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Abstract

Chemical signaling via the production of small molecules such as hormones has been studied in detail in
higher organisms. These molecules have important functions in maintaining physiological homeostasis
as well as allowing organisms to respond to external insults. Virtually every living cell produces
hormone-like diffusible small molecules that can be used to convey messages to neighboring cells—a
vital step in adaptation, development, and survival within populations. Although most of our knowledge
on cellular chemical communication comes from studies of multicellular eukaryotes, it is now
understood that bacteria can also communicate using sophisticated signaling systems, in a way
analogous to those used by higher organisms. Many of these microbes live in close association with
higher eukaryotes, in mutualistic or commensal relationships.We suggest that there may be a wealth of
unidentified bioactive small molecules in the human body, originating from both microbial and human
cells and that have important biological functions. Because chemical signaling has important roles for
the biology of both microbes and humans, detecting, identifying, and studying these chemical signals can
further our understanding of the chemical interplay between microbiota and their hosts and provide us
with an unexplored source of molecules that could be used for human benefit.

Microbial chemical signaling
Following the landmark discovery of the structure of
DNA in 1953, much of biological research shifted from
an organismal to a molecular perspective. In the past few
decades, a great deal has been learned about the role

and proteins—in biological systems. Coincidental to
these studies was the discovery that many important
biological functions are associated with molecules
that are not categorized in any of the above molecular
groups [1-5]. Such compounds have been referred to
as “small molecules”, a general term that is usually
associated with any compound of molecular weight
around or under 3000 Da and with chemical character-
istics that preclude their description as DNA, RNA, or
proteins. Small molecules have critical biological func-
tions in humans: they control immune functions, the
development of sexual characteristics, stress responses,
metabolism, and mineral balance, amongst others [6-9].

In higher organisms, these small molecules are called
hormones—from the Greek for “excite” or “arouse”—a
term coined in 1905 by Ernest Starling [10]. They are
produced by one organ of the body and travel to distant
organs to exert physiological effects.

Although much of our knowledge about chemical
signaling comes from the study of mammalian and
plant hormones, it is now known that bacteria can also
produce, sense, and respond to small-molecule signals
that allow them to act coordinately. Studies conduc-
ted throughout the 1960s by the research groups of
Alexander Tomasz on the acquisition and incorporation
of foreign DNA by Streptococcus pneumoniae and Woodland
Hastings on Vibrio fischeri luminescence led to the dis-

important roles in the lifestyle of these microbes [11-14].
Although the consequences of such discoveries were not
fully appreciated at the time, they formed the foundation
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for studies of bacterial communication. It is now widely
accepted that many bacterial species use small chemical
compounds to communicate with each other and their
hosts. These hormone-like molecules are usually pro-
duced at a low level and exert their effects when they
reach a threshold concentration, allowing bacteria to
sense and respond to their populational density [15-18].
Because this phenomenon is dependent upon a thresh-
old cell density, bacterial communication has been
termed quorum sensing [19]. Nowadays, there are
many known classes of bacterial signaling molecules,
such as the acyl-homoserine lactones, peptides, quino-
lones, and α-hydroxyketones, among others [15-18,20].
The chemical repertoire used by bacteria to communicate
is diverse and new signaling molecules continue to
emerge.

Chemical signaling in complex environments
Studies of bacterial signaling have focused mostly on
laboratory-grown, pure cultures of microorganisms.
However, this is an artificial setting; in the environment
and in their hosts, microbes live in association with a
multitude of other species and are constantly presented
with opportunities for competition and cooperation.
For example, at elevated “unnatural” concentrations,
we know that microbial signaling molecules can have
antimicrobial properties. However, when these “anti-
biotics” are produced by microbes in the environment,
they are unlikely to be present at concentrations high
enough to exert antimicrobial activity, so it is probable
that their main biological function is to modulate
bacterial gene expression rather than to poison [21,22].
Indeed, chemical signaling has been shown to be an
important facet of microbial interactions in the soil
environment, and examples of signaling between
different microbial species as well as between microbes
and plants, both in symbiosis and pathogenesis, exist.
In the N2-fixation-driven symbiosis between Rhizobium
and its legume host, many chemical signals act to
promote the establishment of a mutually beneficial
relationship [23-26]. The bacteria can sense plant-
produced small molecules; the root exudates contain-
ing flavonoids induce microbial migration to the root
surface. Here, quorum sensing occurs through the
production of acyl-homoserine lactones, culminating
in the production of nodulation factors (made up of
lipochito-oligosaccharides) by the bacteria, which
induce nodule formation in the plant host [23-26].
Although there is a wealth of information about
chemical signaling in soil, many other complex
microbial populations exist in nature, and it is certain
that microbial signaling plays important roles in these
communities.

The mammalian gut as an environment for
extensive chemical signaling
At birth, humans are colonized by complex communities
of microbes. These communities, which are established
within the first year of life, have been termed microbiota,
microflora, or microbiome and are extremely rich,
containing upwards of 1014 cells [27-29]. These popula-
tions are normally harmless; in fact, they are essential to
our health. Microbes colonize our skin, gastrointestinal,
genitourinary, and respiratory tracts. It has been esti-
mated that the number of microbes in and on our bodies
exceeds our own cells by more than one order of
magnitude [27-29]. Even more strikingly, it has been
suggested that the collection of microbial genes in our
bodies exceeds our own genes by a factor of 100, which
means that the human genome is predominantly
prokaryotic [30,31]! Although virtually every body sur-
face that is exposed to the environment contains
microbes, the gastrointestinal tract is by far the most
heavily colonized site. Each individual carries an estimated
1000 distinct bacterial species in their gut [32] and the
collective human microbiome has been estimated to
contain 35,000 bacterial species ormore [33]. This offers a
tremendous opportunity for the evolution of multiple
microbe-microbe and host-microbe interactions, many
of which are conveyed through the activity of small
signaling molecules.

Although it has been known for a while that commensal
organisms can use diffusible signals to interact with
their hosts, as yet, only a few defined examples of such
microbe-microbe and host-microbe interactions in the
mammalian gastrointestinal tract have been shown to
exist. For example, Bacteroides thetaiotaomicron, a promi-
nent member of the human gastrointestinal tract micro-
biome, produces signals that can control host gene
expression and epithelial surface glycosylation [34,35].
By doing so, B. thetaiotaomicron controls the availability
of nutrients in its surroundings to favor its own growth.
More recently, this intestinal commensal has also been
shown to communicate with pathogens by producing a
yet unidentified signal that can control virulence factor
production by enterohemorrhagic Escherichia coli [36].
This suggests that colonization by this species of
bacteria, and potentially others, may be an important
tool used by mammals to control infection by virulent
bacteria.

In addition to those produced by the microbiota, host-
produced small molecules can have profound effects on
both commensals and pathogens. The mammalian hor-
mones epinephrine and norepinephrine have been shown
to affect commensal microbial populations in the gastro-
intestinal tract and can also influence the production of
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virulence factors by invading pathogens [37-39]. For
instance, enterohemorrhagic E. coli can sense intestinal
epinephrine and norepinephrine, causing it to activate its
type-III secretion virulence system [38]. Also, Campylobacter
jejuni can respond to norepinephrine by upregulating its
ability to enter into (invade) host cells [39]. These examples
illustrate that microbial signaling does occur in the human
body and is required in a number of critical processes.

Although these examples indicate that the intestinal
microbiota is involved in numerous biological processes
localized to the gastrointestinal epithelium and lumen, it
is now well established that the microbiota has an
impact on host tissues and organs with which it is not in
direct contact. This is exemplified by the role of the
intestinal microbiota in several pathological processes of
the underlying gastrointestinal immune system, as well
as those affecting remote tissues and organs. Intestinal
commensals can impact inflammatory bowel disease,
diabetes, asthma, obesity, cancer, and even depression
[27,40-51]. In most cases, the molecular mechanisms of
microbial involvement in these diseases are not known,
but because of the important role played by microbial
signaling in host functions in the intestinal tract, it is
highly likely that microbial chemical signals play a role
in some or all of these diseases. The fact that the organs
affected by these diseases are not in direct contact with
gut commensals suggests that diffusible compounds may
be involved (Figure 1). Wikoff et al. [52] have recently
shown that intestinal microbes can have a significant
impact on the levels of certain mammalian blood
metabolites, suggesting that the influence of gut
microbes on the human body may be largely dependent
on the activities of small molecules that are able to act at
a distance. Additionally, associations between intestinal
small molecules and microbiota-associated pathologies
have been described. Through a metabolomics study of
the fecal contents of human twins, Jansson et al. [53]
found that changes in the levels of many microbial small
molecules are associated with disease status when they
compared healthy subjects with inflammatory bowel
disease patients. Additionally, they also found that levels
of specific groups of commensal microbes correlated
with levels of the metabolites affected. We are only
beginning to realize that there is a rich and complex
mixture of molecules that exert important effects on all
the organisms involved, inside and outside of the
intestinal ecosystem. Studying this complex chemical
lexicon will be essential to a complete understanding of
the relationships between microbes and humans.

The intestinal metabolome
The majority of the microbial species present in the
mammalian gut cannot be cultured in the laboratory.

This has forced the use of culture-independentmethods to
study the composition of microbial communities in and
on humans. Most studies rely on metagenomics, the
unbiased sequencing of all the DNA fragments isolated
from a mixed microbial population [54-56]. More
recently, the intestinal environment has been studied
through other culture-independent methods such as
metatranscriptomics and metaproteomics [57,58], which
focus on the unbiased analysis of messenger RNA and
proteins, respectively. Altogether, these explorations of the
microbial diversity in the gastrointestinal tract suggest that
there is significant phylogenetic diversity that remains to
be explored [54,59]. Although these studies have provided
much information about the composition of microbial
communities in the mammalian gut, they tell us very little
about the functions of the components of the system or
the interactions between them, and it is only recently that
we have begun to decipher the molecular functions of
these assemblages. However, based on the overwhelming
amount of genetic material present in the human gut
metagenome (the combination of all genes present in the
gastrointestinal tract), we can predict that many biological
reactionswith the potential to be immensurable sources of
bioactive small molecules are yet to be discovered.

In addition, as the mammalian gut is an important
component in the host’s excretion of metabolic “waste”
(i.e., the unwanted products of metabolic reactions),
many host-produced small molecules are also found in
this environment. Therefore, the gastrointestinal tract is
loaded with small molecules, from both the host and the
microbiota, that could have a significant impact on the
gastrointestinal tract itself and other organs through re-

mostly unknown, mainly due to the lack of appropriate
techniques to study its composition. However, as a result
of recent advances in methods of chemical separation and
structural elucidation, particularly in methods for high-
throughput analysis of complex samples, we now have
tools to probe the chemical conversations that we did not
even know existed a few years ago. One such technique is
the extremely sensitive and accurate Fourier transform ion
cyclotron resonance mass spectrometry (FTICR-MS),
which has been recently used with direct infusion mass
spectrometry to study the metabolome of both human
and murine plasma [60]. FTICR-MS allows the rapid
detection and relative quantification of thousands of
molecules in complex biological matrices. In many cases,
the accuracy of the mass determination is sufficient to
allow metabolite identification based on mass alone. We
have used FTICR-MS to study the intestinal metabolome
and found that thousands of small molecules are present
in themammalian gut, themajority of which is affected by
antibiotic treatment, thus suggesting that the intestinal
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Figure 1. Potential roles and applications of small molecules in the intestinal tract

Small molecules are produced in the intestine by both host and microbial cells. Microbial molecules can exert direct effects on host cells and vice-versa.
Additionally, the molecules can play an important role in interactions between different microbial components in the intestinal ecosystem; they can be used
for cooperation, maintenance of community stability or recovery after an insult, and competition. The molecules can also be absorbed into the intestinal
epithelium. This is true for newly synthesized microbial molecules or recycled host molecules, which can be excreted in the intestinal lumen and reabsorbed.
Such molecules can reach the bloodstream and exert effects on remote organs such as the brain, lungs, and pancreas, as well as other intestinal sites. They can
also affect energy balance and impact obesity and other diseases of the organs mentioned above (autism, depression, allergy, diabetes, inflammatory bowel
disease, and so on). Once harvested and studied, these compounds can be used for a multitude of purposes; they can serve several therapeutic roles as
antibiotics, anti-cancer therapies, anti-inflammatories, antidepressants, and probiotics, amongst others.
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microbiota has a major impact on the chemical composi-
tion of the intestinal environment (Antunes and Finlay,
submitted for publication). Metabolic studies of samples
from healthy and disturbed intestinal ecosystems will
allow us to predict causative associations between
chemical variations and specific disease states. Hypotheses
can then be tested using small molecules (natural or
synthetic) to treat conditions in animal models.

Exploring the intestinal metabolome for
bioactive molecules
The study of natural biological products from a diverse
array of organisms has provided us with a wealth of
information on the important roles played by small
molecules in biological systems. Additionally, whenever
possible, humans have taken advantage of these products
for their therapeutic activities (e.g., in antibiotic, antic-
ancer, and anti-inflammatory compounds) [61-63]. Most
have been isolated from microorganisms, but some also
come from plants and marine organisms. The discovery
that the human body is made up of extremely complex
ecosystems suggests that it, too, could be used as a rich
source of new bioactive molecules. Small molecules in
the mammalian gastrointestinal tract are likely to have
important functions in the relationship between hosts
and their commensal microbes. Since these populations
play a key role in human health and disease, the
molecules involved may have potential as therapeutics
aimed at maintaining or reestablishing homeostasis to
prevent or cure diseases. Such activities may involve
antibiosis, the capacity to kill other microorganisms,

which could be explored not only in the context of
intestinal infections but also for numerous other infec-
tions throughout the body. These molecules will also
affect host biology, possibly at the interface between
microbial populations and the gut-associated immune
system. It is known that the microbiota exerts important
effects on the maturation of the mammalian immune
system, so the small molecules in the intestine could be
used to modulate these relationships in controlled ways.
An even more daring possibility is that some of these
molecules could be used to manipulate the physiology
of remote organs and systems. As mentioned previously,
the intestinal microbiota can impact diseases such as
allergies, diabetes, asthma, and depression, and there is
increasing evidence that it is involved in mental devel-
opment. Therefore, it is possible that the molecules
produced by some of the microbes associated with
protection against these diseases could be used to
remediate or prevent them.

It’s a small-molecule world
Since its discovery, DNA has been considered the
foundation of life. Its capacity to store information
coupled with its remarkable stability make it the prime
candidate for the molecule from which life, as we know
it, originated. This concept is imprinted in the “central
dogma”, which states that DNA holds all genetic
information, which is passed on to RNA as a messenger
molecule and then translated into proteins, which
constitute the machinery and structures that carry out
the molecular processes essential for life (Figure 2).

Figure 2. Small molecules as important messengers of biological information and function

DNA encodes the genetic information that is passed on to RNA, which acts as the messenger for the synthesis of proteins. Protein enzymatic function can
then give rise to a plethora of structurally diverse small molecules. In many cases, these molecules are the primary effectors of biological functions, acting at
the DNA, RNA, and protein levels.
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Although generally accepted, this viewpoint has been
challenged. In 1986, Walter Gilbert suggested that RNA
preceded DNA as a self-replicating primitive form of life,
giving this molecule a main role in the formation of life
[64]. Indeed, RNA molecules with enzymatic functions
still exist [65]. Although both DNA and RNA have central
functions in the maintenance and decoding of genetic
information, the real effectors of these functions are
proteins. In the case of structural proteins, they represent
the end of the road for a given biological property or
function. However, for the majority of proteins, catalytic
activity is the main function, thus extending their
biological properties to the products of the reactions
catalyzed: a plethora of structurally diverse small
molecules. It is, therefore, these small molecules that
constitute the raison d’être of biological function in most
cases. Without identifying and studying these molecules,
we will not fully understand the functions of metabolic
pathways and the interconnections between them. Nor
will we be able to fully comprehend the complexities of
any biological system. We now have the tools to delve
into the unexplored sources of many intriguing mole-
cules in our own bodies. This should be done not only
with an intellectual view toward understanding the
molecular intricacies of life in more detail but also
with a practical view of benefiting from what these
molecules may have to offer.

Abbreviation
FTICR-MS, Fourier transform ion cyclotron resonance
mass spectrometry.

Competing interests
The authors declare that they have no competing
interests.

Acknowledgements
LCMA is supported by postdoctoral fellowships from the
Department of Foreign Affairs and International Trade
Canada and the Canadian Institutes of Health Research.
JED’s laboratory is supported by the Canadian Institutes
of Health Research and the Natural Sciences and
Engineering Research Council of Canada. BBF’s labora-
tory is funded by the Canadian Institutes of Health
Research and the Crohn’s and Colitis Foundation of
Canada. BBF is an HHMI International Research Scholar
and the University of British Columbia Peter Wall
Distinguished Professor.

References
1. Clackson T: Controlling mammalian gene expression with

small molecules. Curr Opin Chem Biol 1997, 1:210-8.

2. Colman RF: Regulation of enzymes by small molecules. Ann N Y
Acad Sci 1972, 193:2-13.

3. Hung DT, Rubin EJ: Chemical biology and bacteria: not simply a
matter of life or death. Curr Opin Chem Biol 2006, 10:321-326.

4. Puri AW, Bogyo M: Using small molecules to dissect mechan-
isms of microbial pathogenesis. ACS Chem Biol 2009, 4:603-16.

5. Schreiber SL: Small molecules: the missing link in the central
dogma. Nat Chem Biol 2005, 1:64-6.

6. Boyce JA: Eicosanoids in asthma, allergic inflammation, and
host defense. Curr Mol Med 2008, 8:335-349.

7. Gilliver SC: Sex steroids as inflammatory regulators. J Steroid
Biochem Mol Biol 2010, 120:105-15.

8. Kyrou I, Tsigos C: Stress hormones: physiological stress and
regulation of metabolism. Curr Opin Pharmacol 2009, 9:787-93.

9. Levine MA: Normal mineral homeostasis. Interplay of para-
thyroid hormone and vitamin D. Endocr Dev 2003, 6:14-33.

10. Starling EH: The chemical correlation of the functions of the
body. Lecture I. Lancet 1905, 2:339-41.

11. Kempner ES, Hanson FE: Aspects of light production by
Photobacterium fischeri. J Bacteriol 1968, 95:975-9.

12. Nealson KH, Platt T, Hastings JW: Cellular control of the
synthesis and activity of the bacterial luminescent system.
J Bacteriol 1970, 104:313-22.

13. Tomasz A: Control of the competent state in Pneumococcus
by a hormone-like cell product: an example for a new type of
regulatory mechanism in bacteria. Nature 1965, 208:155-9.

14. Tomasz A, Hotchkiss RD: Regulation of the transformability of
pneumococcal cultures by macromolecular cell products.
Proc Natl Acad Sci U S A 1964, 51:480-7.

15. Antunes LC, Ferreira RB: Intercellular communication in
bacteria. Crit Rev Microbiol 2009, 35:69-80.

16. Bassler BL, Losick R: Bacterially speaking. Cell 2006, 125:237-46.

17. Fuqua C, Greenberg EP: Listening in on bacteria: acyl-homoserine
lactone signalling. Nat Rev Mol Cell Biol 2002, 3:685-95.

18. Fuqua C, Parsek MR, Greenberg EP: Regulation of gene expres-
sion by cell-to-cell communication: acyl-homoserine lactone
quorum sensing. Annu Rev Genet 2001, 35:439-68.

19. Fuqua WC, Winans SC, Greenberg EP: Quorum sensing in
bacteria: the LuxR-LuxI family of cell density-responsive
transcriptional regulators. J Bacteriol 1994, 176:269-75.

20. Antunes LC, Ferreira RB, Buckner MM, Finlay BB: Quorum sensing
in bacterial virulence. Microbiology 2010, 156:2271-82.

21. Goh EB, Yim G, Tsui W, McClure J, Surette MG, Davies J:
Transcriptional modulation of bacterial gene expression by
subinhibitory concentrations of antibiotics. Proc Natl Acad Sci
U S A 2002, 99:17025-30.

F1000 Factor 6
Evaluated by Victor DiRita 16 Jan 2003

22. Davies J: Are antibiotics naturally antibiotics? J Ind Microbiol
Biotechnol 2006, 33:496-9.

23. Badri DV, Weir TL, van der Lelie D, Vivanco JM: Rhizosphere
chemical dialogues: plant-microbe interactions. Curr Opin
Biotechnol 2009, 20:642-50.

24. Gibson KE, Kobayashi H, Walker GC: Molecular determinants of
a symbiotic chronic infection. Annu Rev Genet 2008, 42:413-41.

25. Gonzalez JE, Marketon MM: Quorum sensing in nitrogen-fixing
rhizobia. Microbiol Mol Biol Rev 2003, 67:574-92.

26. Straight PD, Kolter R: Interspecies chemical communication in
bacterial development. Annu Rev Microbiol 2009, 63:99-118.

27. Sekirov I, Russell SL, Antunes LCM, Finlay BB: Gut microbiota in
health and disease. Physiol Rev 2010, 90:859-904.

28. Savage DC: Microbial ecology of the gastrointestinal tract.
Annu Rev Microbiol 1977, 31:107-33.

29. Whitman WB, Coleman DC, Wiebe WJ: Prokaryotes: the unseen
majority. Proc Natl Acad Sci U S A 1998, 95:6578-83.

Page 6 of 8
(page number not for citation purposes)

F1000 Biology Reports 2011, 3:4 http://f1000.com/reports/b/3/4

http://www.f1000.com/1011399


30. Zilber-Rosenberg I, Rosenberg E: Role of microorganisms in the
evolution of animals and plants: the hologenome theory of
evolution. FEMS Microbiol Rev 2008, 32:723-35.

31. Davies J: In a map for human life, count the microbes, too.
Science 2001, 291:2316.

32. Xu J, Gordon JI: Honor thy symbionts. Proc Natl Acad Sci U S A
2003, 100:10452-9.

33. Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N,
Pace NR: Molecular-phylogenetic characterization of micro-
bial community imbalances in human inflammatory bowel
diseases. Proc Natl Acad Sci U S A 2007, 104:13780-5.

F1000 Factor 6
Evaluated by John Pemberton 06 Jun 2008

34. Bry L, Falk PG, Midtvedt T, Gordon JI: A model of host-microbial
interactions in an open mammalian ecosystem. Science 1996,
273:1380-3.

35. Hooper LV, Xu J, Falk PG, Midtvedt T, Gordon JI: A molecular
sensor that allows a gut commensal to control its nutrient
foundation in a competitive ecosystem. Proc Natl Acad Sci U S A
1999, 96:9833-8.

36. de Sablet T, Chassard C, Bernalier-Donadille A, Vareille M,
Gobert AP, Martin C: Human microbiota-secreted factors
inhibit shiga toxin synthesis by enterohemorrhagic Escher-
ichia coli O157:H7. Infect Immun 2009, 77:783-90.

37. Lyte M, Bailey MT: Neuroendocrine-bacterial interactions in a
neurotoxin-induced model of trauma. J Surg Res 1997,
70:195-201.

38. Sperandio V, Torres AG, Jarvis B, Nataro JP, Kaper, JB: Bacteria-
host communication: the language of hormones. Proc Natl Acad
Sci U S A 2003, 100:8951-6.

F1000 Factor 12
Evaluated by Gadi Frankel 28 Jul 2003, Victor DiRita 31 Jul 2003,
Dehua Pei 06 Aug 2003, Tracy Raivio 18 Aug 2003

39. Cogan TA, Thomas AO, Rees LE, Taylor AH, Jepson MA,
Williams PH, Ketley J, Humphrey TJ: Norepinephrine increases
the pathogenic potential of Campylobacter jejuni. Gut 2007,
56:1060-5.

40. Bienenstock J, Collins S: 99th Dahlem conference on infection,
inflammation and chronic inflammatory disorders: psycho-
neuroimmunology and the intestinal microbiota: clinical
observations and basic mechanisms. Clin Exp Immunol 2010,
160:85-91.

41. Brugman S, Klatter FA, Visser JT, Wildeboer-Veloo AC, Harmsen HJ,
Rozing J, Bos NA: Antibiotic treatment partially protects
against type 1 diabetes in the Bio-Breeding diabetes-prone
rat. Is the gut flora involved in the development of type 1
diabetes? Diabetologia 2006, 49:2105-8.

42. Correa P, Houghton J: Carcinogenesis of Helicobacter pylori.
Gastroenterology 2007, 133:659-72.

43. Hansen AK, Ling F, Kaas A, Funda DP, Farlov H, Buschard K:
Diabetes preventive gluten-free diet decreases the number of
caecal bacteria in non-obese diabetic mice. Diabetes Metab Res
Rev 2006, 22:220-5.

44. Ley RE, Bäckhed F, Turnbaugh P, Lozupone CA, Knight RD,
Gordon JI: Obesity alters gut microbial ecology. Proc Natl Acad
Sci U S A 2005, 102:11070-5.

F1000 Factor 6
Evaluated by Eric Stabb 08 Feb 2006

45. Ley RE, Turnbaugh PJ, Klein S, Gordon JI: Microbial ecology:
human gut microbes associated with obesity. Nature 2006,
444:1022-3.

F1000 Factor 8
Evaluated by Stefan Kaufmann 15 Jan 2007

46. McKeever TM, Lewis SA, Smith C, Collins J, Heatlie H, Frischer M,
Hubbard R: Early exposure to infections and antibiotics and

the incidence of allergic disease: a birth cohort study with the
West Midlands General Practice Research Database. J Allergy
Clin Immunol 2002, 109:43-50.

47. Noverr MC, Huffnagle GB: The ‘microflora hypothesis’ of
allergic diseases. Clin Exp Allergy 2005, 35:1511-20.

48. Packey CD, Sartor RB: Commensal bacteria, traditional and
opportunistic pathogens, dysbiosis and bacterial killing in
inflammatory bowel diseases. Curr Opin Infect Dis 2009,
22:292-301.

49. Sartor RB: Microbial influences in inflammatory bowel dis-
eases. Gastroenterology 2008, 134:577-94.

F1000 Factor 6
Evaluated by Jack Satsangi 18 Aug 2008

50. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI:
An obesity-associated gut microbiome with increased capa-
city for energy harvest. Nature 2006, 444:1027-31.

F1000 Factor 25
Evaluated by David Robertson 02 Jan 2007, Joel Elmquist 08 Jan
2007, Matthias Maiwald 08 Jan 2007, Liang Tong 09 Jan 2007, Joanna
Goldberg 11 Jan 2007, Marc Lecuit 11 Jan 2007, Stefan Kaufmann 17
Jan 2007, Joe Heitman 01 Feb 2007, David Bilder 21 Feb 2007

51. Verhulst SL, Vael C, Beunckens C, Nelen V, Goossens H, Desager K:
A longitudinal analysis on the association between antibiotic
use, intestinal microflora, and wheezing during the first year
of life. J Asthma 2008, 45:828-32.

52. Wikoff WR, Anfora AT, Liu J, Schultz PG, Lesley SA, Peters EC,
Siuzdak G: Metabolomics analysis reveals large effects of gut
microflora on mammalian blood metabolites. Proc Natl Acad Sci
U S A 2009, 106:3698-703.

F1000 Factor 11
Evaluated by Robert Kuchta 19 Mar 2009, Hannah Carey 19 Mar
2009, Vivek Kapur 01 Apr 2009, Larry K Keefer 11 May 2009

53. Jansson J, Willing B, Lucio M, Fekete A, Dicksved J, Halfvarson J,
Tysk C, Schmitt-Kopplin P: Metabolomics reveals metabolic
biomarkers of Crohn’s disease. PLoS One 2009, 4:e6386.

54. Costello EK, Lauber CL, Hamady M, Fierer N, Gordon JI, Knight R:
Bacterial community variation in human body habitats
across space and time. Science 2009, 326:1694-7.

F1000 Factor 8
Evaluated by Joshua Plotkin 03 Feb 2010

55. Manichanh C, Rigottier-Gois L, Bonnaud E, Gloux K, Pelletier E,
Frangeul L, Nalin R, Jarrin C, Chardon P, Marteau P, Roca J,
Dore J: Reduced diversity of faecal microbiota in Crohn’s
disease revealed by a metagenomic approach. Gut 2006,
55:205-11.

56. Gill SR, Pop M, Deboy RT, Eckburg PB, Turnbaugh PJ, Samuel BS,
Gordon JI, Relman DA, Fraser-Liggett CM, Nelson KE: Metage-
nomic analysis of the human distal gut microbiome. Science
2006, 312:1355-9.

F1000 Factor 7
Evaluated by Hannah Carey 15 Jun 2006, Ken Wilson 07 Jul 2006

57. Verberkmoes NC, Russell AL, Shah M, Godzik A, Rosenquist M,
Halfvarson J, Lefsrud MG, Apajalahti J, Tysk C, Hettich RL, Jansson JK:
Shotgun metaproteomics of the human distal gut micro-
biota. ISME J 2009, 3:179-89.

F1000 Factor 8
Evaluated by Paul Cotter 17 Apr 2009

58. Tartar A, Wheeler MM, Zhou X, Coy MR, Boucias DG, Scharf ME:
Parallel metatranscriptome analyses of host and symbiont
gene expression in the gut of the termite Reticulitermes
flavipes. Biotechnol Biofuels 2009, 2:25.

59. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A,
Ley RE, Sogin ML, Jones WJ, Roe BA, Affourtit JP, Egholm M,

Page 7 of 8
(page number not for citation purposes)

F1000 Biology Reports 2011, 3:4 http://f1000.com/reports/b/3/4

http://www.f1000.com/1112029
http://www.f1000.com/1014612
http://www.f1000.com/1030763
http://www.f1000.com/1058982
http://www.f1000.com/1119164
http://www.f1000.com/1056770
http://www.f1000.com/1157492
http://www.f1000.com/1778956
http://www.f1000.com/1001228
http://www.f1000.com/1159925


Henrissat B, Heath AC, Knight R, Gordon JI: A core gut
microbiome in obese and lean twins. Nature 2009,
457:480-4.

F1000 Factor 6
Evaluated by Aldons J Lusis 24 Mar 2009

60. Han J, Danell RM, Patel JR, Gumerov DR, Scarlett CO, Speir JP,
Parker CE, Rusyn I, Zeisel S, Borchers CH: Towards high-
throughput metabolomics using ultrahigh-field Fourier trans-
form ion cyclotron resonance mass spectrometry. Metabolo-
mics 2008, 4:128-40.

61. Lee KH: Discovery and development of natural product-
derived chemotherapeutic agents based on a medicinal
chemistry approach. J Nat Prod 2010, 73:500-16.

62. Taylor PL, Wright GD: Novel approaches to discovery of
antibacterial agents. Anim Health Res Rev 2008, 9:237-46.

63. Werz O: Inhibition of 5-lipoxygenase product synthesis by
natural compounds of plant origin. Planta Med 2007, 73:1331-57.

64. Gilbert W: Origin of life: The RNA world. Nature 1986, 319:618.
65. Talini G, Gallori E, Maurel MC: Natural and unnatural ribozymes:

back to the primordial RNAworld. Res Microbiol 2009, 160:457-65.

Page 8 of 8
(page number not for citation purposes)

F1000 Biology Reports 2011, 3:4 http://f1000.com/reports/b/3/4

http://www.f1000.com/1157610

	Microbial chemical signaling
	Chemical signaling in complex environments
	The mammalian gut as an environment for extensive chemical signaling
	The intestinal metabolome
	Exploring the intestinal metabolome for bioactive molecules
	It’s a small-molecule world
	Abbreviation


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


