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RESUMEN

La mariposa neotropical Heliconius erato lativitta sirve como organismo modelo para el
estudio de adaptaciones evolutivas, especiacion y bases genéticas. Esta especie es
reconocida principalmente por el mimetismo del patron de color de las alas. Sin embargo, los
mecanismos moleculares implicados en la adaptacion a los cambios de temperatura siguen
sin identificarse. En este sentido, la PCR cuantitativa en tiempo real (QPCR) ha resultado una
de las herramientas mas Utiles para dilucidar el mecanismo molecular mediante la
cuantificacibn del ARNm de genes implicados en la adaptacion de estas especies. Sin
embargo, la precision y confiabilidad de los datos de qPCR dependen de la seleccion
adecuada de genes de referencia, cuyos perfiles de expresion deben permanecer estables
en diferentes condiciones experimentales. Por tanto, en este trabajo se seleccionaron seis
genes (ACT1, ACT2, ANX, AK, eEflay eEfla2) de H. e. lativitta que se utilizaron como genes
candidatos de referencia y se evalu6 su nivel de expresion a diferentes temperaturas en tres
tipos de tejidos tanto para machos como para hembras. La estabilidad de los genes de
referencia se evalud utilizando tres algoritmos geNorm, NormFinder y RefFinder. Los
resultados obtenidos con estos algoritmos indican que AK y ACT2 son estables bajo estrés
térmico. Sin embargo, a nivel de tejido, sélo ACT1 y AK fueron los genes mas estables,
mientras que, a nivel de sexo, s6lo ACT1 y ACT2 exhibieron una alta estabilidad. Por lo tanto,
este estudio proporciona un conjunto estandarizado de genes de referencia para futuros
andlisis de expresion génica utilizando qPCR en H. e. lativita.

Palabras claves: Heliconius, gen de referencia, qPCR, expresion génica
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ABSTRACT

The Neotropical butterfly Heliconius erato lativitta has been used as a model organism for the
study of evolutionary adaptations, speciation, and genetic bases. This species is mainly
recognized for its wing color pattern mimicry. However, the molecular mechanisms involved
in adaptation to temperature changes remain unidentified. In this sense, quantitative real-time
PCR (gPCR) has resulted one of the most useful tools to elucidate the molecular mechanism
through the quantification of the mRNA of genes involved in the adaptation of this species.
Nevertheless, the accuracy and reliability of gPCR data depends on the proper selection of
reference genes, whose expression profiles must remain stable across different experimental
conditions. Therefore, in this work six genes (ACT1, ACT2, ANX, AK, eEfla, and eEfla2) from
H. e. lativitta were used as candidate reference genes and their expression level was
assessed at different temperatures in three type of tissues both for males and females. The
stability of reference genes was evaluated using three algorithms geNorm, NormFinder and
RefFinder. The results obtained with these algorithms indicate that AK and ACT2 are stables
under temperature stress. However, at the tissue level, only ACT1 and AK were the most
stable genes, while at the sex level, only ACT1 and ACT2 exhibited a high stability. Hence,
this study provides a standardized set of reference genes for future gene expression analysis
using gPCR in H. e. lativitta

Keywords: Heliconius, reference gene, gPCR, gene expression
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1. INTRODUCTION

Climate change represents a significant threat to tropical and subtropical regions, mainly
due to rising temperatures (Alves de Oliveira et al. 2021). The temperature change
disrupts the adaptation and plasticity of tropical species, such as butterflies, which are
unable to regulate their corporal temperature (Sheldon 2019). Extreme temperatures
may affect the behavior, morphology, physiology, and genetic of butterflies, resulting in
high mortality rates (Montejo-Kovacevich et al. 2019; Montejo-Kovacevich et al. 2020;
Ashe-Jepson et al. 2023). However, along the years, butterflies have developed
strategies to cope with temperature fluctuation, including the production of heat shock
proteins (Harvey et al. 2020). Nonetheless, the molecular mechanisms underlying
thermal stress adaptation in neotropical butterflies, particularly in the genus Heliconius

remains largely unexplored.

The Heliconius genus includes 48 species and over 400 subspecies, such as the species
Heliconius erato lativitta (H. e. lativitta), native of the Ecuadorian Amazon forest (Merrill
et al. 2015; Montejo-Kovacevich et al. 2021). H. e. lativitta exhibits similar wing patterns
than Heliconius melpomene maletti, despite they diverged approximately 8 million years
ago, demonstrating a case of Mullerian mimicry (Ferguson and Jiggins 2009). On other
hand, these butterflies maintain a close relationship with their Passiflora hostplant, from
where they get cyanogenic compounds, making them unpleasant to their predators
(Ehlers et al. 2021). Moreover, these butterflies can also scare away their predators due
to their wings exhibit vibrant colors, which are a signal of their toxicity (Kronforst and
Papa 2015). Owing to these facts, H. e. lativitta has been used as a model organism for
the study of evolutionary adaptations, speciation process, and genetic bases through
transcriptomic analysis and gene expression quantification (Montejo-Kovacevich et al.
2019; Montejo-Kovacevich et al. 2020; Montejo-Kovacevich et al. 2021).

Gene expression analysis investigates the function and genetic mechanism related to a
particular phenotype or environmental response (Sellamuthu et al. 2022). This process
involves the detection and quantification of the mRNA from target genes, employing
molecular techniques, such as northern blot, microarray, and quantitative polymerase
chain reaction (QPCR) (Romero et al. 2012). Among them, gPCR is widely favored in
modern biology and biomedical sciences due to its high precision, efficiency,

repeatability, speed, throughput, and sensitivity for the detection of low concentration of
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MRNA (Omondi et al. 2015; Khan et al. 2022). Nevertheless, the reliability and accuracy
of gPCR depends on the quality of RNA extraction, cDNA synthesis, and primer
efficiency and design (Bustin et al. 2009a). Therefore, it is crucial to address this issue
to ensure precise gene expression analysis of H. e. lativitta through effective gPCR

normalization, which includes the utilization of reliable reference genes.

Reference genes are characterized by their consistent expression levels across
various physiological and experimental conditions (Khan et al. 2022). Common
reference genes like a-tubulin, glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
actin (ACT) or elongation factor 1 alpha (eEf1a) have been widely used as internal
controls for gPCR normalization (Kozera and Rapacz 2013; Lu et al. 2018). For example,
in several insect studies, actin 1(ACT1), actin 2 (ACT2), annexin IX-B (ANX), arginine
kinase (AK), elongation factor 1 alpha (eEfla), and elongation factor 1 alpha 2 (eEf7a2)
genes were used as reference genes due to their high stability under different
experimental treatments (Teng et al. 2012a; Arun et al. 2015; Piron Prunier et al. 2016;
Shen et al. 2022; Tang et al. 2022). However, it has been reported that the expression
level of these genes varies depending on cellular processes of each species in which
they are participating (Panina et al. 2018). In this sense, although these genes have been
identified as suitable for gPCR normalization, to date, their validity in H. e. lativitta
remains unverified. Therefore, the selection and validation of appropriate reference
genes from H. e. lativita is crucial to ensure the accuracy of the standardization of gPCR
data and gene expression analysis in this species (Shen et al. 2022). In this study, the
expression stability of various genes from different tissues of both sex of H. e lativitta
were assessed both at normal conditions (25°C) and under thermal stress (4 and 40 °C).
Furthermore, the reference genes were validated using the target gene Hsp90. Thus,
this research contributes valuable insights for future gene expression studies in H. e.

lativitta.



2. MATERIALS AND METHODS

2.1 Insect rearing

This research was carried out under the authorization of the Ministerio del Ambiente,
Agua y Transicion Ecologica MAATE-DBI-CM-2021-0176. The Insect collection and
rearing of H. e. lativitta butterflies were conducted in the surroundings of the Colonso
Chalupas Biological Reserve located in the Ecuadorian Amazon Region. The collected
wild specimens were housed in insectary cages (1 x 2.5 x 2 m) of the Universidad
Regional Amazonica Ikiam in Tena, Ecuador, which were equipped with the host plant
Passiflora puntacta. The butterflies were fed with Lantana camara and Stachytarpheta
jamaicensis flowers and a solution of 15% sugar and 1% pollen (Ojeda 2023). Eggs laid
in the host plant Passiflora punctata were collected and monitored every other day. Upon
hatching, the larvae were individually reared in pots and fed with fresh leaves of the host
plant until they reached pupation around 28 days. The newly emerged adult butterflies
were maintained for a period of two weeks and each was identified with a unique code
marked on their wings. All cages and pots were maintained at 25°C %2, relative humidity
80% %5, and 12:12 light: dark cycle.

2.2 Sample collection

A total of 18 butterflies, 9 females and 9 males, were used to investigate the effect of
thermal stress on the expression level of candidate reference genes. These individuals
were distributed in 3 groups, each consisting of 3 females and 3 males. The first one was
placed inside a plastic container and exposed to 40 °C for 1 hour using a WB10 water
bath (PoliScience®) to induce heat shock. In the same way, a second group was
exposed to 4°C using an AlaskaH200B2 freezer (MABE) for 1 hour to induce cold shock
(Luo et al. 2015; Montejo-Kovacevich et al. 2020). The third one was used as control
group and was exposed to 25 °C for 1 h using a WB10 water bath (PoliScience®). The
temperature was monitored using a thermometer. After the treatment, the butterflies
were sacrificed and dissected into head, thorax, and abdomen, and preserved in RNA

Later™ (Invitrogen®) -80 °C until use.



2.3 Candidate reference genes and primer design

The candidate reference genes ACT1, ACT2, ANX, AK, eEfla, eEffa2 were selected
based on previous studies performed with Bombyx mori and Heliconius numata (Teng
et al. 2012b; Piron Prunier et al. 2016). The preliminary sequences for each gene were
obtained from GenBank database (Benson et al. 2017). After, the Basic Local Alignment
Search Tool (BLAST) was employed to blast the obtained sequences against
homologous sequences from version 3 of H. e. lativitta genome available in The
Lepidopteran Genome Database (LepBase) (Challis et al. 2016 Jun 6; Lewis et al.
2016).Then, three primer pairs were designed for each gene using the selected
sequences and the software Genius Prime (Dotmatics®) with the following
parameters: amplicon length between 80 - 130 pb, melting temperature between 58 - 62
°C, and CG content of 40 — 60 %. Finally, Primer Blast was employed to find likely
amplifications of unwanted genomic DNA (Ye et al. 2012). Additionally, the absence of
additional bands of PCR-amplified products was verified on 2% agarose gel. Details of

the reference genes are shown in Table 1.

2.4 Total RNA isolation and first-strand cDNA synthesis

Total RNA was isolated from each sample by using the SV Total RNA Isolation System
(Promega®) in accordance with the manufacturer’s protocol. Concentration and purity of
total RNA were analyzed using a NanoDrop One Spectrophotometer (Thermofisher™),
and 4.5 pl of RNA samples with a concentration of 60 ng/ul and an A260/280
ratio between 1.8 and 2.2 were used for reverse transcription. Then, the first strand of
cDNA was synthesized using retrotranscription GoScript® (Promega™) in accordance
with the manufacturer’s protocol. The process was carried out in a final volume of 20 pl

and the resulting products were stored at -20 °C until use.

2.5 Quantitative real time PCR

Quantitative real-time PCR reactions were performed on the CFX-96 Touch System (Bio-
Rad™). gPCR reactions were performed using BlastTaq 2X qPCR MasterMix (abm®)
with a final volume of 10 ul and two technical replicates. The master mix contained 5 pl
BlastTaq 2X gPCR MasterMix, 0.5 pl of each primer [10 uM], 1 pl of BSA [5 pg/pL], 1 pl
of ultrapure water, and 2 pl diluted cDNA [10 ng/pL]. The thermal cycling conditions were

as follows: initial denaturation at 95 °C for 2 min, followed by 40 cycles at 95°C for 30 s,
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annealing Tm for each gene (See Table 1) for 15 seg, and at 72°C for 1 min. Then, the
specificity of amplification was verified by a melting curve with a temperature gradient
from 65 to 95 °C with an increase of 0.5 °C/30 s. Finally, the amplification efficiency of
the primers was obtained from the standard curve using a fivefold dilution series of gDNA
(1:1, 1:3, 1:9, 1:27, and 1:81) with an initial concentration of 30 ng/pl and three technical
replicates. The amplification efficiency (E) of each gene was calculated using the

following equation (Radonic et al. 2004):
1
E= (10("ﬁ) - 1) * 100

where m is the slope value from the standard curve.
2.6 Expression stability of candidate reference genes

The expression levels of the candidate reference genes were evaluated using the
threshold cycle (Ct value), and the variations were visualized using the geom_boxplot
from the package ggplot2 3.4.3 in Rstudio 4.3.2 (Wickham 2016). It is important to
mention, tissue and sex samples without any treatment and at 25°C were used for gene
stability analyses in normal conditions. The expression stability of the candidate genes
was then assessed using geNorm and NormFinder from the package NormgPCR 1.46.0
in Rstudio (Perkins et al. 2012). The geNorm algorithm determines the expression
stability value (M) for each candidate gene, where genes with M values lower than 1.5
are considered the most stable. Moreover, geNorm also calculates the optimal number
of reference genes for accurate qPCR normalization by pairwise variation (V). The Vn/
n+ 1 value is calculated between two consecutive normalization factors, where n is the
number of genes used in the normalization. Thus, the inclusion of another stable gene
may increase or decrease the Vn/ n+ 1 value, were values < 0.15 indicate that the

addition of another gene is not necessary for normalization (Vandesompele et al. 2002).

On the other hand, the NormFinder model calculates the expression stability values as
a function of the intra- intergroup variations of the candidate genes, where the genes
with lower stability values were the most stable (Andersen et al. 2004). Then, the online
RefFinder program was used to compare and rank the stability of candidate reference
genes (Xie et al. 2023). This tool integrates four statistical algorithms (geNorm,

NormFinder, BestKeeper, and comparative delta CT method) and assigns an

5



appropriated value to an individual gene and calculates the geometric mean of these
values for the overall final ranking. Subsequently, Anova function from the car package
version 3.1-2 was utilized to assess the significance of the effects of sex and tissue on
the number of copies of reference genes (Fox and Weisberg). Subsequently, Tukey's
test was applied using the stats package version 4.3.2 to identify the specific pairs that

show statistical differences in relation to the results previously obtained.

Finally, generalized linear models were employed to examine the relationship between
temperature treatment and the absolute expression of candidate reference genes. These
analyses were conducted in Rstudio after log-transformation to ensure data
homogeneity. Model assumptions were validated using residual vs. fitted plots and
normal Q-Q plots. The Anova function were using to estimate the significant effects of
the temperature treatments.

2.7 Validation of the reference genes

Insects contain highly conserved heat shock proteins, such as Hsp90 (Landais et al.
2001). These proteins participate in several biological processes such as the protection
of the cell from damage caused by thermal stress (Landais et al. 2001). Then, the Hsp90
gene was used as the target gen to demonstrate the usefulness of selected reference
genes. The primer sequence of the target gene was: forward (5- 3):
ATCAAAGCTCGACAGTGGCA and reverse (5- 3'): AACCAAGTCGGCCTTTGTC.
Relative gene expression was calculated using the 2724¢t method and significant
differences were analyzed using Rstudio after log transformation to obtain homogeneity
in the data. Finally, generalized linear models and two-way ANOVA were used (Livak
and Schmittgen 2001).



3. RESULTS

3.1 Evaluation of primer specificity and amplification efficiency

The candidate reference genes for H. e. lativitta were selected based on a study
performed with other lepidopterans (Teng et al. 2012a; Piron Prunier et al. 2016). Three
pairs of primers for each gene were evaluated to determine the optimal amplification
efficiency (Table 1). The regression coefficient R? and amplification efficiency were
determined by the slope of the standard curve of each gene. The efficiency values of the
candidate reference genes ranged from 63.05% to 105.28%, being the minimum for
eEfla2 and the maximum for ACT2. Therefore, eEf1a2 was excluded from the study
because its efficiency was lower than 80% (Piron Prunier et al. 2016). While the other
candidate genes (ACT1, ACT2, ANX, AK, eEfla) were considered robust and suitable
for gPCR assays, since their efficiency was higher than 80% and their R? values were
greater than 0.98 (Table 1) [15]. Moreover, gene specificity was confirmed by the
presence of a single melt curve peak and a PCR amplification band observed on agarose

gel electrophoresis (Supplementary Figurel and Supplementary Figure?2).

Table 1. Primer sequences, parameters, and efficiencies of amplification of reference
genes used for g°PCR normalization.

Length Tm  Efficiency

Gene Lepbase ID Primer Sequence (bp) °C) (%) R?
ACT1 HEL_011520- F: CACACCGTGCCCATCTATGA 131 60 98.04 0.98
RA R: GCGGTGGTGGTGAAAGAGTA
ACT2 HEL_008433- F: CGAGCACGGTATCATCACCA 125 58 105.28 0.98
A R: TAGGGTTAAGTGGGGCCTCA
ANX HEL_001985- F: ACGTGGAATCGTACAACGCT 125 62 98.84 0.99
A R: TCATCAGAGCCACGATCACG
AK  HEL_012431- F: GCCCCTGATGCTGAAGCTTA 131 60 92,58 0.99
A R: TTGCCGAGGGTCTCAACATC
eEfila HEL_002519- F: CGTGAGCATGCCTTACTTGC 120 58 90.39 0.98
i R: AACATGTTGTCTCCGTGCCA
eEffa 2 HEL_001340- F: AGGACGTGTACAAGATCGGC 133 58 63.05 0.99
RA

R: TGCATCTCCACGGACTTCAC




3.2 Expression profiles of selected genes

The cycle of threshold (Ct) obtained for the candidate reference genes provides a
general description of the variation in the genetic expression under different conditions.
Ct values are crucial in the selection of reference genes, since the lower the Ct, the
higher the expression level, and vice versa (Liu et al. 2023). As seen in Figure 1, ANX
had the highest average Ct value (25.34), while ACT2 had the lowest average Ct value
(21.42). The other genes presented intermediate average Ct values (ACT2 =22.20,
eEfla =22,60, and AK =22.93). Moreover, the highest dispersion of Ct values was
identified for ACT2 gene at 4.67 amplification cycles, followed by AK gene at 4.58 cycles,
ACT1 gene at 4.33 cycles, ANX gene at 3.96 cycles and eEfla gene at 3.72 cycles
(Figure 1).

40

PN

10

CT value

ACT1 ACT2 AK ANX eEffa

Figure 1. Expression profiles of candidate genes reference under different conditions
in H. e. lativitta



On the other hand, absolute gene quantification shows the number of DNA copies of
candidate reference genes (Supplementary Figure 3). ACT genes presented high
variability in the thorax in both males and females. Also, ANX and eEffa exhibited an
increase in absolute expression in the head and thorax of both sexes. Finally, AK showed
a high number of DNA copies in all treatments and tissues of both sexes
(Supplementary Figure 3). Therefore, the variation in the CT values and the absolute
guantification of the candidate genes indicates that a selection of suitable reference
genes is required.

3.3 Expression stability of reference genes

3.3.1 Sex

The stability rankings generated by geNorm and NormFinder showed that ACT2 and
ACT1 were the most stable genes and ANX was the least stable gene (Table2). This
was according to the RefFinder results, in which the stability ranking of the genes was
as follow: ACT2 > ACT1 > AK > ANX > eEffa (Figure2). Furthermore, the Anova test
revealed that there were not significant differences for the expression levels of ACT1 and
ACT2 regarding sex (p > 0.05). Moreover, the pair-wise variation analysis revealed that
V2/3 approached the 0.15 cut-off (Figure 3), suggesting that the most suitable gene
combination for gPCR normalization is ACT1 and ACT2.



Table 2. Ranking of the reference genes according to geNorm and NormFinder algorithms

geNorm NormFinder
Condition Ranking Gene Stability (M)  Gene Stability (SV)
Sex 1 ACT1/ACT2 0.516 ACT2 0.167
2 - - ACT1 0.500
3 AK 0.682 AK 0.628
4 eEfla 0.742 eEfla 0.695
5 ANX 0.978 ANX 1.222
Tissue 1 ACT2/AK 0.826 ACT1 0.810
2 - - AK 1.074
3 ACT1 1.000 ACT2 1.097
4 eEfla 1.505 eEfla 1.438
5 ANX 1.915 ANX 2.284
Temperature 1 ACT2/AK 1.049 AK 0.937
2 - - ACT2 1.375
3 ACT1 1.567 ACT1 1.536
4 eEfla 1.896 eEfla 1.569
5 ANX 2.329 ANX 2.651
3.3.2 Tissue

The results obtained with the NormFinder and geNorm algorithms indicate that eEfla
and ANX were the least stable genes across different tissues in H. e. lativitta. As well as,
NormFinder identified ACT1 and AK as the most stable genes, while geNorm indicated
that ACT2 and AK were the most stable (Table2). These findings were agreed with the
results of RefFinder that ranked ACT1 and AK as the most stable genes. Additionally,
the pairwise variation V2/3 determined by geNorm approached the 0.15 cut-off,
suggesting the combination of ACT1 and AK as reference genes to calculate the relative
expression in different tissues (Figure3). However, Anova test revealed significant
differences for the two candidate genes (ACT1 F2/15=25, p=1.67e-05; AK F2/15=18.97,
p= 7.81e-05) across the three tissues (thorax, abdomen, and head). Therefore, the
Turkey test was performed to find out the tissue contributing to the significant difference.
Thus, Tukey’s results indicated that there are not significant differences in the interaction
between head - abdomen (p > 0.05). While, the interaction between thorax — abdomen
(ACT1, p = 1.8e-5; AK, p = 7.3e-5) and thorax — head (ACTL, p = 3.1e-4; AK, p = 1.6e-

3) showed significant differences, indicating that the thorax is the significant factor.
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Based on these results, suitable reference genes for thorax were identified. Thus,
NormFinder and geNorm ranked eEfla and AK as the most stable genes
(Supplementary Table 1). These results are in agreement with the RefFinder outcomes,
in which eEfla and AK had the best stability in the thorax (Supplementary Figure 4).
Hence, ACT1 and AK is recommended for head and abdomen, while eEfla and AK for

thorax, and AK for the three tissues.

Temperature Tissues Sex
AK ACT? ACT2
Mast Most Most
ACTZ stable AK stable  ACT? stable
1.5
20 2.0 .
25 25
eEfta : ACT2 AK
3.0 3.0 3
35 ""3_5 s
u w N
ACT? eEfla ANX
Least Least Least
stable stable stable

0 1 2 3 4 [} 1 2 3 4 0 1 2 3 4
Genes Geomean of ranking values Genes Geomean of ranking values Genes Geomean of ranking values

Figure 2. Expression stability of the reference genes under different conditions by RefFinder.

3.3.1 Temperature

The geNorm and NormFinder statistical algorithms provided similar results for the most
stable genes. As is detailed in Table 2, ACT2 and AK had the best stability under thermal
stress conditions. These results were according to the RefFinder outcomes, in which
ACT2 and AK were the most stable genes, while ANX and ACT1 were identified as the
least stable genes (Figure2). On the other hand, the pairwise analysis performed with
geNorm, revealed that the V2/3 value approached the proposed 0.15 cut-off, suggesting
the use of ACT2 and AK as reference genes for the evaluation of thermal response of
butterflies under different temperature treatments (Figure3). Furthermore, it was
confirmed with Anova test, that the recommended genes did not exhibit significant

differences in response to temperature (p > 0.05).
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Figure 3. Determination of optimal number of reference genes under different
conditions by geNorm.

3.4 Validation of reference genes

The relative expression of the target gene Hsp90 under thermal stress was normalized
to verify the stability of the selected reference genes. Two of the most stable genes (AK
and ACT2) and two of the least stable genes (ANX and ACT1) of H. e. lativitta under
thermal stress were selected and evaluated at different temperatures, as shown in
Figure 4. The relative gene expression of Hsp90 with the most stable combination in the
heat treatment was 6.5 times higher in thorax (T) than in abdomen (A) and head (H) in
both sexes (Figure 4A). Furthermore, significant overexpression of Hsp90 was observed
under heat treatment in the abdomen of both sexes (Figure 4A). The cold treatment
resulted in a significant overexpression of Hsp90, reaching up to 2 and 5 times in the
thorax of females and males, respectively. Nonetheless, Hsp90 exhibited an
underexpression of up to 3-fold in the abdomen of both sexes. (Figure 4A).

Otherwise, it was observed an overexpression of Hsp90 with the least stable genes of
up to 5 and 10 time more under heat treatment in the thorax of females and males,

respectively (Figure 4B). Likewise, there was an underexpression in the abdomen of the
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females. In contrast, under cold treatment, Hsp90 was significantly overexpressed in all
tissues of three male and significantly underexpressed in the head and thorax of females
(Figure 4B).
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5 * * %
*
o
2
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Figure 4. Relative gene expression (RGE) of Hsp90 using the reference genes
selected under different temperature treatments in H. e. lativitta.
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A) Relative expression levels were normalized to the most stable genes (AK and ACT2).
B) Relative expression levels using to the least stable genes (ANX and ACT1). Error bars

show the SD of three biological replicates. The asterisk indicates significant difference
(P <0.05).
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4. DISCUSSION

gPCR is widely employed to quantify target gene transcription levels in insects (Sola et
al. 2017). However, the accuracy and reliability of gPCR data depend on the careful
choice of reference genes. An ideal reference gene must present stable transcription
levels under various experimental or environmental conditions (Tang et al. 2022).
Unfortunately, several studies in insects have reported significant differences in the
stability of commonly used reference genes under different experimental conditions and
tissue where they are located. For example, the eEfla gene has been shown to be stable
under the presence of biotic factors but unstable under the influence of abiotic factors in
Danaus plexippus (Pan et al. 2015). In another study performed with Spodoptera litura,
it has been reported that ACT is stable under the effect of insecticides and starvation
treatments, but it become unstable by changes in diet and depending on the tissue where
is found (Lu et al. 2013). Likewise, it has been shown than Actin Al is stable during the
developmental stages in Plutella xylostella, but unstable in Bombyx mori (Teng et al.
2012a). Hence, it is necessary to validate reference genes for each species and that they

are stable under different experimental treatments and across different tissues.

In the present study, reference genes commonly employed in other lepidopterans were
selected and validated for gene expression analysis in H. e. lativitta. The optimal
amplification efficiency and regression coefficient determined by the slope of the
standard curve play a crucial role in the selection process of reference genes (Bustin et
al. 2009a).The ideal efficiency is considered 100%, assuming that PCR products
duplicate in each cycle during the exponential phase and that data fit the standard curve
(Piron Prunier et al. 2016). However, amplification efficiency may significantly vary due
to decreased polymerase activity, quality of the sample, depletion of PCR components,
and competition with PCR products (Wong and Medrano 2005; Zhang et al. 2015).
Therefore, reference genes can be considered suitable if the efficiency is within the range
of 80 - 120% and R? values are greater than 0.98 (Bustin et al. 2009a). In this sense,
among the genes evaluated, only eEfla2 was not considered as candidate reference
gene due to its lowest efficiency (63.05 %) (Tablel), while than ACT1, ACT2, AK, ANX

and eEfla which showed a high efficiency were employed for further analysis.

ACT genes encode highly conserved proteins involved in fundamental processes, such

as muscle contraction, cell motility, and cell division (Lu et al. 2013; Li et al. 2018). It has
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been stated that the stability of these genes could vary depending on the organism and
specific experimental condition such as stage of development, tissues, sex, photoperiod,
inanition, thermal stress, and diet (LU et al. 2018). In the present study, ACT genes only
showed the best stability at the sex and tissue level. However, when exposed to thermal
stress their stability was slightly affected. These is according to the reported in other
studies, in which these genes have exhibited high stability only under certain conditions
such as temperature treatment, photoperiod, insecticide treatment, and diet in organisms
like Megalurothrips usitatus, Spodoptera litura, Drosophila melanogaster, and L.
vinanasa (Scharlaken et al. 2008; Ponton et al. 2011; Lu et al. 2013; Hou et al. 2023; Liu
et al. 2023). On the other hand, AK gene is involved in cellular metabolism and catalyzes
the reversible transfer of the phosphoryl group of ATP in invertebrates(Wang et al. 2009).
Although AK is rarely used as a reference gene, its stability has been proven in tissues
of Bombus terrestris and Spodoptera litura (Horfiakova et al. 2010; Lu et al. 2013).
Moreover, it has been reported that AK is stable in males and females of L. japonica and
under insecticide treatments in M. dirhodum [41,42]. However, in this study, AK only
exhibited high stability under thermal stress and in different tissues from H. e. lativitta,

but it presented a high instability regarding sex.

On other hand, eEfla participates in protein synthesis, specifically in the translation
process by catalyzing GTP-dependent binding of aminoacyl-tRNA to the acceptor site of
the ribosome (Lu et al. 2013). As a conserved nuclear gene, it has been used as a
phylogenetic marker in insects and has been widely utilized as a reference gene (Martoni
etal. 2017). For example, previous studies have reported the stability of eEfla in different
developmental stages of Plagiodera versicolora and Oryctes rhinoceros, in males and
females of H. theivora, as well as, in individuals of Mythimina separata exposed to
pesticides, and M. usitatus exposed to different temperatures (Li et al. 2018; Wang et al.
2019; Tu et al. 2022; Arvind et al. 2023; Hou et al. 2023). However, in this study, eEfla
only exhibited a high stability in the thorax, while in the other two tissues (head and
abdomen), at the sex level, and under thermal stress, its expression level was not stable.
On the contrary, ANX a gene than participate in Ca?*-regulated phospholipid binding
during the exocytosis and apoptosis, showed a high instability in the three assessed
conditions (sex, tissue and temperature variation) (Moss and Morgan 2004). These
results are different to the reported in other studies, in which the expression level of ANX
gene was stable in the developmental stages of Heliconius butterflies (Reed et al. 2007,

Piron Prunier et al. 2016). Therefore, these results highlight the importance of studying
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the expression levels of the candidate reference genes under different conditions in order

to ensure the reliability of gPCR normalization.

Recent studies have indicated that a single reference gene used for the normalization of
gPCR may influence the accuracy of expression levels (Bustin et al. 2009b; Teng et al.
2012a; Omondi et al. 2015; Liu et al. 2023). Hence, the use of two or more reference
genes is recommended to reduce errors (Bustin et al. 2009b). In this work, the V values
that indicate the optimal number of genes to be used were higher than the threshold
value (0.15) for all conditions (Vandesompele et al. 2002). That is, these values may not
be considered as the only criterion to determine the optimal number of reference genes
to be used for gPCR normalization. In this sense, M values which also evaluate the
stability of candidate reference genes were used to find the most stable genes. Then,
according to the results shown in Table 2, at least two genes were considered as the
most stable reference genes due to their M values were below 1.5 (Lu et al. 2013; Sun
et al. 2019). Therefore, AK and ACT2, ACT1 and AK, eEffa and AK, and ACT1 and
ACT2 were used to hormalize gene expression in H. e. lativitta under thermal stress, for

head-abdomen, thorax, and sex, respectively.

The validation of the two selected reference genes was evaluated in the relative
expression analysis of HSP90, a key protein in the cellular response to thermal stress.
The results suggested that relative expression of HSP90 was high at 40°C in tagma of
both sexes when was normalized by the recommended genes AK and ACT2.
Nonetheless, when Hsp90 was normalized using the least stable genes ACT1 and ANX,
it was observed a significant overexpression at high temperatures in the thorax of both
sexes. Thus, these results emphasize that the choice of deficient reference genes may
provide incorrect expression patterns in the target gene and misinterpretations (Pan et
al. 2015). Therefore, the appropriate selection and use of reference genes for
normalization is a fundamental prerequisite for accurate expression analysis of target

genes.
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5. CONCLUSIONS

The stability of six candidate reference genes from H. e lativitta was evaluated under
different conditions and using three algorithms. It was found that the ACT genes are the
most suitable to be used as reference genes for gene expression normalization due their
high stability across different tissues and both in male and females. While the expression
level of ANX gene was the most unstable becoming it the least appropriate gene for g-
PCR data normalization. Additionally, the selected reference genes were validated by
analyzing the expression of the Hsp90 gene under heat stress, demonstrating that the
choice of unstable genes may lead to incorrect interpretations of the expression patterns
of the target genes. Therefore, careful selection and validation of reference genes are
essential steps to ensure the accuracy of gene expression analyses, particularly in the
study of heat stress responses in tropical butterflies. Moreover, the results of this work
provide valuable information and a set of highly reliable reference genes for future

research on gene expression in Heliconius erato lativitta.
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SUPPLEMENTARY INFORMATION

Supplementary Figure 1. Agarose gel electrophoresis of six candidate
reference genes primers in PCR.

Lane M was DNA 5000pb Marker, PCR products were as follows: 1) ACT1; 2) ACT2;
3) AK; 4) eEfla; 5) ANX; 6) eEfla2.
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Supplementary Figure 2. Melting curves analysis for each candidate gene in H. e.
lativitta. Genes included: a) ACT1; b) ACT2; ¢) AK; d) ANX; e)
eEfla; d) eEfla2
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Supplementary Figure 3. Absolute gene quantification of candidate reference genes

Supplementary Table 1. Ranking of the reference genes obtained geNorm and
NormFinder of thorax

geNorm NormFinder
Condition Ranking
Gen Stability Gen Stability (SV)
(M)
1 AK/ eEfla 0 eEfla 0.563
2 - - AK 0.563
Thorax 3 ACT2 0.655 ACT2 0.679
4 ANX 0.866 ANX 0.853

5 ACT1 1.064 ACT1 1.195
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Supplementary Figure 4. Expression stability of the reference

genes of thorax by RefFinder



