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Abstract

Preimplantation embryos undergo zygotic genome activation and lineage specification resulting in

three distinct cell types in the late blastocyst. The molecular mechanisms underlying this progress

are largely unknown in bovines. Here, we sought to analyze an extensive set of regulators at the

single-cell level to define the events involved in the development of the bovine blastocyst. Using

a quantitative microfluidics approach in single cells, we analyzed mRNA levels of 96 genes known

to function in early embryonic development and maintenance of stem cell pluripotency in parallel

in 384 individual cells from bovine preimplantation embryos. The developmental transitions can

be distinguished by distinctive gene expression profiles and we identified NOTCH1, expressed in

early developmental stages, while T-box 3 (TBX3) and fibroblast growth factor receptor 4 (FGFR4),

expressed in late developmental stages. Three lineages can be segregated in bovine expanded

blastocysts based on the expression patterns of lineage-specific genes such as disabled homolog

2 (DAB2), caudal type homeobox 2 (CDX2), ATPase H+/K+ transporting non-gastric alpha2 subunit

(ATP12A), keratin 8 (KRT8), and transcription factor AP-2 alpha (TFAP2A) for trophectoderm; GATA

binding protein 6 (GATA6) and goosecoid homeobox (GSC) for primitive endoderm; and Nanog

homeobox (NANOG), teratocarcinoma-derived growth factor 1 (TDGF1), and PR/SET domain 14

(PRDM14) for epiblast. Moreover, some lineage-specific genes were coexpressed in blastomeres

from the morula. The commitment to trophectoderm and inner cell mass lineages in bovines occurs

later than in the mouse, and KRT8 might be an earlier marker for bovine trophectoderm cells. We

determined that TDGF1 and PRDM14 might play pivotal roles in the primitive endoderm and

epiblast specification of bovine blastocysts. Our results shed light on early cell fate determination

in bovine preimplantation embryos and offer theoretical support for deriving bovine embryonic

stem cells.

C© The Authors 2017. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved.
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Summary Sentence

Gene expression analysis of single blastomeres from zygote to blastocyst sheds light on the

early cell fate determination in bovine preimplantation embryos and offers theoretical support for

deriving bovine embryonic stem cells.

Key words: bovine, preimplantation embryo, single-cell gene expression, lineage specification.

Introduction

Mammalian preimplantation embryonic development (PED), from

zygote to blastocyst, involves a tightly regulated series of events

comprising zygotic genome activation (ZGA) and lineage specifica-

tion. ZGA that occurs after fertilization is the first major transition

in which maternal transcripts are specifically degraded and are re-

placed by zygotic transcripts produced by the new diploid nucleus

containing both maternal and paternal genes. It is essential for con-

tinued progression of embryonic development, but its onset varies

across species occurring in mice at the 2-cell stage [1], in pigs at the

4-cell stage [2, 3], and in bovines and humans at the 8-cell stage

[4, 5].

Another major event during PED is lineage specification. Follow-

ing ZGA, embryos undergo two consecutive lineage segregations

resulting in three different types of cells in the late blastocyst (LB),

namely, the trophectoderm (TE), the primitive endoderm (PE), and

the epiblast (EPI). The first lineage specification occurs at the morula

stage, when outer cells segregate from the inner cells and differentiate

into the TE. The second lineage specification occurs when the inner

cell mass (ICM) differentiates into the PE and EPI at the blastocyst

stage. Finally, the TE gives rise to extraembryonic tissues, whereas

the PE and EPI subsequently develop into the extraembryonic yolk

sac and the embryo proper, respectively.

While the progress of PED is highly conserved among mam-

mals and characterized by the same morphologic stages, bovine and

mouse embryos show marked differences in the amount of time spent

at each stage and gene expression and function. For example, bovine

POU class 5 homeobox 1 (POU5F1) mRNA and protein persist for

some time in both the TE and PE before gradually becoming EPI

exclusive after hatching [6–9]. The bovine NANOG protein first ap-

pears in a subset of ICM cells before becoming EPI restricted and

mutually exclusive in LBs [10]. The CDX2-deficient embryos failed

to form blastocoels, hatch and implant in the mouse, whereas knock-

down of CDX2 in cattle resulted in normal embryonic development

and blastocyst formation, and the deficient embryos were even able

to develop for 15 days after transfer into recipient cows [11–14].

Therefore, it is urgently necessary to study the unique gene expres-

sion pattern in bovine preimplantation embryos to better understand

the mechanisms of embryonic development specific to bovines.

Pluripotent embryonic stem cells (ESCs) are isolated from the

ICM of blastocysts. ESCs can be able to differentiate in vitro and in

vivo into all three germ layers, including germ cells [15, 16]. There-

fore, they have great potential for the regenerative medicine and

animal breeding. Over the past several decades, stable ESCs were

successfully established from mice, rhesus monkeys, humans, and

rats [17–20]. Many efforts have been made to derive bovine embry-

onic stem cells (bESCs) to facilitate precise genetic manipulation [21,

22]. However, no study has reported the generation of pluripotent

bESCs capable of germ-line transmission, mostly because culture

conditions were unsuitable to maintain pluripotency, and there is in-

adequate information regarding the unique molecular mechanisms

of bovine early embryonic development [23]. This emphasizes the

need to more comprehensively define the molecular mechanism of

early embryonic development in bovines.

With the development of transcriptomic analyses, such as mi-

croarrays and next-generation sequencing, numerous studies regard-

ing the transcriptomic dynamics of preimplantation bovine embryos

have emerged [24–27]. However, all measurements were performed

on populations of cells, which limits in-depth analysis of cell differ-

entiation and the regulatory function underlying the transcriptome.

Deciphering gene expression in embryos at the single-cell level is a

crucial step towards understanding early developmental processes.

Therefore, we sought to analyze an extensive set of regulators in

combination at the single-cell level to better define the events in-

volved in the development of the bovine blastocyst. Considering the

sample size, assayed gene number, and sensitivity in detecting quan-

titative differences at the mRNA level, high-throughput single-cell

quantitative PCR (qPCR) represents a favorable option [28–30]. We

analyzed mRNA levels of 96 genes known to drive cellular fate or

function in early embryonic development and the maintenance of

stem cell pluripotency in parallel in 384 individual cells from the

zygote through to the expanded LB, thus providing unprecedented

insight into the earliest cell fate decisions of the developing bovine

embryo.

Materials and methods

Bovine in vitro fertilized embryo collection and culture

Cumulus oocyte complexes were retrieved from 2–8-mm follicles of

bovine ovaries, which were collected at a local abattoir. Oocytes with

an intact cumulus oophorus were selected and maturated in M199

medium (Gibco, Paisley, UK), supplemented with 10 µg/ml follicle-

stimulating hormone (FSH), 1 µg/ml luteinizing hormone (LH), 1

µg/ml estradiol (E2), 10% (v/v) fatal bovine serum (FBS) (Sigma-

Aldrich, MO, USA), and 1% (v/v) penicillin-streptomycin (Gibco,

Paisley, UK) for 24 h. Maturated oocytes were transferred to fer-

tilization medium supplemented with 1.8 IU/ml heparin, 20 µM

D-penicillamine, 10 µM hypotaurine, and 1 µM epinephrine (all

Sigma-Aldrich, MO, USA). Subsequently, frozen-thawed semen from

a fertile bull was centrifuged over a discontinued 45%–95% percoll

gradient, and sperm were added to the matured oocytes at a final

concentration of 1 × 106/ml. After 10 h of incubation, putative zy-

gotes were mechanically denuded by pipetting in TL-Hepes medium

and then cultured for the appropriate time in synthetic oviduct fluid

medium under a 5% CO2 atmosphere at 38.5◦C.

Individual blastomeres isolation

Embryos at different developmental stages were collected at the

following times postfertilization: zygote (1C) at 8 h, 2-cell (2C)

on day 1, 4-cell (4C) on day 2, 8-cell (8C) on day 3, 16-cell

(16C) on day 4, 32-cell (32C) on day 5, early blastocyst (EB) on

day 6, and LB on day 8. The zona pellucida of all embryos was

removed by treatment with 0.5% pronase (Sigma-Aldrich, MO,

USA). Two- to eight-cell denuded embryos were incubated in M2

medium (Sigma-Aldrich, MO, USA) without calcium and magne-

sium and disaggregated by repeated mouth pipetting. The denuded

morula and blastocyst were incubated with 0.25% trypsin (Invitro-
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gen, Carlsbad, USA) for 5–10 min at 37◦C and transferred to M2

medium without calcium and magnesium. Single blastomeres were

isolated by gentle, repeated mouth pipetting with a finely pulled

glass tip. After disaggregation, all of the blastomeres were removed

from the manipulation drops, washed three times with Dulbecco

phosphate-buffered saline (Invitrogen, Carlsbad, USA) containing

0.1% bovine serum albumin (Sigma-Aldrich, MO, USA), and placed

into reverse transcription-polymerase chain reaction (RT-PCR)

master mix for lysis, sequence-specific reverse transcription, and

preamplification.

Multiplexed primer design for single-cell analysis

Messenger RNA sequences for each selected gene were retrieved

from National Center for Biotechnology Information, and only the

common regions were used for genes with different transcripts.

Gene-specific primers were designed using Primer3 and ensuring that

each primer within the designed pool had a similar melting tempera-

ture (Tm) and a maximum complimentary sequence of 7 bp to all the

other primers. All primers, previously tested using cDNA of bovine

blastocysts for amplification efficiency and specificity, are listed in

Supplementary Table S1.

One-tube single-cell sequence-specific

preamplification

A total of 96 primer pairs were pooled to a final concentration of

100 nM for each primer. Individual cells isolated from embryos

were transferred to microtubes with 5 µl of RT-PCR master mix

containing 2.5 µl of CellsDirect reaction mix (Invitrogen, Carlsbad,

USA), 0.5 µl of primer pool, 0.1 µl of RT/Taq enzyme (Invitrogen,

Carlsbad, USA), and 1.9 µl of nuclease free water in each well.

Tubes were immediately frozen on dry ice. After brief centrifugation

at 4◦C, tubes were immediately placed in a PCR machine to perform

cell lyses and sequence-specific reverse transcriptions at 50◦C for 1 h.

Afterwards, reverse transcriptase inactivation and Taq polymerase

activation were achieved by heating to 95◦C for 3 min. Subsequently,

in the same tube, cDNA went through 20 cycles of sequence-specific

amplification by denaturing at 95◦C for 15 s, and annealing and

elongation at 60◦C for 15 min. To avoid evaporation, the resulting

products were stored at –80◦C.

High-throughput microfluidic single-cell

quantitative PCR

The preamplified cDNA products were diluted 5-fold prior to anal-

ysis with SsoFast EvaGreen Supermix with Low ROX (Bio-Rad,

California, USA) and individual qPCR primers in 96:96 dynamic ar-

rays on a Biomark System (Fluidigm, San Francisco, USA). Thresh-

old crossing (Ct) values were calculated from the system’s software

(BioMark Real-time PCR Analysis).

Processing and visualization of single-cell data

All raw Ct values obtained from the BioMark System were converted

into log2 gene relative expression levels by subtracting the assumed

background Ct of 24. Samples with low or absent expression levels of

endogenous control genes, suggesting that they correspond to empty

wells or bad single cells, were excluded from subsequent analysis.

Principal component analysis (PCA) was performed using the

svd command in R. Hierarchical clustering was performed using Eu-

clidean distances, and dendrograms were displayed along the row-

scaled heatmaps using the fluidigmSC package. Boxplots and violin

plots were generated with the originLab and R software. To simul-

taneously visualize the gene expression levels, the star command in

R was used. In this analysis, the expression levels were converted to

a gene-specific scale where the lowest expression level in the data set

corresponds to 0 and the highest expression level corresponds to 1.

Thus, the radii of the pies in Figures 5B and 6A can be compared

across cells at the same time. For constructing Figures 2D, 3D, 4D,

4G, 5B, 5D, 6A and 6B, and Supplementary Figure S2, we used PCA

to clarify cells into corresponding cell types. For the LB, the cells

with a PC1 score below –10 were classified as TE, cells with a PC1

score ≥0 and a PC3 score ≤0 were classified as PE, and cells with a

PC1 score ≥0 and a PC3 score ≥10 were classified as EPI. For the

EB, cells with a PC1 score ≤–10 were classified as TE and cells with

a PC1 score ≥0 were classified as ICM. The remainder cells fulfilling

none of these criteria were considered as uncertain.

Results

We used in vitro fertilized bovine embryos to perform a quantitative

analysis of gene expression patterns in single cells using the Fluidigm

Biomark System with 96:96 Dynamic Array chips coupled with gene-

specific primers. The use of EvaGreen real-time PCR chemistry and

melting curve analysis allows for monitoring specific signals. Sin-

gle blastomeres were isolated by manual disaggregation of bovine

embryos harvested at the appropriate times on the basis of mor-

phology (Figure 1A and 1B). We analyzed a total of 384 single cells

obtained at all preimplantation developmental stages from zygote to

expanded blastocyst (Table 1). We focused on genes known to drive

cellular fate or function in early embryonic development and main-

tenance of stem cell pluripotency in the mouse, bovine, and human.

In general, the final 96 genes (Supplementary Table S1), involved

in cell differentiation, chromatin modification, signal transduction,

metabolism, and pluripotency, were selected for their utility in de-

tecting embryonic single-cell gene expression. We used actin beta

(ACTB) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

as control genes. The absolute expression levels of all genes at all

stages analyzed are shown in Supplementary Figure S2.

Developmental transitions are defined by gene

expression profiles

To determine whether different developmental stages and degrees

of cell potency can be defined on the basis of the gene expression

profiles of these genes, we first performed unsupervised hierarchical

clustering of all blastomeres and all genes (Figure 2A). This revealed

that cells cluster primarily according to their developmental stage

of origin. Interestingly, some blastomeres of neighboring stages clus-

tered together, indicating that the transcriptional profile of these two

stages are still relatively similar. Cells of the morula and blastocyst

stages were clearly distinguished from the earlier stages of develop-

ment, indicating that lineage segregation first occurs at the morula

stage. In addition, the zygote, 2-cell- and partial 4-cell-stage cells

clustered together, which can be explained by a major maternal–

zygotic transition (MZT).

To better investigate the predominant gene expression patterns,

we applied PCA to our data set. This mathematical analysis trans-

forms the data to a new coordinate system that reduces as much

of the variance as possible into single dimensions, depicted on axes

of a graph, highlighting similarities and differences within the data

set. For the PCA shown in Figure 2B, the data points are single cells
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8 Q. Wei et al., 2017, Vol. 97, No. 1

Figure 1. Morphology of bovine preimplantation embryos. (A) Microscopy imaging of bovine preimplantation embryos at zygote, 2-cell, 4-cell, 8-cell, morula,

EB, and LB stages. (B) Microscopy imaging of corresponding isolated single blastomeres from embryos at different stages. Note the full recovery of all of the

individual blastomeres of 2- and 4-cell embryos. Scale bar, 100 µm.

Table 1. The number of embryos and individual cells analyzed.

384 single cells across all stages

Developmental stage Number of embryos Number of cells

1-cell 11 11

2-cell 8 15

4-cell 7 28

8-cell 7 42

16-cell (early morula) 2 19

∼32-cell (compact morula) 3 77

EB 5 96

Expanded LB 6 96

from all preimplantation developmental stages, and the variables are

the 96-dimensional gene sets. In the PCA of our data set, the first

component (PC1) is represented on the x-axis and explains 42.28%

of the observed variance, while the second component (PC2) ex-

plains 15.25% of the remaining variance on the y-axis. The PCA

revealed that all blastomeres distribute according to their develop-

mental origin. The most significant variation in the data set was due

to differences between early and later stages of development, with

the 8-cell stage marking this transition (Figure 2B), reflecting the

MZT. Notably, a small portion of 8-cell-stage blastomeres clustered

together with earlier stages, suggesting no completed MZT in these

cells. In contrast, cells of the later developmental stages from 16-cell

to LB were not separated by PC1, but by PC2 on the y-axis.
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Figure 2. Developmental transitions are defined by gene expression profiles. (A) Hierarchical clustering of single cells derived from embryos at all stages,

from zygote to LB, based on the expression levels of 96 genes with combined hierarchical clustering of genes. Each stage is colored according to the scheme

above throughout the figures. (B) Principal component (PC) projection of individual cells based on the gene expression profiles. The cells are colored according

to embryonic stages as noted. The first component represents the developmental transition from zygote to the 16-cell stage on the x-axis, and the second

component represents ICM-to-TE lineage segregation on the y-axis. (C) PC projections of all genes, showing the contribution of each gene to the first two PCs in

Figure 2B. For example, a gene with a more positive PC1 loading is more enriched in cells with more positive PC1 scores in Figure 2B. (D) Absolute expression

levels of NOTCH1, TBX3, and FGFR4 across developmental stages and predicted cell types (early blastocyst (EB) and late blastocyst (LB)). The boxed region

represents the middle 50% of expression values, the black bar indicates the median values, and the whiskers indicate the maximum and minimum values. Cells

with outlying expression values are depicted as asterisks. A background of Ct = 24 was used to obtain an absolute expression level.
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As shown in Figure 2C, the PCA components consisted of con-

tributions from all 96 genes in the data set, and genes with a more

positive PC score enriched in cells corresponding to a more positive

PC loading. This enabled us to identify genes that are enriched in

the early and late developmental stages, namely, cell division cycle

associated 7 like (CDCA7L), SRY-box 13 (SOX13), NOTCH1, and

jagged 1 (JAG1) in the early stages and TBX3, transcription factor

AP-2 gamma (TFAP2C), and FGFR4 in the late stages. We found

that NOTCH1 is a maternal gene that is highly expressed in the zy-

gote and downregulated up to the 16-cell stage. Furthermore, zygotic

expression of NOTCH1 is not activated at the following preimplan-

tation developmental stages (Figure 2D). TBX3 and FGFR4 lie on

the extreme right hand of PC1, suggesting that zygotic TBX3 and

FGFR4 accumulation occurs at later preimplantation developmental

stages (Figure 2C).

Three lineages can be segregated in

the late blastocyst

The LB consists of three lineages with different development po-

tency, namely, TE, EPI, and PE. We thus asked whether these three

different cell types could be identified based on our data sets. First,

we performed unsupervised hierarchical clustering and PCA of in-

dividual blastomeres from LBs. Hierarchical clustering of the gene

expression profiles from 96 single cells obtained from LBs revealed

that three cell types exist at this stage (Figure 3A). Twenty-eight

cells highly expressed known TE markers such as CDX2. Six cells

were enriched in EPI-specific genes such as NANOG. However,

the known PE-restricted marker GATA6 was simultaneously ex-

pressed in TE and PE cells. We thus clarified those cells expressing

GATA6 but not expressing CDX2 as PE cells. Interestingly, a small

set of seven cells obtained from the LB appeared to not closely align

with any cell type, indicating that these cells were still undergoing

differentiation.

When we applied PCA to the expression data of LBs, we found

that PC1 explains 28.3% of the observed variance, while PC2 and

PC3 explain 8.14% and 5.1%, respectively. A projection of the data

set onto PC1, PC2, and PC3 segregated individual cells into three

well-defined clusters (Figure 3B). The TE cluster could be separated

from the ICM (containing EPI and PE) by the PC1 on the x-axis,

whereas the other two cell types of the ICM could be distinguished

from each other by PC2 and PC3 on the y- and z-axes, respectively.

We next sought to identify the most contributive genes to clarifying

these three cell types in the LB. As shown in Figure 3C and 3D

and Supplementary Figure S2, DAB2, CDX2, ATP12A, KRT8, and

TFAP2A are the most specific markers of the TE, whereas, TDGF1

and NANOG are enriched in the EPI. Notably, TDGF1 adopts the

most extreme distribution of the genes analyzed, closer to the top

than NANOG reflecting it might be a more reliable marker of the

EPI in bovines (Figure 3C). As reported in bovines, GATA6 protein

is detectable in both PE and TE cells [10]. Supporting this, our results

demonstrate that GATA6 mRNA is not expressed in the EPI but is

highly expressed in both PE and TE lineages. Similarly, the other

two PE-specific markers in mouse, platelet derived growth factor

receptor alpha (PDGFRA) and hepatocyte nuclear factor 4 alpha

(HNF4A), are enriched in the ICM, but are equally expressed in PE

and EPI lineages (Supplementary Figure S2). Notably, GSC, which

is expressed specially in the mouse primitive streak, is enriched in

the ICM and PE but is also highly expressed in the EPI lineage

(Figure 3D).

The two lineages can be segregated but not

completely resolved in the early blastocyst

The EB consists of two lineages with distinct developmental potency,

namely, the outer cells TE and inner pluripotent cells ICM. Subse-

quently, the ICM gives rise to the PE and EPI in the LB. We thus

asked whether these two different cell types could be identified based

on the expression pattern of gene sets. As described above, we first

applied unsupervised hierarchical clustering and PCA to our data of

individual cells derived from the EB. Unsupervised hierarchical clus-

tering segregates the EB single cells into two clusters, the TE and ICM

(Supplementary Figure S1). The gene contribution plot indicates that

the TE cells highly express TE markers, including KRT8, ATP12A,

msh homeobox 2 (MSX2), DAB2, TFAP2A, and CDX2, while the

ICM cells are enriched in GSC, PDGFRA, HNF4A, signal transducer

and activator of transcription 3 (STAT3), runt related transcription

factor 1 (RUNX1), PRDM14, leukemia inhibitory factor receptor

alpha (LIFR), FGFR4, and NANOG (Figure 4B). Nevertheless, cells

do not present as two obvious distinct populations in the PCA score

plot (Figure 4A).

To further illustrate the identity of these cells, we projected the

gene expression patterns of individual cells from the EB onto the first

three PCs calculated for the LB (Figure 4C). This analysis revealed

that some single cells from the EB are either TE like or PE like, but

several cells resemble no defined cell type, suggesting that the first

lineage segregation is still not resolved at this stage. Moreover, the

ICM transcription factor NANOG was not so obviously enriched

in the ICM cells at this stage (Figure 3D), supporting the view in

the mouse that the TE cells are defined earlier than the ICM and the

markers for the ICM are not completely segregated until one or two

cycles later [31].

To determine whether these genes enriched in each lineages show

differential expression levels across single cells of the EB, we analyzed

our data with violin plots (Figure 4E). As expected, the endogenous

control gene ACTB shows a unimodal expression. The TE-enriched

genes, such as ATP12A and TFAP2A, clearly show bimodal dis-

tributions, reflecting high expression levels in TE cells and low or

no expression in ICM cells. The ICM-enriched genes, such as GSC,

HNF4A, PDGFRA, RUNX1, NANOG, and PRDM14, also show

bimodal expression patterns, fitting with the extreme distribution of

the genes in PCA shown in Figure 4B.

Chromatin modifiers crucial for bovine embryonic

development

Chromatin modification plays an important role in regulating em-

bryo development. Therefore, we next wondered whether we could

identify chromatin modifiers that might play an instructive role in

bovine lineage specification. Figures 3C and 4B show the chromatin

modifiers that make the greatest contribution to the segregation of

three cell types. Notably, among the 13 genes relating to chromatin

modification we detected, PRDM14 is the most enriched gene in the

ICM and EPI cells. This result is consistent with a previous report

in mice [32]. However, we detected no obvious specific chromatin

modifiers in bovine TE or PE cells in contrast to a report describ-

ing DNA methyltransferase 3 beta (DNMT3B) as the most enriched

chromatin modifier in mouse TE cells. Ordering individual cells ac-

cording to their PC1 score and plotting the expression levels of the

selected genes accordingly further confirmed that the expression of

PRDM14 is higher in ICM cells (Figure 4D). Its bimodal distribution

in the EB also proved this expression pattern (Figure 4E). Interest-

ingly, the violin plot shows that PRDM14 is also heterogeneously
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Figure 3. Three cell types identified in the LB. (A) Hierarchical clustering of individual cells collected from late blastocysts. Cells are defined as trophectoderm

(TE), epiblast (EPI), and primitive endoderm (PE) based on their expression levels of known markers CDX2, NANOG, and GATA6, respectively. The asterisk (∗)

marks seven transitional cells with TE and ICM expression characteristics. (B) Principal component (PC) projections of LB single cells. (C) PC projections of all

genes, showing the contribution of each gene to the first three PCs. The first PC can be interpreted as discriminating between ICM and TE. The third PC can

be interpreted as discriminating between EPI and PE. (D) Absolute expression levels of six lineage-enriched genes across developmental stages and predicted

cell types (EB and LB). The boxed region represents the middle 50% of expression values, the black bar indicates the median values, and the whiskers indicate

the maximum and minimum values. Cells with outlying expression values are depicted as asterisks. A background of Ct = 24 was used to obtain an absolute

expression level.
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Figure 4. Developmental progression to two distinct cell types in the early blastocyst. (A) PC projections of the single cells from early blastocysts. (B) PC

projections of all genes, showing the contribution of each gene to the first two PCs in Figure 4A. (C) Position, based on the expression of 96 genes, of individual

cells from early blastocyst projected onto the first three PCs of the LB stage data. (D) Expression profiles of KRT8, CDX2, GSC, and PRDM14 across the population

of single cells in the early blastocyst. Blastomeres were ordered along the x-axis according to the PC1 score in (C). The traces represent the average expression

value of each gene in moving windows of 20 cells. The colored bars labeled “TE” and “ICM” represent the mean expression levels at the blastocyst stage for TE

and ICM, respectively. (E) Violin plots representing expression levels of selected genes (fold change above background) in individual cells at the early blastocyst

and 8-cell stages. As expected, the lineage-specific markers show bimodal expression profiles at the early blastocyst. PRDM14 also shows bimodal expression

at the 8-cell stage. (F) Bars represent the absolute PRDM14 expression level in each cell of a representative 8-cell stage embryo. (G) Absolute expression levels

of PRDM14 across developmental stages and predicted cell types (EB and LB). The boxed region represents the middle 50% of expression values, the black bar

indicates the median values, and the whiskers indicate the maximum and minimum values. Cells with outlying expression values are depicted as asterisks. A

background of Ct = 24 was used to obtain an absolute expression level.

expressed in 8-cell-stage embryos when zygotic activation occurs

(Figure 4E). Moreover, analysis of individual embryos revealed that

this heterogeneous expression pattern is also intraembryonic at the

8-cell stage (Figure 4F). Additionally, PRDM14 is initially expressed

at early stages and then strongly upregulated at the 16-cell stage

(Figure 4G). These results indicate that PRDM14 might participate

in the zygotic activation event and lineage specification in bovine

early embryos.
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Figure 5. Lineage-specific genes highly and heterogeneously expressed in morula single cells. (A) The gene expression profiles from single cells at the 16-cell,

32-cell, and EBs stages projected onto the first three PCs of the LB data in Figure 3B. (B) Expression levels from 16-cell through to the LB stage for seven lineage-

specific genes—CDX2/DAB2 (TE), NANOG/TDGF1/PRDM14 (EPI), GATA6 (PE/TE), and GSC (PE/EPI)—are plotted as “slices” of “pies” representing individual

cells. The radius of a slice reflects the expression level of the genes. The cells from the EB and LB stages are subdivided into TE and ICM or TE, EPI, and PE based

on their projected positions in (A). (C) The average fold-change in expression between single cells from the 32-cell stage and either the ICM or TE cells of the

early blastocyst is plotted against ICM/TE specificity. The average fold-change is calculated using either the TE or ICM of early blastocysts average depending

on which is higher. The ICM/TE specificity is determined by each gene’s contribution to PC1 (Figure 4B). (D) KRT8, CDX2, and HNF4A expression levels vary

across the morula stage population. The morula stage cells on the x-axis are sorted according to their PC1 score in (A), so that TE-like cells are on the far left and

ICM-like cells are on the far right. The traces represent moving averages of the given genes expression level in overlapping windows of 20 cells. Colored bars

marked “TE” and “ICM” show the average expression levels in the early blastocyst TE and ICM, respectively. (E) Violin plots representing expression levels in

morula individual cells for a number of genes; note the bimodal distribution of KRT8, CDX2, and HNF4A.

Lineage-specific genes highly and heterogeneously

expressed in morula single cells

In the mouse, cellular differentiation is thought to initiate at the

compacted and polarized late 8-cell stage. However, the compaction

and polarization events occur at the 32-cell stage in bovines [33]. To

visualize whether the cellular differentiation occurs at these stages

in bovines, we projected the expression patterns of cells from the

uncompacted 16-cell stage through to the EB stage onto the first

three PCs computed for the LB (Figure 5A). During the 16–32-cell

stage transition, the cells moved closer to the TE lineage.

As already described, the three cell types identified in the LB

highly expressed specific genes. Interestingly, many of these genes

that subsequently exhibited lineage-restricted expression in the LB

are coexpressed at high levels in the majority of individual blas-

tomeres at the morula stage. Moreover, their expression levels

were comparable to the levels in lineage-specific single cells at the
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Table 2. The gene pair correlations within LB ICM.

Inverse correlations Positive correlations

Gene pair Score Gene pair Score

GATA6/TDGF1 −0.4867528274 NANOG/PRDM14 0.4575578175

GATA6/NANOG −0.3641331176 NANOG/TDGF1 0.4639140282

GATA6/PRDM14 −0.2861280795 PRDM14/TDGF1 0.2989349973

blastocyst. Representative markers of the TE (CDX2, DAB2), EPI

(NANOG, TDGF1, PRDM14), and PE (GATA6, GSC) are shown

in Figure 5B. Zygotic activation occurs at the 8–16-cell stage in

bovines. Thus, maternal transcripts might account for the high

mRNA transcript levels in the morula blastomeres. However, for

some of these genes, it is possible that their mRNAs are reduced in

opponent lineages and increased within their own respective lineages

during the transition from the morula to the LB.

To determine the probable mechanism of the first lineage segrega-

tion, we next identified the earliest significant expression differences

during the transition from morula to the EB. We analyzed in detail

the single-cell expression data derived from morulae and EBs. Cells

of the EB were categorized as ICM or TE according to their PC1

score. Then, the average changes in gene expression that occurred

between the 32-cell and relative cell types of blastocyst stages were

calculated. KRT8 and HNF4A changed greatly during this transi-

tion, with KRT8 induction probably occurring in primordial TE cells

(Figure 5C). However, the expression level of other lineage-specific

genes, such as CDX2 and GSC, was actually unchanged. PCA re-

vealed some dispersion of cells along the PC1 axis, suggesting dif-

ferential expression in single blastomeres of the morula (Figure 5A).

Ordering the 16- and 32-cell-stage cells according to their PC1 score

revealed that the variation of KRT8 appears more significant than

the TE-restricted marker CDX2 (Figure 5D). The violin plots show

that the distribution in expression of the endogenous control gene

ACTB and the majority of other genes is unimodal, whereas KRT8

clearly shows a bimodal distribution at the morula stage (Figure 5E;

Supplementary Figure S3). This suggests that KRT8 might be an

early TE marker during the first lineage segregation event in bovine

preimplantation embryos.

The second lineage specification from the inner cell

mass to the primitive endoderm and epiblast

The inner cells from the EB will subsequently differentiate into the

PE and EPI cells. To gain insight into the mechanism of the second

lineage specification in bovines, we further analyzed our single-cell

data sets from blastocysts to discover the earliest expression differ-

ences within the ICM. First, we calculated the correlation coefficient

in gene expression for each gene pair with the 22 ICM cells in the

EB data set and the 56 ICM cells in the LB data set as determined by

their PC1 scores (Table 2). Consistent with the protein staining for

NANOG and GATA6 [10], we find that the NANOG expression

is inversely correlated with GATA6 expression in the LB ICM. No-

tably, TDGF1/GATA6 gene pair is inversely correlated stronger than

NANOG/GATA6 gene pair. However, they are not correlated in EB

ICM cells (data not shown). The correlation of NANOG/GATA6

gene pair in bovines was not as strong as in mice [30], suggesting

that NANOG mRNA is still not completely restricted to the EPI at

the expanded blastocyst stage.

As shown in Figure 6A and 6B, the EPI-enriched genes NANOG,

TDGF1, and PRDM14 are initially weakly expressed in ICM cells

of the EB, but are strongly activated in a subpopulation of ICM

cells during the transition to the LB. Meanwhile, the PE specificity

for GATA6 is achieved by downregulating in opposing cell types

during the transition from the early to the LB. This indicates that

TDGF1 and PRDM14 might play pivotal roles in the second lineage

specification of bovine embryos.

Discussion

In this study, we applied single-cell analysis to examine the expres-

sion patterns of 96 genes from hundreds of individual blastomeres

collected from zygote to the LB across multiple preimplantation de-

velopmental stages of bovine embryos. Our study provides insight

into the generation of the three lineages in bovine blastocysts at

single-cell resolution (Supplementary Figure S4).

The MZT serves at least three important purposes including

degradation of oocyte-specific transcripts, replacement of maternal

transcripts with zygotic ones, and transcriptional upregulation of

zygote-specific genes that will function to reset and reprogram gene

expression patterns for the continued development of embryo [34].

The chromatin state of cells is crucial for gene expression regula-

tion and development. In cattle, the major burst of gene activa-

tion occurs at the 8–16-cell stage. In this study, the transition from

8–16-cell stage involves the upregulation of multiple genes, such

as lineage-restricted transcriptional factors including NANOG and

GATA6, and chromatin modifiers including PRDM14, tet methylcy-

tosine dioxygenase 1 (TET1), and histone deacetylase 1 (HDAC1).

Meanwhile, DNA methyltransferase 1 (DNMT1) and DNMT3B,

which are responsible for maintaining DNA methylation and de

novo methylation, respectively, show downregulation patterns dur-

ing this transition. Thus, these five chromatin modifiers might play

key roles in the zygote genome activation event.

As seen in mouse embryos, not all bovine blastomeres at the

morula stage express equivalent mRNA levels for TE markers, such

as CDX2 and KRT8, reflecting their previous cleavage history [30,

35]. Nonetheless, the majority of morula blastomeres coexpress high

levels of genes restricted in the three lineages. This finding potentially

provides the molecular foundation for the known developmental

plasticity of bovine morula blastomeres [36, 37]. Additionally, we

find the same phenomenon that some of the genes show a decrease of

transcript levels in cells of opposing lineages as blastocyst cell types

develop from the uncommitted blastomeres of the morula.

It has been proven that there are several differences between

mouse and bovine early embryonic development. In common with

a previous marker genes expression analysis, the mRNA expression

of TE- and ICM-specific genes known in the mouse, such as CDX2

and POU5F1, do not vanish in opposing lineages within the bovine

blastocyst [13]. As a key TE transcription factor, Cdx2 can repress

Pou5f1 transcription through binding to the conserved region four of

the distal Pou5f1 enhancer in mouse TE cells [38]. However, a study

by Berg et al. [13] revealed that at the early stage, CDX2 does not

repress POU5F1 expression in bovines, as the bovine POU5F1 lo-

cus does not contain the cis-acting regulatory region (TFAP2A/2C)

necessary for extinguishing its transcription in the TE. Moreover,

POU5F1 mRNA expression in the cattle TE may be retained until

the PE/EPI segregation. Importantly, the TE cells of the EB retain the

ability to contribute to the ICM derivatives in chimeras, indicating

that the trophoblast cells may not become committed during bovine

preimplantation development at stages developmentally equivalent

to the mouse. This is also supported by the observation that the PC

projections of individual blastomeres in the bovine EB do not show

two obvious populations. The reason for this difference might be
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Figure 6. The second lineage specification from the ICM to the PE and EPI. (A) Expression levels of EPI- and PE-associated genes shown as pie plots according

to the same logic as Figure 5B. (B) Variation of EPI- and PE-associated genes across ICM cells at the EB and LB stages. On the x-axis, cells from both stages are

sorted according to their projection score to PC3 (Figure 4C). The traces represent moving averages of the given gene’s expression level in overlapping windows

of 20 cells. The colored side bars mark the average expression levels of 32-cell stage.

explained by the different developmental modes of mice and bovines.

Mouse embryos implant to the uterus 1 day after the blastocyst for-

mation and undergo a flurry of trophoblast proliferation and dif-

ferentiation into giant cells, ectoplacental cone and extraembryonic

ectoderm, before initiating gastrulation. However, bovine blasto-

cysts float in the uterus for approximately 2 weeks during which the

embryos undergo further differentiation [39].

Evidence has shown that PRDM14 regulates pluripotency and

epigenetic reprogramming by directly binding to the regulatory re-

gions of its target genes through its zinc finger domains. It can re-

press or activate its targets by multiple mechanisms. On one hand,

PRDM14 can recruit polycomb repressive complex 2 (PRC2), a het-

eromeric multiprotein complex with histone H3 lysine 27 trimethy-

lation (H3K27me3) activity [40], to repress expression of its target

genes [41, 42]. On the other hand, PRDM14 appears to activate

the expression of some targets by cooperating with other sequence-

specific transcriptional regulators such as estrogen-related receptor

beta [41]. It has also been shown that PRDM14 can contribute to

H3 arginine 26 demethylation (H3R26me2) and DNA demethyla-

tion to activate its target genes by interacting with protein arginine

methyltransferase 4 and ten-eleven translocation (TET), respectively

[43]. A previous report in the mouse revealed that Prdm14 mRNA

exhibits a heterogeneous expression pattern in 4-cell-stage embryos

and is subsequently highly enriched in ICM cells of the blastocyst.

Forced expression of PRDM14 at the 2-cell stage leads to increased

H3R26me2 and can induce a pluripotent ICM fate [32]. Similar to

this, we find that PRDM14 mRNA shows heterogeneous expression

pattern in bovine 8-cell-stage embryos, and is highly expressed in

ICM and EPI cells of bovine blastocysts. Contrary to the mouse,

enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2),

which encodes for a component of PRC2 complex, is highly ex-

pressed before implantation in the bovine (Supplementary Figure

S2). Additionally, TET1, which encodes a protein responsible for

DNA demethylation, is also highly expressed at late stages (Supple-

mentary Figure S2). We therefore hypothesize that PRDM14 might

promote stem cell fate allocation to the ICM by repressing differenti-

ation genes and activating pluripotent genes through PRC2 and TET,

respectively, as is proposed in mouse ESCs. The precise mechanisms

require further investigation in bovine PED.

TDGF1, also known as Cripto-1 (CR1), is a cell surface

glycosylphosphatidylinositol-linked glycoprotein that can function

either in an autocrine or paracrine manner. As a member of the

epidermal growth factor/CR1-FRL-1-Cryptic family, CR1 functions

as an obligatory coreceptor for transforming growth factor family

members, NODAL and growth differentiation factor 1/3, by acti-

vating anaplastic lymphoma kinase 4/7 signaling pathways that in-

volve SMADs 2, 3, and 4. In addition, CR1 can activate non-Smad-

dependent signaling elements such as phosphatidylinositol 3 kinase,

AKT, and mitogen-activated protein kinase. Both of these pathways

depend upon the 78 kDa glucose-regulated protein. Finally, CR1

can facilitate signaling through the canonical WNT/and NOTCH

pathways by functioning as a chaperone protein for low-density

lipoprotein receptor-related protein 5/6 and NOTCH, respectively

[44]. Tdgf1 is essential for early embryonic development and main-

tains embryonic stem cell pluripotency in the mouse. During mouse

embryonic development, Tdgf1 remains strongly expressed in the

ICM and EPI until gastrulation, where it becomes restricted to the

primitive streak [45, 46]. Consistent with this, TDGF1 mRNA is
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enriched in EPI cells of bovine LBs. Whether TDGF1 plays an impor-

tant role in bovine early embryonic development and maintenance

of stem cell pluripotency as occurs in the mouse needs to be further

illustration.

Several signaling pathways are crucial for the lineage segregation

of preimplantation embryos. Similar to the mouse, stimulation of

bovine embryos with fibroblast growth factor 4 (FGF4) resulted in

ICMs composed entirely of PE, suggesting that PE formation de-

pends on FGF signaling [10]. In this study, we only examined the

expression of FGFR2 and FGFR4 due to the low quality of primers

for other ligands and receptors of FGF signaling. Contrary to what

is claimed by a published report in the mouse [30], FGFR4 but not

fibroblast growth factor receptor 2 (FGFR2) mRNA is enriched in

the bovine ICM. It is thus probable that FGFR4 plays a more im-

portant role in bovine PED. Janus kinase (JAK) inhibition represses

both EPI and hypoblast transcripts as well as naive pluripotency-

related genes and the JAK substrate STAT3 [47]. The observation

that STAT3 mRNA is enriched in ICM cells of bovine blastocyst

also supports the opinion that JAK/STAT3 activation is required

for bovine ICM formation. Catenin beta like 1 (CTNNBL1) (also

known as B-CATENIN), as a downstream target of canonical WNT

signal, which enhances pluripotency [48], is not expressed in bovine

preimplantation embryos of late stages, whereas glycogen synthase

kinase 3 beta (GSK3B) is highly expressed in bovine preimplanta-

tion embryos. This mRNA expression pattern corroborates previous

studies on mice and bovines describing that activation of WNT sig-

naling during early embryonic development inhibits development

of embryos to the blastocyst stage [49, 50]. Bone morphogenetic

protein (BMP) signaling regulates the correct development of both

extraembryonic lineages, PE, and TE in mouse preimplantation em-

bryos [51]. Although BMP4 and bone morphogenetic protein re-

ceptor type 1A (BMPR1A), which encode a ligand and receptor

for BMP signaling, respectively, are detectable in bovine early em-

bryos (this study), they do not appear to be essential for bovine ICM

development and gene expression [47]. Therefore, a detailed inves-

tigation is required to determine whether BMP signaling regulates

extraembryonic lineages specification in bovine embryos as occurs in

the mouse.

In summary, we performed a quantitative analysis of the expres-

sion of many genes in parallel at single-cell resolution throughout

the time course of bovine PED. The combinatorial gene expression

defines the cellular state and transitions in potency. Our single-cell

analysis offers intriguing new insights into the early cell fate determi-

nation in bovines and offers theoretical support for deriving bovine

ESCs.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplemental Information contains Supplemental Experimental Pro-

cedures, two figures, and one table that are available online.

Supplementary Table S1. Summary of the genes analyzed in this

study and their corresponding primer sequences information.

Supplementary Figure 1. Hierarchical clustering of single cells

derived from early blastocysts based on the expression of 96 genes.

Supplementary Figure 2. Expression dynamics of each gene

through preimplantation embryonic development. The boxed region

represents the middle 50% of expression values, the black bar the

median, and the whiskers the maximum and minimum values. Cells

with outlying expression values are depicted as asterisks.

Supplementary Figure 3. Bars represent the absolute CDX2,

KRT8, and HNF4A expression level in each cell of a representa-

tive 16- and 32-cell stage embryos.

Supplementary Figure 4. Schematic model of gene expression

patterns in the segregation of the three blastocyst lineages. All the

listed marker genes are enriched in the corresponding lineages. The

mouse model is based on two published single-cell gene expression

analysis researches, and the bovine model is based on our results.

“Up arrow” marks upregulation of the gene expression. “Down

arrow” marks downregulation of the gene expression. “Plus” marks

maintaining high expression of the gene.
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