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Summary

MicroRNAs (miRNAs) negatively control gene expression by cleaving or inhibiting the translation of mRNA of

target genes, and as such, they play an important role in plant development. Of the 79 plant miRNA families

discovered to date, most are from the fully sequenced plant genomes of Arabidopsis, Populus and rice. Here,

we identified miRNAs from leaves, roots, stems and flowers at different developmental stages of the basal

eudicot species Eschscholzia californica (California poppy) using cloning and capillary sequencing, as well as

ultrahigh-throughput pyrosequencing using the recently introduced 454 sequencing method. In total, we

identified a minimum of 173 unique miRNA sequences belonging to 28 miRNA families and seven trans-acting

small interfering RNAs (ta-siRNAs) conserved in eudicot and monocot species. miR529 and miR537, which

have not yet been reported in eudicot species, were detected in California poppy; loci encoding these miRNAs

were also found in Arabidopsis and Populus. miR535, which occurs in the moss Physcomitrella patens, was

also detected in California poppy, but not in other angiosperms. Several potential miRNA targets were found in

cDNA sequences of California poppy. Predicted target genes include transcription factors but also genes

implicated in various metabolic processes and in stress defense. Comparative analysis of miRNAs from plants

of phylogenetically-critical basal lineages aid the study of the evolutionary gains and losses of miRNAs in

plants as well as their conservation, and lead to discoveries about the miRNAs of even well-studied model

organisms.
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Introduction

MicroRNAs (miRNAs) are small non-coding (20–25 nucleo-

tides) RNAs that play a key role in negative control of gene

expression, by inhibiting the translation of target genes

(Palatnik et al., 2003; Tang et al., 2003) or by cleaving their

target mRNAs (Aukerman and Sakai, 2003; Reinhart et al.,

2002). As such, miRNAs play an important role in plant

development and other physiological processes (for re-

views, see Carrington and Ambros, 2003; Jones-Rhoades

et al., 2006). For example, in plants the overexpression of

different miRNAs results in different developmental defects,

such as enlarged boundary size in Arabidopsis meristems

(Laufs et al., 2004), early flowering time and lack of specifi-

cation of floral organ identity (Aukerman and Sakai, 2003),

uneven leaf shape and curvature (Palatnik et al., 2003), male

sterility (Achard et al., 2004), flower organ fusion (Laufs

et al., 2004), seedling arrest and female sterility (Williams

et al., 2005), and phosphate accumulation (Aung et al., 2006;

Bari et al., 2006; Chiou et al., 2006; Fujii et al., 2005). miRNAs

are transcribed as long precursor transcripts, ranging from

70 to 300 nucleotides (nt), that have the capacity to form a

fold-back structure. Precursors are processed by the DCL1

endonuclease that generates an miRNA:miRNA* duplex,

and then by a helicase that releases mature miRNAs (for a

review see Bartel, 2004).
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Numerous studies contributed to the identification of

miRNAs in Arabidopsis and rice (Adai et al., 2005; Bonnet

et al., 2004; Floyd and Bowman, 2004; Jones-Rhoades and

Bartel, 2004; Li and Zhang, 2005; Li et al., 2005; Llave et al.,

2002; Mette et al., 2002; Palatnik et al., 2003; Park et al., 2002;

Reinhart et al., 2002; Sunkar et al., 2005; Wang et al., 2004).

miRNAs have also been identified in other plant species,

such as the diverse eudicot species Nicotiana tabacum

(Billoud et al., 2005), Populus trichocarpa (Lu et al., 2005a,b;

Tuskan et al., 2006), Medicago truncatula, Glycine max, the

grasses Saccharum officinarum and Zea mays (Dezulian

et al., 2005), Sorghum bicolor (Bedell et al., 2005) and the

moss Physcomitrella patens (Arazi et al., 2005). About 71

plant miRNA families have been identified so far, using

criteria that include expression, evolutionary conservation,

secondary structure and genetic requirements for biogen-

esis (MIRBASE, release 8; Griffiths-Jones et al., 2006), with

half of them from the fully sequenced genomes of Arabid-

opsis, Populus and rice. Although no miRNAs conserved

between animals and plants have been reported so far,

miRNAs can be well conserved among distantly related

plant species. Indeed, several miRNAs are conserved among

angiosperm and gymnosperms species, and some, such as

miR165/166, are conserved even among angiosperms, ferns,

lycopods and mosses (Arazi et al., 2005; Axtell and Bartel,

2005; Floyd and Bowman, 2004), indicating that the miRNA-

mediated gene regulation process is very ancient, and

almost certainly existed in the common ancestor of all land

plants.

Most miRNAs in plants have been identified by simi-

larity with Arabidopsis and rice homologs. However, not

all miRNA genes are conserved among species from

different lineages, and some of them seem to be species

or clade specific (Axtell and Bartel, 2005). It has been

demonstrated that miR158, miR161, miR163, miR173 and

miR403 exist in Arabidopsis, but no homolog has been

found in rice (Jones-Rhoades and Bartel, 2004; Sunkar

and Zhu, 2004). Several miRNA families have been

demonstrated to be specific to Populus (Lu et al., 2005a).

Furthermore, most miRNAs that have been documented

so far are from one family of monocots (grasses) and a

few core eudicots from the rosid lineage (Arabidopsis and

Populus). To compare the diversity of miRNAs in angio-

sperm species and analyze their evolution, miRNA samp-

ling across a wide range of different angiosperm lineages

is needed.

Unlike animals, the targets of plant miRNAs tend to have a

high degree of complementarity with their target miRNA

(Jones-Rhoades and Bartel, 2004). This has made the search

for plant miRNA target genes a straightforward process.

Targets predicted by computational analysis can often be

confirmed using different experimental methods, such as

5¢ rapid amplification of cDNA ends (5¢ RACE) (Jones-

Rhoades and Bartel, 2004; Llave et al., 2002), northern

hybridization or transformation approaches (Kasschau

et al., 2003; Llave et al., 2002). Previous studies (Jones-

Rhoades et al., 2006) have shown that plant miRNAs

frequently target mRNAs encoding transcription factors

involved in different developmental processes, as well as

several non-transcription factor genes.

Here we report the identification of miRNAs from the

basal eudicot and emerging model species, Eschscholzia

californica (California poppy) (Becker et al., 2005; Carlson

et al., 2006). California poppy belongs to the order

Ranunculales, which holds a key position in the angio-

sperm phylogeny as the sister lineage to the rest of the

eudicots (Leebens-Mack et al., 2005). As a result, this

plant species is a good choice for comparing the diversity

of miRNAs between the core eudicots and monocots, and

for helping to interpret the differences among various

eudicot species. Furthermore, many resources such as

5713 cDNA unigenes (Albert et al., 2005; Carlson et al.,

2006), and 32 000 cDNA contigs derived from pyrosequ-

encing (K. Wall, A. Barakat, J. Leebens-Mack, H. Ma,

E.J. Carlson, S. Schuster and C. dePamphilis, unpublished

data), were available, making the search for target genes

feasible. We used a standard small RNA cloning approach

(Lau et al., 2001) and capillary sequencing, as well as

high-throughput pyrosequencing (Margulies et al., 2005),

to isolate miRNAs. This study enabled us to identify 173

conserved unique miRNA sequences, belonging to 28

families, and seven trans-acting siRNA (ta-siRNAs), to

compare their distribution in land plants, and to predict

their targets.

Results

Cloning of miRNAs from different tissues of

California poppy plants

A total of 377 concatemerized clones from the small RNA

library from poppy flower buds were sequenced using

capillary sequencing. Splitting small RNA (sRNA) conca-

tamers, using adapter sequences that were used for their

cloning, enabled the identification of 754 cloned seq-

uences. Sequence sorting based on size showed that 433

sRNAs were greater than 17 nt in length. BLAST against

sequences from snoRNA, rRNA and tRNA databases

allowed us to remove contaminant rRNA, snoRNA and

tRNA sequences. By querying the MIRBASE with the filtered

sRNA sequences using PATSCAN (Dsouza et al., 1997), and

accepting no more than two substitutions, we identified 19

miRNA sequences (Table S1) belonging to seven previ-

ously identified families (miR159, miR167, miR171,

miR172, miR319, miR396 and miR398). The isolation fre-

quency of the identified miRNAs varied between one and

six, and the most represented are miR167 and miR172

(four and six sequences, respectively).
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454 sequences analysis

Pyrosequencing of a half plate of sRNA concatamers from

different tissues of California poppy plants generated

166 835 reads. The isolation of each single sRNA sequence

by splitting sRNA concatamers enabled the identification of

nearly 300 000 cloned sequences. A total of 119 046 reads

that were either shorter than 17 nt or longer than 30 nt,

which correspond to concatamers that could not be separ-

ated or to likely RNA degradation products, were discarded.

We also discarded sequences corresponding to other con-

taminant RNAs by BLASTn (Altschul et al., 1990) against

snoRNA, rRNA and tRNA databases. A total of 42 793 sRNAs

with sizes between 17 and 30 nt remained for further con-

sideration in the study. The size distribution of sRNA ranging

between 17 and 30 nt (Figure 1) shows that 21-nt sRNA is the

most abundant. A PATSCAN (Dsouza et al., 1997) search of

known miRNAs on sRNA sequences of 17–30 nt in length

enabled the identification of 7450 sequence reads that were

identical or highly similar (two nucleotide mismatches or

less) to known plant miRNAs. After removing redundant and

incomplete sequences, we isolated 173 unique sequences

belonging to 28 known families, and seven ta-siRNAs

(Table S1) homologous with ta-siR2141 and ta-siR2142

(Allen et al., 2005). Based on the annotation criteria of

Ambros et al. (2003), all miRNAs identified with this process

fulfill the expression and the phylogenetic conservation

criteria (see below), and should therefore be considered as

miRNAs.

An additional 6974 sequence reads ranging between 20

and 24 nt were isolated at least twice – these reads repre-

sented 1780 unique sequences. These sequences could

correspond either to siRNAs or miRNAs. To determine

whether these sequences correspond to miRNAs, we

searched cDNA unigenes and 454 pyrosequencing data

from California poppy for probable primary transcripts

corresponding to these sequences. However, we failed to

identify any primary transcripts with a significant free

energy value (< –30). This does not necessarily mean that

many of these novel, relatively abundant small RNA species

are not miRNAs – miRNA precursors are frequently under-

represented in cDNA libraries, probably as a result of rapid

processing in the nucleus. We also searched for their

homologs in the genome sequences of Arabidopsis, Popu-

lus and rice using PATSCAN (0.0.0). Several hits for these

miRNA sequences were found, but none passed the

MIRCHECK filter.

Identification of California poppy miRNA and their families

Comparison of identified miRNA families showed that the

number of unique sequences (miRNA variants) varies widely

between miRNA families (Table S1, Table 1). Some of these

variants may be distinct family members, but because an

miRNA variant could be encoded by multiple paralogous

loci in the genome, allelic variation or errors in the primary

sequence data, we will be referring to these unique

sequences simply as ‘variants’ rather than family members.

miR172 and miR535, for example, are represented by 27 and

1 variant, respectively. All the miRNA families, except

miR162, miR395 and miR535, are represented by more than

two variants. Three families (miR166, miR171 and miR172)
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Figure 1. Length distribution of Eschscholzia californica (California poppy)

small RNA (sRNA) in pyrosequencing data.

Table 1 Number of members per microRNA (miRNA) family iden-
tified in Arabidopsis, rice, Populus and the number of miRNA
variants detected in Eschscholzia californica (California poppy)

Family Arabidopsis Rice Populus Poppy

miR156 7 12 11
miR157 4 0 0 5
miR159 2 6 6 10
miR160 3 6 8 5
miR162 2 2 3 1
miR164 3 6 6 2
miR165 2 0 0 5
miR166 7 14 17 25
miR167 4 10 8 9
miR168 2 2 2 4
miR169 15 8 32 6
miR171 1 9 10 23
miR172 6 4 9 27
miR319 3 2 9 6
miR390 2 1 4 3
miR393 2 2 4 2
miR394 2 1 2 5
miR395 6 19 10 1
miR396 2 5 7 10
miR397 2 2 3 7
miR398 3 2 3 8
miR399 6 11 12 2
miR408 1 1 1 2
miR529 1 1 1 2
miR535 0 1 0 1
miR537 1 1 1 1
miR845 2 0 0 1
miR1220 0 0 0 1
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are represented by more than 20 variants. miR159, miR170

and miR396 are represented by 10–20 variants. Most of the

other families (73%) are represented by between two and 10

variants. We found that 24 miRNA families have homologs

in both eudicot and the monocot species (Fig. 2). Members

of five miRNA families (miR156/157, miR160, miR319 and

miR390) were found in monocots, eudicots and bryophytes.

Two new miRNAs (named Eca-miR1 and Eca-miR2) were

identified; they are conserved in Arabidopsis, but not in

Populus and rice.

Three of the miRNAs identified in this study (miR529,

miR535 and miR537) present a striking phylogenetic

distribution (Fig. 2). miR529 and miR537 were found in

California poppy and either Physcomitrella or rice, but no

homolog has been reported in core eudicots, which

include Arabidopsis and Populus. A search of these

miRNAs in Arabidopsis and Populus genomic sequences

using PATSCAN, and tolerating two substitutions, did not

reveal any similar sequences. By lowering the stringency

to three substitutions, we found several potential seq-

uences similar to miR529 and miR537 both in Arabidopsis

and in Populus. Significant hits were also found for

miR537 in rice, where it has not been found so far. Folding

their surrounding genomic sequences (Figure 3) using

MFOLD (Zuker, 2003), and analyzing the folded sequences

for miRNA features using the MIRCHECK program (Jones-

Rhoades and Bartel, 2004) confirmed that these sequen-

ces correspond to true miRNAs. miR535 was found in

California poppy, rice and Physcomitrella, but not in

Arabidopsis and Populus. A search of these miRNAs under

the same criteria described above revealed the existence of

several potential homologs in Populus and Arabidopsis.

However, none of the surrounding genomic sequences for

these hits passed the MIRCHECK filter.

California poppy miRNA expression analyses

In order to estimate the relative abundance of the identified

miRNA families in California poppy, we examined the rela-

tive frequencies of isolation during library sequencing

(Figure 4). Analyses of miRNA expression based on the

number of sequences detected in the 454 data showed that

expression varies widely between families. Overall, the

isolation frequencies ranged from 1 (miR395) to 972
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Figure 2. microRNA (miRNA) distribution in plant species. miRNA data are a compilation from MIRBASE, Zhang et al. (2005, 2006), Axtell and Bartel (2005),

M. J. Axtell and D. P. Bartel (personal communication), and this study. Gymnosperm miRNAs are from different Pinus species: Pinus taeda, P. resinosa and P.
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(miR166). Some miRNA families (miR160, miR166, miR167,

miR171, miR172, miR396 and miR398) are highly expressed,

and are represented by more than 100 sequences each.

miR156/157, miR159, miR162, miR164, miR165, miR168,

miR169, miR319, miR390, miR394, miR395, miR397, miR399,

miR408 and miR535 are moderately expressed, and are

represented by a number of sequences varying between 10

and 100. The third category, which is lowly expressed (<10

sequences), is represented by miR393 and miR529. The

expression also varies widely between variants from the

same miRNA family, although there is a general pattern that

smaller, less conserved families also tend to be less highly

expressed. For example, variants from the phylogenetically

ancient miR166 family are represented by a number of

sequences varying between two and 725, with five variants

being detected 10 or more times.

To confirm the expression of the miRNAs cloned, and

assess their potential for playing a role in regulating the

735Rim-htA925Rim-rtP925Rim-htA 735Rim-rtP

Figure 3. Predicted secondary structure of

miR529 and miR537 from Arabidopsis and Pop-

ulus.
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expression of floral genes, we analyzed the expression of

a sample of 25 miRNA sequences (14% of all unique

miRNA sequences identified) belonging to 18 families

(66% of the families identified) using northern hybridiza-

tion in flower buds and leaves of California poppy.

Expression analysis (Figure 5) showed that 18 (72%) of

the 25 miRNAs analyzed present detectable hybridization

signal in leaves, flower buds or in both. miRNA families

that are represented by a large number of sequences in

the 454 library also showed a high level of expression in

northern experiments. Most miRNAs analyzed are exp-

ressed in leaves and flower buds. However, some miR-

NAs such as miR169, miR171 and miR408 did not show a

detectable hybridization signal in leaves. Some miRNAs,

such as miR390 and miR397, are highly expressed in

leaves, whereas others (miR160 miR164, miR168, miR393,

miR394, miR395, miR396 and miR408) are highly

expressed in flower buds, indicating that these miRNAs

could function as regulators of floral genes. For seven of

the 25 sequences analyzed, we did not detect any

expression in both leaves and flower buds. Previous

studies (Adai et al., 2005; Jones-Rhoades and Bartel, 2004;

Lu et al., 2005a; Sunkar and Zhu, 2004) showed that some

cloned or predicted miRNAs that are expressed at a low

level could not be detected by northern hybridization, and

need to be studied by RT-PCR.

Target prediction

The miRNA sequences were searched against California

poppy unigenes and 454 contigs to identify putative tar-

gets. Out of the 173 miRNAs analyzed, 59 (34%) and 89

(52%) have at least one potential target in California poppy

and Arabidopsis, respectively. 14 of the 59 target

sequences found in California poppy could be annotated

using the Arabidopsis proteome (Blastx, < e)5); this set

encodes six genes (Table 2). The number of potential tar-

gets in Arabidopsis range from between one to six targets

per miRNA family (Table 2). Predicted targets in Arabid-

opsis include genes from different transcription factor
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BL BL Figure 5. Expression analyses of microRNAs

(miRNAs) using Northern blot. Numbers

between brackets indicate the number of

sequences identified in the 454 library for each

miRNA family analyzed. L and B: leaves and

buds, respectively.
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families such as MYB, SQUAMOSA, NAC, AP2, zinc finger,

homeobox and B3), as well as numerous non-transcription

factor encoding genes involved in different metabolic

processes and stress defense functions (Table 2). Among

the targets identified in California poppy, five have not

been reported so far. These potential target genes are

encoding proteins involved in signaling (phosphatidy-

linositol 3- and 4-kinase), phosphate transport (phosphate

transporter), glucose synthesis (aconitate hydratase),

solute transports (pyrophosphate-energized vacuolar

membrane proton pump) and protein biosynthesis (elon-

gation factor Tu). In contrast to rice, where no target has

been identified, we identified five genes targeted by

miR529 in poppy. miR172, which has been demonstrated

to control the expression of only Apetala-like genes (AP2),

may target in California poppy three other putative genes

(phosphatidylinositol 3- and 4-kinase, phosphate trans-

porter and Aconitate hydratase) (Figure 6).

Table 2 Putative target genes of conserved
microRNAs (miRNAs) identified in Arabid-
opsis and Eschscholzia californica (Califor-
nia poppy) miRNA family Target gene in Arabidopsis

Target gene
in California
poppy

miR156/miR157 Squamosa promoter-binding protein-like X
miR159 Myb family transcription factor
miR160 Transcription factor B3 family protein X
miR164 Transcription activator NAC1 (NAC1)

Glycosyltransferase family protein 1
miR165 Homeobox-leucine zipper transcription factor

Inositol monophosphatase family protein
miR166 Homeobox-leucine zipper transcription factor
miR167 Auxin-responsive factor (ARF8)
miR168 Argonaute protein (AGO1 YA) family protein X
miR169 CCAAT-binding transcription factor (CBF-B/NF-YA)

family protein
miR171 Scarecrow transcription factor

Sodium-inducible calcium-binding protein (ACP1)
miR172 bZIP transcription factor family protein

Glycosyl transferase family 48 protein
Expressed protein; expression supported by MPSS
Floral homeotic protein APETALA2 (AP2)
F-box family protein (FKF1) X
Meprin and TRAF homology domain-containing protein

miR319 Myb family transcription factor
miR393 F-box family protein (E3 ubiquitin ligase) X
miR394 F-box family protein X
miR396 Cysteine proteinase

Nitrilase 1 (NIT1)
Endomembrane protein 70
Root hair initiation protein root hairless 1 (RHL1)
Disease resistance protein (TIR-NBS-LRR class)
Ribosomal protein L13 family protein

miR397 Laccase
miR399 Ubiquitin-conjugating enzyme family protein
miR408 Expressed protein

Peptide chain release factor
Plastocyanin-like domain-containing protein
Laccase

miR529 Zinc finger (C3HC4-type RING finger) family protein
Cullin
Expressed protein
PWWP domain-containing protein
U-box domain-containing protein

ta-siR2141 Transcription factor B3 family protein/auxin-responsive
factor

ta-siR2142 Transcription factor B3 family protein/auxin-responsive
factor

For miR535, the target was predicted from rice.
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Discussion

Comparison of the 454 sequencing and the ABI sequencing

The sequencing of 377 clones using the ABI machine

allowed the identification of 22 known miRNAs belonging

to eight families. With the 454 sequencing, we found

7800 conserved miRNAs corresponding to 173 unique

sequences belonging to 28 miRNA families. We also

identified seven sequences from two ta-siRNA families. All

the families identified using di-deoxy sequencing were

also found in the pyrosequencing-derived reads. The 28

miRNA families identified by pyrosequencing correspond

to 60% of the miRNA families identified so far in Arabi-

dopsis, and 84% of the miRNA families conserved between

rice and Arabidopsis (Jones-Rhoades et al., 2006). Two of

the miRNA families have not been reported so far in Ara-

bidopsis and Populus. Orthologs of 19 Arabidopsis miRNA

families were not isolated from California poppy. They

could correspond to lowly expressed miRNAs in the

tissues and developmental stages analyzed in this study,

miRNAs expressed in developmental stages or physiolo-

gical conditions not represented in our libraries, or

miRNAs that are not conserved between Arabidopsis and

poppy. We also identified a large number of other small

RNAs that cannot currently be classified as miRNAs, siRNAs

or as degradation products of other RNAs. By sequencing

a half 454 plate, we also identified a large number of

variants from the same families. Some of these may have

resulted from sequencing errors generated by the 454

sequencing (Margulies et al., 2005; Moore et al., 2006), but

many (99%) of the variants were captured repeatedly, and

only rarely did they contain mononucleotide runs that are

the expected source of most 454 sequencing errors

(Margulies et al., 2005; Moore et al., 2006). For example,

the number of variants per family varies between one and

29, with most families having more than 10 variants. The

miRNAs identified are represented by a number of se-

quences varying between one and nearly 1000 sequences

in a family. Northern hybridization experiments showed

that miRNAs with a high and low number of 454 se-

quences present high and low hybridization signals,

respectively. These observations all suggest that the 454

sequencing is an efficient tool for isolating miRNAs,

studying their diversity and analyzing their expression.

Distribution of California poppy miRNAs in land plants

Previous studies identified and confirmed experimentally

the presence of 62 miRNA families in Arabidopsis

(MIRBASE, release 9). In this work we identified 28 families

conserved in monocot, eudicot or moss species, or at

least in two of them. All miRNA families identified, except

miR535, miR395 and miR162, are represented by a num-

ber of variants ranging between two and 29. Three fam-

ilies (miR166, miR171 and miR172) are represented by

more than 20 variants. Assuming each variant is encoded

by one locus, the number of miRNAs per family in

California poppy, which has a genome size of about

500 Mb (Cui et al., 2006), is similar to the ones identified

in Arabidopsis, rice, Populus and maize (Jones-Rhoades

et al., 2006; Zhang et al., 2005, 2006), which have genome

sizes of 125 (The Arabidopsis Genome Initiative, 2000),

389 (The International Rice Genome Sequencing Project,

2005) and 410 � 10 Mb (Tuskan et al., 2006), respectively.

This indicates that the expansion or the contraction of the

genome of the plants compared did not affect the number

of miRNA genes per family. For some miRNAs such as

miR399, miR395, miR169 and miR164, we identified one

or a few variants compared with Arabidopsis, rice and

California poppy. The sRNA library sequenced in this

project was prepared from multiple tissues of California

poppy plants. Thus, we cannot exclude the possibility of

less representation in the sRNA library of tissues, or

physiological conditions in which these miRNAs are

expressed.

The large number of members per miRNA family raises

the question of the biological role of these miRNAs. One

hypothesis that could explain why plants retain larger

miRNA gene families, is that miRNAs families expanded in

parallel with the expansion of the gene families they were

targeting, allowing plants to control the expression of newly

duplicated genes, and thus adapting them to different

environments and different physiological conditions. A

second hypothesis is that sequences of members from the

same family have diverged slightly, and now target diverged

members from the same family or different genes with

common protein domains.

miR172: Aconitate hydrase

miR172

Contig29870

Contig28818

Eca_5_340412

miR172

miR172

’5 CACGUUGUAGUAGUUCUAAGA ’3

|||||||||||||||||||
’3 GUUCAACAUCAUCAAGAUCCA ’5

miR172: Phosphatidylinositol 3- and 4-kinase family protein

’5 CUGUCGUAGUAGUUCUAAGA ’3

|||||| o |||||||||||
’3 GAGAUCAUCAUCAGGAUUCU ’5

miR172: Phosphate transporter

’5 CACGUCGUAGUAGUUCUAAGA ’3

||||||||||||||| o |||
’3 GUGUAGAAUCAUCAAGCUUCU ’5

Figure 6. Eca-miR172 complementary sequences in three Eschscholzia cali-

fornica (California poppy) putative target genes.
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Some California poppy miRNA families may not

exist in core eudicot species

Most (88%) of California poppy identified miRNA families are

present in at least one of the core eudicot and monocot spe-

cies, suggesting their existence in the ancestor of these two

large angiosperm clades. Other miRNA families, such as

miR529, miR535 and miR537, and miR319, miR390, miR160

and miR156/157, are conserved in monocots, core eudicots

and basal eudicots, as well as moss, indicating that pathways

of gene regulation involving these miRNAs are very ancient

and evolved some time ago in the ancestor of land plants.

Comparative analysis of miRNA distributions led to the

discovery of additional conserved miRNAs in Arabidopsis

and Populus, and suggests that otherwise conserved

miRNAs may sometimes be lost within some angiosperm

lineages, whereas other miRNAs may have evolved recently

in relatively narrow lineages. miR529 and miR537 were

found in California poppy and either rice or Physcomitrella.

However, no ortholog has been reported in Populus or

Arabidopsis. By lowering the stringency to three substitu-

tions, we found miR529 and miR537 in Arabidopsis and

Populus. Moreover, miR537 was also found in rice (this

study), and miR529 was found in Physcomitrella (M. J. Axtell

and D. P. Bartel, pers. comm.). These miRNAs have not yet

been reported in Arabidopsis, Populus or rice, possibly

because they are lowly expressed and need deeper sequen-

cing to be discovered. For instance, expression analyses of

miR537 in California poppy buds and leaves showed that

they are lowly expressed. The previous failure to find

miR529 and miR537 in Arabidopsis and Populus is explain-

able, because these sequences have diverged from their

orthologs beyond the divergence limit (two substitutions) of

most miRNA orthologs (Jones-Rhoades and Bartel, 2004)

used for interspecies comparison. From a functional point of

view, the sequence divergence of miR529 and miR537 in

Arabidopsis and Populus could reflect the beginning of a

loss process, or it could translate into functional divergence

and the evolution of new targets. Target analyses showed

that miR529 target different genes in California poppy,

however no target was found in rice (Liu et al., 2005) and

in Arabidopsis (this study). Thus, we could not determine

whether the divergence of miR529 in Arabidopsis might be

associated with functional divergence. For miR535, no target

has been found in California poppy or Arabidopsis, indica-

ting that this miRNA is either not functional, or that it targets

a lowly expressed gene that is not represented in Arabidop-

sis, Populus and California poppy cDNA libraries. Similarly,

miR535 was found in California poppy, rice and Physcomit-

rella, but had not previously been found in Arabidopsis or

Populus, both species in which the genomes are completely

sequenced. A search of these miRNAs in Arabidopsis,

Populus and rice, even with three substitutions, did not

reveal the existence of this miRNA in these plant species.

Previous studies (Jones-Rhoades and Bartel, 2004; Lu et al.,

2005a) have demonstrated the existence of miRNAs specific

to Populus and Arabidopsis, but no miRNAs have been

reported to be conserved between moss and only one

angiosperm species. It is possible that miR537 has been lost

repeatedly in different species; in this case, we should find it

at least in some angiosperm species. Alternatively, miR537

may have evolved independently in different lineages.

Neither hypothesis can explain why this miRNA family has

been lost in core eudicots, or why it has evolved independ-

ently in moss and in a basal eudicot (California poppy). The

target search of miR537 in California poppy did not reveal

any target genes that might have given insight into its

function and striking distribution.

Comparative analysis of miRNA distributions identified

two other miRNA families with complex histories in flower-

ing plants. miR845 was detected in both Arabidopsis and

California poppy, but not Populus or rice. This is consistent

with its gain early in eudicot history, followed by its loss in at

least the lineage that contains Populus, or with independent

gains involving ancestors of California poppy and Arabido-

psis. Finally, the presence of miRNA1220 in Physcomitrella

and California poppy, but not in the sequenced angio-

sperms, is consistent either with independent gains in these

distantly related species, or with miR1220 as an ancient

miRNA in plants that has been lost on multiple occasions

within the angiosperms. Diagnosis of these alternative

possibilities awaits deep sequencing of miRNA comple-

ments in additional species.

miRNA expression indicates that most identified California

poppy miRNAs are expressed in flowers

Analyses of miRNA expression, based on the number of

corresponding sequence reads in the 454 sequences,

showed that the expression varied widely between families,

ranging from 1 (miR395) to 972 (miR166) tags. Based on their

expression, miRNAs could be divided into three categories:

highly expressed, moderately expressed and lowly exp-

ressed. Similar to earlier results with Massively Parallel

Signature Sequencing (Lu et al., 2005a), expression analy-

ses using northern hybridization showed that the number of

sequences obtained by 454 sequencing could reflect the

actual level of expression of the miRNAs studied. Indeed,

miRNAs represented by a high and low number of 454

sequences showed a high and low hybridization signal.

However, no correlation was found between 454 data and

northern hybridization for moderately expressed miRNAs.

This is in agreement with previous work (Lu et al., 2005a)

showing that because of cross hybridization between highly

similar members from the same family, the hybridization

signal may reflect the expression level of the family rather

than a single member. Comparison between flower and
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leaves showed that most miRNAs analyzed by northern

hybridization are expressed in both leaves and flower buds.

However, miR169, miR171 and miR408 did not show any

expression signal in leaves. The fact that miR169 and

miR171 target two genes (CCAAI binding domain and

scarecrow transcription factor) involved in controlling floral

development might explain their lower expression in leaves.

The failure to detect a hybridization signal of miR408 might

also be a result of its lower expression in leaves. Indeed,

previous work (Sunkar and Zhu, 2004) demonstrates that

miR408 is expressed in rice seedlings, but is weakly

expressed in all the other plant tissues. However, we saw a

high expression of miR408 in poppy flower buds. Other

miRNAs, such as miR160, miR164, miR168, miR393, miR394,

miR395, miR396 and miR408, which show high expression

levels in flower buds, have previously been shown to target

floral genes (Jones-Rhoades et al., 2006).

Target prediction

One half (51%) and one third (35%) of the miRNA sequences

identified in our analysis also had target genes predicted in

Arabidopsis and California poppy, respectively. The number

of targets per miRNA identified in Arabidopsis varies

between one and six. These numbers are in the range that

has been reported in other studies (Jones-Rhoades and

Bartel, 2004). The number of targets per gene could not be

estimated in California poppy, for which the function of only

six targets was identified. Indeed, because of the short size

of 454 cDNA reads (100 nt), only 14 of 59 targeted cDNA

sequences could be annotated. Most of the predicted target

genes are similar to previously identified target genes in

Arabidopsis using miRNA from the same species (Jones-

Rhoades et al., 2006). A third of the putative target genes

encode transcription factors from different families involved

in different processes of leaf and flower development. Some

of these targets have been previously confirmed in Arabid-

opsis, such as AP2 (Chen, 2004), CUC (Laufs et al., 2004),

ARF (Mallory et al., 2005) and Squamosa-like (Xie et al.,

2006). Among the non-transcription factor target genes

identified was a superoxide dismutase. This enzyme is

involved in resistance to oxidative radicals generated during

stress (Jones-Rhoades and Bartel, 2004; Lu et al., 2005a;

Sunkar et al., 2006). Several new targets have been predic-

ted for California poppy miRNAs that have not been reported

so far in Arabidopsis or in rice (Figure 6). They are involved

in various metabolic and cellular processes. For example,

miR172 target genes encoding proteins are involved in

signaling (phosphatidylinositol 3- and 4-kinase), phosphate

transport (phosphate transporter), glucose synthesis (acon-

itate hydratase), solute transport (pyrophosphate-energized

vacuolar membrane proton pump), protein synthesis (elon-

gation factor Tu) and wax synthesis (long-chain-alcohol

O-fatty-acyltransferase family protein and wax synthase

family protein). The failure to discover such targets in Ara-

bidopsis could result from the divergence of some members

of these miRNA families and the evolution of new target

genes in poppy. For six miRNA families, as well as for half of

the identified conserved miRNAs, we did not identify any

target genes in California poppy. This could in part result

from an incomplete coverage of the California poppy tran-

scriptome by the actual cDNA dataset. It could result from

the fact that some of these miRNAs have different modes of

target recognition (Jones-Rhoades and Bartel, 2004).

In conclusion, we have shown here the multiple values of

large-scale isolation of miRNA using the pyrosequencing in

a species that does not yet have a sequenced genome. This

study allowed us to: (i) identify 173 miRNAs belonging to 28

families, including seven ta-siRNAs; (ii) discover two diver-

gent miRNAs families not previously reported in Arabidop-

sis and Populus; (iii) show that miR535 might have been lost

systematically from core eudicot species, and to identify

other miRNAs that may have also had a complex history of

gains and/or losses within angiosperms; (iv) identify genes

targeted by some of these miRNAs, including new targets

that were not previously reported in model species (rice,

Populus and Arabidopsis). Deep sequencing and comparat-

ive analysis of miRNA distributions from plants that occupy

phylogenetically-critical nodes, such as gymnosperms,

basal angiosperms, magnoliids, and other monocots and

eudicots, will clarify the ebb and flow of miRNA regulators

and their target sequences through evolutionary time.

Experimental procedures

sRNA isolation

The California poppy (E. californica cv. ‘Aurantiaca Orange’) plants
used in these experiments were grown in the greenhouse with 16 h
of light/8 h of dark and at approximately 23�C at Pennsylvania State
University (Carlson et al., 2006). Total RNA was prepared from
various tissues (root, leaves, stems, flowering buds and open
flowers). The flower buds were between 1.0 and 2.5 mm in diam-
eter, and covered all pre-meiotic stages and post-meiotic stages of
flower development, as previously defined by Becker et al. (2005).
Total RNA was prepared using TRIzol reagent (Invitrogen, http://
www.invitrogen.com) according to the manufacturer’s recommen-
dations. To assure similar sampling of each tissue, equal quantities
of total RNA obtained from each type of tissue of the plants were
then mixed. Low molecular weight or sRNAs were purified from
total RNA by fractionation on a polyacrylamide gel.

sRNA cloning and sequencing

sRNA cloning was performed as described previously (Lau et al.,
2001; Llave et al., 2002). In brief, purified sRNAs were ligated to
5¢ and 3¢ adapters, reverse transcribed and PCR amplified. We
used two approaches to sequence sRNAs from California poppy.
The first one consisted of cloning concatamers into TOPO TA
vectors (Invitrogen), constructing an sRNA library and sequencing
a sample of sRNA clones using capillary sequencing. sRNA inserts
were isolated from bacteria clones using the Rolling Circle
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Amplification method, as described by Carlson et al. (2006), and
sequencing was carried out with an ABI3700 sequencing machine.
In the second approach, concatamerized cDNA corresponding to
sRNA was used to construct a 454 library (Poinar et al., 2006) and
was sequenced using the 454 approach (Margulies et al., 2005).
The library was constructed as described previously by Poinar
et al. (2006), and a half plate was sequenced. In summary, 2 lg of
concatamerized sRNA was blunt-ended and phosphorylated by
enzymatic polishing using T4 DNA polymerase and T4 polynu-
cleotide kinase. The polished DNA fragments were then subjected
to adapter ligation, followed by isolation of the single-stranded
template DNA (sstDNA). The quality and quantity of the sstDNA
library were assessed using an Agilent 2100 Bioanalyzer (Agilent,
http://www.agilent.com). Each sstDNA library fragment was cap-
tured onto a single DNA capture bead and clonally amplified
within individual emulsion droplets. The emulsions were disrup-
ted using isopropanol; beads without an amplified sstDNA frag-
ment were removed, whereas beads with an amplified sstDNA
fragment were recovered for sequencing. The recovered sstDNA
beads were packed onto a 70 · 75 mm PicoTiterPlate� and loaded
onto the GS 20 Sequencing System (454 Life Sciences, http://
www.454.com) as previously described (Margulies et al., 2005).

sRNA analysis and identification of California poppy

miRNAs and their targets

Known miRNAs from the MIRBASE (release 9) were used to query
pyrosequencing and capillary sequences using the program PAT-

SCAN (Dsouza et al., 1997), with default parameters and two mis-
matches. This cut-off of two nucleotide mismatches is commonly
used for the identification of conserved miRNAs across species
(Jones-Rhoades and Bartel, 2004; Lu et al., 2005a,b). The target
search was performed using the approach previously described by
Schwab et al. (2005). All conserved miRNA sequences identified
were used to query for potential target sequences using PATSCAN,
with default parameters and three mismatches, no insertions, and
no deletions against the California poppy cDNA database, which
included 5713 traditional expressed sequence tag (EST)-based
unigenes (Carlson et al., 2006) and 154 779 454 reads of a non-
normalized pre-meiotic floral cDNA library (K. Wall, J. Barakat,
A. Leebens-Mack, L. Landherr, S. Schuster, J. Carlson, H. Ma,
C. dePamphilis, unpubl. data). Only hits with less than two mis-
matches in positions 1–9, no mismatches in positions 10 and 11, and
less than three mismatches after position 11 (Schwab et al., 2005) in
the mature miRNAs were considered good target sequences. The
same target search was also performed on the Arabidopsis cDNA
dataset downloaded from TIGR (http://www.tigr.org/tdb/e2k1/ath1/),
using the same criteria to identify target sequences.

Non-conserved small RNAs were identified in the 454 reads by
searching for 17–30-bp sequences flanked at both ends by 12 bp
from the adapter sequence used in the cloning approach. Identified
sRNAs were then searched for RNA contaminants by querying
sRNA isolated on tRNA (http://lowelab.ucsc.edu/GtRNAdb/), rRNA
(http://www.psb.ugent.be/rRNA/) or snoRNA (http://www.scri.sar-
i.ac.uk/) databases. Non-conserved sequences of between 20 and
23 nt were clustered to identify variants from the same family. To
check for probable conservation of these sequences (which could
be either siRNA or miRNA) in other species, we used them to search
the genomes of Arabidopsis (Gustafson et al., 2005), rice (Oryza
sativa ssp. japonica cv. Niponbare; http://www.tigr.org/tdb/e2k1/
osa1/index.shtml) and Populus (Tuskan et al., 2006) using PATSCAN,
tolerating no more than three substitutions. When a probable
homolog was identified in any of these three species, the genomic

sequence surrounding it was folded using the MFOLD program
(Zuker, 2003), and the secondary structures were checked using the
program MIRCHECK (Jones-Rhoades and Bartel, 2004).

miRNA expression analysis using Northern blot

Total RNA was prepared from leaves and flowering buds using
TRIzol reagent (Invitrogen) according to the manufacturer’s recom-
mendations with modifications. Total RNA was fractionated on
denaturing (urea 8%) polyacrylamide gel. RNA was then transferred
to a nylon membrane using a vacuum transfer system (Bio-Rad,
http://www.bio-rad.com). Probes used for hybridization were the
reverse complement of mature miRNA sequences. Probes were
labeled with c[32P]ATP using T4 polynucleotide kinase (New England
Biolabs, http://www.neb.com) according to the manufacturer’s
recommendations. Non-incorporated nucleotides were removed
using a Centri-spin-20 column (Princeton Separations, http://
www.prinsep.com). Hybridizations were performed at a temperature
of 20�C below the melting temperature of the probe in ULTRAhyb-
Oligo (Ambion, http://www.ambion.com) buffer as described by the
manufacturer. Washing was carried out twice for 30 min at 42�C
using 5xSaline-Sodium Phosphate-EDTA (SSPE) and 0.5 SDS. Filters
were then exposed and scanned using a phosphoimager (Applied
Biosystems, http://www.appliedbiosystems.com).
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