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Forkhead box (Fox) genes code for transcription factors that play important roles in
different biological processes. They are found in a wide variety of organisms and
appeared in unicellular eukaryotes. In metazoans, the gene family includes many
members that can be subdivided into 24 classes. Cephalochordates are key organisms
to understand the functional evolution of gene families in the chordate lineage due to
their phylogenetic position as an early divergent chordate, their simple anatomy and
genome structure. In the genome of the cephalochordate amphioxus Branchiostoma
floridae, 32 Fox genes were identified, with at least one member for each of the classes
that were present in the ancestor of bilaterians. In this work we describe the expression
pattern of 13 of these genes during the embryonic development of the Mediterranean
amphioxus, Branchiostoma lanceolatum. We found that FoxK and FoxM genes present
an ubiquitous expression while all the others show specific expression patterns restricted
to diverse embryonic territories. Many of these expression patterns are conserved with
vertebrates, suggesting that the main functions of Fox genes in chordates were present
in their common ancestor.
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Introduction

Forkhead box (Fox) transcription factors originated early during evolution and are specific to
opisthokonts. They are present in fungi as well as in metazoans (Mazet et al., 2006; Larroux et al.,
2008; Shimeld et al., 2010a) in which they play essential roles during embryonic development
(Carlsson and Mahlapuu, 2002; Tuteja and Kaestner, 2007a,b; Benayoun et al., 2011). Fox proteins
possess a helix-turn-helix DNA-binding domain called the forkhead domain which corresponds
to a conserved region of approximately 110 amino acids (Weigel and Jackle, 1990; Clark et al.,
1993). A molecular phylogeny-based classification of the Fox gene family allowed to propose its
subdivision into 24 classes (ranged from FoxA to FoxS$ and including subfamilies that were recently
subdivided: Fox] (Fox]J1 and Fox]J2), FoxL (FoxL1 and FoxL2), and FoxN (FoxN1/4 and FoxN2/3)
(Mazet et al., 2003). Many Fox gene losses or duplications occurred in different bilaterian clades,
affecting different Fox classes. For example, FoxAB is found in cephalochordates and in the sea
urchin but not in tunicates or vertebrates (Tu et al., 2006; Yu et al., 2008a), and families R and
S are vertebrate-specific (Wotton and Shimeld, 2006; Shimeld et al., 2010b). Using phylogenetic
analyses, it has been proposed that 22 Fox gene families were already present in the bilaterian
ancestor (Shimeld et al., 2010b).
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Cephalochordates (i.e., amphioxus) belong to the chordate
phylum together with tunicates and their sister group, the
vertebrates. They present morphological, developmental, and
genomic characteristics that are proposed to be very similar to
the ancestral state in the chordate clade, making amphioxus a
key model system to understand chordate evolution (Bertrand
and Escriva, 2011, 2014). Interestingly, it has been shown that
amphioxus is the only living bilaterian possessing at least one
member of each of the 22 Fox gene families proposed to have
been present in Urbilateria (Yu et al., 2008a). Thus, the study
of Fox genes in this cephalochordate may shed light on the
functional evolutionary history of this transcription factor gene
family. Past studies using genomic data from the Caribbean
cephalochordate Branchiostoma floridae described the presence
of 32 Fox genes in this species (Yu et al, 2008a) and the
expression pattern of 11 of these genes was previously described:
FoxAa and FoxAb (formerly named AmHNF3-1 and AmHNF3-
2, respectively) (Shimeld, 1997), FoxB (Mazet and Shimeld, 2002),
FoxC (Mazet et al., 2006), FoxD (Yu et al., 2002b), FoxE4 (Yu
et al., 2002a), FoxF (Mazet et al., 2006; Onimaru et al., 2011),
FoxG (Toresson et al., 1998), FoxL1 (Mazet et al., 2006), FoxN1/4a
(Bajoghli et al., 2009), FoxQI and FoxQ2 (Yu et al., 2003; Mazet
et al., 2006). In this work we searched for Fox sequences in the
transcriptome of the Mediterranean amphioxus Branchiostoma
lanceolatum. We found 28 Fox sequences and we describe here
the spatiotemporal expression pattern of 13 Fox genes during
embryonic development, including seven previously described
in B. floridae and six for which expression was not known.
We show that in B. lanceolatum some Fox genes exhibit
ubiquitous expression as FoxK and FoxM, while the others show
specific and dynamic expression patterns restricted to diverse
embryonic territories. These expression patterns suggest that
Fox genes are performing both general and specific functions
during amphioxus embryonic development, most of them being
probably ancestral in the chordate clade.

Materials and Methods

Phylogenetic Analysis

All reference sequences, except for B. lanceolatum, were obtained
from Genbank or from Fritzenwanker et al. (2014) The multiple
alignment was performed only for the conserved Forkhead
amino acid domain sequences using the MUSCLE module
implemented in MEGA 6 and manually refined in its interface
(Tamura et al., 2013). The best fit substitution model for
phylogenetic reconstruction was estimated using MEGA 6
(Tamura et al.,, 2011). Bayesian inference (BI) tree was inferred
using MrBayes 3.2 (Ronquist et al., 2012), with the model
recommended by MEGA 6 under the Akaike information
criterion (RtRev+T"), at the CIPRES Science Gateway V. 3.1
(Miller et al., 2015). Two independent runs were performed, each
with four chains and 1 million generations. A burn-in of 25% was
used and a 50 majority-rule consensus tree was calculated for the
remaining trees.

Cloning and Expression Study
B. lanceolatum Fox sequences were recovered from its reference
transcriptome (Oulion et al., 2012) by TBLASTN using sequences

from B. floridae as queries. Specific primers were then designed
for RT-PCR amplification from total RNA. Primer sequences are
as follow:

FoxA_a_5 AAGTCGCCGGTGTACGAGATG
FoxA_a_3' GTATTATAGAGACGAAGGTTG
FoxA_b_5 CATTTCCTCAGAACAGACATG
FoxA_b_3' TCCTAAAGACTCCCAACAACA
FoxAB_5" CAGTGTGAGGTGAACATCATG
FoxAB_3' CGATTGACAGGTTGATAGAAC
FoxB_5 ACAACAGGACCCTGACTCGT
FoxB_3' GCATTCCCTGACGTCTTGA
FoxC_5" AACCGTCCCGTTTTCCTCATG
FoxC_3' CAGTTTTGATTCGTAAGGACT
FoxD_5 ACAGCTGTGGAGTGGACACTT
FoxD_3" CACGAGACATGTAAGTCTCCG
FoxEa_5 AACCAACCCCGTACCAGCATG
FoxEa_3' ATATGACACGGACACTGAACT
FoxG_5 ACGCACATTAGCACAGTTCG
FoxG_3' ACTTGACCCTGGCTTGACAC
FoxJ1_5 TACAGACAACTGTAAACCATG
FoxJ1_3' TTGTAATGCAGGGTGGGGCCT
FoxK_5 GGAAGGCGGAGTTGGACAATG
FoxK_3' CCGGACACGTCCTGCACCTGT
FoxM_5 AGGAGAGTGTGACAAACCATG
FoxM_3' TTCTCAGCTATTCAGTAATAC
FoxN1/4a_5" GCGCACCGAGTATCGTTCTGA
FoxN1/4a_3" ACATAGGTAGGACTATGTACT
FoxN2/3_5 CAGTAAACACGAGCAGACATG
FoxN2/3_3' AGCTGAAGACAATGATGATCC

A mix of total mRNA of B. lanceolatum extracted from
embryos at different developmental stages was used as a
template for retro-transcription. Amplification was performed
using Advantage 2 Polymerase kit (Clontech) and a touch-down
PCR program with annealing temperature ranging from 65 to
40°C. Amplified fragments were cloned using the pGEM-T Easy
system (Promega) and sub-cloned in pBluescript II KS+ for
probe synthesis.

Whole Mount In situ Hybridization

Probes were synthesized using the DIG labeling system
(Roche) after plasmid linearization with the appropriate
enzymes. Ripe animals of B. lanceolatum were collected
in Argelés-sur-Mer (France), and gametes were obtained
by heat stimulation (Fuentes et al, 2004, 2007). In vitro
fertilization was undertaken in Petri dishes filled with
filtered Fixation and whole mount in situ
hybridization were performed as described in Somorjai
et al. (2008).

sea water.

Results

Molecular Phylogenetic Analysis of

B. lanceolatum Fox Gene Sequences

We looked for Fox gene sequences in the reference transcriptome
of B. lanceolatum (Oulion et al, 2012). The sequences
that were recovered were used to conduct a phylogenetic
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tree reconstruction presented in Figurel. We showed that
B. lanceolatum possesses at least 28 Fox genes, each of them being
orthologous to one of the 32 genes described in B. floridae and
corresponding to at least one member of each of the 22 families
present in the bilaterian ancestor (Yu et al., 2008a). Specific
duplications, that occurred in the cephalochordate clade at least
in the ancestor of B. floridae and B. lanceolatum, gave rise to
three members in the FoxQ2 group (FoxQ2a, FoxQ2b, FoxQ2c),
two members in the FoxN1/4 group (FoxN1/4a and FoxN1/4b),
and two genes in the FoxE group (FoxEa and FoxEc). We then
analyzed the expression pattern during B. lanceolatum embryonic
development of 13 of these 28 Fox genes corresponding to those
showing a higher expression level in the transcriptome (Oulion
etal., 2012).

FoxAa and FoxAb

FoxAa (formerly named AmHNF3-1) (Shimeld, 1997) was first
expressed at the gastrula stage in the anterior ventral endoderm
and in the mesendodermal layer of the dorsal blastoporal
lip (Figures2A,B). At the late gastrula stage, we detected
transcripts in the axial dorsal mesendoderm corresponding to
the presumptive notochord territory, as well as in mesendoderm
cells of the archenteron floor (Figures 2C,D). Expression in
the axial mesoderm and endoderm persisted through mid-late
neurula stage (Figures2E,F). Later on, at late neurula stage
before the mouth opens, the expression in the notochord was
restricted to the most anterior and posterior tips of the embryo,
while the endodermal expression was restricted to the middle
region of the gut (Figure 2G). At the larva stage, the expression
at the anterior tip of the notochord and in the tailbud was
still observed and we detected a diffuse expression in the gut
(Figure 2H).

FoxAb (formerly named AmHNF3-2) (Shimeld, 1997)
expression was first detected at the gastrula stage as a weak
signal in the mesendodermal part of the dorsal blastoporal lip
(Figures 2L]J). At the late gastrula stage, we detected expression
in the central paraxial mesoderm on both sides of the notochord
anlagen (Figures 2K,L). At the mid-late neurula stage transcripts
were detected in the neural tube, including the cerebral vesicle,
and in the dorsal part of the endoderm (Figures 2M,N). At the
late neurula stage, before the mouth opens, FoxAb was expressed
in the neural tube and in the most anterior part of the pharynx.
In the posterior region, expression was detected in the tailbud
and in the dorsal midline of the gut (Figure 20). At the larva
stage, we observed expression in the pharynx, in the preoral pit,
in the club-shaped gland and in the tailbud. At this stage, the
expression in the neural tube gets restricted to some neurons and
to the posterior part of the cerebral vesicle (Figure 2P and Figure
S1A).

FoxAB

FoxAB transcripts were detected as a weak and ubiquitous signal
from the eight-cell stage to the blastula stage (Figures 2Q,R).
This ubiquitous expression was confirmed by the presence of
reads in transcriptome analyses (data not shown). At the gastrula
stage we observed a strong specific expression in the dorsal
blastoporal lip, the amphioxus putative organizer (Figures 2S,T).

At the late gastrula stage, expression gets restricted to the
presumptive notochord territory (Figures 2U,V). No expression
could be detected by in situ hybridization in later stages.

FoxB

FoxB expression was first detected dorsally, both in the ectoderm
and in the mesendoderm, as a weak signal in mid gastrula
stage embryos (Figures 2W,X). Later on, in early neurula stage
embryos, a signal could be observed in the neural plate on either
side of the midline, as well as in two patches in the posterior
paraxial mesendoderm (Figures 2Y,Z). During the late neurula
stage, expression was detected in the most posterior paraxial
mesoderm that give rise to the newly formed somites and in
the neural tube posterior to the cerebral vesicle (Figures 2A}B’).
Then, FoxB expression in the mesoderm faded away in late
neurulae (Figure 2C’) and get later restricted to the cerebral
vesicle and to some neurons along the neural tube in larvae
(Figure 2D’ and Figure S1B).

FoxC

FoxC was expressed at the gastrula stage in the dorsal paraxial
mesendoderm (Figures 3A,B). Later on, at the late gastrula
stage, expression was detected in the region that gives rise to
the three most anterior somites (Figures 3C,D). In mid-late
neurulae, the transcripts remained all along the body in the
somites and a new expression domain appeared in the anterior
endoderm at the level where the first gill slit opens (Figure 3E).
At the late neurula stage, the expression persisted in the pharynx
and somites and was also detected in the club-shaped gland
anlagen (Figures 3F,G). At the larva stage a diffuse expression
was observed in the somites as well as in the preoral pit, in the
club-shaped gland and in the first gill slit (Figure 3H and Figure
S1C).

FoxD

FoxD transcripts were first detected at the gastrula stage in the
dorsal blastoporal lip (Figures 3LJ). Then, at the late gastrula
stage, FoxD was expressed in the dorsal axial mesendoderm, in
part of the dorsal paraxial mesendoderm as two patches on both
sides of the midline and in the anterior region of the neural plate
(Figures 3K,L). At the mid-late neurula stage, the notochord
and the somites, as well as the cerebral vesicle, were labeled
(Figure 3M). At the late neurula stage, before the mouth opens,
transcripts were detected in the paraxial somitic mesoderm,
in the notochord, in the cerebral vesicle and in the posterior
endoderm (Figures 3N,0). A faint labeling was also detected
at this stage in the first gill slit and in the club-shaped gland
anlagens. At the larva stage, we observed a low expression level in
the cerebral vesicle, in the preoral pit, in the club-shaped gland,
in the first gill slit, in the notochord and in the posterior part
of the gut. We also observed an anterior to posterior gradient of
expression in the somites (Figure 3P and Figure S1D).

FoxEa

FoxEa (formerly named FoxE4 in B. floridae) expression was
first detected at early neurula stage in the antero-ventral
mesendoderm (Figures 3Q,R). Later on, at the mid-late neurula
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FIGURE 1 | Phylogenetic analysis of B. lanceolatum Fox genes. blue boxes. Divergent sequences appeared outside these boxes. Only one
Unrooted 50 majority-rule consensus Bayesian inference tree based on the amphioxus Fox gene, named Fox1 (Yu et al., 2008a), that probably originated
amino acid sequences of the forkhead domain. Posterior probablilities are by a specific duplication and fast evolutionary rate in cephalochordates,
shown at each node. The different paralogy groups are colored in pink or light (Continued)
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FIGURE 1 | Continued

localizes outside these paralogy groups. Abbreviations: Dm,
Drosophila melanogaster; Mm, Mus musculus; Dr, Danio rerio; Ci,
Ciona intestinalis; Sp, Strongylocentrotus purpuratus; Sk,

Saccoglossus kowalevskii; Nv, Nematostella vectensis; Bf,
Branchiostoma floridae; Bl, Branchiostoma lanceolatum. Red stars
indicate Bl sequences. Scale bar represents 0.4 amino acid
substitution per site.

FIGURE 2 | Expression of B. lanceolatum FoxAa, FoxAb, FoxAB,
and FoxB. In all the panels except (B, J, Q, R, T, X) anterior is to the
left. In lateral and blastoporal views dorsal is to the top. FoxAa
expression pattern (A-H). Gastrula lateral (A) and blasporal (B) views.
Late gastrula lateral (C) and dorsal (D) views. Mid-late neurula lateral
(E) and dorsal (F) views. In the late neurula lateral view (G) arrow
marks the endodermal expression in the middle region. In the larva
stage lateral view (H), the double arrowhead indicates the expression in
the anterior tip of the notochord and the arrowhead marks the
expression in the tailbud. FoxAb expression pattern (I-P). In the gastrula
lateral (I) and blastoporal (J) views the arrow indicates the expression in
the mesendodermal part of the dorsal blastoporal lip. Late gastrula
lateral (K) and dorsal (L) views. In the mid-late neurula lateral (M) and
dorsal (N) views the double arrowhead marks the expression in the

cerebral vesicle. In the late neurula lateral view (O), the double arrow
marks the expression in the most anterior part of the pharynx. In larva
lateral view (P) the arrowhead indicates the expression in the tailbud.
FoxAB expression pattern (Q-V). Eight-cell stage (Q). Blastula stage (R).
Gastrula lateral (S) and blasporal (T) views. Late gastrula lateral (U) and
dorsal (V) views. FoxB expression pattern (W-D’). Gastrula lateral (W)
and blastoporal (X) views. Early neurula lateral view (Y). In the early
neurula dorsal (Z) view the arrowhead indicates the two expression
patches in the posterior paraxial mesendoderm. Mid-late neurula lateral
(A’) and dorsal (B’) views. The double arrowhead marks the expression
in the newly formed somites. Late neurula lateral view (C’). In larva
lateral view (D’) the arrow indicates the expression in the cerebral
vesicle. Scale bar: 10um (A-F), (I-N), (Q-V), (W-B’), and 50 um (G,H),
(O,P), (C’,D).

stage, FoxEa transcripts were detected ventrally in the endoderm
with a higher expression level on the right side of the pharynx
(Figures 3S,T), and a slight expression domain in the posterior
gut was also visible. At the late neurula stage, FoxEa transcripts
remained ventrally in the pharyngeal endoderm on the right side
(Figure 3U). Finally, at the larva stage, transcripts were detected
in the club-shaped gland (Figure 3V and Figure S1E).

FoxG

FoxG expression was first observed at the neurula stage in the
anterior region of the first somites (Figures 3W,Y). At the late
neurula stage, FoxG was expressed in the anterior ventral region
of the three most anterior somites (Figures 3X,Z). Later on,
in late neurula before the mouth opens, a neural expression
appeared in some individual neurons within the neural tube,

while the expression observed in the first somites disappeared
(Figure 3A). This expression persisted in the larva stage embryos
in which FoxG was also detected in some neurons of the cerebral
vesicle (Figure 3B’ and Figure S1F).

FoxJ1

FoxJ1 showed a dynamic expression pattern. Expression began
during gastrulation and was detected in the ectoderm except
the ectoderm around the blastopore (Figures 4A,B). Later on,
at the late gastrula stage, this expression pattern persisted in
the ectoderm that give rise to the epidermis (Figures4C,D).
At the mid-late neurula stage, we detected transcripts in the
neural tube while the expression in the epidermis was completely
lost (Figures 4E,F). This neural tube expression was no more
observed in late neurula stage embryos before the mouth
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FIGURE 3 | Expression of B. lanceolatum FoxC, FoxD, FoxEa, and
FoxG. In all the panels except (B,J), anterior is to the left. In lateral and
blastoporal views dorsal is to the top. FoxC expression pattern (A-H).
Gastrula lateral (A) and blastoporal (B) views. The double arrowhead
indicates the expression in the paraxial mesoderm. Late gastrula lateral (C)
and dorsal (D) views. The arrowheads marks the region that will give rise to
the three most anterior somites. In mid-late neurula lateral view (E) the arrow
indicates a new expression domain in the anterior endoderm. Late neurula
dorsal (F) and lateral (G) views. The arrow marks the expression domain in
the pharynx. Larva lateral view (H). FoxD expression pattern (I-P). Gastrula
lateral (I) and blasporal (J) views. Late gastrula lateral (K) and dorsal (L)
views. The arrow indicates the expression in the anterior region of the neural

plate and the double arrowhead marks the expression in the paraxial dorsal
mesendoderm. Mid-late neurula lateral view (M). Late neurula dorsal (N) and
lateral (O) views. Larva lateral view (P). In (M, O, P) the arrows indicate the
expression domain in the cerebral vesicle. FOXE expression pattern (Q=V).
Early neurula lateral (Q) and dorsal (R) views. Mid-late neurula lateral (S) and
dorsal (T) views. Late neurula lateral view (U). Larva lateral view (V). FoxG
expression pattern (W-B’). Early neurula lateral (W) and dorsal (Y) views.
Mid-late neurula lateral (X) and dorsal (Z) views. The arrowhead indicates the
expression in the three most anterior somites. In the late neurula stage lateral
view (A’) the arrows mark the neurons within the neural tube. Larva stage
lateral view (B’). Scale bar: 10 um (A-E), (I-L), (Q-T), (W-2), and 50 pm
(F_H)! (N_P)! (U!v)! (A’!B’)-

opens (data not show), however at the larva stage we observed
expression at the anterior tip of the embryo and in the pharynx at
the level of the preoral pit and of the first gill slit (Figure 4G and
Figure S1G).

FoxK

FoxK was ubiquitously expressed from the eight-cell stage to
the blastula stage (Figures S2A,B). At the gastrula stage, the
expression became restricted to the mesendoderm (Figures
S2C,D), and by the late gastrula stage transcripts were detected
mostly in the dorsal mesoderm (Figures S2E,F). At the mid-late
neurula stage, we detected a stronger expression in the most
anterior region of the embryo (Figures S2G,H). Transcripts were
then detected in the whole embryo at the late neurula stage with
a stronger expression in the anterior tip (Figures S2L]). Finally, at
the larva stage, we observed a ubiquitous expression with a higher
level at the anterior tip and in the pharynx (Figure S2K).

FoxM

FoxM transcripts were detected ubiquitously during the whole
embryonic development, from the eight-cell stage until the mid-
late neurula stage except in the epidermis (Figures S2L-S). Later

on, at late neurula stage, FoxM expression could not be detected
anymore by in situ hybridization (Figure S2T).

FoxN1/4a

Ubiquitous FoxN1/4a expression was detected from the eight-cell
stage until the blastula stage (Figures 4H,I). At the gastrula stage,
a signal was detected in the anterior ectoderm (Figures 4],K).
Later on, at the early neurula stage, we observed transcripts in
the anterior endoderm as well as in the axial central mesoderm
(Figures 4L,M). At the mid-late neurula stage, we detected three
major expression domains: one anterior, at the level of the
cerebral vesicle, a second one in the anterior ventral endoderm
and a third one in the posterior mesoderm (Figure 4N). At
the late neurula stage before the mouth opens, we observed
expression in the anterior and posterior endoderm (Figure 40).
Finally, at the larva stage, we detected expression in the posterior
region of the gut and in the anus (Figure 4P).

FoxN2/3

Ubiquitous expression of FoxN2/3 was observed from the eight-
cell stage (Figure 4Q) to the blastula stage (Figure 4R). Then,
at the gastrula stage, the expression was restricted to the
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FoxN1/4a

FIGURE 4 | Expression of B. lanceolatum FoxJ1, FoxN1/4a, and
FoxN2/3. In all the panels except (B, H, I, K, Q, R, T) anterior is to the left. In
lateral and blastoporal views dorsal is to the top. FoxJ7 expression pattern
(A-G). Gastrula lateral (A) and blasporal (B) views. Late gastrula lateral (C)
and dorsal (D) views. Mid-late neurula lateral (E) and dorsal (F) views. In the
larva lateral view (G) the bracket indicates the pharyngeal region. FoxN1/4a

expression pattern (H-P). Eight-cell stage (H). Blastula stage (I). Gastrula

lateral (J) and blastoporal views (K). Early neurula lateral (L) and dorsal (M)

views. In the mid-late neurula lateral view (N), the arrowhead, double

arrowhead and arrow mark the three main expression domains: at the level

of the cerebral vesicle, in the anterior ventral endoderm and in the posterior
(Continued)
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FIGURE 4 | Continued

mesoderm, respectively. Late neurula stage lateral view (O). Larva stage
lateral view (P). FoxN2/3 expression pattern (Q=Y). Eight-cell stage (Q).
Blastula stage (R). Gastrula lateral (S) and blasporal (T) views. Late gastrula

lateral (U) and dorsal (V) views. Mid-late neurula lateral view (W). Late
neurula lateral (X) and dorsal (Y) views. The arrow in (X) indicates the
expression domain in the pharyngeal endoderm. Scale bar: 10 um (A-F),
(H-N), (Q-W), and 50 um (G), (O-P), (X,Y).

mesendoderm (Figures 4S,T). At the late gastrula stage, the
expression remained strong in the mesendoderm but started
to become lower in the ventral part (Figures 4U,V). By the
mid-late neurula stage, FoxN2/3 transcripts were detected in
the mesoderm and in the neural tube (Figure4W). At the
late neurula stage, before the mouth opens, the expression was
mainly detected in the paraxial mesoderm (somites) and in the
notochord. A new expression domain also appeared at this stage
in the pharyngeal endoderm (Figures 4X,Y). At the larva stage,
we did not detect any specific signal using in situ hybridization.

Discussion

Fox Genes Expression in Cephalochordate
Species

The complete or partial embryonic expression patterns of FoxAa,
FoxAb, FoxB, FoxC, FoxD, FoxEa, FoxG, and FoxNI1/4a were
previously described in B. floridae and/or B. belcheri (Shimeld,
1997; Terazawa and Satoh, 1997; Toresson et al., 1998; Mazet and
Shimeld, 2002; Yu et al., 2002a,b; Mazet et al., 2006; Bajoghli et al.,
2009). These genes overwhelmingly show a similar embryonic
expression to what we observed in B. lanceolatum, as we have
previously noticed for other important developmental genes
(Somorjai et al., 2008). However, our work brings some new
information.

First, in contrast to what has been described in B. floridae, we
showed that FoxAa and FoxAb have different expression patterns.
Indeed, in B. floridae, FoxAb in situ hybridization data showed
that it has a similar expression to FoxAa at early stages whereas
expression was no more detected after the eight somites stage
(Shimeld, 1997). Here we showed that although both genes were
expressed in the mesendodermal part of the dorsal blastoporal
lip at the gastrula stage, the overall expression patterns are
consistently different between the two genes and we observed
a restricted expression of FoxAb from the gastrula to the larva
stage. These discrepancies might be explained by the fact that
the level of expression of FoxAb is very low. Indeed, staining
of embryos hybridized to FoxAb took very long suggesting a
low expression level. Thus, the staining time used in B. floridae
might have been too short to detect expression in late stage
embryos. Moreover, the expression we observed for FoxAa in
B. lanceolatum is different from what was observed in B. floridae
but similar to what has been described in B. belcheri (Terazawa
and Satoh, 1997). Indeed, as in B. belcheri, FoxAa was not
expressed in the central nervous system of B. lanceolatum. On
the other hand, FoxAb showed a very specific expression in the
ventral part of the neural tube in neurula stage embryos, which
has been proposed to be homologous to the vertebrate floor plate.
Vertebrates have three FoxA group paralogous genes that are
expressed in the organizer, the notochord, the floor plate and the
endoderm (Friedman and Kaestner, 2006). In Ciona (Di Gregorio

et al,, 2001), Ci-fkh is also expressed in the notochord, the floor
plate and the endoderm. The data we obtained in B. lanceolatum
suggest that the expression of FoxA in the chordate ancestor was
similar to what is observed in tunicates and that independent sub-
functionalizations occurred in cephalochordates after specific
gene duplication and in vertebrates after the two rounds of whole
genome duplications.

Concerning FoxB, expression in B. floridae was first detected
in neurulae with five somites (Mazet and Shimeld, 2002). Here we
showed that in B. lanceolatum FoxB expression could be observed
in gastrula embryos in the dorsal posterior mesendoderm and
ectoderm. Then, in neurulae, we detected expression in the
neural plate similar to B. floridae, as well as an expression in
the most posterior somites that was not previously described.
This expression in the neural plate/neural tube and in the
lastly formed somites persisted until the late neurula stage.
Interestingly, in amphioxus three different somitic populations
have been described (Bertrand et al, 2011). The first, most
anterior, population forms under the control of the FGF signal
and the two posterior populations forms independently of the
FGF signal. Several genes are expressed specifically in these three
somitic populations but only one gene, Mox,(Minguillon and
Garcia-Fernandez, 2002) is expressed in the second and third
populations. The present data suggest that FoxB also plays a
role in the formation of these somitic population since it is also
expressed in the two most-posterior somitic populations.

In B. floridae, FoxC has been described as being firstly
expressed in the mesoderm of neurulae but its expression
was described only in one developmental stage (Mazet et al,
2006). Here we showed that expression starts much earlier, at
the gastrula stage, in the dorsal paraxial mesendoderm, the
presumptive somitic mesoderm territory. Expression persisted in
the paraxial mesoderm/somites until the larva stage, and at the
late neurula stage we started to observe expression in the club-
shaped gland anlagen and at the place where the first gill slit
opens. These data suggest a major ancestral role of FoxC during
somitogenesis which would have been conserved in vertebrates
(Kume et al., 2001; Wilm et al., 2004; Wotton et al., 2008) and
lost in tunicates in which FoxC is expressed in neural and palp
cells (Imai et al., 2006).

FoxD and FoxEa expression in B. lanceolatum was very similar
to previous descriptions in B. floridae (Yu et al., 2002a,b).
However we noticed expression in some specific regions of the
pharynx in late neurulae and larvae for FoxD, and a transient
expression in mid-late and late neurula stage embryos in the
posterior endoderm for FoxEa that were not described in the
Caribbean species.

FoxG, previously known as Brain Factor 1 (BF-1), was
described in B. floridae as a gene that is ventrally expressed
in the cerebral vesicle and in the anterior-most portion of the
first somite pair (Toresson et al, 1998). Our results showed
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a conserved expression pattern in the cerebral vesicle area in
B. lanceolatum. However, mesoderm expression is not only
limited to the first somite pair but the first three somite pairs
exhibit the same pattern at the neurula stage suggesting that
this gene might play a role during anterior somitogenesis. This
result highlights the functional differences between the formation
of the anterior somites which is under the control of the FGF
signaling pathway and the formation of the most posterior
somites which is not FGF-dependent (Bertrand et al., 2011).
Moreover, expression is localized in the ventral part of these
three most anterior somites which will give rise to the perivisceral
coelom, suggesting a function of FoxG in the establishment of the
somitic compartments.

FoxJ1 and the Formation of Motile Cilia

Fox]1 orthologs were identified in many eumetazoans as well
as in sponges (Larroux et al., 2006) and choanoflagellates (King
et al., 2008). In vertebrates, FoxJI plays an essential role in
the generation of motile cilia and in mediating Left/Right
asymmetry (Chen et al,, 1998; Brody et al, 2000; Yu et al,
2008b). It has also recently been shown that misexpression
of FoxJ1 from placozoans, echinoderms and platyhelminthes
in zebrafish embryos induces the expression of ciliary genes,
whereas the inactivation of FoxJI in the flatworm Schmidtea
mediterranea impairs the normal differentiation of motile cilia,
suggesting a conserved function in metazoans (Vij et al., 2012).
This conserved function is also supported by the embryonic
expression of Fox]J1 in different phyla (Choi et al., 2006; Tu et al.,
2006; Fritzenwanker et al., 2014). In B. lanceolatum, we showed
that Fox/1 is first expressed in the ectoderm of the gastrulae,
excluding the blastoporal region and the presumptive neural
plate, at the time at which motile cilia start to grow. Then, in
neurulae, expression was lost in the epidermis and appeared
in the closed neural tube. At the larva stage, expression was
restricted to the anterior tip of the animal and to the ciliated
preoral pit and first gill slit. This expression pattern suggests that
in amphioxus Fox/1 might also play a role in the formation of
motile cilia. However, other cells, like the epithelial gut cells,
also harbor motile cilia and do not express FoxJI, suggesting
that other genes might also be implicated in ciliogenesis in these
embryonic structures.

FoxAB

In B. lanceolatum, FoxAB was transiently expressed in the
organizer at the gastrula stage and in the presumptive notochord
later on. No expression could be detected in mid-neurulae or
larvae. FoxAB family genes were described in hemichordates
(Fritzenwanker et al., 2014), sea urchin (Tu et al., 2006) and
cnidarians and are absent in vertebrates and tunicates, the two
other chordate clades (Yu et al., 2008a). In the hemichordate
Saccoglossus kowalevskii, FoxAB is expressed in the ectoderm
and the mouth perforates through the ring expressing this gene
in the ventral side (Fritzenwanker et al., 2014). In bryozoans,
FoxAB also shows an ectodermal expression (Fuchs et al., 2011).
Therefore, it is still difficult to propose any scenario for the
evolution of the function of FoxAB family genes in bilaterians.
FoxAB could have been recruited for the patterning of the

notochord field in the ancestor of chordates, but the absence
of genes of this family in tunicates and vertebrates make this
hypothesis unlikely.

FoxK and FoxM Ubiquitous Expression

We detected a ubiquitous expression of FoxK starting at the
eight-cell stage until the larva stage. In other bilaterians data
are scarce. In vertebrates, there are two paralogs in the FoxK
family, FoxKI and FoxK2. In mouse, the study of the function of
FoxK1 during embryonic development was undertaken showing
that the gene is involved in myogenic differentiation (Bassel-
Duby et al., 1994). In Ciona intestinalis (Imai et al., 2004) as
in the hemichordate S. kowalevskii (Fritzenwanker et al., 2014),
the expression of FoxK is quite ubiquitous as observed for
B. lanceolatum. Finally, studies in Drosophila have shown that
FoxK is involved in the differentiation of midgut in the fly embryo
(Casas-Tinto et al., 2008). Altogether these data do not allow us
to infer any putative ancestral function for FoxK family genes and
further studies are required in different animal phyla.

FoxM expression is also ubiquitous in B. lanceolatum and was
first detected as early as the eight-cell stage. Then the expression
level continuously decreased while development proceeds and
became undetectable by in situ hybridization at the late neurula
stage. In Xenopus, FoxM1 is maternally expressed and transcripts
are thereafter detected in the neuroectoderm (Pohl et al.,
2005). Moreover this gene has been shown to be important for
early neuronal differentiation (Ueno et al,, 2008). In mouse,
FoxM1 is expressed in dividing cells and knock-out animals
exhibit embryonic lethal phenotype due to many malformations
affecting different organs such as the liver, the heart, the lung,
or the vasculature (Kalin et al., 2011). As for FoxK, the data
available up to now do not give us any indication on the
putative ancestral function of genes belonging to the FoxM
family.

FoxN1/4a and FoxN2/3 Expression

In all vertebrates studied so far, FoxNI plays an essential role
in thymus development (Ma et al., 2012; Neves et al., 2012; Lee
et al., 2013; Romano et al., 2013). Moreover, in mammals, FoxN1
is essential for hair formation whereas it is also expressed in
chick during feather development (Darnell et al., 2014). Although
mammal and fish FoxN1s are able to activate the expression of
hair keratin genes, FoxN1/4 from amphioxus is not because its
N-terminal region of the forkhead domain is different compared
with vertebrates (Schlake et al., 2000). On the other hand, FoxN4
is expressed in the nervous system, including retina, during
vertebrate development (Danilova et al., 2004; Kelly et al., 2007;
Boije et al., 2013). Outside vertebrates, embryonic expression has
been described in S. kowalevskii (Fritzenwanker et al., 2014) and
in a single developmetal stage of B. floridae (Bajoghli et al., 2009).
In the hemichordate, expression of FoxN1/4 is ubiquitous during
early development and is thereafter observed in the ectoderm. In
B. lanceolatum, the expression of FoxN1/4a was very dynamic
with a maternal ubiquitous expression followed by restricted
expression in the ectoderm at the gastrula stage, in the endoderm
and axial mesoderm in neurulae, in the cerebral vesicle, the
pharynx and the posterior somites later on, and, finally, in
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the posterior gut of the larvae. These data suggest that FoxN1I
and FoxN4 probably acquired new functions in vertebrates, and
analysis of the expression of FoxN1/4 family genes in tunicates
will be needed to better understand this point. Interestingly, the
gut of amphioxus larva and adult is considered as a major organ
for immunity and FoxN1/4a might, as vertebrates FoxNI, play
a role in the control of immune system function in amphioxus.
However, further functional studies are required to test this
hypothesis.

In vertebrates, FoxN3 is important for craniofacial and eye
development (Schuft et al., 2007; Samaan et al., 2010; Schmidt
et al., 2011). In Xenopus, FoxN3 is expressed in neural crest
and eye field whereas FoxN2 is expressed early in the eye field
and then in branchial arches, retina and vagal ganglion (Schuff
et al., 2006). In mouse, FoxN2 is expressed in craniofacial, limb,
nervous system and somitic tissues (Tribioli et al., 2002). In Ciona
intestinalis, expression of FoxN2/3 is quite ubiquitous during
early development and becomes more intense in the sensory
vesicle, the mesenchyme, the notochord and the palps after
gastrulation (Imai et al., 2004). In sea urchin FoxN2/3 is expressed
in the non-skeletogenic mesoderm and, later on, in the endoderm
and it has been shown that FoxN2/3 function is important for
ingression and for the expression of genes coding for proteins of
the skeletal matrix (Rho and Mcclay, 2011). Here, we show that
FoxN2/3 in amphioxus was ubiquitously expressed at early stages.
Then, at the gastrula stage, its expression was restricted to the
endomesoderm and later on we observed a specific expression in
the somites. Altogether, this suggests a conserved role of FoxN2/3
in the development of mesoderm in deuterostomes, although
genes of this family seem to have acquired specific functions in
each chordate lineage.
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