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Abstract miRNAs involved in the biosynthesis of

artemisinin, an anti-malarial compound form the plant

Artemisia annua, have been identified using computa-

tional approaches to find conserved pre-miRNAs in

available A. annua UniGene collections. Eleven pre-

miRNAs were found from nine families. Targets

predicted for these miRNAs were mainly transcription

factors for conserved miRNAs. No target genes

involved in artemisinin biosynthesis were found.

However, miR390 was predicted to target a gene

involved in the trichome development, which is the site

of synthesis of artemisinin and could be a candidate for

genetic transformation aiming to increase the content

of artemisinin. Phylogenetic analyses were carried out

to determinate the relation between A. annua and other

plant pre-miRNAs: the pre-miRNA-based phyloge-

netic trees failed to correspond to known phylogenies,

suggesting that pre-miRNA primary sequences may be

too variable to accurately predict phylogenetic

relations.

Keywords Anti-malarial plant � Artemisia annua �
miRNAs

Introduction

Artemisinin is widely used in anti-malarial therapy.

However, the relatively low content of artemisinin in

cultivated types of Artemisia annua has been a

limiting factor for its commercialization. The princi-

pal challenge is, in consequence, to increase the

production of artemisinin which could be done using

biotechnological strategies and taking into account

that the biosynthesis pathway of artemisinin has been

partially elucidated (Lin et al. 2011; Olofsson et al.

2011). Tetraploid A. annua plants have been produced

with increased artemisinin yields using colchicine.

This increase could be correlated with the up-regula-

tion in the expression of some genes coding for
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important enzymes involved in the artemisinin bio-

synthesis pathway (Lin et al. 2011). In addition, the

expression of 14 genes involved in the terpene

metabolism, which can affect the production of

artemisinin, was studied by QRT-PCR in different

A. annua tissues (Olofsson et al. 2011). This identified

some genes having positive and negative effects on the

biosynthesis of artemisinin. Deep sequencing has also

been applied to identify genes and markers for fast-

track breeding and transcriptome analysis, revealing

extensive genetic variation with as many as nine

linkage groups defined (Graham et al. 2010). Quan-

titative trait loci (QTL) have also been identified to

account for key traits controlling artemisinin synthesis

and will provide a novel tool to increase the content of

artemisinin (Bouwmeester et al. 1999).

Clearly a better knowledge of the molecular

mechanisms involved in the artemisinin biosynthesis

and their regulation will provide better strategies to

develop new varieties with a higher content of this

compound. The different biosynthetic pathways in

plants are not only controlled by positive regulators

but also there are negative ways to control the

production of particular metabolic compounds. Rydén

et al. (2010) identified Red1 as an enzyme negatively

regulating the biosynthesis of artemisinin, although

the real role of this enzyme has been recently

questioned (Olofsson et al. 2011).

MicroRNAs are important regulators in various

stages of plant development as well as in response to

different abiotic or biotic stresses (Jones-Rhoades

et al. 2006; Kidner and Martienssen 2005). The

regulation of metabolite biosynthesis is also depen-

dent on the regulation mediated by miRNAs (Robert-

Seilaniantz et al. 2010). A UniGene set is defined as a

group of transcript sequences that, based on sequence

similarity, originate from the same gene or expressed

pseudo gene (Gupta and Rustgi 2004). UniGene

represents an organized array of sequences of well-

characterized genes as well as hundreds of thousands

novel ESTs sequences (Parida et al. 2006).

With the aim of identifying possible miRNA-

mediated regulation in the artemisinin biosynthesis

pathway, we have now identified A. annua miRNAs

based on the available UniGene set. The knowledge of

A. annua miRNAs constitutes an important tool for

studying different developmental miRNA-mediated

processes in the plant.

Materials and methods

Homology based searching of microRNA

sequences and target prediction

A set of known miRNAs was downloaded from

miRBase (version 15.0, April 2010) comprising a total

of 2,222 mature miRNA sequences from 29 plant

species (Griffiths-Jones et al. 2008). A BLASTN

search was made against the set of 88,174 UniGenes of

A. annua obtained from the UniGene repository

(NCBI: http://www.ncbi.nlm.nih.gov/sites/entrez?db=

UniGene) (Altschul et al., 1990; Benson et al. 2007).

Regions from A. annua were considered to contain

potential conserved miRNAs when the alignments

with the miRBase set had (i) less than two mismatches,

(ii) no gaps, (iii) maximum e value of 0.001 (Meyers

et al. 2008; Zhang et al. 2009).

MicroRNA precursor prediction

A region comprising 150 nucleotides upstream and

150 nucleotides downstream from the predicted con-

served microRNA was extracted from the A. annua

UniGenes using fastacmd (Altschul et al. 1990). The

RNA folding of these regions was analyzed using

MFold, RNA 3.0 (Zuker 2003). A region was consid-

ered a true miRNA precursor when they formed a

hairpin-like structure with less than six mismatches

between the mature region and the complementary

strand, a maximum of three asymmetric bulges (with a

maximum length of three bases) in the whole struc-

ture, and low minimum folding energy (MFE) less

than -30 kcal/mol (Meyers et al. 2008; Ambros et al.

2003). The precursor region was the delimited to the

region forming the low-energy hairpin. The signifi-

cance of the MFE (P value) was calculated to discard

effects due to dinucleotide frequencies, for this 1,000

random sequences were generated for each potential

precursor with the same base composition, dinucleo-

tide frequency and length, using uShuffle the random

sequences were then folded using MFold, RNA 3.0

(Zuker 2003, Jiang et al. 2008). The P value was

calculated as the proportion of structure with a MFE

equal or lower than the predicted precursor’s (Freyhult

et al. 2005). True microRNA precursors must have

P value lower than 0.05.
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MicroRNA target prediction and UniGene

annotations

Potential targets for the mature miRNAs with identi-

fied precursors in A. annua were predicted by screen-

ing against the A. annua UniGenes using a modified

version of the software miRanda (v. September 2008)

with parameters described elsewhere (Enright et al.

2003; Pérez-Quintero et al. 2010). The criteria to

consider a sequence as a putative miRNA target were:

four or fewer mismatches overall, only one or none

mismatches in the 50 region of the miRNA (positions

1–12), no more than two consecutives mismatches in

positions 13–21, no mismatches in positions 10 and

11. Additionally, the miRNA: target pair should have

low free-energy of bonding (less than -20 kcal/mol).

These criteria are based on experimental work and

have been extensively used for miRNA target predic-

tion in plant (Schwab et al. 2005; Zhang et al. 2006).

The best targets for each microRNA with a miRanda

score over 70 were kept and annotated (a total of 51

targets). Target miRNA UniGene sequences were

functionally annotated with Gene Ontology (GO)

terms by the Blast2GO (B2G) tool (Conesa et al. 2005;

Conesa and Götz 2008; Götz et al. 2008).

Phylogenetic analyses

Sequences for complete pre-miRNAs from all avail-

able plants were obtained from miRBase (version

15.0, April 2010) (Griffiths-Jones et al. 2008).

Sequences were aligned using ClustalW (Larkin

et al. 2007) and T-coffee (Notredame 2010). Genetic

distances (neighbor joining method) and trees were

made using ClustalW2 with default parameters

(Larkin et al. 2007).

Results and discussion

Gene-oriented clusters of transcripts sequences of

A. annua were analyzed to identify miRNAs; 138

regions from the A. annua UniGenes were found

containing the potentially conserved miRNAs. RNA

folding of these regions was analyzed resulting in a total

of 11 true miRNA precursors from nine families.

Information about these precursors is summarized in

Table 1 and their respective folded structures are

shown (Fig. 1). The regions that matched conserved

miRNAs but did not formed the characteristic precursor

folding may correspond to miRNA targets, true miR-

NAs derived from non-canonic precursors, or simply

short regions resembling miRNAs. A low representa-

tion of miRNA precursors in UniGenes is expected,

since many of these precursors are not sequenced in

cDNA libraries. The frequency of miRNAs in A.annua

corresponds with the previous frequencies where a

miRNA precursor is found each 10000 ESTs (Xie et al.

2007; Zhang et al. 2006) (Table 2).

According to the plant miRNA database PMRD, the

mean number of miRNAs per genome is 75 and the

median is 2 (Zhang et al. 2010). The differences in

number of miRNA per genome are mainly attributed

to different stages of sequencing and annotation of

Table 1 A. annua UniGenes regions containing conserved microRNA precursors

miRNA

Family

Unigene Strand Precursor

region

miRNA

region

MFE

(kcal/mol)

P value Precursor

length

miRNA

length

156 gnl|UG|Aan#S55206502 - 153–235 215–234 -32.2 0 82 19

162 gnl|UG|Aan#S55209873 ? 5–110 79–99 -45.3 0 105 20

166 gnl|UG|Aan#S55143299 - 226–319 284–302 -42.6 0 93 18

167 gnl|UG|Aan#S55097120 ? 11–156 119–140 -60.8 0 145 21

168 gnl|UG|Aan#S55198463 - 562–667 626–646 -56.9 0 105 20

172 gnl|UG|Aan#S55152608 ? 91–204 167–187 -47.8 0 113 20

390 gnl|UG|Aan#S55096165 - 127–234 195–215 -48.1 0 107 20

393a gnl|UG|Aan#S41909146 ? 397–494 442–463 -49 0 97 21

393b gnl|UG|Aan#S55186564 ? 100–250 130–151 -54.8 0 150 21

393c gnl|UG|Aan#S55190344 ? 55–150 69–90 -47.3 0 95 21

397 gnl|UG|Aan#S55145898 ? 1–130 37–56 -46.1 0 129 19
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Fig. 1 Folded pre-miRNA

structures for identified

miRNA families in

Artemisia annua
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Table 2 Predicted miRNA targets for identified miRNAs in A. annua UniGene set

Family Target scaffold miRNA

cleavage

region

Energy

(kcal/mol)

Description

156 Aan#S55004256 14 32 -36.42 LIGULELESS1 protein, putative

156 Aan#S41952363 775 793 -32.5 Teosinteglume architecture 1

156 Aan#S41953101 343 361 -32.5 Unknown

156 Aan#S41970295 409 427 -32.5 Unknown

156 Aan#S55012000 365 383 -32.5 Transcription factor squamosa promoter binding

156 Aan#S55019143 523 541 -32.5 Squamosa promoter-binding

156 Aan#S55019731 322 340 -32.5 spl3

156 Aan#S55037614 114 132 -32.5 Unknown

156 Aan#S55096756 198 216 -32.5 Unknown

156 Aan#S55105151 285 303 -32.5 Squamosa-promoter binding protein

156 Aan#S55216017 36 54 -32.5 Unknown

156 Aan#S55171092 24 42 -32.07 Unknown

156 Aan#S55031563 553 571 -31.59 Squamosa promoter-binding

156 Aan#S55207571 429 447 -31.59 Squamosa promoter-binding

156 Aan#S55130450 35 53 -27.45 Unknown

162 Aan#S55042603 207 227 -23.62 Arginine-trna-proteintransferase 1 homolog

162 Aan#S55160847 205 223 -23.04 Unknown

166 Aan#S55100423 250 267 -36.78 Unknown

166 Aan#S55033188 184 201 -36.44 Homeoboxleucine-zipper protein

166 Aan#S55196989 777 794 -30.39 Protein

167 Aan#S55102869 88 108 -27.1 Unknown

167 Aan#S55202306 151 170 -26.82 26s proteasome non-atpase regulatory subunit 13

167 Aan#S55188900 45 65 -26.35 gtp binding

167 Aan#S55058255 45 65 -23.7 Clathrin heavy

167 Aan#S55177736 14 35 -23.19 Unknown

167 Aan#S55024523 288 308 -23.12 Unknown

168 Aan#S55033730 194 213 -27.19 Unknown

172 Aan#S41934784 310 329 -35.69 Unknown

172 Aan#S41934785 600 619 -35.69 ap2 domain-containing transcription factor

172 Aan#S55194368 207 226 -26.11 Unknown

172 Aan#S54989082 290 309 -24.88 Unknown

172 Aan#S55184380 434 454 -24.22 Protein

172 Aan#S55114559 125 144 -23.21 Protein

390 Aan#S55192778 178 197 -37.44 Unknown

390 Aan#S55083216 173 192 -35.37 Unknown

390 Aan#S55035787 201 221 -34.43 Unknown

390 Aan#S55021073 390 409 -32.01 Unknown

390 Aan#S55123496 104 123 -24.61 bwf1-like protein

390 Aan#S55056498 226 245 -24.54 Protein

390 Aan#S55136478 227 246 -24.54 Protein

390 Aan#S55207716 315 334 -24.54 Protein

393 Aan#S41943802 486 506 -37.54 Transport inhibitor response 1

393 Aan#S41963250 617 637 -37.54 Transport inhibitor response 1
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different plant genomes. Using information from

PMRD, miRBase and NCBI, we summarized miRNA

data for six well-annotated plant species (genome

sizes, numbers of genes and UniGenes, and number of

miRNA) (Table 3). Differences in number of miRNA

for various species can be explained by (i) differences

in genome sizes and genome organization, (ii) the

extent of sequencing studies aimed to study miRNAs

in different plants (Chuang and Jones 2007). The

differences between the miRNAs reported in the data

bases are explained because miRBase includes only

miRNAs with wet-lab experimental confirmation

(Northern Blot, qPCR) while PMRD does not (Grif-

fiths-Jones et al. 2008; Zhang et al. 2010).

Unsurprisingly the miRNA families found in A.

annua are mainly families with great conservation

across plant lineages. Among the families found,

miR156, miR166 and miR390 are conserved in all

land plants (Embriophyta), miR397 is conserved in all

vascular plants (Spermatophyta) and miR162,

miR167, miR168, miR172 and miR393 are conserved

in all angiopserms (monocots and dicots) (Cuperus

et al. 2011). Many targets (57%) correspond to

unknown proteins, which may be due mainly to the

incomplete stage of A. annua genome sequencing and

annotation, and 12 (23%) correspond to transcription

factors, which is usual for conserved plant miRNAs

(Jones-Rhoades et al. 2006). Squamosa promoter-

binding transcription factors were identified as targets

for miR156 and also transport inhibitor response 1

(TIR1) transcription factors as targets for miR393,

which has also been identified and confirmed exper-

imentally in A. thaliana and other plants, indicating

that the miRNA-mediated mechanisms and not only

the miRNAs are conserved across plants (Jones-

Rhoades et al. 2006; Garcia 2008; Yamasaki et al.

2009; Ruegger et al. 1998; Jones-Rhoades and Bartel

2004). The predominance of conserved miRNAs

among the A. annua UniGene collections may be

due to the fact that conserved miRNAs are usually

more expressed than novel or phylogenetically

restricted miRNAs and are thus more easily synthe-

sized and sequenced in cDNA libraries (Cuperus et al.

2011).

Most pre-miRNAs were identified in contigs con-

structed form one cDNA (singletons) and only miR390

Table 3 Genome sizes,

numbers of genes and

miRNAs for six plant

species (from NCBI

and PRMD)

Organism miRNAs

(PMRD)

miRNAs

(miRBase)

Genome

size (MB)

UniGenes Number

of genes

P. trichocarpa 2780 234 486 15,583 42,966

O. sativa 2641 491 430 41,317 30,697

A. thaliana 1441 232 63.4 30,67 33,500

P. patens 282 229 500 18,889 36,006

Z. mays 269 170 2500 98,696 26,037

G. max 228 203 975 36,295 5,059

Table 2 continued

Family Target scaffold miRNA

cleavage

region

Energy

(kcal/mol)

Description

393 Aan#S55147011 84 104 -37.54 Transport inhibitor response 1

393 Aan#S55097866 101 122 -32.07 Aquaporin

393 Aan#S55167746 205 226 -30.05 Unknown

393 Aan#S41955858 60 80 -25.82 dnaj heat shock

393 Aan#S55131804 344 364 -25.45 Glycosylhydrolase family 18 protein

397 Aan#S55021978 145 163 -33.61 Diphenoloxidase

397 Aan#S55062318 39 57 -29.6 Unknown

397 Aan#S41968868 206 224 -26.56 Unknown

742 Biotechnol Lett (2012) 34:737–745

123



was identified in three different cDNA libraries,

indicating that it might be more transcriptionally active

than other miRNAs. In other plants miR390 is known

to be involved in auxin signaling in various develop-

mental stages via the generation of trans-acting small

RNAs (Axtell et al. 2007; Yoon et al. 2010). In this

work miR390 was found in libraries coming from

young and mature leaf trichomes as well as meristems.

Importantly, miR390 is also involved in trichome

patterning and development, with mutants showing

precocious production of trichomes (Garcia 2008;

Adenot et al. 2006), which makes it an interesting

candidate for A. annua transformation aiming to

produce more artemisinin in trichomes.

Families miR156, miR162, miR168 and miR393

were found in libraries coming from flower bud

meristems which may be due to this tissue’s over

representation in A. annua UniGene (Graham et al.

2010; Wang et al. 2009), although a role in flower

development was reported for some of these families

(Gandikota et al. 2007). Additionally, miR166 and

miR397 families were found in cotyledon tissues,

family miR167 in young leaf trichomes and family

miR172 in mature leaves.
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Fig. 2 Phylogenetic (neighbor-joining) trees made using pre-

miRNA sequences available from all plants. a Phylogenetic tree

for miR390. b Phylogenetic tree for family miR393. Multiple

alignments were made using Clustal W. Artemisia annua in the

tree is shown with an arrow. Plant names Aan = Artemisia
annua, aly = Arabidopsis lyrata, ath = Arabidopsis thaliana,
bdi = Brachypodium distachyon, bna = Brassica napus,

csi = Citrus sinensis, gma = Glycine max, ghe = Gossypium
herbacium, ghi = Gossypium hirsutum, gra = Gossypium rai-
mondii, mtr = Medicago truncatula, osa = Oryza sativa,
ppt = Physcomitrella patens, pta = Pinus taeda, ptc = Popu-
lus trichocarpa, rco = Ricinus communis, sbi = Sorghum
bicolor, vvi = Vitis vinifera, zma = Zea mays
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With the aims of assessing miRNA-mediated

regulation of artemisinin biosynthesis we searched

specifically for miRNA targets of identified miRNAs

among annotated genes in the artemisinin biosynthesis

pathway as identified (Lin et al. 2011; Olofsson et al.

2011). However no miRNA targets were found among

these genes, which may be due to the miRNAs being

conserved and having stable evolutionary functions. If

miRNA-mediated regulation of artemisinin synthesis

exists this may be exerted primarily by novel or clade-

specific miRNAs which cannot be identified at the

current status of the A. annua transcriptome.

Finally, we further explored the phylogenetic anal-

yses to assess the conservation of primary pre-miRNA

sequences across plant lineages with reference to

A. annua. Phylogenetic trees were made for each

miRNA family identified in A. annua including all

plant pre-miRNAs available for each family in miR-

Base (Griffiths-Jones et al. 2008). A. annua is an

Asteraceae, and currently there are no miRNAs

identified in other members of these families in

miRBase (Griffiths-Jones et al. 2008), the closest

relatives to A. annua with identified miRNAs are

Solanum lycopersicum and Rehmannia glutinosa. It

was expected that at the sequence level A. annua pre-

miRNAs would be similar to those of other plants

within the clade; however, different results were found

for each family. Phylogenetic trees for miR162,

miR165, miR167, miR168 and miR390 grouped A.

annua with other eudicots as expected, mainly Glycine

max, Vitis vinifera, Citrus sinensis and Medicago

truncatula. Phylogenetic depiction of miR390 is

shown as an example of this group pattern (Fig. 2a).

The trees for miR172, miR393 and miR397 grouped A.

annua with plants in the Poaceae family including

Oryza sativa, Zea mays, Sorghum bicolor. Phyloge-

netic analysis of miR393 tree presents an example of

this grouping and the miR166 tree grouped A. annua

closest to the moss Physcomitrella patens (Fig. 2b).

Similar results were obtained doing alignments with

ClustalW or T-Coffee. This shows that primary

sequence of pre-miRNAs in most cases is not a good

indicator of phylogenetic relations between plants.

Conclusions

The computational identification of microRNAs and

their possible targets have been made using the

UniGene dataset (88,174) of A. annua. The identified

targets probably play important roles in plant devel-

opment and signaling. We further stress that the

utilization of the pre-miRNAs sequence for phyloge-

netic inference is not a universal factor for inference of

phylogenetic relationship.
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