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Animals have developed the means for supporting complex and
dynamic consortia of microorganisms during their life cycle. A tran-
scendent view of vertebrate biology therefore requires an under-
standing of the contributions of these indigenous microbial commu-
nities to host development and adult physiology. These contributions
are most obvious in the gut, where studies of gnotobiotic mice have
disclosed that the microbiota affects a wide range of biological
processes, including nutrient processing and absorption, develop-
ment of the mucosal immune system, angiogenesis, and epithelial
renewal. The zebrafish (Danio rerio) provides an opportunity to
investigate the molecular mechanisms underlying these interactions
through genetic and chemical screens that take advantage of its
transparency during larval and juvenile stages. Therefore, we devel-
oped methods for producing and rearing germ-free zebrafish through
late juvenile stages. DNA microarray comparisons of gene expression
in the digestive tracts of 6 days post fertilization germ-free, conven-
tionalized, and conventionally raised zebrafish revealed 212 genes
regulated by the microbiota, and 59 responses that are conserved in
the mouse intestine, including those involved in stimulation of epi-
thelial proliferation, promotion of nutrient metabolism, and innate
immune responses. The microbial ecology of the digestive tracts of
conventionally raised and conventionalized zebrafish was character-
ized by sequencing libraries of bacterial 16S rDNA amplicons. Colo-
nization of germ-free zebrafish with individual members of its mi-
crobiota revealed the bacterial species specificity of selected host
responses. Together, these studies establish gnotobiotic zebrafish as
a useful model for dissecting the molecular foundations of host–
microbial interactions in the vertebrate digestive tract.

Danio rerio � symbiosis � host–microbial cross-talk � mice � DNA microarrays

Vertebrates have developed the means to support large societies
of microbial partners during their life cycles. While consider-

able attention has been devoted to studying the molecular mech-
anisms that underlie pathogenic host–microbial relationships, rel-
atively little is known about the molecular foundations of
commensal or symbiotic host–microbial relationships and their
contributions to normal animal development and adult physiology.
Moreover, what we do know comes from a very limited number of
model organisms (1).

The gut contains the vast majority of the mammalian microbiota
(2). Most microorganisms in the intestine belong to Bacteria,
although there are also members of Eukarya and Archaea (3). As
with most complex ecosystems, it appears that the majority of
species cannot be cultured when removed from their niches (4, 5).
Although a full definition of biodiversity awaits systematic appli-
cation of molecular enumeration techniques, such as genotyping
DNA encoding 16S rRNA (rDNA) genes (6–8), it appears likely
that at least 500–1,000 different species are distributed along the
length of the adult human gastrointestinal tract (9). Colonization
begins at birth and is followed by progressive assembly of a complex
and dynamic microbial society (10). Assembly is presumably reg-
ulated by elaborate and combinatorial microbial–microbial and
host–microbial interactions predicated on principles refined over
the course of animal evolution.

Comparisons of rodents raised without exposure to any micro-
organisms [‘‘germ-free’’ (GF)], rodents that have assembled a

microbiota since birth [‘‘conventionally raised’’ (CONR)], or ro-
dents that have been colonized with components of the microbiota
during or after completion of postnatal development [‘‘convention-
alized’’ (CONV)] have revealed a range of host functions affected
by indigenous microbial communities. For example, the microbiota
directs assembly of the gut-associated lymphoid tissue (GALT; ref.
11), helps educate the immune system (12, 13), affects the integrity
of the intestinal mucosal barrier (14–16), modulates proliferation
and differentiation of its epithelial lineages (17, 18), regulates
angiogenesis (19), modifies the activity of the enteric nervous
system (20), and plays a key role in extracting and processing
nutrients consumed in the diet (21).

Despite these important effects, the mechanisms by which the
mammalian gut microbial community influences host biology re-
main almost entirely unknown. Deciphering the pathways through
which microbial signals operate promises to provide new chemical
entities and host targets for enforcing health, and perhaps treating
diseases affecting both the intestine and extra-intestinal tissues.

The zebrafish, Danio rerio, has several unique features that make
it an attractive model organism for analyzing these pathways. First,
zebrafish larvae and their digestive tracts are transparent from the
time of fertilization through early adulthood, allowing in vivo
observation of the developing gut (22, 23) and its resident micro-
organisms (24, 25). Second, zebrafish development occurs rapidly.
Larvae hatch from their chorions at �3 days postfertilization (dpf).
By 5 dpf, the yolk is largely absorbed and gut morphogenesis has
proceeded to a stage that supports feeding and digestion (22, 23).
Third, the organization of the zebrafish gut is similar to that of
mammals. As in mice and humans, the intestinal epithelium un-
dergoes renewal throughout life. A proliferative compartment,
analogous to the mammalian crypt of Lieberkühn, is located at the
bases of intestinal villi (26, 27). Epithelial progenitors give rise to
cell types encountered in other vertebrates, including absorptive
enterocytes, mucus-producing goblet cells, and an enteroendocrine
lineage (22, 28). Fourth, methods for the derivation of GF larvae
from other teleost species have been developed (29–31). These
methods are based on the fact that embryos develop in an axenic
environment that is protected by their chorions. Finally, the capac-
ity to perform forward genetic analyses in a vertebrate that is
transparent in the postembryonic period has already led to the
identification of mutants with defects in gut development (22, 32,
33) and digestive physiology (23). Reverse genetic analyses using
antisense morpholino oligonucleotides (34) or target-selected mu-
tagenesis (35), as well as chemical screens (36, 37), provide addi-
tional means for identifying molecular mediators of host–microbial
interactions. The imminent completion of the zebrafish genome will
facilitate many of these approaches (www..sanger.ac.uk�Projects�
D�rerio�).

In this report, we describe methods for raising GF zebrafish.
Although our protocols support viability only through late juvenile
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stages, we were able to use the 6-dpf time point for morphological
and functional genomic comparisons of GF, CONR, and CONV
zebrafish digestive tracts. These results reveal a broad range of
zebrafish host responses to the microbiota, including a number that
are conserved between fish and mice. Because the zebrafish gut
microbiota has not been characterized previously, we performed
sequence-based 16S rDNA enumeration studies at various devel-
opmental time points. Monoassociation of GF fish with individual
members of the microbiota demonstrated the bacterial specificity of
selected conserved host responses. These findings provide a ratio-
nale for using gnotobiotic wild-type and�or genetically manipulated
Danio rerio as a model organism for deciphering the molecular
foundations of symbiotic�commensal host–bacterial relationships
in the vertebrate digestive tract.

Materials and Methods
Zebrafish were from the C32 inbred line (a gift from Stephen
Johnson, Department of Genetics, Washington University
School of Medicine). All experiments involving these animals
were conducted using protocols approved by the Animal Studies
Committee of Washington University.

Fish Husbandry. Conventionally raised (CONR) zebrafish. CONR ze-
brafish were reared through 14 dpf at a density of �0.4 individual
per milliliter of static water that had been harvested from tanks in
a recirculating zebrafish aquaculture facility. Animals were subse-
quently maintained at �0.03 individual per milliliter of static water
through 28 dpf and then moved to recirculating tanks. Zebrafish
were fed rotifers (Aquatic Biosystems) beginning at 3 dpf, followed
by brine shrimp (Aquafauna Bio-Marine) beginning at 14 dpf, and
then advanced to a diet of brine shrimp, TetraMin flakes (Tetra),
and Hikari micropellets (Hikari) at 28 dpf.
Germ-free (GF) zebrafish. To generate and rear GF zebrafish, adult
male and female CONR zebrafish were collected, killed in 3-ami-
nobenzoic acid ethyl ester (Sigma; final concentration 1 mg�ml;
10-min exposure), and then immersed in a bath of 10% polyvi-
nylpyrrolidone (PSS Select) for 2 min at room temperature. After
the abdominal walls of the males had been carefully opened to avoid
rupturing their intestines, testes were removed, placed in a sterile
1.5-ml Eppendorf tube containing 500 �l of sterile Hanks’ solution
(4°C), and dissociated with a sterile pestle. The abdominal walls of
gravid females were opened in a similar fashion, ovaries were
ruptured, and eggs were removed from the body cavity with a sterile
Pasteur pipette. Eggs were fertilized in vitro with the collected
sperm in sterile plastic 60-mm-diameter Petri dishes (10-min incu-
bation at room temperature). Fertilized eggs were subsequently
washed three times in sterile water (3 min per cycle at room
temperature) and incubated for 6 h at room temperature in �10 ml
of a sterile solution of 0.3 mg�ml marine salt (Coralife), 100 �g�ml
ampicillin, 5 �g�ml kanamycin, and 250 ng�ml amphotericin B.
Embryos were then washed at room temperature in 0.1% polyvi-
nylpyrrolidone for 2 min, rinsed three times with sterile water at
room temperature, immersed in 0.003% sodium hypochlorite
(Novel Wash) for 20 min at room temperature, and simultaneously
transferred into plastic gnotobiotic isolators (Standard Safety
Equipment; ref. 21). Once inside the gnotobiotic isolators, zebrafish
embryos were rinsed three times with sterile water and then reared
in these isolators in a static solution of sterile (autoclaved) gnoto-
biotic zebrafish medium [GZM; 0.3 g�liter marine salt (Coralife);
neutral pH buffer (Bullseye 7.0, Wardley)] at a density of �0.4
individual per milliliter of GZM, in 400-ml glass beakers. Each day,
50% of the GZM in each beaker was replaced with fresh medium.
Water temperature was maintained at 28°C by using an external
K-MOD 107 heating system (Allegiance Healthcare). Beginning on
3 dpf, the solution was supplemented with dissolved autoclaved
chow (ZM000, ZM Ltd; 20 mg of dry weight per liter). To ensure
that the isolators were free of contaminating bacteria or fungi, their
inside surfaces were routinely swabbed, and aliquots of GZM

containing dissolved food were removed from beakers and cultured
aerobically and anaerobically at 28°C and 37°C in three different
media (nutrient broth, brain�heart infusion broth, and Sabouraud
dextrose broth).
Conventionalized (CONV) zebrafish. To generate these animals, water
was collected from recirculating tanks in a conventional zebrafish
aquaculture facility and passed through a 5-�m pore filter (Milli-
pore). Microbial density in the filtrate was defined by culture under
aerobic and anaerobic conditions at 28°C on brain�heart infusion
blood agar; 104 colony-forming units of bacteria were added per
milliliter of GZM containing 3-dpf GF zebrafish.
Monoassociations. In some experiments, GF animals were colonized
at 3 dpf with a single bacterial species. Aeromonas hydrophila
(ATCC 35654) and Pseudomonas aeruginosa (strain PA01; a gift
from Stephen Lory, Department of Microbiology, Harvard Med-
ical School) were grown overnight under aerobic conditions in
tryptic soy broth (TSB) at 30°C and in nutrient broth at 37°C,
respectively, and then added to beakers containing 3-dpf GF
zebrafish at final concentrations of 104 colony-forming units per
milliliter of sterile GZM.

Supporting Materials and Methods. Supporting Materials and Meth-
ods, which is published as supporting information on the PNAS web
site, presents methods used for (i) light and transmission electron
microscopy (EM) analyses of the effects of the microbiota on gut
morphology; (ii) functional genomic studies of the impact of the
microbiota on gene expression in the zebrafish digestive tract (RNA
isolation, fabrication of zebrafish DNA microarrays, synthesis of
cDNA probes, data collection and analysis, plus SYBR-green-
based real-time quantitative RT-PCR assays); and (iii) sequencing
16S rDNA amplicons generated from the digestive tract microbiota
of CONR and CONV animals.

Results and Discussion
Generation of GF Zebrafish. To investigate the impact of indigenous
microbial communities on zebrafish biology, we developed proce-
dures for producing and rearing GF zebrafish (see Supporting
Materials and Methods). GF and CONR zebrafish belonging to the
C32 inbred strain started to feed at 5 dpf and were indistinguishable
macroscopically through �8 dpf (Fig. 1 A and B). At 9 dpf, GF
animals began to develop a stereotyped, rapidly progressive epi-
dermal degeneration phenotype manifested by epidermal opacity,
loss of epidermal integrity, and sloughing of epidermal cells (Fig. 1
D and E). Mortality was 100% by 20 dpf (n � 824 zebrafish scored).
The phenotype was rescued by exposing 3-dpf or 6-dpf GF animals
to the microbiota contained in water obtained from a conventional
zebrafish aquaculture facility (Fig. 1F and data not shown). This
finding indicates that the degenerative changes observed in late
larval stage GF animals are not due to irreversible insults acquired
earlier in development. Our observations that (i) animals conven-
tionalized at 3 dpf and fed the same autoclaved diet can live to
adulthood (�42 dpf), and (ii) unfed GF animals do not develop this
phenotype through 12 dpf (n � 44 scored) suggest that this
phenomenon is due to undefined and deleterious effects of expo-
sure to autoclaved chow, which are ameliorated by the presence of
the microbiota (see below for further mechanistic evaluation).

GF zebrafish harvested at 6 dpf, and animals conventionalized at
3 dpf and killed 3 days later (CONV), have a similar gross
morphology (Fig. 1 B and C). Additionally, GF zebrafish at 6 dpf
exhibit no statistically significant differences in their average body
length compared with age-matched CONV and CONR larvae
[4.06 � 0.11 mm (GF); 4.09 � 0.11 mm (CONV); and 4.02 � 0.15
mm (CONR); P � 0.3 for each comparison based on Student’s t
test]. Given the phenotype observed in GF fish �9 dpf, we focused
our analysis of the effects of the microbiota on host biology by using
6-dpf animals.
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The Zebrafish Microbiota Affects Epithelial Renewal and Enterocyte
Morphology. The zebrafish is a stomachless teleost: its esophagus is
continuous with the proximal intestine (segment 1), which is largely
responsible for lipid absorption. Segment 2 of the intestine (Fig. 1A)
is involved in absorption of other macromolecules, whereas a short
distal domain (segment 3) is postulated to participate in water and
ion transport (26, 38, 39).

The proximal intestine, liver, pancreas, and gallbladder of GF
and CONV animals were indistinguishable, whether judged by
examination of whole-mount preparations (Fig. 1 B and C), serial
hematoxylin- and eosin-stained sections (e.g., Fig. 1 G and J; n �
20–34 animals per treatment), or transmission EM (data not
shown).

Enterocytes are the principal epithelial lineage in the mammalian
intestinal epithelium. In larval and adult stomachless teleosts,
macromolecules taken up from the segment 2 lumen are trans-
ported through a network of superficial invaginations and vesicles
in enterocytes to large supranuclear vacuoles, where they are stored
and�or degraded (26, 38, 39). A similar tubulovesicular network
exists in neonatal mammalian enterocytes (40–42) but disappears
at the time of initiation of protein digestion. Light microscopic and
EM studies of serially sectioned GF zebrafish revealed a consistent
morphologic phenotype in their segment 2 enterocytes: the large
supranuclear vacuoles were filled with clear electron-lucent mate-
rial, in contrast to CONV and CONR animals, where the material
was eosinophilic and electron-dense (Fig. 1 H, I, K, and L plus data
not shown).

GF mice have reduced rates of epithelial proliferation in their
intestinal crypts of Lieberkühn compared with their CONR or
CONV counterparts (17). A similar situation occurs in zebrafish.
Quantitative 5-bromodeoxyuridine labeling studies disclosed that
the fractional representation of S-phase cells in the intestinal
epithelium was significantly greater in 6-dpf CONV and CONR
zebrafish compared with GF animals (P � 0.0001 in each case based
on Student’s t test; n � 12 animals per condition; Fig. 2). No
significant differences were observed in the underlying mesen-

chyme�muscle (Fig. 2C). The increase in epithelial proliferation
was not accompanied by a statistically significant change in apo-
ptosis, as judged by terminal deoxynucleotidyltransferase-mediated
dUTP nick end labeling (TUNEL) assays of epithelium and
underlying mesenchyme�muscle in the same animals (data not
shown; P � 0.3 for all comparisons).

Fig. 1. Morphologic studies of CONR,
CONV,andGFzebrafish. (A–C)Whole-mount
preparations of 6-dpf zebrafish. Rostral is to
the left, dorsal is to the top. A shows the
position of the swim bladder (SB) and the
boundary of intestinal segment 2 (red
bracket). Segments 1 and 3 lie rostral and
caudal to segment 2, respectively. (D–F)
Whole mounts of the caudal regions of 9-dpf
CONR, GF, and CONV (conventionalized at 3
dpf) animals, showing onset of epidermal
degeneration phenotype in GF fish. This phe-
notype is manifested by loss of transparency
and integrityof theepidermis infinfolds (the
edges of these fin folds are highlighted with
open arrowheads in E). CONR and CONV fin
folds remain transparent (edges indicated by
filled black arrowheads in D and F). (G, H, J,
and K) Hematoxylin- and eosin-stained trans-
verse sections showing intestinal segment 1
(G and J) and segment 2 (H and K) in 6-dpf
CONV and GF zebrafish. There are no detect-
able epithelial abnormalities in intestinal
segment 1, whether judged by light micros-
copy(Gand J)orbytransmissionEM(datanot
shown). In contrast, enterocytes in segment 2
contain prominent supranuclear vacuoles
filled with eosinophilic material in CONV
(andCONR)fish (e.g.,blackarrowheads in H).
These vacuoles appear clear in GF animals
(e.g., open arrowheads in K). Pigmented me-
lanocytes (m) lieadjacent to the intestine inH
and K. (I and L) EM study of 6-dpf intestines, showing electron-dense material in the supranuclear vacuoles (v) of segment 2 CONV enterocytes, and electron-lucent
material in GF enterocytes. The filled black arrowhead in I points to a bacterium in the intestinal lumen. (Bars: 500 �m in A–F; 100 �m in G and J; 20 �m in H and K;
5 �m in I and L.)

Fig. 2. The microbiota stimulates intestinal epithelial proliferation. (A and
B) Sections prepared from the intestines of 6-dpf CONV and GF zebrafish after
a 24-h exposure to bromodeoxyuridine in their environmental water. Sections
were stained with antibodies to bromodeoxyuridine (magenta) and the nu-
clear stain bisbenzimide (blue). The mesenchyme and muscle surrounding the
intestinal epithelium are outlined in white. (C) Quantitation of S-phase cells in
the intestinal epithelium and mesenchyme. The percentage of cells in S phase
in GF intestinal epithelium is significantly lower than in CONR or CONV animals
(P � 0.0001, indicated by brackets with three asterisks). Data are expressed as
the mean of two independent experiments � SEM (n � 19–31 sections scored
per animal; �6 animals per experiment). (Bars: 25 �m in A and B.)

4598 � www.pnas.org�cgi�doi�10.1073�pnas.0400706101 Rawls et al.



Host Transcriptional Responses to the Microbiota. To gain additional
insights about the mechanisms underlying these microbiota-
associated phenotypes, as well as other aspects of host physiology
affected by gut microbes, we conducted a broad, functional
genomics-based analysis of gene expression in the digestive tracts of
6-dpf GF, CONV, and CONR zebrafish. Comparisons were per-
formed by using DNA microarrays containing 16,228 65-mer
oligonucleotides representing zebrafish genes and ESTs. RNA was
isolated from the pooled digestive tracts of 30 animals per treatment
group. Two independently generated cohorts of animals were
evaluated for each condition (i.e., a total of 60 animals). These
‘‘biological duplicates,’’ together with Cy3- and Cy5-labeled probe
dye swap controls, produced a total of four DNA microarray
datasets for each of the two comparisons performed (i.e., CONV
versus GF; CONR versus GF; see Fig. 4, which is published as
supporting information on the PNAS web site).

Using criteria described in Supporting Materials and Methods, we
found 212 genes to exhibit differential expression in both GF versus
CONV and GF versus CONR comparisons. Table 1, which is
published as supporting information on the PNAS web site, pro-
vides a complete gene list, as well as fold-differences in their relative
expression. Table 2, which is published as supporting information
on the PNAS web site, provides an overview of the functions of all
genes for which Gene Ontology (GO) term assignments could be
made (www.geneontology.org).

In addition, we referenced zebrafish genes culled from compar-
isons of GF versus CONV and�or GF versus CONR animals to our
previous DNA microarray datasets of genes differentially expressed
in the gastrointestinal tracts (small intestine, colon, or liver) of adult
GF mice versus ex-GF mice colonized with components of the
normal mouse intestinal microbiota (F. Bäckhed, L. Hooper, M.
Lecuit, and J.I.G., unpublished data; ref. 15). Sixty-six homologous
genes were identified as responsive to the microbiota in both fish
and mice (Tables 3 and 4, which are published as supporting
information on the PNAS web site). Expression of 54 of these
changed in the same direction (up or down) in both species (Table
3). Moreover, 59 of the 66 genes were identified in our analysis of
the response of the mouse intestine and did not occur in mouse liver
datasets (Tables 3 and 4). Several groups of these zebrafish genes,
named according to their mouse homologs, are discussed below.

Conserved Transcriptional Responses to the Microbiota. Epithelial
proliferation. The increased epithelial proliferation associated with
the microbiota was manifested by the increased expression of 15
genes involved in DNA replication and cell division. They include
thymidylate kinase (Dtymk), four minichromosome maintenance
genes (Mcm2, Mcm3, Mcm5, and Mcm6), origin-recognition com-
plex subunit 4 (Orc4l), proliferating cell nuclear antigen (Pcna), and
ribonucleotide reductase subunit M2 (Rrm2; Tables 1 and 3).
Nutrient metabolism. Developmental studies of Ppara (peroxisome
proliferator-activated receptor �) expression in the GF mouse
gastrointestinal tract have revealed a marked induction of this
ligand-activated transcription factor during the suckling–weaning
transition, with a continued rise in mRNA levels until animals reach
adulthood. In contrast, expression of these genes in CONR mice is
markedly lower and remains constant throughout postnatal devel-
opment and adulthood (21). These findings indicate that adult GF
mice manifest a fasting-like phenotype even though they consume
more chow than their CONR counterparts (43). This phenomenon
likely reflects their inability to efficiently use energy sources in their
diet that are normally liberated by microbe-dependent processing
(e.g., degradation of complex plant polysaccharides by the myriad
of glycosylhydrolases produced by Bacteroides spp.; refs. 9 and 44).

A zebrafish homolog of Ppara, as well as homologs of several of
its target genes [Fiaf (fasting-induced adipose factor, also known as
angiopoietin-like 4, a secreted protein that inhibits lipoprotein
lipase; ref. 45), and Cpt1a and Ctp1b (two carnitine palmitoyltrans-
ferases involved in mitochondrial fatty acid oxidation)] and Fbp1

(encodes the gluconeogenic enzyme fructose-1,6-bisphosphatase)
are also up-regulated in GF fish (Tables 1 and 3). These changes
indicate that, as in mice, the absence of a microbiota in zebrafish is
associated with a compromised ability to use nutrients and the
assumption of a metabolic state that shares features associated with
fasting.

Colonization of GF mice with components of the intestinal
microbiota also has a pronounced effect on the expression of genes
involved in various aspects of lipid metabolism (15). Expression of
farnesyl-diphosphate synthetase (Fdps), a key enzyme in isoprenoid
biosynthesis that produces C15 precursors for various sterols, doli-
chols, and ubiquinones, is increased in the distal intestine of CONV
versus GF mice, as well as in CONV versus GF zebrafish (Table 3).
Apolipoprotein B (Apob), a protein secreted from enterocytes and
hepatocytes that plays a pivotal role in intra- and extracellular
cholesterol trafficking, is up-regulated by the microbiota in the
mouse intestine and in the zebrafish digestive tract, whereas ex-
pression of the liver-specific cholesterol 7�-hydrolase (Cyp7a1),
which catalyzes the first step in cholesterol catabolism and bile acid
biosynthesis, and its transcriptional activator, Nr5a2, are reduced
(Tables 1 and 3). Together, these findings reveal that the microbiota
modulates cholesterol metabolism and trafficking in both mice and
zebrafish.

All three of the solute carrier family genes in our datasets that are
involved in the transport of amino acids or peptides are expressed
at higher levels in GF compared with CONV and�or CONR
zebrafish: Slc7a3, Slc38a4, and Slc15a2 (Tables 1 and 3). One
possibility is that 6-dpf GF animals up-regulate these transporters
to compensate for an inability to efficiently process ingested proteins.
Xenobiotic metabolism. Components of the microbiota of other fish
species have been shown to assist in the breakdown of ingested fish
feed binders (46) and xenobiotics (47). The mouse gut microbiota
also degrades xenobiotics, providing an explanation for the ob-
served increased expression of genes involved in their metabolism
in GF animals (15). We identified six members of the cytochrome
P450 monooxygenase family that are modulated by the zebrafish
microbiota. Among those with increased expression in the GF
zebrafish digestive tract were homologs of mammalian Cyp1a1,
Cyp2b6, and Cyp2c19, which are known to participate in xenobiotic
metabolism (48–50). These results indicate that the GF zebrafish
digestive tract may be less competent to detoxify dietary constitu-
ents and other components of the environment. The findings are
consistent with the hypothesis that xenobiotic compounds present
in the autoclaved chow (e.g., fish feed binders), may be toxic to
larvae without a microbiota, and therefore contribute to the early
lethality observed in fed GF zebrafish.
Innate immune responses. Functional genomic studies indicate that
conventionalization of adult GF mice with an unfractionated
microbiota harvested from CONR animals produces a series of
responses involving genes expressed in various lymphocyte popu-
lations (F. Bäckhed, L. Hooper, M. Lecuit, and J.I.G., unpublished
data). Although zebrafish develop an adaptive immune system (51),
they do not appear to be capable of mounting an adaptive immune
response until 4 weeks postfertilization (52). Consistent with this
observation, comparisons of 6-dpf GF versus CONV or CONR
zebrafish digestive tracts did not reveal remarkable differences in
expression of the wide range of lymphocyte-specific genes repre-
sented on our microarrays (Tables 1–4). Nonetheless, our dataset
of conserved microbiota-associated responses in the zebrafish
digestive tract included genes involved in innate immunity. For
example, there was induction of the zebrafish homologs of mouse
serum amyloid A1 (Saa1), C-reactive protein (Crp), complement
component 3 (C3), angiogenin 4 (Ang4, a microbiota-regulated
antibiotic protein produced by members of the Paneth cell lineage
in the mouse small intestinal epithelium that has species-selective
bactericidal activity against gut pathogens; ref. 16), and suppressor
of cytokine signaling 3 (Socs3, a member of a family of feedback
inhibitors of JAK�STAT pathways). We also documented a micro-
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biota-associated increase in expression of a myeloperoxidase ho-
molog (Mpo; also known as Mpx in zebrafish, where it is a
granulocyte-specific marker; ref. 53). In the mouse intestine, the
microbiota induces expression of the oxidative stress response gene
Gpx2 (glutathione peroxidase 2; ref. 54). Similarly, the zebrafish
microbiota induces expression of a gene displaying sequence ho-
mology to both mouse Gpx2 and its constitutively expressed para-
log, Gpx1 (the induced zebrafish gene is referred to as Gpx2 in
Tables 1 and 3).

Shared Characteristics of the Zebrafish and Mammalian Digestive
Tract Microbiota. While these studies reveal a wide range of con-
served responses of the zebrafish digestive tract to the presence of
a microbiota, the nature of this microbiota, and its degree of
similarity to microbial communities that reside in the mouse or
human gut, had not been previously defined. Therefore, we gen-
erated and sequenced libraries of bacterial 16S rDNA amplicons
produced by PCR of DNA prepared from the microdissected
digestive tracts of CONR 6-, 10-, 20-, and 30-dpf and adult animals
(see Supporting Materials and Methods for details concerning the
size of each pool, the number of libraries produced from various
sibships at each time point, and how sequences were referenced
against ribosomal databases for genus and species identification).
Because a number of variables can affect the composition of a
microbiota (e.g., nutrient supply, aquaculture conditions, and de-
velopmental stage), we used our sequence data only to identify
bacterial genera�species that can occur within the zebrafish diges-
tive tract.

The only genera found at all time points surveyed were Aero-
monas and Pseudomonas. Vibrio and Lactococcus spp. were also
commonly encountered (Table 5, which is published as supporting
information on the PNAS web site). Comparisons of the digestive
tract microbiotas of CONV versus CONR 6-dpf zebrafish indicated
an enrichment of Aeromonas in the former (61% of all sequenced
clones in CONV versus 0.3% in CONR), and of Vibrio in the latter
(57% in CONR versus 12% in CONV; Table 5). This observation
may help explain why our datasets of differentially expressed genes
identified from comparisons of CONV versus GF and CONR
versus GF digestive tracts were not completely overlapping (see
http:��gordonlab.wustl.edu�).

Some of the species we identified in the zebrafish microbiota
have been shown to help control the growth and establishment of
pathogens in other fish species. For example, Lactococcus lactis and
Pseudomonas spp. can inhibit growth of Vibrio anguillarum (55, 56).
Because of the absence of an adaptive immune response during the
larval–juvenile stages in zebrafish, incorporation of these bacterial
species into the gut microbiota may be important for maintaining
their health during this free-living period.

Our results not only are consistent with earlier culture-based
analyses of other freshwater and marine teleosts (57–59) but also

reveal some limited similarities to the mammalian gut microbiota.
For example, the zebrafish microbiota contains members of Bac-
teroidetes (e.g., Flavobacterium and Flexibacter), a major phylum in
mice, humans, and other mammals (2), components of Ralstonia
and Plesiomonas genera (5, 60), as well as a number of lactic acid
bacteria (Lactococcus lactis, Lactobacillus fermentum, Leuconostoc
citreum, and Weissella confusa).

Monoassociation Experiments Reveal Microbial Specificity for Some
Host Responses. It is remarkable that responses to the gut micro-
biota are conserved between zebrafish and mice, given their great
evolutionary distance and the compositional differences in their
indigenous microbial communities. To determine whether some of
the observed evolutionarily conserved host responses to the micro-
biota exhibit microbial species specificity, we colonized 3-dpf GF
zebrafish with individual components of the digestive tract micro-
biota for 3 days. Two culturable and genetically manipulatable
Gram-negative bacterial species were chosen for these monoasso-
ciation experiments as representatives of the Aeromonas and
Pseudomonas genera that were consistently represented in the
digestive tracts of 6-dpf–adult zebrafish: Aeromonas hydrophila and
Pseudomonas aeruginosa. RNA was isolated from the pooled
digestive tracts of 10 animals per condition at 6-dpf (n � two groups
per condition), and host transcriptional responses were quantified
by using real-time quantitative RT-PCR (see Table 6, which is
published as supporting information on the PNAS web site). Two
control RNAs were used as reference standards: 6-dpf GF and
6-dpf CONV digestive tracts (n � 30 per group; two independent
groups per condition to generate biological duplicates). Impor-
tantly, the average number of viable organisms recovered from the
digestive tracts of CONV or monoassociated animals was not
significantly different (4.4–8.3 � 104 colony-forming units per
digestive tract; P � 0.26).

The subset of genes selected for real-time quantitative RT-PCR
(qRT-PCR) assays represented a range of key host biological
processes (e.g., innate immunity, nutrient uptake and metabolism,
and xenobiotic metabolism). The qRT-PCR results showed that the
response of some of these genes, Apob, Saa1, Mpo, and Arg-2
(arginase 2), was robust whether there was colonization with an
unfractionated microbiota or with either of the two individual
species (Fig. 3A and data not shown). In contrast, C3 responded to
the presence of a normal microbiota and to A. hydrophila, but not
to P. aeruginosa (Fig. 3B). Conversely, Fiaf responded to a normal
microbiota and P. aeruginosa, but not to A. hydrophila (Fig. 3C).
Expression of other genes, Gpx2, Ppara, Slc31a1 (solute carrier
required for high-affinity uptake of Cu2�), Cyp27a1 (cytochrome
P450 family 27 A1), Ddost (dolichyl-diphosphooligosaccharide pro-
tein glycotransferase), Gstp1 (glutathione S-transferase � 1), Dmbt1
(deleted in malignant brain tumors 1; also called crp-ductin),
Itgb1bp3 (integrin �-1-binding protein 3), Wars (tryptophanyl-

Fig. 3. Real-time quantitative RT-PCR studies of the microbial species specificity of selected evolutionarily conserved zebrafish responses to the digestive tract
microbiota. Expression levels of serum amyloid A1 (Saa1; A), complement component 3 (C3; B), fasting-induced adipose factor (Fiaf; C), and solute carrier family
31 member 1 (Slc31a1; D) in digestive tracts from 6-dpf conventionalized (CONV), A. hydrophila-monoassociated (A.h.), and P. aeruginosa-monoassociated (P.a.)
larvae are shown relative to 6-dpf GF larval digestive tracts. Assays were performed in triplicate (n � 4 assays per gene). Data were normalized to 18S ribosomal
RNA and results are expressed as mean log2 values � SEM.
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tRNA synthetase), and Yars (tyrosyl-tRNA synthetase), was regu-
lated by the unfractionated microbiota but not dramatically altered
in response to monoassociation with either A. hydrophila or P.
aeruginosa (Fig. 3D and data not shown). These findings indicate
that, as in mice (15), at least a subset of zebrafish genes are sensitive
to factors represented in only a subset of bacterial components of
the gut microbiota.

Finally, DNA microarray-based comparisons of gene expression
in the digestive tracts of conventionally raised 6-, 10-, and 20-dpf
zebrafish revealed that a number of the genes found to be regulated
by the microbiota exhibit changes in their relative expression levels
during the larval to late juvenile stages of development (e.g., Fig. 5,
which is published as supporting information on the PNAS web
site). This observation underscores the importance of considering
(i) the potential contributions of the microbiota when designing and
interpreting genetic and�or chemical screens for factors that mod-
ulate zebrafish development, and (ii) that observed features of
postembryonic animal development may represent formerly unap-
preciated manifestations of host–microbial interactions.

Prospectus. While coupling gnotobiotic mouse models with func-
tional genomics has been valuable for documenting the wide range
of host functions that are modulated by the microbiota, identifica-
tion of the host and microbial signals and signaling pathways that
mediate such interactions will be very challenging. The present
study indicates that the zebrafish possesses several characteristics
that should facilitate this discovery process: (i) they exhibit a
number of responses to the gut microbiota that are shared with
mammals; (ii) a subset of these responses show microbial specificity;
(iii) the transparency of developing zebrafish could allow host–
microbial interactions to be observed in their digestive tracts,
through the use of fluorescent protein-expressing bacteria and�or
fluorescent protein-expressing host transgenes (see below); and (iv)
genetic and chemical screenings could be performed by using

normal and genetically engineered gnotobiotic zebrafish raised in
multiwell arrays (61).

Although the present study shows the feasibility of studying
host–microbial interactions in larval gnotobiotic zebrafish, exten-
sion to adult stages will require continued refinement of animal
husbandry protocols. Many of the issues faced with GF zebrafish,
such as identifying a diet that allows survival to reproductive
maturity, the capacity to breed strains of GF animals over multiple
generations, and optimizing equipment for precise control of
environmental variables, are similar to those overcome by gnoto-
biologists during the past 50 years as they have learned to effectively
propagate GF mice.

We anticipate that in the near future transgenic GF zebrafish will
be created containing fluorescent protein reporters under the
control of transcriptional regulatory elements from biologically
important genes that display evolutionarily conserved microbial
regulation. These animals could then be used as instructive models
for genetic and�or chemical analyses of the molecular foundations,
and physiological significance, of mutually beneficial (symbiotic) or
pathogenic relationships between microorganisms and their verte-
brate hosts.
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