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Ultraconserved elements (UCEs), stretches of DNA that are identical between distantly related species, are enigmatic
genomic features whose function is not well understood. First identified and characterized in mammals, UCEs have been
proposed to play important roles in gene regulation, RNA processing, and maintaining genome integrity. However,
because all of these functions can tolerate some sequence variation, their ultraconserved and ultraselected nature is not
explained. We investigated whether there are highly conserved DNA elements without genic function in distantly related
plant genomes. We compared the genomes of Arabidopsis thaliana and Vitis vinifera; species that diverged ~115 million years ago
(Mya). We identified 36 highly conserved elements with at least 85% similarity that are longer than 55 bp. Interestingly,
these elements exhibit properties similar to mammalian UCEs, such that we named them UCE-like elements (ULEs). ULEs
are located in intergenic or intronic regions and are depleted from segmental duplications. Like UCEs, ULEs are under
strong purifying selection, suggesting a functional role for these elements. As their mammalian counterparts, ULEs show
a sharp drop of A+T content at their borders and are enriched close to genes encoding transcription factors and genes
involved in development, the latter showing preferential expression in undifferentiated tissues. By comparing the genomes
of Brachypodium distachyon and Oryza sativa, species that diverged ~50 Mya, we identified a different set of ULEs with similar
properties in monocots. The identification of ULEs in plant genomes offers new opportunities to study their possible roles

in genome function, integrity, and regulation.

[Supplemental material is available for this article.]

An increasing number of studies indicate that although the larger
part of eukaryotic genomes consists of non-protein-coding DNA,
this is far from being nonfunctional. Conserved noncoding se-
quences (CNSs) are found in large numbers in all animal genomes
(Dermitzakis et al. 2002, 2004). CNSs are still conserved between
humans and pufferfish, which diverged 450 million years ago
(Mya) (Woolfe et al. 2005). Their average sequence identity varies
depending on the genomes compared.

There are varying degrees of conservation of CNSs, with
noncoding ultraconserved elements (ncUCEs) forming the ex-
treme end of the distribution. UCEs were first identified as DNA
stretches that are 100% identical between the mouse, rat,
and human genomes over at least 200 bp (Bejerano et al. 2004).
NcUCEs were mainly described among eutherian genomes, such as
human, mouse, rat, dog, and cow (Bejerano et al. 2004; Stephen
et al. 2008; Elgar 2009). Although most ncUCEs only appeared
during tetrapod evolution (Stephen et al. 2008), many were already
present in the jawed vertebrate ancestor, spanning ~530 Mya of
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evolutionary time; however, their conservation falls off to ~80%
(Wang et al. 2009). Because we currently do not know any bi-
ological process that would not tolerate at least some sequence
variation, the function of these ultraconserved and ultraselected
elements is enigmatic.

The majority of the ncUCEs and CNSs seem to be under pu-
rifying selection, indicating that they are not mutation cold spots
but are strongly constrained functional elements (Drake et al.
2006; Chen et al. 2007; Katzman et al. 2007). In insects, ncUCEs
occur much less frequently and are smaller in size than the mam-
malian ones, thus being more similar to CNSs, which are often
shorter and less conserved (Glazov et al. 2005).

In animals, ncUCEs and CNSs are enriched near specific
functional groups of genes, e.g., encoding transcription factors and
developmental regulators (Bejerano et al. 2004; Glazov et al. 2005;
Vavouri et al. 2007). It was demonstrated that ncUCEs and CNSs
can function as enhancers controlling tissue-specific gene expres-
sion (Woolfe et al. 2005; Pennacchio et al. 2006; Paparidis et al.
2007; Visel et al. 2008; McEwen et al. 2009). Nevertheless, their
role as enhancers is not sufficient to explain their high conserva-
tion, because all protein-DNA, DNA-DNA, or DNA-RNA inter-
actions known to date tolerate significant sequence divergence
without affecting their functions (Ludwig et al. 2000, 2005;
Romano and Wray 2003; Poulin et al. 2005; Rastegar et al. 2008).
Therefore, ncUCEs and CNSs are likely to serve additional—so far
unknown—functions that constrain their sequence.

Because ncUCEs are often single-copy sequences and strongly
depleted from segmental duplications and human copy number
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variants (Derti et al. 2006; Chiang et al. 2008), it was suggested that
they could serve as genome integrity retention agents that act in
a copy counting mechanism for chromosomes (Derti et al. 2006).
In other words, ncUCEs in diploid cells should be present in ex-
actly two copies to ensure genome integrity. To accurately assess
their number, ncUCEs would have to be identical in sequence to
avoid interactions with duplicated genomic regions. However, se-
quence retention and extreme conservation do not mean that they
are essential for viability. In fact, deletion of four ncUCEs in the
mouse did not cause obvious phenotypic abnormalities (Ahituv et al.
2007). Nonetheless, mutations in ncUCEs are deleterious over evo-
lutionary time as evidenced by the fact that ncUCEs are under
stronger selection than protein-coding regions (Katzman et al. 2007).

Until now little is known about the occurrence of CNSs in
plant genomes. Most plant CNSs described to date are relatively
small and reside close to genes. In monocots, apart from three
exceptions (Bossolini et al. 2007; Wicker et al. 2008), most CNSs
are short (average 20 bp), flanking a small number of orthologous
genes (Kaplinsky et al. 2002; Guo and Moose 2003; Inada et al.
2003). A recent study describes the existence of long identical
sequences (over 100 bp) between plant genomes; however, the
reported sequences are part of regions of known function or origin,
such as repeats, exons, or organellar DNA (Reneker et al. 2012).

Here, we focus on the identification of large UCE-like ele-
ments (ULEs) in dicot and monocot genomes. Special care was
taken to ensure that ULEs are not part of any genic sequence
with known function. By comparing the genome sequences of
Arabidopsis thaliana (mouse-ear cress) and Vitis vinifera (grapevine),
we identified 36 large and highly conserved ULEs, which are >55 bp
long and share at least 85% sequence identity. The divergence time
between the two species is estimated to be 115 Mya (Fawcett et al.
2009), allowing significant changes in DNA sequence to occur.
Monocots have their own set of ULEs, and many are shared by the
more closely related genomes of Brachypodium distachyon (purple
false brome), Oryza sativa (rice), Sorghum bicolor (sorghum), and Zea
mays (maize). Strikingly, despite a complete lack of sequence sim-
ilarity between plant ULEs and animal ncUCEs, they share com-
mon properties, indicating that the evolutionary conservation of
ULEs and ncUCEs may result from similar functional constraints
and selective pressures in plants and animals.

Results

Identification of plant UCE-like elements (ULEs) between
the A. thaliana and V. vinifera genomes

To identify ULEs in plants, whole-genome comparisons of the two
dicot species A. thaliana and V. vinifera were performed. Among
dicots with sequenced genomes Vitis is the most distantly related
to Arabidopsis. The genome of Arabidopsis was used as an anchor for
the ULE search against Vitis. We define a ULE as a noncoding DNA
sequence sharing at least 85% identity. To exclude that these
sequences serve as potential transcription factor-binding sites,
we searched the Arabidopsis Gene Regulatory Information
Server (AGRIS), a database for transcription factor binding sites
(Palaniswamy et al. 2006). The average size of the 763,000 pre-
dicted cis-regulatory elements is 6.4 bp. Often, such transcription
factor-binding sites are clustered, leading to larger conserved
stretches (Davidson 2001). Using AGRIS, we found 28 large puta-
tive transcription factor-binding sites or clusters (>25 bp) with the
biggest being 50 bp. Thus, we searched for ULEs that were longer
than 55 bp.

The Arabidopsis genome was split into fragments of 1200 bp
with a 600-bp sliding window and 600 bp overlap. These fragments
were used in BLASTN searches against the Vitis genome. All con-
served sequences >55 bp long with =85% similarity were inves-
tigated further, using a set of stringent criteria for the identification
of ULEs (Tablel): To exclude gene sequence motifs that may still
have been present in this data set, candidate sequences were used
in BLASTN searches against all Arabidopsis coding sequences.
BLASTN searches were also carried out against collections of
Arabidopsis tRNAs, ribosomal genes, and known ncRNAs. The re-
maining sequences were used in BLASTN searches against mito-
chondrial and chloroplast DNA. Transposable elements were excluded
from our data set. The remaining candidates were used in BlastX
searches against the nonredundant NCBI protein database to identify
and eliminate any further protein-coding sequences that might not
have been annotated in Arabidopsis. Finally, we removed conserved
sequences overlapping intron-exon junctions because they might
be part of alternative splicing products or wrongly annotated
exons. To ensure that only ULEs of low copy number remained in
our data set, candidates with >5 copies were removed.

In total, 36 candidate ULEs between the Arabidopsis and Vitis
genomes met our criteria (Supplemental Table S1). The resulting
ULEs reside in intergenic or intronic regions and all occur as single
copies in the genome. We identified two paralogous elements,
ULE27 and ULE28, which are found in tandem on chromosome 2.
These ULEs are within 300 bp of each other. ULE27 is 2 bp longer
than ULE28 but otherwise 100% identical. In Vitis ULE2S is found
in two tandem copies within 250 bp on chromosome 4. One of
the Vitis copies is 12 bp longer than the other, but the shared se-
quences are 100% identical.

The ULEs comprise a total of 2396 bp. The longest one is
105 bp, and sequence identity ranges from 85% to 98%, with an
average of 87.7%. Twenty-two were found in intergenic regions
and 14 in introns. All ULEs were screened against Arabidopsis ESTs
and novel transcripts detected after exosome depletion (Chekanova
et al. 2007). For 28/36 ULEs there was no evidence of transcription,
while the remaining eight were at least partially covered by tran-
scripts. The distribution of ULEs along the five Arabidopsis chro-
mosomes is shown in Figure 1.

ULEs are conserved among dicot but not more distantly
related genomes

We tested whether the identified ULEs are present in other eudicot
genomes, namely, Populus trichocarpa (poplar), Carica papaya (pa-
paya), Cucumis sativus (cucumber), and Arabidopsis lyrata (lyre-
leaved rock-cress) (Supplemental Table S2; Tuskan et al. 2006; Ming
et al. 2008; Huang et al. 2009). The phylogenetic relationships of
these species are shown in Figure 2. Twenty-two ULEs (22/36) were
also present in the poplar genome, with similarities ranging from
83% to 98%, and a similar average identity as between Arabidopsis

Table 1. Criteria for ULE identification

ULEs are ULEs are not

1.>55 bp long
2. =85% identity
3. Low copy number (<5)

. Coding sequences

. tRNA, rRNA, ncRNA

. mtDNA, chIDNA

. Transposable elements

. E. coli contamination

. Encoding a protein motif
. In intron—exon junctions
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Figure 1. Distribution of ULEs along Arabidopsis chromosomes. (Blue
lines) Intergenic ULEs; (red lines) intronic ULEs. ULEs of both types are
found on all chromosomes: On chromosome 1, ULEs are found on average
every 6 Mb, whereas on chromosomes 2, 3, 4, and 5, ULEs are found on
average every 1.9 Mb, 5.8 Mb, 3.8 Mb, and 2.2 Mb, respectively.

and Vitis. High levels of conservation were also found within the
less complete genome of papaya, where 20 ULEs have identities
ranging from 84% to 100%.

Only nine of 36 ULEs were found in the cucumber genome
with identities ranging from 85% to 98%. All but one of these
corresponded to intronic ULEs, which suggests that scaffold data
from cucumber are good enough for comparisons of genes but
intergenic regions are not. Also, the genomes of poplar and papaya
are less complete than the Arabidopsis genome, which may explain
why not all ULEs were found. To test this, we investigated whether
genes neighboring the ULEs that are not present in poplar or/and
papaya are also absent from those genomes. Indeed, the closest
gene to these ULEs was not found or only partially present (less
than a third of the corresponding sequence) in either the poplar or
papaya genome (Supplemental Table S3). Finally, we looked for
ULEs in the sequenced genome of another member of the mus-
tard family, A. lyrata (Hu et al. 2011), where all but one ULE were
conserved with identities between 93% and 100%.

We also searched for the 36 ULEs in the genomes of rice but
found only one (ULE3) with 89% identity. ULE3 was partially
conserved in two other monocot genomes, Brachypodium and
maize (Supplemental Table S2). ULE3 is located upstream of gene
At2¢33440, which encodes an RNA-binding domain and is ex-
pressed at different developmental stages, but is functionally
uncharacterized. None of the remaining ULEs, except for ULE19 in
Brachypodium, were conserved. The identified ULEs were also searched
against the genomes of the moss Physcomitrella patens and the green
alga Chlamydomonas reinhardtii, but no ULEs were conserved.

ULEs are mostly found in conserved collinear positions

To examine genes and other genic features that neighbor ULEs in
Arabidopsis and Vitis, a genomic region spanning 3 kb from the 5’
and 3’ ends of each ULE was analyzed. These 6-kb windows were
used in BLASTN searches against the coding sequences of the two
genomes. Among the 22 intergenic ULEs, 15 were located up-
stream of genes, three downstream from genes, and four in geno-
mic regions where the nearest gene is >2 kb away.

To further assess ULE organization, we used the same 6-kb
window and compared it by dotplot with an equivalent window in

Vitis. To study whether ULEs are located in collinear regions, we
classified flanking regions of ULEs as collinear when at least one of
the neighboring genes was homologous. We found that 29/36
ULEs were found in collinear regions (see example in Fig. 3A). In-
terestingly, seven ULEs were found in noncollinear regions, where
exclusively the ULE was conserved in the 6-kb segment, indicating
that ULEs can be independent elements not necessarily associated
with nearby genes (see example in Fig. 3B). For these seven non-
collinear ULEs, we examined a larger region (50 kb) between
Arabidopsis and Vitis: in five cases only the ULE was conserved
(ULE2, ULES, ULE9, ULE3S, ULE36). It is intriguing that some of the
ULEs are not found in collinear regions relative to Vitis, since in
animals, UCEs remain in collinear positions. One possible expla-
nation for the noncollinear ULEs is that transposable element (TE)
activity can lead to movement of genes and other sequences,
thereby eroding collinearity (Wicker et al. 2010). Indeed, trans-
posed genes in Arabidopsis are often associated with flanking re-
peats (Woodhouse et al. 2010), and this is also the case for three of
the noncollinear ULEs (ULE2, ULES, ULE35), which contain
repeats within 3 kb of their borders (http://epigara.biologie.ens.fr/
cgi-bin/gbrowse/a2e). Whether these repeats were associated with
the movement of the ULEs or inserted afterward cannot easily
be distinguished.

ULEs are flanked by a sharp drop of the A+T content

To investigate whether ULEs have specific sequence characteristics,
we compared the base composition at the boundaries of the ULEs,
which are not conserved, with the one inside the ULEs (Fig. 4), as it
was done for highly conserved noncoding sequences in vertebrates
(Walter et al. 2005). We analyzed ULEs and their flanking regions
in three blocks of sequences: 400 bp of flanking sequence plus 10
bp of the corresponding end of each ULE at the 5" and 3’ borders,
and 30 bp from the middle of each ULE. We calculated the A+T
content for each of these three blocks and observed a sharp drop in

Populus trichocarpa
I: Cucumis sativus
~100

i': Arabidopsis thaliana
~115 ~72 Arabidopsis lyrata

Carica papaya

Vitis vinifera

125-235

~12 Sorghum bicolor

45-60 Zea mays

40-53 |: Oryza sativa
Brachypodium distachyon

~430

Selaginella moellendorffii

~1000
Physcomitrella patens

Chlamydomonas reinhardftii

Figure 2. Phylogenetic relationships between major sequenced plant
genomes. The phylogenetic tree is adapted from phytozome.org. Di-
vergence distances in million years ago (Mya) are indicated beside the
nodes and are taken from Stewart and Rothwell (1993), Yang et al. (1999),
Davies et al. (2004), Kuittinen et al. (2004), Swigonova et al. (2004), Yoon
et al. (2004), Tuskan at al. (2006), Fawcett et al. (2009), and International
Brachypodium Initiative (2010).
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Figure 3. Comparison of a 6-kb region surrounding two selected ULEs
in Arabidopsis and Vitis. Conserved regions are indicated by shaded areas.
(Red) ULEs; (black) small conserved noncoding sequences (sCNSs) be-
low 30 bp; (gray) exons. (A) Comparison in collinear regions between
Arabidopsis and Vitis. (B) Comparison between noncollinear regions be-
tween Arabidopsis and Vitis.

A+T frequency starting just before the borders of the ULEs. Within
the ULEs, the A+T content was lower than in flanking regions (Fig.
4A). The same was observed when we analyzed the A+T frequency
of each ULE individually (data not shown). We calculated the av-
erage A+T content in the Arabidopsis genome to be 63%, which is
the same as the average A+T content in the regions flanking the
ULEs (63%). In contrast, the average A+T content of the ULEs is
57% (Fig. 4A) and differs significantly from the A+T content of the
sequences flanking the ULEs (0.57 vs. 0.63, P = 0.00104 by paired
Wilcoxon signed-rank test). Thus, there is a sharp drop in A+T
content at the borders of the Arabidopsis ULEs.

In Vitis we also observed a sharp drop of the A+T content at
the ULE borders (Supplemental Fig. S1). The average A+T content
of the Vitis genome is 65%, while the ULEs have an average A+T
content of 57%. As in Arabidopsis, the A+T content of Vitis ULEs is
significantly lower than that of the flanking sequences, which is
61% (0.57 vs. 0.61, P=0.0103 by paired Wilcoxon signed-rank test).

ULEs are associated with specific functional categories of genes

We investigated whether ULEs are clustered near genes of distinct
biological or molecular function. We examined the Gene Ontology
(GO) annotations of genes flanking intergenic ULEs. For intronic
ULEs, we considered only those genes in which they were located.
ULE-flanking genes showed a significant enrichment for genes
involved in development (P = 2.2 X 107'%). They also showed
significant functional enrichment for genes associated with tran-
scription factor activity (P = 1.99 X 10~°) and nucleic acid binding
activity (P = 3.5 X 1077) (Fig. 5).

ULE-associated genes exhibit expression peaks
in undifferentiated tissues

Our GO analysis indicated that genes associated with ULEs are
involved in development and are, in turn, likely to be develop-
mentally regulated, too. To test this hypothesis, we estimated gene
expression signals from a large collection of Affymetrix ATH1-array

data querying a total of 103 different tissue and cell types of
Arabidopsis (for details, see Supplemental Table S4; Supplemental
Methods). From 54 ULE-associated genes, 41 are targeted by probe
sets present on the ATH1 array. We visualized the average expres-
sion of ULE-associated genes across different developmental
stages, tissues, and cell types. As shown in Figure 6A, several genes
exhibit elevated expression levels in gametophytes, embryos, and
meristems. Figure 6B summarizes the number of expression peaks
found in distinct tissues of this developmental atlas. Because of
small sample numbers, however, we could not test whether this
increase is statistically significant. Furthermore, the data set con-
sists of a heterogeneous pool of data from different laboratories,
tissue origins, and preparation protocols. Therefore, we classified
tissues and cell types into four categories according to their dif-
ferentiation state from (1) mainly undifferentiated cell populations
to (4) mostly fully differentiated cell populations (Supplemental
Table S4) and found that arrays from cell populations consisting of
mainly undifferentiated cells (i.e., gametes and cells from the
shoot meristem, early embryo, and endosperm stages, as well as
the root quiescent center) showed a significantly increased num-
ber of expression peaks (see Fig. 6C; observed: 20, expected 12.4,
P-value from randomly resampling 100,000 gene sets: P = 0.00939).
From these results, we estimate that ~50% of ULE-associated genes
show highest expression in an undifferentiated cell type. However,
low expression of ULE-associated genes in other cell types does not
necessarily exclude the importance of gene activity in these tissues.
Overall, these results suggest that ULE-associated genes are de-
velopmentally regulated in plants and are often highly expressed
in reproductive tissues.

ULEs are depleted from segmental duplications

The fact that ULEs are single copy in the genome may indicate that
multiple copies may be deleterious, possibly because that would
interfere with the proposed copy counting mechanism (Derti et al.
2006). We searched whether ULEs are depleted from segmental
duplications (SDs). During evolution, Arabidopsis has undergone
multiple whole-genome and large-scale duplication events. We
took into account SDs identified in Arabidopsis by Blanc et al.
(2003), i.e., chromosome regions that share similar genes in the
same order, excluding genes duplicated in tandem and transpos-
able elements. In this survey, 108 blocks of SDs sharing six or more
duplicated genes were identified, which cover 71% of the Arabi-
dopsis genome (80 Mb). The more recent duplications are esti-
mated to have occurred 24-40 Mya (Blanc et al. 2003). Since these
SDs refer to coding regions, we considered ULEs to be in segmental
duplications when the closest genes to intergenic ULEs or genes
containing intronic ULEs were within segmental duplications.
All intronic ULEs and, with the exception of one (ULE8S
flanking At2¢15510), all genes neighboring intergenic ULEs were
outside SDs. To investigate the statistical significance of the iden-
tified trend for ULEs, a permutation test was applied in which 1000
randomized data sets were sampled. Our test shows that the ab-
sence of ULEs from SDs is clearly nonrandom (P < 0.00036). The
depletion of ULEs from SDs indicates that they are dosage sensitive
and that there are selective constraints to keep them single copy.

ULEs are under purifying selection and not mutational
cold spots

The high sequence conservation of ULEs between Arabidopsis and
Vitis indicates that ULEs are selectively constrained sequences.
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flanking regions.

Alternatively, their conservation could be due to the fact that they
lie in regions with low mutation rates. To address this question, we
estimated the distribution of selection coefficients from poly-
morphism data on the ULEs in 83 resequenced Arabidopsis acces-
sions (Fig. 7; Supplemental Tables S5, S6). The strength of selection
acting on ULEs was compared relative to protein-coding regions
and ULE-flanking regions (500 bp from the borders), respectively.
Using the derived allele frequency (DAF) spectrum, we fit a Bayes-
ian hierarchical model to estimate mean selection coefficients for
each class of site. The hierarchical model was fit using a Markov
chain Monte Carlo (MCMC) while controlling for the effect of as-

certainment on the ULE sites (Katzman et al. 2007; Kern 2009). The
potency of removal of deleterious alleles increases as the selection
coefficient decreases. Posterior estimates of mean selection co-
efficients between classes of sites indicate that ULEs may be under
slightly stronger purifying selection than ULE flanking sites or
exons; however, because the credible sets overlap, such a difference
is not statistically significant, only consistent with the hypothesis
that ULEs might be under stronger purifying selection. This dem-
onstrates that purifying selection rather than reduced mutation rates
preserve ULEs at the DNA level. Thus, ULEs are under evolutionary
pressure, which suggests that they are, indeed, functional elements.
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ULEs are not associated with recombination hot spots
or origins of replication, nor are they modified
by DNA methylation

The observation that A+T content drops at the borders of the ULEs
is intriguing because it implies a structural basis of these elements.
Various cellular processes may be influenced by the A+T content,
including recombination and replication. Indeed, it was shown
that sequences with many ATs and TAs have lower recombination
rates than those containing AGs, TCs, CAs, and TGs (Guo et al.
2009). Thus, we explored the possibility that ULEs are enriched at
recombination hot spots (RHSs). RHSs are DNA regions with
a higher rate of meiotic crossing-over than the surrounding DNA.
In Arabidopsis, studies in dense SNP regions from a sample of 19
accessions revealed around 260 RHSs, which tend to occur in
intergenic regions and are 1-2 kb long (Kim et al. 2007). None of
the ULEs overlapped these RHSs. However, permutation test of
1000 randomized data sets showed that the absence of ULEs from
RHSs is not significant.

Furthermore, we investigated whether ULEs are part of origins
of DNA replication. Recently, ~1500 putative origins of replication
were mapped in Arabidopsis at a genome-wide scale (Costas et al.
2011). In this study, next-generation sequencing was used to map
newly synthesized DNA at the G,/S transition using synchronized
cells. Only three ULEs are located within mapped origins of repli-
cation, the two tandem ULEs on chromosome 2 (ULE27, ULE28)
and ULE33 on chromosome 1. However, this depletion of ULEs
from origins of replication is not significant after applying a per-
mutation test.

DNA methylation of cytosines is involved in epigenetic reg-
ulation. This epigenetic mark is heritably transmitted to following
generations and affects various processes such as gene expression,
genomic imprinting, transposon silencing, and timing of replica-
tion (for review, see Vanyushin and Ashapkin 2011). In Arabidopsis,
the methylome at a single-base-pair resolution has been assessed
in DNA of 5-wk-old plants and flower buds, respectively (Cokus
et al. 2008; Lister et al. 2008). The methylome of flower buds
identified more than 2 million methylated cytosines accounting
for 5.26% of genomic cytosines (Lister et al. 2008). We used this
single-base-pair resolution DNA methylation map to investigate
the methylation pattern of ULEs. The majority of the ULEs do not
have any detectable methylation marks. Only seven ULEs are
methylated in either the CG, CHH, or CHG context (Supplemental
Table S7). However, after applying a permutation test, the lack of
ULE methylation is not statistically significant.

A distinct set of ULEs is shared between monocot genomes

Surprisingly, Arabidopsis ULEs were not present in genomes that
are more distantly related than those of dicots. Thus, we asked
whether there is another set of ULEs found explicitly in monocot
genomes. We compared the genome of Brachypodium against that
of Oryza sativa sb japonica. Divergence time between the two spe-
cies is estimated at 40-53 Mya (International Brachypodium Ini-
tiative 2010), which is less than between Arabidopsis and Vitis
(~115 Mya). We applied the same criteria as before (Table 1) and
found 4572 Brachypodium ULEs that are at least 85% identical to rice
and >55 bp long. The median size and identity of these sequences
are 69 bp and 87%, respectively, similar to the ones found in dicots.
Like the Arabidopsis ULEs, the majority of Brachypodium ULEs are
single copy in the genome (4491 out of 4572). Interestingly, 870
sequences are also shared in the maize and sorghum genomes,
which reflects conservation over 50 Mya (Fig. 2; Supplemental Table
S8; International Brachypodium Initiative 2010).

We tested whether, apart from being single copy, the
Brachypodium ULEs share other properties with Arabidopsis ULEs.
Similarly, we calculated the A+T composition of these sequences
relative to their flanking regions, which show no conservation (Fig.
4B). The average A+T content of the 870 Brachypodium ULEs shared
with other monocots is 53%, which is identical to the average A+T
content of the Brachypodium genome (53%), but differs signifi-
cantly from that of the sequences flanking the ULEs, which is 55%
(0.53 vs. 0.55, P =0.000351 by paired Wilcoxon signed-rank test).
Surprisingly, a similar drop of A+T composition at the borders
of ULEs is present in both dicots and monocots. It is clear that
Brachypodium and Arabidopsis ULEs, although distinct in sequence,
share common characteristics.

Human UCEs are more abundant than Arabidopsis ULEs even
when filtered under stricter criteria

Our results indicate that in plants ULEs are less common than
UCE:s are in mammalian genomes. However, in our study, we used
filter criteria that were more stringent compared with those used in
mammalian studies. Thus, there might be fewer mammalian UCEs
had they been analyzed under our criteria. To address this ques-
tion, we reanalyzed the 481 UCEs identified by Bejerano et al.
(2004). In our analysis, we excluded UCEs within protein-coding
sequences and functional ncRNAs and removed mitochondrial or
E. coli sequences. In total, 390 elements, of 100% identity and
length =200 bp, meet the criteria we used, indicating that, even
under these stringent criteria, mammalian ncUCEs are more abun-
dant than plant ULEs.

Discussion

In this study, we sought to identify and characterize highly con-
served, noncoding elements in plant genomes. Synteny studies in
flowering plant genomes revealed that the Arabidopsis genome is
the most reshuffled, whereas the grapevine and papaya genomes
have a better conserved ancestral genome structure (Huang et al.
2009). Thus, any conserved sequence between Vitis and Arabidopsis
suggests a functional role. We focused on long stretches of con-
served DNA (>55 bp), not necessarily associated with genes, in an
unbiased search. In addition, our study used particularly stringent
criteria in order to avoid any overlap with known genic sequences.
Moreover, we were only interested in ULEs found at low copy
number in the genome, thus targeting elements with a possible
dosage effect that is prohibitive to accumulating high copy numbers.
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Figure 6. ULE-associated genes are developmentally regulated. (A) Heatmap representing color-coded relative expression among a large collection of
Arabidopsis tissues/cell types. (Dark colors) Low expression; (bright colors) high expression. Expression values were scaled per row (i.e., per gene) to
visualize expression peaks of a transcript across developmental stages. Per-gene as well per-tissue clustering was applied to visualize patterns in the
expression profiles. Sample descriptions are color-coded as described in B. Only ULE-associated transcripts represented on the ATH1 array are shown (41/
56). (B) Table of tissues in which expression peaks of ULE-associated genes occur. The color code indicates the differentiation state of the respective tissue/
cell type. (C) ULE-associated gene expression peaks are significantly enriched in undifferentiated cells. The number of events where the maximal mean
expression signal for one of 41 ULE-associated genes was found in undifferentiated cell types (i.e., gametes, shoot meristem cells, root quiescent center,
and early embryo/endosperm) is significantly higher than expected by chance. The histogram depicts the frequencies of expression peaks occurring in
undifferentiated cell types among groups of 41 genes randomly sampled from the whole array. Resampling of random groups indicated that the same or
higher number of expression peaks in undifferentiated cell types occurs only in 939 out of 100,000 instances (P = 0.00939).

Plant ULEs are fewer and less conserved than mammalian UCEs UCEs reported in mammals. If only the 390 mammalian ncUCEs
that passed our filtering criteria are considered, the frequencies of
One striking result from our comparative studies is the relatively these elements lie in the same range, i.e., one ncUCE/ULE per 8.0

low number of ULEs found in dicot genomes compared with sets of Mb, 3.3 Mb, and 13.5 Mb in the human, Arabidopsis, and Vitis
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Figure 7. Selection coefficients for genomic regions. Shown are the
posterior distributions of mean selection coefficients across classes of sites
in the Arabidopsis genome. The values shown are «, the mean population
scaled selection coefficient (2Nes). The values given are the maximum
a posteriori (MAP) estimates from our MCMC (Supplemental Figs. S2, S3).

genomes, respectively. However, the ncUCEs identified by Bejerano
et al. (2004) represent only the tip of the iceberg of the total
number of highly conserved sequences. There are several thou-
sands of UCEs (13,736) at least 100 bp long that are shared between
human and placental mammals (Stephen et al. 2008). In addition,
there is a large number of conserved, noncoding elements that are
slightly less than 100% identical (Dermitzakis et al. 2002; Woolfe
et al. 2005). Thus, it appears that conserved noncoding sequences
are more abundant in animals than in plants, perhaps because
in animal genomes, gene order is retained over millions of years
(Li et al. 2010). More ULEs are lying in plant genomes when the
genome comparison is made among less evolutionary distant
plant species, such as the 870 we found shared by monocot ge-
nomes, with frequencies of one ULE per 0.4 Mb, 0.5 Mb, 0.9 Mb,
and 2.6 Mb in Brachypodium, rice, sorghum, and maize, respec-
tively. In fact, in contrast to dicot plants, monocots show a sub-
stantial conservation of gene order (International Brachypodium
Initiative 2010).

The vast majority of the identified Arabidopsis ULEs arose after
the divergence of dicots and monocots. However, Arabidopsis ULEs
are well conserved in other dicot genomes, such as those of poplar,
papaya, cucumber, and A. Iyrata, but between monocots and dicots
only one ULE was retained. This is in sharp contrast to mammalian
UCEs, where a major proportion covers an evolutionary time of ~530
Mya (Wang et al. 2009).

Why do plant genomes appear to contain fewer ULEs? One
reason could be that plants and vertebrates have molecular
clocks running at different speeds. It has been suggested that
Arabidopsis has a faster molecular clock relative to other angio-
sperms (Paterson et al. 2010), whereas amniote evolution was
accompanied by a slowdown in the molecular clock (Stephen
et al. 2008). Thus, it is possible that plant ULEs evolved at
a higher rate due to a faster molecular clock. This could also
explain why ULEs are not conserved between monocots and
dicots, because they might have diverged beyond recognition.

Alternatively, our set of ULEs may represent distinct dicot and
monocot innovations.

Plant genomes have the tendency to reorganize frequently,
for example, by undergoing whole-genome duplications (Masterson
1994). This could also contribute to the smaller number of ULEs
because genome duplication events might have relaxed the se-
lective constraints on ULEs, allowing them to evolve faster.

ULEs from plants and animals have similar characteristics

While CNSs have been characterized in various plant genomes,
only a few studies focused on ultraconserved sequences, which
represent an extreme case of conservation. A bioinformatics com-
parison between the Arabidopsis and rice genome identified 25
ultraconserved sequences that were longer than 100 bp, the lon-
gest being 1491 bp (Zheng and Zhang 2008). A more detailed ex-
amination of these sequences, however, showed that most were
identical to segments of mitochondrial DNA, such that horizontal
gene transfer—be it artifactual or biological—provides a likely ex-
planation for their unltraconservation (Freeling and Subramaniam
2009). A very recent study also identified a large number of highly
conserved elements between sequenced plant and animal genomes
but came to the conclusion that there are no sequences similar to
mammalian UCEs in plants (Reneker et al. 2012). However, they
did not filter out certain sequence classes, such as organellar DNA,
rDNA, and E. coli contamination, as we did in our search for ULEs.
Furthermore, their criteria were quite different from ours, and thus
they could not identify the ULEs we report here. Although plant
ULEs and mammalian ncUCEs are distinct sets of conserved se-
quences, they share a surprising number of common properties.
Dicot ULEs and mammalian ncUCEs (Katzman et al. 2007) are
under strong purifying selection. New alleles arising within
ULEs may therefore be deleterious, making it unlikely that they
become fixed in a population; hence, their astounding sequence
conservation.

We found that the A+T frequency is low at the borders of plant
ULEs. The same feature is also shared among vertebrate and
nematode conserved sequences (Walter et al. 2005; Vavouri et al.
2007; Chiang et al. 2008). The fact that the drop in A+T content at
the borders of ULEs and ncUCEs is a conserved feature between
animal and plant genomes indicates that their function may have
a structural basis. The A+T content can affect DNA topology, nu-
cleosome positioning, and higher-order chromatin organization
(Segal et al. 2006; Hughes and Rando 2009), and influence DNA
replication, repair, and recombination. However, ULEs do not ap-
pear to correlate with functional elements related to the structural
features we tested and are not enriched in RHSs, origins of repli-
cation, or regions of DNA methylation. Like in ncUCEs from ver-
tebrates and insects, the majority of dicot ULEs described in this
study are found in the vicinity of genes involved in development
and near genes whose molecular function is assigned to tran-
scription factor activity. In addition, the majority of genes neigh-
boring ULEs show strong expression in undifferentiated cells.

Based on the common properties between ULEs and mam-
malian ncUCEs, it is tempting to speculate that both sets of con-
served sequences represent convergent evolutionary products that
may be involved in the regulation of developmental genes. This is
further supported by functional assays of ncUCEs showing that
they act as enhancers during early embryo development in lam-
prey and mouse (Pennacchio et al. 2006; Visel et al. 2008). But why
then are they so highly conserved? Enhancers usually do not re-
quire a high degree of sequence conservation (Stormo 2000), nor
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are they unusually large, even if clustered. Recent findings suggest
that ncUCEs might have dual or even more functions, since part of
the human ncUCEs are both transcribed and act as enhancers
(Licastro et al. 2010). Except for enhancers, ULEs could potentially
represent part of conserved cis-regulatory modules (CRMs), where
one or more transcription factors bind to regulate the expression
of neighbor genes. About 18,500 CRMs located upstream of genes
are shared by Arabidopsis and poplar (Ding et al. 2012). Merely one
(ULE6) out of 13 intergenic ULEs tested is part of a such a CRM. In
addition, in vertebrates, a proportion of conserved noncoding el-
ements (ncUCEs and CNSs) do not share common target genes in
all six genomes tested (Sun et al. 2008). This finding suggests that
mere cis-regulatory activity is unlikely to be the only explanation
for the existence and high conservation of these elements.

Strikingly, ULEs are depleted from SDs in Arabidopsis, simi-
larly to what was reported for mammalian ncUCEs (Derti et al.
2006). However, the existence of ULEs predates the existence of the
segmental duplications we investigated in our analyses. This ad-
vocates that an evolutionary force kept the ULEs as single copies
even though segmental duplications cover >70% of the Arabidopsis
genome (Blanc et al. 2003). These observations suggest that either
ULEs per se, or the genomic regions that contain them, are dosage
sensitive and that a deviation from single copy could have an
impact on the plant’s fitness. These results also support the idea
that ULEs function as agents involved in a chromosome copy-
counting mechanism (Derti et al. 2006). Here the maternal and
paternal copies of ULEs/ncUCEs may recognize each other, per-
haps through pairing, in order to determine the exact copy num-
ber of chromosomes, which in a diploid cell should be exactly
two. Deviation from ULE/ncUCE copy number or sequence could
trigger events that are deleterious to a cell with an abnormal
number of chromosomes, but deleterious effects could also occur
at the organismal or population level.

Despite the recent efforts to elucidate the function of con-
served noncoding sequences, their role still remains elusive. ULEs
have distinct characteristics and our data suggest that, in addition
to sequence constraints, they are functional elements that are
under purifying selection. Future studies are needed to shed light
onto the purpose of their existence and their function.

Methods

Sequence analyses

All analyses were performed on LINUX systems. For the identifi-
cation of ULEs, we developed software designed in Per]; all scripts
are available upon request. Stand-alone BLAST software was
obtained from NCBI (ncbi.nlm.nih.gov). For genome comparison
studies, local BLAST databases were created. The A. thaliana ge-
nome sequence was downloaded from The Institute of Genomic
Research (TIGR), now available from TAIR (arabidopsis.org). The
genome of grapevine was obtained from Genoscope versionl
(genoscope.cns.fr/externe/GenomeBrowser/Vitis), poplar version
1.1, P. patens version 1.1, and C. reinhardtii version 4.0 from the
Joint Genome Institute (JGI) (jgi.doe.gov), Oryza sativa sb. japonica
(rice) version 6 (rice.plantbiology.msu.edu/), B. distachyon from
brachypodium.org, maize version 2 from plantGDB.org, papaya
version 4 from phytozome.net/papaya.php, and cucumber scaf-
fold data from cucumber.genomics.org.cn/page/cucumber/index.
jsp. The sequence data from A. lyrata were produced by JGI in
collaboration with the user community.

Coding, mitochondrial, and chloroplast sequences of
A. thaliana were obtained from arabidopsis.org, TAIR9, ncRNA se-

quences from NCBI (ncbi.nlm.nih.gov, 08/1/2010), and PMRD:
Plant microRNA database (Zhang et al. 2010). Transposable ele-
ments from the TREP database (wheat.pw.usda.gov/ITMI/Repeats),
as well as repeats from the Plant Repeat Databases (plantrepeats.
plantbiology.msu.edu/index.html). To identify possible E. coli
contaminations, candidates were used in BLASTN searches against
the E. coli genome version NC 000313. The number of conserved
sequences that were culled after applying the above filters is shown
on Supplemental Table S9A.

Similar filters were applied for the identification of monocot
ULEs (Supplemental Table S9B). Brachypodium dystachion (version
1.0) was used in BLASTN searches against the Oryza sativa sb
japonica genome (version 6.0). Databases from brachypodium.org,
phytozome.org, rice.plantbiology.msu.edu, and plantgdb.org were
used to discard candidates showing similarity to coding sequences,
proteins, chloroplast, and mitochondrial DNA. For repetitive ele-
ments, PTREP and Plant Repeat Database were used. For small
RNAs, PMRD, Cereal small RNAs database (http://sundarlab.
ucdavis.edu/smrnas/), plant snoRNA database (http://bioinf.
scri.sari.ac.uk/cgi-bin/plant_snorna), and NCBI were used.

For annotation of the Vitis genes surrounding ULEs, the two
regions were aligned using DOTTER (Sonnhammer and Durbin
1995) to determine positions of introns, exons, and start and stop
codons.

Characterization of ULEs

The A+T composition was calculated in a 10-bp window with a
1-bp sliding step width in each of the three sequence blocks. Two
ULEs found in two closely spaced tandem copies were excluded
from this analysis. For a comparison of A+T content of ULEs and
flanking regions, ULEs were compared with sequences composed
of one-half of the length of the ULEs flanking their 3’ and 5’ bor-
ders, respectively. A paired Wilcoxon signed-rank test was applied
to assess significance.

For functional categorization, 54 genes located in flanking
regions of intergenic ULEs or genes enclosing intronic ULEs were
selected. Genes were grouped into different functional categories
by using the TAIR9 Gene Ontology (GO) annotation. The data
were compared with the functional categories assigned for all
TAIR9 Arabidopsis genes. Fisher’s exact tests were performed to
determine over-representation of gene categories. P-values were
corrected for multiple testing with the Bonferroni correction.

Expression analysis of ULE-associated genes

Original ATH1-array data from different Arabidopsis tissues were
used as described (Wuest et al. 2010). Additional data sets were
downloaded from public repositories (Supplemental Table S4).
Data from the root quiescent center (Nawy et al. 2005), discrete
seed compartments (Le et al. 2010), and cell types of the shoot
apical meristem (Yadav et al. 2009) were added to the tissue atlas.
The tissue data totally includes a set of 103 tissue types of game-
tophytic, sporophytic, and embryonic origin. Gene expression
signals were calculated by dChIP (Version 2010) using invariant-set
normalization and a PM-only model. Probe-set definitions accord-
ing a newer Arabidopsis genome release (TAIR9) were downloaded
from brainarray.mbni.med.umich.edu; ATH1-version 10, based on
TAIR9 genomic sequences (Dai et al. 2005) and probes mapping to
multiple probe sets were removed from the analysis. For this, du-
plicated probe sequences in the probe-set definitions were identi-
fied in R (Version 2.8.1) and a new chip description file generated
using the Bioconductor package affxparser (Bengtsson et al.
2010) (bioconductor.org). The mappings contain a total 21,253
probes mapping to unique gene identifiers (AGIs). From 56 ULE-
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associated genes, 41 were contained within the updated map-
pings. Log,-transformed dChip expression values were imported
into R Version 2.11.1, where all subsequent analyses were per-
formed. To simplify analyses, replicated array signals were aver-
aged. Heatmaps were generated using functionality provided by
the R-package gplots (Version 2.8.0) (Warnes et al. 2010).

Purifying selection of ULEs

The coordinates of the conserved elements were used to extract
flanking regions that spanned 500 bp upstream and downstream
from each ULE. Genome annotation information from TAIR9
(arabidopsis.org) was used to randomly select a group of 50 coding
sequences from the collection of all exons across the five A. thaliana
chromosomes. Eighty-three genomes, obtained from the on-
going 1001 Arabidopsis Genomes project (1001genomes.org) (Cao
et al. 2011), supplied variation data for the sequences in each
group. Separately, sequences from all three groups of A. thaliana
sequence were aligned to their A. lyrata and V. vinifera counterparts
using BLAST. The sequence at the node of the A. lyrata/A. thaliana
phylogenetic precursor was ancestrally reconstructed using maxi-
mum likelihood as implemented in the PAML v4.3 software
suite (Yang 2007) under a HKY85 nucleotide substitution model
(Hasegawa et al. 1985). The ancestral sequence, aligned to the
A. thaliana population data, provided a reference to determine
whether the variations seen in the alignment were ancestral or
derived. By parsing the collection of A. thaliana individuals and
comparing variation to the ancestral sequence, we were able to
unfold a derived allele frequency (DAF) spectrum.

To estimate the strength of selection on each group of se-
quences, we took a hierarchical Bayesian approach. To fit our
Bayesian hierarchical model, we used the Markov Chain Monte
Carlo (MCMC) algorithm described in Katzman et al. (2007),
which uses the Metropolis—Hastings algorithm for updates. Briefly,
this model aims to estimate the mean and standard deviation of an
unknown normal distribution representing the selective effect of
new alleles in each of a series of “classes” of DNA (ULEs, exons,
flanking sites). Individual alleles are each assumed to have their
own selection coefficients, drawn as independent, identically
distributed random variables from this distribution. Furthermore,
selection coefficient estimates were corrected to account for
divergence-based ascertainment biases present in the ULE se-
quences (Kern 2009).

To evaluate the elements, flanking regions, and exonic re-
gions, we ran six independent chains of 500,000 samples for the
group of ULEs and for the flanking and exonic regions, respec-
tively. To assess whether the chains converged, we plotted Gelman'’s
potential scale reduction factor (Brooks and Gelman 1998) as
implemented in the Coda R package (Plummer et al. 2006). After
a reliable convergence, we discarded the first 25,000 iterations as
burn in, and we used the remaining samples to estimate a selection
coefficient distribution as plotted in Supplemental Figure S3.

Mammalian UCE analysis

Mammalian UCEs, the human genome (February 2009, hg19), and
the mitochondrial genome were obtained from the University of
California Santa Cruz (genome.ucsc.edu). UCEs were used in BLAST
searches against human cDNA sequences (enseble.org), eukaryotic
tRNAs (gtrnadb.ucsc.edu), and ncRNAs from the Noncoding RNA
database (biobases.ibch.poznan.pl/ncRNA). All mammalian UCEs
that did not have matches in these data sets were used in BlastX
searches against the nonredundant NCBI database to search for
protein similarities. Subsequently, UCEs were used in BLASTN
searches against the E. coli genome.

Data access

The sequence data reported in this manuscript have been sub-
mitted to the EMBL Nucleotide Sequence Database (EMBL-Bank)
(http://www.ebi.ac.uk/embl/). The accession numbers for the
A. thaliana ULEs are HE963851-HE963886. The accession numbers
for the monocot ULEs are HE963887-HE964756.
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