
The American Journal of Human Genetics 

Supplemental Data 

Concurrent Whole-Genome Haplotyping 

and Copy-Number Profiling of Single Cells 

Masoud Zamani Esteki, Eftychia Dimitriadou, Ligia Mateiu, Cindy Melotte, Niels Van der 

Aa, Parveen Kumar, Rakhi Das, Koen Theunis, Jiqiu Cheng, Eric Legius, Yves Moreau, 

Sophie Debrock, Thomas D’Hooghe, Pieter Verdyck, Martine De Rycke, Karen Sermon, 

Joris R. Vermeesch, and Thierry Voet 



 

Supplemental Note 
 

Single-cell genotyping: evaluation of WGA-methods, SNP-array platforms and genotyping 
algorithms 
 

We evaluated different WGA-methods in combination with different SNP-typing chemistries 

(Illumina 300K HumanCytoSNP-12 and Affymetrix 250K NspI SNP-arrays) and conceptually different 

genotyping algorithms (Figures S3 and S4, Material and Methods). User-definable parameters for 

single-cell genotyping were calibrated using the genotypes derived from multi-cell non-WGA DNA-

samples as references (Figure S4). 

Twelve single cells were harvested from two EBV-transformed lymphoblastoid cell lines, which 

were derived from two different individuals, “S1” and “S2” respectively, shown in the pedigree in the 

figure S3. Of each cell line, six single cells were whole-genome amplified by either multiple displacement 

amplification (MDA; n=3) or the PCR-based PicoPlex (n=3) technology to deliver enough input material 

for both massively parallel SNP-typing chemistries. Importantly, different algorithms that interpreted the 

same raw SNP-array data could produce significantly different accuracies of the heterozygous single-cell 

SNPs when compared to the genotype of the multi-cell non-WGA DNA-sample (Figure S4). 

Furthermore, it was clear that genotypes of MDAed single cells outperformed the genotypes of PicoPlex-

WGAed cells with each genotyping platform and algorithm tested. PicoPlex-WGAed cells were 

characterized by a significantly reduced call rate (e.g. 37.82% ± s.d. 4.43% versus 63.01% ± s.d. 3.92% 

following Illumina-GenCall genotyping) and a significantly lower accuracy of heterozygous SNP-calls in 

the cell (e.g. 78.90% ± s.d. 3.17% versus 96.55% ± s.d. 3.02% following Illumina-GenCall genotyping; 

Figure S4). Similar results were obtained with the Affymetrix SNP-typing chemistry (Figure S4). Based 

on overall performance, GenCall genotyping of single-cell WGA products hybridized on Illumina 

HumanCytoSNP arrays was applied in all downstream analyses, with MDA as the preferred single-cell 

WGA-method. We furthermore reduced the time-frame of the Illumina protocol from the conventional 3-

day to a 24-hour protocol for single-cell genotyping with retaining SNP-typing accuracy following 



 

GenCall (P-values > 0.05, Figures S3B and S4C, Material and Methods). This opens routes for the 

technology to be applied in clinical practice. 

 

Single-cell data quality control (QC) metrics 
 

 A matching accurate multi-cell derived SNP genotype is often lacking for QC-analysis of a single 

cell’s SNP-genotype(s). We investigated whether parental SNP-calls, which are determined from blood-

extracted multi-cell DNA samples and which are not necessarily informative for downstream single-cell 

haplotyping, could be solicited for QC-analysis of a cell’s genotype. Indeed, a SNP with paternal AA and 

maternal BB genotypes is uninformative for haplotyping a diploid cell of a conceptus derived from that 

couple, but can be instructive in determining ADO events and rates. Similarly, a SNP with paternal BB 

and maternal BB genotypes (Material and Methods) is ineffective for haplotyping, but is informative for 

determining putative allele drop-in (ADI) events and rates. The latter can arise due to WGA base-copy 

errors, in silico misinterpretation by the genotyping algorithm (Figure S4C), or worst-case scenario due 

to the presence of contaminating DNA in the WGA-reaction as well as sample mix-up. To further control 

for kinship as well as large-scale DNA copy number aberrations, these concepts were integrated with 

unsupervised hierarchical clustering of the single-cell genotypes (Figure S3B). 

As a control, the application of this genotype QC-metric successfully identified cells amplified by 

PicoPlex to be significantly distinct from cells amplified by MDA (Figure S3B). Furthermore, it 

effectively identified lymphoblastoid cells “S1-ebv03-mda” and “S2-ebv12-picoplex” to have genotypes 

that are (a) significantly different from the other MDAed and PicoPlex-WGAed cells respectively, and (b) 

of poor quality due to SNP Mendelian inaccuracies (increased ADO and/or ADI frequencies likely 

acquired during WGA) with or without decreased genome coverage (i.e. decreased SNP-call rate; Figure 

S3B). Genotypes with such features may lead to inaccurate and non-reliable haplotypes downstream. 

Additionally, apart from poor genotypes, substandard single-cell WGA products are usually also 

characterized by high standard deviations (SD) of the logR values. Since chromosome instability (CIN) 



 

can inflate a cell’s genome-wide SD, we developed a cumulative chromosome-specific SD (CSD) metric 

that allows identifying substandard WGA products from a logR perspective (Figures S3C, D, Material 

and Methods). In the batch of single-cell MDA samples, cell “S1-ebv03-mda” was detected as an outlier, 

while in the batch of PicoPlex-amplified cells, cell “S2-ebv12-picoplex” along with three other cells 

demonstrated higher CSD values (Figure S3C).  

In general, QC-passed PicoPlex WGAed cells showed consistently higher ADI- and CSD-rates, 

but lower ADO-rates than QC-passed MDAed cells as well as less genome coverage (Figure S3B).  

 

The SNP-data derived from 89 single blastomeres amplified by MDA were first QC-filtered 

before initiating single-cell haplotyping and copy number typing. Twenty-nine blastomeres did not pass 

these stringent QC-metrics: 24 out of 89 (27%) single blastomeres were filtered by the CSD-metric 

(Figure S8); 5 (6%) by the genotype metric (Figure S8). Besides technical noise in the logR-values, the 

CSD-metric can also detect biological noise resulting from the cell cycle. Indeed, cells in S-phase of the 

cell cycle will generate oscillated logR patterns1 reflecting early and late replication domains. Similar 

QC-rates have been reported in other studies; albeit different cell types, WGA-methods and platforms 

(aCGH 2, SNP-array 2; 3 and next-generation sequencing 3; 4) were applied in those studies.  

 

Validation of siCHILD for single-cell haplotyping using preimplantation genetic diagnosis 
 

For families PGD002, PGD004, PGD005, PGD006, PGD008, PGD012, PGD018 and PGD020 an 

affected sibling’s genotype was used as a seed for parental allelic phasing, while in families PGD014, 

PGD016 and PGD022 a grandparental genotype was applied. For family PGD021, both affected sibling 

and grandparental genotypes were available as seeds for parental phasing. The accuracy of siCHILD was 

proven by validating the detection of haplotypes that carry disease variants, with standard PCR- or FISH-

based (PGD) assays on the same embryo. All siCHILD-results were proven accurate; further proving that 



 

with current amount of measurements (n=62), we have 95% statistical confidence that fewer than 5% of 

tests may produce a discrepant result (Material and Methods). 

 

Single-cell haplotyping by siCHILD enables generic PGD for autosomal and X-linked Mendelian 
disorders 
 

In PGD014, the segregation of a 1.4 Mb duplication of the peripheral myelin protein 22 gene 

(PMP22) causing the autosomal dominant demyelinating neuropathy type 1 Charcot-Marie Tooth disease  

(OMIM 118220) was tracked from an affected father to three IVF-embryos using siCHILD single-cell 

haplotyping. Two blastomeres per embryo (n=3) were characterized. All blastomeres carried the affected 

paternal haplotype at the 17p11.2 locus, but one blastomere (Bl522 of embryo E02) had lost a large part 

of the paternal allele of chromosome 17, while another blastomere (Bl520 of embryo E01) carried a 

trisomy 17 consisting of two affected paternal alleles and one normal maternal allele (Table S7). The 

traditional PCR-based PGD of two separate blastomeres from each embryo was consistent with these 

results (Table S7). 

 

Family PGD021 is at risk for both the autosomal recessive cystic fibrosis (OMIM 219700) as 

well as the autosomal dominant Diamond-Blackfan anemia condition (OMIM 105650). Both parents are 

carrying a mutant CFTR gene, while only the father carries the Diamond-Blackfan anemia causing RPS19 

mutation. Amongst the three biopsied IVF-embryos, siCHILD found one embryo (E10 in Table S7) to be 

free of the CFTR mutant alleles but carrying the paternal RPS19 mutant allele, one embryo (E05 in Table 

S7) to be carrying a maternal CFTR mutant allele as well as the paternal RPS19 mutant allele, and one 

embryo to be carrying the maternal and paternal CFTR mutant alleles but to be free of the paternal RPS19 

mutant allele (E14 in Table S7). All results were concordant with the traditional PCR-based PGD (Table 

S7).  

 



 

In PGD020, a single blastomere of one IVF-embryo was tested with siCHILD for the inheritance 

of the mutated CFTR alleles present in both parents. A monosomy 7 was detected, with the remaining 

paternal chromosome carrying the non-mutated CFTR allele. This confirmed the PCR-based PGD. 

  

In PGD006, the father is affected with a 17q24.2 deletion syndrome. Three blastomeres derived 

from two embryos were analyzed. One embryo was diagnosed as a non-carrier (E10 in Table S7), while 

the other was diagnosed as affected (E12 in Table S7) using siCHILD. This confirmed the FISH-PGD 

results obtained for both embryos (Table S7).  

 

PGD018 for OMIM 603903 is described in the main text, as are all cases at risk for an X-linked 

recessive disorder (PGD005 for a microdeletion Xp22.31 syndrome; PGD012 for hemophilia A; PGD016 

for Duchenne Muscular Dystrophy; PGD022 for Fragile X syndrome).  

 

Single-cell haplotyping by siCHILD enables generic PGD for simple and complex translocations  

 

PGD004 having a paternal t(1;16)(p36;p12) is described in the main text.  

 

In PGD002, a non-carrier embryo was diagnosed following siCHILD analysis, which confirmed 

the FISH-based PGD of another cell biopsied earlier from the same embryo (Table S9: PGD002 – E02). 

 

For PGD008 burdened with a maternal complex chromosomal rearrangement (CCR) 

t(6;13;16)(p25.1;q21.33;q24.2), we profiled 11 blastomeres from 9 embryos (Table S10). Similar to the 

approach described in the main text for simple reciprocal translocations, the inheritance of the normal and 

derivative chromosomes could be discerned by tracking the inheritance of the haplotypes flanking the 

translocation breakpoints. In one embryo, the presence of the 3 derivative chromosomes was detected 

which resulted in the inheritance of a balanced maternal complement involving chromosomes der(6), 



 

der(13) and der(16) (Table S10 – Embryo E11), while no conclusive FISH-based PGD result had been 

obtained of a sister blastomere biopsied from the same embryo. In six other embryos, siCHILD haplotype 

analysis indicated the presence of various combinations of derivative and normal chromosomes per cell, 

predicting the inheritance of unbalanced maternal chromosome configurations (Table S10 – Embryos 

E06, E09, E10, E14 and E15 from cycle 1, and embryo E05 from cycle 2). For five of the six embryos, a 

conclusive FISH-based PGD of a sister blastomere biopsied from the same embryo could be obtained, 

while the sister blastomere from the remaining embryo displayed no interpretable FISH results during the 

conventional PGD. The conclusive FISH results corroborated siCHILD’s diagnosis, although mosaicism 

in cleavage stage embryogenesis was evident for one embryo (Table S10 – Embryo E09). Two 

blastomeres of two embryos demonstrated missing maternal chromosomes involved in the CCR (Figure 

7, Table S10 – Embryos E08 and E11 from cycle 1). One blastomere could not be diagnosed by siCHILD 

due to homologous recombination sites very near to the regions of interest (Table S10 – Embryo E03 

from cycle 2).  
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Figure S2
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Family 
X-linked 

recessive 
disorder 

Embryo 
Diagnosis 

Blastomere siCHILD-based PGD 
PCR-validation 

Concordant SRY DMD Control 

PGD016 

DMD gene 
 

Duchenne 
Muscular 
Dystrophy 

 

E03 Bl603 Non-carrier female No Yes Yes Yes 

 Bl604 Non-carrier male Yes Yes Yes Yes 

E04 Bl605 Non-carrier male Yes Yes Yes Yes 

E05 Bl610 Carrier male Yes No Yes Yes 
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PCR product sizes:
 SRY: 86 bp
 DMD: 156 bp
 Control: 190 bp
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a --- means that the blastomere could not be diagnosed for either der(1) or der(16) due to chromosome aneuploidy, i.e. the paternal allele of the chromosome is missing in the cell 

Family Translocation Embryo 
Diagnosis 

Blastomere siCHILD-based PGD PCR-validation 
Concordant 

PGD004 

Paternal 
t(1;16)(p36.33; 

p12.1) 
(IVF-cycle 1) 

  Haplotype a Copy number aberration Segregation  der(1) der(16) control 

E01 Bl122 der(1); der(16) mat-del(1pter-p13.3);  
mat-amp(1p13.3-qter) 

Alternate   
+ CIN  Yes  Yes Yes Yes 

E04 
Bl112 der(1); der(16) - Alternate  Yes Yes Yes 

Yes 
Bl118 der(1); der(16) - Alternate  Yes Yes Yes 

E05 Bl095 der(1); nor(16) pat-dup(16pter-p12.1) Adjacent 1  
 Yes  No Yes Yes 

    

E06 Bl105 der(1); nor(16) pat-monosomy(1);  
pat-dup(16pter-p12.1) 

Adjacent 1  
+ CIN Yes  No Yes Yes 

 E11 Bl091 nor(1); der(16)  mat-trisomy(1);  
pat-del(16pter-p12.1) 

Adjacent 1  
+ CIN 

No Yes Yes Yes 
    

Paternal 
t(1;16)(p36.33 

;p12.1) 
(IVF-cycle 2) 

E02 Bl337 der(1); der(16) pat-monosomy(1) Alternate   
+ CIN  Yes  Yes Yes Yes 

E04 Bl341 der(1); nor(16) 
pat-amp(16pter-p12.1); 

pat-trisomy(16); 
pat-del(16q24.1-qter) 

Adjacent 1  
+ CIN Yes  No Yes Yes 

E07 Bl312 der(1); nor(16) pat-dup(16pter-p12.1) Adjacent 1  Yes  No Yes Yes 

 Bl314 der(1); nor(16) pat-dup(16pter-p12.1) Adjacent 1  Yes  No Yes Yes 

E10 Bl324 --- ; --- mat-monosomy(1);  
nullisomy(16) CIN No No No Yes 
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