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Abstract
Background Preimplantation genetic testing (PGT) requires
an invasive biopsy to obtain embryonic material for genetic
analysis. The availability of a less invasive procedure would
increase the overall efficacy of PGT. The aim of the study was
to explore the potential of blastocoele fluid (BF) as an alter-
native source of embryonic DNA for PGT.
Methods Collection of BF was performed by aspiration with a
fine needle prior to vitrification. BF DNA was subjected to
whole-genome amplification (WGA) and analyzed by high-
resolution next-generation sequencing (NGS).
Results A high-quality WGA product was obtained from 8 of
11 (72.7 %) samples. Comparison of matching BF and blas-
tomere samples showed that the genomic representation of
sequencing reads was consistently similar with respect to

density and regional coverage across the 24 chromosomes.
A genome-wide survey of the sample sequencing data also
indicated that BF was highly representative of known single
gene sequences, and this observation was validated by PCR
analyses of ten randomly selected genes, with an overall effi-
ciency of 84 %.
Conclusion This study provides further evidence that BF is a
promising alternative source of DNA for PGT.

Keywords Blastocoele fluid . Blastomere . Next-generation
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Introduction

Preimplantation genetic testing (PGT) is a commonly used tech-
nology for assessing the genetic health of embryos produced by
in vitro fertilization (IVF). PGT encompasses both preimplanta-
tion genetic diagnosis (PGD) and preimplantation genetic
screening (PGS) [1, 2]. PGD is the recommended procedure
for couples at high risk for passing on a familial genetic disease
[1–3], whereas PGS is mainly applicable to infertile patients for
selecting euploid embryos for transfer [1–4]. Over the last
20 years, through the co-development of advanced assisted re-
productive and diagnostic technologies, the practice of PGT has
been an enormously successful program worldwide [5, 6].

In PGT, a biopsy is necessary for obtaining embryonic ma-
terial for genetic analysis. Presently, three methods of biopsy are
in current practice, namely, polar body biopsy of oocytes, blas-
tomere biopsy of cleavage-stage embryos, and trophectoderm
(TE) biopsy of blastocysts [3, 7]. Polar body biopsy, which
involves removing the first and second polar bodies, is less
invasive but can only be used to detect maternally derived an-
euploidies or mutations [8–11]. Blastomere biopsy, which
removes one to two cells from the six- to eight-cell embryos,
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is a more commonly methods to assess both the paternal and
maternal contributions to the embryo. However, blastomere bi-
opsy can adversely affect the embryos, particularly when two
cells are removed [12–15]. More recently, TE cell biopsy has
been more widely adopted for PGT because it can analyze mul-
tiple cells of the trophoblast lineage, avoiding the inner mass
cells (ICM), which form the fetus proper [7, 12, 13].

While embryo biopsy is generally considered a safe proce-
dure, the quest continues for the development and validation
of less invasive methods as an alternative to the current inva-
sive embryo biopsy methods. One promising source of em-
bryonic DNA is blastocoele fluid which is normally removed
prior to embryo vitrification to protect the blastocyst from
membrane-damaging ice crystal formation [16]. Blastocoele
fluid (BF) has been shown to contain small amounts of DNA
which are amplifiable by PCR [17]. Three recent studies com-
paring BF with polar bodies or TE cells biopsied from the
corresponding embryos suggest that BF might be predictive
of the embryo ploidy [18–20]. If these initial findings can be
verified, BFmay provide a new source of embryonic DNA for
noninvasive PGT. However, several questions remain, includ-
ing the reliability of retrieving the sample, the nature, and
source of BF DNA and whether the DNA is truly representa-
tive of the embryonic cells [21].

As an extension of these studies, we have applied next-
generation sequencing (NGS) to better understand the nature
of BFDNA and determine its genomic representation by com-
parison to a matching blastomere sample taken at an earlier
stage of embryo development. Here, we show that BF DNA is

an alternative source of embryonic DNA with potential for
both PGD and PGS.

Results

The nature of BF DNA

Pooled BF from three research blastocysts was directly ana-
lyzed without whole-genome amplification (WGA) by NGS
to determine the native population size distribution of
fragmented DNA. Fragments were end-modified, ligated with
sequencing primer adaptors and libraries generated by PCR as
described for analysis of fragmented plasma DNA [22].
Following massively parallel sequencing, the density of se-
quencing reads was plotted against fragment size after remov-
ing the contribution of adaptor sequences (Fig. 1a). Two pop-
ulations of fragments sizes were observed. The first peak com-
prised fragments with a range of 160–220 bp and a dominant
peak at 169 bp whereas the second peak was broader with
fragment sizes ranging from 300 to 400 bp.

Genomic representation of blastocoele fluid DNA
by density maps

A total of 11 sample pairs with matching blastomere and BF
biopsies were collected and subjected to WGA. All 11 blasto-
mere samples produced a high-quality WGA product whereas
only 8 of 11 (72.7 %) of BF samples amplified (Fig. 1b) with

Fig. 1 Analysis of BF DNA
before and after WGA. a Size
distribution of native BF DNA
collected from three blastocysts.
Major and minor populations of
fragments were observed, ranging
in size from 160 to 220 bp and
300 to 400 bp. b Agarose gel
electrophoresis of WGA products
of six of the eight successful
amplification reactions. Products
ranged in size between 200 and
1000 bp, and yields were variable
between samples
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variable yields after purification (Table 1). There was no cor-
relation between embryo quality and the amount of BF DNA
recovered. The eight co-amplified matching samples were
then subjected to NGS. Genomic coverage in BF was then
benchmarked against genome coverage in blastomeres by di-
viding the sequencing reads into 5-Mb bins across the 24
chromosomes (Fig. 2). Overall, the density patterns were very
similar within each group and between the two groups. There
was a relatively consistent coverage of sequencing reads
across most regions of the genome, although some regions
contained a lower density of sequencing reads. To examine
genome coverage in finer detail, chromosome 1 was selected
as the representative model chromosome to examine sequenc-
ing read distribution at a much higher resolution (Fig. 3). The
localized pattern of sequencing reads in BF and blastomere
was seen as a series of “islands” with similar density and
regional positions, indicating that the WGA coverage was
consistently reproducible between the two different starting
DNA templates.

Gene coverage of amplified BF DNA

To assess the degree of sequence coverage across gene re-
gions, all mapped BF and blastomere sequencing reads were
annotated against the Ensembl database. Across the eight
matching samples, sequences for 44,397 genes were detected
in BF samples and 44,931 genes were detected in the blasto-
mere samples. Among the detected genes, 41,210 genes were
co-detected in both the BF and blastomere samples, suggest-
ing similar gene coverage after WGA (Fig. 4a). Further, the

genes distributed across each of the 24 chromosomes were
also similar between BF and blastomere samples (Fig. 4b).
Lastly, we explored the association of sequencing reads with

Table 1 Quantification of DNA
in BF after WGA Sample ID Blastocyst classification

[23]
Day of development
to blastocyst

Concentration (ng/μL)

Negative controla – – 0.19

Positive control 1b – – 11.6

Positive control 2b – – 14.5

RN-1 4BC D5 19.5

RN-2 3AA D6 12.9

RN-3 4AA D5 21.0

RN-4 5AB D7 20.0

RN-5 4BB D7 2.0

RN-6 5BA D5 25.3

RN-7 4AA D5 25.9

RN-8 3AA D5 16.3

RN-9 5AA D7 18.7

RN-10 5AB D6 2.4

RN-11 5BA D5 5.3

Samples RN-1 to RN-5 were aspirated from discarded embryos. Samples RN-6 to RN-11 were aspirated from
embryos donated by couples undergoing PGD
aConcentration of DNA in negative control <1.0 ng/μL
bConcentration of DNA in positive control >10 ng/μL

Fig. 2 Chromosome density plots of mapped sequencing reads from
matching BF and blastomeres. The outer most group of eight
concentric circles represents blastomere samples, and the inner most
group of eight concentric circles represent matching BF samples.
Sample order for each group from outer to inner was RN-4, RN-9, RN-
7, RN-8, RN-2, RN-1, RN-3, and RN-6. Color coding signifies the
density of sequencing reads, with red and yellow the highest and lowest
densities, respectively
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known OMIM disease genes that are targeted for single gene
PGD. Of the 6968 known OMIM genes, 4682 (67.2 %) were
detected amongst the sequencing reads. Taken together, these
findings suggested that theWGA product derived from the BF
may be a suitable template for analyzing single genes.

To validate the bioinformatics gene data, we initially per-
formed gene-specific PCR for genes, TCIRG1 and SCN5A
associated with autosomal recessive osteopetrosis and long
QT syndrome type 3, respectively. Primers were designed to
cover the common mutation sites (Table S1). In matching BF
and blastomere samples, a band of the expected size for the
TCIRG1 and SCN5A genes was amplified and confirmed by
Sanger sequencing (Fig. 5). Using the remaining WGA tem-
plate available from five of the eight BF samples, we extended
the gene validation experiments to encompass a further eight
randomly selected disease genes, namely, RHO, EXTL1,
SLC4A1, VWF, HSF4, NPC1, PTCH1, and EPS8L3 (Fig. 6).
The majority of PCR reactions (42 out of 50) produced

positive bands for the ten test genes, giving an overall gene
amplification efficiency of 84 %.

Discussion

The aim of PGT is to obtain biopsy material that is represen-
tative of the genetic constitution of the whole embryo under
test, without compromising developmental potential.
Currently, invasive methods such as blastomere and TE biop-
sy are used for this purpose and, with training, can be safely
performed with high precision in a clinical embryology labo-
ratory [24, 25]. Nonetheless, a less invasive method such as
blastocentesis would be preferable as an alternative source of
embryonic DNA because it is routinely harvested prior to
vitrification [16, 26]. In our study, we report the application
of NGS to evaluate the nature and genomic representation of

Fig. 3 High-density plots of
blastomere and BF sequencing
reads mapped to chromosome 1.
The position and density of
sequencing read “islands” were
similar between blastomere and
BF samples
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the DNA found in the BF of embryos donated to research. As
a benchmark, we directly compared the sequencing profiles of
BF with sister blastomeres removed prior to preimplantation
development to the blastocyst stage. Overall, at the chromo-
some and gene level, the sequencing profiles generated from
the WGA products were remarkably similar, suggesting that
BF has potential as an alternative template for both PGS and
PGD.

It has been proposed that the BF DNA originates from cell
death by apoptosis of trophoblastic or ICM of the developing
blastocyst [27, 28]. Therefore, understanding the nature of BF
DNA is critical for the development of reliable and accurate
PGT methods. By sequencing, we identified two fragmenta-
tion patterns of the native DNA, comprising a dominant pop-
ulation of 160–220 bp (major peak at 169 bp) and a minor
population of 300–400 bp. The dominant population of DNA
fragments is very similar in size range to that seen in the
circulating plasma of human blood [22]. This DNA size is
believed to mimic the nucleosome spacing on the DNA strand
which then undergoes cleavage by blood DNA nucleases to
release the exposed DNA strand and create a population of
fragmented DNA [29]. However, although the BF DNAwas
found to be highly fragmented with significant size heteroge-
neity, it was possible to generate a typical WGA product sim-
ilar to that derived from a single blastomere, where the starting
material is intact genomic DNA. From the analysis of 11 BF

samples, we achieved a WGA efficiency of 72.5 %, although
the quality and yield were variable based on gel analysis. In
four recent studies of BF, the reliability of WGA using PCR-
based methods was 60 of 96 (63 %) [20], 39 of 51 (76.5 %)
[18], 4 of 5 (80 %) [17], and 95 of 116 (82 %) [19], respec-
tively. We speculate thatWGA failure observed in these initial
studies was either due to technical problems in retrieving a
very small volume (in the order of 1 nL) or that some blasto-
cysts were actually devoid of BF DNA. Accordingly, these
collective studies suggest that it may not always be possible
to obtain reliable genetic results on all embryos using BF.

Through precise mapping of sequencing reads derived
from BF DNA, we identified chromosome density read pro-
files that were very similar to those produced from corre-
sponding sister blastomeres. In addition, coverage of sequenc-
ing reads was relatively uniform across the 24 chromosomes
and patterns were reproducible from one BF sample to anoth-
er. On the basis of our bioinformatic analyses, the BF WGA
products should in theory be suitable as a template for chro-
mosomal analysis by techniques such as array comparative
genomic hybridization (CGH) and NGS. In support of this
notion, recent array CGH studies provide the first clinical
evidence that interpretable 24 chromosomal profiles can be
generated from amplified BF DNA [18–20]. Based on com-
parison to polar body [18] or TE biopsy [19, 20] results, there
was a high degree of diagnostic concordance for euploid and

Fig. 4 Gene coverage of
blastomere and BF samples a
Venn diagram showing the
overlap of genes identified in the
two sample types. b Bar plot
comparing the number of
observed genes from the two
sample types located to each
chromosome. Across each
chromosome, the gene coverage
in BF samples was similar to that
in blastomere samples
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aneuploid embryos using the corresponding BF. However,
there were significant numbers of discordant embryo profiles.
The reasons for the discordance are debatable but, at a biolog-
ical level, may involve self-correction of existing errors or the
generation of new chromosomal errors during preimplantation
development [30]. At a technical level, difficulties in sample
retrieval or sub-optimal WGA BF reactions for array analysis
may have contributed in part to the discordant results. Further
comparative studies of BF and TE biopsies taken from the
same PGS embryos, preferably using a much higher-
resolution diagnostic technique such as NGS, are now re-
quired to identify the biological and physical limitations of
BF as a DNA template for PGS.

Based on gene annotations, we found that the BF WGA
product contained sequences of the majority of known genes
and, specifically, disease genes, which are commonly the sub-
ject of different single gene PGD cases. In a limited survey, we
showed that hotspot mutation regions of ten randomly select-
ed genes could be amplified with a relatively high efficiency
of 84 %. However, this efficiency is significantly lower than
90–95 % which can be consistently achieved followingWGA
of a single or few cells [31, 32]. Further, when amplification
efficiency is low for a given set of primers, concomitantly,
allelic dropout (ADO) rates are also generally higher [33].

Although ADO rates were not investigated in this study, it is
therefore possible that ADO rates from a BF WGA product
could be consistently higher than that from a blastomere WGA
product. On this basis, the application of PCR-based methods
involving mutation detection and linked STRs may be a sub-
optimal approach for single gene PGD using BF. Nonetheless, a
more genome-wide technology such as karyomapping [34–37]
that can analyze a large number of heterogeneous intragenic and
intergenic linked SNPsmight serve as amore robust approach to
single gene PGD using a BF template.

In conclusion, BF represents a promising noninvasive
approach to PGT. Future studies are warranted before BF
can be considered for clinical PGD, including determining
the source of BF DNA, improving the methods of BF
collection and amplification by WGA, and determining
the diagnostic concordance between BF and the embryo
at the chromosomal and single gene level. These studies
are best suited in a clinical PGD setting where standard
methods of embryo biopsy, molecular diagnosis, and vit-
rification are routinely performed. Based on the key find-
ings of the study, we propose that NGS and karyomapping
would seem to be the ideal technologies with the highest
potential to extract the vital chromosome and single gene
diagnostic information from a BF WGA product.

Fig. 5 PCR validation for the presence of single gene DNA in a
matching blastomere and BF sample. a TCIRG1 gene fragment
(114 bp). b SCN5A fragment (192 bp). The red boxes mark the position

of a common hotspot mutation in the two genes. Sanger sequencing
confirmed that the two amplified fragments had the correct nucleotide
sequence
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Materials and methods

Blastomere biopsy

Blastomere biopsy was performed on eight-cell cleavage-
stage embryos as previously described [38]. In brief, the em-
bryowas removed from the culture and transferred to a droplet
of the biopsy medium (COOK Medical) overlayed with par-
affin oil. The embryo was immobilized by a holding pipette
connected to an oil-filled syringe and mounted on a microma-
nipulator (Research Instruments), and a slit was created in the
zona pellucida using a Saturn Laser System (Research
Instruments). A single blastomere was gently aspirated using

a blunt flame-polished biopsy pipette, washed three times in
phosphate-buffered saline (PBS), transferred to a PCR tube
with 2.5 μL of PBS, and stored at −80 °C until further
processing.

BF collection

Following blastomere biopsy, embryos were cultured to the
blastocyst stage. The method for aspirating BF was similar to
that described in other studies [17, 39], with minor modifica-
tions. The expanded blastocyst was fixed by a holding pipette,
and BF was completely aspirated from the blastocyst with a
microneedle, which was inserted into the point of contact

Fig. 6 PCR validation for
detection of randomly selected
genes inWGA products from five
BF samples. The majority of
samples showed a PCR fragment
of the expected size for the ten test
genes
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between two TE cells (Fig. S1). During this process, special
attention was given to avoid aspirating any cellular material or
debris. The aspirated fluid was transferred into a 2.5-μL drop-
let of PBS that was prepared prior to the operation. The droplet
containing BF was finally transferred to a PCR tube and then
stored at −80 °C until further processing.

WGA and next-generation sequencing

PicoPLEX WGA Kit (New England Biolabs) was used to
amplify embryonic DNA from blastomere and BF samples,
according to the manufacturer’s instructions. The WGA prod-
ucts were purified from unincorporated primers using the
Agencourt AMpure XP Kit (BECKMAN COULTER). The
amplified DNAwas analyzed on 1.5 % (w/v) agarose gel elec-
trophoresis to determine the quality and size distribution of the
WGA products. In addition, quantification of the amplified
DNAwas performed using a NanoDrop 2000 spectrophotom-
eter (Thermo Scientific, Germany). Successfully amplified
DNA was used to construct sequencing libraries and high-
throughput sequencing performed on the HiSeq 2500
Illumina platform [38] to generate 45-bp reads with 36 bp of
genomic DNA sequence.

Bioinformatics analysis of sequencing data

The adapter sequence from the total raw reads of each sample
was removed and sequences with a base quality score greater
than 20 selected using Cutadapt software (version 1.2.1) [40].
Processed reads with a length of less than 18 nucleotides or
with ambiguous nucleotides were discarded using
Trimmomatic software (version 0.30) [41]. The remaining
high-quality reads were aligned to the hg19 human genome
by BWA software, with up to two mismatches allowed [42].
Mapped locations were only reported for those with the min-
imum number of observedmismatches for each read. The base
depth of the sequencing reads was calculated by BEDTools
[43].

PCR for disease-associated genes

Primers sequences for amplification of specific regions of the
genes TCIRG1, SCN5A, RHO, EXTL1, SLC4A1, VWF, HSF4,
NPC1, PTCH1, and EPS8L3 are shown in Table S1. PCR was
performed in a final volume of 30 μL with DNA template (10–
40 ng) and primers added to a 2× Taq PCR Master Mix
(Aidlab). The DNA template comprised WGA products of
BF or blastomeres. Human cDNA was used as the positive
amplification control. Nuclease-free water was used as a nega-
tive control. The amplification conditions for TCIRG1, SCN5A,
RHO, EXTL1, SLC4A1, VWF, HSF4, NPC1, PTCH1, and
EPS8L3 were one cycle of 95 °C for 5 min and 40 cycles of
95 °C for 30 s, 53–55 °C for 30 s, and 72 °C for 15–20 s and

one cycle of 72 °C for 5 min. PCR products were analyzed
employing 2 % (w/v) agarose gel electrophoresis to determine
the presence of the predicted amplicons. Sanger sequencing
was used to validate the PCR products.
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