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Editorial on the Research Topic
 Reviews in molecular evolution of infectious agents and diseases




The current Research Topic aims to publish high-quality scholarly review articles on key topics in molecular epidemiology and the evolution of infectious pathogens. It aims to highlight recent findings in the field while emphasizing important directions and new possibilities for future inquiries. Ten articles were published, consisting of six Reviews, two Systematic Reviews, one Mini Review, and one Author's Correction. The six Review articles address the molecular evolution of bacterial, viral, fungal, and parasitic pathogens. Li et al. provided a comprehensive overview of the genomic evolution of enteric pathogens and their mechanisms of pathogenicity and resistance to therapeutic agents. With regard to bacterial intestinal pathogens, the authors focused in particular on human pathogenic Escherichia coli pathotypes, Klebsiella spp., Shigella spp., and Campylobacter spp., their pathogenicity, and antimicrobial resistance mechanisms, including horizontal transfer of genetic determinants. The situation with gut fungi, mainly Candida spp., appears different, with adaptation occurring predominantly through genome remodeling and lineage-specific gene family diversification, rather than horizontal gene transfer (HGT) mechanisms central to bacterial evolution. As a consequence, antifungal resistance mechanisms arise essentially through point mutations and by gene amplification to enhance efflux pump and target enzyme expression. The pathogenic evolution of intestinal parasites, particularly protozoans (e.g., Cryptosporidium spp.), relies mainly on reductive genomic evolution, resulting in antigenic plasticity and modulation of host regulatory networks to establish chronic infections within the gastrointestinal tract. Genomic evolution of intestinal viruses (e.g., rotaviruses, noroviruses) is mainly driven by mutation, recombination, and immune selection to enhance their virulence, transmissibility, and zoonotic potential. Of note, in their review, the authors also reported on prion evolution, mediated solely through protein conformational transitions. This process is elaborately regulated by host genetic factors (notably PRNP polymorphisms) and the intestinal microenvironment. The authors also highlighted advances in the field of diagnosis (e.g., the development of precision diagnostics or therapy, including novel therapeutic strategies), taking into account the genomic evolution of enteric pathogens.

Two Review articles focused on specific bacterial pathogens. Li and Farzana reviewed mobile genetic elements (MGE) shaping Klebsiella pneumoniae pathogenicity. Among MGEs, plasmids, integrative conjugative elements (ICE), insertion sequences (IS), transposons, and integrons have contributed to the evolution of K. pneumoniae from an opportunistic pathogen toward hypervirulent strains causing severe infections in healthy individuals, with, in addition, carbapenem-resistant variants achieving high mortality rates. Mikhailovich et al. provided a current view on Stenotrophomonas maltophilia virulence. As with K. pneumoniae, this bacterial species has evolved from an opportunistic pathogen to a critical pathogen in the COVID-19 pandemic background, due to the fact that it is one of the most common causative agents of respiratory co-infections and bacteremia in critically ill COVID-19 patients. S. maltophilia adapts rapidly to unfavorable conditions, such as during antimicrobial treatment of hospitalized patients. Being initially intrinsically multidrug-resistant, under the selective pressure of hospital conditions, rapid acquisition of adaptive mutations can increase its resistance to many antimicrobials by upregulating its multiple efflux pump arsenal, and biofilm formation may also help it survive and persist in hospital environmental conditions. Moreover, these conditions appear interconnected to regulate the virulence mechanisms of S. maltophilia.

Two Review articles covered viral infections. Yu et al. provided a comprehensive overview of advances in research on severe fever with thrombocytopenia syndrome virus (SFTSV). This virus causes an acute infectious disease with a high mortality rate in severe human infections and has spread globally, in particular in Asian countries such as China, South Korea, and Japan. As with other pandemic viruses, SFTSV evolves rapidly through genetic mutations, reassortment, and homologous recombination. This evolution may affect pathogenesis and the rapid detection/diagnosis of the virus, along with the prevention of its spread. Wei et al., in a Mini Review, provided an update on feline calicivirus (FCV), comprising viral evolution, pathogenesis, epidemiology, prevention, and control. FCV is a prevalent and impactful viral pathogen affecting domestic cats. This virus displays high mutability and genetic plasticity, enabling its persistence within cat populations. Clinical manifestations range from asymptomatic infection and mild oral or upper respiratory tract infection to potentially virulent systemic and fatal infection. Persistence in the feline population is associated with concomitant viral genetic evolution resulting in altered immune responses and sequential reinfection. It potentially affects also its detection/diagnosis, prevention, and control.

With regard to infections caused by fungi, La Santrer et al. reviewed the protein kinase (PK) family in fungi about their adaptability, virulence, and conservation between species. This large family of enzymes plays a central role in cellular signaling through protein phosphorylation and controls cellular processes in response to stress conditions. The authors reviewed the role of kinases in fungal stress adaptation, discussing how the high conservation of their catalytic kinase domains makes them valuable as phylogenetic markers and therapeutic targets for several important fungal pathogens, such as Candida albicans, Cryptococcus neoformans, and Aspergillus fumigatus.

One Review article by Wu et al. focused on more technological aspects, namely Argonaute protein-based nucleic acid detection technology for rapid diagnosis of pathogens. Argonaute (Ago) proteins are recently discovered nucleases with nucleic acid shearing activity that exhibit specific recognition properties beyond CRISPR–Cas nucleases. The authors reviewed the current knowledge on the structure and function of Ago proteins and discussed the latest advances in their use for nucleic acid and pathogen detection.

Two articles of the Research Topic were Systematic Review articles, consisting of a literature search and analysis using several databases. Wang et al., by analyzing a selection of 27 studies, attempted to determine the molecular clock evolution rate of clinical Mycobacterium tuberculosis isolates. According to their analysis, the mutation rate of clinical M. tuberculosis strains is below 1 SNP per genome per year, indicating evolutionary stability in clinical settings. This finding appears important for tuberculosis outbreak reconstructions and public health strategies. Briki et al. performed a systematic search in literature databases over the period January 2010 to July 2025 to assess the molecular epidemiology of methicillin-resistant Staphylococcus aureus (MRSA) in Gulf Cooperation Council (GCC) countries. According to their analysis, MRSA in the GCC shows dynamic and evolving patterns. The authors propose that the One Health approach, combined with strengthened antimicrobial stewardship, mandatory hospital screenings, and wastewater monitoring, could improve MRSA detection, tracking, and control across the region.

In summary, the contributions to the present Research Topic provide an overview of current knowledge on the molecular evolution of several infectious pathogens of importance in human or veterinary medicine. We hope it will promote discussion in the infectious disease community that will translate to best practice applications in clinical, public health, and policy settings.
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It is vital to diagnose pathogens quickly and effectively in the research and treatment of disease. Argonaute (Ago) proteins are recently discovered nucleases with nucleic acid shearing activity that exhibit specific recognition properties beyond CRISPR–Cas nucleases, which are highly researched but restricted PAM sequence recognition. Therefore, research on Ago protein-mediated nucleic acid detection technology has attracted significant attention from researchers in recent years. Using Ago proteins in developing nucleic acid detection platforms can enable efficient, convenient, and rapid nucleic acid detection and pathogen diagnosis, which is of great importance for human life and health and technological development. In this article, we introduce the structure and function of Argonaute proteins and discuss the latest advances in their use in nucleic acid detection.
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Introduction

Nucleic acid detection technology is an essential tool for molecular diagnosis, with crucial applications in disease diagnosis, treatment, and biosecurity. Thus, it is vital to develop nucleic acid detection technology that is simple to use, accurate, specific, and cost-effective. Currently, commonly employed diagnostic methods include polymerase chain reaction (PCR), antigen–antibody reactions, and tissue biopsies. However, PCR, the most widely used nucleic acid amplification technique, faces challenges with nonspecific amplification. To improve the precision of nucleic acid detection, innovative approaches are needed. The discovery and application of programmable nucleases, such as zinc-finger nucleases (ZFNs) (Wu et al., 2007; Shamshirgaran et al., 2022), transcription activator-like effector nucleases (TALENs) (Zhang et al., 2019), and clustered regularly interspaced short palindromic repeat systems (CRISPR-associated nuclease) (Mojica et al., 2009), have revolutionized diagnostic techniques.

Zinc finger nucleases (ZFNs) are the first generation of programmable restriction endonucleases and consist of a zinc finger DNA recognition binding part formed by multiple zinc finger units in tandem and a DNA cleavage part of the restriction endonuclease Fok I. They can generate a cut at a specific site by recognizing a particular sequence of DNA, which is then repaired using the cell’s inherent homologous recombination repair mechanism (Wu et al., 2007). Transcription activator-like effector nucleases (TALENs) are proteases inspired by ZFNs. Researchers have replaced the zinc finger recognition binding site with a transcription activator effector protein (TALE) to achieve the same recognition cleavage function (Zhang et al., 2019). Clustered regularly interspaced short palindromic repeats (CRISPR) and their associated proteins (Cas) can be recognized by PAM sequences, which are recognized and then inserted between the leader sequence and the interspaced repeats and subsequently transcribed into crRNA, which forms a complex with the Cas protein to recognize and act as a cleavage (Mojica et al., 2009; Li et al., 2019). CRISPR-Cas systems have evolved rapidly in recent years (Wang et al., 2020) and have been used in sensitive and specific pathogen nucleic acid detection and gene editing, with the development of nucleic acid detection platforms such as Cas12-DETECTOR (Broughton et al., 2020), Cas14-DETECTOR (Aquino-Jarquin, 2019), Cas9-FLASH (Kellner et al., 2019; Quan et al., 2019) and Cas13-SHERLOCK (Aman et al., 2020). SHERLOCK detection is highly specific for single nucleotide mutations and has been shown to discriminate between Zika virus SNPs (Pardee et al., 2016). Proteins such as Cas12 and Cas13 have also been used in viral detection for SARS-CoV-2 (Ding et al., 2020; Marais et al., 2020; Rabe and Cepko, 2020; Wozniak et al., 2020; Nouri et al., 2021). Apart from several programmable nucleases described above, there are several other nucleases. For example, because of their extremely specific DNA identification and nucleic acid endonucleating activity, meganucleases that are found in cellular mitochondria and chloroplasts have been developed into artificial nucleases (Maeder and Gersbach, 2016; Khalil, 2020). Besides, nucleases like S1 nuclease (Filer et al., 2019) can be utilized in nucleic acid assays to safeguard the target nucleic acid, break down unbound probes, and other heterogeneous nucleic acids. Nucleases can also be involved in the repair of clip mismatches (Tsutakawa et al., 2014). Furthermore, nucleases, such as DNAzyme (He et al., 2014), Exo III (Xu et al., 2017), can be involved in the reaction as tools for auxiliary signal amplification (Gerasimova and Kolpashchikov, 2014; Hong et al., 2017). Nucleases not only appear as a tool in the detection process, but can also be viewed as the object under detection. They have the potential to be used as a biomarker for the detection and diagnosis of clinical infections due to changes in their catalytic capacity and preferred substrate (Garcia Gonzalez and Hernandez, 2022). The recently discovered Argonaute protein (Ago) is also a class of nucleic acid endonucleases that use nucleic acids as guides and has been heavily investigated by researchers to develop more efficient diagnostic platforms for nucleic acid detection.



Argonaute nucleases

Argonaute proteins were first mentioned in a study of Arabidopsis mutants in 1998 and named Argonaute because of the curly leaves of the mutant plants, which resemble the tentacles of a squid (Bohmert et al., 1998). Ago protein family members are widely distributed in various organisms and can be classified according to their origin as eukaryotic Ago proteins (eAgos) and prokaryotic Ago proteins (pAgos). In general, eAgos are more structurally uniform and exhibit high conservation that only mediates RNA-directed RNA interference. In contrast, pAgos exhibit more structural and functional diversity (Sheng et al., 2014). And some bacteria and archaea Argonaute proteins can participate in host defense processes by interfering with foreign nucleic acid invasion, such as against DNA viruses and foreign plasmids (Swarts et al., 2014).

The Ago protein family is broadly similar in structure (Figure 1). pAgos can be divided into three categories according to their structural length: long pAgos, short pAgos, and PIWI-RE proteins (prokaryotic PIWI with only conserved R and E residues). The structure of long pAgos is very similar to that of eAgos and they both form a two-lobed scaffold (Kaya et al., 2016). The N-terminal lobe is connected with the PAZ domain by the L1 linker, and the C-terminal lobe is composed of the MID domain, the PIWI domain and the C-terminal. Finally, the L2 linker connects the two lobes. The structures of the short pAgos and PIWI-RE proteins are similar to that of the long pAgos at the C-terminal, except that the N-terminal end is more straightforward, without the PAZ structural domain and the L1 and L2 linker connections (Kaya et al., 2016; Sheng et al., 2017; Lisitskaya et al., 2018).
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FIGURE 1
 Schematic diagram of the structure of the Ago protein. (A) Linear representations of Ago protein structures. (B) Schematic structures of KpAgo (eAgo) and AaAgo (pAgo), including N (blue), L1 linker (purple), PAZ (green), L2 linker (purple), MID (orange), PIWI (yellow).


It has been shown that the PAZ, MID, and PIWI domains are very important parts of Argonaute protein function. PAZ and MID domains form a binding pocket that anchors and binds to the 3′ and 5′ ends of the target strand, and the target is catalyzed by the PIWI domain for shearing (Song et al., 2004; Yuan et al., 2005). The PAZ domain contains conserved aromatic residues and forms a fold that guides and binds the target DNA/RNA fragments (Cao et al., 2019), but this domain is not necessarily required for the shearing properties of Argonaute proteins. A team found that AfAgo (Ago from Archaeoglobus fulgidus), which is a short pAgos, consists of an N-terminal, MID and PIWI structural domain. AfAgo without a PAZ structural domain can also recognize and bind through the channels formed by the MID and PIWI structural domains, and perhaps the absence of the PAZ domain has an impact on binding affinity (Yan et al., 2003; Yuan et al., 2005). The PIWI domain is structurally and functionally similar to ribonuclease H (RNase H). The PIWI domain is capable of exerting nucleic acid endonuclease activity to hydrolyze RNA phosphodiester bonds and specifically catalyze the cleavage of target genes (Hur et al., 2013). This catalytic activity is achieved through the DEDX (X = N, D, H) tetrameric structure (Figure 2A), such as the DEDD tetramer present in the PIWI structural domain of CpAgo (Ago from Clostridium perfringens) found in the study, and this cleavage activity was lost with the mutation at position D614 (Parker et al., 2005). In order to gain a comprehensive understanding of the genetic relationship and characteristics of well-studied pAgos, Figures 2A,B depict the conserved active sites and a phylogenetic tree of recently studied Argonaute proteins, respectively. A summary of the biochemical properties and structural information can be found in Table 1. The primary focus of research has been on bacterial and archaeal Argonautes, which exhibit nuclease activity and primarily recognize DNA targets, unlike their eukaryotic counterparts that utilize RNA guides and targets within cells. However, some prokaryotic Argonautes, such as PliAgo and PnyAgo, can also cleave RNA targets, albeit with lower efficiency (Lisitskaya et al., 2022). While most prokaryotic Argonautes bind DNA guides, a few, like MpAgo from Marinitoga piezophila and its closest homologs, show a preference for RNA guides (Kaya et al., 2016). The functional significance of this phenomenon and the specific structural features responsible for distinguishing RNA/DNA guides and targets in prokaryotic Argonautes remain unknown (Wang et al., 2008; Kropocheva et al., 2021). It is hypothesized that these features are primarily influenced by variations in the structures of the MID and PIWI domains. Further studies investigating the activity and structures of prokaryotic Argonaute proteins are necessary to address these questions.
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FIGURE 2
 (A) Multiple sequence alignments of Argonaute proteins. The sequences include AaAgo (Aquifex aeolicus Argonaute, WP_010880937.1), AfAgo (Archaeoglobus fulgidus Argonaute, WP_010878815.1), BlAgo (Brevibacillus laterosporus Argonaute, WP_277546270.1), CbAgo (Clostridium butyricum Argonaute, WP_058142162.1), CpAgo (Clostridium perfringens Argonaute, WP_003477422.1), FpAgo (Ferroglobus placidus Argonaute, WP_012966655.1), hAgo2 (Homo sapiens Argonaute, NP_036286.2), HpeAgo (H. penzbergensis Argonaute, WP_139173808.1), IbAgo (Intestinibacter bartlettii Argonaute, WP_007287731.1), KmAgo (Kurthia massiliensis Argonaute, WP_010289662.1), KpAgo (Vanderwaltozyma polyspora Argonaute, XP_001644461.1), LrAgo (Limnothrix rosea Argonaute, WP_075892274.1), MbpAgo (Mucilaginibacter paludism Argonaute, WP 008504757.1), MfAgo (Methanocaldococcus fervens Argonaute, WP_015791216.1), MhAgo (Marinitoga hydrogenitolerans Argonaute, UniProtKBSwiss-Prot A0A1M5A5Z8.1), MjAgo (Methanocaldococcus jannaschii Argonaute, WP_010870838.1), MpAgo (Marinitoga piezophila Argonaute, WP_014295921.1), MsAgo (Marinitoga sp. 1155 Argonaute, WP_047265940.1), NgAgo (Natronobacterium gregoryi Argonaute, WP_005580376.1), PbAgo (Paenibacillus borealis Argonaute, WP_042211195.1), PfAgo (Pyrococcus furiosus Argonaute, WP_011011654.1), PliAgo (Pseudooceanicola lipolyticus pAgo, WP_100161590.1), PnyAgo (Pedobacter nyackensis Argonaute, WP_084286803.1), RsAgo (Rhodobacter sphaeroides Argonaute, UniProtKB A4WYU7), RslAgo (R. slithyformis Argonaute, WP_013921749.1), RsuAgo (Rummeliibacillus suwonensis Argonaute, WP_146547607.1), SeAgo (Synechococcus elongatus Argonaute, WP_011244830.1), TpAgo (Thermotoga profunda Argonaute, WP_041081268.1), TtAgo (Thermus thermophilus Argonaute, WP_011174533.1), TtrAgo (Thermococcus thioreducens Argonaute, WP_055429304.1). The catalytic tetrad DEDX of Argonautes is highlighted red in the sequence alignment. (B) Schematic phylogenetic tree of above described Argonaute proteins.




TABLE 1 Properties of Argonaute protein with shear activity.
[image: Table listing various Argonaute proteins from different host species, including information on protein ID, structure (PDB code), molecular weight, guide type and length, target nucleic acid, reaction temperature, ion co-factors, catalytic activity, and references for each entry. Data facilitate comparison of Argonaute protein properties and experimental parameters.]

The Ago protein is also found to play an essential role in the formation of the RNA silencing complex (RISC), as a critical protein in the silencing pathway, and is bound to another class of glycine- and tryptophan-rich (GW/WG) proteins known as the “Ago hook,” which are involved in maintaining the maintenance of genomic stability (Zander et al., 2014), such as RsAgo (Ago from Rhodobacter sphaeroides), which was discovered to bind to foreign nucleic acids and thus perform host defense (Hegge et al., 2019).



Argonaute protein-based nucleic acid detection platform

While polymerase chain reaction (PCR) has long reigned in molecular diagnostics in recent years, people have urgent demands, such as the SARS-CoV-2 pandemic, for newer technologies that can provide more direct and convenient detection methods. This inspires researchers to explore new molecular diagnostic methods. Researchers have combined CRISPR-Cas or Argonaute proteins with biosensing technologies such as fluorescence and microfluidic control devices to develop new nucleic acid detection technologies (Santiago-Frangos et al., 2022). Nucleic acid biosensing systems such as DETECTR and HOLMES have been established based on CRISPR-Cas12a and CRISPR-Cas9 to meet various clinical testing requirements (Jiang and Doudna, 2017; He et al., 2019). At the same time, these new biosensing platforms also show good sensitivity and specificity. Similar to Cas proteins, Argonaute proteins can recognize and cleave target sequences under the guidance of gDNA. However, this kind of protein requires no additional specific sequences (such as PAM sequences) to recognize the target sequences, and the proteins are widely found in a variety of organisms (Kropocheva et al., 2022). Based on this, researchers have developed a range of nucleic acid detection platforms.



DNA-targeted nucleic acid detection platforms

PfAgo (Pyrococcus furiosus Argonaute), a DNA-guided nucleic acid endonuclease derived from thermophilic archaea with an optimal temperature between 80 and 100°C, is the first Ago protein with a complete three-dimensional structure. It is reckoned that PfAgo uses the 15–31 nt 5′ phosphorylation of siDNAs to shear ssDNA. The optimal temperature for this shearing activity is 87–99°C. The reaction requires the involvement of Mn2+, Mg2+, and preferably the NaCl concentration of 50–250 mM (Swarts et al., 2015; He et al., 2021).

A research team established a novel nucleic acid detection platform named PAND (PfAgo-mediated Nucleic acid Detection) (He et al., 2019). The platform combines PCR with PfAgo, which has the DNA-targeted nucleic acid shearing property, to enable multiplexed nucleic acid detection of DNA. The recreation uses the three given gDNA sequences to instruct PfAgo to perform nucleic acid shearing, which has shown high specificity for clinical samples. In 2021, Wang’s team used the PAND platform in the detection of SARS-CoV-2 (Wang et al., 2021), and recently, Chen’s team used it in the detection of Parvovirus B19 (B19V) (Chen et al., 2023). Based on the PAND detection platform, researchers have chosen to build a PLCR detection platform by combining ligase chain reaction (LCR) with PfAgo, increasing the specificity for distinguishing single base mutations in gene sequences and requiring only two temperature shifts to complete the amplification cycle (Wang et al., 2021). Compared to PAND, PLCR uses a modified LCR product for gDNA, rather than adding additional gDNA after the target amplification, which also greatly simplifies the equipment requirements. It is noteworthy that amplification of non-target sequences should be avoided by controlling the number of cycles and Tm value conditions. LCR reactions are usually performed under conditions such as 30 cycles and oligonucleotides with Tm values close to 50°C, which avoid amplification independent of the template. This platform can reach detection limits of 10 aM in 70 min and 1 aM in 100 min. To some extent, this method achieves the accuracy comparable to that of qPCR in a much shorter time, enabling susceptible, multichannel, precise single-base mutant detection (Liu et al., 2021; Wang et al., 2021).

Based on the high activity exhibited by PfAgo at 95°C, this nucleic acid biosensing platform was combined with usPCR to establish a USPCRP platform. This method amplifies the target nucleic acid in the sample by PCR to obtain the appropriate guide DNA, thus reducing the time and human resources from designing the gDNA. This also allows the USPCRP system to show higher sensitivity, up to 10 aM, and high specific single-base resolution (He et al., 2019, 2021). In order to reduce the annealing temperature and the cycle time, the length of the double-stranded DNA product should be designed to be 22–28 bp, and two primers need to be designed: prime-g and prime-h. Primer-g is phosphorylated at the 5′ end and is used to generate the guide DNA from the target DNA. Primer-h is the conventional primer for higher yields. Surprisingly, the study mapped the temperature and time of denaturation and annealing in PCR and found that at a temperature combination of 70°C/40°C, substantial yields of guide DNA could be obtained in 30 min at a time as short as 1 s, which yielded a substantial time benefit (He et al., 2021).

At the same time, another one-pot multiplex detection platform, MULAN (Multiplex Argonaute-based Nucleic acid detection system), also based on PfAgo, was developed. It is a platform that integrates the amplification-cleavage-assay steps in a single platform for portable, sealed-tube operation, avoiding the risk of splitting and contamination. The specific cleavage properties of the PfAgo protein are exploited to increase the amplification product and fluorescence signal by designing two corresponding gDNAs for the amplification target. Primary cleavage of one strand of the gDNA generates a new gDNA that directs secondary specific division with different fluorescence modifications. The presence of the target nucleic acid sequence is determined by detecting the fluorescence signal from various channels. In addition, this single-tube system contains a separate space that allows amplification products to be mixed with PfAgo, avoiding contamination from exposure to the external environment. This mini isothermal fluorescence detector (MIFD) design makes the whole operation more convenient, providing a new avenue for POCT. More notably, this device enables the simultaneous detection of multiple viruses by loading three sets of primers, gDNA, and fluorescent agents designed for SARS-CoV-2, Influenza A virus, and Influenza B virus multiplexes into a single jar of the detection system. In the absence of observed cross-reactivity, the MULAN system can specifically produce fluorescent signals for the respective targets, and no dissimilar signs are observed for viruses that are not present (Li et al., 2022; Ye et al., 2022). This result indicates that the MULAN system can achieve accurate viral multiplex detection in the presence of a single Ago protease. The schematic of MULAN、PLCR and USPCRP system was shown in Figure 3. CRISPR detection systems have also been successful in detecting different targets in a single reaction, but each requires an extra Cas protein. This reflects the great promise of Ago proteins in the development of nucleic acid detection technologies (Gootenberg et al., 2018; Myhrvold et al., 2018; Ooi et al., 2021). Recently, a team studying Enterocytozoon hepatopenaei (EHP) combined PfAgo with recombinase polymerase amplification (RPA) to establish a method for the detection of pathogenic bacteria. This method has a satisfactory performance in that it does not require strict laboratory conditions, which provides a new method for the multiplex identification of pathogenic bacteria (Yang et al., 2023).

[image: Flowchart illustrating a genetic testing process: sample collection from a human, RNA or DNA extraction, target amplification by LAMP, LCR, or usPCR, followed by cleavage with Ago nuclease and signal detection by a laboratory instrument.]

FIGURE 3
 Schematic illustration of the PfAgo-based MULAN, PLCR and USPCRP detection system.


In addition to developing PfAgo for use in nucleic acid detection platforms, other Ago proteins are being increasingly exploited. Mengjun Fang’s team mined a new Argonaute from the archaeon Thermococcus thioreducens (TtrAgo) and used it for the detection of HBV DNA. Another TtAgo-based platform named NAVIGATER (Nucleic Acids of Clinical Interest Via DNA-Guided Argonaute from Thermus thermophilus) has been developed and used in the detection of single nucleotide mutations by designing a guide complementary to the predominant wild-type nucleic acid sequence in the sample (Song et al., 2020). The nuclease activity of TtAgo declines when a rare mutation occurs at position 10 or 11 of the target nucleic acid. The researchers designed a guide sequence complementary to the predominant wild-type nucleic acid sequence in the sample. The number of mutants increases when detected and the wild-type target nucleic acid sequence is cleaved by Argonaute, allowing the detection of the presence of mutants. Then SNVs were enriched by PCR amplification, and this method can specifically enrich multiple mutant alleles in a single sample. Compared to previously reported rare allele enrichment methods, NAVIGATER exhibits great strengths. For example, TtAgo behaves flexibly because it does not require a PAM motif or a specific recognition site and a single TtAgo-guide complex can cleave several targets (Sternberg et al., 2014; Swarts et al., 2014).



RNA-targeted nucleic acid detection platforms

During RNA detection, it is also possible to link PfAgo to the ligase chain reaction (RT-LCR), which requires an additional step in reverse transcription during the reaction of PLCR. However, this method does not require RNA for guidance, avoids the instability and higher costs associated with RNA, and allows for multichannel detection. In a trial of clinical samples, HPV genomic DNA from a cervical swab and SARS-CoV-2 genomic RNA from a throat swab were tested in separeate channels. The N gene and the ORF 1ab gene of SARS-CoV-2 and HPV subtypes were tested separately, and it has been found that this method could achieve high sensitivity for DNA or RNA with a sensitivity of up to 10 aM in 70 min. Although absolute quantification is not yet possible, the advantages of sensitivity, specificity, and high channelization are already considerable (Wang et al., 2021).

A team has developed an isothermal nucleic acid detection platform for RNA using the nucleic acid detection properties of the pAgo protein in combination with a reverse transcription reaction, named MAIDEN (Mesophilic Ago-based Isothermal Detection method) (Ye et al., 2022). The target nucleic acid sequence is reverse transcribed by reverse transcriptase. The RNA in the DNA–RNA hybrid strand produced by reverse transcription is hydrolyzed with RNase H, and the resulting ssDNA is used for recognition. The secondary gDNA is produced by reacting the designed primary gDNA with the Ago-gDNA complex. The ssDNA is cleaved by recognition of the Ago-secondary gDNA complex. The experiments showed that the reverse transcription reaction could be simplified with RNase H hydrolysis digestion. The reverse transcription process could be carried out simultaneously with the Ago stepwise cleavage reaction under the same moderate temperature conditions, which further simplified the reaction process. KmAgo from the thermophilic bacterium Kurthia massiliensis, combined with a 16–20 nt long 5′-phosphorylation-guided nucleic acid sequence capable of specific cleavage of DNA/RNA target sequences under DNA/RNA guidance (Kropocheva et al., 2021). Recently, researchers have used KmAgo (Ago from Kurthia massiliensis) and PbAgo (Ago from Paenibacillus borealis) in this detection system and have achieved entirely satisfactory detection limits in a one-pot assay, with detection limits of 4.0 nM for KmAgo and 12.5 nM for PbAgo (Li et al., 2022). However, compared to thermophilic PfAgo, the activity of mesophilic KmAgo is low and a large number of enzymes need to be added in the experiment. In the future, it is necessary to apply a protein engineering strategy to improve the activity of mesophilic KmAgo at moderate temperatures to improve the sensitivity of mesophilic Ago-based detection.

Combining PfAgo with reverse transcriptase-based isothermal amplification (RT-LAMP) has resulted in a rapid, portable assay system (SPOT) (Xun et al., 2021). This system consists of an assay system capable of precisely controlled temperature and fluorescence detection and a device capable of a mobile power supply. The system involves optimizing the GC content and length of the reagents to reduce unwanted background fluorescence and separates the LAMP and PfAgo reaction components with paraffin wax. This convenient and all-in-one assay system offers a new approach to responding to and deploying large-scale epidemics and does not require a large number of specialist personnel, requiring only simple sample pre-processing to operate. Changjing Yuan’s team developed an isothermal amplification detection platform based on TtAgo, called the Thermus thermophilus Argonaute-based thermostable exponential amplification reaction (TtAgoEAR), which has shown rewarding reliability and sensitivity for the detection of viral RNA, lncRNA, and mRNA in various specimens (Yuan et al., 2023). This platform can detect RNA targets at 66°C with attomolar sensitivity and single-nucleotide resolution.

Although researchers have invented various nucleic acid detection platforms, the overall principle is similar, as shown in Figure 4. These methods are based on the classical two-step cleavage method of Argonaute. The corresponding primary guide is designed according to the target DNA, and the target is cut by the Argonaute protein to obtain the secondary guide. Then the designed reporter is cut by the Argonaute protein under the guidance of a secondary guide to obtain a fluorescence signal, and in this process, PCR or isothermal amplification can be combined to improve the detection sensitivity. In a study of foodborne pathogens, researchers provided suggestions for developing a one-step cleavage assay called a Novel and One-step cleavage method based on Argonaute by integrating Tag-specific primer extension and Exonuclease I (Exo I) (NOTE-Ago) (Li et al., 2023). The amplicons were served as the guide DNA for PfAgo. Consequently, the fluorophore-quencher reporter can be cleaved by PfAgo, leading to alterations in fluorescent intensity. Notably, Argonaute 2 (Ago2) serves as a crucial constituent within the RNA-induced silencing complex (RISC), contributing substantively to a spectrum of physiological phenomena. Conversely, aberrant modulation of Ago2 functionality exhibits a strong association with an array of human maladies, encompassing malignancies. Elucidating the actions of Argonaute 2 has prompted scholars to devise diverse techniques aimed at discerning its operations. These methodologies encompass the utilization of a dual signal amplification-assisted DNAzyme biosensor and a singular-molecule biosensor featuring gold nanoparticles. These innovative approaches have been devised with the intent of diagnosing pathologies linked to Ago2, thereby unveiling promising avenues for extensive clinical applications (Zhang et al., 2018; Wang et al., 2020; Jiang et al., 2022; Zhao et al., 2023). Table 2 provides a comparison of various CRISPR-Cas and Ago-based assays. The SHERLOCK methodology demonstrated proficiency in identifying the Zika virus (ZIKV) and dengue virus (DENV). This accomplishment resulted in a remarkable level of sensitivity at the attomolar scale (10−18 M) along with the capacity to discern single-base distinctions. The maturity of this technique is highly evident, as evidenced by its extensive application in the detection of pathogenic bacteria (Gootenberg et al., 2017). It is evident that the nucleic acid detection system utilizing Ago protein is comparable to CRISPR in terms of sensitivity. However, its notable advantage lies in not requiring an additional PAM sequence, making it highly applicable. Furthermore, it is worth noting that the majority of detection platforms rely on thermophilic Ago proteins (PfAgo and TtAgo). While these proteins offer high detection sensitivity, they necessitate the use of PCR or other heating equipment, thereby restricting their portability. Therefore, the CRISPR based detection system is more widely used because it can be detected at room temperature. Consequently, there is significant potential in developing nucleic acid detection technology based on mesophilic Ago proteins, as it would provide a highly sensitive alternative without the limitations of requiring extensive heating equipment.

[image: Illustration depicting a molecular biology workflow, showing double-stranded DNA melting and reverse transcription to single-stranded DNA, followed by guide DNA-mediated primary and secondary cleavage events, ending with labeled probe signal detection by an instrument.]

FIGURE 4
 Principle of nucleic acid detection based Argonaute.




TABLE 2 Comparison of CRISPR-based and Ago-based detection methods.
[image: Table summarizing nucleic acid detection methods including method name, nuclease used, operation temperature and time, target motif requirement, guide oligos type, sensitivity, portability, and references, with multiple methods compared side by side.]



Prospects for practical applications of Argonaute proteins

By establishing various Argonaute-based nucleic acid detection platforms, we can (Wu et al., 2007) identify disease-causing pathogens for disease diagnosis and (Shamshirgaran et al., 2022) perform single-base mutation detection for pathogen identification and typing (Zhang et al., 2019). Single base mutation testing in human genomic DNA to predict the probability of disease by predicting the risk of single-base mutations (Mojica et al., 2009). Multiplex nucleic acid testing for use in clinical testing. This is based on the fact that argonaute can be used to cut arbitrary nucleic acid sequences to obtain “sticky” ends of the desired length and nucleotide composition compared to traditional restriction endonucleases. In comparison to CRISPR-Cas9, Ago protein functions as a nucleic acid enzyme capable of cleaving target sites. Unlike CRISPR-Cas9, Ago protein is not restricted by the presence of a protospacer adjacent motif (PAM) sequence. By meticulous design of the nucleic acid guiding strand, precise cleavage of arbitrary target nucleic acids can be achieved. Typically utilizing shorter lengths of genomic DNA (ranging from 15 to 24 nucleotides), the synthesis of short gDNA is more cost-effective than longer crRNA. This may potentially facilitate high-throughput guide RNA production, thereby enabling efficient high-throughput genome editing screening. Moreover, the size of pAgo is approximately 75–85 kDa, approximately half the size of Cas9 and Cas12a, which could enhance the efficient delivery of pAgo to the desired host. This provides excellent conditions for its more comprehensive application (He et al., 2019; Kropocheva et al., 2022). In addition, both MpAgo (Marinitoga piezophila Argonaute) and KmAgo can be used to probe the high-level structure of RNA. The Ago protein uses RNA as a guide and binds complementary target RNA. The target sequence recognized by nucleotide-specific sites, which connects structured RNA to guides loaded with different sequence sites of argonautes, is incubated. Cleavage sites can be detected either directly or by reverse transcription, and differences in the cleavage efficiency of single and double-stranded RNAs can be used to study the high-level structure of RNA (Schirle et al., 2014; Lapinaite et al., 2018; Kropocheva et al., 2021; Liu et al., 2021).

Recently, DNA-PAINT (DNA-Point Accumulation In Nanoscale Topology) applies Argonaute proteins to super-resolution microscopy, allowing structures to be observed beyond the microscopic fraction (Filius et al., 2020). This super-resolution method relies on the binding and unbinding of the DNA imaging strand, and the key to this technique is the rate of DNA binding. Generally, the binding rate of this technique is 106 M−1 s−1, and it takes several hours to obtain images with a high spatial resolution (5 nm). In contrast, Argonaute proteins can pre-arrange the target region into a helical conformation (Chandradoss et al., 2015; Yao et al., 2015), allowing a double helix to form between the guide nucleic acid and the target nucleic acid sequence, resulting in a binding rate close to approximately 107 M−1 s−1. CbAgo (Clostridium butyricum Argonaute) is employed in this technique. Its well-targeted properties allow Ago-PAINT to generate super-resolution images of diffraction-limited structures as much as 10 times faster than conventional DNA-PAINT, which provides a more favorable tool for visualizing cellular networks during the study of disease development (Cui et al., 2019; Hegge et al., 2019; Filius et al., 2020). In addition, a research team has applied Ago protein to detect microRNAs (miRNAs) and developed a highly reliable miRNA profiling technique, named Ago-FISH (Argonaute-based Fluorescence In Situ Hybridization) (Shin et al., 2020). TtAgo, which is more stable under experimental conditions, is preloaded with DNA probes. This method accelerates the targeted binding of DNA probes, maintaining a high specificity while significantly improving the speed of miRNA detection. Similarly, some researchers have used Ago proteins for dynamic observation of transcriptional processes in vivo. By fluorescently labeling the Ago protein NRDE-3, the dsRNA was programmed to observe the transcriptional process in the organism. This method avoids the in vitro synthesis of antisense RNA and transfer, which makes the whole observation process faster and easier, and provides a new idea for transcriptome engineering (Toudji-Zouaz et al., 2021).

Argonaute proteins also play an essential role in maintaining homeostatic mechanisms with RNA interference. It has been shown that when viral infection occurs in eukaryotes, siRNA can form RNA-induced silencing complexes (RISC) with Ago proteins and direct the degradation of the associated viral nucleic acids to maintain homeostasis in the organism (Lisitskaya et al., 2018; Zhang et al., 2022). This provides new ideas for studying the progress and treatment of diseases.



Issues and perspectives

Argonaute proteins still have a long way to go from nucleic acid detection technology to a full-fledged molecular diagnostic method. Although some countries have granted emergency use authorizations and Ago proteins have been rapidly developed for use as a product in molecular diagnostics, their future development will continue to require new explorations (Qin et al., 2022). In addition, the activity and stability of the same Ago protein vary in different experiments and must be further investigated and standardized. Detection limits, intra-experimental reproducibility, clinical sensitivity, and diagnostic specificity in the report for nucleic acid testing platforms involving Ago proteins must be further standardized. Currently, fewer Ago proteins can be used to develop nucleic acid detection platforms, and researchers need to mine more Ago proteins with nucleic acid endonuclease activity that can be used in actual detection systems. In recent years, mesophilic pAgos with DNA cleavage activity have been mined, including Cb (Clostridium butyricum) Ago (Hegge et al., 2019; Kuzmenko et al., 2019), Lr (Limnothrix rosea) Ago (Kuzmenko et al., 2019), Se (Syne-chococcuselongatus) Ago (Olina et al., 2020), Km (Kurthia massiliensis) Ago (Kropocheva et al., 2021; Liu et al., 2021), and pAgos with RNA shearing activity include Tt (Thermus thermophilus) Ago, Mp (Marinitoga piezophile) Ago, Cp (Clostridium perfringens) Ago (Cao et al., 2019), and Km (Kurthia massiliensis) Ago (Wang et al., 2008). It has recently been shown that Mbp (Mucilaginibacter paludism) Ago exhibits RNA cleavage properties under a wide range of temperature conditions and is active against both 14–21 nt 5’P-gDNA and 15–18 nt 5’OH-gDNA, which is similar to the previously discovered KmAgo protein that cleaves not only RNA targets but also DNA targets precisely (Liu et al., 2021). This broadly targeted Ago protein provides a new idea to develop a platform for nucleic acid detection with a broader range of applications (Li et al., 2022).

Hence, it is postulated that an amalgamation of diverse fields encompassing the Argonaute system, engineering, microelectronics, and miniaturization holds the potential to amplify both detection throughput and automation. An illustrative instance of this is the isothermal amplification, which stands as a transformative advancement compared to the conventional polymerase chain reaction (PCR), offering augmented adaptability and an innovative array of methodologies for on-site detection applications. Furthermore, the combination of isothermal amplification with the latest CRISPR Cas13 collateral cleavage technology profoundly enhances the precision and rapidity of detection. However, the cleavage activity of mesophilic Ago is much lower than that of thermophilic Ago. Therefore, in order to improve the sensitivity of mesophilic, protein engineering strategy to generate an evolved Ago with higher activity at moderate temperature is necessary. At the same time, the cleavage efficiency and accuracy of different Ago proteases depend on temperature, divalent ions, gDNA terminal phosphorylation, and length. Therefore, we should pay attention to these influencing factors when developing new reliable nucleic acid detection platforms to achieve higher sensitivity and accuracy of nucleic acid detection. The Argonaute protein has shown great potential as a new programmable nucleic acid binding protein to participate in the next generation of molecular diagnostic technologies. Continued innovative research will bring its function to a greater extent.
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Stenotrophomonas maltophilia is an opportunistic pathogen intrinsically resistant to multiple and broad-spectrum antibiotics. Although the bacterium is considered a low-virulence pathogen, it can cause various severe diseases and contributes significantly to the pathogenesis of multibacterial infections. During the COVID-19 pandemic, S. maltophilia has been recognized as one of the most common causative agents of respiratory co-infections and bacteremia in critically ill COVID-19 patients. The high ability to adapt to unfavorable environments and new habitat niches, as well as the sophisticated switching of metabolic pathways, are unique mechanisms that attract the attention of clinical researchers and experts studying the fundamental basis of virulence. In this review, we have summarized the current knowledge on the molecular aspects of S. maltophilia virulence and putative virulence factors, partially touched on interspecific bacterial interactions and iron uptake systems in the context of virulence, and have not addressed antibiotic resistance.
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Introduction

The global emergence of multidrug-resistant Gram-negative bacteria is the most challenging clinical and public health problem (Hernando-Amado et al., 2019; Antimicrobial Resistance Collaborators, 2022). Despite significant progress in biomedical research, many untreatable infectious diseases are considered the leading causes of human death worldwide. Nosocomial and community-acquired infections caused by opportunistic Gram-negative pathogens are becoming increasingly difficult to treat as both intrinsic and acquired antibiotic resistance has increased significantly in recent years (Theuretzbacher et al., 2020).

Among Gram-negative opportunistic pathogens, Stenotrophomonas maltophilia has been the subject of an increased interest and extensive research over the last two decades. The number of reported S. maltophilia infections has considerably risen and the bacterium has been classified as the most common Gram-negative carbapenem-resistant pathogen in patients with bacteremia in some US hospitals (Cai et al., 2020).

Stenotrophomonas maltophilia is a globally dispersed, non-fermenting Gram-negative bacillus frequently isolated in the environment, particularly from water sources, soil, sediment, plants, and animal specimens (Aznar et al., 1992; Nakatsu et al., 1995; Jakobi et al., 1996; Berg et al., 1999; Johnson et al., 2003; Ivanov et al., 2005; Romanenko et al., 2008; Berg, 2009). According to the List of Prokaryotic Names with Standing in Nomenclature,1 the genus Stenotrophomonas comprises at least 25 validated species exhibiting great genetic diversity and metabolic heterogeneity both within the Stenotrophomonas genus and within a single species (Ryan et al., 2009; Turrientes et al., 2010; Pompilio et al., 2016). Comprehensive taxonomic and phylogenomic studies have shown that S. maltophilia includes multiple cryptic species, forming the Stenotrophomonas maltophilia complex (Smc) and a distinction that defies conventional classification approaches (Ochoa-Sánchez and Vinuesa, 2017; Kumar et al., 2020; Singh et al., 2023). Identification of phylogenetic relationships among Stenotrophomonas spp. based on analysis of core protein sequences revealed 24 species-level clades of Smc (Gröschel et al., 2020; Li et al., 2024).

The bacterium demonstrates high adaptability to various environments, including nutrient-limited and hostile conditions. S. maltophilia is capable of utilizing a wide range of carbon sources such as trichloroethylene, toluene, chloroform, glucose, and benzene (Lee et al., 2002; Pompilio et al., 2011; Mukherjee and Roy, 2013).

Stenotrophomonas maltophilia is an opportunistic pathogen intrinsically resistant to multiple and broad-spectrum antibiotics. The bacterium is associated with a number of serious diseases and contributes significantly to the pathogenesis of multibacterial infections. S. maltophilia causes infections in various human organs, including the respiratory, gastrointestinal, and urinary tracts. It can cause severe pneumonia, catheter-associated bacteremia/septicemia, osteochondritis, mastoiditis, meningitis, and endocarditis (Denton and Kerr, 1998; Brooke, 2012; Chang et al., 2015). The bacterium is frequently recovered in the lungs of cystic fibrosis (CF) patients; according to various studies, the frequency ranges from 10% to 30% (Waters et al., 2011; Cuthbertson et al., 2020). During the global COVID-19 pandemic, S. maltophilia has been recognized as one of the most common causative agents of respiratory co-infections and bacteremia in critically ill COVID-19 patients. Furthermore, S. maltophilia isolates detected in sputum samples obtained from these patients had the highest rates of multidrug resistance among other bacteria infecting COVID-19 patients (Yang S. et al., 2021; Ishikawa et al., 2022; Langford et al., 2023).

Stenotrophomonas maltophilia is also of interest as an active member of polymicrobial bacterial communities: it can influence the metabolism of neighboring microorganisms, either through antagonistic suppression of other species or by symbiotic coexistence. A vivid example of such inter-species communication can be observed in CF patients, where S. maltophilia colonizes the host along with other major pathogens, such as Pseudomonas aeruginosa, Staphylococcus aureus, nontuberculous mycobacteria, or Burkholderia cenocepacia (Goss et al., 2004; Coutinho et al., 2008).

The pathogenesis of infections caused by S. maltophilia is determined by numerous virulence factors (VFs), molecules that facilitate bacterial colonization of the host at the cellular level, thereby initiating the infectious process. S. maltophilia possesses a considerable spectrum of VFs or putative factors associated with virulence. These factors include surface cell-associated structures (lipopolysaccharides, type IV pili, flagella, fimbriae, and nonpilus adhesins); the production of a wide spectrum of extracellular enzymes (e.g., proteases, esterases, lipases), hemolysin, siderophores, and cytotoxins; the ability to form biofilms on abiotic surfaces and host tissues; SmeYZ, SmeDEF, SbiAB, and MacABCsm efflux pumps; and the secretion of small molecules in the environment via Quorum Sensing (QS) intercellular communication system [the diffusible signal factor (DSF) and outer membrane vesicles (OMV); Looney, 2005; Brooke, 2012; Ferrer-Navarro et al., 2013; Abbott and Peleg, 2015; Trifonova and Strateva, 2019; Wu C.-J. et al., 2022].

In this review, we briefly summarize the current knowledge on S. maltophilia virulence and provide an overview of the literature introducing the virulence determinants and their regulation in S. maltophilia. We have limited the scope of the review to virulence, partially touching upon inter-species bacterial interactions and iron uptake systems in the context of virulence, and have not referred to antibiotic resistance.



Adhesins as virulence factors

Adherence of the bacterium to host tissues is a crucial step in the host-pathogen interaction. At this stage, the pathogen attached to the host cell initiates its own biochemical processes aimed at its proliferation, invasion of host cells, secretion of toxic molecules, and activation of host cell signaling cascades.

Bacterial adherence factors, also known as adhesins, are polypeptides or polysaccharides. Protein adhesins are cell-surface components or appendages that can be divided into two groups: fimbrial and afimbrial. Polysaccharide adhesins are generally associated with the bacterial cell wall, outer membrane, or capsule. It should be noted that adhesion functions in pathogenesis are not limited to the initial host-pathogen interaction; adhesins also play a significant role in subsequent stages of infection (see below). To provide a holistic view of the role of various VFs in the development of S. maltophilia infection, cell-associated and extracellular VFs are summarized and illustrated in Figure 1.
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FIGURE 1
 Virulence and putative virulence factors in Stenotrophomonas maltophilia. Surface cell-associated structures include lipopolysaccharides (LPS), type IV pili (T4P), flagella, fimbriae (SMF-1), and non-pilus adhesins (not shown). Extracellular enzymes are secreted through type I, II, IV, V, and VI secretion systems. Small molecules efflux to the environment via the diffusible signal factor (DSF) and outer membrane vesicles (OMV). S. maltophilia produces extracellular polymeric substances and forms a self-secreted polymeric matrix, biofilms, consisting of exopolysaccharides (EPS), DNA, and proteins. The intracellular c-di-GMP level contributes to numerous virulence factors (see the text for details). Different types of efflux pumps revealed in S. maltophilia are shown on the right. The pumps involved in virulence are marked in bold.




Cell-surface polysaccharides

Stenotrophomonas maltophilia has lipopolysaccharides (LPS) comprising lipid A, core oligosaccharide, and O-antigen (Neal and Wilkinson, 1982; Jucker et al., 1996; Zhang and Kong, 2002; McKay et al., 2003). LPS is a robust inducer of TNF-α production by macrophages due to its lipid A moiety, that has been elegantly demonstrated by Waters et al. (2007) in a mouse model. Despite the relatively weak invasiveness of S. maltophilia, the level of TNF-α production after stimulating cells of macrophage cell line RAW for 4 h with purified lipid A isolated from S. maltophilia was significantly higher than the corresponding level obtained after stimulation with lipid A from the laboratory P. aeruginosa PAO1 control strain (Waters et al., 2007).

Core oligosaccharides play an essential role in LPS formation and therefore in virulence. Defects in core oligosaccharides of certain bacteria (e.g., P. aeruginosa, Bordetella bronchiseptica) are associated with decreased virulence or the emergence of avirulent strains (Goldberg et al., 1995; West et al., 2000).

The contribution of O-antigens to virulence has also been reported to be significant for many bacteria. Bacteria lacking O-antigens or possessing defective antigen molecules due to disruptions in biosynthesis may exhibit decreased virulence properties. This phenomenon has been demonstrated, in particular, for the species Burkholderia pseudomallei, P. aeruginosa, and B. abortus (Goldberg et al., 1995; DeShazer et al., 1998; Ugalde et al., 2000). In S. maltophilia, defective LPS lacking the O-antigen can affect biofilm production, twitching motility (the ability to move on surfaces using type IV pili), and swimming motility (Huang et al., 2006; Brooke et al., 2008). Stenotrophomonas maltophilia lipopolysaccharides show structural diversity between strains within the genus, with at least 31 different O-antigens (Winn and Wilkinson, 2001; Waters et al., 2007).

The metabolic process of carbohydrates and their incorporation into LPS in S. maltophilia is regulated by several genes. The spgM gene involved in this process encodes a bifunctional enzyme with both phosphoglucomutase and phosphomannomutase activity. This gene is homologous to algC which controls alginate and LPS biosynthesis in P. aeruginosa (McKay et al., 2003; Flores-Treviño et al., 2019). McKay et al. (2003) have shown that spgM mutants with shorter O-polysaccharide chains lost virulence in the rat lung model and exhibited increased susceptibility to complement-mediated killing.

Two operons, rmlBACD and xanAB, are involved in the synthesis of polysaccharides in S. maltophilia. Huang et al. (2006) have conducted an SDS-PAGE analysis of purified LPS from S. maltophilia rmlA, rmlC, and xanB mutants and found these genes necessary for LPS O-antigen biosynthesis. In addition, xanB is required for the production of the LPS core region. The authors also suggested that rml and xanB are involved in the biosynthesis of exopolysaccharides (EPS): the rmlA and rmlC mutants exhibited decreased biofilm production on polystyrene and increased biofilm density on glass. Meanwhile, the xanB mutant displayed lower biofilm production only on polystyrene. Besides contributing to biofilm formation, alterations in LPS caused by the rmlAC and xanB mutations, may lead to changes in outer membrane appendages, such as flagella and type IV pili, thereby interfering with motility and attachment (Huang et al., 2006).



Flagella

Stenotrophomonas maltophilia possesses one or multiple polar flagella that confer swimming motility, swarming and chemotaxis. Flagella facilitate primary adherence to biotic and abiotic surfaces, contribute to colonization and invasion in the early stages of infection, and trigger specific immune responses by host cells (de Oliveira-Garcia et al., 2002; Huang et al., 2006; Pompilio et al., 2010, 2018; Zgair and Chhibber, 2011).

Wu et al. have identified three flagellar genes, fliC1, fliC2, and fliC3 which form an operon in the sequenced S. maltophilia genome. The authors generated single, double, and triple mutants corresponding to these genes and revealed that each gene contributed to swimming, adhesion, and biofilm formation. The ability to attach, swim, and form biofilms decreased proportionally to the number of deactivated genes, with the triple mutant losing its swimming ability and significantly compromising adhesion and biofilm formation. Thus, flagella in motile pathogens can be considered important VFs (Moens and Vanderleyden, 1996; Duan et al., 2013; Wu C.-J. et al., 2022).

Pompilio et al. (2010) have constructed two S. maltophilia mutants in which the fliI gene was inactivated. The highly conserved fliI gene encodes a substrate-specific ATPase (FliI) that provides energy for the active translocation of flagellar structural components in a wide range of bacterial species (Yonekura et al., 2002; Di Bonaventura et al., 2007). These two flagellum-deficient S. maltophilia fliI mutants exhibited decreased adherence to CF-derived bronchial epithelial IB3-1 cells and compromised swimming motility (Pompilio et al., 2010).

Inbred BALB/c mice (commonly used as animal models for drug and vaccine testing) pretreated intranasally with purified S. maltophilia flagellin and instilled with S. maltophilia 4 h later exhibited significantly increased levels of pro-inflammatory cytokines IL-1β and TNF-α, myeloperoxidase activity, caspase-1 activity, and nitric oxide compared to control groups (Zgair and Chhibber, 2012). The pretreated mice also demonstrated elevated levels of neutrophils, lymphocytes, and monocytes in their bronchoalveolar lavage fluid providing nonspecific protection for the animals against S. maltophilia as well as S. aureus infections (Zgair and Chhibber, 2012). In another study, Pompilio et al. (2018) compared the severity of disease caused by aerosol challenge of mice of the DBA/2 N strain with the clinical isolate S. maltophilia SM111 and its aflagellate isogenic mutant (ΔfliI). Pompilio et al. (2018) did not observe a significant trend in body weight changes, pulmonary persistence, lung damage, or mortality in mice infected with wild-type and fliI− strains. The authors suggested that flagella and motility might not represent S. maltophilia virulence traits involved in the pathogenesis of lung infection. Meanwhile, the expression of TNF-α in murine lungs infected with the aflagellate mutant was significantly reduced (Pompilio et al., 2018).

Hypothetically, in the context of a chronic infection, it is admissible that a bacterium lacking flagellin as a significant immunogenic factor may gain a survival advantage diminishing the host’s immune response. This hypothesis could be corroborated by observations in patients with CF: a substantial portion of P. aeruginosa isolates (39%) from chronically colonized patients were nonmotile and resistant to phagocytosis by macrophages (Mahenthiralingam et al., 1994). Nevertheless, the majority of studies have reported a positive correlation between motility and primary adhesion (e.g., de Oliveira-Garcia et al., 2002; Waters et al., 2007; Pompilio et al., 2010; Zgair and Chhibber, 2011; Madi et al., 2016). Perhaps, the aforementioned speculation that flagella do not contribute to S. maltophilia virulence may be relevant only to the later (chronic) stage of the disease when the initial adhesion step preceding the infection has already occurred.

The motility of S. maltophilia and the level of flagellin gene expression depend on environmental conditions and are tightly controlled by comprehensive genetic systems that have not been fully investigated. In particular, cyclic diguanosine monophosphate (c-di-GMP), the ubiquitous second messenger has been recognized as an important intracellular signaling molecule involved in the regulation of flagellin gene expression in many bacteria. c-di-GMP is also implicated in controlling various bacterial physiological processes, including the cell cycle, adherence, motility, the production of VFs, and biofilm formation (Ross et al., 1987; Hengge, 2009).

The intracellular concentration of c-di-GMP is modulated by two groups of enzymes with opposing activities, diguanylate cyclases (DGCs) and phosphodiesterases (PDEs). DGCs contain a conserved GGDEF domain and synthesize c-di-GMP by condensation of two GTP molecules. PDEs, with either EAL or HD-GYP domains, degrade c-di-GMP into linear guanosine dinucleotide (pGpG) or guanosine monophosphate (GMP) (Chan et al., 2004; Christen et al., 2005, 2006; Caly et al., 2014). An increased level of c-di-GMP, resulting from the action of DGCs, is associated with a sessile lifestyle and biofilm formation which is relevant to chronic bacterial infections. Conversely, lower concentrations of c-di-GMP due to phosphodiesterase activity, are found in motile bacteria during acute infection processes (Hengge, 2009; Moscoso et al., 2011; Cheng et al., 2019). In S. maltophilia, the mechanisms by which c-di-GMP controls flagellar synthesis and flagella numbers are still poorly understood, and there is a paucity of studies focused on the molecular basis of its functioning.

In some bacteria, the expression of flagellar genes is activated and controlled by specific genetic determinants known as master regulators and their homologs, e.g., FlrA (FleQ) in P. aeruginosa and Vibrio cholerae, flaK and flaM in Vibrio parahaemolyticus (Ritchings et al., 1995; Stewart and McCarter, 1996; Arora et al., 1997; Klose and Mekalanos, 1998; Hickman and Harwood, 2008).

Yang et al. (2014) reported that flagellar gene expression in S. maltophilia is controlled by FleQ (Smlt2295). This transcriptional regulator, an enhancer-binding protein, is homologous to the similar master regulator in P. aeruginosa and it is the major target for the c-di-GMP produced by the wrinkly spreader phenotype (Wsp) chemosensory system pathway (Hickman et al., 2005; Yang et al., 2014). FleQ works together with a putative ATPase, FleN, and is inhibited by binding c-di-GMP. Inhibition of this complex and, therefore, Wsp pathway activation results in elevated expression of biofilm-associated pel, psl, and cdr operons and a reduction of flagellar gene expression (Hickman et al., 2005; Hickman and Harwood, 2008; Yang et al., 2014). The situation is reversed if the concentration of c-di-GMP is low: FleQ remains unbounded, and it leads to increased expression of flagellar genes, and, therefore, the ability of bacteria to be sessile in biofilms decreases.

Liu et al. (2017) have reported a correlation between increased expression of bsmR which encodes an eponymous regulatory protein, an EAL domain-containing PDE, and increased bacterial swimming and decreased cell aggregation in S. maltophilia CGMCC 1.1788. Therefore, bsmR is suggested to be a negative regulator of biofilm formation and a positive regulator of swimming motility. The bsmR operon controls the expression of at least 349 genes, of which 34 are involved in flagellar synthesis and are under positive regulation of the FsnR transcription factor (Liu et al., 2017). BsmR degrades c-di-GMP to activate the expression of FsnR. This flagellar-assembly-related transcription factor binds directly to the promoter regions of two operons, Smlt2303 and Smlt2318, initiating the transcription of flagella-associated genes (Kang et al., 2015; Zheng et al., 2016).

Zhang et al. (2022) analyzed genes potentially affecting the c-di-GMP level in S. maltophilia, specifically those encoding proteins containing GGDEF, EAL, and HD-GYP domains. The authors identified 33 putative c-di-GMP turnover enzymes in the genome of S. maltophilia using the Simple Modular Architecture Research Tool (SMART) (Letunic and Bork, 2018) and constructed mutants of all 33 genes via insertional inactivation. Among the mutants analyzed, 12 bacterial strains exhibited a deficiency in swimming motility while one showed promotion, that suggests the 13 corresponding genes may contribute to the regulation of bacterial swimming motility. The authors also made an important observation that the mutation-induced degeneration or inactivation of DGCs or PDEs do not necessarily alter the cellular c-di-GMP level and bacterial swimming motility. Therefore, further investigations are needed to assess the contribution of each gene to swimming motility.

Among all the enzymes analyzed, the authors also identified and characterized a novel Fe2+-dependent phosphodiesterase named SisP (S. maltophilia iron-sensing PDE). SisP increased its activity and facilitated bacterial swimming upon stimulation with ferrous iron in a dose-dependent manner, and the degradation of c-di-GMP led to FsnR-dependent transcription of flagellar genes (Zhang et al., 2022).



Fimbriae and pili

Type 1 fimbriae (SMF-1) are an important VF that confers to S. maltophilia the ability to adhere to various specific host epithelia (de Oliveira-Garcia et al., 2002; Zgair and Chhibber, 2011; Giltner et al., 2012). In particular, it has been reported that adherence to biotic (epithelial cells) and abiotic surfaces (such as medical implants and catheters) was inhibited by anti-SMF-1 antibodies (de Oliveira-Garcia et al., 2003). Fimbriae are also involved in early stages of biofilm formation (de Oliveira-Garcia et al., 2003) and can agglutinate red blood cells (Crossman et al., 2008). Antibodies against SMF-1 fimbriae, but not preimmune serum, inhibited hemagglutination in a dose-dependent manner (de Oliveira-Garcia et al., 2003).

It is worth noting that SMF-1 fimbriae were revealed in all clinical isolates (n = 46) obtained from patients (de Oliveira-Garcia et al., 2003), whereas S. maltophilia strains isolated from environmental sources did not possess them (Nicoletti et al., 2011). Therefore, fimbriae are thought to be the significant structures involved in the adhesion and colonization of the lung epithelium.

Fimbrial protein production is controlled by the Smf-1 fimbrial operon, which includes Smlt0706-Smlt0709 (Crossman et al., 2008). This type of fimbriae is assembled by the bacterial chaperone-usher pathway (Thanassi et al., 1998). Despite S. maltophilia fimbrin is closely related to fimbrial adhesins of most members of the Enterobacteriaceae and the CupA fimbriae of P. aeruginosa, the N-terminal amino acid sequences of S. maltophilia Smf-1 significantly differ from those belonging to other families of fimbriae (ranging from 50% to 61%). This suggests that this family of fimbriae may extend to other genetically distant non-enteric bacterial genera (Vallet et al., 2001; de Oliveira-Garcia et al., 2003).

Type IV pili (T4P) are considered a significant VF associated with twitching motility, adhesion to biotic and abiotic surfaces, colonization, and biofilm formation in various bacterial pathogens (Doig et al., 1988; Saiman et al., 1990; Giltner et al., 2012). T4P have also been reported to mediate P. aeruginosa virulence through interdependent action with the type III secretion system (T3SS), thereby promoting its effector injection into the host cell (Heiniger et al., 2010; Shikata et al., 2016).

To date, the role of type IV pili in S. maltophilia virulence has not been sufficiently studied. Kalidasan and Neela (2020) have proposed a theoretical model for S. maltophilia type IV pilus based on Rapid Annotations using Subsystem Technology (RAST) analysis that provided high quality genome annotations for bacterial genomes across the whole phylogenetic tree, and previous reports on P. aeruginosa.

Extensive sequence variation in the type IV pilin adhesion precursor gene has been revealed by Fluit et al. (2022). Meanwhile, no significant correlations have been reported between virulence and the presence of the pil gene family which is involved in pilus formation. An analysis of clinical and environmental S. maltophilia strains performed by Cruz-Córdova et al. (2020) showed that the pilU gene frequencies were high enough but comparable in both groups analyzed, regardless of origin. An increase in biofilm biomass formed by CF isolates with elevated swimming and twitching motility has been reported by Pompilio et al. (2011) and, notably, the phenomenon was observed only in CF isolates. Taken together, there appears to be no direct evidence for T4P as a significant VF in S. maltophilia, and further studies are needed to clarify their contribution to its virulence.



Secretion systems and extracellular enzymes

Clinical S. maltophilia strains produce a variety of VFs, including proteases (StmPr1, StmPr2, StmPr3, StmPr4), lipases (lipase and phospholipase C and D), nucleases, gelatinases, elastase, esterases, hyaluronidases, fibrinolysin/streptokinase, heparinases, hemolysins, siderophores, and cytotoxins (Windhorst et al., 2002; Travassos et al., 2004; Trifonova and Strateva, 2019). These VFs contribute to bacterial colonization/persistence, induce cytotoxic and morphological effects on host cells, and play roles in various stages of the infection process (Karaba et al., 2013; DuMont et al., 2015).

Of the 11 known bacterial secretion systems (including outer membrane vesicles, OMVs), S. maltophilia possesses type I, II, IV, V, and VI secretion systems that have been identified through genome sequencing (Crossman et al., 2008; Rocco et al., 2009; Zhu et al., 2012; Adamek et al., 2014; Alavi et al., 2014). Albeit the role of these systems in virulence formation is well understood in many bacteria, only three types of S. maltophilia secretion systems (II, IV, and VI) have been described in detail.

The genome of S. maltophilia clinical strain K279a has two unlinked loci that are predicted to encode the double membrane-spanning type II secretion system, T2SS (GSP and XPS). Each locus contains 11 T2SS genes, corresponding to the core T2SS components (Karaba et al., 2013). The S. maltophilia type II secretion system mediates the secretion of at least seven protein effectors and three proteolytic activities. Proteolytic enzymes, particularly the serine proteases StmPr1, StmPr2, and StmPr3, are secreted in an XPS-dependent manner and induce structural and viability changes in lung epithelial cells, promoting the degradation of collagen, fibrinogen, fibronectin, and interleukin 8 (IL-8) (Karaba et al., 2013; DuMont et al., 2015; DuMont and Cianciotto, 2017). Another serine protease, StmPR4, has also been reported in the S. maltophilia genome (Windhorst et al., 2002; Ribitsch et al., 2012). It is thought that StmPR3, together with StmPR1 and StmPR2, contributes to the protease-mediated dysfunction of the innate immune system in cystic fibrosis (Molloy et al., 2019).

Lee et al. (2022) purified and identified a serine colistin-degrading protease (Cdp) in S. maltophilia strain Col1. Isolated from the soil, this strain exhibited high-level resistance against colistin (MIC value of 32 mg/L). Coculture and coinfection assays revealed that S. maltophilia strain Col1, bearing the cdp gene, could inactivate colistin, thereby protecting susceptible P. aeruginosa. Using colistin against P. aeruginosa infection in Drosophila melanogaster increased fly survival by 41%. In contrast, coinfection of flies with S. maltophilia strains carrying the cdp gene, did not increase the survival rate after colistin treatment. The authors noted that S. maltophilia genomes contain genes orthologous to cdp, located in a region immediately adjacent to the T2SS gene cluster (Lee et al., 2022). Thus, the colistin-degrading protease may play an important role in collective resistance to colistin in polymicrobial infections such as CF (Lee et al., 2022).

A type IV secretion system (T4SS) has been identified in the genome of both clinical and environmental S. maltophilia isolates (Nas et al., 2019). In S. maltophilia, the T4SS called the VirB/D4 system, is highly conserved within the genus and it is most similar to the T4SS of the Xanthomonas genus (Nas et al., 2019). T4SS typically comprises 12 proteins (VirB1-VirB11, and VirD4; Christie et al., 2014; Ghosal et al., 2017; Grohmann et al., 2018) and facilitates the delivery of DNA and/or protein effectors into bacterial or eukaryotic targets in a contact-dependent manner (Gonzalez-Rivera et al., 2016; Grohmann et al., 2018). The VirB10 protein, as part of the periplasm-outer membrane-spanning subcomplex, and the ATPase coupling protein VirD4 are essential for the antibacterial activity of the T4SS in S. maltophilia K279a (Bayer-Santos et al., 2019; Nas et al., 2019, 2021). The contribution of the VirB/D4 system to interspecific antagonism was elegantly demonstrated by Nas et al. (2019). They reported that S. maltophilia was capable of killing P. aeruginosa environmental strain 7700 and clinical isolates PAO1 and PAK when cocultured. Interestingly, S. maltophilia exhibited selectivity when acting on different species of heterologous bacteria, e.g., it killed Pseudomonas mendocina but not P. fluorescens, P. putida, or P. stutzeri (Nas et al., 2019). Based on studies that highlight the contribution of the type VI secretion systems in various bacteria to interbacterial killing (Basler et al., 2012; Ma et al., 2014; Ahmad et al., 2019), the authors suggested that the S. maltophilia VirB/D4 T4SS effectors are akin to those secreted by other type VI secretion systems, e.g., lipases, peptidases, nucleases, and muramidases (Ho et al., 2014).

Nas et al. (2021) identified 13 putative cognate immunity proteins in S. maltophilia that typically provide self-protection to the organism encoding the T4SS, and studied the effect of their expression in heterologous bacteria. Using these proteins, the authors revealed two potential antibacterial effectors, RS14245 and RS14255, that were required for the ability of S. maltophilia to kill heterologous bacteria, especially laboratory E. coli and clinical strains of P. aeruginosa isolated from the lungs of CF patients. The putative lipases, RS14245 and RS14255, when bound by cognate immunity proteins, did not exhibit antibacterial activity; and S. maltophilia complemented mutants lacking RS14245 and RS14255 significantly reduced their antibacterial properties (Nas et al., 2021).

The authors’ findings are intriguing from various perspectives. On the one hand, the secretion of effectors that suppress other bacterial species can be regarded as a significant VF of S. maltophilia. On the other hand, the isolation and study of such effectors hold the potential to develop novel antimicrobial drugs for the targeted therapy of infections caused by Pseudomonas and Escherichia.

Apart from providing a competitive advantage to S. maltophilia in polymicrobial communities, probably by increasing its fitness, the VirB/D4 T4SS effectors have another essential function: they inhibit apoptosis in infected lung epithelial cells but induce apoptosis in infected macrophages (Nas et al., 2019).

The Type VI Secretion System (T6SS) is a protein secretion nanomachine utilized by Gram-negative bacteria to deliver toxic effectors into target cells in a contact-dependent manner (Mougous et al., 2006; Perault et al., 2020; Crisan and Goldberg, 2022). Protein effectors exert their toxicity on the bacterial cell envelope and can degrade the peptidoglycan layer and lipid membranes, form pores and interfere with protein synthesis in the cytoplasm of competitor bacteria (Russell et al., 2011, 2013; Ahmad et al., 2019; Nolan et al., 2021). Additionally, T6SS effectors hinder host cell functions, facilitate immune evasion, thereby promoting a successful infection (Hachani et al., 2016), and participate in bacterial metal uptake by assisting low- and high-affinity transport systems in scavenging metal ions from the environment (Wang et al., 2015; Stubbendieck and Straight, 2016; Lin et al., 2017; Si et al., 2017; Han et al., 2019; Yang X. et al., 2021; Li et al., 2022).

Although T6SS genes have been identified in some S. maltophilia strains early (Alavi et al., 2014; Bayer-Santos et al., 2019), there is a paucity of experimental evidence demonstrating the function of T6SS effectors in the bacterium. Crisan et al. (2023) reported that the S. maltophilia STEN00241 clinical isolate possesses an active T6SS under standard laboratory conditions and the T6SS contributes to the elimination of some heterologous bacterial species. In particular, STEN00241 killed Burkholderia cenocepacia strain K56-2 and E. coli DH5α in a T6SS-dependent manner, but not P. aeruginosa PA14 laboratory strain, the P. aeruginosa CF isolate (PA32), and the S. aureus JE2. This selectivity in the mode of interspecific interaction within multi-species communities (elimination, competitive co-existence, or hypothetical symbiosis) suggests that the T6SS secretory function is also regulated by various environmental factors. The putative T6SS secretion triggers may be signals generated by the QS of the neighboring bacteria or their various metabolites (Lesic et al., 2009; Lin et al., 2017).

Concluding the chapter on S. maltophilia secretion systems, at least one intriguing question remains unanswered: what is the benefit to the bacterium of using both VirB/D4 T4SS and T6SS to produce functionally similar antibacterial proteins? Suggesting that it is not redundancy, the functions of these effectors and/or their trigger mechanisms are thought to be different and need to be further investigated.

To summarize, it should be noted that although five types of secretion systems (type I, II, IV, V, and VI) have been revealed in S. maltophilia genomes, further research is needed to fully comprehend their functional roles and potential interactions between the systems.



Biofilms

The ability of S. maltophilia to form biofilms on abiotic surfaces and host tissues is an important VF that plays a crucial role in HAI and multibacterial infections and dramatically decreases the therapeutic efficacy of important antibiotics, including aminoglycosides, fluoroquinolones, and tetracycline (Di Bonaventura et al., 2004, 2007; Pompilio et al., 2010; Sun et al., 2016). Biofilms provide protection to the members of bacterial communities from exposure to antibiotics by reducing their diffusion (Tseng et al., 2013) and increasing their inactivation (Amanatidou et al., 2019). Besides, the biofilm polymer matrix gives bacteria protection from various forms of environmental stress, such as dehydration, UV exposure, salinity, and toxic metals (Hall-Stoodley et al., 2004). High cell density within biofilms and increased oxidative stress result in an elevated mutation rate and enhanced horizontal gene transfer (HGT) (Driffield et al., 2008). Compared to their planktonic counterparts, bacteria in biofilms exhibit greater resistance to nutrient starvation, pH fluctuations, and oxygen radicals (Jefferson, 2004). Biofilms may also increase the level of resistance by altering the expression of pre-existing antibiotic resistance genes (ARGs) (Høiby et al., 2010) as well as the proportion of tolerant or persister cells within the population due to a reduction in bacterial metabolic activity within the biofilm interior (Walters et al., 2003; Wood et al., 2013).

The formation of persister cells is also hypothetically possible due to a reduction in antibiotic concentration within biofilms, since it has been demonstrated that sub-MIC (minimum inhibitory concentration) levels of various antibiotics can induce persister cell formation (Dörr et al., 2009; Johnson and Levin, 2013; Kwan et al., 2013). Nutrient limitation within biofilms perhaps also affects the bacterial stringent response, where (p)ppGpp (alarmone) levels lead to slower bacterial growth and promote the formation of persister cells (McCall et al., 2019; Ro et al., 2021). In addition, biofilms protect bacteria from the host’s immune response by acting as a physical barrier, helping bacteria avoid detection and phagocytosis, and by activating response regulators, genetic switches, or suppressors that affect the activity of immune cells (Hall-Stoodley et al., 2004; González et al., 2018).

The initial stage of the biofilm formation process occurs within the first 30–60 min when planktonic cells adhere to a surface through weak and reversible interactions mediated by semiflexible fimbriae and flagella filaments. The second stage typically begins 4 h later, during which bacterial cells irreversibly attach to and colonize a surface using flagella, pili, and other surface appendages. After adhering to a surface, the cells initiate the production of extracellular polymeric substances, thereby forming a self-secreted polymer matrix of exopolysaccharides, DNA, and proteins (Flores-Treviño et al., 2019). The first microcolonies are generated by the aggregation of cells after approximately 10 h. The third stage occurs in 18–24 h when the biofilm turns into a mature phase. A mature biofilm possesses microchannels to transport water, nutrients, and debris; and bacterial cells within the biofilm express specific genes involved in QS (see below), EPS, and protein production. In mature biofilms, individual or clustered biofilm cells can detach, disperse, and colonize new niches within less than 24 h (de Kievit, 2009; Sun et al., 2016; Flores-Treviño et al., 2019).

At least several putative genes related to S. maltophilia biofilm formation have been identified. These biofilm-associated genes include: spgM (a biofunctional enzyme with phosphoglucomutase and phosphomannomutase activity); rmlA (glucose-1-phosphate thymidylyltransferase); rmlC (an epimerase RmlC, also named RfbC); xanB (a bifunctional enzyme, phosphomannose isomerase-GDP-mannose pyrophosphorylase); and rpfF (cis-11-methyl-2-dodecenoic acid, or synthase for the diffusible signal factor, DSF) (Köplin et al., 1992; Di Bonaventura et al., 2004; Huang et al., 2006; Pompilio et al., 2011; Zhuo et al., 2014). In addition to the genes listed above, numerous genes associated with the synthesis of LPS, fimbria, flagella, and pili, as well as the intracellular c-di-GMP level contribute to biofilm formation (see the corresponding chapters). For instance, almost all (30/31; 97%) S. maltophilia isolates harboring smf-1, which encodes the fimbrial protein Smf-1, were able to form biofilms (Gallo et al., 2016). The macABCsm and smeYZ genes, encoding pumps, have also been identified as essential for biofilm formation (Huang et al., 2006; Lin Y.-T. et al., 2014; Lin et al., 2015). An extended list of genes potentially associated with biofilm production can be found in the review by Flores-Treviño et al. (2019).

Recently, Strateva et al. (2023) analyzed 220 S. maltophilia strong biofilm producers and found the overall frequency of three biofilm-associated genes as follows: spgM—98.6%, rmlA—86%, and rpfF—66.5%. Meanwhile, Zhuo et al. (2014) have noted that, although the rmlA, spgM, or rpfF are closely related to biofilm formation, they do not significantly affect the average amount of biofilm.

Ramos-Hegazy et al. (2020) analyzed a transposon mutant library for mutations leading to altered biofilm formation. The authors identified the gpmA gene, which encodes a glycolytic enzyme, phosphoglycerate mutase, mediating the initial stages of S. maltophilia attachment to abiotic surfaces as well as immortalized CF-derived bronchial epithelial (CFBE) cells. The S. maltophilia isogenic mutant ΔgpmA exhibited a significant decrease in initial attachment and early biofilm formation on polystyrene plates compared to the wild type within the first 2–4 h. Interestingly, after 6 h, there was no difference in biofilm formation between the wild and mutant strains, suggesting that gpmA is involved only in the early phase of adhesion and biofilm formation (Ramos-Hegazy et al., 2020; Di Bonaventura et al., 2023).

Pompilio et al. (2020) have analyzed 85 S. maltophilia strains isolated from patients with CF and other infections and revealed that over 88% of the isolates were able to form biofilm, with non-CF strains being significantly more efficient compared to CF strains. Meanwhile, the prevalence of the multidrug-resistant phenotype was higher in CF isolates in contrast to non-CF ones (90% vs. 67%). S. maltophilia strains susceptible to piperacillin/tazobactam or meropenem produced significantly increased biofilm biomass compared to resistant strains. The authors suggested that susceptible bacteria may utilize biofilms as an alternative defense strategy to evade antibiotic action and to survive within the host (Pompilio et al., 2020).

Liu et al. (2017) have demonstrated the role of a regulatory protein mentioned above, BsmR, an EAL-domain-containing phosphodiesterase, in controlling biofilm formation and swimming motility in S. maltophilia. An increase in BsmR expression led to a significant increase in bacterial swimming motility and a decrease in cell aggregation. Thus, BsmR was identified as a negative regulator of biofilm development that degrades c-di-GMP through its EAL domain, thereby activating the expression of a transcriptional regulator, FsnR (see above), which positively controls the transcription of flagellar genes involved in swimming motility (Liu et al., 2017; Zhang et al., 2022).

An outer membrane protein, Ax21, secreted within OMVs and associated with a VF related to QS, is also implicated in biofilm formation (Ferrer-Navarro et al., 2013; An and Tang, 2018). Deletion of ax21 (Smlt0387) has been shown to reduce motility, biofilm formation, virulence to larvae of Galleria mellonella, tolerance to tobramycin, as well as alter the expression of some genes associated with virulence or antibiotic resistance (Ferrer-Navarro et al., 2013; An and Tang, 2018).

Most interestingly, the analysis of transcriptome profiles of seven clinical S. maltophilia isolates, combined with differential gene expression of biofilm vs. planktonic cells, revealed that a relatively small set of shared and commonly regulated genes is involved in the biofilm lifestyle: only about 9.5% of all genes were differentially regulated. On average, approximately 7.5% of all genes were upregulated, and about 2% of all genes were downregulated in biofilms compared to planktonic cells (Alio et al., 2020).

A comprehensive analysis of all available data on the role of various factors in the transition of bacterial cells from a planktonic to a sessile lifestyle in biofilms shows that this transformation is initiated and regulated by many mechanisms that require further study.



Efflux pumps and virulence

Historically, efflux pumps have been considered to be among the mechanisms that provide bacteria with resistance to antimicrobials. Efflux pumps significantly contribute to the intrinsic antimicrobial resistance of S. maltophilia. However, as noted and discussed below, some types of efflux pumps possess an extended range of functions beyond the scope of “antibiotic resistance”, and these pumps are involved in the molecular mechanisms of bacterial virulence.

The genome of S. maltophilia contains a formidable arsenal of pumps belonging to various families. This includes ATP-binding cassette (ABC) pumps, MacABCsm (Lin C.-W. et al., 2014) and SmrA (Al-Hamad et al., 2009); Major Facilitator family (MFS) pumps, EmrCAB (Huang et al., 2013) and MfsA (Srijaruskul et al., 2015; Dulyayangkul et al., 2016); a fusaric acid efflux pump, FuaABC (Hu et al., 2012); and eight Resistance Nodulation Division (RND) pumps [SmeABC (Li et al., 2002), SmeDEF (Alonso and Martínez, 2000; Zhang et al., 2001; García-León et al., 2014), SmeGH (Blanco et al., 2019; Li et al., 2019), SmeIJK (Huang et al., 2014), SmeMN (Crossman et al., 2008), SmeOP (Lin C.-W. et al., 2014), SmeVWX (Chen et al., 2011; García-León et al., 2015), and SmeYZ (Lin et al., 2015)].

The efflux pumps encoded in the S. maltophilia genome are involved in the removal of a wide spectrum of toxic substances, including antibiotics. The ABC multidrug efflux pump, SmrA, contributes to the elimination of fluoroquinolones, tetracycline, and doxorubicin (Al-Hamad et al., 2009) while MacABCsm, another member of the same family, removes aminoglycosides, macrolides, and polymyxins (Lin C.-W. et al., 2014). The MFS efflux pump, EmrCABsm, facilitates the removal of nalidixic acid, erythromycin, carbonyl cyanide 3-chlorophenylhydrazone, and tetrachlorosalicylanilide (Huang et al., 2013). The fusaric acid tripartite efflux pump, FusA, is involved in the elimination of fusaric acid (Hu et al., 2012). The role of seven out of the eight RND efflux pumps (SmeABC, SmeDEF, SmeGH, SmeIJK, SmeOP, SmeVWX, and SmeYZ) in the antibiotic resistance has been also identified, except for SmeMN (Gil-Gil et al., 2020). Additionally, some RND pumps are involved in the efflux of chloramphenicol, tetracycline, macrolides, quinolones, sulfamethoxazole, trimethoprim, and trimethoprim–sulfamethoxazole (Alonso and Martínez, 2000; Sánchez and Martínez, 2018; Wu et al., 2019). The contribution of pumps to antimicrobial resistance is considered in detail in some comprehensive reviews (e.g., Menetrey et al., 2021; Chauviat et al., 2023).

It is noteworthy that efflux pumps SmeYZ, SmeDEF, and MacABCsm, besides their primary function of removing xenobiotics from bacterial cells, also impact motility, flagella formation, and biofilm development (Lin Y.-T. et al., 2014; Lin et al., 2015; Kim et al., 2018). Lin Y.-T. et al. (2014) demonstrated that a ΔsmeYZ mutant was unable to form flagella, resulting in a lack of motility, and exhibited reduced biofilm formation. The SmeYZ pump has been reported to contribute to a number of other physiological functions, including oxidative stress susceptibility, swimming, and, along with the SmeDEF pump, protease secretion (Lin et al., 2015; Wu et al., 2016; Kim et al., 2018). Blanco et al. (2019) reported that SmeGH is also involved in biofilm formation: a ΔsmeH mutant exhibited an elevated ability to produce a biofilm.

SmeYZ and SmeDEF are thought to be utilized by S. maltophilia against eukaryotes. Overexpression of SmeDEF in the S. maltophilia strain D457R led to reduced virulence against the social amoeba Dictyostelium discoideum (Alonso, 2004), and the loss of SmeYZ decreased in vivo virulence in a murine model and increased susceptibility to human serum and neutrophils (Lin et al., 2015). The above evidence significantly supports the suggestion that these RND pumps contribute to the S. maltophilia virulence.

The S. maltophilia MacABCsm differs from the MacAB homologs of other bacteria (Lin Y.-T. et al., 2014). In particular, the pump possesses its own cognate outer membrane protein (OMP), MacCsm; and the macABCsm operon is intrinsically expressed. Additionally, MacABCsm has a wider substrate range for extruding macrolides, aminoglycosides, and polymyxins compared to MacAB-TolC of E. coli (Lin Y.-T. et al., 2014).

Another noteworthy function of efflux pumps was described by Wu C.-J. et al. (2022). They revealed that the SmeYZ, SmeDEF, and SbiAB pumps along with other mechanisms, impact the secretion of the siderophore stenobactin and the utilization of iron ions (see below) (Wu C.-J. et al., 2022).

The SmeIJK efflux pump of S. maltophilia has been reported to be involved in cell envelope integrity and the envelope stress response. Huang et al. (2014) demonstrated that a smeIJK-deleted mutant has increased sensitivity to membrane-damaging agents (MDAs) compared to the wild-type strain and exhibited an increased RpoE-mediated envelope stress response. In addition, sublethal MDAs concentrations induced smeIJK expression in an RpoE-dependent manner.

Summarizing the above, the analysis of current data on efflux pumps suggests that the historically held belief regarding their main functions should be reevaluated, and bacterial efflux pumps are much more than antibiotic resistance determinants. Since pumps are revealed in both clinical and environmental strains (Youenou et al., 2015) and considering the environmental origin of S. maltophilia, the functions of efflux pumps may be linked to bacterial physiology and adaptation to various niches and environments, as well as coexistence within complex multi-species communities.



Virulence and iron

Iron is vital for the growth and proliferation of non-fermenting Gram-negative bacilli, including S. maltophilia. Competition for iron ions between bacteria and the host during chronic infections can be detrimental to the host. Bacterial iron uptake may lead to local tissue damage and systemic dysfunction, e.g., anemia of inflammation, also known as anemia of chronic disease, observed in infectious, inflammatory, autoimmune, neoplastic, and chronic kidney diseases (Jurado, 1997). Iron plays a role in bacterial pathogenicity and host defense mechanisms, which is often underestimated. In S. maltophilia, iron limitation induces biofilm formation, increases EPS production, and reduces the generation of reactive oxygen species (ROS) (Kalidasan et al., 2018). Therefore, bacterial systems aimed at acquiring and transferring iron ions into bacterial cells are considered significant VFs.

While a basic understanding of iron uptake in Gram-negative bacteria has been achieved, many molecular mechanisms involved in this process in S. maltophilia remain unclear. Similar to other bacteria, S. maltophilia possesses a number of iron acquisition mechanisms that exhibit functional redundancy (Figure 2).
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FIGURE 2
 Iron acquisition and iron export systems in Stenotrophomonas maltophilia. IM, inner membrane; P, periplasm; PG; peptidoglycan; OM, outer membrane. AmpI, the inner membrane iron exporter; EFC, exogenous ferric citrate; ESP, an exogenous siderophore (siderophores produced by other bacteria, e.g., Pseudomonas aeruginosa); FciA, the outer membrane receptor for ferric citrate uptake; FciT (inner membrane protein) and FciC (cytoplasmic protein), putative proteins for citrate-mediated iron acquisition; FCS, the ferric citrate siderophore complex; FeoA, a cytoplasmic protein; FeoABI, the inner membrane transporter system of ferric citrate; FepA, the ferri-siderophore uptake system; FepB, a protein delivering ferric siderophore from the periplasm; FepCDG, the inner membrane transporter system for ferric siderophores; HemA, the TonB-dependent outer membrane receptor for hemin; HM, hemin; HmuT, a hemin-transporting protein; HmuUV, the inner membrane hemin transporter; IMSE, the inner membrane siderophore exporters (EntS for enterobactin, SmeY, SbiA, and SmeD for stenobactin); SmeF, the outer membrane exporter for siderophore; SP, S. maltophilia siderophore (stenobactin or enterobactin).


Two distinct iron uptake pathways are encoded by the S. maltophilia genome. These pathways include a siderophore- and a heme-mediated acquisition system (Kalidasan et al., 2018). The entAFDBEC operon controls the synthesis of the siderophore enterobactin, which belongs to the class of catecholamines, binding and transporting Fe3+ into the bacterial cell. The heme-mediated uptake system is under the control of the hgbBC and probably also the hmuRSTUV operons (Adamek et al., 2014; Kalidasan et al., 2018).

The simplest and least efficient absorption system is based on the diffusion of iron ions across OMPs (Liao et al., 2022). A more advanced iron uptake system employs siderophores, high-affinity iron-chelating molecules, to capture iron ions from the environment. These iron-siderophore complexes are recognized by specific OMPs and transported to the cytoplasm. S. maltophilia strains can produce at least two catecholate siderophores, stenobactin and an EntC-dependent catecholate siderophore which is sufficiently similar to, but distinct from, enterobactin of enteric bacteria (Nas and Cianciotto, 2017; Zhang et al., 2021; Wu C.-M. et al., 2022). Although one previous study (Jurkevitch et al., 1992) reported that S. maltophilia produces pseudobactin for iron uptake, this finding has not yet been confirmed. The export of siderophores is mediated by a system of membrane transport proteins (EntS, SmeY, SbiA, SmeD) of the inner membrane and TolC-exporter (SmeF for stenobactin) of the outer membrane (Wu C.-M. et al., 2022).

The ferric-enterobactin complex is recognized and taken up by the TonB-dependent FepA (ferric enterobactin protein), the enterobactin receptor on the outer membrane. Subsequently, FepB, the periplasmic binding protein, transports the iron-siderophore complex from the periplasm to the cytoplasm via the FepCDG transporter (Faraldo-Gómez and Sansom, 2003; Kalidasan et al., 2018).

Interestingly, while competing for iron, S. maltophilia can demonstrate cheating by using exogenous siderophores of xenogeneic origin. It has been reported that S. maltophilia can facilitate the uptake of ferri-pyochelin from P. aeruginosa in an iron-depleted condition (Pan et al., 2022).

An alternative to the catecholate siderophore is the citrate siderophore, which can be produced by S. maltophilia or obtained from exogenous sources. The Fe3+-citrate-siderophore complex is transported into the cytoplasm through a system of specific outer and inner membrane proteins (Figure 2). FciA (Smlt1148) has been reported as the main receptor for ferric citrate acquisition in S. maltophilia KJ (Liao et al., 2022).

Another pathway of iron acquisition in S. maltophilia is the heme-mediated uptake system, which utilizes its specific transporters. The putative outer membrane receptor for hemin is HemA, which is under negative control of the predicted transcriptional factor HemP (Shih et al., 2022). Hemin uptake is controlled by the hemP-hemA-smlt0796-smlt0797, hgbBC, and potentially hmuRSTUV operons (Kalidasan et al., 2018; Shih et al., 2022). The hemP-hemA-smlt0796-smlt0797 operon, in turn, is negatively regulated by the ferric uptake regulator Fur (see below) (Shih et al., 2022).

Iron uptake in S. maltophilia is balanced by the opposite function of iron export. Excess free iron ions in the cytoplasm, which can be toxic to bacterial cells and potentiate ROS toxicity, are removed from the cell by the inner membrane iron exporter, AmpI (Huang et al., 2019). In an iron-depleted condition, AmpI function is inhibited, resulting in iron storage in the S. maltophilia cytoplasm. Notably, AmpI also allows S. maltophilia to reduce β-lactam-induced stress: the expression of ampI increases significantly upon exposure to β-lactams (Huang et al., 2019).

The iron uptake system in Gram-negative bacteria is under the control of many regulators. The key iron-dependent regulator of iron acquisition is the ferric uptake regulator protein (Fur) (Escolar et al., 1999), which is also involved in virulence and protection against oxidative stress (Carpenter et al., 2009). In the presence of Fe2+, Fur forms a complex with Fe2+ ions that binds to the Fur boxes of bacterial DNA, thereby inhibiting the transcription of iron transport genes (Bagg and Neilands, 1987; Escolar et al., 1999; Lee and Helmann, 2007). In the absence of iron, Fur releases its repressor effect, and genes involved in iron transport are expressed.

Interestingly, impairing Fur in S. maltophilia may increase its virulence. The spontaneous fur mutant, derived from the wild-type strain S. maltophilia K279a exhibited increased virulence in the G. mellonella killing assay compared to the parental wild-type K279a strain (García et al., 2015).

Other iron-regulating systems and putative regulators have also been identified in S. maltophilia. The FciTABC and FeoABI systems are responsible for ferric citrate utilization under iron-depleted conditions. Ferric citrate is taken up by FciA, a TonB-dependent OMP, and then transported across the inner membrane through the FeoABI pathway. The genes fciA, fciT, and fciC contribute to ferric citrate acquisition and are under the control of the fciTABC operon (Liao et al., 2022). AmpR, a transcriptional regulator in S. maltophilia, regulates stenobactin synthesis in an iron-depleted condition, however, its contribution to the acquisition and utilization of ferri-stenobactin and ferric citrate is thought to be insignificant (Liao et al., 2020). The uptake of hemin (as mentioned above) is under the control of the hemP-hemA-smlt0796-smlt0797, hgbBC, and potentially hmuRSTUV operons (Kalidasan et al., 2018; Shih et al., 2022). RNA polymerase sigma factors may also be involved in iron regulation in S. maltophilia (Kalidasan et al., 2018).

The iron uptake system is considered not only a virulence factor, but also a regulator of other VFs. Specifically, S. maltophilia K279a produced denser biofilms, and higher levels of EPS and DSF in an iron-depleted condition. In addition, the strain exhibited greater virulence than that cultivated under normal nutritional or iron-rich conditions (García et al., 2015; Kalidasan et al., 2018). Clinical and environmental S. maltophilia isolates grown under iron-limited conditions demonstrated increased nematocidal activity against Caenorhabditis elegans and increased siderophore production (Azman et al., 2019). There have also been contradictory observations: in particular, Jurado (1997) has reported that excess iron can enhance virulence in bacteria. Surplus iron ions have also been shown to upregulate RTX family toxin genes, including the putative virulence gene frpA, and downregulate frpC in S. maltophilia (Adamek et al., 2014).

Probably, fully understanding the influence of high/low levels of iron on S. maltophilia virulence requires further research, and the complexity of the iron regulatory system as well as its potential interaction with other bacterial metabolic global regulators should be taken into account. One potential avenue for further research could be the identification of the iron impact on virulence in the context of the development of a novel class of antibiotics, conjugates of a synthetic cephalosporin with an artificial siderophore. In response to the introduction of the new antibiotic, it has been reported the emergence of resistance to cefiderocol is associated with mutations in the iron uptake system genes (Werth et al., 2022). In this regard, the question arises: how will virulence change in cefiderocol-resistant isolates? An experimentally confirmed answer to this question may have clinical relevance.



Quorum sensing system

Similar to most Gram-negative bacteria, S. maltophilia possesses quorum sensing (QS), a signaling mechanism through which bacterial cells communicate to exchange information about cell density and adjust their gene expression accordingly (Huang and Lee Wong, 2007b). The system is responsible for the production of extracellular signaling molecules known as autoinducers, their detection, and initiating the bacterial response to the appearance of these molecules in the environment. Autoinducers accumulate in the environment, and when their concentration reaches a certain threshold, nearby bacteria are able to detect them. Through the exchange of signaling molecules, cells regulate their metabolic mechanisms related to colonization and virulence, including alterations in motility, biofilm formation, production of extracellular effectors, competition, and resistance properties (Huedo et al., 2014; Papenfort and Bassler, 2016; Paul et al., 2018; Yero et al., 2020).

Genome analyses have revealed that S. maltophilia does not synthesize N-acyl homoserine lactones (N-AHLs) or autoinducer 2 (AI2), signaling molecules typically found in other Gram-negative bacteria (Zhu et al., 2001; Vfselova et al., 2003). The main QS signaling molecule produced by S. maltophilia is known as DSF, represented by cis-Δ2-11-methyl-dodecenoic acid, an unsaturated fatty acid, and seven of its structural derivatives. The synthesis of DSF molecules is controlled by the rpfF and rpfB genes (Huang and Lee Wong, 2007b). The rpf (regulation of pathogenicity factors) gene cluster encodes RpfF synthase, fatty Acyl-CoA ligase, and the two-component RpfC/RpfG system responsible for the perception and transduction of DSF (Huang and Lee Wong, 2007a; Bi et al., 2014). Activated RpfF synthase converts c-di-GMP into a linear nucleotide pGpG or two GMP molecules, thereby regulating the expression of genes related to motility, biofilm formation, and virulence in rpfF-1 strains (Huedo et al., 2019).

Two variants of the rpf gene cluster, rpf-1 and rpf-2, have been found in S. maltophilia (Huedo et al., 2014). Notably, strains belonging to different rpf types exhibit distinct genotypic and phenotypic characteristics. Rpf-1-type S. maltophilia strains can produce DSF in response to various environmental signals, while rpf-2-type strains, with a truncated sensory region in the N-terminus of RpfF synthase, activate their DSF production only after detecting exogenous DSF (e.g., from other bacteria or S. maltophilia strains of the rpf-1 type). Therefore, only rpf-1-type strains can control biofilm formation, as well as the motility and virulence in surrounding bacteria (Huedo et al., 2014, 2015).

It is noteworthy that rpf-1-type S. maltophilia strains, particularly those in genogroup C, exhibit higher resistance to colistin and increased virulence against G. mellonella. Meanwhile, this association was not revealed in another model using the nematode C. elegans (Yero et al., 2020).

Thus, genotyping and identifying the rpf type appear to be useful and important tools for epidemiologic surveillance, considering the potential exchange of rpf clusters among S. maltophilia strains through recombination during horizontal gene transfer (Huedo et al., 2015).

Stenotrophomonas maltophilia has been found to possess a two-component signal transduction system (TCS) called BfmA–BfmK (Smlt4209–Smlt4208). The BfmA transcription factor, a component of the TCS, binds to the bfmA–bfmK promoter region and Smlt0800 (acoT), a gene encoding acyl-coenzyme A thioesterase, associated with biofilm formation (Zheng et al., 2016).

Coves et al. (2023) reported a putative TetR-like transcriptional regulator (locus tag SMLT2053) involved in biofilm formation in the K279a strain. The regulator controls its own β-oxidation operon (Smlt2053-Smlt2051) and is capable of sensing free long-chain fatty acids from the environment, including the QS signal DSF.

The transcriptional regulator AmpR, previously mentioned as a regulator of stenobactin synthesis under iron-deficient conditions, also affects the production of DSF and QS-dependent VFs. Alcaraz et al. (2022) have reported the negative impact of AmpR on biofilm production, as well as on architecture and matrix polysaccharides production in S. maltophilia. The ampR deficient mutant K279a ampRFS exhibited the highest adherence in tubes, the highest biomass production in microplates, and formed biofilms with improved thickness. In contrast, the strain with a constitutively active AmpR, K279aM11, was the least efficient in biofilm formation (Alcaraz et al., 2022). Given that AmpR is a positive regulator of β-lactam-induced β-lactamase expression (Okazaki and Avison, 2008) and iron depletion-mediated stenobactin synthesis (Liao et al., 2020), it is hypothetically possible that S. maltophilia may compensate for the loss of AmpR activity by enhancing biofilm and polysaccharides production to survive under adverse conditions.

It is worth noting that, in contrast to P. aeruginosa, S. maltophilia lacks a complete canonical LuxI/LuxR QS system utilizing acyl-homoserine lactones (AHL) as signaling molecules (see above). However, Martínez et al. (2015) revealed through comparative genomic analysis that S. maltophilia has a LuxR-like gene, Smlt1839, encoding the SmoR regulator (Stenotrophomonas maltophilia orphan regulator), which in vitro binds the synthetic lactone 3OC8-HSL, a natural analog of which is produced by P. aeruginosa. Adding concentrated supernatant from the medium on which lactone-producing P. aeruginosa was cultured provided an impetus to increase the swarming motility of S. maltophilia on Petri dishes. In other words, although S. maltophilia lacks the canonical LuxI/LuxR system, it is able to recognize QS signaling molecules of other species with the LuxI/LuxR system through its homologous intercellular exchange system. It is hypothetically possible that this system is linked to the T6SS and can, under certain conditions, induce the secretion of effectors to inhibit competitor growth (see above).

At the same time, S. maltophilia and P. aeruginosa can coexist and grow together in polymicrobial biofilms, e.g., in the lungs of CF patients (Ryan et al., 2008). Such a symbiotic (temporarily symbiotic or deferred competitive?) coexistence affects their susceptibility to antibiotics. Within two-species biofilms, S. maltophilia produced the DFS that was detected by the two-component sensor BptS in P. aeruginosa. As a result, the latter decreases its susceptibility to polymyxin B and colistin compared to P. aeruginosa monospecies biofilms (Ryan et al., 2008).

In considering the DSF system in S. maltophilia, it is worth noting the phenomenon of secretion through OMVs (Ferrer-Navarro et al., 2013). OMVs are small nanostructures secreted by bacteria, that can transport nucleic acids, proteins, and various small molecules, such as β-lactamases, to the surrounding environment. Devos et al. (2015) have found that S. maltophilia dramatically increased its vesicle secretion in the presence of imipenem. Of particular interest was the composition of the molecules transported by the OMVs: two types of β-lactamases encoded by chromosomes, OMPs, and flagellins Smlt0387 and Smlt0184 (Devos et al., 2015). These flagellins are homologous to Ax21, a protein involved in motility and biofilm formation in Xanthomonas oryzae. The functional role of this protein in S. maltophilia has not been determined, but it is thought that its secretion is initiated by DSF. Recently, the secretion system via OMVs is considered a potential VF, based on data demonstrating its effect on motility and biofilm formation in X. oryzae (Park et al., 2014).



Virulence and bacteriophages

The association between virulence and the presence of filamentous phage genes in the S. maltophilia genome was initially reported in 2006 (Hagemann et al., 2006). Among 47 S. maltophilia strains of clinical and environmental origin, Hagemann et al. (2006) identified five isolates bearing the pI gene of the filamentous phage phiLf, which was identical to the zot-like gene encoding the zonula occludens toxin in V. cholerae. In addition to the zot-like gene, six other genes related to a phage life cycle were identified in the S. maltophilia genomes. The authors suggested that phage genes could be transferred between strains via mobile genetic elements, potentially increasing the virulence of S. maltophilia.

Another mechanism through which filamentous phages vicariously increase the virulence of Gram-negative bacteria has been reported. It has been observed that the extracellular matrix produced by P. aeruginosa self-assembles into a liquid crystalline structure together with filamentous Pf bacteriophages in CF sputum (Secor et al., 2016). These liquid crystals enhance biofilm function by increasing adhesion and preventing the diffusion of antibiotics through biofilms, thereby contributing to increased antibiotic tolerance (Secor et al., 2015, 2016).

No previous studies have reported a similar virulence mechanism in CF respiratory S. maltophilia isolates, and confirmation of this VF, as well as a putative novel form of symbiosis between bacteria and phages, holds potential for further research.

The role of phages in increasing bacterial virulence has been extensively studied (Wagner and Waldor, 2002; Brüssow et al., 2004), however, bacteriophages may also provide a selective pressure against bacteria expressing specific VFs (León and Bastías, 2015). If the phage receptor coincides with a VF, such as lipopolysaccharide or type IV pili, its modification through mutations results in decreased virulence and reduced fitness (León and Bastías, 2015). McCutcheon et al. (2018) have reported that the type IV pilus is the primary receptor for DLP1 and DLP2 bacteriophages that are able to infect both S. maltophilia and P. aeruginosa. Deletion of the primary pilin subunit by inactivation of pilA in S. maltophilia prevented phage binding and subsequent lysis by both bacteriophages, while the mutant strain exhibited reduced virulence. This phenomenon can be thought of as a fitness cost: when a bacterium acquires properties that are beneficial for its specific living conditions, it must compensate for the loss of other, less important properties.



Conclusion

In recent decades, there has been considerable interest in understanding the mechanisms underlying the virulence of S. maltophilia. The intrinsic multidrug resistance of the bacterium, its ability to rapidly adapt to unfavorable environmental conditions and new habitat niches, and its sophisticated switching of metabolic pathways are features that are attracting the attention of experts studying the fundamental mechanisms of virulence as well as clinical researchers.

When considering the virulent properties of S. maltophilia, it is important to keep in mind that the bacterium is characterized by high intraspecific variability: strains isolated in the same hospital and even from the same patient may belong to relatively distant phylogenetic groups and have different phenotypes (Valdezate et al., 2004; Pompilio et al., 2016; Chung et al., 2017). The fast accumulation of adaptive mutations occurring under the selective pressure of hospital conditions or the host cells, as well as horizontal gene transfer, are thought to be possible reasons for such heterogeneity. Understanding the molecular processes that ensure rapid adaptation and, consequently, the survival of the microorganism under adverse conditions will allow the identification of potential targets for the development of novel antibacterial drugs, as well as a better understanding of interspecific interactions in polymicrobial infections and the mechanisms of metabolic switching during the transition of opportunistic pathogens from “natural” lifestyle to infectious intervention.
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Feline calicivirus (FCV) is a prevalent and impactful viral pathogen affecting domestic cats. As an RNA virus, FCV exhibits high mutability and genetic plasticity, enabling its persistence within cat populations. Viral genetic diversity is associated with a broad spectrum of clinical manifestations, ranging from asymptomatic infections and mild oral and upper respiratory tract diseases to the potential development of virulent systemic, and even fatal conditions. This diversity poses distinctive challenges in diagnosis, treatment, and prevention of diseases caused by FCV. Over the past four decades, research has significantly deepened understanding of this pathogen, with an emphasis on molecular biology, evolutionary dynamics, vaccine development, and disease management strategies. This review discusses various facets of FCV, including its genomic structure, evolution, innate immunity, pathogenesis, epidemiology, and approaches to disease management. FCV remains a complex and evolving concern in feline health, requiring continuous research to enhance understanding of its genetic diversity, to improve vaccine efficacy, and to explore novel treatment options.
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1 Introduction

Feline calicivirus (FCV) is a highly mutagenic RNA virus that is widespread among domestic cats (Zheng et al., 2021). It is host-specific to the Felidae family and does not have zoonotic potential. FCV exhibits high genetic and antigenic variability in feline populations (Huang et al., 2010). Clinical manifestations of FCV infection can vary, including upper respiratory tract disease (URTD), lingual ulcerations, gingivostomatitis, limping syndrome, and in severe cases, virulent systemic FCV (VS-FCV) infection can cause alopecia, ulceration of the cutaneous, oral cavity, pinnae, nares and necrotizing pododermatitis with serocellular crusts. Other symptoms include subcutaneous edema, bronchointerstitial pneumonia, and pancreatic, hepatic, and splenic necrosis, leading to high mortality in infected cats (Spiri, 2022). Diagnostic methods for FCV include reverse transcription polymerase chain reaction (RT-PCR), virus isolation in cell culture, electron microscopy, immunohistochemistry, and antibody measurements. FCV antibodies can be detected through virus neutralization assays or enzyme-linked immunosorbent assay (ELISA). In cat populations, antibody prevalence is usually high due to natural infections and vaccination. As a result, the presence of specific antibodies is not indicative of an active infection (Bergmann et al., 2019). Treatment primarily involves supportive care, with no licensed antiviral drugs specifically for FCV, however, compounds like nitazoxanide and mizoribine have shown antiviral activity in vitro (Cui et al., 2020). Vaccination is crucial in managing FCV, various vaccine types are available, including modified-live and inactivated vaccines (Bordicchia et al., 2021). Hygienic measures and effective disinfection are important in controlling FCV spread, especially in multicat environments (Radford et al., 2009).



2 FCV genomic structure

FCV is a highly contagious pathogen of the Caliciviridae family, Vesivirus genus. This family includes notable human pathogens such as noroviruses, as well as animal-specific viruses like the rabbit hemorrhagic disease virus and the European brown hare syndrome virus. The characteristic cup-shaped depressions on particles are the source of the calicivirus family’s name (Hofmann-Lehmann et al., 2022). FCV carries a single-stranded RNA genome of approximately 7.5 kilobases with a positive sense. The absence of a proofreading mechanism in viral replication contributes to its high mutation rate and thus its rapid evolutionary potential (Vinje et al., 2019). Viral genome is non-segmented and contains three functional open reading frames (ORFs). ORF1 is responsible for the production of a large polyprotein that is subsequently cleaved to generate six non-structural proteins, including an RNA-dependent RNA polymerase (RdRp), which is essential for viral replication (Sosnovtsev et al., 2002). The structural proteins, although encoded in the genomic RNA, are produced from a subgenomic RNA late in the infection. ORF2 encodes a polyprotein that is processed to release a small protein known as the leader of the capsid (LC) and the major capsid protein (VP1). The LC protein, which is unique within the Vesivirus genus, has been identified as essential for the production of viruses capable of inducing a cytopathic effect in feline kidney cell cultures (Abente et al., 2013). VP1 protein forms the majority of virion capsid, ORF3 encodes minor capsid protein VP2 (Cubillos-Zapata et al., 2020).

The capsid protein VP1 plays a crucial role in facilitating viral entry into host cells, featuring distinct structural domains that include N-terminal arm (NTA), shell (S), and protruding domain (P), which is further divided into subdomains P1 and P2, as depicted in Figure 1. Within VP1 protein, antigenic regions A to F, and especially region E, are known to engage with viral receptor, feline junctional adhesion molecule A (fJAM-A) (Figure 1). fJAM-A is located at cellular tight junctions, and its disruption is associated with formation of oral and cutaneous ulcers. Recent investigation has revealed that FCV employs clathrin-mediated endocytosis as a pathway for cellular entry, additionally, acidification of endosomes is necessary for the uncoating of viral genome (Stuart and Brown, 2006).
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FIGURE 1
 Overview of feline calicivirus (FCV) genomic structure. Open reading frames (ORFs) 1 to 3, subgenomic RNA, antigenic regions (A to F) of VP1 capsid precursor protein, and structural domains of VP1 protein are depicted. Black numbers represent nucleotide positions in viral genome, red numbers represent amino acid positions in ORF2. Blue triangle denotes the cleavage sites of NS6/7. LC, leader of capsid protein; HVR, hypervariable region; RdRp, RNA-dependent RNA polymerase; gRNA, genomic RNA; NTA, N-terminal arm; S domain, shell domain.


The capsid protein VP2 is essential for the uncoating of FCV, facilitating release of the viral genome within host cells (Conley et al., 2019). Interaction between VP1 and VP2 is critical for the structural integrity and function of viral particle, some linear epitopes recognized by neutralizing and non-neutralizing antibodies are identified in different regions of VP1 (Cubillos-Zapata et al., 2020). Antigenic variations among FCV isolates present challenges for achieving vaccine cross-protection. However, the degree of identity among strains permits a certain level of cross-protection (Yang et al., 2023).



3 Viral evolution

FCV is known for its high mutation rate, displaying significant evolutionary dynamics both within individual hosts and across populations. The annual rate of nucleotide substitutions for FCV ranges from 1.32 × 10−2 to 2.64 × 10−2 within individuals and from 3.84 × 10−2 to 4.56 × 10−2 among populations (Coyne et al., 2007). This places FCV among the RNA viruses with the one of highest identified evolution rates. Sequence analyses reveal significant genetic heterogeneity among closely related isolates, indicating the existence of FCV as a quasispecies within the host. Through analysis of nucleotide and amino acid sequences within HVRs, FCV has been classified into two genogroups, with genogroup II isolates exclusively originating from Japan (Sato et al., 2002).

Studies on FCV genetic diversity and viral evolution propose a 20% genetic distance as the threshold for strain differentiation. Isolates that are epidemiologically related, particularly those associated with outbreaks of virulent systemic disease, typically demonstrate approximately 99% identity, this high level of identity indicates variants of the same strain. Within FCV-endemic cat colonies, there can be up to 18% viral variation within a single strain. FCV strains exhibit notable genetic and antigenic complexity at both spatial and temporal levels, and no single field strain tends to dominate in these populations (Coyne et al., 2012). Viral evolution in FCV is not solely driven by competition among different isolates; long-term survival within a susceptible population involves progressive accumulation of random mutations, sequential reinfection, and recombination. These strategies contribute to increased genetic variability, potentially leading to the emergence of new strains and enable endemic infections (Coyne et al., 2007).



4 Innate immunity during FCV infection

Interferon Regulatory Factor 1 (IRF-1) was found to significantly inhibit FCV replication. IRF1, localized in the nucleus, efficiently activates interferon (IFN) beta and the interferon-stimulated response element (ISRE) promoter. It can also trigger the expression of interferon-stimulated genes (ISGs). The mRNA and protein levels of IRF1 were reduced following FCV infection, which may be a new strategy for FCV to evade the innate immune system (Liu et al., 2018).

The FCV strain 2,280 exhibits resistance to IFN-β. The molecular mechanism involves the viral ability to block the JAK–STAT pathway by facilitating the mRNA degradation of IFN alpha and beta receptor subunit 1 (IFNAR1), which is mediated by the FCV P30 protein. An in vitro degradation assay revealed that the P30 protein from strain 2,280, but not from the vaccine strain F9, has the capacity to directly and selectively degrade IFNAR1 mRNA. Furthermore, a reverse genetic system used to exchange the P30 proteins between the 2,280 and F9 strains has revealed that the P30 protein from strain 2,280 plays a pivotal role in conferring resistance to IFN and enhancing the viral pathogenic potential (Tian et al., 2020). Another FCV protein, P39, was found to suppress the production of IFN-β and ISG15 mRNA. P39 expression also inhibited the phosphorylation and dimerization of IRF-3, furthermore, P39 inhibits the production of type I IFN by preventing IRF-3 activation (Yumiketa et al., 2016). FCV infection initiates autophagy, and the non-structural proteins P30, P32, and P39 are responsible for this process. Increased autophagy further suppresses FCV-induced Retinoic Acid Inducible Gene I signal transduction, indicating that autophagy can modify the innate immune response to FCV infection (Mao et al., 2023).



5 Epidemiology

FCV primarily affects cats, with no known reservoirs or alternative hosts except for wild felids. Humans are not susceptible to infection. FCV-like viruses have sporadically been isolated from dogs, and their role in the epidemiology of FCV in both dogs and cats is uncertain. The FCV strain TIG-1 was isolated from the feces of a Siberian tiger in 2014. The growth kinetics of strain TIG-1 demonstrated a more rapid increase in viral load compared to F9 strain between 12 and 36 h post-infection. TIG-1 is identified as a highly virulent FCV strain, causing 100% morbidity and lethality in infected cats (Tian et al., 2016). Shedding of FCV is primarily through oral and nasal secretions in cats with acute disease, but it is also present in their blood, urine, and feces. Cats may continue shedding for at least 30 days post-infection, with a few shedding for several years or even life-long. A subset of cats seems resistant to infection despite continuous exposure, likely due to immune-mediated mechanisms or genetic factors. FCV is detected in both cats with acute infections and in those that have seemingly recovered yet remain carriers. The viral ability to persist in the environment is significant, as it can survive on dry surfaces at room temperature for days to weeks, and even longer in colder, more humid conditions (Nims and Plavsic, 2013).

Immune condition hinders FCV infection to a certain degree. While pre-existing immunity, either from maternally derived antibodies (MDA) or vaccination, can lessen or eliminate clinical symptoms, it does not prevent infection, and vaccinated or naturally immunized cats can still become carriers after sub-clinical infection, this highlights the role of silent carriers in epidemiology of the disease. Shelters with high turnover demonstrate higher genetic variability of FCV compared to more stable multicat households (Pereira et al., 2018). Indirect transmission is a concern in catteries, shelters, and veterinary clinics, with potential spread via fomites, people, aerosols, or even flea feces (Spiri et al., 2019).



6 Pathogenesis of FCV

FCV has been a valuable model for studying molecular pathogenesis, benefiting from its cultivability in cell culture, unlike other members of the Caliciviridae family (Spiri, 2022). It has served as an essential organism for exploring viral pathogenesis and disinfection methods. FCV infection in cats primarily occurs in the oropharynx, causing transient viremia, which spreads FCV to various tissues. Immunohistochemistry and electron microscopy have confirmed that VS-FCV infects feline epithelial and endothelial cells, leading to cell death, vascular damage, and high mortality (Pesavento et al., 2004). VS-FCV strains target fJAM-A, a receptor found at epithelial and endothelial cell junctions, causing junctional disruption and leakage (Pesavento et al., 2011). Additionally, the presence of the fJAM-A receptor on feline platelets and blood leukocytes suggests a hematogenous distribution of FCV, as indicated by the detection of FCV RNA in the blood (Pesavento et al., 2011). Introduction of a fJAM-A expression system into non-permissive cells has been found to convert them into permissive cells for FCV, highlighting the essential receptor role of the fJAM-A proteins (Makino et al., 2006).

In addition to the typical oral symptoms, FCV can also cause lameness, a condition known as limping syndrome. The development of the limping syndrome is associated with immune complexes, and FCV can be found in the affected joints. Polyarthritis, characterized by lameness and fever, can occur in cats following FCV infection or vaccination, and has been hypothesized to be a type III hypersensitivity reaction (Hartmann et al., 2023). In this reaction, antigen–antibody complexes form and accumulate in the joints, triggering an acute inflammatory response. While the syndrome has been linked to FCV, co-infections with FCV field strain or, exceptionally, vaccine strain reactivation, are considered the primary triggers (Dawson et al., 1994). Infected cats exhibit elevated levels of cytokines, especially IL-10, TNF-alpha, and MIP-1alpha, indicating a systemic inflammatory response (Foley et al., 2006).

In cell culture, FCV infection elicits a distinctive cytopathic effect characterized by cell rounding and membrane blebbing (Fumian et al., 2018). Molecular research has shown that FCV infection in cell culture activates the mitochondrial pathway, which, in turn, triggers the activation of caspases and apoptosis (Natoni et al., 2006). To evade host’s defenses, FCV employs various strategies, including antigenic drift and shift. FCV’s error-prone RNA polymerase results in the continuous accumulation of mutations (antigenic drift), and recombination events between distinct FCV strains (antigenic shift) have also been documented. These changes can lead to significant modifications in viral epitopes, which may reduce recognition by neutralizing antibodies or enhance FCV’s ability to bind to cell receptors, thereby increasing its infectivity. Another of the immune evasion strategies used by FCV involves inhibiting host protein synthesis, a process known as host “shut-off” (Wu et al., 2016). This mechanism restricts the host’s protein synthesis to only the essential proteins required for viral replication, thereby compromising the host’s antiviral capability (Wu et al., 2021).



7 Detection and diagnosis of FCV infection

Detection and diagnosis of FCV infection involve a range of methods and viral genome can be detected through a variety of PCR-based assays, such as conventional, nested, and real-time RT-PCR. Despite assay optimization, some established RT-PCR systems may fail to amplify all FCV isolates due to the viral high genetic variability (Meli et al., 2018). Multiplex RT-PCR assays, which detect FCV alongside other pathogens, may be less sensitive. Real-time RT-PCR is generally preferred for its higher sensitivity, and quantitative assays can provide information about the viral load. Swabs from the oropharynx and tongue are more likely to yield positive results compared to conjunctival swabs (Schulz et al., 2015). A rapid and robust detection method, enzymatic recombinase amplification coupled with a lateral flow dipstick, shows potential but requires further validation (Liu et al., 2022). While a colloidal gold immunochromatographic assay has been successfully developed for detection of human noroviruses, using shell domain of VP1 protein (Xu et al., 2021), the application of this assay for FCV detection has not yet been reported.

Virus isolation is a valuable method for detecting FCV infection; however, it may not always be successful due to several factors, including the need for sufficient sample quantity, the potential for virus inactivation during transport, and interference from antibodies present in the sample. FCV can be isolated from swabs taken from the oropharynx, nose, or conjunctiva. The sensitivity of detection can be enhanced by combining RT-PCR with virus isolation methods. A negative test result does not definitively rule out infection, especially in suspected cases (Meli et al., 2018). Electron microscopy and immunohistochemistry are potent diagnostic tools but are not practical for routine use due to their specialized equipment and technical requirements (Monne Rodriguez et al., 2014). Immunohistochemistry can be used to confirm the presence of FCV particles. In cats naturally infected with VS-FCV, viral antigen was detected within the endothelial and epithelial cells of affected tissues through immunohistochemical staining with an FCV-specific monoclonal antibody (Pesavento et al., 2004). Furthermore, in a case of polyarthritis associated with FCV infection, the synovial membranes were also immunohistochemically stained with a mouse monoclonal antibody targeting the FCV capsid protein (Balboni et al., 2022). Antibody detection methods, such as virus neutralization, ELISA, or immunofluorescence, are not ideal for diagnosing acute infection, because high levels of antibodies are prevalent in the population, and these tests lack the specificity needed to distinguish between current and past infections (Bergmann et al., 2019). Diagnosis of VS-FCV infections does not rely on specific genetic markers. Instead, it requires a comprehensive assessment of clinical signs, epidemiological context, and molecular diagnostic findings. To date, no single laboratory test can differentiate between classical FCV and VS-FCV infections (Hofmann-Lehmann et al., 2022). The current detection methods reported in the literature are summarized in Table 1.



TABLE 1 Detection and diagnostic methods for FCV infection.
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8 Management of FCV infection


8.1 Treatment of FCV infection

FCV, lacking an envelope of phospholipid bilayers, exhibits high tenacity. RT-qPCR has detected FCV RNA in the environment of infected cats up to 28 days after shedding stopped, though no replication-competent virus was detected at any time (Spiri et al., 2019). In shelters and animal hospitals, the constant intake of new cats with unknown immune, vaccine, and disease backgrounds, combined with FCV’s prolonged environmental stability, poses a substantial risk. Therefore, hygiene and disinfection are critically important, including thorough cleaning of all surfaces, followed by the use of disinfectants known to be effective against FCV, such as sodium hypochlorite (2,700 ppm, 1 min), accelerated hydrogen peroxide (35,000 ppm, 10 min), aldehydes (2%), or potassium peroxymonosulfate (1%, 10 min) (Chiu et al., 2015). Virucidal disinfectants effective against human norovirus are also suitable for FCV, given the similar viral properties of these two pathogens (Malik and Goyal, 2006). Treatment of cats with URTD caused by FCV focuses on supportive care, which includes administration of intravenous fluids, non-steroidal anti-inflammatory drugs, nebulization therapy, and provision of highly palatable food to maintain nutrition (Radford et al., 2009).

Recombinant feline interferon omega (feIFN-ω) has shown efficacy in reducing clinical signs and FCV replication (Matsumoto et al., 2018). Although no direct antiviral drugs against FCV are currently available on the market, research has investigated potential treatment options. The combination of feIFN-ω and mefloquine has shown promise in inhibiting FCV replication. Nitazoxanide and mizoribine have demonstrated antiviral activity both in vitro and in vivo, suggesting potential therapeutic benefits (Cui et al., 2020). Drug screening has identified handling as an inhibitor of FCV infection through its suppression of HSP70 expression in vitro (Yan et al., 2024). Several antiviral agents, including ribavirin, polysodium 4-styrenesulfonate, mefloquine, and natural compounds, have demonstrated inhibitory effects against FCV replication in vitro; however, their efficacy in vivo is still uncertain (Hofmann-Lehmann et al., 2022). Sera containing antibodies against FCV, feline herpesvirus (FHV), and feline parvovirus (FPV) have shown efficacy in the treatment of acute viral feline URTD (Friedl et al., 2014).

In the treatment of feline chronic gingivostomatitis (FCGS) caused by FCV infection, a variety of approaches have been explored, including dental hygiene, corticosteroid therapy, and mesenchymal stem cell therapy. Broad-spectrum antibiotics are prescribed for FCGS when secondary bacterial infections are present. Prednisolone and felFN-ω are considered for managing FCGS, moreover, reducing stress, enriching the environment, and maintaining good hygiene are essential in preventing FCGS in multi-cat households (Hennet et al., 2011).



8.2 Vaccination

Vaccination is a critical component of FCV infection management, providing protection against severe clinical signs, inflammation, and reducing viral shedding. Both modified-live and inactivated vaccines are commercially available (Ford, 2016). Emerging vaccine technologies, such as mRNA vaccines and subunit vaccines, hold promise but are not yet commercially accessible. Vaccination guidelines take into account factors like age, health status, lifestyle, and housing conditions to determine the appropriate vaccination intervals and types (Ford, 2016).

The emergence of FCV shedding and the onset of clinical symptoms were accompanied by a surge in anti-FCV IgM antibodies (Knowles et al., 1991). This initial rise in IgM levels was quickly succeeded by a rapid escalation of IgG antibodies, which coincided with the initiation of the virus-neutralization activity. This evidence suggests that IgG antibodies are the primary contributors to the neutralizing capacity, while IgM antibodies appear to be essential in the early phase of the neutralizing response. However, it’s challenging to distinguish between vaccine-induced and wild-type antibodies. Additionally, studies have investigated the presence of IgA antibodies in both saliva and serum, observing that the peak levels of IgA antibodies were detected earlier in saliva than in serum, indicating a potential role for salivary IgA in the early defense against FCV (Spiri, 2022). Traditional vaccination schedule suggests primary doses at 8–9 and 12 weeks of age, followed by annual boosters. The effectiveness of this schedule is a subject of debate, and evidence suggests that not all kittens develop adequate immunity by 12 weeks due to lingering MDA. The duration of immunity can vary, particularly against heterologous challenges. Antigenic diversity among FCV strains can result in occasional vaccine failures, so the improving trend of vaccines involves enhancing cross-reactivity, reducing challenge virus shedding, and preventing persistent infection. The lack of biomarkers for protection makes challenge experiments essential for assessing vaccine efficacy (Radford et al., 2007).

FCV vaccines are often combined with those for FHV or FPV. Inactivated vaccines containing adjuvants may carry the risk of inducing injection-site sarcomas. However, a non-adjuvanted, inactivated vaccine against FCV, which is formulated using a combination of two killed virus strains, is available in Europe and Japan. The use of modified-live vaccines is also a point of consideration because they may lead to the circulation of FCV strains, potentially contributing to the emergence of immune-evasive variants. The value of antibody testing in predicting protection is limited, as it may not correlate with actual field exposure. Vaccination of recovered healthy cats is recommended. The vaccination strategy differs for kittens and older cats, taking into account MDA and risk factors. The optimal revaccination intervals are debated, with suggestions ranging from triennial boosters in low-risk situations to annual boosters in high-risk environments (Hofmann-Lehmann et al., 2022).




9 Conclusions and prospectives

FCV has been a significant pathogen in cats for over four decades, and its persistence in the feline population is associated with ongoing evolutionary processes. With its broad prevalence, FCV serves as a valuable model for studying the effects of virus evolution within its natural host. FCV is not only a major cause of URTD in cats, but it is also increasingly recognized as a source of virulent systemic disease. The emergence of highly virulent strains emphasizes the urgency of improving the cross-protection afforded by vaccines. As FCV continues its evolution, strategies for its control must be consistently updated.

Rapid identification of the disease through recognition of clinical signs and use of appropriate testing is essential. The diagnosis of FCV infection requires a comprehensive approach, taking into account clinical, molecular, and epidemiological factors for accurate interpretation. Managing FCV infection necessitates a multifaceted strategy, involving supportive care, potential antiviral therapies, and preventive measures. Rigorous enforcement of disinfection, isolation, and quarantine measures is crucial to reduce mortality of FCV infection. Although significant progress has been made in understanding treatment options, further research is imperative to develop effective therapies for FCV-related diseases.
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Purpose: Tuberculosis (TB) remains a significant global health concern, necessitating effective measures to control the epidemic. Understanding the evolution of Mycobacterium tuberculosis (M. tb) through molecular clock analysis is crucial for tracing outbreaks, managing transmission, and ultimately improving TB management in practice.
Results: A total of 27 studies were included for analysis. The pooled mutation rate was estimated at 0.63 single nucleotide polymorphisms (SNPs) per genome per year [95% confidence interval (CI): 0.51–0.75; 95% predictive interval (PI): 0.04–1.22], significant heterogeneity (I2 = 92.7%, p < 0.001) was observed. Clinical strains had a mutation rate of 0.55 SNPs per year (95% CI: 0.45–0.65; 95% PI: 0.12–0.98), while model strains showed a higher rate of 1.14 SNPs per year (95% CI: 0.68–1.60; 95% PI: −0.22-2.50; Meta-regression analysis, p = 0.006). Mutation rates did not significantly differ between transmission events and reactivation or single episodes (p = 0.497).
Conclusion: The mutation rate of clinical M. tb strains is below 1 SNP per genome per year, indicating evolutionary stability in clinical settings. This finding is important for TB outbreak reconstructions and public health strategies. Future research should refine subgroup analyses based on infection characteristics for more precise molecular clock estimates.
Systematic review registration: PROSPERO, identifier CRD42024595161.
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Introduction

Tuberculosis (TB) remains a major global health concern, with 10.6 million new cases and 1.3 million deaths reported by the WHO in 2022. Molecular clock analysis, which could examine the genetic evolution of Mycobacterium tuberculosis (M. tb), is critical for understanding TB outbreaks and the emergence of drug-resistant strains. This method estimates the timing of evolutionary events by assuming mutations accumulate at a relatively constant rate. However, determining M. tb’s precise molecular clock rate remains a challenge, with estimates ranging from 0.13 to over 6 single nucleotide polymorphisms (SNPs) per genome per year, varying across epidemiological contexts (Colangeli et al., 2014; Copin et al., 2016). Factors such as lineage type, immune pressure, and antibiotic exposure may influence its variability. Embracing this variability through a meta-analysis of clinical data can improve both replicability and generalizability in biomedical research (Usui et al., 2021). In this context, this systematic review aims to gather and synthesize existing evidence to generate a pooled estimate of the molecular clock rate for M. tb, providing more reliable insights into its evolutionary dynamics. Such consistent estimate will aid in constructing accurate epidemiological links and support more effective interventions during TB outbreaks.



Methods

This systematic review and meta-analysis followed a registered protocol in PROSPERO (CRD42024595161) and adhered to PRISMA guidelines to ensure thorough methodology (Page et al., 2021). The aim was to estimate mutation rates in M. tb and assess contributing factors to its variability.

A comprehensive literature search of PubMed, Scopus, Web of Science, and Embase was conducted as of August 16, 2024, using keywords related to, but not limited to: M. tb and mutation rates (Supplementary material, p. 1). Literature selection, data extraction, and quality assessment were independently conducted by two authors (CYL and GCP), with a third author (WJL) consulted for disagreements. Studies were eligible if they (1) directly reported mutation rates, and (2) included mutants or SNPs identified during a specified period. Exclusion criteria included reviews, conference meeting, editorials, or studies lacking sufficient quantitative data; non-English literature; duplicate studies; replicated datasets, and those relying solely on database-derived information or involving drug-resistance mutations. Additionally, Indel and other structural variants were excluded and not included for analysis.

The quality of included studies was assessed using the AXIS tool, considering elements such as sample size justification, methodology, and result reporting (Downes et al., 2016). No studies were excluded based on quality, as there are no established quantitative thresholds for such exclusions.

Pooled mutation rates were estimated using a random-effects model with 95% confidence intervals (CI) and predictive intervals (PI), employing the metan command in Stata/SE (v18.0). Heterogeneity was quantified using the I2 statistic and the Chi-square test, with I2 > 75% or p < 0.05 indicating significant heterogeneity. Subgroup analyses assessed variation in mutation rates by model versus clinical strains and transmission versus “reactivation or single infection episode,” and sources of heterogeneity were assessed using Meta-regression analysis. Publication bias was not evaluated, as established methods for assessing bias in single-arm meta-analyses may be unreliable (Hunter et al., 2014).



Results


Literature selection

Overall, 31,750 citations were identified through database searches. After removing duplicates (n = 10,721) and other unsuitable articles (n = 3,188), including inappropriate document types (n = 3,188) and non-English publications (n = 1,215), 16,626 records were screened by title and abstract for eligibility. Of these, 16,501 were excluded, leaving 125 citations identified as relevant or potentially relevant for full-text screening. Following further exclusions (n = 97), 27 studies were included in the final analysis (Figure 1).

[image: Flowchart diagram detailing systematic review study selection. Initial searches identified thirty-one thousand seven hundred fifty studies, reduced by removing duplicates, non-original articles, and non-English literature. After title, abstract, and full-text screening, exclusion reasons are specified at each step. Twenty-seven studies remained for systematic review.]

FIGURE 1
 Flow chart of the literature selection process.




Basical characteristics

Table 1 provides a comprehensive summary of the characteristics of the studies included in this meta-analysis. Of these included studies, three were bench studies (Copin et al., 2016; Ford et al., 2011; Comas et al., 2011) and other were cohort. Most cohort studies (23 out of 24) were conducted retrospectively, with only one study being prospective (Roetzer et al., 2013). One study utilized culture media (Comas et al., 2011), while two were conducted on animal models: one on Cynomolgus macaques (Ford et al., 2011) and the other on mice (Copin et al., 2016). In three studies, model isolates [Erdman (Ford et al., 2011), CDC1551 (Comas et al., 2011), T85 (Comas et al., 2011), and H37Rv (Copin et al., 2016)] were measured, whereas clinical isolates were evaluated in the remaining 24 studies. In eight studies, isolates were collected from within a single host (either reactivation or a single infection episode). The remaining 18 studies involved isolates collected from transmission events between patients. Additionally, six studies (with eight datasets) reported single or dual mutation rates without accompanying 95% CI; these rates were combined to calculate the pooled mean and 95% CI. Three studies (with seven datasets) reported means and 95% highest posterior density (HPD), and the 95% HPD was used in place of the 95% CI for the pooled estimate (Bainomugisa et al., 2021; Kuhnert et al., 2018; Merker et al., 2018). The remaining 19 studies (with 35 datasets) provided both the mean mutation rates and their corresponding 95% CI.



TABLE 1 Characteristics of included studies (n = 27) for estimating the mutation rate of Mycobacterium tuberculosis isolates.
[image: Data table summarizing studies on M. tuberculosis mutation rates, featuring columns for sequence, first author and year, country, study period, study design, host, isolates, transmission mode, primary data or calculation method, and mutation rate in SNPs per genome per year.]



Bias assessment

The bias assessment results, detailed in Supplementary Table 1 (Supplementary materials, p. 2–6), revealed several limitations across the included studies. None of the studies provided justification for their sample sizes. Due to the nature of bench studies and retrospective designs, only a few studies discussed the exclusion process, and no studies implemented measures to address or categorize non-responders. However, two studies (7.4%) provided detailed exclusion results. Eight studies (29.6%) did not report mutation rates directly; these rates were instead calculated based on the number of SNPs and the specified study period. Additionally, 14 studies (51.9%) did not report 95% CI due to either reporting a single rate or lacking sufficient information. Ten studies (37.0%) failed to acknowledge limitations in their findings, and one study (3.7%) did not provide information on funding sources. Furthermore, 13 studies (48.1%) did not obtain ethical approval, as the authors considered their research exempt from this requirement.



Mutation rate

The pooled mutation rate for M. tb was estimated at 0.63 SNPs/genome/year (95% CI: 0.51–0.75; I2 = 92.7%, p < 0.001; Heterogeneity: I2 = 92.7%, p < 0.001; Figure 2), with a 95% PI of 0.04 to 1.22.

[image: Forest plot showing effect sizes (ES) with 95 percent confidence intervals from multiple studies related to a meta-analysis. Each study is listed on the left, diamonds and lines represent ES and confidence intervals, and summary statistics are displayed at the bottom.]

FIGURE 2
 Pooled mutation rate estimate of Mycobacterium tuberculosis isolates.


Subgroup analyses showed mutation rates of 1.14 SNPs/genome/year (95% CI: 0.68–1.60; 95% PI: −0.22-2.50; Supplementary Figure 1, p. 7) for model strains (I2 = 58.8%, p = 0.046) and 0.55 SNPs/genome/year (95% CI: 0.45–0.65; 95% PI: 0.12–0.98) for clinical strains (I2 = 88.1%, p < 0.001). Transmission isolates had a rate of 0.50 SNPs/genome/year (95% CI: 0.40–0.60; 95% PI: 0.14–0.86; Heterogeneity: I2 = 85.9%, p < 0.001; Supplementary Figure 2, p. 8), while “reactivation or single episode” isolates showed 0.64 SNPs/genome/year (95% CI: 0.33–0.95; 95% PI: −0.43 to 1.72; Heterogeneity: I2 = 90.7%, p < 0.001). Meta-regression indicated heterogeneity was significantly associated with isolate type (model vs. clinical; p = 0.006), but not transmission/ “reactivation or single episode” (p = 0.497).




Discussion

TB remains a significant global health challenge, with M. tb continually evolving to resist existing treatments. Understanding the molecular clock of M. tb is crucial for tracking drug resistance, mapping transmission networks, and designing effective interventions. Our systematic review and meta-analysis estimate the mutation rate at 0.63 SNPs/genome/year, with significant variation between model and clinical strains. Regarding clinical M. tb strains, the mutation rate is typically below 1 SNP/genome/year, supported by a 95% PI of 0.12–0.98. This estimate aligns well with existing molecular clock data and appears more precise than earlier findings, which ranged from 0.04 to 2.2 SNPs/genome/year (Menardo et al., 2019). Overall, this mutation rate is slower than previously thought, as rates below 10 SNPs were often used as a criterion for recent infection and reactivation (Sadovska et al., 2023). The observed rate underscores the evolutionary stability of M. tb in clinical environments, despite host immune pressures and treatment regimens (Nimmo et al., 2020; Reiling et al., 2018). In contrast, model strains showed a higher mutation rate of 1.14 SNPs/genome/year. This discrepancy may be due to fewer environmental constraints in model strains, leading to a higher accumulation of mutations (Perrier, 2020), as well as differences in generation times between model and clinical strains (Colangeli et al., 2014). These findings highlight the need to consider experimental context when interpreting the evolutionary dynamics of M. tb.

Furthermore, although isolates derived from transmission events exhibited a lower mutation rate (0.50 SNPs per genome per year) compared to those from reactivation or single infection episodes (0.64 SNPs per genome per year), this difference was not statistically significant. This suggests a potentially rapid mutation rate during reactivation (or single infection episode), likely due to gradual mutation accumulation over time. While transmission imposes selective pressures for host adaptation (Brites and Gagneux, 2012), the overall mutation rate remained slow. This may be explained by that (1) the establishment of infection typically requiring fewer than 10 M. tb isolates, thereby limiting genetic diversity during transmission (Treibert et al., 2018); and (2) transmission not relying on rapid evolutionary changes, suggesting that significant mutations may not be immediately necessary.

These findings have important implications for public health and TB control strategies. Establishing that the mutation rate of clinical isolates is typically below 1 SNP per genome per year allows for greater accuracy in outbreak reconstructions and transmission network modeling. The molecular clock offers valuable insights into the genetic evolution of M. tb, particularly by helping to identify the timeline of outbreaks, track the spread of resistant strains, and understand transmission dynamics. Most importantly, this precise mutation rate estimate will aid in establishing criteria for distinguishing reactivation from recent infection, accounting for the interval between isolates.

Despite valuable insights, this study has several limitations, including significant heterogeneity, inconsistent study characteristics, reliance on indirect SNP calculations (partly), lack of confidence intervals (partly), and potential bias from pooling single-rate estimates for summary analysis. Another important limitation is the inclusion of datasets derived from diverse geographic and demographic settings. Geographic heterogeneity likely reflects differences in lineage distribution (Brenner and Sreevatsan, 2023), while demographic variability may correspond to the emergence of locally adapted variants (Correa-Macedo et al., 2019). Furthermore, differences in sequencing technologies, bioinformatics pipelines, reference genomes, and variant-calling thresholds across studies can influence the sensitivity and specificity of SNP detection, leading to variability in reported mutation rates. For instance, studies using higher-depth sequencing or more stringent variant-calling criteria may detect fewer mutations, resulting in lower mutation rate estimates, whereas more permissive pipelines could inflate the apparent rate (Koboldt, 2020; Feng et al., 2023). Variations in reference genomes can also introduce systematic biases by affecting alignment accuracy and SNP calling (Valiente-Mullor et al., 2021; Zverinova and Guryev, 2022). Collectively, these methodological discrepancies may contribute to the heterogeneity observed in our meta-analysis and limit the comparability of results across studies. To standardize mutation rates, a fixed genome size corresponding to the H37Rv reference strain (4,411,532 bp) was adopted. Minor discrepancies (<2%) may result from slight variations in genome size across different strains (Sanoussi et al., 2021). Additionally, the limited number of studies involving model isolates constrains the statistical power and generalizability of comparisons with clinical isolates. Therefore, future studies incorporating larger datasets of model isolates are warranted to validate and extend these findings.

In conclusion, this study provides a comprehensive analysis of the molecular clock rates of M. tb, highlighting significant variations between model and clinical strains, as well as substantial heterogeneity that underscores the large variation in clock rates across different infection scenarios. Future research should prioritize the collection of more detailed characteristics of each M. tb infection event and its context to enhance the precision of molecular clock estimates.
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Severe fever with thrombocytopenia syndrome (SFTS) is an acute infectious disease caused by the SFTS virus (SFTSV). Since the first reported case, SFTSV has spread globally, particularly in Asian regions such as China, South Korea, and Japan, with an increasing number of cases and a high mortality rate among severe patients. SFTSV is an RNA virus capable of rapid biological evolution through genetic mutations, reassortment, and homologous recombination. The disease primarily occurs in mountainous, forested, and hilly areas. Due to limited clinical research, the clinical characteristics and pathogenesis of SFTS remain incompletely understood. This review summarizes recent advances in the regional epidemiological characteristics, clinical features, genotyping, pathogenesis, and rapid detection methods of SFTSV.
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1 Introduction

Severe fever with thrombocytopenia syndrome (SFTS) is an acute infectious disease characterized by fever, thrombocytopenia, and leukopenia (Seo et al., 2021). The virus isolated from the serum of SFTS patients, initially named Huaiyangshan virus, was later reclassified as Dabie bandavirus (DBV) in 2019, belonging to the Phenuiviridae family and Bandavirus genus (Niu et al., 2024). SFTSV is primarily transmitted through tick bites but can also spread via contact with infected blood or bodily fluids (Kim et al., 2024; Kim and Park, 2023). Although the International Committee on Taxonomy of Viruses (ICTV) has reclassified the virus, the terms “SFTSV” and “SFTS” remain widely used. For consistency with previous studies, this review will use “SFTSV” and “SFTS” to refer to the virus and the disease, respectively.

SFTSV is an enveloped virus with a diameter of 80–120 nm, containing three single-stranded negative-sense RNA segments: large (L), medium (M), and small (S), with lengths of 6,368 bp, 3,378 bp, and 1746 bp (Wang et al., 2022; Liu et al., 2016). The complementary ends of the genome form a circular structure. The L segment encodes the RNA-dependent RNA polymerase (RdRp), the M segment encodes a membrane protein precursor that is cleaved into Gn and Gc proteins, and the S segment is a bicistronic RNA encoding the non-structural protein (NSs) and the nucleocapsid protein (NP) (Williams et al., 2023). The SFTSV Gn and Gc exist as a heterodimer on the surface of viral particles, and further assemble into pentameric and hexameric peplomers with the dimer as the structural unit, thus constituting a virus particle similar to an icosahedron (Du et al., 2023). This indicates that adjacent Gn/Gc dimers form a closely packed structure rather than a simple dimeric form. After SFTSV infection, viral particles bind to receptors on the surface of host cells through their membrane glycoproteins Gn and Gc. Studies have shown that dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) and Nonmuscle Myosin Heavy Chain IIA (NMMHCIIA) promote viral adsorption by recognizing the glycosylation sites of Gn (Spiegel et al., 2016; Yuan and Zheng, 2017). After SFTSV binds to receptors on the surface of host cells, it enters the host cells through a clathrin-dependent endocytic pathway (Liu et al., 2019). In a low pH environment, the Gc protein undergoes a conformational change, exposing the fusion loop. The fusion loop of Gc inserts into the endosomal membrane of the host cell, promoting the fusion of the viral envelope with the endosomal membrane (Wu et al., 2017). After membrane fusion is completed, the viral genomic RNA is released into the cytoplasm of the host cell, and NP and RdRp work together to initiate the replication and transcription of the viral genome. The above processes indicate that the glycoproteins Gn and Gc play a major role in viral replication. They are also important targets for specific neutralizing antibodies (Chang et al., 2024). In addition, during the process of viral entry into host cells, Gc mediates the fusion of the viral envelope with the endosomal membrane. In this process, some Gc subunits may dissociate from the dimeric structure and participate in processes such as membrane fusion in an independent form. Under low pH conditions, Gc may exist in the form of independent subunits to form trimers, promoting the fusion of the virus with the host cell membrane (Yuan and Zheng, 2017). NP and RdRp form ribonucleoprotein complexes (RNPs) that protect the virus from degradation by nucleases and the host immune system. NP and NSs play important roles in evading host immune responses and promoting viral replication. NP can inhibit the RIG-I/MDA5 pathway to block IFN production (Min et al., 2020). SFTSV NSs are potent IFN antagonists, which exert inhibitory effects on IFN by binding to several host molecules and sequestering them into inclusion bodies (IBs) (Ren et al., 2021).

Since its first identification, SFTSV has spread widely, particularly in China, South Korea, and Japan, posing a significant public health threat (Li et al., 2021). The transmission dynamics and pathogenesis of SFTSV are not fully understood (Casel et al., 2021). What is certain is that the segmented nature of the SFTSV genome allows for homologous recombination and reassortment between different genotypes during viral replication, which enhances viral genetic diversity and leads to the emergence of new viral strains, thereby facilitating rapid viral spread (Kwon et al., 2024). Furthermore, previous studies have shown that different SFTSV genotypes exhibit significant differences in pathogenicity and case fatality rates. Therefore, unified and accurate genotyping of SFTSV holds important practical significance for the selection of clinical treatment approaches and the implementation of public health interventions (Dai et al., 2022). This review will summarize the regional epidemiological characteristics, clinical features, genotyping, pathogenesis, and rapid detection methods of SFTSV.



2 Regional distribution of SFTS

SFTSV is transmitted through tick bites. Haemaphysalis longicornis is widely recognized as the primary vector, followed by Haemaphysalis flava, Rhipicephalus microplus, Amblyomma testudinarium, Dermacentor nuttalli, Hyalomma asiaticum, and Ixodes nipponensis (Casel et al., 2021; Zhu et al., 2019). Ticks have a broad host range, and SFTSV is thought to circulate in a tick-animal-tick transmission cycle. Currently, SFTSV RNA or anti-SFTSV antibodies have been detected in wild animals such as hedgehogs, rodents, and some bird species, as well as domestic animals like cattle, sheep, and pigs (Chen et al., 2019; Huang et al., 2019; Zhao et al., 2022). This indicates a high zoonotic transmission potential of SFTSV. Additionally, studies have shown that exposure to body fluids and secretions of infected patients can lead to SFTSV infection, suggesting human-to-human transmission. SFTSV infections predominantly occur from spring to autumn, with higher incidence rates in people living in mountainous, forested, and hilly areas or working outdoors—consistent with the main habitats of ticks (Peng et al., 2025). In high-altitude areas (averaging over 4,000 m), the spread of SFTSV is restricted due to the reduced geographical distribution of ticks and low population density, which is consistent with the results of SFTS case distribution shown in Figure 1. Tick growth and reproduction are closely associated with climatic factors, including light, humidity, and temperature (Pérez et al., 2024). For example, H. hystricis prefers warm and humid environments, while H. longicornis exhibits stronger environmental adaptability, widely distributed in rural landscapes and urban areas (Miao et al., 2020). Changes in environmental factors, particularly climatic-ecological and geographical landscape factors, may provide suitable ecological conditions for natural tick population growth, contributing to the seasonal variation characteristics of SFTSV infections. Furthermore, host animals carrying ticks expand their survival range through natural migration, further accelerating cross-regional transmission of SFTSV (Ji et al., 2024).
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FIGURE 1
 Geographical distribution of SFTS cases in China. 0: Area with 0 cases of infection; 1: Area with 1–100 cases of infection; 2: Area with 101–1,000 cases of infection; 3: Area with>1,000 cases of infection. First Step: Average altitude above 4,000 m; Second Step: Average altitude above 1,000-2000 m; Third Step: Average altitude below 500 m [The data comes from the study of Chen et al. (2022), created by Arcmap V10.2.2].


The reported cases of SFTS are mainly concentrated in East Asia. SFTS was first reported in central China between March and July 2009, with subsequent cases reported across various provinces. Japan reported its first case in 2012, primarily in eastern and southern regions, while South Korea reported its first fatal case in 2013, although infections likely occurred earlier (Liu et al., 2014). Most cases are concentrated in China, South Korea, and Japan, with sporadic reports from other regions. Retrospective analyses of serum samples from patients with acute febrile illnesses in Southeast Asian countries such as Vietnam and Thailand have detected SFTSV (Tran et al., 2019; Rattanakomol et al., 2022). SFTSV has also been detected in Rhipicephalus microplus and domestic poultry in Taiwan, China (Lin et al., 2020). Additionally, in the United States, cases infected with Heartland virus recorded in 2009 showed disease progression similar to SFTSV infection. Heartland virus and SFTSV are both in the Bandavirus genus within the Phenuiviridae family, Bunyavirale. Field sampling and laboratory work identified Amblyomma americanum as the vector of Heartland virus (Staples et al., 2020; Godsey et al., 2016).

In China, the national reported incidence of SFTS has shown an upward trend. As of 2023, the cumulative number of reported cases and deaths nationwide has reached 27,447 and 1,326 respectively, affecting 27 provinces. The average case-fatality rate is 4.83% (Yue et al., 2024; Chen et al., 2022; Huang et al., 2024). SFTSV cases are predominantly clustered in mountainous, forested, and hilly areas of central China, although reports from other regions are increasing, raising concerns about potential public health crises (Liang et al., 2023; Huang et al., 2021). In Japan, epidemiological surveys from 2013 to 2017 identified 310 cases, with an average mortality rate of 7.8%, and 60 to 100 new cases are added annually (Saijo, 2022; Crump and Tanimoto, 2020; Kobayashi et al., 2020). In South Korea, 1,203 cases and 231 deaths were reported by August 2020 (Jang et al., 2024). The reporting rate of SFTS in South Korea is on the rise, with a fatality rate of 18.54% (Cui et al., 2024). The geographical distribution of SFTS cases in China is illustrated in Figure 1. Additionally, seroprevalence studies have revealed significant regional variations. A meta-analysis of SFTSV antibody prevalence in China reported an overall seroprevalence of 4.3%, indicating widespread transmission and the presence of unreported mild or asymptomatic infections (Li et al., 2017). In contrast, the seroprevalence in Japan is much lower, ranging from 0.14 to 0.3% (Maslow et al., 2019). A seroscreening trial for SFTSV conducted in rural areas of South Korea by Han et al showed an SFTSV IgG antibody seroprevalence rate of 4.1%, slightly lower than that in China (Han et al., 2020). These differences may reflect variations in regional transmission patterns, such as the predominance of different genotypes or differences in antibody detection methods.



3 Clinical features of SFTS

The initial clinical symptoms of SFTSV infection are persistent high fever and respiratory or gastrointestinal symptoms, followed by a gradual decrease in platelets and white blood cells (Li et al., 2021). These symptoms are similar to those of other infectious fevers caused by different pathogens, lacking specificity, and often lead to inappropriate treatment, resulting in disease progression to severe cases and even death. SFTS cases mainly distribute in the population aged 35–80. In SFTS patients, the incidence increases with age, and most fatal cases occur in patients over 50 years old, suggesting that age is a risk factor related to both incidence and mortality (Casel et al., 2021). Asymptomatic carriers also exist in SFTSV infections. DU et al found asymptomatic SFTSV infections in serological surveys of healthy populations, which may have an important impact on the dynamics of SFTS outbreaks (Du et al., 2019). Currently, the research on the transmission capacity of asymptomatic carriers is insufficient. Asymptomatic carriers may provide the possibility for the continuous existence of SFTSV in the population and play a non-negligible role in the SFTSV transmission chain. Future work should focus on studying the potential factors for the development of asymptomatic SFTSV infections and preventing transfusion safety to avoid the spread of SFTS epidemics by asymptomatic cases (Zeng et al., 2015). The typical course of SFTSV infection is generally divided into three stages: the fever stage, the multiple-organ dysfunction (MOD) stage, and the convalescence stage (Yuan and Zheng, 2017). The fever stage can last for 5–11 days, during which patients present with influenza-like symptoms, including persistent high fever (body temperature 38–41°C), myalgia, and gastrointestinal symptoms such as anorexia, vomiting, and diarrhea, accompanied by thrombocytopenia (<100.0 × 109/L), leukopenia (<4.0 × 109/L), and lymphadenopathy. The high viral load during the fever stage is an important means for clinical confirmation. Patients typically progress from fever to MOD within 3–5 days. The progression of MOD is rapid, initially affecting the liver and heart, followed by the lungs and kidneys. Rapid elevations in clinical biochemical markers, including serum alanine aminotransferase (>40 IU/L), aspartate aminotransferase (>40 IU/L), creatine kinase (>200 IU/L), creatine kinase isoenzyme (>25 IU/L), lactate dehydrogenase (>245 IU/L), and activated partial thromboplastin time (>43.5 s), indicate liver and kidney dysfunction, myocardial damage, and coagulation disorders (Zhang et al., 2024). Patients with a gradual decline in serum viral load or self-limiting infections enter the recovery stage, with approximately 85% of patients having a good prognosis and their biochemical indicators returning to normal within 3–4 weeks (Zhang et al., 2024). In contrast, clinical laboratory indices continue to rise, including viral load (>1 × 106 copies/mL), activated partial thromboplastin time (>62.6 s), aspartate aminotransferase (>288 IU/L), etc. Elderly patients with underlying diseases who develop neurological symptoms, disseminated intravascular coagulation (DIC), and multiple organ failure (MOF) are more likely to die (Liang et al., 2024).

Additionally, previous studies have reported atypical and special cases of SFTS infection. Yun et al. (2019) compared the chest radiographs and CT scans of SFTS patients and scrub typhus patients, showing that SFTS patients mainly presented with cardiac enlargement, with or without pericardial effusion and patchy consolidation with ground-glass opacity (GGO), while scrub typhus presented with interstitial pneumonia on chest radiographs, which helps in early differentiation between SFTS and scrub typhus. Although most cases present with leukopenia, occasional leukocytosis has been observed in SFTS patients, possibly due to secondary infections. Lee et al. (2024) reported a case of thrombocytopenia with leukocytosis. PCR and antibody titer tests confirmed SFTS, while blood culture results indicated an Escherichia coli infection, suggesting that the patient had SFTS complicated by E. coli bacteremia. SFTS complicated by encephalitis may be due to the presence of SFTSV in cerebrospinal fluid, with patients presenting with headache and epilepsy and other central nervous system symptoms. Although these central nervous system symptoms have only been reported in a few cases, they are believed to be related to disease severity and death. However, the mechanism by which SFTSV causes central nervous system symptoms remains to be further investigated.



4 Pathogenesis of SFTS

The pathogenesis of SFTS is not yet fully understood. A common pathogenic feature of bunyaviruses is their ability to inhibit the host immune response, facilitating rapid viral replication. As an antiviral cytokine, IFN induces multiple antiviral responses to inhibit viral replication (Schneider et al., 2014). The IFN pathway comprises two stages: IFN induction and signal transduction. IFN induction detects viruses through pattern recognition receptors (PRRs) identifying pathogen-associated molecular patterns (PAMPs), while IFN signal transduction is activated by secreted IFN binding to relevant receptors expressed on adjacent cells, leading to antiviral protein expression (Lee and Ashkar, 2018). SFTSV interferes with IFN-I production via multiple mechanisms. During the IFN induction stage, SFTSV NSs protein specifically traps tripartite motif-containing protein 25 (TRIM25) into inclusion bodies (IBs), hinders TRIM25-mediated Lys-63 ubiquitination and RIG-I activation, and suppresses the production of interferon-stimulated genes (ISGs) (Min et al., 2020; Liu et al., 2019). Studies also show that the C-terminal of SFTSV NS protein specifically binds to TANK-binding kinase 1 (TBK1) to form IBs. These IBs not only serve as viral replication sites but also sequester key proteins in the IFN signaling pathway, such as TBK1, NF-κB kinase inhibitor (IKK), and IFN regulatory factor-3 (IRF-3), thereby blocking IFN-I production and promoting viral replication (Khalil et al., 2021; Chen et al., 2017). Additionally, SFTSV NSs protein captures mitochondrial antiviral signaling protein (MAVS) into IBs, disrupting IFN signal transduction and inhibiting NF-κB signaling pathway activation (Wuerth and Weber, 2016).

During the IFN signal transduction stage, SFTSV NS protein suppresses IFN signaling and ISG expression by sequestering STAT2 into IBs and impairing STAT2 heterodimer phosphorylation and nuclear translocation (Kitagawa et al., 2018). It also inhibits exogenous IFN-α-induced Jak/STAT signaling by suppressing STAT1 phosphorylation and activation, thereby blocking type I and III IFN signaling (Chen et al., 2017). Further research indicates that SFTSV NS protein hijacks STAT1 into viral IBs and reduces its expression, inhibiting type II IFN responses (Chen et al., 2023). These evidences indicate that SFTSV NSs is an effective IFN antagonist, which exerts inhibitory effects on IFN by binding to several host molecules and sequestering them into IBs, such as RIG-I, TBK1, IKK, IRF3, TRIM25, STAT1 and STAT2.

SFTSV evades immunity by influencing immune responses of immune cells through diverse mechanisms. The main target organs of SFTSV include the spleen, lymph nodes, liver, and bone marrow, while the lungs, kidneys, and heart can also be affected. Macrophages in the spleen and liver are likely the primary target cells for SFTSV infection (Xu et al., 2021) (Figure 2). SFTSV activates STAT1 to induce monocyte immune responses and stimulate macrophage differentiation into the M1 phenotype, leading to inflammatory cytokine production. However, post-infection, it suppresses M1 macrophage differentiation and drives macrophages toward the M2 phenotype, promoting viral shedding and transmission (Zhang et al., 2019). Natural killer (NK) cells control viral load by releasing perforin, granzyme, proinflammatory cytokines, and chemokines to induce host immune responses (Jost and Altfeld, 2013). Studies show that CD3−CD16+56+ NK cells significantly decrease in the early stage of SFTSV infection, indicating their involvement in early immune responses. Depletion of NK cells may contribute to disease progression (Li et al., 2020).
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FIGURE 2
 The target organs of SFTSV infection and its impact on immune cells. SFTSV infection impairs the production and function of various immune cells and cytokines, such as IFN, macrophages, and NK cells. It can also suppress the secretion and maturation of T cells and B cells, mediating the occurrence of a cytokine storm (Created by biorender.com).


Adaptive immune responses to the virus involve T and B cells, which specifically recognize and eliminate viral pathogens. T lymphocytes are the main cells mediating cellular immunity. Li et al. (2018) found that the number of T lymphocytes, especially CD4+ T cells, significantly decreases in SFTS patients, with the reduction magnitude positively correlated with disease severity. Further analysis of naive CD4+ T cell subsets showed that the counts of helper T (Th)1, Th2, and regulatory T (Treg) cells in SFTSV fatal cases were significantly lower than those in surviving patients. Increases in Th2 and Th17 cells within CD4+ T cell populations lead to abnormal Th1/Th2 and Th17/Treg ratios, which correlate positively with disease severity. Elevated Th17 cells can suppress effector T cell-mediated killing of target cells, hindering host antiviral responses. Additionally, research (Hou et al., 2014) shows that Th17 cells upregulate anti-apoptotic molecules to promote persistent viral replication in SFTSV-infected cells. Thus, SFTSV evades immunity by suppressing T cell responses and regulating infected cell apoptosis.

B cell responses are regulated by antigen-presenting cells and Tfh cells. However, early infection-induced apoptosis reduces dendritic cell (DC)-mediated antigen presentation, impairing Tfh differentiation and function, which significantly weakens humoral immunity. Studies indicate that peripheral blood mononuclear cells in SFTS patients contain transient plasmablasts, and in vitro induction shows these atypical lymphocytes are activated B cells, suggesting that SFTSV-infected B cells release factors driving B cell differentiation into plasmablasts (Wada et al., 2022). Most SFTSV in lethal infections resides in plasma B cells, and these activated/differentiated B cells do not express IgM or IgG, leading to insufficient humoral responses in fatal cases. Collectively, these findings show that SFTSV infection suppresses antibody secretion and B cell maturation, thereby evading effective humoral immunity against viral escape from the host immune system (Figure 2).

The cytokine storm induced by SFTSV infection is also believed to play an important role in worsening the condition of SFTS patients. When the host immune response fails to suppress viral replication, SFTSV can induce the release of large amounts of cytokines from target cells, leading to pathological lesions. In the cytokine storm, abnormal expression of several inflammatory cytokines, including IL-6, IL-8, and IL-10, is associated with the severity of SFTS (Song et al., 2024). He et al. (2021) found that monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1α (MIP-1α), and transforming growth factor-β1 (TGF-β1) were significantly elevated in severe SFTS patients compared to asymptomatic SFTS patients. These cytokines induce abnormal inflammatory disorders, exacerbating multi-organ damage in the body. The low expression of platelet-derived growth factor and secretory factors stored in platelets may be related to thrombocytopenia in peripheral blood, and these cytokines return to normal ranges when patients enter the recovery stage (Li et al., 2021). The bleeding tendency in SFTS patients is also related to elevated tumor necrosis factor (TNF-α). TNF-α acts on endothelial cells, inducing vasodilatory substances, stimulating nitric oxide synthase, increasing capillary endothelial permeability, affecting coagulation function in patients, and thereby increasing the risk of DIC (Xing et al., 2018). Cytokine secretion can also be regulated by multiple cellular signaling pathways, such as JAK/STAT3, MAPK, NF-κB, mTOR, and TLR4 signaling pathways. The crosstalk between these different signals can modulate cytokine expression. These previous findings indicate that cytokine/chemokine-mediated inflammatory responses, characterized by imbalances in cytokine and chemokine expression, play a crucial role in the progression of SFTS.



5 Genotyping of SFTSV

Takahashi et al. (2014) conducted a retrospective analysis of SFTS cases in Japan, showed that all Japanese SFTSV isolates clustered into two separate branches from those of Chinese SFTSV isolates, consistent with geographical distribution, suggesting independent natural transmission of SFTSV in Japan. Shi et al. (2017) further included 139 SFTSV isolates from Japan, South Korea, and China in GenBank for phylogenetic analysis. They clustered into five separate clades designated as C1, C2, C3, C4, and J. The study indicated that SFTSV isolates in China and Japan evolved independently within their respective regions. Lv et al. (2017) further divided SFTSV into genotypes C1-C5 and sublineages J1-J3 based on whole-genome sequence analysis for homologous recombination and gene reassortment. Additionally, two new sublineages, C6 and J4, were identified in the S gene segment of SFTSV.

Following the publication of SFTSV sequences from more regions, SFTSV has demonstrated broader genetic diversity. A six-genotype classification (A-F) is now widely used. Fu et al. (2016) classified SFTSV into six genotypes: A, B, C, D, E, and F. The prevalence of different SFTSV genotypes varies among countries. The main genotypes in China are A, D, E, and F, with genotype E being unique to China. In contrast, genotype B is only found in South Korea, Japan, and other regions. Yun et al. (2020) further divided genotype B SFTSV into three subtypes, B1, B2, and B3, based on genetic distance in South Korea. Park et al. (2024) identified the presence of genotype B4 in China, South Korea, and Japan and emphasizing its potential importance in viral evolution. It is noteworthy that there is a significant correlation between SFTSV genotype and mortality rates in different regions. The case fatality rate (CFR) of genotype B2 is the highest among genotype B and its subtypes, at 47.9%. The CFRs of genotypes D and F in China range from 17.3 to 22.7%, while genotype E has a CFR of only 12.5%, and this trend also exists in recombinant strains (Moon et al., 2023). The distribution of SFTSV genotypes in China, South Korea, and Japan is shown in Table 1.


TABLE 1 SFTSV genotype distribution.


	Country
	
Takahashi et al. (2014)

	
Lv et al. (2017)

	
Fu et al. (2016)

	
Yun et al. (2020)

	
Park et al. (2024)


 

 	China 	C1, C2, C3, C4, J, Unknown 	C1, C2, C3, C4, C5, C6, J3, Unknown 	A, C, D, E, F, Unknown 	A, C, D, E, F, Unknown 	A, C, B3, B4, D, E, F, Unknown


 	Korea 	C3, J, Unknown 	C3, C6, J1, J2, J3, Unknown 	B, D, F, Unknown 	B1, B2, B3, D, F, Unknown 	B1, B2, B3, B4, D, F, Unknown


 	Japan 	J, Unknown 	J4, Unknown 	B, C, Unknown 	B2, C, Unknown 	B2, C, Unknown





“Unknown” means there is a genetic recombination event and the genotype has not been identified.
 

Pérez et al. (2024) classified SFTSV genomic evolution into three lineages. Lineage I comprised predominantly Chinese sequences (~95%), while Lineages II and III consisted mainly of South Korean variants. Clade II additionally contained Japanese isolates (~39%), with Lineage III incorporating Chinese and Thai sequences (~32%). Extensive homologous recombination was shown to accelerate SFTSV genomic evolution. The R624W and R962S mutations in the SFTSV glycoprotein precursor (GP) mediate pH-dependent cell membrane fusion (Tsuda et al., 2017; Tani et al., 2019). The N1891K mutation in the RNA-dependent RNA polymerase (RdRp) enhances enzymatic activity (Noda et al., 2020). The NS protein mutations P102A and K211R impair TPL2 signalling and IL-10 production, consequently reducing viral pathogenicity. These findings demonstrate that extensive genomic variations in SFTSV may contribute to regional differences in the pathogenesis and mortality rates of Severe Fever with Thrombocytopenia Syndrome (SFTS) (Ma et al., 2025).



6 Rapid detection of SFTSV

Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) can be used to detect viral load in patients’ blood and serves as a predictive indicator for disease. However, since the increase in viral load during the early stage of SFTS infection occurs later than the onset of clinical symptoms, timely diagnosis is often not possible in clinical practice, leading to disease progression. Therefore, early and accurate diagnosis is crucial for effective treatment and disease management. Jang et al. (2022) developed a point-of-care molecular diagnostic method based on loop-mediated isothermal amplification (LAMP) technology to differentiate SFTSV infection from scrub typhus, with results available within 30 min and high specificity and sensitivity. Recombinase polymerase amplification (RPA) is an isothermal nucleic acid amplification technique that can rapidly and sensitively detect viral nucleic acids under constant temperature conditions. Zhou et al. (2020) evaluated the performance of RT-RPA for detecting SFTSV in serum samples from suspected SFTS patients, with sensitivity and specificity of 96.00 and 98.95%, respectively, showing good application prospects. Serological detection involves detecting SFTSV-specific antibodies in patients’ serum or plasma to diagnose the disease. Huang et al. (2019) developed an up-converting phosphor technology-based lateral flow (UPT-LF) detection method, coating SFTSV recombinant N protein on a biosensor to detect total SFTSV antibodies in serum through fluorescence signal collection, which can be used for on-site rapid detection. Zuo et al. (2018) developed a lateral flow immunochromatographic strip for ultra-sensitive detection of SFTSV nucleocapsid protein NP, with a detection limit as low as 1 ng/mL, suitable for rapid detection in remote areas.

RT-PCR is the most widely used molecular method for SFTSV diagnosis, offering high specificity and sensitivity. However, its primary limitations include the requirement for expensive thermal cycling equipment and specialised laboratory personnel, restricting its application in resource-limited settings (Zeng et al., 2024). Isothermal amplification technologies, such as LAMP and RPA, eliminate the need for costly thermal cyclers by enabling rapid amplification at a single fixed temperature. When coupled with simple readout devices, these methods facilitate rapid diagnosis in low-resource environments, such as primary healthcare facilities or field screenings in endemic areas. Nevertheless, isothermal amplification generates substantial by-products, particularly non-specific amplification, resulting in relatively lower sensitivity compared to other detection methods (Rolando et al., 2024). Serological assays for detecting SFTSV-specific antibodies are suitable for large-scale epidemiological screening and rapid field testing in resource-limited areas due to their speed, low cost, and minimal equipment requirements (Varghese et al., 2023). However, cross-reactivity with related viruses may lead to false-positive results, while false negatives can occur during the early infection window (Piantadosi and Kanjilal, 2020; Chan et al., 2022). Thus, serological testing should be supplemented with molecular methods to improve diagnostic accuracy. Although significant progress has been made in detecting SFTSV, there is still much work to be done in standardization, automation, and the development of multiplex detection methods to improve detection efficiency and accuracy (Ai et al., 2023).



7 Conclusion

SFTSV infection has become a global public health issue. Early diagnosis of SFTS based on typical clinical features and laboratory findings is crucial for improving patient survival rates in clinical practice. Further research on the pathogenesis of SFTS will help elucidate the mechanisms of DIC and MOF to reduce mortality and develop new therapeutic molecules. Comparative studies of viral isolates from different regions may clarify the genetic diversity and variation characteristics of SFTSV. Additionally, the development of rapid detection methods for SFTSV will aid in rapid diagnosis to contain and prevent viral spread.
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Protein Kinases (PKs) are a large family of enzymes that act as “molecular switches,” playing fundamental role in cellular signaling through protein phosphorylation. This process consists in transfer a phosphate group (γ-PO₄2−) from ATP (adenosine triphosphate) to specific residues in target proteins; thereby, controlling vital cellular processes, such as (i) cell proliferation and differentiation, (ii) response to environmental stimuli (stress, nutrients, hormones), (iii) metabolism, (iv) cell cycle and apoptosis, and (v) signal transduction. Among fungi, adaptability is intrinsically connected to their ability to thrive under extreme environmental stress, being morphological plasticity an example of this adaptability. While many of these adaptive responses are regulated by diverse signaling pathways involving different kinase families, as mitogen-activated protein kinase (MAPK) for example, this review places a special focus on the General Control Nonderepressible 2 kinase (GCN2), a highly conserved sensor of amino acid scarcity in many fungi, as well as the species Cryptococcus neoformans, Candida albicans, and Aspergillus fumigatus. Amino acid deprivation triggers the accumulation of uncharged tRNAs, which directly activate GCN2, and this activation leads to the phosphorylation of the eukaryotic initiation factor 2 alpha (eIF2α) at the serine in the position 51, initiating the Integrated Stress Response (ISR). Phosphorylated eIF2α suppresses global translation initiation while selectively enhancing the translation of stress-responsive genes, notably GCN4, which encodes a transcription factor that promotes amino acid biosynthesis and stress adaptation. In Cryptococcus neoformans, GCN2 emerges as the sole kinase responsible for eIF2α phosphorylation, a unique role in modulating translational responses to environmental and host-induced stressors. Previous studies have shown that the absence of GCN2 disrupts eIF2α phosphorylation, impairing stress responses and reducing pathogenicity, therefore being an important target for development of new generation antifungals. To better understand the mechanistic role of GCN2 and related kinases in amino acid sensing and stress response, we present a review based on studying the central role of kinases in fungal stress adaptation, discussing how the high conservation of their catalytic kinase domains makes them valuable as phylogenetic markers and therapeutic targets.
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1 Introduction

Fungi occupy a distinct ecological and evolutionary niche characterized by a unique evolutionary lineage amongst eukaryotes (Webster and Weber, 2007; de Hoog et al., 2023; Gow et al., 2017). They inhabit soil and water, efficiently decomposing organic matter to recycle nutrients, colonizing plants or animals as pathogens, symbionts, or commensals, and their spores can be also found in airborne environments (de Hoog et al., 2023; Gow et al., 2017; Mcginnis and Tyring, 1996). As a general rule, fungi possess a rigid glucan and chitin-based cell wall, which confers structural integrity and resistance to environmental pressures, which is directly related with their evolution and adaptation (Mcginnis and Tyring, 1996; Brunke et al., 2016; Sun et al., 2020; Carbonero and Strobel, 2021; Kurokawa et al., 1998; Farrer and Fisher, 2017).

Adaptability is intrinsically connected to fungal survival and ability to thrive under extreme environmental stress as well as dimorphism is directly related to fungal adaptability (de Hoog et al., 2023; Seyedmousavi et al., 2014). Thus, dimorphic fungi are capable of transitioning between multicellular and unicellular morphs in response to changes in environmental conditions (Klein and Tebbets, 2007). The mycelial (multicellular) form is found in environmental conditions, consisting of hyphae (tubular elongated cells), while the yeast (unicellular) form is represented by oval cells (de Hoog et al., 2023; Ramírez-Sotelo et al., 2025). Fungal dimorphism is associated with changes in metabolism and cell wall remodeling and can be caused by a series of stimuli; however, temperature is often the primary regulator of dimorphism in fungi (Gauthier, 2017). In dimorphic pathogenic fungi, host temperatures (35–37°C) trigger the infectious yeast form, while cooler environmental temperatures (23–25°C) promote the mycelial form (Sacks et al., 1986). This morphological plasticity is regulated by complex signaling pathways, including kinase-mediated responses, which coordinate the cellular and metabolic changes necessary for fungal adaptation and pathogenicity (Pathan et al., 2019).

Protein Kinases (PKs) are a large family of enzymes that act as “molecular switches,” playing a fundamental role in cellular signaling through protein phosphorylation (Taylor and Kornev, 2011). This process consists of the transfer of a phosphate group (γ-PO₄2−) from ATP (adenosine triphosphate) to specific residues in target proteins and; thereby, controlling vital cellular processes, such as: (a) cell proliferation and differentiation, (b) response to environmental stimuli (stress, nutrients, hormones), (c) energy metabolism, (d) cell cycle and apoptosis, and (e) signal transduction (Taylor and Kornev, 2011; Gao et al., 2008; Wrabl and Grishin, 2001).

Considering the fungi kingdom, it is well known that kinases are commonly involved in three main biological mechanisms that directly impact the infection process: morphogenesis, virulence, and stress adaptation (Ramírez-Sotelo et al., 2025; Pathan et al., 2019). This adaptability is connected to thermotolerance, as the ability to survive at human body temperatures (37°C) is a prerequisite for pathogenicity (Mattoon et al., 2021; Money, 2024). For instance, black yeasts are a group of ascomycotan melanized fungi that perfectly exemplify these adaptive traits (de Hoog et al., 2023; Seyedmousavi et al., 2014; Assunção et al., 2020).

At the molecular level, adaptability is mediated by kinase signaling pathways, which regulate stress responses and morphological transitions (Cañete-Gibas and Wiederhold, 2018; Ene et al., 2014; Rauch et al., 2011). Our review analyzed and synthetized the current knowledge about the eIF2α-related kinases family, more specifically GCN2 kinases, which are regulators of amino acid biosynthesis and stress responses conserved across all fungal species, with potential molecular marker for studies on stress adaptability, virulence, target for new antifungal drugs and molecular evolution.



2 Kinases

Kinases are a class of highly conserved enzymes found across all the domains of life. They are activated by various regulatory signals, such as amino acid deprivation or oxidative stress (Rauch et al., 2011). These enzymes regulate cellular processes by catalyzing the transfer of phosphate groups to specific molecules in a process known as phosphorylation (Cohen, 2002). This post-translational modification occurs with a phosphate group (PO₄3−) transfer from a high-energy molecule to a specific target (Rauch et al., 2011; Hunter, 1991). Kinases selectively phosphorylate specific amino acid residues, such as serine (Ser), threonine (Thr), or tyrosine (Tyr) and are classified, considering their substrate specificity, in two types: Ser-Thr kinases, known for phosphorylating serine and threonine residues, and Thr kinases, that phosphorylate tyrosine residues. Also, some kinases are considered dual-specificity kinases for being capable of phosphorylating two substrates (Hunter, 1991; Wheeler and Yarden, 2015; Martin et al., 2010).

The family of enzymes catalyzing the phosphorylation of proteins, the protein kinases, represents a structurally diverse group of proteins (Taylor and Kornev, 2011; Martin et al., 2010; Ekhator et al., 2025; Yang, 2003; Defosse et al., 2015; Cheng et al., 2011). They are modular structures that differ widely in size, subunit structure, subcellular localization, mechanism of activation, and substrate specificity. Two general classes exist, those transferring phosphate to Ser or Thr and those transferring phosphate to Tyr (Hunter, 1991; Martin et al., 2010). According to an important study on evolution of kinases, Taylor and Kornev (2011) shows that despite this diversity, all eukaryotic protein kinases are evolutionarily related throughout a conserved catalytic core, indicating that they all share at least some common features of secondary and tertiary structures.

Ser-Thr and Tyr share the N-terminal ATP binding pocket, a conserved structural region and catalytic domain located at the N-terminal domain of the kinase, responsible for binding adenosine triphosphate (ATP) to amino acids (Hunter, 1991; Wheeler and Yarden, 2015; Martin et al., 2010). Thus, phosphorylation can be considered a molecular switch: it activates or inhibits enzyme function, affecting downstream signaling pathways, but it is not a permanent biochemical process, as it can be undone (Plattner and Bibb, 2011). There are regulatory mechanisms to ensure that phosphorylation is a reversible and controlled process (Cheng et al., 2011).

The cyclic AMP-dependent protein kinase has also been widely studied since many decades (Pir et al., 2025; Aryal and Watts, 2025; Scott, 1991; Xiong et al., 2025; Shabb, 2001; Jungmann and Russell, 1977). The cyclic AMP (cAMP) pathway represents a central signaling cascade with crucial functions in all organisms. In fungi, the cyclic AMP (cAMP) pathway plays a central role in regulating development, growth, differentiation, conidiation, germination and virulence of pathogenic species (Maeng et al., 2010; Ocampo et al., 2009; Zhao et al., 2006). Adenosine 3′,5′-phosphate (cyclic AMP) has been studied as an intracellular regulator in a wide variety of organisms. Studies of cyclic AMP function in fungi have concentrated on functions repressed by glucose as well as on diverse developmental and other specific responses reported to be influenced by cyclic AMP in animals (Sabina and Brown, 2009). Evidence has been obtained that links cyclic AMP to control of a variety of functions in fungi, including utilization of endogenous and exogenous carbon sources, conidiation (in Neurospora crassa), dimorphism in several fungi, the sexual process, and phototropism (in Phycomyces) (Davis, 1986; Judewicz et al., 1981; Wang et al., 2020). According some authors, there are some striking similarities between animal and fungal cyclic AMP-dependent protein kinases, which suggest strong evolutionary conservation of the properties of these enzymes (Müller et al., 2003; McDonough and Rodriguez, 2012).

The study of protein kinases in fungi has progressed significantly over the past decades, building a strong foundation for current models of stress response and morphogenesis. Table 1 lists some important studies on cyclic AMP-dependent protein kinases from different fungal species, which opened up perspectives for further studies.


TABLE 1 Studies reported on cyclic AMP-dependent protein kinases in different species of fungi kingdom.


	Species
	Reported kinase activity
	Authors

 

 	Arabidopsis thaliana 	Associated to reactive oxygen species (ROS) 	
Lokdarshi et al. (2022)



 	Aspergillus fumigatus 	Associated to conidial germination, carbohydrate metabolism; virulence; morphology; sensitivity to oxidative damage. 	Fuller et al. (2011); Zhao et al. (2006)


 	Aspergillus nidulans 	Associated to glycogen synthase; microtubule-associated protein 2; synapsin; tubulin; gizzard myosin light chain; and casein. 	
Bartelt et al. (1988)



 	Aspergillus niger 	Associated to morphogenesis; regulation of lipid biosynthesis as well as citric acid synthesis. 	Štaudohar et al. (2002); Jernejc and Benčina (2003)


 	Aspergillus parasiticus 	Associated to toxin synthesis, conidiation and aflatoxin synthesis. 	
Roze et al. (2004)



 	Blastocladiella emersonii 	Associated to cyclic AMP-dependent protein kinase activity during sporulation and differentiation. 	Juliani et al. (1979); Silverman (1978)


 	Botrytis cinérea 	Associated to conidial germination, growth, and virulence. 	
Schumacher et al. (2008)



 	Candida albicans 	Associated to morphogenesis, hyphal morphogenesis and virulence. 	Gupta Roy and Datta (1986); Bhattacharya et al. (2023); Hossain et al. (2025);


 	Candida auris 	Associated to Growth, Differentiation, Antifungal Drug Resistance, and Pathogenicity, with potential therapeutic strategies. 	
Kim et al. (2021)



 	Candida tropicalis 	Associated to cAMP signaling pathway, morphogenesis regulation, and protein kinase A activity. 	Kumar (2018); Nabeshima et al. (1977); Tanaka and Fukul (1977)


 	Coprinus macrorhizus 	Associated to cAMP-dependent protein kinase activity and glycogen metabolism during mycelial development. 	
Uno and Ishikawa (1976)



 	Cryptococcus neoformans 	Associated to Virulence and as potential targets for antifungical therapy. 	Perlatti et al. (2020); Hu et al. (2007)


 	Fusarium oxysporum 	Associated to vegetative growth, spore production, hyphal growth and mechanisms of fungal root pathogenesis. 	
Kim et al. (2011)



 	Microsporum gypseum 	Associated to composition and regulation of phospholipid synthesis. 	Dhillon et al. (2003); Khuller et al. (2000)


 	Mucor circinelloides 	Associated to growth, differentiation, morphology, germination rates, cell volume, germ tube length, and asexual sporulation and branching. 	Lübbehüsen et al. (2004); Ocampo et al. (2009)


 	Mucor rouxii 	Polymeric structure characterization. 	Moreno et al. (1977); Pastori et al. (1985)


 	Neurospora crassa 	Associated to eIF2α phosphorylation, cpc-1 activation, general amino acid control (GAAC), nutrient stress adaptation. 	Judewicz et al. (1981); Powers and Pall (1980); Štaudohar et al. (2002)


 	Paracoccidioides lutzii 	Associated to phase transition, increasing during the mycelium to yeast transition. 	
Sestari et al. (2018)



 	Penicillium oxalicum 	Associated to mycelial development, conidiation and the regulation of cellulase expression. 	
Sun et al. (2023)



 	Saccharomyces cerevisiae 	Associated to phosphorylation-dependent regulation of translation, metabolic pathways (e.g., glucose fermentation, tricarboxylic acid cycle, pyruvate dehydrogenase and its bypass) and respiratory chain.
 Studies in evolutionary proteomics approach.
 GCN2 stimulates the expression of amino acid biosynthetic genes under conditions of amino acid starvation. 	Hixson and Krebs (1980); Takai et al. (1974); Budovskaya et al. (2005); Ohlmeier et al. (2010); Wek et al. (1989); Gupta et al. (2025)


 	Saccobolus platenses 	Polymeric structure characterization. 	
Silberstein et al. (1990)



 	Trichoderma reesei 	Associated to light-modulated cellulase gene expression. 	
Schuster et al. (2012)



 	Ustilago maydis 	Polymeric structure characterization. 	
Kerner and Passeron (1984)





 

As detailed in Table 1, certain kinases play critical roles in translational control under stress conditions. For instance, the GCN2 mediated phosphorylation of eIF2α, which leads to the selective translation of transcription factors like GCN4, which is a key adaptive mechanism in fungi that will be explored in detail in a subsequent section. To better appreciate the role of kinases such as GCN2 in contemporary fungal biology, we revisit early discoveries and methodological developments that shaped this field. According to (Uno and Ishikawa (1976), the activity of cyclic AMP-dependent protein kinase in mycelial extracts of Coprinus cinerea concurrently with decrease of glycogen content in mycelial cells. Also, Silverman (1978), as in other eukaryotic cells, cyclic AMP in Blastocladiella sp. regulates cellular activity by activation of cyclic AMP-dependent protein kinase. In 1979, Juliani et al. demonstrated that cyclic AMP-dependent protein kinase activity and cyclic AMP binding components are induced during the sporulation in Blastocladiella emersonii, corroborating with the previous study by Silverman (1978), with the same fungal species (Juliani et al., 1979).

The Ca2+-dependent protein kinase seems to be associated with membranous components, whereas cyclic GMP-dependent protein kinase appears to be related to certain subcellular organelle, such as nucleus. Suggestive evidence is available implying that the cyclic AMP-, cyclic GMP- and Ca2+-activated three sets of protein kinase systems may play each specific physiological role presumably owing to their own subcellular compartments (Davis, 1986; McDonough and Rodriguez, 2012).

A Ca2+/calmodulin (CaM)-dependent multifunctional protein kinase has been isolated from Aspergillus nidulans and purified to homogeneity. Unlike any CaM-dependent multifunctional protein kinase described previously, the native enzyme from Aspergillus behaves as a monomer (Jernejc and Benčina, 2003). According to the authors, the Aspergillus kinase catalyzes the Ca2+/CaM-dependent phosphorylation of known substrates of type II Ca2+/CaM-dependent protein kinases, including glycogen synthase, microtubule-associated protein 2, synapsin, tubulin, gizzard myosin light chain, and casein (Jernejc and Benčina, 2003).

Protein phosphatases counteract kinases by removing phosphate groups, restoring proteins to their unphosphorylated state, maintaining cellular homeostasis, and preventing aberrant signaling implicated in diseases (Narayanan et al., 2023). Protein kinases, in particular, are essential regulators of cell growth, differentiation, and apoptosis, acting during normal cellular function and disease states (Hunter, 1991; Donnelly et al., 2013). Thus, diverse studies have linked kinases as targets for therapeutic intervention, and numerous kinase inhibitors has been recently developed for cancer, systemic infections, and neurodegenerative diseases (Narayanan et al., 2023; Berkes et al., 2021; Piecyk et al., 2024).

In an opposite enzymatic process, protein kinase inhibitors are molecules that hinder the activity of protein kinases by binding to the kinase’s active site or inducing conformational changes, effectively blocking phosphorylation events and modulating cellular processes. Furthermore, kinase inhibitors have been investigated for their potential as antifungal agents (Berkes et al., 2021; Hinnebusch, 2011). An important study performed by Berkes et al. (2021), which identified the cancer therapeutic dasatinib as a potent inhibitor of Histoplasma capsulatum in its pathogenic yeast form, showing the potential of repurposing kinase inhibitors for antifungal therapy.



3 Scientometric analysis on kinase studies

To measure the scientific production related to kinases in fungi, we analyzed the research output using various scientometric indicators. These included publication trends in relevant journals, keyword analysis, and the distribution of publications by country, author, and institutional relevance, as well as collaboration networks. The initial search was conducted in the PubMed database using the search terms “kinases,” “fungi,” and “proteins” (van Eck and Waltman, 2010; Aria, 2017).

The PubMed search yielded over 50,000 publications. Due to the processing capacity of the analysis software, the 10,000 most relevant articles with a specific focus on fungal kinases were selected for an initial overview. This subset was curated through manual screening to exclude reviews, duplicates, and studies with missing metadata (such as authorship, institutional affiliation, or publication year) or no abstract. The complete data selection and analysis workflow is illustrated in the scientometric analysis flowchart (Figure 1).
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FIGURE 1
 First, a broad overview of the kinase topic was conducted using the keywords “Fungi” and “Kinases.” Data from the 10,000 most relevant publications were manually screened to exclude reviews, duplicates, and publications with incomplete metadata. Resulting CSF generated data was analyzed using the R statistical program, and co-occurrence of major research topics was visualized with VOSviewer. Second, a refined analysis was performed using the keywords “dimorphic fungi” and “kinases.” The resulting dataset was manually screened according to the same criteria, and a second analysis was performed in R. VOSviewer was then used to visualize co-citation networks of countries, regions, journals, authors, and institutions.


Using this curated data, a CSF file was created and analyzed using R and visualized with VOSviewer (van Eck and Waltman, 2010; Aria, 2017). Keywords with at least 100 occurrences were included in this initial analysis (Lr, n.d.). Keyword analysis is critical as it indicates the focal areas of a research field and helps identify knowledge gaps. In this analysis, Saccharomyces cerevisiae was the most studied fungal species in the context of kinase proteins, followed by Schizosaccharomyces pombe (also called “fission yeast”), a common model organism in molecular and cell biology. Candida albicans was the third most studied species (Neiman et al., 1993). Regarding the biological activities of kinases, phosphorylation was the most extensively studied process. The analysis highlighted the importance of kinases in numerous cellular processes, including enzyme activation, gene expression regulation, protein binding, intracellular signaling, and transcription factor activity. Kinases are also involved in cell cycle progression, such as mitosis and DNA damage responses. Furthermore, studies on Candida albicans frequently associate kinase activity with virulence, demonstrating the functional versatility of these proteins (Figure 2).
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FIGURE 2
 Keyword co-occurrence map generated using VOSviewer. The map is based on keywords extracted from approximately 270 articles on dimorphic fungal kinases retrieved from the PubMed database, published between 1982 and 2025. The analysis includes keywords that appeared at least five times. Colors denote thematic clusters of frequently co-occurring terms: the red cluster is associated with molecular data and phylogeny; the blue cluster relates to animal models and pathogenicity; and the green cluster represents cellular processes and fungal species. The size of each circle corresponds to the keyword’s frequency, with larger circles indicating terms that appeared more often.


To align with the focus of this review, a second, more targeted analysis was performed using the keywords “dimorphic fungal kinases.” Following the exclusion of reviews, duplicates, and articles with incomplete data, approximately 270 articles were selected from the PubMed database. Keywords appearing at least five times in this dataset are presented in Figure 2. In this focused analysis, Candida albicans remains the most prominent species, with Sporothrix and Paracoccidioides species also frequently appearing. Additionally, Ustilago maydis, a basidiomycete that causes corn smut, was identified (Olicón-Hernández et al., 2015). The term “Mucor” also appeared, which is associated with approximately 40 species of molds and dimorphic fungi, including both pathogenic and avirulent species (Lr, n.d.). This data demonstrates the importance of kinases in processes of morphological plasticity, such as dimorphism, and shows how molecular sequence data are crucial for uncovering kinase profiles and functions.

In addition to this keyword analysis, further scientometric analyses were conducted. The evolution of publications over the years, the most prominent authors and institutions, the most prolific journals, and existing collaboration networks were detailed. Graphical representations that complement these analyses are gathered in the Supplementary material of this study. The number of annual publications was evaluated. Publications on the subject began in the 1980s, with limited output until 1995, after which the number of publications doubled. The highest number of publications on kinases in dimorphic fungi was observed between 2000 and 2014. In 2015, there was a significant drop, followed by an increase and subsequent stabilization in 2018 and 2019 (Supplementary material).

A new drop in the number of publications was observed in 2020, likely because research institutions were focused on the COVID pandemic. The most productive institutions were also ranked, with the University of California leading (18 articles), followed by the Federal University of São Paulo (13) and the Institute of Microbiology (13). The University of Louisville (12) and the University of Buenos Aires (12) ranked fourth. The University of Murcia (11) and South China Agricultural University (11) followed, with Duke University Medical Center (10) and King’s College of London (9) completing the list (Supplementary material). Notably, two of the ranked institutions are in Latin America, likely reflecting the medical interest in dimorphic fungi in a region with a high incidence of fungal infections.

Evaluation of inter-institutional collaboration revealed no broad networks; however, collaborations between departments within Californian institutions were observed, which may contribute to the University of California’s leading rank (Supplementary material). The most prolific authors on this subject are Moreno, S. (10 articles), followed by Heitman, J. (9), and Ruiz-Herrera and Passeron, S. (seven articles each) (Supplementary material). Analysis of publication venues revealed that Eukaryotic Cell has published the highest number of papers (11), followed by Molecular Microbiology (10). Fungal Genetics and Biology and FEMS Yeast Research ranked third with six publications each (Supplementary material).



4 General Control Nonderepressible 2 (GCN2) kinase and its role in fungi

Amino acids are organic molecules fundamental to build proteins characterized by a central carbon atom bonded to an amino group (−NH3+), a carboxyl group (−COO–), a hydrogen atom and a variable side chain (R group), which determines the properties of each amino acid and consequently to protein structure and function (Donnelly et al., 2013; Douglas et al., 2024). In fungi, amino acids are fundamental for various biochemical processes, such as protein synthesis, enzyme production, and cell wall biosynthesis (Muhammad et al., 2024; Chadwick, 2023). They also act as precursors for important secondary metabolites, including pigments, toxins, and antimicrobial compounds, which are essential for fungal survival and pathogenicity (Ene et al., 2014). Amino acids represent an abundant source of nitrogen and carbon within the host and their process of acquisition by fungi interconnects sensory and uptake systems and downstream pathways (Maloy, 2013).

Amino acid starvation poses a significant challenge for fungi. Starvation is caused by an insufficient availability of amino acids due to environmental stressors (Ene et al., 2014; Chadwick, 2023; Garbe and Vylkova, 2019). Some environments are naturally poorer in nutrients, such as soil, air, or host tissue. Inside hosts, during pathogenic interaction, a sequester or degradation of essential amino acids can occur as an immunological mechanism, known as nutritional immunity, to starve the invading pathogen (Chadwick, 2023; Maloy, 2013; Garbe and Vylkova, 2019; Emery, 2012). Environmental stressors, including oxidative stress, temperature shifts, and osmotic pressure, can impair amino acid synthesis pathways or even completely deplete existing amino acid reserves (Maloy, 2013; Emery, 2012). Genetic mutations are also capable of impairing the endogenous amino acid production, leading to a starvation process even in environments rich in nutrients (Kim et al., 2011). Additionally, starvation induces autophagy, facilitating the recycling of intracellular components, including amino acids, to maintain essential metabolic processes (Maurin et al., 2022).

When faced with amino acid starvation, fungi activate stress response mechanisms to ensure survival and conserve energy, triggering a cascade of stress responses aimed at ensuring survival and adaptation (Knowles et al., 2021). The accumulation of uncharged tRNAs is a primary signal for amino acid scarcity, triggering the activation of the GCN2 kinase (Emery, 2012; McCarthy and Walsh, 2018). Recent studies reveal that fungi utilize multiple, interconnected pathways to detect and respond to amino acid scarcity (Emery, 2012; McCarthy and Walsh, 2018).

General Control Nonderepressible 2 kinase (GCN2) kinase activation by amino acid starvation also occurs in plants, mammals, and fungi through various regulation mechanisms, and it is quite conserved in those eukaryotes (Masson, 2019; Castilho et al., 2014; Maurin et al., 2005). Currently, GCN2 is identified as the sole kinase responsible for the phosphorylation of eIF2α (Leipheimer et al., 2019). In fungi, GCN2 phosphorylates eIF2α eIF2α, and, and it is composed of 1,649 amino acids, spanning from the N-terminal to the C-terminal region (Castilho et al., 2014). This phosphorylation event at serine 51 of eIF2α is a critical component of the Integrated Stress Response (ISR), allowing the fungus to modulate protein synthesis during environmental stresses (Masson, 2019; Castilho et al., 2014; Hinnebusch, 2005; Li et al., 2024).

The activation of GCN2 is triggered by the accumulation of uncharged tRNAs, leading to the phosphorylation of eIF2α, which causes a reduction in general translation initiation while selectively promoting the translation of stress-adaptive genes, more specifically GCN4 (Masson, 2019; Hinnebusch, 2005; Li et al., 2024). According to recent studies, in the absence of GCN2, C. neoformans exhibits impaired phosphorylation of eIF2α, resulting in reduced stress tolerance and diminished virulence (Leipheimer et al., 2019; Stovall et al., 2021).

In response to amino acid deprivation, yeast cells activate a signaling pathway involving GCN2-mediated phosphorylation of serine 51, which, in turn, triggers a two-pronged adaptation: global protein synthesis is down-regulated to preserve resources, while the translation of the GCN4 factor, which regulates the expression of a set of genes is preferentially promoted, stimulating the expression of genes responsible for amino acid biosynthesis (Hinnebusch, 2005; Li et al., 2024). While the fundamental architecture of GCN2 is preserved between animals and fungi, encompassing domains such as the RWD domain, pseudokinase domain (PKD), kinase domain (KD), histidyl-tRNA synthetase-like (HisRS-like) domain, and C-terminal domain (CTD), there are structural differences particularly in the CTD and dimerization interfaces since the GCN2 kinase in vertebrates has low sequence similarity when compared to the CTD of yeast GCN2, despite performing similar roles (Piecyk et al., 2024; Hamanaka et al., 2005).

As illustrated in Figure 3A, the GCN2 kinase is a multi-domain protein with five regions, a (1) RWD domain, (2) a pseudokinase domain (PKD), (3) Protein a Kinase (PK) domain, (4) a catalytic domain homologous to the histidyl-tRNA synthetase (HisRS), and a (5) C-terminal domain (Castilho et al., 2014). To better understand the structure of GCN2 protein, a predicted three-dimensional structure of the GCN2 protein from C. carrioni is presented in Figure 3 showing a detailed view of its functional architecture.
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FIGURE 3
 Structural and electrostatic analysis of the GCN2 protein from C. carrioni. (A) The overall domain architecture, illustrating the RWD, pseudokinase (PKD), catalytic kinase (PK), HisRS-like, and C-terminal domains that support its regulatory function. (B) A detailed view of the catalytic active site. Key residues lysine 264 (Lys264, shown in green) and aspartic acid 488 (Asp488, in yellow) are highlighted within the ATP-binding region (orange-red). These residues function as the proposed proton acceptor and donor. (C) Electrostatic surface potential of the kinase domain. Blue coloring represents positive charge (lower electron density), while red indicates negative charge.


The RWD domain is a structural motif located in the N-terminal region of GCN2 kinase. It is named after its occurrence in RING finger-containing proteins, WD-repeat-containing proteins, and DEAD-like helicases, but in GCN2, it serves as a protein–protein interaction module, mediating interactions with GCN1 (Marton et al., 1993; Rakesh et al., 2017). It is where the assembly of the GCN2 kinase complex occurs (Castilho et al., 2014). It is highly conserved with approximately 110 amino acids, it adopts an α + β sandwich fold, and consists of a four-stranded antiparallel β-sheet and three α-helices. Masson (2019) describes the three-dimensional structure of each domain of the GCN2 enzyme. Represented by Protein Data Bank (PDB) codes, more specifically, the RWD domain structure exhibits an α + β sandwich fold, as observed in ID: 1UKX (Masson, 2019). Residues Glu123 and Glu136 in α-helix 3 are implicated in binding to GCN1, which facilitates the interaction between GCN2 and GCN1 (Rakesh et al., 2017; Nameki et al., 2004; He et al., 2014).

Additionally, a highly positively and negatively charged region is located near the RWD domain, including a pseudokinase domain (PKD), which resembles the Protein Kinase domain but lacks the residues necessary for enzymatic activity (Castilho et al., 2014). In spite of that fact, it acts as a structural scaffold, influencing the conformation and stability of the adjacent active Kinase domain (Stovall et al., 2021; Bou-Nader et al., 2024). Therefore, in order to modulate GCN2 activity, the PKD maintains the kinase in an inactive state under non-stress conditions and undergoes conformational changes upon stress signals, thus activating the functional Kinase domain (Masson, 2019; He et al., 2014).

A Protein Kinase domain that displays a typical kinase domain structure, represented by ID: 1ZYD, while the CTD is illustrated using the dimeric CTD structure ID: 4OTN. The crystallographic structure described by Padyana et al. (2005) suggests that the kinase domain maintains a “closed” conformation due to the rigidity of the hinge at the N- and C-terminal ends, bringing these regions closer together and partially obstructing access to the catalytic site. Furthermore, the kinase can undergo autophosphorylation at two threonine residues within the activation loop, leading to stabilization of the active state when the N and C lobes open. The formation of an intermolecular salt bridge between kinase domains facilitates this activation (Masson, 2019; Nameki et al., 2004; Padyana et al., 2005; Sattlegger et al., 2011). This formation needs to occur for the catalytic activity of GCN2, specifically the phosphorylation of eIF2α. It presents structural barriers that impede active conformation, and the PK domain forms a dimer during crystallization, with its protomers arranged in an antiparallel configuration (He et al., 2014). For the kinase to become active, it must undergo isomerization, shifting to a parallel orientation (He et al., 2014; Evelyn and Hinnebusch, 2000). Moreover, it can also adopt an active dimer configuration shared by the PKR and PERK2 kinase domains (Castilho et al., 2014).

Alongside the PK domain, the catalytic domain, repeat 2, of the Serine/Threonine kinase (STK)—central catalytic domain is similar to the homodimeric class II histidyl-tRNA synthetase (HisRS). In yeast cells, the GCN2 kinase is activated under amino acid starvation conditions through the binding of uncharged tRNA to its histidyl-tRNA synthetase-like (HisRS) domain (Bou-Nader et al., 2024; Wek et al., 1995). Another essential factor for GCN2 activation is the ribosome-binding and dimerization domain located in the C-terminal region (Ramirez et al., 1991). However, interactions between the HisRS and PK domains can hinder GCN2 activation, as this interaction reduces GCN2’s affinity for tRNAs (Bou-Nader et al., 2024). A kinase-like domain near the N-terminal region, along with the PK domain and the RWD region, functions as a regulatory domain. The RWD region mediates the binding of the GCN1—GCN20 complex, which interacts with translating ribosomes, facilitating the binding of uncharged tRNA to the HisRS domain and consequently activating the kinase (Castilho et al., 2014; Stovall et al., 2021; Padyana et al., 2005).

Lastly, the C-terminal domain which maintains GCN2 in an inactive conformation under non-stress conditions, when uncharged tRNA binding to the HisRS-like domain, conformational changes in the CTD relieve this inhibition and allow kinase activation, forming a bipartite tRNA-binding structure (Nameki et al., 2004; Sattlegger et al., 2011; Dong et al., 2000). Some studies implicate that the CTD negatively regulates kinase activity and that disrupting this interaction releases inhibition potentially enhancing GCN2 activation (Nameki et al., 2004; He et al., 2014; Dong et al., 2000). The CTD also facilitates ribosome association and stress response, and GCN2 must be physically tethered to the ribosome; therefore, involving CTD and associated regions for tRNA sensing and kinase activation (Liu et al., 2019).



5 Mechanisms of GCN2 activation and regulation by GCN1

GCN2 normally exists in an autoinhibited state, where its kinase activity is kept low to prevent unnecessary signaling. This autoinhibition is relieved by an allosteric activation mechanism that senses amino acid scarcity (Donnelly et al., 2013; Komar and Merrick, 2020). When amino acids are scarce, uncharged tRNAs accumulate in the cell, binding specifically to the HisRS-like domain, which is structurally similar to histidyl-tRNA synthetase but specialized for sensing these tRNAs rather than catalyzing tRNA charging (Bou-Nader et al., 2024). This binding event induces a conformational change that relieves GCN2’s autoinhibited state, allosterically activating its kinase domain (Komar and Merrick, 2020; Bou-Nader et al., 2024).

Once active, GCN2 phosphorylates the alpha subunit of the eukaryotic initiation factor 2 (eIF2α) at the serine-51 residue. This single phosphorylation event is the critical switch for cell modulation. The functional consequence is that phosphorylated eIF2α competitively inhibits its guanine nucleotide exchange factor, eIF2B (Sattlegger and Hinnebusch, 2005; Terenin et al., 2008; Zügel et al., 1999). Since eIF2B is required to recycle eIF2 from its inactive GDP-bound form to its active GTP-bound form, its inhibition leads to a sharp decrease in the available pool of active eIF2 (Sattlegger and Hinnebusch, 2005). This results in a potent suppression of global protein synthesis, conserving cellular resources during stress, while paradoxically enabling the selective translation of stress-response mRNAs, most notably that of the transcription factor GCN4 (Terenin et al., 2008; Zügel et al., 1999).

Normally, GCN4 translation is suppressed by upstream open reading frames (uORFs) in its mRNA. However, eIF2α phosphorylation alters ribosome scanning, bypassing these uORFs and successfully initiate translation at the main GCN4 start codon. GCN4, a transcription factor, then upregulates genes involved in amino acid biosynthesis and stress adaptation, facilitating cellular recovery (Hinnebusch, 2005; Li et al., 2024; Marton et al., 1993; Sattlegger et al., 2011).

Studies indicate that GCN2 must bind to GCN1, which selectively binds to GCN2 to regulate its biological activity. The kinase GCN1 is a cytoplasmic protein that plays a crucial role in helping cells respond to different stressors, and it also contains binding sites for GCN2 (Marton et al., 1993; Sattlegger et al., 2011). GCN1 comprises three regions, A, D, and E, which ensure that GCN1 can transmit signals to GCN2, enabling the cell to adapt to nutrient stress. Among GCN1 regions, region D is essential for GCN2 binding, mutations in this region are known to disrupt this interaction, preventing activation according to Masson (2019) and Hinnebusch (2005). While Region E weakens the connection, GCN2 overexpression can partially compensate as shown by Masson (2019) and Hinnebusch (2005). Region A, on the other hand, is the least critical and mainly helps stabilize the interaction rather than being directly responsible for binding (Hinnebusch, 2005; Sattlegger et al., 2011). GCN1’s middle region is homologous to the N-terminal HEAT repeat domain in EFF3 (Fungal translation elongation factor 3), which is essential for ribosome recycling and translational elongation, facilitating tRNA release from the E-site, where deacylated tRNA exits after peptide bond formation, and enhancing ribosome efficiency (Rakesh et al., 2017; Ranjan et al., 2021).

The interaction between GCN1 and GCN2, as well as their association with the ribosome, is required for GCN2 activation in both yeast and mammals (Gottfried et al., 2022). Hinnebusch (2005) identified an amino acid in GCN1’s GCN2-binding domain through protein interaction and functional analysis assay that is essential for this interaction, Arg2259, as its mutation disrupted the association but could be rescued by GCN2 overexpression (Hinnebusch, 2005). These findings confirm that the N-terminal domain of GCN2 must bind to the C-terminal region of GCN1 for optimal GCN2 function and amino acid regulation (Marton et al., 1993; Sattlegger et al., 2011; Gottfried et al., 2022).

The data support a model where GCN1, GCN20, and GCN2 form a ribosome-associated complex, with GCN1 aiding in the transfer of uncharged tRNA from the ribosomal A-site to GCN2’s tRNA-binding domain for kinase activation. Based on inferences drawn from several studies (Wek et al., 1989; Dong et al., 2000; Wek, 2018; Masson, 2019), Figure 4 summarizes the molecular mechanism of GCN2 activation and its role in fungal stress response.

[image: Flowchart diagram showing the cellular response to amino acid starvation. Amino acid deficiency leads to uncharged tRNA, activating GCN2p, causing eIF2α phosphorylation and inhibition of eIF2B, which selectively increases translation of GCN4 and stress-responsive genes, upregulating genes for biosynthesis, metabolism, stress defense, transport, and autophagy.]

FIGURE 4
 Integrated model of the GCN2-mediated stress response pathway in fungi. This diagram illustrates the cascade of molecular events triggered by amino acid starvation, including the activation of GCN2 by uncharged tRNA, phosphorylation of eIF2α at serine 51, inhibition of eIF2B, and the resulting selective translation of stress-responsive mRNAs such as GCN4. This pathway was constructed based on mechanistic insights from multiple authors (Hinnebusch, 2011; Masson, 2019; Castilho et al., 2014; Hinnebusch, 2005; Bou-Nader et al., 2024; Evelyn and Hinnebusch, 2000; Sattlegger and Hinnebusch, 2005; Teske et al., 2011).




6 Eukaryotic initiation factor 2 (eIF2)

Eukaryotic initiation factor 2 alpha, eIF2α, is an essential substrate within the Integrated Stress Response pathway (ISR), a conserved cellular signaling network that regulates protein synthesis in stressful conditions such as oxidative stress and amino acid deprivation (Donnelly et al., 2013; Pakos-Zebrucka et al., 2016). All this complex is considered a regulator of protein synthesis, modulating cellular responses to various stress conditions involved in phosphorylating the eIF2α subunit (Asada et al., 2025). The phosphorylation processes are necessary for the downregulation of global translation initiation, conserving resources and promoting stress adaptation allowing the selective translation of stress related protein, such as GCN4 (Wek, 2018). Eukaryotic initiation factors (eIFs) are necessary for translation initiation, and the eIF2 complex, including the regulatory subunit eIF2α is responsible for delivering initiator tRNA to the ribosome during the early stages of protein synthesis (Donnelly et al., 2013; Komar and Merrick, 2020; Burwick and Aktas, 2017).

There is an important distinction that deserves to be made: eIF2α is not a kinase since it does not add phosphate groups to other proteins. Instead, it is a substrate, phosphorylated by eIF2α related kinases at serine 51 (such as GCN2, PKR, PERK, HRI) (Donnelly et al., 2013; Komar and Merrick, 2020; Burwick and Aktas, 2017) The eIF2 Complex is a heterotrimeric GTP-binding protein composed of three subunits, eIF2α, eIF2β, and eIF2γ. The eIF2 participates in nearly all cytoplasmic mRNA translation events under normal cellular conditions (Kimball, 1999). eIF2α was initially identified as a factor capable of facilitating the binding of methionyl-initiator tRNA (Met-tRNAi) to the 40S ribosomal subunit in eukaryotic cells, in a process necessary for initiating protein synthesis through the formation of the 43S pre-initiation complex, which scans the mRNA to identify the start codon (Clemens, 1976).

Structurally, eIF2 is a heterotrimeric complex consisting of three subunits: α (36 kDa), β (38 kDa), and γ (52 kDa) (Donnelly et al., 2013; Komar and Merrick, 2020; Kimball, 1999). Each subunit shows a unique functional role in translation regulation. The α-subunit contains a key regulatory serine residue at position 51, which is a major target for phosphorylation during stress responses, leading to translation inhibition (Kimball, 1999). This subunit has an important role as translational control in fungi and will be explored in depth in this review article. The β-subunit provides binding sites for the heterotetrametric guanine nucleotide exchange factor eIF2B, which converts protein synthesis eIF2 from a GDP-bound form to the active eIF2-GTP complex, facilitating the recycling of eIF2 between its active and inactive states, and eIF5, a GTPase-activating protein that enhances translation initiation (Castilho et al., 2014; Wek, 2018; Kimball, 1999). The γ-subunit, the largest of the three, binds guanine nucleotides (GTP and GDP) and Met-tRNAi, essential for forming the ternary complex required for ribosomal initiation (Donnelly et al., 2013; Komar and Merrick, 2020; Wek, 2018).

The eIF2-GTP-Met-tRNAi ternary is a prerequisite for the assembly of the 43S pre-initiation complex, including additional factors like eIF1, eIFA, and eIF3. This complex is responsible for scanning the mRNA and locating the right AUG start codon (Komar and Merrick, 2020). The translation initiation is highly dependent on eIF2, mediating the delivery of Met-tRNAi to the 40S ribosomal subunit. Ribosomes present two subunits for protein synthesis, in eukaryotic cells the 40s ribosomal subunit, also known as the small subunit is responsible for reading mRNA, ensuring that tRNAs are paired to their respective mRNA sequences to decode genetic information (Jennings et al., 2017). The Met-tRNAi delivery occurs through a ternary complex composed of eIF2, GTP, and Met-tRNAi. eIF2 depends on its nucleotide-bound state to bind Met-tRNAi, and high affinity can be observed when eIF2 is associated with GTP (Jennings et al., 2017; Kapp and Lorsch, 2004).

The eIF5 facilitates the hydrolysis of eIF2-bound GTP by acting as a GTPase-activating protein and interacting with the 40S initiation complex, converting it to GDP. This conformational change results in the dissociation of eIF2 from the ribosome in its GDP-bound form, along with eIF5 (Unbehaun et al., 2004; Wortham and Proud, 2015). For eIF2 to start again the translation initiation, its GDP must be replaced with GTP through a process mediated by eIF2B, a guanine nucleotide exchange factor composed of five subunits (α, β, γ, δ, and ε) (Castilho et al., 2014; Komar and Merrick, 2020; Kimball, 1999; Elsby et al., 2011). This phosphorylation event inhibits eIF2B, effectively halting the GDP-GTP exchange required for forming new ternary complexes and preventing the recycling of eIF2-GDP back to its active GTP-bound form (Terenin et al., 2008; Kapp and Lorsch, 2004; Unbehaun et al., 2004). Nevertheless, certain mRNAs can bypass eIF2 dependence and continue to be translated through alternative initiation mechanisms such as internal ribosome entry sites (IRES) or re-initiation strategies (Evelyn and Hinnebusch, 2000; Ramirez et al., 1991). Selective translation of stress-response mRNA containing uORFs (upstream open reading frames), such as GCN4, continues (Hinnebusch, 2005; Li et al., 2024; Ramirez et al., 1991).

Four primary eIF2α kinases have been identified, each responding to distinct stress signals: Heme-Regulated Inhibitor Kinase (HRI), predominantly expressed in erythroid cells senses intracellular heme concentrations, exerting its functions through the dissociation of molecular chaperones such as Hsp90 and Hsc70. Heat shock proteins (Hsp) are a group of conserved chaperones that influence proteostasis and are responsible for activating the transcription of HSP genes under stress, protein folding, or proteasomal degradation (Zügel et al., 1999; Singh et al., 2024). It has been recently recognized that HRI is ubiquitously expressed and mediates eIF2α phosphorylation in various cell types exposed to multiple stressors (Lr, n.d.). Under heme-deficient conditions, heat shock, or heavy metal toxicity, HRI is activated, phosphorylating eIF2α to balance globin synthesis with available heme and; thereby, preventing the accumulation of unpaired globin chains (Donnelly et al., 2013; Burwick and Aktas, 2017; Girardin et al., 2021). This kinase responds to oxidative stress, as seen in its requirement for eIF2α phosphorylation and stress granule formation following sodium arsenite treatment, a potent inducer of oxidative damage (Burwick and Aktas, 2017; Girardin et al., 2021).

Double-Stranded RNA-activated Protein Kinase (PKR) is a vertebrate-specific kinase that serves as a key antiviral defense mechanism by recognizing viral double-stranded RNA (dsRNA), a byproduct of viral replication (Gal-Ben-Ari et al., 2019). Upon binding dsRNA, PKR undergoes dimerization and autophosphorylation via its C-terminal kinase domain, which is structurally preceded by N-terminal dsRNA-binding motifs (Gal-Ben-Ari et al., 2019). Once activated, PKR phosphorylates eIF2α, leading to the inhibition of guanine nucleotide exchange by eIF2B and subsequent suppression of cap-dependent translation initiation halting both viral and host protein synthesis (Gal-Ben-Ari et al., 2019; Yu et al., 2013). Beyond translational control, PKR can also induce apoptosis through eIF2α-independent mechanisms involving caspase pathway activation (Yu et al., 2013; Rothenburg et al., 2008). Dysregulation of PKR is associated with cancer, neurodegenerative diseases, and metabolic disorders (Gal-Ben-Ari et al., 2019; De La Cruz-Herrera et al., 2014; Dar et al., 2005). Given its central role in antiviral immunity, many viruses have evolved strategies to evade PKR activity, including direct inhibition, mislocalization, degradation, or interference with its RNA-binding capacity (Gal-Ben-Ari et al., 2019; Rothenburg et al., 2008; Dar et al., 2005).

Protein kinase RNA-like endoplasmic reticulum kinase (PERK) is a transmembrane protein residing in the ER capable or regulating cellular adaptation to ER stress. PERK is activated in response to the accumulation of misfolded proteins within the ER lumen, initiating the unfolded protein response (UPR) (Saito et al., 2011). In its inactive form, PERK is bound by the chaperone BiP (GRP78), but upon ER stress, BiP dissociates, allowing PERK dimerization and subsequent autophosphorylation at multiple serine/threonine residues, most notably at Thr980, which stabilizes its activation loop and αG helix for substrate interaction. Interestingly, PERK activation can also occur independently of misfolded proteins, possibly through fluctuations in ER luminal ATP or calcium levels sensed by BiP or associated co-chaperones (Saito et al., 2011; Cui et al., 2011). Once activated, PERK phosphorylates eIF2α and; thereby, inhibiting global cap-dependent translation and reducing protein load on the ER (Saito et al., 2011). This phosphorylation not only limits general protein synthesis but also enables selective translation of specific stress-responsive transcripts, such as ATF4, due to its unique upstream open reading frames (uORFs).

ATF4, in turn, regulates genes involved in redox balance, amino acid metabolism, and apoptosis, often converging on CHOP as a pro-apoptotic effector. PERK also directly phosphorylates the NRF2, disrupting its interaction with KEAP1 and facilitating its nuclear translocation to upregulate antioxidant genes. Notably, PERK signaling intersects with cell cycle regulation by repressing cyclin D1 translation, promoting G1 arrest to allow stress recovery (Saito et al., 2011; Cullinan and Diehl, 2004; Saptarshi et al., 2022). Recent findings further suggest PERK may act as a dual-specificity kinase, with tyrosine phosphorylation (Tyr615) contributing to its full activation. In cancer, PERK exhibits both tumor-promoting and tumor-suppressing functions depending on context (Teske et al., 2011; Saito et al., 2011; Saptarshi et al., 2022; Yan et al., 2002). Recent studies show PERK’s tumor-promoting activity in cancers such as ovarian carcinoma, where the persistent activation of the PERK-eIF2α-ATF4 signaling pathway promotes cancer cell survival, chemoresistance, and suppression of antitumor immunity via expansion and activation of myeloid-derived suppressor cells (Chen and Cubillos-Ruiz, 2021; He et al., 2024). PERK activation may also exhibit tumor-suppressive functions through induction of apoptosis by promoting expression of pro-apoptotic factors such as CHOP or by stimulating antitumor immune responses through mechanisms like paraptosis (Gibson et al., 2022).

Lastly, among the four known eIF2α-related kinases (PERK, PKR, HRI, and GCN2), GCN2 is the only kinase conserved and functionally relevant in fungi. While PERK and PKR are central to mammalian responses to ER stress and viral infection respectively, fungal cells rely exclusively on GCN2 to regulate translational control during nutrient deprivation, particularly amino acid starvation (Hamanaka et al., 2005; Li et al., 2023). This makes GCN2 the most relevant kinase that phosphorylates eIF2α in fungi, it is directly involved with fungal stress adaptation pathways and is currently the focus of this present study in order to better understand eIF2α regulation in fungi and dimorphic fungi (Masson, 2019).

Recent findings by Smirnova et al. (2025) suggest that natural compounds derived from fungi may influence stress response pathways involving eIF2α. In their study, the effects of Wuling powder, a preparation derived from the mycelium of Xylaria nigripes, was explored based on its capability of alleviating depressive-like behavior in mice (Li et al., 2016). Their findings showed that a modulation of endoplasmic reticulum (ER) stress pathways, involving the phosphorylated eIF2α and its downstream effector, activates the transcription factor 4 (ATF4) (Li et al., 2016). The direct involvement of GCN2 was not explicitly examined. Still, their findings imply a potential role for GCN2 in the observed stress response modulation, demonstrating how fungal metabolites might influence this signaling axis, potentially contributing to stress alleviation and neuroprotection (Li et al., 2016; Lin et al., 2013).

A recent phylogenetic and bioinformatic study focused on black yeasts has identified the hypothetical kinase gene in the Herpotrichiellaceae family (Assunção et al., 2024). According to this study, eIF2α is involved in stress response, suggesting that kinase proteins in black fungi could be a potential target for antifungal therapy, based on the disruption of translation regulation that negatively affects their survival under host-induced stress (Assunção et al., 2024). More recent research has shown that even in the absence of stress, GCN2 is capable of preventing excessive ribosome biogenesis and mRNA translation, maintaining proteome stability (Román-Trufero et al., 2025). Another study focused on GCN2 signaling in mammals has shown that GCN2 influences lipid homeostasis by targeting key transcriptional regulators of lipogenesis, thereby linking the integrated stress response to the control of cellular lipid metabolism, which leads to the reinforcement of GCN2’s function in regulating cellular adaptation (Guo and Cavener, 2007).

On the other hand, in specific pathological states, the GCN2-mediated stress response can be detrimental. In the context of diabetic cardiomyopathy, reducing GCN2 levels has been shown to exert a cardioprotective effect (Yuan et al., 2022; Dabravolski et al., 2021). The mechanism for this protection involves the inhibition of the canonical eIF2α-ATF4-CHOP signaling pathway, leading to a decrease in oxidative stress, apoptosis, and harmful lipid accumulation in cardiac cells (Dabravolski et al., 2021). These seemingly contradictory findings show the context-dependent and tissue-specific role of GCN2 in metabolic regulation, where its activation can be either protective or detrimental depending on the physiological state.

Another study shows that GCN2 activation during leucine deprivation suppresses hepatic lipogenesis and promotes fatty acid oxidation, helping to prevent lipid accumulation in the liver (Kurokawa et al., 1998). GCN2-deficient mice displayed increased liver triglycerides and impaired expression of genes involved in β-oxidation (Kurokawa et al., 1998). This could signify that GCN2 is a promising therapeutic target to mitigate cardiac damage in diabetic patients, with the potential to counteract the cardiotoxic side effects of certain drugs (Yuan et al., 2022; Dabravolski et al., 2021). Which would fit in GCN2’s regulatory function.

Also, further studies show that in Pestalotiopsis microspora, an endophytic fungus able to digest polyurethane-based plastic materials, GCN2 deletion mutants impaired conidiation, disrupting secondary metabolism, and causing defective cell wall integrity, which indicates GCN2’s potential role in typical morphological development and stress responses in filamentous fungi (Jin et al., 2022). Regarding GCN2 inhibition research, studies have shown promising therapeutic potential, particularly in oncology and neurodegenerative disorders. A study details the potential of a GCN2 modulator to overcome drug resistance, a major clinical challenge, based on preclinical efficacy of HC-7366, a GCN2 activator, in AML models, which induces significant anti-tumor effects both as a standalone therapy and in combination with the standard-of-care drug (Tameire et al., 2023).

Drug resistance significantly impacts treatment options, which presents a challenge, especially when treatment options are limited. In view of this cancer research has been investigating novel therapeutical options, in special, an AACR abstract introduces CRD-799, a novel oral inhibitor that targets not only GCN2 but also two other related stress-response kinases, HRI and PERK. The study shows that in multiple myeloma, a cancer of plasma cells, combining CRD-799 with proteasome inhibitors (a standard treatment) can overcome drug resistance (Inoue et al., 2024). In the same line, another study investigates the preclinical effectiveness of a new GCN2 inhibitor, KAS-1155 on rhabdomyosarcoma, a rare cancer affecting soft tissue. By inhibiting GCN2, KAS-1155 could disrupt the cancer cells’ ability to adapt to stress, leading to cell death and opening the pathway for more viable therapeutic strategies (Kang et al., 2024).

Expanding the therapeutic potential of GCN2 inhibitors beyond oncology, this study investigates their role in the neurodegenerative disease ALS. The research found that inhibiting GCN2 could reduce the toxic aggregation of mutant SOD1 protein, a crucial pathological element in some forms of ALS. In a mouse model of the disease, GCN2 inhibition delayed disease progression, suggesting that this mechanism could be a promising neuroprotective strategy (Ortiz et al., 2024). The preclinical success of these GCN2 inhibitors in complex mammalian disease models provides a strong rationale for exploring their efficacy as antifungal agents.

It is important to consider the effects of known pharmacological inhibitors when it comes to the therapeutic relevance of GCN2, studies have shown that ATP-competitive kinase inhibitors can inadvertently activate GCN2 by stabilizing its active conformation, rather than inhibiting it (Tang et al., 2022; Kato et al., 2020; Nakamura et al., 2018). This paradoxical activation suggests that drug interactions with GCN2 are more complex than previously assumed and could influence outcomes in diseases where GCN2 plays a regulatory role (Kato et al., 2020). Selective GCN2 inhibitors such as GCN2iB have demonstrated efficacy in modulating stress responses and suppressing tumor growth in preclinical models (Kato et al., 2020; Nakamura et al., 2018). It is possible to conclude that inhibiting GCN2 in fungal pathogens could offer therapeutic benefits in diverse fields. Dissecting the specific roles of this conserved pathway in pathogenic fungi remains a crucial step toward validating GCN2 as a robust and safe antifungal drug target.



7 Conclusion


	• This review provides a detailed analysis of the eIF2α kinase GCN2 and its role in fungal amino acid sensing and stress response. We focus on the molecular mechanisms of GCN2 function and it signaling pathways, while also surveying the latest research trends in the field. This growing interest points toward underexplored fungi and mechanisms that could drive future discoveries, setting a path for advancing the field of microbiology.

	• Adaptive capacity directly impacts fungal survival, development, and pathogenicity. As the only conserved and active eIF2α-related kinase in fungi, GCN2 has a strong potential to become a universal stress response marker. Such a marker can be particularly valuable for genetically diverse pathogenic fungi, where identifying conserved pathways is often a challenge.

	• Kinase GCN2’s role and conservation in eukaryotes have shown its potential as a target for novel antifungal therapies, especially as translational control gains recognition for pathogen management. Beyond its role in sensing amino acid deprivation, recent studies indicate that GCN2 also participates in other cellular processes, such as lipid homeostasis, linking translational control to more ample metabolic regulation. This has spurred the investigation of GCN2 inhibitors, many initially developed for oncology, as potential antifungal agents.

	• A critical consideration for GCN2 as a therapeutic target is its feasibility, given the existence of a human homolog, EIF2AK4. While the catalytic kinase domain is highly conserved across eukaryotes, significant structural divergences exist between fungal and human GCN2, particularly in the regulatory domains. As this review notes, regions such as the C-terminal domain (CTD) and dimerization interfaces show low sequence similarity when comparing fungal and vertebrate kinases. These differences in the non-catalytic domains, which are crucial for controlling kinase activation, offer a promising strategy for the rational design of fungus-specific inhibitors. By developing molecules that target these less-conserved regulatory regions instead of the active site, it is feasible to achieve high specificity, thereby minimizing off-target effects on the human homolog.

	• Considering the rising challenge of fungal resistance, a deep understanding of how fungi adapt at the molecular level is more critical than ever. We believe this framework will guide future research and encourage collaboration across microbiology, genomics, structural biology, and drug discovery, ultimately supporting efforts to combat fungal diseases more effectively.





Author contributions

ES: Formal analysis, Writing – original draft, Visualization, Data curation, Methodology, Validation, Investigation, Software, Conceptualization, Writing – review & editing. CA: Formal analysis, Validation, Data curation, Writing – review & editing, Conceptualization, Methodology, Software, Investigation, Visualization. TC: Validation, Visualization, Formal analysis, Methodology, Investigation, Writing – review & editing. IR: Formal analysis, Visualization, Investigation, Writing – review & editing, Validation, Software, Methodology. SC: Writing – review & editing, Data curation, Visualization, Validation. EA: Validation, Methodology, Writing – review & editing, Software, Visualization. TS: Writing – review & editing, Visualization, Validation. RC: Data curation, Supervision, Investigation, Methodology, Conceptualization, Software, Validation, Formal analysis, Resources, Visualization, Funding acquisition, Project administration, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. We gratefully acknowledge the financial support provided by FAPEMIG (Fundação de Amparo à Pesquisa do Estado de Minas Gerais)—grant 03767/2023 and CNPq (Conselho Nacional de Desenvolvimento Científico e Tecnológico)—grant 309088/2023-2.



Acknowledgments

We would like to express our gratitude to the colleagues of the Microbiology and Bioinformatics Research Department in the Faculdade Santa Casa de Belo Horizonte, for their valuable support and contributions to this work.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1630196/full#supplementary-material




References
	 Aria,M. (2017). Bibliometrix: an R-tool for comprehensive science mapping analysis. J. Informetr. 11, 959–975. doi: 10.1016/j.joi.2017.08.007
	 Aryal,S., and Watts,V. J. (2025). Molecular pharmacology studies of adenylyl cyclase 1 (AC1) regulation: calmodulin-mediated regulation and homodimerization (abstract ID: 165256). J. Pharmacol. Exp. Ther. 392:100696. doi: 10.1016/j.jpet.2024.100696
	 Asada,N., Ginsberg,P., Paust,H. J., Song,N., Riedel,J. H., Turner,J. E., et al. (2025). The integrated stress response pathway controls cytokine production in tissue-resident memory CD4+ T cells. Nat. Immunol. 26, 557–566. doi: 10.1038/s41590-025-02105-x 
	 Assunção,C. B., de Aguiar,E. L., al-Hatmi,A. M. S., Silva Vieira,V. C., Machado,A. S., Junta,C., et al. (2020). New molecular marker for phylogenetic reconstruction of black yeast-like fungi (Chaetothyriales) with hypothetical EIF2AK2 kinase gene. Fungal Biol. 124, 1032–1038. doi: 10.1016/J.FUNBIO.2020.09.007 
	 Assunção,C. B., de Aguiar,E. L., Chávez-Fumagalli,M. A., La Santrer,E. R., Dias,S. R., de Souza Rodrigues,T., et al. (2024). In silico characterization of an initiation factor 2 kinase of black fungi: a potential drug target for mycosis. Curr. Biotechnol. 13, 107–118. doi: 10.2174/0122115501285434240409040348
	 Bartelt,D. C., Fidelt,S., Farbert,L. H., Wolff,D. J., and Hammell,R. L. (1988). Calmodulin-dependent multifunctional protein kinase in aspergillus nidulans Proc Natl Acad Sci USA. 85: 3279–83. doi: 10.1073/pnas.85.10.3279
	 Berkes,C., Franco,J., Lawson,M., Brann,K., Mermelstein,J., Laverty,D., et al. (2021). Kinase inhibitor library screening identifies the cancer therapeutic sorafenib and structurally similar compounds as strong inhibitors of the fungal pathogen Histoplasma capsulatum. Antibiotics 10, 1–13. doi: 10.3390/antibiotics10101223 
	 Bhattacharya,R., Sourirajan,A., Sharma,P., Kumar,A., Upadhyay,N. K., Shukla,R. K., et al. (2023). Bioenhancer potential of Aegle marmelos (L.) Corrêa essential oil with antifungal drugs and its mode of action against Candida albicans. Biocatal. Agric. Biotechnol. 48:102647. doi: 10.1016/j.bcab.2023.102647 
	 Bou-Nader,C., Gaikwad,S., Bahmanjah,S., Zhang,F., Hinnebusch,A. G., and Zhang,J. (2024). Gcn2 structurally mimics and functionally repurposes the HisRS enzyme for the integrated stress response. Proc. Natl. Acad. Sci. USA 121:e2409628121. doi: 10.1073/pnas.2409628121 
	 Brunke,S., Mogavero,S., Kasper,L., and Hube,B. (2016). Virulence factors in fungal pathogens of man. Curr. Opin. Microbiol. 32, 89–95. doi: 10.1016/j.mib.2016.05.010 
	 Budovskaya,Y. V., Stephan,J. S., Deminoff,S. J., and Herman,P. K. (2005) An evolutionary proteomics approach identifies substrates of the cAMP-dependent protein kinase. Available online at: www.yeastgenome.org.
	 Burwick,N., and Aktas,B. H. (2017). The eIF2-alpha kinase HRI: a potential target beyond the red blood cell. Expert Opin. Ther. Targets 21, 1171–1177. doi: 10.1080/14728222.2017.1397133 
	 Cañete-Gibas,C. F., and Wiederhold,N. P. (2018). The black yeasts: an update on species identification and diagnosis. Curr. Fungal Infect. Rep. 12, 59–65. doi: 10.1007/s12281-018-0314-0
	 Carbonero,F., and Strobel,G. (2021). Fungal ecology special issue: editorial. Microb. Ecol. 82, 1–4. doi: 10.1007/s00248-021-01784-x 
	 Castilho,B. A., Shanmugam,R., Silva,R. C., Ramesh,R., Himme,B. M., and Sattlegger,E. (2014). Keeping the eIF2 alpha kinase Gcn2 in check. Biochim. Biophys. Acta 1843, 1948–1968. doi: 10.1016/j.bbamcr.2014.04.006 
	 Chadwick,B. J. (2023). Investigating the biology and genetic basis of stress adaptation in Cryptococcus neoformans. Athens, Georgia: The University of Georgia.
	 Chen,X., and Cubillos-Ruiz,J. R. (2021). Endoplasmic reticulum stress signals in the tumour and its microenvironment. Nat. Rev. Cancer 21, 71–88. doi: 10.1038/s41568-020-00312-2 
	 Cheng,H. C., Qi,R. Z., Paudel,H., and Zhu,H. J. (2011). Regulation and function of protein kinases and phosphatases. Enzyme Res. 2011, 1–3. doi: 10.4061/2011/794089 
	 Clemens,M. J. (1976). Functional relationships between a reticulocyte polypeptide-chain-initiation factor (IF-MP) and the translational inhibitor involved in regulation of protein synthesis by haemin. Eur. J. Biochem. 66, 413–422. doi: 10.1111/j.1432-1033.1976.tb10531.x 
	 Cohen,P. (2002) The origins of protein phosphorylation. Nat Cell Biol. 4, E127–E130. doi: 10.1038/ncb0502-e127
	 Cui,W., Li,J., Ron,D., and Sha,B. (2011). The structure of the PERK kinase domain suggests the mechanism for its activation. Acta Crystallogr. D Biol. Crystallogr. 67, 423–428. doi: 10.1107/S0907444911006445 
	 Cullinan,S. B., and Diehl,J. A. (2004). PERK-dependent activation of Nrf2 contributes to redox homeostasis and cell survival following endoplasmic reticulum stress. J. Biol. Chem. 279, 20108–20117. doi: 10.1074/jbc.M314219200 
	 Dabravolski,S. A., Bezsonov,E. E., Baig,M. S., Popkova,T. V., and Orekhov,A. N. (2021). Mitochondrial lipid homeostasis at the crossroads of liver and heart diseases. Int. J. Mol. Sci. 22:6949. doi: 10.3390/ijms22136949 
	 Dar,A. C., Dever,T. E., and Sicheri,F. (2005). Higher-order substrate recognition of eIF2α by the RNA-dependent protein kinase PKR. Cell 122, 887–900. doi: 10.1016/j.cell.2005.06.044 
	 Davis,R. H. (1986). Compartmental and regulatory mechanisms in the arginine pathways of Neurospora crassa and Saccharomyces cerevisiae. Microbiol. Rev. 50, 280–313. doi: 10.1128/mr.50.3.280-313.1986 
	 de Hoog,G. S., Guarro,J., Gené,J., Ahmed,S. A., Al-Hatmi,A. M. S., and Figueras,M. J. (2023). Atlas of Clinical Fungi. 4th Edn. Utrecht, ND: Uppsalalaan.
	 De La Cruz-Herrera,C. F., Campagna,M., García,MA., Marcos-Villar,L., Lang,V., Baz-Martínez,M., et al. (2014). Activation of the double-stranded RNA-dependent protein kinase PKR by small ubiquitin-like modifier (SUMO). J. Biol. Chem. 289, 26357–26367. doi: 10.1074/jbc.M114.560961 
	 Defosse,T. A., Sharma,A., Mondal,A. K., Dugé de Bernonville,T., Latgé,J. P., Calderone,R., et al. (2015). Hybrid histidine kinases in pathogenic fungi. Mol. Microbiol. 95, 914–924. doi: 10.1111/mmi.12911 
	 Dhillon,N. K., Sharma,S., and Khuller,G. K. (2003). Signaling through protein kinases and transcriptional regulators in Candida albicans. Crit. Rev. Microbiol. 29, 259–275. doi: 10.1080/713610451 
	 Dong,J., Qiu,H., Garcia-Barrio,M., Anderson,J., and Hinnebusch,A. G. (2000). Uncharged tRNA activates GCN2 by displacing the protein kinase moiety from a bipartite tRNA-binding domain. Mol. Cell 6, 269–279. doi: 10.1016/S1097-2765(00)00028-9 
	 Donnelly,N., Gorman,A. M., Gupta,S., and Samali,A. (2013). The eIF2α kinases: their structures and functions. Cell. Mol. Life Sci. 70, 3493–3511. doi: 10.1007/s00018-012-1252-6 
	 Douglas,J., Bouckaert,R., Carter,C. W., and Wills,P. R. (2024). Enzymic recognition of amino acids drove the evolution of primordial genetic codes. Nucleic Acids Res. 52, 558–571. doi: 10.1093/nar/gkad1160 
	 Ekhator,E. S., Fazzari,M., and Newman,R. H. (2025). Redox regulation of cAMP-dependent protein kinase and its role in health and disease. Life 15:655. doi: 10.3390/life15040655 
	 Elsby,R., Heiber,J. F., Reid,P., Kimball,S. R., Pavitt,G. D., and Barber,G. N. (2011). The alpha subunit of eukaryotic initiation factor 2B (eIF2B) is required for eIF2-mediated translational suppression of vesicular stomatitis virus. J. Virol. 85, 9716–9725. doi: 10.1128/jvi.05146-11 
	 Emery,P. W. (2012). Amino Acids: Chemistry and Classification, Editor(s): Benjamin Caballero, Encyclopedia of Human Nutrition. Baltimore, MD, EUA: Academic Press. 64–71. doi: 10.1016/B978-0-12-375083-9.00009-X
	 Ene,I. V., Brunke,S., Brown,A. J. P., and Hube,B. (2014). Metabolism in fungal pathogenesis. Cold Spring Harb. Perspect. Med. 4:a019695. doi: 10.1101/cshperspect.a019695 
	 Evelyn,S., and Hinnebusch,A. G. (2000). Separate domains in GCN1 for binding protein kinase GCN2 and ribosomes are required for GCN2 activation in amino acid-starved cells. EMBO J. 19, 6622–6633. doi: 10.1093/emboj/19.23.6622
	 Farrer,R. A., and Fisher,M. C. (2017). Describing genomic and Epigenomic traits underpinning emerging fungal pathogens. Adv. Genet. 100, 73–140. doi: 10.1016/bs.adgen.2017.09.009 
	 Fuller,K. K., Richie,D. L., Feng,X., Krishnan,K., Stephens,T. J., Wikenheiser-Brokamp,K. A., et al. (2011). Divergent protein kinase a isoforms co-ordinately regulate conidial germination, carbohydrate metabolism and virulence in Aspergillus fumigatus. Mol. Microbiol. 79, 1045–1062. doi: 10.1111/j.1365-2958.2010.07509.x 
	 Gal-Ben-Ari,S., Barrera,I., Ehrlich,M., and Rosenblum,K. (2019). PKR: a kinase to remember. Front. Mol. Neurosci. 11:480. doi: 10.3389/fnmol.2018.00480 
	 Gao,X., Jin,C., Ren,J., Yao,X., and Xue,Y. (2008). Proteome-wide prediction of PKA phosphorylation sites in eukaryotic kingdom. Genomics 92, 457–463. doi: 10.1016/j.ygeno.2008.08.013 
	 Garbe,E., and Vylkova,S. (2019). Role of amino acid metabolism in the virulence of human pathogenic fungi. Curr. Clin. Microbiol. Rep. 6:108–119. doi: 10.1007/s40588-019-00124-5
	 Gauthier,G. M. (2017). Fungal dimorphism and virulence: molecular mechanisms for temperature adaptation, immune evasion, and in vivo survival. Mediat. Inflamm. 2017, 1–8. doi: 10.1155/2017/8491383 
	 Gibson,K., Chu,J. K., Zhu,S., Nguyen,D., Mrázek,J., Liu,J., et al. (2022). A tripartite efflux system affects flagellum stability in Helicobacter pylori. Int. J. Mol. Sci. 23, 1–19. doi: 10.3390/ijms231911609 
	 Girardin,S. E., Cuziol,C., Philpott,D. J., and Arnoult,D. (2021). The eIF2α kinase HRI in innate immunity, proteostasis, and mitochondrial stress. FEBS J. 288, 3094–3107. doi: 10.1111/febs.15553 
	 Gottfried,S., Koloamatangi,S. M. B. M. J., Daube,C., Schiemann,A. H., and Sattlegger,E. (2022). A genetic approach to identify amino acids in Gcn1 required for Gcn2 activation. PLoS One 17, 1–25. doi: 10.1371/journal.pone.0277648 
	 Gow,N. A. R., Latge,J.-P., and Munro,C. A. (2017). The fungal cell wall: structure, biosynthesis, and function. Microbiol. Spectr. 5, 1–25. doi: 10.1128/microbiolspec.funk-0035-2016 
	 Guo,F., and Cavener,D. R. (2007). The GCN2 eIF2α kinase regulates fatty-acid homeostasis in the liver during deprivation of an essential amino acid. Cell Metab. 5, 103–114. doi: 10.1016/j.cmet.2007.01.001 
	 Gupta,R., Gaikwad,S., Qui,H., Bou-Nader,C., Zhang,J., and Hinnebusch,A. G. (2025). “Purification and analysis of eIF2α phosphorylation by stress-activated protein kinase Gcn2 from S. cerevisiae” in Nutrient Sensing in Eukaryotes. eds. D. G. Russell and F. M. Hardie (New York, NY: Springer US), 195–220.
	 Gupta Roy,B., and Datta,A. (1986). A cyclic AMP-independent protein kinase from Candida albicans. Biochem. J. 234, 543–546. doi: 10.1042/bj2340543 
	 Hamanaka,R. B., Bennett,B. S., Cullinan,S. B., and Diehl,J. A. (2005). PERK and GCN2 contribute to eIF2α phosphorylation and cell cycle arrest after activation of the unfolded protein response pathway. Mol. Biol. Cell 16, 5493–5501. doi: 10.1091/mbc.E05-03-0268 
	 He,H., Singh,I., Wek,S. A., Dey,S., Baird,T. D., Wek,R. C., et al. (2014). Crystal structures of GCN2 protein kinase C-terminal domains suggest regulatory differences in yeast and mammals. J. Biol. Chem. 289, 15023–15034. doi: 10.1074/jbc.M114.560789 
	 He,J., Zhou,Y., and Sun,L. (2024). Emerging mechanisms of the unfolded protein response in therapeutic resistance: from chemotherapy to immunotherapy. BioMed Central Ltd. 22, 1–22. doi: 10.1186/s12964-023-01438-0 
	 Hinnebusch,A. G. (2005). Translational regulation of GCN4 and the general amino acid control of yeast. Ann. Rev. Microbiol. 59, 407–450. doi: 10.1146/annurev.micro.59.031805.133833 
	 Hinnebusch,A. G. (2011). Molecular mechanism of scanning and start codon selection in eukaryotes. Microbiol. Mol. Biol. Rev. 75, 434–467. doi: 10.1128/mmbr.00008-11 
	 Hixson,C. S., and Krebs,E. G. (1980). Characterization of a cyclic AMP-binding protein from bakers’ yeast. Identification as a regulatory subunit of cyclic AMP-dependent protein kinase. J. Biol. Chem. 255, 2137–2145. doi: 10.1016/s0021-9258(19)86004-0 
	 Hossain,S., Liu,Z., Robbins,N., and Cowen,L. E. (2025). Exploring the differential localization of protein kinase a isoforms in Candida albicans. mSphere 10:e0103724. doi: 10.1128/msphere.01037-24 
	 Hu,G., Steen,B. R., Lian,T., Sham,A. P., Tam,N., Tangen,K. L., et al. (2007). Transcriptional regulation by protein kinase a in Cryptococcus neoformans. PLoS Pathog. 3:e42. doi: 10.1371/journal.ppat.0030042 
	 Hunter,T. (1991) “Protein kinases classification, Vol. 200”.
	 Inoue,Y, Hikami,K, Ebara,S, Sugiyama,M, Oda,R., Mizutani,A., et al. (2024). Abstract 1745: combining HRI/PERK/GCN2 inhibitor CRD-799 with proteasome inhibitors provides a novel approach to overcoming resistance in multiple myeloma treatment. Cancer Res. 84:1745. doi: 10.1158/1538-7445.AM2024-1745
	 Jennings,M. D., Kershaw,C. J., Tomas,A., Pavitt,G. D., et al. (2017). Fail-safe control of translation initiation by dissociation of eIF2a phosphorylated ternary complexes. eLife. 6:e24542. doi: 10.7554/eLife.24542
	 Jernejc,K., and Benčina,M. (2003). Lipid composition of cAMP-dependent protein kinase mutants of Aspergillus niger. FEMS Microbiol. Lett. 225, 291–297. doi: 10.1016/S0378-1097(03)00532-9
	 Jin,J., Yang,L., Li,Q., Tao,Q., and Yang,Y. (2022). Amino acid sensor kinase Gcn2 is required for conidiation, secondary metabolism, and cell wall integrity in the Taxol-producer Pestalotiopsis microspora. J. Fungi 8:390. doi: 10.3390/jof8040390
	 Judewicz,N. D., Gerard,C. G., and Torres,H. N. (1981) “Protein kinase activities in Neurospora crassa”.
	 Juliani,M. H., Brochetto,M. R., Da,J. C., and Maia,C. (1979). Changes in cyclic AMP binding and protein kinase activities during growth and differentiation of Blastocladiella emeronh. Cell Differ. 8:421. doi: 10.1016/0045-6039(79)90038-1
	 Jungmann,R. A., and Russell,D. H. (1977). Cyclic AMP, cyclic AMP-dependent protein kinase, and the regulation of gene expression. Life Sci. 20, 1787–1798. doi: 10.1016/0024-3205(77)90213-2 
	 Kang,DY, Lee,HW, Jong,WY, Jung-Nyoung,H, Choi,Y., Min Hahn,S., et al. (2024). Abstract 6447: preclinical efficacy of GCN2 inhibition by KAS-1155 in targeting the integrated stress response in rhabdomyosarcoma. Cancer Res. 84:6447. doi: 10.1158/1538-7445.AM2024-6447
	 Kapp,L. D., and Lorsch,J. R. (2004). GTP-dependent recognition of the methionine moiety on initiator tRNA by translation factor eIF2. J. Mol. Biol. 335, 923–936. doi: 10.1016/j.jmb.2003.11.025 
	 Kato,Y., Kunimasa,K., Takahashi,M., Harada,A., Nagasawa,I., Osawa,M., et al. (2020). GZD824 Inhibits GCN2 and Sensitizes Cancer Cells to Amino Acid Starvation Stress. Mol Pharmacol. 98, 669–676. doi: 10.1124/molpharm.120.000070
	 Kerner,N., and Passeron,S. (1984). Cyclic AMP-dependent protein kinase from Ustilago maydis. Mol. Cell. Biochem. 60, 115–122. doi: 10.1007/BF00222481 
	 Khuller,G., Sharma,S., and Deo,D. (2000). Dermatophyte lipids-composition and regulation of phospholipids. Indian J. Clin. Biochem. 15, 51–59. doi: 10.1007/BF02867544 
	 Kim,J. S., Lee,K. T., Lee,M. H., Cheong,E., and Bahn,Y. S. (2021). Adenylyl cyclase and protein kinase a play redundant and distinct roles in growth, differentiation, antifungal drug resistance, and pathogenicity of Candida auris. MBio 12, e02729–21. doi: 10.1128/mBio.02729-21 
	 Kim,H.-S., Park,S.-Y., Lee,S., Adams,E. L., Czymmek,K., and Kang,S. (2011). Loss of cAMP-dependent protein kinase a affects multiple traits important for root pathogenesis by fusarium oxysporum. Mol. Plant Microbe Interact. 24, 719–732. doi: 10.1094/MPMI-11-10-0267
	 Kimball,S. R. (1999). “Eukaryotic initiation factor eIF2.” Int J Biochem Cell Biol. 31, 25–9. doi: 10.1016/s1357-2725(98)00128-9
	 Klein,B. S., and Tebbets,B. Dimorphism and virulence in fungi. Curr. Opin. Microbiol., 10, 314–319 (2007). Available online at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3412142/pdf/nihms31336.pdf
	 Knowles,C. M., McIntyre,K. M., and Panepinto,J. C. (2021). Tools for assessing translation in Cryptococcus neoformans. J. Fungi 7:159. doi: 10.3390/jof7030159 
	 Komar,A. A., and Merrick,W. C. (2020). A retrospective on EIF2A—and not the alpha subunit of EIF2. Int. J. Mol. Sci. 21:2054. doi: 10.3390/ijms21062054 
	 Kumar,A. (2018). A fungus among us: the emerging opportunistic pathogen Candida tropicalis and PKA signaling. Virulence 9, 659–661. doi: 10.1080/21505594.2018.1438026
	 Kurokawa,C. S., Sugizaki,M. F., and Peraçoli,M. T. (1998). Virulence factor of systemic mycoses. Rev. Inst. Med. Trop. 40, 125–135. doi: 10.1590/S0036-46651998000300001
	 Leipheimer,J., Bloom,A. L. M., Campomizzi,C. S., Salei,Y., and Panepinto,J. C. (2019). Translational regulation promotes oxidative stress resistance in the human fungal pathogen Cryptococcus neoformans. doi: 10.1128/mBio
	 Li,Y., Yang,Y., Chen,B., Zhao,M., and Zhu,J. (2024). The GCN4 transcription factor: a review of its functional progress in fungi. Horticulturae 10:1113. doi: 10.3390/horticulturae10101113
	 Li,Y., Zhang,J., Shen,Q., and Yu,Z. (2023). Fungi employ the GCN2 pathway to maintain the circadian clock under amino acid starvation. Innovation Life 1:100026. doi: 10.59717/j.xinn-life.2023.100026
	 Li,D., Zheng,J., Wang,M., Feng,L., Liu,Y., Yang,N., et al. (2016). Wuling powder prevents the depression-like behavior in learned helplessness mice model through improving the TSPO mediated-mitophagy. J. Ethnopharmacol. 186, 181–188. doi: 10.1016/j.jep.2016.03.065 
	 Lin,Y., Wang,X. Y., Ye,R., Hu,W. H., Sun,S. C., Jiao,H. J., et al. (2013). Efficacy and safety of Wuling capsule, a single herbal formula, in Chinese subjects with insomnia: a multicenter, randomized, double-blind, placebo-controlled trial. J. Ethnopharmacol. 145, 320–327. doi: 10.1016/J.JEP.2012.11.009 
	 Liu,X., Afrin,T., and Pajerowska-Mukhtar,K. M. (2019). Arabidopsis GCN2 kinase contributes to ABA homeostasis and stomatal immunity. Commun Biol 2:302. doi: 10.1038/s42003-019-0544-x 
	 Lokdarshi,A., von Arnim,A. G., and Akuoko,T. K. (2022). Modulation of GCN2 activity under excess light stress by osmoprotectants and amino acids. Plant Signal. Behav. 17, 1681–1693. doi: 10.1080/15592324.2022.2115747 
	 Lr,R. (n.d.) “Scientometric study of global mucormycosis (black fungus) research.” Available online at: https://www.researchgate.net/publication/389635958
	 Lübbehüsen,T., Polo,V. G., Rossi,S., Nielsen,J., Moreno,S., McIntyre,M., et al. (2004). Protein kinase a is involved in the control of morphology and branching during aerobic growth of Mucor circinelloides. Microbiology 150, 143–150. doi: 10.1099/mic.0.26708-0 
	 Maeng,S., Ko,Y. J., Kim,G. B., Jung,K. W., Floyd,A., Heitman,J., et al. (2010). Comparative transcriptome analysis reveals novel roles of the ras and cyclic AMP signaling pathways in environmental stress response and antifungal drug sensitivity in Cryptococcus neoformans. Eukaryot. Cell 9, 360–378. doi: 10.1128/EC.00309-09 
	 Maloy,S. (2013). “Amino Acids” in Brenner’s encyclopedia of genetics: Second edition (Elsevier Inc.), 108–110.
	 Martin,J., Anamika,K., and Srinivasan,N. (2010). Classification of protein kinases on the basis of both kinase and non-kinase regions. PLoS One 5, 1–12. doi: 10.1371/journal.pone.0012460
	 Marton,T. J., Crouch,D., and Hinnebusch,A. G. (1993). GCN1, a translational activator of GCN4 in Saccharomyces cerevisiae, is required for phosphorylation of eukaryotic translation initiation factor 2 by protein kinase GCN2. Mol Cell Biol. 13:3541–56. doi: 10.1128/mcb.13.6.3541-3556.1993
	 Masson,G. R. (2019). Towards a model of GCN2 activation. Biochem. Soc. Trans. 47, 1484–1488. doi: 10.1042/BST20190331 
	 Mattoon,E. R., Casadevall,A., and Cordero,R. J. (2021). Beat the heat: correlates, compounds, and mechanisms involved in fungal thermotolerance. Fungal Biol. Rev. 36, 60–75. doi: 10.1016/J.FBR.2021.03.002
	 Maurin,A. C., Jousse,C., Averous,J., Parry,L., Bruhat,A., Cherasse,Y., et al. (2005). The GCN2 kinase biases feeding behavior to maintain amino acid homeostasis in omnivores. Cell Metab. 1, 273–277. doi: 10.1016/j.cmet.2005.03.004 
	 Maurin,A.-C., Parry,L., B’chir,W., Carraro,V., Coudy-Gandilhon,C., Chaouki,G., et al. (2022). GCN2 upregulates autophagy in response to short-term deprivation of a single essential amino acid. Autophagy Rep. 1, 119–142. doi: 10.1080/27694127.2022.2049045 
	 McCarthy,M. W., and Walsh,T. J. (2018). Amino acid metabolism and transport mechanisms as potential antifungal targets. Int. J. Mol. Sci. 19, 909–112. doi: 10.3390/ijms19030909 
	 McDonough,K. A., and Rodriguez,A. (2012). The myriad roles of cyclic AMP in microbial pathogens: from signal to sword. Nat. Rev. Microbiol. 10, 27–38. doi: 10.1038/nrmicro2688 
	 Mcginnis,M. R., and Tyring,S. K. (1996). “Introduction to mycology” in Medical microbiology. ed. S. Baron. 4th ed (Galveston, Texas: University of Texas Medical Branch at Galveston).
	 Money,N. P. (2024). Fungal thermotolerance revisited and why climate change is unlikely to be supercharging pathogenic fungi (yet). Fungal Biol. 128, 1638–1641. doi: 10.1016/j.funbio.2024.01.005 
	 Moreno,S., Paveto,C., and Passeron,S. (1977). Multiple protein kinase activities in the dimorphic fungus Mucor rouxii: comparison with a cyclic adenosine 3′,5′-monophosphate binding protein. Arch. Biochem. Biophys. 180, 225–231. doi: 10.1016/0003-9861(77)90032-7 
	 Muhammad,Z. U. A., Shoaib,A., Xinwei,W., Shengwei,H., and Changhong,L. (2024). Amino acids could sustain fungal life in the energy-limited anaerobic sediments below the seafloor. Appl. Environ. Microbiol. 90, e01279–e01224. doi: 10.1128/aem.01279-24
	 Müller,D., Exler,S., Aguilera-Vázquez,L., Guerrero-Martín,E., and Reuss,M. (2003). Cyclic AMP mediates the cell cycle dynamics of energy metabolism in Saccharomyces cerevisiae. Yeast 20, 351–367. doi: 10.1002/yea.967 
	 Nabeshima,S., Tanaka,A., and Fukui,S. (1977). Effect of Biotin on the Level of Isocitrate Lyase in Candida tropicalis. Agric. Biol. Chem., 41, 281–285. doi: 10.1080/00021369.1977.10862488
	 Nakamura,A., Nambu,T., Ebara,S., Hasegawa,Y., Toyoshima,K., Tsuchiya,Y., et al. (2018). Inhibition of GCN2 sensitizes multiple myeloma to proteasome inhibitors. Proc Natl Acad Sci USA. 115:E7776–E7785. doi: 10.1073/pnas.1805523115
	 Nameki,N., Yoneyama,M., Koshiba,S., Tochio,N., Inoue,M., Seki,E., et al. (2004). Solution structure of the RWD domain of the mouse GCN2 protein. Protein Sci. 13, 2089–2100. doi: 10.1110/ps.04751804 
	 Narayanan,J., Tamilanban,T., Kumar,P. S., Guru,A., Muthupandian,S., Kathiravan,M. K., et al. (2023). Role and mechanistic actions of protein kinase inhibitors as an effective drug target for cancer and COVID. Arch. Microbiol. 205–238. doi: 10.1007/s00203-023-03559-z 
	 Neiman,A. M., Stevenson,B. J., Xu,H. P., Sprague,G. F., Herskowitz,I., Wigler,M., et al. (1993). Functional homology of protein kinases required for sexual differentiation in Schizosaccharomyces pombe and Saccharomyces cerevisiae suggests a conserved signal transduction module in eukaryotic organisms. Mol. Biol. Cell 4, 107–120. doi: 10.1091/mbc.4.1.107 
	 Ocampo,J., Fernandez Nuñez,L., Silva,F., Pereyra,E., Moreno,S., Garre,V., et al. (2009). A subunit of protein kinase a regulates growth and differentiation in the fungus Mucor circinelloides. Eukaryot. Cell 8, 933–944. doi: 10.1128/EC.00026-09 
	 Ohlmeier,S., Hiltunen,J. K., and Bergmann,U. (2010). Protein phosphorylation in mitochondria – a study on fermentative and respiratory growth of Saccharomyces cerevisiae. Electrophoresis 31, 2869–2881. doi: 10.1002/elps.200900759 
	 Olicón-Hernández,D., Hernández-Lauzardo,A., Pardo,J. P., Peña,A., Valle,M., and Guerra-Sanchez,G. (2015). Influence of chitosan and its derivatives on cell development and physiology of Ustilago maydis. Int. J. Biol. Macromol. 79, 654–660. doi: 10.1016/j.ijbiomac.2015.05.057
	 Ortiz,D. A., Peregrín,N., Valencia, Vinueza-Gavilanes,R., Marín-Ordovas,E., Ferrero,R., Jesús Nicolás,M., et al. (2024). GCN2 inhibition reduces mutant SOD1 clustering and toxicity and delays disease progression in an amyotrophic lateral sclerosis mouse model. iScience 27:109968. doi: 10.1016/j.isci.2024.109968
	 Padyana,A. K., Qiu,H., Roll-Mecak,A., Hinnebusch,A. G., and Burley,S. K. (2005). Structural basis for autoinhibition and mutational activation of eukaryotic initiation factor 2α protein kinase GCN2. J. Biol. Chem. 280, 29289–29299. doi: 10.1074/jbc.M504096200 
	 Pakos-Zebrucka,K., Koryga,I., Mnich,K., Ljujic,M., Samali,A., and Gorman,A. M. (2016). The integrated stress response. EMBO Rep. 17, 1374–1395. doi: 10.15252/embr.201642195 
	 Pastori,R., Moreno,S., and Passeron,S. (1985) Polymeric structure of the cyclic AMP-dependent protein kinase from the dimorphic fungus Mucor rouxii and purification of its catalytic subunit. Mol Cell Biochem. 69, 55–66. doi: 10.1007/BF00225927
	 Pathan,E. K., Ghormade,V., Panmei,R., and Deshpande,M. V. (2019). “Biochemical and molecular aspects of dimorphism in fungi” in Advancing Frontiers in mycology and Mycotechnology: Basic and applied aspects of Fungi (Springer Singapore), 69–94.
	 Perlatti,B., Harris,G., Nichols,C. B., Ekanayake,D. I., Alspaugh,J. A., Gloer,J. B., et al. (2020). Campafungins: inhibitors of Candida albicans and Cryptococcus neoformans hyphal growth. J. Nat. Prod. 83, 2718–2726. doi: 10.1021/acs.jnatprod.0c00641 
	 Piecyk,M., Ferraro-Peyret,C., Laville,D., Perros,F., and Chaveroux,C. (2024). Novel insights into the GCN2 pathway and its targeting. Therapeutic value in cancer and lessons from lung fibrosis development. FEBS J. 291, 4867–4889. doi: 10.1111/febs.17203
	 Pir,N. A., Mir,Z. A., Rather,A. M., Qureshi,W., and Majid,S. (2025). “Role of cAMP–PKA–CREB signaling pathway in Cancer” in Cell signaling pathways and their therapeutic implication in cancers. eds. M. U. Rehman and M. S. Khan (Singapore: Springer Nature Singapore), 265–291.
	 Plattner,F., and Bibb,J. A. (2011). “Serine and threonine phosphorylation” in Basic neurochemistry: Principles of molecular, cellular, and medical neurobiology: Eighth Edition (Elsevier), 467–492. doi: 10.1016/C2009-0-00066-X
	 Powers,P. A., and Pall,M. L. (1980). Cyclic AMP-dependent protein kinase of Neurospora crassa. Biochem. Biophys. Res. Commun. 95, 701–706. doi: 10.1016/0006-291X(80)90842-6
	 Rakesh,R., Krishnan,R., Sattlegger,E., and Srinivasan,N. (2017). Recognition of a structural domain (RWDBD) in Gcn1 proteins that interacts with the RWD domain containing proteins. Biol. Direct 12, 12–20. doi: 10.1186/s13062-017-0184-3 
	 Ramirez,M., Wek,R. C., and Hinnebusch,A. G. (1991). Ribosome association of GCN2 protein kinase, a translational activator of the GCN4 gene of Saccharomyces cerevisiae. Mol. Cell. Biol. 11, 3027–3036. doi: 10.1128/MCB.11.6.3027 
	 Ramírez-Sotelo,U., Gómez-Gaviria,M., and Mora-Montes,H. M. (2025). Signaling pathways regulating dimorphism in medically relevant fungal species. 14:350. doi: 10.20944/preprints202502.1154.v1
	 Ranjan,N., Pochopien,A. A., Chih-Chien Wu,C., Beckert,B., Blanchet,S., Green,R., et al. (2021). Yeast translation elongation factor eEF3 promotes late stages of tRNA translocation. EMBO J. 40:e106449. doi: 10.15252/embj.2020106449 
	 Rauch,J., Volinsky,N., Romano,D., and Kolch,W. (2011). The secret life of kinases: functions beyond catalysis. Cell Commun. Signal 9:23. doi: 10.1186/1478-811X-9-23 
	 Román-Trufero,M., Kleijn,I. T., Blighe,K., Zhou,J., Saavedra-García,P., Gaffar,A., et al. (2025). An ISR-independent role of GCN2 prevents excessive ribosome biogenesis and mRNA translation. Life Sci. Alliance 8:e202403014. doi: 10.26508/lsa.202403014 
	 Rothenburg,S., Deigendesch,N., Dey,M., Dever,T. E., and Tazi,L. (2008). Double-stranded RNA-activated protein kinase PKR of fishes and amphibians: varying the number of double-stranded RNA binding domains and lineage-specific duplications. BMC Biol. 6:12. doi: 10.1186/1741-7007-6-12 
	 Roze,L. V., Beaudry,R. M., Keller,N. P., and Linz,J. E. (2004). Regulation of aflatoxin synthesis by FadA/cAMP/protein kinase a signaling in aspergillus parasiticus. Mycopathologia 158, 219–232. doi: 10.1023/b:myco.0000041841.71648.6e 
	 Sabina,J., and Brown,V. (2009). Glucose sensing network in Candida albicans: a sweet spot for fungal morphogenesis. Eukaryot. Cell 8, 1314–1320. doi: 10.1128/EC.00138-09 
	 Sacks,J. J., Ajello,L., and Crockett,L. K. (1986). An outbreak and review of cave-associated histoplasmosis capsulati. Med. Mycol. 24, 313–325. doi: 10.1080/02681218680000471 
	 Saito,A., Ochiai,K., Kondo,S., Tsumagari,K., Murakami,T., Cavener,D. R., et al. (2011). Endoplasmic reticulum stress response mediated by the PERK-eIF2α-ATF4 pathway is involved in osteoblast differentiation induced by BMP2. J. Biol. Chem. 286, 4809–4818. doi: 10.1074/jbc.M110.152900 
	 Saptarshi,N., Porter,L. F., and Paraoan,L. (2022). PERK/EIF2AK3 integrates endoplasmic reticulum stress-induced apoptosis, oxidative stress and autophagy responses in immortalised retinal pigment epithelial cells. Sci. Rep. 12:13324. doi: 10.1038/s41598-022-16909-6 
	 Sattlegger,E., Barbosa,J. A. R. G., Moraes,M. C. S., Martins,R. M., Hinnebusch,A. G., and Castilho,B. A. (2011). Gcn1 and actin binding to Yih1: implications for activation of the eIF2 kinase GCN2. J. Biol. Chem. 286, 10341–10355. doi: 10.1074/jbc.M110.171587 
	 Sattlegger,E., and Hinnebusch,A. G. (2005). Polyribosome binding by GCN1 is required for full activation of eukaryotic translation initiation factor 2α kinase GCN2 during amino acid starvation. J. Biol. Chem. 280, 16514–16521. doi: 10.1074/jbc.M414566200 
	 Schumacher,J., Kokkelink,L., Huesmann,C., Jimenez-Teja,D., Collado,IG., Barakat,R., et al. (2008). The cAMP-dependent signaling pathway and its role in conidial germination, growth, and virulence of the gray Mold Botrytis cinerea. MPMI 21, 1443–1459. doi: 10.1094/MPMI-21-11-1443
	 Schuster,A., Tisch,D., Seidl-Seiboth,V., Kubicek,C. P., and Schmoll,M. (2012). Roles of protein kinase a and adenylate cyclase in light-modulated cellulase regulation in Trichoderma reesei. Appl. Environ. Microbiol. 78, 2168–2178. doi: 10.1128/AEM.06959-11 
	 Scott,J. D. (1991). Cyclic nucleotide-dependent protein kinases. Pharmacol. Ther. 50, 123–145. doi: 10.1016/0163-7258(91)90075-W 
	 Sestari,S. J., Brito,W. A., Neves,B. J., Soares,C. M. A., and Salem-Izacc,S. M. (2018). Inhibition of protein kinase a affects Paracoccidioides lutzii dimorphism. Int. J. Biol. Macromol. 113, 1214–1220. doi: 10.1016/J.IJBIOMAC.2018.03.023 
	 Seyedmousavi,S., Netea,M. G., Mouton,J. W., Melchers,W. J. G., Verweij,P. E., and de Hoog,G. S. (2014). Black yeasts and their filamentous relatives: principles of pathogenesis and host defense. Clin. Microbiol. Rev. 27, 527–542. doi: 10.1128/CMR.00093-13 
	 Shabb,J. B. (2001). Physiological substrates of cAMP-dependent protein kinase. Chem. Rev. 101, 2381–2412. doi: 10.1021/cr000236l 
	 Silberstein,S., Cantore,M. L., Galvagno,M. A., and Passeron,S. (1990). Isolation and characterization of a dimeric cAMP-dependent protein kinase from the fungus Saccobolus platensis. Arch. Biochem. Biophys. 282, 132–140. doi: 10.1016/0003-9861(90)90096-H 
	 Silverman,P. M. (1978). Cyclic AMP binding proteins and cyclic AMP-dependent protein kinase from Blastocladiella emersonii. J. Bacteriol. 135, 976–980. doi: 10.1128/jb.135.3.976-980.1978 
	 Singh,M. K., Shin,Y., Ju,S., Han,S., Choe,W., Yoon,K. S., et al. (2024). Heat shock response and heat shock proteins: current understanding and future opportunities in human diseases. Int. J. Mol. Sci. 25:4209. doi: 10.3390/ijms25084209 
	 Smirnova,O. V., Sinyakov,A., and Kasparov,E. V. (2025). Application of Wuling powder in the treatment of ulcerative colitis complicated by depression as a new therapy principle. World J Gastroenterol. 31:106538. doi: 10.3748/wjg.v31.i23.106538
	 Štaudohar,M., Bencina,M., van de Vondervoort,PJI, Panneman,H., Legisa,M., Visser,J., et al. (2002). Cyclic AMP-dependent protein kinase is involved in morphogenesis of Aspergillus niger. Microbiology (N Y) 148, 2635–2645. doi: 10.1099/00221287-148-8-2635
	 Stovall,A. K., Knowles,C. M., Kalem,M. C., and Panepinto,J. C. (2021). A conserved Gcn2-Gcn4 Axis links methionine utilization and the oxidative stress response in Cryptococcus neoformans. Front. Fungal Biol. 2, 640–678. doi: 10.3389/ffunb.2021.640678 
	 Sun,S., Hoy,M. J., and Heitman,J. (2020). Fungal pathogens. Curr. Biol. 30, R1163–R1169. doi: 10.1016/j.cub.2020.07.032 
	 Sun,Q., Xu,G., Li,X., Li,S., Jia,Z., Yan,M., et al. (2023). Functional study of cAMP-dependent protein kinase a in Penicillium oxalicum. J. Fungi 9:1203. doi: 10.3390/jof9121203 
	 Tameire,F., Collette,N., Fujisawaa,S., Bieging-Rolett,K., Dudgeon,C., Stokes,M. E., et al. (2023). Activation of GCN2 by HC-7366 results in significant anti-tumor efficacy as monotherapy and overcomes resistance mechanisms when combined with venetoclax in AML. Blood 142:2943. doi: 10.1182/blood-2023-189115
	 Takai,Y., Sakai,K., Morishita,Y., Yamamura,H., and Nishizuka,Y. (1974). Functional similarity of yeast and mammalian adenosine 3′,5′-monophosphate-dependent protein kinases. Biochem. Biophys. Res. Commun. 59, 646–652. doi: 10.1016/S0006-291X(74)80028-8 
	 Tanaka,S. N. A., and Fukul,S. (1977). Effect of biotin on the level of isocitrate lyase in Candida tropicalis. Agricultural and Biological Chemistry. 41, 281–285.
	 Tang,C. P., Clark,O., Ferrarone,J. R., Campos,C., Lalani,A. S., Chodera,J. D., et al. (2022). GCN2 kinase activation by ATP-competitive kinase inhibitors. Nat. Chem. Biol. 18, 207–215. doi: 10.1038/s41589-021-00947-8 
	 Taylor,S. S., and Kornev,A. P. (2011). Protein kinases: evolution of dynamic regulatory proteins. Trends Biochem. Sci. 36, 65–77. doi: 10.1016/j.tibs.2010.09.006 
	 Terenin,I. M., Dmitriev,S. E., Andreev,D. E., and Shatsky,I. N. (2008). Eukaryotic translation initiation machinery can operate in a bacterial-like mode without eIF2. Nat. Struct. Mol. Biol. 15, 836–841. doi: 10.1038/nsmb.1445 
	 Teske,B. F., Wek,S. A., Bunpo,P., Cundiff,J. K., McClintick,J. N., Anthony,T. G., et al. (2011). The eIF2 kinase PERK and the integrated stress response facilitate activation of ATF6 during endoplasmic reticulum stress. Mol. Biol. Cell 22, 4390–4405. doi: 10.1091/mbc.E11-06-0510 
	 Unbehaun,A., Borukhov,S. I., Hellen,C. U. T., and Pestova,T. V. (2004). Release of initiation factors from 48S complexes during ribosomal subunit joining and the link between establishment of codon-anticodon base-pairing and hydrolysis of eIF2-bound GTP. Genes Dev. 18, 3078–3093. doi: 10.1101/gad.1255704 
	 Uno,I., and Ishikawa,T. (1976) Effect of cyclic AMP on glycogen phosphorylase in Coprinus macrophizus. Biochim Biophys Acta. 452:112–20. doi: 10.1016/0005-2744(76)90062-0
	 van Eck,N. J., and Waltman,L. (2010). Software survey: VOSviewer, a computer program for bibliometric mapping. Scientometrics 84, 523–538. doi: 10.1007/s11192-009-0146-3 
	 Wang,Y., Wei,X., Bian,Z., Wei,J., and Xu,J.-R. (2020). Coregulation of dimorphism and symbiosis by cyclic AMP signaling in the lichenized fungus Umbilicaria muhlenbergii. Proc. Natl. Acad. Sci. USA 117, 23847–23858. doi: 10.1073/pnas.2005109117 
	 Webster,J., and Weber,R. (2007). Introduction to Fungi. 3rd Edn. New York: Cambridge University Press.
	 Wek,R. C. (2018). Role of eIF2α kinases in translational control and adaptation to cellular stress. Cold Spring Harb. Perspect. Biol. 10. doi: 10.1101/cshperspect.a032870 
	 Wek,R. C., Jackson,B. M., and Hinnebusch,A. G. (1989). Juxtaposition of domains homologous to protein kinases and histidyl-tRNA synthetases in GCN2 protein suggests a mechanism for coupling GCN4 expression to amino acid availability (translational control/aminoacyl-tRNA synthetase). Proc Natl Acad Sci USA. 86, 4579–83. doi: 10.1073/pnas.86.12.4579
	 Wek,S. A., Zhu,S., and Wek,R. C. (1995). The histidyl-tRNA synthetase-related sequence in the eIF-2 protein kinase GCN2 interacts with tRNA and is required for activation in response to starvation for different amino acids. mBio. 10:e02143–19. doi: 10.1128/mBio.02143-19
	 Wheeler,D. L., and Yarden,Y. (Eds.) (2015). Receptor tyrosine kinases: Family and subfamilies. Wisconsin, USA: Humana Press.
	 Wortham,N. C., and Proud,C. G. (2015). EIF2B: recent structural and functional insights into a key regulator of translation. Biochem. Soc. Trans. 43, 1234–1240. doi: 10.1042/BST20150164 
	 Wrabl,J. O., and Grishin,N. V. (2001). Homology between O-linked GlcNAc transferases and proteins of the glycogen phosphorylase superfamily. J. Mol. Biol. 314, 365–374. doi: 10.1006/jmbi.2001.5151 
	 Xiong,J., Wang,L., Lin,J., Ni,L., Zhang,R., Yang,S., et al. (2025). Quantifying second-messenger information transmission in bacteria. Nat. Phys. 21, 1009–1018. doi: 10.1038/s41567-025-02848-2
	 Yan,W., Frank,C. L., Korth,M. J., Sopher,B. L., Novoa,I., Ron,D., et al. (2002). Control of PERK eIF2 kinase activity by the endoplasmic reticulum stress-induced molecular chaperone P58 IPK. Proc Natl Acad Sci USA. 99:15920-5. doi: 10.1073/pnas.252341799
	 Yang,W. (2003). Histidine kinases in signal transduction. New Jersey, USA: Academic Press.
	 Yu,Y., Pierciey,F. J., Maguire,T. G., and Alwine,J. C. (2013). PKR-like endoplasmic reticulum kinase is necessary for Lipogenic activation during HCMV infection. PLoS Pathog. 9:e1003266. doi: 10.1371/journal.ppat.1003266 
	 Yuan,J., Li,F., Cui,B., Gao,J., Yu,Z., and Lu,Z. (2022). Inhibition of GCN2 Alleviates Cardiomyopathy in Type 2 Diabetic Mice via Attenuating Lipotoxicity and Oxidative Stress. Antioxidants (Basel). 11:1379. doi: 10.3390/antiox11071379
	 Zhao,W., Panepinto,J. C., Fortwendel,J. R., Fox,L., Oliver,B. G., Askew,D. S., et al. (2006). Deletion of the regulatory subunit of protein kinase a in Aspergillus fumigatus alters morphology, sensitivity to oxidative damage, and virulence. Infect. Immun. 74, 4865–4874. doi: 10.1128/IAI.00565-06 
	 Zügel,U., Zügel,Z., and Kaufmann,S. H. E. (1999). Role of heat shock proteins in protection from and pathogenesis of infectious diseases. Clin Microbiol Rev. 12:19–39. doi: 10.1128/CMR.12.1.19


Copyright
 © 2025 La Santrer, Assunção, de Camargo, Rodrigues, Campolina, de Aguiar, de Souza Rodrigues and Caligiorne. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
REVIEW
published: 19 November 2025
doi: 10.3389/fmicb.2025.1714252








[image: image2]

Molecular epidemiology of methicillin-resistant Staphylococcus aureus in Gulf Cooperation Council countries (2010–2025): a scoping review

Ahmed Briki1†, Nada Alkhatib1†, Bisola Aloba1*, Subham Verma1, Rania Nassar1, Dean Everett2,3, Ralf Ehricht4,5,6, Stefan Monecke4,5 and Abiola Senok1,7*


1College of Medicine, Mohammed Bin Rashid University of Medicine and Health Sciences, Dubai Health, Dubai, United Arab Emirates

2Department of Public Health and Epidemiology, College of Medicine and Health Sciences, Khalifa University, Abu Dhabi, United Arab Emirates

3Infection Research Unit, Khalifa University, Abu Dhabi, United Arab Emirates

4Leibniz Institute of Photonic Technology (IPHT), Leibniz Center for Photonics in Infection Research (LPI), Jena, Germany

5InfectoGnostics Research Campus, Jena, Germany

6Institute of Physical Chemistry, Friedrich-Schiller University, Jena, Germany

7School of Dentistry, Cardiff University, Cardiff, United Kingdom

Edited by
 Jens Andre Hammerl, Bundesinstitut für Risikobewertung, Germany

Reviewed by
 Mohammad Ejaz, Government Post Graduate College, Mandian, Pakistan
 Tian Jiang, Wenzhou Medical University, China
 Dalal Alkuraythi, University of Jeddah, Jeddah, Saudi Arabia
 

*Correspondence
 Bisola Aloba, bisola.aloba@dubaihealth.ae; Abiola Senok, abiola.senok@dubaihealth.ae 

†These authors have contributed equally to this work and share first authorship

Received 27 September 2025
 Accepted 04 November 2025
 Published 19 November 2025
 Corrected 04 February 2026

Citation
 Briki A, Alkhatib N, Aloba BK, Verma S, Nassar R, Everett DB, Ehricht R, Monecke S and Senok A (2025) Molecular epidemiology of methicillin-resistant Staphylococcus aureus in Gulf Cooperation Council countries (2010–2025): a scoping review. Front. Microbiol. 16:1714252. doi: 10.3389/fmicb.2025.1714252
 





Background: Methicillin-resistant Staphylococcus aureus (MRSA) is a global public health concern, including within the Gulf Cooperation Council (GCC). As an opportunistic pathogen, MRSA poses a threat to hospitalized patients, and to the wider community. Its success is largely attributed to its diverse virulence factors and adaptability, with antimicrobial resistance further enhancing its persistence and complicating treatment efforts. In the GCC, the epidemiology of MRSA is influenced by several distinctive factors, including the region’s diverse demographics, high population mobility, and variations in healthcare infrastructure. Understanding the molecular epidemiology is crucial to curb transmission and guide effective public health measures.
Aim: This scoping review evaluates MRSA data in GCC countries—United Arab Emirates (UAE), Saudi Arabia, Kuwait, Qatar, Oman, and Bahrain—focusing on prevalence trends, molecular characteristics, and gaps in the literature.
Methods: A systematic search of the PubMed (National Library of Medicine [NLM], National Institutes of Health [NIH]) database was conducted to identify literature published between January 2010 and July 2025, using predefined keywords on MRSA epidemiology. Eligible studies were reviewed for MRSA prevalence, clonal diversity, antimicrobial resistance patterns, and virulence profiles.
Results: Of 864 records screened, 97 met the inclusion criteria and were subjected to detailed review. Most studies originated from Saudi Arabia (58%), followed by Kuwait (26%), UAE (7%), Oman (3%), Qatar (2%), Bahrain (2%), and two involving adjacent countries (2%). Data indicate a predominance of community-associated MRSA (CA-MRSA) across both healthcare and community settings. Several studies reported novel or rare MRSA strains across various GCC countries. Moreover, there is clear evidence of widespread resistance to multiple classes of antibiotics, highlighting the growing concern of multidrug-resistant MRSA. Increasing prevalence of strains with virulence/resistance genes such as pvl and SCCmec+fusC, associated with enhanced pathogenicity and resistance, was also observed. Along with wide clonal diversity, frequent travel, and differing infection control practices contribute to the region’s complex MRSA epidemiology.
Conclusion: MRSA in the GCC shows dynamic and evolving patterns. Continuous surveillance through coordinated regional efforts is essential. A One Health approach, combined with strengthened antimicrobial stewardship, mandatory hospital screenings, and wastewater monitoring, could improve MRSA detection, tracking, and control across the region.
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1 Introduction

Staphylococcus aureus is a Gram-positive bacterium that forms part of the normal microbiota in 20–30% of the healthy human population (Laux et al., 2019; Kluytmans et al., 1997). While often a harmless commensal, it can also act as an opportunistic pathogen associated with a wide spectrum of infections, from superficial skin and soft tissue infections to infective endocarditis, life-threatening sepsis and toxic shock syndrome (Shoaib et al., 2022). Patients with invasive medical devices or compromised immune systems are particularly vulnerable to S. aureus infections (Lowy, 1998). The effectiveness of penicillin as drug of choice to combat S. aureus infections was short-lived as resistance emerged by the mid-1940s, only a few years after its introduction into clinical use (Lowy, 1998). Whilst methicillin was developed as an alternative, there was a rapid emergence of methicillin-resistant Staphylococcus aureus (MRSA) with the first report in the early 1960s in the United Kingdom (Enright et al., 2002). Beta-lactam antibiotics act on penicillin-binding protein (PBP), an enzyme that catalyzes the cross-linking of the subunits constituting the bacteria’s peptidoglycan cell wall (Mora-Ochomogo and Lohans, 2021). MRSA resistance occurs via acquisition of the mecA gene which encodes for a modified penicillin-binding protein called PBP2a, that has a reduced binding affinity for beta-lactam antibiotics, rendering them ineffective (Pinho et al., 2001). In addition to mecA, other mec homologs (mecB, mecC, and mecD) have also been described, each encoding alternative PBPs that confer similar β-lactam resistance phenotypes, though they are less frequently detected in clinical isolates (González-Machado et al., 2024). Asymptomatic carriage of MRSA not only represents a major risk factor for invasive infection but also facilitates transmission within both healthcare and community settings (Azzam et al., 2025). With its widespread global dissemination and the shifting molecular epidemiology landscape, MRSA remains a priority antimicrobial resistance (AMR) pathogen and a significant public health threat (Azzam et al., 2025).

In a recent assessment of the global AMR burden, MRSA demonstrated the largest increase in both deaths attributable to and deaths associated with, AMR, making it a pathogen of great concern (GBD 2021 Antimicrobial Resistance Collaborators, 2024). In terms of attributable deaths, MRSA was responsible for approximately 130,000 deaths worldwide in 2021, which is more than double the 57,200 deaths reported in 1990 (GBD 2021 Antimicrobial Resistance Collaborators, 2024). The number of deaths associated with MRSA increased globally from 261,000 deaths to 550,000 over the same period (GBD 2021 Antimicrobial Resistance Collaborators, 2024). On a regional scale, trends in the United Arab Emirates (UAE) also demonstrate increased prevalence of MRSA (Thomsen et al., 2023). AMR surveillance data revealed that a total of 29,414 MRSA isolates were reported in the UAE between 2010 and 2021, accounting for 26.4% of all S. aureus isolates identified during this 11-year period (Thomsen et al., 2023). An upward annual trend was observed, with MRSA comprising 21.9% (259/1,181) of S. aureus isolates in 2010, increasing to 33.5% (4,996/14,925) by 2021 (Thomsen et al., 2023). Analysis from a large tertiary care hospital in Saudi Arabia between 2006 and 2015 reported an overall annual MRSA incidence rate of 25 cases per 100,000 patients, accounting for 27% of all S. aureus isolates (Al-Hamad et al., 2018). More recent studies from Saudi Arabia have reported persistently high MRSA prevalence rates, ranging from 45.4 to 54.8% (Almutairi et al., 2024; Alhazmi et al., 2025). Across the Gulf Cooperation Council (GCC) region, MRSA prevalence varies considerably between countries (Alhazmi et al., 2025; Khawaja et al., 2021; Senok et al., 2020; Boucherabine et al., 2025; Tabaja et al., 2021; Alfouzan et al., 2023; El-Mahdy et al., 2014; Alarawi et al., 2025). Nonetheless, an overall upward trend in MRSA incidence has been documented throughout the GCC (Alhazmi et al., 2025; Khawaja et al., 2021; Senok et al., 2020; Boucherabine et al., 2025; Tabaja et al., 2021; Alfouzan et al., 2023; El-Mahdy et al., 2014; Alarawi et al., 2025; Al-Saleh et al., 2022), and in countries with strong epidemiological links to the region, largely through work-related migration (Tabaja et al., 2021; Patil et al., 2022).

Despite considerable efforts to control its spread, S. aureus, particularly MRSA, continues to persist, in part due to its ability to acquire resistance not only to methicillin and other broad-spectrum antibiotics, but also to topical decolonizing agents such as mupirocin and fusidic acid (Hajhamed et al., 2025). Beyond its multi-drug resistance, MRSA also harbors a wide arsenal of virulence factors that contribute to its pathogenicity (Howden et al., 2023). Among these, the cytotoxic pore-forming Panton-Valentine leukocidin (PVL) toxin has garnered significant attention for its potential role in targeting, penetrating and destroying leukocytes, which leads to tissue damage and necrosis (Gulmez et al., 2012). Globally, the PVL toxin is often associated with epidemic community-associated MRSA (CA-MRSA) strains, which are implicated in a range of severe infections, including skin and soft tissue infections, necrotizing pneumonia, and fatal cases of necrotizing fasciitis (Boyle-Vavra and Daum, 2007).

The Staphylococcal Chromosomal Cassette mec (SCCmec) mobile genetic element, which harbors the mecA or mecC gene, responsible for methicillin resistance has also been extensively studied (Katayama et al., 2000). The structural diversity of SCCmec elements across different MRSA strains has significant implications for the pathogen’s evolution, transmission patterns, and classification into healthcare-associated or community-associated lineages (Deurenberg and Stobberingh, 2008), making it a focal point in both clinical and molecular studies of MRSA. Historically, the type of SCCmec element present often correlated with the epidemiological origin of the strain; types I–III with healthcare-associated MRSA lineages (HA-MRSA), and type IV/V with CA-MRSA (Deurenberg and Stobberingh, 2008).

Nowadays, the HA-MRSA/CA-MRSA traditional grouping of MRSA is losing relevance and is now largely only of historical value (Vestergaard et al., 2019). Definitions and criteria for distinguishing CA-MRSA from HA-MRSA often also vary between studies, further complicating interpretation (Kateete et al., 2019). The distinction is becoming progressively blurred as CA-MRSA strains are increasingly identified in healthcare settings as drivers of nosocomial infections and HA-MRSA strains detected in the community (Ito et al., 2004). Globally, the dissemination of MRSA has been shaped by several well-characterized clonal lineages, including Epidemic MRSA-15 (EMRSA-15/ST22-MRSA-IV) (Turner et al., 2019), which predominates in Europe; USA300 (ST8-MRSA-IV) (Nimmo, 2012), the major community-associated clone originating in North America; and ST239, a long-standing hospital-associated lineage prevalent across Asia and the Middle East (Monecke et al., 2018). Other internationally recognized clones, such as ST80 in Europe and North Africa and ST772-MRSA-V (“Bengal Bay clone”) in the Indian subcontinent, further highlight the geographic structuring and adaptive diversity of MRSA populations (Otter and French, 2012; Steinig et al., 2022). In the GCC region for instance, many dominant strains carry both mecA and the fusidic acid resistance (fusC) gene on a single SCCmec element and may also harbor PVL (Boucherabine et al., 2025). These strains possess a dual advantage whereby they thrive in nosocomial settings due to methicillin resistance, and they also maintain a selective advantage in the community where fusidic acid use is high (Baines et al., 2016). Widespread use of antimicrobial agents, and subsequent acquisition of resistance mechanisms, has contributed to the generation of selective pressure and expansion of epidemic CA-MRSA clones such as the globally recognized PVL-positive USA300 (CC8/ST8-MRSA-IV) (Planet et al., 2013).

Consequently, this makes traditional HA/CA classifications increasingly redundant. As the epidemiology of MRSA continues to shift, recognizing this dual ecological fitness is crucial for conducting more accurate and meaningful epidemiological investigations. The shifts in MRSA’s landscape and its designation as a priority pathogen by the World Health Organization (WHO) underline the critical need for continuous surveillance and monitoring to effectively address the evolving threat posed by MRSA (Tkadlec et al., 2023; Robinson and Enright, 2004).

The Gulf Cooperation Council (GCC) region, which comprises the UAE, the Kingdom of Saudi Arabia (KSA), Oman, Qatar, Kuwait, and Bahrain, spans a vast geographical area and is characterized by a highly dynamic and demographically diverse population. The population dynamics are largely shaped by several contributing factors, including substantial immigration, mass gathering events including annual pilgrimages in Saudi Arabia, frequent international travel, and a growing trend of medical tourism across the region (Memish and Shibl, 2011). This unique pattern of population movement within the GCC landscape greatly facilitates the introduction, circulation and evolution of infectious diseases, including those caused by multidrug-resistant (MDR) pathogens (Memish and Shibl, 2011). As a result, the GCC region presents a complex and varied pattern of AMR, with MRSA representing a particularly significant public health concern. The molecular landscape of MRSA in the GCC is characterized by a wide clonal diversity, varying resistance mechanisms, and the emergence of both local and globally disseminated strains, highlighting the need for coordinated regional surveillance, research, and control strategies.

While surveillance data and infection prevention and control guidelines are available, genomic data in the GCC countries remains fragmented and largely unstructured, limiting their utility for comprehensive analysis and surveillance. Genomic data provides a robust foundation for a better understanding of prevalence, uncovering transmission dynamics and dissemination patterns, as well as informing development of more effective control strategies (Sundermann et al., 2025). To this end, this review aims to provide a comprehensive overview of the literature on the molecular epidemiology and genomic characterization of MRSA isolates circulating in the countries of the GCC region. In addition, this scoping review also maps emerging trends, settings of infection, predominant population groups as well as knowledge gaps in the literature which warrant further investigation and potential strategies to address some of the driving factors behind rising MRSA resistance in the region. Reviews of this nature are critical for guiding the development of evidence-based infection prevention and control policies, antimicrobial stewardship programs, and region-specific research strategies.



2 Methods

This review was conducted following an established methodology for scoping studies, as previously described by Arksey and O'malley (2005). The review process comprised of five key stages: (i) identification of the research question, (ii) identification of relevant studies, (iii) study selection (iv) charting the data, and (v) collating, summarizing, and reporting the results. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist was used to guide and document the review process.


2.1 Search strategy

A comprehensive search was conducted in PubMed (National Library of Medicine [NLM], National Institutes of Health [NIH]) to identify studies on MRSA in the GCC. Search terms included “MRSA,” “Methicillin-Resistant Staphylococcus aureus,” “UAE,” “Saudi Arabia,” “Oman,” “Kuwait,” “Qatar,” “Bahrain,” “Gulf Region,” and “GCC,” with Boolean operators applied where appropriate. The precise search strategy is provided with Supplementary Table 1.

PubMed captured all peer-reviewed journal articles indexed in MEDLINE, as well as additional records from PubMed Central and online-first publications. It was selected as the primary database due to its extensive coverage of biomedical and life sciences literature and its inclusion of most regional and international journals publishing MRSA-related studies. Regional journals containing relevant studies were also captured through our searches in Scopus and PubMed, which index the majority of such journals. Preliminary scoping searches in Scopus confirmed that all relevant literature on MRSA molecular typing in the GCC were already indexed in PubMed. The search encompassed publications from January 1, 2010, to July 31, 2025, with the final search conducted on September 8, 2025.



2.2 Selection criteria

Two independent reviewers screened titles, abstracts, and full texts for eligibility using a standardized data extraction spreadsheet; no automated screening software was employed. Discrepancies were resolved through discussion or, if necessary, arbitration by a third reviewer. As this was a scoping review, a formal quality appraisal of included studies was not conducted. The inclusion criteria comprised original research studies on MRSA conducted in any GCC country and published in English. Studies were excluded if they were case reports, case series, editorials, letters, systematic reviews, focused on treatments or general epidemiology, or conducted in the GCC but primarily reporting on non-GCC populations, ensuring the review specifically addressed the molecular epidemiology of MRSA.

For each included study, data were extracted on the country, study period, study design, sample size, and population or setting (e.g., hospital, community, food supply). Key findings were also recorded, including the detection of PVL, resistance genes (e.g., mecA, fusC, vanA), and reported phenotypic resistance to commonly used antibiotics. A breakdown of the key terms focused on during the data extraction process from the reviewed papers is provided (Table 1). Additionally, notable observations such as the first identification of specific clones or documented outbreak events were systematically captured.


TABLE 1 Key MRSA-related terms emphasized during data extraction from the reviewed studies.


	Term
	Definition*

 

 	MLST 	Multilocus sequence typing: Sequence-based method that characterizes isolates by sequencing fragments of typically seven housekeeping genes to assign sequence types (STs).


 	CC 	Clonal complex: Group of related MLSTs that share identical alleles at most loci, indicating a common evolutionary origin.


 	ST 	Sequence type: Numerical genotype assigned through MLST based on the allelic profile of housekeeping genes.


 	spa typing 	Typing method based on sequence variation in the polymorphic X-region of the staphylococcal protein A (spa) gene; spa types are designated as t# (e.g., t037).


 	SCCmec 	Staphylococcal cassette chromosome mec: Mobile genetic element carrying mec genes that confer β-lactam resistance; classified into types I–XV based on structure and gene content.


 	mecA 	Gene encoding penicillin-binding protein 2a (PBP2a), which has low affinity for β-lactam antibiotics, conferring methicillin resistance.


 	mecC 	Homolog of mecA that encodes a PBP2a-like protein; less common and often associated with animal or environmental isolates.


 	PVL 	Panton–Valentine leukocidin: Genes (lukS-PV and lukF-PV) encoding a bicomponent pore-forming leukotoxin associated with severe skin and soft tissue infections.


 	fusC 	Gene conferring fusidic acid resistance, often located on SCC elements.


 	fusA 	Chromosomal gene encoding elongation factor G (EF-G); specific mutations mediate high-level fusidic acid resistance.


 	fusB 	Plasmid- or transposon-borne fusidic acid resistance determinant that protects EF-G, distinct from fusC-mediated resistance.


 	vanA/vanB 	Operons encoding altered cell wall precursors that confer glycopeptide (vancomycin/teicoplanin) resistance; vanA typically confers high-level resistance.


 	vraA (and related mutations) 	Genes involved in the vraSR-mediated cell wall stress response pathway; mutations are associated with intermediate vancomycin resistance (VISA) or elevated minimum inhibitory concentrations (MICs).


 	cfr 	Gene encoding a 23S rRNA methyltransferase that confers resistance to linezolid and other phenicols, lincosamides, oxazolidinones, pleuromutilins, and streptogramin A antibiotics.


 	qac genes 	Genes encoding multidrug efflux pumps that reduce susceptibility to antiseptics such as chlorhexidine and quaternary ammonium compounds.


 	ACME 	Arginine catabolic mobile element: Genomic island, often in USA300, that enhances skin colonization and bacterial fitness.


 	tst (TSST-1) 	Gene encoding toxic shock syndrome toxin-1, a superantigen implicated in toxic shock syndrome.


 	sea, seb, sek, seq 	Genes encoding staphylococcal enterotoxins and related superantigens associated with food poisoning and immune activation.


 	CA-MRSA 	Community-associated MRSA: MRSA acquired in the community, often carrying SCCmec types IV or V and PVL-positive lineages.


 	HA-MRSA 	Healthcare-associated MRSA: MRSA acquired in healthcare settings; typically carries SCCmec types I–III and exhibits multidrug resistance.


 	LA-MRSA 	Livestock-associated MRSA: MRSA lineages adapted to animals and animal products, most notably ST398.


 	MDR 	Multidrug-resistant: Non-susceptible to at least one agent in ≥3 antimicrobial classes (CDC definition).


 	MIC creep 	Gradual increase in minimum inhibitory concentration (MIC) values within the susceptible range over time, suggesting emerging resistance.


 	WGS 	Whole-genome sequencing: High-resolution sequencing of the complete bacterial genome for genotyping, profiling resistance/virulence determinants and phylogenetic analysis.


 	DNA microarray 	High-throughput hybridization assay for simultaneous detection of multiple resistance, virulence, or clonal markers.


 	PCR 	Polymerase chain reaction: Targeted amplification of specific DNA sequences for detection or characterization of genes.


 	AMR genes 	Antimicrobial resistance genes: Genes conferring resistance to one or more antimicrobial agents.


 	Virulence genes 	Genes encoding factors that promote infection, disease progression, or immune evasion.


 	E-MRSA 	Epidemic MRSA: MRSA strains causing outbreaks among multiple patients across hospitals or regions (epidemiological designation).





* Definitions compiled from authoritative sources, including the Centers for Disease Control and Prevention (CDC), and peer-reviewed literature retrieved from the PubMed database.
 




3 Results

A total of 864 records were screened following the initial search. After screening and applying inclusion/exclusion criteria, 97 studies were included in the final review (Supplementary Table 1). A PRISMA flow diagram illustrating the study selection process is provided (Figure 1). The majority of studies were conducted in Saudi Arabia (n = 56, 58%), followed by Kuwait (n = 25, 26%) and the United Arab Emirates (n = 7, 7%), with two additional studies including data from all three countries (2%) (Figure 2). In contrast, only a limited number of studies were available for Bahrain (n = 3, 3%), Oman (n = 2, 2%) and Qatar (n = 2, 2%) (Figure 2). Most studies were hospital- or tertiary care–based (n = 76). In addition, ten studies investigated MRSA within the food supply chain (e.g., raw meat, milk), and two focused on livestock. With the exception of one study from the UAE and one from Qatar, all food- and livestock-related investigations originated from Saudi Arabia.

[image: Flowchart illustrating the PRISMA selection process for a systematic review. Out of 879 PubMed records identified, 15 were excluded automatically, 864 were screened, 511 excluded, 353 assessed for eligibility, 256 excluded for listed reasons, resulting in 97 included studies.]

FIGURE 1
 Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram of article selection process. Covered peer-reviewed journal articles indexed in MEDLINE on PubMed (National Library of Medicine [NLM], National Institutes of Health [NIH]), records from PubMed Central and online-first publications between January 1, 2010 – July 31, 2025.


[image: Map graphic of the Arabian Peninsula showing the distribution of studies by country. Saudi Arabia accounts for fifty-five percent, Kuwait twenty-three percent, UAE ten percent, Oman and Qatar each four percent, and Bahrain three percent of studies.]

FIGURE 2
 Distribution of MRSA studies across the Gulf Cooperation Council (GCC) region (January 2010–July 2025). Shown are the studies that met the inclusion criteria for this review, illustrating the uneven distribution and regional disparities in published MRSA research output. Studies were conducted in Saudi Arabia (n = 56), Kuwait (n = 25), and the United Arab Emirates (n = 7), with two additional studies including data from all three countries (2%). Limited literature was available for Bahrain (n = 3), Oman (n = 2), and Qatar (n = 2). Most studies were hospital- or tertiary care–based (n = 76).


Regarding molecular typing approaches, PCR-based methods were the most commonly employed, used in 31 studies across the GCC. DNA microarray–based typing was utilized in eleven studies, and whole-genome sequencing (WGS) was reported in five studies, reflecting its growing but still limited use in the region (Supplementary Table 1). An additional 18 studies applied a combination of molecular techniques to enhance resolution and confirm clonal relationships, while the remaining 32 studies did not perform molecular typing, relying instead on phenotypic or antimicrobial susceptibility data (Supplementary Table 1).

Between 2010 and 2025, the epidemiology of MRSA across the GCC countries has shown shared regional patterns alongside notable country-specific differences (Figure 3; Table 2). Multiple clonal complexes (CCs) are shared across the region, with CC5, CC22, CC80, CC1, CC30, and CC6 being the most frequently identified (Figure 3) (Senok et al., 2020; El-Mahdy et al., 2014; Boswihi et al., 2018). Data from the UAE, Kuwait, Saudi Arabia, Qatar, Oman, and Bahrain indicate a gradual epidemiological shift toward the predominance of CA-MRSA over the last decade (Senok et al., 2020; Boswihi et al., 2018; Boswihi et al., 2016). In numerous recent hospital-based studies, the majority of MRSA isolates carry SCCmec types IV or V, which are typically associated with CA-MRSA phenotypes (Senok et al., 2020; Boswihi et al., 2020; Udo et al., 2014; Alsaleh et al., 2023), although SCCmec types I–III persist in smaller proportions (Boswihi et al., 2018; Boswihi et al., 2020; Udo et al., 2014). Traditional HA-MRSA clones such as sequence type (ST)-239 remain present (El-Mahdy et al., 2014; Boswihi et al., 2018; Boswihi et al., 2020), although they are increasingly declining and being outnumbered by CA-MRSA genotypes. Reports of fusidic acid resistance linked to fusC-bearing SCCmec elements are increasingly common in several countries (Senok et al., 2020; Boswihi et al., 2020; Senok et al., 2019a). This trend likely reflects widespread community use of topical fusidic acid, which in some settings is available over-the-counter. Topical fusidic acid is inexpensive and easily accessible. High prevalence of PVL-positive MRSA in the GCC may also drive frequent fusidic acid use, as these strains are associated with skin and soft tissue infections, further promoting selection for resistance (Bourles et al., 2022). Carriage of pvl genes is common across the region, though prevalence varies substantially, typically ranging from 20 to 50% in large hospital studies and occasionally exceeding these percentages (Senok et al., 2020; El-Mahdy et al., 2014; Udo et al., 2014; Alsaleh et al., 2023).
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FIGURE 3
 Distribution of predominant MRSA clonal complexes (CCs) and sequence types (STs) across the Gulf Cooperation Council (GCC) region (January 2010–July 2025). The map highlights the main MRSA lineages reported in included studies. Studies were conducted in Saudi Arabia (n = 56), Kuwait (n = 25), and the United Arab Emirates (n = 7), with two additional studies including data from all three countries (2%). Limited literature was available for Bahrain (n = 3), Oman (n = 2), and Qatar (n = 2). Country with limited molecular data are indicated accordingly. Abbreviation: UAE, United Arab Emirates.



TABLE 2 Summary of key findings on MRSA epidemiology in GCC countries.


	Country
	Key findings
	Key resistance & virulence determinants
	Notable observations/ emerging trends

 

 	United Arab Emirates 	

	• MRSA prevalence rose 21.9% (2010) → 33.5% (2021)

	• Increasing clonal diversity

	• Predominantly CA-MRSA (SCCmec IV/V)



 	

	• pvl (up to 49%)

	• SCCmec-fusC (14–28.9%)

	• Low linezolid resistance (≤2.9%), no VRSA detected



 	

	• First reports: PVL + CC398, CC5-MRSA-IV “Sri Lanka clone”

	• MRSA in food chain

	• CA-MRSA increasingly hospital-acquired






 	Saudi Arabia 	

	• Shift to CA-MRSA dominance

	• Increasing clonal diversity

	• SCCmec IV/V/VI/VII

	• Nationwide genomic surveillance performed (2022–2024)



 	

	• pvl (30–50%)

	• fusC (up to 46%), aminoglycoside, fluoroquinolone resistance genes common

	• Low linezolid resistance (2.9%), cfr gene detected

	• Vancomycin-intermediate strains & VRSA (vanA+) reported



 	

	• Cross-border clone spread (CC361)

	• Zoonotic/foodborne MRSA (camel, goat, dairy products)

	• Rapid expansion of USA300/ST8 subclade






 	Kuwait 	

	• High circulation of HA-MRSA and CA-MRSA lineages

	• Persistence of ST239-III

	• Gradual shift to diverse CA-MRSA clones

	• SCCmec III/IV/V



 	

	• pvl (up to 45%)

	• Fusidic acid resistance (~80%) (fusC/fusB/fusA)

	• Chloramphenicol resistance (fexA+ CC5)

	• Rising vancomycin MICs



 	

	• Emergence & expansion of CC361-MRSA [V/VT + fusC]

	• Local evolution of CC239 variant

	• Limited food/animal MRSA data






 	Oman 	

	• CA-MRSA predominates

	• High SCCmec IV carriage



 	

	• pvl (44.3%)

	• Growing prevalence of MDR



 	

	• Emerging MDR ST22-IV/t852 variant






 	Qatar 	

	• CA-MRSA predominates

	• SCCmec IV/V

	• Limited molecular data



 	

	• PVL-positive USA1100 “Southwest Pacific Clone” reported

	• pvl/fusC (Data unavailable)

	• Mupirocin resistance noted



 	

	• CA-MRSA dominance mirrors regional/global trends.






 	Bahrain 	

	• Limited molecular data

	• SCCmec IV/V

	• Recent study: 88% CA-MRSA, 22% MDR



 	

	• pvl (66% of CA-MRSA, 33% of HA-MRSA)

	• fusC (Data unavailable)

	• MDR associated with quinolones, macrolides, folate antagonists.



 	

	• PVL prevalence higher than neighboring GCC countries

	• Bahrain highlights the urgent need for comprehensive surveillance in all countries









Raw camel meat, dairy products, milk and goats. CA-MRSA, Community-associated methicillin-resistant Staphylococcus aureus; HA-MRSA, Healthcare-associated MRSA; PVL, Panton–Valentine leukocidin; fusC, fusidic acid resistance gene; MDR, Multidrug-resistant; SCCmec, Staphylococcal cassette chromosome mec; GCC, Gulf Cooperation Council.
 

From an antimicrobial resistance perspective, MRSA remains universally resistant to β-lactam antibiotics. However, resistance to non-β-lactam agents is a growing concern. High rates of fusidic acid resistance, frequent resistance to macrolides and fluoroquinolones, and variable rates of aminoglycoside resistance are consistently documented across the GCC (Senok et al., 2020; Boswihi et al., 2018; Boswihi et al., 2020). Glycopeptides and oxazolidinones, specifically vancomycin and linezolid, continue to demonstrate good in vitro activity (Senok et al., 2020; El-Mahdy et al., 2014; Udo et al., 2014). Nonetheless, “vancomycin minimum inhibitory concentration (MIC) creep” has been reported, and isolated cases of linezolid non-susceptibility have emerged (Boswihi et al., 2020; Aljohani et al., 2020; Al-Sarar et al., 2024). Vancomycin resistance in MRSA remains rare; however, cases have been reported in Saudi Arabia, including isolates harboring the vanA gene in one study and mutations in the vraR response regulator gene in another (Al-Sarar et al., 2024; Almuhayawi et al., 2023; Alhejaili et al., 2025). The limited emergence of resistance may reflect the restricted use of vancomycin and linezolid, which is constrained by both their pharmacokinetic considerations and high cost, limiting widespread or inappropriate administration (Alghanem et al., 2023; Rao et al., 2020).

The majority of available MRSA data in the GCC originate from hospital-based surveillance, targeted screening programs, or outbreak investigations, with limited longitudinal, population-level surveillance. Inter-country comparisons are further complicated by differences in study methodologies, including variation in laboratory diagnostic techniques, and sampling strategies. Overall, DNA microarray-based typing technology is the most frequently employed technique for genotypic profiling, clonal typing, and surveillance of MRSA across the GCC (Senok et al., 2020; Boswihi et al., 2018; Boswihi et al., 2020; Alfouzan et al., 2019; Senok et al., 2018; Udo et al., 2020). Despite increasing availability of whole-genome sequencing technologies, DNA microarray platforms remain the preferred approach, potentially reflecting considerations related to cost, ease of interpretation, and scalability (Deurenberg and Stobberingh, 2008; Shore et al., 2012; El Garch et al., 2009).


3.1 MRSA in the UAE

Available data in the UAE suggests a high burden of MRSA, growing prevalence and increasing diversity in the clonal complexes (CCs) circulating in the country. Most notably, the proportion of MRSA isolates reported increased significantly from 21.9% in 2010 to 33.5% in 2021 (Thomsen et al., 2023), reflecting a concerning upward trend in resistance and the persistence of MRSA. This 12-year retrospective analysis reported on 29,414 clinical MRSA isolates identified as part of the UAE national AMR surveillance program (Thomsen et al., 2023). The study revealed rising resistance trends to several antibiotics, including ciprofloxacin, levofloxacin, moxifloxacin, erythromycin, gentamicin, trimethoprim-sulfamethoxazole, and quinupristin/dalfopristin (Thomsen et al., 2023). Linezolid resistance remained low (0.0–0.8%) throughout most of the study period, with slightly higher rates observed in 2015 (2.5%), 2016 (2.6%), and 2017 (2.9%). Notably, no confirmed cases of vancomycin-resistant S. aureus were reported (Thomsen et al., 2023).

A study that genotyped 625 clinical MRSA isolates from across three Emirates (Dubai, Abu Dhabi and Umm Al Quwain) identified 23 clonal complexes and 102 strains with CC5, CC6, CC22 and CC30 as the most prevalent, collectively accounting for 54.2% of the isolates (Senok et al., 2020). Other common CCs identified were CC1, CC8, CC772, CC361, CC80, and CC88. Many of the strains belonged to CA-MRSA lineages harboring SCCmec types IV and V (Senok et al., 2020). In addition, this report documented the identification of several globally recognized MRSA clones including the ACME-negative/PVL-positive CC8-MRSA-[SCCmec IVc + Hg], CC22-MRSA-Iva “UK EMRSA-15/Barnim Epidemic Clone,” CC772-MRSA-V (PVL+) “Bengal-Bay Clone,” and the second report of the pandemic HA-MRSA lineage ST5/ST225-MRSA-II (“Rhine-Hesse EMRSA/New York-Japan Clone”) in the GCC, following its initial identification in Kuwait (Boswihi et al., 2016). Variants of the pandemic CC8-MRSA-[IVa + ACME I] (PVL+) “USA300” strain were also detected. Other pandemic MRSA clones detected included CC30-MRSA-IV (PVL+) (“Southwest Pacific Clone”) and the HA-MRSA lineage CC239-MRSA-[mec III + Cd/Hg + ccrC] (Senok et al., 2020). These clones are of particular concern as they are characterized by enhanced adaptability and virulence (Senok et al., 2020).

The study also reported the first detection of PVL-positive CC398 MRSA in the GCC region, a strain originally identified in South-East Asia (Moller et al., 2019). Its presence in the UAE suggests a likely introduction from this geographic region. Additionally, the first identification of the CC5-MRSA-IV “Sri Lanka Clone” within the country was documented (Senok et al., 2020). These findings emphasize the critical importance of ongoing genomic surveillance to monitor the emergence and spread of novel MRSA strains in the region.

A concerning upward trend in fusidic acid resistance, mediated by the SCCfusC genetic element was reported. It was found that 28.9% of the analyzed strains carried this resistance determinant (Senok et al., 2020). This trend calls for further investigation into the underlying factors contributing to the increased resistance, with community misuse of fusidic acid being one of the proposed drivers. Another critical finding from this study was the increase in prevalence of the pvl genes detected in 49% of isolates under investigation (Senok et al., 2020). This high percentage of PVL-positive strains in the country was further illustrated in another UAE study, in which 57 out of 187 MRSA isolates identified were classified as CA-MRSA and harbored pvl (Dash et al., 2014). This is particularly significant, as PVL-positive strains are associated with increased virulence, enabling them to penetrate intact skin and cause more severe infections (Gulmez et al., 2012).

A more recent study of MRSA recovered in the UAE in 2022 was also reflective of the Senok et al. (2020) study. This study involved genomic profiling of 310 clinical MRSA strains and assigned isolates to 22 clonal complexes and 72 distinct strain types, revealing predominance of CC1, CC5, CC6, CC8, CC22, and CC361 (Boucherabine et al., 2025). The study reported the first encounter of PVL-negative CC772-MRSA-V/VT in the UAE, in addition to a novel CC361-MRSA-IV (tst1+/PVL+) variant. In addition, upward trends of CC1153 were observed, alongside other rare CCs, such as CC121-MRSA and CC7-MRSA, marking the first documented report of the latter in region. Similarly, the CC5-MRSA-IV “Pediatric/WA MRSA-74 Clone,” which was previously unreported in the UAE was identified in this study. Along with the continued prevalence of PVL-positive CC5-MRSA-[IV + fusC + ccrAB] (“Maltese Clone”) and the ST5/ST225-MRSA-II (“Rhine-Hesse EMRSA/New York-Japan Clone”), these findings point to an ongoing expansion of the CC5-MRSA lineage within the UAE healthcare system. They also reflect a broader shift in the dominant circulating MRSA strain types in the region. Clonal complexes that were previously predominant in the UAE, such as CC80, CC97, CC239, and CC779 were detected in smaller numbers in this study. The pvl genes were detected in 38% of the study isolates, predominantly associated with skin and soft tissue infections, while the SCC-encoded fusidic acid resistance gene (fusC) was identified in 14% of isolates. Unsurprisingly, CA-MRSA lineages were also dominant in this study, with only one HA-MRSA isolate identified (Boucherabine et al., 2025).

Another noteworthy observation is the shifting epidemiology of CA-MRSA acquisition. Despite its designation as a community-associated pathogen, a study conducted at a tertiary care hospital revealed that only one-third of identified CA-MRSA cases were truly acquired in the community (Sonnevend et al., 2012). This finding highlights the successful introduction and dissemination of CA-MRSA clones within the hospital environment (Sonnevend et al., 2012).

Notably, a recent study was the first to document the presence of MRSA in the UAE food chain. S. aureus was found in 4.6% (14/343) of the salad samples that were analyzed (Habib et al., 2024). One of the isolates recovered from freshly imported dill was identified as MRSA, belonging to ST672 and spa type t384. This finding highlights the role of imported produce in the introduction of MRSA into regional food supplies and as a potential mode of dissemination (Habib et al., 2024).



3.2 MRSA in Saudi Arabia

Within Saudi Arabia, MRSA presents a complex epidemiological picture marked by wide clonal diversity, continuously evolving antimicrobial resistance patterns, and shifting dynamics between HA- and CA-MRSA. Numerous studies indicate growing predominance of CA-MRSA in Saudi Arabia over time (Alhejaili et al., 2025; Khanfar et al., 2012; Alsubaie et al., 2012; Alanazi et al., 2025). For instance, a retrospective analysis of 878 MRSA cases reported that CA-MRSA accounted for 88.4% of infections, with HA-MRSA comprising only 11.5% (Khanfar et al., 2012). This shift was observed alongside a decrease in nosocomial MRSA infection rates, possibly linked to stricter infection control policies and early screening protocols (Khanfar et al., 2012).

Molecular epidemiological findings across the country revealed that SCCmec type IV remains predominant, particularly among CA-MRSA strains, while HA-MRSA isolates are more likely to carry types I to III (Alhejaili et al., 2025). The co-circulation of both lineages within hospital settings has also been reported, with notable overlap in their resistance profiles (Mazi et al., 2020). In one study comprising of 102 isolates, CC80 (PVL+), CC22, and CC5 were among the most frequently detected clonal complexes, with pvl genes prevalence ranging from 30 to 50%, and in some instances, even present in HA-MRSA strains (Monecke et al., 2012). Recent studies have expanded the known molecular landscape of MRSA in Saudi Arabia by identifying both established and novel clones (Alarawi et al., 2025; Alhejaili et al., 2025). ST239-MRSA-III, once dominant in healthcare settings, continues to circulate (Monecke et al., 2018), though it appears to be gradually replaced by more diverse community-associated clones such as CC22-MRSA-IV and ST80-MRSA-IV (Senok et al., 2019b). A particularly notable finding is the first report of CC361-MRSA [V/VT + fus] in Saudi Arabia, described in isolates from the eastern region and genetically similar to strains previously identified in Kuwait indicating potential cross-border MRSA transmission within the Gulf region (Senok et al., 2019b). Other emerging clones include CC6, CC88, and ST97, some of which have been detected in both hospital and community settings, often exhibiting multi-drug resistance and a PVL-positive profile (Senok et al., 2019b). These findings emphasize the increasing complexity of MRSA epidemiology in KSA, with regional clone expansion and local adaptation shaping the current strain dynamics.

Importantly, a recent study in Saudi Arabia represents the most comprehensive genomic analysis of MRSA epidemiology in the GCC to date (Alhejaili et al., 2025), revealing the expansion and ongoing evolution of CA-MRSA clones and providing a critical reference for clonal epidemiology in the region. This large-scale nationwide analysis included systematically collected S. aureus isolates from 34 Ministry of Health hospitals across all provinces between 2022 and 2024, comprising 581 MRSA and 31 methicillin-susceptible S. aureus (MSSA) isolates from diverse body sites (Alhejaili et al., 2025). Short- and long-read whole-genome sequencing, combined with phylogenetic and population genomics analyses, enabled high-resolution characterization of population diversity and identified both globally distributed and regionally emerging lineages. The study also documented the rapid expansion of dominant clones, such as a subclade of the PVL-positive USA300/ST8-MRSA, estimated to have emerged within the past 15 years (Alhejaili et al., 2025). The MRSA population in this study exhibited substantial diversity (Alhejaili et al., 2025), comprising 48 distinct STs, most carrying community-associated SCCmec loci (types IVa, V/VII, and VI). Nine STs were novel and assigned new identifiers. Virulence factors associated with CA-MRSA, including PVL, were detected in 12 STs. Despite this diversity, a few clones predominated, notably ST8 (n = 110), ST5 (n = 63), ST88 (n = 56), ST6 (n = 52), ST672 (n = 47), ST30 (n = 46), ST97 (n = 35), ST22 (n = 30), and ST152 (n = 30), collectively accounting for 75% of isolates. The dominant clones which included ST8-t008 (USA300), ST6-t304 (CC6), ST88-t690, ST672-t3841 (CC361), and ST5-t311 were widely disseminated, and were associated with infections at multiple body sites. Interestingly, certain clones demonstrated site-specific associations; ST5, ST97, and ST8 were more frequently linked to bloodstream infections, whereas ST6 and ST152 were predominantly associated with wounds. Notably, ST152 was not detected in blood samples. The genomic analysis revealed extensive resistance determinants, including widespread fusC carriage, frequent aminoglycoside resistance genes (aadD, aphA3, ant(4′)-Ia), fluoroquinolone-resistance–conferring mutations, and composite SCCmec-fusC elements, reflecting selective pressure from fusidic acid use (Alhejaili et al., 2025). Virulence profiling showed high PVL prevalence, particularly in CC80 and CC22 lineages, with subsets of isolates carrying enterotoxin genes (sea, seb, sek, seq) and the toxic shock syndrome toxin (tst). Furthermore, the study also employed a hybrid sequencing approach to characterize the complete plasmid content of the isolates (Alhejaili et al., 2025). The analysis revealed a diverse array of blaZ-carrying plasmids and the dissemination of erm(C)-encoding plasmids across major clades. These findings indicate that MRSA in Saudi Arabia is driven by both clonal expansion and horizontal acquisition of mobile genetic elements, with plasmid acquisition occurring alongside clonal expansion.

The antibiotic resistance profile of MRSA isolates in Saudi Arabia is continuously evolving, with persistent resistance observed particularly among HA-MRSA strains. Resistance to erythromycin, tetracycline, and clindamycin remains commonly reported. One study found resistance rates of 46% to fusidic acid, 39% to tetracycline, and 36% to ciprofloxacin, with certain strains exhibiting resistance to up to eight different antimicrobial agents (Mazi et al., 2020). The widespread, often unregulated, over-the-counter use of fusidic acid is suggested to be a significant contributor to the expansion of resistance among MRSA clones. Notably, composite SCCmec-SCCfusC elements have been increasingly detected in both clinical and foodborne isolates, including within novel variants such as CC5-MRSA-[VI + fus+tirS] and CC15-MRSA-[V + fus] (Senok et al., 2019b).

While vancomycin remains largely effective against S. aureus, recent surveillance data suggest concerning trends in reduced susceptibility. A study of 736 MRSA isolates demonstrated a gradual increase in vancomycin minimum inhibitory concentrations (MIC creep), indicating diminished susceptibility over time (Aljohani et al., 2020). A large-scale WGS study carried out across all provinces of KSA between 2022 and 2024 identified rare but clinically significant resistance determinants (Alhejaili et al., 2025). Mutations in the vraR gene (involved in cell-wall stress response) and the murF gene (involved in peptidoglycan biosynthesis) were detected in three isolates (ST8 and ST88), conferring intermediate resistance to vancomycin. The cfr gene, which mediates resistance to linezolid, was also detected (Alhejaili et al., 2025). Although resistance to linezolid remains uncommon, it is reported sporadically in KSA. A study at King Khalid University Hospital detected phenotypic linezolid resistance in 2.9% (11/371) and vancomycin resistance in 0.3% (1/371) of MRSA study isolates (Al-Sarar et al., 2024).

Alarmingly, vancomycin-resistant S. aureus (VRSA) strains carrying the vanA gene have been reported among hospitalized patients in the Al-Jouf province, primarily in wound infections (Almuhayawi et al., 2023). A recent study at Prince Mutaib Bin Abdulaziz Hospital and Swair General Hospital found that MRSA accounted for 65% (123/188) of S. aureus wound infections, while 2.7% (5/188) were classified as vanA positive VRSA (Almuhayawi et al., 2023). Although these cases remain uncommon, the emergence of linezolid- and vancomycin-resistant S. aureus strains is a serious concern, given the reliance on these agents for treating MRSA infections. These findings highlight the growing emergence of multidrug-resistant clones in the region.

In addition to public health concerns within clinical settings, Saudi Arabia also faces the added challenge of zoonotic and foodborne transmission of MRSA. The pathogen is increasingly isolated from retail food products and livestock; including raw camel meat, dairy products, milk and goats, with several genotypes closely resembling those found in human clinical strains (El-Deeb et al., 2022). Notable strains associated with potential foodborne transmission include ST5, ST6, ST80, and CC15, often carrying SCCmec types IV/V and harboring key virulence and resistance determinants such as fusC and pvl (El-Deeb et al., 2022; Raji et al., 2016; Alghizzi and Shami, 2021). These findings support a One Health approach to MRSA surveillance, extending beyond hospital boundaries.

Collectively, the MRSA landscape in Saudi Arabia mirrors both global and regional trends, whereby novel hybrid lineages are rapidly emerging and previously predominant HA-MRSA clones are now frequently displaced by highly successful CA-MRSA clones exhibiting increased multi-drug resistance. These findings emphasize the urgent critical need for coordinated national MRSA surveillance programs, robust antibiotic stewardship, and stricter regulation of topical antimicrobials such as fusidic acid to curb further evolution and resistance.



3.3 MRSA in Kuwait

Antibiotic resistance remains a persistent ongoing public health concern in Kuwaiti hospitals. Numerous studies have documented rising resistance rates to antibiotics such as kanamycin, tetracycline, gentamicin, ciprofloxacin, and erythromycin/clindamycin (Alfouzan et al., 2023; Boswihi et al., 2016; Udo and Boswihi, 2017; Sarkhoo et al., 2021). In contrast, high-level resistance to mupirocin has shown a notable decline in recent years (Udo and Boswihi, 2017). Additionally, resistance to fusidic acid has also been increasingly documented, primarily mediated by the fusC gene. In one study, resistance was observed in over 80% of tested isolates, with other contributing resistance determinants including mutations in fusA and presence of the fusB gene (Boloki et al., 2021). It has been suggested that this increase may be driven by the extensive widespread over-the-counter use of topical antibiotic creams that contain fusidic acid, which are readily available without the need for a prescription (Boswihi et al., 2020). This underscores the urgent need for regulatory oversight and antimicrobial stewardship in the GCC region.

The MRSA landscape in Kuwait is marked by a high prevalence of both HA-MRSA and CA-MRSA, with recent shifts indicating a growing dominance of community clones, like other GCC countries. A large retrospective study analyzing 6,922 MRSA isolates from 2011 to 2015 reported that CA-MRSA accounted for 60.7% of isolates, while HA-MRSA made up 38.1% (Udo and Boswihi, 2017). This epidemiological shift is also reflected in the SCCmec distribution, with SCCmec-IV being the most prevalent type (53.9%), followed by types III and V (28.8 and 14.8%, respectively) (Udo and Boswihi, 2017).

Molecular characterization of MRSA in Kuwait shows that, unlike in the UAE and KSA, the historically dominant CC8/ST239-MRSA-III strain continues to persist (Boswihi et al., 2016). Recent studies have also reported an increasing prevalence of MRSA strains belonging to clonal complexes CC5, CC6, CC22, and CC97, often associated with SCCmec types IV, V, and VI (Boswihi et al., 2018; Boswihi et al., 2016; Alfouzan et al., 2019). In one study, a total of 400 non-duplicate MRSA isolates collected from 13 public hospitals in Kuwait between 1992 and 2010 were analyzed (Boswihi et al., 2016). Molecular typing identified 31 MRSA clones, with ST239-MRSA-III being the most prevalent (52.2%), followed by ST22-MRSA-IV (9.2%), ST80-MRSA-IV (7.5%), ST5-MRSA-II/IV/V/VI (6.5%), ST30-MRSA-IV (3.5%), ST241-MRSA-III (2.7%), ST6-MRSA-IV (2.2%), ST36-MRSA-II (2%) and ST772-MRSA-V (1.75%). SCCmec typing revealed five types, predominantly type III (55.2%) and type IV (31.7%). Among 60 identified spa types, the most common were t421 (21.5%) and t037 (19%), with other frequently detected types including t945, t044, t223, and t860 (Boswihi et al., 2016). In addition, 15.5% of the MRSA isolates were PVL-positive. The prevalence of PVL-positive MRSA in Kuwait has historically been high, with a 2013 study reporting pvl genes detection in 45% of isolates (Vali et al., 2017).

A 2016 study by Alfouzan et al., reported a prevalence of 30.8% for PVL-positive MRSA isolates (Alfouzan et al., 2019). A follow-up study by the same authors in 2020 (Alfouzan et al., 2023), conducted within the same hospital setting, revealed a notable decrease in this prevalence to 21.7%. The 2020 genotyping analysis provided updated insights into antibiotic resistance patterns and shifts in the clonal composition of MRSA within the Kuwaiti hospital, most notably documenting the disappearance of the previously dominant ST239-MRSA-III clone. This study included 60 MRSA isolates recovered from Farwaniya Hospital, a major public general hospital in Kuwait. Isolates were classified into 30 spa types and 13 CCs (Alfouzan et al., 2023). The most prevalent spa types were t304, t442, t311, t688, and t1234, which together accounted for 28.3% of the isolates. Clonal complexes CC5 (e.g., CC5-MRSA-V + SCCfus, CC5-MRSA-VI + SCCfus; CC5-MRSA-IV [PVL+]; CC5-MRSA-IV, “Pediatric Clone [edinA+]”) and CC6 (e.g., CC6-MRSA-IV and CC6-MRSA-IV + V,) were the most dominant, comprising 46.7% of the total isolates, followed by CC15 (CC15-MRSA-V + SCCfus), CC22 (CC22-MRSA-IV [tst1+], UK-EMRSA-15/Middle Eastern variant & a dual SCCmec IV + V type) and CC97 (CC97-MRSA-V [fusC+] and CC97-MRSA-IV) (Alfouzan et al., 2023). Other clonal complexes included CC1, CC8, CC30, CC80, CC88, CC121, CC152, and CC361.

All isolates were susceptible to vancomycin, rifampicin, linezolid, teicoplanin and mupirocin, although there were reported increases in the MICs of vancomycin and teicoplanin compared to 2016 (Alfouzan et al., 2023; Alfouzan et al., 2019). Resistance to fusidic acid (72%), ciprofloxacin (51.7%), trimethoprim (45%) remained prevalent, consistent with findings from the 2016 study. In contrast, the proportion of strains resistant to kanamycin (33.3%) and gentamicin (23.3%) declined in 2020 relative to 2016, while resistance rates to erythromycin (31.6%) and inducible clindamycin (21.7%) remained largely unchanged.

SCCmec typing identified the presence of types V, IV, IV + V, and VI among the isolates (Alfouzan et al., 2023). All 60 study isolates harbored virulence genes related to adhesins, clumping factors A and B, hemolysins, leukocidins, and biofilm formation. Notably, the previously dominant ST239-MRSA-III clone, which prevailed in the hospital environment in 2016 and earlier, was completely absent in 2020, suggesting a potential epidemiological shift toward the emergence of CA-MRSA clones within this setting (Alfouzan et al., 2023; Alfouzan et al., 2019). Correspondingly, spa types t860 and t945, commonly linked to ST239-MRSA-III and dominant in the 2016 study, were also absent in 2020 (Alfouzan et al., 2023). However, a more recent study from 2024 indicates that despite global trends favoring CA-MRSA, the CC239 lineage continues to evolve and remains capable of causing outbreaks (Monecke et al., 2024). Two recently identified variants of CC239-MRSA-III acquired pathogenicity-associated genes from coagulase-negative staphylococci; one from Trinidad carrying speG and the zinc resistance crzC gene on an SCCmec-associated mobile genetic element, and another from Kuwait (Monecke et al., 2024). The CC239-MRSA strain circulating in Kuwait appears to have evolved from a local variant of the “South-East Asian Clade” of CC239-MRSA-III through acquisition of the speG + ccrA/B-2 recombinase genes + E-domain protein edcP-SCC element (Monecke et al., 2024).

Multiple studies have reported the emergence of novel or previously uncommon MRSA clones (Udo et al., 2020; Sarkhoo et al., 2021; Udo and Al-Sweih, 2013). Notably, CC361-MRSA [V/VT + fusC] has shown rapid expansion across Kuwaiti hospitals, with ST672-MRSA emerging as the dominant genotype characterized by high fusidic acid resistance and absence of PVL (Sarkhoo et al., 2021). Similarly, the once-rare CC15-MRSA clone has recently gained prominence, exhibiting multidrug resistance and harboring multiple virulence-associated genes, including clumping factor genes (clfA/clfB), cell-wall-associated fibronectin-binding proteins (ebh, fnbA/B), and biofilm-associated genes, icaA/icaC/icaD (Udo et al., 2020). The emergence of novel MRSA lineages including SCCmec-IV ST60-t3935 and SCCmec-IV ST194-t6892 within maternity hospitals in Kuwait was reported in 2013 (Udo and Al-Sweih, 2013). Additionally, the CC121-MRSA clone which is rare compared to the globally prevalent CC121-MSSA has been identified in Kuwait and more recently in the UAE (Boucherabine et al., 2025; Alfouzan et al., 2019). These findings suggest persistence and potential regional dissemination of rare clones in the GCC region.

Reported data from Kuwait has also highlighted rising concerns regarding resistance to older antibiotics (Vali et al., 2017; Udo et al., 2021). A resurgence of chloramphenicol resistance was documented, linked to fexA-positive CC5 clones, indicating clonal dissemination rather than isolated spontaneous mutations (Udo et al., 2021). Similarly, reduced susceptibility to chlorhexidine has been observed, linked to the presence of qac genes or other resistance mechanisms (Vali et al., 2017). While vancomycin and linezolid remain effective against MRSA, a significant proportion of isolates exhibiting elevated vancomycin MICs (3 μg/mL), was recently reported (Almuhayawi et al., 2023), raising concerns about diminishing therapeutic efficacy and the potential for resistance development.

MRSA can colonize animals and food products, including poultry, cattle, dairy items and fresh produce thereby presenting a potential route for foodborne transmission to humans. Despite the large number of reports on clinical MRSA isolates in Kuwait there is a notable lack of data on MRSA from food and animal sources. Indeed, although data on MRSA in the food supply and animal stock exists in countries such as the UAE (Habib et al., 2024) and Saudi Arabia (El-Deeb et al., 2018), there remains a substantial paucity of data for other GCC countries including Kuwait. In the absence of targeted surveillance, this pathway remains an ongoing and unmonitored public health risk. This gap in knowledge significantly hinders the ability to assess the potential contribution of zoonotic and foodborne transmission pathways within the country. Addressing this limitation will require the expansion of surveillance activities beyond hospital settings to encompass community, veterinary, and food production environments.

The shifting molecular profile of MRSA in the GCC region, illustrated here by trends observed in Kuwait highlights the urgent need for sustained, systematic surveillance. Such efforts should be complemented by the implementation of robust antimicrobial stewardship programs, tailored to the unique epidemiological landscape of each country, to effectively mitigate the spread and public health impact of MRSA.



3.4 MRSA in Oman

Although MRSA has been reported in Oman since the mid-1990s (Udo et al., 2014; Prasanna and Thomas, 1998), genotypic data on the prevalent lineages and clones circulating in the country remain scarce. The first study to provide insight into the prevalence and molecular epidemiology of MRSA in Oman was published in 2014 and analyzed 79 non-duplicate clinical MRSA isolates collected in 2011 from a major tertiary teaching hospital at Sultan Qaboos University (Udo et al., 2014). Among the study isolates, 86.0% harbored SCCmec type IV, while 10.1% carried SCCmec type V (Udo et al., 2014). Only two isolates contained SCCmec type III, and a single isolate carried SCCmec type II; SCCmec type I was not detected. The isolates exhibited considerable genetic diversity, with a predominance of CA-MRSA clones (91.2%), notably ST6-IV/t304 (39.2%) and ST1295-IV/t690, followed by ST772-V/t657, ST30-IV/t019/t021, ST80-IV/t044 and ST5-IV/t002 (Udo et al., 2014). The dominance of ST6-IV/t304 during this period marked a notable contrast to the MRSA profiles reported in neighboring countries, where ST239-III-MRSA was predominant in Saudi Arabia and ST30-IV-MRSA in Qatar (El-Mahdy et al., 2014; Udo et al., 2014; Monecke et al., 2012). Interestingly, 93.3% of the dominant ST6-IV/t304 clone did not harbor pvl genes and were also susceptible to non-β-lactam antibiotics (Udo et al., 2014). A similar observation was noted in a hospital in the UAE prior to this (Udo et al., 2014; Sonnevend et al., 2012). These findings indicate potential expansion and regional circulation of this clone within the GCC. The HA-MRSA lineages identified in Oman included ST22-IV/t852, ST239-III/t632, ST5-III/t311, and ST5-II/t003. Interestingly, while ST22-IV-MRSA has been previously reported in numerous other GCC countries, the PVL-positive ST22-IV/t852 clones identified in this study closely resembled those described in Qatar but differed from the ST22-IV/t005 variant reported in the UAE at the time (El-Mahdy et al., 2014; Udo et al., 2014; Monecke et al., 2012). Furthermore, most of the ST22-IV/t852 isolates identified were MDR strains, in contrast to the PVL-negative, non-MDR ST22-IV strains previously reported in Kuwait and the UAE (Udo et al., 2014; Sonnevend et al., 2012; Udo et al., 2008). These findings suggest that ST22-IV/t852 may represent an emerging multidrug-resistant variant of the ST22-IV MRSA lineage in Oman.

Additionally, 44.3% (35/79) of the MRSA isolates in this report from Oman carried the pvl genes (Udo et al., 2014), a proportion higher than the 14.6% reported in Kuwait at the time (Udo et al., 2014; Alfouzan et al., 2013), but lower than the 54.2% observed in a Saudi Arabian hospital (Udo et al., 2014; Monecke et al., 2012), highlighting the regional variability in the distribution of PVL-positive MRSA strains within GCC countries. All the study isolates were susceptible to vancomycin, teicoplanin, linezolid, tigecycline, and mupirocin. Resistance was observed to tetracycline, erythromycin, clindamycin, trimethoprim, ciprofloxacin, fusidic acid and gentamicin. One isolate showed chloramphenicol resistance. All were resistant to mercuric chloride, and 86.1% to ethidium bromide and cadmium acetate. 11.3% of isolates were classified as MDR strains (Udo et al., 2014).



3.5 MRSA in Qatar

Within the GCC region, there remains a significantly larger gap in epidemiological data on MRSA for certain countries, including Qatar. A study conducted in 2013 provided one of the first insights into the molecular epidemiology and resistance patterns of MRSA in the country (El-Mahdy et al., 2014). This study characterized MRSA isolates from multinational patients collected over a two-year period (2009–2010) from a private 250-bed tertiary-care general hospital in Doha, Qatar. Most of the study isolates were identified as CA-MRSA strains, including PVL-positive USA1100/ST30-MRSA (“Southwest Pacific Clone”) as the most prevalent clone representing 28% of the total number of isolates (El-Mahdy et al., 2014). Other well-established CA-MRSA strains such as ST80-MRSA, USA300/ST8-MRSA-IV and USA400/ST1-MRSA were also among the prevalent clones identified. The remaining isolates were well-known HA-MRSA clones including EMRSA-15/ST22-MRSA and the USA800/ST5-MRSA “Pediatric Clone.” Eight percent of the isolates exhibited mupirocin resistance. According to the hospital’s infection control policy, mupirocin nasal ointment was routinely employed for MRSA decolonization in carriers and for patient treatment. The study’s finding of a high prevalence of CA-MRSA aligns with regional and global epidemiological trends (El-Mahdy et al., 2014).



3.6 MRSA in Bahrain

A review of available literature revealed a significant gap in the molecular characterization of MRSA in Bahrain. Nonetheless, despite limited local data, the growing prevalence of CA-MRSA and upward trends in PVL-producing MRSA observed across the GCC is also evident in Bahrain (Alsaleh et al., 2023). This was illustrated in a recent study examining the prevalence, AMR profile, and molecular characteristics of MRSA within a tertiary care facility in the country. In this study, 88% of identified MRSA isolates were characterized as CA-MRSA strains (Alsaleh et al., 2023). Among these MRSA isolates, 22% were MDR, which expressed resistance against agents like quinolones, macrolides, and folate pathway antagonists. SCCmec typing reflected the broader molecular epidemiological trend observed in the GCC region, with SCCmec types IV and V predominating in CA-MRSA and types II and III in HA-MRSA.

Unexpectedly, pvl genes were detected in 66% of CA-MRSA isolates and 33% of HA-MRSA isolates. This prevalence of pvl in Bahrain is considerably higher than the rates reported in other GCC countries (El-Mahdy et al., 2014; Alkharsah et al., 2018; Udo and Al-Sweih, 2017), which suggests a distinct epidemiological pattern within the country. This disparity may reflect differences in strain circulation, community transmission dynamics, or variations in sampling methodologies. To accurately identify the factors driving this trend, a larger and more comprehensive molecular characterization of MRSA strains circulating in Bahrain is essential. Furthermore, this disparity highlights the possible heterogeneity of MRSA epidemiology within the GCC region, emphasizing the urgent need for more region-specific data to help guide public health interventions.




4 Discussion

The burden of infections caused by MRSA remains a substantial public health concern, both globally and within the GCC region. Over the past two decades, the MRSA landscape has undergone significant genetic and epidemiological shifts. Addressing this evolving threat requires a comprehensive understanding of the molecular, clinical, and environmental determinants driving its epidemiology. Such insights are critical for informing the design and implementation of targeted, national AMR interventions, and mitigating the wider societal and economic impacts of MRSA.

The molecular epidemiology of MRSA in the GCC region is marked by a diverse and distinctive genomic landscape. Factors such as wide clonal diversity, a high prevalence of PVL-positive strains, and the predominance of CA-MRSA lineages harboring SCCmec types IV/V contribute to the evolving epidemiology of MRSA. Established clonal complexes of MRSA, including CC5, CC6, CC22, and CC30, continue to circulate and expand across the region, while variant strains, such as CC772-MRSA-V (PVL+, “Bengal Bay Clone”), CC5-MRSA-[V/VT + fusC], ST5/ST225-MRSA-II “Rhine-Hesse EMRSA/New York–Japan” clone, have also emerged (Senok et al., 2020; Boucherabine et al., 2025; Alhejaili et al., 2025), adding further complexity to the regional epidemiological landscape.

The shift in predominance from traditional SCCmec types I–III to IV/V, likely reflects multiple epidemiological and evolutionary factors (Alhejaili et al., 2025; Deurenberg et al., 2007). This trend suggests that CA-MRSA strains which typically harbor SCCmec IV/V are increasingly infiltrating healthcare settings, possibly facilitated by population mobility, healthcare interconnectedness, and evolving antibiotic selective pressures (Macpherson et al., 2009). These smaller SCCmec elements confer metabolic advantages, increasing both genetic fitness and transmissibility relative to the larger I–III elements (Alhejaili et al., 2025; De Miranda et al., 2007; Collins et al., 2010). For example, Alhejaili et al., 2025 reported that clones carrying smaller SCCmec elements, along with quinolone resistance-determining regions, harbored higher virulence and resistance gene content (Alhejaili et al., 2025).

The proliferation of the composite SCCmec/SCCfusC element, which confers resistance to β-lactam antibiotics and to fusidic acid (Senok et al., 2019a; Ellington et al., 2015), a widely used topical antimicrobial agent in the GCC is also a concern (Al-Saleh et al., 2022). In addition to resistance determinants, there is a growing prevalence of key virulence factors among MRSA isolates in the GCC. These include genes encoding enterotoxins, epidermal cell differentiation inhibitors (edin), toxic shock syndrome toxin (tsst-1), and various biofilm-associated and adhesion-associated genes (Boucherabine et al., 2025). The increased detection of these resistance and virulence markers is likely a consequence of sustained selection pressure driven by widespread and often inappropriate use of antibiotics, which is a well-documented concern in the GCC (Al-Saleh et al., 2022; Senok et al., 2019a; Asokan et al., 2019). Over-the-counter access to antimicrobials, lack of enforcement of prescribing regulations, and inconsistent infection control practices may be facilitating the persistence and spread of virulent, highly drug-resistant MRSA strains in both healthcare and community settings. Together, these trends highlight the need to reassess the operational definition of MRSA in the region (Al-Saleh et al., 2022). Such redefinition would facilitate a more accurate understanding of its evolution, patterns of dissemination, and resistance mechanisms.

Notably, despite geographic proximity and frequent movement of national and expatriate populations across the GCC, countries in the region showed differences in the CCs/STs, AMR and virulence profiles of circulating strains. These differences likely result from a complex interplay of regional factors, including variations in healthcare infrastructure, infection control practices, and antimicrobial stewardship policies, which collectively create distinct selective pressures shaping local MRSA populations. High population mobility and density, especially in major urban centers and sectors such as healthcare, construction, and domestic work may facilitate the introduction and circulation of novel strains in capital cities (Neiderud, 2015). Larger tertiary hospitals often have formal stewardship teams, greater diagnostic capacity, routine surveillance, and reporting mechanisms, whereas smaller facilities may lack structured programs (Aika and Enato, 2022). Patient referral patterns, with complex or chronic cases concentrated in major hospitals, may further skew observed burdens (Donker et al., 2010).

Variations in antimicrobial prescribing practices across hospitals, private clinics, and community pharmacies may also contribute to regional differences in resistance (Alhomoud et al., 2017; Al-Mehmadi et al., 2023). In communities with inappropriate antibiotic use, including over-the-counter availability of topical agents such as fusidic acid, selective pressure may favor resistance elements such as fusC (Senok et al., 2019a). Although legislation prohibiting non-prescription antibiotic sales has existed in the region, enforcement was initially weak, allowing continued non-prescription use (Alrasheedy et al., 2020). Recent stricter measures have substantially reduced this practice, and ongoing implementation across the GCC is critical to curb antimicrobial resistance and preserve the effectiveness of existing therapies (Alrasheedy et al., 2020).

Finally, although data remain limited, regional differences in veterinary and agricultural antimicrobial practices may contribute to the presence of LA-MRSA strains in certain areas (Crespo-Piazuelo and Lawlor, 2021). Taken together, these multifactorial demographic, clinical, and environmental drivers likely underpin the observed diversity in MRSA epidemiology across GCC countries.

The detection of reduced susceptibility and emerging resistance to last-line agents, particularly vancomycin and linezolid, also highlights the growing AMR challenge in the GCC. Current guidelines recommend maintaining vancomycin trough concentrations above 10 mg/L to prevent resistance, with a 15–20 mg/L therapeutic range to minimize toxicity (Al-Maqbali et al., 2022). In a 2022 study from Oman, 16.8% (17/101) of patients failed to reach therapeutic levels, while 47.5% (48/101) exceeded 20 mg/L, emphasizing the need for stringent vancomycin therapeutic drug monitoring (TDM) (Al-Maqbali et al., 2022). Similarly, surveillance data from Saudi Arabia have documented vancomycin MIC creep and the presence of genetic determinants conferring linezolid resistance (Aljohani et al., 2020; Alhejaili et al., 2025). Although the overall prevalence remains low, VRSA have also been reported (Al-Sarar et al., 2024; Almuhayawi et al., 2023). These observations highlight the importance of routine TDM, MIC trend monitoring, mandatory reporting of resistant isolates, and continued investment in diagnostic capacity to safeguard last-line therapies and guide empiric treatment practices. Antimicrobial stewardship programs and infection control policies are increasingly being implemented across GCC healthcare facilities to mitigate the spread of AMR pathogens (Alrasheedy et al., 2020; Ababneh et al., 2021; Haseeb et al., 2023; Torumkuney et al., 2022; Faryal et al., 2023), focusing on optimizing antibiotic use and restricting broad-spectrum agents (Haseeb et al., 2023; Torumkuney et al., 2022; Rizk et al., 2021). However, progress varies across countries, further reflecting variability in infrastructure and resources (Torumkuney et al., 2022; Hashad et al., 2023; Haseeb et al., 2020).

The primary limitation identified in the molecular epidemiology of MRSA within the GCC, as highlighted by this review, is the fragmented and incomplete nature of existing research in the region. Of the 97 studies included, more than half were conducted in Saudi Arabia (58%), roughly a quarter in Kuwait (26%), and a smaller proportion in the UAE (7%), while Bahrain, Oman, and Qatar each contributed only a minimal fraction of the data (2–3%). This imbalance likely reflects disparities in research capacity, surveillance infrastructure, and publication output among GCC countries, rather than true differences in MRSA burden. Consequently, the findings of this review may more accurately represent the epidemiological situation in Saudi Arabia and Kuwait, with limited generalizability to the other GCC states. Furthermore, much of the available data derives from single-center or institution-specific studies, providing only cross-sectional snapshots rather than longitudinal or nationally representative insights into MRSA burden and trends. These limitations, coupled with significant gaps in the literature, hinder the development of a comprehensive understanding of MRSA transmission dynamics, resistance mechanisms, and clonal evolution across this geographically and demographically diverse region. To overcome these challenges, future efforts should prioritize region-wide collaborative surveillance, and greater inclusion of under-represented countries. Such initiatives are essential to generate a more complete and representative understanding of MRSA epidemiology across the GCC.

A further limitation is the absence of genomic data in existing national MRSA surveillance systems across the GCC, as well as in non-GCC countries with epidemiological links to the region, such as South Asian countries, which contribute substantially to the GCC population (Ali and Cochrane, 2024). To address this gap, we strongly advocate for the integration of genomic data into routine MRSA surveillance efforts. Beyond the need for expanded geographical and institutional surveillance coverage, there is also a clear under-utilization of high-resolution molecular tools, particularly WGS, across the region. Compared to conventional molecular typing methods, WGS provides significantly greater resolution for key epidemiological applications, including phylogenetic analysis, outbreak investigation, and the detection of novel resistance and virulence determinants (Azarian et al., 2015).

The scarcity of region-wide WGS data makes it challenging to establish detailed phylogenetic relationships between MRSA lineages circulating in the GCC and those on other continents. Available genotyping data indicate that GCC MRSA populations reflect both the importation of major European and Asian lineages, as well as ongoing local evolution. Classic European clones, such as EMRSA-15/ST22, as well as other HA-MRSA lineages like ST5/ST225-MRSA-II “Rhine-Hesse EMRSA/New York–Japan” are increasingly detected across Saudi Arabia, Kuwait, and the UAE (Senok et al., 2020; Tabaja et al., 2021; Boswihi et al., 2016). Meanwhile, the Indian-subcontinent community clone ST772 “Bengal Bay clone” and ST80-MRSA, typically associated with North Africa, have been repeatedly identified in several GCC countries (Boucherabine et al., 2025; Alfouzan et al., 2023; Alhejaili et al., 2025; Udo and Sarkhoo, 2010), consistent with introduction via labor migration and travel. Beyond these imported strains, the presence of composite SCCmec-fusC elements provides further evidence of local diversification (Boucherabine et al., 2025; Alhejaili et al., 2025), although confirmation of distinct evolutionary lineages requires comprehensive phylogenetic profiling. Incorporating WGS into clinical and public health laboratories alongside national surveillance frameworks would substantially enhance the region’s ability to monitor MRSA evolution, identify emerging high-risk clones, and implement timely public health interventions (NIHR Global Health Research Unit on Genomic Surveillance of AMR, 2020).

To strengthen infection prevention control practices across the GCC, more systematic and coordinated surveillance strategies could be implemented (Albali et al., 2023). For instance, mandatory MRSA admission screening in all secondary and tertiary care hospitals, alongside the routine submission of a standardized proportion of isolates to national or regional reference laboratories for molecular typing, would significantly enhance data quality on MRSA prevalence, resistance mechanisms, and clonal distribution (Struelens et al., 2009). These strategies would complement existing stewardship and infection control efforts. An encouraging example of regional advancements in AMR monitoring is the recent expansion of national AMR surveillance infrastructure in the UAE. Over the past decade, the number of reporting sites increased significantly from 22 in 2010 to 317 in 2021, enabling the analysis of over 29,000 MRSA isolates (Thomsen et al., 2023). Such scaling of surveillance capacity has strengthened the ability to detect epidemiological trends and guide timely interventions. Sustaining and replicating such initiatives across neighboring countries will be critical toward controlling AMR and anticipating future trajectory.

To enhance surveillance, the integration of a coordinated One Health approach into regional monitoring efforts is recommended (Figure 4). The One Health approach emphasizes the interconnectedness of human, animal, and environmental health, promoting a holistic strategy to investigate AMR/MRSA transmission dynamics (Aslam et al., 2021). Antimicrobial resistance is increasingly prevalent across all of these sectors due to contributing factors such as inappropriate antibiotic use, inadequate sanitation protocols, and ineffective infection control practices. By incorporating data from clinical, community, and livestock sources, alongside environmental sampling, this approach can provide deeper insights into the epidemiology of MRSA and inform more effective infection prevention and control strategies. Several countries have successfully adopted such integrated strategies (Norstrom et al., 2023; Moura et al., 2023; Grontvedt et al., 2016). For instance, Norway has implemented a national control process for livestock-associated MRSA (LA-MRSA) in swine, which includes comprehensive surveillance of the entire pig population and a targeted “search and destroy” policy to eradicate LA-MRSA from affected farms (Grontvedt et al., 2016). The underlying objective is to prevent pigs from becoming a persistent reservoir of MRSA, thereby reducing the risk of zoonotic transmission to humans. This model offers a valuable precedent for the GCC region in developing its own One Health-informed surveillance and control measures. To achieve this, the substantial gap in reported data on MRSA from animal and food sources in most GCC countries must first be addressed. This absence of data, both in the literature and within national surveillance systems, represents a critical limitation in understanding the full epidemiological scope of MRSA in the region and poses a significant barrier to the effective implementation of comprehensive One Health strategies. The gap in data is further compounded by the lack of standardized nomenclature and consistent strain definitions across countries, which hinders meaningful comparisons and limits the broader utility of existing findings. Establishing a unified nomenclature system in which all researchers use the same designation for a given strain would not only improve clarity in reporting but also facilitate cross-border comparisons, strengthen global communication, and ultimately enhance the effectiveness of regional infection control strategies.
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FIGURE 4
 One Health approach for MRSA & antimicrobial resistance surveillance in the Gulf Cooperation Council (GCC) region. Highlights the interconnectedness between community, healthcare, international travel hubs (airports), livestock farms, and wastewater as key reservoirs. One Health recognizes the need for integrated, cross-sectoral surveillance to address the MRSA/AMR crisis. WWTP; wastewater treatment plant.


Closely aligned with the principles of the One Health approach, wastewater-based surveillance (WBS) offers a promising and integrative tool for investigating AMR across human, animal, and environmental reservoirs (Figure 4). WBS is a valuable public health method that involves the systematic collection and analysis of wastewater samples, which can capture biological inputs from entire communities (Hendriksen et al., 2019). This approach, if implemented across the GCC would enable detection and analysis of evolving trends of pathogens such as MRSA at the population level, without the need for direct individual testing, thereby enhancing regional monitoring. This is particularly relevant given that hospital-based surveillance often underestimates the true burden of MRSA by excluding asymptomatic individuals or those who do not seek healthcare services. In contrast, WBS captures data from all contributors to the wastewater system, offering a more holistic view of pathogen circulation. Globally, WBS has demonstrated considerable utility in AMR surveillance. Countries such as the United States (National Academies of Sciences, Engineering, and Medicine, 2024), Sweden (Borjesson et al., 2009) and Finland (Tiwari et al., 2024) have successfully utilized WBS to detect and track resistant pathogens, contributing to timely public health responses. Recently, the European Union launched the EU Wastewater Surveillance Dashboard, a platform designed to integrate WBS data across member states, thereby providing early warnings for emerging infectious threats prior to widespread clinical detection (European Commission, 2025). While MRSA is not currently included in the EU surveillance dataset (European Commission, 2025), the existing infrastructure illustrates the feasibility of expanding WBS to include high-priority AMR pathogens. The adoption of WBS in the GCC could provide critical data to inform regional AMR policies and regulations. By complementing clinical and hospital-based surveillance systems, WBS offers a scalable and proactive approach to tracking MRSA and other resistant organisms.



5 Conclusion

In conclusion, this review highlights the urgent need for nationwide surveillance systems in the GCC, supported by standardized high-resolution sampling strategies and harmonized reporting frameworks. Strengthening surveillance capacity through such coordinated efforts will enable robust molecular characterization and a more accurate assessment of the true epidemiological burden of MRSA in the region. In addition, it will help close critical knowledge gaps in the literature and provide an essential foundation for more effective public health policies.
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Genomic evolution serves as a pivotal driver of pathogenicity and host adaptation in intestinal pathogens. This review systematically dissects, from a phylogenetic perspective, the key genomic evolutionary mechanisms underpinning pathogenesis across five major classes of intestinal pathogens and their significance. Bacteria (e.g., Escherichia coli) acquire virulence- and antibiotic resistance-enhancing genes via horizontal gene transfer and genomic recombination, equipping them to disrupt the intestinal mucosal barrier and evade host immune defenses. Fungi (e.g., Candida albicans and Cryptococcus spp.) significantly augment their pathogenic potential through chromosomal rearrangements and dynamic expansions or losses within gene families. Parasites (e.g., Giardia lamblia) successfully evade host immune recognition and clearance through complex life cycles and stage-specific gene expression regulation. Viruses (e.g., rotaviruses and noroviruses) rapidly adapt to host cellular environments via genomic mutation and recombination, triggering acute gastroenteritis. Although prions primarily propagate via the nervous system, the pronounced cellular stress response they elicit in intestinal tissues suggests the gut may serve as a potential secondary transmission or amplification site. Collectively, these diverse evolutionary mechanisms confer unique colonization, survival, and competitive advantages upon distinct pathogen classes within the complex gut microenvironment. Employing Escherichia coli as a paradigm, systematic bioinformatic analysis of 335 key virulence factors revealed evolutionarily stable functional clusters (e.g., effector/toxin systems, 21.0%) with core contributions to pathogenicity. These conserved genomic signatures provide a robust foundation for developing novel high-precision diagnostics. For instance, CRISPR-based platforms achieve 100% clinical concordance in detecting the Shiga toxin gene (stx2), while loop-mediated isothermal amplification coupled with lateral flow assay (LAMP-LFA) enables rapid (<40 min) and accurate detection of blaNDM−1-mediated carbapenem resistance. The deep integration of multi-omics data (genomics, transcriptomics, proteomics, etc.) with artificial intelligence (AI) is substantially accelerating the discovery of novel biomarkers. Looking forward, innovative technologies such as real-time nanopore sequencing and nanomaterial-enhanced high-sensitivity biosensors hold promise for achieving rapid, broad-spectrum pathogen detection, thereby robustly supporting the World Health Organization (WHO)'s “One Health” strategic goals. In conclusion, the “Genomic Evolution–Biomarker Discovery–Diagnostic Development” integrated triad framework presented herein offers crucial insights and actionable pathways for advancing next-generation precision diagnostics and formulating effective global infection control strategies.
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1 Introduction

The human intestine, as the largest immune and metabolic organ, harbors a complex and diverse microbial ecosystem essential for maintaining host health. According to the Global Burden of Disease Study, diarrheal diseases were responsible for an estimated 1.17 million deaths worldwide in 2021 [95% uncertainty interval (UI): 0.793–1.62 million] and accounted for 59 million disability-adjusted life years (DALYs), with viral pathogens such as rotavirus constituting major contributors. Although diarrheal diseases represent a global health threat, their epidemiological burden varies substantially across regions and age groups. Low- and middle-income countries (LMICs), particularly in sub-Saharan Africa, experience the highest burden, with diarrhea-related mortality reaching 151.9 per 100,000 population among children under 5 years of age. In contrast, high-income countries are primarily characterized by increased hospitalization rates and healthcare expenditures among elderly and immunocompromised populations, as exemplified by Clostridioides difficile infections (Collaborators, 2025).

The pathogen- and demographic-specific burden of diarrheal diseases further underscores their complexity. Among bacterial pathogens, Shigella is estimated to cause ~81,800 deaths annually in children under five, contributing to 7.34 million DALYs and ranking as the second leading cause of death in this age group. Clostridioides difficile predominantly affects individuals aged ≥70 years, resulting in ~15,600 deaths and 284,000 DALYs, often in the context of antimicrobial misuse. Enterotoxigenic Escherichia coli (ST-ETEC) and typical enteropathogenic Escherichia coli (tEPEC) exhibit high population attributable fractions (PAFs) of 13.4% and 13.6%, respectively, highlighting their relevance in pediatric populations. Among parasitic agents, Cryptosporidium is responsible for an estimated 118,000 deaths and 7.37 million DALYs globally, with a PAF of 20.1% among children under five. Entamoeba histolytica exceeds a 5% PAF in this age group, although its precise global burden remains uncertain. Viral pathogens remain predominant contributors to disease burden; rotavirus alone accounts for ~176,000 deaths annually—of which 120,000 occur in children under five—and 10.8 million DALYs. Additionally, adenovirus and norovirus are associated with ~81,100 and 124,000 deaths, respectively (Collaborators, 2025).

Fungal pathogens constitute a substantial burden on hospitalized and immunocompromised populations. As reported by The Lancet Infectious Diseases (2024), invasive fungal infections result in an estimated 6.5 million cases and 3.8 million deaths annually, with 68% of fatalities attributable to fungal etiologies. Candida species cause ~1.565 million invasive infections and 995,000 deaths per year. Cryptococcus meningitis accounts for ~194,000 cases and 147,000 deaths, primarily affecting HIV-infected individuals in sub-Saharan Africa. Infections caused by Aspergillus species are estimated to exceed 2 million cases and 1.8 million deaths annually. The burden of endemic fungi, such as Histoplasma, is thought to affect ~100,000 individuals globally, although data remain limited (Vallabhaneni et al., 2016).

Although prion diseases (e.g., Kuru, variant Creutzfeldt–Jakob disease) can be transmitted via the oral route, they are rare and are not generally categorized as enteric pathogens. Experimental models suggest that intestinal inflammation may enhance prion transmissibility; however, global burden estimates are currently lacking.

Sub-Saharan Africa continues to be the region most severely affected, with an estimated 14 million DALYs attributable to 85 pathogens, accounting for 61.5% of the total regional disease burden. This reflects the high prevalence of coinfections involving rotavirus, Plasmodium (malaria), and HIV. In South Asia, HIV and rotavirus are major contributors, jointly accounting for over 10 million DALYs among children under five. These data underscore the urgent need for expanded vaccination coverage and targeted public health interventions. Even in high socio-demographic index (SDI) settings, enteric pathogens remain a significant concern. For instance, surveillance in Zealand, Denmark has shown that rotavirus and enteropathogenic E. coli (EPEC) predominate in pediatric winter infections, whereas bacterial pathogens are more frequent in elderly patients during summer. These epidemiological trends highlight the necessity of implementing region- and age-specific precision public health strategies (Group, 2024; Johansen et al., 2023).

In addition to epidemiological determinants, genomic evolution plays a critical role in shaping virulence, antimicrobial resistance (AMR), and host adaptation in enteric pathogens. Mechanisms such as mutation, horizontal gene transfer (HGT), and chromosomal rearrangements collectively drive these processes. In bacterial pathogens, the diversification of virulence factors and resistance determinants underlies their pathogenic potential and informs biomarker discovery. Understanding these evolutionary mechanisms is essential for elucidating microbial biology, monitoring evolutionary trajectories, and guiding the development of next-generation diagnostic tools (Scott et al., 2025; Quan et al., 2023).

This review proposes a closed-loop conceptual framework, designated the Genomic Evolution–Biomarker Discovery–Diagnostic Development framework, which integrates microbial evolutionary dynamics with translational diagnostic strategies. It systematically connects pathogen genome evolution to the identification of robust molecular biomarkers and the advancement of rapid, accurate diagnostic platforms.

The manuscript is structured into three major sections:

	(1) Evolutionary Mechanisms Across Enteric Pathogens: A comprehensive overview of key evolutionary processes—including HGT, chromosomal rearrangements, hypermutation, and epigenetic regulation—in bacteria, fungi, parasites, viruses, and prions, with emphasis on their roles in virulence, AMR, and host adaptation. Table 1 provides a systematic summary of the evolutionary mechanisms of the five enteric pathogen classes for clear and intuitive reference.
	(2) Escherichia coli as a Model: Functional annotation and classification of 355 E. coli virulence genes to illustrate evolutionary patterns and demonstrate how genomic insights guide biomarker discovery and pathogen profiling.
	(3) Molecular Diagnostics Guided by Evolutionary Biomarkers: Discussion of diagnostic platforms, including CRISPR-Cas and loop-mediated isothermal amplification with lateral flow assays (LAMP-LFA), emphasizing their application in detecting conserved virulence and resistance markers across diverse pathogens.

TABLE 1 Hierarchical summary of genomic evolution mechanisms driving pathogenicity in intestinal microbes.




	Primary microbial group
	Subcategory of evolutionary mechanisms
	Specific evolutionary mechanism





	Bacteria
	Horizontal gene transfer (HGT)
	Conjugation

 
	
	
	Transduction

 
	
	
	Transformation

 
	
	Antibiotic resistance
	Intrinsic resistance

 
	
	
	Acquired resistance

 
	
	
	Adaptive resistance

 
	
	Virulence gene recombination
	Phenotypic plasticity regulation

 
	
	
	Coordinated regulation of molecular system transcription networks

 
	
	
	Mediated precise regulation



	Fungi
	Chromosomal rearrangement
	Aneuploidy formation

 
	
	
	Chromosomal translocation and fusion

 
	
	
	Chromosomal misplacement

 
	
	
	Homologous recombination and gene rearrangement

 
	
	Gene family expansion/loss
	Gene loss

 
	
	
	Gene amplification

 
	
	Evolution of drug resistance
	Target gene mutations

 
	
	
	Upregulation of drug efflux pumps

 
	
	
	Biofilm formation

 
	
	
	Genomic structural variations

 
	
	
	Activation of stress response pathways



	Parasites
	Genome reduction
	Extreme genomic compression

 
	
	
	Nucleolar proteome compression

 
	
	
	Genomic compactness and loss of metabolic pathways

 
	
	Surface antigen variation
	Antigenic variation and recombination

 
	
	
	Amplification and loss of surface protein gene families

 
	
	
	Antigen switching and molecular mimicry

 
	
	
	MicroRNA and surface protein interactions

 
	
	Host-adaptive gene regulation
	Epigenetic regulation

 
	
	
	Transcriptional regulation

 
	
	
	Signal transduction

 
	
	
	Post-translational regulation



	Viruses
	High mutation rate
	Continuous adaptive evolution

 
	
	
	Genomic adaptive changes

 
	
	
	Non-synonymous mutations

 
	
	Gene recombination/rearrangement
	Recombination among homologous viruses

 
	
	
	Recombination between different genotypes

 
	
	
	Cross-species recombination

 
	
	Vaccine escape
	Antigenic drift and variation

 
	
	
	Genotype replacement

 
	
	
	Transmission and variation of vaccine virus strains

 
	
	
	Viral evolution under immune pressure



	Prions
	Protein misfolding
	Enrichment of gut microbiota

 
	
	
	Dysbiosis of gut microbiome

 
	
	Host gene influence
	Host gene susceptibility

 
	
	
	Host gene diversity

 
	
	
	Host gene polymorphism

 
	
	Cross-species transmission
	PrP sequence origin

 
	
	
	PrP gene polymorphism





Hierarchical overview of the genomic evolutionary mechanisms that underlie pathogenicity in major intestinal microbes. The table is divided into three sections:

1. Primary microbial group—the five principal taxa examined.

2. Evolutionary subcategory—broad genomic processes characteristic of each group (e.g., horizontal gene transfer in bacteria, antifungal resistance in fungi).

3. Specific mechanisms—molecular and adaptive sub-processes such as conjugation, transduction, antigenic variation, and biofilm formation.




By bridging fundamental genomic research with clinical implementation, this review seeks to contribute to the advancement of precision diagnostics for enteric pathogens and enhance global public health preparedness.



2 Genomic evolutionary mechanisms of intestinal pathogens


2.1 Bacteria

Bacterial pathogens in the human gut play a critical role in gastrointestinal diseases by modulating host metabolism, immune responses, and digestive processes. Among these, Enterobacteriaceae—particularly Escherichia coli (E. coli) and Klebsiella spp.—are enriched in the gut microbiota of individuals with Crohn's disease and ulcerative colitis. Over the past decade, their genomes have demonstrated marked evolutionary plasticity, largely driven by virulence genes and mobile genetic elements (MGEs) that enhance pathogenicity across diverse host environments (Zhang J. et al., 2023). Key evolutionary mechanisms include horizontal gene transfer (HGT), recombination, regulatory network reprogramming, and antibiotic resistance development (Garud et al., 2019).

HGT facilitates rapid acquisition of virulence traits and reconfigures bacterial genomes by integrating genetic elements such as plasmids, bacteriophages, and transposons, thereby promoting adaptation to host-derived stresses. For example, E. coli O157:H7 acquired Shiga toxin genes (stx) via phage-mediated HGT, resulting in potent cytotoxicity and epithelial damage (Greig et al., 2020). Conjugative plasmids such as pVir mediate the transfer of master regulators like hilD, which activate type III secretion system 1 (TTSS-1), enhancing epithelial invasion and intracellular survival (Bakkeren et al., 2022). Bacteriophages, central to HGT, integrate into bacterial chromosomes as prophages and are induced by host stressors (e.g., oxidative bursts, antibiotics), entering lytic cycles that disseminate virulence factors between species (Frazao et al., 2019). Many prophage-encoded virulence genes exhibit phase variation, enabling dynamic expression in response to intestinal cues, thereby supporting immune evasion and persistent colonization.

Insertion sequence (IS) amplification—for example, IS1 and IS2 in Shigella spp.—drives genome reduction by disrupting or deleting functional genes, facilitating niche-specific adaptation and host specialization (Hawkey et al., 2020). These IS elements also cause chromosomal rearrangements affecting virulence gene expression. For instance, IS-mediated modifications in regulatory regions may upregulate or suppress invasion proteins, optimizing pathogenic potential. Such genome reduction enhances fitness in the intestinal niche by supporting immune evasion and colonization.

Beyond HGT, bacterial pathogens adapt by reprogramming metabolic and regulatory networks to resist environmental and host immune pressures. Adherent-invasive E. coli (AIEC), for example, acquires genomic islands encoding stress regulators such as yfcV, which confer oxidative stress resistance and promote survival within macrophage phagosomes. This tight linkage between virulence and persistence extends to regulation of biofilm formation and toxin production, reflecting multifactorial survival strategies in fluctuating gut environments.

Virulence evolution is also mediated by recombination and regulatory remodeling (Zhou et al., 2023). Unlike HGT, these processes modulate gene expression without sequence acquisition. Bacteria utilize promoter mutations, antisense RNAs, and epigenetic modifications to rapidly and reversibly regulate virulence genes. For instance, Klebsiella spp. control capsule polysaccharide synthesis via phase variation in rmpA, balancing immune evasion and genetic exchange to maintain adaptability (Wei et al., 2025). In Salmonella, the CRISPR-Cas system suppresses foreign DNA and concurrently represses hilD—a TTSS-1 regulator—linking immune defense to virulence attenuation (Sharma et al., 2024). Similarly, in Vibrio parahaemolyticus, the transcription factor QsvR synchronizes quorum sensing and virulence gene expression, coordinating responses to bile salts and mucus gradients to facilitate colonization (Zhang et al., 2021).

In enterohemorrhagic E. coli (EHEC) O157:H7, the two-component system UvrY functions as a central regulator, activating both the locus of enterocyte effacement (LEE) and non-LEE-encoded virulence genes, exemplifying a “master regulator–modular target” model (Wu et al., 2023). Under magnesium-limited conditions—commonly induced by host inflammation—sensor kinases phosphorylate UvrY, triggering LEE effector expression to promote epithelial adherence and secretion system activation. This signal-responsive network shifts resource allocation from growth to virulence, enhancing colonization under inflammatory stress.

Antimicrobial resistance (AMR) represents a critical global health threat extending beyond pediatric populations. The 2024 Global Burden of Disease study reported 1.26 million deaths directly attributable to AMR in 2021 and 4.95 million deaths associated overall (95% UI: 1.01–1.51 million and 3.95–5.70 million, respectively; Collaborators, 2024). Since 1990, AMR-related mortality has increased by over 100%, with disproportionate impacts in South Asia and Latin America. Projections estimate up to 1.91 million direct AMR deaths by 2050, particularly among the elderly, underscoring the urgency for preventive measures, vaccination, and novel antimicrobial development.

In gut pathogens, resistance typically follows a hierarchical trajectory: initial chromosomal mutations confer low-level resistance (e.g., gyrA mutations conferring fluoroquinolone resistance), followed by HGT-mediated acquisition of high-level resistance genes (e.g., qnr plasmids), and compensatory mutations that mitigate fitness costs. Although children in resource-limited regions are especially vulnerable, AMR constitutes a widespread and escalating global concern (Okumu et al., 2025).

Resistance emerges via intrinsic, acquired, and adaptive mechanisms (Elshobary et al., 2025). A notable example is the overexpression of resistance-nodulation-division (RND)-type efflux pumps, such as CmeABC in Campylobacter spp., which are upregulated by host-derived antimicrobial peptides and expel multiple antibiotics (Dai et al., 2024). While intrinsic resistance mechanisms represent baseline features, their amplification often results from regulatory mutations, contributing to multidrug resistance (MDR). Biofilm formation by E. coli also enhances resistance by limiting antibiotic penetration and reducing metabolic activity, yielding up to 1,000-fold increased tolerance, partly mediated by β-lactamase expression (Nasrollahian et al., 2024). Additional mechanisms include target site modification (e.g., rpoB mutations conferring rifampicin resistance), enzymatic degradation (e.g., extended-spectrum β-lactamases), and altered membrane permeability. HGT remains central to resistance dissemination, as exemplified by the co-localization of resistance genes on conjugative plasmids and integrons in Shigella spp. and non-typhoidal Salmonella (NTS) serovars (Wallace et al., 2020). These plasmids frequently co-transfer virulence and resistance genes—for example, blaCTX − M−15 alongside iroN—facilitating the emergence of hypervirulent, multidrug-resistant clones.

This co-evolution of resistance and virulence, driven by host and therapeutic pressures, enables pathogens to maintain colonization, invasion, and immune evasion despite antimicrobial exposure. Environmental stressors, such as climate change and pollution, further accelerate mutation rates and promote HGT via SOS response induction. Agricultural runoff containing heavy metals selects for metal resistance genes co-located with antibiotic resistance genes on MGEs, driving co-selection and sustaining resistance reservoirs even in the absence of antibiotic pressure.

In summary, gut bacterial pathogens evolve through HGT, regulatory remodeling, and resistance acquisition, resulting in extensive genomic plasticity that complicates clinical management. The convergence of virulence and resistance necessitates integrated surveillance systems monitoring both AMR determinants and virulence factors. A deeper understanding of these evolutionary mechanisms will facilitate the identification of genomic biomarkers (e.g., IS26 transposition sites) and inform the development of precision diagnostics. Novel therapeutic strategies—such as conjugation-blocking peptides, SOS response inhibitors, and CRISPR interference (CRISPRi) targeting key virulence regulators—represent promising approaches. Future research should prioritize longitudinal tracking of within-host pathogen evolution to inform personalized treatment regimens.



2.2 Fungi

Gut fungi predominantly adapt through genome remodeling and lineage-specific gene family diversification, in contrast to the horizontal gene transfer (HGT) mechanisms central to bacterial evolution. For instance, Candida adhesins evolve via recombination-driven diversification, demonstrating functional convergence across kingdoms under intense intestinal selective pressures. Elucidating these fungal adaptation strategies is essential for understanding infection dynamics and host–pathogen interactions.

Although less abundant than bacteria, gut fungi significantly influence host physiology and pathogenesis. Rather than relying on HGT, fungi adapt through structural genome variation, gene family expansion, and acquisition of antifungal resistance—mechanisms facilitating their transition from commensals to opportunistic pathogens within the complex intestinal ecosystem characterized by oxygen gradients, bile salts, and interkingdom competition (Huang et al., 2024).

Genomic structural variation constitutes a core mechanism underlying fungal adaptability and virulence regulation. Aneuploidy, chromosomal translocations, copy number variations (CNVs), and homologous recombination modulate both drug resistance and pathogenicity. These rearrangements are frequently induced by host-derived stressors; for example, bile acids induce DNA damage in Candida, while neutrophil-generated reactive oxygen species promote recombination in Candida glabrata.

In Candida albicans, chromosome 7 trisomy—commonly observed in the gut—elevates NRG1 dosage, a transcriptional repressor of hyphal formation. This promotes a yeast-phase-locked phenotype, facilitating mucosal colonization and immune evasion (Kakade et al., 2023). Under azole stress, C. albicans acquires aneuploidies involving chromosomes 3, 4, or 5, which harbor resistance genes such as ERG11, TAC1, and MRR1. The resulting gene dosage effects upregulate efflux pumps and drug targets, conferring rapid fluconazole tolerance (Wang et al., 2025).

In Cryptococcus species, recombination hotspots within transposon-dense centromeres drive interchromosomal translocations. Amplification of the transcription factor RYP2 enhances yeast morphology and elevates virulence through upregulation of adhesins and capsule biosynthesis (Voorhies et al., 2021). Environmental cues such as pH shifts and nutrient depletion further induce rearrangements in C. albicans, including tandem duplications of SAP protease genes and deletions of FCR family genes, thereby improving metabolic plasticity and adaptation to nutrient-limited niches (Todd et al., 2019).

Fungal virulence is further shaped by lineage-specific expansion and structural diversification of gene families, primarily mediated by endogenous mechanisms such as ectopic recombination, retrotransposition, and unequal crossing-over, particularly within subtelomeric regions characterized by elevated recombination activity.

In C. albicans, adhesin families such as ALS and HYR/IFF expand through recombination near chromosome ends, generating structural diversity within intrinsically disordered tandem repeats. This results in strain-specific adhesion profiles that optimize binding to mucins, epithelial surfaces, and abiotic substrates—enhancing biofilm formation, tissue tropism, and infection severity (Smoak et al., 2023). Similarly, Candida parapsilosis isolates from neonatal guts exhibit extensive CNV of RTA3, encoding a lipid translocase. Elevated RTA3 copy number alters membrane rigidity, increasing resistance to azoles and cationic peptides, linking membrane remodeling to immune evasion (West et al., 2021). In clinical C. albicans strains, elevated SAP gene copy numbers correlate with increased tissue invasiveness in murine models, while allelic diversity within SAP genes further modifies substrate specificity and proteolytic activity, contributing to niche adaptation (Zoppo et al., 2021).

Antifungal resistance in gut fungi emerges via a hierarchical, multi-step process: initial point mutations reduce drug binding affinity, followed by gene amplification enhancing efflux pump and target enzyme expression, culminating in biofilm-mediated drug tolerance. The gastrointestinal tract serves as a reservoir for resistant fungal populations.

In C. albicans, missense mutations in ERG11 (e.g., G464S) that reduce azole binding affinity often arise de novo during intestinal azole exposure. Biofilms further potentiate resistance through physical drug exclusion, overexpression of pumps such as CDR1 and MDR1, and formation of metabolically quiescent persister cells exhibiting 100–1,000-fold increased drug tolerance (Lee et al., 2023). Expression of CDR1 is regulated by the transcription factor TAC1, with both gain-of-function mutations and gene duplication at this locus contributing to high-level resistance (Kaur and Nobile, 2023; Ibe and Pohl, 2024).

Bacterial–fungal interactions also modulate antifungal resistance. For example, Enterococcus spp. secrete farnesol, which inhibits Candida biofilm dispersal, while Pseudomonas aeruginosa releases pyocyanin that induces CDR1, enhancing azole resistance. These interkingdom dynamics complicate therapeutic management in polymicrobial gut environments.

Additional resistance mechanisms include upregulation of alternative efflux pumps (MDR1, FLU1), alterations in membrane sterol synthesis via mutations in ERG3 and ERG6, and activation of stress response pathways that enhance fungal survival under oxidative and membrane stress. Collectively, these adaptations facilitate fungal persistence despite antifungal treatment.

In summary, gut fungi exhibit remarkable adaptive potential through chromosomal remodeling, gene family diversification, and antifungal resistance evolution. These mechanisms fundamentally differ from bacterial strategies based on horizontal gene acquisition. Fungal aneuploidy involves metabolic trade-offs balancing growth and virulence, while adhesin variation enables niche-specific colonization. Together, these strategies shape the evolutionary trajectory of fungal pathogens within the gut. Targeting fungal genome instability—such as suppressing aneuploidy or recombination hotspots—represents a promising therapeutic approach. Future research integrating multi-omics and in vivo models is essential for elucidating convergent evolutionary mechanisms shaped by host–microbe interactions.



2.3 Parasites

Intestinal parasites, particularly protozoans, have evolved distinct adaptive trajectories under the selective pressure of obligate parasitism. Their pathogenicity is primarily driven by three core evolutionary strategies: extreme genome reduction, antigenic variation, and modulation of host regulatory networks. These mechanisms, arising from prolonged host–parasite coevolution, collectively underpin persistent colonization and immune evasion.

Genome compaction represents a hallmark of parasitic adaptation, characterized by the elimination of redundant metabolic pathways and the conservation or amplification of genes essential for virulence. Encephalitozoon cuniculi, an obligate intracellular microsporidian, harbors a highly reduced genome (< 3 Mbp)—substantially smaller than those of many prokaryotes—with extensive loss of central metabolic processes, including the tricarboxylic acid (TCA) cycle and mitochondrial respiration (Zarsky et al., 2023). Devoid of autonomous ATP synthesis, this parasite relies entirely on host-derived energy, facilitated by conserved invasion machinery such as polar tube proteins (PTP1–5) and hexokinases. This metabolic parasitism enhances replication efficiency and exacerbates virulence, particularly in immunocompromised hosts.

Giardia lamblia exhibits analogous genomic streamlining. Its nucleolar proteome contains only ~147 proteins, predominantly dedicated to ribosome biogenesis (e.g., fibrillarin, nucleolin), thereby supporting efficient protein translation while eliminating non-essential nuclear functions (Feng et al., 2020). This compact proteomic organization enables rapid trophozoite proliferation during intestinal colonization.

Cryptosporidium spp. have undergone further extensive genome reduction, completely abolishing mitochondrial oxidative phosphorylation. Their mitosomes retain only iron–sulfur (Fe–S) cluster assembly functions, enforcing strict reliance on host-derived ATP (Arias-Agudelo et al., 2020). Their streamlined genomes prioritize the expression of effector molecules critical for invasion and survival, including mucin-like GP900 for epithelial adhesion, thrombospondin-related adhesive protein TRAP-C1 for gliding motility, and dense granule proteins (GRAs) that restructure host epithelial cells to form parasitophorous vacuoles, thereby facilitating intracellular persistence and immune evasion.

To evade host adaptive immunity, protozoan parasites employ antigenic variation systems that dynamically modulate their surface antigen profiles. Entamoeba histolytica expresses multiple isoforms of Gal/GalNAc lectins—surface adhesins mediating mucin binding, epithelial cell attachment, and cytotoxicity. Isoform switching alters antigenic presentation, directly facilitating immune evasion. Additionally, E. histolytica secretes cysteine proteases that degrade secretory immunoglobulin A (IgA) and extracellular matrix components, impairing mucosal defense mechanisms and promoting tissue invasion (Marie and Petri, 2014).

Blastocystis spp., particularly subtype ST6, also secrete cysteine proteases that degrade IgA and modulate host immune signaling. These enzymes induce interleukin-8 (IL-8) expression, recruiting polymorphonuclear leukocytes (PMNs) and initiating localized inflammation. Concurrently, elevated levels of T helper 1 (Th1) cytokines—including interleukin-12 (IL-12) and interferon-gamma (IFN-γ)—reflect a cell-mediated immune response that facilitates chronic colonization. Subtypes ST2 and ST6 are notably correlated with increased proteolytic activity, upregulated interleukin-6 (IL-6) secretion, and symptomatic infection. Such inflammatory responses may predispose hosts to irritable bowel syndrome (IBS), linking Blastocystis-induced immune modulation to chronic gastrointestinal pathology (Karamati et al., 2021).

Beyond immune evasion, intestinal parasites manipulate host immune function through the secretion of immunomodulatory molecules. Trichuris trichiura (whipworm) releases excretory–secretory (ES) products—including the p43 protein, short-chain fatty acids (e.g., acetate, butyrate), and complex glycans—that interact with Toll-like receptor (TLR)-expressing dendritic cells. These signals suppress tumor necrosis factor-alpha (TNF-α) production, inhibit dendritic cell maturation, and attenuate Th1/Th17 responses, while promoting interleukin-10 (IL-10) secretion and mucosal tolerance. Although regulatory T cell (Treg) expansion is modest compared to other helminths, the induced anti-inflammatory milieu supports sustained colonization. Notably, the immunomodulatory activity of short-chain fatty acids may be enhanced by the parasite-associated microbiota (Shears and Grencis, 2022).

Structural adaptations further enhance persistence. Giardia lamblia utilizes a ventral adhesive disc composed of microtubule–actin complexes to maintain tight adhesion to intestinal epithelium and resist peristaltic clearance. The actin-like protein GlActin is essential for disc structural integrity and function; its depletion disrupts attachment. Disc and actin-associated protein 1 (DAAP1), localized to the ventral groove, regulates fluid dynamics to stabilize adhesion under shear stress. While DAAP1 is not required for disc morphogenesis, its absence significantly impairs attachment strength and colonization efficiency in murine models (Steele-Ogus et al., 2022).

In summary, parasitic protozoa rely on genomic minimality, antigenic plasticity, and modulation of host regulatory networks to establish chronic infections within the gastrointestinal tract. Unlike bacteria, which frequently acquire virulence traits via horizontal gene transfer, or fungi, which depend on chromosomal rearrangements, parasites exemplify an alternative evolutionary strategy—achieving functional complexity through reductive genomic evolution. From energy harvesting in Cryptosporidium to proteomic efficiency in Giardia lamblia, these adaptations illustrate how parasitic lifestyles are optimized via streamlined genetic architectures. Elucidation of these mechanisms provides critical insights into conserved evolutionary strategies across biological kingdoms and identifies promising targets for therapeutic intervention.



2.4 Viruses

Within the intestinal ecosystem, viruses constitute highly adaptable pathogenic agents, with their pathogenicity primarily governed by three core genomic strategies: hypermutation, genetic recombination, and structural optimization for immune evasion. Collectively, these evolutionary mechanisms mediate immune escape, expand tissue tropism and host range, and augment viral persistence and transmissibility across diverse host environments.

RNA viruses such as norovirus GII.4 exemplify mutation-driven adaptation. Owing to the absence of proofreading activity in RNA-dependent RNA polymerases (RdRps), noroviruses exhibit mutation rates ranging from 10−3 to 10−5 substitutions per nucleotide per replication cycle, generating extensive quasispecies swarms that enable rapid phenotypic adaptation. In norovirus GII.4, mutations predominantly accumulate in the VP1 major capsid protein, particularly within antigenic epitopes (Sites A–G), inducing subtle structural alterations that evade neutralizing antibodies while preserving affinity for histo-blood group antigens (HBGAs) expressed on intestinal epithelial cells. Concurrent mutations in the VP2 (p22) minor capsid protein enhance virion stability and replication fidelity, conferring additional fitness advantages under immune pressure (Kistler and Bedford, 2023).

Similarly, rotavirus A (e.g., strain G9P[8]) undergoes immune-driven antigenic evolution via amino acid substitutions in the VP7 glycoprotein, specifically within antigenic regions (Sites 7–8), which reduce antibody-mediated neutralization. Segmental reassortment between VP4 and VP7 genes further diversifies antigenic profiles, generating variants capable of reinfecting previously vaccinated individuals. Astrovirus MLB2 adapts through remodeling of the capsid P2 domain, which enhances HBGA binding affinity and alters viral uncoating kinetics, thereby increasing intestinal tropism and fecal shedding. These capsid adaptations balance immune evasion with infectivity, supporting persistence in hosts with pre-existing immunity (Liu X. et al., 2022).

Zoonotic enteric viruses exhibit heightened mutational plasticity. For instance, rodent-borne rosavirus demonstrates a VP1 mutation rate of 2.12 × 10−3 substitutions per site per year, with mutations concentrated in hydrophobic receptor-binding regions. Deep sequencing analyses reveal variant-rich quasispecies swarms with expanded receptor usage, indicating an augmented potential for cross-species transmission (Zhang et al., 2024).

Beyond point mutations, genetic recombination drives abrupt evolutionary shifts. Rotavirus A frequently undergoes segmental reassortment and homologous recombination, particularly within the VP1 polymerase gene, where recombination breakpoints cluster in conserved RNA stem-loop regions (nucleotides 800–850), facilitating template switching. Recombinant G9P[8]-DS-1-like strains exhibit enhanced capsid stability (ΔG = −3.2 kcal/mol) and escape from dominant neutralizing epitopes, promoting persistence despite widespread population immunity (Hoxie and Dennehy, 2020).

In noroviruses, recombination events near the ORF1/ORF2 junction generate hybrid capsids that integrate non-structural and structural proteins. These chimeric P2 domains expand HBGA-binding capabilities and enhance mucosal adherence, increasing fecal shedding and transmission efficiency—particularly in pediatric populations and high-density settings (Ludwig-Begall et al., 2021; Cannon et al., 2021).

Cross-species recombination events pose significant zoonotic risks. The human–porcine reassortant rotavirus strain HB05 (G9P[23]) incorporates a human-derived VP7 segment with a porcine-origin VP4, conferring dual-species receptor tropism. This strain replicates 3.5-fold more efficiently in human intestinal organoids and induces 89% mortality in neonatal piglets, underscoring its heightened virulence potential (Li et al., 2025). Similarly, neurotropic astrovirus recombinants (e.g., MLB1–VA1) harbor capsid modifications that enhance sialic acid binding affinity and facilitate neuronal cell entry, contributing to encephalitis in immunocompromised hosts (Roach and Langlois, 2021).

Vaccination imposes strong selective pressure that can inadvertently accelerate viral evolution. In norovirus GII.4, mutations within the VP1 P2 domain (e.g., A358N, D9YIN, S59MD, T97A) alter epitope conformation, surface hydrophobicity, and electrostatic charge, preserving HBGA-binding affinity while reducing antibody recognition. Notably, Site A (residues 294–298) is critical for immune evasion and vaccine escape, contributing to breakthrough infections even in vaccinated cohorts (Carlson et al., 2024).

Live-attenuated rotavirus vaccines (RVVs) impose additional evolutionary constraints. Post-vaccination viral shedding facilitates reassortment between vaccine-derived and wild-type strains, while immune pressure selects for emerging genotypes. Novel variants such as G12P[6] exhibit modified VP4/VP7 antigens and enhanced immune evasion properties, contributing to increased breakthrough infection rates (Mhango et al., 2023).

Recombinant astrovirus strains carrying mink-derived capsid segments demonstrate expanded organotropism, leveraging upregulated platelet-derived growth factor receptor alpha (PDGFRα) to infect human neural progenitor cells, resulting in extra-intestinal manifestations such as encephalitis (El-Heneidy et al., 2023).

Porcine epidemic diarrhea virus (PEDV) illustrates vaccine-induced lineage replacement. G2 strains have supplanted G1 variants via mutations in the S1 domain that increase sialic acid affinity and alter COE neutralizing epitopes, thereby evading G1-derived maternal antibodies and causing >95% mortality in piglets—highlighting how vaccine-driven immune selection can enhance viral pathogenicity (Zhang H. et al., 2023).

Collectively, immune pressure channels viral evolution along adaptive landscapes, where antigenic changes may outpace host immunological memory. The emergence of novel norovirus GII.4 variants is frequently marked by amino acid insertions and shifts in charge/hydrophobicity within the VP1 P2 domain, preserving HBGA binding while reducing susceptibility to neutralization. Although quantitative estimates of >40% vaccine efficacy loss remain limited, these antigenic dynamics present substantial challenges for effective vaccine design (Chhabra et al., 2024).

In summary, the genomic evolution of enteric viruses—driven by mutation, recombination, and immune selection—enhances their virulence, transmissibility, and zoonotic potential. Addressing these challenges requires a multifaceted strategy encompassing: (1) global genomic surveillance of emerging variants; (2) rational vaccine design targeting conserved, functionally constrained epitopes (e.g., norovirus HBGA-binding sites, rotavirus VP6); (3) antiviral strategies exploiting error-prone replication (e.g., lethal mutagenesis); and (4) ecological interventions to reduce animal–human transmission interfaces. Recognizing enteric viruses as dynamic quasispecies is critical for guiding public health policy and strengthening pandemic preparedness.



2.5 Prions

Prions are unique infectious agents comprising solely misfolded proteins, devoid of nucleic acid components. Their pathogenicity originates from the conformational conversion of host-encoded cellular prion protein (PrP∧C) into a pathogenic, self-propagating isoform (PrP∧Sc), which assembles into highly stable, transmissible fibrils. Although prion diseases—such as bovine spongiform encephalopathy (BSE) and Creutzfeldt–Jakob disease (CJD)—are classically defined by fatal central nervous system (CNS) neurodegeneration, the gastrointestinal (GI) tract serves as a critical reservoir for prion entry, persistence, and neuroinvasion. Following oral exposure, prions establish long-term persistence within gut-associated lymphoid tissues (GALT), most notably in Peyer's patches, where they leverage mucosal immune tolerance mechanisms to evade clearance. Subsequent retrograde transport via the enteric nervous system (ENS) facilitates neuroinvasion, underscoring the GI tract as a pivotal determinant of prion pathogenesis. The evolutionary trajectory of prion pathogenicity is governed by three interrelated processes: (i) microenvironmental modulation of misfolding kinetics, (ii) host genetic determinants of susceptibility and phenotypic expression, and (iii) polymorphic constraints on cross-species transmissibility.

The intestinal lumen represents a complex, dynamic microenvironment in which the gut microbiota and their metabolites profoundly modulate prion misfolding dynamics and disease progression. Microbial dysbiosis has been identified as a critical modulator of prion pathogenesis through multiple convergent pathways: disruption of epithelial barrier integrity, reduction of protective short-chain fatty acids (SCFAs; e.g., butyrate), elevation of pro-inflammatory molecules such as lipopolysaccharide (LPS), and cross-seeding of prion aggregation by bacterial amyloid proteins (e.g., Curli; Mahbub et al., 2024). These alterations promote PrP∧Sc formation and stabilization within the intestinal milieu. Notably, while certain SCFA-producing bacteria (e.g., Lachnospiraceae, Ruminococcaceae) are typically regarded as beneficial, their expansion may paradoxically exacerbate neuroinflammation via microglial activation, indirectly supporting PrP∧Sc persistence. Conversely, increased abundance of SCFA-suppressing genera such as Bilophila has been associated with impaired hippocampal synaptic plasticity, potentially accelerating prion dissemination (Losa et al., 2024). Additionally, accumulation of neurotoxic microbial metabolites—including D-lactate and ammonia—further disrupts the gut–brain barrier and promotes CNS inflammation, thereby facilitating PrP∧Sc propagation along the gut–brain axis (Islam et al., 2024). Collectively, these findings highlight the central role of the intestinal microbiota in regulating prion conformational transitions and neuropathological outcomes.

At the host genomic level, polymorphisms in the PRNP gene constitute primary determinants of prion disease susceptibility, incubation period, and clinicopathological manifestations. Over 50 pathogenic PRNP mutations have been reported worldwide, underlying familial prion disease variants. For example, the E200K mutation is frequently associated with familial CJD in European populations; the D178N mutation, in conjunction with codon 129 polymorphism, dictates phenotypic divergence between genetic CJD and fatal familial insomnia; the P102L mutation is linked to Gerstmann–Sträussler–Scheinker syndrome with variable expressivity; and the rare R208H mutation has been described in cases resembling progressive supranuclear palsy. Octapeptide repeat insertions (OPRIs) exhibit variable phenotypic outcomes contingent upon both repeat number and codon 129 status. Homozygosity at codon 129 (MM or VV) significantly increases susceptibility to both acquired and inherited prion diseases, with nearly complete penetrance observed in many familial cases (Jankovska et al., 2021). In sporadic CJD (sCJD), codon 129 genotype acts as a key modifier: MM homozygosity predominates among patients (~60% in Barcelona, ~71% in Bologna), whereas heterozygosity (MV) confers significant protective effects, presumably by reducing the efficiency of PrP∧C-to-PrP∧Sc conformational conversion (Gelpi et al., 2022). In cervids with chronic wasting disease (CWD), PRNP polymorphisms (e.g., S96, H95) modulate susceptibility, incubation period, prion burden, and strain properties. CWD strains further demonstrate adaptive evolution in novel hosts (e.g., the H95′ strain in tg60 transgenic mice), emphasizing the critical role of PRNP diversity in intra- and interspecies prion adaptation (Duque Velasquez et al., 2020).

Cross-species transmission represents a major evolutionary mechanism in prion biology, primarily governed by structural compatibility between exogenous PrP∧Sc and host PrP∧C. This compatibility is determined by sequence homology and conformational dynamics influenced by host PRNP polymorphisms. Protein misfolding cyclic amplification (PMCA) assays evaluating the zoonotic potential of CWD prions reveal strict host-specific barriers. For instance, CWD prions from elk with 132MM or 132ML genotypes efficiently convert human 129VV PrP∧C but display minimal conversion of 129MM PrP∧C; elk 132LL prions demonstrate negligible conversion across genotypes. White-tailed deer (WTD)–derived prions exhibit even lower conversion efficiency for human 129VV PrP∧C substrates (Wang et al., 2021). Specific PRNP alleles modulate transmission potential: WTD genotypes 96SS and 95HH confer reduced susceptibility; the 225F allele in mule deer prolongs the incubation period; sheep haplotype VRQ facilitates scrapie transmission, while ARR confers protection. In humans, homozygosity for methionine at codon 129 markedly increases susceptibility to variant CJD. These polymorphisms reconfigure the conformational landscape of PrP∧C, influencing templating efficiency and conversion kinetics. Alleles such as 96S in WTD and 225F in mule deer function as molecular bottlenecks, emulating interspecies transmission barriers. Such polymorphic dynamics underpin the reported ability of CWD to infect diverse species—including Sus scrofa (swine), Ovis aries (sheep), and Bos taurus (cattle)—highlighting the pressing need for comprehensive risk assessment of its zoonotic potential (Moazami-Goudarzi et al., 2021).

In summary, prion evolution fundamentally differs from that of nucleic acid-based pathogens, being mediated solely through protein conformational transitions. This process is elaborately regulated by host genetic factors (notably PRNP polymorphisms) and the intestinal microenvironment. The GI tract not only acts as a critical site for prion uptake and initial propagation but also functions as a dynamic junction where microbial ecology and host genetics converge to determine misfolding efficiency, neuroinvasion capacity, and disease progression. Furthermore, polymorphic variations in host PrP∧C impose substantial—albeit frequently surmountable—barriers to cross-species transmission, enabling the adaptive evolution of novel prion strains with expanded host ranges and altered pathogenic properties. Elucidating the interactions between protein misfolding dynamics, host genetic predisposition, and interspecies transmission potential is critical for forecasting outbreak risks, identifying therapeutic targets (e.g., interventions against gut-phase amplification or PrP∧Sc formation), and reducing zoonotic risks posed by animal prion diseases such as CWD.




3 Virulence factor-based analysis Paradigm: Escherichia coli and beyond


3.1 E. coli as a model for virulence factor evolution and detection strategy

Escherichia coli stands as the preeminent Gram-negative model for virulence evolution research, leveraging its comprehensively annotated genome, unparalleled genetic tractability, and robust experimental versatility. Systematic dissection of its nine intestinal pathotypes—enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli (EHEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC), diffusely adherent E. coli (DAEC), adherent-invasive E. coli (AIEC), alongside emerging hybrid pathovars—reveals how horizontally transmitted mobile genetic elements orchestrate virulence arsenals. Plasmids, bacteriophages, and composite transposons encode EHEC's Shiga toxins (stx1/stx2), EPEC's type III secretion system effectors (EspA/B/D), and ETEC's colonizing factors (CFA/I/II/IV) coupled with heat-labile and heat-stable enterotoxins. These molecular adaptations exemplify real-time pathoadaptation driven by genomic plasticity, providing an evolutionary roadmap for enteropathogens (Pakbin et al., 2021).

Critically, E. coli exhibits bimodal genomic architecture characterized by ~1,000–3,000 essential core genes vs. dynamic accessory genomes enabling ecological diversification. Its eight phylogenomic groups (A, B1, B2, C, D, E, F, cryptic clade I) harbor hybrid pathogens that maintain equilibrium between virulence and commensalism. When integrated with single-cell omics and CRISPR-interference (CRISPRi) technologies, this model illuminates landscape-scale gene flux across microbial guilds, spatiotemporal dynamics of host-pathogen dialogues, and rational design of next-generation vaccines exemplified by MecVax against ETEC (Geurtsen et al., 2022). This cross-kingdom relevance extends to viral, prion, and bacterial pathogenesis studies, directly catalyzing diagnostic innovation through comparative pathoadaptation mechanisms.



3.2 Overview of VFDB and virulence factor selection

The Virulence Factor Database (VFDB) represents the definitive resource for virulence annotation (Liu B. et al., 2022). The 2022 release introduces transformative features including ontological restructuring into 14 universal categories such as adhesion, invasion, and toxin production, with over 100 subcategories resolving longstanding taxonomic biases. Expanded curation encompasses 1,885 adhesins, 391 invasins, and a novel immunoevasion class addressing functional redundancy. Computational optimization via a JavaScript-free interface accelerates large-scale queries, while standardized datasets enable machine learning-driven virulence prediction through homology searches and functional forecasting.

Our analysis leveraged 335 curated Escherichia coli virulence factors from VFDB spanning enteropathogenic E. coli (EPEC), Shiga toxin-producing E. coli (STEC), and emerging pathotypes. These molecular determinants encapsulate mobile genetic element-mediated evolutionary mechanisms detailed in Section 3.1, with phylogenomic interrogation revealing tempo-spatial patterns of virulence module dissemination across ecological gradients through recombination hotspots and selection signatures.



3.3 Functional annotation and molecular mechanism inference of E. coli virulence factors

To systematically characterize the functional modules and pathogenic mechanisms of Escherichia coli (E. coli) virulence factors, this study conducted high-throughput annotation and mechanistic inference of 335 representative virulence genes curated from the Virulence Factor Database (VFDB). We integrated three widely utilized bioinformatics platforms—COG (Clusters of Orthologous Groups), GO (Gene Ontology), and InterProScan—to link large-scale data mining with detailed molecular interpretation.

Initial annotation via the COG database was performed for 301 virulence factors, with GO functional terms assigned to 67 genes (Figure 1A); collectively, these platforms annotated 225 genes. An additional 110 genes were annotated by only one system, while 135 remained unannotated, highlighting significant functional ambiguity. The updated COG platform enhances annotation accuracy and cross-species consistency through RefSeq identifier stabilization, incorporation of over 200 new protein families, and reintroduction of detailed metabolic pathway classifications—particularly improving annotation of key virulence genes such as Shiga toxins (Figure 1B) (Galperin et al., 2021). Integration with InterProScan domain analysis assigned clear functional roles to 125 of the previously unannotated 135 factors, underscoring the utility of domain-based strategies in completing annotations. By integrating multiple signature databases and AlphaFold-predicted structures, InterProScan provides multilayered annotations (Figure 1C)—including GO terms for molecular function, biological process, and cellular component—thereby supporting robust virulence genomics and anti-infective discovery (Blum et al., 2025). In total, InterProScan successfully annotated 327 of the 335 virulence factors, significantly improving annotation coverage and reliability (Figure 1D).
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FIGURE 1
 Functional annotation analysis of high-quality Escherichia coli virulence factors (n = 335). Integrative multi-dimensional functional annotation of 335 rigorously curated Escherichia coli virulence factors from the Virulence Factor Database (VFDB), presented in four panels (A–D): (A) Differential functional enrichment analysis. (A1) Gene Ontology (GO) enrichment comparing high-confidence virulence factors to the full VFDB dataset, identifying 43 significantly upregulated genes (P < 0.01; detailed statistical methods in Methods). (A2) Functional categorization of these 43 genes shown as a bar chart, with colors corresponding to Clusters of Orthologous Groups (COG) categories in panel (B) to facilitate integrative cross-platform comparison. (B) COG-based functional annotation of all 335 virulence factors depicted as a pie chart showing proportional distribution across categories; color scheme matches panel (A2) for consistency. (C) InterProScan domain-based annotation of 135 virulence factors initially classified as “function unknown” by COG, with 125 successfully annotated. The 30 most frequent functional categories, ranked by occurrence, are visualized in a donut chart, highlighting core functional modules derived from protein domain analysis. (D) Comparative annotation coverage across COG, GO, and InterProScan platforms shown as a stacked bar chart, quantifying relative completeness and illustrating the complementary strengths of the combined approaches, emphasizing enhanced functional resolution via integration.



3.3.1 Effector and toxin-associated mechanisms

Approximately 21% of annotated factors are linked to classical effector or toxin functions, including families such as NleG, Shiga toxins, and cytolethal distending toxins (CDT). These factors disrupt host metabolism, cell cycle regulation, or immune responses. GO enrichment for “toxin metabolic process” and classification within COG category Q (secondary metabolite biosynthesis) further support their central role in virulence mechanisms (Marcos-Vilchis et al., 2025).



3.3.2 Repeat domains and regulatory mechanisms

Roughly 18.1% of factors contain repeat motifs (e.g., ankyrin repeats, leucine-rich repeats), suggesting involvement in protein–protein interactions and DNA-binding activities related to virulence regulation. InterProScan identified H-NS-like DNA-binding regulators within this group, while COG category U classification implicates these proteins in intracellular transport and signal transduction.



3.3.3 Adhesion and structural components

Approximately 9.4% of factors, including fimbrial adhesins (e.g., PapE), are implicated in bacterial adherence and structural assembly—processes essential for host colonization. GO enrichment analysis confirmed significant involvement of adhesion-related pathways.



3.3.4 Secretory and nutrient acquisition systems

Around 10.1% of genes contribute to secretion systems (e.g., type III secretion system [T3SS]) and siderophore-mediated iron uptake (e.g., enterobactin receptors), with enrichment in COG categories P (secretion systems) and U. T3SS components (e.g., SsaH, SctQ) facilitate direct effector translocation into host cells to modulate immune responses, while siderophore systems confer nutritional advantages within host environments, positioning them as attractive anti-infective targets (Cavas and Kirkiz, 2022).

Additionally, 7.2% of genes were grouped into fragmented or poorly defined functional categories, including those encoding ribosome-inactivating domains, suggesting uncharacterized virulence mechanisms. Approximately 10 virulence factors remained unannotated by all methods, warranting further investigation via structural modeling and multi-omics approaches.

The integrated use of COG, GO, and InterProScan has substantially enhanced both the depth and resolution of E. coli virulence gene annotation. This comprehensive framework clarifies principal functional classes of virulence factors and establishes a scalable methodological basis for functional inference across diverse pathogenic taxa.




3.4 Extension to other intestinal Pathogens: resources and limitations

Following the multi-dimensional functional annotation and mechanistic classification of Escherichia coli (E. coli) virulence factors, this study evaluates the feasibility of extending this analytical paradigm to other major intestinal pathogens, including viruses, fungi, parasites, and prions. Despite divergent evolutionary trajectories and infection mechanisms, these pathogens universally rely on functionally defined virulence factors and pathogenic strategies for critical processes such as host invasion, immune evasion, and infection establishment. Cross-species conservation assessments of bacterial virulence factors—such as quorum-sensing systems (QSSs)—may yield critical insights for anti-virulence strategies targeting viruses or parasites, enabling the identification of shared mechanisms and facilitating the development of broad-spectrum anti-virulence agents. Additionally, methodologies including genome island detection, pathogen genome-wide association studies (GWAS), and associated functional validation pipelines may be adapted for non-bacterial pathogen research (Lau et al., 2023).


3.4.1 Cross-species applicability of mainstream analytic platforms

Many mainstream analytic platforms are inherently designed for cross-species utility. For example, InterProScan performs protein function annotation based on structural domains and supports bacterial, eukaryotic, and viral proteins, making it suitable for identifying fungal virulence factors, viral structural proteins, and protozoan effectors. The Gene Ontology (GO) system, a taxonomically neutral functional classification standard, is widely used for annotating viral envelope proteins, fungal adhesins, and parasitic secretory factors. Metabolic pathway databases such as KEGG and Reactome further aid in identifying shared biological processes associated with virulence expression across pathogen types. KEGG, for instance, provides a genome browser integrating viral ortholog clusters (VOCs) and KEGG Orthology (KO) entries to support conserved order analysis and functional prediction of viral genes; recent “provisional KO” definitions extend its coverage in viral annotation (Homma et al., 2023).

With the increasing availability of high-precision protein structure prediction tools like AlphaFold, domain-based modeling has emerged as a powerful approach to compensate for genome annotation gaps. AlphaFold-Multimer (AFM) enables complex structure prediction, offering a framework to dissect cross-species interactions among virulence factors—a critical advantage where conventional homology-based methods fail. These structural insights provide a molecular basis for understanding host–pathogen interactions and disease resistance mechanisms in both humans and crops. Integrating structural genomics with evolutionary algorithms may further accelerate the co-development of interactomics and function prediction pipelines (Jin et al., 2023).



3.4.2 Pathogen-specific barriers to implementation

Despite the potential for cross-application, pathogen-specific biological differences impose practical challenges. Viral genomes are typically short with frequent overlapping genes, complicating open reading frame (ORF) detection and function prediction. Viral proteins often lack homologous sequences, rendering traditional annotation tools ineffective. Fungi exhibit complex genome architectures, alternative splicing, and epigenetic regulation, demanding higher annotation accuracy. Protozoan parasites (e.g., Cryptosporidium, Plasmodium) display pronounced stage-specific gene expression, with many virulence factors restricted to specific life stages, challenging static annotation methods. Prions, as non-nucleic acid infectious agents, lie entirely outside sequence-based analysis, requiring structure modeling and biophysical experiments. While platforms like Companion address issues such as inaccurate gene models, limited RNA sequencing (RNA-Seq) support, or poor-quality reference genomes through genome alignment and visualization tools, challenges persist due to the lack of standardized evaluation criteria, high interspecies sequence variability, and strict International Nucleotide Sequence Database Collaboration (INSDC) submission requirements (Haese-Hill et al., 2024).

Several pathogen-specific databases support functional annotation across diverse pathogen types:

	(1) PHI-base (Pathogen–Host Interactions Database): Launched in 2005, PHI-base is an open-access database cataloging experimentally verified pathogen–host interaction phenotypes, including virulence genes and effector proteins in fungal, bacterial, and protozoan pathogens. Adhering to FAIR principles (Findable, Accessible, Interoperable, Reusable), it supports cross-species comparative analysis and facilitates target discovery in medicine, agriculture, and ecology (Urban et al., 2022).
	(2) EuPathDB: Integrating genomic, transcriptomic, and phenotypic data for 22 eukaryotic parasites (e.g., Leishmania, Toxoplasma, Trypanosoma), EuPathDB enables virulence factor screening via multi-step ortholog-based search strategies. For example, Plasmodium-derived genes can guide the identification of apicoplast-targeting genes in Toxoplasma. The platform offers over 80 search functionalities and user annotation tools, supporting biosecurity and global health initiatives. Future updates will incorporate phenotype and metabolome datasets to enhance discovery capabilities (Aurrecoechea et al., 2010).
	(3) ViPR (Virus Pathogen Database and Analysis Resource): Supported by the U.S. National Institute of Allergy and Infectious Diseases (NIAID) Bioinformatics Resource Center (BRC), ViPR integrates multi-viral family data, including sequence records, gene/protein annotations, 3D structures, immune epitopes, clinical metadata, and comparative genomics results. It serves as a comprehensive resource for virology research, supporting diagnostics, therapeutics, and preventive strategies for high-priority and emerging viral pathogens.
	(4) PrionHome: Compiling ~2,000 sequences, PrionHome uses N/Q-bias analysis and hidden Markov model (HMM) algorithms to identify prion-related proteins, including known prionogenic sequences (PrP, Sup35p, Ure2p), candidate prion sequences, and their homologs. It analyzes key features (N/Q-rich domains, YYR motifs, intrinsically disordered regions, structural elements) to aid prion candidate screening. Case studies demonstrate that yeast prion sequences exhibit strong N/Q enrichment and retain characteristic motifs (e.g., YYR in PrP), while interaction partners (e.g., GPR1) can induce prion formation via cross-seeding. Users can efficiently search via BLAST or SQL queries; future updates plan to incorporate polymorphism data for enhanced functionality (Harbi et al., 2012).

Despite inherent biological differences among pathogen classes, the annotation and mechanistic classification framework developed for E. coli virulence factors offers significant translational value, reflected in three key aspects:

(1) Broad Applicability of Domain-Based and Phylogenetic Tools: Platforms like InterProScan, GO, and COG leverage structural domains and evolutionary conservation, ensuring robust performance across bacteria, fungi, viruses, and protozoa—providing a common basis for virulence gene identification.

(2) Cross-Pathogen Adaptability of Functional Module Mapping: Virulence modules defined in E. coli (effectors, adhesion, secretion, metabolic pathways) can be analogously mapped to other pathogen types. For example, fungal membrane proteins, viral capsid proteins, and protozoan secretory factors may correspond to similar functional categories.

(3) Enhanced Predictive Power via High-Dimensional Tools: Techniques such as AlphaFold-Multimer (AFM), protein language models (e.g., ESM), and GWAS enable structural inference and semantic embedding for candidate identification, even in contexts lacking homologs, exhibiting lifecycle divergence, or complex genome structures—thus improving generalization capacity.

The virulence factor mining and annotation strategy established for E. coli represents a scalable methodological paradigm extendable to diverse intestinal pathogens (fungi, parasites, viruses, prions). This framework provides critical support for broad-spectrum pathogen detection and control, advancing both basic research and translational applications in infectious disease management.





4 Molecular diagnostics informed by evolutionary Signatures: integrative strategies and practical challenges

Genomic variants accumulated during the long-term evolution of enteric pathogens reflect adaptive mechanisms underlying host colonization, virulence enhancement, and immune evasion. Concurrently, these variants provide critical molecular targets for precise diagnostics. Virulence genes, resistance determinants, and insertion sequences—characterized by lineage-specific stability and functional specificity—have emerged as core biomarkers for pathogen detection. Advances in large-scale genome sequencing have enabled the identification of evolutionarily representative genomic regions, facilitating their translation into rapid clinical diagnostic assays. Building on the comprehensive annotation of 355 Escherichia coli (E. coli) virulence factors, this section extends the “evolution-driven marker emergence” paradigm to fungal, parasitic, viral, and prion pathogens, emphasizing their diagnostic relevance across nucleic acid detection, protein conformational analysis, and related molecular modalities.


4.1 Diagnostic targets derived from pathogen genome Evolution: types and representative examples

Pathogen genomes acquire virulence determinants, resistance traits, and environmental adaptation features via horizontal gene transfer (HGT), recombination, point mutations, and chromosomal rearrangements, enhancing ecological fitness and pathogenicity (Good et al., 2025). These evolution-driven genetic variations facilitate niche expansion and virulence enhancement while serving as stable, functionally explicit biomarkers for molecular diagnostics. Key targets include virulence genes, resistance loci, pathogenicity islands, antigenic variation-related regions, and regulatory domains—all exhibiting high evolutionary conservation and functional specificity.

E. coli exemplifies these evolutionary dynamics. The O104:H4 strain, which acquired virulence elements from both uropathogenic (UPEC) and enterohemorrhagic (EHEC) lineages via HGT, harbors the stx2-encoding prophage and locus of enterocyte effacement (LEE) pathogenicity island—both characterized by high structural conservation and stable maintenance. These features render them critical targets for CRISPR-based diagnostics targeting persistent public health threats (Kimata et al., 2020). The high-risk sequence type 131 (ST131) clone, which coharbors β-lactamase genes (e.g., blaCTX − M−15) and virulence factors (e.g., aec, bap), facilitates global dissemination and multidrug resistance. Its genetic stability supports application in rapid field detection platforms such as loop-mediated isothermal amplification–lateral flow assay (LAMP-LFA; Mills et al., 2022). Furthermore, the highly conserved eae and tir genes within the LEE island, whose subtype distributions correlate tightly with serotypes, with structural variations localized to intergenic and terminal regions, serve as essential markers for multi-omics and machine learning (ML)–based strain typing and pathogenicity prediction (Sváb et al., 2022).

Pathogenicity in fungi primarily arises from chromosomal rearrangements and expansions of surface protein families. For example, Candida auris harbors 30 tandem repeats of the ALS4 gene (encoding 1844 amino acids) in the subtelomeric region of chromosome 5, augmenting adhesion and biofilm formation. The pronounced expression (~400-fold) and copy number variation (CNV) at this locus represent key targets for protein microarrays and ML approaches, enabling strain tracking and outbreak risk assessment in clinical settings (Bing et al., 2023).

Antigenic variation mediated by Variant Surface Protein (VSP) families is a hallmark of parasitic adaptation. In Giardia lamblia, hundreds of VSP genes undergo tightly regulated epigenetic switching to ensure monoallelic expression, facilitating immune evasion. This mechanism underpins pathogenic evolution and offers novel targets for structural bioinformatics and CRISPR-based interventions (Rodriguez-Walker et al., 2022).

RNA viruses exhibit rapid antigenic evolution driven by high mutation and recombination rates. In Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), mutations in the Spike protein's receptor-binding domain (RBD) and N-terminal domain (NTD)—notably N501Y and N439R—significantly enhance transmissibility and immune escape. Similarly, norovirus GII.4's major capsid protein VP1 contains hypervariable antigenic sites that facilitate immune evasion and epidemic spread. With over one million SARS-CoV-2 genomes sequenced, deep sequencing enables real-time variant monitoring and supports extensive ML modeling efforts (Harvey et al., 2021).

Prions, lacking nucleic acids, depend on conformational alterations of the prion protein (PrP) for pathogenicity. Polymorphisms in the PRNP gene modulate the stability of the β2-α2 loop and α3 helix in cellular PrP (PrP∧C), influencing susceptibility, transmission, and progression of chronic wasting disease (CWD). In vitro studies using protein misfolding cyclic amplification (PMCA) and nuclear magnetic resonance (NMR) have elucidated these polymorphisms' mechanistic roles in conversion to the scrapie isoform (PrP∧Sc), providing a basis for proteomic interventions and early diagnostic markers (Moazami-Goudarzi et al., 2021).

Diagnostic targets derived from pathogen evolutionary signatures encapsulate fundamental mechanisms of host adaptation and serve as a foundation for developing highly specific and stable molecular assays. Integration with multi-omics data and machine intelligence enhances detection efficiency of pathogen evolutionary dynamics, advancing precision medicine and public health surveillance.



4.2 Adaptation mechanisms between technological platforms and Biomarkers: from detection to imaging

Pathogen genome evolution not only drives the emergence of novel virulence and resistance mechanisms but also shapes recognizable molecular diagnostic targets. Diverse evolutionary products—including point mutations, genomic island insertions, and structural rearrangements—align with optimal detection technologies. This section categorizes major diagnostic platforms by biomarker type and systematically reviews their target adaptation mechanisms, with practical value illustrated through representative pathogens.


4.2.1 Point mutations and minor variants: CRISPR-Cas and digital PCR systems

Point mutations represent pivotal adaptive mechanisms in pathogens, frequently linked to enhanced resistance or immune evasion. For example, non-synonymous mutations in the mgrB gene of Klebsiella pneumoniae (K. pneumoniae) inactivate the PhoP/PhoQ two-component regulatory system, upregulating lipid A modification genes that increase L-Ara4N or P-EtN modifications. These changes reduce colistin affinity, inducing resistance. Atomic force microscopy (AFM) and transmission electron microscopy (TEM) confirm that mutant strains exhibit thickened capsules and enhanced cell wall rigidity, which hinder antibiotic penetration. Increased capsular polysaccharide (CPS) synthesis and ion transport particle accumulation further amplify resistance and transmission potential, necessitating targeted detection and combination therapies (Yap et al., 2022).

CRISPR-Cas12a/Cas13a systems, with base-level recognition capability, enable precise CRISPR RNA (crRNA)-guided targeting of mutation sites (e.g., stx2a, blaNDM − 1) when combined with polymerase chain reaction (PCR) or recombinase polymerase amplification (RPA). This achieves visual detection of virulence and resistance mutations within 60 min. Optimized reverse transcription recombinase-aided amplification (RT-RAA)-Cas12a assays detect norovirus genotypes GII.4 and GII.17 at ultra-low viral loads (~0.1 copies/μL) within 30–40 min, offering rapid, portable field diagnostics (Qian et al., 2022).

Digital PCR (dPCR), with its absolute quantification capacity, sensitively detects resistance-related single nucleotide polymorphisms (SNPs; e.g., rlmL, mltB) in bloodstream infections. It facilitates low-frequency mutation screening and dynamic modeling, demonstrating superior sensitivity and specificity in diagnosing Escherichia coli (E. coli) bacteremia compared to conventional molecular methods. This positions dPCR as a promising novel rapid resistance biomarker (Kitagawa et al., 2025).



4.2.2 Genomic islands and integrated elements: LAMP, RPA, and lateral flow assays

Pathogenicity islands or resistance plasmids acquired via horizontal transfer are key drivers of bacterial genome evolution. For instance, structural variations in the 3′ untranslated region (3′UTR) of aggR in enteroaggregative E. coli (EAEC) enhance transcript stability, upregulating AggR expression. This promotes motility, pAA plasmid conjugation, and adhesion-related metabolic pathways, significantly boosting pathogenicity. The locus of enterocyte effacement (LEE) island in enterohemorrhagic E. coli (EHEC) integrates at specific loci to encode virulence factors (e.g., eae), facilitating effector secretion and host attachment. EAEC's pAA plasmid coordinates adhesion and metabolism through aggR and aafA, intensifying virulence and plasmid dissemination (Prieto et al., 2021).

Due to their distinct structural specificity, these elements are well-suited for target recognition via loop-mediated isothermal amplification (LAMP) and RPA, combined with lateral flow assays (LFA) for equipment-free rapid onsite detection. LAMP-LFA systems demonstrate high sensitivity and adaptability in rapidly screening novel virulent strains (e.g., E. coli O104:H4, Clostridioides difficile ribotype 027 [RT027]) in complex samples, providing reliable technical support for food safety and public health surveillance (Nuchchanart et al., 2023).



4.2.3 Structural rearrangements and repeat Expansions: nanopore sequencing and protein microarrays

Certain fungi and parasites exhibit structural rearrangements and copy number amplifications during evolution, necessitating high-throughput sequencing or structural probe techniques for detection. For example, multiple clinical strains of Candida auris acquire fluconazole resistance through duplication of ERG11 and TAC1B genes, while Giardia lamblia achieves antigenic variation via tandem repeats and expression switching of Variant Surface Proteins (VSPs), underpinning chronic infection (Rodriguez-Walker et al., 2022). Such structural variants challenge conventional PCR and require long-read platforms like nanopore sequencing to resolve large rearrangements.

Structural prediction tools (e.g., AlphaFold) accurately model protein 3D conformations, aiding identification of domain expansions and diagnostic epitope variations, thereby enhancing conformational epitope recognition efficiency. Protein microarrays enable high-throughput screening of linear epitopes; when integrated with AlphaFold-mapped binding sites, they facilitate discovery of potential conformational epitopes, improving the specificity and accuracy of diagnostic targets (Grewal et al., 2024).



4.2.4 Conformational changes and epigenetic modifications: aggregation detection and high-throughput mass spectrometry

Certain pathogen evolutionary variations manifest not at the sequence level but as protein conformational changes or post-translational modifications. For instance, in variant Creutzfeldt-Jakob Disease (vCJD), PrP∧Sc exhibits unique glycosylation patterns and amyloid aggregate conformations, leading to enhanced amplification efficiency and sensitivity in real-time quaking-induced conversion (RT-QuIC) and protein misfolding cyclic amplification (PMCA) assays. RT-QuIC monitors PrP∧Sc-induced fibril formation in real time, while PMCA amplifies PrP∧Sc via autocatalytic conversion, jointly supporting early non-invasive vCJD diagnosis (Camacho et al., 2019).

Fungi also commonly display species-specific glycosylation modifications with diagnostic potential. Clinical Candida isolates frequently present O-linked β-N-acetylglucosamine (O-GlcNAc) glycosylation on adhesion proteins, serving as candidate diagnostic antigens. Surface-enhanced Raman spectroscopy (SERS), combined with Fe3O4@polyethyleneimine (PEI) magnetic nanoparticle capture and silver nanoparticle (AgNP) signal enhancement, directly detects O-GlcNAc spectral features. Coupled with orthogonal partial least squares discriminant analysis (OPLS-DA) modeling, classification accuracy reaches up to 99.8%, outperforming culture-dependent matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). This non-destructive SERS strategy reduces detection time to 1 h, demonstrating significant advantages for early diagnosis of candidemia (Hu et al., 2021).




4.3 Trends in pan-pathogen diagnostics driven by multi-omics and intelligent computing

As gut pathogens evolve at the population level, traditional diagnostic methods reliant on single virulence or resistance factors have increasingly exposed their limitations, particularly in contexts of co-infection, frequent mutation, and enhanced environmental adaptation. Multi-omics strategies integrated with intelligent tools such as machine learning (ML) are driving the development of “cross-pathogen” diagnostic platforms, providing a systematic framework to unravel complex infectious etiologies.

Recent metagenomic sequencing combined with variant analysis has been widely used to monitor horizontal transfer of resistance islands and virulence factors within gut microbiomes. For example, metagenomic studies identified plasmid-mediated horizontal gene transfer (HGT) of CTX-M-type β-lactamase genes (blaCTX − M) from Escherichia coli (E. coli) to Klebsiella pneumoniae (K. pneumoniae) in hospital wastewater in northern India, with high abundance in urban hospital samples. The gene cassette structure of class 1 integrons (including intI1 and sul1) co-occurs tightly with blaCTX − M, and specific domains such as the attC site are recognized as evolutionary targets in the HGT process. These findings underscore hospital wastewater as a critical reservoir for antibiotic resistance gene (ARG) dissemination and emphasize the need for intervention strategies targeting integron structures to curb antimicrobial resistance (AMR) spread (Talat et al., 2023).

Multi-omics approaches also demonstrate significant diagnostic value for viral and protozoan pathogens. Norovirus genotype GII.4 (NoV GII.4) enhances replication and antigenic variation through ORF1/2 recombination and mutations in the RNA-dependent RNA polymerase (RdRp) region, with key antigenic mutations in sites A and D of the P2 domain driving immune evasion. Omics analyses reveal these mutations cluster in the P2 domain, where machine learning models predict immune escape potential based on sequence and structural features. Consequently, strategies targeting conserved regions of the P2 domain for broad-spectrum antibodies and multivalent virus-like particle (VLP) vaccines have been proposed to address challenges posed by ongoing GII.4 evolution (Tohma et al., 2022).

In Giardia lamblia (G. lamblia), the Variant Surface Protein (VSP) family exhibits pronounced sequence polymorphism and splicing isoform diversity during host adaptation, resulting in highly heterogeneous expression profiles. Single-cell transcriptomics reveal dynamic VSP expression patterns underlying antigenic variation, and deep learning models trained on these data can automatically classify virulence subtypes and identify key features linked to immune escape and host specificity. This approach offers a powerful tool for rapid prediction of Giardia virulence evolution and individual adaptability, informing precise intervention strategies (Rodriguez-Walker et al., 2022).

Structural omics coupled with artificial intelligence (AI)-assisted prediction is emerging as a powerful tool to discover cross-species virulence domains. AlphaFold2 combined with sequence alignments has uncovered highly conserved β-helical core domains in the ALS family adhesins of Candida albicans (C. albicans) and Candida tropicalis (C. tropicalis), providing a common structural basis for cross-species adhesion functionality. This conserved domain serves as an ideal target for protein microarray typing, supporting lineage tracing and pathogenicity studies, and aiding the development of intervention strategies (Oh et al., 2021). Similar approaches have been employed to explore previously unannotated virulence factors in enterohemorrhagic E. coli (EHEC) strains. Studies use AlphaFold2 to predict their 3D structures and apply random forest algorithms to identify discriminative functional epitopes, enabling the design of novel multiplex diagnostic platforms that bridge “gene sequence annotation” and “structural-functional localization.”

With increasing complexity of evolutionary mutations and expansion of pathogen spectra, integration of multi-omics data with AI algorithms is driving diagnostics from “specific site recognition” toward “generalized evolutionary prediction.” By categorizing, aggregating, and mapping mutation features onto structure-function relationships, diagnostic systems are increasingly capable of identifying novel variants, predicting transmission potential, and forecasting resistance trends. This paradigm shift not only enhances diagnostic accuracy for complex infections but also provides critical technological support for rapid responses to emerging pathogens.



4.4 Technology integration and real-world challenges: from laboratory to clinic and field

Despite rapid advancements in molecular diagnostics due to their high sensitivity and specificity for infectious disease detection, translating these technologies from laboratory research to real-world field applications presents persistent practical constraints. Particularly given the rapid evolution and transmission diversity of gut pathogens, single detection techniques often fail to balance broad-spectrum capability, cost-effectiveness, and field adaptability. Consequently, integrated technological approaches have become essential for overcoming these barriers.


4.4.1 Multi-technology integration: enhancing field adaptability

CRISPR-Cas systems, loop-mediated isothermal amplification (LAMP), and protein structural recognition technologies are increasingly integrated for synergistic application. For example, portable diagnostic platforms combining CRISPR/Cas12a with LAMP enable multiplex detection of Escherichia coli (E. coli) virulence factors within 40 min, providing instrument-free visual interpretation via lateral flow strips or LED blue light. This approach achieves high sensitivity and specificity suitable for field applications in resource-limited regions (Shi et al., 2022). Field validation across rural clinical settings demonstrated 96.4% detection sensitivity, confirming the utility of integrated platforms for pathogen screening in low-resource environments.



4.4.2 Sample compatibility optimization: mitigating inhibitor interference

Complex matrices such as feces and wastewater contain inhibitors that compromise diagnostic accuracy through false-negative results. Incorporating reduced graphene oxide (rGO) into lateral flow assay (LFA) electrodes enhances electrochemical signal stability by over three-fold, leveraging rGO's electron transfer efficiency, gold nanoparticle immobilization capacity, and enzyme stabilization properties. This platform successfully identified Shiga toxin-positive samples in simulated diarrheal stool, demonstrating robust potential for field diagnostics under challenging sample conditions (Calucho et al., 2024).



4.4.3 Addressing expression heterogeneity: from structural to functional monitoring

Virulence gene expression heterogeneity represents a critical gap in current surveillance. Hybridization chain reaction (HCR) RNA-fluorescence in situ hybridization (RNA-FISH) revealed spatiotemporal variation in Candida albicans (C. albicans) HWP1 expression during murine tongue mucosa infection, illustrating dynamic virulence regulation under host immune pressure. This phenomenon may explain asymptomatic carriers or atypical presentations, indicating that future field diagnostics should incorporate expression-sensitive biomarkers (Lindemann-Perez et al., 2024).



4.4.4 Translational framework: bidirectional adaptation

Effective translation from laboratory validation to field deployment requires aligning diagnostic design with pathogen evolutionary mechanisms. Prioritizing stress-resistant conserved domains avoids overreliance on variable promoter targets. Concurrently, integrating virulence expression prediction into diagnostic models enhances interpretability for heterogeneous samples and complex infections.

This bidirectional integration model—synthesizing evolutionary insights with technological innovation—provides a critical pathway toward precise, efficient, and equitable infectious disease management.





5 Conclusions and future perspectives

The genomic evolution of enteric pathogens continually poses global public health challenges by driving enhanced virulence, dissemination of antimicrobial resistance (AMR), and host adaptation. Dynamic mechanisms—including horizontal gene transfer (HGT), chromosomal rearrangements, hypermutation, and epigenetic regulation—critically modulate pathogenic potential and epidemiology, thereby influencing the global burden of infectious diseases and intervention strategies. This review systematically examines the evolutionary trajectories of five major enteric pathogen classes (bacteria, fungi, parasites, viruses, and prions), emphasizing the central roles of virulence gene clusters, resistance elements, and mobile genetic elements (MGEs) in microbial pathogenicity. Using Escherichia coli (E. coli) as a paradigmatic model, we performed a comprehensive multidimensional annotation of 335 virulence factors (Figure 1), validating the feasibility of a closed-loop framework integrating genomic evolution, biomarker identification, and diagnostic assay development. This framework elucidates key molecular principles underlying pathogen-host interactions and provides methodological support for advancing precision diagnostics.

Recent advances highlight the translational potential of evolutionarily conserved diagnostic targets: CRISPR-Cas systems targeting the stx2 gene achieved complete concordance with clinical outcomes; loop-mediated isothermal amplification combined with lateral flow assay (LAMP-LFA) demonstrated 98.7% sensitivity for detecting blaNDM − 1 resistance mutations in fecal specimens; and AlphaFold-based structural domain prediction successfully identified immunogenic regions of the Cryptococcus HWP1 protein. These findings validate the robustness of evolutionarily stable biomarkers and provide a data-driven foundation for iterative technological refinement.

Nonetheless, the inherent complexity of enteric pathogen evolution poses significant challenges for diagnostic development:

	(1) Phenotypic plasticity arising from host microenvironmental dynamics—including low-abundance co-infections and stress-induced gene expression reprogramming—limits the reliability of single-target assays;
	(2) Rapid HGT of resistance elements outpaces diagnostic update cycles, necessitating dynamic surveillance frameworks; and
	(3) Resource constraints in low-income regions restrict deployment of advanced technologies.

Future research directions to address these challenges include:

(1) Integration of multi-omics and real-time monitoring approaches: Leveraging single-cell spatial transcriptomics, deep mutational scanning, and nanopore sequencing to construct “digital twin” models that capture pathogen virulence heterogeneity and resistance mutation trajectories.

(2) Development of cost-effective, high-sensitivity diagnostics: Utilizing biomimetic magnetic bead capture, reduced graphene oxide (rGO)-quantum dot composite probes, and smartphone-based imaging to realize paper-based microfluidic platforms for point-of-care testing with per-assay costs under $5.

	(3) Establishment of “One Health” surveillance networks: Integrating cloud-based artificial intelligence (AI) and real-time sequencing data across human, animal, and environmental reservoirs to enable early warning of emerging cross-species pathogens such as chronic wasting disease (CWD) prions.

In conclusion, elucidating genomic evolution in enteric pathogens not only advances fundamental understanding of disease mechanisms but also drives innovation in diagnostic development and public health strategies. The closed-loop paradigm of evolution-driven biomarker discovery and diagnostic translation holds promise for shifting infectious disease control from reactive responses toward proactive surveillance and precision intervention on a global scale.
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Klebsiella pneumoniae has evolved from an opportunistic pathogen into a formidable global threat, with hypervirulent strains now causing severe infections in healthy individuals and carbapenem-resistant variants achieving mortality rates exceeding 42%. This transformation can be driven by mobile genetic elements including plasmids, integrative conjugative elements (ICE), insertion sequences (ISs), transposons, and integrons. Recent discoveries reveal that these elements employ sophisticated mechanisms: conjugative virulence plasmids dissemination across bacterial populations; ICEs-mediated virulence traits transfer; and hybrid genetic elements simultaneously confer virulence and antimicrobial resistance. Understanding these molecular mechanisms is critical for developing targeted diagnostics and therapeutics that disrupt mobile element mobility, offering promising strategies to combat the convergence of hypervirulence and resistance in this WHO priority pathogen.
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Background: from opportunistic pathogen to superbug, the evolution of Klebsiella pneumoniae

Klebsiella pneumoniae represents a paradigmatic example of rapid pathogenic evolution in the modern clinical era. Historically recognised as an opportunistic pathogen primarily causing nosocomial infections in immunocompromised hosts, this Gram-negative bacterium has undergone a remarkable transformation that fundamentally challenges traditional concepts of bacterial pathogenicity (Paczosa and Mecsas, 2016). Classical K. pneumoniae (cKP) isolates retain this profile, exhibiting high genetic diversity and typically low virulence (Kochan et al., 2023). The pivotal recognition of this evolutionary shift of this organism occurred in 1986 when Liu et al. documented seven cases of invasive K. pneumoniae infections manifesting as hepatic abscess and septic endophthalmitis in previously healthy community-dwelling individuals without underlying biliary tract disease. This seminal observation marked the emergence of what would later be characterised as hypervirulent K. pneumoniae (hvKp), distinguished by its capacity to cause severe invasive diseases in immunocompetent hosts (Liu et al., 1986).

Subsequent decades witnessed parallel K. pneumoniae evolution along two increasingly convergent pathways. The first involves hypervirulence development, characterised by enhanced capsular polysaccharide (CPS) production (mucoid phenotype), iron acquisition systems (aerobactin, yersiniabactin, salmochelin), and systemic infection establishment from initial colonisation sites (Shon and Russo, 2012; Gu et al., 2018). The second pathway encompasses extensive antimicrobial resistance (AMR) acquisition, particularly emergence of carbapenem-resistant K. pneumoniae (CRKP) which has been linked to mortality rates as high as 42.86% (Chen et al., 2022). Trait convergence has culminated in carbapenem-resistant hypervirulent K. pneumoniae (CR-hvKp), a true “superbug” combining exceptional pathogenic potential with broad AMR profiles (Gu et al., 2018; Roulston et al., 2018). Complexity intensifies through highly clonal populations and persistence of environmental reservoir (hospital surfaces, water systems, medical equipment), facilitating rapid healthcare dissemination (Paczosa and Mecsas, 2016; Farzana et al., 2023).

Given substantial pathogenic potential, rising AMR challenges, and epidemiological significance as both harmless coloniser and pathogen, K. pneumoniae has garnered extensive scientific attention. In recognition of these concerns, the 2024 WHO Bacterial Priority Pathogens List (BPPL) formally designated carbapenem-resistant K. pneumoniae as the top “critical priority” pathogen, assigning it the highest possible risk score (84%) amongst 24 evaluated bacteria (Sati et al., 2025). This designation reflects its high burden of disease, increasing resistance trends, treatment difficulty, and significant public-health impact globally. Given its substantial pathogenic potential, evolving resistance profiles, and epidemiological relevance, K. pneumoniae remains a major threat and therefore continues to warrant focused research and surveillance.

Central to understanding this rapid pathogenic evolution is recognising that the transformative capacity of K. pneumoniae can be driven by mobile genetic elements (MGEs). These genetic structures including plasmids, integrative and conjugative elements (ICEs), insertion sequences (ISs), transposons, and integrons, function as horizontal gene transfer vehicles, enabling rapid virulence and resistance trait dissemination across diverse bacterial populations and accelerating bacterial adaptation to selective pressures (Ernst et al., 2020; Farzana et al., 2023).

Despite significant advances in understanding K. pneumoniae pathogenicity, critical knowledge gaps remain regarding precise mechanisms governing MGE-mediated virulence acquisition and dissemination. Regulatory networks controlling virulence gene expression, molecular bases of MGE mobility, and factors determining successful horizontal transfer events remain incompletely characterised (Haudiquet et al., 2021).

This review provides comprehensive overview of MGEs associated with K. pneumoniae virulence. We focus on mechanisms underlying pathogenic trait transfer between plasmids and chromosomes, and amongst different bacterial strains. By highlighting established and predicted virulence factors and analysing their genetic contexts, this review elucidates MGE roles in shaping K. pneumoniae pathogenic potential.

Data systematically collected from eligible studies included: virulence gene location (chromosome or plasmid); MGEs pertinent to virulence, including size and classification (e.g., group for insertion sequences; replicon type for plasmids); bacterial host harbouring virulence genes; sequence type (ST) and K-antigen (capsular type) of the host bacteria; as well as year, country and source of isolation of bacterial host.



Understanding hypervirulence: genetic determinants in Klebsiella pneumoniae

Since the discovery of hvKp, how to genetically and phenotypically classify hvKp has become an urgent question. Early investigations identified the mucoid phenotype and siderophore systems as key contributors to hvKp characteristics (Figure 1A) (Nassif and Sansonetti, 1986; Nassif et al., 1989). This review categorise the virulence genes in K. pneumoniae according to their mechanisms of action (Table 1).
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FIGURE 1
 Major virulence factors in K. pneumoniae. (A) Key virulence genes are distributed across the chromosome and virulence plasmids. Chromosomally encoded siderophores include ent and ybt, the latter often located on an ICE alongside the clb locus responsible for colibactin biosynthesis. Virulence plasmids encode siderophore systems such as iuc, iro, and regulatory genes like peg-344, all contributing to increased pathogenicity. Additional virulence factors, such as fimbriae, also contribute to K. pneumoniae virulence. (B) Regulatory factors of CPS in K. pneumoniae. Solid arrows denote promotion, and dashed arrows indicate repression. Positive regulators, including RmpA, KvrA, KvrB, and the RcsA/RcsBCD phosphorelay system, activate transcription of key capsule biosynthesis genes (galF, gnd, ugd, wza, wzx, wzb, and wzc), thereby enhancing CPS production and contributing to the hypermucoviscous phenotype. In contrast, CRP and nutrient- or stress-associated signals (N-HS) act as negative regulators that repress cps transcription. (C) The siderophore systems enterobactin (ent), yersiniabactin (ybt), salmochelin (iro), and aerobactin (iuc) are present. Each siderophore binds iron outside the bacterial cell and delivers it to specific outer-membrane receptors. These uptake pathways allow the bacterium to overcome host iron limitation and support its growth and virulence. TBDT: TonB-dependent transporter. The figure is created by BioRender.



TABLE 1 Summary of virulence genes in K. pneumoniae.


	Category
	Gene/gene cluster
	Function
	Phenotypic effect
	Genetic location
	Representative references

 

 	Capsule regulation & CPS biosynthesis 	galF, gnd, ugd 	Sugar synthesis for CPS precursor formation 	Capsule biosynthesis 	Chromosomal CPS locus 	
Xu et al. (2024)



 	wzy, wzx 	Capsule polymerisation 	CPS chain biosynthesis 	Chromosomal CPS locus 	
Xu et al. (2024)



 	wza, wzb, wzc 	Capsule transport 	Export of CPS to cell surface; wzc SNPs increase virulence 	Chromosomal CPS locus 	
Ernst et al. (2020)



 	magA 	K1-specific capsule formation; SNPs increase mortality 	Hypervirulence; enhanced serum resistance 	Chromosomal (K1) 	
Fang et al. (2010)



 	rmpA, rmpA2, rmpB 	Capsule upregulation; hypermucoviscosity 	Classic hvKp markers; highly prevalent in K1/K2 	Mainly plasmid; occasionally chromosomal 	Wacharotayankun et al. (1993) and Hsu et al. (2011)


 	rcsA, rcsB, Rcs phosphorelay 	Stress-responsive activation of cps 	Increased capsule production 	Chromosomal 	
Meng et al. (2021)



 	kvrA, kvrB, fur, lon 	Capsule regulators 	Modulate CPS levels; Fur represses entC 	Chromosomal 	
Palacios et al. (2018)



 	CRP 	Global regulator; represses cps 	Reduced capsule under CRP activation 	Chromosomal 	
Lin et al. (2013)



 	mlaA, PLD, Mla system 	Maintain membrane integrity, indirectly stabilising CPS 	Capsule stability 	Chromosomal 	
Dorman et al. (2018)



 	Iron acquisition systems 	Enterobactin (Ent): entC, fepA 	Primary siderophore production & receptor 	Iron scavenging; baseline virulence factor 	Chromosomal 	
Baghal et al. (2010)



 	Yersiniabactin (Ybt) 	Siderophore synthesis 	Promotes systemic infection 	Chromosomal/ICEKp 	
Schalk (2025)



 	Aerobactin (iucABCD-iutA) 	High-affinity siderophore 	Strongly associated with hvKp 	Plasmid-borne (virulence plasmids) 	
Holt et al. (2015)



 	Salmochelin (iroBCDN) 	Glycosylated enterobactin 	Immune evasion; hvKp marker 	Plasmid-borne 	
Müller et al. (2009)



 	iroN, iroB 	Salmochelin uptake and synthesis 	Enhanced fitness 	Plasmid-borne 	
Müller et al. (2009)



 	kfu 	Iron uptake system 	Fitness and virulence enhancement 	Chromosomal 	
Hsieh et al. (2008)



 	tonB 	Energises siderophore uptake 	Iron import 	Chromosomal 	
Hsieh et al. (2008)



 	Fur 	Ferric uptake regulator 	Represses entC; modulates siderophore expression 	Chromosomal 	
Yuan et al. (2020)



 	RcsAB complex 	Regulates entC under iron limitation 	Activates siderophore genes under stress 	Chromosomal 	
Yuan et al. (2020)



 	Genotoxin 	Colibactin (pks island) 	Genotoxic compound causing DNA damage 	Cell cycle arrest, epithelial disruption; enhances dissemination 	Chromosomal (often on ICE) 	Choby et al. (2020) and Lu et al. (2017)


 	Other validated virulence genes 	peg-344 	Biomarker for hvKp; unknown function 	Strong hvKp predictor 	Plasmid 	
Bulger et al. (2017)



 	mrk fimbriae 	Type III fimbriae 	Adhesion, biofilm formation 	Chromosomal 	
Lai et al. (2003)



 	moaR, kva15 	Regulatory proteins 	Modulate virulence traits 	Chromosomal 	Chou et al. (2004) and Tu et al. (2009)


 	kvgAS 	Two-component system 	Increases virulence gene expression 	Chromosomal 	
Chou et al. (2004)



 	Allantoin metabolism genes 	Allantoin utilisation 	Contributes to liver infection 	Chromosomal 	
Lai et al. (2003)



 	arcZ (sRNA) 	Represses virulence genes 	Post-transcriptional regulation 	Chromosomal 	
Wu et al. (2024)



 	tolB, tolR, pal, lpp, ompA, waaL, nlpI 	Cell envelope integrity 	Enhances serum resistance and virulence 	Chromosomal 	
Zhu et al. (2023)





 


Essential genes for capsule and hypermucoviscosity production

CPS overproduction represents a critical virulence factor enabling immune evasion and facilitating survival within host environments. Capsule biosynthesis is encoded by the cps gene cluster, including genes for sugar synthesis (galF, gnd, ugd), polymerisation (wzy, wzx), and transport (wza, wzb, wzc) (Xu et al., 2024). Single-nucleotide polymorphisms (SNPs) in wzc (Ernst et al., 2020) and K1-specific wzy polymerase formerly known as magA (Fang et al., 2010) increase mortality in animal models. The cps locus is regulated by plasmid-borne and chromosomal factors: the hypermucoviscous phenotype associates with K1 and K2 serotypes through the rmp operon (rmpA-rmpC-rmpD) (Walker Kimberly et al., 2019; Walker Kimberly et al., 2020; Wacharotayankun et al., 1993) which are typically plasmid-encoded but also found in chromosome (Hsu et al., 2011). Chromosomal regulators (rcsA, rcsB, and the Rcs phosphorelay system) respond to stress and upregulate cps genes (Meng et al., 2021). Additional chromosomally encoded regulators like kvrA, kvrB, fur, and lon modulate capsule expression (Palacios et al., 2018), while cAMP receptor protein (CRP) negatively regulates by repressing cps transcription (Lin et al., 2013). Phospholipid transport systems such as Mla system, MlaA, Phospholipase D (PLD) maintain membrane integrity and capsule stability (Lin et al., 2013; Dorman et al., 2018) (Figure 1B). Key serotypes (K1, K2, K5, K20, K54, K57) co-associate with virulence genes (rmpA, rmpA2, iucA, iroB, peg-344, and wzy(K1)). K1 and K2 are most studied, with magA specific to K1 and rmpA/rmpA2 detected in nearly all K1 (99.4%) and K2 (98.6%) isolates, contributing to high lethality and serum resistance, respectively (Tian et al., 2025).



Iron acquisition systems

Iron, though essential for bacterial metabolism, is sequestered by host proteins. K. pneumoniae produces siderophores to scavenge iron, crucial for infection survival (Schalk, 2025). All strains possess the chromosomal enterobactin (Ent) system with receptor fepA (Baghal et al., 2010). The chromosomal yersiniabactin (Ybt) system contributes to pathogenicity. Plasmid-borne aerobactin (iucABCD-iutA) and salmochelin (iroBCDN) systems strongly associate with hvKp (Holt et al., 2015). Amongst iro genes, iroN and iroB support efficient iron uptake (Müller et al., 2009), while kfu and tonB promote fitness and virulence (Hsieh et al., 2008) (Figure 1C). In hvKp, the siderophore biosynthesis gene entC is regulated by Ferric-uptake regulator (Fur) and RcsAB complex. Fur repression is relieved and RcsAB activates entC transcription under iron limitation, enhancing siderophore production and virulence (Yuan et al., 2020).



Genotoxin

An important virulence factor in K. pneumoniae is colibactin, a genotoxin first identified in Escherichia coli (Choby et al., 2020). Colibactin induces DNA damage, causing cell cycle arrest, senescence, or apoptosis, impairing infection resolution (Faïs et al., 2018). It disrupts epithelial barriers, facilitates tissue translocation, and modulates immunity by reducing pro-inflammatory signals (Lu et al., 2017). Synthesised by nonribosomal peptide synthetases encoded in the pks locus, typically within a chromosomal ICE. ICE facilitates horizontal transfer of colibactin-associated virulence.



Other virulence genes

Experimentally validated genes include peg-344, mrk fimbriae, moaR and kva15 regulators, kvgAS signalling, and allantoin metabolism (Lai et al., 2003; Chou et al., 2004; Tu et al., 2009; Bulger et al., 2017). ArcZ, a small RNA regulator, represses virulence genes (Wu et al., 2024). CRISPRi screening identified cell envelope genes (tolB, tolR, pal, lpp, ompA, waaL, nlpI) contributing to virulence through maintaining membrane stability (Zhu et al., 2023).




Plasmid-mediated dissemination of hypervirulence in Klebsiella pneumoniae

The clinical significance of virulence plasmids was first recognised when Nassif et al. identified a 180 kb plasmid encoding aerobactin and the mucoid phenotype, correlating with virulence phenotypes in K1 and K2 isolates (Nassif and Sansonetti, 1986). Subsequent epidemiological studies demonstrated global dissemination (Struve et al., 2015; Lei et al., 2024). Struve et al. showed that all 30 K1/K2 hvKp strains from patients with liver abscess or community-acquired pneumonia across seven countries (Africa, Asia, Europe, North America) during 1996–2012 harboured pLVPK-like plasmids, though some contained gene deletions (Struve et al., 2015). Additional virulence plasmids underscore their global spread and evolutionary significance. For example, pVir_030666 in Klebsiella variicola encodes multiple virulence determinants including mucoid phenotype regulators (rmpA, rmpA2), aerobactin (iucABCD-iutA), salmochelin (iroBCDN), and yersiniabactin (irp1-2, ybtAEPQSTUX), exhibiting enhanced virulence in larval infection models (Lu et al., 2018).

Most plasmid-mediated virulence in K. pneumoniae is largely driven by this conserved set of genes that enhance capsule formation, iron acquisition, and metabolic fitness. As discussed in the previous part, rmpA and rmpA2 play central roles in increasing transcription of the cps locus, leading to the hypermucoviscous phenotype (Hu et al., 2023). This thick capsule protects the bacterium from complement-mediated killing and phagocytosis, enabling invasive disease even in healthy hosts.

In parallel, plasmid-encoded siderophore systems such as aerobactin (iucABCD-iutA) and salmochelin (iroBCDN) provide high-affinity mechanisms for iron uptake, allowing the pathogen to overcome host nutritional immunity and sustain rapid growth during infection (Hong et al., 2024).

Additional loci, including peg-344 and plasmid-associated variants of the yersiniabactin cluster, further enhance fitness and facilitate tissue invasion. Together, these virulence determinants act synergistically to promote virulence plasmid dissemination, persistence, and severe clinical manifestations.


Classical non-conjugative virulence plasmids

Classical virulence plasmids have been systematically classified by genetic architecture and virulence gene content. The two predominant types are KpVP-1, characterised by iuc1, iro1, rmpA, and rmpA2, and KpVP-2, carrying iuc2, iro2, and rmpA (Struve et al., 2015). pK2044 (224,152 bp), originally identified in a K1 hvKp strain, is the prototypical representative of the KpVP-1 lineage, whereas pLVPK (219,385 bp), first described in a K2 strain, is the representative plasmid of the KpVP-2 group. These large plasmids harbour key virulence determinants including aerobactin synthesis genes (iuc), metabolite transporter peg-344, and mucoid phenotype regulators rmpA and rmpA2. Loss of these plasmids significantly attenuates virulence in animal models (García-Cobos et al., 2025). Genomic surveillance revealed considerable diversity beyond classical archetypes. Novel variants include plasmids carrying iuc3, iuc5 (with or without iro5), and novel iuc/iro allelic variants, demonstrating ongoing evolution and horizontal transfer across K. pneumoniae populations. Divergent virulence plasmids like pKP35_vir and pKP36_vir, sharing limited sequence homology (<40% coverage) with KpVP-1 and KpVP-2, have been designated KpVP-3, expanding recognised diversity (Struve et al., 2015).



Conjugative virulence plasmids

A critical evolutionary development is the emergence of conjugative virulence plasmids, combining self-transmissibility with virulence gene cargo, enabling horizontal dissemination across bacterial populations. The first characterised conjugative virulence plasmid, p15WZ-82_Vir, was identified in K. variicola and formed through integration of a 100-kb virulence region into a conjugative IncFIB backbone. This chimeric plasmid retained key virulence loci including rmpA, truncated rmpA2 (rmpA2Δ), aerobactin operon (iucABCD-iutA), and salmochelin cluster (iroBCDN). Experimental conjugation assays demonstrated successful transfer to multiple Klebsiella species, with transconjugants exhibiting significantly enhanced virulence, confirming both mobility and functional virulence contribution (Yang et al., 2019). Table 2 summarises ten individual conjugative virulence plasmids reported in previous studies. These plasmids were described as specific, well-characterised examples of plasmid-mediated hypervirulence (Table 2; Figure 2).


TABLE 2 Summary of conjugative virulence plasmid in K. pneumoniae.


	Plasmid
	Size
	Siderophore genes
	Capsule production gene
	AMR Genes
	Plasmid replicon type
	Transferability
	Accession number of plasmid
	Bacteria host
	ST of bacteria host
	Serotype of bacteria host
	Year
	Country of isolation
	Ref

 

 	p15WZ61-Vir 	228,722 	iutA, iucABCD, iroCN 	rmpA 	blaKPC-2, blaCTX-M-65, foxA, blaTEM-1B and catA2 	IncFIB 	Not mentioned 	ON777847.1 	K. variicola 15WZ-61 	ST11 	K47 	2024 	China 	
https://doi.org/10.1016/j.micres.2024.127896



 	pKp104014_1 	345,775 	iucABCDiutA 	rmpA2 	bla
CTX-M-15
, bla
TEM-1
, aac3’-IIa, dfrA1, sat2, bla
SHV-5
, sul1, aadA1 	IncHI1B/IncFIB 	IncFII tra 	CP034046.1 	K. pneumoniae KP_104014 	15 	K24 	2014 	Norway 	
https://doi.org/10.1093/jac/dkz028



 	p15WZ-82_Vir 	292,280 	iroBCDNiucABCDiutA 	rmpArmpA2 	- 	IncHI1B/IncFIB 	Not mentioned 	NZ_CP032356.1 	K. variicola 15WZ-82 	595 	KL16 	2015 	China 	
https://doi.org/10.1038/s41564-019-0566-7



 	pKp112126_1 	299,188 	iucABCDiutA 	rmpA2 	bla
TEM-1
, aac3’-IIa 	IncHI1B/IncFIB 	IncFII tra 	CP034054.1 	K. pneumoniae KP_112126 	15 	K24 	2015 	Norway 	
https://doi.org/10.1093/jac/dkz028



 	pKpvST147L 	343,282 	iucABCDiutA 	rmpA, rmpA2 	bla
NDM-1
, armA, aph (3c)-VIb, sul1, sul2, mph(A), dfrA5 	IncHI1B/IncFIB 	tra 	NZ_CM007852.1 	K. pneumoniae KpvST147L_NDM 	147 	KL35 	2016 	UK 	
https://doi.org/10.1099/jmm.0.000653



 	pKpvST15 	277,162 	iucABCDiutA 	rmpA, rmpA2 	aac(6′)-Ib3, rmtC, bla
CMY-6
, aac(6′)-Ib-cr, sul1 	IncHI1B/IncFIB 	tra 	NZ_CP040595.1 	K. pneumoniae KpvST15_NDM 	15 	KL112 	2016 	UK 	
https://doi.org/10.3390/microorganisms7090326



 	pKpvST101 	292,699 	iucABDiutA 	rmpA, rmpA2 	aph(6)-Id, aph(3′)-Ib, bla
TEM-1B
, mph(A), sul1, sul2, dfrA5 	IncFII/IncFIB 	tra 	CP031369.2 	K. pneumoniae KpvST101_OXA-48 	101 	KL62 	2018 	UK 	
https://doi.org/10.3390/microorganisms7090326



 	pKpvST48_1 	302,220 	iroBCDNiucABCDiutA 	rmpA, rmpA2 	bla
NDM-5
, blaCTX-M-15, bla
OXA-9
, bla
TEM-1B
, aph(3′)-Ia, aph(3′)-VIaac(6′)-Ib, aac(6′)-Ib-cr, aadA1, qnrS1, catA1 	IncHI1B/IncFIB 	tra 	CM016731.1 	K. pneumoniae KpvST48_NDM 	48 	KL62 	2018 	UK 	
https://doi.org/10.3390/microorganisms7090326



 	pKpvST383L 	372,826 	iroBCDNiucABCDiutA 	rmpA, rmpA2 	bla
NDM-5
, bla
CTXM-15
, bla
OXA-9
, bla
TEM-1B
, armA, dfrA5, aadA1, aph(3′)-1a, aph(3′)-VI, aac(6′)-lb, aac(6′)-lb-cr, catA1, sul1, sul2, mph(A), mph (E), msr(E), qnrS1 	IncHI1B/IncFIB 	tra 	CP034201.2 	K. pneumoniae KpvST383_NDM_OXA-48 	383 	KL30 	2018 	UK 	
https://doi.org/10.3390/microorganisms7090326



 	pVir 	297,984 	iroBCDN, iucABCDiutA 	rmpA, rmpA2 	– 	IncHI1B/IncFIB 	tra 	CP023723 	K. pneumoniae TVGHCRE225 	11 	K47 	2014 	China 	
https://doi.org/10.1093/jac/dky164



 	pVir_030666 	236,355 	iroBCDNiucABCDiutA 	rmpA, rmpA2 	– 	IncHI1B/IncFIB 	tra 	CP027063 	K. variicola WCHKV030666 	595 	K16 	2016 	China 	
https://doi.org/10.1093/jac/dky301
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FIGURE 2
 Comparative genomic alignment of representative conjugative virulence plasmids in K. pneumoniae. Linear comparison of virulence plasmids from K. pneumoniae reveals extensive sequence homology and structural rearrangements. Blue shaded areas represent shared regions with ≥99% nucleotide identity, with colour intensity reflecting sequence similarity. Arrows indicate predicted coding sequences, with virulence-associated genes (e.g., iuc, iro, rmpA, rmpA2, peg-344) highlighted in red. The figure is created by EasyFig (2.2.5).




Emerging conjugative variants

Most virulence plasmids in K. pneumoniae are nonconjugative, lacking essential plasmid-transfer genes. However, compelling evidence exists for horizontal transfer between plasmids and chromosomes through various mechanisms (Nguyen et al., 2024). Structural complexity is exemplified by pLVPK, containing 13 ISs, likely representing sequential acquisition of horizontally transferred genes (Chen et al., 2004). Huang et al. described a unique virulence plasmid carrying ybt4, the only reported plasmid-encoded yersiniabactin locus (Huang et al., 2023). This 165-kb IncFIBκ/FIIκ plasmid contains a tra-trb conjugation region, and in pKP35_vir, the ybt4 locus is flanked by mobile elements IS1 and Tn2, suggesting spread via genetic recombination (Huang et al., 2023). The molecular mechanisms governing virulence plasmid conjugation and stability remain incompletely characterised (Shon and Russo, 2012), necessitating comprehensive genomic characterisation of plasmid architecture, including core virulence gene cassettes and MGEs, to understand pathogenesis and develop surveillance frameworks (Ahmed et al., 2021).




ICEs as drivers of Klebsiella pneumoniae virulence dissemination

ICEs are MGEs that integrate into bacterial chromosomes and transfer themselves through conjugation. ICEs consist of cargo modules and functional conjugation systems. Cargo genes, unrelated to their maintenance, provide selective advantages such as antimicrobial resistance genes (ARGs), heavy metal tolerance, or enhanced metabolic capabilities (Johnson and Grossman, 2015). Several ICEs carry virulence-associated cargo genes, contributing to pathogenicity. For instance, P. aeruginosa pathogenicity island 1 (PAPI-1) is a functional ICE that mediate horizontal transfer of virulence traits and may enhance ecological fitness, allowing colonisation and adaptation to specific hosts or environments (Carter et al., 2010).

The widespread distribution of ICEs across bacterial populations has been revealed through large-scale genomic analysis, which identified over 300 putative ICEs across more than 1,000 bacterial genomes. ICEs are found in both pathogenic and non-pathogenic bacteria, with a broader distribution than conjugative plasmids (Guglielmini et al., 2011). ICEs typically integrate at tRNA loci, with one study reporting 73% of strains harboured ICE insertions at one or more of four asparagine tRNA genes (Marcoleta et al., 2016).

They were first characterised in Enterococcus faecalis during the late 1980s, revealing tetracycline resistance transfer without plasmids (Franke and Clewell, 1981). The ICE in K. pneumoniae (ICEKp), extensively characterised by Lin et al., is defined by biosynthetic genes for siderophore yersiniabactin (Lin et al., 2008). ICEKp1 spans approximately 76 kilobases and was identified in hvKp strain NTUH-K2044. ICEKp1 demonstrated substantially higher prevalence in hvKp (38/42) compared to cKp strains (5/32) (Lin et al., 2008). ICEKp1 was also detected in in several members of the K. pneumoniae species complex (Breurec et al., 2016). Recent studies show ICEs are particularly prevalent in K. pneumoniae but occasionally acquired by other Enterobacteriaceae (Putze et al., 2009; Paauw et al., 2010). In a large-scale genomic survey of 2,498 K. pneumoniae isolates, approximately 40% of ICEKp carried ybt, and around 14% carried clb (Lin et al., 2008).

ICEKp elements are characterised by a conserved backbone including P4-like integrase (int), the 29-kb ybt locus, and a ~ 14-kb mobilisation module encoding xis, virB-type IV secretion system (T4SS), oriT, and mobBC (Lin et al., 2008; Marcoleta et al., 2016). Fourteen distinct structural variants, designated ICEKp1 through ICEKp14, have been identified, each associated with specific lineages of yersiniabactin and colibactin loci (Table 3) (Lam et al., 2018). Distinct cargo gene clusters at the right end allow classification into these structural variants.


TABLE 3 Comparative features of ICEKp variants in K. pneumoniae.


	ICEKp variant
	Key virulence genes
	Cargo region features
	Associated ybt lineages
	Presence of Zn2+ Mn2+ metabolism module (KpZM)
	Prevalent STs/lineages
	Mobilisation genes

 

 	ICEKp1 	ybt, iro, rmpA 	18 kb insertion homologous to pLVPK (iro, rmpA) 	ybt1 (e.g., ST23) 	No 	ST23 (hvKp) 	Present


 	ICEKp2-9 	ybt 	Lineage-specific accessory genes 	Varies; each ICEKp mostly linked to one ybt 	No 	Diverse 	Present


 	ICEKp10 	ybt, clb 	51 kb clb locus (colibactin); often with KpZM 	ybt1, ybt12, ybt17 	Yes (in most strains) 	ST23, ST258, other CG258 	Present


 	ICEKp11-14 	ybt 	Lineage-specific accessory genes 	Varies 	Sometimes 	Diverse 	Present


 	ICEKp (rhinoscleromatis) 	ybt (with irp2 nonsense mutation) 	Lacks mobilisation module 	ybt11 	Not reported 	ST67 (rhinoscleromatis) 	Absent


 	ICEKp (NCTC 11697) 	Highly divergent ybt 	Lacks virB-T4SS and xis 	Highly divergent (>2%) ybt 	Not reported 	Unknown 	Absent




 

Most ICEKp variants are associated with a single ybt lineage, suggesting co-evolution, while ICEKp10, harbouring the clb (colibactin) locus, is linked to multiple ybt lineages, indicating repeated acquisition events. The presence of clb has been strongly associated with enhanced pathogenicity in both hvKp and cKp backgrounds, particularly in severe invasive infections. In contrast to ICEKp1, which primarily harbours ybt, iro, and rmpA, ICEKp10 lacks these additional virulence genes but contributes to hypervirulence through colibactin-mediated genotoxicity. Phylogenetic analysis of clb sequences revealed three distinct lineages (clb1, clb2A, clb2B), each associated with a specific ybt lineage, suggesting independent acquisitions into ICEKp. Certain ICEKp variants lacking typical mobilisation machinery indicate evolutionary divergence or specialisation within specific lineages (Table 3) (Lam et al., 2018).

ICEs spread virulence or resistance traits by excising from the chromosome, forming a circular intermediate, and transferring single-stranded DNA to recipient cells through a T4SS (Lee et al., 2010). Similar to other ICEs, ICEKp integrates into the chromosome at a conserved tRNA-associated attachment site (attB) through an ICE-encoded integrase, usually a tyrosine recombinase (Guérillot et al., 2014). After transfer, the ICE is re-integrated into the recipient chromosome, allowing stable maintenance of the virulence locus. The capability of ICEKp to mobilise virulence-associated loci, including ybt and clb, along with metabolic modules facilitating bacterial nutrient uptake, indicates its critical role in shaping pathogenic potential across various clonal backgrounds.



How do tiny DNA segments control bacterial virulence?

ISs are the simplest form of mobile elements, typically consisting of a transposase gene flanked by short, inverted repeats. Though small, they have significant functional impacts by disrupting genes, modifying promoter activity, or facilitating genomic rearrangements (Wei et al., 2025). In K. pneumoniae, IS element involvement in virulence has been demonstrated in recent years, particularly through disruption of capsule biosynthesis gene wcaJ (Wang et al., 2022). Hypervirulent isolates of ST23-K1 strain harbour IS elements, such as ISKpn26 or ISKpn74, which insert within wcaJ and induce frameshift mutations. This insertion significantly diminishes CPS production (Wang et al., 2022). Furthermore, IS5/ISKox3 elements have been observed associated with key capsule synthesis genes (wcaJ, wza, wzc) in hvKp. This association leads to non-mucoid phenotypes in vitro. Importantly, excision of these IS elements restores capsule production in vivo, thereby recovering hypervirulence capacity (Wei et al., 2025). The specific IS elements associated with K. pneumoniae virulence are detailed in Table 4.


TABLE 4 Summary of insertion sequence in K. pneumoniae.


	IS
	Size
	Group
	Location
	Inserted gene
	Origin
	K. pneumoniae strain
	Type (capsular & ST)
	Country of isolation
	Reference
	Year of isolation
	Accession number of strain

 

 	ISKpn26 	1,196 bp 	IS5 group, IS5 family 	Chromosome 	wcaJ 	blaKPC-2 plasmid 	C1356, C400, C4599 	K1; ST23 	China 	
https://doi.org/10.1128/spectrum.02400-22
 	2015 	SAMN30432938 SAMN24256184 SAMN24256185


 	ISKpn74 	1,056 bp 	IS903 group, IS5 family 	Chromosome 	wcaJ 	– 	C2768 	K1; ST23 	China 	
https://doi.org/10.1128/spectrum.02400-22
 	2017 	SAMN30432939


 	ISEc36 	∼12 kbps 	IS2 group, IS3 family 	pC6395_2 	rmpA2 and iutA-iucABCD 	pK2044-like plasmid 	C6395 	K47; ST11 	China 	
https://doi.org/10.1016/j.ijantimicag.2024.107245
 	2019 	SAMN32217889


 	ISKpn28 	1,096 bp 	IS481 family 	Chromosome 	rmpA2 and iutA-iucABCD 	pNDM-Mar-like-pK2044-like fusion plasmids 	C6395 	K47; ST11 	China 	
https://doi.org/10.1016/j.ijantimicag.2024.107245
 	2019 	SAMN32217889


 	IS26 	820 bp 	IS6 family 	Chromosome 	rmpA2 and iutA-iucABCD 	pNDM-Mar-like-pK2044-like fusion plasmids 	C6395 	K47; ST11 	China 	
https://doi.org/10.1016/j.ijantimicag.2024.107245
 	2019 	SAMN32217889


 	IS3000 	3,235 bp 	Tn3 family 	pNDM-Mar 	bla
NDM-1
 	pNDM-Mar 	– 	K47; ST11 	Russia 	
https://doi.org/10.1016/j.ijantimicag.2024.107245
 	2019 	–


 	ISKpn74 	1,056 bp 	IS903 group, IS5 family 	Chromosome 	iroBCDN, iucABCD/iutA, rmpA/A2 and peg 	– 	PBIO2030 	ST420 	Germany 	
https://doi.org/10.3390/ijms22179196
 	2021 	ERP130248


 	IS903B 	1,057 bp 	IS903 group, IS5 family 	Chromosome 	wbaZ 	an 149214-bp plasmid 	135,077 	K64; ST11 	China 	
https://doi.org/10.1128/msphere.00518-22
 	2006 	CP073290; CP073296


 	IS903D 	– 	– 	p11492-vir-CTXM 	bla
CTX-M-24
 	– 	Strains 11,492 	K1; ST23 	China 	
https://doi.org/10.1128/AAC.02273-18
 	2019 	CP026021; CP026022


 	ISR1 	777 bp 	– 	Chromosome 	GmlB glycosyltransferase gene 	– 	BIDMC 7B and ABC152 	KL107-like; ST258, K64; ST147 	Poland 	
https://doi.org/10.3390/ijms21186572
 	2013 	JCNG00000000.1; JACENF000000000


 	ISEcp1 	1,656 bp 	IS1380 family 	Chromosome 	rmpA2 	pKPTCM-1 	KPTCM 	K1; ST15 	China 	
https://doi.org/10.3389/fcimb.2022.984479
 	2022 	SAMN28422337


 	IS5 	1,195 bp 	IS5 group, IS5 family 	Chromosome 	wcaJ, wza, and wzc 	E. coli 	NK01067 	KL1; ST23, 	China 	
https://doi.org/10.1186/s13073-025-01474-0
 	2025 	PRJNA1135710


 	ISKox3 	1,316 bp 	ISL3 family 	Chromosome 	wcaJ, wza, and wzc 	Klebsiella oxytoca 	NK01067 	KL1; ST23 	China 	
https://doi.org/10.1186/s13073-025-01474-0
 	2025 	PRJNA1135710




 

IS-mediated inactivation of capsule biosynthesis genes conferred lower fitness cost and enhanced conjugation frequency of a blaKPC-2 resistance plasmid (Wang et al., 2022). These findings highlight a dynamic IS-mediated “capsule ON–OFF–ON” mechanism that not only alters virulence but also promotes horizontal transfer of multidrug resistance in hvKp (Wei et al., 2025). For instance, ISKpn74 has been identified as a significant factor altering virulence through two distinct yet contrasting mechanisms. Typically, plasmid-associated, ISKpn74 is integrated upstream of rmpA and rmpA2, enhancing expression of virulence traits such as hypermucoviscosity and increased siderophore production (Huang et al., 2024). Conversely, another study identified ISKpn74 within the chromosomal framework of an ST20 isolate, where its insertion occurs between K and O antigen loci, suggesting potential disruption of capsule biosynthesis pathways (Eger et al., 2021).

Beyond influencing strain virulence, ISs significantly contribute to structural evolution of virulence elements by facilitating transfer between plasmids and chromosomes. Research shows IS elements like ISKpn28 and IS26 are instrumental in forming large fusion plasmids, arising from recombination events between classical virulence plasmids (such as pK2044-like) and resistance plasmids (like pNDM-Mar-like) (Wang S. et al., 2024). These hybrid plasmids contain key virulence genes, including rmpA2 and the iucABCD-iutA operon. Furthermore, IS-mediated integration of these genetic fragments into the chromosome has been documented (Tian et al., 2022; Wang S. et al., 2024).



Additional mobile elements: transposons and integrons

Transposons mobilise large genetic regions, including virulence cassettes, facilitating horizontal transfer across strains. The rapid evolution of CR-hvKp stems from transposon-mediated co-selection and co-transfer of virulence and resistance determinants (Gray et al., 2024). Tn3 family members frequently mobilise virulence genes in K. pneumoniae (Tian et al., 2023). A conserved ~16.2 kb composite transposon on IncFIB/FII plasmids carries the iuc3 aerobactin operon, enabling dissemination across animal and human reservoirs (Kaspersen et al., 2023). Tn7074-like transposons integrate complete virulence cassettes (rmpA2, iucABCD-iutA, peg-344) into conjugative plasmids, significantly enhancing recipient strain virulence (Li et al., 2025).

Integrons capture, assemble, and express gene cassettes encoding virulence factors (Chen et al., 2018). Integrons lack self-mobility and rely on ISs, transposons, or plasmids for dissemination (Farajzadeh Sheikh et al., 2024). Integrons, particularly class 1 integrons, are capable of shaping K. pneumoniae virulence potential (Chen et al., 2018). Studies found 74% of clinical isolates harboured class 1 integrons, with higher wcaG capsule gene prevalence (Derakhshan et al., 2016). Another study revealed 19.1% of integrons co-localised with virulence loci, including iucABCD-iutA, rmpA2, and peg-344 (Li et al., 2025).



MGEs-driven convergence of hypervirulence and resistance

CR-hvKP strains exhibit both hypervirulence and high-level AMR, spreading globally and presenting significant clinical threats (Karampatakis et al., 2023; Chen et al., 2020; Ahmed et al., 2021; Chen et al., 2021). An ST11 K. pneumoniae strain gained virulence after acquiring pLVPK-like plasmid pVir-CR-hvKP4, despite a 41,231-bp deletion including rmpA and iro loci (Gu et al., 2018). Salmochelin (iro) appears non-essential for systemic infection (Russo et al., 2015), and rmpA/rmpA2 redundancy maintains pathogenicity (Cheng et al., 2010; Russo et al., 2015). Aerobactin production was predicted to be essential for hypervirulence (Russo et al., 2014).

There is evidence of harbouring hybrid plasmid pVir (297,984 bp), combining sequences from virulence plasmids pK2044/pLVPK and resistance plasmid pPMK-NDM in ST11 strain from Taiwan (Fang et al., 2025). Despite harbouring iroBCDN, iucABCD-iutA, rmpA, and rmpA2, it showed limited virulence in mouse models, suggesting unidentified virulence factors exist in the truncated regions from pK2044/pLVPK.

Tn3-family transposons mediate fusion between virulence and resistance plasmids, creating self-transmissible hybrids encoding both determinants (Ramirez et al., 2014; Nicolas et al., 2015; Tian et al., 2023). Integrons within multidrug-resistant IncFII plasmids, flanked by IS26, facilitate simultaneous horizontal transmission of resistance and virulence genes (Li et al., 2025).



Concluding remarks and future directions

K. pneumoniae exemplifies a high-risk pathogen combining AMR and hypervirulence through MGEs acquisition, threatening both immunocompromised and healthy populations globally (García-Cobos et al., 2025). Despite extensive research on resistance mechanisms, critical knowledge gaps persist in the current understanding of this organism: studies remain confined to limited clonal groups and serotypes (Wyres et al., 2019); the hypervirulence-resistance relationship is underexplored (García-Cobos et al., 2025); virulence gene functions require deeper characterisation (Derakhshan et al., 2016); and MGEs-mediated mobility mechanisms remain incompletely understood (Haudiquet et al., 2021).

While over 200 published reviews have examined K. pneumoniae virulence since 1977, few address how virulence traits are acquired, mobilised, and maintained molecularly (Russo and Marr, 2019; Yang et al., 2021). Critically, plasmid-chromosome exchanges and smaller mobile elements (ISKpn74, Tn3 transposons) facilitating gene dissemination have received insufficient scientific attention (Haudiquet et al., 2021).

Understanding MGEs-mediated virulence dissemination is essential for advancing surveillance and therapeutics. Characterisation of MGE-mediated virulence gene mobility, including the roles of integrases, transposases, insertion sequences, and recombination hotspots, can enhance molecular diagnostic platforms by enabling the detection of both established virulence markers (such as rmpA, iucABCD, and clb) and their associated genetic mobility signatures (Farajzadeh Sheikh et al., 2024). Such integrated surveillance approaches would improve the identification of high-risk hypervirulent strains with enhanced horizontal transfer potential, thereby informing more effective infection control measures by distinguishing between clonal dissemination and independent MGE-mediated acquisition events across diverse lineages (Farajzadeh Sheikh et al., 2024). Furthermore, elucidating the molecular mechanisms governing ICE excision, plasmid conjugation, and IS-mediated genomic rearrangements may reveal novel therapeutic targets, including MGE-encoded integrases, relaxases, and T4SS components, whose inhibition could disrupt the horizontal spread of hypervirulence and AMR determinants (Wang Q. et al., 2024). Given the convergence of hypervirulence and carbapenem resistance traits mediated by hybrid plasmids and composite transposons, targeted disruption of MGE mobility machinery represents a promising strategy to limit the emergence and dissemination of CR-hvKp strains, which pose formidable challenges to global public health.
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SUPPLEMENTARY FIGURE 1 | Mechanism of ICE excision, transfer, and integration between bacteria. ICEs are found integrated in the donor chromosome at a specific attachment site (attB). Upon activation, ICEs excise via an integrase and recombination directionality factor (RDF/xis), forming a circular DNA intermediate. A relaxase introduces a nick at the origin of transfer (oriT) and facilitates the transfer of single-stranded DNA through a type IV secretion system (T4SS) into the recipient cell. Following transfer, the ICE is recircularised, undergoes second-strand synthesis, and is integrated into the recipient chromosome at an attB site by the integrase, completing the horizontal transfer process. The figure is created by BioRender.
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