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Abstract
Early pregnancy loss markedly impacts reproductive efficiency in cattle. The 
objectives were to model a biologically relevant gene signature predicting em-
bryonic competence for survival after integrating transcriptomic data from blasto-
cysts and elongating conceptuses with different developmental capacities and to 
validate the potential biomarkers with independent embryonic data sets through 
the application of machine-learning algorithms. First, two data sets from in vivo-
produced blastocysts competent or not to sustain a pregnancy were integrated 
with a data set from long and short day-15 conceptuses. A statistical contrast de-
termined differentially expressed genes (DEG) increasing in expression from a 
competent blastocyst to a long conceptus and vice versa; these were enriched for 
KEGG pathways related to glycolysis/gluconeogenesis and RNA processing, re-
spectively. Next, the most discriminative DEG between blastocysts that resulted 
or did not in pregnancy were selected by linear discriminant analysis. These eight 
putative biomarker genes were validated by modeling their expression in compe-
tent or noncompetent blastocysts through Bayesian logistic regression or neural 
networks and predicting embryo developmental fate in four external data sets 
consisting of in vitro-produced blastocysts (i) competent or not, or (ii) exposed 
or not to detrimental conditions during culture, and elongated conceptuses (iii) 
of different length, or (iv) developed in the uteri of high- or subfertile heifers. 
Predictions for each data set were more than 85% accurate, suggesting that these 
genes play a key role in embryo development and pregnancy establishment. In 
conclusion, this study integrated transcriptomic data from seven independent 
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1   |   INTRODUCTION

Since the introduction of artificial insemination over 80 years 
ago, assisted reproductive technologies in cattle have re-
sulted in enormous advances in genetic gain and productiv-
ity.1,2 Among the toolbox of techniques currently available, 
the use of embryo transfer, particularly of in vitro (IVT)-
produced embryos, continues to increase.3 Implementation 
of embryo transfer (ET) allows the multiplication of the 
genetic merit of the donor, and it can represent a potential 
advantage compared with artificial insemination in terms 
of pregnancy outcomes as it bypasses potential errors be-
tween ovulation and the arrival of the embryo to the uterus, 
particularly in those scenarios, where the oocyte is more 
vulnerable than the embryo to suboptimal environmental 
conditions.4 For example, in high-producing dairy cows 
during the postpartum period, which mobilize body fat in 
response to a negative energy balance, decreasing oocyte 
quality,5 or in animals suffering heat stress.6 Nevertheless, 
pregnancy loss due to early embryonic mortality is still a 
major barrier to advancing cattle productivity. Most losses 
occur early in gestation, often before any detectable inter-
action between the embryo and the maternal reproductive 
tract has occurred.7 Later loss after day 30 of gestation is 
another feature of IVT-produced embryos (reviewed in8).

Embryonic mortality can occur because of intrinsic 
embryonic defects or inadequate endometrial receptiv-
ity. If the embryo is competent to maintain a pregnancy 
after the blastocyst stage, it will hatch from the zona pel-
lucida and begin to grow. The trophectoderm proliferates, 
changing the embryonic morphology from a spherical to 
an oval shape and finally a filamentous form by around 
days 12 and 14. This layer secretes significant amounts of 
interferon-tau (IFNT) to induce the maternal recognition 
of pregnancy and ensure the maintenance of a functional 
corpus luteum for the production of progesterone (P4).9,10

Despite years of research, selecting embryos for 
transfer still relies on subjective assessment of morphol-
ogy, usually following well-established guidelines from 
the International Embryo Technology Society (https://
www.iets.org/). Thus, identifying a molecular signature 
associated with embryonic competence for pregnancy 
establishment is an urgent challenge. In a series of inde-
pendent experiments, it has been demonstrated that the 
transcriptome of blastocysts, produced IVT11–13 or in vivo 

(IVV),12,14–16 differs for those embryos capable of establish-
ing and maintaining a pregnancy to term (or at least until 
day 60 or 90 depending on the study) compared with those 
that fail to do so. In these studies, a similar experimental 
design was employed, consisting of obtaining an embry-
onic biopsy before ET and retrospectively classifying the 
embryo as competent (i.e., pregnant, PR) or noncompe-
tent (i.e., nonpregnant, NP) according to the pregnancy 
outcome. Nonetheless, not a single gene related to embry-
onic competence was common in all studies.12

Another model of differential competence is related 
to the conceptus length around the period of maternal 
recognition of pregnancy. Increased conceptus length is 
associated with greater IFNT production17 and, there-
fore, higher chances of pregnancy maintenance.18,19 
Furthermore, short conceptuses fail to upregulate a large 
number of IFNT-dependent and -independent genes in 
the endometrium, which are likely important for preg-
nancy establishment.20 Barnwell et al.21 characterized 
the transcriptome of short and long conceptuses at day 15 
of gestation, demonstrating a difference in gene expres-
sion potentially associated with developmental capacity. 
There was no correlation between the top differentially 
expressed genes (DEG) reported in that study21 and those 
described for the blastocyst experiments.12 These discor-
dances between the results might be attributed to the 
considerable variation between conditions employed in 
the studies. Therefore, there is a gap in the knowledge 
of critical genes involved in embryo survival. The afore-
mentioned studies, while carried out independently and 
using a variety of transcriptomics platforms, provide an 
opportunity to combine the data to generate a gene ex-
pression signature of competent blastocysts and elon-
gated conceptuses. This approach can identify molecular 
markers that could be used as predictors of embryonic 
developmental capacity and further advance knowledge 
of critical pathways involved in embryonic survival.

The objectives of the present study were to model a bi-
ologically relevant gene signature that predicts embryonic 
competence for survival after integrating transcriptomic 
data from blastocysts and elongating conceptuses with 
higher or lower chances of sustaining a pregnancy and to 
validate the potential biomarkers with independent em-
bryonic data through the application of machine-learning 
algorithms.

experiments to identify a small set of genes capable of predicting embryonic com-
petence for survival.

K E Y W O R D S
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2   |   MATERIALS AND METHODS

The workflow employed in this study consists of three se-
quential steps: (1) integration and analysis of blastocyst 
and elongated conceptus data, (2) identification of bio-
marker genes, and (3) validation of the biomarker genes 
in independent data sets through machine-learning ap-
proaches. The data sets employed in these steps are sum-
marized in Table 1.

2.1  |  Transcriptomic data 
integration and analysis

2.1.1  |  Data collection

Data were obtained from embryos and elongated concep-
tuses generated IVV to avoid any potential confounding 
influences induced by the IVT environment.22 Blastocyst 
data (Bl) were downloaded from the data set GSE131178 
in the Gene Expression Omnibus16 or obtained after re-
quest.12 These data sets were renamed Bl_Zo and Bl_SW, 
respectively. Elongating conceptus data were downloaded 
from the data set GSE75750.21

Data were processed using packages for the R soft-
ware.23 Bl_Zo data were generated through RNAseq. The 
raw counts were transformed through the variance stabi-
lizing transformation method24 using the vst function from 
the DESeq2 package.25 The final data set consisted of sam-
ples obtained from blastocysts that resulted in pregnancy 
at day 60 after the transfer (pregnant, PR, n  =  4) or not 
(nonpregnant, NP, n = 13). Bl_SW data were obtained after 
RNA hybridization with the two-channel Agilent-028298 
Embryogene Bovine 45 K microarray.12 Data from each 
channel were processed with the limma package,26 normal-
ized by the quantile method and log2 transformed. Rows 

were collapsed to retain the microarray probe with the av-
erage value from the group of genes with the same Ensembl 
ID. Only data obtained from the IVV-produced blastocysts 
were retained in the final data set, containing PR (n = 7) and 
NP (n = 5) samples. Pregnant samples were those obtained 
from blastocysts that maintained pregnancy until term. 
Elongated conceptus data (Cc) were generated through hy-
bridization with the Affymetrix Bovine Genome Array.21 
The raw data were processed with the gcRMA package27 
through transformation and normalization by the quan-
tile method. The expression values of genes with the same 
Ensembl ID were averaged. This data set consisted of sam-
ples obtained from long conceptuses (24.7 ± 1.9 mm, n = 5) 
or short age-matched conceptuses (4.2 ± 0.1 mm, n  =  5). 
Each blastocyst data set was combined with the conceptus 
data using the Combat function from the sva package28 to 
remove the batch effect and to generate two integrated data 
sets: Bl_Zo-Cc and Bl_SW-Cc.

2.1.2  |  Statistical analysis

For each integrated data set, genes that were differentially 
expressed between competent Bl-Cc (PR Bl and long Cc) 
and noncompetent Bl-Cc (NP Bl and short Cc) were de-
termined through the following contrast: (PR_Bl + long 
Cc) – (NP_Bl + short Cc) after fitting a linear model by 
generalized least squares to the expression data, with the 
limma package.26 This was the first step to later screen 
the data for biomarkers, so to cast a wide net, a p value 
of <.1 was employed as the statistical criterion to define 
a DEG. Next, DEG determined for each integrated data 
set were compared in a Venn Diagram. The overlapping 
genes between the up- or downregulated DEG for each 
integrated data set were employed for the subsequent 
analyses.

T A B L E  1   Overview of the data sets employed for data analysis.

Data set accession no.a Main characteristics Total n References

GSE131178—Requested In vivo-produced blastocyst that resulted in pregnancy or not 29 Zolini et al.16

Salilew-Wondim et al.12

GSE75750 Short and long day-15 conceptuses 10 Barnwell et al.21

GSE130954—Requested In vitro-produced blastocyst that resulted in pregnancy or 
not

26 Zolini et al.13

Salilew-Wondim et al.12

GSE42281—GSE83767 In vitro-produced blastocyst exposed to suboptimal 
conditions

34 Desmet et al.33

Cagnone et al.36

GSE75750 Short and long day-15 conceptuses 15 Barnwell et al.21

GSE107891 Day-17 conceptuses transferred into high-fertile or subfertile 
heifers

23 Moraes et al.37

Note: Data from italicized data sets were integrated and analyzed to identify biomarker genes of pregnancy success. Data from bolded data sets were employed 
to validate the biomarker genes.
aAccession numbers correspond to the Gene Expression Omnibus database.
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2.1.3  |  Functional analysis

The DAVID software29 was employed to determine the 
KEGG pathways enriched (q value or false discovery rate 
[FDR] < 0.05) by the competent or noncompetent genes.

2.2  |  Identification of the 
biomarker genes

To be meaningful, the biomarker genes should be able to 
discriminate samples from PR and NP blastocysts. Thus, 
the first step was to integrate both IVV blastocyst data sets 
(Bl_Zo and Bl_SW) using the Combat function from the 
sva package28 to generate a unique IVV blastocyst data 
set. Two NP Bl_SW samples identified as outliers were re-
moved at this stage. The final data set consisted of samples 
from IVV-produced blastocysts (Bl_IVV) classified as PR 
(n = 11) or NP (n = 16). Genes involved in the enriched 
KEGG pathways determined in the previous step were se-
lected as candidate biomarkers genes.

The most discriminative combination of genes repre-
sentative of competent and noncompetent embryos was se-
lected by sparse Partial Least Squares Discriminant Analysis 
or sPLS-DA.30 The change in separation between groups (NP 
and PR blastocysts) as additional genes from the “compe-
tent” and “noncompetent” genes were added to the analysis, 
were evaluated through linear discriminant analysis, imple-
mented with the lda function of the MASS package.31 The 
final group of selected genes represented the minimal signa-
ture showing the highest coefficient of linear discriminants 
in the first component. In other words, the corresponding 
plot of discriminant function coefficients showed the maxi-
mum separation between PR and NP blastocysts.

Sample distribution according to the expression of the 
selected biomarkers was evaluated through a principal 
component analysis (PCA) and hierarchical clustering 
using internal packages of R. ShinyGO32 was employed to 
determine enriched terms by the competent and noncom-
petent biomarker genes (FDR < 0.05).

2.3  |  Validation of the biomarker genes

2.3.1  |  Data sets for validation

Two data sets from blastocysts and two data sets from 
elongated conceptuses were used to validate the bio-
marker genes:

Blastocysts data sets: The first data set, namely an IVT 
Blastocyst data set (Bl_IVT), was compiled as follows. Data 
from the IVT blastocysts from the study of Salilew-Wondim 
et al.12 were integrated with data from IVT blastocysts 

from the study of Zolini et al.,13 with accession number 
GSE130954, generated through RNAseq. Data integration 
was performed as detailed for Bl_IVV. However, several 
samples from the data set GSE130954 had a high proportion 
of nonexpressed genes. Therefore, only samples with more 
than 30% of expressed genes were employed. The final in-
tegrated data set consisted of 9 PR and 17 NP samples. The 
second data set corresponded to embryos exposed to subop-
timal conditions (Bl_SubOp) and was merged from two data 
sets: GSE42281 and GSE83767. Data from GSE42281 were 
generated from blastocysts that were cultured IVT under 
normal conditions (n = 4) or for 6.5 days with a combina-
tion of elevated nonesterified fatty acid (NEFA) concentra-
tions (n  =  4).33 The concentrations used were equivalent 
to those found in the serum of cows experiencing negative 
energy balance, which is detrimental to embryonic devel-
opment.34,35 The data set GSE83767 consisted of data ob-
tained from blastocysts that were cultured under normal 
(n = 16) or increased oxidative stress conditions (n = 16).36 
Oxidative stress was achieved by adding two pro-oxidant 
agents: 0.01 mM 2,2′-azobis (2-amidinopropane) dihydro-
chloride (AAPH), which promotes reactive oxygen species 
(ROS) production, and 0.4 mM buthionine sulfoximine 
(BSO), which inhibits glutathione synthesis. These reagents 
were added separately to the culture medium from day 3 
onward. In both studies, the extracted mRNA from control 
or treated blastocysts was hybridized to the two-channel 
Agilent-028298 Embryogene Bovine 45 K microarray. Data 
were processed as detailed for Bl_SW. Data from three arrays 
identified as outliers were discarded. Samples included in 
the integrated data set were 17 cultured under normal con-
ditions and 17 cultured under suboptimal conditions.

Elongated conceptus data sets: the data set GSE75750, 
named CcGr3, consisted of transcriptomic data from 
long- (24.7 ± 1.9 mm, n  =  5) and short (4.2 ± 0.1 mm, 
n  =  5)-elongated conceptuses (employed in the step 1) 
plus data from elongated conceptuses that were derived 
from Grade 3 blastocysts (15.2 ± 2.4 mm, n  =  3).21 The 
other data set was downloaded from GSE10789137 and 
consisted of data from elongated conceptuses derived from 
IVV-produced blastocyst transferred to high-fertile (HF) 
or subfertile (SF, n  =  10) heifers (Cc_HFSF). Elongated 
conceptuses from HF heifers were classified as short (1.2–
6.9 cm; n = 5) or long (9.8–32.2 cm; n = 8). Count data 
were transformed to stabilize the variance.

2.3.2  |  Model construction for 
machine learning

The model consisted of training and testing data sets. The 
training data set involved the expression of the biomarker 
genes in the Bl_IVV data set. The testing data sets were the 
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four specified above. An addon batch effect adjustment of 
the testing data with the training data was performed with 
the bapred package.38 Two methods were employed for the 
classification of the testing data, according to the training 
data: The first method was a Bayesian logistic regression 
(BLR) model, implemented through a generalized Bayesian 
algorithm with a binomial function with the caret pack-
age.39 This model does not require tuning parameters. The 
second method was a neural network (NN) model, imple-
mented with TensorFlow/keras for R (https://tenso​rflow.
rstud​io.com/). A ReLU activation function was used for the 
hidden layer, and a sigmoid output activation function with 
cross-entropy loss since the task was a binary classification. 
The error function was the cross-entropy of a binary vari-
able, and the optimization method employed was stochastic 
gradient descent. The validation data sets were used to tune 
the number of hidden units employed to fit the final model.

3   |   RESULTS

3.1  |  Integration of blastocyst and 
elongating conceptus data identify 
competent and noncompetent genes

The statistical contrast between PR blastocysts plus long 
conceptuses versus NP blastocysts plus short conceptuses re-
sulted in 3295 DEG for the integrated Bl_Zo-Cc data set and 
1742 for the Bl_SW-Cc data set. For the integrated Bl_Zo-Cc 
data set, 1302 genes were upregulated after the contrast, that 
is, genes that were more expressed in PR blastocysts than in 
NP blastocysts and even more expressed in long conceptuses 
than short conceptuses (Table  S1A). On the other hand, 
1993 genes were downregulated after the contrast, that is, 
more expressed in NP blastocysts than PR blastocysts and 
even more expressed in short conceptuses than long concep-
tuses. For the integrated Bl_SW-Cc data sets, the number of 
DEG was 742 upregulated genes and 1000 downregulated 
genes (Table  S1B). Figure  1 shows the expression pattern 
for the up- and downregulated genes for each data set. The 
overlap between up- and downregulated genes for each data 
set resulted in 341 competent genes: genes increasing in ex-
pression from a PR blastocyst to a long conceptus and 699 
noncompetent genes: genes increasing in expression from 
an NP blastocyst to a short conceptus (Figure 2; Table S1C).

Functional analysis using KEGG pathways showed that 
the 341 competent genes were enriched in Metabolic pathways 
(bta01100; 70 genes, FDR = 7.2 × 10−10), Glycolysis/glucone-
ogenesis (bta00010; 9 genes, FDR = 0.003), and Glycerolipid 
metabolism (bta00561; 8 genes, FDR  =  0.02), while the 
669 noncompetent genes were enriched in Spliceosome 
(bta03040; 29 genes, FDR = 2.4 × 10−10), Ribosome biogen-
esis in eukaryotes (bta03008; 20 genes, FDR = 2.4 × 10−08), 

Cell cycle (bta04110; 16 genes, FDR  =  0.004), RNA poly-
merase (bta03020, eight genes, FDR = 0.01), and RNA deg-
radation (bta03018, 11 genes, FDR = 0.02). In total, 70 and 
79 competent and noncompetent genes, respectively, were 
involved in these pathways, which were employed to define 
the biomarker genes (Table S1D).

3.2  |  Selected biomarker genes 
discriminate between PR and NP samples

From the set of all genes in the pathways described above, 
there were eight genes (three competent and five noncom-
petent; Table 2) that, after application of sPLS-DA and lin-
ear discriminant analysis, best discriminated between PR 
and NP samples in the Bl_IVV data set. Figure 3 depicts the 
distribution of PR and NP samples in a PCA plot and hierar-
chical clustering analysis based on the expression of all the 
competent and noncompetent genes (1040 genes; panel A), 
genes in the enriched KEGG pathways (149 genes; panel B) 
and the eight biomarker genes (panel C). As expected, full 
discrimination between NP and PR samples was achieved 
using the expression of the eight biomarker genes.

Of the eight biomarker genes, the three competent 
genes were involved in functional terms related to carbo-
hydrate metabolism glycolysis, oxidoreductase activity, 
and chondroitin and aldehyde biosynthesis (Table  S2A), 
and the five noncompetent genes were enriched in terms 
involved in RNA metabolism, gene expression, spliceo-
some, and cell cycle (Table S2B).

3.3  |  Expression of the biomarker genes 
predicts embryonic competence in the 
validation data sets

The rationale was that modeling with the expression 
signature of the eight discriminating genes between PR 
and NP IVV-produced blastocysts would predict embry-
onic competence in independent embryo transcriptomic 
data. Therefore, it was expected that predictions for each 
validation data set would indicate increased competence 
for PR IVT-produced blastocysts (Bl_IVT), embryos cul-
tured under normal conditions (Bl_SubOp), long concep-
tuses (CcGr3), and long conceptuses developed in an HF 
heifer (Cc_HFSF), whereas “noncompetence” would be 
predicted for NP IVT-produced blastocysts (Bl_IVT), em-
bryos cultured under suboptimal conditions (Bl_SubOp), 
short and grade 3 conceptuses (CcGr3), and conceptuses 
obtained from SF or HF heifers, but classified as short in 
the last case (Cc_HFSF).

Figure 4 shows the sample distribution in the PCA and 
hierarchical clustering plots for the integrated data sets 
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between Bl_IVV and each validation data set, according to 
the expression of all the genes in common among the data 
sets, or only the biomarker genes, and the corresponding 
coefficient of the linear discriminant. Competent and 
noncompetent samples were better separated when the 
expression of the biomarker genes was considered rather 
than the expression of all genes. Accordingly, the accu-
racy of the predictions for each validation data set using a 
BLR or NN was higher than 85% (Table 3), suggesting that 
these genes play a key role in embryo survival.

The standardized expression for the competent and 
noncompetent genes in the competent and noncompe-
tent embryos on each data set is depicted in Figure  5. 
Competent genes are more expressed in PR IVV-produced 

blastocysts (Bl_IVV), embryos cultured under normal 
conditions (CcGr3), and long conceptuses (CcGr3, and 
Cc_HFSF). However, there are no differences in the ex-
pression of these genes for PR and NP IVT-produced blas-
tocysts (Bl_IVT). On the other hand, noncompetent genes 
are less expressed in the competent (or PR) embryos in all 
the data sets, including Bl_IVT.

4   |   DISCUSSION

Given that most pregnancy losses occur during early ges-
tation, numerous efforts have been made to identify the 
genes involved in embryonic competence and survival 

F I G U R E  2   Comparison between differentially expressed genes (DEG). The Venn diagram shows the overlap between DEG that were 
upregulated or downregulated for each integrated data set, as explained in Figure 1.

T A B L E  2   List of candidate biomarker genes selected by linear discrimination from the group of genes classified as competent or not 
according to the differential expression between blastocysts that resulted in pregnancy/long conceptuses and blastocysts that did not result 
in pregnancy/short conceptuses.

Ensembl ID Entrez ID
Official 
symbol Gene name Chr Classification

ENSBTAG00000003989 505642 GSTO1 Glutathione S-transferase omega 1 26 Competent

ENSBTAG00000007357 281690 CHSY1 Chondroitin sulfate synthase 1 21 Competent

ENSBTAG00000019782 281543 TPI1 Triosephosphate isomerase 1 5 Competent

ENSBTAG00000004077 286862 YWHAG Tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase 
activation protein gamma

25 Noncompetent

ENSBTAG00000004943 281667 CCNA2 Cyclin A2 6 Noncompetent

ENSBTAG00000008578 613634 LSM4 LSM4 homolog, U6 small-nuclear 
RNA, and mRNA degradation 
associated

7 Noncompetent

ENSBTAG00000011046 515462 CDK7 Cyclin-dependent kinase 7 20 Noncompetent

ENSBTAG00000016023 515145 EIF4A3 Eukaryotic translation initiation 
factor 4A3

19 Noncompetent
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after deposition in the recipient uterus. Here, we at-
tempted to increase the knowledge in that area by using 
bioinformatics and machine-learning approaches to inte-
grate data sets from different sources and transcriptomic 
platforms, identify putative biomarkers genes, and vali-
date these genes using independent data sets. Embryo sur-
vival after ET depends not only on its intrinsic properties 
but also on the maternal reproductive tract environment 
(reviewed in40) and culture conditions if the embryo was 
produced IVT (reviewed in41,42). Therefore, the applica-
tion of mathematical algorithms to biological data is chal-
lenging and subject to errors. The approach followed in 
the present study to identify potential critical genes for 
embryo survival attempted to follow a physiological sce-
nario. First, data from IVV-produced blastocyst were inte-
grated with data from IVV-produced day-15 conceptuses 
to avoid any potential confounding effects of IVT condi-
tions.22 This first step aimed to determine those genes that 
were more expressed in the PR than in the NP blastocyst 
and even more expressed in long conceptuses than short 
conceptuses and vice versa. The rationale was that genes 
involved in embryonic competence should continue in-
creasing (or decreasing) in expression from the blastocyst 
to the elongated conceptus stage. Functional analysis re-
vealed that “competent” genes (those that should increase 
in expression from blastocyst to elongated conceptus) 
were involved in energy metabolisms, such as glycolysis 
and gluconeogenesis. In contrast, “noncompetent” genes 
(those that should decrease in expression from blastocyst 
to elongated conceptus) were related to mRNA process-
ing. These results are consistent with the literature: glu-
cose uptake and utilization are critical for embryo survival 
and development43,44 and increase from the blastocyst to 

the expanded blastocyst stage in the bovine.45 Glycolysis/
gluconeogenesis, oxidative phosphorylation, and carbon 
metabolism, among others, were also identified as en-
riched pathways by the IVV-produced blastocysts result-
ing in pregnancy in the study by Salilew-Wondim et al.12 
Downregulation of genes involved in mRNA processing 
in competent embryos might be explained through the 
“quiet embryo hypothesis” proposed by Leese46: viable 
embryos favor a metabolism that is “quiet” rather than 
“active” as they are required to expend less energy rectify-
ing damage to the genome, transcriptome, and proteome. 
RNA and protein synthesis can account for about 12% 
and 20%, respectively, of the total energy consumption.47 
Indeed, consistent with this hypothesis, it has been shown 
that fresh and frozen human embryos with higher capac-
ity for development had a lower rate of amino acid deple-
tion, appearance, and turnover than arresting embryos.48 
Therefore, decreasing the expression of genes involved in 
certain steps of mRNA processing might impact specific 
biological functions and favor development beyond the 
blastocyst stage.

After determining the potential genes related to com-
petence, the next step was to define those that would 
behave as biomarkers at the blastocyst stage. Narrowing 
the 70 competent and 79 noncompetent genes through 
bioinformatics approaches, we could identify eight po-
tential biomarkers. The 3 competent biomarkers were 
glutathione S-transferase omega 1 (GST1), chondroitin 
sulfate synthase 1 (CHSY1), and triosephosphate isomer-
ase 1 (TPI1), all of which have essential roles in cellular 
metabolism. GST1 is a member of a multigene family of 
isoenzymes, which have been shown to modulate signal 
transduction pathways controlling cell proliferation and 

T A B L E  3   Evaluation metrics correspond to the classifications of embryonic competence based on the expression of eight biomarker 
genes.

Classifier

Bl_IVT Bl_SubOp CcGr3 Cc_HFSF

BLR NN33 BLR NN39 BLR NN14 BLR NN30

Accuracy 96.15 96.15 85.29 88.24 100 100 86.96 100

Accuracy p value 0.0002 0.0002 1.93 × 10−05 3.0810−06 0.002 0.002 0.019 5.37 × 10−05

Mcnemar p value 1 1 0.074 0.134 — — 1 —

Sensitivity 100.00 100.00 70.59 76.47 100 100 75.00 100

Specificity 94.12 94.12 100.00 100.00 100 100 93.33 100

Pos Pred value 90.00 90.00 100.00 100.00 100 100 85.71 100

Neg Pred value 100.00 100.00 77.27 80.95 100 100 87.50 100

Misclassified One NP sample Five controls Four controls Two long and 
one short HF

Note: The training data sets were data obtained from blastocysts produced in vivo and classified as pregnant (PR) or not (NP). The testing data sets were data 
from Bl_IVT: blastocysts produced in vitro and classified as PR or NP; Bl_SubOp: blastocysts cultured or not under suboptimal conditions; CcGr3 = long, 
short, and grade 3 day 15 conceptuses; and Cc_HFSF: long and short conceptuses developed in high-fertile (HF) or subfertile (SF) heifers. The classifiers were 
Bayesian logistic regression (BLR) and neural network (NN), with the number of hidden units shown in parenthesis.
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cell death (reviewed in49). The omega is an atypical cyto-
solic class, and it regulates genes involved in cellular stress 
response, steroid metabolism, transcription, and cytoskel-
eton organization.50 Furthermore, inhibition or knock-
down of GST1 downregulated the Wnt inhibitor dickkopf 
1,50 a progestomedin that promotes conceptus elonga-
tion.51 CHSY1 synthesizes chondroitin sulfate, one of the 
major glycosaminoglycans of the extracellular matrix, reg-
ulating cell growth, differentiation, morphogenesis, and, 
thus, embryo development.52 Finally, TPI1 catalyzes the 
interconversion of dihydroxyacetone phosphate and glyc-
eraldehyde 3-phosphate in glycolysis and gluconeogenesis 
pathways53 and has been found to be one of the most abun-
dant proteins in the cultured trophectoderm cells of 8-day 
cattle embryos.54 Conversely, two of the five noncompe-
tent biomarkers are key cell cycle regulators: cyclin A2 
(CCNA2) and cyclin-dependent kinase 7 (CDK7). Cyclin 
A2 is required at two critical points during the mitotic cell 
cycle of somatic adult cells: G1- to S-phase transition and 
entry into mitosis.55 However, Ccna2-null mutant murine 
embryos can develop normally from the four-cell to the 
postimplantation stage, indicating it is not essential for 
DNA replication in the early mouse embryo.56 CDK7 asso-
ciates with two regulatory subunits: cyclin H, which acti-
vates it, and the RING finger protein Mat1 (ménage-à-trois 
1) to form the trimeric CDK7-cyclin H-Mat1 complex.57,58 
In mouse embryos, cyclin H is important in the normal 
expansion of the intracellular mass (ICM) from the blasto-
cyst stage, although reduced levels did not impair ICM for-
mation. Thus, it is unknown whether cyclin H is required 
for development to the blastocyst stage.59 Another rele-
vant noncompetent gene is eukaryotic translation initia-
tion factor 4A3 (EIF4A3), an element of the exon junction 
complex, which contains proteins playing critical roles in 
postsplicing events such as mRNA export, cytoplasmic 
localization, and nonsense-mediated decay.60 In addition, 
it has been shown in zebrafish embryos that EIF4A3 can 
regulate the Wnt/β-catenin-signaling pathway,61 which is 
also involved in blastocyst and ICM formation in the bo-
vine embryo.62 This gene was also significantly downreg-
ulated in the bovine blastocyst compared with the morula 
stage.63 Undoubtedly, the product of these noncompetent 
genes, including YWHAG (tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein gamma), 
a highly conserved protein that mediates signal transduc-
tion by binding to phosphoserine-containing proteins, 
and LSM4 (LSM4 homolog), U6 small-nuclear RNA, 
and mRNA degradation associated, an LSM protein that 
attaches to the 3′-terminal oligo(U) tract of U6 snRNA 
and plays a role in pre-mRNA splicing are critical compo-
nents of the cellular machinery for cell cycle progression. 
Splicing errors frequently occur in the preimplantation 
embryo and are an important component of attenuated 

responses of the early embryo to DNA damage.64 While 
some studies indicate that expression of the correspond-
ing genes might not be necessary for the blastocyst,56,59,63 
our integrated data analysis suggests that their expression 
should be downregulated for embryo survival.

We demonstrated here that the expression of the eight 
biomarker genes strongly discriminated samples from IVV 
PR and NP blastocysts obtained from two different experi-
ments (Bl_Zo and Bl_SW) and can be employed to construct 
a predictive model of embryo survival. The expressions of 
these biomarkers in samples from external independent 
data sets were used to validate this model. Predictions in 
the Bl_IVT data set were consistent between both BLR 
and NN models. All PR samples were correctly classified 
as such, while the same NP blastocyst was misclassified as 
PR by both models. Samples obtained from IVT-produced 
blastocysts that resulted in pregnancy were expected to be 
classified as such. However, the single NP blastocyst classi-
fied as PR could have been a competent embryo that did not 
result in pregnancy because of the sampling technique or 
other factors. An interesting finding is that the expression 
of competent genes between the PR and NP IVT-produced 
blastocysts did not differ, so the prediction was based on 
the expression of the noncompetent genes. Searching for 
candidate biomarker genes was done with data from IVV 
embryos and may have differed if data from IVT embryos 
were employed instead. Also, both the intrinsic quality of 
the IVT-produced embryo and the quality of the recipient 
animal determine whether an embryo leads to pregnancy 
after ET. Therefore, even an embryo with strong expression 
of the competent genes does not necessarily lead to preg-
nancy if the recipient animal is unsuitable. High expression 
of noncompetent genes, on the other hand, does not lead 
to pregnancy in any case, regardless of the quality of the 
recipient animals. In addition, the lack of upregulation of 
the competent genes might be one of the reasons for which 
the transfer of IVT-produced embryos results in lower 
pregnancy rates than IVV-produced counterparts.8 Support 
for this hypothesis comes from the fact that the addition 
of glycosaminoglycans (synthesized in part by CHSY1, see 
above) to the culture medium improved the development of 
IVT-produced embryos in cattle65 and pigs.66 Of course, fur-
ther experiments would be needed to confirm this theory. 
Although embryos in the Bl_SubOp data set were also pro-
duced IVT, they were treated with detrimental agents, and 
thus, expression of these genes would be downregulated 
in these embryos compared to the controls. Regarding this 
data set (Bl_SubOp), both BLR and NN models predicted 
five and four control samples as noncompetent or NP. As 
mentioned earlier, samples from this data set were obtained 
from blastocysts exposed to oxidative stress during culture 
from day 3 to day 736 or high NEFA levels during 6.5 days of 
embryo culture.33 Gene expression was evaluated in those 
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embryos that reached the blastocyst stage. Although these 
embryos were not transferred to a recipient, it is assumed 
that their ability to establish and maintain a pregnancy 
would be compromised. Interestingly, both BLR and NN 
models classified all the NEFA/BSO/AAPH-treated em-
bryos as noncompetent while five (BLR) and four (NN) 
control embryos (three in common) were classified as such, 
suggesting that these embryos would not be able to estab-
lish a pregnancy. The expression of competent and non-
competent genes in control or treated embryos followed 
a similar pattern than for Bl_IVV, CcGr3, and Cc_HFSF. 
Also, the authors of these data sets found that exposure to 
the pro-oxidant BSO agent downregulated TPI1 while up-
regulated EIF4A2 compared with controls.36

Even when the model was constructed with the Bl_IVV 
data set, that is, data from the IVV-produced blastocysts, 
predictions in the elongated conceptuses were highly ac-
curate. For the CcGr3 data set, both BLR and NN models 
predicted, as expected, short and long conceptuses as non-
competent, or NP, and competent, or PR, respectively. In 
addition, elongated conceptuses generated from grade 3 
blastocysts were predicted as noncompetent. The authors 
of this data set21 did not find DEG between conceptuses 
derived from grade 1 or grade 3 day-7 embryos probably 
because those grade 3 conceptuses that continued until 
day 15 of gestation were the most developmentally com-
petent, as a much lower proportion of elongated concep-
tuses derived from grade 3 day-7 embryos were recovered 
at day 15 (18.3%), compared with those derived from 
grade 1 embryos (61.3%). Nevertheless, these conceptuses 
were classified as noncompetent according to the expres-
sion of the biomarker genes, suggesting that they might 
have experienced pregnancy loss subsequently. Finally, 
concerning the Cc_HFSF data set, all the conceptuses 
developed in SF heifers were predicted as noncompetent 
by both BLR and NN models, highlighting the influence 
of the endometrium on the transcriptomic profile of the 
conceptus. Indeed, given the sensing ability of the endo-
metrium, dysregulation of the conceptus–endometrial 
interactions can lead to pregnancy loss after conceptus 
elongation.67,68 On the other hand, all the long and short 
conceptuses collected from HF heifers were correctly 
predicted as competent or not, respectively, by the NN 
model, whereas the BLR model misclassified only two 
long and one short conceptus. The authors of the original 
study37 reported 1287 DEG between HF and SF concep-
tuses but only 18 DEG between short- and long-HF con-
ceptuses, highlighting the effect of the uterine fertility 
status. Nevertheless, our results suggest that the length 
of elongated conceptus affects its likelihood of survival, 
even when it develops in an optimal environment, which 
underlines the importance of the intrinsic characteristics 
of the embryo.

In conclusion, this study integrated seven bovine em-
bryonic data sets through bioinformatic and machine-
learning approaches to identify a small set of genes capable 
of predicting embryonic competence. Although data were 
obtained from seven independent experiments and gener-
ated through different sources, the results were consistent 
and biologically relevant. Furthermore, they can help to 
understand factors involved in pregnancy establishment 
after embryo transfer and to identify related noninvasively 
quantifiable molecules, such as specific microRNAs and 
metabolites, to develop a robust and practical method for 
embryo evaluation.
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