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ABSTRACT Over the past 10 years, microbiome research has focused on defining
the structures associated with different disease states in multiple systems, but has
fallen short on showing causation. Prior omic studies have generated many new hy-
potheses, but moving forward we need to start dissecting the function of each bac-
terium alone and in concert with complex bacterial communities in well-
characterized systems. Over the next 5 years, we need a merging of new omic
technologies for exploratory studies with classical bacterial genetics, bacterial physi-
ology, protein engineering, and biochemistry to further define the biochemical
mechanisms of the gut microbiota. The future of the systems microbiology field will
focus on targeted engineering and editing of the microbiome to alter function,
which will be leveraged to prevent and/or treat human diseases. This perspective
will focus on my contribution to the microbiome field, both past and present, and
where I think research in the field is headed in the near future.
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PAST AND PRESENT: FROM STRUCTURE TO FUNCTION OF THE GUT
MICROBIOTA IN C. DIFFICILE INFECTION

My research has spanned the fields of protein biochemistry, molecular microbiol-
ogy, microbial ecology, metabolomics, bacterial physiology, infectious disease,

and pathogenesis. This multidisciplinary training has fostered an ability to think outside
the box when solving real world problems. During my graduate career at North
Carolina State University, I worked with advisor Amy Grunden to engineer and optimize
archaeal proteins from Pyrococcus species for stable and long-term detoxification of
nerve agents (1). To build upon my prior research training and to contribute to public
health research, I completed my postdoctoral training with Vincent Young at the
University of Michigan Medical School. My postdoctoral research training focused on
exploring the interplay between the gastrointestinal tract (GIT) microbiota, and
metabolome and the pathogen Clostridium difficile, a significant and reemerging public
health problem. My research has shown that antibiotics disrupt the indigenous gut
microbiota and, more importantly, the metabolome, reducing resistance to C. difficile
colonization. My body of research on C. difficile has shifted the paradigm from focusing
on the structure of the gut microbiota to the function, which is the metabolome (2).
Since then, I have worked to marry the two concepts of engineering bacterial proteins
for optimal specificity and activity and manipulation of the gut microbiota in health and
disease. We are finally at a point in the microbiome field where we can bridge these two
concepts, which will aid in the development of novel targeted therapeutics to treat
infectious diseases.

The bacterial pathogen C. difficile is exquisitely sensitive to changes in the gut
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microbiota and metabolome, making it an attractive bacterium to study when design-
ing new bacterial targets to manipulate the gut microbiota to restore colonization
resistance. C. difficile is an anaerobic spore-forming Gram-positive bacillus that is the
causative agent of C. difficile infection (CDI). There are an estimated 500,000 cases of
C. difficile reported in the United States each year and an associated 29,000 deaths (3).
Antibiotic exposure is a major risk factor for CDI; however, newer community-acquired
cases with no prior exposure to antibiotics or the hospital are changing the epidemi-
ology of this disease, as reviewed in reference 4. Even though antibiotics are a risk
factor for CDI, they continue to be the first line of defense against this infection. After
successful treatment, there continues to be a high rate of relapse (around 20 to 30%),
making new therapies urgently needed (4). Over the past 7 years, we have used a
combination of in vitro, ex vivo, and in vivo models to study the gut microbiome in the
context of C. difficile colonization and disease. The goal was first to understand what
C. difficile requires for growth and disease in vitro and then move to our in vivo models.
We are now using this information against C. difficile to design novel therapeutics to
restore colonization resistance against C. difficile in the gut. Work from my past and
present research, and the work of others, has shown that antibiotics alter the structure
of the gut microbiota, and this is associated with susceptibility to C. difficile colonization
(5). In order to move beyond structure, we applied metabolomics to define what
C. difficile was coming into contact with in the gut lumen. Metabolomics is a powerful
tool that leverages mass spectrometry technologies to define the small molecules or
metabolites within a system—in this case the GIT. There are other omic technologies
that are able to help define the function of a system, including metagenomics,
metatranscriptomics, and metaproteomics, but I would argue that metabolomics is the
closest to function and the actual mechanism (6). Our work suggests there are two
mechanisms that contribute to colonization resistance against C. difficile: (i) the gut
microbiota produces secondary bile acids that inhibit C. difficile growth, and (ii)
members of the gut microbiota are able to outcompete C. difficile for required nutrients,
specifically amino acids (5). We are currently exploring both of these mechanisms alone
and in concert using a variety of different approaches. We are also fortunate to have
robust tractable animal models of CDI, making testing new bacterial therapeutics a
reality (7).

CURRENT ADVANCES: ENGINEERED BUGS TO TREAT GI AND METABOLIC
DISEASES

My research on the gut microbiome and metabolome in the context of CDI has led
me down different research paths, including one that focuses on bile acids, which are
both host- and microbiota-derived metabolites that are able to shape the gut micro-
biota and the host. The indigenous gut microbiota is important for human health.
Alterations to this microbial community influence bile acid metabolism and are asso-
ciated with the development of obesity, diabetes, inflammatory bowel disease, colon
cancer, and other gastrointestinal (GI) diseases, including CDI, as already discussed. Bile
acids are synthesized by the liver from cholesterol and are essential for lipoprotein,
glucose, drug, and energy metabolism. Primary bile acids are made by the host and
make their way through the small intestine, where 95% of bile acids are absorbed in the
terminal ileum through the enterohepatic system. The remaining bile acids that reach
the large intestine are further biotransformed by members of the gut microbiota via
dehydroxylation into secondary bile acids. Primary and secondary bile acids can also be
conjugated and deconjugated with amino acids (either glycine or taurine) throughout
the GIT, further feeding the gut microbiota. Bile acids can also act as detergents and
further alter the microbiota and the host physiology, as reviewed in references 8 and
9. Therefore, we can use bile acids and the bacteria that are able to alter them to
manipulate the gut microbiota and host physiology during different disease states (10).

Members of the gut microbiota encode proteins that are able to alter the bile acid
pool in the gut. My group is interested in two enzymatic reactions: deconjugation of
conjugated bile acids by bile salt hydrolases (BSHs [bsh]) and dehydroxylation of
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primary to secondary bile acids by the bile acid-inducible (bai) operon. Even though
bacterium-derived bile acids play an essential role in host metabolism, little is known
about their regulation or the bacterial enzymes able to modify them. Biochemical
characterization studies for the bacteria that encode these proteins and the enzymes
alone are lacking, allowing our team to fill this much-needed gap. We have designed
a novel platform to identify, engineer, optimize, and biochemically characterize new
BSHs capable of altering conjugated bile acids and to define their ability to influence
the bile acid pool, gut microbiota, and host physiology in vivo. In order to do this, we
also need a robust organism for delivery and expression in vivo and have selected
Lactobacillus as our model system (11). This work will result in the construction of
genetically modified Lactobacillus strains for therapeutic interventions to rationally alter
the bile acid pool in the gut, modulating the gut microbiota and host physiology in GI
and metabolic diseases. The novelty of this approach can be applied to optimizing
other gut microbial enzymes that are critical to human health, including those impor-
tant for short-chain fatty acid (SCFA) metabolism, specifically butyrate production, and
secondary bile acid production. This information is expected to lead to unique thera-
peutic approaches for the prevention and treatment of GI and metabolic diseases.

FUTURE CONSIDERATIONS: BIOTECHNOLOGICAL APPLICATIONS OF
MICROBIOME-ENCODED ENZYMES

The future of the systems microbiology field is going to be focused on targeted
engineering and editing of the microbiome to alter function, which will be leveraged
to prevent and/or treat human diseases. We have spent a lot of time and money
defining the structure of the microbiome associated with different disease states in
multiple systems, but we have fallen short on showing causation. Prior omic studies
have generated many new hypotheses, but moving forward we need to start dissecting
the function of each bacterium alone and in concert with complex bacterial commu-
nities in each system (12). The biochemical activity of the gut microbiome still remains
a large gap in our knowledge (13, 14). Over the next 5 years, we will need a merging
of new omic technologies for exploratory studies with classical bacterial genetics,
bacterial physiology, protein engineering, and biochemical characterization to further
define the function of the microbiome. The advent of newer model systems that range
in complexity to test these hypotheses, such as organoids and bioreactors, will be
advantageous in dissecting microbiome function. Newer therapeutics precisely target-
ing the microbiome, like engineered bacteriophages and small molecules, will be
important, as well as genetically tractable organisms for delivery in well-characterized
systems (15).

ACKNOWLEDGMENTS
Research was supported by the National Institute of General Medical Sciences of the

National Institutes of Health under award number R35GM119438 and by Career De-
velopment Award in Metabolomics grant K01GM109236. C.M.T. is a scientific advisor to
Locus Biosciences, a company engaged in the development of antimicrobial technol-
ogies.

REFERENCES
1. Theriot CM, Du X, Tove SR, Grunden AM. 2010. Improving the catalytic

activity of hyperthermophilic Pyrococcus prolidases for detoxification
of organophosphorus nerve agents over a broad range of tempera-
tures. Appl Microbiol Biotechnol 87:1715–1726. https://doi.org/10.1007/
s00253-010-2614-3.

2. Theriot CM, Koenigsknecht MJ, Carlson PE, Hatton GE, Nelson AM, Li B,
Huffnagle GB, Z Li J, Young VB. 2014. Antibiotic-induced shifts in the
mouse gut microbiome and metabolome increase susceptibility to Clos-
tridium difficile infection. Nat Commun 5:3114. https://doi.org/10.1038/
ncomms4114.

3. Lessa FC, Mu Y, Bamberg WM, Beldavs ZG, Dumyati GK, Dunn JR, Farley
MM, Holzbauer SM, Meek JI, Phipps EC, Wilson LE, Winston LG, Cohen JA,

Limbago BM, Fridkin SK, Gerding DN, McDonald LC. 2015. Burden of
Clostridium difficile infection in the United States. N Engl J Med 372:
825– 834. https://doi.org/10.1056/NEJMoa1408913.

4. Smits WK, Lyras D, Lacy DB, Wilcox MH, Kuijper EJ. 2016. Clostridium
difficile infection. Nat Rev Dis Prim 2:16020. https://doi.org/10.1038/nrdp
.2016.20.

5. Theriot CM, Young VB. 2015. Interactions between the gastrointestinal
microbiome and Clostridium difficile. Annu Rev Microbiol 69:445– 461.
https://doi.org/10.1146/annurev-micro-091014-104115.

6. Jansson JK, Baker ES. 2016. A multi-omic future for microbiome
studies. Nat Microbiol 1:16049. https://doi.org/10.1038/nmicrobiol
.2016.49.

Perspective

March/April 2018 Volume 3 Issue 2 e00173-17 msystems.asm.org 3

https://doi.org/10.1007/s00253-010-2614-3
https://doi.org/10.1007/s00253-010-2614-3
https://doi.org/10.1038/ncomms4114
https://doi.org/10.1038/ncomms4114
https://doi.org/10.1056/NEJMoa1408913
https://doi.org/10.1038/nrdp.2016.20
https://doi.org/10.1038/nrdp.2016.20
https://doi.org/10.1146/annurev-micro-091014-104115
https://doi.org/10.1038/nmicrobiol.2016.49
https://doi.org/10.1038/nmicrobiol.2016.49
msystems.asm.org


7. Winston JA, Thanissery R, Montgomery SA, Theriot CM. 2016.
Cefoperazone-treated mouse model of clinically relevant Clostridium
difficile strain R20291. J Vis Exp https://doi.org/10.3791/54850.

8. Russell DW. 2003. The enzymes, regulation, and genetics of bile acid syn-
thesis. Annu Rev Biochem 72:137–174. https://doi.org/10.1146/annurev
.biochem.72.121801.161712.

9. Ridlon JM, Kang DJ, Hylemon PB. 2006. Bile salt biotransformations by
human intestinal bacteria. J Lipid Res 47:241–259. https://doi.org/10
.1194/jlr.R500013-JLR200.

10. Joyce SA, MacSharry J, Casey PG, Kinsella M, Murphy EF, Shanahan F, Hill
C, Gahan CG. 2014. Regulation of host weight gain and lipid metabolism
by bacterial bile acid modification in the gut. Proc Natl Acad Sci U S A
111:7421–7426. https://doi.org/10.1073/pnas.1323599111.

11. van Pijkeren JP, Barrangou R. 2017. Genome editing of food-grade
lactobacilli to develop therapeutic probiotics. Microbiol Spectr 5:5.
https://doi.org/10.1128/microbiolspec.BAD-0013-2016.

12. Noecker C, Eng A, Srinivasan S, Theriot CM, Young VB, Jansson JK,
Fredricks DN, Borenstein E. 2016. Metabolic model-based integration of

microbiome taxonomic and metabolomic profiles elucidates mechanis-
tic links between ecological and metabolic variation. mSystems 1:1.
https://doi.org/10.1128/mSystems.00013-15.

13. Pollet RM, D’Agostino EH, Walton WG, Xu Y, Little MS, Biernat KA, Pellock
SJ, Patterson LM, Creekmore BC, Isenberg HN, Bahethi RR, Bhatt AP, Liu
J, Gharaibeh RZ, Redinbo MR. 2017. An atlas of beta-glucuronidases in
the human intestinal microbiome. Structure 25:967–977.e5. https://doi
.org/10.1016/j.str.2017.05.003.

14. Desai MS, Seekatz AM, Koropatkin NM, Kamada N, Hickey CA, Wolter M,
Pudlo NA, Kitamoto S, Terrapon N, Muller A, Young VB, Henrissat B,
Wilmes P, Stappenbeck TS, Núñez G, Martens EC. 2016. A dietary fiber-
deprived gut microbiota degrades the colonic mucus barrier and en-
hances pathogen susceptibility. Cell 167:1339 –1353.e21. https://doi.org/
10.1016/j.cell.2016.10.043.

15. Kirk JA, Gebhart D, Buckley AM, Lok S, Scholl D, Douce GR, Govoni GR,
Fagan RP. 2017. New class of precision antimicrobials redefines role of
Clostridium difficile S-layer in virulence and viability. Sci Transl Med
9:eaah6813. https://doi.org/10.1126/scitranslmed.aah6813.

Perspective

March/April 2018 Volume 3 Issue 2 e00173-17 msystems.asm.org 4

https://doi.org/10.3791/54850
https://doi.org/10.1146/annurev.biochem.72.121801.161712
https://doi.org/10.1146/annurev.biochem.72.121801.161712
https://doi.org/10.1194/jlr.R500013-JLR200
https://doi.org/10.1194/jlr.R500013-JLR200
https://doi.org/10.1073/pnas.1323599111
https://doi.org/10.1128/microbiolspec.BAD-0013-2016
https://doi.org/10.1128/mSystems.00013-15
https://doi.org/10.1016/j.str.2017.05.003
https://doi.org/10.1016/j.str.2017.05.003
https://doi.org/10.1016/j.cell.2016.10.043
https://doi.org/10.1016/j.cell.2016.10.043
https://doi.org/10.1126/scitranslmed.aah6813
msystems.asm.org

	PAST AND PRESENT: FROM STRUCTURE TO FUNCTION OF THE GUT MICROBIOTA IN C. DIFFICILE INFECTION
	CURRENT ADVANCES: ENGINEERED BUGS TO TREAT GI AND METABOLIC DISEASES
	FUTURE CONSIDERATIONS: BIOTECHNOLOGICAL APPLICATIONS OF MICROBIOME-ENCODED ENZYMES
	ACKNOWLEDGMENTS
	REFERENCES

