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Real-time RT-PCR is becoming the
method of choice for monitoring or
confirming mRNA expression (1−3).
With unparalleled sensitivity, the ability to use 100 to 1000 times less RNA
than other methodologies, and highthroughput potential for gene discovery
approaches, real-time RT-PCR gives
researchers the ability to determine
mRNA abundance quickly and efficiently (1,4). While Northern blot analysis remains the most accepted method
for measuring mRNA abundance, there
are drawbacks that limit its utility.
First, Northern blot analysis requires
several micrograms of total RNA for
each lane, which precludes the analysis
of microdissected samples, tissue from
laser capture, or other valuable samples
due to the high cost and/or inability
to obtain sufficient amounts of RNA.
Second, Northern analysis is limited
by the number of samples that can be
run simultaneously on a gel, or requires
standard or control samples on each
blot for normalization between other
Northern blots. Finally, the limited sensitivity of Northern analysis, given the
indirect nature of the measurement and
the multiple steps required, necessitates
a robust change in the abundance of a
given transcript to obtain a statistically
significant result.
All methods of RNA quantification
rely on normalization methods to quantitatively compare multiple disparate
samples. Due to the sensitivity of the
assay, real-time RT-PCR requires accurate methods for normalizing both
for the amount of RNA added to each
reaction and for reaction efficiency
(1,4). Standard methods used for normalization of RNA amounts include
analysis of absorbance at 260 nm, or
real-time RT-PCR analysis of housekeeping genes or 18S rRNA abundance

(1). Absorbance at 260 nm is the most
problematic approach because a large
amount of RNA is required, samples
will necessarily be subsequently diluted, and contaminates that are present
in the sample frequently adversely influence the accuracy of the quantifications. Housekeeping genes are suitable
for normalization in some cases, but
require additional analysis to verify the
specific treatment or experimental conditions do not alter their steady-state
mRNA abundance (1).
The use of 18S rRNA abundance
for normalization in real-time RTPCR analysis has been effective in our
hands. Advantages include the fact that
18S rRNA has a low turnover rate and
the large 18S rRNA pool is less prone
to substantial changes from physiological perturbations. However, there are
both technical and logistical limitations
to its utility. First, because 18S rRNA is
much more abundant than any typical
mRNA transcript (i.e., the large pool
noted above), total RNA must be diluted to obtain a threshold value within
the dynamic range of real-time PCR instruments, which inevitably introduces
variability to the measurement. Second,
running samples an additional time to
obtain normalization values for each
sample leads to cost considerations,
both in terms of supplies and setup
time. Because of these limitations, we
have developed an alternative normalization method using the RNA-specific
fluorescent dye RiboGreen (Molecular Probes, Eugene, OR, USA) (5) in
conjunction with the iCycler iQ™
real-time PCR thermocycler (Bio-Rad
Laboratories, Hercules, CA, USA).
The method described here harnesses
the sensitivity of the RiboGreen RNA
assay for quantitation of RNA (5) and
adapts the fluorescence excitation and
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Figure 1. Comparison of accuracy and dynamic range of RNA concentrations determined by (A) RiboGreen and (B) UV absorbance at 260 nm. Both
assays were performed on a twofold dilution series of the rRNA standard included in the RiboGreen kit. UV 260:280 ratios did not differ significantly from 2.0.
At higher RNA concentrations, both assays perform similarly. At lower RNA concentrations (inset), the RiboGreen assay is more accurate and precise.

detection of a real-time PCR thermocycler to function as a 96-well fluorometer (6). The use of the optical thermocycler in this application results in
more accurate and broadly applicable
normalization, higher throughput, and
decreased cost of real-time RT-PCR
assays, and alleviates the need to purchase additional instrumentation to run
the RiboGreen fluorometric assay.
Real-time RT-PCR and RiboGreen

assays were carried out using the iCycler with the iQ Real-Time analysis
module. Total RNA isolated with RNA
STAT-60 (Tel-Test, Friendswood,
TX, USA) followed by DNase treatment was employed as template. Onestep RT-PCR was carried out using the
QuantiTect SYBR Green I RT-PCR
Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s suggestions. Spectrophotometric analysis of

Figure 2. Comparison of standard RNA quantification methods. RiboGreen and 18S rRNA real− ± SEM). UV
time RT-PCR data represent the mean of triplicate measurements (×
260 data was used to
calculate RNA concentrations, determined with a single measurement. UV 260:280 ratios did not differ
significantly from 2.0. UV Quant, UV quantitation measured as absorbance at 260 nm; CV, coefficient
of variation.
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the DNase-treated RNA showed RNA
was free of contaminates as indicated
by UV 260/280 ratios of 2.0. RT-PCRs
were carried out in 25 µL volumes with
20 ng of total RNA for gene expression
reactions and 100 pg of total RNA for
18S reactions. The following primers
were used for the PCR amplifications:
m5ard-F (5′-TGCGGTTTAGCGTCGGTGTC-3′); m5ard-R (5′-CCAAGTGGCCAAAGCGTA-3′); m18S-F (5′-GTTCCGACCATAAACGATGCC-3′);
and m18S-R (5′-TGGTGGTGCCCTTCCGTCAAT-3′). Real-time RT-PCR
efficiency was determined for each
primer set using a fivefold dilution
series of total RNA and did not differ
significantly from 100%. Individual
reaction kinetics were also analyzed to
ensure each real-time RT-PCR did not
differ significantly from 100% (3,7).
The RiboGreen RNA Quantitation
Kit was employed as recommended
by the manufacturer with the following
modifications. An RNA standard curve
was generated as a twofold serial dilution series ranging from 2000 pg/µL to
31.25 pg/µL in TE (10 mM Tris, 1 mM
EDTA) buffer. For each experimental
sample, 2 µL of the RNA aliquot used
in the real-time RT-PCR was added to
98 µL of TE. Following the addition of
1 equivalent volume of 1× RiboGreen
dye, three 50-µL aliquots of each standard, blank, and experimental sample
were loaded individually into three
adjacent wells of a 96-well PCR plate.
Well factors were collected from an
Vol. 36, No. 1 (2004)
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external well factor plate containing
subunit and UV absorbance at 260 nm
benefit of using the RiboGreen assay to
50 µL of a 1:10 dilution of the Bioin Figure 2. The table of coefficient of
normalize real-time RT-PCR data for
Rad External Well Factor Solution in
variation values for each RNA sample
analysis of gene expression.
each well of a 96-well PCR plate. The
indicates the RiboGreen assay has less
The ability to measure relative tranfollowing iCyler protocol was used for
overall variation when compared to 18S
script abundance in samples of 10−20
fluorometer measurements: 1 min at
rRNA real-time RT-PCR. Normalization
ng of total RNA afforded by real-time
25°C and 6 cycles of 20 s at 25°C with
of real-time RT-PCR data for an mRNA
RT-PCR analysis with SYBR Green I
fluorescence monitored during the final
transcript (5α-reductase mRNA) derived
detection has created a cost-effective
six cycles. After external well factor
from three distinct mouse brain regions,
approach to research, both in terms of
collection, the protocol was resumed
using either 18S rRNA abundance or
throughput volume and in the ability to
and the iCycler block was allowed
RiboGreen, is compared in Figure 3.
resolve small but significant changes
to cool to 25°C before pausing the
The RiboGreen normalized data has a
in increasingly small tissue samples
protocol and adding the experimental
lower coefficient of variation than the
(1,2,4). However, a continuing limita96-well plate.
18S data in every case, indicating a clear
tion to the application of this technoloFollowing the RiboGreen assay
on the iCycler, raw fluorescence
data was pasted into a Microsoft
Excel spreadsheet and an average fluorescence for each well
and sample was calculated. After
background fluorescence subtraction, fluorescence was converted
to nanograms per well based on
the RNA standard curve. Using a
real-time RT-PCR standard curve
generated from a fivefold dilution series of total RNA for mouse
5α-reductase (Srd5a1), the amount
of total RNA loaded for each RTPCR was converted into crossing
thresholds [Ct], which were used
along with the Srd5a1 Ct to determine relative expression using the
∆∆Ct method (8). Fold regulation
was then determined by normalizing
all values to the mean of the relative
expression for the control
_ group and
is presented as mean (× ± SEM).
The linearity and dynamic range
of RNA concentrations determined
by absorbance at 260 nm and RiboGreen on a twofold serial dilution of
the standard rRNA stock included
in the RiboGreen kit are shown in
Figure 1. At high RNA concentrations, absorbance at 260 nm and the
RiboGreen assay are comparable.
However, at RNA concentrations
typically used for real-time RTPCR assays, the RiboGreen assay
clearly demonstrates less variability
(r2 = 0.984 vs. r2 = 0.777) than UV
absorbance for RNA quantification.
Thus, the RiboGreen approach allows more accurate measurement of Figure 3. Comparison of 18S rRNA normalized real-time RT-PCR data and RiboGreen normalized
lower amounts of RNA. The ability data for analysis of gene expression. Srd5a1 (5α-reductase) mRNA abundance was determined in dissected
amygdala (A), midbrain (B), and adrenal gland (C) at various points of ethanol withdrawal. In all cases,
of the RiboGreen method to assess mouse
RiboGreen normalized data shows lower or equivalent overall error compared to the 18S rRNA normalized
total RNA abundance is compared to data. Ribo2 represents a repeat of the RiboGreen assay to demonstrate the reproducibility of the assay. CV,
real-time RT-PCR for the 18S rRNA coefficient of variation.
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gy is the lack of any single “universal”
gene to normalize transcript abundance
to the amount of RNA loaded. While
specific genes may be appropriate
under certain experimental conditions,
the absence of regulation must be confirmed in each case, slowing the time
to discovery and increasing cost of
analysis. The 18S rRNA gene has been
used effectively for the normalization
of real-time RT-PCR data but certain
technical and throughput issues (i.e.,
multiple dilutions of total RNA and
repetition of the real-time RT-PCR procedure for each sample to normalize,
respectively) give reason to consider
other normalization methods.
We have thus developed a novel application of the iQ real-time detection
module of the iCycler thermocycler
employing the RiboGreen assay (5) to
quantify RNA concentrations down to
several picograms per microliter. The
RiboGreen assay is both far superior to
and uses much less sample for analysis

than UV absorbance at 260 nm (Figure
1). In addition, real-time RT-PCR data
obtained for the example employed
here, the 5α-reductase mRNA from
various brain regions, showed similar or
less error when normalized with results
from the RiboGreen assay compared to
real-time RT-PCR data for 18S rRNA
(Figure 2 and 3). The reduced variation
seen in the RiboGreen normalized data
shown in Figure 2, and repeated with
other mRNA species from different
RNA samples (data not shown), is likely attributable to the dilutions required
to assay for 18S rRNA from total RNA.
As normalization of real-time PCR
data is required to correct for loading differences of template assuming
individual reaction efficiencies have
been determined to be similar, the use
of a precise, accurate, and sensitive
assay for determination of total RNA
abundance is conceptually preferential
to other methods such as housekeeping gene or 18S rRNA normalization

(1,9). Not only does the use of RiboGreen to normalize real-time RT-PCR
data reduce the cost of consumables
and the amount of RNA required, the
time that the iCycler is used is also reduced compared to assaying for both
target and 18S rRNA in separate reactions. For example, an individual realtime RT-PCR reaction as previously
described costs approximately $1.65,
whereas an individual RiboGreen reaction costs approximately $0.08. A
full 96-well real-time RT-PCR takes
2.5-3 h of machine time, while the
RiboGreen assay uses approximately
20 min of machine time. The approach
described here would be most advantageous when assaying the regulation
of a small number of genes from a
large number of different samples, but
the trend toward reduced variability
with the RiboGreen normalized data
suggests it may be better in most applications for the determination of
gene expression differences.
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Several prokaryotic cloning vectors
have been developed to clone foreign
DNA in bacteria. The insertion inactivation of β-galactosidase activity,
for instance, is a common screening
method of identifying recombinant
DNA molecules in many vectors (1,2).
However, this system poses several
problems. For one, many vectors can
self-ligate and give false transformants.
Although β-galactosidase is widely
used as a screening marker, it is limited
to use with specially mutated Escherichia coli hosts for α-complementation.
The color of the colonies is also hard to
distinguish when the blue/white selection system is used. This system also

requires expensive reagents: 5-bromo4-chloro-3-indolyl-β-D-galactosidase
(X-Gal) and isopropylthio-β-D-thiogalactopyranoside (IPTG).
To address these problems, several
positive selection vector systems have
been developed based on the toxinantitoxin systems parD (Kis/Kid) of
plasmid R1 (3) and on the CcdAB
system of plasmid F (4). Similar positive selection cloning vectors using the
transcriptional factor GATA-1 (5) or
a cellulase gene (CelA) as screening
marker (6) have also been developed.
Nonetheless, the application of these
systems is also limited; in most cases,
they are host-limited and their cloning
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Figure 1. Map of pTOC-KR. The main feature of the vector is shown. Various multiple cloning sites
and T7/T3 promoter sequences of the vector are represented.
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