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A B S T R A C T   

Molluscum contagiosum virus (MOCV) is an important human pathogen causing a high disease burden worldwide. 
It is the last exclusively human-infecting poxvirus still circulating in its natural reservoir—a valuable model of 
poxviral evolution. Unfortunately, MOCV remains neglected, and little is known about its evolutionary history 
and circulating genomic variants, especially in non-privileged countries. The design weaknesses of available 
MOCV detection/genotyping assays surfaced with recent accumulation of abundant sequence information: all 
existing MOCV assays fail at accurate genotyping and capturing sub-genotype level diversity. Because complete 
MOCV genome characterization is an expensive and labor-intensive task, it makes sense to prioritize samples for 
whole-genome sequencing by diversity triage screening. To meet this demand, we developed a novel assay for 
accurate MOCV detection and genotyping, and comprehensive sub-genotype qualification to the level of 
phylogenetic groups (PGs). The assay included a novel set of oligonucleotide primers and probes, and it was 
implemented using digital polymerase chain reaction (dPCR). It offers sensitive, specific, and accurate detection, 
genotyping (MOCV1–MOCV3), and PG qualification (PG1–6) of MOCV DNA from clinical samples. The novel 
dPCR assay is suitable for MOCV diversity triage screening and prioritization of samples for complete MOCV 
genome characterization.   

1. Introduction 

Molluscum contagiosum virus (MOCV), the causative agent of mol
luscum contagiosum (MC), is the last still naturally circulating exclu
sively human-infecting poxvirus since the eradication of smallpox. Until 
the characterization of the equine molluscum contagiosum–like virus, 
MOCV was the only member of the unique taxonomic genus Mollusci
poxvirus (Chen et al., 2013; Ehmann et al., 2021). MC is one of the 50 
most prevalent diseases of humans and has a high disease burden (Konya 
and Thompson, 1999; Hay et al., 2014; Sherwani et al., 2014). In 
addition, MC is a very opportune model for observing the evolution of an 
exclusively homo-tropic poxvirus in its natural circulation. 

Four MOCV genotypes (MOCV1–4) and three subtype variants of 
MOCV1 (MOCV1va, MOCV1vb, and MOCV1vc) were identified with 
complete genome restriction profiling in early molecular epidemiolog
ical studies of MOCV (Blake et al., 1991; Nakamura et al., 1995). Partial 

genome sequences of MOCV1 and MOCV2, which primarily included 
parts of the MOCV gene MC021L, have been known since the early 
1990s (Porter and Archard, 1992). The first complete genome sequences 
of MOCV1, MOCV2, and MOCV3 became available later, in 1996 
(Senkevich et al., 1996), 2017 (López-Bueno et al., 2017), and 2023 
(Zorec et al., 2023), respectively. Recombination analysis revealed the 
presence of three genomic regions in the MOCV genomes that are 
inter-genotype recombination hot-spots (RS1, RS2, and RS3) 
(López-Bueno et al., 2017; Zorec et al., 2018). Recently, sequence-based 
analysis of restriction patterns in 66 complete MOCV genomes suggested 
that the MOCV subtype variants MOCV1va and MOCV1vc from the early 
studies emerged through recombination at RS1 and RS2; phylogeneti
cally, the legacy MOCV subtype variants formed six distinct phylogroups 
(PGs): PG1–PG6 (Zorec et al., 2023). 

Cross-reference with historical data shows that genomic sequences of 
MOCV4 and the subtype variant MOCV1vb have not yet been recorded, 
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and there may be other MOCV genotypes and molecular variants still 
undetected (Zorec et al., 2023). MOCV molecular variants are spread 
unevenly, and their prevalence ratios vary regionally, with reliable in
formation on MOCV diversity limited to a handful of countries: 
Australia, Germany, Iran, Japan, Turkey, Slovenia, Spain, the United 
Kingdom, and the United States (Konya and Thompson, 1999; Porter 
and Archard, 1992; Nakamura et al., 1995; Nuñez et al., 1996; Yama
shita et al., 1996; Thompson, 1997; Agromayor et al., 2002; Saral et al., 
2006; Sherwani et al., 2014; Trčko et al., 2016, 2018; Taghinezhad-S 
et al., 2018). Because MOCV have complicated genomes approximately 
190 kb long with around 182 genes, repetitive regions, and inverted 
terminal repeats (Senkevich et al., 1996, 1997), it may not be feasible to 
characterize the complete MOCV genome sequences from each indi
vidual clinical sample. Instead, a comprehensive triage strategy to select 
the most appropriate samples for complete viral genome sequencing 
would be useful. 

Available MOCV detection and genotyping assays have so far been 
limited to MOCV1 and MOCV2. They have been based on Southern 
blotting (Konya and Thompson, 1999), polymerase chain reaction (PCR) 
amplification of specific MOCV genomic regions followed by restriction 
endonuclease cleavage (Nuñez et al., 1996) or amplicon sequencing 
(Thompson, 1997; Trama et al., 2007) or quantitative genotype-specific 
real time PCR (qPCR) (Hošnjak et al., 2013). Recently generated abun
dant sequence data (Zorec et al., 2023) show that the currently available 
PCR-based assays (Nuñez et al., 1996; Hošnjak et al., 2013) fail to 
accurately qualify the known MOCV genotypes. Although amplicon 
sequencing of the genome fragment targeted in the assay by Hošnjak 
et al. (2013), as suggested by Trama et al. (2007), may provide accurate 
resolution of the MOCV1, MOCV2, and MOCV3 genotypes, it does not 
provide PG qualification or any other indication of genomic diversity. 

qPCR is an established digital PCR (dPCR) that is a promising mo
lecular diagnostic platform allowing MOCV detection and quantification 

as well as characterization of MOCV genotypes and their sub-genotype 
diversity: PGs. With equivalent oligonucleotide primer and probe sys
tems, superior reproducibility, resilience to PCR inhibitors, and direct 
absolute quantification of target DNA are the main advantages of dPCR 
over qPCR (Quan et al., 2018). 

Here, we describe a novel dPCR-based assay for comprehensive 
detection, absolute quantification, and characterization of MOCV down 
to the genotype level (MOCV1–MOCV3), as well as the known PGs 
(PG1–6). To the best of our knowledge, this is the first dPCR-based assay 
for MOCV. We designed a novel panel of eight sets of specific oligonu
cleotide primers and hydrolysis probes, which targeted seven different 
genomic regions distributed across MOCV genomes and are used in 
multiplexed PCR reactions. We show that the novel dPCR-based assay is 
specific, sensitive, qualitatively and quantitatively accurate, and suit
able for MOCV diversity triage screening and prioritization of samples 
for complete MOCV genome characterization. 

2. Materials and methods 

2.1. Primers and probes 

We developed a panel of eight sets of oligonucleotide primers and 
fluorescently labeled hydrolysis probes (Table 1) to detect, quantify, and 
comprehensively characterize MOCVs in clinical samples to the levels of 
genotypes and PGs. PGs were determined by testing sequence states at 
the recombinant segments RS1 and RS2. It was previously shown that 
PGs can be inferred from the combination of genotype and sequence 
states E0, E1, or E2 at RS1 and E0 or E1 at RS2 (Zorec et al., 2023); this 
feature is exploited here (Table 2). The oligo panel was designed based 
on a multiple sequence alignment (MSA) of 66 complete MOCV genomes 
downloaded from the GenBank database (NCBI, 2023) (see Appendix B 
for details). The alignments of the oligo sets with the MSA are shown in 

Table 1 
Oligonucleotide primers and hydrolysis probes for detection, quantification, and qualification of MOCV genotypes (MOCV1-3) and recombination states at RS1 (E0, 
E1, and E2) and RS2 (E0 and E1).  

Diagnostic concept Set 
no. 

Sequence name Sequence (5′ → 3′) Target sequence coordinates (a = amplicon, p =
probe) 

Detection and quantification 1 MOCV-Forward CAAGGCGAAATGAAAACATCAG a U60315.168682–168861 
MOCV-Reverse ATCGGATGCAAAGACGGTACA 
MOCV-Probe FAM-TCAGGGTTTTGGTTTTGTGGACAGG-BHQ1 p U60315.168760–168784 

Genotyping 2 MOCV1- 
Forward 

CTGGAGTTCGAGAAGCAGGAA a U60315.151408–151576 

MOCV1- 
Reverse 

GCGGAAAGACACGGTCTCAT 

MOCV1-Probe HEX-TGGGCTAGGAGGGGAAAGATGAAGC-BHQ1 p U60315.151478–151502 
3 MOCV2- 

Forward 
GAGTACGCAGGCGAGACTTTC a KY040274.49791–49943 

MOCV2- 
Reverse 

GCGGAAAGACACGGTCTCAT 

MOCV2-Probe Cy5-CTTGTTCCAGAAGAAGCTGTCGGGC-BHQ2 p KY040274.49884–49908 
4 MOCV3- 

Forward 
TTCAACAACACGCACGAGTCT a OQ401160.177208–177376 

MOCV3- 
Reverse 

TACACATGCCTTCAGGAACGA 

MOCV3-Probe TAMRA-CAGCACCACCAGCAGAGCCATTG-BHQ2 p OQ401160.177272–177294 
Determination of recombination 

status 
5 RS1E0-Forward AGACGGCGTTGGTGACTACG a U60315.43944–44102 

RS1E0-Reverse AGAGGGCGGTCTCCTAGCTG 
RS1E0-Probe FAM-CAGGACGCAGACGAGGACATGGTC-BHQ1 p U60315.43994–44017 

6 RS1E1-Forward AGAGTACGCACGCAGGCAC a KY040276.41805–42025 
RS1E1-Reverse CGAAGTGAATCTCCGAGTGCT 
RS1E1-Probe Cy5-CTCCCAGGGTACGCAGACTGTCACG-BHQ2 p KY040276.41920–41944 

7 RS1E2-Forward GAGAAGACACTCGCAAGTACGG a MH320556.41731–41906 
RS1E2-Reverse GGAGCCATCTTGAGCGTACTC 
RS1E2-Probe TAMRA-TGGAACACACACTGTCACATGGACTCCTT- 

BHQ2 
p MH320556.41808–41836 

8 RS2-Forward TCTTGGKTTKCCACCGAGA a U60315.74419–74539 
RS2-Reverse GGAACTTGACAAGATGGRSTCT 
RS2E0-Probe HEX-TTGGGTGTGAAGCCACTTGTCAACG-BHQ1 p U60315.74472–74496 
RS2E1-Probe ROX-ATGCGAGACACGGGACGCTTGTT-BHQ2 p KY040276.74088–74110  
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Appendix A: Supplementary Figures A.2.1-A.2.7. 
The MSA was prepared using Mafft v7.407 software (Katoh and 

Standley, 2013). Candidate oligo sets were generated using the web 
application Primer3 v0.4.0 (Koressaar and Remm, 2007; Untergasser 
et al., 2012). Evaluation and downstream selection of oligo sets was 
facilitated by inspecting annealing energetics as predicted by the web 
application Net Primer (PREMIER Biosoft, 2023). Finally, web-based 
NCBI Nucleotide BLAST searches were performed versus the NT data
base to ensure oligo specificity (NCBI, 2023). 

The oligonucleotide primers were synthesized and supplied by In
tegrated DNA Technologies (Integrated DNA Technologies BVBA—IDT, 
Leuven, Belgium). Fluorescently labeled hydrolysis probes were syn
thesized and supplied by TIB Molbiol (TIB Molbiol, Berlin, Germany). 

2.2. Control, verification, and test samples 

The oligo panel was verified and tested using 23 MOCV-positive DNA 
isolates from clinically visible MC lesions collected by curettage pro
cedure (samples 1–7 and 11–26; Table 3) in our previous studies 
(Hošnjak et al., 2013; Trčko et al., 2016, 2018; Zorec et al., 2018, 2023). 
Total DNA was extracted using QIAmp DNA Mini Kit (Qiagen, Hilden, 
Germany) and stored at − 20 ᵒC. 

Samples 1–7 were used for primary assay verification. The MOCV 
genome sequences in these samples were characterized to the complete 
genome level during previous studies (Zorec et al., 2018, 2023). These 
seven samples represented the genotypes MOCV1 and MOCV2, and PG1, 
PG2, PG4, and PG5. 

No samples representing MOCV1—PG3 and MOCV3—PG6 are 
available in our archives. However, PG3 corresponds to MOCV1 with the 
recombinant sequence states RS1E1 and RS2E1 (Table 2), and these are 
already covered in samples 3 and 4 (PG4), and in sample 2 (PG2), 
respectively. 

Positive validation controls for MOCV3 (PG6) were synthetic double- 
stranded DNA fragments that encapsulated the panels’ amplicon se
quences used for (i) MOCV detection/quantification—sample 8 
(OQ401160.168252–168430; gBlocks, IDT), (ii) identification of 
MOCV3—sample 9 (OQ401160.177193–177391; Ultramer DNA Oligos, 
IDT), and (iii) the amplicon sequence of MOCV3 targeted with the oligo 
set for sensing the sequence state at RS2—sample 10 
(OQ401160.74487–74790; gBlocks, IDT). All synthetic double-stranded 
DNA fragments were resuspended in nuclease-free water (Qiagen) prior 
to use, as instructed by the manufacturer. For sequence details on the 
synthetic DNA fragments, see Appendix A: A.1 Supplementary Data. 

The test set included 16 clinical samples (samples 11–26), which 
were partially characterized during previous studies at various sub- 
genomic levels using qPCR and described in Hošnjak et al. (2013), and 
partial gene sequences of MC021L, MC097R, and MC148R. These sam
ples were selected to maximize phylogenetic diversity to the best of our 
knowledge. 

Two whole DNA isolates of monkeypox virus (mpox; samples 27 and 
28) collected and isolated during the 2022 outbreak in Slovenia (Res
man Rus et al., 2023) were used as negative controls to demonstrate the 
absence of oligo cross-reactivity with mpox and orthopoxviruses. 
MOCV-free human genomic DNA (sample 29; Roche Diagnostics, Man
nheim, Germany) was used as a negative control to demonstrate the 

absence of oligo cross-reactivity with human DNA. Nuclease-free water 
with no DNA template was used in all PCR runs as a reference control for 
potential amplicon carryover contamination (sample 30). 

The table includes previously determined MOCV genotype and PG 
information, level of prior evidence, and results of testing using the 
novel dPCR assay. The test outcomes for each target tested are indicated 
with a plus or minus. Multiple pluses or minuses in the result field 
indicate test replication. Dashed borders delimit samples with compre
hensive MOCV and PG prior information, samples with incomplete ge
notype/PG information, and negative control samples. Two samples 
tested positive to multiple (two) molecular species; genotyping and PG- 
qualification results are marked with an asterisk. CGC = complete 
genome characterization; qPCR = results of qPCR by Hošnjak et al. 
(2013); DESIGN = synthetic double-stranded DNA fragments; 
MC021L/MC079R/MC148R = partial coding sequence sequencing. 

2.3. Assay implementation 

2.3.1. Digital PCR 
The assay was implemented using the QIAcuity nanoplate-based 

microfluidic dPCR platform (Qiagen) in three multiplex/singleplex re
actions: (i) a multiplex dPCR (oligo sets 1–4; Table 1) for MOCV 
detection, quantification, and genotyping, (ii) a multiplex dPCR (oligo 
sets 5, 6, and 8) for detecting recombination states at RS1 and RS2, and 
(iii) a singleplex dPCR (oligo set 7) for detection of RS1 E2. 

dPCRs were performed using the QIAcuity Probe PCR Kit (Qiagen) in 
40 μl reaction mixtures, each containing 10 μl of sample DNA, 10 μl of 4x 
Probe PCR Master Mix, 0.4 μM of each of the specific primers and 0.2 μM 
of each of the specific probes, 0.025 IU/μl of the restriction enzyme Anza 
52 PvuII (Thermo Scientific, Waltham, MA, USA), and nuclease-free 
water. The reaction mixtures were prepared in pre-plates, transferred 
to the QIAcuity Nanoplate 26k 24-well plate (Qiagen), sealed with the 
QIAcuity Nanoplate Seal (Qiagen), and loaded onto the automated dPCR 
instrument QIAcuity Four (Qiagen), as instructed by the manufacturer. 
The workflow included: (i) a priming and rolling step with well parti
tioning; (ii) a thermocycling step including initial DNA denaturation and 
enzyme activation at 95 ᵒC for 2 min, 45 amplification cycles of 15 s at 
95 ᵒC, and 1 min at 60 ᵒC; and (iii) an imaging step with image acqui
sition. Depending on dye excitation/fluorescence spectra of the target 
specific hydrolysis probes, image acquisition settings at the relevant 
color channels were green channel (excitation exposure time 500 ms, 
gain 6 dB), yellow channel (excitation exposure time 500 ms, gain 6 dB), 
orange channel (excitation exposure time 400 ms, gain 6 dB), red 
channel (exposure time 300 ms, gain 4 dB), and crimson channel 
(excitation exposure time 400 ms, gain 8 dB). 

RS1 E2 was detected using the singleplex dPCR. To optimize the RS1 
E2 dPCR, the oligo set 7 was tested at an annealing temperature of 60 o C 
with different primer-probe concentrations in the reaction mixture (see 
Appendix A: Supplementary Figure A.2.8 A). The optimal RS1 E2 dPCR 
reaction mixture contained 0.9 μM of each of the specific primers and 
0.4 μM of the specific probe. Different image acquisition settings were 
also tested to optimize fluorescence signal resolution between negative 
and positive control samples. We varied exposure times between 400 
and 800 (step 100 ms) and signal gains between 4 and 10 dB (step 1 dB). 
Finally, the fluorescence signal was measured at the orange channel 
with an exposure time of 800 ms and gain of 10 dB. 

Sample 9, used as positive validation control for qualification of 
MOCV3, initially showed a wide distribution with slight negative skew 
in above-baseline partition intensity in the multiplex dPCR. Because the 
positive signal scatter partially overlapped with baseline, we attempted 
to optimize the parameters for this dPCR. We tested sample 9 in sin
gleplex dPCRs with different primer-probe concentrations (oligo set 4) 
in the reaction mixtures and at annealing temperatures of 56 ᵒC (see 
Appendix A: Supplementary Figure A.2.8B) and 62 ᵒC (see Appendix 
A: Supplementary Figure A.2.8 C), respectively. However, the varied 
parameters had no notable effect on reducing scatter and negative skew 

Table 2 
Phylogroup (PG) is determined by the combination of MOCV genotype and 
recombination state at RS1 and RS2.  

Phylogroup MOCV genotype RS1 RS2 

PG1 MOCV1 E0 E0 
PG2 MOCV1 E0 E1 
PG3 MOCV1 E1 E1 
PG4 MOCV2 E1 E0 
PG5 MOCV2 E2 E0 
PG6 MOCV3 E1 E0  
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Table 3 
Sample metadata, prior information, and test results.  

Sample 
no. 

GenBank acc. no. 
/ standard name 

Genotype 
(prior) 

PG 
(prior) 

RS1 
(prior) 

RS2 
(prior) 

Prior tests / 
knowledge 

dPCR test result 

Detection Genotype Recombination status Genotype PG 

RS1 RS2 

1 2 3 E0 E1 E2 E0 E1  

1 MN931744 MOCV1 PG1 E0 E0 CGC ++ ++ − − − − ++ − − − − ++ − − MOCV1 PG1  
2 MH320547 MOCV1 PG2 E0 E1 CGC ++ ++ − − − − ++ − − − − − − ++ MOCV1 PG2  
3 MN931751 MOCV2 PG4 E1 E0 CGC ++ − − ++ − − − − ++ − − ++ − − MOCV2 PG4  
4 MH320549 MOCV2 PG4 E1 E0 CGC ++ − − ++ − − − − ++ − − ++ − − MOCV2 PG4  
5 MH320548 MOCV2 PG4 E1 E0 CGC ++ − − ++ − − − − ++ − − ++ − − MOCV2 PG4  
6 MN931750 MOCV2 PG5 E2 E0 CGC ++ − − ++ − − − − − − ++ ++ − − MOCV2 PG5  
7 MN931752 MOCV2 PG5 E2 E0 CGC ++ − − ++ − − − − − − ++ ++ − − MOCV2 PG5  
8 (OQ401160) (MOCV3) (PG6) / (E1) / (E0) DESIGN ++ − − − − − − − − − − − − − − − −

9 (OQ401160) MOCV3 (PG6) / (E1) / (E0) DESIGN − − − + − − − − − MOCV3 PG6  
10 (OQ401160) (MOCV3) (PG6) / (E1) E0 DESIGN − − − − − − − − − − − − − − ++ − −

11  MOCV1    qPCR, MC148R ++ ++ − − − − ++ − − − − − − ++ MOCV1 PG2  
12  MOCV1    qPCR, MC021L, 

MC148R 
++ ++ − − − − ++ − − − − ++ − − MOCV1 PG1  

13  MOCV2    qPCR, MC079R ++ ++ ++ − − ++ ++ − − ++ ++ MOCV1+MOCV2 
* 

PG2+
PG4 *  

14  MOCV2    qPCR, MC079R, 
MC148R 

++ − − ++ − − − − ++ − − ++ − − MOCV2 PG4  

15  MOCV1    qPCR, MC079R ++ ++ − − − − ++ − − − − − − ++ MOCV1 PG2  
16  MOCV1    qPCR, MC079R ++ ++ − − − − ++ − − − − − − ++ MOCV1 PG2  
17  MOCV1    qPCR, MC079R ++ ++ − − − − ++ − − − − − − ++ MOCV1 PG2  
18  MOCV1    qPCR, MC079R ++ ++ ++ − − ++ ++ − − ++ − − MOCV1+MOCV2 

* 
PG1+
PG4 *  

19  MOCV1    qPCR, MC079R, 
MC148R 

++ ++ − − − − ++ − − − − ++ − − MOCV1 PG2  

20  MOCV2    qPCR, MC021L, 
MC079R, 
MC148R 

++ − − ++ − − − − − − ++ ++ − − MOCV2 PG5  

21  MOCV2    qPCR, MC021L, 
MC079R, 
MC148R 

++ − − ++ − − − − − − ++ ++ − − MOCV2 PG5  

22  MOCV1    qPCR, MC148R ++ ++ − − − − ++ − − − − ++ − − MOCV1 PG1  
23  MOCV1    qPCR, MC079R, 

MC148R 
++ ++ − − − − ++ − − − − − − ++ MOCV1 PG5  

24  MOCV1    qPCR, MC079R, 
MC148R 

++++ ++++ − − − − − − − − ++++ − − − − − − − − − − − − ++++ MOCV1 PG5  

25  MOCV1    qPCR, MC148R + − + − − + − + − MOCV2 PG4  
26  MOCV2    qPCR, MC079R, 

MC148R 
++ − − ++ − − − − − − ++ ++ − − MOCV2 PG5  

27      Mpox Isolated on 
Vero cells 

− − − − − − − − −

28      Mpox Isolated on 
Vero cells 

− − − − − − − − −

29      HUMAN NON- 
MOCV 

− − − − − − − − −

30      Water − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − −
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in signal intensity distribution in this case. 
To improve the accuracy of the concentration calculation in each 

well, Volume Precision Factor v6.0 (Qiagen) was applied according to 
the manufacturer’s instructions. Raw dPCR data were analyzed using 
QIAcuity Software Suite v2.5.0.1 (Qiagen). Fluorescence intensity 
thresholds were set at the highest intensity values recorded in non- 
template blank experiments. 

The presence and concentration of MOCV were evaluated using the 
fluorescence signal of oligo set 1 at the green channel. The other chan
nels were used for detection of the specific MOCV genotypes: yellow
—MOCV1 (oligo set 2), crimson—MOCV2 (oligo set 3), and 
orange—MOCV3 (oligo set 4). Recombination states targeted by oligo 
sets 5–8 were read at the green (RS1 E0), crimson (RS1 E1), orange (RS1 
E2), yellow (RS2 E0), and red (RS2 E1) channels. 

dPCR is sensitive to positive fluorescence signal saturation, which 
can result in underestimation of sample template DNA concentration 
(Falzone et al., 2020). Due to the excessively high concentration of 
MOCV DNA, the MOCV-positive samples were tested in two consecutive 
10-fold dilutions, the measurements of which were subsequently used to 
determine the concentration of MOCV DNA in the original samples 
(Appendix C). All 10-fold serial dilutions were prepared manually in 
1.5 ml DNA LoBind tubes (Eppendorf, Hamburg, Germany) using a 
water solution with carrier RNA (1 μg/ml) (Qiagen). 

Quantitative accuracy and operative range of the assay for MOCV 
DNA concentration measurement were verified by testing triplicates of 
10-fold serially diluted sample 8, corresponding to the input concen
tration range of 1 × 106 to 1 × 10− 1 copies (cp) of target DNA per re
action. The dilution series were tested both in multiplex dPCR 
containing oligo sets 1–4 as in multiplex dPCR for MOCV detection, 
quantification, and genotyping (see above) and in singleplex dPCR 
containing only oligo set 1. Lower bound of the assays operative range 
were determined by fitting target detection (endogenous dichotomous 
variable) to the concentrations of the standard dilution series (exoge
nous continuous variable) using probit models (using python statsmo
dels module v0.14.0). Lower bound threshold counts of positive 
partitions for valid readings were set based on probit model results. 
Relative deviation from expected concentration (RD = |Measured con
centration – Expected concentration| / Expected concentration) was 
evaluated for each datum. Final lower and upper bounds of the assays 
range of accuracy was evaluated by probit fitting expected concentra
tions to RD<0.2 as endogenous dichotomous variable in a probit 
regression model. Minimum reported counts of positive and negative 
partitions at lower and upper bounds were also used as cutoffs for 
reading validity in the MOCV detection/quantification dPCR, which 
were set at 4 and 9 partitions respectively. An additional positive 
partition count threshold was set at 10 for determining MOCV genotype 
and recombination state qualification results. This threshold minimized 
false positive readings which could be recognized by reviewing the as
says reported sample concentrations. Samples were tested in two 
consecutive 10-fold dilutions and sample concentrations were effec
tively recalculated to original sample dilution knowing the dilution 
factors (Appendix C). While equivalent sample concentrations would be 
recalculated from correct results, reported sample concentrations of 
these artifacts resulted in very diverging estimations. 

Overloading analysis was used to evaluate primer-probe cross-target 
specificity at high template concentrations (Appendix A: Supplemen
tary Figures A.2.9–11). Samples 1, 2, 3, 6, 9, 13 and 30, and 1, 2, 3, 6, 7, 
10, 13 and 30 were used in the scopes of MOCV detection/genotype 
qualification, and recombination state qualification dPCRs, respectively. 
The original samples were diluted to concentrations around the assay’s 
upper operational limits and evaluated using the multiplex dPCR assay. 

2.3.2. Real-time quantitative PCR screen 
A multiplex qPCR screen was implemented to find optimal dilution 

ranges for accurate sample quantification through qPCR quantification 
cycle (Cq) values. The qPCR screen was performed using the LightCycler 

480 Probes Master kit (Roche Diagnostics) in a 20 μl reaction mixture, 
consisting of 5 μl of sample DNA, 10 μl 2× LightCycler 480 Probes 
Master, 0.4 μM of each of the specific primers, 0.2 μM of each of the 
specific probes (oligo sets 1–4; Table 1), and nuclease-free water. The 
qPCR amplifications were performed using a QuantStudio 7 Pro in
strument (Applied Biosystems, Life Technologies, Carlsbad, CA, USA) 
under the following conditions: initial DNA denaturation for 10 min at 
95 ᵒC (temperature transition rate of 1.6 ᵒC/s), followed by 45 ampli
fication cycles of 10 s at 95 o C (1.6 o C/s), 30 s at 60 o C (1.6 o C/s), and 1 s 
at 72 o C (1.6 o C/s). Acquisition of the fluorescence signal was performed 
on specific fluorescence detection channels in a single mode at the end of 
the elongation step of each amplification cycle. The last step consisted of 
cooling the reaction mixture to 40 ᵒC with a 30 s hold (1.6 ᵒC/s). The 
qPCR results were analyzed using Design & Analysis Software v2.6.0 
(Applied Biosystems). 

3. Results 

3.1. Specific detection of MOCV 

The novel dPCR-based assay specifically detected MOCV only. All 
available MOCV-positive clinical samples, including PG1–2 and PG4–5, 
and the samples with synthetic double-stranded DNA fragments 
covering MOCV3, tested positive (Table 3). On the other hand, all 
negative controls, including nuclease-free water, MOCV-free human 
genomic DNA sample, and whole DNA isolates with mpox virus tested 
negative. The outcomes of all replicated tests were consistent with each 
other. Exemplar dPCR scatter plots depicting dPCR partition fluores
cence intensities at the color channels reporting individual molecular 
targets relevant to MOCV detection and quantification, and qualification 
of MOCV genotypes and PGs, are shown in Appendix A: Supplementary 
Figures A.2.12–A.2.15. Comprehensive details on the results of each 
test are available in Appendix C. 

3.2. Sensitive detection and accurate quantification of MOCV DNA 

We evaluated the analytical detection limits and the quantitative 
accuracy of the dPCR assay for MOCV detection, quantification, and 
genotyping. Triplicated 10-fold serial dilutions of MOCV DNA in sample 
8, the synthetic double stranded DNA fragment, were tested in multiplex 
and singleplex dPCR, using oligo sets 1–4 and 1, respectively. We could 
detect MOCV DNA at concentrations as low as 1 cp/μl reaction in 1/6 
replicates, but the assay reported consistent and quantitatively accurate 
(RD < 0.2) readings only between 10 cp/μl and 10⁵ cp/μl (Table 4,  
Fig. 1, Appendix D). The coefficients of variation at the bounds of the 
assay’s operational concentration range were 12 % and 4 %. 

Descriptive statistics were estimated from six replicated measure
ments. A discrepancy from the linear relationship between the expected 
and measured analyte concentration was observed in elevated Σ RD 
below dilution level 10 cp/μl. SD = standard deviation, CV = coefficient 
of variation, Σ RD = summed relative deviation from expected con
centration (Σ dilution level [(Measured concentration − Expected 

Table 4 
MOCV DNA quantification validation summary.  

Expected concentration [cp/μl] Measured concentration 

Mean [cp/μl] SD [cp/μl] CV Σ RD 

0.00 0.00 0.00 —  0.00 
0.10 0.00 0.00 —  6.00 
1.00 0.37 0.90 2.45  6.20 
10.00 10.18 1.22 0.12  0.66 
100.00 102.75 9.40 0.09  0.48 
1000.00 1014.87 96.10 0.09  0.48 
10,000.00 9906.00 467.45 0.05  0.24 
100,000.00 105,396.00 4606.65 0.04  0.36 
1000,000.00 325,932.67 255,196.44 0.78  4.04  

T.M. Zorec et al.                                                                                                                                                                                                                                



Journal of Virological Methods 329 (2024) 114993

6

concentration) / Expected concentration]). 

3.3. Accurate qualification of MOCV genotypes and phylogroups 

The novel dPCR-based assay was successfully applied to MOCV 
genotyping and PG qualification. The assay correctly qualified the 
MOCV genotype in all tested DNA isolates from clinical samples (sam
ples 1–7 and 11–26), including MOCV1 and MOCV2, and PG1–2 and 
PG4–5 (Table 3). All relevant samples tested consistently with a priori PG 
information (samples 1–7). Assay validity for MOCV3 (PG6) was 
comprehensively tested using synthetic double-stranded DNA fragments 
encapsulating MOCV3 sequence probe annealing locations (samples 
8–10; see 2.2. Control, verification, and test samples for details)—all 
three synthetic DNA fragments tested consistently with sequence design. 
The assay correctly identified all features characteristic for PG3 
(MOCV1, E1 at RS1, and E1 at RS1) and thus confirmed that PG3 can 
also be detected and characterized using the novel assay. 

Finally, samples 11–26 were characterized to the level of PGs for the 
first time (See Appendix C for complete results). Among these 16 
samples, the novel assay found PG1 in two samples, PG2 in five samples, 
PG4 in two samples, and PG5 in five samples (Table 3). We found no new 
samples with PG3 or PG6 (MOCV3). 

Overloading analysis showed no off-target reactivity of oligo sets at 
high template concentrations, up to the assay’s upper operational con
centration limit, 10⁵ cp/μl. Beyond this point, we noted off-target 
reactivity with oligo sets 4 (MOCV3) and 8 (RS2E1), and samples of 
MOCV1 and MOCV2 PG5, respectively (Appendix A: Supplementary 
Figures A.2.9–11). 

3.4. Simultaneous detection of multiple MOCV genotypes in individual 
samples 

The novel dPCR-based assay suggested the presence of at least two 

different molecular species, the genotypes MOCV1 and MOCV2, in 
samples 13 and 18 (Table 3). The combination of genotype and 
recombination states suggested the presence of PG2 and PG4 in sample 
13, and PG1 and PG4 in sample 18. We consulted the results for these 
samples from prior experiments using the qPCR protocol (Hošnjak et al. 
2013): sample 13 previously tested as MOCV2 and sample 18 as MOCV1. 
However, the partial gene sequence from sample 13 positioned along
side MOCV1 and not MOCV2. In addition to an MOCV1 hallmark peak at 
60–62 ᵒC in dF/dT (dF = ratio between fluorescence intensities at 
640 nm and 530 nm), used for genotype qualification therein, sample 18 
also showed an abnormality consistent with a weak secondary peak at 
the temperature range specific for MOCV2 (55–57 o C). In addition to the 
MOCV2 peak, the secondary peak hallmarked MOCV1 in sample 13. 
Annotated melting curves of the two archival experiments are shown in 
Appendix A: Supplementary Figure A.2.16. The total concentrations of 
template MOCV DNA in these samples were estimated well within the 
accurately quantifiable levels, 8.72–9.51 × 107 cp/μl in sample 13 and 
2.65–2.83 × 107 cp/μl in sample 18 (See Appendix C for details). DNA 
template concentrations of MOCV1 and MOCV2 were estimated at 
similar orders of magnitude, with MOCV1:MOCV2 ratios at 1.47–1.79 in 
sample 13 and 2.04–2.96 in sample 18. 

4. Discussion 

The qPCR-based assay described by Hošnjak et al., (2013) has so far 
been the most comfortable and sensitive assay for detection, quantifi
cation, and genotyping of MOCV. Recently acquired abundant MOCV 
sequence and genotype information (López-Bueno et al., 2017; Zorec 
et al., 2018, 2023) revealed the limitations of this and other single 
mutation or feature detection–related MOCV genotyping assays (Nuñez 
et al., 1996; Hošnjak et al. 2013), mainly their inability to distinguish 
between MOCV2 and MOCV3 and misclassification of certain MOCV1 
strains as MOCV2. Our newly developed oligo panel resolves these issues 
by robustly targeting different and disjoint regions of the MOCV genome 
specific to either MOCV1, MOCV2, or MOCV3. 

The highly sensitive amplicon sequencing assay described by Trama 
et al. (2007) could accurately qualify the currently known MOCV ge
notypes but, first, lacks PG qualification capabilities and, second, re
quires a sequencing step for which an additional analytic platform is 
needed. The new dPCR assay leverages these issues by allowing accurate 
MOCV genotype determination, quantification, and PG qualification 
using a single platform and by distinguishing between PGs based on a 
combination of MOCV genotype and recombination states at RS1 and 
RS2, as recently suggested (Zorec et al., 2023). This and the fact that the 
molecular templates targeted by our oligonucleotide panel are distrib
uted across multiple MOCV genomic regions adds another layer of 
comprehension to the dPCR assay. This can be particularly useful if the 
assay is used as a triage screen for molecular diversity because it can 
inherently highlight samples with sequence states that do not entirely 
match current information. These can then be prioritized for complete 
genome characterization. 

dPCR accuracy and specificity were evaluated using 30 samples 
including 23 whole DNA isolates from clinical MC samples representing 
the MOCV genotypes MOCV1 and MOCV2, and the PGs PG1–2 and 
PG4–5. MOCV3/PG6 was included in the form of three synthetic double- 
stranded DNA fragments. Nuclease-free water was used in all PCR runs 
as a non-template negative control and potential carryover control, and 
commercially available human genomic DNA and two whole DNA iso
lates of mpox to show absence of cross-reactivity of the oligonucleotides 
with human DNA and mpox, respectively. Mpox was evaluated because, 
like several other human-infecting poxviruses, it can cause skin lesions 
with a similar clinical appearance as MC (Gupta et al., 2023) and 
because samples were available due to the recent outbreak in 2022 
(Resman Rus et al., 2023; Hraib et al., 2022). The results showed perfect 
specificity and accuracy of dPCR in all categories tested. The MOCV 
genotype and PG qualifications were consistent with prior information. 

Fig. 1. MOCV DNA quantification—validation curve. MOCV DNA concen
tration reported by the dPCR assay is plotted versus expected concentrations of 
non-template control samples (water) and a 10-fold serial dilution series of 
sample 8 (10⁻1 - 10⁶ cp/μl). Results are shown for single and multiplex dPCR. 
Each datum is shown in triplicate. Data are plotted in logarithmic scale (left) 
between standard concentrations 10⁰ and 10⁶ cp/μl and in linear scale between 
0 and 150 cp/μl (right). Deviations from linearity appeared at concentrations 
below 10 cp/μl and above 10⁵ cp/μl. These points were out of the assays’ 
operative concentration range (OR). Data within OR are shown with filled plot 
markers and were included in linear regression. CI99 of the regression pre
dictions are illustrated with shading. Data outside OR (denoted as OR) are 
shown with empty plot markers. The MOCV DNA concentration measured by 
the dPCR assay was in a linear relationship with the expected concentration 
(R2

singleplex = 0.9992, R2
multiplex = 0.9996). Singleplex and multiplex dPCR 

experiments were consistent with each other. 
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Although we had no known samples with PG3, the results demonstrated 
that the assay can detect all relevant sequence features for accurate and 
specific detection of this PG (MOCV1, RS1 E1, RS2 E1). 

We used dPCR to screen 16 MOCV-positive clinical samples that had 
been previously characterized only partially. Genotyping results were 
consistent with prior information. Moreover, all samples were either 
PG1, PG2, PG4, or PG5. Two clinical samples in which dPCR detected 
both MOCV1 and MOCV2 stood out. Revision of previous results showed 
that the indication for the presence of both MOCV genotypes already 
existed during the samples’ original handling. This excluded the possi
bility of sample carryover contamination during the present testing but 
not prior to their first genotype screens. One of the samples showed 
conflicting results between methods: it tested as MOCV2 by qPCR but 
positioned alongside MOCV1 in the sequence phylogeny of the MOCV 
RNA polymerase gene sequence (MC079R). A very exciting interpreta
tion for these double genotype detections is that they are actually 
simultaneous infections by multiple (two) genotypes. Recombination 
between MOCV genotypes has been implicated in PG emergence (Zorec 
et al., 2023). Recombination involves the exchange of sequence seg
ments between two contiguous genome sequences (Brennan et al., 
2023), but both need to be present in the same cellular environment. The 
double genotype detections described here may suggest such infection 
configurations, but further testing and studies are needed to confirm our 
findings. Furthermore, in comparison to the melting curve analysis, 
which was used for genotyping in the qPCR (Hošnjak et al., 2013), 
testing multiple different disjoint molecular targets in dPCR proved 
beneficial in the case of the double genotype detections: the result 
interpretation was much more straightforward. 

This study showed that the novel dPCR-based assay is an MOCV 
detection tool that is as sensitive as the most sensitive assays previously 
available. Hošnjak et al. (2013) and Trama et al. (2007) reported limits 
of detection of their assays at 3.3 and 10 cp/μl, respectively. Similarly, 
dPCR detected and accurately quantified MOCV DNA concentration at 
10 cp/μl. Because dPCR is susceptible to positive fluorescence signal 
saturation, which can result in underestimation of template DNA con
centration (Falzone et al., 2020), we suggest either using multiple serial 
dilutions or using a qPCR pre-screen when viral copy quantification is 
required, as samples should be diluted to concentration levels within 
dPCR’s operation range: 10–10⁵ cp/µl. Here we implemented a qPCR 
screen to help us choose optimal sample dilutions for accurate quanti
fication based on Cq values. Like the dPCR counterpart, the qPCR screen 
was also implemented as multiplex PCR using the MOCV genotyping 
oligo set. Although our assay was implemented in dPCR, equivalent 
oligo sets can be extended to qPCR to improve assay accessibility. We are 
aware that dPCR analyses and the specific instrument used in our work 
may be more costly than standard qPCR systems. However, we believe 
that the work reported here shows important advantages that dPCR 
offers flexibility and adaptability of the novel assay. 

5. Conclusions 

Despite being an important human pathogen and valuable model of 
poxviral evolution, MOCV remains neglected, and little is known about 
its evolutionary history and circulating genomic variants, especially in 
non-privileged countries. With the recent accumulation of novel 
sequence data, the design weaknesses of available MOCV detection/ 
genotyping assays surfaced, indicating that existing MOCV assays fail at 
accurate genotyping and capturing sub-genotype level diversity. 
Because characterization of the complete MOCV genome is an expensive 
and labor-intensive task, it makes sense to prioritize samples for whole- 
genome sequencing by diversity triage screening. To meet this demand, 
we developed a novel assay for comprehensive detection, genotyping, 
and absolute quantification of MOCV and qualification of PGs through 
determination of recombination states at RS1 and RS2. The assay was 
implemented as dPCR and offered sensitive, specific, and accurate 
detection, genotyping, and PG qualification of MOCV DNA from clinical 

samples. The novel assay was technically implemented as two multiplex 
and one singleplex dPCR, one for detection and genotyping, and two for 
recombination state determinations, which can be performed indepen
dently of each other. The novel assay overcomes the limitations of all 
previously developed MOCV tests with an accurate distinction between 
MOCV1 and MOCV2, expansion to MOCV3, and comprehensive PG 
qualification. Furthermore, the dPCR could simultaneously detect and 
qualify multiple molecular species of MOCV in individual clinical sam
ples. The novel dPCR assay is suitable for MOCV diversity screening and 
prioritization for characterization at higher levels of comprehension, 
such as complete genome characterization. 
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