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High-Throughput Real-Time PCR
Thomas D. Schmittgen, Eun Joo Lee, and Jinmai Jiang
Abstract
Real-time PCR is presently the gold standard of gene expression quantification.
Configuration of real-time PCR instruments with 384-well reaction blocks, enables the instrument to be used essentially as a low-density array. While PCR will never rival the throughput
of microchip arrays, in situations where one is interested in assaying several hundreds of
genes, high throughput, real-time PCR is an excellent alternative to microchip arrays. By
combining SYBR green detection and 5 μL reaction volume, the associated costs of
high-throughput real-time PCR are comparable to microarrays. Described here is a complete
protocol to perform real-time PCR in a 384-well configuration. Examples are provided to
access numerous PCR primer sequences that may be used for high-throughput real-time
PCR. Methods of analysis are described to present real-time PCR data as heat maps
and clustered similar to the presentation of cDNA microarray data. An example is
provided to profile the expression of over 200 microRNA precursors using high-throughput
real-time PCR.
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1. Introduction
It is generally accepted that real-time PCR produces the most superior
quantitative data due to the exquisite sensitivity and specificity of the PCR. This
is exemplified by the fact that cDNA microarray data are validated by real-time
PCR and not the other way around. Configuration of real-time PCR instruments
with a 384-well reaction block, enables the instrument to be used as a low-density
array. While the advantage of the conventional microchip array will always be
the shear number of genes that may be profiled, microchip arrays suffer from high
costs, batch-to-batch variability, poor sensitivity, and specificity. High-throughput
profiling of a relatively small number of genes (e.g., 100–400) using real-time PCR
generates high-quality data that do not require additional validation. Real-time
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PCR data may be presented as heat maps and clustered similar to the presentation
of microarray data.
We are aware of at least one laboratory, in addition to ours, that has published
these types of analysis. Dittmer et al. has profiled the expression of the Rhesus
monkey rhadinovirus (1) and Kaposi’s Sarcoma-associated Herpes virus (2)
genomes using real-time RT-PCR. These are appropriate applications of highthroughput real-time PCR profiling because these viral genomes contain <100
genes. We have applied real-time PCR to profile the expression of several hundred
miRNA precursors (3). This is another good application of high-throughput,
real-time PCR because the number of known human miRNAs (presently at 326)
is still relatively manageable to quantify using low-density arrays. Since micro
RNAs are non-protein coding RNAs and are structurally different from traditional
RNAs, they are not included on commercially available microarrays.
The term “high throughput” is reserved here to describe 384-well, rather than
96-well, real-time PCR. A real-time PCR protocol in a 96-well format has been
previously described (4). Advantages of 384- versus 96-well formats include
increased throughput by fourfold and reducing the reaction volume by fourfold or
more. Thus, the reduction in reagents and time with the 384-well when compared
with the 96-well application is substantial. The only disadvantage of performing
real-time PCR in 384-well plates is the pipetting. While pipetting into 384-well
plates was jokingly described by a student rotating through my lab as the equivalent of pipetting through the eye of a needle, we have learnt that with proper
training, proper tools, and a good protocol, any conscientious pipetter can
generate high quality and consistent data without the need for robotics or other
automated liquid dispensing systems. This chapter describes such a protocol for
setting up 384-well real-time PCR assays. An assay to profile the expression of
human microRNA precursors is used as an example. Information on retrieving
sequences to numerous PCR primers and data analysis tools to present the data
as heat-maps are provided.
2. Materials
2.1. RNA Isolation
1. Trizol® Reagent (Invitrogen, Carlsbad, CA, USA; Cat. No. 15596-018).
2. Molecular biology grade water (Sigma Chemical Co., St Louis, MO; Cat. No.
W4502).

2.2. Reverse Transcription
1.
2.
3.
4.

RNase-free DNase I (10 U/μL) (Roche, Indianapolis, IN; Cat. No. 776 785).
RNA guard (GE Healthcare, Piscataway, NJ, USA; Cat. No. 27-0816-01).
ThermoScript Reverse Transcriptase (15 U/μL) (Invitrogen; Cat. No. 12236-014).
100 mM dNTP set (Invitrogen; Cat. No. 10297-018).

High-Throughput Real-Time PCR

91

2.3. Real-Time PCR
SYBR green PCR master mix (Applied Biosystems, Foster City, CA, USA;
Cat. No. 4309155).

2.4. Consumables
1. Optical Adhesive Cover (Applied Biosystems; Cat. No. 4311971).
2. 384-well real-time PCR plate (Applied Biosystems; Cat. No. 4309849).
3. Aerosol resistant pipette tips: Rainin (Woburn, MA, USA; Cat. Nos RT-L10F,
RT-L200F, and RT-L1000F).
4. Phase lock gel (2 mL) Eppendorf (Westbury, NY; Cat. No. 0032 005.152).
5. 12-well, 200 μL strip tubes and caps USA Scientific, Inc. (Ocala, FL; Cat. Nos
1402-3500 and 1402-1200).

2.5. Equipment
1. Applied Biosystems 7900 HT real-time PCR instrument equipped with a 384-well
reaction block (Applied Biosystems).
2. ND-1000 micro spectrophotometer (Nanodrop Technologies, Wilmingon, DE, USA).
3. Pipettes: Rainin (Cat. Nos L-2, L-10, L-20, L-100, L-200, and L-1000).
4. Repeating 12-well multichannel pipettes: Rainin (Cat. Nos E12-20 and E12-50).
5. CapEase Tool: BioRad (Waltham, MA, USA; Cat. No. F-341).
6. Stainless steel mortar and pestle sets: Fisher Scientific (Pittsburg, PA, USA; Cat.
No. 12-990).

3. Methods
3.1. RNA Isolation (Cultured Cells or Blood)
1. Remove frozen cell pellets from the −80°C freezer and place the tubes on dry ice
to prevent thawing.
2. Remove one sample from the dry ice and add 1 mL Trizol®. It is not necessary to
thaw the cells prior to adding Trizol®.
3. Lyse the cells using an L-1000 pipette by repeated pipetting until the solution is
homogeneous. Incubate at room temperature for 5 min.
4. Add 200 μL of chloroform, shake vigorously by hand for 15 s and incubate at room
temperature for 3 min.
5. Transfer the mixture to a 2 mL Eppendorf phase lock tube. The phase lock tube
prevents mixing of the organic and aqueous layers.
6. Centrifuge the phase lock tube in the cold (e.g., cold room, refrigerated microcentrifuge
or microcentrifuge placed in a refrigerated unit) for 15 min at 12,000g. Remove the
supernatant and place into a 1.5 mL colored, microcentrifuge tube. Colored tubes will
enhance visualizing the RNA pellet.
7. Add 500 μL of isopropanol and precipitate the RNA for 10 min at room temperature.
This is a good stopping point. If necessary, the samples may be placed in the −20°C
freezer overnight.
8. Centrifuge in the cold for 10 min at 12,000g.
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9. Decant the supernatant into a 2 mL microcentrifuge tube. It is not necessary to
remove all of the supernatant. Add 1000 μL of 75% ethanol. Centrifuge for 5 min at
7500g in the cold.
10. Decant the supernatant into the same 2 mL microcentrifuge tube used for the
isopropanol. Briefly spin the tube containing the RNA for several seconds to bring
the residual ethanol to the bottom of the tube.
11. Using a pipette, remove most of the residual ethanol, being careful not to disturb
the pellet. Air dry to remove the remaining ethanol.
12. Dissolve the RNA pellet in 30–50 μL of molecular biology grade water and place
the tubes on wet ice. RNA may be stored at −80°C, however, it is recommended that
RNA be converted to cDNA on the same day of the isolation.

3.2. RNA Isolation (Tissue)
1. Remove the tissues from the −80°C freezer and place on dry ice.
2. Pre-chill the stainless steel mortar and pestle sets on dry ice. Place the frozen tissue
into the cold mortar. Place the pestle onto the mortar and pulverize the tissue into
a frozen powder by striking with a 2-pound hammer.
3 Transfer the frozen, pulverized tissue as quickly as possible into a 2 mL microcentrifuge tube that has been pre-chilled on dry ice. It is critical that the pulverized
tissue does not thaw. A sterile disposable surgical blade is ideal for transferring the
powdered tissue. Use one new blade per tissue sample.
4. Place the tubes containing the pulverized tissue on dry ice until all of the samples
are ready for lysis.
5. Proceed with steps 2–12 above to isolate the RNA.

3.3. Reverse Transcription
1. Quantify the RNA by placing 1 μL of undiluted RNA onto the lower measurement
pedestal of the ND-1000 micro-spectrophotometer. Lower the sample arm and take
the reading.
2. Briefly treat the RNA with RNase-free DNase to remove any residual genomic
DNA that may be present in the RNA. Add 0.9 μL of RNase-free DNase I, 0.15 μL
of RNA guard, 1.2 μL of 25 mM MgCl2, 1.2 μg of RNA, and molecular biology grade
water to 12.5 μL (see Note 1).
3. Using a PCR thermal cycler, incubate at 37°C for 10 min and then 90°C for 5 min
to inactivate the DNase.
4. Place reactions on wet ice immediately following the incubation.
5. Add 10.5 μL of the DNase-treated RNA into 200 μL tubes.
6. Add 1.5 μL of a cocktail containing 10 μM of each of the antisense PCR primers
for the miRNA precursors (see Note 2).
7. Heat the reaction for 5 min at 80°C to denature the RNA, and then incubate for 5 min
at 60°C to anneal the primers. Finally, cool the reaction at room temperature.
8. Add 4 μL of 5× cDNA synthesis buffer, 2 μL of 10 mM dNTPs, 1 μL of 0.1 M
DTT, 1 μL of RNA guard, and 1 μL of ThermoScript RT to the RNA.
9. Incubate for 45 min at 60°C and 5 min at 85°C.
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3.4. Real-Time PCR
1. This protocol is for assaying 192 genes in duplicate per 384-well plate. One sample
of cDNA is profiled per 384-well plate (see Note 3).
2. Prepare a master mix containing everything for the PCR except the primers. Prepare
enough master mix for 5 μL reactions (384-well plus 10% extra). The master mix
contains 2.5 μL of the 2× SYBR green master mix and 0.5 μL of diluted cDNA
(dilute cDNA 1:50 in molecular biology grade water).
3. Add 105 μL of the master mix to each well of a 12-well strip tube.
4. Using a 12-well repeating multichannel pipette (Model E 12-20) transfer 3 μL of the
master mix from the strip tube to each well of the 384-well plate.
5. In separate 12-well strip tubes have the primer pairs diluted to 2 μM (see Notes 4–8).
6. Using a 12-well repeating multichannel pipette (Model E 12-20) add 2 μL of the
2 μM primers to each well of the 384-well plate.
7. Add the optical adhesive cover and seal.
8. Perform a quick spin (up to 1500 rpm) on a centrifuge equipped with a 96-well
plate adapter.
9. Perform PCR using the real-time instrument per the manufacturer’s protocol.
Incubation for 2 min at 50°C, 10 min at 95°C, and 40 cycles of 15 s at 95°C and 60 s
at 60°C followed by the thermal denaturation protocol (see Note 9).

3.5. Data Analysis
1. Relative gene expression data are calculated using the formula (5) (see Notes 10
and 11).
Relative fold change in gene expression = 2–ΔCT
where: ΔCT = (ΔCT target gene–CT reference gene)
2. The reference gene is typically a housekeeping gene such as 18S rRNA or U6 RNA.
3. Upload the raw data into MicroSoft Excel (see Note 12).
4. A sample spreadsheet is provided (Fig. 1) to demonstrate how the data are analyzed.
We typically calculate the mean CT for the duplicate PCRs and then calculate the
ΔCT from the means.
5. The data may be presented using heatmaps and clustered using clustering algorithms
(6) (see Note 13).
6. A sample figure from the real-time PCR analysis of 201 miRNA precursors in 32
human cancer cell lines is provided (Fig. 2).

4. Notes
1. Prepare a master mix containing all of the reagents for the desired number of
reactions, allowing for one to two additional reactions.
2. For microRNA precursor expression, it is necessary to prime the reverse transcription
using gene-specific primers (antisense PCR primer) (7). However for most situations,
priming the reverse transcription with random primers is sufficient and preferred.
Random hexamers (Invitrogen; Cat. No. 48190-011) and SuperScript II (Invitrogen;
Cat. No. 18064-014) and the accompanying protocol is sufficient for generating

94

Schmittgen et al.

High-Throughput Real-Time PCR

95

Fig. 1. Sample spreadsheet of real-time PCR data. Shown is a partial listing of genes
analyzed by real-time PCR using a 384-well plate. The individual and mean CTs of each
gene are shown as are the CT and 2–ΔCT values relative to the U6 internal control gene.
random primed cDNA. An advantage of random-primed cDNA is that it allows one
to conceivably amplify any gene in the genome.
3. We have experienced that once the transition was made from performing 20–25 μL
reactions in 200 μL tubes or plates to 5 μL reactions in 384-well plates, there was
no interest in returning to the larger volume reactions. Since we are unaware of any
suppliers who sell 25 μL PCR strip tubes, we routinely use only a portion of the
384-well plate (e.g., for 36 reactions). The used section of the plate is marked with
a marking pen and a clean portion of the plate is reused. 384-well plates may be reused
in this manner up to three times.
Fig. 2. Heatmap of microRNA precursor expression in 32 human cancer cell lines.
The data were determined using high-throughput, real-time PCR, and then presented as
a heatmap using the method of Eisen et al. (6). The names of the 32 cancer cell lines
are listed on the top of the figure. The names of the microRNAs that were profiled in
the cancer cell lines are listed to the right of the figure. The relative expression of each gene
was determined by real-time PCR; data are presented as CT. Unsupervised hierarchical
clustering was performed using PCR primers to 201 miRNA precursors. Data were
unfiltered prior to clustering. A median expression value equal to one was designated
black; red increased expression; green, reduced expression; grey, undetectable expression.
B, Dendrogram of clustering analysis. (Reproduced with permission of Oxford University
Press from Ref. [3].)
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Table 1
Design Criteria for Real-Time PCR Primers, SYBR Green Detection
Both sense and antisense primers should have a Tm ≤ 2°C of each other
Primer Tm 50–60°C (ideal range 55–59°C)
% GC content of primers ∼50%
Amplicon length <150 bp
Primer length 18–24 nt
No 3′ GC clamp on primers (i.e., GG, CC, CG, or GC)
≤2 GC in the last five nucleotides of the 3′-end of the primer

4. It is possible to design and validate hundreds of primers as evidenced by our experience
with miRNA precursors (3) and Dittmer et al. experience with viral genomes (1,2).
A program such as Primers Express® (Applied Biosytems, Foster City, CA, USA)
should be used to assist in the design of primers. One should have an idea where
the exon borders are in the cDNA. One easy way to identify these borders is to
BLAST the cDNA sequence against the genomic sequence of the organism you are
working with. Exon-spanning primers (i.e., sense primer located in a different exon
than antisense primer) are preferred, so that if any contaminating genomic DNA is
present, it can be distinguished by different melt curves on the thermal denaturation
protocol. We have found that using the defaults on Primer Express® (Table 1)
yields useful real-time primers >95% of the time.
5. Thousands of published PCR primer sequences may be accessed and applied to a
particular study. Several websites have organized real-time PCR primers sequences.
A highly recommended database is Quantitative PCR Primer Database (http://web.
ncifcrf.gov/rtp/GEL/primerdb/). This database provides several thousands of realtime PCR primers and lists only those primer sequences that have been published.
Advantages of this site include: (i) the primers have been designed specifically for
real-time PCR, (ii) primers are listed for both SYBR green and TaqMan assays, and
(iii) the primers are validated since they have been published.
6. A clever algorithm has been developed to design over 35,000 primers to mouse and
human genes (8). The primer sequences are readily retrievable on the following
website (http://pga.mgh.harvard.edu/primerbank/) by simply entering the RefSeq
identifier of the gene of interest. Not all of these primers have been tested and
validated, however, of 1000 primers synthesized and tested 99% were successful
(8). We have independently confirmed these results on several hundred primers
designed by Primer Bank. Primers designed by Primer Bank are recommended for
applications where one wants to do a rough screen of several hundreds of genes
without going through the trouble of designing or searching though the literature
or websites for primers. One disadvantage of the Primer Bank algorithm is that it
does not specifically design primers that span an intron.
7. To assist in pipetting, primers should be dispensed in 96-well plates by the manufacturer following synthesis. Request that the primers are synthesized at a fixed
concentration and volume (e.g., 100 μL of 500 μM) and that they are organized
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on the plate so that each pair of primers is directly next to one another. Thaw the
plate of primers and perform a brief spin of the plate using a centrifuge that is
equipped with a 96-well plate adapter. Remove the cover of the plate, throw it
away, and replace with a new cover to avoid contamination. Using an 8-well
multichannel pipette remove 50 μL of one primer and add to a strip tube or plate.
Next add 50 μL of the second primer of the pair and mix. Repeat until all pairs of
primers are used.
Dilute primers to 2 μM and place in a clean strip tubes. Store primers at −20°C. It
is essential that the following protocol is adhered to each time these primers are
used. Thaw, perform a brief on the centrifuge, remove the caps using the CapEase
tool, and discard caps. Pipette in a class II hood. If you will be assaying several
plates (we routinely assay up to eight plates per day), cover the plates to prevent
dust from entering and evaporation. A clean, plastic cover from a pack of Rainin
pipette tips works extremely well. This way you do not need to cap and recap
throughout the day. When finished for the day, add new caps using the CapEase tool
and store primers at −20°C.
An excellent alternative to pipetting into 384-well plates is the TaqMan® Low
Density Array 384-well microfluidic cards (Applied Biosystems). These low-density
arrays contain up to 384 individual primers and TaqMan probes spotted into
individual wells of the plate. Microfluidics channels connect the wells. Since the
primers are spotted into each individual wells of the plate, issues associated with
pipetting multiple primers are eliminated. The user simply makes a master mix
of cDNA and PCR reagents and pipettes the entire mixture into a single channel
of the microfluidics card. The card is then centrifuged and the master mix will
drop into each well of the cards. The card is then ready for real-time PCR analysis.
When presented alone, real-time PCR data are commonly presented as the expression
relative to some internal control gene. Selection and validation of the internal control
gene is not discussed here and has been reported (9). The relative gene expression
is presented as 2–ΔCT, where ΔCT = CT gene of interest–CT internal control gene (5).
When comparing gene expression data to some other reference sample (e.g., untreated
control or nondiseased tissue), the fold change in expression may be presented as
2–ΔΔCT, ΔΔCT = (CT gene of interest–CT internal control gene)Treated –(CT gene of interest
–CT internal control gene)Untreated (5).
When profiling multiple plates using the same set of primers, a template of the
plate’s configuration should be set-up using the PCR instrument’s software. This
will conveniently link the data to the gene’s name.
When presenting real-time PCR data as heatmaps (6), we (3) and Dittmer et al. (1)
have found it more appropriate to analyze the CT data rather than the 2–ΔCT data
using the algorithm.
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