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The epithalamus of zebrafish shows morphological and molecular left-right

(L-R) asymmetry, but such asymmetry is not apparent in tetrapods. To provide

further insight into the evolutionary diversity of brain L-R asymmetry, we have

now examined the developing brains of reptile embryos for expression ofNodal,

Lefty, and Pitx2. Two turtle species, the Chinese softshell turtle and the red-

eared slider turtle, showed left-sided expression of these three genes in the

developing forebrain, with this expression occurring after Nodal expression at

the lateral plate and the L-R organizer has disappeared. Nodal activity, as

revealed by the detection of phosphorylated Smad2/3, was also apparent in

the neural epithelium on the left side in both turtle species. In the Chinese

softshell turtle, the habenula did not show apparent asymmetry in size and the

parapineal organ was absent, but the expression of Kctd12 in the habenula

showed a small yet reproducible asymmetry. In contrast to the turtles, L-R

asymmetric expression of Nodal, Lefty, Pitx2, or Kctd12was not detected in the

developing brain of the Madagascar ground gecko. The transcriptional

enhancer (ASE) responsible for the asymmetric expression of Nodal, Lefty,

and Pitx2 was conserved among reptiles, including the Chinese softshell

turtle and Madagascar ground gecko. Our findings suggest that Nodal, Lefty,

and Pitx2 have the potential to be asymmetrically expressed in the developing

brain of vertebrates, but that their expression varies even among reptiles.
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Introduction

Left-right (L-R) asymmetry of the brain is evident at anatomic and functional levels.

However, the evolution of brain asymmetry and its functional importance remain largely

unknown. Most of the progress in the characterization of such mechanisms has been

made with the zebrafish epithalamus, a forebrain region that includes the centrally located

pineal organ, the left-sided parapineal organ, and the bilateral habenular nuclei (Concha

et al., 2000; Liang et al., 2000; Bianco andWilson, 2009; Aizawa et al., 2011; Roberson and

Halpern, 2018). Nodal, Lefty, and Pitx2 genes are expressed simultaneously and
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asymmetrically on the left side of the developing diencephalon,

with such expression determining the direction of epithalamus

laterality (Roussigne et al., 2009; Signore et al., 2016). For

example, whereas the parapineal is located on the left side of

the pineal organ in wild-type zebrafish, the position of the

parapineal organ is randomized in Nodal mutants (Concha

et al., 2000; Liang et al., 2000). The Nodal-Lefty-Pitx2 cassette

is also expressed asymmetrically in the diencephalon of basal

vertebrates such as lamprey and catshark (Lagadec et al., 2015).

The morphological and molecular asymmetry of the

epithalamus varies among vertebrates (Concha and Wilson,

2001). Morphological asymmetry is apparent in cyclostomes

(such as lamprey), chondrichthyans (such as catshark), and

actinopterygians (such as zebrafish), but not in tetrapods

including mammals. Asymmetric Nodal expression has been

detected in teleosts, lamprey, and catshark but not in

tetrapods, suggesting that it is an ancient feature of

vertebrates but was lost during evolution. To clarify the

evolutionary conservation of molecular brain asymmetry

among vertebrates, we have now examined Nodal, Lefty, and

Pitx2 expression in the developing brain of reptiles, including two

turtles and a gecko. Unexpectedly, we found that Nodal, Lefty,

and Pitx2 are expressed asymmetrically in the forebrain of the

two turtles but not in that of the gecko.

Materials and methods

Recovery of reptile embryos

Fertilized eggs of the Chinese softshell turtle (Pelodiscus

sinensis) and red-eared slider turtle (Trachemys scripta

elegans) were obtained from Daiwa Farm (Taku, Saga,

Japan) and Himeji City Aquarium, respectively. At the time

of oviposition, turtle embryos were at the late gastrulation

stage, which is slightly too early for the study of L-R

patterning. The eggs were therefore incubated for 3–38 days

(depending on the type of analysis) at room temperature (for

early-stage embryos of Chinese softshell turtle), followed by

setting at a temperature of 28° C (for late-stage embryos of

Chinese softshell turtle), or at 28°C (red-eared slider turtle

embryos) before recovery of embryos for analysis. Madagascar

ground geckos (Paroedura picta) were maintained as

described previously (Noro et al., 2009; Yoshida et al.,

2016) by the Laboratory for Animal Resources and Genetic

Engineering at the RIKEN Center for Biosystems Dynamics

Research. At the time of oviposition, gecko embryos are at the

11- to 16-somite stage, when L-R asymmetric gene expression

in the lateral plate has disappeared (Kajikawa et al., 2020). For

examination of gene expression in the developing brain, gecko

embryos were recovered from the oviduct before oviposition

(9–10 days after the previous oviposition) or at 0–1 day

postoviposition (dpo). Both turtle and gecko embryos were

staged as described previously (Yntema, 1968; Hubert et al.,

1985; Yoshida et al., 2016).

In situ hybridization

Whole-mount in situ hybridization for turtle and gecko

embryos was performed as described previously (Yoshida

et al., 2016). The probes for Nodal, Lefty, and Otx5

mRNAs were also performed as described previously

(Yoshida et al., 2016). In the case of probes for Pitx2,

Not2, and Kctd12, corresponding cDNA fragments were

cloned from the embryos of turtle or gecko, and their

nucleotide sequences were verified by Sanger sequencing.

Sequences of the primers used for cloning and amino acid

sequence homology of encoded genes are listed in

Supplementary Table S1.

Histological analysis

Nissl staining of the developing brain was performed with

cresyl violet. To estimate the volume of the habenula, the area

(mm2) of the whole habenula (or the lateral habenula and

medial habenula individually) was measured with ImageJ for

each Nissl section. The volume (mm3) of the habenula was

estimated by multiplying the habenula area (mm2) in each

section and the thickness of sections (10 μm). The area of the

habenula region positive for Kctd12 expression was similarly

measured with ImageJ for each section and was expressed as

an arbitrary unit.

Immunofluorescence analysis

Turtle embryos were subjected to immunostaining with a

monoclonal antibody to phosphorylated Smad2/3 (Cell Signaling

Technology, catalog no. 3108) as described previously

(Kawasumi et al., 2011; Kajikawa et al., 2020). Immunostained

embryos were sectioned at a thickness of 8 µm and were observed

with an FV1000 confocal microscope (Olympus).

Frontiers in Cell and Developmental Biology frontiersin.org02

Kajikawa et al. 10.3389/fcell.2022.929808

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.929808


Molecular phylogenetic analysis

Nodal, Lefty, and Pitx2 genes of reptiles were identified in the

NCBI gene database (https://www.ncbi.nlm.nih.gov/gene). Their

nucleotide sequences were obtained from the NCBI gene

database or Reptiliomix (https://transcriptome.riken.jp/

reptiliomix). The FoxH1-binding sequences (ASE-like

sequences) in each gene were manually identified. Amino acid

sequence homology of an encoded protein was analyzed by

CLUSTALW (https://www.genome.jp//tools-bin/clustalw).

FIGURE 1
L-R asymmetric expression of Nodal, Lefty, and Pitx2 in the developing brain of the Chinese softshell turtle and red-eared slider
turtle. (A–C), (E–G) Whole-mount in situ hybridization analysis of the expression domains of Nodal (A,E), Lefty (B,F), and Pitx2 (C,G) in the
developing brain of Chinese softshell turtle embryos at 3 dpo (A–C) and of red-eared slider turtle embryos at 4 dpo (E–G). Top, middle,
and bottom panels show left lateral views, dorsal views, and frontal sections, respectively. Domains manifesting L-R asymmetric
expression are indicated by closed arrowheads. Rostral-caudal, dorsal-ventral, and L-R axes are indicated. Scale bars, 0.5 mm (top
panels) and 0.2 mm (middle panels). Dorsal views, frontal sections, and higher magnification images of frontal sections of embryo in
(A–C), (E–G) are shown in (A–C), (E–G), (A–C), (E–G), and (A–C), (E–G), respectively. (D,H) Nodal activity in Chinese softshell turtle (D)
and red-eared slider turtle (H) embryos at 3 and 4 dpo, respectively, as determined by immunofluorescence staining of phosphorylated (p)
Smad2/3 (red fluorescence). Nuclei were stained with 4′,6-diamidino-2-phenylindole (blue fluorescence). Nodal activity is asymmetric
(L > R) in the diencephalon.
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FIGURE 2
Molecular andmorphological L-R asymmetry of the diencephalon in Chinese softshell turtle embryos at later stages. (A,B)Whole-mount in situ
hybridization analysis of Pitx2 (A) and Not2 (B) in the developing brain of embryos at 7 dpo. Left lateral views (A,B), dorsal views (A,B), frontal sections
(A,B), and higher magnification views of the frontal sections (A,B) are shown for each embryo. Closed arrowheads indicate the regions showing L-R
asymmetric expression in the developing brain. Scale bars, 1.0 mm (top panels) and 0.5 mm (second from the top panels). (C–F)Nissl staining of
frontal sections of embryos at 38 dpo. Sections at the level of the habenula are shown from the rostral side (C) to the caudal side (F). There was no
apparent L-R asymmetry in morphology although a subtle asymmetry may exist in (D). Dotted lines in 2(D) indicate subdivision of the habenula
shown in (D). MH and LH denote themedial habenula and lateral habenula, respectively. Scale bar, 0.2 mm. (G–J) Kctd12 expression in the habenula
as examined by in situ hybridization with frontal sections of embryos at 38 dpo. Frontal sectional levels in (G–J) are similar to those in (C–F),
respectively. Regions positive for Kctd12 expression on the right and left sides are indicated by white and black arrowheads, respectively. (K) Nissl-
stained section of a Chinese softshell turtle at 38 dpo. The pineal organ is marked by the red arrowhead.
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Results

L-R asymmetric expression of the Nodal-
Lefty-Pitx2 module in the developing
forebrain of two turtle species

When we previously examined Nodal expression in Chinese

softshell turtle (P. sinensis) embryos (Kajikawa et al., 2020), we

noticed that those at later developmental stages, after asymmetric

expression of Nodal in the lateral plate mesoderm (LPM) had

disappeared, showed left-sided Nodal expression in the forebrain

(Figure 1A). Our present study revealed that Lefty (Figure 1B)

and Pitx2 (Figure 1C) are also expressed on the left side of the

forebrain at similar stages. Frontal sections of these embryos

confirmed left-sided expression of Nodal, Lefty, and Pitx2 in the

neural tube of the forebrain. The level of phosphorylated Smad2/

3 has been shown to reflect the level of Nodal activity in mouse

embryos (Kawasumi et al., 2011). Immunostaining with an

antibody to phosphorylated Smad2/3 showed that Nodal

activity is increased on the left side of the neural tube in P.

sinensis (Figure 1D).

Given the marked asymmetric gene expression apparent in

the forebrain of the Chinese softshell turtle, we examined another

turtle species, the red-eared slider turtle (T. scripta elegans).

Nodal, Lefty, and Pitx2 all showed left-sided expression in the

developing forebrain of this species (Figures 1E–G). Nodal

signaling (as reflected by phosphorylated Smad2/3) was also

activated on the left side of the forebrain (Figure 1H).

Molecular and morphological L-R
asymmetry in the turtle brain at later
developmental stages

The L-R asymmetry of the pineal complex (composed of the

pineal organ and parapineal organ) and the habenula varies

among the vertebrate taxa. The pineal complex is derived

from the dorsal region of the diencephalon. In zebrafish

embryos, left-sided expression of Nodal, Lefty, and Pitx2

occurs in the dorsal diencephalon and is followed by

asymmetric expression of downstream genes such as Nrp1

(neuropilin 1) and Kctd12 (leftover) in the dorsal habenula

(Gamse et al., 2003; Kuan et al., 2007). In the Chinese

softshell turtle, asymmetric expression of Pitx2 persists longer

than that of Nodal and was apparent in the diencephalon even at

7 dpo (Figure 2A-2A‴). We obtained cDNA clones for Not2 (a

likely ortholog of Flh in zebrafish) and Kctd12 from the Chinese

softshell turtle, and examined the expression of these genes in the

developing brain. In zebrafish, Flh expression marks the pineal

organ at the midline and the parapineal located on the left side

(Concha et al., 2003). In the Chinese softshell turtle, Not2 was

expressed at the dorsal side of the forebrain at 7 dpo (Figure 2B-

2B‴), with this expression domain likely representing the future

pineal organ in this species. In Nissl-stained sections of the

Chinese softshell turtle at 38 dpo, the pineal organ was

apparent, whereas the parapineal organ was not detected

(Figure 2K). Unlike zebrafish, the habenula of the turtle

consists of the lateral habenula and medial habenula on both

sides (Figure 2D’), and there was no apparent L-R asymmetry in

the morphology of the habenula (Figures 2C–F, Supplementary

Figure S1). The volume of the habenula on the right and left sides

was estimated from Nissl-stained sections (Supplementary

Figure S1), which suggested no notable L-R difference

(1.308 × 10−2mm3 for the left habenula vs 1.361 × 10−2mm3

for the right habenula). However, in some sections of the

habenula (such as Figure 2D, 2D’), the lateral habenula on the

left side looked larger than that on the right side.

In zebrafish, Kctd12 is expressed in the dorsal habenula on

the left side (Gamse et al., 2003; Kuan et al., 2007). In the Chinese

softshell turtle, Kctd12 expression was mainly found in the lateral

habenula and showed a small but reproducible asymmetry at

38 dpo (Figures 2G–J; Supplementary Figure 2D–F). To quantify

Kctd12 expression, the area clearly positive for Kctd12 expression

in the habenula was measured for the left and right sides of a

series of sections obtained from three turtle embryos. The total

positive area was 116,883 (arbitrary units) for the left habenula

and 95,188 for the right habenula in the embryo shown in

Figure 2. In the remaining two embryos, the L-R ratio was

32,618 (left) vs 25,227 (right) or 31,603 (left) vs 28,425

(right), showing only a subtle difference. When sections of the

habenula were carefully examined, however, there was a small

but significant asymmetry depending on the level along the

rostral–caudal axis. At the most rostral level, there was no

obvious L-R difference in the location, shape, or size of

positive areas (Figure 2G). At caudal levels (Figure 2H), the

Kctd12-positive area was located in the lateral region of the lateral

habenula on the left side, whereas it was found in the more

medial region on the right side. At more caudal levels (Figure 2I),

the location was symmetric but the expression level seemed

higher on the left side. At the most caudal level (Figure 2J),

bilateral Kctd12 expression was only detected in the dorsal-

medial habenula. A similar pattern of Kctd12 expression was

observed in the habenula of two other embryos (Supplementary

Figure S2).

Genes of the Nodal-Lefty-Pitx2
module are not expressed
asymmetrically in the developing
forebrain of the Madagascar ground
gecko

We next examined whether the L-R asymmetric expression

of the Nodal-Lefty-Pitx2 module in the developing brain is

conserved among reptiles. With the use of cDNA clones for

Nodal, Lefty, and Pitx2 obtained from the Madagascar ground
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FIGURE 3
Lack of L-R asymmetric expression of Nodal, Lefty, and Pitx2 in the developing brain of the Madagascar ground gecko. (A–J)Whole-mount in
situ hybridization analysis ofNodal (A), Lefty (B), and Pitx2 (C–J) expression in the developing brain of gecko embryos. These genes are not expressed
in the developing brain, whereas their expression is apparent in other regions. The embryos were obtained before oviposition (9–10 days after the
previous oviposition) (A–F) or at 0 to 1 dpo (G–J). The number of somites (s) is indicated for each embryo. Scale bars, 0.5 mm. (K–P) The
habenula of gecko at the 50–52 dpo. Nissl staining of frontal sections at the level of the habenula is shown from the rostral side (K) to the caudal side
(M). Dotted lines in (L′’) indicate the subdivision of the habenula shown in section (L). MdH, MvH, and LH denote the medial dorsal habenula, medial
ventral habenula, and lateral habenula, respectively. Kctd12 expression in the habenula as examined by in situ hybridization with frontal sections are

(Continued )
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gecko (P. picta), we examined the expression of these genes in

embryos of this species. In turtles, asymmetric gene expression in

the developing brain was detected after that in the LPM had

disappeared (Figure 1). Given that Nodal expression in the LPM

of gecko embryos was detected before oviposition (Kajikawa

et al., 2020), we recovered gecko embryos at various stages both

FIGURE 3 (Continued)
shown in (N–P). Frontal sectional levels in (N) to (p) are similar to those in (K) to (M), respectively. Regions positive for Kctd12 expression on the
right and left sides are indicated by white and black arrowheads, respectively. (Q–V) The habenula of gecko at 5 months after hatching. Nissl staining
of frontal sections at the level of the habenula are shown from the rostral side (Q) to the caudal side (S). Kctd12 expression in the habenula as
examined by in situ hybridization with frontal sections are shown in (T–V). Frontal sectional levels in (T–V) are similar to those in (Q–S),
respectively. Regions positive for Kctd12 expression on the right and left sides are indicated by white and black arrowheads, respectively.

FIGURE 4
Transcriptional enhancer (ASE) sequences ofNodal, Lefty, and Pitx2 genes of amniotes. FoxH1-binding sequences (red and pink boxes) present
within a 30-kbp region of Nodal, Lefty, and Pitx2 genes of mouse (Mus musculus), reptiles, and chicken (Gallus) are shown. Analysis of Nodal genes
was previously performed (Kajikawa et al., 2020). For mouse, which has two Lefty genes, Lefty2 is shown. Red closed and open boxes correspond to
AATCCACA and TGTGGATT, respectively. Pink closed and open boxes denote ATT [AC or CA]ACA and TGT [GT or TG]ATT, respectively.
Numbered boxes indicate exons. Turtle and gecko refer to the Chinese softshell turtle (Pelodiscus sinensis) and Madagascar ground gecko
(Paroedura picta), respectively. Nodal, Lefty, and Pitx2 genes of other turtles (green sea turtle and painted turtle) show similar configurations.
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before oviposition (9–10 days after the previous oviposition) and

at 0 to 1 dpo. However, expression of neither Nodal, Lefty, nor

Pitx2 was detected in the forebrain at any stage examined

(Figures 3A–J). Whereas asymmetric expression of a longer

time, with this difference, is due to different enhancer

sequences (Shiratori et al., 2001). However, Pitx2 expression

was not detected in the forebrain at any stage examined

between the 5- and 14-somite stages (Figures 3C–J). These

observations thus suggested that the Nodal-Lefty-Pitx2 module

is not asymmetrically expressed in the developing brain of the

gecko.

We also examined the habenula of gecko embryos. The

medial habenula was subdivided into dorsal-medial and

ventral-medial habenula (Figure 3L’), but there was no L-R

difference in the morphology or size at 50–52 dpo or

5 months after hatching (Figure 3K-M, 3Q-S, Supplementary

Figure S3, S4). We have also examined Kctd12 expression in the

gecko habenula. Kctd12 expression was detected in the habenula

(mainly, the lateral habenula in the rostral region and the dorsal-

medial habenula in the caudal region), but there was no notable

asymmetry in its expression pattern at the two different stages

(Figures 3N–P,T–V).

The ASE of Nodal, Lefty, and Pitx2 is
conserved among reptiles

Asymmetric expression ofNodal, Lefty, and Pitx2 in the LPM

is highly conserved among vertebrates and is induced by Nodal

signaling via a FoxH1-dependent enhancer (ASE). This, thus,

appears to be the case for the LPM of fish, frog, and chick

embryos. Simultaneous expression of Nodal, Lefty, and Pitx2 in

the developing forebrain of turtle embryos suggests that

expression of these three genes is induced by the Nodal

signaling. Indeed, a cluster of FoxH1-binding sequences

resembling those of ASE is apparent in Nodal, Lefty, and

Pitx2 of the Chinese softshell turtle at conserved positions: in

intron 1 forNodal, in the upstream region for Lefty, and in intron

2 for Pitx2 (Figure 4). ASE-like sequences are also present in the

corresponding regions of Nodal, Lefty, and Pitx2 of the

Madagascar ground gecko (Figure 4).

Discussion

The epithalamus shows L-R asymmetry of morphology,

gene expression, and connectivity in many of the vertebrates

studied, but its laterality varies among species. For instance,

the habenula manifests varied L-R asymmetry in size, with the

left side being larger or smaller than or equal in size to the

right, depending on the species (Concha andWilson, 2001). In

the Chinese softshell turtle, the habenula showed no apparent

asymmetry of size, whereas it did show a small but

reproducible asymmetry in the subdivision pattern and

Kctd12 expression. The parapineal organ is also variable

among vertebrate taxa, being present in some species but

absent in others. Lizards possess a parietal eye, an organ

equivalent to the parapineal organ of teleosts (Engbretson

et al., 1981). In the Chinese softshell turtle, whereas the pineal

organ was clearly evident, the parapineal was not detected. As

previously suggested (Concha and Wilson, 2001), the

connection between the parapineal organ and the left

habenula does not necessarily correlate with asymmetries in

size and organization of the habenula, and the parapineal

organ may have been lost several times independently during

evolution.

Our data suggest that asymmetric expression of the Nodal-

Lefty-Pitx2 module in the developing turtle forebrain is

induced by Nodal signaling. If this is the case, then what

might be the origin of the Nodal protein that initiates Nodal

expression in the turtle brain? Nodal protein produced at the

L-R organizer (blastopore) of turtle embryos may travel to the

diencephalon, either by passive diffusion or by active

transport, where it then activates the expression of the

Nodal gene itself. A similar mechanism is thought to

operate in mouse embryos, in which Nodal protein

produced at the node is activated and then transported to

the left side of the LPM, where it activates the Nodal

expression (Oki et al., 2007). Alternatively, an unknown

mechanism may initiate expression of Nodal on the left

side of the turtle diencephalon, possibly similar to that by

which Nodal expression is induced at the left side of the L-R

organizer in chick and reptile embryos (Levin et al., 1995;

Kajikawa et al., 2020). The distance between the L-R organizer

and the forebrain is relatively large, however, and Nodal

expression in the forebrain takes place about 1 day after

that at the L-R organizer has disappeared. These spatial

and temporal constraints between Nodal expression at the

L-R organizer and that in the developing brain may leave the

latter scenario also possible.

Why is the Nodal-Lefty-Pitx2 module not expressed in the

developing brain of other reptiles such as geckos and in that of

mammals? If L-R asymmetric expression of Nodal in the brain,

unlike that in the LPM, is indeed not induced by the Nodal

derived from the L-R organizer, then the unknown signal that

activates Nodal expression in the diencephalon of turtle embryos

may be absent in other reptiles and in mammals.

The left-sided expression of Nodal in the LPM is highly

conserved among vertebrates, without a single exception having

been identified to date. In contrast, the expression pattern of the

Nodal-Lefty-Pitx2 module in the developing brain appears to be

highly varied among vertebrates. Even within reptiles, turtles are

positive, whereas the gecko is negative for the L-R asymmetric

expression of this module. A phylogenetic tree of reptiles based

on the genomic sequences of these genes and overall genomic

sequences shows that the turtle is far distant from the gecko
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(Hara et al., 2018). In this regard, it will be of interest to see

whether the alligator, a reptile positioned close to the turtle, also

shows asymmetric gene expression in the developing brain.
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