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Abstract

Sensory systems such as the olfactory system detect chemical stimuli and thereby determine the rela-
tionships between the animal and its surroundings. Olfaction is one of the most conserved and ancient 
sensory systems in vertebrates. The vertebrate olfactory epithelium is colonized by complex microbial 
communities, but microbial contribution to host olfactory gene expression remains unknown. In this 
study, we show that colonization of germ-free zebrafish and mice with microbiota leads to widespread 
transcriptional responses in olfactory organs as measured in bulk tissue transcriptomics and RT-qPCR. 
Germ-free zebrafish olfactory epithelium showed defects in pseudostratification; however, the size of 
the olfactory pit and the length of the cilia were not different from that of colonized zebrafish. One of 
the mechanisms by which microbiota control host transcriptional programs is by differential expres-
sion and activity of specific transcription factors (TFs). REST (RE1 silencing transcription factor, also 
called NRSF) is a zinc finger TF that binds to the conserved motif repressor element 1 found in the pro-
moter regions of many neuronal genes with functions in neuronal development and differentiation. 
Colonized zebrafish and mice showed increased nasal expression of REST, and genes with reduced 
expression in colonized animals were strongly enriched in REST-binding motifs. Nasal commensal 
bacteria promoted in vitro differentiation of Odora cells by regulating the kinetics of REST expression. 
REST knockdown resulted in decreased Odora cell differentiation in vitro. Our results identify a con-
served mechanism by which microbiota regulate vertebrate olfactory transcriptional programs and 
reveal a new role for REST in sensory organs.
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Introduction

Sensory systems such as the olfactory system detect chemical stimuli 
present in the environment and thereby determine the relation-
ships between the animal and its surroundings. Among the different 

sensory systems, olfaction is one of the most conserved and ancient 
(Hildebrand and Shepherd 1997; Ache and Young 2005). The teleost 
olfactory system consists of 1 sensory organ (the olfactory mucosa) 
that contains olfactory sensory neurons (OSNs) expressing both 
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olfactory receptors (ORs) and vomeronasal receptors (VRs) (Hansen 
et al. 2004). In most higher vertebrates, from sarcopterygian fishes 
to mammals, 2 olfactory systems are found in anatomically distinct 
areas, the main olfactory system or olfactory mucosa and the acces-
sory olfactory system comprised by the vomeronasal organ (Fleischer 
2009). Despite this different anatomical organization, the general 
cellular and molecular mechanisms of vertebrate olfactory systems 
are considered to be highly conserved, as revealed in comparative 
studies in zebrafish (Danio rerio) and mammals (Saraiva et al. 2015).

Communities of commensal microorganisms (microbiota) col-
onize every animal mucosal surface. Microbiota influence diverse 
processes in animals including development, metabolism, immunity, 
disease status and, more recently, neural function and behavior 
via the gut-brain axis (Bercik et al. 2011; Cryan and Dinan 2012; 
Lyte 2013; Hand et al. 2016; Kaelberer et al. 2018; Koskinen et al. 
2018). In accord with their function, vertebrate olfactory epithelia 
are constantly exposed to the external environment and are con-
sequently colonized with diverse microbial communities (Bassis 
et  al. 2014; Tacchi et  al. 2014; Chaves-Moreno et  al. 2015; Liu 
et  al. 2015; Lowrey et  al. 2015; François et  al. 2016), although 
similarities of nasal microbial community composition across ver-
tebrate taxa have not been explored. Similarly, the specific influ-
ences of microbiota on vertebrate olfactory systems are unclear. 
In humans, the nasal microbiota has been implicated in multiple 
disease states including allergies, rhinosinusitis, and susceptibility 
to Staphylococcus infection (Krismer et al. 2014; Liu et al. 2015). 
More recently, 2 studies have revealed that mice raised in the ab-
sence of microbiota have altered olfactory morphology and aug-
mented electrophysiological responses to odorants (François et al. 
2016; Jain et al. 2016). However, the broader impact of microbiota 
on olfactory transcriptional programs and underlying molecular 
mechanisms remain unknown.

One of the mechanisms by which microbiota control host tran-
scriptional programs is by differential expression and activity of 
specific transcription factors (TFs) (Camp et al. 2014; Davison et al. 
2017). Microbial regulation of host gene expression via TF regu-
lation has been described in the gut of several model organisms in-
cluding Drosophila, zebrafish, and mice (Rawls et al. 2004; Round and 
Mazmanian 2009; Dobson et al. 2016; Davison et al. 2017). TFs are 
also known to orchestrate the differentiation and maturation programs 
of neurons and glia in vertebrates (Ma et al. 2006); however, regula-
tion of TF expression by microbiota in neuronal tissues has not yet 
been described. REST (RE1 silencing transcription factor, also called 
NRSF) is a zinc finger TF that binds to the conserved motif repressor 
element 1 (RE1) (Chong et al. 1995). REST may have arisen 420 mil-
lion years ago, since it is found in teleost but not invertebrate genomes 
(Bruce et  al. 2004). RE1 is found in the promoter regions of many 
neuronal genes with functions in neuronal development and differen-
tiation such as ion channels, neurotransmitter receptors, cell adhesion 
molecules, or neurotrophins (Kraner et  al. 1992; Mori et  al. 1992; 
Kallunki et al. 1995; Kallunki et al. 1997; Mieda et al. 1997; Palm et 
al. 1998; Timmusk et al. 1999; Bruce et al. 2004). Further, identified 
REST target genes include cell surface identity molecules such as ORs 
and VRs (Qureshi et al. 2010). While REST is known to be expressed 
in the olfactory system of mammals, the role of REST in olfactory tran-
scriptional regulation remained unresolved.

The goal of this study is to investigate the impact of microbiota 
on the transcriptional program of the olfactory organ of zebrafish 
and mouse. Our results indicate that microbiota colonization is a 
major determinant of olfactory transcriptional programs via modu-
lation of key TFs including REST.

Materials and methods

Animal husbandry
All experiments using zebrafish and mice were performed using proto-
cols approved by the Institutional Animal Care and Use Committees 
of Duke University and the University of North Carolina at Chapel 
Hill. Gnotobiotic zebrafish husbandry was performed at Duke 
University essentially as described (Pham et al. 2008; Kanther et al. 
2011). Briefly, wild-type Tübingen zebrafish were mated naturally. 
Eggs were collected and incubated for approximately 6 h in gnoto-
biotic zebrafish media (GZM) containing ampicillin (100  μg/mL), 
kanamycin (10 μg/mL), gentamicin (50 μg/mL), and amphotericin 
B (0.25 μg/mL). Fertilized embryos were sorted, treated sequentially 
with polyvinyl pyrrolidone-iodine (0.1% [0.01% free iodine]) and 
bleach (0.003%), then transferred to tissue culture flasks containing 
sterile GZM. Zebrafish were reared at a density of ≤1 larvae/mL 
in an air incubator at 28.5 °C on a 14 h/10 h light/dark cycle. At 
3 days post-fertilization (dpf), half of the flasks in each experiment 
were inoculated with water collected from a recirculating conven-
tional aquaculture system to generate conventionalized (CV) co-
horts as described (Pham et  al. 2008). The remaining flasks were 
maintained germ-free (GF). Media was changed daily from 3 to 6 
dpf (80% volume), and animals were fed autoclaved sterile ZM000 
(ZM Ltd; 0.25% w/v final concentration). At 6 dpf, sterility of GF 
animals was assessed as described (Pham et al. 2008). GF and CV 
animals were euthanized with 4× tricaine (Sigma MS-222) and col-
lected into RNAlater (Ambion) for gene expression analysis or fixed 
in 4% paraformaldehyde in PBS for immunofluorescence or fixed in 
2.5% formaldehyde/2.5% glutaraldehyde in 0.1 M sodium cacody-
late buffer (Electron Microscopy Sciences) for TEM.

All mouse husbandry was performed as described (Camp et al. 
2014) at the University of North Carolina at Chapel Hill with the fol-
lowing exceptions. All mice used in this study were 10- to 12-week-
old male C57BL/6J, housed on alpha-dri bedding (Shepherd) and 
fed autoclaved sterile 2020SX diet (Envigo) ad libitum. To generate 
CV mice, GF mice were colonized with a conventional microbiota 
from specific-pathogen free (SPF) mice by receiving a 200 μL oral 
gavage of 20% glycerol stock of 1:1 w/v fecal slurry which had been 
previously prepared from feces collected from SPF C57BL/6J mice 
and homogenized in reduced PBS. CV mice were euthanized 2 weeks 
after colonization. Mice were euthanized under CO2 and decapi-
tated. The lower jaws were removed and the head was submerged in 
RNAlater (Thermo Fisher Scientific) for subsequent RNA isolation.

16S rRNA gene sequencing of zebrafish and mouse 
olfactory microbial communities
The bacterial community of the olfactory organ of adult zebrafish 
and 10- to 12-week-old male C57BL/6J mice was performed as ex-
plained elsewhere (Reid et al. 2017). Zebrafish were obtained from 
a New Mexico pet distributor (Clark’s). Mice were obtained from 
the University of New Mexico Health Sciences Animal Research 
Facility. Sterile 3-mm tungsten carbide beads (Qiagen) were used to 
homogenize the tissue samples in a TissueLyser II (Qiagen). For ex-
traction, we followed the cetyltrimethylammonium bromide (CTAB) 
buffer method as previously described (Reid et al. 2017). DNA pel-
lets were then resuspended in 30 μL of DNase- and RNase-free mo-
lecular biology grade water. Sample DNA concentration and purity 
were measured using the NanoDrop ND 1000 (Thermo Scientific). 
Total genomic DNA for each sample was amplified in triplicate 
using primers specific for the V1–V3 region of the prokaryotic 
16S rDNA (28F 5′-GAGTTTGATCNTGGCTCAG-3′ and 519R, 
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5′-GTNTTACNGCGGCKGCTG-3′) and amplification was per-
formed as previously described by Reid et al. (2017). PCR amplicons 
were purified using Axygen AxyPrep Mag PCR Clean-up Kit (Fisher 
Scientific) as per manufacturer’s instructions. Samples were then 
indexed by ligating index barcode to Illumina adapters onto the 
PCR amplicon using the Nextera XT Index Kit v2 Set A (Illumina). 
Samples were pooled and purified again using the Axygen AxyPrep 
Mag PCR Clean-up Kit and sequenced in Illumina MiSeq platform 
using the MiSeq Reagent Kit v3 (600 cycle). Sequence data were ana-
lyzed using Quantitative Insights Into Microbial Ecology (QIIME 
1.9) pipeline (Caporaso et al. 2010) within the web-based platform 
Galaxy at the University of New Mexico (Giardine et  al. 2005). 
Operational taxonomic units (OTUs) selected by the sumaclust 
method were aligned to the SILVA 16S/18S database with a per-
centage identity greater than 97%. Using the QIIME pipeline, core 
diversity analyses were performed considering several alpha diver-
sity metrics (Reid et al. 2017).

For comparisons across vertebrate taxa, previously published 16S 
rRNA gene sequencing data sets from human (Bassis et al. 2014), rat 
(Chaves-Moreno et al. 2015), mouse (François et al. 2016), and trout 
(Lowrey et al. 2015) olfactory organs were retrieved and plotted to-
gether with the zebrafish and C57BL/6J data sets.

Oligomicroarray
GF and CV 6 dpf zebrafish larvae (N = 4) were dissected under a 
stereomicroscope. First the heads were separated from the rest of 
the body, then the lower jaw was removed and finally the portion 
of the head anterior to the eyes was dissected using a sterile needle. 
Samples were stored in TRIzol for subsequent total RNA extrac-
tion. A total of 12 fish olfactory rosettes were collected for each of 
the 4 biological replicates. The RNA was extracted from the 4 pools 
from the CV and GF group and used for transcriptomic analysis. 
A  zebrafish oligomicroarray (Agilent Zebrafish Gene Expression 
Microarray v3 4x44K) was used to study the expression of a total of 
44K features. The olfactory and vomeronasal organs from GF and 
CV mice (N = 4) were dissected as explained elsewhere (Dunston 
et al. 2013) and total RNA was extracted. The Agilent 4x44K mouse 
oligomicroarray (Agilent mouse Gene Expression Microarray v2 
4x44K) was used to detect changes in gene expression. For micro-
array hybridization, a common reference design was employed. In 
particular, the RNA reference sample was produced by adding an 
equimolar mix of total RNAs extracted from pools of olfactory 
organs of both GF and CV zebrafish or mice. Each experimental 
sample (Cy3 labeled) was hybridized against this reference sample 
(Cy5 labeled) in a 2-color experiment. To generate fluorescently la-
beled RNA for hybridizations, a MessageAMP aRNA Amplification 
Kit (Ambion) was used for initial amplification of mRNA. Briefly, 
1 μg total RNA was reverse transcribed and the cDNA was used as 
a template for in vitro transcription in the presence of amino allyl-
modified dUTP, which generated amplified antisense RNA (aRNA). 
For labeling, aRNA (3 μg) was denatured at 70 °C for 2 min in a 
volume of 10 μL to which 3 μL of 0.5 M NaHCO3 and 2 μL Cy 
dye (dye Cy3 or Cy5 mono-reactive dye pack, GE Healthcare) were 
added. Incorporation of dyes was performed for 1  h in the dark 
and the excess label was removed by DyeEx 2.0 spin column puri-
fication kit (Qiagen). The level of dye incorporation was checked 
by spectrophotometry (Nanodrop ND1000, LabTech). Prior to 
hybridization, 825 ng of each labeled template was fragmented in 
the presence of blocking agent and fragmentation buffer (Agilent). 
Fragmentation progressed in the dark at 60 °C for 30 min and sam-
ples were stored on ice until ready to load onto each microarray. 

The hybridizations were performed overnight at 65 °C. Following 
hybridization, the slides were rinsed in gene expression wash buf-
fers 1 and 2 (Agilent) following the manufacturer’s instructions. The 
slides were then scanned using Agilent Scanner (Model # G2505C) 
at the resolution of 5 μm and Agilent Scan Control software (ver-
sion A.8.1.3). Data were extracted using Agilent Feature Extraction 
software (version 10.5.1.1).

Bioinformatic and statistical analysis of microarrays 
results
A Lowess normalization of background-corrected data was next 
conducted and all intensity values <1.0 were set to 1.0. Statistical 
analysis of the arrays was performed using the GeneSpring GX ana-
lysis platform (version 12.6.1, Agilent Technologies). All quality 
control features were excluded from subsequent analyses. Further 
data filtering involved removal of saturated probe features, nonu-
niform features, population outliers, and those features showing in-
tensities not significantly different from background in Cy3 or Cy5 
channels. Fold-change differences between GF and CV samples were 
calculated using cutoff of 2-fold. Significant differential expression 
in the zebrafish and mouse microarray data sets was established 
by 2-sample (unpaired) t-test (P < 0.05) with unequal variance for 
genes with a fold change of at least 2. The Benjamini–Hochberg false 
discovery rate correction was applied within Genespring software 
(Agilent, version 12.6.1). In order to determine specific genes that 
comprise a conserved microbiota response, we identified one-to-one 
and one-to-many orthologs between zebrafish and mouse using 
Ensembl Gene IDs from Ensembl Biomart (http://www.ensembl.org/
biomart/) based on homology type from Ensembl Genes 85. To com-
pare across microarray platforms, associated microarray probe iden-
tifiers (Ensembl Transcript IDs and official gene symbols) from both 
zebrafish and mouse were converted to Ensembl Gene IDs uniquely 
using the genome assembly from which the corresponding micro-
array was designed; Zv9 (Ensembl Genes 79) and mm9 (Ensembl 
Genes 67). One-to-one and one-to-many orthologs that were dif-
ferentially expressed in both zebrafish and mouse in GF versus CV 
olfactory tissue were then used for subsequent analyses.

Enrichment for GO biological processes was performed on all 
features that had GO identifiers associated using the GOEAST pro-
gram (Zheng and Wang 2008). Fisher’s exact test was performed 
within the GOEAST program to determine whether GO identifiers 
occurred more often in a group than would appear by chance. For 
GO analysis, only biological process GO identifiers were considered 
if they were associated with at least 4 differentially expressed genes.

Searches in DAVID bioinformatics database 6.7 (https://david.
ncifcrf.gov) (Huang et al. 2009) were performed to identify relevant 
biological pathways in the microarray data sets as well the data set 
resulting from the ortholog and homolog analyses. Eighty-six per-
centage of all differentially expressed mouse genes were considered 
by the software, whereas only 60% of the genes differentially ex-
pressed in zebrafish were considered.

Identification of common TF-binding site motifs 
in promoters of genes differentially regulated by 
microbiota
Enriched TF-binding site motifs were identified in promoters that 
were up- or downregulated in response to microbes in zebrafish and 
mouse using Homer v4.9 (http://homer.ucsd.edu/homer/index.html). 
For each organism, 1000  bp upstream of the transcription start 
site (TSS) for genes that were up- or downregulated by microbiota 
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were utilized as input with the 1000 bp upstream of the TSS genes 
that were not differentially regulated by microbiota used as a back-
ground. Genes that were not differentially regulated by microbiota 
were defined as having a log2 fold-change value of between −0.25 
and 0.25 (8743 Genes). TSS coordinates were downloaded from 
Ensembl (http://www.ensembl.org/index.html) using Ensembl Genes 
67 for mouse and Ensembl Genes 79 for zebrafish. The default 
Homer enrichment threshold was used and the −log10 P-value was 
graphed to compare motif enrichment for the different microbiota 
responses in the 2 organisms.

RT-qPCR confirmation of oligomicroarrays
cDNA synthesis was performed using 1 µg of total RNA as previ-
ously described (Tacchi et al. 2014). The resultant cDNA was stored 
at −20 °C. To validate the microarrays, the expression of 9 different 
genes including 3 odorant/OR genes was measured by RT-qPCR 
using specific primers for zebrafish and mouse (Supplementary Table 
S1). The qPCR was performed using 3 μL of a diluted cDNA tem-
plate, 12.5 µL of Absolute blue SYBR Green ROX PCR master mix 
(Thermo Scientific), and 150 nM forward and reverse primers in a 
25 µL reaction volume. The reaction was performed using the ABI 
Prism 7000 (Applied Biosystems) sequence detection system and the 
PCR cycling program was as follows: denaturation step at 95 °C for 
10 min, then 35 cycles of 95 °C for 15 s and 62 °C for 1 min fol-
lowed by melting (dissociation stage) from 72 °C to 95 °C (Tacchi 
et al. 2013).

Transmission electron microscopy
For transmission electron microscopy, the olfactory organs from 
GF and CV 6 dpf zebrafish larvae (N = 3 per condition) were fixed 
for 4  h at 4  °C in 2.5% (v/v) glutaraldehyde in PBS, then trans-
ferred to 1% osmium tetroxide (w/v) in PBS for 2 h at 4 °C. After 
washing in PBS (3 times, 10  min), samples were dehydrated in a 
graded series of ethanol (10–100%) through changes of propylene 
oxide. Samples were then embedded in Epon resin, sectioned and 
stained with uranyl acetate and lead citrate before being examined in 
a PHILIPS TECNAI 12 transmission electron microscope. Sections 
were examined in a JEM-1011 and images were acquired using an 
ORIUS SC200 camera. Vesicles present in the nasal epithelia as well 
as the proximal ciliar maximum length were quantified using Leica 
QWin image analysis software (Leica Microsystems). Manual color 
segmentation of cytoplasm and cell nuclei of nasal epithelia was con-
ducted using Amira software version 6.0.

Gel electrophoresis and western blot
In order to confirm expression of REST protein in the olfactory 
organ of mouse and zebrafish we dissected the olfactory epithe-
lium of a CV 4-week-old mouse and a 6-month-old mouse under 
sterile conditions. Additionally, the olfactory epithelium of 3 CV 
adult zebrafish and of CV and GF 6 dpf zebrafish larvae (N = 50) 
were also dissected. Brain tissue from juvenile and adult mice and 
zebrafish were also collected and used as positive controls. All sam-
ples were sonicated in 100  μL RIPA buffer (Sigma). The protein 
lysates were centrifuged at 10  000  rpm for 20  min, supernatants 
were collected, and the protein concentration of each sample was 
quantified using the Pierce 660nm reagent. Subsequently and equal 
amount of Laemmli sample buffer (Bio-Rad) was added to each 
sample and boiled at 97 °C for 5 min. Samples were loaded onto 
a mini Protean TGX precast gel (Bio-Rad), transferred to a PVDF 
membrane, and incubated for 2 h at room temperature with either 

the primary antibody rabbit anti-human NRSF/REST (1:500, 
GeneTex, GTX37363), which recognizes 2 bands (1 of 120 KDa and 
1 of 55 KDa) or with the primary rabbit polyclonal GAPDH anti-
body (1:1000, GeneTex, GTX100118). After washing 3 times with 
PBT, the membrane was incubated with a secondary antibody HRP 
goat anti-rabbit IgG (Jackson Immunoresearch, 1:7500) for an hour. 
Blots were developed using the Pierce ECL western blotting reagents 
(Thermo Scientific) in a Bio-Rad ChemiDoc Touch Imaging system 
v1.2.0.12. To further evaluate the specificity of REST antibody in 
zebrafish, 6 dpf wild-type and REST mutant zebrafish larvae con-
taining a truncated version of REST (N = 30) (Moravec et al. 2015) 
were also dissected and a western blot was performed as above.

Bacterial culture
The olfactory epithelia from a healthy laboratory-reared adult SPF 
rat was dissected with sterile instruments, scraped, and placed in 
a Petri dish with 2 mL of PBS. The solution was then centrifuged 
at 400 × g for 5 min to separate bacteria from any host cells. To 
pellet bacteria, a second centrifugation (13 000 × g for 15 min) was 
performed and the supernatant was substituted with 1 mL of fresh 
sterile PBS. The bacterial suspension was then plated on a Luria 
Bertani (LB) (BD, Amresco) agar plate and incubated at 37 °C for 
2 days under aerobic conditions. Total genomic DNA was extracted 
from a selected colony as previously explained (Lowrey et al. 2015). 
Subsequently, DNA was amplified using the 16S rDNA primers 787F 
and 1492R (Reid et al. 2017) and a standard PCR protocol with an 
initial activation step at 94 °C for 2 min, followed by 30 cycles of 
94 °C for 45 s, annealing at 55 °C for 45 s, and 72 °C for 1 min. 
Final extension for 10 min at 72  °C. PCR products were inserted 
into pGem-T-Easy vector, cloned, purified, and then sequenced. 
Results were nBlasted against the NCBI database, identifying 
this clone as Staphylococcus aureus. GenBank accession number 
KX197204 has been assigned to the sequence obtained in this 
manuscript. Staphylococcus aureus was grown in LB under aerobic 
conditions at 37 °C. Comamonas denitrificans was purchased from 
American Type Culture Collection (ATCC 700940). Comamonas 
denitrificans was grown overnight according to manufacturer’s in-
structions in LB under aerobic conditions at 37 °C. Finally, the cecal 
contents of a 12-week-old C57BL/6J male mouse were plated onto 
LB agar plates and incubated at 37  °C for 2  days under aerobic 
conditions. One of the colonies was picked and used for DNA ex-
traction, PCR amplification, and cloning as explained above. The 
commensal strain was identified as Acinetobacter radioresistens (ac-
cession number MF772494) and was grown overnight in LB under 
continuous shaking in aerobic conditions at 37 °C. Pure S. aureus, 
C. denitrificans, and A. radioresistens overnight cultures were pel-
leted and washed 3 times in Dulbecco’s Modified Eagle’s Medium 
(DMEM) prior to being used for the in vitro experiments.

Odora cell line maintenance, cell differentiation, and 
olfactory marker protein staining
Undifferentiated rat Odora cells were cultured as previously de-
scribed (Murrell and Hunter 1999). To induce the differentiation, 
1 mg/mL insulin solution from bovine pancreas, 20 mM dopamine 
and 100  mM ascorbic acid (both from Sigma) were added into 
the DMEM high glucose media normally supplemented with 10% 
fetal bovine serum (FBS, Hyclone), 100  mg streptomycin, 100 U/
mL penicillin, 200 mM of L-glutamine (Life Tech), and 2.5 mg/mL 
of fungizone (Gibco). Differentiated cells were incubated at 39 °C 
with 7% of CO2 until 90% of the cells reached the typical neuronal 
phenotype.
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In order to evaluate the contribution of commensal bacteria to 
the Odora cells differentiation, undifferentiated cells were cultured in 
24-well plates and incubated with normal DMEM (undifferentiating 
media), or differentiation media, or undifferentiating media 
containing 105 cfu/mL of live S.  aureus, C.  denitrificans, and 
A. radioresistens. The experiment was repeated 3 independent times. 
Cells were incubated at 39 °C with 7% of CO2 for 72 h. Brightfield 
images were taken daily using a ×20 objective under a Nikon Eclipse 
Ti microscope. Subsequently, Odora cells were rinsed twice in PBS 
and fixed with 4% PFA. Three additional washes in PBT (1% BSA + 
0.5% Tween-20 in PBS) were performed, before and after blocking 
for 15 min at RT with starting block T20 (Thermo Fisher). Then, 
cells were incubated at 4  °C overnight with mouse anti-human 
olfactory marker protein (OMP) monoclonal antibody (1:200, 
sc-365818, Santa Cruz Biotechnology) or the specific isotype control 
mouse IgG2a followed by the secondary antibody (1:250, Jackson 
ImmunoResearch, Cy3 AffiniPure Goat Anti-Mouse IgG (H+L)). 
Nuclei were stained with DAPI. Ten different images (×20) were 
captured under a Nikon Eclipse Ti microscope using the Advanced 
Elements Research software v4. The total number of OMP positive 
cells per field was counted. Expression of other OSN differentiation 
markers was also measured by RT-qPCR by measuring the expres-
sion levels of OMP, olfactory cyclic nucleotide-gated channel beta 
(oCNGb), and REST. RT-qPCR was performed as described above 
using rat specific primers shown in Supplementary Table S1.

Silencing of REST
Silencing of REST gene in undifferentiated Odora cells was per-
formed via MATra-Si transfection reagent (PromoKine) following 
the manufacturer’s instruction. The REST silencing oligos set 
(Supplementary Table S1) was purchased from ABM company 
(https://www.abmgood.com/Rest-siRNA-Oligo-i500115.html). A si-
lencing solution containing 1.5 µg of the 3 siREST oligos or posi-
tive (siGAPDH) or negative (siNeg) controls, 97 µL of serum-free 
DMEM medium, and 1.5  µL of MATra-Si reagent was incubated 
at room temperature for 20 min. Subsequently, these solutions were 
added into the 12-well plate prepared with 1 × 106 undifferentiated 
Odora cells (4 replicate wells per each treatment). The plate was 
then positioned onto a magnetic surface and stirred constantly for 
15 min, prior incubation for 72 h at 39°C with 7% of CO2. RT-qPCR 
was used to monitor the knockdown of REST at the mRNA level.

Statistical analysis
Data were analyzed in Prism version 5.0 (GraphPad). Data are ex-
pressed as mean ± SE. In the RT-qPCR experiments the relative ex-
pression level of the genes was determined using the Pfaffl method 
(Pfaffl 2001). Using this method, the fold-change difference in ex-
pression in the GF compared to the CV animals was quantified con-
sidering the CV samples as controls. The RT-qPCR measurements 
were analyzed by the unpaired t-test. For fluorescence microscopy 
experiments on Odora cells, results are shown as mean % of OMP+ 
cells ± SE and multiple comparisons analysis between experimental 
treatments was performed with 1-way ANOVA. P-values lower than 
0.05 were considered statistically significant.

Availability of data and materials
The data sets generated during the current study are at the 
European Bioinformatics Institute archived under accession number 
E-MTAB-5045 and E-MTAB-5046 for zebrafish and mouse, respect-
ively. Additionally, array data were submitted to ArrayExpress in 

compliance with MIAME. The zebrafish and mouse nasal 16S rRNA 
gene sequence results are deposited in NCBI under BioProject # 
PRJNA389614. Further information and requests for data and ma-
terials should be directed to and will be fulfilled by Irene Salinas 
(isalinas@unm.edu).

Results

Defining composition of microbiota associated with 
olfactory organs in multiple vertebrate species
We used 16S rDNA gene sequencing to define the membership of 
the bacterial communities colonizing the olfactory organs in adult 
zebrafish and C57BL/6J mice. We found that zebrafish olfactory or-
gans were colonized by members of 7 bacterial phyla, all of which 
were also represented among the 8 phyla detected in C57BL/6J mice. 
In all zebrafish and mice surveyed, nasal microbiomes were domin-
ated by members of the Proteobacteria phylum (Figure 1). However, 
fewer bacterial taxa were shared between zebrafish and mice at the 
order or genus levels (Supplementary Tables S2). At the order level, 
zebrafish nasal microbiomes show high degree of interindividual 
variation and unresolved taxonomies (Supplementary Table S2). 
Comamonas sp. was the most abundant genus observed in mice 
(Supplementary Table S2). We compared our results with previ-
ously available data sets in rainbow trout (Oncorhynchus mykiss) 
(Lowrey et al. 2015), C3H/HeN mice (François et al. 2016), cotton 
rat (Chaves-Moreno et  al. 2015), and human (Bassis et  al. 2014) 
(Figure 1). Similar to our zebrafish and C57BL/6J mouse results, 
Proteobacteria was also the dominant phylum in rainbow trout 
and cotton rat, whereas Actinobacteria and Firmicutes dominate 
the nasal microbial community of humans, and Bacteriodetes and 
Firmicutes dominated in C3H/HeN mice.

This data combined indicate that the nasal microbial communi-
ties of vertebrates can be colonized by diverse bacterial taxa and that 
these communities have predicted common functional attributes.

Microbiota regulate gene expression in zebrafish 
and mouse olfactory organ
Microbiota are known to induce conserved responses in the tran-
scriptional program of zebrafish and mouse digestive tract (Rawls 
et  al. 2004; Rawls et  al. 2006; Davison et  al. 2017). Two recent 
studies have revealed that mice raised in the absence of microbiota 
have altered olfactory morphology and augmented electrophysio-
logical responses to odorants (François et al. 2016; Jain et al. 2016). 
However, the broader impact of microbiota on olfactory transcrip-
tional programs and underlying molecular mechanisms remain 
unknown. Here we sought to define the impact of microbiota colon-
ization on gene expression in zebrafish and mice olfactory systems.

The general cellular and molecular mechanisms of vertebrate ol-
factory systems are considered to be highly conserved, as revealed in 
comparative studies in zebrafish (D.  rerio) and mammals (Saraiva 
et al. 2015). In this study, we extracted RNA from dissected olfac-
tory organs from zebrafish larvae and the comparable olfactory 
epithelium and vomeronasal organ from adult mice reared GF or 
colonized with their respective normal microbiotas (a process called 
conventionalization; CV) and evaluated gene expression using DNA 
microarrays. Principal component analysis (PCA) showed that the 
variability of the individual zebrafish and mouse replicates grouped 
based on GF and CV conditions (Figure 1C and D). In accord, we 
found 5198 and 2946 genes that were differentially expressed in 
the olfactory organs of GF compared to CV zebrafish and mice, 
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Figure 1. The nasal microbial community of zebrafish and other vertebrates is dominated by Proteobacteria and influences the transcriptional profile of the 
olfactory organ. (A) Relative abundance of bacteria at the phylum level present in the olfactory organ of zebrafish (this study), C57BL/6J mice (this study), 
rainbow trout (Lowrey et al. 2015), C3H/HeN mice (François et al. 2016), cotton rat (Chaves-Moreno et al. 2015), and human (Bassis et al. 2014). Only phyla with 
a relative abundance >0.1 are represented. Note that different V regions of the 16S rDNA were targeted in different studies and different sequencing platforms 
(454 or Illumina) and sampling depths were used in different studies. (B) Bacterial community composition of adult zebrafish (also magnified in the lower inset) 
and mice nasal microbiomes at the phylum level. Each bar represents an individual animal (N = 6). (C) PCA of individual biological microarray replicates for 
zebrafish samples. (D) PCA of individual biological microarray replicates for mouse samples. Bar plot showing the fold change in expression (mean ± SE) of 
representative genes within the GO category “ion transport” showing significant increased expression in the olfactory organ of GF compared to CV zebrafish 
(E) and GF compared to CV mice (F). Bar plot showing the fold change in expression (mean ± SE) of representative genes within the GO category “transcription, 
DNA-templated” showing consistent decreased expression in the olfactory organ of GF compared to CV zebrafish (G) and in the olfactory organ of GF compared 
to CV mice (H). Bar plot showing the fold change in expression (mean ± SE) of representative genes within the GO category “cell fate commitment” showing 
significant decreased expression in the olfactory organ of GF compared to CV zebrafish (I) and in the olfactory organ of GF compared to CV mice (J). Bar plot 
showing fold change in expression of selected OR genes in the olfactory organ of GF compared to CV zebrafish (K) and mice (L). Asterisk indicates statistically 
significant differences when P < 0.05. In zebrafish, selected genes were sodium channel, voltage-gated, type I, alpha (scn1a), potassium channel, subfamily 
V, member 2b (kcnv2b), glutamate receptor, ionotropic, kainate 1a (grik1a), gamma-aminobutyric acid (GABA) A  receptor, beta 3 (gabrb3), homeobox B3a 
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respectively (Supplementary Table S3). In zebrafish, 2703 genes 
or 3569 probes (69% of all the significantly modified probes) dis-
played lower expression in GF compared to CV olfactory organs, 
whereas 1336 genes or 1629 probes (31% of the significantly modi-
fied probes) were elevated in GF compared to CV zebrafish olfactory 
organs. In mice, 1359 genes or 1508 probes (51% of the significantly 
modified probes) showed decreased expression in GF olfactory and 
vomeronasal organs, whereas 1327 genes or 1438 probes (49% of 
the significantly modified probes) were elevated in GF olfactory and 
vomeronasal organs. These microarray results were validated by 
RT-qPCR in both zebrafish and mouse (Supplementary Figure S1).

To broadly define biological processes affected by microbiota 
colonization, we performed Gene Ontology (GO) enrichment ana-
lysis on genes significantly increased or decreased by microbial 
colonization in zebrafish (Supplementary Table S4) and mouse 
(Supplementary Table S5) olfactory organs. This analysis revealed 
that genes involved in ion transport (Figure 1E and F) and synapse 
organization were more highly expressed in the olfactory organ 
of GF compared to CV animals in both hosts, whereas genes in-
volved in transcriptional regulation (Figure 1G and H), development 
and cell fate commitment (Figure 1I and J) had lower expression 
in GF compared to CV zebrafish and mice. Since odorant receptors 
are key determinants in olfactory neuron axonal guidance and for-
mation of olfactory glomeruli (Feinstein et al. 2004), we examined 
whether these genes were differentially expressed in both experi-
mental groups. A large number of odorant receptor genes were dif-
ferentially regulated in response to microbes in zebrafish (61 out of 
197) and mouse (91 out of 1395) based on the microarray experi-
ment (Table 1). A breakdown of the significantly modified odorant 
receptor genes in zebrafish and mouse by class of receptor is shown 
in Table 1. While the complexity of OR superfamily evolution makes 
comparison of overlapping functional gene products from zebrafish 
to mouse difficult, surprisingly, of OR genes that were differentially 

regulated by microbiota colonization >90% and 95% were higher 
in the presence of microbiota in zebrafish and mouse, respectively 
(Table 1). The decreased expression of OR genes in GF zebrafish 
and mouse was confirmed by RT-qPCR (Supplementary Figure S1). 
Thus, our results suggest a common conserved transcriptional in-
crease of OR genes in zebrafish and mouse in response to microbes.

To search for further evidence of conserved transcriptional re-
sponses to microbiota, we compared our lists of zebrafish and mouse 
genes that are differentially regulated upon microbiota colonization. 
We identified 152 nonredundant one-to-one orthologs that were 
differential in both zebrafish and mouse data sets, 83 of which are 
regulated in the same direction in both animals. Additionally, 167 
one-to-many homolog pairs were found from which 76 were regu-
lated in the same direction in both animals (Supplementary Table 
S6). The 83 one-to-one orthologs and the 76 one-to-many homologs 
were then combined into a single list of 159 genes and subjected to 
GO and KEGG pathway analyses (Supplementary Table S7). The 
enriched pathways shared in zebrafish and mice included the MAPK 
signaling pathway which is critical in odorant recognition and olfac-
tory neuron survival in animals (Hirotsu et al. 2000; Watt and Storm 
2000), and the adherens junctions pathway which is critical for the 
mosaic cellular pattern of the olfactory epithelium (Katsunuma et al. 
2016). Among the GO terms, embryonic organ development was 
the only term common to zebrafish and mice. These results indicate 
that microbiota regulate common biological pathways and gene 
orthologs in the olfactory organ of zebrafish and mouse, and suggest 
potential impacts on organ development as well as potential conser-
vation in upstream transcriptional regulators.

Microbiota control the differentiation and 
maturation of the zebrafish olfactory organ
In the zebrafish (Saraiva et al. 2015) and mouse (Ibarra-Soria et al. 
2017), OR mRNA levels obtained by transcriptomic profiling can 
be used to quantify the diversity of OSN subtypes that express 
each receptor (Ibarra-Soria et  al. 2017). Thus, differences in OR 
expression levels detected in our data sets may reflect differences 
in OSN subpopulations. We observed by light microscopy that the 
olfactory neurons of GF zebrafish larvae had altered cell morph-
ologies and lower cytoplasm to nuclei aspect ratios than those of 
CV animals (Figure 2A and B). TEM studies confirmed that GF 
zebrafish possess a less differentiated olfactory epithelium com-
pared to CV animals (Figure 2C–F). Specifically, in GF zebrafish, 
the pseudostratification of the olfactory epithelium was less defined 
compared to CV animals. Additionally, significantly more trans-
port vesicles were observed in the apical cytoplasmic region of sup-
porting (or sustentacular) cells in GF zebrafish olfactory organs 
compared to CV (Figure 2G–I). However, when we measured the 
olfactory pit maximum diameter of GF versus CV zebrafish, no 
significant differences were found (Figure 2J). Quantification of the 

(hoxb3a), forkhead box F1 (foxf1), beta 3 Eomesodermin homolog a (eomesa), GATA binding protein 2b (gata2b), wingless-type MMTV integration site family, 
member 7Aa (wnt7aa), wingless-type MMTV integration site family, member 11, related (wnt11r), bone morphogenetic protein 4 (bmp4), olfactory receptor C 
family, j1 (olfcj1), trace amine associated receptor 14l (taar14l), vomeronasal 2 receptor, l1 (v2rl1), odorant receptor, family G, subfamily 106, member 10 (or106-
10), odorant receptor, family F, subfamily 115, member 1 (or115-1) and odorant receptor, family H, subfamily 133, member 5 (or133-5). In mouse, selected genes 
were sodium channel, voltage-gated, type I, beta (Scn1b), potassium voltage gated channel, Shaw-related subfamily, member 1 (Kcnc1), transcript variant 1, 
glutamate receptor, ionotropic, kainate 3 (Grik3), gamma-aminobutyric acid (GABA) A receptor, subunit alpha 1 (Gabra1), homeobox B3 (Hoxb3), transcript 
variant 1, GATA zinc finger domain containing 2B (Gatad2b), forkhead box F1 (Foxf1), eomesodermin homolog (Xenopus laevis) (Eomes), transcript variant 1, 
GATA binding protein 1 (Gata1), wingless-related MMTV integration site 6 (Wnt6), wingless-related MMTV integration site 5A (Wnt5a), growth arrest specific 1 
(Gas1), vomeronasal 2, receptor 42 (Vmn2r42), vomeronasal 1, receptor 35 (Vmn1r35), vomeronasal 2, receptor 123 (Vmn2r123), olfactory receptor 722 (Olfr722), 
olfactory receptor 140 (Olf140), olfactory receptor 124 (Olf124).

Table 1. Olfactory mRNAs significantly modified in the olfactory 
organ of GF compared to CV in zebrafish and mice

Total number of olfactory/odorant genes 
significantly modified

Lower Higher

 Zebrafish 55 6
 Mouse 87 4

Number of olfactory/odorant genes per receptor  
class significantly modified

Zebrafish Mouse

 ORA/V1R genes 2/3 21/166
 TAAR genes 10/43 1/14
 OlfC/V2R genes 8/15 31/97
 OR genes 40/131 37/1115
 FPR genes 1/1 1/5

Figure 1. Continued
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maximum ciliar length did not revealed any differences between 
groups (Figure 2K).

In teleost fishes, Gαo is a marker for microvillous OSNs similar 
to vomeronasal neurons in mammals, whereas Gαolf is a marker for 
ciliated OSNs in both fish and mammal (Tacchi et al. 2014; Chaves-
Moreno et al. 2015; Liu et al. 2015; Lowrey et al. 2015; François 
et  al. 2016). Regarding the expression of these 2 markers, micro-
array results showed a nonsignificant trend toward lower Gαo ex-
pression in the olfactory organs of GF compared to CV zebrafish. 
Additionally, in the zebrafish and mouse microarrays, Gαo (Gnao1a) 
was not significantly modified. Interesting, in zebrafish, a second 
isoform (Gnao1b) showed an opposite trend (a significant increase 
in GF compared to the CV larvae) (Supplementary Table S3). Gαolf 
(Gnal) was significantly downregulated (2.5-fold) in GF mouse but 

not zebrafish (Supplementary Table S3). Combined, these results are 
inconclusive but suggest that defects in odorant receptor gene ex-
pression in GF animals are not accompanied by defects in these 2 
gene markers for microvillous and ciliated OSNs, respectively.

NRSF/REST-binding sites are commonly enriched at 
genes that are downregulated in olfactory tissue in 
response to microbiota
TFs are known to orchestrate the differentiation and maturation 
programs of neurons and glia in vertebrates (Ma et al. 2006); how-
ever, regulation of TF expression by microbiota in neuronal tissues 
has not yet been described. To determine if common regulators 
underlie aspects of the common response to microbes, we performed 

Figure 2. Ultrastructural and cellular changes in the zebrafish olfactory organ in the absence of microbiota. (A) Light micrograph of a semithin section of a GF 
zebrafish olfactory organ stained in toluidine blue. (B) Light micrograph of a semithin section of a CV zebrafish olfactory organ stained in toluidine blue. (C, E, 
and G) Transmission electron micrograph (TEM) of a GF zebrafish olfactory epithelium. (D, F, and H) TEM of a CV zebrafish olfactory epithelium. Images in (E) and 
(F) were pseudocolored as explained in the materials in methods to highlight the nucleus area (blue) and the cytoplasm (yellow) of OSNs. Arrows in (G) indicate 
transport vesicles in the apical pole of sustentacular cells. NC: nasal cavity; OE: olfactory epithelium. (I) Number of apical vesicles quantified in TEM images from 
CV and GF zebrafish larvae (N = 3 larvae/group). (J) Mean maximum olfactory pit diameter measured in CV and GF zebrafish larvae (N = 10). (K) Quantification 
of the maximum ciliar length in CV and GF zebrafish (N = 8).
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TF motif enrichment analyses using the 1000 bp upstream of the 
TSS of genes that were differentially expressed in zebrafish and mice 
(Supplementary Table S3). We found that TBX5 and STAT4 motifs 
are enriched in genes expressed lower in GF compared to CV in both 
zebrafish and mice (Figure 3A). This suggests microbially induced 
genes in the olfactory system may be regulated by TFs in the STAT 
family which are known to regulate aspects of inflammation and 
repair in response to microbes (Knights et al. 2014; Villarino et al. 
2017), control gliogenesis (Bonni 1997; He et al. 2005), and even 
directly bind the OMP (a marker for mature OSNs) promoter in 
OSNs (Ibarra-Soria et al. 2002).

Interestingly, genes with higher expression in GF mice and 
zebrafish were enriched in LHX2 and NRSF/REST motifs (Figure 
3B). LHX2 is known to regulate differentiation and identity of OSNs 
(Hirota and Mombaerts 2004; Kolterud et  al. 2004; Zhang et  al. 
2016; Monahan et al. 2017). Furthermore, NRSF/REST is a critical 
transcriptional repressor that prevents inappropriate expression of 

neuronal genes and controls maturation of neurons (Parlato et al. 
2014; Zhao et  al. 2016). REST target genes include cell identity 
surface molecules such as ORs and VRs. REST is also known to 
be expressed in the olfactory epithelium of mammals. The present 
study reveals a conserved role for REST in vertebrate olfactory sys-
tems and indicates that microbiota are critical regulators of REST 
expression. In support, we observed reduction of REST expression 
in GF versus CV in both mouse and zebrafish olfactory organs at 
the gene level by RT-qPCR (Figure 3C). This was in agreement with 
the microarray results for mouse but not for zebrafish, where the 
change in expression did not reach statistical significance by micro-
array (Supplementary Table S3; Figure 3C).

At the protein level, REST was well expressed in the CNS of 
the juvenile and adult mouse and zebrafish as expected (Figure 3D). 
Moreover, we detected REST protein expression in the adult mouse 
olfactory organ although at lower levels than those detected in the 
adult mouse CNS, especially for the 55 kDa band. In the juvenile 

Figure 3. NRSF/REST-binding sites are commonly enriched at genes that are downregulated in olfactory tissue in response to microbiota. (A) TF motif enrich-
ment (−log10 P-value) using the 1000 bp upstream of the TSS of genes that are significantly more highly expressed in CV conditions in zebrafish and mouse 
olfactory tissue. A dashed line represents the threshold for motif enrichment. TBX5 and STAT4 motifs that are enriched in both zebrafish and mouse are marked 
in red and within the gray area. (B) Same as (A) for genes that were significantly higher in GF conditions. NRSF/REST and LHX2 motifs that are enriched in both 
zebrafish and mouse are marked in red and within the gray area (P < 0.05). (C) Gene expression levels of REST in GF zebrafish and mouse compared to CV ani-
mals (N = 4). Asterisk indicates statistically significant differences when P < 0.05. (D) Protein expression of REST in brain and olfactory organ of adult mice (lanes 
1–2), juvenile mice (lanes 3–4), adult zebrafish brain and olfactory organ (lanes 5–6), and olfactory organs of CV and GF zebrafish larvae (lanes 7–8). Blots probed 
with an isotype control instead of anti-REST antibody produced no bands. GAPDH was used as a loading control.
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mouse and adult zebrafish olfactory organ, REST protein levels were 
lower than in the CNS. The high molecular bands detected by the 
anti-REST antibody in the zebrafish brain were not present in any 
other sample and do not correspond with the expected 120 and 
55 kDa bands that this antibody recognizes according to the manu-
facturer (GeneTex). Therefore, these bands were considered not spe-
cific (Figure 3D). In order to confirm the specificity of the REST 
antibody in zebrafish, a western blot comparing wild-type and REST 
mutants was performed. In support, the intensity of the 120 KDa 
band was lower in the mutant compared to the wild-type olfactory 
organ and a new band of 60 KDa was observed. Additionally, the 55 
KDa band was absent in the REST mutant (Supplementary Figure 
S2). In agreement with the gene expression data, we detected greater 
REST expression (120 kDa band) in the CV zebrafish larvae olfac-
tory organ compared to the GF samples. These results confirm that 
REST is expressed not only in the CNS but also in the peripheral 
nervous system (olfactory organ) of both juveniles and adult stages 
of mice and zebrafish. Combined, this data indicate that microbiota 
control the transcriptional program of vertebrate olfactory systems 
by regulating the expression of key TFs like REST and this may dir-
ectly influence olfactory development across vertebrates.

In vitro differentiation of rat Odora cells displays 
bacterial specificity
We next used Odora cells, a rat OSN cell line, to test whether dis-
tinct bacteria can drive differentiation of these cells in vitro. This 
cell line is the only established primary cell culture of vertebrate 
OSNs. Odora cells can be grown as undifferentiated epithelial-like 
cells using DMEM culture media in control conditions (5% CO2 
and 33 °C) and differentiate into differentiated OSNs when grown 
with 7% CO2 at 39 °C in the presence of insulin, dopamine, and as-
corbic acid (Murrell and Hunter 1999). Upon differentiation, OMP 
expression increases in Odora cells; however, these cells are not fully 
functional OSNs (Murrell and Hunter 1999). We hypothesized that 
different bacterial species may have distinct capacities to stimulate 
Odora cell differentiation in vitro. We tested 2 nasal bacteria strains: 
S. aureus (strain NBRC 100910; phylum Firmicutes) which we iso-
lated from the olfactory organ of a laboratory-reared SPF rat; and 
C. denitrificans (ATCC 700940; phylum Proteobacteria) originally 
isolated from sludge in Sweden (Dalhammer G, personal communi-
cation). Staphylococcus aureus is a common member of the mamma-
lian nasal microbiota (Bassis et al. 2014; Liu et al. 2015; Mulcahy 
and McLoughlin 2016), and the Comamonas genus is one of the most 
abundant in the mouse olfactory organ by 16S rDNA sequencing 
(Supplementary Table S2). We also tested A.  radioresistens (strain 
NBRC 102413; phylum Proteobacteria) which we isolated from 
mouse cecal contents.

Undifferentiated Odora cells were cultured in control DMEM, 
DMEM containing all the differentiation agents (Diff. positive con-
trol), or in control DMEM to which live S. aureus, C. denitrificans, 
or A. radioresistens were added. OMP expression was upregulated 
in differentiated control Odora cells as well as undifferentiated 
cells treated with nasal strain S. aureus or C. denitrificans but not 
with A. radioresistens or the undifferentiated controls (Figure 4A). 
This result was confirmed by immunofluorescence microscopy 
(Supplementary Figure S3A–D). Multiple bacterial concentra-
tions were tested and the 105 cfu/mL dose was selected based on 
optimal cell viability and differentiation markers (Supplementary 
Figure S3E). Analysis of kinetic expression revealed that transcript 
levels of OMP were significantly higher in differentiated Odora 
cells (Diff. positive control) as well as undifferentiated cells treated 

with S.  aureus compared to undifferentiated cells at 24, 48, and 
72 h (Figure 4B). Expression levels of oCNGb, another marker for 
mature OSNs (Murrell and Hunter 1999), were only significantly 
higher in positive control differentiated cells as well as S. aureus dif-
ferentiated cells at 48 h (Figure 4C). Importantly, REST expression 
showed dynamic changes at different time points. At 6 h, both Diff. 
positive control cells and Undiff. + S. aureus cells showed significant 
downregulation in REST expression (~15- and 38-fold, respectively) 
(Figure 4D). Following this downregulation, we recorded significant 
and sustained increases in REST expression at 24 and 48 h in both 
Diff. positive control and Undiff. + S. aureus compared to Undiff. 
control cells (Figure 4D). These results show that bacterial stimula-
tion of Odora cell differentiation shows specificity in vitro and that 
this is accompanied by simultaneous dynamic control of REST ex-
pression in OSNs.

Silencing REST results in decreased differentiation 
of Odora cells in vitro
Our in vivo and in vitro results suggested that microbial regula-
tion of REST expression in the olfactory system may be one of the 
mechanisms by which OSNs differentiate. To test this possibility, 
we knocked down REST function in Odora cells using siRNA tech-
nology. Successful silencing of REST (~200-fold decrease in expres-
sion after 48 h) in the rat Odora cell line was confirmed by RT-qPCR 
analysis (Figure 5A). Importantly, knockdown of REST (siREST) re-
sulted in decreased levels of OMP expression in S. aureus differen-
tiated Odora cells as well as Diff. positive control cells compared 
to negative controls after 72 h in culture (Figure 5B). oCNGb ex-
pression levels, on the other hand, were highly variable and not sig-
nificantly different among treatments (Figure 5C). Adenylate cyclase 
3 (ADCY3) expression, another marker of neuronal differentiation, 
was downregulated in the Diff. positive control cells, as well as in the 
S. aureus differentiated neurons. REST silencing, however, showed 
opposite effects in ADCY3 expression in the Diff. positive control 
and the S. aureus treatment (Figure 5D). These data establish that 
REST plays a role in Odora cell differentiation, and that commensal 
bacteria promote Odora cell differentiation using a REST-dependent 
mechanism.

Discussion

Detection of chemical cues in the environment is key to the survival 
and fitness of all vertebrate species. As a consequence, olfaction is one 
of the most ancient and conserved sensory systems in the vertebrate 
lineage (Treloar et al. 2010). Olfactory organs consist of millions of 
OSNs, the only neurons in the vertebrate body that are in direct contact 
with the external environment. Apart from receiving chemical stimuli, 
the olfactory epithelium of all vertebrates is exposed to complex mi-
crobial signals, such as those derived from the microbial communities 
residing on the mucosal surface of the olfactory epithelium.

Microbiota are known to influence diverse physiological systems 
in their hosts. Notably, microbiota have been shown to regulate host 
transcriptional programs in the intestinal mucosa (Rawls et al. 2006; 
Larsson et al. 2012; Camp et al. 2014; Dobson et al. 2016; Davison 
et al. 2017). A recent study in mice had shown that the expression of 
a few selected genes in the mouse olfactory epithelium was affected 
in the absence of microbiota (François et  al. 2016). However, the 
global effects of microbiota on the olfactory system of vertebrates 
remained poorly understood. Here, we hypothesized that microbiota 
play a conserved role in the regulation of gene expression in olfac-
tory systems of vertebrates from teleosts to mammals.
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We first characterized the composition of the bacterial communi-
ties present in the zebrafish and mouse olfactory organs and compared 
them to a number of previously published studies from other verte-
brates. We found that Proteobacteria dominated the nasal bacterial 
communities although similarities were not observed at shallower 
taxonomic resolution. We observed marked differences between nasal 
microbiota in C57Bl/6J mice (dominated by Proteobacteria, in par-
ticular Comamonadaceae) compared to C3H/HeN mice (dominated 
by Bacteroidetes and Firmicutes) (François et al. 2016). These differ-
ences in microbiota composition could be explained by differences in 
age and sex of the mice used in each of the 2 studies. Additionally, 
genetic evolutionary divergence between the 2 strains may play a 
role in the microbial colonization of mucosal surfaces (Hugenholtz 
and de Vos 2018). Further studies using identical housing conditions 
should be conducted in order to dissect the influence of the host gen-
etic background on the nasal microbial communities.

Despite the differences in the nasal microbiota of zebrafish and 
mice, we show that both communities induce widespread transcrip-
tional responses in the olfactory organs of their respective hosts. 
Interestingly, this common response was recorded even if larval 
zebrafish and adult mice were used in our study. Our comparative 
transcriptomic approach identified pathways and orthologs regu-
lated similarly in zebrafish and mice, setting the stage for further 
mechanistic studies. Our analysis of 1-1 orthologs regulated by 
microbiota in both zebrafish and mouse identified 83 ortholog pairs 
that were regulated in the same direction, identifying them as a po-
tential core host response. However, this was only about half of all 
orthologs differentially expressed in both hosts and therefore further 
studies will be needed to determine the basis for this partial overlap.

Among the transcriptome changes observed, GF animals had 
marked deficiencies in OR and VR expression. All vertebrates ex-
press OR but the OR multigene family is highly variable among 
different vertebrate species (Niimura 2012). Gene expression 
studies in zebrafish were coupled to ultrastructural observations 
and anatomical measurements. While we observed defects in the 
pseudostratification of the olfactory epithelium in GF zebrafish com-
pared to CV controls, we did not detect changes in the overall size 
of the olfactory pit or the thickness of the ciliar layer. This is in dis-
agreement with the architectural changes in the olfactory epithelium 
of GF mice previously reported, including a thinner ciliar layer and 
decreased proliferation rates (François et al. 2016). Since we did not 
quantify numbers of different OSN types in this study, further in 
vivo studies are necessary to ascertain whether the lowered OR gene 
expression levels detected in the absence of microbiota are due to de-
fects in neuronal differentiation/maturation (and therefore different 
proportions of neuronal types) or overall decreased expression in 
OSNs. Additionally, further studies are needed to determine how 
these host–microbe interactions are affected by developmental stage, 
diet, gender, and maternal factors.

Increasing evidence indicates that regulation of TFs is a key 
mechanism by which microbiota influences host transcriptional 
programs. A number of studies have identified TFs regulated by the 
gut microbiota that control gene expression in intestinal epithelial 
cells and immune cells (Camp et al. 2014; Davison et al. 2017). The 
present study suggests that nasal microbiota also regulates olfac-
tory transcriptomic responses via specific host TFs. Specifically, the 
TFs implicated here, including REST, are well known to play role in 
neuronal cell development.

Figure 4. Nasal commensal bacteria promote rat Odora cell differentiation in vitro in a REST dependent manner. (A) Undifferentiated Odora cells were incubated 
with the nasal bacterial strain S. aureus, the nasal bacterial strain C. denitrificans, or the gut commensal strain (A. radioresistens). OMP expression levels were 
measured 72 h later by RT-qPCR. Data are shown as the mean fold change ± SE in expression compared to undifferentiated controls. (B) Kinetics of OMP gene 
expression; (C) oCNGb gene expression; and (D) REST gene expression in undifferentiated Odora cells, control differentiated Odora cells, or Odora cells differ-
entiated in the presence of live S. aureus at 6, 24, 48, and 72 hours. Data are shown as the mean fold change ± SE in expression compared to undifferentiated 
controls measured by RT-qPCR. Asterisks denote statistically significant differences (P < 0.05). Results are representative of 3 independent experiments with 
N = 5 per experiment.
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The specific roles of REST in neuronal differentiation are 
complex—though initially described as a repressor of genes involved 
in neuronal differentiation, subsequent studies identified additional 
roles for REST suggesting it may also act as a transcriptional acti-
vator in differentiation (Tang 2009). Yet, no previous studies have 
investigated the control of REST by microbiota. We focused on 
REST due to the strong enrichment for REST-binding motifs found 
in putative cis-regulatory regions near genes downregulated by mi-
crobial colonization. In accord, REST expression was significantly 
reduced in both zebrafish and mouse olfactory organs. Importantly, 
we showed that REST is expressed in the olfactory system of both 
juvenile and adult mice and zebrafish. Since the present study uses 
2 different developmental stages of the GF models (adult mice and 
larval zebrafish), detection of REST in olfactory tissues of both spe-
cies at different developmental stages is important in order to inter-
pret our results. Interestingly, we detected lower REST expression in 
the adult mouse olfactory organ compared to its CNS counterpart 
but comparable levels of REST expression in adult zebrafish olfac-
tory organ compared to its CNS counterpart. These differences may 

account for the differences here reported regarding the effects that 
microbiota have on the olfactory organ transcriptional programs 
of zebrafish and mice. Further studies will address how microbiota 
regulate olfactory systems at different life stages of vertebrates.

 The impact of bacterial exposure on REST expression in cul-
tured Odora cells was more complicated. Odora cell differentiation 
induced by the nasal commensal S.  aureus or standard differenti-
ation media was accompanied by short-term suppression of REST 
expression. Future studies are needed to identify the specific bac-
terial stimuli that promote OSN differentiation in vivo. For instance, 
microbial-associated molecular patterns or other microbiota prod-
ucts may be detected by olfactory cells inducing secondary signals or 
processes that alter development; or microbes themselves may trans-
locate into the tissue to evoke diverse immune and other host re-
sponses. The host signal transduction mechanisms that perceive and 
integrate those stimuli to regulate REST expression and function, 
and how those pathways are dynamically modified during differen-
tiation of OSNs and the larger olfactory organ also deserve further 
investigation.

Figure 5. Silencing NRSF/REST results in decreased differentiation of Odora cells in vitro. (A) REST mRNA levels in differentiated Odora cells, Odora cells treated 
with siNEG oligo (negative control), siGAPDH oligo (positive control), and a cocktail of 3 different siREST oligos. Gene expression levels were measured by 
RT-qPCR. Relative expression levels are shown as the ratio between REST expression and the housekeeping gene EF1a. ***P < 0.001. (B) OMP mRNA levels; (C) 
oCNGb mRNA levels; and (D) ADCY3 mRNA levels in undifferentiated Odora cells, differentiated Odora cells (Diff. positive control), Odora cells differentiated 
in the presence of S. aureus and the negative control silencing probe (siNEG), Odora cells differentiated in the presence of S. aureus and the GAPDH silencing 
probe, differentiated Odora cells and siREST probe (Diff. positive control + siREST), Odora cells differentiated in the presence of S. aureus and the siREST probe. 
Different letters denote statistically significant differences among treatments following 1-way ANOVA and Tukey’s post hoc test (P < 0.05).
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In the present study, we did not evaluate the functional down-
stream effects of GF conditions on the function of the olfactory 
organ. Electro-olfactogram studies of GF mice recently showed a 
global increase in the amplitude of responses to selected odorants 
as well as altered response kinetics (François et al. 2016). It is im-
portant to highlight that the latter study used different mice strains 
and methods to reconstitute the microbiota than the ones used in the 
present study. Thus, further studies are needed to determine the re-
lationship between microbe-induced alterations in odorant receptor 
expression and physiological responses to odorants, and how those 
responses might be affected by variation in microbial community 
composition.

In summary, this work establishes that the transcriptional 
programs utilized by olfactory systems are under the influence of 
commensal microbiota, and that this is a common theme in verte-
brate lineages that last shared a common ancestor approximately 
420 million years ago. We implicate several TFs in this conserved 
response and provide functional evidence that microbial stimulation 
of Odora cell differentiation is dependent on REST, a TF known to 
have key biological roles in neuronal and glial development. Our 
results suggest that the ability of vertebrates to detect and discrim-
inate odors and other chemicals in their environment through the 
olfactory organ is shaped by their microbiota. Further, the present 
study predicts that the alterations in microbiota that often occur as 
a function of host age, genotype, health, and other environmental 
exposures might influence olfactory perception and downstream 
physiologies and behavior.

Supplemental material
Supplementary data are available at Chemical Senses online.

Figure S1. Confirmation of microarray studies by qRT-PCR of mRNAs 
of 9 genes in the olfactory organ of GF and CV zebrafish (A) and mice (B). 
In zebrafish, selected genes were: dopamine receptor D4b (drd4b), trans-
forming growth factor alpha (tgfa), DnaJ (Hsp40) homolog, subfamily B, 
member 12b (dnajb12b), Transient receptor potential cation channel, sub-
family M, member 5 (trpm5), Odorant receptor, family F, subfamily 115, 
member 1 (or115-1), and G protein-coupled receptor 78 (gpr78b). Gene se-
lection in mouse is the following: Trace amine-associated receptor 5 (Taar5), 
Vomeronasal type 2 receptor 123 (Vmn2r123), Nuclear factor of activated 
T-cells 3 (NF-ATc3), C-C motif chemokine receptor 2 (CCR2), Calmodulin 4 
(Calm4), and Calreticulin 4 (Calr4). Asterisks denote statistically significant 
differences (P < 0.05).

Figure S2. Western blot showing defects in REST protein expression in the 
olfactory organ of 6 dpf REST−/− zebrafish larvae (REST mutant, lane 1) and 
the olfactory organ of 6 dpf wild-type zebrafish (lane 2) (1 pool N = 50).

Figure S3. Increased expression of OMP protein in differentiated Odora 
cells in response to S. aureus as revealed by anti-OMP antibody staining (red). 
(A) Undifferentiated Odora cells. (B) Odora cells differentiated with posi-
tive control medium (Diff. positive control). (C) Odora cells differentiated by 
incubating with live S. aureus cells. Cell nuclei were stained with DAPI (blue). 
(D) Mean percentage of OMP+ cells in each experimental group. Different let-
ters denote statistically significant groups (P < 0.05). Results are representative 
of 2 independent experiments with N = 4 wells per experiment. (E) Dilution 
series experiment showing the increased percentage of OMP+ cells in Odora 
cells in response to several concentrations of S. aureus as assessed by immuno-
fluorescence microscopy. Different letters denote statistically significant groups 
(P < 0.05). Results are representative of 2 independent experiments with N = 4 
wells per experiment.

Table S1. Primers used in the present study.
Table S2. Bacterial community composition of adult zebrafish and mouse 

nasal microbiomes at the order level and at the genus level. Each column rep-
resents 1 individual. Only taxa with abundances >0.1% in at least 1 individual 
are shown.

Table S3. Gene list showing all mRNAs modified in the olfactory organ 
of GF compared to CV zebrafish and GF compared to CV mice. In this table 
the genes are ordered by fold change in expression level and genes shown were 
significant at P < 0.05 following unpaired t-test (P < 0.05) with Benjamini–
Hochberg false discovery rate (FDR) correction and greater than 2-fold 
change. Asterisk next to the gene symbol indicates that the NRSF/REST tran-
scription factor motif was detected in the promoter region of that gene.

Table S4. List of GO terms for biological process representing the features 
with significantly higher expression in the olfactory organ of GF compared to 
CV zebrafish (sheet 1), or features with significantly lower expression in the 
olfactory organ of GF compared to CV zebrafish (sheet 2). In this table the 
GOs are ordered by P-value in an ascending manner.

Table S5. List of GO terms for biological process representing the features 
with significantly higher expression in the olfactory organ of GF compared to 
CV mice (sheet 1), or features with significantly higher expression in the ol-
factory organ of GF compared to CV mice (sheet 2). In this table the GOs are 
ordered by P-value in an ascending manner.

Table S6. List of all ortholog genes identified in the one-to-one and one-to-many 
analyses in GF versus CV zebrafish and GF versus CV mouse olfactory organs.

Table S7. List of GO terms for biological process and KEGG pathways 
representing the orthologs 1 to 1 (152 genes) analysis from the olfactory organ 
of GF compared to CV zebrafish and mouse. In this table the GO and path-
ways are ordered by P-value in an ascending manner.
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