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Microbes are a major force in nature, and they have shaped 
this planet since the origin of life1. Animals and plants 
have been in close contact with microorganisms for 

billions of years; these relationships have affected the biological 
functions of the species involved and ultimately influenced their 
evolutionary trajectories2–4. The shared history between microbes 
and hosts has led to the acquisition of dependence between two 
biological systems that range across several taxonomic levels2,4. The 
wide range of potential interactions between a host and its microbes 
challenges our understanding of what an organism or a biological 
function is in the context of the microbiome5–7 while defying the 
very same notion that all animals need a microbiome8.

Nevertheless, microbial communities are key drivers of a wide 
range of biological functions and can affect many processes such 
as nutrition and immunity9. Yet, we are still far from achieving a 
complete understanding of the intricate relationship between the 
host and its microbiota. The inherent complexity of this problem 
can be tackled from different angles by using a wide array of tools 
including theoretical approaches10–12, classical in vitro studies13,14 
and animal models15,16. The latter offer the possibility of establishing 
causality links, allowing robust interpretations of the real influence 
of one system on the other. An increasing number of animal mod
els are currently being used to study microbe–host interactions. In 
particular, the bacterivore nematode Caenorhabditis elegans has 
emerged as a suitable model offering strong advantages that out
weigh its limitations17–19.

In this perspective, we discuss what makes C. elegans a supreme 
model for the study of microbe–host interactions, with a focus on 
methodologies and insightful discoveries from studies that have 
used the worm as a biosensor of microbial activity over the past  
20 years.

The worm and its microbiota: parallels to humans
From an evolutionary point of view, C. elegans is a suitable model 
for the identification of the molecular processes involved in patho
genic and commensal interactions because these processes are often 

conserved in other organisms of interest, including humans20–22. 
At the level of the gut, there are basic morphological similarities 
between the intestinal cellular structure in humans and worms. In 
addition to presenting functional similarities in the extraction and 
absorption of nutrients and the ability to host live microbes, the  
gut of the worm is a perfectly adequate small but physiologically 
relevant organ for the analysis of host–microbe interactions.

In the wild, C. elegans harbors a rich and diverse microbiome that 
is relatively stable across geography. Like mammals and other ani
mals, the microbiota of C. elegans is composed of major phyla such 
as Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria23–25, 
with the latter, mostly from the Enterobacteriaceae genus, often the 
most dominant. Likewise, studies have shown great intraspecies 
variations in intestinal microbiota according to the environment as 
well as the host’s genetics19,25,26. For example, Gammaproteobacteria 
such as the human pathogen Pseudomonas aeruginosa exploit 
monosaccharides from the intestinal mucin layer to successfully 
colonize C. elegans27. Whether other commensal, pathobionts and/
or pathogenic microbes exploit this mechanism for worm coloni
zation remains to be studied. Historically, the most commonly  
used bacteria in the context of C. elegans work in the labora
tory setting has been monocolonization with the enterobacteria  
Escherichia coli28,29, an important representative of human gut  
commensal microbes.

Like mammals, C. elegans acquires through the oral route an 
active gut microbiota that serves many roles beyond providing 
nutritional sustenance24. The view that bacteria serve as nutrients 
only for worms but not for mammals is also a misconception. As 
found in worms, microbes from the environment are often present 
in the distal gut of mammals30. Similarly to worms, bacterial contents 
are constantly released into the mammalian gut, as onethird of the 
bacterial cells are damaged with impaired membrane polarity, and 
approximately onefourth have severely compromised membrane 
integrity31. Hence, several bacterial products, such as lipopolysac
charides32, gutcommensal proteins21 and a wide range of metabo
lites that are either unique to bacteria or cometabolites of unknown 
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origin, can be found in the host bloodstream. As seen in mammals, 
a vast literature shows that bacteria supplement the worm host with 
metabolites that regulate many physiological and metabolic traits or 
regulate the effects of drugs or nutrients, through mechanisms that 
are independent of the macronutrient content of bacteria24,25,29,33–38. 
Therefore, the recent focus on host–commensal interactions in the 
worm gut builds on past findings in which C. elegans has been an 
instrumental workhorse to study microbial pathogenesis39–42.

As new resources become available (e.g., CeMbio43), a larger 
array of bacterial species can now be used to form complex com
munities in the worm gut that cover the major phyla and mimic the 
gut microbial environment of other organisms2,10,43. The utilization 
of a phylogenetically and metabolically diverse microbial commu
nity can make a suitable model to study functional aspects of the gut 
microbiome that are also present in humans9,33,44,45. Work in humans 
and other organisms including C. elegans suggests that studying the 
functional capability of the microbiome along with its phylogenetic 
composition is a good proxy to link microbial community composi
tion to its regulatory effects on the host5,26,46,47. Given these results, 
there is a need to characterize the microbiome with high precision 
to fully capture the mechanisms by which it modulates host mole
cular and physiological phenotypes.

Using worm phenotypes as readouts of bacterial activity
Several reports published over the past 20 years and using C. elegans 
as a model organism have provided remarkable insights into host–
microbe interactions (Fig. 1). For example, several studies using 
nematode development as a phenotypic readout have shown that 
the worm’s microbiota is essential for the supply of micronutrients, 
such as vitamins B248, B629, B929,49 and B1250,51, iron21,31,52 and molyb
denum36, as well as reactive oxygen species31,53. The C. elegans model 
has also identified other metabolites at the host–microbe interface 
that regulate adult physiological traits. In particular, analyses of 
adult survival and longevity phenotypes have identified the pro
duction of nitric oxide22,54,55 by the Firmicutes Bacillus subtilis and 
colanic acid30,56,57, methylglyoxal58, folate49,59 and agmatine28 from 
the Proteobacteria E. coli as key molecules regulating host aging. 
Moreover, perturbation of bacterial respiration through coenzyme 
Q biosynthesis impairment leads to modulation of C. elegans life
span60,61. Using host lipid metabolism as a phenotypic readout,  
C. elegans studies have also identified microbial metabolites that regu
late host lipid metabolism through NR5AHedgehog signalling62. In 
addition, C. elegans has been used as a biosensor to conduct studies 
on probiotics63. In 2020, using a C. elegans synucleinopathy model, 
Goya and colleagues found that the B. subtilis PXN21 strain inhi
bits, delays and reverses αsynuclein aggregation causing Parkinson’s 
disease through alterations in the sphingolipid meta bolism pathway 
of the host64. In addition, Urrutia and colleagues found that bacte
rial production of γaminobutyric acid and lactate conferred 40% of 
neuroprotection in another C. elegans model of neurodegeneration65. 
By revealing important links between bacteria and brain pathologies, 
these studies also offer further mechanistic insights into how the 
gut microbiota regulates the motor deficits and neuroinflammation 
observed in a mouse model of Parkinson’s disease66.

However, the mechanistic basis of the microbiota–brain signal
ing and its physiological relevance remain largely unknown. Using 
C. elegans olfactory responses (e.g., attractions to odors) as a phe
notypic readout, a study has shown that commensal gut bacteria 
alter olfactory behavior through the production of the neuromodu
lator tyramine67. In particular, production of this metabolite by 
commensal Providencia bacteria bypasses the requirement for host 
tyramine biosynthesis and manipulates a host sensory decision, 
thus promoting fitness of both the host and the microorganism67. 
Likewise, the ability of C. elegans to ‘read’ and recognize bacterial 
small RNAs induces a transgenerational response, leading to appro
priate behavioral changes in their progeny for pathogen avoidance41. 

Furthermore, the use of C. elegans as a biosensor has highlighted 
the fundamental role of microbiota in host defense against patho
gens68–71, a mechanism known as colonization resistance2. In par
ticular, using worm survival as a physiological readout, C. elegans 
studies allowed the identification of microbiotaproduced cyclic 
lipopeptides that confer resistance against intestinal colonization by 
the human pathogen P. aeruginosa and by natural pathogens such as 
Bacillus thuringiensis68.

In addition to helping identify key mechanisms and metabo
lites involved in microbe–host interactions, the worm has also 
been a great model for revealing novel host mechanisms. Studies 
have notably uncovered the molecular processes used by the host 
to interpret the bacterial signals mediating various physiological 
functions. A groundbreaking study by Liu and colleagues identi
fied the organismal pathways that survey and defend mitochondria 
against toxic byproducts of several members of the microbiota72. 
Another study reported that the production of biofilm by B. subtilis 
can increase the life expectancy of the worms via the production 
of communication molecules involved in bacterial quorum sensing 
and nitric oxide. These molecules then trigger a dietary restriction–
like response mediated by the Abnormal dauer formation protein 2 
(DAF2), DAF16 and Heat shock factor protein 1 (HSF1) signal
ing pathways that regulate lifespan54,55. In addition, several bacterial 
metabolites have been shown to affect host lifespan and healthspan 
by acting on mitochondrial function, activating the unfolded pro
tein response, remodeling the host lipid response and interfering 
with insulinlike and dietary restriction–related pathways73–75.

Over the years, the worm has therefore provided unique insights 
into health and disease phenotypes by elucidating key molecular 
mechanisms of host–microbe interactions.

An experimental pipeline to explore host–microbe 
interactions
Interactions in the host–microbe system are a twoway road, where 
each part is sensing and reacting to signals from its counterpart in 
a continuous loop. Being able to phenotypically and molecularly 
characterize how both microbes and host sense and respond to each 
other is therefore essential for capturing the mechanisms underlying 
their interaction. Molecular and synthetic biology tools are available 
to modify and study with great precision most layers of biological 
information from the worm host, its microbial community and the 
environment (Fig. 2). Thus, the worm and its microbiota provide an 
excellent system to study host–microbe interactions because each 
variable can be modified, while allowing deep phenotyping to mea
sure the effects of these modifications on the host at scale76.

The C. elegans host. This semitransparent nematode has a short 
life cycle (~3 d) and lifespan (mean of ~18 d), which, together with 
its simple and costeffective handling, allows the study of a wide 
range of processes and diseases that are evolutionarily conserved 
in humans77. The superpower of the worm model lies in its simple 
genetics and amenability to highthroughput screening. As fully 
reviewed by Nance. et al., ‘the power of any genetic model organ
ism is derived, in part, from the ease with which gene expression 
can be manipulated’78. Therefore, C. elegans is a great genetic model 
organism, owing to the wide range of molecular tools available to 
modify its genome, the cost effectiveness and simplicity associated 
with the generation of mutants and a fully supportive community 
of researchers who widely distribute their reagents. For example, 
thousands of genetically modified strains are readily available 
from the Caenorhabditis Genetic Center (https://cgc.umn.edu/) 
and the National BioResource Project laboratory (https://shigen.
nig.ac.jp/c.elegans/top.xhtml). The variety of methods available for 
the creation of mutant strains is also very well documented, for 
both the knockout and knockdown of genes and the generation of 
transgenic lines78–81.
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Precisely regulating the expression of host genes is essential 
for causally linking the influence of an environmental cue with  
a phenotype. In particular, unbiased forward (e.g., random  

mutagenesis82–85) and reverse genetic screens79,86 have been power
ful tools for linking a genotype to a phenotype. For example, in  
the context of host–microbe interactions, an RNAibased approach 
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Fig. 1 | Timeline of publications providing remarkable insights into C. elegans–microbe interactions. Each publication entry has been classed (by position 
and color) according to the main functional landscape explored in the work. Worm as a biosensor has revealed links between: host and/or microbial 
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has provided remarkable insights into the host mechanisms regu
lating microbial aversion87. The transparent nature of the worms 
allied to the simple generation of transgenic fluorescent reporter 
lines permits the study of how microbes regulate worm gene expres
sion profiles in a spatial (tissuespecific), temporal and quantitative 
manner88. The combination of these unique features and molecu
lar techniques has been used to identify microbial signaling and 
metabolic pathways, including the respective metabolites involved, 
regulating host lipid metabolism28. Furthermore, the combination 
of these approaches with forward and reverse genetic methods has 
been instrumental in identifying the host genetic networks that 
underlie lipid metabolism regulation mediated by bacterial vitamin 
B1251. Overall, these tools allow researchers to modify and study 
with precision the contribution of host genetics in determining a 
molecular or physiological phenotype driven by microbes.

C. elegans provides an excellent opportunity to perform micro
biota studies at a scale only outcompeted by in vitro unicellu
lar highthroughput screening17. Several worm phenotypes can 
be monitored in a highthroughput manner, including survival 
readouts upon challenge with pathogens or xenobiotic compou
nds20,39,40,68,89–93, measurements of adult lifespan30,32,54,55,57,64,70, arrested 
development21,22,32,36, impaired fertility54,55,69,94,95, resistance to 
stress55,70 and altered behavior96,97. The measurement of such pheno
types in a highthroughput manner allows the study of individual or 
communities of microorganisms that colonize the worm intestine 
and regulate several traits of host physiology. Recently, the model 
has experienced a giant leap in its highthroughput capacity with 
the use of stateofthe art deep phenotyping76. This technological 
advance has been possible through the development of a new set of 
hardware and software tools allowing the manipulation, recording 
and imaging of worms grown in hundreds of conditions in parallel. 
These tools include flow cytometry–like stations such as COPAS98 to 
measure worm physical variables including axial length and optical  

density; the ‘WorMotel’ developed by FangYen99 and the Lifespan 
Machine by Fontana100 to measure lifespan; diverse tracking plat
forms developed by the Brown96,101, Nollen102, Kerr103, Driscoll104 and 
Goodman105 laboratories, which can assess motorrelated phenotypical 
variables including behavior; fully automated workstations as devel
oped by Pincus106 or Lu97, to monitor longterm behavior and health
span; and many other tools107–110. With these technologies, worms can 
be phenotypically characterized with a high degree of reproducibility 
by using oftenaffordable imaging systems111. Fluorescence imaging 
can also be performed in a highthroughput manner, taking advan
tage of the transparent nature of C. elegans and further extending the 
screening capabilities of the worm as a biosensor. Fluorescence imag
ing can provide information at different scales, from studying protein 
dynamics in whole animals108,112 to uncovering processes in particular 
specific cell lineages113. Hence, by using worm molecular or physio
logical phenotypes as readouts of bacterial activity, it is possible to 
capture in fine detail at the host level several molecular mechanisms 
that are involved in these complex host–microbe interactions. As a 
consequence, these highthroughput phenotyping approaches gene
rate a large amount of complex phenotypic data that requires the use 
of computational tools for proper analysis and extraction of mean
ingful information. Therefore, machine learning and deep learning 
algorithms are now being used in addition to commonly used statisti
cal techniques (e.g., PCA or correlation114) to uncover hidden features 
and trait prediction115 from complex datasets.

Thus, C. elegans provides unique opportunities as a model orga
nism for studying host–microbe interactions, including a unique  
set of tools to study in depth the vast and uncharted functional  
landscape of this relationship.

The microbes. A major problem of current microbiome research 
is that an excessive amount of the available data establishing causa
tion between microbiota physiology and host function was drawn 
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Fig. 2 | An experimental pipeline to explore host–microbe interactions. a modular, scalable, layered and flexible workflow to explore the complex 
landscape of host–microbe interactions. Multiple experimental options exist for C. elegans molecular or phenotypic readouts, including the use of large 
mutant libraries for host genetics (green). High-throughput screening of single or complex microbial communities and metabolic network modeling tools 
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for in-depth molecular characterization (black). The evolutionarily conserved nature of the worm–microbe model allows testing and further validation of 
findings in more complex models (orange). aSKa, a complete set of E. coli K -12 ORF archive; LOPaC, library of pharmacologically active compounds.
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simply from correlation data. One potential solution to this prob
lem is the creation of synthetic communities to dissect causality in 
complex host–microbiota interactions. To increase the likelihood of 
success, one should consider creating a simplified microbial com
munity that represents both phylogenetically and functionally the 
complex microbiome of interest, taking also into consideration the 
model organism that will host the community. Finally, and most 
importantly, one should consider whether the mock community 
and their host are adequate models to address the scientific question 
at hand. The groups of Félix, Samuel, Schulenburg and Shapira23–25 
have importantly contributed to this more effective approach. As a 
result of their indepth metaanalysis of the natural microbiome of 
C. elegans, they have created CeMbio43, a simplified natural worm 
microbiota mock community. Key features of CeMbio include a  
set of easily culturable bacterial strains that colonize the worm gut 
and distinctly affect C. elegans physiological traits and life trajecto
ries. These strains have fully sequenced genomes, diagnostic PCR 
primers and wellcharacterized metabolic network models.

Approaches combining computer modeling of metabolic path
ways and experimental characterization of bacterial physiology 
allow researchers to study not only the impact of bacterial functional 
diversity but also the role of the environment on host functions. 
Zimmermann and colleagues have led this integrative approach, 
bringing together the use of phenomic microarray (Biolog) tech
nology116 to assess metabolic competences of selected bacteria with 
metagenomics and computer modeling to reconstruct metabolic 
networks at the community level and study ecological interactions 
between members of the community117. Their work has shown that 
host physiology and fitness is dependent on the nutritional land
scape for microbe–microbe interactions117.

Yet, to functionally characterize the contribution of each 
microbe in maintaining the homeostasis of the community and 
their role in regulating host physiology, one needs to go deeper in 
the functional characterization of each microbial member. For this 
purpose, a wide range of technologies are available for bacterial 
modification, such as the random insertion of transposons in the 
genome34,118–120 and the use of bacteriophages35. These techniques 
allow the creation of mutant libraries from several species, pro
viding an opportunity to study and identify new genes regulating 
bacterial function. For example, such approaches have led to the 
identification of thousands of bacterial genes in Proteobacteria and 
Bacteroidetes that had no previously known function121. A major 
achievement was the construction of the Keio library, which con
tains a set of precisely defined monogenic deletions of all the nones
sential genes of E. coli K12 (3,985 genes out of a total of 4,288)122. 
These transposon and deletion bacterial libraries are now being 
used in monocolonization experiments to causally link the effects 
of bacterial genes from a single species with a wide range of phe
notypes from diverse hosts51,123–127. In C. elegans studies, the Keio 
library has been screened for E. coli genes involved in the regula
tion of lifespan30,49, to show the dependence of host development 
on its microbiota for micronutrients (e.g., folate, iron and molybde
num31,32,36) and to infer the role of the microbiota in drug action29,128 
(e.g., fluoropyrimidines). B. subtilis, a human probiotic bacterium, 
is another commonly used bacterial strain for monoassociation 
studies with C. elegans. The Gross laboratory has constructed 
two ordered, barcoded, antibioticresistancemarked singlegene 
deletion libraries, comprising 3,968 and 3,970 genes, respectively, 
allowing the genomewide study of gene and pathway function in 
a Grampositive bacterium129. To date, this resource has not been 
used in combination with a C. elegans host but may well provide an 
important tool to expand the possibilities of this microbiome model 
beyond its current potential. Although lossoffunction libraries are 
more widely used with C. elegans, gainoffunction libraries are also 
available. For example, the ASKA library, made up of single strains 
containing multicopy vectors overexpressing any gene of E. coli37, 

was used with C. elegans and led to the identification of the bacterial 
metabolite methylglyoxal as a regulator of host lifespan58.

New tools are also being implemented to study the gut envi
ronment in C. elegans. For example, RNAseq has been used to 
study the effects of the gut environment and host genetics on gene 
expression and metabolic pathways of E. coli within the gut of  
C. elegans130. The authors found that active metabolism of bioac
tive lipids in the gut may regulate host–microbial interactions. A 
similar observation was recently made in a mammalian model, 
where sphingolipids produced by the microbiota enter and regu
late host lipid metabolism131. Interestingly, the authors observed an 
increase in aerotaxisrelated genes expressed by bacteria growing 
in the gut compared to in vitro growth, suggesting that the gut of 
C. elegans may in fact be anaerobic. Although this is an interesting 
observation that could further expand the usefulness of this model, 
measurements of oxygen tension inside the worm gut are required. 
New synthetic biology reagents are being designed to expand the 
toolset to study microbes within the worm gut. This includes the 
development of bacterial biosensors capable of detecting molecules 
in the guts of worms132, bioluminescent bacteria to evaluate bacte
rial survival in the gut133 and the development of optogenetic tools 
in bacteria to control bacterial metabolism and indirectly regulate 
host physiology57.

The environment. Recent research in humans shows that the 
environment dominates over host genetics in shaping the micro
biota134,135. All the aforementioned tools provide a robust frame
work to capture the role of the microbiota on host physiology at 
the mechanistic level. The scalability of the current methods used 
in C. elegans allows the setup of systematic studies in which envi
ronmental perturbations can be added as important variables of 
investigation.

The inclusion of drugs as an additional factor produces a com
plex interaction landscape between microbes, drugs and host. For 
example, host physiology may be affected as a result of modified 
drug pharmacokinetics through direct microbial biotransforma
tion38,136–138, or by indirect effects resulting from the action of drugs 
on microbial community structure and function13,14,38,139. Levodopa, 
a medicine to treat Parkinson’s disease, is used as a carbon source 
by bacterial taxa containing enzymes with tyrosine decarboxylase 
activity, resulting in reduced drug efficacy140. Studies in cancer 
research show that chemotherapy treatments often lead to intes
tinal disorders following an overall reduction in microbial abun
dance141 or through increased drug toxicity after reactivation by 
microbial enzymes142,143. In addition, drugs can limit the biological 
functions of some taxa, arresting their growth and allowing other 
diseaseassociated taxa to outcompete. For example, colonization 
by Clostridioides difficile is prevented by colonization resistance 
properties of the fecal microbiota. Thus, weakening microbial colo
nization resistance by widespread use of antibiotics in the clinical 
setting is a major risk factor for C. difficileassociated morbidity144. 
C. elegans offers a reliable platform to investigate these complex 
relationships between host, microbes and drugs. Studies using the 
worm as a biosensor for host–microbe–drug interactions showed 
that doxorubicin, a commonly used anticancer drug, is metabolized 
by human gut bacteria such as Klebsiella pneumoniae, E. coli and 
Raoultella planticola among others137. Fluoropyrimidines (5FU) are 
essential anticancer chemotherapy drugs for colorectal cancer, but 
their efficacy is highly variable between patients. To investigate the 
role of microbes in anticancer drug toxicity, our group in parallel 
with the Walhout and O’Rourke laboratories developed a threeway 
(microbe–drug–host) highthroughput screening method to 
explore the role of microbial genetics in mediating the effects of flu
oropyrimidines on C. elegans29,128,145 development, reproduction and 
survival. The relative contribution of each E. coli gene was obtained 
to perform a genomewide systematic analysis of the pathways and 
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processes involved in the mediation of drug effects. These three 
independent studies show that microbes can bolster or suppress the 
effects of fluoropyrimidines through metabolic drug interconver
sion involving bacterial vitamin B6, vitamin B9 and ribonucleotide 
metabolism, and highlight the value of these approaches to unravel 
the mechanistic complexity of such interactions.

Nutrition is a key element at the interface between microbes 
and host dictating the fitness of the entire metaorganism. Given 
the immense complexity of nutrition146, mapping the biologi
cal response of a host and its associated microbes to the different 
types of chemical components is a challenging task. Historically, 
the microbial nutritional landscape has often been studied with the 
wellestablished microbial phenotyping technology from Biolog116. 
This technology allows the investigation of hundreds of metabo
lites covering all major nutrient classes (e.g., sugars, fatty acids and 
amino acids) to study their role in regulating microbial growth 
phenotypes. Zimmermann and colleagues recently applied this 
technology to investigate how different microbes from the natural 
microbiome of C. elegans metabolize a diverse range of nutrients117. 
They showed that specific nutritional requirements by members of 
the worm’s microbiota dictate the nature of their interaction (e.g., 
competitive or commensal) within a complex microbial commu
nity and their role in regulating worm physiology. Using the same 
technology, our laboratory developed a highthroughput fourway 
microbe–drug–nutrient–host screening approach to investigate 
how 337 dietary elements affect the efficacy of metformin on host 
physiology in a bacterialdependent manner. Metformin is the most 
widely used drug for type 2 diabetes and a potential treatment for 
aging or agerelated disease. Research spanning from worms to 
humans shows that metformin acts indirectly through the micro
biota to regulate distinct host phenotypes and diseases147–150. Using 
a nutrient systems approach, we discovered that E. coli integrates 
signals from both metformin and the diet into a signaling cascade 
that affects the expression of the master nutrient regulator cAMP 
receptor protein CRP, which, in turn, indirectly regulates host phys
iology through modified argininederived metabolites28. Recently, 
a study by the O’Rourke laboratory investigating the role of amino 
acids in microbe–drug–host interactions revealed that dietary ser
ine enhances fluoropyrimidine anticancer chemotherapy without 
altering prodrug activation by E. coli145. Overall, the current use of 
C. elegans as a biosensor of bacterial activity is one of the ultimate 
stateoftheart models to reveal novel mechanisms at the interface 
between drugs–nutrients–microbes and host physiology.

Future outlook
The vast complexity present in the human microbiome may be fully 
understood only with careful and systematic investigation of all the 
potential physical and biological constraints that exist in the gut. 
As an example, this model could be further extended to probe the 
effects of a wide variety of environmental conditions including new 
drugs/xenobiotics or pH fluctuations on host–microbe interac
tions and host physiology. As scalability of this system continuously 
grows from additional technological, biological and computational 
tools with seamless integration, new layers of complexity will be 
captured. Yet, despite the important contributions achieved by 
using this model, the microbiome C. elegans research field is still in 
its infancy. To conquer the vast unexplored complexity that exists 
in host–microbiome interactions, C. elegans research boundaries 
will have to be expanded to include larger microbial communities 
in complex but defined nutritional environments. The immense 
value of mimicking specific human microbiome conditions through 
the addition of further layers of complexity to this highly scalable 
system will permit the discovery of key principles in host–microbe 
interactions.

Past research on C. elegans as a model for the study of host–
microbe interactions gives us hope. This work has permitted the 

discovery of many bacterial effectors influencing host physiology 
and the identification of the underlying host mechanisms. Some of 
the most exciting discoveries made by using worms to study com
plex phenotypic traits mediated by microbes have been extended 
to diverse host organisms28,56, suggesting that the mechanisms are 
conserved across taxa. The quote ‘You have evolved from worm to 
man, but much within you is still worm’ by the German philosopher 
Friedrich Nietzsche has often been used to capture with simplicity 
the use of C. elegans as a valuable model organism for human disease 
processes. Once again, now in the study of complex host–microbe 
interactions, this simple model organism continues to enlighten  
and surprise us. Future work will lead to pioneering discoveries in 
one of the most extraordinary and complex problems that biology 
faces today.

Received: 21 October 2020; Accepted: 27 January 2021;  
Published online: 1 March 2021

References
 1. Tashiro, T. et al. Early trace of life from 3.95 Ga sedimentary rocks in 

Labrador, Canada. Nature 549, 516–518 (2017).
 2. Foster, K. R., Schluter, J., Coyte, K. Z. & RakoffNahoum, S. The evolution 

of the host microbiome as an ecosystem on a leash. Nature 548,  
43–51 (2017).

 3. Groussin, M. et al. Unraveling the processes shaping mammalian gut 
microbiomes over evolutionary time. Nat. Commun. 8, 14319 (2017).

 4. Sharpton, T. J. Role of the gut microbiome in vertebrate evolution. 
mSystems 3, e0017417 (2018).

 5. Louca, S. et al. Function and functional redundancy in microbial systems. 
Nat. Ecol. Evol 2, 936–943 (2018).

 6. Klassen, J. L. Defining microbiome function. Nat. Microbiol. 3,  
864–869 (2018).

 7. Skillings, D. Holobionts and the ecology of organisms: multispecies 
communities or integrated individuals? Biol. Philos. 31, 875–892 (2016).

 8. Hammer, T. J., Sanders, J. G. & Fierer, N. Not all animals need a 
microbiome. FEMS Microbiol. Lett. 366, 1–11 (2019).

 9. LloydPrice, J., AbuAli, G. & Huttenhower, C. The healthy human 
microbiome. Genome Med. 8, 1–11 (2016).

 10. Gonze, D., Lahti, L., Raes, J. & Faust, K. Multistability and the origin of 
microbial community types. ISME J. 11, 2159–2166 (2017).

 11. Martí, J. M. et al. Health and disease imprinted in the time variability of the 
human microbiome. mSystems 2, e0014416 (2017).

 12. D’hoe, K. et al. Integrated culturing, modeling and transcriptomics 
uncovers complex interactions and emergent behavior in a threespecies 
synthetic gut community. Elife 7, 299644 (2018).

 13. Maier, L. et al. Extensive impact of nonantibiotic drugs on human gut 
bacteria. Nature 555, 623–628 (2018).

 14. Brochado, A. R. et al. Speciesspecific activity of antibacterial drug 
combinations. Nature 559, 259–263 (2018).

 15. Douglas, A. E. Simple animal models for microbiome research. Nat. Rev. 
Microbiol. 17, 764–775 (2019).

 16. Stagaman, K., Sharpton, T. J. & Guillemin, K. Zebrafish microbiome studies 
make waves. Lab Anim. (NY) 49, 201–207 (2020).

 17. Norvaisas, P. & Cabreiro, F. Pharmacology in the age of the holobiont.  
Curr. Opin. Syst. Biol. 10, 34–42 (2018).

 18. Frézal, L. & Félix, M.A. C. elegans outside the Petri dish. Elife 4,  
1–14 (2015).

 19. Zhang, F. et al. Caenorhabditis elegans as a model for microbiome research. 
Front. Microbiol. 8, 485 (2017).

 20. Kim, W. et al. A new class of synthetic retinoid antibiotics effective against 
bacterial persisters. Nature 556, 103–107 (2018).

 21. Qi, B. & Han, M. Microbial siderophore enterobactin promotes 
mitochondrial iron uptake and development of the host via interaction with 
ATP synthase. Cell 175, 571–582.e11 (2018).

 22. Seth, P. et al. Regulation of microRNA machinery and development by 
interspecies Snitrosylation. Cell 176, 1014–1025.e12 (2019).

 23. Dirksen, P. et al. The native microbiome of the nematode Caenorhabditis 
elegans: gateway to a new hostmicrobiome model. BMC Biol. 14, 1–16 (2016).

 24. Samuel, B. S., Rowedder, H., Braendle, C., Félix, M.A. & Ruvkun, G. 
Caenorhabditis elegans responses to bacteria from its natural habitats.  
Proc. Natl Acad. Sci. U. S. A. 113, E3941–E3949 (2016).

 25. Berg, M. et al. Assembly of the Caenorhabditis elegans gut microbiota from 
diverse soil microbial environments. ISME J 10, 1998–2009 (2016).

 26. Berg, M., Zhou, X. Y. & Shapira, M. Hostspecific functional significance of 
Caenorhabditis gut commensals. Front. Microbiol. 7, 1–9 (2016).

LAB AniMAL | VOL 50 | May 2021 | 127–135 | www.nature.com/laban132

http://www.nature.com/laban


PersPectiveLAB AnIMAL

 27. Hoffman, C. L., Lalsiamthara, J. & Aballay, A. Host mucin is exploited by 
Pseudomonas aeruginosa to provide monosaccharides required for a 
successful infection. mBio 11, 1–15 (2020).

 28. Pryor, R. et al. Hostmicrobedrugnutrient screen identifies bacterial 
effectors of metformin therapy. Cell 178, 1299–1312.e29 (2019).

 29. Scott, T. A. et al. Hostmicrobe cometabolism dictates cancer drug efficacy 
in C. elegans. Cell 169, 442–456.e18 (2017).

 30. Han, B. et al. Microbial genetic composition tunes host longevity. Cell 169, 
1249–1262.e13 (2017).

 31. Govindan, J. A., Jayamani, E. & Ruvkun, G. ROSbased lethality of 
Caenorhabditis elegans mitochondrial electron transport mutants grown on 
Escherichia coli siderophore iron release mutants. Proc. Natl Acad. Sci. U. S. 
A. 116, 21651–21658 (2019).

 32. Maynard, C., Cummings, I., Green, J. & Weinkove, D. A bacterial route for 
folic acid supplementation. BMC Biol. 16, 67 (2018).

 33. Yatsunenko, T. et al. Human gut microbiome viewed across age and 
geography. Nature 486, 222–227 (2012).

 34. Van Opijnen, T. & Camilli, A. Transposon insertion sequencing: a new tool 
for systemslevel analysis of microorganisms. Nat. Rev. Microbiol. 11, 
435–442 (2013).

 35. Lodish, H. et al. Constructing DNA libraries with λ phage and other 
cloning vectors. Molecular Cell Biology. Edn. 4 (W.H. Freeman, New York, 
NY, USA, 2000).

 36. Warnhoff, K. & Ruvkun, G. Molybdenum cofactor transfer from bacteria  
to nematode mediates sulfite detoxification. Nat. Chem. Biol. 15,  
480–488 (2019).

 37. Kitagawa, M. et al. Complete set of ORF clones of Escherichia coli ASKA 
library (a complete set of E. coli K12 ORF archive): unique resources for 
biological research. DNA Res 12, 291–299 (2005).

 38. Zimmermann, M., ZimmermannKogadeeva, M., Wegmann, R. & 
Goodman, A. L. Mapping human microbiome drug metabolism by gut 
bacteria and their genes. Nature 570, 462–467 (2019).

 39. Sifri, C. D., Begun, J., Ausubel, F. M. & Calderwood, S. B. Caenorhabditis 
elegans as a model host for Staphylococcus aureus pathogenesis. Infect. 
Immun. 71, 2208–2217 (2003).

 40. Irazoqui, J. E. et al. Distinct pathogenesis and host responses during 
infection of C. elegans by P. aeruginosa and S. aureus. PLoS Pathog. 6, 
e1000982 (2010).

 41. Kaletsky, R. et al. C. elegans interprets bacterial noncoding RNAs to learn 
pathogenic avoidance. Nature 566, 445–451 (2020).

 42. Kirienko, N. V., Cezairliyan, B. O., Ausubel, F. M. & Powell, J. R. 
Pseudomonas aeruginosa PA14 pathogenesis in Caenorhabditis elegans.  
In (eds. Filloux, A. & Ramos, J.L.) 653–669 (Springer, New York, NY,  
USA, 2014).

 43. Dirksen, P. et al. CeMbio—The Caenorhabditis elegans microbiome 
resource. G3 10, 3025–3039 (2020).

 44. Zhernakova, A. et al. Populationbased metagenomics analysis reveals 
markers for gut microbiome composition and diversity. Science 352, 
565–569 (2016).

 45. Fisher, C. K. & Mehta, P. Identifying keystone species in the human gut 
microbiome from metagenomic timeseries using sparse linear regression. 
PLoS One 9, e102451 (2014).

 46. HeintzBuschart, A. & Wilmes, P. Human gut microbiome: function 
matters. Trends Microbiol 26, 563–574 (2018).

 47. Costea, P. I. et al. Enterotypes in the landscape of gut microbial community 
composition. Nat. Microbiol. 3, 8–16 (2018).

 48. Qi, B., Kniazeva, M. & Han, M. A vitaminB2sensing mechanism that 
regulates gut protease activity to impact animal’s food behavior and growth. 
Elife 6, 1–19 (2017).

 49. Virk, B. et al. Folate acts in E. coli to accelerate C. elegans aging 
independently of bacterial biosynthesis. Cell Rep 14, 1611–1620 (2016).

 50. Watson, E. et al. Metabolic network rewiring of propionate flux 
compensates vitamin B12 deficiency in C. elegans. Elife 5, 1–21 (2016).

 51. Watson, E. et al. Interspecies systems biology uncovers metabolites affecting 
C. elegans gene expression and life history traits. Cell 156, 759–770 (2014).

 52. Zhang, J. et al. A delicate balance between bacterial iron and reactive 
oxygen species supports optimal C. elegans development. Cell Host Microbe 
26, 400–411.e3 (2019).

 53. Schiffer, J. A. et al. Caenorhabditis elegans processes sensory information to 
choose between freeloading and selfdefense strategies. Elife 9, 1–29 (2020).

 54. Donato, V. et al. Bacillus subtilis biofilm extends Caenorhabditis elegans 
longevity through downregulation of the insulinlike signalling pathway. 
Nat. Commun. 8, 14332 (2017).

 55. Gusarov, I. et al. Bacterial nitric oxide extends the lifespan of C. elegans. 
Cell 152, 818–830 (2013).

 56. Gruber, J. & Kennedy, B. K. Microbiome and longevity: gut microbes send 
signals to host mitochondria. Cell 169, 1168–1169 (2017).

 57. Hartsough, L. A. et al. Optogenetic control of gut bacterial metabolism to 
promote longevity. Elife 9, e56849 (2020).

 58. Shin, M.G. et al. Bacteriaderived metabolite, methylglyoxal, modulates the 
longevity of C. elegans through TORC2/SGK1/DAF16 signaling. Proc. Natl 
Acad. Sci. U. S. A. 117, 17142–17150 (2020).

 59. Virk, B. et al. Excessive folate synthesis limits lifespan in the C. elegans:  
E. coli aging model. BMC Biol. 10, 67 (2012).

 60. Saiki, R. et al. Altered bacterial metabolism, not coenzyme Q content, is 
responsible for the lifespan extension in Caenorhabditis elegans fed an 
Escherichia coli diet lacking coenzyme Q. Aging Cell 7, 291–304 (2008).

 61. Larsen, P. L. Extension of lifespan in Caenorhabditis elegans by a diet 
lacking coenzyme Q. Science 295, 120–123 (2002).

 62. Lin, C.C. C. J. & Wang, M. C. Microbial metabolites regulate host lipid 
metabolism through NR5AHedgehog signalling. Nat. Cell Biol. 19, 550–557 
(2017).

 63. Kumar, A. et al. Caenorhabditis elegans: a model to understand host–
microbe interactions. Cell. Mol. Life Sci. 77, 1229–1249 (2020).

 64. Goya, M. E. et al. Probiotic Bacillus subtilis protects against αsynuclein 
aggregation in C. elegans. Cell Rep. 30, 367–380.e7 (2020).

 65. Urrutia, A. et al. Bacterially produced metabolites protect C. elegans 
neurons from degeneration. PLoS Biol. 18, e3000638 (2020).

 66. Sampson, T. R. et al. Gut microbiota regulate motor deficits and 
neuroinflammation in a model of Parkinson’s disease. Cell 167, 1469–1480.
e12 (2016).

 67. O’Donnell, M. P., Fox, B. W., Chao, P.H., Schroeder, F. C. & Sengupta, P. A 
neurotransmitter produced by gut bacteria modulates host sensory 
behaviour. Nature 583, 415–420 (2020).

 68. Kissoyan, K. A. B. B. et al. Natural C. elegans microbiota protects against 
infection via production of a cyclic lipopeptide of the viscosin group.  
Curr. Biol. 29, 1030–1037.e5 (2019).

 69. MontalvoKatz, S., Huang, H., Appel, M. D., Berg, M. & Shapira, M. 
Association with soil bacteria enhances p38dependent infection resistance 
in Caenorhabditis elegans. Infect. Immun. 81, 514–520 (2013).

 70. Smolentseva, O. et al. Mechanism of biofilmmediated stress resistance and 
lifespan extension in C. elegans. Sci. Rep. 7, 7137 (2017).

 71. Kim, Y. & Mylonakis, E. Caenorhabditis elegans immune conditioning with 
the probiotic bacterium Lactobacillus acidophilus strain NCFM enhances 
Grampositive immune responses. Infect. Immun. 80, 2500–2508 (2012).

 72. Liu, Y., Samuel, B. S., Breen, P. C. & Ruvkun, G. Caenorhabditis elegans 
pathways that surveil and defend mitochondria. Nature 508,  
406–410 (2014).

 73. Bana, B. & Cabreiro, F. The microbiome and aging. Annu. Rev. Genet. 53, 
239–261 (2019).

 74. Watson, E., MacNeil, L. T., Arda, H. E., Zhu, L. J. & Walhout, A. J. M. 
Integration of metabolic and gene regulatory networks modulates the  
C. elegans dietary response. Cell 153, 253–266 (2013).

 75. Essmann, C. L. et al. Mechanical properties measured by atomic force 
microscopy define health biomarkers in ageing C. elegans. Nat. Commun. 
11, 1043 (2020).

 76. Patel, D. S., Xu, N. & Lu, H. Digging deeper: methodologies for 
highcontent phenotyping in Caenorhabditis elegans. Lab Anim. (NY) 48, 
207–216 (2019).

 77. Kaletta, T. & Hengartner, M. O. Finding function in novel targets: C. 
elegans as a model organism. Nat. Rev. Drug Discov. 5, 387–399 (2006).

 78. Nance, J. & FrøkjærJensen, C. The Caenorhabditis elegans transgenic 
toolbox. Genetics 212, 959–990 (2019).

 79. Dickinson, D. J. & Goldstein, B. CRISPRbased methods for Caenorhabditis 
elegans genome engineering. Genetics 202, 885–901 (2016).

 80. Evans, T. Transformation and microinjection. (April 6, 2006) WormBook 
(ed. The C. elegans Research Community) http://www.wormbook.org/
chapters/www_transformationmicroinjection/transformationmicroinjection.
html (2006).

 81. Merritt, C. et al. Transgenic solutions for the germline. (February 8, 2010) 
WormBook (ed. The C. elegans Research Community) 1–21 http://www.
wormbook.org/chapters/www_transgenic/transgenic.html (2010).

 82. Brenner, S. The genetics of Caenorhabditis elegans. Genetics 77, 71–94 (1974).
 83. Kutscher, L. M., Shaham, S. Forward and reverse mutagenesis in C. elegans. 

(January 17, 2014) WormBook (ed. The C. elegans Research Community) 
1–26 http://www.wormbook.org/chapters/www_frmutagenesis/
frmutagenesis.html (2014).

 84. Lehrbach, N. J., Ji, F. & Sadreyev, R. Nextgeneration sequencing for 
identification of EMSinduced mutations in Caenorhabditis elegans.  
Curr. Protoc. Mol. Biol. 117, 7.29.1–7.29.12 (2017).

 85. Thompson, O. et al. The million mutation project: a new approach to 
genetics in Caenorhabditis elegans. Genome Res 23, 1749–1762 (2013).

 86. Kamath, R. S. et al. Systematic functional analysis of the Caenorhabditis 
elegans genome using RNAi. Nature 421, 231–237 (2003).

 87. Melo, J. A. & Ruvkun, G. Inactivation of conserved C. elegans genes engages 
pathogen and xenobioticassociated defenses. Cell 149, 452–466 (2012).

 88. HuntNewbury, R. et al. Highthroughput in vivo analysis of gene 
expression in Caenorhabditis elegans. PLoS Biol. 5, e237 (2007).

LAB AniMAL | VOL 50 | May 2021 | 127–135 | www.nature.com/laban 133

http://www.wormbook.org/chapters/www_transformationmicroinjection/transformationmicroinjection.html
http://www.wormbook.org/chapters/www_transformationmicroinjection/transformationmicroinjection.html
http://www.wormbook.org/chapters/www_transformationmicroinjection/transformationmicroinjection.html
http://www.wormbook.org/chapters/www_transgenic/transgenic.html
http://www.wormbook.org/chapters/www_transgenic/transgenic.html
http://www.wormbook.org/chapters/www_frmutagenesis/frmutagenesis.html
http://www.wormbook.org/chapters/www_frmutagenesis/frmutagenesis.html
http://www.nature.com/laban


PersPective LAB AnIMAL

 89. Burton, N. O. et al. Cysteine synthases CYSL1 and CYSL2 mediate  
C. elegans heritable adaptation to P. vranovensis infection. Nat. Commun. 
11, 1741 (2020).

 90. Kirienko, K., Revtovich, A. & Kirienko, N. A highcontent, phenotypic 
screen identifies fluorouridine as an inhibitor of pyoverdine biosynthesis 
and Pseudomonas aeruginosa virulence. mSphere 1, e0021716 (2016).

 91. Mylonakis, E., Ausubel, F. M., Perfect, J. R., Heitman, J. & Calderwood, S. B.  
Killing of Caenorhabditis elegans by Cryptococcus neoformans as a model of 
yeast pathogenesis. Proc. Natl Acad. Sci. U. S. A. 99, 15675–15680 (2002).

 92. Tan, M.W. W., MahajanMiklos, S. & Ausubel, F. M. Killing of 
Caenorhabditis elegans by Pseudomonas aeruginosa used to model 
mammalian bacterial pathogenesis. Proc. Natl Acad. Sci. U. S. A. 96, 
715–720 (1999).

 93. Benedetto, A. et al. New label‐free automated survival assays reveal 
unexpected stress resistance patterns during C. elegans aging. Aging Cell 18, 
1–10 (2019).

 94. Chi, C. et al. Nucleotide levels regulate germline proliferation through 
modulating GLP1/Notch signaling in C. elegans. Genes Dev 30,  
307–320 (2016).

 95. Rendueles, O. & Ghigo, J.M. Mechanisms of competition in biofilm 
communities. Microbiol. Spectr. 3, 1–18 (2015).

 96. Ding, S. S., Schumacher, L. J., Javer, A. E., Endres, R. G. & Brown, A. E. X. 
Shared behavioral mechanisms underlie C. elegans aggregation and 
swarming. Elife 8, 1–32 (2019).

 97. Le, K. N. et al. An automated platform to monitor longterm behavior and 
healthspan in Caenorhabditis elegans under precise environmental control. 
Commun. Biol 3, 297 (2020).

 98. Pulak, R. Techniques for analysis, sorting, and dispensing of C. elegans on 
the COPASTM flowsorting system. In C. elegans: Methods and Applications 
Vol. 351 (ed. Strange, K.) 275–286 (Humana Press, Totowa, NJ, USA, 2006).

 99. Churgin, M. A. & FangYen, C. An imaging system for C. elegans behavior. 
In C. elegans: Methods and Applications Edn. 2 Vol. 1327 (eds. Biron, D. & 
Haspel, G.) 199–207 (Humana Press, Totowa, NJ, USA, 2015).

 100. Stroustrup, N. et al. The Caenorhabditis elegans lifespan machine.  
Nat. Methods 10, 665–670 (2013).

 101. Yemini, E. I. & Brown, A. E. X. Tracking single C. elegans using a USB 
microscope on a motorized stage. In C. elegans: Methods and Applications 
Edn. 2 Vol. 1327 (eds. Biron, D. & Haspel, G.) 181–197 (Humana Press, 
Totowa, NJ, USA, 2015).

 102. Koopman, M. et al. Assessing motorrelated phenotypes of Caenorhabditis 
elegans with the wide fieldofview nematode tracking platform. Nat. Protoc. 
15, 2071–2106 (2020).

 103. Swierczek, N. A., Giles, A. C., Rankin, C. H. & Kerr, R. A. Highthroughput 
behavioral analysis in C. elegans. Nat. Methods 8, 592–598 (2011).

 104. Restif, C. et al. CeleST: computer vision software for quantitative analysis  
of C. elegans swim behavior reveals novel features of locomotion.  
PLoS Comput. Biol. 10, e1003702 (2014).

 105. Ramot, D., Johnson, B. E., Berry, T. L., Carnell, L. & Goodman, M. B. The 
parallel Worm Tracker: a platform for measuring average speed and 
druginduced paralysis in nematodes. PLoS One 3, e2208 (2008).

 106. Zhang, W. B. et al. Extended twilight among isogenic C. elegans causes a 
disproportionate scaling between lifespan and health. Cell Syst 3, 333–345.
e4 (2016).

 107. Banse, S. A., Blue, B. W., Robinson, K. J., Jarrett, C. M. & Phillips, P. C. The 
StressChip: a microfluidic platform for stress analysis in Caenorhabditis 
elegans. PLoS One 14, e0216283 (2019).

 108. Baris Atakan, H., Alkanat, T., Cornaglia, M., Trouillon, R. & Gijs, M. A. M. 
Automated phenotyping of Caenorhabditis elegans embryos with a 
highthroughputscreening microfluidic platform. Microsystems Nanoeng 6, 
24 (2020).

 109. Chung, K., Crane, M. M. & Lu, H. Automated onchip rapid microscopy, 
phenotyping and sorting of C. elegans. Nat. Methods 5, 637–643 (2008).

 110. Mondal, S. et al. Largescale microfluidics providing highresolution and 
highthroughput screening of Caenorhabditis elegans polyglutamine 
aggregation model. Nat. Commun. 7, 13023 (2016).

 111. Cermak, N. et al. Wholeorganism behavioral profiling reveals a role for 
dopamine in statedependent motor program coupling in C. elegans. Elife 9, 
1–34 (2020).

 112. HernandoRodríguez, B. et al. Combined flow cytometry and 
highthroughput image analysis for the study of essential genes in 
Caenorhabditis elegans. BMC Biol. 16, 36 (2018).

 113. Li, X. et al. Systems properties and spatiotemporal regulation of cell 
position variability during embryogenesis. Cell Rep 26, 313–321.e7 (2019).

 114. Wang, Q. et al. Host and microbiome multiomics integration: applications 
and methodologies. Biophys. Rev. 11, 55–65 (2019).

 115. Yang, J. H. et al. A whitebox machine learning approach for revealing 
antibiotic mechanisms of action. Cell 177, 1649–1661.e9 (2019).

 116. Bochner, B. R. Phenotype microArrays for highthroughput phenotypic 
testing and assay of gene function. Genome Res 11, 1246–1255 (2001).

 117. Zimmermann, J. et al. The functional repertoire contained within the native 
microbiota of the model nematode Caenorhabditis elegans. ISME J 14, 
26–38 (2020).

 118. Freed, N. E. Creation of a dense transposon insertion library using bacterial 
conjugation in enterobacterial strains such as Escherichia coli or Shigella 
flexneri. J. Vis. Exp. (127), 56216 (2017).

 119. van Opijnen, T., Bodi, K. L. & Camilli, A. Tnseq: highthroughput parallel 
sequencing for fitness and genetic interaction studies in microorganisms. 
Nat. Methods 6, 767–772 (2009).

 120. Kwon, Y. M., Ricke, S. C. & Mandal, R. K. Transposon sequencing:  
methods and expanding applications. Appl. Microbiol. Biotechnol. 100, 
31–43 (2016).

 121. Price, M. N. et al. Mutant phenotypes for thousands of bacterial genes of 
unknown function. Nature 557, 503–509 (2018).

 122. Baba, T. et al. Construction of Escherichia coli K12 inframe, singlegene 
knockout mutants: the Keio collection. Mol. Syst. Biol. 2, 2006.0008 (2006).

 123. Govindan, J. A., Jayamani, E., Zhang, X., Mylonakis, E. & Ruvkun, G. 
Dialogue between E. coli free radical pathways and the mitochondria of  
C. elegans. Proc. Natl Acad. Sci. U. S. A. 112, 12456–12461 (2015).

 124. Matos, R. C. et al. DAlanylation of teichoic acids contributes to 
Lactobacillus plantarummediated Drosophila growth during chronic 
undernutrition. Nat. Microbiol. 2, 1635–1647 (2017).

 125. Brooks, J. F. et al. Global discovery of colonization determinants in the 
squid symbiont Vibrio fischeri. Proc. Natl Acad. Sci. U. S. A. 111, 
17284–17289 (2014).

 126. Goodman, A. L. et al. Identifying genetic determinants needed to establish 
a human gut symbiont in its habitat. Cell Host Microbe 6, 279–289 (2009).

 127. Zimmermann, M., ZimmermannKogadeeva, M., Wegmann, R. & 
Goodman, A. L. Separating host and microbiome contributions to drug 
pharmacokinetics and toxicity. Science 363, eaat993 (2019).

 128. GarcíaGonzález, A. P. et al. Bacterial metabolism affects the C. elegans 
response to cancer chemotherapeutics. Cell 169, 431–441.e8 (2017).

 129. Koo, B. M. et al. Construction and analysis of two genomescale deletion 
libraries for Bacillus subtilis. Cell Syst. 4, 291–305.e7 (2017).

 130. Chan, J. P. et al. Using bacterial transcriptomics to investigate targets of 
hostbacterial interactions in Caenorhabditis elegans. Sci. Rep. 9,  
5545 (2019).

 131. Johnson, E. L. et al. Sphingolipids produced by gut bacteria enter host 
metabolic pathways impacting ceramide levels. Nat. Commun. 11,  
2471 (2020).

 132. Rutter, J. W. et al. Detecting changes in the Caenorhabditis elegans intestinal 
environment using an engineered bacterial biosensor. ACS Synth. Biol. 8, 
2620–2628 (2019).

 133. Ding, S. S., Romenskyy, M., Sarkisyan, K. S. & Brown, A. E. X. Measuring 
Caenorhabditis elegans spatial foraging and food intake using 
bioluminescent bacteria. Genetics 214, 577–587 (2020).

 134. Falony, G. et al. Populationlevel analysis of gut microbiome variation. 
Science 352, 560–564 (2016).

 135. Rothschild, D. et al. Environment dominates over host genetics in shaping 
human gut microbiota. Nature 555, 210–215 (2018).

 136. Westman, E. L. et al. Bacterial inactivation of the anticancer drug doxorubicin.  
Chem. Biol. 19, 1255–1264 (2012).

 137. Yan, A. et al. Transformation of the anticancer drug doxorubicin in the 
human gut microbiome. ACS Infect. Dis 4, 68–76 (2018).

 138. Javdan, B. et al. Personalized mapping of drug metabolism by the human 
gut microbiome. Cell 7, 1661–1679.e22 (2020).

 139. Willing, B. P., Russell, S. L. & Finlay, B. B. Shifting the balance: antibiotic 
effects on hostmicrobiota mutualism. Nat. Rev. Microbiol. 9, 233–243 (2011).

 140. van Kessel, S. P. et al. Gut bacterial tyrosine decarboxylases restrict the 
bioavailability of levodopa, the primary treatment in Parkinson’s disease. 
Nat. Commun. 31, 1–31 (2018).

 141. Fijlstra, M. et al. Substantial decreases in the number and diversity of 
microbiota during chemotherapyinduced gastrointestinal mucositis in a rat 
model. Support. Care Cancer 23, 1513–1522 (2015).

 142. Wallace, B. D. et al. Alleviating cancer drug toxicity by inhibiting a bacterial 
enzyme. Science 330, 831–835 (2010).

 143. Pryor, R., MartinezMartinez, D., Quintaneiro, L. & Cabreiro, F. The role of 
the microbiome in drug response. Annu. Rev. Pharmacol. Toxicol. 60, 
417–435 (2020).

 144. Leffler, D. A. & Lamont, J. T. Clostridium difficile infection. N. Engl. J. Med. 
372, 1539–1548 (2015).

 145. Ke, W. et al. Dietary serinemicrobiota interaction enhances chemotherapeutic 
toxicity without altering drug conversion. Nat. Commun. 11, 2587 (2020).

 146. Barabási, A.L., Menichetti, G. & Loscalzo, J. The unmapped chemical 
complexity of our diet. Nat. Food 1, 33–37 (2020).

 147. Cabreiro, F. et al. Metformin retards aging in C. elegans by altering 
microbial folate and methionine metabolism. Cell 153, 228–239 (2013).

 148. Cabreiro, F. Metformin joins forces with microbes. Cell Host Microbe 19, 
1–3 (2016).

LAB AniMAL | VOL 50 | May 2021 | 127–135 | www.nature.com/laban134

http://www.nature.com/laban


PersPectiveLAB AnIMAL

 149. Forslund, K. et al. Disentangling type 2 diabetes and metformin treatment 
signatures in the human gut microbiota. Nature 528, 262–266 (2015).

 150. Wu, H. et al. Metformin alters the gut microbiome of individuals with 
treatmentnaive type 2 diabetes, contributing to the therapeutic effects of 
the drug. Nat. Med. 23, 850–858 (2017).

Acknowledgements
We are grateful to Helena Cochemé (MRC London Institute of Medical Sciences) for 
feedback on the manuscript and to Jennifer van der Laan (Institute of Clinical Sciences, 
Imperial College London) for assistance with the draft of the figures. F.C. acknowledges 
funding from the Wellcome Trust/Royal Society (102532/Z/12/Z and 102531/Z/13/A) 
and Medical Research Council (MCA6545QC80).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence should be addressed to F.C.

Peer review information Lab Animal thanks Katja Dierking, Marina Ezcurra and 
François Leulier for their contribution to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© Springer Nature America, Inc. 2021

LAB AniMAL | VOL 50 | May 2021 | 127–135 | www.nature.com/laban 135

http://www.nature.com/reprints
http://www.nature.com/laban

	C. elegans: A biosensor for host–microbe interactions
	The worm and its microbiota: parallels to humans
	Using worm phenotypes as readouts of bacterial activity
	An experimental pipeline to explore host–microbe interactions
	The C. elegans host. 
	The microbes. 
	The environment. 

	Future outlook
	Acknowledgements
	Fig. 1 Timeline of publications providing remarkable insights into C.
	Fig. 2 An experimental pipeline to explore host–microbe interactions.




