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OVERVIEW AND KEY CONCEPTS 
 

In this 29th edition of the Old Herborn University Seminar, microbial metab-
olism and mammalian physiology were discussed as one integrated biologi-
cal system. The lectures, discussions, and contributions to this monograph 
emphasize the web of interactions between diet, the microbiome (placental, 
vaginal, oral, and intestinal), microbial metabolites, and mammalian cells 
(epithelial and immune). Central concepts included various holistic perspec-
tives on microbial and mammalian (rodent, primate, and human) biology. 
Prenatal and postnatal nutrition may have a lasting impact on mammalian 
growth and development. In addition to the ingestion of active dietary com-
ponents, microbes may generate bioactive metabolites by luminal conver-
sion of dietary substrates or de novo biosynthesis in bacterial cells. These 
metabolites may impact mammalian physiology via the microbiome or di-
rectly on mammalian cell signalling pathways. Host-microbe metabolic axes 
must be considered in terms of metabolite flow across organ systems and 
across time in man’s microbial ages (Figure 1). In this Seminar, leading 
scientists considered the contributions of microbial cells (species) and their 
metabolites on mammalian cell function, signalling pathways, and bidirec-
tional communication networks. In this way, we are considering the micro-
bial-mammalian interface of human biology, and how microbes can impact 
human health and susceptibility to disease.  

 
 

MICROBES AND HUMAN DEVELOPMENT 
 
New concepts to consider include the 
prenatal impact of the microbiome dur-
ing foetal development and composi-
tional relationships between microbi-
omes at different body sites. Microbial 
communities may impact human biol-
ogy even during foetal development. 
During pregnancy the placenta grows 

and develops with its own microbiome 
forming a distinct collection of human-
associated bacterial taxa. The placenta 
has long been considered sterile during 
gestation, and, similar to other previ-
ously “sterile” body sites, microbial 
communities have been characterized 
in the placenta (Aagaard et al., 2014). 
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Figure 1: The human microbiome, microbial metabolism and mammalian physiology. 
The gut microbiota affects human health from birth to elderly life stages and is important for 
maintaining human physiology and energy production. The composition of the gut microbiome in 
early life has an effect on the risk of developing disease in later life. (Reprinted with permission 
from Nicholson et al., 2012.) 
 
 
The presence of pathogenic bacteria in 
placental cultures is considered diag-
nostic for intrauterine infection and a 
significant risk factor for preterm birth 
(Hillier et al., 1988). Findings in diag-
nostic microbiology must now be 
placed in the context of the placental 
microbiome and a broader array of 
commensal microbes in pregnancy. 
Term and preterm infants have 
discordant microbiomes, and future 

diagnostic tests may detect differences 
in placental microbial biomarkers that 
may be useful clinically. Taxa in the 
placental microbiome that may dis-
criminate spontaneous preterm birth 
include members of the phyla Teneri-
cutes and Fusobacteria. Could placental 
microbes or deficiencies in microbial 
features contribute to preterm birth 
along with maternal and environmental 
factors? In a practical sense, perhaps 
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microbial metabolites generated by pla-
cental bacterial taxa may be used to 
monitor women at risk of preterm birth. 

Tantalizing evidence suggests that 
one microbiome may influence the 
composition and function of a distinct 
microbiome at a different body site. In 
other words, does the microbial com-
munity at a superficial body site poten-
tially influence the microbiome estab-
lished in a separate body compartment? 
In this case, the placental microbiome 
most closely resembles the oral micro-
biomes of the supragingival plaque and 
the dorsum of the tongue by bacterial 
composition (Aagaard et al., 2014). 
Seeding of the neonatal microbiome 
with bacteria from the placenta, which 
arises through hematogenous spread, 
may facilitate prenatal colonization of 
the foetus and in utero exposure to mi-
crobial metabolites. The oral-to-placen-
tal microbiome connection may help 
drive physiological and immunologic 
development of the foetus and help dic-
tate susceptibility to preterm birth or 
neonatal disease (King et al., 2007; 
Zeldovich and Bakardjiev, 2012). We 
are beginning to make connections be-
tween microbial communities at differ-
ent body sites and how microbial and 
human cells are linked together as one 
biological system. 

This Seminar highlighted the im-
portance of diet before and after birth 
with respect to microbial composition 
and function in the developing infant 
and child. Maternal diet during preg-
nancy may have a lasting impact on the 
composition of the gut microbiome 
postnatally. In foetal and postnatal life, 
offspring exposed to a maternal high 
fat diet yielded increased expression of 
inflammatory cytokines, Toll-like re-
ceptors, and their respective signalling 
pathways (Yan et al., 2011, Xue et al., 
2014). Results of a study by Aagaard et 
al. (2014) on maternal diet modifica-
tion of the primate foetal epigenome 

suggest that obesity caused by a high-
caloric, high-fat maternal diet yielded 
changes in the juvenile intestinal 
microbiome of non-human primates. 
The quality of the diet during preg-
nancy may yield persistent effects on 
the gut microbiome during childhood 
several years after the initial dietary 
exposure. This phenomenon of diet’s 
persistent effects on mammalian me-
tabolism via changes in the human 
microbiome demands further attention. 

After birth, neonatal nutrition may 
have a lasting impact on microbiome 
composition, function, and disease sus-
ceptibility. The intestinal microbiome 
of infants born vaginally and exclu-
sively breastfed diminished the relative 
amounts of members of the phylum 
Firmicutes, while increasing the rela-
tive abundance of Bacteroides species 
(Jost et al., 2012). The maternal micro-
biome at birth and postpartum may be 
critical in the establishment and devel-
opment of the neonatal microbiome via 
horizontal transmission. Human milk 
oligosaccharides (HMO) are the third 
most abundant component in human 
milk, and breastfeeding may serve as 
an important mechanism for dictating 
how the gut microbiome is “seeded” 
early in life. More than 150 different 
HMOs have been identified, and were 
discussed by Lars Bode in this Seminar 
(Bode, 2012). Only humans have such 
a high quantity and structural diversity 
of HMOs with inter- and intrapersonal 
differences in composition. These dif-
ferences are determined partly by hu-
man genetics or maternal diet during 
lactation. HMOs are maternal com-
pounds contributing to the development 
of the postnatal gut microbiome fol-
lowing childbirth. HMOs may function 
as prebiotics from human milk, and 
should be added to the list of plant-de-
rived oligosaccharides considered as 
prebiotics (Gibson and Roberfroid, 
1995; Roberfroid, 2007). HMOs also 
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have antimicrobial features partly due 
to anti-adhesive properties that may 
inhibit bacterial pathogens and alter the 
ability of commensal species to colo-
nize the intestine. By altering coloniza-
tion, HMOs may help shape the nature 
of bacterial communities. For example, 
HMOs reduced the ability of entero-
pathogenic E. coli (EPEC) to attach in 
a tissue culture adhesion assay and 
mouse EPEC infection (Manthey et al., 
2014). HMOs may have indirect effects 
on the infant microbiome, namely as 
epithelial and immune cell modulators. 
Specific HMO structures such as 
disialyl-lacto-N-tetraose (DSLNT) im-
proved survival and reduced pathology 
scores in a rat necrotizing enterocolitis 
(NEC) model (Jantscher-Krenn et al., 
2012). The effects of DSLNT on 

intestinal pathology are highly struc-
ture-specific. Perhaps specific HMOs 
can prevent or suppress the pathology 
of severe NEC in infants, directly by 
acting on the intestinal mucosa, and 
raise the possibility that microbial 
metabolites may act directly as im-
munomodulators as well. The biology 
of HMOs serves as a reminder that key 
dietary components early in life may 
affect mammalian biology via changes 
in the composition and function of the 
microbiome, or directly on mammalian 
cells by modulating immune cell sig-
nalling via pattern recognition recep-
tors (TLRs), production of antimicro-
bial peptides, mucin composition, and 
cytokine production in the intestinal 
mucosa. 

 
 

THE BACTERIAL COMMUNITY:  
GUT MUCOSAL BIOLOGY INTERFACE 

 
Dietary components such as carbohy-
drates and lipids clearly affect micro-
bial composition in the intestine. Mi-
crobes that respond to elements of the 
diet, in turn, may influence whole body 
metabolism and affect the ability of 
mammals to absorb and process nutri-
ents. This interplay of diet, the microbi-
ome, and mammalian metabolism rep-
resents a central theme of this OHUS 
Monograph. In rodent models, diets 
differing in polysaccharide and fat con-
tent yielded major differences in gut 
microbial composition and correspond-
ingly microbial metabolism. The caecal 
microbiota of genetically obese ob/ob 
mice, lean ob/+ and wild-type siblings, 
and their ob/+ mothers were compared 
after ingesting the same polysaccha-
ride-rich diet (Ley et al., 2005). 
Regardless of kinship, ob/ob (obese) 
mice had approximately half the num-
ber of Bacteroidetes than lean mice and 
a proportional increase in Firmicutes 

taxa. Colonization of germ-free mice 
with obesity-associated microbiota re-
sulted in increased total body fat, when 
compared to mice colonized by micro-
biota associated with leanness. The gut 
microbiota may produce metabolites, 
and directly or indirectly affect patterns 
of mammalian metabolism and weight 
gain (Turnbaugh et al., 2006).  

Specific bacterial species have been 
identified that are associated with alter-
ations in mammalian body metabolism 
and weight gain (Le Chatelier et al., 
2013). Studies demonstrated that hu-
mans afflicted with diabetes and/or 
obesity harbour increased cell numbers 
of Clostridium ramosum (Erysipelotri-
chi) (Qin et al., 2012; Karlsson et al., 
2013; Le Chatelier et al., 2013). The 
researchers investigated the role of C. 
ramosum in the pathophysiology of 
obesity in gnotobiotic mice. The results 
showed that Simplified Intestinal Hu-
man Microbiota (SIHUMI) mice with 
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C. ramosum had enhanced diet-induced 
obesity compared with SIHUMI mice 
without C. ramosum. This species of 
bacteria proliferated in SIHUMI mice 
fed a high-fat diet (HFD). Small intesti-
nal glucose and fat transporters in these 
animals may be upregulated, leading to 
increase in body fat deposition. This 
upregulation in HFD-fed SIHUMI mice 
may be caused by C. ramosum increas-
ing gene expression of the fatty acid 
transport proteins ileal FA-transport 
protein-4 (FATP4) and CD36. In addi-
tion, enterocytes of obese mice con-
tained increased gene expression of 
perilipin, which is a fat storage protein 
(Woting et al., 2014). So, gut microbes 
may proliferate when exposed to die-
tary fat and may enhance the body’s 
ability to absorb and metabolize simple 
sugars and triglycerides. Diet alters the 
microbiome, and the microbiome, in 
turn, changes the ability of mammals to 
absorb and metabolize nutrients.  

The availability of nutrients and de-
gree of flexibility of resident bacteria in 
finding nutrients determine the diver-
sity and mutualistic cooperation among 
the component species in human gut 
microbiota (Backhed et al., 2005). Nu-
trient availability and microbial compo-
sition are complicated by the presence 
of different bacterial layers in the 
intestinal lumen (luminal) and adjacent 
to the mucosa (mucosal). These 
“layers” of microbes and luminal con-
tent are affected by hydrodynamics 
(fluid shear), oxygen content, and the 
presence of mucus (Van den Abbeele et 
al., 2011). The composition and func-
tion of the mucosal microbiome may 
directly affect the biology of the intesti-
nal mucosa, but this area adjacent to 
the mucosa is difficult to access and 
dynamics of microbiome colonization 
are challenging to study. Butyrate-
producing organisms of the groups 
Clostridium cluster IV and XIVa are 
enriched in the mucosal microbiome 

(discussed in this monograph by Tom 
van de Wiele) (Nava et al., 2011). Pro-
motion of regulatory T cell accumula-
tion in mice is caused by the spore-
forming components of native intesti-
nal microbiota, especially Clostridium 
clusters IV and XIVa (Atarashi et al., 
2011). In vitro models, consistent with 
in vivo data, showed that strictly 
anaerobic bifidobacteria tend to reside 
in the upper part of the mucus layer, 
but the Firmicute, F. prausnitzii, 
mainly colonized the lower part of the 
mucus, at the anoxic/oxic interphase 
and adjacent to the intestinal epithe-
lium. Intestinal bacteria and their me-
tabolites are stratified in layers span-
ning the lumen and mucosa-associated 
spaces. 

The metabolism of carbohydrates by 
specific microbes generates precursors 
of short chain fatty acids (SCFAs) such 
as butyrate. Generation of butyrate pro-
vides a fuel source for the intestinal 
epithelium, enhances tight junction for-
mation and promotes intestinal 
“barrier” function. Deficiencies of 
butyrate-producing microbes such as F. 
prausnitzii (Sokol et al., 2008) have 
been demonstrated in disease states 
such as inflammatory bowel disease 
(e.g. Crohn’s disease) (Willing et al., 
2009). Models such as M-SHIME de-
tected clear differences in healthy ver-
sus Crohn’s disease-associated micro-
biomes, and data showed that human 
participants with active disease yielded 
lower butyrate production. In summary, 
deleterious effects on microbial com-
position of the mucosal microbiome 
caused by shifts in the intestinal envi-
ronment may culminate in ineffective 
functioning of the gut mucosa and in-
creased disease susceptibility. Con-
versely, abundance of microbial 
metabolites such as SCFAs may pro-
mote healthy immune and epithelial 
cell function, and disease resistance. 
The compositional and functional 
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stratification of the intestinal microbi-
ome in “layers” can be studied with 
new model systems and provide 

insights into microbial-mucosal inter-
actions. 

 
 

MICROBIAL METABOLITES AND MAMMALIAN PHYSIOLOGY 
 
Microbial metabolites represent the 
biochemical currency of communica-
tion between microbial and mammalian 
cells in the gut and the gut-brain axis. 
As we consider the links between diet 
and the microbiome, and the microbi-
ome and mammalian physiology before 
and after birth, the roles of microbial 
metabolites in different body compart-
ments must be considered. SCFAs are 
well-known examples of microbial me-
tabolites affecting the intestinal epithe-
lium. Three main SCFAs produced in 
the human colon are acetate, propio-
nate, and butyrate. Propionate and ace-
tate affect adipogenesis and leptin pro-
duction. By modulating gut and adipo-
cyte-derived hormones, SCFAs may 
affect the gut-brain axis and brain func-
tion, including appetite and satiety 
(Xiong et al., 2004; Samuel et al., 
2008). Acetate is able to directly affect 
neuronal function in the brain, espe-
cially regions associated with appetite 
and satiety control (Anastasovska et al., 
2012). Using carbon-11 labelled ace-
tate as a potential PET marker, acetate 
is actively assimilated by many organs 
including the liver, skeletal muscle, 
spleen, heart, and adipose tissue. Ace-
tate may reach the brain in small, yet 
significant amounts, regardless of the 
route of administration (Frost et al., 
2014). Supplementation of fermentable 
carbohydrates has long been known to 
reduce appetite in animal studies, and 
the appetite suppressing effect of ace-
tate was recently shown to occur via 
hypothalamic neuronal activation 
(Frost et al., 2014). Whether adminis 
tered or produced in the colon, acetate 
has a direct effect on hypothalamic 

neurons by its incorporation into the 
glutamate-glutamine transcellular 
cycle, increasing GABAergic transmis-
sion and activating acetyl-CoA carbox-
ylase (ACC). The increased ACC 
activity induces malonyl-CoA 
expression, which activates pro-
opiomelanocortin neurons and there-
fore reduces food intake (see contribu-
tion by J. Bell in this monograph). The 
SCFA, acetate, provides a clear exam-
ple of how one microbial metabolite 
mediates communication between 
different organs such as the gut and the 
brain. 

In addition to appetite suppression 
and body metabolism, microbial me-
tabolites may modulate the immune 
system by activating or suppressing 
immune responses in the gut mucosa. 
Fungi within the microbiome may pro-
mote resistance to pathogenic microbes 
and tolerance to commensal microbes. 
The mammalian tryptophan catabolic 
enzyme, indoleamine 2,3-dioxygenase 
1 (IDO1), plays a key role in the con-
version of dietary or microbial trypto-
phan into kynurenines and promotion 
of tolerance to commensal microbes. 
The capacity of IDO1-expressing den-
dritic cells, epithelial cells, and 
kynurenines to induce Tregs and inhibit 
Th17 has revealed their unexpected po-
tential to control inflammation, allergy, 
and Th17-driven inflammation in fun-
gal infections (Grohmann et al., 2007; 
Romani et al., 2008). Conversely, the 
exploitation of the IFN-γ/IDO1 axis for 
functional specialization of antifungal 
regulatory mechanisms may have ena-
bled fungal microbiota to co-evolve 
with the mammalian immune system, 
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and to prevent dysregulated immunity 
(Zelante et al., 2009). In contrast, bene-
ficial microbes may convert tryptophan 
into bioactive indole compounds. In-
dole derivatives act as endogenous lig-
ands for the arylhydrocarbon receptor 
(AhR) (Heath-Pagliuso et al., 1998) 
and are generated through conversion 
from dietary tryptophan by commensal 
intestinal microbes (Bjeldanes et al., 
1991). By binding AhR, the microbi-
ome may stimulate mammalian im-
mune cells to produce the cytokine lL-
22 and thereby enhancing protective 
mucus production, suppressing IL-17 
production, and stimulating production 
of antimicrobial peptides via STAT3 
activation. The lesson in Lactobacillus-
mediated indole-3-aldehyde (one ex-
ample of indole derivative) production 
from tryptophan is that bacterial metab-
olites generated by the microbiome 
may have a profound impact on im-
munity. The metabiotic concept refers 
to metabolites produced by the micro-
biome or probiotic species that may 
confer specific benefits on mammalian 
physiology or immunity. Metabiotics 
such as indole derivatives may sup-
press inflammation and promote immu-
nologic resistance to different patho-
gens.  

Gamma-aminobutyric acid (GABA) 
is another important co-metabolite pro-
duced by glutamate decarboxylases 

(GADs) of mammals and bacteria. 
Amino acid decarboxylation systems, 
such as the GAD system, enable bacte-
rial species to cope with acid stress, 
and GABA is enriched in the intestines 
of patients with recurrent C. difficile-
associated disease (CDAD). Most 
intestinal GABA measured in stool is 
microbial in origin, and this metabolite 
(GABA) appears to potentiate the risk 
of C. difficile infection. Individuals 
consuming the GABAA receptor ago-
nist, zolpidem (Ambien®), have in-
creased risk of C. difficile infection, 
adding support to the pathogenic role 
of GABA in CDAD. Data from mouse 
models also support the ability of 
GABA receptor signalling to exacer-
bate intestinal inflammation. In con-
trast to elevated amounts of microbial 
GABA in recurrent CDAD, the bile 
acid metabolite lithocholate is associ-
ated with healthy controls and patients 
cured post-FMT. The scientific com-
munity is beginning to identify specific 
microbes and microbial metabolites 
that contribute to human health and al-
ter disease susceptibility. New classes 
of microbial biomarkers are being char-
acterized, and GABA is a good exam-
ple. So we are beginning to identify 
specific microbial metabolites and how 
their receptors/signalling pathways 
may protect patients or enhance disease 
susceptibility. 

 
 

SYSTEMS BIOLOGY AND THERAPEUTIC MICROBIOLOGY 
 
Many published studies have explored 
associations between differences in mi-
crobial composition and human health 
and disease states, including but not 
limited to inflammatory bowel disease, 
necrotizing enterocolitis, and obesity. 
However, few microbiome studies 
could verify causation. Scientists 
should attempt to verify causation, try 
to identify microbial effector strains 

and metabiotics, and modify effector 
strains to improve mammalian health. 
To identify microbial effector strains, 
one must isolate individual microbes or 
rely on differences in metabolite 
profiles. Faith et al. (2014) approached 
the challenge of identifying microbial 
effector strains. One of several human 
faecal samples transmitted a 
metabolic/immunologic phenotype to 
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recipient germ-free mice and resulted 
in efforts to identify the key microbe(s) 
involved by metagenomic and micro-
bial sequencing. Ninety-four bacterial 
consortia were taken from the culture 
collection and were introduced as 
humanized gut microbiota to germ-free 
mice. Feature selection algorithms and 
follow-up mono-colonization studies 
may identify effector bacterial strains. 
An unexpected range of bacterial 
strains was found to promote accu-
mulation of colonic regulatory T cells 
(Tregs) and expand Nrp1 (lo/-) periph-
eral Tregs. Other strains modulated adi-
posity in mice and caecal metabolite 
concentrations (Faith et al., 2014). The 
greatest numbers of Tregs in the co-
lonic lamina propria were associated 
with B. intestinalis colonization (Faith 
et al., 2014). Specific metabolites such 
as quinic acid, a cyclic polyol, were 
detected and correlated with effector 
bacterial strains. As effector strains are 
identified, their specific metabolic fea-
tures may be useful in determining 
which effector strains (and metabolites) 
may be ideally suited for particular re-
search and clinical applications. These 
studies point to the utility of combining 
intestinal microbiology with well-
defined gnotobiotic mouse models so 
that specific functions of the microbi-
ome can be linked to specific microbes. 

Another key challenge in microbi-
ome research is to understand the role 
of interpersonal microbiome variation 
in disease. Researchers investigated gut 
microbiota from twins with discord-
ance for obesity that modulated metab-
olism in mice. They found that co-
housing mice containing an obese 
twin's microbiota (Ob) with mice con-
taining the lean co-twin's microbiota 
(Ln) led to suppression of body mass 
and adiposity increases in Ob cage ma-
tes. As mice are coprophagic, rescue is 
correlated with invasion of specific 
members of Bacteroidetes from the Ln 

microbiota into the Ob microbiota 
(Ridaura et al., 2013). Another study of 
interpersonal microbiome variation in 
disease showed that faecal microbiota 
transplantation induced 7 of 9 remis-
sions in patients with active ulcerative 
colitis from one donor (Moayyedi et al., 
2015). Thus, even if a donor does not 
have disease, this donor may not be an 
appropriate donor for someone that 
does have the disease. Thus, microbial 
composition is important in terms of 
determining whole body metabolism 
and careful selection of stool donors for 
faecal microbiota transplantation 
(FMT). Determining the causative driv-
ers of diverse responses from diverse 
microbiota is a key challenge in 
microbiome research.  

The relative diversity and abun-
dance of each body habitat's microbes 
varie between individuals (Human Mi-
crobiome Project Consortium, 2012). 
On the other hand, metabolic pathways 
are relatively conserved between indi-
viduals in a healthy population (Human 
Microbiome Project Consortium, 
2012). Diet has a large role in modulat-
ing microbiota, and it is a primary 
determinant of gut microbial composi-
tion. Although short-term dietary inter-
ventions might rapidly change commu-
nity structures within the gut microbi-
ome, long-term shifts in steady-state 
microbial communities require longer 
term and substantial dietary changes 
(Voreades et al., 2014). Antibiotics re-
duce the relative diversity within gut 
microbiomes. Researchers found sub-
stantial variations in microbial com-
munities of subjects given a single anti-
microbial agent (ciprofloxacin). These 
changes occurred between two courses 
of antibiotics administered to subjects. 
When the study ended, the composition 
of the gut microbiota in every subject 
had stabilized, although it was changed 
from its initial state. Thus, alternative 
stable states may shift depending on the 
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frequency, duration and nature of anti-
microbial exposure (Dethlefsen and 
Relman, 2011).  

Several options for microbial 
manipulation provide opportunities for 
changing microbial composition and 
function. Studies showed that probiot-
ics were effective for infectious diar-
rhoea (Francavilla et al., 2012; 
Dinleyici and Vandenplas, 2014). A 
systemic review and meta-analysis 
showed significant beneficial effects of 
probiotics that reduced global symp-
toms or abdominal pain (Ford et al., 
2014). A systematic review of probiot-
ics, prebiotics, and synbiotics in 
inflammatory bowel disease demon-
strated that some studies yielded im-
provement trends, but definitive treat-
ments had been evasive (Ghouri et al., 
2014). Diet of the host can have a large 
effect on responses to probiotics. Also, 
probiotics can alter microbial composi-
tion quite differently depending upon 
the diet (Degirolamo et al., 2014). The 
effects of probiotic treatment are 
strongly influenced by the existing in-
testinal microbial ecosystem. Con-
founding factors in human studies of 
probiotics include the individual’s diet, 
established microbial communities in a 
particular individual, and the luminal 
environment.  

Faecal microbiota transplantation 
(FMT) is a method to radically change 
microbial composition by introducing 
faecal microbiota from a healthy per-
son to a person with an intestinal disor-
der. Researchers found that infusion of 
donor faeces was significantly superior 
to vancomycin in treatment of recurrent 
C. difficile infection (van Nood et al., 
2013). FMT caused bacterial composi-
tion to normalize quickly from a state 
of dysbiosis. Although the microbiome 
in the subject reflected the donor im-
plant material at 1 day post-FMT, the 
composition was highly varied at later 
time points (Weingarden et al., 2015). 

It is likely that mechanisms contrib-
uting to FMT’s effectiveness as a treat-
ment strategy in patients with recurrent 
C. difficile infection stem from the abil-
ity to interfere with pathogen spore ger-
mination and competition by C. 
difficile (Britton and Young, 2014). Im-
portantly, FMT can be considered as 
the simultaneous administration of hun-
dreds of bacterial taxa with different 
functional features. For example, func-
tional classes of bacterial strains may 
include lactate producers, methano-
gens, mucin degraders, and short chain 
fatty acid producers. Restoration of 
many microbiome-related functional 
features after one or several procedures 
(FMT) may be necessary for restitution 
of a severely depleted microbiome. 
Disorders of microbial ecology (e.g. 
CDAD) secondary to antibiotic con-
sumption in susceptible individuals em-
phasize the need for replacement strate-
gies with consortia and pools of mi-
crobes harbouring diverse microbio-
logic functions. 

Future perspectives on FMT include 
customization of bacterial combina-
tions with defined and known specific 
biological properties to produce pre-
dictable responses. Additionally, devel-
opment of standardized conditions for 
transplantation (inoculation) and 
maintenance of faecal-derived micro-
bial communities, and analyses of do-
nor-recipient microbiome compatibili-
ties represent next steps in advancing 
FMT and other microbial consortia-
based replacement strategies. In addi-
tion to global and multifunctional con-
siderations, precision microbiome re-
constitution has been shown to impact 
bile acid-mediated resistance to CDAD 
(Buffie et al., 2015). In this example, 
one species, Clostridium scindens, has 
7-dehydroxylase activity resulting in 
production of bile acid metabolites that 
mediate resistance to C. difficile infec-
tion. One of these bile acid metabolites, 
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Figure 2: The human-microbiome holometabolome. Environmental factors including diet and 
medications influence microbial and human metabolism together as one physiological system. 
Changes in the holometabolome likely affect gut biology, the brain-gut axis and brain 
development and function. (Reprinted with permission from Selkrig et al., 2014.) 
 
 
lithocholate, was found enriched in 
healthy controls and FMT-responsive 
patients by Tor Savidge and colleagues. 
So, we come full circle by considering 
microbiome replacement therapy 

(FMT), identifying individual effector 
bacterial strains (C. scindens), and de-
tecting individual bile acid metabolites 
conferring disease resistance.  

 
 

SUMMARY AND FUTURE DIRECTIONS 
 
This 29th edition of the Old Herborn 
University Symposium (June 2015) 
placed the spotlight on the overlapping 
contact points between diet, the gut mi-
crobiome, microbial metabolism, and 
human metabolism/physiology. The 
“Holometabolome” concept as pro-
posed in 2014 provides a conceptual 
framework by linking environmental 
factors with microbial and mammalian 
metabolism, and considering how 
metabolites from microbes and mam-
mals impact the biology of the intestine 
and remote organ systems (e.g. brain) 
(Figure 2). The importance of the mi-
crobiome in utero and the impact of 
breast milk drive home the point that 
humans rely on microbes and microbial 
metabolites during the earliest weeks to 
months of human life. The exciting 
reality is that microbial composition 
and function can be manipulated by 
diet and that effects of the microbiome 
on early human development cannot be 
underestimated.  

Beyond early human life, microbial 

taxa communicate effectively with 
mammalian cells at the mucosal 
interface, resulting in different meta-
bolic and immunologic profiles later in 
life. Several important concepts in 
microbiome science have emerged. 
First, one microbiome (oral) may seed 
a different microbiome (placenta) and 
enable it to function with the foetus. 
Dietary impact of the microbiome may 
persist for many years. Compositional 
and functional stratification of the gut 
microbiome reminds us that the 
microbiome is a differentiated organ 
with different functional aspects. By 
describing various microbial metabo-
lites and their potential roles, we must 
think in terms of microbiome-related 
contributions to the entire host. The gut 
microbiome will be tapped to under-
stand the needs/identity/skills of indi-
vidual microbes so that functions can 
be attached. The relative contribution 
of microbiomes to heredity is an 
interesting question to ponder. Finally, 
intentional manipulation of the gut 
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microbiome by introducing intact 
microbial communities (FMT), single 
or selected beneficial microbes (pro-
biotics), or dietary shifts (including 
prebiotics) will hopefully yield oppor-
tunities to improve human health and 

prevent or cure diseases. Insights into 
microbial and human metabolism may 
help us identify new biomarkers, diag-
nostic tools, and therapeutic targets in 
the future.  
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