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研究成果の概要（和文）：本研究ではオオヒメグモ胚の実験系に単一細胞および単一核RNA-seq法を取り入れ、
外胚葉の上皮細胞シート上に形成されるパターンを、ゲノムワイドに１細胞レベルで解析する方法を確立した。
解離した細胞から得た情報のみで、前後軸に沿ったパターンが再構成できることが分かった。特に、単一核に由
来するデータは精度が高く、複雑な縞パターンをも再現した。さらに、再構成されたパターンから数値データを
取得し、ゲノムワイドにパターン形成を解析する系も構築した。今後の分子ネットワーク解析の土台となる。

研究成果の概要（英文）：In this study, we applied single-cell and single-nucleus RNA-seq techniques 
to study of pattern formation in the spider embryo. We demonstrated that the data obtained with 
dissociated cells and nuclei successfully reconstructed the anterior-posterior pattern in the UMAP 
plot without the assistance of any image data. Furthermore, we established a method to obtain 
genome-wide and quantitative gene expression data from the reconstructed axial pattern. This study 
will serve as the basis of the future molecular network analysis.

研究分野：発生生物学
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研究成果の学術的意義や社会的意義
前後軸に沿ったパターンを、画像情報を取り入れることなく、数値的に再構築できたことに意義がある。本研究
ではこの再構築されたパターンを利用して、軸に沿った遺伝子発現をゲノムワイドに数値として取得する方法も
確立した。この方法に経時サンプリングやRNAiを組み合わせることで時間変化や遺伝子相互作用の情報も取得で
きると考えられ、数理解析への適用も期待できる。パターン形成の領域や動物による違いの解明へと発展でき
る。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。



様 式 Ｃ－１９、Ｆ－１９－１（共通） 
 
 
１．研究開始当初の背景 
(1) 節足動物の体には体節の繰り返し構造が見られる。体節形成のもととなる縞状の遺伝子発現
を作り上げるためにはたらく分子機構はショウジョウバエで非常によく研究されており、そこ
では転写因子のカスケードにより多核性胞胚に小さい単位の遺伝子発現領域が順々に形成され、
体節ごとの縞パターンとなることが知られている。しかしこのようなパターン形成の分子機構
は昆虫の中でも保存されたものではなく、脊椎動物のように遺伝子発現の振動による様式が存
在することも分かってきていた。 
(2) 私たちが新たな実験系として開発した節足動物・鋏角類に属するオオヒメグモでは、ヘッジ
ホッグシグナルを中心とした細胞間相互作用が初期胚のパターン形成にはたらいており、私た
ちはこれまでの研究で、体の領域によって異なる３種類の動的な波のような遺伝子発現により
空間的に繰り返した縞パターンが形成されることを示していた。このような波はシート状に一
層に並んだ外胚葉の上皮細胞が遺伝子発現を時間変化させることに起因し、頭部では Bi-splitting、
胸部では Tri-splitting、後体部では Oscillationという動態が観察される。しかし、このような動的
な発現を示す遺伝子の網羅的な同定はできておらず、その制御の分子機構に関してはほとんど
分かっていなかった。さらには、波の動態の違いを生み出す分子機構については全く分かってい
なかった。 
(3) 単一細胞 RNA-seq法は個々の細胞に存在する mRNAを網羅的に、かつ定量的に解析する方
法として利用されるようになっていた。この方法を用いた多くの研究は現在においても細胞の
分化過程を対象としている。 
 
２．研究の目的 
体節の繰り返し構造のもととなる遺伝子発現の縞パターンの形成様式は、動物によって、また、
体の領域によって異なっている。このような多様性を総合的に理解するためには、理論的な解析
にも適用可能な、ゲノムワイドで細胞レベルの遺伝子発現の数値データが必要となる。 
本研究はオオヒメグモ胚において単一細胞 RNA-seq 法を立ち上げて縞パターン形成時の胚を
解析し、パターンを形づくっている細胞における遺伝子発現を、数値データとして１細胞レベル
で空間的に再構築することを目的とした。そして、時間変化の解析や分子ネットワークの解明へ
と発展させることを目指した。 
 
３．研究の方法 
(1) 胚盤期の卵を用いて、オオヒメグモ胚における単一細胞 RNA-seq法の実験系を立ち上げる。
胚盤における遺伝子発現パターンに関しては、私たちのこれまでの研究で情報が蓄積している
ので、このような蓄積した情報と比較しながら、単離した細胞から得た情報に、外胚葉細胞に形
成される前後のパターンがどのように含まれるかを分析し、空間パターンの再構築方法を確立
する。 
(2) 胚帯期の胚においても細胞の解離方法を検討し、実験法を確立する。発生の進行とともに、
より複雑になる前後軸に沿った領域特異的パターンや縞パターンの解析方法を検討する。 
(3) 縞パターンで発現する遺伝子を網羅的に同定する。RNAi 法を用いて機能解析を行い、遺伝
子の相互の関係を明らかにする。 
 
４．研究成果 
(1) オオヒメグモ胚における単一細胞および単一核 RNA-seq法の確立 
 ① 胚盤期の胚を用いて解離細胞の取得を試みたが、他の動物の実験系を参考にした方法では、
細胞を傷つけずに解離することや解離後の細胞を沈降させることに問題が生じた。様々に検討
を行い、適した緩衝液を使用し、受精膜をハンドピールしてセルストレイナーに通し Filtrationす
ることで細胞の解離と収集が可能となった。さらに、解離細胞はメタノールを含む溶液で保存可
能であることも明らかにした。このことで、サンプリングとライブラリー作製が容易になった。
10-20個の卵から細胞を回収して作製したライブラリーから、細胞分化やパターン形成を解析す
ることが可能となる情報量が得られることが分かった。 
② 胚帯期の胚に対しても、胚盤期の胚と同じ方法を試みたが、細胞が解離されなかった。そこ
で種々のプロテアーゼを試し、解離に有効なプロテアーゼを１つ見出した。発生の進行とともに
細胞がより小さくなるため細胞の沈降はさらに難しくなり、細胞の回収率には課題が残ったが、
ライブラリー
作製とデータ
解析が可能と
なる数の細胞
を集める方法
を構築するこ
とができた。 

 

the pattern-forming processes in the spider model system in an
unbiased, comprehensive manner.

MATERIALS AND METHODS

Spider
Animal experiments were conducted according to the protocol
reviewed and approved by the Institutional Animal Care and Use
Committee of JT Biohistory Research Hall (No. 2020-1). We used
laboratory stocks of the spider Parasteatoda tepidariorum (syn.
Achaearanea tepidariorum), which were maintained at 25°C with
a 16 h light/8 h dark cycle. Developmental stages have been described
previously (Akiyama-Oda and Oda, 2003, Akiyama-Oda and Oda,
2010). We monitored the development of the eggs and determined
the beginning of stage 5, when internalization of the cumulus
mesenchymal (CM) cells is completed. The image of the spider
embryo shown in Figure 1A was captured using a zoommicroscope
Zeiss Axio Zoom.V16 equipped with a digital camera Zeiss
Axiocam506 (Carl Zeiss). Z-series images (5 μm × 56) were
processed using an ImageJ plugin (Extended Depth of Field).

Isolation of Single Cell and Single Nucleus
The spider embryos were dechorionated using 100% commercial
bleach, rinsed with distilled water, and transferred into CGBS-
CMF [Chan and Gehring buffered saline (Chan and Gehring,
1971), Ca and Mg-free: 55 mM NaCl, 40 mM KCl, 10 mM
Tricine, pH6.95]−0.01% (for cell) or 0.5% (for nucleus) BSA
(Nacalai tesque, 01278-44) solution. In this solution, vitelline
membrane was manually removed with forceps. To obtain
dissociated cells, the devitellinized sample was filtered through
a 40-μm cell strainer (pluriStrainer-Mini, 43-10040-40) and
collected in a DNA LoBind Tube (Eppendorf 022431021). For
preparation of nuclei, the devitellinized sample was centrifuged in
a 1.5-ml tube and suspended in 400 μL homogenization buffer

(McLaughlin et al., 2021) [250 mMSucrose, 10 mMTris (pH 8.0),
25 mM KCl, 5 mM MgCl2, 0.1% Triton-X100, 0.1 mM DTT,
100 u/mL RNase Inhibitor (SUPERaseIn RNase Inhibitor:
Invitrogen, AM2694), Protease Inhibitor at 1:100 dilution
(Nacalai tesque, 25955-11)], where the sample was
homogenized with a loose plastic pestle (fisher scientific, 12-
141-368) by 40 strokes. Next, the sample was centrifuged and
resuspended with CGBS-CMF-0.5% BSA-100 u/mL RNase
Inhibitor solution, followed by filtration through a 40-μm cell
strainer. The centrifugation and resuspension steps (without the
filtration step) were repeated twice. Four volumes of CellCover
(Anacyte Laboratories, 800-050) were added to the cell and
nucleus samples, which were then stored at 4°C. To proceed to
the library construction step, stored samples were centrifuged and
resuspended with the CGBS-CMF-0.025% Tween 20 (first single-
cell library), CGBS-CMF-0.01% BSA (second single-cell library),
or CGBS-CMF-0.01% BSA-100 u/mL RNase Inhibitor (single-
nucleus library) solution. In these solutions, the samples were
loaded onto BD Rhapsody cartridges (BD Biosciences).

For the first single-cell transcriptome library construction, we
used ten late stage-5 eggs (approximately 8 h from the beginning
of stage 5) derived from an egg sac. For the second single-cell and
single-nucleus transcriptome library construction, we used
20 eggs each derived from another egg sac. To prepare the
nuclei sample, eggs were dechorionated at the end of stage 5/
the start of stage 6 (9–10 h from the beginning of stage 5), and for
the second single-cell sample, eggs were dechorionated 1 h
20 min later, when preparation of the nuclei sample was
completed.

Construction of Libraries and RNA
Sequencing
Single-cell RNA-seq libraries were constructed using a BD
Rhapsody Targeted mRNA and AbSeq Amplification kit (BD

FIGURE 1 | Single-cell and single-nucleus transcriptomics of the early spider embryo. (A) An embryo at late germ-disc stage (late stage 5). The germ disc is
observed as the white sheet. The arrow indicates the cumulus. Scale Bar = 200 μm. (B) Diagram showing single-cell and single-nucleus experimental procedure. (C)
Metrics summary after filtering out low-quality cells (nuclei). Numbers of cells and nuclei examined in the first single-cell, the second single-cell, and the single-nucleus
analyses, average of detectedmolecules per cell (nucleus), average of detected genes per cell (nucleus), total numbers of detected genes, and average of detected
molecules per gene.
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③ 細胞の核に存在する RNAを解析することで、よりダイナミックな転写変化を捉えることが
できると考え、単一核 RNA-seq法を取り入れることを考えた。そこでまず、核の抽出を試みた。
ホモゲナイズのやり方を調整することで、比較的容易に核を集められることが分かった。次に、
ライブラリーの作製も進め、Lysis の時間を調整し、プロテアーゼを加えることで作製が可能と
なった。さらにイントロンのリードをカウントできるようにゲノム情報を整備した。 
 

(2) 胚盤期の解析 
① 胚盤期の胚を用いて作製した単一細胞ライブラリーから
シーケンス情報を取得し、単一細胞 RNA-seq 解析のためのパ
ッケージである Seurat を利用して、細胞のクラスタリング解
析を行った。まず、細胞の分化に関して、細胞は外胚葉・中胚
葉・内胚葉に相当する３つのグループに大きく分かれること
が分かった。胚盤の上皮細胞シートを構成するほとんどの細
胞は外胚葉細胞となるが、この時期に胚盤の縁に存在する細
胞は中胚葉細胞としての運命決定を受け、外胚葉細胞シート
の内側に入り込む。注意深く解析すると、外胚葉細胞と中胚葉
細胞の中間的な状態にある細胞の存在が示された。単一細胞
RNA-seq 解析でこのような中間状態の細胞で発現することが
示唆された遺伝子の発現を in situ ハイブリダイゼーション法により胚で可視化すると、まさに
期待される縁の細胞で染色が観察された。これは中胚葉細胞への分化途上にある細胞状態と考
えられた。このように単一細胞 RNA-seq 解析は分化過程の一過的な細胞状態を検出できるほど
感度が高い方法であることが分かった。 
 

 
次にパターン形成に関して、胚盤には縁を将来の前側（頭
部）、中心付近を将来の後側（尾部）とする大まかな前後パタ
ーンが形成されていることをこれまでの研究で明らかにし
ていたが、Seuratによる解析の結果を示した UMAPのプロッ
ト上では、外胚葉細胞は前後の極性を反映して配置されてい
ることが分かった。このプロット上で既知の遺伝子発現を可
視化すると、胚盤全体の前後のパターンも周縁部のわずかな
違いも再現されていた。つまり前後極性パターンがプロット
上に再構築されたといえる。この時期の胚盤外胚葉の上皮細
胞シートには明確な領域境界はなく、細胞は少しずつ異なる
組み合わせの遺伝子を発現して前後極性を形成しているこ
とが分かってきた。 
② この UMAP のプロット上に再構築された外胚葉細胞の
パターンを利用して、類似の発現パターンを示す遺伝子を探
索する方法を構築した。これはパターンマッチングのアルゴ
リズムを用いる方法で、この方法を用いて、背側を決める Dpp 
(BMP)シグナルを受け取った細胞で発現する遺伝子のパター
ンをテンプレートとして探索を行い、同様の細胞で発現する
遺伝子を複数同定することができた。 
③ 胚盤期の兄弟胚をほぼ同時にサンプリングし、単一核

RNA-seq ライブラリーと単一細胞 RNA-seq ライブラリーを
作製した。単一核 RNA-seq法でも、単一細胞と同程度のデー
タ量を得ることができ、上記と同様にしてクラスタリング解
析を行ったところ、三胚葉に相当する細胞グループの生成
と、胚盤の前後軸の再構築が確認できた。胚盤期後期には、
胚盤の中心領域から後体部の体節形成に関わる遺伝子発現
が開始する。詳細に解析すると、単一核 RNA-seq法では、こ
の中心から開始する遺伝子発現を捉えることができており、
この領域で発現する新たな遺伝子を同定することができた。 
 

   

the UMAP plot and detected on the germ disc using WISH
indicated that the spatial order of the four clusters on the UMAP
plot was correlated with the peripheral-to-central spatial order on
the germ disc (Figure 2B). This correlation was further supported
by multicolor visualization of expression of multiple A-P marker
genes on the UMAP plot and the germ disc (Figure 2C). A similar
correlation was observed even in a smaller spatial range of the
UMAP plot and the germ disc (Figure 2C, bottom).

Next, we listed possible marker genes for each cluster
(Supplementary Table S4). The lists of cluster 2 and cluster
3 markers included more than ten genes that had been identified
as positive targets of Hh signaling in the previous study and are
expressed in the peripheral region of the germ disc. Conversely,
the list of cluster 5 markers included six genes that had been
identified as negative targets of Hh signaling and are expressed in
the central region. The cluster 4 markers included eight genes that

FIGURE 2 | Detection of germ layers and the ectodermal polarity using single-cell transcriptomics. (A) Clustering analysis of the germ-disc stage embryonic cells.
The UMAP plot of 505 cells shows presumptive endodermal (cluster 0), mesodermal (cluster 1), and ectodermal (clusters 2–5) clusters. The arrow shows the
reconstructed orientation of the germ disc. The clustering was performed using 48 PCs with a resolution parameter of 1.0. (B) Visualization of the expression of germ-
layer marker genes and A-Pmarker genes on the UMAP plot with the color code of the normalized expression levels and in the germ disc at late stage 5 usingWISH.
At_eW_012_A08, endoderm; Pt-twi (twist), mesoderm; Pt-hh (hedgehog), peripheral region; Pt-BarH1, broad peripheral region; Pt-rho (rhomboid), intermediate region;
Pt-msx1, central region. (C) Visualization of the expression of three genes on the UMAP plot and in the late germ disc using multicolor FISH. Pt-Delta (green), Pt-otd
(orthodenticle, red), and Pt-opa (odd-paired, blue); Pt-hh (green), Pt-BarH1 (red), and Pt-opa (blue). The FISH images are from (Akiyama-Oda and Oda, 2020)
(CCBY4.0). (D) Expression of marker genes identified for clusters 2–5 in the late germ disc. Scale Bars = 200 μm.
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peripheral region of the germ disc, respectively, using 137 marker
genes recognized in previous and ongoing studies. Hierarchical
clustering analysis clearly separated the endodermal cells (cluster
0) from the mesodermal and ectodermal cells (clusters 1 and 2)
with restricted expression of the cluster 0 markers
(Supplementary Figure S3). Some of the cluster 1 markers
were expressed at relatively high levels in both the
mesodermal and endodermal cells. However, we did not detect
cells that were in an intermediate state of the endoderm and
mesoderm or the endoderm and ectoderm (Supplementary
Figures. S2, S3). This result provided substantial evidence to
suggest that “endodermal” cells were already in distinct cell states
at late stage 5.

Following exclusion of the endodermal cells, we examined the
remaining 93 cells, possibly including mesodermal cells and cells
at the peripheral region of the germ disc, using 77 selected marker
genes. Hierarchical clustering analysis revealed the presence of
two large cell populations in accordance with clusters 1 and 2, but
with a small cell subpopulation displaying intermediate states
(Figure 4A). To confirm whether cells displaying such
intermediate states were present in the late stage-5 embryo,
expression of a mesodermal (LOC107437681, Pt-integrin
alpha-8-like) and a peripheral (LOC107451809, Pt-hh) gene
was examined using FISH. As a result, cells that expressed
both genes were observed at the edge of the germ disc
(Figure 4B, yellow arrows), with adjacent cells on the germ-
disc side expressing only the peripheral gene (Figure 4B, the
green arrow) and nearby internal cells expressing only the
mesodermal gene (Figure 4B, the red arrow). These
observations suggested the possibility that the double-positive
cells at the edge of the germ disc might be in an intermediate state
undergoing commitment toward the mesodermal fate. The
corresponding intermediate cell state was recognized in the
UMAP plot (Figure 4C). These examples of data from single-
cell RNA-seq analysis highlight the potential of this technique to
follow cell state transitions in the developing spider embryo.

Search for CM Cell Markers
The D-V axis of the spider embryo is specified by symmetry-
breaking migration of clustered cells sending Dpp signals from
the center of the germ disc following internalization (Akiyama-
Oda and Oda, 2003, Akiyama-Oda and Oda, 2006, Akiyama-Oda
andOda, 2010). These cells are referred to as the CM cells. Known
markers for this cell type include Pt-dpp (LOC107442925), Pt-
fascin (singed) (At_eW_022_P10, LOC107440147), and Pt-ets4
(LOC107451717) (Pechmann et al., 2017) (Figure 5A). To
examine the comprehensiveness and practical use of our
single-cell transcriptome data, we searched for additional CM-
cell marker genes. Highly specific expression of Pt-ets4 at the CM
cells allowed us to identify a single cell #614005 demonstrating
this cell type. This cell was grouped together withmany other cells
assigned to the presumptive endoderm (Figure 5B), strongly
suggesting that the CM cells are part of the endoderm, not the
mesoderm. Next, we listed up genes showing high levels of
expression in the cell #614005 but no expression in most
other cells (Figure 5C; Supplementary Table S5). The top-
ranked gene in the list was Pt-ets4 itself. Eight genes following

FIGURE 4 | Specification of mesodermal cells at the peripheral region.
(A) Dendrograms of 93 presumptive peripheral ectodermal and mesodermal
cells (top) and 77 peripheral and mesodermal marker genes (left) were
constructed by hierarchical clustering of the normalized expression level.
The bar on the top displays the cluster of the cells shown in Figure 2A: yellow,
cluster 1 (mesoderm); green, cluster 2 (peripheral ectoderm). The bar on the
left shows the group of genes: yellow, mesodermal markers; green, peripheral
markers which are the same genes shown in green in Figure 3. The heatmap
shows the normalized expression levels (color code in the bottom right).
Boxed cells show relatively high-level expression of both mesodermal and
peripheral markers. (B) Detection of Pt-hh (green) and LOC107437681 (Pt-
integrin alpha-8-like, red) transcripts using FISH at the peripheral region of the
germ disc at late stage 5. The cross section of the boxed region is shown in the
inset. Scale Bar = 50 μm. (C) Expression of the two genes visualized on the
UMAP plot. In B and C, green arrows show Pt-hh-positive cells, red arrows
show LOC107437681-positive cells, and yellow allows show double-positive
cells.
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3 genome whose annotation was modified to count both intronic
and exonic reads. As summarized in Supplementary Table S7,
alignment against the version-3 genome resulted in detection of a
slightly higher number of molecules than that against the version-
2 genome in both single-cell and single-nucleus experiments. An
increased number of molecules were detected when using the
modified version-3 genome to analyze single-nucleus data. We
used single-cell data aligned to the version-3 genome and single-
nucleus data aligned to the modified version-3 genome for
downstream analysis.

We followed similar procedures as the first single-cell data
analysis (Figure 1B). After filtering out low-quality cells
(Figure 1C), we performed a clustering analysis. In the single-
cell analysis, germ-disc epithelial cells (presumptive ectodermal
cells) with polarized expression of A-P marker genes were
separated into two large clusters similar to the first single-cell
analysis (Supplementary Figures S1, S4A), although this time
the two clusters did not differ in the numbers of genes and
molecules detected per cell. The situation of the single-nucleus
analysis result was distinct; in the UMAP plot, presumptive
ectodermal cells were distributed in one large mass with
mesodermal cells, and the first split of ectodermal subclusters
was detected between the peripheral cells and others
(Supplementary Figure S4B).

The following analyses were performed with data that
excluded 85 genes identified as DEGs of the two ectodermal
clusters in this single-cell analysis (Supplementary Table S8),
which showed ubiquitous and high levels of expression. The
clustering analysis using this dataset showed similar results as in
the first single-cell analysis (Supplementary Figure S5; Figure 2).
We detected three germ layers and the A-P polarization of germ-
disc cells in the single-nucleus as well as the single-cell analysis.

The CM cells and a cluster for the cumulus cells were also
detected. However, there was one uncharacterized cluster in
the single-cell analysis (cluster 5 in Supplementary Figure
S5A) and one cluster consisting of nuclei with relatively low
numbers of genes and molecules in the single-nucleus analysis
(cluster 7 in Supplementary Figure S5B). These indicated that
the single-nucleus and single-cell RNA-seq analyses produced
mostly consistent results, but one difference between the two
methods was found: single-cell RNA-seq, unlike single-nucleus
RNA-seq, was affected by the expression levels of a set of genes
expressed ubiquitously and at high levels.

Identification of Dynamic Cell States by
Single-Nucleus Transcriptome
Next, to compare the capabilities of detecting and separating
dynamic cell states in the single-cell and single-nucleus
transcriptome analyses, we tested higher resolution
parameters. As shown in Supplementary Figure S5, the
clustering analysis at a low-resolution parameter identified
four clusters of ectodermal cells corresponding to peripheral-
to-central (future anterior-to-posterior) series of regions of the
germ disc both in the single-cell (clusters 3, 0, 1, 2 in
Supplementary Figure S5A) and single-nucleus analysis
(clusters 3, 2, 1, 0 in Supplementary Figure S5B). Using
higher resolution parameters, more clusters were identified
(Figure 7A). Here, we focused on two types of dynamic gene
expression that are known to occur in the central region of the
germ disc. One of the two originates from the progressive
activation of Delta-Notch signaling from around the center
of the germ disc, which leads to the formation of a salt-and-
pepper pattern of gene expression that reflects the specification

FIGURE 6 | Identification of the cumulus on the UMAP plot. (A) Expression of LOC107444265 (Pt-noggin-D) in a germ disc at late stage 5. The signal is detected at
the cumulus. The right panel shows DAPI staining of the same embryo. (B) Expression of LOC107444265 visualized on the UMAP plot. The region boxed in yellow was
used as a template in the Open CV similarity search after the background color was changed to the color of cells without expression as in (B9). (C) The list of genes with
highest similarity scores in the similarity search. (D) Expression of the top 6 genes except LOC107444265 visualized on the UMAP plot and detected usingWISH. In
situ hybridization of LOC107455782 was not performed. Scale Bars = 200 μm.
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3 genome whose annotation was modified to count both intronic
and exonic reads. As summarized in Supplementary Table S7,
alignment against the version-3 genome resulted in detection of a
slightly higher number of molecules than that against the version-
2 genome in both single-cell and single-nucleus experiments. An
increased number of molecules were detected when using the
modified version-3 genome to analyze single-nucleus data. We
used single-cell data aligned to the version-3 genome and single-
nucleus data aligned to the modified version-3 genome for
downstream analysis.

We followed similar procedures as the first single-cell data
analysis (Figure 1B). After filtering out low-quality cells
(Figure 1C), we performed a clustering analysis. In the single-
cell analysis, germ-disc epithelial cells (presumptive ectodermal
cells) with polarized expression of A-P marker genes were
separated into two large clusters similar to the first single-cell
analysis (Supplementary Figures S1, S4A), although this time
the two clusters did not differ in the numbers of genes and
molecules detected per cell. The situation of the single-nucleus
analysis result was distinct; in the UMAP plot, presumptive
ectodermal cells were distributed in one large mass with
mesodermal cells, and the first split of ectodermal subclusters
was detected between the peripheral cells and others
(Supplementary Figure S4B).

The following analyses were performed with data that
excluded 85 genes identified as DEGs of the two ectodermal
clusters in this single-cell analysis (Supplementary Table S8),
which showed ubiquitous and high levels of expression. The
clustering analysis using this dataset showed similar results as in
the first single-cell analysis (Supplementary Figure S5; Figure 2).
We detected three germ layers and the A-P polarization of germ-
disc cells in the single-nucleus as well as the single-cell analysis.

The CM cells and a cluster for the cumulus cells were also
detected. However, there was one uncharacterized cluster in
the single-cell analysis (cluster 5 in Supplementary Figure
S5A) and one cluster consisting of nuclei with relatively low
numbers of genes and molecules in the single-nucleus analysis
(cluster 7 in Supplementary Figure S5B). These indicated that
the single-nucleus and single-cell RNA-seq analyses produced
mostly consistent results, but one difference between the two
methods was found: single-cell RNA-seq, unlike single-nucleus
RNA-seq, was affected by the expression levels of a set of genes
expressed ubiquitously and at high levels.

Identification of Dynamic Cell States by
Single-Nucleus Transcriptome
Next, to compare the capabilities of detecting and separating
dynamic cell states in the single-cell and single-nucleus
transcriptome analyses, we tested higher resolution
parameters. As shown in Supplementary Figure S5, the
clustering analysis at a low-resolution parameter identified
four clusters of ectodermal cells corresponding to peripheral-
to-central (future anterior-to-posterior) series of regions of the
germ disc both in the single-cell (clusters 3, 0, 1, 2 in
Supplementary Figure S5A) and single-nucleus analysis
(clusters 3, 2, 1, 0 in Supplementary Figure S5B). Using
higher resolution parameters, more clusters were identified
(Figure 7A). Here, we focused on two types of dynamic gene
expression that are known to occur in the central region of the
germ disc. One of the two originates from the progressive
activation of Delta-Notch signaling from around the center
of the germ disc, which leads to the formation of a salt-and-
pepper pattern of gene expression that reflects the specification

FIGURE 6 | Identification of the cumulus on the UMAP plot. (A) Expression of LOC107444265 (Pt-noggin-D) in a germ disc at late stage 5. The signal is detected at
the cumulus. The right panel shows DAPI staining of the same embryo. (B) Expression of LOC107444265 visualized on the UMAP plot. The region boxed in yellow was
used as a template in the Open CV similarity search after the background color was changed to the color of cells without expression as in (B9). (C) The list of genes with
highest similarity scores in the similarity search. (D) Expression of the top 6 genes except LOC107444265 visualized on the UMAP plot and detected usingWISH. In
situ hybridization of LOC107455782 was not performed. Scale Bars = 200 μm.
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(3) 胚帯期の解析 
胚帯期の胚を用いて作製した単一細胞および単一核 RNA-seq ライブラリーから取得した情報を
Seuratにより解析したところ、上記と同様に、三胚葉に相当する細胞グループと前後のパターン
が UMAP のプロット上に確認できた。特に単一核のデータを用いた解析では、より詳細な前後
のパターンとともに縞パターンも再構築され、この方法がより複雑なパターンを捉えるのに適
した方法であることが分かった。さらに、この再構築されたパターンをもとに前後軸に沿った遺
伝子発現の数値情報を取得する方法を開発し、現在は、縞パターンで発現する遺伝子の同定と、
体の３領域での遺伝子発現の違いの解析を進めている。 
 
(4) 今後の展望 
本研究では、節足動物・鋏角類のオオヒメグモで単一細胞および単一核 RNA-seq法を立ち上げ、
この方法をパターン形成の解析に適用した。画像情報を利用することなく、パターンを再現でき
る系は他に知られておらず、国際会議等の発表で大きなインパクトを与えることができた。この
手法ではゲノム上の全遺伝子に関して１細胞レベルで発現情報を取得できる。オオヒメグモは
発生の揃った卵を一度に 200 個程度産む。同時に生まれた兄弟胚を一定時間おきにサンプリン
グしライブラリー作製を行うことで、発生の時間軸に沿った１細胞レベルの情報をゲノムワイ
ドに取得できることになる。さらに、本研究では実行できなかったが、RNAiによる遺伝子のノ
ックダウン実験を組み合わせることにより、クモ胚の上皮細胞で起こるダイナミックな遺伝子
の発現変化とそれを実現する分子ネットワークの解明へと発展できると考えている。 
 

図の出典は Akiyama-Oda et al. (2022) Front Cell Dev. Biol. 10:933220. 
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