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2030: will we still need our microbiologist?

Microbiological diagnosis currently revolves around human technical and medical expertise and the laboratory setting in which it is applied. The aim of this editorial is to delineate the anticipated trends, transitions, and strategies of these three facets by 2030.

From human skill to machine precision

With respect to technical capabilities, automation has been steadily gaining momentum for several years [START_REF] Antonios | Current state of laboratory automation in clinical microbiology laboratory[END_REF]. Along with digitization and robotization, these developments have both offset and perhaps also contributed to a reduced number of laboratory technicians, a trend anticipated to continue into the 2030s. Advanced machines can deliver results promptly, operate around the clock, and do so at a reduced cost compared to human labor. Traditionally, following a positive blood culture signal, bacterial speciation cannot be identified immediately. Instead, the sample has to be sub-cultured onto an agar plate before identification tests can be performed. The introduction of Matrix-Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF) technology has already revolutionized bacterial identification, significantly outpacing historically employed laboratory tests [START_REF] Nassif | A revolution in the identification of pathogens in clinical laboratories[END_REF]. Other techniques being introduced into routine practice will further accelerate result delivery by circumventing the current need for sub-culturing. Examples include bacterial colony concentration, peptide nucleic acid fluorescence in situ hybridization (PNA FISH), and direct antimicrobial susceptibility testing (AST) from positive blood cultures [START_REF] Peri | New microbiological techniques for the diagnosis of bacterial infections and sepsis in ICU including point of care[END_REF]. Innovation extends even further with the adoption of emerging technologies that bypass the culture process entirely, such as polymerase chain reaction (PCR) on whole blood samples [START_REF] Peri | Culture-independent detection systems for bloodstream infection[END_REF], T2 magnetic resonance technology [START_REF] Paggi | Accuracy and impact on patient management of new tools for diagnosis of sepsis: experience with the T2 magnetic resonance bacteria panel[END_REF], and next-generation sequencing (NGS) [START_REF] Kalantar | Integrated hostmicrobe plasma metagenomics for sepsis diagnosis in a prospective cohort of critically ill adults[END_REF][START_REF] Qin | Diagnostic value of metagenomic next-generation sequencing in sepsis and bloodstream infection[END_REF]. NGS, a large-scale DNA sequencing technology, still faces delays in producing results but amplicon-based sequencing has already improved its timeline, indicating the potential for similar advancements in whole genome sequencing techniques.

Medical expertise meets artificial intelligence

Tasks previously requiring the human eye (and brain), such as microscopy and agar plate inspection, can now be performed by automated analyses enhanced through artificial intelligence (AI) [8]. Several machine learning algorithms have been developed and implemented within clinical microbiology to fulfill various functions including infection diagnosis, microorganism detection, identification and quantification, and determination of antimicrobial resistance [START_REF] Peiffer-Smadja | Machine learning in the clinical microbiology laboratory: has the time come for routine practice?[END_REF]. AI is already assisting microbiologists in their daily tasks with scope for considerable extension. It is entirely plausible that AI will similarly help clinicians in their interpretation of microbiological results. Indeed, due to its capacity to handle immense data volumes, far exceeding human capabilities, AI will facilitate interpretation of any dataset. This is particularly pertinent as human cognitive processing capacity is limited to analyzing no more than four variables simultaneously [START_REF] Halford | How many variables can humans process?[END_REF]. Hence, AI could provide clinicians with both raw microbiological data and decision-making algorithms, thereby simulating the expertise of an antimicrobial stewardship team and providing round-the-clock advice. AI holds the potential to evolve even further, for example differentiating between colonization and infection by integrating host response outputs into the model [START_REF] Gant | Combining pathogen and host metagenomics for a better sepsis diagnostic[END_REF]. This would undoubtedly generate a significant advance in the field. AI medical tools, such as Glass AI, are already available to assist clinicians in their daily practice. The prospective applications of large language models such as Chat Generative Pretrained Transformer (ChatGPT) have been discussed in the context of the intensive care unit (ICU) [START_REF] Komorowski | How could ChatGPT impact my practice as an intensivist? An overview of potential applications, risks and limitations[END_REF], covering areas from supporting medical decisions to managing medical notes and improving communication among healthcare workers, patients, and families [START_REF] Komorowski | How could ChatGPT impact my practice as an intensivist? An overview of potential applications, risks and limitations[END_REF]. With notable achievements such as passing the United States (US) medical licensing examination (USMLE) [START_REF] Kung | Performance of ChatGPT on USMLE: potential for AI-assisted medical education using large language models[END_REF], these large language models could potentially challenge human doctors across all medical fields. Their potential for autonomous data interpretation is particularly relevant in fields such as microbiology, where the focus is more on data interpretation than direct patient contact.

Central labs to point-of-care technology

In recent years, automation has driven an increasing centralization of laboratories due to the large physical dimensions and costs associated with automated equipment. This trend is likely to expand still further. However, delays in turnaround time of results can ensue from the greater distances needed to transport samples. We stand on the cusp of a new era featuring a decentralization of diagnostic microbiology prompted by the development of small-footprint bedside diagnostic tools. These innovations range from miniaturized, fully-integrated PCR machines capable of performing every step from DNA extraction to amplification to result read-outs, to more advanced point-of-care analyses, such as transcriptomics and micro-fluidic chip devices [START_REF] Yang | Microfluidic point-of-care (POC) devices in early diagnosis: a review of opportunities and challenges[END_REF]. Advances in sensor technology have created increasingly sophisticated electronic noses. In the foreseeable future, these could be used as point-of-care tools to manage patients with, for example, pulmonary infections [START_REF] Martin-Loeches | Focus on infection and sepsis in intensive care patients[END_REF][START_REF] Bos | Innovations that could improve early recognition of ventilator-associated pneumonia[END_REF] or diarrheal diseases [START_REF] John | Diagnosis of Clostridioides difficile infection by analysis of volatile organic compounds in breath, plasma, and stool: a crosssectional proof-of-concept study[END_REF].

While current economic constraints may pose challenges to the widespread adoption of automated miniaturized diagnostics in point-of-care settings, technological advances and economies of scale will democratize these technologies, making them more accessible and affordable. Given the many precedents outside medicine, such as laptops and mobile phones, this development will be an inevitability. While most routine tests will likely be conducted at the patient's bedside, certain rare and complex analyses will nonetheless still need to be executed in a centralized laboratory. Drones and intra-site pneumatic transportation systems are both current and future vectors for sample transportation between hospital units and microbiology laboratories, avoiding traditional ground transport methods that are time-and carbon-consuming [START_REF] Poljak | Use of drones in clinical microbiology and infectious diseases: current status, challenges and barriers[END_REF].

The future: 2030 and beyond

To summarize, human input into microbiological diagnostics and interpretation will likely be significantly reduced by automation, robotization and AI. The laboratory as a singular centralized entity will shrink, at least for routine tests and analyses, as the hospital unit increasingly houses its own array of miniaturized automated devices and bedside sensors. In this evolving landscape, the role of the human interface must be carefully considered. The extent of involvement of healthcare professionals in decision-making will depend on the performance and reliability of the AI. This raises several critical questions. In the absence of the human operator/decision maker, who becomes accountable? Who bears responsibility for technical malfunctions and errors? In the event of system breaches or outright breakdowns, what contingency plans should be in place? Should we retain and safeguard certain human skills with these considerations in mind?

In answering these questions, it can be staunchly argued that human responsibility remains cardinal, even with the deployment of sophisticated and reliable AI algorithms. AI currently offers the ability to correct human errors and fill in oversight gaps. It is reasonable to envision a future where humans maintain a supervisory role over AI-driven processes. Patient safety and security are paramount. Human intervention, even if reduced, should remain mandatory in all fields of medicine, at least for the upcoming century (Fig. 1).
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