Methods

A performance evaluation of the VeriFiler™
Plus PCR amplification kit for Single Cell
Forensics ________________________________

Single cell isolation
A simulated mixed forensic evidence, containing white blood cells (WBC) and sperm cells (SC) was generated delivering a drop
each of blood and seminal fluid on a plastic strip to create a two components mixed-fluids drop which was absorbed using a
FLOQSwabs™ Genetics swab (Copan Italia).
Cells from the swab were resuspended, fixed and stained according to the DEPArray™ Forensic SamplePrep kit protocol (Menarini
Silicon Biosystems). Immunofluorescently-stained cells were loaded on a DEPArray™ Cartridge to be selected and isolated with a
DEPArray™ NxT digital sorter (Menarini Silicon Biosystems) using the standard forensic protocol.
A total of 30 single WBC and 14 SC were recovered and proceeded to the next steps.
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Introduction
Mixed samples are the last unresolved challenge in the forensic genetic laboratory. Solutions to overcome the problem of mixed
profiles have been adopted or proposed both on the sample preparation side (preferential lysis for sperm-epithelial mixes, Laser
Capture Microdissection, micromanipulation) and on the data analysis side with dedicated deconvolution algorithms but still
there is not a firm solution. Furthermore, complex mixtures where two or more contributors share the same type of body fluid
(sperm-blood-epithelial) represent a problem in the problem since there is no preliminary way to distinguish phenotypically
which part of the sample comes from one contributor and which from another (1). Single Cell Forensics promises to resolve the
problem of complex mixtures allowing to obtain a collection of single cell profiles representing each, in purity, a single
contributor to the sample.

Each Cell delivery supernatant was reduced to 2 uL using the VRNxT device (Menarini Silicon Biosystems), leaving the cell ready
for the lysis step.
DEPArray™ LysePrep (Menarini Silicon Biosystems) kit mix was directly added to each tube in order to release the single cell DNA
according to the manufacturer’s protocol. After cell lysis, the VeriFiler™ Plus PCR Amplification kit master mix was simply added
to each sample in the collection tubes.

STR amplification and analysis
Three different cycling conditions (29, 30, 32) for STR amplification were performed using VeriFiler™ Plus PCR Amplification kit.
CE separation was performed for all samples on an ABI 3500 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) and
GeneMapper ID-X (v1.5) was used for data analysis.

Existing forensic STR kits however are not officially validated for DNA input below 500pg and, although most of them have the
capability to produce detectable amplicons from single cells (∼6pg), a performance evaluation is useful in order to adopt optimized
protocols when attempting single cell STR profiling.
The VeriFiler™ Plus PCR Amplification kit (Thermo Fisher Scientific, Waltham, MA USA) is a 6-dye, 25 loci STR kit including 11 miniSTRs (fig. 1) to maximize information recovery from degraded DNA samples, designed to meet challenging forensic caseworks.
Moreover, an Internal Quality Control (IQC) system enables to trouble shoot a failed experiment identifying the source among cell
loss, amplification inhibition and DNA sample degradation.

The Verifiler™ Plus PCR
Amplification kit is designed to
meet casework and databasing
needs globally on challenging
forensic samples. Features that
could favor its use with single
cells.

Results
Scope of the evaluation
In this work we aimed at evaluating different performance metrics of the Verifiler Plus kit :


Test performance in three different cycling conditions



Test performance of the kit on diploid and haploid cells



Evaluate performance of each single locus



Verify presence of preferential amplification for shorter amplicons



Find the condition providing an optimal compromise between completeness and concordance

Completeness
In single cell STR profiling, only a single template for each allele is present at the beginning of the amplification and three factors
can lead to a missed or insufficient amplification:
• Stochastic effect on primer annealing
• low amplification efficiency of the locus
• DNA degradation
When any of these factors impacts on the multiplex PCR performance, some alleles are lost (drop-out) and the full potential of
the STR profile discrimination power is eroded.

Stochastic effect and DNA degradation are not factors that can be eliminated or controlled, on forensic samples. PCR sensitivity
instead can be optimized to allow the detection of a higher number of alleles with an appropriate adjustment of cycle
number(2). Here we tested three conditions , starting from the standard 29 cycles up one and then two cycles to 30 and 32. In
theory this should produce a peak height increase of 2 and 8 fold but practically it doesn’t because the reaction is approaching
plateau and not all templates are exactly doubled.
Furthermore, adding cycles to the amplification process not only increases the number of detected real allele peaks but also
contributes to the detection of spurious peaks (drop-in) and higher than normal stutter bands. For the combination of these
reasons the optimal cycle number condition is not necessarily the one generating the highest number of detectable peaks but
the one allowing both high completeness and good concordance.
Of all the 25 loci represented in the Verifiler™ Plus amplification kit, 22 performed well and with comparable efficiency at all
cycles, while three of them (D19S433, D5S818, D10S1248) consistently were not producing detectable peaks at 29 cycles with
modest or null improvements at 30 and 32. Two of these loci are among the longest amplicons in the multiplex and this can be
the likely explanation for this reduced amplification efficiency. The third (D19S433) is a mid range amplicon and shows a big
increase in peak detection moving from 30 to 32 cycles, while, at 29 cycles, it is a complete dropout (fig 1 c) This may be
explained with suboptimal primer annealing conditions.

Fig 1 Allellic dropout (black
boxes) for 10 replicates of
single WBC at each cycling
condition. D10S1248, D5S818
and D19S433 loci show total or
very consistent lack of
amplification at 29 and 30
cycles, likely due to inherent
lower amplification efficiency
due to large amplicon size or
sub optimal annealing condition
D10S12484
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Overall, results show that by increasing PCR cycles number, allele detection rate grows (Tab 1,a) and , when we exclude the
three problematic loci (Tab 1,b), the system reaches very high levels of completeness, higher than 80% at both 30 and 32 cycles,
on both WBC and SC, in agreement with previous findings on different kits (3).

SC

Cycle number
29 cycles
30 cycles
32 cycles
29 cycles
30 cycles
32 cycles

Completeness 25 loci(a)
61,8%
73,8%
80,4%
63,0%
72,0%
77,0%

Completeness 22 loci(b)
70,2%
82,0%
86,1%
71,0%
81,0%
82,0%

Tab. 1 . Overall completeness analysis of all loci amplified in the Verifiler Plus multiplex PCR kit for replicates of single WBC and
SC. In column (a) all 25 loci of the kit were considered, in (b) three loci that consistently didn’t produce detectable amplicons in all
replicate cells at 29 cycles were excluded from the calculation of completeness.

Effect of homozygosity on completeness
Alleles that are present in homozygosity in the cell show a consistent higher level of sensitivity, in comparison with heterozygous
ones, reaching at 30 cycles almost 100% completeness. This can be considered a measure of the difference of stochastic effect
on primer annealing when two templates are present instead of 1.
WBC
29 cycles
30 cycles
32 cycles

Uniformity of Loci response to cycle number increase
The 22 loci which didn’t show systematic lack of performance, amplified each with its own slightly different efficiency and all
responded uniformly to the cycle number increase (Fig 2). In particular all loci show a high jump in allelic completeness (average
icrease 43%) moving from 29 to 30 cycles, while the relative increase adding two more cycles is more modest (average increase
14%). This indicates that adding one cycle from 29 to 30 is likely to be the optimal condition for a relevant increase in
completeness minimizing risks of introduction of drop-ins and stutters. Adding two more cycles produces a much less than
proportional increase in allele detection.
Fig.3 Comparison of the increase in
completeness across all 22 loci that show at
least 50% completeness at 29 cycles. The effect
of one additional cycle, from 29 to 30, produces
a quite uniform and high (average 43%)
increase of detected alleles across all loci, the
most and the least efficient.

Concordance
a.

WBC

Tab 2. Completeness comparison of Homozygous loci vs Heterozygous loci in the Verifiler Plus
amplification kit on single WBC.

HET loci
66%
78%
84%

HOM loci
84%
96%
94%

The appearance of drop in peaks and unconventional height of stutter bands are the most common artefacts that could impact
single cell STR profiling. We found that increasing PCR cycle number, besides raising the number of true detectable alleles, also
increases the appearance of non specific events.
At 29 cycles no detectable unspecific peaks were noticed, producing clean profiles with 100% concordance. One additional cycle
introduced a minimal number of drop in peaks ( 1%) and a few more stutter bands higher than 15% of the main peak (4.1%) .
Reaching 32 cycles, a more than proportional increase in both drop ins and stutters was observed. (tab 4)

WBC
29 cycles
30 cycles
32 cycles

concordance
100%
95%
84%

29 cycles
30 cycles
32 cycles

100%
99%
82%

Drop in
0.4%
1.0%
3.5%

stutter
0.0%
4.1%
15.7%

SC

Tab. 4 Variation in overall concordance at different PCR cycle number.
Considering this trend and combining it with the trend observed for completeness, 30 cycles seems to be the best compromise
for maximizing the number of informative alleles still maintaining a very low level of non specific peaks.

Double Cell Allele Calling
Further consideration about concordance in single cell forensics is that such rare unspecific events that could interfere with
profile match are mostly random events, hardly ever repeating at the same position in two different cells. This enables the use
of a double-cell allele calling (DCAC) strategy, consisting in validating true allele calls only when they are confirmed in at least

two cells. This approach strengthens a lot the reliability of true calls , is simple to apply and allows to reach very high levels of
both concordance and completeness with the analysis of just a few single cells.
In a statistical simulation (Fig 4) we calculated how completeness would be hit by DCAC given the real values we observed.
Considering the completeness value of WBC for the 22 alleles set, just about 5 cells from the same individual would allow to find
99.5% of alleles twice and recover the full completeness (82%) with a much higher confidence on each allele.

30 cycles 22 loci
82% completeness

Fig 4 statistical binomial analysis of the probability to identify at least
twice the same allele, given an initial probability of single allele
identification, based on completeness evidence from our tests. (k)
number of times we must see the allele (n) number of cells analysed
(p) probability for an allele peak to be found in a single cell (q)
probability for an allele not to be found in a single cell. In the last
column (at least k) we see the computation of the probability that an
allele is found at least twice given the total number of cells analysed
(n). Considering the completeness observed for 22 loci at 30 cycles
(82%), 99,5% of alleles would be detected twice and confirmed true
with just 5 cells analysed from the same individual.

Conclusions
Single cell forensics is the way to go to attempt resolution of forensic mixtures where two or more individuals contributed with
the same type of cells. Single cells can be accurately identified and isolated by DEParray™ digital sorting and amplified using
regular forensic STR amplification kits. Verifiler Plus STR amplification kit with 25 total loci multiplexed, a focus on shorter
amplicons and IPC promises to be a good solution to obtain informative profiles from very low input samples, like single cells.
In our evaluation we found that 22 out of the 25 multiplexed loci are providing maximum efficiency of amplification , allowing to
obtain an average 82% allele completeness in both haploid and diploid single cells. The observed 18% drop-out appears to be
more due to stochastic events than to either DNA degradation or inhibition.
All loci seem to benefit equally of an increase in PCR cycles. Peak height and allele calls show a strong increase for all loci when
cycles are raised from 29 to 30 (+43%) while a more contained increase is observed from 30 to 32 (+14%), probably due to
plateau effect.
Increasing cycle number also has an effect on the production of spurious peaks and higher than normal stutter bands, which
both can harness profile concordance. In this case however, the cycle increase from 29 to 30 only introduces 1% drop-ins and 4%
stutters, while additional 2 cycles almost quadruple these values, suggesting that the optimal compromise between
completeness and concordance is obtained at 30 cycles.
An alternative way to deal with drop-in peaks in Single Cell Forensics is to use the double-cell allele calling (DCAC) approach,
considering true only an allele that is confirmed in at least two cells. Simulating DCAC in the conditions observed in our
evaluation, statistically we would recover 99.5% of the single allele completeness (82%) analyzing just 5 single cells coming from
the same contributor. In this case we would recover concordance above 99%.
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Fig. 5 Example of a single WBC
profile obtained at 30 cycles

Fig. 6 Example of a single Sperm Cell
profile obtained at 30 cycles

29 cycles

30 cycles

32 cycles

Fig. 7 Example of blue peaks profiles modifications at 29, 30 and 32 cycles. The first additional cycle, from 29 to 30,
adds several true alleles that were completely missing or under detection threshold. Peaks are still well balanced and
with moderate stutter. At 32 cycles we observe a big increase in peak height but not many additional true alleles,
while there is a consistent increase of high stutter peaks.

