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Abstract

Molecular characterization of genetically modified (GM) crops has traditionally been accomplished through a combination of Southern blot,
polymerase chain reaction (PCR), and Sanger sequencing analyses. This characterization generates critical information that is used in downstream
safety assessment of GM crops and development of GM detection methods. Next generation sequencing (NGS) technologies, such as whole
genome sequencing (WGS), have shown the potential to replace some or all of these techniques for molecular characterization of GM crops. This
paper describes the characterization of two GM maize events using NGS for WGS in combination with an insertion site characterization (ISC)
method. The sensitivity of the method is also compared to that of Southern blot analysis through detection of small insert fragments. Our results
demonstrate that WGS is at least as sensitive as Southern blot analysis for determining the insert copy number, presence or absence unintended
insertions, and for characterization of small fragment insertions. These results support the conclusion that WGS along with an appropriate insertion
site characterization method are a suitable alternative to Southern blot analyses for molecular characterization of GM maize.
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1. Introduction [T-DNA]), location and integrity of the insertion site in the plant

genome, the exact sequence of the inserted DNA and flanking

Detailed molecular characterization of GM crops is re- o5t DNA, and the genetic stability of the insert through multi-
quired by various regulatory agencies prior to product regis- ple generations and across the breeding pedigree.

tration. Several groups have provided data requirements for The use of NGS technologies has been shown to be a suit-

molecular characterization of GM crops including: the Euro-  apje alternative for addressing molecular characterization end-

pean Food Safety Authority [7], the Food and Agricultural Or-  5qings that have been traditionally addressed by Southern blot
ganization [8], and the Organization for Economic Cooperation analysis (reviewed in [10]). NGS technologies, including WGS,
and Development [19]. Molecular characterization provides  cap be effectively used to determine insert copy number through
critical DNA sequence information that is required for down-  getection of unique junctions between a transgenic insert and
stream safety assessment of GM crops and has typically been e adjacent genomic sequences, and can also be used to detect
performed using a combination of Southern blot, PCR, and  ypintended integrations such as transformation plasmid back-

Sanger sequencing technologies. These analyses are used to de-  pone_While multiple studies [9, 11, 31] have shown the poten-
termine and describe the following for a transgenic event: the tia] applications of WGS for molecular characterization of GM
insert copy number, presence or absence of transformation plas-  ¢rops only one study has been performed with GM maize [31]

mid backbone (DNA sequence outside of the transferred-DNA and it employed target capture instead of WGS. Maize is more
challenging compared to an inbred crop such as soybean, due
to its large complex genome, variability between genotypes,
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Figure 1: Transformation plasmid maps: a) map of pSYN12274, transformation plasmid used to
generate event 5323, b) map of pNOV 1300, transformation plasmid used to generate event MIR152.

Zastrow-Hayes et al. [31] demonstrated the ability to detect in-
serted transgene fragments as small as 35 bp with target capture
techniques, the level of sensitivity has yet to be determined for
WGS.

In this paper we characterize two GM maize events with
WGS and a newly developed ISC method in order to address
two questions: (1) Can WGS and the ISC method be used for
molecular characterization of GM maize, and (2) is the sensi-
tivity of WGS and the ISC method comparable to the sensi-
tivity of Southern blot analysis? The ISC method developed
for these analyses, while unique in some aspects (e.g. align-
ment tools), follows a design principle that has previously been
demonstrated to be effective in analyzing T-DNA inserts in GM
crops [11, 30], sequence alignment to the appropriate reference,
assembly, and realignment for analysis.

The two maize events were analyzed by WGS and the ISC
method to determine insert copy number, presence or absence
of transformation plasmid backbone DNA, location and in-
tegrity of the insertion site, and insert sequence integrity. The
results of these analyses were then compared to previous char-
acterization results generated by Southern blot or Sanger se-
quencing analysis. To compare sensitivity of the WGS and the
ISC method with the Southern blot analysis method, five small
DNA fragments containing sequences from the transformation
plasmid were synthesized and spiked into the GM maize DNA
and attempted to be detected by both methods.

Here we demonstrate the utility of WGS and the ISC
method, the ability to characterize T-DNA inserts in a complex
genome, sensitivity of the technology as compared to the tra-
ditional technologies, and ultimately its suitability as a method
for molecular characterization of GM crops.

2. Material and Methods

2.1. Plant Material

Two Agrobacterium-mediated transformation events, 5323
maize and MIR152 maize, previously characterized by Sanger
sequencing and Southern blot analyses, were used in this study.

2

Transformations were performed using the inbred JHAX maize
(5323) and a B73 maize hybrid (MIR152) and transformation
plasmids pSYN12274 (5323) and pNOV 1300 (MIR152) (Fig-
ure 1). DNA from the transformation plasmids and JHAX
maize were used as controls in Southern blot analyses, and the
transformation plasmid sequences served as references for se-
quence analysis.

2.2. Genomic DNA Preparation

Seed of events 5323 and MIR 152, and nontransgenic JHAX
maize were germinated and grown in a greenhouse for four
weeks. Leaves from ten plants from each line, confirmed to
contain the transgenic insert by real-time PCR, were harvested
on dry ice and stored at -80 °C prior to grinding and DNA iso-
lation. High molecular weight genomic DNA for library prepa-
ration and subsequent Illumina sequencing was prepared using
a modification of a method by Zhang et al. [32]. DNA for
Southern blot analysis was prepared using a modification of a
method by Murray and Thompson [18]. The DNA concentra-
tions were measured using a Quant-iT™ PicoGreen® dsDNA
kit on a Turner Biosystems TBS-380 Mini-Fluorometer.

2.3. Small Fragment Preparation

A common sequence between the pSYNI12274 and
pNOV1300 transformation plasmids was selected to represent
small unintended insert fragments in the 5323 and MIR152
maize genomes. Five DNA fragments containing partial se-
quences of varying sizes (25, 50, 100, 150, and 200 bp) from
this common sequence, the phosphomannose isomerase (PMI)
gene, were synthesized at GENEWIZ, LLC. (South Plainfield,
NIJ). Each PMI sequence was flanked by 500 bp from maize
chromosome 5 to simulate an unintended partial insertion from
the transformation plasmid, and cloned into pUCS57 plasmids.

2.4. Library Preparation

Genomic and plasmid DNA libraries were prepared using
Kapa HTP DNA Library Preparation kit (Kapa Biosystems,
Wilmington, MA). The DNA was fragmented using a Covaris
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Figure 2: Outline of the twelve libraries generated and the subsequent combination strategy for sequencing.
Three genomic DNA libraries were generated (A-C), to which PMI fragment (D-H) or positive control
libraries (I-L) were spiked. Two indexed libraries were generated for each of the plasmid vector positive
controls so that both the one copy and one-seventh copy representations could be spiked into a single
JHAX library and subsequently differentiated (3).

S2 300 watt Focused-ultrasonicator (Covaris, Inc., Woburn,
MA) with 5% Duty Factor, 200 cycles per burst, and 60 sec-
onds treatment. The sheared, double-stranded DNA fragments
were first end-repaired, A-tailed, and ligated to TruSeq index
adapters (Illumina, San Diego, CA). Then, DNA library frag-
ments were enriched by PCR according to the manufacturers
protocol (KAPA HTP Library Preparation Kit). Size selec-
tion was performed to 600 bp using the Blue Pippin Instru-
ment (Sage Science, Beverly, MA). The final library was vali-
dated using a Bioanalyzer 2100 7500 DNA chip (Agilent Tech-
nologies, Santa Clara, CA) and Nanodrop™ spectrophotometer
(Life Technologies, Austin, TX).

Twelve indexed, paired-end libraries were generated; three
maize genomic libraries (5323, MIR152, and JHAX), five plas-
mid libraries from the fragments containing the PMI sequences
(25, 50, 100, 150, and 200 bp), and four positive control plas-
mid libraries (Figure 2).

2.5. Sequencing Library Preparation

To simulate insertion of unintended small fragments, the
five PMI-containing fragment libraries were spiked into the
5323 genomic DNA library at one copy per genome equiva-
lent and into the MIR152 genomic DNA library at one-seventh
copy per genome equivalent. This was determined by weight
and calculated using the following formula [1] and based on a
maize genome size of 2.67 x 10° bp.

[ positive assay control size (bp) « ugloaded b x 1x 10° = pgfor 1 copy
genome size (bp) x ploidy o N

The plasmid pSYN12274 and pNOV1300 libraries were

spiked into the JHAX maize genomic DNA library at either
one copy or one-seventh copy per genome equivalents as de-
scribed above, and served as a positive control. A separate
negative control library was not generated for JHAX since its
genome had previously been sequenced to over 200-fold cov-
erage (JHAX v4; unpublished). Following combination, the
libraries were diluted to 10 nM and evaluated by quantitative
polymerase chain reaction (QPCR) to ensure equal flow cell
loading.

2.6. Illumina® Sequencing

Sequencing was performed using Illuminas HiSeq2000 (II-
lumina, San Diego, CA) instrument following the manufactur-
ers protocol to produce paired-end sequence reads (2 x 100 bp).
Initial quality control of the sequenced reads was performed
using the CASAVA software (Illumina, Inc., San Diego, CA).
Reads containing >20 bp of adapter sequence were discarded.

2.7. Genome Coverage Determination

Single and/or low copy eukaryotic orthologous genes
(KOGs) in the JHAX draft maize reference genome were iden-
tified using CEGMA (Core Eukaryotic Genes Mapping Ap-
proach, v2.4; [20]), and a subset was retained as single copy
based on relative coverage (BEDTools v2.25.0; [21]) (previ-
ous, unpublished analyses). Coordinates of the subset KOGs
on the JHAX v4 and B73 v5 (unpublished) draft maize refer-
ence genomes were determined (Genomic Mapping and Align-
ment Program, v2016-06-09; [29]). Conservatively, only KOGs
aligning to the references with >99% length and identity were
retained for coverage calculations.

Alignments of the three genomic sequencing libraries to
either the JHAX v4 (5323 and JHAX) or B73 v5 (MIR152)
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plasmid) to determine putative insertion sites
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Figure 3: Flowchart summarizing the ISC method.

references were used to determine single-copy gene coverage.
Reads aligning to coordinate intervals of the retained KOGs at
>25% length of the read alignments (BEDTools) with edit dis-
tance <4 were retained. The BEDTools were used to calculate
median coverage of each of the defined KOGs as well as the
overall median coverage, considered the single copy coverage
for the given reference.

2.8. Read Alignment and Assembly for Insert Site
Characterization

Inputs required for the ISC method are: paired-end se-
quencing data from the transgenic line intended for character-
ization; a high-quality reference sequence of the host genome,
or closely-related genome; and the reference sequence of the
transformation plasmid used to generate the event.

Paired-end reads for a given sequencing library were pooled
and aligned using BWA-MEM v0.7.12 [15] to a concate-
nated reference consisting of: the most closely related, well-
characterized maize reference genome, the transformation plas-
mid, and the PMI fragments’ pUCS57 plasmid backbone. The
5323 sequencing library was aligned to the JHAX v4 maize
genome, pSYN12274 transformation plasmid, and pUCS57 plas-
mid backbone; the MIR152 sequencing library was aligned to

the B73 v5 maize genome, pNOV 1300 transformation plasmid,
and pUCS57 plasmid backbone. Pooled reads were aligned to
a reference sequence containing all anticipated sources of read
data in order to minimize alignment bias and therefore reduce
bias during assembly, as well as coverage calculations. Reads
were retained from the 5323 and MIR152 sequencing libraries
aligning to the T-DNA plasmid reference at >25% length of
the read alignment, using BEDTools with an edit distance of
<4. FASTQ sequences of the retained reads and their associ-
ated paired reads were parsed from the original FASTQ files
using a custom Perl script. Paired reads were assembled using
ABySS-PE v1.3.7 [24]. Alignment rates were calculated for the
initial BWA-MEM read alignments as well as for alignments of
the filtered subsets of reads to the resultant ABySS contigs us-
ing SAMTools flagstat v1.3 [14].

Resultant ABySS contigs were aligned to their respective
transformation plasmid using BLASTN v2.2.30 [3]. If a portion
of a contig aligned to the transformation plasmid with >97%
identity, >25 bp length, and <4% mismatches, the entire contig
was retained for further analysis. Flanking regions of retained
contigs were aligned to the JHAX v5 or B73 v5 reference using
BLASTN to determine the putative insertion site(s) in the host
genome (Figure 3).
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Contigs containing junction sequences were then used to
determine insert copy number, presence/absence of transforma-
tion plasmid backbone DNA, and further characterize the puta-
tive insertion sites. Contig subsequences aligning to the trans-
formation plasmid T-DNA were also analyzed to determine in-
tegrity of the insert(s) sequence.

Portions of the contigs aligning to the transformation plas-
mid were also aligned to the host genome as a quality con-
trol step; if the contig T-DNA subsequence aligned to the host
genome equally as well or better than to the transformation
plasmid (based on identity, length and mismatch), it was con-
sidered a potential false positive.

2.9. Coverage of Putative Insertion(s)

In order to estimate coverage of the T-DNA inserts and PMI
fragments using the ISC method, the filtered reads used in the
ABySS assembly were realigned to the entire set of resultant
ABySS contigs using BWA-MEM. Primary read alignments
were used for coverage calculations. The BEDTools were used
to calculate median coverage of each of the putative T-DNA
insertions and PMI fragments. Genome equivalents were cal-
culated by dividing the estimated coverage of the putative ge-
nomic insertion by the estimated single copy coverage of the
host genome.

Coverage calculations were validated using indexed reads.
A read overlap of 25% in the T-DNA/PMI region was required
to mimic the ISC method. Coverage values were also calculated
without the 25% overlap requirement; these values were con-
sidered the actual coverage of the T-DNA/PMI region. Reads
associated with a given maize line or PMI fragment were parsed
by index and aligned to the most closely-related reference us-
ing BWA-MEM. Reads aligning to the T-DNA or PMI fragment
using BEDTools with an edit distance of <4, were retained.
The BEDTools “coverage” and “group by” modules were used
to calculate median coverage from primary read alignments of
each of the putative T-DNA insertions and PMI fragments.

2.10. Presence of Vector Backbone

The JHAX sequencing library was spiked with libraries
from plasmid pSYN12274 and plasmid pNOV 1300 as positive
controls to demonstrate that vector backbone could be detected
at the various levels of incorporation. Sequencing library reads
aligning to the pSYN12274 or pNOV 1300 vector backbone re-
gions were analyzed as potential vector backbone sequence.
Plasmids pSYN12274 and pNOV 1300 were aligned to JHAX
v5, B73 v5, and/or pUCS57 plasmid backbone using BLASTN
to identify regions of common sequence.

2.11. Southern Blot Analysis

Southern blot analyses were performed using standard
molecular biology techniques [5]. Each lane contained 7.5 ug
of maize genomic DNA that was digested with the appropri-
ate restriction enzyme(s). The pUC57 constructs containing
the five PMI fragments flanked by maize genomic sequence
were linearized by restriction digest prior to being analyzed by
Southern blot analysis. Southern blot analysis samples included

genomic DNA from the event of interest, nontransgenic maize
genomic DNA, nontransgenic maize genomic DNA individu-
ally spiked with the five PMI-containing fragments, and posi-
tive assay controls. The samples were loaded onto 1% agarose
gels and the DNA fragments were separated by electrophoresis
in 1X tris-acetate-EDTA buffer. A radioactive probe containing
PMI sequence was generated by PCR from the transformation
plasmid, and labeled with alpha-phosphorus-32-deoxycytidine
triphosphate ([@-32P]-dCTP) by random priming using the GE
Healthcare Megaprime™ DNA labeling system. Membranes
were washed and subjected to imaging with a Molecular Dy-
namics Storm™ 860 Phosphorlmager™.

3. Results and Discussion

3.1. Insert Copy Number Determination

To determine the copy number and intactness of the inserted
T-DNA using the ISC method, the number of unique junction
sequences were determined and analyzed for each event. An
insertion site in the host genome has a pair of genome-to-insert
junction sequences; one on the 5" end and one on the 3’ end
of the inserted sequence. The junctions are chimeric sequences
consisting of a maize genomic DNA and transformation plas-
mid DNA. Therefore, the BWA-MEM v0.7.12 [15] aligner was
chosen for determination of insert copy number because of its
ability to process chimeras by generating alignments for sub-
sequences of each chimeric read to each applicable reference.
This characteristic enabled parsing of reads that aligned par-
tially (=25bp) to the T-DNA plasmid that might otherwise be
missed using a global aligner. The 25-bp overlap was required
to increase the likelihood of a statistically significant alignment
in the T-DNA/PMI region and reduce false positives. Soft clip-
ping the read alignments allowed for entire read sequence to be
retained for assembly across the putative junctions.

Assembly of reads from the 5323 sequencing library re-
sulted in six putative junction-containing contigs that aligned to
the pSYN12274 transformation plasmid. An additional contig
was generated that aligned completely to the backbone region
of pSYN12274 and was retained for further analysis of poten-
tial backbone presence. The longest of the seven contigs, with a
putative length of 6376 bp, and originating from positions 74 bp
to 6449 bp on the pSYN12274 plasmid reference, represented a
full T-DNA insertion in the maize genome (Figure 4). The por-
tion of this contig aligning to pSYN12274 realigned at 99.86%
identity and the two junction sequences identified were iden-
tical to junction sequences identified previously by PCR and
Sanger sequence analyses (data not shown).

The next five contigs represented each of the five PMI-
containing fragments (25 bp to 200 bp) spiked into the sequenc-
ing library in order to determine sensitivity of detecting small
fragments with this method. Alignments of these contigs with
the PMI reference sequences can be found in Supplementary
Figure 1.

The final contig was generated from 5323 sequencing li-
brary reads aligning to the pSYN12274 transformation plasmid
backbone. The majority of these read alignments were due to
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(PMI fragment plasmid backbone). Bottom track: Assembled contigs including the MIR152 insertion (1)
and (2) and 200-bp PMI fragment (3).
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the sequence in common between pSYN12274 and the PMI
fragments’ pUCS57 plasmid backbone.

Assembly of reads from the MIR152 sequencing library re-
sulted in three putative junction contigs which aligned to the
pNOV 1300 transformation plasmid. The first two contigs (con-
tigs 1 and 2), each containing one junction, represented the
5’ and 3’ junctions of a full T-DNA insertion into the maize
genome (Figure 5). The putative length of the full MIR152
T-DNA insert is 8350 bp, with junction alignments indicating
the insert originated from positions 33 bp to 8382 bp on the
pNOV1300 transformation plasmid reference and inserted in
the reverse (3’ to 5”) orientation. The portions of the MIR152
assembled contigs containing junction sequences realigned to
pNOV1300 with >99.99% identity and the junction sequence
identified was identical to the 5" and 3’ junction sequences dis-
covered through PCR and Sanger sequence analyses (data not
shown).

The third contig contained one junction of the 200-bp PMI
fragment spiked into the MIR152 sequencing library. The PMI
fragments spiked into MIR152 were at much lower genome
equivalents than had been intended, therefore this was the only
fragment spiked into the MIR152 sequencing library that was
detected.

The number of unique junctions obtained for both 5323 and
MIR152, excluding the spiked PMI fragments, is consistent
with data previously obtained through Southern blot analysis
(data not shown). A single pair of insert-to-genome junction
sequences was obtained for both events.

3.2. Determination of Backbone Presence/Absence

The presence or absence of transformation plasmid back-
bone DNA in a transgenic event genome can be evaluated by
aligning WGS reads against the entire transformation plasmid
reference, including the backbone region. Reads aligning to the
plasmid backbone can originate from three sources: (1) back-
bone sequence that was incorporated during transformation, (2)
sequence homologous to both the plasmid backbone and the
host genome, and/or (3) bacterial contamination with sequence
homologous to the plasmid backbone sequence.

The transformation plasmids pSYN12274 and pNOV 1300
were used as positive controls to ensure method sensitivity for
detecting backbone sequence. Using the ISC method it was de-
termined that both the 5323 and MIR152 genomes were free
of backbone sequence insertions. The filtered subset of 5323
pooled sequencing library reads contained 228 reads (3.1%)
that aligned to pSYN12274 in the backbone region (Figure 4).
Likewise, 251 reads (2.8%) of the filtered subset of MIR152 se-
quencing library reads aligned to pNOV1300 in the backbone
region (Figure 5). This was expected due to the contribution
from reads originating from the PMI fragments’ pUCS57 plas-
mid backbone spiked in both sequencing libraries.

Bacterial plasmids and other sources of contamination in-
troduced in the laboratory can be a challenge due to the sensi-
tivity of NGS technologies [31, 16]. Contamination can be min-
imized by using good laboratory practices and preparing DNA
and sequencing libraries in dedicated clean room environments

[11] but it is difficult to eliminate. To determine if sequence
reads are false positives caused by contamination or endoge-
nous sequence similarity they can be assessed for level of cov-
erage relative to single copy genes, compared to the non-GM
reference sequence, and screened against known contamination
sources.

Less than 0.2% of the indexed 5323 genomic sequencing
library reads aligned to a ~1-kb region of the pSYNI12274
backbone sequence. The 1X median coverage level of these
reads was much lower than that of the expected one copy per
genome equivalent coverage level for the 5323 sequencing li-
brary (105X), which would have been expected for a true back-
bone sequence insertion. A BLASTN alignment demonstrated
that there is a simliar sequence in the JHAX v5 reference
genome on chromosome 7.

The conclusions drawn from WGS and the ISC method
(no vector backbone presence) were identical to the conclusion
drawn from previous Southern blot studies (data not shown).
Therefore, these two methods are functionally equivalent meth-
ods for determination of presence or absence of backbone se-
quence.

3.3. Chromosomal Location

Determination of the genomic DNA sequence flanking the
insertion site is necessary for identifying the chromosomal lo-
cation of the insert and for the development of event-specific
PCR detection assays necessary for commercialization of a
GM event. This analysis is typically achieved through genome
walking PCR methods [2]. Genome walking can be labor in-
tensive and often fails to characterize flanking DNA if the re-
striction enzyme sites necessary to perform the method are not
present in close proximity to the insert or if the primer target se-
quence is missing in the transformation event because of trun-
cation or rearrangement.

The genomic flanking sequence obtained during ISC allows
for the insert’s chromosomal location to be determined when
enough genomic sequence is obtained. Paired-end read data
were used for ABySS assembly in order to assemble long con-
tiguous sequences that would not have been obtained by single-
end reads. The additional flanking sequence information that
can be obtained by this method is beneficial when other meth-
ods for obtaining flanking sequence have been unsuccessful.
The flanking sequence that was identified using WGS and the
ISC method was compared to the host reference genome to
identify putative insertion sites. For 5323, genomic flanking
sequences of 423 bp at 5’ end and 508 bp at 3’ end were ob-
tained; these sequences aligned to chromosome 5 in the JHAX
v5 draft reference genome at 100% identity. The putative inser-
tion site for the 5323 full T-DNA insert was determined to be
located on JHAX v5 chromosome 5 (Figure 6a). In addition, it
was determined that 56 bp of genomic sequence was deleted at
the insertion site.

For MIR 152, genomic flanking sequences of 89 bp at 5’ end
and 279 bp at 3’ end were obtained; these sequences aligned
to chromosome 1 in the B73 v5 reference genome at 100%
identity. The 279 bp of 3’ sequence obtained was previously



Cade et al. / Journal of Regulatory Science 6(1) (2018) 1-14 8

74 6449

PSYN12274 Ref I I >
Ed ¥
ABySS. bled : }
Contig (7315 bp) I
THAX v5(Chr § el %, >
\ﬂ_l\ v A )
JHAX region flanking the Putative T-DNA Insertion JHAX region flanking the
a) insert 5° junction (423 bp) 6376 bp insert 3’ junction (508 bp)

8382 33
P .

PNOVI300 Gy i i
3

Shbp

ABySS.

Contig (7463 bp) Contig (259 bp)

81326100 1 el P ey

\ A
Y Y

b B73 region flanking the insert 3' Putative T-DNA Insertion
) junction (279 bp) 8350 bp

B73 region flanking the insert 5*
junction (39 bp)

Figure 6: a) figure illustrating the putative ~6-kb 5323 T-DNA insertion region in JHAX v5 (hashed area), flanking regions,
and orientation relative to the pSYN12274 plasmid reference and ABySS-assembled 7315-bp contig, b) figure illustrating
the putative ~8-kb MIR152 T-DNA insertion region in B73 v5 (hashed area), flanking regions, and orientation relative to

the pNOV 1300 plasmid reference and ABySS-assembled contigs. A 5-bp region in the 7463 bp contig could not be
assigned to either the pNOV 1300 or B73 v5 reference. (Note: Figures are not to scale.)

unattainable using genome-walking PCR methods. The puta-
tive insertion site for the MIR152 T-DNA insert was determined
to be on B73 v5 chromosome 1 (Figure 6b). A 5-bp region
of the contig (approximately 86X coverage) at the putative 3’
insert-to-genome junction did not align to either pNOV 1300
or B73 chromosome 1. Insertions of such “filler” DNA at the
insert-to-genome junctions are common with Agrobacterium-
mediated transformation [4, 27, 28]. In addition, it was deter-
mined that 16 bp of genomic sequence was deleted at the inser-
tion site.

The coordinates for each of the PMI putative insertion sites
were also determined, and corresponded to the region of maize
chromosome 5 from which they were designed. The amount of
flanking sequence obtained using WGS for both the 5323 and
MIR152 events and the simulated PMI insertion events is com-
parable to what can be obtained using genome walking meth-
ods.

3.4. Insert Sequence Integrity

Full event characterization, including analyzing the in-
tegrity of the insert sequence, was attempted; however, WGS
could not provide complete unambiguous sequence of the full
T-DNA inserts. One explanation for this was that both 5323 and
MIR152 inserts contain maize polyubiquitin promoters [6] and
therefore sequence reads in these regions could not be mapped
uniquely to the inserts. MIR152 contains two polyubiquitin
promoters, further adding complexity to the analysis. Because
the genome-to-insert junctions identified with ISC are unique
sequences, ISC is not negatively impacted by these repetitive
regions. It is important to note that the ABySS assemblies
aligning to the T-DNA regions are considered draft level as-
semblies, and further analysis (e.g. single-molecule long-read
sequencing, PCR and/or Sanger sequencing) would be required
to conclusively define variants such as single nucleotide poly-
morphisms and insertions/deletions.

3.5. Genomic Reference Choice
The absence of a host reference genome and presence of en-
dogenous genes in transgenic inserts can generate unintended

false-positive junctions [31]. However, in the absence of a host
reference genome, a closely-related genome can provide an ad-
equate alternative. The B73 maize reference genome used for
MIR152 alignments, though not isogenic, was also sufficient
because the transformation line analyzed was a hybrid derived
from B73 maize.

In this study the draft JHAX assembly was sufficient to
identify false-positive junctions resulting from the endogenous
maize polyubiquitin promoter (Table 1). The maize JHAX v4
reference was used for initial 5323 read alignments because
of its well-characterized polyubiquitin region in common with
pSYNI12274. In order to determine putative insertion site coor-
dinates on the more recent reference genome, flanking regions
were aligned to JHAX v5 to obtain chromosomal location.

3.6. Genome Coverage Determination

To ensure that the WGS data generated for this study were
high quality, the median coverage for each of the genomic se-
quencing libraries (5323, MIR152, and JHAX) was determined.
Maize gene copy numbers can vary greatly depending on ge-
netic background [20], therefore, CEGMA was used to obtain
a set of single-copy maize genes that could serve as represen-
tatives for assessing coverage generated against single-copy re-
gions. Multiple putative single-copy genes were used to assess
coverage to avoid potential bias that could be introduced from
using a gene thought to be single-copy but was in fact multiple-
copy. The CEGMA analysis identified 229 complete and partial
KOGs in the JHAX genome. KOGs aligning to JHAX at >99%
length and >70% identity (MUMmer v3; [12]) were retained as
putative single-copy genes based on relative coverage (previous
analyses; unpublished). Of the 37 KOGs retained, 36 aligned
to JHAX v4 and B73 v5 with >99% length and identity, and
were used to determine genome coverage. The median genome
coverage calculated using the single copy KOGs was 105X for
event 5323, 93.5X for event MIR152, and 109X for the JHAX
library.

The minimum coverage required for characterization of the
insert-to-genome junctions of the ~6-kb putative 5323 insert,
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Transformation Plasmid | Start | Stop Reference Start Stop Identity (%) | Length (bp) Description

IpSYN12274 2854 | 3850 JHAX vSichromosome 5 09409429 09408433 100.00 997 Ubiquitin region?®
IPSYN12274 3870 | 4846 JHAX vSichromosome § 99404109 99403133 100.00 977 Ubiquitin region?
IPNOV1300 200 | 2192 B73 v5|chromosome 5 84635058 84633067 09.95 1993 Ubiquitin region
PNOV1300 4798 | 6790 B73 v5|chromosome 5 84635058 84633067 99.95 1993 Ubiquitin region

Table 1: Locations of maize endogenous ubiquiton regions relative to the pSYN12274 plasmid, pNOV 1300 plasmid,
and JHAX v5, and B73 v5 host genomes.

Coverage Calculations for Coverage Calculations for
Coverage Calculations using ISC Method Validation (indexed reads, with| Validation (indexed reads,
(pooled reads) 25% overlap requirement) without overlap requirement)
Median Genome Median Genome
Median Coverage Genome Equivalent Coverage Equivalent Coverage Equivalent
5323 Sequencing Library (103X single copy coverage)
5323 T-DNA insert 107X 1 105X 1 105X 1
25 bp PMI fragment 4X 1/26 5X 1/21 11X 1/9
50 bp PMI fragment 17X 1/6 17X 1/6 18.5X 1/5
100 bp PMI fragment 22X 1/4 22X 1/4 23X 1/4
150 bp PMI fragment 9x 1/11 10X 1/10 10X 1/10
200 bp PMI fragment 25X 1/4 27X 1/3 28X 1/3
IMIR152 Sequencing Library (93.5X single copy coverage)
. 72X (5" junction)/ 3/4 (5" junction)/
MIR152 T-DNA insert o SX( (3'J|'uuct‘1m)1) ] E3, Jimc ﬁm% 97X 1 97X 1
25 bp PMI fragment Not Detected Not Detected 1X 1/93.5 2X 1/46
50 bp PMI fragment Not Detected Not Detected 3X 1/31 43 1/23
100 bp PMI fragment Not Detected Not Detected 6X 1/15 6X 1/15
150 bp PMI fragment Not Detected Not Detected 3X 1/32 3X 1/32
200 bp PMI fragment 6X (3' junction) 1/16 (3' junction) 10X 1/9 12X 1/7

Table 2: Coverage of putative insertions. Genome equivalents were calculated by dividing the estimated coverage of
the putative genomic insertion by the estimated single copy coverage of the host genome.

as well as the minimum coverage needed to generate a draft as-
sembly of the entire ~6-kb region and flanking regions were de-
termined by assembling subsets of reads. The insert-to-genome
junctions of the putative 5323 ~6-kb insert were characterized
with as little as one lane of data, with an approximate coverage
depth of 11X. Three lanes of data, generating approximately
35X coverage, were required for a draft assembly of one contig
containing the entire ~6-kb T-DNA region and flanking regions.
The establishment of a minimum depth of coverage is an im-
portant validation step for this method and will ensure adequate
coverage for molecular characterization of other GM events.

3.7. Coverage of Putative Insertion Sites

In order to estimate the depth of sequence coverage of each
insert, the filtered reads used in the ABySS assembly were re-
aligned to the entire set of resultant ABySS contigs. This cover-
age determination was then compared to the respective genomic
sequence library coverage in order to approximate genome
equivalents for each insertion. The calculated genome equiv-
alents were used to determine the sensitivity of this method.
The median coverage for the ~6-kb 5323 insert was 107X (Ta-
ble 2) which is approximately one-genome equivalent of the
calculated single-copy gene coverage for 5323 (105X). The se-
quence coverages of the PMI fragments calculated ranged from
1/4 to 1/26 per genome equivalent. These values were validated
by calculating coverage using the reads parsed by index and re-
quiring a 25% overlap in the PMI region as is required in the

ISC method. The median coverage calculated for the ~6-kb
5323 insert was 105X. The median coverage calculations for
the indexed PMI fragments spiked into the 5323 library ranged
from 1/3 to 1/21 per genome equivalent.

Median coverage was also calculated for the indexed sam-
ples in the 5323 sequencing library without the 25% read over-
lap to determine the impact of this requirement on the cover-
age calculations (Table 2). The 25% read overlap requirement
has the greatest impact on the 25 bp PMI fragment since it is
the shortest fragment, decreasing median coverage from 11X
to 5X.

The median coverage calculated for the ~7.5-kb MIR152
fragment containing the 3’ junction was 103X (Table 2) and
72X for the 259-bp fragment containing the 5" junction, which
vary from the one-genome equivalent of 93.5X calculated for
MIR152 single-copy coverage. For MIR152, two contigs were
used in the ISC method, each containing a junction sequence, as
opposed to one contig as seen with 5323. Lower read realign-
ment rates to the assembled ABySS contigs (84.85%) when
compared to 5323 (92.84%) might be due to this fragmented
assembly. One possible explanation for the fragmented assem-
bly is the repetitive nature of the MIR152 insert, which con-
tains two polyubiquitin promoter regions (Figure 1b). The col-
lapse of these two polyubiquitin regions into one assembled
contig could also account for the increased median coverage
(103X) of the contig containing the 3’ junction, as opposed to
the single-copy gene coverage of 93.5X for MIR152. Another
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genomic
flanking sequence
CMP promoter (346 bp)

ecry3. 1Ab (1962 bp)

5323 insert

Ubi promoter (1993 bp)
NOS terminator (253 bp)

genomic

Ndel flanking sequence

Ndel pmi(1176 bB) NOS terminator
(253 bp)

probe

=1.7kb

Figure 7: Map of the 5323 insert, including the location of the Southern blot analysis restriction sites
and PMlI-specific probe, and the size of the expected hybridization band.
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Nontransgenic maize (Ncol) spiked with the 25 bp PMI fragment (1 copy).
Nontransgenic maize (Ncol) spiked with the 25 bp PMI fragment (1/7% copy).
Nontransgenic maize (Ncol) spiked with the 50 bp PMI fragment (1 copy).
Nontransgenic maize (Neol) spiked with the 50 bp PMI fragment (1/72 copy).
Nontransgenic maize (Neol) spiked with the 100 bp PMI fragment (1 copy).
Nontransgenic maize (Neol) spiked with the 100 bp PMI fragment (1/7% copy).
Nontransgenic maize (Neol) spiked with the 150 bp PMI fragment (1 copy).
Nontransgenic maize (Neol) spiked with the 150 bp PMI fragment (1/7% copy).
Nontransgenic maize (Neol) spiked with the 200 bp PMI fragment (1 copy).

Nontransgenic maize (Ncol) spiked with the 200 bp PMI fragment (1/7% copy).

Nontransgenic maize (Ncol) spiked with the PMI-specific probe (1 copy).

Nontransgenic maize (Ncol) spiked with the PMI-specific probe (1/7th copy).

Nontransgenic maize DNA (Neol).

5323 genomic DNA (Ndel) (1 copy).

5323 genomic DNA (1/7%) and nontransgenic maize DNA (Ndeal).

Figure 8: Southern blot analysis performed with the PMI-specific probe to compare sensitivity of this
analysis with WGS and the ISC method.

possible explanation for the coverage discrepancy is that the
host genome for the MIR152 line is a hybrid of B73 and another
maize line, potentially affecting single-copy gene coverage cal-
culations. Only one junction of one of the five PMI fragments
(200 bp) spiked into the MIR152 sequencing library was de-
tected using the ISC method. The coverage for this fragment
was calculated as 1/16 per genome equivalent.

Median coverage calculated from indexed reads with and
without the 25% read overlap requirement for the entire ~8-kb
MIR152 insert was 97X, or approximately one-genome equiva-
lent of the 93.5X single copy coverage. Median coverage calcu-
lation for the indexed PMI fragments show the fragments were
spiked-in at very low levels (less than the attempted one-seventh
copy per genome equivalent), providing a possible explana-
tion as to why most were not detected using the ISC method.
The fragment coverages ranged from as low as 1X (1/93.5 per
genome equivalent) to 10X (1/9 per genome equivalent) (Ta-
ble 2) with the required 25% read overlap, and from 2X (1/46
per genome equivalent) to 12X (1/7 per genome equivalent)
without the requirement.

As shown from the coverage calculations using indexed
reads, the ISC method generates coverage values that closely
approximate the actual coverage of the T-DNA/PMI inserts
when the assembled contig contains both the 5" and 3’ genome-
to-insert junctions. Because the 25% read overlap requirement
decreases coverage calculations for the smallest fragments (25
to 50 bp), the indexed read coverages without the 25% overlap
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calculated in this study should be used when considering sensi-
tivity and minimum coverage requirements in future analyses.

3.8. Sensitivity Analysis

Each of the PMI-containing pUC57 plasmids used during
sequence analysis were also analyzed by Southern blot in order
to compare the sensitivity for detecting fragments of these sizes
by Southern blot versus WGS. Southern blot analysis was per-
formed using a PCR-generated probe containing sequence from
the PMI gene which is present in the inserts of both MIR152
and 5323. A map of the 5323 insert, indicating the locations
of the PMI-specific probe and restriction sites, is shown in Fig-
ure 7. The Southern blot also included lanes with several posi-
tive and negative controls. Positive controls included genomic
DNA from event 5323 which was meant to demonstrate detec-
tion of the PMI sequence in the genome of the event of interest.
The negative control was nontransgenic maize genomic DNA
which was meant to demonstrate absence of these sequences
in the nontransgenic maize genome. Finally, the positive assay
control was the PMI-specific probe to demonstrate sensitivity
of the assay.

Each PMlI-containing DNA fragment was expected to pro-
duce a 3.7- to 3.9-kb hybridization band (Figure 8). A 3.7- to
3.9-kb band was detected in lanes containing the 100-, 150-,
and 200-bp PMI-containing fragments representing one copy;
the 200-bp PMI-containing fragment was the only fragment de-
tected at one-seventh copy (Figure 8). The expected bands were
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produced from the controls included in these analyses. Diges-
tion of genomic DNA from event 5323 with Ndel resulted in
an extra hybridization band of approximately 5.7 kb, which can
be attributed to incomplete digestion, a technical difficulty of-
ten seen with the use of restriction enzymes. No bands were
produced in the lane containing the nontransgenic maize DNA
and an approximately 1.5 kb hybridization band was produced
in the lane containing the 1.5-kb PMI-specific probe, included
as the positive assay control, as expected.

The sensitivity for these analyses was determined to be at
100 bp for a one copy per genome equivalent fragment; how-
ever, it is important to note that the sensitivity of Southern blot
analyses may be influenced by GC content, length and specific
activity of the probe, length of DNA fragment being probed,
and the stringency of the washing conditions [22]. Thus, the
sensitivity of Southern blot analysis may be greater.

The PMlI-containing fragments (25 bp to 200 bp) spiked
into the 5323 sequencing library were used to determine the
sensitivity of WGS and the ISC method. All five PMI-
containing fragments spiked into the 5323 sequencing library
were correctly identified as confirmed by comparing results to
the known sequences of the corresponding plasmid (Supple-
mentary Figure 1). The 5323 assembled contigs containing
PMI fragment sequences realigned to pSYN12274 with percent
identities ranging from 99.35-100%. The smallest fragment de-
tected was 25 bp, spiked in at a coverage level of 11X (1/9 copy
per genome equivalent) based on indexed reads (Table 2). The
lowest coverage level detected was the 150-bp PMI fragment at
10X (1/10 copy per genome equivalent).

The five PMI-containing fragments (25 bp to 200 bp) were
also spiked into the MIR152 sequencing library, at low levels
ranging from 2X to 12X coverage (Table 2). Only the 200-bp
PMI-containing fragment was detected at 12X coverage, or 1/7
per genome equivalent, based on indexed reads.

Based on these results, a minimum of 11X coverage (equal
to 1/9 per genome equivalent in the 5323 sequencing library)
should be considered when trying to detect unintended inser-
tions as small as 25 bp. The WGS and the ISC method was
determined to be more sensitive than Southern blots for detec-
tion of small fragments, where the smallest fragment detected
was 100 bp at one copy and 200 bp at one-seventh copy per
genome equivalent.

4. Conclusion

In this paper we have demonstrated that WGS and the ISC
method developed here were able to characterize transgenic
events in GM maize by achieving the same molecular charac-
terization endpoints as were traditionally achieved by South-
ern blot analysis. Although preliminary insert sequence was
obtained, this method requires additional analysis (traditionally
achieved through PCR and Sanger sequencing) to fully evaluate
insert sequence integrity. While the events analyzed were rela-
tively simple (one copy, no re-arrangements) the method should
be capable of detecting multiple copies and re-arrangements
which would be present as unique junction sequences. The abil-
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ity to characterize complex insertions with WGS has also previ-
ously been demonstrated with other similar methods [9, 11, 30].

Comparison of sensitivity demonstrated that WGS was
more sensitive than Southern blot analysis for detecting small
insert fragments. With use of WGS and the ISC method, frag-
ments as small as 25 bp were detectable when a minimum cov-
erage of 11X is obtained for the fragment. Because of the sen-
sitivity of WGS, low-level library contamination can present
as false positive read alignments, particularly when the T-DNA
plasmid backbone contains microbial sequence.

NGS technologies can provide a higher-throughput alterna-
tive to Southern blot analysis and offers several advantages, in-
cluding flexibility and sequence-level detail that is less subjec-
tive than Southern blot analyses. The results of these analyses
support a conclusion that WGS and an appropriate insertion site
characterization method are a suitable alternative for the South-
ern blot analysis method traditionally used for molecular char-
acterization of GM maize
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Supplementary Figure 1: Alignment of PMI Junction Conftigs to Reference Sequence
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GGEETTTGCGC

ATGTEGTIAT ATGIGTIGIAR

GRLGRARLLAT
AGRAARALT

GCAGEETGRA
GCRGEETGRA

ARGRCRGCET
RAGRACRGCGE.

RATATGCGAC
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GAZATRAGRAR

TTTRRGCGLA
TTTRRGCGRA

CCCECGLGET
CCCGCGCGET

CCEIGGCARA
CCETGGCRARA

ACARGRTRART

TICGCCRGCC
TTCGCCRGCC

GATTTTRARL
GATTTTRRRDL

TICGTTTART
TICGTTTART

CTATTGCTGR
CTATTGCTGR

AGETAGGCRAL

CIGTATRRATT

CIGTTCGCCA
CIGTTCGCCR

GECEATTTTAR
GGECGATTTTA

CGATTCGTTIT
CEATTCGTTT

AGARCTCRRG



Junction contig 4

Junction contig 4
100bp PMI reference

Junction contig 4
100bp PMI reference

Junction contig 4
130bp PMI reference

Junction contig 4
100bp PMI reference

Junction contig 4
100bp PMI reference

Junction contig 4
130bp PMI reference

Junction contig 4
130bp PMI reference

Junction contig 4
100bp PMI reference

Junction contig 4
100bp PMI reference

Junction contig 5

Junction contig 5
50 bp PMI reference

Junction contig S
50 bp PMI reference

Junction contig 5
50 bp PMI reference

Junction contig S
50 bp PMI reference

Junction contig 6

Junction contig €
25 bp PMI reference

Junction contig €
25 bp PMI reference

Junction contig &€
25 bp PMI reference
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TCTCGICARR

CCCTGIGATG

CIGGCGATTT
CIGGCGATTT

ARCGATTICGET
ARCGATTICST

TIATGGRAARC

FATCRGTCAT

GCGCECGEGGER
FLGCECEEGER

IGTATTIATT

BRGTCATTCT

GACTTATTIIA

AACRRRGRCE

AGTAGRGTIG

TARRATCGEC

TARRRTCGGED

TTRAATTTTIGC
ITARTT....

ARRTRRAGTRAG

AGRGACLTRR

CCAGAGLCRR

TTGCCCITIT

RATATGCRAGE
RATATGCRAGE

CCTCGATRAGC
CCTICGATAG

AATCRRCLAT

ATATCCALTR CRARAGGRAL

GIZAAGRRARD BTCCCGCGECG
GIERAGRARDN BTCCCGCGCG

AECAGEETG ARCCGTGEGCR
AGCAGGETG RARCCGTGGECA

AGGATALGAT CICATATGIL

IGTACTTICTIT CTATTAGGET CTACATTTITA TCAAGGICAG

TCACCCTGCT GGECTATCGAG GGCCGATTTIT ARRATCOGCCA
TCRCCCTGCT GGECTIATCGAG GGCCGATTTIT ARRATCOGCCA

TATCRAGGATC

GTTACRATTC

ARATATTTCA

TTRACRAGACT

ALTCATTATA TTTTRATCAG TGTCAGTICRR

TAGTCATCAC ATGETCATITA GICATTIITAT

TATTIGTICAGC GATTTTARARL TCGEGCCCICG
........ GC GATTTTARRR TCGEGCCCTICG
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