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Teeth and taste buds are iteratively patterned structures that line
the oro-pharynx of vertebrates. Biologists do not fully understand
how teeth and taste buds develop from undifferentiated epithe-
lium or how variation in organ density is regulated. These organs
are typically studied independently because of their separate ana-
tomical location in mammals: teeth on the jaw margin and taste buds
on the tongue. However, in many aquatic animals like bony fishes,
teeth and taste buds are colocalized one next to the other. Using
genetic mapping in cichlid fishes, we identified shared loci controlling
a positive correlation between tooth and taste bud densities. Genome
intervals contained candidate genes expressed in tooth and taste bud
fields. sfrp5 and bmper, notable for roles in Wingless (Wnt) and bone
morphogenetic protein (BMP) signaling, were differentially expressed
across cichlid species with divergent tooth and taste bud density, and
were expressed in the development of both organs in mice. Syn-
expression analysis and chemical manipulation of Wnt, BMP, and
Hedgehog (Hh) pathways suggest that a common cichlid oral lam-
ina is competent to form teeth or taste buds. Wnt signaling cou-
ples tooth and taste bud density and BMP and Hh mediate distinct
organ identity. Synthesizing data from fish and mouse, we sug-
gest that the Wnt-BMP-Hh regulatory hierarchy that configures
teeth and taste buds on mammalian jaws and tongues may be
an evolutionary remnant inherited from ancestors wherein these
organs were copatterned from common epithelium.

quantitative trait loci | tooth/taste bud development | placode patterning |
bipotency | plasticity

H ughes and Chuong (1) called the mammalian oral cavity a
“mouthful of epithelial-mesenchymal interactions” because
the same precursor epithelium must ultimately differentiate to form
teeth in one row on the oral jaw margin, taste buds, and filiform
papillae on the tongue, and salivary glands in precise locations.
Developmental biologists have worked for decades to under-
stand how this oral epithelium is properly fated to form such a
diversity of structures. Although progress has been made to discover
the molecules and pathways responsible for individual organ iden-
tity (2), we know much less about the genetics and development of
tooth and taste bud patterning (i.e., the spacing, organization, and
density of organs), and almost nothing about adaptive variation in
dental and taste bud density across populations and species.
Because placode-derived structures, such as teeth and taste
buds, tend to be located in different regions of the integument or
the gastrointestinal tract to engage a particular function, they are
studied independently. However, commonalities are apparent in
the patterning of these appendages. Hair, feathers, glands, teeth,
taste buds, and intestinal crypt villi are similarly induced under
the direction of epithelial and mesenchymal interactions. Similar
reaction-diffusion models have been proposed to control the size
and spacing of manifold placode-derived organs (3), such as hair
(4), feathers (5), and teeth (6). Activators and inhibitors in the
bone morphogenetic protein (BMP), fibroblast growth factor
(FGF), Hedgehog (Hh), and Wingless (Wnt) pathways execute
the pattern. Genetic abnormalities in these pathways often lead
to syndromic human diseases, such as Gardner’s syndrome,
Gorlin syndrome, and ectodermal dysplasia, which affect multiple
appendages (7). Feedback loops have been independently identified
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wherein Wnt drives the initiation of dental (8) or taste (9)
placodes. Wnt/B-catenin acts upstream of BMP and Hh signaling
(10, 11), which in turn may regulate Wnt and organ identity (5-10).

Mammals typically possess a single row of teeth on the oral jaw
and a distinct taste papillae-bearing tongue and posterior palate.
In contrast, many vertebrate dentitions are found in multiple
rows on multiple bony or cartilaginous structures throughout the
oro-pharynx. Taste buds often colocalize with teeth at these sites
as both organs are regenerated, with pattern fidelity, throughout
the lifetime of an individual. Teeth and taste buds may share an
evolutionary origin and deep molecular homology (12). There is
tremendous variation in tooth and taste bud numbers among
vertebrates. Among closely related species, this variation likely
has ecological relevance (13). For example, in Lake Malawi
cichlids, planktivores typically possess a small number of widely
spaced teeth (14) with reduced taste bud counts on the oral jaws.
Alternatively, the oral jaws of algivores are packed with hun-
dreds to thousands of teeth and taste buds at higher density (S/
Appendix, Fig. S1). We sought to understand the genetic and
developmental underpinnings of covariation in tooth and taste
bud density in Lake Malawi cichlids, in particular: (i) how these
distinct organs are patterned from a shared oral epithelium, (i) how
diversity in organ density is achieved across closely related species,
and (iii) which molecular pathways and genomic regions control
patterning. Working from insights in the cichlid system, we ex-
plored the activity of novel candidate genes for tooth and taste
bud patterning in the mouse model.

Significance

Teeth and taste buds are placode-derived organs studied in
isolation because of their separate anatomical locations in
mammals. Yet, the mouth and pharynx of many aquatic ver-
tebrates, including bony fishes, are lined with teeth and taste
buds, one next to the other. Using a combination of genome
mapping, synexpression analysis, and small-molecule manipu-
lation, we identify factors that couple tooth and taste bud
density (Wingless signals) and those that differentiate the identity
of each organ from a common epithelial lamina (BMP, Hedgehog).
Integrating results from fishes and mouse suggests a model
wherein the regulatory hierarchies that configure teeth and
taste buds on mammalian jaws and tongues may be evolu-
tionary remnants inherited from ancestors whose oral organs
were copatterned from common epithelium.
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Results

Common Regions of the Cichlid Genome Contribute to a Positive
Correlation Between Tooth and Taste Bud Density. The positive
phenotypic correlation between tooth and taste bud density ob-
served across Malawi cichlid species could be controlled by:
(i) pleiotropy, wherein common genetic intervals control both
tooth and taste bud density, and (ii) epigenetics (in the general
sense), wherein the density of one of these structures constrains
or determines the density of the other. To explore the genetic
basis of tooth and taste bud densities, we assessed the correlation
in F, fishes from an intercross between two rock-dwelling Lake
Malawi cichlid species, Cynotilapia afra (CA), a planktivore with
few teeth and taste buds and Pseudotropheus elongatus (PE), an
algivore with many of both. Tooth and taste bud densities each
ranged >fourfold and were positively correlated across F, (72 =
0.43) (SI Appendix, Fig. S1). To identify the genome intervals
controlling tooth and taste bud density, we used a quantitative trait
loci (QTL) mapping framework, using fully informative RAD-Tag
single nucleotide polymorphisms (SNPs), as previously described for
other phenotypes (15).

Briefly, we genotyped informative SNPs in the F, and con-
structed a genetic linkage map. We joined 370 loci in 22 linkage
groups (Malawi cichlids have 22 haploid chromosomes) (16). The
dataset exhibits nearly complete genotypes across 382 F, (0.4%
missing data). The linkage map was translated to genome assem-
blies of tilapia, Oreochromis niloticus (an East African river
cichlid) and Metriaclima zebra (MZ, another Lake Malawi rock-
dwelling cichlid) (17). We used the assembled linkage map to

determine QTL location and mode of effects for lower jaw tooth
and taste bud densities in 263 F, animals with complete phe-
notypic data (Materials and Methods). We integrated single-QTL
scans using standard and composite interval mapping with 2D
scans to identify pairwise (epistatic) QTL interactions and built
multiple QTL models (MQM) incorporating QTL interactions,
as well as phenotypic sex as a potential covariate. Marker quality
and size of the dataset give us suitable power to detect epistasis
and sex-specific effects (15).

The final model for tooth density (logarithm of odds, LOD =
32.09) incorporated eight loci and three epistatic effects, accounting
for 43% of the phenotypic variance in this trait (phenotypic variance
explained, PVE = 43.11) (Fig. 1 and SI Appendix, Table S1). The
largest effect was observed at position 5.8 cM on chromosome 11
(i.e., 11@5.8), explaining an estimated 15.52% of the phenotypic
variance. This QTL was responsible for two of the three epistatic
interactions for tooth density (plots of which are shown in S/
Appendix, Fig. S2). Three other large- to moderate-effect loci
were each associated with >8% of the variance in tooth density,
cumulatively accounting for a large proportion of the PVE for
this trait. Two of these QTL positions (17@34.8 and 20@51)
were independently identified as genetic determiners of taste
bud density (SI Appendix, Table S1). Three other loci and one
epistatic interaction were included in the full MQM for taste bud
density (LOD = 14.4, PVE = 22.35) (Fig. 1 and SI Appendix, Table
S1). Unlike other oral jaw traits (15), here we did not detect a
significant effect of phenotypic sex on either density measure.
Allelic effects of QTL were observed with conflicting directions
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for each density trait (e.g., CA/CA homozygotes for QTL
17@34.8 exhibited greater tooth density compared with PE/PE,
but lower tooth density when indexed for locus 20@51); these
plus and minus allelic effects may explain the transgressive trait
distribution among F, (SI Appendix, Fig. S1). Notably, coincident
QTL for tooth and taste bud densities (17@34.8 and 20@51)
showed similar directions of effect across traits (i.e., CA/CA
homozygotes indexed for 17@34.8 exhibited greater tooth and
taste bud densities). Overall, these quantitative genetic data suggest
that epistasis and pleiotropy (or genetic linkage) contribute to the
observed positive correlation between tooth and taste bud densities
in Malawi cichlids.

Using annotated cichlid genomes (17), we manually curated
all predicted genes within one megabase in both directions
(2 Mbp total) around the highest LOD-scoring SNPs from MQM
models. We highlight positional candidate genes based on either
(i) published interactions in placode-derived organ development
or (ii) known roles in BMP, FGF, Hh, or Wnt pathways. Notable
among these positional candidates is the gene smo, a well-known
mediator of Hh signaling, in close proximity to 17@34.8, a QTL
for both tooth and taste bud density; the gene bmper, a modu-
lator of BMP activity, near the largest-effect QTL for tooth
density (11@5.8); bmp2, well studied in tooth development, near
a tooth density QTL (14@19.3); and genes sfip5 and wnt5a, ef-
fectors of Wnt/p-catenin signaling near the 20@51 tooth and
taste density QTL.

Cichlid Tooth and Taste Bud Fields Are Specified from a Common
Lamina. Because cichlid teeth and taste buds are colocalized on
the jaw, we sought to understand the developmental ontogeny of
each. In cichlids and other vertebrates, the earliest markers of
the dental epithelium, or dental lamina, are sonic hedgehog (shh)
and pitx2 (14). Similarly, presumptive taste bud epithelium is
known to express sox2 and shh at the earliest stages (18, 19). We
used in situ hybridization (ISH) at 5 d postfertilization (5 dpf)
when the oral jaws first become apparent, to chart the spatial
activity of these markers (Fig. 2). The earliest oral lamina ex-
presses pitx2 (a marker of dental epithelium), sh (a marker of
dental and taste epithelium), and sox2 (a marker of taste epithe-
lium) with near-overlapping patterns in the rostral oro-pharynx (Fig.
2, black arrows), whereas shh and sox2 occupy a more posterior
domain (Fig. 2, white arrowhead). A day later (6 dpf), we observed
the first pirc2*, shh* dental placodes and the initiation of calb2*
(a marker of mature taste buds with more distinct expression
than sox2) taste buds forming lingual to them (SI Appendix, Figs.

Late 5dpf - i

Fig. 2. Expression of pitx2, (A and D), sox2 (C and F), and shh (B and E) at
early stages of tooth and taste bud copatterning. Sagittal section at initial
stages of jaw formation, early 5 dpf (20x; scale bar, 20 um) and late 5 dpf
(40x; scale bar, 40 pm). Black arrows show shared first arch lamina and white
arrowhead shows reduced pitx2 in posterior pharynx (A) compared with shh
(B) and sox2 (C). Rostral is to the left of page, ventral to the bottom; 18-um-
thick sections.
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S3 and S4). Subsequently (7 dpf), a labial band of taste buds
appears flanking the newly forming first row of teeth. Through-
out, the epithelial dental field is circumscribed by the odd-skipped
transcription factor osr2 expressed in mesenchyme; osr2 constrains
tooth rows in mice (20). Successive rows of teeth will be added
between lingual rows of taste buds as the animal matures (S/
Appendix, Fig. S5). Therefore, each tooth row is flanked by labial
and lingual bands of taste buds.

We focused on the stage of initial tooth and taste bud con-
densation (6 dpf) because this is the first point during which
common epithelium becomes differentiated as either pitx2* tooth or
calb2* taste buds. We therefore assayed the spatial expression by
ISH of a number of placodal markers as well as genes in the BMP,
FGF, Hh, and Wnt pathways, in both whole-mount and histological
section (SI Appendix, Figs. S6 and S7, and Table S2). FGF signal
plays known roles in the patterning of teeth and taste buds in the
mouse (21, 22) and in the zebrafish pharynx (23, 24), but its
function in the oral jaws of teleost fishes is less clear. Here, we
observed fgf10 in condensed dental mesenchyme, fgf7 in the
forming velum lingual to teeth/taste buds, and no activity of fgf8
in the oral organ field (see also ref. 14). We detected fgfr/ and
spry4 in the oral epithelium, consistent with the position of initial
tooth and taste buds (SI Appendix, Fig. S7), suggesting that FGF
signal is transduced in these placodes. pax9, known to be involved in
the development of cichlid teeth (14) and mouse tongue papillae
(18), was active throughout the mesenchyme subjacent to both
tooth and taste bud fields. Wnt ligands wnt7b and wntl10a de-
lineate and mark tooth placodes, respectively; f-catenin is expressed
broadly across the tooth and taste epithelium; shi marks both the
initial tooth placodes as well as the lingual taste bud field; the Hh
receptor ptcl is broadly expressed; sox2 is expressed in epithe-
lium corresponding to lingual and labial taste bud fields, flanking
the pirx2* tooth row. The BMP receptor, bmpr2b, is expressed
diffusely in the epithelium of tooth placodes and the lingual taste
field, and bmp4 is strongly activated in both dental epithelium
and mesenchyme. Notably, numerous BMP antagonists are
expressed in the epithelium or mesenchyme marked for lingual
and labial taste bud fields; this includes ectodin (wise, sostdc),
osr2, and fst. Similarly, the Pitx2 repressor, tbx! (25), is strongly
expressed lingual to the initial tooth row. Taken together, these
data from gene expression suggest roles for the Hh, Wnt, and BMP
pathways in copatterning of cichlid teeth and taste buds, and fur-
thermore that BMP signaling promotes the differentiation of teeth
from a common epithelial field, whereas multiple BMP and pitx2
antagonists are protective of sox2*, calb2* taste domains.

Positional Candidate Genes Are Expressed in Teeth and Taste Buds of
Fishes and Mice. We examined the expression of positional can-
didate genes from QTL analysis (above) during the placode
condensation stage (SI Appendix, Figs. S6 and S7, Inset). smo, a
coreceptor in the Hh pathway, near a coincident QTL for tooth
and taste bud density, was expressed generally throughout the
jaw epithelium, except in the primary dental placodes. As ob-
served in the mouse (26), this transcript was not detectable at
later stages. bmp2 and wnt5a, near tooth and taste bud density
QTL, are expressed in dental epithelium and mesenchyme, or in
the mesenchyme flanking dental and taste placodes, respectively.
sfip5 and bmper are interesting positional candidate genes be-
cause they have not been heavily studied in oral placode devel-
opment. Both are expressed in mesenchyme in complementary
antitooth patterns. sfip5 has been described as a Wnt inhibitor in
several systems (27, 28), an integrator of Wnt-BMP signaling in
the zebrafish gut (29), and a regulator of mouse incisor renewal
(30). bmper has been reported as both a positive and negative
mediator of BMP signaling in other organs of the mouse, frog,
and fly (31-33), and as an antagonist of BMP in mouse incisor
ameloblasts (34). We assayed expression of these candidates in
species with divergent densities of teeth/taste buds: C. afra, a
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Fig. 3. Expression of candidates Bmper and Sfrp5 in mouse teeth and
tongues. Bmper and Sfrp5 expression, as shown in frontal section of bud
stage molar teeth at E12.5 (A and D) and cap stage teeth at E15.5 (A’ and D)
(20x). (Scale bar, 200 um.) Gene expression in tongue as observed in sagittal
(B, B, E, and E’) and frontal (C, C’, F, and F) sections at E12.5 and E15.5,
respectively (10x) (Scale bar, 400 pm.)

species with few teeth and taste buds and Labeotropheus fuele-
borni, a species with many of both (SI Appendix, Fig. S8). bmper
is expressed diffusely in bands flanking the tooth field; expres-
sion is stronger in C. afra. Notably, sfrp5 is expressed from the
midline in a gradient that encompasses much of the tooth and
taste bud fields of both species; expression is strongest and
broadest in C. afra. These expression differences between species
are consistent with antagonistic roles for each gene in BMP
(bmper) and Wnt (sfip5) signaling, at this stage.

.’J

100us

D )
08
- " 010 n=35
*2 : 0.08
3 - IWR
= +
- r 0.04 TIT0 04
| .
7 0.02 =
’ 0.00 ==
’ 016 10

Because these genes have not been well studied in mammal
tooth and taste bud development, we assessed gene expression by
ISH in teeth on mouse jaws and taste buds on mouse tongues
(Fig. 3). Bmper expression, observed at the molar bud stage
[embryonic day (E) 12.5] was restricted to buccal mesenchyme, a
pattern similar to that of Bmp4 (Fig. 34) (35). By E15.5, expression
can be seen surrounding the cap stage tooth bud in mesenchyme, in
areas corresponding to the sites of osteogenesis (Fig. 34"). The
highest expression level was still observed in buccal mesenchyme,
adjacent to the dental epithelium. Bmper expression in the de-
veloping tongue was restricted to the deeper mesenchyme in the
areas where musculature develops (Fig. 3 B, B, C, and C’). Sfip5
was also observed predominantly in buccal molar tooth mesen-
chyme at the bud stage, with some expression in the epithelium
at the tip of the bud (Fig. 3D). At E15.5, mesenchymal expres-
sion of Sfip5 is largely undetectable but highly restricted ex-
pression was located in the epithelium of the cervical loop with a
greater level in the buccal aspect (Fig. 3D’). In the tongue, Sfip5
expression was weak and diffuse except for a small area corre-
sponding to the single circumvallate papilla that also expresses
Wnt10b (Fig. 3E) (9). By E15.5, punctate expression in the deep
tongue mesenchyme was observed (Fig. 3E") with localized ex-
pression on the dorsal and lateral epithelial surfaces corresponding
to (Fig. 3F"). In addition Sfip5 was expressed in the incisor cervical
loop (Fig. 3E").

Manipulation of Signaling Reveals Epithelial Plasticity via a Complex
Logic of Placode Specification. QTL and gene-expression data
implicate the Wnt, BMP, and Hh pathways in the regulation of
tooth and taste bud densities, as well as the patterning of these
organs from a common oral epithelium. To test the precise role
of these pathways, we used small-molecule antagonists to mod-
ulate signaling during the placode condensation stage. We applied
LDN-193189 (LDN), an inhibitor of the BMP pathway; endo TWR-1
(IWR), an antagonist of the Wnt pathway; and cyclopamine (CYC),
an antagonist of the Hh pathway, in fishwater at 6 dpf for 24 h.
Split broods received small molecules or vehicle control. Follow-
ing chemical or sham treatment, a subset of embryos was washed,
returned to fishwater, and allowed to develop until euthanized
(36) at 14 dpf, for quantification of tooth and taste bud densities.
A second subset of embryos was euthanized immediately after

Taste Bud Tooth
Density Density

n=110

n=53 A=1d

0.8 n=32
n=14
n=38
n=110

DMSO TREAT DMSO TREAT

Fig. 4. Effects of chemical treatment on tooth and taste bud density. ca/b2 ISH was used to score taste bud density (A-D) and cleared and stained jaws were
used to score tooth density (A'-D’). The midline of cleared and stained fish is marked by a white line; teeth in each half of the dentary are marked by white
numerals. Dorsal views of dentaries, labial to bottom of page. (Scale bars, 100 pm.) Box plots summarize statistical analysis of chemical treatments vs. control
(DMSO0), for taste buds (no. of taste buds per 10 um?) and teeth (no. of teeth per 100 pm?). All treatments are significantly different from control, with P <

0.0001; n = numbers of animals used.
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treatment, followed by ISH to examine the effects of pathway
manipulation on gene expression.

Treatment with IWR significantly reduced the density of teeth
and taste buds, compared with control siblings (Fig. 4) (P <
0.0001). Abrogated or reduced expression levels of sox2, pitx2,
BMP-, and Hh-pathway members likely mediate this effect on
both oral organs, observed after 24 h of treatment (SI Appendix,
Fig. S9). In the set of genes we assayed, the only one whose
expression increased or expanded after IWR treatment was the
putative Wnt antagonist, sfip5. Notably, we raised a small num-
ber of IWR-treated animals to 1 mo and noted a lasting re-
duction in the density of teeth and taste buds (SI Appendix, Fig.
S10). LDN treatment (knockdown of BMP signaling) resulted in
a striking increase in taste bud density at the expense of tooth
density (Fig. 4) (P < 0.0001). In LDN-treated animals, taste
papillae invaded the tooth field and occupied interdental spaces,
suggesting the breakdown of developmental boundaries. It is
possible that calb2™ cells migrated to occupy the normally obli-
gate tooth field, or that the oral epithelium holds inherent plasticity
at this juncture. Observations of gene expression 24 h after treat-
ment support the latter notion (Fig. 5). LDN treatment resulted in
reduced expression of dental placode transcription factors pitx2 and
lefl, and dramatic expansion of sox2 and skh into the tooth field.
calb2* taste papilla development was accelerated and the putative
BMP antagonists osr2 and bmper showed up-regulation and ex-
panded spatial domains, as observed for Osr2 in mouse conditional
Bmp4 knockouts (37). Similar to knockdown of BMP signaling, Hh
antagonism via temporary CYC treatment reduced the density of
teeth and increased the density of taste buds, compared with con-
trols (Fig. 4) (P < 0.0001). This appears to be mediated by an in-
crease in both lingual and labial taste bud fields coincident with a
smaller dental domain. After just 24 h, CYC almost completely
abolished expression of the ptchl receptor (Fig. 5). As in LDN
treatment, CYC exposure yielded an expansion of taste bud markers
calb2 and sox2 at the expense of the pirx2* tooth field. Expression of
the transcription factor pax9 was reduced; we noted negligible
effects on bmp2 expression.

Finally, to assay if ectopic taste buds in taste and dental fields
after LDN and CYC treatment held potential for functional
activity, we used double whole-mount immunohistochemistry
against; (i) acetylated-Tubulin (Fig. 6, red), a marker of inner-
vation (38), and (ii) calretinin/Calb2 (Fig. 6, green) and visual-
ized fluorescence using nonlinear optics in conjunction with
multiphoton microscopy. Taste buds that invade the tooth field
after LDN treatment were well innervated, but following CYC
treatment their counterparts were not (Fig. 6, arrows). Recent
study in adult mice shows that mis-expression of Shh is sufficient
to induce ectopic taste placode development in lingual regions of
the tongue, surprisingly independent of innervation (39). That
data, in conjunction with ours, highlight differing roles of Hh and
innervation in embryonic development versus adult maintenance
of taste placodes (40).

To sum up, our treatment data demonstrate that when teeth
and taste buds are patterned from common epithelium, Wnt
signaling exerts a positive influence on the densities of both or-
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Fig. 6. Dorsal views of dentary after whole-mount IHC of taste bud marker
Calb2 (green) and nerve marker acetylated Tubulin (red) following LDN or
CYC treatment. Three-dimensional rendering of 150-um optical sections
overlaid to bright-field image at 10x. White arrows indicate ectopic taste
bud. Labial to bottom of page. (Scale bar, 100 um.)

gans, whereas BMP and Hh signaling both promote, or reinforce,
the development of teeth. Assessment of gene expression after
treatment suggests that the Wnt pathway acts upstream of BMP
and Hh as teeth and taste buds initiate development. Notably,
the epithelial plasticity (or bipotency) revealed from both LDN
and CYC treatments may be a common feature of organ systems
like teeth and taste buds that function together, as observed for
liver and pancreas (41), and hearts and lungs (42).

Discussion

Deep Ancestry of the Wnt-BMP-Hh Regulatory Hierarchy in Oral
Placode Development. In many vertebrates, teeth and taste buds
are colocalized in the oro-pharyngeal cavity and function to-
gether as potential food items are assessed, acquired, and then
(in some cases) masticated. In Malawi cichlids, the number and
density of teeth and taste buds varies widely (14) and the positive
phenotypic correlation between tooth and taste bud densities
makes adaptive sense. Planktivores typically assess food/prey
using acute vision and swallow it whole; they tend to have reduced
tooth and taste bud densities. In contrast, algivores use taste and
smell to make food choices and then use flexible or shearing teeth
to comb or nip from the substrate: they generally possess many
teeth and many taste buds.

We showed here that the phenotypic correlation between tooth
and taste bud densities is, at least partly, explained by genetic var-
iants in common regions of the cichlid genome. We identified

Fig. 5. ISH of genes in cichlid dentary following
24-h treatment with LDN or CYC initiated at 6 dpf
and immediate euthanasia. Dorsal views, labial to
bottom of page. (Scale bar, 100 pm.)

Bloomquist et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1514298112/-/DCSupplemental/pnas.1514298112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1514298112/-/DCSupplemental/pnas.1514298112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1514298112/-/DCSupplemental/pnas.1514298112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1514298112/-/DCSupplemental/pnas.1514298112.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1514298112

L T

/

1\

BN AS  PNAS D)

positional candidate genes in the BMP, Hh, and Wnt pathways
whose gene expression in fishes and mouse suggest largely con-
served roles in the patterning of teeth and taste buds, regardless
of whether these organs are colocalized from common epithe-
lium (fish), or located in spatially restricted parts of the mouth
(mouse). Using QTL and gene-expression data as a lead, we
manipulated BMP, Hh, and Wnt pathways and demonstrated
that Wnt signaling couples the density of teeth and taste buds,
whereas BMP and Hh signaling promote the development of
teeth at the expense of taste buds, at these early stages. QTL
analysis revealed genetic interaction, and positional candidate genes
with differential expression in species possessing low vs. high tooth
and taste bud densities. Future efforts will focus on the enhancer
regions that drive developmental differences in expression across
oral epithelium and mesenchyme, as well as the precise role of
epistasis in regulating oral organ density.

Taken together, our observations are notable for two reasons.
First, manipulation of Wnt signaling in cichlids produces a positive
correlation between tooth and taste bud densities, similar to the
correlation we observe across natural species and in the F, of our
intercross. Modulation of Wnt signaling early in the development of
cichlid teeth and taste buds is sufficient to phenocopy natural dif-
ferences among cichlid species (SI Appendix, Fig. S10). Second, our
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Fig. 7. A model of evolutionary conserved patterning networks for oral
organs. Humans possess taste buds on the tongue and teeth on the dental
arch, whereas these organs are copatterned in cichlids and other fishes.
Inferred roles of Wnt-BMP-Hh interactions and effects on tooth and taste
bud patterning in cichlids represented before placode condensation, during
placode formation, and during induction of mesenchyme to both organs,
from proximal to distal of horizontal plane. Genomic candidates are high-
lighted in red text. Preplacode stage represents the model of placode re-
cruitment from a bipotent epithelium. These interactions are consistent with
reports in the mouse for taste bud (9, 11, 70) and tooth (8, 21, 38, 47, 49)
patterning networks, when studied independently. Based on cichlid ex-
pression and treatment data, Wnts drive the formation of taste placodes
proximally and tooth placodes distally, whereas BMPs and Hhs are inhibitory
of taste bud differentiation and permissive for tooth germs. Anti-BMPs, such
as osr2, may reduce BMP activity in the taste field to promote taste bud
formation and sfrp5, expressed in both fields, may repress Wnt signaling.
At the point of mesenchyme induction, pitx2 is expressed in tooth plac-
odes and the underlying mesenchyme expresses bmp2/4. Simlarly, taste buds
express calb2 and anti-BMPs osr2 and bmper are expressed in the lingual
mesenchyme.
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small-molecule treatment experiments, followed by assays of gene
expression, suggest that Wnt acts upstream of BMP and Hh in the
copatterning of tooth and taste bud fields from common epithelium.
Therefore, the function of these pathways, their mode of effects, as
well as their relative position in a regulatory hierarchy, is strikingly
consistent between fishes and mammals, given the noteworthy
spatial difference in organ distribution (Fig. 7). In cichlids, Wnt
signal promotes the initiation of both organs, as well as BMP and
Hh from a bipotent epithelium. As tooth and taste placodes
mature, distinct fields develop wherein taste buds are patterned
initially in a proximal or lingual zone to the tooth field and are
recruited by Wnt signals, but repressed by BMP and Hh else-
where. In contrast all three pathways synergistically support the
maturation of tooth placodes distally. It is well established in
other model organisms that teeth and taste buds are derived in
part from ectomesenchyme of neural crest origin (43, 44). In
cichlids, neural crest-derived ectomesenchyme is likely induced
to the placodes under a BMP™ tooth environment expressing
bmp2/4 and a BMP™ taste environment, restricted by repressors
like osr2 and possibly bmper. It is likely that factors expressed by
maturing tooth and taste buds are in turn restrictive of one an-
other and help delineate the respective fields (Fig. 7).

In the mouse, the Wnt/p-catenin signal is one of the earliest
markers of dental placodes on the jaw margin and taste placodes
on the tongue, acting upstream of BMP and Hh in both organs
(10, 11). Up-regulation of Wnt signaling in the mouse dentition,
via constitutive activation of f-catenin or genetic ablation of Apc,
leads to extra teeth (45, 46). Similarly, culture of mouse tongues
with LiCl, an agonist of Wnt/B-catenin, and the activating p-catenin
mutation, both increase taste papillae number and size (9, 11). Hh
signaling is necessary for proper development of teeth in fishes and
mammals (14, 47) and ectopic activity in the mouse diastema leads
to extra teeth (48). Culture of mouse tongues with SE1, an antibody
against Shh leads to more papillae; culture with purified Shh re-
duces papillae number (9). Numerous reports using gene targeting
have shown that ablating function of BMP antagonists [Ectodin
(Sostdcl, Wise) (49), Noggin (50), Osr2 (20)] increases tooth
number. Similarly, ectopic expression of the BMP antagonist
Follistatin, using the K14 promoter, reduces tooth number (51).
BMP data for mammalian taste papillae are complicated and
stage-specific. A variety of BMPs are expressed in mammalian
tongue papillae with considerable variation across stages (52).
Zhou et al. (53) report that culture of rat tongues with purified
BMPs or the antagonist Noggin at E13 results in increased
numbers of taste papillae, but that treatment at E14 with BMPs
decreases papillae, whereas Noggin treatment increases them.
Interestingly, genetic ablation of Follistatin increases BMP signal
in the mouse tongue and gives rise to ectopic posterior papillae
that express Sox2 and Foxa2, but which appear to invaginate
rather than evaginate like typical taste buds (54). Overall, teeth
and taste buds share gene synexpression and a deep molecular
homology (12). Our work here implies that the Wnt-BMP-Hh
regulatory hierarchy patterning these organs is conserved, de-
spite release from the constraint of spatial colocalization in
mammals (and other vertebrates). The conservation of regula-
tory interactions is a well-known tenet of development for ho-
mologous structures [e.g., the heart (55)], and core regulatory
circuits are sometimes used in different organs, such as the case
of Pax-Dach-Eya-Six in eye and muscle development (56). We
highlight a special case of conservation in evolutionary devel-
opment, wherein the function and interaction of signaling in
independent regulatory networks (to make teeth on the mam-
malian jaw margin and taste buds on the tongue) may be evo-
lutionary remnants of a single gene circuit that evolved long ago
to copattern these organs from common oral epithelium.
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Materials and Methods

Cichlid Husbandry. Species of Lake Malawi cichlids used in this analysis include:
Tramitichromis intermediius (T1), C. afra, L. fueleborni (LF), M. zebra, Petrotilapia
chitimba (PC), and P. elongatus. These species were chosen to represent
diversity in tooth and taste bud densities. Adult cichlids were maintained in
recirculating aquarium systems at 28 °C (GIT). Fertilized embryos were re-
moved from the mouths of brooding females and staged in days post-
fertilization according to Nile Tilapia developmental series (57). Embryos
were raised to desired stages for chemical treatment or euthanized with
MS-222 for fixation in 4% paraformaldehyde followed by dehydration
into MeOH.

Mouse Husbandry. Outbred CD 1 mice were obtained from Charles River. Noon
of the day when a vaginal plug was detected was designated as E0.5. Time-
mated embryos were collected at E12.5, E13.5, and E15.5. All mouse pro-
cedures were approved by the United Kingdom Home Office.

Tooth and Taste Bud Phenotyping in Cichlid Species and F,. Following eutha-
nasia (Institutional Animal Care and Use Committee standard protocol
A11035) measurements of standard length (nearest millimeter) were taken
on each individual and the dentary was dissected in 70% (vol/vol) EtOH. Jaws
were rehydrated in reverse osmosis purified water (60 s) and immersed in
Toluidine blue for 60 s to visualize taste buds (58). The dentary was pho-
tographed at 7-16x on a Leica MZ16 dissecting microscope with a scale bar
merged to each photo. Taste buds (found in the shared epithelial field, see
below) were counted in ImageJ (59) using the cell counter plugin. Jaws were
then cleared with KOH and glycerin using standard protocols (60) to allow
accurate counts of all teeth (erupted and replacement teeth) as well as mea-
surement of the tooth/taste field. Each dentary was then photographed again
as described above, without staining. Tooth counts were made using Image)J
(59). The tooth/taste bud field was quantified by calibrating the scale bar in
Image) and creating a polygon extending around the entire field; this de-
lineation thus included the area in which teeth and taste buds were quanti-
fied. Total tooth and taste bud counts were divided by total shared tooth/taste
bud field area to account for any differences in jaw size because of allometry.

QTL Mapping of Cichlid Tooth and Taste Bud Densities. \We used RAD-tag SNPs
to map tooth and taste bud densities in F, animals, as described previously for
other phenotypes (15, 61), with one important addition: from genome-
anchored linkage maps of O. niloticus and M. zebra (17), we handpicked an
additional set of SNPs predicted to fill gaps in linkage group coverage. This
second group of SNPs was genotyped in the same F, population using the
Fluidigm Dynamic Array (15). This resulted in a fully informative set of SNP
markers covering the cichlid genome, with nearly complete genotypic data
across F, (0.4% missing data). A genetic linkage map was constructed with
SNP marker genotype data using JoinMap 3.0 software, as described pre-
viously (15). The map was created using Kosambi’s mapping function, a LOD
threshold of 1.0, a recombination threshold of 0.4, a jump threshold of 6.0,
and a ripple function with no fixed order of loci. A LOD threshold of 4.0 was
used to join 370 loci in 22 linkage groups with a total map size of 1,381 cM
and average marker distance 4.38 + 1.85 cM, with an average of 16.8
markers per linkage group. To facilitate comparison with other genetic maps
in Malawi (62-65) as well as tilapiine cichlids (66), our linkage group names
represent consensus cichlid chromosomes.

The linkage map was used to determine genomic locations for tooth and
taste bud densities in the F, population using the R/qtl package (67). We used
an iterative approach by scanning for single QTL with standard and com-
posite interval mapping, followed by 2D scans to identify QTL x QTL in-
teractions (i.e., epistasis) and detect additional QTL. Using results of the
previous steps we built MQM incorporating QTL interactions and potential
covariates (i.e., sex). In the MQM process, we used a forward-backward se-
lection algorithm to add and remove QTL based on overall model effects
and the effects of single QTL as they were removed from the model (termed
drop-one). This approach allows user input (e.g., from single and 2D scans)
combined with the automated cofactor search implemented in R/qtl. During
each iteration, QTL positions and effects are refined, in the context of the
overall MQM. Genotype-phenotype associations are scored using the LOD,
which represents the logyo likelihood ratio comparing the hypothesis of a
QTL at a marker location to the null hypothesis of no QTL [LOD = (n/2)log1o
(RSS¢/RSS4)], where RSS is residual sum of squares (67). The variance in a
phenotype is assigned to each significant QTL (or covariate) and reported as
PVE in the analysis output. The total variance accounted for by QTL is a proxy
for the heritability of a trait and is calculated as 1 — 10-@™OP (67). Signif-
icance thresholds for LOD scores were estimated using 1,000 permutations
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of phenotypes relative to genotypes to build a distribution of maximum
genome-wide LOD scores. From this distribution, the 95th percentile LOD
score was calculated to serve as a threshold for significant QTL associations
in the drop-one analysis (67).

To identify positional candidate genes, we manually curated all predicted
genes within 1 Mb up- and downstream from the highest LOD-scoring SNPs
from MQM models, using annotated cichlid genomes (17). Candidates were
selected based on published interactions in placode-derived organ develop-
ment or a known relationship to BMP, Hh, Wnt, or FGF signaling pathways.

Cichlid ISH. Digoxigenin-labeled antisense riboprobes were prepared using
partial cichlid genome assemblies (68), as well as recently assembled tilapia
and M. zebra genomes (17). DNA sequence diversity across the Lake Malawi
assemblage is 0.28%; less than reported values for laboratory strains of
zebrafish. cDNA sequences for probe design have been deposited in Gen-
Bank (accession nos. KT851375-KT851399). ISH was performed according to
previously published protocols (14, 69). Embryos were rehydrated from
MeOH and ISH was carried out in whole-mount. Digoxigenin-labeled anti-
sense riboprobes were generated using the Riboprobe System Sp6/T7 kit
(Promega). AP-conjugated anti-dig antibodies were visualized at the end of
color reaction (NBT/BCIP; Roche) using Leica MZ16 dissecting microscope.
Embryos were embedded in chick albumin cross-fixed with 2.5% (vol/vol)
gluteraldehyde and postfixed with 4% (wt/vol) PFA. A Leica Microsystems
VT1000 vibratome was used to cut sections at 15-25 pm. Histological
sections were then mounted with glycerine and imaged at 10-63x using a
Leica DM2500 compound microscope.

Mouse Histology and ISH. Embryos were dissected in ice-cold PBS, fixed in 4%
PFA overnight at 4 °C, before embedding in paraffin wax. Serial sections of
the embryo were obtained at 10 mm and dried overnight at 42 °C. ISH was
carried out using standard methods (70). Digoxigenin-labeled antisense
probes for Sfrp5 (IMAGE ID 1395864) and Bmper (IMAGE ID 3483063) were
used. After completion of the color reaction, sections were counterstained
with nuclear fast red, dehydrated, and mounted with DPX.

Treatment of Cichlid Embryos with Small Molecules. Stock solutions were pre-
pared for each chemical treatment experiment using DMSO (MP Biomedicals).
Stock solutions were as follows: 10 pm LDN-193189 (Enzo) in DMSO, 50 mM endo
IWR-1 (Enzo) in DMSO, and 16 mM CYC (LC Laboratories) in DMSO. Cichlids were
raised to 6 dpf and embryos from single broods were split into small molecule
and solvent control groups. All chemical and control experiments were per-
formed in Erlenmeyer flasks at 28 °C in an oscillating platform culture incubator
(Barnstead Lab-Line Max 4000). Treatments were performed at 1.5 pM LDN,
3.75 pM IWR, and 2.5 pM CYC. After 24-h treatment in the small-molecule di-
lution, fry were euthanized immediately. ISH was carried out on experimental
animals to understand effects of treatment on gene expression.

Alternatively, embryos were washed extensively with fresh fish water and
raised to 14 dpf for euthanasia to understand effects of treatment on organ
densities. Embryos were fixed and were either cleared and stained to assay
effects of treatment on tooth density or ISH for the taste marker calb2 was
performed to assay effects of treatment on density of taste papillae. Tooth
and taste densities were measured in different animals because the clearing/
staining process and ISH damaged the tissues in combination. Posttreatment
and staining, dentaries were photographed using a Leica MZ16 dissecting
scope. Teeth (C&S) or taste buds (calb2 ISH) were counted manually using
ImagelJ software, and jaw size was calculated using the measure function
which converted pixel area of scale bar to millimeters. Total tooth and taste
bud counts were divided by jaw area to account for possible size differences
between specimens. All measurements for taste bud controls were pooled
because experiments were conducted in the same species (P. chitimba),
whereas those for tooth density were analyzed separately because experi-
ments were conducted in different species (IWR, P. chitimba; LDN/CYC,
M. zebra). Data were organized into box plots for each treatment set using JMP
11.0 software. Mann-Whitney U nonparametric tests were performed to test
the null hypothesis of equal organ densities between treatment and control.

Cichlid Whole-Mount Immunohistochemistry and Nonlinear Optics Microscopy.
For IHC, embryos were euthanized and fixed in 10% (vol/vol) NBF for 24 h at
room temperature. Antigen retrieval was performed by washing 3 x 10 min.
PBS, placing in 2f-mercaptonol for 1 h, washing in PBS, and incubating at
70 °C 150 mM Tris-HCl for 1 h. Embryos were incubated in blocking solution
[3% (vol/vol) goat serum, 1% bovine serum, 0.1% Triton-X 100] for 3 h at
room temperature, followed by 48-h incubation in a 1:1,000 dilution of
rabbit anticalretinin (Millipore) and mouse 1gG antiacetylated tubulin (Sigma)
at 4 °C in blocking solution. Embryos were then washed 6x 1 h at room
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temperature in PBS and incubated 24 h at 4 °C in 1:400 Alexa-Fluor 488 goat
anti-rabbit IgG (Molecular Probes) and Alexa-Fluor 568 goat anti-mouse IgG
(Molecular Probes). Unbound secondary antibody was removed by washing
48 h in PBS and specimen were stored in a 50:50 glycerin:Vectashield mixture
for imaging. Deep-tissue whole-mount fluorescence was imaged by mounting
embryos on glass depression slides and scanning with nonlinear optics using a
Zeiss 710 system coupled with multiphoton microscopy. Conjugated antibodies
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were excited with a Coherent Chameleon Ti:Sapphire laser at 780 nm and
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