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Male Embryos Produced in vitro Deviate From Their in vivo Counterparts in Placental Gene Expression on Day 32 of Pregnancy
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This study compared the gene expression of extraembryonic membranes (EEM) from in vitro produced (IVP) and in vivo (AI) derived pregnancies. A piece of conceptus (day 18) or chorioallantois (day 32) was used for DNA and RNA isolation and sex determination. Male and female ratios were analyzed by Chi-square. A total of three samples per sex and group (AI and IVP, days 18 and 32) were used for transcriptome analysis. Differentially expressed genes (DEGs) were determined using edgeR-robust. A false discovery rate (FDR) <0.05 was used for statistical significance. Sex ratio was similar on day 18 for AI and IVP groups. On day 32, the IVP group had a greater number of females than males (75 vs. 25%, P = 0.004). When comparing AI and IVP males vs. females, in both groups, genes upregulated in females on day 18 were related to placental function such as PAGs and TKDPs. On males on day 18, IFNT-related genes were upregulated. Comparing the techniques within sex, on day 18 female conceptuses, 50 genes were upregulated in IVP, and 21 in AI. IGF2, which is involved in placenta development, and APOA2, APOB, and APOE, involved in lipid metabolism, were upregulated in IVP conceptuses. On day 18, males had 15 upregulated genes in AI and 7 in IVP. On day 32, females had 21 upregulated genes in AI and 53 in IVP. Genes involved in lipid synthesis and metabolism were increased in the IVP group. Males on day 32 presented 899 DEGs, 564 upregulated in AI and 335 in IVP. Embryos from IVP had decreased expression of genes related to lipid and carbohydrate metabolism. Interestingly, pregnancy-associated glycoproteins (PAG) 7, 9, 10, and 19, were downregulated in IVP male. In conclusion, IVP-derived male embryos were more susceptible to alterations in gene expression and these effects extend to the peri-implantation period including genes associated with placental development and markers of placental function.
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INTRODUCTION

It is generally accepted that embryos produced in vitro (IVP) differ in quality than in vivo-derived (IVD) embryos in terms of ultrastructure (Rizos et al., 2002a), gene expression profiles (Lonergan et al., 2003a,b; Gad et al., 2012), and cryotolerance (Rizos et al., 2002c). However, differences between IVP and IVD embryos have also been found past the blastocyst stage. When comparing the viability of IVP and IVD conceptuses on day 16 of pregnancy, more degenerated conceptuses (25 [7/28] vs. 5% [2/34]) and smaller embryonic discs were found in the IVP group compared to their IVD counterparts (Bertolini et al., 2002b). Furthermore, they seem to induce different endometrial gene expression during the peri-implantation period (15–20 days after fertilization), altering expression of genes associated with immune response and metabolism (Bauersachs et al., 2009; Mansouri-Attia et al., 2009; Sandra et al., 2011; Mathew et al., 2019).

Around day 18, genes involved in placental developmental such as the trophoblast Kunitz domain protein family (TKDPs) have been reported to have decreased expression in IVP conceptuses indicating potential differences in placental development between AI and IVP pregnancies (Hue et al., 2012; Betsha et al., 2013; Barnwell et al., 2016). Likewise, a contemporary comparison between embryo transfer (ET) of IVP embryos and artificial insemination (AI) reported pregnancies of 34% for ET vs. 50.3% for AI, and greater embryonic loss from days 30 to 60 for ET than AI [15.9 vs. 5.2% (Wiltbank et al., 2018)]. The increased number of losses of IVP pregnancies between days 30 and 90 have been attributed to some extent to reduced development of placental membranes and placental blood vessels (Hill et al., 2000), in part due to abnormal epigenetic reprogramming caused by the IVP systems (Bertolini et al., 2002a,b).

The development of the placenta is a critical process to pregnancy success, however, monitor their function or status can be challenging. In cattle, the pregnancy associated glycoproteins (PAGs), are products of trophoblast cells of the placenta, and can be measured in maternal blood (Wallace et al., 2015). In the bovine, the phylogenetically more ancient bovine PAGs, are usually found to be expressed mainly by mononucleated trophoblast cells although some are present in both mononucleated and binucleated cells (Green and Hennessy, 2018). The largest subgrouping of bovine PAGs has more recent origins and these are generally found to be restricted in their localization to binucleated cells and are considered modern PAGs (Green et al., 2000; Green and Hennessy, 2018). Due to their similarity with each other, up to date, they do not have specific antibodies to be individually detected in maternal circulation by common hormonal assays (Green et al., 2005; Wooding et al., 2005; Wallace et al., 2019), so their individual pattern of release is still unknown. Pohler et al. (2016) suggested that PAGs when measured as a group, might be present in distinct concentrations in pregnancies from in vitro vs. in vivo embryos. The circulating concentration of PAGs have been associated with pregnancy establishment and placentation and used as a pregnancy diagnostic tool (Green et al., 2000, 2005; Pohler et al., 2016). However, it is not known how much the individual PAGs expression varies between IVP and IVD embryos, as well as between males and females placentas.

Indeed, the IVP system seems to affect male and female embryos differently. For example, glucose supplementation in culture medium increases the male: female ratio at the blastocyst stage (Gutiérrez-Adán et al., 2001; Larson et al., 2001; Peippo et al., 2001). Differences in secretory activity have also been found between female and male IVP embryos, where female blastocysts release more IFNT in the culture medium than their male counterparts (Larson et al., 2001). This is further supported by other authors which reported a positive effect of the embryokine CSF2 on conceptus length and IFNT production in male embryos but not in females (Dobbs et al., 2014). Likewise, in humans and mice, its well-known that male embryos have greater vulnerability than females to environmental hazardous, altering the sex ratio (Radin et al., 2015), also suggesting that the uterine environment might alter the development of males and females differently.

Thus, the objective of this study was to investigate the sex effect on the transcriptome of IVP and IVD placentas on days 18 and 32 of pregnancy and to delineate biological pathways that contribute to pregnancy failure in IVP-derived pregnancies in cattle.



MATERIALS AND METHODS


Animal Management and Sample Collection

Details of the animals included in the study and methods for collections and management were detailed in Drum (2019) and in Figure 1. Briefly, a total of 162 Nelore (Bos indicus) cows were used, and from that, 40 cows were selected as oocyte donors. The remaining 122 cows were enrolled in a GnRH-BE synchronization protocol. On the day of artificial insemination (AI), 50 cows were inseminated, and the 73 were assigned to receive a single IVP embryo 6.5 days later if a corpus luteum was present. Pregnancy was confirmed by the presence of an elongated conceptus (day 18 uteri), or by ultrasonography on day 31 before slaughter (day 32 uteri). A total of 56 samples were collected being 25 AI and 31 IVP. The experiment was conducted at the Experimental Station Hildegard Georgina Von Pritzelwiltz, located in Londrina, PR, Brazil. Animal procedures were performed under the approval of the Animal Research Ethics Committee of the College of Agriculture (ESALQ)/University of São Paulo.
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FIGURE 1. Experimental design. Donors were aspirated (OPU) on day-1. On day 0, was the day of insemination (AI) for AI group. After 6.5 days, IVP group, received an embryo transfer (ET). On day 18, half of the animals from each group had the uterus collected. On day 32, cows confirmed pregnant were collected. A fragment of the conceptuses recovered on day 18 and placentas on day 32 days were collected and snap frozen for posterior RNA/DNA extraction.




Ovum Pick-Up and in vitro Embryo Production

On day-1, 40 cows previously selected had OPU performed by a trained technician, following the procedure previously described (Seneda et al., 2001). Visible follicles > 2 mm in diameter were aspirated using a real-time B-mode ultrasound scanner, equipped with a 7.5-MHz convex array transducer (Mindray DP 2200, Mindray Bio-Medical Electronics Co. Ltd., Shenzhen, China) fitted into an intravaginal guide and a stainless-steel guide. The follicular puncture was performed using a disposable 19-gauge hypodermic needle connected to a 50-mL conical tube via silicon tubing (0.8 mm; 2.0 mm id). Aspiration was performed using a vacuum pump (WTA, Watanabe, Cravinhos, SP, Brazil) with a negative pressure of 60 mm Hg. The collection medium used was phosphate buffer solution (PBS, Nutricell, Campinas, SP, Brazil) with 10,000 IU/L sodium heparin (Sigma H-3149). After aspiration, fluid was filtered and backwash into a petri dish containing fresh collection medium as previously described (Seneda et al., 2001). Cumulus-oocyte complexes (COCs) were recovered and classified according to the presence of cumulus cells layers and ooplasm quality using the criteria: more than three layers of cumulus cells was classified as good, at least one layer of cumulus cells was classified as regular, and atretic with dark cumulus or no cumulus cells and signs of cytoplasmic degeneration were considered denuded or atretic. Good and regular oocytes were considered viable and used, whereas denuded and atretic oocytes were discarded. Procedures for in vitro maturation (IVM), in vitro fertilization (IVF), and in vitro culture (IVC) were performed as previously described by Seneda et al. (2001) and Silva-Santos et al. (2014). For fertilization, frozen/thawed sperm were used from the same Aberdeen Angus sire used for AI. By the end of IVC, embryos were evaluated on d6 (d0 = day of IVF and day of AI for the control group) according to International Embryo Technology Society (IETS) criteria (Stringfellow and Seidel, 1998).



Pregnancy Diagnosis and Tissue Processing

Cows were slaughtered on day 18 and 32 after AI (d0). On each of the collection days, the uteri were collected immediately after slaughter. The tracts were placed in plastic bags and kept on ice until processing. For the day 18 group, uteri were flushed using 20 mL of sterile saline solution. Pregnancy was confirmed by the presence of an elongated conceptus. Conceptuses were disposed linearly in a petri dish and measured using a ruler. For cows slaughtered on day 32, 1 day before slaughter (day 31), pregnancy diagnosis was performed using ultrasonography to detect fetal heart beating and only pregnant cows were collected. A piece of trophectoderm on day 18 or chorioallantois on day 32 were snap frozen for posterior analysis.



Circulating Concentration of PAG 1

The PAG1 concentration were analyzed from blood collected at the time of the pregnancy diagnosis on day 31. Blood samples were collected by puncture of the coccygeal vein or artery into evacuated 10 mL tubes containing sodium heparin (Vacutainer, Dickinson, Franklin Lakes, NJ). Immediately after collection, the tubes were placed on ice and kept refrigerated until processing. Blood samples were centrifuged at 1,700 x g for 15 min and aliquots of plasma were frozen and stored in duplicates at −20°C until assayed. A commercial quantitative ELISA assay kit was used (Biopryn, BioTracking LLC, Moscow, ID) as previously described (Toledo et al., 2017; Drum et al., 2020).



DNA and RNA Isolation

Total DNA and RNA from day 18 conceptuses were isolated from a maximum of 30 mg of tissue using the All-Prep DNA/RNA/Protein Mini kit (Qiagen, Valencia, CA), according to the manufacturer's protocol. For day 32 placentas, total RNA was isolated using Tri Reagent (Molecular Research Center, Cincinnati, OH) according to the manufacturer's instructions. In both, RNA was treated with DNaseI during RNA purification using the RNase-Free DNase Set (Qiagen) to eliminate DNA contamination. A separate piece was used for DNA isolation following previously described procedures (Ortega et al., 2018). Briefly, a small piece of tissue was collected using a pipette tip and added to a tube containing 6 μl of embryo lysis buffer and subjected to incubation at 60°C for 30 m, followed by 10 m at 85°C in an Eppendorf Mastercycler® Nexus (Eppendorf, Hauppauge, NY). The RNA and DNA concentrations were measured using NanoDrop 2000 spectrophotometer (Thermo Scientific, Rockford, IL), and RNA integrity was determined by quantitative high sensitivity RNA analysis on the Fragment Analyzer instrument (Advanced Analytical Technologies, Inc., Ankeny, IA).



Sex Determination of Embryos

All the conceptuses/placentas were sexed using a polymerase chain reaction (PCR). The primers and procedure were performed as previously described (Park et al., 2001; Xiao et al., 2021). Briefly, each PCR reaction consisted of 3 μL of DNA sample, 2 μL of 10X PCR buffer, 1.6 μL of dNTPs mix (0.4 mM each dNTP), 0.4 μL of each primer (10 μM primer solution), 0.25 μL of Hot-Start Taq-polymerase (Takara Bio, Mountain View, CA, USA), and 12.35 μL of nuclease-free water for a total volume reaction of 17 μL. A Y-linked region of DNA was amplified for 20 cycles of 95°C for 15 s, 58°C for 15 s, and 72°C for 15 s in the first round of PCR. Subsequently, 1 μL of primers amplifying an autosomal gene was added to the resulting PCR reaction, and an additional 17 cycles of PCR were performed under the same conditions. PCR Products (20 μL) were mixed with 5 μL of Orange Dye and fragments were separated by electrophoresis in a 1.5% (wt/vol) agarose gel. The sex of the embryo was determined as male if both the Y-linked amplicon and autosomal amplicon were present and as female if the only amplicon present was the autosomal amplicon. From the cohort of embryos collected, three samples per sex/group/day were chosen for transcriptome analysis.



RNA-Sequencing and Sample Selection

Samples were sequenced to an average read count of 50 million per sample using 75 bp paired-end sequencing carried out on the Illumina NovaSeq by the University of Missouri Genomics Technology Core and GENOHUB facilities as previously described (Geary et al., 2016). The quality of fastq files of sequences data was checked with a FastQC tool (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Illumina adapters were trimmed and reads with fewer than 10 nucleotides were discarded. After quality control, reads were mapped to the bovine reference genome (Bos_taurus.ARS-UCD1.2) using the Hisat2 (Kim et al., 2015). Read counts were determined using FeatureCounts program (Liao et al., 2014). Differentially expressed genes (DEGs) between sample groups were determined by edgeR-robust (Zhou et al., 2014), using a false discovery rate (FDR) <0.05 was used as a threshold for statistical significance. Two main comparisons were made according to the sex of the embryos: first, the source of the embryo (AI vs. IVP) and second, the day of pregnancy (day 18 vs. 32). The DEGs found in each comparison were subjected to gene enrichment analysis using the ToppFun algorithm (Chen et al., 2009).



Statistical Analysis

For PAG 1 concentration and conceptus length the statistical analysis was performed with group effects using the MIXED procedure with models fitting a Gaussian distribution of the statistical analysis system SAS (V9.4) and are presented in Means ± SEM. The male and female ratio among groups was analyzed by Chi-square. Differences were considered significant for P ≤ 0.05.




RESULTS


Embryo Production and Pregnancy Rate

An average of 27.0% (159/588) blastocyst rate per the total number of cumulus-oocyte-complexes (COCs) collected and 34.2% (129/465) blastocyst rate per viable COCs were obtained. A total of 73 high-quality expanded blastocysts (7-1) were transferred, of which, 38 resulted in a pregnancy (52% P/ET). From these pregnancies, there was 33.87% P/ET (17/39) on day 18 and 61.76% (21/34) on day 32. The AI group had 30 pregnancies from 50 inseminations (60% P/AI), being even in both groups (15/25 day 18 and 15/25 day 32. Embryos not consistent with the stage (<17 cm), or fragmented, making the measurement unfeasible, were excluded from the further analysis.



Conceptus Length, Sex Ratio, and PAG 1 Concentration

The sex ratio for each group is depicted in Table 1. The only group that presented a significant difference (P = 0.004) in the sex ratio was day 32 for the IVP group, where 75% of the embryos were females. There was no difference (P > 0.05) in conceptus length comparing males and females (Figure 2A), or on circulating PAG1 on day 32 (Figure 2B).


Table 1. Sex ratio for embryos from artificial insemination (AI) or produced in vitro (IVP) on days 18 and 32 of pregnancy.
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FIGURE 2. Physical and endocrine comparison of female and male pregnancies at day 18 and 32 of development. (A) Distribution of the length of conceptuses on day 18 from AI or IVP. (B) Circulating concentrations of pregnancy associated glycoprotein 1 (PAG1) on day 31 of pregnancy, comparing sex and technique. Data are least square means ± SEM. Mean conceptus length is represented by the dashed line.




Female vs. Male Within Technique

There were 8,266 DEGs on day 18, with increased expression of 3,973 genes in females and 4,293 in male conceptuses (Figure 3A). Interestingly, 15 genes from the PAGs family (PAG3, PAG4, PAG5, PAG6, PAG7, PAG8, PAG9, PAG10, PAG14, PAG16, PAG17, PAG18, PAG20 and PAG21; Figure 3B) and TKDPs (TKDP1, TKPD2 and TKPD4) were found increased in female conceptuses. On the other hand, PAG1 was found increased in the male conceptuses (Figure 3B), as well as genes related to maternal recognition of pregnancy, such as IFNAR1, IFN-TAU, IFNT, and IFNT2. Gene ontology of biological processes and pathways are shown in Supplementary Tables 1–4. On day 32, 8,694 DEGs were found, with 5,174 genes with increased expression in females and 3,520 in male placentas (Figure 3C). Among the genes with increased expression in female placentas are TKDP4, PLAC8A and PLAC8B, while PAG1, IFNAR1, IGF1 and IGF2R were increased in male placentas (Figure 3D). Gene ontology of biological processes and pathways are shown in Supplementary Tables 5–8.
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FIGURE 3. Differentially expressed genes (DEGs) of the AI extraembryonic membranes comparing male vs female. (A) Volcano plot representing the number of DEGs comparing male vs female on day 18 conceptuses. Black dots are not significant (FDR > 0.05), Red dots are significant (FDR < 0.05), Gray line at FDR = 0.05, Black dashed lines delimit Fold Change (FC) −1.3 to 1.3. (B) Representative genes upregulated in the female conceptuses (PAG9) and in male conceptuses (PAG1). (C) Volcano plot representing the number of DEGs comparing male vs female on day 32 conceptuses. Black dots are not significant (FDR > 0.05), Red dots are significant (FDR < 0.05), Gray line at FDR = 0.05, Black dashed lines delimit Fold Change at−1.3 to 1.3. (D) Representative gene upregulated in the female conceptuses (PAG6) and in the male conceptuses (PAG1). *FDR < 0.05. AI, artificial insemination.


When comparing males and females IVP conceptuses and placentas, on day 18, there were 6,753 DEGs, with 3,091 genes increased in females, and 3,662 in male conceptuses (Figure 4A). Similar to what was found in AI, some genes identified with increased expression in female conceptuses belong to the PAGs family: PAG8, PAG6, PAG19, PAG18, PAG17, PAG12, and PAG10, as well as TKDP4 and PLAC8A which are also associated with placental function. In male conceptuses, there was increased expression of IFNT, IFNT2 IFNT3, and IFN-T (Figure 4B). Gene ontology of biological processes and pathways are shown in Supplementary Tables 9–12. On day 32, there were 6772 DEGs, with 3,252 genes with increased expression in female, and 3,520 in male placentas (Figure 4C). Among the genes increased in female placentas are genes involved in placentation: PAG17, PAG19, PAG9, and PLAC8B (Figure 4D). On the other hand, similar to AI placentas, PAG1 was detected as highly expressed in male placentas (Figure 4D). Gene ontology of biological processes and pathways are shown in Supplementary Tables 13–16.
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FIGURE 4. Differentially expressed genes (DEGs) of the IVP extraembryonic membranes comparing male vs. female. (A) Volcano plot representing the number of DEGs comparing male vs female on day 18 conceptuses. Black dots are not significant (FDR > 0.05), Red dots are significant (FDR < 0.05), Gray line at FDR = 0.05, Black dashed lines delimit Fold Change at −1.3 to 1.3. (B) Representative genes upregulated in the female conceptuses (PAG12) and in male conceptuses (IFNT). (C) Volcano plot representing the number of DEGs comparing male vs female on day 32 conceptuses. Black dots are not significant (FDR > 0.05), Red dots are significant (FDR < 0.05), Gray line at FDR = 0.05, Black dashed lines delimit FC −1.3 to 1.3. (D) Representative gene upregulated in the female conceptuses (PAG10) and in the male conceptuses (PAG1). *FDR < 0.05. IVP, in vitro produced embryos.




In vitro Derived vs. AI Embryos Within Sex

The total number of DEGs for the comparisons AI vs. IVP are depicted in Supplementary Figure 1. There were 71 DEGs between IVP and AI female conceptuses, with 50 genes were increased in the IVP group and 21 in the AI group (Figure 5A; Supplementary Table 17). Genes related to the IGF system (IGF2, IGFBP4H), interferon-stimulated genes (ISG15), steroid synthesis (CYP11A1), and lipid metabolism (APOB, APOA2, APOE) were increased in IVP group (Figure 5B). On the other hand, genes related to prostaglandin metabolism (PTGR1) and trophoblast growth (TKDP2) were increased in the AI group (Figure 5B). On day 32, female placentas had 74 DEGs, with 21 increased in AI and 53 in IVP placentas (Figure 5C; Supplementary Table 18). Interestingly, a gene with increased expression in the AI group is associated with steroid synthesis (CYP17A1; Figure 5D). Genes associated with lipoprotein metabolism (APOB, APOH), prostaglandin synthesis (PTGIS), and IGF-system (IGFBP1) were found also increased in the IVP group (Figure 5D).
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FIGURE 5. Differentially expressed genes (DEGs) in female conceptuses on day 18 and in female placentas on day 32. (A) Volcano plot representing the number of DEGs comparing IVP vs AI on day 18 conceptuses. Black dots are not significant (FDR > 0.05), Red dots are significant (FDR < 0.05), Gray line at FDR = 0.05, Black dashed lines delimit FC −1.3 to 1.3. Representative DEGs of important roles during this time period are shown in (B). (C) Volcano plot representing the number of DEGs comparing IVP vs AI on day 32 conceptuses. Black dots are not significant (FDR > 0.05), Red dots are significant (FDR < 0.05), Gray line at FDR = 0.05, Black dashed lines delimit FC −1.3 to 1.3. Some representative DEGs of important roles during this time period are shown in (D). *FDR < 0.05. AI, artificial insemination; IVP, in vitro produced embryos.


For male conceptuses on day 18, 22 DEGs were found, with 15 being increased in AI and 7 in IVP conceptuses (Figure 6A; Supplementary Table 19). The heat shock protein (HSPA1A) was increased in the IVP male conceptuses, while collagen type V alpha 2 chain gene (COL5A2) and a gene related to lipid metabolism (MTTP) were increased in AI conceptuses (Figure 6B). In contrast, male placentas on day 32 had 899 DEGs, 564 upregulated in AI, and 335 in IVP placentas (Figure 6C). In IVP male placentas, gene ontology terms associated with upregulated genes were related to embryo development (SOX11, COL1A1, SOX6, COL5A1, COL7A1, COL11A1), embryo morphogenesis (MYH3, AHI1, PDGFRA, PAX8, PAX2, PAX3, etc.), and developmental growth (EPPK1, PDGFRB, ESR1, PTPRS, GLI3, COL9A1, COL27A1, APOE). For male AI placentas, the increased genes were associated with lipid metabolism (SLC25A17, PLA2G3, LGMN, CYP51A1, AKR1D1, PTDSS1, SLC16A11, HSD17B12, CYP2U1, TNFRSF1A, HSD17B11) and carbohydrate metabolism (GALNT1, GALNT2, GALNT3, TMEM165, SLC35B2, TMEM258, HSD17B12, COX7A2L). Interestingly, pregnancy associated glycoproteins (PAG10, PAG19, PAG7, and PAG9) and PLAC8B were found to have decreased expression in the IVP group (Figure 6D). The complete list of gene ontology terms for biological processes and pathways with increased or decreased expression in IVP embryos are shown in Supplementary Tables 20–23.
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FIGURE 6. Differentially expressed genes (DEGs) of the male conceptuses on day 18 and placentas on day 32. (A) Volcano plot representing the number of DEGs comparing IVP vs AI on day 18 conceptuses. Black dots are not significant (FDR >0.05), Red dots are significant (FDR < 0.05), Gray line at FDR = 0.05, Black dashed lines delimit FC −1.3 to 1.3. Some representative DEGs of important roles during this time period, are shown in (B). (C) Volcano plot representing the number of DEGs comparing IVP vs AI on day 32 conceptuses. Black dots are not significant (FDR >0.05), Red dots are significant (FDR < 0.05), Gray line at FDR = 0.05, Black dashed lines delimit FC −1.3 to 1.3. Some representative DEGs of important roles during this time period are shown in (D) *FDR < 0.05. AI, artificial insemination; IVP, in vitro produced embryos.





DISCUSSION

Embryo manipulation has an important impact on pregnancy outcomes (Wiltbank et al., 2018). Differences between IVP and IVD embryos have been previously reported regarding embryonic disc diameter (Bertolini et al., 2002a,b), gene expression at the blastocyst stage (Driver et al., 2012), endometrium response to the embryo (Bauersachs et al., 2009; Mansouri-Attia et al., 2009; Sandra et al., 2011; Mathew et al., 2019) or pregnancy rate (Wiltbank et al., 2016). This study has its uniqueness by providing important new information regarding the endocrine and molecular profiles in two different periods, through IFNT and post-IFNT releasing period in pregnancy. Several studies have described the differences between IVP and IVD embryos, especially comparing the first days of development (Rizos et al., 2002b,c; Corcoran et al., 2006; Clemente et al., 2011; Driver et al., 2012). However, only a few studies compared these embryos during the elongation period, maternal recognition time, and after the first month of pregnancy, during the peri-implantation period (Betsha et al., 2013; Barnwell et al., 2016; Biase et al., 2016).

Surprisingly, in this study, a relatively small number of genes were found differentially expressed on day 18 when comparing IVP and AI. This data suggests that conceptuses derived by AI and IVP are largely similar in their transcriptome at this time point. However, some authors have shown that they are capable to induce different gene expression responses from the endometrium (Bauersachs et al., 2009; Mansouri-Attia et al., 2009; Sandra et al., 2011) which could translate to different pregnancy outcomes later in pregnancy. Among the genes found differentially expressed, several genes were involved in the uptake, intracellular metabolism and/or transport of substrates (glucose, mannose, fructose and fatty acid) which are crucial for maternal-embryo crosstalk and successful implantation (Mansouri-Attia et al., 2009). This suggests that, potentially, the high pregnancy loss reported for the time of maternal recognition (Wiltbank et al., 2016), might be related to the capacity of the embryos from assisted reproductive technologies (ARTs) to communicate with the endometrium and optimize the uterine environment. Another example is the SCNT-derived embryos, that despite presenting lower gene expression variability at day 7 of development, have a much lower pregnancy rate compared to IVP embryos (Smith et al., 2005; Wiltbank et al., 2016). These two techniques were compared before, and they both affected the physiology of the endometrium qualitatively (biological functions) and quantitatively (gene fold expression) when compared with AI controls (Mansouri-Attia et al., 2009).

In line to what was found in this work, another study comparing AI, IVP, and cloned embryos on day 16 showed around 80 DEGs when comparing IVP and AI conceptuses. Likewise, genes involved in trophectoderm development such as the trophectoderm-specific gene TKDP2 was downregulated in the IVP conceptuses, and pathways related to lipid synthesis and metabolism were altered in IVP conceptuses (Betsha et al., 2013). TKDPs (trophoblast Kunitz domain proteins) are proteins that are secreted by conceptuses in the period prior to implantation. These proteins are likely to be important in the interaction between the developing placenta and the endometrium. Along with the results of the present study, this is suggestive that the lipid metabolism of IVP embryos is not only altered during the first week of development (Lonergan et al., 2003a; Stoecklein et al., 2021), but this effect seems to be carried throughout the early pregnancy as well.

Lipid metabolism has been frequently identified as a process differentially expressed between IVP, and IVD elongating conceptuses (Hue et al., 2012; Ribeiro et al., 2012, 2016). In this study, genes such as APOE, APOB, and APOA2, described as part of the lipoprotein metabolism were highly expressed in IVP female conceptuses on day 18. Furthermore, genes involved in lipid metabolism such as SLC25A17, CYP51A1, AKR1D1, SLC16A11, HSD17B12, CYP2U1, HSD17B11, were decreased in the IVP male placentas on day 32. Lipids are used by trophectoderm cells for nutrition, homeostasis, signaling, and coordination of gene expression (Ribeiro et al., 2016). Lipids and fatty acids are also precursors for prostaglandin and steroid biosynthesis. In particular, the gene apolipoprotein A-1 (APOA1) is expressed in cattle during conceptus elongation and is one of the twenty most highly expressed genes from Day 7–19 of gestation (Mamo et al., 2011, 2012; Forde et al., 2013).

Another evidence of different placental development between ARTs, in our data is the increased expression of TKDP2 in the female AI conceptuses. The TKDPs are a family of proteins secreted by conceptuses in the period prior to implantation (MacLean II et al., 2003). They are important in the interaction between the developing placenta and the maternal uterine endometrium (MacLean II et al., 2003; Mamo et al., 2012). Betsha et al. (2013), also found this same gene upregulated in AI embryos when compared to IVP and cloned embryos. The difference in expression of trophoblast-placental related proteins of the ARTs during a crucial time of attachment could help explain the differences in pregnancy success observed when comparing ARTs to AI.

Aiming to detect potential cross-effects of embryo source and sex in placentation we analyzed the circulating PAG1 in the day 31 cows. The PAG1 concentration results contraries previous suggestions that IVF and AI-derived embryos release a different amount of this protein during pregnancy (Pohler et al., 2016) as well as it was not different between females and males. Nevertheless, this hypothesis was not completely discarded in this study, first, due to our small sample size, and second, the family of PAGs is composed of more than 20 proteins divided into ancient and modern groups and are released in different patterns throughout pregnancy (Green et al., 2000). Indeed, results from this study indicates expression of different PAGs at each timepoint analyzed. On day 32 placentas, PAG7, PAG9, PAG10, and PAG19 were found upregulated in AI male embryos when compared to the in vitro counterparts. Also, IVP females presented increased expression PAG9, PAG17, and PAG19 upregulated in comparison to the males. Knowing that PAG 7, 9 and 17, are modern PAGs, exclusively produced by binucleate cells (Green et al., 2000), these results suggest that male placentas produced in vitro might have impaired formation or function of the binucleate cells, leading to potential effects on pregnancy maintenance.

There were also differences in PAGs expression in males and females in this study, where 15 PAGs genes had increased expression in females from AI on day 18, while only PAG1 was increased in AI males. However, male conceptuses from both AI and IVP presented greater expression of IFNT-related genes. These results suggest that maybe, female conceptuses transition from the through-IFNT to post-IFNT period sooner than the males. Also, the expression of these factors seem to be altered at some level by ARTs, since not all the same PAGs were altered in AI and IVP females.

Early embryo studies have reported that male embryos develop faster to 8-cell stage in vitro than their female counterparts (Yadav et al., 1993) but female embryos produced in vitro had greater IFNT2 expression than male embryos at Day 14 (Bermejo-Alvarez et al., 2011). The same study also revealed that female conceptuses were less active concerning oxidative phosphorylation, with many genes of this pathway downregulated (Bermejo-Alvarez et al., 2011). Using IPA analysis to predict cellular processes that would change as a result of gene expression variation between female and male embryos, a study indicated that female embryos were likely to be less active than male embryos in the translation of protein, metabolism of protein, and transport of lipids (Dobbs et al., 2014). The decreased metabolism of female embryos could reflect the earlier onset of elongation and reduced metabolism as the rate of growth decreases at the end of the elongation period (Dobbs et al., 2014). Together, our results and previous reports, suggest that the male embryos might be in a different developmental stage than females, as indicated by the decreased expression of genes associated with placental development, such as PAGs expression. Other authors reported similar alterations in PAGs as well as, another placental factor, PLAC8 (El-Sayed et al., 2006; Salilew-Wondim et al., 2013; Pillai et al., 2019). The biological functions of the PLAC8 protein is not fully determined but it seems to be involved in the endometrium-trophoblast interactions (Mansouri-Attia et al., 2009).

In conclusion, our data indicates that the in vitro system seems to affect the male embryos more prominently than the females. The sexual dimorphism encountered in early stages of embryo development is still present in advanced stages (day 32), especially regarding genes associated with placentation. More studies need to be done to understand the mechanisms by which the placental factors such as PAGs, are acting differently in male and female embryos in vitro.
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