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Abstract Selection and validation of appropriate reference
genes should be the first step to consider in experiments
based on quantitative real-time polymerase chain reaction
(qQRT-PCR). In this study, ten candidate genes were
investigated for their stability as suitable reference genes
in qRT-PCR data normalization using a diverse set of 12
Coffea ¢cDNAs from plants from three different species/
genotypes exposed to single or multiple abiotic stresses
(drought and chilling, alone or in combination). Primer
amplification efficiencies were calculated for all of the
selected genes and varied according to each individual
genotype. The expression of each gene was measured by
qRT-PCR to evaluate its stability. A multiple analytical
approach was followed, based on consensus merged data
from four different complementary statistics, namely
geNorm, BestKeeper, NormFinder, and coefficient of
variation, which produced comparable but not identical
results. According to this approach, the most suitable sets of
reference genes for data normalization in the five experi-
mental datasets are (1) total assay: GAPHD, Cycl, and
UBQ10; (2) genotype: GAPDH, UBQ10, Ap47, and EF-14;
(3) cold stress: UBQ10, GAPDH, ACT, and EF-14; (4)
drought stress: GAPDH, ACT, EFIA, and Apt; and (5)
multiple stress: UBQ10, GAPDH, ACT, and elf-4A. Nor-
malization of gene expression using these selected genes
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was validated by examination of the expression of the
photosynthetic-related 4poA2 gene in samples from non-
stressed and stressed plants. Our results are useful to assist
studies on Coffea physiology with the aim of breeding for
increased tolerance to abiotic stress conditions.

Keywords Abiotic stress - Coffea - Gene expression
normalization - Quantitative real-time PCR - Reference
genes

Introduction

Coffee is a major crop of the world’s agricultural sector,
supporting the economy of many countries from tropical
regions. To assure its viability and sustainability, the use of
genotypes with the ability to cope with environmental
constraints is mandatory. Previous reports have highlighted
that, within the Coffea genus, stress responses to energy
overpressure related to cold, drought, and high irradiance
conditions implicate acclimation changes that promote the
tolerance of the photosynthetic apparatus (Ramalho et al.
1999, 2000, 2003; Batista-Santos et al. 2011) due to
improved membrane stability and to the reinforcementof
the anti-oxidative system (Fortunato et al. 2010; Lima et al.
2002; Partelli et al. 2009; Pinheiro et al. 2004; Ramalho et
al. 1998). These differences to survive in environmental
limiting areas make breeding for inter-species hybrids a
promising strategy to explore in order to obtain plants
adapted to a variety of climates and ecological units with
regular productions and high yields. To accomplish such
goal, it is fundamental to acquire knowledge on the
physiological basis of the distinct adaptation mechanisms
and to identify molecular cues associated with abiotic stress
tolerance.
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Understanding the complex relationship between the
traits affecting a given relevant physiological response can
be tackled by tracing the changes in the expression of
responsible genes, which, although sometimes apparently
small, often have high relevance to the knowledge of the
underlying biological mechanisms. Quantitative real-time
PCR (qRT-PCR) is presently the method of choice to
monitor gene expression profiles in multiple samples
involving a limited number of genes of interest, and to
validate the results from high-throughput gene expression
techniques, such as microarrays or next-generation
sequencing-based methods, whose analyses are restricted
to a limited number of experimental samples (Czechowski
et al. 2005). qRT-PCR is an extremely accurate technique
due to its high sensitivity, specificity and reproducibility,
wide dynamic range (over 10’-fold), high throughput
capacity, and independence of post-PCR processing (Bustin
et al. 2005). Despite that, qRT-PCR reliability depends on
careful experimental designs that can assure adequate
legitimacy of the biological significance of the mRNA
quantifications. True gene-specific variation can only be
obtained after correction of the expression data of target
genes to remove non-biological sample-to-sample varia-
tions that may derive from intrinsic features of the qRT-
PCR technique at a number of stages throughout the
experimental protocol (Bustin et al. 2005; Phillips et al.
2009). Accurate normalization of the transcript expression
level of a target gene to the expression level of internal
reference genes has been considered the most appropriate
solution to validate qRT-PCR results (Bustin et al. 2005;
Vandesompele et al. 2009).

Suitable reference genes must be stably expressed in a
wide variety of tissues or cell types and must be unaffected
by the experimental conditions and treatments introduced.
Traditionally, housekeeping genes have been chosen to be
used as reference genes (e.g., Li et al. 2010; Chen et al.
2011). Housekeeping genes are coding genes that play a
general role in basic cellular processes such as cell structure
maintenance and basic primary cellular metabolism, and are
assumed not to be influenced by external factors. However,
increasing evidences show that the mRNA level of
commonly used housekeeping genes is often not constant
among individuals, tissues, or experimental conditions
(Barber et al. 2005), so universally valid reference genes
that can potentially account for all sources of variability are
unlikely to exist. The reasons for the expressional variabil-
ity of housekeeping genes include their possible participa-
tion in other cellular processes in addition to basic cell
metabolism, or the occurrence and participation of different
isoforms encoded by several genes in multigenic families
(Hochstrasser 2000; Katsuyoshi et al. 1996).

Since most experiments are restricted to few different
tissues of treatments, conducted under controlled conditions
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and varying one factor at the time, it is likely that one or more
genes will be stably expressed in particular and limited
experimental designs. Although useful to understand gene
function in the laboratory, such circumstances never occur in
the field, where interactions and unexpected factors usually
affect the pattern and the overall degree of transcriptional
responses, including for housekeeping genes. In particular,
abiotic stresses generally occur simultaneously, and the plant
responses and coping mechanisms may differ according to
which stress or combination of stresses it is experiencing.
Therefore, the molecular and metabolic responses to a given
combination should not be directly extrapolated from the
response exhibited to each stress applied separately (Mittler
2006). Hence, a careful evaluation of the behavior of
candidate reference genes in every individual experimental
setup is required since reference genes with a stable
expression under a certain condition may not be suitable to
normalize gene expression in another condition, particularly
when multiple variables are involved.

On the other hand, as stated before, comparison of
genotypes from different species displaying contrasting
survival responses under stress is advantageous to under-
stand the underlying physiological mechanisms and to plan
effectual breeding approaches. Natural sequence variation
in target genes is expected in genotypes belonging to
different species and, even in reduced number, is likely to
affect PCR efficiency. Although it is not widely acknowl-
edged, there is an intimate association between quantifica-
tion and amplification efficiency. Neglecting this aspect can
be dramatically misleading when reference genes and target
genes are selected and analyzed.

Taking these aspects in consideration, we provide a set
of reference genes to be used in experiments of Coffea gene
expression, involving cold stress, drought stress, taken
individually or together (multiple stress), and including
genotypes from different species. To our knowledge, this is
the first study that evaluates the suitability of potential
reference genes for gene expression analyses in coffee
involving different species and multiple abiotic stresses.
Additionally, we use a combination of different algorithms
to effectively select appropriate reference genes.

Materials and Methods
Plant Material and Growth Conditions

The experiments were carried out using potted 18-month-old
plants from the genotypes ‘Icatu’ (IAC 2944—Coffea
canephora* Coffea arabica, widely considered as C.
arabica due to the large backcross with C. arabica
genotypes), C. canephora cv. ‘Apoatd’ (IAC 2258) and C.
arabica cv. ‘Obatd’, which are frequently used in breeding
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programs. The assay was conducted in walk-in growth
chambers (10000 EHHF, ARALAB, Portugal) with photo-
period set to 12 h, RH to 65-70%, and irradiance to ca.
750-850 umol m 2 s~ at the upper part of the canopy.
Plants were divided into two groups: the control group was
maintained fully irrigated (ca. 80% of the field capacity)
and the drought stress group was maintained at ca. 15% of
the field capacity. After the imposition of the irrigation
treatments, plants were submitted successively to (1) a
gradual temperature decrease (0.5°C per day) from 25/20°C
to 13/8°C (day/night), over 24 days, (2) a 3-day chilling
cycle (3x13/4°C), where the plants were subjected to 4°C
during the night and in the first 4 h of the morning,
followed by a rise to 13°C applied throughout the rest of
the diurnal period. Subsequently, re-warming conditions
(25/20°C) were applied for 7 days and, afterwards, re-
watering took place. Leaf material for expression studies
and physiological determinations was collected from the
two top pairs of recent mature, fully expanded leaves from
both plagiotropic and orthotropic branches, in the upper
part of eight to ten plants per genotype. Leaf samples were
collected after 2 h of diurnal light exposure, at 25/20°C
from well-watered plants (no stress, NS) and drought-
stressed plants (drought stress, DS), and after the chilling
treatment from well-watered plants (cold stress, CS) and
drought-stressed plants (multiple stress, MS). Similar leaves
were collected for all samples and conditions and immedi-
ately ground independently in liquid nitrogen and stored at
—80°C until RNA extraction.

Measurements of Physiological Parameters

Leaf net photosynthetic rates (P,) were measured under
steady-state conditions (after ca. 2 h of light exposure), using
a CO,/H,O open system portable infra-red gas analyzer
(CIRAS I, PP Systems, UK) with external CO, set to 380 pl
CO, I'". Measurements of oxygen evolution, expressing the
photosynthetic capacity, 4.y, were performed on 1.5-cm?
discs from the same leaves, under light (PPFD
750 umol m 2 s™') and CO, (ca. 7%) saturating conditions,
at 25°C, in a Clark-type leaf disc O, electrode (LD2/2;
Hansatech, Kings Lynn, UK). Saturating PPFD was provided
by a Bjorkman lamp (Hansatech).Water potential determi-
nations (¥,,) were performed in leaves collected at predawn,
at the end of night period, with a Scholander pressure
chamber (Model 1000, PMS Instrumental Company),
according to Scholander et al. (1965).

RNA Isolation and cDNA Synthesis
Total RNA for each of the 12 experiments [three

genotypes, each under four conditions (NS, CS, DS,
and MS)] was isolated using the RNeasy Plant Mini Kit

(Qiagen, Hilden, Germany) according to the manufac-
turer’s protocol and digested with DNAse I using on-
column Qiagen DNAse set to remove putative genomic
DNA, as per manufacturer’s instructions.

Intactness of the RNA extracted was verified by 1%
agarose—-TBE gel electrophoresis containing ethidium
bromide, by evaluating the integrity of the 28S and
18S ribosomal RNA bands and absence of smears. All
RNA samples were individually analyzed for the
possible presence of DNA contamination by standard
PCR reactions (35 cycles) using primers designed for
ubiquitin (UBQ) gene (Table 2), in the absence of cDNA
synthesis. Total RNA concentration and purity were
further verified through NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies; Thermo Scientific)
measurements to guarantee the same amount of starting
material in subsequent cDNA synthesis. RNA concen-
trations ranged between 65.5 and 246.5 ng/ul, with OD
260:280 ratios always above 1.98. Six hundred and fifty
micrograms of DNA-free total RNA was used to synthe-
size first-strand cDNAs using oligo-(dT),g primers and the
SuperScript II first-strand synthesis system, according to
Invitrogen’s recommendations. Before qRT-PCR assays,
each RT reaction was verified through a control standard
RT-PCR, as before, to check for the amplification of the
UBQ gene. All the RT-PCR reactions produced a single
UBQ-specific band with the predicted molecular size (ca.
200 bp) on 1.5% agarose gels.

Selection of Reference Gene Sequences and Primer Design

A set of ten candidate genes were selected, comprising
several conventional, commonly used reference genes in
plants and others based on previous reports in Coffea
(Cruz et al. 2009): actin, tubulin, ubiquitin, glyceralde-
hyde 3-phosphate dehydrogenase, eukaryotic initiation
factor 4o (EIf4A), elongation factor 1 (EFIA), clathrin
adaptor complexes subunit (4P47), adenine phosphoribo-
syltransferase (Apt), cyclophilin, and 40S ribosomal
protein (S24). These selected genes belong to different
functional classes to minimize the chance of co-regulation
(Table 1).

Primers for the genes selected based on previous works
in Coffea (Cruz et al. 2009) were used as published.
Sequences for the other genes were obtained via searches
against Coffea ESTs (expressed sequence tag) libraries on
NCBI databases (Vidal et al. 2010; Mondego et al. 2011)
(accession numbers are given in Table 2). All primers were
designed using Primer3 software (Rozen and Skaletsky
2000). The length of the primers was set to be between 20
and 23 bp, with a GC content ranging from 45% to 60%
and a melting temperature (7, value) between 62°C and
65°C. Amplicon length ranges were set to be between 80
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Table 1 List and description of the candidate reference genes under evaluation

Gene name Symbol  Function
40S Ribosomal protein S24 Ribosomal protein
Actin ACT Actin cytoskeleton: crucial in many cellular processes like cell division and cytoplasmic streaming
Adenine Apt Conversion of adenine to adenosine monophosphate (AMP) in the purine salvage pathway
phosphoribosyltransferase
Clathrin adaptor complexes AP47 Transport of proteins between membrane-bound compartments along the exocytic and endocytic
subunit pathways (from Golgi to the lysosomal/endosomal system)
Cyclophilin Cycl Present in all sub-cellular compartments. Involved in protein trafficking and maturation, receptor
complex stabilization, apoptosis, receptor signaling, RNA processing, and spliceosome assembly
Elongation factor 1-alpha EF-14 Translational elongation, from the formation of the first peptide bond to the formation of the last
one. Also binds/disunites microtubules
Eukaryotic initiation factor 4- elF-44 Binding of mRNA to the ribosome. Unwinds the mRNA secondary structure in the 5'-UTR to
alpha facilitate ribosome binding
Glyceraldehyde 3-phosphate GAPDH  Glycolysis. Transcription activation, initiation of apoptosis, and ER to Golgi vesicle shuttling
dehydrogenase
Tubulin TUB Assembly of microtubules
Ubiquitin UBQI10  Postranslational attachment of ubiquitin monomers: proteasomal degradation, control of stability,

function, and intracellular localization of proteins

and 150 bp. The probability of formation of hairpin
structures and primer dimerization was subsequently

checked using the Oligo Calculator (ver. 3.26) algorithm
(Kibbe 2007). Primer sequences are given in Table 2.

Table 2 Primer sequences and amplicon characteristics for each of the ten candidate reference genes under evaluation

Gene Primer sequences (5'-3") NCBI GenBank gRT-PCR efficiency (%) ()
Accession number ‘Icatu’ ‘Apoatd’ ‘Obatd’

S24 F: gcccaaatatcggcttatca GT009260 94.5 (0.9973) 80.7 (0.9831) 82.0 (0.9980)
R: tettettggeectgttcette

ACT F: aagcttgcectatgtggctettg GT000704 98.0 (0.9985) 103 (0.9995) 85.0 (0.9950)
R: tcacttgtccatctggeaattc

Apt F: actctccggggctaaaactgtc GR996015 97.2 (0.9978) 95.9 (0.9912) 84.0 (0.9968)
R: aggtcgtgctggttgagttagg

AP47 F: ccagattggaggatgctctt DV690764 105 (0.9995) 97.0 (0.9965) 101 (0.9950)
R: aaatgcacaagcaacattgg

Cycl F: agctctacgcagacacgactcc GT007167 88.2 (0.9974) 83.0 (0.9933) 104 (0.9971)
R: ggtcgatectttgaagtgcaag

EF-14 F: cattgtggtcattggtcatgte GR996930 78.0 (0.9968) 86.0 (0.9923) 92.0 (0.9994)
R: acacgcttgtcaattcctcca

elF-44 F: ggttatgcgtgctctgggtgac GT717729 86.6 (0.9983) 105 (0.9979) 100 (0.9962)
R: atgaaccccactggaaagaatg

GAPDH F: aggctgttgggaaagttcttc DV692958 107 (0.9986) 80.6 (0.9818) 92.0 (0.9938)
R: actgttggaactcggaatge

TUB F: gagaatgcagatgagtgcatgg GTO017601 95.0 (0.9991) 92.0 (0.9948) 81.0 (0.9930)
R: caaatcaccaaagctgggagtg

UBQI10 F: cagaccagcagaggctgatt DV686961 102 (0.9988) 100 (0.9987) 93.0 (0.9832)
R: agaaccaagtgaagggtgga

ApoA2? F: gggtattggcaggaattgattg GT648763 93.6 (0.9991) 104 (0.9961) 98 (0.9985)
R: tggaaagggctacgggtttatc

UBQ® F:aacattgagggtggttctgttc AF297089
R: ctccaagtgeacctcaaacte

#Used in validation of selected reference genes

Used to check for DNA contamination in RNA samples
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Quantitative Real-Time PCR Conditions

qRT-PCR reactions were performed in 96-well plates using
SYBR Green Master Mix (Fermentas). Reactions were
prepared in volumes of 25 ul containing 150 ng of cDNA
and 3 uM each primer, in 1x SYBR Green Master Mix
(Fermentas, Vilnius, Lithuania). Reactions were run on the
iQ™S5 Real-Time Detection System (BioRad) using the
following parameters: hot start activation of the 7TagDNA
polymerase at 95°C for 10 min, followed by 40 cycles of
(denaturation 95°C for 15 s, annealing at 60°C for 30 s,
elongation at 72°C for 30 s, and plate read). To verify the
specificity of each amplification and the absence of primer
dimers, dissociation curves were obtained for each ampli-
con at the end of the PCR run, by continuous fluorescence
measurement from 55°C to 95°C, with sequential steps of
0.5°C for 15 s. Single peaks were obtained for every primer
pair (representative traces are showed in Online Resource
Fig. S1). Each reaction was prepared in at least triplicates
and the mean Ct was used for data analyses. The full
sample set was always included in each technical replicate
to exclude any artifacts consequential of between-run
variations. No signals were detected in non-template
controls run in parallel for each primer set.

Calculation of PCR Efficiencies

Five-fold serial dilutions (1:1-1:625), spanning five orders of
magnitude from pooled cDNAs that included equal-molar
quantities of all samples independently for each genotype,
were quantified in triplicates to generate standard curves for
each primer pair. Based on the slopes of the standard curves,
the PCR efficiency of each gene, for each genotype, was
determined from the respective logarithm of the cDNA
dilution, plotted against the mean threshold cycle (Ct) values.
The reaction efficiency was calculated using the equation: £
(%)=(10""51°P9)—1)x 100, where E is the efficiency, in
percentage, and slope is the gradient of the best-fit line in
the linear regression.

Gene Expression Stability and Rank Analysis

Global variability of gene expression for each gene was
investigated via standard statistical parameters using Box
Plot template for Excel software (Vertex42, LLC). The
suitability of candidate reference genes was then evaluated
by four different statistical approaches in order to determine
the stability of the potential reference genes expression.
Variation of gene expression was assessed by means of
coefficient of variation (CV) calculations (CV = ¢/u), and
three visual Basic Application (VBA) applets for Microsoft
Excel: geNorm v. 3.5 (Vandesompele et al. 2002), Best-
Keeper v. 1.0 (Pfaffl et al. 2004), and NormFinder v. 0.953

(Andersen et al. 2004) as described in their respective
manuals. In all cases, data was exported to Excel, and
converted to appropriate input files, according to the
requirements of each applet used. Ct data were either
directly used for stability calculation (when using Best-
Keeper) or were first transformed into relative quantities via
the ACt method (Livak and Schmittgen 2001), using the
sample with the lowest Ct as calibrator and incorporating
the calculated amplification efficiencies for each primer/
genotype (in geNorm and NormFinder analyses), according
to the formula: Q=E~Y, where Q are quantities and E is
the efficiency calculated as stated above.

Merged Results: Consensus Ranking of Ordered Genes

Consensus rank of the ordered candidate reference genes
was established by means of a non-weighted unsupervised
rank aggregation method: RankAggreg v. 0.4-1 (Pihur et al.
2009) for R (v. 2.9.2; http://www.R-project.org). The input
file was a matrix of rank-ordered genes according to the
four stability measurements calculated for each dataset. The
merged rank list was obtained from calculated Spearman
footrule distances and the Cross-Entropy Monte Carlo
algorithm to compare the relationship of the relative
ordering of genes by different methods of analysis.

Determination of the Minimum Number of Reference
Genes

Based on the rank order obtained after RankAggreg
analyses, pairwise variations (V' values) were calculated
for each dataset to establish the minimum number of
reference genes needed for an accurate normalization of
data. In summary, V,/, +  is calculated between each set of
two sequential NF (starting with the relative expression
values of the two most stable genes, as ordered by
RankAggreg) for all samples in each dataset. An array is
calculated consisting of the log,-transformed NF ratios of
every sequential combination of two NF in each sample.
Finally, SD of the array data for each NF combination is
calculated (V,/, + 1) and plotted to illustrate changes in
expression stability of NF in comparison to the number of
genes employed.

Quantification of the mRNA Transcription of the ApoA42
Gene

To verify how the normalization of the expression data for a
gene of interest is affected by the use of different reference
genes, the same 12 plant cDNA samples used for the
stability analyses of reference genes were also analyzed by
gRT-PCR for the expression of ApoA2, which encodes a
reaction center protein of photosystem (PS) I. qRT-PCR
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reaction mixes and amplifications were done as described
for reference gene expression and the sequences of the
primer pair used are given in Table 2. ApoA2 relative gene
expression values were normalized according to the criteria
described in the “Results” sub-section and are given as
mean value+SE (standard error). SE of normalized expres-
sion levels were calculated according to the formula:
SE=Glyorm * ((SDnp/NF)?+(SDgi/GI)*)*>/m®>, where
Gl orm 1s the normalized relative expression of the gene of
interest, SDyr is the standard deviation of the normalization
factor, NF is the normalization factor, SDg; is the standard
deviation of the quantities of the gene of interest, GI is the
quantity calculated for the gene of interest, and m is the
number of replicates, as described in Vandesompele et al.
(2002).

Results
Plant Responses to Abiotic Stress Imposition

All genotypes were affected by drought as observed in gas
exchange measurements, and all stressed plants showed
severed wilted leaves when compared to well-watered
plants. The decrease on water availability led to lower leaf
water potential on the water-stressed plants (Table 3), and
although the water content of plants had not been
significantly affected by cold stress (Table 3), it impacted
leaf shedding in a genotype-dependent way (data not
shown). Moreover, a reduction in both photosynthetic
capacity and photosynthetic rate was observed (Fig. la,
b). These results confirm that plants used to sample RNA
material were under actual stress.

Amplification Specificity and Efficiency

To examine the expression stability of the potential
reference gene selected, transcript levels of the ten
candidates (Table 1) were measured by qRT-PCR using
gene-specific primer pairs (Table 2). Gene-specific ampli-
fication of each of the ten candidate genes was confirmed
by the presence of a single peak in the dissociation curve

analyses (Online Resource Fig. S1). Amplification efficien-
cies of every candidate gene were calculated individually
for each genotype tested to investigate if primer efficiency
varies accordingly to the genome background. All calibra-
tion curves exhibited significant linear relationships (coef-
ficients of determination ranged from 0.983 to 0.999)
between the fractional cycle number and the log of the
initial copy number (Table 2). Each set of primers showed
adequate efficiency percentages to be used in qRT-PCR
experiments, with an overall efficiency that varied from
78% for EF-14 to 107% for GAPDH, both in ‘Icatu’
samples (Table 2). Some differences were observed
according to the species (Table 2), advising the use of
genotype-specific efficiency values for gene expression
quantifications.

Expression Profiling of Candidate Reference Genes

The range and distribution of the Ct values allowed a
visualization of the variation of the levels of gene
expression among the sample collection investigated.
Analyses of the raw expression levels across all samples
revealed that the transcription levels of the ten genes are
not dramatically influenced by the treatment or genotype
(Fig. 2) as gene expression analyses of the ten putative
reference genes exhibited a narrow mean Ct value range
across the entire experimental samples (Figs. 2 and 3). The
variation ranges, medians, and quartiles of the Ct values
are shown in Fig. 3 as a box plot. GAPDH was the most
highly expressed gene of the set, with a Ct median of 20.2,
while Apt displayed the lowest transcript accumulation
with a median Ct of 26.3 (Fig. 3). Not only the stability
but also the abundance of a reference gene affects the
normalized results (Hu et al. 2009). Suitable reference
genes should be equivalent in abundance to that of the
target gene transcript, whose expression should not be
very low (Ct>30) or very high (Ct<15) (Andersen et al.
2004). The ten candidate genes investigated here showed
Ct levels between ca. 20 and 30 PCR cycles, which are
comparable with usual target mRNA transcripts, allowing
accurate subtraction of the baseline values in subsequent
qRT-PCR data analyses.

Table 3 Leaf water potential measurements (MPa) under control (well watered), drought, and cold stress conditions imposed in the three Coffea

genotypes, as described in the “Materials and Methods” section

Genotypes Control Drought stress Cold stress Multiple stress

Icatu —0.450 £ 0.035 (a) —2.913 £ 0.052 (b) —0.275 £ 0.075 (a) —3.267 £ 0.268 (b)
Apoatd —0.500 £ 0.058 (a) —1.333 £ 0.274 (b) —0.463 + 0.024 (a) —1.038 £ 0.031 (b)
Obata —0.513 £ 0.066 (a) —1.063 £ 0.066 (b) —0.560 £ 0.051 (ab) —1.813 £ 0.220 (c)

The values correspond to the mean + SE (n=3-5). For each genotype, means followed by the same letter (under brackets) do not differ
statistically, according to ANOVA analysis and the Tukey test at 95% significance
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Analysis of the gene transcription variation between the
samples investigated also offers a first picture of its
expression stability. S24, Cycl, and elf-44 showed the
narrowest Ct ranges among the different samples and
therefore the least deviation from the Ct median (with
CVs of 2.03%, 6.22%, and 2.94%, respectively). In
contrast, Ap47, Apt, and EF-1A4 were the most variable
ones (with CVs of 5.46%, 5.59%, and 5.02%, respectively).
The high CV observed for Cycl is explained by the presence
of two outliers in the data.

Gene Expression Stability Data Analysis
The expression stability of the selected reference genes was

addressed by four different algorithms: GeNorm, Best-
Keeper, NormFinder packages, and the calculated CV. The
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results were analyzed by dividing the data into five
different experimental datasets: all samples in the assay,
according to individual stresses (cold or drought stress), to
multiple stress (cold and drought imposed simultaneously),
and to genotype.

geNorm

The geNorm algorithm calculates the gene expression
stability measure (M value) for each gene based on its
average pairwise expression ratio relative to each of the
other genes in the analysis. A gene displaying a high M
value has a high variance in its expression. All candidate
reference genes, except TUB in the genotype series,
displayed acceptable stability values lower than 1.5
(Vandesompele et al. 2002). Consequently, TUB was
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Fig. 3 Box plot representation of expression profiling range of each
candidate reference gene. The ten genes were examined in 12 samples.
The median Ct values are shown as lines, 25th to 75th percentile as

excluded from this specific dataset. A typical automatic
geNorm analyses does a stepwise exclusion of the least
stable gene and recalculates M values until only two genes
are left, these being the most stably expressed (those
results are provided in Online Resource Fig. S2 as an
indication, but were not considered in the methodology
adopted). This approach has as advantage the possibility
of a fine-tuned control of variations in the amount of
template cDNA because fluctuations linked to technical
variability affect equally both paired genes. However, the
possibility of occurrence of co-regulated genes may bias
the results since it would be expected to show a lower
level of pairwise variation than independently regulated
genes (Vandesompele et al. 2002). Due to the risk of co-
regulation related to the imposition of stress conditions, in
this study we used geNorm only to calculate M values
when the entire set of candidate reference genes was
considered (except TUB in the genotype set, as stated).
Moreover, the results obtained with geNorm are largely
dependent of the sample set and the exclusion of a single
sample leads geNorm to alter the classification of a gene
from unstable to a top-ranked gene (Silberberg et al.
2009), suggesting a lack of robustness of this algorithm
compared with other methods (Silberberg et al. 2009). In
fact, the geNorm software assigns the M values assuming
that two optimal reference genes exist within all experi-
mental samples, regardless of differences that may exist
within an experiment. Our results show that geNorm
indicated GAPDH and UBQ10 as reliable reference genes
for experiments in Coffea. These two genes were the top-
ranked ones in all series, except for genotype, where
UQBI10 still ranked third (Table 4). The less stable genes
varied with the experiment, although 7UB was consistent-
ly among the lower stable genes (Table 4).
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boxes, and the range of Ct values as whiskers. Coefficient of variance
(CV) of each gene among all samples is given in percentage

BestKeeper

The stability of gene expression for individual reference
genes is evaluated by BestKeeper based on standard
deviation (SD), coefficient of correlation (r), and percent-
age covariance of data (Pfaffl et al. 2004). Variations and
pairwise correlations in the expression levels are calculated
between all possible candidates and well-correlated genes
are combined into an index (BestKeeper Index) represent-
ing the average of the most stable candidates (Pfaffl et al.
2004). A high Pearson’s coefficient of correlation between
a reference gene and the index indicates that these gene
pairs had very similar overall expression patterns, revealing
high stability. In general, BestKeeper indicated S24, elf-44,
EF1-A4, and TUB as unreliable reference genes in every
experiment (Table 5). ACT, Ap47, GAPDH, and UBQI0
had strong correlation with the BestKeeper Index (#>0.9),
and always ranked among the top five genes (Table 5).
Additional descriptive statistics of the BestKeeper analyses
are provided in Online Resource Table S1. The variation in
expression of some candidate reference genes was greater
than two-fold (corresponding to SD >1.0) for Ap47 and Apt¢
in every experimental setup; Cyc/ in all stress assays and
genotype (but not when the whole set of samples was
analyzes in the same dataset); ACT in drought stress, cold
stress, and genotype; and GAPDH in the genotype series.

NormFinder

NormFinder estimates both the overall expression variation
of the candidate reference genes and the variation between
sample sub-groups of the sample set and ranks the best
gene or pair of genes based on its minimal combined inter-
and intra-group expression variation. The intra-group



Plant Mol Biol Rep (2012) 30:741-759

749

Table 4 geNorm ranking of the candidate reference genes with respect to their expression stability (£ value) in the several experimental series
investigated when all stable genes were included in the calculation of M value

Rank Total assay Genotype Drought stress Cold stress Multiple stress
Gene Stability Gene Stability Gene Stability Gene Stability Gene Stability

1 GAPDH 0.790 GAPDH 0.735 GAPDH 0.839 UBQ10 0.901 UBQ10 0.786
2 UBQI10 0.845 Ap47 0.793 UBQ10 0.876 GAPDH 0.91 GAPDH 0.813
3 Cycl 0.970 UBQ10 0.794 EF-14 0.956 ACT 1.064 elf-44 0.914
4 ACT 0.971 Apt 0.884 Ap47 1.006 Cycl 1.176 S24 0.915
5 S24 0.997 EF-14 0.930 Apt 1.010 S24 1.202 ACT 1.007
6 TUB 1.068 elf-44 0.986 S24 1.108 elf-44 1.207 Cycl 1.05
7 Ap47 1.109 S24 1.039 ACT 1.126 EF-14 1.229 Apt 1.061
8 elf-44 1.122 ACT 1.047 Cycl 1.127 Apt 1.291 Ap47 1.085
9 EF-14 1.175 Cycl 1.102 TUB 1.279 TUB 1.298 EF-14 1.131
10 Apt 1.195 TUB a elf-44 1.312 Ap47 1.311 TUB 1.138

*Excluded from the analysis due to M value >1.5 when the quantities of the ten candidate reference genes were used as input in geNorm. Thus, in
this sub-set, stability was calculated taking in account only the nine remaining candidate genes

variation is calculated across all samples, whether the inter-
group is calculated between groups of samples. In this
sense, two different sub-groups were established: genotype
or type of stress. The results of the NormFinder analysis
applied to our data sets are summarized in Table 6. Genes
displaying the lowest stability values are top-ranked.
Similarly to BestKeeper, GAPDH, ACT, and UBQI0
(except UBQI0 in the drought stress series) were always
included in the four top-ranked genes. Elf-4A4 consistently
ranked poorly in all treatments. Apt and TUB were also
among the least stable genes in all series, except in drought
stress and multiple stress for Apt and TUB, respectively.
Analyzing the dataset grouped by stress or genotype
(Table 6) or without designation of stress treatments (data

not shown) did not affect the ranking of the genes, although
the stability values were modified. When genotypes were
used to group the samples, lower stability values were
obtained in all genes (Table 6). The NormFinder software
also provides the most appropriate combination of two
genes and its corresponding stability value (Online Re-
source Table S2).

Coefficient of Variance

Stability of a particular candidate gene may be inferred by
the percentage of variance of the relative quantities
calculated from Ct values and has been proposed to be an
alternative to NormFinder when the sample set cannot be

Table 5 Ranking of the candidate reference genes in order of their stability, according to the correlation with the BestKeeper Index in the several

assays under investigation

Rank Total assay Genotype Drought stress Cold stress Multiple stress
Gene R Gene R Gene R Gene R Gene R

1 GAPDH  0.946™"" UBQI10 0.999 ACT 0.978""" UBQI0 0.989"" GAPDH  0.936""
2 ACT 0.935""" Ap47 0.996 GAPDH 0.976™" ACT 0.983""" UBQI10 0.927"
3 Cycl 0.894™"" ACT 0.991 Ap47 0.964™ GAPDH 0.969"" ACT 0.925™
4 Ap47 0.879"" GAPDH 0.990 Apt 0.909" Cycl 0.933"" Ap47 0.863"
5 UBQ10 0.875"" EF-14 0.969 UBQ10 0.909" Ap47 0.882" Cycl 0.863"
6 Apt 0.788"" Cyel 0.904 Cyel 0.895" Apt 0.844" Apt 0.809"
7 EF-14 0.667" Apt 0.897 EF-14 0.886" EF-14 0.680" elf-44 0.670"*
8 TUB 0.529™* elf-44 0.878 524 0.426™ TUB 0.538" 524 0.484"
9 524 0.429™* 524 0.694 TUB 0.341™ elf-44 0.458" TUB 0.447"
10 elf-44 0.318™* TUB 0.385 elf-44 0.213™ 524 0.336" EF-14 0.322"

Details on statistic results are provided in Online Resource Table S1

Significance level: *p=0.05, **p=0.01, ***p=0.001, n.s. not significant
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Table 6 Ranking of the candidate reference genes according to their expression stability, calculated by NormFinder, in the experimental series

under study

Rank Total assay

Group: stress Group: genotype Drought stress Cold stress Multiple stress

Gene Stability Gene Stability Gene Stability Gene Stability Gene Stability
1 GAPDH 0.102 GAPDH 0.049 GAPDH 0.097 UBQI10 0.023 UBQ10 0.057
2 ACT 0.114 ACT 0.059 ACT 0.143 GAPDH 0.100 ACT 0.115
3 Cycl 0.119 Cycl 0.070 Apt 0.168 ACT 0.101 GAPDH 0.126
4 UBQI10 0.135 UBQI10 0.073 EF-14 0.174 EF-14 0.129 TUB 0.136
5 Ap47 0.156 Ap47 0.075 Ap47 0.188 Cycl 0.182 8§24 0.159
6 EF-14 0.163 EF-14 0.077 Cycl 0.193 TUB 0.207 elf-44 0.164
7 8§24 0.176 8§24 0.088 UBQ10 0.197 Apt 0.213 EF-14 0.202
8 TUB 0.185 TUB 0.096 8§24 0.240 Ap47 0.217 Cycl 0.203
9 Apt 0.188 Apt 0.103 TUB 0.270 elf-44 0.222 Ap47 0.211
10 elf-44 0.194 elf-44 0.126 elf-44 0.314 8§24 0.247 Apt 0.230

properly subdivided (Exposito-Rodriguez et al. 2008). As
in NormFinder, this approach does not rely on pairwise
analyses of stability relative to the entire set of tested
reference genes. In this approach, the higher the variation,
the less stably the gene is expressed in the experimental
setup (Dheda et al. 2004). S24, elf-44, and UBQ10 showed
the least variation in all datasets, ranking always in the top
five least variable genes, while ACT, Ap47, and Apt were
the most variable ones (Table 7). This is in accordance with
the results shown in Fig. 3. In fact, when CV were
calculated from raw Ct values, S24 (2.03%), elf-44
(2.94%), and GAPDH (4.26%) also showed the lowest
percentage of CV, whereas Ap47 (5.46%), Apt (5.59%), and
ACT (5.96) were among the genes with higher CV
percentage.

Consensus Ranking of Gene Stability Based on the Four
Algorithms

In this work, a certain but not a total agreement was
obtained using the four different statistical models (Table 8
for the “whole assay” data). In fact, differences between the
different models and assumptions in which the algorithms
are based can account for a notable effect on the
consequential gene stability ranking.

The methodology suggested in this work was adapted
from the approach followed by Mallona et al. (2010): four
lists were generated according to rank positions obtained
based on the stability calculated by the four statistical
approaches and used to produce a consensus aggregate
order that defined the optimal ranking of reference genes,

Table 7 List of the candidate reference genes investigated, ranked accordingly to their coefficient of variation (CV) calculated from normalized

relative quantities, in the several experimental assays studied

Rank Total assay Genotype Drought stress Cold stress Multiple stress
Gene ()% Gene ()% Gene (6)% Gene CvV Gene Ccv

1 S24 0.346 EF-14 0.388 8§24 0.418 524 0.378 UBQI10 0.403
2 elf-44 0.488 S24 0.450 GAPDH 0.587 elf-44 0.437 524 0.423
3 GAPDH 0.533 UBQI10 0.499 elf-44 0.589 UBQI10 0.457 Cycl 0.494
4 UBQI10 0.588 elf-44 0.546 EF-14 0.623 GAPDH 0.520 EF-14 0.495
5 TUB 0.600 Apt 0.683 UBQI10 0.625 EF-14 0.695 elf-44 0.527
6 Cycl 0.629 GAPDH 0.737 Cycl 0.640 TUB 0.713 GAPDH 0.582
7 EF-14 0.752 Cycl 0.750 TUB 0.650 ACT 0.760 ACT 0.613
8 Ap47 0.754 TUB 0.798 Apt 0.669 Cycl 0.794 TUB 0.616
9 ACT 0.773 Ap47 0.852 Ap47 0.805 Apt 0.826 Apt 0.640
10 Apt 0.803 ACT 0.966 ACT 0.862 Ap47 0.875 Ap47 0.755
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Table 8 Summary of the overall

ranking of the ten candidate Rank geNorm BestKeeper NormFinder CvV

reference genes according to their

expression stability in the whole Group: stress Group: genotype

dataset series, calculated using the

four different algorithms 1 GAPDH GAPDH GAPDH GAPDH S§24
2 UBQ10 ACT ACT ACT elf-44
3 Cycl Cycl Cycl Cycl GAPDH
4 ACT Ap47 UBQI0 UBQI0 UBQI0
5 8§24 UBQI0 Ap47 Ap47 TUB
6 TUB Apt EF-14 EF-14 Cycl
7 Ap47 EF-14 8524 524 EF-14
8 elf-44 TUB TUB TUB Ap47
9 EF-14 8§24 Apt Apt ACT
10 Apt eLF-44 elf-44 elf-44 Apt

according to their stability, in each experimental dataset
(Fig. 4). The data yielded by all the strategies merged and
used in parallel indicated GAPDH, Cycl, UBQ10, and ACT
to be the genes showing the most invariant expression
among the candidates evaluated (Fig. 4a). In general, these
genes showed also good stability in all of the other setups,
after GenAggreg ranking (Fig. 4b—e). In the stress
conditions series, differences in the ranking of the candidate
reference genes were more pronounced in the drought stress
series than in other stress series, particularly due to the
comparatively less stability values of UBQI0 and top
ranking of the Apt gene in this dataset. On the other hand,
the approach that produced most dissimilar ranking was CV
(see Table 8 for results when all samples were considered),
which can be explained by the influence of outliers in some
gene/sample combinations. As shown in Fig. 3, ACT and
Cycl, which are often top-ranked with the other algorithms,
contain outliers in the data, and therefore are in the ranking
generated by CV. Interestingly, S24 and elf-44 are clearly
recommended as the two best genes by the CV approach,
being among the less stable genes when assessed by
geNorm (Table 4), BestKeeper (Table 5), and NormFinder
(Table 6).

Estimation of the Number of Reference Genes
for Normalization

The optimal number of reference genes that should be used
for accurate normalization is determined by calculating
values as a pairwise variation (V,/V, . ;) between two
consecutively ranked normalization factors (NF) after the
stepwise addition of the subsequent more stable reference
gene (NF, and NF,, . ), as per Vandesompele et al. (2002),
and is included in the geNorm package. However, in the
present work, we calculated V' values manually from NFs
computed based on the consensus ranked list of genes

generated by RankAggreg (see above) and not by the
geNorm’s automatic analysis. Our findings indicate that a
combination of three or four reference genes is suitable for
every dataset series investigated in this work (Fig. 5). Using
only two reference genes, the calculated V' values were
generally high (V>0.2) across all datasets (Fig. 5). When all
genotypes and all stress-treated samples were considered
together in the same sample set, the use of three reference
genes is enough for accurate normalization, as shown by
the V3,4 <0.15 (i.e., less than 15% variation in normalization
factors). Furthermore, the addition of a fourth gene increases
the variability, so, in this case, the use of the geometric mean
of the three most stably expressed genes should be used to
normalize gene expression in this dataset.

Conversely, as showed in Fig. 5, a significant decrease in
the pairwise variation was observed in all other datasets
with the inclusion of a fourth gene, as unveiled by the
differences in the V values of V3,4 and Vs, indicating that,
in these cases, the normalization factor used to correct gene
expression should be calculated as the geometric mean of
four reference genes. In the cold- and multiple-stress
assays, the calculated Vs values are higher than 0.15.
However, the pairwise variation threshold value of 0.15 is
not a strict cut-off and the observed trend of changing V'
values is recognized to be equally informative (Hong et al.
2008; Hu et al. 2009; Reid et al. 2006). Therefore, even in
these datasets, the decrease in variability obtained by
adding one (multiple stress) or two (cold stress) additional
genes does not outweigh the drawbacks of time consump-
tion and additional costs accompanying its inclusion in the
analysis.

Validation of the Selected Reference Genes

To evaluate the robustness of the selected reference genes
using the strategy proposed, the GAPDH and the Apt genes
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were selected as representing stable and unstable genes,
respectively, to check their expression ratios when normal-
ized with the geometric mean of the three most stable
genes, as determined by RankAggreg and V5,4 values in the
“total assay” experiment. The expression pattern of
GAPDH shows a stable expression with a relative expres-
sion ratio around 1 (red line) across all samples (Fig. 6a). In
contrast, when the less stable gene, Apt, was normalized
against the same NF, a large variability was observed
(Fig. 6b), illustrating the low expression stability of this
gene in the sample set.

The expression profile of a target gene was also used as
an example to examine the effect of using different
normalization genes on the estimation of its relative
expression. Photosynthesis efficiency is drastically reduced
due to abiotic stresses. The particular stresses studied in this
work (drought and cold) are well known to induce stomatal
closure, causing a reduction in the photosyntheticrate
(Flexas and Medrano 2002; Zhu 2002), as well as extensive
impact on both PS activity, particularly in PSI, upon
chilling exposure (Batista-Santos et al. 2011). Therefore, a
member of the PSI P700 apoprotein A2 (ApoA2) gene
family, which encodes a reaction center protein of PSI, was
chosen to be used as an example concerning the effect of
different normalization strategies in the results. The
transcription of ApoA2 was quantified by qRT-PCR in the
same 12 cDNA samples used for selection of reference
genes, following the same protocol. The PCR efficiencies
for ApoA2 were 93.6% for ‘Icatu’ samples, 104% for
‘Apoatd’, and 98% for ‘Obatd’, with coefficients of
determination (+%) of 0.999, 0.996, and 0.998, respectively.
The amplicon size was 100 bp. Melting curves showed a
single peak, indicating absence of non-specific amplifica-
tions (data not shown).

The ApoA2 gene expression across the entire set of
samples used in this work was normalized using three
different strategies: (1) the geometric mean of the relative
quantities of the three most stably expressed reference
genes selected by RankAggreg in the whole-sample set
(GAPDH, Cycl, and UBQ10), (2) the four reference genes
selected in each individual treatment (genotype—GAPDH,
UBQ10, Ap47, and EF-14; cold stress—UBQ10, GAPDH,
ACT, and EF-14; drought stress—GAPDH, ACT, EF-1A,
and Apt; multiple stress—UBQ10, GAPDH, ACT, and elf-
44), and (3) the least stably expressed gene, Apt.

As expected, ApoA2 expression was detected in all
samples, with lower transcription rates in samples from
cold stress when compared with non-stressed plants
(Fig. 6c, d) in all genotypes. This is in accordance with
the measured photosynthetic rates, both net (P,) and
maximal values (4.x) in these samples (Fig. 1) and
previous results of coffee acclimation under chilling
(Batista-Santos et al. 2011). A reduction in both P, and
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Amax, and in ApoA2 gene expression was similarly observed
in drought and multiple stresses, with the exception of
ApoA2 gene expression that increases in Apoatd during
water deficit conditions. Stomatal aperture in Apoatd (C.
canephora) is suggested to be less responsive to decreasing
water availability than C. arabica (DaMatta and Ramalho
2006), which can be related to the fact that C. canephora
grows in regions with lower drought episodes, hence,
exhibit a lower requirement for efficient stomatal control
of evaporation in this species. Therefore, the up-regulation
of ApoA2in Apoatd may be explained as part of the plant
responses to assure a lower impact on PSI integrity and
performance, when compared to C. Arabica, when it
experiences hydric stress situations. The magnitude of the
variations was different according to the specific genotype,
suggesting different impacts and reflecting different accli-
mation abilities among genotypes, thus providing additional
support to the validation results. In a second approach, each
sample was normalized with the NF build with the
geometric mean of the four reference genes determined to
be more stable for each treatment, as ranked by RankAg-
greg and per differences in the pairwise variation values (V
values) (see previous sub-sections) (Fig. 6d). The same
pattern was generated by the two approaches used for
normalization, only with slight differences in the estimated
relative transcription abundance (Fig. 6c, d).

When ApoA2 normalization was performed with Apz, a
gene ranking poorly according to all individual algorithms,
a significant over- or under-estimation of transcription of
the gene of interest was observed in some samples,
particularly in non-stressed ‘Icatu’ plants and in drought
stressed ‘Obatd’ (Fig. 6¢). Besides differences in the gene
expression patterns, note that the relative expression,
reflecting transcript abundance, also showed significant
differences, being severely affected by poor selection of the
correct reference gene set.

Discussion

Gene expression analysis represents a powerful tool to
assist our understanding of metabolic pathways under-
lying cellular and developmental processes in plants,
including coffee (e.g., de Oliveira et al. 2010; Barreto et
al. 2011). Housekeeping genes have been used extensively
to normalize gene expression data, but it is currently
accepted that the stability of potential reference genes
must be systematically determined prior to their use
(Guenin et al. 2009; Gutierrez et al. 2008). Normalization
errors caused by the use of reference genes without prior
validation of their stability have been considered the most
common error in qRT-PCR experiments and normalization
based on a single reference gene can also lead to
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Fig. 4 Rank aggregation of the candidate genes lists. Representations
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solved ranked position, according to each stability measurement
(gray). In each plot, the mean rank position of each candidate
reference gene (black) and the model computed by the Monte Carlo
algorithm (red) are shown. The RankAggreg (v. 0.4-1) and gTools (v.
2.6.2) routine packages for R (v. 2.9.2) were used in the analyses
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erroneous expression differences of more than 3- and 6-
fold in 25% and 10% of the experiments, respectively
(Vandesompele et al. 2009).

In this work, we evaluated a set of potential reference
genes to be used in gene expression studies in Coffea
experiments that includes genotypes from different Coffea
species submitted to single or multiple (drought and cold)
abiotic stresses.

Although some candidate reference genes had shown
acceptable stability when assessed with each of the four
algorithms employed in the analyses, the choice of the
specific set and the number of genes to use in gene
expression studies is not straightforward if one does not
want to consider just a single algorithm, but to retrieve the
information supplied by different methods. In fact, the
differences observed in the stability-based ranking are
likely to reflect the diverse models and assumptions
inherent to each model employed in the statistical analysis
(Exposito-Rodriguez et al. 2008; Reid et al. 2006; Schmidt
and Delaney 2010).

geNorm, BestKeeper, and NormFinder have been the
most popular software used for evaluation of candidate
reference genes, with a huge preponderance of the former
(Vandesompele et al. 2009). geNorm and BestKeeper
statistics rely on the principle that the expression ratio of
two ideal reference genes is constant in all samples,
independently of the experimental conditions, whereas the
rational of NormFinder is that the variation in the average
of multiple genes is smaller than the variation in individual
genes, and that contributions from reference genes with bias
for different groups minimize this variation (Vandesompele
et al. 2009). NormFinder and CV are based on the analysis
of the level of variation in each gene tested rather than
pairwise analysis of gene stability relative to a set of
potential reference genes; therefore, the stability of each
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single reference gene is examined independently instead of
being relative to the other genes, which allows avoidance of
artificial selection of co-regulated genes. This aspect can
have large significance considering our narrow knowledge
regarding gene co-regulation. Although the genes analyzed
in this study are involved in diverse cellular functions, co-
regulation should never be excluded in the context of
multiple stresses since, in these cases, the limiting con-
ditions may have a broad effect on the expression of
multiple classes of genes or may affect a set of assumedly
unrelated genes with a similar pattern. In fact, based on
gene regulation, it is quite common that several metabolic
pathways respond similarly not only under environmental
stresses in plants but also in somatic embryogenesis (Lin
and Lai 2010) or human aging (Zampieri et al. 2010). In
plants, such co-regulation would promote simultaneously a
better protection and/or repair of damaged structures/
molecules, as well as qualitative changes (e.g., of mem-
brane lipids), leading to a maintenance of efficient
functioning of cell metabolism. Among those quite differ-
ent but concurrent pathways are the components of the
antioxidant system, photosynthetic pathway, and those
promoting lipid turnover, namely at chloroplast level in
Coffea spp. (Fortunato et al. 2010). Hence, despite the
higher popularity of geNorm (which is strongly affected if
co-regulation occurs), other strategies, like NormFinder,
can be more appropriate in some experiments. Notably, in
our data, the stability ranking generated by BestKeeper was
very close to NormFinder, which relies on different
statistical principles, with GAPDH, ACT, and UBQI0
showing higher stability in all datasets, contrasting with
regular poor stability for TUB, elf44, and S24.

On the other hand, BestKeeper examine primarily Ct
values, whereas geNorm and Normfinder evaluate
relative quantities, with consequences in that PCR



Plant Mol Biol Rep (2012) 30:741-759

755

2
1.8
&
= 1.6
@ T
g T
Q.
R T
% 1 == E
o 0.8 —1
o
.E 0.6 —
©
E 0.4 —
0.2 1
0
Lose 8 &8 288¢
Icatu Apoata Obata
c 6
c
5
S
2 L[
8
s 4
X
o
2 o
@
(o)}
S — —
©
[} |
" L = T
0 —
Lose 28 &8 288¢
Icatu Apoata Obata
e
3.5
s 8
@
o 25
Q.
X
o 2
®
S
g 1.5
[}
T
[}
C 05 1
0 =
LS 685 268¢
Icatu Apoata Obata

Fig. 6 Relative quantification of selected genes for validation of gene
stability measures and normalization strategies. Gene expression of a
stable gene (a) (GAPDH) and an unstable gene (b) (A4pf), both
normalized by the geometric mean of the expression levels of the three
reference genes determined to be the best genes for data normalization
in the whole experimental set (GAPDH, Cycl, and UBQI0). Relative
expression around the arrow line (no-fold change) means stable gene

efficiency dissimilarities are more likely to affect the
stability measurements. Our results reveal that differ-
ences concerning amplification efficiencies exist be-
tween genotypes belonging to different species, which
strengthens the importance of this methodological
feature. These differences are probably due to sequence
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expression. The target ApoA2 gene expression in the 12 samples was
normalized by (c) the geometric mean of the three reference genes
determined to be suitable for data normalization in the whole
experimental set, (d) the four reference genes proper for each individual
condition, and (e) the inappropriate gene Apt. Error bars show the
standard error of three replicas

polymorphisms that exist between species, which in
Coffea results from the fact that C. arabica is an
allotetraploid (Lashermes et al. 1999) and can produce
significant effects on the qRT-PCR results (Taris et al.
2008). Even a few or single sequence polymorphism in
priming sites are known to affect primer binding and
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amplification efficiency (Stevenson et al. 2005; Taris et
al. 2008). Our results strengthen the need to examine the
sequences to be amplified, to accurately determine
primer efficiency independently for each species, and
to use the species-specific efficiency percentage when
estimating gene expression data in assays involving
multiple species. Therefore, to compare transcript accu-
mulation in plants belonging to different species from
the same genus, we carefully assessed the stability of
candidate reference genes based on input data corrected
for the amplification efficiency calculated individually in
each genotype. Differences in gene expression between
the same tissue in different genotypes were previously
reported in several species such as Petunia (Mallona et
al. 2010), soybean (Hu et al. 2009; Jian et al. 2008), or
coffee (Cruz et al. 2009; Singh et al. 2011). However, in
these works, the genotypes analyzed belong to the same
species; hence, the presence of a number of polymor-
phisms affecting amplification efficiencies would not be a
strong issue.

From the discussed above, to date there is no consensus
on which algorithm should be used to evaluate and choose
reference genes. Each of the different approaches has it own
advantages and pitfalls. Therefore, to pursue an unbiased
estimation of the stability of the selected ten candidate
reference genes, a multiple analytical approach was
followed. The strategy relies on evaluating the dispersion
and calculating the expression stability using four methods
in parallel, and then ranking the list of ordered stable genes
to obtain a consensus stability-based ranking (Mallona et al.
2010). Here, we additionally propose that the number of
genes needed to calculate the normalization factors for
accurate and reliable data normalization is determined
based on this merged ranking of stability from all
algorithms considered together (Fig. 7). Typically, selection
of reference genes is based solely in the results from one
software and, to our knowledge, inference on the number of
genes to be used is only made based on geNorm stability
values. Our proposed flowchart (Fig. 7) has the advantage
of not discarding putatively useful information provided by
different algorithms. Merged data from the stability ranked
obtained using four strategies, based on a non-weighted
unsupervised rank aggregation method, places GAPDH,
Cycl, and UBQI0 as the overall three most suitable
reference genes when considering the all-the-sample
pools, providing the most robust platform for transcript
normalization across multiple stresses and multi-species.
However, different sub-sets of samples had their own
specific best reference genes, as follows: genotype—
GAPDH, UBQ10, Ap47, and EF-14; cold stress—UBQ10,
GAPDH, ACT, and EF-14; drought stress—GAPDH, ACT,
EFIA, and Apt, and multiple stress—UBQI10, GAPDH,
ACT, and elf-4A.
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Fig. 7 Schematic diagram flow chart illustrating data analysis.
Efficiency values were calculated independently for each species and
used to calculate relative quantities. Raw Ct values or relative
quantities were used to calculate stability measurements and
stability-based ranked lists according to four methods. The four lists
were used as input in RankAggreg to obtain a consensus list of ranked
genes. Based on the consensus list, the number of gene needed for
normalization was determined by pairwise variation analysis

In drought-stressed leaves, although the combined
expression of UBQI0 and GAPDH has been previously
suggested to be suitableto use in C. arabica, the stability of
both individual genes was poorly ranked both by geNorm
and NormFinder (Cruz et al. 2009). In that work, S24 was
the reference gene with best stability values. Our results
ranked S24 poorly under stress conditions, maybe due to
the use of more than one species in the analyses. Also in C.
arabica under various stages of development and biotic
stress, GAPDH showed good stability but polyubiquitin
was the least secure gene for normalization (Barsalobres-
Cavallari et al. 2009). A combination of GAPDH, Cycl
(two genes determined to be stable in our study), and triose-
phosphate isomerase (not evaluated in this work), but not
UBQI10, proved to be suitable to compare gene expression
in shoot tips, using two cultivars (Singh et al. 2011). On the
other hand, Marraccini et al. (2011) normalized drought-
related qRT-PCR data in Coffea with a single reference
gene, choosing either GAPDH or UBQ10, depending on the
Coffea species background, consolidating the relevance of
the results reported here. In seed development, UBQ-10
was similarly used as a single gene for normalization
(Salmona et al. 2007; Joét et al. 2010). These genes show
also the widest distribution among Coffea spp. cDNA
libraries (Mondego et al. 2011).

Genes related to the ubiquitin degradation process
proved to be among the most stable ones in Arabidopsis
(Czechowski et al. 2005) or during tomato development
(Exposito-Rodriguez et al. 2008). On the contrary, UBQ10
proved to be an inappropriate reference gene in
development-related gene expression in rice (Jain et al.
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2006), soybean (Jian et al. 2008), peach (Tong et al. 2009),
or Fraxinus spp. (Rivera-Vega et al. 2011). Similarly, genes
encoding GAPDH have been shown to be stably expressed
under a range experimental conditions and species such as
grapevine (Reid et al. 2006) or coffee (Barsalobres-
Cavallari et al. 2009) but not in peach (Tong et al. 2009)
or rice (Jain et al. 2006). Other authors do not favor the use
of actin as reference gene in plants (Gutierrez et al. 2008;
Nicot et al. 2005). However, in woody species, Populus
(Brunner et al. 2004) and Fitis (Reid et al. 2006), tubulin
and actin proved to be stably expressed. In our dataset and
in tomato development (Exposito-Rodriguez et al. 2008),
tubulin was among the least stable genes. Notably, in Vitis,
even using the same tissue from the same genotype, and the
same experiment conditions in two different years, differences
the ranking of candidate reference genes based on their
stability were observed, using geNorm (Reid et al. 2006).
These few examples illustrate the lack of reliability of
reference genes across species/tissues and a high specificity
for a particular experimental situation. That strongly advises
to carefully examine the expressional stability of candidate
reference genes in every individual experimental setup and
sample collection to be analyzed.

Coffea breeding aims to obtain genotypes more adapted
and productive in its traditional growing areas. It is
also important to breed for genotypes that will endure
the predictable strong impact that will result from
restrictions on suitable cultivation areas due to the
variations in environmental conditions, particularly in
the context of climate changes. Taking advantage of
the contrasting acclimation abilities observed within the
Coffea genus, namely to cold (Fortunato et al. 2010;
Partelli et al. 2009; Ramalho et al. 2003), such goal could
be explored by means of breeding for inter-species
hybrids. In addition to opening the possibility to improve
the selection criteria of reference genes in qRT-PCR
analysis, our work allows studying the biological rele-
vance of differences in the expression of target genes
among genotypes. Considering financial costs and re-
stricted sample availability in many experimental
designs, it is not always possible to systematically test
large sets of candidate genes for selection. Supported on
our results, we recommend the inclusion of these top-
ranked candidates in the minimal set of reference
candidates to be evaluated in future Coffea transcrip-
tomic studies aimed to investigate Coffea responses to
other experimental variables.
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