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Ex-Germfree Mice Harboring Intestinal Microbiota Derived
from Other Animal Species as an Experimental Model for
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Abstract: Ex-germfree (GF) animals harboring intestinal microbiota derived from other
animal species, e.g. human-flora-associated (HFA) and pig-flora-associated (PFA) mice,
have been considered as a tool for studying the ecology and metabolism of intestinal
bacteria of man and animals. Human fecal microbiota was transferred into the intestines of
the mice with minor modification by inoculating GF mice with human fecal suspensions.
Interestingly, bifidobacteria were eliminated from some of the HFA mouse groups, whereas
other dominant bacterial groups remained constant. Elimination of bifidobacteria appeared
to be dependent on the composition of microbiota in the inoculated sample. Human fecal
microbiota established in the intestines of the HFA mice reproduced in the intestine of
offspring of these HFA mice and of cage-mated ex-GF mice without any remarkable change
in composition. Although the HFA mice could be used for studying the effects of diet on
human intestinal microbiota, the metabolism of microbiota of HFA mice reflected that of
human feces with respect to some metabolic activities but not others. PFA mice were also
a good model for studying the ecosystem of pig fecal microbiota and the control of short
chain fatty acids in pig intestines, but not for studying putrefactive products generated in pig
intestines. In conclusion, HFA and PFA mice provide a stable and valuable tool for studying
the ecosystem and metabolism of the human and animal intestinal microbiota, but they
have some limitations as a model.
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associated mice, putrefactive products

The endogenous intestinal microbiota interacts closely
with the host and the effects of bacteria are both ben-
eficial and harmful to the host [6, 10, 28, 30], but it is
difficult to study the effects of intestinal microbiota on
humans and domestic animals because of difficulty in

standardizing genetic or environmental conditions and
the size, and the results of studies on human volunteers
and domestic animals are often not clear [2, 8, 29]. In
addition, there are ethical problems associated with stud-
ies on the influence of intestinal microbiota on
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colonization resistance and effects of toxic chemicals
and carcinogenic substances in human volunteers. On
the other hand, the intestinal microbiota of experimen-
tal animals are quite different from those of humans
and domestic animals in composition [19, 26] and in
metabolic activities [24]. Therefore, data obtained in
animal experiments cannot be directly applied to hu-
mans and domestic animals.

To find a solution to this problem, germfree (GF)
animals associated with human fecal microbes have
been used as a new kind of animal model for studying
the intestinal microbiota of humans [3, 7, 13, 22]. By
inoculating feces from various species of conventional
(CV) animals and humans, the fecal bacteria of the
donor animals can be transferred to GF animals {7, 17,
22]. These ex-GF animals harboring the intestinal
microbiota derived from other animal species, e.g. hu-
man-flora-associated (HFA) and pig-flora-associated
(PFA) mice, have been considered as a tool for study-
ing the ecology and metabolism of intestinal bacteria
of human and domestic animals [4, 5, 25, 31].

Production of HFA mice

GF BALB/c mice were inoculated with the fecal
suspension of two healthy human adults and the devel-
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opment and stability of the intestinal microbiota in the
HFA mice were examined {13]. Although the number
of enterobacteriaceae in the developing microbiota was
high compared with those in the feces used in the in-
oculum for the first two days, they decreased rapidly
from the third day (Figs. 1 and 2). Conversely, anaero-
bic bacteria were present in low concentrations on day
1 and increased thereafter. On day 3, anaerobic bacte-
ria which were dominant in the human feces became
dominant in the HFA mice. Interestingly, bifidobacteria
were eliminated from HFA mice inoculated with feces
from one of the donors within 2-8 weeks, but other
dominant bacterial groups remained constant (Fig. 2).
The bacterial composition of the microbiota in the
feces of HFA mouse groups inoculated with fecal sus-
pensions from six different volunteers was examined
and compared [11]. The numbers of eubacteria,
peptococcaceae and enterobacteriaceae in HFA mouse
groups were similar to those in humans (Fig. 3). The
number of these bacterial groups was significantly
greater than those in CV mice and the numbers of total
bacteria, bacteroidaceae, clostridia and streptococci were
greater than those in humans and CV mice [11]. The
variations in the composition of the fecal microbiota
among HFA mouse groups were not so obvious, and
individual variations among the inoculated human fe-
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Fig. 1. Composition of major bacterial components of fecal microbiota of HFA mice after inoculation of human fecal

suspension A.
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ces were not reflected in the HFA mouse groups. Transfer of intestinal microbiota of HFA mice
Bifidobacteria were also eliminated from three out of

six HFA mouse groups in this study. The elimination Development of intestinal microbiota in newborn off-
of bifidobacteria seemed to be dependent on the com-  spring of HFA mice was investigated [15]. Facultative
position of microbiota in the inoculated sample. anaerobes were detected from the first day after birth,
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Fig. 2. Composition of major bacterial components of fecal microbiota of HFA mice after inoculation of human fecal
suspension B.
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Fig. 3. Composition of major bacterial components of fecal microbiota of humans (A-F), HFA mice and offspring of
HFA mice.
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Fig. 4. Development of intestinal microbiota of offspring of HFA mice.

but anaerobes were not detected in the first week (Fig.
4). Anaerobes rapidly increased from the 2nd week
after birth and became predominant in the newborn in-
testines. Most of the intestinal bacteria of mother HFA
mice colonized in the intestines of offspring of HFA
mice within 3 weeks after birth. The compositions of
offspring of HFA mice were similar to those of their
mothers. Fecal bacterial composition of offspring of
HFA mice inoculated with 6 different human feces was
also similar to that of their mothers (Fig. 3). These
findings indicate that the human intestinal microbiota
established in the intestine of HFA mice reproduced in
the intestine of the offspring of the HFA mice without
any remarkable change in composition and could be
maintained for a long period by breeding.

On the other hand, the development of intestinal
microbiota in the offspring of HFA mice was similar to
that in CV mice [15] but not to that in human infants.
In human infants, bifidobacteria become the most pre-
dominant bacteria within 1 week after birth [1, 20], but
bifidobacteria never became the most predominant bac-
teria in the infant offspring of HFA mice, even though
the mother HFA mice harbored a large population of
bifidobacteria (Fig. 4). These findings indicated that
the offspring of HFA mice cannot simulate the devel-
opment of intestinal microbiota of the human infant.

The intestinal microbiota of HFA mice were also

reproduced by cage-mating. HFA mice were cage-
mated with GF mice and the composition of intestinal
microbiota of the ex-GF mice was examined [14]. The
numbers of aerobes rapidly increased and they became
the predominant bacterial group on the first day after
cage-mating, whereas anaerobes were detected in rela-
tively low numbers (Fig. 5). In a few days after
exposure to bacteria of donor HFA mice, anaerobes
increased and became the predominant bacteria but the
numbers of acrobes decreased. The composition of
intestinal microbiota of ex-GF mice became similar to
that of HFA mice by 8 days after contact with HFA
mice, and this balance was maintained thereafter.

Metabolic activities of intestinal
microbiota of HFA mice

Mallett et al. [18] demonstrated that certain enzymic
activities of human fecal microbiota can be simulated in
rats associated with human intestinal bacteria. Hirayama
et al. [11] reported that the activities of B-glucosidase
and B-glucuronidase in HFA mice were similar to those
in humans and different from those in CV mice (Fig. 6),
but nitroreductase activity of HFA mice was intermedi-
ate between those of humans and CV mice, and nitrate
reductase of HFA mice showed higher activity than those
of humans and CV mice. Although variations in en-
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Fig. 6. Enzyme activities in feces of humans, HFA mice, offspring of HFA mice and CV mice. A) B-glucosidase, B) -
glucuronidase, C) nitroreductase, D) nitrate reductase.

zyme activities were observed among both HFA mouse HFA mice were similar to those of their offspring.

groups and inoculated human feces, the variations The concentrations of putrefactive products in the
among HFA mouse groups did not correspond to those  feces of HFA mice were much lower than those in
among human feces. The activities of fecal enzymes of ~ human feces and similar to those in CV mice (Fig. 7),
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Fig. 7. Concentration of putrefactive products in feces of humans (A-F), HFA mice, offspring of HFA mice and

CV mice.

but p-cresol was detected in most HFA mouse feces
but not in CV mouse feces, and the concentration of
fecal indole in some of the HFA mouse groups was
significantly higher than that in CV mice. In spite of
the remarkable variations among individuals observed
in the concentration and composition of human fecal
putrefactive products, there were only slight variations
among HFA mouse groups.

Although the concentration of fecal short chain fatty
acids (SCFAs) in HFA mice was significantly lower
than that in humans and similar to that in CV mice, the
composition of SCFAs in HFA mice was closer to that
in humans than that in CV mice (Fig. 8).

Bacterial metabolism in the intestine of HFA mice
therefore reflected that of human feces with respect to
some metabolic activities but not others, even though
the bacterial composition of the feces of HFA mice
was similar to that of the inocula [11].

Application of HFA mice to studies on
the effects of dietary supplements on
intestinal microbiota of humans

Although some reports showed significant changes
in fecal microbiota with a high meat diet [23], others

found the effects of dietary supplementation of bran or
beef protein in human volunteers were small (2, §]. In
the study by Hirayama et al. [14], HFA mice were fed
a high-meat (HM) diet and high-bran (HB) diet to in-
vestigate the effects of diet on the intestinal microbiota.
The number of enterobacteriaceae significantly in-
creased with the HM diet, and decreased with the HB
diet to the level of the basal diet. The numbers of
bacteroidaceae, clostridia and streptococci decreased
with the HB diet, whereas the number of bifidobacteria
in HFA mice fed the HB diet was significantly higher
than in those fed the HM or basal diet.

Fructooligosaccharides (FOS) are dictary fiber-like
saccharides which improve intestinal microbiota with
proliferation of bifidobacteria [9]. FOS were adminis-
tered to HFA mice in drinking water at a concentration
of 0.1% and 0.5% and the composition of fecal
microbiota was examined [14]. The ratio of
bifidobacteria to total bacteria increased and the num-
ber of bacteroidaceae and enterobacteriaceae tended
to decrease in HFA mice administered FOS solution,
although the differences were not statistically signifi-
cant.

These studies suggest that the influences of different
dietary components may be detected more clearly in
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Fig. 8. Concentration of short chain fatty acids in feces of humans (A-F), HFA mice, offspring of HFA mice and CV mice.
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Fig. 9. Composition of major bacterial components of fecal microbiota of PFA mice inoculated with fecal suspension of a
20-day-old piglet.

HFA mice than in humans and demonstrated that HFA Production of PFA mice
mice are useful for studying the effects of diet on hu-

Although Ducluzeau et al. [4] reported that mice in-
oculated with fecal microbiota of adult pigs or piglets
serve as a tool for studying porcine gastrointestinal

man intestinal microbiota.
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microbiota, there are few reports on the composition
and metabolic activities of intestinal bacteria of mice
inoculated with the feces of pigs. Hirayama et al. [12]
produced PFA mice by inoculating a fecal suspension
of pigs before and after weaning, and examined the
bacterial composition of the fecal microbiota and the
concentrations of SCFAs and putrefactive metabolites
in the cecal contents of PFA mice. Major fecal bacte-
ria of pigs colonized in the intestines of PFA mice, and
the composition of microbiota in the PFA mouse feces
was similar to that of the pig fecal inoculum (Fig. 9).
Surprisingly, lactobacilli were detected in the feces of
PFA mice even 4 weeks after inoculation with pig fe-
ces at levels of 105-10%g feces. It has been reported
that lactobacilli have strong host-specificity [16, 21,
32], and that they do not colonize in the intestines of
mice inoculated with feces from pigs, piglets [4] or
humans [5]. Since lactobacilli are one of the most
predominant bacteria in the intestines of pigs both be-
fore and after weaning, PFA mice which harbor
lactobacilli of pig origin should be a valuable tool for
studying the ecology of pig intestinal microbiota.

On the other hand, fecal concentrations of putrefac-
tive products in PFA mice did not simulate those in the
inocula, although the concentrations of the major com-
ponents of SCFAs of PFA mice were similar to those
of the inocula. These findings indicate that PFA mice
are a good model for studying the ecosystem of pig
fecal microbiota and control of SCFAs in pig intes-
tines, but not for studying putrefactive products
generated in pig intestines.

Conclusion

Ex-GF animals harboring intestinal microbiota origi-
nating in other animal species, e.g. HFA and PFA mice,
provide a stable and valuable tool for studying the eco-
system and metabolism of human fecal microbiota, but
they have some limitations as a model. Further studies
concerning the composition of intestinal bacteria of
HFA and PFA mice at the species level, and differ-
ences in intestinal physiological conditions among
human, domestic animals and mice, are needed. In
addition, Ducluzeau et al. [4] showed that the composi-
tion of diet greatly influences the composition of
intestinal bacteria of PFA mice. Rumney et al. [27]
reported that the metabolic activities of intestinal bac-

teria of HFA rats appeared to be dependent on diet, and
the results obtained with HFA rats were particularly
relevant to humans when the animals were fed a human
diet. Development of a special diet for HFA and PFA
mice is required to establish a better model to study the
metabolism of human and pig intestinal microbiota.
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