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Introduction

Mammals become colonized by microbes during and after birth, 
although emerging evidence suggests that the in utero environ-
ment may not be strictly sterile, as originally thought.1 Post-natal 
colonization is followed by the dynamic process of (sequential) 
colonization of the gut by members of the microbiota, which is 
driven by complex interactions, including life-style, diet, host 
genotype, use of antibiotics and disease.2 This dynamic process 
results eventually in vastly diverse bacterial populations that 
establish a symbiotic relationship with the host.3 The gut is in 
continuous contact with trillions of microbes, but neverthe-
less succeeds to maintain a state of homeostasis that depends 
on tightly controlled immune responses. The gut microbiota 
is proposed to shape the host immunity and maintain homeo-
stasis, through complex microbial cross-talk with the mucosal 
immune system that involves a variety of highly integrated sig-
naling pathways and gene regulatory networks.4,5 These local 
interactions also elicit systemic effects on the host through the 

The intimate interplay between the gut microbiota and the host may contribute to health and disease in the host. 
Experiments using conventionalized and conventionally raised animal models have illustrated the role of the intestinal 
microbiota in shaping and maintaining the host immune system. However, it is still unclear whether colonization at birth 
or at adulthood induces different host responses. Here, we perform comparative transcriptome analyses to elucidate the 
impact of the gut microbiota on the development and maintenance of the immune system in adult conventionalized 
(after 16 and 30 d of colonization) and conventionally raised mice, which were obtained in two independent laboratories. 
Transcriptional profiles of jejunum, ileum and colon were compared between germfree, conventionally raised mice and 
conventionalized mice. Germfree mice from the two different facilities clustered together, establishing the validity of the 
comparative analysis. Nevertheless, significant spatial differences were detected along the gut; the jejunum and colon 
exhibited a transient response (conventionalized mice) that eventually returned to a homeostatic level (conventionally 
raised). In contrast, the ileal response to microbiota was similar in conventionalized and conventionally raised mice. Overall, 
this comparative analysis supports the hypothesis that co-development of the gut microbiota and its host initiates at 
early stage of development and indicates that despite the achieved homeostasis, immune development is substantially 
different in mice conventionalized in adulthood. These findings imply that colonization during development is required 
to meet the window of opportunity where the gut microbiota can imprint the host’s mucosal immune-homeostasis in a 
way that cannot be achieved at later stages in life.
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microbial regulation of metabolism of dietary components in 
the liver, blood and urine in addition to its impact in brain and 
behavior.2,6

Interactions between the host immune system and the colo-
nizing gut microbiota initiate at birth.7 In mammals, primary 
colonization has been shown to contribute to developmental pro-
gramming of gut homeostasis as well as the host immune system.8,9 
The substantial post-natal development of the immune-system is 
accompanied with prominent changes in mucosal and systemic 
metabolism as well as the development of the hypothalamic-pitu-
itary-adrenal (HPA) axis, which impacts on the gastrointestinal 
(GI) tract through its action on the enteric nervous system.10 This 
integrated development that occurs during the first years of life, 
suggest that the normal development of microbiota during this 
stage profoundly impacts on the host’s development and state of 
homeostasis, which could have lifelong consequences.11,12 This 
hypothesis inspired us to carry out a comparative transcriptome 
analysis using existing data sets (see refs. 5 and 13) to investigate 
whether the immune homeostasis that is achieved in germfree 
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time series analysis software, Short Time-series Expression Miner 
(STEM) (see the Material and Methods section for detailed 
description). Clustering of genes was determined separately for 
each segment of the GI tract (Fig. S1). Only the statistically 
significant temporal expression profiles identified by STEM to 
include immune-related GO categories (p < 0.001), were used to 
search for signaling pathways and potential transcriptional signa-
ture networks using ingenuity pathway analysis (IPA) (Fig. S1).

IPA comparative analysis highlighted the temporal and 
region-specific differences in the signaling pathways that charac-
terized the conventionalized adult mice at a stage where a micro-
biota-accommodating homeostasis was achieved, in contrast to 
the conventionally raised mice, when both groups are compared 
with the germfree control. In the ileum, which represents the 
main site for immune activation and regulation in the GI tract, 
the gut microbiota elicited similar immune induced responses 
in both conventionalized mice and conventionally raised mice 
(Fig. 2). In contrast, in both jejunum and colon the immune 
related processes remained much more strongly stimulated in 
conventionalized as compared with conventionally raised mice, 
relative to the germfree control (Fig. 2). Taken together these 
data imply that the ileal responses to the microbiota are highly 
persistent throughout life. In contrast, in conventionally raised 
mice, jejunal and colonic mucosal responses appear to dampen 
down, while they are sustained in mice that are conventionalized 
in adulthood.

Region-specific transcriptome signatures distinguish con-
ventionalized from conventionally raised adult mice. We tested 
the hypothesis that there might be a core set of regulatory genes 
along the gut that could serve as a transcriptional signature to 
distinguish between the mucosal homeostasis of mice conven-
tionalized during adulthood and conventionally raised animals. 
To test this hypothesis, we mined the genes identified by STEM 
(Fig. S1) and performed IPA group-wise analysis by comparing 
the gene sets that are significantly differentially expressed in con-
ventionalized mice (days 16 and 30) and conventionally raised 
mice relative to the germfree control mice.

The resulting IPA derived transcriptional signatures distinctly 
highlighted the differential signatures of colon and jejunum 
between conventionalized and conventionally raised animals 
(Fig. 3; Fig. S2), but failed to clearly discriminate the ileum 
transcriptome patterns (as the STEM identified genes were 
similarly induced in both conventionalized and convention-
ally raised mice, Fig. S1). These transcriptional signatures were 
highly induced only in conventionalized but not in convention-
ally raised mice, relative to the germfree control. Moreover, the 
jejunal and colonic signatures displayed high similarity (76% and 
89%, respectively) with the transcriptional signatures that were 
previously identified to govern the dynamic mucosal responses of 
adult germfree mice upon their conventionalization (for details 
see ref. 5). These analyses reinforce and detail the conclusion that 
was reached on basis of the dendogram derived from the Pearson 
correlation analysis of the arrays (Fig. 1), prior to applying any 
biological interpretation software.

Particularly in the colon, 77% of the identified transcriptional 
signatures that distinguish conventionalized from conventionally 

mice exposed to gut microbiota during adulthood display similar 
characteristics as conventionally raised mice.

Results and Discussion

Comparative analysis of the immune features of conventional-
ized and conventionally raised adult mice. We recently published 
a study where we examined time- and region-transcriptional 
responses that are elicited in the mucosa of jejunum, ileum and 
colon during microbial colonization of adult germfree mice.5 
These responses included tolerant responses, which ensured that 
a novel state of microbiota-accommodating homeostasis was 
reached in a region-specific timeframe, taking 16 to 30 d post-con-
ventionalization in the small intestine, whereas colonic homeosta-
sis was reached earlier, within eight to 16 d.5 To evaluate whether 
the impact of conventionalization of adult germfree mice leads to 
a mucosal immune-status resembling that of the gut mucosa in 
normal mice, comparative transcriptome analyses were performed 
using data sets obtained from conventionally raised mice that are 
exposed to the gut microbiota from birth onwards. To this end, 
the transcriptional profiles from conventionalized adult germfree 
mice after 16 and 30 d post-conventionalization5 were compared 
with the data from host transcriptional profiles of germfree and 
conventionally raised mice.13 We focused on transcriptional sig-
natures reflecting the interaction between the host immune 
responses and microbial composition throughout the gut.

To check for the validity of the comparative analysis, Pearson 
correlation clustering analysis was performed on the data 
obtained from the 23 normalized arrays per tissue (see Materials 
and Methods for detailed description). Our combined data anal-
ysis, which represent different regions of the intestine of the two 
germfree mice control groups, conventionally raised and conven-
tionalized mice (16 and 30 d post-conventionalization), clearly 
established that the germfree animals of the two experiments 
had very similar transcriptome patterns that were clearly and 
consistently distinct from those obtained after conventionaliza-
tion or from conventionally raised mice (Fig. 1). Pearson cor-
relation analysis of the transcriptome data showed that the data 
sets did not cluster on basis of the experimental set-up, includ-
ing variation of the diet (autoclaved chow diet13 and commercial 
laboratory chow diet5) or the age of the germfree mice (8, 10 
and 12 weeks old) (see refs. 5 and 13 for details), enabling us 
to eliminate the consequence of the aging in the germfree state. 
The ileum transcriptomes of conventionalized and convention-
ally raised mice clustered close to each other, whereas both the 
jejunum and colon transcriptomes of conventionally raised mice 
clustered closer to the germfree mice and were quite distinct from 
the transcriptomes of the same intestinal regions in conventional-
ized mice. Overall, the clustering of the transcriptome data sets 
strictly followed the intervention, confirming the validity of their 
comparative analysis.

Temporal and spatial immune features of the conventional-
ized vs. conventionally raised adult mice. The gut-mucosa gene 
expression patterns of jejunum, ileum and colon from germfree, 
conventionalized and conventionally raised mice, were com-
pared across time of exposure to the gut microbiota using the 
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would be advantageous or detrimental to the host according to 
the function of the encoded products. Interestingly, the majority 
of the transcription signatures identified in the colon of adult 
conventionalized but not conventionally raised mice are proin-
flammatory genes. Among the identified genes, is the chemokine 
ligend Cxcl16, which was highly induced only in the colon of 
conventionalized mice (Fig. 4). Cxcl16 is a potent proinflam-
matory neutrophil chemoattractant and activator.14 Recently, 
Olszak and colleagues showed that Cxcl16 is an age and organ 
dependent factor that is regulated by the exposure to the gut 
microbiota only early in life where it is essential for establishing 
colonic tolerance to environmental exposures.12 The findings of 

raised mice orthologs to Crohn disease-associated genes that have 
been discovered in genome-wide association studies (GWAS) 
(Fig. 3B). This observation supports the notion that the gut 
microbiota can also impact on the responsiveness of “risk genes” 
and signaling pathways that are dysregulated in patients with 
inflammatory gastrointestinal diseases. Interestingly, the tran-
scriptional signature identified above to distinguish between 
the colon of conventionalized and conventionally raised mice, 
belong to the same signaling pathways as the ileal transcripts, 
which remained highly induced in both groups. Presumably, 
this region-specific gene signaling depends on whether contin-
ual induction of these genes at that particular intestinal region 

Figure 1. Region-specific clustering distinguishes conventionalized and conventionally raised adult mice. Dendogram using Ward clustering on the 
Pearson distance measure of the transcriptome data obtained from the two animal experiments under comparison; exp1; (see ref. 13) and exp2; (see 
ref. 5). The dendogram shows that the germfree animals grouped together and did not cluster based on the experiment, diet used or animal age, 
establishing the validity of the comparative analysis performed here. Convr = conventionally raised mice, Convd-D16 = day 16 of conventionalization, 
Convd-D30 = day 30 of conventionalization.
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reached in adult-conventionalized jejunum and colon from that 
in conventionally raised mice. This argument implies that expo-
sure to microbial factors in early life and young adulthood, elicits 
long-lasting effects on the identified gene signatures, and in their 
absence, later life exposure to factors that stimulate these signa-
tures may induce an inflammatory response.

Material and Methods

Animal experimental design, sampling and microarray process-
ing. Intestinal mucosa transcriptomes of male, germfree, con-
ventionalized and conventionally raised C57BL/6J mice (8–12 
weeks old) were previously obtained in two independent animal 
experiments and using animals of different sources (for detailed 
description of the two experiments see refs. 5 and 13). In the 
two experiments, intestinal tissue samples were obtained as pre-
viously described.5,13 RNA was isolated from the gut tissues that 
were snap frozen immediately after harvest and were stored at 
-80°C until RNA isolation using the RNeasyMini Kit (Qiagen). 
For RNA labeling in the experiment of Larsson et al., microar-
ray hybridization and scanning were performed at the Uppsala 

Olszak et al. demonstrates that the age-sensitive contact with 
the microbiota is crucial for regulating susceptibility to tissue 
inflammation.12 Similarly, Stat1 (signal transducers and acti-
vators of transcription family, 1), Ccl8 (chemokine ligand 8), 
Cxcl9 (chemokine ligand 9), Itgal (Integrin α legand), Il1b  
(interleukin 1 β) and Lck (lymphocyte-specific protein tyrosine 
kinase) genes were among the identified transcriptional signa-
ture (Fig. 4). These genes encoding proinflammatory media-
tors were previously shown to be highly induced in mice and 
zebrafish upon early exposure to microbial factors but become 
“tolerizeable” by silencing during repetitive exposure later in 
life. The transient silencing of these genes were shown to occur 
during development and involved epigenetic mechanisms via 
chromatin modification to prevent unwarranted inflammation 
particularly in the densely colonized colon.15,16 The antimicro-
bial effector Nos2, which was slightly induced in the colon of 
conventionally raised mice in comparison with their germfree 
control,13 was strongly more stimulated in the conventionalized 
mice (Fig. 4). Collectively, these findings support the biologi-
cal relevance of the identified transcriptional signatures to dis-
tinguish between the microbiota-accommodating homeostasis 

Figure 2. Temporal and spatial immune features of the conventionalized in contrast to conventionally raised mice. Ingenuity biological processes that 
were significantly modulated in the gut tissue of conventionalized mice as well as conventionally raised mice compared with the germfree control. 
Significance was calculated via a one-tailed Fisher’s Exact test in IPA and is represented as –log (p value); -log values exceeding 1.30 were significant  
p < 0.05, (n = 4–5 mice/time point).
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expression estimates were obtained from the raw intensity values 
using the robust multiarray analysis (RMA) pre-processing algo-
rithm available in the Bioconductor library AffyPLM using default 
settings.19 Next an empirical Bayes method, called ComBat, was 
used to correct for the systematic errors (batch effects).20,21

Complementary methods were applied to relate changes in 
gene expression to functional changes. Hierarchical clustering 
of modulated genes in the mucosa that were unique for each 
mouse group (or several groups) was performed by MeV (Multi-
experiment Viewer).22 Comparison of time series gene expression 
data using STEM was used to identify transcriptome signature of 
genes. The time series was selected based on the duration of intes-
tinal exposure to the gut microbiota [germfree as time (t)1, day 16 
of conventionalization as t2, day 30 of conventionalization as t3 
and finally the conventionally raised group as t4]. STEM allows 
to identify significant temporal expression profiles and the genes 
associated with these profiles and to compare the behavior of these 

array-platform core facility at Uppsala University using MoGene 
1.0 ST chips (Affymetrix), according to the manufacturer’s 
instructions.13 In the experiment of El Aidy et al., samples were 
hybridized on Affymetrix GeneChip Mouse Gene 1.1 ST arrays, 
according to the manufacturer’s instructions.5

Comparative transcriptome analysis and biological inter-
pretation of expression data sets. Quality control of the data 
sets obtained from the two independent experiments5,13 was per-
formed using Bioconductor packages integrated in an online pipe-
line.17 The complete data sets encompassed 23 Affymetrix arrays; 
germfree (n = 4) and conventionally raised mice (n = 5) from the 
experiment of Larsson et al. and germfree (n = 5) mice as well 
as conventionalized mice at days 16 (n = 5) and 30 (n = 4) post-
conventionalization from the experiment of El Aidy et al. Various 
advanced quality metrics, diagnostic plots, pseudo-images and 
classification methods were applied to ascertain only excellent 
quality arrays were used in the subsequent analyses.18 Normalized 

Figure 3. Transcriptome signature for the colonic responses of conventionalized and conventionally raised adult mice to the gut microbiota. (A) Heat 
map of the genes that constitute the core regulatory protein-protein interaction network (B) derived by plotting STEM output genes (see Fig. S1) of 
the temporal expression profiles involved in immune response. Transcriptional data was projected onto the interaction map. Red arrows refer to genes 
associated with inflammatory bowel disease (n = 4–6/ group).
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conventionally raised and conventionalized mice in terms of the 
molecular characteristics of the immune homeostasis elicited by 
the gut microbiota involves specific gene signaling and epigenetic 
mechanisms that are initiated soon after birth and during early 
adulthood, by exposure of the gut-mucosa of newborn and young 
mice to the gut bacteria and their metabolites. This concept is in 
good agreement with several recent reports that suggest the pres-
ence of a window of opportunity in early life during which the 
gut microbiota shapes the host resilience.10,12,25-27

Our comparative study suggests that the identified gene 
signature that distinguishes conventionally raised from adult-
conventionalized mice are region-specific and the ileum, unlike 
the jejunum and colon, seems to be tuned to “remain alerted to 
the gut microbiota,” supporting its prominent role in the main-
tenance of immune homeostasis throughout life. The identified 
transcriptional signatures appear to be age-dependant and to 
involve microbially regulated molecules that consequently regu-
late the susceptibility to tissue inflammation. Furthermore, these 
observations suggest that the timing of the microbial regulation 
of epigenetic differentiation and maturation is of great relevance 

genes across multiple time-points. STEM supports gene ontology 
(GO) term category gene enrichment analyses for sets of genes 
having the same temporal expression pattern.23,24 The statistical 
significance of the profiles generated by STEM was calculated via 
a permutation test (n = 1000) corrected using a false discovery rate 
(FDR < 0.001).24 Biological interpretations of the significantly 
altered signaling pathways and functional processes, in response 
to conventionalization were identified using Ingenuity Pathways 
Analysis (IPA) (Ingenuity Systems) (www.ingenuity.com). Our 
IPA analyses included comparison of differentially regulated genes 
in the jejunum, ileum and colon on days 16 and 30 post-conven-
tionalization and in conventionally raised mice, in each case rela-
tive to expression observed in the control group (germfree). The 
input was all differentially regulated genes (p value ≤ 0.001, FC ≥ 
1.2 and intensity ≥ 20) of the intestinal segments.

Conclusion

From the comparative analysis reported herein, it is tempting 
to speculate that the spatial differences observed between adult 

Figure 4. Dot plots represent the expression levels of transcriptional signatures identified for colonic tissues of conventionalized mice and were previ-
ously shown to be age-sensitive and regulated through epigenetic mechanisms.12,15,16 Significant differences between time points are indicated by 
distinctive characters above the measurement groups (p < 0.05; n = 4–6 / group).
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the gut microbiota during the early stage of life. Especially during 
this developmental stage, such incredibly complex interactions 
appear to be involved in shaping the host immune homeostasis 
and consequently in regulating later unwarranted inflammation.
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to the developmental programming of the immune response, 
which is the concept behind the microbiota deficiency hypothe-
sis. This hypothesis postulates that colonization with a “healthy” 
microbiota during the vulnerable developmental period exerts 
effects that may decrease susceptibility to diseases including 
allergy and inflammatory bowel disease, whereas its absence 
or dysbiosis, as in antibiotic treatment in childhood, may have 
reverse effects.25,28 Overall, our comparative analysis increases 
urgency to improve our understanding of the intricate network 
between the maternal gut microbiota transfer, infant nutrition, 
use of antibiotics and genome variation and the development of 
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