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Abstract

Purpose To investigate use of the third-generation sequencing (TGS) Oxford Nanopore system as a new approach for preim-
plantation genetic testing (PGT).

Methods Embryos with known structural variations underwent multiple displacement amplification to create fragments of DNA
(average ~ 5 kb) suitable for sequencing on a nanopore.

Results High-depth sequencing identified the deletion interval for the relatively large HBA 1/2-SEA alpha thalassemia deletion.
In addition, STRs were able to be identified in the primary sequence data for potential use in conventional PGT-M linkage
confirmation. Sequencing of amplified embryo DNA carrying a translocation enabled balanced embryos to be identified and gave
the precise identification of translocation breakpoints, offering the opportunity to differentiate carriers from non-carrier embryos.
Low-pass sequencing gave reproducible profiles suitable for simple identification of whole-chromosome and segmental
aneuploidies.

Conclusion TGS on the Oxford Nanopore is a possible alternative and versatile approach to PGT with potential for performing
economical workups where the long read sequencing information can be used for assisting in a traditional PGT workup to design
an accurate and reliable test. Additionally, application of TGS has the possibility of providing combined PGT-A/SR or in selected
stand-alone PGT-M cases involving pathogenic deletions. Both of these applications offer the opportunity for simultaneous
aneuploidy detection to select either balanced embryos for transfer or additional carrier identification. The low cost of the
instrument offers new laboratories economical entry into onsite PGT.

Keywords Third-generation sequencing (TGS) - Preimplantation genetic testing (PGT)

Introduction

Sequencing approaches to chromosome analyses in embryo
preimplantation assessments have taken over from array CGH
[1]. Early arrays used BAC probes that were hybridized with
whole-genome amplification (WGA) DNA material from bi-
opsy pieces with the total material costs a combination of the
WGA process, the fluorescent labeling, and the array slides
and reagents [2]. Major equipment includes hybridization and
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slide wash systems and moderate- to-high-resolution scan-
ners, depending on the array system chosen. While manage-
able for many medium to large laboratories, total equipment
and maintenance costs were often prohibitive for the smaller
analysis groups and so preimplantation genetic testing for an-
euploidy (PGT-A) remained a costly and controlled process
overall. With the advent of NGS approaches [3, 4], the mate-
rial costs to analyze an embryo reduced significantly (to under
$100USD), bringing PGT-A into wider application in routine
IVF screening. While the starting point of PGT-A by either
array or NGS still includes some aspect of WGA with its
reagent costs, other technical requirements for NGS were re-
duced compared to array CGH; however, capital item expen-
ditures were increased. While many of the larger groups
quickly converted to the sequencing-based approach for its
advantages of reduced sample handling, potential for semi-
automation and overall reduced reagent costs, smaller groups
were again faced with prohibitive capital costs or the only
other alternative of outsourcing analyses to commercial ser-
vice suppliers.
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In the last few years, the next era of DNA sequencing
technology, termed third-generation sequencing (TGS), has
gained a place in many different areas of chromosome analy-
sis [5]. The most common of these technologies are based on
nanopore cells that can rapidly sequence long stretches of
DNA at moderate cost per run. It is the ability of TGS ap-
proaches to sequence long stretches of DNA, typically 1—
100 kb fragments that make them especially useful for chro-
mosome assembly but somewhat less considered for situa-
tions where the fragment sizes are smaller and fragment num-
bers required for analysis are high or if sequencing accuracy is
important. Several reports have identified TGS as being useful
for investigating structural chromosome rearrangements [6,
71, gene fusions [8], and/or in situations where DNA deletions
or insertions are involved [9].

Two instruments, PacBio and Oxford Nano, are the market
leaders in TGS and have similar material costs per run but a
significant difference for instrument CAPEX—the latter as-
pect often being important for laboratories on a smaller bud-
get. There have been only a few reports on the use of these
TGS instruments for PGT applications [10—13]. In one of
these studies [13], the testing for embryo aneuploidy was
aimed at capitalizing on the real-time data analysis available
with TGS but approached the testing in a manner similar to
NGS with small fragment WGA products being analyzed.
This latter approach did show promise for rapid analysis for
situations where fresh embryo transfer was required. The low
sequencing depth used to meet time requirements did limit
applications to whole-chromosome ploidy analysis with an
inability to see segmental changes. In this study, we used
DNA from embryos of known chromosome status as DNA
models to explore the opportunities for the use of the Oxford
Nanopore system to analyze longer genome fragments at
higher sequencing depths and to investigate detail of structural
rearrangements in couples seeking PGT as well as any poten-
tial utility in analyzing their embryos for chromosome balance
prior to transfer.

Material and methods
DNA source

The research study was approved by the Ethics Committee of
the First Peoples’ Hospital of Kunming (Approval number
YLS2019-27). DNA sources were embryos previously ana-
lyzed by PGT-SR, PGT-A, and PGT-M and considered un-
suitable for transfer (Table 1). It was decided that whole em-
bryos of known chromosome status which still required ge-
nome amplification and had no indications of mosaicism pro-
vided a good model for our approach to conduct detailed
structural and ploidy analyses. The embryos originally came
from the PGT cycles of two couples: one couple with known
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carrier status for alpha thalassemia having PGT-M and the
other couple having PGT-SR because one was a reciprocal
translocation carrier. The embryos from the translocation cou-
ple were identified with segmental chromosome aneuploidies
arising from meiotic non-disjunction of the reciprocal translo-
cation and included a whole-chromosome aneuploidy coinci-
dental to the translocation analysis by NGS [4, 14]. Embryos
from the second couple contained a microdeletion associated
with a common alpha thalassemia deletion which was detect-
ed during PGT-M using GAP-PCR [15].

Generation of embryo DNA libraries

Multiple displacement amplification (MDA) is a preferred
method used by many different groups for its ability to re-
liably and uniformly amplify small picogram amounts of
DNA to microgram levels. The final product runs on an
agarose gel at an apparent size of 30—50 Kb. Whole embryos
(estimated at 80—150 cells each) of known chromosome
profile were chosen rather than smaller biopsy fragments
in order to avoid possible issues of limited mosaicism often
observed in other PGT biopsy studies while still utilizing a
genome amplification process. Several studies have sug-
gested that a biopsy and the whole embryo are concordant
in major chromosomes whereas they may vary for mosaic
levels, segmental changes, and low to medium level mosaic
whole chromosomes [16]. Each embryo had the zona re-
moved and was washed in PBS prior to tubing and sending
out for amplification and commercial TGS analysis
(GrandOmics, Wuhan, China). Embryos underwent a
Repli-G Single Cell MDA WGA using a phi29 polymerase
process (QIAGEN) according to the manufacturer protocol.
After isothermal amplification, 1.5 pug of the amplified
DNA was prepared by digestion of single-stranded regions
using T7 endonuclease (NEB) to reduce or remove single-
strand displacement loops and branched structures which
are a feature of this amplification mode. DNA was then
blunt end repaired and addition of Oxford Nanopore—
specific sequencing adapters was performed according to
manufacturer recommendations (1D Genomic DNA by
Ligation; Oxford Nanopore Technologies).

TGS: mapping and junction fragment identification

In this pilot study, an attempt to see the greatest detail avail-
able from any single sample was considered important and
so each DNA sample was analyzed on a single flow cell
(PromethION, R9.4.1) to yield maximum sequencing data
and achieve the highest resolution per test. Sequence runs
were performed as per manufacturers’ protocols (SQK-
LSK109). The Oxford Nanopore system sequences DNA
in real time with fragments analyzed as they elute through
each pore. The final sequence files collected continuously
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Table 1 Study embryos
Couple Carrier status PGT method Embryo PGT results (biopsy) TGS results (biopsied Concordance between
embryo) PGT and TGS
1 Paternal and maternal carrier of GAP-PCR + B2 --SEA/--SEA deletion, = Homozygous 14-kb Concordant
HBA1/2 SEA deletion NGS 45, XN, —22 HBA deletion
45, XN, —22
B3 --SEA/--SEA deletion, = Homozygous 14-kb Concordant
46, XN HBA deletion
46, XN
2 Paternal carrier t(1;18)(q42;q12.3) NGS L3 45, XN, —4 45, XN, —4 Concordant
—18q12.3qter —18q12.3qter
+1g42qter +1qg42qter
L4 46, XN, +18q12.3qter 46, XN, +18q12.3qter Concordant
—1g42qter —1g42qter
L5 46, XN, +18q12.3g23 46, XN, +18q12.3g23 Concordant
—1g42qter —1g42qter
L10 47, XN, +4 47, XN, +4 Concordant

for the run period are therefore a primary sequence as well
as a reflection of random fragment sequence sampling
through the TGS cell. Since, for any discreet fragment, elu-
tion through a pore occurs at a random time point during the
run, sequence data is essentially a randomized collection of
reads for each sample over time. These files were aligned to
the hgl9 reference genome and standard genome analyses
using manufacturer Oxford Nanopore software were per-
formed. Sequence files were then transferred to a second
commercial genomics group (Yearth, Changsha, China)
for more detailed analyses. Nanopore reads were again
aligned to hgl9 reference genome using MiniMap2 and
NGMLR. PycoQC was used to determine quality of reads
and length for each sample. Structural variations were de-
tected using sniffles on the MiniMap2 and NGMLR files.
Sniffles did not detect the HBA structural variation and ex-
amination of the region was performed manually on align-
ment files.

Chromosome ploidy analysis was performed by bin plots
of defined sizes in a similar manner to most other NGS ap-
proaches. Essentially, fragments were mapped and accorded a
bin on each chromosome. Bins were plotted against chromo-
somes on a chromosome position versus log2 scale [4]. In a
first elaboration, bins were collated only according to chromo-
some location. In a refinement, bins of different sizes were
created and analyzed as sliding sets with step changes of
500 kb. A simple examination of reproducibility of an aneu-
ploid profile result was achieved by bioinformatically taking
sets of fragments, (typically 250,000 or 500,000) by using
sequential sequence file numbers grouped into the requisite
sets and comparing profiles to other fragment sets from the
same run. All of these manipulations, post bin assignment,
were similar to those used in many other NGS PGT-A ap-
proaches, and technically, these alternatives could also be
used for chromosome analysis.

Results
TGS embryo results

Each sequencing flow cell yielded a total 20-50 Gb of embryo
DNA sequence data equating to an average depth of coverage
of 5-15. This equated to 5,000,000-8,000,000 fragments with
an average size of 5 kb (1-30 Kb) reduced from the original
30-50 kb apparent size estimated by agarose gel electropho-
resis. This size reduction is a result of the exonuclease removal
of single-stranded regions and reflected the complex single-
strand/double-strand nature of the original MDA amplifica-
tion products. The estimated base call error rate for a single
pass in TGS is approximately 10% but this did not prevent
unique mapping of the majority (80-85%) of fragments using
manufacturer software. Unmapped fragments were likely a
mix of amplification artifacts and repetitive DNA sequences
that cannot be uniquely located. The TGS chromosome anal-
yses for each of the whole biopsied embryos showed complete
concordance with previous PGT-M- and NGS-based PGT-SR
results obtained from biopsied samples (Table 1).

SEA deletion analysis

The TGS read density plots across the HBA locus for all em-
bryos are shown in Fig. 1a. The —SEA deletion diagnosed by
GAP-PCR for PGT-M case 1 embryos B2 and B3 was visu-
ally confirmed by the absence of reads across an ~ 14 kb re-
gion which overlaps with the known HBA-SEA deletion in-
terval. In contrast, for unrelated case 2 (embryos L3, L4, LS5,
and L10), there was a relatively consistent read density across
this deletion interval, confirming the presence of expected
homozygous normal HBA sequences. Sequence examination
1 Mb upstream and downstream of the HBA deletion interval
identified a nearby polymorphic STR sequence D16S3400
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Fig. 1 Deletion and STR mapping of the alpha thalassemia //BA loci. a —
SEA deletion mapping. The positions of reference genes HBZ, HMB,
HBA2, and HBAI are shown at the top of the IGV plots. From read
density mapping and position, a homozygous deletion of ~ 14 kb is evi-
dent in embryos B2 and B3 (PGT-M case 1). In unrelated embryos L3,

(Fig. 1b). Based on allelic reads coverage, heterozygous status
for the CA repeat was able to be ascertained for embryos L2,
L3, and L5.

Translocation junction breakpoint analysis

Based on deep sequencing (5-15 times depth) of unbalanced
embryo L2 from case 2 (Table 1), reads encompassing the
actual chromosome 1 and 18 junction breakpoint regions were
identified (Fig. 2). Finer sequence review then identified the
precise breakpoint coordinates on chromosomes 1 and 18
(Table 1). The breakpoint regions correlated with the approx-
imations identified in the cytogenetic karyotype of the paren-
tal translocation carrier.
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L4, L5, and L10 (PGT-SR, case 2), sequences across the deletion are
present, confirming homozygous normal sequences. b Identification of
a linked polymorphic STR marker D16S3400. Embryos L3, L4, and L5
show evidence of heterozygosity. No reads encompassing this region
were found for embryos B2, B3, and L10

Chromosome profiling with low pass TGS

Each sequencing cell output was bioinformatically sampled to
investigate the number of DNA sequence reads necessary to
achieve a readable ploidy profile. The arbitrary nature of the
molecules initially entering the nanopore made such acquisi-
tion of random sets of reads straightforward with the final
sequence file number being related to the original time of pore
capture. Sets of random fragment sequences were achieved by
ordered analysis of sequential files of the required fragment
numbers. With as few as 250,000 mapped reads (5% of total
flow cell reads), simple chromosome ploidy analysis was pos-
sible. However, more stable and reproducible profiles were
achieved with 500,000 mapped reads (10% of total flow cell
reads), where reads were allocated to 5-Mb chromosome bins
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Fig. 2 Breakpoint junction circle plots for reciprocal translocation
t(1;18)(q42;q12.3). The TGS data from the unbalanced embryo L4 was
analyzed for fragments with joined chromosome 1 and 18 sequences. The
crossover positions for chromosomes 1 and 18 are indicated by the purple
line. Based on the hgl9 reference genome, translocation breakpoint
coordinates determined by TGS were 244737778 (chromosome 1) and
40471960 (chromosome 18)

I Insertion Translocation breakpoint

and ploidy determined using a 0.5-Mb sliding bin analysis
(Fig. 3, selected examples embryos B2 and L4). Read num-
bers of this order are similar to those of commercial processes
such as ReproSeq (Thermofisher Scientific). Expected auto-
some copy number for each embryo showed a high degree of
stability for all fragment sub sample sets analyzed. In terms of
resolution, both monosomy 22 and segmental aneuploidy for
1q42qter (4.5 Mb) and 18q12.3qter (32.5 Mb) imbalances
were clearly visible and reproducibly identified in three
replicates.

Discussion

In this study, embryos with known chromosome profiles were
used as a model for potential test workup for PGT cases and
for demonstrating potential selective PGT-M and PGT-SR
applications. These embryos were previously assessed for
chromosome profile and alpha thalassemia gene region
through trophectoderm biopsy and detailed NGS-based
CNV copy number analysis [4, 14]. The embryos were from
PGT cases from two different couples—one couple with a
deletion of the alpha thalassemia region and in the other cou-
ple one partner with a reciprocal translocation. In the former

couple, both were carriers of the common alpha thalassemia
gene deletion —SEA and had undergone PGT-M to identify
any embryos that were homozygous deleted which would
result in alpha zero thalassemia and hence were not suitable
for transfer. For the second couple, one partner carried a
known chromosome rearrangement—a reciprocal transloca-
tion t(1,18)(q42,q12.3). In both cases, all embryos were inap-
propriate for transfer since they were previously assessed as
abnormal or affected by a lethal single-gene disorder.

An opportunity for nanopore sequencing is in defining the
target regions for relatively simple or straightforward devel-
opment of patient-specific PCR-based tests for structural rear-
rangements (PGT-SR). With the knowledge gained from deep
sequencing of key participants, it would now be simpler to
identify the exact chromosome location and surrounding
DNA sequence of any structural rearrangement. This informa-
tion could then be used to design a less-expensive patient-
specific test, such as a PCR junction fragment test, for use
during that couple’s actual PGT cycle. A greater time and
resource consuming approach using NGS for junction frag-
ment localization through mate pair sequencing analysis
followed by an iterative PCR primer design was previously
described [12]. The third-generation sequencing approach de-
scribed herein identifies the junction fragment in the first step,
permitting standard PCR primer design, simplifying, and ex-
pediting the whole workup phase. In the event that the nature
of the rearrangement is not compatible with a PCR test, then
biopsy piece(s) can be amplified and analyzed individually on
a single cell to reveal the relative chromosome balances, the
specific non-disjunction fragment if present, and hence the
carrier status of each individual embryo. Such a direct test
and carrier analysis would come at elevated cost though sim-
ilar to the direct analysis of the previous alpha thalassemia
deletion assay.

For the two embryos with a purported homozygous HBA
gene deletion, deep sequencing (515 depth) with the Oxford
Nanopore was able to visualize an absence of DNA sequence
fragments in ~ 14 kb of the HBA gene region indicating a ho-
mozygous deletion. As an example of a non-deleted region, the
other embryos from the unrelated couple showed sequence
fragments spanning throughout the entire HBA loci, indicating
an intact gene region. For the other autosomes, bin regions were
in the same ratio confirming that the nanopore could deliver a
simple but effective aneuploid screening test. Since the
nanopore sequencing was able to identify homozygous dele-
tions of this size in the amplified DNA, it could be considered
for direct use in this PGT-M application or potentially in similar
cases involving a sufficiently large pathogenic microdeletion or
microduplication. For example, in addition to the —SEA dele-
tion analyzed herein, TGS may also be similarly suitable for
PGT-M of other large HBA deletions such as the -THAI, —FIL
and -MED deletions [17] that are common in alpha thalassemia
major. Such deep sequencing would however again come at a
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Fig. 3 Chromosome plots from TGS data. Y-axis copy number. X-axis autosome number. a Embryo B2. b Embryo L4. Three replicates are shown and

aneuploidy is marked by red boxes

high cost since in order to get the required resolution, only one
sample could be run on a single cell.

For routine PGT-A applications, a simple low pass analysis
revealed that both balanced and unbalanced chromosome pro-
files were reproducibly identifiable with 500,000 fragment
reads—offering an opportunity for a relatively inexpensive
approach when multiplexed samples are run in a single flow
cell. For some translocation couples, a balanced profile is
sufficient for their requirements, whereas for others, the iden-
tification of balanced non-carriers is also desired in order to
avoid the same fertility predicament in future generations [12].
The embryos from the translocation couple also simply dem-
onstrated that with deep sequencing, data was able to directly
identify the actual chromosome breakpoints as well as the
surrounding DNA sequences, and hence, technically identify
balanced carriers from non-carriers. Such deep sequencing for
every embryo would however result in relatively high cost per
embryo tested.

In typical workup situations, such junction information for
any known structural variant may be acquired from a carrier
parent prior to any PGT as part of the workup and could be
used for designing a specific, less-expensive PCR-based junc-
tion fragment test, similar to that described here for a deletion
in the HBA gene region. As with alpha thalassemia PGT-M,
such an approach to a detailed PGT-SR could reduce the costs
per embryo tested. A PCR junction fragment approach was in
fact used for this couple for their actual PGT cycle, but it was
not a straight forward nor expedient test development since a
mate paired-end NGS approach was used. This required
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randomly fragmented genomic DNA from the carrier parent,
~ 3 kb length, to initially identify the approximate transloca-
tion breakpoint [18]. This information was then used in a step-
wise PCR test development program to finally arrive at a PCR
junction fragment suitable for testing embryos. The long read
sequence approach offered by the nanopore facilitates rapid
identification of the breakpoint and so simplifies the final de-
velopment of any specific PCR-based junction fragment test if
requested.

In addition to junction fragment analysis, potential linked
polymorphic markers near a gene of interest were able to be
determined and interrogated. We showed that analysis of
reads near to the HBA region was able to identify a polymor-
phic STR marker, namely, D16S3400 that has been previous-
ly used to assist diagnosis of embryos at risk for alpha thalas-
semia [19]. Thus, TGS would make the selection of appropri-
ate linked polymorphic markers and design of PCR primers
more straightforward for many of the difficult PGT-M cases
performed in the past [20]. While SNP analysis might also be
considered for linkage confirmations, the underlying base call
error rates of 5—15% intrinsic in all current TGS systems does
make interpretation not as straightforward. Such screening
during workup could substantially reduce the time needed
for screening of potential informative markers and thus further
simplify composite PGT-M test establishment.

It was demonstrated that the Oxford Nanopore system was
capable of both detailed embryo analyses and a more straight-
forward PGT-A screen. By using different subsets of fragment
reads, we could show that as few as 250,000 reads would be
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necessary for any routine simple euploid test [21]. Since this
represented only 5% of cell capacity, it opens the opportunity
for barcoded multiplexed samples per cell offering a relatively
low-cost approach for routine embryo PGT-A. In situations
where high resolution is required, then fewer samples could be
accommodated. This versatile approach to analysis means that
even small clinics can potentially do effective workups for
specific cases by deep sequencing to get the required informa-
tion and then setting up specific tests for PGT or alternatively
just use deep sequencing of embryos as the test itself. In ad-
dition, the clinic would have ample capacity to perform their
own inhouse PGT-A for any patient at a reasonable cost per
embryo tested.

Due to the low cost per sample sequenced, quality of re-
sults, and relatively simple workflows, NGS essentially re-
placed FISH and array CGH for PGT-A applications in most
parts of the world [1]. A big impediment though, to wider
uptake, especially for small-to-medium-sized clinics, is the
initial cost and ongoing maintenance of NGS equipment need-
ed for the sequencing. In groups with only low to medium
PGT-A requirements, the economics of the NGS approach
make inhouse analyses expensive—often prohibitively so. A
versatile platform that can assist in test workup as well as
perform basic PGT-A and some more advanced analysis at a
low entry cost would enable more groups to participate in both
PGT-M test development as well as advanced embryo selec-
tion for improved IVF outcomes. We assessed the Oxford
Nanopore system to investigate whether it was a potential
alternative to NGS systems. Unlike the PacBio TGS system
where capital equipment costs are similar to NGS and very
high, the Oxford system has, at least for entry level, capital
costs that are essentially zero since discovery kits include the
basic module needed to run the nanopore. The materials costs
for running are similar for both Oxford and PacBio platforms
and currently is ~ < $1000 USD per run. The simplicity of this
instrument means it can be run from the average laptop, fur-
ther reducing capital expenditure. Scaling up to very large
scale does involve capital expenditure but it is still only a
fraction of the price of the NGS basic instrument.
Laboratory technical skill requirements are similar in all
PGT applications and are no different for the approach de-
scribed in this study.

Conclusions

The Oxford Nanopore offers a cost attractive solution for lab-
oratories of small to medium throughput to enter PGT services
and provide inhouse solutions. The flexibility of the platform
also enables some detailed investigations of patients for direct-
ed test design or altered analysis of embryos to improve reso-
lution of copy number variations of both large and even small
insertions/deletions. The variety of available flow cells enable

users to adjust scale of analysis or depth of testing/resolution
and in combination with newly released barcodes offers the
opportunity to run multiple samples on one cell, reducing cost
per analysis. The intrinsically higher error rates for TGS com-
pared to NGS mean that identifying point mutations in PGT-
M will need some further development. We are currently in-
vestigating approaches to direct utilization of the nanopore
system for effective use in analyzing DNA fragments holding
any specified mutation in PGT-M applications. We are also
looking at different ways of data analysis that overcome the
reduced accuracy of base calls for SNPs so that TGS can
develop further and potentially be considered as a universal
approach to all types of PGT applications.
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