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Supplementary Table 1. Rare, gene disrupting CNVs present only in cases that have potential for 
biological significance for neurulation.  Shown are genic location of the CNV and known biological function 

of the gene disrupted. 
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Supplementary Table 2. List of gene-specific primers used for qPCR. 
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Supplementary Table 3. Partial list of rare exon disruptive CNVs in this study. Shown are 
detected rare CNVs that impact either established NTD pathways shared by both Qatar and US cohorts 
(highlighted in Fig. 5a) or that overlap established human neurodevelopmental disorder (NDD) genes. 
Variants are shown by chromosomal location, size and type. NDD cohort overlap specifies the 
neurodevelopmental disorder in which the rare coding CNV found in our SB cases overlaps with a CNV 
detected in a NDD cohort (Zarrei et al., 2019, NPJ Genomic Medicine, 4:26). * signifies that the CNV 
from our study overlaps a NDD CNV previously deemed to be clinically relevant by ACMG guidelines.  
ADHD=attention deficit hyperactivity disorder; ASD=autism spectrum disorder; OCD=obsessive 
compulsive disorder; SCZ=schizophrenia. 
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Supplementary Figure 1. Workflow schematic for CNV detection in our spina bifida cohorts.  Pre-

processing, CNV detection and call refinement are core components of the computational methodology in our 

study to obtain high-quality CNVs from WGS data. For the ensemble approach used for CNV detection, the 

evidence from read depth information is incorporated using the algorithms in blue (ERDS and CNVnator) and 

the split-read and read pair evidence is integrated using the algorithms in red (Manta, Lumpy and Delly). 
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Supplementary Figure 2. Benchmark and comparison testing for several ensemble approaches for CNV 
detection on real (HG002) and simulated (30X) genomes.  CNV detection accuracy was measured using 

50% reciprocal overlap. 
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Supplementary Figure 3.  Characteristics of mobile element insertions (MEIs) observed in our US spina 
bifida cohort.  (a) Density plots of MEIs (Alu, SVA and L1) detected in US cases and controls. (b) Counts of 

Alu, SVA and L1 elements per chromosome for US cases and controls. 
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Supplementary Figure 4. Rare coding CNV chromosomal locations and comparison of genetic losses 
and gains in each cohort.  (a) Circos plot depicting chromosomal locations of rare coding CNVs detected in 

each population cohort by case status. (b) Proportions of rare coding deletions (pink) and duplications (blue) in 

each population cohort were consistent. 
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Supplementary Figure 5. Over-representation analysis of the protein-coding genes affected by rare 
coding CNVs in SB cases in the study.  Two pathways using the KEGG functional pathway databases are 

significantly enriched when screened for a false discovery rate (FDR) under 0.2 (cAMP signaling pathway and 

bile secretion). 
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Supplementary Figure 6. Visual representations of the CNVs highlighted in Figure 5b.  Integrative 

Genomics Viewer (IGV) images show consistent genomic signatures in the detected CNVs as well as the read 

information proximal to CNV breakpoints. Labels: 1=SCL44A2; 2=BHMT2; 3=DMGDH; 4=SARDH; 

5=FOXRED1.  The samplot  (labeled 6) displays whole gene encompassing CNVs (deletion=SLC25A21; 

duplication=SLC25A28).  Purple=deletions; blue=duplications. 
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Supplementary Figure 7. qPCR validation of select rare coding CNVs.  (a-d) Fold change in levels of 

DMGDH, SH3GL3, PARD3 and DOCK10 compared to three unaffected controls as determined by qPCR. 

Primer designs are in Suppl. Table 2. All samples were run in triplicate.  The fold changes in expression were 

calculated using the 2-ΔΔCT method and estimates outside of the 1-3 expression fold change range were 

considered to be CNVs (<1=deletion; >3=duplication).  
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