
Bioinformatics

Structure and Architecture of the Maize Genome1[W]

Georg Haberer2, Sarah Young2, Arvind K. Bharti2, Heidrun Gundlach, Christina Raymond,
Galina Fuks, Ed Butler, Rod A. Wing, Steve Rounsley, Bruce Birren, Chad Nusbaum,
Klaus F.X. Mayer, and Joachim Messing*

Munich Information Center for Protein Sequences, Institute for Bioinformatics, Gesellschaft für
Strahlenforschung Research Center for Environment and Health, D–85764 Neuherberg, Germany
(G.H., H.G., K.F.X.M.); Broad Institute of the Massachusetts Institute of Technology and Harvard,
Cambridge, Massachusetts 02141 (S.Y., C.R., S.R., B.B., C.N.); Plant Genome Initiative at Rutgers,
Waksman Institute, Rutgers, The State University of New Jersey, Piscataway, New Jersey 08854
(A.K.B., G.F., J.M.); and Arizona Genomics Institute, University of Arizona, Tucson, Arizona
85721 (E.B., R.A.W.)

Maize (Zea mays or corn) plays many varied and important roles in society. It is not only an important experimental model
plant, but also a major livestock feed crop and a significant source of industrial products such as sweeteners and ethanol. In
this study we report the systematic analysis of contiguous sequences of the maize genome. We selected 100 random regions
averaging 144 kb in size, representing about 0.6% of the genome, and generated a high-quality dataset for sequence analysis.
This sampling contains 330 annotated genes, 91% of which are supported by expressed sequence tag data from maize and
other cereal species. Genes averaged 4 kb in size with five exons, although the largest was over 59 kb with 31 exons. Gene
density varied over a wide range from 0.5 to 10.7 genes per 100 kb and genes did not appear to cluster significantly. The total
repetitive element content we observed (66%) was slightly higher than previous whole-genome estimates (58%–63%) and
consisted almost exclusively of retroelements. The vast majority of genes can be aligned to at least one sequence read derived
from gene-enrichment procedures, but only about 30% are fully covered. Our results indicate that much of the increase in
genome size of maize relative to rice (Oryza sativa) and Arabidopsis (Arabidopsis thaliana) is attributable to an increase in
number of both repetitive elements and genes.

Maize (Zea mays or corn) has a wide variety of uses
and broad economic impact. It is a significant food
source for humans, a chief ingredient in livestock feed,
and is the source of a wide range of manufactured
products, including sweeteners, fuel, and adhesives. It
also has a long and storied history as a model organ-
ism in genetic studies. The combination of its genetic
and economic importance has made maize a prime
organism for genomic studies (for review, see Messing,
2005). Despite its evident value, progress toward
generating a whole-genome sequence of maize has
been held back by the cost and complexity of such
a project. Although it is a medium-sized grass genome,
at 2.4 Gb the maize genome is large compared to other

sequenced plants and so will require significant fund-
ing to sequence. On top of this, its high repeat content
poses computational challenges for accurately assem-
bling a genome sequence.

In the absence of a genome sequence, studies of
selected regions of the maize genome and compari-
sons to related species have been carried out. Com-
parative genetic analyses (Hulbert et al., 1990; Ahn
and Tanksley, 1993; Moore et al., 1995; Gale and Devos,
1998) have suggested that significant portions of grass
genomes are conserved (collinear). It has been pro-
posed that, aside from polyploidization, large genome
sizes in the grasses are caused primarily by the
high content of repetitive elements (SanMiguel and
Bennetzen, 1998; Meyers et al., 2001; Song et al., 2002).
Several studies have investigated the local structure of
orthologous regions in various grass species (Chen
et al., 1997; Feuillet and Keller, 1999; Tikhonov et al.,
1999; Tarchini et al., 2000; Ramakrishna et al., 2002a,
2002b; Song et al., 2002; Brunner et al., 2003; Ilic et al.,
2003; Langham et al., 2004). These studies paint
a picture of grass genomes that have macrocollinearity,
or a general conservation of genes and gene order,
but because of numerous small-scale genic rearrange-
ments, such as insertions, deletions, amplifications,
inversions, and translocations, lack perfect microcolli-
nearity. Although the results are suggestive, the re-
gions studied represent a tiny fraction of the genome.
In addition, since all the regions were selected based
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on the presence of mapped genes of specific interest,
they are also intrinsically biased and are not likely to
be representative of the general genome organization.
An accurate assessment of the content and organization
of the maize genome requires a more comprehensive
and unbiased dataset.

Existing data suggest that plant genomes are much
more dynamic than similarly related animal genomes
in terms of size, gene content, organization, and repeat
content (for review, see Messing, 2005). For example,
grass genomes vary in size from rice (Oryza sativa;
0.4 Gb) to wheat (Triticum aestivum; 16 Gb). Because of its
relatively small size and low proportion of repetitive
DNA, whole-genome sequencing efforts in the grasses
were initially focused on rice. Rice has about 30% more
genes than Arabidopsis (Arabidopsis thaliana), which is
largely attributed to gene family expansion (Inter-
national Rice Genome Sequencing Project, 2005). Even
within a single species, significant deviations from
gene collinearity are observed (Fu and Dooner, 2002;
Song and Messing, 2003; Brunner et al., 2005), which
can involve illegitimate recombination mediated by
helicases (Lai et al., 2005). Several species of grasses
have undergone whole-genome duplication (WGD)
events, creating large internally duplicated regions.
For example, as recently as 4.8 million years ago (mya),
maize underwent a WGD by the hybridization of two
progenitors (Swigoňová et al., 2004). Comparison of
duplicated regions from the maize genome with the
orthologous regions of rice and sorghum (Sorghum
bicolor; whose progenitor split from the progenitors of
maize only 11.9 mya) indicates that the maize genome
has lost many of its duplicated genes. In addition,
there is increasing evidence that a significant portion
of genes in all these grass species may have moved
to other locations within the genome over the last
50 million years (Lai et al., 2004b).

There are a variety of strategies for sequencing
whole genomes, and part of the goal of this work
was to generate a reference sequence for evaluation
of an appropriate sequencing strategy for the maize
genome. Suitability of a sequencing strategy to a ge-
nome depends on the character of the genome, the
state of the technology, and availability of funding.
Published strategies include whole-genome shotgun,
clone by clone, various reduced representation shot-
gun (RRS) methods, and various combinations of these
(Lander et al., 2001; Venter et al., 2001; Waterston et al.,
2002; Bedell et al., 2005). Several new RRS strategies
have been developed specifically to address the chal-
lenges posed by the high repeat content of maize, with
the goal of enrichment of nonrepetitive regions prior to
sequencing (Rabinowicz et al., 1999; Yuan et al., 2002;
Yuan et al., 2003). Two fractionation methods were
used to generate about 1 million sequence reads from
the genome of the maize inbred line B73 (Palmer et al.,
2003; Whitelaw et al., 2003). Effective evaluation of
the performance of a genome sequencing strategy will
be greatly facilitated by a high-quality, randomly
selected sampling of the genome in relatively large

regions (containing both genic and intergenic se-
quences).

To this end we randomly selected 100 bacterial
artificial chromosomes (BACs) from the genome of
the maize inbred line B73 for sequence analysis. They
were sequenced to deep coverage and manually
curated to derive an accurate consensus. This pro-
vided a high-quality reference sequence representing
approximately 0.6% of the genome that can serve as
a basis for both an unbiased study of genome content
and evaluation of potential strategies for sequencing
the whole maize genome. Based on the sequence in-
formation from this large random sampling, we un-
dertook an assessment of the organization and structure
of genes, repeat sequence families, and of the coverage
by RRS datasets.

RESULTS AND DISCUSSION

Sequencing and Assembly

With the goal of sampling random regions from the
maize genome, we selected 100 BAC clones from inbred
B73. To avoid bias, these clones were taken from three
different BAC libraries made by using different re-
striction digests (see Nelson et al., 2005; Supplemental
Table I) and were selected without regard to any
known genetic markers or genes of interest. The BACs
are part of a larger collection of clones for which DNA
fingerprints and BAC end sequences (BES) were gen-
erated (Messing et al., 2004). Since the fingerprinted
BACs were assembled into fingerprinted contigs (FPC)
and anchored to the genetic map (Cone et al., 2002), the
fingerprints serve as a link from the clones to the maize
physical and genetic maps. The selected BAC clones
fall into three categories with regard to the information
known about their map location: those that have a
chromosomal location by virtue of being assembled
into genetically anchored FPCs (77), those that are
assembled into unanchored contigs (9), and those that
are singletons from the contig-building process (14;
Supplemental Table II). The anchored clones are dis-
tributed across the 10 chromosomes (Supplemental
Fig. 1). BLAST (Altschul et al., 1990) analysis of the
BESs from singletons shows similarity to maize trans-
posable elements, demonstrating that the singleton
clones truly represented maize nuclear genomic DNA
and not contaminant sequences (e.g. plastid DNA,
genomic DNA from Escherichia coli, or other species).
This was further confirmed by analysis after complete
sequencing.

We sequenced, assembled, and manually curated
these clones (see ‘‘Materials and Methods’’) to gener-
ate the optimal consensus sequence, producing a high-
quality dataset on which all of our analyses are based.
After curation, 89 BACs yielded ordered and oriented
sequence assemblies, while the remaining 11 clones
are not fully ordered. One of these (AC147814) repre-
sents typical tandemly repetitive regions associated
with cytogenetically defined knobs. Another BAC

The Genome of Maize

Plant Physiol. Vol. 139, 2005 1613



clone (AC150267) not included in the set of the 100
regions contains ribosomal RNA gene sequences,
illustrating that the selection process yielded also
clones that are recalcitrant to assembly. Since these
regions were selected at random, the BACs have a
wide range of sizes (22.6–227.5 kb), with an average of
143.8 kb. The singletons are smaller overall with an
average size of 82.5 kb, as compared to 163.2 kb for the
mapped clones (Supplemental Table III). This is not
surprising, since fingerprints of smaller clones have
fewer bands and thus less information content. In
selecting a clone path, sequencing larger clones would
typically be chosen. The combined length of the BACs
is 14.38 Mb and represents roughly 0.6% of the total
maize genome or, for comparison, 3.7% of the rice ge-
nome and 12.3% of the Arabidopsis genome (Table I).

Annotation

Accurate gene annotation of maize sequences poses
significant challenges. The presence of transposable
elements, whether whole or fragmented, in a genome
often leads to overprediction of genes. To counter this,
one can remove any repeated sequences from the gene
set. However, as a consequence, large gene families
can be mistaken for repeat sequences, leading to un-
derprediction of genes. Thus, our annotation methods
must strike a careful balance. The 100 BAC clones were
annotated using a semiautomated pipeline and addi-
tional manual inspection and adjustment of gene

models (see ‘‘Materials and Methods’’). To address
the issue of falsely predicted genes, the potential gene
models were surveyed for the presence of putative
repetitive sequences (Messing et al., 2004). First, the
predicted coding sequences were compared with The
Institute for Genomic Research (TIGR) and Munich
Information Center for Protein Sequences (MIPS) plant
repeat databases to identify known repeats. Second, to
complement identification of known repeats, each of
the remaining predicted genes was compared against
the maize BES collection to identify as yet uncharac-
terized high-copy sequences. Genes that aligned to
.10 BES with high similarity (E value equal or lower
than 10230) and did not show homology to known
gene families were considered repeats and excluded
from the dataset. Ten BES hits would correspond to
roughly 10 to 20 copies per genome (at a level of
similarity detected with a 10230 or lower E value). This
set of removed predicted genes represents sequences
that were not effectively identified using the current
repeat databases and are potentially diverged or novel
repeats yet to be identified in maize. Exceptions were
genes homologous to expanded gene families, for ex-
ample, zinc-finger proteins, ATP-binding cassette trans-
porters, or proteins containing pre-mRNA splicing
protein (PRP) domains. Using this approach, we found
evidence for the presence of a total of 330 genes in the
100 random BACs. The vast majority of these genes are
well supported by at least one expressed sequence tag
(EST) and/or protein database entry, and a summary
sheet listing experimental support for each of our
annotations is provided in Supplemental Table IV.

To minimize bias in analyses that extrapolate to the
entire maize genome, we defined a high-confidence
gene set (HCGS) of full-length genes with end-to-
end protein database matches. For example, estimation
of gene size or the coverage of genic sequences by
reduced representational sequencing methods re-
quires a full-length gene set. We have used both the
complete and HCGS gene sets for distinct analyses
(see below). In defining the HCGS by manual inspec-
tion of protein alignments, we identified a reference
subset of 172 genes that were very similar in length
and sequence to previously described proteins in the
nonredundant database. The average length ratio
between a reference protein and its counterpart in
nonredundant was 0.97 (60.18 s), and the amino acid
identity of the alignment was 0.68 (60.16 s). In the
following, we have used both datasets in our analysis.

Gene Density and Length

We set out to use our annotations to characterize the
maize gene set. HCGS gene size falls into a broad
distribution ranging from under 1 kb to 59.1 kb, with
an average of 4 kb and a median of 2.6 kb. The average
gene size for the full set of 330 genes was 3 kb. By
comparison, the gene sizes of rice (2.6 kb) and Arabi-
dopsis (2 kb) are significantly smaller (Table I; Arabi-
dopsis Genome Initiative, 2000; International Rice

Table I. Comparison of maize, rice, and Arabidopsis gene statistics

Features Maize
Rice

Genomea Arabidopsisb

Total no. of clones 100 3,401 1,578
Average length (kb) 144 (23–227) n/a n/a
Total length (Mb) 14.38 n/a 132.9
Minimal tile (Mb) n/a 370.7 117.3
Predicted genes 330 37,544 29,084
Predicted exons 1,520 175,203 142,512
Average no. of exons

per gene
4.6 4.7 4.9

Average intron size (bp) 607 413 167
Average exon size (bp) 259 254 217
Average gene size (kb)c 4.0d 2.7 2.0
Average exon

density/100 kb
11 122.5

Average gene density
(kb per gene)

43.5 9.9 4.0

G 1 C content
Overall 46.5% 43.6% 35.9%
Exons 55.4% 54.2% 43.8%
Introns 42.3% 38.3% 32.6%
Intergenic regions 46.0% 42.9% 31.7%
Protein-coding DNA 55.4% 44.0%

aInternational Rice Genome Sequencing Project, (2005). bNum-
bers derived from MAtDB, released September 2004 (Schoof et al.,
2004). cLength from the start codon to the stop codon. dAver-
age gene size for all 330 genes (including partial gene models at the
end of BACs) is 3 kb.
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Genome Sequencing Project, 2005). The current pre-
dicted rice proteome, however, represents FGENESH
models without any manual curation and therefore
may have a smaller average gene size. The difference
between the HCGS and the full gene set is at least
partly ascribable to partial gene models at the ends of
BACs, as the size distributions of exons and introns
were similar (see below and Supplemental Fig. 2).
HCGS exon number varies from 1 to 31 with a median

value of five exons per gene (Fig. 1A). The average
exon length (259 bp; median length 138 bp) is very
similar to that in rice (254 bp) and slightly longer than
that of experimentally confirmed exons from Arabi-
dopsis (217 bp). Initial annotation of rice chromosome
10 (Rice Chromosome 10 Sequencing Consortium,
2003) showed a much larger average exon size (344 bp),
but this was due to the inclusion of transposon-related
genetic elements (which lack introns and have large

Figure 1. Gene characteristics in the 100 random
regions. Graphs have been plotted to show the
number of exons per gene (A), the number of
genes per BAC clone (B), and the gene density
expressed as number of genes per 100 kb (C).
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polyproteins). The more recent value for rice exons is
derived from the whole genome, and a much more
rigorous annotation process (International Rice Ge-
nome Sequencing Project, 2005). Since exon size is
similar, the major factor in the larger gene length in
maize must be the length of introns, which have an
average size of 607 bp in maize (median 166 bp) com-
pared to 413 bp in rice. The longer average intron size
in maize appears to be due to the insertion of trans-
posable elements (see below). The size distributions of
exon and intron lengths were similar between the
HCGS and the full gene set (Supplemental Fig. 2).

Gene density also falls into a broad distribution. We
observed between zero and 17 HCGS genes per clone
(Fig. 1B). Of the 100 clones, 78 contained at least one
gene, while the remaining 22 contained none. Because
of the wide range in BAC sizes, it is more appropriate
to use a normalized measure of gene density, such as
genes per 100 kb (Fig. 1C). Using this measure, gene
density varied over an 18-fold range (0.5–10.7) with an
average of 1.2 genes/100 kb. Using the full set of 330
predicted genes, the average density increases to 2.3
genes/100 kb or one gene every 43.5 kb. Both of these
values are markedly lower than those reported for
the rice genome (one gene every 9.9 kb) and for the
Arabidopsis genome (one gene every 4 kb; Table I).
The broad range observed is in line with previous
observations based on the sequencing of a 346-kb
region containing the storage protein gene cluster on
chromosome 4S in inbred BSSS53 (Song et al., 2001).
Even within this single region of the genome a wide
range of gene density was observed. It contains a sec-
tion of 170 kb containing 25 genes and another of 70 kb
containing only one.

In using the data from the random BAC clones to
estimate the total density and number of genes in the
maize genome, one must take into account the vari-
ability observed as well as edge effects, since the in-
dividual BACs will often contain partial genes. An
alternative method would be to use the average HCGS
gene length along with the predicted total gene space
to calculate an approximate predicted gene number of
the maize genome.

The full set of 330 genes predicted in this study
cover 7% of the nucleotides in the sequenced BACs,
leading to the extrapolation that the genic space for the
whole 2.3-Gb genome totals approximately 167 Mb.
Although this is likely to be an underestimate since
partial genes are included, this number is consistent
with a previous estimate of 177 Mb for the maize
transcriptome (Messing et al., 2004). By using the two
values for average gene size (3.0 kb from the full gene
set and 4.0 kb from the HCGS), with this estimate of
the total size for genic space, we estimate that the total
gene number in maize is likely to be between 42,000
and 56,000 genes. Since the HCGS gene size is more
likely to be representative of the whole genome, the
total gene number is more likely to be at the lower end
of this range. In any case, it should be noted that even
the lower end of this entire range is significantly

higher than the 37,544 genes in rice (International
Rice Genome Sequencing Project, 2005). Although
maize loses half of its duplicated genes after a WGD
event (Lai et al., 2004b), one would still expect the
maize genome to contain more genes than the rice
genome.

GC Content

We assessed the guanine 1 cytosine (G 1 C) con-
tent of exons and introns using just the HCGS because
the high level of conservation of these genes across
species means the splice-site locations can be consid-
ered high confidence. Most strikingly, there were clear
differences in GC content between coding and non-
coding (intron and untranslated regions) sequences
within genes. Exons varied from 40% to over 75% GC
with a mean of 55.4% (Table I). Intronic sequences
ranged from 30% to 60% with an average of 42.3%.
However, there was no significant difference between
the GC content of the HCGS and the full gene set.

Besides the overall difference in GC content of exons
and introns, we also observed a polarity of GC content
of both introns and exons decreasing in the direction of
transcription, with the translational start marked by a
steep increase in GC content (Supplemental Fig. 3).
These observations are consistent with findings in rice
(Wong et al., 2002). At this time, there is no known un-
derlying mechanistic explanation for this observation.

Gene Expression and Codon Usage

Since expressed sequences provide the most reliable
data for confirmation of gene calls, we compared our
gene annotation to existing ESTs from maize and other
plant genomes. The publicly available maize collection
of about 397,000 ESTs has been clustered to 49,991
unigenes, although these clusters include paralogous
sequences (Lai et al., 2004a). We note that these ESTs
are derived from several different inbred lines (in-
cluding B73) and so have some heterogeneity gene se-
quence, content, and expression (Song and Messing,
2003). About 85% of the 330 predicted genes from the
100 random BACs could be aligned with maize un-
igenes at high stringency (Fig. 2). Including other
monocot-derived EST datasets increases the coverage
to 91%, providing validation of our annotation set
(Supplemental Table IV).

Interestingly, including ESTs from dicot and gym-
nosperm species (Arabidopsis, Medicago, and Pinus)
yields a very different result. We compared the full set
of 330 predicted genes against each EST dataset at both
the DNA sequence level (using BLASTN; Altschul
et al., 1990) and at the amino acid sequence level (using
TBLASTN; Altschul et al., 1990). Although the fact that
these collections vary in their depths has to be taken
into consideration, two salient features emerged. The
degree of amino acid similarity is quite similar across
all plant species studied, and shows only a slight
decrease proportional to the phylogenetic distance
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from maize and the depth of species-specific EST
collections. By contrast, at the nucleotide level among
monocots there is limited sequence divergence, but the
degree of similarity drops significantly in dicots (Sup-
plemental Fig. 4). Even the most dissimilar of the
monocots has a match (,1e210) against 62% of the 330
maize genes at the DNA level. In contrast, none of the
EST sets from the other species align to more than 15%
of the same set of genes.

One likely explanation for this trend is that codon
usage differs greatly from monocots to dicots and
gymnosperms. The marked dissimilarities in GC con-
tent between Arabidopsis and maize genes are con-
sistent with large deviations in codon usage. For
instance, maize prefers the GCC codon for Ala, while
Arabidopsis prefers the GCT codon (Supplemental
Table V; Supplemental Fig. 5). Knowledge of codon
usage has been critical in the design of transgenes to be
expressed in plants. For instance, the huge success
with producing maize varieties resistant to European
corn borer was largely based on synthesizing a gene
for an insect-toxin protein from Bacillus thuringensis
using codons preferred by the plant host (Perlak et al.,

1991). Our results suggest that in order for a transgene
to be expressed properly in nonmonocot host, it would
need to have different codon usage.

Spatial Distribution of Genes

The distribution of maize genes relative to repeat
sequences has been the object of much interest. Distri-
bution of genes across a sample of 10 clones is shown in
Figure 3. Our data show that in almost all cases, single
or at most a few genes are separated by repeat elements,
although it is possible that larger clusters of genes will
be found when longer contiguous sequences become
available. This raises some questions about the widely
accepted theory that the maize genome consists of gene
islands separated by large blocks of repeat elements
(SanMiguel and Bennetzen, 1998; Yuan et al., 2002),
such as defining the size of a typical gene island.

Repeat Elements

Our random sample of 0.6% of the maize genome
allows us a relatively unbiased view of its repeat

Figure 2. Comparison of genes to species-specific EST collections. Proteins derived from the gene models were compared to the
EST assemblies using TBLASTN. Homologous sequences were binned into four classes: gene models with highly significant EST
matches (E value less than 1e230), with significant homologies (E value between 10230 and 10220), with weak homologies
(E values between 10220 and 10210), and those exhibiting no or only very weak homologies (E values higher than 10210).
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content. Previous characterizations of the repeat con-
tent of the maize genome were based on genome
survey sequences (GSS; Meyers et al., 2001; Messing
et al., 2004). These approaches failed to fully describe
many of the longer elements due to their reliance on
single read sequences.

Analyses based on fully sequenced BACs give us the
opportunity to study full-length repeats. BAC sequences
were screened for repeat elements using RepeatMasker
(www.repeatmasker.org; A.F.A. Smit and P. Green,

RepeatMasker, version 2.1) with a customized plant
repeat library (http://mips.gsf.de). The underlying re-
peat sequences were compiled from different sources,
clustered into a nonredundant set of 5,707 sequences,
and classified by a hierarchical repeat classification
scheme. This repeat library was then used to mask and
classify repeat sequences in BAC clones. Based on this
analysis, we found the known repeat content of the 100
random BACs to be about 66% (Table II), somewhat
higher than the estimates of 58% repeat elements from

Figure 3. Graphic representation of a sample of annotated BAC clones. Ten out of 100 annotated BAC clones are arranged as bars
depicting genes (blue) and regions containing repeat sequences (red). A straight gray line represents intergenic regions with no
predicted gene models. To determine the coverage of our annotations by the collection of methyl- and C0t-filtered sequence reads,
we compared the BAC sequences against the respective collections obtained from TIGR (http://www.tigr.org/tdb/tgi/maize/). All
filtered sequence readswere mapped to the 100 BAC sequencesby BLASTN sequence comparisonand subsequent quality parsing.
To anchor a clone to a genomic location, a minimal sequence identityof 98% over the complete alignment length and an alignment
length equal or greater than 90% of the clone length were required. Sequence matches from methyl/C0t-filtered sequence reads are
depicted in dark green and light green, respectively. Specific features are highlighted with consecutive numbers: (1) examples of
low gene coverage by filtered sequences, (2) example of tandem gene copies representing highly similar hydrolases for which GSS
tags could be unequivocally mapped, and (3) nonrepeat intergenic region well covered by filtered sequences.
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BES representing one-eighth-fold coverage of the ge-
nome (Messing et al., 2004). We note that a small
subset of the repeat elements (2%) is located within
introns (see below).

The end sequences of a 50,000-member small insert
library of sheared genomic DNA (Whitelaw et al.,
2003) provided a repeat estimate for the genome of
63% (Messing et al., 2004). However, by the same
method described above, we evaluated 117 nonran-
dom maize BAC clones present in GenBank and found
they contain only 53% repeats, illustrating the bias that
arises when clones are selected for containing a gene of
interest. We believe our random selection of BACs is
more likely to represent the genome as a whole.

As shown by the graphical distribution of repeat
sequences, contiguous repetitive regions are fre-
quently interrupted by regions that contain neither
repeats nor genes. It is possible that these represent
members of repeat or gene families that have degen-

erated beyond detection or functional sequences not
yet well defined. These regions make up more than
a quarter of the genome.

Of the full set of 330 genes, 34 genes (10.3%; 11.6%
for the HCGS) harbor repeats within their introns. The
detected repeat types within introns differed signifi-
cantly from the overall repeat content in maize. About
one third of these repeats belong to DNA transposons
as compared to 1.28% for the entire genome, indicating
a substantial enrichment of this repeat type within
introns. Figure 4 shows three gene models that contain
repeat elements in their introns.

To compare repeat content in maize and rice, we
selected a similar number of random BACs from rice
subsp. japonica cv Nipponbare and subjected them to
the same analysis (175 pseudo BACs, i.e. 200 kb cut
equally from all 12 chromosomes; see Messing et al.,
2004). As expected, the repeat content found in rice is
much smaller (31%; Table II), which is quite close to

Table II. Occurrence and distribution of repetitive DNA in maize and rice BACs

Details
Maize Ricea

No. of Hits No. of Bases % of Genomeb No. of Hits No. of Bases % of Genomec

bp bp

Class I retroelements 5,223 9,116,674 63.39% 11,859 6,736,074 18.82%
Ty1/copia-like elements 1,577 2,979,969 20.72% 4,994 1,313,472 3.67%
Ty3/gypsy-like elements 2,080 4,383,700 30.48% 2,866 3,187,856 8.90%
LINES 56 12,817 0.09% 160 41,210 0.12%
SINES 28 2,306 0.02% 1,031 137,363 0.38%
Other retroelements 1,482 1,737,882 12.08% 2,808 2,056,173 5.74%

Class II DNA transposons 763 184,083 1.28% 14,436 3,704,904 10.35%
hAT superfamily 66 10,612 0.07% 525 133,421 0.37%
CACTA superfamily 80 38,714 0.27% 1,185 1,012,392 2.83%
Mutator 30 2,590 0.02% 894 183,352 0.51%
Tourist-like MITEs 65 8,195 0.06% 1,565 327,362 0.91%
Other MITEs 261 35,735 0.25% 5,565 1,091,707 3.05%
Other DNA transposons 261 88,237 0.61% 4,702 956,670 2.67%

Simple repeats 326 173,354 1.21% 655 368,813 1.03%
High-copy-number genes 11 2,068 0.01% 89 20,252 0.06%
Other repeats 43 11,760 0.08% 1,401 153,272 0.43%

Total repeats 6,366 9,487,939 65.97% 28,440 10,983,315 30.68%

aA total of 175 pseudo BACs (i.e. 200 kb cut equally from all 12 chromosomes; Messing et al., 2004). bMaize genome 5 2,365 Mb. cRice
genome 5 389 Mb (International Rice Genome Sequencing Project, 2005).

Figure 4. Three examples of genes containing repetitive sequences within their introns. CG:temp172:AC145728.7 represents an
ATPase II-like protein, CG:temp394:AC147505.5 an unknown protein containing a conserved PER1 domain, and CG:
temp390:AC147505.5 a protein containing two cyclin K domains. Exons are shown as striped bars, introns as black lines,
and repetitive sequences as triangles. DNA transposons are represented by black and retroelements by gray triangles. CG:
temp172:AC145728.7 contains a retroelement, CG:temp394:AC147505.5 three DNA transposons (tourist-, Castaway-, and
MITE-adh-like elements) and one retroelement, and CG:temp390:AC147505.5 two copies of Ty/copia elements and
SINEs, respectively, within their introns.
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the whole rice genome statistics of 35% (International
Rice Genome Sequencing Project, 2005). These find-
ings are also consistent with results obtained by com-
parisons of orthologous regions between maize and
rice, which exhibited insertions of retrotransposons in
maize but rarely in rice (Lai et al., 2004b). Our analysis
shows the predominant repetitive elements in maize
are the long terminal repeat (LTR) class I retroele-
ments. The amount of repetitive DNA is partly ex-
plained by the type of repeats present—particularly
since class I elements are approximately 50 times more
abundant than class II elements. The relative amounts
of class I elements to class II elements differ greatly
between rice (18.8%:10.4%) and maize (63.4%:1.3%;
Table II; Messing et al., 2004), particularly the Ty3/
gypsy-type and Ty1/copia-type elements that occupy
more than half of the genome. Ty3/gypsy elements
have been found in centromeric and heterochromatic
regions, where they are mixed with short repeats (Wu
et al., 2004).

Despite the significant expansion of known repeat
families from rice to maize, it is not sufficient to fully
explain the size difference between their genomes. In
rice, 69% are repeat free, which totals 276 Mb com-
pared to 34% in maize, totaling 804 Mb. This 3-fold
increase of repeat-free sequence can in part be ex-
plained by the WGD event, which occurred as recently
as 4.8 mya through the hybridization of two closely
related ancestors of maize (Swigoňová et al., 2004).

Gene-Enrichment Methods

The high density of repeat sequences, low gene den-
sity, and small average gene size of the maize genome
make alternative gene-enrichment sequencing strategies
very attractive. To test the effectiveness of this approach,
we have aligned sequence reads/contigs (GSSs) derived
from two gene-enrichment protocols (Whitelaw et al.,
2003), based on methyl filtering and Cot enrichment, to
the 100 genomic regions. Both of the GSS datasets were
derived from the same maize inbred (B73) as the 100
random BAC clones. By aligning the GSS sequences to
the sequenced BAC clones, we evaluated the proportion
of genes represented in the GSS collections as well as the
distribution of GSS coverage of exons within the genes. It
is essential for this analysis that we are able to discrim-
inate between sequences originating from closely related
paralogs. Given that many maize genes are thought to be
in families with closely related paralogs (Messing et al.,
2004) and that error rates of the GSS have been estimated
as low as 2.3 3 1023 (Fu et al., 2004), very stringent
parameters (98% identity over at least 90% length) were
used to compare sequence reads derived from these
gene-enrichment methods to the sequenced BAC clones.
GSS sequences, unlike ESTs, are genomic in origin and
contain intronic and intergenic regions, which can be
used in alignments against genomic sequences to dif-
ferentiate all but the most similar of paralogs.

About 93% of the HCGS had at least one corre-
sponding alignment within the GSS collection (Fig. 5),

which is slightly higher than maize ESTcoverage (85%,
as described above). However, only 29% of the genes
have GSS alignments covering greater than 90% of
their length. This result is similar to a previous study
of 78 full-length cDNAs (FLCs) reporting that at least
95% aligned to at least one GSS and about 18% of the
FLCs were completely covered (Springer et al., 2004).
However, unlike the previous study, this analysis can
distinguish between paralogs because we examined
the entire gene, including intronic sequences absent in
the FLCs. At the nucleotide level, the methyl-filtered
reads cover 28% of the nucleotides of the genes, while
the Cot-enriched reads cover 34.5%. The combined
enriched datasets cover 51%, illustrating the signifi-
cant complementarity of the two methods.

Alignments of GSSs against annotated BAC clones
(Fig. 3) revealed deep clusters of filtered sequence reads
occurring both in genes and in intergenic regions—both
repetitive (e.g. in BAC AC145262.7) and nonrepetitive
(e.g. in BAC AC148169.2). The clusters in introns show
that a significant percentage of genes contain repetitive
elements (11%) such as solo LTRs or miniature inverted-
repeat transposable elements (MITES) present in in-
tronic sequences as shown above (Fig. 5). One can
envision that such genes might be underrepresented
by enrichment procedures. Indeed, although 94% of
genes in our analysis that contain repeats in their
introns were tagged by at least one GSS, their total
coverage was relatively lower than the coverage for all
genes (40% and 51%, respectively). The upstream and
downstream sequences of genes showed decreased
coverage by the GSS (Supplemental Fig. 6), although
we did not observe any pronounced gradients of cov-
erage internal to genes. As a result, UTRs and promoter
sequences may be underrepresented in GSS sequences.
In addition, GSS clusters that do not represent known
repeats are worthy of further study, as they may either
identify previously unknown repeats or a particular
bias of the GSS datasets.

The two GSS datasets together have tagged the
majority of the analyzed genes with at least one read,
demonstrating that these methods provide a signifi-
cant enrichment and enable exploration of the genic
space in maize. However, upstream and downstream
sequences as well as genes containing intronic repeats
are underrepresented. Full-length sequences of these
biologically important regions may therefore require
other sequencing approaches, such as traditional shot-
gun sequencing of BAC clones. Alignments also show
that hypomethylated DNA sequences are not restric-
ted to gene sequences. Recently, it was shown that
certain retrotransposon element families are not only
hypomethylated but also transcribed (Messing et al.,
2004). Since genes can be differentially methylated be-
cause of epimutations, paramutation, genomic imprint-
ing, and tissue specificity (Lund et al., 1995; Alleman
and Doctor, 2000; Lisch et al., 2002; Guo et al., 2003), all
of which may affect their representation in methyl-
filtered data, factors such as tissue type and develop-
mental stage should be considered in selecting source
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material. Nevertheless, where filtered sequences align
at high stringency, they can provide important gap-
filling functions or sequence extensions as was re-
cently shown for the tb1 locus (Lai et al., 2004b).

CONCLUSION

With the goal of gaining a relatively unbiased view
of the maize genome, we have sampled 100 randomly
selected BACs representing 0.6% of the genome, de-
fined their content of genes and repeats, and used
these data to characterize the structure and architec-
ture of the maize genome. The maize genome is sub-
stantially larger than those of two previously sequenced
plant genomes, Arabidopsis and rice. Our work shows

this to be a function of the repeat, gene, and intergenic
content of maize.

Our analysis shows that at least 66% of the genome
consists of repetitive elements. This is a lower bound,
since there are undoubtedly additional repeats in the
genome including sequences that have not yet been
characterized or that have diverged too far from
known repeats. Retrotransposons are far more fre-
quent than DNA transposons in the maize genome,
while in rice the opposite is true. Since retrotranspo-
sons are so much larger, this partially explains the
significant difference in the sizes of the maize and rice
genomes. Repeats are found in the introns of 11% of
genes, which explains the relative increase in size of
introns compared to exons of rice and Arabidopsis.

Figure 5. Coverage of exonic, intronic,
and genic sequences by methyl- and
C0t-filtered sequence reads. Coverage
was determined as described in Figure
3, and results were sorted into bins of
size 10% of fractional coverage. Frac-
tional coverage for exons, introns, and
complete genes by methyl-filtered,
C0t-filtered, and combined sequences
are shown. A to C depict the values
obtained for exonic, intronic, and
genic coverage. Bars in medium blue
show values obtained for methyl-
filtered sequence reads, bars in light
blue values for C0t-filtered clones, and
dark blue bars depict cumulative values.
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The repeat types found within introns tend to be short,
with a higher frequency of DNA transposons than the
rest of the genome, and frequent occurrence of solo
LTRs, indicating a possible selective pressure against
large elements in these maize introns.

Of the BACs sequenced in this study, 80% were
found to contain genes. Full-length genes average 4 kb
in length, somewhat larger than in rice and Arabidop-
sis. Longer introns in maize, due in part to transposon
insertions, are responsible for most of the increase
in gene size. The density of genes is widely variable,
ranging from 0.5 to 10.7 genes per 100 kb over a rela-
tively even distribution, and does not suggest that
a large fraction of genes are tightly clustered in islands.
Based on these data, we estimate that maize has
roughly 42,000 to 56,000 genes, substantially more
than rice or Arabidopsis. This reflects the history of
the maize genome, which includes a relatively recent
WGD event, subsequent gene loss, and expansion of
gene families. The WGD also appears to contribute to
an increase in intergenic space void of apparent repeat
sequences.

In contrast to sequencing large stretches of genomic
DNA, previous samplings of the maize genome focused
on methods designed to enrich unique sequences rel-
ative to repeats. Available datasets from two such
methods were evaluated against our representative
gene set. We found that although 93% of genes are at
least partially represented in the enriched sample, less
than 30% of genes are fully covered by the enriched
data. Further, biases exist that indicate that not all
sequences of biological interest will be obtained easily.
Our results suggest that filtering methods aimed at
separating genes from the rest of the genome are an
efficient way to begin to sample unique sequences in
the maize genome, but will probably be of limited
effectiveness for generating a complete representation
of the maize gene set due to inherent biases in the data.

Our data show that generating high-quality sequences
from large insert clones is an effective method for sam-
pling the repeat and gene content of the maize ge-
nome. Further, because maize BACs are linked to the
physical map, they provide a resource to generate an-
chored sequences of the genome.

MATERIALS AND METHODS

Selection of Clones

Genomic libraries of maize (Zea mays) inbred B73 have been constructed in

BACs with three different enzymes, HindIII, EcoRI, and MboI (see Nelson et al.,

2005). The libraries have been quality tested with a core set of probes (Yim

et al., 2002) and represent the maize genome with a 29-fold coverage based on

a genome size of 2.365 Gb (Rayburn et al., 1993). To obtain clones from

different random regions of the maize genome, 25 BACs from each of the three

libraries were selected from the entire pool of 464,544 BACs that had been

fingerprinted and end sequenced (Supplemental Table I). Based on their

shared restriction fragments with overlapping BAC clones, the integrity of the

first 75 clones selected from FPCs (whole-genome maize physical map;

http://www.genome.arizona.edu/fpc/maize) was evident. This analysis

would also exclude clones from contaminated DNAs (e.g. organellar or

bacterial DNA). An additional 25 clones from the MboI library, which were

singletons and did not assemble into contigs using FPC (Soderlund et al.,

2002), were also selected for sequencing. To ensure that these BACs represent

maize genomic DNA, their end sequences have been checked for character-

istics of maize DNA by BLAST analysis (Altschul et al., 1990). Before shotgun

library construction and sequencing, the HindIII agarose fingerprint profiles

of all 100 BACs were cross matched with preexisting profiles.

DNA Sequencing, Sequence Assembly, and Deposit

BAC DNA was sheared into random fragments and size fractionated. Two

different sizes (4 kb and 10 kb) were selected. Care was taken to hold inserts of

shotgun libraries within a narrow size range. Inserts were sequenced from

both ends using universal primers (Vieira and Messing, 1982), ABI 3730

capillary sequencers, and the ABI PRISM BigDye Terminator Cycle Sequenc-

ing Ready Reaction kit (Applied BioSystems). Trace files have been analyzed

by the Arachne assembly program (Batzoglou et al., 2002; Jaffe et al., 2003) and

deposited in GenBank. Curation was carried out by a combination of repeated

reassembly with varying parameters along with manual inspection and

editing. After curation, 89 BACs had known order and orientation (i.e. Phase

2), and 11 had contigs of unknown order (Phase 1). Only two BACs contain

potential misassemblies, one of them (AC147814) being extremely repetitive

due to knob repeat sequences while the other (AC147604) remains unresolved.

For the remaining 98 correctly assembled and curated BACs, every base in the

assembly is of finished quality.

Sequence Analysis

A repeat sequence library was built as described in the text and used to

mask the BAC sequences that were then analyzed for their coding potential by

applying extrinsic (homology based) and intrinsic (ab initio gene prediction

methods) criteria and methods. As a first pass, potential gene models required

either homology to known genes/ESTs or prediction by at least two gene

finders. Genes were detected by applying FGeneSH11 (Salamov and Solovyev,

2000; Softberry) and GenemarkHMM (Lukashin and Borodovsky, 1998). In

addition, BLAST homology searches of the respective BAC sequences against

EST assemblies and protein sequences were carried out. EST collections

included assemblies of Arabidopsis (Arabidopsis thaliana), Medicago truncatula,

Triticum aestivum, sorghum (Sorghum bicolor), Hordeum vulgare, Saccharum

officinalis, rice (Oryza sativa), and maize (TIGR Gene Index Database at http://

www.tigr.org/tdb/tgi). Spliced alignments of the EST sequences were ob-

tained by the GeneSeqer program (Usuka et al., 2000). Mapping of homolo-

gous proteins was carried out by BLASTX sequence comparisons of the whole

BAC genomic sequence against a protein database consisting of the complete

Arabidopsis genome (Schoof et al., 2004), 31,654 proteins derived from a rice

full-length cDNA collection (KOME; http://cdna01.dna.affrc.go.jp/cDNA/

CDNA_main_front.html) and the SWISSPROT protein database (Boeckmann

et al., 2003). The annotations for each BAC can be accessed online or down-

loaded in the Apollo-compatible GameXML format from the MIPS maize

database (http://mips.gsf.de/proj/plant/jsf/maize/index.jsp; sequence anal-

ysis and annotated gene models at MIPS).

Coverage of Filtered Clones

The methyl- and C0t-filtered sequence reads available at TIGR (http://

www.tigr.org/tdb/tgi/maize/) were used to determine the coverage of genes

by the filtered sequence reads. All filtered sequence reads were compared

against the 100 BACs by BLASTN sequence comparison. To anchor a clone to

a genomic location, an alignment length of at least 90% of the clone length and

a minimal sequence identity of 98% over the alignment length were required.

Genomic/exonic/intronic coverage was determined on a nucleotide basis and

was normalized to the length of the respective segment.

Web Sites Referenced

The following is a list of the Web sites referenced in this study: www.

broad.mit.edu/annotation/plants/maize/randomclones.html (sequence and

assembly data for the 100 random clones); pgir.rutgers.edu (the Plant Genome

Initiative at Rutgers, sequencing the maize genome project); and www.

maizeseq.org (the DuPont/Monsanto/Ceres maize Sequence Information

Sharing program).
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The list of the 100 accessions deposited into GenBank can be found in the

Supplemental Table II.
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