
CELL BIOLOGY AND MORPHOGENESIS

MicroRNA expression profiles in conventional and
micropropagated strawberry (Fragaria 3 ananassa Duch.)
plants

He Li Æ Zhihong Zhang Æ Feifei Huang Æ
Linlin Chang Æ Yue Ma

Received: 22 January 2009 / Revised: 18 February 2009 / Accepted: 19 February 2009 / Published online: 10 March 2009

� Springer-Verlag 2009

Abstract MicroRNAs (miRNAs) are a class of small

non-coding RNAs which play a critical role in plant growth

and development. To detect strawberry miRNAs and dis-

cover the expression difference between conventional and

micropropagated strawberry plants, we carried out the

detection and quantification of strawberry miRNAs by

microarray. The main findings were that 74 miRNAs were

checked in strawberry plants and four miRNA genes dis-

played clear expression difference between conventional

and micropropagated strawberry plants, including two up-

regulated genes (miR535 and miR390) and two down-

regulated genes (miR169a and miR169d). The ratios of

conventionally propagated strawberry plant/micropropa-

gated strawberry plant for miR535, miR390, miR169a and

miR169d were 2.6884, 2.2673, 0.2496 and 0.3814,

respectively. Quantitative reverse transcription polymerase

chain reaction applied to the two up-regulated genes

(miR535 and miR390) validated the microarray result. This

is the first report on differential expression of miRNAs in

conventional and micropropagated plants.
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Abbreviations

IBA Indole-3-butyric acid

RT Reverse transcription

PCR Polymerase chain reaction

RT-PCR Reverse transcription-polymerase chain

reaction

Q-RT-PCR Quantitative-reverse transcription-

polymerase chain reaction

cDNA Complementary deoxyribonucleic acid

Introduction

Strawberry is one of the most widely consumed fruits

throughout the world. Micropropagation to multiply elite

cultivars by tissue culture technology has been used on a

commercial basis in Europe since the 1970s (Boxus 1974),

and its use is now growing in China. Despite the wide-

spread cultivation of micropropagated strawberry plants,

several problems are encountered in the use of this means

of multiplication (Litwińczuk 2004). One of the most

serious of these concerns the appearance of unwanted

variation among micropropagated plantlets. This variability

reflects a combination of sequence mutation (which occurs

at a relatively low frequency) and the much more common

epigenetic events (Kaeppler et al. 2000). The phenomenon

of de novo epigenetic variation among micropropagated

plants has been well established (Cassells and Curry 2001),

but little emphasis has been given to exploring the

mechanism.

Epigenetics is used in reference to the alteration of

phenotype, morphological or molecular, without change in

either the coding sequence of a gene or the upstream

promoter region (Rapp and Wendel 2005). Epigenetic
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variation is the changes in gene expression that are mitot-

ically or meiotically heritable (Schubert et al. 2005). The

alteration of gene activity can be accomplished by several

self-reinforcing and inter-related covalent modifications

on DNA and/or chromosomal proteins, such as DNA

methylation and histone modifications, by chromatin

remodeling, such as repositioning of nucleosomes, and by

RNA silencing mediated by small RNAs (Liu and Wendel

2003; Baulcombe 2004).

miRNAs are small, non-coding regulatory RNAs which

regulate gene expression by guiding targeted mRNA

cleavage or translational inhibition (Bartel 2004; Sunkar

and Zhu 2004; Park et al. 2005; Brodersen et al. 2008). A

growing body of evidence suggests that they are important

controllers in many aspects of plant growth and develop-

ment (Chen 2004; Lauter et al. 2005; Kim et al. 2005; Wang

et al. 2005). Dysfunction of individual miRNAs or their

ability to properly regulate their targets has been shown to

cause normal plants to produce a series of changes, such as

loss of organ polarity and altered vascular development

(miR165/166; Juarez et al. 2004; McHale and Koning 2004;

Kim et al. 2005), floral and leaf-patterning defects (miR159;

Palatnik et al. 2003; Achard et al. 2004; Millar and Gubler

2005), defective organ separations and aberrant numbers of

floral organs (miR164; Laufs et al. 2004; Baker et al. 2005),

floral development and timing defects (miR172; Aukerman

and Sakai 2003; Chen 2004), aberrant phyllotaxis and

abortion of the shoot apical meristem (miR168; Vaucheret

et al. 2004), and symmetry defects of cotyledon and leaf

shape (miR160; Mallory et al. 2005).

Till now, miRNAs have been identified from the model

species Arabidopsis thaliana (Sunkar and Zhu 2004; Adai

et al. 2005), Oryza sativa (Sunkar et al. 2005) and Populus

trichocarpa (Lu et al. 2005; Tuskan et al. 2006). They are

also identified from other plant species, such as Nicotiana

tabacum (Billoud et al. 2005), Medicago truncatula, Gly-

cine max, Saccharum officinarum and Zea mays (Dezulian

et al. 2005), Triticum aestivum (Yao et al. 2007), Lycop-

ersicon esculentum (Yin et al. 2008), Gossypium hirsutum

(Qiu et al. 2007), Brassica napus (Xie et al. 2007), the

moss Physcomitrella patens (Arazi et al. 2005; Talmor-

Neiman et al. 2006a), and the algae Chlamydomonas

reinhardtii (Molnár et al. 2007; Zhao et al. 2007b).

Although the monocot and eudicot clades are thought to

have diverged from one another over 125 Mya, it has been

suggested that the sequence of many plant miRNAs has

remain conserved between these two ancient plant groups

(Bonnet et al. 2004; Jones-Rhoades and Bartel 2004; Wang

et al. 2004; Adai et al. 2005). For example, a majority of 42

miRNAs families including 117 miRNAs in Arabidopsis

have also been found in other species, such as rice, maize,

and sorghum (Griffiths-Jones 2004). Axtell and Bartel

(2005) have found that the miR159/319 family exists in ten

land plant species. This allows an opportunity to apply

experimental strategies in a plant whose genome is not

sequenced, based on conversed miRNA sequence infor-

mation taken from well researched plant species.

The genome sequences of cultivated strawberry (Fra-

garia 9 ananassa Duch.) are still largely unknown. To

date, there is no report on detection and identification of

miRNAs in strawberry. Thus we set out to use microarray

and quantitative-reverse transcription-polymerase chain

reaction (Q-RT-PCR) to compare the miRNA content of

conventional and micropropagated strawberry plants, in

order to gain insight into the expressional difference of

miRNAs in epigenetic variation of tissue-cultured plants.

Materials and methods

Plant material

The strawberry cultivar ‘Toyonoka’ was maintained in a

greenhouse at Shenyang Agricultural University and

conventionally propagated by runner plants. The micro-

propagation procedure was as follows: runners were

collected from actively growing plants and disinfected with

0.1% w/v HgCl2 as suggested by Dai et al. (2007). Shoot

tips of *0.3 mm in length were excised from each runner

and placed on MS medium (Murashige and Skoog 1962)

supplemented with 0.2 mg/l 6-benzylaminopurine, 0.1 mg/

l gibberellic acid and 0.01 mg/l indole-3-butyric acid (IBA)

to establish in vitro shoot proliferation in May 2007. The

explants were held at 23 ± 2�C under white fluorescent

light (60 lmol s-1 m-2) with a 14 h photoperiod. Plantlets

were sub-cultured onto the same medium at 5-week inter-

vals. Unrooted plantlets were transferred to half-strength

MS medium supplemented with 0.01 mg/l IBA. Rooted

plants were transferred to plug trays containing peat moss,

vermiculite and soil (2:1:1 v/v) in a solar greenhouse in the

end of January 2008. The survived micropropagated plants

were replanted to 12 cm plastic pots in the mid April, at the

same time, the conventionally propagated runner plants of

‘Toyonoka’ strawberry were dug from open field and

replanted to 12 cm plastic pots in the solar greenhouse. On

the sixth of May, ten strawberry plants with same the plant

size and vigor were selected from the micropropagated and

conventionally propagated groups separately. The young

leaves were collected from both conventional and micro-

propagated plants, treated with liquid nitrogen and stored at

-70�C.

RNA extraction and microarray analysis

Total RNA was isolated from strawberry leaves essentially

as described by Chang et al. (2007). Before precipitation,
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the RNA was treated with 15 U RNase-free DNase I (Ta-

KaRa Biotechnology Co., Dalian, China) at 37�C for 4 h.

RNA integrity was assessed by 1.0% agarose gel electro-

phoresis, and its concentration was estimated in a DU800

spectrophotometer (Beckman Coulter, Fullerton, CA,

USA). High molecular weight RNA was precipitated and

removed by the addition of 12.5% (v/v) PEG8000 and

1.25 M NaCl. The labeling of the low molecular weight

RNA fraction used a modified version of the protocol

described by Thomson et al. (2004). Briefly, the labeling

reaction contained RNA (typically 25 lg before PEG pre-

cipitation), 0.1 mM ATP, 50 mM HEPES, pH 7.8, 3.5 mM

DTT, 20 mM MgCl2, 10 mg/ml BSA, 10% DMSO, and

500 ng 50-phosphate-cytidyl-uridyl-Cy3-30 or 50-phosphate-

cytidyl-uridyl-Cy5-30 (Dharmacon) with 20 units T4 RNA

ligase (New England Biolabs, Inc, Ipswich, MA, USA). The

labeling reaction was allowed to proceed at 4�C for 4 h.

Labeled RNA was precipitated with 0.3 M sodium acetate,

pH 5.2, 2.5 volumes ethanol, and resuspended in 16 ll

hybridization solution containing 3 9 SSC, 0.2% SDS,

15% formamide and 50 9 Denhardt’s.

A miRNA microarray (CapitalBio, Beijing, China) con-

taining 426 well-characterized miRNAs from Arabidopsis,

rice, maize, sorghum, etc and various controls was used (see

supplementary material table 1). The procedure for micro-

array hybridization and data evaluation were as previously

described in detail (Yang et al. 2002). In brief, the hybrid-

ization was performed at 42�C for 16 h, and then washed in a

solution containing 2 9 SSC and 0.2% SDS at 42�C for

4 min. After the last washing with 0.2 9 SSC solution at

room temperature for 4 min and spin-drying, slides were

scanned with LuxScan 10 K-A scanner (CapitalBio, Beijing,

China) and raw pixel intensities were extracted with Lux-

Scan 3.0 software. Each miRNA probe had three replicate

spots on a microarray, and the levels of significance of dif-

ferentially expressed miRNAs were analyzed using SAM

(Significance Analysis of Microarrays) software.

A space and intensity-dependent normalization based on

the LOWESS program (Yang et al. 2002) was employed.

For each test and control sample, two hybridizations were

performed by using a reversal fluorescent strategy. Cy3 and

Cy5 intensities were normalized and corrected by a coef-

ficient based on the ratio of control genes. Only genes

whose intensity value of fluorescent signals maintained

beyond 400 in both microarrays were selected as checked

genes. And the alteration tendency kept consistency (both

above twofold) in both microarrays were selected as dif-

ferentially expressed genes.

Reverse transcription PCR (RT-PCR)

RT-PCR employed a stem-loop primer (Fig. 3a) to detect

miRNAs. The primers were based on those described by

Chen et al. (2005). Their 30 end was complementary to both

the *8 nucleotides at the miRNA 30 end and the *7

nucleotides of the primer’s 50 end, which ensured the for-

mation of a stem-loop structure. Subsequent PCRs used a 50

primer matching the *10 nucleotides at the 50 end of the

target miRNA. The 30 primer was a universal reverse

transcription (RT) primer. This primer design left three

‘unconstrained’ nucleotides to recognize specific miRNAs,

and these were used to confirm the identity of the amplified

miRNA following cloning and sequencing of the PCR

amplicon.

The 20 ll RT reactions contained 2 lg total RNA, 1 ll

5 lM stem-loop primer (Table 1), 1 ll 10 mM dNTP,

1 ll 5 U/ll AMV reverse transcriptase (TaKaRa Bio-

technology Co, Dalian, China), 4 ll 5 9 AMV buffer and

1 ll 40 U/ll RNase inhibitor. The template, primer and

dNTP mixture was heated to 65�C for 5 min, and quen-

ched on ice for at least 5 min. Then the remaining

reagents were added, and the complete reaction incubated

at 16�C for 30 min, followed by 60 cycles of 20�C/30 s,

42�C/30 s and 50�C/1 s. The AMV reverse transcriptase

was inactivated by heating the reactions to 85�C for

10 min, and then cooling and holding at 4�C. All reac-

tions (including no template and no RT controls) were

performed in duplicate.

PCRs (20 ll) contained 1 ll cDNA, 0.2 ll 5 U/ll Taq

DNA polymerase (TianGen, Beijing, China), 2 ll

10 9 PCR buffer, 1.6 ll 25 mM MgCl2, 1 ll 2.5 mM

dNTP, 1.6 ll 5 lM forward primer and 1.6 ll 5 lM

reverse PCR primer (Table 1). The PCR regime consisted

of an incubation at 95�C for 10 min and 55�C for 2 min,

followed by 35 cycles of 95�C/1 s and 65�C/1 min, ending

with an incubation of 72�C for 5 min. Amplified PCR

products were separated by electrophoresis through 2.5%

agarose gels and visualized by ethidium bromide staining.

PCR fragments were recovered from the agarose gel

using a DNA purification kit (TaKaRa Biotechnology Co.,

Dalian, China) and ligated into a pMD19-T cloning vector

(TaKaRa Biotechnology Co., Dalian, China) for transfor-

mation into Escherichia coli JM109 competent cells.

Plasmids were isolated from randomly selected colonies,

and clone identity was established by PCR. Plasmid inserts

were commercially sequenced by Sangon Biological

Engineering & Technology and Service Co. Ltd. (Shang-

hai, China).

Q-RT-PCR

In order to verify the data obtained from microarray, Q-

RT-PCR (Fig. 3b) experiments using a stem-loop primer

were performed using a standard TaqMan PCR protocol on

an Applied Biosystems 7500 Real-Time PCR System

(Applied Biosystems, Foster City, CA, USA). The 20 ll
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reaction included 1 ll RT product, 8 ll 2.5 9 realMaster

Mix (TianGen, Beijing, China), 1 ll 20 9 probe enhancer

solution, 0.5 ll 10 lM TaqMan probe, 1 ll 10 lM forward

primer and 1 ll 10 lM reverse primer. The reactions were

incubated in a 96-well plate (Applied Biosystems) at 95�C

for 10 min, followed by 40 cycles of 95�C/15 s and 60�C/

60 s. Relative fold changes in miRNA expression were

calculated using the comparative Ct (2-DDCt) method with

18S rRNA as the endogenous control. Four biological

replicates of two kinds of strawberry plants were per-

formed, and in each biological replicate the genes and no

template control were carried out in triplicate. The

threshold cycle (Ct) was defined as the cycle number at

which the fluorescence signal exceeded the fixed threshold.

Results

Analysis of miRNAs in strawberry plants by microarray

In order to simultaneously test whether the expression of

any of the mainly known miRNAs was different between

conventional and micropropagated strawberry plants, the

miRNA microarray containing 426 probes that were com-

plementary to mainly known plant miRNAs was used. On

the miRNA microarray, eight short oligos possessing no

homology with any existing miRNA sequences were

designed as negative controls, and a transcriptional

repressor Hex as positive control was also included (see

supplementary material table 1). Total RNA was extracted

from two kinds of strawberry plants and low molecular

weight RNA was obtained after removing high molecular

Table 1 Primers used to perform RT-PCR and quantitative RT-PCR

for assay of miRNAs

Name Sequence(50–30)

miR165

RT-primer ctcaactggtgtcgtggagtccggcaattcagttgaggggggatg

PCR primer Forward: acactccagctgggtcggaccagg

Reverse: aactggtgtcgtggag

miR172

RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagatgcagca

PCR primer Forward: acactccagctgggagaatcttga

Reverse: aactggtgtcgtggag

miR167

RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagtagatcat

PCR primer Forward: acactccagctgggtgaagctgcc

Reverse: aactggtgtcgtggag

miR159

RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagtagagctc

PCR primer Forward: acactccagctgggtttggattga

Reverse: aactggtgtcgtggag

miR164

RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagtgcacgtg

PCR primer Forward: acactccagctgggtggagaagca

Reverse: aactggtgtcgtggag

miR168

RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagttcccgac

PCR primer Forward: acactccagctgggtcgcttggtg

Reverse: aactggtgtcgtggag

miR157

RT-primer ctcaactggtgtcgtggagtccggcaattcagttgaggtgctctc

PCR primer Forward: acactccagctgggttgacagaag

Reverse: aactggtgtcgtggag

miR156

RT-primer ctcaactggtgtcgtggagtccggcaattcagttgaggtgctcac

PCR primer Forward: acactccagctgggtgacagaaga

Reverse: aactggtgtcgtggag

miR162

RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagctggatgc

PCR primer Forward: acactccagctgggtcgataaacc

Reverse: aactggtgtcgtggag

miR169

RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagtcggcaag

PCR primer Forward: acactccagctgggcagccaagga

Reverse: aactggtgtcgtggag

miR170

RT-primer ctcaactggtgtcgtggagtccggcaattcagttgaggatattgg

PCR primer Forward: acactccagctgggtgattgagcc

Reverse: aactggtgtcgtggag

miR171

RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagcgtgatat

PCR primer Forward: acactccagctgggttgagccgtg

Table 1 continued

Name Sequence(50–30)

Reverse: aactggtgtcgtggag

miR535

RT-primer ctcaactggtgtcgtggagtccggcaattcagttgaggcgtgctc

PCR primer Forward: acactccagctgggtgacaacgag

Reverse: aactggtgtcgtggag

Probe FAM-ttcagttgaggcgtgctc-TAMRA

miR390

RT-primer ctcaactggtgtcgtggagtccggcaattcagttgagggcgctat

PCR primer Forward: acactccagctgggaagctcagga

Reverse: aactggtgtcgtggag

Probe FAM-ttcagttgagggcgatat-TAMRA

18S rRNA

PCR primer Forward: gtagtcatatgcttgtct

Reverse: gaatgatgcgtcgccagcacaaagg

Probe FAM-cagaagtcgggatttgttgc-TAMRA
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weight RNA with PEG8000. One miRNA chip was

hybridized with Cy5 probe pair of conventionally propa-

gated strawberry plants and Cy3 probe pair of

micropropagated strawberry plants, while the other miRNA

chip was hybridized with Cy5 probe pair of micropropa-

gated strawberry plants and Cy3 probe pair of

conventionally propagated strawberry plants. The hybrid-

ized microarray was scanned by laser channels for Cy3 and

Cy5 emissions. The fluorescent signal intensity of a spot

was decided by Cy5 and Cy3 which allowed internal nor-

malization of the experiments. The ratio of the

conventionally propagated strawberries and micropropa-

gated strawberries’ fluorescent signal intensities was

calculated as a relative measure to determine changes in

the differential expression of the oligomer sequence rep-

resented by miRNA spots on the microarrays.

A double-color fluorescent comparison profile (Cy3 and

Cy5 labeled) of the microarray is shown in Fig. 1. The

standard quality-control measures indicated that the mi-

corarray used in this analysis showed a similar distribution

of intensities, and none of the negative control probes gave

a detectable signal in any of the samples. On the miRNA

microarray, 1,278 spots were used to provide three repli-

cates of 426 known miRNA genes because of each miRNA

probe with three replicate spots on a microarray (including

348 documented in the Sanger Centre miRBase database (

http://microrna.sanger.ac.uk/sequences/, version 9.1) and

the rest was predicted by Sunkar et al (2005) and Chinese

Academy of Sciences). The six replicated experiments

based on two chips revealed that 74 miRNAs whose

intensity value of fluorescent signals maintained beyond

400 in both microarrays were checked in strawberry

leaves. Of these, the 46 present in the public access

(Sanger) database have been listed in Table 2, and these

represent 21 miRNA gene families. Their conservation was

analyzed between distantly related land plants, for example

the dicotyledonous Arabidopsis, the monocotyledonous

rice and maize and the moss P. patens according to Sanger

database. In the 21 miRNA gene families (Fig. 2), 15

(miR157, 159, 162, 165, 166, 167, 169, 171, 172, 390, 391,

393, 394, 396 and 399) of these miRNAs were also

detected in A. thaliana, and the sequences of 12 of them

were completely conserved in rice (the exceptions were

miR157, 165 and 391). Three rice miRNA families

(miR156, 170 and 535) were also present in strawberry.

Five miRNA families (miR156, 159, 166, 167 and 169)

were conserved across maize, sorghum and soybean.

Among them, four miRNA families (miR159, 166, 167 and

169) deeply conserved in many plants from eudicots to

monocots, even to gymnosperms (Table 2). This is con-

sistent with the result of Axtell and Bartel (2005). miR169

represents the largest miRNA family in Arabidopsis, which

are encoded by 14 different genomic loci (http://asrp.cgrb.

oregonstate.edu). It is represented by at least 11 loci

in maize, 16 loci in rice, 31 loci in P. trichocarpa and 9

loci in Sorghum bicolor (http://microrna.sanger.ac.uk/

sequences/). Our result showed that there were five

members for miR169 family in F. ananassa, which was the

second largest miRNA family in the checked 21 miRNA

families in strawberry.

Detection of miRNAs in strawberry plants by RT-PCR

RT-PCR based on stem-loop primers was demonstrated to

be a method with high sensitivity and specificity for

detecting miRNAs in animals and plants (Chen et al. 2005;

Tang et al. 2006; Varkonyi-Gasic et al. 2007). In order to

verify the assay effect of miRNA microarray, RT-PCR

using stem-loop primer (Fig. 3a) was carried out to detect

the presence of miRNA in strawberry leaves. RT-PCR

primers were targeted to the 14 specific miRNAs (miR156,

157, 159, 162, 164, 165, 167, 168, 169, 170, 171, 172, 390

and 535) identified by the microarray analysis. The

resulting amplicons were of the predicted length of

*75 bp (Fig. 3c). All the amplicons were sequenced and

analyzed. The results showed that their sequence included

Fig. 1 A double-fluorescence

scanning image of the miRNA

microarray. a The

conventionally propagated

strawberry plant labeled with

Cy5, and micropropagated

strawberry plant labeled with

Cy3. b The conventionally

propagated plant labeled with

Cy3, and micropropagated plant

labeled with Cy5
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Table 2 Checked miRNAs in strawberry by microarray

Checked

miRNA

Sequence (50–30) Expression verification Conserved in other plants

osa ath zma sbi gma sof mtr ptc ppt

miR156a UGACAGAAGAGAGAGAGCACA Not tested ? ? ? ? ?

miR156b UGACAGAAGAGAGUGAGCAC RT-PCR ? ? ? ? ? ? ? ?

miR157 UUGACAGAAGAUAGAGAGCAC RT-PCR ? ? ?

miR159a AUUGGAUUGAAGGGAGCUCCG Not tested ? ? ? ? ? ? ? ? ?

miR159b UUUGGAUUGAAGGGAGCUCUG Not tested ? ? ? ? ? ? ?

miR159c UUUGGAUUGAAGGGAGCUCCU Not tested ? ? ? ? ? ? ? ? ?

miR159d UUUGGAUUGAAGGGAGCUCUA RT-PCR ? ? ? ? ? ? ?

miR159e AUUGGAUUGAAGGGAGCUCCA Not tested ? ? ? ? ? ? ? ? ?

miR159f UUUGGAUUGAAGGGAGCUCUU Not tested ? ? ? ? ? ? ?

miR159g CUUGGAUUGAAGGGAGCUCCU Not tested ? ? ? ? ? ? ? ? ?

miR160a UGCCUGGCUCCCUGUAUGCCA Not tested ? ? ? ? ? ? ?

miR160b UGCCUGGCUCCCUGUAUGCCG Not tested ? ? ? ? ? ? ?

miR160c UGCCUGGCUCCCUGAAUGCCA Not tested ? ?

miR160d UGCCUGGCUCCCUGCAUGCCA Not tested ?

miR162 UCGAUAAACCUCUGCAUCCAG RT-PCR ? ? ? ? ?

miR164a UGGAGAAGCAGGGCACGUGCA RT-PCR ? ? ? ? ?

miR164b UGGAGAAGCAGGGCACGUGCG Not tested ? ? ? ? ?

miR164c UGGAGAAGCAGGGCACGUGAG Not tested ? ? ? ? ?

miR164d UGGAGAAGCAGGGCACAUGCU Not tested ?

miR165 UCGGACCAGGCUUCAUCCCCC RT-PCR ?

miR166a UCGGACCAGGCUUCAUUCCCC Not tested ? ? ? ? ? ? ?

miR166b UCGGACCAGGCUUCAUUCCCU Not tested ? ? ? ? ? ? ?

miR166c UCGGACCAGGCUUCAUUCCUU Not tested ? ? ? ? ? ? ?

miR166d UCGGACCAGGCUUCAUUCCC Not tested ? ? ? ? ? ? ?

miR167a UGAAGCUGCCAGCAUGAUCUA RT-PCR ? ? ? ? ? ? ?

miR167b UGAAGCUGCCAGCAUGAUCUGG Not tested ? ? ? ? ? ? ?

miR167c UGAAGCUGCCAGCAUGAUCUG Not tested ? ? ? ? ? ? ?

miR167d UGAAGCUGCCAGCAUGAUCUU Not tested ? ? ? ? ? ? ?

miR168a UCGCUUGGUGCAGAUCGGGAC Not tested ? ? ? ?

miR168b UCGCUUGGUGCAGGUCGGGAA RT-PCR ? ? ?

miR169a UGAGCCAAGGAUGACUUGCCG Not tested ? ? ? ? ? ? ?

miR169b UAGCCAAGGAUGACUUGCCCA Not tested ? ? ? ? ? ? ?

miR169c UAGCCAAGGAUGACUUGCCGG Not tested ? ? ? ? ? ? ?

miR169d UAGCCAAGGAUGACUUGCCUA Not tested ? ? ? ? ? ? ?

miR169e CAGCCAAGGATGACTTGCCGA RT-PCR ? ? ? ? ? ? ?

miR170 UGAUUGAGCCGUGUCAAUAUC RT-PCR ? ? ? ?

miR171a UUGAGCCGUGCCAAUAUCAC RT-PCR ? ? ? ? ?

miR171b UGAUUGAGCCGUGCCAAUAUC Not tested ? ? ? ? ? ?

miR172 AGAAUCUUGAUGAUGCUGCAU RT-PCR ? ? ? ? ? ?

miR390 AAGCUCAGGAGGGAUAGCGCC Q-RT-PCR ? ? ? ?

miR391 UUCGCAGGAGAGAUAGCGCCA Not tested ?

miR393 UCCAAAGGGAUCGCAUUGAUC Not tested ? ? ? ? ? ?

miR394 UUGGCAUUCUGUCCACCUCC Not tested ? ? ? ? ?

miR396 UUCCACAGCUUUCUUGAACUU Not tested ? ? ? ? ? ? ?

miR399 UGCCAAAGGAGAGUUGCCCUA Not tested ? ? ? ? ? ?
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both that of the primers and the ‘unconstrained’ nucleo-

tides. All 14 miRNAs were detectable in both the

conventional and micropropagated plants.

Differentially expressed miRNAs between conventional

and micropropagated strawberry plants

A criterion of fold change[2 and P value \ 5% was used to

examine the differentially expressed miRNAs by micro-

array. The SAM software generated a plot of miRNAs which

were expressed differentially between conventional and

micropropagated strawberry plants (Fig. 4). We found that

four miRNAs produced such a difference, including two up-

regulated genes (marked in red) and two down-regulated

genes (green). The former were miR535 (ratio = 2.6884) (a

rice sequence) and miR390 (ratio = 2.2673) (an A. thaliana

sequence), while the latter were miR169a (ratio = 0.2496,

from A. thaliana) and miR169d (ratio = 0.3814, from rice).

In many cases of study global gene expression patterns

by microarray, attempts were made to confirm the micro-

array results using Q-RT-PCR (Thomson et al. 2004; Poole

et al. 2007). Q-RT-PCR is generally more sensitive than

Northern blot analysis, and allows absolute quantification

of transcript abundance. So Q-RT-PCR analysis was per-

formed to determine which locus was responsive to two

kinds of propagated methods in this paper. When Q-RT-

PCR (Fig. 3b) was applied to the two up-regulated genes to

validate the microarray result, the ratio of miR535

expression between the conventional and micropropagated

plants was 4.262, while that for miR390 was 3.820 (Fig. 5).

The same result that the expression of miR535 and miR390

was both higher in conventionally propagated strawberry

plants than that in micropropagated strawberry plants was

found by using two methods.

Discussion

Currently, a variety of biochemical, molecular, and bioin-

formatic approaches and technologies have been developed

for miRNA analysis and detection (Schena et al. 1995;

Eisen and Brown 1999). Using microarray technology, it is

now possible to perform high-throughput profiling of the

expression of all the known miRNAs to examine their

expression profiles under different conditions (Garzon et al.

2006; Zhao et al. 2007a; Liu et al. 2008). This technology

has proven to be semiquantitative, sensitive, and highly

reproducible in experiments with vertebrate miRNAs

(Baskerville and Bartel 2005). Many plant miRNAs are

members of closely related families that differ by a few

nucleotides or only one nucleotide in sequences. In order to

distinguish between different members of a miRNA family,

several normalization methods, such as LOWESS nor-

malization, basing on ‘housekeeping’ genes and replicate

hybridizations for each miRNA, arraying separate spots for

closely related family members, have been developed for

microarray data (Thomson et al. 2004; Axtell and Bartel

2005). These methods had also been adopted in this study.

Luo et al. (2007) showed that the difference by only one

nucleotide in the center portion of the sequence of miRNAs

could be differentiated in microarray analysis because the

fluorescent signal intensities of perfect match were more

above 2.1 times than that of mismatch with only one

nucleotide difference about Let-7.

Table 2 continued

Checked

miRNA

Sequence (50–30) Expression verification Conserved in other plants

osa ath zma sbi gma sof mtr ptc ppt

miR535 UGACAACGAGAGAGAGCACGC Q-RT-PCR ? ?

Among the checked miRNAs in strawberry by microarray, the 46 present in the public access (Sanger) database have been listed, and these

represent 21 miRNA gene families. Their conservation was analyzed between distantly related land plants

Osa: Oryza sativa, ath: Arabidopsis thaliana, zma: Zea mays, sbi: Sorghum bicolor, gma: Glycine max, sof: Saccharum officinarum, mtr:

Medicago truncatula, ptc: Populus trichocarpa, ppt: Physcomitrella patens. ?: miRNA sequences of strawberry were highly conserved in other

species

Fig. 2 Venn diagram illustrates the 21 miRNA families’ conserva-

tion of strawberry in Arabidopsis and rice. Among them, 15 miRNAs

families are also detected in A. thaliana, and the sequences of 12 of

them are completely conserved in rice
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Some plant miRNA families have remained conserved

not only in sequence but also in function. For example,

miR166 is deeply conserved across eudicots, monocots,

and gymnosperms, whose conservation in function

between eudicots and monocots has been experimentally

demonstrated (McConnell et al. 2001; Emery et al. 2003;

Tang et al. 2003; Juarez et al. 2004; McHale and Koning

2004; Zhong and Ye 2004), and the conservation of target

mRNA cleavage at the canonical site has also been shown

to occur in the lycopod Selaginella kraussiana (Floyd and

Bowman 2004). The sequence of miR169 is also deeply

conserved in many plants, whose target genes in A. thali-

ana and M. truncatula encode the transcription factors

HAP2s (Jones-Rhoades and Bartel 2004; Combier et al.

2006). HAP (also known as NF-Y or CBF) is a ubiquitous

transcription factor with high affinity and sequence speci-

ficity for the CCAAT box, a cis-element present in 25% of

eukaryotic gene promoters (Li et al. 2008). HAP protein

complexes appear to play central roles during development

by regulating cell division and/or differentiation in

eukaryotes (Bhattacharya et al. 2003; Agostino et al. 2006).

In plants, HAP genes have been shown to be key regulators

of embryogenesis, chloroplast biogenesis, and abscisic acid

response, etc (Lotan et al. 1998; Kwong et al. 2003; Lee

et al. 2003; Miyoshi et al. 2003; Warpeha et al. 2007). In

M. truncatula, MtHAP2-1 is a key transcriptional regulator

of symbiotic nodule development (Combier et al. 2006).

The complementary expression pattern of MtHAP2-1 and

miR169 indicates that the miR169-mediated restriction of

MtHAP2-1 expression to the nodule meristematic zone is

essential for the differentiation of nodule cells. NFYA5, a

member of the Arabidopsis NF-YA (HAP2) family, is

important in controlling stomatal aperture and drought

resistance. NFYA5 contains a target site for miR169, and is

mainly regulated by miR169a (Jones-Rhoades and Bartel

2004; Li et al. 2008). NFYA5 knockout plants and plants

overexpressing miR169a have showed greater stomatal

apertures and are more sensitive to drought stress than

wild-type plants (Li et al. 2008). In vitro plants have larger

stomatal apertures (Brainerd and Fuchigami 1982; Short

et al. 1987). In this study, miR169a and miR169d expres-

sed at very high levels in micropropagated strawberry

plants. So we deduce that the expression of miR169 could

be up-regulated by tissue culture condition.

Trans-acting small interfering RNAs (ta-siRNAs) are a

class of plant endogenous siRNAs that have been

Fig. 3 The stem-loop RT-PCR

miRNA assay and the resulting

amplicon. a The RT-PCR assay

for miRNAs. b The Q-RT-PCR

assay for miRNAs. c RT-PCR

amplicons. M 50 bp DNA

ladder; Lanes 1–12 miR172,

159, 167, 164, 156, 165, 157,

162, 168, 170, 171 and 169

Fig. 4 Volcano plot showing miRNAs expressed differentially

between conventional and micropropagated strawberry plants by

microarray. miR535 and miR390 show two up-regulated genes, and

miR169a and miR169d show two down-regulated genes

Fig. 5 miRNAs expressed differentially between conventional and

micropropagated strawberry plants assessed by Q-RT-PCR. CS shows

the relative amounts of transcript in conventionally propagated and

MS in micropropagated strawberry plants
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discovered as regulators of gene expression in plants (Allen

et al. 2005; Williams et al. 2005; Talmor-Neiman et al.

2006b). In contrast to other classes of endogenous siRNAs,

they typically direct the cleavage of perfectly complemen-

tary mRNA targets (Vazquez et al. 2004). Ta-siRNA

primary transcript processing represents a new function for

miRNAs and a departure from the canonical function of

miRNAs as direct negative regulators (Allen et al. 2005).

Three families of TAS genes, TAS1, TAS2 and TAS3, have

been identified in Arabidopsis (Allen et al. 2005; Yoshik-

awa et al. 2005). Among these, the TAS3 was identified as

target of miR390 in A. thaliana and P. patens (Allen et al.

2005; Talmor-Neiman et al. 2006b). Homologous tran-

scripts of TAS3, with miR390 target sites, have been found

in various dicotyledonous and monocotyledonous species,

which suggests that TAS3 is conserved in higher plants

(Allen et al. 2005). TAS3 ta-siRNAs target the mRNAs

associated with several auxin response factors (ARFs),

including ARF3 and ARF4 (Allen et al. 2005; Adenot et al.

2006; Fahlgren et al. 2006; Garcia et al. 2006). ARFs are

transcriptional activators and repressors that bind with

specificity to TGTCTC auxin response element in promot-

ers of primary/early auxin response genes (Tiwari et al.

2003). The juvenile-to-adult phase transition in A. thaliana

is normally suppressed by TAS3 ta-siRNAs via the negative

regulation of ARF3 mRNA (Fahlgren et al. 2006). ‘Toy-

onoka’ is a short-day strawberry cultivar, which initiate

flower buds either under short-day conditions (less than

10 h of day length) or when temperature is less than 15�C.

But in a previous study, we found the characteristics of

flower–bud differentiation and flowering of micropropa-

gated strawberry plants changed, i.e., after 60 days of

acclimatization in a greenhouse, the micropropagated plants

began to initiate flower buds when temperature was more

than 20�C and the day length was 13 h (Mi et al. 2007).

Here, we have shown, using both a microarray and a Q-RT-

PCR approach, that miR390 expression was suppressed in

micropropagated strawberry plants. Further experiments are

needed to find out whether the low expression of miR390

conduces to the change of flower–bud differentiation

characteristics of micropropagated strawberry plants.

Epigenetically induced morphological variation has

become a topic of interest in the plant world, such as two

classic examples of the concerning the genus Brassica

(Pires et al. 2004) and Linaria vulgaris (Cubas et al. 2001).

Epigenetic variation is also common among micropropa-

gated plants, such as mantled variation in the oil palm

(Jaligot et al. 2000) and hyperflowering response in mi-

cropropagated strawberry plants (Jemmali et al. 1994).

There were reports on DNA methylation differences exist

between the conventional and micropropagated plants

(Rival et al. 2008), but there has been no attempt to cor-

relate miRNA expression with epigenetic variation in

micropropagated plants. The relationship between miRNAs

and epigenetics is complicated. DNA methylation and

histone modifications can control the expression of miR-

NAs (Saito et al. 2006), on the other hand, miRNAs can be

involved in establishing DNA methylation (Bao et al.

2004) and may regulate chromatin structure by regulating

key histone modifiers (Tuddenham et al. 2006). Here we

have been able to demonstrate the existence of differences

in miRNA expression between conventional and micro-

propagated strawberry plants. Among these, it proved that

miR535 showed the largest expression difference between

the conventional and micropropagated strawberry plants.

Until now, miR535 has been detected in several plants,

including rice, P. patens and California poppy Esc-

hscholzia californica (Sunkar et al. 2008; Talmor-Neiman

et al. 2006a; Barakat et al. 2007). Its target gene has been

predicted in rice (Guo et al. 2008), but it need to be sup-

ported by further experimental data. And the role of

miR535 in epigenetic variation of micropropagated plants

needs to be tested by its over-expression or silencing in

transgenic plants.
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trans-acting siRNAs regulate the accumulation of Arabidopsis
mRNAs. Mol Cell 16(1):69–79

Wang XJ, Reyes JL, Chua NH, Gaasterland T (2004) Prediction and

identification of Arabidopsis thaliana microRNAs and their

mRNA targets. Genome Biol 5(9):R65

Wang JW, Wang LJ, Mao YB, Cai WJ, Xue HW, Chen XY (2005)

Control of root cap formation by microRNA-targeted auxin

response factors in Arabidopsis. Plant Cell 17:2204–2216

Warpeha KM, Upadhyay S, Yeh J, Adamiak J, Hawkins SI, Lapik

YR, Anderson MB, Kaufman LS (2007) The GCR1, GPA1,

PRN1, NF-Y signal chain mediates both blue light and abscisic

acid responses in Arabidopsis. Plant Physiol 143:1590–1600

Williams L, Carles CC, Osmont KS, Fletcher JC (2005) A database

analysis method identifies an endogenous trans-acting short-

Plant Cell Rep (2009) 28:891–902 901

123



interfering RNA that targets the Arabidopsis ARF2, ARF3, and

ARF4 genes. Proc Natl Acad Sci USA 102:9703–9708

Xie FL, Huang SQ, Guo K, Xiang AL, Zhu YY, Nie L, Yang ZM

(2007) Computational identification of novel microRNAs and

targets in Brassica napus. FEBS Lett 581:1464–1474

Yang YH, Dudoit S, Luu P, Lin DM, Peng V, Ngai J, Speed TP

(2002) Normalization for cDNA microarray data: a robust

composite method addressing single and multiple slide system-

atic variation. Nucleic Acids Res 30:e15

Yao Y, Guo G, Ni Z, Sunkar R, Du J, Zhu JK, Sun Q (2007) Cloning

and characterization of microRNAs from wheat (Triticum
aestivum L.). Genome Biol 8:R96

Yin Z, Li C, Han X, Shen F (2008) Identification of conserved

microRNAs and their target genes in tomato (Lycopersicon
esculentum). Gene 414:60–66

Yoshikawa M, Peragine A, Park MY, Poethig RS (2005) A pathway

for the biogenesis of trans-acting siRNAs in Arabidopsis. Genes

Dev 19:2164–2175

Zhao B, Liang R, Ge L, Li W, Xiao H, Lin H, Ruan K, Jin K (2007a)

Identification of drought-induced microRNAs in rice. Biochem

Biophys Res Commun 354:585–590

Zhao T, Li GL, Mi SJ, Li S, Hannon GJ, Wang XJ, Qi YJ (2007b) A

complex system of small RNAs in the unicellular green alga

Chlamydomonas reinhardtii. Genes Dev 21:1190–1203

Zhong R, Ye ZH (2004) Amphivasal vascular bundle 1, a gain of

function mutation of the IFL1/REV gene, is associated with

alterations in the polarity of leaves, stem and carpels. Plant Cell

Physiol 45(4):369–385

902 Plant Cell Rep (2009) 28:891–902

123


	MicroRNA expression profiles in conventional and micropropagated strawberry (Fragaria x ananassa Duch.) �plants
	Abstract
	Introduction
	Materials and methods
	Plant material
	RNA extraction and microarray analysis
	Reverse transcription PCR (RT-PCR)
	Q-RT-PCR

	Results
	Analysis of miRNAs in strawberry plants by microarray
	Detection of miRNAs in strawberry plants by RT-PCR
	Differentially expressed miRNAs between conventional and micropropagated strawberry plants

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


