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Abstract 25 

The sense of smell is generated by electrical currents that are influenced by the 26 

concentration of ions in olfactory sensory neurons and mucus. In contrast to the 27 

extensive morphological and molecular characterization of sensory neurons, there 28 

has been little description of the cells that control ion concentrations in the zebrafish 29 

olfactory system. Here, we report the molecular and ultrastructural characterization 30 

of zebrafish olfactory ionocytes. Transcriptome analysis suggests that the zebrafish 31 

olfactory epithelium contains at least three different ionocyte types, which resemble 32 

Na+/K+-ATPase-rich (NaR), Na+/Cl- cotransporter (NCC), and H+-ATPase-rich (HR) 33 

cells, responsible for calcium, chloride, and pH regulation, respectively, in the 34 

zebrafish skin. NaR-like and HR-like ionocytes are usually adjacent to one another, 35 

whereas NCC-like cells are usually solitary. The distinct subtypes are differentially 36 

distributed: NaR-like/HR-like cell pairs are found broadly within the olfactory 37 

epithelium, whereas NCC-like cells reside within the peripheral non-sensory 38 

multiciliated cell zone. Comparison of gene expression and serial-section electron 39 

microscopy analysis indicates that the NaR-like cells wrap around the HR-like cells 40 

and are connected to them by shallow tight junctions. The development of olfactory 41 

ionocyte subtypes is also differentially regulated, as pharmacological Notch inhibition 42 

leads to a loss of NaR-like and HR-like cells, but does not affect NCC-like ionocyte 43 

number. These results provide a molecular and anatomical characterization of 44 

olfactory ionocytes in a stenohaline freshwater teleost. The paired ionocytes suggest 45 

that both transcellular and paracellular transport regulate ion concentrations in the 46 

olfactory epithelium, while the solitary ionocytes may enable independent regulation 47 

of multiciliated cells. 48 
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Introduction 49 

Olfaction is mediated by a combination of ion currents – an influx of calcium 50 

followed by an efflux of chloride – that is triggered by the binding of an odorant to its 51 

receptor on olfactory sensory neurons (OSNs) [1,2]. The high concentration of 52 

chloride in the dendritic knobs and cilia of mammalian OSNs is achieved by uptake 53 

from the mucus by the NKCC1 (Slc12a2) co-transporter, which requires external 54 

sodium [3]. Despite the relative robustness of transduction that is offered by the 55 

chloride current [4], olfactory sensitivity is influenced by external ion concentrations 56 

[5]. The zebrafish, a freshwater fish that can be found in the wild in water with a 57 

moderate range of salinity [6], has provided fundamental insights into olfactory 58 

processing [7,8]. The morphological and molecular features of OSNs of this animal 59 

are well described [9–11]. However, it is unclear how ion composition in the 60 

zebrafish olfactory epithelium is regulated.  61 

Ionocytes are mitochondria-rich cells that can transport ions intracellularly 62 

against their concentration gradient. In freshwater teleosts, ionocytes in the skin and 63 

gills actively absorb ions from the external environment, compensating for passive 64 

water gain (reviewed in [12,13]). In marine teleosts, ionocytes in the kidneys and gills 65 

actively secrete excess ions absorbed from seawater. Recently, with the advent of 66 

single cell sequencing technologies, ionocytes have been identified based on gene 67 

expression in several tissues including the olfactory epithelium in humans and mice 68 

[14,15], inner ear of mice [16] and the lateral line neuromasts in zebrafish [17]. In the 69 

neuromasts, as in the gill and skin of fish, a subset of ionocytes were found in a 70 

complex; the presence of shallow tight junctions in such complexes [18] is thought to 71 

provide an alternative paracellular pathway for ion movement, for example by 72 

coupling Na+ secretion to Cl- efflux via the CFTR (cystic fibrosis transmembrane 73 
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conductance regulator) channel in an adjacent ionocyte in the gill of Fundulus in 74 

seawater [19] .  75 

The existence of ionocytes in the olfactory epithelium of fish was first 76 

suggested in 1972 based on light and electron microscopy of Baltic Sea trout [20]. 77 

The cells, termed “labyrinth cells”, were characterised by an abundance of 78 

mitochondria as well as smooth endoplasmic reticulum, and were proposed to be 79 

functionally equivalent to “chloride cells” in the gill. A transmission electron 80 

microscopy (TEM) and scanning electron microscopy (SEM) study in 2001 confirmed 81 

the presence of cells with a similar appearance in the olfactory epithelium of seven 82 

freshwater fish species, and noted their distinct morphology: an apical surface with 83 

microvilli-like projections and occasional invaginations of the cell membrane [21]. 84 

Labyrinth cells were also recently identified in the freshwater goby, where they were 85 

described as having a globular appearance in scanning electron micrographs [22]. 86 

However, little is known about the molecular characteristics of these putative 87 

ionocytes, and it is not known if they exist in isolation or as complexes.  88 

In mammals and frogs, the winged helix/forkhead transcription factor Foxi1 is 89 

required for ionocyte specification, and thus provides a useful marker for ionocytes. 90 

In zebrafish, the Foxi1 orthologs foxi3a and foxi3b regulate ionocyte development, 91 

and loss of foxi3a leads to complete loss of ionocytes [23,24]. Based on their foxi3a 92 

expression, several classes of epidermal and gill ionocytes in the zebrafish were 93 

discovered, including: H+-ATPase-rich (HR) ionocytes which secrete protons, take up 94 

sodium, and excrete ammonium ions; Na+/-K+-ATPase-rich (NaR) ionocytes which 95 

take up calcium ions; Na+/Cl- co-transporter-expressing (NCC) ionocytes which take 96 

up sodium and chloride ions; and K+-secreting (KS) ionocytes which secrete 97 

potassium ions (reviewed in [12,13,25]). The different classes of ionocytes possess 98 
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distinct gene expression profiles [13,17]; distinguishing markers include trpv6 (for 99 

NaR [26]), ceacam1 (for HR [27]), and slc12a10.2 (for NCC [28,29]). Here, we use 100 

transcriptomic data, in situ hybridization and serial-section electron microscopy 101 

(ssEM) to characterise the different subtypes of ionocytes in the zebrafish olfactory 102 

epithelium.  103 

Results 104 

Single-cell RNA sequencing reveals the presence of several 105 

classes of olfactory ionocytes 106 

To search for potential ionocytes in the zebrafish olfactory epithelium, we 107 

used single-cell RNA sequencing (scRNA-seq) datasets generated from dissected 108 

adult olfactory rosettes [30]. We identified both major types of olfactory sensory 109 

neurons (OSNs; ciliated and microvillous, marked by ompb and trpc2b, respectively), 110 

supporting cells, neuronal progenitors and immune cell clusters (Fig. 1A, S1A–C). 111 

Additionally, we found a cluster containing the well-conserved pan-ionocyte markers, 112 

foxi3a and foxi3b [23,24]. Differential gene expression among clusters shows the 113 

expression of NaR ionocyte genes such as trpv6, gcm2, fxyd11 (si:dkey-33i11.4) [31] 114 

and atp1a1a.3 [32], and HR ionocyte markers, such as ceacam1 (Fig. 1B–F; cluster 115 

18 in Table S1). The cluster contains a high level of mitochondrial genes (Fig. S1D), 116 

consistent with the mitochondria-rich characteristic of ionocytes. We did not detect 117 

genes characteristic of other zebrafish ionocyte subtypes, such as slc12a10.2 [28]. 118 

Differential expression analysis also indicated the expression of genes mediating 119 

Notch-Delta signalling (e.g. lfng, notch1b), similar to what has been described in 120 
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different ionocyte subtypes [17,33]. These results suggest the presence of olfactory 121 

ionocytes in the adult zebrafish. 122 

To determine if olfactory ionocytes are present at larval stages, we searched 123 

for the expression of ionocyte marker genes in scRNA-seq datasets from larval 124 

zebrafish [34,35]. In addition to the expression in previously defined ionocyte 125 

clusters, we found that the same genes were co-expressed in a small group of cells 126 

within the larval olfactory epithelium cluster (Fig. 1H,I). Interestingly, in a separate 127 

dataset from larval epithelial cells [17], we detected foxi3b+ cells in the olfactory 128 

epithelium cluster that do not express genes that mark NaR and HR cells. Differential 129 

gene expression of these foxi3b+ cells against the remaining cells revealed a 130 

different set of ionocyte markers, including slc12a10.2, characteristic of NCC 131 

ionocytes (Fig. 1J–M; Table S2). 132 

Transcriptomic data thus suggest the presence of three distinct subtypes of 133 

ionocytes in the larval olfactory epithelium and adult zebrafish olfactory rosette. 134 

These subtypes have transcriptional signatures of skin NaR, HR and NCC ionocytes. 135 

Spatial expression analysis identifies paired and solitary olfactory 136 

ionocytes 137 

To validate the transcriptomic data, and to determine the localization and 138 

number of olfactory ionocytes in larval fish, we performed whole-mount fluorescent in 139 

situ hybridization with hybridization chain reaction (HCR RNA-FISH) [36]. We initially 140 

examined the expression of foxi3b, expressed in all ionocyte subtypes detected in 141 

the olfactory transcriptomes, and trpv6 and ceacam1 to label the NaR and HR 142 

ionocyte populations, respectively. foxi3b+ cells were found in all regions of the 143 

olfactory pit at 5 days post-fertilization (dpf), but were enriched in the postero-lateral 144 
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region (see white arrowhead; Fig. 2A–A’). There was a mean of 21 foxi3b+ cells per 145 

olfactory pit (N of olfactory pits = 6).  146 

A subset of the foxi3b+ cells expressed the HR marker ceacam1 (Fig. 2B). 147 

Interestingly, we always detected one ceacam1+ (HR-like) cell adjacent to a trpv6+ 148 

(NaR-like) cell (Fig. 2A–A’’’,C–C’’). These pairs of cells typically had nuclei situated 149 

deep in the epithelium, and each had an extension reaching the epithelial surface 150 

(see magenta and cyan arrowheads, Fig. 2C; Movie S1). Notch pathway genes are 151 

expressed in olfactory ionocytes (Fig. 1B). To test whether Notch signalling is active 152 

in these pairs, we used the Notch reporter Tg(tp1bglobin:EGFP)um14 in combination 153 

with HCR RNA-FISH. Notch signalling is active in one of the two cells of the ionocyte 154 

pairs in the olfactory epithelium, with the NaR-like ionocyte (trpv6+) being the Notch-155 

positive cell of the pair (Fig. 2D–D’’).  156 

To test which other ion channel genes are expressed in these cells, we 157 

performed additional stainings for HR markers. Indeed, the trpv6- cell of the pair 158 

expresses the sodium/proton transporter slc9a3.2 (Fig. 2E) and the anion transporter 159 

slc4a1b (Fig. 2F). However, these cells do not express the ammonium transporter 160 

rhcgb (Fig. S2), which has been detected in HR ionocytes in the skin [37].  161 

Besides the presence of trpv6+ and ceacam1+ ionocyte pairs, we also 162 

observed solitary foxi3b+ cells that were not paired with ceacam1+ cells (Fig. 2C). 163 

These cells were positioned on the lateral borders of the olfactory pit and had a 164 

rounded morphology (see yellow arrowhead, Fig. 2C; Movie S2). To test if these 165 

foxi3b+ cells correspond to the NCC-like cells present in the larval epithelial dataset, 166 

we performed HCR RNA-FISH, combining a foxi3b probe with different markers 167 

obtained from differential expression analysis of scRNA-seq data. We confirmed that 168 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 8, 2024. ; https://doi.org/10.1101/2024.11.08.620918doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.08.620918
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 8 

Begränsad delning 

these solitary foxi3b+ cells express the NCC ionocyte markers slc12a10.2, chrd and 169 

hepacam2 [14,17] (Fig. 2G–I). 170 

We used HCR RNA-FISH to examine the distribution of ionocytes in adult 171 

zebrafish olfactory rosettes.  Ionocyte pairs were detected throughout the rosette 172 

(Fig. 3A–B’’’); trpv6+ cells were adjacent to a strongly ceacam1+ cell throughout the 173 

epithelium, with both cell types having varying levels of foxi3b expression (Fig. 174 

3B’’’,C’’’,D’’’). In the peripheral non-sensory region, by contrast, we additionally 175 

observed foxi3b+ cells with no expression of trpv6 or ceacam1 (Fig. 3C–E’’’). These 176 

NCC-like ionocytes appeared rounded in all cases (Fig 3D,D’’’,E,E’’’; Fig. S3), 177 

whereas NaR-like/HR-like ionocytes had variable morphologies, appearing 178 

elongated in the region close to the OSN zone, and rounded in the most peripheral 179 

non-sensory regions (Fig. 3D–E’’’).  180 

We conclude that the zebrafish olfactory epithelium contains three main types 181 

of ionocytes, at both larval and adult stages. One type is an NCC-like ionocyte, 182 

which is solitary and expresses the chloride channel slc12a10.2. The other two 183 

types, which are present in pairs, consist of one trpv6+, NaR-like ionocyte and one 184 

ceacam+, HR-like ionocyte.  185 

Time-course of olfactory ionocyte development 186 

To determine when olfactory ionocytes appear during embryonic development 187 

and their dynamics, we performed a time course analysis of foxi3b and trpv6 188 

expression from 1 to 5 dpf (Fig. 4). None of the ionocyte subtypes were observed in 189 

embryos at 1 dpf. Most olfactory pits showed solitary foxi3b+ ionocytes at 2 dpf, while 190 

paired ionocytes were not as frequent (Fig. 4A,B). The numbers of all olfactory 191 

ionocyte subtypes progressively increased over time (Fig. 4A–C).  192 
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Besides the presence of mature ionocytes, we also detected foxi3a+ cells 193 

adjacent to the olfactory epithelium (Fig. S4A). These cells did not express any of the 194 

ion channel genes we examined by HCR RNA-FISH. Similar cells have been 195 

observed in the lateral line neuromast [17]. In these organs, neuromast ionocyte 196 

progenitors are krt1-19e+ skin cells which turn off expression of the ionocyte 197 

specification transcription factor genes foxi3a and foxi3b as they invade neuromasts, 198 

where they differentiate. To test if krt1-19e+ cells give rise to new ionocytes in the 199 

olfactory epithelium during development, we performed time-lapse analyses of the 200 

transgenic line Tg(krtt1c19e:lyn-tdTomato)sq16. While we observed several new 201 

ionocytes invading the lateral line neuromasts, we did not observe any tdTomato+ 202 

cells migrate into the olfactory pit (Fig. S2B,C; Movie S3). Additionally, olfactory pits 203 

did not contain any tdTomato+ cells, suggesting that these cells do not give rise to 204 

ionocytes in the olfactory epithelium (Fig. S2B,C’’). We cannot distinguish, however, 205 

whether olfactory ionocytes are derived from krt1-19e- basal cells or if the transgenic 206 

line does not label the population of basal cells surrounding the olfactory epithelium. 207 

Notch signalling differentially regulates olfactory ionocyte number 208 

Ionocyte differentiation and survival is regulated by Notch signalling in 209 

different tissues [17,24,33]. To test if Notch signalling also plays a role in ionocyte 210 

development and maintenance in the olfactory epithelium, we treated 4 dpf larvae for 211 

24h with the gamma-secretase inhibitor LY411575, which inhibits Notch signalling 212 

(Fig. 5A). We observed a striking loss of NaR- and HR-like pairs, but no change to 213 

NCC-like ionocyte number in the olfactory epithelium (Fig. 5B–E). The remaining 214 

NaR- and HR-like pairs show altered cell morphology, and could be undergoing cell 215 

death (Fig. 5E).  216 
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In neuromast (Nm) ionocytes, transcription of the Notch ligand gene dld is 217 

upregulated during division of the ionocyte progenitor cell into the NaR- and HR-like 218 

pair, resulting in two dld+ cells [17]. To investigate whether olfactory NaR- and HR-219 

like pairs develop in a similar manner, we performed time-lapse analysis of the 220 

transgenic dld reporter line Tg(dld:hist2h2l-EGFP)psi84Tg from 3–5 dpf. We observed 221 

pairs of EGFP+ cells appear at the edge of the pit, upregulate EGFP and 222 

differentiate into ionocytes (Movies S4, S5). These data suggest that, similar to Nm 223 

ionocytes, NaR- and HR-like ionocyte pairs in the olfactory epithelium do not 224 

originate from the division of pre-existing ionocyte pairs, but come from a different 225 

population of progenitor cells.  226 

Ultrastructure of larval zebrafish olfactory ionocytes 227 

To describe the ultrastructure and three-dimensional shape of olfactory 228 

ionocytes, we examined a serial-section electron microscopy (ssEM) dataset of a 7 229 

dpf wild-type zebrafish larva. Here, we found mitochondria-rich cells in the olfactory 230 

epithelium with ultrastructural features typical of teleost ionocytes [20,21,38–41]. An 231 

extensive tubular network gave the cytoplasm a lacy appearance, quite distinct from 232 

that of OSNs or other olfactory cell types, making it possible to spot these relatively 233 

rare cell types. Consistent with the HCR RNA-fish data, the cells had differing shape 234 

and appearance in different regions of the olfactory epithelium. 235 

We found several examples of ionocytes within the OSN zone of the olfactory 236 

pit (Fig. 6). These slender cells spanned almost the full width of the epithelium (>20 237 

µm in apicobasal length), with nuclei positioned just above basal cells near the basal 238 

lamina. In line with the transcriptomics data, most examples consisted of a pair of 239 

cells. One member of the pair, which we propose is the HR-like cell (see below), 240 

terminated in an apical knob bearing ~50 short, irregular microvilli, intermediate in 241 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 8, 2024. ; https://doi.org/10.1101/2024.11.08.620918doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.08.620918
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 11 

Begränsad delning 

diameter (0.2 µm) between the microvilli of microvillous OSNs (0.1 µm diameter) and 242 

the cilia of ciliated OSNs and non-sensory multiciliated cells (MCCs; 0.25–0.3 µm 243 

diameter) (Fig. 6A,C,E,E’). Apart from a cortical zone at the cell apex, the cytoplasm 244 

was densely packed with mitochondria in close association with an extensive 245 

intracellular tubular network (Fig. 6C,D). 246 

The HR-like ionocytes within the OSN zone were closely associated with a 247 

second cell along most of their apicobasal length (Fig. 6). This second cell wrapped 248 

around the HR-like ionocyte at the cell apex with a thin layer of cytoplasm, forming a 249 

crescent in transverse section (Fig. 6A–E’’’). At their apices, the two cells were 250 

connected with a continuous shallow (0.1–0.2 µm) tight junction (zonula occludens), 251 

and to surrounding cells with deep (0.5–1 µm) tight junctions (Fig. 6F,G,L). In a gap 252 

not covered by the wrapping cell, the ionocyte was sealed to an olfactory supporting 253 

cell by a deep tight junction (Fig. 6F,G). The cytoplasm of the wrapping cell also had 254 

some ionocyte-like characteristics (e.g. some tubules and pores). The ultrastructure 255 

of both cells of the pair was clearly distinct from the supporting cells that surround 256 

and insulate the OSNs, which are full of secretory granules (Fig. 6C). 257 

To determine which member of the cell pair corresponded to which type of 258 

ionocyte, we compared the morphology of the ssEM 3D reconstructions to that of live 259 

cells imaged at 5 dpf with the Tg(tp1bglobin:EGFP) Notch reporter line, which marks 260 

the NaR-like ionocytes (Fig. 6H–K). The morphology of the live NaR-like cells clearly 261 

matched that of the wrapping cells seen in the ssEM dataset, with a thin curved layer 262 

of cytoplasm near the cell apex, sometimes appearing as a doublet in lateral view 263 

(Fig. 6H,H’), and forming a clear crescent in a top-down view (Fig. 6K). Taken 264 

together, the ssEM and fluorescence imaging data strongly suggest that the ionocyte 265 

cell pairs found in the ssEM dataset correspond to the HR-like and NaR-like ionocyte 266 
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pairs identified through transcriptomic profiling, with the NaR-like cell wrapping 267 

around the apex of the HR-like cell. 268 

We also found occasional examples of multicellular ionocyte complexes 269 

consisting of three or four cells within the OSN zone of the larval olfactory epithelium 270 

(Fig. 6L–S).  In one example (Fig. 6L–P), one HR-like/NaR-like pair was associated 271 

with a second possible NaR-like cell. In this example, the HR-like ionocyte was 272 

closely associated with a ciliated OSN at its base. In another example (Fig. 6Q), the 273 

cell complex appeared to consist of an HR-like/NaR-like pair with a second possible 274 

HR-like cell. We also found a four-cell complex consisting of a pair of HR-like/NaR-275 

like pairs, separate at their apices, but closely associated beneath the surface of the 276 

epithelium (Fig. 6R,S). 277 

Olfactory ionocytes with a different morphology were present in the MCC zone 278 

at the periphery of the olfactory pit (Fig. 7). Here, the rounded microvillous apical 279 

knobs of individual ionocytes could be identified by scanning electron microscopy 280 

(SEM) in ift88-/- mutant larvae at 4 dpf (Fig. 7A–C). These mutants lack cilia, which 281 

would otherwise obscure these cells in the wild type. Ionocytes were visible in the 282 

olfactory pits of two out of three individuals. In the ssEM dataset of a wild-type larva 283 

at 7 dpf, mitochondria-rich cells containing a dense tubular network were present 284 

within the non-sensory zone of MCCs (Fig. 7D–M). Some of these peripheral 285 

ionocytes were cuboidal in shape, without the long narrow neck of the ionocytes in 286 

the central OSN zone, where the olfactory epithelium is thicker (Fig. 7D–I). Other 287 

ionocytes in the MCC zone were more columnar in shape (Fig. 7J). Peripheral 288 

ionocytes formed deep tight junctions with surrounding non-sensory MCCs, skin 289 

cells, and other ionocytes. Basally, they were positioned just above the basal cells of 290 

the olfactory epithelium (Fig. 7F,J), occasionally extending thin end-feet to contact 291 
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the basal lamina directly (Fig. 7M). However, they did not appear to be paired with, 292 

or wrapped by, any other cell along their entire apicobasal length, in contrast to the 293 

ionocytes in the OSN zone. Some, but not all, peripheral ionocytes had a large apical 294 

knob bearing ~100 irregular microvilli, with part protruding from the epithelium (Fig. 295 

7D,F), and part sunken to form a crypt or pit (Fig. 7G), matching the morphology 296 

revealed by SEM at 4 dpf (Fig. 7C). Based on their location in the MCC zone and 297 

morphology, and in comparison to the scRNA-seq data, we identify the cuboidal 298 

peripheral olfactory ionocytes as NCC-like cells. 299 

Discussion 300 

Through analysis of single-cell transcriptomic, gene expression and volume 301 

electron microscopy data, we have identified at least three subtypes of ionocytes in 302 

the larval and adult zebrafish olfactory epithelium (Fig. 8). All three express the pan-303 

ionocyte marker foxi3b, but can be distinguished by transcriptomic signatures and 304 

morphology. NaR-like ionocytes, expressing trpv6, were paired with HR-like 305 

ionocytes, expressing ceacam1 and the transporter genes slc9a3.2 and slc4a1b. 306 

NaR-like/HR-like cell pairs were situated throughout the olfactory epithelium, 307 

including within sensory regions, with cell nuclei deep in the epithelium and a long 308 

protrusion extending to the epithelial surface. NCC-like ionocytes, expressing 309 

slc12a10.2, chrd, and hepacam2, were located exclusively in the multiciliated cell 310 

zone of the larval olfactory pit, posterolaterally distributed, and more rounded in 311 

shape. Solitary ionocytes lacking trpv6 and ceacam1 were also seen in the non-312 

sensory regions of the adult rosette. These observations suggest a complex 313 

mechanism for ion regulation throughout the zebrafish olfactory epithelium, involving 314 

region-specific roles for different ionocyte types. 315 
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Pairing of NaR-like and HR-like ionocytes may extend functionality 316 

The pairing of NaR-like and HR-like ionocytes in the olfactory epithelium 317 

appears robust. The cells are connected to each other by specialised tight junctions 318 

and are dependent on Notch signalling for survival. The existence of ionocytes in 319 

pairs or complexes is well established, for example in the gills and skin of 320 

stenohaline saltwater fish [42,43], euryhaline fish adapted to seawater [19,44–48], 321 

and in stenohaline freshwater teleosts [49]. Pairs were also seen in the skin of the 322 

euryhaline medaka, when reared in freshwater [50]. In these cases, however, one 323 

member of the pair was termed an accessory cell. Although accessory cells have 324 

some features of ionocytes  – they are mitochondria-rich, for example – they have 325 

been considered to be immature or dormant [42] or specific to seawater fish [45]. 326 

The data here, and in the neuromast [17], indicate that both members of a pair in the 327 

freshwater zebrafish are bona fide ionocytes. 328 

The conservation of architecture across evolutionarily diverse fish species 329 

suggests a functional advantage in using pairs. One consequence of ionocyte pairing 330 

is the creation of a paracellular pathway that is regulated by both members of the 331 

pair. In the olfactory epithelium, the apical half of the NaR-like cell wraps around the 332 

HR-like cell, forming a paracellular pathway in the space between the two cells. Both 333 

members of the pair extend from just above the basal lamina to the surface within 334 

the sensory zone. Here, it is possible that the ionocyte pairs directly regulate ion 335 

concentration within the mucus and epithelium to optimise olfactory transduction. For 336 

example, one possible role could be to enable uptake of Cl- after a neuronal 337 

signalling event, with apical uptake and basal secretion of Na+ by NaR-like and HR-338 

like ionocytes providing the driving force. This would supplement Cl- uptake by 339 

dendrites of the sensory neurons. NaR-like/HR-like ionocyte pairs are also found in 340 
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the zebrafish neuromast [17], which contains sensory hair cells that—like OSNs—341 

signal with a chloride efflux [51]. Thus, this specific pair may enable transport of ions 342 

that is required for this mode of signalling.  343 

NCC-like olfactory ionocytes are located in non-sensory regions 344 

containing motile cilia 345 

NCC-like ionocytes are strikingly different from NaR-like and HR-like 346 

ionocytes in a number of respects. In the larval and adult olfactory epithelium, NCC-347 

like ionocytes appear to be restricted to non-sensory regions. Here, they are 348 

interspersed among multiciliated cells, which contain motile cilia that drive water into 349 

the olfactory pit [52,53]. By contrast, NCC ionocytes are absent from the zebrafish 350 

neuromast, which lack motile cilia. A close association between ionocytes and motile 351 

cilia has been observed in the skin of Xenopus tropicalis, where depletion of 352 

ionocytes disrupts ciliary beating [54]. In the mammalian airway, ciliary beat is 353 

regulated by intracellular chloride levels [55,56]. These observations raise the 354 

possibility that NCC-like ionocytes function specifically to influence ciliary beating in 355 

the zebrafish olfactory epithelium, which in turn shapes the detection of odorants 356 

[53].  357 

Shared and unique properties of zebrafish olfactory ionocytes 358 

In mammals, Foxi1+ ionocytes have been identified in various tissues 359 

including the kidney [57], airway epithelium [58,59], inner ear [16], salivary gland [60] 360 

and thymus [61]. These ionocytes, which are critical to function, display a number of 361 

tissue-specific properties, including type of transporters expressed and morphology. 362 

Tissue-specific gene expression in zebrafish ionocytes is illustrated by the larval 363 

transcriptome: olfactory ionocytes cluster with olfactory epithelial cells, rather than 364 

skin ionocytes. The clustering of ionocytes within their tissue of residency indicates 365 
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that they share a transcriptional signature with the cells they regulate. Some of these 366 

genes are likely to code for adhesion molecules, which are highly enriched in all 367 

ionocyte transcriptomes that we have analysed thus far. Other genes may be 368 

involved in cell-cell communication and cell signalling pathways.  369 

In summary, this study has yielded two unexpected features of ionocytes in 370 

the zebrafish olfactory epithelium. Firstly, the epithelium contains pairs of NaR-371 

like/HR-like ionocytes, implying that synergy between these ionocyte types is 372 

essential for maintaining ion balance. Secondly, NCC-like ionocytes are restricted to 373 

non-sensory regions, implying a distinct function in the regulation of motile cilia. 374 

Ionocytes thus have diverse roles in enabling optimal olfaction. 375 

Materials and Methods 376 

Zebrafish husbandry 377 

Zebrafish strains used in this study were AB and ABTL strain wild types, 378 

nacre (mitfa-/-) [62], oval (ift88tz288b) [63], Tg(tp1bglobin:EGFP)um14 [64], 379 

Tg(krtt1c19e:lyn-tdTomato)sq16 [65], Tg(dld:hist2h2l-EGFP)psi84 [30], and Tg(-380 

8.0cldnb:lyn-EGFP)zf106Tg [66]. Adult zebrafish were kept on a 10-hour dark/14-hour 381 

light cycle at 28.5°C and spawned by pair-mating or marbling. Eggs were collected 382 

and staged according to standard protocols, and raised either in 0.5× embryo E2 383 

medium (7.5 mM NaCl, 0.25 mM KCl, 0.5 mM MgSO4, 75 mM KH2PO4, 25 mM 384 

Na2HPO4, 0.5 mM CaCl2, 0.5 mg/L NaHCO3, pH = 7.4) or 1× E3 medium (5 mM 385 

NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, with 0.0001% methylene blue 386 

at early stages) at 28.5°C. Larvae were anaesthetised with 0.5 mM tricaine 387 

methanesulfonate (MS222) at pH 7. 388 
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Dissection of adult olfactory organs 389 

Adult ABTL wild-type strain zebrafish were culled on ice and fixed in 4% 390 

paraformaldehyde (PFA) in 1× phosphate-buffered saline (PBS) overnight at 4°C. 391 

Adult zebrafish were transferred to a SYLGARD 184-coated (Dow Corning) Petri 392 

dish containing PBS, and olfactory organs were dissected out using Dumont #5SF 393 

forceps (Fine Science Tools). Olfactory organs were washed in PBS before 394 

proceeding with staining protocols. 395 

Single-cell RNA sequencing (scRNA-seq) analysis 396 

Analysis was carried out on published datasets generated from dissected 397 

adult zebrafish olfactory organs [30]. All four PBS-treated datasets were downloaded 398 

with sratoolkit (version 3.1.1). Reads were de-multiplexed and aligned to version 399 

Ensembl GRCz11 (danRer11.Ens_106) of the zebrafish genome using the 400 

CellRanger (version 7.1.0) pipeline. Subsequent analysis of the UMI count matrix 401 

was performed using Seurat (version 5.1.0) [67–71] in R version 4.3.3. Initial quality 402 

control filtered out genes expressed in fewer than three cells and cells with fewer 403 

than 200 genes. Further quality control was performed to exclude cells with more 404 

than 20000 UMIs or more than 10% mitochondrial content. The four resulting Seurat 405 

objects were combined with the function merge(), and cluster markers were identified 406 

with the function FindAllMarkers(). Dimensional reduction was performed (UMAP), 407 

and final clusters were obtained with 30 dimensions and resolution of 0.5.  408 

Daniocell data were downloaded from the taste/olfactory subset [34]; no 409 

additional processing or clustering was performed. Ionocytes were identified based 410 

on their expression of foxi3b. For solitary ionocytes, a dataset from larvae was used. 411 

Olfactory epithelial cells were subset based on cluster expressions of ompb and 412 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 8, 2024. ; https://doi.org/10.1101/2024.11.08.620918doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.08.620918
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 18 

Begränsad delning 

trpc2a/2b. Solitary olfactory ionocytes were then identified and manually clustered 413 

based on their foxi3b expression, using the function subset (object, subset = foxi3b > 414 

0). Markers were then subsequently identified with the function FindAllMarkers(). 415 

Feature plots for all datasets were made with the function FeaturePlot_scCustom() 416 

from the package scCustomize.  417 

Hybridization chain reaction RNA-fluorescence in situ hybridization 418 

(HCR RNA-FISH) 419 

HCR RNA-FISH was performed on 5 dpf stage nacre wild-type or 420 

Tg(tp1bglobin:EGFP) transgenic larvae following “HCR RNA-FISH protocol for 421 

whole-mount zebrafish embryos and larvae (Danio rerio)” provided by Molecular 422 

Instruments or adapted with acetone-based permeabilization [17]. The probe sets 423 

used in this project were ceacam1-B1 (accession #: NM_001113794), trpv6-B1 and 424 

B2 (accession #: NM_001001849), foxi3a-B2 (accession #: NM_198917.2), foxi3b-425 

B3 and B4 (accession #: NM_198918), slc12a10.2-B1 (accession #: 426 

NM_001045001.1), slc4a1b-B1 (accession #: NM_001168266.1), slc9a3.2-B4 427 

(accession #: NM_001113479.1), chrd-B2 (accession #: NM_130973.3), and 428 

hepacam2-B2 (accession #: NM_001245085.1). The amplifiers used were B1-488, 429 

B1-647, B2-546, B2-594, B3-546, B3-647, and B4-488 (Molecular Instruments). All 430 

samples were stored in PBS at 4°C before imaging. The above standard HCR RNA-431 

FISH protocol for larvae was modified for staining on dissected olfactory organs of 432 

adult ABTL fish. The proteinase K treatment step was adjusted to incubation in 30 433 

µg/ml of proteinase K for 30 minutes. The remainder of the protocol remained the 434 

same.  435 

Confocal imaging 436 
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Fixed zebrafish larvae and olfactory organs were mounted in 1–2% low 437 

melting point (LMP) agarose in PBS in glass-bottomed dishes, with larvae mounted 438 

in a dorsal view. Samples were imaged on either a Zeiss LSM 800 attached to an 439 

upright microscope with a W Plan Apochromat 40×/1.0 DIC M27 water dipping 440 

objective, a Zeiss LSM 880 Airyscan confocal microscope equipped with a Plan-441 

Apochromat 20×/0.8 M27 air objective, a Zeiss LSM 980 Airyscan2 confocal 442 

microscope equipped with a Plan-Apochromat 10x/0.45 air objective and an LCI 443 

Plan-Apochromat 40x/1.2 water objective acquired in Airyscan SR-4Y mode, or a 444 

Nikon Ti2 Yokogawa CSU-W1 spinning disk head equipped with a Hamamatsu Orca 445 

Fusion sCMOS. Objective lenses used on the Nikon microscope were CFI Apo LWD 446 

40× WI 1.15 NA Lambda S and CFI Apo 20× WI 0.95 NA Lambda S. The laser lines 447 

used on the Zeiss microscopes were 488, 561, 568, 633, and 647 nm. A Nikon 448 

LUNV solid state laser launch was used for lasers 395/405, 488, 561 and 647 nm for 449 

GFP/Alexa488, RFP/Alexa546, and Alexa647 respectively. Emission filters used on 450 

the Nikon were 480/30, 535/30, 605/52. Nikon Elements Advanced Research 451 

v5.41.02 (Nikon) was used for image acquisition. 452 

Lineage tracing 453 

Tg(krtt1c19e:lyn-Tomato)sq16 and Tg(dld:hist2h2l-EGFP)psi84 3–5 dpf larvae 454 

were anaesthetised with buffered MS222 up to 150 mg/L and mounted in glass 455 

bottom dishes (Cellvis) using 0.8% low melting point agarose dissolved in DI water 456 

supplemented with buffered MS222 (120 mg/L). Time lapses were acquired in a 457 

Nikon Ti2 Yokogawa CSU-W1 spinning disk head equipped with a Hamamatsu Orca 458 

Fusion sCMOS and CFI Apo LWD 40× WI 1.15 NA Lambda S objective. A Stage 459 

Top Incubator (OkoLab) was used to keep the constant temperature of 28.5˚C and 460 

85% humidity.  461 
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Serial-section electron microscopy (ssEM) 462 

At 7 dpf, a larval zebrafish underwent aldehyde specimen fixation followed by 463 

heavy metal contrast staining for electron microscopy as described in [72]. The fish 464 

was embedded and cured in LX-112 resin, cut in 30nm thick sections using an 465 

automated tape collection ultramicrotome (ATUM) system [73] and mounted on 466 

silicon wafers (University Wafers, USA) for imaging. The image volume was obtained 467 

with a Zeiss multibeam scanning electron microscope (mSEM) equipped with 61 468 

overlapping electron beams [74] following the procedure outlined in [75]. Rigid 469 

stitching was performed on raw microscope tiles by extracting SIFT features, with 470 

global optimization applied to smooth the results across each section, and elastic 471 

stitching used for sections with distortions. Low-resolution thumbnails were 472 

generated in real-time, matched with nearby sections, and refined using a spring 473 

mesh model to prepare the images for final alignment. We used SOFIMA [76] to 474 

obtain a precise alignment of the complete stack, following the procedures outlined 475 

previously [75]. Briefly, starting from roughly prealigned sections we computed an 476 

optical flow field between each pair of adjacent sections using 8x8 nm2 EM images. 477 

The field vectors were estimated on a regular grid with 40 px spacing. We then 478 

modeled each section as an elastic spring mesh grid with edge sizes corresponding 479 

to the flow field vector spacing, and with additional 0-length springs representing the 480 

flow field vectors. We allowed the system to relax, regularizing the flow field and 481 

finding a solution balancing deformation of the original images and cross-sections 482 

alignment. We used the final state of the mesh to warp the images into alignment to 483 

obtain the 3D stack. 484 

Sections were painted manually using VAST Lite version 1.4.1 [77]. 3D 485 

objects were exported as mesh files using the ‘vasttools.m’ MATLAB script in VAST 486 
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Lite, and processed in Fiji [78], using the 3D viewer plugin [79]. Empty sections in the 487 

dataset (marking the position of knife changes) were removed in Blender 488 

(blender.org).  489 

Scanning electron microscopy (SEM) 490 

Zebrafish larvae (ift88-/- homozygous mutants, lacking cilia) raised in 1× E3 491 

medium were fixed at 4 dpf in 2.5% glutaraldehyde/0.1M sodium cacodylate buffer 492 

overnight. Samples were washed in buffer, post-fixed in 2% aqueous osmium 493 

tetroxide for 1 hour, and washed in buffer again. Samples were dehydrated through 494 

a graded ethanol series (50, 75, 95, 100%), followed by 50:50 hexamethyldisilazane 495 

(HMDS):ethanol, and then 100% HMDS. After removal of the HDMS, samples were 496 

dried in a fume hood overnight. Samples were mounted onto a pin stub using a Leit-497 

C sticky tab and mounting putty, and gold-coated using an Edwards S150B sputter 498 

coater. Samples were imaged in a Tescan Vega3 LMU Scanning Electron 499 

Microscope (operating voltage, 15 kV) using a secondary electron detector. 500 

Image processing, quantifications, and statistical analyses 501 

Zeiss LSM 800 confocal images were subjected to Gaussian Blur 3D 502 

processing (X:0, Y:0, Z:2) in Fiji. Zeiss LSM 880 Airyscan and LSM 980 Airyscan2 503 

confocal images were subjected to Airyscan processing on Zen Blue 3.7 (Zeiss) 504 

using “Auto” Airyscan processing parameters. Further processing (for example, 505 

gamma correction, maximum intensity projections, and 3D rendering) was performed 506 

in Fiji. For fluorescence intensity quantification, background subtraction was 507 

performed with rolling ball radius of 50 pixels, and a ROI was drawn around each cell 508 

of interest. Quantification was performed using the Analyze, Measure function in Fiji. 509 
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No image quantification was performed in gamma corrected images. Single channel 510 

confocal images may be presented with their grayscale values inverted. 511 

Statistical analyses were carried out in GraphPad Prism 10. Datasets were 512 

considered normally distributed if they passed the Kolmogorov-Smirnov test. 513 

Subsequent statistical tests used are stated in the figure legends. Bars on graphs 514 

indicate mean ± standard error of the mean (S.E.M.), unless stated otherwise. P 515 

values are indicated as follows: P > 0.05 (not significant, ns), P < 0.05 (*), P < 0.01 516 

(**), P < 0.001 (***), P < 0.0001 (****). Figures were prepared using Adobe 517 

Photoshop versions 25.9.0 and 25.11.0 and Adobe Illustrator versions 25.4.1 and 518 

28.6. 519 
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Figures 551 

 552 
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Figure 1. Single-cell RNA sequencing data analysis reveals expression of 553 

classical ionocyte-marker genes in the zebrafish olfactory organ 554 

(A) UMAP plot showing 24 unannotated cell clusters (Identity) in the scRNA-seq 555 

dataset generated from dissected adult zebrafish olfactory organs. (B) Dot plot of 556 

data from B depicting several known ionocyte markers expressed in cluster 18. (C) 557 

Feature plots for foxi3b, (D) foxi3a, (E) ceacam1 and (F) trpv6. (G) Maximum 558 

intensity projection of a 4 dpf larva stained with DAPI, frontal view shows the two 559 

olfactory pits. Scale bar: 50 µm. (H) UMAP plot of taste/olfactory subset from 560 

Daniocell [34]. (I) Zoomed in feature plots for the ionocyte markers foxi3b, foxi3a, 561 

ceacam1, trpv6 and gcm2. (J) UMAP plot of olfactory subset from [17]. (K) Dot plot 562 

of data from J showing several NCC ionocyte markers in foxi3b+ cells in the olfactory 563 

epithelium. (L) Feature plots for foxi3b and (M) slc12a10.2. 564 
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 565 

Figure 2. The larval zebrafish olfactory epithelium contains three distinct 566 

subtypes of ionocytes 567 
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(A–A’’’) Maximum intensity projection of a confocal image of HCR RNA-FISH for 568 

foxi3b (A’), trpv6 (A’’), ceacam1 (A’’’), and merged signals (A) in the head of a 5 dpf 569 

wild-type larva; dorsal view, anterior to the top. Scale bar: 50 µm. White arrowhead 570 

marks an example of an olfactory ionocyte in the posterior-lateral region of the 571 

olfactory pit with expression of foxi3b. White arrow marks an example neuromast 572 

ionocyte with expression of all three selected genes. Abbreviations: OE; olfactory 573 

epithelium, Nm; neuromast. (B) Numbers of foxi3b+ ionocytes per olfactory pit in 5 574 

dpf larvae raised in 0.5× E2 medium, of which also express trpv6. Connecting lines 575 

indicate the same olfactory pit. (C–C’’) Confocal image of HCR RNA-FISH signals 576 

for trpv6 (C’), ceacam1 (C’’), and merged signals (C) in the olfactory epithelium of a 577 

5 dpf wild-type larva; dorsal view, anterior to the top, lateral to the right. Scale bar: 20 578 

µm. Magenta and cyan arrowheads mark an example pair of ionocytes, with the 579 

magenta arrowhead marking a strong trpv6 and weak foxi3b-expressing cell, and the 580 

cyan arrowhead marking a ceacam1+ cell. Yellow arrowhead marks an example 581 

solitary ionocyte, which has strong expression of foxi3b and weak expression of 582 

trpv6. (D–D’’) HCR RNA-FISH for foxi3a (yellow) and trpv6 (magenta), combined 583 

with the Notch reporter tp1bglobin:EGFP (cyan) and DAPI stain (grey). (E–E’’) HCR 584 

RNA-FISH for slc9a3.2 (yellow) and trpv6 (magenta) with DAPI stain (grey). (F–F’’) 585 

HCR RNA-FISH for slc4a1b (magenta) combined with the Notch reporter 586 

tp1bglobin:EGFP (cyan) and DAPI stain (grey). (G–G’’) Maximum intensity projection 587 

of a HCR RNA-FISH for slc12a10.2 (yellow) and foxi3b (magenta) with DAPI stain 588 

(grey) shows solitary, NCC-like ionocytes in the olfactory epithelium. (H–H’’) HCR 589 

RNA-FISH for slc12a10.2 (yellow) and chrd (magenta) with DAPI stain (grey). (I–I’’) 590 

HCR RNA-FISH for slc12a10.2 (yellow) and hepacam2 (magenta) with DAPI stain 591 

(grey). 592 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 8, 2024. ; https://doi.org/10.1101/2024.11.08.620918doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.08.620918
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 28 

Begränsad delning 

 593 

Figure 3. The adult zebrafish olfactory epithelium contains three distinct 594 

subtypes of ionocytes 595 

(A–A’’’) Overview of a dissected adult olfactory rosette. Maximum intensity 596 

projections of an Airyscan2 confocal image of HCR RNA-FISH for foxi3b (A), 597 

ceacam1 (A’), trpv6 (A’’), and merged signals (A’’’). Scale bar: 200 µm. (B–B’’’) 598 

Enlargement of the boxed region ‘B’ in A’’’, within the central (sensory) zone of the 599 

olfactory rosette. Maximum intensity projections of selected Airyscan2 confocal 600 
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slices;  HCR RNA-FISH for foxi3b (B), ceacam1 (B’), trpv6 (B’’), and merged signals 601 

(B’’’). Pairs of elongated ionocytes with cell bodies located deep in the epithelium 602 

are visible. (The yellow stripe running through the image is autofluorescence from a 603 

blood vessel.) Scale bar: 20 µm. (C–C’’’) Enlargement (maximum intensity projection 604 

of selected z-slices) of boxed region in B’’’, featuring two ionocyte pairs: HR-like 605 

ionocytes expressing ceacam1 (yellow) and foxi3b (cyan), adjacent to NaR-like 606 

ionocytes expressing trpv6 (magenta) and a low level of ceacam1. HCR RNA-FISH 607 

for foxi3b (C), ceacam1 (C’), trpv6 (C’’), and merged signals (C’’’). Scale bar: 5 µm. 608 

(D–D’’’) Enlargement of boxed region ‘D’ in A’’’, within the peripheral (non-sensory, 609 

multiciliated) zone of the olfactory rosette. Maximum intensity projections of selected 610 

Airyscan2 confocal z-slices; HCR RNA-FISH for foxi3b (D), ceacam1 (D’), trpv6 611 

(D’’), and merged signals (D’’’). Both paired and solitary ionocytes are present. 612 

Scale bar: 20 µm. (E–E’’’). Enlargement (maximum intensity projection of selected z-613 

slices) of the boxed region in D’’’, featuring one HR-like/NaR-like ionocyte pair, and 614 

two NCC-like ionocytes. An HR-like ionocyte, expressing ceacam1 (yellow) and 615 

foxi3b (cyan), sits adjacent to an NaR-like ionocyte expressing trpv6 (magenta) and 616 

a lower level of ceacam1. The NCC-like ionocytes express foxi3b (cyan) but not 617 

ceacam1 or trpv6. Ionocytes near the periphery of the rosette were rounded in 618 

shape. Scale bar: 5 µm. 619 
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 620 

Figure 4. The subtypes of olfactory ionocytes develop at different times 621 

(A) Developmental time course of NaR-/HR-like ionocyte pairs and (B) NCC-like 622 

ionocytes from 1 to 5 dpf observed by confocal images of HCR RNA-FISH. (C) 623 

Representative maximum intensity projection confocal images of HCR RNA-FISH for 624 

trpv6 (yellow) and foxi3b (cyan) with DAPI stain (grey) from A and B. 625 
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 626 

Figure 5. Notch signalling is required for paired ionocyte survival, but does not 627 

affect NCC-like ionocyte number 628 

(A) Schematic of experimental design. (B) Number of NaR- and HR-like ionocyte 629 

pairs in DMSO controls and treated with the Notch inhibitor LY411575. Mann 630 

Whitney test (P < 0.0001). (C) Number of NCC-like ionocytes in DMSO controls and 631 

treated with the Notch inhibitor LY411575. Unpaired t-test (P = 0.7070). (D–D’’) 632 

Representative maximum intensity projection confocal images of HCR RNA-FISH for 633 
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trpv6 (yellow) and foxi3b (cyan) with DAPI stain (grey) in DMSO-treated and (E–E’’) 634 

LY411575-treated olfactory pits. N = 14 olfactory pits per condition. Scale bars: 20 635 

µm.  636 
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 637 
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Figure 6. Ultrastructure and 3D reconstruction of olfactory HR-like/NaR-like 638 

ionocyte cell pairs and multicellular complexes in the wild-type zebrafish larva 639 

(A–G) Representative example of an ionocyte cell pair in the 7 dpf zebrafish larval 640 

olfactory pit. The HR-like ionocyte is shown in red, with the NaR-like ionocyte in 641 

cyan. (A) Volume-EM 3D reconstruction of the cell pair; see also Supplementary 642 

Movie 6. (B) Location of the cell pair (red arrowhead) in the left olfactory pit (just 643 

within the OSN zone). Coronal section; anterior to the top.  (C,D) Sections at the 644 

approximate levels shown in A. Blue arrowhead marks an electron-dense structure in 645 

the extracellular space between the cell pair (see also S). (E–E’’’) 3D 646 

reconstructions of the apical part of the cell pair, showing the microvillous apical 647 

knob of the HR-like ionocyte (red), which projects above the surrounding olfactory 648 

supporting cells.  The neck of the HR-like ionocyte is wrapped by a thin layer of 649 

cytoplasm of the NaR-like cell (cyan). (F,G) Tight junctions (zonulae occludentes) of 650 

the ionocyte pair.  (F) Enlargement of the box in C, showing colour-coded labelling of 651 

the junctions. Green, shallow tight junction between the two ionocytes; yellow, deep 652 

tight junction between NaR-like ionocyte and olfactory supporting cell; orange, deep 653 

tight junction between NaR-like ionocyte and multiciliated cell; blue, deep tight 654 

junction between HR-like ionocyte and olfactory supporting cell. Abbreviations: ci-655 

OSN, ciliated olfactory sensory neuron; sc, olfactory supporting cell; sg, secretory 656 

granule. (G) 3D reconstruction of the tight junctions (top-down view); see also 657 

Supplementary Movie 7.  658 

(H–K) Examples of NaR-like olfactory ionocytes in a live 5 dpf embryo, labelled by 659 

EGFP (cyan) in the Notch reporter line Tg(tp1bglob:EGFP).  (H) Co-expression of 660 

EGFP (Notch reporter; cyan) with HCR RNA-FISH for trpv6 (magenta), confirming 661 

the cell as an NaR-like ionocyte (see also Fig. 2E–E”). (H’,I–K) EGFP (cyan) channel 662 
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only. (I,J) Additional examples in longitudinal view. (K) The apices of EGFP+ cells 663 

(NaR-like ionocytes) appear as crescents in a top-down view. 664 

(L–S) Examples of three- and four-cell ionocyte complexes in the wild-type zebrafish 665 

olfactory epithelium at 7 dpf. (L–P) Example of a 3-cell complex, consisting of an 666 

HR-like ionocyte (red), NaR-like ionocyte (cyan), and possible second NaR-like 667 

ionocyte (dark blue). A nearby ciliated OSN (yellow) is included for context. (L) 3D 668 

reconstruction of the ionocyte complex and ciliated OSN; see also Supplementary 669 

Movie 8. (M) Location of the cells in the OSN zone of the right-hand olfactory pit (red 670 

arrowhead). Coronal section. (N) Longitudinal section through the complex, showing 671 

close association between the HR-like ionocyte (red) and the ciliated OSN (yellow) at 672 

the base, and location relative to the basal lamina (pink). (O) Enlargement of the box 673 

in C, showing colour-coded labelling of the tight junctions of the HR-like (red) and 674 

NaR-like (cyan) cells (colour code as in F). (P) 3D reconstruction of the tight 675 

junctions of the HR-like (red) and NaR-like (cyan) cells (top-down view; compare to 676 

G; see also Supplementary Movie 9). (Q) Example section through a three-cell 677 

complex consisting of an HR-like cell (red), an NaR-like cell (cyan), and possible 678 

second HR-like cell (pink). (R,S) Example sections through a four-cell complex 679 

consisting of two HR-like/NaR-like pairs.  The cell pairs are separate at their apices 680 

(R), but are closely associated beneath the epithelial surface (S). Blue arrowhead in 681 

S marks electron-dense structures between the ionocytes. 682 

Scale bars: B, 20 µm; C; 1 µm (applies to D–E’’’, G); F, 0.5 µm; M, 20 µm; N, 3 µm; 683 

O, 1 µm (applies to P); Q, 2 µm; R, 2 µm (applies to S). 684 
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Figure 7. Ultrastructure and 3D reconstruction of NCC-like olfactory ionocytes 686 

in the non-sensory multiciliated cell zone of the zebrafish olfactory pit 687 

(A–C) Scanning electron micrographs of an ift88-/- zebrafish mutant embryo at 4 dpf. 688 

(A) Whole head showing location of the two olfactory pits (op). (B) Enlargement of 689 

the left-hand olfactory pit, boxed in A. The rounded apical surfaces of four ionocytes 690 

(presumed NCC-like) are highlighted in magenta (arrowheads). The peripheral zone 691 

of non-sensory multiciliated cells (mcc) is highlighted in green. (All olfactory cilia are 692 

missing in the ift88-/- mutant, allowing visualization of the apical surface of cells in the 693 

pit.) (C) Enlargement of the boxed region in B. An ionocyte (magenta) sits in the 694 

MCC zone, in contact with a skin cell with microridges (top right). The rods of two or 695 

three olfactory rod cells are also visible (bottom left; see also Fig. 3I in [80]) .  696 

(D–M) Ultrastructure and 3D reconstruction of ionocytes in the non-sensory 697 

multiciliated zone of the olfactory pit in a wild-type zebrafish larva at 7 dpf. (D) 3D 698 

reconstruction of a presumed NCC-like ionocyte, showing the microvillous apical 699 

surface. (E) Location of the ionocyte in D (magenta; arrowhead) at the lateral edge of 700 

the left olfactory pit. Coronal section. (F,G) Selected sections through the ionocyte 701 

shown in D, highlighted in magenta. The ionocyte makes contact with at least four 702 

other cell types: apically, with a skin cell on one side and a multiciliated cell on the 703 

other; basolaterally, with multiciliated cells, a basal cell, and another ionocyte. The 704 

microvillous apical surface is rounded in one area (F, arrowhead) but also forms a 705 

pit-like structure (G, arrowhead) in the same cell. (H) Enlargement of the boxed 706 

region in F (top left), highlighting tight junctional contact (white arrowhead) and 707 

interdigitation (blue arrowhead) between the ionocyte and a neighbouring skin cell. 708 

(I) Enlargement of the boxed region in F (bottom right), showing that pores where the 709 

tubular reticulum meets the plasma membrane are covered by a thin electron-dense 710 
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structure (blue arrowheads). (J) Two examples of more elongated ionocytes 711 

highlighted in yellow and blue, with their apices sitting between multiciliated cells. (K) 712 

Enlargement of the boxed region in J, showing mitochondria-rich cytoplasm, Golgi 713 

apparatus and extensive tubular reticulum. (L) Section through the base of the 714 

yellow cell in J, showing the tubular reticulum. (M) An end-foot (arrowhead) of the 715 

blue ionocyte in J makes direct contact with the basal lamina (pink).  716 

 717 

Abbreviations: bc, basal cell; BL, basal lamina (pink); c, cilia of multiciliated cell; cz, 718 

cortical zone (free of mitochondria; bracketed in H); Gb, Golgi body; io, presumed 719 

NCC-like ionocyte; m, mitochondrion; mcc, multiciliated cell; mr, microridges on skin 720 

cell; n, cell nucleus; op, olfactory pit; orc, olfactory rod cell (apical rods visible); skc, 721 

skin cell; tr, tubular reticulum. 722 

Scale bars: A, 100 µm; B, 10 µm; C, 5 µm; D, 2 µm (applies to F, G); J; 2 µm;  L, 1 723 

µm; M, 1 µm. 724 
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 725 

Figure 8. Ionocytes in the zebrafish larval olfactory epithelium 726 

(A) Schematic of HR- and NaR-like ionocyte pairs and NCC-like ionocytes in the 727 

zebrafish larval olfactory epithelium and their gene expression characterised in this 728 

study. The NCC-like cells have variable morphologies, some with a rounded 729 

microvillous apical surface. (B) Schematic showing distribution of ionocytes in the 730 

zebrafish larval olfactory pit (viewed from the front; not to scale). Abbreviations: 731 

MCC, multiciliated cell; OSN, olfactory sensory neuron. 732 
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 733 

Figure S1, related to Figure 1 734 

(A) Heatmap showing top 5 highest expressing genes based on LogFC on the 735 

clusters obtained in the dataset from dissected adult zebrafish olfactory organs. (B) 736 

Feature plots of trpc2b and (C) ompb. (D) Violin plot showing the percentage of 737 

mitochondrial genes in the dataset. 738 

 739 

 740 
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 741 

Figure S2, related to Figure 2 742 

(A) Maximum intensity projection of a confocal image showing HCR RNA-FISH 743 

signals for foxi3a (yellow) and rhcgb (magenta) with DAPI stain (grey). (A’) Individual 744 

channels for foxi3a and (A’’) rhcgb. Scale bar: 20 µm.  745 

 746 

 747 

 748 

 749 
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 750 

Figure S3, related to Figure 3 751 

(A-C) Overview of an adult olfactory rosette, showing expression of trpv6 (B) and 752 

foxi3b (C). (D-F) High magnification view of the region outlined in panel A. The 753 

arrowheads indicate solitary NCC-like ionocytes, which express foxi3b and have a 754 

rounded shape. These are distinct from elongated pairs of cells that express either 755 

foxi3b or trpv6. Scale bar: 50 µm in panel A, 20 µm in panel D.  756 
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Figure S4, related to Figure 4 758 

(A–A’’’’) foxi3a+  cells (yellow) at the edge of an olfactory pit, as shown by HCR 759 

RNA-FISH.  (B) Maximum intensity projection of a confocal image from Tg(-760 

8.0cldnb:lyn-EGFP)zf106Tg;Tg(krtt1c19e:lyn-tdTomato)sq16 transgenic larva shows a 761 

pair of Nm ionocytes in the neuromast, but no tdTomato+ cells in the olfactory pit. (C) 762 

Single channel image of krtt1c19e:lyn-tdTomato. (C’) Enlargement of a neuromast 763 

containing tdTomato+ Nm ionocytes. (C’’) Enlargement of an olfactory pit containing 764 

no tdTomato+ cells.  765 
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Supplementary Material 766 

Supplementary Table 1. Differentially expressed genes in dissected adult 767 

zebrafish olfactory organ scRNA-seq dataset.  This spreadsheet contains the 768 

differentially expressed gene list (cluster markers) of olfactory cell types from the 769 

integrated adult dataset via Seurat::FindAllMarkers function with default parameters. 770 

Ionocytes are on cluster 18. 771 

Supplementary Table 2. Differentially expressed genes in larval 5 dpf olfactory 772 

cell subset. This spreadsheet contains the differentially expressed gene list (cluster 773 

markers) of olfactory cell types from the subsetted larval dataset via 774 

Seurat::FindAllMarkers function with default parameters. 775 

Movie 1. 3D rendering of an embryonic olfactory pit depicting HR- and NaR-like 776 

ionocytes. HCR RNA-FISH for trpv6 (magenta) and foxi3a (yellow), combined with 777 

the Notch reporter tp1bglobin:EGFP (cyan), shows spatial distribution of ionocyte 778 

pairs in the larval 5 dpf olfactory pit. Initial image is a frontal view of the left olfactory 779 

pit, with dorsal to the top and lateral to the right. 780 

Movie 2. 3D rendering of an embryonic olfactory pit showing NCC-like 781 

ionocytes. HCR RNA-FISH for slc12a10.2 (yellow) and foxi3b (magenta), combined 782 

with the Notch reporter tp1bglobin:EGFP (cyan), showing the spatial distribution of 783 

ionocyte pairs in the larval 5 dpf olfactory pit. Initial image is a frontal view of the left 784 

olfactory pit, with dorsal to the top and lateral to the right. 785 

Movie 3. New olfactory ionocytes do not express skin transgenes. Time lapse 786 

from Tg(-8.0cldnb:lyn-EGFP)zf106Tg;Tg(krtt1c19e:lyn-tdTomato)sq16 transgenic 787 
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zebrafish larva showing pairs of tdTomato+ Nm ionocytes (arrow, middle panel) 788 

invading neuromasts, but no positive cells in the olfactory epithelium. 789 

Movie 4. Differentiation of ionocyte pairs in a larval olfactory pit and 790 

neuromast. Time lapse from a 3 dpf transgenic zebrafishlarva (Tg(dld:hist2h2l-791 

EGFP)psi84) showing a pair of ionocytes (cyan and yellow dots; visible at the start of 792 

the recording) invading the neuromast. At ~90 hours ionocytes are visible in the 793 

olfactory pit  (red and cyan dots). No invasion was detected. 794 

Movie 5. Ionocyte pair development in a larval olfactory pit. Time lapse from a 3 795 

dpf transgenic zebrafish larva (Tg(dld:hist2h2l-EGFP)psi84) showing the appearance 796 

of a pair of olfactory ionocytes (red and cyan dots). The pair is visible at 797 

approximately 85 hours, and move around together.  798 

Movie 6. 3D reconstruction of an HR-like/NaR-like ionocyte pair from a 7 dpf 799 

wild-type olfactory pit. 360° rotation of Fig. 6A. Red, HR-like cell; cyan, NaR-like 800 

cell.  801 

Movie 7. 3D reconstruction of the tight junctions of an HR-like/NaR-like 802 

ionocyte pair. 360° rotation of Fig. 6G; compare to Movie 9. Green, shallow tight 803 

junction between the two ionocytes; yellow, deep tight junction between NaR-like 804 

ionocyte and olfactory supporting cell; orange, deep tight junction between NaR-like 805 

ionocyte and multiciliated cell; blue, deep tight junction between HR-like ionocyte 806 

and olfactory supporting cell.  807 

Movie 8. 3D reconstruction of a 3-cell ionocyte complex from a 7 dpf wild-type 808 

olfactory pit. 360° rotation of Fig. 6L. Red, HR-like cell; cyan, NaR-like cell; dark 809 
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blue, possible second NaR-like cell; yellow, ciliated OSN (not part of the ionocyte 810 

complex, but included for context and scale). 811 

Movie 9. 3D reconstruction of the tight junctions between the HR-like (red) and 812 

NaR-like (cyan) ionocytes in Fig. 6L. 360° rotation of Fig. 6P; compare to Movie 7. 813 

Green, shallow tight junction between the two ionocytes; yellow, deep tight junction 814 

between NaR-like ionocyte (cyan) and olfactory supporting cell; blue, deep tight 815 

junction between HR-like ionocyte (red) and olfactory supporting cell.  816 
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