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Next generation sequencing (NGS) technologies are the current gold standard in many genomic analysis workflows, 
including Preimplantation Genetic Testing (PGT) of In-Vitro Fertilized (IVF) embryos. NGS workflows offer improvements in 
accuracy, sensitivity and resolution over traditional platforms such as microarrays or fluorescent in situ hybridisation for the 
detection of aneuploidy and copy number variations (CNVs) in embryos. Many methods that are used to prepare embryo 
biopsy samples for PGT for Aneuploidy (PGT-A) employ a two-step approach of Whole Genome Amplification (WGA) 
followed by library preparation. The PG-Seq™ Rapid kit utilises a single tube, PCR barcoding approach which offers several 
advantages for laboratories performing PGT-A, including protocol efficiency and reduced hands on time. 

The PG-Seq™ Rapid kit uses an efficient, streamlined workflow. Following enzyme-based cell lysis, WGA is performed 
using Degenerate Oligonucleotide Primed PCR (DOP-PCR), with low stringency cycles facilitating primer annealing across 
the whole genome, followed by high stringency cycles to increase the yield available for subsequent barcoding. A short 
24-minute barcoding PCR incorporates primers containing a unique barcode sequence plus the sequences necessary for 
Thermo Fisher® Ion Torrent™ sequencing into the WGA product. The two-step PCR combines WGA and library preparation 
to generate Thermo Fisher® Ion Torrent™ sequencing ready samples in under four hours. 

Each PG-Seq™ Rapid kit can process up to 96 samples in total, with 1 - 96 samples able to be multiplexed and sequenced 
on the range of Thermo Fisher® Ion Torrent™ NGS Instruments, depending on chip capacity. The number of samples that 
can be multiplexed is dependent on the output of the chosen chip (refer to perkinelmer-appliedgenomics.com/pgt/ for 
further information on chips and reagent kits, sample run format and attainable resolution). The user-friendly PG-Find™ 
software offers reference-free advanced calling algorithms for whole chromosome aneuploidy and smaller CNV detection. 
The software is easy to navigate and provides the option to compare multiple samples at once.  It also allows customizable 
settings for experienced users to undertake higher resolution and more detailed analyses. 

The aim of this study was to validate the performance of the PG-Seq™ Rapid kit for detecting whole chromosome 
aneuploidy on single cells and 5-cell aliquots using cell lines with known ploidy. Single cell aliquots were used to model 
blastomere biopsies and 5-cell aliquots were used to model trophectoderm biopsies. This study design was based on similar 
validation studies available for other PerkinElmer PG-Seq™ kits.

For research use only. Not for use in diagnostic procedures.

APPLIED GENOMICS

The PG-Seq™ Rapid kit contains: 

• Reagents for 96 WGA and barcoding reactions,

• 96 uniquely barcoded primers allowing up to 
96 sample multiplexing in a single NGS run

• Purification beads and reagents,

• The PG-Find™ software for data analysis.

https://perkinelmer-appliedgenomics.com/home/preimplantation-genetic-testing/
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Materials & Methods

Isolation & Preparation of Samples

Cell lines with whole chromosome aneuploidies with the following karyotypes; 47,XY,+9 (GM09286), 47,XY,+13 (GM02948), 
47,XY,+15 (GM07189), 47,XX,+18 (GM00143) and 48,XXY,+21 (GM04965) were purchased from Coriell Biorepository (USA). 
All cell lines were cultured to semi-confluence according to Coriell Institute for Medical Research recommendations prior to 
being harvested using trypsin-EDTA. Peripheral lymphocytes from a male and a female of proven fertility were also isolated from 
peripheral blood mononuclear cells (PBMCs) as described previously1. These lymphocytes were designated 46,XY and 46,XX 
euploid cells, respectively. 

Single and 5-cell aliquots of cultured fibroblasts or lymphocytes were manually isolated as described previously1. Briefly, cells were 
washed in droplets of PBS on a microscope slide and individually picked or manually grouped together in 5-cell groups before 
being collected, placed into 0.5 mL PCR tubes in a volume of <2 µl of the PBS wash buffer, and stored at –20°C until amplified.  

Aneuploidy screening using the PG-Seq™ Rapid kit

Cell lysis, WGA and PCR Barcoding were performed on single cell and 5-cell samples according to the instructions in the PG-Seq™ 
Rapid kit user manual. Following amplification, the sequencing-ready samples were visualized on an agarose gel (Figure 1) to 
confirm amplification success. The samples were then purified with magnetic purification beads supplied with the PG-Seq™ Rapid 
Kit, according to standard protocol. Purified samples were quantified using a Thermo Fisher® Qubit® fluorometer and on average 
51 samples were pooled to achieve equivalent concentrations in a combined library. The combined library was diluted to 1 ng/µL 
and analyzed for size distribution using the PerkinElmer LabChip® GX II Touch™ HT nucleic acid analyser (Figure 2). The combined 
library was then diluted to 80 pM ready for loading on the Thermo Fisher® Ion Chef™ instrument for templating. Templated library 
was sequenced using a 530 chip with 250 flows on a Thermo Fisher® Ion S5™ instrument.

BAM files aligned to hg19 were generated using the Thermo Fisher® Torrent Suite™ software and analyzed using the PG-Find™ 
software. Each result that passed all quality control (QC) measures (Table 1) was then compared to the expected karyotype of the 
cell line.

Figure 1. PG-Seq™ Rapid kit WGA and barcoded 5-cell sample aliquots visualized 
after electrophoresis with a 1% agarose gel in 0.5X TBE (Tris, borate, EDTA) pre-
stained with GelRed™ (Biotium, USA), using an ultra-violet light box.

Lanes 1-5:  Five-cell samples after successful PG-Seq™ Rapid kit amplification.

Lane 6: No template control.

Lane 7: DNA ladder (DMW-P1, Geneworks, AUS).

Figure 2. Combined library of purified 
whole genome amplified and barcoded 
samples visualized with a LabChip® 
GX Touch™ II HT nucleic acid analyser, 
confirming that the DNA is a suitable 
size for Thermo Fisher® Ion Torrent™ 
sequencing.

 

 



3

Quality Control Metrics

The quality metrics used with the PG-Seq™ Rapid kit for Thermo Fisher® Ion Torrent™ sequencing were determined during the 
development and subsequent validation of this product and other PG-Seq™ kits and are used as indicators for user confidence 
in the NGS result. The PG-Find™ Software Quality Score (Q-score) is a measure of bin to bin variance in each sample before data 
smoothing, analogous to standard deviation. A lower Q-score indicates more reliable data while a higher Q-score indicates less 
reliable data. 

Inherent mosaicism in the cell lines used

A limitation of performing validation using cell lines, starting with small numbers of cells that are kept in culture over several 
years, is the potential presence and continued accumulation of sub-clonal populations resulting in the detection of mosaicism.  
Limited data is available that documents mosaicism in commercially available cell lines.  

Based on karyotyping performed by Coriell and subsequently repeated by PerkinElmer, it was found that there was mosaicism 
present in some cell lines. Cell culture passage can lead to the elimination of the original clone by sequential selection, and the 
mosaicism of these cell lines may have increased in prevalence during subsequent passages. Karyotyping of 4 cell lines from  
2009-2015 showed an additional partial chromosome loss for 1-2 percent of cells (n=100) from three of the cell lines, in addition 
to the expected trisomy. This observation suggests that as well as changes to whole chromosome copy number during culture, 
sub-chromosomal errors may also occur. Considering the observations from the cell lines that have been karyotyped herein, it 
would not be unexpected for other cell lines used in this study that have also been passaged numerous times to be similarly 
mosaic by now.

Another source of error, as described by Van Der Aa et al.2, involves S-phase artefacts, where single cell DNA replication domains 
can result in localized copy number changes that may appear like segmental CNVs. Although it is less likely that an entire 
trophectoderm biopsy would have all cells in the same phase of DNA replication, the presence of a few cells in the replication 
phase may appear as a mosaic segmental aneuploidy. 

Both mosaicism and the state of the cell template are limitations to the current study. However, cell lines form the best template 
for validating this type of product, especially since there is limited to no ability to test embryos using multiple biopsies, and 
embryos also have a degree of cell mosaicism. Genomic DNA is not a suitable template substitute for intact cells as it assumes 
complete lysis will be achieved every time and cannot simulate other complexities involved with testing intact viable cells such as 
cell damage or cells undergoing division, which will impact the test result.

Protocol Stage Step Quality control checks

WGA & PCR 
Indexing Agarose gel Clearly visible smear of DNA amplification products in the range of 200 - 700 bp. 

Purification Yield after 0.9x bead purification ≥ 15 ng/µL

Sequencing Run

Reads (chip dependent) ≥ 15,000,000 (530 chip)

ISP loading >85%

polyclonal <40%

low quality <25%

Sample Analysis

Mapped reads per sample* >160,000

Percentage of mapped reads  
per sample >93%

PG-Find™ Software Quality  
(With recommended settings) <0.29

Table 1. Summary of Quality Control check points for the PG-Seq™ Rapid kit based on 51 samples sequenced using a 530 chip on a Thermo Fisher® Ion S5™ instrument.

* Mapped reads per sample and Q-score are both dependent on sample throughput and chip used. The validation data presented herein is for an average of 51 samples run on a 530 chip. 
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Cell Line ID: 
5 cells

Karyotype
Number passed 

QC
Correcta Mosaicb False 

Negativec
False Positive 
Segmentald

GM09286* 47,XY,+9 19 16 1 2 0

GM02948B* 47,XY,+13 20 13 7 0 0

GM07189 47,XY,+15 19 21 0 0 0

GM00143 47,XX,+18 18 22 0 0 0

GM04965 47,XXY,+21 21 18 2 0 1

Euploid 46, XX 19 19 0 0 0

Euploid 46, XY 20 20 0 0 0

Total 136 122 (89.71%) 10 2 2

Total (excluding mosaic  
cell line results)

97 93 (95.88%) 2 0 2

Table 2. Whole chromosome aneuploidy 5-cell performance results.

a. Correct CNV result with no additional CNVs detected.  b. Expected CNV observed but not beyond the calling threshold. Most likely mosaic.  c. Expected CNV was not detected.  d. 
Correct CNV result but additional segmental CNV event/s detected.  

* Karyotyping by G-banding was performed on several of these cell lines by the Women’s and Children’s Hospital (Australia) to ensure clonality, and some were found to be mosaic.  Forty-
two cells from cell line GM02948B were tested in 2009 and found (%; karyotype): 88%; 47,XY,+13; 12%; 46,XY. Cell line GM09286 has not been tested but is suspected to also be 
mosaic based on the single cell results in the current study and similar validation studies for other PG-Seq™ kits.

Whole Chromosome Aneuploidy Results

A total of 140 multi-cell samples and 111 single cell samples were processed using the PG-Seq™ Rapid kit for Thermo Fisher® Ion 
Torrent™ sequencing. A total of four 5-cell samples and 34 single cell samples failed QC checks and were excluded from the analysis. 

One-hundred and twenty-two out of the 136 (89.71%) 5-cell samples that passed QC provided the correct CNV results as 
determined by the PG-Seq™ Rapid kit for Thermo Fisher® Ion Torrent™ sequencing protocol. Excluding the known mosaic cell lines, 
93 out of the 97 (95.88%) 5-cell samples that passed QC had the correct CNV results. Results for the 136 whole chromosome 
aneuploidy 5-cell aliquots that passed QC are provided, grouped by cell line, in Table 2. Of the four 5-cell samples that failed QC, all 
generated good WGA product yields and mapping rates over 97.1% but were excluded from analysis due to having a Q-score of > 
0.29.  All four of these samples were noisy; one had a chaotic result, having five or more aneuploid chromosomes, one had a false 
positive segmental mosaic CNV in addition to the correct CNV result, and two had results with several false positive segmental and/
or false positive segmental mosaic CNVs.  

The purpose of the current validation study is to determine appropriate QC acceptance criteria from samples that are of known 
genetic content.  Even though some of the samples in the failed QC sample set gave the correct result, these QC measures are 
recommended to minimise false positive and negative results. 

Of the 14 incorrect results, ten were high level mosaic for the copy number change that was expected from the cell line. The single 
cell data in Table 3 confirms that these cell lines are in fact mosaic, so these results for 5-cell aliquots are not unexpected and 
probably represent one of the 5 cells being non-representative of their original karyotype.  Two 5-cell aliquots for cell line GM09286 
(47,XY,+9) showed no evidence of the expected trisomy. Table 3 suggests that this cell line is extremely mosaic. The 5-cell aliquots 
used in this study are manually sorted from cells grown in culture, so it is possible that these aliquots contained a cluster of 5 
daughter cells that were all euploid. Two 5-cell aliquots had a false positive CNV in addition to the correct CNV result.  Overall, 
the variability in the profile across these samples was noisy.  Similarly, noisy results were not uncommon in the single-cell samples, 
suggesting that this may be due to the cell template rather than the kit performance.  If the 5-cell aliquots contained one or more of 
these noisy cells, it could lead to detection of false positive CNVs amongst a noisy profile.  
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Cell Line ID: 
single cells

Karyotype
Number 

passed QC
Correcta Below 

Thresholde
False 

Negativec
False Positive 
Segmentald

False 
Positivef

GM09286* 47,XY,+9 6 3 0 3 0 0

GM02948B* 47,XY,+13 11 8 1 1 1 0

GM07189 47,XY,+15 16 14 0 0 2 0

GM00143 47,XX,+18 12 11 0 0 1 0

GM04965 47,XXY,+21 14 9 0 2 1 2

Euploid 46, XX 2 2 0 0 0 0

Euploid 46, XY 15 13 0 0 2 0

Total 76 60 (77.63%) 1 6 7 2

Total (excluding mosaic  
cell line results)

59 49 (83.05%) 0 2 6 2

Table 3. Single cell performance results.

a. Expected CNV was detected.  c. Expected CNV was not detected. d. Correct CNV result but additional segmental CNV event/s detected. e. Expected CNV observed but not beyond the 
calling threshold. f. Correct CNV result but additional whole chromosome CNV event/s detected

* Karyotyping by G-banding was performed on several of these cell lines by the Women’s and Children’s Hospital (Australia) to ensure clonality, and some were found to be mosaic.  Forty-
two cells from cell line GM02948B were tested in 2009 and found (%; karyotype): 88%; 47,XY,+13; 12%; 46,XY. Cell line GM09286 has not been tested but is suspected to also be 
mosaic based on the single cell results in the current study and similar validation studies for other PG-Seq™ kits.

Fifty-nine out of 76 (77.63%) single cell samples that passed QC were found to have the expected whole chromosome CNV result. 
Excluding the known mosaic cell lines, 49 out of the 59 (83.05%) single cell samples that passed QC had the correct CNV results.  
The 76 whole chromosome aneuploidy single cell results that passed QC for each cell line are provided in Table 3. For the single cell 
samples that failed QC, eight generated weak WGA yields, indicating a compromised amplification, the likely cause of their poor 
NGS results.  The remaining 27 single cell samples had Q-scores > 0.29, with mapping rates between 95.64 and 98.16%.  Two cells 
had chaotic results, having five or more chromosomes aneuploid, which typically indicates that the cell’s DNA was damaged.  Eight 
cells had results with false negative CNVs, all from known mosaic cell lines, so these may have been accurate despite not matching 
the expected result. Six cells had results with false positive segmental CNVs (all non-euploid cell lines), of which five had the correct 
CNV result in addition to the false positive segmental CNV, one had a result with a false positive CNV, and ten gave the correct CNV 
results but were excluded based on their Q-score regardless.  

Of the incorrect results, two cells had a false positive CNV in addition to the correct CNV result. Three cells from the cell line 
GM09286 had results with a false negative, suggesting that this cell line may be mosaic. This is congruent with observations for this 
cell line in an analogous validation study for the PG-Seq™ Rapid kit for Illumina® sequencing3. Three cells from other cell lines also 
had results with a false negative CNV. 

Another cell had an elevated copy number at the expected CNV, but not beyond the calling threshold.  If this sample had been 
multicellular, it would have been interpreted as a high-level mosaic embryo.  These data suggest that there may also be biological or 
technical contributors to the appearance of mosaicism and that high-level mosaic embryos may in fact be aneuploid at times.  

The largest contributor to incorrect calls were false positive segmental CNVs.  The cells that gave these results were typically 
noisy across the entire genome and the observed results are likely to be caused by the state that the sampled cell was in, either 
undergoing DNA replication or in demise with a damaged/degraded template.

Example graphs of correct copy number results for 5-cell and single cell samples are provided in Figures 3 to 8.



6

Figure 3. GM07189 47,XY,+15 five cell.

Figure 4. GM00143 47,XX,+18 five cell.

Figure 5. Euploid 46,XY five cell.

Figure 6. GM09286 47,XY,+9 single-cell.

 
Figure 3. GM07189 47,XY,+15 five cell 

 

Figure 4. GM00143 47,XX,+18 five cell 

 

 

 
Figure 3. GM07189 47,XY,+15 five cell 

 

Figure 4. GM00143 47,XX,+18 five cell 

 

 

 
Figure 3. GM07189 47,XY,+15 five cell 

 

Figure 4. GM00143 47,XX,+18 five cell 

 

 

 

Figure 6. GM09286 47,XY,+9 single-cell 

  
Figure 7. GM04965 48,XXY,+21 single-cell 
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Figure 7. GM04965 48,XXY,+21 single-cell.

Figure 8. Euploid 46,XX single-cell.

 

Figure 6. GM09286 47,XY,+9 single-cell 

  
Figure 7. GM04965 48,XXY,+21 single-cell 

 

 

 

Figure 6. GM09286 47,XY,+9 single-cell 

  
Figure 7. GM04965 48,XXY,+21 single-cell 

 

 
Additional Considerations

Failed WGA is caused by failure to transfer the biopsy into the PCR tube or placement of the cell above the meniscus of the lysis 
and WGA reagents. PerkinElmer recommends visually inspecting the transfer pipette to ensure that the cells have been transferred 
and then marking the location of the transferred biopsy on the outside of the PCR tube while the transfer buffer is still visible, 
particularly if the transferred cell is not at the very bottom of the tube. If the biopsy is not placed at the bottom of the PCR tube, 
it may be necessary to add the lysis buffer above the marked cell position to ensure that the biopsy is lysed.

Conclusion

The PG-Seq™ Rapid kit for Thermo Fisher® Ion Torrent™ sequencing is optimized for copy number analysis of a multiple or single 
cell low-DNA template sample and provides the sensitivity, flexibility in its sample format and accuracy to enable seamless 
introduction into a routine IVF laboratory. The data presented herein, generated using cell lines of known karyotype, illustrate 
the accuracy of the PG-Seq™ Rapid kit for Thermo Fisher® Ion Torrent™ sequencing, for reliable detection of whole chromosome 
aneuploidy.

The PG-Seq™ Rapid kit for Thermo Fisher® Ion Torrent™ sequencing has been specifically designed and validated for analysis of 
whole chromosomal aneuploidy, with correct results obtained in over 95% of 5-cell aliquots tested. This performance has been 
achieved multiplexing on average 51 samples using a standard Thermo Fisher® Ion S5™ instrument, analyzed using the PerkinElmer 
PG-Find™ software.  The choice of PGT kit should be tailored to address the intent and the degree of resolution required.  

The data presented here are of euploid cells or cell lines with whole chromosome aneuploidies. The purpose of this study was 
to determine the QC check points and recommendations for analysis to provide resolution of whole chromosome aneuploidies. 
While structural rearrangements can be detected (see Figure 9), the performance of the PG-Seq™ Rapid kit for Thermo Fisher® 
Ion Torrent™ sequencing for detecting segmental CNVs has not yet been validated. A validation for the detection of structural 
rearrangements such as unbalanced translocations and segmental errors as small as 7 Mb will be undertaken in the future.
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Figure 9. GM14485 46,XY,der(8)del(8)
(p23.3)dup(8) (:p23.1->p11.2::p23.1-
>qter) five cell; 330,061 mapped reads.
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