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ORIGINAL RESEARCH

Large-Scale Discovery of Gene-Enriched SNPs

Michael A. Gore,* Mark H. Wright,* Elhan S. Ersoz, Pascal Bouffard, Edward S. 
Szekeres, Thomas P. Jarvie, Bonnie L. Hurwitz, Apurva Narechania, Timothy T. 
Harkins, George S. Grills, Doreen H. Ware, and Edward S. Buckler

Abstract
Whole-genome association studies of complex traits in 
higher eukaryotes require a high density of single nucleotide 
polymorphism (SNP) markers at genome-wide coverage. To 
design high-throughput, multiplexed SNP genotyping assays, 
researchers must fi rst discover large numbers of SNPs by 
extensively resequencing multiple individuals or lines. For 
SNP discovery approaches using short read-lengths that next-
generation DNA sequencing technologies offer, the highly 
repetitive and duplicated nature of large plant genomes presents 
additional challenges. Here, we describe a genomic library 
construction procedure that facilitates pyrosequencing of genic 
and low-copy regions in plant genomes, and a customized 
computational pipeline to analyze and assemble short reads 
(100–200 bp), identify allelic reference sequence comparisons, 
and call SNPs with a high degree of accuracy. With maize 
(Zea mays L.) as the test organism in a pilot experiment, the 
implementation of these methods resulted in the identifi cation 
of 126,683 putative SNPs between two maize inbred lines at 
an estimated false discovery rate (FDR) of 15.1%. We estimated 
rates of false SNP discovery using an internal control, and we 
validated these FDR rates with an external SNP dataset that 
was generated using locus-specifi c PCR amplifi cation and 
Sanger sequencing. These results show that this approach has 
wide applicability for effi ciently and accurately detecting gene-
enriched SNPs in large, complex plant genomes.

THE AVERAGE NUCLEOTIDE diversity of coding 
regions between any two maize (Zea mays L.) lines 

(π = 1–1.4%) is two- to fi vefold higher than other domes-
ticated grass crops (Buckler et al., 2001; Tenaillon et al., 
2001; Wright et al., 2005). Moreover, it is not uncommon 
to fi nd maize haplotypes more than 2% diverged from 
one another (Tenaillon et al., 2001; Wright et al., 2005) 
and even as high as 5% (Henry and Damerval, 1997). 
Intragenic linkage disequilibrium (LD) rates rapidly 
decline to nominal levels within 2 kb in a population of 
diverse maize inbred lines (Remington et al., 2001). Of the 
~2500 Mb that constitutes the maize genome, less than 
25% is genic or low-copy-number sequence, with large 
blocks of highly repetitive DNA such as retrotransposons 
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intermixed throughout (Hake and Walbot, 1980; Mey-
ers et al., 2001; SanMiguel et al., 1996). Retrotransposons 
are generally recombinationally inert, and most mei-
otic recombination in the maize genome is restricted to 
gene-rich regions (Fu et al., 2002; Fu et al., 2001; Yao et 
al., 2002). Association mapping strategies, which rely 
on ancient recombination for dissecting complex traits, 
require that SNPs within these recombinationally active 
gene regions be identifi ed and genotyped in phenotypi-
cally diverse populations (Reviewed by Zhu et al., 2008). 
Because of the rapid decay of intragenic LD in a highly 
diverse genome with an estimated 59,000 genes (Messing 
et al., 2004), several million gene-enriched SNP markers 
may be necessary for whole-genome association studies in 
diverse maize (E. Buckler, unpublished).

Retrotransposons contain a higher density of 
methylation in the form of 5-methylcytosine rela-
tive to genic sequences—a property unique to plant 
genomes (Rabinowicz et al., 2003; Rabinowicz et al., 
2005). HypoMethylated Partial Restriction (HMPR) is a 
library construction method that exploits this property 
to facilitate the effi  cient sequencing of gene rich regions 
in large, highly repetitive plant genomes (Emberton 
et al., 2005). Th e principle underlying HMPR is that 
the complete digestion of plant genomic DNA with a 
5-methylcytosine-sensitive (MCS) restriction enzyme 
that has a 4 bp recognition sequence permits the frac-
tionation of genic and repetitive DNA by gel electropho-
resis. Large restriction fragments (20–150 kb) contain 
blocks of highly methylated retrotransposons, while 
much smaller fragments (<1000 bp) comprise a fraction 
that is gene-enriched (Bennetzen et al., 1994; Yuan et al., 
2002). Emberton et al. (2005) used a partial digestion of 
maize genomic DNA with a MCS 4 bp cutter, followed 
by gel-purifi cation and cloning procedures to construct 
maize HMPR libraries that contained larger (1–4 kb), 
overlapping gene fragments more suitable for Sanger 
sequencing read-lengths (800–1200 bases). Th ese maize 
HMPR libraries showed more than sixfold enrichment 
for genes compared to control libraries. Th is level of gene 
enrichment was comparable to that achieved by other 
non-transcriptome-based gene-enrichment sequencing 
technologies tested on maize (Gore et al., 2007; Palmer et 
al., 2003; Rabinowicz et al., 1999; Whitelaw et al., 2003; 
Yuan et al., 2003), but maize HMPR libraries were supe-
rior for repeat elimination and enrichment of low-copy, 
non-coding sequences.

With the recent emergence of ‘next-generation’ 
DNA sequencing technologies it is technically feasible to 
economically and rapidly resequence hundreds of mil-
lions of bases (Reviewed by Mardis, 2008). Using these 
high-throughput sequencing-by-synthesis (Bennett, 
2004; Margulies et al., 2005) or sequencing-by-ligation 
(Shendure et al., 2005) technologies in a read-to-refer-
ence based SNP discovery approach presents compu-
tational challenges because the length and quality of 
obtained individual reads are shorter and potentially of 
lower fi delity than single-pass Sanger sequencing reads. 

Furthermore, the maize genome is the product of ancient 
and perhaps more recent tetraploidization and rear-
rangement events (Gaut and Doebley, 1997; Swigoňová et 
al., 2004; Wei et al., 2007), and as a result contains a high 
proportion of duplicated genes (Blanc and Wolfe, 2004; 
Emrich et al., 2007; Messing et al., 2004). Th is confounds 
the unique mapping of short reads if duplicated genes 
(i.e., paralogs) are recently diverged and thus nearly iden-
tical in nucleotide sequence. Recently, a computational 
SNP calling pipeline built on the POLYBAYES poly-
morphism detection soft ware (Marth et al., 1999) and 
“monoallelism” rules was developed and used to ana-
lyze expressed sequence tags (ESTs) that were obtained 
by 454 pyrosequencing of cDNAs prepared from two 
maize inbred lines (Barbazuk et al., 2007). Th is pipeline 
reduced the number of false-positive SNPs that resulted 
from sequencing errors and alignment of paralogous 
sequences, which facilitated the identifi cation of more 
than 7000 putative SNPs in expressed genes.

Nonetheless, if the discovery of maize SNP markers 
on the order of millions is to be economically viable, the 
use of low cost, next-generation DNA sequencing tech-
nologies is clearly required. Th ese high-throughput DNA 
sequencing technologies can be more effi  ciently used in 
the large-scale discovery of SNPs for maize association 
mapping studies if resequencing is concentrated within 
the recombinationally active gene regions of the vastly 
repetitive maize genome. Th e objectives of this study 
were (i) to adapt HMPR gene-enrichment sequencing to 
a massively parallel pyrosequencing platform and (ii) to 
develop a read-to-reference based SNP calling pipeline 
for short reads (100–200 bp) that maximizes SNP detec-
tion power, while controlling the number of detected 
false-positive SNPs resulting from sequencing errors and 
the alignment of paralogous sequences.

MATERIALS AND METHODS
DNA Isolation from Maize
We extracted nuclear DNA from nuclei prepared from 
etiolated (pale green), inner husk leaves (100 g) of fi eld-
grown maize inbred line B73 as previously described by 
Rabinowicz (2003).

A more specialized cultivation technique was 
required to obtain genomic DNA from maize root tis-
sue. Kernels from maize inbred lines B73 and Mo17 
were surface sterilized in a 10% (vol/vol) bleach solution 
(5.25% Sodium Hypochlorite) by gently rocking for 30 
min, followed by 3× 10-min rinses with sterile water. Th e 
kernels were left  to imbibe overnight in sterile water at 
room temperature with gentle rocking. Ten kernels were 
placed in a vertically orientated seed germination pouch 
(Mega International, West St. Paul, MN) and germinated 
in a dark growth chamber held at 28 °C. Roots of 1-wk-
old maize seedlings were bulk harvested and immedi-
ately frozen in liquid N

2
 prior to storage at –80 °C. Total 

genomic DNA was isolated from homogenized frozen 
1-week-old root tissue using the DNeasy Plant Maxi Kit 
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(QIAGEN, Valencia, CA) according to the manufac-
turer’s protocol.

Modifi ed HMPR Library Construction
Complete digestions of 5 μg of maize husk nuclear DNA 
(B73) and seedling root total genomic DNA (B73 and 
Mo17) were individually performed in 100 μL volumes 
with 50 U of HpaII (New England Biolabs, Ipswich, 
MA) at 37 ºC for 16 h, followed by heat inactivation of 
the enzyme at 65 ºC for 20 min. HpaII fragments rang-
ing in size from >10 kb to less than 100 bp (data not 
shown) were separated on a low melting 0.8% SeaPlaque 
agarose gel (Cambrex Bio Science Rockland, Inc., Rock-
land, ME). Restriction fragments ranging in size from 
100 to 600 bp were excised from the gel and purifi ed 
using the QIAquick Gel Extraction kit, according to the 
manufacturer’s protocol. Gel-isolated HpaII fragments 
were randomly ligated to each other with 1 μL of highly 
concentrated T4 DNA ligase (20 U/μL) (New England 
Biolabs, Ipswich, MA) in a total reaction volume of 20 
μl at 16 ºC for 16 h, followed by heat inactivation of the 
enzyme at 65 ºC for 20 min.

Several micrograms of concatenated HpaII fragments 
were needed for the downstream nebulization proce-
dure (see 454 sequencing and data processing section). 
However, this would typically require low-throughput, 
large-scale DNA extractions and gel isolations, because 
an estimated 95% of the maize genome was intention-
ally discarded. Alternatively, we found it more effi  cient 
to generate microgram quantities of concatenated HpaII 
fragments using Phi29-based isothermal amplifi cation 
of long concatemer templates in a nanogram-scale reac-
tion. Briefl y, the GenomiPhi V2 DNA Amplifi cation Kit 
(GE Healthcare, Piscataway, NJ) was used to amplify 1 μL 
of the 10 ng/μL ligation reaction per the manufacturer’s 
instruction. Th is kit uses the high fi delity Phi29 (φ29) 
DNA polymerase, dNTPs, and random hexamers to 
replicate linear genomic DNA by multiple displacement 
amplifi cation. Several independent GenomiPhi amplifi ca-
tion reactions were performed and pooled for each library 
to ensure a low level of amplifi cation-induced bias. Th e 
GenomiPhi reaction was separated on a low melting 0.8% 
SeaPlaque Agarose gel, and amplifi cation products rang-
ing in size from 3 to 10 kb were isolated from the gel with 
the QIAquick Gel Extraction kit and used in the down-
stream 454 sample preparation procedure.

454 Sequencing and Data Processing
Sequence sample preparation and data generation were 
performed with the Phi29 amplifi ed HpaII concatemer 
DNA of two B73 HMPR libraries (husk and root) and one 
Mo17 HMPR library (root) using the 454 GS FLX platform 
at 454 Life Sciences (Branford, CT). In addition, total 
genomic DNA isolated from the same seedling root tissue 
of B73 was sequenced on the same 454 platform, which 
served as an unfi ltered (UF) genomic control to assess 
the level of gene-enrichment in modifi ed HMPR librar-
ies. Approximately 5 μg of high molecular weight DNA 

was fragmented by nebulization to a size range of 300 
to 500 bp. Preparation of 454 libraries, emulsion-based 
clonal amplifi cation, library sequencing on the Genome 
Sequencer FLX System as well as signal processing and 
data analysis were performed as previously described by 
Margulies et al. (2005). Also, the 454 base-calling soft ware 
(version 1.1.03.24) provided error estimates (Q values) for 
each base, none of which exceeded a value of 40.

Th e expected yield per run of the 454 GS FLX is 
approximately 100 Mb, potentially more under ideal 
conditions. However, sequencing the B73 husk library 
with a single instrument run produced only 65.6 Mb of 
sequence because a less than optimal DNA copy per bead 
ratio was used for emulsion PCR. A more optimal DNA 
copy per bead ratio was used for the B73 root library, 
improving sequence yield to 101.3 Mb in a single run. 
Th e Mo17 root library was sequenced with four runs 
that in total yielded 236.7 Mb of sequence. Th is total 
sequence yield for the Mo17 root library was 41% lower 
than expected, indicating that further optimization was 
still needed. In addition, we sequenced (1 run; 130.9 Mb) 
randomly sheared B73 total genomic DNA, which served 
as the UF library.

Th e raw 454 sequencing data are available in the 
NCBI Short Read Archive (http://www.ncbi.nlm.nih.gov/
Traces/sra/sra.cgi) with accession number SRA008616.

Screening and Filtering of 454 Sequences
Because modifi ed HMPR libraries contained HpaII con-
catemers, 454 reads generated from sequencing these 
libraries were digested in silico at HpaII recognition sites 
(5′–C/CGG–3′). Th is was done to produce independent, 
non-chimeric HpaII fragment sequences. All 454 reads 
from the UF control library and HpaII fragment sequences 
less than 40 bp in length were discarded (Table 1). HpaII 
fragment sequences and UF sequences (≥40 bp) were 
searched using BLAT (Kent, 2002) against Th e Institute 
for Genomic Research (TIGR) maize repeat database 
Version 4.0 (http://maize.tigr.org/repeat_db.shtml) 
to identify repetitive sequences. Also, sequences were 
searched against mitochondrial (GenBank accession no. 
NC_007982.1) and chloroplast (GenBank accession no. 
NC_001666.2) genome sequences of maize. We performed 
BLAT searches with default parameters, except for a 
tile size of 16. We considered BLAT similarities signifi -
cant if the expectation value was less than 10–5 and the 
local alignment length was 40 bp or longer. Sequences 
that had a signifi cant match to a repeat sequence or an 
organellar genome were discarded. Remaining sequences 
were similarly searched with BLAT against the Maize 
Assembled Genome Island Version 4.0 Contigs and 
Singletons (MAGIv4.0 C&G) database (http://magi.
plantgenomics.iastate.edu/). Because a large number of 
sequences did not match any sequences in the MAGIv4.0 
C&G database, these unmatched HpaII fragment and UF 
sequences were also searched against the complete genome 
sequences of japonica rice (Oryza sativa L.) (http://rice.
plantbiology.msu.edu/) and sorghum (Sorghum bicolor L.) 
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(http://www.phytozome.net/) as well as maize expressed 
sequence tag (EST) sequences within the Dana-Farber 
Cancer Institute (DFCI) maize gene index release 17.0 
(http://compbio.dfci.harvard.edu/tgi/). Sequences that did 
not have a signifi cant match in any of these additionally 
searched databases were considered contaminant (non-
maize) sequences and discarded. Summary statistics and 
source information for all databases are found in Supple-
mentary Table 3.

Assembly of 454 Sequences
We assembled the retained non-repeat HpaII fragment 
sequences into multiple sequence alignments using the 
CAP3 sequence assembly program (Huang and Madan, 
1999). Th e following CAP3 assembly options were used: 
–p 99 (overlaps must be >99% identity), –s 401 (align-
ment score must be >400, minimum value allowed), –h 
3 (maximum overhang of 3%), and alignment scoring 
options (–m 20, –n 40, and –g 21) that allowed a perfect 
match overlap of 40 bp to satisfy the minimum align-
ment score for assembly. Additionally, CAP3 computed a 
Q value for each base of the consensus sequence. Assem-
blies were performed separately for B73 (husk and root) 
and Mo17 (root) non-repeat HpaII fragment sequences. 
We did not assemble UF sequences, as they were only 
used to measure the level of gene-enrichment and repeat 
depletion in modifi ed HMPR libraries.

Because CAP3 could not execute with all sequences 
input at once, we performed a preliminary clustering of 
sequences into a collection of disjoint groups with no 
inter-group homology. Clustering was performed by a 
custom program in a manner equivalent to NCBI BLAST-
Clust (available at http://www.ncbi.nlm.nih.gov/BLAST/
docs/blastclust.html). We did not use BLASTClust because 
it could not run on our systems with the amount of input 

data supplied. CAP3 was then executed on each cluster 
separately. Th e preliminary clustering revealed that about 
5% of sequences were still chimeric because of an HpaII 
site that was eliminated by a sequencing error or errone-
ous end-joining ligation. A simple modifi cation to the 
clustering algorithm allowed almost all chimeras to be 
detected and split before CAP3 assembly.

We developed a custom program to analyze the 
CAP3 assembly output and extract a consensus sequence 
and associated CAP3-based Q values from each multiple 
sequence assembly as well as the number of sequences 
concordant with each consensus base (coverage depth). 
Because of partial overlaps and potential disagreements 
among assembled reads, coverage depth as defi ned here 
is not the same as the total number of reads aligned in 
the multiple sequence assembly but as the number of 
reads with an aligned base that supports the consensus 
base call. HpaII fragment sequences that did not assem-
ble into multiple sequence alignments (i.e., singletons) 
were used directly as consensus sequences as well as the 
Q values calculated by Roche-454’s base-calling soft ware.

Construction of the Paralog 
Distinguishing List (PDL)
To facilitate the identifi cation of paralogous regions, the 
MAGIv4.0 C&G database of B73 reference sequences 
was searched and aligned against itself using BLAT, as 
described above. All match pairs (not the alignment) 
with at least 90% identity and a length of 50 bp or longer 
were used as input for a custom polymorphism detection 
program. Th e custom polymorphism detection program 
performed a Smith-Waterman (Smith and Waterman, 
1981) local alignment between match pairs identifi ed by 
BLAT to obtain a full representation of the alignment “in 
memory.” Th is allowed alignments to be quickly scanned 

Table 1. Sequence composition of modifi ed HMPR and UF libraries.

Modifi ed HMPR

Libraries B73 Husk B73 Root Mo17 Root UF

No. Mb %† No. Mb % No. Mb % No. Mb %

454 reads‡ 391,778 65.6 – 470,918 101.2 – 1,284,692 236.7 – 543,385 130.9 –

Total§ 479,565 63.6 100 771,557 97.6 100 1,937,032 225.5 100 543,350 130.9 100

Chloroplast 3,771 0.6 0.8 5,567 0.9 0.7 30,835 4.1 1.6 3,118 0.8 0.6

Mitochondrial 1,319 0.2 0.3 20,332 3.0 2.6 224,593 29.7 11.6 5,493 1.4 1.0

Non-maize¶ 6,829 0.9 1.4 530,876 67.4 68.8 454,413 49.1 23.5 41,149 9.8 7.6

Repeats# 150,786 21.7 31.4 34,378 5.2 4.5 75,225 9.3 3.9 343,072 83.8 63.1

Non-repeats†† 316,860 40.2 66.1 180,404 21.1 23.4 1,151,966 133.3 59.5 150,518 35.1 27.7
†The number of sequences in each category expressed as a percentage of the total number of sequences.
‡Sequencing reads generated on the 454 GS FLX.
§454 reads from modifi ed HMPR libraries were in silico digested with HpaII, and only sequences ≥40 bp were kept and BLAT searched against nucleotide databases. 454 reads from the UF library were not in silico 
digested with HpaII, and only sequences ≥40 bp were kept and BLAT searched against nucleotide databases.
¶Sequences that did not signifi cantly match any of the screened plant nucleotide, organellar, or repeat databases. All of these sequences were classifi ed as putatively non-maize with the majority of unknown or 
bacterial origin.
#Sequences from the maize nuclear genome that signifi cantly matched to The Institute for Genomic Research (TIGR) Maize Repeat version 4 database, which consists of characterized, uncharacterized, and 
predicted repeats.
††Sequences from putatively non-repetitive regions of the maize genome with signifi cant matches to the Maize Assembled Gene Islands Version 4.0 Contigs and Singletons (MAGIv4.0 C&S) database, sorghum or 
rice genome sequences, or the Dana-Farber Cancer Institute (DFCI) maize gene index.
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for single base mismatches and single base insertions/
deletions (in/dels). Single base mismatches and single 
base in/dels were identifi ed in the Smith-Waterman local 
alignments and “context sequences” were extracted: the 
16 bp 5′ and 16 bp 3′ fl anking the mismatch or in/del. All 
such putative non-allelic diff erences were extracted as 
context sequences from all pairwise matches satisfying 
the 90% identity minimum and 50 bp minimum. Th ese 
context sequences form the PDL and represent the puta-
tive fi xed diff erences that distinguish paralogs. Th e PDL 
was used in further analysis to search for paralogous 
regions, as described below.

Polymorphism Detection
Consensus sequences of B73 and Mo17 HpaII frag-
ments were searched against B73 reference sequences 
(MAGIv4.0 C&G database) using BLAT. Match pairs (not 
the alignments) were used as input for the custom poly-
morphism detection program, as described above. Simi-
larly, the polymorphism detection program performed 
a Smith-Waterman local alignment between the HpaII 
consensus sequence and the MAGIv4.0 C&G reference 
sequence (i.e., match pairs) identifi ed by BLAT to obtain 
a full representation of the alignment “in memory.” For 
each single base mismatch or in/del identifi ed by the pro-
gram, context sequences for B73 and Mo17 HpaII frag-
ment sequences were extracted: the 16 bp 5′ and 16 bp 3′ 
fl anking the mismatch or in/del. Single base mismatches 
or in/dels within 16 bp of either end of the local align-
ment were not considered.

Implementation of the PDL and SNP Calling
With the same custom polymorphism detection pro-
gram, all context sequences for B73 or Mo17 HpaII frag-
ment sequences were searched against the PDL. Any 
match to the PDL was considered a paralogous alignment 
and the entire alignment and all potential SNPs within 
it were discarded. Otherwise, if no PDL matches were 
found, all in/del contexts were discarded (not called as 
SNPs) and the remaining single-base mismatch contexts 
were scanned against a list of SNPs already called. If a 
single duplicate context was identifi ed in an alignment, 
only that context was discarded, but if two or more dupli-
cates were identifi ed, the entire alignment was discarded, 
along with all potential SNPs, even if these SNPs were 
novel. Provided neither the PDL nor the duplicate align-
ment check resulted in discarding all potential SNPs, the 
remaining single-base mismatches were called SNPs and 
no further alignments for the current HpaII consensus 
sequence were considered. Otherwise, if the alignment 
was discarded, the next strongest BLAT match was con-
sidered, continuing until an alignment was accepted, or 
until the next strongest BLAT match was less than 95% 
identity. Th is preset 5% maximum was not restrictive for 
identifying allelic variation, as it is well above the average 
nucleotide diversity of coding regions between any two 
maize lines (π = 1–1.4%) (Tenaillon et al., 2001; Wright 
et al., 2005), but still allows the evaluation of haplotypes 

that are 5% diverged from one another (Henry and 
Damerval, 1997). Moreover, the 5% maximum allowed 
us to use a smaller PDL by avoiding paralogous align-
ments that were more diverged and easily distinguished 
from previously reported allelic variation levels. Identi-
fi ed B73/Mo17 putative SNPs and the PDL are available 
for download from Panzea (http://www.panzea.org).

Panzea SNP Comparison
We extracted 6094 B73 and 6200 Mo17 sequences from the 
Panzea database (Zhao et al., 2006) that were generated by 
PCR-directed Sanger sequencing of candidate gene loci. 
Overlapping sequences that were amplifi ed from the same 
candidate gene locus were assembled using the procedure 
described above, except that sequences were clustered on 
the basis of a common Panzea locus ID. For many of the 
candidate gene loci, there were two independent amplifi ca-
tions and sequencings of B73 and Mo17 for quality control. 
Th is resulted in 3683 (1.57 Mb) and 3696 (1.57 Mb) assem-
blies for B73 and Mo17, respectively. We called SNPs from 
these sequences using the program already described, 
except allelic B73 and Mo17 consensus sequences were 
paired on the basis of common Panzea locus ID. Th e PDL 
was not used to call SNPs with Panzea sequences, because 
it was assumed that all Mo17/B73 pairings were allelic on 
the basis of single locus PCR amplifi cation. Identifi ed Pan-
zea SNPs were mapped to Mo17 454 consensus sequences 
on the basis of the 16 bp 5′ and 16 bp 3′ context sequences, 
and vice versa, to identify which SNPs from each dataset 
were called from sequence in common to both datasets. 
We separately looked at the intersection of Panzea SNPs 
and B73/Mo17 HpaII SNPs called with (126,683 SNPs; no 
thresholds) and without (174,476 SNPs; no thresholds) the 
PDL. We then compared SNPs that mapped to both data-
sets to estimate the rate of false SNP discovery and power, 
assuming that all true Mo17/B73 SNPs were discovered in 
the Panzea dataset and no false SNPs were discovered.

RESULTS
Construction of Modifi ed HMPR Libraries
We modifi ed the previously described HMPR library 
construction method (Emberton et al., 2005) to allow 
high-throughput gene-enrichment sequencing of the 
maize genome using the 454 Genome Sequencer FLX 
(GS FLX) pyrosequencing instrument (see “Materials 
and Methods”). HpaII, a MCS 4 bp cutter (5′-C/CGG-
3′), was selected to construct modifi ed HMPR libraries, 
because of its strong bias for cleaving within unmethy-
lated genic and low-copy regions of the maize genome 
(Antequera and Bird, 1988; Emberton et al., 2005; Yuan 
et al., 2002). Th e fi rst of the two major modifi cations to 
the HMPR method was to allow maize genomic DNA to 
be completely digested with HpaII rather than partially 
digested. Th is was done to produce a more repeatable 
HpaII restriction pattern and, as a result, consistently 
enrich for gene fragments mostly smaller than 600 bp. 
Second, HpaII fragments between the sizes of 100 to 
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600 bp were gel-isolated and converted via random liga-
tion into concatemers of longer lengths more suitable 
for nebulization (i.e., fragmentation). At the time of this 
experiment, it was not possible for us to execute paired-
end read sequencing and to routinely obtain read-lengths 
longer than 250 bases on the 454 GS FLX instrument; 
thus, we used ligation and nebulization in combination 
to construct and randomly break HpaII concatemers in 
order to completely sequence larger HpaII fragments.

To test and optimize our library construction method, 
we constructed modifi ed HMPR libraries for maize inbred 
lines B73 (husk and root) and Mo17 (root). One concern 
with modifi ed HMPR and its predecessor is the potential 
enrichment of organellar genome fragments in constructed 
libraries (Emberton et al., 2005), as these genomes are unm-
ethylated (Palmer et al., 2003) and, depending on the tissue 
type, may be present at a very high copy number (Li et al., 
2006). Th us, we evaluated as sources of genomic DNA two 
etiolated tissue types that were expected to have a relatively 
low abundance of chloroplasts: inner husk leaves (pale 
green) and dark-grown seedling roots (white). For inner 
husk leaves, purifi cation of nuclei prior to genomic DNA 
extraction was used to further limit the amount of co-
isolated chloroplast DNA. For dark-grown seedling roots, 
we used a higher yielding and less laborious total genomic 
DNA extraction procedure that lacked a nuclei purifi cation 
step, because dark-grown seedling roots were expected to be 
highly defi cient in chloroplasts and other types of plastids 
(Reviewed by Possingham, 1980).

Compositional Analysis 
of Modifi ed HMPR Libraries
Modifi ed HMPR libraries and an unfi ltered (UF) B73 
library were sequenced on the 454 GS FLX instrument (see 
“Materials and Methods”). Because the modifi ed HMPR 
libraries were comprised of randomly concatenated HpaII 
fragments (see previous section), prior to analysis 454 reads 
pertaining to these libraries were in silico digested with 
HpaII to produce independent, non-chimeric sequences. 
To examine the sequence composition of modifi ed HMPR 
and UF libraries, HpaII fragment and UF sequences were 
searched against several plant nucleotide databases and 
genome sequences (see “Materials and Methods”). Th e 
distribution of sequence among these categories is shown 
in Table 1. A higher level of organellar contamination 
was found in root libraries, but this was off set by their 
lower level of repeats. B73 and Mo17 root libraries were 
seven- to eightfold lower in repeats relative to the B73 husk 
library, and 14- to 16-fold lower in repeats relative to the 
UF library. Th e very low repeat content of root libraries is 
comparable to that previously reported in maize HMPR 
libraries (Emberton et al., 2005) and superior to other non-
transcriptome-based gene-enrichment sequencing technol-
ogies tested on maize (Gore et al., 2007; Palmer et al., 2003; 
Rabinowicz et al., 1999; Whitelaw et al., 2003; Yuan et al., 
2003). Even though the amount of repeat sequences within 
modifi ed HMPR libraries varied substantially between tis-
sue types (e.g., B73 husk vs. B73 root), additional biological 

and technical replications are needed to determine if these 
diff erences are attributed to tissue-specifi c diff erential 
methylation of genes and repeats.

Th e desired enrichment for the genic fraction of the 
maize genome in root libraries was compromised by an 
abundance of sequences that did not signifi cantly match 
any of the screened plant nucleotide databases or genome 
sequences. Th ese unknown contaminant sequences were 
most prevalent in the B73 root library, comprising 68.8% 
of the HpaII fragment sequences. We randomly sampled 
1000 of these putative non-maize sequences from each 
root library and searched them with BLAST (Altschul et 
al., 1997) against NCBI’s non-redundant nucleotide data-
base. On average, 65% of these sampled sequences had 
no signifi cant similarity (cutoff  E-value of 10–5) to any 
sequence with another 30% showing diff erent degrees 
of similarity to bacterial sequences (results not shown). 
We suspect that bacterial endo- or exo-symbionts of 
maize roots were living beneath the seed pericarp layer 
and subsequently proliferated on seedling roots. Neither 
the seed surface sterilization procedure nor the sterile 
seedling growth conditions used in this study would 
have eliminated any type of bacterial symbiont from 
seedling roots, thus allowing the co-isolation of bacterial 
genomic DNA and its enrichment in modifi ed HMPR 
root libraries. Regardless of the source or identity of 
these sequences, these putatively non-maize sequences 
as well as the maize repeat and organellar sequences were 
excluded from further analyses.

To assess the degree to which modifi ed HMPR librar-
ies were enriched with genic sequences, we searched 
non-repetitive, maize HpaII sequences against the 
MAGIv4.0 C&S database (http://magi.plantgenomics.
iastate.edu/). Th e MAGIv4.0 C&S database is a partial 
genome assembly of Sanger-based BAC end and shotgun 
sequences, gene-enriched genome survey sequences as 
well as whole-genome shotgun sequences from maize 
inbred line B73 (Kalyanaraman et al., 2007). In addi-
tion, the MAGIv4.0 C&S database represents the most 
comprehensive maize genomic database in advance of the 
pending draft  maize genome sequence (Th e unassembled, 
draft  maize B73 genome sequence is a superior reference 
sequence, but its use in this study is restricted by the Ft. 
Lauderdale agreement governing the pre-publication use 
of large genomic datasets). Th e search results revealed an 
intermediate to high intersection (52.2–67.0%) between 
the MAGIv4.0 C&S database and non-repetitive HpaII 
fragment sequences contained within modifi ed HMPR 
libraries (Supplementary Table 1). Moreover, alignment to 
computationally predicted genes from MAGIv4.0 Contig 
sequences and the DFCI maize gene index (http://comp-
bio.dfci.harvard.edu/tgi/) showed that modifi ed HMPR 
libraries were four- to fi vefold enriched for genes relative to 
the UF library (Supplementary Table 1). Th is level of gene-
enrichment in modifi ed HMPR libraries was similar to 
that obtained with the original HMPR method (Emberton 
et al., 2005) and other non-EST-based gene-enrichment 
sequencing technologies tested on maize (Gore et al., 2007; 
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Palmer et al., 2003; Rabinowicz et al., 1999; Whitelaw et 
al., 2003; Yuan et al., 2003).

Sequence Assembly and Construction of a PDL
Why is it challenging to identify SNPs in maize using 
next-generation sequencing technologies? Maize is 
hypothesized to be an ancient tetraploid (Gaut and Doe-
bley, 1997; Swigoňová et al., 2004; Wei et al., 2007), but 
its genome has lost a substantial number of unlinked 
duplicated genes (Lai et al., 2004). However, nearly one-
third of all maize genes still have a paralog (Blanc and 
Wolfe, 2004), and many of these paralogs are tandemly 
arrayed (Messing et al., 2004). It is estimated, based on 
ESTs, that maize paralogs resulting from an ancient 
tetraploid event have diverged a minimum of 10% over 
time (Blanc and Wolfe, 2004), but recent evidence con-
servatively suggests that nearly identical paralogs (≥98% 
identity) are almost 13-fold more frequent in the maize 
genome than that of Arabidopsis (Emrich et al., 2007). 
With long enough sequencing reads, unique fl anking 
sequences can be found to distinguish recently diverged 
paralogs. However, it is unlikely that HpaII fragment 
sequences, with an average length of 120 bases aft er in 
silico digestion and a higher single-read error rate than 
that of Sanger sequencing, will contain suffi  cient and 
accurate information to distinguish between highly 
similar paralogs in the maize genome. In addition, if 
recently duplicated genes have diverged within the range 
of previously reported maize nucleotide diversity levels 
(π = 1–5%) (Henry and Damerval, 1997; Tenaillon et 
al., 2001; Wright et al., 2005), it will be diffi  cult, if not 
impossible, to reliably distinguish paralogs based on the 
best reference match, reciprocal best match, or a conser-
vative maximum allelic diversity threshold. Finally, the 
MAGIv4.0 C&S reference database used for SNP calling 
in this study is a partial genome assembly, thus the true 
allelic copy for an HpaII fragment sequence may not even 
be present in this reference database.

A two-pronged strategy was developed to deal with 
some of these challenges. First, the redundant and over-
lapping non-repeat B73 (husk and root: 61.3 Mb) and 
Mo17 (root: 133.3 Mb) HpaII fragment sequences (Table 
1) were assembled into multiple sequence alignments 
and a consensus sequence representing each alignment 
was derived. Assembly of these sequences resulted in the 
derivation of 339,730 (42.6 Mb) and 586,237 (70.7 Mb) 
non-redundant HpaII consensus sequences from B73 
and Mo17, respectively (Supplementary Table 2). In addi-
tion to providing a longer assembled sequence to help 
accurately align HpaII fragments to allelic B73 reference 
sequences contained within the MAGIv4.0 C&S database 
(i.e., distinguish between highly similar paralogs), the 
assembly permitted a calculation of the per-base cover-
age depth, or the frequency with which any consensus 
base was observed in the raw data. Importantly, this 
metric can serve as a measure of confi dence in the accu-
racy of consensus bases, as putative SNPs with a high 
coverage depth are more likely to be valid (Barbazuk et 

al., 2007). In addition, the assembly of cognate HpaII 
fragment sequences reduced the computational require-
ments for the alignment and SNP calling process, as only 
unique sequences were used.

Second, we developed a computational approach to 
minimize the number of SNPs called from alignments 
of paralogous sequences, which is similar in objective to 
the paralog identifi cation method used by the SNP call-
ing soft ware POLYBAYES (Marth et al., 1999) and to 
the “monoallelism” rules used by Barbazuk et al. (2007). 
Our approach assumes that it is possible to discover fi xed 
diff erences among paralogs by comparing a reference 
sequence database or genome against itself, where almost 
all sequence diff erences observed in non-self paralogous 
alignments are non-allelic (Figure 1 A and B). Although 
some non-allelic diff erences may actually be polymor-
phisms at one or both of the loci, it is assumed that the 
majority of these identifi ed diff erences are expected to be 
fi xed diff erences that distinguish paralogs. Following this 
argument, a search of the MAGIv4.0 C&S database against 
itself was performed to identify all such single nucleotide 
diff erences that distinguish paralogs in the maize B73 
genome. Putative non-allelic fi xed diff erences that were 
identifi ed from unique paralogous alignments were cata-
logued into a PDL as “context sequences” (i.e., the 16 bp 5′ 
and 16 bp 3′ fl anking the single nucleotide diff erence).

SNP Identifi cation
With the implementation of the PDL, HpaII consen-
sus sequences from Mo17 were aligned against the best 
reference match B73 sequence (MAGIv4.0 C&S; 675.2 
Mb) and all single nucleotide diff erences were identifi ed 
and extracted as context sequences (see “Materials and 
Methods”). If the context sequence of any of these single 
nucleotide diff erences (Mo17 HpaII vs. B73 MAGIv4.0 
C&S) matched a context sequence contained within 
the PDL, it was treated as an indication of a paralogous 
alignment and all SNP calls from such alignments were 
suppressed. In this case, the next strongest alignment 
for the same HpaII consensus sequence was considered, 
continuing in this fashion until an alignment with no 
match to a PDL context sequence was found, or the rate 
of mismatches in the successive alignments exceeded 
a preset maximum of 5%. Essentially, the PDL selected 
which alignments to use for SNP calling but not which 
single nucleotide diff erences to call as SNPs. Th e same 
procedure was performed with B73 HpaII consensus 
sequences, which served as an internal control to esti-
mate the rate of false SNP discovery with and without 
implementation of the PDL.

Use of the PDL proved to be highly eff ective at 
preventing false SNP calls because of paralogous align-
ments. Th e estimated false discovery rate (FDR) obtained 
by comparing the SNP call rate for B73 (control, all 
SNPs considered false) and Mo17 HpaII consensus 
sequences at various coverage depths and base quality 
values (Q values) thresholds is shown in Table 2. If SNP 
calls were made using the PDL and not restricted to a 
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specifi c coverage depth or Q-value threshold, 126,683 
putative SNPs between Mo17 and B73 (1 SNP/248 bp) 
were discovered at an estimated 15.1% FDR. If SNP calls 
were made using only the most parsimonious alignment 
(i.e., without PDL), 174,476 putative B73/Mo17 SNPs (1 
SNP/199 bp) were called at a dramatically increased FDR 
of 46.8%. Overall, use of the PDL eff ectively provided a 
threefold reduction in the rate of false SNP discovery at 
every evaluated coverage depth and Q-value threshold 
relative to rates determined without use of the PDL.

As shown in Table 2, we observed a polymorphism 
rate of 1 SNP every 216 bp (86,830 SNPs/18,794,000 bp) 

at an estimated 11% FDR (Coverage Depth: ≥1X; Q-score: 
≥35). If we restricted SNP calling to a coverage depth of 
≥2X (Q-score: all), then we observed a polymorphism 
rate of 1 SNP every 204 bp at a false SNP discovery rate 
of 8.4%. Th e SNP discovery rate for Mo17 HpaII consen-
sus sequences at only 1X coverage (i.e., singletons) and 
all Q-scores was 1 SNP every 290 bp (calculated from 
Table 2) at an estimated 19.7% FDR, which suggests 
that at higher coverage depths and with higher quality 
sequence data more SNPs/kb were captured (i.e., higher 
SNP detection power). Although the FDR was reduced 
nearly twofold (15.1 to 8.4%) when using the PDL and 

Figure 1. Illustration of a recent single-gene duplication event that results in highly similar paralogs, and how the paralog distinguishing 
list (PDL) distinguishes alleles from paralogs when calling SNPs. (A) The PDL method is based on the assumption that a pair of dupli-
cated genes that are fi xed in the extant maize population likely originated from a single duplication event, which in many cases was 
the ancient tetraploidization event. If the duplication event is suffi ciently old, virtually all differences among paralogs are because of 
mutations that have occurred since the genome duplication event, and distinguishing paralogs is easy. However, if the duplication was 
recent and the ancestral gene was polymorphic, alternative alleles at the paralogous loci may become fi xed in the population, and 
the number of fi xed differences between the donor and derived loci may be similar to the average allelic pairwise difference observed 
in maize. It is these cases for which it is very diffi cult to distinguish alleles from paralogs on the basis of alignment scores only. (B) An 
intra-reference alignment of B73 reference sequences discovers putative fi xed differences (T/A and G/A) that differentiate paralogs 
(B73 A and B73 B), which are recorded as context sequences in the paralog distinguishing list (PDL). Next, HpaII consensus sequences 
of Mo17 are aligned to B73 references sequences. Both the correct allelic (B73 B vs. Mo17 B) and erroneous paralogous (B73 B vs. 
Mo17 A) alignments detect a single nucleotide mismatch, and thus, cannot be distinguished from each other based solely on align-
ment scores. The context sequences of both single nucleotide mismatches (A/G and C/G) are searched against the PDL. The context 
sequence of the A/G mismatch matches a context sequence in the PDL; thus, the mismatch is correctly recognized as a putative fi xed 
difference and not called a SNP. However, the context sequence of the C/G mismatch does not match any context sequence in the PDL 
and is therefore correctly called a SNP. When B73 carries a derived allele (B73A), the context sequence of the T/A mismatch in the 
allelic B73 A vs. Mo17 A comparison is also detected in the PDL. Thus, this true SNP is not called because it is incorrectly scored as a 
putative fi xed difference, which ultimately leads to a reduction in SNP detection power.
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additionally restricting SNP calls to a coverage depth of 
≥2X, the FDR remained relatively unchanged at progres-
sively higher coverage depth thresholds. Th is suggests that 
deeper sequencing would provide limited improvement in 
the calling accuracy of SNPs already at a coverage depth 
of 2X or higher, but this might not have been the case if 
the sequenced maize lines were highly heterozygous. Th e 
ability to reduce the number of false positive SNPs by 
restricting SNP calls to higher cover depths was also a key 
fi nding by Barbazuk et al. (2007), the fi rst study that used 
pyrosequencing to identify SNPs within expressed maize 
genes. Additionally, it seems that Q values calculated 
by the 454 base calling soft ware (single reads) or CAP3 
program (multiple sequence alignments) are of minimal 

value for eliminating false-positive SNPs that result from 
sequencing errors when SNP calls are restricted to a cover-
age depth of 2X or higher.

SNP Validation
To independently cross-validate a subset of B73/Mo17 
HpaII SNPs that were identifi ed via 454 pyrosequenc-
ing, we extracted a collection of B73 and Mo17 ampli-
con sequences from the Panzea database (http://www.
panzea.org/) (Zhao et al., 2006) that were generated with 
traditional Sanger sequencing chemistry. Th e extracted 
sequences were assembled and aligned according to 
unique Panzea locus identifi ers, which permitted the 
identifi cation of SNPs. It was assumed that all paired 

Table 2. Summary of putative SNPs and call rates at various coverage depths and quality value thresholds with 
and without implementation of the paralog distinguishing list (PDL).

With PDL Without PDL

CD† Q‡
B73 Mo17

FDR#
B73 Mo17

FDR
SNPs Kb§ Rate¶ SNPs Kb Rate SNPs Kb Rate SNPs Kb Rate

≥1X All†† 11,904 19,515 0.61 126,683 31,435 4.03 15.1% 50,936 21,675 2.35 174,476 34,756 5.02 46.8%

≥20 10,701 18,450 0.58 119,294 29,675 4.02 14.4% 47,343 20,495 2.31 164,904 32,719 5.04 45.8%

≥30 8,955 16,282 0.55 106,475 25,843 4.12 13.3% 39,910 17,897 2.23 147,335 28,553 5.16 43.2%

≥35 5,703 11,182 0.51 86,830 18,794 4.62 11.0% 23,149 12,057 1.92 119,465 20,813 5.74 33.4%

≥40 2,352 5,470 0.43 62,966 13,036 4.83 8.9% 10,378 5,830 1.78 85,547 14,451 5.92 30.1%

≥50 1,609 4,349 0.37 57,205 11,603 4.93 7.5% 6,832 4,679 1.46 77,688 12,884 6.03 24.2%

≥60 879 2,747 0.32 45,610 9,346 4.88 6.6% 3,724 2,956 1.26 61,991 10,384 5.97 21.1%

≥70 634 2,113 0.30 39,787 8,153 4.88 6.1% 2,651 2,266 1.17 54,279 9,062 5.99 19.5%

≥2X All 2,072 5,054 0.41 61,584 12,543 4.91 8.4% 9,048 5,451 1.66 83,547 13,925 6.00 27.7%

≥20 2,057 5,017 0.41 61,527 12,531 4.91 8.4% 9,017 5,465 1.65 83,475 13,913 6.00 27.5%

≥30 2,031 5,078 0.40 61,300 12,485 4.91 8.1% 8,910 5,433 1.64 83,173 13,862 6.00 27.3%

≥40 1,953 4,883 0.40 60,573 12,337 4.91 8.1% 8,529 5,298 1.61 82,169 13,695 6.00 26.8%

≥50 1,609 4,349 0.37 57,205 11,603 4.93 7.5% 6,832 4,679 1.46 77,688 12,884 6.03 24.2%

≥60 879 2,747 0.32 45,610 9,346 4.88 6.6% 3,724 2,956 1.26 61,991 10,384 5.97 21.1%

≥70 634 2,113 0.30 39,787 8,153 4.88 6.1% 2,651 2,266 1.17 54,279 9,062 5.99 19.5%

≥3X All 702 2,127 0.33 37,980 7,783 4.88 6.8% 3,127 2,282 1.37 51,769 8,657 5.98 22.9%

≥20 699 2,118 0.33 37,975 7,782 4.88 6.8% 3,124 2,280 1.37 51,763 8,656 5.98 22.9%

≥30 697 2,112 0.33 37,966 7,780 4.88 6.8% 3,114 2,273 1.37 51,751 8,654 5.98 22.9%

≥40 689 2,153 0.32 37,912 7,769 4.88 6.6% 3,088 2,271 1.36 51,681 8,642 5.98 22.7%

≥50 679 2,122 0.32 37,833 7,753 4.88 6.6% 3,047 2,257 1.35 51,572 8,624 5.98 22.6%

≥60 649 2,028 0.32 37,448 7,690 4.87 6.6% 2,899 2,196 1.32 51,044 8,550 5.97 22.1%

≥70 529 1,763 0.30 35,417 7,272 4.87 6.2% 2,299 1,900 1.21 48,339 8,097 5.97 20.3%

≥4X All 322 1,039 0.31 24,454 5,084 4.81 6.4% 1,452 1,108 1.31 33,403 5,662 5.90 22.2%

≥20 319 1,029 0.31 24,454 5,084 4.81 6.4% 1,449 1,115 1.30 33,402 5,661 5.90 22.0%

≥30 318 1,026 0.31 24,454 5,084 4.81 6.4% 1,445 1,112 1.30 33,402 5,661 5.90 22.0%

≥40 317 1,057 0.30 24,451 5,083 4.81 6.2% 1,443 1,110 1.30 33,399 5,661 5.90 22.0%

≥50 316 1,053 0.30 24,443 5,082 4.81 6.2% 1,437 1,105 1.30 33,391 5,659 5.90 22.0%

≥60 313 1,043 0.30 24,430 5,079 4.81 6.2% 1,426 1,105 1.29 33,368 5,656 5.90 21.9%

≥70 311 1,037 0.30 24,356 5,064 4.81 6.2% 1,405 1,098 1.28 33,272 5,639 5.90 21.7%
†CD, coverage depth. The number of reads with an aligned base that supported the consensus base call.
‡Q, quality values. Quality values were computed using the 454 base-calling software (single reads) or the CAP3 assembly program (multiple sequence alignments).
§The number of kilobases (Kb) of HpaII consensus sequence that aligned to MAGIv4.0 C&S database.
¶The number of SNPs called per Kb of HpaII consensus sequence (SNPs/Kb).
#The percent false discovery rate (FDR) at each coverage depth was calculated by dividing the B73 call rate by the Mo17 call rate and multiplying by 100.
††No fi ltering on Q values.
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sequences were allelic and all true SNPs were identi-
fi ed (i.e., 0% FDR; 100% power). To estimate an FDR 
for HpaII SNPs, Panzea SNPs were mapped onto Mo17 
HpaII consensus sequences, and vice versa. Th e mapping 
resulted in the identifi cation of a subset of SNPs in each 
dataset that was derived from sequence common to both 
datasets (Table 3).

With the constructed SNP validation dataset, we 
found that 85.9% (449/523) of the PDL-based HpaII SNPs 
were concordant with Panzea SNPs. Th is resulted in an 
estimated FDR of 14.1%, which strongly agreed with the 
15.1% (no thresholds; with PDL) that was estimated using 
the B73/Mo17 call rate comparison (Table 2). However, 
only 62.0% of SNPs identifi ed in Panzea were also iden-
tifi ed in the dataset of PDL identifi ed B73/Mo17 HpaII 
SNPs, whereas it was 80.9% without the PDL. Th is signi-
fi es a weakness of the MAGIv4.0 C&S-based PDL, as true 
SNPs were incorrectly considered non-allelic by the PDL.

DISCUSSION
Next-generation DNA sequencing technologies have 
made high-throughput resequencing effi  cient and aff ord-
able. However, the use of these technologies in a read-to-
reference based SNP discovery approach at the level of a 
whole-genome has not come to fruition for agronomically 
important plant species. Th e primary reason is that many 
of these plant species have large, complex genomes and 
as a result do not have an available, accurate, or complete 
genome sequence. In addition, the short read-lengths pro-
duced by these high-throughput sequencing technologies 
are limited in ability to diff erentiate the large numbers of 
paralogs that are common to the genome of many angio-
sperm species (Blanc and Wolfe, 2004). Maize was chosen 
as the test organism for this pilot study because of three 
qualities of its nuclear genome: it is ~2500 Mb in size; it 
consists of more than 75% highly repetitive DNA (Mey-
ers et al., 2001; SanMiguel et al., 1996); and at least one-

third of its estimated 59,000 genes are duplicated (Blanc 
and Wolfe, 2004; Messing et al., 2004). Here, we tested a 
gene-enrichment sequencing approach that is applicable 
to virtually any plant species and a computational pipeline 
that enables the effi  cient and accurate discovery of a large 
number of SNPs using an incomplete and low-coverage 
reference sequence.

We modifi ed the previously described HMPR tech-
nique (Emberton et al., 2005) to enable shotgun sequenc-
ing of 100 to 600 bp HpaII fragments in a manner that 
fully used the read length (potential of 200–300 bases) 
ability of the 454 GS FLX instrument. Of the two tis-
sue types that were tested as sources of genomic DNA, 
seedling roots have a greater potential to enable the rapid 
construction of gene-enriched, modifi ed HMPR librar-
ies that have low levels of repeats and organellar DNA 
contamination. However, improved seed sterilization 
procedures and/or sterile, antibiotic-treated growing 
conditions are necessary to prevent the proliferation of 
bacterial symbionts in seedling roots, and the cytosine 
methylation pattern of genes and repeats in seedling root 
tissue needs to be more fully investigated. Since perform-
ing this experiment, we have identifi ed unfertilized, 
immature ear shoots as an excellent tissue for isolating 
total maize genomic DNA. B73 and Mo17 immature ear 
HpaII libraries constructed with modifi ed HMPR tech-
nology were highly enriched (four- to fi vefold) for genic 
sequences, while extremely depleted in repeat, organel-
lar, and bacterial sequences (total: <10%) (M. Gore, R. 
Elshire, and E. Buckler, unpublished data).

Although our modifi ed HMPR technique facilitated 
high throughput gene-enrichment sequencing of a large, 
complex plant genome, in general, the yield per run of 
modifi ed HMPR libraries on the 454 GS FLX was lower 
than the expected 100 Mb. If the DNA copy per bead 
ratio is carefully optimized for modifi ed HMPR librar-
ies, it should be possible to routinely obtain 100 Mb of 
sequence data. In addition, the low sequencing yield 
may be because of less than optimal lengths (3–10 kb) of 
HpaII concatemers. If so, a 6 bp MCS restriction enzyme 
(Fellers, 2008) may help to produce much larger con-
catemers that are better suited for the downstream 454 
sample preparation, which is optimized for undigested 
total genomic DNA. Also, assembly of the larger restric-
tion fragment sizes would produce larger consensus 
sequences for more accurate mapping. Alternatively, with 
the increased average read length (400 bases) and paired-
end read capability of the new GS FLX Titanium (http://
www.454.com), it might be more effi  cient, and as com-
prehensive, to directly sequence restriction fragments 
instead of concatemers.

We identifi ed 126,683 putative B73/Mo17 SNPs, 
primarily in genic regions of the maize genome, using 
a computational pipeline for short read-lengths that is 
applicable to any plant species with at least a large col-
lection of genome survey sequences. A computational 
approach was developed to distinguish between allelic 
and paralogous HpaII consensus-MAGIv4.0 C&S 

Table 3. Summary of B73/Mo17 454 SNP validation.

 With PDL WithoutPDL

Panzea SNPs† 724 724

HpaII SNPs 523‡ 720§

Shared SNPs¶ 449 586

HpaII FDR# 14.1% 18.6%

HpaII Power†† 62.0% 80.9%
†The number of identifi ed Panzea SNPs that mapped to Mo17 HpaII consensus sequences.
‡The number of B73/Mo17 HpaII SNPs identifi ed via 454 pyrosequencing that mapped to Panzea 
sequences. These B73/Mo17 HpaII SNPs that mapped are a subset of the 126,683 putative SNPs 
(≥1X coverage depth; All Q values) that were called using the paralog distinguishing list (PDL).
§The number of B73/Mo17 HpaII SNPs identifi ed via 454 pyrosequencing that mapped to Panzea 
sequences. These B73/Mo17 HpaII SNPs that mapped are a subset of the 174,476 putative SNPs (≥1X 
coverage depth; All Q values) that were called without using the paralog distinguishing list (PDL).
¶SNPs that were identifi ed in both the B73/Mo17 HpaII SNP and Panzea SNP datasets.
#We assumed that all SNPs called from the Panzea sequence dataset were true SNPs. The percent 
false discovery rate (FDR) was calculated as [1–(449/523)*100] and [1–(586/720)*100].
††We assumed that all SNPs in the Panzea sequence dataset were identifi ed. Power was calculated as 
[(449/724)*100] and [(586/724)*100].
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reference alignments by searching identifi ed putative 
single nucleotide diff erences against a PDL of putative 
fi xed diff erences that distinguish paralogs from each 
other. Th e false-SNP discovery rate with implementation 
of the PDL was estimated by two diff erent approaches, 
and both were found to be at an acceptable level and 
highly concordant (15.1 vs. 14.1%). Detection of SNPs 
using the PDL was threefold more eff ective in controlling 
the FDR than a most parsimonious alignment strategy, 
and the FDR could be further reduced by fi ltering SNPs 
based on coverage depth and/or Q-value thresholds 
(Table 2). Th e most likely sources of false-positive SNPs 
are cloning artifacts (i.e., base substitution errors) con-
tained within MAGIv4.0 C&S sequences (Fu et al., 2004) 
and paralogous alignments not identifi ed by the PDL. 
Although very stringent parameters were used to assem-
ble redundant, overlapping HpaII fragment sequences, 
it is possible that collapsed paralogs also contributed to 
the identifi cation of false-positive SNPs. Th e number of 
false-positive SNPs that result from the FLX system are 
expected to be low (presumably less frequent at coverage 
depths of 2X and higher), as other studies have shown the 
GS FLX single-read error rate to be ~0.5% (Droege and 
Hill, 2008) and substantially lower at higher coverage 
depths (Lynch et al., 2008; Smith et al., 2008). In addi-
tion, the rate of paralog collapse in the MAGI assemblies 
was estimated to be ~1% (Emrich et al., 2007); therefore, 
their contribution to the calling of false-positive SNPs 
and inaccuracies in the PDL should be very minimal.

Th e diff erence in FDR estimates between SNPs called 
with and without the PDL method is much less strik-
ing for the Panzea validation dataset (Table 3) than that 
observed for the B73/Mo17 call rate comparison (Table 
2). Th is is most likely because Panzea sequences resulted 
from the preferential sequencing of putatively single-
locus PCR products, as PCR reactions that appeared to 
amplify multiple loci were discarded prior to sequencing 
(E. Buckler, unpublished). Essentially, the amplicon-
Sanger sequencing strategy acted as a PDL. Th us, the 
Panzea dataset is poorly suited to assess the ability of 
the PDL to detect paralogous alignments, because the 
Panzea database was constructed with a bias against 
paralogous sequences. All amplicon-Sanger sequencing 
strategies will have this same bias; therefore, the best 
external validation of the PDL is to sequence modifi ed 
HMPR libraries of Mo17 on a diff erent next-generation 
sequencing platform (e.g., Illumina sequencing). Cur-
rently, the B73 (internal control)/Mo17 call rate compari-
son is the best available method to estimate the ability 
of the PDL to reduce the number of false positive SNP 
calls from paralogous alignments (Table 2). Nevertheless, 
minor improvements in the FDR are still observed when 
the PDL is used on the Panzea dataset (Table 3).

Transcriptome sequencing is useful when the aim 
is enrichment of tissue and developmental-stage specifi c 
genes; however, for high coverage of the gene space it 
is not very cost eff ective. Essentially, numerous cDNA 
libraries capturing multiple developmental stages and 

environmental stresses are needed to even approach high 
coverage of the gene space. Th erefore, we sequenced modi-
fi ed HMPR genomic libraries because it is expected to 
result in a more comprehensive sampling of genes than 
that of transcriptome sequencing (Emberton et al., 2005; 
Palmer et al., 2003), and it is also expected to provide 
access to the nucleotide diversity in introns, regulatory 
regions, and non-expressed genes. We used the Lander-
Waterman model (Lander and Waterman, 1988) and the 
rate of contig formation as described in Whitelaw et al. 
(2003) to estimate the eff ective gene-space size sampled by 
the modifi ed HMPR method, which was 136.4 Mb (~27% 
of the ~500 Mb maize gene-space; Palmer et al., 2003) 
for the Mo17 root library. Th is estimate of the eff ective 
gene-space size might be slightly overestimated due to the 
very stringent CAP3 assembly parameters that were used. 
Given that 70.7 Mb of HpaII consensus sequence data 
exists for Mo17 (Supplementary Table 2), it is estimated 
that the library was sequenced to only 0.52X coverage. If 
we were to sequence the Mo17 root library to 1X coverage, 
then the maximum number of putative SNPs called with 
the PDL would be ~200,000 at a rate of 4.03 SNPs/kb. If 
several million SNPs are to be discovered, we will need to 
sequence additional maize inbred lines, possibly construct 
other modifi ed HMPR libraries using diff erent 4 bp cut-
ter MCS restriction enzymes, and/or use the draft  maize 
genome sequence to call SNPs.

Th e PDL is only as high-quality as the completeness 
and accuracy of the reference sequence used to construct 
it, but despite the shortcomings of the MAGI assemblies 
(e.g., 1% collapsed paralogs, cloning artifacts, and partial 
genome assembly), a signifi cant reduction (threefold) in 
the number of false positive SNPs that resulted from par-
alogous alignments was still observed (Table 2). More-
over, these issues will be mostly resolved when the draft  
maize B73 genome sequence is available for constructing 
a PDL and calling SNPs.

A more important limitation of the PDL, however, is 
that it reduced the power to detect true SNPs. Based on 
the observed SNP call rate (4.91 SNPs/kb; 1 SNP/204 bp) 
with the PDL at a coverage depth of ≥2X, we are under-
estimating the expected SNP call rate (1 SNP/153 bp based 
on 1095 genes) between any randomly chosen diverse, 
temperate maize inbred lines by ~25% (Yamasaki et al., 
2005). If SNPs were called without the PDL at a coverage 
depth of ≥2X, the observed (6.00 SNPs/kb; 1 SNP/167 bp) 
and expected (1 SNP/153 bp) SNP call rates are nearly 
identical. As shown in Table 3, based on the comparison 
of B73/Mo17 HpaII SNPs (no threshold) with the Panzea 
SNP dataset, there was an 18.9% loss in SNP detection 
power with implementation of the PDL. Th e reduction in 
power is attributed to true SNPs being incorrectly con-
sidered non-allelic by the PDL. We hypothesize that these 
true SNPs could not be distinguished from actual fi xed 
diff erences among paralogs on the basis of the intra-ref-
erence sequence comparison alone, which would occur if 
the reference line (B73) used to construct the PDL carries 
a derived allele (Fig. 1 A and B). Th is is a systematic bias 
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that may aff ect both population genetics and association 
studies when the reference line alone carries an allele of 
interest. Th is problem is most severe when a single line is 
compared to the reference, but the expected rate of false 
negatives because of this eff ect decreases to 1/(n + 1) when 
n lines are compared to the reference. Further reduction 
may be possible if multiple non-reference lines are also 
compared to each other.

Although the results obtained in this pilot study are 
very encouraging, there are several drawbacks to this 
approach that should be considered. First, the method 
of gene enrichment used here restricts SNP discovery 
to sites near HpaII restriction sites in unmethylated 
regions, which can be remedied by constructing addi-
tional modifi ed HMPR libraries with diff erent 4 bp cut-
ter MCS restriction enzymes. We do not presume that all 
nucleotide variation in methylated regions of the maize 
genome is phenotypically irrelevant, so diff erent methods 
are needed to discover SNPs from these regions. Addi-
tionally, genome-wide methylation patterns and locus 
specifi c methylation levels may vary across genetic back-
grounds, tissue types, developmental stages, and even 
environmental conditions (Cervera et al., 2002; Finnegan 
et al., 2000; Lister et al., 2008; Rabinowicz et al., 1999; 
Vaughn et al., 2007). Th us, performing this technique 
across a panel of inbred lines may not result in represen-
tation of all lines at all loci. For marker discovery, this 
line-specifi c or locus-specifi c censoring eff ect may not be 
important overall, but population genetic studies may be 
adversely aff ected by non-random missing data.

Regardless of these limitations, a considerable num-
ber of SNPs were discovered at an acceptably low FDR 
for the purpose of constructing high-density multiplexed 
genotyping products, but sequencing of additional maize 
inbred lines is needed to construct an SNP dataset with 
low ascertainment bias that is appropriate for phyloge-
netics or population genetics studies. However, the SNPs 
identifi ed in this study are immediately applicable for 
fi ne mapping of complex traits in the Intermated B73 × 
Mo17 (IBM) population, which is a widely used com-
munity resource for QTL mapping studies in maize (Lee 
et al., 2002). Most importantly, we estimate the cost of 
SNP discovery in this study at $0.38/SNP, yet note that 
several aspects of the molecular methods used here can 
be optimized for much higher sequencing yield and 
broader genome coverage. Such optimization, combined 
with further advances in high throughput sequencing 
yield, longer read-lengths, lower error rates, and cheaper 
run costs, can further reduce the cost of SNP discovery 
in diverse maize, such that several million gene-enriched 
SNPs needed for comprehensive association studies is an 
immediate economic possibility.
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