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Abstract

reference genes for expression studies in this species.

Background: Real-time quantitative PCR is a widely used method for gene expression analyses in various organisms.
Its accuracy mainly relies on the correct selection of reference genes. Any experimental plan involving real-time PCR
needs to evaluate the characteristics of the samples to be examined and the relative stability of reference genes. Most
studies in mollusks rely on reference genes commonly used in vertebrates.

Results: In this study, we focused on the transcriptome of the bivalve mollusk Mytilus galloprovincialis in physiologi-
cal state to identify suitable reference genes in several adult tissues. Candidate genes with highly stable expression
across 51 RNA-seq datasets from multiple tissues were selected through genome-wide bioinformatics analysis. This
approach led to the identification of three genes (Rp/14, Rpl32 and Rpl34), whose suitability was evaluated together
with 7 other reference genes commonly reported in literature (Act, Cyp-A, Efla, Gapdh, 18S, 285 and Rps4). The stabil-
ity analyses performed with geNorm, NormFinder and Bestkeeper identified specific either single or pairs of genes
suitable as references for gene expression analyses in specific tissues and revealed the Act/Cyp-A pair as the most
appropriate to analyze gene expression across different tissues.

Conclusion: Mytilus galloprovincialis is a model system increasingly used in ecotoxicology and molecular studies. Our
transcriptome-wide approach represents the first comprehensive investigation aimed at the identification of suitable
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Background

Mussels are organisms important both from a commer-
cial and from a scientific standpoint. With a global pro-
duction of several hundred thousand tons per year, M.
galloprovincialis is one of the most relevant farmed edi-
ble bivalve in the Mediterranean area [1]. The use of mus-
sels as model organism covers a broad range of research
fields: from biomonitoring and ecotoxicology [2], to
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translational medicine [3], to invertebrate immunology
[4]. The growing scientific interest in these organisms is
progressively revealing the near-complete lack of spe-
cific laboratory protocols, whose set-up would undoubt-
edly improve the quality and reproducibility of scientific
research in the field.

Over the years, the study of gene expression has gained
importance in many fields of scientific research, provid-
ing novel insights about regulatory networks and bio-
logical processes. Dye-based Real-time quantitative
Polymerase Chain Reaction (RT-qPCR) using dye such as
SYBR® Green dye is an economical option for monitoring
gene expression which yields reproducible results with-
out the requirement with expensive and labor-intensive
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fluorescent probe design. Dye-based real time is a sensi-
tive method for the quantification of mRNA in biologi-
cal samples [5, 6]. Due to its simplicity, rapidity and high
specificity, it has become one of the most popular tech-
niques applied for targeted nucleic acid quantification
[6]. Despite its wide use and the multiplicity of available
protocols, this technique is affected by several problems
related to the intrinsic diversity of RNA populations
among samples and to the presence of technical errors
and experimental biases [6, 7]. To correct these sources
of errors, the data collected are usually normalized with
one or more internal controls, defined as reference genes
whose mRNAs are stably expressed across a broad range
of conditions. Although the use of more than one refer-
ence gene is usually recommended, their optimal num-
ber and combination need to be adequately selected for
each experimental condition [6]. Nevertheless, most gene
expression studies carried out in molluscs do not use ref-
erence genes validated in the species of interest, often
relying on genes whose expression is simply assumed to
be stable based on data collected from largely divergent
vertebrate model species.

The most popular reference genes, used in a wide vari-
ety of model organisms, are B-Actin (Act), Glyceralde-
hyde-3-phosphate dehydrogenase (Gapdh) and the 18S
ribosomal RNA (18S)Act can be considered as one of the
first internal standards used in gene expression quantifi-
cation studies, and it is still one of the most widely used
internal standards today [8]. Although Act is often con-
sidered as a single-copy gene, it is part of a multi-gene
family that includes several nearly-identical members,
which usually allows the design of shared PCR primes
[9]. Its mRNA is abundantly expressed in most cell types
and encodes a ubiquitous cytoskeleton protein [5]. The
Gapdh mRNA encodes the glyceraldehyde-3-phosphate
dehydrogenase enzyme, which catalyzes an important
step in glycolysis. Due to its abundance and ubiquitous
expression, it is frequently used as a control in RT-qPCR
experiments [5]. Lastly, rRNAs are considered useful
internal controls since they are generated by a distinct
polymerase (i.e. RNA polymerase 1) [10] and their levels
are not expected to vary in a significant manner under
conditions affecting the expression of mRNAs [11].
However, a high number of tandemly duplicated identi-
cal rRNA genes copies are usually present in eukaryotes,
and their abundance depends on genome size [12]. While
several studies indicate that 18S rRNA is a more suitable
reference gene than Gapdh and Act (e.g. [13-15]), oth-
ers define its use as inappropriate in some cases, such
as mammalian cells (e.g. [16, 17]). Since these genes can
undergo regulation in response to specific natural or
experimental conditions (e.g. act mRNA has a cell-cycle
dependent expression) a validation process is highly
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recommended before their inclusion in any panel of ref-
erence genes in order to avoid measurement errors [5, 7].

Although a few suitable reference genes for RT-qPCR
experiments have been previously identified in mussel
[18-20], no specific gene set to be used in different tis-
sues and/or experimental conditions has been described
yet. A study carried out on M. edulis identified Elonga-
tion factor 1 alpha (Efla) and ribosomal 18S and 28S
RNAs as the most stable targets across different stages of
gametogenesis, while Helicase (Hel) and Act were defined
as unstable targets [18]. Different combinations of refer-
ence genes have been validated for use in M. galloprovin-
cialis digestive gland and gills (Gapdh, Ribosomal protein
S84 - Rps4 and Cytochrome oxidase subunit 1 - CoxI) and
mantle (Gapdh, Rps4 and Rps27) following exposure
to okadaic acid [19]. A recent study carried out in the
golden mussel Limnoperna fortunei, highlighted poor
stability of gene expression levels in gonads of individu-
als of different sexes, suggesting the presence of remark-
able intra-specific differences [20]. The recently reported
widespread hemizygosity of the mussel genome, associ-
ated with gene presence-absence variation phenomena,
represent another potential issue in the identification of
suitable stable reference genes in this species [21].

Some studies in vertebrates (human, mice, zebrafish)
and plants (tomato, seaweed, and kiwi) successfully iden-
tified housekeeping or reference genes taking advantage
of RNA-Seq data [22-26]. To the best of our knowledge,
so far this approach has only been used, among molluscs,
in scallop due to the unavailability of complete transcrip-
tomic datasets for most species [27].

The aim of the present study was to identify candidate
genes suitable as internal references for RT-qPCR experi-
ments in different tissues of the mussel M. galloprovin-
cialis. The suitability of ribosomal protein L14, L32 and
L34 (rpl14, rpl32 and rpl34), selected using a transcrip-
tomic approach, was comparatively assessed with seven
additional gene targets commonly used in literature and
previously used in gene expression studies targeting mus-
sels. We investigated their stability in digestive gland,
gills, mantle, gonads and foot in physiological conditions
in order to provide a solid basis for future expression
studies. We also used the most stable reference genes to
assess their reliability in evaluating the expression of four
highly expressed tissue-specific genes of interest (GOI) in
the mantle and in the digestive gland.

Results

Identification of the candidate reference genes

from RNA-Seq data

As previously reported by Gerdol et al. [21] Rpl32, Rpli4
and Rpl34 were identified as the first, third and fourth
most stable core genes across 51 RNA-seq datasets from
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multiple adult tissues and experimental conditions in M.
galloprovincialis. Rpl32, with a stability score equal to
0.24, achieved a mean expression level of 3061.45 TPMs;
Rpl14, with a stability score equal to 0.25, achieved a
mean expression level of 2747.49 TPMs; Rpl34, with a
stability score equal to 0.27, achieved a mean expression
level of 2288.28 TPMs (Figure S1). These three candidate
genes were confirmed to lack paralogous gene copies in
the M. galloprovincialis genome, and in silico primer
check ruled out the possibility of non-specific amplifica-
tion of other genomic regions or transcribed RNAs.

Expression stability of candidate reference genes
In this work, we analyzed ten genes, considering three
novel candidates selected with a transcriptomic approach
(Rpl14, Rpl32, Rpl34) and seven genes commonly used as
references (Act, Cyp-A, Efla, Gapdh, 18S, 28S, Rps4), ver-
ifying their expression stability in various mussel tissues.
The range of cycle threshold (Ct) values was quite similar
among samples, with 185 and 28S exhibiting the highest
range of variation in Ct in all tissues analyzed (Fig. 1, S2).
An overview of the results obtained from the analy-
sis of the selected reference genes using three different
algorithms is presented in Fig. 2. In the gills, Rps4 was
identified as the most stable gene by geNorm evaluation,
whereas Act and Cyp-A were selected by the NormFinder
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and BestKeeper, respectively. However, all these three
genes were generally considered stable by the three algo-
rithms but with a different ranking (Table S1). Interest-
ingly, geNorm suggested the use of Gapdh/Rpl34 as the
best combination of reference genes, as both showed
higher M values than the other analyzed genes (Fig. 2A,
Table S1).

In the digestive gland, Gapdh and Rps4 showed the
lowest (and identical) M value according to geNorm;
nevertheless, the algorithm suggested Rps4/Rpli4 as the
best possible combination since the latter gene had an M
value slightly higher than Gapdh (Table S2). Gapdh has
ranked first also in the NormFinder analysis (Table S2).
In addition, both Rps4 and Rpl14 displayed good stability
values. Conversely, Gapdh, Rps4 and Rpl14 were found to
be beyond the recommended value (SD<1) in the Best-
Keeper analysis, while Cyp-A ranked first (Table S2). It is
important to note that Cyp-A was also identified as a sta-
ble gene by the geNorm and NormFinder analysis (Table
S2, Fig. 2B).

The comparison among the different algorithms pro-
duced less consistent results in the gonads, with Gapdh
resulting as the most stable gene by geNorm, Rps4 by
NormFinder and Rpl34 by BestKeeper (Table S4). In
addition, the best combination, according to geNorm
was Cyp-A/Gapdh. All the named genes were generally
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Fig. 1 RT-gPCR cycle threshold (Ct) values of candidate reference genes in the different tissues. Ct distribution values of Rpl14, Rpl32, Rpl34, 18, 28S,
Act, Cyp-A, Ef1a, Gapdh and Rps4 from gills (A), digestive gland (B), gonads (C), mantle (D), foot (E) of M. galloprovincialis. The distribution is shown by
vertical box plot as medians (lines), interquartile range (boxes) and ranges (whiskers)
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considered stable by the three algorithms, except for
Rps4 that showed an SD value much higher than rec-
ommendations (SD=1.25) by BestKeeper (Table S4,
Fig. 2C).

In the mantle, Cyp-A showed the highest stability
according to both geNorm and BestKeeper, in contrast
with NormFinder, which indicated Act as the most sta-
ble gene (Table S3). Nevertheless, Cyp-A and Act were
considered stable by the three analyses, even though
they occupied different positions in the rankings. Fur-
thermore, geNorm suggested Cyp-A/Rpli4 as the best
combination of reference genes (Table S3, Fig. 2D).

In the foot, Gapdh, Act and Cyp-A had the best stabil-
ity values in geNorm, NormFinder and BestKeeper rank-
ing, respectively (Table S5). The best pair of reference
genes suggested by geNorm was Rpll14/Rpl32. As pre-
viously discussed for the other tissues, all these genes
were considered relatively stable from the different
algorithms, with the exception of act, which had an SD
value higher than 1 (SD =1.29) (Table S5, Fig. 2E).

Finally, we reanalyzed the data by considering all
the tissues. As previously mentioned for the analysis
of single tissues, 18S and 28S were the most variable
candidate reference genes across all the tissues (Fig. 3).
NormFinder defined Act and Cyp-A as the best gene
pair combination.

Expression level of target genes

We validated the bonafide selection of the previously
described reference genes for the interpretation expres-
sion data of a set of GOL To this aim, we analyzed the
expression of four genes differentially expressed in adult
tissues, selected according to their strong specific expres-
sion inferred from RNA-seq data in the mantle and
digestive gland, respectively. In detail, MGAL10A005692,
specifically expressed at high level (averaging ~3900
TPM) in the mantle, encodes a low-complexity protein,
which bears distant homology with SCO-spondin in the
C-terminal region. The second selected mantle-specific
GOI, MGAL10A087091, was expressed at similar lev-
els (averaging 3600 TPM) and was orthologous with M.
coruscus MUSP-3, previously reported to be involved in
shell mineralization [28].

On the other hand, MGAL10A040115, a meprin A-like
metalloprotease, was one of the most distinctive diges-
tive gland-specific genes in mussel, reaching expression
values as high as 100,000 TPM in some samples. The
second selected digestive gland GOI, which also dis-
played very high mean expression values (32,000 TPM)
was MGAL10A054097, encoding a protein with multiple
ShKT domains.

As reported in Fig. 4, the expression profile of
MGAL10A005692 and MLGAL10A087091 confirmed
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the high mantle-specificity indicated by transcriptome
data. In particular, the Ct values were higher than 30 in
all the tissues other than mantle and the expression of
MGAL10A087091 was almost undetectable in gonad

and gills (data not shown). The expression profiles of
MGAL10A040115 and MGAL10A054097 are reported
in Fig. 5. The specificity of these genes for the digestive
gland was strongly confirmed, as in all the tissues other
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than digestive gland the Ct values were higher than 30
(data not shown).

We tested a few other specific GOIs in the diges-
tive gland (MGAL10A065261, MGAL10A066134), in
the mantle (MGAL10A006232, MGAL10A059842,
MGAL10A079192) and in the foot (MGAL10A033477,
MGAL10A064866, MGAL10A070506). However, possi-
bly owing to the low sequence complexity of these gene
targets (which often encoded highly repetitive proteins),
the efficiency of amplification observed by RT-qPCR data
in these cases was very low (data not shown).

For all analyzed GOIs, no significant differences could
be evidenced between the use of Act as a single refer-
ence gene and the use of the Act-Cyp-A pair (Figs. 4
and 5). As reported in Figure S3, the use of the last
ranking genes, such as 18S and the couple 18S and 28S
still allow to detect the tissue specific of the GOIs (i.e
MLGAL10A087091 and MGAL10A040115, mantle and
digestive gland, respectively) but with an higher standard
error.

Discussion

In this work, we analyzed the stability of ten genes suit-
able as references, including three novels (Rpl14, Rpl32,
Rpl34) and several commonly used (Act, Cyp-A, Efla,
Gapdh, 188, 28S, Rps4) genes within and across different

mussel tissues. We first looked at the Ct values, reveal-
ing that Act was the reference gene showing the high-
est Ct value among those considered in this study. With
this regard, it needs to be specified that primer design
targeted one out of the several paralogous actin genes
found in the M. galloprovincialis genome (sequence ID:
AF157491.1), which may not correspond to the most
abundant cytoskeletal isoform.

The stability of the suitable reference genes was evalu-
ated using specific algorithms such as geNorm [29], Nor-
mFinder [30] and BestKeeper [31]. Despite differences
in the ranking of the genes, the results obtained from
the three algorithms were quite similar in the different
tissues. Most discrepancies were founded in the Best-
Keeper ranking, but all methods were concordant in the
identification of unstable genes. Notably, 28S and 18S
were the targets with the lowest score in all the tissues
according to both geNorm and NormFinder, and 18S was
one the most stable reference only in the DG according
to BestKeeper (Fig. 2). The poor stability of rRNA expres-
sion may have multiple explanations, which include the
presence of inter-individual variability in the number of
rRNA gene copies present in individual genomes and a
different level of DNA methylation of rRNA gene clus-
ters. Although this has been previously demonstrated in
human [32, 33], to the best of our knowledge no study
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has ever been carried in bivalves to clarify this aspect.
Nevertheless, the widespread hemizygosity and gene
presence/absence variation phenomena found in mus-
sel and other bivalves [34] may provide an explanation
for the poor stability of expression of 18S and 28S rRNA
genes in M. galloprovincialis.

As shown in Tables S1, S2, S3, S4 and S5, all the other
genes were considered relatively stable with geNorm and
NormFinder, even with differences in the specific rank-
ing. On the other hand, the BestKeeper analysis calcu-
lated a SD value below the desired threshold for some
suitable references. These include Act (in gills, digestive
gland, gonads and foot), Efla (in gills, digestive gland
and gonad), 18S (in gills, digestive glands, gonads, foot),
Rsp4 (in digestive gland and gonads), Gapdh (in digestive
gland and mantle), Rp/32 (in digestive gland and gonad),
Rpl14 (in digestive gland) and Cyp-A (in gonads).

Finally, the analyses carried out revealed some discrep-
ancies between RNA-seq and RT-qPCR expression data,
such as the low performance of the three newly selected
reference genes compared to those traditionally used in
literature. This could definitely become a point of inter-
est, not only for mussels studies but possibly for many
other non-model marine organisms for which no specific
reference genes have been identified and validated yet.
Although RT-qPCR approaches are commonly used to
confirm the results of differential gene expression anal-
yses carried out on an “omic” scale, the data obtained
with the two methodologies are not always concordant.
Such differences can be explained by multiple technical
and biological factors, which include, among the others,
the different dynamic range of the two methods and the
dependence of RT-qPCR on appropriate primer design
[35]. One crucial point that could mitigate these potential
issues, in particular in non-model organisms with a com-
plex genomic background such as M. galloprovincialis,
could be the choice of reference genes showing high sta-
bility in the biological context of interest. Other “bench
tips’, such as those part of the MIQE guidelines [6], may
further improve the application of RT-qPCR analyses to
non-model marine species and allow their comparison
with the results obtained with “omic” approaches.

Conclusions

In the present study, we analyzed the expression profiles
of ten candidate genes from M. galloprovincialis in physi-
ological state to assess their potential use as references
in RT-qPCR experiments. Normalization strategies are
required to correct experimental errors such as varia-
tions in extraction yield, reverse-transcription yield and
efficiency of amplification [6]. Although the calculation
of the expression levels of genes of interest commonly
relies on the use of reference genes as internal controls
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for normalization, their reliability must be experimen-
tally validated for each experimental design [6]. The anal-
yses conducted with geNorm [29], NormFinder [30] and
BestKeeper [31] allowed us to identify the best candidate
genes to be used in different adult mussel tissues, as well
as the most suitable pair of references to be used for
comparisons among tissues (Act/Cyp-A). Remarkably,
the 18S and 28S rRNA genes, which use as references is
widespread in literature, were in all cases the more unsta-
ble among the ten candidate reference genes tested. We
therefore suggest that RT-qPCR analyses in M. gallopro-
vincialis should rely on the use of different nuclear refer-
ence genes, to be carefully selected based on the tissue of
interest and the experimental conditions.

Methods

Sample collection

For the validation of reference genes, adult M. gallopro-
vincialis mussels (5.0 = 1.0 cm shell length) were sampled
from the Bay of Naples (Italy) in autumn 2019. In the lab-
oratory, specimens were dissected to separate digestive
gland, gills, mantle, gonad and foot. Tissue samples were
immediately weighed and stored at —80°C until further
analysis.

In silico identification of candidate stable reference genes
and GOI

“A total of 51 different RNA-seq dataset were mapped
to the M. galloprovincialis reference assembly. These
datasets derive from multiple previously published stud-
ies, carried out by different research teams and taking
into account mussels sampled in different geographical
locations [36—40]. These transcriptomic data refers to
multiple tissues, subject to different experimental condi-
tions (see Table S6)”. Only core genes (i.e. those invari-
ably present in all individuals) were considered, whereas
dispensable genes (i.e. those subject to presence-absence
variation) were discarded. Mapping was carried out with
the CLC Genomics Workbench v. 20 (Qiagen, Hilden,
Germany), setting the length fraction and similarity frac-
tion parameters to 0.75 and 0.98, respectively. Digital
read counts were used to computing gene expression lev-
els as Transcript Per Million (TPM) [41]. The selection
of candidate stable reference gene followed an approach
similar to the one described below for BestKeeper (see
Results paragraph). The mean expression value was cal-
culated for each core gene across all 51 samples. All TPM
expression values, for each gene and dataset, were sub-
sequently transformed by dividing them by the mean
value, obtaining a distribution of all records centred on
1. The calculation of standard deviation of the stand-
ardized gene expression values allowed to evaluate gene
expression stability, with the most and least stable genes
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being identified by low and high SD values, respectively.
The four GOIs (two for the digestive gland and two for
the mantle tissue) were selected based on the following
criteria: (i) inclusion in the M. galloprovincialis core gene
set, indicating presence in all individuals; (i) absence of
paralogous genes, to avoid any chance of non-specific
cross-amplification; (iii) high expression in the tissue of
interest (i.e. >=500 TPM), as evaluated by the analysis
of the available RNA-seq datasets (Table S6); (iii) highly
specific tissue expression, defined as a fold change >=10
in the pairwise comparisons between the expression
levels observed in digestive gland/mantle and all the
other tissues; (iv) a gene architecture compatible with
the design of primer pairs able to discriminate between
specific cDNA amplification signals and genomic DNA
contamination.

Table 1 Primer sequences
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Total RNA extraction and cDNA synthesis

Up to 100 mg of each tissue were lysed and total RNA
was processed with SV Total RNA Isolation System kit
(Promega) according to the manufacturer’s instruc-
tions. For all RNA samples, the absence of DNA con-
tamination was tested by performing PCR with efia
primers designed within an exon (for sequence see
Table 1 for efla-g). Concentration and purity of all
RNA samples were measured using a Nanodrop
ND1000 spectrophotometer. RNA integrity was evalu-
ated through 1.5% agarose gel electrophoresis. Total
RNA (0.3 pg) from each tissue was reverse transcribed
using the iScript RT Supermix (Bio-rad) following the
manufacturer’s protocol and stored at —20°C. Subse-
quently cDNA was diluted with H,O prior to use in RT-
qPCR experiments.

Gene Primer sequence 5’-3’ Amplicon Intron Refs E

Efla-g F TTTCTGGATGGCACGGAGAC 150bp No
R CTGTGGGTCTTGATGGTGGG

Rpl34 F ACACAAAGAAGGCAGGTGCAG 136bp Yes 20
R GACCCTCCATAAGCTCTGGTTAC

Rpl32 F CACTTGATGCCTGATGGTTTCC 143bp Yes 20
R GCACGCTCAACGATTTCTTTCC

Rpl14 F CAATGCCAAGATCCCTCCGTAC 167 bp Yes 20
R AGCTTGCTTGGCCTTCATCAG

Act F ATGCTCCAAGAGCCGTGTTTC 114bp Yes 19
R CTCTCTTGCTCTGGGCTTCATC

Cyp-A F GGAGTTGAGAGCTGATGTTGTACC 100bp Yes 19
R TCGGTGGAATTTGCTGTCTTGG

Efla F CCAGTGGCAAGACCTTATTCGAG 183bp Yes 20
R TGGCTGGAGCAAAGGTAACAAC

18S F AGAAACGGCTACCACATCCA 160 bp Yes 20
R TGCCCTCCAATAGATCCTCG

28S F AGTGCACTTTCCTCGGGTAG 123bp Yes 2.1
R GACGAGTCGACACTAGACGG

Gapdh F AGGAATGGCCTTCAGGGTAC 114bp Yes [19] 2.1
R TCAGATGCTGCTTTAATGGCTG

Rps4 F TGGGTTATCGAGGGCGTAG 121bp Yes [19] 19
R TCCCTTAGTTTGTGAGGACCTG

MGAL10A040115 F TGCCAACCACAGACTTCTCT 167 bp Yes 1.9
R CTTTGCGTGGTTGGAAGTCA

MGAL10A054097 F AACAACCCCAGTACCACCTT 212bp Yes 19
R TCTTTAATGGCAAGCTGGGC

MGAL10A087091 F GACAACGGCCAAGGAATAGC 141 bp Yes 20
R TTCGTTCCTGGACCACTCTG

MGAL10A005692 F GCAGGTGTTGTTGTCATGGT 156 bp Yes 2.1
R AGAGAGAGCTTGGTTCGTGT

F Forward, R Reverse, amplicon size in bp, presence of an intron within the amplified region and calculated reaction efficiencies (E) for RT-gPCR experiments
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Primer design

Ten putative reference genes: Act, Cyp-A, Efla,
18S, 28S, Rpl34, Rpl32, Rpli4, Gapdh and Rps4 and
four GOI (MGAL10A005692, MGAL10A087091,
MGAL10A040115 and MGAL10A054097) were selected.
Primers are listed in Table 1.

Genomic sequences were retrieved from NCBI or from
the reference genome assembly [21] and gene struc-
ture was predicted using Splilign (https://www.ncbi.
nlm.nih.gov/sutils/splign/splign.cgi). RT-qPCR primers
were manually designed in adjacent exons and verified
using Primer blast (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/index.cgi?’LINK_LOC=BlastHome).

The sequences of Gapdh and Rsp4 primers were
retrieved from the work of Martinez-Escauriaza et al.
(2018) and the presence of a spanning intron was verified
as described above.

Previously generated M. galloprovincialis whole
genome sequencing data [21] were used to confirm that
all selected target genes were not subject to presence-
absence variation. At the same time, primer specificity
was assessed in silico by BLASTn against the reference
genome assembly, verifying the absence of paralogous
genes and significant non-specific matches between the
forward and reverse primers and non-target genomic
regions.

The specificity of amplicons was confirmed by the pres-
ence of a single band of the expected size on 2% agarose
gel. Finally, the PCR products were purified using the
illustra GFX PCR DNA and Gel Band Purification kit
(GE Healthcare) following the manufacturer’s instruc-
tions and their identity was confirmed by sequencing.

Real time qPCR
Diluted ¢cDNA from the different tissues was used as
template in a reaction containing a final concentration
of 0.5uM for each primer and 1 x FastStart SYBR Green
master mix (total volume of 10ul). PCR amplifications
were performed in triplicate using the ViiA"™ 7 Real-Time
PCR System (Applied Biosystems) applying the follow-
ing thermal profile: 95°C for 10 min, one cycle for cDNA
denaturation; 95°C for 35s, 58°C for 30s and 72°C for
40s, 40cycles for amplification; one cycle for melting
curve analysis, to verify the presence of a single prod-
uct. Each assay included a no-template control for each
primer pair. We used tissues from four and three dif-
ferent animals to test reference genes stability and GOI
expression level, respectively.

The corresponding real-time PCR efficiency (E)-
reported in Table 1 can be obtained in two ways. It can
be computed either as sample-specific [42], or as factor
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specific [43] metric according to the eq. E=10"1/slope,

The slope of linear regression model fitted over log-
transformed data of five serially diluted input cDNA
concentrations plotted against the corresponding CT
values [43, 44]. The maximal efficiency of PCRis E=2,
in the case where every single template is replicated in
each cycle; the minimal value is E=1, corresponding
to no replication.

Analysis of gene expression stability

The gene expression stability of the candidate genes
was evaluated using geNorm [29], NormFinder [30] and
BestKeeper [31]. For each algorithm, a stepwise exclu-
sion method was applied in order to rank the selected
genes according to their expression stability.

The geNorm-Based Analysis of candidate reference
genes aims to select suitable references considering
those displaying minimal variation across different bio-
logical conditions. Ideally, the normalized expression of
GOl is obtained using the geometric mean of the opti-
mal number of references selected in the analysis. This
analysis renders a ranking of the tested genes based on
their stability measure (M), determining the two most
stable references or even a combination of multiple
stable genes to be used for normalization. The M value
results from the mean pairwise variation between every
single gene compared to all other tested candidates.
The algorithm discards the gene with the highest M and
recalculates a new score for the remaining genes in a
stepwise manner. Thus, references rank according to
their M, from the most (lowest M values) to the least
stable (highest M values) [29].

The NormFinder approach identifies the optimal ref-
erence among a set of candidates according to their
expression stability in a given sample set and a given
experimental design. This approach is based on a two-
way ANOVA and provides a stability value for each
reference analyzed, which is a direct measure of the
estimated expression variation, which allows the user
to evaluate the systematic error introduced when using
the gene for normalization [30].

BestKeeper performs the descriptive statistic for each
candidate, calculates the expression levels of the can-
didate references and estimates their expression sta-
bility based on the inspection of calculated variations
(SD values). The candidates are then ordered from the
most stably expressed, with the lowest variation, to the
least stable one, with the highest mobility, according to
the variability observed. Any evaluated gene with an SD
higher than 1 (= starting template variation by the fac-
tor 2) is considered inconsistent [31].
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Expression analysis of target genes

The relative expression level of each GOI was cal-
culated using the most stable reference gene/genes
identified across all tissues by NormFinder. In detail,
relative expression levels were calculated as previously
described [45], applying the ACt method, consider-
ing the E=2 and using either a single reference or the
geometric mean of the best pair of references for nor-
malization. Whenever no amplification signal could
be obtained for a GOI in a given tissue to allow cal-
culation, we arbitrarily assigned to these samples a Ct
value =40.

Abbreviations
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