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Abstract
A custom designed 96-plex GoldenGate® Genotyping single 

nucleotide polymorphism (SNP) assay was evaluated for performance 
with genomic samples (10-250ng template), whole genomic amplified 
(WGA) samples and environmentally challenged samples. The 
assay performed well with pristine genomic samples, reproducibly 
generating complete and accurate SNP profiles with lower (50ng) 
than the manufacturer’s recommended amount of template (250ng).   

Clinical and forensic samples often fall below the optimal 
concentration for direct SNP analysis. One proposed solution to this 
is to produce sufficient quantities of DNA prior to SNP typing by whole 
genome amplification (WGA). The results of this study show that WGA 
prior to SNP typing produced reliable results when the template 
was of high quality and quantity (≥10ng). However, SNP-typing of 
environmentally challenged skeletal samples produced poor results, 
both with and without WGA prior to SNP typing. The amplification 
bias inherent in the WGA process was significantly exaggerated with 
samples of low quality and quantity.

While these results suggest that SNP-typing using the Illumina 
GoldenGate® assay is not the solution for genotyping highly degraded 
samples, it can provide an alternative means for some forensic DNA 
typing needs, such as paternity testing or typing reference samples 
for databasing. 

Introduction
Due to the compromised nature of environmentally challenged 

and degraded samples, conventional short tandem repeat (STR) 
genotyping can result in a partial DNA profile or no profile at all. 
The forensic community has responded to this problem by designing 
mini-STR assays with smaller amplicons (<200bp) [1] and kits with 
more robust chemistry to overcome inhibition and increase sensitivity 
[2]. These innovations have resulted in a significant improvement 
in the genotyping success from challenging samples [3]. However, 
SNP analysis promises even better genotyping results from highly 
fragmented DNA samples [4]. The principle advantage of SNPs is 
their short amplicon length (potentially 45-55bp) [5].

Many different SNP technologies are available for genotyping. 
The majority of SNP genotyping assays can be classified based on 
the molecular mechanism employed: allele specific hybridization 
(ASO), primer extension, minisequencing, oligonucleotide ligation 
and invasive cleavage [6]. Detection methods for product analysis 
include fluorescence, luminescence and mass spectrometry. When 

deciding which platform to employ for clinical or forensic work, 
the three main considerations are; 1) the amount of DNA template 
required, 2), throughput capacity and 3) multiplexing capabilities. 
For this study, the Illumina Veracode GoldenGate Genotyping Assay 
was chosen for its multiplexing capacity and throughput (96 SNPs in 
a single well of a standard 96-well microplate).

Forensic samples often present as degraded and/or with limited 
amounts of DNA template. While these low amount or quality 
samples can often be successfully genotyped using STR and mini-STR 
analysis, SNP typing generally requires greater amounts of starting 
template. Samples below the minimum concentration required for 
robust SNP analysis, can potentially be amplified by whole genome 
amplification (WGA) to produce sufficient quantities of DNA. WGA 
of low amounts of DNA (50pg) and highly degraded samples has 
been shown to improve STR-typing [7] and SNP-typing [8]. WGA 
would also allow for additional testing and subsequent archiving. It is 
crucial to successful SNP genotyping that there is even amplification 
of the two alleles at each locus. It is also important that all regions of 
the genome containing SNP loci are amplified to approximately the 
same levels. One of the limitations of the WGA process is preferential 
amplification of some genomic regions and therefore production of 
an unfaithful representation of the genome. This most commonly 
results from the under-amplification of certain regions of the genome 
such as telomeres and centromeres [9,10] or regions containing 
repetitive elements [11] and regions of higher than average G-C 
content [12]. This need not be limiting because it could be overcome 
by judicious selection of SNP loci from regions known to be well 
amplified. It is more problematic to overcome imbalance that results 
from differential amplification at a particular locus or region resulting 
in allelic imbalance or dropout. One study found that use of a specific 
type of WGA termed multiple displacement amplification (MDA)for 
SNP typing via the GoldenGate® assay was feasible, but warranted 
caution regarding SNP selection based on SNP distance to telomere 
and local G-C content [13]. 

In addition to the standard MDA kit protocol, two modified 
methods of the same chemistry were investigated in this study to 
determine whether either of these techniques would reduce the allelic 
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imbalance effects of WGA, and therefore produce better quality SNP 
results than the standard protocol. The first method involved splitting 
and re-pooling the WGA reaction prior to SNP testing. This approach 
is similar to that used for low copy number DNA typing, except the 
reaction is split rather than the DNA sample. We hypothesised that 
splitting the total reaction volume into multiple aliquots during 
amplification and then re-pooling product prior to SNP typing may 
balance out any amplification bias generated within each individual 
MDA reaction. The second method subjected the sample to heating 
and cooling cycling conditions. As SNP targets are relatively short 
(~120bp), the long hyperbranching amplicons generated by the Φ29 
DNA polymerase used during MDA may not be required, and may 
in fact contribute to the amplification bias. The hypothesis was that 
primers are forced off the template and back on to another random 
site in an attempt to generate multiple initiation events and create a 
more even coverage of the genome. 

This study forms an initial evaluation of an Illumina GoldenGate 
96-plex SNP assay on the Illumina BeadExpress platform for 
DNA samples, including whole genome amplified, degraded and 
environmentally challenged samples. The markers for this assay 
were chosen for their known association with normal human 
pigmentation (manuscript in preparation). The ability to predict 
external visible characteristics such as hair, eye and skin colour from a 
DNA sample could be of great assistance to law enforcement agencies 
as investigative leads. 

Materials and Methods
Bone samples

Human bone samples (tibial plateau) (n=42) were exposed to one 
of five environmental insults: 1) saltwater submersion for 6 months, 
2) freshwater submersion for 2 months, 3) burial for up to 24 months, 
4) surface exposure for up to 24 months and 5) heat exposure of low 
(~350°C), moderate (~550°C) and high (~700°C) temperatures in a 
crematorium oven for up to 30 min (Figure 1). The surface of the 
bone was removed by sanding with a rotary power tool (Dremel 

Stylus™, USA) and broken into small pieces using a sterile chisel or 
cutting disc. Bone chips were treated with a wash series consisting 
of 4 steps; 20% bleach, 2 washes of sterile water and 100% ethanol 
each incubated for 5 min (900rpm at 22°C) then dried. Bone chips 
were ground into a fine powder using a liquid nitrogen freezer mill 
(6770 SPEX, USA). The freezer mill cycle conditions consisted of a 
ten minute pre-cool, 2x one minute crush, 2x one minute cool. 

DNA extraction

DNA was extracted from whole blood (n=15) using the QIAamp® 
Blood Maxi Kit (Qiagen, Hilden, Germany), and from buccal swabs 
(n=42) using the QIAGEN EZ1 Tissue kit on the QIAGEN EZ1 robot 
as per manufacturer’s instructions.   

Bone powder (0.5-0.8g) was digested using a modified total 
demineralisation method and extracted using the QIAGEN Blood 
Maxi kit [14,15]. Powder was incubated in 10mL ATL Buffer 
(QIAGEN), 5mL 0.5M EDTA, 150µL Proteinase K (20mg/mL) and 
200µL 1M DTT at 56°C for 24 h in a shaking incubator. An additional 
5mL 0.5M EDTA was added and returned to the shaking incubator at 
56°C for a further 24 h. Subsequently, 15mL AL buffer (QIAGEN) and 
150µL Proteinase K (20mg/mL) was added and incubated at 70°C for 1 
h in a shaking incubator. Samples were centrifuged at 1000g for 5 min 
and the supernatant was mixed with 15mL 100% Ethanol and added 
to QIAGEN Blood maxi spin columns. The columns were centrifuged 
for 3 min at 2000g, washed with 10mL AW1 buffer and centrifuged 
again. The filter was washed with 10mL AW2 buffer and centrifuged 
at 2000g for 3 mins. Residual AW2 buffer was removed by further 
centrifugation at 2000g for 10 minutes. DNA was eluted by adding 
3mL AE buffer preheated to 72°C and centrifuged at 2000g for 3 mins. 
The elution process was repeated by running eluate back through the 
filter for maximal concentration. All samples were concentrated by 
centrifugation for 3 minutes at 4000g in Amicon Ultra-4 columns 
(Millipore) to a final volume of 200-400µL. Samples were further 
concentrated using a 30 min centrifugation in a Speedvac (Thermo 
scientific) at the medium heat setting (<100µL final volume).  

Figure 1: An example of bone samples, treated by each of the five environmental insults: (A) burial for 24 months,(B) surface exposure for 24 months,(C) 
freshwater submersion for 2 months, (D) heat exposure of~700°C for 20 min and (E) saltwater submersion for 6 months.
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DNA Quantification

The DNA extracts were quantified using a real-time quantitative 
PCR (qPCR) assay. This assay amplified a 63bp region of the hTERT 
locus. The primer sequences were 5’-CAGCTTCCTTCGTTGAG-
GAG-3’ (forward primer) and 5’-GAACAGCAATGACAGGCA-
GA-3’ (reverse primer) at a final concentration of 200mM. The assay 
was performed on a Rotor-Gene 6000 (Qiagen) real-time thermo-
cycler in a 25µL reaction volume using SensiMix HRM Master Mix 
(Bioline). The three-step qPCR protocol consisted of an initial 15 
minute 95°C Taq DNA polymerase activation step, followed by 40 
cycles of 15 seconds of denaturation (95°C), 10 seconds of anneal-
ing (60°C) and 10 seconds extension (72°C). HMW human genomic 
male DNA of known concentration (Promega, Madison, WI) was 
used as a qPCR quantification standard (0.0254 - 25.4ng/µL). Stan-
dard curves with good linearity (R2 values above 0.99) were accepted 
for analysis. No template controls (NTCs) were included to monitor 
contamination during PCR.   

Whole genome amplification (WGA)

DNA (n=15) was extracted from whole blood using the QIAamp® 
Blood Maxi Kit (Qiagen, Hilden, Germany), as per manufacturer’s 
instructions. DNA (10ng) was added to IllustraGenomiPhi V2 DNA 
Amplification kits (GE Healthcare, Buckinghamshire, UK) and 
processed in one of 3 ways:

1. MDA was performed according to specifications provided by 
the supplier (GE Healthcare) [16].

2. Split and pool. Reaction volume of 20µL was split into 4 aliquots 
of 5 µL each. Double volume (40µL) reaction split into 8 separate 
aliquots of 5µL each. Individual aliquots were subjected to isothermic 
amplification as per the standard kit protocol and were subsequently 
pooled together prior to SNP analysis.   

3. Cycling method. Samples were prepared as per the standard 
WGA kit protocol, but were subjected to a 30-cycle PCR-
amplification of 30°C for 10 seconds and 40°C for 5 seconds in place 
of the isothermic incubation.

Neat WGA product (1µL, in triplicate) was added to each SNP-
typing reaction.

SNP genotyping and analysis

SNP genotyping was performed using 10, 20, 50, 125 and 250ng 
genomic DNA extracted from whole blood (n=10) as well as from 
bone samples. The amount of DNA retrieved from each bone sample 
was variable (1-250ng/µL). However, for comparative purposes, the 
same volume of neat DNA extract (1µL) from each sample was added 
to the SNP reaction directly, and also to the WGA reaction prior to 
SNP-typing.

SNP genotyping was performed using the 96-plex GoldenGate® 
Genotyping Assay on the BeadExpress™ (Illumina, San Diego, USA). 
These 96 SNPs were chosen based on known association with human 
pigmentation for eye, hair and skin colour (Supplemental table 
1). However, in this study, the assay was used solely to determine 
the success rate of SNP typing from highly degraded samples. 
Oligonucleotide pool assay (OPA) multiplex primer sets were 
designed and manufactured by Illumina for 96 SNPs (Electronic 
Supplement Table 1). Of the 96 SNP regions to be amplified, 94 were 
121bp, and the other two 103bp and 93bp respectively. Each SNP 

was assigned a score (0-1.1) by the manufacturer according to how 
well it is expected to perform theoretically based on primer design 
parameters, with higher values indicating a greater likelihood of a 
successful SNP genotype assignment (Electronic Supplement Table 
1).  

Data analyses were performed using GenomeStudio™ Genotyping 
software (Illumina, San Diego, USA).  Several indices were used to 
determine the performance of each SNP, the confidence of each SNP 
call, and the assay performance as a whole. The call rate for each SNP 
indicates the proportion of samples assigned a genotype at each locus. 
The GenTrain Score (GTS) indicates how well separated and tight the 
clusters of the different genotypes are for each SNP. GenCall Score is 
a quality metric that indicates the reliability of each genotype call (0-
1). The 50% GenCall Score (p50 GC) for a particular locus represents 
the 50th rank for all GenCall scores for that locus.

SNPs were considered to be performing well if the GenTrain 
score was >0.3, the GenCall 50 was >0.4 and call rate was >90%. SNPs 
were considered to perform poorly if the call rate was 50-90%, but 
the GenTrain score was >0.3, and the GenCall 50 was >0.4.SNPs were 
excluded if the samples did not separate into well-defined clusters 
(GenTrain Score <0.3), if more than 50% samples showed <0.15 
relative fluorescence unit (RFU), or if the overall call rate for that SNP 
was less than 90%.     

Individual samples were excluded from analysis at a particular 
SNP if the RFU value was below 0.15 or the GenCall value was less 
than 0.25. Samples were considered good quality if the call rate was 
98-100%, moderate if 95-97% and acceptable if 90-94%. All samples 
with call rates >90% were included for genotyping. Samples were 
excluded from analysis of the entire assay if the call rate was below 
90%.  

A miscall was assigned if an allele dropped out, or a wrong allele 
call was made compared to the reference. The consensus approach 
involved calling a genotype when it was concordant with the 
reference and at least one other sample replicate. Sequencing was not 
performed to confirm genotyping accuracy.

Results and discussion
Sensitivity Study

Genomic DNA samples (n=10 individuals) were typed to 
determine the lower limit of accurate genotyping with the 96-plex 
GoldenGate® Genotyping Assay. Samples were run in duplicate or 
triplicate (138 data points) spread across three plates, with DNA 
amounts of 10, 20, 50, 125 and 250ng. The reliability of SNP calls 
was consistently high across all amounts of DNA as demonstrated by 

Call rate (%)
Percentage of Samples  (%)  via Method
WGA Std WGA S/P WGA Cycling

98-100 83.3 100 90
95-97 0 0 10
90-94 16.7 0 0

<90  Excluded 0 0 0
Miscalls

(% of total genotypes called) 0.3 0  
0

No. Samples 12 9 10

n= 63 (3 biological samples, 7 technical samples per treatment). 

Table 1: Comparison of three WGA protocols.
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Figure 2: An example of the difference in clustering patterns between genomic and WGA samples
The same DNA samples were SNP-typed A) before and B) after MDA. The clustering of the three possible genotypes at SNP rs913063 is a typical example of the 
more diffuse clustering when samples were whole genome amplified prior to SNP-typing.
Graphic program used:  Genome Studio (Illumina).

p50GC values (0.68-0.74), which reflect the tightness of the genotype 
clustering. The assay showed reproducible and highly accurate results 
with as little as 50ng template. The recommended input amount of 
DNA (250ng/sample) yielded the highest proportion of samples 
with 100% call rate. If samples are considered to perform well with a 
call rate threshold of >98%, then the assay was successful to a lower 
limit of 20ng. At 20ng template, >96% of all samples reached the 
SNP call rate threshold of 98%. However, with DNA amounts less 
than 50ng, genotyping miscalls were observed. At 20ng DNA the 
proportion of samples generating a 100% call rate dropped to 53.8% 
(96% of samples with a call >98% call rate) and low levels of miscalls 
were detected (0.041% of genotypes called). At 10ng, the call rate of 
samples within the 98-100% range dropped to 91.7% and a slightly 
elevated miscall rate of 0.05% of all genotype calls was observed. In 
addition, the slightly lower p50GC value (0.68 versus 0.74) shows that 
10ng input of DNA produces a wider distribution of samples within 
each genotype cluster.  

WGA 

SNP typing of WGA samples routinely produced more diffuse 
clusters at more loci than gDNA samples (Figure 2). Compared to 
gDNA samples, WGA samples displayed almost twice the rate of 
miscalls (average 0.06% vs 0.11%), and a higher number of SNPs 
which performed poorly, or were excluded (8 vs 14 SNPs). This is likely 
due to the inherent amplification bias and/or stochastic effects from 
the WGA process. Fifteen SNPs were identified as requiring further 
evaluation (Electronic Supplement Table 1). Seven SNPs (rs3212355, 
rs3212359, rs1110400, rs2228479 rs3212361, rs1805008, rs6867641) 
performed poorly or required exclusion from both genomic and 
WGA sample analyses. The remaining eight SNPs showed poor 
performance with WGA samples but accurately genotyped with 
gDNA. One of the eight SNPs (rs6152) always performed poorly with 
WGA samples. This is most likely because this SNP is located in a 
GC rich region (~70%), relatively close to the centromere (of the X 
chromosome) [17]. 

The assay design process by the manufacturer involves each SNP 
being assigned a Final_Score (0 – 1.1) with Illumina recommending 
SNPs ranked <0.4 not be included in the multiplex assay [18]. 
However, eight separate runs of the SNP-panel demonstrated that 
this predictive score is not necessarily an accurate reflection of the 
actual performance and success of each SNP (Table 1). Nine of the 
96 SNPs in the panel were assigned a Final_ Score of <0.4 (Electronic 
Supplement 1) by Illumina. Of these nine, only three were found 
to routinely fail and require exclusion from analysis, whilst five 
consistently performed well in the assay, and one has shown variable 
performance between plates. Conversely, although the majority of 
SNPs (90.6%) with Final_ Scores >0.4 performed well, it was not a 
guarantee of good performance. Within the group of seven SNPs 
which routinely performed poorly or required exclusion in this study, 
four had Final_ Scores>0.4.

Six of the seven SNPs requiring assay exclusion are located within 
the MC1R gene on Chromosome 16. This is likely due to the large 
number of SNPs located close to each other leading to problems with 
primer design. In addition, MC1R is telomeric in location, and has 
a higher (63% versus 40%) GC content than a typical human gene 
[19]. This difficulty was predicted with three of the six MCR1 SNPs 
allocated Final_Scores below the recommended threshold (0.4), and 
the relatively low scores of the other three SNPs (Final_Scores 0.4-
0.6).   

The SNP assay exhibited substantial run-to-run variability with 
respect to relative cluster positions and average RFU intensities (Figure 
3). Although this made the use of genotype cluster positions at the 
same SNP across different runs more difficult and time consuming, 
accurate genotyping was still possible. The variance is thought to 
be primarily due to differences in sample quality, but differences in 
assay chemistry, batches and OPAs over time may also contribute. A 
slight difference in general assay performance was observed between 
fresh and older (6-8 months) reagents in terms of RFU intensities and 
cluster patterns. However this was not thought to affect genotyping 
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Figure 3: The observable run-to-run variability in clustering and RFU values
Two different SNP plates (n=90 each) combined for analysis. With both SNPs A) rs1042602, and B) rs1800404 two distinct populations can be seen. The 
heterozygote cluster in A) and all three genotype clusters in B) are evidence of inter-run variability. Note the theta shift between the heterozygote samples in image 
A, and the difference in RFU values between the two sets of samples in image B.
Graphic program used:  Genome Studio (Illumina).

results. As expected, these observations were exaggerated in WGA 
sample plates due to the effects of amplification bias inherent in the 
WGA process.  

Two modifications to the recommended protocol for the 
GenomiPhi V2 DNA Amplification kit were investigated using a small 
subset of samples (n=3 with 7 technical replicates) to seek an optimal 
method for WGA prior to SNP typing. Overall the standard WGA 
protocol resulted in the poorest SNP typing results compared to split/
pool and cycling methods with the lowest call rate (83.3%) and the 
greatest percentage of miscalls (0.3%) (Table 1). Both alternate WGA 
methods resulted in 100% of samples having 95-100% call rates. 
However, it should be noted that the split and pool samples produced 
the highest proportion of samples with a perfect 100% call rate.

The slightly improved SNP-typing performance of WGA samples 
which have been split and pooled over those with the standard and 
cycling methods is most likely due to a more balanced amplification 
of the genome.  These data support previous work showing that 
pooling of MDA product from two or three separate amplifications 
significantly reduced any allele amplification bias during WGA [20]. 
The number of aliquots per sample was investigated to assess whether 
amplification bias may be reduced with an increased number of sub-
sample reactions.   

WGA performed with pristine DNA (10ng) in eight sub-sample 
reactions compared to five aliquots generated significantly better 
SNP results (Table 2). This is measured by an increased percentage of 
samples (83.3% vs 64.6%) with call rates >98%, a decreased number of 
samples requiring exclusion (3.3% vs 8.3%) and less miscalls (0.08% 
vs 0.1%). 

Bone Samples

SNP typing of highly degraded bone samples using this 
GoldenGate® assay gave poor results. Almost half of the samples 
(47.6%) required exclusion from the assay (Table 3). This poor 
performance was made significantly worse by WGA prior to SNP 

analysis with 71.4% of samples excluded. Although the split and pool 
WGA method was shown to be more successful with intact DNA 
samples in this study, an initial trial of these methods with highly 
degraded samples demonstrated that the non-pooled manufacturers 

Call rate (%) WGA Split and Pool Method
(% of samples) Genomic DNA

(% of samples)
5 aliquots 8 aliquots

98-100 64.6 83.3 81.3
95-97 18.8 10 18.8
90-94 8.3 3.3 0

<90  Excluded 8.3 3.3 0
Miscalls

(% of total genotypes 
called) 0.1 0.08 0

No. Samples 48 30 16

Table 2: Comparison of two Split and Pool methods (10ng input).

n= 90 (15 biological samplesper treatment, in duplicate)

Call rate (%) Genomic 
(% of samples)

WGA treated 
(% of samples)

98-100 30.9 11.9

95-97 16.67 11.9

90-94 4.8 4.8

< 90 Excluded 47.6 71.4

Average Call Rate 78 55.7

Median Call Rate 93.1 77.6

Miscalls
(% of total number 

genotypes)
1.6 1.5

Unable to assign a genotype
(% of total number 

genotypes)
1.2 0.7

Av p50 GC 0.56 0.44

No. Samples 42 42

Table 3: SNP-typing results from Bone samples.
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recommended protocol yielded better results (data not shown), 
and was therefore used with all of the bone samples. A substantial 
difference in the average GeneCall scores was observed between 
the genomic bone and WGA bone samples (p50 GC: 0.56, 0.44 
respectively) (Table 3). This indicates that the reliability of allele calls 
when they are made is generally low for the degraded bone samples 
and even less when those degraded samples are whole genome 
amplified prior to SNP typing. Although the MDA-based GenomiPhi 
method used in this study is one of the most commonly used WGA 
kits for forensic genetics, a more recent study has shown that other 
WGA methods such as GenomePlex perform better with degraded 
DNA (200 bp), and yield more complete SNP profiles [8].   

Variation in overall performance was observed between the 
types of environmental exposure (Figure 4). Using the call rate as the 
primary measure of success, the samples exposed to heat yielded the 
most complete SNP profiles with all three heat treatments producing 
average call rates above 98% (Figure 4a). This may be explained by 
the fact that sufficient amounts of good quality DNA were able to be 
extracted from these samples. As a result, it was possible to input the 
optimal 50-250ng template to the SNP assay. These bone samples were 
extremely charred on the outside, but the osseous tissue internally 
was well protected and therefore DNA quality was preserved within 
that tissue.

Freshwater samples decomposed much faster than saltwater 
samples showing extensive colonisation by microbes and algae. As 
a result these bones were incubated for only two months compared 
to six months for the saltwater samples. Even with a longer exposure 
period, the saltwater samples yielded higher SNP call rates than the 
freshwater samples (99.4% vs 82.2% respectively) (Figure 4b). It is 
known that saltwater slows the rate of cadaveric decomposition by 
suppressing bacterial growth [21]. These SNP data suggest that the 
saltwater environment may also preserve DNA within bone tissue.

The average genotyping success of surface samples was consistent 
for up to one year exposure (approximately 95%). However a 15% 
decrease in call rate was seen in samples with 18 and 24 months 
exposure (Figure 4c), which brings the rate below 90% and therefore 
not considered reliable for genotyping. The buried samples generated 
the poorest and the most variable SNP profiles (0-90% call rates) 
(Figure 4d).

Regardless of the mode of environmental insult, genotyping was 
universally more successful without WGA prior to SNP-typing. These 
data suggest that WGA (or the methods investigated in this work) 
of low DNA quality and quantity creates template DNA which is 
unsuitable for reliable SNP typing using the Veracode GoldenGate® 
Genotyping SNP Assay on the BeadExpress platform. However, 

Figure 4:  SNP typing success of environmentally challenged samples with and without WGA
The average SNP call rate of a) heat treated, b) freshwater and salt water, c) surface and d) buried bone samples. Each bone sample was directly SNP-typed, or 
whole genome amplified prior to SNP-typing.
Graphic program used: Graphs created in excel.
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it must be noted that the SNP panel in this study used custom 
amplicons 93bp and 103bp in length, a result of the manufacturer’s 
design process. Better results with degraded samples may be expected 
if smaller targets were included in the panel and would therefore be 
an important consideration in multiplex design for any future SNP 
panel for forensic use.

Conclusion
The custom designed 96-plex Veracode GoldenGate® Genotyping 

SNP Assay on the BeadExpress (Illumina) was evaluated for 
performance with optimal genomic samples (250ng template), 
samples of low quantity (10, 20, 50 and 125ng), whole genomic 
amplified samples, and degraded and environmentally challenged 
samples. Overall, the assay performed well with pristine genomic 
samples and sensitivity studies showed that the assay is quite tolerant 
to less DNA template than recommended by the manufacturer. The 
SNP multiplex reproducibly generated complete and accurate SNP 
profiles for genomic samples of 50, 125 and 250ng.   

Forensic and clinical samples may fall below the optimal 
concentration for direct SNP analysis. The low amounts of DNA 
for analysis may also prevent multiple testing and archiving for 
future use. One proposed solution to this problem is whole genome 
amplification as a means to produce sufficient quantities of DNA prior 
to SNP typing. However, the results of this study show that although 
the application of WGA prior to SNP typing produced reliable results 
if the template for WGA is of high quality and quantity (10ng), the 
clustering of samples at each locus is more diffuse, requiring more 
scrutiny during data analysis.  

As DNA database and forensic samples are often limited and 
in low concentrations, it is vital to input minimal DNA into each 
reaction. However, as is the case for many degraded samples, this 
option is not always possible. While forensic STR analysis can be 
conducted on sub-nanogram amounts of DNA, SNP technology 
is yet to reach that level of sensitivity. Inclusion of a WGA step is 
therefore one potential means to allow SNP analysis of nanogram or 
sub-nanogram amounts of evidentiary DNA samples. However, due 
to the superior performance of the SNP typing of non-WGA samples, 
it is considered preferable to genotype samples without WGA when 
possible.  

WGA of degraded samples prior to SNP-typing produced poor 
results. The amplification bias inherent in the WGA process is 
significantly exaggerated with samples of low quality and quantity. 
This research suggests that neither direct SNP-typing using the 
Illumina GoldenGate® assay nor MDA-based WGA prior to 
genotyping is the solution for genotyping highly degraded samples. 
Relatively large amounts (>50ng) of good quality DNA are required 
for accurate SNP analysis. However alternate WGA methods, SNP 
arrays and next generation DNA sequencing platforms may generate 
improved results. These techniques may also provide the opportunity 
to multiplex much larger sets of markers from smaller amounts of 
DNA (<20ng).

A substantial reduction in SNP typing performance was observed 
with samples of low quality and quantity. The 96-plex SNP panel 
genotyped using the GoldenGate® technology was not robust with 
sub-optimal samples such as low DNA amounts; whole genome 

amplified or degraded samples. The combination of time-consuming 
bench work, low call rates, unacceptably high miscall rates and 
complex (and often subjective) data analysis makes this platform 
unsuitable for the analysis of poor quality samples. However, in 
situations such as reference databasing, paternity testing and clinical 
diagnoses when adequate amounts of high quality DNA are available, 
the GoldenGate® technology could provide reliable SNP-typing 
platform.
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