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Summary

MicroRNA (miRNA) is one class of newly identified, small, non-coding RNAs that play versatile and important
roles in post-transcriptional gene regulation. All miRNAs have similar secondary hairpin structures; many of
these are evolutionarily conserved. This suggests a powerful approach to predict the existence of new miRNA
orthologs or homologs in other species. We developed a comprehensive strategy to identify new miRNA
homologs by mining the repository of available ESTs. A total of 481 miRNAs, belonging to 37 miRNA families
in 71 different plant species, were identified from more than 6 million EST sequences in plants. The potential
targets of the EST-predicted miRNAs were also elucidated from the EST and protein databases, providing
additional evidence for the real existence of these miRNAs in the given plant species. Some plant miRNAs were
physically clustered together, suggesting that these miRNAs have similar gene expression patterns and are
transcribed together as a polycistron, as observed among animal miRNAs. The uracil nucleotide is dominant in
the first position of 5° mature miRNAs. Our results indicate that many miRNA families are evolutionarily
conserved across all major lineages of plants, including mosses, gymnosperms, monocots and eudicots.
Additionally, the number of miRNAs discovered was directly related to the number of available ESTs and not to
evolutionary relatedness to Arabidopsis thaliana, indicating that miRNAs are conserved and little phylogenetic
signal exists in the presence or absence of these miRNAs. Regulation of gene expression by miRNAs appears to
have existed at the earliest stages of plant evolution and has been tightly constrained (functionally) for more
than 425 million years.
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Introduction

MicroRNAs (miRNAs) are a newly identified class of non-
coding, approximately 21-23 nucleotide-long, small RNAs
(Ambros, 2001), originating from long self-complementary
(foldback) precursors (pri-miRNAs) (Bartel, 2004). Mature
miRNA formation is a multi-step process involving many
complicated enzymes (Bartel, 2004). First, pri-miRNAs are
cleaved to miRNA precursors with a characteristic hairpin
structure. This step is catalyzed by the RNaselll-like endo-
nuclease Drosha and Dicer in animals (Lee et al., 2003) or
by a Dicer-like enzyme (DCL) in plants (Park et al., 2002;
Reinhart et al., 2002). Then, pre-miRNA is further cleaved to
a miRNA duplex (miRNA:miRNA*), a short double-stranded
RNA (dsRNA) and a mature miRNA (Bartel, 2004). Finally,
mature miRNAs are predominantly incorporated in the
RNA-induced silencing complex (RISC) (Bartel, 2004)
in which they negatively regulate gene expression by
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inhibiting gene translation or degrading coding mRNAs by
perfect or near-perfect complement to target mRNAs
(Carrington and Ambros, 2003). In animals, target mRNAs
usually contain multiple weakly miRNA-complementary
sites located at the 3’ untranslated regions (UTR); miRNAs
imperfectly complement to these sites and possibly hamper
ribosome movement along the mRNA, and repress gene
expression (Carrington and Ambros, 2003). In plants, most
target mMRNAs only contain one single miRNA-comple-
mentary site, and most corresponding miRNAs perfectly
complement these sites and cleave the target mRNAs
(Kidner and Martienssen, 2005). However, some miRNAs,
such as miRNA 172, regulate gene expression by repress-
ing gene translation, although they can perfectly comple-
ment the target mRNAs (Aukerman and Sakai, 2003; Chen,
2004).
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Although miRNAs are small, they have versatile functions
(Bartel and Bartel, 2003; Hunter and Poethig, 2003; Kidner
and Martienssen, 2005; Zhang et al., 2006a). Several experi-
mental and genetic analyses have indicated that microRNAs
are essential for plant development. DCL is a key enzyme for
processing pri-miRNA to pre-miRNA, then to the miRNA:
miRNA* duplex. Loss-of-function dc/7 mutants of Arabid-
opsis thaliana resulted in decreasing miRNA levels and
ectopically increased the expression of miRNA target genes
(Kasschau et al., 2003; Park et al., 2002; Reinhart et al., 2002).
This caused many developmental deficiencies, such as
delaying flower timing, over-proliferation of shoot meri-
stems and embryogenic suspensor cells, and converting
normally determinate floral meristems to indeterminate
meristems (Carrington and Ambros, 2003). The miRNA
miR-JAW is crucial for leaf development. miR-JAW mutants
caused uneven leaf shape and leaf curvature in Arabidopsis
thaliana and in maize by decreasing a subset of TCP (TBI,
CYC, PCF) gene expression (Llave et al., 2002; Palatnik et al.,
2003). miRNA 164 regulates CUP-SHAPED COTYLEDONS
(CUC) gene expression. Its dysfunction caused aberrant leaf
morphology and increasing separation (Laufs et al., 2004).
miRNA 172 regulates APETELA (AP1and AP2) gene expres-
sion. This miRNA functions in productive translation and
causes floral organ identity defects and flowering time
alternatives (Aukerman and Sakai, 2003; Chen, 2004). miRNA
genes are also involved in hormone signaling (Eckardt, 2005;
Guo et al., 2005; Inukai et al., 2005; Mallory et al., 2005) and
environmental stress (Jones-Rhoades and Bartel, 2004;
Sunkar and Zhu, 2004; Zhang et al., 2005). Several studies
have shown that auxin response factor (ARF) genes are
targeted by miRNAs (Eckardt, 2005; Guo et al., 2005; Inukai
et al., 2005; Mallory et al., 2005), and miRNA 159 is positively
regulated by gibberellic acid (GA) (Achard et al., 2004). Cold,
heat, pathogens and salinity affect the expression of miR-
NAs (Sunkar and Zhu, 2004).

Since the first miRNA (lin-4) was identified in Caenorhab-
ditis elegansin 1993 (Lee et al., 1993; Wightman et al., 1993),
hundreds of miRNAs have been discovered in animals,
plants and viruses. At present, the sequences of 1650 miR-
NAs are deposited in the miRNA Registry Database (version
Rfam 6.0, released April 2005) (Griffiths-Jones, 2004). Of
those, 391 are plant miRNAs, of which 114 are from
Arabidopsis thaliana, 173 from rice (Oryza sativa), 64 from
sorghum (Sorghum bicolor) and 40 from maize (Zea mays).
Although some miRNAs were directly isolated and cloned
by genetic or biochemical approaches, most plant miRNAs
were predicted by computational approaches and then
validated by molecular techniques such as Northern analy-
sis or detecting the corresponding clones (Lai, 2003).
Although traditional computational approaches have certain
advantages and have made great progress in predicting new
potential miRNAs, it is difficult to predict miRNAs in species
with unsequenced genomes because these approaches are

based on the availability of a genomic sequence. At present,
the genomic sequences are available for only for a few plant
species. Thus, the majority of investigations on miRNAs are
currently limited to a few model species, such as C. elegans,
human, Arabidopsis thaliana, rice, etc. In addition, the
traditional computational approach was slightly inefficient
and certainly not comprehensive enough to demonstrate the
expression of predicted miRNAs.

Many miRNAs are evolutionarily conserved from species
to species within the same kingdom. miRNA genes in one
species may exist as orthologs or homologs in other species
(Weber, 2005). This suggests a powerful strategy to identify
new miRNA genes. Weber (2005) found 35 human and 45
mouse new potential miRNAs by a homology search.
miRNAs are non-coding mRNA, so they may be present in
expressed sequence tags (ESTs). Thus, we can search the
homologs of known miRNAs in the EST database to discover
new miRNAs in other species. Recently, we developed a
successful strategy to predict new potential miRNAs in plant
species by mining out undiscovered miRNAs from the
repository of ESTs currently available (Zhang et al., 2005).
ESTs in publicly available databases are not equally and
uniformly sampled in all plant species or all plant tissues;
this bias possibly influences the results of any data mining
effort. However, mining EST databases in a systematic way
could provide deeper insight into the distribution and
conservation of plant miRNAs, allowing the development
of new experimental approaches for understanding miRNA
origins, evolution and divergence. Here, we report on the
results of a systematic search for potential new plant
homologs of Arabidopsis thaliana miRNAs deposited in
the miRNA Registry Database (version Rfam 6.0, released
April 2005) (Griffiths-Jones, 2004) using EST analysis. Using
this new strategy, we addressed the following questions. (i)
Are miRNA sequences present in EST databases? (ii) Are
these miRNAs widely distributed in the plant kingdom or
only limited to a subset of taxa closely related to Arabidopsis
thaliana? (iii) Are some families of miRNAs restricted in their
phylogenetic distribution? (iv) Is there evidence for strong or
weak evolutionary conservation of miRNA structure and
thus function?

Results and discussion

New plant homologs of miRNAs

After searching the EST database and comparing with
characteristics of previously known Arabidopsis thaliana
miRNAs, a total of 670 ESTs were identified that contained
the precursor or mature sequences of potential miRNA
homologs. Figure 1 summarizes the major steps for identi-
fying EST sequences and their corresponding miRNA
sequences. According to the biogenesis and expression
criteria suggested by Ambros et al. (2003), these ESTs code
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Figure 1. Schematic representation ofthe miRNA
gene search procedure used to identify homol-

Known Arabidopsis miRNA sequences ~20-24 nt | |

EST databases in NCBI GenBank |

ogy of known Arabidopsis thalianamiRNA genes.

BLAST |

A
| ESTs with 0—4 mismatch |
[ BLAST |

| Protein databases |

Remove the protein-coding ESTs

| EST databases | | ESTs with 0—4 mismatches and not encoding proteins |

481 miRNAs, representing 37 miRNA families in 71 plant
species (Table 1).

Our newly identified plant miRNA precursors have neg-
ative folding free energies (30-160 kcal mol™" with an aver-
age of about -52 kcal mol™") according to MFOLD (Mathews
et al., 1999); this is similar to the computational values of
Arabidopsis thaliana miRNA precursors (-57 kcal mol™)
and much lower than folding free energies of tRNA
(~27.5 kcal mol™") or rRNA (33 kcal mol™") calculated by
Bonnet et al. (2004b). The foldback precursors of these
potential miRNAs are usually about 60-180 nucleotides. The
predicted secondary structures (Mathews et al., 1999) indi-
cated that there are at least 16 nucleotides engaged in
Watson-Crick or G/U base pairings between the mature
miRNA and the opposite arms (miRNA*) in the hairpin
structure, and the stem-loop precursor did not contain large
internal loops or bulges (Figure 2). Our method identified
new potential miRNAs based on searching homologies of
Arabidopsis thaliana miRNAs in other plant species. This
satisfies the biogenesis criterion proposed by Ambros et al.
(2003). ESTs are partial cDNA sequences of expressed genes
(Adams et al., 1991; Matukumalli et al., 2004); this indicates
that the predicted miRNA homologs satisfy miRNA expres-
sion criteria A and B described by Ambros et al. (2003). Thus,
at least three criteria were satisfied in miRNAs predicted by
this method.

The number of miRNAs obtained by EST analysis
depends on three factors: number of previously known
miRNAs, conservation of miRNA sequence and structure,
and the number of ESTs in the database. We found different
numbers of miRNAs in different plant species due to the
different number of ESTs in the GenBank EST databases
(Table 1). The number of miRNAs was linearly related to the
number of ESTs (Figure 3); about 10 000 ESTs contain one
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miRNA. In the EST databases, wheat, maize, barley,
soybean, rice and Arabidopsis thaliana have the greatest
numbers of ESTs in the subgroup of Viridiplantae, and all of
these plant species have more than 200 000 EST sequences
in GenBank's EST databases. In this study, we identified 57,
40, 31, 30, 24 and 21 miRNA homologs, belonging to 20, 20,
14, 15, 10 and 11 miRNA families, for soybean, rice, wheat,
maize, barley, and Arabidopsis thaliana, respectively. The
computational strategy used in recent investigations
suggests that miRNAs constitute nearly 1% of predicted
protein-coding genes (Lai et al., 2003; Lim et al., 2003a,b).
These identified numbers in our study and other studies are
very small, indicating that many miRNAs remain to be
discovered. Currently, 114 miRNAs have been identified in
Arabidopsis thaliana, but our EST analysis only detected 21.
Of the 418 563 ESTs publicly available, only 0.008% (32
ESTs) contain miRNAs. This rate is much lower than the
miRNA constitution rate of predicted protein-coding genes.
This discrepancy may be due to two non-mutually exclusive
reasons. First, miRNAs or miRNA precursors are usually
very short (up to 200 nucleotides), but ESTs usually contain
more than 300 nucleotides. Thus, a majority of miRNAs or
miRNA precursors cannot be cloned to ESTs. Second, a
majority of primary miRNAs are rapidly processed in the
nucleus, so miRNA precursors have a lower probability of
being cloned to ESTs.

After searching the miRNA Registry Database (version
Rfam 6.0, released April 2005) (Griffiths-Jones, 2004), we
found that some miRNAs identified by EST analysis were
identical to those found by direct cloning or by traditional
computational approaches and deposited in the miRNA
database. For example, Arabidopsis thaliana miRNA 414
was found in three ESTs (BP664132, BP660114 and
AU226450). Rice miRNA 413 exists in EST CB683283. This
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Arabidopsis thaliana
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Figure 2. Representative miRNAs found in this study in different plant species. The miRNA sequence is shown by letters in grey.

(a) miRNA 398 in nine different plant species.
(b) miRNA 408 in nine different plant species.
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Figure 3. The linear relationship between the numbers of miRNA
found in the EST database and the numbers of ESTs for certain plant
species.

indicates that EST analysis is a novel alternative approach to
identify miRNAs. EST analysis makes it possible to rapidly
study miRNAs and their functions in species for which the
genome sequenceis not well known, which would be
impossible using traditional computational approaches.
However, EST analysis cannot identify rapidly evolving
non-conserved miRNAs. Non-conserved miRNAs are usu-
ally species-specific and are likely to be very abundant in
organisms including plants. However, EST analysis provides
a cost-effective and rapid route towards the discovery and
isolation of conserved miRNAs. As more ESTs become
available in public databases and more miRNAs are identi-
fied in genome-sequencing model species, the likelihood of
successfully mining EST databases will increase.
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Lohmann and Weigel, 2002). Recent studies indicate that
these class A genes are targets of miRNA 172 in Arabidopsis
thaliana, and over-expression of miRNA 172 inhibited the
translation of the ap2 and toe1 genes and resulted in early
flowering and disruption of the specification of floral organ
identity similar to loss-of-function ap2 gene mutants
(Aukerman and Sakai, 2003; Chen, 2004). In this study, we
found miRNA 172in 19 plant species. If one adds these to the
other five plant species in which miRNA 172 has been found,
the total number of plant species becomes 24, representing
12 plant families. After searching the EST and protein data-
bases, we found at least 17 plant species with potential
targets of miRNA 172. The majority of these targets belong
to ap2 gene families. They all perfectly or near perfectly
complement miRNA 172. Of these genes, AP2-like gene
glossy15 (gl15) has been confirmed by one recent study in
maize (Lauter et al., 2005). The presence of targets in the EST
and protein databases provides additional evidence for the
real existence of these EST-predicted miRNAs in the
respective plant species.

Interestingly, some ESTs start or end the several nucleo-
tides up or down from the miRNA-mRNA complementary
sites. This may simply be by chance; however, it may be
some evidence of miRNA cleavage of target mRNAs.

The diversity of miRNAs in plants

While animal miRNA precursors typically have 70-80
nucleotides, plant miRNA precursors are more diverse in
structure and size (Figure 5). They varied in size from 60 to
509 nucleotides, with an average of 144.6 + 56.9 (n = 513);
most (73.5%) of the detected miRNAs had 81-160 nucleo-
tides. Only 1.6% of plant miRNAs were less than 81 nucleo-
tides in length, a stark contrast to animal miRNAs. This
difference in length between plant and animal miRNAs
makes it difficult to predict new plant miRNAs using the
same computational approaches. Different sizes of miRNA
precursors usually produce a slightly different secondary
stem-loop hairpin structure, although this structure is con-
served within the same miRNA family (Figure 2). The longer
precursors may host other important functional elements
and offer unique functions for regulating miRNA biogenesis
or gene expression.

Sequence length

Figure 5. Size distribution of previously known plant miRNAs.

35r
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Figure 6. miRNA family size in Arabidopsis thaliana and rice.

To date, a total of 117 miRNAs have been identified from
Arabidopsis thaliana. They belong to 43 miRNA families
based on their sequence similarity. Different miRNA families
have different sizes (Figure 6). Some miRNA families have
more than 10 members, such as miRNA 156/157, miRNA 169
and miRNA 395. However, only one or two members were
identified for the majority of the plant miRNA families. The
size of miRNA families may be indicative of their function.

The conservation and divergence of miRNAs in plants

In this study, we not only identified 481 miRNAs in 71 dif-
ferent plant species, but also found solid evidence that
miRNAs are highly conserved in the plant kingdom, irres-
pective of the time of evolutionary divergence. Eighteen
families of miRNAs have orthologs or homologs in more
than 10 different plant species, spanning the breadth of
green plant phylogeny (Table 3). Of these miRNAs, miRNA
156/157, miRNA 172 and miRNA 170/171 have orthologs in
45, 24 and 22 different plant species, which belong to 21, 12
and 12 plant families, respectively (Table 3). The miRNAs
found in more than 10 different plant families should be
considered as highly conserved miRNAs. In addition to
these three miRNA families, miRNA 165/166, miRNA 159/
319, miRNA 396, miRNA 168, miRNA 160 and miRNA 390 are
also found in at least 10 plant families; these six miRNA
families are also considered as highly conserved miRNAs.
Nine miRNA families (miRNAs 394, 164, 169, 167, 162, 398,
414, 393, 397 and 163) were found in 5-9 different plant
families. We classified these miRNA families as moderately
conserved miRNAs. This suggests that these miRNAs play
important and conserved functions in plant development,
such as flower and leaf development. We also found that
some MiRNAs are low conserved or non-conserved in plants
(Table 3). These low or non-conserved miRNAs may play
roles in more species-specific characteristics in plant devel-
opment, such as cotton fiber differentiation, elongation and
development. In a previous study, miRNAs 163 and 158 were
identified as non-conserved miRNAs (Jones-Rhoades and
Bartel, 2004). After EST analysis, five and four plant species
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Total number of plants found miRNAs Number of plant Total number of plants in which
in their ESTs species (families) miRNAs found
Number of Number of recordedI mlRNAs. Number of Number of
. L in the miRNA Registry . L
miRNA family plant species plant families and other studies plant species plant families
Highly conserved miRNAs
156/157% 39 17 15 (10) 45 21
172° 19 9 10 (8) 24 12
170/171%¢ 16 9 11(8) 22 12
165/166° 1 5 13 (9) 18 1"
159/319*P 17 7 14.(9) 21 10
396¢ 15 9 11(7) 21 10
168° 15 7 12 (8) 20 10
1607 8 4 13 (9) 18 10
390° 5 5 8(7) 12 10
Moderately conserved miRNAs
3944 16 7 8(5) 19 9
1642 5 5 7(6) 12 9
1697 7 3 12 (8) 15 8
16720c 9 4 11(7) 14 8
162%° 7 5 6 (5) 1 8
3989 9 7 4.(4) 11 8
414t n 7 2(2) n 7
393de 7 4 6 (4) 12 6
3979 6 5 5 (4) n 6
1637 7 5 2(2) 7 5
Lowly conserved miRNAs
3959 4 2 6 (4) 9 4
408° 8 4 5(3) 9 4
3994 4 3 6 (4) 8 4
158° 4 3 2(2) 6 4
403° 4 3 2(2) 5 4
1617 2 2 2(2) 4 4
406° 7 2 1(1) 8 3
173° 1 1 3(3) 3 3
419' 2 1 2(2) 4 2
415’ 1 1 2(2) 3 2
413f 1 1 2(2) 2 2
416’ 0 0 2(2) 2 2
417" 0 0 2(2) 2 2
418 0 0 2(2) 2 2
420' 0 0 2(2) 2 2
426' 0 0 2(2) 2 2
Non-conserved miRNAs
400° 0 0 1(1) 1 1
401° 0 0 1(1) 1 1
402° 0 0 1(1) 1 1
404° 0 0 1(1) 1 1
405° 0 0 1(1) 1 1
407° 0 0 1(1) 1 1

All previously known miRNAs were tallied. The number of plant species was found by searching the EST database and predicting the secondary
structures of ESTs, and from the miRNA Registry Database (Griffiths-Jones, 2004) and other studies. Citations for previously identified miRNAs:
3Reinhart et al. (2002); "Park et al. (2002); “Llave et al. (2002); “Jones-Rhoades and Bartel (2004); ®Sunkar and Zhu (2004); "Wang et al. (2004).

have been identified as having homologs of these two
miRNAs, respectively. They could actually be classified as
moderately or low conserved miRNA families.

There are two methods for identification of miRNAs: the
cloning approach and traditional computational approach.

© 2006 The Authors

Cloning is not highly efficient at finding all miRNAs due to
the low expression levels of miRNAs. Traditional computa-
tional approaches usually require genome sequences, which
are unavailable for a majority of plant species. This makes it
difficult to draw the correct conclusion, such as in a recent
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study where Axtell and Bartel (2005) did not find miRNA 162
in all tested plant species including Arabidopsis thaliana.
However, we found seven plant species with miRNA 162
using EST analysis. Thus, mining EST databases in a
systematic way could overcome some of the shortcomings
of currently used cloning and computational approaches for
identifying new miRNAs, and provide deeper insight into the
distribution and conservation of plant miRNAs. ESTs are
created unequally from different tissues and different plant
species. This sampling problem may affect the ability to
evaluate miRNA conservation in plants in closely related
plant groups, such as in the same plant family. This should
be kept in mind when comparing the distribution and
conservation of miRNAs in a small group of plant species.

Of 292 previously known Arabidopsis thaliana and rice
mature miRNAs, 220 (83.6%) have U at the first position from
the 5" end (Figure 7). Less than 25% of other positions in this
orientation contained a uracil. This may be a unique
characteristic of plant miRNAs, and may play some import-
ant role in mature miRNA biogenesis or RISC formation.

Plant miRNAs are highly conserved among distantly
related plant species (Figures 8 and 9), both in terms of
primary and mature miRNAs, but especially for mature
sequences and their complementary miRNA* sequence.
Even for comparisons between mosses and core eudicots
(Physcomitrella patens, Arabidopsis thaliana and rice), the
mature RNA sequences are almost identical (Figure 9).
Some miRNA families do appear to be restricted to partic-
ular plant groups; for example, phylogenetic analysis of the
miRNA 156 family indicates that sequences present in
monocots (such as rice, maize, sorghum) are divergent from
sequences present in dicot species (such as Arabidopsis
thaliana) (Figure 8a). This result solidly confirms that plant
miRNAs are evolutionarily conserved.

Several miRNA families have multiple members within
the same plant species. For instance, miRNA 395 has 18
members in rice. Although they are conserved as mature
miRNA and miRNA* sequences, the other parts of miRNA
precursor differ widely, from being closely related to being
rather distantly related (Figure 10). These results suggests
that the different members of the same miRNA family may
evolve at different rates within the same plant species.

100%
80% |
60% |
40%}

20%

Position from 5" to 3’

Figure 7. Position-specific nucleotide preferences in plant miRNAs.

The origin of plant miRNAs

In previous studies, miRNAs were considered to be con-
served in plants based on limited data and evidence. Most
miRNAs of dicots (based on Arabidopsis thaliana) have
homologs in monocots (primarily based on rice) (Adai et al.,
2005; Bonnet et al., 2004a; Jones-Rhoades and Bartel, 2004;
Llave et al., 2002; Reinhart et al., 2002; Sunkar and Zhu,
2004; Wang et al., 2004). It is thought that some miRNAs
diverged more than 125 million years ago. Recently, Axtell
and Bartel (2005) employed microarray technology to detect
miRNAs in different plant species. They observed that mi-
RNA159/319 was expressed in 10 different plant species
including a moss species; miRNA 156/157 and miRNA 165/
166 were expressed in nine plant species. To study miRNA
conservation among different species, especially among
distantly related species, more species need to be surveyed.
However, no study to date has shown that the same miRNA
exists in more than 10 plant species.

Identical miRNA sequences exist in closely and distantly
related plant species, with little apparent effect of phylo-
genetic distance. Many of the miRNAs discovered were
found in a wide range of plant groups, from mosses to
angiosperms. Some miRNA families exist broadly within the
angiosperms, including eudicots and monocots, dating back
to at least the early Cretaceous (Figure 11). Several miRNA
families also pre-date the divergence of gymnosperms and
angiosperms (305 million years) and the divergence be-
tween vascular plants and mosses (490 million years). These
results indicate that miRNA sequences are highly conserved
across great phylogenetic distances and that similar selec-
tion pressures have been active in the regulation of gene
expression in plant cells since the earliest stages of their
evolution.

Not only are miRNA genes conserved across all plant
lineages, but we also observed that their targets are
conserved in different plant families. Although there are
many nucleotide changes among the targets of different
plant species, the sequences of the complementary sites are
highly conserved. This result is similar to observations by
Floyd and Bowman (2004). In their study, they observed that
the class Ill homeodomain-leucine zipper (HD-Zip) genes,
one of the targets of miRNA 166, have conserved miRNA 166
target regions, although other regions have much lower
nucleotide conservation. Based on this finding, they hypo-
thesized that miRNA-mediated mechanisms have existed in
plant phylogeny for more than 400 million years. In a
broader sense, our results indicate that gene regulation by
miRNA is an ancient evolutionary mechanism to control the
variety of gene expression. It is one part of the universal
gene regulation mechanism. We estimate that miRNA-
mediated gene regulation existed more than 425 million
years ago in the plant kingdom (Figure 11). The age of plant
miRNA is comparable to the age of miRNA regulation in
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Figure 8. Polygenetic tree (a) and multiple sequence alignment (b) of miRNA 156 from seven plant species.

metazoans (Pasquinelli et al., 2000), and to the age of miRNA
targets in plants (Floyd and Bowman, 2004).

Experimental procedures

Identifying potential plant miRNAs using EST analysis and
miRNA sequence analysis

The sequences of previously known Arabidopsis thaliana and rice
mature and precursor miRNAs were obtained from the miRNA
Registry Database (version Rfam 6.0, released April 2005) (Griff-
iths-Jones, 2004). Figure 1 summarizes the major steps for iden-
tifying EST sequences and their corresponding miRNA sequences.
The mature sequences of 114 previously known Arabidopsis
thaliana miRNA were subjected to a BLAST search in the sub-
group of Viridiplantae of the publicly available EST databases
using Blastn 2.2.9 (1 May 2004) (Altschul et al., 1997). Adjusted
blast parameter settings were as follows: expect values were set

© 2006 The Authors

at 1000; low complexity was chosen as the sequence filter; the
number of descriptions and alignments was raised to 1000. The
default word-match size between the query and database
sequences was 7. If the matched sequences were less than the
previously known Arabidopsis thaliana mature miRNA sequences,
the non-aligned parts were manually inspected and compared to
determine the number of matching nucleotides. All BLAST results
were saved. EST sequences which closely matched the previously
known Arabidopsis thaliana miRNAs were manually chosen. Close
matching was defined as n/n, n-1/n, n-2/n and n-3/n nucleotide
matches, where n equals the previously known Arabidopsis
thaliana miRNA length.

The secondary structures of the selected EST sequences were
carefully predicted and generated using the Zuker folding algorithm
with MFOLD 3.1 (Mathews et al., 1999; Zuker, 2003) that is publicly
available at http://www.bioinfo.rpi.edu/applications/mfold/old/rna/.
The following parameters were used in predicting the secondary
structures: folding temperature was fixed at 37°C; ionic conditions
were set at 1 M NaCl and with no divalent ions; and the grid lines in
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Figure 8. Continued.
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energy dot plot were turned on. The other parameters used were the
default parameters. In each case, only the lowest energy structure
was selected for manual inspection, as described by Reinhart et al.
(2002). All MFOLD outputs including free energy (AG kcal mol™),
miRNA-like helicity size of helices within arms, the number of arms
per structure, and size and symmetry of internal loops within arms
were recorded. The minimal folding free energy index (MFEI) for
each sequence was calculated as previously reported (Zhang et al.,
2006b) because the RNA sequence is more likely to be a miRNA
when the MFEI is greater than 0.85. The predicted secondary
foldback hairpin structures were manually inspected by comparison
with previously known Arabidopsis thaliana miRNAs. The BLAST

and predicted results were exported to an Excel™ table for further
analysis.

Potential miRNAs were considered according to the empirical
criteria proposed by Ambros et al. (2003). These criteria include
biogenesis and expression aspects: a potential foldback precursor
structure with a low folding free energy, phylogenetic conservation
of the approximately 22 nt miRNA sequence, precursor accumula-
tion with reduced Dicer enzyme activity, and detection of the miRNA
sequence by molecular technology and matching to the genome
sequence. In this study, the cut-off values used to select a miRNA
were: (i) up to three mismatches between the selected EST
sequences and the Arabidopsis thaliana mature miRNA sequences;

© 2006 The Authors
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Figure 9. Comparison of mature miRNAs from
different plant species. (a) miRNA 156; (b) miRNA
172; (c) miRNA 319; (d) miRNA 396.

(a) miRNA 156
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(b) miRNA 172

i GriiR172b ARAATCTTGATGATGLTGCAT
HE:;E%EEE }gggggggggggg;gggggg CsHiR172a AGAATCTTGATGATGCTGCAA
GrHiR156a TGACAGARGAGAGTGAGCAC  GeMiR172m AGAATCTTGATGATGCTGCAT
HvHiR156a TGACAGARGAGAGTGAGCAC GrhiR172a AGAATCTTGATGATGCTGCAT
OsHiR156a TGACAGAAGAGAGTGAGCAC ~ LeHiR172  AGAATCTTGATGATGCTGCAT
SbMiR156a TGACAGARGAGAGTGAGCAC ~ StHiR1/2  AGAATCTTGRATGATGCTGCAT
ScHiR156a TGACAGARGAGAGTGAGCAC GmNiF172n  AGAATCTTGATGATGCTGCAT
StHiP156a TGACAGARGAGAGTGAGCAC CsNhiR172b AGAATCCTGATGATGCTGCAC
2nHiR156a TGACAGAAGAGAGTGAGCAC  PeHiR172  AGAATCCTGATGATGCTGCAC
ALHiR156b TGACAGARGAGAGAGAGCAC  PpeMiR1/Z2  AGRAATCCTGRTGATGCTGCAC

CaHiR156 TGACAGAAGAGAGAGAGCAC PshiR172 AGAATCCTGATGATGCTGCAC
CrHiR156 TGACAGAAGAGAGAGAGCAC  ZnNMiR172n  AGAATCCTGATGATGCTGCAT
CsHiP156 TGACAGAAGAGAGAGAGCAC  AtHiR172m  AGAATCCTGATGATGCTGCAG
EcHiP156 TGACAGARGAGAGAGAGCAC GhHiR172 AGAATCCTGATGATGCTGCAG
GnHiR156b TGACAGARGAGAGAGAGCAC  HwMiR172a AGAATCCTGATGATGCTGCAG
HaHiR156 TGACAGAAGAGAGAGAGCAC HvHiR172b AGAATCCTGATGATGCTGCAG
HvHiR156b TGACAGAAGAGAGAGAGCAC ~ HwNiR172c  AGAATCCTGATGATGCTGCAG
LeHiR156 TGACAGAAGAGAGAGAGCAC ~ HYHiR172d  AGAATCCTGATGATGCTGCAG
LjHiR156 TGACAGAAGAGAGAGAGCAC  HiZnR172n  AGAATCCTGATGATGCTGCAG
LsHiR156 TGACAGAAGAGAGAGAGCAC OsHiR172n AGAATCCTGATGATGCTGCAG
HdHiR156 TGACAGARGAGAGAGAGCAC YvHiR172 AGAATCCTGATGATGCTGCAG
HbHiR16E TGACAGAAGAGAGAGAGCAC TcHiR172 AGAATCCTGATGATGCTGCAG
D=HiR156b TGACAGAAGAGAGAGAGCAC ~ TaMiR172b  AGAATCCTGATGATGCTGCAG
PaHiR156 TGACAGAAGAGAGAGAGCAC  TaHiR172a AGAATCCTGATGATGCTGCAG
PgHiR156 TGACAGARGAGAGAGAGCAC  SoMiR172b  AGAATCCTGATGATGCTGCAG
PpcHiR156 TGACAGAAGAGAGAGAGCAC  SoRiRl72a AGAATCCTGATGRTGCTGCAG
PptHiR156 TGACAGAAGAGAGAGAGCAC SbHiR172 AGAATCCTGATGATGCTGCAG
PLHiR156 TGACAGAAGAGAGAGAGCAC — OsMiR172p  AGAATCCTGATGATGCTECAG
YuHiR166 TGACAGAAGAGAGAGAGCAC  OsHiR1720 AGAATCCTGATGATGCTGCAG
ZnHiR156b  TGACAGAAGAGAGAGAGCAC  0sMiR172n  AGAATCCTGATGATGCTGCAG
SbHiR156b TGACAGAAGAGAGAGAGCAC —_AsHiR172  AGGATCTTGATGATGCTECAG
ScHiR166b TGACAGAAGAGAGAGAGCAC — TaMiR172c  AGGATCTTGATGATGCTGCAG
S5iHiR156 TGACAGARGAGAGAGAGCAC Consensus AGaATCcTGATGATGCTGCA.
S5pHiR156 TGACAGAAGAGAGAGAGCAC
StHiR156b  TGACAGAAGAGAGAGAGCAL
TaHiR156 TGACAGAAGAGAGAGAGCAL ;
Consensus  TGACAGARGAGAGLGAGCAL (O) MIRNA 396
gcl-396 TTCCACAGCTTTCTTGAACTG
gna-336a TTCCACAGCTTTCTTGAACTG
(c) miRNA 319 ncr-396a TTCCACAGCTTTCTTGAACTG
0sa-336 TTCCACAGCTTTCTTGAACTG
ppa-niR319 TTGGACTGAAGGGAGCTCCA ppt-396 TTCCACAGCTTTCTTGAACTG
ath-niR319¢ TTGGACTGAAGGGAGCTCCT ppe-396 TTCCACAGCTTTCTTGAACTG
vwi-niR319 TTGGACTGARGGGAGCTCCT sof-396 TTCCACAGCTTTCTTGARCTG
ath-niR319a TTGGACTGARGGGAGCTCCC zna-396 TTCCACAGCTTTCTTGARCTG
ath-niR319b TTGGACTGAAGGGAGCTCCC mer=396b  TTCCTCAGCTTTCTTGAACTG
gna-niR319 TTGGACTGAAGGGAGCTCCC byu-396 TTCCACAGCTTTCTTGARCTT
1bu-niR319 TTGGACTGARGGGAGCTCCC ppd-396 TTCCACAGCTTTCTTGARCTT
ptr-niR319 TTGGACTGARGGGAGCTCCC stu-396 TTCCACAGCTTTCTTGARCTT
tae-niR319a TTGGACTGARGGGAGCTCCC ptr-396 TTCCACAGCTTTCTTGARCTT
osa-niR319a TTGGACTGAAGGGTGCTCCC bna-396 TTCCACAGCTTTCTTGAACTT
osa-niR319b TTGGACTGARGGGTGCTCCC gna-396b TTCCACAGCTTTCTTGARCTT
sbi-niR319 TTGGACTGARGGGTGCTCCC ner-396c  TTCCACAGCTTTCTTGARCTT
sof-niR319a TTGGACTGAAGGGTGCTCCC pps-396 TTCCACGGCTTTCTTGARCTT
zna-niR319 TTGGATTGAAGGGAGCTCCT pgl-396 TTCCACGGCTTTCTTGARCTT
Consensus TTGGAcTGARGGGaGCTCL, Consensus TTCCaCaGCTTTCTTGAACTL

(ii) a perfect or near-perfect hairpin secondary structure predicted by
MFOLD; (iii) a maximum size of 3 nt for a bulge in the miRNA
sequence; and (iv) an MFEI greater than 0.85.

Predicted miRNAs and their related information were recorded.
Closely related EST sequences were blasted against each other and
analyzed. If the ESTs had a high similarity (>98%), it indicated that
these ESTs were created from the same mRNA, and these were then
considered as one miRNA. Here, we used an identity threshold
paired with a minimum overlap length instead of e-values to
merge redundant miRNAs, because the e-value is heavily depend-
ent on the sequence length, which is different among different
miRNAs.

Multiple sequence alignments of selected miRNA families were
performed with the web-based computer software Multalin (http:/

© 2006 The Authors

prodes.toulouse.inra.fr/multalin/multalin.html) (Corpet, 1988). The
phylogenetic relationships among these DNA sequences were then
reconstructed using the default parsimony analysis in PAUP#*, using
the heuristic search strategies, random order addition, and 50
repetitions (Swofford, 2000). Equally parsimonious trees were
combined into a strict consensus tree, collapsing all ambiguous
relationships.

Potential targets of the EST-predicted miRNAs

To examine whether the potential targets for the EST-predicted
miRNAs were present in the given plant species, we also searched
the EST and protein-coding gene databases for the complement to
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(a) osa MIR395a

osa MIR395d

osa MIR395e

osa MIR395¢g

osa MIR395m
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osa MIR395¢q

osa MIR395b

osa MIR395f

osa MIR395p

osa MIR395s

osa MIR395j

osa MIR395h

osa MIR395¢

osa MIR395n

osa MIR3950

osa MIR395r

(b)
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I |
osa-HIKI%5a GIATTATCGLGGGTTC-COTTCRATCALTTLR {ATGGTAC THTTTCARGGLLT = i T === =TT GRAGTAT TTGGGGGAAC T TOGATGTCAC
oea=Ik39d  GIRTIGICGTGAGT1C=CC] ICHAGCALT [ CH {151 GECHL: IRICICHATGLL | wmmmmmmmmn | mammn w5 L TG 1 T GGEGERRC IC 0GR THTCHC
osa=HIR39%5e GIRTTRTCEAGRGTTC=CCTTCRACCACTTCR BIGECAL TGTTTCARGRL] wmmmmmmmm ] | mmmmmmm {51 GRAIE T T T TGGGGEREC TC TCRATRTCAC
osa=NIK3%e GIRICACOGTGAGT TC=COT TOGRACALT TCH Tl BBLHL IRTTICAATGEL] == mesmmmmmaf] | mmmmes cmsfy ] GHAIG TG 1 T GUGHGRRC IC 0GR THTCAT
oxa=HIF3%5n  GIRTCRCCGTGAGTTC=CUTTCARGCALTTLCR (GTGGCAL TRTTICART GLCT wmmmmmmmmn ] | s e GG T T TGGGGEERCICTOGATGTTCL
osa=HLKISh. G111 IRCOGGLHGT C=TUTTCRAGCALT [T {131 R TTTCTRT TGRCHT GRGCT T THGRAL Remmmeme =f 51 AL 161 11 GlGRRC TC1 166 TRCUAR
raeHIR395k  GTTITRTCGGGAGTTT=CUTTCARGCACTTLR (T et I TICTATTGATATGGRECTTTEEAA] mmmmmmn =fi] ] ARG TGT T THGGGERRCICTTEA TACCAR
oza=HIR3%5q GTRTTRTCARGAGTTC-TCTTTRAGCACTTLR TRCEACAL (AT TRTTTATAGG = mmmmmmmme [ T fmmmmmee =] 1T GAAGTGT TTGGAGERCICTORE TGTCAT
0a3-HIR398h ERGTCCCTAGEAGTTC-CTTTCAAGCALTTTR { GACACAC TGTATTGAGAGT T ==mmmmmmmmmmnfpmmmmmme = [ TR TG T T TROGGRARC TCTTRE TGTCGC
oxa=HIRI9SF  ACRCTRCCAGGARTTC-CUTTCARGCARTTLR TGARRCAR TRTTTTGAGAG] | ==memmmmnmmns fummnmes =] 1T GARGERT TTGEGGEARATCTCRG TGTCGE
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osa=HIR3%5e  TIRTCCACTGGAGTTCTCCTCRATCCACTTCAGTAGATAGC TATGGE TAGRCCTC ATT BCATTRCAC-==TGT TACATRACTRTGATCATGGGECCARRRGCTRGLTATRT ATAGT GARGTGLTTGAGGESRCTCCAET TGACAC
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Figure 10. Polygenetic tree (a) and multiple sequence alignment (b) of the 18 members of rice miRNA 395.

our results. Previous studies demonstrated that all miRNAs regulate
gene expression by binding to target mRNA sequences at a perfect
or near-perfect complementary site, indicating that plant miRNA
targets can be recognized using a simple homology search. In this
study, we used the same procedure described above for predicting
miRNA homologs to predict potential miRNA targets in a protein-
coding gene database instead of a genomic database. We tested
miRNA 172 against the GenBank protein database with BLASTn
(Altschul et al., 1997) using the same parameters described in the
miRNA search. The number of allowed mismatches at comple-

mentary sites between miRNA sequences and potential mRNA tar-
gets was three or fewer, and no gaps were allowed at the
complementary sites.

Minimizing false positives

Existence of false positives can be a problem in these types of
studies. To reduce the number of false positives, we combined
multiple methods in this study, similar to that described by Bonnet
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Figure 11. Majority of miRNA families were found in various plant species representing major plant subgroups.
This indicates that miRNAs diverged at a very early stage of plant phylogeny about 425 million years ago (mya). The top number on the left at the major nodes
indicates the most reliable estimate, while the numbers below in parentheses are the range of estimates that have been published for that node (Sanderson et al.,

2004).

et al.(2004a). First, the number of EST hits was dramatically reduced
after comparing EST sequences to previously known Arabidopsis
thaliana miRNA sequences. Based on the fact that plant miRNAs are
highly conserved and only a few nucleotides change between plant
species, ESTs with only 0-3 mismatched nucleotides with previously
known Arabidopsis thaliana miRNAs were considered as potential
miRNA candidates. Second, potential ESTs were reduced about 50%
by considering the secondary structure parameters based on pre-
vious reports (Bartel, 2004; Bartel and Bartel, 2003; Bonnet et al.,
2004a; Reinhart et al., 2002; Sunkar and Zhu, 2004). Third, the
number of miRNAs was reduced by considering potential miRNA

© 2006 The Authors

target genes in the DNA database. Fourth, repeated ESTs were re-
moved by comparing similar EST sequences. Fifth, to avoid a mis-
count of the total EST sequences, ESTs with n-2, n-3, n-4 and n-5
mismatched nucleotides with previously known miRNAs were
chosen and paired with known miRNA sequences. Sixth, the mat-
ched ESTs were blasted against a database of known proteins to kick
out the potential ESTs that actually code a protein rather than a
structural RNA. After these six steps and other combined strategies,
the number of EST-predicted miRNAs was dramatically reduced.
Finally, to further confirm our conclusions, we also searched the
potential targets of EST-predicted miRNAs as another type of

Journal compilation © 2006 Blackwell Publishing Ltd, The Plant Journal, (2006), 46, 243-259



258 Baohong Zhang et al.

evidence for the real existence of those miRNAs in a given plant
species.
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