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expression patterns were consistent with the elongation and spread-
ing of lateral line primordia to form sensory ridges. In contrast, 
Eya4 expression was specific to the otic vesicle and the elongating 
lateral line placodes (Fig. 4e). At stage 36, placodal expression of 
all these genes was maintained, although at weaker levels, and indi-
vidual neuromast canal lines could be distinguished (Fig. 4f). By 
stage 39, expression was seen in all neuromast lines and revealed the 
formation of ampullary organ fields (Fig. 4g); by stage 42, individual 
ampullary organs could be seen (Fig. 4h). At stage 46, expression 
was maintained in both neuromasts and ampullary organs (Fig. 4i). 
The overall expression pattern of these genes was consistent with 

our morphological reconstructions of lateral line placodes. Analy-
sis of sections at different stages showed that patches of placodal 
tissue progressively lose expression, whereas the regions that give 
rise to the organs retain expression (Fig. 4j). Expression of all seven 
genes in ampullary organs, as well as in neuromasts and lateral line 
placodes, supports the hypothesis that ampullary organs in this 
basal ray-finned fish are lateral line placode-derived. However, gene 
expression data alone cannot be taken as proof of cell lineage.

Paddlefish lateral line placodes generate ampullary organs. Our 
analysis of paddlefish lateral line development by SEM, reconstruc-
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Figure 4 | Expression of Eya and Six family members during lateral line development. (a) sEm of a stage 32 embryo. Placodes (outlined) are visible 
surface bulges. (b) schematic summarizing histological serial reconstructions at stage 32 of the three preotic (anterodorsal (yellow), anteroventral 
(turquoise) and otic (teal)) and three postotic lateral line placodes (middle, supratemporal and posterior (green)). (c,d) Transverse sections through 
the anterodorsal placode at the level of the eye (c) and otic vesicle (d). Blue arrowheads indicate extent of thickened epithelium (that is, the placode). 
Red arrowhead indicates a developing neuromast primordium. (e–i) Whole-mount in situ hybridizations for Eya1, Eya4, Six1 and Six4 from stages 32 to 
46; schematics show the general expression pattern at those stages. Lateral views; anterior is left. (e) At stage 32, Eya1, Six1 and Six4 are expressed in 
multiple placodes including olfactory and otic (purple), epibranchial (pink) and lateral line (dark purple); strong expression of Eya4 is restricted to lateral 
line placodes and the otic vesicle. By this stage, the lateral line placodes have started to elongate or spread along the head. (f) At stage 36, all genes 
are expressed in developing neuromast canal lines and presumptive ampullary organ fields flanking those lines. (g) At stage 39, expression of all genes 
continues in elongating lateral line primordia and neuromast canals. Individual ampullary organ fields start to be identifiable. At (h) stage 42 and (i) stage 
46, expression of all genes continues in developing lateral line organs as well as in the migrating posterior lateral line primordium. (j) Transverse sections 
showing Eya4 expression in the developing anteroventral placode (avp) from stages 32 to 46. By stage 46, the hair cell marker Pv3 (grey scale image) 
overlaps with Eya4 as shown in the false-colour overlay of Eya4 (green) and Pv3 (pink). scale bars: 100 µm (a,c,d,j) and 200 µm (e–i). adp, anterodorsal 
lateral line placode; avp, anteroventral lateral line placode; e, eye; epi, epibranchial placode region; hb, hindbrain; mb, midbrain; mlp, middle lateral line 
placode; olf, olfactory; otp, otic lateral line placode; ov, otic vesicle; plp, posterior lateral line placode; s, stage; stp, supratemporal lateral line placode.
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homology of ampullary organs between bony fishes and chondrich-
thyans (sharks, rays and chimaeras) is supported by all the avail-
able evidence: they are excited by cathodal stimuli and innervated 
by lateral line nerves projecting to a dorsal octavolateral nucleus 
in the medulla. To this we can now add embryonic expression of 
Eya4 (paddlefish, this paper; shark40). If this homology is accepted, 
then our data also support an ancestral lateral line placode origin 
for ampullary organs in all jawed vertebrates (and perhaps even  
all vertebrates: although electroreceptor organs in lampreys have a 
significantly different morphology, they are innervated by a branch 
of the anterior lateral line nerve and adult lampreys have a dorsal 
octavolateral nucleus in the medulla4,41,42).

Although a neural crest contribution to neuromasts was reported 
for both Xenopus (a sarcopterygian) and zebrafish (an actinoptery-

gian) after DiI-labelling presumptive neural crest precursors43,  
the nature and extent of this contribution has been debated7,19,22,44. 
For example, these cells may represent neural crest-derived glial 
cells, which are intimately associated with the lateral line nerves  
that innervate neuromasts45. It would be useful to re-visit these  
neural crest labelling experiments using known hair cell markers 
such as Pv3.

Almost all the information we have on the molecular mecha-
nisms underlying vertebrate hair cell development, whether in the 
inner ear or lateral line, has been obtained from a handful of model 
systems: two amniotes (mouse and chick), the frog Xenopus and the 
teleost zebrafish. None of these species has electroreceptors, which 
are modified hair cells with a limited range of morphologies4. Hence, 
our understanding of the potential range of mechanisms underlying 
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Figure 6 | Lateral line placodes give rise to ampullary organs and neuromasts. (a) stage 32 embryo after focal injection with DiI in the anterodorsal 
placode; injection site outlined in red. (b) same embryo at stage 46, showing DiI-labelled cells in the infraorbital neuromasts and dorsal infraorbital and 
ventral infraorbital ampullary organ fields. (c,d) Transverse sections through (c) a DiI (red)-labelled neuromast and (d) DiI-labelled ampullary organs, 
counterstained with sytox Green. (e) stage 32 embryo after focal injection with DiI in the anteroventral placode; injection site outlined in red. (f) same 
embryo at stage 46, showing DiI-labelled cells in preopercular neuromasts and flanking ampullary organs. (g) opercular skin mount from embryo in (f), 
counterstained with sytox Green, showing DiI in preopercular neuromasts and flanking ampullary organs. (h) magnification of DiI-labelled neuromasts 
from preopercular neuromast line in (g). (i) magnification of DiI-labelled ampullary organ from posterior preopercular field in (g). The plane of focus is 
the sensory cell epithelium. (j) stage 34 embryo after focal injection with DiI in the anteroventral placode; injection site outlined in red. (k) same embryo 
at stage 46, showing DiI-labelled cells in a subset of preopercular neuromasts and flanking ampullary organs. (l) Confocal image of transverse section 
from embryo in (k), stained with phalloidin (green) and DAPI (blue), showing a DiI (red)-labelled ampullary organ. (m) magnification from (l), showing 
DiI (red) within the sensory epithelium. (n) stage 32 embryo after focal injection with DiI in the anterodorsal placode; injection site outlined in red. (o) 
same embryo at stage 46, showing DiI-labelled cells in infraorbital line neuromasts and flanking ampullary organs. (p) Transverse section through head 
of embryo in (o), stained with sytox Green. (q) magnification from (p) showing DiI-labelled cells (red) in the anterodorsal lateral line ganglion. scale 
bars: 500 µm (a,e,j,n), 1 mm (b,f,k,o), 50 µm (c,d,h,i,q), 100 µm (g), 30 µm (l) and 250 µm (p). ao, ampullary organ; e, eye; GAD, anterodorsal lateral line 
ganglion; hb, hindbrain; io, infraorbital lateral line; nm, neuromast; ov, otic vesicle; p, pharynx; pop, preopercular lateral line.
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vertebrate hair cell development is very incomplete. The expression 
during paddlefish lateral line placode development of all Eya, Six1/2 
and Six4/5 family members examined, and their maintenance in 
both neuromasts and ampullary organs, suggests at least some con-
servation of the molecular mechanisms underlying the formation of 
these distinct sense organs. Further studies of lateral line develop-
ment in the paddlefish will enable us to discover the extent to which 
the mechanisms underlying the development of mechanosensory 
and electrosensory hair cells are conserved.

Despite having the most ampullary organs of any vertebrate spe-
cies, Polyodon may also be an excellent model for investigating the 
possible developmental basis for the evolutionary loss of ampullary 
organs, as occurred in various groups, including frogs and the line-
age leading to the neopterygian clade (gars, bowfins, teleosts)5,13–15. 
We have shown here that paddlefish ampullary organ formation is 
restricted to the three preotic placodes (anterodorsal, anteroventral 
and otic): the three postotic placodes (middle, supratemporal and 
posterior) only generate neuromasts. In the sturgeon Scaphirhyn-
chus platorynchus (a member of the sister group to paddlefishes 
within the chondrosteans; Fig. 1a), ampullary organ fields are asso-
ciated with the three preotic lines and also with the supratemporal 
line7. In the axolotl (a sarcopterygian tetrapod), the preotic lines 
plus the supratemporal and middle lines form ampullary organs21. 
The strict relationship between each of the six lateral line placodes 
and their developmental derivatives (placode-nerve-receptor organ 
line/field) offers support for the theory that these six placodes and 
their derivatives should be regarded as phylogenetically independ-
ent components of the lateral line system, subject to individual 
modification through evolution. Both the extreme number of amp-
ullary organs derived from the anterodorsal and anteroventral pla-
codes in paddlefish, and the failure of all postotic lateral line pla-
codes to form ampullary organs in this species, would seem to offer 
an ideal opportunity to discover direct evidence about the ways in 
which such evolutionary modification of placodes and their deriva-
tives might occur.

Methods
Embryo collection. Embryos were obtained from Osage Catfisheries, Inc. over 
multiple spawning seasons. Embryos were raised at approximately 22 °C in tanks 
with filtered and recirculating water (pH 7.2 ± 0.7, salinity of 1.0 ± 0.2 p.p.t.) to 
desired stages. Staging was performed according to ref. 46.

cDNA synthesis and cloning. RNA from embryos stages 26–46 was extracted us-
ing the Trizol reagent (Invitrogen) and used to generate single-strand cDNA using 
the Superscript III First Strand Synthesis kit (Invitrogen), as per the manufacturer’s 
instructions. The following degenerate primers were used (F, forward; R, reverse): 
Eya1F: 5′-ACGGTTCAAGCTTTACAACC-3′, Eya1R: 5′-TGCTACAAGTAA 
TCAAGTTCC-3′; Eya2F: 5′-AACCTCCTACCTACAGCAGG-3′, Eya2R: 5′-TGG 
AGTTGATGAGAGTCAGC-3′, Eya3F: 5′-AGACCGTGATGGATGAAGC-3′; 
Eya3R; 5′-ATGCATCCGATCGCTTCC-3′, Eya4F: 5′-GCATGACAATTCT-
TAATACTGC-3′, Eya4R: 5′-TCACACCAGTGGCCAGGCAGAGG-3′; Six1F: 
5′-TTCACKCARGARCARGTSGCGTGYGTSTG-3′, Six1R: 5′-TGYCKYCKRT 
TYTTRAACCARTT-3′, Six2F: 5′-AGAGGCGATCATGTCAATGC-3′, Six2R:  
5′-TTGTGGGTGTACCACTCC-3′, Six4F: 5′-TCTGTGAGGCTTTGCAGCAA 
GG-3′, Six4R: 5′-GAGTTCAAAGGGTCTGAATTGCC-3′. PCR fragments  
were cloned into the pDrive cloning vector (Qiagen). Plasmids were purified  
and sequenced by the Department of Biochemistry DNA Sequencing Facility,  
University of Cambridge. Sequence results were analysed using MacVector and 
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). We confirmed the orthology of the  
different Eya and Six family members through a phylogenetic analysis using Baye-
sian inference (MrBayes3 (ref. 47)). GenBank accession numbers are as follows: 
PsEya1 JF949727; PsEya2 JF949728; PsEya3 JF949729; PsEya4 JF949730; PsSix1 
JF949731; PsSix2 JF949732; PsSix4 JF949733.

Histology. For plastic sections, embryos were fixed in paraformaldehyde, rinsed 
in distilled water, dehydrated stepwise in an ethanol series and embedded using 
commercially available methylacrylate kits (Polysciences, Inc.) before microtome 
sectioning and processing in 1% toluidine blue in sodium borate buffer and 2% 
basic fuchsin in water. Transverse serial sections were cut at 1.5 µm, unless other-
wise noted. The nerves of cleared larval and juvenile whole specimens were stained 
using Sudan Black48. These samples were then dissected and photographed for 
camera lucida tracings for schematic reconstructions.

Scanning electron microscopy. Embryos were fixed in 2% glutaraldehyde 
followed by dehydration through ethanol, and subsequent processing with dimeth-
oxypropane and CO2 or Freon 113 (1,1,2 trichlorotrifluoroethane) and Freon 13 
(chlorotrifluoromethane). Specimens were then mounted and sputter coated with 
gold palladium alloy (300–400 Å thick) and imaged.

FM1-43 staining. Live embryos were immersed in a solution of 3 µM of FM1-43 
(Invitrogen) in water for 45 s, then immediately rinsed in three changes of water. 
Embryos were anaesthetized with tricaine before imaging.

DiI labelling. Embryos were dechorionated, immobilized and oriented in troughs 
made in agarose dishes to the approximate width of stage 32 embryos. Embryos 
between stages 32 and 34 were injected with 0.5–1 µg µl − 1 Cell Tracker-CM-DiI 
(Invitrogen) diluted in 0.3 M sucrose (from a 5 µg µl − 1 stock diluted in ethanol),  
using a pressure injector. The ectoderm in paddlefish is a stratified epithelium. 
Therefore, to penetrate the superficial layer of cells, DiI-filled glass capillary needles 
were gently pushed through the surface ectoderm before release of pressure. Em-
bryos were allowed to recover and develop to stage 46. Embryos were then fixed in 
4% paraformaldehyde and embedded in 20% gelatin in PBS. Transverse serial sec-
tions were cut at 50–75 µm using a vibratome. Sections were counterstained with 
the nuclear markers Sytox Green or DAPI (Invitrogen) before microscopy.

In situ hybridization and immunohistochemistry. Embryos were fixed in 4% 
paraformaldehyde in PBS or modified Carnoy’s fixative (6 volumes ethanol: 3  
volumes 37% formaldehyde: 1 volume glacial acetic acid) for 12–24 h at 4 °C. 
Embryos were then dehydrated through a methanol or ethanol series and stored 
at  − 20 °C. Antisense RNA probes were generated using T7 or SP6 polymerases 
(Roche) and digoxigenin dUTPs (Roche). For in situ hybridization, embryos were 
rehydrated through a stepwise series into PBS with 0.1% Tween-20 (PTw), bleached 
under strong white light in 0.5% SSC, 10% H2O2, 5% formamide for 30–60 min  
(depending on stage), then rinsed several times in PTw. After treating for 
10–15 min at room temperature with proteinase K (14–22 µg ml − 1 of Roche 
proteinase K), followed by two rinses in PTw, embryos were fixed again for 1 h in 
4% paraformaldehyde with 0.02% glutaraldehyde, followed by four rinses in PTw. 
Embryos were then graded into hybridization solution (1× salt solution (0.2 M 
NaCl, 10 mM Tris, pH 7.5, 5 mM NaH2PO4.H2O, 5 mM Na2HPO4, 5 mM EDTA), 
50% formamide, 10% dextran sulphate, 1 mg ml − 1 yeast tRNA, 1× Denhardt’s 
solution). After prehybridizing for at least 3 h at 70 °C, embryos were incubated for 
at least 18 h at 70 °C with probe diluted in hybridization solution. After four 30–60-
min rinses in wash solution (50% formamide, 1× SSC, 0.1% Tween-20) at 70 °C, 
embryos were graded into MABT (1× maleic acid buffer with 0.1% Tween-20) (10× 
MAB: 1 M maleic acid, 1.5 M NaCl, pH 7.5). After four 30-min washes in MABT, 
embryos were blocked in MABT with 20% filtered sheep serum and 2% Boehringer 
blocking reagent (Roche) for 3 to 4 h at room temperature before incubation in 
1:2,000 dilution of anti-DIG-AP antibody (Roche) overnight at 4 °C. Embryos were 
washed with MABT six times for 1 h each at room temperature, and then overnight 
at 4 °C. For the colouration reaction, embryos were rinsed three times in NTMT 
buffer (0.1 M NaCl, 0.1 M Tris, pH 9.5, 50 mM MgCl2, 0.1% Tween-20), before 
incubation in 0.02% of nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl 
phosphate, toluidine salt stock solution (Roche) in NTMT, until desired signal 
strength was obtained. Embryos were then rinsed in PBS to stop the reaction, post-
fixed, if necessary, and then processed for sectioning or graded into 70% glycerol 
for whole-mount imaging. Embryos were then cryosectioned as described in the 
following section or sectioned using a vibratome, as described above. For immu-
nohistochemistry, the polyclonal Pv3 antibody (gift from A. Hudspeth) was used at 
1:30,000, followed by a horseradish peroxidase-conjugated goat anti-rabbit second-
ary antibody (Jackson Labs) used at 1:600. For the histochemical reaction, embryos 
were incubated in 600 µl of DAB + Ni solution (0.3 mg ml − 1 3,3′-diaminobenzidine 
(Sigma) in 1× PBS/0.05% Tween-20 plus 5 µl of an 8% NiCl2 solution) for 5 min. 
The reaction was started by adding H2O2 to a final concentration of 0.03%, and 
monitored for up to 15 min before stopping the reaction with 1× PBS/0.1% Tween-
20. Embryos were then cleared through a glycerol series into 70% glycerol/PBS.

Sectioning embryos after whole-mount in situ hybridization. After 5 h 
incubation at room temperature in 5% sucrose in PBS, embryos were placed in 
15% sucrose in PBS and incubated overnight at 4 °C. They were transferred into 
prewarmed 7.5% gelatin in 15% sucrose in PBS, then incubated overnight at 37 °C 
before being embedded in moulds in the appropriate orientation for transverse 
sectioning. After freezing the gelatin by immersing the moulds in a dry ice and iso-
pentane solution for 1 min, the embryos were cryosectioned at 20 µm. After 24 h at 
room temperature, the slides were incubated for 5 min in PBS prewarmed to 37 °C 
to remove the gelatin, followed by counterstaining with the nuclear marker DAPI 
(1 ng ml − 1). Slides were mounted in Fluoromount G (Southern Biotech). 
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