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Abstract Heterodera glycines, the soybean cyst nema-
tode (SCN), is a damaging agricultural pest that could be
eVectively managed if critical phenotypes, such as viru-
lence and host range could be understood. While SCN is
amenable to genetic analysis, lack of DNA sequence data
prevents the use of such methods to study this pathogen.
Fortunately, new methods of DNA sequencing that pro-
duced large amounts of data and permit whole genome
comparative analyses have become available. In this study,
400 million bases of genomic DNA sequence were col-
lected from two inbred biotypes of SCN using 454 micro-
bead DNA sequencing. Comparisons to a BAC, sequenced
by Sanger sequencing, showed that the micro-bead
sequences could identify low and high copy number
regions within the BAC. Potential single nucleotide poly-
morphisms (SNPs) between the two SCN biotypes were
identiWed by comparing the two sets of sequences. Selected
resequencing revealed that up to 84% of the SNPs were
correct. We conclude that the quality of the micro-bead
sequence data was suYcient for de novo SNP identiWcation
and should be applicable to organisms with similar genome
sizes and complexities. The SNPs identiWed will be an
important starting point in associating phenotypes with
speciWc regions of the SCN genome.

Keywords SNP · Indel · Heterodera glycines · DNA · 
Polymorphism · Genetic

Introduction

In humans and model experimental organisms such as C.
elegans and Drosophila, genetic approaches to studying
interesting phenotypes have been very productive because
large communities of researchers were able to catalogue
DNA sequence variations and map-base clone genes
involved in important traits (International HapMap Consor-
tium 2005). Such complex and expensive projects have not
been an option for non-model organisms like the agricultural
pest Heterodera glycines, the soybean cyst nematode (SCN),
because of the expense involved in comparative genome
analysis. SCN is amenable to genetic analysis of important
traits such as virulence (Dong and Opperman 1997) host
range and aggressiveness (Schmitt 2004). Recently an initial
genetic map was generated for SCN (Atibalentja et al. 2005)
and a close relative, the potato cyst nematode (Rouppe van
der Voort 1999). SCN virulence is the ability of a nematode
to grow on a resistant plant, the main method of SCN con-
trol. If SCN virulence could be understood at the molecular
genetic level, then the nematode might be managed. The
lack of DNA sequence data for SCN and other important,
non-model organisms prevent the application of molecular
genetic approaches to studying these organisms.

However, the recent development and commercialization of
new massively parallel genome sequencing platforms prom-
ises to generate vastly more DNA sequence data at a cost that
is much lower than conventional dideoxy sequencing (Mardis
2006). Such sequence data can be used to conduct polymor-
phism discovery at a whole genome scale for a fraction of the
cost of conventional discovery methods. One DNA sequencing
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platform, developed by 454 Life Sciences Corporation, uses
solid-phase libraries bound to micro-beads to routinely
produce 20 Mbp of sequence in a 4-h sequencing run (Margu-
lies et al. 2005). This new sequencer has been used to
sequence bacterial genomes (Goldberg et al. 2006), cDNAs
(Ng et al. 2006), small RNAs (Girard et al. 2006), PCR prod-
ucts for whole genome surveys (Thomas et al. 2006) and for
sequencing ancient DNA (Green et al. 2006; Poinar et al.
2006). In addition, the large sequence depth that can be
obtained with micro-bead sequencing has made it possible to
conduct a number of new metagenomic projects (Angly et al.
2006; Edwards et al. 2006; Krause et al. 2006; Leininger et al.
2006; Sogin et al. 2006; Turnbaugh et al. 2006). To date, a few
publications have used this micro-bead sequencing platform
for large-scale single nucleotide polymorphism (SNP) or
structural variation discovery in animals (Korbel et al. 2007;
Malhi et al. 2007) and for mutation discovery in cancer cells
(Thomas et al. 2006); however, these approaches have relied
upon a completed reference genomes for sequence comparison.

In this paper we describe the use of 454 micro-bead
sequence data for the identiWcation of de novo sequence
polymorphisms from two inbred SCN biotypes using the
massively parallel micro-bead sequencing method devel-
oped by 454 Life Sciences Corporation. We evaluate the
micro-bead sequence quality by comparing the sequences
to a SCN bacterial artiWcial chromosome (BAC) clone and
then extrapolate the analysis to the whole SCN genome.
This is the Wrst report of signiWcant numbers of SNPs dis-
covered in a plant parasitic nematode and the Wrst use of
micro-bead sequences to discover SNPs in the absence of a
reference genome. Our experiments suggest that the micro-
bead sequence data was of suYcient quality to predict SCN
gene copy number and to identify sequence polymorphisms
via a reference sequence or randomly in the SCN genome.

Results

454-Based genome sequencing

The 454 micro-bead sequencing method uses pyrosequenc-
ing combined with a picoliter plate to perform hundreds of

thousands of sequencing reactions at once (Margulies et al.
2005). We collected sequence data from the genomes of
two SCN biotypes. Both nematode biotypes were inbred by
repeated sib-mating for 50+ generations and diVer from
each other by virulence, where the TN20 biotype is highly
virulent and the TN10 biotype is avirulent. For SCN inbred
TN20, the micro-bead sequence data collected totaled
327,784,600 bp of genomic sequence (average size
116 bp), while 73,755,873 bp of sequence was collected
from inbred SCN TN10 (average size 111 bp). By counting
the bases in the TN10 data set, it was estimated that the
SCN genome has a 36% GC content.

Sequencing of a SCN BAC clone

To have a reference DNA, we sequenced a section of the
SCN genome contained in a BAC derived from inbred SCN
TN20. A single BAC, L19-1, that contained a single copy
of a gene homologous to Hgcm-1, a chorismate mutase
thought to play a role in nematode parasitism (Bekal et al.
2003), was isolated and sequenced using a shotgun
sequencing strategy and conventional dideoxy sequencing
chemistry to approximately a Wvefold redundancy. The
insert of L19-1 was 147,261 bp in length. Using a C. ele-
gans gene model in the gene prediction program Twin Scan
(Korf et al. 2001; Wei et al. 2005), we predicted that L19-1
contained 41 genes, seven of which had signiWcant protein
homology to known nematode genes in GenBank upon
conducting a BLASTP search (Table 1). Of the predicted
genes, six had homology to C. elegans sequences and one
to a SCN gene Hg-cm-1. A more detailed analysis of the
L19-1 sequence will be publishes elsewhere, but the homol-
ogy of L19-1 to known nematode genes suggests the BAC
is of H. glycines origin.

Estimation of sequence copy number in a SCN BAC using 
micro-bead DNA reads

The L19-1 sequence was compared to databases of TN20
and TN10 micro-bead sequences via BLASTN. The micro-
bead sequences that matched were retrieved from the data-
base and aligned to the L19-1 reference sequence. After

Table 1 Predicted ORF on 
BAC L19-1 (E < 10¡5)

ORF region (bp) Organism Accession number Homology

27,008–29,628 C. elegans CAE70715 Putative recombinase

32,710–33,579 H. glycines AAY42590 Chorismate mutase

65,526–67,135 C. elegans CAB05631 RNA binding protein

72,173–79,293 C. elegans AAB92078 Gut on the exterior protein

100,530–101,309 C. elegans CAE75456 Unknown function

101,797–104,885 C. elegans AAC48257 Proliferating cell nuclear antigen

133,328–133,498 C. elegans NP_509518 Unknown function
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assembling the TN20 sequences onto L19-1, 3,185 micro-
bead sequences were found to matched the L19-1 sequence
at a level of 95% sequence identity or higher. Of the 3,185
TN20 micro-bead sequences that matched, we observed
75% coverage of the L19-1 sequence with TN20 micro-
bead reads. By adding the TN10 sequences to the align-
ment, the coverage of the BAC with micro-bead sequences
increased to 88%.

Overall, the depth of the TN20 micro-bead sequence
coverage on L19-1 was not even, with micro-bead
sequences often clustered in certain regions of L19-1
(Fig. 1). We interpreted this increased depth of coverage
as areas in the genome that are composed of repetitive
DNA. To map these repetitive sequences in L19-1, the
BAC sequence was sequentially fragmented in silico into
100 bp fragments. The 1,500 fragments were then com-
pared to 660,549 micro-bead sequences from both SCN
biotypes using BLASTN. The number of signiWcant hits
per 100-bp fragment was plotted for both biotypes, and the
resulting graphs are shown in Fig. 1. Most of the 100 bp
BAC sections had a low copy number, however; some
sequences had over 100 signiWcant matches. Interestingly,
the pattern of micro-bead matches was nearly identical
between the two SCN biotypes, except for a few minor
diVerences in predicted copy number at 78,100 and
91,100 bp, suggesting the reproducibility of the sequence
data is good (Fig. 1). For DNA sequence polymorphisms
discovery, we were interested in the low copy regions of
the SCN genome since such sequences have a greater
potential for use as molecular markers than high copy
regions.

DNA sequence polymorphisms discovery in a SCN BAC

Upon comparing the low copy sequences from TN20 and
TN10 to L19-1, insertion–deletion mutations (indels) and
SNPs were observed. To authenticate polymorphisms, we
resequenced regions of L19-1 containing micro-bead
sequences containing putative SNP and indel mutations. We
chose regions of L19-1 that had one or a few micro-bead
matches for resequencing. To conWrm the polymorphisms we
designed PCR primers Xanking a micro-bead sequence con-
taining the putative SNPs/indels. The primers were used to
PCR amplify the target regions from SCN genomic DNA
from both biotypes. The PCR products were sequenced using
conventional dideoxy sequencing. When the micro-bead
sequences and the resequenced amplicons from SCN TN10
and TN20 were aligned to the L19-1 sequence, each TN10/
L19-1 polymorphism could be assessed for accuracy. Out of
278 potential sequence polymorphisms assessed, 206 con-
sisted of single base pair insertions or deletions. About half
the indels were part of a homopolymer sequence. Regardless
of sequence context, only 3% of these indels proved to be
correct upon resequencing (Table 2). Seventy-two putative
SNPs were resequenced, upon examination of the resequence
data, 65% of the SNPs were conWrmed to be correctly pre-
dicted by the micro-bead sequence. However, as the data
analysis was being conducted, it was noticed that the incor-
rect SNPs often occurred at the end of a micro-bead read or
associated with nearby indel mutations. This suggested that
low micro-bead sequence quality might have adversely
aVected SNP calling accuracy. To remedy this situation, the
SNPs were re-assessed using a criterion that did not allow the

Fig. 1 SCN micro-bead DNA 
sequences from TN20 (top 
panel) and TN10 (bottom panel) 
aligned to the SCN BAC L19–1. 
The arrows indicate repetitive 
sequences in L19-1 that diVer 
between the two biotypes
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SNP to be within 5 bp of the 3� end of the micro-bead
sequence and could not have another sequence diVerence
with in 10 bp on either side of the SNP. Upon applying this
criterion, 84% of the SNPs were authenticated.

SNP discovery between two SCN biotypes directly 
from 454 sequence data

Since the SNP discovery rate on the L19-1 sequence was
acceptable, we were interested in extrapolating our approach
to random SNPs in the entire SCN genome. To do this, we
compared all TN20 micro-bead sequences to each other
using BLASTN. 193,623 TN20 micro-bead sequences that
were low copy (less than ten signiWcant matches) were
retained and were then compared to all TN10 micro-bead
sequences, also via BLASTN. This comparison resulted in
51,999 low-copy of TN20/TN10 matches containing
sequence polymorphisms. These matching sequences were
extracted and 9,748 sequences with putative single SNPs
were retained, the remaining sequences contained just indel
mutations and were discarded. PCR primers were designed
Xanking 1,536 putative SNPs, which were use to PCR
amplify the selected region form genomic DNA from SCN
TN10 and TN20. The resulting amplicons were sequenced
using conventional dideoxy sequencing. Of the 3,072 ampli-
cons sequenced, 1,108 amplicons yielded informative
sequences for both genotypes, providing us information for
SNP conWrmation. Comparison of TN10 and TN20
sequences for each SNP showed that 64% of the putative
SNPs (715 SNPs) had been predicted correctly from the
micro-bead sequences. Of those, 239 were homozygous
SNPs between TN20 and TN10 (Table 2), where 13% of the
SNPs were A to C, 28% were A to G, 11% were A to T, 5%
were C to G, 30% were C to T, and 12% were G to T.

Discussion

Genetic analysis requires signiWcant genomic and/or cDNA
sequence data to discover useful polymorphisms between

genomes (Picoult-Newberg et al. 1999; Taillon-Miller et al.
1998). Typically, sequence data is collected from a refer-
ence genome and then cDNAs or sequence tagged sites
(STS) are used to discover sequence diVerences (Choi et al.
2007; Hudson et al. 1995). To discover useful genetic vari-
ation one needs to avoid high copy number sequences and
acquire accurate sequence data. The SNP frequency in the
genome and whether the genome has extra complications
such as polyploidy, are also important factors for estimat-
ing the degree of diYculty in a particular genetic analysis
(Choi et al. 2007). The introduction of new massively par-
allel DNA sequencing technologies (ShaVer 2007) prom-
ises to allow non-model experimental organisms to be
studied using comparative genomics approaches by provid-
ing large amounts of DNA sequence at a low cost. In this
project we evaluated the micro-bead sequence to ascertain
how well this type of sequence data allows SNP discovery
in SCN. We were concerned about two issues that might
have hindered SNP discovery in SCN; namely, we wanted
to avoid SNPs in gene families or highly repetitive
sequences and we were concerned about low DNA
sequence quality that may provide many false SNP predic-
tions.

In our initial analysis of biotypes TN10 and TN20,
BLASTN of micro-bead sequence matches to the L19-1
reference sequence was used to predict putative SCN DNA
copy number. It was assumed that many signiWcant micro-
bead sequence matches to a region in L19-1 were indicative
of multi copy sequences. This assumption is not without
merit since several publications (Macas et al. 2007; Swami-
nathan et al. 2007) have indicated the 454 micro-bead
sequence data, due to the random shearing process used in
the solid phase library construction and the lack of micro-
bial cloning bias, represent a very good random sample of
the genome. In our data, a very reproducible pattern of
putative repetitive DNA between nematode biotypes was
observed, supporting this assumption. Following the same
logic, we assumed low numbers of micro-bead matches was
indicative of low copy regions. To test this idea, we con-
ducted resequencing of low copy regions for both the L19-1
reference sequence and for random low copy regions in the
SCN genome. The resequencing was conducted by PCR
ampliWcation of putative SNPs, and Xanking regions, from
total SCN genomic DNA. These PCR amplicons were then
used as a template for conventional dideoxy DNA sequenc-
ing. The observation that clear DNA sequence was
obtained, conWrming most of our predicted SNPs, suggests
our low copy selection process was successful. Thus we
conclude that the 454 micro-bead sequences are useful for
estimating sequence copy number. This type of analysis
could be applied to EST data to estimate gene copy number
or it could be used to Wlter the SCN genome in silico to
identify the low and high copy genomic DNAs to facilitate

Table 2 Summary of SCN SNPs

TN10 
versus L19-1

TN10 
versus TN20

Total polymorphisms NA 9,748

Polymorphisms analyzed 278 1,536

Indels 206 NA

Indels conWrmed 6 (3%) NA

SNPs 72 1,108

SNPs conWrmed 47 (65%) 715 (64%)

Homozygous SNPs ND 239 (22%)
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genome assembly or understand the nature of repetitive ele-
ments in the genome.

To discover DNA sequence polymorphisms the quality
of the DNA sequence is critical. Four hundred and Wfty-four
micro-bead sequencing is a relatively new methodology,
thus we were not sure it was of suYcient quality for SNP
discovery at a low sequence coverage density in the absence
of a SCN reference sequence (de novo SNP discovery). The
raw sequence accuracy of sequence data from a Roche
GS20 instrument is 96; however, removal of poor sequence
data can improve the accuracy to 99.75% (Huse et al.
2007). The 454 micro-bead sequences do have quality score
values associated with each base, but these values represent
probability that a homopolymer length at a position is cor-
rect, not base call accuracy (Huse et al. 2007; Margulies
et al. 2005). Therefore, we chose not to rely on the quality
scores for selecting SNPs, but instead used an empirical
approach. That is, we used raw low copy sequences and to
compare them to the L19-1 BAC or randomly between the
two genomes, we then assessed the frequency of correct
SNP and modiWed our selection criteria. Our approach
allowed us to remove sequences of low quality and reduced
our false SNP discovery rate. We assume as the quality of
454 micro-bead sequence data improves, the de novo SNP
discovery rate will also improve. Our approach of eliminat-
ing SNPs originating in sequences with multiple indels,
ambiguous bases and avoiding 3� ends of micro-bead reads
signiWcantly improved SNP discovery rate up to 84% for
the BAC and up to 77% for random SNPs in the SCN
genome. More sophisticated removal of obvious low quality
micro-bead sequences (Huse et al. 2007) should enhance
the accuracy of de novo SNP discovery.

In addition to SNP discovery, we were also interested in
identifying indel polymorphisms. However, as has been
noted by other researchers sequence errors associated with
homopolymers are the most common types of errors (Mar-
gulies et al. 2005). The high frequency of indel artifacts is
particular to pyrosequencing methods. In pyrosequencing,
dNTPs are sequentially added to a sequencing reaction
where, when incorporated, a Xash of light is emitted when a
speciWc nucleotide is added. The light Xashes, caused by
the metabolism of release pyrophosphate via the combined
reaction with ATP-sulfurylase and luciferase, vary in inten-
sity depending on the number of dNTP’s added at a particu-
lar time (Ronaghi 2001). A pyrosequencing machine must
not only detect the Xash of light, but the intensity of light if
homopolymer runs of sequence are present in the template
DNA. It was interesting that indel mutations that were not
associated with homo polymers were also mostly incorrect
for some unknown reason. While indel mutations are of
interest, we conclude the micro-bead data is not of suY-
cient quality to discover indels at a frequency high enough
to be useful.

We conclude micro-bead sequence data is of suYcient
quality to correct SNPs between the two nematode
genomes. Even though SNPs can be discovered using sin-
gle or low redundancy of micro-bead sequence, it would be
helpful to have a higher depth of sequence to facilitate the
calling of homozygous and heterozygous SNPs for genetic
analysis. One reason for the success SCN SNP discovery
project is undoubtedly due to the high rate of SNPs between
our two SCN biotypes. If the SNP rate was an order of
magnitude lower, the error rate of the micro-bead sequence
would have exceeded that of the SNP rate and thus the SNP
discovery eYciency would drop dramatically. This issue
may be eliminated by an increase of micro-bead sequence
quantity or sequence output quality as this next generation
sequencing technology matures and improves. One advan-
tage of this micro-bead based method of de novo SNP dis-
covery is that it identiWes large number of putative SNPs.
This abundance of polymorphisms allows one to choose
only putative SNP that had optimal sequence context and
Tm for conversion to a molecular marker assay. This prese-
lection of putative SNPs allows a very eYcient and cost
eVective selection of sequence polymorphisms.

In summary, we have shown 454-based pyrosequencing
to be useful for whole genome SNP discovery and DNA
copy number estimation. This is the Wrst study to identify a
signiWcant number of SNPs in a plant parasitic nematode
species and the Wrst report of using 454 micro-bead
sequence for de novo SNP discovery. This technology has
enabled the analysis of orphan genomes, such as SCN, and
shows the promise to extend genomic analysis of a wide
range of important, but overlooked, organisms. The SNPs
discovered in this project will form an important infrastruc-
ture for the genetic analysis of SCN traits that are vital for
its long-term management. As the next generation DNA
sequencing technology matures, and generates larger
amounts of sequence data, SNP discovery and veriWcation
at the whole genome level will further facilitate whole
genome genetic analysis for non-model organisms such as
SCN.

Materials and methods

Nematode inbred line culture and characteristics

A collection of SCN inbred lines (selected by single cyst
descent (half-sib matting) for over 30 generations) is main-
tained at 27°C in a greenhouse facility on appropriate host
plants using plastic crocks as described by (Niblack 1993).
TN10 was selected on tomato (cultivar Tiny Tim) and
TN20 was selected on the SCN resistant soybean cultivar
Hartwig. TN20 is HG type 1, 2, 3, 4, 5, 6, 7: while TN10 is
Hg Type 0 (Niblack 2002).
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Nematode and genomic DNA isolation

SCN eggs were harvested as described in Niblack (1993).
Eggs were deposited on top of an egg hatching apparatus
consisting of 41 �m mesh sieve held taut between two
stacked 50 ml polypropylene beakers with there bottoms
cut oV. The bottom surface of the sieve cloth was carefully
laid on top of a shallow layer of sterile dH2O containing 1%
streptomycin sulfate solution (Sigma) in a 60 mm petri dish
bottom. As the second-stage juveniles (J2s) hatched, they
crawled through the mesh to the liquid in the petri dish. The
clean J2s were collected from the petri dish after allowing
the J2 to accumulate for 24 h. The J2s were concentrated by
centrifugation until a 250 �l packed J2 pellet was obtained,
then the J2’s were Xash frozen in liquid nitrogen.

The frozen J2 pellet was transferred to a tissue pulverizer
(Fisher ScientiWc) precooled in liquid nitrogen and crushed.
The pulverized frozen nematode fragments were mixed
with 2 ml of proteinase K solution [0.1 M Tris–Cl (pH 8.0),
1 mM EDTA, 0.15 M NaCl, 1% sodium dodecyl sulfate,
1 mM dithiothreitol, 2 mg/ml proteinase K] and were incu-
bated for 1 h at 37°C. The DNA was phenol/chloroform-
extracted, then ethanol precipitated as described in (Sam-
brook et al. 1989). The DNA was resuspended in 1 ml of TE
(10 mM Tris–Cl pH 8, EDTA pH 8) containing RNase A at
10 �g/ml and incubated at 37°C for 1 h. The DNA was next
diluted to 20 ml with column buVer (750 mM NaCl; 50 mM
MOPS, pH 7; 15% isopropanol, 0.15% Triton X-100) and
then further puriWed on a Genomic-tip 500/G as described
in the manufacturers protocol (Qiagen, Valencia, CA,
USA). The eluted SCN genomic DNA was concentrated by
ethanol precipitation and resuspended in 200 �l of TE.

SCN BAC library construction, screening and sequencing

Two grams of frozen TN20 J2 nematode pellets were col-
lected as described above. The frozen nematodes were
shipped to Bio S&T (Montreal, Quebec) for BAC library
construction and quality assessment. The insert SCN DNA
was produced via partial digestion with restriction enzyme
HindIII. The SCN DNA was ligated into BAC vector pIn-
digo-5 (Epicentre, Madison, WI, USA) and transformed
into Escherichia coli DH10B. The Wnal BAC library con-
structed contained 4, 608 independent clones. The average
insert size was 129 kb, with 86% of the clones containing
an insert of >100 kb.

The SCN BAC library was screened using a PCR-based
approach. The BAC library was arrayed in 12, 384 well
plates and the bacterial cultures contained in these plates
were pooled in rows and columns using a hydra pipetting
robot. Each plate had 40 pools and one master pool to facil-
itate library screening. Total BAC DNA was isolated from
each pool and master pool using the Large-Construct kit

(Qiagen, CA, USA). The master pools were screened using
a real-time PCR assay designed to detect the SCN gene
Hgcm-1 (Lambert et al. 2005). The rows and column pools
for each master pool that contained a positive signal Hg-
cm-1 signal were assayed for Hgcm-1.

One clone that reproducibly tested positive for the Hg-
cm-1 gene, named L19-1, was selected for shotgun
sequencing. The BAC clone was ampliWed overnight in
500 ml of LB medium + 20 �g/ml of chloramphenicol.
BAC DNA was puriWed using the Large-Construct kit.
PuriWed BAC DNA was sheared with a nebulizer, blunt-
ended using the DNA Terminator(r) kit (Lucigen, Middle-
ton, WI, USA). Fragments 1.6–5 kb were puriWed from a
0.8% low melting point agarose gel, dephosphorylated and
cloned into the pCR(r)4Blunt-TOPO vector (Invitrogen,
Carlsbad, CA, USA) and transformed according to the
manufacturers instructions into One Shot TOP10 electro-
competent cells (Invitrogen).

Individual colonies were robotically picked from agar
plates with the Genetix Q-pix and racked as glycerol stocks
in 384-well plates. After overnight growth of the glycerol
stocks, bacteria were inoculated into 96-well plates with LB
medium + 100 �g/ml of carbenicilin and grown overnight.
Plasmid DNAs were puriWed from the bacterial cultures
with the Qiagen 8000 and Qiagen 9600 BioRobots. ABI
BigDye(r) terminator chemistry was used for sequencing
reactions from the 5�- and 3�-ends of the inserts using T7
and M13reverse-48 primers, respectively. Sequencing reac-
tions were loaded into ABI 3730xl capillary systems.

Four 384 plates of randomly picked clones were
sequenced from both ends using dideoxy sequencing. Low
quality sequence data and vector sequences were removed
and sequences were assembled using SeqManPro in the
Lasergene7.1 sequence analysis software package.

Micro-bead DNA sequencing

SCN micro-bead sequencing was conducted by 454 Life
Sciences Corporation (Branford, CT, USA). Ten machine
runs were conducted, using a Roche-454 GS20 sequencer,
for inbred SCN line TN20 and two sequence runs were pre-
formed for TN10. Both SCN biotypes had an average
micro-bead sequence length of 116 bp.

Micro-bead sequence alignment to L19-1

Micro-bead sequence coverage for BAC L19-1 was deter-
mined by comparing L19-1 to databases of all micro-bead
sequences of SCN biotypes TN10 and TN20 using NCBI’s
Blastall BLASTN program (Altschul et al. 1990). Micro-
bead sequences that matched L19-1 were imported into the
LaserGene 7.1 program SeqManPro (DNASTAR, Madi-
son, WI, USA) for Wnal assembly to the L19-1 reference
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sequence. The assembly parameters for SeqManPro, were a
mismatch size of 25, a minimum match percentage of 95, a
match spacing of 50, minimum sequence length of 25, a
gap penalty of 0.00, a gap length penalty of 0.70 and a max
mismatch of ends of 15. The micro-bead sequence coverage
of L19-1 was calculated by exporting the micro-bead con-
sensus sequences as a concatenated FASTA Wle and then
measuring the length of the sequences using the word count
feature of Microsoft word.

To identify high copy regions of the reference sequence,
L19-1was fragmented in silico into sequential 100 bp frag-
ments using the Bioperl script “split_seq.pl”. The L19-1
fragments were separately compared to databases contain-
ing 660,549 micro-bead sequences of SCN biotypes TN10
or TN20 using NCBI’s Blastall blastn program. Micro-bead
sequences were considered potential matches to the L19-1
if they had over 90% identity and an E value below 10¡7.
The number of micro-bead sequence matches was plotted
against the sequential list of 100 bp fragments using Micro-
soft Excel.

L19-1 SNP discovery and validation

Micro-bead sequences from TN10 that matched L19-1
were aligned to the BAC reference sequence using Seq-
ManPro. The assembly was preformed using a minimum
mismatch % of 85%, a match size of 25 bp, a minimum
sequence length of 25, a gap penalty of 0.00, and a gap
length penalty of 0.70 and a maximum mismatch end of 15.
Low copy micro-bead reads (1–2 micro-bead sequence
matches) showing sequence polymorphisms were targeted
for resequencing. To resequence polymorphic L19-1
regions, the BAC sequence imported into the Primer 3
(Rozen and Skaletsky 2000) where PCR primers Xanking
putative SNPs and indels were designed to amplify 500 bp
amplicons. All PCR primers were ordered from Invitrogen.
One of the PCR primers was tagged with the M13R primer
sequence (AACAGCTATGACCATG) to facilitate high-
throughput sequencing of the selected regions of L19-1.
PCR from TN10 and TN20 genomic DNA was conducted
and the PCR products were separated on a 1.5% agarose gel
to evaluate the quality of the PCR product. Successful PCR
products were cleaned with ExoSAP-IT (USB Biochemi-
cals, Cleveland, OH, USA) to remove primers and nucleo-
tides and diluted to 2 ng/�l Wnal template concentration.
DNA sequencing was conducted at the UIUC Biotechnol-
ogy Center as described above.

SNP discovery pipeline between the SCN TN20 
and TN10 lines

A database of all TN20 micro-bead sequences was com-
pared against itself using NCBI’s “BLASTALL

BLASTN” program. The results were parsed to obtain
low-copy sequences (fewer than ten hits to the database).
In order to pull out the analogous sequence in the TN10
line, the low-copy sequences of TN20 were compared to
the TN10 micro-bead sequence database using BLASTN.
Hits with 90–99% homology and an E value below 10¡6,
were pulled out as having potential SNPs. These low copy
micro-bead sequences were imported into the sequence
assembly program Sequencher 4.6 (Gene Codes Corpora-
tion, Arbor, Michigan) and assembled using a parameter
of 95% identity over at least 30 bp. This allowed for the
contigs (containing only one TN10 and one TN20
sequence) with SNPs to be identiWed, selected, and
exported. TN10-20 contigs containing potential SNPs
were converted into Genbank SNP format using a perl
script, and imported into the sequence analysis program
AlleleID 4 (Premier Biosoft, Palo Alto, CA, USA), where
the SNPs were compared, via a desktop BLASTN function
in the program, to the TN10 and TN20 micro-bead
sequences originally imported into Sequencher. SNPs
were selected by examining the BLASTN alignments to
choose SNPs with a good sequence context surrounding
the SNP. AlleleID 4 was used to design PCR primers sur-
rounding the SNP, again a M13R primer sequence was
added to one of the PCR primers to facilitate DNA
sequencing. The primer pairs were ordered from Invitro-
gen. PCR ampliWcation for both TN20 and TN10 SCN
DNA and the template preparation was conducted as
described above. The SNPs were conWrmed by assembling
the resulting sequences using Sequencher 4.6 and visually
conWrming the SNP in the chromatogram. In order to cal-
culate the total %G/C of the SCN, a modiWed version of
the Bioperl.org perl script “gccontent.pls,” was used. The
DNA sequence from the two runs of SCN inbred TN10
was used for the calculation. The total number of
sequences analyzed was 660,649, which contained
73,755,873 nucleotides, of which 26,533,099 were G or C,
indicating TN10 has a 35.97% G/C content.

Assession numbers

The SCN BAC L19-1 sequence was submitted to GenBank
(accession number EU290604) and all conWrmed SNPs
were submitted to dbSNP at NCBI (ss# 79089825 through
79090072). All 454 micro-bead sequences and quality
scores have been submitted to the NCBI short read archive
(SRA000210).
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