Chapter 18
Microbiota, Probiotic Bacteria and Ageing

Katrine V. Christensen, Maria G. Morch, Tine H. Morthorst,
Simon Lykkemark, and Anders Olsen

Abstract The number of bacteria in the human intestine roughly equals the number
of cells in the entire human body. This community of bacteria and a much smaller
number of unicellular eukaryotes and prokaryotic archaea is referred to as the
microbiota. It is becoming increasingly clear that the composition of the microbiota
is important for human health and has an impact on obesity, diabetes, various bowel
diseases and likely ageing. The microbiota is composed of pathogenic, commensal
and beneficial bacteria, the latter often referred to as probiotic. Several studies have
reported that the composition of the microbiota changes during ageing. Although
recent developments in DNA sequencing technologies have allowed researchers to
more accurately determine the composition of the microbiota, little is known about
the mechanisms by which the microbiota mechanistically influences the host, not
least during ageing. This limits the use of probiotic bacteria to prevent and treat
diseases. Researchers are using C. elegans to study both pathogenic and probiotic
bacteria, which have opposing effects on lifespan. C. elegans is also successfully
being used as screening platform to identify novel strains of probiotic bacteria.
Since the natural diet of C. elegans is bacteria and the longevity pathways are well
characterized, the nematode is particularly well-suited for this purpose. In this chap-
ter we will review how the microbiota and particularly probiotic bacteria influences
ageing in C. elegans.
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18.1 Microbiota, Prebiotics and Probiotic Bacteria

The human gastrointestinal tract was recently estimated to contain ~4 x 10! bacte-
ria nearly equaling the estimated ~3 x 10" human cells in a 70 kg “reference”
human [1]. Although this 1:1 ratio between bacterial and human cells is lower than
the 10:1 estimate previously proposed, and widely referenced, humans do contain a
staggering number of microorganisms. In addition to bacteria, the human gastroin-
testinal tract also hosts unicellular eukaryotes and prokaryotic archaea; collectively
these microorganisms are called the microbiota. The combined gene pool of these
microorganisms constitutes the microbiome. The largest population of bacteria is
found in the gastrointestinal tract, where they vastly outnumber other microorgan-
isms. Therefore, the term microbiota is often used to describe the bacterial commu-
nity in the intestine.

Dictionary

Probiotics Live microorganisms that, when administrated in adequate
amounts, confer a health benefit on the host.

Prebiotics Supplements that favour growth or activity of probiotic
bacteria

Commensal Bacteria that are part of the normal microbiota, and which
benefit from the symbiosis with the host, but without being
beneficial or harmful to the host.

Microbiota ~ The communities of bacteria, unicellular eukaryotes and pro-
karyotic archaea hosted in the human body. These can be com-
mensal, symbiotic/beneficial or pathogenic.

Microbiome The collected genomes of the microorganisms in the microbi-
ota. Microbiome and microbiota are sometimes used inter-
changeable in the literature.

LAB Lactic acid bacteria

It is becoming increasingly clear that the composition of our microbiota is an
important determinant for our health [2]. For example, the gut microbiota may
affect host metabolism and insulin resistance via digestion and nutrient uptake and
thus be a causal factor in obesity and diabetes [3—6]. The microbiota has also been
implicated in osteosarcopenic obesity [7]. Furthermore, the microbiota helps fight
pathogens, reduce inflammation and scavenge toxins and by-products of digestion,
and it has a role in numerous bowel diseases [3]. Finally, some studies suggest that
the microbiota may even influence neuronal function and development [8].

The term probiotic is defined as “live microorganisms that, when administrated
in adequate amounts, confer a health benefit on the host” [9]. Bacteria that have a
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beneficial effect on their host can thus be called probiotic bacteria. Strains in the
Lactobacillus and Bifidobacterium genera are often considered probiotic and a
number of studies have shown that certain strains of these species can prevent and
treat a range of conditions including intestinal diseases, obesity, metabolic disorders
and various infections [10, 11]. Most of these studies are descriptive and mainly
identify associations between specific microbes and health or disease rather than
causal relationships. Nevertheless, probiotics and prebiotics (supplements favour-
ing growth or activity of probiotic bacteria) are growing industries with many areas
of application including drugs, foods, dietary supplements, and animal feed.

18.2 Microbiota and Ageing

The idea that the microbiota could influence ageing was put forward by Ilya Ilyich
Metchnikoff more than a century ago [12]. Metchnikoff suggested that health could
be improved by altering the microbiota with help of probiotic bacteria found in
yogurt. Today many yogurt-based probiotic products are commercially available
claiming various beneficial effects, although little is known about their mechanisms
of action. However, regarding microbiota influencing human ageing, it seems that
Metchnikoff might have been on the right track, since variations in gut microbiota
composition between young and elderly have been reported in several studies [13—
19]. Most of these studies are of correlative nature and causal mechanisms are
largely unknown. The strong track record for uncovering longevity pathways and
underlying molecular mechanisms has made C. elegans a popular model system for
studying ageing and life history traits. Since bacteria are the natural diet of C. ele-
gans, the nematode is particularly well-suited for understanding the effects of pro-
biotic bacteria on ageing. Although it is a relatively young field of research, several
studies have found that feeding C. elegans with probiotic bacteria increases lifespan
and resistance towards bacterial infections (Table 18.1). Before we discuss these
studies in more detail we need to look at some of the differences and similarities
between C. elegans and humans with respect to shaping and hosting a microbiota.

18.3 Diet and Microbiota of C. elegans

In humans the vast majority of bacteria are found in the intestine and likewise in C.
elegans the intestine is where most bacteria are found. The intestine is the largest
somatic organ in C. elegans (see Chap. 2), and it carries out a variety of functions
including nutrient uptake and storage, lipid accumulation, elimination of waste
products, and protection against harmful substances and pathogens [20]. Unlike
humans, C. elegans is a bacterivore and therefore bacteria are necessary food
sources, part of the microbiota and potential pathogens.
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18.3.1 Worm Bacterial Diet

When maintained in the laboratory C. elegans nearly always feed on a single bacte-
rial strain, typically the gram-negative bacterium Escherichia coli (E. coli) OP50.
Other E. coli strains are also commonly used for maintenance, e.g. HB101 and
HT115, used for an extra nutritious diet and RNAI, respectively. These different
food sources have different effects on lipid deposition, development, metabolism,
and lifespan [21-24].

In the wild C. elegans feed on various types of bacteria and thus, they have a
diverse bacterial flora in their gut lumen [25-27]. Like all multicellular organisms,
nematodes must also choose what to eat when faced with a wide range of bacteria
in the wild. C. elegans is able to navigate through these and avoid pathogenic bac-
teria [28—-30] in the search for high quality food, namely bacteria supporting growth,
which is partly driven by previous food experience [31]. It has been reported that C.
elegans prefers to consume soil bacteria, such as Bacillus mycoides and Bacillus
soli [32]. Others have suggested that the feeding preferences of C. elegans are
affected by bacterial respiration and growth rates [33] as well as odour attraction
[34]. Sensing of food is discussed in more detail in Chap. 17.

E. coli OP50 was originally chosen as food source because it is a uracil auxo-
troph, growing to a nicely defined lawn on NGM plates making it easier to perform
experiments in the laboratory [23]. OP50 is often considered non-pathogenic but
studies have suggested that it is in fact mildly pathogenic as the lifespan is increased
when C. elegans is fed UV-killed or antibiotic treated OP50 bacteria [35, 36]. The
metabolic state of the bacteria is also important for the development and lifespan of
C. elegans. Growth in axenic medium is associated with slow and asynchronous
development together with reduced fertility, and the worms are believed to enter a
state of dietary restriction [37]. Interestingly, addition of live bacteria reverts the
development back to normal when worms are cultured axenically. Addition of dead
bacteria does not have an effect [38]. Furthermore, respiratory deficient bacteria
lacking either Coenzyme Q or ATP synthase prolongs the lifespan [39, 40].

18.3.2 Digestion and Bacterial Colonization

The bacteria consumed by C. elegans are first exposed to the pharyngeal grinder
[41] (See Chap. 2). In young animals, the grinder effectively crushes the food, leav-
ing no bacteria to pass through alive. As the worm ages the effectiveness of the
pharyngeal grinder is declining and in young adults bacteria starts colonizing the
intestine, thereby creating a microbiota [42]. The proliferating bacteria in the intes-
tine will eventually become harmful for its host and old worms can get severe con-
stipation due to bacteria blocking the lumen of the intestine. Hindering bacterial
proliferation increases lifespan associated with reduced bacterial packing [35, 36].
It has been suggested that intestinal colonization might be a general mechanism that
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controls longevity, as it has been demonstrated that long-lived mutants generally
have fewer intestinal bacteria than wild-type worms [42]. However, other data sug-
gest that it is unlikely that old animals die solely due to bacterial accumulation in
the intestine since this is not observed in all recently dead animals [43].

C. elegans is a popular model for studying innate immunity and host responses
to pathogenic bacteria as well as virulence factors [44]. Many different infection
models and assays have been established including Staphylococcus aureus [45, 46],
Enterococcus faecaelis [47], Pseudomonas aeruginosa [46], and Yersinia pestis
[48]. Some pathogenic bacteria cause detrimental infections in the intestine of C.
elegans and interestingly several studies have found that treatment with probiotic
bacteria can prevent or delay these infections (See Table 18.1).

18.3.3 Food Quality and Dietary Restriction

Dietary restriction has long been known to strongly increase lifespan of many
organisms including C. elegans. For a detailed review of the effect of dietary restric-
tion on lifespan see Chap. 16. Different bacterial diets have been found to affect
lifespan as well, possibly through dietary restriction or due to different macronutri-
ent composition. Macronutrient analysis of some of the most common feeding
strains for C. elegans, OP50, HT115, HB101 and DAS837, revealed a significant
difference in their amount of carbohydrates and fatty acids. Nevertheless, there did
not seem to be a significant difference in lifespan of worms grown on these different
bacterial diets [22]. Other studies, however, have observed a significant increase in
lifespan of worms grown on the E. coli strain HT115 compared to worms grown on
E. coli OP50[21, 24, 49]. Intriguingly, one study has found that feeding with HT115
shortens lifespan compared to an OP50 diet [50]. This could perhaps indicate that
the bacterial strains differ between laboratories due to a high forward mutation rate.

18.3.4 The Worm Microbiota

Humans have a very diverse microbiota, and one of the concerns arising from using
C. elegans as a model organism is their maintenance in the laboratory on bacterial
monocultures, which results in the absence of a complex microbiota in their intes-
tine. However, the use of monocultures can also be seen as an advantage because it
is possible to directly link specific bacterial strains to specific host responses (Table
18.1). A few studies have investigated the effect of feeding C. elegans multiple bac-
terial strains simultaneously [26, 27, 34, 51]. These studies follow the overall strat-
egy that bacterial species residing in the worm intestine can be isolated and analysed.
When analysing mixtures of multiple bacterial strains there is currently no way of
eliminating a bias towards enrichment of bacteria that grow easily in the laboratory.
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There is also a risk of completely missing for example anaerobic bacteria that can-
not grow in the presence of oxygen.

Studies of C. elegans living on rotten fruit, mimicking their natural environment,
have isolated several bacteria species from their intestine indicating that they are
capable of hosting a microbiota [26, 27]. If this actually mimics the natural life of
C. elegans, this also suggests that the worm would have evolved all the response
mechanisms to host a microbiota, containing both beneficial and pathogenic bacte-
ria. This is further supported by the presence of the innate immune system in C.
elegans.

In an elegant study it was shown that “you are not what you eat”, at least if you
are a C. elegans nematode [27]. Germ free L1 larvae were allowed to develop to
adulthood on three types of soil with different bacterial compositions. When the
microbiotas of these worms were analysed based on deep sequencing of 16S rDNA
it revealed that they resembled each other despite arising from different microbial
environments. Thus, it seems that the host plays an active role in shaping its micro-
biota. From this follows that one should be able to identify mutants with altered
microbiotas. Unfortunately, such mutants were not presented in the study. However,
with mutants readily available in C. elegans such mutants will likely be identified in
the future and help uncover how the host determines its microbiota.

Whereas studies addressing complex microbiotas in C. elegans are still rare,
numerous studies have tested the effect of different monocultures including probi-
otic bacteria.

18.4 Probiotic Bacteria in C. elegans and Their Effect
on Longevity

C. elegans has been used to both screen for new potentially probiotic bacteria and to
test the effect of known probiotic bacteria on nematode lifespan and resistance to
pathogenic infections (Table 18.1). Lactic acid bacteria (LAB) of either the
Lactobacillus or the Bifidobacterium genus are the most widely studied species.
Although evolving rapidly, the field of studying probiotic bacteria in C. elegans is
relatively new. Hence, the mechanistic insights into the effects of feeding probiotic
bacteria are still rather limited. However, based on the current knowledge of how
probiotic bacteria affect the worm, we have divided the bacteria into five different,
but overlapping groups: (I) changes in nutritional value, (II) antimicrobial effect,
(IIT) changes in bacterial metabolism, (IV) direct activation of host signalling path-
ways and (V) unknown effect (Fig. 18.1 and Table 18.1).

Several strains of probiotic bacteria can be placed in more than one of these
groups as they exert multiple effects on the host. For example, many bacterial strains
that influence the immune functions of the host are placed both in group II and
IV. Other bacterial strains have very specific effects on the host and only belong to
one group. As our knowledge improve new groups representing novel mechanism
of action are likely to be identified.
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Group |
Changes in nutritional
value

Group I11
Changes in bacterial
metabolism

Anti-microbial effect

Group 11 I

Group IV Group V
Direct activation of host Unknown effect
signalling pathways

Fig. 18.1 Probiotic bacteria can exert their beneficial effects via different mechanisms

18.4.1 Group I: Changes in Nutritional Value

Different LAB strains have been shown to affect worm lifespan by regulating the
metabolism of the host. Lactobacillus salivarius was found to increase lifespan
probably through dietary restriction [52]. A LAB consortium obtained from cheese
containing a mixture of three different species decreased lifespan and regulated
expression of genes involved with lipid metabolism [51]. These studies demonstrate
the importance of investigating whether an effect on lifespan from feeding probiotic
bacteria solely arise from either calorically restricting the worms or from changing
the composition of available macronutrients as is the case for OP50 versus HT115
discussed previously (see also Chap. 17). Studies related to this group are very lim-
ited, thus it is difficult to conclude on the underlying mechanisms. More work in the
future is needed to address this lack of knowledge.

18.4.2 Group II: Antimicrobial Effect

A desired trait of probiotic bacteria is their ability to protect against pathogenic
bacteria. This can be accomplished by the probiotic bacteria outcompeting the
pathogenic bacteria either by binding to the same host molecules or by altering the
pathogens ability to interact with the host. Probiotic bacteria can also inhibit the
growth of the pathogen or directly kill it, or they can affect the expression of patho-
gen toxins. Finally, probiotic bacteria can also activate immune responses in the
host, enabling the host to better combat a pathogenic infection. Numerous studies
have demonstrated that feeding C. elegans with different probiotic bacteria protects
against pathogen infection, through several of the above-mentioned mechanisms.
Other studies have demonstrated the ability of probiotics to suppress growth and
intestinal colonization of pathogenic bacteria, which increases the survival of the


http://dx.doi.org/10.1007/978-3-319-44703-2_17

420 K.V. Christensen et al.

worm following infections [26, 39, 53—55]. Such growth inhibition is strain-specific
with regard to both the probiotic and the pathogenic bacteria. For example, L. aci-
dophilus and B. subtilis specifically protects against gram-positive pathogens, but
not gram-negative [54, 56].

L. zeae and L. reuteri protect against enterotoxigenic Escherichia coli (ETEC)
infection by decreasing expression of certain toxins. However, they do not affect
pathogenic colonization in the intestine of the worm [57, 58]. These are examples of
probiotics that can directly change virulence factors expressed by pathogenic bacte-
ria. However, so far only one study has been able to identify the bacterial compound
that inhibits pathogenic infection. B. subtilis was found to produce an antifungal
lipopeptide complex fengycin, which specifically inhibited the growth and intesti-
nal colonization of the pathogenic B. thuringiensis and S. aureus [56]. Bacteria
defective in fengycin production could no longer protect against infection, and
administration of purified fengycin inhibited the bacterial growth and cured infected
nematodes.

Probiotic bacteria have also been demonstrated to activate immune responses in
the worm, enabling them to overcome infections. Preconditioning C. elegans with
L. acidophilus specifically upregulated expression of genes associated with combat-
ing gram-positive pathogen infections through upregulation of the immune path-
ways containing the mitogen-activated protein kinase PMK-1 orthologous to human
p38, the Toll-Interleukin 1 Receptor domain adapter protein TIR-1 and the beta-
catenin BAR-1 [54]. P. mendocina also regulates pathogen infection through
PMK-1, as its protective effect against P. aeruginosa was abolished in pmk-1
mutants, and downstream targets of PMK-1 were upregulated in response to P. men-
docina [26].

These studies of antimicrobial effects of probiotic bacteria are extremely impor-
tant. There is an alarming spread of multidrug-resistant bacteria, which is claimed
by WHO to be a major future threat to global human health. To prevent this dysto-
pian scenario it is necessary to reduce the use of traditional antibiotics and develop
new antibiotics. The identification of interactions between specific probiotic and
pathogenic bacteria offers the possibility of developing new antibiotics as well as
new treatment strategies based upon pro- and prebiotics.

18.4.3 Group III: Changes in Bacterial Metabolism

Changes in metabolism of otherwise commensal bacteria have been found to
increase nematode lifespan. Worms fed an E. coli strain mutated in coenzyme Q
lived significantly longer than worms fed normal E. coli [40]. The pathways respon-
sible for the lifespan extension in the worm remains elusive but it has been sug-
gested that it could be due to lower intestinal colonization of the Q-less E. coli strain
[39]. Bacterial folate synthesis was also found to affect lifespan since an E. coli
strain mutated in the aroD gen, required for folate synthesis, extended lifespan in C.
elegans [43, 59]. Other studies have identified natural compounds produced by



18 Microbiota, Probiotic Bacteria and Ageing 421

bacteria, which have a positive effect on C. elegans. A study by Gusarov et al. found
that worms feeding on B. subtilis lived longer due to bacterial production of NO,
compared to a NO deficient B. subtilis strain [60]. This lifespan extension was
dependent on both daf-16 and hsf-1, and NO upregulated the expression of the heat
shock proteins hsp-16 and hsp-70 and increased thermotolerance. In a recent study
it was shown that NO produced by B. subtilis also activates the p38 MAPK and
thereby protects against pathogenic bacteria [61]. This is a nice illustration of how
commensal bacteria are important for the host.

Although several of these bacteria are not from the traditionally considered pro-
biotic strains, such as LAB and Bifidobacterium, and not directly classified as pro-
biotic, these studies help to shed light on the complicated interplay between the
microbiota and the host. It can be speculated, that probiotic bacteria might employ
some of the same mechanisms as these commensal bacteria to elicit their beneficial
effect on the host.

18.4.4 Group IV: Direct Activation of Host Signalling
Pathways

A few studies have identified some of the underlying mechanisms activated in the
host by probiotic bacteria that extends C. elegans lifespan. A recurring factor is the
bZip transcription factor SKN-1, which seems to be required for the life extending
effect of several probiotic bacteria [62—65]. This is not surprising since SKN-1 has
been identified as an important protein in regulating several age-related pathways
(see Chaps. 9 and 17).

L. gasseri SBT2055 was found to extend lifespan, increase stress resistance and
improve several age-related declines [62]. The lifespan extension was dependent on
skn-1, and feeding with L. gasseri upregulated the expression of SKN-1, through
the phosphorylation and activation of the p38 MAPK protein PMK-1. Furthermore,
age-related and SKN-1 target genes, such as gst-4, sod-1, trx-1, clk-1, hsp-16.2 and
hsp-70 were also upregulated in response to feeding with L. gasseri. Reactive oxy-
gen species and the age-related mitochondria decline were also reduced, indicating
an overall activation of stress-responses. The probiotic bacteria L. rhamnosus
CNCM I-3690 similarly extends nematode lifespan and stress resistance dependent
on SKN-1 [64]. Contrary to the study with L. gasseri, which did not require the
insulin/IGF-1 receptor homolog DAF-2 and DAF-16 [62], L. rhamnosus requires
both DAF-2, DAF-16 and SKN-1 to extend lifespan [64]. This indicates that the two
bacteria activate different signalling pathways in the host as well as some common
ones. However, the downstream signalling from SKN-1 was not investigated in the
L. rhamnosus study. Instead, they demonstrated that L. rhamnosus had anti-
inflammatory properties in cell cultures and mouse models [64].

Bifidobacterium is another LAB genus that has been tested in C. elegans. Feeding
with B. infantis extends lifespan but not stress resistance [63]. The lifespan exten-


http://dx.doi.org/10.1007/978-3-319-44703-2_9
http://dx.doi.org/10.1007/978-3-319-44703-2_17

422 K.V. Christensen et al.

sion was abrogated in skn-1 and pmk-I mutants, but was still induced in daf-16
mutants, demonstrating a requirement for SKN-1 and PMK-1, but not DAF-16.

A final example of communication between the bacteria and the host, is activa-
tion of the C. elegans mitochondrial stress response pathways induced by free oxy-
gen radicals generated by E. coli [66].

A part of the LABs classified as Group II can also belong in Group IV, as some
of these probiotic bacteria activate certain signalling pathways in the worm.

18.4.5 Group V: Unknown Effect

This group includes different bacterial species that have a positive or negative effect
on nematode lifespan for example B. soli, B. myoides, L.reuteri and L. salivarius
[32, 33, 45, 67], but where there is no current knowledge as to which bacterial or
host mechanisms cause the effect on lifespan. Further investigations of these bacte-
rial strains will eventually place them in some of the other four groups or perhaps
define new groups.

In conclusion, all of these studies demonstrate that the probiotic effects of differ-
ent bacteria and the host response pathways that are activated appear to be very
strain specific. Furthermore, not all LAB strains appear to be probiotic, as a couple
of studies have demonstrated that feeding with selected LAB strains can in fact have
negative effects on their host, such as decreased lifespan [51, 67]. Therefore, cau-
tion is required when handling probiotic bacteria and predicting their effects on the
host, as strains of the same genus and species might have widely different effects.
However, dealing with species differences is becoming much easier with advanced
DNA sequencing enabling better distinction between sub-species.

18.5 Can Worms Teach Us How to Use Probiotics in Human
Health and Disease?

It is clear that C. elegans offers a powerful system to study interactions between
probiotic bacteria and their host as well as host responses. It is perhaps less clear if
these interactions are also going to be relevant for humans and only future experi-
mental testing will tell for sure. However, there are studies strongly indicating that
knowledge about probiotics from C. elegans will translate to humans, as is the case
for all the other areas of biology covered in the previous chapters of this book.
Recently, a new probiotic LAB strain was identified using C. elegans as a screen-
ing platform [64]. A L. rhamnosus strain enhanced survival and stress resistance in
C. elegans, and further experiments established that this LAB strain significantly
reduced inflammation in a coculture system with human epithelial cells. Furthermore,
this bacterial strain also enhanced the performance of a murine colitis model [64].
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From this example it is clear that certain probiotics have effects on the host that are
conserved across species and that genetic analysis in C. elegans can inform on the
underlying biology.

Another study demonstrated that several LAB strains found to protect C. elegans
from Salmonella Typhimurium DT104-induced death also protected pigs from diar-
rhoea and improved their growth performance, whereas LAB strains found not to
protect C. elegans from pathogen-induced death did not protect the pigs either [68].
Again, this is an example that clearly illustrates that probiotic bacteria operate via a
conserved mechanism in different hosts. Therefore, it is also likely that additional
probiotic strains can be isolated using a similar approach.

There is further evidence that C. elegans can be used to identify probiotics which
are functional in other organisms. A study comparing C. elegans and a porcine
intestinal epithelial cell line as screening platforms for selecting probiotic bacteria
was to a large extent able to identify the same probiotic bacteria in the two systems
[58], although a few strains were only selected by one system. Furthermore, one
selected probiotic strain induced similar host defence responses in both models
[58].

Taken together, these studies demonstrate the relevance of C. elegans as a screen-
ing model organism when identifying novel probiotics for applications in livestock
and humans. In this context, the ability to inexpensively generate germ free indi-
viduals as well as maintaining larges cultures are strong benefits of the C. elegans
model. However, there are also some limitations that should be kept in mind.

A concern when using C. elegans in host-microbe interactions is that bacteria
have never been observed to infect the intestinal cells of the worm (see Chap. 2).
Rather it seems that bacteria only colonize the intestinal lumen. This is in contrast
to the human intestine, where pathogenic bacteria can transverse the intestinal bar-
rier and colonize the intestinal cells. Especially for studying the antimicrobial effect
of a probiotic strain, the worm response might be different from that seen in humans,
due to the difference in intestinal colonization. Furthermore, human studies have
found probiotic bacteria to have an effect on several different tissues in the human
body that are not found in the worm. For obvious reasons these tissue cannot be
studied directly in C. elegans.

18.6 Concluding Remarks and Predictions for the Future

The main reasons for using C. elegans to study probiotics are the easily accessible
genetic and biochemical methods combined with the fact that effects on organismal
lifespan can be determined. Furthermore, as the worms eat bacteria as natural food
sources, and since bacterial mutagenesis can be done fairly simply, C. elegans pres-
ents a system where both host and food can be mutagenized to identify which genes
are required for the probiotic effect in both species, and within a relatively short
time frame. For example, the effect of bacterially synthesized folate on C. elegans
lifespan was identified by using a mutagenized E. coli strain [59] and the effect of
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vitamin B12 on worm development and fertility was demonstrated by a combina-
tion of a mutagenized bacterial screen, a drug screen and different C. elegans
mutants [69]. Both studies demonstrate the feasibility of mutagenizing both the host
and its microbiota to use genetics to provide the answers.

Probiotic bacteria and their effect on the host is a relatively young field, conse-
quently many of the published studies have been descriptive and only reported cor-
relations rather than mechanistic insight. Although these studies demonstrate that C.
elegans is a useful screening platform and model organism for studying probiotic
bacteria, it is clear that causal underlying mechanisms need to be identified. C. ele-
gans presents a unique opportunity for uncovering the specific interaction between
host and microbes, and not just correlations. Given the number of mutants readily
available from the Caenorhabditis Genetics Center (CGC), and that they can be
generated by means of CRISPR, there are really no excuses for not undertaking
proper genetic dissections of the microbiota—host interactions.

Some of the discrepancies in terms of effect on lifespan due to feeding with spe-
cific bacterial strains are likely to stem from differences in experimental design. We
suggest that the probiotic field should learn from the drug screening field where
large efforts have been invested in standardizing experimental setups across labora-
tories. Having well established standardized protocols will increase consistency and
reproducibility, make data interpretation more straight forward and help advance
the field. For example, in some of the reported studies it is unclear if live, UV-
arrested or dead bacteria are being used. From a probiotic point of view the use of
live versus dead bacteria is interesting as there is a formal requirement for a micro-
organism to be alive in order to be classified as probiotic [9]. However, studies have
shown that dead bacteria can also have beneficial effects on the host in various spe-
cies [62, 70]. Although, strictly speaking, these are not probiotics they can still teach
us about the molecular mechanisms of host-microbe interactions and should not be
excluded from further analysis. The use of dead bacteria to modify host responses
might also offer simpler treatment strategies in human and livestock compared to
using live bacteria. Studying the effect of mixed cultures is an exciting area of
research that needs to be developed further. The human microbiota is composed of
many different bacteria species with complex interactions that influence the host in
different ways. We need to develop C. elegans protocols to study feeding with
mixed cultures as well as robust downstream analysis of the host responses, in order
to make discoveries more applicable to human testing. The ease with which germ
free L1 larvae can be generated following hypochlorite treatment is a huge advan-
tage for these studies. Currently, experiments with mixed cultures are biassed due to
different growth rates of the involved bacteria. Methods allowing in vivo detection
of single or few bacteria in live animals would be a tremendous step towards more
unbiased evaluations of the microbiota.

In summary, we predict that C. elegans will help understand the interactions
between microbes and their host, and elucidate the host responses. This will lead the
way to new treatment strategies for numerous different human diseases affected by
the microbiota.
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