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SUMMARY 
 

Host-associated microbial communities take part to several fundamental as-
pects of host biology, including development, nutrient absorption, immunity 
and pathogenesis. Throughout host life, microbes associated with external 
body surfaces vary in composition and function and can shift from commen-
sal to pathogenic. However, whether these microbial communities can di-
rectly influence host ageing has remained elusive for a long time. Recent 
work in laboratory model organisms has revealed for the first time that com-
mensal microbes can actively modulate host ageing and that microbial 
communities associated with young hosts can have a health-promoting ac-
tion in middle-age individuals that leads to significant life span extension. 
These findings suggest new opportunities to identify systemic ageing-modu-
lating mechanisms via the gut microbiota and will help design innovative 
anti-ageing interventions that could impact human health and ageing-associ-
ated diseases. 

 
 

AGEING AND HOMEOSTASIS 
 
Ageing is associated with pervasive 
functional decline and overall decrease 
in physiological fitness that lead to a 
progressive increase in the risk of dis-
ease and death. During ageing, homeo-
static processes fail at multiple levels 
of biological complexity. DNA repair 
mechanisms become less efficient 
(Vaidya et al., 2014) and protein 
homeostasis, which ensures proteome 
stability, functionally declines at older 
age (Morimoto and Cuervo, 2009). 
Membrane and organelle composition, 
as well as cell physiology, undergoes 
dramatic changes during ageing. Age-
ing is typically associated with in-
creased risk of uncontrolled cellular 
proliferation – leading to cancer 
(Finkel et al., 2007) – and to protective 
proliferation arrest – called cellular se-
nescence (Childs et al., 2015). If on the 
one hand cellular senescence acutely 
reduces the risk of cancer, on the other 

hand it leads to inflammation and 
higher risk for disease and frailty 
(Tchkonia et al., 2013). Changes in the 
extracellular matrix composition, 
which is importantly involved in 
wound healing, stem cell functionality 
and longevity in experimental animal 
models (Ewald et al., 2015), addi-
tionally contribute to the age-dependent 
decline in organ and organism perfor-
mance.  

A combination of genetic and non-
genetic factors affects the rate at which 
different organisms age and tune life 
expectancy in different species. 
Research done in model organisms has 
revealed key conserved molecular path-
ways, including the insulin-IGF1, the 
mTOR and AMPK pathways, which 
regulate ageing and life span across 
several species, from yeast to mammals 
(Kenyon et al., 1993; Kapahi et al., 
2010; Lapierre and Hansen, 2012; 
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Weir et al., 2017). Environmental 
manipulations, including temperature 
changes, different diets and various 
forms of stress, also significantly im-
pact ageing in several model organisms 
(Liu and Walford, 1966; Weindruch et 
al., 1986; Libert et al., 2007; 
Ermolaeva et al., 2013). Overall, age-

ing and life span are complex physio-
logical outcomes of the genetically-
encoded strategies that organisms 
evolved to maintain homeostasis 
throughout their lifetime in response to 
the continuous exposure to internal and 
external stimuli. 

 
 

GUT MICROBIOTA CONTRIBUTE TO HOST PHYSIOLOGY 
 
Complex microbial communities cov-
ering host surfaces occupy the interface 
between organisms and the external 
environment, from roots and leaves in 
plants to skin and mucosal surface in-
cluding lungs and gut in animals. These 
microbial communities participate in a 
wide range of key biological processes, 
including nutrition, development 
(Sommer and Backhed, 2013; Hill et 
al., 2016), essential vitamin synthesis, 
metabolism (Nicholson et al., 2012), 
immune modulation (Geva-Zatorsky et 
al., 2017), defence against pathogens 
and disease. Host-associated microbi-
ota constitute highly diverse and dy-
namic communities, able to modulate 
and buffer host physiology by promptly 

reacting to internal (e.g. hormonal and 
metabolic) and external (e.g. tempera-
ture, toxins, pathogens) stimuli. A large 
amount of circulating host metabolites 
in the host serum are synthesized by 
gut microbes (Wikoff et al., 2009), fur-
ther supporting that host-associated mi-
crobiota are not passive passengers on 
host surfaces, but rather an integrative 
physiological partner that contributes to 
host homeostasis. Due to their essential 
contribution to virtually all host bio-
logical functions, it is reasonable to hy-
pothesise that commensal microbes 
could be essential players during host 
ageing and could be targeted to design 
interventions aimed at modulating age-
ing and age-associated conditions. 

 
 

GUT MICROBIOTA AND IMMUNE FUNCTION: 
A RECIPROCAL INFLUENCE 

 
Mounting evidence indicates that the 
gut microbiota play a prominent role in 
shaping the immune system during 
development. In humans, new-borns 
acquire their initial resident gut micro-
biota from several sources, most promi-
nently from the birth canal and from 
maternal skin during breast-feeding. 
These early-acquired bacterial consor-
tia shape the structure of mature gut 
microbiota (Dominguez-Bello et al., 
2010) and play an essential role for im-
munological development (Round and 
Mazmanian, 2009). Caesarean sections 
and formula feeding dramatically affect 

the gut microbial composition, and 
consequently impact proper immune 
system development, with potentially 
long-lasting effects for individual 
health (Bokulich et al., 2016). Gut bac-
teria interact with cells of both the in-
nate and adaptive immune system in 
the gut mucosa and different metabo-
lites synthesized by gut bacteria can 
induce pro or anti-inflammatory host 
responses (Arpaia and Rudensky, 
2014). Epitopes derived from gut bac-
teria, both commensal and pathogenic, 
significantly shape the evolution of 
lymphocyte antibody and receptor 



	 35 

repertoires (Zhao and Elson, 2018). 
Consistently, specific-pathogen-free 
(SFP) raised mice have a much higher 
immunoglobulin (IgA) diversity com-
pared to mono-colonized mice (Lindner 
et al., 2015).  

While bacteria shape immune cells 
development and function, immune 
cells, in turn, play a key role in deter-
mining and controlling the composition 
and abundance of gut microbial com-
munities. Pharmacologically immuno-
suppressed rats undergo a loss of com-
mensal gut microbe diversity, which 
are generally associated with a healthy 
status (Bhat et al., 2017). Specific anti-
bodies, i.e. IgAs, synthesized by 

intestinal plasma cells, are majorly se-
creted in the intestinal lumen and bind 
to a broad subset of bacteria to help 
maintain a healthy barrier function 
(Bunker et al., 2017). Under normal 
physiological conditions, IgAs target 
bacterial taxa that otherwise would 
contribute to pathogenesis (Planer et 
al., 2016). Conversely, specific patho-
gens, including influenza virus, suc-
ceed in infecting the host by precisely 
degrading human IgAs.  

While bacteria influence immune 
system evolution, on the other hand the 
immune system acts as a selective force 
to shape the composition and function 
of gut microbes.  

 
 

GUT MICROBIOTA IN AGEING AND DISEASE 
 
Diet and lifestyle importantly affect 
differences in microbiota composition 
among individuals (Rothschild et al., 
2018). The composition of host-associ-
ated gut microbiota undergoes dramatic 
changes in humans after birth, becomes 
stable during adulthood in non-patho-
logical conditions, varies during preg-
nancy and then goes through drastic 
changes during ageing (Kostic et al., 
2013). Although stable in composition 
during adulthood, microbiota has rapid 
functional metabolic oscillations during 
the day (Thaiss et al., 2016). Across 
many organisms, including laboratory 
flies, mice and humans, ageing is 
characterized by dramatic changes in 
the composition of the commensal gut 
microbiota, which could lead to dysbio-
sis and ultimately host demise 
(Claesson et al., 2012; Guo et al., 2014; 
Clark et al., 2015). While gut microbi-
ota associated with healthy hosts are 
typically characterized by large bacte-
rial taxonomic diversity, frailty and 
ageing are associated with loss of 
diversity and expansion of more patho-
genic bacterial species. Studies across 
different human age cohorts have 

shown that large changes in the abun-
dance of subdominant bacterial taxa in 
the gut are a hallmark of ageing. More-
over, exceptionally long-lived individu-
als, including supercentenarians, are 
characterized by the persistence of bac-
terial taxa associated with health (Biagi 
et al., 2016). While diversity-associated 
microbial taxa often decline during age, 
specific bacterial taxa, such as Clos-
tridiales, are associated with malnutri-
tion and increased frailty (O'Toole and 
Jeffery, 2015). In flies, reducing gut 
microbial dysbiosis by improving im-
mune homeostasis promotes longer life 
span (Guo et al., 2015). In humans, af-
ter antibiotic treatment, pathogenic 
bacterial species, such as Clostridium 
difficile and Enterococcus faecalis, can 
restructure the gut microbial composi-
tion and cause severe chronic condi-
tions that pose a major threat for public 
health (Backhed et al., 2012; Milani et 
al., 2016). In humans, faecal material 
transfer from healthy donors is success-
fully used in the clinic to resolve acute 
Clostridium difficile infections (Lee et 
al., 2016). Remarkably, transplanting 
microbes from obese individuals into 
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Figure 1: Ageing in the turquoise killifish. Reaching maturity as soon as 3-4 weeks post hatching, 
killifish display several ageing-related phenotypes by 16 weeks. 
 
 
germ-free-raised mice leads to dramatic 
effects, including elevated adiposity 
and changes in fatty acid and amino 
acid metabolism, associated with sys-
temic health (Ridaura et al., 2013). 
Overall, microbiota composition and 
function dramatically change during 

ageing and disease and manipulating 
the composition of the gut microbial 
communities via microbiota transplants 
has the opportunity to be a novel 
powerful intervention to impact the 
ageing process and improve systemic 
health. 

 
 

GUT MICROBIOTA PLAY A CAUSAL ROLE IN MODULATING 
HOST AGEING AND LIFE SPAN 

 
Despite evidence that the gut microbi-
ota could dramatically modulate host 
metabolism and physiology, until re-
cently it was not clear whether gut mi-
crobes could causally modulate host 
ageing and longevity. Recent work 
done in nematode worms, flies, fish 
and mice has shown that gut microbes 
can beneficially influence host ageing 
and life span, proving that specific 
components of this microbial consor-
tium can de facto improve overall 
physiological fitness of the host (Seidel 
and Valenzano, 2018).  

Work done in nematodes (Caeno-
rhabditis elegans) has shown that 
worms feeding on different bacterial 
species and on varieties of E. coli 
strains different from the standard 
laboratory OP50 E. coli strain (Girard 
et al., 2007) live longer than standard-
fed worms (Sanchez-Blanco et al., 

2016; Han et al., 2017). A recent study 
in a short-lived fish has further shown 
in vertebrates that the gut microbiota is 
causally involved in modulating host 
ageing and life span, and that young-
associated gut microbiota, transplanted 
to middle-age individuals, could lead to 
life span and health benefits (Smith et 
al., 2017). This study used the naturally 
short-lived turquoise killifish (Notho-
branchius furzeri), which is the short-
est-lived vertebrate raised in a labora-
tory setting (Figure 1), which includes 
captive strains with a median life span 
of about 4 months (Cellerino et al. 
2016, Valenzano et al., 2017). For com-
parison, laboratory mice live 2.5–3 
years and zebrafish can live until five 
years (Kim et al., 2016). Despite their 
short life span, turquoise killifish also 
display a wide range of age-related 
changes, including an increased occur-
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rence of cancer, reduced regenerative 
capacity, increased cellular senescence, 
neurodegeneration and cognitive de-
cline, making it a powerful new verte-
brate model system to study ageing and 
age-related diseases (Valenzano et al., 
2017). Turquoise killifish have com-
plex gut microbiota, both in the wild 
and in captivity, similar in taxonomic 
diversity to mammals. During ageing, 
the overall microbial diversity of the 
resident gut microbiota decreases, 
while potentially pathogenic Proteo-
bacteria become more prevalent, possi-

bly contributing to host demise (Smith 
et al., 2017). After acute re-colonisa-
tion of the intestine of middle age indi-
viduals with gut microbiota from 
young donors, fish lived significantly 
longer, remained more active at old 
age, and kept highly diverse microbi-
ota. Whether this gut microbial transfer 
influences immune function and 
whether its effect is sufficient to im-
prove host health and therefore delay 
the ageing process is still an open ques-
tion. 

 
 

TURQUOISE KILLIFISH AS A MODEL TO STUDY  
VERTEBRATE IMMUNOSENESCENCE 

 
Unlike invertebrate model organisms 
such as laboratory flies (Drosophila) 
and nematode worms (Caenorhabditis 
elegans), fish are equipped with an 
adaptive immune system consisting of 
both T and B-lymphocytes. B-lympho-
cytes undergo somatic recombination at 
the IgH (Immunoglobulin heavy chain) 
locus and generate an extremely di-
verse (>109) antibody repertoire, which 
enables to build complex immune re-
sponses towards extraneous agents, 
such as bacteria, viruses, etc. B-cells 
that bind antigens from microbes and 
viruses undergo amplification, affinity 
maturation and unfold a targeted im-
mune response against them in a highly 
regulated process. Antibody repertoire 
diversity can be used as a proxy of the 
function of the whole B-lymphocyte 
compartment, with high diversity being 
better than low diversity, and antibody 
repertoire variation throughout ageing 
can be adopted as a biomarker of over-
all health status. Although it is known 
that upon ageing the B-cell repertoire 
declines (Martin et al., 2015), it is not 
clear whether this decline correlates 
with the decline in the gut microbial 
diversity. Currently, it is not clear what 

are the implications of the age-depend-
ent decrease in immune function (e.g. 
decreased antibody repertoire diversity) 
for the changes in microbial diversity 
and function that occur during ageing. 
Age-dependent immune dysfunction 
could lead to proliferation of pathogen-
ic bacteria that are already present in 
the young gut microbiota, eliciting bac-
terial community dynamics that favour 
more proliferative and pathogenic bac-
terial taxa over commensal and slow-
replicating taxa. Alternatively, specific 
bacterial strains – within a specific sub-
set of bacterial species – could evolve 
within the gut to escape immune at-
tacks, independently of immune func-
tional decline associated with ageing. 
Bacterial evolution towards increased 
pathogenicity could, in turn, lead to 
host damage and systemic functional 
decline. As a third alternative, age-
dependent host immune dysfunction 
and bacterial evolution could occur 
simultaneously, leading to increased 
pathogenicity of gut bacteria and age-
related diseases. The characterization 
of the sequence of the IgH locus in 
short-lived vertebrate species, such as 
the turquoise killifish, will enable to 
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study in detail whether the immuno-
globulin diversity and abundance 
change during ageing and whether such 
changes are influenced by anti-ageing 
interventions, such as transplants of 
young-associated gut microbiota. Addi-
tionally, applying high-throughput ap-
proaches to study the immunoglobulin 
repertoire, such as the recently devel-
oped IgSeq method (Weinstein et al., 
2009), will enable to functionally com-
pare immunoglobulin diversity in the 
gut with commensal and pathogenic 
microbial diversity at different ages. 
High-resolution characterisation of 

immune system and microbiome 
changes during host life will lead to 
understand whether immune senes-
cence precedes the loss of microbial 
diversity or whether age-dependent loss 
of microbial diversity in the gut antici-
pates immune senescence. The use of a 
short-lived and experimentally tracta-
ble vertebrate model organism, such as 
the turquoise killifish, will hence be 
instrumental to answer key questions 
more rapidly than in longer-lived ver-
tebrate model organisms, such as 
zebrafish and mice.  

 
 

LITERATURE 
 
Arpaia, N. and Rudensky, A.Y.: Microbial 

metabolites control gut inflammatory re-
sponses. Proc. Natl. Acad. Sci. USA 111, 
2058-2059 (2014). 

Backhed, F., Fraser, C.M., Ringel, Y., Sanders, 
M.E., Sartor, R.B., Sherman, P.M., 
Versalovic, J., Young, V., and Finlay, B.B.: 
Defining a healthy human gut microbiome: 
current concepts, future directions, and 
clinical applications. Cell Host Microbe 12, 
611-622 (2012). 

Bhat, M., Pasini, E., Copeland, J., Angeli, M., 
Husain, S., Kumar, D., Renner, E., Teterina, 
A., Allard, J., Guttman, D.S., and Humar, 
A.: Impact of Immunosuppression on the 
Metagenomic Composition of the Intestinal 
Microbiome: a Systems Biology Approach 
to Post-Transplant Diabetes. Sci. Rep. 7, 
10277 (2017). 

Biagi, E., Franceschi, C., Rampelli, S., 
Severgnini, M., Ostan, R., Turroni, S., 
Consolandi, C., Quercia, S., Scurti, M., 
Monti, D., Capri, M., Brigidi, P., and 
Candela, M.: Gut Microbiota and Extreme 
Longevity. Curr. Biol. 26, 1480-1485 
(2016). 

Bokulich, N.A., Chung, J., Battaglia, T., 
Henderson, N., Jay, M., Li, H., Lieber, A., 
Wu, F., Perez-Perez, G.I., Chen, Y., 
Schweizer, W., Zheng, X., Contreras, M., 

Dominguez-Bello, M.G., and Blaser, M.J.: 
Antibiotics, birth mode, and diet shape 
microbiome maturation during early life. 
Sci. Transl. Med. 8, 343ra82 (2016). 

Bunker, J.J., Erickson, S.A., Flynn, T.M., 
Henry, C., Koval, J.C., Meisel, M., Jabri, 
B., Antonopoulos, D.A., Wilson, P.C., and 
Bendelac, A.: Natural polyreactive IgA 
antibodies coat the intestinal microbiota. 
Science 358, eaan6619 (2017). 

Childs, B.G., Durik, M., Baker, D.J., and van 
Deursen, J.M.: Cellular senescence in aging 
and age-related disease: from mechanisms 
to therapy. Nat. Med. 21, 1424-1435 
(2015). 

Claesson, M.J., Jeffery, I.B., Conde, S., Power, 
S.E., O'Connor, E.M., Cusack, S., Harris, 
H.M., Coakley, M., Lakshminarayanan, B., 
O'Sullivan, O., Fitzgerald, G.F., Deane, J., 
O’Connor, M.J., Harnedy, N., O’Connor, 
K.A., O’Mahony, D., van Sinderen, D., 
Wallace, M., Brennan, L., Stanton, C., 
Marchesi, J.R., Fitzgerald, A.P., Shanahan, 
F., Hill, C.R., Ross, R.P., and O’Toole, 
P.W.: Gut microbiota composition 
correlates with diet and health in the 
elderly. Nature 488, 178-184 (2012). 

Clark, R.I., Salazar, A., Yamada, R., Fitz-
Gibbon, S., Morselli, M., Alcaraz, J., Rana, 
A., Rera, M., Pellegrini, M., Ja, W.W., and 



	 39 

Walker, D.W.: Distinct Shifts in Microbiota 
Composition during Drosophila Aging 
Impair Intestinal Function and Drive 
Mortality. Cell Rep. 12, 1656-1667 (2015). 

Ermolaeva, M.A., Segref, A., Dakhovnik, A., 
Ou, H.L., Schneider, J.I., Utermohlen, O., 
Hoppe, T., and Schumacher, B.: DNA dam-
age in germ cells induces an innate immune 
response that triggers systemic stress re-
sistance. Nature 501, 416-420 (2013). 

Ewald, C.Y., Landis, J.N., Porter Abate, J., 
Murphy, C.T., and Blackwell, T.K.: Dauer-
independent insulin/IGF-1-signalling impli-
cates collagen remodelling in longevity. 
Nature 519, 97-101 (2015). 

Finkel, T., Serrano, M., and Blasco, M.A.: The 
common biology of cancer and ageing. 
Nature 448, 767-774 (2007). 

Geva-Zatorsky, N., Sefik, E., Kua, L., Pasman, 
L., Tan, T.G., Ortiz-Lopez, A., Yanortsang, 
T.B., Yang, L., Jupp, R., Mathis, D., 
Benoist, C., and Kasper, D.L.: Mining the 
Human Gut Microbiota for Immunomodu-
latory Organisms. Cell 168, 928-943 
(2017).. 

Girard, L.R., Fiedler, T.J., Harris, T.W., 
Carvalho, F., Antoshechkin, I., Han, M., 
Sternberg, P.W., Stein, L.D., and Chalfie, 
M.: WormBook: the online review of 
Caenorhabditis elegans biology. Nucleic 
Acids Res. 35, D472-475 (2007). 

Guo, L., Karpac, J., Tran, S.L., and Jasper, H.: 
PGRP-SC2 promotes gut immune homeo-
stasis to limit commensal dysbiosis and 
extend lifespan. Cell 156, 109-122 (2014). 

Han, B., Sivaramakrishnan, P., Lin, C.J., Neve, 
I.A.A., He, J., Tay, L.W.R., Sowa, J.N., 
Sizovs, A., Du, G., Wang, J., Herman, C., 
and Wang, M.C.: Microbial Genetic 
Composition Tunes Host Longevity. Cell 
169, 1249-1262 (2017). 

Hill, J.H., Franzosa, E.A., Huttenhower, C., 
and Guillemin, K.: A conserved bacterial 
protein induces pancreatic beta cell expan-
sion during zebrafish development. Elife 5, 
e20145 (2016). 

Kapahi, P., Chen, D., Rogers, A.N., Katewa, 
S.D., Li, P.W., Thomas, E.L., and Kockel, 
L.: With TOR, less is more: a key role for 

the conserved nutrient-sensing TOR path-
way in aging. Cell Metab. 11, 453-465 
(2010). 

Kenyon, C., Chang, J., Gensch, E., Rudner, A., 
and Tabtiang, R.: A C-Elegans Mutant That 
Lives Twice as Long as Wild-Type. Nature 
366, 461-464 (1993). 

Kim, Y., Nam, H.G., and Valenzano, D.R.: The 
short-lived African turquoise killifish: an 
emerging experimental model for ageing. 
Dis. Model Mech. 9, 115-129 (2016). 

Kostic, A.D., Howitt, M.R., and Garrett, W.S.: 
Exploring host-microbiota interactions in 
animal models and humans. Genes Dev. 27, 
701-718 (2013).. 

Lapierre, L.R. and Hansen, M.: Lessons from 
C. elegans: signaling pathways for longev-
ity. Trends Endocrinol. Metab. 23, 637-644 
(2012). 

Lee, C.H., Steiner, T., Petrof, E.O., Smieja, M., 
Roscoe, D., Nematallah, A., Weese, J.S., 
Collins, S., Moayyedi, P., Crowther, M., 
Ropeleski, M.J., Jayaratne, P., Higgins, D., 
Li, Y., Rau, N.V., and Kim, P.T.: Frozen vs 
Fresh Fecal Microbiota Transplantation and 
Clinical Resolution of Diarrhea in Patients 
With Recurrent Clostridium difficile Infec-
tion: A Randomized Clinical Trial. JAMA 
315, 142-149 (2016). 

Libert, S., Zwiener, J., Chu, X., Vanvoorhies, 
W., Roman, G., and Pletcher, S.D.: Regula-
tion of Drosophila life span by olfaction 
and food-derived odors. Science 315, 1133-
1137 (2007). 

Lindner, C., Thomsen, I., Wahl, B., Ugur, M., 
Sethi, M.K., Friedrichsen, M., Smoczek, A., 
Ott, S., Baumann, U., Suerbaum, S., 
Schreiber, S., Bleich, A., Gaboriau-
Routhiau, V., Cerf-Bensussan, N., Haza-
nov, H., Mehr, R., Boysen, P., Rosenstiel, 
P., and Pabst, O.: Diversification of 
memory B cells drives the continuous adap-
tation of secretory antibodies to gut micro-
biota. Nat. Immunol. 16, 880-888 (2015). 

Liu, K.L. and Walford, R.L.: Increased growth 
and life-span with lowered ambient temper-
ature in the annual fish, Cynolebia adloffi. 
Nature 212, 1277-1278 (1966). 

Martin, V., Bryan Wu, Y.C., Kipling, D., and 



	40 

Dunn-Walters, D.: Ageing of the B-cell 
repertoire. Philos. Trans. R. Soc. Lond. B 
Biol. Sci. 370, 20140237 (2015). 

Milani, C., Ticinesi, A., Gerritsen, J., 
Nouvenne, A., Lugli, G.A., Mancabelli, L., 
Turroni, F., Duranti, S., Mangifesta, M., 
Viappiani, A., Ferrario, C., Maggio, M., 
Lauretani, F., De Vos, W., van Sinderen, 
D., Meschi, T., and Venturab, M.: Gut 
microbiota composition and Clostridium 
difficile infection in hospitalized elderly 
individuals: a metagenomic study. Sci. Rep. 
6, 25945 (2016). 

Morimoto, R.I. and Cuervo, A.M.: Protein 
homeostasis and aging: taking care of 
proteins from the cradle to the grave. J. 
Gerontol. A Biol. Sci. Med. Sci. 64, 167-
170 (2009). 

Nicholson, J.K., Holmes, E., Kinross, J., Bur-
celin, R., Gibson, G., Jia, W., and Petters-
son, S.: Host-gut microbiota metabolic in-
teractions. Science 336, 1262-1267 (2012). 

O'Toole, P.W. and Jeffery, I.B.: Gut microbiota 
and aging. Science 350, 1214-1215 (2015). 

Ridaura, V.K., Faith, J.J., Rey, F.E., Cheng, J., 
Duncan, A.E., Kau, A.L., Griffin, N.W., 
Lombard, V., Henrissat, B., Bain, J.R., 
Muehlbauer, M.J., Ilkayeva, O., 
Semenkovich, C.F., Funai, K., Hayashi, 
D.K., Lyle, B.J., Martini, M.C., Ursell, 
L.K., Clemente, J.C., Van Treuren, W., 
Walters, W.A., Knight, R., Newgard, C.B., 
Heath, A.C., and Gordon, J.I.: Gut 
microbiota from twins discordant for obe-
sity modulate metabolism in mice. Science 
341, 1241214 (2013).. 

Rothschild, D., Weissbrod, O., Barkan, E., 
Kurilshikov, A., Korem, T., Zeevi, D., 
Costea, P.I., Godneva, A., Kalka, I.N., Bar, 
N., Shilo, S., Lador, D., Vila, A.V., Zmora, 
N., Pevsner-Fischer, M., Israeli, D., 
Kosower, N., Malka, G., Wolf, B.C., Avnit-
Sagi, T., Lotan-Pompan, M., Weinberger, 
A., Halpern, Z., Carmi, S., Fu, J., 
Wijmenga, C., Zhernakova, A., Elinav, E., 
and Segal, E.: Environment dominates over 
host genetics in shaping human gut micro-
biota. Nature 555, 210-215 (2018). 

Sanchez-Blanco, A., Rodriguez-Matellan, A., 

Gonzalez-Paramas, A., Gonzalez-Manzano, 
S., Kim, S.K., and Mollinedo, F.: Dietary 
and microbiome factors determine 
longevity in Caenorhabditis elegans. Aging 
(Albany NY) 8, 1513-1539 (2016). 

Seidel, J. and Valenzano, D.R.: The role of the 
gut microbiome during host ageing. 
F1000Res. 7, F1000 Faculty Rev-1086 
(2018). 

Smith, P., Willemsen, D., Popkes, M., Metge, 
F., Gandiwa, E., Reichard, M., and Valen-
zano, D.R.: Regulation of life span by the 
gut microbiota in the short-lived African 
turquoise killifish. Elife 6, e27014 (2017). 

Sommer, F. and Backhed, F.: The gut 
microbiota--masters of host development 
and physiology. Nat. Rev. Microbiol. 11, 
227-238 (2013). 

Tchkonia, T., Zhu, Y., van Deursen, J., 
Campisi, J., and Kirkland, J.L.: Cellular 
senescence and the senescent secretory phe-
notype: therapeutic opportunities. J. Clin. 
Invest. 123, 966-972 (2013). 

Thaiss, C.A., Levy, M., Korem, T., Dohnalova, 
L., Shapiro, H., Jaitin, D.A., David, E., 
Winter, D.R., Gury-BenAri, M., Tatirovsky, 
E., Tuganbaev, T., Federici, S., Zmora, N., 
Zeevi, D., Dori-Bachash, M., Pevsner-
Fischer, M., Kartvelishvily, E., Brandis, A., 
Harmelin, A., Shibolet, O., Halpern, Z., 
Honda, K., Amit, I., Segal, E., Elinav, E.: 
Microbiota Diurnal Rhythmicity Programs 
Host Transcriptome Oscillations. Cell 167, 
1495-1510 (2016). 

Vaidya, A., Mao, Z., Tian, X., Spencer, B., 
Seluanov, A., and Gorbunova, V.: Knock-in 
reporter mice demonstrate that DNA repair 
by non-homologous end joining declines 
with age. PLoS Genet 10, e1004511 (2014). 

Valenzano, D.R., Aboobaker, A., Seluanov, A., 
and Gorbunova, V.: Non-canonical aging 
model systems and why we need them. 
EMBO J. 36, 959-963 (2017). 

Weindruch, R., Walford, R.L., Fligiel, S., and 
Guthrie, D.: The retardation of aging in 
mice by dietary restriction: longevity, 
cancer, immunity and lifetime energy 
intake. J. Nutr. 116, 641-654 (1986).. 

Weinstein, J.A., Jiang, N., White, R.A., 3rd, 



	 41 

Fisher, D.S., and Quake, S.R.: High-
throughput sequencing of the zebrafish 
antibody repertoire. Science 324, 807-810 
(2009). 

Weir, H.J., Yao, P., Huynh, F.K., Escoubas, 
C.C., Goncalves, R.L., Burkewitz, K., 
Laboy, R., Hirschey, M.D., and Mair, W.B.: 
Dietary Restriction and AMPK Increase 
Lifespan via Mitochondrial Network and 
Peroxisome Remodeling. Cell Metab. 26, 

884-896 (2017). 
Wikoff, W.R., Anfora, A.T., Liu, J., Schultz, 

P.G., Lesley, S.A., Peters, E.C., and 
Siuzdak, G.: Metabolomics analysis reveals 
large effects of gut microflora on mamma-
lian blood metabolites. Proc. Natl. Acad. 
Sci. USA 106, 3698-3703 (2009). 

Zhao, Q. and Elson, C.O.: Adaptive immune 
education by gut microbiota antigens. 
Immunology 154, 28-37 (2018). 

 




