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ABSTRACT
We recently investigated the applicability of antibiotic-treated recipient mice for transfer of different
gut microbiota profiles. With this addendum we elaborate on perspectives and limitations of using
antibiotics as an alternative to germ-free (GF) technology in microbial transplantation studies, and
we speculate on the housing effect. It is possible to transfer host phenotypes via fecal
transplantation to antibiotic-treated animals, but problems with reproducibility, baseline values, and
antibiotic resistance genes should be considered. GF animals maintained in isolators still seem to be
the best controlled models for long-term microbial transplantation, but antibiotic-treated recipients
are also commonly utilized. We identify a need for systematic experiments investigating the stability
of microbial transplantations by addressing 1) the recipient status as either GF, antibiotic-treated or
specific pathogen free and 2) different levels of protected housing systems. In addition, the
developmental effect of microbes on host physiological functions should be evaluated in the
different scenarios.
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Breeding of germ-free (GF) rodents started as long ago
as in the mid-19300s,1 and since the 19600s the GF
state has been the standard starting point for the pro-
duction of barrier-bred laboratory rodents with a spe-
cific pathogen free (SPF) health status.2 In addition,
GF rodents have also proved important for studying
the effects of microbial mono- and polycolonizations
on host phenotype 3-5 and in the search for a mecha-
nistic understanding of microbe mediated changes in
several disease models.6-15 With the massive interest
in host-microbiome interactions and the implications
of dysbiosis for human health,16,17 the use of GF ani-
mal models for transplanting microbiotas of interest
to investigate causality sees a renaissance in these
years. However, the generation of and working with
GF or gnotobiotic animals, in which the presence of
identified microbes is strictly controlled for, is labori-
ous and costly due to housing in isolators and rigid
gnotobiotic working procedures. In two recent studies,

we therefore investigated the applicability of antibi-
otic-treated mice as recipients of microbial transplants
and housed them in less protected systems than isola-
tors.18 With this addendum, we elaborate on the per-
spectives and limitations of using antibiotics as an
alternative to GF technology in microbial transplanta-
tion studies, and we speculate on the effect of the
housing system on the outcome.

We colonized broad-spectrum antibiotic-treated
weaned and adult mice with microbiotas from obese
or lean mice with the purpose of addressing the opti-
mal recipient age during microbiota transfer of pheno-
type to antibiotic-treated recipients, as it has been
shown that the timing of transplantation is important
for optimal colonization conditions.7 In pups colonized
at weaning, we found that recipients with a lean or
obese microbiota clustered separately in principal com-
ponent analysis plots throughout the study period of 6
weeks post-colonization. The mice were housed in
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open-top cages in an SPF facility using non-aseptic
husbandry procedures. Also for adult mice colonized
when eight weeks old, the recipients clustered sepa-
rately, though less related to the donors compared to
the situation in the weanlings. In the adult study, a
more protected housing approach was attempted by
housing in a ventilated cabinet and with autoclaving of
all materials. The cabinet was placed in the same SPF
facility as for the weaning study. Colonization success-
fully changed the diminished gut microbiota of antibi-
otic-treated mice in both studies, and interestingly this
was unaffected by recipient age and the level of protec-
tion from the surroundings. However, the microbial
composition changed in both studies over the study
period of 6 weeks, indicating that it was not possible
to maintain a stable microbiota resembling the donor
in the open cage systems. Perhaps, several rounds of
re-colonizations e.g. by transferring bedding from
donor animals, continuous colonization via the drink-
ing water or repeated oral gavages would improve the
stability. A more stable microbiota over time after
transplantation may also be obtained by housing in
individually ventilated cages (IVCs) instead,19 though a
side-by-side comparison of stability after transplanta-
tion in IVCs or isolators still remains to be done.
Apart from considerations of re-colonization and
increased protection from the surroundings, it cannot
be excluded that an age-matched group of donors
housed in parallel under the same conditions as the
mice in our study would have displayed a similar
change in the gut microbiota over time as we saw.
Maybe it is utopian thinking to expect a complex
microbiota to be completely stable on a long-term
basis even under protected housing conditions as host
age and seasonal fluctuations may affect the mutual
relationship of the members of the gut microbiota, but
this would need further investigations.

GF animals, and in particular GF mice, are usually
the first choice for microbial transplantation studies, as
they constitute a clean sheet in terms of immunologi-
cal naivety and the absence of competition between
the resident and newly transplanted microbes. How-
ever, only a few commercially available GF mouse
strains exist and though possible, it is not trivial to
generate new GF mouse strains of interest, not to men-
tion the practical challenges in maintaining GF animal
colonies. For some research areas, it is extremely diffi-
cult to maintain a GF or gnotobiotic health status
throughout a study, e.g., in behavioral and

neurobiological research, where the animals are often
subjected to various test conditions outside the home
cage. Capacity constraints are another common prob-
lem with microbiome research where the aim often is
to evaluate different communities from different donor
sources, requiring several gnotobiotic isolators. In this
context, the perspective of using IVCs for gnotobiotic
studies is also intriguing and has been attempted by
different research groups. Most impressive, a GF state
was secured in Isocages, a type of IVCs with positive
pressure, for 12 weeks and also proved useful for fecal
transplantations with high stability.19 Depletion of the
gut microbiota by antibiotic use has similarly been
attempted as an alternative to GF animals. This
method comes with several caveats, especially when
used for microbiota transplantation studies. 1) Though
a broad-spectrum antibiotic approach reduces the
majority of the bacterial species considerably, there
will still be bacteria left in the gut as shown by dena-
turing gradient gel electrophoresis 18 and by cultiva-
tion.20 It is impossible to control for the exact effect of
an antibiotic treatment in terms of which species are
fully eradicated and which are only reduced, and the
remaining microbiota of the antibiotic-treated mice
may thus also have had an impact on colonization and
stability over time in our study. 2) As the immune sys-
tem is known to be primed by the gut microbiota in
early life,5,7,21-23 the exposure to microbes before deple-
tion with antibiotics can have long-lasting effects on
host physiology and should also be controlled or taken
into consideration. On the contrary, the complete lack
of bacteria in GF animals before microbiota transplan-
tation probably has an even larger impact due to per-
manent alterations of the immune system even after
colonization.7 The difference in immune response to a
microbiota transplant in GF mice, which have never
previously encountered bacteria, in contrast to antibi-
otic-treated recipients with prior microbial stimulation
of the immune system, must be expected to be major
at least for certain disease models, and therefore yield
different outcomes though colonization is equally
successful. 3) Antibiotic treatment can lead to an over-
growth of a few species, such as Klebsiella spp., which
may have a substantial dominating role in the micro-
bial profile also after recolonization,20 or may be
detrimental to the health of the animal. 4) Oral admin-
istration of antibiotics disrupts the gut microbiota, but
other microbial communities, e.g. the skin and lung
microbiota, are not always directly affected. This is
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dependent on the pharmacokinetics of the antibiotic
substance and may have developmental impact on the
immune system as well.24,25 5) Increasing evidence
points to the fact that fungi, bacteriophages, and
eukaryotic viruses which are not directly targeted by
bactericidal antibiotics cannot be ignored in gut micro-
biota homeostasis and immune priming.26,27 6) Direct
effects of antibiotics on host physiology should be
taken into consideration. The effects of antibiotic
treatment on disease expression in animal models are
usually hypothesized to be mediated by the gut micro-
biota. This can be tested by transplanting antibiotic-
altered microbiotas into GF recipients.28 Interestingly,
this causal relationship is not always the case, e.g., it
was recently reported that antibiotics had an amelio-
rating effect on the intestinal inflammation of SPF as
well as GF TRAF6DDC mice, in which dendritic cell-
intrinsic expression of the signaling mediator TRAF6
is ablated, thus implying a microbiota-independent
and direct immunomodulatory effect of the antibiotic
treatment.29 The direct effects of antibiotics on the
host was also recently systematically investigated, with
repression of mitochondrial and ribosomal function as
remarkable findings in GF mice treated with antibiot-
ics.30 7) Last but not least, in a discussion of the use of
antibiotics for non-therapeutic purposes, the risk of
favoring bacteria with antibiotic resistance genes can-
not be ignored.31 Exchange of resistant bacteria
between staff and animals in a laboratory animal facil-
ity may be limited via the use of personal protective
equipment, but the risk is present. Spillage of antibiot-
ics to the environment, e.g. from residual antibiotic-
treated drinking water and waste from antibiotic-
treated animals, should also be considered and is a
legitimate concern.

The impact of the gut microbial composition on
animal models is increasingly being revealed, as has
recently been reviewed.32-34 Thus, antibiotic treatment
has the potential to alter expression in disease models
and this has been useful in studying effects of different
microbial compositions on immunology and metabo-
lism in animal models.22,28,35,36 Antibiotics, as opposed
to the GF state, have the advantage of enabling inves-
tigations of the consequence of gut microbial depletion
in different life stages.37 Also, by targeting different
groups of bacteria via different classes of antibiotics, it
is possible to generate hypotheses as to which bacteria
are responsible for disease manifestation, e.g., treat-
ment with vancomycin in non-obese diabetic (NOD)

mice resulted in several immunological alterations and
a reduced degree of insulitis,22 whereas GF NOD mice
have accentuated insulitis.38,39 Nonetheless, treating
with antibiotics in order to create a pseudo-GF state
represents an uncontrolled situation which may have
a negative effect on the reproducibility of the study.

One can turn the kaleidoscope from seeing the GF
animal as a controlled, clean sheet to the perspective
where the GF animal is viewed upon with altered
baseline values compared to SPF mice colonized
from birth. It is well-known that there are anatomi-
cal, immunological, and metabolic features of GF
mice that are well adapted to the specific physiologic
state they exist in and that are different from the SPF
mice until colonized.40-42 The researcher may there-
fore consider SPF mice with a complex microbiota
that later in life are treated with antibiotics before
transplantation with a microbiota of interest, as a
better model due to the fact that the early GF state
can have permanent effects on important host
parameters that are not possible to reverse by intro-
duction of bacteria.7 However, the GF state consti-
tutes a controlled situation, where different baseline
microbial profiles of mice within or between replicate
studies do not have a substantial effect on the result
of a gnotobiotic experiment. Laboratory animals are
only model systems and each model comes with its
own limitations, but reproducibility should always be
emphasized as an inarguable necessary feature of the
system. A way to bypass both the uncontrolled situa-
tion of antibiotic-treated animals and the effect of an
early GF life is to use a GF parent generation for the
microbial transplantation, and using the subsequent
generations as study subjects.

Another approach than using GF or antibiotic-
treated recipients is simply to use recipients with a
complex microbiota. This was attempted in rats, and
surprisingly did antibiotic-treatment prior to trans-
plantation not enhance establishment of the trans-
plant.43 In contrast, it was nicely demonstrated that
transfer of microbiota from protected NOD mice had
a more substantial effect on newborn pups when their
endogenous microbiota was limited by treating the
recipient mothers with an antibiotic cocktail before
the transfer.44 The same authors have previously
shown that donor microbiota from wild-type and
MyD88 deficient NOD mice could be resuspended in
the drinking water of non-treated SPF recipient NOD
mice. The gut microbiota transfer had long-term effect
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on the composition of the recipient mice but did not
fully resemble the donor microbiota.45 Transfer of cer-
tain species seemed to have been sufficient to partly
transfer the host phenotype as also evident in our
own study. Co-housing of lean and obese mice with
different microbiotas also led to at least partial transfer
of the microbiota and transfer of phenotype.46 How-
ever, this appeared to only happen in a unidirectional
way where the healthy microbiota dominates over the
dysbiotic, as only the lean microbiota was transmissi-
ble and prevented co-housed mice with obese micro-
biotas from becoming obese. In a model of acute liver
injury, where the same strains of mice originating
from different vendors were shown to have different
susceptibility in the model, co-housing of mice with
high and low susceptibility resulted in intermediate
disease susceptibility in all co-housed mice.47 This was
probably due to a resulting mixture of protective and
inducing bacterial taxa. It is poorly understood why
some taxa are more capable of transmission between
cage mates than others, though diet has been shown
to be an important factor.46 The mentioned alterna-
tives to using antibiotic-treated or GF recipients can
be useful for investigating ecological dynamics and
effects on phenotype, but these methods are probably
also associated with a low reproducibility due to lack
of control of the microbial starting point and how it
affects the stability of the new microbiota. Partial or
limited transmission of only certain species can, how-
ever, be beneficial in understanding the properties of

only these specific bacteria if they alone are sufficient
to transfer a host phenotype; especially considering
that mono-colonization studies of suspected candi-
dates have repeatedly disappointed as a tool for trans-
ferring e.g. disease or protection thereof.48 Yet another
way to transfer microbiotas between individuals is by
cross-fostering recipient pups born vaginally or by
Caesarian section with foster mothers harboring the
microbiota of interest.49,50 Cross-fostering after vaginal
birth was shown to be an effective way to lastingly
change the gut microbiota of the pups,50 but the
early-life immune priming by the vaginal microbiota
would have to be addressed as well.

Concluding remarks

We and others have shown that it is possible to trans-
fer phenotypes via microbial transplantation in antibi-
otic-treated animals, superseding the need for GF
recipients in these types of studies, though potential
problems with reproducibility and concerns of spread-
ing antibiotic resistance genes should be acknowl-
edged. Nevertheless, GF animals still seem to be the
best controlled model systems for microbial transplan-
tation and thus, given the lack of reliable phenotype
transfers, the antibiotic-treated models cannot be
regarded to serve as good models for discovering novel
roles of gut microbiota in disease states where gut
microbiota has not previously been implicated. The
antibiotic-treated recipients should rather be consid-
ered when studying phenotype transfers in conditions
already known to be associated with alterations in gut
microbiota, such as obesity (Table 1). When it is nec-
essary to use GF animals, an approach where GF
parents receive the microbial transplant and the subse-
quent offspring generations are used as study subjects
is advisable to overcome the problems associated with
an early GF life. When antibiotic treatment is used as
an alternative to the GF state, e.g., because of limited
access to certain GF mouse and rat strains, it should
thoroughly be evaluated if the approach is truly appli-
cable in the given situation. With this addendum, we
identify a need for systematic experiments investigat-
ing the stability of microbial transplantations by
addressing 1) the recipient status as either GF, antibi-
otic-treated or SPF, and 2) different levels of protected
housing systems. In addition, the developmental effect
on host functions, in particular the immune system
should be evaluated in the different recipient types.

Table 1. Applicability of antibiotic-treated or germ-free rodents.
Different research aims within translational microbiome research
and the recommended use of either antibiotic-treated or germ-
free rodent hosts for the purpose.

Status of Host

Research Aim Antibiotic-treated Germ-free

Investigate microbial phenotype
transfer of manifestations known
to be microbiota dependent

X x

Investigate microbial phenotype
transfer of manifestations not
known to be microbiota
dependent

x

Investigate effect of disrupting the
microbiome in certain life stages
of the host

x

Investigate effect of targeting certain
groups of bacteria

x

Investigate effect of
monocolonization

x

Investigate effect of colonization with
a few, defined organisms

x
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Abbreviations
GF germ-free
NOD non-obese diabetic
IVC individually ventilated cage
SPF specific pathogen free.
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