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a b s t r a c t
Objectives: To obtain valid results in relative gene/mRNA-expression analyses by RT-qPCR, a careful
selection of stable reference genes is required for normalization. Currently there is little information on
reference gene stability in dental, periodontal and alveolar bone tissues of the rat, especially regarding
orthodontic tooth movement and periodontitis. We therefore aimed to identify the best selection and
number of reference genes under these experimental as well as physiological conditions.
Materials and methods: In 7 male Fischer344-rats the upper left ﬁrst and second molars were moved
orthodontically for 2 weeks and in 7 more animals additionally subjected to an experimental periodontitis, whereas 7 animals were left untreated. Tissue samples of deﬁned size containing both molars (without
crowns) as well as the adjacent periodontal and alveolar bone tissue were retrieved and RNA extracted
for RT-qPCR analyses. Nine candidate reference genes were evaluated and ranked according to their
expression stability by 4 different algorithms (geNorm, NormFinder, BestKeeper, comparative Cq ).
Results: PPIB/YWHAZ were the most stabile reference genes for the combined dental, periodontal and
alveolar bone tissue of the rat overall, in untreated animals and rats with additional periodontitis, whereas
PPIB/B2M performed best in orthodontically treated rats with YWHAZ ranking third. Gene-stability ranking differed considerably between investigated groups. A combination of two reference genes was found
to be sufﬁcient for normalization in all cases.
Conclusions: The substantial differences in expression stability emphasize the need for valid reference
genes, when aiming for meaningful results in relative gene expression analyses. Our results should enable
researchers to optimize gene expression analysis in future studies by choosing the most suitable reference
genes for normalization.
© 2015 Published by Elsevier GmbH.

1. Introduction
Reverse transcription quantitative real-time polymerase chain
reaction (RT-qPCR) has become the most widely accepted, accurate
and reliable technique for characterizing gene expression patterns
and quantifying relative gene expression changes in physiological
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and various experimental conditions across all cell types, tissues
and species (Jacob et al., 2013; Kozera and Rapacz, 2013). In the
last 15 years its popularity has increased exponentially with more
than 25,000 articles published in all ﬁelds of science (Taylor et al.,
2010). In recent years it has also become an important scientiﬁc
tool in anatomy (Boscolo Papo et al., 2014; Cuerda-Galindo et al.,
2015; Das et al., 2015) and dentistry (Kirschneck et al., 2014; Luigi
et al., 2015). Due to several advantages such as high speciﬁty,
sensitivity, simplicity, accuracy, reproducibility, cost-effectiveness,
high-throughput and chemical robustness over alternative methods like semi-quantitative PCR and Northern-blotting (Liu et al.,
2012; Jacob et al., 2013; Kozera and Rapacz, 2013), it has become
the gold standard in gene expression studies.

94

C. Kirschneck et al. / Annals of Anatomy 204 (2016) 93–105

In RT-qPCR relative gene expression quantiﬁcation is usually
accomplished by normalization of the target gene expression
against one or more reference genes (Jacob et al., 2013) instead
of a difﬁcult to manage absolute quantiﬁcation, since errors and
intra-/interkinetic variations as well as a variations in efﬁciency
and yield can occur during RNA isolation, reverse transcription and
qPCR (Huggett et al., 2005; Langnaese et al., 2008; Chervoneva et al.,
2010). The expression of these reference genes, also known by the
term “housekeeping genes”, since they often regulate basic functions in cell metabolism (Kozera and Rapacz, 2013), is required
to vary very little in different experimental conditions and different cell and tissue types (Liu et al., 2012; Tan et al., 2012).
Unfortunately, studies have indicated that no single gene actually
has a constant expression throughout (Vandesompele et al., 2002;
Bustin, 2005; Tan et al., 2012) and that stability of reference genes
varies greatly between tissues, cell types and experimental conditions (Kozera and Rapacz, 2013). Reference genes directly affect
the interpretation of RT-qPCR target data by producing artiﬁcial or
obscuring statistically signiﬁcant gene expression changes (Dheda
et al., 2005). A separate validation of proper reference genes for normalization is thus required for each tissue and cell type as well as
a speciﬁc experimental condition to obtain biologically meaningful data (Huggett et al., 2005; Chervoneva et al., 2010). In addition,
normalization to the geometric expression mean of more than one
reference gene (Vandesompele et al., 2002) distinctly increases
the reliability of target gene expression interpretation (Wong and
Medrano, 2005).
Up to now many valid reference genes have been reported for a
variety of human and rat tissues, cell types and experimental conditions (Silver et al., 2006; Bonefeld et al., 2008; Al-Dasooqi et al.,
2011; Cabiati et al., 2012; Rocha-Martins et al., 2012; Jacob et al.,
2013). However, no suitable reference genes have been published
for studies on dental, periodontal and alveolar bone tissue samples
of the rat, which are of particular interest in dental research. Especially studies on the molecular mechanisms and modulating factors
of orthodontic tooth movement and periodontitis focus on these
tissues and their inherent cell types such as periodontal ﬁbroblasts
(Römer et al., 2010, 2013; Proff et al., 2014; Kirschneck et al., 2014,
2015). Rodents, especially rats, have been widely used in dental,
orthodontic and periodontal research (Ren et al., 2004; Roldán et al.,
2004; Bentzen et al., 2005). However, up to this point, little attention has been paid to the evaluation of stable reference genes when
performing RT-qPCR analyses in this area and only one gene was
used for normalization in most cases without adequate veriﬁcation
of its expression stability. In other ﬁelds of science the importance
of a stability assessment of reference genes for normalization in
RT-qPCR and the potential inﬂuence of experimental conditions on
expression stability have already been realized (Tanic et al., 2007;
Li et al., 2014) with a great number of studies evaluating valid reference genes for different cells, tissues and experimental conditions
and setups (Bonefeld et al., 2008; Chang et al., 2010; Wan et al.,
2010; Walder et al., 2014; Svingen et al., 2015).
To assess reference gene stability across various experimental
conditions, biological replicates and even cell or tissue types, various mathematical algorithms have been developed such as geNorm
(Vandesompele et al., 2002), NormFinder (Andersen et al., 2004),
BestKeeper (Pfafﬂ et al., 2004) and the comparative Cq method
(Silver et al., 2006). However, none of these algorithms in themselves have proven to be optimal for reference gene selection (Jacob
et al., 2013).
In the present study we aimed to identify the optimal number and type of reference genes for studies on combined dental,
periodontal and alveolar bone tissue of the Fischer344 rat both
under physiological conditions as well as during orthodontic
treatment and periodontal inﬂammation by evaluating the expression stability of 9 commonly used reference genes. To overcome

possible shortcomings of individual mathematical algorithms and
to improve reliability, we used a combination of the four most common methods for stability assessment and tested their degree of
concordance.
2. Materials and methods
2.1. Animal experiments
The animal experiments were performed in accordance with
the German Animal Welfare Act and approved by the responsible authority (ref. 54-2532.1-46/13). To ensure the quality of study
design and reporting, the ofﬁcial ARRIVE guidelines for animal studies (Kilkenny et al., 2010) have been followed.
2.1.1. Animals, housing and study design
A total of 21 male inbred Fischer344 rats (age 6 weeks, gross
body weight 206 g ± 17 g M/SD, Rattus norvegicus BERKENHOUT)
from Charles River Laboratories (F344/DuCrl, Sulzfeld, Germany)
were randomly allocated to three experimental groups of 7 animals
each receiving either no treatment or orthodontic treatment for 14
days or were additionally subjected to an experimental periodontitis for a total of 19 days (Fig. 1). The Fischer344 strain was chosen
for its genetic uniformity (inbred) to reduce variability (Festing,
2002), particularly regarding the periodontal inﬂammation, which
is known to be inﬂuenced by genetic polymorphisms, e.g. IL-1
(Karimbux et al., 2012) and has been used for reference gene validation before (Chang et al., 2010). The sample size was chosen to
surpass the commonly used number in studies on reference gene
validation (Tanic et al., 2007; Silver et al., 2008; Li et al., 2014) by
1–2 animals to account for possible dropouts.
The animals were housed in a conventional animal laboratory
at the University of Regensburg (air changes 16/h, 25 Pa overpressure) at an ambient temperature of 21 ± 1 ◦ C and a relative humidity
of 55 ± 10% in a noise-free environment. They were exposed to an
automatically controlled artiﬁcial 12 h/12 h light-dark-cycle with
the light phase lasting from 7:00 am to 7:00 pm. The rats were
randomly allocated to transparent type IV-polycarbonate cages
(Makrolon® ) with a metal grid top and bedded on standard germreduced ¾ ﬁbre soft wood shavings (ssniff Spezialdiäten GmbH,
Soest, Germany), changed once a week. The animals were fed
with a standard rat maintenance diet (V1535, ssniff Spezialdiäten
GmbH) and tap water in plastic bottles renewed twice a week,
both administered ad libitum. Throughout the orthodontic treatment the pellet-pressed chow was soaked to mush in all groups to
facilitate mastication and avoid possible mechanical damage to the
orthodontic appliance (Kirschneck et al., 2013). Health monitoring
(serologic and microbiological testing) was performed according to FELASA guidelines once per year (stock sentinels) (Mähler
Convenor et al., 2014). A sufﬁcient acclimatization phase was maintained prior to the start of the experiments to minimize stress as
a biasing factor. Animal welfare was monitored daily (score sheet)
and body weight development as principal indicator recorded.
2.1.2. Orthodontic treatment
The orthodontic treatment was performed as previously published (Kirschneck et al., 2015), modiﬁed from a technique
developed by Kirschneck et al. (2013, 2014). A NiTi closed coil
spring (0.25 N, Sentalloy® , GAC International, Gräfelﬁng, Germany,
10-000-26) was attached to the cervices of the upper left ﬁrst and
second rat molars (M1/M2) by means of a shared wire ligature (Ø
0.01 ), extended and ﬁxated at the base of the upper incisors (ligature, dental composite). This way both molars were each mesialised
for 14 days with a constant orthodontic force of 0.125 N (Fig. 1),
which was conﬁrmed at the start and end of treatment with a
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Fig. 1. Experimental groups evaluated for reference gene stability. In 7 animals the upper left ﬁrst and second molars (M1/M2) were mesialised orthodontically by means of
a NiTi closed coil spring (0.25 N) for 14 days. In 7 animals an additional experimental periodontitis was induced for a total of 19 days by means of a cervical silk ligature (Ø
4-0, M1/M2), whereas 7 animals were left untreated to simulate physiological conditions.

calibrated orthodontic spring balance (Correx, small model, HaagStreit AG, Köniz, Switzerland). The time period of 14 days was
chosen to conform to a common experimental period for orthodontic gene expression studies in the rat (Kirschneck et al., 2014). The
lower incisors were cut at papillary level by means of a rotating
diamond-coated disc on a weekly basis to avoid damage to the
appliance, which was cleaned of chow residues at the same time.

2.1.3. Experimental periodontitis
The experimental periodontitis was induced by a commonly
used and established method ﬁve days prior to orthodontic treatment to ensure an acute periodontal inﬂammation at treatment
start (Bentzen et al., 2005; Xie et al., 2011; Boas Nogueira et al.,
2013). A joint cervical silk ligature was inserted into the sulcus
around the ﬁrst and second maxillary molars (Perma-HandTM silk,
strength 4-0, Ethicon, Johnson & Johnson Medical GmbH, Norderstedt, Germany) and ﬁxed with a surgeon’s double knot located
orally between M1 and M2 (Fig. 1). They were left in situ until the
end of the experiment for a total of 19 days. Periodontal inﬂammation was conﬁrmed from day ﬁve onward by bleeding on probing
with a dental probe.

2.1.4. Retrieval of tissue samples for RT-qPCR analysis
After 14 days of orthodontic treatment, on day 19 of the experiment, all animals were killed by an intraperitoneal injection of
200 mg/kg gross body weight pentobarbital-sodium (Narcoren® ,
Merial GmbH, Hallbergmoos, Germany) according to legal regulations. After removal of the mandible for better access, the coil
spring was clipped, the correct force level conﬁrmed and the maxilla of each animal retrieved by separating it from the maxillofacial
complex with a water-cooled, sterile, diamond-coated rotating disc
(10,000 rpm) (Kirschneck et al., 2014). A cuboid tissue sample of
deﬁned extension and volume was prepared with a sterile cutter by
macrodissection, containing the ﬁrst and second upper left molars
without their clinical crowns with adjacent periodontal tissue and
alveolar bone up to a distance from the teeth of 1 mm in buccal
and oral as well as 2 mm in mesial and 0 mm in distal direction
(Fig. 2). The cranial limit consisted of the natural ﬂoor of the maxillary sinus. These standardized tissue samples were immediately
cryo-conserved (ﬂash-frozen) in ﬂuid nitrogen (−196 ◦ C) within

10 min after the animal’s death and stored at −80 ◦ C up to one week
until RNA extraction was performed.
2.2. RT-qPCR (reverse transcription quantitative real-time
polymerase chain reaction)
2.2.1. Selection of candidate reference genes, primer design and
optimization
The selection of the nine candidate reference genes tested
(Table 1) was primarily based on their frequent use in the literature as most commonly used reference genes in rat RT-qPCR
studies (Kozera and Rapacz, 2013; Kirschneck et al., 2014; Li
et al., 2014). In addition, genes with different functions in cell
metabolism were chosen to avoid a possible co-regulation. The
primer design was based on the target gene nucleotide sequences
from the NCBI Nucleotide database (GeneBank, access: http://
www.ncbi.nlm.nih.gov/nuccore). The optimized primers (Table 1)
were designed and validated with Roche® ProbeFinder 2.5 (access:
http://qpcr.probeﬁnder.com/organism.jsp) using Primer3 version
1.1.4 (primer 18–27 bp, optimum 20 bp; melting temperature Tm
59–61 ◦ C, optimum 60 ◦ C, 1 ◦ C max. Tm difference, GC content
40–60%, optimum 50%; max. self-complementarity = 8; max. 3
self-complementarity = 3; GC clamp = 0). When possible, intronspanning primer pairs (primer binding to different exons) were
constructed to avoid co-ampliﬁcation of genomic DNA (Table 1).
Target amplicon sequences were chosen to range from 60 to 150 bp
with a GC content of 35–65%. In silico-speciﬁty was corroborated by
Roche® ProbeFinder 2.5. For GAPDH no in silico-speciﬁc primer pair
could be constructed. Possible splicing and targeted transcript variants were assessed by PrimerCheck (SpliceCenter, access: http://
projects.insilico.us/SpliceCenter/PrimerCheck). The primers were
not terminally or otherwise modiﬁed. Primers were synthesized
by Euroﬁns MWG Operon LLC (Huntsville, AL, USA) and puriﬁed by
means of High Purity Salt Free Puriﬁcation (HPSF® ).
2.2.2. Isolation and purity assessment of total RNA
The frozen tissue samples (n = 7 per experimental group) were
homogenized (mixer mill MM 200, 30 s/sample at 25 Hz, Retsch®
GmbH, Haan, Germany) and total RNA extracted by applying
1 ml peqGOLD TriFastTM (PEQLAB Biotechnologie GmbH, Erlangen,
Germany) and further processing according to the manufacturer’s
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Table 1
RT-qPCR primer and target information for the 9 investigated candidate reference genes.
5 -Reverse primer-3
(length/Tm /%GC)

8q24
(840bp)

ACGTGGTTTTCGGCAAAGT
(19bp/60 ◦ C/47%)

NM 013011.3

7q22
(1815bp)

Cytoskeletal
structural protein

NM 031144.2

␤-2 Microglobulin

␤-Chain of MHCI
molecules

RPLP0/ARBP

Ribosomal protein,
large, P0

POLR1A/RPA1

Gene name (Rattus
norvegicus)

Function

Accession
numbera (NCBI
GeneBank)

Chromosomal
location
(length)

PPIB

Peptidylprolyl
isomerase B

ER cyclosporinebinding
protein

NM 022536.1

YWHAZ

Tyrosine
3-monooxygenase/
tryptophan
5-mono-oxygenase
activation protein,
zeta

Signal
transduction

ACTB

Actin, beta

B2M

Primer
locationb

Intron-spanning
(length)

In silico
qPCR
speciﬁtyc

Splice
variants
targetedb

CTTGGTGTTCTCCACCTTCC
(20bp/59 ◦ C/55%)

Exon 4/5

Yes
(664bp)

Yes

No

CTACCGCTACTTGGCTGAGG
(20bp/60 ◦ C/60%)

TGTGACTGGTCCACAATTCC
(20bp/59 ◦ C/50%)

Exon 3/4

Yes
(609bp)

Yes

Yes
(BC094305)

12p11
(1296bp)

CCCGCGAGTACAACCTTCT
(19bp/60 ◦ C/58%)

CGTCATCCATGGCGAACT
(18bp/60 ◦ C/56%)

Exon 1/2

Yes
(938bp)

Yes

NM 012512.2

3q35
(1845bp)

AGCAGGTTCCTCAAACAAGG
(20bp/59 ◦ C/50%)

TTCTGCCTTGGAGTCCTTTC
(20bp/59 ◦ C/50%)

Exon 4

No

Protein synthesis

NM 022402.2

12q16
(1093bp)

GATGCCCAGGGAAGACAG
(18bp/59 ◦ C/61%)

CACAATGAAGCATTTTGGGTAG
(22bp/59 ◦ C/41%)

Exon 2/3

RNA polymerase I
194 kDa subunit

Transcription of
DNA into RNA

NM 031772.1
AF025425.1

4q33
(6018bp)

CTAGAGGGCAAGACCCAGAAT
(21bp/59 ◦ C/52%)

TGCCACATCTGTAACATCTGC
(21bp/59 ◦ C/48%)

TUBB5

␤-5 class I

Cytoskeletal
structural protein

NM 173102.2

20p12
(2395bp)

GCAACCAGATCGGTGCTAAG
(20bp/60 ◦ C/55%)

HPRT1

Hypoxanthine
phosphoribosyltransferase
1

Purine synthesis
(salvage pathway)

NM 012583.2

Xq36
(1260bp)

GAPDH

Glyceraldehyde-3phosphate
dehydrogenase

Enzyme in
glycolysis and
gluconeogenesis

NM 017008.3

4q42
(1307bp)

Amplicon
(length/%GC/Tm )

Amplicon position
(cDNA) (bp
start-stop)

62bp/52%/81.0 ◦ C

495–556

63bp/51%/80.8 ◦ C

436–479

No

72bp/65%/85.2 ◦ C

20–91

Yes

No

60bp/50%/79.4 ◦ C

1001–1060

Yes
(819bp)

Yes

Yes
(BC62028)

Exon 23/24

Yes
(660bp)

Yes

ATTCGGTCCAGCTGCAAGT
(19bp/60 ◦ C/53%)

Exon 2/3

Yes
(1756bp)

GACCGGTTCTGTCATGTCG
(19bp/60 ◦ C/58%)

ACCTGGTTCATCATCACTAATCAC
(24bp/59 ◦ C/42%)

Exon 1/2

AATGTATCCGTTGTGGATCTGA
(22bp/59 ◦ C/41%)

GCTTCACCACCTTCTTGATGT
(21bp/59 ◦ C/48%)

Exon 6/7

91bp/47%/81.2 ◦ C

73–163

No

62bp/58%/82.1 ◦ C

3390–3451

Yes

No

103bp/58%/85.5 ◦ C

Yes
(9538bp)

Yes

Yes
(BC098629,
M86443)

No

Nod

No

234–336

61bp/54%/79.0 ◦ C

54–114

76bp/49%/80.6 ◦ C

785–860

ER = endoplasmic reticulum; MHCI = major histocompatibility complex I; Tm = melting temperature of primer/speciﬁc qPCR product (amplicon); %GC = guanine/cytosine content; bp = base pairs.
a
Primer design based on this sequence. The database source was the NCBI Nucleotide database (http://www.ncbi.nlm.nih.gov/nuccore).
b
Determined with PrimerCheck (http://projects.insilico.us/SpliceCenter/PrimerCheck; SpliceCenter).
c
Determined in silico by Roche® ProbeFinder 2.5 (http://qpcr.probeﬁnder.com/organism.jsp).
d
For GAPDH no in silico speciﬁc primer pair could be constructed. Since GAPDH has found widespread use as a reference gene, we decided to include it in our analysis.
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Fig. 2. Retrieval of standardized dental–periodontal tissue samples for RT-qPCR analyses. Upper right: rat maxilla detached from the skull by means of a rotating, watercooled, diamond-coated cutting disc. Upper left: standardized tissue sample of the upper left molars obtained after trimming the maxilla with a sterile orthodontic wire
cutter and removing the gingival tissue. Centre: to prepare the ﬁnal sample, consisting of the ﬁrst and second upper left molar as well as the adjacent periodontal ligament
and alveolar bone within a distance of 1 mm in buccal/oral and 2 mm/0 mm in mesial/distal direction (lower right), the clinical crowns were removed.

instructions. The obtained RNA pellet was eluted in 25 l nucleasefree water (T143, BioScience-Grade, Carl Roth GmbH & Co. KG,
Karlsruhe, Germany) and immediately cooled on ice. For purity
assessment and quantiﬁcation of the eluted total RNA, optical
density (OD) was measured photometrically at 280 nm, 260 nm
and 230 nm (TrayCell® cuvette/GenesisTM 10S UV-Vis, Thermo
Fischer Scientiﬁc Inc., Waltham, MA, USA) with 1 OD260 nm equaling 40 g/ml total RNA (Tomar, 2010). An OD260 nm/280 nm ratio of
>1.8 indicates protein-free RNA, and an OD260 nm/230 nm ratio of >2.0
indicates phenol-/ethanol-free RNA (Tan et al., 2012; Taylor and
Mrkusich, 2014).
2.2.3. Reverse transcription (cDNA synthesis)
For cDNA synthesis a standardized amount of 1 g RNA per
tissue sample was transcribed using 0.1 nmol of an oligo-dT18
primer (1 l, SO131, Life Technologies, Thermo Fisher Scientiﬁc
Inc.), 0.1 nmol of a random hexamer primer (1 l, SO142, Life Technologies), 40 nmol dNTP mix (1 l, 10 nmol/dNTP, Roti® -Mix PCR
3, L785.2) and 4 l 5× M-MLV-buffer (M1705, Promega, Fitchburg,
WI, USA) ad 20 l nuclease-free H2 O (Roth BioScience Grade T143,
Carl Roth GmbH & Co. KG). This reaction mixture was incubated for
3 min at 70 ◦ C and quickly cooled on ice (RNA denaturation). Then
40 U (1 l) of an RNAse inhibitor (EO0381, Life Technologies) and
200 U (1 l) reverse transcriptase (M1705, Promega) were added
and incubation continued for 60 min at 37 ◦ C. After heat inactivation of reverse transcriptase (95 ◦ C, 2 min) the ﬁrst-strand cDNA
was stored 1–3 days at −20 ◦ C. cDNA synthesis was performed for
all samples at the same time to minimize experimental variations.
2.2.4. Quantitative real-time polymerase chain reaction (qPCR)
qPCR ampliﬁcation was performed with the Mastercycler® ep
realplex-S Thermocycler (Eppendorf AG, Hamburg, Germany) and
96 well PCR plates (TW-MT, 712282, Biozym Scientiﬁc GmbH, Hessisch Oldendorf, Germany) in combination with BZO Seal Film
cover sheeting (712350, Biozym Scientiﬁc GmbH). Each reaction
mix contained 7.5 l SYBR® Green JumpStartTM Taq ReadyMixTM

(Sigma–Aldrich® S4438, St. Louis, MI, USA, consisting of 20 mM
Tris–HCl pH 8.3, 100 mM KCl, 7 mM MgCl2 , 0.4 mM per dNTP (dATP,
dCTP, dGTP, dTTP), stabilizers, 0.05 U/l Taq-DNA-Polymerase,
JumpStart Taq antibody and SYBR Green I) as well as 7.5 pmol
(0.75 l) of the respective primer pair (3.75 pmol/primer) and 1.5 l
of the respective cDNA-solution (dilution 1:10) ad 15 l nucleasefree H2 O (BioScience Grade T143, Carl Roth GmbH & Co. KG). To
avoid technical errors during manual pipetting all components
except the cDNA-solution were prepared as a mastermix. Ampliﬁcation of cDNA was performed in triplets per reference gene
and tissue sample (technical replicates) in 45 cycles (initial heat
activation 95 ◦ C/5 min, per cycle 95 ◦ C/10 s denaturation, 60 ◦ C/8 s
annealing, 72 ◦ C/8 s extension). SYBR Green I ﬂuorescence was
quantiﬁed at 521 nm at the end of each extension step. For each
tissue sample the gene expression of all candidate reference genes
was quantiﬁed in triplets within the same qPCR plate to avoid a
biasing effect of inter-run variations on the determined reference
gene stability.

2.2.5. qPCR efﬁciency and validation
To evaluate qPCR efﬁciency and the absence of possible
inhibitors, an 8-point log10 serial dilution of a cDNA sample was
performed and each candidate reference gene ampliﬁed in triplet.
From the resulting Cq values a standard curve was created by
linear regression and the coefﬁcient of determination r2 as well
as qPCR reaction efﬁciency determined from the slope: efﬁciency
E = (10−1/Slope − 1) × 100. Only when r2 was > 0.98, denoting a linear
relation between Cq and the log-transformed cDNA copy number,
and E within the acceptable range of 90–110% qPCR was performed
for the respective primer pair and reference gene (Taylor et al.,
2010).
The speciﬁc ampliﬁcation of target reference genes was assessed
by melting curve analysis (speciﬁc peak) and agarose gel electrophoresis (single band, correct molecular weight) (Taylor et al.,
2010). After 45 qPCR cycles, a melting curve was generated by
heating the DNA product to 95 ◦ C for 15 s (denaturation), cooling
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it to 60 ◦ C for 15 s (primer annealing) and continuously raising the
temperature to 95 ◦ C for 20 min with continuous ﬂuorescence measurements. For agarose gel electrophoresis a 1.5% agarose gel was
prepared with 6 l GelRedTM (41003, Biotrend Chemikalien GmbH,
Köln, Germany) according to Jacob et al. (2013). After ampliﬁcation in 3 l sucrose loading buffer, 7 l of qPCR reaction product
were separated parallel to standard control of DNA with known
molecular weights at 120 V for 40 min in TAE buffer and ﬂuorescent bands visualized by the gel documentation system Genoplex
2 and its software GenoSoft (VWR International GmbH, Darmstadt,
Germany).
To conﬁrm technical repeatability (intraassay reliability) the
highest standard deviation of the arithmetic mean of Cq of the
technical replicates (triplets) was assessed for each candidate reference gene among all tissue samples (biological replicates, n = 21).
Sufﬁcient repeatability was deﬁned as max. SD < 0.553 (3.32/6) Cq ,
since at this cut-off point a differentiation between two adjacent
dilutions in a log10 serial dilution (Cq difference of two adjacent
Cq means is 3.32 at 100% efﬁciency) is possible in 99.7% of cases
(difference in means = 6 standard deviations) (Life Technologies,
2011).
For each primer pair and qPCR run a no-template-control without cDNA (no-cDNA-NTC) was tested in parallel (qPCR and melting
curve analysis) to assess a possible bias in results by primer dimers.
Cq values >40 and the absence of a speciﬁc peak in melting curve
analysis were interpreted as negligible primer dimer formation.
2.2.6. Data analysis and statistics
Cq (quantiﬁcation cycle) values were determined with the
realplex software (version 2.2, Eppendorf AG) by the CalqPlex algorithm (Eppendorf; Threshold: CalqPlex, Automatic Baseline, Drift
Correction On) to enable a reliable comparability of Cq values of
different genes and qPCR runs. The Cq is deﬁned as the number
of qPCR cycles required for the ﬂuorescence to exceed a certain,
deﬁned detection threshold and shows an inverse correlation with
the amount of cDNA template of the target gene sequence (Silver
et al., 2006). The Cq values of the technical replicates (triplets) were
reduced to a mean Cq before further analysis.
The stability of each candidate reference gene was assessed by
four different mathematical algorithms:
• geNorm was conceived by Vandesompele et al. (2002). The
algorithm is based on the concept that the expression ratio
of two ideal reference genes remains constant in all samples
independent of the experimental condition. Thus, if this ratio
shows variation, one or both genes are not stably expressed
(Vandesompele et al., 2002). The calculated stability value M is
deﬁned as the average pairwise variation of a one reference gene
with all remaining candidate reference genes. Gene expression
stability increases with decreasing M values.
NormFinder, as developed by Andersen et al. (2004), determines
gene expression stability by evaluating intra- and intergroup
variations using a model-based approach with a low variation
indicating a stable expression and therefore suitability of this
gene as reference gene.
The comparative Cq method, as introduced by Silver et al.
(2006), is based on comparisons of the relative expression of pairs
of genes within each tissue sample. Candidate reference genes
are ranked according to the mean standard deviation of the mean
Cq differences of the gene in question from all other genes evaluated. The candidate reference gene with the lowest mean SD is
considered to have the most stable expression. The underlying
principle is that if the Cq values between two genes vary for
different tissue samples, one or both genes vary in their expression level. By repeating this pairwise comparison for all candidate
reference gene combinations, the pairs with less variability and

thus the most stable reference genes can be deducted (Silver et al.,
2006).
BestKeeper was ﬁrst presented by Pfafﬂ et al. (2004). The expression stability of all candidate reference genes is determined
individually based on Pearson’s correlation coefﬁcient as well
as the standard deviation (SD) and coefﬁcient of variation (CV)
of Cq . BestKeeper analysis produces the mean standard deviation of the mean Cq for each candidate reference gene, which
should not exceed 1 Cq for a reference gene to be considered
stable (Pfafﬂ et al., 2004). From the remaining, relatively stable
candidate reference genes, the “BestKeeper Index” is calculated
for each tissue sample as geometric mean of the individual Cq
values. Bivariate correlations of each candidate reference gene
with the BestKeeper Index indicate the degree of contribution of
the respective gene to the index and thus its stability, denoted by
the degree of correlation as expressed by Pearson’s correlation
coefﬁcient r.
Calculations were performed with the ofﬁcial Microsoft-Excelbased software applets for geNorm NormFinder and BestKeeper
according to the developer’s instructions, whereas manual calculations were performed for the comparative Cq method (Silver et al.,
2006). Whereas the comparative Cq method and the BestKeeper
algorithm are based on raw Cq values, the geNorm and NormFinder
algorithms required the raw Cq data to be transformed into linear
scale expression quantities (Liu et al., 2012) taking into account the
corresponding qPCR efﬁciency E: Q = E−(Cqmin−Cqsample) . The highest
expression level across all experimental groups; i.e. the lowest Cq
value per evaluated candidate reference gene (Cqmin ) was set to 1
(reference).
Candidate reference genes were ranked according to their
respective stability value for each algorithm and experimental condition. In addition, a pooled overall ranking was calculated based
on all three experimental groups pooled together. To account for
ranking variations between the different algorithms, a cumulative
ranking was created by forming the rank sum for each candidate
reference gene from the individual four rankings (some genes with
equal stability value/rank) with the lowest rank sum denoting the
most stably expressed reference gene.
To calculate the optimal number of reference genes for reliable RT-qPCR normalization, the geNorm algorithm was used
calculating the average pairwise variation Vn /Vn+1 between normalization factors of n and n + 1 reference genes (Vandesompele
et al., 2002). If variation is high, an additionally added reference
gene has a signiﬁcant effect and should be included as reference
gene (Vandesompele et al., 2002). The cut-off value was set to 0.15;
i.e. if mean pairwise variation was <0.15 after addition of another
gene, the effect was too small to justify its inclusion as reference
gene (Vandesompele et al., 2002). To evaluate the extent of ranking variation between the four algorithms, a correlation matrix was
created with the statistical software IBM SPSS Statistics® 22 (IBM,
Armonk, NY, USA) showing the bivariate correlations (Pearson’s
correlation coefﬁcient r) of the overall (pooled) stability values
of the 9 candidate reference genes as computed by two different
algorithms.
3. Results
3.1. Animal welfare
All 21 animals showed a constant increase in gross body
weight during the experiment, which did not differ between
groups, and were eligible for data analysis. Gross body weight
of the 7 animals with experimental periodontitis increased
from M = 262 g (SD 20 g) at insertion of the silk ligature to
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Table 2
RT-qPCR validation and reliability. Primer efﬁciency and coefﬁcients of determination derived from a standard curve for each primer pair (8× log10 dilution of cDNA) as well
as technical repeatability (intraassay reliability, n = 21).
Gene symbol

Slope

Efﬁciency, E (%)

PPIB

−3.37

98.0

YWHAZ

−3.28

ACTB

95% CI of efﬁciency E

Coefﬁcient of
determination, R2

Intraassay reliability
SD of mean of Cq a (mean, min./max.)

93.0–103.5

0.994

101.9

98.6–105.4

0.998

−3.24

103.4

98.8–109.1

0.995

B2M

−3.54

91.8

90.8–92.9

0.999

RPLP0

−3.53

91.9

90.5–93.8

0.996

RPA1

−3.50

92.9

90.4–95.9

0.997

TUBB5

−3.40

96.7

92.0–101.8

0.996

HPRT1

−3.34

99.1

95.1–103.4

0.998

GAPDH

−3.32

100.0

95.8–104.5

0.996

0.07
0.00/0.26
0.05
0.02/0.23
0.12
0.02/0.24
0.07
0.01/0.26
0.13
0.01/0.37
0.17
0.03/0.41
0.12
0.01/0.38
0.25
0.05/0.48
0.05
0.02/0.14

a
Of three technical replicates (triplet) among all tissue samples/biological replicates (n = 21). CI = conﬁdence interval. Coefﬁcient of determination R2 as measure for the
relationship Cq value – RNA-concentration was calculated by linear regression. qPCR efﬁciencies (E) were obtained by the equation E = [10(−1/slope) − 1] × 100 from the standard
curve and are given as percentage.

M = 267 g (SD 20 g) at the start of orthodontic treatment to
M = 272 g (SD 22 g) at the end of the experiment 14 days later.
A similar development was observed for the untreated animals (260 g ± 13 g/266 g ± 13 g/274 g ± 11 g) and the animals with
orthodontic treatment (265 g ± 13 g/273 g ± 12 g/271 g ± 16 g). No
adverse events or impairment of animal welfare were observed
throughout the experiment. All animals of the periodontitis group
showed bleeding on probing within ﬁve days conﬁrming acute periodontal inﬂammation. A correct force level of 0.25 N was conﬁrmed
for all animals at the start and end of orthodontic treatment.

3.2. Reliability, speciﬁcity and quality assessment of RT-qPCR
analyses
The photometric assessment of the extracted RNA (n = 21)
regarding possible protein and ethanol/phenol contamination
yielded a mean A260/280 ratio of 1.93 (SD 0.59/Min. 1.85/Max. 2.05)
and a mean A260/230 ratio of 2.04 (SD 0.06/Min. 1.95/Max. 2.19).
The mean concentration of the extracted one-stranded RNA in
nuclease-free water was measured as 452.6 ng/l (n = 21), based on
its optical density at 260 nm, and individual concentrations were
used for exact normalization of the RNA quantity for cDNA synthesis (1 g/well).

Ampliﬁcation efﬁciency of the primer pairs ranged from 91.8%
to 103.4% with a minimum coefﬁcient of determination of 0.994
(Table 2). A speciﬁc ampliﬁcation of the targeted candidate reference genes by the respective primer pair could be conﬁrmed by
melting curve analysis with a speciﬁc peak at the melting temperature of the amplicon (Table 1) for each qPCR reaction as well
as by agarose gel electrophoresis, which showed a single ﬂuorescent band per primer pair at the expected molecular weight of the
amplicon (Fig. 3).
None of the NTC wells without cDNA in the qPCR runs produced
a Cq value <40 or a speciﬁc peak in melting curve analysis. The
highest standard deviation of the arithmetic mean of Cq of the three
technical replicates (triplet) among all tissue samples (biological
replicates, n = 21) for each candidate reference gene was 0.48 Cq
with a mean SD of 0.05–0.25 for the individual candidate reference
genes (Table 2).
3.3. Expression levels of candidate reference genes
The nine investigated candidate reference genes showed a
wide Cq expression range from 22.29 to 39.06 cycles (Fig. 4).
Whereas GAPDH was the candidate reference gene most abundantly expressed with Cq values below 26, RPA1, HPRT1 and ACTB
showed the least expression with Cq values > 30. The genes PPIB,

Fig. 3. Speciﬁcity of RT-qPCR ampliﬁcation as determined by agarose gel electrophoresis of qPCR products. Single ﬂuorescent bands at the expected amplicon size for each
candidate reference gene/primer pair (DNA size marker at 100 bp intervals) indicating speciﬁc qPCR products.
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Fig. 4. Expression levels of candidate reference genes, overall and for specimens without treatment, with orthodontic treatment or with additional periodontal inﬂammation.
Values are given as quantiﬁcation cycle (Cq , mean of triplicate samples) and are inversely proportional to the amount of target mRNA within 1 g of total RNA retrieved from
the tissue sample. The boxplots indicate the median (central horizontal line), the interquartile range (IQR, 25/75 quartile, box) and the data range (whiskers) without outliers
and extreme values. Outliers and extreme values are deﬁned as Cq values more than 1.5 and 3 times the IQR apart from the upper/lower quartile and are denoted as circles
and asterisms respectively. The genes are arranged from left (most expressed) to right (least expressed) according to their median Cq values.

YWHAZ, B2M, RPLP0, and TUBB5 were all moderately expressed
with Cq values ranging from 24.87 to 31.69.
3.4. Stability analysis and optimal number of candidate reference
genes for normalization
The use of two reference genes for normalization in RT-qPCR
was found to be the optimal for studies on combined dental, periodontal and alveolar bone tissue of the rat as calculated by the
geNorm algorithm, since average pairwise variation Vn /Vn+1 after
the inclusion of a third reference gene was below 0.15 both overall
(0.13) as well as for the untreated animals (0.10), the orthodontically treated animals (0.10), and the animals with an additional
periodontal inﬂammation (0.14) (Fig. 5A).
The two most stably expressed reference genes overall were
found to be PPIB and YWHAZ with ACTB ranking third at a distinct
rank-sum-difference (Table 3, Fig. 5B). When analyzing the three
experimental groups separately, PPIB and YWHAZ were also identiﬁed as the most stably expressed reference genes in untreated
animals and together with GAPDH in the animals with additional
periodontal inﬂammation (Table 3). Whereas PPIB also ranked
best within the animal group only treated orthodontically, B2M
ranked second, followed by YWHAZ on rank three. The least stably expressed reference gene overall was found to be GAPDH, only
attaining a higher rank within the group with periodontal inﬂammation. BestKeeper analysis revealed that the candidate reference
genes TUBB5, HPRT1, RPLP0 and RPA1 had SD values >1 in the group
of untreated animals with the SD of genes RPLP0 and RPA1 also
greater 1 in the group with orthodontic treatment alone.
When comparing the individual candidate reference gene
expression stability between groups (intergroup variation), as calculated by the NormFinder algorithm, PPIB and YWHAZ showed
the smallest variation, always ranking in the top three for all experimental conditions, with a combination of both genes performing
best (stability value 0.077). The largest intergroup variation was
observed for GAPDH, which ranked among the most unstable three
for the untreated and only orthodontically treated animals for all
algorithms, but reached rank 2 (geNorm, NormFinder) or 4 (Cq ,
BestKeeper) in animals with additional periodontal inﬂammation.
3.5. Correlation of the four algorithms used for analysis
The bivariate correlations between the individual algorithms
were moderate to high for the overall gene stability ranking (Fig. 6).

The highest correlation for the nine candidate reference genes
tested was found for the geNorm and NormFinder algorithms
(r = 0.99), indicating an almost identical gene ranking by these two
algorithms. By contrast, the BestKeeper ranking was only moderately correlated to the geNorm (r = 0.76) and NormFinder (r = 0.72)
rankings indicating distinct differences in stability ranking, with
the comparative Cq algorithm in-between (r = 0.83–0.89).
4. Discussion
Among the ﬁrst authors to realize the necessity for reference
gene selection were Vandesompele et al. (2002). Since that time
many studies have been performed evaluating the stability of reference genes with various algorithms and approaches (Sun et al.,
2012; Vesentini et al., 2012; Zhang et al., 2014).
However, no studies focused on the validation of reference genes
in dental research, especially with research in orthodontics and
periodontology in mind. Our study is the ﬁrst survey to validate
reference genes for combined tissue samples of dental, periodontal
and alveolar bone tissue, to form the basis for future gene expression research using RT-qPCR in these ﬁelds of science.
The aims of this study were (1) to identify the best reference
genes for normalization in studies on combined dental, periodontal
and alveolar bone tissue of the rat under physiological conditions
as well as in orthodontic treatment and periodontitis, (2) to determine the optimal number of reference genes for normalization and
(3) to evaluate the concordance of the individual mathematical
algorithms for stability evaluation by correlating the obtained gene
rankings.
PPIB and YWHAZ were identiﬁed to be the most stable reference
genes overall and in all experimental groups except orthodontic
treatment with B2M ranking second and YWHAZ ranking third. We
therefore recommend these two reference genes for future studies
on dental, periodontal and alveolar bone tissue in combined tissue
samples of the rat. Although in rats treated orthodontically PPIB and
B2M performed best, we encourage authors to use PPIB and YWHAZ
for normalization in orthodontic studies as well to ensure reliable
results in gene expression comparisons with untreated control animals due to a rather unstable B2M expression in this group.
These ﬁndings correspond to reference gene stability reported in
other rat tissues, but not throughout, underlining the importance
of the individual reference gene stability assessment for the tissues investigated in this study. For example, the PPIB-related gene
PPIA ranked among the top two reference genes in rat carotid body
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Fig. 5. GeNorm analysis of the expression stability of the 9 candidate reference genes tested. (A) Determination of the optimal number of reference genes for RT-qPCR data
normalization. geNorm calculated the pairwise variation (V) between the normalization factors NFn and NFn + 1 . Once V is lower than 0.15 after the inclusion of an additional
reference gene, no increased stability of the normalization factor is achieved. V2/3 < 0.15 for all experimental conditions indicated a sufﬁcient normalization can be achieved
throughout with two reference genes. The distinctly higher V8/9 is caused by the inclusion of GAPDH, indicating a distinct instability of this reference gene, which is in
accordance with its high average expression stability value M. (B) Overall (pooled) average expression stability values (M) derived by stepwise exclusion of the least stable
reference gene across all specimens and experimental conditions. A higher M value indicates a less stable gene expression.

during development (Kim et al., 2011), whereas the opposite was
reported by Cabiati et al. (2012) and Rocha-Martins et al. (2012)
in tissue from the left ventricle, kidney and lung of obese Zucker
rats or in rat retinal development, respectively, with PPIA ranking among the least stable potential reference genes. Regarding
YWHAZ expression stability, Bonefeld et al. (2008), Silver et al.
(2008), Al-Dasooqi et al. (2011), Vesentini et al. (2012) and Li
et al. (2014) also identiﬁed YWHAZ among the most stable reference genes within brain tissue, inﬂamed submandibular gland
tissue, jejunum, myocardial and ileum tissue and of the rat, respectively, whereas its stability was limited in rat hippocampus tissue
(Langnaese et al., 2008) and contused rat skeletal muscle (Sun et al.,
2012).
Our results indicate that reference gene expression stability
is distinctly dependent on the evaluated experimental conditions
(orthodontic treatment and periodontitis) with different rankings

obtained for the different experimental groups in our study. Especially periodontal inﬂammation had a distinct impact on gene
expression of the candidate reference genes. This conﬁrms that
complex biological processes occur during orthodontic tooth movement and periodontitis with multiple cellular pathways affected
and regulatory processes taking place at a transcriptional level
(Henneman et al., 2008; Davanian et al., 2012). Thus valid and stable
reference genes for studies on dental, periodontal and alveolar bone
tissue in rat studies in orthodontics and periodontology needed to
be established, if meaningful and reliable RT-qPCR results are to be
gained in future studies.
Since extreme transcription levels of potential reference genes
can introduce variability to the data analysis in normalization (Tan
et al., 2012), the genes GAPDH, RPA1, HPRT1 and ACTB, which
showed either very high (GAPDH) or very low (RPA1, HPRT1, ACTB)
expression levels (raw Cq values), are not particularly suitable as
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Table 3
Ranking of the candidate reference genes according to their expression stability value as calculated by the algorithms geNorm, NormFinder, comparative Cq and BestKeeper. Since two reference genes are required for
normalization, the two top-ranking genes are set in bold type. Samples were analyzed overall and separately for the individual experimental groups. Stability values are ranked from most stable to least stable. The lowest stability
values correspond to the most stable genes except for the BestKeeper analysis (Pearson’s r, vice versa).
geNorm

Comparative Cq

BestKeeper

Ranking
order

Rank
sum

Ranking
order

Stability
value (M)

Ranking
order

Stability
value
(ig / i )

Standard
error

Ranking
order

Stability value
(mean SD of
mean Cq )

Ranking
order

Stability
value (r)

SD
(±Cq )

CV
(%Cq )

No treatment
PPIB
1.
2.
YWHAZ
ACTB
3.
4.
TUBB5a
RPLP0a
5.
6.
B2M
7.
RPA1a
HPRT1a
8.
GAPDH
9.

5
9
14
14
21
22
26
32
36

PPIB
YWHAZ
ACTB
TUBB5
RPLP0
B2M
RPA1
HPRT1
GAPDH

0.639
0.683
0.739
0.758
0.784
0.845
0.856
1.054
1.524

PPIB
YWHAZ
ACTB
B2M
TUBB5
RPLP0
RPA1
HPRT1
GAPDH

0.100
0.227
0.297
0.332
0.339
0.370
0.370
0.593
1.006

0.119
0.105
0.115
0.112
0.123
0.130
0.146
0.184
0.295

PPIB
YWHAZ
ACTB
TUBB5
B2M
RPLP0
RPA1
HPRT1
GAPDH

0.653
0.687
0.750
0.789
0.852
0.860
0.888
1.050
1.560

TUBB5a
PPIB
YWHAZ
RPLP0a
ACTB
RPA1a
B2M
HPRT1a
GAPDH

0.992
0.990
0.970
0.966
0.943
0.938
0.924
0.859
0.001

1.28a
0.99
0.98
1.24a
0.98
1.21a
0.79
1.05a
0.43

4.37
3.70
3.64
4.46
3.03
3.43
2.90
3.09
1.89

Orthodontic treatment
PPIB
1.
B2M
2.
YWHAZ
3.
ACTB
4.
RPLP0a
5.
RPA1a
6.
TUBB5
7.
8.
GAPDH
9.
HPRT1

6
9
15
16
21
21
26
30
36

PPIB
YWHAZ
B2M
ACTB
TUBB5
RPLP0
RPA1
GAPDH
HPRT1

0.540
0.592
0.581
0.600
0.647
0.662
0.751
1.028
1.390

B2M
PPIB
YWHAZ
ACTB
TUBB5
RPLP0
RPA1
GAPDH
HPRT1

0.032
0.091
0.177
0.181
0.250
0.298
0.384
0.629
0.925

0.241
0.111
0.099
0.099
0.109
0.119
0.140
0.208
0.297

PPIB
B2M
ACTB
YWHAZ
RPLP0
RPA1
GAPDH
TUBB5
HPRT1

0.641
0.657
0.664
0.676
0.808
0.907
1.082
1.114
1.453

RPA1a
PPIB
B2M
RPLP0a
ACTB
YWHAZ
GAPDH
TUBB5
HPRT1

0.986
0.985
0.980
0.966
0.960
0.953
0.708
0.688
0.280

1.14a
0.80
0.80
1.04a
0.73
0.79
0.76
0.92
0.74

3.10
2.92
2.85
3.60
2.20
2.83
3.21
3.00
2.11

Periodontal inﬂammation
PPIB
1.
YWHAZ
2.
3.
GAPDH
RPLP0
4.
ACTB
5.
TUBB5
6.
HPRT1
7.
B2M
8.
RPA1
9.

5
12
12
19
20
21
28
30
31

PPIB
GAPDH
YWHAZ
ACTB
RPLP0
HPRT1
B2M
RPA1
TUBB5

0.444
0.509
0.517
0.567
0.572
0.663
0.670
0.696
0.839

PPIB
GAPDH
YWHAZ
RPLP0
ACTB
B2M
HPRT1
RPA1
TUBB5

0.080
0.162
0.212
0.263
0.265
0.359
0.383
0.383
0.516

0.082
0.078
0.087
0.099
0.099
0.124
0.131
0.131
0.169

PPIB
TUBB5
YWHAZ
GAPDH
ACTB
RPLP0
HPRT1
B2M
RPA1

0.391
0.408
0.455
0.474
0.520
0.561
0.613
0.686
0.703

TUBB5
PPIB
YWHAZ
GAPDH
RPLP0
ACTB
RPA1
HPRT1
B2M

0.989
0.988
0.948
0.944
0.944
0.911
0.878
0.841
0.815

0.73
0.64
0.61
0.64
0.85
0.70
0.96
0.65
0.70

3.00
2.42
2.27
3.21
3.60
2.20
3.10
2.11
2.85

Pooled/overall
1.
PPIB
2.
YWHAZ
3.
ACTB
B2M
4.
RPLP0a
5.
RPA1a
6.
7.
TUBB5a
HPRT1
8.
GAPDH
9.

4
8
14
15
18
26
28
30
36

PPIB
YWHAZ
ACTB
B2M
RPLP0
RPA1
HPRT1
TUBB5
GAPDH

0.653
0.713
0.772
0.772
0.789
0.963
1.146
1.129
1.187

PPIB
YWHAZ
B2M
ACTB
RPLP0
RPA1
HPRT1
TUBB5
GAPDH

0.098
0.217
0.257
0.298
0.313
0.510
0.666
0.677
0.717

0.070
0.060
0.062
0.066
0.068
0.094
0.117
0.119
0.125

PPIB
YWHAZ
ACTB
B2M
RPLP0
TUBB5
RPA1
HPRT1
GAPDH

0.642
0.670
0.750
0.779
0.846
0.912
0.999
1.092
1.200

PPIB
YWHAZ
RPLP0a
ACTB
B2M
TUBB5a
RPA1a
HPRT1
GAPDH

0.983
0.968
0.958
0.926
0.918
0.916
0.898
0.753
0.539

0.87
0.91
1.12a
0.97
0.81
1.17a
1.25a
0.92
0.60

2.42
2.27
3.13
2.21
2.60
2.51
2.65
1.95
2.72

NormFinder

SD = standard deviation; CV = coefﬁcient of variation; r = Pearson’s correlation coefﬁcient.
a
These candidate reference genes have standard deviations >1Cq and should therefore not be considered as stable reference genes due to their inconsistency (BestKeeper).
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Fig. 6. Correlation matrix of the four different mathematical algorithms used for
reference gene evaluation (geNorm, NormFinder, BestKeeper, comparative Cq ).
The boxes show Pearson’s correlation coefﬁcient r and asterisms indicate the corresponding p-value (**p ≤ 0.01; ***p ≤ 0.001). Scatterplots visualize the bivariate
correlation of the overall stability values of the 9 candidate reference genes as
computed by two different algorithms including a regression line.

reference genes. This was mostly conﬁrmed by the performed
stability analysis, since RPA1 and HPRT1 showed standard deviations >1 in BestKeeper analysis, indicating poor expression stability
(Pfafﬂ et al., 2004), and GAPDH ranked among three most unstable
genes in almost all algorithms and experimental conditions except
in periodontal inﬂammation.
Interestingly GAPDH, one of the most commonly used reference
genes (Kozera and Rapacz, 2013) performed worst both overall
and in the individual experimental conditions except periodontal inﬂammation. The high ranking of GAPDH in animals with
periodontal inﬂammation indicates that GAPDH gene expression
is more stable during inﬂammatory periodontal processes compared to healthy specimens. Due to the high intergroup variation
compared to periodontally healthy controls it should be avoided
as reference gene for normalization. This observation is in concordance with reports from the literature indicating that GAPDH
expression varies in various RT-qPCR setups (Glare et al., 2002;
Jacob et al., 2013). Although the use of GAPDH in normalization has
produced “good results” in numerous studies (Kozera and Rapacz,
2013), our data indicate that it is not actually a pure housekeeping gene, only involved in basic cellular processes, but could play
a role in the molecular processes in periodontitis due to its differential gene expression. However, due to the inability to construct
in silico-speciﬁc primer pairs for GAPDH, the observed high variability of GAPDH expression could also have been caused or at least
increased by GAPDH homologues, which are also necessarily targeted. This leaves open the possibility that GAPDH expression in
itself could be more stable than determined, if speciﬁc primers
could be designed.
It is known that increasing the number of reference genes in
normalization of target gene expression has positive effects on
data reliability, resolution and precision (Kozera and Rapacz, 2013).
However, due to cost and time restraints the usage of high number
of reference genes is impractical in most gene expression studies
(Li et al., 2014). Therefore it is important to evaluate the minimum
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number of reference genes to be used for normalization without
risking signiﬁcant bias in target gene expression. The optimal number of reference genes of two for the experimental conditions and
tissues of this study, as calculated by the geNorm applet, is in accordance with the assertion that a minimum of two reference genes
with preferably different functions in cell metabolism should be
used for any normalization, since the use of only a single reference
gene can lead to signiﬁcant errors (Nicot et al., 2005; Kozera and
Rapacz, 2013). PPIB and YWHAZ also fulﬁl this second requirement,
since PPIB is cyclosporine-binding protein in the endoplasmic reticulum mainly responsible for collagen type I folding (Hoffmann and
Schiene-Fischer, 2014), whereas YWHAZ is responsible for signal
transduction by binding to phosphorylated serine residues on various signalling molecules (Vandesompele et al., 2002), a completely
different cellular function.
The ranking differences between the four methods correlated
in the correlation matrix can be explained by the distinct underlying statistical algorithms. geNorm attempts to ﬁnd the two
genes whose expression ratios have the least variation from those
of all other genes tested (Vandesompele et al., 2002), whereas
NormFinder considers intra- and intragroup variation (Andersen
et al., 2004) and BestKeeper (Pfafﬂ et al., 2004) focuses on the
least variation of a single reference gene. Whereas geNorm and
NormFinder could be used almost interchangeably to quite similar
rankings (r = 0.99) the BestKeeper algorithm produced a distinctly
different ranking in all experimental conditions. Due to the only
moderate correlation of BestKeeper with the geNorm/NormFinder
algorithm with the comparative Cq method in-between, our ﬁndings conﬁrm that the cumulative ranking approach as employed in
our study can contribute to the reliability of stable reference gene
selection.
The RT-qPCR validation analyses conﬁrmed sufﬁcient precision
and high reliability of the obtained results. Purity assessment of
total RNA after extraction by photometry indicated both proteinand ethanol-/phenol-free RNA. These contaminants, if present,
could inhibit the reverse transcription and qPCR reactions resulting in biased Cq values (Taylor and Mrkusich, 2014). PCR efﬁciency
is deﬁned as the ampliﬁcation rate of the polymerase with a
maximum of a 2-fold increase of amplicon per PCR cycle (100%
efﬁciency). Efﬁciency was between 90 and 110% throughout. Thus
a high quality of the DNA ampliﬁcation and reliability of results was
ensured. Efﬁciencies below 90% indicate contaminating inhibitors,
suboptimal annealing temperatures, inactive polymerases, poorly
designed primers or non-speciﬁc amplicons and efﬁciencies above
110% a signiﬁcant formation of primer dimers with poor pipetting being the most common cause in both cases (Taylor et al.,
2010). The throughout high determination coefﬁcients demonstrate that a good linear relationship between Cq values and the
log-transformed copy numbers of all candidate reference genes
evaluated was achieved and conﬁrm the suitability of the constructed primer pairs (Liu et al., 2012). The NTCs indicated a
negligible biasing effect of primer dimer formation. Speciﬁcity of
the constructed primer pairs for the target amplicon sequences of
the respective candidate reference genes was conﬁrmed by melting
curve analysis and agarose gel electrophoresis. This was necessary
to avoid a bias in results due to the ampliﬁcation of pseudogenes and homologues not directly related to the gene in question.
Intraassay reliability was within accepted parameters throughout,
indicating precise pipetting and good sample quality (Taylor et al.,
2010).
Since PPIB and YWHAZ were stably expressed in all experimental groups and mathematical algorithms, one can assume
that these reference genes should also be valid for other experimental conditions and the evaluated tissues individually. The
evaluation approach shown in this study by using four mathematical algorithms in conjunction to assess the most stable genes for

104

C. Kirschneck et al. / Annals of Anatomy 204 (2016) 93–105

normalization can provide a guideline for future reference gene
stability analyses in dental research for other species, oral cell and
tissue types as well as experimental conditions.
The experimental setup of the study did not adversely affect
animal welfare, as shown by their continuous weight development
(Kirschneck et al., 2013). The special material properties of the NiTi
spring (memory effect) ensured a constant force level of 0.125 N
per molar throughout the experiment (Kirschneck et al., 2013), as
conﬁrmed at the start and end of treatment. In the experimental
group with additional periodontal inﬂammation, bleeding on probing on day ﬁve indicated a sufﬁcient inﬂammatory reaction. This
is in accordance with previous studies, reporting the onset of periodontitis in the silk-ligature-model used after a period of 5 days
(Boas Nogueira et al., 2013).
The exact deﬁnition of the extension of the tissue samples
according to deﬁned criteria enabled a reliable standardization of
the retrieved RNA quantity. One limiting factor of the present study
is that gene expression was evaluated for a conglomerate of alveolar bone, periodontal ligament, dental cementum, dental dentine
and dental pulp tissue. Thus the molecular effects of orthodontic
treatment and periodontal inﬂammation cannot be attributed to a
particular type of tissue. However, since orthodontic tooth movement and periodontitis are known to involve all of these tissues
with numerous interactions, upregulating inﬂammatory processes
and signalling cascades (Henneman et al., 2008; Davanian et al.,
2012), the proposed retrieval of a conglomerate tissue sample
should be more suited for studies on orthodontic tooth movement
and periodontal inﬂammation than evaluating the tissues individually. Although expression stability of PPIB and YWHAZ has only
been shown for conglomerate samples, the high stability of these
genes across all algorithms and experimental conditions indicates
that they also should be the reference genes of choice for gene
expression studies on alveolar bone, periodontal or connective pulp
tissue individually. Since gene expression stability for periodontal inﬂammation was determined in conjunction with orthodontic
force application, a biasing effect of orthodontic treatment on optimal reference gene selection in periodontal inﬂammation – though
unlikely due to the overall high stability of PPIB and YWHAZ – cannot be completely ruled out and should be taken into consideration
when planning gene expression studies on periodontitis.
5. Conclusions
Due to the increasing popularity of RT-qPCR analyses in
anatomy, dentistry and other ﬁelds of science and the observed
variations in gene expression stability of putative reference genes
across various experimental conditions, reference gene validation
is of considerable importance for a valid interpretation of target
gene expression. Our stability analysis of candidate reference genes
showed that for gene expression studies on combined dental, periodontal and alveolar bone tissue of the Fischer344 rat two reference
genes should be used for normalization with PPIB and YWHAZ
being the most stably expressed reference genes overall. Although
moderate to high bivariate correlations were detected between the
four different algorithms used for stability assessment, distinct differences in gene rankings indicate the necessity for a combined
rank sum approach to increase reliability in stability evaluation. Our
results should help to improve the reliability of future RT-qPCR data
in future studies on dental, periodontal and alveolar bone tissue,
especially in the ﬁelds of orthodontics and periodontology.
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