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Effects of High Hydrostatic 
Pressure on Expression Profiles of 
In Vitro Produced Vitrified Bovine 
Blastocysts
Zongliang Jiang1,3, Patrick Harrington2, Ming Zhang3, Sadie L. Marjani1,4, Joonghoon Park1,†, 
Lynn Kuo2, Csaba Pribenszky5 & Xiuchun (Cindy) Tian1

High hydrostatic pressure (HHP) has been used to pre-condition embryos before essential, yet 
potentially detrimental procedures such as cryopreservation. However, the mechanisms for HHP are 
poorly understood. We treated bovine blastocysts with three different HHP (40, 60 and 80 MPa) in 
combination with three recovery periods (0, 1 h, 2 h post HHP). Re-expansion rates were significantly 
higher at 40 and 60 but lower at 80 MPa after vitrification-warming in the treated groups than controls. 
Microarray analysis revealed 399 differentially expressed transcripts, representing 254 unique genes, 
among different groups. Gene ontology analysis indicated that HHP at 40 and 60 MPa promoted 
embryo competence through down-regulation of genes in cell death and apoptosis, and up-regulation 
of genes in RNA processing, cellular growth and proliferation. In contrast, 80 MPa up-regulated genes in 
apoptosis, and down-regulated protein folding and cell cycle-related genes. Moreover, gene expression 
was also influenced by the length of the recovery time after HHP. The significantly over-represented 
categories were apoptosis and cell death in the 1 h group, and protein folding, response to unfolded 
protein and cell cycle in the 2 h group compared to 0 h. Taken together, HHP promotes competence of 
vitrified bovine blastocysts through modest transcriptional changes.

In vitro maturation, culture and cryopreservation of gametes and embryos require meticulously adjusted condi-
tions to avoid or minimize detrimental stress of osmotic, oxidative, cold/heat shock, nutritional and mechanical 
nature. Eustress can improve protein conformation, maintain cellular homeostasis as well as stabilize membrane 
structures, while distress will cause apoptotic cell death1–6. Recent studies indicate that stress from a well-defined 
and properly applied sublethal high hydrostatic pressure (HHP) may induce general adaptation and increase 
tolerance of various in vitro procedures7. For example, HHP treatment has been shown to improve the survival 
rates, fertilizing ability and development competence of cryopreserved oocytes8,9, sperm10,11, embryos12–14 and 
embryonic stem cells15. Applying a HHP of 60 MPa for 1 hour (h) increased the ICM cell numbers of bovine 
blastocysts14. Furthermore, re-expansion and hatching rates after vitrification-warming were also affected by the 
duration of the recovery time, i.e., the period between the termination of HHP treatment and the initiation of 
vitrification13. HHP followed by a 1 h recovery period proved to be superior with regards to both re-expansion 
and hatching rates13,16. Upon further fine-tuning, HHP treatment can be applied to improve in vitro embryo bio-
technologies in various species, including humans.

The enhanced stress tolerance induced by HHP is believed to be due to differential gene expression12,17,18. 
Previous studies on mouse embryos evaluated candidate genes from pressure-related functional groups. The 
expression of the antizyme inhibitor 1 (AZIN1), the mitochondrial superoxide dismutase 2 (SOD2) and the 
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gamma growth arrest and DNA-damage-inducible (GADD45G) were found to be significantly up-regulated by 
HHP treatment12. Further investigation revealed that pressure changed protein structures19,20 and enhanced the 
production of heat shock proteins (HSP), such as HSP7014,19,20. In bovine blastocysts subjected to HHP treatment, 
several candidate stress genes have also been examined. These include stress related genes SOD2, glutathione 
peroxidase 4 (GPX4) and heat shock 70 kDa protein 1 A (HSPA1A). Cumulative analysis of these genes revealed 
a similar pattern of expression, with a tendency for peak transcript abundance 1 h after HHP treatment14. This 
information is insufficient for explaining the molecular mode of action of the beneficial effects of HHP, therefore, 
the molecular mechanisms have yet to be elucidated.

Without many known definitive candidate genes, genome-wide expression profiling by DNA microarray is 
highly effective for the high-throughput examination of transcriptomes. Accordingly, the aim of the present study 
was to evaluate the effects of HHP treatments at three different levels with two different recovery times on the 
gene expression of bovine in vitro produced (IVP) vitrified blastocysts. To our knowledge, this is the first report 
of transcriptional profiling of bovine blastocysts treated by HHP. Pathways such as apoptosis, protein folding, cell 
cycle regulation, RNA processing and translation were found to be affected by HHP.

Results
The Effect of HHP on Re-expansion Rates of Cryopreserved Bovine IVP Blastocysts.  Blastocyst 
re-expansion is a predictive metric for implantation of frozen-thawed blastocysts. We first investigated the post-
thaw survival of vitrified IVP bovine blastocysts. Because the re-expansion rate of blastocysts after 0 and 1 h 
recovery time had been studied previously13, only 2 h recovery was assessed (Fig. 1). Re-expansion rates were 
significantly affected by HHP and recovery time, but not by temperature (data not shown). Therefore data for the 
two temperatures (24 °C and 39 °C) were combined. Application of appropriate HHP (40 or 60 MPa) followed by 
2 h of recovery proved to be superior with regard to re-expansion. Specifically, re-expansion rates were signifi-
cantly (P <  0.05) higher in the 40-MPa (90% ±  4.5%) and 60-MPa (87% ±  3.3%) groups compared with the con-
trols (63.5% ±  4.5%) (Fig. 2). These data demonstrated that application of defined sublethal HHP stress promoted 
the in vitro developmental competence of the vitrified bovine embryos. However, HHP treatment at 80 MPa 

Figure 1.  Experiment design of high hydrostatic pressure (HHP) treatment on cryopreserved bovine IVP 
blastocysts. 

Figure 2.  Re-expansion rates (mean ± SD) of vitrified and thawed bovine IVP blastocysts upon different 
HHP treatments with a 2 h-recovery time. (**P-value <  0.01, *P-value <  0.05; n =  3).



www.nature.com/scientificreports/

3Scientific Reports | 6:21215 | DOI: 10.1038/srep21215

resulted in significantly reduced re-expansion rates (43.5% ±  4.0%) compared to controls (63.5% ±  4.5%; Fig. 2),  
suggesting that 80 MPa was detrimental to the bovine blastocysts.

Hierarnchical Clustering of Expression Profiles of Pressure-Treated and Cryopreserved Bovine 
IVP blastocysts.  Building upon the previous notion and our observation that vitrified embryos re-expanded 
better when appropriate HHP treatment is combined with a short recovery period, a comprehensive genome-wide 
transcriptomic investigation was conducted. All microarray data from this study have been submitted to NCBI 
under the accession number of GSE7559. Hierarchical clustering of all treatments (expression data were com-
bined for the two temperature treatments) based on 12,274 analyzed transcripts, clearly showed an effect of 
pressure and recovery time on gene expression profiles (Fig. 3a). Specifically, the 40- and 60-MPa groups were 
separated from the 80-MPa and control groups (Fig. 3a). Within each HHP level, 1 h and 2 h clustered together 
separate from 0 h with the exception in 80 MPa group (Fig. 3a). This overall gene expression clustering pattern 
was consistent with the re-expansion results.

A total of 399 transcripts (254 unique genes) were identified as differentially expressed among the different 
treatment groups (P <  0.05) (Supplementary Table S1). The hierarchical clustering of all differentials (Fig. 3b) 
was most influenced by pressure, further suggesting that pressure played a significant role in the gene expression 
changes.

Effects of HHP on Gene Expression.  Among the 399 total differentially expressed transcripts, 340 were 
caused by HHP while 59 were not related to pressure changes. Of the 340, 83 and 182, 84 and 44, were down- and 
up-regulated in cryopreserved embryos treated with 40 MPa or 60 MPa HHP, respectively (Fig. 4a, Table S2).  
The common down-regulated transcripts in both the 40 MPa and 60 MPa HHP-treated embryos were involved 
in the cell death and/or apoptosis (Table 1), among these were heat shock 22 kDa protein 8 (HSPB8), death 
inducer-obliterator 1 (DIDO1), neuroepithelial cell-transforming gene 1 (NET1), coagulation factor III (F3) 
and caspase 7 (CASP7). Interestingly, CASP7, a protein of the caspase family and considered to be an impor-
tant executioner protein of apoptosis, and HSPB8, a common heat shock protein involved in regulation of cell 
proliferation and apoptosis, were both down-regulated upon HHP treatment (Fig. 5). Moreover, DIDO1 and 
NET1, both activated early in apoptosis (pro-apoptotic) were also down-regulated by HHP (Fig. 5). The expres-
sion changes of these genes upon 40 and 60 MPa HHP treatment are supportive of their potential role in the 
higher survival rates of these groups. Conversely, the up-regulated transcripts, such as serine/arginine-rich splic-
ing factor 7 (SFRS7), SFRS9, DNA-directed RNA polymerase II subunit G (POLR2G), POLR2F, POLR2L, small 
nuclear ribonucleoprotein D3 (SNRPD3), SNRPD2, eukaryotic translation initiation factor 4B (EIF4B), riboso-
mal protein L38 (RPL38) and mitochondrial ribosomal protein L43 (MRPL43) (Table 1), are involved in RNA 
processing and transcription, as well as regulation of protein synthesis, and likely promoted embryo survival. 
Collectively, these results suggested that stress caused by elevated HHP induced the embryos to degrade apop-
totic transcripts and increase RNA transcription and translation. These effects, while not necessarily specific for 
pressure resistance or cryo-tolerance, potentially allowed the embryos to resist insults and survive more robustly. 
However, when pressure was further increased to 80 MPa, 25 and 92 transcripts were down- and up-regulated, 

Figure 3.  (a) Hierarchical clustering of all 12,274 analyzed transcripts among different HHP treatments and 
recovery times. The three replicates per treatments are averaged, i.e., it is a clustering by treatment and not 
sample. Clear separations by HHP levels (0.1, 40, 60 and 80 MPa) were seen, demonstrating that pressure is a 
more significant factor than recovery time. (b) Heatmap of differentially expressed genes among different HHP 
treatments. The color spectrum, ranging from red to green, indicates normalized levels of gene expression from 
high to low.
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respectively (Fig. 4a, Supplementary Table S2). The biological processes significantly represented among 
down-regulated transcripts included protein folding and cell cycle, which including BAG family molecular chap-
erone regulator 4 (BAG4), DBF4 zinc finger A (DBF4), mitogen-activated protein kinase phosphatase 1 (DUSP1), 
and serine/threonine-protein kinase SNK (PLK2; Table 1). Whereas, the up-regulated transcripts significantly 
over-represented were cell death, apoptosis, and chromatin assembly/disassembly, and included genes such as 
EIF4B, hexokinase 1 (HK1), histone cluster 1, H1e (HIST1H1E) and histone deacetylase 8 (HDAC8; Table 1). 
Some of these changes are opposite to those seen at 40 or 60 MPa. These results suggest that high HHP disturbs 
cell structure and proliferation and could be detrimental to bovine embryo survival.

Among genes up- and down-regulated at each pressure level, 136, 21 and 39 transcripts were uniquely dif-
ferentially expressed in the 40-, 60- or 80-MPa treated groups compared to the controls, respectively (Fig. 4b, 
Supplementary Table S3). Additionally, 66 transcripts overlapped in the comparisons between the 40- or 
60-MPa treated embryos and controls (Fig. 4b, Supplementary Table S4). These include down-regulated tran-
scripts, CASP7 and NET1, which is involved in cell death and apoptosis, and up-regulated transcripts, SFRS7, 
SFRS9, POLR2G, POLR2F, POLR2L, SNRPD2 and amyloid beta (A4) precursor-like protein 1 (APLP1), which 
are involved in RNA processing and translation. Twenty-six transcripts were differentially expressed in all pres-
sure treated groups compared to un-pressured controls. These include DIDO1, HSPH1, HSPB8, HK1 and EIF4B 
(Fig. 4b, Supplementary Table S5) and may represent essential genes for pressure stress response.

Effects of Different Recovery Time on Gene Expression.  The duration of the recovery period is par-
ticularly important because HHP induces gene changes in cellular metabolism and functions and time is needed 
for the synthesis of related RNA and proteins. In a previous study, allowing bovine embryos to recover for 1 h 
after HHP increased embryo survival compared to 2 h or HHP alone without recovery13. Here, we compared gene 
expression at these three time points. Among the total of 399 differentially expressed transcripts, 167 were caused 
by recovery duration. We identified 49 and 98 down-regulated, and 16 and 33 up-regulated transcripts at 1 h 
and 2 h compared to controls (0 h), respectively (Fig. 4c, Supplementary Table S6). Gene ontology analysis of the 
down-regulated transcripts revealed apoptosis, proteolysis and phosphate metabolic process in the 1 h group, and 
protein folding, cell cycle and cell death in the 2 h group as significantly overrepresented (Table 2). Up-regulated 
transcripts were involved in cellular growth and proliferation, cell morphology, and cellular function and mainte-
nance in the 1 h group, cellular growth and proliferation, DNA replication and G1/S transition of mitotic cell cycle 
in the 2 h group (Table 2). Of special interest was the dramatically higher number of differentially expressed tran-
scripts in the 0 vs. 2 h comparison than that of the 0 vs. 1 h comparison, suggesting that 2 h of recovery allowed 
more gene expression changes to occur. Among the differentially expressed genes unique to the 0 vs. 1 h and 0 
vs. 2 h comparisons, 20 and 41 transcripts were identified, respectively (Fig. 4d, Supplementary Table S7). A total 

Figure 4.  (a) The numbers of differentially expressed genes between HHP-treated embryos and controls.  
(b) Venn diagram shows the number of differentials specific to each comparison. (c) The numbers of 
differentially expressed genes between embryos allowed recovery time and controls. (d) Venn diagram shows 
the number of differentials specific to each comparison.



www.nature.com/scientificreports/

5Scientific Reports | 6:21215 | DOI: 10.1038/srep21215

of 42 transcripts were common to both the 0 vs. 1 h and 0 vs. 2 h comparisons (Fig. 4d, Supplementary Table S8), 
including CASP7, DUSP1 and F3, which are involved in apoptosis and cell death.

It is noteworthy that although a 2 h recovery induced more gene expression changes, it did not promote better 
embryo re-expansion than 1 h. The additional changes in gene expression during the second hour of recovery may 
have corrected changes already taken place during the first hour, thereby canceling some of the changes needed 
to resist insults from the subsequent cryopreservation.

Treatment Change GO terms P-value Genes

0.1 vs. 40

Down-regulated

Cell death 1.27E-04
DOCK1, HSPB8, F3, 

CASP7, RFFL, DIDO1, 
TOP2A, NET1

Apoptosis 2.55E-04 DOCK1, F3, CASP7, RFFL, 
DIDO1, TOP2A, NET1

Transition metal ion transport 3.04E-02 ATP2C1, SLC39A9

Up-regulated

RNA processing 1.16E-06

POLR2G, POLR2F, 
POLR2L, SNRPD2, SART3, 
SF3B5, APLP1, SMNDC1, 
SFRS7, RBPMS, PPP1R8, 
SFRS9, U2AF1, DDX51

Translation 2.82E-02 EIF4B, MRPL10, RPL15, 
RPL36, RPL38, MRPL43

Oxidative phosphorylation 1.42E-02 NDUFA3, NDUFB10, 
NDUFB8, NDUFC2

0.1 vs. 60

Down-regulated

Cell Death 5.47E-05
BAG4, CASP7, DUSP6, F3, 
GADD45B, HK1, HSPB8, 

IGFBP3, DIDO1

Apoptosis 4.35E-02 BAG4, GADD45B, DIDO1, 
NET1

Transition metal ion transport 3.04E-02 ATP2C1, SLC39A9

Up-regulated

RNA processing 7.45E-06
SFRS7, POLR2G, POLR2F, 

PRPF4B, POLR2L, 
SNRPD3, SFRS9, TFB2M, 

SNRPD2, APLP1

Transcription, DNA-dependent 6.58E-03 POLR2G, BGLAP, POLR2F, 
POLR2L, TFB2M

Translation 4.34E-02 EIF4B, RPL36, RPL38, 
MRPL43

0.1 vs. 80

Down-regulated

Protein folding 1.53E-02 BAG4, DNAJC10, DNAJA1, 
DNAJB6

Response to unfolded protein 1.86E-02 HSPH1, DNAJA1, DNAJB6

Cell cycle 2.53E-02
PLK2, DUSP1, DBF4, 
NSL1, ANXA1, BANP, 

RAD54B

Up-regulated

Chromatin assembly or 
disassembly 1.38E-05 HIST1H1E, HDAC8

Apoptosis and Cell Death 3.38E-05 AP2A2, EIF4B, HK1

Cellular Assembly and 
Organization 1.17E-02 HDAC8

Table 1.   Representative gene ontology categories of differentially expressed genes affected by HHP 
treatment.

Figure 5.  Modified apoptotic pathways in HHP-treated embryos. Genes in the green and red boxes were 
down- and up-regulated in both the 40- and 60-MPa treated groups (P-value <  0.05), respectively.
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Confirmation of Microarray Data by Real Time qRT-PCR.  To confirm the results of microarray, 
we performed qRT-PCR on eight genes, namely CASP7, NET1, APLP1, EIF4B, HSPH1, HSPB8, DIDO1 and 
F3, which were significantly affected by HHP treatments and play crucial roles in cell death and apoptosis. In 
nearly all cases, the qRT-PCR detected greater fold changes and substantiated results of the microarray analysis 
(Fig. 6a,b).

Discussion
In the bovine embryo transfer industry, vitrification is the most common method to cryopreserve IVP embryos21. 
Sublethal HHP was reported to enhance stress tolerance and increase post-thaw survival of sperm, embryos or 
stem cells after cryopreservation in murine, porcine and bovine12. Different HHP conditions (pressure level, 
recovery time and temperature) have been explored on gametes and embryos subjected to various assisted repro-
ductive technologies22. HHP treatment at 60 MPa for 1 h has been shown to increase the in vitro development of 
bovine blastocysts13,14. In the present study, we extended previous findings by testing 40 and 80 MPa and found 
that 80 MPa was not well-tolerated. Additionally, we also found that HHP at 40 MPa prior to vitrification resulted 
in a higher re-expansion rate than the previously tested 60 MPa and the non-treated control group. The results in 
cattle are also in accordance with previous reports in mice and sheep15.

Despite advances in morphological studies, limited information on the molecular mechanisms behind the 
positive effect of HHP are available. Without clear candidates, comparing the transcriptomes of the treated 
and control embryos was the approach of choice. Interestingly, transcriptomic changes were reflective of the 
re-expansion data, specifically that the best treatment condition, 40 MPa, elicited the most changes in gene 
expression compared to controls. Most of the down-regulated genes found in the beneficial treatment levels of 
HHP, 40 and 60 MPa, belonged to cell death and apoptosis, while up-regulated genes were involved in RNA 
processing, cellular growth and proliferation, however, some of these changed in the opposite direction by the 
harmful level of 80 MPa HHP. The majority of the genes reported here are newly identified in HHP-treated, 
vitrified embryos. Collectively, it appears that while the embryos responded to HHP stress by changing gene 
expression, these changes prepared them for the upcoming insult of vitrification. However, when too much stress 
was applied (80 MPa for bovine blastocysts), embryo lethality occurred. By the candidate approach it was pre-
viously reported that sublethal stress such as heat, affects the embryos through apoptosis2,3,23 by influencing the 
expression of development24 and stress-related genes25,26. In this study, the same pathways were revealed for HHP 
stress. It appears that the embryos have limited pathways available to resist stress and use the same mechanisms 
for different external insults.

In accordance with the finding that a short recovery period after HHP was shown to be beneficial for cell/
embryo survival8,13,27, we identified genes that were affected by different lengths of recovery. Similar to the 
effects of pressure treatment, genes involved in regulation of cell death, apoptosis and protein folding were 
down-regulated, while up-regulated genes belonged to cell morphology, DNA replication and cellular growth 
and proliferation categories after either a 1 h or 2 h recovery period. HHP and recovery seem to affect the same 
developmental pathways because avoiding cell death is essential for embryonic development.

In addition to the well-known apoptotic events induced by stress, we also identified many new pathways 
involved in potential protective mechanisms. These include RNA processing, translation, cell cycle, oxidative 

Treatment Change GO terms P-value Genes

0 vs. 1h

Down-regulated

Apoptosis 1.27E-02 F3, CASP7, MDM4, 
GADD45B, DIDO1

Proteolysis 2.02E-02 WSB1, UHRF2, F3, 
CASP7, YOD1, CNOT4

Phosphate metabolic process 3.97E-02
PRPF4B, DUSP1, 

GADD45B, IGFBP3, 
DUSP6

Up-regulated

Cellular growth and 
proliferation 2.64E-03 DBF4

Cell Morphology 1.74E-03 CNTNAP1

Cellular Function and 
Maintenance 1.39E-02 NDUFA3

0 vs. 2 h

Down-regulated

Protein folding 1.53E-02 BAG4, DNAJC10, 
DNAJA1, DNAJB6, HSPH1

Cell cycle 2.53E-02
FAM83D, UHRF2, PLK2, 

DUSP1, BANP, BIRC5, 
CABLES1

Cell death 3.92E-02 BAG4, HSPB8, F3, CASP7, 
BIRC5, APLP1

Up-regulated

Cellular Growth and 
Proliferation 6.24E-05 APLN

DNA replication 1.18E-02 DBF4, WRNIP1, TOP2A

G1/S transition of mitotic 
cell cycle 4.86E-02 BCAT1, DBF4

Table 2.   Representative gene ontology categories of differentially expressed genes affected by recovery 
time post-HHP.
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phosphorylation and cellular growth and proliferation. A closer look at the gene lists revealed members of the 
above-mentioned pathways, such as CASP7, DIDO1, NET1, HSPH1, and HSPB8, which may be responsible for 
possible protective mechanisms induced by HHP. In particular, CASP7, a member of caspase family, HSPH1 and 
HSPB8, members from the heat shock gene family, and DIDO1 and NET1 were down-regulated by HHP (40 and 
60 MPa). CASP7 has been shown to be an important executioner protein of apoptosis28,29. HSPH1 prevents the 
aggregation of denatured proteins in cells under severe stress30,31. HSPB8 belongs to the superfamily of small 
heat-shock proteins and is involved in regulation of cell proliferation and apoptosis through the activation of 
transforming growth factor-β  activated kinase 1 (TAK1)32. In addition, DIDO1 and NET1 are activated early in 
apoptosis through regulation of BCL-233,34. Sequential activation of these essential genes in response to pressure 
stress could play a central role in improving the stress tolerance of vitrified bovine embryos. Furthermore, EIF4B 
was up-regulated in HHP treated bovine blastocysts. EIF4B is required for cell proliferation and survival through 
regulation of protein synthesis35–37. Its up-regulation suggests that 40- and 60-MPa requires the synthesis of new 
proteins to promote embryo survival. However, the well-known HSP70 (HSPA1A on our microarray) which was 
induced by sublethal pressures in microorganisms38 was not significantly regulated by HHP in our study. This 
observation is consistent with a previous report employing the candidate approach13. It is possible that, instead of 
the HSP70, the bovine embryos activate alternative proteins such as HSPH1 and HSPB8, to respond to pressure 
stress.

A recent study of the transcriptome of porcine oocytes after HHP treatment revealed 44 HHP-responsive 
genes related to developmental process and genomic imprinting18. In our study, the most represented biological 
processes showed that apoptosis events were down-regulated while RNA processing, cellular growth and prolif-
eration were up-regulated by 40 and 60 MPa, and a short recovery time. HHP and recovery time seem to help 
embryos avoid cell death and accelerate cell growth, which are essential for embryonic development. However, 
translation and chromatin assembly associated genes were up-regulated by appropriate HHP, which suggests that 
embryos go back to normal faster after warming/thawing through the assembly of important functional pro-
teins. Interestingly, another recent study of the transcriptome of 4-cell embryos derived from HHP-treated mice 
oocytes showed a massive down-regulation of translation-related genes17. It seems that HHP puts the oocytes into 
energy saving mode by reducing protein synthesis. A possible reason for this discrepancy could be the difference 
in the dynamics of transcription across embryo development and the timing of genome activation in these three 
species. Also, the beneficial genes are transcribed in response to stress in a very short period in our study.

This is the first high-throughput study on HHP-treated and cryopreserved blastocysts. It should be noted 
that our microarray represents 10,991 genes, about half of the bovine expressed genome39. Of the approximately 
12,000 genes expressed by the bovine blastocysts39, 6,086 were represented on the microarray used. Therefore, half 
of the blastocyst’s transcriptome is not studied here. However, we were able to identify multiple HHP-induced 
pathways and gene ontology categories and some that were commonly used by cells to resist other stresses, such 

Figure 6.  Comparisons of microarray and quantitative real-time RT-PCR (qRT-PCR) results of 8 selected genes 
from 40 (a) and 60 MPa (b) treated embryos. Fold change (mean ±  SD) was expressed as the ratios of the levels 
in the 40 or 60 MPa treated embryos (n =  3) to those in the controls (0.1 MPa) (n =  3). In all cases, real time RT-
PCR results substantiated the differential gene expression patterns from microarray.
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as heat. These data suggest that the cells are limited to only a number of pathways to counteract external stress and 
it is therefore likely that this study identified all pathways, albeit not all genes, involved in HHP stress resistance. 
Application of the more powerful RNA-seq technology may help to identify additional differentially expressed 
genes, but it is unlikely that additional pathways will be revealed.

Previous studies mainly focused on the development of embryos from HHP-treated oocytes as well as the gene 
expression in treated oocytes7–9,12–14,27. These studies together with ours revealed that only a moderate number of 
genes were changed by HHP. Changes at the protein level such as folding, post-translation modifications19 and 
protein levels likely represent major responses induced by HHP. To date, proteomic analysis has only been applied 
in the analysis of HHP-treated microorganisms40. Such a study with embryos, however, is currently unfeasible due 
to the small number of cells that can be isolated from embryos and the high expense associated with proteomic 
analysis.

In summary, our results showed: 1) bovine cryopreserved embryos exhibit higher developmental competance 
after treatment of HHP at 40 or 60 Mpa, however, 80 MPa is not well-tolerated; 2) HHP treatments induced mod-
est transcriptional changes in bovine embryos; and 3) HHP affected the expression of genes involved in cell death 
and survival, RNA processing, as well as cell cycle and cell proliferation.

Materials and Methods
Microarray Design and Annotation.  The Cattle Array-Ready oligonucleotides were designed at the 
University of Illinois, Urbana-Champaign and described in detail by Everts et al.41. The microarray contained 
13,254 70-mer oligonucleotide probes that were synthesized at Illumina (www.illumina.com, San Diego, CA, 
USA). All probes were printed in duplicate on glass slides at Microarrays Inc. (Nashville, TN, USA). In total, these 
oligonucleotide probes represent 10,991 unique genes.

Collection of IVP blastocysts.  In vitro bovine blastocysts were produced as described previously13,42. 
Briefly, in vitro fertilization (Day 0) was performed using abattoir bovine oocytes and embryos were immediately 
placed in CR1aa medium supplemented with BSA for Days 1 and 2 of culture. Cleaved embryos were transferred 
to CR1aa +  10% FBS and cultured at 38.5 °C in 5% CO2 in humidified air until Day 7/expanded blastocyst stage. 
Embryos were examined and staged under light microscopy and only morphologically intact embryos meet-
ing the standards of Grade 1 by the International Embryo Transfer Society (IETS) were used in the following 
experiments.

High Hydrostatic Pressure Treatment of Bovine IVP Blastocysts.  Blastocysts were randomly dis-
tributed into the control and HHP treated groups as shown in Fig. 1. To apply HHP, groups of embryos were 
transferred to 0.25 ml straws in embryo holding medium (TCM-199; Gibco, Grand Island, NY, USA) without 
air bubbles. Straws were sealed with plastic plugs and were then placed into a pre-warmed stainless steel pres-
sure machine (HHP machine 100; Applied Cell Technology Ltd., Hungary) with distilled water as the pressure 
medium. The following treatments were included (Fig. 1): (1) Control embryos were left untreated in the incu-
bator (one atmospheric pressure or 0.1 MPa); (2) treatment groups were assigned to 40, 60 and 80 MPa HHP for 
1 h at either 24 °C (room temperature) or 39 °C (body temperature), followed by three different recovery time 
periods (0, 1 and 2 h) post-HHP in the holding medium. The embryos were then vitrified using the Solid Surface 
Vitrification (SSV) method43. The cryopreserved blastocysts were then thawed by immersing the straws into 
0.5 M sucrose solution for 5 min at 39 °C, after which the blastocysts were transferred into TCM-199 medium 
and cultured in an incubator at 39 °C, 5% CO2 and humidified air. For recorded re-expansion rates, 120 embryos 
were used. The re-expansion rates of the embryos were assessed after 2 h of recovery and morphological survival 
was determined 24 h after warming. For gene expression analysis, a total of 360 embryos were examined; pools of 
5 vitrified embryos from each treatment were washed twice in D-PBS and stored in RNAlater (Ambion, Grand 
Island, NY, USA) in liquid nitrogen. All treatments were repeated three times (n =  3).

The re-expansion rates were analyzed using One Way ANOVA with Tukey’s HSD test. A P-value <  0.05 was 
considered statistically significant.

RNA Isolation, Linear Amplification, Labeling and Microarray Hybridization.  Following the 
reproducible procedures of RNA extraction and linear amplification from our previous study42, we isolated total 
RNA from each pool of 5 blastocysts using TRIzol reagent (Invitrogen, Grand Island, NY) and linear acrylamide 
as a carrier (Ambion, Grand Island, NY). The quality of the total RNA was examined with the Aglient RNA 6000 
Pico kit (Aglient Technologies, Santa Clara, CA) using the Aglient Bioanalyzer 2100. The mRNA underwent 
two rounds of amplification using the TargetAmp 2-round aminoallyl-aRNA amplification kit 1.0 (Epicentre, 
Madison, WI) according to the manufacturer’s instructions. From 5 blastocysts, we were able to generate an aver-
age of 60 μ g of amplified RNA. Amplified RNA was stored at − 80 °C until utilization on the microarray.

The reference microarray design, in which the embryonic expression profiles were compared to a standard 
reference RNA, was used. The reference RNA was isolated from brain, kidney, liver and lung tissues of a naturally 
reproduced heifer and pooled in equal proportion. More than 90% of the probes on the microarray were hybrid-
ized by the standard reference. Two micrograms of amplified RNA from each sample and the reference were 
reverse transcribed, labeled, and hybridized to each microarray as previously described for single embryos42. In 
total, 144 microarrays were used including dye-swap hybridizations.

Microarray Data Analysis.  The microarrays were scanned with GenePix 400B (Molecular Devices, Union 
City, CA, USA) and normalization of fluorescence intensities was accomplished by using the GenePix Pro 6.0 
scanning software (Axon Instruments, Union City, CA, USA). Each scanned image was examined thoroughly 
and dust particles and spots with high background were flagged and removed from analysis. The background and 
standard deviation were calculated for each raw data file after scanning, and only those spots with intensities three 
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standard deviations above background were considered “expressed” and loaded into Genespring 12.1 (Agilent 
Technologies Palo Alto, CA, USA). Loess normalization was applied to all microarrays before statistical compar-
isons. In the analysis, each probe was considered individually.

In the post-normalization evaluation of the probes on the microarrays, 12,274 probes present in either the 
standard reference or the sample on 90% of the microarrays underwent further analysis. We wished to quantify 
the effect of temperature, recovery time, and HHP on the gene intensities. As these factors are all categorical, 
an ANOVA model was the natural choice. Considering a combination of the nature of the experiment and the 
biological focus, we decided to omit one variable from consideration to simplify the analysis. A separate ANOVA 
model was fit each of the possible covariates: HHP, recovery time and temperature. We looked at two metrics, 
firstly the number of genes for which we found that factor significant using a significance level of 0.01 and sec-
ondly the sum of the P-values for all probes. By taking into consideration both significant factors and that the 
re-expansion rates were not significantly affected by temperature, we chose to combine the data from the two 
temperatures to increase the statistical power and allow for a comprehensive analysis. We fit an ANOVA model 
with the covariates of HHP and recovery time. The ANOVA model returned a single P-value per probe. In order 
to account for multiple comparisons, we used the Benjamini Hochberg procedure to control for a false discovery 
rate (FDR) of 0.05. Hierarchical clusters were generated using Genespring GX 12.1 with the K-means clustering 
algorithm. Heatmaps and Venn diagrams of differentially expressed genes were developed with R.

Gene Ontology Analysis.  Functional annotation enrichment analysis for Gene Ontology (GO) was con-
ducted using DAVID44. GO terms shown in this study summarized all similar sub-terms into an overarching 
term, and Benjamani-Hochberg adjusted P-values are shown for the representative term.

Quantitative Real Time-Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 
Analysis.  qRT-PCR was performed to validate differential expression of eight selected genes using amplified 
RNA that used for microarray hybridization. Amplified RNA was reverse transcribed to cDNA with SuperScript 
III Reverse Transcriptase (Invitrogen) and amplified with specific primers designed by using Primer 3.0 
(Supplementary Table S9). The qRT-PCR was performed using SYBR Green PCR Master Mix (ABI) and an ABI 
7500 Fast instrument. The data were analyzed using the 7500 software version 2.0.2 provided with the instrument. 
All values were normalized to the internal control, β-ACTIN. The efficiency of each primer pair was calculated 
over a 3.5 log dilution range and the relative gene expression values were calculated using the 2−ΔΔCt method. 
The same standard reference amplified RNA used in the microarray analysis was used as the calibrator sample. 
Expression levels that were relative to those in the standard reference were calculated and the mean for each group 
was determined and compared for an overall fold change. Data from qRT-PCR were analyzed as described above 
for re-expansion rates.
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