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Conserved Noncoding Sequences in the Grasses
Dan Choffnes Inada,1 Ali Bashir,1 Chunghau Lee,1 Brian C. Thomas,2 Cynthia Ko,3

Stephen A. Goff,3 and Michael Freeling1,5
1Department of Plant and Microbial Biology, 2College of Natural Resources, University of California, Berkeley, Berkeley, California
94720, USA; 3Torrey Mesa Research Institute, Syngenta Corporation, San Diego, California, USA

As orthologous genes from related species diverge over time, some sequences are conserved in noncoding regions. In
mammals, large phylogenetic footprints, or conserved noncoding sequences (CNSs), are known to be common
features of genes. Here we present the first large-scale analysis of plant genes for CNSs. We used maize and rice,
maximally diverged members of the grass family of monocots. Using a local sequence alignment set to deliver only
significant alignments, we found one or more CNSs in the noncoding regions of the majority of genes studied. Grass
genes have dramatically fewer and much smaller CNSs than mammalian genes. Twenty-seven percent of grass gene
comparisons revealed no CNSs. Genes functioning in upstream regulatory roles, such as transcription factors, are
greatly enriched for CNSs relative to genes encoding enzymes or structural proteins. Further, we show that a CNS
cluster in an intron of the knotted1 homeobox gene serves as a site of negative regulation. We show that CNSs in the
adh1 gene do not correlate with known cis-acting sites. We discuss the potential meanings of CNSs and their value as
analytical tools and evolutionary characters. We advance the idea that many CNSs function to lock-in gene
regulatory decisions.

[Supplemental material is available online at www.genome.org.]

Regions of DNA coding for protein are expected to exhibit se-
quence conservation between related species over evolutionary
time due to the functional constraints of protein structure. It has
become apparent during the past five years that noncoding se-
quence also exhibits functional constraints. Conservation out-
side of coding exons can be detected by cross-species orthologous
gene comparisons. Such regions of noncoding DNA displaying
strong sequence homology among distantly related organisms
have been described as “phylogenetic footprints” (Gumucio et al.
1996), and can be as small as 6 bp when several diverged species
are used. Conserved noncoding sequences (CNSs) in animals
(Hardison 1997, 2000; Dubchak et al. 2000) and plants (Kaplin-
sky et al. 2002; Gau and Moose 2003) are phylogenetic footprints
large enough to be detected when but two species are compared
under conditions set by the investigator to reject all chance align-
ments. Significance levels are set so that CNSs represent se-
quences conserved due to selection while surrounding, noncon-
served sequence has undergone the randomizing effects of mu-
tations over time, as computed and discussed by Kaplinsky and
coworkers (2002). Recently diverged noncoding sequences are
expected to align in cross-species comparisons. For example, cau-
liflower (Brassica) and Arabidopsis are closely related crucifers that
share about 20% of their noncoding promoter sequence (Colinas
et al. 2002), as expected by neutral carryover from the ancestor.
Such carryover sequences do not result from selection alone and
are not considered CNSs.

Various algorithms and stringency schemes are currently
employed to identify CNSs in mammals. Dubchak and coworkers
(2000) and Loots and coworkers (2002) developed a global align-
ment (Avid) and scoring package called Vista (or rVista, which
overlays potential protein binding sites). Vista identifies a CNS as
any aligned sequence exhibiting 70% or greater sequence iden-

tity over at least a 100-bp interval. (The parameters can be altered
by the user for customized results.) Another program, called Syn-
Plot (Göttgens et al. 2001) uses an alternative alignment strategy
and plots a graph of sequence identity along a horizontal axis to
allow the user to discern visually conserved regions. Kaplinsky
and coworkers (2002) used BLAST local alignment (Altschul et al.
1990) to find short, near-exact homologies between maize and
rice orthologous genes, and graphed the results manually.

Individual CNSs in mouse–human gene comparisons have
been shown to function based on transgenic CNS knock-out ex-
periments (Loots et al. 2000) and by a tight concordance between
the position of CNSs and DNAse I-hypersensitive sites (Göttgens
et al. 2001). Furthermore, mammalian CNSs were found to be
enriched for known transcription factor binding sites 10 bp or
larger (Levy et al. 2001), and for clusters of known sites (Loots et
al. 2002). It is generally accepted that CNSs are beacons to gene
regulatory elements (Hardison 2000; Blanchette and Tompa
2002).

In mammals, using a human versus mouse comparison,
Jareborg and coworkers (1999) calculated that large phylogenetic
footprints (>60% identity over 100 bp, which is less stringent
than the 70% identity requirement for mammalian CNSs used by
other research groups) constitute a large portion of noncoding
DNA: 36% of promoter sequence, 50% of 5� UTR, 23% of introns,
and 56% of 3� UTR sequence. Indeed, regardless of identification
strategy, a typical mammalian gene pair contains many often
large regions of homology. No orthologous mammalian gene
pair published to date is devoid of CNSs. Kaplinsky and cowork-
ers (2002) found short CNSs in five of six grass genes examined,
and compared these results to the mammalian literature and to
six mammalian genes analyzed using grass CNS parameters (Kap-
linsky et al. 2002.) They found that mammalian genes had many
more, and much larger CNSs. Kaplinsky and coworkers hypoth-
esized that the relative noncoding simplicity of grass genes re-
flects a relative simplicity of regulatory networks.

The grass family (Poaceae) is a monophyletic taxon of ap-
proximately 10,000 species, including all the major grain crops,
such as Oryza sativa (rice) and Zea mays (maize). All but the most

4Present address: Syngenta Biotechnology, Research Triangle Park,
NC 27713, USA.
5Corresponding author.
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Article and publication are at http://www.genome.org/cgi/doi/10.1101/
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basal grasses are thought to have originated from a common
ancestor approximately 50 million years ago (Mya; Kellogg
2001). Kaplinsky and coworkers (2002) showed that maize–rice
CNSs could be used successfully in all grasses as PCR primer bind-
ing sites. CNSs are now being used to extract promoter and other
noncoding sequence from wild grasses, and to design pan-grass
gene-anchored mapping tools. Given the importance of grass
plants to humans and the availability of large amounts of or-
thologous sequence in the two distant grasses, rice and maize,
these species are well suited for CNS analysis.

RESULTS

Development of Bioinformatic Tools
In order to identify regions of high conservation between gene
pairs, we developed software to identify and display CNSs in a
graph format. Although most mammalian studies identified con-
served regions based on a global sequence alignment followed
by an analysis of percent nucleotide identity within a window of
a defined number of nucleotides (e.g., Vista; Dubchak et al.
2000), we employed a technique using the BLAST algorithm
(Altschul et al. 1990; Kaplinsky et al. 2002). BLAST is an algo-
rithm that, when applied to two input sequences, generates local
alignments between the two sequences (in either the plus or the
minus strand) nucleated by a minimum number of identical
bases (the word size) and extends outward in both directions,
allowing a certain number of base mismatches and gaps as de-
termined by the mismatch allowance and gap penalties options.

The results are provided in decreasing order of calculated statis-
tical significance.

There are two elements to our software package. The first
element, the “CNS Blaster” uses a Perl-based script to read a Gen-
Bank text file with CDS (coding sequence) annotation and a sec-
ond text file containing the orthologous genomic comparison
sequence, both chosen by the user. Coding exons are masked
from comparison in the annotated sequence. The software then
employs BLAST 2 SEQUENCES (bl2seq) to generate files contain-
ing the CNS analysis data, with parameters set exactly as by Kap-
linsky and coworkers (2002). Using bl2seq to identify conserved
sequences allows the detection of conserved regions on opposite
strands of the comparison sequences, regions that are not posi-
tionally conserved in the two orthologs, and regions that are
reiterated in one species, but not the other. To our knowledge, no
global alignment algorithms are able to identify these classes of
conserved elements. The second element of our package is the
“Gene Annotation Viewer,” which is a Java applet that reads the
sequence annotation and CNS information from the first stage,
aligns the orthologs at the beginning (5�ATG) of the coding se-
quence, and produces a simple, interactive display of the com-
pared genes. We present an example of the graphic readout as
Figure 1. Double-clicking on a CNS line on either gene generates
a pop-up box with the CNS sequence displayed as text (upper
window of Fig. 1). Dragging the mouse over any region of gene
brings up the underlying sequence as text in another window
(lower window of Fig. 1), with annotation in italics (this se-
quence shows the 5�UTR-exon1 junction, with the exon se-
quence in italics). Being able to copy sequence and paste into

Figure 1 The CNS Viewer software displays the bl2seq results of an orthologous pair of ferredoxin3 genes aligned on their start codon. The CNS repeats
in the 5� region of maize have been shown to be in a 5� UTR intron (Nakano et al. 1997). The text boxes permit quick input to other applications, such
as BLASTX or ORF predictors. The button “Remove/Display CNS Annotation” brings up the CNS list with the option to toggle “off.” Once off, a CNS
does not appear in the graphic, but the data remain. The dark blue box denotes the experimentally verified exon in maize. The light blue box denotes
orthologous space between the rice 5�ATG and the stop.
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other applications facilitates manual annotation. For example,
some sequences, although deposited in GenBank as annotated
noncoding sequence, returned CNSs with homology to plant

coding sequences. Although not the focus of the present study,
such sequences are of interest for the study of gene structure and
cross-species genetic colinearity.

Figure 2 Examples of CNS graphic readouts from our 52 genes. From the upper right corner and moving clockwise, alcohol dehydrogenase1-F,
homeobox gene gnarley1, shrunken1 encoding an enzyme, downstream bZip gene opaque-2, RNA binding motif gene terminal ear1, MADS-box zea
agamous2. oleosin16 and 18, and defective kernel1 encoding a membrane-bound calpain. Red lines indicate change of strand. A blue line through a CNS
denotes removal during manual proofing of data.
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For this study, we focused on sequences having a bl2seq
statistical score of at least the significance of a 15-nucleotide (nt)
identical match between the compared sequences. Kaplinsky
and coworkers (2002) calculated that BLAST hits between
maize and rice at this significance did not occur by chance car-
ryover.

Fifty-Two Maize–Rice Orthologous Gene
CNS Descriptions
We chose 52 annotated maize genes from GenBank and com-
pared them with their rice orthologs. To compare larger sets of
noncoding sequence and to be more confident of exon structure,
we limited our comparison set of maize genes to those having
approximately 1 kb or more of annotated promoter sequence as
well as the entirety of exons and introns, and had been anno-
tated experimentally using cDNA se-
quence. Using these criteria, we gathered
a set of maize genes diverse in terms of
size, structural complexity, and function
(Table 1). We then identified the rice or-
tholog by searching the draft Oryza sativa
ssp. japonica (Torrey Mesa Research Insti-
tute [TMRI] database http://www.
tmri.org; Goff et al. 2002), O. sativa ssp.
indica (Yu et al. 2002), and partial ja-
ponica (http://www.rgp.dna.affrc.go.jp;
Rice Genome Project 2002) genomic se-
quences for the most homologous se-
quence to the annotated maize gene.
Eight of our maize gene sequences carried
one or more adjacent genes. These linked
genes were also found together in rice,
and these orthologs were also the best ho-
mologs. We also checked that the rice and
maize coding regions showed approxi-
mately 85% (75%–90%) sequence iden-
tity, which is typical for rice/maize or-
thologs diverged from the common grass
ancestor. Table 1 gives the GenBank or
TMRI accession numbers for all 52 gene

pairs. Supplemental Data (Table 4) iden-
tify the length of gene space used for
each of these genes. Graphic representa-
tions of our BLAST results are exempli-
fied in the nine gene pairs in Figure 2. All
52 graphs are available as Supplemental
Data via the Genome Research Web site
(www.genome.org ) or our own Web site
(http://genomics.cnr.Berkeley.edu/cns/
User = reviewer; Password = super).

Grass CNS Statistics
Figure 3 shows the number of CNSs per
gene in our data set. The majority of
genes compared have at least one CNS,
and nearly all genes have four or fewer. A
smaller number of genes have from five
to 35 conserved noncoding elements.
The largest single class of genes (27%)
have no CNSs detectable using these pa-
rameters. Figure 4 distributes CNSs by
length. Most CNSs are small (<20bp), but
CNSs of larger size occur frequently. We
detected nine CNSs greater than 80 bp in
length.

CNS-Rich Genes Tend to Be Upstream
Regulatory Genes
CNS analysis reveals enormous disparity in genes of different
function (Tables 2 and 3A,B). Because the genes are hetero-
geneous in length of their constituent coding and noncoding
regions, they do not lend themselves readily to a full statistical
analysis, but some general trends are apparent. Overall, genes
encoding structural proteins or enzymes have few or no detect-
able conserved regions (e.g., adh1, amy2), even if their regulation
is known to be developmentally complex (e.g., adh1). Genes en-
coding upstream, developmental transcription factors (e.g., lrs1,
gn1, kn1, abi4, tb1) or proteins thought to act in a complex regu-
latory manner (e.g., te1) are, in general, enriched for CNSs. Ex-
ceptions to this prevailing trend exist. For example, dek1 encodes
an essential, membrane-associated calpain-like protein, and has a

Figure 3 Our 52 two genes distributed by total number of CNSs. The most CNS-rich genes are
upstream, developmental regulatory genes. The six CNS-richest, in descending order, are lrs1 (bZip-
TGA-1a family), kn1 and gn1 (Class I homeobox), te1 (RNA-binding product; apex domain identity),
sus1 (encodes an enzyme), and tb1 (transcription factor).

Figure 4 CNSs in 52 grass genes distributed by size.
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relatively high number of CNSs at seven, including a very large
245-bp sequence in the 3�UTR. On the other hand, the TGA-1a-
type bZip transcription factor o2, regulating balance of storage
proteins in the maize endosperm (a relatively “downstream”
function), has no significant CNSs compared to its rice ortholog.
This is especially interesting because another bZip-encoding gene
in the same subfamily, lrs1, is the most CNS-rich gene in this data
set, with 35 CNSs.

We calculated CNS density in grass genes by dividing the
total number of bases occupied by CNS by the total number of
noncoding bases studied per gene (Supplemental Table 4). Table
3B presents these CNS density data organized by type of gene.
The results show that genes encoding regulatory proteins have a
higher CNS density than genes of other functions.

Grass Versus Mammalian CNS Frequencies, Sizes,
and Densities
Kaplinsky and coworkers (2002) found that an orthologous hu-
man–mouse sequence comparison containing six genes had an
average of 17.7 CNSs per gene using the grass CNS parameters,
and this measure was in agreement with other studies in mam-
mals (especially Jareborg et al. 1999). To determine whether
mammalian genes in general have more CNSs than plant genes,
using our parameters, we compared a set of seven functionally
diverse human gene sequences with their mouse orthologs.
(Genes studied: ODC1, MPO, PROC, PIM1, MYCN, IL6,
ADCYAP1.) Every gene pair revealed many more, larger CNSs
than found between grass genes (data not shown). For example,
Pim-1 kinase (human M27903; mouse M13995) has 31 CNSs,
nine of which are greater than 100 bp in length, and two in
excess of 300 bp.

Since grass genes encoding housekeeping enzyme functions
have, in general, few and small CNSs, but all mouse–human gene
comparisons revealed numerous, large CNSs, we expected that a
comparison of mammalian housekeeping orthologs would reveal
comparatively abundant CNSs. To test this hypothesis, we chose
three human–mouse enzyme-encoding genes whose functions
are also represented on our grass list (Table 1). The grass gene
glyceraldehyde-3-phosphate dehydrogenase (gpa1) has only two
CNSs, and a density of 2.49%, however, the homologous mam-
malian gene GAPDH (human J04038; mouse NW_000265) has 15
CNSs, five of them over 70 bp in length, at a density of 12.3%.
Whereas the grass comparison for alcohol dehydrogenase (adh1)
produced two CNSs, both under 20 bp in length for a density of
0.27%, a homologous gene from mammals (ADH1; human
NT_016354; mouse NT_039242) revealed 15 CNSs, four of them
over 50 bp, and a noncoding space that is 3.6% CNS. Finally, we
compared two pairs of genes encoding enzymes involved in sugar
homeostasis in both grasses—sucrose synthase (sus1)—and mam-
mals—glucose-6-phosphatase (G6PC: human NT_010755 ; mouse
NT_03952). The grass gene comparison produced six CNSs, none
longer than 24 bp in length, and CNSs constituted 2.37% of the
gene’s noncoding sequence. The mammalian gene pair produced

over 50 CNSs with one 403 bp and another 174 bp in length at a
density slightly higher than 10%.

A very low proportion of grass noncoding sequence is con-
served between rice and maize: Approximately 2% of the non-
coding nucleotides used in this study are conserved, as identified
by our parameters (Suppl. Table 4). Such a low percentage of
conserved noncoding sequence content in plants is in sharp con-
trast to the situation in the mammalian genome (first observed
by Kaplinsky et al. 2002). Our analysis of many mammalian
genes of diverse function revealed that between 5- and 20-fold
more noncoding human–mouse gene space is occupied by CNSs
than in grasses (see above; other data not shown). Although Jare-
borg and coworkers (1999) used different parameters for identi-
fying conserved regions in a large set of human–mouse or-
thologs, they estimated that 26%–56% of mammalian noncod-
ing space is conserved.

A Cluster of CNSs in a knotted1 Transcription Factor
Gene Intron Corresponds to a Region Where
Transposon Insertions Result
in Ectopic Expression
To address the possibility that CNSs can serve as gene regulatory
components, we sought to identify mutations in and around
CNSs. A report from the Hake laboratory (Greene et al. 1994)
studied nine transposon insertions into the kn1 Class I ho-
meobox gene, each of which resulted in a strong leaf phenotype
conferred due to the ectopic synthesis of the KN1 product in leaf
initial cells, primordia, and leaves. These workers located the in-
sertion points of these nine dominant Knotted mutants to eight
different positions, all within approximately 300 bp in the 5� half
of intron 3. Figure 5 maps the locations of the Greene et al.
(1994) insertion sites onto the complete kn1 gene sequence. As
demonstrated by Figure 5, 13 of the kn1 CNSs, including seven
over 50 bp long and two over 100 bp long, are clustered in the 5�

half of intron 3, an area of high maize–rice homology and the
location of insertions resulting in ectopic gene expression. The
concordance of insertion position with this CNS-rich region
strongly implicates the underlying sequences in the negative
regulation of kn1 in the leaves.

To further investigate the potential regulatory nature of the
kn1 third intron CNSs, we sought to address the question: Is the
5� portion of the intron, which has numerous CNSs, enriched for
known plant transcription factor (TF) binding motifs relative to
the 3� portion, which has very few CNSs? We submitted the
maize kn1 intron sequence to the PlantCARE Web application

Table 2. Average Number of CNSs per Genes Organized by
Functional Class

Class of gene
(percent of total genes) Average number of CNSs

Enzymes (56%) 2.4
Structural (19%) 2.1
Gene regulation (25%) 9.0

Table 3A. Number of Genes by Functional Class Sorted by
Number of CNSs

Class of gene O CNSs
1–10
CNSs

11–20
CNSs

21 or
more CNSs

Enzymes 9 (31%) 19 (66%) 1 (3%) 0
Structural 4 (40%) 6 (60%) 0 0
Gene Regulation 1 (8%) 8 (62%) 2 (15%) 2 (15%)

Percentage of genes per class is shown in parentheses.

Table 3B. CNS Density Sorted by Gene Functional Class

Class of gene Percentage noncoding sequence that is CNS

Enzymes 1.29%
Structural 2.41%
Gene regulation 4.28%
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(http://oberon.rug.ac.be:8080/PlantCARE/index.html; Lescot et
al. 2002), an online tool that searches for 435 experimentally
determined higher plant TF binding site boxes and motifs (as of
November 2002; most of these sequences overlap the binding
site of another, so this is not a “unibinding site” number). In
the PlantCARE database, a typical box is 4 bp. In this experi-
ment, we used the 5� half of the third intron as a CNS-rich
sequence, and the 3� half as a CNS-poor control sequence. The 5�

half contained 480 sites representing 55 binding motifs. The 3�

half contained 612 sites and 59 motifs. Visual inspection of
the patterns of motifs found no significant differences in abun-
dance or distribution relative to CNSs. Therefore, although a
regulatory role for the kn1 third intron CNSs is demonstrated by
the ectopic gene expression resulting from disruptive insertions,
we could not correlate CNS richness with known TF-binding-site
richness.

Conserved Elements in the Promoter of adh1 Do Not
Include Known cis-Acting Binding Sites Nor a Potential
Scaffold Attachment Region

To further address the potential regulatory nature of CNSs, we
identified CNSs in a gene whose promoter DNA regulatory ele-
ments have been mapped relative to its regulation. Adh1, a well
studied gene in grasses, is necessary for surviving seed and seed-
ling flooding. It has two small CNSs, and only CNS1 (17/17) is in
the promoter, at about 350 nt upstream of the 5�ATG (�274 to
�290, inclusive).

ADH1 is expressed constitutively in certain vascular cells,
root caps, scutellum, pollen mother cells, and the generative cell
of the male gametophyte, is anaerobically and auxin-inducible in
root and mesocotyl parenchyma, but is not expressed in leaves
(for review, see Freeling and Bennett 1985; M. Freeling, unpubl.).

Figure 5 CNSs may bind a negative regulatory factor(s). Greene and coworkers (1994) positioned nine transposon insertions (colored triangles) within
the third intron of the knotted1 Class I homeobox gene in maize. These insertions were found as dominant mutants conferring ectopic gene expression
and phenotype. Note how they cluster in a region rich in CNSs. The bottom-most plot is a global alignment of the third intron (Vista; Loots et al. 2002),
showing bp identity in a 20-bp sliding window.
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Additionally, it is known that different naturally occurring alleles
have different, reciprocating quantitative balances of tissue-
specific expression (Woodman and Freeling 1981). In addition to
TATA and CAAT boxes identified by most annotators of adh1
upstream sequence, biochemical experiments on the Adh1-F al-
lele have found promoter G-box-like anaerobic regulatory ele-
ments (AREs; Walker et al. 1987) positioned between �140 and
�99, which are bound by proteins. DMSO in vivo footprints also
mark the ARE general region (Paul and Ferl 1991). GenBank an-
notation (M17134; Ferl et al. 1987) identifies a 61-bp S1 hyper-
sensitive region with a 3� (proximal) end at �296, which is close
but does not overlap the 5� end of CNS1. Two DNAseI-
hypersensitive regions (Paul et al. 1987) have been located with
respect to the regulation of Adh1-F at �35 to �150 (anaerobic-
sensitive) and �160 to �700 (constitutive). Osmium tetroxide
footprinting identified a putative AT-rich scaffold attachment
region far upstream at �780 to �500 (Paul and Ferl 1993).

Because the TATA, CAAT, and ARE regions, for which pro-
tein binding is certain, coincide with no CNSs, we lowered our
CNS statistical significance cutoff to the level of a 13/13 exact
match. We did not find hits in the general area within 200 bp
from the start of transcription where these sites exist. The DNA-
seI-hypersensitive sites include almost the entire promoter, and
so lack specific diagnostic power. The putative scaffold attach-
ment region is not a CNS. In general, areas of the Adh1-F pro-
moter known to bind proteins are not CNSs, and those protected
by bound molecules in footprint experiments show a poor cor-
relation with CNS1 or other, less significant phylogenetic foot-
prints. Although it is possible that the S1 hypersensitive region is
related to CNS1, which is 5 bp proximal, CNSs are not obvious
beacons to the sites where proteins bind the adh1 promoter.

CNS Discovery Made Unexpected Contributions
to Grass Gene Annotation
Our 52 CNS analyses, using available maize sequence surround-
ing single genes, discovered four close-by candidate gene coding
regions by virtue of strong sequence conservation (two exons
downstream of gl8, three exons downstream of gpa1, two exons
upstream of hsbp1, and four exons nearby and upstream of tse).
The neighbor of hsbp1 encodes no known transcript present in
the plant databases. However, it has homology (e-value 1e-60) to
the hypothetical gene At1g52640 in Arabidopsis. Upstream of the
annotated maize tse gene is a patch of exon-like maize/rice ho-
mologies. These regions are probably exons in maize, because
they are nearly identical to the rice predicted tse-like genes and
products of similar function in Arabidopsis and papaya (data not
shown).

DISCUSSION
In this analysis of 52 grass gene pairs for conserved noncoding
sequences, we found that, in general, those genes with the largest
number, size, and density of CNSs are transcription factors or
other regulatory genes. Those genes with few or no CNSs are
generally enzyme-encoding or structural protein-encoding. Al-
though most genes had from zero to four conserved elements, 11
genes had from five to 35 CNSs. We were unable to identify any
CNSs using our parameters in 27% of the genes studied. The
CNSs identified were usually small segments between 15 and 19
bp in length, although some CNSs were much larger, on the
order of 50–100 or more bp. CNSs were approximately as likely to
occur in upstream regions as in introns or downstream regions.
The short size and infrequency of grass CNSs is consistent with
the promoter comparisons of Gau and Moose (2003).

We know of no study in any taxon that identifies a sub-
population of genes as “richer” in noncoding components. It is

not apparent from previous work that upstream regulatory genes
(such as developmental transcription factors that are only “on”
at specific times and places) should be thought of as more com-
plex than worker genes (such as enzymes) that are used at many
developmental times and places. On the contrary, genes that are
available for transcriptional regulation at many different times
and places in an organism are known to have complex promoters
with many, often reiterated, binding sites for the many different
specific transcription factors used to exert control (Quinn 1996;
Bolouri and Davidson 2002). Our data imply that “boss” genes,
or many of them, have more noncoding space under higher se-
quence selection than “worker” genes, as if upstream regulatory
genes were themselves under either more or special control.

Our most CNS-complex genes (lrs1, te1, gn1, kn1), along
with the previously reported lg1 (Kaplinsky et al. 2002) encode
developmental regulatory factors; these are identified in the leg-
end of Figure 2. The lrs1 gene, encoding a basic leucine-zipper
protein, is the genomic duplicate (paralog) of maize lg2, required
for precise transitions along the proximo-distal axis of the leaf
and apical-basal axis of the shoot (Walsh et al. 1998), te1, with a
probable RNA-binding motif, specifies the identity of a particular
region of shoot apex (Veit et al. 1998), and gn1 and kn1 are Class
I homeobox genes required for proper apical-basal identities
along the shoot (Freeling 1992). Many of the zero-CNS class are
enzymes. Even so, there are exceptions to the trend. Transcrip-
tion factors o2 and g2 have no or few CNSs. Some enzyme-
encoding genes have several, including sucrose synthase1(sh1)
with six CNSs in the 5� region. When more maize genome se-
quence is available, it will be possible to better understand the
relationship between CNS number and gene function.

In One Case, a Cluster of CNSs May Bind Negative
Regulatory Factors
We showed that a CNS-rich region of the kn1 third intron has
undergone nine transposon insertions, each involving ectopic
expression of KN1 in the leaf. These data suggest that the region
has been conserved in sequence because it may bind some regu-
latory factor or factors that turn kn1 “off” in the leaf. The trans-
posonMu insertions themselves do not cause the maximum phe-
notype; this phenotype occurs when an insertion mutant is in a
Mu-active genetic background. Greene and coworkers (1994) in-
terpreted this result as indicating that the negative regulatory
function was only fully interrupted when Mu ends were bound
with their transposases and other related molecules, preventing
the binding of factors that normally would be responsible for kn1
down-regulation.

Investigating the potential molecular function of kn1 CNSs,
we found that the 13 CNSs in maize–rice kn1-intron3 are also
present in the intron3 of the kn1 ortholog in barley, a grass in yet
another subfamily of grass, as was expected from the previous
work of Kaplinsky and coworkers (2002). However, none of these
13 CNSs is present elsewhere in GenBank sequence (data not
shown, BLAST search performed 12/02) . Detailed examination of
the plant TF binding motifs and the distribution of their specific
sites in this CNS-rich region of kn1-intron3, using the 3� CNS-poor
half of the same intron as a control, found nothing emerging
from the noisy background.

Comparisons of global and local alignments in this 13-CNS
region, and local alignments done at a variety of stringencies,
found that about half of these CNSs are discreet, in that they are
surrounded by gaps, whereas about half are surrounded by se-
quence that can be aligned, but is less well conserved. Thus,
examination of the structure of this CNS-rich region of kn1-
intron3 (Fig. 5 and associated text) does not clearly answer the
question: Are these conserved CNSs 13 independent modules, or
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one big module, or some combination? Future studies could look
for factors binding the kn1 third intron CNSs and may elucidate
any potential role in the tissue-specific regulation of gene expres-
sion.

Are CNSs Transcription Factor Binding Sites?
Although we suspect that a CNS-rich region may serve a regula-
tory function, it is apparent from the large fraction of grass genes
having few or no CNSs that many plant genes have not con-
served, and thus, do not require, elements of the size identified
by our parameters. Because our approach identifies conservation
above a 15/15 identity threshold, we are likely unable to resolve
conserved footprints resulting from selection at binding sites of
single regulatory proteins. Individual transcription factors bind
relatively small lengths of sequence, generally 4–10 bp (e.g.,
Bucher 1999). However, transcription factors do not bind as
single elements, but function in large complexes of many inde-
pendent factors over a stretch of DNA (Bolouri and Davidson
2002). A few mammalian CNS studies (Levy et al. 2001, on TF
binding sites >10 bp long; Blanchette and Tompa 2002; Loots et
al. 2002) suggest that mammalian CNSs, although large, are aug-
mented for transcription factor binding sites.

In contrast to mammalian studies, plant orthologous gene
comparisons return a significant fraction having no detectable
conserved segments above the threshold level. Because all of the
sequences compared presumably represent functional alleles,
and because genes require cis-acting binding sites for expression,
any conserved regulatory sequences must fall below the 15/15
significance threshold of our parameters. Interestingly, the
known regions of protein binding in the adh1 promoter did not
coincide with a promoter CNS, indicating that the promoter re-
gions responsible for tissue-specific, anaerobic response, hor-
mone response, and constitutive expression do not produce a
large enough footprint to have been conserved between maize
and rice since their common ancestor.

It is possible that we were unable to detect enrichment for
transcription factor binding motifs in CNSs due to the rudimen-
tary nature of current knowledge of such sites in plants. Indeed,
the majority of sites listed in the PlantCARE database are 4 bp in
length, and only constitute a few hundred known sites. Further,
very small sequences are extremely common in coding and non-
coding DNA, and the presence of functional sites is often difficult
to distinguish due to the high number of sequence matches for
nonfunctional sites. Since the “noise” at any element length be-
low approximately 10 bp is expected to be high, our results were
expected. Therefore, future attempts to correlate CNSs with DNA-
binding motifs should utilize a larger database of sites and focus
primarily on the larger, less frequent motifs, or clusters of such
motifs.

Mammalian and Grass Genes Differ in CNS Content
In order to properly compare maize–rice and human–mouse CNS
data, it is important to show that a neutral base pair has approxi-
mately the same chance to undergo a base substitution in either
lineage, and that this frequency is adequate to have randomized
functionless DNA. Multiplying published average mutation rates
in grasses and mammals by their estimated divergence times,
Kaplinsky and coworkers (2002) calculated substitutions/neutral
bp/yr to be 0.35 for maize–rice and 0.32 for human–mouse. These
products are nearly the same. Using these products, Kaplinsky et
al. further calculated the chance that 15 bp of positionally con-
served sequence could be carried over from the grass or mamma-
lian ancestor without selection; the chances were very low, at 4
in a million. These calculations argue that the comparisons of

grass and mammalian CNS frequency and density data are
proper.

It is intriguing that mammalian CNS studies find vastly
greater tracts of conserved noncoding sequences among genes of
all functional classes. We showed that for the homologous glyc-
eraldehyde-3-phosphate dehydrogenase, alcohol dehydrogenase, and
sugar homeostasis “worker” genes in grasses and mammals, the
maize–rice comparisons revealed fewer and shorter CNSs than
the human–mouse comparisons. Overall, we found that the av-
erage grass gene has about three CNSs whereas the typical mam-
malian gene has between 15 and 20. Whereas plant genes gen-
erally have short (20-bp) CNSs that range to approximately 100
bp in length, mammalian genes routinely have CNSs over 100 bp.

If mammalian genes’ noncoding sequences have been sub-
ject to selection over more numerous and much larger regions
than grass genes, then the functional constraints on noncoding
regions are greatly weaker in grasses than mammals. Perhaps
grass genomes have undergone a particularly rapid evolutionary
process during periods of high transposon activity and genome
restructuring. Such a process might be expected to contribute to
the evolution of chromosome-level structure, but seems to have
little effect on the relatively small stretches of DNA surrounding
and encoding genes. In all eight cases where more than one gene
was found on our maize sequence, both genes were found to-
gether in rice, and relative exons-intron sizes were similar as well.

Are CNSs Signatures of Developmental Complexity?
Since the similar mutation rates calculated using nonsynono-
mous/synonomous base substitution frequencies in coding se-
quence between human–mouse and maize–rice allow for a com-
parison of genomes similarly evolved at the nucleotide level, we
believe the most likely explanation for relative mammalian CNS
richness lies in one or more of the profound biological differ-
ences between mammals and grasses. (It is tempting to extrapo-
late what we find in maize–rice comparisons to other flowering
plants, just as it is tempting to extrapolate from human–mouse to
all other vertebrates or metazoans. Since there is not yet enough
genomic sequence data to test these extrapolations, we now con-
fine ourselves to grasses and mammals.)

A simple definition of complexity involves the product of
the number of parts and the number of connections between
those parts. Because mammals have so many more stem-cell
populations, organs, and organ systems than do grasses, and be-
cause plant cells are cemented inside walls, which prohibits mak-
ing new connections by rotating or migrating, mammals must
surely be the more complex organisms. Mammalian cells follow
strict developmental pathways and differentiate terminally,
events undoubtedly necessitating the permanent modification of
chromatin state, often associated with the binding of regulatory
proteins to DNA (Li 2002). Plant cells, in contrast, are distin-
guished by their developmental “plasticity” (Walbot 1985, 1996).
In general, plant form and behavior are more accommodating to
the environment than those of animals. For example, when or-
gans in a meristic series change form in plants, organ identities
often appear to overlap. With rare exceptions, differentiated
plant cells quickly dedifferentiate in culture, and express totipo-
tency. While overall plasticity is expressed in most every plant
structure and behavior, the flexibility of plant reproductive strat-
egies, including ingenious asexual schemes, is noteworthy. Mam-
malian cells, in contrast, are more determined, and developmen-
tal boundaries are more exact.

It is possible that mammalian RNA transcripts are richer in
information content compared to grasses, allowing for the pro-
duction of numerous specialized proteins from a single gene. In
such a scenario, mammalian introns and UTRs would be rich in
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conserved instructions for the proper function of the splicing
machinery. Alternative generation and splicing of RNA tran-
scripts has been shown to be common in mammals generating
different transcripts depending on developmental or other cues,
whereas alternative splicing in plants is relatively uncommon.
Perhaps binding at CNSs facilitates this capacity for which mam-
malian genes are more complex.

Perhaps CNSs are involved in transcriptional regulation, but
do not serve as traditional transcription factor binding sites.
Some may perform roles in binding or producing regulatory
RNAs (microRNAs). Alternatively, some CNSs may serve not to
catalyze the stepwise binding of individual proteins, but in the
assembly of large multiprotein complexes to perform complex
regulatory functions. In such a case, a large CNS might not be a
“binding site,” in the classical sense but rather a “structural tem-
plate” for the formation of chromatin-level control factors, as
proposed by Kaplinsky et al. (2002).

One Particularly Robust Idea for the Function
of the CNS Difference Between Grasses and Mammals
Among the several previously mentioned functions that may be
served by large CNSs and CNS-rich regions, one function may be
particularly useful as a guide for further experiments. There may
be a greater negative consequence if mammalian genes, not just
upstream regulatory genes but most every gene, are not turned
“off” and kept off in the many, determined stem cell popula-
tions. The difference between grass and mammalian CNS fre-
quencies, size, and densities may reflect a fundamental difference
in the amount of regulation expended to limit gene availability
in stem-like cell populations, and to lock-in such deterministic
decisions.

Limitations
It is possible that our selection of 52 maize genes, although di-
verse in function, is not a representative sample of grass genes,
since we chose many of the individual genes most intensively
studied in maize over the years. Although a few dozen sequenced
maize BACs exist, we chose to focus on genes for which an ex-
perimental exon annotation exists. We wanted these first 52
genes to have known coding regions and intron-exon boundaries
involving one functional transcript. As a result, we are reasonably
sure that the CNSs identified are not coding sequences. However,
it is possible that among these genes, a conserved region—
annotated as noncoding—may be present in a translated, alter-
native transcript which has not yet been captured as an expressed
sequence.

Currently, the high-quality rice genome (the public Rice Ge-
nome Project) is incomplete, and maize, sorghum, and other
grasses have very limited stretches of genomic sequence com-
pleted. All cross-species comparisons are by necessity limited by
the length and quality of the available genomic sequences. We
are not currently able to assess the possibility that plant genes
may be regulated by distant, conserved elements, such as is the
case with the mammalian �-globin locus, which possesses an
enhancer 40 kb away from its coding region (Vyas et al. 1995).
Likewise we have not yet determined whether individual CNSs
display specificity, affecting the expression of certain genes in a
region, but not others (Loots et al. 2000).

Because our maize genomic sequences were generally lim-
ited to the space surrounding a single gene, we were only able to
use synteny to certify orthology for eight of our 52 genes. For
these genes the true ortholog was also the best hit in rice. Analy-
sis of the other 47 genes required that the maize gene be com-
pared to its best homolog in all of the rice genomic sequence
available, which included two whole genome contig databases,

plus the collection of contigs produced by the Rice Genome
Project. We also checked to see whether average exon nucleotide
sequence identities were near 85% (75%–90%), which is what we
generally find between syntenic maize and rice genes. We are
confident that the comparisons presented are orthologs, and de-
rive from a common ancestor about 50 Mya. It is possible that
some gene pairs may share sequence similarity because they are
members of a diverged gene family, but trace back to an ancestor
more ancient than the first grass. This situation could result, for
example, from rapid evolution of an ortholog or from a deletion
removing an ortholog, leaving only distant homologs for com-
parison. As more long genomic sequences become available from
rice and other grasses, synteny will be increasingly valuable to
identify unambiguous orthologs.

At the bioinformatics level, the number of CNSs detected is
limited by the BLAST parameters (the stringency of the local
alignment). Although we define CNS size, position, and sequence
based on our standard settings, it is always possible to obtain
more or fewer “hits” by altering the settings (Kaplinsky et al.
2002), by allowing lower statistical significance, or by changing
to a global alignment tool such as Vista (see Fig. 5 for a compari-
son of Vista and bl2seq results). Our program is not set to mask
repetitive sequences, such as simple sequence repeats (SSRs) or
the ends of transposable elements automatically, although it is
possible to do so manually. We felt it best not to prejudge what
sort of sequence might confer selective advantage.

Practical Considerations
In addition to the identification of pan-grass PCR binding sites
(Kaplinsky et al. 2002), maize–rice genomic alignments should be
valuable in annotating genes with hypothetical support or no
support at all. The history of identifying human genes compu-
tationally using one species’ sequence alone (Hogenesch et al.
2001) is not promising. In mammalian studies, CNS investiga-
tions led to the discovery of a gene implicated in human health
in a region of DNA considered by genome annotators to be non-
coding (Pennacchio et al. 2001). Even though we selected genes
with small gene space, four of them included an unannotated
gene or coding region. In all four cases, both maize and rice
carried the expected new gene in the expected location based on
the assumption of maize/rice microsynteny (Bennetzen 2000).

CNSs as Tools for the Study of Gene Evolution
and the Origin of Novelty
Lewis (1951) proposed that, following gene or genome duplica-
tion, two previously identical genes occasionally might diverge
in function, as one copy becomes free from the constraints of
selection. Another explanation for the retention of duplicates
suggests that duplicate genes each lose a different, specific cis-
acting function such that the entire function is now encoded by
two rather than one gene (Force et al. 1999; Lynch and Force
2000).

Maize is an excellent model system with which to test hy-
potheses about the consequences of duplication, with a well
documented history of tetraploidization (Ahn and Tanksley
1993; Devos and Gale 2000) occurring about 11 Mya (Gaut and
Doebley 1997). Rice has not undergone recent genome duplica-
tions. In maize, the MADS-box transcription factor genes zag2
and zmm1 are duplicates, as are sh1 and sus, and both pairs of
genes share most but not all of their CNSs. Such retained dupli-
cates in maize, and especially those rich in CNSs, present oppor-
tunities to study the evolution of gene regulation, be it the origin
of novelty via the Lewis scheme, or the fractionation of one an-
cestral complement of cis-acting sites into two sub-
functionalized genes (Force et al. 1999). Although it be will in-
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teresting to learn the molecular functions of CNSs in plants,
much research on the consequences of gene duplication and the
origin of novelty can proceed without knowing what CNSs bind
or to what end.

METHODS
All source code for the computational analysis presented here is
available upon request. Our blaster and viewer work well but
presently require the use of the Unix command line.

CNS BLAST and Gene Annotation Viewer Software
We developed a two-part software package in order to identify
and graphically display CNSs. This package offers an advantage
relative to previous work (Kaplinsky et al. 2002) in allowing com-
pletely automated viewing of results, without the tedious step of
manually drawing conserved regions onto a cartoon gene layout.
It is important to keep in mind that this program is not designed
for heuristically discovering genes, or discerning splice sites. The
programming aspect of this goal is divided into two distinct
parts, a Perl Script and a Java Applet.

Before running either program, one must first start with an
annotated sequence (typically a maize sequence from GenBank).
A cutoff of 3000 bases upstream and downstream of the coding
region is used to define the noncoding sequence associated with
a given maize gene. This annotated sequence is used to probe
other available databases, here rice, via BLASTN, and to manually
select the sequence, or sequences, considered strongest from the
BLAST results.

At this point, user involvement ends and a Perl-based pro-
gram takes these two sequences and begins analysis. Before be-
ginning analysis, the program must identify the strand orienta-
tion of the compared genes. In all cases for this study, the maize
sequence is in the plus orientation. The program analyzes the
plus/plus and plus/minus matches in a bl2seq output. If the plus/
minus matches carry more weight than the plus/plus matches,
the program generates the reverse complement of the rice se-
quence, and reruns BLAST.

The next step is to establish a rough alignment of the two
sequences beginning with the start of translation of the gene
product. If both sequences are annotated, the program records
the exon indices for both maize and rice and proceeds. However,
if the rice sequence is not annotated, then the maize annotation
must be used to predict the coding regions in the rice ortholog.
Using the previously generated BLAST result, which should have
created sequences in the same orientation, the start and end in-
dices of the maize coding region are used to predict the rice
boundaries. If the corresponding rice indices are found, then the
program records the indices and continues. If only one index is
returned, then the missing rice index is estimated by adding or
subtracting the length of the coding region of maize.

If the genes are not similar enough to include matches that
cover the start and end indices of the maize gene, then a simpler,
less accurate secondary procedure is executed. This simpler align-
ment takes the first BLAST result hit representing a coding region
in the maize gene, and discerns the distance of the maize se-
quence from the start and end indices of the maize gene in ques-
tion. Using those distances, the program guesses where the rice
coding region starts and stops. Although the last two techniques
are much less exact, they provide a rough outline that helps in
understanding the relative position of the retrieved CNSs.

The last step for the Perl program is the retrieval of CNSs.
The program begins by substituting an ‘n’ for every coding
nucleotide in the annotated sequence, thereby masking the cod-
ing regions from the subsequent bl2seq search. The bl2seq is
rerun, returning all hits in noncoding regions. The program
keeps only matches greater than 15 nucleotides in length in or-
der to enrich the results for the most significant regions of simi-
larity.

The second aspect of this software package is the viewer,
which is designed to take the information generated above and
create an easy to understand interface, as described earlier. The

viewer is programmed in Java and utilizes the Swing package,
available free as part of the Java™ Foundation Classes (JFC). The
applet itself takes in a flat file and parses it; each gene is then
represented as an Object containing Objects of coding regions,
noncoding regions, and CNSs. Information is then retrieved from
each Object by the user, primarily through mouse interaction.

Java was chosen for several reasons. It allows for interoper-
ability across most platforms running the Java 2 Runtime Envi-
ronment. Second, it easily and quickly permits user interaction.
Finally, one can convert the applet into an application while
conserving most of the original code, for use on auxiliary or
private databases.

The initial window of the Gene Annotation Viewer presents
a thumbnail view of information regarding the accession num-
bers of the compared sequences and provides an overview of the
CNSs identified, their sequences, their orientation, and their
cross-species nucleotide conservation. Most CNSs are indicated
by a black line connecting orthologs, these sequences being in
the +/+ orientation; red lines connect +/� alignments. A toggle
switch allows the user to choose which CNSs will be displayed on
the graphical view. The graphical viewer itself has a zoom func-
tion, and upon dragging across the gene schematic, displays the
nucleotide sequence text desired. Exons, introns, and CNSs can
be selected individually for text-based web applications such as
BLASTN, BLASTX, and open reading frame finders.

In the Annotation Viewer, an annotated sequence is colored
dark blue, and unannotated sequence is marked with a single
light blue rectangle to indicate the predicted position of the cor-
responding gene’s coding region, including introns. The software
does not annotate the comparison sequence; therefore, it does
not display exon structure of an unannotated input sequence.

Manual Adjustment of CNSs
Because our software returns all conserved regions above the pa-
rameter thresholds, we manually removed some conserved re-
gions that clouded the larger data analysis. Conserved regions
that we identified as probable coding exons by BLASTN or
BLASTX (as described above) were removed from consideration
as CNSs. Additionally, we removed conserved segments that were
primarily dinucleotide simple sequences in order to remove noise
from a gene graphic. Only occasionally (approximately 5% of
genes) did genes have conserved simple sequence dinucleotides.
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