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based Gamel real-time PCR provided positive results 
for non-viable, non-infectious cysts, in contrast to the 
modified RNA based Beniers real-time PCR. Based 
on the results of this study, the modified Beniers qual-
ifies for the detection and identification of viable Glo-
bodera pallida and G. rostochiensis and performs at 
least equally as well as the other two PCR assays. To 
encourage the development and improvement of diag-
nostic protocols, it is suggested that diagnostic labo-
ratories performing official surveys are allowed to use 
internationally recognized diagnostic protocols when 
validated in-house according to EPPO standards and 
accredited by the EU bodies (EPPO, 2021).

Keywords  Potato cyst nematodes · Viability · 
Validation · Diagnostics · Soil sample · Multiplex 
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Introduction

The potato cyst nematodes (PCN), Globodera pal-
lida and G. rostochiensis, are biotrophic, sedentary 
endoparasitic nematodes that adversely affect potato 
production globally and are responsible for signifi-
cant losses in global potato production (Sabeh et al., 
2019; Gartner et al., 2021; Price et al., 2021; Orlando 
& Boa, 2023). Their distribution is still expanding, 
not only in Europe but all over the world. Both spe-
cies have now been reported from over 75 countries 
(Orlando & Boa, 2023; Rowe, 2022a, 2022b), having 
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originated from the Andean region of South Amer-
ica with Europe as the secondary distribution centre 
(Hockland et  al., 2012; Price et  al., 2021). PCN has 
the ability to survive for many years as cysts, an eas-
ily dispersed survival stage. Therefore, these nema-
todes have been listed on quarantine lists worldwide 
and are subject to strict phytosanitary regulation to 
prevent further spread.

In this regard, EU Council Directive 2007/33/EC, 
which provides regulations on control measures and 
prevention of PCN establishment, has been updated 
with the Commission Implementation Regulation 
(CIR) 2022/1192. Strict measures must be taken to 
eradicate PCN from infested potato fields in Europe. 
For the Netherlands, a large seed potato exporting 
country, responsible for about 60% of all international 
seed potato trade, this is very important. The need for 
a quick, reliable and sensitive detection and identifi-
cation method, even at an early stage of infestation, 
is of great importance to safeguard the Dutch seed 
potato industry. The Dutch General Inspection Ser-
vice for Agricultural Seeds and Seed Potatoes (NAK), 
an official laboratory, processes at least 150  K soil 
samples a year for the detection and identification of 
PCN. These samples include an official detection sur-
vey of fields prior to planting of seed potatoes. For 
identification, following cyst isolation from soil, the 
CIR 2022/1192 stipulates the use of morphological 
characters combined with a conventional PCR test 
of Bulman and Marshall (1997) and/or Skantar et al. 
(2007), or the use of the DNA based real-time PCR 
of Gamel et al. (2017). However, a derogation is pro-
vided by the EU to competent authorities for the use 
of the reverse transcription RNA based real-time PCR 
of Beniers et  al. (2014) during a transition period 
ending 15 July 2024.

Numerous molecular methods to detect and iden-
tify PCN have been published (e.g. Madani et  al., 
2005; Toyota et al., 2008; Reid et al., 2015; Kushida 
& Sakai, 2022). The EPPO standard diagnostic pro-
tocol for G. rostochiensis and G. pallida, PM 7/40 
(5) (EPPO, 2022), recommends seven PCR based 
tools in combination with morphological identifica-
tion. These include the conventional PCR of Bulman 
and Marshall (1997) and both the real-time PCR’s 
of Gamel et al. (2017) and Beniers et al. (2014). The 
conventional PCR developed by Bulman and Mar-
shall (1997) targets the small ribosomal subunit 18S 
rRNA and internal transcribed spacer (ITS1) region 

using a generic forward primer and two species-spe-
cific reverse primers (van de Vossenberg et al., 2014). 
It should be noted that EPPO (2022) recommends 
using this test only in combination with morphologi-
cal identification, as the primers listed in the standard 
are not specific for Globodera spp. However, van de 
Vossenberg et  al. (2014) modified this conventional 
PCR with an optimized forward primer (ITS5_Glob) 
and a G. pallida specific reverse primer (Gpalli_R) 
to address this issue. The DNA based Gamel et  al. 
(2017) real-time PCR targets species-specific micro-
satellites and their flanking regions utilizing two 
separate species-specific primer sets and probes in a 
multiplex Taqman-based PCR. This real-time PCR 
is also able to detect target DNA isolated directly 
from debris material obtained after soil extraction. 
Beniers et al. (2014) developed a real-time PCR test 
for simultaneous detection of viability and species 
identification of G. rostochiensis and G. pallida, uti-
lizing reverse transcription of the elongation factor 
1-α-encoding mtRNA and real-time PCR in a single 
reaction. Viability is determined based on the pres-
ence of the mtRNA that is rapidly broken down after 
death. At the same time, two species-specific probes 
are used for identification, targeting cDNA amplified 
by a single primer set.

NAK is, as a competent authority in the Nether-
lands, responsible for the sampling and testing of 
soil for the presence of PCN in fields intended for 
the production of seed potatoes. Annually, the NAK 
collects and tests approximately 150 K soil samples 
for PCN of which around 1.4 K contain PCN cysts. 
In the Netherlands, the cyst vitality of PCN find-
ings has been determined for many years, in order to 
monitor the effect of applied measures and control 
strategies. In addition, it is applied to benefit from 
the derogation on reduced sampling size, as pro-
vided in Annex 3, point 3c of the CIR 2022/1192. 
Therefore, NAK needs to apply a test determin-
ing both species and viability of the PCN findings. 
In this study, NAK aimed to further modify the 
RNA based real-time PCR of Beniers et  al. (2014) 
for qualitative detection of viability and identifica-
tion of G. rostochiensis and G. pallida in one sin-
gle test, as no published molecular test is available 
yet. Given that no validation has yet been published 
for the application of the Beniers et al. (2014) real-
time PCR in a routine diagnostic laboratory setup, 
the performance criteria of analytical sensitivity and 
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the specificity, robustness and reproducibility of the 
modified version by NAK of this real-time-PCR was 
determined according to EPPO Standard PM7/98 
(EPPO, 2021). Furthermore, the performance of 
both the modified Beniers et  al. (2014) and Gamel 
et  al. (2017) real-time PCR assays on field popula-
tions were compared to the conventional PCR of 
Bulman and Marshall (1997) to evaluate their appli-
cation in a diagnostic setup. Additionally, an assay 
was performed to determine the biological relevance 
of viability by comparing the modified Beniers et al. 
(2014) real-time PCR with the Gamel et  al. (2017) 
real-time PCR.

Materials and methods

Nematode populations

For the validation (analytical sensitivity, specific-
ity, robustness and reproducibility) of the modified 
Beniers et  al. (2014) real-time PCR, a total of 20 
populations of Globodera spp., four populations of 
Heterodera spp. and a single population of Cac-
todera cacti were used (Table  1). The Globodera 
spp. populations included one population  each of 
G. ellingtonae and G. tabacum, eight populations 
of G. rostochiensis, representing the pathotypes 
Ro1, Ro2,3, Ro4 and Ro5 and ten populations of G. 
pallida, representing the pathotypes Pa2 and Pa3. 

Table 1   Populations used for the validation of the modified Beniers et al. (2014) real-time PCR and the obtained results on their 
analytical specificity

1 Gros = Globodera rostochiensis; 2Gpal = Globodera pallida

Species Pathotype Population Source Location Host Specificity

Gros1 Gpal2

Cactodera cacti E5340 NVWA Unknown Cactus spp. – –
G. pallida Pa2 PD 248 HLB NL Potato –  + 
G. pallida Pa2 PD 248 NAK NL Potato –  + 
G. pallida Pa2 Averis NL Potato –  + 
G. pallida Pa3 Chavornay HLB NL Potato –  + 
G. pallida Pa3 Chavornay NAK NL Potato –  + 
G. pallida Pa3 Rookmaker (E400) WUR​ NL Potato –  + 
G. pallida Pa3 Rookmaker (E400) WUR​ NL Potato –  + 
G. pallida Pa3 Av DR Averis NL Potato –  + 
G. pallida Me Averis NL Potato –  + 
G. pallida Dr Averis NL Potato –  + 
G. rostochiensis Ro1 SCRI HLB NL Potato  +  –
G. rostochiensis Ro1 Mierenbos WUR​ NL Potato  +  –
G. rostochiensis Ro1 Ecosse NAK NL Potato  +  –
G. rostochiensis Ro2,3 BC262 HLB NL Potato  +  –
G. rostochiensis Ro2,3 BC262 NAK NL Potato  +  –
G. rostochiensis Ro2,3 Agrico WUR​ NL Potato  +  –
G. rostochiensis Ro4 F515 HLB NL Potato  +  –
G. rostochiensis Ro5 G1518 HLB NL Potato  +  –
G. ellingtonae F4242 NVWA USA Potato – –
G. tabacum C6876 NVWA USA Nicotiana tabacum – –
Heterodera betae 6B NVWA NL Unknown – –
H. glycines Race 4 E5661 NVWA USA Glycine max – –
H. schachtii C9872 NVWA NL Cheiranthus & Iberis – –
H. trifolii B7955 NVWA NL Dianthus sp. – –
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Three Heterodera populations, each representing 
H. schachtii, H. avenae and H. trifolii, were col-
lected from various fields in the Netherlands. For 
the comparison of the three different PCR assays 
for diagnostic specificity on field populations, 19 
populations of Globodera spp., and three popu-
lations of Heterodera spp. were used (Table  5). 
These included a single population of G. elling-
tonae, pathotypes Pa2 and Pa3 of G. pallida, Ro1 
and Ro2,3 pathotypes of G. rostochiensis, and 14 
Globodera populations isolated from soil samples 
of fields with patches of poor growing potato plants 
which were investigated by the Dutch NPPO. These 
field populations were first identified by NIVIP, the 
Dutch national reference laboratory (NRL) based 
on morphology, morphometrics and the modified 
conventional PCR of Bulman and Marshall (1997) 
by van de Vossenberg et  al. (2014). With the 
exception of the field populations, all were reared 
in quarantine glasshouses and species identity was 
confirmed for all populations by morphology and 
morphometrics. For the viability assays, G. ros-
tochiensis (Ro1, Ecosse (2016)) and G. pallida 
(Pa2, PD248 (2016)) were used.

Nucleic acid extraction

Prior to nucleic acid extractions, viable cysts and 
living second-stage juveniles (J2) and eggs (LJE) 
were ground in a 1.5  ml Eppendorf tube using 
two 3 mm ± 1 µm (G20W) dia. fat-free steel beads 
in 100  µl sterile water using a Retsch vibrating 
mill for 5  min. at 30 Hrtz. To each sample, 1  µl 
tomato leaf sap (30 × diluted) was added to serve 
as internal PCR control. Total nucleic acid extrac-
tions were carried out using the Masterpure™ kit 
(QIAGEN, Venlo, The Netherlands) with SNAP 
Solution (Isogen, Life Science B.V., Utrecht, The 
Netherlands) magnetic beads on a KingFisher Flex-
96 purification system (ThermoFisher Scientific, 
Waltham, Massachusetts, USA) using the protocols 
and programme recommended by QIAGEN and 
ThermoFisher. Two additional controls were also 
included to access purity of nucleic acid extraction: 
(1) no added cyst to the sample to confirm purity 
of the kit (IC1), and (2) lysis buffer added after all 
samples have been loaded (IC2) to ensure no cross 
contamination of samples.

Modified real‑time PCR (Beniers et al., 2014)

Multiplex PCR reaction cycling conditions, primers 
and probes for the real-time PCR based on Beniers 
et  al. (2014) were followed as described by EPPO 
(2022). For optimal implementation at the NAK, the 
concentrations of the components of the PCR reaction 
mixtures were adapted as indicated in Table 2. Addi-
tionally, primers and probes for the internal PCR con-
trol were included and the final reaction volume was 
adjusted to a volume of 20 µl with PCR-grade water 
(Table  2). The single-step reverse-transcription real-
time PCR was performed using the One Step Prime 
Script™ RT PCR kit (TaKaRa Bio Inc., Kusatsu, 
Japan) with 5 µl target RNA per reaction on an ABI 
Prism®7500 Sequence Detection System. Data gen-
erated was analyzed according to the manufacturer’s 
software instructions with baseline set at auto and a 
threshold of 0.05. The PCR efficiency and nucleic acid 
extraction success were assessed using the mRNA of 
the mitochondrial nad5 gene of tomato with primers 
(Menzel et al., 2002) and probe as described by Boter-
mans et  al. (2013). The two additional controls (IC1 
and IC2), water (no RNA; ntc) and an in-house pre-
pared positive control (G. rostochiensis and G. pallida 
nucleic acid mix (Glob6)), were included in each run.

Real‑time PCR (Gamel et al., 2017)

The Gamel et  al. (2017) based multiplex real-time 
PCR was performed using the primers and probes as 
described by EPPO (2022) with slight adjustments 
of the reaction mixture (Table  3) for optimal per-
formance on an ABI Prism®7500 Sequence Detec-
tion System and inclusion of the internal PCR con-
trol. Data generated was analyzed according to the 
manufacturer’s software instructions with baseline 
set at 3‒15 and a threshold of 0.03. The PCR was 
performed using the QuantiTect Multiplex PCR kit 
(QIAGEN, Venlo, The Netherlands) and 5 µl of target 
DNA per reaction using similar cycling conditions as 
described by EPPO (2022). The PCR efficiency and 
nucleic acid extraction success were assessed using 
the cytochrome oxidase (COX) primers and probes 
(Weller et al., 2000) as described by Roenhorst et al. 
(2005). Two additional controls (IC1 and IC2), water 
(no RNA; ntc) and an in-house prepared positive con-
trol (G. rostochiensis and G. pallida nucleic acid mix 
(Glob6)), were included in each run.
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Conventional PCR

The conventional PCR based on Bulman and Mar-
shall (1997) (conPCR) was used as described by 
van de Vossenberg et  al. (2014) using FastStart Taq 
DNA polymerase (Roche, Basil, Switzerland) with 
the forward primer ITS5_Glob (5’-GCA​AAA​GTC​
GTA​ACA​AGG​TAG​CTG​TA-3’) and species-specific 
reverse primers Gpalli_R (5’-ACA​ACA​GCA​ATC​
GTC​GAG​TCAC-3’) and PITSr3 (5’-AGC​GCA​GAC​
ATG​CCG​CAA​-3’), for G. pallida and G. rostochien-
sis, respectively. PCR reactions were performed 
in an ABI Prism®7500 Sequence Detection Sys-
tem (Applied Biosystems, ThermoFisher Scientific, 
Waltham, Massachusetts, USA) using the conditions 
described by van de Vossenberg et al. (2014). Ampli-
cons were visualized in a 1.5% agarose gel stained 
with SYBR safe (Life Technologies, Carlsbad, Cali-
fornia, USA) using a Vü- F Fluorescence system 
(Pop-Bio Imaging, Cambridge, United Kingdom). A 
100 bp Plus DNA ladder (Promega, Fitchburg, Wis-
consin, USA) was used for estimation of the amplicon 
size.

Validation modifiedBeniers et al. (2014)real‑time 
PCR

The analytical sensitivity is a fundamental param-
eter to define the limit of detection (LOD) needed 
to reliably detect target DNA/RNA in a sample. To 
evaluate the LOD of the modified Beniers et  al. 
(2014) real-time PCR, triplicate samples consisting 
of single viable eggs of two populations of G. pal-
lida (Pa2 (PD248) and Pa3 (Chavornay)) and two 
populations of G. rostochiensis (Ro1 (Ecosse) and 
Ro2,3 (BC262)) were prepared and assayed. From 
this, the upper Ct-value limits were then calculated 
using the linear regression y = 36.39 – 2.08*ln(x) 
with 95% confidence limits for G. pallida, and the 
linear regression y = 34.12 – 1.78*ln(x) with 95% 
confidence limits for G. rostochiensis as deter-
mined by J.E. Beniers (pers. comm.), where y 
refers to the Cycle Threshold (Ct) value detected 
during the real-time PCR, and x refers to the num-
ber of viable eggs in your used sample.

The analytical specificity was determined using 
different populations of G. rostochiensis and G. 

Table 2   Reaction mixture used for the modified multiplex reverse transcription real-time PCR based on Beniers et al. (2014)

1 Beniers et al. (2014); 2Menzel et al. (2002); 3Botermans et al. (2013)

Reagent Concentration Volume per  
reaction (µl)

Final concentration

PCR-grade water 0.36
One Step RT-PCR Buffer III (TaKaRa) 2 ×  10 1 × 
Prime Script TM RT Enzyme Mix II (TaKaRa) 0.4
TaKaRa Taq™ HS (TaKaRa) 5 U/µl 0.4 0.1 U
ROX™ Reference Dye IIa 50 ×  0.2 0.5 × 
Fw_EF_Grp_mRNA1

(5’-ACA​AGA​TCG​GAG​GTA​TCG​-3’)
10 µM 0.6 0.3 µM

Rv_EF_Gp_mRNA-11

(5’-GTG​GTT​CAT​GAT​GAT​GAC​CTG-3’)
10 µM 0.6 0.3 µM

EF_Gpal_probe (G. pallida probe)1

(5’-Alexa546-CGA​AGA​(A)(T)GAC​CCG​GC-BHQ-1 -3’)
5 µM 1.6 0.5 µM

p_EF-Gros_2LNA (G. rostochiensis probe)1

(5’- FAM-CTC​GAA​GAG(C)GAC(C)CTG – BHQ-1–3’)
5 µM 0.4 0.1 µM

Nad5 151a2

(5’-GAT​GCT​TCT​TGG​GGC​TTC​TTGTT-3’)
10 µM 0.12 0.06 µM

Nad5 151b2

(5’-CTC​CAG​TCA​CCA​ACA​TTG​GCA​TAA​-3’)
10 µM 0.12 0.06 µM

Nad5 151d (probe)3

(5’-YY-AGG​ATC​CGC​ATA​GCC​CTC​GAT​TTA​TGTG-BHQ1-3’)
10 µM 0.2 0.1 µM

RNA (target) 5
Total 20
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pallida, and populations of closely related non-tar-
get nematodes (Table 1). To determine the robust-
ness and reproducibility, the modified Beniers et al. 
(2014) real-time PCR was performed in a blind 
test on eight different occasions using five differ-
ent ABI Prism®7500 Sequence Detection Systems 
by two independent technicians. For this purpose, 
the populations were divided over 19 samples, with 
known numbers of LJE and anonymized. Samples 
were randomly divided between the independent 
technicians with at least one sample assayed in trip-
licate. A Positive Isolation Control (PIC), contain-
ing a mixture of 12 LJE of both target Globodera 
spp. was included for each repeat of the assays.

Diagnostic specificity

To compare and assess the diagnostic specificity of 
both the real-time PCRs, the modified Beniers et al. 
(2014) and Gamel et al. (2017) were compared to the 
conventional PCR of Bulman and Marshall (1997). 
Single viable cysts of field populations collected from 

patches of poor growth, of both target Globodera 
spp. and non-target Heterodera spp., were analyzed 
as indicated above. As positive controls, two known 
populations each of G. rostochiensis (Ro1 & Ro2,3) 
and G. pallida (Pa2 & Pa3) were included (Table 5).

Viability

Viability assays were performed on one population 
each of G. rostochiensis (Ro1 (Ecosse)) and G. pal-
lida (Pa2 (PD248)) that were pooled together. The 
viable cysts were autoclaved for 20  min. at 121  °C 
under 15 psi pressure. An additional subsample 
of viable cysts from both populations were kept 
untreated at 2–8  °C. After autoclaving, cysts were 
divided into eight samples, four containing a single 
cyst and four containing a pool of 10 cysts. The non-
autoclaved viable cysts were divided similarly for 
each population, taking care that none of the popu-
lations were mixed when the samples were prepared 
to confirm purity of the populations. Both autoclaved 
and non-autoclaved cyst samples were used for visual 

Table 3   Adapted reaction mixture used for the multiplex real-time PCR based on Gamel et al. (2017)

1 Gamel et al. (2017); 2Weller et al. (2000)

Reagent Concentration Volume per  
reaction (µl)

Final concentration

PCR-grade water 0.6
QuantiTect Multiplex PCR Master Mix (QIAGEN) 2 ×  10 1× 
µsatGP-F1

(5’-AAG​GAG​TTG​TGG​TCC​AGA​CG-3’)
10 µM 0.6 0.3 µM

µsatGP-R1

(5’-GAA​GGC​AAT​CTG​TGT​TCG​GG-3’)
10 µM 0.6 0.3 µM

µsatGR-F1

(5’-TGA​CGA​GGA​ACA​ GTA​CAA​AG-3’)
10 µM 0.6 0.3 µM

µsatGR-R1

(5’-GTG​TCT​CTA​ATT​TGC​CAT​T-3’)
10 µM 0.6 0.3 µM

µsatGP-P (G. pallida probe)1

(5’-FAM-CGC​TCG​TCG​GCC​TCC​TCC​TC-BHQ1-3’)
10 µM 0.4 0.2 µM

µsatGR-P (G. rostochiensis probe)1

(5’-ATTO550-AGG​CAT​TGC​TTG​AGCGA ACGGA-BHQ1-3’)
10 µM 0.4 0.2  µM

COX-F2

(5’-CGT​CGC​ATT​CCA​GAT​TAT​CCA-3’)
10 µM 0.4 0.2 µM

COX-RW2

(5’-CAA​CTA​CGG​ATA​TAT​AAG​AGC​CAA​ AACTG-3’)
10 µM 0.4 0.2 µM

COXsol1511T (probe)2

(5’-Cy5-TGC​TTA​CGC​TGG​ATG​GAA​TGC CCT-BHQ1-3″)
10 µM 0.4 0.2 µM

DNA (target) 5
Total 20
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confirmation of cyst content (EPPO PM7/40(5), 2022 
(appendix 10)) and for nucleic acid extraction as indi-
cated above. To illustrate the biological importance of 
cyst viability both the modified Beniers et al. (2014) 
real-time PCR and Gamel et al. (2017) real-time PCR 
were applied for each treatment.

In silico evaluation of primers and probes

For the specificity determination of the primers and 
probes published by Beniers et al. (2014), an alterna-
tive approach had to be employed given the limited 
availability of Globodera spp. mRNA sequences 
available in the NCBI database. Hence, we used 
a manual BLAST approach (in place of using the 
Primer-BLAST tool from NCBI) to determine the 
specificity of the primers (spanning exon-exon junc-
tions) and probes targeting the elongation factor 1-α 
mRNA, described below.

For G. pallida and G. rostochiensis the partial 
elongation factor 1-α nucleotide sequences spanning 
the forward and reversed primers (G. pallida, JAG-
DFN010000089.1, 3,516,228–3,516,601; G. ros-
tochiensis, FKKZ01000047.1, 40,295–40677), were 
BLASTed against the whole-genome shotgun contigs 
(WGS) database limited for Nematoda (megablast 
algorithm). All BLAST hits extended by ± 200 nt 

were fetched from NCBI using E-utilities and aligned 
against the partial elongation factor 1-α nucleotide 
query sequence using the discontiguous megablast 
algorithm.

For the specificity determination of the prim-
ers and probes published by Gamel et al. (2017) the 
NCBI Primer-BLAST tool was used with a custom 
database containing nucleotide sequences from the 
following organisms: G. pallida (3 strains), G. ros-
tochiensis (3 strains), G. ellingtonae (1 strain), Heter-
odera schachtii (3 strains) H. glycines (3 strains), and 
H. carotae (1 strain) (Table 7). The assemblies used 
for this purpose are also indicated in Table  7. The 
amplicon sequences found by the Primer-BLAST hits 
were fetched from NCBI using E-utilities and aligned 
against the DNA-probe sequence.

Results

Validation

The results of the single viable egg assays using the 
modified Beniers et al. (2014) real-time PCR are indi-
cated in Table  4. For both G. rostochiensis and G. 
pallida a LOD of 1 LJE was successfully obtained. 
Based on the linear regression formulas, the limit 

Table 4   Cycle threshold 
(Ct) values obtained by 
the modified NAK Beniers 
et al. (2014) real-time 
PCR to define the limit of 
detection (LOD) with single 
living eggs of each target 
species

1 LE = number of 
living eggs; 2Gros = G. 
rostochiensis; 3Gpal = G. 
pallida; 4IC = internal 
controls without 
target nucleic acid; 
5Globo6 = in-house 
developed PCR positive 
control; 6ntc = PCR negative 
control (water)

Species Pathotype Population LE1 Ct-value

Gros2 Gpal3 ICnad5

Globodera ros-
tochiensis

Ro1 Ecosse 1 31.3 – 30.2

Ro1 Ecosse 1 31.5 – 29.9
Ro1 Ecosse 1 32.1 – 30.0
Ro2,3 BC262 1 31.3 – 30.0
Ro2,3 BC262 1 32.1 – 29.8
Ro2,3 BC262 1 32.3 – 30.1

G. pallida Pa2 PD 248 1 – 33.9 29.7
Pa2 PD 248 1 – 33.6 30.1
Pa2 PD 248 1 – 33.2 29.6
Pa3 Chavornay 1 – 33.3 29.7
Pa3 Chavornay 1 – 34.4 29.7
Pa3 Chavornay 1 – 35.1 29.9

IC14 – – 29.9
IC24 – – 29.7
Globo65 26.4 29.1 30.4
ntc6 – – –
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for considering a sample as a positive result during 
real-time PCR was set at a maximum of 38 cycles 
for G. pallida and a maximum of 34 cycles for G. 
rostochiensis.

The analytical specificity of the modified Beniers 
et  al. (2014) was tested on both target Globodera 
spp., and on seven non-target species. The target 
Globodera spp. consisted of six populations for G. 
rostochiensis and eight populations of G. pallida. 
The non-target species included one population each 
of Cactodera cacti, G. ellingtonae, G. tabacum, 
Heterodera betae, H. glycines, H. schachtii and 
H. trifolii. The modified Beniers et  al. (2014) test 

scored 100% for analytical specificity (Table  1). 
None of the non-target species gave a false positive 
result and none of the target Globodera spp. gave a 
false negative result.

To ensure the reproducibility and robustness of 
the modified Beniers et al. (2014) real-time PCR, the 
assays were run on five different ABI Prism®7500 
Sequence Detection Systems by two independent 
technicians. All assays provided a positive result for 
the target Globodera spp. with Ct values ranging 
between 17.9 to 33.2 for G. rostochiensis and between 
19.2 to 33.4 for G. pallida with no false negative or 
false positive results.

Table 5   Comparison of the PCR results obtained from field populations and soil samples taken from patches with poor potato plant 
growth to determine the diagnostic specificity

1 F = soil samples provided by NPPO-NL; 2conPCR = conventional PCR based on Bulman and Marshall (1997) as described by 
van de Vossenberg et  al. (2014); 3Gpal = G. pallida; 4Gros = G. rostochiensis, 5IC = internal controls without target nucleic acid; 
6Globo6 = in-house developed PCR positive control; 7ntc = PCR negative control (water); nd = not determined

Sample1 Number 
of cysts

Source conPCR2 Gamel et al. (2017) Beniers et al. (2014)

Gpal3 Gros4 Gpal3 Gros4 ICCOX Gpal3 Gros4 ICnad5

F7429-3 1 Field -  +  -  +   +  -  +   + 
F7429-4 1 Field -  +  -  +   +  -  +   + 
F7436 1 Field  +  -  +  -  +   +  -  + 
F7450 1 Field  +  -  +  -  +   +  -  + 
F7451 1 Field  +  -  +  -  +   +  -  + 
F7455-1 1 Field  +  -  +  -  +   +  -  + 
F7455-2 1 Field  +  -  +  -  +   +  -  + 
F7482-2 1 Field -  +  -  +   +  -  +   + 
F7488 1 Field -  +  -  +   +  -  +   + 
F6623 1 Field -  +  -  +   +  -  +   + 
F6644 1 Field  +  -  +  -  +   +  -  + 
F6656-1 1 Field -  +  -  +   +  -  +   + 
F6668 1 Field  +  -  +  -  +   +  -  + 
F4744-1 1 Field  +  -  +  -  +   +  -  + 
Globodera rostochiensis Ro1 1 Ecosse –  +  –  +   +  –  +   + 
G. rostochiensis Ro2,3 1 BC262 –  +  –  +   +  –  +   + 
G. pallida Pa2 1 PD248  +  –  +  –  +   +  –  + 
G. pallida Pa3 1 Chavornay  +  –  +  –  +   +  –  + 
G. ellingtonae 1 F4242 – – – –  +  – –  + 
Heterodera avenae 1 Field – – – –  +  – –  + 
H. schachtii 1 Field – – – –  +  – –  + 
H. trifolii 1 Field – – – –  +  – –  + 
IC15 - - - – –  +  – –  + 
IC25 - - - – –  +  – –  + 
Globo66 -  +   +   +   +   +   +   +   + 
ntc7 - – – – – – – – –
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Diagnostic specificity

Results obtained for the diagnostic specificity are pre-
sented in Table 5 and Fig. 1. For both real-time PCRs, 
the internal controls nad5 for the modified Beniers 
et  al. (2014) and COX for Gamel et  al. (2017) real-
time PCRs were positive where applicable. For all 
three PCR assays used, both the PCR positive and 
negative controls (IC1, IC2, Globo6 and ntc) pro-
vided the expected results. Both populations of G. 
rostochiensis (Ro1 and Ro2,3) and of G. pallida (Pa2 
and Pa3) were correctly identified by all three PCR 
assays. The G. ellingtonae and three Heterodera field 
populations (H. avenae, H. schachtii and H. trifolii) 
all tested negative in all three PCR assays. Compari-
son of the results of the single cyst samples obtained 

from the 14 soil samples of the NPPO-NL gave no 
discrepancies between the three PCR assays used. All 
three PCR assays indicate the presence of G. pallida 
in 8 samples and the presence of G. rostochiensis in 6 
samples. All results were in accordance with the mor-
phological and molecular identifications of NIVIP.

Viability

Sample sets consisting of 1 or 10 autoclaved and non-
autoclaved cysts were analysed to determine the effect 
of viability on the performance of both the modified 
Beniers et  al. (2014) and Gamel et  al. (2017) real-
time PCRs. Table 6 shows the results per test for each 
sample set. For both PCR assays, the internal controls 
nad5 (Beniers et  al., 2014) and COX (Gamel et  al., 

Fig. 1   Amplification plots generated to determine the limit of 
detection (LOD) using single viable eggs of both G. pallida 
(Pa2 & Pa3) and G. rostochiensis (Ro1 & Ro2,3). The y-axis 
represents the delta normalized reporter value (Rn) and the 
x-axis the number of cycles. The green horizontal line indicate 

the threshold of 0.05 and the black line the auto baseline as 
determined by the software. Black curves indicate the internal 
control (nad5) with blue indicating G. pallida and red indicat-
ing G. rostochiensis 
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2017) were positive where applicable, indicating that 
nucleic acid extraction was successful and PCR condi-
tions were correct. Additional PCR controls (IC1, IC2, 
Globo6 and ntc) also provided the expected results. 
Both PCR assays indicated that the non-treated G. 
rostochiensis (Ro1) and G. pallida (Pa2) populations 
were not cross-contaminated. For the cysts treated in 
the autoclave, the modified Beniers et al. (2014) real-
time PCR provided a negative result for both target 
Globodera spp. in all samples assayed. In the case of 
the Gamel et  al. (2017) real-time PCR, all samples 

assayed provided a positive reaction for G. pallida. 
Both samples Gp + rAut(B) and Gp + rAut(C), each 
containing a single cyst, gave a positive result for both 
target Globodera spp. and sample Gp + rAut(H) (10-
cyst pool) was also positive for both target Globodera 
spp., although efforts were made to prevent cross con-
tamination. Visual inspection of cysts showed that the 
non-autoclaved cysts contained numerous living eggs 
and second-stage juveniles for both Globodera spp., 
whereas the autoclaved cysts contained no to severely 
damaged second-stage juveniles (Fig. 2).

Table 6   Results of the two real-time PCR’s performed on cysts subjected to treatment for viability determination

Sample1 Number 
of cysts Treatment2

real-time PCR based on 
Beniers et al. (2014)

real-time PCR based on 
Gamel et al. (2014)

Gpal3 Gros4 ICnad5 Gpal3 Gros4 ICCOX

Ro1(A) 1 none – + + – + +
Ro1(B) 1 none – + + – + +
Ro1(C) 1 none – + + – + +
Ro1(D) 1 none – + + – + +
Ro1(E) 10 none – + + – + +
Ro1(F) 10 none – + + – + +
Pa2(A) 1 none + – + + – +
Pa2(B) 1 none + – + + – +
Pa2(C) 1 none + – + + – +
Pa2(D) 1 none + – + + – +
Pa2(E) 10 none + – + + – +
Pa2(F) 10 none + – + + – +
Gp+rAut(A) 1 autoclaved – – + + – +
Gp+rAut(B) 1 autoclaved – – + + + +
Gp+rAut(C) 1 autoclaved – – + + + +
Gp+rAut(D) 1 autoclaved – – + + – +
Gp+rAut(E) 10 autoclaved – – + + – +
Gp+rAut(F) 10 autoclaved – – + + – +
Gp+rAut(G) 10 autoclaved – – + + – +
Gp+rAut(H) 10 autoclaved – – + + + +
IC15 - - – – + – – +
IC25 - - – – + – – +
Globo66 - - + + + + + +
ntc7 - - – – – – – –

1 Ro1 = G. rostochiensis Ro1 population (Ecosse), Pa2 = G. pallida Pa2 population (PD248), Gp + r = mix of Ro1 and Pa2 cysts; 
2none = untreated and autoclave = autoclaving at 121 °C at 15 psi; 3Gpal = G. pallida; 4Gros = G. rostochiensis, 5IC = internal controls 
without target nucleic acid; 6Globo6 = in-house developed PCR positive control; 7ntc = PCR negative control (water); grey blocks 
indicate discrepancies in results of PCRs used
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In silico evaluation of primers and probes

The in silico specificity determination of the primers 
and probes published by both Beniers et  al. (2014) 
and Gamel et al. (2017) are indicated in Table 7. The 
in silico analysis showed that the G. pallida specific 
primers and probe, µsatGP-F, µsatGP-R and µsatGP-P 
of Gamel et  al. (2017) only retrieved BLAST simi-
larities from three WGS projects (CBXT01, JAGD-
FNN01 and JAIXHY01) each representing G. pallida. 
Single nucleotide mismatches were only observed 
in one assembly, JAIXHY01, for both the probe 
and reverse primer. Analysis of the G. rostochiensis 
specific primers and probes, µsatGR-F, µsatGR-R 
and µsatGR-P, of Gamel et  al. (2017) retrieved five 
BLAST similarities, two of which represented G. pal-
lida (JAIXHY01 and CBXT01) and the remainder 
(JAEVLN01, JAEVLO01 and FKKZ01) representing 
G. rostochiensis. The G. rostochiensis specific probe 
had an alignment similarity between 0 and 32% to the 
two G. pallida alignments and only a single nucleo-
tide mismatch was observed for the G. rostochiensis 
specific reverse primer in the three G. rostochiensis 
assemblies.

BLAST results against the WGS database limited 
for Nematoda retrieved both target and non-target 
assemblies (Table  7). The Beniers et  al. (2014) for-
ward primer, Fw_EFGrp_mRNA showed a low 
(33%) alignment similarity to the non-target spe-
cies Aphelenchus avenae, Aphelenchoides fuji-
anensis, Ditylenchus dipsaci (three populations), 

Heterodera carotae, H. glycines (two populations) 
and H. schachtii (two populations). The Beniers 
et  al. (2014) reverse primer (Rv_EF_Gp_mRNA-
1) showed an alignment similarity between 0 and 
19% for these non-target species, with the exception 
of H. carotae where 100% of the alignment showed 
four nucleotide mismatches. The G. pallida specific 
probe, EF_Gpal_probe, showed a 100% match for 
all tested alignments, with a single mismatch for the 
non-target Heterodera spp. and three mismatches for 
the G. rostochiensis non-target. The G. rostochiensis 
specific probe aligned to 100% of the non-targets with 
mismatches ranging from two to six nucleotides. The 
Beniers et al. (2014) forward and reverse primer sites 
were found to have no mismatches with the non-target 
Globodera ellingtonae sequence, while the G. ros-
tochiensis-specific and G. pallida-specific probe sites 
within the G. ellingtonae sequence were seen to have, 
respectively, one and two mismatches.

Discussion

In this study, the performance of the two PCR 
assays mandated by new European legislation (CIR 
2022/1192), based on Bulman and Marshall (1997) 
and Gamel et al. (2017) were compared with the RNA 
real-time PCR assay based on Beniers et  al. (2014) 
modified by NAK. This study included populations 
reared in the greenhouse and populations collected 
from fields where Globodera-related symptoms on 

Fig. 2   Gel electrophoresis of the field populations tested 
using the Bulman and Marshall (1997) as described by van 
de Vossenberg et  al. (2014). A PCR product of 250 -300  bp 
is positive for G. pallida and a PCR product of 400–450  bp 

are positive for G. rostochiensis. The ntc is a negative control 
containing no DNA and Globo6 is positive control containing 
DNA of both G. pallida and G. rostochiensis. A 100 bp ladder 
was used to visually determine the size of the PCR product



692	 Eur J Plant Pathol (2024) 169:681–696

1 3
Vol:. (1234567890)

Table 7   Results of the in silico evaluation of the primers and probes described by Beniers et al. (2014) and Gamel et al. (2017)

1 Mismatch is on 5’-end and thus introduce a one nucleotide overhang

Species Alignment % (mismatches) Accession (region)

Forward Probe Reverse

Primers Fw_EF_Grp_mRNA and Rv_EF_Gp_mRNA-1 with probe EF_Gpal_probe (Globodera pallida probe) (Beniers et al., 
2014)

G. ellingtonae Ge_1 100% (0) 100% (2) 100% (0) MEIZ01000027.1 (167080–167855)
G. pallida Newton 100% (0) 100% (0) 100% (0) JAGDFN010000089.1 (3516028–3516801)
G. pallida Lindley 100% (0) 100% (0) 100% (0) CBXT010009286.1 (31918–32691)
G. pallida D383 100% (0) 100% (0) 100% (0) JAIXHY010000003.1 (1766113–1766,886)
G. pallida Newton 100% (0) 100% (0) 100% (0) JAGDFN010000089.1 (3345496–3346,269)
G. rostochiensis Ro1 100% (0) 100% (3) 100% (1)1 FKKZ01000047.1 (40117–40876)
G.rostochiensis L19 100% (0) 100% (3) 100% (1)1 JAEVLN010000020.1 (737364–738122)
G.rostochiensis L22 100% (0) 100% (3) 100% (1)1 JAEVLO010000001.1 (1864335–1865093)
Heterodera carotae Calama 33% (2) 100% (0) 100% (4) JAKKIK010000659.1 (17292–17958)
H. glycines OP25 33% (0) 100% (1) 100% (1) ABLA01002248.1 (2345–3015)
H.glycines X12 33% (1) 100% (1) 19% (1) VAPQ01000005.1 (1816899–1817569)
H. schachtii Bonn 33% (1) 100% (1) 19% (1) JAHGVF010000001.1 (5001994–5002656)
H. schachtii IRS 33% (1) 100% (1) 19% (1) JAIZDD010000177.1 (308762–309424)
Primers Fw_EF_Grp_mRNA and Rv_EF_Gp_mRNA-1 with probe p_EF-Gros_2LNA (G. rostochiensis probe) (Beniers et al., 

2014)
Aphelenchus avenae uhasgpb2012 33% (0) 100% (5) 19% (0) JNEY01000006.1 (717243–717908)
Aphelenchoides fujianensis Dali 33% (0) 100% (2) 19% (0) JAMPIO010000363.1 (66003–66526)
Ditylenchus dipsaci G-137 33% (2) 100% (5) 0% (0) JAMRYK010000835.1 (28407–29042)
D. dipsaci J2 33% (2) 100% (6) 0% (0) SADC01000937.1 (58771–59406)
D. dipsaci C-1000 33% (2) 100% (6) 0% (0) JAMRYL010000206.1 (80635–81270)
G. ellingtonae Ge_1 100% (0) 100% (1) 100% (0) MEIZ01000027.1 (167081–167841)
G. pallida D383 100% (0) 100% (3) 100% (0) JAIXHY010000003.1 (1596011–1596770)
G. pallida Newton 100% (0) 100% (3) 100% (0) JAGDFN010000089.1 (3345497–3346256)
G. pallida Lindley 100% (0) 100% (3) 100% (0) CBXT010009286.1 (31931–32690)
G. rostochiensis Ro1 100% (0) 100% (0) 100% (1)1 FKKZ01000047.1 (40095–40877)
G. rostochiensis L19 100% (0) 100% (0) 100% (1)1 JAEVLN010000020.1 (911538–912,319)
G. rostochiensis L22 100% (0) 100% (0) 100% (1)1 JAEVLO010000001.1 (1864334–1865115)
H. carotae Calama 33% (2) 100% (3) 100% (4) JAKKIK010000659.1 (17292–17961)
Primers µsatGP-F and µsatGP-R with probe µsatGP-P (G. pallida probe) (Gamel et al., 2017)
G. pallida Lindley 100% (0) 100% (0) 100% (0) CBXT010014133.1 (24480–24579)
G. pallida Newton 100% (0) 100% (0) 100% (0) JAGDFN010000088.1 (6959674–6959773)
G. pallida D383 100% (0) 100% (1) 100% (1) JAIXHY010000016.1 (830813–830912)
Primers µsatGR-F and µsatGR-R with probe µsatGR-P (G. rostochiensis probe) (Gamel et al., 2017)
G. pallida D383 100% (4)1 32% (0) 100% (4) JAIXHY010000014.1 (279057–279190)
G. pallida Lindley 100% (5)1 0% (0) 100% (5) CBXT010002068.1 (155–244)
G. rostochiensis L19 100% (0) 100% (0) 100% (1) JAEVLN010000015.1 (1003639–1003801)
G. rostochiensis L22 100% (0) 100% (0) 100% (1) JAEVLO010000003.1 (1822407–1822565)
G. rostochiensis Ro1 100% (0) 100% (0) 100% (1) FKKZ01000367.1 (29277–29439)
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potato plants were observed. As neither of the three 
mentioned PCR assays were tested against field pop-
ulations during their development, it is important to 
determine their performance in a routine laboratory 
setup. At the same time, a validation based on analyti-
cal sensitivity as well as their specificity, robustness 
and reproducibility, was performed for the routine 
implementation of the modified Beniers et al. (2014) 
real-time-PCR.

The conventional PCR of Bulman and Mar-
shall (1997) targets the small ribosomal subunit 
18S rRNA and flanking internal transcribed spacer 
(ITS1) region, which was further improved by van 
de Vossenberg et al. (2014). This PCR distinguishes 
between G. pallida and G. rostochiensis based on 
DNA fragment sizes observed after gel electropho-
resis caused by differences in the binding sites for 
the species-specific reverse primers. The Gamel 
et  al. (2017) real-time PCR targets specific short 
DNA repeats or microsatellites and their flanking 
regions that are unique for either G. pallida or G. 
rostochiensis, requiring two sets of species-spe-
cific primers and probes. In contrast, the reverse 
transcription real-time PCR developed by Beniers 
et  al. (2014) targets the mtRNA of the elongation 
factor 1-α gene region, by using a single primer 
pair and two species-specific probes to target the 
cDNA. What distinguishes this mtRNA based PCR 
assay from the other two DNA based PCR assays, 
is its ability to indicate the viability of the cysts 
collected. In principle, a positive result can only 
be obtained by the presence of the target mtRNA, 
indicating viable eggs or J2 juveniles in the sample 
tested.

For a successful implementation of the Beniers 
et al. (2014) real-time PCR at NAK, some modifica-
tions and an in-house validation were required. These 
modifications mostly included changes in reagent 
concentrations of the PCR reaction mixtures to best fit 
the capacity at the NAK. Validation of these changes, 
according to EPPO Standard PM7/98 (EPPO, 2021) 
were carried out successfully at the NAK. Analytical 
sensitivity showed that only a single egg is sufficient 
to obtain a positive result, an improvement on the 
limit of detection indicated by Beniers et al. (2014) of 
30 JLE for both target Globodera spp. The analytical 

specificity of the modified Beniers et al. (2014) was 
also successfully proven, with no false positive result 
obtained for the non-target populations included. The 
reproducibility and robustness were also completed 
successfully with expected results obtained for all 
samples tested. However, given the wide range of Ct 
values for the same samples, the authors recognize 
that performance criteria of molecular tests may be 
influenced by reagents and equipment used, and that 
each laboratory needs to determine if a test is fit for 
purpose under their conditions through a validation 
process upon implementation.

Diagnostic specificity of both the Beniers et  al. 
(2014) and Gamel et al. (2017) PCRs were compared 
in this study to the conventional PCR of Bulman 
and Marshall (1997) and the identification results 
obtained by NIVIP. All tests were properly imple-
mented and executed, internal controls, and positive 
and negative controls scored as expected. For the field 
populations, all PCR assays consistently yielded the 
same positive identifications for both G. pallida and 
G. rostochiensis. Diagnostic specificity ensures that 
the results obtained are accurate and reliable, regard-
less of the used test, reducing the chances of misdi-
agnosis. The results achieved by NAK show that all 
three different PCR tests can be implemented with 
high reliability in a diagnostic lab.

In silico analysis is an effective way to determine 
primer and probe sensitivity and specificity (Kalendar 
et  al., 2017). In this regard, the primers and probes 
designed by both Beniers et  al. (2014) and Gamel 
et  al. (2017) were tested in silico against publicly 
available genome assemblies. It should be noted that 
only a very limited number of Nematoda genome 
assemblies, presently available in public databases, 
contain the target regions of both real-time PCRs. 
Our search of targets for the G. pallida specific prim-
ers and probe of Gamel et  al. (2017) only retrieved 
assemblies representing G. pallida. For the G. ros-
tochiensis specific primers and probe of Gamel et al. 
(2017), several G. pallida and G. rostochiensis target 
sequences were found. Due to several nucleotide mis-
matches found for the G. rostochiensis-specific prim-
ers and probe binding sites within the found G. pal-
lida sequences, G. pallida is an unlikely candidate for 
false positive signals.
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An in silico analysis of the binding sites of the 
Beniers et  al. (2014) primers and species-specific 
probes predicted a likely false positive signal for 
the G. ellingtonae non-target. However, the analyti-
cal specificity in vivo analyses resulted in a Ct-value 
of 36.8 for a single G. ellingtonae cyst using the G. 
rostochiensis specific probe, which is above the set 
cut-off value of 34 cycles and is therefore regarded as 
negative. No signal was observed for G. ellingtonae 
using the G. pallida specific probe.

Viability of cyst content is important in order to 
assess whether eradication measures, as now man-
dated by CIR 2022/1192, applied by seed potato 
growers, have been effective given that PCN cysts 
can persist in soil for some time (Price et  al., 2021; 
Gartner et al., 2021; Orlando & Boa, 2023). However, 
the current PCR assays included in CIR 2022/1192 
do not provide the capability to differentiate between 
cysts with living and cysts with non-viable content. 
Cysts without viable eggs and juveniles pose no risk 
of disease or spread, and can provide a positive indi-
cation of successful eradication measures. However, 
in a test lacking the ability to discriminate between 
cysts with living and cysts with non-viable content, 
the cysts with non-viable content can be incorrectly 
classified as risk-posing cysts. The proposal is to 
incorporate into the regulation a testing method that 
can differentiate between cysts with viable and non-
viable eggs and juveniles. It is imperative to include 
detection and identification assays which can differ-
entiate the viability of cyst content. After implement-
ing control measures in fields affected by infestations, 
such as the use of resistant varieties, empty cysts fre-
quently persist in these fields. Utilizing the testing 
methods outlined in the Commission proposal could 
lead to inaccurate positive results.

Inundation of infested fields or the use of highly 
resistant potato varieties on infested fields for ware or 
starch potatoes are mandatory measures. Inundation 
has proven an effective eradication strategy, with loss 
of viability of PCN cyst content (Runia et al., 2014). 
Nevertheless, non-viable cysts were still isolated after 
inundation (Berger et  al., 2023; Runia et  al., 2014). 
The use of resistant potato varieties in infested fields 
has been used with high success to eradicate G. ros-
tochiensis (Price et  al., 2021; de Boer et  al., 2021; 
Gartner et  al., 2021; Mwangi et  al., 2021; Orlando 
& Boa, 2023). However, some G. pallida popula-
tions can overcome host resistance, resulting in more 

virulent populations (Fournet et  al., 2016; Eoche-
Bosy et  al., 2017; Beniers et  al., 2018; Mwangi 
et al., 2019; Price et al., 2021; Gartner et al., 2021). 
Therefore, accurate and fast identification of PCN 
in infested fields is of utmost importance. An aspect 
that should be taken into consideration is the viabil-
ity of PCN cysts, especially when applying inunda-
tion as an eradication measure, as non-viable cysts 
will remain in the soil. The possibility exists that the 
mandatory DNA based PCR assays, as prescribed by 
CIR 2022/1192, give a positive indication of PCN, 
even though none of the cysts are viable and therefore 
pose no risk, questioning the biological relevance of a 
positive result obtained by DNA based PCR assays as 
diagnostic tool.

A positive result based on RNA based PCR holds 
substantial biological significance, particularly when 
assessing the viability of PCN in treated fields. A 
positive result based on a DNA PCR only confirms 
the historic presence of the target genetic material/
organism, but does not confirm the current viability 
and significance of the target organism, especially 
after eradication measures. Therefore, it is critical to 
assess the viability of cysts collected from an infested 
field if the use of the DNA based PCRs of Bulman 
and Marshall (1997) and/or Gamel et al., (2017) are 
mandatory following CIR 2022/1192. This might 
require an additional step of prior visual confirmation 
of viable cyst content and the direct testing of soil 
debris is therefore not recommended.

The viability tests done in this study clearly 
showed that the DNA within non-viable PCN 
cysts, after autoclaving, could still serve as a posi-
tive target for the DNA based real-time PCR of 
Gamel et  al. (2017). Therefore, the direct use of 
Gamel et  al. (2017) real-time PCR (or other DNA 
based molecular tests), as recommended by the CIR 
2022/1192, on soil debris after cyst isolation should 
be applied with care. It is recommended, also by 
EPPO (EPPO, 2022), that the cysts are evaluated 
for living content prior to performing a molecu-
lar test. In comparison, the modified Beniers et  al. 
(2014) real-time PCR clearly obtained negative 
results for cysts with non-viable content, as was 
also confirmed by visual inspection of the cyst con-
tent. It is, however, remarkable that the Gamel et al. 
(2017) real-time PCR provided a positive result 
for both target Globodera spp., where a single cyst 
with non-viable content was used. Further research 
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with (field) populations and viability testing at the 
NAK is needed to investigate the cause of this dou-
ble positive signal as the positive controls within 
the viability test and diagnostic specificity results 
all conformed with expectations and confirmed the 
validation data in Gamel et al. (2017).

Given that the EPPO standard protocol for G. 
rostochiensis and G. pallida, PM 7/40 (5) (EPPO, 
2022), recommends seven validated PCR based 
tools which can be used for detection and identifi-
cation, it is notable that CIR 2022/1192 limits the 
competent authorities to only two of these PCR 
assays. With the rapid advances in molecular tech-
nologies, this limitation could severely impede new 
developments for more effective or target specific 
tools. Furthermore, the persistence of non-viable, 
non-infectious PCN cysts could provide a mislead-
ing indication of the presence of PCN in previously 
infested fields, even though required eradication 
measures have been applied, making fields unneces-
sarily unavailable for potato cultivation. To encour-
age the development and improvement of diagnostic 
protocols, it is suggested that diagnostic laboratories 
performing official surveys should be provided with 
the freedom to use relevant internationally recog-
nized diagnostic protocols when properly in-house 
validated according to EPPO standards and accred-
ited by the EU-bodies (EPPO, 2021). Furthermore, 
it is important to allow for prompt amendment of 
legislation, in case new validated diagnostic proto-
cols become available.
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