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Abstract 44 

Chromosomal aberrations and structural variations are a major cause of human genetic diseases. 45 

Their detection in clinical routine still relies on standard cytogenetics, karyotyping and CNV-46 

microarrays, in spite of the low resolution of the first one and the inability to detect neither 47 

balanced SVs nor to provide the genomic localization or the orientation of duplicated segments, 48 

of the latter. We here investigated the clinical utility of high resolution optical mapping by 49 

genome imaging for patients carrying known chromosomal aberrations in a context of 50 

constitutional conditions. 51 

For 85 samples, ultra-high molecular weight gDNA was isolated either from blood or cultured 52 

cells. After labeling, DNA was processed and imaged on the Saphyr instrument (Bionano 53 

Genomics). A de novo genome assembly was performed followed by SV and CNV calling and 54 

annotation. Results were compared to known aberrations from standard-of-care tests 55 

(karyotype, FISH and/or CNV-microarray).  56 

In total, we analyzed 100 chromosomal aberrations including 7 aneuploidies, 35 translocations, 6 57 

inversions, 2 insertions, 39 copy number variations (20 deletions and 19 duplications), 6 58 

isochromosomes, 1 ring chromosome and 4 complex rearrangements. High resolution optical 59 

mapping reached 100% concordance compared to standard assays for all aberrations with non-60 

centromeric breakpoints.  61 

Our study demonstrates the ability of high resolution optical mapping to detect almost all types 62 

of chromosomal aberrations within the spectrum of karyotype, FISH and CNV-microarray. These 63 

results highlight its potential to replace these techniques, and provide a cost-effective and easy-64 

to-use technique that would allow for comprehensive detection of chromosomal aberrations. 65 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 16, 2020. ; https://doi.org/10.1101/2020.07.15.205245doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.15.205245


 
4 

 

Introduction 66 

Structural variants (SV) play an important role in human diversity and diseases. The emergence 67 

of cytogenetic tools, starting with karyotyping followed by fluorescence in situ hybridization 68 

(FISH) and CNV-microarrays, allowed for their detection and thereby significantly contributed to 69 

the discovery of disease causing genes.1-3 However, these tools show significant limitations as 70 

karyotyping has a very low resolution, estimated at 5-10 Mb on average. Additionally, CNV-71 

microarrays are not able to detect mosaicism lower than 5-20% or balanced chromosomal 72 

aberrations, and do not provide information on the location of the structural variation, e.g. 73 

mapping of insertions is impossible. 74 

Despite their drawbacks, karyotyping and CNV-microarrays still represent major tools in the 75 

routine genetic investigation of constitutional and somatic diseases, since chromosomal 76 

aberrations are major causes of e.g. reproductive disorders, recurrent miscarriages, congenital 77 

malformations or (neuro-)developmental disorders. Karyotyping is thereby indicated for diseases 78 

where numerical and structural balanced aberrations are highly represented, such as in 79 

reproductive disorders where (sex)chromosomal aneuploidies and large structural aberration 80 

including balanced rearrangements are frequently present.
4-7

 CNV-microaray is recommended as 81 

first-tier test for developmental disorders (DD) with or without multiple congenital anomalies 82 

(MCA),8 as it enables the diagnosis of sub-chromosomal copy number variations (CNV) including 83 

clinically relevant microdeletions/microduplications.1; 2; 9 In DD/MCA, the diagnostic rate rose 84 

from less than 5% with karyotyping10; 11 to 15 to 20% with CNV-microarray leading to the 85 

replacement of the former analysis by the later as a first-tier test.8; 12 86 

The recent breakthrough in sequencing technologies raised great interest in complementing or 87 

replacing cytogenetic tools for an all-in-one genetic test allowing for the detection of both 88 

nucleotide variants and structural variants.13-15 Moreover, short read sequencing became 89 
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reasonably inexpensive and is versatile in terms of protocols (gene panel, whole exome 90 

sequencing (WES) and whole genome sequencing (WGS)). Yet, the detection of structural 91 

variants remains challenging because of (i) the relatively limited read length and (ii) the repetitive 92 

nature of sequences at some structural variation breakpoints. Although many improvements 93 

regarding technical aspects and data analysis pipelines have been achieved, genome sequencing 94 

is still not able to comprehensively and cost-effectively detect balanced structural anomalies, 95 

impeding its wide implementation in clinical cytogenetic laboratories. Moreover, the most 96 

comprehensive analysis of SVs in WGS data requires the use of multiple tools, as established e.g. 97 

by the 1000 genomes project SV consortium. 16 Hence, a real-time analysis with fast turnaround 98 

time is not yet feasible for each and every laboratory. It is expected that long-read whole 99 

genome sequencing (LR-WGS) will dramatically improve the ability to identify SVs in individual 100 

genomes,17 and examples have shown this utility for individual research cases.18; 19 However, the 101 

routine use of long-read sequencing as a diagnostic tool requires several improvements.    102 

To this end, a tool complementary to sequencing that may truly replace standard cytogenetics 103 

may offer great additional value. Optical mapping by genome imaging consists of imaging very 104 

long linear single DNA molecules (median size >250 kb) that have been labeled at specific sites. 105 

Since its first description, 
20

 this formerly tedious technique has been updated by Bionano 106 

Genomics. They combined microfluidics, high-resolution microscopy and automated image 107 

analysis to allow for high-throughput whole genome imaging and its de novo assembly.
21; 22

 108 

Historically, such maps have been used as a scaffold to guide the assembly of NGS contigs to 109 

build reference genomes of several plant and animal species.23-25 More recently, methods 110 

dedicated to the detection of SVs in humans have been developed. Data analysis thereby 111 

includes two distinct pipelines: a CNV pipeline that allows for the detection of large unbalanced 112 

aberrations based on normalized molecule coverage, and an SV pipeline that compares the 113 

labeling patterns between the constructed genome maps of the studied sample and a given 114 
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reference. The latter allows for the genome-wide detection of SVs as small as few hundred base 115 

pairs, including insertions, deletions, duplications as well as inversions and translocations.  116 

Optical mapping using Bionano® recently proved to allow for efficient detection of a wide range 117 

of chromosomal anomalies in leukemia.26 It has also been used to detect germline SVs in 118 

individual research cases27; 28 or individuals from the 1000 genomes consortium16 and to unravel 119 

population specific SVs.29 120 

The aim of the current study was to benchmark Bionano Genomics’ optical mapping technology 121 

against standard-of-care cytogenetic tools (karyotype, FISH and/or CNV-microarray). To do so, 122 

we analyzed a wide range of simple and challenging chromosomal aberrations, which had been 123 

previously characterized by standard approaches, in samples from patients with a broad range of 124 

clinical indications. 125 

Subjects and methods 126 

Patient selection and sample collection 127 

This multicenter study involved a total of 85 samples from four genetic academic centers from 128 

the Netherlands (Radboud University Medical Center, RUMC) and France (Cochin hospital in 129 

Paris, Hospices Civils in Lyon and the university hospital of Clermont-Ferrand). Patients were 130 

referred to one of the inclusion centers for developmental or reproductive diseases. 131 

Recommended chromosomal investigations were performed according to the indications. 132 

Karyotyping was performed in case of reproductive disorders or family history of balanced 133 

chromosomal anomaly. CNV-microarray, and karyotyping for some samples, was performed in 134 

case of developmental disorders. In some cases, additional investigations including fluorescence 135 

in situ hybridization (FISH) were performed to characterize an identified anomaly. 136 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 16, 2020. ; https://doi.org/10.1101/2020.07.15.205245doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.15.205245


 
7 

 

Cases for which (i) a chromosomal anomaly was identified by karyotyping, CNV-microarray or 137 

FISH, and (ii) for which there was enough residual blood (EDTA or heparin) or cultured cells 138 

available after routine testing, were included. Samples were anonymized or informed consent is 139 

available, respectively. Blood samples for high molecular weight DNA extraction were stored at -140 

20°C for a maximum of one month and at -80°C for longer term storage. In addition, several 141 

cases with known aberrations had material other than blood available as a residual material from 142 

routine testing. This included 8 amniotic fluid cell lines, 4 chorionic villi cell lines and 8 143 

lymphoblastoid cell lines, which were all generated from primary cultures according to standard 144 

diagnostic procedures. 145 

 146 

Karyotyping 147 

Karyotyping was performed according to previously described standard protocols.30 148 

Chromosomal abnormalities were described according to the International System for Human 149 

Cytogenetic Nomenclature (ISCN, 2016).  150 

 151 

Fluorescence in situ hybridization 152 

Fluorescence in situ hybridization (FISH) was performed on standard chromosome slides 153 

according to the manufacturer’s instructions (Vysis, Abbott, USA), or using isolated BAC-clones as 154 

FISH-probes following standard procedures. 155 

 156 

CNV-microarray 157 

CNV-microarray was performed using the Agilent SurePrint G3 ISCA v2 CGH 8x60K or SurePrint 158 

G3 Human CGH Microarray 4x180K (Agilent Technologies, Santa Clara, CA, USA), or the 159 

Affymetrix Cytoscan 
TM

 HD Array (Thermo Fisher Scientific, Waltham, USA). Genome coordinates 160 

were provided according to hg19/GRCh37 human reference genome. 161 
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 162 

Ultra-high molecular weight DNA isolation, DNA labeling and data collection for optical mapping 163 

For each patient, ultra-high molecular weight (UHMW) DNA was isolated from 400 µL of whole 164 

peripheral blood (EDTA or Heparin) or 1-1.5 million cultured cells (lymphoblastoid cells, amnion 165 

cells or chorionic villi cells), using the SP Blood & Cell Culture DNA Isolation Kit and according to 166 

manufacturers’ instructions (Bionano Genomics®, San Diego, CA, USA). Briefly, cells were treated 167 

with LBB lysis buffer to release genomic DNA (gDNA) which was bound to a nanobind disk, 168 

washed and eluted in the provided elution buffer. 169 

UHMW DNA molecules were labeled using the DLS (Direct Label and Stain) DNA Labeling Kit 170 

(Bionano Genomics®, San Diego, CA, USA). Direct Label Enzyme (DLE-1) and DL-green 171 

fluorophores were used to label 750 ng of gDNA. After a wash-out of the DL-Green fluorophores 172 

excess, DNA backbone was counterstained overnight before quantitation and visualization on a 173 

Saphyr® instrument.  174 

Labeled UHMW gDNA was loaded on a Saphyr chip® for linearization and imaging on the Saphyr 175 

instrument (Bionano Genomics, San Diego USA) (Supplementary Figure 1). 176 

De novo assembly and structural variant calling  177 

The de novo assembly and Variant Annotation Pipeline were executed with Bionano Solve 178 

software v3.4 or v.3.5. Results were analyzed through two distinct pipelines: a CNV pipeline that 179 

allows for the detection of large unbalanced aberrations based on normalized molecule 180 

coverage, and an SV pipeline that compares the labeling patterns between the constructed 181 

sample genome maps and a reference genome map. Reporting and direct visualization of 182 

structural variants were performed using Bionano Access software v1.4.3 or v.1.5.1. The 183 

following filtering thresholds were applied: confidence values for insertion/deletion=0, 184 

inversion=0.01, duplications= -1, translocation=0 and CNV=0.99. SV calls were compared to an 185 
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optical mapping dataset of 204 human control samples (provided by Bionano Genomics) to filter 186 

out common SVs and potential artifacts (both technical and reference-genome related) 187 

(Supplementary Figure 1).  188 

Data analysis and comparisons 189 

All optical mapping results were analyzed genome-wide (Supplementary Table 1) for all samples 190 

irrespective of the patient’s chromosomal status. We subsequently compared SVs and CNVs 191 

detected by optical mapping to the ones previously identified by standard-of-care techniques 192 

(karyotype and/or CNV-microarray).  193 

 194 

Results 195 

Population description 196 

All 85 samples included in this study were previously analyzed by karyotyping, FISH and/or CNV-197 

microarray according to the reason for referral and the respective international 198 

recommendations (Figure 1A and B, Supplementary Table 1). Reasons for referral included 199 

developmental delay including autism spectrum disorders or intellectual disability, associated or 200 

not with congenital malformations (49 patients, 57.6%), reproductive disorders (15 patients, 201 

17.6%), familial history of chromosomal aberration (12 patients, 14.1%), and abnormal prenatal 202 

test results (9 patients, 10.6%). These samples exhibited a total of 100 chromosomal aberrations 203 

with 11 different types of aberrations from the previous standard diagnostics tests, summarized 204 

in Figure 1C. Additionally, nine known aberrations in this cohort were beyond the scope of this 205 

study due to breakpoints in the (peri-)centromeric regions of any chromosome or p-arm of 206 

acrocentric chromosomes, and were therefore excluded from further analyses. 207 
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 208 

Results of Optical Mapping with Bionano Genome Imaging 209 

Bionano genome imaging generated on average 655 Gbp of data per sample (853 Gbp for 210 

samples processed in Nijmegen, aiming at ~200X genome coverage, and 463 Gbp for samples 211 

processed in France, aiming at ≥80X genome coverage per sample, respectively). The average 212 

N50 molecule length (> 150 Kbp) was 267 Kbp and label density was 15.1 labels/100 Kbp. This 213 

resulted in an average map rate of 76.8% and an effective coverage of 152x (192x for Radboud 214 

samples, 114x for French samples) (Supplementary Table 2).  215 

 216 

Structural variant calling identified on average 5,758 (+/- 344) SVs per sample, of which the vast 217 

majority corresponded to insertions and deletions (with an average of 4,127 (+/- 239) and 1,549 218 

(+/- 108) respectively). Filtering out events which were present in a database comprising of 204 219 

population control samples resulted in an average of 80 (+/-65) rare SVs per sample, of which 41 220 

(+/- 28) were overlapping with genes (Figure 2, Supplementary Table 3). Besides SV detection, 221 

CNV detection was performed using a separate coverage-depth based algorithm that is included 222 

in the de novo assembly and variant calling pipeline.
31; 32

 This analysis resulted in an average of 1 223 

gain and 10 losses per sample without applying any size threshold cut-offs (Supplementary Figure 224 

2). Of note, CNV calls are often segmented into multiple calls, hence the true number of CNVs is 225 

expected to be lower.  226 

 227 

Detection of diagnostically reported aberrations with genome imaging 228 

All diagnostically reported aberrations in our study cohort were detected correctly either by the 229 

SV or the CNV calling, with several aberrations being identified by both algorithms, reaching a 230 

100% concordance for optical mapping with the previous diagnostic test results (Supplementary 231 

Table 1). For five samples however, filter settings needed to be adapted in order to detect the 232 
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expected aberrations (see Supplementary Table 1). Adaptation included setting the confidence 233 

value for CNVs to 0 (3 samples) and turning off the SV DLE-1 mask filter (2 samples).  234 

The 100 identified aberrations included 7 aneuploidies, 20 deletions and 19 duplications, 35 235 

translocations, 6 inversions, 2 insertions, 6 isochromosomes and 1 ring chromosome (Figure 1C). 236 

In addition, four of our patients showed complex chromosomal rearrangements, defined as cases 237 

where aberrations involve three or more chromosomes or when at least four SVs are detected 238 

on the same chromosome. For graphical representation of different types of chromosomal 239 

aberrations see Figures 3 and 4. 240 

 241 

Aneuploidies, partial aneuploidies and large CNVs  242 

Our study cohort included 7 full aneuploidy samples, including 3x XXY, 2x monosomy X, 1x 243 

trisomy 14 and 1x trisomy 21 (the two latter ones were detected in prenatal samples and were 244 

mediated by Robertsonian translocations). In addition, 4 mosaic monosomy X samples were 245 

included (Supplementary Table 1). All aneuploidies of the autosomes were called correctly with 246 

the used algorithms, whereas the aneuploidies of the sex chromosomes had to be manually 247 

inferred from the visualized data of the CNV plot (Figure 3). This manual inference is no longer 248 

required with the recent Bionano Solve v3.5. In addition to whole chromosome aneuploidies, five 249 

large CNVs ranging in size between 6.6 and 14 Mb, and 7 large aberrations corresponding to 250 

derivative chromosomes from unbalanced translocations detected by karyotyping, were included 251 

and detected correctly. 252 

 253 

Isochromosome 254 

Six of our samples contained isochromosomes. Four of those were iso-dicentric Y-chromosomes, 255 

one sample contained an isodicentric chromosome 15, and another had an isodicentric 256 

chromosome X. The four isodicentric Y-chromosomes all showed a similar genome map pattern 257 
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(Figure 5). Whereas all four have normal coverage at the p-arm and a small part of the q-arm 258 

(until q11.221), there is no coverage at q11.222 to q11.23 and at the end of q12. The largest part 259 

of q12 had no coverage in none of the samples (including controls), as this part of the 260 

chromosome represents a gap in the reference genome (hg19, N-base gap). Interestingly, 261 

whereas samples 27, 57, and 79 have a nearly identical coverage pattern, only sample 55 shows a 262 

slightly different breakpoint, with a part of q11.222 still being covered. While the CNV or 263 

coverage pattern undoubtedly allows to decide about the presence of isochromosomes in all 264 

samples, it should be noted that centromeres itself cannot be detected, hence the distinction 265 

between dicentric vs. monocentric status may remain uncertain in some cases. Of note, the 266 

isochromosomes of chromosomes 15 and X presents are remarkable: For chromosome 15, the 267 

fractional copy numbers of the affected regions differed, and were called as 3 and 4. The 268 

isodicentric chromosome X was present in low mosaic state (see Supplementary Figure 3).  269 

 270 

Ring chromosome 271 

One of the samples analyzed contained a mosaic ring chromosome X, as previously detected by 272 

karyotyping (Figure 6). The karyotype reported was 45,X[14]/46,X,r(X)(p11.21;q21.1)[21]. The 273 

patient presented with growth retardation and development delay. Following genome imaging, 274 

an intrachromosomal translocation on chromosome X was detected, connecting positions chrX: 275 

g.57,009,891 (p11.21) and chrX:g.78,599,384 (q21.1), confirming and refining the positions 276 

previously detected by karyotyping. The fractional copy number of 1.6 for this region, compared 277 

to 1.0 for the rest of this chromosome confirmed the mosaic state of this ring chromosome.  278 

 279 

Translocations and inversions  280 
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Thirty-five of the investigated samples carried previously identified balanced (n=28) and 281 

unbalanced (n=7) translocations, which were all detected by genome imaging. As expected, 282 

unbalanced translocations were detectable by both structural variant calling and CNV calling, 283 

whereas balanced translocations and inversions were only detected by SV calling (Figure 4B, C).  284 

Traditionally, balanced translocations can be detected via karyotyping but not via CNV-285 

microarray. Genome imaging is able to refine translocation breakpoints for such cases. 286 

Accordingly, several balanced translocations and inversions were shown to likely disrupt protein-287 

coding genes, including the well described SETBP1 (MIM: 611060), KANSL1 (MIM: 612452), 288 

DYRK1A (MIM: 600855), and PIGU (MIM: 608528) genes, with the latter two being disrupted by 289 

the same translocation (Figure 7). The breakpoints for KANSL1 (sample 49) had previously been 290 

validated using FISH and whole-genome sequencing (WGS),33 whereas the others are newly 291 

uncovered and still need to be confirmed. In all cases, the patient’s phenotype matches the 292 

expected phenotype for the dominant diseases associated with the respective genes. Detection 293 

of breakpoints with optical mapping is much more accurate than karyotyping. For the few 294 

breakpoints for which WGS data were available for comparison,
33

 the breakpoint accuracy was 295 

within five kb (Supplementary Figure 4). 296 

 297 

Microdeletions and -duplication  298 

In addition to large chromosomal aberrations (aneuploidies, large CNVs and translocations), our 299 

cohort included 34 microdeletion/-duplications (<5 Mb). These microdeletion/duplications 300 

ranged in size from 34 Kbp (sample 84) to 4.2 Mbp (sample 44), and included some of the well-301 

known microdeletion/duplication syndromes such as DiGeorge syndrome (22q11.2 deletion 302 

syndrome, OMIM: 188400), Williams-Beuren syndrome (deletion 7q11.23, OMIM: 194050), 303 

Charcot-Marie-Tooth syndrome type 1A (CMT1A, duplication 17p12, OMIM: 118220) and 1q21.1 304 

susceptibility locus for Thrombocytopenia-Absent Radius (TAR) syndrome (OMIM: 274000). 305 

Although the presence of segmental duplications (SegDups) for several of these 306 
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microdeletions/duplications often leads to breaking of the genome maps, all 307 

microdeletions/duplications were correctly called by either the SV or CNV algorithms or both, 308 

although most events were called by the CNV tool. SeqDups are often mediating recurrent CNVs, 309 

for example the 22q11.2 microdeletion-causing DiGeorge syndrome (Figure 8). Depending on 310 

size and structure of these SeqDups, the SVs were occasionally disrupted, or falsely filtered out 311 

due to high population frequencies of partially overlapping SVs (Supplementary Table 1). We 312 

expect that the analysis of individual molecules of sizes up to 2Mb shall allow full assembly maps 313 

even for those regions but additional software improvements may be required.    314 

 315 

 316 

Complex cases 317 

Finally, four of the samples included in this study presented with complex rearrangements (28, 318 

52, 55, 66), four of which are samples of patients with developmental delay and/or intellectual 319 

disability (Supplementary Table 1). For example, karyotype of Sample 28 (Figure 9) showed a 320 

translocation t(3;6)(q1?2;p2?2), a derivative chromosome 4 (?der(4)(:p1?2->q1?2:)) and a 321 

derivative chromosome 5 (der(5)(4pter->4p1?2::4q1?2->4q34.2::5p14.2->5qter)) in different 322 

clones. CNV-microarray showed losses on 4q34 (4q34.2q34.3(176587929_190957474)x1 dn) and 323 

5p15 (5p15.33p14.2(113577_24449849)x1 dn). Following optical mapping, the translocation 324 

t(3;6)(q1?2;p2?2) was identified as t(3;6)(q13.12;p24.3). In addition, a translocation 325 

t(4;5)(q34.2;p14.2), a loss of 4q34.2q34.3 and a loss of 5p15.33p14.2 were detected, concordant 326 

with previous results. In the same sample, genome imaging also revealed putative additional 327 

translocations t(3;4)(q13.11;q12), t(3;4)(q13.11;p11) t(4;6)(q12;p22.3) and an inversion 328 

inv(13)(q31.2;q33.3) (Figure 9).  329 

 330 
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Another sample (66) showed a 3-way translocation t(3,13,5)(p11.1;p12;p14) after karyotyping 331 

and four losses on chromosome 3 332 

(3p14.1(65238298_68667113)x1,3p13(70127345_73724765)x1 333 

,3p12.1(83784489_85467284)x1,3q11.2(97180779_97270083)x1) following CNV-microarray 334 

(Figure 10). Optical mapping confirmed these aberrations, but unraveled additional complex 335 

rearrangements on chromosome 3, leading to the identification of a chromoanagenesis. For all 336 

residual samples with complex rearrangements, see Supplementary Table 1 and Supplementary 337 

Figures 5 and 6. 338 

 339 

Taken together, optical mapping allowed the correct unravelling of complex karyotypes, which 340 

previously required the combination of karyotyping, FISH and CNV-microarrays, by combining the 341 

detection of translocations and imbalances (CNVs, gains and loss of genetic material) including 342 

balanced and unbalanced events in one assay and at an unprecedented resolution. 343 

 344 

 345 

Discussion 346 

Chromosomal aberrations and SVs are frequently involved in many genetic diseases including 347 

developmental disorders, congenital malformations, intellectual deficiency, reproductive 348 

disorders as well as cancer. Hence, their accurate detection is critical to achieving a complete 349 

genetic investigation but limitations of the current standard-of-care genetic analyses 350 

(karyotyping, FISH, CNV-microarray and NGS) preclude any comprehensive characterization 351 

without combining multiple approaches.16; 34 Indeed, to date, not a single technology offers a full 352 

resolution of chromosomal aberrations in all samples. The traditional karyotyping is still 353 

performed as the first-tier test in case of reproductive disorders in spite of its poor diagnostic 354 

rate (overall less than 10%), likely due to its very low resolution. Moreover, its quality is 355 
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unpredictable since it varies between samples and laboratories, it depends on the availability of 356 

viable cells and relies on the expertise of the technician and the cytogeneticist which is 357 

decreasing over the years because of lack of training. Hence, there is need for a more robust, 358 

high-resolution and automatable method. On the other hand, CNV-microarray represents one 359 

such robust routine tool, that has allowed an improved diagnostic yield e.g. to approximately 360 

15% for neurodevelopmental disorders,8 but it lacks the ability to detect balanced aberrations 361 

such as translocations or inversions or to decipher the orientation of duplicated or inserted 362 

segments, and resolution remains restricted to a few kilobases. Sequencing based assays for SV 363 

detection are constantly improving.35; 36 This includes improved CNV calling from exome or 364 

genome sequencing, however most comprehensive detection requires a combination of analysis 365 

tools.37-40 Moreover, it requires the local implementation of bioinformatic pipelines that have not 366 

yet undergone a large scale clinical validation. In addition to technical and computational 367 

hurdles, SV detection by sequencing based technologies becomes difficult when breakpoints 368 

localize within repetitive sequences which is frequently observed since many SVs are caused by 369 

the non-allelic homologous recombination of repeats in the first place. It is expected that long-370 

read sequencing may enable near perfect genomes one day, but so far technologies, analyses as 371 

well as throughput and prices do not allow its routine clinical use.
17

 372 

In this manuscript, we have shown that genome imaging is capable of comprehensively and 373 

easily detecting all classes of chromosomal aberrations and may complement or replace current 374 

cytogenetic technologies. Our cohort was composed of a large panel of different tissues, 375 

aberrations and indications representative of what can be encountered in clinical routine. We 376 

demonstrated that optical mapping allows for the detection of balanced as well as unbalanced 377 

rearrangements at sizes ranging from few kilobases to several megabases or even entire 378 

chromosome aneuploidies. The method allows for detection of SVs down to 500 bp, but none of 379 

our clinically reported SVs were that small. Copy number variations and aneuploidies were all 380 
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detected by either the coverage analysis pipeline and/or structural variation analysis. Combining 381 

two analysis pipelines, one based on coverage depth and the other one based on the comparison 382 

of a de novo assembled genome map with a reference map, allows for the most complete 383 

detection of all balanced and unbalanced aberrations, as shown by our results. In fact, the first 384 

pipeline performs better for large deletions and duplications, and is currently the only tool to 385 

detect terminal chromosomal gains/losses or other events that do not create the fusion of 386 

unique novel molecules. The second pipeline is more sensitive to small CNVs down to few 387 

hundred base pairs, and allows for best breakpoint resolution. 388 

Regarding translocation-, inversion- or insertion- events, we demonstrate that they can all be 389 

detected as long as the breakpoints do not lie within large repetitive, unmappable regions such 390 

as centromeres, p-arm of acrocentric chromosomes, or heterochromatin stretches. Challenges to 391 

map such breakpoints along with the inability of the current software to detect loss of 392 

heterozygosity were known prior to this study and such results were expected. In fact, these 393 

regions are likely not well represented in the human reference genome,41 they cannot be 394 

specifically labeled and they are several megabases long, far larger than the longest single 395 

molecules that can be obtained with any current technology. Interestingly, in some cases we 396 

were able to detect translocations with breakpoints that lie in pericentromeric regions and which 397 

were not detected by paired-end whole-genome sequencing (samples 50, 51 and 54; NGS data 398 

not shown, manuscript in preparation). This additional detection did solve the molecular 399 

diagnosis for patient 54 whose karyotype is 46,XY,t(20;21)(q11.2;q21). Optical mapping showed 400 

that this balanced translocation disrupts the DYRK1A gene and refined the breakpoint to 401 

21q22.13. This patient displays autism spectrum disorder and microcephaly consistent with a 402 

DYRK1A haploinsufficiency, which has been shown to be associated with autism spectrum 403 

disorder, intellectual disability and microcephaly.42-44 Similarly, other cases of gene disruption 404 

provided hints into the molecular diagnosis of intellectual disability. For example, patient 47 had 405 
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an inversion that we showed to likely disrupt the SETBP1 gene and patient 49 had a t(9;17) that 406 

potentially disrupts KANSL1 as previously identified by WGS.33 In both cases, haploinsufficiency of 407 

the respective genes is known to lead to clinical syndromes including intellectual disability 45; 46 408 

consistent with our patient’s phenotypes. 409 

Optical mapping was also able to detect complex rearrangements including multiple 410 

translocations, or even chromoanagenesis. In some cases, optical mapping results suggested a 411 

more complex event than expected (28, 47, 52, 66, 70, 74) where the additional SV calls need to 412 

be further validated. Furthermore, in four cases of isochromosome Y, the CNV pipeline detected 413 

a coverage profile that is very suggestive of an isochromosome (samples 27, 55, 57, 79) similarly 414 

to or better than CNV-microarray results, although the Bionano SV pipeline did not call the 415 

isochromosome Y. Such isochromosomes with breakpoints in the long arm of chromosome Y are 416 

not detectable by sequencing technologies.  417 

As a non-sequencing based technology, single molecule optical mapping overcomes issues due to 418 

repetitive regions inaccessible to sequencing. For some aberrations, it even enabled the 419 

detection of breakpoints mapping at segmental duplications (Figure 8).
47

 420 

 It is not unlikely that at some stage (long read) sequencing approaches may allow fully 421 

comprehensive assessment of all SVs and chromosomal aberrations in each personal genome, 422 

possibly after de novo genome assembly instead of re-sequencing.
41; 48

 Some benefits of optical 423 

mapping may prevail: 1.) relative ease of analysis, 2.) relative low costs, 3.) optical mapping can 424 

produce 300-1600X genome coverage allowing the reliable detection of rare somatic events, 425 

with additional improvements in development.26 426 

From a technical point of view, optical mapping using Bionano can best be compared to an ultra-427 

high resolution karyotype (~10,000 times higher resolution than the conventional karyotype) that 428 

offers a fast (3-4 days from sample to variant calls) and cost-effective (~$450 list price per 429 
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genome) alternative to both karyotyping and CNV-microarray. Neither significant data storage 430 

capacities nor bioinformatics processing are required. Turnaround time has also been 431 

significantly improved in the recent years, as six genomes can be processed in a single run, and 432 

instrument price has been reduced ($150k list price). It is also worth noting that the filter settings 433 

suggested here result in a small number of events per case (n= 41 rare SVs on average), while 434 

detecting all previously known events. This is suggestive for a low false positive rate, although 435 

orthogonal validations e.g. by sequencing were beyond the scope of this study. This may be in 436 

contrast to NGS-based SV calling: several reports point out the high number of false calls with 437 

sequencing based technologies.49; 50 Additional clinical analysis filter may include overlap-analysis 438 

of SVs with known disease genes or loci. This is a crucial point since in the context of clinical 439 

routine, genetic investigation should be time-efficient since the longer the turn-around time the 440 

lower the quality of disease management especially in case of reproductive disorders. In 441 

addition, our results support the robustness of the technology as our samples were processed in 442 

three different facilities. Results were highly similar in terms of quality metrics, number of variant 443 

calls and performance stated by the rate of concordance with conventional cytogenetic analyses. 444 

Some differences in the number of calls are most likely due to different versions of analysis 445 

software used. Clinically relevant results were unchanged.  446 

The technology has the potential to keep improving at both technical and analytical levels. 447 

Indeed, a closer examination of the maps or loosening the filters for few samples (34, 42, 50, 76, 448 

and 81) led to the identification of initially missed structural variants, supporting the potential of 449 

improvement of the software or analysis settings. Other aspects that are being improved to meet 450 

cytogeneticist expectations include loss of heterozygosity analysis, ideogram style representation 451 

of chromosomal aberrations, e.g. translocations, ISCN nomenclature outputs, and hyperlinks to 452 

genome databases. As with comparative genomic hybridization, polyploidies cannot be detected 453 

with the current analysis pipeline but haplotype analysis should make this detection possible. 454 
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The main focus here was to investigate the concordance i.e. true positive rate for known 455 

aberrations as a first step to explore the possibility to replace standard cytogenetic assays by 456 

optical mapping. In addition, it is also attractive that this can complement NGS to achieve a 457 

better and possibly nearly complete genome analysis. In developmental disorders, optical 458 

mapping could complement sequencing approaches to allow for a comprehensive genomic 459 

investigation. In reproductive disorders, it could replace karyotyping as the main method 460 

complemented by a count of few metaphase spreads by karyotyping to prevent that balanced 461 

Robertsonian or whole arm translocations are missed in few respective cases.  462 

Our results pave the road to a second phase that would aim at evaluating the clinical utility of the 463 

technology for all patients referred for cytogenetic investigation and assess the added-value in 464 

terms of diagnostic yield (detection of novel SVs) and genetic counselling. In fact, samples 465 

currently investigated with CNV-microarray could have undetected balanced structural 466 

variations, or other pathogenic SVs in complex regions of the genome that remain inaccessible to 467 

CNV-microarray and NGS detection, as suggested by most recent findings in singleton research 468 

cases.
47; 51

 Similarly, patients who have normal karyotype could bear variants that were 469 

undetected because they are below the karyotype resolution. Furthermore, the absence of 470 

sequencing could be preferred in some cases to avoid undesired incidental findings especially for 471 

some patients referred for reproductive disorders. The sensitivity of optical mapping to detect a 472 

repeat-contraction related disease such as Facio-Scapulo-Humeral Muscular Dystrophy (FSHD)
52; 473 

53
 opens up new perspectives for the detection of expansion diseases such as Fragile X syndrome 474 

or Huntington disease and SVs on the Y chromosome which is rich in repetitive sequences and 475 

still challenging for sequencing.  476 

To conclude, this is the first clinical study to validate genome-mapping as a solid alternative 477 

approach to karyotyping, FISH and CNV-microarray for the detection of chromosomal aberrations 478 

in constitutional diseases. We showed that optical mapping is capable of reaching 100% 479 
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concordance, while detecting all different types of chromosomal anomalies including 480 

aneuploidies, CNVs as well as balanced chromosomal abnormalities and complex chromosomal 481 

rearrangements. 482 
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Figure Titles and Legends 522 

Figure 1. Description of the study population (n=85). A) Main reason for referral. B) Distribution 523 

of the different cytogenetic and molecular tests used for diagnosis. C) Distribution of 524 

chromosomal aberrations as assessed by standard of care genetic investigations. 525 

Figure 2: SV detection and filtering.  Average number of SVs detected per sample, given per type 526 

of SV (total, insertion, deletion, inversion, duplication, interchromosomal translocation and 527 

intrachromosomal translocation). Dark blue: all variants, median blue: rare variants only (not 528 

found in control database including 204 samples), light blue: rare variants that overlap with 529 

genes. 530 

Figure 3: Visual representation of optical mapping data A) Genome-wide circos plot showing all 531 

24 chromosomes in a circular way. For each chromosome, the idiograms are shown at the 532 

outside of the circosplot, with ideogram-style chromosomal banding and the centromeres in red. 533 

Different colored dots in the boxes underneath represent different called SVs. The blue line in 534 

the box underneath represents the CNV profile, with each peak representing a CNV call.  B) Part 535 

of a circos plot, showing the sex chromosomes. The blue CNV line shows two copies of 536 

chromosome X, as for autosomes, and one copy of chromosome Y consistent with a sex 537 

chromosome aneuploidy (47,XXY, resulting in Klinefelter syndrome). 538 

Figure 4: Representation of different chromosomal aberrations. A) Sample 1. Left: CNV 539 

microarray data showing an 8p22p21.3(18825888_19364764) deletion. Middle: Genome-wide 540 

circos plot showing all chromosomes. The deletion is detected by the CNV and the SV pipeline 541 

(blue circle). Right: genome map with reference, showing the deletion and affected genes (hg19). 542 

B) Sample 18. Left: karyogram showing a 46,XY,t(5;8)(p13.1;p11.2) karyotype. Middle: circos 543 

plots with a pink line connecting chromosomes 5 and 8, representing the translocation. Right: 544 

genome map, of which the left part maps to chromosome 8 and the right part to chromosome 5. 545 
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C) Sample 15. Left: karyogram showing an inversion on chromosome 13 (red arrow). Middle: 546 

circos plot showing the inversion as an intrachromosomal translocation. Right: genome map that 547 

is partly inverted when compared to the reference. One of the breakpoints is interrupting the 548 

gene KLHL1.  549 

Figure 5: Isodicentric Y-chromosomes show specific bionano assembly map patterns. A) GTG-and 550 

RHG banding of X- and Y- chromosomes of sample 57. B) FISH for sample 57 using probes 551 

TelXp/Yp and RP11-209I11 (Yq11.223). C) Bionano genome maps of Y-chromosomes of samples 552 

69 (no isodicentric chrY), 55, 57, 27 and 79. Dotted red boxes indicate where isodicentric Y-553 

chromosomes have no coverage when compared to non-isodicentric Y chromosomes (the top 554 

genome map).  555 

Figure 6: Small X ring chromosome. A) Karyogram of sample 39. The red arrow is pointing 556 

towards the small X ring chromosome.  B) Circos-plot (of chromosome X only) of sample 39. The 557 

pink line in the center of the circosplot is indicating the presence of the ring chromosome (called 558 

as an intrachromosomal translocation). C) Different genome maps (dark blue bars on top and 559 

below the reference) indicating the presence of the ring chromosome. The individual molecules 560 

for the genome map below the reference (highlighted by a red circle) are shown at the bottom of 561 

this figure. The left part of these molecules (light green bar) map to a region upstream of the 562 

centromere, whereas the right part of the same molecules (light blue bar) map to a region 563 

downstream of the centromere. 564 

Figure 7. Examples of inversions and translocations interrupting well known disease causing 565 

genes. A) Inversion inv(18q)(q22.1q12.3), disrupting the SETBP1 gene in sample 47.  B)  566 

Translocation t(9;17)(p13.3;q21.31), interrupting the gene KANSL1 in sample 49. C) Translocation 567 

t(20;21)(q11.22;q22.13), interrupting the genes DYRK1A and PIGU in sample 54. 568 
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Figure 8. Example of a typical 22q11.2 microdeletion syndrome, in sample 2 (VCF, Di-George 569 

syndrome). A) Affymetrix CytoScan HD array, showing the 22q11.21(18308819_18519921)x1 570 

deletion. B) Bionano circos plot, showing an aberrant CNV profile on 22.q11.21. C) Bionano 571 

genome maps of chr22q11.21, showing the CNV calls (on top), a segmental duplication bed file 572 

(below), the chromosome 22 reference genome map (again below) and the different genome 573 

maps (at the bottom). The deletion is clearly called by the CNV calls, and is surrounded by 574 

segmental duplications. *SV not called with standard filters, but recovered when % of the 575 

Bionano control sample overlap was set to 80%. 576 

Figure 9: Complex sample 28. A) Karyogram showing the translocation t(3;6) and the derivative 577 

chromosomes 4 and 5. B) CNV microarray data showing two de novo deletions on chromosome 4 578 

and 5. C) Bionano circos plot of chromosomes 3, 4, 5, 6 and 13. The Bionano data confirm all 579 

previous data and show the presence of additional translocations t(3;4) and t(4;6) plus an 580 

inversion on chromosome 13.  581 

Figure 10: Complex sample 66. A) CGH Panes of sample 66, showing the whole chromosome 3 582 

(left) and chr3:64105005-74361806 (right). B) Karyogram of sample 66: 583 

46,XY,t(3;13;5)(p11.1;p12;p14). C) Genome maps of chromosome 3 of sample 66, showing 584 

multiple rearrangements on chromosome 3. D) Circos plot of chromosomes 3 and 5, showing 585 

multiple intrachromosomal translocations on chromosome 3 and a translocation between 586 

chromosomes 3 and 5. 587 

 588 

Abbreviations 589 

CNV copy number variant 590 

DD developmental disorder 591 
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DLE-1 direct Labeling Enzyme-1 592 

DLS direct Label and Stain 593 

EDTA ethylenediaminetetraacetic acid 594 

FISH fluorescence in situ hybridization 595 

FSHD facioscapulohumeral dystrophy 596 

gDNA genomic DNA 597 

ID intellectual disability 598 

i.e. id est (that is) 599 

MCA multiple congenital malformations 600 

NGS next generation sequencing 601 

SV structural variant 602 

UHMW  ultra-long high molecular weight 603 

WES whole exome sequencing 604 

WGS whole genome sequencing 605 

 606 

Supplemental Data Description 607 

Supplemental Data includes 6 figures and 3 tables. 608 
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Supplementary Figure 1. Workflow of the Bionano technique. For this study, 85 samples for 609 

whom extra material was available were included. Ultra-high molecular weight DNA was 610 

extracted using the Bionano solution phase DNA isolation method. Labeling was done using the 611 

DLE-1 chemistry. High resolution imaging of DNA molecules was done on Bionano Saphyr 612 

instruments. As different centers were included, different amount of data was produced 613 

(~800Gbp for Radboud, ~300Gbp for the French centers), and samples were analyzed using 614 

different software versions (3.4.1 and 3.5). A de novo assembly was performed, and both SVs and 615 

CNVs were called. 616 

Supplementary Figure 2. Representative Bionano CNV profiles for different samples. A) Sample 617 

2. Loss of 22q11.21(18645354_21465660). B) Sample 8. Gain of 17p12(14087934_15436895). C) 618 

Sample 70. Loss of 6q14.1q14.3(76385698_86884355), and gain of 6q16.1(97661978_98726638). 619 

D) Genome-wide CNV view (available in Bionano Solve v1.5) of sample 73 with E) chromosome 8 620 

highlighted (showing a deletion) and F) chromosome 17 highlighted (showing a duplication). 621 

Blue: gains, Red: losses. 622 

Supplementary Figure 3: Isochromosomes. A) Sample 77 (ish 623 

idic(15)(D15Z1+,SNRPN++,D15Z1+)). Left: Circos plot showing an abnormal CNV profile on 624 

chromosome 15. Top right: CNV-microarray data showing a gain on chr15. Bottom right: optical 625 

mapping data, showing a CNV profile that is nearly identical to the CNV-microarray profile. 626 

Numbers present fractional copy numbers. B) Sample 78 (46,X,idic(X)(p11.21)). Left: Circos plot 627 

showing a CNV baseline suggesting one copy of chromosome X (compared to the CNV line of 628 

chr22 partially shown on the left side). Additionally, the CNV profile shows a mosaic “gain” 629 

(compared to the baseline) on part of the chrX p-arm and the whole q-arm. Top right: CNV-630 

microarray data showing a global loss on chrX (compared to a 46,XX control sample). However, 631 

the degree of loss varies within the chromosome consistent with a mosaic 632 

45,X/46,X,idic(X)(p11.21) karyotype. Bottom right: optical mapping data showing a CNV profile 633 
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that is nearly identical to the CNV-microarray profile. Numbers present fractional copy numbers. 634 

Red box shows parts of the chromsome 15 and X respectively that make up the iso-chromsomes. 635 

Grey box indicates the centromere (15 and X) and/or acrocentric p-arm (15).  636 

 637 

Supplementary Figure 4. Genome imaging breakpoint detection for translocation 638 

t(9;17)(p13;q21), disrupting the gene KANSL1 (patient 49). The two green bars represent the 639 

references of chromosomes 9 and 17, respectively. The mint bar in between represents the 640 

genome map of the translocation. The blue bar underneath represents the KANSL1 gene. Small 641 

vertical black lines represent identified labels, and the red vertical lines indicate the translocation 642 

breakpoints, with an uncertain region of 3,828 bp in between shown in purple. The breakpoints 643 

are located between basepair-positions 35,771,617 and 35,773,383 on chromosome 9, and 644 

between 44,137,912 and 44,141,740 on chromosome 17.  645 

Supplementary Figure 5: Complex sample 52. A) Karyotype of sample 52, interpreted as 646 

46,XY,der(8)t(8;22)(q12;q12),der(13)t(8;13)(q31;q23),der(14)t(14;15)(q11.2;q25),der(15)t(14;15)(647 

q21;q24),der(22)t(13;22)(q31.1;p11.2). B) FISH of sample 52, using FISH probes wcp8 (red), 648 

wcp14 (green). C) FISH of sample 52, using FISH probes wcp8 (green), wcp13 (red). D) FISH of 649 

sample 52, using FISH probes wcp15 (green), wcp22 (red). E) Bionano circos plot, showing 650 

different translocations t(8;13), t(8;14), t(14,15), and intrachromosomal translocations on chr 8 651 

and chr 15.  652 

Supplementary Figure 6: Complex sample 55. A) Karyotype of sample 55, interpreted as 653 

46,X,idic(Y)(q11.22),t(5;8)(q23;q24),t(5;11)(p12;p13)[32/50]/45,X,t(5;8)(q23;q24),t(5;11)(p12;p13654 

)[10/50]/47,XY,idic(Y)(q11.22),t(5;8)(q23;q24),t(5;11)(p12;p13)[8/50]. B) FISH of sample 55, 655 

showing the translocations t(5;8) (left) and t(5;11) (right). C) Bionano circos plot of sample 55, 656 

showing the translocations t(5;8), t(5;11) and an intrachromosomal translocations 5. D) Bionano 657 
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genome maps, showing the intrachromosomal translocation on chromosome 5, which is 658 

disrupting the gene GHR.  659 

 660 

Supplementary Table 1: Comparison of previous diagnostic findings with genome imaging results 661 

Supplementary Table 2: Technical performance of genome imaging 662 

Supplementary Table 3: Overall numbers of variants per sample 663 

 664 
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