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Introduction:	Metagenomics	
in	Biology	and	Medicine

Built	environment

Islands	and	beachesCharleston	harbor

Residential	and	

agricultural	areas
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Where	microbiomes	can	be	found?
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Charleston	Waterkeeper:	monitor	bacteria	levels	at	fifteen	of	
the	most	frequently	used	recreational	locations around	
Charleston	so	you	can	splash	safely.
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Medical	University	of	South	Carolina

4
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Modern	precision	medicine	decision	support	tools
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So	are	these!

6
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Why	not	these?

7

Why	not	these?

+	Need	massive	data	on	microbiomes	at	clinically	relevant	time	
points	linked	to	detailed	health	information. 8
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Major	challenge:	Silo-ing of	clinical	practice	
and	research

cl
in
ic
a
l	p
ra
ct
ic
e

p
re
-c
lin
ic
a
l	r
e
se
a
rc
h

cl
in
ic
a
l	t
ri
a
ls

o
u
tc
o
m
e
s	
re
se
a
rc
h

9

Major	challenge:	Silo-ing of	clinical	practice	
and	research
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Major	challenge:	Silo-ing of	clinical	practice	
and	research
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ORDER COLLECT TEST STORE DISCARD

Microbiology specimen lifecycle

12



7/13/19

7

Living	µBiome	Bank

i2b2

Define	cohort

SparcRequest
Create	

specimen	
capture	request

SparcRequest

Accept/Reject	
specimens

Receive	
deidentified
cohort	and	
assay	data

SparcRequest

Receive	cohort	
capture	request

Epic/RDW

Create	study	
records

Honest	Broker

Identify	surplus	
specimens

Research	Nexus

Store	
specimens

Genomics
Perform	

sequencing	
assays

Bioinformatics

Process	assay	
data

RDW

Store	data

Specimen	capture	pathway

Data	capture	pathway

Investigator	view
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• Every	inpatient	admitted	to	the	
hospital	is	subject	to	the	program

• Swabs	for	MRSA	and	VRE	are	
obtained	as	soon	as	possible	after	
admission

• Samples	are	processed	within	24-
48	hours	to	determine	colonization

• BD	auto-streaking	instrument	is	
used	to	minimize	bias

• 75%	of	the	specimen	volume	
remains	in	excess	and	is	discarded	
within	a	week	of	collection

• Thousands	are	specimens	pass	
through	this	program	every	month

MUSC	Infection	Surveillance	Culture	Program

14
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Specimen	sources	for	LµBB

LµBB

µBiome

PatientResistant	
culture

Selection	media	with	
ascertained	growth

15

Why	infection	use	surveillance	specimens?

• Sampling uniformity
• Limited number of nurses collect the swabs, minimizing collection 

biases.
• Sample handling is semi-automated, minimizing handling bias.
• Participation reach
• All patients are subject to the program.
• ~15,000/year patients swabbed for MRSA.
• ~7,500/year patients swabbed for VRE (select units, e.g. surgery, 

etc.)
• Impact potential
• Specimens are collected early in the course of providing care.
• Specimens are collected throughout care provision timeline.
• Outcomes available in EHR for correlative research.

16
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What	is	a	microbiome	after	all?
Informally	define	it

17

Ontology	for	Host-Microbiome	Interactions	(OHMI)	terms

University	of	
Michigan
• Yongqun “Oliver”	He

• Haihe Wang

• Hong	Yu

• Jiahao Wang

UPenn
• Jie Zheng

• Daniel	P.	Beiting

Duke
• Anna	Maria	Masci

MUSC
• Jihad	S.	Obeid

• Alexander	V.	

Alekseyenko
https://github.com/OHMI-ontology/OHMI
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Unique	aspects	of	microbiome	analysis

• Expression	Analysis
• Unit	of	analysis:	Transcript	(an	isoform	of	mRNA	produced	from	a	gene)

• Measurement:	Quantitative

• Variant	Analysis
• Unit	of	analysis:	Variant	(a	version	of	a	genomic	segment)

• Measurement:	number	of	copies,	usually	0,	1,	or	2;	or	0	vs	1+

• Microbiome	Analysis
• Unit	of	analysis:	Abundance	of	variants	of	a	16S	rRNA gene	amplicon	region

• Measurement:	Count	of	observed	sequence	variants	in	the	specimen

• Analogy:	variant	analysis	in	an	omniploid organism

19

Additional	caveats

• Sequencing	errors
• A	big	problem	when	you	need	to	get	100x	coverage	of	a	gene	in	a	diploid	
organism;

• A	huge	problem,	when	the	coverage	is	10,000x	in	an	omniploid microbiome.

• Functional	multiplicity
• Many	microbes	fill	the	same	role

• Compositional	effects
• Inference	about	absolute	quantity	of	microbes	is	hard	with	amplicon	data

• Causal	considerations

20
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What	is	the	role	of	microbiome	in	
human	health?

We	are	more	microbes	than	we	are	humans?

• Human	shelter	10	trillion	microbes	(1013)	in	
their	gut	alone,	(we	are	made	of	10	trillion	
cells).	

• Only	1	in	10	cells	in	your	body	carries	‘your’	

DNA.	Recent	evidence	suggests	as	many	
bacterial	cells	as	human.

• It	is	estimated	that	there	are	1000	species	of	
bacteria	living	in	the	human	gut.

• Compare	also	the	number	of	human	genes	
(~25,000)	to	the	number	of	genes	and	variants	
that	bacterial	communities	may	carry	
(~4,000,000,	see	e.g.	
doi:10.1038/ncomms3151).

22
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Peter Jorth et al. mBio 2014; doi:10.1128/mBio.01012-14

Differential metabolic gene expression in the 
diseased periodontal microbiome. 

Mechanisms	for	host-microbe	interactions

23

Mechanisms	for	host-microbe	interactions
• With	each	other

• Via	regular	ecological	mechanisms	
(competition)

• With	the	host/environment
• Produce	and	metabolize	hormones	
and	common	nutrients

• Host	immune	system

24

symbiosis

competition

e.g.	parasitism

nutrients

Metabolites/ho

rmones

Immune	

system/inflam

mation	
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A	conceptual	role	of	the	microbiome	in	human	
disease,	an	infectious	disease	approach
• Robert	Koch’s	(1843	- 1910)	postulates:

1. The	microorganism	must	be	found	in	abundance	in	all	
organisms	suffering	from	the	disease,	but	should	not	be	
found	in	healthy	organisms.

2. The	microorganism	must	be	isolated	from	a	diseased	
organism	and	grown	in	pure	culture.

3. The	cultured	microorganism	should	cause	disease	when	
introduced	into	a	healthy	organism.

4. The	microorganism	must	be	reisolated from	the	inoculated,	
diseased	experimental	host	and	identified	as	being	identical	
to	the	original	specific	causative	agent.

• Do	these	apply	to	specific	microbiota?

…........
…........
…........
…........

…........

1

2

4

3
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Causality	via	germ-free	experiments	(postulate	3)

Altering the Intestinal Microbiota
during a Critical Developmental Window
Has Lasting Metabolic Consequences
Laura M. Cox,1 ,2 Shingo Yamanishi,2 Jiho Sohn,2 Alexander V. Alekseyenko,2 ,3 Jacqueline M. Leung,1 Ilseung Cho,2

Sungheon G. Kim,4 Huilin Li,5 Zhan Gao,2 Douglas Mahana,1 Jorge G. Zárate Rodriguez,7 Arlin B. Rogers,6

Nicolas Robine,8 P’ng Loke,1 and Martin J. Blaser1 ,2 ,9 ,*
1Department of Microbiology
2Department of Medicine
3Center for Health Informatics and Bioinformatics
4Department of Radiology
5Departments of Population Health (Biostatistics) and Environmental Medicine
NYU Langone Medical Center, New York, NY 10016, USA
6Department of Biomedical Sciences, Cummings School of Veterinary Medicine at Tufts University, North Grafton, MA 01536, USA
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8New York Genome Center, New York, NY 10013, USA
9New York Harbor Department of Veterans Affairs Medical Center, New York, NY 10010, USA
*Correspondence: martin.blaser@nyumc.org
http://dx.doi.org/10.1016/j.cell.2014.05.052

SUMMARY

Acquisition of the intestinal microbiota begins at
birth, and a stable microbial community develops
from a succession of key organisms. Disruption of
the microbiota during maturation by low-dose anti-
biotic exposure can alter host metabolism and
adiposity. We now show that low-dose penicillin
(LDP), delivered from birth, induces metabolic
alterations and affects ileal expression of genes
involved in immunity. LDP that is limited to early life
transiently perturbs the microbiota, which is suffi-
cient to induce sustained effects on body composi-
tion, indicating that microbiota interactions in infancy
may be critical determinants of long-term host meta-
bolic effects. In addition, LDP enhances the effect of
high-fat diet induced obesity. The growth promotion
phenotype is transferrable to germ-free hosts by
LDP-selected microbiota, showing that the altered
microbiota, not antibiotics per se, play a causal
role. These studies characterize important variables
in early-life microbe-host metabolic interaction and
identify several taxa consistently linked with meta-
bolic alterations.

INTRODUCTION

Obesity, a complex disease, can increase the risk of diabetes,
heart disease, and cancer (Vucenik and Stains, 2012). Along
with dietary excess and genetic polymorphisms, the trillions of
microbial cells in the intestinal microbiota can contribute to
obesity by increasing energy extraction (Turnbaugh et al.,

2006) or by altering metabolic signaling (Samuel et al., 2008)
and inflammation (Cani et al., 2008; Henao-Mejia et al., 2012;
Vijay-Kumar et al., 2010). Obese and lean humans differ inmicro-
biota compositions, and these phenotypes can be transferred to
germ-free mice (Ley et al., 2005; Ridaura et al., 2013), high-
lighting the need for greater understanding of microbiota-host
metabolic interactions.
Because early life is a critical period for metabolic develop-

ment (Cunningham et al., 2014; Dietz, 1994; Knittle and Hirsch,
1968), microbiota disruption during this window could lead to
changes in body composition. In humans, early-life microbiota
disruption, either due to delivery by Caesarian section (Domi-
nguez-Bello et al., 2010) or antibiotics, is associated with
increased risk of overweight status later in childhood (Ajslev
et al., 2011; Blustein et al., 2013; Huh et al., 2012; Murphy
et al., 2013; Trasande et al., 2013), although in mice, antibiotic
exposure can increase or decrease weight, depending on the
dose, diet used, or strain (Dubos et al., 1963).
For decades, farmers have been exposing livestock to

low doses of antibiotics to promote growth; the earlier in
life that exposure begins, the more profound the effects (Crom-
well, 2002; http://www.fda.gov/animalveterinary/products/
approvedanimaldrugproducts/default.htm). We have applied
the agricultural model of growth promotion to interrogate funda-
mental host-microbe metabolic relationships. We previously
showed that early-life subtherapeutic antibiotic treatment in-
creased fat mass, altered metabolic hormones, hepatic meta-
bolism, and microbiota composition (Cho et al., 2012). Here,
we extend these studies using low-dose penicillin (LDP) as a
model agent disrupting the microbiota. We examined whether
timing of LDP exposure is critical, whether synergies exist
between penicillin and dietary effects, and whether the altered
microbiota is sufficient to yield metabolic phenotypes. Our ex-
periments answered each of these questions in the affirmative.

Cell 158, 705–721, August 14, 2014 ª2014 Elsevier Inc. 705
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Microbiome	as	a	mediator	in	human	health

Experimental	conditions
• Healthy	vs.	disease
• Exposure/Treatment

Microbiome

Changes	in	the	host
• Gene	expression
• Inflammatory

• Metabolic

• Immune,	etc.

?
27

See related Commentary on page 229

MUSCULOSKELETAL PATHOLOGY

Antibiotic Perturbation of Gut Microbiota
Dysregulates Osteoimmune Cross Talk in
Postpubertal Skeletal Development
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Commensal gut microbiotaehost immune responses are experimentally delineated via gnotobiotic animal
models or alternatively by antibiotic perturbation of gut microbiota. Osteoimmunology investigations in
germ-free mice, revealing that gut microbiota immunomodulatory actions critically regulate physiologic
skeletal development, highlight that antibiotic perturbation of gut microbiota may dysregulate normal
osteoimmunological processes. We investigated the impact of antibiotic disruption of gut microbiota on
osteoimmune response effects in postpubertal skeletal development. Sex-matched C57BL/6T mice were
administered broad-spectrum antibiotics or vehicle-control from the age of 6 to 12 weeks. Antibiotic
alterations in gut bacterial composition and skeletal morphology were sex dependent. Antibiotics did not
influence osteoblastogenesis or endochondral bone formation, but notably enhanced osteoclastogenesis.
Unchanged Tnf or Ccl3 expression in marrow and elevated tumor necrosis factor-a and chemokine (C-C
motif) ligand 3 in serum indicated that the pro-osteoclastic effects of the antibiotics are driven by
increased systemic inflammation. Antibiotic-induced broad changes in adaptive and innate immune cells
in mesenteric lymph nodes and spleen demonstrated that the perturbation of gut microbiota drives a state
of dysbiotic hyperimmune response at secondary lymphoid tissues draining local gut and systemic cir-
culation. Antibiotics up-regulated the myeloid-derived suppressor cells, immature myeloid progenitor
cells known for immunosuppressive properties in pathophysiologic inflammatory conditions. Myeloid-
derived suppressor cellemediated immunosuppression can be antigen specific. Therefore, antibiotic-
induced broad suppression of major histocompatibility complex class II antigen presentation genes in
bone marrow discerns that antibiotic perturbation of gut microbiota dysregulates critical osteoimmune
cross talk. (Am J Pathol 2019, 189: 370e390; https://doi.org/10.1016/j.ajpath.2018.10.017)

The gut is colonized by diverse microorganisms (ie, bacteria,
fungi, and viruses) that collectively form amicrobial community
known as the gut microbiota. Early life host-microbe in-
teractions direct the development of immunity and the estab-
lishment of a stable complex microbial community, commonly
referred to as the commensal microbiota.1e5 Extensive research
has focused on commensal gut microbiotaehost immune
response effects in the context of protection against pathogenic
gut microbes6e8 and the pathophysiology of chronic inflam-
matory/autoimmune gastrointestinal disease states.9e11 Timely

investigations have delineated that indigenous gut microbiota
immunomodulatory effects not only influence pathologic

Supported by the American Society for Bone and Mineral Research
Rising Star Award (C.M.N.); the NIH/National Institute of Dental and
Craniofacial Research grants K08DE025337 (C.M.N.), R01DE021423
(K.L.K.), T32DE017551 (Medical University of South Carolina), and
R25DE022677 (Medical University of South Carolina); and NIH/National
Institute of General Medical Sciences grant P30GM103331 (Medical
University of South Carolina).
Disclosures: None declared.

Copyright ª 2019 American Society for Investigative Pathology. Published by Elsevier Inc. All rights reserved.
https://doi.org/10.1016/j.ajpath.2018.10.017

ajp.amjpathol.org
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28



7/13/19

15

weight (Figure 3D) and tibia length (Figure 3E) in antibiotic-
versus vehicle-treated mice further support the notion that
antibiotic treatment did not induce harmful effects on normal
somatic growth processes.

To validate no changes in tibia length, growth-plate chon-
drocyte zone morphology and height were assessed in prox-
imal tibiae to evaluate alterations in endochondral bone
formation (Figure 3F). Antibiotic- versus vehicle-treated mice
had similar growth plate chondrocyte zonemorphology,which
lacked differences in proliferative zone height (Figure 3G),
hypertrophic zone height (Figure 3H), and total growth plate
height (Figure 3I). The findings that antibiotic- versus vehicle-
treated mice had similar growth plate morphology (Figure 3,
FeI) and tibia length (Figure 3E) suggest that antibiotic
perturbation of gut microbiota does not disrupt endochondral
bone formation.

Antibiotic Perturbation of Gut Microbiota Does Not
Alter Osteoblastogenesis

Static histomorphometric analysis was performed on tolui-
dine blueestained undecalcified tibia sections to investigate
antibiotic effects on osteoblast cellular end points (Figure 4,

AeD). Antibiotic- and vehicle-treated mice had similar
osteoblast numbers (Figure 4B), no differences in osteoblast
perimeter per bone perimeter (Figure 4C), and no changes in
osteoid per bone perimeter (Figure 4D).

Considering investigations in the C57BL/6 germ-free
mouse model have shown that the normal gut microbiota
can blunt bone modeling/remodeling,52,55 dynamic bone
formation indexes were analyzed (Figure 4, EeG) to
elucidate whether antibiotic disruption of gut microbiota
alters mineral apposition and formation. Mineral apposi-
tion rate (Figure 4F) and bone formation rate (Figure 4G)
were not different in the proximal tibia of vehicle- and
antibiotic-treated mice, which demonstrates that antibiotic
perturbation of gut microbiota does not alter osteoblast
function.

To further corroborate antibiotic-induced lack of changes
in osteoblastogenesis, alterations in Sp7 (osterix) (Figure 4H),
a transcription factor essential for osteoblastic cell differen-
tiation and maturation, and Bglap (OCN) (Figure 4, I and J), a
noncollagenous matrix factor produced by mature osteo-
blasts, were evaluated in marrow and calvaria. The rationale
for evaluating two distinct skeletal sites was to discern sys-
temic osteoblast effects. In addition, calvaria has a more

Figure 1 Antibiotic (ABX) perturbation of
indigenous gut microbiota. A: Experimental time-
line of the broad-spectrum antibiotic cocktail of
vancomycin (500 mg/L) targeting Gram (þ) bac-
teria, imipenem/cilastatin (500 mg/L) targeting
Gram (þ), Gram ("), and anaerobes, and neomycin
(1000 mg/L) targeting Gram (þ) and Gram (")
bacteria. BeF: 16S rDNA analysis of fecal specimens
from 12-weekeold mice. B and C: Universal 16S
gene analysis for bacterial load in males (B) and
females (C). DeF: Phylum-level composition in
males and females, displayed in pie chart (D) and
bar graph (E and F) format. Phylum-level real-time
quantitative PCR analysis was normalized to the
universal 16S gene expression. Unpaired t-test was
used. Data are expressed as means# SEM. nZ 5 per
group (B and C). *P < 0.05, **P < 0.01, and
***P < 0.001 versus vehicle. Tx, treatment; VEH,
vehicle; wk, week.
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homogeneous stromal-osteoblastic composition better
reflecting osteoblast-specific gene expression. Vehicle-
versus antibiotic-treated mice had similar Sp7 (osterix)
(Figure 4H) and Bglap (OCN) gene expression in femoral
bone marrow and calvaria (Figure 4I). To further rule out
systemic alterations in osteoblastogenesis, intact OCN pro-
tein levels were evaluated in serum (Figure 4J). Importantly,
the serum enzyme-linked immunosorbent assay excluded
detection of OCN fragments derived from osteoclast-
mediated bone resorption. Vehicle- and antibiotic-treated
mice had similar intact OCN serum levels (Figure 4J), vali-
dating that antibiotic disruption of gut microbiota does not
influence osteoblast-mediated bone formation.

Antibiotic Alteration of Gut Microbiota Enhances
Osteoclastogenesis and Local/Systemic
Proinflammatory Cytokines

Recognizing that bone modeling/remodeling occurs through
dual osteoclast-osteoblast actions, studies were performed to
elucidate the impact of antibiotic perturbation of gut
microbiota on osteoclastogenesis. Histomorphometric anal-
ysis of TRAP-stained proximal tibia sections was performed
to investigate antibiotic effects on osteoclastogenesis
(Figure 5, AeD). Antibiotic- versus vehicle-treated mice
had 2.5! greater osteoclast perimeter per bone perimeter
(Figure 5D), which was attributed to a 1.75! increase in

Figure 2 Antibiotic (ABX) disruption of gut microbiota effects on bone mineral density (BMD) and trabecular bone morphology. Twelve-weekeold male
vehicle (VEH)e and ABX-treated mice and female VEH- and ABX-treated mice were euthanized; specimens were harvested for analysis. AeF: Microecomputed
tomographic (mCT) analyses of the proximal tibiae trabecular bone in male VEH- and ABX-treated mice. A: Representative reconstructed cross-sectional images,
extending 360 mm distally from where analysis was initiated, in male VEH- and ABX-treated mice. B: Male trabecular BMD. C: Male trabecular bone volume
fraction (BV/TV). D: Male trabecular number (Tb.N). E: Male trabecular thickness (Tb.Th). F: Male trabecular separation (Tb.Sp). GeL: mCT analyses of the
proximal tibiae trabecular bone in female VEH- and ABX-treated mice. G: Representative reconstructed cross-sectional images, extending 360 mm distally from
where analysis was initiated, in female VEH- and ABX-treated mice. H: Female BMD. I: Female BV/TV. J: Female Tb.N. K: Female Tb.Th. L: Female Tb.Sp.
Unpaired t-test was used. Data are expressed as means " SEM. n Z 4 per group (AeL). *P < 0.05 versus vehicle. cc, cubic centimeters.

Hathaway-Schrader et al

376 ajp.amjpathol.org - The American Journal of Pathology

BMD: Bone mineral density; 
BV/TV: trabecular bone volume fraction; 
Tb.N: trabecular number;
Tb.Th: trabecular thickness;
Tb.Sp: trabecular separation. 
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High-dimensional	host-microbiome	characteristics
Psycho-physiological assessment
Tissues specific gene expression

Clinical and health record data
Immune cell populations

Epigenetic variation
Somatic variants
Genetic variants

Nutrition

Bacterial, viral, and fungal composition and abundance
Metagenomic composition
Phylogeographic data
Phylogenetic data
Taxonomic data
Metaproteome
Metabolome
Glycome

HEALTHY?
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‘New’	ways	to	‘look’	at	microbiomes


