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Abstract: Dianthus broteri is an endemic complex which is considered the largest polyploid series
within the Dianthus genus. This polyploid species involves four cytotypes (2×, 4×, 6× and 12×) with
spatial and ecological segregation. The study of gene expression in polyploid species must be very
rigorous because of the effects of duplications on gene regulation. In these cases, real-time polymerase
chain reaction (qPCR) is the most appropriate technique for determining the gene expression profile
because of its high sensitivity. The relative quantification strategy using qPCR requires genes with
stable expression, known as reference genes, for normalization. In this work, we evaluated the
stability of 13 candidate genes to be considered reference genes in leaf and petal tissues in Dianthus
broteri. Several statistical analyses were used to determine the most stable candidate genes: Bayesian
analysis, network analysis based on equivalence tests, geNorm and BestKeeper algorithms. In the
leaf tissue, the most stable candidate genes were TIP41, TIF5A, PP2A and SAMDC. Similarly, the
most adequate reference genes were H3.1, TIP41, TIF5A and ACT7 in the petal tissue. Therefore, we
suggest that the best reference genes to compare different ploidy levels for both tissues in D. broteri
are TIP41 and TIF5A.

Keywords: reference genes; qPCR; Dianthus broteri; polyploidy

1. Introduction

Gene expression analysis is a powerful strategy to examine the transcriptional profile
of biological systems [1]. The quantitative polymerase chain reaction (qPCR) is one of the
most appropriate techniques to measure the levels of gene expression through mRNA
estimation, surpassing other methods such as DNA chip or Northern Blot [2,3]. Its main
advantage is high sensitivity detection even for less abundant transcripts, high efficiency,
specificity and simplicity [4].

There are two general approaches to analyze qPCR results, absolute and relative
quantification. For the first one, a specific calibration curve with known concentrations is
needed for each gene of interest. This strategy entails increased cost and time of analysis due
to the need for identical amplification efficiency for both, the target gene in the biological
sample and the synthetic standard. By contrast, the relative quantification does not require
a calibration curve. In this strategy, the expression of the target genes is normalized using
reference genes, also referred to as housekeeping genes, which are constitutively expressed
and remain stable due to their implication in basic cellular processes [3,5]. This second
approach seems easier than absolute quantification although reference genes need to meet
some requirements [6]. The sensitivity of the qPCR analysis is affected by various factors
such as RNA stability and quality, cDNA synthesis and quantity, the efficiency of the
primers and the use of a suitable reference gene [7,8]. An ideal reference gene should
have an immutable expression across different tissues and developmental stages, and
their expression level should not be impacted by environmental conditions. Furthermore,
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reference candidates cannot be pseudogenes and their expression level must be in an
accurate range, 15 < Cq < 30 [9]. Since there are no universally appropriate genes with
invariant expression, it is essential to appraise the expression level of candidate reference
genes with care for every specific experimental system [10].

While there are reference genes that have been recorded to be efficient over a large
range of environmental conditions or plant tissues, there are hardly any studies focused on
reference genes validation among different ploidy levels [10,11]. Polyploidy, the condition
in which the cells of an organism have more than two paired sets of chromosomes (i.e.,
whole-genome duplication; WGD), takes place across many different taxonomic groups.
Genomic data suggest that polyploidy has been one of the most important mechanisms in
plant evolution [12–14], and at least 47% of flowering plants have experienced a polyploidy
event throughout their evolutionary history [15]. WGD events may have played a very
important role in the generation of plant diversity in two different ways: directly, due
to speciation connected to polyploidization [15], and indirectly, as polyploid lineages
often have higher diversification rates [16,17]. Polyploidy might have significant effects
on the biochemistry, ecophysiology and morphology of plants [18,19]. These phenotypic
changes may be due to altered gene expression, increased variation in dosage-regulated
gene expression, modified regulatory interaction, epigenetic changes, gene redundancy or
heterozygosity [20,21]. Taking this into account, and with the objective of studying these
biological processes, additional research focusing on finding stable reference genes between
different ploidy levels to perform gene expression analysis is required [22,23].

Dianthus is a Eurasian genus belonging to Caryophyllaceae, which has a striking
diversity with more than 300 species that have been recently originated [24]. This genus is
known for its outstanding horticultural relevance as several species (pinks and carnations)
have been cultivated for centuries and they were common in Ancient Greek and Roman
times. Polyploidy is widespread in this genus, with 67% of diploid species, 18.7% tetraploid,
6.6% hexaploid and 7.7% corresponding to different cytotypes [25]. Dianthus broteri rep-
resents the largest polyploid series known in the genus with four different cytotypes (2×,
4×, 6× and 12×) [19]. This endemic complex to the Iberian Peninsula extends along from
eastern Spain to southern Portugal. Dianthus broteri appears to be a great study system to
investigate the importance of polyploidy in evolution [26]. Cytotypes do not coexist and
occupy disjunct geographic ranges with markedly different environmental conditions [27].
Furthermore, cytotypes show divergence in morphological traits, vegetative and repro-
ductive organs [28], and photochemical responses [29]. The inter-cytotype differentiation
pattern in this complex also encompasses global methylation which could affect the global
regulation of gene expression [30]. Therefore, Dianthus broteri is a suitable model study
system to evaluate the impact of polyploidy in gene expression.

The aim of this study is to determine suitable reference genes in Dianthus broteri to
compare gene expression among ploidy levels and different plant tissues. We selected
thirteen candidate reference genes based on preceding literature reports about genes with
constitutive expression in a wide range of plant species. These candidates were evaluated
for their inherent role as internal normalization controls in leaf and petal tissues for the
four different cytotypes of Dianthus broteri (2×, 4×, 6× and 12×).

2. Results
2.1. Verification of Primer Specificity and Efficiency of Candidate Reference Genes

A total of 13 candidate reference genes were subjected to qPCR to verify their specificity
and efficiency: EF1α, TIP41, UBQ10, UBQ3, SAMDC, PP2A, TIF5A (also can be found
as eIF-5A in bibliography), H3, PR13S, GAPDH, ACT7, TUA and TUB (Table 1). After
55 cycles of amplification, qPCR yielded the melting curve which showed a single peak
from all samples. The specificity of amplicons and the absence of dimers were validated
(Supplementary Materials Figure S1). All fourteen primer pairs had similar efficiency (E)
values, ranging between 1.760 and 2.187 (Table 1).
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Table 1. Reference genes primer sequences and amplicon characteristics in Dianthus broteri. H3.1 and H3.2 are different primers of the same gene.

Gene Gene Name Accession No.
(Carnation DB) Primer Sequence Efficiency Product Size (bp) Tm (◦C) References

EF1α Elongation factor 1α Dca5900.1 F: ACCCCGACAAGATCCCATTT
R: TGGTCAAGGGCCTCAAGTAG 2.129 115 56.94

56.99 [9]

TIP41 Phosphatase activator Dca43498.1 F: GACACTCGTATGCATTGCGT
R: CTCGAACTGATGACGCTTGG 2.187 152 57.07

57.08 [9]

UBQ10 Ubiquitin 10 Dca41829.1 F: CCATTTGGTGTTGCGTCTCA
R: TCGCTGCTCTCCACTTCC 1.928 90 57.08

56.44 [9]

UBQ 3 Ubiquitin 3 Dca119.1 F: GCGTATGAGCAACGAGTCAG
R: AGGATCTGCTTTACCCACCA 1.953 150 57.17

56.27 [5]

SAMDC Adenosylmethionine
decarboxylase gene Dca28802.1 F: AAACCAACTACGACGACCCT

R: CCGATGCCTTCTCCTTGTCA 2.021 72 56.95
57.75 [9]

PP2A Protein phosphatase 2A Dca33231.1 F: TCGAGCAGTTGATGGAGTGT
R:ACTCTTCAACCAAAACCGCC 1.992 87 59.03

58.97 [9]

TIF5A Translation initiation factor Dca33327 F: GGCGGGGAAAGACTTGATTC
R: CTACTTGCCACCACTAACGT 1.935 93 58.90

58.94 [9]

H3.1 Histone 3 Dca5219.1 F: GGAGGAGTGAAGAAGCCACA
R: GTGCCAACACAGCATGACTC 1.868 178 57.3

57.81 [5]

H3.2 Histone 3 Dca5219.1 F: CACAGGTACCGTCCTGGAAC
R: GTGCCAACACAGCATGACTC 1.882 160 58.06

57.81 [5]

PR13S Ribosomal protein Dca22015.1 F: AATCCCCGAGGACTTGTACC
R:ACAAGAGTACTGGCGGTGGT 2.051 201 56.77

59.09 [5]

GAPDH Glyceraldehyde 3
phosphate dehydrogenase Dca8698.1 F: GGCCAAGGTTATCAATGACAG

R: CCTTCCACCTCTCCAGTCCT 2.008 120 54.18
57.12 [7]

ACT7 Actin Dca37612.1 F: CGGTGGCTCTATCCTCGCTT
R: TTCCTGTGGACGATTGACGG 1.854 94 58.7

57.02 [31]

TUA Tubulin α Dca60406.1 F: ACATGGCTTGCTGTCTGATG
R: TGGGGGCTGGTAGTTGATAC 2.042 142 55.51

55.69 [7]

TUB Tubulin β Dca39629.1 F: TGTTGCATCCTGGTACTGCT
R: GGCTTTCTTGCACTGGTACAC 1.760 73 56.22

57.00 [32]



Plants 2022, 11, 518 4 of 14

The expression profiles of the 13 candidate reference genes were represented using the
quantification cycle (Cq) value. This parameter is defined as the number of cycles needed
for the fluorescent signal transcending the background fluorescence [8]. Therefore, a low
Cq value corresponds to a high expression level. Although initially, the added amounts
of cDNA in the qPCR reaction were the same, the candidate reference genes displayed
a relatively wide range of Cq values which varied across different levels of ploidy in
each tissue. In the leaf tissue, the candidate reference genes showed a high variation in
expression levels, ranging from a minimum Cq value of 15.145 for ACT7 to 22.33 for PP2A
(Figure 1A, Supplementary Materials Figure S2). In petals, the Cq value ranged from 15.31
for UBQ10 to 22.19 for PP2A (Figure 1B, Supplementary Materials Figure S3).
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Figure 1. Expression profile of candidate reference genes. Values are provided as quantification cycle
(Cq) in leaves (A) and petals (B). The median, 25th–75th percentiles and maximum-minimum Cq
value for each gene are represented. Amplification curves of the candidate genes in leaves and petals
are available in Supplementary Materials Figures S1 and S2.

2.2. Determination of Expression Stability of Candidate Reference Genes in Leaf Tissue

Firstly, the 13 candidate reference genes were tested on the different cytotypes (2×,
4×, 6× and 12×) in leaf tissue. EF1a, GAPDH, H3.1 and H3.2 showed differential ex-
pression among ploidy levels (p-value < 0.01) in the Bayesian analysis with MCMC.qpcr
(Supplementary Materials Table S1). Therefore, the latter genes were discarded as reference
genes to study gene expression in D. broteri. In contrast, the Bayesian analysis determined
that ACT7, PP2A, PR13S, SAMDC, TIF5A, TIP41, TUA, TUB UBQ10 and UBQ3 remained
stable at expression among all ploidy levels. These 10 stable genes were subjected to
equivalence tests using the SARP.compo R package, with a p-value cut-off of 0.25 (based in
simulations) for the node connection [33]. For leaf tissue, the set of genes formed by PP2A,
TIP41, TIF5a and SAMDC were equivalent in expression as shown in Figure 2A.
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Figure 2. Analysis of reference genes stability in leaf tissue based on different algorithms. (A) Equiv-
alence graph according to SARP.compo package: each node represents a candidate gene and nodes
connected implies that there is an equivalence between them. (B) Representation of correlation
coefficients (r value) of the 10 candidate reference genes in leaf tissue calculated by BestKeeper
software. (C) Average expression of stability (M value) of the ten candidate reference genes provided
by geNorm approach. Dotted line indicates cut-off value of one below which a reference gene is
considered stable enough to be used in normalization. (D) Determination of the optimal number of
reference genes required for normalization in Dianthus broteri leaf tissue. The cut-off value of 0.15 is
represented by the dotted line.

In addition, the stability in expression of the remaining candidate reference genes
after MCMC analysis was determined with BestKeeper and geNorm. ACT7, TUA and
TUB had a negative BestKeeper r index indicating that they were not suitable as reference
genes (Figure 2B and Table 2). The remaining candidate genes had a positive r index.
TIP41, TIF5a and PP2A genes (with r value close to 0.9) stand out as the best reference
genes based on this algorithm. In the geNorm analysis, candidate reference genes were
ranked by calculating stability value (M) where the magnitude of M value has a negative
correlation with gene stability. In this work, the M values of the 10 candidate reference
genes in leaf tissue ranged from 0.47 in TIF5A and TIP41 to 2.64 in TUA (Figure 2C and
Table 2), Therefore, only TIP41, TIF5a, SAMDC and PP2A showed M values lower than one
and they could be considered as stable candidate reference genes.
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Table 2. Gene expression stability in leaf tissue ranked by BestKeeper and geNorm algorithms.

BestKeeper geNorm

Ranking Gene r Value Gene M Value

1 TIF5A 0.893 TIF5A 0.471

2 TIP41 0.868 TIP41 0.471

3 PP2A 0.851 SAMDC 0.701

4 SAMDC 0.776 PP2A 0.845

5 UBQ10 0.728 UBQ3 1.042

6 UBQ3 0.676 PR13S 1.137

7 PR13S 0.441 ACT7 1.512

8 ACT7 −0.015 TUB 1.933

9 TUA −0.268 UBQ10 2.308

10 TUB −0.431 TUA 2.648

2.3. Determination of Expression Stability of Candidate Reference Genes in Petal Tissue

The same workflow to analyze candidate reference genes for leaf tissue was used for
petal tissue. Firstly, no candidate genes showed significant differences in expression among
ploidy levels in the Bayesian analysis using the MCMC.qpcr (Supplementary Materials
Table S2). Therefore, all candidate genes were appropriate as reference genes. Subsequently,
the 13 candidate reference genes were subjected to a network analysis using equivalence
tests using the same p-value of 0.25 as in leaf tissue. The network graph (Figure 3A)
suggested that H3.1, H3.2, ACT7, UBQ3, TIP41, TIF5A, GAPDH, TUB, SAMDC and PR13S
showed an equivalent expression. Specifically, TIP41, TIF5a, UBQ3 and ACT7 were the
most equivalent in expression pattern.
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implies that there is an equivalence between these candidate reference genes, according to
SARP.compo. (B) Representation of correlation coefficients (r value) of the ten candidate reference
genes in petal tissue calculated by BestKeeper software. (C) Average expression of stability (M value)
of thirteen candidate reference genes provided by geNorm approach. Dotted line indicates cut-off
value of one below which a reference gene is considered stable enough to be used in normalization.
(D) Determination of the optimal number of reference genes required for normalization in Dianthus
broteri petal tissue. Dotted lined determine cut-off of 0.15 above which another reference gene will
need to be introduced for appropriate normalization.

Furthermore, the expression stability in petals was also studied with BestKeeper
and geNorm. In BestKeeper, the 13 candidate reference genes had an r-value very close
to one (Figure 3B and Table 3) making them suitable as reference genes. The geNorm
approach provided us with M values that ranged from 0.27 in H3.1 and H3.2 to 0.86 in
EF1a and the most stable candidate genes for this index were H3.1, H3.2, ACT7 and TIP41
(Figure 3C and Table 3). Although according to BestKeeper and geNorm methods all the
initial 13 candidate genes were stable enough to be considered as appropriate reference
genes for normalization.

Table 3. Ranking of stability for the candidate reference genes in petal tissue according to BestKeeper
and geNorm.

BestKeeper geNorm

Ranking Gene r Value Gene M Value

1 TIP41 0.990 H3.1 0.267

2 TIF5A 0.986 H3.2 0.267

3 H3.1 0.984 ACT7 0.473

4 ACT7 0.982 TIP41 0.557

5 PR13S 0.980 TIF5A 0.589

6 EF1a 0.979 TUB 0.630

7 TUB 0.978 PR13S 0.661

8 PP2A 0.975 PP2A 0.691

9 H3.2 0.974 UBQ10 0.720

10 UBQ10 0.966 SAMDC 0.743

11 UBQ3 0.960 UBQ3 0.776

12 SAMDC 0.959 TUA 0.810

13 GAPDH 0.957 GAPDH 0.840

14 TUA 0.950 EF1a 0.868

2.4. Determination of Optimal Number of Reference Genes

The geNorm software was also used to compare paired differences between candidate
references genes to evaluate the optimal number of required internal reference genes. When
the pairwise variation (Vn/n+1) is lower than 0.15, another internal reference gene for cor-
rection is not needed, and the optimal number of internal reference genes were two [34,35].
In both leaf and petal tissue, the Vn/Vn+1 value was lower than 0.15 (Figures 2D and 3D).
Consequently, adding an extra reference is not necessary since it does not make a significant
contribution to normalization. Therefore, the recommended number of reference genes
would be two.
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3. Discussion
3.1. Reference Gene Stability among Tissues and Ploidy Levels

Gene expression analysis is one of the most effective strategies for understanding
many biological processes and, currently, qPCR is an accurate tool to study the changes in
gene expression when normalized using correct reference genes [36]. Assuming that an
absolutely stable reference gene (under all experimental conditions, tissues and species)
does not exist, an ideal reference gene should have a stable expression in a wide range of
environmental conditions, tissues and growth stages. At the present time, only four studies
have investigated reference genes for allopolyploid species [10,11,37,38], and only one has
focused on autopolyploid species [23].

Here, we assessed the potential of 13 candidate genes to be considered as reference
gene for qPCR normalization in Dianthus broteri autopolyploid complex. We tested their
expression and stability across two tissues (leaf and petal) and four ploidy levels. The
statistical analyses of geNorm and BestKeeper provided similar (but not equal) reference
genes rankings for the leaf and petal tissues. The most stable candidate reference genes in
the leaf were TIF5A, TIP41, PP2A and SAMDC. Meanwhile, in the petal tissue, H3.1, ACT7,
TIP41, TIF5A were identified as the most stable candidate genes. Therefore, we suggest
that the best reference genes to compare the four different ploidy levels for both tissues in
D. broteri are TIP41 and TIF5A.

TIP41 has been proved to be useful both as general reference gene and among dif-
ferent tissues in other plant species such as Cucumis sativus (cucumber), Lycoris aurea and
Phyllostachys edulis [39–41]. TIF5A has also been used as reference gene in Zanthoxylum
bungeanum Maxim (Chinese prickly) [42], and Populus bejingensis (poplar) to study the
Poplar/Canker disease interaction system [43]. Most importantly, a recent study evaluated
reference genes in Dianthus caryophyllus [9], in which TIP41 stood out as an appropriate
stable reference gene in general and between different tissues, while TIF5A, together with
EF1α, was the most appropriate one to study gene expression under stress conditions
(hormone treatment, heavy metal, salt, heat, cold, flooding and drought) [9]. Although
most cultivars of D. caryophyllus are diploids, a few are tetraploid and triploids [44], the
effect of polyploidy on D. caryophyllus gene expression has not been studied. Therefore, we
propose TIP41 and TIF5A as candidate reference genes to study gene expression among
ploidy levels in D. caryophyllus leaf and petal tissues. Other genes (like H3.1, ACT7, PP2A
and SAMDC) could also be suitable depending on the tissue or experimental conditions.
Nevertheless, the conventional reference genes UBQ10 and GAPDH were discarded as
reference genes in leaves because they showed differential expression among cytotypes of
Dianthus broteri. For example, GAPDH (involved in the production of energy during photo-
synthesis) showed differential expression in concordance with previous studies showing
differences in photochemichal responses [29].

3.2. Gene Expression Attenuation Enable the Comparison among the Four Ploidy Levels

In this study, special emphasis has been placed on the selected reference gene maintain-
ing a stable profile expression at different ploidy levels. Polyploidy events may influence
the regulation of gene expression due to epigenetic control, genomic rearrangement or
dosage effects [23]. Several studies suggest that the stability of the reference genes is in-
fluenced by the ploidy level, especially dosage effects or compensations are triggered by
genome duplication [23]. Although duplication by polyploidy increases the dosage of all
genes and so should not affect the balance, for every gene duplicated by polyploidy, a di-
versity of transcriptional dosage responses (changes in expression associated with changes
in gene dosage) is feasible [45]. Some dosage-dependent genes will increase (or decrease)
the absolute gene expression according to the duplication. Meanwhile, gene expression can
be maintained stable irrespectively of the ploidy level (gene copy) by dosage compensation,
considering that the excess of gene expression, and consequent protein synthesis, can be
detrimental due to the waste of energy and resources [46]. This waste would be evident
in housekeeping genes which are constitutively expressed. Furthermore, the gene dosage
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balance hypothesis (DBH) determines that there is a selection that acts against the duplica-
tion of genes of the central macromolecular complexes and in signaling/transcriptional
networks due to stoichiometric imbalance. This imbalance is established when the loss of
copies of many genes takes place with respect to the rest of the genes that remain duplicates
in the diploidization process [47,48]. Gene expression attenuation can be mediated by
epigenetics changes after polyploidization [20]. Accordingly, an increased amount and
variation in epigenetic marks have been shown in Dianthus broteri [49]. In addition, a
moderate genomic diploidization was evident in the different cytotypes of Dianthus broteri
as regards the loss of monoploid genome size [26,50]. The phenotypic diploidization found
in several functional traits also suggests that purifying selection is acting in this polyploid
complex [50]. Therefore, the dosage compensation of the selected reference genes could
have also been driven by selection to maintain the genomic balance.

Supporting the DBH hypothesis, the selected reference genes encode macromolecular
complexes, including transcription factors or signal transduction pathways. For example,
TIF5A encodes a highly conserved initiation transcription factor regulating cell division,
cell growth, and cell death [51], and TIP41 is an ABA-responsive gene encoding a regulatory
protein of PP2A, a complex involved in the regulation of growth and development [52].
Likewise, other candidate genes which stood out as stable reference genes also have this
key role in metabolism: SAMDC is involved in the polyamine biosynthetic pathway, H3.1
is implicated in the structural conformation of the chromosome and ACT7 that results in a
filamentous protein involved in the cytoskeleton structure [52].

4. Materials and Methods
4.1. Plant Material and Growth Conditions

For each one of the four ploidy levels of Dianthus broteri (2×, 4×, 6× and 12×), three
individuals belonging to three different populations were selected as biological replicates,
with a total of 12 samples for each tissue (leaves and petals). The selected individuals for
the experiment were kept in a climate chamber from the greenhouse services of the research
center “Centro de Investigación, Tecnología e Innovación de la Universidad de Sevilla”
(CITIUS II), in which the controlled environmental conditions were optimal to grow up
and bloom (16 h light 25 ◦C/8 h dark 21 ◦C regimen with 50% humidity).

4.2. RNA Extraction and cDNA Synthesis

For the RNA extraction of each individual, a 100 mg sample from each tissue (leaf or
petal) was used. The sample was immediately frozen in liquid nitrogen and then disrupted
using a bead miller (TissueLyser II). RNA was extracted and isolated using the commercial
kit Direct-zol RNA Miniprep (Zymo Research), and then quantified by Qubit fluorometric
quantification and Nanodrop spectrophotometer, to check the quantity and the quality
of the RNA obtained. Resulting RNA was reverse transcribed using the iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA, USA). In total 1 µg of RNA was reverse transcribed
according to the protocol, and then quantified by Qubit fluorometric quantification.

4.3. Identification of Candidate Reference Genes and Efficiency Evaluation

Reference genes were chosen based upon prior studies of reference genes on different
plant species, with a total of 13 genes selected as candidate reference genes for analysis
of expression stability (Table 1). In the case of the H3 gene, we tested two different sets
of primers, H3.1 and H3.2. Primers pairs sequences were taken from literature and tested
their homology to Dianthus using the BLAST tool from the Dianthus caryophyllus genome
database, Carnation DB [53]. Sequences were modified when needed to increase specificity,
and melting temperature, primer dimers and hairpin were verified.

Primer efficiency is a parameter that is mainly evidence of how well the qPCR reaction
has performed [54]. The efficiency of each candidate reference gene was examined through
standard curve analysis. Each primer pair efficiency (E) was calculated performing a
quantitative real-time PCR (qPCR) analysis carried out on a LightCycler® 480 Instrument
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II (Roche Molecular System, Germany). A cDNA sample from a 2x individual (diploid)
was used for the efficiency experiment. The sample was diluted in a serial gradient adding
molecular water (1:0, 1:2, 1:4, 1:6, 1:8 and 1:10), with a starting concentration of 12 ng/µL.
For each qPCR reaction 4 µL of the sample, 5 µL of the iTaq Universal SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA), and 0.5 µL of each primer (forward and reverse) was added
up to a final volume of 10 µL. For each primer pair, four technical replicates were performed.
The qPCR program run consisted of an initial denaturation step at 95 ◦C for 5 min followed
by amplification and quantification cycles repeated 55 times at 95 ◦C for 10 s, 60 ◦C for 10 s
and 72 ◦C for 15 s [7]. After 55 amplification cycles, the LightCycler System DNA melting
curve analysis was performed. In this program, the temperature increased 65–97 ◦C with a
heating rate of 0.11 ◦C/s and continuous fluorescence measurement.

4.4. Determination of Expression Stability of Reference Genes in Reproductive and Vegetative
Tissues by Statistical Analyses

The expression of the 13 selected reference genes was analyzed by qPCR in three
different biological samples of each ploidy level (12 samples in total) in two different tissues,
leaf and petal. For each primer pair, three cDNA technical replicates of the 12 biological
samples were used in the qPCR reaction with a concentration of 12 ng/µL. qPCR ran
under the same conditions used to test the efficiency mentioned above [7]. The expression
stability in different ploidy levels of D. broteri was evaluated using different approaches.
All the statistical analysis was performed using R statistical software vers. 3.6.0 [55]. Firstly,
differences in gene expression among ploidy levels for all the candidate reference genes
were assessed using MCMC.qpcr R package with default parameters [56]. This software
estimate gene expression of each gene based on the efficiency and Cq values for the entire
data set, including the random effects common to all the genes [57]. The expression of the
genes that were stable between ploidy levels was then tested using equivalence tests and a
network analysis, implemented in the SARP.compo R package vers. 0.1.5 [58]. To select the
candidate genes that are stable enough to be used as reference genes, this method provides
a network graph based on all pairwise ratio comparisons which represents the set of genes
that maintain a common and equivalent expression between them [33]. The p-value matrix
to construct the graph was created following SARP.compo package documentation, with a
Delta value of 1 and a p-value cut-off of 0.25 [33,58].

Finally, to validate the expression stability of candidate reference genes two statis-
tical algorithms were used, geNorm and BestKeeper, implemented in the ctrlGene R
package [59], which was used with default parameters for both analyses. GeNorm is an al-
gorithm that carries out two analyses: (1) determining the most stable reference gene based
on the geometric mean of reference genes; (2) informing whether more reference genes are
required [60]. GeNorm provides an “M” value (stability measure) which represents the
variation of a certain gene versus all other normalizing genes. The M value is defined as the
average pairwise variation between a gene and all other reference genes. Recent evidence
suggests that if the “M” value is less than one indicates high stability expression so it will
be an appropriate reference gene. This same statistical method was also used to analyze the
variation of pairs of candidate reference genes with the purpose of determining the optimal
number of reference genes for an accurate subsequence normalization. Generally, it is
recommended to use at least two reference genes, although more could be used if the “PV”
or “(Vn/n+1)” value (paired variation) exceeds the threshold PV of 0.15 [61]. Additionally,
BestKeeper [62] was used to select the best reference genes based on expression stability,
taking into account three statistical variables: standard deviation (SD), Pearson coefficient
of correlation (r) and percentage covariance (CV) [63]. BestKeeper determines an index
which is calculated from the Cq arithmetic mean of each candidate reference gene, being
the most stable reference genes those having a higher r-value [64,65].
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5. Conclusions

Our results reinforce the need of searching for suitable reference genes taking into
consideration polyploidy as a cause of differential gene expression. We evaluated the
stability of 13 candidate reference genes with the aim of normalizing the gene expression in
the leaf and petal tissues of Dianthus broteri polyploid complex. Overall, the results obtained
showed us the most stable candidate genes were those having an important role in plant
metabolism. The reference genes identified in this research are useful tools to investigate
polyploid evolution in Dianthus broteri. In addition, provided that the selected reference
genes in D. broteri can be extrapolated to other polyploid plant species, particularly among
polyploid cultivars of ornamental Dianthus, this work could help to study gene expression
differences in polyploids.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11040518/s1, Figure S1: Melting curves for thirteen candidate
reference genes in Dianthus broteri; Figure S2: qPCR amplification curves for thirteen candidate
reference genes in Dianthus broteri leaves; Figure S3: qPCR amplification curves for thirteen candidate
reference genes in Dianthus broteri petals; Table S1: Results of the Bayesian analysis for pairwise
differential expression among cytotypes (MCMC.qpcr package) in the leaf tissue; Table S2: Results of
the Bayesian analysis for pairwise differential expression among cytotypes (MCMC.qpcr package) in
the petal tissue.

Author Contributions: A.R.-P. and J.P.-A. has both contributed equally to this research, being both
considered as main authors. F.B. and J.P.-A. conceived and designed the experiments. A.R.-P. and
J.P.-A. carried out the experiments. J.P.-A., A.R.-P. and F.B. performed the statistical analysis. A.R-P.,
J.P.-A. and F.B. interpreted the data, wrote and reviewed the manuscript. F.B. for funding acquisition.
All authors have read and agreed to the published version of the manuscript.

Funding: The present project was funded by the Spanish Government (Ministerio de Ciencia e
Innovación-Agencia Estatal de Innovación) and FEDER funds (European Commission) through the
granted project PGC2018-098358-B-I00, an FPI predoctoral grant to J. Picazo-Aragonés from Spanish
Ministerio de Ciencia e Innovación (PRE2019-088229), a project funded by Junta de Andalucía (Proyec-
tos I+D+i FEDER Andalucía 2014-2020; US-1381232), and a collaboration grant to A. Rodriguez-Parra
from Spanish Ministerio de Educación y Formación Profesional (Crédito 18.08.323M.484.02).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to Marie-Louise Timmer and Gerardo Armas for their technical
assistance. We are grateful to Anass Terrab for his fundamental labor in the project management,
without whom this research would not have been possible. We also thank University of Seville
Greenhouse, Biology and Herbarium General Research Services (CITIUS) for providing the facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lovén, J.; Orlando, D.A.; Sigova, A.A.; Lin, C.Y.; Rahl, P.B.; Burge, C.B.; Levens, D.L.; Lee, T.I.; Young, R.A. Revisiting global gene

expression analysis. Cell 2012, 151, 476–482. [CrossRef]
2. Gachon, C.; Mingam, A.; Charrier, B. Real-time PCR: What relevance to plant studies? J. Exp. Bot. 2004, 55, 1445–1454. [CrossRef]
3. Zhu, M.; Jeon, B.W.; Geng, S.; Yu, Y.; Balmant, K.; Chen, S.; Assmann, S.M. Plant Signal Transduction: Methods and Pro-

tocols. In Methods in Molecular Biology (Clifton, N.J.); Springer: New York, NY, USA, 2016; Volume 1363, pp. 9–12, 89–121.
ISBN 9781493931156.

4. Gopalam, R.; Rupwate, S.D.; Tumaney, A.W. Selection and validation of appropriate reference genes for quantitative real-time
PCR analysis in Salvia hispanica. PLoS ONE 2017, 12, e0186978. [CrossRef]

5. Monroy-Mena, S.; Chacón-Parra, A.L.; Farfán-Angarita, J.P.; Martínez-Peralta, S.T.; Ardila-Barrantes, H.D. Selection of reference
genes for transcriptional analysis in the pathosystem carnation (Dianthus caryophyllus L.)-fusarium oxysporum f. sp. dianthi. Rev.
Colomb. Quim. 2019, 48, 5–14. [CrossRef]

https://www.mdpi.com/article/10.3390/plants11040518/s1
https://www.mdpi.com/article/10.3390/plants11040518/s1
http://doi.org/10.1016/j.cell.2012.10.012
http://doi.org/10.1093/jxb/erh181
http://doi.org/10.1371/journal.pone.0186978
http://doi.org/10.15446/rev.colomb.quim.v48n2.72771


Plants 2022, 11, 518 12 of 14

6. Pfaffl, M.W. Quantification Strategies in Real-time Polymerase Chain Reaction. In Polymerase Chain Reaction: Theory and Technology;
International University Line (IUL): La Jolla, CA, USA, 2019; pp. 87–112.

7. Koloušková, P.; Stone, J.D.; Štorchová, H. Evaluation of reference genes for reverse transcription quantitative real-time PCR
(RT-qPCR) studies in Silene vulgaris considering the method of cDNA preparation. PLoS ONE 2017, 12, e0183470. [CrossRef]

8. Kuang, J.; Yan, X.; Genders, A.J.; Granata, C.; Bishop, D.J. An overview of technical considerations when using quantitative
real-time PCR analysis of gene expression in human exercise research. PLoS ONE 2018, 13, e0196438. [CrossRef]

9. Yu, W.; Tao, Y.; Luo, L.; Hrovat, J.; Xue, A.; Luo, H. Evaluation of housekeeping gene expression stability in carnation (Dianthus
caryophyllus). N. Z. J. Crop Hortic. Sci 2021, 49, 347–360. [CrossRef]

10. Wang, H.; Chen, S.; Jiang, J.; Zhang, F.; Chen, F. Reference gene selection for cross-species and cross-ploidy level comparisons in
Chrysanthemum spp. Sci. Rep. 2015, 5, 1–8. [CrossRef]

11. Pérez, R.; Jouve, N.; De Bustos, A. Comparative analysis of gene expression among species of different ploidy. Mol. Biol. Rep.
2014, 41, 6525–6535. [CrossRef]

12. Soltis, P.S.; Marchant, D.B.; Van de Peer, Y.; Soltis, D.E. Polyploidy and genome evolution in plants. Curr. Opin. Genet. Dev. 2015,
35, 119–125. [CrossRef]

13. Van De Peer, Y.; Mizrachi, E.; Marchal, K. The evolutionary significance of polyploidy. Nat. Rev. Genet. 2017 187 2017, 18, 411–424.
[CrossRef] [PubMed]

14. Otto, S.P.; Whitton, J. Polyploid incidence and evolution. Annu. Rev. Genet. 2000, 34, 401–437. [CrossRef]
15. Wood, T.E.; Takebayashi, N.; Barker, M.S.; Mayrose, I.; Greenspoon, P.B.; Rieseberg, L.H. The frequency of polyploid speciation in

vascular plants. Proc. Natl. Acad. Sci. USA 2009, 106, 13875–13879. [CrossRef] [PubMed]
16. Soltis, P.S.; Soltis, D.E. The Role of Hybridization in Plant Speciation. Annu. Rev. Plant Biol. 2009, 60, 561–588. [CrossRef]
17. Soltis, D.E.; Albert, V.A.; Leebens-Mack, J.; Bell, C.D.; Paterson, A.H.; Zheng, C.; Sankoff, D.; DePamphilis, C.W.; Wall, P.K.; Soltis,

P.S. Polyploidy and angiosperm diversification. Am. J. Bot. 2009, 96, 336–348. [CrossRef] [PubMed]
18. Vyas, P.; Bisht, M.S.; Miyazawa, S.I.; Yano, S.; Noguchi, K.; Terashima, I.; Funayama-Noguchi, S. Effects of polyploidy on

photosynthetic properties and anatomy in leaves of Phlox drummondii. Funct. Plant Biol. 2007, 34, 673–682. [CrossRef]
19. Balao, F.; Casimiro-Soriguer, R.; Talavera, M.; Herrera, J.; Talavera, S. Distribution and diversity of cytotypes in Dianthus broteri as

evidenced by genome size variations. Ann. Bot. 2009, 104, 965–973. [CrossRef]
20. Chen, Z.J. Genetic and epigenetic mechanisms for gene expression and phenotypic variation in plant polyploids. Annu. Rev. Plant

Biol. 2007, 58, 377–406. [CrossRef]
21. Gottlieb, L.D. Plant polyploidy: Gene expression and genetic redundancy. Heredity 2003, 91, 91–92. [CrossRef]
22. Osborn, T.C.; Chris Pires, J.; Birchler, J.A.; Auger, D.L.; Chen, Z.J.; Lee, H.S.; Comai, L.; Madlung, A.; Doerge, R.W.; Colot, V.; et al.

Understanding mechanisms of novel gene expression in polyploids. Trends Genet. 2003, 19, 141–147. [CrossRef]
23. Lopes, J.M.L.; de Matos, E.M.; de Queiroz Nascimento, L.S.; Viccini, L.F. Validation of reference genes for quantitative gene

expression in the Lippia alba polyploid complex (Verbenaceae). Mol. Biol. Rep. 2021, 48, 1037–1044. [CrossRef] [PubMed]
24. Valente, L.M.; Savolainen, V.; Vargas, P. Unparalleled rates of species diversification in Europe. Proc. R. Soc. B Biol. Sci. 2010, 277,

1489–1496. [CrossRef]
25. Carolin, R.C. Cytological and hybridization studies in the genus Dianthus. New Phytol. 1957, 56, 81–97. [CrossRef]
26. Balao, F.; Valente, L.M.; Vargas, P.; Herrera, J.; Talavera, S. Radiative evolution of polyploid races of the Iberian carnation Dianthus

broteri (Caryophyllaceae). New Phytol. 2010, 187, 542–551. [CrossRef] [PubMed]
27. López-Jurado, J.; Mateos-Naranjo, E.; Balao, F. Niche divergence and limits to expansion in the high polyploid Dianthus broteri

complex. New Phytol. 2019, 222, 1076–1087. [CrossRef] [PubMed]
28. Balao, F.; Herrera, J.; Talavera, S. Phenotypic consequences of polyploidy and genome size at the microevolutionary scale: A

multivariate morphological approach. New Phytol. 2011, 192, 256–265. [CrossRef]
29. López-Jurado, J.; Balao, F.; Mateos-Naranjo, E. Polyploidy-mediated divergent light-harvesting and photoprotection strategies

under temperature stress in a Mediterranean carnation complex. Environ. Exp. Bot. 2020, 171, 103956. [CrossRef]
30. Alonso, C.; Pérez, R.; Bazaga, P.; Medrano, M.; Herrera, C.M. MSAP markers and global cytosine methylation in plants: A

literature survey and comparative analysis for a wild-growing species. Mol. Ecol. Resour. 2016, 16, 80–90. [CrossRef]
31. Zhou, A.; Ma, H.; Feng, S.; Gong, S.; Wang, J. DsSWEET17, a tonoplast-localized sugar transporter from Dianthus spiculifolius,

affects sugar metabolism and confers multiple stress tolerance in Arabidopsis. Int. J. Mol. Sci. 2018, 19, 1564. [CrossRef]
32. Podevin, N.; Krauss, A.; Henry, I.; Swennen, R.; Remy, S. Selection and validation of reference genes for quantitative RT-PCR

expression studies of the non-model crop Musa. Mol. Breed. 2012, 30, 1237–1252. [CrossRef]
33. Curis, E.; Nepost, C.; Grillault Laroche, D.; Courtin, C.; Laplanche, J.L.; Etain, B.; Marie-Claire, C. Selecting reference genes in

RT-qPCR based on equivalence tests: A network based approach. Sci. Rep. 2019, 9, 1–8. [CrossRef] [PubMed]
34. Zhang, B.B.; Shen, X.; Li, X.J.; Tian, Y.B.; Ouyang, H.J.; Huang, Y.M. Reference gene selection for expression studies in the

reproductive axis tissues of Magang geese at different reproductive stages under light treatment. Sci. Rep. 2021, 11, 7573.
[CrossRef] [PubMed]

35. Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate normalization of
real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3, research0034-1.
[CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0183470
http://doi.org/10.1371/journal.pone.0196438
http://doi.org/10.1080/01140671.2021.1883069
http://doi.org/10.1038/srep08094
http://doi.org/10.1007/s11033-014-3536-4
http://doi.org/10.1016/j.gde.2015.11.003
http://doi.org/10.1038/nrg.2017.26
http://www.ncbi.nlm.nih.gov/pubmed/28502977
http://doi.org/10.1146/annurev.genet.34.1.401
http://doi.org/10.1073/pnas.0811575106
http://www.ncbi.nlm.nih.gov/pubmed/19667210
http://doi.org/10.1146/annurev.arplant.043008.092039
http://doi.org/10.3732/ajb.0800079
http://www.ncbi.nlm.nih.gov/pubmed/21628192
http://doi.org/10.1071/FP07020
http://doi.org/10.1093/aob/mcp182
http://doi.org/10.1146/annurev.arplant.58.032806.103835
http://doi.org/10.1038/sj.hdy.6800317
http://doi.org/10.1016/S0168-9525(03)00015-5
http://doi.org/10.1007/s11033-021-06183-6
http://www.ncbi.nlm.nih.gov/pubmed/33547533
http://doi.org/10.1098/rspb.2009.2163
http://doi.org/10.1111/j.1469-8137.1957.tb07451.x
http://doi.org/10.1111/j.1469-8137.2010.03280.x
http://www.ncbi.nlm.nih.gov/pubmed/20456054
http://doi.org/10.1111/nph.15663
http://www.ncbi.nlm.nih.gov/pubmed/30585629
http://doi.org/10.1111/j.1469-8137.2011.03787.x
http://doi.org/10.1016/j.envexpbot.2019.103956
http://doi.org/10.1111/1755-0998.12426
http://doi.org/10.3390/ijms19061564
http://doi.org/10.1007/s11032-012-9711-1
http://doi.org/10.1038/s41598-019-52217-2
http://www.ncbi.nlm.nih.gov/pubmed/31700128
http://doi.org/10.1038/s41598-021-87169-z
http://www.ncbi.nlm.nih.gov/pubmed/33828187
http://doi.org/10.1186/gb-2002-3-7-research0034
http://www.ncbi.nlm.nih.gov/pubmed/12184808


Plants 2022, 11, 518 13 of 14

36. VanGuilder, H.D.; Vrana, K.E.; Freeman, W.M. Twenty-five years of quantitative PCR for gene expression analysis. Biotechniques
2008, 44, 619–626. [CrossRef]

37. Giménez, M.J.; Pistón, F.; Atienza, S.G. Identification of suitable reference genes for normalization of qPCR data in comparative
transcriptomics analyses in the Triticeae. Planta 2011, 233, 163–173. [CrossRef]

38. Wang, H.; Wang, J.; Jiang, J.; Chen, S.; Guan, Z.; Liao, Y.; Chen, F. Reference genes for normalizing transcription in diploid and
tetraploid arabidopsis. Sci. Rep. 2014, 4, 6781. [CrossRef]

39. Migocka, M.; Papierniak, A. Identification of suitable reference genes for studying gene expression in cucumber plants subjected
to abiotic stress and growth regulators. Mol. Breed. 2010, 28, 343–357. [CrossRef]

40. Ma, R.; Xu, S.; Zhao, Y.; Xia, B.; Wang, R. Selection and Validation of Appropriate Reference Genes for Quantitative Real-Time
PCR Analysis of Gene Expression in Lycoris aurea. Front. Plant Sci. 2016, 7, 536. [CrossRef]

41. Fan, C.; Ma, J.; Guo, Q.; Li, X.; Wang, H.; Lu, M. Selection of Reference Genes for Quantitative Real-Time PCR in Bamboo
(Phyllostachys edulis). PLoS ONE 2013, 8, e56573. [CrossRef]

42. Fei, X.; Shi, Q.; Yang, T.; Fei, Z.; Wei, A. Expression Stabilities of Ten Candidate Reference Genes for RT-qPCR in Zanthoxylum
bungeanum Maxim. Molecules 2018, 23, 802. [CrossRef]

43. Zhao, J.; Yang, F.; Feng, J.; Wang, Y.; Lachenbruch, B.; Wang, J.; Wan, X. Genome-Wide Constitutively Expressed Gene Analysis
and New Reference Gene Selection Based on Transcriptome Data: A Case Study from Poplar/Canker Disease Interaction. Front.
Plant Sci. 2017, 8, 1876. [CrossRef] [PubMed]

44. Zhou, X.; Gui, M.; Zhao, D.; Chen, M.; Ju, S.; Li, S.; Lu, Z.; Mo, X.; Wang, J. Study on reproductive barriers in 4x-2x crosses in
Dianthus caryophyllus L. Euphytica 2013, 189, 471–483. [CrossRef]

45. Coate, J.E.; Doyle, J.J. Quantifying Whole Transcriptome Size, a Prerequisite for Understanding Transcriptome Evolution Across
Species: An Example from a Plant Allopolyploid. Genome Biol. Evol. 2010, 2, 534–546. [CrossRef] [PubMed]

46. Qian, W.; Liao, B.Y.; Chang, A.Y.F.; Zhang, J. Maintenance of duplicate genes and their functional redundancy by reduced
expression. Trends Genet. 2010, 26, 425–430. [CrossRef]

47. Bekaert, M.; Edger, P.P.; Chris Pires, J.; Conant, G.C. Two-phase resolution of polyploidy in the Arabidopsis metabolic network
gives rise to relative and absolute dosage constraints. Plant Cell 2011, 23, 1719–1728. [CrossRef] [PubMed]

48. Birchler, J.A.; Veitia, R.A. Gene balance hypothesis: Connecting issues of dosage sensitivity across biological disciplines. Proc.
Natl. Acad. Sci. USA 2012, 109, 14746–14753. [CrossRef] [PubMed]

49. Alonso, C.; Balao, F.; Bazaga, P.; Pérez, R. Epigenetic contribution to successful polyploidizations: Variation in global cytosine
methylation along an extensive ploidy series in Dianthus broteri (Caryophyllaceae). New Phytol. 2016, 212, 571–576. [CrossRef]
[PubMed]

50. Domínguez-Delgado, J.J.; López-Jurado, J.; Mateos-Naranjo, E.; Balao, F. Phenotypic diploidization in plant functional traits
uncovered by synthetic neopolyploids in Dianthus broteri. J. Exp. Bot. 2021, 72, 5522–5533. [CrossRef]

51. Feng, H.; Chen, Q.; Feng, J.; Zhang, J.; Yang, X.; Zuo, J. Functional Characterization of the Arabidopsis Eukaryotic Translation
Initiation Factor 5A-2 That Plays a Crucial Role in Plant Growth and Development by Regulating Cell Division, Cell Growth, and
Cell Death. Plant Physiol. 2007, 144, 1531–1545. [CrossRef]

52. Punzo, P.; Ruggiero, A.; Possenti, M.; Nurcato, R.; Costa, A.; Morelli, G.; Grillo, S.; Batelli, G. The PP2A-interactor TIP41 modulates
ABA responses in Arabidopsis thaliana. Plant J. 2018, 94, 991–1009. [CrossRef]

53. Yagi, M.; Kosugi, S.; Hirakawa, H.; Ohmiya, A.; Tanase, K.; Harada, T.; Kishimoto, K.; Nakayama, M.; Ichimura, K.; Onozaki, T.;
et al. Sequence Analysis of the Genome of Carnation (Dianthus caryophyllus L.). DNA Res. 2014, 21, 231–241. [CrossRef] [PubMed]

54. Pfaffl, M.W. Relative quantification: Real time qPCR amplification efficiency. In Real-Time PCR; Dorak, T., Ed.; Taylor & Francis:
London, UK, 2006; pp. 63–80.

55. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2020.

56. Matz, M.V. MCMC.qpcr: Bayesian Analysis of qRT-PCR Data. R Package Version 1.2.4. 2020. Available online: https://CRAN.R-
project.org/package=MCMC.qpcr (accessed on 22 December 2021).

57. Matz, M.V.; Wright, R.M.; Scott, J.G. No control genes required: Bayesian analysis of qRT-PCR data. PLoS ONE 2013, 8, e71448.
[CrossRef]

58. Curis, E. SARP.compo: Network-Based Interpretation of Changes in Compositional Data. R Package Version 0.1.5. 2021. Available
online: https://CRAN.R-project.org/package=SARP.compo (accessed on 22 December 2021).

59. Zhong, S. ctrlGene: Assess the Stability of Candidate Housekeeping Genes. R Package Version 1.0.1. 2019. Available online:
https://CRAN.R-project.org/package=ctrlGene (accessed on 22 December 2021).

60. Etschmann, B.; Wilcken, B.; Stoevesand, K.; Von Der Schulenburg, A.; Sterner-Kock, A. Selection of reference genes for quantitative
real-time PCR analysis in canine mammary tumors using the GeNorm algorithm. Vet. Pathol. 2006, 43, 934–942. [CrossRef]
[PubMed]

61. Gonzáles, I.M.; Weiss, J.; Egea-cortines, M. Selección de Genes de Normalizacion Para RT-PCR Cuantitativa en Petunia hybrida.
2008, pp. 1–26. Available online: https://hdl.handle.net/10317/723 (accessed on 21 December 2021).

62. Pfaffl, M.W.; Tichopad, A.; Prgomet, C.; Neuvians, T.P. Determination of stable housekeeping genes, differentially regulated
target genes and sample integrity: BestKeeper - Excel-based tool using pair-wise correlations. Biotechnol. Lett. 2004, 26, 509–515.
[CrossRef] [PubMed]

http://doi.org/10.2144/000112776
http://doi.org/10.1007/s00425-010-1290-y
http://doi.org/10.1038/srep06781
http://doi.org/10.1007/s11032-010-9487-0
http://doi.org/10.3389/fpls.2016.00536
http://doi.org/10.1371/journal.pone.0056573
http://doi.org/10.3390/molecules23040802
http://doi.org/10.3389/fpls.2017.01876
http://www.ncbi.nlm.nih.gov/pubmed/29163601
http://doi.org/10.1007/s10681-012-0819-5
http://doi.org/10.1093/gbe/evq038
http://www.ncbi.nlm.nih.gov/pubmed/20671102
http://doi.org/10.1016/j.tig.2010.07.002
http://doi.org/10.1105/tpc.110.081281
http://www.ncbi.nlm.nih.gov/pubmed/21540436
http://doi.org/10.1073/pnas.1207726109
http://www.ncbi.nlm.nih.gov/pubmed/22908297
http://doi.org/10.1111/nph.14138
http://www.ncbi.nlm.nih.gov/pubmed/27483440
http://doi.org/10.1093/jxb/erab179
http://doi.org/10.1104/pp.107.098079
http://doi.org/10.1111/tpj.13913
http://doi.org/10.1093/dnares/dst053
http://www.ncbi.nlm.nih.gov/pubmed/24344172
https://CRAN.R-project.org/package=MCMC.qpcr
https://CRAN.R-project.org/package=MCMC.qpcr
http://doi.org/10.1371/journal.pone.0071448
https://CRAN.R-project.org/package=SARP.compo
https://CRAN.R-project.org/package=ctrlGene
http://doi.org/10.1354/vp.43-6-934
http://www.ncbi.nlm.nih.gov/pubmed/17099150
https://hdl.handle.net/10317/723
http://doi.org/10.1023/B:BILE.0000019559.84305.47
http://www.ncbi.nlm.nih.gov/pubmed/15127793


Plants 2022, 11, 518 14 of 14

63. Wan, H.; Zhao, Z.; Qian, C.; Sui, Y.; Malik, A.A.; Chen, J. Selection of appropriate reference genes for gene expression studies by
quantitative real-time polymerase chain reaction in cucumber. Anal. Biochem. 2010, 399, 257–261. [CrossRef]

64. Gong, H.; Sun, L.; Chen, B.; Han, Y.; Pang, J.; Wu, W.; Qi, R.; Zhang, T.M. Evaluation of candidate reference genes for RT-qPCR
studies in three metabolism related tissues of mice after caloric restriction. Sci. Rep. 2016, 6, 1–12. [CrossRef]

65. Pinheiro, D.H.; Siegfried, B.D. Selection of reference genes for normalization of RT-qPCR data in gene expression studies in
Anthonomus eugenii Cano (Coleoptera: Curculionidae). Sci. Rep. 2020, 10, 1–12. [CrossRef]

http://doi.org/10.1016/j.ab.2009.12.008
http://doi.org/10.1038/srep38513
http://doi.org/10.1038/s41598-020-61739-z

	Introduction 
	Results 
	Verification of Primer Specificity and Efficiency of Candidate Reference Genes 
	Determination of Expression Stability of Candidate Reference Genes in Leaf Tissue 
	Determination of Expression Stability of Candidate Reference Genes in Petal Tissue 
	Determination of Optimal Number of Reference Genes 

	Discussion 
	Reference Gene Stability among Tissues and Ploidy Levels 
	Gene Expression Attenuation Enable the Comparison among the Four Ploidy Levels 

	Materials and Methods 
	Plant Material and Growth Conditions 
	RNA Extraction and cDNA Synthesis 
	Identification of Candidate Reference Genes and Efficiency Evaluation 
	Determination of Expression Stability of Reference Genes in Reproductive and Vegetative Tissues by Statistical Analyses 

	Conclusions 
	References

