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i. Running Head: qRT-PCR for floral tissues

ii. Summary

Real-time, or quantitative, reverse transcription polymerase chain reaction (QRT-PCR), is a
powerful method for rapid and reliable quantification of mRNA abundance. Although it has
not featured prominently in flower development research in the past, the availability of novel
techniques for the synchronized induction of flower development, or for the isolation of cell-
specific mRNA populations, suggests that detailed quantitative analyses of gene expression
over time and in specific tissues and cell types by qRT-PCR will become more widely used.
In this chapter, we discuss specific considerations for studying gene expression by using
qRT-PCR, such as the identification of suitable reference genes for the experimental set-up
used. In addition, we provide protocols for performing qRT-PCR experiments in a multi-well
plate format (with the LightCycler® 480 system, Roche) and with nanofluidic arrays
(BioMark™ system, Fluidigm), which allow the automatic combination of sets of samples
with sets of assays, and significantly reduce reaction volume and the number of liquid-

handling steps performed during the experiment.

iii. Key Words

Real-time PCR, qRT-PCR, quantitative PCR (QPCR), SYBR Green I dye



1. Introduction

Differential gene expression, over time or among different cell and tissue types, is central to
the developmental processes of all organisms. In flower development studies, this aspect of
gene function has usually been approached by using methods to characterize spatial patterns
or domains of gene expression, such as in situ hybridization and promoter-reporter gene
fusions. Several groups have also progressed in the characterization of flower development in
different plant species using quantitative real-time reverse transcription polymerase chain
reaction (QRT-PCR) analyses (1-6), although this technique has not traditionally featured
prominently in flower development research. Nevertheless, as a result of the development of
techniques for the synchronized induction of flower development and for the isolation of cell-
specific mRNA populations, detailed quantitative analyses of gene expression over time and
in specific tissues and cells are becoming more broadly used. QRT-PCR is a powerful
method for rapid and reliable quantification of mRNA abundance, which involves three
processes: 1) the conversion of mRNA into cDNA via reverse-transcription; ii) the
amplification of the resulting cDNA by PCR; and iii) the detection and quantification in real
time of the synthesized PCR amplification products (7-9). The reliability of the data obtained
in qRT-PCR experiments can be affected by several factors that impact on those processes,
including template quality (RNA integrity (9,10)), purity (9,11) and quantity, efficiency of
the RT reaction, PCR primer design and efficiency of the PCR amplification (9). To
compensate for between-sample variations in the amount of starting material and in the
efficiency of the QqRT-PCR process, expression levels of the genes of interest are reported
relative to one or more reference genes that are presumed to be uniformly and stably
expressed across the tissues or conditions tested in the experiment, and whose abundance
reflects the total amount of mRNA present in each sample. Thus, the reliability of qRT-PCR

analyses is largely affected by the suitability of the gene (or genes) that is selected as a



reference, i.e., by whether or not such a gene really fulfils the requirements of a
normalization control (12,13).

Housekeeping genes, which function in basic cellular processes and are expressed in all cells
of an organism, have often been used as reference genes to normalize the data in qRT-PCR
experiments (e.g., genes such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
elongation factor-la (EF-1 ), actin (ACT), or tubulin (TUB)). Although the initial evidence
indicating that housekeeping genes are stably expressed was obtained using methods that are
mostly qualitative (for instance, RNA gel-blots and end-point RT-PCR), subsequent studies
demonstrated that in some circumstances their expression may be regulated or be unstable,
showing changes in transcript levels throughout development or among different conditions
or tissues. Besides, housekeeping genes are usually expressed at higher levels than the typical
genes of interest. For these reasons, using them as reference genes may introduce biases in
the results obtained by qRT-PCR (12,13). For example, in a series of experiments designed to
assess traditional Arabidopsis reference genes (including ACT2, ACT7, ACTS, ADENINE
PHOSPHORIBOSYLTRANSFERASE 1 (APTI), EFlo, EUKARYOTIC TRANSLATION
INITIATION FACTOR 4A1 (elF4A), TUB2, TUB6, TUBY, UBIQUITIN 4 (UBQ4), UBQS5,
UBQI10, and UBQ11), it was found that e/F'44 would appear to be stably expressed over the
course of silique development when APT1, UBQS, or eFlo were used to normalize the data,
whereas its expression would appear quite variable when TUB6 was used as reference gene
(13).

In summary, the validity of "housekeeping" reference genes is not universal, and is highly
dependent on the experimental conditions (72). Thus, the selection of appropriate reference
genes for the normalization of QRT-PCR data has emerged as a crucial component for
successful expression studies carried out with this technology, and statistical algorithms like

geNorm (14) or BestKeeper (15) have been developed for that purpose (see Note 1).



Concomitantly, the use of genome-wide technologies (i.e., initially DNA microarrays and
subsequently RNA-Seq) to characterize gene expression changes across many different
tissues and developmental stages, environmental conditions, or in response to biotic and
abiotic stresses or perturbations, has resulted in very rich datasets (e.g.,, (16)) that can be
mined to identify novel, better suited reference genes for the desired experimental set-up. For
instance, Czechowski ef al. analysed a very large set of Arabidopsis data obtained with
Affymetrix ATH1 GeneChip arrays to identify several hundred genes that outperform
traditional reference genes in terms of expression stability throughout development and under
a range of environmental conditions (17). Subsequent qRT-PCR experiments performed with
a subset of those novel reference genes confirmed that they showed superior expression
stability and lower absolute expression levels (17) (see Note 2). The results obtained in
Arabidopsis have informed the selection of reference genes in other plant species, as the
corresponding orthologous genes may also show stable expression (for an example in Leafy
spurge, see (18)). If candidate reference genes are selected based on orthology, however, their
suitability needs to be confirmed experimentally, as such character is not always maintained
across all experimental conditions in all organisms (9) (for instance, see (19)).

Candidate reference gene selections for various species, such as maize (20-23), rice (24-27),
wheat (28—30) or strawberry (31,32) and for specific conditions, tissues, or developmental
stages (e.g., rice anther development, wheat meiosis, or strawberry fruits) have also been
published. In addition, a literature review by Joseph et al. compiled a collection of reference
genes for Arabidopsis and other plant species (33) (see Table 1).

The approach of using genome-wide data to select reference genes has been further expanded
and refined with RefGenes, an on-line tool that allows easy identification of condition-
specific reference genes (34). RefGenes is based on the Genevestigator database of

normalized and well-annotated microarray and RNA-Seq experiments and is accessible



through the Genevestigator web page (www.genevestigator.com). The appropriateness of

using condition-specific reference genes is based on the observation that for each biological
context a subset of stable genes exists that has a smaller variance than either commonly used
reference genes or genes that were selected for their stability across all conditions (34). In
other words, there is no gene that is universally stable, and the most appropriate set of
reference genes for each biological context and specific experimental condition does vary.
Through RefGenes, users can select the transcriptomic experiments that are most similar to
their chosen experimental conditions (including tissue, developmental stage, treatment, etc.).
Afterwards, the user indicates the set of target genes of interest (up to ten genes can be tested
at once). A search is then triggered to identify those genes that have the lowest variance
within the selected set of experiments and a range of expression that is similar to that of the
target gene set. The result of the search is graphically displayed, showing the top 20-25 best
candidate reference genes for the selected conditions. The behaviour of these candidate genes
in the chosen (or in additional) tissues or experimental conditions can then be explored using
the Conditions tool of Genevestigator (35).

It is worth noting that the novel candidate reference genes that are identified using RefGenes
and the aforementioned algorithms (geNorm or Bestkeeper) should be validated for the
specific biological conditions of the experiments to be performed, e.g., tissue type (36),
growth conditions (24,37), stresses (22,38), treatments (39), etc. The evaluation of reference
genes should be done by comparing the results with those obtained for other algorithms,
experimentally, and preferably together with commonly used reference genes.

The use of RefGenes to select reference genes for flower development studies is illustrated in
Figures 1,2 and 3, and in Table 2. Ten genes that participate in and/or are expressed at early
stages of Arabidopsis flower development were used as target set to search for reference

genes using the genome-wide expression profiling data available in Genevestigator
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(SUPERMAN -SUP, At3g23130-, LEAFY -LFY, At5g61850-, AGL24 -At4g24540-, YABBY3
-YAB3, At4g00180-, APETALA2 -AP2, AT4g36920-, AGL42 -At5g62165-,
SHATTERPROOF?2 -SHP2, At2g42830-, AGAMOUS -AG, AT4g18960-, SEPALLATA3 -
SEP3, At1g24260-, and APETALA3 -AP3, At3g54340-, see (40)). RefGenes returns a list of
candidate novel reference genes (Figure 1, Table 2), which in this chapter are then compared
to traditional reference genes (list of genes from (77)) and to reference genes for
developmental processes (genes from (33) included in Table 1). The novel reference genes
and the reference genes specifically selected for studying plant development are more stably
expressed throughout all plant stages of development, and their mean expression level is
generally lower than that of traditional reference genes, and thus closer to that of the typical
genes of interest (see Figure 2). Besides, novel reference genes selected for flower
development studies are more stably expressed in floral tissues than traditional reference
genes and the reference genes selected for studying other developmental processes (Figure
3).

The detection of product formation in real-time during the amplification reaction of qRT-
PCR experiments is carried out by measuring the emission signal from either fluorescent
double-stranded DNA-binding dyes (such as SYBR® Green I and EvaGreen®, see below), or
template-specific fluorescent probes (such as the TagMan® probe technology). A general
protocol for using SYBR Green I dye in a qRT-PCR experiment performed in a
LightCycler® 480 Real-Time PCR system (Roche) is provided in this chapter (equally suited
real-time PCR machines are available from various manufacturers). In addition to standard
real-time PCR systems, in which reactions are performed either in thin-wall PCR tubes or in
multi-well plates, newer systems based on nanofluidc arrays (such as the BioMark™ system,
Fluidigm) have been developed for high-throughput analyses. These arrays contain

nanofluidic networks that allow the automatic combination of sets of samples with sets of



assays, significantly reducing reaction volume (and thus the amount of material needed to
perform an assay) and the number of liquid-handling steps performed during the experiment.
A protocol for a qRT-PCR experiment using EvaGreen® and the BioMark™ system is also

provided.

2. Materials

2.1. Tissue Collection and RNA Extraction

1. RNase-free microcentrifuge tubes (1.5 mL)

2. Plastic pellet pestles for 1.5 mL microcentrifuge tubes (optional: a mixer motor or an
electric drill)

3. Forceps (e.g., Dupont size #5)

4. Liquid nitrogen

5. Vortex

6. Microcentrifuge

7. Spectrum Plant Total RNA Kit (Sigma-Aldrich) or an equivalent total RNA isolation kit
or reagents (see Note 3)

8. Spectrophotometer (such as a Nanodrop)

9. Agilent Bioanalyzer and associated reagents (Agilent RNA 6000 Nano kit)

2.2. Reverse Transcription Reaction

1. High-Capacity cDNA Reverse Transcription Kit (e.g., Applied Biosystems; other
commercial kits are available, but the protocols provided below are based on this kit)
containing ANTPs (100 mM), MultiScribe reverse transcriptase (50 U/mL), reverse
transcription Random Primers, reverse transcription buffer (10x), RNase inhibitor (20
U/mL).

2. RNase-free PCR-tubes



3.

Nuclease-free water.

2.3. Quantitative Real Time PCR — LightCycler® 480 System

1.

3.

4.

LightCycler® 480 SYBR Green I Master (Roche Diagnostics; other commercial kits are
available, but the protocols provided below are based on this kit): ready-to-use hot-start
PCR mix containing FastStart Taqg DNA Polymerase, reaction buffer, ANTP mix (with
dUTP, instead of dTTP), SYBR Green I dye, and MgCl,.

LC 480 Multiwell Plate 96 (Roche Diagnostics) (see Note 4)

Forward and reverse PCR primers at 100 uM each.

Nuclease-free water.

2.4. Quantitative Real Time PCR — BioMark™ System

1.

2.

8.

9.

TagMan PreAmp Master Mix 2X (Applied Biosystems).

SsoFast EvaGreen SuperMix with Low ROX (Biorad): 2x real-time PCR mix, containing
dNTPs, Sso7d fusion polymerase, MgCl, ROX passive reference dye and stabilizers.

2X Assay Loading Reagent (Fluidigm)

20X DNA Binding Dye Sample Loading Reagent (Fluidigm)

Exonuclease I (E. coli) (20,000 U/mL; New England Biolabs)

Exonuclease I Reaction Buffer 10X (New England Biolabs).

Forward and reverse PCR primers at 100 uM each.

Nuclease-free water.

TE Buffer: 10 mM Tris-HCIL, pH 8.0, 1.0 mM EDTA (TEKnova)

10. DNA Suspension Buffer; 10 mM Tris-HCI, pH 8.0, 0.1 mM EDTA (TEKnova)

11. 48.48 Dynamic Array IFC (Fluidigm)



3. Methods

The performance of the primers for a qRT-PCR experiment is crucial for obtaining high-
quality results, and several aspects must be considered for successful primer design (see Note
5). There are many on-line resources for primer design, some of which also provide access to

a consultative design service, such as:

e Oligoarchitect: http://www.oligoarchitect.com/LoginServlet

e RealTimeDesign: https://www.biosearchtech.com/support/tools/design-
software/realtimedesign-software

e QuantPrime: http://www.quantprime.de/

e IDT-qPCR: http://eu.idtdna.com/scitools/Applications/Real TimePCR/

e Primer3: http://primer3.sourceforge.net/

e Primer-BLAST: http://www.ncbi.nlm.nih.gov/tools/primer-blast/

3.1. Tissue Collection and RNA Extraction

RNA quality (integrity and purity) is a critical factor for gRT-PCR experiments.

1. Harvest at least 100 mg of the desired plant tissue (e.g., inflorescences), into a 1.5 mL

RNase-free microcentrifuge tube containing liquid nitrogen.

2. Grind the tissue to a fine powder with the pellet pestles (and a mixer motor), keeping the
bottom of the tube immersed in liquid nitrogen throughout the grinding process to avoid RNA
degradation (see Note 6 and Note 7).

3. Follow the manufacturer’s instructions for the RNA extraction kit.



4. Analyse the integrity of the isolated RNA using a Bioanalyzer (or by using the 3°/5’
integrity assay, see (9)) and determine the concentration by absorption at 260 nm (e.g., with a

Nanodrop spectrophotometer).

3.2. Reverse Transcription Reaction

The reverse transcription reaction to synthesize cDNA from the starting RNA material can be
performed with various priming strategies, enzymes, and experimental conditions (8,9).
However, to compare gene expression data across different experiments or laboratories, these
variables should be kept constant, particularly ensuring that the same amount of RNA is

added to each reaction (or that the enzyme/protocol used results in a proportional cDNA

yield).

1. Prepare an RT master mix in a 1.5 mL tube:

Component Volume (per reaction)
Water 4.2 uL
10x RT Buffer (1x) 2 uL
25x ANTP Mix (100 mM) 0.8 uL
10x RT Random Primers 2 uL
MultiScribe Reverse Transcriptase 1 uL

2. Add 10 pL of Master Mix to each individual PCR-tube. Then add 100-1000 ng of
each RNA sample, in a volume of 10 pL. The final reaction volume is 20 pL. No-
RT control reaction(s) should be included in the experiment.

3. Briefly centrifuge the tubes to collect the contents and to eliminate any air

bubbles.



4. Place the tubes in a thermal cycler using the following conditions:

Step1 | Step2 | Step 3 | Step 4

Temperature | 25°C 37°C 85°C 4°C

Time 10 min | 120 min | 5 min o

5. Store cDNA samples at 4°C (short term) or at -20°C (for up to 6 months).

3.3. Quantitative Real Time PCR - LightCycler® 480 System

1. Set up the samples:

1.1. Every gene/primer-pair combination used in a qPCR should be tested to calculate

primer efficiency (see Note 8).

1.2. The cDNA samples resulting from the RT reaction can be diluted in water, to
obtain a final estimated concentration between 5 and 10 ng/uL (estimation based on
the initial amount of RNA used in the RT reaction). This concentration range is ideal
for the qRT-PCR. All amplification reactions should have a similar concentration of

cDNA.

2. Before loading the PCR plate, and in order to minimize pipetting errors, it is important to
prepare master mixes for each primer pair used. The accuracy of qPCR is highly dependent
on accurate pipetting and thorough mixing of solutions. The protocol provided here uses

SYBR® Green I chemistry, but other PCR-product detection chemistries could be used (see

Note 9). To prepare the qPCR Master Mix, add components in the following order:

Component Volume (per reaction) for 96-well plate




LC480 SYBR® Green I Master (2x) 10 uL
(Roche Diagnostics)

Water 6.4 uL
Primer Forward (10 pM) 0.8 uL
Primer Reverse (10 uM) 0.8 uL

3. Loading the plate: Once all master mixes for each pair of primers are prepared, start
loading the plate by adding first the Master Mix (18 pL) and then the cDNA samples (2 pL).
Avoid producing bubbles. The final reaction volume in each well is 20 pL. Then add the No
Template Control (NTC) and no-Reverse Transcription control (no-RT, or RT-) reactions
(see Note 10). Seal the plate with LightCycler® 480 Sealing Foil by pressing it firmly to the
plate surface, using your hand or a scraper. Sealing the plate properly is crucial to eliminate

evaporation at high temperatures.

4. Place the multiwell plate in a standard swing-bucket centrifuge equipped with a rotor for
multi-well plates with suitable adaptors. Balance it with a suitable counterweight (e.g.,

another multi-well plate). Centrifuge the plate at 1,500 x g for 2 min.

5. Load the multi-well plate into the LightCycler® 480 Instrument and set-up the qPCR

program (annealing temperature in the PCR is primer-dependent):

Temperature | Time | Acquisition

Activation 95°C 10 min None
95°C 10 s None
PCR (45 Cycles) 60°C 30s None
72°C 30s Single

95°C 2s None




Melting 65°C 15s None

95°C - Continuous

Cooling 40°C 30s None

3.4. Quantitative Real Time PCR - BioMark™ System

BioMark System arrays allow for the automatic combination of sets of samples with sets of
assays, significantly reducing reaction volume and the number of liquid-handling steps
performed during the experiment. For instance, using the 48x48 array (as described in this
protocol), 48 different samples (e.g., time-points in a time-course experiment) can be tested

with up to 48 different assays (e.g., genes).

1. Specific Target Amplification (STA): This step is recommended to increase the number of

copies of target DNA.

1.1. STA Primer Mix (500nM):
1.1.1. Pool together 1 pL aliquots of all 100 uM primer sets to be included in
the STA reaction (up to 100 different assays).
1.1.2. Add DNA Suspension Buffer to make the final volume 200 pL.
1.1.3. Vortex to mix and briefly spin reaction tube.
1.2. STA Pre-Mix:

1.2.1. In a DNA-free hood, prepare a Pre-Mix for the STA reaction:

Component Volume (per reaction)

TagMan PreAmp Master Mix 2.5l




500 nM pooled STA Primer Mix

0.5 uL

Water

0.75 pL

1.2.2. Add 3.75 pL of STA Pre-Mix for each sample in a 96-well plate.
1.2.3. Add 1.25 pL of cDNA (at 10-20 ng/pl to each reaction well, making a

final volume of 5 pL. Include a no-PreAmplification control: add water

instead of cDNA.

1.2.4. Seal the plate properly. Then, vortex and briefly spin the plate.

1.3. STA thermal cycle reaction:

1.3.1. Place the plate into the thermal cycler and run the following program

(annealing temperature in the PCR is primer-dependent):

Activation | 16 cycles | Hold
Temperature 95°C 95°C | 60°C | 4°C
Time 10 min I5s |4min| oo

1.3.2. Eliminate the unincorporated primers from the STA amplification

reaction. Prepare Exonuclease Mix as follows:

Component Per 5 pLL Sample
Water 1.4 pL
Exonuclease I Reaction Buffer 0.2 uL
Exonuclease I (20 units/ puL) 0.4 uL

1.3.3. Add 2 pL of Exonuclease Mix to each 5 pL. STA reaction. Vortex,

centrifuge, and place in a thermal cycler.




Digest | Inactivate | Hold

Temperature | 37°C 80°C 4°C

Time 30 min 15 min 0

1.3.4. Dilute the STA reaction to an appropriate final product concentration,

as shown below. A minimum dilution of 5-fold should be used.

Volume of water or TE Buffer

Volume of STA Rx | 5-fold dilution | 10-fold dilution | 20-fold dilution

7 uL 18 uL 43 uL 93 uL

Store diluted STA products at -20°C or use immediately for on-chip

PCR.

2. Sample and Assay Mix preparation:

2.1. Prepare Sample mix as shown below:

Component Volume per inlet with overage (pL)

2x  SsoFast EvaGreen
3.0
Supermix with Low ROX

20x DNA Binding Dye
0.3
Sample Loading Reagent

2.2. In a new 96-well plate aliquot 3.3 puL of Sample mix and add 2.7 uL of each STA
and Exo I-treated and diluted sample.

2.3. Seal the plate properly. Then, vortex and spin plate. Keep on ice.

2.4. Prior to preparing the Assay mix, combine the two primers of each primer pair

making a final concentration of 20 pM.



2.5.

2.6.

2.7.

Prepare Assay mix as shown below:

Component Volume per inlet with overage (pL)
2x Assay Loading Reagent 3.0
I1x DNA Suspension Buffer 2.4

In a new 96-well plate, aliquot 5.4 puL of Assay mix and add in 1 pL of the 100
UM combined forward and reverse primers primer pair mix. The final
concentration of each primer pair is 5 pM in the inlet and 500 nM in the final
reaction.

Seal the plate properly. Then, vortex and spin the plate. Keep on ice.

3. Priming the 48x48 Dynamic Array™ IFC

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

3.7.

3.8.

Inject control line fluid into each accumulator on the chip. Load the chip within
60 min of priming (refer to instrument manufacturer's instructions for details).
Remove and discard the blue protective film from the bottom of the chip.

Place the chip into the IFC controller for the 48x48 Dynamic Array IFC.

Run the Prime script for the 48x48 Dynamic Array IFC.

Pipette 5 pL of each assay and 5 pL of each sample into their respective inlets on
the chip. Avoid creating bubbles while vortexing and when transferring reagents
to the IFC, failure to do so may result in a decrease in data quality

Place the chip to the IFC controller and run the Load Mix program.

After the program has run, take out the chip from the IFC controller and remove
any dust particle from the chip surface.

Place the chip in the Biomark System and run the following program (annealing

temperature in the PCR is primer-dependent):



Activation 30 Cycles Melting

Temperature 95°C 96°C 60°C 60°C 95°C

Time 60 s 5s 20s 3s 1°C/3s

3.5. Data Analysis

Different methodologies can be used for determination of the Quantification Cycle, Cq (41)

(previously referred to as Ct/Cp/take off point):

- The threshold cycle method measures the Cq at a constant fluorescence level. These
constant threshold methods assume that all samples have the same amplicon DNA
concentration at the threshold fluorescence. The strength of this method is that it is
extremely robust, but the threshold value needs to be adjusted for each experiment.

- The second derivative method calculates Cq as the second derivative maximum of the

amplification curve. It is not user-dependent and is widely used.

Before performing the actual analysis, it is important to validate the data according to a
variety of criteria (preferably following the Minimum Information for Publication of Real

Time PCR Experiments: MIQE guidelines, (see Note 11, (41)). In particular:

- Check amplification curves. A normal amplification plot has 3 distinct phases: linear
baseline, exponential and plateau.

- Check controls (RT-, NTC).

- Check that the slope of the standard curve is between -3.2 and -3.5.

- Check technical replicates. They should be within 0.5 Cq of each other.



Check melting peaks (when using a binding dye, or probes such as Molecular
Beacons or Scorpions that are not hydrolysed during the reaction) to verify that single,

specific amplification products have been synthesized in the reaction.

3.5.1 Absolute quantification.

Absolute quantification relies on measurement to a standards curve constructed using
the real-time PCR data obtained from amplification of these standards of known
concentrations of template. Commonly, standards are derived from purified dsDNA
plasmid, in vitro-transcribed RNA or in vitro-synthesized ssDNA. A standard curve
(plot of Cq value against log of amount of standard) is generated using different
dilutions of the standard. The Cq value of the target is compared with the standard
curve, allowing calculation of the initial amount of the target. It is important to select
an appropriate standard for the type of nucleic acid to be quantified. This method

requires having the same efficiency of amplification in all reactions (reactions with

experimental samples and reactions with the external standards). When using

absolute quantification for determination of mRNA concentration, it is usual to
correct absolute copy number of the specific target relative to absolute copy number

of one or more reference genes.

3.5.2 Relative quantification.

Relative quantification relies on comparing the expression level of a target gene
relative to a reference gene between a control sample and the test samples.
Normalization to reference genes is the most common method for controlling for

variation in qRT-PCR experiments. It is used to measure the relative change in



mRNA expression levels. Many mathematical models are available. Most common

relative quantification methods are:

a) Pfaffl model (42): combines gene quantification and normalization into a
single calculation (equation 1). This model adjusts the amplification
efficiencies (E) from target and reference genes in order to correct

differences between the two assays.

(Etarget)ACq target (control-sample)

(1) Ratio =

(Ere ference)ACq reference (control-sample)

b) 244 method (43): This is a simpler version of the first model. Target and
control amplification efficiency (Etrget and Ereference) are assumed to be
maximum (100%, i.e., a value of 2, indicating amplicon doubling during
each cycle) (equation 2). In addition, the relative expression of the target in

all test samples is compared to that in a control or calibrator sample

(2) Ratio = 21ACq Sample — ACq control]

4. Notes

1. geNorm is a widely used algorithm to determine the most stable reference from a given set
of candidate genes on the basis of the M value (the M value is the internal control gene-
stability measure, defined as the average pair-wise variation of a particular gene with all other
control genes; genes with the lowest M values have the most stable expression) (18). geNorm
calculates and compares the M value of each pair of genes, and eliminates the gene with the

highest M value, and then repeats this process with the remaining genes until the pair of



genes with the lowest M value is identified. Thus, the genes forming this pair are considered

as optimal reference genes among the initial candidate set.

2. The genome-wide analyses performed by Czechowski ef al. led to the identification of
many novel reference gene candidates, with purportedly better expression characteristics than
traditional reference genes (17). In these analyses the SD/MV ratio (SD/mean expression
value, i.e., the coefficient of variation, or CV) for each gene in all the given experimental
conditions (developmental series, abiotic stress series, hormone series, nutrient starvation and
re-addition series, diurnal series, light series and biotic stress series) is calculated. The gene
that has the lowest CV value is considered as the gene with the most stable expression, and
therefore a potential reference gene. Through these analyses, 25 reference genes, including 20
novel and 5 traditional ones, were recommended (77). These genes were then validated by

qRT-PCR and their expression stability ranked using the geNorm algorithm.

3. There are specific plates and films for the LC480 system that have been designed to ensure
the best heat transfer from the thermal block and minimal autofluorescence, which is
important to achieve a good signal-to-noise ratio in the detection of amplification products. In

this protocol, we suggest using the LC 480 Multiwell Plate 96 from Roche.

4. The RNA preparation should be free of contaminating genomic DNA, so we recommend

using a previously tested commercial kit for RNA isolation (see Note 10).

5. For primer design, it is important to consider the following points: (1) PCR products
should be short (ideal length is from 70 to 250 bp); (2) The gene-specific forward and reverse
primers should have similar melting temperatures (Tm) and length; (3) Primers should be
between 15 and 25 nucleotides long and with a G/C content of around 50%. (4) Primers

should have low or no self-complementarity to avoid the formation of primer dimers; (5) For



the same reason, avoid pairs of primers that show sequence complementarity at their 3’ ends;
(6) Primers that span introns or cross intron/exon boundaries are advantageous because they
allow to distinguish amplification from cDNA or from contaminant genomic DNA. Primers
should be ordered with desalt purification. Primer stock solutions should be prepared with
DNase/RNase-free water. Make aliquots to avoid contamination and repeated
freezing/thawing. Original stock of PCR primers should be stored at -20°C and working

dilutions at 4°C for up to 2 weeks.

6. The presence of liquid nitrogen inside the microcentrifuge tubes during tissue grinding
should be avoided, to prevent potential loss of tissue by nitrogen spill, or by the popping of
the tube if closed with liquid nitrogen inside. Tubes can be pre-chilled in liquid nitrogen. As
an alternative for grinding the tissue, mortar and pestle could be used instead of pellet pestles

and an electric drill.

7. Both fresh and frozen (-80°C) tissue can be used as starting material, and ground plant
material can be stored at -80°C before RNA purification. However, do not allow the frozen
material to thaw before grinding or before the first solution of the RNA purification

procedure is added.

8. Make a 4-step dilution series (1:4 dilutions) from cDNA samples. To evaluate the
efficiency of the PCR reaction, it is important to generate at least one standard curve for each
primer pair. A standard curve graph is made by plotting the Ct/Cp values on the y-axis and
the logarithm of the input amounts on the x-axis. The slope of the line of this plot will give
the efficiency of the reaction according to the equation E = [107C/51°P9) 1 1; slope should be

between -3.2 and -3.5 and R>>(.98.



9. SYBR® Green I and EvaGreen® are the most used dye chemistries, due to cost and simple
optimization process. However, these dyes bind to any double-stranded DNA formed in the
reaction, including primer-dimers and other non-specific reaction products, which may result
in an overestimation of the target concentration. Other methods, such as hydrolysis probes,
may also be used. Probe-based qRT-PCR relies on the sequence—specific detection of a
desired PCR product. It utilizes a fluorescently-labelled target-specific probe, which results in

increased specificity and sensitivity.

10. No template controls (NTC) should be included for each pair of primers tested to ensure
that there is no reagent contamination. In these control reactions, water is added instead of
sample, so no amplification is expected. In case the NTC reaction shows the synthesis of
amplification products (i.e., the presence of a contaminant), measures such as pipette
decontamination, using new primers aliquots, or thorough bench cleaning might be necessary.
No reverse transcription controls (no-RT, or RT-) are used to detect the presence of
contaminant genomic DNA in the RNA samples. If the RT- reaction shows the synthesis of
amplification products, the corresponding RNA samples should be treated with DNase prior
to their use in the reverse transcription reaction. If the primers were designed to span an

intron or an intron/exon boundary, it is not necessary to perform a no-RT control.

11. MIQE Guidelines (41). The MIQE guidelines were published in response to the
recognition that several publications contain little information that describes the qPCR or that
gives the reader the opportunity to determine the quality of the experiment. The result of
these omissions is that several publications contain misleading conclusions based on
inadequate quality control of the technical process. The MIQE guidelines contain a step-by-
step guide and checklist, which leads the experimenter through the process of experiment

validation. This has the additional function of providing a framework for publication analysis



by peer reviewers and journal editors. Several publishing houses are now requiring that

MIQE guidelines are followed for papers containing qPCR data.
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Figure Captions

Figure 1. Example of output results obtained when using the RefGenes tool (Anatomy-
Inflorescence category in Genevestigator) with a set of floral regulatory genes (SUP
(AT3G23130), LFY (AT5G61850), AGL24 (AT4G24540), YAB3 (AT4G00180), AP2
(AT4G36920), AGL42 (AT5G62165), SHP2 (AT2G42830), AG (AT4G18960), SEP3

(AT1G24260), and AP3 (AT3G54340)).

Figure 2. Expression characteristics during plant development of some commonly used and
novel reference genes in Arabidopsis inflorescences. A) Traditional reference genes: GAPDH
(AT3G26650, GAPAL), ACT2 (AT3G18780), UBQ10 (AT4G05320), TUBB6 (AT5G12250),
TUBAS5 (AT5G19780) (17). B) Reference genes for developmental processes: AP2M
(AT5G46630), ATIG58050, AT4G26410, AT4G34270 (33). C) Novel reference genes based
on the expression of floral regulatory genes: A72G28390, AT5G15710, VPS45 (AT1G77140),

AT5G10700, and CLT2 (AT4G24460).

Figure 3. Expression characteristics in different floral tissues of some commonly used and
novel reference genes in Arabidopsis inflorescences. A) Traditional reference genes. B)
Reference genes for developmental processes. C) Novel reference genes based on the

expression of floral regulatory genes (as in Figure 2).

Tables

Table 1. Arabidopsis general reference genes according with their expression stability under
different conditions (33). Primer sequences indicated in the table correspond to those used in

the original experiment, as referenced in (33).



Table 2. Candidate novel reference genes for Arabidopsis proteins and peptides expressed in
floral tissues identified using RefGenes. These genes were selected using as search set a list

of floral regulatory genes.



Table 1

Accession Gene Primers (5°-3’) Conditions
number
Atig50010 a-Tubulin GATGTACCGTGGTGATGTC Abiotic stress | Sulfate starvation, salt, drought,
GAGCCTCTGAAAATTCTCC ABA
AT3G18780 | Actin2 CTTGCACCAAGCAGCATGAA Abiotic stress | Dehydration, cold, salt, oxidative,
CCGATCCAGACACTGTACTTCCTT exposure to high light intensity
TATGTGGCTATTCAGGCTGT Abiotic stress | Salt, mannitol, drought and cold
TGGCGGTGCTTCTTCTCTG
ATGCCATCCTCCGTCTTGAC Biotic stress A. tumefaciens, H. schachtii, B.
CGCTCTGCTGTTGTGGTGAA cinerea, P. syringae
pv.maculicola, P. syringae pv.
tomato
At3g53750 Actin 3 GAGGCTCCTCTTAACCCAA Abiotic stress | Salt stress, drought stress, ABA
TACAATTTCCCGCTCTGC
At1g49240 Actin 8 TATGTGGCTATTCAGGCTGT Abiotic stress Salt, mannitol, drought and cold
TGGCGGTGCTTCTTCTCTG
GGTGATGGTGTGTCT Biotic stress A. tumefaciens
ACTGAGCACAATGTTAC
Atigl3440 GAPDH TTGGTGACAACAGGTCAAGCA Abiotic stress Salt, mannitol, drought and cold
AAACTTGTCGCTCAATGCAATC
At2g41540 GAPDH GAAGCAAGGCAAAGAAAT Biotic stress A. tumefaciens
GAAGCAAGGCAAAGAAAT
At5g25760 UBC21 TTCAAATGGACCGCTCTTATCA Biotic stress A. tumefaciens
AAACACCGCCTTCGTAAGGA
Atig64230 UBC28 TCCAGAAGGATCCTCCAACTTCCTG | Abiotic stress Salt, osmotic, temperature,
CAGT radiomimetic, oxidative, UV,
ATGGTTACGAGAAAGACACCGCCTG Zebularine, Trichostatin A,
AATA Sodium butyrate
At3g62250 UBQS5 GTAAACGTAGGTGAGTCC Abiotic stress | Drought, mannitol and salt
GACGCTTCATCTCGTCC
GACGCTTCATCTCGTCC Biotic stress B. cinerea; P. syringae pv.
GTAAACGTAGGTGAGTCC maculicola, P. syringae pv.
tomato
At5g62690 Tubulin 2 CTCTGACCTCCGAAAGCTTGC Abiotic stress | Sucrose, NaCl, mannitol,
TCACCTTCTTCATCCGCAGTT paclobutrazol, hormonal
AGCAATACCAAGATGCAACTGCG Biotic stress B. cinerea; P. syringae pv.
TAACTAAATTATTCTCAGTACTCTTC maculicola, P. syringae pv.
C tomato
At5g15710 | F-BOX TTTCGGCTGAGAGGTTCGAGT Abiotic stress | Metal stress
GATTCCAAGACGTAAAGCAGATCAA
At5g08290 YLS8 TTACTGTTTCGGTTGTTCTCCATTT Abiotic stress | Metal stress
CACTGAATCATGTTCGAAGCAAGT
At2g28390 SAND AACTCTATGCAGCATTTGATCCACT | Abiotic stress | Metal stress
TGATTGCATATCTTTATCGCCATC
AACTCTATGCAGCATTTGATCCACT | Biotic stress P. infestans, A. laibachii
TGATTGCATATCTTTATCGCCATC
At5g60390 EFl-a TGAGCACGCTCTTCTTGCTTTCA Abiotic stress | Metal stress
GGTGGTGGCATCCATCTTGTTACA
AT5G46630 | AP2M TCGATTGCTTGGTTTGGAAGAT Development | Different tissues, organs,
(CACS) GCACTTAGCGTGGACTCTGTTTGAT developmental stages, and

C

genotypes




Atig58050 Helicase CCATTCTACTTTTTGGCGGCT Development | Different tissues, organs,
TCAATGGTAACTGATCCACTCTGAT developmental stages, and
G genotypes
AT4G26410 | Expressed GAGCTGAAGTGGCTTCCATGAC Development | Different tissues, organs,
GGTCCGACATACCCATGATCC developmental stages, and
genotypes
AT4G34270 | TIP41-like GTGAAAACTGTTGGAGAGAAGCAA | Development | Different tissues, organs,

TCAACTGGATACCCTTTCGCA

developmental stages, and
genotypes




Table 2

Gene Annotation Search set
AT2G28390 SAND family protein (MON1) Floral regulatory genes
AT5G15710 | Galactose oxidase/kelch repeat superfamily protein Floral regulatory genes
ATI1G77140 | Vacuolar protein sorting 45 (VPS45) Floral regulatory genes
AT5G10700 | Peptidyl-tRNA hydrolase II (PTH2) family protein Floral regulatory genes
AT4G24460 | CRT (chloroquine-resistance transporter)-like transporter 2 (CLT2) Floral regulatory genes
AT5G22760 | PHD finger family protein (DDP2) Floral regulatory genes
AT5G11380 1-deoxy-D-xylulose 5-phosphate synthase 3 (DXPS3) Floral regulatory genes
AT5G04270 | DHHC-type zinc finger family protein (PAT1S5) Floral regulatory genes
ATI1G50170 | Sirohydrochlorin ferrochelatase B (SIRB) Floral regulatory genes
AT3G59000 | F-box/RNI-like superfamily protein Floral regulatory genes
AT2G36480 | ENTH/VHS family protein Floral regulatory genes
AT5G52880 | F-box family protein Floral regulatory genes
AT5G65620 | Zincin-like metalloproteases family protein (TOP1) Floral regulatory genes

CAAX amino terminal protease family protein. Encodes a chloroplast endoproteinase
AT3G60750 required for photosynthlétic acclimatio};lrzo higher light intensitiesp(SCO4) i Floral regulatory genes
AT5G64970 | Mitochondrial substrate carrier family protein Floral regulatory genes
AT3G61180 | RING/U-box superfamily protein Floral regulatory genes
AT2G41790 | Insulinase (Peptidase family M 16) family protein Floral regulatory genes
AT5G13050 | S-formyltetrahydrofolate cycloligase (SFCL) Floral regulatory genes
AT5G04920 | EAP30/Vps36 family protein (VPS36) Floral regulatory genes
AT3G59770 | Sacl homology domain-containing protein / WW domain-containing protein (SAC9) | Floral regulatory genes
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Dataset: 10 developmental stages from data selection: ATH all

Showing 5 measure(s) of 5 gene(s) on selection: Traditional HK Czechowski et al. (17)
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Dataset: 10 developmental stages from data selection: ATH all

Showing 4 measure(s) of 4 gene(s) on selection: HK Joseph et al. (20)
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Dataset: 10 developmental stages from data selection: ATH all

Showing 5 measure(s) of 5 gene(s) on selection: HK for flower development
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Dataset: 127 anatomical parts from data selection: ATH all

Showing 4 measure(s) of 4 gene(s) on selection: HK Joseph et al. (20)

Arabidopsis thaliana (127)
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Dataset: 127 anatomical parts from data selection: ATH all

Showing 5 measure(s) of 5 gene(s) on selection: Traditional HK Czechowski et al. (17)

Arabidopsis thaliana (127)
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Dataset: 127 anatomical parts from data selection: ATH all

Showing 5 measure(s) of 5 gene(s) on selection: HK for flower development

Arabidopsis thaliana (127)
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