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Abstract
Eukaryotic organisms are colonized by rich and dynamic communities of microbes, both internally (e.g., in the gastrointestinal
and respiratory tracts) and externally (e.g., on skin and external mucosal surfaces). The vast majority of bacterial microbes
reside in the lower gastrointestinal (GI) tract, and it is estimated that the gut of a healthy human is home to some 100 trillion
bacteria, roughlyanorderofmagnitude greater than thenumberof host somatic cells. Thedevelopment of culture-independent
methods to characterize the gut microbiota (GM) has spurred a renewed interest in its role in host health and disease. Indeed,
associations have been identified between various changes in the composition of the GM and an extensive list of diseases, both
enteric and systemic. Animal models provide a means whereby causal relationships between characteristic differences in the
GM and diseases or conditions can be formally tested using genetically identical animals in highly controlled environments.
Clearly, the GM and its interactionswith the host andmyriad environmental factors are exceedingly complex, and it is rare that
a singlemicrobial taxon associateswith,much less causes, a phenotypewith perfect sensitivity and specificity. Moreover, while
the exact numbers are the subject of debate, it is well recognized that only aminority of gut bacteria can be successfully cultured
ex vivo. Thus, to perform studies investigating causal roles of the GM in animal model phenotypes, researchers need clever
techniques to experimentallymanipulate the GM of animals, and several ingenious methods of doing so have been developed,
each providing its own type of information andwith its own set of advantages and drawbacks. The current reviewwill focus on
the variousmeans of experimentallymanipulating theGMof research animals, drawing attention to the factors thatwould aid a
researcher in selecting an experimental approach, and with an emphasis on mice and rats, the primary model species used to
evaluate the contribution of the GM to a disease phenotype.
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Introduction
Eukaryotic organisms are colonized by rich and dynamic commu-
nities ofmicrobes, both internally (e.g., in the gastrointestinal and

respiratory tracts) and externally (e.g., on skin and externalmuco-

sal surfaces). These communities, comprising not just prokaryotic

cells but also eukaryotes, viruses, and archaea, are dynamic tis-

sues with a rapid collective rate of turnover. The vast majority of

bacterial microbes reside in the lower gastrointestinal (GI) tract,

and it is estimated that the gut of a healthy human is home to

some 100 trillion bacteria (Whitman et al. 1998), roughly an
order of magnitude greater than the number of host somatic
cells. Strict obligate anaerobes dominate the gut microbiota (GM)
(Backhed et al. 2004; Gordon and Dubos 1970; Harris et al. 1976)
and, due to their extreme oxygen sensitivity, onlya smallminority
of gut microbes can be cultured (Bleich and Hansen 2012; Hugen-
holtz 2002). The development of culture-independent methods to
characterize the GM has spurred a renewed interest in its role in
host health and disease. Indeed, associations have been identified
between various changes in the composition of the GM and an
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extensive list of diseases, both enteric and systemic (Clemente
et al. 2012; deVos and deVos 2012). That being said, all but a hand-
ful of the studies demonstrating those associations provide purely
correlative data. Due to the ethical issues of experimental testing
on humans and the relative novelty of the molecular methods
used to characterize the GM, very little causation has been
shown. Additionally, data generated in humans are obfuscated
by the influence of environmental factors (e.g., diet [Claesson
et al. 2012; Wu et al. 2011], activity level, physical and psychologi-
cal stress [Konturek et al. 2011], tobacco and alcohol consumption
[Biedermann et al. 2013; Queipo-Ortuno et al. 2012] as well as
several genetic loci [Benson et al. 2010; Khachatryan et al. 2008],
capable of modulating the GM.)

Animal models provide a means whereby causal relationships
between characteristic differences in the GM and diseases or con-
ditions can be formally tested using genetically identical animals
in highly controlled environments. A clear distinction should be
made here regarding the difference between the classical “one
pathogen” model of infectious disease and investigations of the
resident microbiota. Whereas evidence of causality in the former
is historically founded on Koch’s postulates, this rubric quickly
falls apart when applied to studies of the GM. The first postulate
is that the causative agent is found in all affected, andnounaffect-
ed, hosts. Clearly, the GM and its interactions with the host and
myriad environmental factors are exceedingly complex, and it is
rare that a singlemicrobial taxon associates with,much less caus-
es, a phenotype with perfect sensitivity and specificity. Moreover,
the second and third of Koch’s postulates assume the ability to
culture the microbe in question. While the exact numbers are
the subject of debate, it is well recognized that only a minority of
gut bacteria can be successfully cultured ex vivo. Thus, to perform
studies investigating causal roles of the GM in animal model phe-
notypes, researchers need clever techniques to experimentally
manipulate the GM of animals, and several ingenious methods
of doing so have been developed, each providing its own type of
information and with its own set of advantages and drawbacks.
The current reviewwill focus on the variousmeans of experimen-
tally manipulating the GM of research animals, with a focus on
mice and rats and drawing attention to the factors that would
aid a researcher in selecting an experimental approach.

Factors Affecting the Composition
of the Gut Microbiota
Prior to discussion of methods of intentionally altering the GM,
it is worthwhile to consider husbandry-related factors capable
of effecting change in the GM of research animals. Practically
speaking, such factors need to be considered as sources of
inadvertent manipulation of the GM. Certain factors, such as
antibiotics and rederivation, may also however provide a frame-
work to be exploited for experimental manipulation.

Arguably, the greatest single factor in determining the com-
position of the GM in most instances is the birth dam, which is
the source of microbes colonizing the pups beginning immedi-
ately at parturition. In a closed breeding colony, the gutmicrobio-
ta remains fairly consistent over generations (Chung et al. 2012).
However, in the event that new breeders, particularly dams, are
introduced into a colony, one must recognize the potential for
them to possess a GM that is intrinsically different from that of
the existing population. While the dam is the primary nidus of
microbes seeding the pups, the presence of a sire harboring a
different GM may present a confounding experimental factor
due to horizontal transfer (see Cohousing below).

An often-overlooked situation in which a qualitatively differ-
ent GMmay be introduced into a colony is rederivation, typically
performed via surgical transfer of embryos into a surrogate dam
selected for favorable fecundity and maternal care. Rederivation
has become commonplace in three settings: the population of
new research facilities, the resuscitation of cryopreserved genetic
backgrounds, and selective rederivation of a strain to eliminate
certain unwanted pathogens. Regardless of the setting, the GM
of the surrogate dambecomes the indigenousGMof the newly re-
derived animals. Using an unweighted hierarchical clustering
analysis of denaturing gradient gel electrophoresis profiles,
Friswell and colleagues demonstrated that offspring resulting
from allogeneic embryos cotransplanted into a surrogate dam
showed a 93% concordance between each other and the birth
dam (Friswell et al. 2010). Less intensive methods of eliminating
unwanted bacteria (e.g., Helicobacter spp.), such as cross-fostering,
will intuitively have similar results although the amount of time
between birth and placement on a surrogate will likely affect the
degree to which the endpoint GM of the pup mirrors that of the
biological dam or surrogate dam.

As has been reported in humans (Biasucci et al. 2010;
Dominguez-Bello et al. 2010),mode of delivery likely has an influ-
ence on the composition of the murine GM. Vaginal delivery
typically seeds offspring with microbes normally found in the
maternal vaginal or intestinal microbiota (e.g., Lactobacillus spp.,
Bifidobacterium spp.) while Cesarian delivery tends to result in
greater proportions of microbes normally associated with the ex-
ternal body surfaces (e.g., Staphylococcus spp., Corynebacterium
spp., and Propionibacterium spp.). These differences are more
than superficial as exposure to exogenous lipopolysaccharides
during vaginal delivery induces epithelial tolerance in the
offspring, resulting in differential innate immune responses
between mice delivered via the two modes (Lotz et al. 2006).

The composition of the GM can shift rapidly and globally in
response to abrupt changes in the macromolecular content of
diet. Due to insolubility or a lack of the necessary hydrolases,
complex plant polysaccharides are often refractory to digestion
in the small intestines. As such, undigested polysaccharides
reach the colon and serve as a major energy source for the GM.
Not surprisingly, the enzymatic capacity of any singular bacterial
taxon is a major determinant of fitness within its environment
(Sonnenburg et al. 2010). While this has been elegantly demon-
strated on the level of individual species, diet clearly places selec-
tive pressures on the GM at higher phylogenetic levels as well. Of
the greater than 50 bacterial phyla identified to date (Schloss and
Handelsman 2004), the GMofmammals is dominated by two, the
Firmicutes and Bacteroidetes. In general, increases in the Firmicutes:
Bacteroidetes ratio are associated with obesity and increased food
intake (Turnbaugh et al. 2006). While it appears that obesity per
se, even in the absence of increased consumption of diet, can re-
sult in such shifts (Ley et al. 2005), there is also evidence that such
shifts enhance the ability of the GM to harvest energy from inges-
ta (Turnbaugh et al. 2006), resulting in a positive feedback loop.
Thus, any factor capable of modulating the ratio of these two
phyla (e.g., unwarranted consumption of breeder chow) could os-
tensibly initiate a gradual shift, perhaps occurring over multiple
generations, toward a phenotype of increased energy harvest and
adiposity. Assuming that most researchers already control for
the macromolecular content of feed in their studies by simply
feeding the same diet to all subjects, one must also remember
that,while the protein, fat, andfiber content ofmost commercially
formulated rodent chows are within a specified range, the grains
and protein sources used to mill the food are subject to the cons-
tant fluctuations of the commodities market. Studies performed
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months or years apart from each other may include data generat-
ed from animals consuming diets milled from different compo-
nents. It is entirely plausible that the interactions may exist
between such differences in dietary ingredients and the
microbiota.

In addition to the composition of the diet, autoclaving and
irradiation are also variables that influence the microbial expo-
sure to research animals. Indeed, the label of one commercially
available irradiated rodent chow lists the amount of thermophilic
and mesophilic, aerobic and anaerobic, spores recovered from
“control” chow, suggesting that nonirradiated feed is a likely
source of multiple bacterial and fungal species. Anecdotally, seg-
mented filamentous bacteria, unclassified bacteria in the family
Clostridiaceae with a significant impact on several mouse models
of disease (Denning et al. 2011; Lee et al. 2011;Wu et al. 2010), can
also be acquired from food contaminated with spores.

Several groups have demonstrated substantial differences
between the GM of mice purchased from different commercial
sources (Denning et al. 2011; Hufeldt et al. 2010; Ivanov et al.
2008), and our own studies (Ericsson, Davis et al. 2014) have
attempted to characterize the nature and extent of those differ-
ences. One of the most recognized differences is the presence or
absence of segmented filamentous bacteria (SFB). While there
are undoubtedly exceptions, mice from The Jackson Laboratory
are largely free of SFB, while most mice from other commercial
sources are endemically colonized. SFB has a well-recognized
influence on the ontogeny of the mucosal immune system and
has been shown to significantly affect several mouse models of
both enteric and systemic disease (Denning et al. 2011; Ivanov
et al. 2009; Lee et al. 2011; Wu et al. 2010). For a more detailed de-
scription of the physiological effects of SFB, readers are referred to
a recent review on the topic (Ericsson, Hagan et al. 2014).

There are obviously many other factors capable or suspected
of modulating the microbiota of research animals including psy-
chological stress (Cryan and Dinan 2012; O’Mahony et al. 2009),
type of caging, type of bedding, frequency of bedding change,
and water source. That said, it is clearly beyond the scope of
the current review to discuss each in turn, and the reader is re-
ferred to other manuscripts in the current edition for additional
details.

Impact of the Gut Microbiota on Variability
and Reproducibility of Disease Models
There is now little debate among physicians and biomedical re-
searchers regarding the impact of the GMonhuman health. Intu-
itively, the GM of research animals can similarly affect the
phenotype of models of human disease. While this has been rec-
ognized anecdotally for many years, only recently have reports
appeared in the literature with substantive data to support this
hypothesis (Denning et al. 2011; Ivanov et al. 2008; Robosky
et al. 2005; Rohde et al. 2007; Yang et al. 2013). Frequently, an in-
vestigator will experience a loss or change in phenotypewhen an
animal colony is relocated to a different institution or undergoes
a change in husbandry. Scenarios such as these raise the specter
of a GM-mediated effect, although the authors readily acknowl-
edge the potential influence of myriad other factors as well. To
convincingly document changes in the GM, researchers must
have the foresight to have collected fecal samples prior to the
change in phenotype. While few investigators routinely bank
fecal samples “just in case” theirmodel phenotype is lost, the au-
thors would recommend doing so prior to any foreseen changes
in husbandry (e.g., diet change) or relocation to a different

institution. In addition to colony-wide changes in phenotype, it
stands to reason that the inherent variability of the GM within a
colonyofmicemaybe reflected in the phenotypes of thosemodels
with GM-dependent mechanisms. For example, APCmin/+ mice,
a model of colorectal cancer purportedly susceptible to GM-
mediated effects on tumor load (Li et al. 2012; Mai et al. 2007),
develop a highly divergent number of intestinal tumors. Could
the difference between individual mice that eventually develop
75 or 25 intestinal tumors be related to differences in the compo-
sitionof, ormetabolites producedby, theGM?This is an important
consideration due to the pathogenic mechanisms that may be
revealed and also to the implications for animal welfare. If it is
possible to reduce the variance of the GMwithin research animals
via strict attention to and control of those variables capable of
modulating the GM, it may be feasible to reduce the variance
seen in the phenotype, potentially reducing the sample size
needed to achieve adequate statistical power.

There is also the larger picture of biomedical research in gene-
ral. The National Institutes of Health (NIH) has recently acknowl-
edged issues of poor reproducibility in biomedical research,
particularly in preclinical studies using animal models (Collins
and Tabak 2014; Perrin 2014). Several editorials (Begley and Ellis
2012; Hutchinson and Kirk 2011; Prinz et al. 2011) have lamented
the costs associated with the inability to reproduce preclinical
studies, including high attrition rates of candidate drugs, and a
wide range of contributing factors has been identified.While sev-
eral have recommended inclusion of both sexes in animal studies
(Perrin 2014), division of litters between treatment groups, and
thorough documentation of all husbandry variables (Kilkenny
et al. 2010) as means of enhancing reproducibility of biomedical
research, only a handful of forward-thinking individuals in the
laboratory animal community have advocated for reporting,
much less standardizing, the GM of research animals (Bleich
and Hansen 2012). While it may not be practical to require docu-
mentation of the GM composition for all published animal-based
research, factors known or suspected to modulate the GM (e.g.,
animal source, sex, dietary formulation, housing density, time
of sample collection) should be reported in as much detail as is
practical, whenever possible. Additionally, as the associated
cost and availability of next-generation sequencing decreases
and increases, respectively, it may become more common to
document the composition of model animals’ GM in research
reports.

Methods to Manipulate the Gut Microbiota
Gnotobiotic, Defined Microbiota

Gnotobiotics or gnotobiology is the study of animals that are free
of all microorganisms or colonized only by known species. The
term arises from the Greek gnotos, meaning “known,” and bios,
meaning “life” (Rahija 2007). Terms pertinent to any discussion
of gnotobiology include:

• Axenic or germfree (GF): an animal free of all microorganisms
including bacteria, viruses (with the exception of endogenous
retroviruses), fungi, protozoa, and other parasites.

• Monoxenic or mono-associated animals: animals colonized
by only one microbial species. These animals are generated
by reconstituting GF mice with a single agent.

• Definedmicrobiota (flora) animals: animals with a defined set
ofmicroorganisms. Again, these are generated by reconstitut-
ing GF mice with “cocktails” or consortia of bacteria or other
agents.
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• GFmice may also be reconstituted with more complexmicro-
biota that are not completely defined. Sources for reconstitu-
tion may include other mice or xenobiotic sources including
humans and other animal species.

• Of note, the terms GF and axenic are not synonymous with
gnotobiotic, as the latter includes both GF animals and animals
associated with defined microbiota.

While Reyniers had developed GF rats in 1946 (Reyniers et al. 1946),
the use of gnotobiotic animals began in earnest in 1959 with the
first successful rearing of GF mice (Pleasants 1959). This was fol-
lowed by an explosion of technology development and optimiza-
tion of procedures (reviewed in Rahija 2007) that included
development of isolator and sterilization procedures for housing
these mice, adaptations of hysterectomy and hysterotomy tech-
niques to allow for transfer of pups into a GF environment,
assessment of axenic animal nutritional needs, development of
diets fortified with vitamins normally produced by bacteria
(e.g., vitamin K) at sufficient levels to withstand autoclaving,
and development of procedures to maintain isolator integrity
andmonitor GF status. Early research demonstrated that animals
could survive in a germfree environment and that microbiota
were key components of several models. Moreover, germfree
mice facilitated the elimination of pathogens in commercial col-
onies. To this end, in the early 1960s, the LOBUND (Laboratories of
Bacteriology, University of Notre Dame) Institute made GF mice
and rats available to the research community and partnered
with several animal vendors to develop specific pathogen-free
colonies that are now commonplace in biomedical research
(Rahija 2007). The field maintained a small core of scientists
until recently when the explosion in the interest in microbiota
resulted in a resurgence of gnotobiology. Using key words such
as GF, axenic, and Schaedler, a search of the literature reveals a
steady increasewith a collective doubling in the number of man-
uscripts over the past 10 years. Many institutions across the
country are nowestablishing gnotobiotic core facilities to address
the needs of research.

An extensive discussion of gnotobiotic technology is beyond
the scope of this manuscript, but the basic steps are as follows
(Rahija 2007). One must first have some means to maintain
mice in a sterile environment; most often this is accomplished
using flexible film isolators. Surrogate GF mice can then be pur-
chased and placed into the isolator using established procedures
thatmaintain integrity of the isolator andGF status of themouse.
If these mice are to be used as study mice, the project may pro-
gress. If it is desired to render mice with specific mutations axe-
nic, the purchased mice can be used as surrogate dams. Donor
and surrogate mice are time-mated, with the surrogate timed
to have pups 1 to 2 days before the donor. When parturition of
the donor nears, pups are removed via hysterotomy or hysterec-
tomy and sterilely transferred into the isolator and fostered onto
the surrogate dam. Throughout production and maintenance,
mice must be monitored to ensure that they have maintained
their GF status. Likewise, the isolator must be monitored to
ensure that no breaks have occurred.

Germfree Mice
In studies of microbiota, GF mice are ideal for asking whether or
notmicrobiota, in general, plays any role in amodel phenotype. If
GF mice fail to develop the phenotype seen in their convention-
ally raised counterparts, microbiota can be implicated in the
development of this phenotype. The use of these mice has
been critical to our understanding of how intestinal microbes
can influence health and disease, especially when coupled with

mono-association, definedmicrobiota, or humanizedmicrobiota
strategies (Donohoe et al. 2014; Goodmanet al. 2011; Nguyen et al.
2015; Ridaura et al. 2013) (see below). Data fromGFmouse studies
must also be interpreted in context as several normal host phys-
iologic parameters are altered in these mice. For example, GF
mice have underdeveloped immune systems (Atarashi et al.
2011; Gaboriau-Routhiau et al. 2009; Helgeland et al. 1996; Ivanov
et al. 2009; Macpherson and Harris 2004; Umesaki et al. 1993),
slower intestinal epithelial turnover (Savage et al. 1981), differ-
ences in epithelial gene expression (Chowdhury et al. 2007;
Hooper et al. 2001), differing nutritional requirements, less
body fat despite increased consumption (Backhed et al. 2004),
and markedly enlarged ceca. The latter may lead to death from
volvulus or may indirectly lower reproductive performance, pre-
sumably due to competition for space with the gravid uterus. GF
mice are also markedly susceptible to infection by opportunistic
agents, should a break in containment occur. Of note, theNation-
al Gnotobiotic Rodent Resource Center is an NIH-funded center
that can aid investigators in studies using GF or gnotobiotic
mice (http://www.med.unc.edu/ngrrc). Alternatively, many insti-
tutions have or are creating in-house gnotobiotic facilities. These
are relatively easy to set up, but it is prudent to do a thorough cost
analysis before doing so because there are added expenses of cre-
ating, maintaining, and monitoring GF mice as compared with
conventional mice.

Mono-Associated Mice
GF mice are also important to microbiota research because they
can be reconstitutedwith agents ranging from a single bacterium
(mono-associated) to defined microbiota (e.g., modified Schae-
dler’s flora) to complex microbiota to xenografted microbiota
(e.g., human microbiota). To create mono-associated mice, GF
mice generated and maintained as described above are inoculat-
ed with a pure bacterial culture, usually by gastric gavage. Mono-
associatedmice allow for the study of responses to a single agent
(most commonly bacterial) or identification of bacterial species
responsible for specific bacterial products (Wikoff et al. 2009).
A notable example of the use of mono-associated mice in under-
standing host:microbe interactions comes from studies that
identified SFB as a key component of the intestinal microbiota
that promotes the development of Th17 cells (Gaboriau-Routhiau
et al. 2009; Ivanov et al. 2009). Similarly, Bacteroides fragilis,
through the production of polysaccharide A, was shown to be im-
portant in the induction of T regulatory cells (Mazmanian et al.
2005; Round et al. 2011). In another interesting model that
exploits mono-association, GF mice are colonized by a triple
mutant Escherichia coli that colonizes the intestinal tract for up
to 48 hours but cannot divide and persist in vivo (Hapfelmeier
et al. 2010). This model allows for the study of events initiated
bymicrobes that do not require continuous presence ofmicrobes.
Recent studies byKernbauer and colleagues have taken this strat-
egy beyond the study of resident bacteria. To this end, these
investigators showed that an enteric virus, murine norovirus,
provides some beneficial functions of resident mutualistic bacte-
ria (Kernbauer et al. 2014). While important data have been gen-
erated from studies using mono-associated mice, results should
also be interpretedwith caution because, like GFmice, physiolog-
ic and immunologic processes in these mice may be very differ-
ent when compared with mice raised with a complex microbiota
(Chung et al. 2012). Moreover, as has been shown in several mod-
els of inflammatory bowel disease (reviewed in Nell et al. 2010),
the presence of agents in isolationmaymodulate disease pheno-
types very differently than when present in the context of other
microbiota. As an example, IL-10-deficient mice raised in a
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conventional setting develop mild large intestinal inflammation
that does not developwhen thesemice are raised GF (Sellon et al.
1998). When mice raised in a conventional setting are colonized
by Helicobacter hepaticus, the resulting inflammation is exacerbat-
ed, resulting in a model of human inflammatory bowel disease
that has greatly advanced our understanding of these devastat-
ing diseases (Cahill et al. 1997; Kullberg et al. 1998). However,
mono-association of GF IL-10-deficient mice with H. hepaticus re-
sults in no intestinal inflammation (Dieleman et al. 2000). This, as
well as studies using defined microbiota mice, has led to the be-
lief that some bacteria such as the rodent helicobacters serve as
provocateurs for inflammation initiated against other microbial
species (Fox 2007; Jergens et al. 2007; Jiang et al. 2002; Liu et al.
2011). Collectively, these findings indicate that any beneficial or
detrimental process ascribed to a microbe in mono-associated
mice should be interpreted only after performing similar studies
where the agent in question is in the presence of complex micro-
biota (Fritz et al. 2013). The combination of such approaches has
great potential to unravel the complex interactions of intestinal
microbiota.

Defined Microbiota (flora) Mice
To circumvent some of the physiologic disadvantages of GF and
mono-associated mice while still maintaining a controlled
microbiota, mice reconstituted with defined microbiota were
established. Schaedler and colleagues (1965a, b) initiated these
studies by defining key cultivatable components of the intestinal
microbiota and then experimentally inoculating GF mice with
various “cocktails” of aerobes and anaerobes. The standardized
cocktail that emerged was colloquially referred to as “Schaedler
defined flora.” This cocktail was refined and standardized by
Orcutt and colleagues (Orcutt et al. 1987), resulting in “altered
Schaedler’s flora” (ASF) that is nowmost commonly used in gno-
tobiotic research. The current makeup of ASF is (Dewhirst et al.
1999; Robertson et al. 2005; Sarma-Rupavtarm et al. 2004;Wanne-
muehler et al. 2014)

• ASF356, Clostridium sp.
• ASF360, Lactobacillus sp.
• ASF361, Lactobacillus murinus
• ASF457, Mucispirillum schaedleri
• ASF492, Eubacterium plexicaudatum
• ASF500, Firmicutes bacterium
• ASF502, Clostridium sp.
• ASF519, Parabacteroides sp.

Mice reconstituted with ASF or similar defined microbiota offer
several advantages to microbiota-based research. Like GF mice,
theyare verywell defined but, unlike GFmice, they develop amu-
cosal immune system, have cecal volumes approaching those of
conventionally raised mice, and have normal reproductive per-
formance. Disadvantages of using ASF-reconstitutedmice center
on the simplicity of this microbiota, which does not recapitulate
the interactions that may occur in complex microbiota that typi-
fies human populations. Like GF mice, these mice must also be
generated in isolators and monitored routinely for the presence
of appropriate microbiota and the lack of contaminants. To re-
duce costs, definedmicrobiotamice can be generated in isolators
but then removed for study. This approach still requires strict bio-
security for studymice, including housing in ventilated racks and
appropriated barrier husbandry practices for cage changing, san-
itation, animal handling, etc. Thesemice alsomust bemonitored
regularly for shifts in their status. If a shift occurs, their status can

be changed to restrictedmicrobiota (flora), whichmay still main-
tain the original intent.

Humanized and Other Xenografted Microbiota
GF mice may also serve as recipients of xenografted microbiota,
most commonly from human fecal samples. While mice and
humans share common bacterial phyla in their intestinal micro-
biota, there aremarked differences at the genus and species level
(Kibe et al. 2005; Ley et al. 2005; Turnbaugh et al. 2009). Thus, the
use of humanized microbiota may offer a more directly translat-
able model of human microbiota and dysbiosis. Humanizing the
microbiota ofmice usually involves gavage of either a fresh or fro-
zen fecal sample so that the entire complex microbiota is trans-
ferred (Turnbaugh et al. 2009). When transferring complex
microbiota, much of the bacterial diversity is reproduced, and
this humanized microbiota can be stably transferred to subse-
quent generations. However, it should be noted that not all
agents present ultimately colonize recipient mice (Kibe et al.
2005; Turnbaugh et al. 2009). This is likely due, at least in part,
to loss of certain species during transit through the gastrointesti-
nal tract and the fact that the genetics of the recipientmouse con-
tribute to shaping their microbiota (Chung et al. 2012; Gootenberg
and Turnbaugh 2011; Kibe et al. 2005). Host responses of mice to
humanized microbiota should also be interpreted in context as
the metabolome of these mice differs from those of convention-
ally raised mice (Marcobal et al. 2013). In addition, Chung and
colleagues (Chung et al. 2012) showed that colonization of mice
with human or rat microbiota did not restore immune cell num-
bers to the levels seen in the normalmouse intestines. Moreover,
the predominant T helper cell in mice reconstituted with human
microbiota was of the Th2 type, whereas intestines of mice
colonized by autochthonous microbiota are predominated by
Th17 cells. Regardless, the use ofmicewith humanizedmicrobio-
ta is expanding, a very provocative example being studies from
the Gordon laboratory examining obesity (Turnbaugh et al.
2006, 2008, 2009). In these studies, transfer of microbiota from a
lean twin conferred a lean phenotype in recipient mice, whereas
transfer of microbiota from an obese twin resulted in obesity in
the recipient mouse. These studies have been greatly expanded
to look at diet–obesity interactions and are beginning to unearth
putative culprits in these processes. The concept of humanizing
the microbiota of mice can also be coupled with the use of
defined microbiota. For example, studies of obesity have been
further refined to define microbes correlating with lean pheno-
types by transferring a defined consortium of bacteria (Goodman
et al. 2009; McNulty et al. 2011; Ridaura et al. 2013).

Collectively, an overall advantage of using gnotobiotics toma-
nipulate microbiomes is optimal control through use of strictly
defined microbiota. In addition, the ability to inoculate GF mice
with complex microbiota offers a unique tool to assess host:mi-
crobiota evolution and interactions, and may yield results more
translatable to the microbiota donor species. Of note, GF mice
are often reconstituted with defined or complex microbiota at
weaning or adulthood and then used as study subjects. Data
from these studies must be interpreted with the caveat that
they do not account for early life events that may occur if the
mouse is immediately exposed at birth. Therefore, consideration
should be given to use of progeny if early life events are of impor-
tance. An overall disadvantage is the costs associated with pro-
ducing, maintaining, and monitoring these mice. Moreover,
results from gnotobiotic mice must be interpreted with caution
because the lack of microbiota in GF mice or lowered richness
and diversity of microbiota in defined microbiota mice do not
fully recapitulate the complex interactions that occur within
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the complexmicrobiota that exists in conventionally raisedmice
or the humans that they are intended to model. Studies using
gnotobiotic animals should perhaps best be performed in multi-
ple microbiota statuses. For example, GF mice may implicate mi-
crobiota, mono-association studies may aid in identification of
putative causative agents of disease, and studies using defined
microbiota and ultimately highly complex microbiota may con-
firm the role of these causative agents.

Complex, Undefined Microbiota

The systems described above allow for reductionist approaches
to examine the influence of individual or relatively simple con-
sortia of microbes. Studies utilizing these approaches are highly
informative when applied to specific questions regarding the in-
teraction between a taxon of interest and the host. Asmentioned
above, these approaches are often most useful when considered
in tandem with studies utilizing mice harboring a complex
microbiota. Animals harboring a defined microbiota, such as
ASF-colonized mice, are undeniably artificial, and the complex
interplay that exists between the hundreds of different species
present in a normal GM is absent. Metabolic cross-feeding
(Pfeiffer and Bonhoeffer 2004) is an essential homeostatic mech-
anism in the GM of humans (Belenguer et al. 2006), and model
systems that fail to account for this may produce data that are
not translatable to the human condition. The twomost common
methods of generating mice that possess a desired complex GM
are cross-fostering and rederivation.

Cross-Fostering
Cross-fostering, an affordable and simple means of generating
mice or rats with a desired GM, requires foster dams harboring
that GM. Following timed matings of mice possessing the desired
genotypeand theprospective foster dam, pupsmust thenbe trans-
ferred from the former to the latter as soon as possible after partu-
rition. Pups then acquire the GMof the foster damgradually and in
a physiologically natural manner. As with cross-fostering to elim-
inate bacterial pathogens, one of themost frustrating possible out-
comes is cannibalism of the pups by the foster dam. Anecdotally,
this is more common with primiparous dams but can be encoun-
tered with experienced dams as well. Effective means of reducing
cannibalism include minimized handling and activity in the ani-
mal room, and pharmacological intervention (Carter et al. 2002).
In our experience, the use of staticmicroisolator caging as opposed
to cages on individually ventilated racks may also decrease canni-
balism. Additionally, it may be beneficial to leave a few of the bio-
logical pups with the foster dam when placing foster pups in the
cage. This has the added benefit of providing control animals har-
boring the same GM as the newly cross-fostered pups, but with a
wild type (WT) or other genotype. Using cross-fostering, amid a
variety of other methods to manipulate the GM, Garrett and col-
leagues showed that mice lacking the transcription factor T-bet
develop a colitogenic GM capable of inducing disease in T-bet-
sufficient hosts (Garrett et al. 2007). The colitogenic (Couturier-
Maillard et al. 2013; Elinav et al. 2011) or protective (Fuhrer et al.
2010) capacityof theGM in several othermodels has been similarly
demonstrated via cross-fostering.

Rederivation
Rederivation via surgical embryo transfer (ET) can be used to ren-
dermice axenic (via Cesarian delivery of pups and transfer to a GF
foster dam) or to eliminate pathogens incapable of transmission
in utero (via embryo transfer into, and natural parturition by, a
surrogate dam determined to be pathogen free). Rederivation

via surgical implantation of embryos or morulae possessing the
desired genotype into surrogate dams harboring the desired GM
produces pups similar to those generated via cross-fosteringwith
a few differences worth noting. As mentioned above, cross-
fostering requires transfer of pups to a timed-mating foster
dam as soon as possible following parturition, and there is
typically a brief but unavoidable period duringwhich pups are ex-
posed to the GM of the biological dam. The effects of this tran-
sient exposure on the ontogeny of the pups′ GM is unknown.
Pups generated via ET avoid that short period and are exposed
to thematernal GM beginning immediately at birth. Rederivation
requires considerable expertise and specialized equipment
and facilities. When performed as a means to resuscitate cryo-
preserved germplasm or eliminate pathogens, it is common
practice to use an outbred stock (or hybrid of inbred strains)
with favorable reproductive indices as surrogate dams. In the
context of transferring GM, however, researchers may need to
use inbred surrogate dams (harboring the GM of interest), thus
making the ET procedure more technically challenging.

One important consideration in the context of either cross-
fostering or rederivation is the possibility of confounding mater-
nal effects. Phenotypic differences detected in isogenic pups born
to dams harboring distinct GMmay be associated with differenc-
es in the GM, or they may be due to differing levels of maternal
care or epigenetic factors such as methylation status (Turecki
and Meaney 2014). One solution to this potential confounder,
used in a series of eloquent studies by Friswell and colleagues
(Friswell et al. 2010), is the cotransfer of allogeneic embryos
into a single surrogate dam.

Antibiotic Administration
The GM influences the ontogeny of the mucosal immune system
(Bauer et al. 2006; Eberl and Lochner 2009) and host metabolic
phenotype (Backhed 2011; Cox et al. 2014). Thus, to eliminate
the effect of differences present from birth, it may be desirable
to experimentally effect changes in the GM of adult animals,
and there are several effective methods of doing so. Frequently,
initial evidence supporting a role for the GM in a phenotype of in-
terest is provided by comparison of antibiotic-treated and un-
treated animals. If treatment abrogates (or exacerbates) a model
phenotype, this may support some undefined role for the GM. An
underlying assumption is that the antibiotic does not possess an
effect on the model phenotype, independent of the microbiota.
Thus, proper control groups, and often multiple different antibi-
otic regimens, are necessary to demonstrate that any difference
detected between groups is indeed a result of the effects of treat-
ment on the GM. Additionally, it must be remembered that the
various members of a healthy GM exist in equilibrium with
each other, generating and consuming metabolic substrates at
a steady-state level (Belenguer et al. 2006; Samuel and Gordon
2006). The removal of one small portion of that microbial syntro-
phy via antibiotics, while perhaps not directly involved in the
phenotype under study, may lead to subsequent changes in the
larger microbial population associated with a change in pheno-
type. Thus, changes in phenotype associated with antibiotic-
mediated changes in the GM must be interpreted cautiously,
resisting the temptation to ascribe direct causality to the alter-
ations detected in the microbial profile. Alternatively, transcrip-
tome-based studies highlight the possibility of making a type II
error when evaluating the impact of antibiotics on the GM;
even in the absence of overt changes in the composition of the
GM, antibiotics and other xenobiotics may significantly alter
the transcriptional activity of the GM (Maurice et al. 2013).
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Long before the development of the molecular techniques
used to characterize the GM, researchers were using antibiotic
administration to assess the impact of the GM on host suscepti-
bility to pathogens (Bohnhoff et al. 1954; Meynell 1955), a
phenomenon referred to as “colonization resistance” (van der
Waaij et al. 1971). There are several informative studies related
to the extent and duration of effect of various antibiotics on the
composition of the murine GM (Antonopoulos et al. 2009;
Hill et al. 2010; Hoentjen et al. 2003; Robinson and Young 2010;
Sekirov et al. 2008). As the goal of antibiotics in the present con-
text is to test for an influence of the gut microbiota, researchers
typically rely on broad spectrum, bactericidal antibiotics that
can be administered orally. Frequently,multiple drugs with com-
plementary spectra are administered in combination to enhance
overall efficacy, differences in which will affect the remaining
bacterial load in the gut, as well as the composition of the
GM following discontinuation of antibiotics. Antonopoulos and
colleagues showed that IL-10-deficient C57BL/6J mice fed chow
containing combined amoxicillin/metronidazole/bismuth
(AMB) had greatly reduced levels of the two dominant phyla,
Firmicutes and Bacteroidetes, resulting in an increased relative
abundance of Proteobacteria (Antonopoulos et al. 2009). Specifi-
cally, two sequences annotated to the family Enterobacteriaceae
accounted for 93% of sequences recovered from antibiotic-
treated mice. Of note, when mice were allowed to recover from
treatment for 2 weeks, the GM returned to a conformation very
similar to that present prior to treatment, and the proteobacterial
sequences that dominated the GM of treated mice constituted
less than 1% of the GM following the recovery period. However,
treatmentwith the third-generation cephalosporin cefoperazone
resulted in a greater than 4000-fold reduction in the overall num-
ber of 16S genes detected via real-time polymerase chain reaction
(PCR), obviating 16S rRNA sequencing. In contrast to the AMB
cocktail, mice allowed to recover from cefoperazone experienced
an incomplete restitution of the GM, primarily due to sustained
reduction in the relative abundance of bacteria in the phylum
Bacteroidetes. Moreover, an addendum from the same group in-
vestigated the effects of vancomycin, an antibiotic with selective
efficacy against Gram-positive bacteria.While the richness of the
GM was significantly reduced during treatment with vancomy-
cin, the overall bacterial load was unchanged, suggesting that
the niche left by susceptible Gram-positive microbes was filled
by some compensating, resistant taxa. Collectively, these data
highlight differential and long-lasting effects of antibiotic
treatment dependent on the target spectrum of the drug. The
different activities of antibiotics can also be exploited to gain
information regarding the influence of broad classes of bacteria.
In the work leading up to the discovery of SFB as a key microbial
factor capable of promoting and enhancing mucosal TH17
immune responses (Ivanov et al. 2009), Ivanov and colleagues
treated mice with multiple individual antibiotics, or combina-
tions thereof, in an effort to narrow the pool of candidate
microbes responsible for the phenotype (Ivanov et al. 2008).
Treatment with either vancomycin or ampicillin, but not a com-
bination of metronidazole and neomycin, significantly decreased
the abundance of IL-17-producing cells, suggesting that the
microbe(s) associated with the phenotype were Gram positive.
However, these data also demonstrate the limitations of this
approach. Metronidazole has excellent efficacy against anaerobic
microbes, and SFB are typically regarded as obligate anaerobes;
thus, treatment with metronidazole and neomycin should,
ostensibly, have eliminated the phenotype. These studies raise an-
other important consideration,matching regional effects of certain
antibiotics and differences in the microbiota throughout the

gastrointestinal tract (GIT). Hoentjen and colleagues demonstrated
in IL-10-deficient mice that, depending on the antibiotic regimen
used, lesion scores were differentially reduced in the cecum or
colon and levels of different taxa were affected (Hoentjen et al.
2003). While this may seem academic, it would be a critical consid-
eration in the case of microbes such as SFB that inhabit only a very
small segment of the GIT.

Taking things to an extreme, antibiotics can be administered
chronically to adult rodents, resulting in a host approximating a
GF status (Bongers et al. 2014; Rakoff-Nahoum et al. 2004). Histor-
ically, laboratory animal veterinarians have been reluctant to
prescribe oral antibiotics to rodents for fear of inducing dysbiosis
(loss of lack of microbial diversity resulting in clinical disease).
While the authors readily acknowledge this very real potential
sequela, the risk of inducing clostridial overgrowth and dysbiosis
via antibioticsmay paradoxically be increased through the use of
selective antibiotics or short treatment durations. One could
speculate that the broad spectrum and chronicity of use elimi-
nate not just mutualistic resident microbiota but also opportu-
nistic pathogens because mice treated this way can apparently
survive with no untoward effects (Bongers et al. 2014).

Our own studies suggest that one must also consider differ-
ences in the richness and diversity of the GM prior to administra-
tion of antibiotics. Following 3 days of oral amoxicillin/clavulanic
acid and streptomycin administration, 16S rRNA amplicons gen-
erated from fecal DNA from BALB/cJ mice annotated almost en-
tirely to Zea luxurians and the order Streptophyta, presumably
residual plant-origin DNA introduced via feed (unpublished
data, Figure 1). This interpretation is corroborated by the work
of Hill and colleagues (2010). Conversely, analysis of identically
treated BALB/cAnNHsd, which harbored a much richer and
more diverse GM prior to antibiotics, indicated a less complete
eradication of microbes. Thus, the degree to which antibiotics
exert their effects on the host GM cannot simply be extrapolated
from the literature but must be confirmed in the relevant exper-
imental setting and host.

Fecal Microbiota Transfer
Following reduction of the autochthonous bacteria via antibiotics
or beginning from an axenic state, it is possible to repopulate the

Figure 1 Bar charts depicting the relative abundance of operational taxonomic units

detected via 16S rRNA amplicon sequencing in the feces of three BALB/cJ (1-3) and

three BALB/cAnNHsd (4-6) mice before (pre-abx) and after (post-abx) 3 consecutive

days of oral streptomycin and amoxicillin/clavulanic acid administration. Greater

than 97% of DNA recovered from BALB/cJ mice post-abx was specific for either

order Streptophyta (light green) or Zea luxurains (dark blue), presumably residual

plan-origin DNA from the diet, while substantial amounts of microbial DNAwere

still present in the feces of identically treated BALB/cAnNHsd mice.
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GITwith a desired complexmicrobial population via fecal micro-
biota transfer (FMT). In humans, FMT (also called fecal bacterio-
therapy or transfaunation depending on the context) has gained
considerable attention as a simple but highly effective treatment
for overgrowth of Clostridium difficile. Interestingly, this practice
has existed for many centuries in human medicine (Zhang
et al. 2012) and is also used in veterinarymedicine as a treatment
for dysbiosis, primarily in horses (Naylor and Dunkel 2009),
guinea pigs, and rabbits (DeCubellis and Graham 2013). Experi-
mentally, FMT allows for prospective evaluation of the effects
of complexmicrobial populations on amodel system.When per-
formed using axenic mice, there is little difficulty in constitution
of recipients with the microbes of interest, and such methods
have been applied in seminal studies on the influence of the
microbiota on the gut–brain axis (Bercik et al. 2011; Collins et al.
2013), metabolic rate and adiposity (Backhed et al. 2004;
Turnbaugh et al. 2006), and determinants of host fitness (Rawls
et al. 2006; Seedorf et al. 2014). The use of FMT in GFmice also al-
lows for a period of life in which mice are lacking the microbial
stimulation necessary for normal ontogeny of the immune sys-
tem. When performed at different postnatal time-points, or in
conjunction with cohorts colonized with the same GM from
birth, one can evaluate the impact of early host:microbe interac-
tions in the programming of various immunological and meta-
bolic rheostats (Hansen et al. 2012; Kelly et al. 2007).

The administration of FMT to recipients already harboring a
complex GM requires the use of antibiotics antecedent to FMT
to create a niche for newly introduced microbes. In the absence
of antibiotics, the existing complex microbiota exerts a strong
colonization resistance against novel resident microbes, just as
it protects the host against invading pathogens. Unpublished
work from our own lab demonstrated that the GM of recipient
mice, in the absence of prior antibiotic treatment, was qualita-
tively unchanged following FMT, even when multiple gavages
were administered. As mentioned previously, one must then
consider not just the antibiotic spectrum and mode of action
but also the endogenous GM in recipient mice prior to antibiotic
administration. There is also evidence that the differential sus-
ceptibility of various inbred mice to pathogens may be due to ge-
netically determined differences in the GMof those strains.Work
from the Finlay lab at the University of British Columbia used
FMT to convincingly show that the GM of mouse strains consid-
ered resistant or susceptible to Citrobacter rodentium-mediated
disease was capable of transferring those respective phenotypes
in a reciprocal fashion (Willing et al. 2011). It is likely that similar
differences will influence the success of FMT with resident
microbe populations.

Cohousing
One of the simplest methods of assessing the influence of a
complex GM on a recognized phenotype is cohousing of affected
and unaffected animals already harboring complex microbial
populations. Transfer of the phenotype of interest to previously
unaffected animals following cohabitation with affected ani-
mals is built on the assumption that whatever component of
the GM confers the phenotype on affected animals will be trans-
ferred to cagemates, presumably via stochastic exposure to GM-
associated microbes in the environment or outright copropha-
gy. In the event that a phenotype is reliant on a single bacterial
species, cohousing provides a simple means of demonstrating
transmissibility via the GM (Ivanov et al. 2008). Disadvantages
of cohousing as a means of evaluating the influence of the
GM include its reliance on passive transfer of microbes and a
relatively incomplete transfer of microbes. Definitive studies

performed by Campbell and colleagues demonstrated that
Bray-Curtis dissimilarity indices of most isogenic cagemates
are within the range observed for mice housed in isolation
(Campbell et al. 2012). Similarly, in genetically dissimilar mice
cohoused in various ratios beginning post-weaning, interstrain
variation outweighs caging effects (Campbell et al. 2012). That
said, the above studies evaluated transfer between unmanipu-
lated, albeit genetically distinct, mice with microbial profiles
not expected to vary dramatically from the “normal” baseline
microbiota found in untreated WT mice. It should be noted
that, when cohousing genetically manipulated and WT mice,
there is an increased likelihood of greater dissimilarity between
the two microbial profiles. Intuitively, such a scenario would
favor transfer of microbiota, or at least one’s ability to detect
transfer, and this is indeed what is seen in many instances
(Henao-Mejia et al. 2012; Zenewicz et al. 2013).

Cohousing offers several logistical advantages to other
methods of altering an established complex GM, including
minimal cost and necessary expertise. Additionally, despite
the incomplete transfer of GM, this method has been used ex-
tensively and to great effect. While a lack of phenotype transfer
between cohousedmice does not necessarily obviate a contribu-
tion of the GM to the phenotype, positive transmission of the
phenotype between cohoused mice provides strong support
for a microbial influence (Bel et al. 2014; Ivanov et al. 2008;
Vijay-Kumar et al. 2010).

Cohousing can also be performed using combinations of
colonized and GF mice as a means of evaluating the “fitness”
of microbial communities to colonize the GF animals (Seedorf
et al. 2014), while allowing for acquisition ofmicrobes in a some-
what natural manner, as opposed to experimental adminis-
tration of microbes. In this setting, the GF mice represent an
open niche for bacteria, removing any colonization resistance
provided by an endogenous microbiota. As with FMT, GF mice
can be cohoused with colonized mice at various ages to deter-
mine the effects of early life events in the adult host (Hansen
et al. 2012).

Other Species

As in most areas of biomedical research, mice are the most com-
monly used laboratory animal species in studies of the GM. There
are, however, instances in which other species are preferable.
Moreover, corroboration of findings in multiple host species sug-
gests a strong effect that may be translatable to humans. Rats
provide a biological system similar to mice but large enough to
better accommodate certain experimental techniques (e.g., colo-
noscopy or surgical manipulations) and possessing certain phys-
iological parameters more closely related to those of humans.
Rats can be maintained germfree (Gustafsson 1948) but are less
common as a gnotobiotic species, likely due to the high costs as-
sociated with housing and husbandry. That said, however, with
the recent development of nuclease-based methods of manipu-
lating the rat genome (Peng et al. 2014), rats may become more
widely used in studies of the GM.

One other species gaining favor in the GM research communi-
ty is zebrafish (Danio rerio). Zebrafish aremuchmore cost effective
with regard to housing and breeding efficiency. Additionally,
zebrafish can be rendered axenic for studies requiring gnotobiotic
hosts (Rawls et al. 2004, 2006). Limitations of zebrafish in GM-
related studies include the dissimilarity of zebrafishGM (Roeselers
et al. 2011), anatomy (Wallace and Pack 2003), and physiology to
that of mammalian hosts, and difficulty in collecting serial sam-
ples from the same fish over time.
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Summary
In summary, with the growing interest in microbiota, several
techniques tomanipulate these complex populations have resur-
faced (e.g., germfree mice, defined microbiota mice), been devel-
oped (e.g., humanized microbiota in germfree mice), or been
refined (e.g., fecal transplants). Technology and concepts sur-
rounding microbiota are rapidly expanding with inclusion of
more complex defined “cocktails” and combining both host and
microbiota factors into exciting experimental designs. Moving
forward, the microbiota research community faces a number of
challenges. For example, the vast majority of intestinal microbes
remain uncultivable. Can novel culturemethods or creative strat-
egies to selectively eliminate targeted agents be developed?
Moreover, is there need for a standardized complex microbiota
and, if so, how will its composition be determined, and how
would animals bemaintained such that theGM remained consis-
tent? Aremicrobiota of existing commercial colonies of sufficient
richness and diversity to appropriately mimic the human condi-
tion? What common husbandry variables such as bedding, diet,
and housing affect the microbiota, and how do we avoid institu-
tional microbiota drift to optimize reproducibility among stud-
ies? Can microbiota be banked adequately for future studies?
Are there strategies to decrease the expense of gnotobiotic hous-
ing, sequencing, transcriptomics, metabolomics, and bioinfor-
matics, and are novel statistical methods required for these
complex datasets? How do other possible intestinal inhabitants
including viruses, protozoa, and fungi affect the shaping of the
bacterial microbiota and influence model phenotypes? All of
these questions face the biomedical research and laboratory an-
imal community but, if the rapid expansion that has occurred in
the past decade is any predictor, these challenges will ultimately
be surmounted and exciting revelations about health anddisease
are on the horizon.
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