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Abstract
The processes that direct skull remodeling are of interest to both human-oriented studies of cranial
dysplasia and evolutionary studies of skull divergence. There is increasing awareness that these
two fields can be mutually informative when natural variation mimics pathology. Here we
describe a zebrafish mutant line, devoid of blastema(dob), which does not have a functional fgf20a
protein, and which also presents cranial defects similar to both adaptive and clinical variation. We
used geometric morphometric methods to provide quantitative descriptions of the effects of the
dob mutation on skull morphogenesis. In combination with whole-mount in situ hybridization
labeling of normal fgf20a expression and assays for osteoblast and osteoclast activity, the results
of these analyses indicate that cranial dysmorphologies in dob zebrafish are generated by
aberrations in post-embryonic skull remodeling via decreased osteoblasotgenesis and increased
osteoclastogenesis. Mutational effects include altered skull vault geometries and midfacial
hypoplasia that are consistent with key diagnostic signs for multiple human craniofacial
syndromes. These phenotypic shifts also mimic changes in the functional morphology of fish
skulls that have arisen repeatedly in several highly successful radiations (e.g., damselfishes and
East-African rift-lake cichlids). Our results offer the dob/fgf20a mutant as an experimentally
tractable model with which to examine post-embryonic skull development as it relates to human
disease and evolution.

Introduction
The developmental genetic processes that promote both disease and evolutionary divergence
are in some cases identical, since similar shifts in ontogeny may promote either fitness or
failure in different species or in different ecological circumstances (Albertson et al., 2009).
Developmental investigations therefore have relevance to both human health and studies of
adaptive divergence. Most developmental work has focused on patterning that occurs in
early ontogeny (Albertson and Yelick 2004), but the developmental shaping that occurs
during anatomical remodeling is a major component of morphogenesis, and many tissues are
reshaped throughout life (e.g., bone; Suda et al. 1992, Slemenda et al. 1997, Hadjidakis and
Androulakis 2006). Structures that are remodeled over long periods of time may generate
either adaptive or maladaptive morphologies over wide age ranges. In evolutionary terms,
anatomical remodeling therefore represents a broad target for selective forces, but the
developmental controls of remodeling have been relatively understudied.
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Understanding osteological remodeling is of particular importance to studies of skull form,
function and disease. In many species the bones of the skull undergo dramatic
morphological changes over the course of development, and significant remodeling can
occur many months or even years subsequent to the completion of embryonic stages (Brodie
1941, Maes and Kronenberg 2011). This remodeling can lead to dramatic shifts in shape,
and developmental changes in cranial shape often reflect ontogenetic changes in foraging
niche (Luczkovich et al. 1995, Mullaney and Gale 1996, Erickson et al. 2003, Denoel et al.
2006, Tibbetts et al. 2008, Hellig et al. 2010). Since changes in the functional morphology
of cranial structure have been identified as a major factor in important and well-described
adaptive radiations (e.g., African cichlid fishes, Darwin's finches, Damselfishes, and
Mammals; Cooper and Westneat 2009, Cooper et al. 2010, Goswami et al. 2011, Mallarino
et al. 2011), studies of the controls of skull morphogenesis are critical for establishing the
ontogenetic underpinnings of evolutionary divergence.

The skulls of fishes, perhaps more than any other vertebrate group, have been extensively
studied in terms of the functional morphology of feeding (e.g.; Westneat 1995, Ferry-
Graham et al. 2002, Hernández et al. 2002, Westneat 2003, Carroll et al. 2004, Rice and
Westneat 2005, Bellwood et al. 2006, Konow et al. 2008, Rice et al. 2008, Cooper and
Westneat 2009, Cooper et al. 2010). Moreover, there is a rapidly expanding body of research
focused on using the zebrafish as a model organism for understanding the genetic controls of
skull formation and the mutations responsible for anatomical cranial disorders in humans
(Schilling and Kimmel 1997, Kimmel et al. 2001a, Kimmel et al. 2001b, Schilling et al.
2010, Parsons et al. 2011). This developmental work augments the comparative studies of
fish trophic anatomy in a way that makes fish skulls a uniquely promising subject for
understanding the changes in skull development that are responsible for both disease and
adaptive changes in feeding morphology.

There is, however, a disjunction between these two lines of inquiry; studies of fish
functional morphology have focused mainly on the adult skull, whereas developmental
genetic studies of zebrafish have focused almost exclusively on embryonic stages. Before
these two fields can be fully complementary a common ground must be reached. To this
end, we present a study in which we discuss the effects of fgf20a deficiency on zebrafish
post-embryonic skull growth and remodeling in terms of both human craniofacial disorders
and the evolutionary diversification of the functional morphology of fish feeding.

Fibroblast growth factors (Fgfs) function as ligands in a signaling system that is ancient in
origin, and which is involved in a wide variety of developmental events that include the
regulation of cellular proliferation, differentiation, migration, and survival (Itoh and Ornitz
2004, Katoh and Katoh 2006). Multiple Fgf family genes play important roles in skeletal
growth and development (Iseki et al. 1997, Hurley et al. 1999, Sabbieti et al. 1999, Liu et al.
2002, Ohbayashi et al. 2002, Cowan et al. 2003, Hajihosseini et al. 2004, Albertson and
Yelick 2007, Hung et al. 2007, Liu et al. 2007), and most of the 23 known Fgfs are
expressed in the skull (Hajihosseini and Heath 2002, Katoh and Katoh 2006, Degnin et al.
2010). Normal skull growth and development requires a balance between cell proliferation,
differentiation and destruction, and this balance can be destabilized in multiple ways by the
disruption of Fgf signaling (Morriss-Kay and Wilkie 2005).

Mutagenesis screening in the zebrafish (Danio rerio; Hamilton, 1882) was used to create the
mutant line devoid of blastema(dob), which possesses a null mutation in fgf20a (Whitehead
et al. 2005). Fgf20 is an evolutionarily conserved target of the canonical WNT signaling
pathway (Chamorro et al. 2005, Katoh and Katoh 2006, Katoh 2007). It is one of the
canonical Fgfs that function as ligands that activate membrane-bound Fgfrs in a paracrine
manner (Degnin et al. 2010). Fgf20 is known to function in the brain, epidermis and the
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gastrointestinal tract, it has been identified as being necessary for normal heart development,
and in humans FGF20 has been implicated in Parkinson's disease and some types of
carcinogenesis (van der Walt et al. 2004, Chamorro et al. 2005, Lavine et al. 2005, Katoh
and Katoh 2006, Cohen et al. 2007, Fan et al. 2007, Satake et al. 2007, Beenken and
Mohammadi 2009, Wells et al. 2012). The zebrafish fgf20a protein has 76.9% total amino-
acid identity with human FGF20 (Katoh and Katoh 2005).

The similarity of zebrafish calvarial (i.e., skull vault) anatomy to that of humans has
prompted their nomination as an appropriate model for studying human skull disorders
(Quarto and Longaker 2005). There is considerable variation in the normal development of
skull shape and this can complicate the task of determining mutational effects (Rosas and
Bastir 2002, Zollikofer and de Leon 2002, Gonzalez-Jose et al. 2005, Bastir et al. 2006,
Sardi et al. 2007) Quantitative descriptions of morphology can therefore improve the
precision with which mutational effects are identified and described and such analytical
techniques present a valuable set of tools for investigating the physiological mechanisms
that determine the genotype to phenotype relationship (Cooper and Albertson 2008, Oates et
al. 2009).

We examined the effects of the dob/fgf20a mutation at two developmental stages (1 cm
standard length and adult) using a morphometric approach to quantify and compare cranial
shape variation among dob and AB strain wild-type (ABWT) fish, which is the strain into
which the dob mutation was induced (Whitehead et al. 2005). We combined this approach
with whole-mount in situ hybridization (WISH) analysis of fgf20a expression in ABWT fish,
and a comparison of calvarial suture patterns in dob and ABWT specimens. In addition, we
surveyed dob mutants for more general mineralized tissue defects. Finally, we used assays
for osteoclast and osteoblast activity to compare bone remodeling in both groups.

Materials and Methods
Specimens

Zebrafish were maintained under standard conditions at 28 °C using a 14-h light/10-h dark
cycle. Homozygous recessive dob mutants and ABWT fish were produced by natural
matings and reared until they reached a standard length of 1 cm (junvenile specimens), or
until 150-180 dpf (adult specimens). All specimens were euthanized using an overdose of
Tricaine Methanesulfonate (Western Chemical, Inc.). Digital images were obtained by
photographing specimens using a Zeiss Axiocam digital imaging system mounted to an M2
Bio stereomicroscope (Carl Zeiss, Inc.). All specimens were photographed while submerged
in 80% glycerol.

Head shape comparisons
Specimens were cleared and stained according to Pothoff (1983) with slight modifications,
stored in 80% glycerol, and then photographed in both dorsal and lateral views. Geometric
morphometric methods were used to analyze the skull shapes of dob and ABWT specimens
(see below). As our initial results identified the existence of upper jaw mutational effects,
we removed the maxillary and premaxillary bones from adult ABWT and dob specimens
and photographed them in dorsal view. The shapes of these bones were then analyzed using
an outline-based, semilandmark approach.

All skull bones had formed by the time the fish reached 1 cm standard length. In order to
determine if Fgf20a affected skull patterning or skull remodeling we compared the skull
shape anatomies of mutant and wild-type fish at the 1 cm and adult stages. Dorsal images
were collected first using the following sample sizes: 1 cm ABWT (N=28); 1 cm dob
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(N=16); adult ABWT (N=12); adult dob (N=15). An initial attempt was made to close the
jaws of cleared and stained specimens in order to achieve homologous positioning, but this
proved difficult and resulted in the damage of some specimens that could not be used in
lateral shape analyses. Lower jaw LMs were therefore excluded from the lateral data. Lateral
sample sizes: 1 cm ABWT (N=24); 1 cm dob (N=13); adult ABWT (N=12); adult dob
(N=15).

The program tpsDig2 (Rohlf 2006) was used to establish the positions of homologous
anatomical landmarks (LM) and semilandmarks on specimen images. For both the juvenile
and adult fish, the positions of 11 lateral LM and 9 dorsal LM (4 midline LM and 5 pairs of
bilaterally homologous LM) were determined (Figure 1). Adult left and right premaxillae
and maxaillae were photographed in the dorsal view and 75 semilandmarks were evenly
spaced around the periphery of each bone image using tpsdig. The programs tpsUtil and
tpsrelW were then used to superimpose these semilandmarks using a chord-distance
(Procrustes distance) based “sliders” method. Maxillary and premaxillary shapes were
analyzed separately. For each specimen the semilandmark positions from the left and right
bones were averaged by first reflecting the right-side semilandmarks in tpsDig2 and then
calculating a consensus form using tpsRelW. Procrustes sumperimpositions of LM data
from multiple specimens were used to remove variation in position that was unrelated to
shape (scale and orientation) from the dorsal, lateral, maxillary and premaxillary data. The
program CoordGen was used to perform Procrustes transformations.

Single factor MANOVAs that employed resampling to determine the significance of the F-
ratio (2000 permutations) were used to test both the dorsal and lateral data for shape
differences between the following groups: 1 cm ABWT vs. 1 cm dob; adult ABWT vs. adult
dob; 1 cm ABWT vs. adult ABWT; and 1 cm dob vs. adult dob. MANOVA was also used to
test for maxillary and premaxillary shape differences between adult ABWT and adult dob
fish. A Goodall's F-test that employed resampling to determine the significance of the F-
ratio (4900 bootstraps) was also used to test for differences in mean skull shape between the
same groups examined using MANOVA. To determine if there were similar mutational
effects (if any) on skull shape at the two developmental stages the Procrustes distances
between the means of juvenile LM configurations (1 cm ABWT vs. 1 cm dob) were
compared to the Procrustes distances between means of adult LM configurations (adult
ABWT vs. adult dob) using a resampling test (4900 bootstraps). The program
CVAGenMac7b was used to perform MANOVA tests. Goodall's F-tests and tests for
differences in Procrustes distances were both performed using the program TwoGroupMac7.

In order to determine if the ABWT and dob skull shape datasets had similar orientations in
“shape space” we used a bootstrapping procedure (4900 sets) to define the 95% confidence
interval (CI) for the angle that described the difference in the orientations of the shape
spaces. These comparisons examined the orientations of lateral and dorsal datasets that
contained both 1 cm and adult LM data. If the observed angle fell within one of the 95% CIs
derived from either dataset, then the orientations of the two original shape spaces were
considered to be not significantly different. The orientations of the first PC axes derived
from each of the data sets were compared directly, but axes subsequent to PC1 could not be
examined individually. All analyses that involved multiple axes determined whether the
alignments of planes (when only 2 PC axes were examined) or multi-dimensional
hyperplanes (“flat” surfaces of >2 dimensions embedded in larger dimensional spaces) were
significantly different. When bootstrapping any two of the original sets of data, the sample
sizes of the bootstrap sets produced from the larger of the two were the same as the sample
sizes of both original data sets. Re-sampling the smaller of the original two data sets created
two bootstrap sets of the same size as the original. These comparisons were performed using
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the program SpaceAngle. For further methodological details in regard to comparing shape
spaces see Parsons et al. (2009).

Comparisons of Developmental Trajectories
The developmental skull shape trajectories of ABWT and dob fish (dorsal and lateral data)
were compared using “trajectory analysis” in the geomorph package for the R programing
language (Adams and Otárola-Castillo 2013). This analysis was used to estimate of the
angle between the developmental trajectories for the two genotypes and to test whether the
trajectories were significantly different. The null hypothesis is that the residuals from the
trajectories are interchangeable between the two groups and this was tested by permuting the
residuals (9999 iterations). A similar analysis was performed using the program
VecCompare7. MANCOVA was used to compare ABWT and dob skull shapes (dorsal and
lateral data) by comparing datasets that included both 1 cm and adult fish. This permitted
testing for significant effects of genotype, age and the interaction between genotype and age
on skull shape. MANCOVA tests were performed using geomorph (Adams and Otárola-
Castillo 2013).

Comparisons of morphological variation
The morphological variation (i.e., shape diversity) exhibited by the juvenile and adult skulls
of both genotypes (both lateral and dorsal data) was quantified by calculating the “Foote
disparity” (D) of each set of LM data using the following formula:

where di is the distance from the centroid of the entire group (the centroid of the mean shape
of all the specimens in a data set) to the centroid of the Procustes transformed LMs derived
from each individual specimen in that group, and N is the total number of specimens in that
dataset (Foote 1993). A permutation procedure (2000 runs) was used to calculate the 95% CI
of the difference between datasets. If the observed shape variation difference was greater
than the upper bound of the 95% CI, then the difference was considered to be significant.
The program DisparityBox6 was used to perform these calculations.

The programs CoordGen, DisparityBox6, SpaceAngle TwoGroupMac7, and VecCompare7
are part of the Integrated Morphometrics Programs (IMP), and compiled stand-alone
versions are freely available at http://ww3.canisius.edu/∼sheets/morphsoft.html.

Comparisons of adult ABWT and dob upper jaw length
Error is introduced into coordinate-based shape analyses if moveable elements (e.g. limbs,
jaws) are in non-homologous positions in different specimens. These differences in
orientation will be mistakenly perceived to be differences in shape. Since there were
differences in the degree of gape among specimens, lateral shape analyses did not include
LM data from the jaws. Non-destructive manipulation of fish jaws did not prove feasible.
Although there exist analytical procedures that can be used to correct for jaw angle
differences (e.g the geomorph package in R; Adams and Otárola-Castillo 2013), zebrafish
jaws are more biomechanically complex than those of tetrapods. The motion of lower jaw
abduction is transferred to the premaxillary bones via highly kinetic maxillas in a manner
that results in premaxillary protrusion (Hernández et al. 2002). An appropriate
transformation that would allow homologous positioning of jaw LM would therefore require
the simultaneous correction of multiple angles and is not currently feasible.
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Since many of the dob specimens had shortened upper jaws (Figure 2) that did not occlude
properly with their lower jaws, we tested for differences in relative upper jaw length (upper
jaw length standardized by lower jaw length) in dob and ABWT fish. We used tpsDig2 to
record the length of both the upper jaw (measured as the distance from the lower, i.e.
posterio-ventral, tip of the shank of the maxilla to the upper, i.e., anterio-dorsal, tip of the
articulation head of the maxilla) and the lower jaw (measured as the distance from the point
of the articular-quadrate articulation, i.e. the lower jaw joint, to the anterior tip of the
dentary). Standardized upper jaw lengths of dob and ABWT fish were compared using
ANOVA. Anatomy after Barel et al. (1976). The comparison of ratios (e.g., standardized
upper jaw length) is statistically problematic and may violate the assumptions of ANOVA,
but we include the results here in order to highlight an interesting pattern that we observed
in our data. This analysis should be considered exploratory.

Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed on adult ABWT zebrafish as described
previously (Albertson and Yelick 2007). Anti-sense digoxigenin-labeled riboprobe was
generated from full-length fgf20a (Whitehead et al. 2005), and fractionated to ∼300
nucleotides to facilitate probe penetration according to Elizondo et al. (2005).

Assays for osteoblast and osteoclast activity
Since bone remodeling relies on a balance between deposition and resorption, the activity of
osteoblasts and osteoclasts was quantified using assays for alkaline and acid phosphatase,
respectively. The eyes and viscera of adult specimens were removed prior to their fixation
on a rocker for 1 hour at room temperature. The fixative solution was prepared by adding the
following compounds in their respective ratios: 25 ml citrate solution (citric acid, 18 mmol/l,
sodium citrate, 9 mmol/l, sodium chloride, 12 mmol/l with surfactant, buffered at pH 3.6),
65 ml acetone, and 8 ml 37% formaldehyde. All compounds were brought to room
temperature prior to preparation of the fixative solution. Fixation was performed in 50 ml
test tubes, and enough fixative was made to allow for generous submersion of all specimens
(∼15 fish/tube).

Subsequent to fixation, all specimens were rinsed in diH20 2 × 10 minutes on a rocker. To
insure accurate comparisons of alkaline and acid phosphatase staining, all dob and ABWT
fish were stained for equal periods of time in their respective solutions, and care was taken
to ensure approximately equal densities of fish and staining solutions in all of the test tubes
in which the staining procedures were performed.

Alkaline phosphatase (AP) staining for osteoblast activity was performed using a leukocyte
alkaline phosphatase kit (Sigma-Aldrich, 86C-1KT). Immediately after fixation and rinsing,
specimens were submerged in an alkaline dye solution for 2 hours in the dark. Using 15 ml
test tubes, we added 5 fish per tube and enough alkaline dye solution to complete 15 ml
total.

The alkaline dye was prepared by adding the following compounds in their respective ratios:
2 ml of a diazonium salt solution was added to 45 ml of room temperature diH20; and then
adding 1 ml naphthol AS-BI alkaline solution (naphthol AS-BI phosphate, 4 mg/ml, in
AMPD buffer, 2 mol/l, pH 9.5.). The diazonium salt solution was prepared by mixing 1 ml
of fast blue alkaline solution (Fast blue BB base, 5 mg/ml, in hydrochloric acid, 0.4 mol/l,
with stabilizer) with 1ml of sodium nitrite solution (0.1 mol/l) via gentle inversion. All
staining solutions were prepared immediately before use.
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Tartrate resistant acid phosphatase (TRAP) staining for osteoclast activity was performed
using a leukocyte acid phosphatase kit (Sigma-Aldrich, 387A-IKT). Initial specimen
preparation, fixation and rinsing followed the same protocol as the AP staining. After rinsing
in diH20 the specimens were transferred to 15 ml tubes (5 fish/tube), and the tubes were
filled to a volume of 15 ml with a pre-prepared TRAP staining solution and incubated at 37°
C in the dark for 4.5 hours.

The TRAP solution was prepared by adding the following compounds in their respective
ratios: A diazotized fast garnet GBC solution was first prepared by mixing 0.5 ml of fast
garnet GBC base solution (fast garnet GBC base, 7.0 mb/ml, in 0.4 mol/l hydrochloric acid
with stabilizer) with 0.5 ml of a sodium nitrite solution (0.1 mol/l) via gentle inversion, and
this solution was then allowed to stand for 2 minutes. The diazotized fast garnet solution
(1.0 ml) was then added to 45 ml of diH20 that had been pre-warmed to 37° C, and this
solution was then mixed with 0.5 ml of naphthol AS-BI phosphate solution (naphthol AS-BI
phosphoric acid, 12.5 mg/ml), 2.0 ml of acetate solution (acetate buffer, 2.5 mol/l, pH 5.2 ±
0.1), and 1.0 ml of tartrate solution (L(+)- tartrate buffer, 0.335 mol/l, pH 4.9 ± 0.1).

After staining, all AP and TRAP specimens were immediately rinsed in H20 3 × 10 minutes
on a rocker. AP specimens were rinsed in tap water, and TRAP specimens were rinsed in
diH20. The fish were then cleared at 37° C using trypsin (1 g trypsin powder in 30 ml H2O
+30 ml sodium borate saturated H2O), and then bleached in 10% H202. All specimens were
then placed in 25% glycerol for 24 hours, transferred to 50% glycerol for 24 hours, and then
stored in 80% glycerol in the dark.

Specimens were photographed in both dorsal and lateral (right side only) views, and pixel
density analyses (PDA) were performed by quantifying the amount of AP or TRAP staining
in the head of each fish, and then comparing the levels of staining in the dob and ABWT
specimens using ANOVA. The degree of staining was measured by examining the digital
photograph of each specimen using Adobe Photoshop CS5 (version 12.0.1; Adobe Systems
Inc.). The eyedropper tool was used to select the color displayed in stained areas of the head
(either AP or TRAP) in a representative specimen, and this color was then used to determine
the number of stained pixels in all specimens for that type of assay.

The number of pixels within the head of each specimen was determined by outlining the
region using the Photoshop polygonal lasso tool, and the pixel number displayed in the
histogram window was recorded. The number of stained pixels within the outline was then
determined by selecting a color range based on the representative stain color and using a
fuzziness setting of 100. The number of pixels within the outlined area that matched these
color parameters was then recorded from the histogram window. The ratio of stained to
unstained pixels was calculated for each specimen using Excel (Excel for Mac, version
14.0.2; Microsoft Inc.) and this data was analyzed using ANOVA.

Results
Shape, shape variation and growth

Loss of fgf20a signaling had a significant effect on zebrafish skull shape, but this effect did
not manifest until after the initial formation of all skull bones (i.e, subsequent to the fish
achieving lengths of 1 cm). Loss of signaling strongly affected the midface and upper jaws
while also shifting calvarial morphology and other aspects of skull anatomy (Figures 1,2).
The results of both MANOVA and Goodall's F tests indicated that adult ABWT and mutant
zebrafish had significantly different skull shapes (Table 1). This was true for both the lateral
and dorsal LM datasets. The shapes of the adult maxillae and premaxillae of the two
genotypes were also significantly different (Table 1; Figure 1). There was no significant
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difference in skull shape between the ABWT and dob fish at the 1 cm stage, but within each
genotype 1 cm fish had lateral and dorsal LM configurations that were significantly different
from those of adults (Table 1). Analysis of the lateral LM data using MANCOVA indicated
that genotype, age and the genotype × age interaction all significantly affected skull shape
(Table 1). MANCOVA did not return a significant effect for genotype alone when the dorsal
LM data were examined, but there were significant effects for both age and the genotype ×
age interaction (Table 1).

Within age groups there was no significant effect of genotype on skull shape variation (both
lateral and dorsal data; Table 2). There was also no significant effect of age on skull shape
variation within genotypes (both lateral and dorsal data; Table 2). Genotype also had no
significant effect on the variation of adult maxillary and premaxillary shape (Table 2).

The Procrustes distances between the mean shapes of adult ABWT and dob fish were
greater than the distances between the mean shapes of 1 cm ABWT and dob fish (both
lateral and dorsal data), but there was overlap of the 95% estimates of mean shape for both
the lateral and dorsal comparisons (Figure 3). The developmental trajectories of the ABWT
and dob fish were significantly different, with an angular difference of 36.01 degrees for the
lateral data (p = 0.0016) and 27.62 degrees for the dorsal data (p = 0.0199). The same angles
were returned by both the geomorph analyses and VecCompare. The length of the
developmental trajectories did not differ significantly between genotypes for either the
lateral or dorsal data (Figure 3). The ABWT and dob LM datasets (1 cm and adult
combined) did not have significantly different orientations in morphospace. This was true
for the first 5 principal component axes (at least) for both the lateral and dorsal datasets.

The laterally observable anatomical differences induced by the lost of fgf20a (Figures 1,2)
included a general reduction of the upper jaw and mid-facial region of the skull, ventral
extension of the pre-orbital process (LM 1), a posterio-ventral displacement of the anterior
edge of the parasphenoid (LM 2), a posterior shift of the lateral edges of the prefrontal
region of the calvaria (LM 3-6), posterio-ventral shift in the posterior edge of the
parasphenoid (LM 7), strong posterior-ventral shifts in the lateral edge of the posterior
margin of the parietal bone (LM 9) and the articulation of the skull with the vertebral
column (LM 10), and a strong posterior-ventral shift in the articulation of the pectoral girdle
with the pectoral fin (LM 11; Figure 1) and an increase in the distance between the
posterior-dorsal margin of the parietal bone and the joint between the skull and the vertebral
column (landmarks 10, 11). ANOVA results also indicated that upper jaw lengths were
significantly shorter in adult dob fish (F= 12.43; p=0.002).

The dorsally observable anatomical differences induced by the loss of fgf20a (Figure1)
included a widening of the anterior edge of the prefrontal region (LM 1,3), reduction of the
prefrontal region via a relatively strong anterior shift of its posterior edge (LM 4-6),
posterior-lateral movement of the anterior edges of the parietal bones (LM 7,9), an anterior
shift of the anterio-medial edges of the parietal bones along the sagittal suture (LM 8), and a
weak anterior shift of the posterior edge of the parietal bones (LM 11-13). The dorsal
surface of ABWT fish skulls underwent more extensive anatomical changes between the 1
cm and adult stages than did the lateral surfaces and these changes were strongly associated
with skull elongation (Figure 1).

Loss of fgf20a signaling induced significant changes in the shapes of the maxillae and
premaxillae of dob fish (Table 1). These bones lie within a region where fgf20a expression
is normally high in post-larval zebrafish (Figure 2). In the maxillae, the loss of fgf20a
induced a shortening and contortion of the premaxillad wing (upper arrow, panel E, Figure
1), a pronounced posterior-medial expansion of articular head (dotted line, panel E, Figure
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1), and a reduction and contortion of the shank (lower arrow, panel E, Figure 1). In the
premaxillae, loss of fgf20a signaling induced a reduction in the anterior and posterior
curvature (dotted lines, panel H, Figure 1) of the dentigerous arm (the anatomical terms
employed here were developed for toothed fishes), a pronounced reduction of the area of
bone in the angle between the dentigerous and ascending arms (arrows, panel H, Figure 1)
and irregularity in the shape of the normally straight medial edge of the ascending arm (large
arrow, panels G and H, Figure 1). In ABWT fish the medial edges of the ascending arms of
the left and right premaxillae were joined along their entire anterior-posterior length by a
suture, but in the dob fish this connection often had an incomplete posterior extension.

Scale and lateral line defects
In dob animals, scales were malformed with irregular and often fissured posterior edges
(Figure 5E). These results are consistent with the silencing of FGF20 resulting in the loss of
scales, spurs and feathers in the chicken (Wells et al. 2012). Cranial lateral line canals were
often incompletely formed in dob animals (Figure 5A-C). In zebrafish, cranial lateral line
canal development commences at post-embryonic stages (i.e., > 21dpf), and involves bony
walls extending upward from the underlying bone and fusing above the neuromast (Webb
and Shirey 2003). Fusion of bone extends away from neuromasts resulting in the formation
of hollow canals, with openings/pores between each neuromast (Webb and Shirey 2003).
Bony walls are clearly seen growing up from the underlying bone in dob fish, but growth is
either significantly delayed or arrested before these lips of bone fuse (e.g., preorbital canals,
Figure 5A-C). These qualitative observations are consistent with the quantitative shape data
presented above, and suggest that dob mutants suffer from aberrant bone growth.

Expression of fgf20a and suture defects
The shape changes associated with fgf20a deficiency were located in anatomical regions that
matched those in which fgf20a expression were detected via WISH labeling in ABWT fish
(Figure 2). These include the maxilla and premaxilla (downward pointing arrow in panel A,
Figure 1; all arrows in panel B, Figure 1) and the parasphenoid bone (upward pointing arrow
in panel A, Figure 2). These bones should receive a considerable portion of the forces
exerted by the jaw adductor muscles when the upper and lower jaws occlude during biting
(Cooper et al. 2011), and are therefore likely to experience substantial remodeling
throughout life (Bentolila et al. 1998, Bonewald 2011). The expression of fgf20a was also
detected in groups of cells along the edges of calvarial sutures and dob mutants exhibited
malformations of these sutures (Figure 6). The interfrontal sutures of ABWT zebrafish were
intact and relatively straight with respect the midline (Figure 6D), whereas mutants
possessed conspicuously branched sutures (Figure 6E-F). This defect was variable in
expression, but was limited to the interfrontal suture.

Aberrant bone metabolism in dob/fgf20a mutants
Adult dob and ABWT zebrafish exhibited significant differences in osteoblast and osteoclast
activity (Table 3, Figure 7). Osteoblast activity was higher in ABWT fish, while osteoclast
activity was higher in dob fish. Those anatomical regions that showed different osteoblast
and osteoclast activity in mutant and ABWT fish roughly corresponded to regions that
exhibited normal fgf20a expression in ABWT fish (e.g., maxillae, premaxillae and
parasphenoid bones) and localized craniofacial shape distortions in dob fish, with
differences in AP staining concentrated in the mid-facial region (Figure 7A-D), and
differences in TRAP staining showing some localization to the mid-facial area and along the
calvarial sutures (Table 3, Figure 7E-H). The dob specimens also frequently exhibited a
large number of localized points of TRAP expression on their calveria (arrow, Figure 6H),
which may represent absorption pits in which there is a high level of osteoclast activity.
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Discussion
Skulls are remodeled throughout life (Maes and Kronenberg 2011), and mutations in the
genes that direct this process can result in cranial anatomies that depart from the ancestral
form. Significant deviations from the normal anatomical variation present within a species
are frequently deleterious, and are therefore described as diseases, but on those occasions
when new morphologies confer selective advantages they can promote the process of
evolutionary divergence. Searching for the genetic underpinnings of adaptive diversification
has typically involved genetic mapping studies directed at finding the genes associated with
specific phenotypes. We suggest that sufficient data has been accumulated from laboratory
mutant strains to allow the matching of mutational effects to specific adaptive changes. Such
data, especially when combined with genetic mapping, can facilitate the search for genes
and/or signaling transduction pathways of adaptive importance in natural radiations.

Studying variation in anatomical form has been approached from multiple directions and
prominent among them are investigations focused on the etiology of genetic disease and
studies of the genetic factors that underlie adaptive diversification. Notably, however, recent
efforts to link genotype and phenotype have yielded results that illuminate both of these
fields, and the use of “evolutionary mutant model” species shows great potential for
augmenting medically oriented studies of model organisms when naturally evolved diversity
arises in characters associated with human disease (Albertson et al. 2009, Detrich and
Amemiya 2010). As discussed below, insights gleaned from developmental investigations in
the zebrafish dob mutant illustrate these points.

The zebrafish dob/fgf20a mutant as a model for post-embryonic craniofacial development
and disease

The evidence presented here indicates that fgf20a is important for normal mid-facial and
calvarial growth and homeostasis in zebrafish, and that a key aspect of its influence on skull
morphogenesis is the regulation of osteoblast and osteoclast activity during craniofacial
remodeling. Notably, the skull shape differences that significantly distinguished dob and
ABWT zebrafish skulls correspond to known skull deformations in humans with syndromic
craniosynostoses, and particularly resemble those present in some of the most common
syndromes where midfacial hypoplasia is present (Figure 8). While the manifestation of
craniosynostotic syndromes is often associated with gain-of-function mutations (Morriss-
Kay and Wilkie, 2005), the cellular response to such mutations may still effect bone
metabolism, which could explain the similarity of effects. Examining similar gain-of-
function mutations in zebrafish Fgfr's during skull development would be a fruitful line of
further inquiry. Moreover, the phenotypic divergence connected with craniosynostotic
disorders can be highly variable (Ito et al. 2005), and the full list of genes whose dysfunction
can produce or contribute to craniosynostosis is as yet incomplete (Morriss-Kay and Wilkie
2005). We therefore suggest that FGF20 may be a promising candidate for further study in
regard to human cranial disease.

Suture malformations in dob mutants were similar to those observed in aceti282a/+/fgf8a
deficient zebrafish in that both affected the midline sutures (Albertson and Yelick 2007).
The specific defects in dob zebrafish were, however, slightly different from those in
aceti282a/+ animals. In dob mutants the sagittal sutures were broken and branched, whereas
in fgf8 haploinsufficent zebrafish these sutures were curved and asymmetrically positioned
with respect to the midline, but they were intact (Albertson and Yelick, 2007). This
difference may indicate slightly different roles for fgf8 and fgf20a in suture development.
Another explanation is that, since sutures could only be examined in aceti282a heterozygous
animals, differences in suture defects reflect a dosage effect. Alternatively, it is possible that
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both suture “defects” are a secondary response to defective skull geometries, and have
nothing to do with suture formation per se.

The expression of fgf20a was observed in anatomical regions that are affected by the loss of
fgf20a function (Figures 1, 2, 6 and 7), which is consistent with a primary role for this
molecule in regulating the development of these traits. Expression was seen along cranial
sutures (Figure 6 A,C), within putative osteoblasts along the growing edge of the calvarial
bones (Figure 6 A,B), and around the anterior skull and upper jaw elements of ABWT
zebrafish (Figure 2 A,B). The zebrafish upper jaw and anterior skull is a functionally
dynamic region that likely undergoes continuous remodeling (Albertson and Yelick 2007).
The results of the AP and TRAP assays support the assertion that fgf20a is necessary for
normal skull remodeling in both this region and the calvaria (Table 3, Figure 7). The FGF20
ligand is known to bind to the receptor protein FGFR2c (Katoh 2009), and since mutation of
FGFR2 has been associated with osteoblast dysfunction in Apert craniosynostosis (Miraoui
et al. 2010), our data are consistent with the hypothesis that FGF20 mutations may
contribute to (i.e., modify) certain craniosynostotic syndromes.

The importance of anatomical quantification in developmental studies
Morphometric techniques aid in the visualization, description and depiction of morphogenic
effects. We suggest that the quantification of anatomical form can augment any
developmental study of morphogenesis in which there is variation in the trait of interest, and
that the application of these analytical methods will prove especially useful in analyses of
complex phenotypes (e.g., the skull). The integration of quantitative methods and
experimental embryology is becoming an increasingly important tool for developmental
biologists (Albertson and Yelick 2004, 2007, Cooper and Albertson 2008, Oates et al. 2009,
Goody et al. 2010, Parsons et al. 2010, Young et al. 2010, Sanger et al. 2011), and this
approach has particular utility when we seek to better understand the etiology of human
diseases with variable phenotypes.

Fgf20a as a candidate gene for factors underlying major trends in fish skull evolution
Evolutionary changes in jaw size have been identified as a major factor in the diversification
of fish feeding morphology (see Figure 8; Schluter and McPhail 1992, Robinson et al. 1993,
Lu and Bernatchez 1999, Rundle et al. 2000, Kristjansson et al. 2002, Gillespie and Fox
2003, Wainwright et al. 2004, Wund et al. 2008, Cooper and Westneat 2009, Cooper et al.
2010), and variation in this trait is strongly associated with divergence along a bentho-
pelagic ecological axis, such that fishes with larger jaws tend to feed higher in the water
column using rapid bites that are relatively weak (e.g., piscivores, planktivores), while those
with smaller jaws tend to feed on benthic organisms using stronger bites (e.g., herbivores
and durophagous fishes; Cooper and Westneat 2009, Cooper et al. 2010). Variation in
relative jaw size is the most extensive aspect of skull evolution that has arisen over millions
of years in such fishes as the damselfishes (386 currently described species; Cooper and
Westneat 2009) and several highly successful lineages of East-African rift-lake cichlids
(>1,500 species; Cooper et al. 2010), while rapid and much more recent divergence in jaw
size is also well documented in many distantly related fish clades (Malmquist 1992, Walker
1997, Adams et al. 1998, Fraser et al. 1998, Ruzzante et al. 1998, Walker and Bell 2000,
Kristjansson et al. 2002, Robinson and Parsons 2002, Ostbye et al. 2005). Bone remodeling
is a likely mechanism that has promoted/facilitated these divergences, especially at lower
taxonomic levels.

The identification of the genetic factors that determine jaw length is clearly of importance
for evolutionary-developmental studies of adaptive diversification in fishes. In the two
examples of extensive adaptive divergence in jaw size mentioned above (damselfishes and
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cichlids; Figure 9), coordinated changes in both upper and lower jaw size exemplified the
most important aspects of skull evolution (Cooper and Westneat 2009, Cooper et al. 2010).
Mutations that produce changes in upper jaw size alone are therefore only part of this
divergence, but Fgf/Fgfr signaling has been determined to be a covariance-generating
process in skull development that can modulate morphological integration (Martinez-
Abadias et al. 2011). While the integrated upper and lower jaws and their supporting
structures were identified as a potential anatomical, biomechanical and evolutionary module
that has influenced East African cichlid divergence (Cooper et al. 2010), there is also
evidence that the upper jaws constitute an integrated sub-module within this larger structure
among cichlids (Parsons et al., 2011), which indicates that certain genetic changes can allow
the upper and lower jaws to evolve independently.

Reduced (hypoplastic) upper jaws appear convergently in multiple cichlid fishes from Lake
Malawi in East Africa (Figure 9, panel G), many piranhas and the closely related pacus
(Serrasalminae), and the “halfbeaks” (Hemiramphidae), which exhibit the most extreme
upper jaw reduction, just to name a few examples. The opposing trend is best exemplified by
the billfishes (Xiphioidei), all of which possess a dramatically extended upper jaws that
protrude far beyond the lower jaw (Collette et al. 2006). These trends are consistent with the
idea that while the upper and lower jaws represent an integrated unit among teleosts, a
further degree of modularity must also exist such that certain developmental pathways
influence each character complex alone. Fgf20a offers an inroad into the signaling pathways
that modulate the size of the upper jaw complex and might be an important target for future
evolutionary genetic studies. Whether the phenotypic manifestation of silencing Fgf20a/Fgfr
signaling in fishes is more properly described as a disruption of the integration between
upper and lower jaw development, or strictly as an alteration of upper jaw development
alone requires further investigation.

Conclusions
That divergence in jaw size has been a major factor in vertebrate evolution is made clear by
even a cursory examination of cranial diversity in almost any vertebrate clade. Whether
comparing the morphology of a sparrow with a heron, a bluegill sunfish with a swordfish, a
giant anteater with a sloth, or an adult human with an adult chimpanzee (or Homo sapiens
with some of the extinct prognathous hominids), changes in the size of the jaws relative to
the rest of the skull have been an important part of adaptive divergence. Variation in jaw
prominence is also part of the normal quantitative cranial variation currently exhibited by
humans, such that multiple lineages have different means for this trait, while each lineage
also displays a relatively large degree of jaw size variation (Hanihara 2000). That such a
variable character would also exist in debilitating extreme forms that are classified as
diseases is not entirely surprising, and studies of the genetic factors that contribute to the
phenotypic variation exhibited by relative jaw size may have strong importance for medical
studies of micrognathism, debilitating proganthism, and some of the jaw and facial
hypoplasias that frequently accompany many craniosynostotic disorders.

Depending on the organism and the environment in which they manifest, phenotypic
changes will be either adaptive, mal-adaptive, or of no consequence to selection. In different
species, or even populations, the same genetic mutation may therefore either cause a disease
or promote adaptive divergence, and it is becoming increasingly recognized that there is an
inherent link between evo-devo studies of adaptive radiation and genetic developmental
studies of disease. The genotype to phenotype connection of interest is frequently the same,
while the positive or negative nature of the mutational consequences may be entirely a
product of circumstance. Studies of developmental variation in model organisms focus on
the genetic factors that produce phenotypic variation within populations maintained as
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laboratory lines, while evolutionary developmental studies focus on the genetic factors that
promote adaptive divergence in natural populations. Cross-fertilization of knowledge
between the multiple, rapidly-expanding disciplines concerned with understanding
developmental variation are therefore likely to allow us to understand macroevolutionary
patterns in terms of microevolutionary shifts, while simultaneously enhancing our
understanding of the genetics of disease in individual species, such as humans.
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Figure 1.
Depictions of skull and upper jaw bone shape transformations that occurred as a result of
normal development or which were induced by silencing fgf20a signaling. The lateral and
dorsal LM analyzed in this study are depicted in the inserts. The grids and vectors in panels
A-D describe the differences between the mean LM configurations (i.e., consensus
configurations calculated after Procrustes superimposition of the LM data) of 2 datasets.
Deformation grids depict the minimal amount of “bending” needed to transform one mean
LM configuration to another and were calculated using a thin-plate spline method. Vectors
denote the direction and magnitude of positional differences between homologous LM in the
2 mean LM configurations being compared. Deformation grids and vectors were calculated
using TwoGroupMac7. Large arrows indicate the anterior direction in panels A-D. A.
Developmental changes in lateral ABWT skull shape that occur between 1 cm and adult (1
cm ABWT to adult ABWT transformation of the LM configuration). B. Changes in lateral
adult skull shape induced by the loss of fgf20a signaling (adult ABWT to adult dob
transformation of the LM configuration). C. Developmental changes in dorsal WT skull
shape that occur between 1 cm and adult (1 cm ABWT to adult ABWT transformation of the
LM configuration). D. Changes in dorsal adult skull shape induced by the loss of fgf20a
signaling (adult ABWT to adult dob transformation of the LM configuration). E-H. The
maxillae and premaxillae in these panels are shown in dorsal view. Maxillae and
premaxillae were left articulated during their removal from the specimens. E and F. The
maxillary shape differences depicted in in these panels are indicative of the shape changes
induced by the loss of fgf20a expression. E. Maxilla from a dob specimen. Loss of fgf20a
expression induces shortening and contortion of the premaxillad wing (upper arrow), a
pronounced posterior-medial expansion of articular head (dotted line), and a reduction and
contortion of the shank (lower arrow). F. ABWT maxilla. G and H. The premaxillary shape
differences depicted in in these panels are indicative of the shape changes induced by the
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loss of fgf20a expression. G. ABWT premaxilla with a straight medial edge on the
ascending arm (arrows). H. Premaxilla from a dob specimen. Loss of fgf20a expression
induces a reduction in the anterior and posterior curvature of the dentigerous arm (dotted
lines), a pronounced reduction of the area of bone in the angle between the dentigerous and
ascending arms (arrows) and irregularity in the shape of the medial edge on the ascending
arm.
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Figure 2.
Expression labeling of fgf20a in a ABWT zebrafish, and head morphology of ABWT and
dob fish. Lateral (A) and dorsal (B) views of fgf20a expression labeling (indicated by
arrows) in the midface (upper arrow in panel A, all arrows in panel B) and the parasphenoid
bone (lower arrow in panel A) of a ABWT adult zebrafish. C. The head of an adult ABWT
zebrafish. D. The head of an adult dob zebrafish.
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Figure 3.
Comparisons of Procrustes distances between shape means and along developmental
trajectories. A. Comparisons of the Procrustes distances between the mean shapes of ABWT
and dob at two developmental stages for both the lateral and dorsal LM data. B.
Comparisons of developmental trajectory lengths (measured as the Procrustes distances
between mean 1 cm skull shapes and adult skull shapes) between ABWT and dob fish for
both the lateral and dorsal LM data.
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Figure 4.
The effect of the loss of fgf20a expression on zebrafish mineralized tissue anatomy. A.
Lateral view of a ABWT specimen with normal lateral line formation in the preopercle
bone. Lateral line pores are indicated by arrows. B. Lateral line canals are incompletely
fused in dob fish, resulting in gaping clefts in the canals (dotted line/arrow). For A and B
dorsal is up and anterior is to the right. C. ABWT zebrafish head showing the edge of the
preopercle bone (dashed line) and lateral line pores in this bone (arrows). D. Normal body
scales in a ABWT fish. E. Distorted body scales with irregular posterior margins in a dob
fish. The scales depicted in D and E are located along the posterior flank of the fish. Dorsal
is up and anterior is to the right. Scale bars equal 500μm.
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Figure 5.
Labeling of ABWT fgf20a expression and cranial suture morphology in ABWT and dob
zebrafish. A. Dorsal view of labeled fgf20a expression in the calvaria of a ABWT fish.
Arrow indicates the frontal fontanel. Scale bar = 500 μm. B. Magnified view of the boxed
area in A showing labeled fgf20a expression in putative osteoblasts (some indicated by
arrows) along the anterior growing edge of the right frontal bone. C. Labeled fgf20a
expression in putative osteoblasts within the developing interfrontal suture of a ABWT fish.
Some indicated by arrows. Scale bar = 100 μm. D. Normal interfrontal suture anatomy in a
ABWT zebrafish. E and F. Aberrant branched suturing in dob zebrafish. Scale bar = 200 μm
in D-F.
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Figure 6.
Osteoblast and osteoclast activity in representative ABWT fish (left column) and dob fish
(right column). A. Lateral view of ABWT osteoblast activity labeled with alkaline
phosphatase (AP). B. Lateral view of osteoblast activity labeled with AP in a dob fish. C.
Dorsal view of ABWT osteoblast activity labeled with AP. D. Dorsal view of osteoblast
activity labeled with AP in a dob fish. E. Lateral view of ABWT osteoclast activity labeled
with tartrate resistant acid phosphatase (TRAP). F. Lateral view of osteoclast activity
labeled with TRAP in a dob fish. G. Dorsal view of ABWT osteoclast activity labeled with
TRAP. H. Dorsal view of osteoclast activity labeled with TRAP in a dob fish. Arrow
indicates a possible bone absorption pit.
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Figure 7.
A. Normal head morphology in a ABWT zebrafish. B. Aberrant head morphology in a dob
zebrafish with midfacial hypoplasia (arrow) similar to that seen in C and D. C. Adolescent
female with Crouzon's syndrome. D. Adolescent male with Apert's syndrome. The images in
C and D are from Plastic Surgery: Pediatric Plastic Surgery, 1st Edition, Volume 4, pp.
3022 and 3044, with permission (McCarthy 1990).
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Figure 8.
Comparative differences in the functional morphology of fish feed. A. Adult ABWT
zebrafish. B. Adult dob zebrafish. C. Tyrannochromis macrostoma, a highly piscivorous
cichlid from Lake Malawi in Eastern Africa. This fish uses large jaws and fast bite speeds to
feed in the water column (pelagic feeding). D. Labeotropheus fuelleborni, a highly
herbivorous cichlid from Lake Malawi in Eastern Africa. This fish uses small jaws and
strong bites to scrape tough algae from rocks (benthic feeding). C and D depict fishes that
represent the extremes of skull morphology that have evolved among the Lake Malawi
cichlids. The anatomical differences that differentiate these skulls define the largest aspect
of skull shape variation that has evolved among these fishes. E. Teixeirichthys jordani, a
highly planktivorous (pelagic feeding) damselfish from the Indo-West Pacific. F. Hypsypops
rubicundus, a hard-biting, benthic-feeding damselfish from the Eastern Pacific. E and F
depict fishes that represent the extremes of skull morphology that have evolved among the
damselfishes. The anatomical differences that differentiate these skulls define the largest
aspect of skull shape variation that has evolved in this lineage. G. Caprichromis
orthognathus, a specialized predator of the eggs and fry of mouthbrooding cichlids endemic
to Lake Malawi. This fish has a highly reduced upper jaw relative to the lower jaw. Note the
similarity of the reduced upper jaws in C. orthognathus and the dob zebrafish (panel B). AP
– Ascending process of the premaxillary bone in the upper jaw. DP – dentigerous process of
the premaxillary bone in the upper jaw. The dentigerous process articulates directly with the
lower jaw via a ligamentous connection.
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Table 3
ANOVA results for AP and TRAP comparisons

ABWT mean dob mean F-ratio p-value

AP staining (lateral) 0.468 0.278 11.890 0.001*

AP staining (dorsal) 0.187 0.121 4.469 0.040*

TRAP staining (lateral) 0.146 0.378 34.312 <0.001*

TRAP staining (dorsal) 0.171 0.358 14.858 <0.001*

*
All comparisons were statistically significant at α=0.05
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