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Abstract

Since the time of Darwin, biologists have sought to understand the origins and maintenance of life’s diversity of form.
However, the nature of the exact DNA mutations and molecular mechanisms that result in morphological differences
between species remains unclear. Here, we characterize a nonsynonymous mutation in a transcriptional coactivator, limb
bud and heart homolog (Ibh), which is associated with adaptive variation in the lower jaw of cichlid fishes. Using both
zebrafish and Xenopus, we demonstrate that Ibh mediates migration of cranial neural crest cells, the cellular source of the
craniofacial skeleton. A single amino acid change that is alternatively fixed in cichlids with differing facial morphologies
results in discrete shifts in migration patterns of this multipotent cell type that are consistent with both embryological
and adult craniofacial phenotypes. Among animals, this polymorphism in [bh represents a rare example of a coding
change that is associated with continuous morphological variation. This work offers novel insights into the development
and evolution of the craniofacial skeleton, underscores the evolutionary potential of neural crest cells, and extends our

understanding of the genetic nature of mutations that underlie divergence in complex phenotypes.
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Introduction

Vertebrates demonstrate astounding diversity in facial struc-
tures due to intense selective pressure to exploit divergent
ecological niches. Although alterations in gene expression
have been associated with natural variation in facial morphol-
ogy in a number of systems (Abzhanov et al. 2004, 2006;
Albertson et al. 2005; Wu et al. 2006; Brugmann et al. 2010;
Roberts et al. 2011; Powder et al. 2012; Schoenebeck et al.
2012), the specific DNA changes that underlie craniofacial
evolution remain largely unknown due to the challenges of
identifying causative mutations that contribute to pheno-
typic variation in complex traits. Most of the craniofacial
skeleton in vertebrates is derived from neural crest cells
(NCGCs) (Noden 1978; Schilling et al. 1996; Chai et al. 2000;
Jiang et al. 2002; Kague et al. 2012), a multipotent cell popu-
lation whose derivatives are so widespread that it has been
referred to as the fourth germ layer (Hall 2010). Enormous
evolutionary potential has also been ascribed to the NCCs, as
they have been shown to contain species-specific patterning
information for the traits that they give rise to (Schneider and
Helms 2003; Tucker and Lumsden 2004).

An extreme example of natural craniofacial variation is
found in the cichlid fishes of the East African rift-valley
lakes, which have undergone elaborate modifications of
their oral jaws, contributing to their explosive adaptive radi-
ation (Danley and Kocher 2001; Albertson and Kocher 2006;

Cooper et al. 2010). Maylandia zebra (MZ) and Labeotropheus
fuelleborni (LF), two species used in this study, represent op-
posite ends of a major ecomorphological axis which distin-
guishes species that, respectively, forage in the water column
(i.e, pelagic) from those that feed from the rocky substrate
(ie, benthic) (Albertson et al. 2005 Cooper et al. 2010).
Variation in jaw length relative to the postorbital region of
the head (Cooper et al. 2010) is integral to these alternate
feeding strategies; all other things equal, the longer mandible
in MZ (fig. 1a) allows for more rapid jaw movement as the
animal plucks food from the water column, whereas the
shortened mandible of LF (fig. 1a) confers greater force as
the animal shears attached algae from the substrate
(Albertson et al. 2005). We previously identified a major
effect quantitative trait locus (QTL) on linkage group 19 for
this adaptive trait (Albertson et al. 2005; Cooper et al. 2011).
Here, we extend these genetic mapping data to implicate a
causative mutation and developmental mechanism mediat-
ing adaptive variation in jaw length. We integrate methods
from both population genetics and experimental embryology,
and leverage the experimental advantages of several animal
systems in order to draw explicit connections between geno-
type and phenotype. In all, this work contributes a more
comprehensive understanding of how the craniofacial skele-
ton develops and evolves.
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Fic. 1. Derived nonsynonymous mutation in Ibh is alternatively fixed between cichlids with different craniofacial morphologies. (a) Population level
genetic diversity (Fst) for SNPs within a QTL for relative mandible length (white bracket on inset) between MZ and LF. Dashed line indicates
experimental Fsr threshold (0.569) between these species (Mims et al. 2010). Gene predictions indicated by white boxes. (b) Schematic of Ibh, with
highly differentiated SNPs indicated. SNPs listed as on sense transcript. (c) Protein alignment for the N-terminal of Lbh across selected members of

Teleostei. Scale bar =1cm.

Results and Discussion

Fine Mapping of a Craniofacial Locus Implicates Limb
Bud and Heart Homolog

The QTL for relative jaw length maps to an approximately 6
cM interval on LG19 (Cooper et al. 2011), which corresponds
to approximately 5 Mb of sequence on scaffold 3 of the Lake
Malawi cichlid genome (see Materials and Methods for spe-
cifics). The gene bmp4 is within this region, and we have
previously found that variation in bmp4 expression is
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associated with the development of species-specific mandible
shapes (Albertson et al. 2005). In addition, the gene limb bud
and heart homolog (Ibh), which is expressed in the developing
pharyngeal arches in mouse (Briegel and Joyner 2001), is ad-
jacent to bmp4. We therefore focused our resequencing ef-
forts within and around these two genes (~160kb in total,
though we cannot rule out the possibility that other genes
may also contribute to this QTL). In order to characterize
polymorphisms within this region, we selectively sequenced
a panel of wild-caught MZ and LF animals (fig. 1a and
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supplementary table S1, Supplementary Material online) to
identify single nucleotide polymorphisms (SNPs) that were
outliers for Fs1. Given the genetic homogeneity of cichlids, this
is an appropriate and efficient method of identifying candi-
date loci for species-level divergence in this group (Loh et al.
2008; Roberts et al. 2011; Albertson et al. 2014).

Although allelic variation within and immediately around
bmp4 does not segregate with jaw shape, highly differentiated
SNPs between MZ and LF (Fst > 0.569, a genome-wide em-
pirical threshold for genetic divergence between LF and MZ
[Mims et al. 2010]) were found in two other regions of this
interval (fig. 1a), indicating they may be involved in the phe-
notypic divergence between these two species. One of these
regions resides in a 52-kb interval downstream of bmp4
and upstream of Ibh (fig. 1a and supplementary table S1,
Supplementary Material online). Given the differential expres-
sion of bmp4 in cichlids (Albertson et al. 2005) and that bmp
genes in general (DilLeone et al. 1998; Portnoy et al. 2005;
Chandler et al. 2007; Guenther et al. 2008; Pregizer and
Mortlock 2009), and bmp4 specifically (Chandler et al.
2009), are known to have tissue specific distal enhancer ele-
ments up to 150 kb away, it is possible that this region may
transcriptionally regulate bmp4. It is also possible that it may
be involved in the regulation of Ibh, both Ibh and bmp4, or
neither gene.

The second region with outlier Fst values spans the Ibh
gene (fig. 1a). Specifically, we identified seven SNPs within the
Ibh gene that are highly differentiated between MZ and LF. Six
of these SNPs are noncoding (fig. 1b), and could represent
changes in cis-regulation of Ibh between LF and MZ. Seventh
SNP is a nonsynonymous change within the coding sequence
that is alternatively fixed between MZ and LF (Fst = 1.00). The
derived allele in LF encodes an R > Q change in a region of
Lbh that is necessary for its transcriptional co-activator activ-
ity (fig. 1b, amino acid17 of tilapia ENSONIP00000001722) (Ai
et al. 2008). This region is also highly disordered (Al-Ali et al.
2010) (and thus lacks a stable tertiary structure), which is
thought to confer conformational flexibility, allowing Lbh to
bind to a range of other proteins (Dunker et al. 2008).

Aside from the change in LF, this amino acid residue is
conserved over 80 My of teleost evolution (fig. 1c and supple-
mentary fig. S1, Supplementary Material online). Because Lbh
is a disordered protein, we are unable to infer what specific
effects this amino acid (aa) substitution may have on protein
structure. However, the R > Q change in LF results in a loss of
charge, and is predicted to affect protein function based on
both PolyPhen-2 (Adzhubei et al. 2010) and SIFT (Ng and
Henikoff 2003) protein prediction algorithms (0.863 and
0.01, respectively; PolyPhen scores approaching 1 are not tol-
erated; SIFT scores less than 0.05 are also considered not tol-
erated). Despite amino acid changes in Esox lucius (R > G),
Salmo salar (R > G), and Gadus morhua (R > K), these same
algorithms predict that the function of this residue is largely
conserved over 240 My of teleost evolution. The R > G
change in pike and salmon yield PolyPhen-2 scores of 0.0
and SIFT scores of 0.21, which suggests that this amino acid
change does not impact protein function. The PolyPhen-2
score for the R > K change in cod is 0.155 (tolerated), and

the SIFT score is 0.02 (not tolerated). Within percomorph tel-
eosts, the only other species with an amino acid change at this
residue that is predicted to disrupt protein function is the
platyfish, Xiphophorus maculatus (PolyPhen-2 score = 0.863,
SIFT score = 0.04). Head shape in the platyfish is not overtly
similar to that of LF (supplementary fig. S1, Supplementary
Material online). However, relative to other teleosts, platyfish
demonstrate marked differences in NCC development and
migration (Sadaghiani and Vielkind 1989), and thus any roles
for Lbh in platyfish craniofacial development may be quite
different from those in other percomorphes. It is also important
to note that outside of cichlids, amino acid identity in Lbh
drops to below 90%, which means that protein structure and
function could be quite different in these other lineages. It is
therefore most notable that the amino acid change in LF is
predicted to alter protein function relative to other cichlids,
where the remainder of the protein is highly conserved.
Although most of the noncoding SNPs in Ibh segregate in
other cichlid species, the derived coding allele is exclusively
and always found in LF, even when its closest ecomorpholo-
gical (e.g, short jawed, biting mode of feeding) counterparts
(Cooper et al. 2010) are considered (supplementary table S2,
Supplementary Material online). Given that LF defines one
end of continuous craniofacial variation among East-African
rift lake cichlids (Cooper et al. 2010), we hypothesized that
Ibh, and particularly the R > Q coding mutation, may have
contributed to this extreme, adaptive mandible morphology.

Lbh Is a Novel Regulator of NCC Development

Since this gene is relatively uncharacterized, we next sought to
determine the function of Ibh during craniofacial develop-
ment. In order to investigate Ibh in a broad phylogenetic
context, we utilized cichlids as well as two experimental
models of NCC development, zebrafish and Xenopus laevis.
At the pharyngula stage in both cichlids and zebrafish, Ibh
expression is widespread across the head, including within
the cranial NCCs (fig. 2a and supplementary fig. S2,
Supplementary Material online). However, in Xenopus, Ibh
expression in the head is limited to migratory cranial NCCs
(fig. 2b), which is similar to its expression in mouse (Briegel
and Joyner 2001), suggesting there may have been a restric-
tion of Ibh expression in the tetrapod lineage. Given its ex-
pression in NCCs (fig. 2a and b) and correlation with the
evolution of a NCC derivative in cichlids (fig. 1), we hypoth-
esized that Ibh is a novel regulator of NCC development.
To test this hypothesis in vivo, we depleted Lbh in zebrafish
using both translation- and splice-blocking morpholinos
(MOs) (fig. 2¢ and d). Though morphants exhibited defects
in other NCC derivatives such as melanocytes, MZ and LF
exhibit extensive overlap in pigmentation, as both species are
generally characterized by dark vertical bars on top of light
blue bodies (Konings 2001). Moreover, both species exhibit
considerable geographic variation in pigmentation levels (i.e,,
degree/strength of barring) (Ribbink et al. 1983). Alternatively,
mandible length consistently and markedly differs between
these two species. We therefore focused on the chondro-
genic/osteogenic NCC lineage, and assessed effects of the
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Fic. 2. Ibh is expressed in cranial NCCs and depletion of Lbh results in severe facial abnormalities. Whole-mount in situ hybridization of Ibh in
(a) zebrafish and (b) Xenopus. Reverse transcription-PCR (c) confirms intron retention and Western blot (d) confirms Lbh depletion following
morpholino (MO) injection. Alcian blue and Alizarin red staining of (e) wild-type zebrafish at 96 hpf. Morphants have three classes of defects:
(f) malformation of the ceratohyal (ch) and ceratobranchials (cb) only, (g) defects extend to include hypoplasia of Meckel’s cartilage (mc), and
(h) complete loss of NCC-derived craniofacial structures. Stacked bar graphs (i) summarizing phenotypes observed following MO injections. br,
branchial streams; e, eye; h, hyoid stream; hb, hindbrain; m, mandibular stream; mm, mismatch. Scale bars =200 pm.

MOs on the craniofacial skeleton. Craniofacial abnormalities
(fig. 2e—h) were observed in a MO dose-dependent manner,
with the majority of morphants (n=98/156 for translation-
blocking, n=161/189 for splice-blocking) exhibiting malfor-
mation of the mandible or complete loss of all NCC-derived
facial structures (Kague et al. 2012) at the highest MO dose
(fig. 2g—i). Our most severe morphants (fig. 2h) were remark-
ably similar to genetic mutants with a complete loss of NCCs
(e.g, foxd3;tfap2a [Arduini et al. 2009; Wang et al. 2011]).
Although this defect was predominantly observed only in
splice-blocking morphants, the effect was specific to NCC
derived cartilages. Morphants exhibiting this “facial loss” still
possessed mesodermally derived cartilaginous aspects of the
neurocranium (Kague et al. 2012), suggesting that Lbh is not
acting at the level of chondrogenesis.

To identify the cellular mechanism through which Ibh reg-
ulates NCC development, we conducted MO knockdowns in
a zebrafish NCC reporter line, Tg(-7.2s0x10:eGFP) (Hoffman
et al. 2007), and observed defects in cranial NCC development
(fg. 3a-d and supplementary fig. S3 and movie S1,
Supplementary Material online). Although NCC induction
appears to be unaffected, NCCs in morphants are disorga-
nized and remain in the dorsal margins of the embryos
(g 3a—d), failing to migrate ventrally (supplementary fig.
S3 and movie S1, Supplementary Material online) into the
pharyngeal arches (n=113/118 morphants vs. n=0/128
uninjected controls). In particular, anterior NCCs accumulate
above the eye in Ibh morphants (see arrowheads in fig. 3a-d,
and arrows in supplementary fig. S3, Supplementary Material
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online). To mitigate potential secondary effects and deter-
mine cell autonomy of NCC defects, we utilized Xenopus,
which allowed us to graft morphant cranial NCCs onto
wild-type embryos (fig. 3h). Xenopus morphant experiments
confirmed that depletion of Lbh results in cell-autonomous
defects in NCC migration, particularly in the mandibular
streams (n=5/20 show complete inhibition of migration
[e.g., fig. 3f] and n=8/20 show reduced/defective migration
[e.g, fig 3g] vs. n=0/17 controls [e.g, fig. 3e]), and commen-
surate defects in craniofacial cartilages (supplementary fig. S4,
Supplementary Material online). Expression of the NCC spe-
cifier slug (Sauka-Spengler and Bronner-Fraser 2008) was un-
affected in morphants (supplementary fig. S5, Supplementary
Material online), confirming that Ibh acts during NCC migra-
tion, but not during induction and formation of migratory
NCCs.

Alternate Forms of Cichlid Lbh Have Differential
Effects on NCC Development

Given its genetic association with an evolutionary adaptation,
Ibh morphant phenotypes, and rarity of coding mutations
that affect animal morphology (see Discussion), we next ex-
amined whether there might be a functional consequence of
the single R > Q amino acid mutation identified in cichlids.
For this experiment we used both zebrafish (supplementary
fig. S6, Supplementary Material online) and Xenopus (fig. 4
and supplementary fig. S7, Supplementary Material online)
systems. Over expression of either MZ or LF morphs of Lbh in
zebrafish led to dramatic developmental defects, which is not
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Fic. 3. Depletion of Lbh results in cell-autonomous defects in NCC migration. (a—d) Dorsal views of uninjected (a) or Ibh morphant (b—d) NCC reporter
zebrafish [Tg(-7.2s0x10:EFGP)] at 24 hpf. Arrowheads indicate accumulation of NCCs above the eye in morphants relative to controls. Lateral views of
st.24 Xenopus with control (e) or morphant (f~g) NCC grafts. (h) Schematic of Xenopus NCC grafting experiment. Eye (e) is outlined with white dotted
line. A, anterior; An, animal pole; br, branchial streams; cg, cement gland; D, dorsal; h, hyoid stream; m, mandibular stream; P, posterior; V, ventral; Veg,

vegetal pole. Scale bars =200 pm.

surprising given that injections were performed at the one-
cell stage and thus ectopic expression of Lbh affected all cells
at all stages of development. Nevertheless, we detected sta-
tistically significant differences in the frequency and severity
of defects depending on which form was injected, with the LF
variant yielding defects that were consistently more severe
than that of MZ (supplementary fig. S6, Supplementary
Material online). These data suggest that Lbh morphs have
differential activity, and that the single amino acid change in
LF may be functionally relevant.

To avoid the confounding secondary effects associated
with injecting at the one-cell stage, we again turned to the
Xenopus model. Coexpression of GFP with either MZ or LF Ibh
mRNA in Xenopus using both NCC grafting (fig. 3h) and tar-
geted injections (fig. 4d) resulted in alternate and statistically
significant NCC behaviors. First, embryos expressing LF Lbh
showed a significant decrease in overall NCC migration rela-
tive to those with MZ Lbh (30% vs. 59% of embryos exhibiting
NCC migration, respectively, P < 0.001) (supplementary fig.
S7a, Supplementary Material online), demonstrating differen-
tial potency of Lbh variants. Second, for embryos in which
NCC migration was observed, alternate patterns of migration
were noted. Whereas LF Lbh resulted in NCC migration that

was biased to more posterior migratory streams (fig. 4b and h
and supplementary fig. S7b, Supplementary Material online),
the MZ Lbh morph increased the amount of migratory NCCs
in the mandibular stream, particularly in the anterior portion
of this stream over the developing eye (68% vs. 35% GFP+
cells for MZ and LF, respectively, P < 0.001) (fig. 4c and h and
supplementary fig. S7b, Supplementary Material online).
Given that NCCs are induced properly in Ibh loss of function
experiments (fig. 3 and supplementary figs. S3 and S5,
Supplementary Material online), we hypothesize that animals
expressing either LF or MZ Lbh begin with a similar pool of
premigratory NCCs that is then differentially partitioned be-
tween anterior and posterior arches. Further experiments are
necessary to explore this hypothesis, and to determine
whether observed differences in NCC patterning might also
be due to changes in cell survival and/or proliferation.
Nevertheless, these different NCC behaviors in response to
alternate forms of the Lbh protein are highly consistent with
adult phenotypes (fig. 4e—f). Specifically, LF possess jaws (i.e,,
mandibular arch derivatives) that are extremely reduced rel-
ative to other cichlid species, as well as compared to the rest
of the LF pharyngeal skeleton (i.e, hyoid and branchial arch
derivatives). In other words, it is the preorbital region of the
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mandibular (M)

hyoid (H)

Fic. 4. Single amino acid mutation in LF and MZ Lbh differentially regulates NCC migration. (d) Targeted injections in Xenopus of (a) control, (b) LF Ibh
mMRNA, and (c) MZ Ibh mRNA shows alternate patterns of NCC migration consistent with adult (e) LF and (f) MZ phenotypes. (g-h) Pixel density
analysis of NCC migration: Percent of GFP-positive cells (purple) per stream area (red) were calculated for the anterior portion of the mandibular stream
(M) and hyoid stream (H). (h) NCCs migrate more anteriorly following injection of MZ Ibh (n = 16) compared with LF Ibh (n = 16) or controls (n = 19). P

values based on Tukey's HSD. *P < 0.05, ***P < 0.001. Scale bar =200 pm.

skull in LF, which is derived from anterior NCCs, that distin-
guishes it from other cichlid species (Cooper et al. 2010, 2017;
Parsons et al. 2014). Given these observations, we returned to
the cichlid system in order to test the hypothesis that differ-
ences in relative mandible length observed in adult cichlids
could be traced to differences in NCC development.

Manipulation of Lbh in the Lab Mimics Natural
Variation in Early Craniofacial Morphogenesis

The results of the functional analysis in Xenopus suggest that
the LF (i.e, short jaw) form of Lbh will drive more NCCs to
posterior arches, whereas the MZ (i.e, long jaw) form will
result in relatively more NCCs going to the anterior arch
compared to posterior arches. Not only is this prediction
consistent with differences in adult morphologies between
LF and MZ (fig. 4e—f), it is also consistent with variation in
the relative size of the pharyngeal arches within LF and MZ
embryos (fig. 5). Specifically, geometric morphometric analy-
sis demonstrates that LF and MZ embryos significantly differ
(P < 0.001) along the primary axis of shape variation (i.e, PC1,
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51% of the total variation in the data set) at stages when NCC
migration has just completed (fig. 5d). Notably, this axis
describes differences in the relative proportions of the devel-
oping pharyngeal arches. In MZ, the mandibular arch is ex-
panded in size relative to the hyoid arch (fig. 5¢). Alternatively,
in LF, the mandibular arch is smaller relative to the hyoid arch
(fig. 5b). This pattern of pharyngeal arch shape variation is
also reflected in patterns of NCC development (shown by in
situ hybridization for foxd3, a marker of NCC development
[Sauka-Spengler and Bronner-Fraser 2008]) in similarly staged
embryos. Within LF embryos, NCCs appear to be evenly dis-
tributed among the three arches, whereas in MZ more foxd3
positive cells are found in the mandibular arch relative to the
posterior arches (fig. 5e).

These embryonic patterns correlate with the adult pheno-
types in these fishes (fig. 4e—f), where LF shows a dramatic
shortening of the preorbital (mandibular arch derived) region
of the face relative to MZ (Cooper et al. 2010). Differences in
mandible length were previously shown to be evident be-
tween LF and MZ at the initial stages of chondrogenesis
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Fic. 5. Pharyngeal arch morphology foreshadows differences in adult head/jaw shape. Geometric morphometric analysis of pharyngula stage (st.13)
cichlids using both landmark and semilandmark (e.g, curve) data (a) shows differences in the relative size of arches with LF and MZ embryos consistent
with functional analysis of Lbh in Xenopus. Deformation grids (b and c) characterize shape variation along the primary axis of variation (pc1), which
clearly distinguishes LF and MZ embryos (d). LF embryos are characterized by a relatively small mandibular (m) arch compared with the hyoid (h) arch
(b). Alternatively, comparably staged MZ embryos possess relatively larger mandibular arches as compared to the hyoid arch (c). Differences in arch
shape are also reflected in patterns of NCC development, as illustrated by whole-mount in situ hybridization using a probe for foxd3, a NCC marker (e).
The anterior extent of hindbrain neural precursor cells (hnp) approximates the division between the mandibular and hyoid arch, and the otic capsule
(oc) marks the junction between the hyoid and branchial arch. e, eye. Scale bars =200 pm.

(Albertson et al. 2005). Here, we show that these differences
can be traced to even earlier stages in craniofacial develop-
ment. Taken together, data from 1) the functional analyses of
alternate Lbh alleles in Xenopus, 2) the analysis of embryonic
head shapes, and 3) differences in adult cichlid jaw lengths
suggest that the amino acid polymorphism in Lbh may act to
shift patterns of NCC migration in LF and MZ. Thus, differ-
ences in adult jaw lengths may be due, at least in part, to
differences in the size of the founding population of NCCs
from which specific sets of craniofacial bones arise and
elongate.

Variation in this initial patterning event is likely elaborated
at later stages of cichlid development through the differential
activity of other genes (Albertson et al. 2005; Roberts et al.
2011; Parsons et al. 2014) and cellular events (e.g, apoptosis,
proliferation, differentiation), leading to the production of

species-specific differences in adult head shapes. This is con-
sistent with developmental theory, which posits that devel-
opment is a hierarchical process wherein each ontogenetic
event builds upon (and is influenced by) the phenotype es-
tablished from previous events (Hallgrimsson et al. 2009). It is
also consistent with empirical findings in other systems. For
example, recent comparative studies in avians show that ini-
tial differences in the allocation of postmigratory NCCs are
combined with later differences in proliferation to result in
species-specific mandible lengths (Fish et al. 2014). Moreover,
in humans the pathology of many congenital facial dys-
morphologies (e.g, CHARGE and Goldenhar syndromes)
has been traced to primary defects in NCC migration
(Hall 2010). Thus, a primary goal of craniofacial biology
across systems is to identify the developmental origins for
natural and clinical variation in facial form.
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Roles for cis-Regulatory versus Coding Mutations in
Morphological Evolution

For over 40 years (Britten and Davidson 1969; King and
Wilson 1975; Jacob 1977) evolutionary biologists have de-
bated the relative importance of coding and cis-regulatory
mutations in evolution (Wray et al. 2003; Carroll et al. 2005;
Hoekstra and Coyne 2007; Wray 2007; Stern and Orgogozo
2008; Wagner and Lynch 2008; Wittkopp and Kalay 2012).
Current theory (Gilbert 2003; Wray et al. 2003; Carroll et al.
2005; Wray 2007; Wittkopp and Kalay 2012) suggests that,
rather than coding changes, continuous variation in animal
morphology is due to cis-regulatory mutations that result in
quantitative, temporal, and/or spatial alterations in gene ex-
pression. Although there are examples of coding changes that
regulate the evolution of animal morphology, it is notable
that many, if not most, of these seem to mediate discrete
shits in categorical phenotypes, for instance Oca?2 in cavefish
albinism (Protas et al. 2006) and EphB2 in the presence/
absence of pigeon feather head crests (Shapiro et al. 2013).
By contrast, mutations implicated in continuous (i.e, quanti-
tative) phenotypic variation are predominantly cis-regulatory,
including optix in Heliconius butterfly wing patterning (Reed
et al. 2011) and shavenbaby in Drosophila trichome pattern-
ing (McGregor et al. 2007).

The amino acid change in Lbh therefore represents a rare
example of a coding mutation that is associated with contin-
uous, adaptive morphological variation. This mutation is also
notable considering its potential for pleiotropy, which is often
cited for the paucity of coding mutations that underlie var-
iation in complex morphologies (Carroll et al. 2005; Wray
2007; Stern and Orgogozo 2008; Wagner and Lynch 2008).
For instance, it occurs in a transcriptional regulator (Ai et al.
2008), and thus has the potential to influence the expression
of many target genes. In addition, the mutation occurs in a
gene necessary for the early development of NCCs, and a cell
population that contributes to the development of a wide
spectrum of tissues and organs (Hall 2010). It remains to be
determined if Lbh has pleiotropic effects in cichlids, but given
the widespread anatomical differences (e.g, craniofacial, fins,
and heart) between LF and MZ, this represents an interesting
area of future investigation.

Modular Protein Structure as a Target of Selection

Although modularity of cis-regulatory regions is often cited in
morphological evolution (Wray et al. 2003; Carroll et al. 2005;
Wray 2007; Stern and Orgogozo 2008; Wagner and Lynch
2008; Wittkopp and Kalay 2012), it has also been proposed
that modules within coding regions, such as those that me-
diate protein—protein interactions (e.g, disordered domains
and short linear motifs), may also have a high degree of evo-
lutionary plasticity (Wagner and Lynch 2008). Limited empir-
ical support for this comes from the comparison of protein
function in plants (Bartlett and Whipple 2013), distantly re-
lated insect orders (Galant and Carroll 2002), and placental
and marsupial mammals (Brayer et al. 2011). As the coding
mutation in Lbh occurs in a disordered domain (Al-Ali et al.
2010) and the derived allele results in the loss of a predicted
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short linear motif (Mooney et al. 2012), this study represents
the first empirical support of this theory with respect to
microevolutionary change in animals. These studies set the
stage for future investigations of protein evolution across
phylogenetic levels in order to determine how prevalent
this phenomenon may be during morphological evolution.
In all, such work will contribute to a more comprehensive
understanding of the genetic nature of evolutionary diver-
gence in a wide spectrum of taxa.

Materials and Methods

Genetic Analysis

We previously mapped a QTL for relative lower jaw length
(i.e, mechanical advantage) to an approximately 6 cM region
on cichlid linkage group 19 (Albertson et al. 2005; Cooper
et al. 2011). When anchored to the Malawi cichlid
genome (Metriaclima [i.e, Maylandia] zebra v.0, which is
available here: http://cichlid.umd.edu/cichlidlabs/kocherlab/
bouillabase.html, last accessed September 2014), this interval
corresponds to approximately 5 Mb of sequence on scaffold 3
(3.2-8.1 Mb). Bmp4 was perceived to be an excellent candi-
date for underlying this QTL. In addition, we noted that Ibh
was adjacent to bmp4. Based on its expression in the devel-
oping pharyngeal arches in mouse (Briegel and Joyner 2001),
we considered Ibh to be another strong candidate for this
QTL. We therefore focused our resequencing efforts on the
genomic interval around these two genes. DNA polymor-
phisms were identified and genotyped in wild-caught MZ
and LF from five distinct populations along the southern
shore of Lake Malawi (up to n=10 per population) using
Applied Biosystems Big Dye Terminator chemistry and an
ABI-3730 Sequencer or, as applicable, restriction enzyme di-
gestion and gel electrophoresis. In order to identify SNPs, 1—
2 kb fragments were fully sequenced in at least two LF and
two MZ, all representing different populations, in approxi-
mately 10kb intervals, given that linkage disequilibrium
around other craniofacial and pigmentation loci in cichlids
appears to be approximately 15kb (Roberts et al. 2017;
Albertson et al. forthcoming). Once the coding polymor-
phism was identified in Ibh, sequencing resolution was ex-
panded to include a contiguous 10 kb fragment, including all
untranslated regions (UTRs), exons, and introns of Ibh.
Additional genotyping was conducted with equal represen-
tation from all cichlid populations. Primers used available
upon request. Fst calculations were performed using
GenePop  (http://genepop.curtineduau/, last accessed
September 2014). The empirical threshold for outlier status
of Fst values was 0.569, which is based on an examination of
genomic divergence among LF and MZ across multiple pop-
ulations (Mims et al. 2010). The Ibh gene on MZ scaffold 3
(Broad v.0) was annotated based on Ensembl gene annota-
tion for  Nile tilapia  (Oreochromis niloticus,
ENSONIG00000001365.1), another member of the Cichlidae
family, and MZ expressed sequence tags (ESTs) (Cichlid
Genome Database, http://bouillabase.org, last accessed
September 2014). Additional genotyping of a subset of Ibh
SNPs was conducted on fish in the genus Tropheops, which
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exhibit a continuum of trophic phenotypes roughly between
MZ and LF (Roberts et al. 2011), and were wild-caught in the
same region of Lake Malawi (Tropheops microstoma, T. gra-
cilior, T. intermediate, T. tropheops, T. “red cheek,” T. “orange
chest,” T. sp chinyamwezi). Sequences for MZ and LF Ibh
cDNA have been deposited to GenBank under accessions
KJ593150 and KJ593151, respectively.

Protein Conservation

Conservation of the amino acid change in cichlids was as-
sessed across selected members of Teleostei, with phylogeny
derived from (Near et al. 2012). Gene sequences were identi-
fied by BLAST to GenBank (Salmo salar [salmon] and Esox
lucius [Northern pike]), Ensembl (Gadus morhua [cod],
Xiphophorus maculatus [platyfish], Gasterosteus aculeatus
[stickleback], Tetraodon nigroviridis [tetraodon], Takifugu
rubripes [fugu], and Oreochromis niloticus [Nile tilapia]),
and the Cichlid Genome Database (Astatotilapia burtoni,
Neolamprologus  brichardi, and Pundamilia  nyererei).
Sequences were confirmed using EST libraries as available.
DNA sequences were translated computationally and aligned
using ClustalW. The effect of the amino acid change on pre-
dicted linear motifs was assessed using SLiMPred0.9 (Mooney
et al. 2012).

Animals

All animals were maintained and used according to guidelines
and protocols approved by the Institutional Animal Care and
Use Committee at the University of Massachusetts Amherst.
Cichlids (MZ and LF) and zebrafish (Danio rerio) were main-
tained and bred on separate filtration systems at 285°C in a
14 h light/10 h dark cycle. Cichlid species were collected from
Lake Malawi and reared in 40-gallon glass aquaria. Embryos
(all F;- or F,-derived from wild-caught stocks) were obtained
by natural matings, collected from mouth-brooding females,
and staged according to Fujimura and Okada (2007). Wild-
type (EKW) or NCC reporter line Tg(-7.2s0x10:EFGP)
(Hoffman et al. 2007) zebrafish embryos were collected by
natural mass matings (Westerfield 2000) and staged accord-
ing to Kimmel et al. (1995). Xenopus laevis embryos were
obtained by in vitro fertilization as described in (Cousin
et al. 2000) and staged according to Nieuwkoop and Faber
(1967).

In Situ Hybridizations

Riboprobes were designed from ENSDARG00000087377
(zebrafish  Ibh), NM_001088038 (Xenopus Ibh), and
NM_001088649 (Xenopus slug). Cichlid Ibh and foxd3
coding regions used for probe design were identified
by BLAST of tilapia genes ENSONIG00000001365.1 and
ENSONIG00000021415.1, respectively, to the MZ genome
(Broad v.0) on the Cichlid Genome Database. Probes were
prepared and whole-mount in situ hybridization was per-
formed as previously described for cichlids (Albertson et al.
2005), zebrafish (Albertson and Yelick 2005), and Xenopus
(Cousin et al. 2000).

Lbh Cloning and mRNA Expression

Full-length Ibh was amplified by polymerase chain reaction
(PCR) from both MZ and LF whole head cDNA using oligo-
nucleotides containing a Flag tag, and cloned into the pCS2+
vector at the BamHI and EcoRI sites. Sequencing was per-
formed to ascertain that no errors were introduced during
PCR. Capped mRNA was synthesized using SP6 RNA poly-
merase on DNA linearized with Notl as described in Cousin
et al. (2000).

Zebrafish Injections and Skeletal Staining

Antisense morpholino oligomers (MO) (Gene Tools, LLC)
were designed to the translational start site (5'-CATCACGT
CAGTCATCACGGCTACA-3') or splice acceptor site (5'-AGA
TCTGAAGACGAGCACAGAGACA-3') of zebrafish Ibh. The
standard control MO (5-CCTCTTACCTCAGTTACAATTTA
TA-3') and a splice acceptor MO with five mismatches
(mm) (5'-AGATGTCAACACGACCACACAGACA-3) were
used as negative controls. All morpholinos were injected at
0.5-4ng/embryo. For Ibh mRNA overexpression, each
embryo was injected with 10pg of either LF or MZ Ibh
mRNA plus 4 ng splice-blocking zebrafish MO, included to
deplete endogenous Lbh. Embryos were injected with 1-3 nl
MO or mRNA with 0.05% phenol red tracer (Sigma-Aldrich)
at the yolk/blastoderm interface of one- to two-cell embryos.
Each experimental treatment was repeated on 2-11 (mean
=5) different mass matings. To assess the effects of Ibh over-
expression, embryos were verified to be developing normally
at 90% epiboly to bud stages (9-10 h postfertilization [hpf])
and phenotypically classified at 24 hpf. Skeletal effects were
assessed at 96 hpf using Alcian blue and Alizarin red to stain
for cartilage and bone, respectively, as previously described
(Walker and Kimmel 2007). Analysis of NCC migration were
conducted in Tg(-7.2s0x10:EFGP) zebrafish reporter lines using
the splice-blocking Ibh MO. Movies were taken from the 3- to
5-somite stage to approximately 20-22 somites, with pictures
taken every 3min and movies reconstructed at five frames
per second.

Reverse Transcription PCR

Either whole zebrafish embryos (n =20 per stage from four-
cell stage to 24 hpf) or tissue rostral to the eye (n =20 per
stage from 36 hpf to 1 month) were collected in TRIzol re-
agent (Invitrogen), and total RNA was extracted per manu-
facturer’s instructions. Genomic DNA was removed with
DNase (Invitrogen) and <DNA was synthesized using
random primers and the High Capacity cDNA Reverse
Transcription Kit (Invitrogen). Following degradation of
rRNA, 300 ng cDNA was used as PCR template for Ibh (5'-C
AGCACCGATGGATGATATG-3" and 5'-TTCTGCCGATCCTC
ATCTTC-3") and internal control actb2 (5'-TCAGCCATGGAT
GATGAAAT-3" and 5-GGTCAGGATCTTCATGAGGT-3");
both of these PCR products span an intron. Retention
of the 1.8kb Ibh intron was assessed using primers sitting
entirely within the intron (5-CATCCTCACCCGACTGAAAT-
3’ and 5'-CACGCTCATGATTCACACCT-3') using RNA and
cDNA prepared as above from 6 hpf embryos (n = 60).
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Western Blotting

Protein was extracted from dechorionated 24 hpf embryos
(n=20) in 1 x Modified Barth Solution (MBS), 1% Triton X-
100, 2 mM EDTA, and 1X Protease and Phosphatase Inhibitor
Cocktail (ThermoFisher). Lbh was immunoprecipitated with
1ug of rabbit polyclonal antibody (pAb) (AbCam) coupled on
protein A-agarose beads (Pierce) overnight at 4 °C. Samples
were run in nonreducing Laemmli buffer on a 15% polyacryl-
amide gel, transferred on a PVDF membrane, and the portion
of the membrane containing proteins above 37 kDa (includ-
ing the immunoglobulins) was cut out. The remainder of the
membrane containing Lbh was blotted using the Lbh pAb
(AbCam) and an HRP coupled donkey antimouse pAb
(Jackson lab) as previously described (Neuner et al. 2009).
A loading control blot was carried out on one embryo equiv-
alent on the same samples after immunoprecipitation using
GAPDH antibody (Millipore).

Xenopus Morpholino Injections and Grafting

Embryos were injected at either the two- or eight-cell stage as
previously described (Cousin et al. 2012), and all experiments
were repeated on 3-4 different fertilizations. Briefly, for tar-
geted injections (fig. 4d), 250 pg of GFP mRNA and 500 pg of
either LF or MZ Ibh mRNA was injected in one blastomere at
the eight-cell stage. For grafting experiments (fig. 3h), one cell
of a two-cell stage embryo was injected with: 1) 25 ng of X.
laevis Ibh translation-blocking morpholino (5'-ATACAGACAT
TAAGTCCAGAGGAGC-3') with 200 pg of GFP mRNA or 2)
250 pg of GFP mRNA with 500 pg of either LF or MZ Ibh
mRNA. Control grafting embryos were injected with 200-
250 pg of GFP mRNA. At st.15, when the neural folds are
visible, cranial NCC were unilaterally grafted onto a host
whose cranial NCC had been removed using the procedure
described in Cousin et al. (2012).

Migration and Pixel Density Analysis

For assessing effects of Ibh overexpression, each embryo was
scored for presence or absence of fluorescent NCCs in the
mandibular, hyoid, and/or branchial arches at the end of NCC
migration, between st.25 and 28. Embryos were scored as
“present” regardless of whether NCC had migrated partway
or completely to the ventral edge of the embryo.

For only those embryos that had targeted injections and
were scored as “present” as described above, pixel density
analysis following (Roberts et al. 2011) was used to assess
patterns of NCC migration. In brief, the percentage of GFP-
positive cells was quantified and compared between the an-
terior portion of the mandibular migratory stream and the
hyoid stream for control, LF-Lbh injected, and MZ-Lbh in-
jected animals. For all animals, high-quality digital images of
st.25-28 Xenopus embryos in the lateral view were imported
into Adobe Photoshop CS3. Using the lasso tool, the anterior
mandibular (i.e, above the eye) and hyoid streams were out-
lined, and the total number of pixels counted within each
stream. Distinct streams were specified using a combination
of GFP-positive expression and anatomical landmarks (e.g,
eye and hatching gland). Next, using Select > Color
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Range, we used a standard set of green pixels to estimate
the number of GFP-positive pixels within each pharyngeal
arch. The ratio between GFP-positive and total number of
pixels was used to estimate and compare the amount NCCs
within each arch. Significance was assessed using ANOVA and
Tukey’s HSD test in R.

Geometric Morphometrics

Three day (st.13) cichlid embryos were fixed, positioned in
80% glycerol, and photographed using a Leica DFC450 camera
mounted to a Leica MF15 stereomicroscope. All embryos
were carefully stage matched and sampled from multiple
families. The final sample sizes were n =13 for LF and n=10
for MZ. All photos were taken in the ventral view such that
pharyngeal arches could be visualized. Landmarks and semi-
landmarks were collected from photos using the software
tpsdig2 (Rohlf 2010). Semilandmarks were collected as
series of curves that defined the shape of the rostral aspect
of the embryo as well as the shape of the first two pharyngeal
arches. These data were reduced to three evenly spaced land-
marks per curve and subsequently defined as semilandmarks
using the software tsputil (Rohlf 2010). The program tpsrelw
(Rohlf 2010) was used to superimpose landmarks and semi-
landmarks using a chord-distance (Procrustes distance) based
“sliders” method, generate partial warps from landmark data,
and perform a principal component analysis (PCA) on these
variables. Data are presented for this PCA.

Supplementary Material

Supplementary tables S1 and S2, figures S1-S7 and movie S1
are available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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