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Abstract

Cumulus cells provide an interesting biological material to perform analyses to

understand the molecular clues determining oocyte competence. The objective of this

study was to analyze the transcriptional differences between cumulus cells from oocytes

exhibiting different developmental potentials following individual in vitro embryo

production by RNA‐seq. Cumulus cells were allocated into three groups according to

the developmental potential of the oocyte following fertilization: (1) oocytes developing

to blastocysts (Bl+), (2) oocytes cleaving but arresting development before the blastocyst

stage (Bl−), and (3) oocytes not cleaving (Cl−). RNAseq was performed on 4 (Cl−) or 5

samples (Bl+ and Bl−) of cumulus cells pooled from 10 cumulus‐oocyte complexes per

group. A total of 49, 50, and 18 differentially expressed genes (DEGs) were detected in

the comparisons Bl+ versus Bl−, Bl+ versus Cl− and Bl‐ versus Cl−, respectively, showing

a fold change greater than 1.5 at an adjusted p value <0.05. Focussing on DEGs in

cumulus cells from Bl+ group, 10 DEGs were common to both comparisons (10/49 from

Bl+ vs. Bl−, 10/50 from Bl+ vs. Cl−). These DEGs correspond to 6 upregulated genes

(HBE1, ITGA1, PAPPA, AKAP12, ITGA5, and SLC1A4), and 4 downregulated genes (GSTA1,

PSMB8, FMOD, and SFRP4) in Bl+ compared to the other groups, from which 7 were

validated by quantitative PCR (HBE1, ITGA1, PAPPA, AKAP12, ITGA5, PSMB8 and SFRP4).

These genes are involved in critical biological functions such as integrin‐mediated cell

adhesion, oxygen availability, IGF and Wnt signaling or PKA pathway, highlighting

specific biological processes altered in incompetent in vitro maturation oocytes.

K E YWORD S
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1 | INTRODUCTION

In vitro embryo production (IVP) enables relevant applications for

cattle reproductive management, including alleviating the negative

effects of heat stress (Baruselli et al., 2020) and accelerating genetic

improvement, especially when combined with sexed semen and

embryo genomic selection (Ferre et al., 2020). Nevertheless, the

general efficiency of the IVP process remains relatively low, as only

between 30% and 40% of in vitro matured oocytes reach the

blastocyst stage following fertilization and culture. Reduced oocyte
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competence clearly stands out as a major causative factor for the

reduced developmental rates in IVP, as in vivo matured oocytes

exhibit significantly higher developmental rates following in vitro

fertilization (IVF) than those matured in vitro (Dieleman et al., 2002;

Rizos et al., 2002; van de Leemput et al., 1999). In this context,

understanding the underlying molecular regulation of oocyte compe-

tence is critical to improve IVP, but molecular analyses in oocytes are

typically invasive, involve destroying the oocyte and are thus

incompatible with subsequent embryo development. One solution

is to use the surrounding cumulus cells as proxies of oocyte quality as

they constitute an attractive matrix on which to perform molecular

analyses, and are closely connected to the oocyte during growth and

final maturation, serving essential metabolic and signaling functions.

Previous attempts to discover genes whose transcript abundance

in cumulus cells may serve as predictor for bovine oocyte competence

have been focused on comparing cumulus cells from groups of oocytes

whose developmental competence was indirectly inferred by follicle

size (Melo et al., 2017), the use of different in vitro maturation (IVM)

media (Assidi et al., 2008), or their origin: in vivo versus in vitro (Salhab

et al., 2013; Tesfaye et al., 2009), prepubertal versus adult

(Bettegowda et al., 2008), or collected before versus after LH surge

(Assidi et al., 2010) or at different times following FSH withdrawal

(Bunel et al., 2014). Unfortunately, the candidate genes identified on

the microarray‐based experiments mentioned above show very poor

correlation between studies. Besides, these candidates genes were not

coincident with those identified on a microarray‐based experiment

where oocyte developmental competence was directly assessed by

performing individual IVP (Bunel et al., 2015). Another study analyzing

the expression of candidate genes by quantitative PCR (qPCR) in

cumulus cells from oocytes showing different developmental compe-

tence also showed results discordant with microarray data (Kussano

et al., 2016), indicating that the molecular signature of the develop-

mentally competent oocyte still remains elusive.

The reasons for the lack of agreement between studies may have a

biological basis, as the different classification criteria used to indirectly

infer oocyte competence dealt with diverse biological processes such as

follicle growth or hormonal response which may have a transcriptional

effect on their own different from the sought‐after transcriptional

signature of developmental competence. Another possible source of

inconsistency may be technical, as microarray based experiments rely on

a finite number of probes that vary depending on the manufacturer. In

contrast to microarray, RNA‐seq provides an unbiased search for

candidate transcripts and yield a higher dynamic range, ultimately

leading to higher accuracy. The objective of this study was to apply

RNA‐seq to uncover the transcriptional differences between cumulus

cells enclosing oocytes that exhibit different developmental compe-

tence. To that aim, individual IVP was performed to infer directly the

developmental potential of each oocyte. Once the developmental

potential of each cumulus‐oocyte complexe (COC) was known, the

stored cumulus cells were allocated to one of three groups according to

the oocyte's developmental potential: (1) Oocytes not cleaving following

IVF (Cl−), (2) oocytes cleaving but not developing to blastocysts (Bl−)

and (3) oocytes developing to blastocyst (Bl+).

2 | RESULTS

To correlate cumulus cell transcription with the developmental

competence of the enclosed oocyte, COCs were individually

matured. Cumulus cell samples were collected from 396 individual

COCs in 7 replicates. Developmental potential of each individual

oocyte was assessed at 48 h postinsemination (cleavage rate 52.3%,

207 embryos cleaved) and at day 8 postinsemination (blastocyst rate

13.4%, 53 blastocysts). Once the developmental potential of each

COC was known, the stored cumulus cells were allocated to one of

three groups according to the oocyte's developmental potential:

(1) Oocytes not cleaving following IVF (Cl−), (2) oocytes cleaving but

not developing to blastocysts (Bl−) and (3) oocytes developing to

blastocyst (Bl+).

RNA‐seq detected the expression of 19,335 genes in bovine

cumulus cells samples. Using a raw p value <0.05, inappropriate for

RNA‐seq data as described below, the analysis identified 1609, 1466,

and 1420 differentially expressed genes (DEGs) for the comparisons

Bl+ versus Bl−, Bl+ versus Cl−, and Bl− versus Cl−, respectively

(Figure 1). These DEGs were narrowed down to 77, 80, and 32 DEGs

for the comparisons Bl+ versus Bl−, Bl+ versus Cl−, and Bl− versus

Cl−, respectively, when an adjusted p value < 0.05 was used. Such

adjusted p value takes into account the data overdispersion

inherently associated with RNA‐seq data, yielding a more reliable

result. From these subsets of DEGs obtained at an adjusted p value

<0.05, 49, 50, and 15 DEGs, for the comparisons Bl+ versus Bl−, Bl+

versus Cl−, and Bl− versus Cl−, respectively, exhibited a fold change

greater than 1.5 (Figure 1 and Table 1).

Enrichment analysis failed to find enriched terms in the 15 DEGs

in Bl− versus Cl− comparison, but four common enrichment terms

(FDR < 0.05) were found in the comparisons Bl+ versus Bl− and Bl+

versus Cl−: “integrin domain superfamily,” “cell surface receptor

signaling pathway,” “response to organic substance,” and “response

to chemical.” There were also terms exclusive to Bl+ versus Cl− and

Bl+ versus Bl− comparisons: “Extracellular region” and “proteosomal

complex” were exclusive to the Bl+ versus Cl− comparison and

“anatomical structure morphogenesis,” “positive regulation of cell

communication,” or “cell communication” were exclusive to Bl+

versus Bl− comparison.

Interaction networks allow to determine if the proteins encoded

by DEGs interact directly (physical) or indirectly (functional) with

each other, aiming to uncover network properties associated to

developmental potential. The interaction network from DEGs in

the Bl− versus Cl− comparison did not show a significant connectiv-

ity, as the observed interactions (5) were close to the expected

random observations (3). In contrast, there were statistically

significant relationships for DEGs in Bl+ versus Bl− and Bl+

versus Cl− comparisons. In the case of the 50 DEGs in the Bl+ versus

Cl− comparison, there were 59 observed interactions versus

33 expected (Figure 2). Several clusters of genes in the interaction

network coded for proteins that were related to enriched terms were

selected. such as (1) extracellular matrix organization, including

PXDN, TNC, ITGA1, ITGA8, and FMOD), (2) cytokine signaling in
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immune system including PSME2, SAMHD1, IFI6, GBP4, PSMB9,

PSMB8, LGALS9, IFITM3, IFI35, and IFI27, and (3) G alpha (q) signaling

events, including NTS, F2RL2, and HCTRC1. Interaction analysis of the

49 DEGs in the Bl+ versus Bl− comparison observed 69 interactions

versus 23 expected (Figure 2). Although the connectivity found Bl+

versus Bl− was weaker than for Bl+ versus Cl−, several nodes

including NTRK2, CDH17, and ACTN1 or HMCN2 displayed a high

number of connections.

A more stringent selection of DEGs was obtained through the

three‐group experimental design. Such a design constitutes a double

check for DEGs potentially associated with oocyte developmental

potential as both Bl+ versus Bl− and Bl+ versus Cl− comparisons

contrast COCs exhibiting good developmental potential (Bl+) to

COCs resulting in developmental arrest (Bl− and Cl−) (Figure 1). At an

adjusted p value > 0.05 and fold change >1.5, 10 DEGs were common

to both comparisons (10/49 from Bl+ vs. Bl−, 10/50 from Bl+ vs. Bl−).

These DEGs correspond to 4 genes upregulated (GSTA1, PSMB8,

FMOD, and SFRP4) and 6 genes downregulated (HBE1, ITGA1, PAPPA,

AKAP12, ITGA5, and SLC1A4) in Bl+ compared to the other groups

and none exhibited statistically significant differences in the Bl−

versus Cl− comparison. Nine of those genes were selected for RNA‐

seq validation by qPCR, as we were unable to amplify SLC1A4 by

qPCR from cumulus cell complementary DNA (cDNA) samples at an

efficiency compatible with reliable quantification. qPCR was per-

formed using the same RNA samples than those employed for RNA‐

seq, so although this provides a technical validation (using different

retrotranscription and technique) no validation in independent

biological samples was tested. qPCR confirmed the significant

differences observed by RNA‐seq in both comparisons for HBE1,

ITGA1, PAPPA, ITGA5, and SFRP4. In the case of AKAP12 and PSMB8

only the Bl+ versus Cl− comparison remained significant, whereas no

significant difference between groups were observed for GSTA1 and

FMOD (Figure 3).

3 | DISCUSSION

The transcriptional analysis of individual COCs requires two critical

modifications to conventional bovine IVP procedures: (1) individual

IVP (iIVP) and (2) cumulus cell removal before fertilization. As a

consequence of these modifications, blastocyst rates are halved

compared to conventional IVP, impairing a direct application for

commercial IVP. Given that we have previously observed that

cumulus cell removal before IVF does not cause a significant

reduction in blastocyst rate when IVP is conducted in groups

(Lamas‐Toranzo et al., 2019), we believe that the major cause of

the reduced developmental rate is iIVP, as previously reported by

others (Bunel et al., 2015). In this sense, while current methods allow

performing iIVP to elucidate molecular clues of developmental

competence (i.e., this experiment) further advances on iIVP are

needed to be able to apply oocyte selection markers for commercial

IVP purposes.

The transcriptional analysis of cumulus cells obtained from

oocytes of known developmental potential has identified different

biological pathways that are likely involved in oocyte quality. Among

the different DEGs obtained in this analysis, integrins may be a key

F IGURE 1 Venn diagram of differentially expressed genes (DEG) for the comparisons of the three groups exhibiting different developmental
ability following IVF (Bl+, Bl−, and Cl−). Image on left shows DEG at a p raw <0.05. These lists of DEG are reduced by applying an adjusted
p < 0.05 and a fold change greater than 1.5 (right image). 10 DEGs were common to Bl+ versus Bl− and Bl+ versus Cl− comparisons (red circle on
right image)
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player involved in oocyte competence, as two of the genes validated

by qPCR (Integrin Subunit Alpha 1 and 5, ITGA1 and ITGA5) were

downregulated in cumulus cells from oocytes developing to

blastocysts (Bl+) compared to other groups, and enrichment analysis

of biological annotations also highlighted “integrin domain super-

family” in both Bl+ versus Bl− and Bl+ versus Cl− comparisons.

Integrin‐mediated cell adhesions provide dynamic links between the

extracellular matrix and the cytoskeleton and, in the context of

oocyte maturation, they control both cumulus cell expansion and

luteinization, increasing their expression during cumulus expansion

(Kitasaka et al., 2018) and ovulation (Wissing et al., 2014). In this

sense, the negative correlation between integrin expression in

cumulus cells and oocyte quality may indicate that competent IVM

oocytes may achieve cumulus cell expansion earlier or to a greater

extend, thereby resuming the expression of the integrins required for

expansion before the end of IVM. In agreement with this hypothesis,

cumulus expansion intensity is positively linked to embryo develop-

ment (Qian et al., 2003), and ITGA5 was found to be upregulated in

cumulus cells from rhesus monkey oocytes matured in vitro

compared to those matured in vivo (Lee et al., 2011).

Other genes downregulated in cumulus cells from competent

oocytes include HBE1, PAPPA, and AKAP12. HBE1 encodes for

Epsilon 1 subunit of hemoglobin. Hemoglobin has been reported to

be expressed by mouse preimplantation embryos where it was

F IGURE 2 Interaction networks obtained from the DEGs at a p adjusted value <0.05 and fold change >1.5 at the three comparisons (from
left to right Bl− vs. Cl−, Bl+ vs. Cl− and Bl+ vs. Bl−) using STRING. The color of edges and lines represents different types of evidence for protein‐
to‐protein interaction: red for fusion evidence, green for neighborhood evidence, blue for co‐occurrence evidence, purple for experimental
evidence, yellow for textmining evidence, light blue for database evidence and black for coexpression evidence. DEG, differentially expressed
genes.

F IGURE 3 Relative mRNA abundance of
nine genes common to the comparisons Bl+
versus Bl− and Bl+ versus Cl− determined by
qPCR. Mean ± standard error of the mean.
Different letters indicate significant
differences based on ANOVA (p < 0.05).
ANOVA, analysis of variance; mRNA,
messenger RNA.
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suggested to play a role on embryonic oxygen regulation (Lim

et al., 2019). As oxidative stress exerts a negative impact on oocyte

competence (Bennemann et al., 2018; Bermejo‐Alvarez et al., 2010),

the lower expression of HBE1 in cumulus cells from competent

oocytes may indicate a reduced exposure to oxygen during

folliculogenesis, before IVM, or a higher ability to deal with oxidative

stress during IVM. Pregnancy‐associated plasma protein‐A (PAPPA)

regulates ovarian follicle dominance by degrading IGFBP‐4 in

preovulatory follicles of several species, including cattle (Mazerbourg

et al., 2001; Rivera & Fortune, 2001). Similarly to integrins, PAPPA

expression increases during bovine folliculogenesis (Mazerbourg

et al., 2001) and thereby the lower expression in cumulus cells from

more competent oocytes may indicate that they have attained full

developmental competence by the end of IVM. Finally, A‐Kinase

Anchoring Protein 12 (AKAP12) overexpression in the cumulus cells

from mice lacking estrogen receptor beta has been suggested to

contribute to the sequestration of PKA regulatory units, leading to

reduced cAMP levels (Binder et al., 2013). In this perspective, the

higher expression of AKAP12 in cumulus cells from incompetent

bovine oocytes may be linked to reduced cAMP, diminishing the odds

to progress to the blastocyst stage (Luciano et al., 1999).

Other genes (SFRP4, PSMB8, FMOD, and GSTA1) were upregu-

lated in cumulus cells from competent oocytes, although the

differences in FMOD and GSTA1 expression were not confirmed by

qPCR. Secreted Frizzled Related Protein 4 (SFRP4) inhibits Wnt

signaling, a pathway known to play multiple functions during

folliculogenesis (Hernandez Gifford, 2015). The role of SFRP4 during

folliculogenesis remain under debate, as its ablation in mice has been

reported to increase (Zamberlam et al., 2019) or decrease (Christov

et al., 2011) litter size, and whereas mRNA content in human cumulus

cells was positively associated with in vivo meiotic progression

(Devjak et al., 2012), protein content in human follicular fluid has

been negatively associated with in vitro meiotic progression (Pla

et al., 2021). The differences between studies may be linked to the

different hormonal environment of in vitro and in vivo maturation, as

SFRP4 expression is modulated by LH in a species‐specific manner

(Maman et al., 2011). The agreement between our findings and those

obtained in human IVM (Pla et al., 2021) suggest that, in contrast to

rodents, bovine and humans may share a similar regulation of SFRP4,

although dedicated experiments would be required to test this

hypothesis. Proteasome 20 S subunit beta 8 (PSMB8) is a component

of the proteasome, which modulates oocyte meiotic maturation (Huo

et al., 2004). In agreement with the positive association between

PSMB8 expression and oocyte quality observed in bovine cumulus

cells, the expression level of its antisense (PSMB8‐AS1) was higher in

cumulus cells from old versus young women (Bouckenheimer

et al., 2018). Finally, although qPCR data did not detect significant

differences between groups in glutathione S‐Transferase Alpha 1

TABLE 2 Details of primers used
for qPCR

Gene Primer sequence (5′–3′) Fragment size (bp) GenBank accession no.

PPIA CGGGATTTATGTGCCAGGGT 218 NM_178320.2

CCAAAGTACCACGTGCTTGC

HBE1 CTGAGTGAGCTGCACTGTGA 219 NM_001110507.1

AGGCACTGGGGACACAAAAT

ITGA1 AGGGCAGAACTTCAGAGTGA 100 XM_024981466.1

TGCCTGGTAGCCCATCTTTG

PAPPA CAAGGAGGGCAAGTGGAACA 234 XM_024996354.1

AGGCACATGAGCTCACACAG

AKAP12 AAAACCCGAACCCACGGAAT 154 XM_024997063.1

TGAGCAGTTGACACGTCTGT

ITGA5 AGTGGATCAAGGCAGAAGGC 197 NM_001166500.1

GAGGAATCAGGCATCGGAGG

GSTA1 GTGCCCACCTGCTGAAAAAG 202 NM_001078149.1

GAAGTTGGCCAAAAGGCTGG

PSMB8 TGGCCTTCAAGTTCCAGCAT 210 NM_001040480.1

TACGCTCCCCATTCCTCAGA

FMOD GGCCTGGCCTCAAATACCTT 153 NM_174058.2

GCAGAAGCTGCTGATGGAGA

SFRP4 CCACACATCCTGCCTCATCA 180 NM_001075764.1

TGCTGTTCGCTTCTTGTCCT
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(GSTA1) expression, the positive association between GSTA1 expres-

sion and oocyte quality observed by RNA‐seq is consistent with

previous findings. GSTA1 catalyzes the conjugation of glutathione to

molecules such as prostaglandins A2 and J2 and it has been found to

display steroid isomerase activity in bovine (Raffalli‐Mathieu

et al., 2007). GSTA1 expression in bovine cumulus cells increases

following FSH and/or phorbol myristate addition to IVM media,

which resulted in improved rates of blastocyst development (Assidi

et al., 2008). GSTA1 transcript abundance is also higher in cumulus

cells from in vivo matured bovine oocytes compared to IVM

counterparts (Salhab et al., 2013) and in bovine oocytes selected by

Brilliant Cresyl Blue staining (Janowski et al., 2012).

In conclusion, the transcriptome of bovine cumulus cells from

COCs exhibiting different developmental competence following

individual IVP differs in a small subset of genes involved in critical

biological functions such as integrin‐mediated cell adhesion, oxygen

availability, IGF and Wnt signaling or PKA pathway. Such biological

functions are required during folliculogenesis to attain full oocyte

competence, thereby highlighting specific processes altered in

incompetent IVM bovine oocytes.

4 | MATERIALS AND METHODS

4.1 | Individual IVP and collection of cumulus cells
samples

Bovine embryos were produced from slaughterhouse ovaries

following conventional protocols (Lamas‐Toranzo et al., 2020),

adapted to individual embryo production. Bovine ovaries were

transported at 35–37°C from a local slaughterhouse to the

laboratory. COCs were aspirated from surface visible antral follicles

(2–8 mm) and selected using conventional morphological criteria

(Hawk & Wall, 1994). Individual in vitro production (iIVP) was

required to determine the developmental ability of each oocyte.

COCs were matured individually in 40 µl drops of TCM‐199

supplemented with 10% fetal calf serum (FCS) and 10 ng/ml

epidermal growth factor covered under mineral oil at 39°C and

5% CO2 in air with humidified atmosphere for 24 h. Following

maturation, the cumulus cells from each individual COC were

removed by pipetting in medium supplemented with 0.1% hyal-

uronidase. Cumulus cells were collected from the media by

centrifugation at 1500 rpm for 5 min, snap frozen in liquid nitrogen

and stored at −80°C until analysis. Denuded oocytes were

individually inseminated in 40 µl drops of TALP medium covered

under mineral oil and containing 1 × 106 frozen‐thawed bull

spermatozoa/ml. After 20 h of gamete coincubation, presumptive

zygotes were cultured individually in 10 µl drops of synthetic

oviduct fluid medium supplemented with 5% FCS at 39°C and in a

5% CO2 and 5% O2 water‐saturated atmosphere. Embryo develop-

ment was assessed for each individual oocyte at 48 h postinsemina-

tion (cleavage, at least 4‐cells) and at day 8 postinsemination

(blastocyst formation).

4.2 | Transcriptional analysis

RNA extraction was performed on 4 (Cl−) or 5 (Bl− and Bl+) samples

per group each of which was composed of cumulus cells obtained

from 10 individual COCs. Individual samples (i.e., 40 Cl−, 50 Bl−, and

50 Bl+) were collected from 7 independent replicates. The rationale

behind analyzing three experimental groups was to double‐check for

the correlation between transcriptional change and developmental

competence; for instance a “positive marker” for oocyte competence

should be upregulated in Bl+ versus Bl− but also between Bl+ and

Cl−. Total RNA was extracted using MagMAX mirVanaTotal Isolation

Kit (Applied Biosystems) following the manufacturer's instruction

with minor modifications. Briefly 200 µl of Lysis Binding Mix were

added to the sample, followed by gentle pipetting and 5min

incubation at room temperature. Then 20 µl of Binding Beads Mix

were added and shaken gently for 5 min. Beads‐mRNA complexes

were washed once in each Wash Solution 1 and 2. Following the

washing step, samples were treated with 50 µl of Turbo DNAse

treatment, 50 µl of Rebinding Buffer and 100 µl of Isopropanol

were added to the sample and mixed gently. Finally, following a

double wash in Wash Solution 2, total RNA was eluted in 20 µl of

Elution Buffer and stored at −80°C until analysis.

RNA samples were quantified by Qubit RNA BR Assay (Thermo

Fisher Scientific) and RNA integrity was estimated by using RNA

6000 Nano Bioanalyzer 2100 Assay (Agilent). RNA amount oscillated

between 0.285 and 0.676 µg and RIN values between 8 and 9.2.

RNA‐seq libraries were prepared with KAPA Stranded mRNA‐Seq

Illumina Platforms Kit (Roche) following the manufacturer's recom-

mendations. Briefly, 50–100 ng of total RNA was used for the poly‐A

fraction enrichment with oligo‐dT magnetic beads, following the

mRNA fragmentation. The strand specificity was achieved during the

second strand synthesis performed in the presence of dUTP instead

of dTTP. The blunt‐end double stranded cDNA was 3′ adenylated

and Illumina platform compatible adaptors with unique dual indexes

and unique molecular identifiers (Integrated DNA Technologies) were

ligated. The ligation product was enriched with 15 PCR cycles and the

final library was validated on an Agilent 2100 Bioanalyzer with the

DNA 7500 assay.

The libraries were sequenced on a HiSeq. 4000 system

(Illumina) with a read length of 2 × 76 bp + 8 bp + 8 bp using the

HiSeq. 4000 SBS kit (Illumina) obtaining >30M reads/sample.

Image analysis, base calling and quality scoring of the run were

processed using the manufacturer's software Real Time Analysis

(RTA 2.7.7). Differential expression was analysed by DESeq. 2

software obtaining raw p values, adjusted p values, raw fold

changes and shrunken fold changes for all genes detected.

Enrichment in biological annotations and a network of biological

interactions for each of the three comparisons were performed on

differentially expressed genes (DEGs) with an adjusted p value

<0.05 and fold change >1.5 using STRING (v11; Szklarczyk

et al., 2019) through the package “STRINGdb” in R (v4.0.4). Only

enriched terms with FDR < 0.05 calculated by the Benjamini‐

Hochberg procedure were selected.

MARTÍNEZ‐MORO ET AL. | 409



RNA‐seq validation was performed on independently retro-

transcribed cDNA obtained from the RNA samples mentioned above

using qScript cDNA Supermix (Quantabiosciences, containing a blend

of random and oligo dT primers optimized to deliver unbiased

representation of 5′ and 3′ sequences) in a 20 µl final volume.

Relative mRNA abundance of 9 selected DEGs was analyzed in

4 (Cl−) or 5 (Bl− and Bl+) samples by qPCR as previously described

(Lamas‐Toranzo et al., 2018) using specific primers detailed inTable 2.

Experiments were conducted to contrast the relative levels of each

transcript and the housekeeping gene PPIA in each sample. cDNA

was diluted to 55 µl in 10mM Tris‐HCl (pH 7.5) and qPCR was

performed in duplicate by adding a 2 µl aliquot of diluted cDNA to

the PCR mix containing the specific primers for each DEG. PCR

efficiencies were optimized to achieve efficiencies close to 1 and

then the comparative cycle threshold (Cq) method was used to

quantify expression levels as described in (Schmittgen & Livak, 2008).

As primers were designed using the same annealing parameters, all

qPCRs were performed using the same cycling conditions: 40 cycles

of 94°C 15 s, 56°C 30 s, and 72°C 20 s followed by a final melting

assay to assess product identity. Cq value was taken in the log‐linear

phase of the reaction, and ΔCq value was determined by substracting

the PPIA Cq value for each sample from each gene Cq value of the

sample. Calculation of ΔΔCq involved using the highest sample ΔCq

value (i.e., the sample with the lowest target expression) as an

arbitrary constant to subtract from all other ΔCq sample values. Fold

changes in the relative gene expression of the target were

determined using the formula 2−ΔΔCq. qPCR data were analysed by

one way analysis of variance using the statistical software Sigma Stat

(Jandel Scientific).
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