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Abstract

Relative gene expression analyses by gRT-PCR (quantitative reverse transcription PCR)
require an internal control to normalize the expression data of genes of interest and eliminate
the unwanted variation introduced by sample preparation. A perfect reference gene should
have a constant expression level under all the experimental conditions. However, the same
few housekeeping genes selected from the literature or successfully used in previous unre-
lated experiments are often routinely used in new conditions without proper validation of their
stability across treatments. The advent of RNA-Seq and the availability of public datasets for
numerous organisms are opening the way to finding better reference genes for expression
studies. Globodera rostochiensis is a plant-parasitic nematode that is particularly yield-limit-
ing for potato. The aim of our study was to identify a reliable set of reference genes to study
G. rostochiensis gene expression. Gene expression levels from an RNA-Seq database were
used to identify putative reference genes and were validated with gRT-PCR analysis. Three
genes, GR, PMP-3, and aaRS, were found to be very stable within the experimental condi-
tions of this study and are proposed as reference genes for future work.

Introduction

Quantitative reverse transcription PCR (qRT-PCR) is the most commonly used technique to
measure the expression level of a particular gene and is considered to be the most accurate and
reliable method so far [1,2]. However, sample preparation, from RNA extraction to comple-
mentary DNA (cDNA) synthesis, can introduce biases in the quantification. To overcome
these sources of variation, reference genes are often used as internal controls to normalize the
expression data [3]. However, it is now recognized that conventional housekeeping genes used
as references (e.g., glyceraldehyde-3-phosphate dehydrogenase and B-actin) are not systemati-
cally appropriate, owing to their variability in some conditions [4-6]. It is therefore important
to select and validate good reference genes based on their expression stability within all the
experimental conditions, in order to ensure valid results [1].
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Until now, microarrays were frequently used to test large numbers of genes simultaneously
for the selection of good reference genes. Although this is not a bad approach, the technique
requires previous knowledge of the nucleotide sequences of each candidate gene. With the adv-
ent of next-generation sequencing and, especially, RNA sequencing (RNA-Seq), this problem is
now overcome, and quantifying a large number of gene transcripts without previous knowledge
of their gene sequences can be done routinely. The RNA-Seq method yields millions of reads
that can be assembled to generate a transcript database, which contains the sequences and exp-
ression levels of all expressed genes at a given time. Because RNA-Seq is quantitative, it can be
used to study RNA expression [7,8]. Therefore, analyzing RNA-Seq data from different treat-
ments should allow the identification of reliable reference genes for further QRT-PCR analyses, a
strategy that has rarely been used to date, and to our knowledge, never applied to Globodera spp.

The potato cyst nematodes (PCNs), Globodera rostochiensis Wollenweber and G. pallida
Stone, are plant-parasitic nematodes that affect exclusively Solanaceae plants, including potato
(Solanum tuberosum L.), tomato (S. lycopersicum L.), and eggplant (S. melongena L.) [9]. Pres-
ent in over 75 countries around the world [10] and recognized as quarantine organisms, PCNs
limit plant growth and are among the most economically damaging nematodes [11]. They are
responsible for estimated yield losses of 9% of the world’s production of potatoes, currently the
fifth most important crop in the world, with an annual production of more than 368 million
metric tons (FAOSTAT, 2015 [12]).

The nematodes enter the roots of the host plant, where they transform one of the plant cells
to create a complex feeding site to pump plant nutrients. This will limits plant growth and
eventually causes heavy yield loss. After maturation and fecundation, PCN females will dry to
form a cyst containing up to 500 eggs. Inside their protective shell, these eggs can survive more
than 20 years in the soil without a suitable host [13,14]. Because of the strength and durability
of the cysts, PCN populations are difficult to control with currently available control strategies
[15]. Hatching, host penetration, and establishment of the feeding cell are key stages of the life
cycle that we need to focus on in order to find new PCN control methods. Studying gene
expression during these stages could highlight essential genes against which control strategies
could be developed. Therefore, we need a good technique to estimate gene expression levels
during these key stages, as well as a reliable set of reference genes with constant expression
across the experiment.

Many studies have been published reporting reference genes to analyze the expression of
the plant gene transcripts, such as in potato roots infected with G. pallida [16] and in giant
cells and syncytia induced by Meloidogyne incognita and Heterodera schachtii [17], but to our
knowledge, no studies have yet focused on finding reference genes for PCN species. The aims
of our study were to identify a set of potential reference genes for G. rostochiensis based on
expression data obtained by RNA-Seq and to test reference genes previously reported in Cae-
norhabditis elegans for their expression in G. rostochiensis. In addition, the gene expression sta-
bility of the selected candidates was also evaluated in G. pallida.

Materials and methods
RNA-Seq dataset

This study took advantage of a recently published transcriptome dataset from a G. rostochiensis
hatching experiment conducted by our team [18]. These data (NCBI bioproject accession num-
ber PRINA274143) include sampling at different life stages, including dry cyst, hydrated cyst,
hydrated cyst soaked in PRD for 1 h, 8 h, 24 h, 48 h, and 7 d, and fully hatched infective larvae
(J2). Library preparation and sequencing were performed at McGill University and Génome
Québec Innovation Centre (Montreal, Quebec, Canada) using the TruSeq RNA sample prep kit
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v2 (Illumina) and a HiSeq 2000 sequencer (Illumina, San Diego, California, United States). All
eight samples were multiplexed and sequenced in one lane for 100 bp paired-end reads. Two
replicates were processed and assembled into a de novo transcriptome using the Trinity assem-
bler (for details, see Duceppe et al. [18]).

Selection of candidate reference genes

A set of 15 genes previously used as references in the model nematode C. elegans [3,19,20] were
selected to be evaluated in G. rostochiensis. These genes were pmp-3, Y45F10D 4, tha-1, cdc-42,
csq-1, eif-3, ama-1, mdh-1, gpd-2, act-1, act-2, F35G12.2, rbd-1, rgs-6, and unc-16. The nucleotide
sequences of these genes were retrieved from GenBank [21] and searched in the G. rostochiensis
RNA-Seq transcriptome using BLAST to identify orthologues. Only the genes expressed in all
the experimental conditions were kept for further analyses. The RNA-Seq dataset was also scre-
ened to identify transcripts with constant expression values in all the experimental conditions.
This measurement of stability was based on standard deviations and expression variation throu-
gh treatments, using log-transformed quantiles from normalized data. Only the four most stable
genes were kept for further analysis.

Expression stability analysis of candidate reference genes

RNA extraction and cDNA synthesis. The nematode populations used in this study
were from a greenhouse rearing of G. rostochiensis pathotype Rol, initially isolated from
St-Amable, Quebec, Canada (obtained from Guy Bélair, AAFC), and G. pallida pathotype
Pa2/3 from Noirmoutier, Vendée, France (obtained from Eric Grenier, INRA). The experi-
mental conditions used were the same as in Duceppe et al. [18]: dry cyst, hydrated cyst,
hydrated cyst soaked in potato root diffusate (PRD) for 1 h, 8 h,24 h, 48 h, and 7 d, and
fully hatched infective larvae (J2). Each G. rostochiensis sample contained approximately
1000 cysts, while the G. pallida samples contained only approximately 100 cysts because of
low availability. Each sample was homogenized in 650 uL of RLT Plus buffer (Qiagen, Hil-
den, Germany) with one 6-mm zirconium grinding bead and 200 pL of 1-mm zirconium
beads using the PowerLyzer 24 Homogenizer (Mo Bio, Carlsbad, California, United States)
before RNA extraction. Total RNA was extracted using the RNeasy Mini Kit (Qiagen)
according to the manufacturer’s instructions. All samples were treated with DNase (DNase
I, New England Biolabs, Ipswich, Massachusetts, United States). A 2100 Bioanalyzer system
(Agilent Technologies, Santa Clara, California, United States) was used to assess RNA con-
centration and purity. First-strand cDNA was synthesized with the SuperScript II reverse
transcriptase (Invitrogen, Carlsbad, California, United States) according to the manufac-
turer’s instructions, from 0.5 pg of total RNA and using oligo (dT),s. Three replicates were
made for each treatment.

Primer design and qRT-PCR. Primers were designed using PrimerQuest tool (Integrated
DNA Technologies, Inc., Coralville, lowa, United States) based on the sequences retrieved from
the G. rostochiensis RNA-Seq dataset. Target fragments lengths were designed between 84 and
130 bp. Primer information for the candidate reference genes is listed in Table 1. Reactions
were prepared using QuantiTect SYBR Green PCR kit (Qiagen) and amplified on a Mx3000P
qPCR System (Agilent Technologies) in a final volume of 20 pL according to the manufacturer’s
instructions. Melting curve analyses were done following the amplification cycles in order to
examine the specificity of the reactions. Amplification efficiencies were calculated with dry cysts
using the Real-time PCR Miner algorithm (ver. 4.0) [22].

Data analysis. RefFinder [23], a wrapper tool that integrates the statistical algorithm of
BestKeeper [24], NormFinder [25], and geNorm [26], and the ACt method [27], was used to
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Table 1. Description of genes and primers used in this study.

Gene Selection | Gene description Primer sequence (5'3") forward/reverse Amplicon length | Amplification

symbol (bp) efficiency (%)

PMP-3 C. elegans' | Putative membrane transporter CTGGTTGCTGAGCAGGATAA/ 102 83
GATGAAGCCCGATTGGTAGAA

Y45F10D4 | C. elegans | Putative iron-sulfur cluster CCAAGCAGCACTGAGTGATTA/ 116 84

assembly enzyme CATGATCCGCCGGGTTTATT

CSQ-1 C. elegans | Calcium-binding protein GGTTGTGTITCTTCAACGATGTG/ 102 85
ACCCTCAGCCTTTGTTCTTT

EIF-3 C. elegans | Eukaryotic initiation factor 3 CCGCCAGTCCTATGTCATTTA/ 130 87
CTTCTTCGGGTCGGTGTATTAT

AMA-1 C. elegans | AMAnitin resistant family CTCCAAGCTCTCCACGTTATT/ 118 84

member GGCGAAGTTGGACTGTATGT

MDH-1 C. elegans | Malate dehydrogenase GCTGGACRAATTGGCTATTCAC/ 94 86
GAATGTCGAGGAGAACGAGAAC

Act-1 C. elegans | Actin-1 TGTAACCCACACTGTACCAATC/ 99 89
TTCATGAGGTAGTCGGTCAAATC

aaRs$ RNA-Seq® | Aminoacyl tRNA synthetase CGGATTTACGGACCTTGTCTAC/ 84 86
GGGAATCCGTCACGCTTAAT

mcel RNA-Seq | mRNA capping enzyme CCCGCATAAACTCCCATCTT/ 118 85
CTTCACACCGATTTGCCTTTC

GR RNA-Seq | Glutathione reductase TTGAGAGACCATGCCGATTAC/ 101 80
GAGTTGAGACGCCGAATGT

ArgRS RNA-Seq | Arginyl-tRNA synthetase GCCAACGCAAGAACCTTTAC/ 109 83
GCGACGTCGGGATGATATTT

NEP-1 Validation® | Neprilysin NEP-1 GCTGAAATGGTGGAGARAGTG/ 457 82
TTTGACGCCCGAGTAGAAG

cht-2 Validation | Chitinase ACAACTATTATGGCGGAAGGAG/ 94 83
GGTGTTGAGTGAATCAGAAGGA

eng Validation | B-endoglucanase CTCATACCCACACGTTCTCTAC/ 106 85
TAGCCTGATTTGGACTTGGG

! Reference genes previously reported in C. elegans and having orthologues in G. rostochiensis.
% Contigs from the analysis of the G. rostochiensis RNA-Seq database with stable expression levels across all experimental conditions.

* Genes known to have different levels of expression in G. rostochiensis and used to validate the candidate reference genes.

https://doi.org/10.1371/journal.pone.0193840.t001

compare and rank the tested candidate reference genes. Based on the rankings from each
program, it assigns an appropriate weight to an individual gene and calculates the geometric
mean of their weights for the overall comprehensive ranking. Gene expressions from both
the RNA-Seq database (read numbers) and qRT-PCR data (Cq values) across all treatments
were compared. The variability of each gene across all treatments and replicates was also
directly observed by plotting the distribution of the raw Cq values from the qRT-PCR
experiment.

Validation of reference genes

Relative expression analyses of three genes with published expression data (NEP-1, cht-2, and
eng) were performed using the 27" method [28] in order to validate the selected reference
genes. The genes GR, PMP-3, and aaRS were used as a reference set to normalize the expres-
sion of the targeted genes. Dry cysts were treatment used as the calibrator to calculate the fold
changes for the other treatments. Gene expression was also normalized using the Act-1 gene
for comparison.
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Results
Selection of candidate reference genes

Among the 15 putative reference genes previously reported in C. elegans and selected for this
study, 11 were found to have orthologues in G. rostochiensis (PMP-3, Y45F10D.4, tba-1, cdc-42,
CSQ-1, EIF-3, AMA-1, MDH-1, gpd-2, Act-1, and Act-2). However, four of them (tba-1, cdc-42,
gpd-2, and act-2) were eliminated because they had no expression values for at least one experi-
mental condition in the RNA-Seq experiment (data not shown). Four contigs from the analysis
of the RNA-Seq database (aaRS, GR, mcel, and ArgRS) were also selected as candidate refer-
ence genes because their expression levels were stable across all experimental conditions. Spe-
cific primers were designed for these genes (Table 1).

Expression stability analysis of candidate reference genes in G. rostochiensis

According to the distributions of raw Cq values, the genes with the lowest ranges were GR,
AMA-1, MDH-1, and aaRS. The genes EIF-3 and Act-1 were the worst candidates, with Cq val-
ues spanning several units (Fig 1). However, a comparison of the distribution of the raw Cq
values is not sufficient to evaluate the expression stability of candidate reference genes. Overall
gene expression stability for both methods was assessed with RefFinder (Fig 2). GR, PMP-3,
and aaRS expression were found to be the most stable, while EIF-3, Act-1, and CSQ-1 showed
the highest variability across treatments. Details of this ranking based on individual algorithms
are given in Table 2. All four methods gave a roughly similar ranking except BestKeeper with
the qQRT-PCR data. The genes GR, PMP-3, and aaRS were rated among the four most stable
genes across both methods.
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Fig 1. Variability of the expression level (span of Cq values) in G. rostochiensis of the 11 candidate reference genes across eight combinations of
development stages and time of exposure to potato root diffusate, as measured by qRT-PCR. The median of three replicates of the eight conditions
is represented by the line inside the box, 50% of the values are inside the box, the upper and lower edges represent the 75th and 25th percentiles,
respectively, and the circles represent outliers.

https://doi.org/10.1371/journal.pone.0193840.9001
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Fig 2. Summation of the comprehensive ranking values of gene stability given by RefFinder for RNA-Seq and RT-qPCR
variation analyses for 11 candidate reference genes. Expression variations were calculated on two RNA-Seq replicates and three
qRT-PCR replicates for the eight developmental stages of G. rostochiensis.

https://doi.org/10.1371/journal.pone.0193840.9002

Evaluation of reference genes in G. pallida

Candidate genes were also investigated in G. pallida, a closely related species. Both PCN species
share the same host plants and have very similar morphological characteristics. The qRT-PCR
analysis was performed using the same experimental design and primers that were designed
for G. rostochiensis. The results for G. pallida were similar to those obtained for G. rostochiensis.
Details of this ranking based on individual algorithms are given in Table 3. Based on the
qRT-PCR analysis, AMA-1, GR, and PMP-3 were the most stable potential reference genes for
expression analysis in G. pallida. The results are similar to those obtained for G. rostochiensis

as we find nearly the same genes in the first, second and last tier of the ranking.

Validation of reference genes

Validation of these recommended reference genes was performed using three genes (NEP-1,
cht-2, and eng) with known patterns of expression. A qRT-PCR analysis was performed across
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Table 2. Comparison of rankings of 11 candidate reference genes from (A) RNA-Seq data and (B) qRT-PCR data, given by RefFinder in G. rostochiensis.

ACt BestKeeper NormFinder geNorm Comprehensive ranking Ranking
GR ArgRS GR ArgRS | PMP-3 GR 1
aaRs$ PMP-3 mcel ArgRS 2
PMP-3 aaR$ AMA-1 aaR$ PMP-3 3
ArgRS GR aaRS GR aaRS$ 4
A mcel MDH-1 PMP-3 MDH-1 mcel 5
MDH-1 mcel ArgRS mcel AMA-1 6
AMA-1 AMA-1 MDH-1 AMA-1 MDH-1 7
CSQ-1 Y45F10D4 CSQ-1 Y45F10D4 CSQ-1 8
Y45F10D 4 CSQ-1 Y45F10D4 CSQ-1 Y45F10D 4 9
Act-1 Act-1 Act-1 Act-1 Act-1 10
EIF-3 EIF-3 EIF-3 EIF-3 EIF-3 11
ACt BestKeeper NormFinder geNorm Comprehensive ranking Ranking
GR Y45F10D 4 GR aaRS | PMP-3 GR 1
PMP-3 MDH-1 PMP-3 PMP-3 2
AMA-1 GR AMA-1 CSQ-1 AMA-1 3
CSQ-1 Act-1 CSQ-1 AMA-1 aaR$ 4
B aaR$ mcel MDH-1 GR Y45F10D 4 5
MDH-1 AMA-1 aaR$S mcel CSQ-1 6
mcel PMP-3 Y45F10D4 Y45F10D4 MDH-1 7
Y45F10D4 ArgRS mcel MDH-1 mcel 8
ArgRS CSQ-1 EIF-3 ArgRS Act-1 9
EIF-3 aaRS$ ArgRS EIF-3 ArgRS 10
Act-1 EIF-3 Act-1 Act-1 EIF-3 11

https:/doi.org/10.1371/journal.pone.0193840.t002

the life stages of G. rostochiensis for each of these genes using the selected reference genes
(aaRS, PMP-3, and GR) to normalize the data. The gene NEP-1 was found to be overexpressed
nearly 10 times after 8 h of exposure to PRD, cht-2 was overexpressed 6 to 7 times after 24 to
48 h of exposure to PRD, and eng was overexpressed nearly 4 times after 48 h of exposure to
PRD (Fig 3). In comparison, when normalization was performed using the Act-1 gene, no sig-

nificant difference was found in gene expression.

Table 3. Detailed rankings of 11 candidate reference genes from qRT-PCR data, given by RefFinder in G. pallida.

ACt BestKeeper NormFinder geNorm Comprehensive ranking Ranking
AMA-1 PMP-3 GR AMA-1 AMA-1 1
GR aaRS$ AMA-1 mecel GR 2
mecel GR aaRS$ GR PMP-3 3
aaR$ Y45F10D4 PMP-3 Y45F10D.4 mcel 4
Y45F10D 4 EIF-3 mcel MDH-1 aaR$ 5
PMP-3 AMA-1 Y45F10D4 aaRs$ Y45F10D.4 6
MDH-1 mcel MDH-1 PMP-3 MDH-1 7
EIF-3 CSQ-1 EIF-3 EIF-3 EIF-3 8
CSQ-1 MDH-1 CSQ-1 CSQ-1 CSQ-1 9
Act-1 Act-1 Act-1 Act-1 Act-1 10

https:/doi.org/10.1371/journal.pone.0193840.t003
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Fig 3. Expression of (A) NEP-1, (B) cht-2, and (C) eng assessed by qRT-PCR in dry cysts (DC), water hydrated eggs
(W), hydrated eggs exposed to potato root diffusate (PRD) for 1 h, 8 h, 24 h, 48 h, and 7 d, and in J2 larvae. All
expression levels were normalized using the geometric mean of aaRS, PMP-3, and GR, our selected reference genes (in
black) and Act-1 (in grey). Dry cyst was used as the calibrator for relative expression calculation. Error bars represent
the standard error of the mean, and significant differences among treatments are indicated by different letters (Tukey’s
test).

https://doi.org/10.1371/journal.pone.0193840.9003

Discussion

Even though the PCNs, G. rostochiensis and G. pallida, are major threats to agriculture
worldwide, many aspects of the infection process remain largely unknown, and several
plant-nematode genomics analyses are currently underway. However, a set of reliable refer-
ence genes for the normalization of gene expression in qRT-PCR studies is still lacking. A
perfect reference genes should have a constant expression and be unaffected by the experi-
mental treatments. Because this is rarely met in practice, the use of at least three reference
genes is generally recommended in order to obtain reliable expression data [5,29]. Previous
studies often used common housekeeping gene as reference genes. However, it is now rec-
ognized that some of them are not suitable owing to their variability [4-6]. In this study, we
evaluated seven reference genes frequently used for C. elegans in addition to four other can-
didates selected from RNA-Seq expression data across a range of G. rostochiensis develop-
ment stages and times of exposure to root exudates. This study demonstrates the feasibility
of using RNA-seq expression data for the selection of RT-qPCR reference gene, as well as,
to our knowledge, the first validation of reference gene published for PCNs. This work was
carried out in parallel with an in-depth characterization of gene expression during hatching
in G. rostochiensis which led to the identification of the NEP-1 gene in Duceppe et al. [18].
The lack of good reference genes adapted to cyst nematodes was hampering this kind of
expression studies and although we already used these genes in the above-mentioned work
[18], they need to be formally validated using recognized methods and on more genes.

Using RefFinder, the genes GR (glutathione reductase), PMP-3 (putative ABC transporter),
and aaRS (aminoacyl tRNA synthetase) were found to be the most stable among all the candi-
dates. Therefore, they are the best available to be used as reference genes for normalization in
qRT-PCR gene expression experiments for G. rostochiensis within the same experimental con-
dition. Two of the three recommended reference genes (GR and aaRS) were identified based
on RNA-Seq expression data analysis. This shows that RNA-Seq is an efficient approach to
identify more stable and reliable reference genes and that public repositories like the NCBI
Short Read Archive should be more exploited. The third gene, PMP-3, had already been selec-
ted as a reliable reference gene for C. elegans in previous studies [3,19]. Our results showed
that this gene was also appropriate in G. rostochiensis, and may be a good candidate overall
since its expression was found to be very stable in experimental conditions that differed notice-
ably from those generally found in most C. elegans studies. RNA-Seq data mining was found to
be a very useful strategy to identify new reference genes from a much larger pool of candidates
than qRT-PCR.

The PMP-3 gene encodes a peroxisomal membrane protein putative ABC transporter [30],
the GR gene encodes a glutathione reductase that is involved in oxidative stresses regulation
[31], and the aaRS gene encodes an aminoacyl tRNA synthetase that is part of RNA translation
[32]. Since none of these recommended reference genes belong to the same metabolic pathway,
their combination decreases the probability that an experimental factor would affect the expres-
sion of all three reference genes, and therefore support their common use as a reference gene set.

The rankings given by the four calculation methods (ACt, BestKeeper, NormFinder, and
geNorm) are slightly different because they use different algorithms and calculation approaches
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(Table 2). RefFinder proposes a comprehensive ranking that considers calculations from the
four methods and was used here to select the reference genes. Some candidate reference genes
that had been ranked at the top of the RNA-Seq analysis were not as stable when tested using
qRT-PCR. This difference could be due to the sample preparation, in addition to the multiple
bioinformatics steps required before the expression analysis could take place. Some genes that
are routinely used as reference genes for other nematode species in the literature (e.g., EIF-3
and Act-1 [1,2,33]) were less stable than those that were found as the best potential reference
genes in the present study. This suggests that different morphological and physiological stages
of G. rostochiensis may influence the expression of these usual reference genes. This influence
would not be surprising, considering the huge reshuffling of gene expression across the different
developmental stages, spanning from dormant cyst to infective juvenile larvae [18,34,35].

Very similar results were found with the sister species, G. pallida, for the ranking of refer-
ence gene candidates according to their stability. This similarity was expected, given the close
phylogenetic relationship between G. rostochiensis and G. pallida. Using the same primers (for
two out of three reference genes) for these two species would also increase the practicality of
this set of reference genes.

To test the set of reference genes, we used it to normalize the expression of the NEP-1, cht-2,
and eng genes in multiple life stages of G. rostochiensis known to have different levels of expres-
sion. The results were consistent with those previously reported. Duceppe et al. [18] showed
that NEP-1 was significantly overexpressed 6.7 times after 8h of exposure to PRD; cht-2 tran-
scripts were 4.9 and 5.3 times more abundant 24 and 48h after exposure to PRD respectively
and eng showed a 4.4 fold change after 48h in PRD. These data are very similar to our RT-qPCR
results after normalization with the proposed set of reference genes (Fig 3). In comparison, data
normalization using the Act-1 gene, revealed no significant difference in gene expression acc-
ording to a Tukey’s test (Fig 3). This result is probably explained by the high variation in the
Act-1 Cq values across the treatments (Fig 1) confirming that this gene is not stable enough to
be used as reference. This was also confirmed in other organisms, for example expression levels
of actin were found to be highly affected by biotic or abiotic stresses in potato [36]. These obser-
vations further support the efficiency and purpose of our selected set of reference genes. The
NEP-1 gene, which is involved in the degradation of peptides and in post-transcriptional modifi-
cation, was also found to be overexpressed prior to hatching in C. elegans [37]. The cht-2 gene,
codes for a hydrolytic enzyme that degrades chitin. In plant-parasitic nematodes, chitin has
been found only in the eggshell and was found to be overexpressed during hatching [38]. The
eng gene codes for beta-endoglucanase, a polysaccharide-degrading enzyme. That gene was also
found to be expressed prior to hatching in Globodera tabacum, a closely related species [39]. In
the present study, the normalized expression of these three genes was consistent with expecta-
tions from the previously reported studies. This confirms the efficiency of the selected reference
genes.

Conclusion

In this work, we showed that the expression of the genes GR, PMP-3, and aaRS was stable in all
tested stages of the PCNs nematodes life cycle and duration of exposition of hydrated cysts in
potato root exudates. We, therefore, recommend their use as reference genes in QRT-PCR analy-
sis of PCNs nematodes. It is important however to remind that some life stages — J3 and J4 — were
not tested in this work. Researchers willing to use these reference genes for sexual differentiation
study, for example, should validate their stability in their experimental conditions. This study
also demonstrated the benefit of using RNA-Seq expression data for the identification of novel
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candidate reference genes for QRT-PCR analyses as well as the concordance of the RNA-seq and
RT-qPCR expression data.
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