
iScience

Article

ll
OPEN ACCESS
Single-cell transcriptional landscapes of bovine
peri-implantation development
Giovanna

Nascimento

Scatolin, Hao

Ming, Yinjuan

Wang, ..., Chao

Song, Kenneth

Bondioli,

Zongliang Jiang

z.jiang1@ufl.edu

Highlights
ScRNAseq analysis of peri-

implantation reveals an

unrecognized primitive

trophoblast

Peri-implantation cell

programs between bovine

and other mammalian

species are compared

Novel lineage markers are

identified and validated

Cell-cell communication

underlies embryonic and

extraembryonic cell

interaction

Scatolin et al., iScience 27,
109605
April 19, 2024 ª 2024 The
Author(s). Published by Elsevier
Inc.

https://doi.org/10.1016/

j.isci.2024.109605

mailto:z.jiang1@ufl.edu
https://doi.org/10.1016/j.isci.2024.109605
https://doi.org/10.1016/j.isci.2024.109605
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109605&domain=pdf


OPEN ACCESS

iScience ll
Article

Single-cell transcriptional landscapes
of bovine peri-implantation development

Giovanna Nascimento Scatolin,1,4 Hao Ming,1,4 Yinjuan Wang,2,3 Rajan Iyyappan,1 Emilio Gutierrez-Castillo,2

Linkai Zhu,1 Masroor Sagheer,1 Chao Song,1 Kenneth Bondioli,2 and Zongliang Jiang1,5,*
SUMMARY

Supporting healthy pregnancy outcomes requires a comprehensive understanding of the molecular and
cellular programs of peri-implantation development, when most pregnancy failure occurs. Here, we pre-
sent single-cell transcriptomes of bovine peri-implantation embryo development at day 12, 14, 16, and 18
post-fertilization. We defined the cellular composition and gene expression of embryonic disc, hypoblast,
and trophoblast lineages in bovine peri-implantation embryos, and identified markers and pathway
signaling that represent distinct stages of bovine peri-implantation lineages; the expression of selected
markers was validated in peri-implantation embryos. Using detailed time-course transcriptomic analyses,
we revealed a previously unrecognized primitive trophoblast cell lineage. We also characterized
conserved and divergence peri-implantation lineage programs between bovine and other mammalian
species. Finally, we established cell-cell communication signaling underlies embryonic and extraembryonic
cell interaction to ensure proper early development. These data provide foundational information to
discover essential biological signaling underpinning bovine peri-implantation development.

INTRODUCTION

Peri-implantation embryo development of ruminant species such as cattle is poorly understood and not closely paralleled to other animal

models, such as themouse. It is estimated that up to 50% of bovine conceptus loss occurs during the second and third weeks of pregnancy,1,2

a period when a viable blastocyst undergoes extensive cellular proliferation and changes from a spherical shape to an elongated, filamentous

form in preparation for implantation.3 During this period, three cellular lineages form in the hatched bovine blastocyst, epiblast, hypoblast,

and trophectoderm. As seen in all mammalian species, these lineages will give rise to the embryonic disc, which further develops into three

germ layers, the yolk sac, and the placenta, respectively. At themolecular level, this critical stage of development has only been characterized

in the mouse,4,5 and more recently in non-human primates,6 and human embryo extended culture models.7,8

Peri-implantation development exhibits wide variation betweenmammalian species in relation to the duration of peri-attachment periods,

the development and orientation of the extraembryonic tissues, and the implantation strategies.9 Inmice, implantation occurs soon after blas-

tocyst hatching from the zona pellucida. Within only a few days, it extends from implantation to placentation, where several dramatic and

concurrent events occur, making it difficult to study the molecular and cellular changes during this time period in rodents. Studying peri-im-

plantation development in humans is also problematic as embryos embed into maternal tissues after the blastocyst stage, and ethical issues

limit the scope of possible research. However, in ruminants, such as cattle, the attachment of blastocysts is preceded by a period of rapid

growth and elongation. This peri-implantation period is prolonged compared to rodents and is similar to that seen with human embryos.

In this regard, the bovine is recognized as a highly informative model for human embryo development.10–13

However, the cell types in the developing peri-implantation embryo and molecular mechanisms governing the embryo elongation in ru-

minants remain unexplored. To fill this knowledge gap, we collected bovine embryos at day 12, 14, 16, and 18, and established a compre-

hensive single-cell transcriptomic landscapes of peri-implantation development. Using bioinformatics analyses, we define the development

of three major cell lineages (trophoblast, hypoblast, and embryonic disc) and their gene expression dynamics throughout peri-implantation

development. Together with a comparative analysis of bovine peri-implantation trophoblasts andmature placental trophoblasts,14 we define

and present a previously undefined trophoblast lineage. We also analyze cell-cell interaction signaling underling embryonic and extraembry-

onic cells interaction to ensure proper early development. This foundational information is useful to advance future efforts to understanding

peri-implantation biology and causes of early pregnancy failure in the cattle.
1Department of Animal Sciences, Genetics Institute, University of Florida, Gainesville, FL 32610, USA
2School of Animal Sciences, AgCenter, Louisiana State University, Baton Rouge, LA 70803, USA
3Present address: Breeding and Reproduction of the Ministry of Agriculture and Rural Affairs, National Engineering Laboratory for Animal Science and Technology, China
Agricultural University, Beijing, 100193, P.R. China
4These authors contributed equally
5Lead contact
*Correspondence: z.jiang1@ufl.edu
https://doi.org/10.1016/j.isci.2024.109605

iScience 27, 109605, April 19, 2024 ª 2024 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:z.jiang1@ufl.edu
https://doi.org/10.1016/j.isci.2024.109605
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109605&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


A

B C D E

F G

Figure 1. Single-cell RNA-seq (scRNA-seq) analysis of bovine peri-implantation embryo development

(A) Diagram of cow synchronization protocol, embryo collection and single-cell isolation and scRNA-seq procedures with 10x genomics approaches.

(B–E) Joint uniformmanifold and projection (UMAP) analysis of transcriptomes of cell lineages from bovine peri-implantation embryos at day 12 (B), 14 (C), 16 (D),

and 18 (E), and dynamic lineage developmental progress observed from day 12 through day 18.

(F) UMAP of integrated samples revealing 10 distinct cell types identified as embryonic disc (ED), hypoblast (HB) and different types of trophoblast (TB) cells.

(G) Dot plot representing the expression of gene markers for ED, HB, and TB development. Dot size represents the percentage of cells in the cluster expressing

the gene markers, the color gradient represents the level of expression from high (red) to low (yellow) and pie chart represents the developmental stages

presented in the cluster.
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RESULTS

Construction of a single-cell transcriptomic census during bovine peri-implantation embryo development

To identify cell types and trajectories that lay the foundation for understanding bovine peri-implantation development, we performed single-

cell RNA sequencing (scRNA-seq) using the 10X Genomics Chromium platform (Figure 1A). We sequenced mRNAs of individual cells from

bovine peri-implantation embryos at day 12 (pooled ten day 12 embryos to increase the cell population), 14, 16, and 18 with biological

replicates (Figures S1A–S1D). A total of 139,174 single cells from all peri-implantation stages were analyzed (Table S1). Joint uniformmanifold

and projection (UMAPs) and clustering analysis revealed ten distinct cell clusters for all cells within each developmental stage (Figures 1B–1E

and S1E–S1H). To annotate the identities of cell clusters, we analyzed the database of known cell lineage markers in bovine,15–19 humans and

mouse,20–22 and selected themarkers that were detected in our single-cell transcriptomes of bovine peri-implantation embryos (Data S1). We

identified VIM,NANOG,MLY4, SLIT2, ACTA2, COL1A2, and BMP4 as marker genes of embryonic disc (ED), SOX17, GATA4, FST, FN1, CDH2

and CLU as marker genes of hypoblast (HB), and FURIN, IFNT, SFN, DAB2, PAG2 and PTGS2 as trophoblast cell markers (Figure 1G). Using

these markers, we captured three apparent major cell types in all four developmental stages, with 609 cells as ED, 21,283 cells as HB, and

117,282 cells as TB cell lineages (Figures 1B–1E and S1E–S1H; Table S1). Clustering analysis further revealed three subtypes of hypoblast cells

and six subtypes of trophoblast cells (Figure 1F). As expected, the majority of cells analyzed were trophoblast cells due to the dramatic
2 iScience 27, 109605, April 19, 2024
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Figure 2. Identification of embryonic disc, germ layers and hypoblast lineages during embryo elongation

(A) Dotplot (left panel) and clustering (right panel) analysis of embryonic disc (ED) cell lineages. Two sub-clusters of ED were revealed (ED early and ED late).

Highlighted area in blue were cells exclusively from day 16 and 18 (ED late) and red area with cells from day 12 and 14 (ED early). ED late highly expressed

mesoderm and ectoderm markers (red dots).

(B) Re-clustering analysis of ED late cell lineages. Two additional sub cell types were revealed (ED late_1 and 2). Dotplot analysis of the expression of markers for

ectoderm, mesoderm, and endoderm in the ED late_1 and 2 cells. Dot size represents the percentage of cells in the cluster expressing the gene, and the color

gradient represents the level of expression from high (red) to low (yellow) and pie chart represents the developmental stages presented in the cluster.

(C) Dotplot showing the most represented GOs of genes specifically expressed in each of the hypoblast sub-lineages.

(D) UMAPs show the expression levels of common hyhoblast markers (PDGFRA, GATA4, GATA6, SOX17, LAMA1, and CDH2) among hypoblast clusters. The

color gradient from gray to green at the right refers to the gene expression level (high expression = green).
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trophectoderm (TE) elongation during bovine peri-implantation development. We found a clearly developmental progression of cell lineage

transition, particularly trophoblast cell development as evidenced by alternations of cell clusters between early (day 12 and 14) and later (day

16 and 18) peri-implantation stages (Figures 1B–1E).
Development of embryonic disc during bovine peri-implantation development

Embryonic disc (ED) development is one of themajor events during bovine conceputs elongation.23 After epiblast and hypoblast segregation

in the inner cell mass (ICM) at day 9 post-fertilization, the epiblast lineage further differentiates and forms the ED, which will contribute to the

fetus after implantation.24 We firstly clustered all cell populations merged from day 12 to day 18, ED cells were clustered into two sub-clusters

that were clearly separated in UMAP (Figure 2A, top on the right panel). Group of cells in the cluster marked as blue were exclusively from day

16 andday 18 embryos (ED late), while cells in the other cluster (red) were fromday 12 and day 14 embryos (ED early) (Figure 2A, bottomon the

right panel). By further investigating the expression patterns of three germ layer markers (endoderm: FOXA2, SOX17, AFP, CXCR, HHEX,

CYP26A1,16,25 mesoderm: FOXF1, MSX1, ROR2, SOX6, NES, MEIS,16,26 and ectoderm: VIM, COL1A2, WNT2B, MYL4, FOXJ3, and

PARD6DB,27,28 only cells in the ED late cluster showed the anticipated increase of thosemarker genes except for commonendodermmarkers,

indicating mesoderm and ectoderm form by embryonic day 16 in bovine (Figure 2A, left panel). To explore the initiation of germ layer
iScience 27, 109605, April 19, 2024 3
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development, we performed clustering analysis only on the cells belonging to the embryonic germ layers (ED late, Figure 2B, left panel).

These cells were further divided into two new sub-clusters (ED late_1 and ED late_2), which highly expressed mesoderm and ectoderm

markers, respectively (Figure 2B, right panel). Together, these results indicate that germ layer development starts from day 16 after fertiliza-

tion in bovine, with the formation and segregation of mesoderm and ectoderm lineages first, followed by the endoderm layer which arises

after day 18.

Development of hypoblast during bovine peri-implantation development

Primitive endoderm (PE) or hypoblast (HB), which gives rise to the yolk sac after implantation, is critical to support early conceptus develop-

ment.29 We next characterized hypoblast development during bovine peri-implantation development. Three subtypes of hypoblast were

identified and showed distinct characteristics, 1) the majority of hypoblast cells were the HB_1 subtype in embryos at day 12 and 14 (blue,

Figures 1B–1E), HB_2 cells were present across all stages with increased cell populations during development from day 12–18 (light green,

Figures 1B–1E), on the contrary, HB_3 cells had decreased populations from day 12 to day 18 and clustered more closely to HB_2 cells as

development progresses (dark green, Figures 1B–1E); 2) functional gene ontology (GO) analysis of the highly expressed genes in each of

the hypoblast cell subtypes revealed a significant enrichment in the expression of genes related to response to endoplasmic reticulum stress,

protein localization tomembrane, regulation of protein stability in HB_1 cells, actin cytoskeleton organization, cell adhesion, ras protein signal

transduction in HB_2 cells, and finally translation, biosynthetic process, and metabolic process in HB_3 cells (Figure 2C); 3) well known hypo-

blast lineagemarkers showed unique patterns between the subtypes, i.e., HB_1 cells weremarked by PDGFRA andGATA4,HB_1 and 3 were

positive for GATA6 and SOX17, and LAMA1 and CDH2 were enriched in HB_1 and 2 cells (Figures 2D and S2A). This is consistent with the

notion that these lineage markers contribute to conserved hypoblast lineage segregation in different mammalian species17,30; 4) we charac-

terized the developmental progression of the three hypoblast subtypes by trajectory analysis and found they are originated as HB_1, and

progressed toward HB_3 and HB_2 (Figure S2B). The presence of HB_1 and 3 during early stages followed by HB_2 present at later stages,

suggests a coordinated development of hypoblast lineages during bovine early development.

Dynamics of trophoblast lineage development during bovine peri-implantation development

Trophectoderm (TE) elongation is an unique process in ruminants, during which undifferentiated TE cells, or trophoblast progenitor cells will

differentiate to mononucleated or uninucleate trophoblast cells (UNC) to drive embryo elongation and secrete interferon tau (IFNT), a signal

for maternal fetal recognition.31,32 A subset will subsequently differentiate into binucleate cells (BNC)33,34 in preparation for attachment with

the maternal endometrium. Many studies have provided abundant data concerning the TE of blastocysts17,18 or trophoblasts after placenta-

tion,34 however, the trophoblast cell fate during the bovine peri-implantation period remains poorly understood. Using 14 widely accepted

marker genes for bovine trophoblast cell lineages,16,35 wewere able to classify six trophoblast subtypes into twomajor lineages during bovine

peri-implantation development (Figures 1B–1G, 3A, and 3B). The first with proliferative potential highly expressingASCL2,CDX2, and RAB25

and mainly present in spheroid embryos at day 12 and 14, and thus were defined as spheroid TB (TB_1, 2, and 3). A second subtype with the

increased expression of trophoblast markers including IFNT, PTGS2, and SSLP1 but not binucleate cell markers, were specifically enriched in

elongated embryos at day 16 and 18, and therefore were deemed as elongated TB (TB_4, 5, and 6) (Figures 1B–1G, 3A, and 3B). This analysis

suggests that this newly identified primitive trophoblast cells (elongated TB) are responsible for pregnancymaintenance in bovine prior to the

time when binucleate cells emerges. Our immunostaining analysis further confirmed the presence of ED marker VIM and TB marker KRT8,

PTGS2 (Figures S2C and S2D). The immunostaining analysis confirmed the absence of BNCs in peri-implantation embryos from days 12–

18 by staining with f-actin (Figure S2E), which is consistent with the previous observation that BNC begins to appear on day 20 of preg-

nancy.33,34 During trophoblast development, trophoblast lineage composition on days 12 and 14 were similar but distinct from those at

days 16 and 18, demonstrating a marked shift of trophoblast lineage composition from spheroid embryos in days 12 and 14 to elongated

embryos in days 16 and 18 (Figures 1B–1E). This was further confirmed by the pseudotime trajectory analysis showing trophoblast develop-

ment starts with TB_1, 2, 3 (spheroid TB that are toward to the right edge of the tree) and progresses toward TB_4, 5, 6 (elongated TB enriched

on the left edge of the tree) (Figure 3C).

To understand the biological function of trophoblast sub-lineages during bovine elongation, we first analyzed the trophoblast stage-spe-

cific genes that corresponded to different peri-implantation stages (Figure 3D). Interestingly, analysis of the functions of these stage-specific

genes revealed a sequential progression of trophoblast stage-specific core gene networks. It migrated from peptide metabolic processes,

translation, and biosynthetic processes in day 12, to the regulation of translation, metabolic processes andmitochondrial function in day 14, to

actin cytoskeleton organization, cell adhesion, and fatty acidmetabolismprocesses in day 16, and finally to the regulation of embryonic devel-

opment, epithelium, tube, tissue, blood vessel and vasculature development in day 18 (Figure 3D). Such coordinated changes of functional

pathways further confirmed trophoblast cell development transitions from spheroid to elongated TB cells and are reflective of the general

lack of knowledge concerning trophoblast lineage identities and gene expression patterns during this critical period of development in cattle.

Second, we explored the specific genes with enriched expression in the transition of the two major trophoblast lineages. It was found that

several trophoblast gene markers and genes related to ribosome activity were highly expressed in spheroid TB including KRT8, KRT18,

PLAC8A, H2AZ, and RPL (Ribosomal Protein Large) subunit gene family (Figure 3E). However, genes highly expressed in elongated TB

including BCAR3,36 FGD4,37 and PLEKHA538 (Figure 3E), suggesting that elongated TB might be critical for the elongation process, embryo

attachment, and implantation.9,34 Third, we analyzed the cell cycle composition of separate trophoblast clusters and found a higher prolifer-

ative status in elongated TB cells (Figure 3F). Finally, a list of highly expressed genes was identified in a trophoblast cell subtype-specific
4 iScience 27, 109605, April 19, 2024
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Figure 3. Dynamics of trophoblast lineage development in bovine peri-implantation embryos

(A) Dotplot (left panel) presenting common trophoblast markers in the trophoblast clusters and classification of spheroid and elongated cells. Dot size represents

the percentage of cells in the cluster expressing the gene, and the color gradient represents the level of expression from high (red) to low (yellow) and pie chart

represents the developmental stages presented in the cluster. On the right panel, trophoblast cell lineages of spheroid embryos (blue circle represents TB_1, 2,

and 3) and elongated embryos (brown circle represents TB_4, 5, and 6) were divided by UMAP analysis.

(B) UMAPs showing the expression levels of ASCL2, CDX2, RAB25, IFNT, PTGS2, and SSLP1 (common trophoblast markers). ASCL2, CDX2, and RAB25 were

highly expressed in trophoblast cells from spheroid embryos; IFNT, PTGS2, and SSLP1 were highly expressed in trophoblast cells from elongated embryos.

(C) Pseudotime analysis of trophoblast lineage development. Top panel: Two start points of development were identified in the right edge by dark blue. Bottom

panel: the distribution of clusters demonstrated the development of TB_1, 2, and 3 (spheroid) into TB_4, 5, and 6 (elongated).

(D) Heatmap showing top enriched pathways from genes specifically expressed in each developmental stage of trophoblasts.

(E) Heatmap shows the scaled expression of dynamic genes along Pseudotime of trophoblast development between spheroid TBs at left side and elongated TBs

at right side. The color bar represents the Z score distribution from �3 (blue) to 3 (red).

(F) Cell cycle composition (S, G2/M, and G1 phases) of TB clusters.
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manner (Figure S2F). The genes with the most dynamic changes during trophoblast development included ADAMTS1, AHSG, ATP5PO,

CSTB, FETUB, LPP, PTTG1IP, and TP63 (Figure S2G), implying their essential roles in manipulating trophoblast differentiation during

this period.
Trophoblast lineage development and differentiation from day 12 to day 195 of pregnancy in cattle

By integrating peri-implantation trophoblast cell lineages with the recently two published single-cell transcriptomes of trophoblasts from day

17 through day 195 of pregnancy in cattle,14,39 we constructed a comprehensive transcriptomic roadmap of trophoblast lineagedevelopment
iScience 27, 109605, April 19, 2024 5
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Figure 4. Comparative analysis of trophoblast cell lineage development during bovine pregnancy and across mammalian species

(A andB) Integrated analysis of single-cell transcriptomes of trophoblast lineage cells fromdifferent stages of developing bovine embryos (D12, 14, 16, 17, 18) and

day, 24, 30, 50 and 195 placentas.

(C) Dotplot shows the expression levels of trophoblast markers. Dot size represents the percentage of cells in the cluster expressing the gene, and the color

gradient from red to yellow represents the level of expression from high to low.

(D) Heatmap of the top marker gene list for four trophoblast lineages.

(E) Heatmap of the expression levels of common lineage markers during peri-implantation development across five mammalian species.

(F) Violin plot comparing common TB markers in bovine and human peri-implantation development.

(G) Dotplot comparison of representative biological functions between TB lineages of human (CTB, STB, and EVT) and bovine (spheroid TB, elongated TB, UNC,

and BNC). Color from light blue to red represents the p value from high to low, and size from small to large represents gene ratio from low to high.
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and differentiation. Clustering analysis classified trophoblast lineages into threemajor groups based on the development stage (cluster 1: day

12–14; cluster 2: day 16–18; cluster 3: day 24–195 (Figure 4A). It is notable that day 17 trophoblasts from the published dataset were grouped

well with those of day 16 and 18 from this study (Figure 4A), indicating the reliability of the integrate analysis. Based on the morphology and

function, we could further classified them into four trophoblast groups during bovine pregnancy (Figure 4B), i.e., 1) pre-elongated TB mostly

regarded as spheroid TB from day 12–14 embryos, 2) post-elongated TB from amixture spheroid and elongated TB in day 16–18 embryos, 3)

placenta-UNC TB from day 24 to day 195 placenta, and 4) placenta-BNC TB that are exclusively from day 30 placenta and beyond.

Interestingly, we found that common trophoblast markers had a coordinated expression along trophoblast development and differenti-

ation. For example, the expression of pre-elongated TBmarkers includingKRT8 andASCL2were gradually decreased frompre-elongated TB

to BNC (Figure 4C). The expression of INFT2, PTGS2, and FADS1 emerged in pre-elongated TB, then peaked in post-elongated TB, and

finally decreased dramatically in UNC and BNC after implantation, while other genes such as SSLP1 and HAND1 stayed active in UNC after

implantation (Figure 4C). On the contrary, BNC markers including CSH2, PAG17, and PRP1/2/3 were exclusively expressed in post-implan-

tation TB (Figure 4C). In addition, trajectory analysis predicted two separate differential routes, the first from pre-elongated TB (day 12/14)

to post-elongated TB (day 16/17/18), the second from placenta UNC emerging right after attachment (day 24/30) to BNC of more matured

placentas (day 30/50/195) (Figure S3A). The gap between the two trajectories indicates that TB experience dramatic differentiation processes

during implantation. Again, analysis of the functions of the highly specifically expressed genes from each of the four identified trophoblast

types reflected their sequential progression of trophoblast differentiation programs during bovine pregnancy (Figure S3B).
Comparative analysis of lineage development in mammalian peri-implantation embryos

To reveal the conserved and divergent programs of lineage development across mammalian species, we conducted comparative analysis of

single-cell transcriptomic profiles of peri-implantation embryo development from mouse,40 human,41 sheep,42 and monkey.43 Overall, clus-

tering analysis showed that the three main lineages (HB, EPI, and TB) were nicely clustered together regardless of species (Figure S3C), indi-

cating the conservation of lineage development programs during peri-implantation development. We then analyzed the common genes

shared between bovine and other species among the three main lineages (Figure S3D). We found EPI has the largest number of common

genes shared between bovine and other species compared to HB and TB (Figure S3D, left panel). GO analysis of the shared genes revealed

common gene networks that are regulating key processes during embryo development, such as gastrulation, stem cell population mainte-

nance, and cell communication in EPI; angiogenesis, epitheliumdevelopment, and lipid transport in HB; as well as embryonicmorphogenesis,

cytoskeleton organization, and reproductive system development in TB (Figure S3D, right panel). The two ruminant species analyzed, bovine

and sheep shared similar lineage development programs as expected (Figure S3D).

We then analyzed the expression of lineagemarkers that are shared among fivemammalian species (Figure 4E).Most of EPI and TB lineage

marker genes in bovine were highly expressed in corresponding lineages of sheep except for HHEX, which is an EPI marker in bovine but an

HB marker in sheep (Figure 4E). On the contrary, the HBmarkers showed vast inconsistency between sheep and bovine, e.g., bovineGATA6,

FST, and CDH2 were presented as sheep EPI markers (Figure 4E). Intriguingly, bovine and human shared all identified HB and TB lineage

markers, except for PTGS2 being enriched in EPI in both human and monkey (Figure 4E). The bovine EPI markers were either enriched in

EPI or HB in humans, except for WNT2B (Figure 4E). Marker genes analysis also suggested mouse has the most divergent lineage marker

gene expression compared with all other mammalian species (Figures 4E and S3D).

Since our analysis indicates the potential value of using cow as a model for studying human peri-implantation development, we further

explored the trophoblast lineage development programs between bovine and human. In this analysis, we focused on our identified bovine

trophoblast lineages and compared them to human cytotrophoblast (CTB), syncytiotrophoblast (STB), and extravillous trophoblast (EVT). We

found that human CTB markers including ANLN, EPCAM, CALM2, and CDX2, were enriched in bovine pre-elongated TB, and EVT markers

CSH2 and LGALS1 were highly expressed in bovine placenta UNC and BNC (Figure 4F). On the contrary, human STB markers were not en-

riched in bovine trophoblast in a specific lineagemanner (Figure 4F), suggesting different functionality of STB and BNC in their corresponding

species despite being the samemultinucleated cells. The functional analysis of lineage-specific genes further confirmed our observations that

human CTB resembles bovine pre-elongated TB as both are being pluripotency proliferating trophoblasts (Figure 4G). The other bovine TB

cell types including placenta BNC, shared commongene networks with human EVT (Figure 4G), indicating that unlike human, the invasive, but

not secretory properties are dominating multinucleated cells, placenta BNC in bovine. Our analysis provides new insights of conserved and

divergent trophoblast lineage development programs between bovine and human.
iScience 27, 109605, April 19, 2024 7
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Figure 5. Identification of the transcriptional factors and novel lineage markers during bovine peri-implantation development

(A) Heatmap of transcription factors identified in bovine peri-implantation embryos. Each column represents a different lineage. The relative level is represented

by the gradient color from blue to red.

(B) Table of identified novel gene markers for ED, HB, and TB.

(C) UMAPs showing the expression levels of identified novel makers in ED (orange), HB (green), spheroid TB (blue) and elongated TB cells (purple).
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Figure 5. Continued

(D) Representative image of RNA-FISH analysis of day 14 and 16 embryos. Embryos hybridized with probes sets specific to ASCL2, HAND1, and CTSV in day 14

bovine embryos, ASLC2, HAND1, FADS1, and CTSV in day 16 bovine embryos, and TMEM86A, RAPGEF2, and CTSV in day 16 bovine embryos. The white scale

bar for each image is 50 mm).
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Identification of the transcriptional factors and novel lineage markers during bovine peri-implantation development

Given that most known transcriptional factors (TFs) are essential developmental regulators and are limited to pre-implantation embryos,44,45

here we identified transcriptional factors (TFs) during bovine peri-implantation embryos and explored the key regulators directing the devel-

opment of specific cell lineages (Figure 5A). For example, important mediators for trophoblast stem cell self-renewal (CDX2, ESRRB, GATA2,

GATA3, TFAP2A, and TFAP2C),46 epiblast development (TEAD2),47 and primitive endoderm (GATA4, GATA6, SOX17, and TBX3)48 were

prioritized in the bovine peri-implantation development (Figure 5A). We also identified little known regulators for lineage specification

including PRDM6, TGIF1, and HNF1B (Figure 5A).

Sincemost of the early cell lineages markers have been studied in mouse early development, we next sought to identify the novel markers

in bovine early cell lineages (Figure 5B). First, we identified novel markers associated with identified ED (Figure 5C). The highly expressed

genes specifically enriched in ED lineages includedCDC42EP5, a regulator of cytoskeleton organization andmigration,49 PRTG, that is essen-

tial formesoderm and nervous tissue development50 and PLTP, a mediator of lipoproteinmetabolism and transport51 (Figure 5C). Second, we

found CTSV and RASGRF2 as novel markers for hypoblast cells (Figure 5C). Third, we investigated novel markers for trophoblast cell lineages

and found that CFAP54 and TMEM86A had a significant high expression in spheroid TB cells, while PLEKHA5, SATB2, and RAPGEF2marked

elongated TB cells (Figure 5C). More importantly, we validated these novel markers during dynamic transition period of day 14 and day 16

bovine embryos using the RNA-FISH technique. We first conducted negative and positive controls (GAPDH) to validate the technique in the

bovine embryos (Figure S4). We were able to validate the presence of spheroid TB markers (ASCL2, TMEM86A), elongated TB markers

(HAND1, FADS1, and RAPGEF2), and HB marker (CTSV) in corresponding lineages (Figures 5D and S4). A more in-depth investigation

into these novel markers has the potential to unveil new insights into their regulatory roles in bovine conceptus elongation, implantation,

and placentation.

Embryonic and extraembryonic cell-cell interactions during bovine peri-implantation development

Faithful embryogenesis and success of pregnancy establishment require a precise coordination between embryonic and extraembryonic lin-

eages.52 Here we sought to identify the cell-cell interaction signaling between lineages contributing to embryonic and extraembryonic tissues

in bovine. We explored the signaling interactions (Figure 6A) and identified ligand and receptor pairs (Figure 6B) among lineages using Cell

Chat analysis (see STARmethods). Based on the number of signaling interactions from each lineage, we found that TB_1, 3 andHB_3 lineages

work independently from other cells with less outgoing and incoming signaling (Figure 6B). Conversely, HB_1 was shown to be an interactive

lineage, with the most sender and receiver signaling. Additionally, HB_1 received massive signals from TB_2 (spheroid TB) and sent most of

the signals to TB_6 (elongated TB) (Figure 6B), suggesting that HB_1 could be an important mediator for trophoblast differentiation and thus

promotes embryo elongation.

Of note, two well-known signaling pathways, WNT and IGF, were found to be outgoing signal in UNC (Figure 6C), and an outgoing

signaling in ED (Figure 6D), respectively. It is noteworthy that IGF is essential for fetus development and growth,53 while WNT signaling is

a crucial factor affecting both embryonic and extraembryonic stem cell maintenance.54,55 Additionally, we found ED was an important sender

of MK and PTN signaling that have important functions in cell proliferation, migration, and self-renew.56 Interestingly, both shared the same

receptors (PTPRZ1 and SDC2/4) in both hypoblast and trophoblast lineages (Figures 6E and 6F), suggesting HB and ED mediate the devel-

opment of extraembryonic lineage development.

Together, the identification of these cell-cell interaction molecules provides candidate regulators for further mechanistic studies underly

how embryonic and extraembryonic cells interact to ensure proper early development in bovine.

DISCUSSION

Peri-implantation development is a critical period when most pregnancies fail yet is the least studied process during mammalian develop-

ment. In the bovine, peri-implantation is defined by embryo elongation prior to attachment. During this process, the blastocyst cells prolif-

erate massively, the initially un-limited potential of the epiblast is restricted and shaped by a combination of changes in cell lineage compo-

sition. Additionally, gene expression, cell-cell interactions, and physical forces - toward defined germ layers and cell types, as well as the

trophoblast progenitors differentiating to form the primitive placenta and initiate maternal fetal recognition,31,32 all work coordinately to

establish the successfully pregnancy. Here, we have provided a single-cell transcriptomic wide characterization of these cellular andmolecular

events accompanying the bovine embryo elongation. The datasets, particularly whenmined further and integrated with epigenome informa-

tion, are expected to greatly expand our understanding of the gene regulation mechanisms governing bovine peri-implantation embryo

development, which will provide valuable insight into what can potentially go wrong in the pregnancies that fail during this period.

Our study revealed the timing and cell types emerging in a coordinate fashion during bovine early development and observed some sur-

prises. First, epiblast, later embryonic disc developed into mesoderm and ectoderm in embryo days 16 and 18 while the endoderm emerged

much later. This is quite interesting as it is in contrast with themouse, where the declining of epiblast cells is followed bymesoderm and endo-

derm lineage development and ectoderm development one day later.57 Second, our analysis identified a previously unrecognized primitive
iScience 27, 109605, April 19, 2024 9
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Figure 6. Embryonic and extraembryonic cell-cell interactions during bovine peri-implantation development

(A) Interaction analysis shows the significant cell–cell interaction among different cell lineages. Arrows and edge color indicate direction (ligand: receptor), the

circle size represents the number of cells and edge thickness indicates the communication probability.

(B) Heatmap showing the identified pairs of ligand and receptor signaling in the embryonic and extra-embryonic cell lineages of bovine peri-implantation

embryo. Outgoing signaling is presented on the left panel, and incoming signaling is presented on the right panel. The color gradient on the left represents

the relative signaling strength of the signaling pathway across clusters.

(C–F) On the left panel, circle plot shows the intercellular communication network for WNT, IGF, MK and PTN signaling and heatmap showing the relative

importance and contribution of each cell lineage to the overall communication network. On the right panel, circle plot shows the identified ligands and

respective receptors in each signaling.
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trophoblast cell lineage, termed as elongated TB and confirmed the absence of the binuclear cells by day 18 bovine embryos. Third, tropho-

blast cell development is very dynamic, trophoblast cells at days 12 and 14 appear spheroid, while a major shift occurs at day 16, when elon-

gating cells becomedominant. This dramatic change is also coordinate with the embryo’s dramatic elongation in size from an elongated form
10 iScience 27, 109605, April 19, 2024
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at day 14 to a filamentous form at day 16. Interestingly, the embryo changes from a spherical shape at day 12 to elongated form at day 14,

however, day 12 and day 14 embryos have very similar cell composition and transcriptomes, suggesting that the bovine embryo elongation

may not be driven by embryo internal genetic factors.

As expected, most of the cells analyzed in the bovine peri-implantation embryo are trophoblast cell lineages. In our dataset, we identified

six different sub-lineages of trophoblast cells, classified into two categories as spheroid TB and elongated TB. By integrated analysis early

trophoblast lineages with the published more advanced trophoblasts after implantation and placentation,14,39 we further constructed a

comprehensive transcriptomic road map of trophoblast lineage development and differentiation. While BNC cells are not present in the

peri-implantation embryos, these newly identified elongated TB cells have up-regulatedmachinery for the BNC cells and represent an impor-

tant stage of trophoblast cell fate that is responsible for pregnancy maintenance in bovine prior to the emergence of binucleate cells. The

identification of these progressive functions is also the first step to reveal the importance of elongated TB cells in the formation of the func-

tional placenta and maintenance of the pregnancy.

In addition, our comparative analysis revealed remarkable conserved and divergent programs between bovine and human trophoblast

development. For example, bovine pre-elongated TB shares similarities with human CTB, being proliferative and related to metabolic pro-

cess andmitochondria organization. Conversely, both bovine placenta UNC and BNCwere functionally closer to human EVT and none of the

bovine trophoblast cells resemble human STB. Our analysis suggests that placenta BNC play roles in both invasive and secretory functions to

maintain pregnancy in cattle. Clearly, they are using different hormone pathways, as bovine BNC secretes PAGs and PRPs and human STB

secretes hCG, which stimulates the corpus luteum to produce progesterone for pregnancy maintenance.5,58 These differences could be

induced during evolution with synepitheliochorial placenta in cattle and the human hemochorial placenta being in direct contact with

maternal blood. We recognize that the ‘‘end’’ cells of placental trophoblast differentiation are functionally variable and their relative homol-

ogies across different species are not entirely clear. Nonetheless, due to the ethics issues to access human early pregnancies, our molecular

and genetic understanding of human placenta trophoblast development, particularly during peri-implantation development is limited, which

is a key obstacle to understanding the basis of embryo defects. Therefore, the trophoblast lineage development from this highly informative

bovine model will provide valuable information for studying the very earliest stages of human placental development and trophoblast

implantation.

Perhaps most importantly, we identified novel markers of cell lineages emerging in the bovine peri-implantation development and the

cell-cell interactions that mediate this unique embryo elongation process. While they are largely unexplored, a deeper understanding of their

function during these stages might facilitate our understanding of the poorly understood bovine peri-implantation development.

In summary, our work has filled a significant knowledge gap in the study of lineage development over a period of rapid change of embryo

elongation and provide foundational information to understanding peri-implantation biology and the causes of early pregnancy failure in the

cattle.
Limitations of the study

This study presents the cellular composition and gene expression of bovine peri-implantation lineage development, the function validation of

how the identified uncharacterized peri-implantation trophoblast lineage and dynamic transition of the lineage composition during this

period is essential for bovine pregnancy establishment and maintenance warrants future studies. Single-cell atlases of human, non-human

primates, and other model species during peri-implantation and gastrulation stages have been emerging. However, our analysis narrows

to the peri-implantation stages from day 12 to day 18 where embryos can be recovered by standard non-surgical flushing, the lack of

more advanced implantation stage embryos limits the scope of our cross-species lineage comparisons giving the diversity of morphology,

timing, and length of development, and implantation strategy during this critical period across mammalian species. Finally, the spatial

genome-wide sequencing has allowed the direct exploration of the location and dynamics of mRNAs. It has opened up new avenues for un-

derstanding peri-implantation development biology and might facilitate the discovery of the molecular causes of the early pregnancy failure

during this critical period.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-PTGS2 Sigma Cat# SAB2500267; RRID: AB_10603695

Alexa Fluor 488 anti-goat antibody Invitrogen Cat# A32814; RRID: AB_2762838

Phalloidin-iFluor 488 Abcam Cat# ab176753; RRID: not available

Anti-KRT8 Origene Cat# BP5075; RRID: not available

Anti-SOX17 R&D systems Cat# AF1924; RRID: not available

Anti-Vimectin Invitrogen Cat# MA5-11883; RRID: not available

Biological samples

Bovine embryos day 12,14,16,18 RBC – Louisiana State University N/A

Chemicals, peptides, and recombinant proteins

TrypLE Express enzyme (1X) Gibco Car# 12605-010

Dulbecco’s Phosphate Buffered Saline Sigma Cat# D8537

Fetal Bovine Serum Gibco Cat# 16000044

Bovine Serum Albumin MP Bio Cat# 0219989925

Controlled Internal Drug Release (CIDR) Zoetis Reg. No. G1916

Fertagyl (Gonadorelin) Merck Animal Health NDC 57926-477

Folltropin (Follicle-Stimulating Hormone) Vetoquinol NDC 17030-102-70

Lutalyse (Dinoprost Tromethamine Injection) Zoetis NDC 54771-1327

Critical commercial assays

Chromium Next GEM Single Cel 30

Reagent Kit v3.1 Dual Index

10x Genomics Cat# 1000268

ViewRNA-ISH cell assay kit Thermo Fisher Cat# QVC0001

ViewRNA-ISH cell 740 Module Thermo Fisher Cat#QVC0200

Deposited data

Bovine scRNA-seq data from this paper This paper GSE234335

Bovine scRNA-seq data from day 17–50 Davenport et al.14,39 GSE234524

Bovine sc RNA-seq data from day 195 Davenport et al.14,39 GSE214407

Mouse scRNA-seq data from 4.5 dpf embryos Nowotschin et al.40 GSE123046

Sheep scRNA-seq data from 12, 16, 19 dpf embryos Jia et al.42 BioProject PRJNA987334

Human scRNA-seq data from 3D-cultured

human pre-gastrulation embryos

Xiang et al.41 GSE136447

Monkey scRNA-seq data from 8 to 14 dpf embryos Nakamura et al.43 GSE74767

Oligonucleotides

GAPDH probe Thermo Fisher Cat# VX-01; assay ID: VF10-4027399-VC

ASCL2 probe Thermo Fisher Cat# VX-01; assay ID: VF4-4034455-VC

HAND1 probe Thermo Fisher Cat# VX-01; assay ID: VF1-4038876-VC

FADS1 probe Thermo Fisher Cat# CVX-01; assay ID: VPPRJ9H

TMEM86A probe Thermo Fisher Cat# VX-01; assay ID: VF6-4032746-VC

CTSV probe Thermo Fisher Cat# VX-01; assay ID: VF10-4027476-VC

RAPGEF2 probe Thermo Fisher Cat# VX-01; assay ID: VF1-4033190-VC

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

CellRanger (v.7.1.0) 10x Genomics https://support.10xgenomics.com/single-cell-

gene-pression/software/pipelines/latest/

what-is-cell-ranger

Scrublet (v.0.2.3) Wolock et al.59 https://github.com/allonkleinlab/scrublet

Seurat (v.4.3.0) Satija et al.60 https://github.com/satijalab/seurat

SCP (v.0.4.0) N/A https://github.com/zhanghao-njmu/SCP

clusterProfiler (v.4.6.1) Yu et al.61 https://bioconductor.org/packages/release/

bioc/html/clusterProfiler.html

Monocle 2 (v.2.26.0) Qiu et al.62 http://cole-trapnell-lab.github.io/

monocle-release/docs/

Monocle 3 (v.1.3.1) Trapnell et al.63 https://cole-trapnell-lab.github.io/monocle3/

CellChat (v.1.6.1) Jin et al.64 https://github.com/sqjin/CellChat

SCENIC R (v.1.3.1) Aibar et al.65 https://github.com/aertslab/SCENIC
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RESOURCE AVAILABILITY

Lead contact

Further information for resources and reagents should be directed to the lead contact, Zongliang Jiang (z.jiang1@ufl.edu).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� The raw FASTQ files and normalized read accounts per gene are available at Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.

nih.gov/geo/) under the accession number GSE234335. This paper analyzes publicly available data. The accession numbers for the da-

tasets are listed in the key resources table.
� This paper does not report original code.

� 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

Animal care and use

Bovine peri-implantation embryos were collected from non-lactating, 3-year-old crossbreed (Bos taurus x Bos indicus) cows. The experiments

were conducted under animal use protocols (A2021-21) and (202300000191) approved by the Institutional Animal Care and Use Committee of

the Louisiana State University Agricultural Center and the University of Florida, respectively. All cows were housed in open pasture, and under

constant care of the farm staff.
METHOD DETAILS

Cow synchronization protocol

Cows were synchronized starting on day 0 with dominant follicle removal (DFR) followed by insertion of standard 7-day vaginal controlled

internal drug release of progesterone (CIDR, Zoetis). On day 2, ovulation-inducing gonadotropin-release hormone (GnRH, Fertagyl, Merk

Animal Health) was administered 2 mL intramuscular (IM) injection dose. From day 4–7, follicle-stimulating hormone (FSH, Folltropin, Veto-

quinol) was administered twice a day in a decreasing dose (day 4: 1.6 mL, day 5: 1.2 mL, day 6: 1 mL, day 7: 0.8 mL, total dosage 400 UI). Upon

CIDR removal on day 7, a dose (5mL) of prostaglandin (Lutalyse, Zoetis) was administered in themorning and again in the afternoon. 48 h after

CIDR removal another 2 mL dose of GnRHwas administered via IM injection and artificial insemination was procedure twice in a 12-h interval.
Embryos collection

Bovine peri-implantation embryos were collected 12, 14, 16 18 days after artificial insemination. Embryos were recovered by standard non-

surgical flush with lactated ringer solution supplemented with 1% fetal bovine serum and washed with PBS before processing for single cell

isolation. All cows were treated with prostaglandin (Lutalyse, Zoetis) after flushing.
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Single cell isolation

After embryo collection, fresh embryos were washed with PBS and placed in a 3% FBS in ice-cold PBS. Embryos were centrifuged for 5 min at

400 3 g at 4�C. After supernatant aspiration, embryos were resuspended in 200 mL of TrypLE and minced by scissors. 500 mL of TrypLE were

added and then embryos were incubated at 37�C in a shaker at 150 rpm for 4–7 min depending on size of embryos. Samples were pipetted

every 2 min to avoid large clumps. Dissociation was stopped with same volume of 3% FBS (700 mL), and the suspensions were pass through

70 mmcell strainer and centrifuged for 5min at 400xg at 4�C. The cell pellet was resuspendedwith 0.04%BSA in PBS (volumedepended on the

size of cell pellet). Cell suspensions were filtered through a 40 mm cell strainer into a new 1.5mL Eppendorf tube. Cell viability and concen-

tration weremeasured using a Countess AutomatedCell Counter. The cells with viability at least 80%were proceededwith the 10x Genomics

Single Cell Protocol with a target of 10,000 cells per sample. Single cell libraries were prepared using 10x ChromiumNext GEM Single Cel 30

Reagent Kit v3.1 Dual Index following the manufacturer’s instructions. Libraries were sequenced with an Illumina Novaseq 6000 System

(Novogene).
Single-cell data pre-processing and clustering

To analyze 10X Genomics single-cell data, the base call files (BCL) were transferred to FASTQ files by using CellRanger (v.7.1.0) mkfastq with

default parameters, followed by aligning to the most recent bovine reference genome downloaded from Ensembl database (UCD1.2.109),

then the doublets were detected and removed from single cells by using Scrublet (0.2.3) with default parameters. The generated count

matrices from all the samples were integrated by R package Seurat (4.3.0) utilizing canonical correlation analysis (CCA) with default param-

eters (https://satijalab.org/seurat/articles/get_started.html).60 Particularly, in analysis of bovine trophoblast subpopulations from D12 to

D195, trophoblast cells from different datasets were integrated with Harmony v1.1.0.66 The data was scaled for linear dimension reduction

and non-linear reduction using principal component analysis (PCA) and UMAP, respectively. The following clustering and visualization

were performed by using the Seurat standard workflow with the parameters ‘‘dim = 1:30’’ in ‘‘FindNeighbors’’ function and ‘‘resolution =

0.2’’ in ‘‘FindClusters’’ function. The function ‘‘FindAllMarkers’’ in Seurat was used to identify differentially expressed genes in each defined

cluster. The cutoff value to define the differentially expressed genes was p.adjust value <0.05, and fold change >0.25. The UMAP plots and

bubble plots with marker genes were generated using ‘‘CellDimPlot’’ and ‘‘GroupHeatmap’’ functions in R package SCP (0.4.0) (https://

github.com/zhanghao-njmu/SCP), respectively. Gene ontology (GO) and pathway analysis was performed using R package clusterProfiler

(4.6.1), and the GO terms were presented by ‘‘dotplot’’ function in Seurat.
Constructing trajectory

Cell differentiation was inferred for trophoblast subtypes from peri-implantation embryos and from cotyledon part in Day195 of gestation

using the Monocle 2 method (2.26.0) with default parameters.62 Because of the large amount of cell numbers, 1000 cells were randomly

selected from each cluster and used for the following analysis. Integrated gene expression matrices with the smaller sample size from

each subtype were exported into Monocle by constructing a CellDataSet. Genes detected in less than 20 cells were removed and then

the variable genes were defined by ‘‘differentialGeneTest’’ function, the top 1000 genes were used for cell ordering with the ‘‘setOrdering-

Filter’’ function. Dimensionality reduction was performed using the ‘‘DDRTree’’ reduction method in the reduceDimension step. The root of

the pseudotime trajectory was assigned based on the time point of the development (clusters enriched at D12were considered as root). Pseu-

dotime related genes were defined by using ‘‘differentialGeneTest’’ function. Monocle 3 (1.3.1) was also used to construct the pseudotime

trajectory from elongation embryos to D195 cotyledon cells with the default workflow steps (https://cole-trapnell-lab.github.io/monocle3/).63
Single-cell regulatory network inference and clustering (SCENIC) analysis

We explored the transcription factor network inference by using the SCENIC R package (version 1.3.1, with the dependent packages

RcisTarget 1.17.0, AUCell 1.20.1, and GENIE3 1.20.0).65 Activity of the regulatory networks was evaluated by the standard workflow by using

‘‘runSCENIC_1_coexNetwork2modules’’, ‘‘runSCENIC_2_createRegulons’’, ‘‘runSCENIC_3_scoreCells’’, and ‘‘runSCENIC_4_aucell_bina-

rize’’ in a row. Then potential direct-binding targets (regulons) were explored based on motif analysis. Next, based on the AUCell algorithm,

SCENIC calculates each regulator’s activity and builds gene-expression rankings for each cell. To find themain transcription factors regulating

bovine peri-implantation embryo development, the regulon activity was averaged. A regulon-group heatmap was generated with pheatmap

package in R.
Cell-cell communication analysis

Potential cell–cell interactions based on the expression of known ligand–receptor pairs between different clusters were identified using

CellChat (1.6.1).64 Integrated gene expression matrices from all subtypes were exported from Seurat into CellChat by using ‘‘createCellChat’’

function, followed by preprocessing workflow steps including ‘‘dentifyOverExpressedGenes’’, ‘‘identifyOverExpressedInteractions’’, and

‘‘projectData’’ functions with default parameters. The cell-cell communication was then calculated with functions ‘‘computeCommunProb’’,

‘‘filterCommunication’’, ‘‘computeCommunProbPathway’’, and ‘‘aggregateNet’’ in a row with default parameters. The significant intercellular

signaling interactions for specific pathway families of molecules were performed with ‘‘netVisual’’ function. To determine the senders and re-

ceivers for specific pathways, the function netAnalysis_computeCentrality was applied on the netP data slot. The contribution of each cell
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subtype to enriched interaction pathways including both outgoing pattern and incoming pattern were visualized by using netAnalysis_signa-

lingRole_heatmap function.
Immunofluorescent staining

Embryos were fixedwith 4% paraformaldehyde (PFA) in 1x DPBSwith 0.1% PVA for 20min at room temperature, washed 3 times in wash buffer

(0.1% Triton X-100, 5% BSA in 1xDPBS) for 5 min and permeabilized with 0.1–1% Triton X-100 in PBS for 30 min. After that, embryos were

blocked with blocking buffer (PBS containing 5% Donkey serum, 5% BSA, and 0.1% Triton X-100) at room temperature for 1 h. Primary anti-

bodies were diluted in blocking buffer (1:100 dilution) and embryos were incubated in primary antibodies overnight at 4 C. Samples were

washed five times for 5 min with wash buffer, and incubated with fluorescent-dye conjugated secondary antibodies (AF-488, AF-555 or

AF-647, Invitrogen) diluted in blocking buffer (1:200 dilution) for 2 h at room temperature. Embryos were washed five times with washing

buffer. To finalize, embryos were counter-stained with (DAPI) solution at room temperature for 15 min. Phalloidin was directly stained along

with the secondary antibodies in the blocking buffer.
RNA-FISH analysis

Fresh embryos were fixed in 4% paraformaldehyde in PBS for 30 min, washed 3 times in PBS and processed using the ViewRNA-ISH cell assay

kit following the manufacturer’s instructions. Briefly, embryos were passed through protease digestion (dilution 1:4000) for 10 min at room

temperature. Then, the embryos were washed with PBS for 5 min, 5 times and transferred to working probe set solution (Probe used in

this experiment are listed in star protocol) and incubated for 3 h at 40�C. After hybridization, samples were washed in wash buffer +0.1% Triton

X100, and followed sequential steps of pre-amplifier DNA, amplifier DNA and label probes (all processes were performed at 40�C for 30 min

and washed with PBS for 5 min, 5 times following each step). Finally, the embryos were transferred to slides and mounted with DAPI prolong

gold antifade reagent and covered with coverslips. The images were captured under 203 objective lens Leica Stellaris 8 spectral confocal

microscope.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical differences between pairs of datasets were analyzed by two-tailed unpaired t-tests. Values of p < 0.05 were considered statistically

significant.Where applicable, all quantitative data are presented as themeanG SD. Repeated number was indicated as ‘‘n’’ in figure legends.

Statistical analyses of sequencing data were performed in R. The number for each dataset is defined in the figure legends and text. The

generated count matrices from all the samples were integrated by R package Seurat (4.3.0) utilizing canonical correlation analysis (CCA) with

default parameters (https://satijalab.org/seurat/articles/get_started.html) and for identifying DEGs between different cell types or different

timepoints. Genes with |log2fold change| R1 and adjusted p value < 0.05 were identified as significant DEGs. Gene ontology (GO) and

pathway analysis was performed using R package clusterProfiler (4.6.1). The value of p value < 0.05 was considered significant.
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