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Abstract: Alphabaculoviruses are lethal dsDNA viruses of Lepidoptera that have high genetic
diversity and are transmitted in aggregates within proteinaceous occlusion bodies. This mode of
transmission has implications for their efficacy as biological insecticides. A Nicaraguan isolate of
Spodoptera frugiperda multiple nucleopolyhedrovirus (SSMNPV-NIC) comprising nine genotypic
variants has been the subject of considerable study due to the influence of variant interactions on
the insecticidal properties of mixed-variant occlusion bodies. As part of a systematic study on the
replication and transmission of variant mixtures, a tool for the accurate quantification of a selection
of genotypic variants was developed based on the quantitative PCR technique (qQPCR). First, primer
pairs were designed around a region of high variability in four variants named SfNic-A, SfNic-B,
SfNic-C and SfNic-E to produce amplicons of 103-150 bp. Then, using cloned purified amplicons as
standards, amplification was demonstrated over a dynamic range of 108-10" copies of each target.
The assay was efficient (mean =+ SD: 98.5 & 0.8%), reproducible, as shown by low inter- and intra-
assay coefficients of variation (<5%), and specific to the target variants (99.7-100% specificity across
variants). The quantification method was validated on mixtures of genotype-specific amplicons
and demonstrated accurate quantification. Finally, mixtures of the four variants were quantified
based on mixtures of budded virions and mixtures of DNA extracted from occlusion-derived virions.
In both cases, mixed-variant preparations compared favorably to total viral genome numbers by
quantification of the polyhedrin (polh) gene that is present in all variants. This technique should
prove invaluable in elucidating the influence of variant diversity on the transmission and insecticidal
characteristics of this pathogen.
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1. Introduction

Alphabaculoviruses are double-stranded DNA viruses in the family Baculoviridae [1].
These viruses are known for their ability to form proteinaceous occlusion bodies (OBs) that
occlude groups of occlusion-derived virions (ODVs), each of which comprise one or sev-
eral rod-shaped nucleocapsids surrounding each viral genome [2,3]. Alphabaculoviruses
infect lepidopterans and are widely employed as biological insecticides due to their high
pathogenicity and host specificity [4].

Horizontal transmission occurs when lepidopteran larvae become infected after ingest-
ing foliage contaminated with OBs [5]. In the midgut, alkaline conditions and proteolytic
enzymes degrade the OBs, releasing the ODVs. Infection occurs in two stages. During
primary infection, the ODVs infect the midgut epithelial cells. Then, budded virions (BVs)
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released from the basal membrane of the primary infected cells are responsible for sec-
ondary infection of the insect during which BVs are disseminated through the hemolymph
and the tracheal system to the cells of other tissues. Late in infection, ODVs are retained in
the nucleus and are occluded into progeny OBs. Days later, infected caterpillars die, and an
enzymatic liquefaction of their bodies releases millions of OBs into the environment for the
following cycle of transmission [2].

Nucleopolyhedrovirus OBs are an example of collective infectious units as they pack-
age multiple genomes in a single viral structure [6]. Forming these aggregates can result
in more efficient infections since a single virion has a low probability of establishing an
infection [7,8]. Furthermore, the genomes present in each OB can correspond to different
genotypic variants and can provide a mechanism for amelioration of the genetic bottleneck
that occurs during horizontal transmission [9]. Increased diversity in the founder popula-
tions that infect insects may provide advantages in overcoming heterogeneity in cellular
susceptibility to infection and the host’s immune response [10-12].

Alphabaculovirus genomes have a high degree of structural diversity [13], which in-
cludes indels, natural recombinants, transposable elements and single nucleotide polymor-
phisms (SNPs) that generate marked genotypic diversity within each natural isolate [14,15].
Natural isolates may also include genomes with significant deletions and defective variants
that survive by complementation with complete genotypes in co-infected cells [16-18].
These individual variants often differ markedly in their insecticidal characteristics, includ-
ing OB pathogenicity, speed of kill and OB production traits [19-22].

An isolate of Spodoptera frugiperda multiple nucleopolyhedrovirus (species name:
Alphabaculovirus spofrugiperdae), originally isolated in Nicaragua (SfIMNPV-NIC) [23,24],
comprises at least nine genotypic variants isolated by plaque purification in Sf9 cells
and that vary in restriction endonuclease profiles [25] and insecticidal phenotype [26].
Defective variants are also present in the population; they affect transmissibility and
survive by complementation [16]. In fact, in SEMNPV, none of the individual variants are as
pathogenic [27] or productive [28] as the natural isolate, implying that interactions among
variants are a key component of virus fitness.

To better comprehend how host—variant and variant-variant interactions impact the
transmission and replication dynamics of variant populations, a variant-specific virus
quantification method is essential. In the present study, four genotypic variants were
selected that differed in their phenotypic traits and in their prevalence in the SESMNPV-NIC
isolate. Previous studies involving plaque purification and semi-quantitative PCR amplicon
densitometric analyses found that variant B (SfNic-B) was the most abundant variant in
the population, representing ~60% of variants [16,25]. SfNic-B comprises the complete
genome of the virus (133 kb) [24]. Three other variants, SfNic-A, SfNic-C and SfNic-E,
present important deletions of 10.3, 16.4 and 13.7 kb, respectively, in an auxiliary gene-rich
region located between map units 14.8 and 27.6 [26]. SfNic-A and SfNic-E were reported to
occur at low prevalence (~1-3%) in the natural isolate, whereas SfNic-C was more prevalent
(~30%) despite its large deletion. These variants also differ phenotypically. SfNic-A has a
higher OB production than the natural isolate, whereas SfNic-E has the slowest speed of kill
and low OB pathogenicity [16,25]. In contrast, SfNic-C is defective for transmission because
it lacks the pif1 and pif2 genes that are essential for infection of midgut cells [29,30]. It can
only persist in the population by coinfection and complementation with PIF-producing
variants such as SfNic-B [27,31].

The contrasting differences in the structural composition and phenotypic traits of the
variants present in the STMNPV-NIC isolate make them an interesting model to study the
sociovirology of alphabaculoviruses. However, to better comprehend how host-variant and
variant-variant interactions impact the transmission and replication dynamics of variant
populations, a variant-specific virus quantification method is essential. In the present study,
four genotypic variants were selected that differed in their phenotypic traits and in their
prevalence in the SEMNPV-NIC isolate. The aim of the study was therefore to develop
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an accurate and reproducible method to quantify these four SSMNPV-NIC variants using
real-time quantitative PCR (qPCR).

2. Materials and Methods
2.1. Viral Amplification and DNA Isolation

Variants SfNic-A, SfNic-B, SfNic-C and SfNic-E were originally grown in larvae of
the fall armyworm, S. frugiperda, at the Universidad Publica de Navarra, Spain [27]. OB
suspensions were each amplified in S. frugiperda fourth instars by oral inoculation or by
injection of ODVs in the case of SfNic-C (that alone is not infectious per os).

For the present study, insects were obtained from a laboratory colony of S. frugiperda
originating from maize fields in Veracruz State, Mexico (19.43745 N, —96.37787 W). The
colony was maintained on a semi-synthetic diet adapted from Mihm [32] (Supplementary
Table S1) at 26 + 1 °C, 70 & 10% RH, a 14:8 h L:D photoperiod. The colony was known to
be free from sublethal SfMNPYV infection [33]. Following death, two virus-killed larvae of
each genotype were macerated in 1 mL of ultrapure sterile water (GenPure xCAD Plus,
Barnstead Water Purification Systems, Thermo Fisher Scientific, Waltham, MA, USA),
filtered through an 80 um steel mesh, and the resulting suspension was centrifuged at
400x g for 6 min to sediment insect debris. A 400 uL volume of the resulting supernatant
was passed through a 40% (v/v) glycerol cushion by centrifugation at 5900 g for 10 min.
The resulting OB pellet was resuspended in 500 pL of ultrapure water, counted in triplicate
in an improved Neubauer chamber, and diluted to a concentration of 1 x 108 OBs/mL.

To obtain viral genomic DNA, a 200 pL volume of each OB suspension was mixed with
100 uL of 3x DAS alkaline buffer (0.51 M NaCl, 0.3 M Nap,COs3, 30 mM EDTA, pH 8) and
was incubated at 40 °C for 30 min to release the ODVs. Undissolved OBs were removed by
centrifugation at 4000x g for 10 min. The supernatant was diluted with 500 uL of ultrapure
water and centrifuged at 16,000x g for 15 min to pellet the ODVs. The ODVs were
resuspended in 200 pL of ultrapure water and viral DNA was extracted using the DN Aeasy
Blood and Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol.

2.2. Primer Design

Genotype-specific primers were designed based on the published genome of the
SEMNPV-NIC variant B (NC_009011.2, NCBI), and sequencing data from the auxiliary
gene-rich and structurally variable region in the isolate [34] (Supplemental Figure S1).
Primers for SfNic-A, SfNic-C and SfNic-E were previously designed in our laboratories
based on the presence or absence of particular genes in the deletion region of each variant
(Figure S1). Polyhedrin primers were designed using the reported polyhedrin gene sequence
(GenBank ID: 5176004). The Primer3Plus tool [35] was used to design qPCR primers with
the following parameters: gPCR setting, primer size from 20 to 25 bp, melting temperature
of 58-64 °C, and product sizes from 100 to 150 bp. All primer pairs were checked for
primer dimer formation and self-complementarity using the ThermoFisher Primer Analyzer
tool [36]. Only primer pairs that were not predicted to form dimers, secondary structures,
or self-complementarity were selected (Table 1).

Table 1. List of primers used to amplify each target.

Target Primer Sequence (5'-3') Tm (°C) Amplicon Size (bp)
AFw 5'-TCGAGCGTTCGTAACATTGTG-3' 60.2

SfNic-A 113
ARv 5'-GGCCAAATTCAAAACGGAAA-3 56.8

SiNIc.B BFw 5'-ACACCACCGAACTGACTTGGAACGA-3/ 59.9 103

ic-

BRv 5'-GTTCGTCGGCAGTACATGAATC-3’ 59.7
CFw 5'-GCCGCGTTTAGTAACAGCAAA-3 60.4

SfNic-C 150

CRv 5'-TGATTTTCTTCCGTTCTCTGACAC-3' 60.2
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Table 1. Cont.
Target Primer Sequence (5'-3') Tm (°C) Amplicon Size (bp)

EFw 5-TCTTGGTCATGTCCGCAAAA-3’ 57.1

SfNic-E 122
ERv 5'-CGCGCTCGATCGTGAGTAT-3' 58.6
. polhFw 5-GCCCGTGTACGTAGGAAACA-3' 59.3

polyhedrin 110
polhRv 5'-ACTCTTCGAAGGAGTGCGTG-3 59.1

2.3. Preparation of Standard Templates for gPCR Calibration

The amplicon DNA fragment of each target was initially cloned into a plasmid. For
this, each target was amplified by preparing qPCR reactions with 5 pL of iQ SybrGreen 2x
Mastermix (Biorad, Hercules, CA, USA), 2.4 pL ultrapure water and 0.5 uM of each primer
pair (Table 1) and 1 uL of the DNA template. The cycling conditions consisted of 3 min
at 95 °C, followed by 40 cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 1 min. Each
PCR product was cloned using the CloneJet PCR Cloning Kit (Thermo Fisher Scientific,
Waltham, MA, USA) and transformed into chemically competent E. coli DH5x cells by
heat-shock treatment according to standard protocols [37]. Recombinant pJetl.2 plasmids
were confirmed by colony PCR using the provided pJET1.2 primers and Sanger sequencing
(Macrogen, Seoul, Republic of Korea). The inserted sequences were confirmed to be 100%
identical to the published SfNic-B sequence (NC_009011.2, NCBI) or unpublished partial
genome sequences from each of the other variants (SfNic-A, S{Nic-C and SfNic-E) [38].

Confirmed recombinant plasmids from each insert were used to generate amplicons
as standards to construct calibration curves. To this end, PCR reactions were prepared with
12.5 uL GoTaq Mastermix (Promega, Madison, WI, USA), 9.9 uL ultrapure water, 0.5 uM
of each pJetl.2 sequencing primer, and 40 ng of pDNA. The cycling program consisted
of 3 min at 95 °C, followed by 35 cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for
1 min. PCR products were purified using Wizard® SV Gel and the PCR Clean-Up System
(Promega, Madison, WI, USA) and then quantified using a NanoDrop 3000c (Thermo Fisher
Scientific, Waltham, MA, USA). The amplicon copy number of each template was calculated
using the ThermoFisher DNA Copy Number Calculator [39], using the reference size of the
insert plus the pJET overhangs of the primer sequences.

2.4. gPCR Calibration Curves

To produce the standard curves for each target (5fNic-A, SfNic-B, SfNic-C, SfNic-E, and
polyhedrin), PCR reactions were prepared as follows: 5 pL of iQ SybrGreen 2 x MasterMix
(Biorad, Hercules, CA, USA), 2.4 pL ultrapure water, 0.5 uM of each primer, and 1 pL of the
corresponding template dilution starting from 1 x 10% to 1 x 10! copies prepared as 1:10 se-
rial dilutions. Reactions were amplified in 96-well polypropylene plates (Axygen, Corning,
NY, USA) and sealed with Microseal adhesive film (Biorad, Hercules, CA, USA). Ultrapure
water was used as a negative control. The cycling program consisted of 3 min at 95 °C,
followed by 40 cycles of 30 s at 95 °C, 30 s at 60 °C and 1 min at 72 °C using a Stratagene
Mx3005p qPCR System (Agilent, Santa Clara, CA, USA). The template samples were plated
in triplicate. Each standard curve assay was assessed in three independent experiments.

The R? value, the y-intercept, and reaction efficiency were calculated in the MxPro
software v. 4.10 (Agilent, Santa Clara, CA, USA). The dynamic range and limits of detection
were determined based on the three independent replicates of the assays for each target.
Reproducibility and repeatability of the assay were calculated by estimating intra-assay
variation coefficients within technical replicates and inter-assay coefficients of variation
(CVs) using experimental replicates corresponding to each of the targets of interest using
the equation CV = [standard deviation/mean] x 100% [40,41]. A one-way analysis of
variance (ANOVA) was used to determine differences among the intra-assay CV values for
all targets covering the complete dynamic range.
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2.5. Specificity of Variant Primers

The specificity of each primer pair was assessed through cross-validation. The qPCR
reactions were prepared with 5 pL of iQ SybrGreen 2 x MasterMix, 2.4 uL ultrapure water,
and 0.5 pM of each genotype specific primer pair. A 1 ng sample of each variant DNA
(1 ng/puL) was tested against each of the primer pairs. Ultrapure water was used as a
negative control. Cycling conditions were programmed as described in Section 2.4, and
each reaction was performed in triplicate. Specificity was calculated as a percentage,
considering the copy number determined for the expected target as 100% and subtracting
the percentage of copies for off-target amplification.

2.6. Specificity of Primers against a Heterologous Virus (SeMINPV)

A sample of Spodoptera exigua multiple nucleopolyhedrovirus (SeMNPV) was ob-
tained from frozen (—80 °C) material remaining from a previous study [42]. Viral DNA
was extracted from a semi-pure suspension of OBs, as described in Section 2.1, and was
used to test the specificity of the polyhedrin gene and SEMNPV-NIC variant primer pairs. A
1 ng sample (1 ng/uL) of SeMNPV genomic DNA or the expected target for each primer
pair (SfNic-A, -B, -C and -E) was used in each reaction. Ultrapure water was used as a
negative control. The qPCR reactions and cycling conditions were prepared as described
in Section 2.4. Each reaction was performed in triplicate. As before, specificity was calcu-
lated by considering the copy number determined for the expected target as 100% and
subtracting the percentage of copy numbers for off targets. Melt curves for SfNic-B and
the polyhedrin gene were performed with 3 min at 95 °C, 1 min at 60 °C and with 2 °C
increments up to 94 °C. The resulting curves were calculated using MxPro software, v. 4.10.

2.7. Quantification of Genotype-Specific Amplicons in a Mixture

The standard amplicon suspensions were diluted to produce a mixture with
1.5 x 10* copies/uL of each of the four genotypic variant amplicons. Then, the ampli-
cons of each genotypic variant were quantified in the mixture using 1 uL of the suspension
as template as previously described in Section 2.4. Each reaction was performed in triplicate
and the experiment was performed three times. The relative abundance of each amplicon
was calculated using the sum of the determined copy number for each genotypic variant
as 100%.

2.8. Genotypic Variant Quantification in BV Mixtures

Groups of 10 recently molted fourth instar larvae were inoculated with each variant.
For SfNic-A, SfNic-B and SfNic-E, inoculation was performed using the droplet feeding
method with a concentration of 1 x 107 OBs/mL. For SfNic-C that is not perorally infectious,
an ODV inoculum was prepared from a suspension of 1 x 107 OBs/mL as described in
Section 2.1 and finally resuspended in 50 uL of ultrapure water. A 5 uL volume of the
SfNic-C ODV suspension was injected into each larva using a microinjector (Burkard,
Rickmansworth, UK) fitted with a 1 mL syringe. Inoculated larvae were incubated for 72 h
at 27 °C with semi-synthetic diet.

For each of the variants, after 72 h, hemolymph was sampled using the proleg excision
method to obtain BVs [43]. Volumes of 10-30 uL of hemolymph were obtained from each
larva and were pooled in a microcentrifuge tube containing 200 pL of ice-cold 10 mM
L-cysteine to avoid melanization. A 200 pL volume of collected hemolymph in cysteine
solution was used directly for viral DNA isolation using the DNAeasy Blood and Tissue
Kit (Qiagen, Hilden, Germany). The resulting DNA was suspended in 40 uL of ultrapure
water and was quantified using a BioSpecNano (Shimadzu, Kyoto, Japan) and used for
qPCR as described in Section 2.4. The genome number was calculated with reference to the
constructed standard curves.

The samples of BVs in hemolymph were diluted to prepare mixtures of 2000 copies/uL
of each of the four variants in a final volume of 200 pL. This four-variant BV mixture was
subjected to DNA isolation and qPCR quantification as described in Section 2.4 to measure



Viruses 2024, 16, 881

6 of 13

the quantity of each of the genotypes in the mixture with a predetermined equimolar com-
position. Additional reactions were performed using the polyhedrin primers for reference in
order to verify the total number of viral genomes in the sample (as all variants carried a
copy of the polh gene). The number of genome copies in each sample was calculated with
reference to the constructed quantification curves. This experiment was performed three
times in independent assays.

2.9. Genotypic Variant Quantification in Mixtures of DNA Extracted from ODVs

An additional validation experiment was performed to ensure that the quantification
technique was not affected by the quality of DNA obtained following alkaline lysis of
OBs and the use of SDS and proteinase K to release genomic DNA from ODVs. For this,
independent samples of 1 x 10% OBs/mL of each variant were subjected to DAS alkaline
lysis and SDS + proteinase K treatment at 40 °C, followed by DNA isolation using the
DNAeasy Blood and Tissue Kit (QIAGEN, Hilden, Germany), as described in Section 2.1.
The DNA concentration of the samples was measured using a BioSpecNano (Shimadzu,
Kyoto, Japan) and genome copy number was determined by qPCR amplification using
the polyhedrin primers and 2 ng of each DNA preparation, as described in Section 2.8.
An equimolar mixture of the ODV DNA samples comprising 5 x 10° copies/pL of each
variant was prepared and the relative frequencies of each of the genotypic variants and total
polyhedrin were quantified by qPCR using the constructed standard curves (Section 2.4).
This experiment was performed three times in independent assays.

3. Results
3.1. gPCR Characteristics

A gPCR method was standardized to quantify four individual genotypic variants
(SfNic-A, -B, -C, and -E) of the SEMNPV-NIC isolate, along with the polyhedrin gene (present
in all genotypes) as a reference gene to quantify the overall presence of SSMNPV genomes
(Table 2). The efficiency of all amplifications ranged from 97.2% to 100.9% while the
dynamic range was between 1 x 108 and 10! copies in all six constructed curves. Mean Cq
values increased steadily with increasing template concentration for all variants and the
reference genes (Supplementary Table S2).

Table 2. qPCR amplification characteristics determined by MxPro. Mean values & SD were deter-
mined from three independent replicates of each assay.

Target R? Slope y-Intercept Efficiency (%)
SfNic-A 0.957 + 0.040 —3.354 £ 0.040 40.74 £0.53 989 + 2.1
SfNic-B 0.993 £ 0.030 —3.334 £ 0.003 38.86 £ 0.70 994+ 0.2
SfNic-C 0.989 + 0.004 —3.479 £ 0.200 39.78 £ 0.37 97.2+£25
SfNic-E 0.993 £+ 0.005 —3.335 £ 0.700 39.19 £0.21 985+ 14

polyhedrin 0.998 + 0.003 —3.269+£ 0.050 35.92 £0.30 1009 £ 1.1

Intra-assay variability (CV) ranged from 0.03% to 4.76%, and inter-assay variability
ranged from 0.8% to 3.5%. Both parameters were within acceptable limits (<5%) (Sup-
plementary Tables S2 and S3). Importantly, the inter-assay CV value encompassing the
complete dynamic range for each of the variants did not vary significantly among the
different variants, or the polyhedrin amplification (ANOVA, F = 0.842; d.f. =4, 115; p = 0.501)
(Figure 1), which simplifies the direct comparison of Cq values.
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ANOVA, p = 0.501
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Figure 1. Median coefficients of variation (%) for each genotypic variant and the polyhedrin reference
gene of SEIMNPV. The horizontal red line indicates the 5% CV value taken as the acceptable limit of
variability. CV values were calculated for the three replicates of all concentrations included in the
dynamic range. Black dots represent outliers. Vertical whiskers display the range of data values from
the minimum to the maximum and the interquartile range represented by the box.

3.2. Primer Specificity

The genotype-specific primer pairs were tested using equal quantities of viral DNA
from the four different variants, including their primary target variant (Table 3). The primer
pairs for SfNic-A and SfNic-C exclusively amplified their expected targets (100% specificity).
The primer pair for SfNic-E showed strong amplification of the main target and minimal
amplification of SfNic-A at quantification cycle Cq 38.2, which was beyond the dynamic
range of the quantification curve. The specificity of the SfNic-E primer pair was 99.999%.
For the S{Nic-B primer pair, amplification was detected across all variants but at very low
levels (<1%), resulting in a specificity of 99.7%, which would allow us to account for this
off-target amplification in a mixed-variant sample.

Table 3. Genotype-specific primer specificity (%). Each primer amplification was compared to the
constructed quantification curves for each target.

Specificity (%)
Sample SfNic-A SfNic-B SfNic-C SfNic-E
SfNic-A 100 0.05 - 0.0015
SfNic-B - 99.7 - -
SfNic-C - 0.2 100 -
SfNic-E - 0.05 - 99.999

The primer pairs were also tested against Se MNPV, which is closely related to SESMNPV
within group II of the Alphabaculovirus genus [44]. The SfNic-A-, SfNic-C- and SfNic-
E-specific primers did not present an amplification signal in the SeMNPV sample. In
contrast, polyhedrin primers amplified the SeMNPV sample at Cq 32.3, whereas an identical
concentration of the primary target SSMNPV-NIC DNA resulted in a Cq value of 22.3,
indicating 99.93% specificity. SfNic-B primers amplified the SeMNPV sample; however,
this was at Cq 33.8, while at the same sample concentration, the SfNic-B DNA sample had
a Cq of 23.6, indicating a specificity of 99.92%. The melting curves for qPCR reactions for
polyhedrin and SfNic-B primers both showed single peaks in the presence of their designed
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targets or the SeMNPV template suggesting a single amplicon product resulting from each
of these primer pairs (Supplementary Figure S2).

3.3. Validation of the Quantification Method in Mixtures of Amplicons, BVs and ODV DNA

To validate the functionality of this method, equimolar mixtures were quantified
from (i) amplicon standards of each of the variants, (ii) BVs of the genotypic variants and
(iii) genomic DNA extracted from ODVs of each variant.

The amplicon concentration in the mixtures for each of the genotypic variants across
the three replicates ranged from 1.33 x 10* to 1.66 x 10* copies/uL (mean + SD: 1.49 x 10*
+ 0.73 x 10%), which compares favorably with the 1.5 x 10* copies/uL samples used to
prepare the amplicon mixtures (Figure 2A; Supplementary Table S4). In terms of the mean
(£SD) relative abundance of amplicons, the SfNic-A amplicons comprised 24.37 4= 1.93%
of the amplicon mixture compared to 26.19 =+ 0.52% for SfNic-B, 24.83 £ 0.79% for SfNic-C,
and 24.61 + 0.88% for SfNic-E (Figure 2A).

A Amplicon mix
30
B
20
8
c
®
©
£
E]
2
o 10
]
=
B
5
]
o
0
SfNic-A SfNic-B SfNic-C SfNic-E
B Bvmix € oDV mix
100 I 100
% 75 = 75
Q @
] 2
[} ©
o o
c =
= =]
4 50 2 50
L] g Target
.% £ [ smica
o ° B smics
X 25 © 25 —
IC~
[ smic-e
polyhedrin
0 § 0

Figure 2. Quantification of equimolar mixtures of (A) amplicon standards, (B) DNA extracted from
BVs in hemolymph and (C) DNA extracted from ODVs. The relative abundance of each of the
genotypic variants in the mixtures was based on three independent experimental replicates. Error
bars indicate SD. The polyhedrin gene was quantified to determine the total number of virus genomes
present in BV and ODV DNA samples.

In the case of the mixtures of variant BVs, these were mixed in equal proportions.
BV samples ranged from 3.06 x 107 to 3.86 x 103 genomes/uL (Supplementary Table S5)
and were diluted to 2000 copies/uL of each variant in a total volume of 200 uL. The qPCR
quantification of this mixture reflected its equimolar composition. Three replicate assays
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provided consistent results with low variation. The relative abundance of SfNic-A was
estimated at 26.37-27.98%; SfNic-B was estimated at 20.36-24.88% of the mixture, SfNic-C
was estimated at 18.24-27.81%; and SfNic-E was estimated at 24.21-30.52% (Figure 2B).
Quantification of the polyhedrin gene provided additional support for the estimates of
variant composition. The sum of the number of copies for all variants was 5.14 x 10% in
Replicate 1, 4.92 x 10% in Replicate 2 and 4.21 x 10% in Replicate 3. The polyhedrin gene
yielded copy number estimates of 5.59 x 10* (an 8% difference relative to the estimate
based on the sum of all variants), 4.60 x 10* (7% difference) and 4.09 x 10* (3% difference)
for Replicates 1, 2 and 3, respectively (Supplementary Table S6).

Finally, the mixtures of ODV variant DNAs extracted from ODVs ranged from
3.97 x 10° to 6.22 x 10° genomes/uL among the different variants (mean - SD: 5.23 x 10°
+ 7.5 x 10%; Supplementary Table S7). Averaging across the three independent replicates,
the relative abundances of the variants in the mixtures were 24.76% for SfNic-A, 25.55%
for SfNic-B, 24.25% for SfNic-C and 25.42% for SfNic-E, reflecting the equimolar structure
of the mixture (Figure 2C). The sum of the genome copy number for all the variants in
each replicate was 2.14 x 10° in Replicate 1, 2.09 x 10° in Replicate 2 and 2.04 x 10° in
Replicate 3, which compares favorably with the polyhedrin gene quantification of 2.04 x 10°
for Replicate 1 (a 5% difference relative to the estimate based on the sum of all variants),
1.97 x 10° for Replicate 2 (6% difference) and 1.95 x 10° for Replicate 3 (5% difference)
(Supplementary Table S7).

4. Discussion

Various qPCR methods have been used previously for alphabaculovirus quantification
in insect and environmental samples [45-47], as well as numerous baculovirus transcrip-
tional studies. The SfMNPV-NIC isolate was previously subjected to qPCR assays using
primers targeted at polyhedrin [48,49]. However, qPCR methods for quantification of geno-
typic variants in a nucleopolyhedrovirus isolate are scarce [50]. For this reason, in this study,
a qPCR method for accurate quantification of four genotypic variants found in the SfMNPV-
NIC isolate was developed and tested. Standardized quantification curves showed high
correlation coefficients, desirable efficiency, and a broad dynamic range with a minimum
threshold of 10 genome copies/reaction. The assays demonstrated reproducibility and
repeatability, as shown by the very low coefficients of variation (median CV 1.0-1.4%,
Figure 1). Furthermore, primer specificity ranged from 99.7 to 100%, which ensured that
the variants of interest could be accurately quantified in experimental mixtures without
interference from other variants or closely related viruses, such as SeMNPV.

Only in the case of the SfNic-B primers was minimal amplification detected in other
variant samples. It is important to verify whether such amplification effectively corresponds
to off-target amplification or to trace amounts of SfNic-B DNA in the pure samples of the
other genotypical variants. However, when tested against the cloned amplicons, none of
the primer pairs resulted in amplification. This was confirmed during the quantification
of variant amplicon standards in an equimolar preparation, where the composition of the
mixture was accurately reflected in the amplification results.

The nucleopolyhedrovirus used in this study was first isolated in Nicaragua and has
been extensively characterized for its insecticidal properties and genetic characteristics.
The nine genotypical variants present in the SESMNPV-NIC isolate were originally isolated
by plaque purification and compared by restriction endonuclease profiles [16,24,25]. Initial
efforts to quantify the abundance of each variant in the population involved densitometric
analysis of a digoxigenin-labeled restriction fragment (EcoRI 3.1 Kb) and densitometric anal-
ysis of semi-quantitative PCR amplifications [27], but these techniques provided markedly
different estimates of the prevalence of variants compared to restriction endonuclease
analysis of the original plaque picks (Simon et al., 2004). We attribute these discrepancies
to marked differences in the propensity of variants to infect and replicate in cell culture
conditions and in the semi-quantitative nature of the densitometric techniques employed.
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Reassuringly, the total number of variant genome copies quantified by qPCR on BV
mixtures deviated only slightly from the total number of viral genome copies quantified by
amplification of the polyhedrin gene present in all variants. A similar result was obtained
using mixtures of DNA extracted from ODVs, indicating that the precision of the qPCR
technique was not affected by the extraction process applied to obtain gDNA from ODVs.

Variation in qPCR assays can result from several sources such as inconsistencies in
the pipetting technique. However, the baseline correction algorithms present in Agilent
MxPro software automatically correct for most variation due to aliquoting errors without
the need for reference dye normalization. In addition, when using purified amplicons as
template standards, it is important to confirm the integrity of these over time to ensure
accurate quantification [51]. Finally, the quality of the DNA sample can influence reaction
efficiency and thus affect the overall quantification [40]. For this reason, we employed a
DNA purification kit based on silica spin columns rather than in-house protocols involving
phenol—chloroform treatment, which tended to produce samples of variable quality in
preliminary testing. We observed low levels of variation among the BV mixed-variant
preparations and among mixtures of DNA from ODVs. For BVs, this likely resulted
from variation in DNA quality in the hemolymph samples that can experience varying
degrees of melanization during collection and storage. Virus viability and the quality of
genomic DNA in occluded ODVs may also vary during storage even under low temperature
conditions [52-54]. For this reason, all the OB samples used in the present study spent less
than three months in storage at —10 °C.

Studies in progress employ this technique to quantify variants in co-occluded mixtures
used as inoculum in transmission experiments and to monitor the replication and progeny
production in mixed-variant infection [55,56]. Another advantage of the current methodol-
ogy is that it allows for the direct quantification of targets from any DNA sample, including
OB suspensions, infected host tissues and potentially environmental samples such as plants
and soil. Moreover, it is also possible to extend the methodology to other genotypic variants
of this isolate and other alphabaculoviruses. This methodology can aid in the development
of custom viral insecticides that take advantage of the interactions between specific variants
to produce biological insecticides with desirable pest control properties.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/v16060881/s1, Table S1: Semi-synthetic diet for Spodoptera frugiperda larvae;
Table S2: Intra-assay variability for all assays; Table S3: Inter-assay variability for all targets; Table S4:
qPCR quantification of variant-specific amplicon standards in a mixture; Table S5: BV count of
hemolymph samples taken at 72 h post inoculation; Table S6: qPCR quantification of SESMNPV-NIC
genotypes in a mixture of BVs; Table S7: qPCR quantification of SSMNPV-NIC variants in a mixture
of genomic DNAs extracted from ODVs of each variant. Figure S1: Schematic of the position of
forward (fw) and reverse (rv) primer targets for the amplification of complete variant SfNic-B and
the deletion variants SfNic-A, SfNic-C and SfNic-E; Figure S2: Melting curves for polyhedrin and
SfNic-B amplicons.

Author Contributions: Conceptualization, C.S.M.-R., ].LA.Z.-B., O.S., R.L. and T.W.; methodology,
CSM.-R, J.AZ-B,0O.S., RL. and TW,; validation, C.S.M.-R. and J.A.Z.-B.; formal analysis, C.5.M.-R.
and J.A.Z.-B.; investigation, C.S.M.-R. and ].A.Z.-B.; resources, ].A.Z.-B., O.S., R L. and T.W.; data cura-
tion, C.5.M.-R. and ].A.Z.-B.; writing—original draft preparation, C.5.M.-R. and T.W.; writing—review
and editing, C.S.M.-R,, ].A.Z.-B., R.L,, O.S. and T.W,; visualization, C.5.M.-R.; supervision, R.L. and
T.W.; project administration, T.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
supplementary tables and figures. Further inquiries can be directed to the corresponding author.


https://www.mdpi.com/article/10.3390/v16060881/s1
https://www.mdpi.com/article/10.3390/v16060881/s1

Viruses 2024, 16, 881 11 of 13

Acknowledgments: We thank Juan Sebastian Gémez Diaz (INECOL) and Laura Navarro de la Fuente
for providing insects and for assistance in the laboratory. We also thank Inés Beperet (Bioinsectis)
and Fernando G. Ramirez-Arias (INECOL) for providing the primer sequences for selected variants.
C.S.M.R. received a doctoral scholarship from CONAHCYT, Mexico.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Harrison, R.L.; Herniou, E.A ; Jehle, J.A.; Theilmann, D.A.; Burand, J.P; Becnel, J.J.; Krell, PJ.; Van Oers, M.M.; Mowery, ].D.;
Bauchan, G,; et al. ICTV Virus Taxonomy Profile: Baculoviridae. J. Gen. Virol. 2018, 99, 1185-1186. [CrossRef] [PubMed]

2. Rohrmann, G.F. Baculovirus Molecular Biology, 4th ed.; National Center for Biotechnology Information (US): Bethesda, MD, USA,
2019. Available online: https://www.ncbi.nlm.nih.gov/books/NBK543458/ (accessed on 17 April 2024).

3.  Williams, T.; Bergoin, M.; van Oers, M.M. Diversity of large DNA viruses of invertebrates. J. Invertebr. Pathol. 2017, 147, 4-22.
[CrossRef]

4. Moore, S.; Jukes, M. Advances in microbial control in IPM: Entomopathogenic viruses. In Integrated Management of Insect Pests;
Kogan, M., Heinrichs, E.A., Eds.; Burleigh Dodds Science Publishing: Cambridge, UK, 2019; pp. 593-648. [CrossRef]

5. Lacey, L.A.; Grzywacz, D. Basic and Applied Research: Baculovirus. In Microbial Control of Insect and Mite Pests: From Theory to
Practice; Academic Press: Amsterdam, The Netherlands, 2017; pp. 27—46. [CrossRef]

6.  Sanjudn, R. Collective infectious units in viruses. Trends Microbiol. 2017, 25, 402-412. [CrossRef] [PubMed]

7. Leeks, A.; Sanjudn, R.; West, S.A. The evolution of collective infectious units in viruses. Virus Res. 2019, 265, 94-101. [CrossRef]
[PubMed]

8. Andreu-Moreno, I.; Sanjuan, R. Collective viral spread mediated by virion aggregates promotes the evolution of defective
interfering particles. mBio 2020, 11, €02156-19. [CrossRef] [PubMed]

9.  Sanjudn, R. The social life of viruses. Annu. Rev. Virol. 2021, 8, 183-199. [CrossRef] [PubMed]

10. Diaz-Mufioz, S.L.; Sanjuan, R.; West, S. Sociovirology: Conlflict, cooperation, and communication among viruses. Cell Host Microbe
2017, 22, 437-441. [CrossRef] [PubMed]

11.  Allman, B.; Koelle, K.; Weissman, D. Heterogeneity in viral populations increases the rate of deleterious mutation accumulation.
Genetics 2022, 222, iyac127. [CrossRef] [PubMed]

12.  Pazmifio-Ibarra, V.; Herrero, S.; Sanjuan, R. Spatially segregated transmission of co-occluded baculoviruses limits virus-virus
interactions mediated by cellular coinfection during primary infection. Viruses 2022, 14, 1697. [CrossRef]

13.  Erlandson, M. Genetic variation in field populations of baculoviruses: Mechanisms for generating variation and its potential role
in baculovirus epizootiology. Virol. Sin. 2009, 24, 458-469. [CrossRef]

14. Chateigner, A.; Bézier, A.; Labrousse, C.; Jiolle, D.; Barbe, V.; Herniou, E.A. Ultra deep sequencing of a baculovirus population
reveals widespreadgenomic variations. Viruses 2015, 7, 3625-3646. [CrossRef] [PubMed]

15. Loiseau, V.; Herniou, E.A.; Moreau, Y.; Lévéque, N.; Meignin, C.; Daeffler, L.; Federici, B.; Cordaux, R.; Gilbert, C. Wide spectrum
and high frequency of genomic structural variation, including transposable elements, in large double-stranded DNA viruses.
Virus Evol. 2020, 6, vez060. [CrossRef] [PubMed]

16. Simon, O.; Williams, T.; Lépez-Ferber, M.; Taulemesse, ].M.; Caballero, P. Population genetic structure determines the speed of kill
and occlusion body production in Spodoptera frugiperda multiple nucleopolyhedrovirus. Biol. Control 2008, 44, 321-330. [CrossRef]

17.  Clavijo, G.; Williams, T.; Muiioz, D.; Lopez-Ferber, M.; Caballero, P. Entry into midgut epithelial cells is a key step in the selection
of genotypes in a nucleopolyhedrovirus. Virol. Sin. 2009, 24, 350-358. [CrossRef]

18. Segredo-Otero, E.; Sanjuan, R. The effect of genetic complementation on the fitness and diversity of viruses spreading as collective
infectious units. Virus Res. 2019, 267, 41-48. [CrossRef] [PubMed]

19. Baillie, V.L.; Bouwer, G. High levels of genetic variation within Helicoverpa armigera nucleopolyhedrovirus populations in
individual host insects. Arch. Virol. 2012, 157, 2281-2289. [CrossRef] [PubMed]

20. Niz, J.M.; Salvador, R.; Ferrelli, M.L.; de Cap, A.S.; Romanowski, V.; Berretta, M.F. Genetic Variants in Argentinean isolates of
Spodoptera frugiperda multiple nucleopolyhedrovirus. Virus Genes 2020, 56, 401-405. [CrossRef] [PubMed]

21. Masson, T,; Fabre, M.L.; Pidre, M.L.; Niz, ] M.; Berretta, M.F.; Romanowski, V.; Ferrelli, M.L. Genomic diversity in a population of
Spodoptera frugiperda nucleopolyhedrovirus. Infect. Genet. Evol. 2021, 90, 104749. [CrossRef]

22. Parras-Jurado, A.; Mufioz, D.; Beperet, I.; Williams, T.; Caballero, P. Insecticidal traits of variants in a genotypically diverse natural
isolate of Anticarsia gemmatalis multiple nucleopolyhedrovirus (AgMNPV). Viruses 2023, 15, 1526. [CrossRef]

23. Escribano, A.; Williams, T.; Goulson, D.; Cave, R.D.; Chapman, J.W.; Caballero, P. Selection of a nucleopolyhedrovirus for
control of Spodoptera frugiperda (Lepidoptera: Noctuidae): Structural, genetic and biological comparison of four isolates from the
Americas. . Econ. Entomol. 1999, 92, 1079-1085. [CrossRef]

24. Simoén, O.; Palma, L.; Beperet, I.; Mufioz, D.; Lépez-Ferber, M.; Caballero, P.; Williams, T. Sequence comparison between
three geographically distinct Spodoptera frugiperda multiple nucleopolyhedrovirus isolates: Detecting positively selected genes.
J. Invertebr. Pathol. 2011, 107, 33—42. [CrossRef] [PubMed]

25. Simoén, O.; Williams, T.; Lépez-Ferber, M.; Caballero, P. Genetic structure of a Spodoptera frugiperda nucleopolyhedrovirus

population: High prevalence of deletion genotypes. Appl. Environ. Microbiol. 2004, 70, 5579-5588. [CrossRef] [PubMed]


https://doi.org/10.1099/jgv.0.001107
https://www.ncbi.nlm.nih.gov/pubmed/29947603
https://www.ncbi.nlm.nih.gov/books/NBK543458/
https://doi.org/10.1016/j.jip.2016.08.001
https://doi.org/10.1201/9780429275395
https://doi.org/10.1016/B978-0-12-803527-6.00003-2
https://doi.org/10.1016/j.tim.2017.02.003
https://www.ncbi.nlm.nih.gov/pubmed/28262512
https://doi.org/10.1016/j.virusres.2019.03.013
https://www.ncbi.nlm.nih.gov/pubmed/30894320
https://doi.org/10.1128/mbio.02156-19
https://www.ncbi.nlm.nih.gov/pubmed/31911487
https://doi.org/10.1146/annurev-virology-091919-071712
https://www.ncbi.nlm.nih.gov/pubmed/34242062
https://doi.org/10.1016/j.chom.2017.09.012
https://www.ncbi.nlm.nih.gov/pubmed/29024640
https://doi.org/10.1093/genetics/iyac127
https://www.ncbi.nlm.nih.gov/pubmed/35993909
https://doi.org/10.3390/v14081697
https://doi.org/10.1007/s12250-009-3052-1
https://doi.org/10.3390/v7072788
https://www.ncbi.nlm.nih.gov/pubmed/26198241
https://doi.org/10.1093/ve/vez060
https://www.ncbi.nlm.nih.gov/pubmed/32002191
https://doi.org/10.1016/j.biocontrol.2007.12.005
https://doi.org/10.1007/s12250-009-3048-x
https://doi.org/10.1016/j.virusres.2019.05.005
https://www.ncbi.nlm.nih.gov/pubmed/31077765
https://doi.org/10.1007/s00705-012-1416-6
https://www.ncbi.nlm.nih.gov/pubmed/22878553
https://doi.org/10.1007/s11262-020-01741-9
https://www.ncbi.nlm.nih.gov/pubmed/32030574
https://doi.org/10.1016/j.meegid.2021.104749
https://doi.org/10.3390/v15071526
https://doi.org/10.1093/jee/92.5.1079
https://doi.org/10.1016/j.jip.2011.01.002
https://www.ncbi.nlm.nih.gov/pubmed/21238456
https://doi.org/10.1128/aem.70.9.5579-5588.2004
https://www.ncbi.nlm.nih.gov/pubmed/15345446

Viruses 2024, 16, 881 12 of 13

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Simén, O.; Williams, T.; Lopez-Ferber, M.; Caballero, P. Functional importance of deletion mutant genotypes in an insect
nucleopolyhedrovirus population. Appl. Environ. Microbiol. 2005, 71, 4254—4262. [CrossRef]

Lopez-Ferber, M.; Simén, O.; Williams, T.; Caballero, P. Defective or effective? Mutualistic interactions between virus genotypes.
Proc. R. Soc. B Biol. Sci. 2003, 270, 2249-2255. [CrossRef]

Barrera, G.; Williams, T.; Villamizar, L.; Caballero, P.; Simén, O. Deletion genotypes reduce occlusion body potency but increase
occlusion body production in a Colombian Spodoptera frugiperda nucleopolyhedrovirus population. PLoS ONE 2013, 8, e77271.
[CrossRef]

Boogaard, B.; Van Oers, M.M.; Van Lent, ].W. An advanced view on baculovirus per os infectivity factors. Insects 2018, 9, 84.
[CrossRef] [PubMed]

Wang, X.; Shang, Y.; Chen, C,; Liu, S.; Chang, M.; Zhang, N.; Hu, H.; Zhang, F.; Zhang, T.; Wang, Z.; et al. Baculovirus per os
infectivity factor complex: Components and assembly. J. Virol. 2019, 93, €02053-18. [CrossRef]

Simén, O.; Williams, T.; Cerutti, M.; Caballero, P.; Lépez-Ferber, M. Expression of a peroral infection factor determines pathogenic-
ity and population structure in an insect virus. PLoS ONE 2013, 8, e78834. [CrossRef] [PubMed]

Mihm, J.A. Técnicas Eficientes para la Crianza Masiva e Infestacion de Insectos, en la Seleccion de las Plantas Hospedantes para Resistencia
al Gusano Cogollero, Spodoptera frugiperda; Centro Internacional de Mejoramiento de Maiz y Trigo (CIMMYT): El Batan, Mexico,
1984; p. 16.

Williams, T.; Melo-Molina, G.d.C.; Jiménez-Fernandez, J.A.; Weissenberger, H.; Gémez-Diaz, ].S.; Navarro-de-la-Fuente, L.;
Richards, A.R. Presence of Spodoptera frugiperda multiple nucleopolyhedrovirus (SESMNPV) occlusion bodies in maize field soils of
Mesoamerica. Insects 2023, 14, 80. [CrossRef]

Simén, O. (Institute for Multidisciplinary Research in Applied Biology, Universidad Publica de Navarra, Pamplona, Spain).
Unpublished genome sequence data from the auxiliary gene rich variable region of SSMNPV-NIC isolate, 2024.

Untergasser, A.; Cutcutache, I.; Koressaar, T.; Ye, J.; Faircloth, B.C.; Remm, M.; Rozen, S.G. Primer3—New capabilities and
interfaces. Nucleic Acids Res. 2012, 40, e115. [CrossRef]

Thermofisher. Multiple Primer Analyzer. 2024. Available online: https://www.thermofisher.com/mx/es/home/brands/thermo-
scientific/molecular-biology /molecular-biology-learning-center /molecular-biology-resource-library / thermo-scientific-web-
tools/multiple-primer-analyzer.html (accessed on 10 May 2024).

Chang, A.; Chau, V.; Landas, ].; Pang, Y. Preparation of calcium competent Escherichia coli and heat-shock transformation. JEMI
Meth. 2017, 1, 22-25.

Molina-Ruiz, C.S.; Zamora, J.A.; Williams, T. (Instituto de Ecologia AC, Xalapa, Veracruz, Mexico). Partial genome sequences
(contigs with unclosed gaps) of variants SfNic-A, SfNic-C and SfNic-E obtained by next generation sequencing, 2024.
Thermofisher. DNA Copy Number Calculator. Available online: https://www.thermofisher.com/mx/es/home/brands/thermo-
scientific/molecular-biology /molecular-biology-learning-center /molecular-biology-resource-library / thermo-scientific-web-
tools/dna-copy-number-calculator.html (accessed on 5 April 2024).

Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.;
et al. The MIQE guidelines: Minimum information for publication of quantitative real-time PCR experiments. Clin. Chem. 2009,
55,611-622. [CrossRef] [PubMed]

Kralik, P; Ricchi, M. A basic guide to real time PCR in microbial diagnostics: Definitions, parameters, and everything. Front.
Microbiol. 2017, 8, 108. [CrossRef] [PubMed]

Presa-Parra, E.; Navarro-de-la-Fuente, L.; Williams, T.; Lasa, R. Can low concentration flufenoxuron treatment increase the
pathogenicity or production of nucleopolyhedrovirus occlusion bodies in Spodoptera exigua (Hiibner) or Spodoptera frugiperda
(J.E. Smith) (Lepidoptera: Noctuidae)? Acta Zool. Mex. 2023, 39, €3912627. [CrossRef]

Stoepler, T.M.; Castillo, ].C.; Lill, J.T.; Eleftherianos, I. A simple protocol for extracting hemocytes from wild caterpillars. J. Vis.
Exper. 2012, 69, 4173. [CrossRef]

Wennmann, ].T.; Keilwagen, J.; Jehle, J.A. Baculovirus Kimura two-parameter species demarcation criterion is confirmed by the
distances of 38 core gene nucleotide sequences. J. Gen. Virol. 2018, 99, 1307-1320. [CrossRef] [PubMed]

Hewson, I.; Brown, ].M.; Gitlin, S.A.; Doud, D.F. Nucleopolyhedrovirus detection and distribution in terrestrial, freshwater, and
marine habitats of Appledore Island, Gulf of Maine. Microb. Ecol. 2011, 62, 48-57. [CrossRef] [PubMed]

Krokene, P.; Heldal, I.; Fossdal, C.G. Quantifying Neodiprion sertifer nucleopolyhedrovirus DNA from insects, foliage and forest
litter using the quantitative real-time polymerase chain reaction. Agric. Forest Entomol. 2012, 15, 120-125. [CrossRef]

Graham, R.; Tummala, Y.; Rhodes, G.; Cory, J.; Shirras, A.; Grzywacz, D.; Wilson, K. Development of a real-time qPCR assay for
quantification of covert baculovirus infections in a major African crop pest. Insects 2015, 6, 746-759. [CrossRef]

Ramirez-Arias, F.G.; Lasa, R.; Murillo, R.; Navarro-de-la-Fuente, L.; Mercado, G.; Williams, T. Post-mortem incubation influences
occlusion body production in nucleopolyhedrovirus-infected larvae of Spodoptera frugiperda. Biol. Control 2019, 135, 33—40.
[CrossRef]

Velasco, E.A.; Molina-Ruiz, C.S.; Gémez-Diaz, ].S.; Williams, T. Properties of nucleopolyhedrovirus occlusion bodies from living
and virus-killed larvae of Spodoptera frugiperda (Lepidoptera: Noctuidae). Biol. Control 2022, 174, 105008. [CrossRef]

Zwart, M.P; van Oers, M.M.; Cory, J.S.; van Lent, ] W.M.; van der Werf, W.; Vlak, ]. M. Development of a quantitative real-time
PCR for determination of genotype frequencies for studies in baculovirus population biology. J. Virol. Meth. 2008, 148, 146—154.
[CrossRef] [PubMed]


https://doi.org/10.1128/aem.71.8.4254-4262.2005
https://doi.org/10.1098/rspb.2003.2498
https://doi.org/10.1371/journal.pone.0077271
https://doi.org/10.3390/insects9030084
https://www.ncbi.nlm.nih.gov/pubmed/30018247
https://doi.org/10.1128/JVI.02053-18
https://doi.org/10.1371/journal.pone.0078834
https://www.ncbi.nlm.nih.gov/pubmed/24223853
https://doi.org/10.3390/insects14010080
https://doi.org/10.1093/nar/gks596
https://www.thermofisher.com/mx/es/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/mx/es/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/mx/es/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/mx/es/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/dna-copy-number-calculator.html
https://www.thermofisher.com/mx/es/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/dna-copy-number-calculator.html
https://www.thermofisher.com/mx/es/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/dna-copy-number-calculator.html
https://doi.org/10.1373/clinchem.2008.112797
https://www.ncbi.nlm.nih.gov/pubmed/19246619
https://doi.org/10.3389/fmicb.2017.00108
https://www.ncbi.nlm.nih.gov/pubmed/28210243
https://doi.org/10.21829/azm.2023.3912627
https://doi.org/10.3791/4173
https://doi.org/10.1099/jgv.0.001100
https://www.ncbi.nlm.nih.gov/pubmed/30045782
https://doi.org/10.1007/s00248-011-9856-1
https://www.ncbi.nlm.nih.gov/pubmed/21509607
https://doi.org/10.1111/afe.12003
https://doi.org/10.3390/insects6030746
https://doi.org/10.1016/j.biocontrol.2019.05.003
https://doi.org/10.1016/j.biocontrol.2022.105008
https://doi.org/10.1016/j.jviromet.2007.10.022
https://www.ncbi.nlm.nih.gov/pubmed/18082274

Viruses 2024, 16, 881 13 of 13

51.

52.

53.

54.

55.

56.

dMIQE Group; Huggett, J.F. The digital MIQE guidelines update: Minimum information for publication of quantitative digital
PCR experiments for 2020. Clin. Chem. 2020, 66, 1012-1029. [CrossRef] [PubMed]

Kaupp, WJ].; Ebling, PM. Effect of mechanical processing and long-term storage on biological activity of Virtuss. Can. Entomol.
1993, 125, 975-977. [CrossRef]

Jorio, H.; Tran, R.; Kamen, A. Stability of serum-free and purified baculovirus stocks under various storage conditions. Biotechnol.
Prog. 2006, 22, 319-325. [CrossRef]

Lasa, R.; Williams, T.; Caballero, P. Insecticidal properties and microbial contaminants in a Spodoptera exigua multiple nucle-
opolyhedrovirus (SeMNPYV, Baculoviridae) formulation stored at different temperatures. J. Econ. Entomol. 2008, 101, 42—49.
[CrossRef]

Beperet, I.; Simon, O.; Lopez-Ferber, M.; van Lent, J.; Williams, T.; Caballero, P. Mixtures of insect pathogenic viruses in a single
virion: Towards the development of custom designed insecticides. Appl. Environ. Microbiol. 2021, 87, €02180-20. [CrossRef]
Williams, T.; Lépez-Ferber, M.; Caballero, P. Nucleopolyhedrovirus coocclusion technology: A new concept in the development of
biological insecticides. Front. Microbiol. 2022, 12, 810026. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/clinchem/hvaa125
https://www.ncbi.nlm.nih.gov/pubmed/32746458
https://doi.org/10.4039/Ent125975-5
https://doi.org/10.1021/bp050218v
https://doi.org/10.1093/jee/101.1.42
https://doi.org/10.1128/AEM.02180-20
https://doi.org/10.3389/fmicb.2021.810026

SUPPLEMENTARY MATERIAL: A gPCR assay for the quantification of selected genotypic
variants of Spodoptera frugiperda multiple nucleopolyhedrovirus (Baculoviridae)

Molina-Ruiz et al.

Table S1: Semi-synthetic diet for Spodoptera frugiperda larvae

To prepare ~1 L of diet:

Ingredient Quantity
Soybean flour 8lg
Wheatgerm 329
Brewer's yeast 25¢g
Sucrose 13 g
Carrageenan 284¢g
Potable water 1000 mL
*Potassium sorbate 10g
*Methyl paraben 1649
*Ascorbic acid 43¢
*Multivitamin mixture (Vitafort-A, Parfarm, Mexico City) 1049
*Qxytetracycline chlorhydrate 130 mg
*25% acetic acid solution 12 mL
*15% choline chloride solution 7.3mL
**10% formaldehyde solution 4.4 mL
***Mixture of salts 8.0¢g

* Compounds mixed in a 50 mL volume of water and added when the diet is 70 °C and then cooled rapidly.
** Formaldehyde is not included in diet destined for bioassays or other virus studies.

** Simplified mixture of salts comprising 21 g CaCOs; 1.47 g Fe2(SO0a4)s; 9 g MgClL.nH20; 12 g KCI; 31 g
K2HPO4 (anhydrous); 10.5 g NaCl; 14.9 g Cas(POa4):

Diet recipe adapted from Mihm (1984) Técnicas Eficientes para la Crianza Masiva e Infestacion de
Insectos, en la Seleccién de las Plantas Hospedantes para Resistencia al Gusano Cogollero, Spodoptera
frugiperda. Centro Internacional de Mejoramiento de Maiz y Trigo (CIMMYT): El Batan, Mexico, 1984; pp.
16.



Table S2. Intra-assay variability for all assays. Mean Cq values from three independent replicates in each
assay. The means, SD and coefficient of variation (%) values were calculated for each sample based on

three technical replicates present in each plate.

polyhedrin Replicate 1 Replicate 2 Replicate 3
copies Mean SD CV (%) Mean SD CV (%) Mean Cq SD CV (%)
Cq Cq
108 9.30 0.10 1.10 9.78 0.19 1.98 9.56 0.15 1.54
107 12.68 0.07 ‘ 0.53 ‘ 12.98 ‘ 0.10 0.76 12.69 0.08 0.61
108 16.20 0.05 0.29 16.40 0.11 0.67 16.42 0.09 0.52
105 19.29 0.04 ‘ 0.20 ‘ 19.82 ‘ 0.30 1.50 19.69 0.06 0.29
104 23.10 0.25 1.06 22.92 0.12 0.52 24.38 0.06 0.26
103 26.17 0.21 ‘ 0.79 ‘ 26.67 ‘ 0.40 151 26.38 0.15 0.55
102 29.25 0.35 1.20 29.94 0.19 0.63 29.60 0.65 2.19
10? 32.20 0.55 ‘ 1.72 ‘ 32.97 ‘ 0.67 2.04 32.00 0.52 1.63
SfNic-A Replicate 1 Replicate 2 Replicate 3
copies Mean SD CV (%) Mean SD CV (%) Mean Cq SD CV (%)
Cq Cq
108 13.07 0.37 2.81 12.86 0.61 477 12.53 0.08 0.66
107 17.07 0.17 ‘ 1.01 ‘ 17.34 ‘ 0.14 0.81 17.30 0.76 4.40
108 21.18 0.19 0.90 21.26 0.15 0.68 21.44 0.02 0.10
105 24.93 0.13 ‘ 0.52 ‘ 24.96 ‘ 0.07 0.29 24.55 0.02 0.08
104 28.64 0.09 0.33 28.06 0.49 1.75 29.30 0.29 1.01
103 32.35 0.27 ‘ 0.84 ‘ 32.39 ‘ 0.49 1.52 32.46 0.28 0.86
102 37.22 0.59 1.59 36.26 0.43 1.18 37.05 0.47 1.28
10! 39.44 1.16 ‘ 2.94 ‘ 38.88 ‘ 0.10 0.26 39.13 0.12 0.30
SfNic-B Replicate 1 Replicate 2 Replicate 3
copies Mean SD CV (%) Mean SD CV (%) Mean Cq SD CV (%)
Cq Cq
108 12.64 0.23 1.79 12.16 0.08 0.66 12.21 0.34 2.80
107 16.03 0.16 ‘ 1.01 ‘ 15.37 ‘ 0.24 1.54 16.13 0.50 3.09
108 19.64 0.42 2.15 18.58 0.38 2.03 18.29 0.52 2.82
105 22.62 0.37 ‘ 1.64 ‘ 21.40 ‘ 0.10 0.48 21.48 0.29 1.34
104 26.22 0.09 0.35 24.85 0.06 0.24 26.01 0.34 1.30
103 29.61 0.17 ‘ 0.57 ‘ 28.27 ‘ 0.02 0.06 29.35 1.03 3.52
102 33.27 0.47 1.42 31.66 0.28 0.88 32.15 0.49 151
10! 35.00 0.41 ‘ 1.16 ‘ 34.53 ‘ 0.40 1.16 35.51 0.27 0.76
SfNic-C Replicate 1 Replicate 2 Replicate 3
copies Mean SD CV (%) Mean SD CV (%) Mean Cq SD CV (%)
Cq Cq




108 12.83 0.03 0.29 12.3 0.25 2.09 13.39 0.37 2.82
107 16.5 0.07 0.48 16.08 0.18 1.17 17.26 0.15 0.91
108 19.86 0.05 0.27 19.79 0.06 0.34 20.81 0.2 0.98
10° 23.24 0.04 0.17 23.82 0.1 0.43 24.5 0.23 0.96
104 26.67 0.15 0.56 27.78 0.26 0.96 28.17 0.1 0.368
108 30.26 0.11 0.39 31.22 0.68 2.2 32.09 0.23 0.74
102 33.94 0.82 2.43 33.59 1.37 4.08 34.99 0.92 2.63
10?1 35.55 0.76 2.15 36.44 0.14 0.41 36.43 0.73 2.02
SfNic- E Replicate 1 Replicate 2 Replicate 3

copies Mean SD CV (%) Mean SD CV (%) Mean Cq SD CV (%)

Cq Cq

108 11.67 0.15 1.33 12.44 0.23 1.92 12.59 0.004 0.03
107 15.29 0.19 1.25 15.94 0.02 0.18 15.84 0.13 0.87
108 18.46 0.07 0.42 19.06 0.06 0.35 19.13 0.12 0.6
10° 22.1 0.12 0.58 22.64 0.11 0.49 22.54 0.24 1.08
104 25.42 0.23 0.93 25.95 0.1 0.39 26.02 0.2 0.79
103 28.92 0.07 0.27 29.2 0.15 0.52 29.38 0.22 0.75
102 32.7 0.72 2.22 33.47 0.79 2.37 33.12 0.58 1.78
10?1 34.87 0.79 2.26 34.92 0.44 1.26 35.5 0.81 2.3




Table S3: Inter-assay variability for all targets. Mean Cq values from three separate assays for each target.

The coefficient of variation was calculated from the corresponding assay replicates.

polyhedrin

copies Mean Cq SD CV(%)
108 9.54 0.25 2.60
107 12.78 0.16 1.26
106 16.34 0.13 0.80
10° 19.60 0.29 1.47
104 22.97 0.19 0.81
103 26.41 0.34 1.29
102 28.67 0.52 1.82
10t 32.39 0.72 2.23

SfNic-A
copies Mean Cq SD CV(%)
108 12.82 0.47 3.68
107 17.24 0.47 2.74
108 21.29 0.18 0.83
10° 24.81 0.21 0.83
104 28.33 0.41 1.45
108 32.40 0.36 1.12
102 35.31 0.66 1.86
10t 39.15 0.71 1.82

SfNic-B
copies Mean Cq SD CV(%)
108 12.34 0.32 2.61
107 15.84 0.47 2.98
108 18.84 0.73 3.87
10° 21.83 0.62 2.84
104 25.35 0.65 2.57
108 29.07 0.84 2.89
107 31.29 0.80 2.55
10t 35.02 0.54 1.54

SfNic-C
copies Mean Cq SD CV(%)
108 12.67 0.53 4.25
107 16.45 0.52 3.20
108 19.88 0.64 3.23
10° 23.53 0.73 3.10
104 27.44 0.72 2.65







Table S4: gPCR quantification of variant specific amplicon standards in a mixture. Mean Cq values were
calculated from three technical replicates within each replicate. The quantification of copy number (+ SD)

was performed using the constructed quantification curves.

Target Mean Cq Copies SD
SfNic-A 26.91 1.33E+04 0.73
Replicate 1 SfNic-B 24.93 1.50E+04 0.42
SfNic-C 25.34 1.41E+04 0.90
SfNic-E 25.40 1.36E+04 0.26
SfNic-A 26.87 1.37E+04 0.22
Replicate 2 SfNic-B 24.84 1.60E+04 0.12
SfNic-C 25.19 1.57E+04 0.19
SfNic-E 25.18 1.58E+04 0.31
SfNic-A 26.59 1.66E+04 0.12
Replicate 3 SfNic-B 24.87 1.57E+04 0.09
SfNic-C 25.29 1.46E+04 0.26
SfNic-E 25.30 1.46E+04 0.91




Table S5: BV count of hemolymph samples taken at 72 h post-inoculation. Mean Cq values were calculated
from three technical replicates. The copy number corresponds to the calculation of constructed standard
curves. BV concentrations (BVs/uL) correspond to the gPCR quantification result, multiplied by the gDNA

elution volume, and divided by the sample volume utilized in the gDNA isolation.

SfNic-A Mean Cq copies SD BVs/uL
Replicate 1 13.31 1.53E+08 0.27 3.06E+07
Replicate 2 15.40 3.58E+07 0.05 7.17E+06
Replicate 3 24.54 6.85E+04 0.26 1.37E+04
SfNic-B

Replicate 1 18.55 1.24E+06 0.17 2.48E+05
Replicate 2 20.48 3.72E+05 1.00 7.44E+04
Replicate 3 14.74 1.74E+07 0.25 3.48E+06
SfNic-C

Replicate 1 15.00 1.34E+07 0.29 2.68E+06
Replicate 2 24.88 1.93E+04 0.21 3.86E+03
Replicate 3 15.89 7.39E+06 0.18 1.48E+06
SfNic-E

Replicate 1 16.19 7.94E+06 0.18 1.59E+06
Replicate 2 22.23 1.27E+05 0.51 2.55E+04
Replicate 3 13.44 5.38E+07 0.36 1.08E+07




Table S6: qPCR quantification of SFTMNPV-NIC genotypes in a mixture of BVs. Mean Cq values were
calculated from three technical replicates. The quantification of copy number was performed using the
constructed quantification curves.

Target Mean Cq Copies SD
SfNic-A 26.80 1.44E+04 0.13
SfNic-B 25.46 1.05E+04 0.19
Replicate 1 SfNic-C 25.58 1.21E+04 0.07
SfNic-E 25.32 1.44E+04 0.06
polyhedrin 20.41 5.59E+04 0.14
SfNic-A 26.95 1.30E+04 0.10
SfNic-B 25.23 1.22E+04 0.24
Replicate 2 SfNic-C 26.03 8.96E+03 0.02
SfNic-E 25.26 1.50E+04 0.25
polyhedrin 20.69 4. 60E+04 0.24
SfNic-A 27.1 1.16E+04 0.10
SfNic-B 25.75 8.57E+03 0.38
Replicate 3 | sfNic-C 25.63 1.17E+04 0.01
SfNic-E 25.82 1.02E+04 0.19
polyhedrin 20.85 4.09E+04 0.10




Supplementary Table S7: qPCR quantification of SFTMNPV-NIC variants in a mixture of genomic
DNAs extracted from ODVs of each variant. Mean Cq values were calculated from three technical
replicates within each of three biological replicates. The quantification of copy number was performed using

the constructed quantification curves.

Target Mean Cq Copies SD
Replicate 1 SfNic-A 21.33 6.13E+05 0.60
SfNic-B 19.74 5.43E+05 0.27
SfNic-C 20.24 4.14E+05 0.26
SfNic-E 19.99 5.70E+05 0.40
polyhedrin 15.29 2.04E+06 0.16
Replicate 2 SfNic-A 21.96 3.97E+05 0.60
SfNic-B 19.54 6.22E+05 0.27
SfNic-C 19.80 5.55E+05 0.26
SfNic-E 20.14 5.15E+05 0.40
polyhedrin 15.34 1.97E+06 0.13
Replicate 3 SfNic-A 21.50 5.45E+05 0.60
SfNic-B 20.05 4.39E+05 0.27
SfNic-C 19.81 5.49E+05 0.22
SfNic-E 20.16 5.10E+05 0.40
polyhedrin 15.36 1.95E+06 0.02




Figure S1
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Figure S1. Schematic of the position of forward (fw) and reverse (rv) primer targets for the

amplification of complete variant SfNic-B and the deletion variants SfNic-A, SfNic-C and SfNic-E.

Target genes for each pair of primers are shown in bold text.
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Figure S2
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Figure S2. Melting curves for polyhedrin and SfNic-B amplicons. A) Melting curve for polyhedrin qPCR
reactions. The gDNAs from SfIMNPV-NIC and SeMNPV were used as templates. A single peak is observed
in the resulting melting curves. B) Melting curve for SfNic-B gPCR reactions. gDNAs from SfNic-B and
SeMNPV were used as templates. A single peak is observed in the resulting melting curves.
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