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Abstract

Detection and quantification of transgenes are important in analyzing genetically
modified organisms (GMOs). Quantitative polymerase chain reaction (qPCR) is
commonly utilized for such purposes. However, qPCR has certain limitations in de-
tecting and quantifying transgenes in GMOs, such as the need of certified reference
materials, a standard curve, and possible affection by inhibitors. Therefore, alterna-
tive and possibly better methods are needed. Recent advances in digital PCR tech-
nologies have promised to allow accurate quantification of nucleic acids and there-
fore provided another useful technique to analyze GMOs. Thermo Fisher Scientific™
has recently commercialized the Applied Biosystems™ QuantStudio™ 3D digital
PCR system that can be used for a wide range of applications involving nucleic acids.
It will be beneficial to the scientific community to show the applicability of this digi-
tal PCR system in detecting and quantifying transgenes in GMOs. In the present
study, the transgenes present in the Roundup® Ready Soybean (RR1, event 40-3-2)
and Roundup Ready Soybean 2 (RR2, event MON89788) developed by Monsanto
Corporation were analyzed by using this digital PCR system. The qPCR analysis re-
sults were included for comparison. Using specifically designed TaqgMan assays, as
low as 1% of the RR1 or RR2 soybean material was reliably detected and quantified
on the dPCR platform. Therefore, digital PCR is a sensitive and reliable method to
analyze the RR transgenic soybeans, and should be another useful tool for analyzing
other transgenic plants.
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1. Introduction

Nowadays, genetically modified crops are commonly grown in the United States. Ac-
cording to the recent report from the United States Department of Agriculture, geneti-
cally modified crops (mainly corn, cotton, and soybean) were planted on approximately
half of the U.S. land used for crops in the year 2013

(http://www.ers.usda.gov/media/1282246/err162.pdf). Other countries, such as China

and Brazil, are catching up fast in adopting and growing genetically modified crops due
to the benefits of engineered traits, such as herbicide tolerance and insect resistance.
However, the general public is still very concerned about the potential risks of geneti-
cally modified organisms (GMOs) to humans, animals, and the environment [1]-[6].
Strict regulations have been adopted by several countries to control GMOs, for exam-
ple, the European Union (EU). Detection and quantification of GMOs are needed to
implement such regulations. Currently, various DNA-based polymerase chain reaction
(PCR) approaches are commonly used for detecting and/or quantifying transgenes in
GMOs due to its sensitivity, for example, regular end-point PCR and real-time quantit-
ative PCR (qPCR) methods, especially the latter [5] [7]-[16]. Occasionally, other me-
thods, such as biosensors and immunoassays, are also used in analyzing GMOs [5] [7]-
[13]. Additionally, some new technologies, such as next-generation sequencing and
digital PCR (dPCR), have also been employed in analyzing GMOs, e.g., [15] [17] [18]
[19] [20] [21].

dPCR reactions are based on the following principles: a DNA template is sufficiently
diluted and subsequently partitioned into many independent small equal volume reac-
tions (in wells or droplets). And the number of template molecules in these reactions
follows a Poisson distribution. Therefore, an absolute quantification can be achieved by
comparing the positive and negative reactions [14] [22] [23] [24] [25] [26]. Thus, dPCR
possesses the following potential advantages over qPCR. dPCR can be used to accurate-
ly determine the number of nucleic acid molecules in a sample without certified refer-
ence material and a standard curve; the dilution of a template also correspondingly di-
lutes inhibitors possibly present in the template to make dPCR less sensitive to inhibi-
tors [27] [28], therefore further improving accuracy and efficiency. These properties
and advantages make dPCR an excellent tool for many applications where sensitivity or
precise quantification of nucleic acids is needed, such as identifying mutations or copy
number variations in tumor cells, detection of low copy number nucleic acid targets, or
examining gene expression at the single-cell level [26] [29] [30] [31] [32]. Such proper-
ties of digital PCR should also be useful for analyzing GMOs. A number of studies have
already been reported using digital PCR in analyzing GMOs, e.g., [17] [18] [20] [21]
[28] [30] [32] [33] [34].

Currently, several digital PCR systems are available from the following companies:
Bio-Rad Laboratories, RainDance, and Stilla Technologies [droplet-based], and Flui-
digm Corporation and Thermo Fisher Scientific™ Applied Biosystems™ (chip-based)
[25] [35] [36]. The digital PCR system released by Thermo Fisher Scientific™ Applied
Biosystems™ in June, 2013 is called QuantStudio™ 3D Digital PCR System
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(http://www.thermofisher.com/us/en/home/life-science/pcr/digital-pcr/quantstudio-3d

-digital-pcr-system.html). This system allows up to 20,000 reactions to be run in paral-

lel on a single, enclosed chip. The whole system, which includes a thermo cycler, an
automatic chip loader, and a chip reader, is compact and can be easily fitted on a lab
bench. The system is affordable (under $50,000). The system is easy to use and allows
absolute quantification of nucleic acids (as copies of a nucleic acid per pl). Because the
chip is enclosed, potential cross contamination can be avoided. Additionally, multiple
chips can be combined to achieve necessary partitions and/or quantification of a DNA

target in a sample (https://apps.thermofisher.com/quantstudio3d/). To test its useful-

ness in analyzing GMOs, the transgenic soybeans called Roundup® Ready (RR) 1 and 2
developed by the Monsanto Corporation were analyzed by using this QuantStudio™ 3D
Digital PCR System.

Many studies have been conducted on the RR1 soybean, mainly using PCR-based
methods to detect and/or quantify the transgene, e.g., [37]-[44]. Recently, detection and
quantification of RR2 using digital PCR were also reported [34]. In the present study,
the applicability of the Quant Studio™ 3D Digital PCR system in analyzing both RR1
and RR2 soybeans was examined. qPCR was also incorporated in the study as a com-
parison. In this study, the RR1 and RR2 soybean event-specific TagMan assays were de-
signed and shown that they were specific in detecting such transgenic events. As low as
1% of the RR1 or RR2 soybean material could reliably be detected and quantified by
using these assays on the dPCR platform. Furthermore, dPCR results were not affected
by DNA integrity, concentration, and purity. Overall, our work demonstrated the ap-
plication of dPCR in detecting and quantifying the RR1 and RR2 soybeans. Obviously,
dPCR should also be very useful in analyzing other GMOs, especially in the practical
implementation of the EC Regulation 1830/2003, which states that “the results of quan-
titative analysis should be expressed as the number of target DNA sequences per target

taxon specific sequences calculated in terms of haploid genomes™ [45].

2. Materials and Methods
2.1. Plant Materials

S08-6201RR1 (Roundup® Ready 1 soybean; RR1 soybean) and S10-2635RR2 (Roundup®
Ready 2 soybean; RR2 soybean) and Jake soybeans were used in the present study.
These materials were provided by Dr. J. Grover Shannon (Division of Plant Sciences,
University of Missouri, Columbia, MO 65211). Both RR1 and RR2 soybeans were de-
veloped by Monsanto through expressing the glyphosate-tolerant 5-enolpyruvylshik-
imate 3-phosphate (EPSP) synthase. This shikimate pathway enzymeis absolutely re-
quired for the survival of plants. Therefore, plants (including RR1 and RR2 soybeans)
expressing this glyphosate-tolerant EPSP are tolerant to Roundup® agricultural herbi-
cides with glyphosate as the active ingredient, but plants, such as weeds, without this
glyphosate-tolerant EPSP enzyme, are instead sensitive to these herbicides. Jake is a re-
leased soybean cultivar with the assigned plant introduction ID PI 643912, and does not
contain the transgene for resistance to glyphosate.
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2.2. DNA Extraction

Dry seeds were ground to fine powder using a coffee grinder, and then DNA was ex-
tracted from the powder using two methods: the DNeasy Plant Mini Kit (QIAGEN,
Valencia, CA, USA, Cat# 69104)
(http://www.qgiagen.com/resources/resourcedetail?id=95dec8a9-ec37-4457-8884-5dedd
8ba9448&lang=en) and the method developed by the Directorate General-Joint Re-
search Centre Institute for Health and Consumer Protection Biotechnology & GMOs
Unit

(http://gmo-crl.jrc.ec.europa.eu/summaries/A2704-12_soybean_ DNAExtr_report.pdf).

We called the latter the traditional method for simplicity and also for distinguishing it
from the Qiagen DNeasy Plant Mini Kit.

2.3. Initial Measurement of DNA Concentrations

DNA concentrations and quality were initially estimated using QuantiT dsDNA HS Kit
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) with Qubit and a Nano-
drop spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), respectively. The
concentrations from the Qubit assays were used to estimate the DNA input amount in

each PCR reaction.

2.4. TagMan Assays

TaqMan assays were modified from the original assays designed by the European
Commission (Joint Research Centre) for these transgenic events using qQPCR (Please
refer to: “Event-specific method for the quantification of soybean lines 40 - 3 - 2 and
MON89788 using real-time PCR”)
(http://gmo-crl.jrc.ec.europa.eu/summaries/40-3-2_validated_Method.pdf;
http://gmo-crl.jrc.ec.europa.eu/summaries/ MON89788_validated_Method.pdf).

The assays were designed using the bioinformatic power of the TagMan® Assay design
pipeline, which uses proprietary algorithms of Thermo Fischer Scientific

(https://www.thermofisher.com/order/custom-genomic-products/tools/gene-expressio

n/). The primer sequences used in the present work were listed in Table 1. The differ-
ences between our modified assays and those original ones were also included in Table
L.

2.5. Digital PCR Experiments

For a 20 pl reaction: add 10 pl 2x master reaction mix, 1 ul 20 x assay mix, y ul DNA,
and 9-y ul dd H,O. Mix well and span briefly. Load 14.5 yl of the PCR mixture onto a
Quant Studio™ 3D Digital PCR 20K Chip, cover the chip with immersion fluid, apply a
lid, fill the assembly with immersion fluid, and then seal the loading port according to
the manufacturer’s instructions (User guide, Quant Studio™ 3D Digital PCR System,
AppliedBiosystems, Thermo Fisher Scientific, Waltham, MA, USA). Perform the PCR
using the AppliedBiosystems™ Dual Flat Block GeneAmpR PCR System 9700 with the
following conditions: 96°C for 10 minutes; 60°C for 2 minutes and 98°C for 30 seconds,
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for 39 cycles; 60°C for 2 minutes; 10°C hold. Reading of the Digital PCR 20K Chip was
performed using the Quant Studio™ 3D Digital PCR Chip Reader. The data analysis, in-
cluding statistical analysis, was conducted using the Quant Studio™ 3D Analysis Suite™
Cloud Software

(https://apps.thermofisher.com/quantstudio3d/). The following method was used to

calculate the percentage of the RR1 or RR2 soybean material added in the non-transg-
enic soybean material: (copies/pl of the RR1 or RR2 transgene)/(copies/ul of the Lectin
gene) in the same sample.

2.6. qPCR Experiments

For comparison, DNA samples were also analyzed using the same primers and probes
on a 7900 HT Fast Real-Time PCR System (ABI Biosystems, Thermo Fisher Scientific,
Waltham, MA, USA), with the following PCR conditions: 95°C for 10 minutes; 95°C
for 15 seconds, 60°C for 1 minute, for 40 cycles. Three technical replicates were con-
ducted for each sample. The following method was used to calculate the percentage of
the RR1 or RR2 soybean material added in the non-transgenic soybean material: 24"
[%]. DeltaCT = CT value of the RR1 or RR2 transgene-CT value of the Lectin gene in

the same sample.

3. Results

3.1. Design of TagMan Assays for Detecting and Quantifying the RR1
and RR2 Transgenes

To specifically detect and quantify the RR transgenes in the RR1 and RR2 soybeans, re-
spectively, TagMan assays that target their specific transgenic events (RR1/40-3-2 and
RR2/MON 89788) were designed (Table 1). As a reference and control, the TagMan

assay was also designed for the soybean endogenous gene, Lectin (Glyma02g01260)
(Table 1), a single copy gene in the soybean genome [46].

Table 1. TagMan assays.

Name Sequence Note
40-3-2A-F TTCATTCAAAATAAGATCATACATACAGGTT  Forward primer; sameas the original primer
For Roundup Ready 40-3-2A-R GCATTIGTAGGAGCCACCTT Reverse primer; l-n.t Fnucle(?tlde] shorter than
Soybean event 40-3-2 [RR1] the original primer
40-3-2A-PFAM 6-FAM-CCTTTTCCATTTGGG-MGB/NFQ Probe; same as the original probe
MONS89788-F CCGCTCTAGCGCTTCAAT Forward primer; 1-nt shorter
than the original primer
For Roundup Ready Soybean .
Reverse primer; 2-nt shorter
event MON 89788 [RR2] MONB89788-R GAGCAGGACCTGCAGAA

than the original primer
MONS89788-PFAM 6-FAM-CTGAAGGCGGGAAAC-MGB/NFQ Probe; shorter than the original probe
Forward primer; 3-nt shorter than

Lec-F GCTTCGCCGCTTCCTTC L .
the original primer
. Lec-R AAGCCCATCTGCAAGCC Reverse prlm‘er‘; 1-nt s.horter than
For the Lectin gene the original primer

Probe [FAM]; 4-nt shorter than
the original probe
Lec-PVIC VIC-CTTCACCTTCTATGCCCCTG-MGB/NFQ Probe [VIC]; 4-nt shorter than the original probe

Lec-PFAM 6-FAM-CTTCACCTTCTATGCCCCTG-MGB/NFQ
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3.2. The Designed TaqgMan Assays Were Specific for Detecting and
Quantifying the RR1 and RR2 Soybeans Using dPCR

To test the assay specificity in detecting the event-specific RR soybeans, the designed
TaqMan assays were employed to analyze both RR1 and RR2 soybeans, together with
the conventional non-transgenic soybean control (Jake), using dPCR. For this purpose,
the intact DNA was used, which was isolated via the method developed by the Directo-
rate General-Joint Research Centre Institute for Health and Consumer Protection Bio-
technology & GMOs Unit
(http://gmo-crl.jrc.ec.europa.eu/summaries/A2704-12_soybean_ DNAExtr_report.pdf),

the so-called traditional method designated in the present study. In this first experi-
ment, the target and reference gene reactions were conducted separately. Equal
amounts (40 ng) of genomic DNA from the RR1, RR2 and Jake soybeans were used as
the template in each reaction, leading to a final concentration of 2 ng/microliter (ul) of
genomic DNA. After TagMan PCR reactions, the chips were scanned using the chip
reader, and the obtained data were analyzed using the QuantStudio™ 3D AnalysisSuite™

Cloud Software (https://apps.thermofisher.com/quantstudio3d/).

After the data analysis, the copies of the target [RR1 or RR2 transgene] or reference
gene per pl in each reaction were obtained (Table 2): 1198, 1403.3, and 1416 copies/pl
of the Lectin gene; 0.5, 1443.7, and 0.948 copies/pl of the RR1 transgene; and 0.4, 0.4,

Table 2. The TagMan assays were specific for RR soybean events using digital PCR.

Target Sample Copies/ul Confidence interval of copies/pl
Lectin Jake soybean 1198.0 1175.7 - 1220.7
RR1 Jake soybean 0.5 03-1.1
RR2 Jake soybean 0.4 0.2-0.8
Lectin RRI soybean 1403.3 1377.9 - 1429.1
RR1 RR1 soybean 1443.7 1417.0 - 1470.9
RR2 RR1 soybean 0.4 0.2-0.8
Lectin RR2 soybean 1416.0 1390.3 - 1442.2
RR1 RR2 soybean 0.9 0.6-1.5
RR2 RR2 soybean 1482.5 1455.3 - 1510.3
RR1 RR Maize 0.9 0.5-1.5
adhl RR Maize 372.5 362.1 - 383.2
RR2 RR Maize 0 NA
adhl RR Maize 419.1 408.1 - 430.3
RR1 Non-GMO Maize 1.2 0.8-1.8
adhl Non-GMO Maize 460.7 449.3 - 472.5
RR2 Non-GMO Maize 0.1 0-0.5
adhl Non-GMO Maize 469.0 457.6 - 480.6
408 o8
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and 1482.5 copies/pl of the RR2 transgene were detected in the Jake, RR1, and RR2
reactions, respectively. Because only 0.948 copies of the RR1 transgene in the RR2 soy-
bean and 0.4 copies of the RR2 transgene in the RR1 soybean, and only 0.5 copies of the
RR1 transgene and 0.4 copies of the RR2 transgene in the non-transgenic Jake soybean
were detected, the assays designed for the RR1 and RR2 soybeans are thus very specific
for each of the two transgenic events.

Notably, the copies of a RR transgene per ul was very close to those of the reference
Lectin gene in the same RR soybean sample: There were 1443.7 copies of the RR1
transgene and 1403.3 copies of the reference Lectin gene in each ul of the RR1 PCR
reaction, and 1482.5 copies of the RR2 transgene and 1416 copies of the reference Lec-
tin gene in each pl of the RR2 PCR reaction. No RR transgene was detected in the non-
transgenic Jake soybean. Therefore, both TagMan assays worked very well for detecting
and quantifying the RR transgenes in the RR soybeans on the dPCR platform.

The DNA concentration in the reaction mix as well as in the original DNA stock can
easily be calculated using these data. Because the soybean genome (haploid) size is 1.1
Gbp (1.1 x 10° bp), the soybean genome mass is estimated at 1.21 x 107 g or 1.21
pg/genome, using the formula: m = (n) (1.096 x 107" g/bp), where m is the genome
mass in grams, and 1 is the genome size [haploid] in base pairs. Because the Lectin gene
is only one copy in the soybean haploid genome, the measured copies of the Lectin gene
in each reaction should represent the copies of the soybean genome. Therefore, there
were 1198, 1403.3, and 1416 copies of the soybean genome/ul in the Jake, RR1, and RR2
reactions, respectively, and the DNA concentrations should be 1.21 x 1198 = 1449.6
pg/ul (or 1.45 ng/pl), 1.21 x 1403.3 = 1698 pg/pl (or 1.70 ng/ul), 1.21 x 1416 = 1713.4
pg/pl (or 1.71 ng/ul), respectively. Initially, 40 ng of DNA was input in each of these 20
ul reactions based on the measurements using Qubit™ assays, leading to 2 ng/pl DNA in
these reactions. Therefore, Qubit™ assays over-estimated these DNA concentrations by
18% - 33%. However, we noticed that comparable Lectin copies were observed in dif-
ferent samples, suggesting that Qubit assays provided comparable estimations of DNA
concentrations in different samples, although such concentrations were over-estimated.
The DNA concentrations can also be calculated using the copy numbers of the RR
transgenes, and they should be very similar to those calculated using the copy numbers
of the Lectin gene.

To further test the specificity of the assays designed for the RR1 and RR2 soybeans,
these assays were also used to analyze the RR maize. In this experiment, 60 ng of the RR
maize DNA (based on the concentration measured using a Nanodrop spectrometer)
was input in each reaction. After the data analysis, only 0.85 copies/ul of the RR1
transgene and 0 copies/pl of the RR2 transgene were detected in the RR maize sample
using 40-3-2A (for the RR1 soybean) assay and MON89788 (for the RR2 soybean) as-
say, respectively. As expected, only 1.1 copies/pl of the RR1 transgene and 0.1 copies/ pl
of the RR2 transgene were detected in the non-transgenic maize DNA sample using
40-3-2A (for the RR1 soybean) assay and MON89788 (for the RR2 soybean] assay, re-

spectively. Meanwhile, the maize adhl (alcohol dehydrogenase 1) reference assay de-
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tected 372.5 to 469.7 copies of this reference gene, adhl, or the genome per pl in these
reactions (Table 2). Therefore, the assays designed for the RR1 and RR2 soybeans are
indeed specific, and can be used to detect whether the RR transgene comes from the RR
soybeans in a mixed transgenic sample.

Overall, the designed TagMan assays were excellent for detecting the RR soybean
specific transgenic events and measuring DNA concentrations in these samples using
the dPCR platform.

3.3. Sheared Genomic DNA Had No Effect on Detecting and Quantifying
the RR Transgenes Using dPCR

To test whether sheared genomic DNA affects the accurate detection and quantification
of the transgene and copies of the genome, and whether the results can be repeated us-
ing different DNA formats and concentrations, genomic DNA was extracted using the
Qiagen DNeasy Plant Mini Kit

(http://www.qgiagen.com/resources/resourcedetail?id=95dec8a9-ec37-4457-8884-5dedd
8ba9448&lang=en). It took much less time to extract DNA using this kit than the leng-

thy traditional method used for isolating the intact genomic DNA as described afore.
This kit is supposed to generate sheared and pure DNA predominating with fragments
of 20 - 25 kb
(http://gmo-crl.jrc.ec.europa.eu/summaries/A2704-12_soybean_ DNAExtr_report.pdf).

In this experiment, 20 ng, instead of 40 ng, of sheared genomic DNA was input in each
20 pl reaction, leading to 1 ng/ul of DNA in the reaction mix. The duplex assays were
conducted in the same PCR reaction to detect both target and reference genes. In this
case, the target probe [for RR1 or RR2] was labeled with 6-FAM, and the reference Lec-
tin gene probe was labeled with VIC.

Data analysis has revealed that 644.3 - 754.3, 603, and 555.5 copies/ul of the Lectin
gene were present in the Jake, RR1, and RR2 reactions, respectively. Notably, these
numbers were roughly half of those revealed in the first experiment, in which twice the
amount of intact genomic DNA [40 ng] was input in each reaction. For the RR targets,
0.7 copies of the RR1 transgene/ul and 0.8 copies of RR2 transgene/pl were detected in
Jake, 625.9 copies of RR1 transgene/pl were detected in the RR1 reaction, and 688.6
copies of RR2/ul were detected in the RR2 reaction (Table 3). Once again, similar copy

Table 3. Sheared genomic DNA produced results similar to those from intact genomic DNA us-
ing digital PCR.

Target Sample Copies/ul Confidence interval of copies/pl
RR1 Jake soybean 0.7 0.4-1.2
Lectin Jake soybean 754.4 738.0 - 771.1
RR2 Jake soybean 0.8 05-14
Lectin Jake soybean 644.3 630.2 - 658.8
RR1 RR1 soybean 625.9 612.0 - 640.0
Lectin RR1 soybean 603.0 589.5 - 616.8
RR2 RR2 soybean 688.7 673.8 - 703.8
Lectin RR2 soybean 555.5 542.6 - 568.7
410 0:%: Scientific Research Publishing
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numbers were detected for both the Lectin gene and RR transgene in the same RR sam-
ple. There were 625.9 copies of the RR1 transgene and 603 copies of the Lectin gene in
each pl of the RR1 PCR reaction, and 688.6 copies of the RR2 transgene and 555.5 cop-
ies of the Lectin gene in each pl of the RR2 PCR reaction. No RR transgene was de-
tected in the non-transgenic Jake soybean. These numbers were also roughly half of
those revealed in the first experiment. Additionally, the duplex assays in this experi-
ment produced results similar to those obtained with the simplex assays in the first ex-
periment. Therefore, the Qiagen DNeasy Plant Mini Kit can be used to isolate DNA for
digital PCR, even though sheared DNA is generated. Overall, the above two experi-
ments demonstrated that dPCR was not affected by DNA integrity, concentration and

purity, and whether simplex or duplex assays were used.

3.4. dPCR Was Accurate and Sensitive in Detecting and Quantifying the
RR1 and RR2 Soybeans

To test the accuracy and sensitivity of digital PCR in detecting and quantifying the RR
transgenes in a soybean mixture, the RR soybean fine powder was spiked in the non-
transgenic Jake powder at 100%, 10%, 1%, 0.1%, and 0% (Weight/Weight), and then
DNA was isolated using the Qiagen DNeasy Plant Mini Kit. The isolated DNA (20 ng
each) was assayed using dPCR. After data analysis, 603, 618.6, 637.8, 571.5, and 754.4
copies of the Lectin gene/ul were detected in each of the RR1 dilution series, indicating
the input of comparable amounts of DNA in each of the PCR reactions. Similar num-
bers of the Lectin gene copies/pl, 555.5, 548, 673.4, 598.3, and 644.3, were also detected
in each of the RR2 dilution series. Impressively, 625.9, 61.1, 5.1, 0.9, and 0.7 copies of
the RR1 transgene/pl were detected respectively in the 100%, 10%, 1%, 0.1%, and 0% of
the RR1 soybean samples, very similar to the expected dilutions; and 688.7, 83.1, 4.1,
1.3, and 0.8 copies of the RR2 transgene/pl were respectively detected in the 100%, 10%,
1%, 0.1%, and 0% of the RR2 soybean samples, also very similar to the expected dilu-
tions (Table 4). Furthermore, the RR materials could easily be detected and quantified
in these mixed samples.

To compare the accuracy and sensitivity of dPCR and qPCR in measuring RR trans-
genes, the above DNA samples were also tested using qPCR. As shown in Figure 1,
dPCR appeared to perform slightly better than qPCR in quantifying high levels of the
RR1 DNA, while qPCR appeared to perform slightly better than dPCR in quantifying
high levels of the RR2 DNA. But both appeared to be equally good at quantifying low
levels of the RR1 and RR2 transgenes.

Therefore, dPCR showed good accuracy in measuring DNA in a series of diluted
samples and sensitivity in quantifying as low as 1% of the RR transgenic materials in a

sample, comparable to that provided by qPCR.

4. Discussion
4.1. Assay Specificity

In the present study, the previous TagMan assays designed for analyzing the RR1 and
RR2 soybean events, 40-3-2 and MON89788, respectively, using qPCR, were modified
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Table 4. Digital PCR was accurate and sensitive in detecting RR soybeans.

Target Sample [RR soybean mixed with Jake soybean] Copies/ul Confidence interval of copies/pl
RR1 100% RR1 + 0% Jake 625.9 612.0 - 640.0
Lectin 100% RR1 + 0% Jake 603.0 589.5 - 616.8
RR1 10% RR1 + 90% Jake 61.1 57.3-65.1
Lectin 10% RR1 + 90% Jake 618.6 604.7 - 632.8
RR1 1% RR1 + 99% Jake 5.1 4.1-6.3
Lectin 1% RR1 + 99% Jake 637.8 623.9 - 652.0
RR1 0.1% RR1 + 99.9% Jake 0.9 0.5-1.4
Lectin 0.1% RRI1 + 99.9% Jake 571.5 558.5 - 584.8
RR1 0% RR1 + 100% Jake 0.7 0.4-1.2
Lectin 0% RR1 + 100% Jake 754.4 738.0 - 771.0
RR2 100% RR2 + 0% Jake 688.7 673.8 - 703.8
Lectin 100% RR2 + 0% Jake 555.5 542.6 - 568.7
RR2 10% RR2 + 90% Jake 83.1 78.7 - 87.8
Lectin 10% RR2 + 90% Jake 548.0 535.3 - 560.9
RR2 1% RR2 + 99% Jake 4.6 3.6-57
Lectin 1% RR2 + 99% Jake 673.4 658.7 - 688.4
RR2 0.1% RR2 + 99.9% Jake 1.3 0.8-2.0
Lectin 0.1% RR2 + 99.9% Jake 598.3 584.3 - 612.6
RR2 0% RR2 + 100% Jake 0.8 0.5-1.4
Lectin 0% RR2 + 100% Jake 644.3 630.2 - 658.8
120 140
§ 100 1 g 120 -
g & g 100 3\\
= o
¥ 8 o \\ ——qPCR zg —+—gPCR
o B o 8 60
3 40 =adPeR -3 —=—dPCR
< —a— Expected < 40 —a—Expected
§ 20 E 20
0 —7—\\f—&—-—-—-— 0 ' \——r —a !
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Figure 1. Comparison of quantitative PCR and digital PCR in quantifying roundup ready soybeans. X-axis: Percentage of roundup ready
soybeans [RR1 or RR2 added in a mixed sample; Y-axis: Percentage of roundup ready soybean RR1 or RR2 transgenic material detected in
a mixed sample. (a) roundup ready soybean RR1; (b) roundup ready soybean RR2.
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and shown to work very well in both dPCR and qPCR reactions in detecting and quan-
tifying their own target sequences. No cross reactions were found between each other
and with any other soybean or maize DNA sequence. Therefore, these assays can be
used by others in detecting and quantifying the RR1 and RR2 soybean materials in
GMOs.

4.2. Accuracy and Sensitivity of dPCR

In the present work, dPCR was shown to be capable of detecting and measuring DNA
copy numbers consistently under various conditions: different DNA formats [intact vs.
sheared, isolated using different methods], different input amounts, different purities,
and simplex vs. duplex assays. Furthermore, dPCR can easily and confidently measure

1% of the RR soybean material in a mixed sample.

4.3. Digital PCR vs. qPCR

In the present work, dPCR and qPCR provided comparable results in analyzing the RR
soybeans by using the TagMan assays in terms of accuracy and sensitivity. However,
dPCR is a simple, straightforward method for the absolute quantitation of DNA.
Therefore, dPCR should be another good approach to be considered when it comes to
analyzing GMOs. It is a particularly useful tool for the practical implementation of EC
Regulation 1830/2003, which states that “the results of quantitative analysis should be
expressed as the number of target DNA sequences per target taxon specific sequences

calculated in terms of haploid genomes” [45].

4.4. Effect of Intact and Sheared Genomic DNA on DNA Quantification
Using dPCR

In the present work, the effect of DNA samples extracted from the RR soybean seeds
using two different methods was examined: the traditional, lengthy method that was
supposed to produce intact genomic DNA, and the column-based Qiagen DNeasy Plant
Mini Kit that was supposed to produce sheared DNA ranging from 20-40 Kb. Addi-
tionally, the latter method is supposed to yield DNA with less contaminants. Notably,
DNA samples from these two methods have generated very comparable results, indi-
cating that dPCR was less sensitive to DNA integrity and purity in contrast to qPCR,
which tended to be affected by such factors [47] [48].

4.5. DNA Concentration Measurements

In the present work, both Qubit assays and Nanodrop spectrometer was shown to sig-
nificantly over-estimate all DNA samples used in the study, especially the Nanodrop
spectrometer: a DNA sample can be over-estimated by over 10 times by a Nanodrop
spectrometer and 30% by the Qubit assay. One possible cause for such over-estimation
was likely from contaminants in DNA samples. Overall, Qubit assays appeared to be a
good, dependable assay in the initial estimation of DNA concentrations for dPCR expe-

riments.
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