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Abstract

The jaws of anuran tadpoles consist of several evolutionary novelties, which are unique within the vertebrates. The most noticeable of
these novelties are two cartilaginous elements called rostralia and the derived organisation of cranial muscles, which form an entirely new
feeding apparatus. The suprarostral cartilage is located in the upper and the infrarostral cartilages in the lower jaw. Between infrarostral and
Meckel’s cartilage an intramandibular joint is present. The morphological diversity of anuran tadpoles and their different feeding modes
could be associated with these cartilaginous innovations and the shifted insertions of various cranial muscles. The evolutionary origin of the
rostralia and, more generally, of evolutionary novelties remains unclear most widely. Therefore, we investigated the molecular basis of the
morphogenesis of the infrarostrals by functional knock-down of the bagpipe-related homeobox gene zampogna (zax) in Xenopus laevis. Its
knockdown caused fatal deformation of the anterior part of the head and disappearance of the infrarostrals as well as shifted muscular inser-
tions. Higher doses caused a total loss of head structures including mouth, eyes and cranial cartilages. Using quantitative PCR, we found
a correlation between cartilage formation and the expression of zax. Our findings indicate that zax is part of a regulatory gene network
controlling the development of the ventral part of the anuran head and the formation of the intramandibular joint. This supports the view
that not the infrarostrals but rather the intramandibular joint, which forms in a zax-dependent manner, is the actual evolutionary novelty.
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Introduction

The evolution of upper and lower jaws in gnathostomes
was an important innovation that enabled predation and
handling of large and motile prey. The jaw itself con-
sists of several ventral and dorsal elements connected by
a distinct joint (CErRNY ef al., 2010). The mouth region
has undergone further changes in different gnathostome
groups. One of the more spectacular is the presence of
rostral cartilages and related changes to the pattern of
cranial musculature in anuran tadpoles. A new feeding
apparatus is produced, in which the suprarostral carti-
lage and the infrarostral cartilage are present (Fig. 1).

The suprarostral cartilage belongs to the upper jaw and
is movable against the chondrocranium. The infrarostral
cartilage forms the anterior part of the lower jaw and is
connected to Meckel’s cartilage via the intramandibular
joint (McDiarMID & ArLTiG, 1999). This has facilitated
the evolution of the numerous different feeding modes
(filter feeding, rasping, carnivory etc.) seen in tadpoles.
Furthermore, the larval stage is decoupled from the adult
stage. The morphology as well as the underlying genetic
background can evolve independently in anuran larvae
and adults (WOLLENBERG VALERO ef al., 2017). This fact
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is often seen as the major reason why anurans are the
dominant recent amphibian group both ecologically and
in terms of diversity (SVENSSON & Haas, 2005).

Xenopus laevis (Daudin, 1802) belongs to the Pipidae
a family of tongueless frogs. The tadpole of X. laevis is
highly derived and shows pipoid-specific features (Fig. 1)
such as a plate-like suprarostral, broad commissura quad-
ratocranialis anterior, a reduced muscular process of
the palatoquadrate and precocious formation of the lar-
val lower jaw (DE sA & swart, 1999). The suprarostral
cartilage and its alae are fused to the cornua trabeculae
and form a crescent-shaped, immobile suprarostral plate,
which supports the tentacular cartilage in the upper jaw
(DE SA & SwaRT, 1999, ROSE et al., 2015). In the lower
jaw the infrarostrals are fused medially and articulate
with Meckel’s cartilage (SokoL, 1977). The muscular pro-
cess of the palatoquadrate is reduced and a lateral process
of the palatoquadrate is present (DE SA & Swart, 1999).
The appearance of the rostralia in anurans required a re-
patterning of several cranial muscles. For example, the m.
geniohyoideus inserts at the anterior tip of Meckel’s car-
tilage in more basal lineages (ZIERMANN & DioGo, 2013)
but on the infrarostral cartilages in X. laevis (ZIERMANN &
OLssoN, 2007).

Neural crest-derived cells are responsible for the
formation of these novel cartilages (OLssON & HANKEN,
1996; Gross & HANKEN, 2008). The shape of neural crest-
derived cartilages depends on the expression of homeobox
genes in cranial neural crest progenitor cells before migra-
tion (Rosg, 2009). This pattern defines the anterior-pos-
terior-shape of the cartilages (Rosg, 2009). Dorsoventral
identity is defined by the expression of dlx genes (BEv-
ERDAM et al., 2002; Depew et al., 2002). The evolution-
ary origin of these novel cartilages and the mechanisms,
which gave rise to them are widely unknown. SVENSSON &
Haas (2005) proposed three different ways for how new
cartilages like the rostralia could have arisen during evo-
lution. (I) The cartilage itself could be the novelty or (II)
the result of a duplication event, or (III) the rostralia could
be partitioned regions of pre-existing cartilages. SQUARE et
al. (2015) excluded de novo evolution of the infrarostral
cartilage because it has a transcription factor expression
profile similar to the ventralmost aspect of the first phar-
yngeal arch in gnathostomes lacking rostralia. Molecular
evidence for a duplication event within the first pharyn-
geal arch could not be found either (SQUARE et al., 2015).
If the cartilage is partitioned by several molecular signals
the real novelties are not the cartilages itself but the articu-
lations between Meckel’s cartilage and the infrarostal and
between the suprarostral and the chondrocranium (SveN-
ssoN & Haas, 2005). De novo gene expression of regula-
tors, which are able to induce joint formation could be a
reason for the evolution of an additional joint. Further-
more, a heterotopic shift of regulators responsible for the
formation of the primary jaw joint, as well as the altera-
tion of cartilage preserving genes, could explain the par-
titioning of the lower jaw (SvEnssoN & Haas, 2005). The
regulatory gene network responsible for the formation of
the primary jaw joint could have become divided into two
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domains. One of them might have been shifted anteriorly
and contributed to the formation of the intramandibular
joint. Otherwise it seems possible that downstream targets
of regulatory genes involved in primary jaw joint forma-
tion acquired a novel function and became involved into
the formation of the intramandibular joint.

Regulators involved in primary jaw joint develop-
ment are known from other vertebrates. In mice Bapx! is
expressed during embryogenesis within and around the
developing malleus and incus. It controls the width of
the malleus but is not involved in forming the articula-
tion between these ossicles (Tucker, 2004). In zebrafish
the same gene has a regulatory function in forming the
articulation between quadrate and articular (MILLER et
al., 2003). In X. laevis, two homologous genes are pre-
sent, bapx1 (nkx3-2) and zax (nkx3-3). Bapx1 or xenopus
bagpipe is expressed in the mesenchyme surrounding the
future jaw joint between the palatoquadrate and Meckel’s
cartilage (NEWMAN et al., 1997), suggesting a function
in the formation of the primary jaw. Previous work has
shown, that the absence of bapx! led to the loss of the pri-
mary jaw joint whereas overexpression of bapx/ induced
ectopic cartilage formation in amphibians (Lukas & OLs-
soN, 2018a, 2018b). However, bapx! is not expressed
in the area of the intramandibular joint (NEWMAN et al.,
1997; SQUARE et al., 2015). Zax or zampogna expression
in X. laevis was initially described around the intraman-
dibular joint region (NEwMAN & KRIEG, 1999) but recent
studies refute these findings (SQUARE et al., 2015), which
questions the function of zax in intramandibular joint
formation. Nevertheless, it may be possible that zax ex-
pression affects intramandibular joint formation in a cell
non-autonomous manner. Additionally, shared functions
in joint development with bapx! seem possible because
of the shared ancestry of both genes.

In order to determine the role of zax we describe its
temporal expression via qPCR and the effects of function-
al knockdown of zax on larval cartilage and cranial mus-
cle anatomy and development using two Zax antisense
oligonucleotides (Zax-MO1 and Zax-MO2). Our findings
demonstrate that zax is a part of a regulatory gene net-
work, which controls the formation of the intramandibular
joint in the lower jaw. It is also involved in the formation
of the branchial basket and several cranial muscles, indi-
cating that zax is a gene within a regulatory gene network
important for the evolution of anuran specific novelties.

Materials and Methods

Xenopus laevis husbandry and manipulation

Xenopus laevis embryos were obtained from our depart-
mental breeding colony. Ovulation was induced by in-
jection of 600 units of human chorionic gonadotropin
(HCQG) into the dorsal lymph sac of the females. For the
induction of amplexus 200 units of HCG were injected
into the dorsal lymph sac of the male frogs. Single-pair
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Fig. 1. Overview on the cartilaginous jaw of anuran tadpoles. A Generalized jaw parts in frontal (A) and lateral (B) view with a plate-like
suprarostral cartilage, paired infrarostral cartilages and paired, sigmoidal Meckel’s cartilage. Composition of the rostrals in the derived
Xenopus laevis tadpole in frontal (C) and lateral (D) view. Infrarostrals are fused and Meckel’s cartilage is rod-like. The suprarostral carti-
lage is fused to the trabecular horns and forms the suprarostral plate, which is no longer movable.

mating and egg deposition took place at 15 °C. The eggs
obtained were dejellied using 2% cysteinehydrochlo-
ride (Merck) and then cultured at 20°C in 0,1x modified
Barth’s saline (KLEIN, 2001). Staging was done using the
normal table (NIEuwkoor & FABER, 1994).

We knocked down zax using the zax antisense oligo-
nucleotide (Zax-MO1) 5’-ATGTTAGTGCATAGTATC
CAATGGC-3’ (ATG complementary sequence under-
lined) (Gene Tools, USA) with fluorescein at 3’ (exci-
tation wavelength 501,5nm) for controlling the proper
injection. Fluorescence was checked using an Axiovert
S100 (Zeiss, Germany). Injections were performed in
8% Ficoll/0,1x MBS. A total amount of 10 nl with dos-
es of 10—45 ng Zax-MO1 were injected at the one-cell
stage. For each dose 30 tadpoles were injected. This was
done three times for each dose with changing parental
animals. Four hours after injection the embryos were
transferred to 0,1x MBS. Once a reproducible phenotype
was found we used a second non-overlapping transla-
tion blocking Morpholino against zax (Zax-MO2) with
a different sequence 5’-TATCCAATGGCCGGGAGA
AAGGCT-3’ to confirm specificity in three further exper-
iments. Eggs were injected with 90—100 ng Zax-MO2
unilateral at the two-cell stage to have an internal control.
This high amount was used due to the high G content of
the morpholino, which decreases its aqueous solubility
and therefore its activity (manufactures advice). A con-
trol morpholino oligonucleotide (Co-MO) against human
B-globin 5°’-CCTCCTACCTCAGTTACAATTTATA-3’
(Gene Tools, USA) was injected under the same condi-
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tions as a control (10 ng). For studying effects caused
by injection and handling, 90 embryos (3 x 30) were only
penetrated with the needle at the one-cell-stage without
injection. The number of dead and living larvae as well
as the number of living and dead larvae with an aberrant
phenotype from each experiment was counted each day
for up to eight days. Fluorescence of Zax-MO1 injected
larvae were checked and only those emitting green light
under the fluorescence microscope were used for further
investigations.

For the scoring of morphological defects three groups
of phenotypes (gut, head, bent axis) were defined (Fig.
4A). If embryos showed ventral oedema, incomplete dif-
ferentiation of the gut or ventral expansion of the gut,
they were considered to be of the gut phenotype. The bent
axis phenotype was defined according to the dorsoante-
rior index of Kao & ELinson (1988). Embryos were con-
sidered to show the head phenotype if they had reduced
eyes, anterior swelling, reduction or loss of the mouth, or
reduction or loss of the entire head. The frequency of all
aberrant phenotypes after injection of different doses of
morpholino was compared to a uninjected control group
and a Co-MO injected group.

Histology
To study the specific effects of zax knockdown on car-

tilage and muscle development we fixed normal larvae
and zax-MO injected larvae in 4% phosphate-buffered
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formalin (PFA) at stages between 35 and 48. These em-
bryos (two normal larvae of each stage and three zax phe-
notypes) were embedded in paraffin, serially sectioned
at 7um thickness using a rotary microtome (HM355 S,
Microm) and stained with Azan according to Heidenhain
(RIEDELSHEIMER & BUCHL-ZIMMERMANN, 2015).

CLSM-based 3D-reconstruction

We used whole mount antibody staining according to
produce a three-dimensional impression of the changes
in cartilage and muscles caused by zax knockdown. An-
tibody staining was carried out according to standard pro-
tocol (NAuMANN & Orsson, 2018). Monoclonal antibod-
ies against newt skeletal muscle (12/101, Monosan) and
collagen II (116B3-collagen II, Thermo Fisher Scientific)
were used to stain muscles and cartilages, respectively.
Alexa 568 (Thermo Fisher Scientific) was used as a fluo-
rescent secondary antibody. Image stacks (10 um z-plane)
were produced using a confocal laser scanning micro-
scope (LSM 510, Zeiss). Based on these stacks, 3D recon-
struction of the head was performed using Amira 5.4.0. for
surface rendering and Autodesk Maya 2015 for smooth-
ing and rendering of pictures. A total of 37 treated and 14
untreated (one for each stage from 35-48) larvae where
examined. Larvae of Hymenochirus boettgeri used for 3D-
reconstruction were part of our departmental collection.

Quantitative PCR

Quantitative PCR (qPCR) was used to determine the
temporal expression of zax during X. laevis development.
RNA was isolated from single whole embryos using QIA-
zol Lysis Reagent (Qiagen) and purified using RNeasy
Mini Kit (Qiagen) according to manufacturer’s instruc-
tions. RevertAid Transcriptase (Thermo Scientific) was
used to synthesize cDNAs from 2 pg of RNA extracted
from the embryos. Quantitative PCR was performed us-
ing a Stratagene Mx3005P (Agilent Technologies) and
one- step qPCR SYBR green kit (Roche). Primers used
for amplification of zax were 5’-TCTTTGCCCCTATTG
CCTCC-3’ and 5’-CTTTCTCCGGAGTCAGTGGC-3".
Target gene expression was normalized to the expres-
sion level of gene H4 (histone 4) (primer sequence 5’-
GACGCTGTCAACCGAG-3’ and 5’-CGCCGAAGC-
CAGAGTG-3’), which was included in each run. gPCR
was performed for the stages 1—-45 and the expression
of zax was calculated relative to stage 10, in which gene
expression was considered as basal level. For negative
control, a no template (water) control and RT-probe (with-
out RNA template) were used instead of template cDNA.
The quantification cycle (C,) in log-linear phase of am-
plification and the RT-PCR efficiency was quantified by
using MxPro software version Mx3005P v4.01 Build 369,
Schema 80 (Stratagen). Each run was further controlled by
analysis of the dSDNA melting curve at the end of each RT-
PCR run as well as a control of the resulting amplificates
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via gel electrophoresis. According to the sample maximi-
zation method all three replicates of a sample of the same
stage and the same gene were analysed in the same run
to minimize run-to-run variations (DERVEAUX et al., 2010).

Results

The temporal expression pattern of zax

We used qPCR to determine the temporal expression of
zax. Transcripts could not be detected until gastrulation
(stage 10). zax expression started to increase slowly at
the mid-neurula stage. From stage 25 to 30 (late tailbud)
the expression continued to rise and reached a plateau
persisting until the late tailbud stage. With the begin-
ning of chondrification at stage 40, expression increased
strongly until stage 45 (Fig. 2).

zax knockdown results in complete loss of
head structures

A quantitative analysis of survival and presence of aber-
rant phenotypes was undertaken. 80% of the control group
survived the first 8 days, thus a mortality rate of about
20% was assumed to be normal. Survival of tadpoles did
slightly decrease in Co-MO injected (77%) or in needle
perforated tadpoles (72%) showing that handling and in-
jecting a volume of 10 nl has a small effect on survival
in our morpholino experiments. The more zax-MO that
was injected, the fewer tadpoles survived and the more
phenotypes occurred. Injection of 10 ng Zax-MO1 had
no effect on survival or phenotype occurrence whereas
injection of 20 ng Zax-MO1 lead to first visible effects.
Survival decreased (71%) and different phenotypes oc-
curred. After injection of 45ng Zax-MO1 only 3% of the
tadpoles survived for 8 days and 82% displayed different
phenotypes. The same trend could be seen after injection
of different amounts of Zax-MO2 (Fig. 3A).

No phenotypes were observed in the untreated con-
trol group. The bent axis phenotype only occurs infre-
quently and is not considered to be a specific effect of zax
knockdown. It can be observed from NF25 onwards. One
gut phenotype observed was a translucent oedema ven-
tral to the anterior gut, which in most cases disappeared
during further development (Fig. 4B, bottom). This phe-
notype is considered to be an effect caused by perforation
during injection because it is evenly distributed among
all injections (except after injection of 10 ng Zax-MO1)
but did not appear in untreated larvae. The occurrence of
the head phenotype increased with the amount of Zax-
MOI injected and can be observed from NF40 onwards.
It starts at 20 ng with a swollen mouth region. 4% of
the treated tadpoles show this kind of deformation. The
higher the amount, the more crucial the effect and the
more tadpoles are affected. After injection of 30 ng 13%
display a head phenotype where the mouth opens incom-
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Fig. 2. Relative expression of zax normalized to the expression level of the H4 (histone 4) gene. Transcripts could not be detected before
stage 10. Expression increased at stage 25 before chondrogenesis has started. The increase at stage 40 marks the beginning of the differentia-
tion of the cartilage condensation, implying a role for zax both in the initiation of chondrogenesis and in the differentiation of chondrocytes.
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Fig. 3. A) Quantitative analysis of survival after injection of Zax-MO1 at the one cell stage and of Zax-MO2 unilaterally in two-cell stage
Xenopus laevis until eight days. B) Distribution of different phenotypes after injection of different doses of Zax-MO. 10—45 ng are the
doses of Zax-MO1 injected, 90 ng and 100 ng those of Zax-MO2, control describes the normal development without injection, Co-MO
the injection of 10 ng control morpholino and injected the sham operation (perforation with a needle without injection). Phenotypes were
identified as described in Materials and Methods (see Xenopus husbandry and manipulation for details).

pletely. Eyes, mouth or the entire head failed to develop  (31%) and survival (65%). 20% of tadpoles developed a
after injection of 45ng (Fig. 4C). Injections of 40 ng Zax-  head phenotype after injection of 90 ng Zax-MO2 and
MOI1 showed the best payoff between head deformation  61% after injection of 100 ng (Fig. 3B).
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Fig. 4. Phenotypes displayed at different stages after injection of different doses of Zax-MO. A) Phenotype classes as described in Materials
and Methods (NF44 each). B) Control phenotypes with uninjected tadpole on top (NF44), CoMo injected in the middle (NF44) and needle
perforated at the bottom (NF37). No difference can be seen between uninjected and CoMO injected larvae, both develop normally. Larvae
treated with the needle sometimes display a ventral oedema, which disappears during further development. This oedema also occurs in
zax-MO and Co-MO injected specimens. C) Phenotypes displayed after zax knockdown. Larvae injected with 40 ng Zax-MO1 (top) show
a protruding, swollen mouth region and are unable to open the mouth (NF45). 45ng Zax-MO1 injected embryos (middle) show different
types of loss of head structures (NF~36). 100 ng Zax-MO2 injected larvae resemble the tadpoles treated with 40 ng Zax-MO1 (NF42).

In our further investigations of the effects of zax
knockdown we performed injections of 40 ng Zax-MO1
and 100 ng Zax-MO2, which both reliably produced
specific, reproducible and numerous head phenotypes.
The development of these phenotypes showed a delay of
about two stages compared to the normally developing
untreated control group.

zax knockdown results in defects of carti-
lage formation

The following description of cartilage defects is based
on tadpoles treated with 40 ng Zax-MO1 or 100 ng Zax-
MO2, respectively. 31% of 40 ng Zax-MO1 and 61% of
100 ng Zax-MO?2 injected tadpoles developed the head
phenotype with a swollen mouth region and an incom-
plete mouthopening (Fig. 3B). The neural crest-derived
infrarostral, Meckel’s cartilage, ceratohyal and the
branchial basket are all malformed after zax-knockdown.
Dorsal neural crest-derived as well as mesoderm derived

cartilages are not malformed. Chondrocranium develop-
ment is delayed. Normally developed larvae fixed at the
same time as the Zax-MO1 treated larvae display all fea-
tures of a stage 48 tadpole, including a well-developed
tentacular cartilage, a closed basicranial fenestra and otic
capsules fused to the wall of the braincase (Fig. 5A, B).
The Zax-MOI1 treated larva instead shows traits typical
of stage 45—46 larvae (Fig. 5D, E). A tentacular carti-
lage extending between the suprarostral plate and the
processus cornu quadratis lateralis of the palatoquadrate
is not present. The rostral part of the suprarostral plate is
characterized by a broad u-shaped notch and the cornuae
trabeculae are less developed. A subocular fenestra is
present, but extends further caudally compared to control
specimen. The basicranial fenestra is not closed and the
otic capsules are only slightly fused to the wall of the
braincase. Also, the connection of the otic capsules to the
processus lateralis of the palatoquadrate is not present.
The otic capsules themselves display no malformation.
Because of the delayed development they look similar
compared to the otic capsules of control larvae at stage

Fig. 5. Three-dimensional reconstruction of the chondrocranium and the cranial muscles of Zax-MO1 and Zax-MO?2 injected larvae.
Both injections lead to delayed development. A) Chondrocranial morphology of 40 ng Zax-MO1 injected tadpole (right) and control
specimen (left) in dorsal view. B) 40 ng Zax-MO1 injected tadpole (right) and control specimen (left) in ventral view. Injected larvae
display conditions found at stage 46 whereas uninjected larvae are at stage 48 (both are fertilized and fixed at the same time). Injected
larvae are shorter and laterally compressed compared to controls. Several differences, such as the fusion of Meckel’s cartilage and the
infrarostral cartilage as well as the malformation of the branchial basket can be identified. Ceratobranchial IV is covered by cerato-
branchial II from this point of view. C) Cranial muscles in injected (right) and uninjected (left) Xenopus laevis larvae in ventral view
at stage 48. The phenotype displays various malformations of muscles such as fusion (gh+sr, gh+im), shifted insertion (gh) frayed ap-
pearance (ab, ih, im) and disordered pathways (so, im). D) Morphology of the 40 ng Zax-MO1 injected tadpole (right) in comparison
to a stage 46 NF normal developed tadpole (left) in dorsal view. E) 40 ng Zax-MO1 injected tadpole (right) and stage 46 NF tadpole
(left) in ventral view. The injected larvae display most of the traits of a stage 46 tadpole including the shape of the ceratohyal, the
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open basicranial fenestra and the missing tentacular cartilage. F) Chondrocranium of a 100 ng Zax-MO2 unilateral injected tadpole
at stage 46 with the injected side on the right and the uninjected one on the left. Fusion of infrarostral and Meckel’s cartilage is also
visible (arrow). Additionally, the ceratohyal is malformed and the ceratobranchial IV is missing. G) Cranial muscles of a 100 ng Zax-
MO?2 unilaterally injected tadpole at stage 46 with the injected side on the right and the uninjected side on the left. Remarkable is the
loss of the insertion of the m. geniohyoideus on the infrarostral and the separation of m. quadratoangularis and m. hyoangularis. Ab-
breviations: ab, mm. levator arcuum branchialium [-1V; bf, basicranial fenestra; bh, basihyal; br, mm. constrictors branchialis I[I-1V;
cbI-1V, ceratobranchial I-1V; ch, ceratohyal; ct, cornua trabecula; em, eyemuscles; gh, m. geniohyoideus; ha, m. hyoangularis; ih, m.
interhyoideus; im, intermandibularis; ir, infrarostral cartilage; mec, Meckel’s cartilage; Imlp, m. levator mandibulae longus profundus;
Imls, m. levator mandibulae longus superficialis; lp, lateral process; mp, muscular process; oc, otic capsule; oh, m. orbitohyoideus; qa,
m. quadratoangularis; gh, m. quadrato-hyoangularis; sf, fenestra subocularis; so, m. subarcualis obliquus; sr, m. subarcualis rectus I; tc,

tentacular cartilage; tc, terminal commissure.
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Fig. 6. Histological cross-sections through the head of a Zax-MO1 injected Xenopus laevis larva. A) Frontal section through the anterior
part of the head. Because of a slightly skewed sectioning the fused cartilage can only be seen on one side. Notice the great distance between
infrarostral cartilage and m. geniohyoideus. B) The connection between Meckel’s cartilage and the infrarostral in detail (arrowheads). No
intramandibular joint is visible. Abbreviations: gh, m. geniohyoideus; im, m. intermandibularis; ir, infrarostral cartilage; mc, Meckel’s

cartilage.

46 (Fig. 5D). In Zax-MO1 treated larvae the chondrocra-
nium shows a slight left-right asymmetry (Fig. 5A, B).
A developmental delay of two stages can also be seen in
the Zax-MO?2 unilaterally injected larvae. The uninjected
control side is much larger than the injected side with
well-developed chondrocranial structures (Fig. 5F). It
shows the same malformations as those on both sides in
bilaterally injected tadpoles. The uninjected side shows
the same normal morphology as seen in control speci-
mens. It resembles a stage 45 tadpole, whereas the inject-
ed side show traits of stage 43. This leads to an asymmet-
ric morphology, where the suprarostral plate proceeds
diagonally and the ceratohyal on the control side extends
over the midline of the larva.

The larval anuran lower jaw normally consists of
two mandibular neural crest stream-derived elements,
the infrarostral and Meckel’s cartilage. In the control
specimen, Meckel’s cartilage is sigmoid shaped and
articulates through the intramandibular joint with the
fused infrarostral cartilages. After Zax-MO1 knock-
down, Meckel’s cartilage is a continuous cartilage, which
lacks an intramandibular joint (Figs. 5, 6B). The normal
shape of Meckel’s cartilage is lost after knockdown. In-
stead the lower jaw consists of one continuous slightly
We-shaped cartilage without any visible intramandibular
joint. A caudal projection is seen at the midline (Figs. 6,
B, and D). Meckel’s cartilage is straighter and caudally
shortened compared to controls. It also extends laterally
over the margin of the cornuae trabeculae on the right
side. On the left side Meckel’s cartilage extends dorsally
and is shortened. The retroarticular processus is not well
developed, but the articulation with the palatoquadrate
is present (Fig. 7D). Zax-MO2 knockdown also lead to
the absence of the intramandibular joint (Fig. 7C, E). An
intramandibular joint is present on the control side and
Meckel’s cartilage develops normally.

The hyoid neural crest stream-derived ceratohyal car-
tilage displays a mild deformation. The lateral processus
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is broader and has a horizontal orientation instead of a
more vertical one. On its anterior margin, the ceratohyal
usually has a consistent rounding, whereas the Zax-MO
injected cartilage is uneven. The right part of this paired
cartilage is reduced in size. The fusion is incomplete
and the left part extends over the midline of the larva
(Fig. 7B). After Zax-MO?2 injection the ceratohyal is se-
verely deformed (Fig. SF, 7C). It is dramatically reduced
in size and shows a rectangular bend between the antero-
lateral process and the lateral process.

The branchial basket is severely malformed after Zax-
MOIL treatment. The terminal commissure is bent laterally
and extends dorsally in the direction of the otic capsules.
The slit between ceratobranchial I and II is nearly closed
on the left side and fails to develop on the right side. The
ceratobranchial IV is translocated anteriorly and dorsally
and placed dorsal to ceratobranchial II. After Zax-MO2
injection no terminal commissure is present and the cera-
tobranchial IV is missing. The basihyal and the otic cap-
sules are normally developed in both cases (Figs. 4 and 6).

zax knockdown affects cranial muscle
development

Several cranial muscles with different embryonic origins
display malformations. Insertions are changed, differen-
tiation is incomplete and some muscles are frayed. The
extrinsic eye muscles develop normally. Because of the
laterally compressed shape of the head phenotype, the
musculature is less broad than in the control tadpole.
The development of the musculature is delayed by three
stages (Fig. 5C, E).

Mandibular arch musculature

The m. levator mandibulae group differentiates very late
in development (ZIERMANN & OtssoN, 2007) and some
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Fig. 7. Maximum intensity projections of whole-mount immunolabeled Xenopus laevis larvae in ventral view. A) shows a control larva
at stage 48. B) shows a Zax-MO1 injected (40 ng) larva with a slight left-right asymmetry. The branchial basket is severely deformed.
Meckel’s cartilage and infrarostrals are fused and form a nearly U-shaped lower jaw. C) Zax-MO2 unilateral injected (100 ng) larva
with the injected side on the right and the uninjected side on the left. Infrarostral and Meckel’s cartilage are fused on the injected side,
whereas on the control side the intramandibular joint is present. D) Detailed view of the lower jaw of the larva in B. E) Detailed view
of the lower jaw of the larva in C. Abbreviations: bb, branchial basket; ch, ceratohyal; ir, infrarostral cartilage; mc, Meckel’s cartilage;
pg, palatoquadrate.

muscles of this group could not be observed, neither in
treated nor in control tadpoles. The m. lev. mand. longus
superficialis et profundus both originate from the subocu-
lar bar. Posteriorly, the different portions of these muscles
could not be distinguished. Cranially, the profundus por-
tion extends laterally and inserts at the distal tip of the su-
prarostral plate, next to the tentacular cartilage. Although
the phenotype lacks this cartilage, the profundus portion
develops well, but extends in the wrong direction in treated
specimen (Fig. 5C). The superficialis portion is stout and
proceeds straight rostrally to insert on the lateral surface
of Meckel’s cartilage. In the treated tadpoles this muscle is
thickened, bends proximally and attaches further dorsally
than in control tadpoles. The m. intermandibularis origi-
nates ventrally on each side at Meckel’s cartilage, and the
parts from each side meet in the median raphe. The entire
muscle consists of a single layer of fibres (Canbiorti, 2007)
and is slightly v-shaped. In the head phenotype caused
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by Zax-MO1 injection this muscle is disordered. Single
fibres fail to insert at Meckel’s cartilage and are frayed.
The muscle extends anteriorly and displays a more distinct
v-shape than in control tadpoles (Fig. 5C). After Zax-MO2
treatment the muscle is much smaller on the injected side
than on the control side but it attaches normally on the part
of the fused lower jaw element, which appears to be the
Meckel’s cartilage portion (Fig 4G).

Hyoid arch musculature

The m. quadrato-hyoangularis is a fused muscle extend-
ing from the ventral surface of the palatoquadrate and
the dorsal surface of the ceratohyal to the lateral edge of
Meckel’s cartilage. The origin at the ceratohyal is lost
and the insertion is shifted dorsally in Zax-MO1 treated
tadpoles (Fig. 5C). Zax-MO?2 treated tadpoles surpris-
ingly develop two distinct muscles, the m. quadratoan-
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gularis, which extends between the palatoquadrate and
Meckel’s cartilage and the m. hyoangularis connecting
the ceratohyal and Meckel’s cartilage (Fig. 5G). In unin-
jected as well as in Zax-MOI treated tadpoles these two
muscles share their insertion but the m. hyoangularis in-
serts at the anterior margin whereas the m. quadratoangu-
laris inserts at the lateral edge of Meckel’s cartilage. The
m. orbitohyoideus connects the muscular process and the
lateral process of the ceratohyal. Normally it proceeds
diagonally because the muscular process is placed ante-
rior to the ceratohyal. Zax-MO1 head phenotypes have
a vertically oriented m. orbitohyoideus, that is smaller
than normal. The m. interhyoideus is a broad, flattened
muscle, which extends between both lateral processi of
the ceratohyal. It is thickened and u-shaped after injec-
tion of Zax-MO1, probably as a result of the changes in
the shape of the ceratohyal.

Branchial arch musculature

All muscles in this group are affected by the knockdown
of zax owing to the malformation of the branchial basket.
m. subarcualis obliquus (also known as m. transversus
ventralis II) normally extends laterally from the median
aponeurosis to the ceratobranchialia II. After Zax-MO1
knockdown its pathway is curved and its insertion is
shifted laterally. The m. constrictor branchialis II and III
originate normally but their insertion is shifted dorsally.
The m. constrictor branchialis IV is located behind m.
constrictor branchialis III due to the malformation of the
associated ceratobranchial IV. The fused m. levatores
arcuum branchialium I-IV develop normally but some
fibres are frayed. The subarcualis rectus I normally ex-
tends between the medial margin of the ceratohyal and
the proximal part of ceratobranchial I. In Zax-MO1 de-
pleted tadpoles the muscle is fused at its origin to the
m. geniohyoideus and the insertion on the ceratohyal is
lost, whereas in Zax-MO2 treated embryos it develops
normally (Fig. 5C, E).

Hyobranchial musculature

M. geniohyoideus is a paired muscle that originates at the
hypobranchial plate near the ceratobranchial II and in-
serts on the infrarostral. It is a thin, elongated muscle that
only consists of a few fibres. After Zax-MO1 knockdown
this muscle displays a peculiar phenotype. On its way
anteriorly from its origin at least one strand penetrates
both the m. interhyoideus and the m. intermandibularis.
The insertion at the infrarostral cartilage is lost and the
strands end abruptly in condensed tissue (Fig. 5C). Zax-
MO?2 induced head phenotype shows a similar condition.
The strand of the m. geniohyoideus from the injected
side fails to attach to the cartilage but does not penetrate
another muscle. The strand from the control side inserts
laterally near the gap, which forms the intramandibular
joint on the fused infrarostral and Meckel’s cartilage
(Fig. 5G). Both strands originate from the median part of
ceratobranchial II.
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Discussion

Neural crest-derived cartilage development
depends on zax expression

In comparison to normal cartilaginous development de-
scribed before (Lukas & OtLssoN, 2018c) the functional
knockdown of zax causes a wide range of malforma-
tions in the developing cranial skeleton. When compar-
ing the temporal expression pattern and the phenotypes
produced by knockdown, several functions of zax dur-
ing development seem possible. The first increase of zax
expression takes place at stage 20 NF. At this time neu-
ral crest cells start to migrate (SADAGHIANI & THIEBAUD,
1987). (1) Due to the fatal head phenotype displayed at
doses of 45ng Zax-MO1 zax could play a role in early
development because small changes at the beginning of
development can lead to large changes in later devel-
opmental stages. (2) Nkx 3.2 (a homologue of Xbap) is
required at the onset of chondrogenesis for the prolifera-
tion of chondrocytes (GOLDRING et al., 2006). It is acti-
vated when chondroblasts appear and is less expressed
after proliferation of chondrocytes. Temporal and spatial
expression of zax correlates with chondrocyte differen-
tiation in X. laevis but expression is not decreased after
proliferation as shown for nkx 3.2 (bapx!) (GOLDRING et
al., 2006). Zax may have a regulating function in chon-
drocyte proliferation, as does bapx! (YAMASHITA et al.,
2009). (3) Additionally, it may have acquired a function
during early neural crest cell migration or further carti-
lage development. A knockdown of zax may has lowered
the number of cells in the neural crest derived anlagen,
which then led to malformations or slowed development.
(4) The mesodermal origin of the basibranchial and the
otic capsules is a common feature of anurans (SADAGHI-
ANI & THiEBAUD, 1987; OLssoN & HANKEN, 1996). Inter-
estingly, these structures are not affected by the function-
al knockdown of zax. This leads to the assumption that
neural-crest derived cells require zax-dependent signals
for proper development whereas mesoderm-derived cells
do not. Although the differences between normally de-
veloped and zax-depleted chondrocrania seem obvious,
these are not considered to be malformed because the
differences are caused by the delayed development of
the morpholino-injected larvae. All major processes are
present and the primary jaw joint develops normally. All
malformations can be found on the ventral side of the
head in structures derived from the neural crest streams.
The mandibular neural crest stream-derived cartilages
are fused. Hyoid stream-derived ceratohyal shows, de-
pending on the morpholino injected, mild to severe
changes in shape and size and the branchial stream-de-
rived branchial basket is seriously malformed, including
fusion of ceratobranchials (Zax-MO1) or loss of cera-
tobranchials (Zax-MO?2). It is obvious that only ventral
neural crest-derived cartilages are malformed. Therefore,
a dorsoventrally operating regulatory gene network can
be assumed to regulate this morphogenesis. (5) Dorsally,
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zax seems to have no regulating function, which would
correlate with the expression pattern, or redundant path-
ways are active controlling the correct development of
the dorsal parts.

Cranial muscle morphogenesis requires zax

Changes in the shape and insertion of muscles after zax
knockdown correlate well with the malformations of the
cartilaginous head skeleton in X. laevis larvae and only
ventral muscles are malformed. This is caused by the cor-
related development of muscles and cartilage. Neural crest
cells that contribute to the cartilage define the shape and
size of developing muscles (RiNoN ef al., 2007; Tokita &
SCHNEIDER, 2009). Shortened muscles such as the m. geni-
ohyoideus could appear because of indirect effects of the
perturbed development of neural crest-derived cells, which
are obviously affected by zax knockdown. Neural crest ex-
tirpation experiments in the Mexican axolotl (dmbystoma
mexicanum Shaw, 1798) show that muscles differentiate
normally in the absence of neural crest cells, but fail to
extend towards their normal insertions. Furthermore, a
frayed appearance was observed (EricssoN ef al., 2004).
These results correlate well with our observations in zax-
depleted larvae. The delay of the m. intermandibularis and
m. interhyoideus follows the malformations of Meckel’s
cartilage and the ceratohyal, respectively. The spatial
and temporal pattern of normal muscle development has
been described (ZiERMANN & OLssoN, 2007). In compari-
son, the musculature in Zax-MO depleted tadpoles shows
a developmental delay of about three stages as does the
entire larva. Zax-MO2 treatment leads to the separation
of the m. quadratohyoangularis into the m. quadratoangu-
laris and the m. hyoangularis, with a shifted insertion on
Meckel’s cartilage of the m. hyoangularis. This could be a
result of the massive deformation of the ceratohyal or its
shifted position. Interestingly, in Zax-MOI treated larvae
the origin of the m. quadratohyoangularis on the ceratohy-
al is lost. In light of the results of Zax-MO2 experiments,
it seems that the m. hyoangularis is lost and only the m.
quadratoangularis exists in Zax-MO1 tadpoles. The short-
ening of the m. geniohyoideus, the loss of its insertion at
the infrarostral cartilage and its fusion at the origination to
the m. subarcualis rectus is an interesting malformation in
Zax-MOl treated tadpoles. There is a correlation between
the development of several cranial muscles and the chon-
drogenesis of skeletal elements (MCCLEARN & NODEN,
1988). Cells from connective tissues migrate into muscle
anlagen and separate them. This does not happen in the
area of the future origination of m. geniohyoideus and m.
subarcualis rectus in Zax-MO/1-treated tadpoles. The nor-
mal development of the ceratobranchial cartilage leads to
a separation of both anlagen (ZIERMANN & OLSSON, 2007).
After knockdown of zax the ceratobranchial cartilage is
malformed and the entire branchial basket is smaller than
normal. The close relationship of the two anlagen and the
Zax-MO1 affected connective tissue, which does not form
correctly, leads to a failure of separation. Such malforma-
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tions could also be seen in FoxN3-MO-injected X. lae-
vis larvae (ScHmIDT et al., 2011). It has been shown that
FoxN3 knockdown also leads to downregulation of zax
(ScHuFF et al., 2007). Therefore, it is not surprising that
functional knockdown of zax leads to similar malforma-
tions. A regulatory gene network could be present where
zax is a downstream target of FoxN3 and they are both
parts of a neural-crest cell regulating network.

zax and its potential role in the origin of
evolutionary novelties

From an evo-devo perspective, it is an important observa-
tion that only neural crest-derived structures are affected
by the knockdown of zax. Interestingly, anuran-specific
innovations, e.g. the infrarostral cartilage and the filigreed
gill basket, show the most drastic malformations in zax-
depleted tadpoles (Figs. 4 and 6). These malformations
resemble the conditions of homologous structures in sala-
manders and are more severe than malformations after the
knockdown of the paralogous gene bapx/ (Lukas & OLs-
SON, 2018a). Salamanders have no rostrals but an elongated,
U-shaped Meckel’s cartilage similar to the one displayed
by zax-Morphants. The gill basket is a simple arrangement
of two hypobranchials and four ceratobranchials, which
forms a V-shaped basket connected by two basibranchi-
als in the midline. The slight V-shaped basket of Zax-MO
depleted tadpoles together with a general simplification of
this structure is similar to the salamander condition. Hyme-
nochirus boettgeri, a small frog closely related to X. laevis
also has a reduced branchial basket, which only consists
of two ceratobranchials (Fig. 8). Additionally, the tadpole
of this frog has a continuous, U-shaped lower jaw without
an infrarostral cartilage (Rosg, 2014). Based on our mor-
phological results it seems possible that alterations in zax
expression could have led to the absence of the intraman-
dibular joint and a stepwise reduction of ceratobranchials
within the stem line of H. boettgeri. This hypothesis needs
to be tested by investigating zax expression patterns or zax
upregulation experiments in H. boettgeri. FoxN3-depleted
tadpoles also display a malformed intramandibular articu-
lation and a gill basket that resembles homologous struc-
tures in salamanders (ScHmIDT ef al., 2011). Furthermore,
it has been shown that FoxN3 directly influences the ex-
pression of Nkx genes such as zax (ScHUFF et al., 2007).
Thus, the similarity of malformations is not surprising but
implies that zax, even if regulated by FoxN3, plays a role
in the gene regulatory network controlling the develop-
ment of anuran-specific novelties.

The evolution of the vertebrate jaw includes the evo-
lution of a jaw joint. This starts with an unjointed condi-
tion in the agnathan ancestor. In the first branchial arch
of lampreys, no gnathostome-like expression of Bapx/ is
present (CERNY et al., 2010), but in zebrafish and chicken
itis involved in primary jaw joint development (MILLER et
al., 2003; WiLsoN & TUCKER, 2004). A homologous gene
zax, which evolved through genome duplication (NEw-
MAN & KRIEG, 1999), has been suggested as a candidate
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Fig. 8. Three-dimensional reconstruction of the larval head of Hy-
menochirus boettgeri. Noticeable are the continuous lower jaw
without intramandibular joints and the branchial basket only con-
sisting of ceratobranchial I and II (cbl is situated under the cerato-
hyal and cannot be seen). Abbreviations: bhb, basihyobranchiale;
cbll, ceratobranchiale II; ch, ceratohyale; mc, Meckel’s cartilage;
mp, muscular process.

gene for the development of the intramandibular joint
(SvenssoN & Haas, 2005) because it is expressed in the
area of the future infrarostral cartilage. Zax is expressed in
the ectoderm around the stomodeum at stage 37 (SQUARE
etal.,2015). This zax expressing ectodermal region arises
at stage 32 and overlies the future infrarostral and intra-
mandibular joint mesenchyme before it splits into two
stripes over each first branchial arch. Expression ends
around stage 41 just about when GDF5 expression is de-
tectable in and around the intramandibular joint (SQUARE,
pers. comm.). According to our experiments, it is possible
that zax either directly turns on GDF'5 or somehow initi-
ates a cascade that turns on GDF5, which then specifies
the intramandibular joint. Thus, zax seems to be acting in
a cell non-autonomous way because it is not expressed
in the joint tissue itself, but instead overlying it before it
develops. This model is consistent with our experiments,
which strongly indicate that specification of the intraman-
dibular joint occurs in a zax-dependent manner.

The temporal expression pattern in X. laevis is con-
sistent with the development of the joint. Expression
starts to increase when the first chondrocytes appear and
continues when cartilages and joint develop in the head of
X. laevis embryos. Joint formation has been investigated
in limb development, where it starts with the formation
of an interzone, the future place of the joint. How this
zone is induced remains unknown. In a second phase,
specification of this region is mediated through wnt/4 and
GDF5 (KHaN et al., 2007). This leads to the separation of
the cartilage and the emergence of two distinct structures
and the joint cavity. Morphogenesis forms the distal end
of the one and the proximal end of the other part, with the
result that both ends together form a joint (PITSILLIDES &
ASHHURST, 2008; Dy et al., 2010). Bapx positively regu-
lates the expression of GDF5, which defines the future
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position of the primary jaw joint (MILLER et al., 2003).
GDF?5 is also expressed in the region of the future intra-
mandibular joint and is independent of bapx! expression
there (SQUARE et al., 2015), implying that it is involved in
joint development. The loss of the intramandibular joint
after functional knockdown of zax and the expression pat-
tern indicates a role for zax in the development and evolu-
tion of this joint. We suggest that zax defines the position
of the intramandibular joint by regulation of GDF'5 or one
of its upstream regulators, mimicking the ancestral role
of bapxI which regulates GDF5 to develop the primary
jaw joint. This function could be conserved through the
duplication event at the origin of anurans and an expres-
sion shift could lead to the formation of a new joint.

Another possibility is that the intramandibular joint is
homologous to joints found on more posterior arches at
the level of hypohyal-ceratohyal and hyobranchial-cer-
atobranchial in fish and salamanders. If this is the case,
this joint (including its regulatory gene network) could
be a primitive feature of all vertebrate pharyngeal arches.
The joint itself could have been lost or the gene expres-
sion making it was turned off when the first arch skel-
eton evolved into jaws. Switching the expression back on
again in the frog ancestor could have led to evolution of
the infrarostral in anuran tadpoles (RosE, pers. comm.).

The loss of the insertion of the m. geniohyoideus on
Meckel’s cartilage may have caused the loss of the intra-
mandibular joint. As recently shown in zebrafish, muscle
activity is required for joint morphogenesis (BRUNT et al.,
2015). Normally the m. geniohyoideus is present when
the infrarostral cartilage begins to form. It is possible that
the loss of muscle attachment and thus the loss of me-
chanical impact on the infrarostral cartilage caused the
loss of the intramandibular joint.

What are the genetic changes that lead to morpho-
logical variation and thus to evolutionary novelties? In
our present investigation we removed zax from its gene
regulatory network through functional knockdown. The
received phenotype shed light on a potential role for zax.
We have shown that alteration of an existing network can
lead to morphological variation that can result in evolu-
tionary novelties. If this variation becomes adaptive and
heritable it is one way to generate evolutionary novel-
ties. Just like the lamprey mandibular arch pattern was
altered and bapx 1 invaded to form the primary jaw joint,
the network to which zax belongs could have invaded the
anuran first arch to form the intramandibular joint.
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Supplement |

List of specimens examined

Species Preparation number of larvae stage

Xenopus laevis (Daudin, 1802) Zax-MO1 experiments 540 various
Zax-MOL controls 90 "
Zax-MO2 experiments 180 .
Zax-MO2 controls 90 N
Co-MO 90 ’
needle penetration 90 "

qPCR 27 treated NF1-45

27 untreated NF1-45

histology 42 treated NF40-46

29 untreated NF35-48

antibody-staining 37 treated NF40-46

14 untreated NF35-48

Hymenochirus boettgeri (Tornier, 1896) antibody-staining 3 Go25
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