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Reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR) is a robust and widely
applied technique used to investigate gene expression. However, for correct analysis and interpretation of
results, the choice of a suitable gene to use as an internal control is a crucial factor. These genes, such as
housekeeping genes, should have a constant expression level in different tissues and across different con-
ditions. The advances in genome sequencing have provided high-throughput gene expression analysis
and have contributed to the identification of new genes, including microRNAs (miRNAs). The miRNAs
are fundamental regulatory genes of eukaryotic genomes, acting on several biological functions. In this
study, miRNA expression stability was investigated in different soybean tissues and genotypes as well
as after abiotic or biotic stress treatments. The present study represents the first investigation into the
suitability of miRNAs as housekeeping genes in plants. The transcript stability of 10 miRNAs was com-
pared to those of six previously reported housekeeping genes for the soybean. In this study, we provide
evidence that the expression stabilities of miR156b and miR1520d were the highest across the soybean
experiments. Furthermore, these miRNAs genes were more stable than the most commonly protein-cod-
ing genes used in soybean gene expression studies involving RT-qPCR.

� 2010 Elsevier Inc. All rights reserved.
Reverse transcription quantitative real-time polymerase chain
reaction (RT-qPCR)1 is a powerful technique that is commonly used
to study gene expression due to its high sensitivity, good reproduc-
ibility, and wide dynamic quantification range. Many experiments
have used RT-qPCR to measure the gene expression variation be-
tween two different biological groups, for example, a treated versus
a control pool of samples. However, in many cases, the variation is
caused by a discrepancy in the initial sample amount, efficiency of
nucleic acid recovery, RNA degradation, differences in sample qual-
ity, pipetting errors, or variation in cDNA synthesis efficiency [1].
In such cases, the normalization process is fundamental for correct-
ing nonspecific variation that can affect quantification results [2].

Several normalization strategies have been proposed, but the
most commonly used method is relative quantification. Using this
method, the expression level of a gene of interest is normalized to
the expression level of a reference gene [2]. An ideal reference gene
should be expressed at a constant level across various conditions,
such as developmental stages or tissue types, and its expression
ll rights reserved.
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should be unaffected by experimental parameters [3–5]. Currently,
the reference genes frequently used are protein-coding genes,
especially ‘‘housekeeping genes,” which are involved in basic cellu-
lar processes [6], such as cytoskeleton construction (actins), glycol-
ysis (glyceraldehyde-3-phosphate dehydrogenase (GAPDH)),
protein folding (cyclophilin), synthesis of ribosomal subunits
(rRNA), electron transport (succinate dehydrogenase complex,
SDH), and protein degradation (ubiquitin) [7]. These genes are
thought to have constant expression levels among different sam-
ples and are frequently used to normalize gene expression levels
without proper validation [7]. However, the expression of a num-
ber of housekeeping genes, although constant under some experi-
mental conditions, varies considerably under other conditions
[6,8–11]. In fact, when these genes are used as reference genes un-
der experimental conditions that differ from those conditions in
which their stability of expression was originally tested, the results
can be misinterpreted [11].

The advances in genome sequencing have provided high-
throughput gene expression analysis and have contributed to the
identification of a wide range of new gene products, such as the
small noncoding RNAs, especially microRNAs (miRNAs). Discov-
ered some decades ago, miRNAs are fundamental regulatory genes
of eukaryotic genomes that regulate several biological functions

http://dx.doi.org/10.1016/j.ab.2010.07.020
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including hormonal control, immune responses, and adaptation to
a variety of biotic and abiotic stresses [12–15]. Although the small
size of miRNA (19–24 nucleotides) creates challenges for their
detection, recent innovative adaptations to RT-qPCR have resulted
in improvements in gene expression profiling. The development of
stem–loop primers provided a tool for detecting and characterizing
mature miRNAs by PCR [16,17]. In addition, stem–loop primers can
be used to specifically convert the mature functional miRNA into
its DNA complement and can potentially be used for multiplex re-
verse transcription (RT) reactions [16]. Due to the advances in the
ability to characterize miRNA expression, research involving these
small RNAs has increased in recent years. However, experiments
involving miRNA expression are still a challenge in many research
areas due to the lack of proper control genes for normalizing these
transcripts. Davoren and co-workers, while searching for suitable
reference genes for the normalization of microRNA expression,
identified two miRNAs (Let-7a and miR-16) constantly expressed
in human breast cancer tissues [17]. Peltier and Latham [18] also
searched for appropriated reference genes for their miRNA RT-
qPCR studies and found miRNA expression levels were the most
constant RNA levels in their analysis. They identified three miRNAs
that were highly consistent in expression across 13 healthy tissues
and 5 tumor tissues in humans. These miRNAs were statistically
superior to the most commonly used reference RNAs used in miR-
NA RT-qPCR cancer experiments [18]. Galiveti et al. [19] also re-
ported the detection of five non-protein-coding RNAs as
appropriate housekeeping genes in human tissues. Currently, there
are no data reporting the expression stability pattern of microRNAs
in plant tissues.

Recognizing the potential of miRNAs as a reference gene in RT-
qPCR analysis, we evaluated these non-protein-coding genes for
use in normalizing gene expression in the soybean. This study is
the first in which miRNAs were evaluated for stability alongside
other mRNA genes and also tested as potential reference genes
for both miRNA and mRNA gene expression in plant tissues. For
this study, we selected the soybean (Glycine max Merryll L.), which
is the major legume crop worldwide and already has established
mRNA housekeeping genes [7,20,21]. We compared the expression
level of 10 soybean miRNAs (miR156a, miR156b, miR167ab,
miR167c, miR171a, miR171b, miR172ab, miR396a, miR1520c, and
miR1520d) with six common mRNA housekeeping genes (ACT,
CDPK, CYP2, ELF1B, F-BOX, and TUA) and found that many of the
miRNAs showed better expression stability than the protein-cod-
ing housekeeping genes, indicating that these genes can be used
as optimal reference genes for both miRNAs and protein-coding
genes in RT-qPCR analysis.
Material and methods

Plant materials and treatments

Drought assay
For drought treatment, we used the soybean (G. max Merryll L.)

cultivars ‘Embrapa 48’ as a drought-tolerant standard [22] and ‘BR
16’ as a sensitive standard. The plants were grown in a greenhouse
at Embrapa-soybean in Londrina, Brazil, using a hydroponic system
compound for plastic containers (30 liters) and an aerated 6.6 pH-
balanced nutrient solution [22,23]. Briefly, seeds were pregermi-
nated on moist filter paper in the dark at 25 ± 1 �C and 65 ± 5% rel-
ative humidity. Then, the plantlets were placed in polystyrene
supports in such a way that the roots of the seedlings were com-
pletely immersed in the solution. Each tray containing the seed-
lings was maintained in a greenhouse at 25 ± 2 �C and 60 ± 5%
relative humidity under natural daylight (photosynthetic photon
flux density (PPFD) = 1.5 � 103 lmol m�2 s�1, equivalent to
8.93 � 104 lx) and a 12 h day. After 15 days, seedlings with the first
trifoliate leaf fully developed (V2 developmental stage) were sub-
mitted to different treatments. They were removed from the
hydroponic solution and kept in a tray in the dark without nutrient
solution or water for 0 min (T0 or control) and 125 min of stress
(T125). The roots and leaves of both genotypes were analyzed as
biological duplicate (T0) or triplicates (T125). They were immedi-
ately frozen in liquid nitrogen and stored at �80 �C until RNA
extraction.

Asian soybean rust assay
Asian soybean rust (ASR) reaction was assessed after inocula-

tion with a field population of Phakopsora pachyrhizi and per-
formed in the greenhouse at Embrapa-soybean Londrina, Brazil.
The soybean plants were grown in a pot-based system. The ‘Emb-
rapa 48’ genotype was used as a susceptible host plant, which
develops a susceptible lesion (TAN) after ASR infection [24], and
‘PI561356’ was used as the resistant host, which carries the ASR
resistance mapped on linkage group G (personal communication).
Urediniospores were collected by tapping infected leaves over a
plastic tray and were then diluted in distilled water with 0.05%
Tween 20 to a final concentration of 3 � 105 spores/mL. This sus-
pension of spores was sprayed onto the plantlets at the V2 devel-
opmental stage. The same solution minus the spores was used
for the mock inoculations. Following the ASR or mock inoculations,
water-misted bags were placed over all plantlets for 1 day to aid
the infection process and to prevent the cross-contamination of
mock-infected plants. One trifoliolate leaf for each plant was col-
lected at 192 h after inoculation for RNA extraction. Three biolog-
ical replicates of each genotype were analyzed for both treatments.

Genotype and tissue assay
For the genotype assay, ‘Embrapa 48’, ‘BR 16’, and ‘PI561356’

were analyzed. Leaf samples under nonstress conditions from both
the drought and the ARS assays at the same V2 developmental
stage were used. The tissue assay was performed by analyzing
the roots and leaves from the ‘Embrapa 48’ genotype under non-
stress conditions and during the V2 developmental stage.

RNA extraction and cDNA synthesis

For each treatment, total RNA was isolated by extraction with
Trizol, (Invitrogen) and the quality was evaluated by electrophore-
sis on a 1.0% agarose gel. The cDNA synthesis was carried out by
multiplex technique [25,26] from approximately 2 lg of total
RNA. Each reaction was primed with a pool of 0.5 lM 10 gene-spe-
cific stem–loop primers [16] (IDT) and 1 lM oligonucleotide dT24V
(Invitrogen). Before transcription, RNA and primers were mixed
with RNase-free water to a total volume of 10 lL and incubated
at 70 �C for 5 min followed by ice-cooling. Then, 6 lL 5� RT-Buffer
(Promega), 1 lL of 5 mM dNTP (Ludwig), and 1 lL MML-V RT En-
zyme 200 U (Promega) were added for a final volume of 30 lL.
The synthesis was performed at 42 �C for 30 min on a Veriti Ther-
mal Cycler (Applied Biosystem), and inactivation of the enzyme
was completed at 85 �C for 5 min. All cDNA samples were 50-fold
diluted with RNase-free water before being used as a template in
RT-qPCR analysis.

Selection of candidate housekeeping genes and primer design

The six protein-coding genes, ELF1B, CYP2, ACT, TUA, F-BOX, and
CDPK (Table 1), were selected based on previous reports of house-
keeping genes for the soybean [7,20,21]. The 10 miRNAs were cho-
sen based on our previous gene expression studies in the soybean
(data not shown). During the analyses of 43 miRNAs available on
miRBase database at http://www.mirbase.org (release 12.0) for

http://www.mirbase.org


Table 1
Primer sequences and amplicon characteristics for each of the 16 reference gene candidates.

Acronym Forward primer
sequence (50–30)

Reverse primer
sequence (50–30)

Amplicon
size (bp)

Efficiency R2 G.max locia Function Locus accession
numberb

ACT CGGTGGTTCTATCTTGGCATC GTCTTTCGCTTCAATAACCCTA 142 1.89 0.998 Gm18:61274000-61274248 Cytoskeletal
structural
protein

BW652479

CDPK TAAAGAGCACCATGCCTATCC TGGTTATGTGAGCAGATGCAA 97 1.97 0.986 Gm10:46251505-46251601 CDPK-related
protein kinase

AW396185

CYP2 CGGGACCAGTGTGCTTCTTCA CCCCTCCACTACAAAGGCTCG 154 1.80 0.996 Gm12:1802441-1802594 Protein folding CF806591
ELF1B GTTGAAAAGCCAGGGGACA TCTTACCCCTTGAGCGTGG 118 1.86 0.996 Gm02:49033741-49033961 Translational

elongation
EV279336

F-BOX AGATAGGGAAATGGTGCAGGT CTAATGGCAATTGCAGCTCTC 93 1.88 0.983 Gm12:3676720-3677719 F-Box protein
family

CD397253

TUA AGGTCGGAAACTCCTGCTGG AAGGTGTTGAAGGCGTCGTG 159 1.95 0.982 Gm05:34705808-34705919 Cytoskeletal
structural
protein

CA801144

156a TGACAGAAGAGAGTGAGCAC GTGCAGGGTCCGAGGT 70 1.94 0.992 Gm17: 6149963-6150084 miRNA MIMAT0001686
156b TGACAGAAGAGAGAGAGCACA ” 71 2.02 0.992 Gm14: 990334-990453 miRNA MIMAT0001692
167ab TGAAGCTGCCAGCATGATCTA ” 71 2.00 0.992 Gm19: 41871231-41871349

Gm02: 14635614-14635734
miRNA MIMAT0001679

MIMAT0001680
167c TGAAGCTGCCAGCATGATCTG ” 71 1.92 0.998 Gm07: 39778512-39778886 miRNA MIMAT0007355
171a TGAGCCGTGCCAATATCACGA ” 71 2.00 0.997 Gm12: 8443106-8443207 miRNA MIMAT0007358
171b CGAGCCGAATCAATATCACTC ” 71 1.91 0.999 Gm04: 46988579-46988670 miRNA MIMAT0007363
172ab AGAATCTTGATGATGCTGCAT ” 71 2.00 0.979 Gm12: 6110704-6110862

Gm13: 40401673-40401825
miRNA MIMAT0001682

MIMAT0001683
396a TTCCACAGCTTTCTTGAACTG ” 71 1.90 0.999 Gm13: 26338134-26338273 miRNA MIMAT0001687
1520c TTCAATAAGAACGTGACACGTGA ” 73 1.97 0.992 Gm17: 37893185-37893324 miRNA MIMAT0007395
1520d ATCAGAACATGACACGTGACAA ” 72 2.00 0.996 Gm07: 119451-119561 miRNA MIMAT0007379

a Position of CDS or pre-miRNA sequences.
b NCBI or miRBase database accession number.
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RT-qPCR analysis in a drought-stress assay, we observed that
miR156a, miR156b, miR167ab, miR167c, miR171a, miR171b, miR172-
ab, miR396a, miR1520c, and miR1520d had uniform expression
along a range of different conditions (unpublished data).

All primers of the 16 candidate reference genes are listed in Ta-
ble 1. Primer sequences for the six mRNA housekeeping genes were
chosen based on current literature [7,20]. The miRNA primers were
designed based on the fully tested miRNA sequence (forward), and
the reverse primer was the universal reverse primer for miRNA
[16]. The stem–loop primers, used for miRNAs cDNA synthesis, were
designed according to Chen et al. [16]. The stem–loop sequence con-
sists of 44 conserved and 6 variable nucleotides that are specific to
the 30 end of the miRNA sequence (50 GTCGTATCCAGTGCAGGGT
CCGAGGTATTCGCACTGGATACGAC NNNNNN 30).

Reverse transcription quantitative PCR

All quantitative PCR were performed in an ABI 7500 Real-Time
PCR System (Applied Biosystem) using SYBR Green I (Invitrogen) to
detect double-strand cDNA synthesis. Reactions were done in a
volume of 24 lL containing 12 lL of diluted cDNA (1:50), 1� SYBR
Green I (Invitrogen), 0.025 mM dNTP, 1� PCR Buffer, 3 mM MgCl2,
0.25 U Platinum Taq DNA Polymerase (Invitrogen), and 200 nM of
each reverse and forward primers. In all miRNA RT-qPCR the Uni-
versal Reverse primer (50 GTGCAGGGTCCGAGGT 30) was used. All
samples were analyzed as technical triplicates with a no-template
control also included. The conditions were set as the following: an
initial polymerase activation step for 5 min at 94 �C, 40 cycles of
15 s at 94 �C for denaturation, 10 s at 60 �C for annealing, and
25 s at 72 �C for elongation. At the end of cycling protocol, a melt-
ing-curve analysis was included and fluorescence measured from
65 to 99 �C. Threshold and baselines were manually determined
using the ABI 7500 Real-Time PCR System SDS Software v2.0.

Data analysis

Primer efficiency (E) and correlation coefficient (R2) were calcu-
lated using SDS software (ABI 7500 Real-Time PCR System v. 2.0)
based on a standard curve generated using a twofold dilution ser-
ies of one sample over five dilution points that were measured in
duplicate. PCR amplification efficiencies were calculated for each
candidate endogenous control with the formula E = 10�1/slope, using
the slope of the plot, Ct versus log input of cDNA. The stability of
each candidate gene expression was analyzed using geNorm [27]
and NormFinder [28] software. For these analyses, the threshold
cycle (Ct) values were converted to quantities via the comparative
Ct method. Both geNorm and NormFinder tools were used to deter-
mine the most stable reference genes. GeNorm software was also
used to determine the optimal number of genes required for nor-
malization. It starts calculating the pairwise variation (V) V2/3 be-
tween the NF2 (including the two most stable reference genes) and
the normalization factor NF3 (including the three most stable ref-
erence genes). Then, it performs a stepwise calculation of the Vn/
n + 1 between the NFn and the NFn + 1.
Reference gene validation

To determine how the use of different reference genes can affect
the normalization of the expression data for a gene of interest, we
calculated the significant difference in the mean expression of two
target genes between drought-stressed and control subgroups. We
selected the miR1513 (50 CGCCTGAGAGAAAGCCATGACTTAC 30) as a
miRNA target gene and the CDPK as a protein-coding or mRNA tar-
get gene. The expressions of the two target genes were normalized
using three different strategies: (1) with all candidate reference
genes individually; (2) with the two most stable reference genes
and also with the two most stable mRNA genes selected by Norm-
Finder; (3) with the two and three most stable reference genes, and
also with the two and three most stable mRNA reference genes
according to geNorm software. To calculate the relative expression
of the two target genes, we used the 2�DDCt method [29]. Student’s
t test was performed to compare pairwise differences in expres-
sion. The parameters of two-tailed distribution and two samples
assuming unequal variances were established. The means were
considered significantly different when P < 0.05.
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Results and discussion

PCR efficiency and amplification specificity

The amplification efficiency for each primer pair was deter-
mined in an RT-qPCR assay using duplicates of a twofold dilution
series from a cDNA template. Primer efficiency indicates the ampli-
con doubling rate of a specific primer pair during a PCR. When the
efficiency is 100% or 2 (1 + efficiency = 2), it indicates that the
cDNA target is duplicated at every PCR cycle during the exponen-
tial phase. The efficiency values of the 16 candidate reference
genes ranged from 1.80 to 2.02, as listed in Table 1. About 75% of
all primer pairs were in the range of 1.9–2.02, reflecting the high
quality of the PCR. Amplification of the specific transcript was con-
firmed by the appearance of a single peak in the melting-curve
analysis following completion of the amplification reaction (in
Supplementary Data). Furthermore, the correlation coefficient
(R2) was calculated. The R2 value indicates the quality of the fit
of the standard curve to the plotted data points. All primer pairs
showed an R2 > 0.98 (Table 1), indicating a strong relationship be-
tween the detected Ct values and the corresponding relative
amount of template in all the amplification reactions.
Expression stability of candidate reference genes

To investigate the suitability of 10 miRNAs as reference genes,
we analyzed their expression stability along with 6 housekeeping
genes commonly employed in soybean studies involving RT-qPCR
analysis. The expression stability of these 16 genes was analyzed
based on five different data sets: (1) all 31 samples including dif-
ferent tissues, cultivars, abiotic treatments, and biotic treatments;
(2) different tissues; (3) different genotypes; (4) abiotic stress con-
sisting of drought-stress; and (5) biotic stress relative to samples
from plants infected with ARS.
GeNorm analysis
The program geNorm uses an algorithm to calculate an M value,

which is a gene expression stability measurement defined as the
mean pairwise variation for a given gene compared to the remain-
ing tested genes. Genes with the lowest M value indicate the most
stable expression, whereas the highest M values indicate the least
stable expression [27]. When we analyzed all 31 samples (Fig. 1A),
the average expression stability values (M) of miR156b and
miR1520d were lower than those of the other miRNAs, indicating
that they are the most stable candidate genes. Interestingly, we ob-
served that, in this set of analysis, all miRNA genes were more sta-
ble than mRNA housekeeping genes. Tubulin-A (TUA) was the most
unstable gene with an M value over 1.2. Similar results were found
when the sample sets of different tissues (Fig. 1B), different geno-
types (Fig. 1C), and different abiotic conditions (Fig. 1D) were ana-
lyzed. The mean expressions of miR156b and miR1520d were the
most stable out of all tested reference genes. In most cases, the
miRNAs were the most stable genes, except for miR396a, which
was less stable than mRNA housekeeping genes in the different tis-
sues and genotypes data sets. In the biotic stress data set, the low-
est M value was the miR156a and miR156b pair (Fig. 1E). The
miR1520d was the third most stable candidate. Although in the first
four analyses, TUA (Fig. 1A–C) and CDPK (Fig. 1D) mRNA genes
were the most variable, the miR167c and miR171b were the most
unstable genes for the biotic stress panel (Fig. 1E). The results also
indicate that, generally, the miRNAs are more stable than the
mRNAs tested (Fig. 1), but not always. The miR171b, which was
the fourth most stable gene in tissue, genotypic, and abiotic ap-
proaches, showed low stability in the biotic assay. Considering
the performance of the mRNA housekeeping genes, we compared
our results with previous studies. Jian et al. [7] reported that ELF1B
and CYP2 were the most stable genes among different soybean tis-
sues. Although CYP2 had the lowest stability value of all mRNA
candidates, ELF1B was the second most variable gene in our tissue
assay. Furthermore, nine of the miRNA genes were more stable
than the CYP2 gene after geNorm analysis (Fig. 1A). In another
study, F-BOX was described as the most stable gene among differ-
ent tissues. F-BOX and CDPK were the most stable genes in samples
infected with ASR and control [20]. However, in our results, for tis-
sue and ASR data sets, both mRNA genes exhibited higher M values
compared with several miRNA candidates (Fig. 1A and F). However,
in all five analyses, the miRNAs were among the most stable genes
indicated by the geNorm.

Although the stability analysis based on M-value points deter-
mines the most stable genes, Vandesompele et al. [27] recom-
mended that in order to measure expression levels accurately, a
normalization method using multiple housekeeping genes instead
of one is required. To account for this recommendation, geNorm
also computes a normalization factor (NF) and estimates the opti-
mal number of reference genes according to the pairwise varia-
tion (V). A pairwise variation of 0.15 is accepted as a cutoff,
below which the inclusion of an additional control gene is not re-
quired for reliable normalization [27]. To determine the optimal
number of internal control genes for normalization, we calculated
the pairwise variation for all five data sets (Fig. 1F). The results
indicate that, in all approaches, the combination of the two most
stable genes would be sufficient for normalization purposes be-
cause the V2/3 value was lower than 0.15 (Fig. 1F). Based on this
graph, we can conclude that the addition of a third, fourth, or fifth
reference gene does not cause a remarkable decrease in the V va-
lue. Additionally, using a combination of the seven most stable
genes, the V value actually increases slightly for the tissue, geno-
typic, abiotic, and biotic assays but still remains below the cutoff
value (0.15). In our analyses, the combination of miR156b and
miR1520d was appropriate for comparisons of all sample sets
(V < 0.11), different tissues (V < 0.08), contrasting genotypes
(V < 0.09), and also abiotic stress treatment (V < 0.06), whereas
the miR156a and miR156b pair was suitable for biotic treatment
(V < 0.04).

NormFinder analysis
Stability of expression was also analyzed using the program

NormFinder. Its strategy is based on a mathematical model of gene
expression that enables an estimation of the intra- and intergroup
variation, which are then combined into a stability value [28]. Can-
didate control genes with the minimal intra- and intergroup vari-
ation will have the lowest stability value and will be ranked at
the top. Using this program, we analyzed five sets in a similar man-
ner as in the geNorm analysis: (1) all 31 sample sets with two dif-
ferent analyses; all samples with no subgroups and another where
groups were divided into stressed and nonstressed subgroups; (2)
tissue sets were subgrouped into root and leaf; (3) genotype sets
were divided into three different cultivar subgroups; (4) abiotic
sets had drought and control subgroups, and (5) biotic stress sets
were grouped into ARS infection and noninfection subgroups (Ta-
ble 2; Supplementary File 1). Interestingly, the miR156a was the
most stable gene in four out of the five data sets, including both
subgroups investigated in each sample data set, and it was the sec-
ond most stable gene in the biotic stress group. TUA was among the
three genes with the worst stability in all the data sets. CDPK was
the least stable in the abiotic set, and miR167c and miR171b, such
as miR1520c, were the most variable genes in the biotic and abiotic
stress sets, respectively. Interestingly, these results are similar to
those obtained by geNorm. Despite a visible variation in the rank-
ings of the other genes generated by geNorm and NormFinder algo-
rithms, in general, all analyzed sets showed a marked separation



Fig. 1. Average expression stability values (M) of candidate reference genes after
geNorm analysis: (A) all 31 samples including different tissues, cultivars, abiotic
and biotic treatments; (B) different tissues; (C) different genotypes; (D) abiotic
stress, consisting of drought stress and a control; and (E) biotic stress, relative to
samples infected with ARS and noninfected (control); (F) determination of the
number of housekeeping genes for normalization in each of the situations by
geNorm analysis.
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between the miRNA and the mRNA genes. As observed in the geN-
orm output, the miRNA genes were more stable compared to the
mRNA candidates. Again, the best combination for the normaliza-
tion of gene expression was two miRNA genes (Table 2).

Validation of putative reference genes

In order to demonstrate the suitability of the putative reference
genes under investigation, we monitored the difference in the
mean expression of two target genes from the drought-stress sub-
group on normalization with different control genes. We decided
to analyze two distinct classes of genes: one miRNA and one
mRNA. Because there is currently no published data about miRNA
expression in soybean, we decided to select the miR1513 based on
our previous RT-qPCR screening of the 43 soybean miRNAs from
miRBase release 12.0. We observed that miR1513 expression was
clearly downregulated in soybean plants under drought conditions
(unpublished data). The other target gene was CDPK (calcium-
dependent protein kinases). This gene was one of the candidate
reference genes; however, it was ranked as the least stable gene
by geNorm and NormFinder analysis during drought-stress. Also,
CDPK has been associated with drought-stress in plants. For exam-
ple, studies with Arabidopsis [30,31] and rice [32] have demon-
strated that this gene is overexpressed in drought situations.

Case 1: miRNA as target gene
In the first round of analyses, the target miR1513 was individu-

ally normalized by each of the 16 candidate reference genes. A sig-
nificant difference in gene expression under drought conditions
compared to control samples was only determined with normali-
zation based on miR172ab, miR1520d, miR156b, miR171a, and
miR156a (Table 3). In the six cases where the target gene was nor-
malized with an mRNA candidate reference gene, no significant
difference was found between the compared situations (Table 3).
In the next analysis, we normalized the target gene with miR156a
and miR171a, the best pair for normalization comparison as indi-
cated by NormFinder, and the differences between the subgroups,
using miRNAs as reference genes, remained significant. We also se-
lected the two most stable mRNA genes, F-BOX and ACT, following
the NormFinder ranking and combined both with miR1513 for nor-
malization, and even so, no significant difference was observed be-
tween drought and control samples (Table 3).

Similar results were achieved when miR1513 was normalized
using either the two (miR156b and miR1520d) or three (miR156b,
miR1520d, miR171b) best reference genes determined by geNorm.
Although the top two reference genes elected by geNorm and
NormFinder were not the same, both combinations were suitable
for the normalization of the target gene. The mean-fold expression
of miR1513 under drought-stress conditions was significantly re-
duced to similar levels (0.4) with either miR156a and miR171a
(NormFinder) or miR156b and miR1520d (geNorm) standardization
(Table 3) compared to control samples.

We also selected the two most stable mRNA genes according to
the ranking of NormFinder and geNorm for the drought-stress
group. The F-BOX and ACT were determined to be the two best
mRNA reference genes by both programs; however, when we nor-
malized the target miR1513 with these two reference genes, the
difference in miR1513 expression between the drought-stressed
samples and the control samples was not significant. The same re-
sult was obtained when we added the TUA reference gene to these
analyses. TUA was the third best mRNA reference gene by geNorm
analysis. Again, no significant alteration in gene expression was
determined when we normalized the miRNA target gene with
three mRNA reference genes (Table 3).

In our investigations, we identified that the top ranked house-
keeping genes by NormFinder (miR156a and miR171a) and geN-



Table 2
Ranking of candidate reference genes in order of their expression stability calculated by NormFinder.

Note: The subgroups are indicated inside the parentheses; mRNA genes are in bold.

Table 3
Differential relative expression of the miR1513 target gene when normalized
individually with 16 different candidate housekeeping genes and when normalized
by combining the most stable genes according to the NormFinder and geNorm
analyses in abiotic stress treatment.

Normalizer Mean fold change in gene expression P valueb

Ctrl SEa Stress SEa

172ab 1.00 0.01 0.38 0.01 1.45E�04
1520d 1.00 0.00 0.39 0.02 0.002
156b 1.00 0.03 0.38 0.02 0.013
171a 1.00 0.05 0.45 0.09 0.026
156a 1.00 0.04 0.35 0.01 0.037
167c 1.00 0.07 0.33 0.03 0.068
171b 1.01 0.08 0.37 0.03 0.076
396a 1.01 0.10 0.37 0.18 0.096
1520c 1.01 0.08 0.37 0.01 0.102
CYP2 1.02 0.14 0.12 0.04 0.115
167ab 1.02 0.13 0.25 0.02 0.137
CDPK 1.24 0.52 0.04 0.01 0.349
TUA 1.03 0.18 2.82 1.94 0.530
ACT 1.05 0.23 0.84 0.63 0.817
ELF1B 1.03 0.17 1.14 0.86 0.926
F-BOX 1.04 0.21 0.99 0.74 0.958

NormFinder
156a, 171a 1.00 0.03 0.40 0.05 1.8E�05
F-BOX, ACT 1.05 0.16 0.91 0.49 0.819

GeNorm
156b, 1520d 1.0 0.02 0.4 0.02 5.9E�08
156b,1520d, 171b 1.0 0.03 0.4 0.01 1.3E�07
F-BOX, ACT 1.0 0.16 0.9 0.49 0.819
F-BOX, ACT, TUA 1.0 0.12 1.6 0.78 0.562

a SE (Standard Error).
b P values were calculated using the t-test, significance level P < 0.05.

190 microRNAs as reference genes / F.R. Kulcheski et al. / Anal. Biochem. 406 (2010) 185–192
orm (miR156b, miR1520d, miR171b) provided an accurate stan-
dardization for miR1513 expression. When the target was nor-
malized with either the two or three best reference genes
based on our analysis, a difference in expression could be de-
tected between stressed and control groups, in accordance with
previously published data that has shown that miR1513 is down-
regulated under drought-stress conditions. However, when the
miRNA target was normalized using F-BOX and ACT as well as
F-BOX, ACT and TUA, which were the most stable among the
mRNA reference genes, no difference in expression was detected
for miR1513 between the drought-stressed and the control
groups. If these mRNA housekeeping genes were used as refer-
ence genes for miR1513, without proper investigation, the results
could be misinterpreted.
Case 2: mRNA as target gene
In the first set of analyses, the target gene CDPK was normal-

ized individually with the remaining 15 housekeeping genes. We
observed that with all individual normalizations, except with
ELF1B, TUA, and CYP2, CDPK expression was significantly different
between the drought and the control situation. Although the
CDPK expression was very distinct between drought and control
samples when normalized with ELF1, TUA, and CYP2 genes, the
values of the standard error (SE) were high, which explains why
these marked differences are not statistically supported. In the
second set, the CDPK expression was normalized with the two
most stable genes (miR156a and miR171a) following the Norm-
Finder ranking (Table 4). The expression of CDPK was also inves-
tigated using the two most stable mRNA genes identified in our
study (F-BOX and ACT). In analyses, using miRNAs or mRNA as ref-
erence genes, the differences in target expression were significant
between the stressed and the control groups. The third set of
analyses was done based on the most stable genes selected by
geNorm. CDPK expression was significantly different between
drought and control when the target was normalized with the
two (miR156b and miR1520d) and the three (miR156b, miR1520d,
and miR171b) most stable genes.

Similar result was obtained when the two (F-BOX and ACT) and
the three (F-BOX, ACT, and TUA) top-ranked mRNA genes were used
for normalization (Table 4). These results show that normalizing
with one protein-coding gene along with miRNAs or mRNA genes
produces consistent results. It has been reported that the CDPK
gene has increased expression during drought-stress [30–32]. In
our research, we observed that this gene showed a fivefold increase
in expression in plants under drought conditions even when
expression was normalized using the two best miRNA or the two
best mRNA housekeeping genes. From these findings, we conclude
that miRNAs can be used as optimal reference genes not only for
other miRNAs but also for protein-coding genes.



Table 4
Differential relative expression of the CDPK target gene when normalized individually
with 15 different candidates housekeeping genes and when normalized by combining
the most stable genes according to the NormFinder and geNorm analyses in abiotic
stress treatment.

Normalizer Mean fold change in gene expression P valueb

Ctrl SEa Stress SEa

1520d 1.03 0.23 5.62 0.27 0.001
F-BOX 1.00 0.10 4.57 0.22 0.001
156b 1.03 0.26 6.14 0.46 0.003
171b 1.03 0.25 6.00 0.45 0.003
171a 1.03 0.23 5.95 0.48 0.004
156a 1.04 0.28 5.10 0.42 0.004
ACT 1.00 0.06 5.62 0.29 0.004
167c 1.03 0.23 3.84 0.23 0.005
1520c 1.00 0.06 5.41 0.43 0.008
396a 1.03 0.26 4.39 0.16 0.012
167ab 1.08 0.41 4.32 0.34 0.019
172ab 1.03 0.24 5.04 0.70 0.021
ELF1B 1.00 0.01 18.79 5.31 0.079
TUA 1.00 0.04 16.74 6.43 0.134
CYP2 1.00 0.01 10.08 6.22 0.282

NormFinder
156a, 171a 1.03 0.13 5.52 0.31 9.4E�06
F-BOX, act 1.00 0.05 5.09 0.28 2.8E�05

GeNorm
156b, 1520d 1.03 0.12 5.88 0.24 5.4E�07
156b,1520d, 171b 1.03 0.10 5.92 0.20 2.5E�10
F-BOX, ACT 1.00 0.05 5.09 0.28 2.8E�05
F-BOX, ACT, TUA 1.00 0.03 8.97 2.54 0.018

a SE (Standard Error).
b P value were calculated using the f-test, significance level P < 0.05).
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Final considerations

In this study, we observed a marked difference between the
expression stability of miRNA and mRNA candidate housekeeping
genes. In general, miRNAs were the most stable genes across the
five different sets analyzed by geNorm (Fig. 1A–E) and NormFinder
(Table 2). Although the optimal combinations of genes selected by
geNorm and NormFinder were not the same, both analyses did se-
lect the same class of genes as the most stably expressed genes.
These differences in the ranking were previously reported [28]
and thus affirm that the discrepancies observed in the NormFinder
versus the geNorm results were caused by the differences between
these two approaches. In conclusion, we provide evidence that
miRNAs can have better expression stability than protein-coding
genes. In addition, we demonstrate that microRNAs are optimal
reference genes not only for other miRNAs but also for protein-
coding genes in RT-qPCR analysis.

Ideally, a reference gene for quantitative gene expression stud-
ies should not be influenced by the experimental conditions, type
of tissues, or developmental stages. In our work, we have found
that miRNAs genes are, in general, more stable than the protein-
coding genes. Analyses of the best reference gene among different
classes of RNAs (mRNA, snRNA, and miRNA) were previously done
using different human tissues [19] and comparing normal and
malignant breast tissues [17]. As in our results, miRNAs have been
shown to have a more stable expression than the other classes of
RNAs. The reason why miRNAs expression is more stable than pro-
tein-coding genes remains unanswered.

Despite the use of miRNAs as reference genes in our and other
studies, it must be considered that not all miRNAs have a constitu-
tive expression among tissues and under stressing conditions. In-
deed, several of them are modulated by environmental and
hormonal conditions and are implicated in cellular and tissue dif-
ferentiation. At the same time, if we consider a miRNA showing a
biological function during a very narrow developmental stage
[33], its expression may remain stable in different organs and un-
der several stressing conditions, presenting considerable variation
just in a specific situation associated to its biological role.

It is important to stress that the use of miRNAs as reference
genes in RT-qPCR-derived expression analysis of other miRNAs or
even protein-coding genes does not impose technical difficulties
or costs, since miRNA-specific primers can be mixed with the stan-
dard poli-T primer in the reverse transcription reaction.

Analyses in other plant and animal systems need to be under-
taken to demonstrate the universality of the present results. None-
theless, the evolutionary conservation of diverse miRNA families
among distinct plant taxa suggests that the genes that encode miR-
NAs can be used as reference genes in place of the traditionally
used protein-coding genes.
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