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MicroRNAs (miRNAs) are 20–24 nucleotide RNAs that are predicted to play regulatory roles 
in animals and plants. Here we report a simple and sensitive real-time PCR method for quan-
tifying the expression of plant miRNAs. Total RNA, including miRNAs, was polyadenylated 
and reverse-transcribed with a poly(T) adapter into cDNAs for real-time PCR using the 
miRNA-specific forward primer and the sequence complementary to the poly(T) adapter as 
the reverse primer. Several Arabidopsis miRNA sequences were tested using SYBR® Green 
reagent, demonstrating that this method, using as little as 100 pg total RNA, could readily 
discriminate the expression of miRNAs having as few as one nucleotide sequence difference. 
This method also revealed miRNA tissue-specific expression patterns that cannot be resolved 
by Northern blot analysis and may therefore be widely useful for characterizing miRNA ex-
pression in plants as well as in animals.

INTRODUCTION

MicroRNAs (miRNAs) are released 
from long hairpin-containing miRNA 
precursors (pre-miRNAs) as 20–24 
nucleotide single-stranded mature 
miRNAs and enter and guide the RNA-
induced silencing complex (RISC) to 
identify target messages for silencing 
through either direct mRNA cleavage 
or translational repression (for recent 
reviews, see References 1 and 2). 
Such miRNA-mediated gene silencing 
has been predicted to regulate various 
developmental, metabolic, and cellular 
processes (1,2). Thus, the spatiotem-
poral expression patterns of miRNAs 
are important to the verification of 
their predicted functions. Northern blot 
analysis, the principal technique for 
detecting RNA transcripts, is however 
often insensitive for miRNAs (3,4). 
As miRNA identification efforts have 
been shifted from cloning to compu-
tation (5–8), a more sensitive and high-
throughput method for quantifying 
the expression of a large number of in 
silico miRNAs is needed for verifying 
their authenticity and functions.

In addition to Northern blot analysis, 
many miRNA detection systems have 
recently been developed, such as 
mirVana™ miRNA Detection (Ambion, 

Austin, TX, USA), the invader assay-
based detection (9), mirMASA™ 
miRNA profiling (Genaco Biomedical 
Products, Huntsville, AL, USA) (10), 
and modified microarrays (11–16). 
All these hybridization-based methods 
require large quantities of RNA. A 
more sensitive real-time PCR method 
has been developed for quantifying 
the expression of pre-miRNAs (17). 
However, this method cannot detect 
mature miRNAs. Here we report the 
establishment and validation of a 
simple, high-throughput real-time PCR 
method for quantifying plant miRNAs 
based on techniques and materials 
readily available to the general scien-
tific community.

MATERIALS AND METHODS

RNA Isolation, Polyadenylation, and 
Reverse Transcription

Total RNA was isolated from 
leaf and stem tissues of Arabidopsis 
thaliana (Columbia accession) 
using TRIzol® reagent (Invitrogen, 
Carlsbad, CA, USA) and treated 
with RNase-free DNaseI (Promega, 
Madison, WI, USA). The treated total 
RNA (1 μg) was polyadenylated with 

ATP by poly(A) polymerase (PAP) 
at 37°C for 1 h in a 20-μL reaction 
mixture following the manufacturer’s 
directions for the Poly(A) Tailing Kit 
(Ambion). After phenol-chloroform 
extraction and ethanol precipitation, 
the RNAs were dissolved in diethyl-
pyrocarbonate (DEPC)-treated water 
and reverse-transcribed with 200 U 
SuperScript™ II Reverse Transcriptase 
(Invitrogen) and 0.5 μg poly(T) adapter 
[3′ rapid amplification of comple-
mentary DNA ends (RACE) adapter 
in the FirstChoice® RLM-RACE kit; 
Ambion] according to the manufac-
turer’s protocols (Invitrogen).

Real-Time PCR Primer Design and 
Melting Temperature Evaluation

Seven miRNAs were selected, 
covering a variety of miRNA sequence 
features. AthmiR159a and AthmiR161  
each represent the single member in the 
corresponding miRNA families (3,18). 
AthmiR165a and AthmiR166a differ by 
1 nucleotide (3), and AthmiR167a (3) 
and its two paralogues, AthmiR167c 
and AthmiR167d, have 1 to 2 nucle-
otide differences (5,18). AthmiR159a, 
AthmiR165a, and AthmiR166a are 
each located at the 3′ arm of their 
cognate pre-miRNAs, whereas all the 
other tested miRNAs are on the 5′ arm 
of the corresponding pre-miRNAs. 
Arabidopsis 5.8S ribosomal RNA 
(rRNA) was selected as the internal 
reference gene for PCR quantitation. 
The reverse primer for these miRNAs 
and 5.8S rRNA was a 3′ adapter 
primer (3′ RACE outer primer in the 
FirstChoice RLM-RACE kit), and the 
forward primer was designed based 
on the entire tested miRNA sequence. 
However, for those forward primers 
containing more than three G/C within 
the five 3′-end nucleotides, one or two 
As were added to the 3′ end of these 
primers to ensure their binding to the 
target site encompassing the miRNA 
sequence and Ts in the poly(T) adapter 
(Figure 1). For 5.8S rRNA, the forward 
primer contained sequences comple-
mentary to those located at the 3′ end. 
These primer designs were expected 
to result in 63–65 bp products. All 
primers used in this study were synthe-
sized by MWG Biotech (Highpoint, 
NC, USA) and are listed in Table 1. 
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The true melting temperature (Tm) 
values of primers were experimentally 
determined from the thermal disso-
ciation curves generated from the 
target primers and their corresponding 
antisense sequences using an ABI 
Prism® 7000HT Sequence Detection 
System (Applied Biosystems, Foster 
City, CA, USA). Briefly, 100 pmol 
each of the primer and its antisense 
oligonucleotide were mixed with 12.5 
μL SYBR® Green PCR Master Mix 
(Applied Biosystems) in a total volume 
of 25 μL for DNA melting analysis 
with a programmed temperature ramp 
from 45° to 95°C in 5 min to produce a 
dissociation curve, from which the Tm 
was calculated.

Real-Time PCR Amplification of 
miRNAs and Northern Blot Analysis 
of miRNA Expression

For each PCR, 1 μL template cDNA, 
equivalent to approximately 100 pg 
total RNA, was mixed with 12.5 μL 
2× SYBR Green PCR master mix and 
5 pmol each of the forward and reverse 
primers in a final volume of 25 μL. Two 
amplification programs were used. One 
was the standard protocol of the ABI 
Prism 7000HT Sequence Detection 

System, 15 s at 95°C and 1 min at 
60°C for 45 cycles, and followed by 
the thermal denaturing step to generate 
the dissociation curves to verify ampli-
fication specificity. This standard PCR 
protocol was used for quantifying 
transcript levels of miRNAs differing 
by two or more nucleotide sequences. 
The second or modified protocol was 
15 s at 95°C, 15 s at a temperature 5°C 
below the primer’s true Tm, and 20 s 
at 72°C for 45 cycles and followed by 
the thermal denaturing step described 
above. This high-stringency amplifi-
cation was designed for quantifying 
transcript levels of miRNAs with 1 
nucleotide difference. All reactions 
were run in triplicate. PCR product sizes 
were validated by electrophoresis using 
2% agarose or 12% polyacrylamide, 
8 M urea gel. Northern blot analysis 
of miRNA expression was performed 
according to Lu et al. (19) and Park et 
al. (20).

Data Analysis for Real-Time PCR 
Amplification Efficiency and for 
Quantifying Relative miRNA 
Expression

Amplification efficiency of real-
time PCR was analyzed according 

to the protocols of Schmittgen et al. 
(17). Briefly, a 10-fold dilution series 
of either cDNA containing the tested 
miRNA or the purified product of 
the tested miRNA were used as the 
template for real-time PCR to generate 
a plot of log copy numbers of the tested 
miRNA at different dilutions versus 
the corresponding cycle threshold 
(CT). The slope of the linear plot is 
defined as  -(1/log E), where E is the 
amplification efficiency, and its value 
should approach 2 if the efficiency 
reaches the maximum (21). Thus, 
the quantity of miRNA, relative to 
a reference gene, can be calculated 
using the formula 2-∆CT, where ∆CT 
= (CT miRNA - CT reference RNA) (17). 
Comparison of miRNA expression 
was based on a comparative CT method 
(∆∆CT) (21,22), and the relative miRNA 
expression can be quantified according 
to the formula of 2-∆∆CT, where ∆∆CT = 
(CT miRNA - CT reference RNA) - (CT calibrator 
- CT reference RNA) (21,22). The miRNA 
sample with the lowest CT value, and 
thus the highest expression level, was 
selected as the calibrator, of which 
expression level represents 100% for 
normalization in each comparison.

RESULTS AND DISCUSSION

Using Arabidopsis miRNAs and 
SYBR Green reagent as a working 
model, we demonstrated the quanti-
tation of plant miRNA expression 
through a poly(A) miRNA-based 
real-time PCR approach (Figure 1). 
Northern blot analysis of the poly(A) 
reaction products indicated that the 
tested miRNAs and 5.8S rRNA could 
be quantitatively polyadenylated (see 
Supplementary Figure S1, which can be 

Table 1. Primers Used in the Study
Name Sequence 

AthmiR159a 5′-TTTGGATTGAAGGGAGCTCTA-3′
AthmiR159a anti 5′-TAGAGCTCCCTTCAATCCAAA-3′
AthmiR161 5′-GAAAGTGACTACATCGGGGAA-3′
AthmiR161 anti 5′-CCCCGATGTAGTCACTTTCAA-3′
AthmiR165a 5′-CGGACCAGGCTTCATCCC-3′
AthmiR166a 5′-CGGACCAGGCTTCATTCC -3′
AthmiR166–3m 5′-CGGACCTCCCTTCATTCC-3′
AthmiR166–2m 5′-CGGACCTGGCTTCTTTCC-3′
AthmiR166-m1 5′-CGCACCAGGCTTCATTCC-3′
AthmiR166-m2 5′-CGGTCCAGGCTTCATTCC-3′
AthmiR166-m3 5′-CGGACCAGGCTTGATTCC-3′
AthmiR166 anti 5′-GGGAATGAAGCCTGGTCCGA-3′
AthmiR167a 5′-TGAAGCTGCCAGCATGATCTA-3′
AthmiR167c 5′-TTAAGCTGCCAGCATGATCTT-3′
AthmiR167d 5′-TGAAGCTGCCAGCATGATCTGG-3′
AthmiR167a anti 5′-TAGATCATGCTGGCAGCTTCA-3′
Ath5.8S 5′-ACGTCTGCCTGGGTGTCACAA-3′
Poly(T) adapter 5′-GCGAGCACAGAATTAATACGACTCACTATAGG(T)12VN*-3′
Reverse primer 5′-GCGAGCACAGAATTAATACGAC-3′

*V = A, G, C; N = A, T, G, C.

Table 2. Amplification Efficiency for 
Arabidopsis miRNAs and 5.8S rRNA

RNA
PCR  

Efficiency R2

AtmiR159a 1.98 1

AtmiR161 1.99 0.9998

AtmiR166a 1.93 0.9985

AtmiR167a 1.99 0.9965

5.8S rRNA 1.99 0.9968

The efficiency test for each microRNA 
(miRNA) was conducted using total leaf RNA 
in a range from 1 to 1000 pg.



Vol. 39, No. 4 (2005) BioTechniques 521

found online at www.BioTechniques.
com). The dissociation curve showing 
a unique peak from the PCR amplifi-
cation of each tested miRNA, as well as 
5.8S rRNA, attested to the specificity of 
the amplification (Figure 2A showing 
3 tested miRNAs), while the correct 
product sizes of 63–65 bp were verified 
by gel electrophoresis (Figure 2B). The 
amplification specificity shown by the 
dissociation curves and gel electropho-
resis also provides direct evidence for 
the exclusion of amplifying the pre-
miRNAs by this PCR approach. This 
is especially true for miRNAs residing 
on the 5′ arm of their pre-miRNAs, but 
might not be the case for those located 
at the 3′ arm, such as AthmiR159a. 
However, it is well-known that pre-
miRNAs have not been compellingly 
detected in plants (1); not even in plants 
that are deficient in DCL function (1,3). 
Using Northern blot analysis, we also 
could not detect pre-miRNAs of the 
tested miRNAs. Furthermore, polyad-

enylation of pre-miRNA might not be 
efficient due to the presence of the stem-
loop structure (23). Taken together, 
therefore, our PCR approach would be 
more mature miRNA-specific. Indeed, 
we failed to amplify the pre-miRNA 
of AthmiR159a using its pre-miRNA-
specific forward 
primer and 
poly(T) adaptor 
reverse primer. 
This was impli-
cated, based on 
the CT values, 
that in every 100 
copies of the 
products, 99.99 
of them were 
found derived 
from the mature 
AthmiR159a (see 
Supplementary 
Table S1, which 
can be found 
online at www.

BioTechniques.com). Thus, the negli-
gible level and low poly(A) efficiency 
of pre-miRNAs would unlikely affect 
miRNA quantitation by our real-time 
PCR approach.

The analysis of PCR results further 
showed that the amplification efficiency 

Figure 2. Validation of real-time PCR for quantitation of microRNAs 
(miRNAs). (A) Dissociation curves of real-time PCR amplification of 
AthmiR161, AthmiR166a, and AthmiR167a. (B) Real-time PCR products with 
sizes of 63, 64, and 64 bp for AthmiR159a, AthmiR166a, and AthmiR167a, 
respectively, resolved on ethidium bromide-stained 12% polyacrylamide, 8 
M urea gel. (C). Real-time PCR standard curve of diluted PCR products of 
AthmiR167a. The diluted PCR products equal to 10, 102, 103, 104, 105, 106, 
107 copy numbers of AthmiR167a. (D) Real-time PCR standard curve for 
AthmiR167a using diluted leaf cDNA as a template, which is equivalent to 1, 
10, 102, and 103 ng total leaf RNA. (E) Relative level of PCR products using 
mismatched primer compare with perfectly matched primer in normal pro-
gram (60°C annealing temperature) and high-stringency program (65°C an-
nealing temperature) for amplifying the target AthmiR166a. (F) Mismatched 
positions in primer sequences and melting temperature (Tm) of these primers 
paired with the antisense oligonucleiotide of AthmiR166a.
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Figure 1. Real-time PCR quantitation of microRNAs 
(miRNAs). Step 1, poly(A) of total RNA to give poly(A) 
miRNAs. Step 2, reverse transcription of poly(A) miRNAs 
using poly(T) adapter. Step 3, first strand cDNAs of miRNAs 
for real-time PCR, with miRNA-specific forward primer 
and reverse primer complementary to poly(T) adapter. PAP, 
poly(A) polymerase.
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for all tested miRNAs and 5.8S rRNA 
approached the maximum value (Table 
2). Using AthmiR167a as an example, 
Figure 2C shows the standard curve 
derived from the amplification of 
various concentrations of AthmiR167a 
PCR products from leaf RNA and 
indicates that AthmiR167a quantities 
in the range of 10–106 copies can be 
reliably amplified with an efficiency 
nearing 2 (from the slope of -3.33). 
When using cDNA as the template 
transcribed from poly(A)-tailed total 
RNA, all tested miRNAs could be 
quantitatively amplified from 1 to 
1000 pg total RNA with an efficiency 
of about 2 (e.g., as shown in Figure 
2D for AthmiR167a). The analyses 
further revealed that for most cases, 
the template quantities corresponding 
to 10–100 pg total RNA would yield 
optimal amplification efficiency and 
specificity, suggesting that our real-
time PCR approach would be particu-
larly useful for quantifying low copy 
number or underexpressed miRNAs. 
For instance, using approximately 
500 pg total RNA, our approach may 
allow a quantitative amplification of 
Arabidopsis miRNAs having only one 
copy per cell, based on the assumption 
that there is 20–50 pg total RNA per 
cell in Arabidopsis (24,25).

To further verify the specificity 
of our real-time PCR approach, we 
tested the amplification of AthmiR166a 
with primers having perfect or 1–3 
nucleotide mismatched complemen-
tarity to AthmiR166a sequence (Table 
1). Using the normal PCR program, 
two and three mismatched primers 
(Figure 2E, 166-2m and 166-3m) 
did not result in detectable amplifi-
cation products, whereas AthmiR166a 
was quantitatively amplified using 
perfectly matched primer (Figure 
2E, 60°C), demonstrating that such a 
PCR program can readily discern the 
expression of miRNAs from that of 
their paralogs differing by two or more 
nucleotides. However, all 1-nucleotide 
mismatched primers led to rather 
extensive product amplification. This 
was likely due to an efficient annealing 
of AthmiR166a and the 1-nucleotide 
mismatched primer (Figure 2E, 60°C). 
We therefore modified the annealing 
temperature for the PCR program by 
first determining experimentally the 

true Tm values for these primers. To do 
that, antisense AthmiR166a sequence 
was used as the annealing fragment for 
all primers tested. The true Tm values 
are listed in Figure 2F and based on 
these, we raised the PCR annealing 
temperature to 65°C, which is higher 
than the Tms for all tested 1-nucleotide 
mismatched primers but still 5°C below 
the Tm of the perfectly matched target 
AthmiR166a primer. As expected, the 
modified PCR amplification drastically 

reduced the nontarget amplification 
products to insignificant levels (Figure 
2E, 65°C) and did not affect the ampli-
fication efficiency of AthmiR166a with 
its perfectly matched primer. Taken 
together, these results attested to an 
effective real-time PCR amplification 
system suitable for discerning miRNAs 
having as few as 1 nucleotide sequence 
difference.

The real-time PCR determined 
expression patterns of some of the 

Figure 3. The characterization of microRNA (miRNA) expression patterns by real-time PCR and 
Northern blot analysis. (A) Relative expression levels of AthmiR159a, AthmiR161, AthmiR166a, and 
AthmiR167a in stem and leaf tissues by real-time PCR using cDNAs equivalent to 100 pg total RNA 
and normal PCR program. (B) Northern blot analysis of AthmiR159a, AthmiR161, AthmiR166a, and 
AthmiR167a expression using their antisense probes, respectively. Twenty micrograms total RNA/lane. 
(C) RNA separates on 12% polyacrylamide, 8 M urea gel as loading control. (D) Relative expression of 
AthmiR165a and AthmiR166a quantified by high-stringency PCR program. (E) Relative expression of 
AthmiR167a, AthmiR167c, and AthmiR167d using normal PCR program. The expression levels of all 
miRNAs by real-time PCR were relative to the expression of Arabidopsis 5.8S rRNA and normalized. 
nt, nucleotides.
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target miRNAs in leaf and stem tissues 
(Figure 3A) were consistent with those 
by Northern blot analysis (Figure 3B). 
Northern blot analysis can be a useful 
method for detecting miRNAs having 
distinct sequences, such as AthmiR159a 
and AthmiR161. However, it cannot 
discriminate miRNAs with an 
identical size and with a high sequence 
homology that express in the same 
tissue. The Northern blot analysis 
signals seen in stem and leaf tissues 
for AthmiR166a could represent those 
of either AthmiR166a or AthmiR165a 
or both, since AthmiR165a and 
AtmiR166a are both 21 nucleotides 
but differ by 1 nucleotide in their 
sequences (3,18). In contrast, the 
expression of these miRNAs could 
readily be discriminated by our real-
time PCR system (Figure 3D), using 
their miRNA-specific primers (Table 
1) and the modified program (65°C 
annealing temperature). AthmiR166a 
is apparently a more prevalent type of 
miRNA in both stem and leaf tissues 
as compared with AthmiR165a—a 
distinction that cannot be resolved by 
Northern blot analysis (Figure 3D).

Based on the current miRNA 
database (18), there are four members 
in the AthmiR167 family: (i) 
AthmiR167a, with 21 nucleotides; (ii) 
AthmiR167b, with 21 nucleotides; (iii) 
AthmiR167c, with 21 nucleotides; and 
(iv) AthmiR167d, with 22 nucleotides. 
In fact, AthmiR167a and AthmiR167b 
represent the identical mature miRNA 
from two distinct miRNA precursors. 
AthmiR167a and AthmiR167c differ 
by 2 nucleotides, and AthmiR167a 
also has a 2-nucleotide difference 
to AthmiR167d. It was previously 
reported that the probe to AthmiR167a 
detected the accumulation of 21-nucle-
otide size transcripts in all Arabidopsis 
tissue examined, except in stem, where 
a 22-nucleotide RNA accumulates (3). 
Using the probe to AtmiR167a, we 
detected a very weak signal of the 21-
nucleotide RNA stems but detected the 
22-nucleotide RNA transcripts in stems 
as well as in leaves (Figure 3B, right 
panel), consistent with the previous 
report (3). However, the identity of 
this 22-nucleotide RNA was unknown, 
because either the 21-nucleotide 
AthmiR167a or the 22-nucleotide 
AthmiR167d probes would hybridize 

to the 21- and 22-nucleotide RNA 
transcripts on a Northern blot analysis, 
casting doubt also about the identity of 
the 21-nucleotide RNA transcripts (3). 
We then amplified these AthmiR167 
members using our standard real-time 
PCR program and their specific primers 
(Table 1) and provided quantitative 
evidence that the 22-nucleotide bands 
seen in the Northern blot analysis 
are the transcripts of AthmiR167d 
(Figure 3B, right panel), and that 
its transcript level in leaves is about 
triple that in stems, which is consistent 
with the signal levels revealed by the 
Northern analysis (Figure 3B, right 
panel). The real-time PCR result on 
the AthmiR167a type (Figure 3E) also 
indicated that the high 21-nucleotide 
transcript level in leaves and its insig-
nificant level in stems seen in the 
Northern blot analysis (Figure 3B, right 
panel) are likely those of the transcripts 
of the AthmiR167a type. Essentially, 
no AthmiR167c transcripts could 
be detected in these two tissue types 
(Figure 3E), further confirming that the 
strong 21-nucleotide signal seen in the 
Northern analysis was primarily from 
AthmiR167a.

Conclusion

Here we report a real-time PCR 
protocol for quantifying plant miRNAs. 
This method is sensitive enough to 
quantify miRNAs having low copy 
numbers and a similar length but 
differ by as few as a single nucleotide 
sequence. This mature miRNA-specific 
quantitation can be a useful supplement 
to the previously established pre-
miRNA-specific PCR system (17) for 
a more comprehensive characterization 
of miRNA processing and maturation 
associated with the functions of 
miRNAs.
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