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Abstract

The genera Cochliomyia and Chrysomya contain both obligate and saprophagous flies, which al-
lows the comparison of different feeding habits between closely related species. Among the
different strategies for comparing these habits is the use of qPCR to investigate the expression
levels of candidate genes involved in feeding behavior. To ensure an accurate measure of the lev-
els of gene expression, it is necessary to normalize the amount of the target gene with the amount
of a reference gene having a stable expression across the compared species. Since there is no uni-
versal gene that can be used as a reference in functional studies, candidate genes for qPCR data
normalization were selected and validated in three Calliphoridae (Diptera) species, Cochliomyia
hominivorax Coquerel, Cochliomyia macellaria Fabricius, and Chrysomya albiceps Wiedemann.
The expression stability of six genes (Actin, Gapdh, Rp49, Rpsl7, a-tubulin, and GstDI) was
evaluated among species within the same life stage and between life stages within each species.
The expression levels of Actin, Gapdh, and Rp49 were the most stable among the selected genes.
These genes can be used as reliable reference genes for functional studies in Calliphoridae using
similar experimental settings.

Keywords: BestKeeper, Cochliomyia, Chrysomya, gene expression, ggNorm, NormFinder

Correspondence:? tttorres@ib.usp.br

Received: || May 2012 Accepted: |3 August 2012 Published: 2 January 2014

Copyright: This is an open access paper. We use the Creative Commons Attribution 3.0 license that permits unrestricted use, provided
that the paper is properly attributed.

ISSN: 1536-2442 | Vol. 14, Number 2

Cite this paper as:
Cardoso GA, Matiolli CC, Azererdo-Espin AML, Torres TT. 2014. Selection and validation of reference genes for functional studies
in the Calliphoridae family. Journal of Insect Science 14:2. Available online: http://www.insectscience.org/14.2

\

Journal of Insect Science | http://www.insectscience.org I

Downloaded From: https://bioone.org/journals/Journal-of-Insect-Science on 19 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



Journal of Insect Science: Vol. 14 | Article 2

Introduction

The Calliphoridae family contains flies of
economic, veterinary, and sanitary im-
portance. Flies of this family feed on
different sources, such as living tissues of a
vertebrate host (obligate parasites) or decay-
ing organic matter (saprophagous behavior).
These infestations, known as myiasis, are
caused by Calliphoridae species in the larval
stage (Zumpt 1965). The evolutionary ori-
gins of parasitic behavior in Calliphoridae
are unknown. However, given the evolution-
ary history of this family, it probably
occurred in at least three independent events
(Stevens and Wallman 2006). It has been
proposed that this division between feeding
behaviors reflects the progressive evolution
of parasitism in Calliphoridae (Stevens
2003).

An interesting approach for investigating
this biological question is to compare the
expression of genes related to feeding be-
havior in closely related species, correlating
their expression levels with the different
feeding behaviors. Within Calliphoridae, the
genera Cochliomyia and Chrysomya contain
both obligate and saprophagous flies, which
allows the comparison of the different feed-
ing habits between closely related species.
Due to its high sensitivity for the detection
of PCR products with a fluorescence report-
er, real-time qPCR has become the gold
standard method for measuring mRNA lev-
els (Wong and Medrano 2005; VanGuilder
et al. 2008) and therefore an appropriate
technique to compare expression levels be-
tween the different Calliphoridae species.

To ensure an accurate measure of the level
of gene expression, it is compulsory to nor-
malize the amount of the target gene with
the amount of a reference gene. The normal-
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ization step is important to reduce experi-
mental variability caused by factors such as
the initial amount of total RNA, the integrity
of the RNA, and the efficiency of the reverse
transcriptase (Wong and Medrano 2005).

Since there is no universal gene that can be
used as reference in functional studies, and
as part of an effort to understand the evolu-
tion of parasitic behavior in Calliphoridae,
10 candidate genes were selected for qPCR
data normalization. The expression stability
was evaluated for six genes in three different
species of the Calliphoridae (Diptera) fami-
ly, Cochliomyia hominivorax Coquerel
(parasite), Cochliomyia macellaria Fabricius
(saprophagous), and Chysomya albiceps
Wiedemann (saprophagous). Here, a stable
expression level among different Calliphori-
dae species and between two different life-
stages within each species is provided. To
our knowledge, this is the first cross-species
validation study of reference genes for gPCR
experiments in an evolutionary framework.
A set of candidate genes (and primers to
amplify them) that can be tested in different
experimental settings is also provided. These
are important resources for functional stud-
ies in the Calliphoridae family.

Materials and Methods

Fly collection and maintenance

Cochliomyia macellaria and C. albiceps
were collected respectively in Campinas and
Sorocaba, both in Sao Paulo State, Brazil.
Adult flies were captured using a hand net
and decaying meat or fish as bait. Cochli-
omyia hominivorax larvae were collected
directly from wounds of infested animals in
cattle breeding farms in Caiapdnia, Goias,
Brazil. Larvae of the three species were
reared at 30° C £+ 5° C. Cochliomyia homi-
nivorax larvae were maintained in a medium
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consisting of fresh ground beef supplement-
ed with blood and water (2:1). Cochliomyia
macellaria and C. albiceps larvae were fed
on rats donated by the Sao Leopoldo Mandic
College in Campinas, S3ao Paulo, Brazil.
These rats were euthanized with a lethal
dose of anesthetic (1 mL of 50% chloral hy-
drate) before they were received. Mature
larvae of the three species were allowed to
pupate in sawdust. Adults were maintained
in cages (34 x 50 x 26 cm) at 25° C and fed a
diet composed of dried milk, sugar, and
yeast ferment.

Reference gene selection and primer de-
sign

Candidate reference genes were selected
from previous insect studies. These candi-
dates were chosen from functional studies
using qPCR, in which they were used as ref-
erence genes, or from studies validating the
stability of mRNA levels across different
samples in which they showed a stable
mRNA level. Actin was used as an endoge-
nous control in a study comparing mRNA
levels of genes involved in host specializa-
tion in Drosophila melanogaster,
Drosophila sechellia, and Drosophila simu-
lans (Dworkin and Jones 2009). The genes
a-tub, Gapdh, GstD1, Rp49, RpLI134, and
RpS18 were selected from a validation study
in heads of the western honeybee, Apis mel-
lifera, with a bacterial challenge (Scharlaken
et al. 2008). Finally, the stability of a-tub,
Gapdh, Rp49, and Eflol00E in qPCR exper-
iments was evaluated in brains of nymphs
and adults of the locust Schistocerca
gregaria (Van Hiel et al. 2009). Two addi-
tional housekeeping genes were selected,
RpS17 and SdhA. The sequences of the can-
didate genes were recovered from the
Flybase (www.flybase.org) and GenBank
(www.ncbi.nlm.nih.gov/genbank) databases.
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The sequences from the transcriptome of Co.
hominivorax (Carvalho et al. 2010) were
aligned against the sequences of D. melano-
gaster using the program tblastx (Altschul et
al. 1990) to search for possible orthologs of
the genes Actin, a-tub, Eflal00E, Gapdh,
GstD1, RpL13A4, Rp49, RpS17, RpS18, and
SdhA.

The mapped reads were used to perform a
global alignment (Chenna et al. 2003)
against the sequences of the 12 Drosophila
species with whole genome sequences using
the Clustal W program (Clark et al. 2007).
The alignments were used to identify con-
served regions, whereas primer pairs for
each candidate gene were designed using
Primer3 (Rozen and Skaletsky 2000).

Amplification of the selected genes

A PCR was performed using genomic DNA
of five Calliphoridae (Diptera) species, C.
albiceps, Chrysomya Megacephala Fab-
ricius, Chrysomya putoria Wiedemann, Co.
hominivorax, and Co. macellaria, to test the
primers designed for the selected candidate
genes.

PCR amplifications were performed in a
GeneAmp PCR system 9700 (Applied
Biosystems, Life Technologies,
www.lifetechnologies.com) with a 20 pL
final volume. All reactions contained MgCl,
in a final concentration of 2.0 mM, 0.6 mM
of primers, dNTPs in a final concentration of
200 uM, and 1 unit of Taqg DNA polymerase
(Fermentas,
www.thermoscientificbio.com/fermentas)
with 5-30 ng of DNA. After an initial dena-
turing step of 3 min at 94° C, 35 cycles were
performed, each consisting of 50 sec at 94°
C, 30 sec at 60° C, and 30 sec at 72° C. A
final extension was performed at 72° C for 5
min.
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RNA isolation and cDNA synthesis

The main motivation for this study was the
investigation of feeding habits in Calliphori-
dae. The larval stages were initially chosen
because the different feeding habits are ex-
hibited during this stage. However, adult
females are responsible for choosing the
oviposition sites and, consequently, can play
a major role in the evolution of feeding be-
havior (once the eggs hatch, the larvae have
to feed on any resource the female has cho-
sen). Hence, larvae and adult female samples
were chosen for the evaluation of the refer-
ence genes.

Total RNA was extracted from adult females
and 3rd instar larvae of the three species
from two different generations. Three sepa-
rate individuals of each generation were
used, resulting in a total of six biological
replicates. The Trizol reagent (Invitrogen,
Life Technologies) was used according to
the manufacturer’s protocol to extract total
RNA. RNA integrity was confirmed through
agarose gel electrophoresis.

All samples were treated with Turbo DNase
(Ambion, Life Technologies) to avoid DNA
contamination. The Turbo DNase inactiva-
tion was performed by heating the samples
at 75° C for 10 min. To avoid RNA degrada-
tion when heated, EDTA was added to a
final concentration of 2.5 mM. The RNA
was quantified using the Qubit fluorometer
(Invitrogen) with the Qubit RNA assay kit
(Invitrogen) according to the manufacturer’s
protocol.

PCRs were performed in a 20 pL final vol-
ume using 1 pL of each treated sample.
Rp49 primer pairs were used in a final con-
centration of 0.4 mM and an annealing
temperature of 60° C in the same conditions
previously described to check if any of the
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samples were still contaminated with DNA
after the Turbo DNase treatment.

The cDNA syntheses were performed using
0.4 pg of total RNA with the First Strand
cDNA Synthesis Kit (Fermentas) according
to the manufacturer’s protocol. After the
cDNA synthesis, all samples were diluted 10
times for the qPCR assays.

mRNA levels quantification

qPCRs were performed in a 12.5 pL reaction
volume following the manufacturer’s in-
structions for SYBR Green PCR Master Mix
(Applied Biosystems). In each reaction, 1.5
uL of the cDNA sample were used and the
primers were in a final concentration of 0,4
uM. The qPCRs were run in technical repli-
cates to assess the intra-assay variation on an
ABI 7500 PCR Real Time System (Applied
Biosystems) using the following cycling
conditions: 2 min at 50° C, 10 min at 95° C,
and 40 cycles consisting of 15 min at 95° C
and 60 sec at 60° C. To check for possible
non-specific amplification and primer-dimer
formation, after the 40 cycles, samples were
submitted to a dissociation step consisting of
an increase in temperature from 60° C to 95°
C (increasing 1° C per minute for 35 min) to
obtain the dissociation curve. PCR efficien-
cies were calculated using the equation E =
108" To measure the expression stability
of the selected genes, the ACt method
(Vandesompele et al. 2002) was used to cal-
culate the calibrated data. A control sample
(a Co. hominivorax larva sample) with Rp49
primers was used in each qPCR run to ac-
count for inter-run variations. The inter-run
variation in the Ct of the control sample was
used to correct all raw Cts values. For each
gene, 3-fold serial dilutions (six dilutions) of
cDNA samples were used to construct a
standard curve from Ct measures against the
log of template quantity.
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Gene stability analysis

The software geNorm (Vandesompele et al.
2002), NormFinder (Andersen et al. 2004),
and BestKeeper (Pfaffl et al. 2004) were
used to establish suitable reference genes for
qPCR data normalization. These three pro-
grams have different statistical approaches
that can be used to measure how stable a
gene expression is between distinct condi-
tions or among different species and devel-
developmental stages.

Results

Selection and amplification of the candi-
date genes

Ten candidate genes (Table 1) were selected
from previous studies in insects: Apis mellif-
era (Scharlaken et al. 2008), Drosophila
melanogaster (Dworkin and Jones 2009),
and Schistocerca gregaria (Van Hiel et al.
2009). Using the sequence information from
the Co. hominivorax transcriptome (Car-
valho et al. 2010) it was possible to search
for orthologs of these candidate genes and
design specific primer pairs for Co. homi-
nivorax (Table 1).

The primers were designed using the se-
quence information from Co. hominivorax.
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Consequently, all primer pairs were specific
to this species. To show the utility of the de-
signed primer pairs for a wider range of
species, the selected genes were amplified
from genomic DNA of five Calliphoridae
species (C. albiceps, C. megacephala, C.
putoria, Co. hominivorax, and Co. macellar-
ia). Samples of C. megacephala and C.
putoria were not used in qPCR, as colonies
of these species were not maintained and it
was not possible to obtain RNA.

The genes Actin, Efl al00E, Gapdh, GstD1,
RpL13A4, Rp49, RpSI17, and RpSI8 were
amplified from genomic DNA in all five
species. SdhA was amplified in only two
species, Co. hominivorax and Co. macellar-
ia, while a-tub was only amplified in Co.
hominivorax.

Quantitative PCR
Gene expression analyses were performed in
three species, C. albiceps, Co. hominivorax
and Co. macellaria.

The PCR efficiency ranged from 88 to 97%
(Table 2). The gene with the lowest efficien-
cy was GstD1 (88%) in Co. hominivorax and
Co. macellaria. The melting/dissociation
curve showed that all qPCRs generated a
single specific product. The coefficient of

(Table I. Candidate reference genes.
Symbol Gene name Flybase ID Function Accession no' Primer sequence (5' --> 3')* Amplicon size (bp)
Actin Actin 5C FBgn0000042|  Cytokinesis | HQ910450 R‘f :%fgggégizgcccc‘xcfc 158
a-tub aTubulinat84B | FBgn0003884 Polyf:;‘n‘?;ﬁon HQ910451 i:%xlclé Aﬁgfﬁgf.ﬁggfg 128
Eflalphal0OE | Elongation factor a 100E | FBgn0000557|  Translation HQII0452 (—1* ﬁ%gg:g%?%g‘;gg 117
G| T aypovis | oo | EGIOOOTT
RpLI3A |Ribosomal protein L13A |FBgn0037351|  Translation HQ910455 | i{cg:ggggxgggggg%c 105
Rp49 | Ribosomal protein L32 |FBgn0002626| Translation HQ910458 gfg?ggg:ﬁgéﬁ%g%ﬁ%% 169
RpSI7 | Ribosomal protein S17 |FBgn0005533|  Translation | HQ10456 [ ol TASCARCCARDAC 100
RpSIS | Ribosomal protein S18 FBgn0010411|  Translation | HQ910457 |—x OACTICCICIAAETTO0 129
SdhA Succinate dehydrogenase FBgn0261439 Elecug];lag;mspot HQ910459 If ::gég} gﬁ}}ggﬁ?ﬁ;ﬁ% 133
IGenbank accession number of Cochliomyia hominivorax sequence used for primer design
\2Primer sequences (F: forward; R: reverse)
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<
;::Slfe 2. Reaction efficiency and expression of the reference the gene c-tub was only detected in Co.
Gene | Sp Slope | Efficiency|  Stage |Average Ct| Average calibrated CT hominivorax, and GstDI had low PCR effi-
C.albiceps | 346| 95% |pqiirir t—Isar 1224 ciency in C. albiceps. Therefore, the suitable
Actin | Co. hominivorax) 339 | 7% Aduﬁgnale E‘Eg §§§ genes for comparing gene expression among
Comacelrie |95 % | K fomale| 1406 129 the three different species were Actin,

a-tub Co.homz‘mvora.x -3.57 91% Aduitalf;:lale ?5)2(6) %ggé Gapdh’ Rp49’ and RpS] 7

T Lo L o 1

o (:oh,:::;:x 33661 :ZZ :Z:%zvg:: iézé gzg The Ct values (calibrated Cts, see Methods)
Co. hominivorax| 366 8% | Leve | 2387 B35 in all samples ranged from 8.94 (Actin in Co.
O o macellaria | 365 | 88% ke ] 2665 ey macellaria larvae) to 28.09 (GstDI in Co.
C.albiceps | 352| 2% e B2 28 macellaria larvae). The gene with the lowest
Rps17 | Co. hominivoraz| 36 | oo [ lame_ | 2437 S variation in all dataset was Rp49, and the
Comacellria | 352 | 9% _|zgitnie s —5ear 258 one with the highest variation was GstDI
Catoge |355] 9% mifoes—ros 559 (Figure 1a). Comparing the Cts within each
Rt |cohominivorex| 355 | 1% | s Gt 1716 176 life stage, Rp49 had the lowest while RpS17
Copaclrie [ 355| 1% || 02 fi the highést variation (Figure 1b). Among
i comol smle (Celomi hominvrex v wit R049 | faryal samples,the gene with the lowest var-
variation ) iation was Rp49 and the gene with the high-

highest variation was RpS/7 (Figure 1b).
determination, Rz, from standard curves

generated for each gene ranged from 0.988
to 0.997, confirming that there were no inhi-
bition contaminants present in the cDNA
samples.

Cts between life-stages within species were
also compared. In C. albiceps and Co.
macellaria, the gene with the lowest varia-
tion was Rp49 and the highest was RpS17

(Figure 1c). In Co. hominivorax, Rp49 had
the lowest variation and GtsDI the highest
(Figure 1c).

The expression of Efial00E, RpLI3A,
RpS18, and, SdhA was not detected in any of
the three species, probably due to low
mRNA levels. The amplification product for

( 1\
Table 3. Stability ranking of the reference genes by GeNorm, NormFinder and BestKeeper.
geNorm (M") NormPFinder (Stability value®) BestKeeper (BestKeeper index®)
Rank | Among species’ | Including GstDI* Within species® Among species’ [Including GstDI’ Within species” Among species’ [Including GstDI’ Within species®
Larvae | Females | Larvae | Females | Calb | Chom | Cmac [Larvae [Females | Larvae |Females| Calb | Chom | Cmac | Larvae [Females| Larvae [Females| Calb | Chom | Cmac
1 Actin | Rp49 | Actin Rp49 | Rp49 | Actin | Actin | Actin | Gapdh | Actin | Gapdh |Gapdh |Gapdh |Gapdh | Actin | Gapdh | Actin | Gapdh | Gapdh | GstDI | Gapdh
(0.917) [ (0.755) [(1.009) | (0.886) [(0.640) [(1.197) (1.239) [(0.461) | (0.262) | (0.175) | (0.108) |(0.114) [(0.380) |(0.183) |(0.952)" [ (0.805)" (0.969)" [ (0.895)" |(0.918)" [(0.956)" |(0.966)"
2 Gapdh | Gapdh | Gapdh | Gapdh |Gapdh |Gapdh |Gapdh | Gapdh | Rp49 | Gapdh | Rp49 | Rp49 | Rp49 | Actin Gapdh_ RpSI7' Gapdh | RpSI17 Actin. Gapdh' Acrin.
(0.917) | (0.755) [(1.009) | (0.886) |(0.640) [(1.197) [(1.239) |(0.553) | (0.472) | (0.438) | (0.536) (0.290) |(0.441) [(0.669) |(0.932)" [ (0.775)" [(0.962)" | (0.711)" |(0.833)" |(0.919)" [(0.912)
3 | Ro#9 | Actin | Rpd9 | Actin | Actin | Rp49 | Rp49 | Rp49 | RpSI7 | Rp49 | Actin | Actin | a-tub | Rp49 | Rpd9 | Rpd9 | GsiDI | Actin | Rp49 | Rpd9 | GstDl
(1.419) | (1.414) [(1.589) | (1.181) |(0.903) [(1.413) |(1.624) |(0.593) | (0.931) | (0.751) | (0.596) |(0.605) [(0.463) |(0.708) |(0.737)" | (0.557)" |(0.932)" | (0.680)" |(0.769)" |(0.739)" | (0.748)"
4 | RoSI7 | RpSI7 | GsiDI | GsiDI | RpSI7 | a-tub | GsiDI | RpSI7 | Actin | GsiD1 | RpSI7 | RpSI7 | GsiD1 | GsiDI | RpSI7 | Actin | Rp49 | GsiDI | RpSI7 | Actin | Rpd9
(1.983) | (1.876) [(1.933) | (1.420) [(1.394) [(1.502) |(2.007) [(0.868) | (0.976) | (1.004) | (0.693) |(0.733) |(0.525) |(1.411) [(0.597)" | (0.371) |(0.753)" | (0.386) |(0.683)" [(0.625)" |(0.721)"
c RpS17 | RpSI7 GsiDI | RpSI7 RpS17 | GstD1 Actin | RpSI7 RpS17 | Rp49 a-tub | RpSI7
(2.391) | (1.775) (1.657) |(2.568) (1.084) | (0.700) (0.598) [(1.528) (0.514) | (0.114) (0.591)° | (0.555)
p RpS17 RpS17 RpS17
(1.850) (0.644) (0.568)
IGene stability measure as calculated by geNorm.
2Stability of gene expression among the three different species within each life stage
3Stability of gene expression in Cochliomyia hominivorax and Cochliomyia macellaria including GstD |
4Stability of gene expression between the two life stages within each species
5Stability value as calculated by Normfinder
6Stability index as calculated by Bestkeeper.
p <0.05
\Genes in bold had a standard deviation lower than |
J
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Figure 1. Distribution of the expression levels of the candidate reference genes in different datasets. The distribution of Cts (after
inter-run calibration) for each gene is represented using box plots The bold line indicates the median The lower hinge gives the 25%
and the upper hinge the 75%. Whiskers (dashed lines) extend to the maximum and minimum sizes. The outliers are marked with
circles. (A) Ct distribution in the whole dataset, (B) Ct distribution among species within each life stage and (C) Ct distribution be-
\tween life stages within species. High quality figures are available online.

J

The Ct difference between gene-specific rep- The suitable reference genes for normaliza-
licates was used to calculate the intra-run tion were ranked based on their expression
variation. The mean intra-run variation was stability (M) in a combined dataset of Co.
0.21. The variation was higher than 1 (higher hominivorax, Co. macellaria, and C. albi-
than 2-fold) only in the C. albiceps sample ceps using geNorm (Table 3). Gapdh and
amplified using primers for the Rp49 gene, Rp49 were the two most stable genes in
for which the variation was 1.41. samples of adult females.
Comparison among species within the By analyzing the gene expression stability
same life stage using NormFinder in adult females, a similar
The expression stability of the candidate ref- result as geNorm was observed (Table 3).
erence genes was evaluated among the The best combination of two genes was
different species within each life stage to Rp49 and Gapdh, with a stability value of
select reference genes for qPCR experiments 0.332. The software geNorm ranked RpS17
for the comparison of different species. as the least stable gene, while NormFinder

ranked Actin as the least stable. Using Best-

keeper, Gapdh was the candidate reference
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gene with the least variation, having an SD
of 0.74, which represents a change in gene
expression lower than 2-fold (SD smaller
than 1 (Wong and Medrano 2005)). Gapdh
was followed by Rp49, which had an SD of
0.78. The variation in the expression of the
other candidate reference genes was greater
than 2-fold. The pair-wise correlation be-
tween genes and the correlation between
each gene and the BestKeeper index was al-
so calculated (Table 3). The best correlation
between the BestKeeper index and the can-
didate reference gene in females was
obtained for Gapdh (r = 0.805, p = 0.001).

In larvae, geNorm ranked Gapdh and Actin
(M = 0.917) as the best reference genes with
higher stability values (Table 3). Based on
the intra- and inter-group variation in
NormFinder, Actin (0.461) and Gapdh
(0.553) were identified as the most expres-
sion-stable, and RpSI17 (0.868) as the least
stable.

The analysis of BestKeeper results revealed
that only Rp49 had an acceptable variation in
gene expression (SD of 0.84), but it was
ranked third according to its correlation with
the BestKeeper index (Table 3). Even
though the variation in their expression ex-
ceeded 2-fold, Actin and Gapdh had the
highest correlation with the BestKeeper in-
dex. Hence, there was a consensus among
the three different algorithms suggesting the
same two genes with the highest expression
stability among larval samples of different
species.

The results for larvae were similar to those
found for adult females. The suitable genes
for normalization given by the three pro-
grams were Gapdh, Actin, and Rp49.
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It was not possible to determine the expres-
sion levels of GstDI in C. albiceps. Hence,
the tests were repeated without the C. albi-
ceps samples to validate the stability of this
gene between Co. hominivorax and Co.
macellaria (Table 3). Regardless of the algo-
rithm, GstD1 was among the least stable in
both larval and adult female samples. Only
RpS17 had a performance worse than GstD].

Comparison between life stages within
species

The stability of the candidate reference
genes between larvae and adult females
within each species was also tested. Genes
with the highest stability values between
stages can be used as good reference genes
in developmental studies aimed at compar-
ing gene expression among different stages
of Calliphoridae flies.

In C. albiceps, there was a consensus be-
tween NormFinder, geNorm, and
BestKeeper results, allowing the identifica-
tion of two good candidates, Gapdh and
Rp49 (Table 3). In BestKeeper, both had a
variation lower than 2-fold (SD of 0.42 for
Rp49 and 0.67 for Gapdh). Actin was ranked
second (Table 3) but it had a higher variation
(SD of 1.08). RpS17 was the least expres-
sion-stable gene regardless of the algorithm
employed.

In Co. hominivorax, Actin and Gapdh are the
best choices based on the geNorm results
(Table 3), while NormFinder ranked Gapdh
and Rp49 as the most expression-stable
genes. BestKeeper ranked the genes differ-
ently; GstDl and Gapdh had the best
correlation with the BestKeeper index (Table
3) but only Rp49 and Actin had an accepta-
ble level of variation (SD of 1.01 and 1.05,
respectively).
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Finally, comparing different stages in Co.
macellaria, the best reference genes accord-
ing to geNorm and NormFinder results were
Actin and Gapdh (Table 3). Gapdh and Rp49
had the best correlations with BestKeeper
index, but again, only Rp49 had a variation
in gene expression lower than 2-fold (SD of
0.75).

Discussion

Although qPCR is widely used, there is no
consensus as to which gene or gene set
should be used for data normalization, and
the selection of genes that are expressed in
the same levels across all samples and dif-
ferent conditions of a study is still one of the
challenges of this technique (Bustin 2000;
Bustin 2002). Differences in mRNA levels
were observed in several housekeeping
genes originally considered stable in their
expression levels (Radonic et al. 2004; Bus-
tin 2002). Therefore, using non-validated
reference genes for normalization may result
in an erroneous expression data interpreta-
tion. Thus, it is recommended to validate a
set of candidate reference genes for each
qPCR experiment (Bustin et al. 2010). The
validation of reference genes is a difficult
task, as the amount of the reference gene it-
self requires normalization for an accurate
measure. An alternative is to use a combined
set of candidate reference genes and their
pair-wise variation in gene expression to
evaluate the expression stability of each ref-
erence gene (Kubista et al. 2006; Nolan et al.
2006).

Recently, with the growing concern over an
accurate normalization for qPCR data, there
was an increase in the number of validation
studies (Mallona et al. 2010). In insect re-
search, there are only a limited number of
efforts. Reference genes for qPCR were val-
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idated in A. mellifera (Lourenco et al. 2008;
Scharlaken et al. 2008), ticks, Rhipicephalus
appendiculatus and Rhipicephalus microplus
(Nijhof et al. 2009), the locust S. gregaria
(Van Hiel et al. 2009), and the psocid Lip-
oscelis bostsrychophila (Jiang et al., 2010).
In Diptera, reference genes were validated in
the fruit fly Bactrocera dorsalis (Shen et al.
2010) and in the blowfly Lucilia cuprina
(Bagnall and Kotze 2010).

Here, the first effort of a cross-species vali-
dation of reference genes for evolutionary
studies using qPCR is described. This cross-
species approach presents some challenges
for the selection of reference genes. First, it
1s necessary to design primers in conserved
regions of orthologous genes. For non-model
species, as in this study, conserved regions
can be found by comparing divergent spe-
cies. Cochliomyia hominivorax sequences
were aligned to different species of Dro-
sophila. However, not all primers designed
recovered the desired product; SdhA was
amplified only in two species, Co. hominivo-
rax and Co. macellaria, a-tub was amplified
only in Co. hominivorax, while primers for
GstD1 had a low efficiency of amplification
in C. albiceps. A second challenge is the se-
lection of genes with a stable expression
across the different species. The divergence
in the gene expression levels is correlated
with the sequence divergence between spe-
cies (Castillo-Davis et al. 2004; Nuzhdin et
al. 2004; Lemos et al. 2005). For housekeep-
ing genes there is, in general, a higher
conservation in both regulatory and coding
regions (Hurst et al. 2002; Farre et al. 2007).
Hence, 10 housekeeping genes commonly
used in previous insect studies (Scharlaken
et al. 2008; Dworkin and Jones 2009; Van
Hiel et al. 2009) were selected, and primer
pairs for these genes were designed based on
the sequence information from the Co. hom-
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inivorax transcriptome (Carvalho et al.
2010).

To evaluate the gene expression stability of
the selected genes among different species,
the most widely used programs were em-
ployed. Each program has its own statistical
approach and each calculate a value for the
expression stability of each gene. The Excel-
based program geNorm (Vandesompele et
al. 2002) uses the pair-wise variation of eve-
ry reference gene as the standard deviation
of the expression values and calculates a sta-
bility value. By using the geNorm algorithm
Gapdh, Rp49, and Actin were identified as
the most stable candidate genes in this ex-
perimental setting.

Similarly, BestKeeper (Pfaffl et al. 2004)
calculates an index (BestKeeper index) using
the geometric mean of each candidate refer-
ence gene. The pair-wise correlation is
calculated with the BestKeeper index com-
pared to each individual. The genes with
best ranking among data in our study were
Actin and Gapdh.

NormFinder (Andersen et al. 2004), howev-
er, estimates expression stabilities according
to the intra- and inter-group expression vari-
ation, suggesting the most expression-stable
genes. With NormFinder’s algorithm,
Gapdh, Rp49, and Actin had the best stabil-
ity values among the selected genes, both
within and among the different species and
developmental stages.

Several entomological studies demonstrated
that Actin, Rp49, and Gapdh are stably ex-
pressed and, therefore, are good reference
genes in experiments where normalization is
required. Scharlaken et al. 2008 compared
the expression stability of six reference
genes, Actin, a-tub, Gapdh, Rpli3A, RpS1S8,
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and Ubg (UbiQuitin family member; ubg-1),
between honeybees with and without a bac-
terial challenge. Actin and Gapdh were two
of the best reference genes suggested by the-
se authors. RpL134 and RpSI8 had higher
expression stability values in the honeybee
study but the expression of these genes was
not detected in our samples.

In the locust S. gregaria (Van Hiel et al.
2009), the gene expression stability of nine
candidate reference genes in the brain of
nymphs and adults were compared. Actin,
Eflal00E, Gapdh, and Rp49 were selected
in this study and were also identified as sta-
ble reference genes to be used for accurate
normalization.

Nijhof et al. 2009 studied the stability of
gene expression of nine candidate genes:
Actb (beta actin), Btub (beta tubulin),
Eflal00E, Gapdh, GstD1, H3F3A4 (H3 his-
tone family 3A), PPIA (Cyclophilin), RpL4
(Risbosomal protein L4), and 7bp (TATA
box binding protein) among life-stages of
two species, R. appendiculatus and R. mi-
croplus. Gapdh was among the most
expression-stable genes in the comparison
using the combined data of both species. In
line with the results of our study, GstD1 was
the least expression-stable gene. However,
Gapdh did not perform well in all validation
studies. In the fruit fly B. dorsalis, the ex-
pression stability of 10 genes, including
Actin, a-tub, Gapdh, and Eflal00E, was
analyzed in different tissues (Shen et al.
2010). Actin performed well as a reference
gene, but Gapdh did not.

Recently, Bagnall and Koteze (2010) evalu-
ated the stability of reference genes in
different life stages of a closely related spe-
cies in the Calliphoridae family, L. cuprina.
Three of the 11 genes tested (Actin, Gapdh,
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and GstD1) overlapped with the genes se-
lected in our study. One of the most
expression-stable genes in our study, Gapdh,
was ranked by geNorm and NormFinder as
the worst reference gene in the L. cuprina
study, with M values ranging from 0.121 to
0.643 and NormFinder stability values rang-
ing from 0.195 to 0.724 (Bagnall and Kotze
2010). The authors hypothesized that as
Gapdh is involved in metabolism, the indi-
viduals could have been in different
energetic states during sampling. Combined,
these results highlight the requirement of
validation studies for each experimental set-
ting. Although Gapdh performed well in our
study and some others, it was also among the
least stable genes in some experimental set-
tings.

Commonly used reference genes are in-
volved in essential biological functions, such
as cellular transport, translation, structural
constitution, and metabolism, because they
are thought to have stable expression. How-
ever, several studies demonstrated that such
housekeeping genes could also vary accord-
ing to experimental settings (Huitorel and
Pantaloni 1985; Chang et al. 1998;
Vandesompele et al. 2002; Axtner and
Sommer 2009; Nijhof et al. 2009; Bagnall
and Kotze 2010). This expression variation
is probably a result of the involvement of
these genes in additional cellular functions
(Jain et al. 2006).

The genes RpS17 and GstDI were the least
stable genes in our study. RpS17 is involved
in translation and encodes a protein related
to lipid droplet formation (Cermelli et al.
2006). This lipid component is important for
energy storage and utilization (Arrese and
Soulages 2010). Furthermore, lipids play
important roles in multiple metabolic func-
tions during insect development (Arrese and
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Soulages 2010). The large variation of the
expression of this gene may be related to
individual differences in lipid storage be-
tween life-stages, but also may reflect
different lipid requirements among the stud-
ied species. GstDI encodes a glutathione-S-
transferase involved in detoxification me-
tabolism. This gene is regulated when an
insect is exposed to a variety of organic
compounds (Chahine and O'Donnell 2011).
The compared species have different feeding
preferences and were fed in different media.
While we did not formally test the differ-
ences in gene expression of GstDI among
the different species, this was an interesting
observation and further experiments should
be performed to test the association of
GstD1 with feeding habits.

Although several commonly used reference
genes displayed a stable expression in many
studies, reference genes must be validated
for each experimental setting. In our study,
the expression stability of six candidate ref-
erence genes was tested aiming at future
functional studies in the Calliphoridae fami-
ly. In our analyses, Actin, Rp49, and Gapdh
had a stable expression level among differ-
ent Calliphoridae species and between two
different life-stages within each species.
Hence, they can be used as reliable reference
genes for functional studies in Calliphoridae
using similar experimental settings. These
reference genes will be critical in studies in-
volving behavior, development, and other
biological processes in Calliphoridae species
and will be an important resource for other
validation studies in Calliphoridae and other
insects.
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