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Conserved noncoding sequences (CNSs) in higher plants
Michael Freeling and Shabarinath Subramaniam
Plant conserved noncoding sequences (CNSs)—a specific

category of phylogenetic footprint—have been shown

experimentally to function. No plant CNS is conserved to the

extent that ultraconserved noncoding sequences are

conserved in vertebrates. Plant CNSs are enriched in

known transcription factor or other cis-acting binding sites,

and are usually clustered around genes. Genes that encode

transcription factors and/or those that respond to stimuli

are particularly CNS-rich. Only rarely could this function

involve small RNA binding. Some transcribed CNSs

encode short translation products as a form of negative

control. Approximately 4% of Arabidopsis gene content is

estimated to be both CNS-rich and occupies a relatively

long stretch of chromosome: Bigfoot genes (long

phylogenetic footprints). We discuss a ‘DNA-templated

protein assembly’ idea that might help explain Bigfoot

gene CNSs.
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Introduction
Conserved noncoding sequences (CNSs) are a subclass

of phylogenetic footprints. Plant CNSs have been

defined exclusively in order to maximize the chance

that each CNS sequence exists because it was not

removed by purifying selection and genetic drift. When

properly defined, a CNS’s existence implies that the

DNA sequence functioned. Borrowing from vertebrate

CNS research results [1–3], functions are expected to

include DNA-binding of transcription or chromatin

factors. Of course, some CNSs originally thought to

be noncoding are, in light of ongoing experimental

results, expected to actually code for a protein or an

end-product RNA. While CNSs in animals and plants

are known to function, the specific function is usually

not yet known.
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CNSs in plants are syntenic DNA sequence alignments

just above noise that are shared between usefully divergent
regions of homologous chromosome. The concept of

‘usefully divergent’ will be explained. CNSs are shared

between or among orthologous chromosomes; homeolo-

gous CNSs are shared between chromosomes that

diverged within a single nucleus, as occurs following

segmental duplication or following tetraploidy. In theory,

CNSs can also be detected between paralogous genes in

tandem arrays, but the divergence times of such gene

pairs are difficult to measure, especially when considering

the consequences of gene conversion. Blastn, using NCBI

default settings, finds CNSs above noise in pairwise

comparisons when the e-value is less than or equal to a

15/15 exact base pair match, a definition first devised and

defended by Kaplinsky et al. [4]. This noise cutoff was

defined using the BLAST algorithm blastn but alterna-

tive alignment alternatives like LAGAN and CHAOS

may be adjusted to be just under noise as well. This cutoff

is approximately LAGAN at length 21 bp and 70% iden-

tity [5] or CHAOS at wordsize 8, score 25, rescore 250; see

algorithm citations at CoGe: http://synteny.cnr.berke-

ley.edu/CoGe/. CoGe is an online suite of databases,

interfaces, and applications for comparative genomics

research. CoGe supports LAGEN, CHAOS as well as

various BLAST tools. The choice among local alignment

algorithms is less important than carefully setting the

noise cutoff and far less important than picking align-

ments that are within the window of useful divergence

[6], as will be discussed. Global alignments can be more

accurate than local alignments but must be anchored and

then extend no more than 500 bp along a typical plant

chromosome. Five hundred bp upstream from exon 1 may

be adequate to footprint a proximal promoter [7], but does

not cover CNS-rich gene space [8] even in Arabidopsis, a

plant with a small genome with correspondingly small

gene spaces.

Figure 1 is a heavily pruned phylogenetic tree with

paleopolyploidies denoted as starbursts; all citations have

been published previously [9]. The shaded rectangle in

Figure 1 is the aforementioned window of useful diver-
gence. If chromosomes diverged too recently, then patches

of conserved noncoding sequence will happen naturally

by neutral carry over from the ancestor. If the chromo-

somes are too diverged, CNSs become difficult to detect

by sequence alone, probably as a natural consequence of

how binding sites evolve. Because maximally diverged

grasses are within the CNS discovery window of

Figure 1, and because the complete genomes of two

rice subspecies (grasses) are soon to be joined by the

grass genomes sorghum, Brachypodium, and maize (each
s (CNSs) in higher plants, Curr Opin Plant Biol (2009), doi:10.1016/j.pbi.2009.01.005
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Figure 1

The window of useful CNS divergence—the vertical band—applied to a

heavily pruned phylogenetic tree relating those plant species

represented by fully sequenced genomes, and decorated with starbursts

representing paleopolyploidy events. Phylogeny and citations: Missouri

Botanical Garden, ‘trees’ section of http://www.mobot.org/MOBOT/

research/APweb/welcome.html in March 2008. Recent polyploidy as is

the case in the legume soybean is not noted. Different grass subfamilies

and probably tribes originated within this window. The most recent

tetraploidy (a) in the Arabidopsis lineage is within this window. Although

the pre-grass tetraploidy and the split among different orders of rosids is

outside this window, these ancient homeologous or orthologous CNSs

certainly exist; they are few but informative. The maize tetraploidy, and

probably the poplar tetraploidy, on the contrary, are positioned on the

too-recent side of the window. Homeologous ‘CNSs’ derived from these

too-recent pairs are often neutral carryovers from the ancestor. To use

these footprints as an indication of functional sequence would demand a

more stringent definition of ‘CNS’ than that given here.
available online), with Setaria on the horizon (Joint

Genomes Institute, http://www.jgi.doe.gov/genome-

projects/) CNS research has just begun.

Figure 2 illustrates some plant CNSs as they exist near

genes. These images and the syntenic alignment data

they represent are drawn by GEvo, the alignment viewer

in CoGe [5]. Each image can be regenerated on-the-fly by

engaging its tinyurl (hosted by tinyURL.com) presented

beneath each graph, after which settings may be adjusted

and research may continue. These putative CNSs cannot

be annotated as noncoding until each has been compared

to the most up-to-date protein, peptide, and RNA-gene

databases. For example, it became clear only recently that

circular miniproteins are encoded in the typical plant

genome [10]. CNSs must be periodically reassigned to

be genes in light of improved data implicating authentic

gene products.

Figure 2a depicts orthologous blastn alignments of a

sphingosine kinase gene from the grasses rice, sorghum,
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and Brachypodium distachyon. Sphingosine is a lipid com-

ponent of membranes containing 18 carbons and sphin-

gosine-1-phosphate is known to act as a signal regulating

guard cell turgor [11]. Note the 12 kb of upstream

chromosome and 2 kb of downstream chromosome that

are covered by apparent CNSs; this is an extreme Bigfoot

gene, as first studied in Arabidopsis [17]. As is typical, the

region of proximal promoter has no CNSs at all (although

there is certainly protein binding happening here). While

most Bigfoot genes encode transcription factors, a variety

of other functions are represented, although the signifi-

cance of this breadth is not yet understood. Sorghum–rice

and sorghum–Brachypodium high scoring pairs are con-

nected by lines (Figure 2a) when syntenous; rice–Brachy-
podium syntenic CNSs are not drawn to avoid clutter, but

may be inferred. Note how the spacing between ortho-

logous CNSs can change significantly, a common feature

of CNS pattern.

Plant ultraconserved sequences: a cautionary tale

A recent comparison of the sequences of Arabidopsis and

rice [12] found many very similar sequences meeting the

vertebrate definition of ‘ultraconserved’: >100 bp

stretches of 100% identity. These identical blocks were

often linked to each other forming clusters of ‘ultracon-

served’ sequences on chromosomes. Since rice is a mono-

cot and Arabidopsis is a dicot, such sequence identity is

certainly remarkable. This result was interpreted as evi-

dence for ultraconserved noncoding sequences compar-

able to those discovered in mammals [13]; mammalian

CNSs can go back to the origin of vertebrates. Published

evidence suggested that such sequences do not occur in

plants [8], but it is difficult to prove a negative assertion.

We began proofing the most significant of Zheng and

Zhang’s ‘ultraconserved’ noncoding sequences [12] and

found that Sequence#4, a sequence within a chromosomal

cluster, hit Arabidopsis and japonica rice at 100% identity,

and also hit indica rice and sorghum as well, each in a few

locations and always at very high or perfect sequence

identity, which is consistent with the results of Zheng and

Zhang. Because we performed our multiple blasts using

the blast application within CoGe—following the tutorial

called ‘CoGe with rosids’ [14]—each hit chromosomal

segment could be quickly aligned with all others and

visualized graphically. It was apparent that none of these

hits were in syntenous positions. Vertebrate ultracon-

served sequences are, by definition, orthologous (synte-

nous). We found that none of the other Arabidopsis–rice

100% identical sequences on the ultraconserved list were

syntenous, so the term ‘conserved’ was not used properly.

Using some trial-and-error, it turned out that Sequence#4

also exists in a known exon of mitochondrial DNA of all

species mentioned except japonica rice. We chose as

BLAST query a 7 kb segment of Arabidopsis mitochon-

drial DNA with Sequence#4 in the middle and used this

against subject whole plant genomes. Large clusters of

the original ‘ultraconserved’ sequences were accounted
s (CNSs) in higher plants, Curr Opin Plant Biol (2009), doi:10.1016/j.pbi.2009.01.005
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Figure 2

GEvo graphic representations of plant CNSs, represented as blastn hits (colored rectangles), using settings as defined in text. Lines connect blast hits that

are syntenous. Color code: masked sequence is purple and sequence gaps are yellow. Regenerate these data from CoGe on-the-fly using http://

tinyurl.com/5dr95h and http://tinyurl.com/46v93w, respectively. (a) This grass sphingosine kinase (textbox to the right) has an exceptionally long and

complicated phylogenetic footprint (Bigfoot). Aligning these three orthologs in the three pairwise combinations uncovers many CNSs (sorghum–rice and

sorghum–Brachypodium syntenic pairs are connected by lines, as are some of the rice–Brachypodium syntenic pairs). Dark lines identify CNSs that are

potentially specific to a grass lineage. (b) This rosid CNS pair is the most conserved CNS in plants discovered to date. The arrow marks an aCNS already

known in Arabidopsis aligned with its best hit in grape, a fellow member of the superorder rosid but about as distant a rosid relative as is possible. The box

lists characteristics of this special CNS. The associated gene encodes a transcription factor putatively functioning in meristem identity.
for in this way; all were ‘ultraconserved’ bits of a larger

segment of mitochondrial DNA that was, itself, inserted

intact and highly ‘conserved.’ We conclude that horizon-

tal transfer is a likely explanation. There are many ver-

ified cases of horizontal transfer involving mitochondrial

DNA in plants [15]. Further study will be required to

decide whether or not this horizontal transfer is artifactual

or biological. The above cautionary tale illustrates the

obligation of researchers to proof the datasets delivered

up in tables by computational biologists and bioinfor-
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matics specialists. Individual datapoints—case studies—

comprising such lists must make sense.

The oldest published plant CNSs are between papaya

and Arabidopsis, and these are neither long nor near

identical [16]. Figure 2b is a GEvo graphic of blastn

output for the single most significant (expect

value = 5e � 24) hit between all Arabidopsis homeologous

(a) CNSs [17] and the French grape genome [18]. This

80/91 nucleotide blastn hit is approximately 600 bp
s (CNSs) in higher plants, Curr Opin Plant Biol (2009), doi:10.1016/j.pbi.2009.01.005
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upstream of an orthologous Ainegumenta-like transcription

factor gene thought to be involved in meristem mainten-

ance. This sequence, characterized in the box to the right

of the graphic, is the most significant Arabidopsis–grape

CNS, but it is not near animal standards [13,19] for being

called ‘ultraconserved.’

Plant versus vertebrate CNSs

Two of the most experimentally useful contributions of

early plant CNS research was that plant CNSs are con-

siderably smaller and less numerous than those in mam-

mals, and that plant CNSs do not generally ‘run together’

on the chromosome [4,5,20]. With exceptions, individual

plant genes may be assigned CNSs, and this CNS-rich-

ness metric engendered biological insight. Additionally,

the most extreme animal CNSs are much more conserved

than are the most conserved plant CNSs. The meanings

of these plant–animal CNS data differences are not yet

clear. Plant CNSs degrade or permute (mutate) relatively

quickly over evolutionary time, although it seems likely

that the binding functions themselves are conserved.

This problem of alignment detectability is called ‘binding

site turnover’ [21].

Experiments that address the possibility that some

CNSs are ‘artifacts’

The reason we define CNSs specifically in terms of

synteny, window of divergence time, and alignment set-

tings is to maximize the chance that any CNS functioned,

and was therefore conserved. Even though it is difficult to

imagine how the replication/correction machine could

operate without error, it is formally possible that CNSs

are mutational coldspots. There is evidence against this

hypothesis in animals [22,23]. The ultimate coldspot is a

patch of recent gene conversion; this trivial explanation

could well explain paralogous (in the same nucleus)

CNSs, such as the homeologous CNSs that have been

retained after the most recent tetraploidy in the Arabi-
dopsis lineage [17] or the pre-grass tetraploidy in the rice

lineage [24]. Recent studies found many regions of gene

conversion within the rice genome [25,26], including the

approximately 6 Mb of near-identical sequence at the

low-numbered ends of chromosomes 11 and 12. Three

sorts of data argue against the conversion hypothesis.

First, CNS-rich genes are not average genes, but regu-

latory and/or ‘response to . . .’ genes. Second, known

transcription factor-binding motifs characterize the Ara-
bidopsis homeologous CNS dataset, as will be reviewed. It

seems improbable that ABI13/VP1 transcription factor

CNSs or G-box CNSs, for example, would be preferen-

tially converted in their noncoding sequences. Third,

none of the homeologous, Arabidopsis CNSs over 24 bp

are identical to each other, indicating that gene conver-

sions in noncoding DNA has not been significant, at least

over the past several million years. Even so, any single

homeologous CNS could be the result of a patch of gene

conversion, and there is no reason to expect a CNS that
Please cite this article in press as: Freeling M, Subramaniam S. Conserved noncoding sequence
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originated by gene conversion to function. Because of the

size of CNSs, it originally seemed possible that CNSs

might be MIR or tasiRNA-encoding, or binding sites for

small RNAs; data indicates that this RNA-world alterna-

tive could be correct for only 1.5% of Arabidopsis home-

ologous CNSs [17]. There are some sequences in the

Arabidopsis aCNS Version 1 database [17] that are actu-

ally RNA genes, and are errors. These errors will be

corrected in the upcoming Version 2 database (to be

published online in CoGe downloads).

New genes are being discovered continuously, and any of

these could conceivably have been included as an erro-

neous CNS. For example, recent proteogenomic studies

in Arabidopsis resulted in the expansion of exons for 2446

TAIR7 models and called 838 new, usually short, genes

[27]. We back-translated each of these unexpected pep-

tides using tblastn and compared all sequences to each

published [17] aCNS. No exact matches were found.

What about finding CNSs associated with those many

duplicate genes that are not syntenic?

It is experimentally powerful to know that all CNSs in a

dataset are contemporaneous. For orthologous CNSs,

species divergence is the start point for the evolutionary

clock. For homeologous CNSs, divergence began with

the tetraploidy or segmental duplication. However, not

all duplicate genes in a plant genome are syntenous,

and these might well contain CNSs even though the

origins and relative timing of the origins of these

duplications are obscure. Local (tandem) duplicates

comprise 5–30% of a genome depending on real differ-

ences, the algorithm used and on the definition of

‘gene’ [28]. Between one-fourth and three-fourths of

the genes in Arabidopsis have been reported to have

moved from their ancestral position, if they had one, or

were generated de novo since the split between papaya

and Arabidopsis, and these include the sorts of genes

known to be CNS-rich, like MADS-box and B3-box
transcription factor genes [29]. In theory, exon diver-

gence could be used as an internal measure of ‘the

window of useful divergence’—and perhaps as a

measure of regional gene conversion—and properly

defined CNSs could then be collected for nonsyntenic

duplicates as well as for syntenic duplicates.

General characteristics of plant CNSs

The general conclusions from the original maize-rice

orthologous CNS studies [4,5,20] have been repli-

cated—in general—in the two large-scale homeologous

CNS studies in Arabidopsis [8,17] and also in rice [24].

Plant CNSs average from 20–30 bp in length. The CNSs

tend to be positioned close to one gene, with exceptions,

so individual pairs of genes or their Gene Ontology (GO)

terms were quantified for CNS-richness. All studies con-

clude that ‘regulatory genes’ are CNS-rich, with genes

encoding transcription factors being generally more CNS-
s (CNSs) in higher plants, Curr Opin Plant Biol (2009), doi:10.1016/j.pbi.2009.01.005
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rich than genes encoding protein kinases. Still, the aver-

age (median) homeolog in plants has 0–2 CNS. In one

Arabidopsis homeologous CNS study [8], 246 genes occu-

pied an exceptionally long stretch of chromosome where

the regions full of CNSs were conspicuous in being exon

voids; these genes were called ‘Bigfoot’ and were anno-

tated with ‘response to’ GO biological function

categories, these often being ‘transcription factor activity’

as well. The distance between Bigfoot gene 50CNSs and

exon 1 averaged 3.1 kb. This same study found a CNS

over-abundance of the most famous transcription factor

binding site in plants, the G-box (CACGTG palindrome);

several other known motifs—plus previously unknown

7mers—were significantly over-represented, but none

near the extent of the G-box. CNSs occur 50, 30, and in

introns, but the rice homeologous CNS distributions [24]

were less skewed to 50 than were similar distributions

around Arabidopsis genes.

While it seems reasonable that some CNSs contain active

transcription factor binding sites, it is important to

emphasize that most plant genes function in develop-

mentally complicated ways in the absence of CNSs.

Case studies implying specific CNS function

Box 1 summarizes data, with citations, from which general

or specific CNS function was inferred. From the totality of

animal data, CNSs are expected to include cis-acting

regulatory sites [1–3], and they do (Box 1). There is

one early report of a CNS involving nuclear matrix

attachment [30]. Box 1 also includes regulatory CNSs

that function to slow down translation because they are

themselves translated [31]; while these sequences are
Please cite this article in press as: Freeling M, Subramaniam S. Conserved noncoding sequence

Box 1

aType Function associated with plant CNSs

G Grass regulatory genes are rich in orthologous CNSs

G Arabidopsis genes that are induced by stimuli and/or encode

and are often ‘Bigfoot’ genes. japonica rice homeologous C

G Arabidopsis homeologous CNSs are significantly enriched for

especially the G-box

S Intron CNSs in a Class I homeobox gene (knotted1) bind a ne

Mu transposons, but only in Mu-active lines.

S 50CNSs contain conserved, known transcription factor binding

rbc a/b in dicots, and bproximal promoters in dicots.

S Two 50CNSs of the SHOOT MERISTEMLESS/knotted1 homeo

cis-regulate repression/re-establishment of leaf expression.

S A cis-acting, regulatory QTL for flowering time in maize, positi

contained an intact CNS in the early flowering parental line,

CNS disrupted by a 144 bp MITE insertion.

S Some 50UTR grass CNSs are uORFs, one mechanism to down

a G = general, S = specific.
b Vandepoele et al. [7] used phylogenetic footprinting of homologous p

representation and transcript co-expression, to infer functional regulatory m

close proximity. Being confined to noncoding space close to the start of trans

a few CNSs, not CNSs in any general way, and specifically not Bigfoot ge

www.sciencedirect.com
formally ‘coding,’ since their function is not in the product

peptide per se, then they seem properly included together

with CNSs. It seems likely that ongoing proteomic work

in plants will find sequences for short peptides that will

turn out to be CNSs, but that is not yet the case.

Uchida et al. [32] completed perhaps the most develop-

mentally complete study of two CNSs in the proximal

promoter of the Class I KNOX flagship gene, a gene

named Knotted1 in grasses and relatives (monocots) and

STM in Arabidopsis and relatives (dicots). One of these

CNSs contains a known cis-acting binding motif called

the K-box and the other the RB-box. The binding func-

tions of each box apparently accounts for conservation.

These workers went on to perform in vitro mutation

experiments, often using reporter genes, to work out

the details of these regulatory functions and to relate

them to the compound nature plant leaves. In fact, the

dicot CNSs are not conserved well enough in the mono-

cots to be termed ‘CNSs’ using dicot–monocot pairwise

blastn comparisons, but multiple alignments anchored on

the 50ATG demonstrate clearly the underlying homology

of all STM promoters studied, at least at their core boxes.

The most inspirational result of CNS research to date [33]

is the mapping and functional confirmation of an import-

ant maize quantitative trait locus (QTL), Vgt1 (a flowering

time locus named Vegetative to generative transition1). Vgt1
maps to a 24 bp maize–sorghum–rice CNS 70 kb

upstream from an Apetala2-like maize gene. Vgt1 acts in

cis on the expression levels of the gene encoding this

transcription factor in cis, so the word ‘enhancer’ is prob-

ably applicable. Interestingly, while the early-flowering
s (CNSs) in higher plants, Curr Opin Plant Biol (2009), doi:10.1016/j.pbi.2009.01.005

Ref

[5,20]

transcription factors are rich in homeologus CNSs,

NSs are similar.

[17,24]

several known transcription factor binding motifs, [8]

gative cis regulator, a binding that is disrupted by [20,38]

motifs and motif patterns: RAB16/17 in grasses, [7,39,40]

box gene in dicots/monocots, and their binding motifs, [32]

oned 70 kb upstream of an Apetala2-like gene,

but the late-flowering parental had this

[33]

regulate translation. [31]

roximal promoters of dicot genes, along with TF binding motif over-

odules composed of two or more transcription factor binding sites in

cription, this work addresses the transcription factor binding potential of

ne CNSs.
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Vgt1 allele had an intact CNS, a 144 bp MITE transpo-

sable element insertion disrupted the CNS of a late-

flowering allele, and this allele also expressed the Apetala2
transcription factor mRNA to a lower level. Flowering

time is a plant trait that is particularly variable among

closely related taxa, and a trait that responds to breeding,

implying polymorphism within the breeding population.

While it is never logically sound to extrapolate from one

point, the work of Salvi et al. [33] should inspire others to

use CNSs as mapping markers, especially for mapping

those sorts of phenotypes that account for the differences
among plants that make them taxonomically distinct and

account for the improvements on which agriculture is

based. QTL research, because it maps complex and

poorly understood phenotypes existing in the wild to

the genome, thereby providing a way to reduce pheno-

type to sequence, is perhaps the most pioneering of any

genetic approach toward better understanding life. It is

the obligation of genomic research to provide infrastruc-

ture for QTL studies.

There have been no advances in understanding a funda-

mental ‘enigma’ concerning plant CNS distribution.

Those genes high up the regulatory cascade—especially

those that respond to stimuli—tend to be CNS-rich.

However, genes known to function on cellular building

blocks—those encoding house-keeping enzymes, for

example—tend to be CNS-poor. CNS-richness seems a

reasonable quantitative metric for at least one sort of gene

regulation. Using this metric, the most important regulatory
genes are also the most regulated. Consider a corporation

metaphor. It is not silly to think that the CEO (chief

executive officer) of a corporation might also be the most

regulated. CEOs must comply by law with rules and

regulations of little concern to most workers. Only when

considering individual networks of gene regulation within

a larger regulatory system can this enigma begin to make

sense. CNS-rich genes are perhaps under the control of a

level of ‘systems’ coordination. We might guess that this

system coordinates a plant’s or population’s ability to

endure fluctuating stresses, but we actually know very

little.

One particularly intriguing hypothesis explaining why

certain plant genes are Bigfoot

Knowing little, some ideas are more ‘beautiful’ than other

ideas only because they stimulate the imagination. One

such idea for Bigfoot CNS-regions (e.g. Figure 2a) may be

the DNA-templated protein complex idea [4]. This idea

posits that particular protein–protein or protein–RNA

complexes that eventually assemble as a part of chromatin

do so under the direction of a DNA template and do not

do so by self-assembly alone. A pattern of CNSs would

then catalyze this assembly. This idea might be particu-

larly applicable to changing chromatin in epigenetically

heritable ways. We predict that chromosomal regions

around Bigfoot genes are prone to this sort of epigenetic
Please cite this article in press as: Freeling M, Subramaniam S. Conserved noncoding sequence
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marking. All ideas and data pertaining to structure beget-

ting subsequent structure—structural inheritance—have

been of special interest ever since studies, largely from

the Sonneborn lab, on the inheritance of the directions of

unit territories in the cortex of ciliates [34].

At this point, it would be good to know the current state of

plant research on chromosomal units of function, loops

perhaps, on the boundary sequences that define these

blocks of chromatin, and on how chromatin states might

be altered and then inherited in a cell lineage. Some-

where in these research results might be candidate DNA–
protein complexes associated with the CNSs of plant

Bigfoot genes. We found no plant research to review.

If plants and animals share the essential mechanisms

delimiting chromosomal domains and units of epigenetic

function, as might be the case [35], then mechanisms

thought to apply to animal epigenetic domains might

inform plant research. Animal insulators, like vertebrate

CTCF [36], are conserved proteins that bind to conserved

DNA sequences. Such binding can block a promoter from

a distant enhancer, alter chromosomal looping architec-

ture and may be involved in changes in silencing or

epigenetic state, as reviewed [37]. In any case, a purely

hypothetical templating role for clusters of plant CNSs—

those 50 average 3.1 kb away from the Bigfoot gene exon1

[8]—predicts that the pattern of these CNSs should

influence chromatin structure and function.

Conclusion
These are early and exciting times for plant CNS

research. Mysteries abound.
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