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Ultrastructure of the lamprey head mesoderm
reveals evolution of the vertebrate head

Takayuki Onai,’?"3* Noritaka Adachi,"" Hidetoshi Urakubo,*'? Fumiaki Sugahara,® Toshihiro Aramaki,®
Mami Matsumoto,’-® and Nobuhiko Ohno?10

SUMMARY

The cranial muscle is a critical component in the vertebrate head for a predatory lifestyle. However, its
evolutionary origin and possible segmental nature during embryogenesis have been controversial. In
jawed vertebrates, the presence of pre-otic segments similar to trunk somites has been claimed based
on developmental observations. However, evaluating such arguments has been hampered by the paucity
of research on jawless vertebrates. Here, we discovered different cellular arrangements in the head meso-
derm in lamprey embryos (Lethenteron camtschaticum) using serial block-face scanning electron and laser
scanning microscopies. These cell populations were morphologically and molecularly different from so-
mites. Furthermore, genetic comparison among deuterostomes revealed that mesodermal gene expres-
sion domains were segregated antero-posteriorly in vertebrates, whereas such segregation was not
recognized in invertebrate deuterostome embryos. These findings indicate that the vertebrate head
mesoderm evolved from the anteroposterior repatterning of an ancient mesoderm and developmentally
diversified before the split of jawless and jawed vertebrates.

INTRODUCTION

After Goethe proposed in the 18" century that skulls were derived from trunk vertebrae,’ the vertebrate head has been considered to have
evolved from the modification of trunk segmental elements such as vertebrae and somites (a view of segmentalists).”* Contrary to Goethe's
idea, the vertebrate head is assumed to have evolved as a new unsegmented head (a view of non—segmentalists).s'é To date, no definite so-
lution to this debate has been obtained,” and the main controversy centers on the origin of the pre-otic head mesoderm.”>’ Three pairs of
head cavities, which have been repeatedly regarded as serial homologs of trunk somites, develop during embryogenesis in elasmobranchs
and lampreys (Figures 1A-1C and S1B)*” and have been proposed as homologs of rostral somites in the cephalochordate amphioxus (Fig-
ure S1A)."%™" Furthermore, vestiges of somites, known as somitomeres, have been discovered in the head mesoderm of early chicken em-
bryos'? before the formation of the head cavity (Figure S1C).”> Somitomeres were also found in the teleost (Oryzias latipes), Chondrichthyes
(Squalus acanthias), and mouse embryos.w’15 However, replication studies of somitomeres did not detect such morphological structures, nor
did gene expression profiles of head mesoderm fit well with somitomere patterns.'™'? Although the presence of such segmental features of

the head has been denied by some researchers,”?? there have been insufficient molecular and morphological studies to resolve this

dichotomy. 10192328

Extant cyclostomes (lampreys and hagfish) share several traits with fossil jawless vertebrates, making them useful for understanding
the origin of vertebrates.””*" Moreover, conflicts on the origin of the vertebrate head have been unsettled partly due to the poor un-
derstanding of the lamprey head mesoderm.”’ On the early vertebrate evolution, there has been two major hypotheses about the po-
sition of lampreys and hagfishes, craniate, and cyclostome hypotheses.”” Based on morphological data, lampreys are considered to be
a closer relative to gnathostomes than to hagfishes, and hagfishes are regarded to retain primitive traits in the craniate hypothesis.*” On

the other hand, the cyclostome hypothesis supported by molecular data indicates that hagfishes are anatomically derived lineage.*
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Figure 1. Formation of the head/trunk mesoderm in lamprey (Lethenteron camtschaticum) embryos
See also Figure S1.

(A-C) Comparison of the chordate heads. Somites are located at the rostral end of the amphioxus (A), and three pairs of somite homologs have been suggested
in the head mesoderm of lampreys (B) and gnathostomes (C).

(D-H) 3D reconstruction of lamprey embryos. The blue (mandibular mesoderm), green (hyoid mesoderm), and orange (somites) lines in the left panels correspond
to the optical sections analyzed in (J-L). The left panels are side views anterior to the left; the center panels are left anterior oblique views, and the right panels are
posterior views.

(I-L) Quantitative analysis of lamprey morphology in terms of mandibular mesoderm (blue), hyoid mesoderm (green), and somites (orange). (I) Scheme of the
inner product (x), calculation of the paraxial mesoderm, axial mesoderm, and neural plate. (J-L) Time sequences of the inner products (J), distance between
the paraxial and axial mesoderm (K), and the distance between the axial mesoderm and neural plate (tube) (L). AM, axial mesoderm; Br, brain; CV, cerebral
vesicle; GS, gill slit; HyM, hyoid mesoderm; LAGD, left anterior gut diverticulum; LPM, lateral plate mesoderm; MM, mandibular mesoderm; Not, notochord;

NP, neural plate; NT, neural tube; OV, otic vesicle; PCP, pre-chordal plate; PHM, paraxial head mesoderm; PM, paraxial mesoderm; PMM, premandibular
mesoderm; PP, pharyngeal pouch; S, somite.

Recent fossil study on hagfishes from the Cretaceous Tethys sea, as well as a comparative developmental study on lampreys, hagfishes,
and gnathostomes also strength the cyclostome hypothesis.**> Hagfishes are marine fishes living in deep sea, and the developmental
sequences of the head mesoderm seem to be highly modified because of the degenerated eyes and the loss of extraocular mus-
cles.***” Therefore, it is considered that they experienced long selective time which related to evolve highly derived characters.>

On the other hand, lampreys possess eyes and extraocular muscles and are more likely to retain their ancestral condition of the
head mesoderm.’
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In 1902, Koltzoff observed head somites of lamprey embryos in paraffin sections, but the tissues tended to peel off during sectioning
because of a large number of yolk granules, and the acidic fixative distorted the embryonic morphology.”***? Subsequent studies on the
lamprey head mesoderm were insufficient to determine whether it contains somites.?”*° Therefore, we reinvestigated the formation of the
head mesoderm and trunk somites in lamprey embryos using confocal laser scanning microscopy, which prevents tissue destruction by
yolk granules, and examined the tissue ultrastructures using transmission electron microscopy (TEM), which is useful for detecting tiny cav-
ities. Furthermore, we performed serial block-face scanning electron microscopy (SBF-SEM) to reconstruct and compare cellular
morphology and arrangements between somites and the head mesoderm, especially the mandibular and hyoid mesoderm, located in
anatomically comparable positions in the embryo. To understand the evolutionary history of the somites and head mesoderm in the
deuterostome phylogeny, we also analyzed morphology and gene expression patterns of cephalochordate (Branchiostoma floridae),
which is the most basal living chordate, and hemichordate (Ptychodera flava), which is a member of ambulacraria phyla, one of the two
superphyla in deuterostomes.

RESULTS
Rosette-shaped somites

Somites become evident at the rostral end of the presomitic mesoderm in vertebrates.*’ One of the important characteristics of somites is
their “rosette” shape (radial epithelial cells surrounding a central cavity).”? Each somite was situated in a row along the A/P axis separated by
an acellular fissure (Figures STF-S1H).** Unlike previous observations, the central cavity of the rosette in the somites was tiny in lampreys (Fig-
ure S1F)” but evident in gnathostomes, which contain somitocoel cells that form vertebral joints and intervertebral disks (Figure S1G).* In
cephalochordates, somites were formed via the rearrangement of cells near the neurenteric canal, except for rostral somites that arise
from the dorsal wall of the gut (Figures STE and S1H).*> Somites, a synapomorphy of chordates, were not formed in tornaria larvae of the

hemichordate Ptychodera flava (Figures S1D and S1 H)./

Morphospecialization of the head mesoderm

To quantitatively understand the developmental dynamics of the head mesoderm, we first performed a three-dimensional (3D) reconstruction
of the paraxial mesoderm in lamprey embryos. At Tahara stage 17 (5 days post-fertilization),’ the dorsal mesoderm was a gentle sheet
beneath the neural plate (Figure 1D), the paraxial mesoderm represented a triangle, and the axial mesoderm projected inward to form a valley
atstage 19 (Figure 1E). At stage 20, the mandibular mesoderm grew dorsally, and pharyngeal pouch 1 (PP1) was located beneath it (Figure 1F).
The hyoid mesoderm was located on the expanded PP1 by stage 21, and the mandibular mesoderm shifted from the dorsal to the ventral side,
forming the mandibular arch mesoderm anterior to PP1 (Figure 1G). At stage 22, the otic vesicles became visible (Figure TH).

Quantitative analysis showed that the inner product (angle) between the paraxial, axial mesoderm, and neural plate (tube) decreased until
stage 20 in the head mesoderm and until stage 19 in the somites and then started to increase again (Figures 11 and 1J). Time-series changes in
the distance between the paraxial and axial mesoderm were similar for the mandibular and hyoid mesoderm (Figure 1K). Similarly, the dis-
tance between the axial mesoderm and neural tube increased until stage 20 and then decreased at stage 21 when the premandibular meso-
derm elongated laterally at the mandibular and hyoid mesoderm but only increased until stage 19 in the somites (Figure 1L). Thus, the paraxial
mesoderm experiences dynamic morphological changes that lead to the specialization of each region.

Distinct cell clusters in the head mesoderm

Somites of lamprey embryos exhibit rosette patterns at stage 20.” Unlike somites, the head mesoderm did not include rosettes at stage 20
(Figures 2A-2C). We further examined the cell arrangements in the head mesoderm during the early pharyngeal stages. Confocal microscopy
revealed that the mandibular arch mesoderm contained a small cavity surrounded by radially located cells similar to the trunk somite
(Figures 2D and 2E); with cell cluster 2 medial to this, both cell cluster 1 and 2 were rosette-like (Figures 2E and 2F). Koltzoff found one large
somite in the mandibular arch mesoderm.” Another rosette-like pattern was observed in the hyoid mesoderm (Figure 2G), which has a much
smaller cavity than the hyoid somite found by Koltzoff.” These cell clusters began to form in the earlier stages (Figures S2A-52l). Whether
these cell clusters are the rosettes seen in somites is unclear from these results because the resolutions of cell arrangements at the 3D level
were insufficient. Therefore, ultrastructural experiments were performed.

SBF-SEM analysis revealed that these cell clusters had different cell arrangements compared with somite rosettes (Figures 2H-2K and 2P-
2W, Videos S1, S2, S3, S4, S5, S6, S7, and S8). Mandibular cell cluster 1 contained rostral amorphous cells and columnar cells forming a caudal
line (Figures 21, 2M, and 2Q). Mandibular cell cluster 2 consisted of amorphous and columnar cells (Figures 2J, 2N, and 2R). The hyoid cell
cluster was organized into amorphous cells (Figures 2K, 20, and 2S). Unlike somites, these cell clusters contained many acellular spaces
(Figures 2L-20). These cell clusters did not form acellular fissures seen in somites or line up as a row along the A/P axis, indicating that
the head mesoderm did not contain segments at this stage (Figure 2).

At the molecular level, the absence of somitogenesis-related genes (e.g., Notch, Whnt, retinoic acid, and fibroblast growth factor signaling
components) expression in the head mesoderm has previously been reported in gnathostomes.'” However, no such data are available for
lampreys. Using gene expression analysis, we found that the lamprey head mesoderm did not exhibit segmental expression patterns of so-
mitogenesis-related genes (Figures S3, S6A, S6D, and S6E), indicating that cell clusters in the head mesoderm are genetically distinct from
somites.

iScience 26, 108338, December 15, 2023 3
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Figure 2. Different cell clusters in the lamprey head mesoderm

See also Figures S2 and S3.

(A and B) Segmentation of cells in the head mesoderm.

(C) Rose diagram of the quantified orientation of the cells in (B). Orientation is defined as the direction of a large area of cytoplasmic spread.

(D-G) Confocal laser scanning sections of trunk somites in stage 20 and cell clusters in stage 22-22.5 embryos. The bottom right panels show rose diagrams. The
small photographs on the right are focused on the centers of the cell clusters (arrows). The white dotted circle encloses the cell cluster, and the red spot indicates
the center of a cell cluster. n = 10/10 (D), 7/9 (E), 11/11 (F), 10/11 (G).

(H-W) SBF-SEM of the head mesoderm cell clusters and somite. (H-K) SEM images. Yellow: analyzed regions in SBF-SEM. (L-O) Zoomed SEM images of somite
(L), mandibular cell cluster 1 (M), mandibular cell cluster 2 (N), and hyoid cell cluster (O). White arrowheads indicate spaces between cells. (P-W) 3D reconstruction
of somite (P, T), mandibular cell cluster 1 (Q, U), mandibular cell cluster 2 (R, V), and hyoid cell cluster (S, W). (P-S) Single-cell level 3D reconstruction. (T-W) 3D
reconstruction was created by overlaying SEM section images. Nuclei (cyan). HyM, hyoid mesoderm; MM, mandibular mesoderm; MNC, mandibular neural crest;
OV, otic vesicle; PP, pharyngeal pouch.
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Figure 3. Dynamics of head mesoderm cell clusters during individualization of the head muscles

See also Figures S4 and S5.

(A-L) 3D reconstructions and laser scanning images of stage 24 (A-D), 25 (E-H), and 26 (I-L) lamprey embryos. The area enclosed by the white dotted line in
(K) indicates velum mesoderm. Pink, mesoderm; light blue, dorsal inner mandibular mesoderm; green, ventral mandibular arch mesoderm; yellow, cavity in
the mandibular mesoderm. Images show sagittal views.

(M) Comparison of rosettes and head mesoderm cell clusters in lamprey and amphioxus embryos. Right blue, somite rosette; blue, distinct head mesodermal cell
clusters. DIMM, dorsal inner mandibular mesoderm; EOM, extraocular muscle; GS, gill slit; GV, ganglion trigeminal; HyAM, hyoid arch mesoderm; HyM, hyoid
mesoderm; LLM, lower lip mesoderm; LPM, lateral plate mesoderm; MM, mandibular mesoderm; NHP, nasohypophyseal plate; Op, optic vesicle; OPM,
oropharyngeal membrane; OV, otic vesicle; PHM, pharyngeal mesoderm; PMM, premandibular mesoderm; PP, pharyngeal pouch; S, somite; ULM, upper lip
mesoderm; Vel, velum; VMAM, ventral mandibular arch mesoderm.

Later developmental dynamism of head muscle formation

Next, we examined the later development of regions where head mesoderm cell clusters were observed. At stage 24, a cell mass was present
in the dorsal inner mandibular mesoderm (DIMM) (Figures 3A-3C), where cell cluster 2 formed and was considered to differentiate into ex-
traocular muscle (EOM).” Caudal to the DIMM, the hyoid mesoderm no longer contained the cell cluster (Figure 3C). In contrast, the ventral
mandibular arch mesoderm (VMAM), where cell cluster 1 was observed, contained a long cavity (Figures 3B and 3D), which separated the arch
mesoderm into two rostro-caudal cell populations.

At stage 25, the premandibular mesoderm moved close to the optic vesicles (Figures 3E and 3F), whereas the VMAM exhibited swelling of
the upper and lower lips and velum mesoderm (Figures 3F-3H). TEM analysis showed that cells in the hyoid mesoderm were separated
(Figures 3G, S4Ci, and S4Cii), whereas those in the premandibular and mandibular mesoderms were closely located (Figures S4Ai and
S4Bii). Cell junctions connected cells in the VMAM, and the cavity in the VMAM was opened to the pharynx and contained individual cells
(Figures S4Di-S4Div).

At stage 26, the cavity in the VMAM opens laterally (Figures 31, 3J, and 3L). The extensive rostral growth of the lip mesoderm indicates
that individualization of the oral cavity proceeds rapidly. Dorsally, the retinal progenitors made contact with the premandibular mesoderm,

iScience 26, 108338, December 15, 2023 5
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Figure 4. A/P mesodermal repatterning evolved for the emergence of the vertebrate head mesoderm

See also Figures S6-S8.

(A) Expression patterns of delta (n = 16) and gsc (n = 12) in amphioxus late gastrula embryos.

(B) Delta (n = 3) and gsc (n = 3) expression in lamprey stage 20 embryos. Arrow heads indicate expression domains of delta. (C) From left to right: 3D
reconstruction of Ptychodera flava late gastrula embryo. Purple; endomesoderm; green, protocoelic cells. E1-E3 indicate regions in the endomesoderm.
Laser scanning section. Green, CellMask Deep Red; magenta, DAPI. Bright-field view. 3D view of the bright field.

(D) Delta (n = 18) and gsc (n = 5) expression in P. flava. White dotted circles enclosing delta expression.

(E) Phylogenetic relationship of mesodermal genes in deuterostomes. A, anterior; BP, blast pore; D, dorsal; E, endomesoderm; Ect, ectoderm; HM, head
mesoderm; P, posterior; PC, protocoelic mesoderm; PMM, premandibular head mesoderm; S, somite; V, ventral.

suggesting that individualization of the visual system also occurred (Figures 31 and S4Ei-S4Eii). TEM analysis showed that the premandib-
ular and mandibular mesoderm contained closely situated amorphous cells (Figures S4Ei-S4Eiv). Cells in the hyoid mesoderm were en-
closed by a rich collagen-like extracellular matrix (Figures 3K and S4Ev—-S4Evi). Presumptive EOMs express pitxA, a dorsal head meso-
dermal gene” (Figure S5B), whereas VMAM expressed gsc (Figure S5A). These findings suggested that the lamprey head mesoderm
had three distinct cell clusters (Figure 3M). The mandibular arch mesoderm formation is particularly dynamic, with the mesoderm in the
dorsal region turning vertically and shifting to the ventral side. These developmental sequences differ from those of rostral somites in
amphioxus (Figure 3M), raising the question of whether developmental sequences of the vertebrate head mesoderm were present in
the common ancestor of chordates.

Somites arose from the ancient gut

To address this question, we compared mesodermal gene expression in Ptychodera flava and chordates. Gsc and delta expressions
overlap in the dorsal mesoderm of amphioxus and vertebrates™ but become segregated during the formation of the head/trunk
mesoderm only in vertebrates (Figures 4A and 4B).?® In P. flava, the endomesoderm was divided into three distinct regions at
the late gastrula stage (Figure 4C). Similar to amphioxus, the gsc and delta expression domains overlapped on the ventral side
of the embryos (Figures 4A, 4D, S6B, and S4C). The spotty distribution of delta seen in the overlying ectoderm of E1 and E2 likely
corresponds to that observed in S1 and S2 of amphioxus (Figures 4A and 4D).”® In P. flava embryos, not only gsc and delta but also
expression domains of other homologs of vertebrate head mesodermal genes (six3/6, otx1/2, tbx1/10, pitx2) and somitogenesis-
related genes (hairy1, pax3/7, gbx1/2, six1/2, hox1, hox4) were largely overlapped (Figure S7). These results suggest that this extant
hemichordate has some developmental mechanisms of somitogenesis that are shared with amphioxus (Figure 4E). The enterocoel
theory argues that somites evolved from trimeric coeloms (protocoel, mesocoel, and metacoel) of tornaria larvae.*® However, cur-
rent data and recent findings” suggest that somites are derived from the undifferentiated endomesoderm. Based on the similar
genetic profiles between amphioxus and P. flava embryos, the mesoderm of the common ancestor of chordates is likely to have
been an amphioxus-like unpolarized one.”’*® Thus, the paraxial head mesoderm in vertebrates likely evolved via the reorganization
of ancestral chordate mesodermal patterning.
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Figure 5. Evolutionary scenario of the vertebrate head mesoderm

See also Figures S7 and S8. A simple phylogeny of deuterostomes and evolution of the vertebrate head mesoderm. Dotted green line indicates that even
hemichordate does not have somites; genetic profiles of the mesoderm is similar to amphioxus. The head mesoderm of tunicates includes a vertebrate
cardiopharyngeal-like domain but not the paraxial domain. HyC, hyoid head cavity; MC, mandibular head cavity; PMC, premandibular head cavity.

DISCUSSION

Early diversification of the vertebrate craniofacial mesoderm

The key controversy regarding vertebrate head evolution is the presence/absence of somites in the pre-otic head mesoderm.”**?*?> Qur
data indicated that the mandibular and hyoid cell clusters in the lamprey head mesoderm are not somite-like rosettes (Figure 2). The cell clus-
ters are likely lamprey-specific features, which are organized by tightly situated amorphous and columnar cells with many spaces and are not
recognized in the paraxial head mesoderm in hagfish and shark embryos.**° Previous genetic and morphological studies on shark embryos
indicated that head cavities are not homologous to somites.”’*° The different organizations of the craniofacial mesoderm among lampreys
(e.g., distinct mesenchymal cell clusters), hagfishes (mesenchyme), and gnathostomes (e.g., head cavities and mesenchyme) suggest that
several variations of the unsegmented head mesoderm emerged during the initial diversification of vertebrate heads (Figure 5).° The pres-
ence of the mesenchymal head mesoderm, which includes cardiopharyngeal progenitors in tunicates, also supports this conclusion (Fig-
ure 5).°'>? Emergence of mesenchymal cells in embryos might be crucial for the evolution of the vertebrate head. The neural crest (NC) is
multipotent stem cells, and presence of the NC is a key for the evolution of the vertebrate head.” The migratory character of the NC cells
(NCC), which first arises as epithelial cells in the ectoderm, enables to form new anatomical structures (e.g., jaws) in the head.®>* Current study
indicates that acquisition of motility both in NCC and the head mesodermal cells is fundamental to the evolution of the vertebrate new heads.

Rosettes and the head segmentation

Rosettes are major somite patterns. Therefore, historically, rosettes have been treated as a crucial characteristic of segments in the head prob-
lem. This concept expects somites to be equal to segments. However, the rosettes should be treated independently from segments.” For
example, rosettes were found in the neural tube and during kidney formation (Figures S8Q and S8R).>® These rosettes were not segments.
Instead, these patterns arise frequently in organogenesis.”>® Recent studies using human iPS cells have shown that somite-like rosette pat-
terns can be generated from presomitic mesoderm-like stem cells.”” These rosettes recapitulated somitogenesis in embryos; however, their
unique topological organization is never observed in the somitogenesis of wild-type vertebrate embryos.”’ This indicates that in vitro, the
developmental environment for somite-like organoids is insufficient to set up somites as a row along the A/P axis.” Therefore, the self-orga-
nizing somite-like rosettes were not segments. These findings also support our perspective on rosettes as not segments, and mesodermal
segments in embryos are defined as a row of cell blocks under proper spatiotemporal regulation during embryogenesis (Figures S8Q and
S8R). Therefore, even if somite-like rosettes form in the head mesoderm of some vertebrate embryos, such evidence is not directly considered
the presence of mesodermal segments in the head. How these rosettes evolved is unclear. During skin pattern formation in fish, fine-tuning
the membrane potential of cells is essential for proper cell migration.*” lon channels are ancient genes that regulate cell motility in bacteria,*’
suggesting they are conserved for cell-cell communication. Consistent with this notion, the disruption of membrane potential by the over-
expression of ken5b (W169L) (a potassium channel) in zebrafish embryos resulted in the malformation of rosettes both in somites and Kupffer's
vesicles (an essential structure for left/right axial patterning)®' (Figures SBA-S8P). Therefore, rosettes in different tissues may share mecha-
nisms of cell motility, including signaling pathways that drive rosette formation.”® In somitoids, regulation of cell motility is also reported
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to be essential for rosette formation.”” The diverse and conserved layers of the genetic system for rosette formation suggest that rosettes are
robust embryonic tools essential for multiple steps in organogenesis. Future studies should investigate how rosettes participate in morpho-
logical individualization and whether they are developmental competences of morphological novelty that create new taxa via subsequent

radiation.”

Limitations of the study

3D reconstruction of the lamprey embryos by using dragonfly software technically needed lots of efforts, and we therefore performed one
experiment for each stage. For SBF-SEM analysis, we have the same reason and performed the experiment once. Regarding the embryos
obtained from the fields (e.g., amphioxus, shark), the samples were fixed and kept in our lab for several years (e.g., 10 years). This might
have affected the quality of morphological and gene expression studies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

B-catenin SIGMA Cat# C2206; RRID: AB_476831

anti-rabbit IgG Alexafluor 488 Invitrogen A11070

Chemicals, peptides, and recombinant proteins

CM-Dil Invitrogen C7000

DAPI SIGMA D9542

CellMask™ Deep Red Invitrogen C10046

Quetol812 Nissin EM Cat. No. 340

propylene oxide TGl E0016

toluidine blue Waldeck 34314-92

Potassium ferrocyanide Wako 161-03742

Osumium tetroxide Nissin EM Cat. No. 3020-3

Thiocarbohydrazide Alfa Aesar L01205

L-aspartic acid SIGMA A9256

Critical commercial assays

mMESSAGE mMACHINE™ SPé Transcription Kit Invitrogen AM1340

PrimeSTAR® GXL DNA Polymerase TAKARA RO50A

TOPO Blunt-End for Subcloning Thermo Fisher K280020

Deposited data

Lenotch MK509804
Lemesp MK509806
Lefringe MK509805
Lewnt3 OL441365
Lewnt8 OL441366
Lecyp26 OL441363
Leraldh2 OL441364
Pfdelta MW626948
Pfhairy1 OQ689070
Pfpax3/7 OQ689068
Pfgbx1/2 OQ689069
Pfsix1/2 OQ689067
Pfpitx2 OQ689072
Pftbx1/10 0OQ689071

NCBI website
NCBI website
NCBI website
NCBI website
NCBI website
NCBI website
NCBI website
NCBI website
NCBI website
NCBI website
NCBI website
NCBI website
NCBI website
NCBI website

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/

https://www.ncbi.nlm.nih.gov/

Experimental models: Organisms/strains

Branchiostoma floridae
Lethenteron camtschaticum
Scyliorhinus torazame
Ptycodera flava

Gallus gallus

Tampa, Florida, USA

Hokkaido, Japan, Niigata, Japan
Ibaraki, Japan

Taiwan

Yamagishi internet store

N/A
N/A
N/A
N/A

http://yuseiran.cart.fc2.com/laws

Software and algorithms

ImageJ

ImageJ

V1.53e

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MEGA7 MEGA https://www.megasoftware.net/
Dragonfly Object Research System, Canada Ver 4.1.0.647

Amira FEL N/A

Grapher Golden Software Ver20.1.251

UNI-EM GitHub, Inc https://github.com/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Takayuki Onai
(tonai@u-fukui.ac.jp).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e All DNA sequences used in this study are available in NCBI web and accession numbers are listed in the key resources table. Micro-
scopy data used in this study is also available from the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

The sexually mature males and females and embryos of all animals (See details information below) used in this study were collected and
cultured under group housed condition in compliance with the guidelines of the University of Fukui Animal Care and Use Committee Pro-
gram. For sampling embryos, we did not test whether the influence of sex on the results of the study is significant. On our research’s gener-
alizability, even we consider that sex does not affect our results since the collected embryos were early stages, this might cause some limi-
tation. No statistical methods were used to pre-determine the appropriate sample size to the animals and embryos used in this study. Sample
sizes were determined based on empirically reasonable numbers with considering the 3Rs (reduction/refinement/replacement). We randomly
selected embryos to experimental groups. During culture, we excluded dead embryos or malformed embryos from the selections.

Lamprey

Sexually mature male and female lampreys (Lethenteron camtschaticum) were collected from Niigata and Hokkaido, Japan in March to May
2012-2022 and kept in flow through tanks filled with 10°C to 12°C aerated water without feeding. We checked the health of lampreys almost
every day and if there were dead individuals, we excluded them from the tanks since dead individuals were toxic and affect the health of other
living adults. In vitro fertilization was performed, and embryonic stages (neurula and pharyngeal stages) were assessed as previously described.’

Shark

Sexually mature male and female sharks (Scyliorhinus torazame) were sampled in Ibaraki, Japan, in October 2012 and housed in tanks filled
adjusted around 16°C with artificial seawater in 2012-2017. Sharks were fed with seafood mix (e.g., squids) at least once a week. Their eggs
were collected when we found them in the tanks and cultured in the same tanks until the appropriate stage was reached and were then
collected, and embryonic stages (pharyngeal stages) were assessed as described previously.®

Chicken

Chicken (Gallus gallus) eggs were purchased from Yamagishi Academic Fertile Egg Internet Store, Mizusawa, Yokkaichi, Mie, Japan (http://
yuseiran.cart.fc2.com/laws), and stored at 38°C incubator until the required stage (neurula to pharyngeal stages) was reached, with embryonic
stages determined as described previously.*!

Zebrafish

Sextually mature male and female zebrafish (Danio rerio) Tiibingen strain were bred and maintained at 25°C under standard laboratory con-
ditions in 2021.° Artificial spawning was performed following as previously described.”® 1—cell stage fertilized eggs were collected for
microinjection.

12 iScience 26, 108338, December 15, 2023


mailto:tonai@u-fukui.ac.jp
http://yuseiran.cart.fc2.com/laws
http://yuseiran.cart.fc2.com/laws
https://www.megasoftware.net/
https://github.com/

iScience ¢? CellPress
OPEN ACCESS

Amphioxus

Sexually mature male and female amphioxus (Branchiostoma floridae) embryos were collected from Tampa Bay, Florida, USA, in July 2011,
and brought to a laboratory at university of south Florida by evening. Around 21:00, electro-stimulation was performed to adult amphioxus
(males and females) to induce spawning, and embryos (gastrula, neurula) were obtained via in vitro fertilization, with embryonic stages deter-
mined as previously described.®

Hemichordate

Embryos (40 hours postfertilization) and larvae (70 hours postfertilization) of the hemichordate (Ptychodera flava) were kindly gifted by Dr. Yu
and Dr. Su.

METHOD DETAILS

Life science study design

Some experiments such as TEM analysis and 3D reconstruction of embryos were performed once since hard to collect embryos or technical
difficulty. For data exclusions, before fixation or before starting methods after fixation, we excluded dead embryos and larvae, therefore not
counted. Embryos and larvae when failed in situ hybridizations, histological staining due to technical issues (e.g., degraded reagents) were not
counted. To confirm the results, we mostly performed more than two times to confirm reproducibility except for some results (see above). For
randomization, wild lamprey, P. flava, amphioxus and shark adults were chosen based on health and fertility. For 38 degrees incubation of
chicken eggs, we selected eggs randomly. Embryos were selected randomly for histological staining, in situ hybridization. For Blinding, Blind-
ing is not necessary since controls were performed in parallel for each experimental condition. Sample size determination was considered
based on empirically reasonable numbers.

Histological analysis

The collected lamprey, shark, and chicken embryos were fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) and washed
using a graded series of methanol. They were then placed in CM-Dil (Invitrogen, MA, USA) dissolved in 50 uL BABB (1:2 mixture of benzyl
alcohol/benzyl benzoate) for 1 h at room temperature. After washing twice with BABB, the embryos were optically sectioned using a laser
scanning microscope (Zeiss LSM 710, Germany or Olympus FVI200, Japan).

Amphioxus and hemichordate embryos were placed in 4',6-diamidino-2-phenylindole (DAPI, Invitrogen, MA, USA) in PBS with Tween™ 20
(PBST) for 2 min and then in CellMask™ Deep Red (Invitrogen, MA, USA) in PBST for 20 min. They were washed three times in PBST, treated
with 80% glycerol, and sectioned using a laser scanning microscope (Olympus FVI200, Japan).

Each image was rotated and cropped, following which brightness and contrast adjustments were made to the entire image using the
Adobe Photoshop 2023 software (Adobe, CA, USA). Panels were then created using Adobe lllustrator 2023 and Dragonfly software (Object
Research Systems, Montreal, Canada).

3D reconstructions of lamprey embryos

3D reconstructions of lamprey embryos (stages 17-26) were generated using the Dragonfly software (Ver. 4.1.0.647). For segmentation of each
embryonic structure (e.g., somites), New region of interest (ROI) was created and round brush tool was chosen. Morphological structure of
ROl was judged by images obtained by laser scanning microscope (Olympus FVI200, Japan) or upright microscope with camera (Olympus
BX53, DP80, Japan). After segmented a target structure in all slices, each segment was connected and 3D view command was selected to
confirm reconstruction of ROls. After generation of 3D structure, Smooth Mesh tool was used to smoothen the structure. Usually, less
than five times of smooth command was applied. To prepare samples, lamprey embryos were fixed in 4% PFA in PBS, and washed by graded
series of methanol (50%-100%). Optical sections (2-um thick) of the embryos were obtained by performing CM-Dil labeling and laser scanning
(Olympus FV1200, Japan) as indicated in the histological analysis section, whereas plastic sections (2-um thick) were obtained for stages 25
and 26. Embryos were sectioned several times at each stage.

Whole-mount in situ hybridization

Whole-mount in situ hybridization of lamprey, amphioxus, or hemichordate embryos was performed following previously published proto-
cols.’®%’ The probes for Lcnotch (MK509804), Lecmesp (MK509806), Lefringe (MK509805), Lewnt3 (OL441365), Lewnt8 (OL441366), Lecyp26
(OL441363), Lcraldh2 (OL441364), and Lcfgf8/17°% were cloned from the complementary DNA of L. camtschaticum embryos using primers
based on TBLASTN obtained from in-house RNA sequencing data (Figure S6é). The probe for Lcdelta (KF564639) and Lcbrachyury
(AB501127) was generated from a TOPO cloning vector as previously described.”® LcpitxA®” was cloned into pCRIl Topo vector and tran-
scribed by SP6 RNA polymerase (2520, TKR, Shiga, JAPAN) to generate anti-sense probe. Lcgsc probe were generated by using Legsc-
pCRblunt Il Topo vector and transcribed to make anti-sense probe by T7 RNA polymerase (2540A, TKR, Shiga, JAPAN) as described previ-
ously.28 For P. flava genes, the probe for delta (MW626948), hairy1(0Q689070), pax3/7(0Q689068), gbx1/2(0Q689069), six1/2(0Q689067),
hox1(AY436753), hox4(AY436754), pax1/9AB020763.1), thx1/10 (OQ689071) were cloned from cDNAs, and Dr. Yu and Dr. Su kindly gifted
the gsc (QBZ28539.1), otx1/2(AB028220), pitx2(0Q689072), six3/6(KP133095) genes cloned in pGEM-T Easy vector. For amphioxus probes,
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Bfgsc (AF281674) was generated from Bfgsc-pCRIlI Topo vector and Bfdelta (BW899056) was generated from Bfdelta-pCRIl Topo vector by
using SP6 RNA polymerase (2520, TKR, Shiga, JAPAN) as previously described.?®

Transmission electron microscopy (TEM) analysis

Lamprey embryos obtained in July 2016 were fixed in 2% PFA and 2.5% glutaraldehyde concentrate/PBS (—) for 2 h at room temperature and
then stored at4°C. The embryos were washed three times in 0.1 M phosphate (PB) buffer (pH 7.4) at room temperature. Re-fixed in 1% osmium
tetroxide/0.1 M PB (pH 7.4) buffer at 4°C for 2 h in the dark. They were washed four times with 10% sucrose in water for 15 min each and block
was stained with 2% uranyl acetate for 60 min at 4°C. Prior to sectioning, the samples were dehydrated using ethanol (50%, 70%, 90%, 95%,
and 100%) serially, applying concentrations of 50%-95% ethanol for 10-15 min each, and 100% ethanol for 15 min four times. They were then
treated twice with propylene oxide (PO) for 15 min each and subsequently placed in a 1:2 solution of epoxy resin (Quetol 812, Nissin EM,
Japan):PO for 1 h at room temperature, a 2:1 solution of epoxy resin:PO overnight at room temperature, a 4:1 solution of epoxy resin:PO
overnight at room temperature, and 100% epoxy resin twice for 2-3 h each at 37°C on rotation. The samples were then evacuated under
100% epoxy resin overnight at room temperature, after which they were embedded in epoxy resin at 60°C for 5-6 days. Ultrathin sections
were produced using an ultramicrotome (Leica EM UCé, Japan) and double-stained with uranyl acetate and lead citrate. Images were ob-
tained using an H-7650 electron microscope (Hitachi, Japan). The evacuation step was not performed for stage 25 lamprey embryos.

Toluidine blue staining

Fixed lamprey embryos for TEM analysis were sectioned using an ultramicrotome (Leica EM UC6, Japan) to produce 2-um-thick sections. To-
luidine blue solution [0.5% toluidine blue (Waldeck, Germany), 1% borax in water] was then added to the sections, and they were heated on a
hot plate for 30 sec. The sections were washed with water and dried on a hot plate. Then the samples were covered by Entellan, and images
were captured by upright microscope with camera (Olympus BX53, DP80, Japan).

Serial block-face-scanning electron microscopy and 3D reconstruction using artificial intelligence

Embryos were fixed with 4% PFA, 2.5% glutaraldehyde concentrate/PBS (—), or 0.1 M PB at room temperature overnight. The embryos were
then washed five times with PBS (=) or 0.1 M PB for 3 min. In total, 1.5% potassium ferrocyanide, 2% osmium tetroxide/PBS (=), or 0.1 M PB was
added to the vials and rotated on ice for 1 h. The thiocarbohydrazide solution was added for 40 min at room temperature and washed four
times with ultrapure water for 5 min. Two percent osmium tetroxide treatment for 30 min at room temperature was applied to the embryos,
and they were washed four times for 5 min each using ultrapure water. Two percent uranyl acetate was added to the embryos and allowed to
stand overnight at 4°C; these were washed five times using ultrapure water for 3 min. The modified bloc Walton’s lead aspartate staining was
performed for 30 min at 60°C; the embryos were then washed five times with ultrapure water for 3 min each and dehydrated using EtOH series
from 50% to 100%. The samples were washed twice using PO for 15 min. The samples were then embedded in resin blocks, as described
above. The samples in the resin blocks were trimmed and mounted on aluminum rivets with conductive glue (TK paste CR-2800, KAKEN
TECH, Japan). The surfaces of the samples were trimmed, sputtered with gold to increase their conductivity, and imaged using a Merlin scan-
ning electron microscope (Carl Zeiss Microscopy, Jena, Germany) equipped with a 3View in-chamber ultramicrotome (Gatan Inc., Pleasanton,
CA, USA). The serial images were 16384 x 16384 pixels wide (57 nm/pixel) at 50-70 nm steps in the depth direction. Serial images were pro-
cessed and aligned using Fiji (https://fiji.sc/) with TrakEM2,”° and segmentation and 3D reconstruction were performed using Amira (FEI, Hills-
boro, OR, USA) and Dragonfly (Object Research Systems, Montreal, Canada). For nuclear segmentation, the training data were manually
generated using Amira in the sub-volume of the EM images, used to train a convolutional neural network model, and yielded the inferred
probability maps in UNI-EM version 0.90.4.”" Probability maps were manually proofread using Amira.

Zebrafish microinjection

The 1-cell stage eggs were collected and cultured at 25°C. Capped mRNAs generated by mMESSAGE mMACHINE™ SPé Transcription Kit
(Thermo Fisher, MA, USA) were microinjected using a PV830 Pneumatic PicoPump (WPI). Injected embryos were developed at 28.5°C until the
stages for analysis and collected based on a tracer expression (mCherryCx) located in the cell membrane.

Plasmid construction
The tracer mCherryCx and gain-of-function mutant potassium channel kcnk5b (W169L)"? Cording sequenses (CDSs) were subcloned into a

minimally modified pCS2 vector. Template plasmids were digested downstream of the polyA signal, and mRNAs were transcribed in vitro
using the mMMESSAGE mMACHINE™ SPé Transcription Kit (Thermo Fisher, MA, USA).

Immunocytochemistry of zebrafish embryos

Embryos were fixed in 4% PFA/PBS for 2 h at room temperature. The embryos were dechorionated and washed thrice with PBS. Embryos were
dissected using an ophthalmic knife to remove yolk granules and were separated into three regions (head/trunk/tail). Trunk tissues were used
for studying somites, and tails were used to examine Kupffer's vesicles. The tissues were washed three times with PBS +0.1% triton for 20 min
and blocked with PBS +0.1% triton, 10% sheep serum, and 0.5% bovine serum albumin solution for 2 h at room temperature. Either 1°* anti-
body (B-catenin: SIGMA C2206) (SIGMA, MO, USA) or ond antibody (anti-rabbit IgG Alexafluor 488: Invitrogen A11070) (Invitrogen, MA, USA)
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was added at a final concentration 1/400 for overnight at 4°C. The embryos were washed three times using PBS +0.1% triton for 20 min and
counter-stained with DAPI (SIGMA, MO, USA). The samples were treated with 80% glycerol before observation by confocal microscopy
(Olympus Fv1200, Japan).

Phylogenetic tree analysis
Phylogenetic trees were constructed using the MEGA7 software.”®> Maximum likelihood analysis was performed using 1,000 bootstrap
reiterations.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphs were generated using the Grapher software (Golden Software, CO, USA).

The angles between AM-NP and AM-PM were calculated using the analysis command tool of Dragonfly, as follows: The regions of interest
of the AM, NP, and PM were first converted into the locations of the center of mass. The vectors between the center points, that is, (xan.nps
Yam-nNe: Zam-ne) and (Xam-pme Yam-pve Zam-pm), were then substituted into the inner product formula as follows:

XAM-NP * XAM-PMTYAM-NP * YAM-PM+ZAM-NP * ZAM-PM

cosf = .
2 2 2 2 2 2
VXN +Y anne e V X e Y A e Zan e

Angle 6 was calculated and is displayed in Figure 1J, as demonstrated in Figure 11 that shows the transverse plane of their center points
(blue: AM; green: NP; pink: PM).
The distances between the center points were also calculated and are displayed in Figures 1K and 1L:

Distance V(AM-NP) = /oY auine+ Zauane:

Distance V(AM-PM) = \/xiM,PM+y/2_\M_PM+ziM_PM,

The orientations of nuclei in the somites (Figure 2D) were analyzed in 2D space using the Dragonfly software. The angle was determined
using a vector that connected the center of the rosette to the anterior—posterior (A/P) axis in the embryos, and the bar width was determined
using Sturges's formula:

K = log, N+1

Three individuals were examined for each cell cluster type (somite, mandibular arch cell cluster 1, cell cluster 2, and hyoid cell cluster)
(Figures 2D-2G).

The angle of the head mesodermal cells was calculated by segmenting the paraxial head mesoderm at stage 20 in 2D space using Drag-
onfly software. A total of 28 column-like cells were selected as candidate somite-like cells. Cell nos. 1-6 were eliminated because they were in
asingle layer and, therefore, could not be considered somites. Cell nos. 7-28 were considered to have rosette organization if they were radi-
ally located. The center of the rosette was speculated to be in the middle along the dorsal/ventral axis (dotted line in Figure 2B). The angles of
cell nos. 7-28 were calculated in 2D space using the Dragonfly software by drawing a vector along the A/P axis of the embryo (red arrow in
Figure 2B) and a vector that extended from the cell (blue line in Figure 2B) to the red dotted line. The angle generated by these vectors was
then calculated.

Embryos and structures were randomly selected in the experiments in this section. Sample size estimation was determined based on
reasonable numbers for angle calculation. For inclusion and exclusion of data, dead embryos or malformed embryos were excluded before
fixation.
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