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Research project: The human microbiome is a complex and dynamic ecosystem that plays a fundamental role in host physiology, influencing metabolism, immune function, and susceptibility to disease. Advances in shotgun metagenomics have enabled the large-scale characterization of microbial communities across diverse populations, environmental contexts, and clinical conditions, generating thousands of publicly available datasets. Despite this wealth of data, challenges remain in integrating heterogeneous studies and translating them into predictive, mechanistic models. At the same time, the concept of digital twins, computational representations of biological systems capable of simulating their behavior under different conditions, has emerged as a powerful paradigm in systems biology and precision medicine. Applying this concept to the human microbiome offers the opportunity to move from descriptive analyses toward predictive and personalized modeling of microbial ecosystems.
This PhD project aims to develop a computational framework for constructing digital twins of the human microbiome by leveraging large-scale metagenomic data. A key strength of the project is the availability of the curatedMetagenomicData (cMD) resource, which will serve as the primary starting point. This dataset provides a harmonized and well-annotated collection of human microbiome profiles, including standardized taxonomic and functional information as well as curated metadata. The research will focus on developing computational representations of individual microbiomes that capture their taxonomic composition, functional potential, and ecological structure. These representations will form the basis of microbiome digital twins, enabling the characterization of microbiome states across health and disease and the identification of latent structures underlying microbial community variation. Advanced machine learning and artificial intelligence approaches will be employed to learn these representations and model microbiome dynamics. These may include deep learning architectures and self-supervised learning strategies designed to take advantage of the scale and diversity of the available data. The goal is to generate predictive models capable of forecasting changes in microbiome composition and function over time and in response to external perturbations.
A central component of the project will be the development of an in silico simulation framework, allowing digital twins to be used for hypothesis testing and prediction. Such a framework will make it possible to simulate the effects of interventions such as dietary changes, antibiotic exposure, or probiotic administration, as well as to explore disease-associated perturbations and recovery trajectories. By comparing simulated outcomes with real-world data, the project will also address the validation and interpretability of the models, identifying key microbial taxa, functions, and interaction patterns that drive system behavior. This will provide biologically meaningful insights while maintaining predictive performance.
The expected outcome of the project is a novel, scalable approach to microbiome modeling that integrates curated data resources with state-of-the-art computational techniques. The work will result in new methodologies for constructing microbiome digital twins and open-source tools for the broader research community. More broadly, the project will contribute to advancing microbiome research from a largely descriptive discipline to a predictive and quantitatively grounded science, supporting future applications in personalized medicine.
