
 
Network analyses of the dynamics and biodemography of microbial associations in ageing hosts 
to characterize the principles of organization of the ageing host-microbiome collective  

Animal ageing is connected to the development of its microbial communities1–6, as host- 
associated microbiomes contribute to the inflamm-ageing and to the ageing of their hosts7–11. However, 
evolutionary explanations of the role played by the microbiome in host ageing and of the role played by 
the ageing host on the evolution, and on the potential ageing of its own microbial communities are 
lacking. This is because the main evolutionary theories of ageing, namely the Mutation Accumulation 
theory by Medawar, the Antagonistic Pleiotropy theory by Williams and the Disposable Soma Theory 
by Kirkwood, have been developed within a classic population genetics framework, in which 
interspecific interactions, such as hosts and microbiomes interactions, are not explicitly modeled12–14, 
and so is the ageing of the microbiomes associated to organisms. However, importantly, all these theories 
postulate that the strength of natural selection acting upon a host decreases with time15, a selection 
shadow, which, by progressively altering the normal functioning of the ageing host, should alter the 
selection exerted by the ageing host on its microbiome. Yet, if the selection imposed by an ageing host16 
decreases, the host-associated microbiome could progressively emancipate from the guardianship of its 
host, resulting in a functional disintegration of the ageing host-microbiome collective, with possible 
impact on the ageing of the microbiomes. This ‘host selection shadow hypothesis’ and this ‘ageing 
microbiomes hypothesis’ are currently not integrated in the classic evolutionary theories of ageing. 
Precisely, this project, at the interface of bioinformatics, evolutionary biology and biodemography 
will use new approaches of co-occurrence network comparison and recently proposed analyses of 
biodemography of ageing, namely the biodemographic study of systems to which organisms are 
connected, which goes beyond the traditional biodemographic analyses of organismal ageing, to 
better understand the fate of the collective composed of an ageing host and of its microbiome while 
considering that in addition these associated microbiomes themselves may age. 

In short, we will use publicly available metagenomics data from human and mice gut 
microbiome to produce time-series of co-occurrence networks, that collectively describe the structure of 
microbial associations over the course of these host’s lives. Hosts will be pooled in age-classes and sex, 
e.g., 20-30 years old men. Then, microbial co-occurence networks will be constructed for each host-
class using state-of-the-art approaches17. In these networks, depending on the granularity of the analysis, 
each node represents a microbial lineage present in the microbiome of hosts from a given age-class. Two 
nodes are directly connected by weighted edges, when they co-occur in significantly correlated 
proportions within individual samples from a host age-class. Such correlations may reflect a (direct or 
indirect) strong functional association between pairs of microbial lineages. This simple formalism is 
very powerful17–20, and original network comparisons will be used to finely track the changes in the 
microbial associations that occur during ageing. The comparisons will identify which microbial 
associations are robust to host ageing, i.e. which sets of nodes and edges persist over continuous age-
classes, ii) which microbial associations are resilient, i.e., which sets of nodes and edges are found in non-
consecutive age-classes, e.g. are present in younger hosts then again in older hosts, and iii) which 
microbial associations are exclusively observed at a given host age, e.g. microbial associations 
corresponding to signature of extremely old hosts. Moreover, we will use the topological information of 
the network time-series at two levels, i.e., at the global level – the general architectural properties of the 
network-, and at the local level – focusing on specific edges and nodes to test the ‘host selection shadow 
hypothesis’ by searching for possible phase transition, considering that the structure of host-associated 
microbial communities may then dramatically changes with host ageing. For this, we will perform 
statistical analyses of the time-series of microbial co-occurrence network to detect phase transitions at 
the global and at the local levels, e.g. a phase transition in the average clustering or in the average 
robustness of the microbial co-occurrence networks and a phase transition in the centrality of specific 
nodes, when a microbial taxa becomes involved in significantly less central associations as the host ages. 

Furthermore, this network modeling of microbiome dynamics in ageing hosts will provide an 
original material to determine the paces and shapes of ageing (I;e., the demographic ageing) of the 
microbiomes under investigation. This will then be the first time that biodemographic ‘laws of ageing’ 
will be unveiled and matched with the process of host ageing. As this project will develop the tools and 
concepts to support such an analysis, it will achieve a great progress, brigding a fundamental gap because 



current theories of ageing jump across biological organisation scales. Namely, biodemographic studies 
of ageing are typically disconnected from microbiome studies, whereas it seems intuitive that ageing at 
one level of biological organisation (e.g., that of host organisms) may constrain ageing at another level 
of biological organisation (e.g. that of microbiomes). More precisely, this project will test whether the 
selection shadow affecting hosts organisms has a quantifiable effect on the ‘laws of ageing’ of their 
microbiomes, and significantly alters the paces and rates of ageing of microbiomes. 

Ultimately, this interdisciplinary PhD project will generate novel explanations of the ageing host-
microbiome collective, providing a new kind of evidence to debate upon the relevance to model 
host-microbiome collective as a unit of selection throughout the entire lifespan of a host, hence 
upon the theoretical relevance of the notion of holobiont in ageing studies, as well as expand current 
evolutionary theories of ageing. 

Research plan 
This PhD will involve a constant, tight collaboration between the Baudisch and Bapteste labs, 

which already have a record of collaborations ( one review asa co-author, under consideration at Ageing 
Research Reviews, and two grants as co-PIs). The PhD candidate will spend time in both labs, a bit more 
so in Bapteste’s lab than in Baudisch’s lab, but Baudisch will regularly travel to Paris in the context of this 
collaboration (with her own funds) and Zoom meetings will be organized, every two weeks, between the 
two PIs and the PhD candidate throughout the entire project. First, in the Bapteste lab, the PhD candidate 
will gather publicly available metagenomic datasets from (mostly gut, and sometimes skin) 
microbiomes of humans and mice21-24 to generate time-series of high-quality host-associated 
microbiomes. The PhD candidate will critically select such datasets based on their quality, and group 
selected samples by host age-classes to produce the highest number of age-classes with at least 15 samples 
per age class. Second, the PhD candidate will construct co-occurrence networks for multiple stringency 
thresholds of correlation significance and for correlation strength, as routinely done in the Bapteste lab. 
Dataset constitution will last approximately eight months. Third, in the Baudisch lab, during the next three 
months, the PhD candidate will delve into the literature on biodemography to design biodemographical 
analyses of microbial co-occurrence networks. In short, the PhD candidate will borrowing from a classic 
analytical framework from the biodemography toolkit25–28, able to uncover different shapes and rates of 
ageing for cohorts of entities under study. In classic biodemography analyses, the individuals under study 
are conventional individual that are born once and die once. Thus, organisms x can be classified as 
senescent, negligibly senescent, or non-senescent. But in principles, nothing opposes to ask similar 
questions regarding other biological organisations than organisms. Here, each interaction that are appear 
one time in the system and that disappear once in the system will be considered as an individual entity of 
choice. By applying the tools of biodemography to cohorts of microbial interactions (rather than to cohorts 
of organisms), the PhD candidate will be able to determine whether microbial co-occurence networks are 
composed of cohorts of interactions with remarkable law-like biodemographic profiles. Fourth, from 
months 11-17, the PhD candidate will contribute to implement these topological and biodemographical 
analyses in the Bapteste lab, where all the required bioinformatic skills are present, and get actual measures 
of rates and shapes of ageing from the microbiome co-occurrence networks. In particular, the PhD 
candidate will compute the survival probability of each edge in the microbial co-occurrence networks, by 
assessing which edge born in the first host age class die during the first host age class, or die during the 
second host age class, or during the third one, etc. The PhD candidate will then assess whether this survival 
probability decays exponentially with chronological time (meaning that the probability of dying follows a 
Gompertz’ law) and compute the associated pace and shape parameters28. Fifth, from months 18-23, in the 
Baudisch lab, the PhD candidate will interpret these results to articulate how they enhance the 
biodemography of ageing studies. Sixth, from months 24-28, in the Bapteste lab, the PhD candidate will 
interpret the results from a biological and evolutionary viewpoint, by testing the ‘host selection shadow’ 
hypothesis, according to which the structure of microbial associations significantly changes with host age, 
using topological evidence (e.g. network fragmentation along the least robust edges of the network and 
decrease in overall network robustness), compatible with a decrease of selective pressures from ageing 
hosts

15
. Seventh, during months 29-32, in the Baudisch lab, the PhD candidate will start to expand the 

evolutionary theory of ageing to integrate his/her novel results on ageing. By considering the 
microbiome as an additional ‘genome’ associated with a host, the PhD candidate will develop an expanded 
Mutation Accumulation theory (in which late expressed genes with deleterious effect may accumulate in 
the microbiome in addition to the host genome), an expanded Antagonistic Pleiotropy theory (in which in 
addition to host genes, microbial taxa and microbial genes can perform pleiotropic antagonistic actions on 
host health) and an expanded Disposable Soma theory (in which components of the microbiome may 
manipulate their host ageing, turning the host into an expanded disposable soma, favouring the persistence 



of some microbial associations). The PhD candidate will also frame his/her novel topological results on 
ageing into conceptual debates on holobionts (i.e., host-microbiome collectives understood as a bona fide 
unit of selection) to determine if the concept of Holobiont accurately captures the dynamics of the 
ageing host-microbiome collective, and, if not, to develop new concepts to better comprehend this 
dynamics during host ageing. Finally, the last four months will be mainly devoted to the writing of the 
PhD manuscript. 

References: 1Callaway. ‘Young poo’ makes aged fish live longer. Nature 544 (2017); 2Anderson et al. 
The queen’s gut refines with age: longevity phenotypes in a social insect model. Microbiome 6 (2018); 
3Gruber & Kennedy. Microbiome and Longevity: Gut Microbes Send Signals to Host Mitochondria. 
Cell 169 (2017);4Heintz & Mair. You Are What You Host: Microbiome Modulation of the Aging 
Process. Cell 156 (2014);5Hughes et al. Is there a link between aging and microbiome diversity in 
exceptional mammalian longevity? PeerJ 6, e4174 (2018);6Obata et al. Early-life exposure to low-dose 
oxidants can increase longevity via microbiome remodelling in Drosophila. Nat Commun 9, 
(2018);7Franceschi et al. Inflammaging: a new immune–metabolic viewpoint for age-related diseases. 
Nat Rev Endocrinol 14 (2018);8Fransen et al. Aged Gut Microbiota Contributes to Systemical 
Inflammaging after Transfer to Germ-Free Mice. Front. Immunol. 8 (2017); 9Blaser & Webb. Host 
Demise as a Beneficial Function of Indigenous Microbiota in Human Hosts. mBio 5 (2014);10Amsterdam 
& Ostrov. The Impact of the Microbiome on Immunosenescence. Immunological Investigations 47 
(2018);11Aleman & Valenzano Microbiome evolution during host aging. PLoS Pathog 15, e1007727 
(2019);12Johnson et al. Revamping the evolutionary theories of aging. Ageing Res Rev 55 
(2019);13Teulière et al. Interspecific interactions that affect ageing: Age-distorters manipulate host 
ageing to their own evolutionary benefits. Ageing Res Rev 70 (2021);14Reichard. Evolutionary 
perspectives on ageing. Seminars in Cell & Developmental Biology 70 (2017);15Bernard et al. Aging at 
evolutionary crossroads: longitudinal gene co-expression network analyses of proximal and ultimate 
causes of aging in bats. Molecular Biology and Evolution (2021); 16Bevins & Salzman. The potter’s 
wheel: the host’s role in sculpting its microbiota. Cell Mol Life Sci 68 (2011);17Röttjers & Faust. From 
hairballs to hypotheses-biological insights from microbial networks. FEMS Microbiol Rev 42 
(2018);18Faust et al. Metagenomics meets time series analysis: unraveling microbial community 
dynamics. Curr Opin Microbiol 25 (2015);19Chaffron et al. A global network of coexisting microbes 
from environmental and whole-genome sequence data. Genome Res 20 (2010);20Layeghifard et al. 
Disentangling Interactions in the Microbiome: A Network Perspective. Trends Microbiol 25 
(2017);21Odamaki et al. Age-related changes in gut microbiota composition from newborn to 
centenarian: a cross-sectional study. BMC Microbiol 16 (2016);22Huang et al. Human Skin, Oral, and 
Gut Microbiomes Predict Chronological Age. mSystems 5, e00630-19 (2020);23Shin et al. Ageing and 
rejuvenation models reveal changes in key microbial communities associated with healthy ageing. 
Microbiome 9 (2021);24 Binyamin et al. The aging mouse microbiome has obesogenic characteristics. 
Genome Med 12, 87 (2020);25 Baudisch et al. The pace and shape of senescence in angiosperms. J. Ecol. 
101, 596–606 (2013);26 Baudisch & Vaupel. Getting to the Root of Aging. Science 338, 618–619 
(2012);27da Silva et al. Slow and negligible senescence among testudines challenges evolutionary 
theories of senescence. Science 376, 1466–1470 (2022);28Baudisch. The pace and shape of ageing. 
Methods Ecol. Evol. 2, 375–382 (2011) 


