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Abstract: Optical Genome Mapping (OGM) technology has garnered growing interest for the identification of chromosomal 
structural variations (SVs), particularly complex ones that are implicated in genetic diseases in humans. In this study, we performed 
genetic diagnostics on a neonatal patient who presented with feeding difficulties, hypotonia, and an atrial septal defect. We utilized 
a combination of trio-whole exome sequencing and OGM for our analysis. The results revealed an unbalanced translocation between 
maternal chromosomes 4 and 6 in the proband, ogm[GRch38]t(4:6)(q35.2;q25.3), resulting in a 2.8 Mb deletion at the 4q35 terminal 
and a 10.2 Mb duplication at the 6q25 terminal. In summary, this study highlights how OGM, in conjunction with other genetic 
approaches, can unveil the genetic etiology of complex clinical syndromes. Neonatal patients often exhibit low specific phenotypes, 
underlining the significance of SV detection. 
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Introduction
Structural variations (SVs) in chromosomes encompass alterations in gene number, position, or sequence, stemming from 
physical, chemical, and genetic factors. SVs affect genome segments with ≥50 base pairs (bp) and include copy number 
variations (CNVs), rearrangements, and mobile element insertions.1,2 Next Generation Sequencing (NGS) technology is 
widely used for identifying single nucleotide variants (SNVs) or small insertions and deletions (Indels). Nonetheless, 
there exist certain technical limitations in detecting SVs, primarily stemming from the standard read lengths of NGS, 
which are typically confined to 100–150 bp. This limitation hinders the ability to span repetitive elements or provide 
contextual information.3,4 Optical genome mapping (OGM) is an innovative technology for detecting extremely long 
single DNA molecules (>150 kb). OGM uses specific recognition sequences, such as CTTAAG, to label DNA molecules 
and employs software-assisted whole-genome assembly to accurately identify various SV classes, including aneuploidy, 
deletions, translocations, inversions, and complex rearrangements.5

The unbalanced translocation between chromosome 4q and 6q is a rare SV. Due to a lack of necessary case reports, 
the correlation between this SV and its phenotype remains incompletely elucidated. Isolated deletions/duplications at the 
4q or 6q terminal regions have been sporadically documented, and significant phenotypic heterogeneity has been 
observed in affected individuals. The most common manifestations include developmental delay and intellectual 
disability (ID); some patients also exhibit abnormal behavior and special facial features.6–17 Due to the limited number 
of reported cases of these SVs and the corresponding phenotypic heterogeneity, there remains controversy regarding the 
pathogenicity of this variant.
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In this study, we outline the genetic diagnostic process for a Chinese family with ID, focusing on the proband, 
a neonatal patient displaying symptoms such as hypotonia, feeding intolerance, and an atrial septal defect. Notably, his 
mother had an ID. By employing OGM, we identified an unbalanced translocation between maternal chromosomes 4 and 
6 in the proband, resulting in a deletion at the 4q terminal and a duplication at the 6q terminal. This study aims to 
elucidate the identification of novel unbalanced translocations in a neonatal patient with complex phenotypes and 
underscores the contribution of SV to the identification of the hereditary etiology.

Materials and Methods
Ethical Compliance
This study adhered to the principles of the Declaration of Helsinki and was approved by the Ethics Committee of Anhui 
Children’s Hospital. After obtaining written informed consent for diagnostic tests and research studies, 5 mL of 
peripheral blood samples were collected from the proband and his parents.

Whole Exome Sequencing (WES)
Genomic DNA from the samples collected from the proband and his parents was extracted using the TIANamp 
Blood DNA Kit (#DP348-03, TIANamp Blood DNA Kit, Beijing, China) following the manufacturer’s instructions. 
DNA concentration and purity were assessed using the OneDrop™ OD-1000 spectrophotometer (RockGene, 
Shanghai, China), ensuring an OD 260/280 ratio between 1.6 and 2.0 and a total quantity of >1 μg. 
Fragmentation, end-repair, and adapter ligation were performed using the Hieff NGS® OnePot DNA Library Prep 
Kit for Illumina® (WeHealth BioMedical, Shanghai, China) to prepare pre-libraries. DNA libraries were constructed 
using the IDT xGen Exome Research Panel v2 (Integrated DNA Technologies, Coralville, IA, USA). Sequencing 
was conducted on the NovaSeq 6000 sequencing platform (Illumina, San Diego, CA, USA) in PE150 mode. 
Subsequently, the sequencing data was converted into FastQ files using the bc2fastq software. Base sequences 
from the FastQ files were aligned to the GRCh38/hg20 reference genome using the BWA v0.7.12 software, resulting 
in BAM files. SNVs and Indels in the samples were analyzed using the GATK v4.0.5.2 software. CNVs were 
analyzed using the CNVkit software. Identified SNVs and Indels were formatted according to the Human Genome 
Variation Society format and annotated against various databases, including ClinVar (https://www.ncbi.nlm.nih.gov/ 
clinvar/), Database of Genomic Variants (http://dgv.tcag.ca/dgv/app/home), DECIPHER (https://www.decipherge 
nomics.org/), dbSNP (https://www.ncbi.nlm.nih.gov/snp/), and GenomeAD (https://gnomad.broadinstitute.org/) 
using the snpEff v4.2 annotation software. Variants were classified based on the guidelines of the American 
College of Medical Genetics and Genomics.18

OGM
Genomic DNA was extracted from the proband’s blood sample using the Bionano Prep™ Blood and Cell Culture DNA 
Isolation Kit (Bionano Genomics, San Diego, USA). The extracted DNA was fluorescently labeled using the DLE-1 
enzyme (Bionano Genomics), sourced from the DLS DNA Labeling Kit (Bionano Genomics). The labeled DNA was 
loaded onto the Saphyr Chip G2.2 (Bionano, San Diego, CA, USA), and molecules >150 kb were collected, targeting 
a total data yield of 1300 Gb. Subsequently, the labeled DNA was loaded onto the Bionano Genomics Saphyr® system for 
linearization and visualization. Each sample yielded a minimum of 320 GB of data, followed by automated whole- 
genome de novo assembly.19 Genome assembly and variant calling were performed using Bionano Access version 1.7 
(https://bionanogenomics.com/support/software-downloads/). SV data was identified by referencing the human reference 
genome (GRCh38/hg38). SV detection was performed using the Solve v.3.2.1 software (Bionano Genomics). 
Independent analyses were conducted for the CNV and SV algorithms, used for chromosome abnormalities >100 Kb 
and >500 bp, respectively.
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Results
Clinical Phenotype
The patient was a newborn male, the first born, delivered via cesarean section due to fetal malposition at 40 weeks and 5 
days gestation. He weighed 3100 g at birth and had Apgar scores of 8 at 1 and 5 min, with no history of birth asphyxia. 
The newborn was admitted to Anhui Children’s Hospital in August 2023, 2 days after birth, due to aspiration pneumonia.

Upon admission, a physical examination revealed erythematous skin, a flat and soft anterior fontanelle, and smooth 
oral mucosa without a cleft palate. Milk digestion disorders manifesting as feeding intolerance were observed after 
breastfeeding, leading to abdominal distension and vomiting. The limbs were relatively short and exhibited reduced 
muscle tone, and hip joint abduction was observed. Transient-evoked otoacoustic emission technology (MEDSEN 
Accuscreen full-function hearing screener, GN Otometrics, Denmark) was used to detect the newborn’s hearing, and 
the results showed abnormal hearing in the left ear (the otoacoustic emission meter screen displayed REFER).

Radiological examination primarily identified multiple atrial septal defects on cardiac ultrasonography. Laboratory 
tests showed inflammatory features, such as a slight increase in C-reactive protein, with no other substantial abnorm-
alities (see Supplemental Table 1 for relevant laboratory examination). The child’s father (23-year-old) was in good 
health, while the mother (21-year-old) had mild intellectual disabilities (indicated by the Wechsler Intelligence Scale test 
results from another hospital). She was able to perform daily living activities and some household chores however, had 
mild social communication difficulties, and only maintained brief interactions with her family.

WES and OGM Results
WES sequencing yielded 86.6 million reads for the proband, with an average sequencing depth of 131.74× and ≥30× 
coverage of 98.4%. However, WES did not identify SNP/INDELS genes related to the proband’s phenotype. The CNVkit 
software suggested that he may carry a copy number deletion variant of approximately 1.91 Mb in the 4q35.2q35.2 
segment (deemed of uncertain significance according to guidelines) and a copy number duplication variant of approxi-
mately 10.64 Mb in the 6q25.3q27 region (deemed likely pathogenic). The mother had CNVs of the same length in the 
above two segments. The data control for the OGM test is included in Supplemental Table 2. The findings indicate an 
unbalanced translocation variation between chromosomes 4 and 6 of the proband, ogm[GRch38]t(4:6)(q35.2;q25.3). This 
SV results in a copy number deletion of approximately 2.8 Mb in the 4q35.2q35.3 segment and a copy number 
duplication of approximately 10.2 Mb in the 6q25.3q27 segment (Table 1). This variant resulted in the formation of 
a derivative chromosome 4, der(4)(4pter→4q35.2::6q25.3→6qter) (Figure 1).

Discussion
In this study, we conducted genetic testing on a neonatal patient presenting with hypotonia, feeding intolerance, and an 
atrial septal defect. OGM results revealed an unbalanced translocation between the 4q and the 6q terminal in the proband, 
leading to the formation of a derivative chromosome 4, der(4)(4pter→4q35.2::6q25.3→6qter). While breakpoint valida-
tion was not conducted, based on the OGM data, this variant did not appear to involve pathogenic genes listed in the 
Online Mendelian Inheritance in Man (OMIM) database (https://www.omim.org/), nor did it result in the formation of 
fusion genes. WES detected no SNVs or Indels associated with the proband’s phenotype. However, it indicated the 
presence of a genetic microdeletion in the 4q35.2q35.2 region and a microduplication in the 6q25.3q27 region inherited 
from the proband’s mother.

Table 1 Copy Number Variations Detected by Whole Genome Optical Mapping

Chromosome Chromosomal Location  
(GRCh38/hg38)

Type Size Fragment Covered OMIM Morbid Annotated Genes

4q35.2q35.2 chr4:187335323–190202564 Deletion 2867.242 kbp /

6q25.3q27 chr6:159562959–170009249 Duplication 10,446.291 kbp ACAT2, CEP43, ERMARD, IGF2R, LPA, MPC1, PDE10A, PLG, 
PNLDC1, PRKN, RNASET2, SMOC2, SOD2, TBXT, THBS2
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The 6q25qter segment encompasses multiple genes associated with diseases documented in the OMIM database, 
including links to growth restriction, abnormal skull shape, facial anomalies, reduced muscle tone, seizures, and 
intellectual disabilities.16,17 Among these, the ERMARD gene (OMIM#615532) may be the key pathogenic gene in the 
6q25qter segment that causes hypotonia and brain structural malformations. Conti et al have suggested that the ERMARD 
gene haploinsufficiency could impact the neuronal migration process.20 Clinical reports of microduplications in the 
6q25qter region appear to be rarer than the 4q35.2 microdeletion, and no clear evidence exists of dosage-sensitive genes 
in this segment. However, data from the Decipher database (https://www.deciphergenomics.org/) (Patient ID: 400926, 
501317, 345454, 331649) suggest that some patients with microduplications in the 6q26q27 region exhibit phenotypes 
similar to the those observed in this study, including cardiovascular morphological abnormalities, atrial septal defects, 
infantile feeding difficulties, hypotonia, and specific learning disabilities. Therefore, the possibility that the 6q25 
microduplication may contribute to the pathogenic factors seen in this case cannot be ruled out.

Patients with 4q35.2 microdeletions have obvious phenotypic heterogeneity, mainly characterized by varying degrees 
of special facial features, ID, and attention deficit hyperactivity disorder (Table 2). Additionally, some parents of patients 
with 4q35.2 microdeletions did not show abnormal clinical characteristics, which may reflect the characteristics of 
incomplete penetrance.11 Although the neonatal patient in this study did not show signs of a neurodevelopmental 
disorder, his mother exhibited mild ID. Therefore, this cannot rule out the possibility of the proband having intellectual 
disabilities after birth or in childhood. Moreover, this condition may also be associated with the risk of other psychiatric 
diseases, such as learning disabilities or attention deficit hyperactivity disorders. The researchers in this study will 
continue to follow up on the clinical manifestations of this patient, paying particular attention to phenotypes related to 
neurodevelopmental disorders.

In this case, a combination of WES and OGM methods was employed. WES was primarily used for SNV and Indel 
screening, while OGM was utilized for SV detection. Currently, SV detection mainly relies on techniques such as 
chromosomal karyotyping, fluorescence in situ hybridization, and SNP arrays.21–23 Low-depth whole-genome sequen-
cing (WGS) can be used to identify CNVs, while deep WGS can detect complex SVs and Indels.24,25 However, the short- 
read data reading principle of NGS-WES technology requires different algorithms to deal with different variant classes, 
may confuse the repeated elements of short-read mapping, and lacks accurate identification of the CNVs.26 Therefore, 

Figure 1 The proband’s OGM test results. (A) Circos plot, the pink line connecting Chr4 and Chr6 represents the unbalanced translocation between them; (B) The 
genome map view shows an unbalanced translocation, ogm[GRch38]t(4:6)(q35.2;q25.3); (C) Schematic diagram of the chromosomes of this sample.
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WES only provides directional pathological CNV results; for example, in this report, WES suggested a 6q25.3q27 
duplication and a 4q35.2 microdeletion in the subjects, but did not accurately identify the breakpoints.

OGM produces high-resolution fluorescence imaging by producing multiple specific enzyme digestion labeling sites 
across the genome, which has a lower error rate than high-throughput sequencing technology that requires amplification 
steps.27,28 Numerous research findings indicate that OGM, which leverages sequencing technology, is quicker and offers 
distinct advantages in identifying chromosomal deletions, duplications, inversions, translocations, and assessing local 
structural variations.5,27 For example, Zhang et al reported on the case of a 5-year-old girl with skeletal malformations, 
ID, and congenital cranial dysinnervation disorder. Only 6q25.3 microduplication and 2q37.1 microdeletion were 
identified through WES. OGM determined that these variants were inherited from a balanced translocation between 2q 
and 6q carried by her healthy father.28 Similarly, Xie et al describe an unbalanced translocation between 5p and 6p in 
a proband and her mother using WES combined with OGM. At the same time, OGM also revealed that the proband’s 
grandmother had a balanced translocation that caused multiple malformations in the subsequent two generations.29 These 
case reports have shown that OGM has technical advantages in identifying SVs. However, the high cost of OGM 
currently limits its widespread application. As the technology develops, it can become a reliable and practical diagnostic 
method for detecting genomic SVs. Additionally, due to the generation of large amounts of SV data from OGM, there is 
an urgent need to establish specialized databases to collect and correlate patient clinical phenotypes with SV data.

In summary, we employed a combination of OGM and WES technologies to identify a new unbalanced translocation 
in a neonatal individual presenting with hypotonia, feeding challenges, and an atrial septal defect. However, this study 
has certain limitations. First, there is a lack of revalidation of the SV by other detection methods or breakpoint 
verification through qPCR. Secondly, the SV analysis of the patient’s maternal family members should be expanded, 

Table 2 Information on Patients with Reported 4q35 or 6q25qter Variants

Sex Age Range Size Inheritance Clinical Phenotype Ref.

1 F 2 y 4q35.2 204.94 Kb, del Parental Specific facial features; Developmental delays; ID; Seizures [10]
2 M 39 y 4q35.2 269.34 Kb, del NA Crohn’s disease [11]

3 M 12 y 4q35.2 1.2 Mb, del NA Specific facial features; Curvature of the fifth finger; 
Hyperactivity; Aggressive behavior

[12]

4 M 7 y 4q35.2 1.3 Mb, del Mat ID [13]

5 NA Fetus 4q35.2 1.58 Mb, del NA Bilateral polycystic kidney [14]

6 M 17 y 4q35.2 2.0 Mb, del Mat Motor retardation; ID; Hyperactivity; Sagging upper eyelids [15]

7 NA NA 4q35.2 3.0 Mb, del NA ID; Schizophrenia [16]

8 NA Fetus 4q35.1q35.2 4.5 Mb, del Mat Intrauterine growth retardation [17]

9 F 17 y 4q34.1q35.2 16.43 Mb, del DNM Distinctive facial features; Developmental delay; ID; Primary 

amenorrhea; fifth toe curvature

[18]

10 M 2.1 y 4q34.1q35.2 17.4 Mb, del DNM Distinctive facial features; Tetralogy of Fallot; Right aortic arch [19]

11 M 1 y 6q26q27 6.64 Mb, dup DNM Atrial septal defect; Coarctation of aorta; Pulmonic stenosis; 

Feeding difficulties; Gastroesophageal reflux; Nystagmus; 

Strabismus; Visual impairment; Hypotonia; EEG abnormality; 
Intellectual disability; Caesarian section; Premature birth

400,926*

12 F NA 6q26 1.17 Mb, dup NA Micropenis; Delayed puberty 501,317*

13 F 17 y 6q26 770.09 Kb, dup NA Autistic behavior; ID 345454*

14 F / 6q27 582.32 Kb, dup NA Specific learning disability 331,649*

Notes: *From decipher database, https://www.deciphergenomics.org/. 
Abbreviations: y, year; M, male; F, female; Mat, maternal; DNM, denovo mutation; NA, not applicable; ID: intellectual disability; del: deletion; dup: duplication.
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which may enrich more comprehensive family information. For non-specific phenotypes in newborns, such as hypotonia 
or feeding difficulties, or a family history with ID, it is advisable to employ a comprehensive testing approach that 
thoroughly examines various types of genetic variants. OGM is gaining clinical recognition for its capability to identify 
SVs, and this report aims to underscore the importance of prioritizing SV detection in clinical practice.
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