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Abstract

Identifying the genetic basis of adaptive variation is challenging in non-model organisms and quantitative real

time PCR. is a useful tool for validating predictions regarding the expression of candidate genes. However, com-

paring expression levels in different conditions requires rigorous experimental design and statistical analyses.

Here, we focused on the neotropical passion-vine butterflies Heliconius, non-model species studied in evolu-

tionary biology for their adaptive variation in wing color patterns involved in mimicry and in the signaling of

their toxicity to predators. We aimed at selecting stable reference genes to be used for normalization of gene ex-

pression data in RT-qPCR analyses from developing wing discs according to the minimal guidelines described

in Minimum Information for publication of Quantitative Real-Time PCR Experiments (MIQE). To design internal

RT-qPCR controls, we studied the stability of expression of nine candidate reference genes (actin, annexin,

eF1a, FK506BP, PolyABP, PolyUBQ, RpL3, RPS3A, and tubulin) at two developmental stages (prepupal and

pupal) using three widely used programs (GeNorm, NormFinder and BestKeeper). Results showed that, despite

differences in statistical methods, genes RpL3, eF1a, polyABP, and annexin were stably expressed in wing discs

in late larval and pupal stages of Heliconius numata. This combination of genes may be used as a reference for

a reliable study of differential expression in wings for instance for genes involved in important phenotypic vari-

ation, such as wing color pattern variation. Through this example, we provide general useful technical recom-

mendations as well as relevant statistical strategies for evolutionary biologists aiming to identify candidate-

genes involved adaptive variation in non-model organisms.

Key words: RT-qPCR, housekeeping gene, butterfly, larval stage, wing disc

Introduction

Identifying the genetic basis of adaptive variation is challenging in

non-model organisms. With the recent advance of next generation

sequencing, we now have a facilitated access to genomic and tran-

scriptomic datasets which often implicate a large number of candi-

date genes. Functional characterization is still required to pinpoint

the causative genes among these candidates. Although genetic trans-

formation methods provide the gold standard in linking genes to

phenotypic effect, in systems where this remains difficult or impos-

sible, indirect techniques such as quantitative reverse transcriptase

PCR (RT-qPCR) permit the association of gene expression patterns

or splicing variation with phenotypic variation (Kunte et al. 2014).

RT-qPCR is a widely used method for fast, accurate, sensitive and

cost-effective gene expression quantification when candidate-genes

have been identified (Bustin 2002; Derveaux et al. 2010). This

method presents several technical advantages including the possibil-

ity to investigate several target genes simultaneously. However, the

simplicity of the technology itself makes it vulnerable to imprecision

in experimental design, stressing the need of quality control

throughout the entire procedure. Several technical insufficiencies

could lead to unreliable assay performances such as for instance

poor PCR primers or poor nucleic acid quality and quantity. For ex-

ample, quantification of total RNA may be used for normalization

but fluctuations in the efficiency of reverse transcription with differ-

ent RNA samples may introduce misleading technical variations of

cDNA quantities (Bustin 2002; Derveaux et al. 2010). To allow
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more reliable and unequivocal interpretation of qPCR results, a

MIQE guideline has been published in 2009 (Bustin et al. 2009) and

is now a widely accepted standard, that we followed here.

Reference genes are used to control for intrinsic experimental

variation introduced by differences in RNA extraction and reverse

transcription yield (Bustin 2002) and allow a precise estimation of

gene-specific expression variation. However, inadequate or non-

validated reference genes may lead to erroneous interpretation of ex-

pression data (Bustin et al. 2009; Derveaux et al. 2010), stressing

the need for a careful choice of reference genes. Reference genes

should display invariant levels of expression across tissues, individ-

uals, and experimental treatments. Housekeeping genes are gener-

ally thought to show relatively stable expression because of their

role in the maintenance of basic cellular processes. Nevertheless,

housekeeping genes may also participate in other processes (Petersen

et al. 1990; Singh and Green 1993; Ishitani et al. 1996), and sub-

stantial variation may exist across individuals and populations in re-

sponse to various factors such as cell type, cell metabolism, and

culture conditions. Therefore, a given housekeeping gene cannot be

universally taken as a reference gene in functional studies (Thellin

et al. 1999). Furthermore, normalization using a single reference

gene may potentially induce significant bias unless its expression is

proven invariant under the experimental conditions described

(Bustin et al. 2009). The use of a combination of reference genes is

therefore recommended for an accurate comparison of candidate-

gene levels of expression across samples (Bustin et al. 2009).

Here we report the optimization of reference genes for RT-qPCR

in a non-model organism, the butterfly Heliconius numata, to study

expression variations of candidate genes for wing pattern develop-

ment according to the MIQE guidelines (Bustin et al. 2010).

Neotropical butterflies in the genus Heliconius (Nymphalidae:

Heliconiinae; passion-vine butterflies) are text-book examples of

evolutionary convergence under strong natural selection (Benson

1972), and are prominent organisms for the study of ecological spe-

ciation (Brown 1981). These butterflies are toxic and display vivid

wing colour patterns perceived as warning signals by predators

(Merrill et al. 2015). Toxic species found within the same habitats

tend to display similar warning patterns and resemble each-other

sometimes with astonishing perfection. Such morphological conver-

gence is referred as Müllerian mimicry and raises important ques-

tions on the genetic underpinnings of convergent traits, which

requires a rigorous genetic dissection and the increasing use of

modern genomic approaches (Brown and Benson 1974; Joron et al.

1999; Müller 1879). A reference genome was sequenced and

assembled for a postman butterfly Heliconius melpomene

(Heliconius Genome Consortium 2012) and is available (Altschul

et al. 1997; Dasmahapatra et al. 2012; Heliconius Genome 2012).

This reference genome is now used for comparative studies across

the 45 species of the Heliconius genus, including our target species,

H. numata, which diverged from H. melpomene about 4 Millions of

years ago (Kozak et al. 2015).

H. numata, display a spectacular polymorphism, with up to

seven mimetic morphs coexisting in local populations (Brown and

Benson 1974; Joron et al. 2006), each being mimetic with other

toxic butterflies sharing the same habitat. These wing pattern vari-

ations are controlled by a single genomic region, which contains at

least 18 genes, called the supergene P (Joron et al. 2011). This super-

gene is characterized by a 400 kb chromosomal segment which is

structured into distinct haplotype classes separated by 1–4% diver-

gence. These classes are associated with different wing pattern al-

leles and with distinct chromosomal inversions (Joron et al. 2011).

Reduced recombination in the polymorphic inversion (Joron et al.

2011) limits the power of association mapping to identify the genetic

elements causing the developmental switch in color pattern, and

stresses the need to document variation in expression levels for the

different genes within the supergene during wing and scale

development.

The supergene P is a positional homologue of two distinct loci in

H. melpomene, HmSb and HmYb, which respectively control vari-

ations in the white margin and yellow bar on the hindwing, and the

entire mapping region was fully sequenced and annotated (Ferguson

et al. 2010). Furthermore, previous expression studies with micro-

array and quantitative PCR on transcripts in the genus Heliconius

have pointed to genes involved in wing colour patterns and provide

evidence for parallel gene expression on mimetic Heliconius butter-

fly wings (Reed et al. 2008; Ferguson and Jiggins 2009; Ferguson

et al. 2011). Here we propose a reliable RT-qPCR design to test

variations of expression of candidate color pattern genes in develop-

ing wing discs of late larval and pupal stages of Heliconius, focusing

on the choice of suitable reference genes. This allows us to identify

potential caveats and to provide useful recommendations for the

choice of reference genes in non-model organisms.

Materials and Methods

Butterfly Material

In this study, the expression stability of putative reference genes was

analysed in wing discs collected at two larval developmental stages

from different morphs of H. numata. These larval stages, prepupae

and 24 h after pupation, were targeted because they correspond to

early development of wing color patterns (Nijhout 1991).

Wing discs from H. numata were obtained from dissection of

larval individuals derived from controlled crosses between butterflies

collected in PERU: Tarapoto, from September 2013 to March 2014.

Adult wing color patterns of these larvae were inferred from the wing

color patterns observed in the parents of the crosses and by genotyp-

ing assays at the supergene P as described in Le Poul et al. (2014).

Six different genotypes were tested; five homozygous morphs

(H. n. silvana, H. n. tarapotensis, H. n. bicoloratus, H. n. aurora,

H. n. arcuella) and one heterozygous morph H. numata [bicoloratus

tarapotensis]. Each morph was represented by two to four biological

replicates. After dissection, material was immediately stabilized in

RNA later at 4�C reagent according to the manufacturer’s protocol

(Qiagen, Hilden, Germany) and then stored at �20�C.

Total RNA Extraction and First Strand cDNA Synthesis

Tissue samples from one hindwing and one forewing for each sam-

ple were homogenised in 600ml of RTL buffer with the Tissue Lyser

(Qiagen, Hilden, Germany). Then, total RNA was extracted accord-

ing to the manufacturer’s protocol (RNeasy Mini kit, Qiagen,

Hilden, Germany) and eluted in 30ml of RNase-free water. To avoid

genomic contamination, RNase free DNase treatment (Qiagen,

Hilden, Germany) was performed during RNA extraction. The con-

centration and purity of the total RNA obtained was determined

using Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA). The

RNA quality based on 28S and 18S integrity on electrophoresis gel,

indicates a good quality for all the RNAs extracted

In this study, the priming method chosen was oligod(T) strategy

to generate full length cDNA from poly(A)-tailed mRNA. So, for

each sample, first strand cDNA synthesis was performed from

500 ng of total RNA using the SuperScript III and oligo(dT)20 pri-

mers from Invitrogen (Carlsbad, CA, USA) according to the
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manufacturer’s instructions in a final volume of 20ml. After synthe-

sis, the total cDNA obtained was diluted 20-fold with ultrapure

water.

To detect residual genomic DNA contamination, a control sam-

ple that does not include the RT enzyme (No template controls—

NTCs) per condition was added. For a condition, these controls

were constituted of a mix of RNA. The reaction mix was constituted

of all components except the SuperScript III, in these cases an equal

volume of nuclease-free water were added.

Identification of Candidate Reference Genes and Primers Designed

To select appropriate reference genes to normalize RT-qPCR data in

H. numata, nine housekeeping genes were initially chosen and tested

in this study, based on previous reports, mostly from insect systems:

elongation factor-1-alpha (eF1a) and ribosomal protein S3A

(RPS3A) genes in H. melpomene (Ferguson and Jiggins 2009;

Ferguson et al. 2011), annexin IX-B gene in Heliconius erato (Reed

et al. 2008), FK506 binding protein 2 (FK506BP) gene in the butter-

fly Bicyclus anynana (Pijpe et al. 2011), ribosomal protein L3

(RpL3) gene in the butterfly Papilio polytes (Nishikawa et al. 2013),

actin gene in the moth Spodoptera litura (Lu et al. 2013), tubulin

gene in the moth Sesamia inferens (Sun et al. 2015), poly ubiquitin

(polyUBQ) in the bumblebees Bombus terrestris (Xiao et al. 2014),

and polyA-binding protein (polyABP) gene in rat (Vesentini et al.

2012).

To find Heliconius orthologues, these sequences were blasted

against the reference genome, H. melpomene primary v1.1 (Altschul

et al. 1997; Dasmahapatra et al. 2012). H. melpomene orthologues

were then blasted against H. numata sequence. H. numata sequences

are available in the Sequence Read Archive under the project num-

ber PRJNA317526.

Specific DNA oligonucleotide primers were designed using

sequences from H. numata coupled with H. melpomene’s genome

annotation to identify exonic regions (Table 1). To distinguish

cDNA amplicons from amplicons produced from residual traces of

genomic DNA, we preferentially designed primers on either side of

an intron. However, eF1a, actin, and polyUBQ, presented uncer-

tainties in position of introns, or lacked introns, so primers were

designed across a single exon.

We used PrimerQuest (Thornton and Basu 2015) to choose pri-

mer sequences using the following parameters for intercalating dye

assays: melting temperature (Tm) of 60�C and GC content between

40 and 55%. Primers were purchased from Eurofins (Ebersberg,

Germany) and are listed in Table 1. The specificity of each primer

was checked using Basic Local Alignment Search Tool (23

November 2005, http://blast.ncbi.nlm.nih.gov/Blast.cgi) on H. mel-

pomene genome and checking the absence of supplementary bands

on electrophoresis gel.

Quantitative PCR

Quantitative PCR reactions were carried out in 96-well plates in a

final volume of 10 ml with two technical replicates. Each 10 ml reac-

tion contained 2 ml cDNA template (20-fold diluted), 5 ml FastStar

Universal SYBR Green Master (ROX) (Roche, Bâle, Swiss), 0.5 ml of

primer mix (final concentration of 0.25mM for each primer) and 2.5

ml of ultrapure water. The negative control was a sample without

template, replaced by nuclease free water only (NAC). The Master

mix contained intercalating dye that fluoresces only when bound to

double-stranded DNA, reporting on the PCR in real time by measur-

ing fluorescence. Dyes do not fluoresce when free, as for instance

when DNA is single-stranded. Quantitative PCR was carried out

with a CFX96 Touch Real-Time PCR detection system (BIO-RAD,

Hercules, CA, USA). The thermal cycling programme consisted of

an initial activation of the FastStar Taq DNA polymerase during

10 min at 95�C, followed by 45 cycles of 95�C for 10 s and 60�C for

30 s. Finally, to confirm that a single amplicon product was pro-

duced by qPCR, a melt curve was generated as follows: at the end of

the qPCR run, thermocycler was set to 65�C and fluorescence was

measured. Temperature was then incrementally increased until 95�C

(0.5�C each 5 s) whereas fluorescence kept being measured at each

step. As temperature increases, double stranded DNA denaturation

occurs, generating single-stranded DNA, and the associated fluores-

cent dye molecules dissociate, resulting in decreased fluorescence.

The melt curve describes this fluorescence change during tempera-

ture decrease (dF/dT with F and T being fluorescence and tempera-

ture, respectively) for each genes studied. When several distinct PCR

products are amplified within a qPCR, this generates multiple peaks

in the melt curve, because different PCR products have different

denaturation temperatures. For primer pairs located either side of

Table 1. Primer sequences for housekeeping genes

Gene name Function Primers Sequences Size (bp)

actin cytoskeletal protein Fwd 50 CTCCCTCGAGAAGTCCTATGAA 30 101

Rev 50 CCAAGAATGAGGGTTGGAAGAG 30

annexin Annexin IX-B Fwd 50 GAAACCCTTAGAAGACTGGATCG 30 96

Rev 50 GTTCTCAGTGTCGGCCATATT 30

eF1a Elongation factor 1a Fwd 50 GTGACATGAGGCAGACTGTAG 30 86

Rev 50 AGCGGCTTTGGTGACTTTA 30

FK506BP FK506 binding protein Fwd 50 GACCGTGGAAAGCCCTTCAAG 30 130

Rev 50 GTCCATAGGCATAGTCAGGAG 30

polyABP PolyA binding protein Fwd 50 GTTGAAATCTGAACGTTTGACACG 30 122

Rev 50 CTGCTTTAGTAGCTTCTTCAGG 30

polyUBQ Poly Ubiquitin Fwd 50CCTGACCAACAGAGGCTTATT 30 101

Rev 50 AGCACCAAGTGCAAAGTAGA 30

RpL3 Ribosomal protein L3 Fwd 50 GGGTTGTTGTATGGGACCTAAG 30 95

Rev 50 TCAGATTGATCTTCTCAAGAGCTG 30

RPS3A Ribosomal protein S3A Fwd 50 GAGATAAATTACCCGTGATGTGG 30 158

Rev 50 CTGGGTCTTTTCAGTACTTTTAC 30

Tubulin Microtubule structure Fwd 50 GACTTGGAGCCTACAGTAGTTG 30 94

Rev 50 CGCATCTTCCTTACCAGTGAT 30
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introns, melt curves are useful to check that only short PCR prod-

ucts were amplified from cDNA and that no larger size PCR product

had been amplified from remaining gDNA.

Data Analysis

For each sample, the cycle in which fluorescence can first be

detected, i.e., quantification cycle (Cq value), was estimated by the

single threshold mode with the CFX 96 Touch Real-Time PCR

detection system software (BIO-RAD, Hercules, CA, USA). This

mode uses a single threshold value to calculate the Cq value based

on the threshold crossing point of individual fluorescence curves.

Reaction Efficiency (E)

PCR amplification efficiency was established by means of calibration

curves from the slope of the log-linear portion of the calibration curve.

The reaction efficiency (E) describes the increase in amplicon per

cycle. The theoretical maximum of 1.00 (100%) indicates that the

amount of product doubles with each cycle. The value assigned to the

efficiency of a PCR reaction is a measure of the overall performance

of a real-time PCR assay. To evaluate and record the reaction effi-

ciency of each primer pair, we generated a three-points standard curve

using serial dilutions (1/10, 1/100, and 1/1,000) of a mix of cDNA.

The Cq value was then plotted against the log of the starting

quantity (Pfaffl 2001; Vandesompele et al. 2002) and the efficiency

(E) is calculated from the slope of the line derived from the standard

curve with the following formula, E¼ (10�1/slope � 1)�100.

Validation of Reference Genes

To evaluate whether the tested reference genes were expressed at

similar relative level across different samples, we compared outputs

obtained from three different tools commonly used for reference

gene validation:

(1) The geNorm software (Vandesompele et al. 2002) calculates

relative quantities from the Cq values and then gene expression stabil-

ity measure (M) for a reference gene as the average pairwise variation,

V, for that gene with all other tested reference genes in a given sample

panel. Gene expression is considered stable when the stability parame-

ter M is below 1.5. The lowest M values are produced by genes with

the most stable expression; stepwise exclusion of the gene with the

highest M value is then used to rank the tested genes according to their

expression stability (Vandesompele et al. 2002).

(2) The Normfinder strategy (Andersen et al. 2004) is rooted in a

mathematical model describing the expression values measured by

RT-qPCR using separate analysis of sample subgroups (e.g., within

a developmental stage and/or within color patterns). This algorithm

then estimates both intra- and inter-group expression variations,

and computes candidate gene stability values. This strategy provides

a direct measure of the estimated expression variation of candidate

reference genes across developmental stage or biological conditions.

This prevents the introduction of an artefact error when using the

candidate reference gene for comparing stages or conditions

(Andersen et al. 2004).

(3) The Excel-based tool BestKeeper use raw data (Cq values)

and PCR Efficiency (E) to determine the optimal housekeeping genes

(Pfaffl et al. 2004). First, the estimation of expression stability is per-

formed, based on the inspection of calculated variations, SD and

coefficient of variance (CV) values. Then, the Excel-based tool can

ordered genes from the most stably expressed, exhibiting the lowest

variation, to the least stable one, exhibiting the highest variation.

Furthermore, to estimate inter-gene relations of all possible candi-

date reference genes, pairwise correlation analyses are performed.

Results

We studied the stability of expression of nine candidate reference

genes at two developmental stages using RT-qPCR, with the SYBR

green as intercaling dye, and using three widely used programs.

Specificity of Amplification

The specificity of amplification was confirmed by the presence of a

single band of the expected size for each primer pair on agarose gels

following electrophoresis, and by visualizing the single-peak melt

curves of the PCR products (Fig. 1). Additionally, Cqs�35 were

observed for no template controls (NTC) and water controls (NAC).

As long as the Cq value for the NTC is largely superior to the

dynamic range of the DNA Standards (here Cq of NTC�35 com-

paring with Cq of cDNA samples ranging from 18 to 24), the NTC

amplification can be ignored as it will have no significant effect on

library quantitation. All these controls confirm the specificity of

amplification and the absence of gDNA contamination, even in

eF1a, actin, and polyUBQ genes whose amplification did not span

over an intron.

Efficiency (E)

qPCR efficiency was then calculated from three-point standard

curve with the cDNA mix for the eight candidate reference genes.

Each point is the mean value obtained from the two technical repli-

cates. PCR efficiency ranged from 57.1% (polyUBQ) to 110.8%

(tubulin) (Table 2).

The PCR efficiency and the correlation coefficient R2 , measur-

ing how well the data fit the standard curve, reflects the linearity of

the standard curve and the inhibition of PCR. Reference genes with

at least 80% efficiency and R2>0.99 are generally considered suit-

able for further RT-qPCR analysis (Bustin et al. 2009). We thus

applied these thresholds to our candidate reference genes: the analy-

sis of our calibration curves show that in seven out of our eight can-

didate reference genes, no significant inhibition of PCR was

observed (Table 2). We thus excluded FK506BP and polyUBQ

genes and considered the seven remaining genes (actin, annexin,

eF1a, polyABP, RpL3, RPS3A, and tubulin genes) as robust and

precise for RT-qPCR assays.

We used the Cq-value of the highest standard dilution (1000�
diluted) as limit of detection (LOD), listed for all tested genes in

Table 2. Across all tested genes, two samples had Cq values below

the LOD values and were therefore removed from further analysis.

Estimation of Expression Level

Quantitative PCR was assayed on the seven remaining genes using

SYBR Green to monitor levels of transcripts in wing tissue during

the two developmental stages of different morphs of H. numata.

A suitable reference gene should display a constant expression

level among tested samples; therefore we used the Cq values to com-

pare the expression levels of the tested reference genes.

This reveals that the annexin gene was the least expressed, while

tubulin was the most expressed. Cq values ranged from 15.33 to

29.01 cycles across samples. eF1a showed lowest levels of variation

across the entire dataset, while RPS3A gene showed the highest level

of variation (Fig. 2).

Selection of Reliable Reference Genes

The main criterion to choose a reference gene is its stability of

expression across tissue types, developmental stages or physiological
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conditions. We compared three different methods to infer expression

stability.

geNorm

In our samples, six out of seven genes had an M value below 1.0,

which indicates high expression stability (Table 3). Comparison

of pairwise variation in stability values among the seven genes

indicated that RpL3 and eF1a had the two most stable expres-

sions in wing discs of H. numata. The geNorm program high-

lights the minimum number of reference genes for accurate nor-

malization by calculating the pairwise variation Vn/nþ1 between

two sequential normalization factors ranked by stability. This

tool is used to estimate the benefit from adding a supplementary

reference gene from the list (Vandesompele et al. 2002). The low-

est V value was found to be 0.080 for V3=4 and is lower than the

cut-off value of 0.15, suggesting that the first three reference

genes are sufficient to accurately normalize gene expression data

in these samples (RpL3, eF1a, and PolyABP) (Fig. 3). The two

least stable candidates for geNorm software were actin (0.746)

and tubulin (1.022).

NormFinder

The expression stability of candidate reference genes was also

calculated with NormFinder strategy. NormFinder analysis indi-

cated that eF1a has the best stability value (stability value ¼

Fig 1. qPCR primer specificity. Melt curves, for all genes, are determined by plotting the negative first derivative of fluorescence versus the temperature in Celsius

(�d(RFU)/dT).

Journal of Insect Science, 2016, Vol. 16, No. 1 5

Deleted Text: 
Deleted Text: s
Deleted Text: 


0.031). Normfinder analysis also indicated that the best combi-

nation of two genes was eF1a and polyABP with a stability value

of 0.023. Annexin gene was ranked as the third most stable gene

in NormFinder analysis (Stability value ¼ 0.039). The two least

stable genes were actin (Stability value ¼ 0.053) and tubulin

(Stability value ¼ 0.084).

BestKeeper

In our study, the analysis of BestKeeper results revealed that

three housekeeping genes had an inacceptable variation in gene

expression, higher than 1.00 (RpL3, PolyABP, and RPS3A). So,

in our study, these genes cannot be correlated parametrically but

only on their rank. These high SDs result from heterogeneous

variance between groups of differently expressed genes; genes

with low expression levels show different variance compared

with genes with high expression. Nevertheless, the BestKeeper

index ranked polyABP, eF1a, and annexin as the three most sta-

bly expressed genes.

Discussion

Here we showed substantial variation in expression levels across

samples for some traditionally used housekeeping genes, highlight-

ing the need for a proper testing of reference genes when transferring

them across study species. We stress that accurate normalization of

gene expression levels with robust reference genes is an absolute pre-

requisite for reliable RT-qPCR results. Moreover, when several

reference genes are used simultaneously in a given experiment, the

probability of a normalization bias decreases. Ferguson et al. (2010)

already demonstrated that inappropriate reference gene selection for

RT-qPCR normalization can have a profound influence on study

conclusions influencing statistical power and perhaps leading to

inaccurate data interpretation. Comparisons can be especially diffi-

cult when dealing with in vivo samples and comparing gene expres-

sion patterns between different individuals (Bustin, 2002). Even if

RT-qPCR is widely used, there is no consensus as to which genes

should be used for data normalization, and the selection of genes

that are expressed at similar levels across all samples and different

conditions of a study is still one of the challenges of this technique.

Suzuki et al. (2000) have reviewed that Glyceraldehyde-3-phosphate

dehydrogenase and actin genes usually used as reference genes are

not perfect RNA quantitation controls because of their modulation

under a variety of conditions in different cell types (Suzuki et al.

2000). The utility of reference genes must be experimentally vali-

dated for particular tissues or cell types and specific experimental

designs (Bustin et al. 2009).

In our study, the H. melpomene genome (Altschul et al. 1997;

Dasmahapatra et al. 2012) was used to select ours candidate refer-

ence genes. For the eight candidates housekeeping genes, the

Table 2. Efficiency and expression of candidate reference genes.

Gene name Efficiency R2 Slope y-intercept Average Cq LOD

actinJTSS 92.9% 0.997 �3.504 11.896 18.16 22.34

annexin 96.4% 0.998 �3.412 18.160 24.22 28.41

eF1a 97.2% 1.000 �3.391 12.192 18.33 22.34

FK506BP 90.8% 0.987 �3.567 15.437 21.65 26.56

polyABP 87.1% 0.997 �3.677 15.045 21.98 26.19

polyUBQ 57.1% 0.936 �5.097 27.831 ND ND

RpL3 90.2% 0.996 �3.582 13.441 19.65 24.15

RPS3A 96.2% 0.998 �3.416 12.887 19.21 23.27

tubulin 110.8% 0.994 �3.088 12.237 18.04 21.62

Values indicated in bold show values below thresholds, triggering an exclu-

sion of the correspondent reference genes from further analysis. R2,

Correlation coefficient, Slope: slope of the line derived from the standard

curve, y-intercept: theorical limit of reaction, LOD, limit of detection; ND,

not determined.

Fig. 2. Distribution of expression levels of candidate reference genes in the 21

wing discs. The expression level is shown through the Cq value.

Fig. 3. geNorm pairwise variation (V) analysis to determine optimal number

of reference genes for normalization in RT-qPCR reaction. The dotted line cor-

responds to the cut-off value of 0.15 for accurate normalization.

Table 3. Ranking of genes by expression stability estimated using

geNorm, NormFinder, BestKeeper

Rank geNorm

(stability value)

NormFinder

(stability value)

BestKeeper

1 eF1a/RpL3 (0.250) eF1a/PolyABP (0.023) polyABP

2 eF1a
3 polyABP (0.292) annexin (0.039) annexin

4 RPS3A (0.355) RpL3 (0.048) RPS3A

5 annexin (0.582) RPS3A (0.048) RpL3

6 actin (0.746) actin (0.053) actin

7 tubulin (1.022) tubulin (0.084) tubulin
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specificity of amplification was experimentally validated with melt

curves, NAC and NTC controls.

To determine the stability of gene expression and to select most

appropriate reference genes, many statistical approaches exist and

to date, there is no consensus on which approach gives valid results.

The simultaneous use of more than one algorithm has been noted by

other authors as producing highly correlated results and thus repre-

sents a good strategy for the selection of reference genes for RT-

qPCR normalization (Reid et al. 2006; Paolacci et al. 2009).

The stability ranking obtained by geNorm, NormFinder, and

BestKeeper was not identical for the genes with the most stable

expression. In particular, the best normalization genes selected by

the three programs were not the same. Nevertheless, there was sub-

stantial agreement when contrasting most stable vs. least stable

groups of genes. Taken together, the most suitable reference genes

appear to be annexin, eF1a, polyABP, and RpL3 and three of these

have thus been chosen for our further studies of expression in wing

discs of H. numata. Here we detected some slight differences

among the different algorithms tested. Likewise, results from other

studies show slightly differences among distinct algorithms used

(Demidenko et al. 2011; Wang et al. 2013; Yang et al. 2014) prob-

ably due to the differences in the statistical approaches. In our study,

BestKeeper and NormFinder have ranked polyABP, annexin, and

eF1a genes as the three most stable genes, whereas geNorm has

ranked RpL3, PolyABP, and eF1a as optimal housekeeping genes.

These differences in ranking may be attributed to the distinct under-

lying statistical algorithms. For example, the two most stable genes

according to geNorm are the two genes that have the most identical

expression pattern throughout the sample set. As discussed by differ-

ent authors (Andersen et al. 2004; Bonefeld et al. 2008; Maccoux

et al. 2007; Vandesompele et al. 2002), since geNorm determines

stability by pairwise comparison of the variation of expression

ratios, a careful choice of the tested candidate genes is required. In

particular, candidate genes should not be co-regulated since this

would lead to high similarity of expression between genes even if

expression is not stable. In our study, special attention was paid to

select genes which belong to different functional classes, signifi-

cantly reducing the risk that our tested genes might be co-regulated.

Moreover, geNorm provided an estimate of the ideal number of

reference genes to be included for normalization which has a practi-

cal utility. In our study, geNorm advocates that the use of the two

most stably expressed genes are sufficient for gene expression analy-

ses (V2/3<0.15). However, to be congruent with MIQE guidelines

[MIQE (Bustin et al. 2009)] which recommend the use of three refer-

ence genes for data normalization, we decided to select the three

most stably reference genes for expression analyses.

The NormFinder algorithm can take into account experimental

design covering various stages, such as various developmental stages

or various morphs in our case. It should thus be preferentially used

in experiments where the compared groups are distributed in a

nested design, ensuring proper comparisons. This approach has been

reported to perform in a more robust manner than geNorm and to

be less sensitive to the presence of co-regulated genes (Andersen

et al. 2004). The choice of candidate reference genes without func-

tional relationships is thus less critical than in geNorm. NormFinder

using a different statistical framework than geNorm, the

NormFinder model attributes the three best stability values to eF1a,

polyABP, and annexin.

For the BestKeeper tool, even if high standard deviations across

samples prevent the use of correlation coefficient for gene expression

analysis, the three best ranked candidate reference genes are

polyABP, eF1a, and annexin.

Overall, the expression of the tested genes in wings dissected at

the two developmental stages was sufficiently stable to use them as

reference genes. The same reference genes can thus be reliably used

to investigate candidate gene expression in both prepupal and pupal

developmental stages.

Here, we report the validation of reference genes for the study of

wing color pattern variation in H. numata using RT-qPCR, follow-

ing MIQE recommendations. The aim was therefore to select genes

with a stable expression across different color pattern variants from

H. numata. This study is the first detailed evaluation of the expres-

sion stability of several candidate reference genes to be used for nor-

malization in RT-qPCR studies in Heliconius. Based on the

comparison of statistical methods analysing the stability of expres-

sion of the eight housekeeping genes tested, we decided to use three

genes as reference for any studies of gene expression in developing

wing disc of H. numata: eF1a, polyABP and RpL3 providing a

robust experimental framework to identify genes functionally

involved in phenotypic variations. Despite the robustness of our

determined reference genes, they will be used only in the particular

case of wing discs and at particular stages. However, they should be

good candidates for other tissues and developmental stages experi-

ments in Heliconius and they should be tested on each particular

case.
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