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Computational Identification of
Plant MicroRNAs and Their Targets,
Including a Stress-Induced miRNA

degraded (Hutvagner and Zamore, 2002; Mourelatos et
al., 2002; Khvorova et al., 2003; Schwarz et al., 2003).

The primary method of identifying miRNA genes has
been to isolate, reverse transcribe, clone, and sequence
small cellular RNAs (Lagos-Quintana et al., 2001; Lau et
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al., 2001; Lee and Ambros, 2001; Llave et al., 2002a; ParkCambridge, Massachusetts 02142
et al., 2002; Reinhart et al., 2002). However, molecular
cloning is biased toward finding miRNAs that are rela-
tively abundant. In animals, miRNA gene discovery by

Summary
molecular cloning has been supplemented by system-
atic computational approaches that identify evolution-

MicroRNAs (miRNAs) are �21-nucleotide RNAs, some arily conserved miRNA genes by searching for patterns
of which have been shown to play important gene- of sequence and secondary structure conservation that
regulatory roles during plant development. We devel- are characteristic of metazoan miRNA hairpin precur-
oped comparative genomic approaches to systemati- sors (Ambros et al., 2003b; Grad et al., 2003; Lai et al.,
cally identify both miRNAs and their targets that are 2003; Lim et al., 2003a, 2003b). The most sensitive of
conserved in Arabidopsis thaliana and rice (Oryza sat- these methods indicate that miRNAs constitute nearly
iva). Twenty-three miRNA candidates, representing 1% of all predicted genes in nematodes, flies, and mam-
seven newly identified gene families, were experimen- mals (Lai et al., 2003; Lim et al., 2003a, 2003b). Methods
tally validated in Arabidopsis, bringing the total num- developed in one animal lineage work well when ex-
ber of reported miRNA genes to 92, representing 22 tended to another animal lineage (Lim et al., 2003a), but
families. Nineteen newly identified target candidates cannot be directly applied to plants because the hairpins
were confirmed by detecting mRNA fragments diag- of plant miRNAs are more heterogeneous than those of
nostic of miRNA-directed cleavage in plants. Overall, animal miRNAs (Reinhart et al., 2002).
plant miRNAs have a strong propensity to target genes Because the miRNAs recognize their regulatory tar-
controlling development, particularly those of tran- gets through base pairing, computational methods have
scription factors and F-box proteins. However, plant been invaluable for identifying these targets. The ex-
miRNAs have conserved regulatory functions ex- tensive complementarity between plant miRNAs and
tending beyond development, in that they also target mRNAs makes systematic target identification easier in
superoxide dismutases, laccases, and ATP sulfu- plants than in animals (Rhoades et al., 2002). A search
rylases. The expression of miR395, the sulfurylase- for targets of 13 Arabidopsis miRNA families predicted
targeting miRNA, increases upon sulfate starvation, 49 unique targets, with a signal-to-noise ratio exceeding
showing that miRNAs can be induced by environmen- 10:1, simply by looking for Arabidopsis messages with
tal stress. three or fewer mismatches (Rhoades et al., 2002). Evolu-

tionary conservation of the miRNA:mRNA pairing in rice
(Rhoades et al., 2002), together with experimental evi-Introduction
dence showing that these miRNAs direct cleavage of
their predicted mRNA targets (Llave et al., 2002b;MicroRNAs are endogenous 20 to 24 nucleotide RNAs,
Kasschau et al., 2003; Palatnik et al., 2003; Tang et al.,some of which are known to play important posttran-
2003; Mallory et al., 2004; Vazquez et al., 2004), supportsscriptional regulatory roles in plants and animals (Bartel
the validity of these predictions. Because metazoanand Bartel, 2003; Lai, 2003; Bartel, 2004). MicroRNAs are
miRNAs only rarely recognize their targets with suchinitially transcribed as much longer RNAs that contain
extensive complementarity (Yekta et al., 2004), moreimperfect hairpins, from which the mature miRNAs are
sophisticated methods that search for short segmentsexcised by Dicer-like enzymes (Grishok et al., 2001; Hut-
of conserved complementarity to the miRNAs are re-vagner et al., 2001; Ketting et al., 2001; Lee et al., 2002,
quired to identify metazoan miRNA targets (Enright et2003; Park et al., 2002; Reinhart et al., 2002). Each ma-
al., 2003; Lewis et al., 2003; Stark et al., 2003).ture miRNA derives from the double-stranded portion of

The previously identified plant miRNAs have a remark-
the hairpin and is initially excised as a duplex comprising

able propensity to target genes involved in development,
two �22 nt RNAs, one of which is the mature miRNA

particularly those of transcription factors (Rhoades et al.,
while the other, known as the miRNA*, comes from the 2002). In all cases where disruption of plant miRNA regu-
opposite arm of the hairpin (Lau et al., 2001; Reinhart lation has been reported, striking developmental abnor-
et al., 2002; Khvorova et al., 2003; Lim et al., 2003b; malities are observed. Dominant gain-of-function muta-
Schwarz et al., 2003). The miRNA of this miRNA:miRNA* tions in HD-ZIP transcription factor genes PHABULOSA,
duplex is preferentially loaded into the RNA-induced PHAVULOTA, and REVOLUTA that destabilize pairing
silencing complex (RISC, Hammond et al., 2000), where to miR165/miR166 cause loss of adaxial/abaxial polarity
it functions as a guide RNA to direct the posttranscrip- in developing leaves (McConnell et al., 2001; Rhoades
tional repression of mRNA targets, while the miRNA* is et al., 2002; Emery et al., 2003; Kidner and Martienssen,

2004). In maize, similar mutations in the HD-ZIP gene
ROLLED LEAF1 also cause adaxilization of the abaxial*Correspondence: dbartel@wi.mit.edu
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surface of leaves, indicating that the miR165/miR166 Results
family has a conserved role in determining leaf polarity

Identification of 20mers in Conserveddespite the morphological differences between Arabi-
miRNA-like Hairpinsdopsis and maize leaves (Juarez et al., 2004). Transgenic
Our computational approach to identify plant miRNAsplants with silent mutations in the miR-JAW complemen-
was based upon six characteristics that describe pre-tary sites of TCP transcription factors arrest as seedlings
viously known plant miRNAs. (1) The base pairing of thewith fused cotyledons and lack shoot apical meristems,
mature miRNA to its miRNA* within the hairpin precur-while those with mutations in the miR159 complemen-
sors is relatively consistent. In contrast, both the sizetary site of MYB33 have upwardly curled leaves (Palatnik
of the foldback and the extent of base pairing outsideet al., 2003). Plants deficient in miR172-mediated regula-
of the immediate vicinity of the miRNA are highly variabletion of APETALA2 have altered patterns of floral organ
among the hairpins of plant miRNAs, even among thosedevelopment (Chen, 2004). Plants deficient in miR164-
of miRNAs from the same gene family. (2) The majoritymediated regulation of CUP-SHAPED COTYLEDON1
of known Arabidopsis miRNAs have identifiable homo-have altered patterns of embryonic, vegetative, and
logs in the Oryza sativa genome, in which the predictedfloral development (Mallory et al., 2004). Finally, silent
mature Oryza miRNAs have 0-2 base substitutions rela-mutations in the miR168 complementary site of ARGO-
tive to their Arabidopsis homologs. (3) The secondaryNAUTE1 lead to misregulation of miRNA targets and nu-
structures of known miRNA hairpins are robustly pre-

merous developmental defects (Vaucheret et al., 2004).
dicted by RNAfold if given a sequence sufficiently long

To gain a more complete understanding of plant miRNAs to contain both the miRNA and the miRNA*. (4) The
and their regulatory targets, we devised a computational sequences of the Arabidopsis and Oryza hairpins are
procedure to identify conserved miRNA genes that were generally more conserved in the miRNA and miRNA*
missed in previous cloning efforts, and we refined our than in the segment joining the miRNA and miRNA*.
computational method for identifying mRNA targets to (5) All matches to known miRNAs in the Arabidopsis
increase its sensitivity. Using criteria that retain all 11 of genome, with the exception of those antisense to coding
the previously identified miRNA gene families conserved regions, have potential miRNA-like hairpins and are thus
between Arabidopsis thaliana and Oryza sativa, we annotated as miRNA genes. (6) Most known Arabidopsis
found 13 additional families of candidates. Molecular miRNAs are highly complementary to target mRNAs,
evidence showed that at least seven of these newly and this complementarity is conserved to Oryza.

As the first step to identifying miRNAs in the genomesidentified families of candidate miRNAs are authentic,
of Arabidopsis thaliana and Oryza sativa, we consideredand that at least six out of the seven mediate the cleav-
only those genomic portions contained in imperfect in-age of their predicted mRNA targets. These seven newly
verted repeats as defined by EINVERTED (Figure 1A,identified families are represented by 23 loci. When
step 1). Within these 133,864 Arabidopsis and 410,167these are added to those identified by cloning, we count
Oryza inverted repeats were 73 of 86 reference set loci92 miRNA loci in the Arabidopsis genome. Our updated
corresponding to the 24 previously reported miRNAsanalysis of the plant miRNA targets indicates a contin-
(refset1, Supplemental Table S1 at http://www.molecule.ued very strong overall bias toward transcription factors
org/cgi/content/full/14/6/787/DC1). Secondary struc-and genes involved in development. Some targets of
tures for the inverted repeats were predicted with RNA-the newly identified miRNAs, such as F-box proteins
fold, and all 20mers within the inverted repeats were

and GRL transcription factors, represent genes with
checked against MIRcheck, an algorithm written to iden-

demonstrated or probable roles in controlling develop- tify 20mers with the potential to encode plant miRNAs
mental processes. Nonetheless, other newly identified (Figure 1A, step 2). MIRcheck takes as input (a) the
miRNA targets, such as ATP sulfurylases, laccases, and sequence of a putative miRNA hairpin, (b) a secondary
superoxide dismutases, show that the range of function- structure of the putative hairpin, and (c) a 20mer se-
alities regulated by miRNAs is broader than previously quence within the hairpin to be considered as a potential
known. Furthermore, the expression of miR395, which plant miRNA. MIRcheck parameters were adjusted to
targets genes involved in sulfate assimilation, is respon- restrict the total number of unpaired nucleotides (no
sive to the sulfate concentration of the growth media, more than 4 in the putative miRNA), the number of
demonstrating that miRNA expression can be modu- bulged or asymmetrically unpaired nucleotides (no more

than 1 in the putative miRNA), the number of consecutivelated by levels of external metabolites.

Figure 1. Prediction of Conserved Plant miRNAs

(A) Outline of the computational approach used to identify conserved plant miRNAs. See text for description. In steps 1–8, the sensitivity is
reported (blue) as the fraction of miRNA loci retained with perfect matches to previously identified miRNAs (refset1). In step 9, this fraction
extends to imperfect matches to previously identified miRNAs. In the later steps, the total numbers of predicted miRNA loci are also
reported (red).
(B and C) Predicted hairpin secondary structures of two newly identified miRNA families, 393 (B) and 394 (C), that target mRNAs of F-box
proteins. Nucleotides in red comprise the sequence of the most common mature miRNA as deduced from PCR validation and Northern
hybridization. Nucleotides in blue indicate additional portions of the hairpins predicted to have miRNA-encoding potential after identification
of conserved 20mers in miRNA-like hairpins (Figure 1A, step 6), but before identification of conserved complementarity to mRNAs or experimen-
tal evaluation.
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unpaired nucleotides (no more than 2 in the putative The next step in our analysis was to identify pairs of
miRNA), and the length of the hairpin (at least 60 nucleo- Arabidopsis and Oryza hairpins that have miRNA-like
tides inclusive of the putative miRNA and miRNA*). In patterns of sequence conservation (Figure 1A, step 6).
contrast to the algorithms designed to identify metazoan MicroRNA precursors are generally most conserved in
miRNAs, MIRcheck has no requirements pertaining to the miRNA:mRNA* portion of the hairpin, a characteristic
the pattern or extent of base pairing in other parts of that has been used to help identify insect miRNA genes
the predicted secondary structure. Even though these (Lai et al., 2003). In our procedure, we retained homolo-
parameters were chosen to be relatively stringent, only gous pairs for which both the miRNA and miRNA*
7 of the 73 remaining Arabidopsis and Oryza refset1 loci 20mers were more conserved than any 20mer from the
were lost at this step. loop regions. Doing pairwise comparisons of the hair-

After removal of 20mers that overlap with repetitive pins of AtSet4 against those of OsSet4 resulted in 1,145
elements, or which have highly biased sequence com- 20mers (AtSet5) with at least 1 acceptable Oryza ho-
positions, 389,648 Arabidopsis 20mers (AtSet1) and molog.
1,721,759 Oryza 20mers (OsSet1) had at least 1 locus AtSet5 was mapped to the Arabidopsis genome, and
that passed MIRcheck. We used Patscan to identify overlapping 20mers were joined together to form 379
20mers in AtSet1 that matched at least one 20mer in sequences with miRNA-encoding potential. A single
OsSet1 with 0-2 base substitutions, considering only miRNA gene could be represented by up to four of these
20mers on the same arm of their putative hairpins (Figure potential miRNA sequences, representing the miRNA,
1A, step 3). 3,851 Arabidopsis 20mers had at least 1 the miRNA*, the antisense miRNA, and the antisense
Oryza match (AtSet2), and 5,438 Oryza 20mers were miRNA*. After accounting for multiple potential miRNAs
matched at least once (OsSet2). mapping to a single locus, the 379 potential miRNAs

For the previously known plant miRNAs, RNAfold pre- represented 228 potential miRNA loci. These 228 loci
dicts a secondary structure in which the miRNA is paired were grouped into 118 families of potential miRNA loci
to the miRNA*, provided that the flanking sequence is based on sequence similarity as determermined by
sufficiently long to contain the miRNA*. The presence blastn. Many of these newly identified miRNA candi-
of additional flanking sequence does not interfere with dates had patterns of secondary structure conservation
the prediction of a miRNA-like secondary structure. This resembling those of previously known plant miRNAs
robustly predicted folding is observed for all of the loci (Figures 1B and 1C). For many of the miRNA loci corre-
of each cloned miRNA, even though they have widely sponding to previously reported miRNAs, the computa-
divergent flanking sequences. While recognizing that tionally identified sequences extended 1-9 nt on either
the predicted folds are unlikely to be correct in all their side of the cloned miRNAs, although in a few cases the
details, it is reasonable to propose that the overall ro- actual miRNA overlapped with but extended beyond the
bustness of the predicted folding might reflect an evolu- predicted sequence.
tionary optimization for defined folding in the plant. To
eliminate candidates that do not fold as robustly as A Refined Procedure for Predicting miRNA Targets
the previously known miRNAs, we required AtSet2 and

We previously identified mRNAs containing ungapped,
OsSet2 20mers to pass MIRcheck a second time after

antisense matches to miRNAs with 0-3 mispairs (count-
being computationally folded in the context of se-

ing G:U pairs as mispairs) as probable miRNA targets
quences flanking the hairpin. Patscan was used to find

(Rhoades et al., 2002). Although the majority of validatedall matches of AtSet2 and OsSet2 to their respective
plant miRNA targets are captured by this cutoff, theregenomes, RNAfold was used to predict the secondary
are several authentic targets that are missed. For exam-structure of each match in the context of a 500 nt geno-
ple, miR162 has a bulged nucleotide as it basepairs tomic sequence centered on the 20mer, and each match
the mRNA of DCL1, and miR-JAW has 4-5 mispairs towas evaluated by MIRcheck (Figure 1A, step 4). 2,588
the mRNAs of several TCP transcription factors (PalatnikArabidopsis 20mers (AtSet3) and 3,083 Oryza 20mers
et al., 2003; Xie et al., 2003). In order to more thoroughly(OsSet3) had at least one locus that passed MIRcheck.
assess the mRNA-targeting potential of both known andBecause EINVERTED misses some hairpins and be-
predicted miRNAs, we developed a more sensitive com-cause this second MIRcheck evaluation used more re-
putational approach to identify target candidates. Itlaxed cutoffs (up to 6 unpaired nt each in the putative
allows for gaps and more mismatches in the mRNA:miRNA and miRNA*), this step also recovered paralogs
miRNA duplex but requires that the miRNA complemen-that were missed in steps 1 or 2.
tarity be conserved between homologous ArabidopsisThe genomic matches to known Arabidopsis miRNAs
and Oryza mRNAs. Each miRNA complementary siteare all either in hairpins or antisense to coding regions.
was scored, with perfect matches given a score of 0,To ensure that computationally identified miRNAs met
and points were added for each G:U wobble (0.5 points),this criterion, Arabidopsis 20mers were removed from
each non-G:U mismatch (1 point) and each bulged nu-the analysis if less than 50% of intergenic matches
cleotide in the miRNA or target strand (2 points). Topassed MIRcheck, or if more than 50% of genomic
allow the same cutoffs to be applied more evenly tomatches overlapped with repetitive sequence elements
miRNAs of different lengths and to avoid penalizing mis-(Figure 1A, step 5), resulting in 2,506 20mers (AtSet4).
matches at the ends of longer miRNAs, those miRNAsBecause gene annotation in Oryza is poor, we could not
that were longer than 20 nt were broken into overlappingreliably define matches as genic or intergenic. The 2,780
20mers, with the mRNA:miRNA pair receiving the scoreOryza 20mers that had at least 1 locus pass MIRcheck
of the most favorable 20mer.and had no more than 50% of genomic matches in repet-

itive sequence elements were included in OsSet4. This scoring was tested using a set of 10 unrelated
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Figure 2. The Utility of Incorporating Evolu-
tionary Conservation when Predicting Plant
miRNA Targets

(A) Arabidopsis mRNAs with sites comple-
mentary to a set of 10 diverse miRNAs con-
served between Arabidopsis and Oryza (ref-
set2) were found and scored such that lower
scores indicate fewer mismatches (see text
for details). The number of mRNAs with each
of the indicated scores is graphed (solid
bars). Complementary sites were found and
scored in the same manner for 5 cohorts of
permuted miRNAs with the same dinucleo-
tide composition as the authentic miRNAs
(open bars, average number of complemen-
tary mRNAs per cohort; error bars, 2 stan-
dard deviations).
(B) mRNAs complementary to 10 miRNAs
were found as in (A), with the additional re-
quirement that at least one homologous Or-
yza mRNA be complementary to the same
miRNA (solid bars). Each conserved miRNA
complementary site is counted as having the
either the Arabidopsis or Oryza score, which-
ever is higher (i.e., less complementary). Mes-

senger RNAs with conserved complementarity to cohorts of dinucleotide shuffled miRNAs were found in the same manner (open bars, average
number of complementary mRNAs; error bars, 2 standard deviations).

miRNAs that are each highly conserved (0-1 substitu- lies of potential miRNAs, which account for 100 potential
miRNA loci. Eleven of these families, represented bytions) between Arabidopsis and Oryza (refset2, Supple-

mental Table S1). As a control, we generated 5 cohorts 59 loci (including 41 refset1 loci), corresponded to all
previously known miRNA families with identifiable Oryzaof permuted miRNAs, in which each permuted miRNA

has the same dinucleotide composition as the corre- homologs (Table 1), suggesting that our method also
identified most of the previously unknown families thatsponding miRNA in refset2. For all 20mers from the sets

of real and permuted miRNAs we searched for comple- have extensive conserved complementarity in Oryza.
mentary sites in Arabidopsis and Oryza mRNAs. Com-
pared to their shuffled cohorts, the real miRNAs had Newly Identified miRNAs Are Expressed

Our computational screen identified 13 previously unre-many more complementary Arabidopsis mRNAs with
scores � 2 (Figure 2A), which was in agreement with ported families of conserved miRNA candidates with

conserved complementarity to mRNAs. To determineour previous results (Rhoades et al., 2002). Filtering the
miRNA-complementary mRNAs to include only those which of these putative miRNAs are expressed, we used

a PCR based assay (Lim et al., 2003a, 2003b) to searchconserved to Oryza showed that nearly all the comple-
mentary sites to authentic miRNAs with scores of � 2 for the predicted miRNAs in a library of small cDNAs

(Reinhart et al., 2002). In addition to verifying the expres-are conserved (Figure 2B). For the permuted miRNAs,
requiring conservation reduced to nearly zero the num- sion of the miRNAs, this assay maps the 5� ends of the

miRNAs (Table 2). Each PCR reaction used one commonber of complementary sites with scores of 2–3.5,
whereas for the authentic miRNAs a small but significant primer corresponding to the adaptor oligo attached to

the 5� end of all members of the library and one primernumber of sites scoring in this range were conserved
(Figure 2B). Thus, adding a requirement for conservation specific to the 3� portion of the predicted miRNA. For

seven miRNA families, PCR reactions resulted in prod-raised the threshold at which spurious matches were
found, thereby enabling confident prediction of targets ucts in which the specific primer was extended by at

least 3 nucleotides that matched the predicted miRNAthat were less extensively paired to the miRNAs—in
some cases forming Watson-Crick pairs to only 15 of sequence. In sum, the seven newly identified miRNA

families comprised 23 genomic loci in Arabidopsis (Ta-20 miRNA nucleotides.
Each of the conserved miRNAs had at least one pre- ble 2). All clones for families 393, 396, 397, and 398 had

the same 5� end, while for families 394, 395, and 399dicted target with score � 3.0, suggesting that the pos-
session of predicted targets could be a criterion for miRNAs were detected with differing 5� ends that could

result from inconsistent processing of precursors tran-screening the newly identified miRNA candidates. For
each 20mer in AtSet5 and OsSet5, miRNA complemen- scripts from a single locus, or from differential pro-

cessing of precursors from different loci. Several oftary sites were found and scored (Figure 1A, step 7).
As would be expected even for permuted sequences, these miRNA families include loci that would encode

distinct but highly similar miRNAs (Table 2). Becausenearly all of the AtSet5 20mers (1,124 out of 1,145) had
a complementary score of � 3.0 to at least 1 Arabidopsis the PCR primers overlapped with the residues that differ,

it is not possible to know which variants were detected.mRNA. Of these, 278 20mers (AtSet6) had at least one
homologous Oryza 20mer with complementarity to a Six families of putative miRNAs passed all computa-

tional checks but were not validated by the PCR assay.homologous Oryza mRNA. AtSet6 represented 24 fami-
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Five of these families had a single locus in Arabidopsis,Table 1. Sensitivity of Computational Identification of Plant
whereas the sixth had 14 Arabidopsis loci and 52 OryzamiRNA Loci
loci and likely represented a repetitive element not iden-

Family At loci Os loci
tified by RepeatMasker. Although the possibility that

Newly identified families some of these non-validated predicted candidates are
393 2/2 1/1 authentic cannot be ruled out, we consider it unlikely
394 2/2 1/1 that they represent miRNA sequences.
395 6/6 16/19

The expression of newly identified miRNAs was also396 2/2 3/3
tested by Northern blot analysis. Hybridization probes397 1/2 1/2

398 3/3 2/2 were designed for representative members of the 7
399 6/6 10/11 miRNA families detected by the PCR assay. Probes
Previously identified conserved families complementary to miR393, miR394, miR396a, and
156a 12/12 12/12 miR398b detected 20-21 nt RNAs in samples from wild-159/JAWa,b,c 3/6 7/8

type, soil-grown Columbia plants (Figure 3A), whereas160a 3/3 6/6
probes complementary to miR395a, miR397b, and162a,d 2/2 2/2

164a 3/3 5/5 miR399b did not detect expressed small RNAs in these
166a 8/9 10/12 samples. These miRNAs that are difficult to detect on
167a,b,d 3/4 9/9 a Northern blot are likely to be expressed only at low
168a 2/2 1/2

levels or only in a subset of tissues or growth conditions.169a 14/14 15/17
Because miR395 is complementary to mRNAs of ATP171a,d 4/4 7/7

sulfurylase (APS) proteins (Figure 5), and because the172b 5/5 3/3
Previously identified non-conserved families expression levels of numerous sulfate metabolizing
158a 0/2 0 genes are responsive to sulfate levels (Takahashi et al.,
161a 0/1 0 1997; Lappartient et al., 1999; Maruyama-Nakashita et
163a 0/1 0

al., 2003), we hypothesized that the expression of173b 0/1 0
miR395 might be dependent on cellular sulfate levels.

All newly identified and previously known miRNA families are tallied. To test this, we probed RNA samples from plants grown
The number of loci found by de novo computational prediction (Fig-

in modified MS media containing various amount of sul-ure 1A, through step 8) is shown (numerator) as fraction of total found
fate. As seen for plants grown in soil, miR395 was notby searching for near paralogs to miRNAs with verified expression

(denominator). Additional details regarding the miRNA loci are re- detected in the samples from plants grown in 2 mM
ported in Tables S2 and S3 (Arabidopsis and Oryza loci, respec- SO4

2�. However, miR395 was readily detected in the
tively). Citations for previously identified families: aReinhart et al. samples grown in very low sulfate (Figure 3B, 0.2 or
(2002). bPark et al. (2002). cMette et al. (2002). dLlave et al. (2002b). 0.02 mM SO4

2�). Induction of miR395 by low external
sulfate concentrations is somewhat reminiscent of the

Table 2. Newly Identified miRNA Gene Families in Arabidopsis

miRNA family miRNA gene Chr. Arm miRNA Sequence

393 (PCR,N,R) MIR393a 2 5� UCCAAAGGGAUCGCAUUGAUC
MIR393b 3 5� UCCAAAGGGAUCGCAUUGAUC

394 (PCR,N,R) MIR394a 1 5� uUCUUUGGCAUUCUGUCCACC
MIR394b 1 5� uUCUUUGGCAUUCUGUCCACC

395 (PCR,N,R) MIR395a 1 3� cUGAAGUGUUUGGGGGAACUC
MIR395b 1 3� cUGAAGUGUUUGGGGGAACUC
MIR395c 1 3� cUGAAGUGUUUGGGGGAACUC
MIR395d 1 3� cUGAAGUGUUUGGGGGGACUC
MIR395e 1 3� cUGAAGUGUUUGGGGGGACUC
MIR395f 1 3� cUGAAGUGUUUGGGGGGACUC

396 (PCR,N,R) MIR396a 2 5� UUCCACAGCUUUCUUGAACUG
MIR396b 5 5� UUCCACAGCUUUCUUGAACUU

397 (PCR,R) MIR397a 4 5� UCAUUGAGUGCAGCGUUGAUG
MIR397b 4 5� UCAUUGAGUGCAUCGUUGAUG

398 (PCR,N,R) MIR398a 2 3� UGUGUUCUCAGGUCACCCCUU
MIR398b 5 3� UGUGUUCUCAGGUCACCCCUG
MIR398c 5 3� UGUGUUCUCAGGUCACCCCUG

399 (PCR) MIR399a 1 3� UGCCAAAGGAGAUUUGCCCUG
MIR399b 1 3� ccUGCCAAAGGAGAGUUGCCCUG
MIR399c 5 3� ccUGCCAAAGGAGAGUUGCCCUG
MIR399d 2 3� UGCCAAAGGAGAUUUGCCCCG
MIR399e 2 3� UGCCAAAGGAGAUUUGCCUCG
MIR399f 2 3� UGCCAAAGGAGAUUUGCCCGG

Newly identified miRNA families are listed with summary of experimental validation (PCR, PCR validation of miRNA; N, Northern blot of miRNA;
R, 5� RACE of target mRNA). The chromosome of each locus is indicated (Chr.), as is the arm of the predicted stem-loop that contains the
miRNA (arm). 5� ends of miRNAs were determined from PCR of small cDNAs, and lengths of miRNAs were inferred from mobility on Northern
blots. For miRNAs not detected on Northern blots (families 397 and 399), lengths of 21 nt were assumed. For miRNA families for which multiple
5� ends were detected by PCR, nucleotides present in some but not all clones are listed in lower case.
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Figure 3. Expression of Newly Identified
miRNAs

(A) Total RNA (30 �g) from seedlings (S), ro-
sette leaves (L), flowers (F), and roots (R) were
analyzed on a Northern blot, successively us-
ing radio-labeled DNA probes complemen-
tary to newly identified miRNAs. The lengths
of 5�-phosphorylated radio-labeled RNA size
markers (M) are indicated. As a loading con-
trol, the blot was probed for the U6 snRNA.
(B) miR395 is induced with low sulfate. Total
RNA (40 �g) from 2-week-old Columbia plants
grown on modified MS media containing the
indicated concentrations of SO4

2� were ana-
lyzed by Northern blot, probing for the indi-
cated miRNAs as in (A).
(C) APS1 mRNA decreases in low sulfate. To-
tal RNA (10 �g) from 2-week-old plants grown
on modified MS media containing the indi-
cated concentrations of SO4

2� were analyzed
by Northern hybridization using randomly
primed body-labeled DNA probes corre-
sponding to exon 1 of the APS1 mRNA. Nor-
malized ratios of APS1 mRNA to U6 splicoso-
mal RNA are indicated.

starvation-associated miR-234 increase that has been targets the 5�-RACE PCR yielded a distinct band of the
predicted size on an agarose gel, which was isolated,observed in nematodes (Lim et al., 2003b), although the

miR395 induction (greater than 100-fold) is much more cloned, and sequenced. In all 19 cases the most com-
mon 5� end of the mRNA fragment mapped to the nucle-striking than that of miR-234 (2-fold). We examined

whether APS1 expression changed in the conditions otide that pairs to the tenth nucleotide of one of the
miRNAs validated by PCR (Figure 4), indicating cleavagethat induced miR395, and found that its expression de-

creased when miR395 increased, as would be expected at sites precisely analogous to those seen for other
miRNA targets (Llave et al., 2002b; Aukerman and Sakai,if APS1 was a cleavage target of miR395 (Figure 3C).
2003; Kasschau et al., 2003; Palatnik et al., 2003; Xie et
al., 2003; Vazquez et al., 2004; Mallory et al., 2004), as

Experimental Verification of miRNA Targets well as for RNAs complementary to siRNAs and meta-
MicroRNAs, like small interfering RNAs (siRNAs, El- zoan miRNAs (Elbashir et al., 2001; Hutvagner and Za-
bashir et al., 2001), can direct the cleavage of their mRNA more, 2002; Yekta et al., 2004). These observations also
targets when these messages have extensive comple- corroborate the 5� ends of the miRNAs as mapped by
mentarity to the miRNAs (Hutvagner and Zamore, 2002; PCR (Table 2).
Llave et al., 2002b; Tang et al., 2003; Yekta et al., 2004).
This miRNA-directed cleavage can be detected by using
a modified form of 5�-RACE (rapid amplification of cDNA Identification of miRNA Paralogs

Our computational approach found 81 miRNA loci fromends) because the 3� product of the cleavage has two
diagnostic properties: (1) a 5� terminal phosphate, mak- 18 miRNA families (Table 1; Supplemental Table S2). We

searched for additional members of these families bying it a suitable substrate for ligation to an RNA adaptor
using T4 RNA ligase, and (2) a 5� terminus that maps searching the Arabidopsis genome for near matches

(0-3) to the miRNAs of these 81 loci (Figure 1A, step 9).precisely to the nucleotide that pairs with the tenth nu-
cleotide of the miRNA (Llave et al., 2002b; Kasschau et After manual inspection for potential hairpin-like sec-

ondary structures, this identified six additional loci inal., 2003). To examine whether any of the newly identified
miRNAs can direct cleavage of their predicted targets miRNA families that are conserved to Oryza. Together

with the five loci in miRNA families without apparentin vivo, we isolated RNA from vegetative and floral tis-
sues and performed the 5�-RACE procedure using prim- Oryza homologs, this brings to 92 the total number of

Arabidopsis loci that meet the criteria for designationers specific to the predicted targets. For 19 predicted



Molecular Cell
794

as miRNA genes (Ambros et al., 2003a) (Supplemental
Table S2). As is generally the case with computational
gene prediction, some of these might be pseudogenes.
Our miRNA-finding algorithm found 88% of these de
novo, and 93% of those with Oryza homologs. These
Arabidopsis genes correspond to 122 Oryza miRNA
genes, of which 111 (91%) were found de novo by our
algorithm (Figure 1A, step 9; Supplemental Table S3).

As has been previously observed for numerous animal
miRNAs (Lagos-Quintana et al., 2001; Lau et al., 2001),
we find that some plant miRNA genes are clustered in
the genome, most strikingly the genes of the 395 family.
In Arabidopsis, miRNAs of the 395 family are located in
two clusters, each containing three hairpins within 4 kb
(Figure S1A). In each cluster, two MIR395 hairpins are
on one strand while the third is on the opposite. Thus
each cluster could not be expressed as a single primary
transcript, but could be expressed as two transcripts
sharing common regulatory elements. The Oryza
MIR395 hairpins are also clustered, but with a different
arrangement than in Arabidopsis. The two largest Oryza
MIR395 clusters contain seven and six hairpins, respec-
tively, within 1 kb, with all hairpins encoded on the same
strand of DNA (Figure S1B). These clusters are likely
expressed as transcripts containing multiple miRNAs,
an idea supported by Oryza EST CA764701, which con-
tains four miR395 hairpins.

Prediction of Conserved miRNA Targets
Having refined our computational method to more sensi-
tively predict plant miRNA targets, we applied it to the
prediction of conserved mRNA targets of all known Ara-
bidopsis and Oryza miRNAs (Figure 5). Control experi-
ments with refset2 and 5 sets of permuted miRNAs sug-
gested that a score cutoff of �3.5 was appropriate to
identify conserved miRNA targets with high sensitivity
and selectivity. However, when searching for targets of
the entire set of miRNAs, this cutoff identified a number
of mRNAs for which miRNA-mediated cleavage prod-
ucts could not be found by 5�-RACE. Thus, a cutoff of �3
was chosen to minimize the number of non-authentic
targets. All previously validated miRNA targets are iden-
tified at this level of sensitivity, although several newly
validated targets have scores of 3.5 in one or both spe-
cies and are not retained using this cutoff. Thus, there
is still a threshold at which it is difficult to distinguish
authentic targets from potentially spurious complemen-
tarity without experimental verification. Nonetheless, a
score of �3.0 in our refined method identifies targets
with very high confidence (Figure 2).

Plant miRNAs Are Deeply Conserved
MicroRNAs conserved between the dicot Arabidopsis
thaliana and the monocot Oryza sativa are likely to be
found in most flowering plants. Homologs of miR-JAWFigure 4. Experimental Verification of Predicted miRNA Targets
and miR-JAW complemenary sites have been found inEach top strand (black) depicts a miRNA complementary site, and
ESTs from numerous angiosperms (Palatnik et al., 2003).each bottom strand depicts the miRNA (red). Watson-Crick pairing

(vertical dashes) and G:U wobble pairing (circles) are indicated. To look for evidence of other miRNAs in additional plant
Arrows indicate the 5� termini of mRNA fragments isolated from
plants, as identified by cloned 5�-RACE products, with the frequency
of clones shown. Only cloned sequences that matched the correct

validation (Table 2). For miR394, the 5� end of a less common variantgene and had 5� ends within a 100 nt window centered on the miRNA
complmentary site are counted. The miRNA sequence shown corre- (1 out of 4 PCR clones) is indicated in lower case and corresponds

to the most commonly cloned cleavage product.sponds to the most common miRNA suggested by miRNA PCR
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Figure 5. Converved Predicted miRNA Targets

All predicted miRNA targets with scores of 3.0 or less in both Arabadopsis and Oryza are listed. For each target gene the score of the best
scoring 20mer from any member of the miRNA family is given in parentheses. Predicted targets with scores greater than 3.0 in either
Arabadopsis or Oryza but that have been validated by 5�-RACE are also listed and marked with an asterisk. Genes in red were validated as
miRNA targets by 5�-RACE experiments in this work. Genes in blue are validated as miRNA targets by previous work. Additional information
on target genes can be found at www.arabadopsis.org. a, Vazquez et al., 2004; b, Kasschau et al., 2003; c, Palatnik et al., 2003; d, Xie et al.,
2003; e, Mallory et al., 2004; f, Tang et al., 2003; g, Emery et al., 2003; h, Vaucheret et al., 2004; i, Llave et al., 2002a; j, Aukerman and Sakai,
2003; k, Chen, 2003.

species, we searched for ESTs representing potential conserved between Arabidopsis and Oryza, potential
miRNA precursors were found in at least one additionalhomologs of Arabidopsis and Oryza miRNAs, defined

here as having 19/20 nt matches and a predicted fold- angiosperm species (Supplemental Table S4). For miRNAs
that are not conserved between Arabidopsis and Oryza,back that passes MIRcheck. This search identified 187

putative miRNA homologs in the ESTs (Supplemental no homologous miRNAs in additional species were iden-
tified, suggesting that the lack of conservation in OryzaTable S4). A large majority of these appear to be authen-

tic, in that the 10 miRNAs in refset2 each had on average is a consequence of recent emergence rather than loss
in the Oryza lineage. We also searched for matches to9.7 EST matches that passed MIRcheck, whereas the

set of 50 permuted miRNAs averaged only 0.04 matches experimentally confirmed miRNA complementary sites
in ESTs encoding proteins homologous to Arabidopsisthat passed MIRcheck. For all 18 miRNA families that are
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targets (blastx score �10�6). For all conserved miRNA have been identified. MicroRNA genes not found by our
analysis are likely to fall into several categories. One setfamilies with validated miRNA targets, conserved
will be those without apparent conservation to Oryza.miRNA complementary sites (19/20 nt matches) were
This describes four families of currently known Arabi-found in at least one additional angiosperm (Supplemen-
dopsis miRNAs (158, 161, 163, and 173). It is difficult total Table S5). On average, the miRNA complementary
estimate how many additional non-conserved miRNAsites from 17 representative Arabidopsis miRNA targets
families exist in either species, but the observation thatwere each conserved in 191 homologous ESTs, repre-
most of the cloned plant miRNAs have readily identifiedsenting 14 species. This is far more than would be ex-
Oryza homologs indicates either that there are no morepected by chance; when repeating the analysis using
than a handful of non-conserved miRNAs remaining to170 sites chosen at random from the same Arabidopsis
be identified or that non-conserved miRNAs are dispro-mRNAs, the average number of ESTs and species were
portionally poorly expressed in plants.2.6 and 0.5, respectively.

Another set of false negatives will be miRNA familiesMicroRNAs of the 166 family, as well as their binding
that are conserved between Arabidopsis and Oryza butsites in mRNAs of HD-ZIP proteins, predate the emer-
were missed by our analysis. Most steps in our analysisgence of seed plants (Floyd and Bowman, 2004). We
have the potential to lose authentic miRNA genes. Thefound nine miRNA families (156, 160, 166, 167, 393, 395,
parameters and cutoffs we used were chosen to be396, 397, and 398) that had complementary sites con-
slightly more relaxed than what was needed to retainserved in gymnosperms, while a miR171 complementary
most loci corresponding to the 11 previously knownsite was conserved in a SCL mRNA from a fern (Cera-
miRNAs families with Oryza homologs in refset1. Theytopteris richarii). In addition, a potential miRNA hairpin
found at least one member of each family and 92% (59/of the 159/JAW family was present in an EST from moss
64) of all loci in these families. A similar percentage of(Physomitrella patens). These data suggest that multiple
loci, 96%, were correctly identified for newly discoveredmiRNAs have deep origins in plant phylogeny.
miRNA families (22/23), suggesting that our parameters
are not over fitted. Relaxing the parameters of MIRcheckDiscussion
(Figure 1, steps 2 and 4) to allow up to two asymmetric
bulges, shorter hairpins (as short as 54 nt), and an addi-The Scope of miRNAs Conserved
tional mismatch did not identify any additional verifiablebetween Dicots and Monocots
miRNAs (data not shown). Nonetheless, the low numberA combination of computational prediction and experi-
of previously identified Arabidopsis miRNA gene fami-mental verification identified seven families of sequences
lies (15) precluded splitting the miRNAs into a trainingthat had not previously been identified as miRNAs. A set
set and test set, as was done in our metazoan analysisof 2088 small RNAs from Arabidopsis was recently reported
to evaluate the degree of overtraining and enable firm(Xie et al., 2004) (http://gac.bcc.orst.edu/smallRNA/). Se-
estimates of the number of genes remaining to be identi-quences corresponding to miR397a, miR398b, and
fied (Lim et al., 2003b). MicroRNA families with few mem-miR399b were contained in this dataset, each having
bers would be more prone to being missed. For example,

been cloned a single time, although none were anno-
MIR393 and MIR394 each have only one identified locus

tated as miRNAs. The cloning of miR397 and miR399,
in Oryza; either would have been missed if their Oryza

which were not detected by Northern blot, corroborates
locus had been among the fraction of authentic miRNA

their expression as determined by PCR. loci not identified as an inverted repeat or that did not
Families 393, 394, 395, and 396 are absent from the pass MIRcheck, whereas miRNAs that were members of

reported sets of cloned, sequenced small RNAs. These larger gene families that have multiple Oryza homologs
are each detectable by Northern analysis, and as with were identified even though some Oryza homologs were
families 397, 398, and 399 were detected by PCR in our missed. The observation that some miRNA primary tran-
library of small cDNAs used for cloning. Therefore they scripts are spliced (Aukerman and Sakai, 2003) raises
would have been found eventually by sequencing the possibility that some miRNA transcripts might have
enough small cDNAs. However, given that other miRNAs an intron within the hairpin precursor, which could pre-
have been cloned hundreds of times (Xie et al., 2004), vent their identification in our analysis of genomic DNA.
it seems that all seven newly identified miRNA families Furthermore, any unknown miRNA family that systemati-
are relatively rare in the tissues and growth conditions cally had a pattern of base pairing that failed MIRcheck
from which small RNAs have been cloned. They may would also have been lost, but there is no reason to
represent miRNAs that are needed at low levels, or suspect that this was a widespread problem.
whose expression is limited to rare cell types or particu- More significant uncertainty in plant miRNA gene
lar growth conditions. The expression of miR395 is number arises from the 94 families of candidate miRNAs
greatly increased by sulfate starvation; other miRNAs that had conserved miRNA-like hairpins but lacked ex-
with seemingly low expression may also be inducible tensive and conserved complementarity to mRNAs.
by metabolite levels or environmental stimuli. It is the Some of these candidates may be authentic miRNAs
identification of these difficult to clone but potentially with different modes of target recognition. For example,
important miRNAs that makes computational prediction any plant miRNA that recognizes all its target mRNAs
a useful complement to cloning of small RNAs. in a manner similar to that of most animal miRNAs, that

The sensitivity of our computational approach, which is, by recognizing its targets predominantly through
found all 11 conserved miRNA families previously identi- “seed matches” (Lewis et al., 2003), would have been
fied through cloning, suggests that most plant miRNAs missed. However, these 94 families of candidates gener-

ally differ from the validated miRNAs in that only sevenwith properties similar to previously cloned miRNAs
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of the 94 have potential orthologs recognizable within points. Other auxin-related miRNA targets include Auxin
Response Factors (miR160 and miR167) (Rhoades etthe EST database (data not shown), whereas all 18 vali-

dated families have such orthologs. Nonetheless, further al., 2002; Kasschau et al., 2003), which are thought to
regulate transcription in response to auxin (Ulmasov etanalysis will be required before a meaningful upper

bound on the number of plant miRNA genes can be al., 1999), and NAC1 (miR164) (Rhoades et al., 2002;
Mallory et al., 2004), which promotes auxin-induced lat-estimated. The 92 loci tabulated to date, when consid-

ered together with the assumption that a few others eral root growth downstream of TIR1 (Xie et al., 2000).
Finally, in addition to targeting F-box genes, miR393 alsomight remain undetected because they are refractory

to both cloning and computation, places a lower bound targets At3g23690, a basic helix-loop-helix transcription
factor with homology to GBOF-1 from tulip, which Gen-on the number of Arabidopsis miRNA genes at �100,

or �0.4% of the predicted Arabidopsis genes—a per- bank annotates as auxin inducible.
Other newly identified miRNA targets have less obvi-centage somewhat lower than that of animals. The plant

miRNAs are generally in larger, more highly related fami- ous connections to the control of developmental pat-
terning (Figure 5). miR397 targets putative laccases,lies, further reducing the relative complexity of known

miRNA sequences when compared to those of animals. members of a family of enzymes with numerous de-
scribed roles in fungal biology but without well-definedOf course, when considering the vast number of distinct

�22 nt RNAs that have been cloned from plants, which roles in plant biology (Mayer and Staples, 2002). miR399
targets two copper superoxide dismutases, CSD1 andmight be endogenous siRNAs but are not miRNAs, the

diversity of small silencing RNAs in plants could exceed CSD2, enzymes that protect the cell against radicals
and whose expression patterns respond to oxidativethat in animals.
stress (Kliebenstein et al., 1998).

The most definitive example of a plant miRNA op-The Targets of Newly Identified miRNAs
erating outside the gene regulatory circuitry controllingThe detection of the RNA fragments diagnostic of
development is miR395. miR395 targets the ATP sulfu-miRNA-directed cleavage confirms in planta these 19
rylases, APS1, APS3, and APS4, enzymes that catalyzenewly identified miRNA-target interactions. However,
the first step of inorganic sulfate assimilation (Leustek,these 5�-RACE results do not rule out the possibility
2002). The observations that the expression of miR395that the predominant mode of silencing is translational
depends on sulfate concentration and that APS1 ex-inhibition. 5�-RACE experiments demonstrate that
pression declines with increasing miR395 corroboratemiR172 directs the cleavage of some APETALA2 mRNA
the idea that this miRNA regulates sulfate metabolismmolecules, even though the predominate mode of re-
(Figure 3).pression appears to be translational inhibition (Auker-

Our systematic analysis, which probably has identi-man and Sakai, 2003; Kasschau et al., 2003; Chen, 2004).
fied most plant miRNAs with conserved and extensiveNonetheless, for all the other plant miRNA targets exam-
complementarity to plant messages, including thoseined, inhibition of the miRNA pathway leads to increased
that are expressed at very low levels during lab growthaccumulation of target mRNA (Kasschau et al., 2003;
conditions, allows us to revisit the question of what thisVaucheret et al., 2004; Vazquez et al., 2004), suggesting
class of tiny regulatory RNAs is generally doing in plants.that mRNA cleavage typically plays a significant regula-
As before (Rhoades et al., 2002), we find an overwhelm-tory role, although in these cases augmentation by
ing propensity for targeting messages of known or sus-translational repression cannot be ruled out. The same
pected plant transcription factors (63 of 83, or 76% ofis likely to be true for our newly identified targets.
genes in Figure 5) and similar propensity for targetingSome of the newly identified targets resemble those
messages of genes with known or suspected roles inof previous predictions with regard to their proven or
plant development (70 of 83, or 84% of genes in Figureinferred roles in regulating developmental processes
5). A strong propensity to target developmental regula-(Figure 5). miR396 targets seven Growth Regulating Fac-
tors differs from what has been seen in mammals (Lewistor genes, which are putative transcription factors that
et al., 2003). Nonetheless, the conserved targets of plantregulate cell expansion in leaf and cotyledon (Kim et al.,
miRNAs extend beyond the regulatory circuitry of devel-2003). miR393 and miR394 both target the messages of
opment. The discovery that miRNAs regulate genesF-box proteins, which in turn target specific proteins for
such as ATP sulfurylases, laccases, and superoxide dis-proteolysis by making them substrates for ubiquitination
mutases shows that miRNAs also have an ancient roleby SCF E3 ubiquitin ligases (Vierstra, 2003). At2g27340,
in regulating other aspects of plant biology.targeted by miR394, is in the same subfamily of F-box

genes as UNUSUAL FLORAL ORGANS (UFO) (Gagne
et al., 2002), which is involved in floral initiation and Experimental Procedures
development (Wilkinson and Haughn, 1995; Samach et

See Supplemental Material at http://www.molecule.org/cgi/content/al., 1999). miR393 targets four closely related F-box
full/14/6/787/DC1 for details of the computational miRNA predictiongenes, including TRANSPORT INHIBITOR RESPONSE1
method and sequences of primers used.

(TIR1), which targets AUX/IAA proteins for proteolysis in
an auxin-dependent manner and is necessary for auxin-

PCR Validation of miRNAsinduced growth processes (Ruegger et al., 1998; Gray
We used a PCR based assay to detect expression and map the 5�et al., 2001). These five F-box genes constitute a newly
ends of predicted miRNAs (Lim et al., 2003b). miRNAs were PCR

identified biochemical class of miRNA targets. amplified out of a library of small cDNAs from leaf, flower, and
The identification of TIR1 as a miRNA target implies seedling flanked by 5� and 3� adaptor oligos (Reinhart et al., 2002).

Each PCR reaction used one common primer corresponding the 5�that miRNAs regulate auxin responsiveness at multiple
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adaptor oligo and one specific primer antisense to the 3� portion of dopsis shoots by class III HD-ZIP and KANADI genes. Curr. Biol.
13, 1768–1774.the predicted miRNA.
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