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Abstract

:

Successful whole genome amplification (WGA) is a cornerstone of contemporary preimplantation genetic testing (PGT). Choosing the most suitable WGA technique for PGT can be particularly challenging because each WGA technique performs differently in combination with different downstream processing and detection methods. The aim of this review is to provide insight into the performance and drawbacks of DOP-PCR, MDA and MALBAC, as well as the hybrid WGA techniques most widely used in PGT. As the field of PGT is moving towards a wide adaptation of comprehensive massively parallel sequencing (MPS)-based approaches, we especially focus our review on MPS parameters and detection opportunities of WGA-amplified material, i.e., mappability of reads, uniformity of coverage and its influence on copy number variation analysis, and genomic coverage and its influence on single nucleotide variation calling. The ability of MDA-based WGA solutions to better cover the targeted genome and the ability of PCR-based solutions to provide better uniformity of coverage are highlighted. While numerous comprehensive PGT solutions exploiting different WGA types and adjusted bioinformatic pipelines to detect copy number and single nucleotide changes are available, the ones exploiting MDA appear more advantageous. The opportunity to fully analyse the targeted genome is influenced by the MPS parameters themselves rather than the solely chosen WGA.
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1. Introduction


Applications of whole genome amplification (WGA) are widespread in clinical and scientific practices dealing with a limited amount of starting genetic material that is often of poor quality. Such practices include human identification in forensic and archeological investigations, microbiological studies, and prenatal and preimplantation genetic testing (PGT). PGT is clinically performed to exclude chromosomal or genetic pathology in the embryo with the aim of increasing embryo implantation rates or conceiving a healthy child in a family with a certain monogenic disease. Embryo genetic testing for monogenic disorders could only be realized after the pioneering of polymerase chain reaction (PCR) in 1985, and was first performed in 1989 [1]. With time, PGT has undergone significant methodological and approach changes in terms of clinical indications, embryological toolkit (manual versus laser-assisted biopsy and freezing versus vitrification), analysed material (blastomeres, polar bodies, trophectoderm cells and even morula cells), and, most importantly, downstream genetic applications, to improve conventional PCR (nested PCR, multiplex PCR, and fluorescent PCR).



In 1992, two well-known WGA technologies were developed–primer extension preamplification PCR (PEP-PCR) and degenerate oligonucleotide primer PCR (DOP-PCR) [2,3]. WGA involves the use of random or partially random primers with the aim of efficiently replicating limited amounts of a target genome in a sequence-independent manner. Due to the nature of the procedure, any WGA is prone to drawbacks such as incomplete genomic coverage and amplification bias. Notwithstanding these shortcomings, WGA advancement was a turning point for PGT. Access to an almost endless supply of otherwise minute amounts of amplified DNA of a single or a few cells allowed for multilocus analysis, leading to a more versatile and safer PGT practice.



The majority of PGT cycles are performed to exclude the main cause of failed embryo implantation–chromosomal aneuploidies [4]—termed PGT-A. The next most common reason to perform PGT is structural chromosomal rearrangements in one of the parents’ karyotypes, most often Robertsonian or reciprocal translocations. Classical PGT for structural rearrangements, termed PGT-SR, can only distinguish between balanced and unbalanced embryos, without an option to identify carrier embryos. Being straightforward and not requiring any specific preparation, prerequisites of PGT-A and classical PGT-SR are successful embryo biopsy and WGA. This is because aneuploidy or, in a broader concept, copy number variation (CNV) screening is performed in a genome-wide manner commonly using array comparative genomic hybridization (aCGH) or massively parallel sequencing (MPS), thus requiring substantial amounts of genetic material.



In contrast, embryo assessment for a particular single gene or monogenic disorder (PGT-M) can be particularly challenging and prone to several biological and technical drawbacks. These include crossover events adjacent to the locus of interest, consanguinity, de novo mutations (biological), decreased methodological resolution, DNA contamination, and allelic dropout (ADO), which is amplification failure affecting one or both of the parental alleles (technical) [5]. Classical PGT-M requires customization in advance of the clinical test in order to construct family haplotypes—a practice that is time consuming and only useful for the particular gene/locus or sometimes only for the family being tested. Haplotyping is essential to track the transmission of a disease allele to an embryo and is commonly done through the assessment of polymorphic markers—short tandem repeats (STRs) or single nucleotide polymorphisms/variations (SNPs/SNVs)—adjacent to the mutation locus [6,7]. Thus, being an inherently multifactor analysis, PGT-M also heavily relies on the merits of WGA.



As the first step of PGT-M and PGT-SR cycles frequently involves WGA, this allows for additional aneuploidy screening in the same biopsy sample—a practice termed multifactor PGT. The exclusion of chromosomal aneuploidies in PGT-M and PGT-SR cycles has been reported to be associated with improved pregnancy rates [5,8]. As a consequence, it is being increasingly requested in clinics. However, running several methods in parallel complicates and prolongs the practical application of mainstream PGT. To overcome the obstacles associated with multifactor PGT performed in a parallel manner, application specialists are pursuing time-saving and simplified comprehensive PGT (cPGT) approaches, combining PGT-M, PGT-A, and PGT-SR in a single assay (Figure 1) and universally suiting every case. In such a scenario, PGT-M is performed based on a genome-wide haplotyping approach requiring minimal or no custom preparation. Being clinically attractive, cPGT puts serious demands on the technical and molecular execution of the universal application and especially on WGA, the starting point of any embryo genetic testing in the era of genomics.




2. Requirements of WGA in PGT


Unlike any other application, PGT deals with very precious and sensitive material, namely the DNA of a developing embryo. Thus, any actions and manipulations of an embryo or its parts are associated with certain limitations and peculiarities. First, biopsy of an embryo needs to be done in the least traumatizing manner, with successful removal of as few cells as possible during the first attempt. The safest practice is now accepted to be trophectoderm biopsy of a day-5 developing embryo [9,10]. Briefly, biopsied cells are washed, tubed, and transferred to the genetic testing unit. Thereafter, the blastocyst can be cultivated until day 6 for the 24-h PGT protocol or vitrified depending on the downstream manipulations and/or clinical indications.



In addition to the high demands placed on embryological personnel, they are also placed on the WGA performance itself. The most important requisite originally required from WGA for PGT—to provide an abundance of template DNA—is still as important today. One diploid cell contains just 6–7 ng of DNA, whereas WGA is expected to yield at least a few micrograms of the reaction product to suffice downstream PGT applications. Furthermore, more important than the amplification yield per se are several characteristics of the obtained WGA product: (i) good coverage of the genome, i.e., covering as much as possible of all 3 × 109 nucleotides comprising the human genome; (ii) uniformity of the amplified material, i.e., regions of the genome need to be amplified homogeneously to allow the reliable quantification of CNVs; (iii) preserved original nucleotide sequence to enable reliable genotyping, i.e., avoiding loss of one or both gene copies without introducing artificial sequence variation [11].



Thus, for PGT, we have WGA that is inherently ADO and representation bias prone, and deals with precious and sensitive material—minute amounts of embryonic DNA. The greatest price for unsuccessful WGA is rebiopsy or in the worst-case scenario a lost embryo due to failure to genotype. Hence, in order to amplify the whole genome in a sequence-independent manner, several WGA requirements need to be proposed: (i) use of enzymes with high processivity and high fidelity, i.e., with proofreading activity ensuring lower error rates as well as longer amplicons; (ii) increasing the number of priming events by using universal primers and adjusting annealing/reannealing conditions (i.e., cycling conditions); (iii) reducing the complexity of the genome prior to amplification, e.g., by fragmentation.



Since there is currently no WGA deemed to be the gold standard in the ever developing and changing field of PGT, choosing one can be difficult. The aim of this review is to provide a comprehensive insight into the role and application of WGA in PGT, mainly focusing on cPGT solutions employing MPS. In the following sections, we detail the types of WGA commonly utilized in PGT, provide a comparison of WGA-associated drawbacks hampering embryo genome analysis across the different WGA techniques, and review cPGT solutions exploiting different WGA types.




3. WGA Types


3.1. PEP-PCR


Zhang et al. first described the application of WGA from a single cell in 1992. They termed this method primer extension preamplification PCR. Their new technique exploited random 15-base oligonucleotides non-specifically binding to a target genome. Theoretically, the primer was composed of a mixture of 1 × 109 different sequences and was estimated to capture and amplify at least 78% of the haploid genome of a single sperm cell as assessed through targeted loci analysis [2]. Initially, the PEP-PCR protocol was claimed to be too lengthy and no better than direct single-cell PCR by other groups [12]. However, following modifications which resulted in a better genome recovery, this protocol has been successfully applied to various cells (amniocytes, chorionic villi, blastomeres) and has enabled several genetic loci of interest in human genetic diseases to be examined with a good amplification efficiency [13,14,15]. The development of this WGA technique was a breakthrough in the field of human PGT, as it allowed for the first time simultaneous multiple locus analysis with the further opportunity to validate the findings. Although contemporary applications do not (or very rarely) employ the original PEP-PCR approach, its principle has been integrated into all successive WGA developments.




3.2. DOP-PCR


Primer extension preamplification was quickly followed by the development of the more widely adopted DOP-PCR protocol, first described by Telenius et al. [16], to complement the cytogenetic analysis of flow-sorted chromosomes. Degenerate oligonucleotide primer PCR uses partially degenerate primers binding to many sites of the targeted genome. Variations of DOP-PCR primers include oligos with six degenerated bases in the middle, flanked by defined sequences at both ends (traditional DOP-PCR primer 5′-CCGACTCGAGNNNNNNATGTGG-3′) or oligos with a random 3′ end and partially fixed 5′ sequence–oligos with increased degeneracy, also termed tagged random primers. In all cases, due to the primers’ properties, DOP-PCR synthesis occurs in two stages (Figure 2). First, the degenerate part of the primer binds to the target genome over several low-stringency annealing cycles (~25–30 °C), followed by specific primer binding at higher temperatures, allowing for an exponential increase in the amplified material (second stage high-stringency cycles) [11,17]. Employing a proofreading enzyme, e.g., Pwo, and increasing the annealing and extension time improve the performance of the assay, resulting in fewer erroneous sequences, longer PCR fragments and increased genomic coverage [18,19]. DOP-PCR was first used in human PGT by Wells and colleagues to increase the amount of cytogenetic information for the comparative genomic hybridization (CGH) of single blastomeres [20]. A decade later, they used the same approach for trophectoderm biopsies [21].



Being PCR-based methods, both PEP and DOP PCRs generate relatively short products no longer than a few kilobases, preferentially amplifying a few hundred-long fragments [22].




3.3. MDA


The next important technical advancement in the application of WGA methods was the development of multiple displacement amplification (MDA). Originally termed multiply-primed rolling circle amplification [23], MDA was initially developed to amplify circular templates, but was subsequently modified for the amplification of linear ones. MDA exploits the unique properties of bacteriophage φ29 DNA polymerase (phi29) [24]. This enzyme possesses proofreading activity and has the capacity to perform strand displacement DNA synthesis for more than 70,000 nucleotides under isothermal conditions without dissociating from the template. Thus, MDA is considered a non-PCR-based technique. In MDA, phi29 extends random hexamer primers, producing multibranched structures (Figure 3). Improvement in yield is achieved by using 3′-end thiophosphate-modified random hexamer primers that are exonuclease resistant. The DNA fragments produced a range from a few kb to hundreds of kb in length [22,25].



The first successful clinical application of MDA in human PGT was reported by Handyside and colleagues. A combination of direct mutation loci testing of CFTR and linked markers was carried out on cleavage stage embryos, with the ADO rate reaching 16% and an amplification failure of 8% when amplifying single lymphocytes and 0% when amplifying blastomeres [26]. The simplicity of MDA usage over other techniques has also been acknowledged by other groups [27]. Furthermore, Handyside and colleagues subsequently described Karyomapping—a hallmark technology in PGT-M based on genome-wide haplotyping that also exploits MDA for embryo WGA [28].




3.4. MALBAC


Significantly later, in 2012, Zong et al. reported the development of a new WGA technology termed multiple annealing and looping-based amplification cycles (MALBAC). MALBAC introduces quasi-linear preamplification to reduce the bias associated with non-linear amplification (first stage PCR). The preamplification is initiated with a pool of random primers, each having a common 5′ 27-nucleotide sequence and 3′ eight random nucleotides, hybridizing to the template DNA at low temperatures (15–20 °C, capable of hybridizing at 0 °C) [29]. Thus, this stage resembles the MDA principle, with the difference that the MALBAC preamplification stage consists of multiple (5 to 12) annealing-extension-denaturation-looping steps, rather than isothermal synthesis [11]. Following hybridization, using an elevated temperature (~65 °C), a DNA polymerase with strand displacement activity is used to generate semi-amplicons of variable lengths. Eventually, amplification of these semi-amplicons produces full amplicons with complementary ends, which allow for full amplicon looping and prevent them from further amplification and cross-hybridizations (Figure 4). Thus, the key to MALBAC is not to make copies of copies, but rather to only make copies of the original genomic DNA by protecting the amplification products. The preamplification stage is then followed by a regular exponential amplification of the full amplicons, where oligos complementary to the common 27-nucleotide sequence are used (second round amplification), generating enough DNA for downstream applications [25]. The amplicon length of the final product can range between 0.2 and 2.0 kb [30].



The potential application of MALBAC in human PGT was first demonstrated by sequencing both polar bodies and oocyte pronuclei to phase the genomes of donors and determine the crossover maps of their oocytes, as well as assess for aneuploidy and SNVs in disease-associated alleles [31]. A year later, MALBAC was validated for 24-chromosome aneuploidy screening of cleavage stage embryos [32].




3.5. Hybrid WGA Methods


As the various WGA technologies were being established, hybrid WGA techniques combining features of PCR-based and MDA-based WGA were also becoming commercially available. The most well-known hybrid WGA methodology is PicoPLEX, originally introduced by Rubicon Genomics and now marketed as SurePlex by Illumina and a few other companies. While information on the exact principle of these commercially available kits is not easily available due to patents and continuous upgrades, they all utilize two-stage PCR. During the first preamplification stage, template DNA is amplified utilizing either: (i) non-self-complementary/self-inert primers which preclude primer dimer formation [11]; or (ii) primers allowing for the looping of full amplicons, similar to the ones used in MALBAC [33,34,35]. In both cases, amplicons produced during the first preamplification step do not participate further in the preamplification reaction (i.e., do not produce copies of the copies). Primers used in the preamplification reaction are composed of two sections—a degenerated sequence at the 3′-end responsible for frequent priming in the genome and a fixed sequence at the 5′-end, resembling DOP-PCR primers. The second stage PCR amplifies the molecules synthesized during the first stage reaction [11]. PicoPLEX was launched in 2009 and is still widely used. PGT performed on trophectoderm biopsies using PicoPLEX in combination with BlueGnome’s BAC arrays (later Illumina, now discontinued) and subsequently MPS began a major revolution in the availability of human PGT and forever changed the face of clinical in vitro fertilization [36,37,38]. MALBAC and PicoPLEX commercial kits amalgamating WGA and next-generation sequencing (NGS) library construction into a single procedure are also available, enabling the laborious NGS library preparation protocol to be shortened. All the commercial WGA kits mentioned in this review as originally described by the authors of the original publications are summarized in Supplementary Table S1.



Figure 5 illustrates the timeline of the development of the different WGA types as well as the associated hallmark achievements of PGT.





4. WGA Drawbacks


The following section describes the most common WGA drawbacks and their nature. A more detailed comparison of these phenomena across the different WGA types is provided later in the review.



4.1. ADO and Incomplete Genomic Coverage


It is thought that, once the template DNA concentration falls below a certain input level, the probability of obtaining a complete template genome, especially with the expectation of uniform amplification, decreases dramatically. At very low initial DNA concentrations, random and difficult to predict (stochastic) effects dictate whether a particular genomic region will be amplified or not [42]. The so-called ‘Monte Carlo effect’ states that “the lower the abundance of any template, the less likely its true abundance will be reflected in the amplified product” [43]. Incomplete genomic coverage is apparent from such events as allelic or locus dropout—one of the major drawbacks of WGA in human PGT. The phenomenon of ADO is widely recognized—perceived from the first PGT trials performed using direct PCR—and is the main reason for adopting haplotyping—the simultaneous amplification of causative genes together with linked polymorphic markers—as the gold standard in PGT [5]. It is important to note that ADO can arise not only from incomplete genomic coverage, but also from preferential amplification of one of the alleles. Therefore, ADO is a complex phenomenon not only influenced by the molecular technique, but also inherent to single-cell applications in general.



Targeted amplification of WGA-amplified material demonstrated that ADO rates almost double in comparison to direct PCR without WGA [8]. Thus, the cruciality of detecting ADO in the backdrop of widespread WGA utilization has not lost any of its importance [5,8]. Having said that, comparing ADO rates of different WGA techniques using targeted loci analysis may not reveal the overall picture of what is actually occurring. In such cases, ADO will also depend on the target primer design and particular DNA locus analysed, not to mention the different PCR conditions and chemistry used. However, Bonnette et al. claimed that multiplex STR kits used in human identification, e.g., Thermo Fisher’s AmpFLSTR, are ideal for evaluating the genome-wide performance of WGA techniques [18] and demonstrated that STR peaks on electropherograms do not show any stutter peaks after DOP-PCR WGA. However, in contrast to commercial kits, custom-designed STR analysis can be hampered by multiple stutter peaks, especially when using a nested PCR approach [44,45].




4.2. Amplification Bias


Amplification bias, also termed PCR drift, results when certain regions/amplicons within a multitemplate reaction are preferentially amplified relative to the entire pool of potential templates [29]. As expected, the lower the concentration of the initial template, the more prominent the effects of amplification bias. Amplicon representation bias is very much affected by primer composition, i.e., degree of degeneracy of the primer. Substantial overamplification can result due to complementarity between the 3′ region of the primer and the genomic sequence [29,42]. Furthermore, WGA primer binding and synthesis efficiency depend on characteristics inherent to the input DNA itself, e.g., GC content and spatial/secondary DNA conformation. Similar to PCR-based WGA approaches, isothermal MDA’s principle of hyperbranching also negatively affects sequence-dependent bias and causes overamplification in certain genomic regions and under-amplification in others [25].




4.3. Chimera and Non-Template Amplicons


Apart from representation bias, WGA can produce a certain degree of chimera amplicons—a kind of artificial amplicon mapping to different parts of the genome that are not physically linked. The dominant type of chimeras are intra-chromosomal translocations, suggesting that chimeras are produced by neighbouring amplicons randomly connecting on the same chromosome [46]. While the formation of chimeric PCR fragments has been attributed to MDA [47] and further demonstrated for other WGA methods [25,47], no issues arising from this phenomenon have been reported in PGT. Of note, no significant preference has been recorded in the distributions of chimeras and hotspots among chromosomes; however, preferences in overlap length and GC content have been shown to be pertinent to the sequence denaturation temperature, highlighting a direction of action for reducing chimeras [48]. Non-template amplicons are associated with contamination and are common to any amplification employing random or degenerate oligos [42]. They can be addressed by implementing good laboratory practices.




4.4. WGA-Independent Improvements


There are a few measures that can be undertaken to increase the efficiency of any WGA technique. The foremost one is to perform a trophectoderm biopsy. Irrespective of the widely demonstrated clinical benefits [49,50], performing a blastocyst stage biopsy (which implies biopsy of several trophectoderm cells) also affords a number of technical advantages compared to a single-cell biopsy with subsequent WGA. First, in comparison to a single cell, several cells increase the number of template genomes, thus smoothing the abrogating WGA effects described directly above. For example, Handyside and colleagues investigated the relationship between ADO and input cell number. They demonstrated that ADOs occurred randomly at a frequency of approximately 16% in single-cell amplifications, but were undetectable when the number of input cells was increased to 10–20 [26]. This finding was subsequently confirmed by Rechitsky et al. [8]. Additionally, Tzvetkov et al. reported that concordance calls between MDA-amplified and unamplified DNA increased significantly when 20 ng of input DNA was used instead of 6 ng [51].



Moreover, Dimitriadou et al. demonstrated that the quality of single-cell aCGH data, especially to detect segmental chromosomal imbalances, is dependent on the cycle of the analysed cell. Cells undergoing DNA synthesis (S phase) show a more fluctuating aCGH profile than cells in the G0/G1 phase. Again, a blastocyst stage biopsy addresses this issue, with the simultaneous analysis of several cells ameliorating cell cycle discrepancies, leading to a better and more uniform amplification and ultimately a more confident genetic diagnosis [52]. Thus, trophectoderm biopsy is the logical approach to maximize the efficiency of the different WGA techniques and, consequently, for successful human PGT as a whole.



The phenomena of amplification bias and incomplete genomic coverage can be further driven by manipulations such as freezing and the prolonged storage of biopsy material prior to WGA, which cause a certain degree of template DNA degradation. Even slight discrepancies in amplification efficiency can result in a substantial divergence in the proportional representation of amplicons in the final product, even after relatively few cycles [53]. Therefore, performing WGA immediately after procuring the biopsy without freezing or storing of the biopsy material before WGA minimizes any form of degradation and increases amplification efficiency. Furthermore, the European Society of Human Reproduction and Embryology (ESHRE), for good practice guidelines on PGT-M, recommend subjecting 30–50 single-cell or few-cell samples to WGA and downstream applications to demonstrate a methodology’s successful performance ahead of clinical application, as well as inclusion of negative and positive controls to monitor the WGA reaction [6].





5. Performance Comparison of Different WGA Types


The main parameters for which preimplantation embryos are assessed during PGT are CNV and SNV. It is important to assess not only whole chromosome aneuploidies but also structural CNVs. The assessment of SNVs in PGT can be performed for haplotyping purposes or for the analysis of mutation loci themselves. Reliable analysis of these genetic variations directly depends on the DNA polymerase, chemistry, and cycling conditions of the WGA used. Another important aspect to consider when comparing/demonstrating the performance of different WGA assays is cell type. Ideally, for PGT, performance comparison needs to be conducted using DNA from embryonic cells of the same developmental stage, as WGA efficiency can vary depending on the cell type assessed.



As mentioned earlier, amplification bias is the main parameter influencing CNV assessment, while genomic coverage evenness is the main parameter influencing SNV analysis. Of note, the major drawbacks inherent to single-cell analysis and the WGA procedure itself are further influenced by the MPS conditions, e.g., library preparation PCR can further affect the uniformity of genomic coverage. Increasing the number of reads and, consequently, the sequencing depth of MPS, increases genomic coverage as well, and vice versa. Thus, when analysing/comparing the performance of different WGA types, close attention must also be paid to conditions unrelated to the WGA techniques themselves, i.e., the ensuing downstream applications.



5.1. Mappability of Reads


As mentioned earlier, WGA produces a certain fraction of non-specific amplicons. Similarly, using MPS, there will always be a percentage of reads not mapping to the reference genome. The source of these unmappable reads is junk reads arising from the formation of primer dimers, short DNA fragments, and non-target genomes [25,54]. For example, when comparing the WGA types MDA, MALBAC, and PicoPLEX using 5× sequencing depth, it was demonstrated that the fraction of unmapped reads for all the amplifiers was low (0.035% mean fraction of unmapped reads) [54]. In accordance, similar numbers were reported by Deleye and colleagues, who compared four different WGA types (REPLI-g, Ampli1, DOPlify and Picoseq; please refer to Supplementary Table S1 listing all the commercially available WGA kits). Using a lymphoblastoid cell line and 0.3× sequencing depth, the mappability of reads ranged from 97.0 ± 3.1% to 99.7 ± 0.01% [55]. In addition, at 0.1× sequencing depth, Hou et al. obtained 98.36% of mapped reads for MDA, 97.68% for MALBAC, and 89.31% for DOP-PCR; there was no significant difference in the GC content of unmapped reads among the methods [46].



In contrast, a much higher unmappable read percentage was demonstrated using deeper sequencing (30×). Specifically, the percentage of unmappable reads for GenomePlex (Sigma Aldrich, St. Louis, MO, USA) and PicoPLEX (Rubicon Genomics, Ann Arbor, MI, USA) (which are considered the same chemistry WGA kits) reached 64 and 66%, respectively. REPLI-g MDA kit (Qiagen) and MALBAC (Yikon Genomics, Shanghai, China) showed 18% and 22% of unmapped reads, respectively [25]. Another group detailed 35–40% of unmappable reads from SurePlex- and MALBAC-amplified single white blood cells (sequencing depth unknown) [30]. Such large percentages of unmappable reads were proposed to be due to the presence of universal adapter reads, which are WGA-independent, as well as primer sequences and substantial contributions from small amplicons [25].



These sequencing data clearly show that the same WGA can yield different proportions of mappable reads under different sequencing depths. By increasing the sequencing depth, the proportion of mappable reads decreases.



Another important parameter influencing the effective usage of sequencing reads is duplicate reads. De Bourcy et al. examined several different WGA types and found that, on average, 7–45% of mapped read pairs from a high sequencing depth run were PCR or optical duplicates [54]. More specifically, different MDA kits produced 1.73–6.52% of duplicates, while DOP-PCR duplicate reads reached 39.24% [46]. The uniform/even distribution of duplicate reads negatively affects the sequencing efficiency, reducing the amount of effective coverage. However, if the distribution of duplicate reads is uneven, this leads to the more important problem of reduced uniformity of coverage, as discussed below.



Investigations have demonstrated that reaction volume, reaction yield, and even the number of hands-on steps (perhaps increasing the likelihood of contamination) influence the proportion of mappable reads [54]. Thus, it is important to distinguish genuine WGA-driven unmappable reads from WGA-independent sequences. Such a big data difference demonstrates the reduced reproducibility of the performances of various WGA assays in combination with different downstream applications using different cells. When cost effectiveness is considered, a low unmappable read rate is desirable for high effective coverage. The ESHRE PGT-SR/PGT-A Working Group recommends that, of the total number of reads, 70–80% should align to the genome, with lower percentages indicating contamination, DNA degradation, or suboptimal WGA [56].




5.2. Uniformity of Coverage and CNV Analysis


As discussed earlier, deficient uniformity of coverage is intrinsic to single-cell applications and is further affected by WGA. In PGT-A, it is essential to have uniform coverage or to have bioinformatic algorithms to manage PCR bias.



In 2002, it was reported that DOP-PCR leads to a strong amplification bias, with individual loci differing in copy number by four to six orders of magnitude [57]. As MDA-based amplification is isothermal, as opposed to PCR-based WGA methods, one common assumption has been that the MDA technique is immune to GC bias. However, DNA regions with a high localized GC content also prove to be problematic for isothermal amplification, leading to reports of under-representation caused by reduced DNA polymerase processivity and poor DNA priming in high GC areas [42]. Furthermore, it has been shown that the amplification bias in MDA progressively worsens with greater fold amplification, whereas MALBAC and PicoPLEX appear relatively insensitive to reaction gain [54].



It has subsequently been demonstrated that DOP-PCR and other PCR-based WGA methods exhibit reasonable uniform amplification with reduced regional amplification bias and outperform MDA in terms of CNV detection using arrays or NGS [30,54]. Despite a high duplication ratio and limited genome recovery, Hou et al. found that DOP-PCR still displayed the highest accuracy for CNV detection (≥1 Mb), with a mean sensitivity and specificity of 94.15% [46]. It has also been demonstrated that DOP-PCR provides the flattest CNV raw data without normalization, while non-PCR-based MDA creates variations along the genome that are not reproducible and cannot be smoothed via normalization. Furthermore, MALBAC’s sequence-dependent bias is reproducible and gives the flattest CNV after normalization [25]. Li and colleagues showed that the WGA of both SurePlex and MALBAC can reliably and accurately detect known disease CNVs in the range of 3–15 Mb at the correct genomic breakpoints [30]. Generally, it is acknowledged that all types of WGA provide a distribution of reads uniform enough to be able to accurately call CNVs [25,46,55].




5.3. Genomic Coverage and SNV Calling


In the era of arrays, genome representation assessment directly depended on array resolution, which, when compared to MPS, could never cover the full genome or exome. Thus, array genome representation percentages cannot be compared to the ones derived from NGS data. Using 10 K SNP arrays, MDA was estimated to amplify 99.82% of the genome [58]. Using MPS with ~25× mean sequencing depth, MDA covered 72% of the genome and MALBAC achieved up to 93% genomic coverage of single cancer cells [29]. MDA using either phi29 or Bst DNA polymerase has been widely reported to achieve a high physical coverage (>90%) from a single-cell genome or exome at a high sequencing depth (typically >30× or at least 15× average sequencing depth) [46,59,60]. In contrast, GenomePlex and PicoPLEX (kits with the same chemistry) covered only 39% and 52% of the reference genome, respectively (30× sequencing depth) [25]. Reduced genomic coverage has also been acknowledged for DOP-PCR [46,59].



Conversely, shallow sequencing depth runs retrieve only very limited fractions of the genome. For example, MDA attained 8.84% genomic coverage at a mean sequencing depth of ~0.5×, which was slightly higher than that of MALBAC (8.06%) [46].



Taking account of the percentages of genomes retrieved at deep and shallow sequencing depths, it is evident that the WGA methods themselves are capable of amplifying significant proportions of the target genome, and it is in fact the selected parameters of the downstream applications (e.g., MPS) that limit the detection of the amplified genome.



Consequently, areas not covered by the DNA polymerase during WGA—or importantly not captured during downstream molecular applications—are expected to occur as dropouts. The ability to successfully amplify and detect SNVs/SNPs is particularly important for PGT-M, as well as for PGT-SR, to distinguish between balanced carrier and non-carrier embryos. SNV detection efficiency/dropout rates directly depend on genomic coverage and therefore show similar tendencies to those observed for genomic coverage across the different WGA types. Indeed, MDA-based technologies perform better in terms of SNV detection. For instance, using long-fragment sequencing at a depth of 80×, Peters et al. demonstrated that MDA allowed for the detection of up to 93% of heterozygous SNVs [61]. Similar data have subsequently been presented for short-read sequencing [46]. In the same year as Peters et al.’s report, Zong and colleagues documented better SNV detection efficiency for MALBAC WGA, which is an MDA-based assay. Specifically, using a single cancer cell, MALBAC enabled 76% of SNVs to be detected, whereas it was only 41% for MDA [29]. Additionally, the advantage of employing MDA over PicoPLEX in terms of SNV detection was illustrated using both arrays and NGS by the group that developed Haplarithmisis [62]. Furthermore, Huang et al. compared five different commercially available WGA kits and determined the lowest ADO rate for MALBAC (21%) and the highest ADO rate for GenomePlex (76%) [25]. It has also been established that the low genomic coverage of DOP-PCR makes it an inappropriate approach for performing genotyping at a base pair resolution [59].




5.4. False Positive Rate


No less important than undetectable alleles are false alleles that occur due to errors made by the DNA polymerase of the WGA or downstream application assay. Usage of high-affinity (not easily dissociated from the DNA strand), robust (working through tough reaction conditions, e.g., without a purification step) and high-fidelity (i.e., maintaining Watson-Crick base pairing) DNA polymerases, in addition to possessing 3′ > 5′ proofreading activity, is the key to reducing the number of false positives during any PCR/DNA synthesis.



MDA exploits phi29 DNA polymerase which has 3′ > 5′ proofreading activity, though is not thermostable. In Sanger sequencing experiments sampling 500,000 base pairs, the false positive rate of phi29 was found to be relatively low (9.5 × 10−6) and not statistically different from that of paired WGA-unamplified samples [63]. MALBAC’s first step utilizes Bst DNA polymerase, which is similar to phi29 but lacks proofreading activity [64]. The false positive rate due to errors generated in the first MALBAC cycle and propagated in the later amplification has been reported to be ~4 × 10−5 [25,29], slightly higher than that of phi29. De Bourcy and colleagues, exploiting molecular barcoding, which allows true variants to be discriminated from sequencing errors, demonstrated that the per-base error rate for MDA was at least one order of magnitude lower than the rates of MALBAC and PicoPLEX rates. It was concluded that the use of a DNA polymerase with proofreading activity (i.e., phi29) is a major advantage of MDA for analysing SNVs [54]. In addition to comparing the ADO rates of five different commercially available WGA kits (see above), Huang et al. also compared their error rates and found them to be fairly similar, ranging from 9.6 × 10−4 for DOP-PCR to 8.2 × 10−5 for MDA [25]. It can be concluded that, due to their incomparably lower rates, false positives are of much less concern than ADOs.





6. Comprehensive PGT Solutions Utilizing Different WGA Protocols


6.1. The Beginning of the Massively Parallel Sequencing Era in Human PGT


The first reports of the use of MPS in PGT-A were published in 2013 [31,37,38]. Everything started with the low-depth, low-coverage whole genome sequencing (WGS) to detect CNVs when no high genome coverage was needed. In turn, there was a need to develop bioinformatic pipelines specifically addressing WGA-induced bias, as it might limit the sensitivity and specificity of CNV detection. Zhang et al. addressed this need by creating a bioinformatic pipeline centred on GC correction for the removal of DOP-PCR WGA-induced bias in low-coverage sequencing data (4–9.5% of the genome covered). They established the so-called dynamic threshold/frame approach to access CNVs more accurately—one of the principles still applied today for CNV analysis in PGT, which also does not require a control sample(s) [38]. Next, Hou and colleagues sequenced the genome of MALBAC-amplified polar bodies and pronuclei of human oocytes, demonstrating that even ~1× average genome depth yields reproducible CNV calls with ~1 Mb of resolution [31]. Soon after Hou et al.’s study, it was confirmed that a 0.04–0.07× average genome depth and 3–5% of genomic coverage can serve as the standard for PGT-A analysis using MPS [32,37].



In the early days of MPS, it became clear that it provides a better signal-to-noise ratio and resolution than aCGH, simply due to advances in technology. NGS specificity for aneuploidy calling was demonstrated to be 99.98% with a sensitivity of 100% [65]. Exceptional multiplexing opportunities and falling NGS costs facilitated the smooth transition of PGT-A towards monumental MPS exploitation. At the beginning of the MPS era in PGT, the majority of applications used SurePlex WGA, as MPS data were often validated by the formerly-used established aCGH protocols that widely employed SurePlex WGA (e.g., [65,66]).



Since the adoption of MPS for PGT-A, the designs of new applications have been moving towards better coverage, higher resolution, and more reliable data in general that can be used not only for CNVs, but also for cPGT including whole-genome haplotyping and direct mutation loci assessment. There are numerous turnkey solutions in PGT exploiting all the described WGA types, including hybrid ones. This section details MPS-exploiting, up-to-date solutions aspired to a universal/cPGT. While microchips are still in use, only the foremost ones are described here (i.e., Karyomapping and Haplarithmisis).




6.2. Karyomapping and Haplarithmisis


Karyomapping was one of the first applications to exploit SNP arrays in PGT. At the time, it was a rapid alternative to the targeted STR typing approach used as standard in PGT-M. Genome-wide SNV haplotyping allows Karyomapping to detect CNVs, meiotic trisomy, monosomy, triploidy, parthenogenetic activation, uniparental heterodisomy, as well as patterns of genomic duplication seen in, for example, hydatidiform moles—all in a single workflow. The assay requires single- or multi-cell embryo biopsy amplified by an isothermal MDA as the starting material [28,67].



Haplarithmisis—an extension of Karyomapping—is similarly a genome-wide generic PGT tool that originally exploited SNP arrays and MDA for single-/few-cell WGA. A computational pipeline evaluates the observed versus expected SNP probe’s intensity values for each allele in the sample, thus allowing detection of CNVs, the mitotic or meiotic nature of chromosomal anomalies (with the exception of monosomies), low-grade mosaicism, as well as proper ploidy (e.g., enables the distinction of aberrant tetraploid from aberrant diploid) [62].



As with any other genome-wide haplotyping technology, Karyomapping and Haplarithmisis are not universally applicable to all PGT-M cases, such as those where the analysis is not available for both parents, or cases with a highly consanguineous background, or ones with de novo mutations. Indeed, Rechitsky et al.’s analysis of 2780 couples revealed that Karyomapping was not suitable for as many as one-third of families referred for PGT-M [8]. Karyomapping and Haplarithmisis are now applicable for both SNP arrays and MPS platforms.




6.3. OnePGT


A commercial NGS-based solution that integrates PGT-A, PGT-SR, and PGT-M in a single workflow—OnePGT by Agilent Technologies—has recently been released to the market. The protocol exploits MDA for the embryo WGA and reduced representation WGS and has been verified on a few Illumina-sequencing platforms. To deduce haplotype inheritance, the embedded PGT-M pipeline utilizes principles of Haplarithmisis and was developed by the same group. Both the PGT-A and PGT-SR pipelines are based upon read-count analysis in order to assess CNVs. Inherent to haplotyping methodologies, the processing of additional family members such as the proband or a grandparent is required for haplotype establishment [68].




6.4. MARSALA


The MPS application termed Mutated Allele Revealed by Sequencing with Aneuploidy and Linkage Analyses (MARSALA) combines low-coverage genome sequencing for PGT-A and the targeted enrichment of mutation loci and linked SNVs for PGT-M. A prerequisite for MARSALA is the genome sequences of the parents. In the absence of an affected relative of the parents, an affected embryo identified by direct calling of the causative SNV or embryo haplotyping can be used as an equivalent of the proband for linkage analyses [69,70]. The application uses MALBAC for embryo WGA, an aliquot of which is reamplified with a pair of target-specific primers, and then the targeted PCR products are mixed with the native WGA for NGS. In this way, the existence of the point mutation and aneuploidy can be detected in one NGS run. The region of interest can be sequenced to ultra-high coverage (>1000×), still maintaining an accurate CNV measurement throughout the whole genome. It has been demonstrated that, in contrast to MDA, using MALBAC for single-cell WGA linkage analyses can be achieved with only 2× sequencing depth [69,70].



Mai et al. recently described a similar target sequence enrichment/semi-targeted approach. Briefly, after the low-stringency cycles of the DOP-PCR protocol, the WGA reaction is supplemented with a pool of mutation loci and SNV-specific primers. High-stringency PCR conditions enable the amplification of both the target sequences and the whole genome fragments created during the low-stringency PCR cycles. While not necessary, to ensure the sufficient breadth and depth of coverage for mutation and adjacent SNV loci, a secondary target enrichment PCR can be performed using the initial WGA product. The target PCR product is then spiked back into the WGA, typically at 1:10 to 1:20 concentrations [71].




6.5. MaReCs


Technologically similar to MARSALA and developed by the same group, Mapping Allele with Resolved Carrier Status (MaReCs) is a PGT-SR methodology. Whilst MaReCs does not require pre-clinical work-up to phase haplotypes, it is performed in two stages. First, embryo CNVs are analysed by a high-coverage, high-resolution WGS. Secondly, targeted NGS analysis is performed for 60 adjacent SNVs flanking the translocation breakpoint in a manner similar to MARSALA to perform haplotyping [72]. The availability of at least one chromosomally imbalanced embryo (so-called reference embryo) is essential for the pipeline to locate a translocation breakpoint. This approach is able to establish whether or not a chromosomally balanced embryo carries the translocation [72], which is not possible by standard PGT-SR and PGT-A.



The same group also performed single-sperm haplotyping when no family members were available to phase haplotypes for PGT-M. They conducted target enrichment of MALBAC preamplified SNVs selected for haplotype analysis; on average, 74% of 60 SNVs were detectable in each single sperm cell, corresponding to 26% of ADOs. It was concluded that, with MALBAC-amplified, single-sperm DNA, SNV analysis can be achieved without target enrichment under 3× average genomic coverage [73].




6.6. Haploseek


Haploseek is a low-coverage, sequencing-based cPGT application exploiting PicoPLEX for embryo WGA. Although custom target design is not required, a prerequisite for the PGT cycle is pre-case SNP array assessment of the parents and affected child to generate whole genome haplotypes. Further SNP array data, together with sequencing data from the embryos, are integrated using a hidden Markov model, which predicts whether or not the parental-affected haplotypes have been inherited by each of the sequenced embryos across all chromosomes [74]. The required sensitivity for accurate haplotype and CNV prediction can be achieved at 0.3–1.4× coverage—an attribute that markedly reduces the cost per embryo. Furthermore, despite the low-coverage sequencing of single-cell samples, the proportion of SNVs in the MPS’s data passing quality control has been reported to range between 89.8 and 98.6% [74,75].




6.7. Universal cPGT


Recently, Chen et al. have developed a comprehensive WGS-based PGT tool capable of assessing monogenic disorders, aneuploidies, and chromosomal rearrangements without the requirement of additional family members and without the need of any pre-clinical work-up [76]. However, PGT-SR can only be performed if unbalanced translocation embryos are available as a reference to distinguish between balanced translocation carriers and normal embryos. Haplotyping for PGT-M is achieved by analysing already-retrieved embryos as a reference, rendering it impossible to analyse cases where direct mutation loci testing in embryos cannot be achieved by NGS (e.g., trinucleotide expansion disorders, intergenic deletions). In such cases, family haplotyping or additional targeted testing is necessary [76]. A minimum of 4× depth of embryo and 10× depth of parental DNA sequencing is sufficient for reliable PGT-M-direct genotyping (only SNVs/small indels can be assessed) and haplotyping. Exploiting MDA for embryo WGA, the ADO rate was reported by Chen et al. to reach 20% (lower than that of Karyomapping used for data validation), although only a modest number of embryos was evaluated [76].





7. Other WGA Opportunities


In 2018, Del Rey et al. attempted to perform cPGT using Illumina’s TruSight One sequencing panel. Unlike low genomic coverage WGA, the CNV profiles obtained using TruSight One data were widely scattered and highly discordant. The overall limited sensitivity of SNV and CNV calling rates may be associated with the targeted nature of the TruSight One panel, which was originally developed for bulk DNA analysis. The group also assessed the suitability of different WGA types for the given analysis. After sequencing, MDA covered almost 95% of the regions having at least 10× depth, followed by SurePlex and MALBAC, covering 65.5% and 64%, respectively [22].



7.1. Triplet Expansion Analysis


An expanded WGA application opportunity was demonstrated by Rajan-Babu and colleagues, who developed a direct mutation loci assessment PGT-M protocol for FMR1 CGG trinucleotide expansion that causes Fragile X syndrome. PGT-M for Fragile X syndrome is currently performed by phasing maternal and paternal alleles directly or after WGA. A major limitation of this approach relates to its inability to amplify large GC-rich premutation and full-mutation FMR1 alleles, making it difficult to discern homozygous normal female embryos from those heterozygous for a normal allele and a non-amplifiable premutation or full-mutation allele. Rajan-Babu et al.’s novel strategy utilizes MDA for WGA, followed by triplet-primed polymerase chain reaction (TP-PCR) for robust the detection of expanded FMR1 alleles in parallel with linked multimarker analysis [77]. Notably, the authors have demonstrated that the premutation amplicon peak from single cells (direct PCR) is of significantly lower fluorescence intensity than the amplicon peaks from gDNA and WGA product. The same group has also developed a direct mutation loci assessment protocol for DMPK CTG expansion that causes myotonic dystrophy type 1. Testing prior to the development of this new protocol was problematic, as an unaffected embryo relied on the detection of the affected parent’s normal allele, which was only possible if it had a repeat size that was different from both alleles of the unaffected parent. The new strategy similarly utilizes MDA followed by the TP-PCR detection of expanded DMPK alleles [78]. The ADO rate of either the normal or expanded allele has been reported to be 22.4% for single-cell analysis, while multi-cell samples were amplified without ADO [78].




7.2. Single Gene Deletion Detection


Recently, Ren et al. demonstrated the successful direct detection of DMD gene deletions in preimplantation embryos. Their method of exploiting MALBAC amplification and 2× depth NGS without target enrichment can detect deletions of approximately 1 Mb [79].




7.3. Non-Invasive PGT


The feasibility of performing PGT using DNA obtained from blastocoel fluid or spent culture medium (termed non-invasive PGT) has been investigated. Despite non-invasive PGT initially appearing fairly promising, amplification failure occurred in an unacceptably high proportion of samples, reaching 81%. Clinically unsatisfactory results have been documented for SurePlex, MALBAC, as well as a modified MDA approach suitable for fragmented DNA [80,81,82,83,84], clearly demonstrating that the lack of success is not related to the WGA, but rather to the non-invasive nature of the approach. A comprehensive review of non-invasive PGT has recently been published by Leaver and Wells [85].




7.4. Long Read Sequencing


Although long read sequencing is currently used to detect translocation breakpoints for successful prospective PGT-SR [86,87], Peters et al. attempted to phase and detect de novo SNVs from blastocyst biopsies using Complete Genomics’ DNA nanoarray sequencing platform [88]. The protocol entails the apportionment of a single sample into a 384-well plate format, decreasing the fraction of the genome in each well to 10–20% of a haploid genome. DNA in each well is then amplified using a modified phi29-based MDA protocol to replicate each fragment ~10,000× [61,88]. Despite yielding 19–38× coverage of both the maternal and paternal alleles and mapping up to 97% of the heterozygous SNVs, a significant amount of SNVs cannot be easily mapped to individual alleles. Furthermore, genomes assembled from a small number of cells and requiring highly amplified DNA show a large number of false-positive SNVs arising from errors incorporated during amplification, sequencing, and mapping. Despite the application of several sophisticated bioinformatic algorithms and filters, several hundred to a thousand erroneously called de novo SNVs per embryo still prevail. At present, this approach is only a rudimentary model, and additional strategies are required to distinguish erroneous de novo events before its introduction into clinics. Specifically, utilizing it in its current format in clinical PGT could lead to the elimination of an excessive number of healthy embryos if these erroneous de novo variants were to be taken as putative [61,88]. Furthermore, high-depth MPS of the genome remains relatively expensive.



The main features of each PGT approach described above are listed in Table 1.





8. Concluding Remarks


To enable the genetic diagnosing of preimplantation embryos, all of the current cPGT solutions require clonal amplification of the template DNA. Consequently, WGA is more essential than ever before and has become one of the most important tools in the ever-developing field of human PGT [42]. The availability of substantial volumes of initially minute amounts of embryonic DNA generated by a single WGA round has made it possible to: (i) avoid embryo rebiopsy and repeat the analysis on account of assay failure or (long term) misdiagnosis or genotype mismatch of the birthed baby; (ii) shorten the turnaround time between referral and clinical cycle because the adaptation/validation of PCR reactions at the single-cell level can be omitted from the pre-clinical work-up [6]; and, most importantly, (iii) develop multifactor and comprehensive PGT.



MPS-based approaches are much more standardized and allow for high-throughput automation, reduced hands-on time, and minimization of the possibility of human errors—all at a reduced cost [6]. Hence, MPS-based approaches are regarded as the most powerful platforms for future PGT [89]. Several groups have already demonstrated the ability to perform mutation loci assessment with a shallow sequencing depth (2–4×) without the need for target enrichment [69,70,76]. Furthermore, the technical resolution of CNV detection has been demonstrated to be down to several kilobases [66]. While researchers compete to reduce the testing time and simplify the use of PGT methods, clinically, these objectives are not always justified and can result in painful and hard-to-correct errors. PGT has never been a simple method and, by its very nature, cannot be. Despite all the tempting emerging technical PGT opportunities, clinical PGT should continue to strictly adhere to the existing guidelines [6,56] and always bear in mind that patient safety is the number one priority. Orthogonal SNV validation should never be omitted unless there is convincing evidence to the contrary. The resolution of CNV detection should not be set unreasonably high to minimize the detection of artifacts resulting from WGA-introduced bias appearing as extensive biological heterogeneity, as this can potentially lead to normal embryos being discarded [59,66].



8.1. Best WGA Solution for Comprehensive PGT


Although numerous WGA techniques have been developed over the years, MDA, MALBAC, and hybrid WGA methodologies such as SurePlex are the ones most widely used in contemporary PGT. As the DNA originates from either a single cell or a few cells, all WGA technologies to a certain extent are prone to incomplete genomic coverage and amplification bias—drawbacks that hamper the SNV/CNV analysis of embryonic genomes. Each of the WGA types evaluated above has its own characteristics, advantages, and disadvantages to be considered. While it is a common assumption that PCR-based WGA methods are more suitable for CNV applications and MDA-based WGA systems are more appropriate for SNV analysis [60]—even the ESHRE PGT-M Working Group recommends MDA for PGT-M and PCR-based WGA as the method of choice for the detection of CNVs [6]—they all can be and are successfully exploited in clinical PGT, especially when using cPGT approaches [25,55].



Despite the fact that WGA reactions are very much influenced by an array of conditions (including hands-on time, reaction volume, starting amount of material, etc.), often in a stochastic manner, our review clearly demonstrates that MDA, MALBAC, and hybrid methods are reliable, clinically valid, and time-tested WGA methods suitable for multilateral use. PicoPLEX and its analogues were initially adapted for PGT and are now the foremost solution for PGT-A using arrays and NGS. Unlike the other WGA techniques, MALBAC comes from the MPS era, and its applications are mostly associated with MPS. MDA appears to be slightly more popular than the other WGA types when it comes to cPGT solutions exploiting MPS (Table 1). The advantages of MDA are associated with its utilization of the proofreading enzyme phi29, allowing for strand displacement DNA synthesis without dissociating from the template for more than thousands of nucleotides under isothermal conditions. Nonetheless, currently no one method suits all the criteria. However, when opting for cPGT, well-designed bioinformatic tools that unambiguously detect all types of genetic changes may provide a compromise [90].



While there are numerous studies comparing the performance of different WGA techniques, there is a limited number of these studies relating to PGT and even fewer in relation to human embryonic cells. Therefore, studies conducting an unbiased comparison of different WGA types that consistently and systematically follow certain conditions with regard to MPS parameters and same-stage embryo biopsies would be very welcome additions to the literature. New unbiased studies might highlight additional aspects of WGA performance in cPGT not determinable from the assessment of other cell types. As we have discussed above, different MPS parameters can greatly influence the semblance of WGA performance (e.g., genomic coverage depends on sequencing depth).




8.2. Future Perspectives


As WGA techniques are continually being improved, the majority of drawbacks of the current techniques should be minimized in the near future. In addition, new solutions are expected to be developed. For example, a few years ago, the newly cloned and characterized Thermus thermophilus DNA primase—TthPrimPol—was integrated into the phi29-based MDA protocol. In this system, termed TruePrime, TthPrimPol primase randomly initiates DNA amplification by synthesizing new primers on the native DNA and displaced strands, removing the need for random primer exploitation [91]. It was predicted that this random primer-free WGA would display minimal amplification bias compared to methods exploiting random primers. However, although the trial sequencing run of TruePrime samples was of high quality, with the reads almost exclusively mapping to human genomic material, after deduplication, only 22% of the reads remained, highlighting the magnitude of the problem of duplicated reads [92]. Nonetheless, refinement of this exciting technology is eagerly awaited.



Another WGA improvement might come from the usage of droplet or chambered microfluidic technologies. While advances in microfluidics have been predicted to enter IVF laboratories [93], their usage in human PGT, to the best of our knowledge, has not been demonstrated. In microfluidic devices, molecules are isolated in compartments. Therefore, they amplify to saturation without competing for resources. This improves genomic coverage and reduces amplification bias, thus enhancing the overall quality of sequence data [94]. To date, this has been demonstrated for MDA [95,96] and with improved reproducibility for MALBAC [97]. The usage of microfluidics in comparison to conventional in-tube reactions shortens the turnaround time, reduces the likelihood of contamination, and decreases reaction expenses, as the reaction is performed in a smaller volume [98]. We anticipate that microfluidic usage also has the potential to improve PGT applications.



On a closing note, we can conclude that the future of PGT with comprehensive solutions is already here. By following the best practice guidelines for PGT and a patient-tailored approach, in combination with state-of-the-art instrumentation, at the heart of which lies WGS, it is now possible to minimize the number of technical errors and provide the maximum number of confident clinical diagnoses. These outcomes will only seek to strengthen and extend the practice of PGT.









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms23094819/s1.





Author Contributions


Conceptualization, L.V.; Formal Analysis, L.V. and A.M.; Data Curation, L.V., A.M. and L.G.; Writing—Original Draft Preparation, L.V.; Writing—Review and Editing, A.M. and L.G.; Visualization, L.V.; Supervision, L.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


All data are incorporated into the article and its online Supplementary Material.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Coutelle, C.; Williams, C.; Handyside, A.; Hardy, K.; Winston, R.; Williamson, R. Genetic analysis of DNA from single human oocytes: A model for preimplantation diagnosis of cystic fibrosis. Br. Med. J. 1989, 299, 22–24. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Cui, X.; Schmitt, K.; Hubert, R.; Navidi, W.; Arnheim, N. Whole genome amplification from a single cell: Implications for genetic analysis. Proc. Natl. Acad. Sci. USA 1992, 89, 5847–5851. [Google Scholar] [CrossRef] [PubMed]

	



Telenius, H.; Carter, N.P.; Bebb, C.E.; Nordenskjöld, M.; Ponder, B.A.J.; Tunnacliffe, A. Degenerate oligonucleotide-primed PCR: General amplification of target DNA by a single degenerate primer. Genomics 1992, 13, 718–725. [Google Scholar] [CrossRef]

	



Toft, C.L.F.; Ingerslev, H.J.; Kesmodel, U.S.; Diemer, T.; Degn, B.; Ernst, A.; Okkels, H.; Kjartansdóttir, K.R.; Pedersen, I.S. A systematic review on concurrent aneuploidy screening and preimplantation genetic testing for hereditary disorders: What is the prevalence of aneuploidy and is there a clinical effect from aneuploidy screening? Acta Obstet. Gynecol. Scand. 2020, 99, 696–706. [Google Scholar] [CrossRef]

	



Kuliev, A.; Rechitsky, S. Preimplantation genetic testing: Current challenges and future prospects. Expert Rev. Mol. Diagn. 2017, 17, 1071–1088. [Google Scholar] [CrossRef]

	



ESHRE PGT-M Working Group; Carvalho, F.; Moutou, C.; Dimitriadou, E.; Dreesen, J.; Giménez, C.; Goossens, V.; Kakourou, G.; Vermeulen, N.; Zuccarello, D.; et al. ESHRE PGT Consortium good practice recommendations for the detection of monogenic disorders. Hum. Reprod. Open 2020, 2020, hoaa018. [Google Scholar] [CrossRef]

	



Harper, J.C.; Wilton, L.; Traeger-Synodinos, J.; Goossens, V.; Moutou, C.; SenGupta, S.B.; Pehlivan Budak, T.; Renwick, P.; De Rycke, M.; Geraedts, J.P.M.; et al. The ESHRE PGD consortium: 10 years of data collection. Hum. Reprod. Update 2012, 18, 234–247. [Google Scholar] [CrossRef]

	



Rechitsky, S.; Pakhalchuk, T.; San Ramos, G.; Goodman, A.; Zlatopolsky, Z.; Kuliev, A. First systematic experience of preimplantation genetic diagnosis for single-gene disorders, and/or preimplantation human leukocyte antigen typing, combined with 24-chromosome aneuploidy testing. Fertil. Steril. 2015, 103, 503–512. [Google Scholar] [CrossRef]

	



Cimadomo, D.; Capalbo, A.; Ubaldi, F.M.; Scarica, C.; Palagiano, A.; Canipari, R.; Rienzi, L. The Impact of Biopsy on Human Embryo Developmental Potential during Preimplantation Genetic Diagnosis. BioMed Res. Int. 2016, 2016, 7193075. [Google Scholar] [CrossRef]

	



Scott, K.L.; Hong, K.H.; Scott, R.T. Selecting the optimal time to perform biopsy for preimplantation genetic testing. Fertil. Steril. 2013, 100, 608–614. [Google Scholar] [CrossRef]

	



Czyz, Z.T.; Kirsch, S.; Polzer, B. Principles of whole-genome amplification. In Whole Genome Amplification: Methods and Protocols; Springer: Berlin/Heidelberg, Germany, 2015. [Google Scholar]

	



Kristjansson, K.; Chong, S.S.; Van den Veyver, I.B.; Subramanian, S.; Snabes, M.C.; Hughes, M.R. Preimplantation single cell analyses of dystrophin gene deletions using whole genome amplification. Nat. Genet. 1994, 6, 19–23. [Google Scholar] [CrossRef] [PubMed]

	



Sermon, K.; Lissens, W.; Joris, H.; Van Steirteghem, A.; Liebaers, I. Adaptation of the primer extension preamplification (PEP) reaction for preimplantation diagnosis: Single blastomere analysis using short PEP protocols. Mol. Hum. Reprod. 1996, 2, 209–212. [Google Scholar] [CrossRef] [PubMed]

	



Snabes, M.C.; Chong, S.S.; Subramanian, S.B.; Kristjansson, K.; DiSepio, D.; Hughes, M.R. Preimplantation single-cell analysis of multiple genetic loci by whole- genome amplification. Proc. Natl. Acad. Sci. USA 1994, 91, 6181–6185. [Google Scholar] [CrossRef] [PubMed]

	



Xu, K.; Tang, Y.; Grifo, J.A.; Rosenwaks, Z.; Cohen, J. Preimplantation diagnosis: Primer extension preamplification for detection of multiple genetic loci from single human blastomeres. Hum. Reprod. 1993, 8, 2206–2210. [Google Scholar] [CrossRef]

	



Telenius, H.; Ponder, B.A.; Tunnacliffe, A.; Pelmear, A.H.; Carter, N.P.; Ferguson-Smith, M.A.; Behmel, A.; Nordenskjöld, M.; Pfragner, R. Cytogenetic analysis by chromosome painting using dop-pcr amplified flow-sorted chromosomes. Genes Chromosom. Cancer 1992, 4, 257–263. [Google Scholar] [CrossRef]

	



Cheung, V.G.; Nelson, S.F. Whole genome amplification using a degenerate oligonucleotide primer allows hundreds of genotypes to be performed on less than one nanogram of genomic DNA. Proc. Natl. Acad. Sci. USA 1996, 93, 14676–14679. [Google Scholar] [CrossRef]

	



Bonnette, M.D.; Pavlova, V.R.; Rodier, D.N.; Thompson, L.P.; Boone, E.L.; Brown, K.L.; Meyer, K.M.; Trevino, M.B.; Champagne, J.R.; Cruz, T.D. dcDegenerate oligonucleotide primed-PCR for multilocus, genome-wide analysis from limited quantities of DNA. Diagn. Mol. Pathol. 2009, 18, 165–175. [Google Scholar] [CrossRef]

	



Kittler, R.; Stoneking, M.; Kayser, M. A whole genome amplification method to generate long fragments from low quantities of genomic DNA. Anal. Biochem. 2002, 300, 237–244. [Google Scholar] [CrossRef]

	



Wells, D.; Sherlock, J.K.; Handyside, A.H.; Delhanty, J.D.A. Detailed chromosomal and molecular genetic analysis of single cells by whole genome amplification and comparative genomic hybridisation. Nucleic Acids Res. 1999, 27, 1214–1218. [Google Scholar] [CrossRef]

	



Fragouli, E.; Lenzi, M.; Ross, R.; Katz-Jaffe, M.; Schoolcraft, W.B.; Wells, D. Comprehensive molecular cytogenetic analysis of the human blastocyst stage. Hum. Reprod. 2008, 23, 2596–2608. [Google Scholar] [CrossRef]

	



Del Rey, J.; Vidal, F.; Ramírez, L.; Borràs, N.; Corrales, I.; Garcia, I.; Martinez-Pasarell, O.; Fernandez, S.F.; Garcia-Cruz, R.; Pujol, A.; et al. Novel double factor PGT strategy analyzing blastocyst stage embryos in a single NGS procedure. PLoS ONE 2018, 13, e0205692. [Google Scholar]

	



Dean, F.B.; Nelson, J.R.; Giesler, T.L.; Lasken, R.S. Rapid amplification of plasmid and phage DNA using Phi29 DNA polymerase and multiply-primed rolling circle amplification. Genome Res. 2001, 11, 1095–1099. [Google Scholar] [CrossRef] [PubMed]

	



Esteban, J.A.; Salas, M.; Blanco, L. Fidelity of φ29 DNA polymerase. Comparison between protein-primed initiation and DNA polymerization. J. Biol. Chem. 1993, 268, 2719–2726. [Google Scholar] [CrossRef]

	



Huang, L.; Ma, F.; Chapman, A.; Lu, S.; Xie, X.S. Single-Cell Whole-Genome Amplification and Sequencing: Methodology and Applications. Annu. Rev. Genom. Hum. Genet. 2015, 16, 79–102. [Google Scholar] [CrossRef] [PubMed]

	



Handyside, A.H.; Robinson, M.D.; Simpson, R.J.; Omar, M.B.; Shaw, M.A.; Grudzinskas, J.G.; Rutherford, A. Isothermal whole genome amplification from single and small numbers of cells: A new era for preimplantation genetic diagnosis of inherited disease. Mol. Hum. Reprod. 2004, 10, 767–772. [Google Scholar] [CrossRef]

	



Hellani, A.; Coskun, S.; Tbakhi, A.; Al-Hassan, S. Clinical application of multiple displacement amplification in preimplantation genetic diagnosis. Reprod. Biomed. Online 2005, 10, 376–380. [Google Scholar] [CrossRef]

	



Handyside, A.H.; Harton, G.L.; Mariani, B.; Thornhill, A.R.; Affara, N.; Shaw, M.A.; Griffin, D.K. A universal method for genome wide analysis of genetic disease based on mapping crossovers between parental haplotypes. J. Med. Genet. 2010, 47, 651–658. [Google Scholar] [CrossRef]

	



Zong, C.; Lu, S.; Chapman, A.R.; Xie, X.S. Genome-wide detection of single-nucleotide and copy-number variations of a single human cell. Science 2012, 338, 1622–1626. [Google Scholar] [CrossRef]

	



Li, N.; Wang, L.; Wang, H.; Ma, M.; Wang, X.; Li, Y.; Zhang, W.; Zhang, J.; Cram, D.S.; Yao, Y. The Performance of Whole Genome Amplification Methods andNext-Generation Sequencing for Pre-Implantation Genetic Diagnosis of Chromosomal Abnormalities. J. Genet. Genom. 2015, 42, 151–159. [Google Scholar] [CrossRef]

	



Hou, Y.; Fan, W.; Yan, L.; Li, R.; Lian, Y.; Huang, J.; Li, J.; Xu, L.; Tang, F.; Xie, X.S.; et al. Genome analyses of single human oocytes. Cell 2013, 155, 1492–1506. [Google Scholar] [CrossRef]

	



Huang, J.; Yan, L.; Fan, W.; Zhao, N.; Zhang, Y.; Tang, F.; Xie, X.S.; Qiao, J. Validation of multiple annealing and looping-based amplification cycle sequencing for 24-chromosome aneuploidy screening of cleavage-stage embryos. Fertil. Steril. 2014, 102, 1685–1691. [Google Scholar] [CrossRef] [PubMed]

	



Sigma-Aldrich. Whole Genome Amplification Advisor. Available online: https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/product/documents/128/636/wga_advisor.pdf (accessed on 1 March 2022).

	



Illumina. SurePlex Summary Protocol Reference Guide. 2018, (September 2020). Available online: www.illumina.com/company/legal.html (accessed on 1 March 2022).

	



Takara Bio. SMARTer® PicoPLEX® Single Cell WGA Kit User Manual. (0):1–18. Available online: https://www.takarabio.com/assets/documents/UserManual/SMARTerPicoPLEXSingleCellWGAKitUserManual_091818.pdf (accessed on 1 March 2022).

	



Alfarawati, S.; Fragouli, E.; Colls, P.; Wells, D. First births after preimplantation genetic diagnosis of structural chromosome abnormalities using comparative genomic hybridization and microarray analysis. Hum. Reprod. 2011, 26, 1560–1574. [Google Scholar] [CrossRef] [PubMed]

	



Yin, X.; Tan, K.; Vajta, G.; Jiang, H.; Tan, Y.; Zhang, C.; Chen, F.; Chen, S.; Zhang, C.; Pan, X.; et al. Massively parallel sequencing for chromosomal abnormality testing in trophectoderm cells of human blastocysts. Biol. Reprod. 2013, 88, 69. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Zhang, C.; Chen, S.; Yin, X.; Pan, X.; Lin, G.; Tan, Y.; Tan, K.; Xu, Z.; Hu, P.; et al. A Single Cell Level Based Method for Copy Number Variation Analysis by Low Coverage Massively Parallel Sequencing. PLoS ONE 2013, 8, e54236. [Google Scholar] [CrossRef]

	



Handyside, A.H.; Kontogianni, E.H.; Hardy, K.; Winston, R.M.L. Pregnancies from biopsied human preimplantation embryos sexed by Y-specific DNA amplification. Nature 1990, 344, 768–770. [Google Scholar] [CrossRef]

	



Hellani, A.; Abu-Amero, K.; Azouri, J.; El-Akoum, S. Successful pregnancies after application of array-comparative genomic hy-bridization in PGS-aneuploidy screening. Reprod Biomed Online. 2008, 17, 841–847. [Google Scholar] [CrossRef]

	



Yang, Z.; Salem, S.; S-Lyle, S.; Bayrak, A.; Salem, R. Trophectoderm Cells Derived From Blastocyst Biopsy Are Suitable For Array CGH Analysis of 24 Chromosomes. Fertil. Steril. 2011, 95, S23. [Google Scholar] [CrossRef]

	



Sabina, J.; Leamon, J.H. Bias in whole genome amplification: Causes and considerations. In Methods in Molecular Biology; Springer: Berlin/Heidelberg, Germany, 2015. [Google Scholar]

	



Karrer, E.E.; Lincoln, J.E.; Hogenhout, S.; Bennett, A.B.; Bostock, R.M.; Martineau, B.; Lucas, W.J.; Gilchrist, D.G.; Alexander, D. In situ isolation of mRNA from individual plant cells: Creation of cell- specific cDNA libraries. Proc. Natl. Acad. Sci. USA 1995, 92, 3814–3818. [Google Scholar] [CrossRef]

	



Volozonoka, L.; Perminov, D.; Korņejeva, L.; Alkšere, B.; Novikova, N.; Pīmane, E.J.; Blumberga, A.; Kempa, I.; Miskova, A.; Gailīte, L.; et al. Performance comparison of two whole genome amplification techniques in frame of multifactor preimplantation genetic testing. J. Assist. Reprod. Genet. 2018, 35, 1457–1472. [Google Scholar] [CrossRef]

	



Lledó, B.; Ten, J.; Galán, F.M.; Bernabeu, R. Preimplantation genetic diagnosis of Marfan syndrome using multiple displacement amplification. Fertil. Steril. 2006, 86, 949–955. [Google Scholar] [CrossRef]

	



Hou, Y.; Wu, K.; Shi, X.; Li, F.; Song, L.; Wu, H.; Dean, M.; Li, G.; Tsang, S.; Jiang, R.; et al. Comparison of variations detection between whole-genome amplification methods used in single-cell resequencing. Gigascience 2015, 4, 37. [Google Scholar] [CrossRef] [PubMed]

	



Lasken, R.S.; Stockwell, T.B. Mechanism of chimera formation during the Multiple Displacement Amplification reaction. BMC Biotechnol. 2007, 7, 19. [Google Scholar] [CrossRef] [PubMed]

	



Tu, J.; Lu, N.; Duan, M.; Huang, M.; Chen, L.; Li, J.; Guo, J.; Lu, Z. Hotspot selective preference of the chimeric sequences formed in multiple displacement amplification. Int. J. Mol. Sci. 2017, 18, 492. [Google Scholar] [CrossRef] [PubMed]

	



Ribustello, L.; Escudero, T.; Margiatto, E.; Nagy, P.; Acacio, B.M.D.; Munne, S. Differences between blastomere and blastocyst biopsies for preimplantation genetic diagnosis (PGD) using array comparative genomic hybridization (aCGH). Fertil. Steril. 2013, 100, S130. [Google Scholar] [CrossRef]

	



Kokkali, G.; Traeger-Synodinos, J.; Vrettou, C.; Stavrou, D.; Jones, G.M.; Cram, D.S.; Makrakis, E.; Trounson, A.O.; Kanavakis, E.; Pantos, K. Blastocyst biopsy versus cleavage stage biopsy and blastocyst transfer for preimplantation genetic diagnosis of β-thalassaemia: A pilot study. Hum. Reprod. 2007, 22, 1443–1449. [Google Scholar] [CrossRef]

	



Tzvetkov, M.V.; Becker, C.; Kulle, B.; Nürnberg, P.; Brockmöller, J.; Wojnowski, L. Genome-wide single-nucleotide polymorphism arrays demonstrate high fidelity of multiple displacement-based whole-genome amplification. Electrophoresis 2005, 26, 710–715. [Google Scholar] [CrossRef]

	



Dimitriadou, E.; Van Der Aa, N.; Cheng, J.; Voet, T.; Vermeesch, J.R. Single cell segmental aneuploidy detection is compromised by S phase. Mol. Cytogenet. 2014, 7, 46. [Google Scholar] [CrossRef]

	



Wagner, A.; Blackstone, N.; Cartwright, P.; Dick, M.; Misof, B.; Snow, P.; Wagner, G.P.; Bartels, J.; Murtha, M.; Pendleton, J. Surveys of Gene Families Using Polymerase Chain Reaction: PCR Selection and PCR Drift. Syst. Biol. 1994, 43, 250–261. [Google Scholar] [CrossRef]

	



De Bourcy, C.F.A.; De Vlaminck, I.; Kanbar, J.N.; Wang, J.; Gawad, C.; Quake, S.R. A quantitative comparison of single-cell whole genome amplification methods. PLoS ONE 2014, 9, e105585. [Google Scholar] [CrossRef]

	



Deleye, L.; Tilleman, L.; Van Der Plaetsen, A.S.; Cornelis, S.; Deforce, D.; Van Nieuwerburgh, F. Performance of four modern whole genome amplification methods for copy number variant detection in single cells. Sci Rep. 2017, 7, 3422. [Google Scholar] [CrossRef]

	



ESHRE PGT-SR/PGT-A Working Group; Coonen, E.; Rubio, C.; Christopikou, D.; Dimitriadou, E.; Gontar, J.; Goossens, V.; Maurer, M.; Spinella, F.; Vermeulen, N.; et al. ESHRE PGT Consortium good practice recommendations for the detection of structural and numerical chromosomal aberrations. Hum. Reprod. Open 2020, 2020, hoaa017. [Google Scholar] [CrossRef] [PubMed]

	



Dean, F.B.; Hosono, S.; Fang, L.; Wu, X.; Faruqi, A.F.; Bray-Ward, P.; Sun, Z.; Zong, Q.; Du, Y.; Du, J.; et al. Comprehensive human genome amplification using multiple displacement amplification. Proc. Natl. Acad. Sci. USA 2002, 99, 5261–5266. [Google Scholar] [CrossRef] [PubMed]

	



Ostrowski, L.E.; Dutcher, S.K.; Lo, C.W. Cilia and Models for Studying Structure and Function. Proc. Am. Thorac. Soc. 2011, 8, 423–429. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Navin, N.E. Advances and Applications of Single-Cell Sequencing Technologies. Mol. Cell 2015, 58, 598–609. [Google Scholar] [CrossRef]

	



Zhou, X.; Xu, Y.; Zhu, L.; Su, Z.; Han, X.; Zhang, Z.; Huang, Y.; Liu, Q. Comparison of multiple displacement amplification (MDA) and multiple annealing and looping-based amplification cycles (MALBAC) in limited DNA sequencing based on tube and droplet. Micromachines 2020, 11, 645. [Google Scholar] [CrossRef]

	



Peters, B.A.; Kermani, B.G.; Sparks, A.B.; Alferov, O.; Hong, P.; Alexeev, A.; Jiang, Y.; Dahl, F.; Tang, Y.T.; Haas, J.; et al. Accurate whole-genome sequencing and haplotyping from 10 to 20 human cells. Nature 2012, 487, 190–195. [Google Scholar] [CrossRef]

	



Esteki, M.Z.; Dimitriadou, E.; Mateiu, L.; Melotte, C.; Van der Aa, N.; Kumar, P.; Das, R.; Theunis, K.; Cheng, J.; Legius, E.; et al. Concurrent Whole-Genome Haplotyping and Copy-Number Profiling of Single Cells. Am. J. Hum. Genet. 2015, 96, 894–912. [Google Scholar]

	



Paez, J.G.; Lin, M.; Beroukhim, R.; Lee, J.C.; Zhao, X.; Richter, D.J.; Gabriel, S.; Herman, P.; Sasaki, H.; Altshuler, D.; et al. Genome coverage and sequence fidelity of phi29 polymerase-based multiple strand displacement whole genome amplification. Nucleic Acids Res. 2004, 32, e71. [Google Scholar] [CrossRef]

	



Spits, C.; Le Caignec, C.; De Rycke, M.; Van Haute, L.; Van Steirteghem, A.; Liebaers, I.; Sermon, K. Optimization and evaluation of single-cell whole-genome multiple displacement amplification. Hum. Mutat. 2006, 27, 496–503. [Google Scholar] [CrossRef]

	



Fiorentino, F.; Bono, S.; Biricik, A.; Nuccitelli, A.; Cotroneo, E.; Cottone, G.; Kokocinski, F.; Michel, C.E.; Minasi, M.G.; Greco, E. Application of next-generation sequencing technology for comprehensive aneuploidy screening of blastocysts in clinical preimplantation genetic screening cycles. Hum. Reprod. 2014, 29, 2802–2813. [Google Scholar] [CrossRef]

	



Deleye, L.; Dheedene, A.; De Coninck, D.; Sante, T.; Christodoulou, C.; Heindryckx, B.; Van den Abbeel, E.; De Sutter, P.; Deforce, D.; Menten, B.; et al. Shallow whole genome sequencing is well suited for the detection of chromosomal aberrations in human blastocysts. Fertil. Steril. 2015, 104, 1276–1285.e1. [Google Scholar] [CrossRef] [PubMed]

	



Griffin, D.; Gould, R. What is Karyomapping and where does it fit in the world of preimplantation genetic diagnosis (PGD)? Med. Res. Arch. 2017, 5, 1–18. [Google Scholar] [CrossRef]

	



Masset, H.; Zamani Esteki, M.; Dimitriadou, E.; Dreesen, J.; Debrock, S.; Derhaag, J.; Derks, K.; Destouni, A.; Drüsedau, M.; Meekels, J.; et al. Multi-centre evaluation of a comprehensive preimplantation genetic test through haplotyping-by-sequencing. Hum. Reprod. 2019, 34, 1608–1619. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, L.; Huang, L.; Tian, F.; Lu, S.; Xie, X.S. Bayesian model for accurate MARSALA (mutated allele revealed by sequencing with aneuploidy and linkage analyses). J. Assist. Reprod. Genet. 2019, 36, 1263–1271. [Google Scholar] [CrossRef]

	



Yan, L.; Huang, L.; Xu, L.; Huang, J.; Ma, F.; Zhu, X.; Tang, Y.; Liu, M.; Lian, Y.; Liu, P.; et al. Live births after simultaneous avoidance of monogenic diseases and chromosome abnormality by nextgeneration sequencing with linkage analyses. Proc. Natl. Acad. Sci. USA 2015, 112, 15964–15969. [Google Scholar] [CrossRef]

	



Mai, A.D.; Harton, G.L.; Quang, V.N.; Van, H.N.; Thi, N.H.; Thuy, N.P.; Le Thi, T.H.; Minh, D.N.; Quoc, Q.T. Development and clinical application of a preimplantation genetic testing for monogenic disease (PGT-M) for beta thalassemia in Vietnam. J. Assist. Reprod. Genet. 2021, 38, 365–374. [Google Scholar] [CrossRef]

	



Xu, J.; Zhang, Z.; Niu, W.; Yang, Q.; Yao, G.; Shi, S.; Jin, H.; Song, W.; Chen, L.; Zhang, X.; et al. Mapping allele with resolved carrier status of Robertsonian and reciprocal translocation in human preimplantation embryos. Proc. Natl. Acad. Sci. USA 2017, 114, E8695–E8702. [Google Scholar] [CrossRef]

	



Wu, H.; Shen, X.; Huang, L.; Zeng, Y.; Gao, Y.; Shao, L.; Lu, B.; Zhong, Y.; Miao, B.; Xu, Y.; et al. Genotyping single-sperm cells by universal MARSALA enables the acquisition of linkage information for combined pre-implantation genetic diagnosis and genome screening. J. Assist. Reprod. Genet. 2018, 35, 1071–1078. [Google Scholar] [CrossRef]

	



Backenroth, D.; Zahdeh, F.; Kling, Y.; Peretz, A.; Rosen, T.; Kort, D.; Zeligson, S.; Dror, T.; Kirshberg, S.; Burak, E.; et al. Haploseek: A 24-hour all-in-one method for preimplantation genetic diagnosis (PGD) of monogenic disease and aneuploidy. Genet. Med. 2019, 21, 1390–1399. [Google Scholar] [CrossRef]

	



Zeevi, D.A.; Backenroth, D.; Hakam-Spector, E.; Renbaum, P.; Mann, T.; Zahdeh, F.; Segel, R.; Zeligson, S.; Eldar-Geva, T.; Ben-Ami, I.; et al. Expanded clinical validation of Haploseek for comprehensive preimplantation genetic testing. Genet. Med. 2021, 23, 1334–1340. [Google Scholar] [CrossRef]

	



Chen, S.; Yin, X.; Zhang, S.; Xia, J.; Liu, P.; Xie, P.; Yan, H.; Liang, X.; Zhang, J.; Chen, Y.; et al. Comprehensive preimplantation genetic testing by massively parallel sequencing. Hum Reprod. 2021, 36, 236–247. [Google Scholar] [CrossRef] [PubMed]

	



Rajan-Babu, I.S.; Lian, M.; Cheah, F.S.; Chen, M.; Tan, A.S.; Prasath, E.B.; Loh, S.F.; Chong, S.S. FMR1 CGG repeat expansion mutation detection and linked haplotype analysis for reliable and accurate preimplantation genetic diagnosis of fragile X syndrome. Expert Rev. Mol. Med. 2017, 19, E10. [Google Scholar] [CrossRef] [PubMed]

	



Lian, M.; Lee, C.G.; Chong, S.S. Robust preimplantation genetic testing strategy for myotonic dystrophy type 1 by bidirectional triplet-primed polymerase chain reaction combined with multi-microsatellite haplotyping following whole-genome amplification. Front. Genet. 2019, 10, 598. [Google Scholar] [CrossRef] [PubMed]

	



Ren, Y.; Lian, Y.; Yan, Z.; Zhai, F.; Yang, M.; Zhu, X.; Wang, Y.; Nie, Y.; Guan, S.; Kuo, Y.; et al. Clinical application of an NGS-based method in the preimplantation genetic testing for Duchenne muscular dystrophy. J. Assist. Reprod. Genet. 2021, 38, 1979–1986. [Google Scholar] [CrossRef] [PubMed]

	



Capalbo, A.; Romanelli, V.; Patassini, C.; Poli, M.; Girardi, L.; Giancani, A.; Stoppa, M.; Cimadomo, D.; Ubaldi, F.M.; Rienzi, L. Diagnostic efficacy of blastocoel fluid and spent media as sources of DNA for preimplantation genetic testing in standard clinical conditions. Fertil. Steril. 2018, 110, 870–879.e5. [Google Scholar] [CrossRef] [PubMed]

	



Magli, M.C.; Albanese, C.; Crippa, A.; Tabanelli, C.; Ferraretti, A.P.; Gianaroli, L. Deoxyribonucleic acid detection in blastocoelic fluid: A new predictor of embryo ploidy and viable pregnancy. Fertil. Steril. 2019, 111, 77–85. [Google Scholar] [CrossRef]

	



Hanson, B.M.; Tao, X.; Hong, K.H.; Comito, C.E.; Pangasnan, R.; Seli, E.; Jalas, C.; Scott, R.T., Jr. Noninvasive preimplantation genetic testing for aneuploidy exhibits high rates of deoxyribonucleic acid amplification failure and poor correlation with results obtained using trophectoderm biopsy. Fertil. Steril. 2021, 115, 1461–1470. [Google Scholar] [CrossRef]

	



Yin, B.; Zhang, H.; Xie, J.; Wei, Y.; Zhang, C.; Meng, L. Validation of preimplantation genetic tests for aneuploidy (PGT-A) with DNA from spent culture media (SCM): Concordance assessment and implication. Reprod. Biol. Endocrinol. 2021, 19, 41. [Google Scholar] [CrossRef]

	



Shamonki, M.I.; Jin, H.; Haimowitz, Z.; Liu, L. Proof of concept: Preimplantation genetic screening without embryo biopsy through analysis of cell-free DNA in spent embryo culture media. Fertil. Steril. 2016, 106, 1312–1318. [Google Scholar] [CrossRef]

	



Leaver, M.; Wells, D. Non-invasive preimplantation genetic testing (niPGT): The next revolution in reproductive genetics? Hum. Reprod. Update 2020, 26, 16–42. [Google Scholar] [CrossRef]

	



MM, Y.C.; Yu, Q.; Ma, M.; Wang, H.; Tian, S.; Zhang, W.; MM, J.Z.; Liu, Y.; Yang, Q.; Pan, X.; et al. Variant haplophasing by long-read sequencing: A new approach to preimplantation genetic testing workups. Fertil. Steril. 2021, 116, 774–783. [Google Scholar] [CrossRef] [PubMed]

	



Chow, J.F.C.; Cheng, H.H.Y.; Lau, E.Y.L.; Yeung, W.S.B.; Ng, E.H.Y. Distinguishing between carrier and noncarrier embryos with the use of long-read sequencing in preimplantation genetic testing for reciprocal translocations. Genomics 2020, 112, 494–500. [Google Scholar] [CrossRef] [PubMed]

	



Peters, B.A.; Kermani, B.G.; Alferov, O.; Agarwal, M.R.; McElwain, M.A.; Gulbahce, N.; Hayden, D.M.; Tang, Y.T.; Zhang, R.Y.; Tearle, R.; et al. Detection and phasing of single base de novo mutations in biopsies from human in vitro fertilized embryos by advanced whole-genome sequencing. Genome Res. 2015, 25, 426–434. [Google Scholar] [CrossRef] [PubMed]

	



De Rycke, M.; Berckmoes, V. Preimplantation genetic testing for monogenic disorders. Genes 2020, 11, 871. [Google Scholar] [CrossRef] [PubMed]

	



Verdyck, P.; Berckmoes, V.; Van Laere, S.; Keymolen, K.; Olsen, C.; De Rycke, M. Analysis of parental contribution for aneuploidy detection (APCAD): A novel method to detect aneuploidy and mosaicism in preimplantation embryos. Reprod. Biomed. Online 2021, 44, 459–468. [Google Scholar] [CrossRef]

	



Picher, A.J.; Budeus, B.; Wafzig, O.; Krüger, C.; García-Gómez, S.; Martínez-Jiménez, M.I.; Díaz-Talavera, A.; Weber, D.; Blanco, L.; Schneider, A. TruePrime is a novel method for whole-genome amplification from single cells based on TthPrimPol. Nat. Commun. 2016, 7, 13296. [Google Scholar] [CrossRef]

	



Deleye, L.; De Coninck, D.; Dheedene, A.; De Sutter, P.; Menten, B.; Deforce, D.; Van Nieuwerburgh, F. Performance of a TthPrimPol-based whole genome amplification kit for copy number alteration detection using massively parallel sequencing. Sci Rep. 2016, 6, 31825. [Google Scholar] [CrossRef]

	



Smith, G.D.; Takayama, S. Application of microfluidic technologies to human assisted reproduction. Mol. Hum. Reprod. 2017, 23, 257–268. [Google Scholar] [CrossRef]

	



Sidore, A.M.; Lan, F.; Lim, S.W.; Abate, A.R. Enhanced sequencing coverage with digital droplet multiple displacement amplification. Nucleic Acids Res. 2015, 44, e66. [Google Scholar] [CrossRef]

	



Tian, H.C.; Benitez, J.J.; Craighead, H.G. Single cell on-chip whole genome amplification via micropillar arrays for reduced amplification bias. PLoS ONE 2018, 13, e0191520. [Google Scholar] [CrossRef]

	



Nishikawa, Y.; Hosokawa, M.; Maruyama, T.; Yamagishi, K.; Mori, T.; Takeyama, H. Monodisperse picoliter droplets for low-bias and contamination-free reactions in single-cell whole genome amplification. PLoS ONE 2015, 10, e0138733. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Z.; Lu, S.; Huang, Y. Microfluidic whole genome amplification device for single cell sequencing. Anal. Chem. 2014, 86, 9386–9390. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Jeraldo, P.; Mendes-Soares, H.; Masters, T.; Asangba, A.E.; Nelson, H.; Patel, R.; Chia, N.; Walther-Antonio, M. Amplification of Femtograms of Bacterial DNA within 3 h Using a Digital Microfluidics Platform for MinION Sequencing. ACS Omega 2021, 6, 25642–25651. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 04819 g001 550] 





Figure 1. Clinical cycle of comprehensive preimplantation genetic testing. The process starts with family genetic testing in order to establish normal and disease-associated family haplotypes. Next, oocyte stimulation, retrieval, and fertilization are performed. Embryos surviving until day 5 undergo laser-assisted hatching and biopsy. Biopsy material consisting of a few trophectoderm cells is amplified using one of the WGA techniques. WGA material is further used to assess the embryonic genome, including haplotype, causative variant, aneuploidy, and CNV analyses. The disease-free embryo is subjected to embryo transfer to the uterine cavity. The whole cycle can be repeated within 24 h, with a day-6 embryo being transferred. If the genetic testing takes longer, then embryos are vitrified and thawed before being transferred. PGT—preimplantation genetic testing, WGA—whole-genome amplification, IVF—in vitro fertilization, MPS—massively parallel sequencing, CNV—copy number variation. 
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Figure 2. Principle of degenerate oligonucleotide primer (DOP) PCR. (1–4) During the first stage, DOP-PCR primers non-specifically bind to and amplify template DNA under low-stringency conditions. (5,6) During the second stage, primers target the stage one-synthesized amplicons under high-stringency conditions, producing copies of the copies. 
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Figure 3. Principle of multiple displacement isothermal amplification (MDA): (1) During the annealing step, random MDA hexamer primers bind to the template DNA. (2,3) Strand elongation is achieved using phi29 DNA polymerase with strand displacement activity. (4) The reaction produces a hyperbranched DNA structure. 






Figure 3. Principle of multiple displacement isothermal amplification (MDA): (1) During the annealing step, random MDA hexamer primers bind to the template DNA. (2,3) Strand elongation is achieved using phi29 DNA polymerase with strand displacement activity. (4) The reaction produces a hyperbranched DNA structure.



[image: Ijms 23 04819 g003]







[image: Ijms 23 04819 g004 550] 





Figure 4. Principle of MALBAC whole-genome amplification: (1) MALBAC first stage preamplification is initiated with the annealing of partially random primers. (2) Strand elongation is achieved using a DNA polymerase with strand displacement activity. (3,4) Amplification of the semi-amplicons produces full amplicons with complementary 3′ and 5′ ends. (5) Looping prevents the full amplicons from further amplification during the first stage PCR and they instead serve as the target during the second stage regular PCR. 
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Figure 5. Timeline of the key developments in WGA and milestones of PGT. PGT-A/SR—preimplantation genetic testing for aneuploidies/structural rearrangements; WGA—whole-genome amplification; DOP-PCR—degenerate oligonucleotide primer PCR WGA technique; PEP-PCR—primer extension preamplification PCR WGA technique; MDA—multiple displacement amplification WGA technique; aCGH—array comparative genomic hybridization; MALBAC—multiple annealing and looping-based amplification cycles WGA technique; SNP—single nucleotide polymorphism; NGS—next generation sequencing [2,3,15,20,21,23,26,28,31,32,36,37,38,39,40,41]. 
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Table 1. Comprehensive PGT solutions exploiting MPS.
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	Clinically Validated
	Principle
	WGA
	Custom Target Design Needed
	CNV
	Whole-Genome Haplotyping
	Direct Mutation Loci Analysis
	Balanced Translocation Carrier Embryos
	24-h Protocol
	Pre-Clinical Work
	No-Cost Multiplexing
	Citation





	Karyomapping
	Yes
	SNP array/MPS
	MDA
	No
	Yes
	Yes
	No
	Yes
	Yes
	Yes, family haplotyping
	No
	[28,67]



	Haplarithmisis
	Yes
	SNP array/MPS
	MDA
	No
	Yes
	Yes
	No
	Yes
	Yes
	Yes, family haplotyping
	No
	[62]



	Haploseek
	Yes
	Low coverage WGS
	PicoPLEX
	No
	Yes
	Yes
	No
	Yes
	Yes
	Yes, family haplotyping using SNP arrays
	Yes
	[74]



	Universal cPGT by Chen et al.
	Yes
	Low coverage WGS
	MDA
	No
	Yes
	Yes
	Yes (target sequencing)
	Yes, if unbalanced embryo is available
	No
	Haplotyping is performed after embryo MPS data are available, using mutated or unbalanced embryos as a reference
	Yes
	[76]



	OnePGT
	Yes
	Reduced representation sequencing
	MDA
	No
	Yes
	Yes
	No
	Yes
	Unknown
	Yes, family haplotyping
	Yes
	[68]



	MARSALA
	No
	Low coverage WGS
	MALBAC
	Yes
	Yes
	No
	Yes (target sequencing)
	No
	Yes
	Yes, family haplotyping
	Yes
	[69,70]



	MaReCs
	No
	High coverage high resolution WGS
	MALBAC
	Yes
	Yes
	No
	No
	Yes
	No
	Haplotyping is performed after embryo CNV assessment
	Yes
	[72]



	Triplet expansion analysis
	No
	Triplet-primed PCR
	MDA
	No
	NA
	NA
	Yes
	NA
	Yes
	NA
	No
	[77,78]



	Single gene deletion detection
	No
	Low coverage WGS
	MALBAC
	No
	Yes
	Yes
	Yes
	NA
	Unknown
	Yes
	Yes
	[79]



	Long-read technology
	No
	High coverage long-read sequencing
	MDA
	No
	NA
	Yes
	Theoretically yes
	NA
	No
	No
	No
	[88]
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