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Maize (Zea mays) possesses a large, highly repetitive genome, and subsequently a number of reduced-representation
sequencing approaches have been used to try and enrich for gene space while eluding difficulties associated with repetitive
DNA. This article documents the ability of publicly available maize expressed sequence tag and Genome Survey Sequences
(GSSs; many of which were isolated through the use of reduced representation techniques) to recognize and provide coverage
of 78 maize full-length cDNAs (FLCs). All 78 FLCs in the dataset were identified by at least three GSSs, indicating that the
majority of maize genes have been identified by at least one currently available GSS. Both methyl-filtration and high-Cot
enrichment methods provided a 7- to 8-fold increase in gene discovery rates as compared to random sequencing. The available
maize GSSs aligned to 75% of the FLC nucleotides used to perform searches, while the expressed sequence tag sequences
aligned to 73% of the nucleotides. Our data suggest that at least approximately 95% of maize genes have been tagged by at least
one GSS. While the GSSs are very effective for gene identification, relatively few (18%) of the FLCs are completely represented
by GSSs. Analysis of the overlap of coverage and bias due to position within a gene suggest that RescueMu, methyl-filtration,
and high-Cot methods are at least partially nonredundant.

Complete genome sequences are a powerful tool
being utilized by many biologists. For several model
species, such as Saccharomyces cerevisiae, Drosophila
melanogaster, Mus musculus, Homo sapiens, Caenorhabdi-
tis elegans, and Arabidopsis, a genome sequence of
high standards for coverage and accuracy has been
elucidated (Goffeau et al., 1996; C. elegans Sequencing
Consortium 1998; Arabidopsis Genome Initiative,
2000; Myers et al., 2000; Venter et al., 2001). However,
for most species, only partial genome sequences are
available. Many of the economically valuable crop
species, including maize (Zea mays), have relatively
large, complex genomes, which contain a significant
fraction of repetitive sequence. This repetitive fraction
of the genome increases the cost of obtaining a com-
plete genome sequence due to the larger genome size
and the increased difficulties in assembly. The gene
space of these complex genomes, which is the portion
of the genome containing coding sequences, introns,
and cis-acting regulatory sequences, can exist either in
clusters of genes or as single gene units separated by
repetitive regions (SanMiguel et al., 1996; Bennetzen
et al., 1998; Walbot and Petrov, 2001). Because genes
and their expression patterns underlie most economic

and adaptive traits, there is considerable value in
methods that allow genes to be isolated from the large
stretches of repetitive DNA in which they reside.
Alternative methods, including expressed sequence
tag (EST) and reduced-representation techniques, for
sequencing the gene space of many plant and animals
species with relatively large genomes have been in-
vestigated.

Maize has an estimated genome size of 2,300 to
2,700 Mb (Arumuganathan and Earle, 1991), which is
20- and 6-fold greater in size than the genomes ofArabi-
dopsis and rice (Oryza sativa), respectively. The major
portion (60%) of maize nuclear DNA is composed of
long terminal repeat (LTR)-retrotransposon families
that vary in copy number, ranging from 5 to 30,000
copies per 1C genome (Bennetzen, 1996; SanMiguel
et al., 1996; Meyers et al., 2001). The highly repetitive
LTR retrotransposons comprise more than 60% of
nuclear DNA (Bennetzen, 1996; SanMiguel et al.,
1996; Meyers et al., 2001). In total, all repetitive DNA
sequences account for approximately 80% of the maize
genome (Meyers et al., 2001), while the genic regions
in maize constitute a fraction of the remaining 20%.

Several approaches have been utilized to sequence
the maize gene space (Rabinowicz et al., 1999; Yuan
et al., 2002, 2003; Palmer et al., 2003; Whitelaw et al.,
2003). Maize EST sequencing efforts have been un-
dertaken (Fernandes et al., 2002) and have resulted in
the deposition of 384,103 maize ESTs from diverse
tissues and genotypes into GenBank. Clustering EST
collections as part of The Institute for Genomic Re-
search (TIGR) gene indices results in 29,414 contigs and
26,426 singletons (TIGR Gene Index from December
23, 2003), which represents 56,364 tentative consen-
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sus sequences (http://www.tigr.org/tdb/tgi/maize).
While EST sequencing projects target expressed
sequences, there are at least five shotgun approaches
that have been used to sequence maize genomic DNA,
three of which preferentially target low-copy genomic
sequence (Table I). The sequences collected by these
five methods are collectively termed Genome Survey
Sequences (GSSs). Random sequencing ofmaize small-
insert clones and bacterial artificial chromosome (BAC)
end sequences represent GSSs that are not biased for or
against highly repetitive regions of the genome. An-
other sequencing method known as RescueMu (RM)
utilizes a transgenicMutator transposon containing the
sequences necessary to perform plasmid rescue to
isolate sequences adjacent to transposon insertions.
The RM sequences are likely to be gene rich due to the
tendency of the Mutator transposon to insert within or
near genic regions (Raizada et al., 2001). In addition, the
RM sequence may provide the identification of a novel
mutant allele if the insertion is germinal. To date, RM
has been used to obtain flanking sequence for 178,125
insertions (Raizada, 2003; www.mutransposon.org).
Selecting for hypomethylated DNA is another mecha-
nism used to reduce the representation of repetitive
sequences (Burr et al., 1988; Rabinowicz et al., 1999).
The methyl-filtration (MF) method uses the endoge-
nous restriction-modification system of Escherichia coli

to eliminate clones containingmethylated DNA inserts
(Rabinowicz et al., 1999). The resulting libraries are
highly enriched for fragments of hypomethylatedDNA
(Rabinowicz et al., 1999). High-Cot (HC) filtration,
a form of Cot-based cloning and sequencing (Peterson
et al., 2002), is a procedure in which DNA reassociation
kinetics is used to separate repetitive and low-copy
sequences based upon differences in their relative rates
of reassociation (Peterson et al., 2002; Yuan et al., 2003).
A pilot project to generate approximately 1 million HC
andMFmaize reads is currently under way (Whitelaw
et al., 2003).

We collected 64,357 small-insert random maize
sequences; 253,138 BAC end sequences; 178,125 RM
insertions; 587,371 MF sequences; and 445,286 HC
sequences from the National Center for Biotechnology
Information (NCBI) sequence repository (Table I) and
aligned these to a small set of well-characterizedmaize
full-length cDNAs (FLCs) to evaluate the success of
each of these approaches toward tagging and sequenc-
ing maize genes. We have used the full-length coding
sequences of 78 maize genes to evaluate the frequency
of EST and GSS hits as well as the coverage of the
sequence. In addition, for a subset of these genes we
have used the full-length genomic sequence to verify
our results and determine the ability to sequence
across introns. We also estimated the frequency of

Table I. Frequency of hits in GSS sequence libraries

Description of GSS Library Sequencesa GSS Category Number of Hitsb Frequencyc Sequencing Group

ZM_3.0_4.0_KB maize
genomic clone

50,877 Random 7 1.0 TIGR (Whitelaw)

Maize random small-insert
genomic library

3,480 Random 1 2.1 Dupont (Morgante)

ZMMBBc maize subsp.
Mays genomic

130,144 BAC end 14 0.8 Rutgers (Messing)

ZMMBBb maize subsp.
Mays genomic

122,994 BAC end 18 1.1 Rutgers (Messing)

Subtotal for all random
sequences

308,177 Randomd 42 1.0

RM maize genomic 178,125 RM 70 2.9 Stanford (Walbot)
ZM_0.6_1.0_KB maize
genomic clone

445,286 HC 481 7.9 TIGR (Whitelaw)

ZM_0.7_1.5_KB maize
genomic clone

448,974 MF 488 8.0 TIGR (Whitelaw)

WGS-ZmaysF (JM107
adapted MF)

97,551 MF 78 5.9 CSHLe (McCombie)

fzmb filtered library maize 14,594 MF 5 2.5 Orion (Bedell)
JM107 adapted MF library 1,603 MF 2 9.2 CSHL (McCombie)
ZM2_0.7-1.5_KB maize 24,341 MF 1 0.3 TIGR (Whitelaw)

Subtotal for all MF
sequences

587,063 MF 574 7.2

Total GSS hits 1,518,651 Total GSS 1,167 5.6
Total EST hits 384,103 Total EST 1,274 24.3

aThe total number of sequences from this library present at NCBI as of November 15, 2003. bThe number of GSS sequences from each library
derived from the 78 genes in the dataset is listed. cThe frequency of GSS sequences from each library that were derived from our set of 78
full-length sequences was calculated. The frequency was normalized to allow the frequency of sequences in randomly sequenced libraries to
equal 1. dThe random sequences include the BAC and truly randomly sequenced clones since the frequencies were quite similar. eCSHL,
Cold Spring Harbor Laboratory.
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genes for which the GSS sequencing approaches pro-
videupstreamuntranslatedregion(UTR)andpromoter
sequences. Our analyses confirm that MF and HC
selected DNA sequences are highly enriched for gene
sequences (Palmer et al., 2003; Whitelaw et al., 2003)
and further suggest that the currently available GSSs
should provide tags for the majority of maize genes.

RESULTS

Frequency of EST Sequences per Gene and Coding
Sequence Coverage

A subset of 70 FLC sequences from our collection of
78 FLCs was used to perform BLASTN searches of the
NCBI EST database. (We excluded the Hon genes from
this analysis because they are quite highly expressed.)
The distribution of the number of ESTs per gene
is shown in Table II. The average number of EST se-
quences recognizing an FLC was 18. Eighty-four per-
cent of the FLCs were represented by five or more EST
sequences, while only two FLCs were unrepresented
by ESTs. However, since many of the FLCs used in this
study were originally identified via EST sequences,
this collection may represent a biased assessment of
the frequency of maize FLCs represented by ESTs.
Of the 122,606 bp represented in the 70 FLCs, 89,402

bp were covered by EST sequence, indicating 72.9%
coverage. Assembling contigs of the EST sequences
that aligned to the FLCs showed that 40% of the 70
FLCs could be represented by a single contiguous
sequence while the remaining 41 FLCs contained one
or more regions of the coding sequence that were not
represented by ESTsequence. Assembly of all the ESTs
that aligned to the 70 FLCs resulted in 99 nonoverlap-
ping contigs. Therefore, on average, each FLC from
our sample dataset of 70 genes is represented by 1.41
EST contigs. This statistic indicates that in many cases
multiple ESTcontigs from assemblies such as the TIGR
Gene Index actually represent a single gene. Assuming
that our set of 70 FLCs is representative of all maize
genes represented by ESTs in terms of size, distribu-
tion, and expression suggests that the 56,364 maize
ESTclusters/singletons in the current TIGR gene index
may actually represent approximately 40,000 genes.

Utility of GSSs for Tagging Maize Genes

Results of alignments of the GSSs with the 78 FLCs
are presented in Table II. We attempted to identify any
systematic bias within the experimental data sets that
would tend to over- or underrepresent the true number
ofGSSs per gene. To examine this,we checked that each
GSS was uniquely assigned to a single gene. Five GSSs
(out of 1,167) were found to be assigned to two closely
related genes: BZ375290 (Nfd103-Nfd107), BZ686390
(Hdt101-Hdt104), BZ753827 (Hdt101-Hdt104), CG288034
(Nfa103-Nfa104), and CG290386 (Hxa102-Hxa103). Our
data set has multiple examples of closely related genes

(.90% nucleotide identity); however, the finding that
99.6% of GSSs could be unambiguously assigned sug-
gests that incorrect assignment of aGSS to a parologous
genewas an uncommon occurrencewithin our dataset.
Furthermore, comparisons of the rate of gene tagging
amongmembers of the subset of FLCs/genes forwhich
we had identified all gene family members, against the
rate for gene tagging among all FLCs in our study,
revealed no obvious difference (data not shown).

A total of 50,877 and 3,480 GSSs used in our analysis
were derived from two randomly sequenced small-
insert libraries (ZM_3.0_4.0_KB from TIGR and maize
random small-insert library from DuPont, respec-
tively; Meyers et al., 2001), and 252,138 GSSs were
derived fromtwoBACend libraries (J.Messing,unpub-
lished data; pgir.rutgers.edu). The BAC end sequences
are not randomly placed throughout the genome
since they represent sequences near the HindIII
(ZMMBBb) and EcoRI (ZMMBBc) restriction sites
used to generate the BAC inserts. However, due to the
fact that the frequency of hits in the BAC end libraries
were very similar to the frequency of hits in the ran-
dom small-insert libraries (Table I), these sequences
were all considered random sequences. Forty-two
of the small-insert/BAC end GSSs (from 39 clones)
were found in the 78 query sequences. Figure 1A
shows the distribution of the number of randomly se-
quenced GSSs per FLC. Of the 42 randomly se-
quenced GSSs, 32 are derived from the two BAC end
libraries and tag 22 of the 78 FLCs. Consequently, 22 of
78 (28%) of our FLCs have the potential to be posi-
tioned on a BAC-based maize physical map.

A total of 178,125 RM sequences, each corresponding
to the insertion site of a transgenic RM element, have
been isolated during the course of the maize gene
discovery project led by Virginia Walbot (www.
mutransposon.org; Raizada, 2003). Twenty-seven of
our 78 FLCs have at least some portion of their
length represented within 70 RM sequences from 46
individual clones. Figure 1B shows the number of RM
sequences per FLC. Like the number of genes tagged by
small-insert or BAC end GSS, the number of genes
tagged by RMGSSswas low.However, 7 of the 28 FLCs
tagged by RM sequences are tagged by multiple RM
sequences. This is likely to reflect either a germinal
insertion event or a Mu insertion site preference.

A total of 481 HC sequences, representing 353
individual HC clones, align to 73 of the 78 FLCs. On
average, each gene was represented by 6.2 HC GSSs,
which amounts to an average of 3.81 GSSs per kb of
coding sequence. A total of 574MF GSSs, derived from
376 clones, align to 75 of the 78 FLCs. On average, each
gene hit by an MF GSS was represented by 7.4 MF
sequences, i.e. there was an average of 5.1 GSSs per kb
of coding sequence. Figure 1, C and D, shows the hit
distribution of the HC and MF GSSs per FLC and the
range of values for the number of GSSs per kb of FLC.
The frequency of tagging an FLC by either an HC or
MF GSS is 0.108% and 0.098%, respectively. Therefore,
assuming our test set of 78 full-length maize genes is

Analysis of Gene Enrichment in Maize Genome Sequencing

Plant Physiol. Vol. 136, 2004 3025



Table II. Frequency of hits for full-length cDNA sequences

Gene Accession No.a Length
GSS

Hitsb

GSS

Clones

Hitb

HC

Clone

Hitsb

MF

Clone

Hitsb

RC

Clone

Hitsb

HC

GSS

Hitsb

MF

GSS

Hitsb

RC

GSS

Hitsb

RM

GSS

Hitsb

Promoter

Extensionc
EST

Hitsd
Genomic

Sequencee

Complete

Gene

Familiesf

brd103 AF545811 4,089 27 17 9 6 2 15 10 2 0 N.A. 10
cha101 AF461813 2,643 20 10 3 7 0 5 12 0 3 N.A. 3
crd101 AF527609 1,436 22 13 5 7 1 8 13 1 0 256 20 1,902
dmt101 AY093415 4,624 41 27 13 11 3 19 19 3 0 120 44 7,955 #
dmt102 AY027539 3,165 34 24 6 18 0 7 27 0 0 1,382 31 13,749 #
dmt103 AF242320 2,365 23 13 6 7 0 11 12 0 0 769 9 4,841 #
dmt104 AY029557 1,454 6 4 3 1 0 4 2 0 0 0 6 #
dmt105 AY093416 2,996 17 9 4 5 0 7 10 0 0 0 11 11,009 #
dmt106 AF527610 2,197 15 9 3 5 1 6 8 1 0 230 3 #
dmt107 CA399729.1* 1,903 8 6 4 2 0 6 2 0 0 1,144 6 5,788 #

ep101 AF443599 1,897 12 10 6 4 0 7 5 0 0 0 3
fie101 AY061964 1,763 17 10 5 3 2 10 5 2 0 N.A. 2 4,709 #
fie102 AY061965. 1,686 21 14 4 9 1 6 13 1 1 N.A. 8 3,437 #
gtc102 AF545812 3,505 10 5 2 3 0 4 5 1 0 N.A. 24
gte102 AY232822 2,865 16 5 1 4 0 1 8 0 7 N.A. 10
hag101 AF440227 1,863 23 11 6 5 0 9 10 0 4 N.A. 6
hag102 AY093417 1,515 19 13 9 3 1 11 3 2 3 N.A. 7
hag104 AY122274 1,757 21 16 11 5 0 14 7 0 0 N.A. 10
hda101 AF384032 1,906 25 19 6 13 0 6 19 0 0 N.A. 31
hda102 AF440228 1,694 6 4 3 1 0 4 2 0 0 N.A. 13

hda108 AF440226 1,662 11 6 4 2 0 6 4 0 1 N.A. 23
hda110 AF527611 2,500 12 10 4 6 0 5 7 0 0 N.A. 14
hdt101 AF384033 1,124 5 5 5 0 0 5 0 0 0 2,006 6 #
hdt102 AF254072.1 1,222 6 4 3 1 0 5 1 0 0 0 48 #
hdt103 U82815.1 1,249 11 8 4 4 0 6 5 0 0 526 41 #
hdt104 AR168371.1 1,286 16 12 8 4 0 9 7 0 0 201 5 #
hon101 AF527615 780 20 10 4 6 0 6 11 0 3 N.A. N.A.
hon102 AF461814 991 16 5 1 4 0 1 6 0 9 N.A. N.A.
hon103 X57077.1 1,157 14 11 4 6 1 4 8 2 0 N.A. N.A.
hon104 AI881474* 1,034 11 6 0 6 0 0 11 0 0 N.A. N.A.

hon105 AF291748.1 1,059 15 9 1 8 0 1 14 0 0 N.A. N.A.
hon107 BM335827.1* 1,212 17 11 3 6 2 5 9 2 1 N.A. N.A.
hon108 AF461815 1,003 19 15 7 7 1 8 10 1 0 N.A. N.A.
hon110 BI245355.1* 1,149 6 3 0 3 0 0 4 0 2 N.A. N.A.
hxa102 AJ430205.1 2,350 22 13 5 8 0 7 15 0 0 1,477 15 #
hxa103 AY100479 2,169 27 17 9 8 0 15 12 0 0 703 10 #
mbd101 AY029556 818 9 5 2 3 0 3 6 0 0 377 20 #
mbd105 AY029558 1,767 7 3 0 2 1 0 2 1 4 0 33 #
mbd106 AY029559 1,690 7 6 0 4 2 0 5 2 0 433 33 #
mbd108 AY029560 1,421 14 11 2 8 1 2 10 1 1 462 21 #

mbd109 AF527618 1,667 3 2 1 1 0 1 2 0 0 0 13
mbd111 AY029561 1,442 8 6 3 3 0 4 3 0 1 2,087 25 #
mbd113 BG316880.1* 1,009 4 3 2 1 2 2 0 0 234 18
mbd115 AI065476.1* 1,539 13 10 2 7 1 2 10 1 0 583 41
mbd120 CC407233.1* 637 10 5 1 4 0 2 7 0 1 77 0 2,652 #
nfa101 AY232823 1,327 12 8 3 4 1 5 6 1 0 N.A. 49
nfa102 AY100480 1,291 12 8 5 1 2 8 2 2 0 N.A. 24
nfa103 AF384035 958 11 8 4 4 0 6 5 0 0 N.A. 34
nfa104 AF384036 907 11 8 2 4 2 3 6 2 0 N.A. 23
nfc101 AA979903* 1,768 8 7 1 6 0 2 6 0 0 585 29

nfc102 AF384037 1,808 20 16 11 5 0 13 7 0 0 1,576 28
nfc103 AF440219 1,595 22 16 8 8 0 10 12 0 0 1,307 19
nfc104 AY093418 1,402 12 9 6 2 1 8 3 1 0 580 10
nfd101 AF527616 715 15 10 3 7 0 4 11 0 0 N.A. 48
nfd102 AJ006708.1 665 9 6 1 5 0 1 6 0 2 N.A. 23
nfd103 AF531431 887 10 4 1 3 0 1 6 0 3 N.A. 50
nfd104 AF440222.1 777 7 6 3 3 0 3 4 0 0 N.A. 48

(Table continues on following page.)
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a faithful representation of the genes in the maize
genome in terms of sequence composition, length, and
distribution, the proportion of maize genes that have
been tagged by MF with 95% confidence is 0.94 6 0.05
and the proportion of maize genes tagged by an HC
sequence is 0.966 0.04 (see ‘‘Materials andMethods’’).
It should be noted that the combination of MF and HC
sequences tags all 78 of the sequence set.
The total collection of 1,518,959 maize GSSs ana-

lyzed contains 1,167 sequences corresponding to parts
of the 78 FLCs used in this study (0.077% of the
available GSSs correspond to one of the 78 FLCs).
Every FLC in the dataset was tagged by at least three
GSSs, and 97% of FLCs had five or more GSS hits,
while 76% of the FLCs had at least 10 GSS hits (Fig. 2E).
The average gene within our dataset was 1,743 bp
in length and tagged by 15.0 GSSs. Table I shows
the normalized frequency for gene discovery for the
different types of GSS libraries. The frequency for
gene discovery in randomly sequenced clones was
normalized to a value of 1. RM GSSs identified our
FLCs at a 2.9-fold higher rate than random sequencing,
while HC selection and MF identified the FLCs at a
7- to 8-fold higher rate than random sequencing

(Table I). The EST sequencing projects were 24-fold
more likely to identify these FLCs than random
sequencing, but since most of these genes were ini-
tially discovered within EST libraries, we are unable to
relate our observed EST hit frequencies to that of an
average maize gene.

Comparison of Results from FLC with

Genomic Searches

For 12 of the 78 FLCs we had also determined the
full-length genomic sequence. Consequently, the abil-
ity of different sequencing methods to capture non-
coding regions of the complete genes associated with
12 of the FLC sequences could be evaluated. Compar-
isons of the genes and the GSSs was performed using
BLASTN, and the GSSs recognizing these gene se-
quences were catalogued and compared to the GSSs
that were found using the FLCs. All 296 GSSs found by
searches using the FLCs were also found by using the
full-length genomic sequences as the query. However,
the full-length genomic sequences identified another
103 GSSs that were not detected by the FLCs. In-
spection of 15 of these 103 GSSs revealed that these

Table II. (Continued from previous page.)

Gene Accession No.a Length
GSS

Hitsb

GSS

Clones

Hitb

HC

Clone

Hitsb

MF

Clone

Hitsb

RC

Clone

Hitsb

HC

GSS

Hitsb

MF

GSS

Hitsb

RC

GSS

Hitsb

RM

GSS

Hitsb

Promoter

Extensionc

EST

Hitsd

FL

Genomic

Sequencee

Complete

Gene

Familiesf

nfd105 Y08298.1 417 7 4 1 3 0 1 5 0 1 N.A. 24
nfd106 AF527617 625 14 9 1 8 0 1 13 0 0 N.A. 46
nfd107 AI674006* 742 7 4 1 3 0 1 3 0 3 N.A. 12

sdg102 AY122273 1,792 21 12 11 1 0 13 2 0 6 N.A. 4
sdg104 AY122272 2,930 8 5 0 3 2 0 5 2 1 N.A. 5
sdg105 AY093419 2,487 17 12 8 4 0 11 6 0 0 N.A. 25
sdg110 AF545814 1,460 10 6 2 4 0 3 7 0 0 N.A. 5
sdg111 AY187718 1,986 11 7 3 4 0 4 7 0 0 N.A. 14
sdg113 AF545813 2,428 8 6 6 0 0 8 0 0 0 N.A. 1
sdg117 AY187719 4,666 10 8 5 1 2 6 2 2 0 N.A. 11
sdg118 AY122271 2,180 20 16 7 8 1 9 9 1 1 N.A. 1
sdg123 AY172976 1,176 12 8 8 0 0 12 0 0 0 N.A. 22
sdg124 AF443596 3,170 19 13 7 6 0 9 9 0 1 N.A. 8 10,271 #

sdg125 AF443597 3,026 30 20 8 12 0 10 19 0 1 N.A. 1 7,483 #
sdg126 AF443598 3,133 14 7 4 3 0 6 6 0 2 N.A. 3 11,620 #
sdg130 AF466646 1,233 40 34 21 11 2 26 12 2 0 N.A. 0 7,099
sgb101 AF384038 813 13 9 5 4 0 6 7 0 0 2,226 15 #
sgb102 AF384039 762 17 10 3 5 2 5 6 2 4 1,625 19 #
sgb103 BE510463.1* 973 15 8 4 4 0 5 7 0 3 1,387 22 #
srt101 AF384034 1,956 21 16 8 6 2 10 8 2 1 540 15 #
vef101 AY232824 2,195 19 14 8 4 2 12 5 2 0 416 13

Average 1,737.3 14.9744 9.858974 4.5 4.8 0.5 6.2 7.4 0.5 0.9 706.3 18.2

aFor all sequences marked by an asterisk, there is not an FLC available at GenBank. For these genes, the FLC is based upon an EST contig and the
assembly is available at www.chromDB.org. The accession numbers for these genes are just one of the EST sequences from the contig. bThe
number of HC, MF, random clone (RC), and RM or total number of GSS clones and sequences corresponding to each gene is listed. cThe base
pair of promoter sequence (any sequence upstream of the ATG) is indicated. For any sequences that were tested, either 0 or the base-pair length
is reported; for the sequences that were not tested, a value of N.A. is reported. dThe number of EST sequences matching each gene is
indicated. eThe length, in base pairs, for each gene that was used for performing searches against the full-length genomic sequence is
indicated. fThe genes marked by a # were a part of the subset of genes for which there is evidence that all genes in this gene family were included
in our dataset.
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GSSs were present entirely within introns, while
others spanned exon/intron junctions and simply
matched too small a region of the cDNA to be
considered a valid match by our original criteria.

Utility of the Maize GSSs for Providing Full Coverage
of cDNA or Genomic Sequences

The BLAST searches using FLCs and genomic se-
quences revealed that the currently available GSSs do
an excellent job of tagging maize genes. While the
ability to tag a gene is quite useful to genomic studies,
it is critical that the complete sequence of genes be
elucidated during sequencing. The coverage of the 78

genes was tested using the alignments of the GSSs to
the FLC and genomic sequences. The 12 full-length
genomic sequences have a total length of 92,515 bp, of
which 60,631 bp (65.5%) is covered by the GSS entries.
The total length of the 78 FLC sequences is 135,510 bp,
of which 102,028 bp (75.3%) is covered by the available
GSSs. The extent of coverage of the FLCs and genomic
sequences by each subset of GSSs is illustrated in
Figure 2A. Extrapolation from this dataset would
suggest that the currently available GSSs are sufficient
for providing the sequence of 75% of the coding
nucleotides in the maize genome.

We sought to determine the extent of coverage of the
FLC sequences by GSS contigs. These contigs were

Figure 1. Distribution of the number of GSSs corresponding to our 78 FLCs. This figure describes the distribution and numbers of
genes hit by the different types of GSSs but, due to different numbers of reads for the different libraries, is not a measure of relative
effectiveness. A, The total number of randomly sequenced GSSs and the breakdown between BAC end and small-insert random
libraries is shown. The majority of FLCs had no alignments with BAC end or small-insert random library GSSs, and very few FLCs
had multiple randomly sequenced GSSs. B, The number of RM GSSs aligning to the 78 FLCs in the dataset. The majority of FLCs
were not identified by an RMGSS. However, therewere several FLCswith a relatively high number of RMGSSs, whichmay reflect
insertion site preferences for theMutator transposable element. C, The number of GSSs per FLC for both theMF- and HC-selected
libraries. D, The sorted values for the number of GSSs from theMF- andHC-selected libraries per kilobase of coding region used to
perform the searches. There are slightly more MF hits (most likely due to the higher number of MF sequences deposited at
GenBank). However, the relatively higher density of MF hits per kilobase of coding region for some FLCs may reflect a propensity
for the MF to capture certain FLCs at a higher rate. E, The total number of GSSs per FLC. Every FLC had at least three GSSs with
amaximumof 41GSSs. F, The sortedvalues for the total numberofGSSs per kilobase of coding regionused to perform the searches.
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determined based on the positions of alignment rather
than a computational assembly and, thus, will be
more permissive and longer than those assembled by
an automated approach. A total of 165 GSS contigs
representing the 78 FLCs were assembled. Fifty-seven
of the 78 FLCs (73%) were represented by more than
one, nonoverlapping GSS contig.
While the combination of MF and HC GSS data tag

all 78 members of our set of genes, only 70/78 FLCs in
our gene set are tagged by both MF and HC GSS reads.
If this gene set is representative of the total maize gene
set, then 90% of maize genes reside in the sequence
space overlapped by MF and HC, while the remaining
10% are represented only by MF or HC sequences. It is
unclear whether this is due to the fact that sampling of
the maize genome by MF or HC is not complete or
whether this reflects that MF and HC sample over-
lapping but nonidentical regions of the maize genome,
as suggested by Whitelaw et al. (2003).
The number of nucleotides represented within the

78 FLC sequences is 135,501. Of this, 94,987 of the
nucleotides are covered by MF and HC clones, with
the observed proportions illustrated in Figure 2B. The

distribution suggested that the portion of the genome
sampled by HC and MF may be partially nonoverlap-
ping. One possibility to examine whether or not MF
and HC sample identical sequence space is to estimate
what portion of the sequence space is expected to be
common to both MF and HC, given a random sam-
pling by both methods, if they sample identical se-
quence space. If MF andHC sample identical sequence
space, then each method should be equivalent in its
ability to sample a given nucleotide within that space.
Therefore, one could envision that the probability
distribution of the number of nucleotides selected by
both HC and MF might be approximated by a hyper-
geometric distribution (Sincich et al., 2002).

This model predicts the proportion of nucleotides
recovered by random selection by one method (HC)
that would be expected to overlap with a similarly
random selection by the second method (MF). One
possible issue with this modeling is that, experimen-
tally, nucleotides are not strictly independent of one
another. Rather, nucleotides that are present within the
same sequenced clone are dependent. To approximate
the nonrandomness of nucleotides during the cloning

Figure 2. Coverage of the 78 FLC sequences by EST and GSS sequencing. A, The percent of nucleotides within the FLC or
genomic sequences used for the BLAST searches that are represented by each subset of sequences. The GSSs represent
approximately 75% of the base pairs used to perform the FLC BLAST searches. The overlap between the MF and HC coverage is
indicated in B. A total of 101,987 bp of FLC sequence (out of 135,510 bp) was covered. The overlap between the MFand HCGSS
coverage is 36.9%. C and D, The distribution of positions that individual GSSs cover within those FLC sequences that they align
to. The RM GSSs display a significant bias toward the 5# end of FLC sequences. Interestingly, the MF GSSs (D) also show a bias
toward the 5# end of FLC sequences.
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procedure, and to simplify the reality that these
sequencing reads came from filtered cloning of ran-
domly sheared genomic DNA and thus may overlap at
high density, we assumed both a read length of 720
bases and that the reads covered the sampled se-
quence space in a nonoverlapping fashion. The choice
of 720-bp reads is consistent with the average read
length of MF and HC sequences generated by the con-
sortium for maize genomics (http://www.tigr.org/
tdb/tgi/maize).

Under the aforementioned assumptions, 188 unit
reads arranged end-to-end would be required to
extend across the lengths of the 78 FLCs tested. The
94,987 nucleotides aligned to MF and HC sequences
could likewise be represented within 132 reads, and
the 61,805 and 63,842 nucleotides covered individually
by MF and HC, respectively, can be represented by 86
and 89 reads, respectively. Furthermore, the number of
reads corresponding to the fraction of nucleotides that
are sampled by both MF and HC sequences is 43. It is
currently unknown if the collection of MF- and HC-
derived sequences will cover all of the nucleotides of
the 78 test FLCs, or if there is some portion of these that
are unavailable to either or both HC and MF cloning
methods. In other words, it is not yet clear whether
94,987 nucleotides that MF 1 HC sample (hypotheti-
cally represented by 132 unit reads) of the possible
135,501 (hypothetically represented by 188 unit reads)
represent the limits of coverage by both methods or
simply reflect the current sequence depth. However, if
MF and HC sample identical sequence space, then
each method should be equivalent in its ability to
sample a given nucleotide within that space, and any
of the 132 reads sampled by both HC and MF could
therefore be obtained by MF or HC alone. Under the
above assumption, the probability distribution for the
number of reads selected by both MF and HC is
hypergeometric (Sincich et al., 2002). The nucleotides
sampled by MF can be represented by 86 reads, the
nucleotides sampled by HC can be represented by 89
reads, and frequency of sampling by MF is 0.65 (86/
132). Assuming that HC and MF sample identical
sequence space, then a random selection of 89 reads by
HC from a pool of 132 should contain 57 reads (0.67 3
89) that were also identified by MF. The observed
number of reads sampled by both HC and MF is 43,
and the hypergeometric distribution (Sincich et al.,
2002) predicts that the probability of obtaining 43 or
fewer common reads, rather than the expected 58
common reads, is less than 1e209. Thus, it is unlikely
that HC and MF sample identical sequence space. It
should be noted that when the above modeling is
performed on single base sampling, the difference
between observed and expected overlap is magnified,
and the probability that the observed data is explained
by sampling of the same gene space is greatly reduced.
Although the above treatment is simply an approxi-
mation, the results are consistent with our experimen-
tal observations that suggest MF and HC are sampling
an overlapping but nonidentical sequence space, and

it is likely that MF- and HC-specific biases extend to
the sequences within genes.

We also addressed the relative distribution of dif-
ferent types of GSSs within the gene length. The length
of each FLC was normalized to a value of 100, and the
position of the alignment for each EST, GSS, and contig
on the normalized scale of 1 to 100 was determined
(Fig. 2, C and D). The RM sequences tended to be
located near the 5# end of the gene (Fig. 2C), while the
randomly sequenced GSSs displayed a more uniform
distribution across the length of the gene. This is
expected based on the observation that Mutator in-
sertion sites tend to cluster near the 5# UTRs of some
genes (R. Meeley, personal communication; Dietrich
et al., 2002). The apparent fluctuation of the random-
clone curve is likely a product of the low hit frequen-
cies observed for the random GSSs. The MF and HC
GSSs exhibit a nonrandom distribution where cover-
age is greater at the gene ends. The MF sequences had
a much higher level of coverage near the 5# end of the
gene. In general, the HC GSSs did not provide as high
a level of coverage of the 5# end of the genes, which
may imply that within the maize genome, the 5#
portions of maize genes are in close proximity to
repetitive sequence. Both HC and MF GSSs showed
a slight increase in coverage for the 3# end of the gene
relative to the middle of the sequence.

Utility of the GSSs for Promoter Discovery

Many genome-wide expression studies aim to link
regulatory responses in gene-expression levels to cis-
acting sequence elements in gene promoters. To date,
there is relatively little information about the 5# cis-
regulatory sequences of maize genes. While the EST
sequences are a rich source of coding sequences, they
do not provide information about the 5# cis-regulatory
sequences. The ability of the GSSs to provide genomic
sequence 5# to the translation start site was tested for
a subset of 33 of the genes in our dataset. Iterative
BLAST searches were performed to extend the up-
stream sequence for these 33 genes. For 26 of the 33
genes (78%), at least one GSS that covered the ATG
start codon was available (Table II; Fig. 3). The average
gene had 891 bp of sequence 5# to the ATG start codon,
while the median length of 5# sequence was 586 bp.
Seventeen of the 33 genes had at least 500 bp of
upstream sequence, 10 of the 33 genes had at least 1 kb
of upstream sequence, and the longest extension was
2.2 kb. This sequence is likely to contain 5# UTRs and
promoters. We attempted to determine how often
a putative PolII promoter recognition sequences could
be found using the Softberry TSSP package (Mount
Kisco, NY; http://www.softberry.com; Shahmuradov
et al., 2003), which uses characteristics of known factor
binding sites to predict potential transcription start
sites in plant DNA sequence. Putative promoters were
predicted in 13 of the 26 upstream sequences assayed,
and putative TATA boxes were identified in 9 (70%) of
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these. These results suggest that the currently avail-
able GSSs are sufficient to provide promoter sequences
for a substantial portion of maize genes.

DISCUSSION

In this study a set of well-characterized maize FLC
sequences was used to assess the utility of the maize
EST and GSS sequencing projects for tagging and
sequencing maize genes. The FLCs used within this
dataset display differing patterns and levels of expres-
sion, and, other than the fact that the majority of these
genes were originally identified through EST se-
quences, there does not appear to be any evidence to
suggest that these genes will not be representative of
the maize genome as a whole. To confirm that these
results were not over- or underestimating the number
of GSSs/gene we determined the coverage for a subset
of these genes with full-length genomic sequences and
for a subset of genes from families in which all cross-
hybridizing sequences had been identified were used
to perform BLASTN searches. No evidence was found
for a systematic over- or underrepresentation by
querying with the full-length coding sequences. All
78 genes used as queries were tagged by multiple
GSSs. The rate of gene discovery by the GSSs indicates
that the HC and the MF sequences each tag about 95%
of maize genes. Therefore, it is probable that the
majority of genes within the maize genome have been
identified by one of these two approaches. If our FLC
set is representative of all maize FLCs, then approxi-
mately 50% of coding base pairs have been sequenced
by either HC or MF approaches and approximately
75% of the base pairs are sequenced by the combined
GSS approaches.
While the majority of maize genes have been iden-

tified by EST or GSS approaches, relatively few genes
have been completely sequenced using these ap-
proaches. The average number of contigs/singletons
per gene is 1.4 EST and 2.1 GSS contigs/singletons per

gene. In our analysis, 41% of the FLCs were repre-
sented by multiple EST contigs, and 73% of the FLCs
were represented by multiple GSS contigs. Therefore,
further sequencing is necessary to finish the sequenc-
ing of the maize gene space and provide a single
contiguous sequence for each gene. In addition to
identifying coding sequences, the GSSs will also
provide introns and promoter sequence informa-
tion. The majority of genes tested had a GSS that
covered the ATG start codon, and promoter sequences
could be computationally predicted in half of these
genes.

In our study we were also able to address the issue
of whether the two major reduced representation GSS
approaches used for maize, HC and MF, sequence
identical or partially nonoverlapping portions of the
maize genome. The finding that many genes were
represented by both MF and HC sequences indicates
that these two approaches often do overlap in the por-
tion of the genome that they are sampling. Whitelaw
et al. (2003) and Palmer et al. (2003) found that MF
libraries often retain a significant proportion of LTR
retrotransposon sequence, which is not highly repre-
sented in HC libraries. We used our 78 genes as
a dataset representative of the entire maize gene space
and determined the overlap between HC and MF
sequences. Using two different approaches to test this
distribution, we found that it is highly unlikely that
HC andMF libraries sequence identical portions of the
maize gene space. In addition, we also investigated the
distribution of GSSs along the length of the genes in
our dataset and found that MF andHC sequences have
distinct distributions along the gene length, i.e. the MF
sequences aremore likely to provide sequence near the
5# end of the gene than the HC sequences.

Our data suggest that the current efforts have been
very successful toward sequencing the maize gene
space. The majority of maize genes have been identi-
fied by EST and/or GSSs. However, most of these
genes are only partially represented. Further efforts
are necessary to provide more substantial coverage of

Figure 3. Utility of GSSs for promoter identifica-
tion. A subset of 33 FLCs (indicated in Table II) was
used to perform searches to identifyGSSs that could
provide 5# UTR and promoter sequences. Twenty-
seven of the 33 FLCs had at least one GSS that
overlapped the ATG start codon. A, The length (in
base pairs) of UTR/promoter sequence for each FLC
is shown. The average length was 894 bp. The
sequence 5# of the ATG start codon was analyzed
for the presence of a putative promoter using
Softberry TSSP software. The sequences for which
a promoter was predicted are indicated by the
presence of an asterisk.
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the gene sequences and to begin to link the assembled
GSS contigs to the physical and genetic map of maize.

MATERIALS AND METHODS

Sequences Used for BLAST Searches

Our analyses utilized three sets of nucleic acid sequences to perform

BLAST searches at NCBI during the week of November 17, 2003. The first set

of sequences was 78 full-length B73 cDNA sequences obtained by cDNA clone

sequencing, RACE PCR to extend an EST clone, and reverse transcription

(RT)-PCR of genomic sequences that cross-hybridize to a gene of interest

(further sequence details, map positions, and expression profiles for many of

these genes are available at the www.ChromDB.org Web site). Further

analyses were performed on a subset of the 78 genes for which we had cloned

and sequenced all members of the gene family. This allowed us to un-

ambiguously attribute the GSS or EST sequences to one gene. In addition, the

full-length genomic sequence for 13 of the 78 genes was available, and these

sequences were used to verify that all sequences matching the cDNA also

matched the genomic sequence. Table II lists the sequences, accession

numbers, and relevant attributes for the genes used in this study.

BLAST Searches

All alignments were performed with BLAST version 2.2.6 available from

the NCBI (Altschul et al., 1997), using the default parameters with the low-

complexity filter off. BLASTN searches were performed between our collec-

tion of gene sequences and the maize (Zea mays) EST or GSSs available at

NCBI. Only those alignments that extended for a minimum of 100 bp with

98% nucleotide identity were considered for the searches against the GSSs.

The identity cutoff for alignments to ESTsequences was set at 97% since many

of the EST sequences are derived from genotypes other than B73 and maize

has a relatively high polymorphism rate. These alignments were then viewed

to ensure that they did not simply match a repetitive sequence (such as

a MITE) and that they matched the predicted exon-intron structure. All ESTs

or GSSs that passed these criteria were then catalogued to record information

about the accession number, clone name, and position of the alignment.

Contigs were manually assembled by analyzing the positions of each

alignment and assigning each sequence to a contig based on whether it

overlapped with another sequence. These contigs were defined by the gene

they corresponded to and the position of the gene that they aligned to. Contigs

were assembled for each type of GSS as well as for the total GSS and EST

sequences. The overlap in coverage between different sets of sequences was

then compared based on the positions of alignment for each gene.

Statistical Analysis of Frequency Predictions

If the proportion of maize genes sampled by HC or MF (p) is equivalent to

the proportion of those genes within our sample set successfully tagged byMF

or HC reads, then the 95% confidence interval for the population proportion of

maize genes sampled by HC or MF is:

p̂6 1:96ðp̂½12 p̂�=nÞ1=2;

where p 5 tagged genes/total genes in sample (n; Sincich et al., 2002).

Probability Calculations Based on the Hypergeometric
Distribution Model

The expected number of reads common to both MF and HC (see text) was

calculated with a PERL script included in the supplemental material (avail-

able at www.plantphysiol.org). The expected number is given by the mean of

the hypergeometric distribution. If the observed number is greater (or less)

than the expected number, the accumulated probability associated with the

departure from the expected mean was calculated.

The hypergeometric distribution probability function is f(xjA,B,n) 5

(combination(A,x) * combination(B,(n 2x)))/combination((A 1 B),n), where

x represents any possible integer in the interval of max{0, n2 B} andmin{n, A};

and combination(n1,n2) represents n1!/(n2! *(n1 2 n2)!) (Sincich et al., 2002).

The mean of a hypergeometric distribution is nA/(A1 B). As stated (see text)

the hypergeometric distribution models the number of nucleotides selected

for by both MF and HC. Where the nucleotides selected by MF are

represented by 86 reads, those selected by HC are represented 89 reads, the

observed overlap is 43 reads, the total accessible reads are 132 reads; then, A5

89, B5 1322 895 43, n5 86, x5 43. Because the actual overlap is 43, which is

less than the expected observation number: nA/(A 1 B) 5 58, the final

probability was calculated as the sum of the probabilities for x 5 43 to x 5 1.
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