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Abstract: Outbreaks of Anticarsia gemmatalis (Hiibner, 1818) (Lepidoptera: Erebidae), a major pest
of soybean, can be controlled below economic thresholds with methods that do not involve the ap-
plication of synthetic insecticides. Formulations based on natural isolates of the Anticarsia gemma-
talis multiple nucleopolyhedrovirus (AgMNPV) (Baculoviridae: Alphabaculovirus), played a signifi-
cant role in integrated pest management programs in the early 2000s, but a new generation of chem-
ical insecticides and transgenic soybean, have displaced AgMNPV-based products over the past
decade. However, the marked genotypic variability present among and within alphabaculovirus
isolates suggests that highly insecticidal genotypic variants can be isolated and used to reduce virus
production costs or overcome isolate-dependent host resistance. This study aimed to select novel
variants of AgMNPV with suitable insecticidal traits that could complement the existing AgMNPV
active ingredients. Three distinct AgMNPYV isolates were compared by restriction endonuclease pro-
file and in terms of their occlusion body (OB) pathogenicity. One isolate was selected (AgABB51)
from which eighteen genotypic variants were plaque purified and characterized in terms of their
insecticidal properties. The five most pathogenic variants varied in OB pathogenicity although none
of them was faster-killing or had higher OB production characteristics than the wild-type isolate.
We conclude that the AgABB51 wild-type isolates appear to be genotypically structured for fast
speed-of-kill and high OB production, both of which would favor transmission. Interactions among
the component variants are likely to influence this insecticidal phenotype.

Keywords: Baculoviridae; bioinsecticide; genotypic variant; pathogenicity; virulence; occlusion body
production

1. Introduction

The velvetbean caterpillar, Anticarsia gemmatalis (Hiibner, 1818) (Lepidoptera: Erebidae), is one
of the main species of the soybean pest complex [1,2]. It causes major economic damage to this crop
across the Americas [1-4]. The main strategies employed to control A. gemmatalis outbreaks rely on
the use of synthetic insecticides, a range of selective or biorational products and the cultivation of
transgenic plants expressing Bt insecticidal proteins [5-8].

The Anticarsia gemmatalis multiple nucleopolyhedrovirus (AgMNPV) (Baculoviridae: Al-
phabaculovirus), a natural pathogen of this pest, has played a significant role in integrated pest control
programs, and was applied over ~2 million hectares annually in the early 2000s. The high pathogenic-
ity of the virus results in the control of this pest below economic thresholds following a single appli-
cation of virus occlusion bodies (OBs) to soybean crops [9]. However, the use of AgMNPV-based
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insecticides has been drastically reduced over the past decade due to the widespread adoption of
transgenic soybean [10-12].

In nature, nucleopolyhedroviruses exist as heterogeneous populations composed of different
genotypes [13,14]. Genotypic variants arise from random molecular events involving recombination,
insertion, duplication, the deletion of genomic sequences or horizontal gene transfer [15,16]. Some of
these variations confer distinct insecticidal properties, usually measured in terms of OB pathogenicity
metrics, speed of kill and OB production, which can directly influence virus survival and transmis-
sion between susceptible hosts [17-21].

Intraspecific genotypic diversity and phenotypic variation has been described among geograph-
ical isolates of a wide array of alphabaculovirus species [19,21-23]. Characterization of the genotypic
variants present in a wild-type isolate has proved to be important for the selection and development
of some of these variants as the active ingredients of virus-based insecticides [24-26].

Indeed, the prototype AgMNPV-2D, is a majority variant present AgMNPV formulations
against A. gemmatalis [27], was originally identified by plaque purification of a wild type isolate
from Brazil [28,29]. However, from field experiences in other host-virus systems [30-32], access to a
range of highly insecticidal genotypic variants is important in case of isolate-dependent host re-
sistance [33-36]. Variants can also differ in their OB production traits, which lend some variants to
be more amenable than others to mass-production processes necessary for the commercialization of
virus insecticides [37].

In this study, we compared several natural isolates of AgMNPYV and characterized the genotypic
variants present in the most pathogenic isolate, with the aim of comparing the insecticidal traits of
the individual variants with those of commercial products that were previously available against A.
gemmatalis. Specifically, comparative molecular and biological analyses of three AgMNPV isolates
resulted in the selection of one of them, from which eighteen genotypic variants were obtained and
characterized in terms of OB pathogenicity, speed-of-kill, and OB productivity.

2. Materials and Methods

2.1. Insects, cells and virus isolates

The Anticarsia gemmatalis population was established from larvae collected in soybean fields of
Tamaulipas, Mexico and maintained at 25 + 1 °C, 75% relative humidity and 16 h light: 8 h dark
photoperiod on a wheatgerm-based semi-synthetic diet [38].

519 cells (Gibco, Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) were maintained
in S£-900 II medium (Gibco) at 28 °C.

The Anticarsia gemmatalis multiple nucleopolyhedrovirus (AgMNPV) isolates used in this
study were AgMNPV-30WT (hereinafter known as Ag30WT) isolated in Mexico [21], and AgMNPV-
ABB15 (AgABB15) and AgMNPV-ABB51 (AgABB51), which both originated from the virus collection
of the Institut National de la Recherche Agronomique (INRA), France and were kindly provided by
Miguel Lépez-Ferber. These INRA isolates were likely to have been deposited during the studies on
AgMNPV by Crozier and Ribeiro [16]. OBs were amplified in fourth instars of A. gemmatalis and
purified by homogenization of each virus-killed larva in 1 mL of 0.1% sodium dodecyl sulfate (SDS)
followed by filtration through muslin and centrifugation at 2400 g for 5 min to eliminate insect debris.
The resulting pellets were washed and resuspended in 2 vol. milli-Q water. Purified OB suspensions
were titrated under phase-contrast microscopy at x400 using an improved hemocytometer (Paul Ma-
rienfeld GmbH, Lauda-Konigshofen, Germany) and aliquots of each isolate were stored at -20 °C
until required.

Unless otherwise stated, all bioassays and related procedures described in the following sections
were performed at 25 °C, 75% relative humidity, 16 h light: 8 h dark photoperiod.

2.2. DNA extraction from OBs
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Occlusion derived virions (ODVs) were released by incubating 40 puL of OB suspension (101
OBs/mL) with 100 uL of 0.5 M Na2COs and 360 pL distilled water at 60 °C for 30 min. A supernatant
containing the released virions was obtained by centrifugation at 5900 g for 5 min and immediately
transferred to a new microcentrifuge tube and incubated with 25 uL 10% SDS, 25 uL 0.5 M EDTA
and 15 pL proteinase K (20 mg/mL) at 65 °C for 1 h to degrade the virion membrane and the nucle-
ocapsid and, hence, release the virus genome. Viral DNA was then separated from proteins by adding
150 uL MPC Protein Precipitation Reagent (Epicentre, Illumina Inc., San Diego, California, USA),
vortexing vigorously for 10 s, and pelleting the debris by centrifugation at 10000 g and 4 °C for 10
min. The supernatant was transferred to a new microcentrifuge tube and DNA was pelleted by add-
ing 1 mL ice-cold absolute ethanol and centrifuged at 16200 g at 4 °C for 10 min. The pelleted DNA
was washed with 500 pL 70% ethanol, and the DNA resuspended in 50 pL bidistilled water and
incubated at 60 °C for 15 min.

2.3. Cloning of genotypic variants

Individual genotypes were obtained from AgABB51 by plaque purification [39]. A concentration
of 108 OB/mL was used to inoculate fifth instar A. gemmatalis larvae by the droplet feeding method
[40]. At 48 h post infection (hpi), infected larvae were bled and hemolymph containing budded viri-
ons was collected and stored at -20 °C. Hemolymph was then passed through a 0.45 um filter and
used to prepare six serial dilutions in S£-900 II (Gibco) medium with antibiotics. A 200 pL volume
from each dilution was used to inoculate 5 x 105 Sf9 cells (Gibco) and, at 10 d post infection (dpi),
clearly separated individual plaques containing individual clones were collected with a sterile Pas-
teur pipette and diluted in 300 pL Sf-900 II medium. Clones were then injected into the hemocoel of
A. gemmatalis fifth instar larvae that were individually placed in the wells of a cell culture plate with
semi-synthetic diet and incubated at 25 °C until death or pupation.

2.4. Viral DNA Restriction Endonuclease Analysis

For restriction endonuclease analysis, 2 pg viral DNA were digested with two units of HindIII
(Fast Digest, Thermofisher) for 2 h at 37 °C. DNA fragments were separated by electrophoresis in a
1% agarose gel immersed in TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA pH 8.0) running
at 18V for 15 h. DNA fragments were stained with GelRed (Biotium, Fremont, CA, USA) and photo-
graphed on a transilluminator (Gel Doc EZ Imager, Bio-Rad Inc., Hercules, CA, USA).

2.5. Biological activity

The three isolates employed, Ag30WT, AgABB15 and AgABB51, were used to inoculate groups
of 28 newly molted second instar larvae of A. gemmatalis at three different concentrations (10°, 10° and
107 OBs/mL) by the droplet feeding method [40]. Larvae that drank the OB suspensions within 10
min were individualized in wells of a cell culture plate with semi-synthetic diet. Control larvae drank
a solution that contained no OBs. These assays were performed in triplicate using different insect
batches. Mortality was recorded every 24 hours until all larvae were dead or had pupated.

The pathogenicity of AgABB51 OBs, expressed as the median lethal concentration (LCso), was
determined by the droplet feeding method [40]. Groups of 28 newly molted second instar larvae were
allowed to drink OB suspensions of one of the following concentrations, expected to cause between
10% and 90% mortality: 1.2 x 103, 3.7 x 103, 1.1 x 104, 3.3 x 10* and 1.0 x 105 OBs/mL. Control larvae
drank a solution that contained no OBs. Larvae that drank the OB suspensions within 10 min were
individualized in wells of a cell culture plate with semi-synthetic diet and mortality was recorded at
24-h intervals until all larvae had died or pupated. This assay was performed in triplicate with dif-
ferent insect batches. Concentration-mortality data were analyzed by Probit regression to estimate
LCso values using the software POLO Plus (Leora) [41].

Median time to death (MTD) was estimated in AgABB51-infected second instars that consumed
a suspension of 6.8 x 10* OBs/mL (estimated to result in ~90% mortality). Larvae that drank the inoc-
ulum within 10 min were individualized with semi-synthetic diet and mortality was recorded every
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8 h until all larvae had died or pupated. Control larvae consumed a solution without OBs. The study
was performed on three batches of insects. In order to estimate MTD values, a survival analysis was
performed using the ‘Survival’ package [42] in R (v4.2.2) [43]. The Akaike Information Criterion (AIC)
was calculated in order to identify the best fitting model.

OB production was determined in fifth instars inoculated with an LCs (108 OBs/mL) concentra-
tion of AgABB51 OBs by the droplet feeding method [40]. In each of the three biological replicates,
dead larvae were collected individually in a 1.5 mL microcentrifuge tube and OBs were purified in a
total volume of 1 mL with milli-Q water. OB suspensions from 26 larvae from each replicate were
titered in a Neubauer hemocytometer. Data were subjected to a Shapiro-Wilk normality test and anal-
ysis of variance (ANOVA) followed by post-hoc Tukey’s HSD test in R (v4.2.2) [43].

An inoculum concentration equal to the LCs0 of AgABB51 OBs (1.1 x 10* OBs/mL) was used to
evaluate the mortality response of A. gemmatalis second instar larvae to each of the genotypic variants
isolated in section 2.3. Larvae were inoculated by the droplet feeding method [40] and incubated
individually on semi-synthetic diet in the wells of a cell culture plate. Mortality was registered daily
until all individuals were dead or pupated. The bioassay was performed on three batches of insects
with appropriate controls. Percentage of mortality values were analyzed by Kruskal-Wallis test in R
(v4.2.2) [43].

2.6. Genotypic variant selection and biological characterization

The genotypic variants that induced higher mortality responses than the wild-type isolate
(AgABB51) were selected for further characterization in terms of LCso, MTD and OB production as
described in section 2.5., whereas MTD values were subjected to a log-rank test using the package
‘Survival’ [42] and a post hoc Bonferroni-corrected pairwise t-test. OB production data were subjected
to a Shapiro-Wilk normality test and one-way ANOVA followed by a post-hoc Tukey HSD test. All
analyses were performed using R (v4.2.2) [43].

3. Results

3.1. Identification of AQMINPYV isolates by restriction endonuclease analysis

Analysis of the genomic DNA of three different AgMNPV isolates (Ag30WT, AgABB15 and
AgABB51) revealed three slightly different REN profiles, as judged by the distinct restriction frag-
ment length polymorphisms (Figure 1). All the isolates appeared to generate restriction fragments in
submolar concentrations, indicating the presence of different genotypic variants within each isolate
(Figure 1).

doi:10.20944/preprints202306.1363.v1
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Figure 1. Restriction endonuclease profiles of the genomic DNA of three different AgMNPYV isolates
following treatment with HindIIl. m denotes the molecular marker. Fragment size in kilobases (Kb)
is shown on the left. Red arrowheads indicate restriction fragment length polymorphisms (RFLPs)
and asterisks on the left of each lane indicate the presence of submolar bands.

3.2. Mortality response to AGQMNPV isolates

Similar mortality values were observed at the lowest and highest viral concentrations used for
the three candidate isolates, but isolate AgABB51 resulted in higher larval mortality at 10° OBs/mL
(Table 1). Thus, we selected AgABB51 for further characterization.

Table 1. Percentage of mortality (+ SE) observed for each AGMNPV isolate in A. gemmatalis second
instars. Values in parentheses indicate the numbers of larvae tested at each inoculum concentration.

Virus 103 OBs/mL 105 OBs/mL 107 OBs/mL
Ag30WT 8+4(78) 58 + 8 (73) 98 + 2 (83)
AgABB15 11+5(78) 72+ 8 (81) 100 £ 0 (79)
AgABB51 10+ 6 (82) 87 +1(77) 100 £ 0 (74)

None of the control insects (n = 72-78 larvae per isolate) died of polyhedrosis disease

3.3. Biological and genotypic characterization of AQABB51

The pathogenicity of AgABB51 OBs, in terms of the LCso, was estimated at 1.1 x 10* OBs/mL. A
median time to death value of 138.6 hours post inoculum (hpi) was estimated through a survival
analysis using the log-normal model, which was identified as the best fitting model by comparison
of distribution-dependent AIC values. The mean OB yield was 1.23 x 10° OBsin A. gemmatalis fifth
instars (Table 2).
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Table 2. Estimated median lethal concentration (LCso) and median time to death (MTD) values for
AgABBb51 in A. gemmatalis second instars and OB production values for AgABB51 in A. gemmatalis

fifth instars.
Virus  LCso* (OBs/mL) 95% Confidence Limits MTD (h) 95% Confidence Limits OB Production 95% Confid
i ’ Low High Low High (OBs/larva) Low
AgABB51 1.1x10* 8.5 x 103 1.5 x 10* 138.6 134.3 143.0 1.23 x 10° 1.15 x 10°

*LCsoestimated by Probit regression with a slope (+ SE) 1.634 + 0.148 and intercept (+ SE) -6.612 + 0.612
(goodness-of-fit test x> =0.2198, d.f. = 3, p = 0.974, heterogeneity = 0.0733).

A total of 128 different clones were obtained from the plaque assay and were each amplified by
injection into A. gemmatalis fifth instar larvae. OBs from virus-killed larvae were collected and the
viral DNA digested with HindIlI to determine differences in their genomic profile. Eighteen different
genotypic variants were obtained and named A to R (Figure 2).

10 -
8-

G
———
;mb

| |

Figure 2. Restriction endonuclease profiles of the genomic DNA of the 18 different AgABB51 geno-
typic variants obtained with HindIIl. m denotes the molecular marker. Fragment size in kilobases
(Kb) is shown on the left. The presence (red arrowheads) or absence (green arrowheads) of character-
istic restriction fragments are indicated compared to genotype A, as this was the most similar profile
to that of the wild-type isolate (AgABB51).

The frequency of each variant was determined as the number of times each characteristic re-
striction profile was observed in the 128 clones (Figure 3).
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Figure 3. Frequency of AgABB51 genotypic variants A through R in terms of number of clones com-
prising a particular variant profile from the total of 128 clones analyzed.

3.4. Biological characterization of AGQABB51 genotypic variants

The mean percentage of mortality in larvae inoculated with each of the different genotypic var-
iants and the wild-type AgABB51 varied significantly (x? = 46.99, df = 18, p < 0.005). However, only
larvae inoculated with five genotypic variant OBs (D, E, I, L, M) showed higher mortalities than lar-
vae inoculated with AgABB51 OBs in the initial bioassays, at the concentration equal to the LCso of
AgABB51 (1.1 x 10¢ OBs/mL). All five of these variants were selected for further characterization (Ta-
ble 3). Of these, variants E and I caused the highest mean (+ SE) larval mortalities of 61.0 + 7.4% and
61.8 + 1.1%, respectively.
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Figure 4. Mean percentage of mortality caused by AgABB51 wild-type isolate and each of the geno-
typic variants A-R on A. gemmatalis second instars inoculated with 1.1 x 10* OBs/mL. Error bars indi-
cate the standard error.

The pathogenicity of AgABB51 and the five selected genotypic variants ranged from 1 x 104
OBs/mL (AgABB51) to 7.6 x 10° OBs/mL (variant I), there were no significant differences detected
among these values (Table 3).

Table 3. Lethal concentration estimates and relative potency values for AgABB51 and selected indi-
vidual genotypic variants in A. gemmatalis second instars.

] LCso Relative 95% Confidence Limits Relative 95% Confidence Limits
Variant - LCo (OBs/mL) - Slop
(OBs/mL) potency Low High potency Low High
AgABB51 1.0 x10* 1 - - 6.9 x 104 1 - - 1.54
D 8.8 x103 1.15 0.84 1.56 5.3 x 104 1.30 0.77 2.11 1.64
E 8.0 x 103 1.26 0.92 1.72 4.4 x 104 1.55 0.91 2.65 1.72
I 7.6 x 103 1.33 0.97 1.81 4.1 x 104 1.68 1.00 2.9 1.75
L 9.2x103 1.10 0.80 1.50 5.6 x 104 1.21 0.70 2.13 1.62
M 9.2 x 103 1.10 0.74 1.36 4.9 x 104 1.40 0.83 2.35 1.65

Data did not differ significantly as hypotheses for parallelism (x2=2.67, df =5, p > 0.05) and equality
(x2=7.83, df =10, p > 0.05) were not rejected. The relative potencies were calculated as the ratio of
effective concentrations relative to the wild-type AgABB51.

Survival analysis using the log-normal model revealed MTD values that varied between 155.0 h
(variant E) and 138.9 h (variant M), compared to 139.0 h for the reference AgABB51 isolate (log-rank
x2=16.3,d.f.=5, p<0.05). However, a post hoc Bonferroni analysis revealed that only the MTD values
of AgABB51 and variant M differed significantly compared to variant E, whereas the other variants
showed intermediate MTD values (Figure 4a).
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In terms of OB production, none of the selected genotypic variants was more productive than
the AgABB51 isolate and larvae infected by the variants D, E, I and L produced fewer OBs than those
infected by the AgABB51 isolate (Fs121 = 8.533; p < 0.001) (Figure 4b).
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Figure 5. (a) Median time to death (MTD) values for the AgABB51 isolate and selected genotypic
variants in A. gemmatalis second instars. Error bars indicate standard error and different lowercase
letters indicate significant differences between variants (Bonferroni-adjusted t-test; p < 0.05). (b) OB
production values obtained for AgABB51 and the selected genotypic variants in A. gemmatalis fifth
instars. Error bars indicate standard error and different lowercase letters indicate significant differ-
ences between variants (Tukey HSD test; p <0.05).

4. Discussion

Three field-collected AgMNPYV isolates were compared in terms of restriction endonuclease pro-
file characteristics and their respective insecticidal properties. AgABB51 was recognized as the most
genotypically diverse, as judged by the greater number of RFLPs and submolar fragments within its
restriction profile, suggesting the presence of more than one genotypic variant in the wild-type iso-
late. The A. gemmatalis mortality response induced by these isolates was tested at three different con-
centrations. Albeit similar mortality values were observed at the lowest and highest viral concentra-
tions, AgABB51 resulted in the highest mortality response (87%) at an intermediate inoculum con-
centration (Table 1). AgABB51 was therefore selected for further biological and genotypic character-
ization. The OB pathogenicity (LCso) and speed-of-kill (MTD) values of this isolate were 1.1 x 10*
OBs/mL and 138.6 hours in second instars, respectively, whereas OB production averaged 1.23 x 10°
OBs in each virus-killed fifth instar (Table 2). Although the AgMNPV-2D variant was not included
in our bioassays and comparisons of the results of different experimental events tend to be difficult,
the AgABB51 LCs0 and MTD values seemed lower than those of AgMNPV-2D, suggesting that
AgABB51 might possess traits that would favor its use as a biological insecticide [21,27,44,45].

A total of 128 clones were obtained by plaque purification of the AgABB51 isolate. From these,
18 different genotypic variants (AgABB51-A to R) were identified based on their HindIII restriction
profiles (Figure 2). A similar heterogeneity has been reported in the population structure of other
alphabaculoviruses [20,46,47], including other AgMNPYV isolates [16,21,29,48].

Minor variation in the genome sequence can have a direct impact on the insecticidal phenotype
of genotypic variants [37,49,50]. In line with this idea, 13 of the AgABB51 variants caused a mortality
similar to or lower than that of AgABB51-wt, whereas five variants (D, E, I, L and M) caused mortality
slightly higher (56.8 - 61.8%) than the wild-type isolate.
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There was no clear correlation between the frequency of the variant in the isolate (Figure 3) and
virus-induced mortality (Figure 4), as previously observed by other authors [20,21,50,51]. One reason
may be that variants that are amenable to cell culture conditions are not necessarily the most patho-
genic or transmissible variants in nature [22,51-53]. The alternative in vivo cloning method was orig-
inally developed to purify variants from alphabaculovirus isolates [54,55], but is a highly labor-in-
tensive method that has largely been abandoned in favor of plaque purification [20].

The five selected variants from AgABB51 were not significantly more pathogenic than the
AgABB51-wt (Table 3). None of these variants displayed a faster speed-of-kill or higher OB produc-
tion than AgABB51-wt (Figure 4). Indeed, for most of these variants slower speed of kill was associ-
ated with lower OB production per larva, which deviates from the finding that speed of kill is often
correlated with higher OB production, presumably because the virus has more time to replicate and
the insect can continue to grow during the infection period [56-58]. It appears therefore, that the
AgABB51 isolate is genotypically structured so that the speed-of-kill favors rapid insect-to-insect
transmission in combination with high OB production which also increases the probability of trans-
mission. These emergent traits likely arise from interactions among the component genotypes, a phe-
nomenon also observed in experiments involving the production of variant mixtures in other al-
phabaculoviruses [59].

On a more general note, the study of the highly diverse AgABB51 population also highlights the
importance of collective infectious units in virus transmission [13,60,61]. The polyploid nature of vi-
ruses that disperse in groups, such as alphabaculoviruses, has important consequences for viral evo-
lution, as it increases the probability of coinfection and recombination and complementation among
coinfecting variants. Cells infected with multiple virus genomes will favor interactions between vi-
ruses, that may result in changes in viral pathogenesis, the diversity of the virus progeny and the
evolution of host resistance [61].
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