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The Maize Genome Sequencing Consortium has deposited into GenBank more than 850,000 maize (Zea mays) genome survey
sequences (GSSs) generated via two gene enrichment strategies, methylation filtration and high-C,t (HC) fractionation. These
GSSs are a valuable resource for generating genome assemblies and the discovery of single nucleotide polymorphisms and
nearly identical paralogs. Based on the rate of mismatches between 183 GSSs (105 methylation filtration + 78 HC) and 10
control genes, the rate of sequencing errors in these GSSs is 2.3 X 107>, As expected many of these errors were derived from
insufficient vector trimming and base-calling errors. Surprisingly, however, some errors were due to cloning artifacts. These
G+C to AT transitions are restricted to HC clones; over 40% of HC clones contain at least one such artifact. Because it is not
possible to distinguish the cloning artifacts from biologically relevant polymorphisms, HC sequences should be used with
caution for the discovery of smgle nucleotide polymorphisms or paramorphisms. The average rate of sequencing errors was
reduced 6-fold (to 3.6 X 1074 by applying more stringent trimming parameters. This trimming resulted in the loss of only 11%
of the bases (15,469/144,968). Due to redundancy among GSSs this more stringent trimming reduced coverage of promoters,
exons, and introns by only 0%, 1%, and 4%, respectively. Hence, at the cost of a very modest loss of gene coverage, the quality

of these maize GSSs can approach Bermuda standards, even prior to assembly.

The National Science Foundation is funding a project
to compare two gene enrichment strategies for se-
quencing the gene space of the maize (Zea mays)
genome. The first strategy uses methyl filtration (MF)
to enrich for the gene-rich fraction of the genome
(Rabinowicz et al., 1999; Palmer et al., 2003). The
second strategy enriches for genes by sequencing only
the high C;t (HC) fraction of the genome that is
enriched for low-copy sequences (Yuan et al., 2003).
In combination these two strategies increase by 4-fold
the rate of gene discovery as compared to shotgun
sequencing (Palmer et al., 2003; Whitelaw et al., 2003).

As of September 2003, 450,166 MF and 445,541 HC
genome survey sequences (GSSs) from the maize in-
bred line B73 had been deposited in GenBank (http://
www.tigr.org/tdb/tgi/maize/progress_graph. shtml).
Ultimately, it will be important to assemble these GSSs
into contigs. We have recently reported the develop-
ment of innovative parallel algorithms that can assem-
ble more than 730,000 GSS fragments in 4 h using 64
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Pentium III 1.26 GHZ processors of a commodity
cluster (Emrich et al., 2004). The inevitable sequencing
errors in GSS data complicate the assembly of contigs.
To optimize assembly parameters, it would be desir-
able to have an estimate of the rate of sequencing
errors in MF and HC GSSs.

Sequencing errors in the GSSs also affect their utility
for the detection of single nucleotide polymorphisms
(SNPs) and nearly identical paralogs (NIPs). Compar-
isons between MF and HC GSSs generated from the
inbred line B73 and sequences from other maize lines
can reveal the presence of SNPs that have value both as
molecular markers and as characters for phylogenetic
analyses. Sequencing errors will, however, complicate
SNP discovery. Recent segmental duplications of the
human genome have generated large numbers of NIPs
that have complicated the assembly, annotation, and
analyses of that genome (Bailey et al., 2001, 2002). To
avoid these problems during the assembly of the maize
genome it would be desirable to be able to identify
NIPs. NIPs are detected via the discovery of differences
in the nucleotide sequences of highly similar paralogs
(Emrich et al., 2004). Although previously termed cis-
morphisms (Hurles, 2002), for clarity we have elected
to term these differences in the sequences of NIPs
paramorphisms. Because sequencing errors can mimic
paramorphisms, particularly in regions of the genome
where sequencing coverage is low, it is critical to know
the average rate of sequencing errors in GSSs.
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We previously estimated the rates of sequencing
errors in the MF and HC GSSs as being 3.5 X 107 and
25 X 107°, respectively (Emrich et al.,, 2004). These
estimates were based on comparisons of pairs of over-
lapping sequence reads from the same clone (i.e. clone
pairs). In this report, we use an independent approach to
estimate the rate of sequencing errors in GSSs. Specifi-
cally, we compared the sequences of MF and HC GSSs to
the sequences of 10 control genes. This second approach
identified two additional classes of errors that were not
detected via the analysis of clone pairs. One of these
newly detected types of errors are cloning artifacts that
are present in over 40% of the HC clones. Finally, we
have identified trimming parameters that reduce by
6-fold the sequencing error rate in the MF and HC
GSSs. This reduction in the rate of sequencing errors
(to 3.6 X 10~*) will simplify the assembly of the maize
genome and the discovery of SNPs and NIPs.

RESULTS AND DISCUSSION
Identification of Errors from Maize MF and HC GSSs

The rate of sequencing errors in MF and HC GSSs
was estimated by comparing GSSs to a set of 10 genes
we cloned and sequenced (Table I; H. Yao, L. Guo,
Y. Fu, T.-J. Wen, L. Borsuk, D. Skibbe, X.Q. Cui, B.E.
Scheffler, J. Cao, F. Liu, D.A. Ashlock, and PS.
Schnable, unpublished data). Because both strands of
each of these genes were sequenced and the resulting
trace files were manually checked for base-calling
errors, the error rate in this data set was expected to
be low. This feature makes this data set of approxi-
mately 74 kb of finished sequence a suitable control for
estimating the error rate in MF and HC data. MF and
HC GSSs derived from these 10 control genes were
identified using BLAST (see “Materials and Meth-
ods”). This process identified 105 MF and 78 HC GSSs
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(total length approximately 145 kb, Table I) for further
analyses. Figure 1 depicts the GSSs derived from the
1f2a gene (for similar data on the other control genes,
see Supplemental Fig. 1, A-I, which may be viewed at
www.plantphysiol.org).

The fact that at least four MF and three HC reads
matched each of the control genes provides encourag-
ing evidence as to the success of the two gene
enrichment approaches. Among the control genes,
the ratios of recovered MF:HC GSSs range from 4:24
(rth1) to 14:3 (rf2el; Table I), presumably reflecting
gene-specific differences in the genomic sampling
achieved by the two gene enrichment strategies. For
four genes, the GSSs covered all of the exonic regions;
the coverage of exonic regions among the remaining
six genes ranged from 61% to 97% (Table II). For three
genes, all of the intronic regions were covered by GSSs;
the coverage of intronic regions among the six remain-
ing genes that contain introns ranged from 54% to 90%.
Promoter regions (defined for the purposes of this
study as being the 500 bp upstream of the 5’ end of the
apparently full-length cDNA sequence) were less well
represented among the GSSs. Of the seven promoters
that could be analyzed, three were fully represented
by GSSs, two were partially represented (45% to 57%),
and two were not represented by any GSSs. As
compared with HC GSSs, MF GSSs had a higher
coverage of both promoters (53% versus 19%) and
exons (71% versus 56%), but lower coverage of introns
(37% versus 51%). Hence, these analyses demonstrate
that the two gene enrichment strategies are comple-
mentary at identifying not only transcribed regions as
previously demonstrated by Whitelaw et al. (2003), but
also promoters and introns.

Each mismatch in an alignment between a GSS and
a control gene triggered a second round of manual
checking of the trace files associated with both the GSS
and the control gene. These analyses identified a few

Table 1. Alignments of MF and HC GSSs with 10 control genes, prior to and after trimming GSSs

Control Genes GSSs?
Name Accession Length cc No. of GSSs Length of GSSs
Number MF HC Total MF HC Total
bp % bp

gl8a AF302098 6,817 51.1 9 3 12 7,371/6,849 2,367/2,119 9,738/8,968
rf2aP AF215823 12,673 43.0 12 8 20 10,306/8,945 7,162/6,100 17,468/15,045
rf2¢c AF348412 7,257 48.1 6 8 14 5,203/4,731 4,719/4,190 9,922/8,921
rf2d* AF348414 7,415 53.0 12 10 22 9,950/8,969 7,742/6,777 17,692/15,746
rf2b AF348418 4,311 51.0 15 4 19 11,821/10,434 3,335/2,953 15,156/13,387
pdc2 AF370004 5,443 52.7 12 4 16 10,042/9,344 3,866/3,472 13,908/12,816
pdc3 AF370006 7,773 46.1 12/11 11 23/22 8,649/7,854 8,718/7,837 17,367/15,691
rth1 AY265854 14,348 40.7 4 24/23 28/27 3,338/2,961 18,446/15,852 21,784/18,813
rth3 AY265855 3,158 58.0 9 3 12 7,194/6,981 1,731/1,620 8,925/8,601
rf2el AY374447 4,801 52.4 14/13 3 17/16 10,398/9,268 2,610/2,243 13,008/11,511

Total/Avg. 73,996 47.6 105/103 78177

183/180

84,272/76,336 60,696/53,163 144,968/129,499

“Before/after trimming.
contains two open reading frames of a repetitive retrotransposon.
introns were used in calculation.

PAn approximately 4.8-kb region of the fifth intron of rf2a was masked prior to the BLAST search (Fig. 1). This region
“rf2d contains partial coding sequence, and only boundary-defined exons and
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Figure 1. GSS coverage of the rf2a gene. Black boxes indicate experimentally validated exons. The two vertical dotted lines
define the interval used for the coverage calculations presented in Table II. Solid green lines designate GSSs with 5" -> 3’
orientations, while red dotted lines designate GSSs with 3’ -> 5’ orientations. The black, blue, and red dots on GSSs indicate
Class I, Class I, and Class Ill errors, respectively. MF and HC GSSs are located above and below the gene, respectively. The gray
box indicates the approximately 4.8-kb region (positions 8,430—13,230) masked prior to the BLAST search, which contains two
open reading frames (positions 8,430-12,224 and 11,869-13,230) of a repetitive copia-like retrotranspon, DON QUIXOTE.

errors in the approximately 74 kb of control sequences.
After correcting these errors, the remaining 339 mis-
matches were deemed to be errors in the MF and HC
reads, resulting in an average error rate of 2.3 X 107°
(339/144,968; Table III) in the GSSs. The distributions
of errors in each gene are diagramed in Figure 1 and
supplemental data (Fig. 1, A-I). The average error
rates were lower in MF versus HC GSSs (2.1 X 107°
versus 2.6 X 1073; Table III). This was also usually true
at the level of individual genes; in all but two genes
(rf2b and rf2e1) the rates of sequencing errors in the MF
GSSs were lower than in the corresponding HC GSSs.

Three Classes of Errors

The sequencing errors detected in the GSSs can be
grouped into three classes (Table III). The 21 Class I

errors were located in the first eight bases of GSS reads
and were associated with regions of the sequence
traces that had high-quality Phred scores (>30, in-
dicating the error probability was less than 107°).
Because these errors exhibited 100% identity to the
sequences of the vectors used in the production of the
MF and HC libraries (data not shown), we conclude
that they are the result of insufficient vector trimming
of GSS reads prior to deposition in GenBank.

The 281 Class II errors were all associated with
regions of the GSS reads that had low-quality scores
(i.e. they are true base-calling errors). Ninety percent
of these errors have quality scores <20 and all have
quality scores <30. Class Il errors consist of deletions
(125), insertions (90), and base substitutions (66; data
not shown). The average rate of Class Il errorsis 1.9 X
1073 (281/144,968).

Table Il. Coverage of promoters, exons, and introns by MF and HC GSSs, prior to and after trimming GSSs

Coverage

Gene Promoters® Exons Introns

MF HC Total MF HC Total MF HC Total

o
gl8a 45/45 0 45/45 59/59 41/40 100/99 41/41 45/37 87/79
rf2a“ 0 0 0 27127 75/69 79/79 40/39 40/38 77173
rf2¢ 25/24 32/32 57/56 50/49 46/39 89/86 77177 8/8 85/85
rf2d NA? NA? NA? 100/100 100/100 100/100 100/100 100/100 100/100
rf2b 100/100 100/100 100/100 100/100 54/53 100/100 100/100 47/46 100/100
pdc2 NA? NA? NA? 100/100 66/66 100/100 99/97 95/95 100/100
pdc3 100/100 0 100/100 95/94 50/49 97/96 90/90 39/39 90/90
rth1 0 0 0 18/18 61/60 61/60 4/4 64/58 64 /58
rth3 NAY NAY NA? 97/97 36/36 97/97 NA® NA® NA®
rf2el 100/100 0/0 100/100 74/74 29/18 74/74 43/43 36/34 54/53
Avg. 53/53 19/19 57/57 71/71 56/54 89/88 37/37 51/47 74/70
“Defined for the purposes of this study as being the 500 bp upstream of the 5’ end of the apparently full-length cDNA sequence. bBefore/after

trimming. A portion of the 5th intron of rf2a was not included in this study (Fig. 1). INot applicable due to absent or short (<500 bp)
promoter. ®Not applicable; rth3 does not contain any introns.
2042 Plant Physiol. Vol. 135, 2004
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Table Ill. Estimation of the rate of sequencing errors in MF and HC GSSs, prior to and after trimming GSSs

Errors in GSSs®

Gene MF + HC MF HC
No. Errors No. Errors
No. Errors  Error Rate” Error Rate” Error Rate”
| 11 1 Total | 11 1 Total
10~ /bp 107 /bp 107 /bp

g/Ba 18/2 1.9/0.22 5/0 7/0 0 12/0 1.6/0 0 5/2 1/0 6/2 2.5/0.94
rf2a 56/4 3.2/0.27 1/0 30/1 0 31/1 3.0/0.11 0 21/0 4/3 25/3 3.5/0.49
rf2¢c 15/5 1.5/0.56 0 7/0 0 7/0 1.3/0 0 3/0 5/5 8/5 1.7/1.2
rf2d 47/9 2.7/0.57 0 21/2 0 21/2 2.1/0.22 2/0 18/1 6/6 26/7 3.4/1.0
rf2b 26/2 1.7/0.15 0 26/2 0 26/2 2.2/0.19 0 0 0 0 0
pdCZ 30/5 2.2/0.39 0 18/1 0 18/1 1.8/0.1 1/0 5/0 6/4 12/4 3.1/1.2
pdC3 40/5 2.3/0.32 0 19/0 0 19/0 2.2/0 1/0 15/1 5/4 21/5 2.4/0.64
rth1 53/10 2.4/0.53 0 4/0 0 4/0 1.2/0 8/1 35/4 6/5 49/10 2.7/0.63
rth3 24/3 2.7/0.35 /A 16/1 0 1711 2.4/0.14 2/0 2/0 3/2 7/2 4.0/1.2
rf2el 30/2 2.3/0.17 0 24/2 0 24/2 2.3/0.21 0 5/0 1/0 6/0 2.3/0
Total 339/47 2.3/0.36 7/0 172/9 0 179/9 2.1/0.12 14/1 109/8 37/29 160/38 2.6/0.71

“Before/after trimming.

PError rate = number of errors/total length of GSSs (bp).

Approximately 18% of the Class I errors detected in
this study were located in the first 50 bp at the 5" ends
of sequence reads; another 50% were located in the
terminal 50 bp at the 3’ ends of these sequence reads.
All of the base substitution errors at the 5’ ends of
GSSs were due to aberrant T-traces (see Supplemental
Fig. 2). The rates of sequencing errors m the first 50 bp
(5.2 X 107%) and last 50 bp (1.6 X 10~ ?) were approx-
imately 3-fold and 8-fold higher than the overall rate
of Class 1II errors, respectively. This suggests that the
frequency of errors could be reduced substantially
by more stringently trimming the ends of sequence
reads.

To test this hypothesis, Lucy software (Chou and
Holmes, 2001; http://www.tigr.org/software/) was
used to trim vector and low-quality regions from GSS
reads. By tuning Lucy’s parameters (—Size 9, —Bracket
20 0.003, —Window 10 0.01, —Error 0.005 0.002; see
Supplemental Table I for details), it was possible to
eliminate almost all of the Class I errors (20/21) and
94% of the Class Il errors (264/281). The average error
rate after trimming was only 3.6 X 107% a 6-fold
reduction as compared with the error rate in the
sequences as deposited in GenBank (i.e. 2.3 X 1077).
This more stringent trimming resulted in the loss of
only 11% of the bases (15,469/144,968) in the data
set. More significantly, due to partial redundancy
among GSSs, these new trimming parameters had
even less impact on gene coverage. The coverage of
promoters, exons, and introns remained almost the
same (i.e. trimming reduced coverage by only 0%,
1%, and 4%, respectively; Table II). Hence, at the cost
of a very modest loss of coverage, the quality of
these GSSs can approach Bermuda standards, even
though this standard is usually only applied to
assembled genomic sequences.

The 37 remaining errors (Class III, Table III) were all
G<C to AT transitions associated with regions of the
GSS trace files that had quality scores of greater than
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30. Some HC clones contained multiple Class Il errors,
and Class III errors were detected in multiple HC
libraries (see Supplemental Table II). The fact that the
Class III errors were detected only within HC reads
explains at least partially why the rate of sequencing
errors was_ somewhat h1gher in HC than MF GSSs
(2.6 X 10 % versus 2.1 X 107°).

The 16 Class III errors located in overlapping
regions of clone pairs were detected by both the
forward and reverse sequencing reads. Manual in-
spection of the sequence traces and the results of the
clone pair analysis demonstrate that the Class Il errors
are not base-calling errors. Instead, we assert that the
affected HC clones contain SNPs relative to the control
genes.

We considered the possibility that the affected HC
clones are derived from NIPs of the control genes. This
possibility is not, however, consistent with the fact that
Class III errors are detected only among the HC clones.
In addition, existing DNA gel-blot hybridization data
do not support the existence of NIPs for any of the
control genes (data not shown). We instead conclude
that the Class III errors are cloning artifacts. These
cloning artifacts are particularly problematic because
they cannot be distinguished from biologically rele-
vant SNPs or paramorphisms. Although they occur at
a relatively low rate within HC sequences (6 X 10~ 4,
more than 40% (20/46) of HC clones contain at least
one Type III error (Supplemental Table II).

The origin of these cloning artifacts is not known.
The original protocol for generating HC libraries
(Yuan et al., 2003) employed Klenow (exo-; New
England Biolabs, Beverly, MA) to convert single-
stranded DNA molecules to double-stranded mole-
cules that could be cloned. Because Klenow (exo-) does
not have 5’ -> 3’ or 3’ -> 5’ proofreading exonuclease
activity, it mlslncorporates nucleotides at a high rate
(3.8 X 1073 Brown et al., 2002). Consequently, for the
production of the HC libraries sequenced by the Maize
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Genome Sequencing Consortium, Klenow Fragment
(Stratagene, La Jolla, CA) was substituted for Klenow
(exo-; J. Bennetzen, personal communication). Al-
though the Klenow Fragment has been reported to
have a fidelity of approximately 1077 (Kunkel and
Bebenek, 2000), we hypothesize that its fidelity is
dependent upon reaction conditions. Consistent with
the hypothesis that the cloning artifacts in the HC
libraries were introduced by Klenow is the observation
that all of the Class Il errors are G-C to AT transitions
and Escherichia coli DNA polymerase I is known to
exhibit a strong bias toward G-C to AT transitions
substitution errors (Schaaper, 1993).

Comparisons of Methods to Estimate Rates
of Sequencing Errors

By aligning GSSs with previously sequenced genes,
it was possible to detect two classes of sequencing
errors (Types I and III) that were not detected via the
analysis of GSS clone pairs (Emrich et al., 2004). Even
so, this analysis yielded somewhat lower estimates of
the rates of sequencing errors than was obtained via
the analysis of clone pairs. This is probably because
Type II sequence errors occur at higher rates in the
ends of sequence reads, which are more likely to be
located in the overlapping regions of clone pairs,
which are overrepresented in the clone pair analysis.

RECOMMENDATIONS

The quality of the maize MF and HC GSSs released
to GenBank by the Maize Genome Sequencing Con-
sortium is quite high. For certain applications (e.g.
genome assembly and the detection of SNPs and NIPs)
it would, however, be desirable to have available
sequences with even lower rates of errors. The quality
of the maize MF and HC GSSs can be improved greatly
by more stringently trimming vector and low quality
sequences from the 5 and 3’ ends of the sequence
reads (viz., using Lucy parameters of —Size 9,
—Bracket 20 0.003, —Window 10 0.01, and —Error
0.005 0.002). Because more than 40% of HC clones
contain at least one Type III error, HC sequences
should be used with caution in analyses in which
errors must be minimized. It would be desirable that
future HC libraries from maize or other species be
prepared only after identifying reaction conditions
that have reduced rates of cloning artifacts.

MATERIALS AND METHODS
BLAST Search and Output Parsing

BLASTN searches (http://www.ncbi.nlm.nih.gov/blast/) without filter-
ing low-complexity sequences were conducted using 10 control genes as
query sequences and maize (Zea mays) GSSs as the object database (November
11, 2003). Default BLASTN settings for scoring alignments were used. Perl
scripts were then used to parse the GenBank accession numbers of MF and HC
GSSs from those alignments that met the following criteria: similarity = 98%,
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alignment length = 250 bp, alignment length = [GSS length — 20 bases], and
E-value = 1e—100. BLAST was also used to align control genes to GSSs.

Retrieval of GSS Data

The trace files, quality score files, and clip site information of all qualified
MF and HC GSSs were downloaded from the National Center for Biotech-
nology Information (NCBI) Trace database (http://www.ncbi.nlm.nih.gov/
Traces). Only GSSs for which sequencing quality scores were available were
analyzed further. Trace files were loaded into Sequencher software (version
4.1; Gene Codes, Ann Arbor, MI) for error verification.

GSS Trimming Using Lucy

Lucy (http://www.tigr.org/software/) was used to retrim GSSs. The
sequences of the pBC SK- (Stratagene) and pCR4-TOPO (Invitrogen, Carlsbad,
CA) vectors that had been used to construct the MF and HC libraries,
respectively (http://www.tigr.org/tdb/tgi/maize/library_info.shtml), were
used for vector trimming. Because Lucy indicates only the locations at which
trimming should occur, an AWK script was written to trim GSSs and store
trimmed data in FASTA format. The length of each trimmed GSS was
calculated using a Perl script.

Calculation of GSS Coverage of Promoters,
Exons, and Introns

GSS coverage was calculated as the percentage (%) of each region of
a control gene that was covered by at least one GSS. For the purposes of this
study, the promoter region was defined as the 500 bp 5’ of the 5" end of the
apparently full-length cDNA sequence.

Availability of Novel Materials

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes,
subject to the requisite permission from any third-party owners of all or parts
of the material. Obtaining any permissions will be the responsibility of the
requestor.

Sequence data from this article have been deposited with the EMBL/
GenBank data libraries under the following accession numbers AF302098,
AF215823, AF348412, AF348414, AF348418, AF370004, AF370006, AY265854,
AY265855, and AY374447.
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