mediated by changed cell surface structures and nonspecific blockage of phage absorption) 

and adaptive immunity (mediated by repressed CRISPR-Cas system) [58]. The latter allows horizontal transfer 

of plasmids containing antibiotic resistance genes from other cells. (B) Marinomonas BarA/UvrY-like TCS system 

PpoS/PpoR regulates expression of both PAM-dependent and -independent CRISPR-Cas systems, avoiding 

phage escape mutations [8]. (C) The Cpx (conjugative pilus expression) TCS system mediates conjugative 

plasmid transfer and cross-species spread of multidrug resistance genes, besides upregulating efflux pumps to 

cause antibiotic resistance. (Created in BioRender. ZHANG, Y. (2025) https://BioRender.com/efjlk59). 

7. BarA/UvrY (PpoS/PpoR) System in Phage Resistance via CRISPR-Cas in 

Marinomonas mediterranea [8] 

The BarA/UvrY TCS system, termed PpoS/PpoR in Marinomonas mediterranea MMB-1, plays a 

critical role in regulating the bacterium’s dual CRISPR-Cas systems (type I-F and III-B) to confer 

phage resistance (Figure 2B). PpoS, a hybrid HK, initiates a phosphorelay cascade by sensing 

environmental signals, likely related to stress or phage presence, and phosphorylates the RR PpoR. 

Activated PpoR subsequently drives the transcriptional upregulation of cas operons for both CRISPR-

Cas systems, even in the absence of phage infection, ensuring constitutive expression of defense 

machinery. This regulatory mechanism primes the bacteria for rapid CRISPR-Cas activity, enabling 

cooperative targeting of phages by the I-F system (PAM-dependent) and the III-B system (PAM-

independent), which compensates for phage escape mutations. Mutants lacking ppoS or ppoR exhibit 

reduced cas gene expression and heightened phage susceptibility, underscoring the system’s 

necessity for maintaining CRISPR-Cas readiness. Additionally, the PpoS/PpoR cascade involves 

homologs of the CsrA regulatory protein and small RNAs (CsrB/CsrC), suggesting a layered 

regulatory network akin to BarA/UvrY-Csr systems in other bacteria [59], though the primary 

mechanism here is transcriptional. By integrating stress signaling with CRISPR-Cas activation, the 

PpoS/PpoR system optimizes M. mediterranea’s adaptive immunity, balancing metabolic costs with 

robust antiviral defense in dynamic marine environments. 

8. The Cpx Envelope Stress Response System 

For a nice recent review of Cpx pathway please refer to [60]. Below only the core functions, and 

recent progress especially its connection with plasmid horizontal transfer is summarized. 

8.1. Molecular Mechanisms and Physiological Relevance 

The Cpx system in E. coli serves as a critical sentinel of inner membrane and periplasmic stress, 

distinct from the sigma-E system that monitors outer membrane integrity [45]. Activated by diverse 

perturbations—including pH shifts [61], osmolarity changes [62], peptidoglycan biosynthesis defects 

[63], copper exposure [64], and misfolded inner membrane/periplasmic proteins—the Cpx response 

employs the sensor HK CpxA and its cognate RR CpxR. Stress signals, such as structural misfolding 

of CpxA’s periplasmic domain or mislocalization of lipoproteins like NlpE to the inner membrane, 

trigger CpxA autophosphorylation, followed by phosphotransfer to CpxR. Activated CpxR then 

transcriptionally modulates stress-mitigation pathways: upregulating chaperones (e.g., DegP), 

proteases, peptidoglycan modifiers, and efflux pumps, while repressing non-essential inner 

membrane complexes (e.g., nuo, cyo) [65] to alleviate metabolic burden. A self-regulating negative 

feedback loop involves CpxR-induced expression of cpxP [66], which inhibits CpxA [67], and the 

sRNA CpxQ [68], which fine-tunes CpxP and chaperone Skp levels [69]. By dynamically balancing 

protein folding, redox/metal homeostasis, and membrane integrity, the Cpx system ensures bacterial 

survival under envelope stress, exemplifying its role as a versatile orchestrator of inner membrane 

adaptation. 

The Cpx system critically modulates bacterial virulence by spatial-temporally regulating toxin 

and adhesion factor expression [70,71] (e.g., in Salmonella and E. coli), coordinating pathogenicity 
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island activity, and balancing biofilm formation with host invasion [60]. The Cpx system ensures 

proper folding of virulence factors like P-pili in uropathogenic E. coli (UPEC) [72–74], contributing to 

successful host colonization. It also drives antimicrobial resistance via upregulation of efflux pumps 

(e.g., AcrAB-TolC) [75–77], β-lactamase expression [78], and cell wall modifications [79]. 

Additionally, the Cpx system maintains redox homeostasis by countering oxidative stress [80,81] and 

facilitates acid adaptation by modulating membrane fatty acids [82]. Remarkably, it engages in inter-

kingdom signalling by sensing host-derived molecules like serotonin and indole [83,84], fine-tuning 

virulence gene expression in intestinal pathogens. By integrating stress adaptation, virulence, 

resistance, and host-microbe crosstalk, the Cpx system exemplifies a central hub in bacterial survival, 

offering therapeutic targets for combating infections and antibiotic resistance. 

8.2. Recent Update of cpx in Antibiotic Hetero-Resistance and Resistance 

The first study [78] demonstrates that hyperactivation of the Cpx pathway, through a gain-of-

function mutation in the sensor kinase CpxA (Y144N), confers resistance to β-lactams (e.g., 

imipenem) and aminoglycosides (e.g., amikacin). This resistance arises from two key mechanisms: 

downregulation of outer membrane porins like OmpF, which reduces β-lactam influx, and 

upregulation of efflux pumps such as AcrD, which expels aminoglycosides. Notably, this protection 

is antibiotic-specific, with no observed resistance to fluoroquinolones, underscoring the Cpx system’s 

role in targeted envelope remodeling. The Y144N mutation disrupts the inhibitory interaction 

between CpxA and its periplasmic repressor CpxP, leading to constitutive activation of the response 

regulator CpxR (CpxR~P). This persistent activation drives envelope stress responses, including 

peptidoglycan repair and efflux pump expression, highlighting Cpx’s adaptability to cell wall 

damage caused by β-lactams. 

A second study [85] demonstrates that CpxRA mediates transient aminoglycoside hetero-

resistance in Enterobacter cloacae by activating cell envelope stress responses, leading to the formation 

of small colony variants (SCVs) with significantly increased minimal inhibition concentration (MIC) 

for gentamicin and related aminoglycosides but not other antibiotic classes. Genetic evidence shows 

that deletion of cpxRA abolishes both SCV formation and aminoglycoside resistance, while a 

constitutively active cpxA allele induces high-level resistance, confirming CpxRA’s essential role. 

Importantly, environmental stressors like copper exposure activate this Cpx-mediated resistance 

pathway in both laboratory strains and clinical bloodstream isolates, revealing a conserved 

mechanism of phenotypic resistance. These findings highlight how non-genetic, stress-induced 

activation of the Cpx system can drive antibiotic hetero-resistance through transcriptional 

reprogramming, potentially contributing to treatment failures and suggesting that common 

antimicrobial metals like copper may inadvertently promote aminoglycoside resistance in this 

important ESKAPE pathogen. 

8.3. Cpx in Plasmid Mobilization 

The Cpx system, named for its role in “conjugative pilus expression”, traces its origins to early 

studies in E. coli where it was first identified as a regulator of F-plasmid conjugation and related to 

phage intearction [86,87]. While subsequent work [65] expanded Cpx’s functions to include global 

envelope stress management, the original nomenclature endured, reflecting its foundational 

association with plasmid biology. Recent study [88] in pathogens like Klebsiella pneumoniae further 

cement this link (Figure 2C), demonstrating that CpxR plays a dual role in enhancing carbapenem 

resistance and plasmid transfer. Through genetic and biochemical analyses, researchers found that 

CpxR directly binds to the promoter regions of both the carbapenemase gene blaKPC and the 

conjugative tra operon on IncFII plasmids, upregulating their transcription. Deletion of cpxR 

increased carbapenem sensitivity and impaired plasmid transfer, while complementation restored 

resistance. Notably, CpxR’s regulation of blaKPC expression and plasmid conjugation was 

demonstrated in both classical (cKP) and hypervirulent (hvKP) K. pneumoniae, suggesting a conserved 

mechanism. These findings provide direct evidence that a host-encoded TCS (CpxAR) controls 
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plasmid-borne resistance genes and facilitates their spread, offering new insights into how K. 

pneumoniae adapts to antibiotic pressure and acquires resistance. This regulatory link between 

chromosomal signalling and mobile genetic elements could inform strategies to combat carbapenem-

resistant K. pneumoniae infections. To echo the link with phage interaction, recently, a lot of novel, 

underexplored phages were identified that exploit the plasmid-encoded conjugative pili for host cell 

infection [89]. Therefore, the role of Cpx in mediating the interaction with these phages is likely 

underappreciated. 

9. Perspectives and Biotechnical Applications 

Despite growing evidence of HKs and STKs in mediating phage-bacteria interactions, significant 

knowledge gaps persist. First, only a handful of HKs/STKs have been definitively linked to phage 

defense, a striking contrast to their extensive diversity in bacterial genomes. Even with the studied 

ones, most examples appear dedicated solely to phage resistance without broader roles in host 

physiology, with rare exceptions like Staphylococcus Stk1, M. mediterranea BarA/UvrY and Serratia Rcs. 

Second, even for the characterized kinases (e.g., M. smegmatis StpK7 [29], Streptomyces PglW [33], 

Enterococcus IreK [34]), key mechanistic details, particularly their activation signals, remain unclear. 

In this regard, the activation signals of the majority of toxin-like kinases (e.g., HipA) remain to be 

discovered, despite the hypothesis that phage infection could be the triggers. Conversely, the 

prevalence of environmental stressors in natural settings suggests HKs/STKs likely play 

underappreciated roles in phage interactions. Bacteria routinely activate kinase pathways under 

stresses, forcing phages to counteract these defenses as seen with T7’s Gp0.7 [9] and JSS1_004 kinases  

[37]. Therefore, a systematic exploration of kinase-phage crosstalk in both model organisms and 

across bacterial taxa is needed to uncover both conserved mechanisms and taxon-specific adaptations 

in kinase-phage interplay. 

Despite the current limitations, it is conceivable that kinase networks have promising potential 

as targets for combating antibiotic resistance and enhancing phage therapy. Inhibitors disrupting key 

systems like Cpx (e.g., blocking carbapenemase expression [88]) or Rcs (e.g., preventing capsule-

based immune evasion [58]) could cripple bacterial defenses. Strategic combinations such as pairing 

kinase inhibitors with antibiotics or engineering phages to deliver kinase-modulating effectors may 

overcome resistance mechanisms. Additionally, environmental interventions (e.g., modulating metal 

ions [64,85]) could suppress stress-induced kinase activation that promotes phage tolerance. The 

integration of kinase targeting with metabolic disruption (e.g., indole signalling in Pseudomonas [83]) 

may be particularly effective against chronic, biofilm-associated infections. 

Advancing these opportunities requires high-throughput tools (e.g., deep sequencing) to map 

kinase-phage interaction networks and AI-driven structural modelling to design precision inhibitors. 

Evolutionary studies of kinase-phage arms races could reveal conserved vulnerabilities for broad-

spectrum therapies. Clinically, developing kinase activity biomarkers may predict treatment 

outcomes, guiding personalized phage-antibiotic regimens. By unifying fundamental kinase biology 

with therapeutic innovation, we can transform these regulatory hubs into levers for controlling 

bacterial adaptability, turning the tide against multidrug-resistant pathogens. 
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