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Dysbiosis of the intestinal microbial community is considered a risk factor for development of chronic intestinal
inflammation as well as other diseases such as diabetes, obesity and even cancer. Study of the innate and adaptive
immune pathways controlling bacterial colonization has however proven difficult in rodents, considering the extensive
cross-talk between bacteria and innate and adaptive immunity. Here, we used the zebrafish to study innate and
adaptive immune processes controlling the microbial community. Zebrafish lack a functional adaptive immune system
in the first weeks of life, enabling study of the innate immune system in the absence of adaptive immunity. We show
that in wild type zebrafish, the initial lack of adaptive immunity associates with overgrowth of Vibrio species (a group
encompassing fish and human pathogens), which is overcome upon adaptive immune development. In Rag1-deficient
zebrafish (lacking adaptive immunity) Vibrio abundance remains high, suggesting that adaptive immune processes
indeed control Vibrio species. Using cell transfer experiments, we confirm that adoptive transfer of T lymphocytes, but
not B lymphocytes into Rag1-deficient recipients suppresses outgrowth of Vibrio. In addition, ex vivo exposure of
intestinal T lymphocytes to Rag1-deficient microbiota results in increased interferon-gamma expression by these T
lymphocytes, compared to exposure to wild type microbiota. In conclusion, we show that T lymphocytes control
microbial composition by effectively suppressing the outgrowth of Vibrio species in the zebrafish intestine.

Introduction

Intestinal dysbiosis is associated with several diseases.1-5 Dys-
biosis may refer to disturbances in the microbial community com-
position, but can also refer to disturbed interaction between the
microbiota and the host. Disturbance of the microbial community
due to for example antibiotic use can lead to outgrowth of so-
called pathobionts. A pathobiont, according to Mazmanian and
Round, is ‘a symbiont that is able to promote pathology only
when specific genetic or environmental conditions are altered in
the host’.6-8 Experimental animal models show that modification
of the microbial composition can have a profound influence on
the health status of the host. For example, colonization of mice
with segmented filamentous bacteria (SFB) induces Th17 cells in
the lamina propria and results in resistance towards intestinal
inflammation caused by Citrobacter rodentium.9 Furthermore,
spontaneous colitis in IL10-deficient mice can be prevented by

narrow and broad spectrum antibiotics or through inoculation in
early life with a mix of Clostridium species.10,11 We previously
reported that the microbial composition affects development and
severity of zebrafish enterocolitis by regulating the composition
and number of infiltrating cells.12 In addition to physical con-
strains such as pH, acidity and availability of nutrients, the host
immune system has an effect on the microbial colonization of the
intestines as well. This indicates that the host immune system not
only adapts to microbial composition but indeed actively creates
the terms of microbial survival and thus composition in the
intestine.13,14

Despite the great relevance to elucidate mechanisms by which
microbes are able to colonize their hosts, dissection of the innate
and adaptive immune signaling pathways controlling coloniza-
tion has proven difficult due to the extensive cross-talk. High
throughput 16S rRNA sequence analysis of faeces from several
mouse models deficient for innate signaling, revealed that these
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pathways in part control intestinal microbial composition.
Nod2-deficient, MyD88-deficient and Mmp7-deficient mice all
display microbial communities that deviate from wild type litter-
mates.15-17 As for the role of adaptive immunity on bacterial col-
onization, much attention was directed towards the role of IgA-
secreting B cells.18-21 IgA can prevent colonization of certain bac-
teria and can allow colonization of others.22 Certain subsets of T
lymphocytes can influence microbial composition. For example,
it was shown that CD1d-deficient mice lacking NKT-cells dis-
play differences in intestinal microbial composition resulting
from altered Paneth cell function.23 These data suggest a role for
specific subsets of T lymphocytes in the establishment of intesti-
nal microbiota. Furthermore, certain bacteria are able to induce
regulatory T lymphocytes24,25 and large numbers of intra-epithe-
lial lymphocytes reside within the epithelial cell layer that sepa-
rates the underlying mucosa from the intestinal lumen,
suggesting an important role in maintaining intestinal homeosta-
sis with the microbiota.26

To clarify the role of lymphocytes on microbial community
composition and intestinal milieu we made use of zebrafish.
Zebrafish develop ex-utero and are unique in that during the first
weeks of life only innate immunity is functional. From two to
three weeks of age the adaptive immune system develops.27-29

This is in contrast to mice and humans, where adaptive immune
cells are present in the intestines during the first weeks of bacterial
colonization.30 Thus, the zebrafish model allowed us to specifi-
cally investigate the early bacterial colonization period in the
absence of fully functional adaptive immunity and the impact of
adaptive immune development on colonization thereafter. We
show that zebrafish T lymphocytes can actively shape the intesti-
nal microbial composition by effectively suppressing the out-
growth of Vibrio; a group of bacteria that is known to encompass
human and fish-pathogens.

Results

Adult Rag1-deficient zebrafish harbor a different intestinal
microbial community compared to wild type siblings

In order to establish whether the presence of adaptive immune
cells dictates a difference in microbial community we performed
sequence analysis of bacterial 16S rRNA of intestinal content
from adult Rag1-deficient zebrafish and wild type siblings at 14
wpf (weeks post fertilization). Rag1-deficient zebrafish harbour a
distinct and significantly different microbial composition com-
pared to wild type and heterozygous siblings (Figure 1A and B).
The microbial profiles of wild type and heterozygote siblings are
different yet cluster together, while the microbial profile of Rag1-
deficient siblings is clearly distinct from this cluster (Figure 1A).
Figure 1B shows a phylogenetic tree of the different microbiota
including a bar containing information about the species
retrieved from the 16S rRNA sequences. Interestingly, most of
the species retrieved in both Rag1-sufficient and Rag-deficient
zebrafish belonged to the Fusobacteria. Further specification of
these Fusobacteria revealed that all operational taxonomic units
(OTUs) belonging to these Fusobacteria are identified as

Cetobacterium somerae, a commonly found bacterium in freshwa-
ter fish (table S1). Figure 1B again shows that while the wild
type and heterozygote intestinal microbial communities cluster
together phylogenetically, Rag1-deficient intestinal microbiota
form a separate cluster. Although minor variations exist in the
relative abundance of different bacteria between wild type and
heterozygous zebrafish, the difference with Rag1-deficient sib-
lings is prominent. Especially, the 16S rRNA sequences retrieved
from the Rag1-deficient intestinal contents revealed higher rela-
tive abundance of species belonging to the order Vibrio com-
pared to wild type siblings (brown bar, Figure 1B) Our sampling
depth was very high relative to alpha diversity as measured by
Shannon diversity index (figure S1). Shannon’s diversity index is
a commonly used diversity index that takes into account both
abundance and evenness of species present in the community. A
high value of Shannon’s diversity index is representative of a
diverse and equally distributed community and lower values rep-
resent less diverse community. A value of 0 would represent a
community with just one species. Based on a Random Forest
Analysis the presence of Vibrio could clearly predict the genotype
of our fish. Random Forest Analysis depicts to what extent each
Operational Taxonomic Unit (OTU; bacterial species) can pre-
dict the genotype (wild type, heterozygote or Rag1-deficient). 31

In our analysis, we considered an OTU to be highly predictive if
its importance score was at least 0.001.32 (Figure S2).

Vibrio abundance decreases over time in wild type zebrafish
but not in Rag1-deficient zebrafish

Since two major groups of bacteria -Fusobacteriales (specifi-
cally Cetobacterium somerae) and Vibrio- constitute >90% of all
intestinal bacterial species in Rag1-deficient zebrafish and their
siblings, we designed specific Real Time qPCR primers to deter-
mine the abundance of these groups of over time in the intes-
tines. We confirmed the 16S rRNA sequence data by Real Time
quantitative PCR in adults displaying increased abundance of
Vibrio in the Rag1-deficient zebrafish compared to wild type sib-
lings (Figure 1C and D). We analyzed the microbiota at 1 wpf
(innate), 5 wpf (adaptive immune development) and 14 wpf
(innate and adaptive immunity) in Rag1-deficient and wild type
littermates. This analysis showed that the difference in intestinal
species composition between Rag1-deficient zebrafish and wild
type siblings is apparent from 5 wpf onwards (Figure 1C, D).
While Vibionales species are abundant in both Rag1-deficient
and wild type zebrafish at 1 wpf (both only have innate immu-
nity), their abundance decreases from 1010 to 106 in the wild
type intestinal community from 5 wpf onwards. In contrast, in
Rag1-deficient zebrafish the relative abundance of Vibrio remains
equal over time (Figure 1D). Conversely, the presence of Ceto-
bacterium somerae is slightly (though not significantly) reduced in
Rag1-deficient zebrafish compared to wild type siblings from 5
wpf onwards (Figure 1C).

Adoptive transfer of T lymphocytes, but not B lymphocytes
reduces the relative abundance of Vibrio

To evaluate the role of lymphocytes in shaping the microbial
community, we sorted T and Non-T (B and NK-like cells)
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Figure 1.Microbiota composition is dependent on genotype. (A) Classified sample diagram of Redundancy analysis (RDA). Analysis was performed using
Canoco5. Taxonomic composition at the genus level was used as response data, genotype as explanatory variable. The variation explained by the ordina-
tion axis is significantly higher than random (p<0.002, permutation test). Red symbols represent genotype, open symbols are the individual samples. The
colored lines are envelopes connecting samples of the same genotype, (B) Hierarchical clustering of Rag1-deficient, heterozygous and wild type siblings
(n D 4/genotype) and intestinal composition as analyzed by 16S rRNA sequence analysis. Robustness of the clustering was estimated using jack-knifing
analysis (20 replicates; indicated as a fraction). (C) Real Time quantitative PCR of Cetobacterium somerae and (D) Vibrio log copy number in the zebrafish
intestines over time (1, 5 and 14 weeks post fertilization, one experiment). Black bars: wild type, white bars: Rag1-deficient zebrafish. Data are repre-
sented as mean C/¡ standard error of the mean. Statistics: Data tested for normal distribution by Kolmogorov-Smirnov test (not normally distributed).
Mann-Whitney test, *:p D 0.04, **: p D 0.0016. Zebrafish are derived from the same clutch of eggs and raised in the same aquarium tank.
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lymphocytes from conventionally raised T lymphocyte reporter
(Lck-GFP) transgenic zebrafish, based on lymphocyte scatter and
GFP fluorescence using flow cytometry. Immediately after sort-
ing, we adoptively transferred sorted T cells or non-T cells into
Rag1-deficient recipients. At one week post cell transfer, we ana-
lyzed log copy numbers of Cetobacterium somerae and Vibrio by
Real time quantitative PCR and we assessed whether we could
detect T lymphocytes in the intestines of the recipients by flow
cytometry. Indeed, GFP positive events were detected in the
intestines of most (but not all) zebrafish (Figure 2A, solid and
grey line). Evaluation of the intestinal microbes by qPCR one
week after transfer revealed that when T lymphocytes were trans-
ferred into Rag1-deficient zebrafish, and a positive intestinal
GFP signal was detected, the relative abundance of Vibrio
decreased to wild type levels, while Cetobacterium somerae levels

tended to be higher compared to PBS injected zebrafish
(p D 0.06) (Figure 1D, 2B, C). Adoptive transfer of Non-T
lymphocytes containing B cells and NK-like cells did not
modulate Vibrio abundance (striped line, Figure 2A and 2C).
Notably, in one of the experiments, two Rag1-deficient zebrafish
did not show GFP positive events in the intestine after adoptive
transfer of wild type T lymphocytes (Figure 2A, grey line) sug-
gesting that transfer failed in these fish. Importantly, in these fish
the Vibrio species were retained at the elevated levels seen in the
non-transferred Rag1-deficient fish, and were thus not reduced
to wild type levels (Supplemental Figure 4). This again supports
the role of T lymphocytes in the repression of Vibrio observed in
the wild type fish. Overall, a small negative correlation was
observed between the GFP-positive events (T lymphocytes)
found in the intestines at 1 week post injection (wpi) and the

Figure 2. Adoptive transfer of T but not Non-T lymphocytes reduces the abundance of Vibrio 1 week after transfer. (A) Representative flow cytometry
plot for GFP signal in the intestines one week after adoptive transfer of PBS, sorted non-T lymphocytes (GFP-negative cells), sorted T lymphocytes (GFP-
positive cells) in Rag1-deficient zebrafish. Real Time PCR for Cetobacterium somerae (B) and Vibrio (C) abundance in zebrafish that received PBS, T lym-
phocytes or Non-T lymphocytes in the intestines 1 week after transfer. (D) Correlation of GFP-positive events with Vibrio abundance (Spearman Rank,
p D 0.04).
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intestinal abundance of Vibrio (Spearman rank, two-tailed p D
0.04, Figure 2D), whereas adoptive transfer of lymphocytes in
wild type zebrafish did not alter the microbial composition (data
not shown).

Sorted T lymphocytes show increased in vitro responses
towards Rag-deficient but not wild type intestinal bacteria

Does the modulated microbiota in Rag-deficient zebrafish
have an immunological consequence to T cell activation and/
or effector function? To address this question, we sorted T
lymphocytes to assess a possible T cell-mediated response
upon direct exposure to intestinal bacteria from wild type
and Rag1-deficient zebrafish. After seeding in 24 wells plates,
T lymphocytes were exposed to either wild type or Rag-defi-
cient intestinal microbiota for 6 hours. After 6 hours cytokine
responses were assessed. Rag1-deficient microbiota was able to
induce ifng expression in sorted T lymphocytes to a greater
extent than wild type microbiota (Figure 3A). We did not
detect significant differences in il10 and tnfa expression
between wild type and Rag1-deficient microbiota exposed T
lymphocytes (Figure 3C and D). Expression of il17 was not
detected in any of the groups (data not shown). From these
ex vivo experiments it can be concluded that microbes derived
from rag1 mutant zebrafish (containing high Vibrio abun-
dance) induce a stronger T lymphocyte response than
microbes derived from wild type siblings. Interestingly,
counting the cells after 6 hours revealed that stimulation with
Rag1-deficient microbiota had increased the number of cells
3 fold compared to t0, while no difference was seen in cell
numbers after 6 hours stimulation with wild type microbial
content or medium (Figure S3).

Intestinal Immune activation in Rag1-deficient zebrafish
at adult age

We finally considered that the altered intestinal microbial
community and lack of lymphocytes in Rag1-deficient zebra-
fish may coincide with an inflamed intestinal milieu. To this
end, we determined intestinal cytokine expression by Real
Time quantitative PCR. Several cytokines were differently
expressed in Rag1-deficient zebrafish and wild type siblings
(Figure 4). Expression of il1b and cxcl8-l2 was increased in
Rag1-deficient zebrafish at 14 wpf indicating immune activa-
tion at these time points (Figure 4A and B). Expression of
interleukin(il)17f2, il10 and ifng was significantly lower in
Rag1-deficient zebrafish intestines at 14 wpf, which relates
to the absence of T cells that normally produce these cyto-
kines (Figure 4C, E, and F). We did not observe a differ-
ence in expression of tnf-a between Rag1-deficient zebrafish
and wild type siblings at 14 wpf (Figure 4D). From 14
weeks onwards Rag1-deficient zebrafish develop dropsy
(oedema of the tissues caused by bacterial infection) or
become severely anorexic (Figure S5). Thus, absence of lym-
phocytes results in an altered microbial community from 5
weeks post fertilization onwards and an inflamed intestinal
milieu later in life.

Discussion

In this study we report that T lymphocytes have a profound
effect on intestinal microbial composition. T lymphocytes
actively repress outgrowth of Vibrio species in the zebrafish intes-
tines. Since in zebrafish adaptive immunity is absent in the first
weeks of life and gradually develops from 2 to 3 weeks post fertil-
ization27, we could specifically address the effect of adaptive
immune development on intestinal bacterial colonisation
patterns.

Figure 3. T lymphocyte responses towards Rag1-deficient and wild type
microbiota. Relative expression of ifng (A), tnfa (B) and il10 (C) in T lym-
phocytes left in medium or exposed to either wild type or rag1-deficient
intestinal microbiota for 6 hours.
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In our study we observed high abundance of Vibrio species at
larval (innate) stages of zebrafish development, in agreement with
observations made by Rawls et al.33 In their study Rawls et al.
compared microbial communities of zebrafish at different time
points. From 6 to 30 days post fertilization the number of

sequences belonging to the Vibrio group go down from 207 to
12 in conventionally raised fish, however at adult age 113 sequen-
ces are found. This high number of Vibrio species found at adult
age is due to an increase in the number of Vibrio navarrensis
sequences. In contrast, we do not observe an increase at 14 wpf

Figure 4. Relative expression levels of intestinal cytokines in wild type and Rag1-deficient zebrafish at 14 wpf. Relative expression of il1b (A), cxcl8-l2
(B), il10 (C), tnfa (D), ifng (E) and il17f2 (F) in the intestines of zebrafish of 14 wpf as measured by Real Time PCR.
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in Vibrio species in our wild type zebrafish in fact the abundance
stays low (table S1). In addition, in their study, Rawls and col-
leagues do not find Cetobacterium somerae species until adult age,
while we find these bacteria throughout life in our fish, wild type
and Rag1-deficient. In contrast, Rawls et al report more Aeromo-
nas, Lactococcus and Pseudomonas species. In a separate study,
Roeselers and colleagues also reported the presence of Vibrio in
adult wild type zebrafish. 34 Diversity in microbial composition
between different studies can be attributed to the different
aquatic environment and diets used, since diet and tank water are
important factors that determine microbial composition. For this
reason we took great care to minimize and control for these dif-
ferences in our experiments. Comparisons between wild type and
mutant zebrafish are between siblings which have been raised in
the same tank.

The data presented in our manuscript expand on previous
studies in mice showing T cell involvement in intestinal homeo-
stasis. For example, mice lacking a specific subset of T-lympho-
cytes, i.e. NKT lymphocytes display a different microbial
composition. These CD1d-deficient mice have more epithelial
attaching segmented filamentous bacteria (SFB) and increased
bacterial colonization rate upon mono-colonization with specific
bacteria.35 Furthermore, it has been reported that severe com-
bined immuno-deficient (SCID) mice that lack T and B cells
show increased and prolonged colonization upon mono-associa-
tion with SFB compared to heterozygous littermates.22 In addi-
tion, Dimitriu et al. also reported differences in bacterial
community composition in faeces between WT mice and mice
lacking adaptive immunity (CD45, RAG and 45RAG double
knock-out) as analyzed by Principal coordinates analysis (PCoA)
plots of bacterial community composition (T-RFLP finger-
prints).36 Interestingly, some bacterial species (and possible path-
obionts) were only detected in the CD45 knockout mice, such as
Alcaligenaceae and Helicobacteraceae.36 In contrast, thymectomy
of tadpoles (Xenopus laevis), a model in between zebrafish and
higher vertebrates, did not result in differences in microbial com-
position.37 Although, Rag-deficiency and thymectomy cannot
directly be compared, further investigation into this difference
might yield clues concerning the mechanism by which T cells
regulate microbial composition independently of B cells in zebra-
fish. In corroboration with our data, Kawamoto and colleagues
showed that not only Rag1–/– mice, but also mice lacking only
B cells (Ighm–/–) or only T cells (Cd3e–/–) had reduced bacterial
diversity and bacterial communities, indicating that T lympho-
cytes do have a B lymphocyte independent effect on the micro-
biota in mice.38 The order Vibrio contains species that are
known fish pathogens. For example, Vibrio anguillarum as well
as Vibrio salmonicida can cause vibriosis, a deadly haemorrhagic
septicaemic disease. This disease can affect marine as well as fresh
water fish.39, 40 Furthermore, species such as Vibrio parahaemolyti-
cus, Vibrio vulnificus and Vibrio cholerae can induce disease in
humans.41-44 In spite of the high abundance of Vibrio species
throughout life, our Rag1-deficient zebrafish do not appear to
have any symptoms of disease until after 14 wpf. After 14 wpf,
however, fish displayed increased pro-inflammatory cytokine
responses (cxcl8-l2 and il1b) in the intestines, which might reflect

the continuous burden of infections due to a lack of adaptive
immunity. Furthermore, it has been shown that Foxp3C regula-
tory T cells contribute to diversification of gut microbiota and reg-
ulation of subsequent inflammatory responses in mice. Although
transcription factor Foxp3 has been reported in zebrafish, it is very
difficult to identify this distinct Treg subset to date.45

In addition, most fish become anorexic and die, when not
euthanized, before 16 wpf. In a few cases, we have observed
dropsy (1% of Rag1-deficient fish) at >14 wpf. Dropsy is an
accumulation of fluids in the body cavity due to internal organ
failure. Dropsy can be caused by bacterial and viral infections as
well as husbandry imbalances (salt concentration).46 In light of
this, it is apparent that Rag1-deficient zebrafish are more suscep-
tible to disease just like their murine counterparts. Rag1-deficient
zebrafish harbor increased abundance of Vibrio species from early
age and yet do not show pathology until adult age. Nevertheless,
life-long dysbiosis together with their immunocompromised state
might render these fish more susceptible to additional triggers
such as bacterial and viral infections as well as other environmen-
tal factors.

The outgrowth of Vibrio in Rag1-deficient zebrafish suggests a
specific role for lymphocytes in modulation of the microbial
community. Indeed, adoptive transfer of T lymphocytes was able
to reduce the relative abundance of Vibrio. In the absence of
adaptive immunity, in Rag1-deficient zebrafish or larval zebra-
fish, Vibrio abundance is high. A recent report on establishment
of mouse intestinal microbiota also suggests that during the early
stages of development typical pathobionts, in this case Helico-
bacter and Sphingomonas, are able to colonize despite activation
of innate immunity.47,48 Similar to our zebrafish data, develop-
ment of adaptive immunity (from day 4-7) in these conventional-
ized mice coincided with decreased abundance of these
pathobionts. We hypothesize that these (host-specific) patho-
bionts (such as Helicobacter, Sphingomonas and Vibrio spp.) acti-
vate T lymphocytes, which subsequently results in repression of
these species. Indeed, we observed that sorted T lymphocytes spe-
cifically respond by proliferation and expression of ifng when
exposed to Rag1-deficient microbial content (with increased
abundance of Vibrio), while this response is seen less upon expo-
sure to wild type intestinal content. Interestingly, recently it was
shown that CD4C T lymphocyte derived IFNg can induce
MHC class II on intestinal epithelial cells which is able to protect
against colitis.49 Furthermore, Do and colleagues showed that
IFN-g signalling in non-hematopoietic cells may control inflam-
mation.50 Additionally, we have recently shown that transfer of
T lymphocytes can induce epithelial cxcl8-l1 in zebrafish, suggest-
ing that T lymphocytes can also activate epithelial cell immune
responses.51 Future investigation into the different intestinal T
lymphocyte subsets in zebrafish will aim to dissect whether these
T lymphocytes are directly activated by bacterial ligands or
whether memory T lymphocytes are responsible for further
immune activation and suppression of Vibrio species.

In conclusion, by using the zebrafish as our model system we
were able to specifically study the effect of adaptive immune devel-
opment on intestinal bacterial community establishment. As the
number of available transgenic (immune cell) reporter zebrafish
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keeps rising, and protocols are developed to easily modify these fish
both genetically and environmentally, we anticipate that the use of
this model system will greatly enhance or understanding of bacte-
rial-host interaction. The findings presented here show that early
overgrowth of Vibrio species induces adaptive pro-inflammatory
cascades, which initiates full maturation of the zebrafish mucosal
immune system and might be necessary to establish mucosal
homeostasis between the zebrafish host and the microbiota.

Materials and Methods

Animals
All zebrafish strains were maintained under standard hus-

bandry conditions at the Hubrecht Institute Utrecht (14 hours
light, 10 hours dark regime). The larval fish are fed with Tetrahy-
mena pyriformis (CCAP) (from 5-14 dpf), Novotom with dried
Artemia (1-3 wpf) and a combination of Artemia (230.000 npg,
Ocean nutrition) and Tetramin Flakes (Tetra, Aqua Schwartz)
twice daily (3-20 wpf). The rag1-/- line (rag1t26683) was gener-
ated at the Hubrecht institute52 and for all analyses siblings of
rag1C/- in-crossed fish were used and kept in the same tank to
control for environmental and maternal effects on microbial
composition. The lck:GFP zebrafish were purchased from
ZIRC.28 All animal experiments were approved by the Animal
Experimentation Committee (DEC) of University Medical Cen-
tre Utrecht. Animals were monitored by skilled personnel at the
Hubrecht Institute. All experiments described were carried out
following guidelines of the Animal Experimentation Committee
and Dutch Law on Animal Experimentation.

DNA isolation intestinal microbes
Intestinal contents are washed from intestinal tissue, collected

in 50 ml of sterile water and immediately stored at ¡20�C until
further processing. DNA was isolated with the Invitek DNA
Stool kit (Isogen, cat nr 1038110200) according to the man-
ufacturer’s instructions.

16S rRNA sequencing intestinal content
DNA samples were adjusted to a concentration of 20ng/ul

and the V1 and V2 region of the 16S ribosomal RNA gene
was amplified by PCR. The degenerated forward primers
(27F-DegS) contained the titanium sequencing adaptor A at
the 5’ end, followed by a variable eight nucleotide barcode
sequence (Table 1).53-55 Reverse primers consisted of an
equimolar mix of two primer sequences56 based on previously
published probes EUB 338 I, II and III57, both containing
the titanium sequencing adaptor B at the 5’ end (Table 1).
Adaptor sequences were kindly provided by GATC-Biotech
(Konstanz, Germany). PCRs were performed in a total vol-
ume of 100ul containing 2U of Phusion Hot start II High-
Fidelity DNA polymerase (Thermo Scientific cat nr. F-537S),
1x High Fidelity PCR buffer, 2 ml PCR Grade Nucleotide
Mix (Roche, cat nr 11581295001), 500nM forward primer,
500nM reverse primer and 40ng DNA. Negative control
PCRs were performed without addition of template. An
internal control for the reliability of the pyrosequencing tech-
nique was performed by including one sample twice, using
different forward primers (primer 27F-DegS-1 and 27F-
DegS-13 for sample Rag C/C No.1). The PCR programme
employed initiated with a 30 seconds denaturing step at
98�C, followed by 30 cycles of denaturation for 10 seconds
at 98�C, annealing for 20 seconds at 56�C and elongation
for 20 seconds at 72�C, followed by a final elongation step
for 10 minutes at 72�C (GS0001 Thermocycler Westburg).
The amplicon size was verified by agarose gel electrophoresis
and purified using a High Pure PCR Cleanup Micro Kit
(Roche, cat nr 04983955001) according to the man-
ufacturers’ instructions. An equimolar mix of all 13 samples
with a total DNA concentration of 13ug was prepared. Puri-
fied PCR products were mixed in equimolar amounts fol-
lowed by agarose gel electrophoresis, band-excision, and
purification using the High Pure PCR purification kit
(Roche, cat nr 04983955001). The purified pooled amplicons
were pyrosequenced using 454 titanium sequencing.

Table 1. Barcoded sequencing primers

Primer name 5’ to 3’ sequence (titanium adaptor (– barcode) – primer sequence)

27F-DegS-1 CCATCTCATCCCTGCGTGTCTCCGACTCAG – AACCAACC – GTTYGATYMTGGCTCAG
27F-DegS-2 CCATCTCATCCCTGCGTGTCTCCGACTCAG – AACCAAGG – GTTYGATYMTGGCTCAG
27F-DegS-3 CCATCTCATCCCTGCGTGTCTCCGACTCAG – AACCATCG – GTTYGATYMTGGCTCAG
27F-DegS-4 CCATCTCATCCCTGCGTGTCTCCGACTCAG – AACCATGC – GTTYGATYMTGGCTCAG
27F-DegS-5 CCATCTCATCCCTGCGTGTCTCCGACTCAG – AACCGCAT – GTTYGATYMTGGCTCAG
27F-DegS-6 CCATCTCATCCCTGCGTGTCTCCGACTCAG – AACCGCTA – GTTYGATYMTGGCTCAG
27F-DegS-7 CCATCTCATCCCTGCGTGTCTCCGACTCAG – AACCGGAA – GTTYGATYMTGGCTCAG
27F-DegS-8 CCATCTCATCCCTGCGTGTCTCCGACTCAG – AACCGGTT – GTTYGATYMTGGCTCAG
27F-DegS-9 CCATCTCATCCCTGCGTGTCTCCGACTCAG – AACCTACG – GTTYGATYMTGGCTCAG
27F-DegS-10 CCATCTCATCCCTGCGTGTCTCCGACTCAG – AACCTAGC – GTTYGATYMTGGCTCAG
27F-DegS-11 CCATCTCATCCCTGCGTGTCTCCGACTCAG – AACCTTCC – GTTYGATYMTGGCTCAG
27F-DegS-12 CCATCTCATCCCTGCGTGTCTCCGACTCAG – AACCTTGG – GTTYGATYMTGGCTCAG
27F-DegS-13 CCATCTCATCCCTGCGTGTCTCCGACTCAG – AACGAACG – GTTYGATYMTGGCTCAG
27F-DegS-14 CCATCTCATCCCTGCGTGTCTCCGACTCAG – AACGAAGC – GTTYGATYMTGGCTCAG
titAdapB338R-I CCTATCCCCTGTGTGCCTTGGCAGTCTCAG – GCWGCCTCCCGTAGGAGT
titAdapB338R-II CCTATCCCCTGTGTGCCTTGGCAGTCTCAG – GCWGCCACCCGTAGGTGT
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16S rRNA sequence data analysis
Pyrosequencing data analysis was carried out using the

Quantitative Insights Into Microbial Ecology (QIIME) pipe-
line58 using settings as recommended in the QIIME 1.2 tuto-
rial with the following exceptions: reads were filtered for
chimeric sequences using Chimera Slayer59; and OTU clus-
tering was performed with an identity threshold of 97%,
using parameters as recommended in the QIIME newsletter
of December 17th 2010 (http://qiime.wordpress.com/2010/
12/17/new-default-parameters-for-uclust-otu-pickers/). The
Ribosomal Database Project (RDP) classifier version
2.232,59,60 was used for taxonomic classifications. Hierarchical
clustering of samples was performed using UPGMA with
weighted UniFrac as a distance measure. Robustness of the
clustering was estimated using jackknifing analysis (20 repli-
cates) as implemented in Qiime 1.2. Redundancy analysis
(RDA) was performed using Canoco5, using default settings
of the analysis type “Constrained-supplementary”. For the
permutation tests, 500 randomizations were done. Details on
the underlying mathematics can be found in ter Braak et al.
{ter Braak CJF, 2012 #179}

Quantitative Real Time PCR Fusobacteriales and Vibrio
Primers for Cetobacterium somerae and Vibrio sp. were

designed using the oligo 6.22 program and were checked for
specificity against the rdp-database (http://rdp.cme.msu.edu/
misc/rel10info.jsp). Table 2 depicts the primer sequences used.
Pure clinical isolates of Fusobacteria sp. and Vibrio sp. (kindly
provided by the department of Microbiology, UMCU) were
used to test primer efficiency and specificity. Real Time PCR was
performed using SyBr Green amplification (BioRad). The PCR
program used: 95�C 3 min., 40x [95�C 30 sec., 60�C 60 sec.,
72�C 90 sec.], followed by a melting curve 95�C 30 sec., 65�C 5
sec., increase to 95�C in 0.5�C steps. Log copy numbers were cal-
culated from standard curves of the different primer pairs on pure
cultures and corrected per 100 ng input DNA.

Adoptive transfer of T and non-T lymphocytes
T cell reporter zebrafish (Lck:GFP) were used to isolate

GFP-positive T lymphocytes and GFP-negative non-T
lymphocytes. Pooled intestinal tissues were strained over a
40 mm filter (Greiner Cat. No. 542 040) and the cell suspen-
sion was collected in supplemented L-15 medium as previ-
ously described.51 Cells were washed twice with medium and
filtered over 40 mm filters. Subsequently, T and non-T lym-
phocytes were FACS sorted on basis of FSC and SSC scatter
and GFP-positivity or negativity, respectively (FACS Aria,
BD). Next, T or non-T lymphocytes were adoptively trans-
ferred into 5 wpf old Rag1-deficient zebrafish and wild type
siblings. A total of 15.000 cells or PBS was injected i.p. in a
volume of 10 ml under anaesthesia with MS222
(Tricaine, Sigma Aldrich, Cat no. E10521).

In vitro stimulation of T lymphocytes
T cell reporter zebrafish (Lck:GFP) were used to isolate GFP-

positive T lymphocytes. Per well 100.000 T lymphocytes were
seeded. T lymphocytes were left in medium alone or exposed to
100 ml intestinal content of wild type or Rag1-deficient zebra-
fish. The intestinal content was freshly prepared and consisted of
pooled intestinal content (n D 5) resuspended in 500 ml PBS.
This mixture was centrifuged to pellet dietary particles and the
supernatant was used as microbial mix. T lymphocytes were stim-
ulated with this mixture for 6 hours after which the cells were
counted, pelleted and collected in TriPure (Roche, Cat No.
11667157001) for RNA isolation.

RNA isolation and cDNA synthesis from intestinal tissue
Total intestinal tissue was collected in TriPure (Roche, Cat

No. 11667157001) and RNA was extracted by phenol/chloro-
form extraction. cDNA was synthesized from RNA by iScript
(BioRad, Cat No. 170-8890) reverse transcriptase according to
the manufacturer’s instructions.

Quantitative Real Time PCR intestinal cytokine expression
Primers were designed using the oligo 6.22 program and

blasted against the EMBL database. All primers were designed
and selected to have an annealing temperature of 64-66�C,
with a difference between the annealing temperature of the
forward and reverse primer <0.5�C and primer r2 of >0.95.
Accession numbers for the different genes analysed were:
cxcl8-l1 (ZDB-GENE-081104-317), cxcl8-l2 (ZDB-GENE-
101026-3), il17f2 (BX294375), il-10 (AY887900), tnfa
(ENSDARG00000009511), ifng (NM001020793), IL-1b
(NM212844), b-actin (NM131031). Primer sequences and
references are depicted in Table 2. Real Time quantitative
PCR was performed using SyBr Green amplification (BioRad,
Cat. No.172-5270). The PCR program used: 95�C 3 min.,
40x [95�C 10 sec., 60�C 10 sec., 72�C 30 sec.], followed by
a melting curve 95�C 30 sec., 65�C 5 sec., increase to 95�C
in 0.5�C steps. Relative expression was assessed by calculating
relative expression compared to beta-actin; 2٨-(Cqtarget-
Cqbeta-actin).

Table 2. Real Time quantitative PCR primer sets

Primer name Sequence 5’- 3’

Cetobacterium somerae FW 5’ GCTTGCCGGAACTTAGT 3’
Cetobacterium somerae Rev 5’ TCATCGCAGGCAGTATC 3’
Vibrio FW 5’ AGACGCTGGAGTGCCT 3’
Vibrio Rev 5’ GTGCTGGCAAACAAGG 3’
Cxcl8-l2 FW 5’ TGTTTTCCTGGCATTTCTGACC 3’
Cxcl8-l2 Rev 5’ TTTACAGTGTGGGCTTGGAGGG 3’
il17f2 FW 5’ AACCGGTTGTGTGATACTG 3’
il17f2 Rev 5’ CTGGGCTTCAAAGATGAC 3’
il-10 FW 5’ AGGGCTTTCCTTTAAGACTG 3’
il-10 Rev 5’ ATATCCCGCTTGAGTTCC 3’
tnfa FW 5’ CAGGGCAATCAACAAGA 3’
tnfa FW 5’ CCTGGTCCTGGTCATCT 3’
ifng FW 5’ TTGGGTTGGAAAATCTGT 3’
ifng Rev 5’ TCTTGGAAAATGTCTTCATAGA 3’
il-1b FW 5’ TGCGGGCAATATGAAGTCA 3’
il-1b Rev 5’ TTCGCCATGAGCATGTCC 3’
b-actin FW 5’ ACCGCTGCCTCTTCTT 3’
b-actin Rev 5’ GCAATGCCAGGGTACA 3’
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Statistical analysis
Data were tested for normal distribution by Kolmogorov-

Smirnov test. Mann-Whitney tests were performed on data sets
not normally distributed. Unpaired t-test was used on normally
distributed data sets to calculate statistical significance. For corre-
lation statistics of intestinal Vibrio and GFP count, Spearman
Rank was used. The statistical tests used and p values obtained
are mentioned in figure legends.
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