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Abstract
 
Preimplantation embryo development is a highly dynamic process and involves a series 
of critical events. Recent technological advances allow study of the expression profile of 
single preimplantation embryos. The effect of developmental stage on gene-expression 
profile of human preimplantation embryos has been demonstrated. Here we show the 
effect of maternal age and in vitro culture conditions next to developmental stage on the 
gene-expression profile of human preimplantation embryos. Eighty-nine day 4 human 
embryos were randomized to two IVF culture media and to two oxygen concentrations, 
with stratification for maternal age. Developmental stage and maternal age had a larger 
effect on the gene-expression profile than the in vitro culture conditions. Interactions 
between all factors were found, indicating that the effect of culture conditions might 
depend on developmental stage or maternal age. Our results indicate that one should take 
into account the confounding effect of all these variables when designing and analyzing 
gene-expression studies in single preimplantation embryos.
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Introduction

Preimplantation embryo development is a highly dynamic process and involves a series 
of critical events. In humans, within about six days the embryo develops from a single-cell 
zygote to a multicellular blastocyst by initiation of mitosis, reorganization of chromatin, 
embryonic genome activation around day three, compaction and at the blastocyst stage 
differentiation into the inner cell mass (ICM) and trophectoderm (TE) [1]. Until recently, 
studying the underlying differences in the expression profile by these important biological 
milestones in preimplantation development has been hampered by the inability to 
analyze single cells or embryos. Recent technological advances in mRNA amplification in 
combination with microarray analysis now allow the simultaneous analysis of transcript 
levels of thousands of genes in a few or even single cells (Chapter 4) [2-5]. This makes it 
possible to explore the molecular and cellular mechanisms controlling preimplantation 
human embryo development. 

Most available knowledge of the molecular basis of preimplantation embryo development 
comes from gene-expression studies on mouse and bovine embryos [6-12]. Few studies 
have investigated overall gene-expression profiles in individual or pooled human 
preimplantation embryos [13-21]. These studies documented the transcription dynamics 
as the embryo progresses from the cleavage stage to the morula and blastocyst stage [15-
21], the time of embryonic genome activation [15, 17] and the molecular mechanisms that 
govern differentiation of the ICM and TE cell lineages [13, 14, 22]. 

Environmental factors, such as culture media and oxygen concentration in the incubator, 
influence embryo quality and pregnancy outcomes in an IVF program [23-25]. Several 
animal studies confirmed that embryos developing under different culture conditions 
have altered gene expression compared to their in vivo counterparts [26-35]. Affected 
molecular and cellular mechanisms, recognized from animal studies, involved metabolism, 
mitochondrial activity, oxidative stress, cellular integrity, cellular development and 
proliferation, cell-cell signalling and communication, apoptosis, imprinting, and protein 
synthesis [25, 27, 32, 36-47]. Studies on the effect of in vitro culture environment on human 
embryonic transcriptome are lacking. 

In this study, we used a microarray technique, recently validated by our laboratory on single 
human oocytes (Chapter 4) to dissect the effect of different biological and environmental 
factors on gene-expression profiles of single human embryos. Apart from developmental 
stage and in vitro culture conditions, we also investigated whether maternal age affects 
the embryonic transcriptome, as this is an important determiner for reproductive success 
in humans and for embryo quality and clinical outcomes in IVF treatments [48-51]. 
Understanding the gene-expression profile differences in response to different biological 
and environmental factors will aid in selecting candidate genes as markers for embryo 
quality, improve our knowledge on regulation of embryonic development and improve 
success of embryo culture. Furthermore, understanding possible confounding effects 
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of inherent biological variation among human embryos will aid in designing better 
experiments to assess gene-expression profiles of human embryos.

Materials and Methods

Embryos

Left over, good quality, day 4 cryopreserved human preimplantation embryos, which were 
donated to research by couples who had finished their IVF/ICSI treatment and fulfilled their 
childbearing wish, were used for this study. The study protocol was approved by the Dutch 
Central Committee on Research involving Human Subjects (CCMO).

Embryo culture

All embryos were cultured in HTF (Lonza, Verviers, Belgium) supplemented with 10% 
Albuman (Sanquin, Amsterdam, the Netherlands) under 5% CO2 and 20% O2 as part of 
normal patient treatment until day 4 when they were cryopreserved. Forty women (23 
undergoing IVF and 17 undergoing ICSI) were randomized to have their embryos cultured 
for two additional days after thawing (till embryonic day 6) in one of the following groups: 
(i) HTF medium and 20% O2, (ii) HTF medium and 5% O2, (iii) G2version5 medium and 20% 
O2 and (iv) G2version5 medium and 5% O2. During experimental culture, the two culture 
media were prepared according to the manufacturers’ instructions. HTF medium was 
supplemented with 10% GPO and was equilibrated in 5% CO2, while G5 medium (Vitrolife, 
Göteborg, Sweden) was supplemented with Human Serum Albumin (HSA) (5 mg/ml) and 
was equilibrated in 6% CO2. 

Randomization of the women to the four experimental groups was performed in the 
morning before thawing using sealed envelopes and stratification was performed for 
maternal age (≤ 35 and >35 years). The embryos were morphologically assessed according 
to the Gardner criteria, by two (SR, SM) embryologists that were blinded for the culture 
conditions used, right after thawing, at the end of the first day of culture and at the end of 
the second day of culture. Parameters like cell number, percentage of fragmentation and 
presence of dead cells were noted [52]. At the end of the culture, individual embryos (n=89) 
were transferred in PCR-tubes, flash frozen in liquid nitrogen and stored at -800C until RNA 
extraction. Only embryos that had developed to the morula and blastocyst stage (n=41) 
were further analyzed. 

Sample preparation and microarray hybridization

For sample preparation we used a protocol that was recently developed and validated for 
analysis of picogram amounts of RNA (Chapter 4). Briefly, RNA isolation was performed 
using the Arcturus PicoPure isolation kit (Applied biosystems) following the instructions 
of the manufacturer. RNA extraction was performed with 50 μl extraction buffer and the 
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recommended DNase treatment was performed. The RNA was then amplified using the 
Arcturus RiboAmp HS Plus (Applied Biosystems). The concentration of the aRNA was 
measured on the NanoDrop ND-1000 (Thermo Scientific) and the quality of the amplified 
product was investigated with the BioAnalyzer (Agilent Technologies) using the RNA Nano 
6000 kit (Agilent Technologies). 5 µg of amplified RNA was dried in a speedvac and then 
dissolved in 5 µl 50 mM carbonate buffer (pH 8.5) and placed at 370C for 10 min. 10 µl of 
CyDye (Cy3 for test samples and Cy5 for reference samples) diluted in DMSO was added to 
each reaction. Then, the samples were incubated in the dark at room temperature for 60 min. 
The reactions were quenched by 5 µl of 4 M hydroxylamine for 15 min at room temperature 
in the dark. The labeled RNA was purified according to the MicroElute RNA Cleanup protocol 
(Omega Bio-Tek). The RNA was finally eluted in 15 µl Rnase/DNase free water. Pooled 
aRNA from the amplified samples was used as a reference in all experiments. The yield 
and CyDye incorporation of labeled aRNA were measured with the NanoDrop ND-1000 
(Thermo Scientific). 825 ng of Cy3 labeled sample aRNA and 825 ng Cy5 labeled reference 
aRNA were hybridized to 180k custom designed Agilent arrays (Agilent technologies). The 
180k microarray (design ID:028004) contained ~42,000 probes in quadruplet and 11,200 
control probes (Chapter 4). The hybridization mixture was prepared according to the Two-
Color Microarray-Based Gene Expression Analysis protocol (Agilent technologies). The 
aRNA was allowed to hybridize for 17 hours at 650C and 10 rpm. Afterwards, the slides were 
washed and scanned in an ozone-free room with the Agilent scanner GA2505C (Agilent 
Technologies). Slides were scanned at 3 μm resolution. Microarray data were extracted with 
Feature Extraction software 10.7.1 (Agilent Technologies). 

Microarray data analysis

The data were analyzed in R-2.14.1 (http://cran.r-project.org/). All arrays were subjected to 
a set of quality control checks, such as visual inspection of the scans, checking for spatial 
effects through pseudo-color plots, and inspection of pre- and post-normalized data with 
box plots, density plots, ratio-intensity plots and principal component analysis. Expression 
values were calculated by using the robust multi-array average (RMA) algorithm [53]. 
When multiple embryos per woman were correlated based on gene-expression profiles 
only one of those samples was selected for inclusion in the analysis to avoid effects of 
pseudoreplication. For each experimental condition, mean expression values of all samples 
per gene were calculated. The conditions were compared using Spearman correlation 
coefficients. 

Differentially expressed genes (DEGs) caused by the biological factors “Developmental 
stage”, “Maternal age” and  the experimental factors “Culture medium” and “Oxygen 
concentration” were identified using ANOVA, taking into account all interactions between 
any two factors. Preliminary analyses and biological considerations suggested that the 
biological factors are not necessarily relevant for every gene. The following strategy was 
chosen. The effects of the main factors “Culture medium” and Oxygen concentration” (the 
culture conditions) were tested for every gene, and the biological factors and interactions 
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were only included in the model once selected by the Akaike Information Criterion, in 
a gene-by-gene analysis [54, 55]. To control the number of false positive DEGs, a false 
discovery rate correction (FDR) was performed across all genes and all statistical tests [56]. 

Genes were subjected to biological interpretation in the context of an experimental 
factor or interaction term, when they were associated to a FDR corrected P value ≤ 0.05. 
Normalized expression values of these genes (Z-scores) were calculated from the model 
coefficients and their profile were explored across the experimental factor levels using 
self-organizing maps (SOMs) or hierarchical clustering. KEGG-pathway and gene ontology 
analyses were performed using the DAVID analysis wizard [57, 58]. The microarray data 
presented in this study are published at the Gene Expression Omnibus database under 
accession number GSE49374.

RESULTS

Two of the forty-one embryo samples did not pass our quality control criteria for microarray 
hybridization and were therefore excluded from further analysis. Two women had two 
embryos each that were highly correlated on gene-expression profile; one of these two 
embryos from every woman was therefore also excluded. The baseline characteristics of 
the women for the remaining thirty-seven embryos in the four groups are shown in Table 1. 

The correlation coefficient between gene expression in embryos of different developmental 
stage and maternal age was smaller (ranged from 0.983 to 0.992) compared to embryos 
cultured in different culture conditions (0.996) (Figure 1). Principal component analysis 
(PCA) using all genes present on the arrays showed a clear clustering of samples according 
to developmental stage but there was no clear clustering of samples according to maternal 
age, culture media or oxygen concentration (Figure 2, A-D). 
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Figure 1: Pairwise comparisons of the transcriptome of human embryos according to the different factors.

Effect of developmental stage on gene expression

Out of the thirty-seven embryos included in the analysis, twenty-three developed to the 
morula stage, six became early blastocysts and eight were fully developed blastocysts. 
Statistical analysis taking into account the confounding effects of the other factors, revealed 
1,532 genes that were significantly differentially expressed among the developmental 
stages (Table 2). A PCA was performed to visualize the differential expression among the 
developmental stages (Figure 2E). The PCA revealed that the difference between morulas 
and blastocysts is larger than the difference between blastocysts and early blastocysts 
(Figure 2E).

Using self-organizing-maps (SOM) clustering, patterns of expression differences among 
the different developmental stages were examined (Figure 3A). Clusters 1, 2 and 3 include 
genes that are up-regulated as embryos progress from the morula to the blastocyst stage. 
These genes are involved in phosphorus/phosphate metabolic processes, oxidation 
reduction, regulation of cell proliferation, phosphorylation, generation of metabolites and 
energy, response to organic transport and ion transport (Figure 3B). Clusters 5, 6 and 7 
include genes whose expression decreases as embryos progress from the morula to the 
blastocyst stage. The top biological functions involved included regulation of transcription, 
cell adhesion, regulation of cell proliferation, cell death, cell motion and transmembrane 
transport (Figure 3C). 

Subsequently, we analyzed the expression levels of a set of pluripotency genes previously 
investigated in human oocytes and embryos [17]. The results showed an increase in 
expression of KN motif and ankyrin repeat domains 3 (ANK3) gene from the morula to the 
blastocyst stage (Figure 4). In contrast, podoplanin (PDPN), zinc finger protein 42 homolog 
(ZFP42) and teratocarcinoma-derived growth factor 1 (TDGF1) gene expression declined 
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from the morula to the blastocyst stage (Figure 4). The expression of grancalcin (GCA), 
spermatogenesis and oogenesis specific basic helix-loop-helix 2 (SOHLH2), zinc finger 
protein 462 (ZFP462), nanog homeobox (NANOG), POU class 5 homeobox 1 (POU5F1) and 
SRY sex determining region Y-box 21 (SOX21) genes was not altered during the transition 
from the morula to the blastocyst stage (Figure 4). 

Effect of maternal age on gene expression  

Maternal age was grouped in three categories: ≤35 (twenty-two embryos; mean 31.7 
years), 36-38 (eight embryos; mean 37.1 years) and ≥39 (seven embryos; mean 39.7 
years). Statistical analysis taking into account the confounding effects of the other factors, 
revealed 368 genes that were significantly differentially expressed among the three age 
categories (Table 2). PCA analysis showed that the difference between the young and old 
age group is relatively large (albeit one outlier among the old age group) and that the 
difference between the middle and the young and old age groups was relatively small 
(Figure 2F).  

Examined patterns of gene differences among the different maternal ages are depicted in 
Figure 5A. Clusters 1, 2 and 3 include genes whose expression decreased with advanced 
maternal age. The top ten biological functions of these genes are shown in Figure 5B and 
include phosphate/phosphorus metabolism and cell cycle. Clusters 5, 7 and 8 contain genes 
with higher expression in embryos of advanced-age women as compared to embryos of 
young women. These genes are involved in five biological functions, mostly related to cell 
communication (Figure 5C). 
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Figure 2: Principal component analysis (PCA). In A-D all genes on the array were used for PCA while in E-H 
only the genes affected per factor were used. (A) PCA of all genes among the three developmental stages. 
(B) PCA of all genes among the three maternal ages. (C) PCA of all genes between the two culture media. (D) 
PCA of all genes between the two oxygen concentrations. (E) PCA of the DEGs showing the clustering of the 
samples among the three developmental stages. (F) PCA of the DEGs showing the clustering of the samples 
among the three maternal ages. (G) PCA of the DEGs between the two culture media. (H) PCA of the DEGs 
between the two oxygen concentrations. 
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Figure 3: Analysis of embryonic transcriptome per developmental stage, corrected for the confounding 
effect of the other factors. (A) Patterns of gene expression as found by SOM clustering. The number of genes 
included in each cluster is stated in parenthesis. (B) Top ten biological functions of genes with increasing 
expression during development (clusters 1-3). (C) Top ten biological functions of genes with decreasing 
expression during development (clusters 5-7).

Effect of culture conditions on gene expression 

When we analyzed the data according to the culture medium used (19 HTF and 18 G5), taking 
into account the confounding effects of the other factors, 174 genes were significantly 
differentially expressed. One hundred and four were up-regulated during culture with HTF 
and seventy were up-regulated during culture with G5. Biological functions that were up-
regulated in embryos cultured in HTF involved cell death and apoptosis while biological 
functions that were up-regulated in embryos cultured in G5 involved regulation of activities 
and cell cycle (Figure 6A & B). 
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Figure 4: Gene expression of known pluripotency genes at 
different developmental stages, corrected for the confounding 
effects of the other factors. The asterix indicates genes that are 
differentially expressed.

The difference in oxygen concentration, when also taking into account the confounding 
effects of the other factors, caused significant differential expression for 183 genes. One 
hundred and seventeen genes were up-regulated in low oxygen concentration (n=16) and 
involved genes with biological functions in cell morphogenesis and muscle contraction 
while sixty-six genes were up-regulated in high oxygen concentration (n=21) and involved 
genes with biological functions in sensory perception of stimulus (Figure 6C & D). 

A PCA was performed to visualize the differential expression caused by the difference in 
culture medium (Figure 2G) and oxygen concentration (Figure 2H). It was observed that 
the effect of culture medium on embryo gene expression was clearer than the effect of 
oxygen concentration.
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Figure 5: Analysis of embryonic transcriptome for embryos of different maternal age, corrected for the 
confounding effects of the other factors. (A) Patterns of gene expression as found by SOM clustering. The 
number of genes included in each cluster is stated in parenthesis. (B) Top ten biological functions of genes 
with decreased expression in embryos from older women (clusters 1 - 3). (C) All biological functions of genes 
with increased expression in embryos from older women (clusters 5, 7 and 8).

Interactions among the factors

To assess whether culture media have a different effect on the gene expression of embryos 
of different maternal age, we clustered the 142 genes that were found differentially 
expressed for the interaction of culture media and maternal age (Table 2). The majority 
of these genes (65 genes) followed a pattern where their expression was up-regulated in 
HTF compared to G5 in embryos of women 38 years old and below while this expression 
pattern was reversed in embryos of women above 39 years of age. These genes were 
involved in functions such as regulation of kinase and transferase activity, regulation of 
phosphorylation, intracellular signaling and cell morphogenesis. 

The effect of culture medium was also different among the developmental stages (Table 
2). One hundred and eighty genes (out of two hyndred and seventy-four) were down-
regulated when the embryos were cultured in HTF compared with G5 in the blastocyst 
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Figure 6: Biological functions of genes differentially expressed in different culture conditions, corrected for 
the confounding effects of the other factors. (A) All biological functions of the genes that are up regulated in 
embryos cultured in HTF. (B) Top ten biological functions of genes that are up regulated in embryos cultured 
in G5. (C) The biological functions of the genes that are up regulated in embryos cultured in low oxygen 
concentration. (D) The biological functions of the genes that are up regulated in embryos cultured in high 
oxygen concentration.

and morula stage embryos but the same genes were up regulated when the embryos were 
cultured in HTF in the early blastocyst stage. Biological functions of these genes included, 
among others, cell signaling, secretion, regulation of growth and regulation of exocytosis.    

An interaction was also found between the oxygen concentration and maternal age (Table 
2). The majority of the genes that were differentially expressed were part of two clusters. In 
one of the clusters (108 genes), the genes were down-regulated when the embryos were 
cultured in low oxygen concentration compared to high when the maternal age was below 
38 years and the opposite pattern was observed when the maternal age was above 39 
years. The second cluster (73 genes) involved genes whose expression was up-regulated 
in low oxygen concentration compared to high in embryos of women below 38 years and 
down-regulated in embryos of women above 39 years old. Biological functions of these 
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genes included cell-cell signaling, calcium ion transport, regulation of protein kinase 
cascade and cell activation. 

One hundred and eighty-one genes were found to be affected by the interaction of oxygen 
concentrations and developmental stage (Table 2). However, the number of genes in the 
individual clusters was too small for any relevant pattern to be identified.  The interaction 
between developmental stage and maternal age involved 462 genes (Table 2). It was 
shown that the same genes in blastocysts or morulas have a different expression pattern 
in women of younger compared to women of older age. These genes were involved in cell 
cycle, cell adhesion and regulation of cell size. 

Lastly, the effect of culture medium was different when embryos were cultured in the two 
oxygen concentrations, with 518 genes found differentially expressed (Table 2, Figure 
7A). The two main clusters recognized involved genes that are involved in regulation of 
transcription, cell cycle, ncRNA and rRNA metabolism, ribosome biogenesis, methylation, 
regulation of metabolites and energy, oxidative phosphorylation, nucleotide biosynthesis 
and ATP synthesis (Figure 7B).

Discussion

By analyzing the gene-expression profile of good quality human embryos, we have 
identified factors, both biological and environmental, that cause significant gene-expression 
differences during human preimplantation development. The number of DEGs was higher 
for developmental stage and maternal age (1,532 and 368 respectively) compared to the 
number of DEGs for culture medium and oxygen concentration (174 and 183 respectively). 
Also, the correlation coefficient of gene-expression levels among embryos of different 
developmental stage and maternal age was smaller compared to embryos cultured in 
different culture conditions. These data suggest that developmental stage and maternal 
age have a larger effect on the gene-expression profile of human preimplantation embryos 
than culture conditions (culture medium and oxygen concentration) used.

As expected, a difference in expression level in a considerable number of genes (1,532) was 
found as embryos progress through development and the cells undergo differentiation. 

This study also demonstrated differences in the embryonic transcriptome relevant to 
the maternal age. We found more than 300 genes that were significantly up- or down- 
regulated as maternal age increased. One of the most profound differences in the genes 
that were down-regulated with advanced maternal age was found in genes associated 
with cell-cycle function. Genes up-regulated with advanced maternal age were mostly 
associated with cell signaling. The same functions were influenced, in the same direction, 
by advanced maternal age in human oocytes [59, 60]. Despite the believe that maternal age 
affects mainly oocytes, our study has shown that maternal age influences  gene-expression 
profiles in human embryos in the same way as human oocytes. Having identified the 
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Figure 7: An example of the interactions found in this study: the interaction between culture media and 
oxygen concentration, corrected for the confounding effect of the other factors. (A) The heat map of the 
effect of culture media according to oxygen concentration shows that for the same genes the direction 
of differences in gene expression between G5 and HTF is different when embryos are cultured in high 
compared to low oxygen concentration. (B) The top ten biological functions of the differentially expressed 
genes clustered according to the two observed patterns of gene expression.

pathways and functions that are altered by advanced maternal age in human embryos 
allows further research to study the specific mechanisms and genes involved. 

Although previous studies on the gene-expression profile of embryos produced in vitro 
have been conducted for mouse, bovine and pig, this is the first study to generate gene-
expression profiles of single human embryos under different culture conditions [26, 
28, 32, 33]. Even though the effects of the culture conditions were small (174 DEGs for 
culture medium and 183 DEGs for oxygen concentration) it was clear that HTF caused 
up-regulation of expression of genes related to cell death and apoptosis while culture in 
G5 caused up-regulation of genes involved in regulation of phosphorylation and mitosis, 
possibly implying that human embryos develop better in G5 compared to HTF. Two studies 
presented as abstracts in conferences compared HTF to G2 (an older version of G5 that is 
no longer available on the market) and reported better embryo quality in G2 compared to 
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HTF [61, 62]. These studies point to the same direction as the data presented in this article. 
The effect of oxygen concentration was less pronounced. We found that culturing embryos 
in low oxygen led to up-regulation of genes involved in cell morphogenesis, which should 
be very relevant for embryo development and blastocyst formation.  Indeed, clinical data 
show that reduced oxygen concentrations lead to better quality embryos and improved 
success rates [23]. Genes involved in functions like oxidative phosphorylation and stress 
processes were not found differentially expressed between the two oxygen concentrations. 

We also found a relevant interaction effect between maternal age and culture medium, 
maternal age and oxygen concentration, developmental stage and culture medium, 
developmental stage and maternal age and culture medium and oxygen concentration. 
These interactions suggest that embryos of different maternal age or developmental stage 
could respond differently to various culture conditions. The mechanism through which this 
occurs, and what culture conditions would be better for specific developmental stages or 
maternal age groups needs further investigation.

Finally, in our study we identified pathways and molecular functions that are affected by 
the factors under study and their interactions. Even though microarray studies produce a 
lot of data, many of which not easily interpreted, determination of the affected molecular 
functions provides the first step in understanding the effect of maternal age or in vitro 
culture on human embryo quality. These data can be combined with clinical results and 
lead to further research aiming in optimization of embryo culture systems. For example, IVF 
success rates are decreasing with advanced maternal age and culture of human embryos 
in low oxygen concentrations lead to better quality embryos and higher live birth rates 
[23, 49-51]. It is still unknown which culture medium (HTF or G5) leads to better quality 
embryos and higher live birth rates [24].

A strong point of this study is the experimental designed applied. Embryos were 
randomized for culture conditions and stratified for maternal age in order to have 
equal distribution of confounding factors among the experimental groups. We further 
investigated every factor using a multi-variate model to isolate its effect from confounding 
effects of the other factors, while also looking at their interactions. Many of the current 
studies on gene-expression analysis of human preimplantation embryos at different 
developmental stages do not report correcting for confounding effects of maternal age. 
Sometimes, even the information on maternal age or what culture media were used is 
not described in the materials and methods. Our results showed that such correction is 
definitely needed. Especially when working with human preimplantation embryos since 
the limited availability of embryos does not always allow matching for maternal age or for 
developmental stage. 

It should be mentioned that the effects observed in our study are the result of culture 
of human embryos for two days, from day 4 to day 6 of development. It remains to be 



 Factors affecting gene expression of human preimplantation embryos 91

elucidated if earlier stages of development (day 1 - 4) as well as prolonged culture has 
similar effects on gene expression.

In conclusion, we showed that developmental stage and maternal age have a larger effect 
on the gene-expression profile of human preimplantation embryos than the culture 
medium or oxygen concentration used during in vitro culture. The data described here 
are a valuable addition to the few studies investigating gene-expression differences 
during human preimplantation development. For the first time data on gene-expression 
differences in regards to maternal age and culture conditions were described for human 
embryos. Our results indicate that one should take into account the confounding effect 
of biological variables, such as developmental stage and maternal age when designing 
and analyzing experiments studying gene expression in single human preimplantation 
embryos under various experimental conditions.
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