
MMLVH and cAMV. AMV gave the poorest yield. The
reproducibility, represented as SD of repeated experi-
ments (Fig. 1), was very high with all reverse transcrip-
tases for all genes studied but HTR2a. This could be
attributable to statistical variation at low copy numbers
for HTR2a, which is expressed at very low yield (13 ).

For absolute determination of reverse transcription
yields, the systems were calibrated by addition of RNA/
DNA MultiStandard molecules (Roboscreen) of known
concentrations. The reverse transcription yield is defined
as:

Yield (%) �
ncDNA

nmRNA
� 100 (1)

nmRNA is the number of mRNA molecules of a particular
gene in the test sample, and ncDNA is the number of cDNA
copies for that mRNA that are produced by reverse
transcription. From the calibration curve of the DNA
MultiStandard (10–106 DNA molecules), we obtain (14 ):

Ct � 38.34 � 3.49 � log(ncDNA) (2)

The slope (�3.49) reflects a PCR efficiency of 93%. When
we instead added RNA MultiStandard with the same
sequence as the DNA standard to the test samples and
reverse transcribed it before QPCR, the reverse transcrip-
tion yield could be calculated as:

��Ct 
 38.34
3.49 	

Yield (%) �
10

nmRNA
� 100 (3)

When we added 104–106 RNA molecules, we obtained
similar reverse transcription yields, whereas with 103

RNA molecules, the yields were substantially higher
(Table 1). This is probably an artifact attributable to too
few RNA molecules (diluted 1:29) in the final running
solution and formation of primer-dimer products de-
tected by SYBR Green I chemistry. The latter may be
avoided by use of specific probes. These data were
therefore not considered when we calculated mean yields.

The detection of rare mRNA transcripts is often an
issue. The yield of low-abundance mRNA has been

Fig. 1. QPCR Ct values reflecting the amounts of cDNA produced by the reverse transcriptases, with total RNA from spleen as input material.
Error bars indicate SD of samples run in quadruplicate. Yields relative to the least efficient reverse transcriptase, expressed in number of cDNA copies (assuming 100%
PCR efficiency), are indicated by the right-hand y axis. The reverse transcriptases are as follows: (left to right) MMLV, MMLVH, AMV, Improm-II (Improm); Omniscript
(Omni), cAMV, ThermoScript (Thermo), and SuperScript III (Super).
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shown to be significantly improved when carrier is used
(1, 15). The reverse transcription yields for the RNA
MultiStandard varied more than 100-fold. The lowest
yield (0.4%) was obtained with AMV for 106 RNA mole-
cules, and the highest yield (90%) was obtained with
SuperScript III for 104 RNA molecules (Table 1). The latter
was overall the most efficient reverse transcriptase, with a
mean yield of 83%. MMLV and MMLVH gave mean
yields of 44% and 40%, respectively, whereas the mean
yields of the other reverse transcriptases were �25%. The
yield obtained with MMLVH was comparable to that
reported in a previous study (15 ).

In conclusion, we show that reverse transcription yields
vary up to 100-fold with the choice of reverse transcrip-
tase and that the variation is gene dependent. Previously,
we also reported a dependence on priming strategy (1 ).
Hence, for quantitative gene expression measurements
based on reverse transcription to be comparable among
laboratories, the same enzyme, priming strategy, and
experimental conditions must be used.

This work was supported by Deutsche Forschungsge-
meinschaft, the Chalmers Bioscience effort, and the
Crafoord Foundation.
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Real-time quantitative PCR is a sensitive and accurate
method for gene expression studies (1 ). The detection
chemistries of all real-time PCR procedures are based on
one of two principles for monitoring amplification prod-
ucts: binding to double-stranded DNA or hybridization to
single-stranded DNA. Small molecules bind to double-
stranded DNA either as intercalators or as minor groove
binders, e.g., ethidium bromide (2 ), Hoechst 33258 (3 ), or
SYBR® Green I (4 ). Several approaches using target-
specific hybridization to single-stranded DNA have been
introduced, including Molecular Beacons (5 ), Scorpions
(6, 7), the TaqMan or hydrolysis/5�-nuclease assay (8, 9),
the AEGIS probe system (10 ), labeled primers (11, 12),
and light-up probes (13 ). In contrast to binding of dyes to
double-stranded DNA, these methods are suitable for
multiplexing approaches because they use differentially
labeled fluorescent dyes. However, as they require a
unique probe or modified primer for each target, cur-
rently used hybridization-based methods for real-time
quantitative PCR have high reagent costs and require
large developmental efforts.

Here we present a real-time PCR assay that uses uni-
versal hybridization-based probe sets suitable for any
target. Because the assay uses tailed locus-specific non-
modified amplification primers, PCR products can be

Table 1. Absolute reverse transcription yields for RNA.
Mean (SD) yieldsa (%) at external

RNA input (in molecules) of: Mean (SD)b

yield for RNA
MultiStandard, %106 105 104 103

MMLVH 22 50 48 125 40 (16)
Omniscript 7.2 3.1 11.5 66 7.3 (4.2)
AMV 0.4 0.6 4.9 44 2.0 (2.5)
MMLV 32 49 50 110 44 (10)
Improm-II 32 22 12 98 22 (10)
cAMV 6.3 17 35 88 19 (15)
ThermoScript 1.1 9.0 14 46 8.0 (6.6)
SuperScript III 87 72 90 43 83 (10)
Mean (SD) 24 (29) 28 (26) 33 (29) 78 (32) 28 (27)

a Reverse transcription yields of RNA prepared from liver and spleen. The
samples were diluted 30-fold before QPCR measurements, giving initial copy
numbers of 33–33 333 molecules/sample. Note the markedly higher yields at
an input of 103 RNA molecules.

b Reverse transcription yield for samples containing 104-106 RNA MultiStan-
dard molecules.
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