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Abstract Using spike-in controls designed to mimic mam-
malian mRNA species, we used the quantitative reverse
transcription polymerase chain reaction (RT-qPCR) to as-
sess the performance of in vitro transcription (IVT) ampli-
fication process of small samples. We focused especially on
the confidence of the transcript level measurement, which is
essential for differential gene expression analyses. IVT
reproduced gene expression profiles down to approximately
100 absolute input copies. However, a RT-qPCR analysis of
the antisense RNA showed a systematic bias against low
copy number transcripts, regardless of sequence. Experi-
ments also showed that noise increases with decreasing
copy number. First-round IVT preserved the gene expres-
sion information within a sample down to the 100 copy
level, regardless of total input sample amount. However,
the amplification was nonlinear under low total RNA in-
put/long IVT conditions. Variability of the amplification
increased predictably with decreasing input copy number.
For the small enrichments of interest in typical differential
gene expression studies (e.g., twofold changes), the bias
from IVT reactions is unlikely to affect the results. In limited
cases, some transcript-specific differential gene expression
values will need adjustment to reflect this bias. Proper
experimental design with reasonable detection limits will
yield differential gene expression capability even between
low copy number transcripts.
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Introduction

Assaying global gene expression profiles from small sam-
ples, especially those below 10 ng total RNA down to the
single-cell level (approximately 10 pg total RNA), is desir-
able for a variety of biological analyses [1]. It was previ-
ously reported that extraction-to-microarray processing
produces samples that can only be quantified at the approx-
imately 100,000 copy level [2]. We sought to characterize
bias and variability in sample in vitro transcription (IVT)
amplification, establish the linearity of amplification, and
estimate confidence of the differential gene expression anal-
yses of low copy number genes.

Amplification of most samples is necessary for gene ex-
pression profiling, whether the downstream analysis consists
of quantitative reverse transcription polymerase chain reaction
(RT-qPCR), high-throughput sequencing [3, 4], ormicroarrays
[5]. Many amplification methods are available, including
some PCR-based methods that give good to excellent sensi-
tivity for small samples [5], but the most widely utilized
method continues to be the in vitro transcription (“linear
amplification”) protocol [6]. This protocol was rapidly adop-
ted to amplify mRNA samples for microarrays without sys-
tematic study of potential biases on samples until Wang et al.
and Baugh et al. [7, 8], who both found IVT produced accept-
able qualitative and quantitative representation of gene expres-
sion levels despite some artifacts limiting low-abundance
transcripts from being amplified. Characterizing amplification
can be achieved using a sample with a known mRNA profile,
allowing one to map pre- and post-amplification expression
levels. The External RNA Control Consortium (ERCC) de-
veloped pools of synthetic mRNA with known profiles and
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copy numbers for spiking into samples to quantitatively assess
performance of gene expression measurements [9, 10] and
have shown utility in RT-qPCR comparisons between different
systems [11]. The ERCC RNA spike-ins were employed here
to investigate the degree to which the amplification is biasing
sample profiles and how variability of observed amplification
depends on the number of input copies (for both individual
RNA species and small total RNA input).

Neither previous study characterizing IVT amplification
found major problems or biases with the method, though
modifications towards optimization were introduced [7, 8].
Later, Nygaard et al. discussed the limitations for small sample
amplification [12]. What is noteworthy about this work was
the shift in discussion from absolute sample size towards copy
number detection. Briefly, reliable detection was limited in
smaller sample sizes to the most abundant transcripts, and the
overall amplification was nearly constant (10,000-fold) across
approximately two orders of magnitude input total RNA con-
centration range (3 ng up to 115 ng). It was stated that there
was a decrease in the probability of maintaining abundance
profiles from small numbers of template in amplification, as
determined by array experiments. From a global processing
viewpoint for small samples and considering all inefficiencies,
the two-round amplification and subsequent hybridization to
the array surface appear to have a practical single transcript
detection limit of approximately 100,000 input copies. Left
unclear was which step(s) require(s) further optimization.

In this work, we examined the profiles of ERCC RNA
spike-ins after one round of IVT amplification. In doing so,
we determined the degree of post-IVT bias and/or uncer-
tainty using a priori knowledge of the number of input
copies for all species of interest. Also note that the second
round of amplification was specifically excluded because
there are additional effects which likely confound the spe-
cies profiles generated from the first round, namely, biases
that arise from random hexamer priming of the antisense
RNA (aRNA) [13, 14]. RT-qPCR using hydrolysis (Taq-
Man®) probes enabled characterization of the aRNA and
revealed nonlinearity (i.e., all transcripts were not equally
amplified) in the IVT amplification from at least 107 input
copies down to approximately 100 input copies, depending
on the level of differential expression sought. We character-
ized the variability of aRNA levels as a function of the
number of input copies. The results suggest that IVT pro-
vides accurate amplification for practically all sample sizes
of interest, despite bias from the IVT nonlinearity. The
variability in the data increases with decreasing input copy
number for a given species in a way that appears predict-
able, following a “Horwitz Trumpet”-like profile [15]. This
knowledge enables accurate estimation of confidence in low
copy number differential gene expression analyses when
appropriate numbers of replicates are incorporated into the
experimental design.

Experimental1

Messenger RNA was amplified using in vitro transcription
then assayed using RT-qPCR. Purified total RNA from
Jurkat T cells (Strategene) at 1 μg/μL (25 μg total) was
used as the stock for the background of the sample. To this,
62.5 ng of mixed ERCC spike-in RNA controls [9, 10]
(Electronic supplementary material) was added. Assuming
mRNA levels are 2 % of the total RNA, the ERCC RNA
amounts to approximately 12.5 % of the mRNA. The dy-
namic range of the studied ERCC RNA species was 213

(approximately 8,200) (Table S1, Electronic supplementary
material). Sample sizes ranged from 10 ng to 1 pg. In vitro
transcription of the total+ERCC RNAwas achieved follow-
ing the Ambion MessageAmp II® protocol (Life Technolo-
gies), with a 14-h incubation at 37 °C on a thermocycler
(PTC-200, MJ Research), volumes scaled down 4× for the
RT and second strand synthesis steps, with 5 to 10 μL IVT
reactions. Post-IVT aRNA was purified using the kit proto-
cols and concentrated using a SpeedVac (Thermo Scientific)
to less than 25 μL, then diluted to 25 μL using nuclease-free
water (Life Technologies).

The aRNAwas characterized by TaqMan® RT-qPCR (Life
Technologies, TaqMan® One-Step RT-PCR master mix
reagents kit) with 10- or 20-μL reactions on an ABI 7900 (Life
Technologies) (Electronic supplementary material). Primer
pairs and hydrolysis probe designs were developed byGenomic
Health (CA) and synthesized by IDT (Coralville, IA) and
Biosearch Technologies (Novato, CA) (Table S1), respectively.
For these assays, concentrations of 900 nmol/L for primers and
200 nmol/L of probes were used. A 1-ng total Jurkat T cell
RNA+ERCC spike in RNA controls was used as the control
for the reactions on all plates to monitor assay performance. In
addition, we prepared and analyzed 10-fold dilutions of the
Jurkat RNA+ERCC spike in RNA from 9 ng down to
0.0009 ng for every ERCC RNA transcript to confirm the
linearity of the RT-qPCR assay. Every RT-qPCR assay was
run in triplicate, and data were only included when all three
replicates reported a threshold cycle value. Non-specific ampli-
fication was not observed from the TaqMan® assays using
no-template controls. The quantitative cycle number (Cq) val-
ues for the ERCC RNA showed no significant change over the
course of study. Note that plotted data use log2 values of the
input copy numbers rather than log10. Plots ofCq vs. log2 (input
copy number) should ideally give slopes of (−1). To convert the
slope back to the traditional log10 value, multiply by 3.33.

The sensitivity of the RT-qPCR assay meets or exceeds
the requirements for this study. We first assume single

1 Certain commercial equipment, instruments, or materials are identi-
fied in this paper to foster understanding. Such identification does not
imply recommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the materials or
equipment identified are necessarily the best available for the purpose.
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copy detection of DNA at Cq values of approximately 36
from our experience with the ABI 7900. For typical IVT,
a 103- to 104-fold amplification was expected, which
would decrease Cq by approximately (10 to 13) cycles.
The aRNA were aliquoted into twenty-five 1-μL samples,
increasing Cq by approximately 4.6 cycles for each assay.
Any efficiency reduction due to species-specific priming
and reverse transcription also result in approximately one
to four cycles higher Cqs. Hence, the predicted required
detection limit was at Cq values between 30 and 33
cycles, which was within the capabilities of this RT-
qPCR system.

Results and discussion

Linearity of IVT in the low copy number regime

We analyzed Cq values vs. the input copy number for each
transcript to measure the linearity of the IVT reaction com-
pared with non-IVT-amplified controls (Fig. 1 and Table 1).
The data represent input copies from approximately 100 to 107

input copies, and input RNA amounts from approximately
0.1 pg to 10 ng of total Jurkat RNAwith ERCC spike-ins. We
found that each RT-qPCR assay had slightly different RT
behavior (Table 1, intercepts) due to the different primers used

Fig. 1 Threshold cycle vs.
input copy number for six
ERCC RNA species.
Unamplified ERCC transcripts
(blue plus signs with dashed
blue line fit) were compared
with IVT-amplified transcripts
(various black shapes, with
solid black line fit). Each am-
plified transcript follows the
same slope with the input copy
number and is significantly dif-
ferent than the unamplified
control (see Table 1). This
indicates that the IVT and PCR
amplify without any statistically
significant bias towards a par-
ticular species, but that IVT is
significantly biased against low
input copy number. The differ-
ences in intercepts of the linear
fits indicate a bias in the reverse
transcription step of the RT-
qPCR due to the species-
specific primer

Characterization of in vitro transcription amplification 317



with each RNA species; thus, all species cannot be plotted on
a single line.

First, the slopes of Cq vs. log2(input copy number) of
the non-IVT-amplified controls were −1, confirming that
the RT-qPCR assay is not a source of bias. The slopes
from the regressions of threshold cycle vs. log2(input
copy number) for all IVT-amplified transcripts were
statistically indistinguishable, supporting the hypothesis
that IVT amplifies all cDNA species (i.e., sequences)
the same. However, the amplification does not appear to
be linear in this copy number regime with respect to
input copy number. The average slope across all species
of Cq vs. log2(input copy number) was calculated using
Graybill–Deal and DerSimonian–Laird, and was ob-
served to be −1.24±0.06 (average±95 % confidence
interval) instead of the expected −1 for a linear rela-
tionship as observed for the controls (−1.04±0.03).

The deviation from −1 implies a bias in amplification. The
bias is small and not enough to drastically change the appar-
ent expression profiles for most applications where small
differences in expression profiles are studied (e.g., an ob-
served twofold difference is actually only 1.7-fold), as other
sources of error are likely to be more significant. The bias
generates the most significant alterations of the measured
transcript profiles over wide differences (more than an order
of magnitude) of input copy numbers and especially between
low and moderate-to-high copy number differences. This
was in line with previous results [8] but not quantified.

Experimental evidence suggests that the low-abundance
transcripts are inefficiently amplified by IVT compared with
higher-abundance transcripts. The reason for this is unclear.
The initial reverse transcription of mRNA using the T7-oligo
(dT)24VN primer may be relatively inefficient, reducing the
copy numbers of transcripts available for subsequent reac-
tions. Because the priming is template independent, one
would not expect sequence-specific selection of transcripts,
and our results do not suggest any transcript enriched or sup-
pressed relative to the others. The RNase H and DNA poly-
merase reactions are not expected to significantly contribute to
variability, as the cDNA is relatively stable and those enzymes
are efficient compared with reverse transcriptases. The T7
RNA polymerase is known to have a relatively short
(50 min) half-life under reaction conditions [16]. But, low
copy number transcripts would be equally likely to experience
deactivation rates as high-copy-number transcripts, assuming
length and sequence (i.e., terminators, base repeats) were not
significant factors, which, for our set of transcripts, they are not
(see Electronic supplementary material).

One reviewer suggested that conversion of aRNA back to
cDNA could contribute additional uncertainty in the PCR
assay. As previously mentioned, reverse transcription effi-
ciencies are typically low for in vitro analyses, including
gene-specific and non-specific (e.g., poly(T), random

hexamer) priming. However, for RT-qPCR of the same
transcript at varying concentration, this RT efficiency was
constant (Fig. 1, Table 1), and differences in IVT amplifica-
tion from transcript concentration became apparent. Note
that all six transcripts showed the same amplification
efficiencies.

As a result, IVT amplification appears to result in a
slight decrease in the ratio of relative expression levels of
low abundant to highly abundant transcript species.
Expected yield for an IVT amplification of a typical
input amount of material (e.g., 104 copies) is approxi-
mately 1,000×, yet our observed nonlinearity of amplifi-
cation suggests that low copy number transcripts (e.g.,
100 copies) may yield only 200×. Multiple rounds of

Table 1 Fit parameters for the linear regressions of threshold cycle vs.
ERCC spike-in species

IVT-amplified samples Control samples

ERCC ID Slope Intercept Slope Intercept

0002 −1.26 (0.12) 39.9 (2.0) −1.04 (0.03) 40.2 (1.5)

0013 −1.23 (0.12) 38.8 (1.8) −1.00 (0.05) 38.9 (1.4)

0061 −1.22 (0.28) 39.0 (4.1) −1.01 (0.04) 38.8 (1.4)

0039 −1.29 (0.23) 38.9 (2.8) −1.01 (0.06) 39.4 (0.9)

0171 −1.29 (0.32) 38.1 (3.0) −1.03 (0.10) 39.0 (1.6)

0097 −1.13 (0.27) 34.1 (1.7) −0.86 (0.27) 37.3 (1.6)

The model of the data is Cq0m log2(input copies)+b. The error in
parentheses is the 95 % confidence interval

Fig. 2 Repeat IVT experiments are reproducible. The Cqs for the
aRNA subjected to RT-qPCR from IVT of equivalent input copies of
ERCC RNA are plotted against each other from two different days.
The slope of the line is 1.00±0.08, and the intercept is 1.7±1.7
(average±95 % confidence interval). This indicates that IVT acts
consistently, and a difference between the relative abundances is un-
likely due to day-to-day variability. Some transcripts did generate Cqs
above 32 but did not appear in repeat experiments
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amplification for small (less than 10 ng) samples may
even compound this problem, though that remains to be
studied. This amplification bias could potentially lead to
misidentifying genes that appear differentially expressed
above some predetermined threshold, but were in fact
significantly less than what was measured.

We also examined reproducibility by plotting the Cq values
for repeat experiments (Fig. 2). This plot shows all species
plotted simultaneously and eliminates any transcript-specific
biases related to the qPCR step. There was not a significant
contribution of data above 30 cycles, which agrees with our
prediction for IVT followed by RT-qPCR.

Impact of variability on low copy number gene expression
analysis experimental design

We examined the residuals from the linear regressions (Fig. 3)
to measure the global variability one can expect from the IVT
process. As the number of input copies decreases, the vari-
ability increases. The standard deviation was calculated for
each bin of samples (approximately every 10-fold) and tabu-
lated (Table 2). The results indicate that given a large enough
ensemble of measurements and appropriate expectations for
the expected magnitude of difference in signal, one can quan-
titatively assess differential gene expression (Δ) even in small
samples. Using qPCR for assessing gene expression, the
following equation gives the 95 % confidence interval around
a mean using Student's t test:

D ¼ 2
t 0:05; nð Þ� σ

ffiffi

n
p

h i

ð1Þ
where t(0.05, n) is the t test statistic for a 95 % level of
confidence given n duplicate experiments, and σ is the ob-
served standard deviation. For example, at the 105 copy level,
four replicates should be sufficient for measuring Δ02 with
95% confidence. More stringent requirements at lower levels,
e.g., Δ01.5 at 100 copies, require 16 replicates. Clearly,
sample availability and analysis cost will be limiting factors
in the experimental design and should be planned for
accordingly.

Conclusions

The IVT reaction appears to be highly effective and repro-
ducible even at the 100 to 1,000 input copy level. Amplifi-
cation is a significant contributor to the apparent “noise” of
gene expression profile analysis of small samples, though
not in the strictly stochastic way as previously suspected [2].

The incorporation of the ERCC spike-in control RNA
enabled evaluation of IVT performance because the input

Table 2 Residuals analysis

Average copies (bin) n SD of residuals (cycles) Minimum repeats for 2× differential Minimum Δ for n03

10 6 1.7 14 20

118 15 1.1 7 6.3

1,083 17 0.8 5 4.2

10,578 14 0.8 5 3.8

102,402 11 0.6 4 2.6

972,450 7 0.5 4 2.5

6,483,000 2 0.4 – –

The data from Fig. 3 were analyzed by binning the input copies into decades and calculating the standard deviation (SD). In the last two columns,
we include the number of repeat experiments needed to measure a twofold differential gene expression and the minimum level of differential
expression that is likely to be measurable with n03 samples using 95 % confidence using Student's t test

Fig. 3 Residuals vs. input copy number of linear fit. The envelope of
the residuals (black dots) increases with decreasing input copy number,
indicating that as fewer input copies are used, it becomes increasingly
difficult to detect differences in actual gene expression vs. the noise of
the background. Bins of residuals from similar input copy number
samples were established (separated by vertical gray lines) to simplify
the analysis. The standard deviation of the binned residuals was fit to a
power law with offset (y00.51+2.4x−0.29). The solid dark gray line
indicates the envelope for 1σ, and the dotted gray line shows 2σ. This
result indicates the uncertainty one can expect at decreasing levels of
input copies and represents a likely “best case” scenario for detecting
differential gene expression
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quantity of each species was known, unlike natural RNA.
Single input copy analysis remains a challenge, as detection
remains irreproducible and infrequent under the conditions
studied here, and not likely to become robust without sig-
nificantly modifying the IVT and/or RT-qPCR protocols.
The variability of the data increased with decreasing copy
number, as expected. We provide guidance for measuring
differential gene expression under near-optimal conditions
using an IVT-qPCR approach and suggest that it may be
possible to draw conclusions about expression changes of
low copy number genes if the appropriate number of repli-
cates is performed or if gene set enrichment-type analyses
can be employed [17].

Amplification appeared to be nonlinear under the con-
ditions of “small” input sample size and 14 h IVT, biased
against low copy number transcripts. This should be taken
into consideration for differential gene expression studies of
low input copy numbers by decreasing the observed fold
difference. This reduction appears to follow a power-law fit
under the experimental conditions we used, such that the
actual fold difference is approximately the measured value
to the 0.8 power for this scale of input sample and duration
of IVT (i.e., a 10-fold measured difference in expression
level is closer to a sixfold difference).

More broadly, IVT amplification's role as a source of
variability in gene expression profiling was demonstrated.
Combined with second-round amplification, which, by us-
ing a random hexamer-primed reverse transcription, is
known to bias amplification based on sequence [13] causing
misrepresentation of the transcript levels through multiple
primings [14], methods will be needed to address these
issues. We must address modification of the existing IVT
process and/or implement downstream data analysis that
takes into account the sequence- and length-based biasing
at the individual transcript levels.
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