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Abstract
BACKGROUND: Dried blood spot (DBS) samples have been widely used in newborn screening (NBS) for the early identification of disease to 
facilitate the presymptomatic treatment of congenital diseases in newborns. As molecular genetics knowledge and technology progresses, 
there is an increased demand on NBS programs for molecular testing and a need to establish reliable, low‐cost methods to perform those 
analyses. Here we report a flexible, cost‐efficient, high‐throughput DNA extraction method from DBS adaptable to small‐ and large‐scale 
screening settings.METHODS: Genomic DNA (g.DNA) was extracted from single 3‐mm diameter DBS by the sequential use of red cell lysis, 
detergent‐alkaline, and acid‐neutralizing buffers routinely used in whole blood and plant tissue DNA extractions. We performed PCR 
amplification of several genomic regions using standard PCR conditions and detection methods (agarose gel, melting‐curve analysis, 
TaqMan‐based assays). Amplicons were confirmed by BigDye® Terminator cycle sequencing and compared with reference 
sequences.RESULTS: High‐quality g.DNA was extracted from hundreds of DBS, as proven by mutation detection of several human genes on 
multiple platforms. Manual and automated extraction protocols were validated. Quantification of g.DNA by Oligreen® fluorescent nucleic 
acid stain demonstrated a normal population distribution closely corresponding with white blood cell counts detected in newborn 
populations.CONCLUSIONS: High‐quality, amplifiable g.DNA is extractable from DBSs. Our method is adaptable, reliable, and scalable to 
low‐ and high‐throughput NBS at low cost ($0.10/sample). This method is routinely used for molecular testing in the New York State NBS 
program.
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SCID:  Severe Combined Immunodeficiency

• Heterogeneous group of genetic disorders

• Defects of cellular and humoral immune responses

• Absence or very low T‐cell counts

• Incidence : 1 / 40,000‐75,000 newborns

• Clinical symptoms: first months of life (median age at Dx 4‐7 months)

• Multiple severe viral, bacterial and fungal infections after birth

• Often fatal within first year of life

• Survival rate is 94% when treated with HSCT by 3.5 months of age

• TREC  (T‐cell Receptor Excision Circles) are DNA by‐products of T‐cell 
maturation in the thymus

• Low or absent TRECs in DBS likely indicates T‐cell deficiency



Hazenberg et al. J Mol Med (2001)79:631‐40



Real Time PCR

• Reporter/Quencher

• 5’ Nuclease Activity

• Probe Cleavage

• Sequence Specific

• Multiplex Capability

Taqman



Duplex Amplification Plots
TREC Amplification plot Rnase p amplification plot
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NYS has been performing NBS for SCID since September 2010 using  the TREC assay

• More than 500,000 samples screened 

• > 500 referred  for diagnostic evaluation

• > 90 babies  with clinically significant laboratory abnormality

• Classic  SCID

• Idiopathic T‐cell lymphopenia

• Syndrome with T‐cell impairment 

• Secondary T‐cell lymphopenia

• Screening does not provide information on the molecular defect

• Gene testing is requested by providers based on CBC and cellular phenotype 

(flow cytometry)

• Slow process (individual genes) & More than 20 known SCID associated genes





JM Rothberg et al. Nature 475, 348‐352 (2011) doi:10.1038/nature10242

An integrated semiconductor device enabling 
non‐optical genome sequencing



doi:10.1038/nature10242 RESEARCH SUPPLEMENTARY INFORMATIONFigure S1 Process overview



The Ion Torrent Personal Genome Machine (PGMTM) sequencer enables researchers to 
obtain highly accurate sequence in record time.



Gene Gene c.DNA Pos Ref Pos Amplicon Size Ref Ion SNP Freq 1 Freq 2 Counts 1 Counts 2 Ion Coverage Sanger SNP % Concor dance Comments
MCAD ‐1375 4056 702 A A/G 51.9 48.1 329 305 634 A/G 100
MCAD ‐1028 4403 702 T T/C 51.1 48.9 505 484 989 T/C 100
MCAD ‐985 4446 702 C G/C 50.5 49.4 516 505 1021 G/C 100
MCAD ‐725 4703 779 C G 76.6 23.4 441 135 576 G/C 50
MCAD ‐409 5022 779 G G/A 58.7 41.3 101 71 172 G 50 Polymorphic region
MCAD ‐361 5069 779 T T 0 T/C 50
MCAD ‐257 5174 779 G A 82.3 17.7 345 74 419 A/G 50
MCAD 30+67 5527 453 C G 72.4 27.6 71 27 98 G/C 50
MCAD 708+79 26637 564 A A/C 62.0 38.0 88 54 142 A 50 Primer Region
MCAD 708+85 26643 564 T T/A 60.6 39.4 83 54 137 T 50 Primer Region
MCAD 1161 41980 401 A A/G 53.6 46.1 207 178 385 A/G 100 p.V387V
MCAD 1184 42003 401 A A/G 52.3 47.5 232 211 443 A/G 100 p.K395R
GALC ‐196 5252 930 T C/T 58.6 41.4 99 70 169 C/T 100
GALC ‐7 5441 930 G G/C 52.0 48.0 90 83 173 G/C 100
GALC 13 5460 312 G G/C 52.2 47.0 60 54 114 G/C 100 p.A5P
GALC 27 5474 312 C A/C 62.2 36.7 61 36 97 A/C 100 p.G9G
GALC 148‐70 9971 357 G A/G 55.9 44.1 66 52 118 G 50 Polymorphic region
GALC 148‐43 9998 357 C T 100.0 178 178 C 0 Polymorphic region
GALC 281‐35 11927 344 G G/A 55.4 44.6 128 103 231 G/A 100
GALC 286 11967 344 A A/G 50.0 50.0 126 126 252 A/G 100 p.T96A
GALC 301 11982 344 A G/A 52.5 47.5 124 112 236 G/A 100 p.M101V
GALC 395‐51 13980 421 G A/G 51.2 48.8 22 21 43 A/G 100
GALC 534+89 14269 421 C C/T 60.5 39.5 46 30 76 C/T 100
GALC 694 22196 526 G A/G 63.6 36.4 7 4 11 A/G 100 p.D232N
GALC 704+56 22262 526 T T/C 55.6 44.4 5 4 9 T/C 100
GALC 705‐59 30015 564 C T/C 50.8 49.2 130 126 256 T/C 100
GALC 1290+23 48742 343 T C 68.6 31.4 168 77 245 C/T 50
GALC 1291‐61 50625 404 C C/T 53.4 46.6 127 111 238 C/T 100
GALC 1572 52961 417 G G/A 51.7 48.3 138 129 267 G/A 100 P.T524T (Cis‐M101V)
GALC 1623‐15 56991 416 C T/C 51.7 48.3 90 84 174 T/C 100
GALC 1650 57033 416 A A/T 50.5 49.5 99 97 196 A/T 100 p.V550V
GALC 1786+5 57174 416 C C/G 58.0 42.0 94 68 162 C/G 100 Cis‐M101V
GALC 1873 63695 570 A G/A 54.9 44.8 197 161 358 G/A 100 p.A625T (Cis‐M101V)
VLCAD 3 5154 1560 G A/G 55.1 44.9 75 61 136 A/G 100 p.M1I
VLCAD 138+99 5463 1560 T G/T 54.1 45.9 60 51 111 G/T 100
VLCAD 477+52 6277 1560 A T 67.9 32.1 55 26 81 A 50
VLCAD 478‐101 6604 1061 A C 77.5 22.5 79 23 102 C 100 ?
VLCAD 623‐8 7111 1061 C T 65.8 34.2 127 66 193 T/C 50
VLCAD 1600 9555 1040 G G/A 51.8 48.2 177 165 342 G/A 100 p.E534K
VLCAD 1605+5 9566 1040 T T/C 51.9 48.1 180 167 347 T/C 100
PKU 168+19 9831 291 T C/T 56.4 43.3 774 594 1368 C/T 100
PKU 353‐22 45031 340 C C/T 50.4 49.6 185 182 367 C/T 100
PKU 442‐48 55892 287 A G 100.0 211 211 G 100
PKU 510‐54 67217 354 G A/G 52.2 47.8 565 518 1083 A/G 100
PKU 696 67457 354 A A/G 61.4 38.6 784 493 1277 A/G 100 p.Q312Q
PKU 735 69681 423 G G/A 54.0 46.0 593 505 1098 G/A 100 p.V245V
PKU 1155 78913 264 G C/G 50.9 49.1 1229 1184 2413 C/G 100 p.L383L
GALT 1‐28 5040 413 T A 99.1 316 316 A 100
GALT 855 7395 570 G G/T 53.5 46.1 251 216 467 G/T 100 p.K285N
GALT 959 7827 459 C C/T 55.3 44.7 198 160 358 C/T 100 p.A320V
GALT *124 8936 360 A T 100.0 693 693 T 100



Designed primers to amplify all exonic and their flanking regions for ADA, IL2RG, IL7RA, 
RAG1 and RAG2

• PCR for 23 amplicons was standardized to cover promoter and all exonic regions for the 5 
genes

• Five different anonymous DBS samples were amplified for all 5 genes

• 5 µL of each amplicon were pooled per sample/individual and sent to our core for “IT 
Amplicon Sequencing”

• Amplicons were fragmented and barcode adapters ligated (Ion Xpress Plus Fragment 
Library Kit/Barcode adapters) to generate a library of DNA fragments.

• Pooled barcoded fragments were sequenced on an Ion 314 chip with Ion PGM 200 
Sequencing Kit on the Ion Torrent PGM sequencer.

• Data Analysis:
• DNA‐Seq workflow of the Partek Genomics Suite
• CLC Bio workbench software







Based on Full Library Alignment to Provided Reference (Amplicons only sequences)
AQ20* Perfect**

Total Number of Bases [Mbp] 41.64 30.02
Mean Length [bp] 113 87
Longest Alignment [bp] 300 282
Mean Coverage Depth 1,907.60x 1,374.90x
Percentage of Library Covered 100% 100%
*   Greatest length at which error rate is 1% or less.
** Longest perfectly aligned segment                                 

Saavedra‐Matiz et al. Clin Chem 59:7 (2013)

Based on Full Library Alignment to Provided Reference (Complete genomic sequences)
AQ20* Perfect**

Total Number of Bases [Mbp] 41.82 30.13
Mean Length [bp] 113 87
Longest Alignment [bp] 299 282
Mean Coverage Depth 538.20x 387.7x
Percentage of Library Covered 52% 52%
*   Greatest length at which error rate is 1% or less.
** Longest perfectly aligned segment

Data Analysis: Torrent Suite 2.2



Gene Loc. c.DNA Protein
REF. 
Allele

Allele* 
variants Counts Coverage Freq

For / Rev 
Balance rs #

Clinical 
Interp.

S2 ADA E4 c.239A>G p.Lys80Arg A G/A 268/218 486 55.1/44.9 0.42/0.46 11555566 Unknown

S2 ADA E6 c.534A>G p.Val178Val A A/G 349/297 649 53.8/45.8 0.50/0.40 244076 Unknown

S1 IL7 I1 c.82+16G>C G C/G 418/389 808 51.7/48.1 0.47/0.49 1353252 Unknown

S3 IL7 I1 c.82+16G>C G C/G 253/227 481 52.6/47.2 0.47/0.42 1353252 Unknown

S4 IL7 I1 c.82+16G>C G C 775 776 99.9 0.49 1353252 Unknown

S5 IL7 I1 c.82+16G>C G C/G 396/379 777 51.0/48.8 0.49/0.49 1353252 Unknown

S1 IL7 E2 c.197T>C p.Ile66Thr T T/C 959/692 1656 57.9/41.8 0.47/0.43 1494558 Unknown

S3 IL7 E2 c.197T>C p.Ile66Thr T T/C 590/408 999 59.1/40.8 0.43/0.45 1494558 Unknown

S4 IL7 E2 c.197T>C p.Ile66Thr T C 1103 1114 99 0.44 1494558 Unknown

S5 IL7 E2 c.197T>C p.Ile66Thr T T/C 793/582 1377 57.6/42.3 0.46/0.49 1494558 Unknown

S1 IL7 E4 c.412G>A p.Val138Ile G A/G 838/816 1655 50.6/49.3 0.50/0.48 1494555 Pathogenic

S3 IL7 E4 c.412G>A p.Val138Ile G G/A 536/478 1014 52.9/47.1 0.50/0.49 1494555 Pathogenic

S4 IL7 E4 c.412G>A p.Val138Ile G A 1298 1301 99.8 0.49 1494555 Pathogenic

S5 IL7 E4 c.412G>A p.Val138Ile G A/G 785/770 1555 50.5/49.5 0.50/0.49 1494555 Pathogenic

S1 IL7 E4 c.495C>T p.His165His C C/T 891/840 1732 51.4/48.5 0.48/0.47 2228141 Silent

S4 IL7 E6 c.731C>T p.Thr244Ile C T/C 89/81 170 52.4/47.6 0.48/0.40 6897932 Unknown

S5 IL7 E6 c.731C>T p.Thr244Ile C C/T 49/48 97 50.5/49.5 0.45/0.44 6897932 Unknown

S3 IL7 E8 c.1066A>G p.Ile356Val A G/A 178/172 350 50.9/49.1 0.45/0.48 3194051 Unknown

S4 IL7 E8 c.1066A>G p.Ile356Val A G/A 221/203 424 52.1/47.9 0.43/0.50 3194051 Unknown

S5 RAG1 E1 c.-65A>G 5'-UTR A G/A 480/442 922 52.1/47.9 0.49/0.45 872053 Unknown

S1 RAG1 E2 c.746 G>A p.Arg249His G G/A 215/164 379 56.7/43.3 0.49/0.48 3740955 Unknown

S2 RAG1 E2 c.746 G>A p.Arg249His G G/A 309/168 477 64.8/35.2 0.41/0.50 3740955 Unknown

S3 RAG1 E2 c.746 G>A p.Arg249His G A 226 226 100 0.38 3740955 Unknown

S4 RAG1 E2 c.746 G>A p.Arg249His G G/A 150/144 294 51.0/49.0 0.49/0.47 3740955 Unknown

S5 RAG1 E2 c.2880A>G p.Ala960Ala A G/A 520/463 983 52.9/47.1 0.50/0.47 1980131 Silent

S5 RAG2 E1 c.-526T>C Promoter T C 773 781 99 0.48 73455545 Unknown

*Sanger Concordance: 100%                                             Data Analysis: CLC Bio Workbench Software



RAG1 E2: c.746 G>A = p.Arg249His 



Gene Name Chr. Ref Seq ID

ADA Adenosine Deaminase 20q13.12 NG_007385.1
IL2RG Inteleukin 2 Receptor Gamma Xq13.1 NG_009088.1
IL7RA Inteleukin 7 Receptor Alpha 5p13 NG_009567.1
RAG1 Recombination Activaring Gene 1 11p13 NG_007528.1
RAG2 Recombination Activaring Gene 2 11p13 NG_007573.1
JAK3 Janus Kinase 3 19p13.1 NG_007273.1
CD3D CD3 Antigen Delta Subunit 11q23 NG_009891.1
CD3E CD3 Antigen Epsilon Subunit 11q23 NG_007373.1
CD3Z CD3 Antigen Zeta Subunit 1q22-q23 NG_007384.1
CD45 Prot-Tyrosine Phosphatase Rec-Type C 1q31-q32 NG_007730.1

DCLRE1C DNA Cross-Link Repair Protein 1C 10p13 NG_007276.1
STA5B Signal Transducer/Activator Transciption 5B 17q11.2 NG_007271.1

DNA PKC DNA Dependent Protein Kinase Catalytic Subunit 8q11 NG_023435.1
AK2 Adnylate Kinase 2 1p34 NG_016269.1

DNA LIGASE IV DNA Ligase 4 13q33-q-34 NG_007396.1
CERNUNNOS Non-Homologous End Joining Factor 1 (NHEJ1) 2q35 NG_007880.1
CORONIN 1A Coronin Like Protein A 16p11.2 NG_023415.1
CHH/RMRP Cartilage Hair Hypoplasia 9p21-p12 NG_017041.1
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