
ORIGINAL ARTICLE

Validation of a semiconductor next-generation sequencing-based
protocol for preimplantation genetic diagnosis of reciprocal
translocations
S. Bono1, A. Biricik1, L. Spizzichino1, A. Nuccitelli1, M. G. Minasi2, E. Greco2, F. Spinella1 and F. Fiorentino1*

1GENOMA, Molecular Genetics Laboratory, Rome, Italy
2Centre for Reproductive Medicine, European Hospital, Rome, Italy
*Correspondence to: Francesco Fiorentino. E-mail: fiorentino@embryogen.it

ABSTRACT
Objective We aim to validate a semiconductor next-generation sequencing (NGS)-based method to detect
unbalanced chromosome translocation in preimplantation embryos.

Methods The study consisted of a blinded retrospective evaluation with NGS of 145 whole-genome amplification
products obtained from biopsy of cleavage-stage embryos or blastocysts, derived from 33 couples carrying different
balanced translocations. Consistency of NGS-based copy number assignments was evaluated and compared with
the results obtained by array-comparative genomic hybridization.

Results Reliably identified with the NGS-based protocol were 162 segmental imbalances derived from 33 different
chromosomal translocations, with the smallest detectable chromosomal segment being 5Mb in size. Of the 145
embryos analysed, 20 (13.8%) were balanced, 43 (29.6%) were unbalanced, 53 (36.5%) were unbalanced and
aneuploid, and 29 (20%) were balanced but aneuploid. NGS sensitivity for unbalanced/aneuploid chromosomal call
(consistency of chromosome copy number assignment) was 99.75% (402/403), with a specificity of 100% (3077/3077).
NGS specificity and sensitivity for unbalanced/aneuploid embryo call were 100%.

Conclusions Next-generation sequencing can detect chromosome imbalances in embryos with the added benefit of
simultaneous comprehensive aneuploidy screening. Given the high level of consistency with array-comparative
genomic hybridization, NGS has been demonstrated to be a robust high-throughput technique ready for clinical
application in preimplantation genetic diagnosis for chromosomal translocations, with potential advantages of
automation, increased throughput and reduced cost. © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION
Individuals who carry a balanced chromosomal translocation
(reciprocal or Robertsonian) are known to have high rates of
unbalanced gametes following meiotic segregation and embryos
with unbalanced chromosome complements.1,2 These patients
have a greater chance of being infertile and/or at high risk of
conceiving chromosomally abnormal pregnancies that lead to
recurrent spontaneous abortions or children with congenital
anomalies and developmental delay.3 The use of preim-
plantation genetic diagnosis (PGD) for carriers of balanced
chromosomal translocations has been demonstrated to be
successful in significantly reducing the risk of adverse outcomes,
by selecting for transfer only those embryos with a
normal/balanced chromosomal complement.1,2,4

Historically, different strategies based on fluorescence in situ
hybridization (FISH) have been used in PGD for structural
chromosome abnormalities, either in polar bodies via whole-

chromosome painting probes or in interphase nuclei using
probes that bind to each of the chromosome fragments or
breakpoint-spanning probes.5–9

Although relatively successful, the FISH procedure is
technically demanding andharbours several technical limitations
that are well documented.10–12 To overcome these limitations,
several alternativemethods have also been applied. For example,
a PCR-based PGD approach for the detection of chromosomal
imbalances in embryos from both reciprocal and Robertsonian
translocation carriers was proposed as a valuable alternative to
the FISH-based PGD protocols.13,14 This approach overcomes
several of the limitations of FISH and provides significant
improvements in terms of test performance, automation,
turnaround time, cost-effectiveness, sensitivity and reliability of
the results, although specific general shortcomings remain.

The most important of these is the inability of both FISH
and PCR to analyse all 24 chromosomes. This may have led to
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the transfer of reproductively incompetent embryos with
aneuploidy for chromosomes that were not analysed. Therefore,
the focus has now shifted to new technologies that allow for
comprehensive chromosome screening, or full karyotyping, to
provide a more accurate assessment of the reproductive
potential of embryos derived from translocation carriers.

A variety of methodologies for a 24-chromosome analysis
have been developed and are currently available for clinical
use. Among these, microarray single-nucleotide polymor-
phisms15 and array-comparative genomic hybridization (array-
CGH)16,17 have been used for detection of reciprocal and
Robertsonian translocations.18–21

Several studies with array-CGH have also documented
significantly improved consistency and predictive value for
unbalanced translocation and aneuploidy detection, as well
as high pregnancy outcomes following transfer of tested
embryos.19–22

Recently, next-generation sequencing (NGS) technologies have
stimulated an increasing interest in its application in the field of
reproductive medicine, in particular for preimplantation genetic
screening (PGS)/PGD as an adjunct to IVF.23–29

This technique, applied to embryos derived from trans-
location carriers, would offer a comprehensive chromosomal
analysis of the embryo, providing information not only for
the chromosomes involved in the translocation but also for
all 24 chromosomes.

This study describes the preclinical validation of NGS
technology to analyse embryos, derived from reciprocal trans-
location carriers, for detection of unbalanced translocation
derivatives and comprehensive aneuploidy screening. The assay
was applied to amplified DNA from embryos at the cleavage and
blastocyst stages of development, obtained from a cohort of 33
couples carrying different balanced translocations.

MATERIALS AND METHODS

Experimental design
This study involved a retrospective blinded assessment of whole-
genome amplification (WGA) products, selected from 35
consecutive clinical PGD cycles performed on single blastomeres
biopsied from cleavage-stage embryos or trophectoderm cells
obtained from embryos at the blastocyst stage.

The 35 PGD cycles involved 33 reciprocal translocation
carriers. The structural chromosome abnormality was
evaluated in detail for each case. The evaluation included the
type of rearrangement, chromosomes involved, location of
the breakpoints and an estimation of the size of the chro-
mosomal segments. The karyotypes of the 33 translocation
cases for which PGD has been performed are listed in Table 1
in the supporting information.

The consistency of NGS-based analysis was assessed with
previously established array-CGH-based diagnoses (WGA
products), at the level of individual structural imbalances,
and whole-chromosome copy numbers for all chromosomes.

Single-cell lysis and whole-genome amplification
For WGA, cells and negative controls were first lysed, and
genomic DNA was randomly fragmented and amplified using

the SurePlex DNA Amplification System (Illumina, Inc., San
Diego, CA, USA) according to the manufacturer’s protocol.18,19

WGA products were quantified using Qubit (HS dsDNA, Life
Technologies) and processed for array-CGH and NGS.

Array-comparative genomic hybridization analysis
Array-CGH analysis was undertaken according to our
previously validated protocol19 using 24sure+ microarrays
(Illumina, Inc.) according to the manufacturer’s protocol and
detailed in the supporting information data.

Next-generation sequencing analysis
Clonal amplification-compatible libraries were prepared from
100μg ofWGADNAusing the Ion Xpress™ Plus Fragment Library
Kit (Life Technologies). Libraries were barcoded using the Ion
Xpress Barcode Adapters 1-96 Kit (Life Technologies). During
the library construction, unamplified barcoded fragments were
size selected using an E-Gel® SizeSelect™ 2% agarose system
running until the 300-bp band of the 50-bp ladder (Invitrogen)
reached the marked reference lines on the E-Gel® cassette. The
final concentration of the libraries was normalized to 100pM
using the Ion Library Equalizer Kit (Life Technologies).

The normalized barcoded libraries were pooled in a 10-plex
or 32-plex manner, clonally amplified with the Ion PGM
Template OT2 200 Kit on the Ion OneTouch™ 2 System
(starting from 2 μL of normalized library pools), and the
spheres enrichment was performed on the Ion OneTouch™

ES system according to the manufacturer’s protocol.
Templated spheres were loaded on an Ion 316™ chip, and

sequencing was performed on an Ion PGM™ running Torrent
Suite™ Software 4.2 using the Ion PGM Sequencing 200 Kit v2
on chips (Life Technologies).

Data were automatically uploaded to Ion Reporter™

Software 4.2 and analysed using a low-pass whole-genome
aneuploidy workflow, an algorithm that allows copy number
analysis from an embryo (test) sample, based on the ratio
between the percentage of reads derived from a given
chromosome test and a reference value for the same
chromosome. As reference value, a custom baseline generated
from 11 normal samples was used according to the Ion
Reporter™ user manual. A custom baseline was also adopted
to reduce the amplification bias and optimize the detection
of copy number variation and consisted of a reference value
for each chromosome calculated by averaging the percentage
of mapped reads in a series of euploid samples. The copy
number value with the highest probability for a chromosome
was assigned a confidence value of 10. The copy number
variant (CNV) coverage data were also visualized in the
Integrative Genomics Viewer genome browser,30 launched
directly from Ion reporter, which graphically shows the
difference in test and control coverages in a ploidy-centric y-
axis. Chromosomal gains were associated with a copy number
>3 and losses with a copy number <1 (Figures 1 and 2).

Ethical approval
The material used in this study was obtained with patient
consent and institutional review board approval from the
Genoma Center.
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RESULTS
A total of 145 WGA products from 35 PGD cycles for reciprocal
translocations, previously analysed using array-CGH, were
blindly assessed with the NGS-based protocol (Table 1).

Of these, 43 WGA products were from single cells
(blastomeres) biopsied from cleavage-stage embryos derived
from five PGD cycles, and 102 were from biopsied
trophectoderm cells (5–10 cells per embryo) derived from 30
PGD cycles (Table 1). Successful results were obtained by
NGS in 145/145 samples (100%) included in the experiments.
Examples of array-CGH and NGS results, from day 3 and day
5 embryos, are shown in Figure 1.

Of the embryos diagnosed, 13.8% (20/145) were balanced,
29.6% (43/145) were unbalanced for the translocation, 36.5%
(53/145) had aneuploidy and were also unbalanced, and 20%
(29/145) were balanced but also aneuploid (Table 1). Overall,

unbalanced translocations were observed in 66.2% (96/145) of
the embryos tested; aneuploidies for chromosomes not involved
in translocationwere observed in 56.5% (82/145) of the embryos.
Forty-nine (33.7%) embryos were balanced. In total, 3480
chromosomes were assessed, 403 of which had a copy number
imbalance, including 199 (49.3%) segmental imbalances, 86
(21.3%) trisomies and 95 (23.4%) monosomies (Table 1).

Gains or losses were detected by NGS for chromosomal
segments larger than 5Mb (Table 2 and Tables II and III in
the supporting information). Examples of results from
embryos with a segmental imbalance of 5Mb in size are shown
in Figure 2.

One embryo, involving a segmental imbalance of 2.8Mb, was
detected by array-CGH and not by NGS (sample 47, Table III in
the supporting information).

Figure 1 Examples of array-comparative genomic hybridization (array-CGH) and next-generation sequencing (NGS) results from
chromosomally unbalanced embryos. Embryos biopsied at day 3 (left panel) or day 5 (right panel) derived from patients carrying a balanced
translocation 46,XX, t(2;16)(q12;p11) or 46,XX, t(2;4)(p10;q10), respectively. Black arrows indicate chromosomal imbalances. Top: results from
array-CGH analysis. Bottom: results from NGS-based analysis obtained from the same whole-genome amplification product as shown in the
upper panel. The y-axis of the NGS graph indicates the copy number assignments (0, 1, 2, 3 or 4). The x-axis of both the array-CGH and NGS
graphs indicates the chromosome number. Left panel: the imbalances include a partial monosomy 2p25.3q14.1, detected as a shift of the specific
dots towards the red line (loss), and a partial trisomy 16p11.2q24.3, detected as a shift of the specific dots towards the green line (gain). Right
panel: the imbalances include a partial trisomy 2p25.3p11.2, detected as a shift of the specific dots towards the green line (gain), and a partial
monosomy 4p16.3p11, detected as a shift of the dots located in the above region towards the red line (loss)

Figure 2 Estimation of the detection limit of the next-generation sequencing-based analysis of segmental imbalances. Examples of results from
unbalanced (left panel) and unbalanced and aneuploid (right panel) embryos, biopsied at day 5, derived from a patient with karyotype
46,XX, t(1;4)(q41;p16). Black arrows indicate chromosomal imbalances. Red arrows indicate aneuploidy in chromosomes not involved in the
translocation. Top: results from array-comparative genomic hybridization analysis. Bottom: results from next-generation sequencing-based
analysis obtained from the same whole-genome amplification product as shown in the upper panel. Detection of a segmental deletion in
chromosome 1 (1q41q44) and a 5-Mb-sized segmental duplication in chromosome 4 (4p16.3p16.2) (left panels). Unbalanced embryo with a
segmental duplication in chromosome 1 (1q41q44), a 5-Mb-sized segmental deletion in chromosome 4 (4p16.3p16.2) and aneuploidy of a
chromosome not involved in the translocation (chromosome 21) (right panels)
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None of the reciprocal translocations had two chromosomal
fragments smaller than 5Mb, and thus, unbalanced trans-
locations were potentially detectable in all embryos under
investigation (Table 2 and Tables II and III in the supporting
information).

Of the 102 embryos diagnosed on day 5, 11 (10%) showed
atypical gains and/or losses for one or more chromosomes,
accounting for 23 chromosomes in total, that were below the
automatic calling signal of the Ion reporter 4.2 software. These
results were thus classified as ‘mosaic’ occurrences (Table 1).
In all cases, the mosaic chromosome was not related to the
chromosomes involved in the translocation (Table III in the
supporting information). Two out of 102 embryos showed
chromosomal mosaicism on one chromosome but had no
aneuploidy on other chromosomes and were diagnosed as
euploid–aneuploid mosaic embryos.

The details of the karyotype predictions are reported in Tables
II and III in the supporting information. The final diagnoses
obtained with array-CGH and NGS were concordant in 145/145
embryos. The only embryo with non-concordant unbalanced
chromosome call, consisting of a missed call for a segmental
chromosomal imbalance of 2.8Mb, displayed concordant NGS
and array-CGH results for the reciprocal translocated
chromosome. Thus, NGS specificity for unbalanced/aneuploid
chromosomal call (consistency of chromosome copy number
assignment) was 100% with a sensitivity of 99.75%. NGS
specificity and sensitivity for unbalanced/aneuploid embryo call
were both 100%. With a prevalence of 66.2% (96/145), the
predictive value of the NGS-based PGD protocol was 100%
(95% confidence interval 97.11–100%).

There were no false-negative diagnoses for aneuploid
chromosomes or embryos or inaccurate predictions of gender.

DISCUSSION
Next-generation sequencing is an emerging technology that
provides a high-throughput parallel analysis of multiple
embryos and high-resolution data for chromosomal analysis,
but it has yet to be validated for PGD application.

We performed a preclinical validation study to determine
the accuracy of the NGS-based protocol for detection of
chromosomal imbalances in embryos derived from trans-
location carriers. This study represents the first phase of a
strategy to validate the use of NGS in PGD for chromosomal
translocations as a preclinical step towards its routine use in
the detection of segmental imbalances in embryos derived
from patients carrying a balanced translocation.

The accuracy of NGS in detection of segmental imbalances
was assessed by testing, in a blinded manner, WGA products
selected from previously performed clinical PGD cycles, with
biopsy of single blastomeres from cleavage-stage embryos or
blastocyst biopsy, in which the results were defined by a well-
established methodology.

The study demonstrated the ability of the NGS-basedmethod
to identify segmental imbalances and to predict translocation
segregations, in embryos at cleavage stage as well as in
blastocysts. An accurate NGS profile was achieved in 100%
(145/145) of the samples assessed. NGS detected segmental
deletions and duplications, allowing the identification of a
variety of 162 segmental imbalances derived from 33 different
translocations. NGS analysis of the previous samples resulted
in a 100% diagnostic consistency with the highly validated
array-CGH method. Importantly, all embryos that resulted as
balanced or unbalanced by array-CGH in clinical PGD cycles
were concordantly diagnosed by NGS (100% diagnostic
consistency). In concordance with our previous studies on the
application of NGS for PGS purposes,25,26 all the aneuploidies
not related with the chromosomes involved in the translocation
were consistently identified.

The results obtained also allowed estimation of the detection
limits of the NGS-based analysis. The probability of detecting
an unbalanced translocation is dependent upon the location
of the translocation breakpoints in the chromosomes and
the size of the unbalanced chromosomal region(s). Small
imbalances can be difficult to identify when the related
breakpoints are located close to the telomeres. NGS was
able to detect segmental imbalances of 5Mb in size in
trophectoderm cells. Chromosomal fragments with a size
smaller than 5Mb, such as in sample 47 (Table III in the
Supporting Information), were not detected with NGS.

This may be explained by the fact that the algorithm for CNV
calling, used in the Ion Reporter software, is designed to
require at least two ‘bins’ in a row, in order to call copy number
changes with high confidence. Bins are fixed areas of the
human genome of approximately 2Mb in size and act as units
of measurement of copy number change. Because all data
within a 2Mb bin act as a unit for that bin, the expected
resolution of the NGS-based approach would be 4Mb, on
average. Therefore, 5Mb could be considered the lowest size
of chromosomal segments detectable by NGS methodology.

In contrast, in agreement with a previously reported
study,18,19 we found that high-density array-CGH was able to

Table 1 Characteristics of samples investigated

Type of samples analysed, N (%)

Day 3 Day 5 Total

No. of cycles 5 30 35

No. of patients 5 28 33

Whole-genome
amplification products

43 102 145

No. of samples analysed 43 102 145

Balanced + euploid 4 (9.3) 16 (15.3) 20 (13.8)

Unbalanced 9 (20.9) 34 (33.3) 43 (29.6)

Unbalanced + aneuploid 21 (48.8) 32 (31) 53 (36.5)

Balanced + aneuploid 9 (20.9) 20 (19.6) 29 (20)

No. of chromosomes assessed 1032 2448 3480

Euploid 841 2236 3077

Aneuploid 191 212 403

Trisomies 56 30 86 (21.3)

Monosomies 61 34 95 (23.5)

Segmental imbalances 74 125 199 (49.3)

Mosaic - 23 23 (5.7)
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detect the 2.8-Mb-sized chromosomal fragment that has been
missed by NGS.

The approximate size of chromosomal segments may be
predicted knowing the translocation break points from the
parental karyotype. Consequently, the appropriate metho-
dology can be chosen, according to the specific translocation
involved. With the current CNV algorithm and Ion Reporter
software, NGS could be applied to patients with at least one

chromosomal segment with a size >5Mb. For those patients
with two predicted segments smaller than 5Mb, high-
resolution array-CGH19 may be needed.

Array-CGH has proven to be a powerful tool in PGD by
successfully addressing most of the limitations of the FISH
method, and therefore, its use in aneuploidy screening and
PGD for chromosomal translocations has become routine in
many laboratories.16–19,31

Table 2 NGS results from WGA sample

Source of cells
Smallest

fragment (Mb)
WGA

products

NGS finding

Normal or
balanced Unbalanced

Unbalanced and
aneuploid Aneuploid

46,XY, t(5;19)(q31;p13.1) Blastomere 45 6 0 0 3 3

46,XX, t(2;16)(q12;p11) Blastomere 27 8 2 1 3 2

46,XY, t(5;8)(q31.1;q22.1) Blastomere 27 8 1 2 3 2

46,XX, t(17;19)(q21;q13.1) Blastomere 20 6 0 4 2 0

46,XX, t(1;10)(p12;p11) Blastomere 28 15 1 2 10 2

46,XX, t(7;12)(q11;p11) TE 18 4 0 2 1 1

46,XX, t(6;7)(p21.3;p15) TE 17.5 2 1 0 1 0

46,XX, t(1;19)(p22;q13.1) TE 31 2 1 0 1 0

46,XX, t(1;4)(q41;p16) TE 5 8 2 2 3 1

46,XY, t(4;7)(q35;p11) TE 12 2 0 1 1 0

46,XY, t(3;10)(p13;q26) TE 74 3 0 2 1 0

46,XX, t(2;4)(p10;q10) TE 37 3 0 0 1 2

46,XX, t(1;4)(q22;q32) TE 18.8 8 0 6 1 1

46,XX, t(2;11)(q33;q12) TE 33 5 2 2 1 0

46,XY, t(4;14)(p16;q13) TE 13.8 4 0 1 0 3

46,XX, t(2;4)(p10;q10) TE 46 5 1 1 3 0

46,XY, t(3;18)(p26;q12) TE 42 3 1 1 0 1

46,XY, t(5;22)(q10;q10) TE 90 5 0 1 3 1

46,XY, t(10;19)(p12;p13.1) TE 31 5 1 1 1 2

46,XY, t(1;16)(q21;p13) TE 35 2 1 1 0 0

46,XY, t(3;17)(p25;q21) TE 8 3 0 1 0 2

46,XY, der(14;15)(q32;q15) TE 51 2 0 1 1 0

46,XX, t(8;13)(p22;q13) TE 8 5 1 1 2 1

46,XY, t(2;11)(q37;p10) TE 46 2 1 0 1 0

46,XY, t(12;16)(q24.2;p11.2) TE 7.8 3 0 1 0 2

46,XX, t(9;13)(q22;q22.1) TE 15 3 0 0 3 0

46,XX, t(9;21)(p13;q22) TE 33 4 0 4 0 0

46,XX, t(1;9)(p22;p21) TE 46 3 0 1 2 0

46,XX, t(1;15)(q31;q21) TE 26 2 0 0 2 0

46,XY, t(11;22)(q23;q11) TE 5.7 3 1 1 0 1

46,XY, t(12;16)(q24.2;p11.2) TE 12.9 5 2 1 1 1

46,XX, t(9;18)(q33;p11.2) TE - 1 1 0 0 0

46,XX, t(7;10)(p22;q22) TE 6.4 2 0 0 1 1

46,XY, t(3;4)(q26;q34) TE 30 1 0 0 1 0

46,XX, der(13;14)(q32;q32) TE 75 2 0 2 0 0

Total 145 20 43 53 29

NGS, next-generation sequencing; TE, trophectoderm; WGA, whole-genome amplification.
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Next-generation sequencing use in PGD for structural
chromosome abnormalities has the potential to provide further
advantages over array-CGH. With the use of DNA barcoding
technologies, the NGS-based PGD approach offers the
opportunity to evaluatemultiple samples on the same sequencing
chip.25,26,29,32,33 This feature of NGS is very useful because of its
potential to substantially increase throughput by analysing DNA
sequences of embryos from different patients simultaneously. In
fact, it is possible to evaluate sequence information for up to 32
samples in a single run,whilemaintaining ahigh resolution (Table
IV in the supporting information).

Other important advantages, compared with array-CGH, are
automation and scalability. The potential for automation of the
sequencing library preparation minimizes human errors, reduces
hands-on time and enables higher throughput and consistency.
Moreover, in contrast to array-CGH, co-hybridization with a
euploid reference sample is not necessary. Although NGS
methodologies have higher equipment costs, the possibility to
analyse multiple samples in a single run may ultimately lead to
reduced costs per sample (Table IV in the supporting information).

CONCLUSIONS
This is the first study reporting extensive preclinical validation
and accuracy assessment of NGS for detection of chromosomal
imbalances in embryos derived from translocation carriers.

Given the high level of consistency with an established
methodology, such as array-CGH, NGS has been demonstrated
to be a robust high-throughput technique ready for clinical
application in the reproductive medicine field, for PGD of
chromosomal translocations with the added benefit of
simultaneous comprehensive aneuploidy screening, and
potential advantages of automation, increased throughput
and reduced cost.

WHAT’S ALREADY KNOWN ABOUT THIS TOPIC?

• This is the first study reporting extensive preclinical validation and
accuracy of next-generation sequencing-based preimplantation
genetic diagnosis for reciprocal translocation and comprehensive
chromosome screening in single cells from cleavage-stage embryos
and blastocysts.

WHAT DOES THIS STUDY ADD?

• Given the high level (100%) of consistency with the array-
comparative genomic hybridization established methodology,
next-generation sequencing has been demonstrated to be a robust
high-throughput technique ready for clinical application in
preimplantation genetic diagnosis of chromosomal translocations,
with potential advantages of reduced costs and enhanced
precision.
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