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Abstract

Baculoviruses are an environmentally friendly and effective agent for managing lepidopteran
pests. This includes the management of Thaumatotibia leucotreta (Meyrick) (Lepidoptera:
Tortricidae), a serious pest of citrus in Southern Africa and a major threat to the South African
citrus export industry. For more than 15 years, CrleGV-SA- based biopesticides have been used
as part of an integrated pest management strategy for the control of T. leucotreta in citrus
orchards in South Africa, under the names Cryptogran™ and Cryptex®. While these
biopesticides have been effective during this period, there are some areas in which baculovirus
use could potentially be improved. Baculoviruses are notoriously slow to kill in comparison to
chemical-based pesticides, and lately, pest resistance to baculoviruses has become a major
concern with the development of resistance by Cydia pomonella (Linnaeus) (Lepidoptera:
Tortricidae) to its granulovirus occurring in the field in Europe. The consistent use of CrleGV-
SA for more than 15 years in the field has raised concern that T. leucotreta could develop
resistance to this virus, and has made it necessary to alter baculovirus-based management
strategies to prevent this from occurring. A second baculovirus, Cryptophlebia peltastica
nucleopolyhedrovirus (CrpeNPV), has recently been isolated and was shown to be effective
against T. leucotreta. However, the interactions between CrleGV-SA and CrpeNPV are not yet
understood and so it is important to test these interactions before both viruses are applied on
the same orchards. Not only is it important to know whether these viruses could negatively
impact each other, but it is also important to test whether they could interact synergistically. A
synergistic interaction could not only provide a potential tool for the management of resistance,

but it could also be exploited to improve baculovirus-based management of T. leucotreta.

In this study, a stock of CrleGV-SA was purified by glycerol gradient centrifugation from T.
leucotreta cadavers, while a stock of CrpeNPV purified from Cryptophlebia peltastica
(Meyrick) (Lepidoptera: Tortricidae) cadavers was provided by River Bioscience (Pty) Ltd.
These stocks were screened for purity by a multiplex polymerase chain reaction (mPCR)
protocol designed to detect CrleGV-SA and CrpeNPV. The occlusion body (OB) density was
then calculated using darkfield microscopy and a counting chamber. Both stocks were shown
to be pure within the limits of the mPCR protocol, and the CrleGV-SA and CrpeNPV stocks
were calculated to contain 3.08 x 10'! OBs/mL and 1.92 x 10'! OBs/mL respectively

The first aspect of the interaction between CrleGV-SA and CrpeNPV that was investigated was

the dose mortality, in terms of lethal concentration. This was calculated using 7-day surface-
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dose biological assays for each virus and a 1:1 mixture of OBs of the two against T. leucotreta
neonates. The lethal concentrations of each treatment required to kill 50 % of larvae (LCso) and
90 % of larvae (LCoq) for each treatment were then calculated and compared using a probit
regression. The mixed infection performed significantly better than either virus by itself, while
each virus by itself did not differ significantly from the other. The LCso for CrleGV-SA,
CrpeNPV and the mixed infection were 1.53 x 10* OBs/mL, 1.15 x 10* OBs/mL and 4.38 x
10° OBs/mL respectively. The LCo of CrleGV-SA, CrpeNPV and the mixed infection were
calculated to be 4.10 x 10° OBs/mL, 1.05 x 10° OBs/mL, and 4.09 x 10* OBs/mL respectively.

The second aspect of the interaction between CrleGV-SA and CrpeNPV that was investigated
was the speed of kill. A time-response biological assay protocol was created that allowed for
effective observation of the larvae. This was then used to generate time-mortality data that were
analysed by a logit regression function to calculate and compare the treatments at the time of
50 % larval mortality (LTso) and the time of 90 % mortality (LToo). Each virus by itself did not
differ significantly from the other, while the mixed infection took significantly longer to kill
50 % and 90 % of the larvae, suggesting that there is competition for resources between viruses
during the secondary, systemic phase of infection. The LTso for CrleGV-SA, CrpeNPV and the
mixed infection were 117.5 hours, 113.5 hours and 139.0 hours respectively. The LTgo for
CrleGV-SA, CrpeNPV and the mixed infection were 153.2 hours, 159.3, and 193.4 hours

respectively.

Finally, the composition of OBs recovered from the cadavers produced by the time-response
biological assays were investigated by mPCR. A method for extracting gDNA from OBs in
neonate-sized T. leucotreta larvae is described. The presence of CrpeNPV along with CrleGV-
SA was noted in 4 out of 9 larvae inoculated with only CrleGV-SA. The presence of CrleGV-
SA as well as CrpeNPV was noted in all but one larva inoculated with only CrpeNPV, and both
CrleGV-SA and CrpeNPV were noted in all but one larva inoculated with a 1:1 mixture of the
two, with one larva only being positive for CrleGV-SA. This suggests either stock
contamination or the presence of covert infections of CrleGV-SA and CrpeNPV in the T.

leucotreta population used in this study.

This is the second study to report an improved lethal concentration of a mixed infection of
CrleGV-SA and CrpeNPV against T. leucotreta neonates, and the first study to report the
slower speed of kill of a mixed infection of CrleGV-SA and CrpeNPV against T. leucotreta

neonates. While the improved lethal concentration of the mixed infection is a promising step
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in the future improvement of baculovirus-based biopesticides, it is at the cost of a slower speed

of kill.
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Chapter 1: Literature Review

Chapter 1

Literature review

1.1 The citrus industry in South Africa

1.1.1 The value of the citrus industry

South Africa is the second biggest exporter of citrus after Spain, exporting almost 1.02 billion
cartons of citrus in the 2019 season, translating to over 2 million tons, with the majority of that
going to Europe (Citrus Growers Association, 2020). The value of the industry for the
2017/2018 growing season was over R19 billion (US$1.19 billion), or 25 % of the production
value of the entire South Aftrican horticulture industry (Department of Agriculture, Forestry
and Fisheries, 2018a). The industry requires a large work force to function, with fruit being
picked and packed by hand and because of this it has been estimated that around a million
South African households rely on the citrus industry to some degree (Department of
Agriculture, Forestry and Fisheries, 2018a). The South African citrus industry has been built
on exports and continues to rely on exports, with almost 80 % of all citrus produced in South
Africa being exported. Oranges form the bulk of citrus production and exports in the industry
at 70 million cartons exported, followed by lemons at 19 million cartons in the 2016/2017
growing season cartons (Department of Agriculture, Forestry and Fisheries, 2018b). Not only
does the industry rely on the size of the international market to sell the citrus produced in South
Africa, but the exported citrus typically fetches more than twice the price per ton than it does
locally. Europe was the biggest importer of all citrus types except for soft citrus (United
Kingdom) and lemons (Middle East) (Department of Agriculture, Forestry and Fisheries,
2018a), and it is therefore vital to identify and mitigate threats to the export industry.

1.1.2 Threats to the citrus industry

Two of the greatest threats to the industry, both in terms of production and ability to export
fruit, are pathogens and pests, and they both affect the industry in similar ways. Firstly, damage
caused to trees or fruit by pests or pathogens reduces total production of the industry, secondly,
they are expensive to control and thirdly, they can threaten the export market (Moore et al.,
2017). One of the most economically damaging citrus pests in South Africa is Thaumatotibia
leucotreta (Meyrick) (Lepidoptera: Tortricidae). It is a pest that causes severe internal damage

to fruit, leaving very little visible external damage (Daiber, 1979b; Daiber, 1979c). It has been
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recorded in Israel where it has established, although this is the only known case of the species
establishing outside of its natural range (Wysoki, 1986). There have been interceptions in
California and Europe, but it has never established in either area (Moore, 2002). A shipment
of fruit that are infested with T. leucotreta to areas outside of its natural range could result in
its unintentional introduction into new areas, potentially threatening the agricultural industries
in those areas (Moore, 2021). If fruit entering Europe are found to be infested with T.
leucotreta, citrus exports to Europe may be halted entirely, incurring economic costs on the
South African citrus industry (Malan et al., 2018; Moore, 2021). While lemons have been
shown not to be hosts of T. leucotreta, oranges are highly susceptible to infestation by this pest
(Moore et al., 2015a). Phytosanitary regulations put in place by certain countries prohibit the
import of infested fruit, since this could result in the introduction of T. leucotreta to areas
outside of its natural range and threaten the agricultural industries in those areas (Newton,
1990; Hofmeyr et al., 2015; Hattingh et al., 2020). It is therefore critical that this pest is

correctly managed.
1.2 The pest: Thaumatotibia leucotreta

Thaumatotibia leucotreta is a polyphagous pest endemic to Africa and some surrounding
islands, specifically, Angola, Burkina Faso, Burundi, Cameroon, Cape Verde Islands, Congo,
Eritrea, Ethiopia, Gambia, Ghana, Ivory Coast, Kenya, Madagascar, Malawi, Mali, Mauritius,
Mozambique, Niger, Nigeria, Reunion Island Rwanda, Senegal, Sierra Leone, Somalia, South
Africa, St Helena, Sudan, Swaziland, Tanzania, Togo, Uganda, Zambia and Zimbabwe (Figure
1.1). While it attacks multiple crops, it is of the greatest concern to the citrus industry in South

Africa, where it threatens the survival of the export industry.
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Figure 1.1. The known distribution of Thaumatotibia leucotreta. Red shading denotes the

known native range, green shading denotes established populations outside of the native range

(Moore, 2002; Wysoki, 1986).

The eggs (Figure 1.2A) are laid on the surface of fruit. While still new, they are cream coloured,
changing to red as they mature and finally black just before they hatch (Daiber, 1979a). The
theoretical developmental threshold for the eggs is 11.9 °C, but hatching has been observed
down to 10.9 °C (Daiber, 1979a). Once hatched, the larvae (Figure 1.2B) penetrate the fruit,
feed, and develop inside the fruit, until the 5™ instar, when they leave the fruit and pupate in
the soil. The feeding of the larvae causes severe internal damage to the fruit and results in them
to falling to the ground. This phenomenon is known as premature fruit drop (Daiber, 1979b;
Daiber, 1979c¢). Once in the soil, the larva spins a cocoon of silk and debris before pupating.
The pupae (Figure 1.2C) are dark brown and covered in a chitinous layer with the sex of the

pupae easily determined by examination for the presence of two small knobs on the rear, ventral
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side of the abdomen, or by counting abdominal segments (Figure 1.3). Adults (Figure 1.2D)
eclose after 4-33 days, depending on the season (Daiber, 1979c). The adult life span ranges
from 13.7 days to 48.0 days depending on temperature and sex, while egg laying ranges from
5 eggs to 799 eggs influenced by temperature (Daiber, 1980). Fruits that ripen prematurely or
have been damaged appear to be more attractive to T. leucotreta if the number of eggs laid per
fruit is used as a measure of attractiveness (Newton, 1989). Although the activity of T.
leucotreta in citrus orchards is highest in the summer months (December to February), they are
present and active throughout the year (Begemann and Schoeman, 1999). The combination of
its ability to severely impact citrus production and its recorded natural range not extending

beyond sub-Saharan Africa make it one of the most important pests to manage effectively.

Figure 1.2. The stages of development of T. leucotreta (Daiber, 1979a; 1979b; 1979¢, 1980).
A: eggs, B: larva, C: pupa and D: adult. Not all the larval instars are included
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Figure 1.3. Male and female T. leucotreta pupae showing the features that distinguish between
females (A) with 4 abdominal segments, lacking two knobs on the ventral side of the final
segment, and males (B) with 5 abdominal segments with two knobs on the ventral side of the

final segment. Arrows show the knobs present in male T. leucotreta pupae (Daiber, 1979¢)

Europe and the United Kingdom are the biggest importers of highly susceptible citrus varieties
(Department of Agriculture, Forestry and Fisheries, 2018b; Moore et al., 2015a). From the 1
of January 2018, the European Union added T. leucotreta to the European and Mediterranean
Plant Protection Organisation (EPPO) A2 list, requiring that interception of T. leucotreta in
imported goods be notifiable and that all imported goods require an extended cold-treatment
period (EPPO, 2019). This has put more pressure on the South African citrus industry to

manage T. leucotreta in citrus orchards very stringently.
1.3 Management of Thaumatotibia leucotreta

1.3.1 Introduction to integrated pest management of T. leucotreta

Thaumatotibia leucotreta is currently controlled using an integrated pest management (IPM)
programme (Moore, 2021). This system includes the use of chemical pesticides, pheromone

traps, mating disruption sterile insect technique, orchard sanitation, post-harvest sanitation and



Chapter 1: Literature Review

biological control, which includes entomopathogenic fungi, baculoviruses and parasitoids
(Knox et al., 2015; Hofmeyr et al., 2016; Hatting et al., 2019; Malan et al., 2018; Moore, 2021).
There is still a major focus on chemical control because the effects of chemical pesticides are
detectable soon after application, making them an attractive choice for control of T. leucotreta.
However, there is growing concern surrounding the side effects of chemical pesticide use,
including health risks, ecological damage, and the development of resistance by insect pests
(Georghiou, 1983; Yadav, 2010; Nicolopoulou-Stamati et al., 2016). Consequently, biological
control is an attractive option to reduce the use of chemical pesticides while maintaining
adequate management of pests. Baculoviruses are an important component within the suite of

biological control options for the management of T. leucotreta.
1.3.2 Baculovirus taxonomy and structure

Baculoviruses are a group of dsDNA viruses forming the family Baculoviridae. Structurally,
they consist of one or more nucleocapsids embedded in a matrix of either polyhedrin or
granulin, forming an occlusion body (OB) (Figure 1.4). Until 2006, they were classified into
two genera, nucleopolyhedroviruses (NPVs) and granuloviruses (GVs), with
nucleopolyhedroviruses being further divided into those with single nucleocapsids (SNPVs)
and those with multiple nucleocapsids (MNPVs), albeit not a taxonomic sub-grouping (Jehle
et al.,, 2006). They have since been reclassified into four genera, based on phylogenetic
analysis. The family is now split into Alphabaculovirus, Betabaculovirus, Deltabaculovirus
and Gammabaculovirus. Alphabaculoviruses are NPVs that infect Lepidoptera,
betabaculoviruses are GVs that infect Lepidoptera, gammabaculoviruses are NPVs that infect
Hymenoptera, and deltabaculoviruses are NPVs that infect Diptera. NPVs are larger than GVs
with an OB diameter of 0.4-3 um compared to the 0.3-0.5 pm diameter of granuloviruses (Jehle

et al., 2000).
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Figure 1.4. The diversity of baculovirus structure (adapted from Jukes, 2018)

1.3.3 Typical baculovirus life cycle

A diagram of the typical life cycle of baculoviruses is shown in Figure 1.5. Occlusion bodies
are ingested by the larva and remain intact until they reach the alkaline environment of the
midgut where the protein matrix dissolves, releasing the nucleocapsids. These then pass
through the peritrophic membrane, often with the help of proteins embedded in the capsid
membrane that disrupt the peritrophic membrane, creating pores large enough to allow the
virions through (Hunter-Fujita et al., 1998; Rohrmann, 2019). The virions enter the midgut
epithelial cells and migrate to the nucleus where they are replicated. They either leave the cells
as OBs or get coated in the plasma membrane of the infected cell when they leave as budded
viruses (BVs). Budded viruses can then infect most other cells of the larva, causing a secondary
systemic infection. Both BVs and OBs are produced in both infection stages. The secondary
infection causes the larva to liquify internally and eventually rupture, contaminating the
immediate area with OBs which can then be consumed by other larvae, leading to horizontal

transmission (Hunter-Fujita et al., 1998). The presence of the occluding protein makes the
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viruses resistant to weathering and causes the viruses to target only feeding larvae, making

baculoviruses an attractive option for biological control of lepidopteran pests.

Figure 1.5. Typical baculovirus life cycle in a lepidopteran larva (adapted from Jukes, 2018).

1.3.3 History of baculoviruses

Baculovirus infection was first noted in Bombyx mori (Linnaeus) (Lepidoptera: Bombycidae)
where the infection interfered with the production of silk, although the baculoviruses causing
the disease were only described in the early 1800s (Nysten, 1808; Harrison and Hoover 2012).
Use of baculoviruses as biopesticides only started in the 1970s (Starnes et al., 1993), with the
first, Helicoverpa armigera nucleopolyhedrovirus (HearNPV) being registered for use by the
American Environmental Protection Agency (EPA) in 1975 (Starnes et al., 1993). Since then,
more than 600 baculoviruses have been characterised (Jehle et al., 2006) and many of the most
economically important lepidopteran pests are managed in part using baculoviruses. Some of
the most important pests that are managed with baculoviruses are Cydia pomonella (Linnaeus)
(Lepidoptera: Tortricidae), a major pest of apples and pears, which is managed using Cydia
pomonella granulovirus (CpGV) worldwide. Recent field resistance to the commercial strain
of the virus has led to the discovery of new isolates, including one from South Africa
(Motsoeneng et al., 2019). Baculoviruses also form part of the control programme of two
species of Helicoverpa (Hardwick) (Lepidoptera: Noctuidae). Helicoverpa armigera (Hiibner)

is a polyphagous pest that feeds on many cultivated crops, including potatoes, legumes, fruits,
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tobacco, and cotton (Haase et al., 2015). The NPV to which it is a host, Helicoverpa armigera
nucleopolyhedrovirus (HearNPV) forms part of its control programme. There is a
commercially produced biopesticide based on HearNPV that is produced in South Africa by
River Bioscience (Pty) Ltd, called Helicovir " (Knox et al., 2015). Helicoverpa zea (Boddie)
has a similar host range to H. armigera and is managed, in part, with HearNPV (Forschler et
al., 1992). The Plutella xylostella granulovirus (PIxyGV) is also used in the control programme
of another major pest, Plutella xylostella (Linnaeus) (Lepidoptera Plutellidae), one of the main
pests of cruciferous vegetables (Subramanian et al., 2010). In South Africa, this list of major
pests controlled with baculoviruses can be expanded to include T. leucotreta, which has had
the Cryptophlebia leucotreta granulovirus (CrleGV-SA) as part of its control programme for
more than 15 years (Moore et al., 2015b; Malan et al., 2018).

1.3.5 Baculovirus-based management of T. leucotreta
1.3.5.1 Introduction to baculovirus -based control

Baculovirus-based management strategies for T. leucotreta in South Africa are still in their
infancy, despite 15 years of use. Only one baculovirus is currently registered for use against T.
leucotreta on citrus, although a second, slightly more virulent baculovirus will be registered
soon (Marsberg et al., 2017; Jukes and Van der Merwe, 2020; Moore, 2021). Baculovirus-
based management of lepidopteran pests on citrus in South Africa is likely to become more

common, more effective, and more diverse in the future.
1.3.5.2 Advantages of baculovirus control

Baculoviruses stand to partially replace chemical-based management of T. leucotreta, and
baculoviruses have some advantages over chemical pesticides. Their narrow host range ensures
species-specific pest management, having no negative impact on other insect life including
beneficial parasitoids (Moore et al., 2015b; Moore, 2021). This allows an indirect secondary
advantage of allowing a healthy population of parasitoids and predators to accumulate,
providing further, long-term management of T. leucotreta, as well as other pests (Moore, 2021).
Baculoviruses can also co-evolve with their host, resulting in a smaller chance of resistance
developing than with chemical pesticides. Their genetic diversity and ability to evolve also
provides the opportunity to have multiple isolates, some of which may overcome resistance,
should resistance to a certain isolate develop (Opoku-Debrah et al., 2016). Finally, there is the
advantage of public perception. Export markets are largely driven by public perception, and

public perception of chemical pesticides is becoming increasingly negative, especially in
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Europe and the United Kingdom (Calliera et al., 2019; Matyjaszczyk et al., 2019; Moore,
2021). The European public is prepared to pay more for environmentally friendly produce that
has no perceived health-risk associated with it (Cagalj et al., 2016). Baculovirus-based pest

management can allow farmers to satisfy both criteria.
1.3.5.3 Cryptophlebia leucotreta granulovirus

Cryptophlebia leucotreta GV was first discovered in 1965 in a laboratory colony of T.
(=Cryptophlebia) leucotreta in Cote d’Ivoire, and it was recorded that it could severely damage
the colony (Angelini et al. 1965). It was later isolated from larvae of T. leucotreta on the Cape
Verde islands and described by restriction profiles (Smith and Crooke, 1988; Jehle et al., 1992).
Although the virus was potentially of great value to the South African citrus industry, the South
African isolate was not extensively studied until the early 2000s and it was not available as a
biopesticide until 2004 (Moore, 2002, Moore et al., 2015b). Restriction profiles showed the
Cote d’Ivoire, Cape Verde and South African viruses to be distinct isolates (Jehle et al., 1992).

Two of the isolates have had their full genomes sequenced, the Cape Verde isolate CrleGV-
CV3 (Lange and Jehle, 2003) and the South African isolate CrleGV-SA (van der Merwe et al.,
2017). The South African isolate has been used in the field for more than 15 years and has
remained stable over this period, with few, generally stable single nucleotide polymorphisms
(SNPs) occurring between 2000 and 2015 (van der Merwe et al., 2017). Recent experience with
the field development of resistance of C. pomonella to CpGV led to concerns about a similar
situation with T. leucotreta and CrleGV-SA, resulting in a search for different CrleGV isolates.
This culminated in the discovery of five distinct isolates within CrleGV-SA that can be
taxonomically classified into two main groups, distinguishable by their restriction profiles and

egt and granulin gene sequences (Opoku-Debrah et al., 2013).

The first commercial biopesticide containing CrleGV-SA, Cryptogran™ (River BioScience
(Pty) Ltd.), was registered in 2004 and the second product, Cryptex® (Andermatt Biocontrol
AG, Switzerland), was registered three years later (Moore et al., 2015b). Both products have
been shown to be effective in field trials, being similarly effective to chemical control methods,
sometimes exceeding the extent of control provided by chemical pesticides, particularly
triflumuron (Moore et al., 2015b; Moore, 2021). This may be because of resistance to
triflumuron (Hofmeyr and Pringle, 1998). At least two applications of CrleGV per season are

recommended for maximum control as part of an IPM strategy (Moore et al., 2015b).
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1.3.5.4 Cryptophlebia peltastica nucleopolyhedrovirus

Cryptophlebia peltastica nucleopolyhedrovirus (CrpeNPV) is a new single nucleocapsid
alphabaculovirus described in 2016 that has been confirmed to infect at least three species:
Cryptophlebia peltastica (Meyrick) (Lepidoptera: Tortricidae), C. pomonella, and T.
leucotreta. It was isolated from infected larvae of C. peltastica while prospecting for a
biocontrol agent for the same species and was shown to be more virulent against T. leucotreta
than CrleGV-SA (Marsberg, 2016; Marsberg et al., 2017). Initial field trials have shown
promise with CrpeNPV, reducing infestation of T. leucotreta by up to 96 % with some viral
activity being recorded up to 12 weeks after application, a long period of persistence, making
it a promising potential tool for the future management of T. leucotreta (Marsberg et al., 2017).
It is in the process of being formulated as a commercial product for use against T. leucotreta

(Marsberg et al., 2017; Hatting et al., 2019; Marsberg et al., 2018; Moore, 2021).
1.4 Challenges associated with baculovirus use

1.4.1 Susceptibility to ultraviolet radiation

Nucleic acids are susceptible to ultraviolet radiation, which causes the formation of thymine
dimers (Durbeej and Eriksson, 2002), and thus, baculoviruses are susceptible to deactivation
by ultraviolet light with more than 80% of their efficacy after 24 hours of sunlight lost due to
genome-damage. An example of this was seen in HearNPV OBs, with a half-life as low as 5.8
hours in direct sunlight (Mcleod et al., 1977; Ignoffo et al., 1989), while a reduction in efficacy
by exposure to UV light has also been noted in Spodoptera frugiperda nucleopolyhedrovirus
(SIMNPV) (Behle and Popham, 2012). This severely limits their persistence in the field and is
one of the greatest barriers to overcome for baculoviruses to form the basis of an effective
biopesticide. By contrast, triflumuron maintains over 80 % of its efficacy after 75 days of
weathering in the field, making it more persistent than baculovirus-based pesticides (Hofmeyr,
1984). The susceptibility of baculoviruses to ultraviolet (UV) radiation must be overcome if

they are to compete with chemical pesticides.
1.4.2 Pest resistance to baculoviruses

Integrated pest management strategies that include biological control options are considered
less susceptible to the development of resistance by their hosts because they co-evolve with
their host (Eberle and Jehle, 2006; Dercole et al., 2010). While the theory works in some cases

(Dercole et al., 2010), there are records of pests becoming resistant to biological control agents
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(specifically microbial agents) through selection in laboratory experiments (Boots and Begon,
1993; Abot et al., 1996; Milks and Myers, 2000; Nakai et al., 2017); and, more importantly, in
the field where certain biological control options are frequently used (Eberle and Jehle, 2006;
Asser-Kaiser et al., 2007).

There had never been a case of resistance to a baculovirus developing in the field until the
discovery of resistant C. pomonella populations in 2003-2004 in organic orchards in France
and Germany (Fritsch et al., 2005, 2006; Sauphanor et al., 2006; Eberle and Jehle, 2006). The
resistant moths were found in orchards where CpGV had been used regularly to control moths,
where farmers had noticed that the virus was no longer providing adequate control (Eberle and
Jehle, 2006). Further testing showed that the moths were resistant only to the Mexican isolate
of the virus (CpGV-M), used in all commercial products up to that point and that resistance to
this isolate was stable even without the selection pressure (Eberle et al., 2009; Berling et al.,
2009). More recently, two new types of resistance appeared in some orchards toward
resistance-breaking isolates (Jehle et al., 2017; Sauer et al., 2017). Additionally, the claim that
type I resistance was stable without selection pressure has been brought into question by a

recent laboratory-based study (Fan et al., 2019).
1.4.3 Speed of kill

While baculoviruses can be effective in the field, one of their weaknesses is the speed of kill.
Speed of kill is the time between ingestion of a sufficient number of OBs to cause infection
and death of the larva. Lethal time (LT) is the measurement of time required for a given
percentage of a host population to succumb to the virus following inoculation. The accepted
convention for pest control being the LToo value, or the average time taken for a high dose of a
control agent to kill 90 % of the target organism. The LToo of baculoviruses, including both
CrleGV-SA and CrpeNPV, typically exceeds three days after OB ingestion, giving the larvae
three days to burrow into the fruit, cause internal damage and provide a pathway for pathogens
into the fruit (Venette et al., 2003). This is not typically a problem with citrus, as it takes about
4 days for neonate larvae to penetrate the rind, and by this time the virus has taken hold and
caused them to exit the fruit before they have caused permanent damage (Moore et al., 2011;
Moore et al., 2015b). However, the slow speed of kill remains a problem for crops with thinner
skins, such as avocados and grapes. This means that often the greatest effect of the virus is to
prevent the pests from reaching sexual maturity, thereby reducing the population size of the

future generations, but the cost is a potential loss of saleable crops in the short term (Moore
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and Jukes, 2019). A secondary effect of the loss of a crop in the short term is that a perception
that the viruses are ineffective can be cultivated, making farmers unwilling to use baculoviruses
(Moore and Jukes, 2019). Increasing the speed of kill does not appear to affect the quantity of
OBs produced per cadaver (Lei et al., 2019), but this may be dependent on the method used to
improve speed of kill of a virus. Increasing the speed of kill of baculoviruses to further limit
fruit damage by the generation of pests on which the virus is applied will make baculovirus-
based pesticides a more effective and attractive choice for the management of lepidopteran

pests.
1.5 Overcoming challenges of baculovirus-based pest management

1.5.1 Bioprospecting

Searching for new viruses or new isolates of known viruses can lead to the discovery of viruses
with greater virulence. Genetic drift allows for multiple isolates of a single baculovirus species
with differing phenotypes to develop, and isolates can be selected according to the desired
phenotype. There can often be variation in the viral load, speed of kill, and virulence of the
different isolates (Hodgson et al., 2001). New, more virulent isolates can be used to improve
the efficacy of baculovirus-based biopesticides, or overcome problems like resistance (Berling
et al., 2008). The value of having multiple isolates of a virus was realised when C. pomonella
became resistant to the commercially available Mexican isolate of CpGV. This triggered a
search for resistance-breaking isolates of CpGV that could be used as alternatives to CpGV-
M, and resulted in the discovery of multiple isolates that were resistance-breaking. The most
effective of these isolates, CpGV-I12, an isolate from Iran, was formulated into a new
commercially available product called Madex 112 (Andermatt Biocontrol AG). A second
product was also produced called Madex Plus (Andermatt biocontrol AG), using a different,

unreported isolate (Zingg, 2008).

Another example of variation in virulence among different isolates of the same virus can be
found with Chrysodeixis includens nucleopolyhedrovirus (ChinNPV). In a study done by
Aguirre et al. (2019), 23 genetic isolates of ChinNPV were identified and their biological
activity was compared in terms of virulence, speed of kill (specifically LTso), and viral load
per larva. While the different isolates did not vary significantly in their speed of kill, they did
vary in their virulence and viral loads, potentially improving future biopesticides based on

ChinNPV.
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In recent years, the search for novel virus isolates that infect T. leucotreta has led to the
discovery of CrpeNPV which is more virulent against T. leucotreta than CrleGV-SA, as well
as the discovery of five new isolates of CrleGV-SA (Opoku-Debrah et al., 2016, Marsberg et
al., 2017). Isolation and characterisation of these isolates has broadened the tool kit for the
management of T. leucotreta, providing isolates that may be used in the future to overcome
resistance to baculoviruses, improve the speed of kill of baculovirus-based pesticides or

improve their tolerance to ultraviolet radiation of baculovirus-based pesticides.
1.5.2 Selection for UV resistance

UV resistance can be overcome in three ways: the addition of UV-blocking compounds to the
formulation (Killick, 1990; Dougherty et al., 1996; Zhu et al., 2013), the inclusion of a gene
that encodes an enzyme to recognise and fix the pyrimidine dimers created by UV radiation
into the baculovirus genome (Petrik et al., 2003) or the inclusion of a gene that makes the OB
protein matrix more resistant to UV radiation (Li et al., 2015), and finally by artificial selection
of a UV-resistant isolate of the baculovirus. The first two solutions have major drawbacks. The
addition of UV-blocking compounds into the formulation makes the production of baculovirus-
based pesticides more expensive, and the compounds must first be shown not to inactivate, or
otherwise negatively impact the viruses. Genetic modification of the viruses to create a UV-
resistant isolate is an elegant solution. However, there is severe mistrust of genetically modified
organisms (GMOs) by the public (Malyska et al., 2016). Since public opinion drives the
market, the use of GMOs on a crop would potentially negatively affect the marketability of the
crop. Artificial selection for a UV-resistant trait in the virus could have the same result as
genetic modification, but without the stigma. Initial experiments to select for UV-resistance in
CrleGV-SA have had promising results, but the stability of the trait is not yet known (Mwanza,
2019).

1.5.3 Increasing virulence by passage of a virus through a heterologous host

Although most baculoviruses, especially granuloviruses, are limited to a single host, there are
cases where a baculovirus can infect more than one species. When this occurs, the heterologous
hosts are invariably very closely related, and virulence is reduced in the heterologous hosts
when compared to the homologous host (Thiem and Cheng, 2009; Graillot et al., 2017; Moore
and Jukes, 2019). In these cases, it has been shown that passaging the virus through a
heterologous host can improve the virulence of that virus in the heterologous host, and this

could potentially lead to the improvement of existing baculovirus-based biopesticides (Graillot
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etal., 2017). The idea is that, while a virus may infect a heterologous host, it is not fully adapted
to that host. Passaging through the heterologous host selects for traits that allow it to infect
heterologous host more easily. This is the case with CpGV and Grapholita molesta (Busck)
(Lepidoptera: Tortricidae), a heterologous host of CpGV. A mixture of CpGV isolates was
passaged through G. molesta larvae and the LCoo improved 450-fold after just 12 generations
(Graillot et al., 2017). There is the potential to do a similar selection trial with CrpeNPV and
T. leucotreta, since T. leucotreta is presumed to be the heterologous host of CrpeNPV.

1.5.4 Genetic modification

Genetic modification can be used to improve the speed of kill of baculoviruses by either the
deletion or inactivation of genes that reduce the speed of kill, or by the addition of genes from
other organisms that can increase the virulence of the virus. The egt gene encodes ecdysteroid
UDP-glucosyltransferase, which prevents the insect from moulting. This allows the viral load
to increase but reduces the speed of kill (O’Reilly and Miller, 1991). Fast-killing isolates of
baculoviruses without the egt gene or with an inactivated egt gene produced between six and
thirteen times fewer OBs per larva than isolates with a functioning egt gene, so while the
increased speed of kill makes the virus a more efficient pesticide, it could potentially limit its

natural spread in the field after application (Simon et al., 2012; Moore and Jukes, 2019).

Alternatively, genes can be added to the genome of the virus to make them more virulent. A
study by Burden et al. (2000) showed that the speed of kill of Autographa californica multiple
nucleopolyhedrovirus (AcMNPV) could be increased without negatively impacting the
virulence against Trichoplusia ni (Hiibner) (Lepidoptera: Noctuidae) by including a gene
derived from the genome of the mite Pyemotes tritici (LaGréze-Fossat and Montagné)
(Trombidiformes: Pyemotidae) that produced a paralytic toxin when expressed. While the
toxin increased the speed of kill, it had the additional advantage of reducing the feeding of the
larvae. In another example, a gene derived from the scorpion Androctonus australis (Linnaeus)
(Scorpiones: Buthidae) that expressed an insect-specific neurotoxin was added to the genome
of AcMNPV, significantly increasing the speed of kill. It should be noted that, although the
venom produced by the scorpion is often fatal to humans, the component of its venom which
was expressed in the recombinant baculoviruses was not harmful to mice, and so was probably
not harmful to humans (Stewart et al., 1991). Additionally, both speed of kill and virulence can
be increased by the expression of dsRNA that interferes with hormone-mediated gene

expression. In a study done by Liu et al. (2019), HearNPV was modified to produce fragments
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of dsRNA that interfered with genes in H. armigera related to juvenile hormone (JH),
significantly improving both the lethal concentration and the speed of kill compared to the

unmodified virus

Genetic modification has also been used to increase the host range of a baculovirus. A strain
of AcMNPV that lacked the p35 gene was modified with a cosmid containing sequences
derived from Spodoptera exigua nucleopolyhedrovirus (SeMNPV). The recombinant virus
could not only infect Autographa californica (Speyer) (Lepidoptera: Noctuidae) and
Spodoptera exigua (Hiibner) (Lepidoptera: Noctuidae), but it could also infect Spodoptera
litura (Fabricius) (Lepidoptera: Noctuidae) which is outside of the host range of either parent
virus (Wu et al., 2016).

A limitation of genetic modification is the public opinion of GMOs. Genetically modified
organisms are mistrusted by the public and many law makers who legislate against their use
based on misconceptions surrounding the use of genetic modification, and who are often
pressured by public opinion into severely limiting its use (Malyska et al., 2016). The extent
and stringency of legislation against GMOs varies from country to country, with America and
South Africa being far more open to genetic modification in terms of aiding food production
than Europe. While genetic modification could provide solutions to many of the problems
associated with baculovirus use, anti-GMO legislation in Europe prevents these solutions from

being implemented (Malyska et al., 2016).
1.5.5 Baculovirus synergism

Synergism is the interaction between two distinct entities with a result that is more than the
sum of the parts. This means that when two agents are used simultaneously, their resulting
effect will be statistically significantly greater than the more effective of the two agents by
itself (Rummens, 1975). In the case of two or more viruses interacting synergistically, the effect
could be that either a fewer total number of virus particles are required to kill the host than any
of the viruses alone, or that a combination of viruses can kill the host quicker than any of the
viruses alone. Synergistic interactions between baculoviruses in a lepidopteran host are not
always limited to two viruses that can each infect the larva by themselves, rather, they often
occur between a virus for which the insect is a host and a virus for which the insect is not the
host (Biedma et al., 2015). The virus for which the insect is not the host provides something

that makes the infection process of the infecting virus more efficient. This is usually a protein
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that makes the peritrophic membrane more permeable to the virions, such as enhancin or Gp37

proteins (Roelvink et al., 1995; Li et al., 2003; Liu et al., 2011).

1.5.5.1 In Vitro baculovirus interactions

Cell lines have allowed research to be conducted to better understand synergistic interactions
between two baculoviruses. In a study done by McClintock and Dougherty (1987), a cell line
derived from Lymantria dispar (Linnaeus) (Lepidoptera: Lymantriidac) (Ld652Y) (Disney and
McCarthy, 1985) was initially infected with Lymantria dispar multiple nucleopolyhedrovirus
(LAMNPYV) and later superinfected with AcCMNPV. The Ld652Y cell line is not permissive to
AcMNPV, but the interaction between LAMNPV and AcMNPYV allowed AcMNPYV to replicate
in the cell line, producing large numbers of AcCMNPV BVs, but reducing the production of
LdMNPV BV. This interaction was further investigated to determine how LAMNPV assists
AcMNPYV infection of the non-permissive cell line. It was found that without LAMNPYV being
present, DNA replication of AcMNPV did occur in the cells, but proteins were not expressed,
suggesting that a trans-acting factor was provided by LdAMNPV that allowed AcMNPV
infection. The trans-acting factor was later discovered to be a 25.7 kDa polypeptide that was
named host range factor 1 (HRF1) (Cheng and Lynn, 2009). The promotion of coinfection by
the provision of a trans-acting factor by one of the two viruses has also been noted in
coinfections of Sf21 cells derived from Spodoptera frugiperda (Smith) (Lepidoptera:
Noctuidae) by SeMNPV and AcMNPV. In this case, AcCMNPYV provides the trans-acting factor
that allows SeMNPV to infect the Sf21 cell line (Yanase et al., 1998).

In another cell line derived from Choristoneura fumiferana (Clemens) (Lepidoptera:
Tortricidae) named CF-203 (Sohi et al., 1993), infection by AcMNPV is prevented by
apoptosis. This can be prevented by first infecting the cells with Choristoneura fumiferana
multiple nucleopolyhedrovirus (CfMNPV), after which infection by AcMNPV occurred and
AcMNPV OBs were produced. This suggests that CEMNPV prevents the apoptosis caused by
AcMNPV, allowing for the replication of AcMNPV (Cheng and Lynn, 2009).

1.5.5.2 In Vivo baculovirus interactions

It is often the case that more than one virus can be discovered in, and extracted from, a single

host. These viral mixtures are usually two isolates of the same virus, with one isolate having a
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deletion that prevents it from infecting its host per 0s, and one isolate that can infect the host
per 0s. An example of this phenomenon can be found in both C. fumiferana and S. frugiperda.
The viruses with the deletions can infect the tissues in the hemocoel, but not the midgut
epithelial cells and are known as defective strains. The strain without the deletion can infect
the midgut epithelial cells and allows the defective strain through the midgut into the hemocoel.
The deletion of the defective strain means that the genome is smaller and replication can occur
faster, speeding up the infection and causing the viral load to increase faster (Cheng and Lynn,

2009).

Synergism has also been observed between different baculovirus species as early as 1970.
Pseudaletia unipunctata granulovirus (PsunGV) and a nucleopolyhedrovirus (unspecified in the
study) extracted from infected Pseudaletia unipunctata (Haworth) (Lepidoptera: Noctuidae)
larvae were fed to P. unipunctata larvae in mixed infections. It was found that proteins
embedded in the protein matrix of the PsunGV OBs aided the passage of the
nucleopolyhedrovirus through the peritrophic membrane, speeding up the primary infection.
This effect was counteracted in the secondary infection of the hemocoel where the replication
of the NPV limited the replication of the PsunGV, and larval mortality was reduced compared
to a single PsunGV infection (Tanada and Hukuhara, 1971). This could potentially be remedied
by deactivating the PsunGV particles before adding them into the NPV formulation. Another
study showed a synergistic interaction between AcMNPV and Trichoplusia ni single
nucleopolyhedrovirus (TnSNPV) in mixed infections of T. ni larvae. The authors suggest that
the improved potency of the mixture is due to TnSNPV providing an enhancin protein that
allows for a more efficient primary infection by AcMNPV (Lara-Reyna et al., 2003). The
interaction between Anticarsia gemmatalis multiple nucleopolyhedrovirus (AngeMNPV) and
Epinotia aporema granulovirus (EpapGV) is similar to the two previous cases mentioned.
AngeMNPV infects the host Anticarsia gemmatalis (Hiibner) (Lepidoptera: Noctuidae) and
EpapGV provides the Gp37 protein which allows AngeMNPV to pass through the peritrophic
membrane more efficiently. When the viruses were mixed the LCso was decreased significantly
and the speed of kill was increased significantly, despite the fact that no infection by EpapGV
ever occurred in A. gemmatalis larvae (Biedma et al., 2015). A similar result occurs when
Spodoptera littoralis nucleopolyhedrovirus (SpliNPV) and Xestia c-nigrum granulovirus
(XecnGV) are mixed and used to infect S. litura. The SpliNPV infects the host, while the
XecnGV provides enhancin, making the peritrophic membrane more permeable to SpliNPV

and making the process of primary infection more efficient (Guo et al., 2007).
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The addition of Gp37 to Se MNPV and AcMNPYV significantly increased their efficacies against
S. exigua as well as increasing the efficacy of Bacillus thuriniensis (Liu et al., 2011). This
scenario has been replicated with Mamestra brassicae nucleopolyhedrovirus (MabrNPV) and
proteins derived from XecnGV. In this study the proteins involved were not mentioned by
name, they were simply described as alkaline-soluble proteins of granulovirus capsules
(GVPs). It was found that adding 10 pg/mL of GVPs to a MabrNPV formulation increased the
infection rate in Mamestra brassicae (Linnaeus) (Lepidoptera: Noctuidae) significantly in the
field (Goto et al., 2015).

Multiple isolates of a single virus species can often interact synergistically. For example,
Phthorimaea operculella granulovirus (PhopGV) is used to control both Phthorimaea
operculella (Zeller) (Lepidoptera: Gelechiidae) and Tecia solanovora (Povolny) (Lepidoptera:
Gelechiidae), both major pests of potatoes. Different isolates showed varying virulence for the
two species. The most virulent isolates for each species were passaged through that species to
cause them to adapt to the species in question and were then mixed. The mixed infections were
up to 23.6 times more effective against P. operculella and up to 4.9 times more effective against
T. solanovora (Espinel-Correal et al., 2012). The authors suggested that the isolates could be
mixed in a single pesticide to target both pests simultaneously. Graillot et al. (2014) showed
that mixing a novel isolate of CpGV, CpGV-RS5, with the isolate to which C. pomonella was
resistant, CpGV-M, allowed the CpGV-M to infect and kill the resistant larvae at a similar rate
to non-resistant larvae. This could have implications in the future, should T. leucotreta become

resistant to either CrleGV-SA or CrpeNPV.
1.6 Motivation, aims and objectives

1.6.1 Motivation

CrleGV-SA has been used as part of an IPM programme for the control of T. leucotreta in
citrus orchards for more than 15 years (Moore et al., 2015b). The use of CrleGV-SA as a
biopesticide has some problems that have not yet been addressed, namely, the slow speed of
kill relative to chemical pesticides, and the risk of the development of resistance due to long-
term, repeated application. Both issues could potentially be addressed by exploiting synergistic
relationships between baculoviruses infecting the same host. Both CrleGV-SA and CrpeNPV
can infect T. leucotreta, and preliminary studies have shown that mixing the two viruses results

in greater virulence in T. leucotreta than either virus alone (Jukes et al., 2017).
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While it is known that CrleGV-SA and CrpeNPV have a synergistic interaction in terms of
dose-mortality in T. leucotreta, it is not yet clear how simultaneous infection by both viruses
will affect the speed of kill and it is unknown how the ratio of each virus changes throughout
the infection. If it is found that simultaneous infection by both viruses causes a faster speed of
kill as well as having increased virulence, baculovirus-based biopesticides for the management
of T. leucotreta could be improved to be faster acting and cheaper to produce, due to the lower
concentration that would be required. Any changes in the ratio of the two viruses throughout
the infection cycle have potential implications for production of the baculovirus-based

biopesticides.
1.6.2 Aims and objectives

The overall aim of this study was to assess the overall effects of interactions between the two
viruses that infect T. leucotreta by dose-response bioassays of virus mixtures and time-response
bioassays of virus mixtures on T. leucotreta neonates. The first objective was to determine the
virulence of each virus against T. leucotreta. The second objective was to determine and
compare the virulence of a mixture of the viruses with the virulence of each virus by itself. The
third objective was to determine the speed of kill of each virus against T. leucotreta neonates.
The fourth objective was to determine and compare the speed of kill of the mixture with that
of each virus by itself. The final objective was to determine which viruses were present, and in

what relative quantities, in the cadavers after each treatment.
1.7 Overview of chapters

Chapter 2 describes the purification, enumeration and molecular screening of stocks of
CrleGV-SA and CrpeNPV OBs. This was achieved for CrleGV-SA by crude OB extraction
from T. leucotreta cadavers, followed by glycerol gradient centrifugation. A stock of CrpeNPV
OBs purified from C. peltastica cadavers was supplied by River Bioscience (Pty) Ltd. The
density of OBs of each stock was enumerated using darkfield microscopy and a counting

chamber. Finally, a 1:1 (OB:OB) stock of CrleGV-SA and CrpeNPV was created.

Chapter 3 reports and compares the biological activity of each virus by itself, as well as a 1:1
mixture of the two in terms of lethal concentration against T. leucotreta neonates. This was
achieved using surface-dose biological assays. The biological activity of each virus by itself
and a mixed infection in terms of speed of kill is reported in Chaper 4. This was achieved

using a surface-dose time-response biological assay protocol.
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A technique for extracting DNA from OBs in neonate-sized T. leucotreta cadavers was
developed in Chapter 5, after which the composition of baculoviruses in cadavers produced

by the time-response biological assays was determined by using mPCR.

Finally, Chapter 6 is a general discussion of the results reported in the previous chapters, with
an emphasis placed on the potential reasons for the results obtained, as well as the implications
these results may have for the South African citrus industry. The chapter also outlines potential

future research that this study has made possible.
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Chapter 2

Purification, screening and enumeration of CrleGV-
SA and CrpeNPV stocks

2.1 Introduction

This chapter describes and discusses the acquisition of baculovirus stocks, the processes by
which baculovirus stocks were screened, and the implications of the screening results for later

experiments.

Baculoviruses can be obtained from cadavers of larvae that have died of a baculovirus infection
(Grzywacz et al., 2004). An infection occurs either because the larva is stressed, thus leaving
it vulnerable to a covert infection becoming overt, or because the larva consumed OBs of a
baculovirus to which it was a host (Hughes et al., 1993; Opoku-Debrah et al., 2013). Larvae
that have died of baculovirus infection can be identified by their milky appearance in
comparison to healthy larvae and their flaccidity (Hunter-Fujita et al., 1998). When their
membrane is ruptured, a milky haemolymph spills out. The haemolymph contains millions to
billions of OBs and these can be purified by centrifugation through a sucrose or glycerol
gradient (Grzywacz et al., 2004). Purifying by glycerol gradient provides a stock that is
sufficiently pure for transmission electron microscopy, and thus this method was used. This is
the first step in identifying whether a sample contains the desired virus (GV or NPV), since the

morphological differences between GVs and NPVs can be seen.

The final step in screening the virus stocks is to use a PCR protocol to confirm the presence of
the desired virus in the stock and to show that other viruses are either absent or in a
concentration lower than is detectable by the PCR method. This can be done using a multiplex
polymerase chain reaction (mPCR) protocol. This is a common and accepted way of screening
baculovirus stocks where multiple baculoviruses may be present (Wennman and Jehle, 2014;
Manzan et al., 2008). Only one known NPV infects C. peltastica, and only one GV species is
known to be present in T. leucotreta populations (Moore, 2002; Opoku-Debrah et al., 2013;
Marsberg, 2016; Jukes, 2018), and thus it is possible to test the purity of a CrleGV-SA
homogenate simply by confirming the presence of one GV-specific DNA sequence and

confirming the absence of one NPV-specific DNA sequence. Screening of the NPV stock can
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be done in a similar way and a multiplex PCR protocol was developed by Jukes (2018) for the
detection of CrleGV-SA and CrpeNPV in mixed infections. The assay uses two sets of primers,
the first of which creates a 187 bp amplicon from the NPV-specific pif-1 region, while the other
set of primers creates a 378 bp amplicon from the GV-specific lef-4 region. When the
amplicons undergo electrophoresis the sizes of the amplicons are sufficiently different so that
there is adequate separation between the bands when both viruses are present. The limitation
is that the protocol used here is only effective down to a gDNA concentration of 3 pg/uL for
CrpeNPV and between 50 pg/uL and 500 pg/uL for CrleGV-SA (Jackson, 2018), meaning that

covert infections are not necessarily detectible using this method.

Enumeration of baculoviruses can be done in one of three ways: counting OBs in a
representative sample of the stock using darkfield microscopy and a haemocytometer
(Dhladhla et al., 2018; Jukes, 2018), using a quantitative polymerase chain reaction (qQPCR)
protocol (Dhladhla et al., 2018; Jukes, 2018), or by scanning electron microscopy (SEM)
(Dhladhla et al., 2018). The qPCR is most useful when a baculovirus concentration must be
calculated in a mixed infection where darkfield microscopy would not allow for the
differentiation between the different viruses (Jukes, 2018; Wennman and Jehle, 2014; Zwart et
al., 2008). The SEM and darkfield microscopy techniques both produce comparable and
consistent results (Dhladhla et al., 2018). Scanning electron microscopy has the advantage of
having a higher resolution than darkfield microscopy and thus baculoviruses can be
distinguished from debris in an impure sample, although the results do not differ significantly
from those of darkfield microscopy and preparation of samples is more complicated for SEM
than for darkfield microscopy (Dhladhla et al., 2018), and thus the darkfield microscopy

method was chosen.

The first objective of this chapter was to purify OBs from cadavers of infected T. leucotreta
larvae by glycerol gradient centrifugation. The second objective was to visualise a sample of
each stock by transmission electron microscopy as a first step of stock screening. The third
objective was to extract DNA from each sample and perform a multiplex PCR protocol on each
stock to confirm the relative purity of the extracted OBs. Once relative purity had been
confirmed, the fourth objective was to enumerate each stock using a haemocytometer and

darkfield microscopy.
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2.2 Materials and Methods

2.2.1 Crude extraction of OBs

A stock of CrpeNPV OBs was provided by River Bioscience (Pty) Ltd. and so only a stock of
CrleGV-SA OBs needed to be purified. Cadavers of infected T. leucotreta larvae were provided
by River Bioscience (Pty) Ltd., and these were used for the OB extraction. The protocol used
for the crude extraction was taken from Marsberg (2016), which was originally adapted from
Grzywacz et al. (2004). Larvae were crushed and homogenised in a 1.5 mL microcentrifuge
tube with 1 mL of 0.1 % (v/v) sodium dodecyl sulphate (SDS) solution, after which the solution
was vortexed for 2 minutes. The solution was then centrifuged at 100 x g for 10-20 seconds.
The supernatant was pipetted into a new centrifuge tube and another 1 mL of 1.0 % (v/v) SDS
solution was added to the pellet. The pellet was re-suspended and then centrifuged at 100 x g
for 10-20 seconds. The supernatant was added to the previously collected supernatant and the
pellet was discarded. The supernatant was then centrifuged at 2500 x g for 5 minutes to pellet
out the OBs, after which the supernatant was discarded and the pelleted OBs were re-suspended
in 1 mL of ddH>O to wash them. Once again, the suspension was centrifuged at 2500 x ¢ for 5
minutes and the pellet was resuspended in 200 pL of ddH>O.

2.2.2 Purification by glycerol gradient centrifugation

A glycerol gradient centrifugation protocol adapted from Marsberg (2016), originally adapted
from Grzywacz et al. (2004) was used to purify the crude extraction to create a pure virus stock.
A glycerol gradient with a range of 30 % to 80 % (v/v) was created in a centrifuge tube. Each
layer had a volume of 3 mL. The crudely purified OB suspension was then pipetted on top of
the gradient, and the tube was centrifuged at 12 100 x g for 15 minutes. The band containing
the OBs at the point of meeting of the 50 % and 60 % layers was pipetted into a clean
microcentrifuge tube containing 1 mL of ddH>O. The tube was then centrifuged at 12 100 x g
for 15 minutes and the supernatant was discarded. Once again, the pellet was resuspended in 1
mL of ddH>O and centrifuged at 12 100 x g for 15 minutes. The supernatant was discarded and
the pellet was resuspended in 200 puL of ddH>O and stored at -20 °C.

2.2.3 Transmission electron microscopy

Carbon grids for transmission electron microscopy were prepared using the protocol described
by Jukes (2018), originally adapted from methods described by Abdulkadir et al. (2013) and
Opoku-Debrah et al. (2013). Five microlitres of purified OBs were pipetted onto the carbon
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grid and allowed to stand for 60 seconds, after which the excess liquid was drawn off using
filter paper. To stain the OBs, 5 uL of 1 % uranyl acetate was pipetted onto the grid and allowed
to stand for 30 seconds. The excess uranyl acetate was drawn off using filter paper and the
grids were then allowed to dry. The OBs were viewed using a Zeiss Libra 120 transmission
electron microscope (Zeiss, Germany) and the images produced were analysed using Mega
View (G2) Olympus analysis software (Olympus, Japan) to capture the images and calculate
the size of the OBs in the images. Images were stored on a compact disk and the grids were

stored in a grid case at the ambient temperature of the laboratory.
2.2.4 Molecular screening of virus stocks
2.2.4.1 DNA Extraction

DNA was extracted from each stock using the Zymo Research Quick-DNA™ Miniprep kit
(Zymo Research, USA) using the protocol provided with the kit.

2.2.4.2 Polymerase chain reaction

A polymerase chain reaction (PCR) was set up to amplify the CrpeNPV pif-1 region and
CrleGV-SA lef-4 region with each sample containing 12.5 pL of Taq ReadyMix HotStart PCR
Kit (KAPA Biosystems, USA), 1 pL 10 uM of either CpNPV-piflF/R or CIGV-L4F/R
oligonucleotide solution (Table 2.1) and 2 uL of gDNA solution. A positive control for the pif-
1 region was set up using gDNA from CrpeNPV that had previously been confirmed by BLAST
analysis and a positive control for the lef-4 region was set up using gDNA from CrleGV-SA.
A negative control for each region received nuclease free H>O in the place of gDNA. Nuclease
free H2O was then added to each vial to increase the total volume of each vial to 25 pL. The
PCR cycle consisted of an initial 3-minute denaturing period at 95 °C. After denaturation, the
samples underwent 30 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 45 s. Following

the 30 cycles, an elongation period at 72 °C for 1 minute was used to finish the PCR reaction.
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Table 2.1. Primer design for the pif-1 region of CrpeNPV and the lef-4 region of CrleGV-SA
(Jukes, 2018).

Amplicon size

Name Length Sequence (5'-3") Tm
(bp)
CpNPV-piflF 20 ATCGGGATGGTTGGTCAAGT 187 59
CpNPV-piflR 20 CAACGCATGTATTCGTCCGT 59
CIGV-L4F 21 TTCGCTTTCTAAACCGCTGTC 59.2
CIGV-L4R 22 AGGATGACGTTCCTAATGACGG 378 59.9

2.2.4.3 Agarose gel electrophoresis

Electrophoresis of the amplicons was performed through a 1 % (w/v) agarose gel prepared with
100 mL 1 x TAE buffer (40mM Tris-acetate, 20mM acetic acid, ImM
Ethylenediaminetetraacetic acid) and 1 g of agarose gel powder. Four microlitres of ethidium
bromide was added to the gel as a stain. The initial DNA extractions and the amplicons were
run through the gel at 100 V for 35 minutes alongside a GeneRuler 1kb ladder (Thermo Fisher,
USA). The gel was then visualised under UV light using a ChemiDoc™ XRS+ (Bio-Rad, USA)
with images being processed and captured using the associated Image Lab™ software (Bio-

Rad, USA).
2.2.5 Occlusion body enumeration of virus stocks

A 10 pL sample of each of the two virus stocks was diluted to a 5 x dilution in sterile dH2O.
This was then diluted a further 5 x in 0.07 % (v/v) SDS solution, bringing the suspension to a
25 x dilution. The samples were then sonicated at 60 kHz for a total of 60 seconds each, to
separate the clumps of OBs into single OBs suspended in solution. The SDS was added to
prevent the clumps from reforming. The 60 seconds was divided into four rounds of 15 seconds
to prevent overheating of the samples. The sonicated suspensions were then further diluted to
make 1:50, 1:60, 1:70 and 1:80 dilutions of the sonicated suspension (1:1250 to 1:2000
suspension of the original virus stock). A 0.02 mm Thoma bacterial counting chamber
(Hawksley Helber Bacteria 1 cell Thoma Z30000) and cover slip were cleaned with ethanol
and a lens cloth. Five microlitres of the most dilute suspension was then transferred into the
counting chamber and was covered with the cover slip, before being observed at 400 X
magnification by darkfield microscopy, with the OBs visible as points of light. Of the main 4

x 4 grid, each corner square and one of the centre squares were counted. The entire grid of each
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square was counted. Before counting commenced, each dilution was tested starting from the
most dilute and working upward to find the dilution that resulted in there being between 6 and
9 OBs per square of the grid, or between 96 and 144 OBs for each large square of the counting
chamber. Once this had been achieved, the corresponding dilutions were used for counting.
Counting was done three times, using a new 5 puL for each count. The concentration was
calculated using Equation 2.1. A stock containing equal numbers of OBs of CrleGV-SA and
CrpeNPV was created by using Equation 2.2. This brought the final concentration of the stock

for the mixed infections to the same as that of the pure virus stock with the lower concentration.
Equation 2.1. Equation for determining the concentration of OBs using a counting chamber.

Concentration (OBsper mL) = (D X X) + (N X V)
Where D = dilution factor, X = number of OBs counted, N = number of sub-squares counted and V = volume
(mL).
Equation 2.2. Equation used to calculate a 1:1 mixture of different OBs from stock solutions
of different concentrations.

Vh—Vl(Cl)+V
~ " en) TV

Where Vh = Volume of stock with the higher OB concentration, VI = Volume of stock with the lower
concentration, Ch = Concentration of the stock with the higher concentration, Cl = concentration of the stock with

the lower concentration and Vw = volume of water (VI-Vh).
2.3 Results

2.3.1 Transmission electron microscopy

The grid prepared from the CrpeNPV stock showed that the sample contained OBs with an
external morphology that was congruent with the external morphology of NPVs (Figure 2.1),
being between 739 nm and 1304 nm in diameter (n = 22). The grid prepared from the CrleGV-
SA stock contained OBs that exhibited external morphology congruent with GVs (Figure 2.2),
being roughly oval-shaped with a width of between 187 nm and 232 nm and a length of between
329 and 400 nm (n = 18).
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Figure 2.1. Transmission electron micrograph of A: CrpeNPV and B: CrleGV-SA, showing

the external morphologies of both viruses.

Figure 2.2. Transmission electron micrograph of A: CrpeNPV and B: CrleGV-SA,

demonstrating the size difference between the two species.
2.3.2 Molecular screening of virus stocks

Following agarose gel electrophoresis (AGE), the DNA extractions from both CrpeNPV and
CrleGV-SA stocks produced bands of greater than 10 000 bp (Figure 2.3A). The pif-1 PCR
product of CrpeNPV created a band of 170-200 bp while the pif-1 PCR product of CrleGV-SA
showed no sequence had been amplified. The -pif-1 positive control showed a PCR product of
170-200 bp and the pif-1 negative control showed that no sequence had been amplified. The
lef-4 amplicon of CrleGV-SA was 350-450 bp while the lef-4 reaction of CrpeNPV produced
no amplicon. The positive control of lef-4 was shown to have a sequence length of 350-450 bp.

The negative control of lef-4 produced no bands after AGE (Figure 2.3B).

28



Chapter 2: Virus stock preparation and screening

Figure 2.3. AGE of the initial screening of the CrleGV-SA and CrpeNPV virus stocks. The
abbreviation bp denotes base pairs. Gel A, Lane L: Generuler 1kb ladder. Lane 1: Genomic
DNA from the CrpeNPV stock. Lane 2: Genomic DNA from the CrleGV-SA stock. Gel B,
Lane L: GeneRuler 1kb ladder. Lane 1: CrpeNPV pif-1. Lane 2: CrleGV-SA pif-1. Lane 3: pif-
1 positive control. Lane 4: pif-1 negative control. Lane 5: CrleGV-SA lef-4. Lane 6: lef-4
positive control. Lane 7: CrpeNPV lef-4. Lane 8: lef-4 negative control.

2.3.3 Occlusion body enumeration of virus stocks

The stock of CrleGV-SA was found to contain 3.08 x 10! OBs/mL and the stock of CrpeNPV
was found to contain 1.92 x 10! OBs/mL. The stock of the mixed OBs was created to contain
1.92 x 10" OBs/mL where 50 % of the OBs were CrleGV-SA and 50 % of the OBs were
CrpeNPV.

2.4 Discussion

The OBs of CrleGV-SA were extracted from cadavers of larvae that showed symptoms of
baculovirus infection after being inoculated with the CrleGV-SA, and were purified using a
glycerol gradient centrifugation protocol. The CrpeNPV OBs were provided by River
Bioscience (Pty) Ltd. Confirmation of the presence of OBs was done using transmission
electron microscopy, and the stocks were then screened to confirm that there was no
contamination in either virus stock. Finally, enumeration of the virus stocks was done by

counting OBs in a haemocytometer using darkfield microscopy.

The TEM results were consistent with the external morphology described by Jehle et al. (2006).
The CrpeNPV virus stock contained OBs with a diameter of between 739 nm and 1304 nm,
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falling in the size range of alphabaculoviruses described by Jehle et al. (2006) of between 150
nm and 3000 nm. While the shape of the OBs in the CrpeNPV stock was uneven, they were
roughly as wide as they were long. Once again, this was consistent with the description of
alphabaculovirus morphology in Jehle et al. (2006) and is also consistent with the morphology
of CrpeNPV as described by Marsberg (2016). The shape of the OBs observed in the CrleGV-
SA stock was different to the those of the CrpeNPV stock, being smaller and longer than they
were wide. This shape is consistent with the description of the shape of betabaculoviruses given
by Jehle et al. (2006) and is also consistent with the shape described by Moore (2002). The
sizes of the OBs in the CrleGV-SA stock were smaller than those in the CrpeNPV stock, and
consistent with the size described by Whitlock (1980), although they were larger than those
described by Moore (2002), who reported a length of approximately 215 nm.

The AGE showed that the pif-1 amplicon was slightly shorter than 200 bp, and was therefore
consistent with the 187 bp reported by Jukes (2018) while the lef-4 amplicon was slightly
shorter than 400 bp, also being consistent with the length reported by Jukes (2018). While the
amplicons were not sequenced, they were of the expected size, which suggests that each stock
contained the expected virus, and was not contaminated. These results are limited by the
sensitivity of the mPCR assay (Jackson, 2018), but they show as far as is possible that the
stocks of each virus were pure. The test is more sensitive to CrpeNPV than to CrleGV, therefore
the purity of a stock of CrleGV-SA can be confirmed to a higher degree than a stock of
CrpeNPV.

The concentrations of 3.08 x 10" OBs/mL and 1.92 x 10" OBs/mL for the CrleGV-SA and
CrpeNPV stocks respectively, provided a sufficient number of OBs to perform all of the
experiments required for this study. There needed to be enough OBs to work with the LCoo
concentrations for each virus against T. leucotreta neonates. The highest reported LCoo for each
of these viruses against T. leucotreta neonates was reported by Jukes (2018) at 3 x 10 OBs/mL
for CrleGV-SA and 2.75 x 10° OBs/mL for CrpeNPV. This means that at the concentrations

for each stock were sufficient for the experiments to continue.

This chapter described the purification, enumeration and screening of the stocks of CrleGV-
SA and CrpeNPV to be used in this study. The stocks were found to contain the desired OBs
in sufficient quantities to continue with the study, and the stocks were shown not to be cross-
contaminated. The next chapter details the process of quantifying the LCso and LCoqo for each

virus and a mixture of the two viruses, as well as comparing the LCso and LCo of the mixed
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infection with those of single infections to determine whether CrleGV-SA and CrpeNPV

interact synergistically in mixed infections.
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Chapter 3
Evaluation and comparison of the lethal

concentrations of single and mixed infections of
CrleGV-SA and CrpeNPV

3.1 Introduction

Since the overall aim of this study was to determine the relative virulence of a mixture of
CrleGV-SA and CrpeNPV to T. leucotreta, the first objective was to determine the virulence
of each virus in isolation, and to use these values as a benchmark to which the virulence of a
mixture of the two viruses could be compared. Virulence of a pathogen can be experimentally
determined by using biological assays to generate data that can be used to create mortality
curves (Cory and Bishop, 1997). Mortality curves can be compared to evaluate the relative
virulence of multiple treatments and to calculate doses at which a certain percentage of a
population is killed. These can be calculated as doses or concentrations, depending on how the
virus was administered, where dose denotes the number of OBs ingested while concentration
is the concentration of OBs administered. In the case of dose being used, any point along the
curve will be expressed as a LDy value (L = Lethal, D = Dose, X = percentage of the population
that is killed) or in the case of concentration, a LCx value (C = concentration). Methods for
performing dose-response biological assays to establish the virulence of baculoviruses against
lepidopterans are diverse, but they can be classified into three types: droplet feeding, diet
incorporation and surface-dose methods.

The three method types differ in the way that the virus is fed to the larvae. Droplet feeding
involves starving the larvae and then feeding them a small droplet of water with the virus mixed
in. Each larva must consume a droplet in its entirety, after which the larvae are placed on a
food source containing no virus and allowed to feed (Pereira-da-Conceicoa et al., 2012). The
rate of larval mortality is recorded after a certain time. The main advantage of this method is
that the number of OBs consumed by each larva can be controlled more precisely than with
alternative methods. This potentially results in an accurate impression of the true virulence of
the baculovirus against the chosen lepidopteran species and can be used to calculate lethal dose
rather than lethal concentration. However, the disadvantages are that the starvation of the larvae
could cause excess stress. It can also be a difficult method to perform on very small larvae such

as T. leucotreta neonates.
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The second method is diet incorporation, which involves mixing the virus into the diet and then
allowing the larvae to feed. This method can be used with very small larvae, but it is difficult
to quantify the number of OBs consumed accurately, since the number of OBs consumed
increases the more the larva feeds unless a small quantity of diet with a known number of OBs
is given and the larva consumes it in its entirety (Grzywacz et al., 2004). Additionally, the
method cannot be used when the diet is cooked, since baculoviruses begin to become
inactivated above 36 C and heat above 70 C results in rapid inactivation (Chang et al., 1998).

Finally, surface dose biological assays involve the application of the virus to the surface of diet,
after which the larvae are allowed to feed. This method is useful for larvae that typically burrow
into their food source, since they will take in a single dose of virus as they burrow through the
surface. The number of OBs consumed by each larva cannot be precisely determined and so
the dose-response must be determined in terms of concentration rather than number of OBs
consumed. Cooked diet can be used for this method. There is the additional advantage of the
method being the most similar out of the three to the application of pesticides in the field, and
so it can be considered the most appropriate current method for the initial stages of the
development of biopesticides. Additionally, this method has been used extensively to test
baculoviruses against T. leucotreta neonates, providing a substantial background on which this
study could be built (Moore et al., 2011; Opoku-Debrah et al., 2016; Jukes et al., 2017). For

these reasons, the surface dose method was used for this study.

The purpose of this study was to determine whether virulence can be improved by a mixture
of CrleGV-SA and CrpeNPV, as opposed to either of these viruses in isolation. Synergism
between baculovirus isolates has gained increasing interest as a potential way to improve the
efficacy of biopesticides (Jukes et al., 2017; Graillot et al., 2016). The development of
resistance to CpGV-M in the field in France and Germany has renewed interest in baculovirus
synergism as a potential tool for combatting resistance to baculoviruses (Graillot et al., 2016).
Cases of synergism in mixed infections between baculovirus species have been recorded in a
handful of cases, and there are even fewer reports of interactions between alphabaculoviruses
and betabaculoviruses in mixed infections (Tanada and Hukuhara, 1971; Lara-Reyna et al.,
2003; Jukes et al., 2017). It is an underexplored aspect of baculovirus biology although there
is evidence dating back to 1971 that synergism between alphabaculoviruses and
betabaculoviruses does occur, when synergistic interaction was reported between PsunGV and
an unspecified alphabaculovirus in P. unipunctata larvaec (Tanada and Hukuhara, 1971).

Similarly, a synergistic interaction between AngeMNPV and EpapGV has been reported in A.
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gemmatalis larvae, where proteins provided by EpapGV allowed for AngeMNPV to pass
through the peritrophic membrane more easily and thus result in a more efficient infection
(Biedma et al., 2015). More recently, Jukes et al. (2017) reported that CrleGV-SA and
CrpeNPV were more virulent in a mixed infection than either virus by itself in larvae of T.
leucotreta. This study adds to the work reported by Jukes et al. (2017), by confirming the trend

reported and by including a different mixture of the two viruses.

The first objective reported in this chapter was to establish the LCso and LCoqp of each virus by
itself against T. leucotreta neonates using dose-response biological assays. The next objective
was to establish the LCso and LCoo of a mixture of CrleGV-SA and CrpeNPV against T.
leucotreta neonates. The final objective was to compare the LCso and LCoo of the mixture to
those of each virus in isolation to determine whether virulence could be increased by mixing

the two viruses.

3.2 Materials and Methods

3.2.1 Acquisition of neonates

Eggs of T. leucotreta laid on wax paper were cut to fit into petri dishes and washed for 15
seconds in 1 % (w/v) sodium hypochlorite and rinsed in sterile water. The sheets were allowed
to dry in a laminar flow cabinet after which they were placed in petri dishes, sealed with

Parafilm and left in a Controlled Environment (CE) room at 27 ‘C until the eggs hatched.
3.2.2 Surface-dose biological assays

Methods for the surface-dose biological assays were adapted from Moore et al. (2011),
Marsberg (2016) and Jukes (2018). Seven-day surface dose biological assays were done in 24-
well trays. Two hundred and fifty grams of artificial FCM diet powder (Moore et al., 2014)
was mixed with 270 mL distilled water and baked at 200 ‘C for 30 minutes in a glass dish of 31
cm x 20 cm x 6 cm, the top of which was covered with a layer of aluminium foil. Once baked,
the diet was transferred into the wells of the 24-well trays. This was done inside a laminar flow
cabinet. A 10 mL syringe with the end cut off was used to cut the diet to fit the wells and the
piston of the syringe was used to compress the diet into the bottom of the wells. Each well
received 100 pL of viral dilution and a single concentration was used per tray, with one tray
receiving sterile, deionised water as a control. The concentrations of OBs for each virus are
shown in Table 3.1. Viral doses were prepared using the method of serial dilution shown in

Figure 3.1. For CrleGV-SA, the highest dose was 2 x 10° OBs/mL stepping down in increments
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of 5 x dilution to 64 OBs/mL. For CrpeNPV and the 1:1 mixed treatment (stock preparation
discussed in section 2.2.5), the highest dose was 3 x 10° OBs/mL (1.5 x 10> OBs/mL CrleGV-
SA, 1.5 x 10° OBs/mL CrpeNPV) stepping down in increments of 3 x dilution to the lowest
dose of 1.235 x 10° OBs/mL. Once the doses had been applied, the trays were allowed to dry
in the laminar flow cabinet, after which neonate T. leucotreta larvae were transferred onto the
surface of the diet, using a fine paintbrush to prevent physical damage to the larvae. The trays
were then covered with a glass sheet, cut to fit underneath the lid of the 24-well trays, which
prevented the larvae from moving between the wells or escaping the trays entirely. Trays were
sealed with Parafilm™ (Bemis Company Inc., Wisconsin) and left in a CE room for seven days
at 27 C after which the larval mortality in each tray was recorded. Larvae were recorded as
dead when they failed to respond to being touched with a sterile toothpick. This entire process

was conducted three times.

Table 3.1. Concentrations of OBs used in the surface-dose biological assays (OBs/mL).

Concentration (OBs/mL)

CrleGV-SA CrpeNPV and

Mixed Infection
Dose 1 2.00 x 10° 3.00 x 10°
Dose 2 4.00 x 10* 1.00 x 10°
Dose 3 8.00 x 10° 3.33 x 10*
Dose 4 1.60 x 10° 1.11 x 10*
Dose 5 3.20 x 102 3.70 x 10°
Dose 6 6.40 x 10! 1.24 x 10°
Control 0 0
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Figure 3.1 Serial dilution method used to produce the doses used. The same concentrations
were used for CrpeNPV and the CrpeNPV + CrleGV-SA mixture (top), while different doses
were used for CrleGV-SA by itself (bottom). C1: 1/100 dilution, C2 1/1 x 10* dilution. DI:
dose 1 (highest concentration) with decreasing concentrations denoted by higher dose numbers
to D6 (lowest concentration). Final concentrations of each dose are shown in Table 3.1.

(Adapted from Marsberg, 2016).
3.2.3 Statistical analysis

The data were analysed and corrected for control mortality using Abbott’s Correction (Abbott,

1925), after which a probit analysis was performed in RStudio version 1.2.1335 © 2009-2019
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RStudio, Inc. using the “drc” (Ritz et al., 2015) and “Hmisc” (Harrell et al., 2019) packages to

determine two semi-lethal doses (LCsoand LCop) of each viral treatment against T. leucotreta.

The mortality curves were compared using an ANOVA. The “EDcomp” function in the “drc”
package was then used to determine which treatments differed from each other significantly at

both the level of LCs¢ and LCoo.

3.3 Results

The purpose of the experiment was to determine whether virulence of a viral treatment to T.
leucotreta neonates could be increased by using a mixed infection. CrleGV-SA was the least
virulent of the three treatments, with the LCso and LCqo doses being 1.53 x 10* and 4.10 x 10°
OBs/mL respectively (Tables 3.2, 3.3). CrpeNPV was the second most virulent treatment with
the LCso and LCoo doses being 1.15 x 10* and 1.05 x 10° OBs/mL respectively (Tables 3.2, 3.3).
The most virulent treatment was the 1:1 mixture of CrleGV-SA and CrpeNPV with the LCso
and LCy values being 4.38 x 10° and 4.19 x 10* OBs/mL respectively (Tables 3.2, 3.3).

Table 3.2. Percentage larval mortality for each dose-response biological assay replicate.

Mortality (%)

CrleGV-SA
Dose Rep 1 Rep 2 Rep 3

(OBs/mL) (n=24) (n=24) (n=24)
0 8.33 8.33 0.00
6.40 x10* 8.33 4.17 8.33
3.20 x10? 12.50 8.33 16.67
1.60 x103 25.00 29.17 20.83
8.00 x10° 37.50 37.50 33.33
4.00 x104 62.50 70.83 62.50
2.00 x10° 91.67 95.83 79.17
CrpeNPV

0 12.50 4.17 4.17
1.24 x103 16.67 20.83 12.50
3.70 x10° 50.00 41.67 20.83
1.11 x10* 50.00 54.17 37.50
3.33 x10* 79.17 83.33 29.17
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1.00 x10°
3.00 x10°

100.00
100.00

100.00
100.00

87.50
95.83

Mixed infection

0
1.24 x103
3.70 x10?
1.11 x104
3.33 x10*
1.00 x10°
3.00 x10°

8.33 4.17 0.00

33.33 41.67 12.50
62.50 41.67 12.50
79.17 87.50 66.67
91.67 95.83 79.17
95.83 95.83 95.83
100.00 95.83 100.00

The ANOVA revealed that there was at least one significant difference among the treatments
(Df=4, LR =52.87, p <0.0001). The EDcomp function revealed that the mixed infection had
a significantly lower LCso than both CrleGV-SA (t = 2.91, p = 0.0036) and CrpeNPV (t = -
8.40, p < 0.0001). However, the LCso values for CrleGV-SA and CrpeNPV did not differ

significantly from each other (t = 1.06, p = 0.288). The LCo value of the mixed infection was
also significantly lower than the LCoo values of both CrleGV-SA (t = 2.07, p = 0.038) and
CrpeNPV (t = -5.08, p < 0.0001), but the LCoo values of CrleGV-SA and CrpeNPV did not
differ significantly (t = 1.60, p = 0.110).

Table 3.3. Lethal concentrations of CrleGV, CrpeNPV and the mixed inoculation against T.

leucotreta for seven-day surface dose biological assays. SE = Standard error.

CrleGV CrpeNPV 50/50 GVNPV
Concentration Concentration SE Concentration SE
(OBs/mL) (OBs/mL) (OBs/mL)
LCso 1.53 x 10* 3.021 x 10° 1.15 x 10* 1.46 x 10° 4.38 x 10° 6.36 x 10°
LCgo 4.10 x 10° 1.57 x 10° 1.05 x 10° 2.22 x 10* 4.19 x 10* 8.53 x 10°
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Figure 3.2. The dose-mortality curves of CrleGV-SA, CrpeNPV and the mixed inoculation.
3.4 Discussion

This chapter focused on the relative virulence of a mixed infection of CrleGV-SA and
CrpeNPV on T. leucotreta larvae. This was achieved using biological assays, where the virus
was administered using the surface-dose method, chosen because it best resembles the way the
virus would be administered in the field and it also best resembles the way in which the larvae
are likely to feed on the virus in the field. A probit regression model was used to determine the
LCsoand LCoo values of each treatment. The treatments were then analysed by comparing the

LCsoand LCoqg values as a measurement of virulence.

Larvae of T. leucotreta are cryptic feeders. This means that they burrow into the fruit, often
leaving no visible damage, and then feed inside the fruit for the rest of the larval phase (Daiber,
1979b). The only practical way to introduce the virus to the larvae in the field is by targeting
the neonates as they attempt to burrow into the fruit. This can be achieved by applying OBs to
the surface of the fruit before the larvae enter the fruit so that in the process of burrowing into
the fruit, the larva inadvertently consumes OBs. Using a surface-dose protocol for performing
dose-response bioassays was therefore the most comparable to the way in which the larvae

would come into contact with the virus in the field.
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The LCso and LCoyg values calculated for CrleGV-SA and CrpeNPV against neonates differ
from those of previous studies. When compared to the values reported by Marsberg (2016), the
LCsoand LCo values for CrpeNPV were 5.2 x lower and 9 x lower, respectively, than those
reported in this study. However, the reported LCso and LCoo values of these two viruses against
T. leucotreta neonates are not consistent, since another study by Jukes et al. (2017) reported
the median lethal concentrations of CrleGV-SA and CrpeNPV to be 1.4 x higher and 6.1 X
higher respectively than the results reported in this study (Table 3.4). The same trend was noted
when comparing the LCqo values reported by Jukes et al. (2017) with the LCop values reported
in this study, being 13 x higher and 6 x higher for CrleGV-SA and CrpeNPV respectively. The
LCso for CrleGV-SA reported here falls within the range of results reported by Opoku-Debrah
et al. (2016), with values between 1.89 x 10° OBs/mL and 7.10 x 10° OBs/mL for different
isolates of CrleGV. The raw data from Jukes et al. (2017) and Marsberg (2016) were available,
and so the calculations were performed again using the same statistical methods as were used
in this study. Of the differences noted, the LCso for CrpeNPV reported by Jukes et al. (2017)
was significantly higher and the LCop for CrpeNPV reported by Marsberg (2016) was
significantly lower than the results reported in this study (Table 3.5). The LCoqo for CrleGV-
SA reported by Jukes et al. (2017) was significantly higher than that reported in this study.
Variation in calculated lethal concentrations among studies is not uncommon and could be
attributed to a number of factors including colony health, variation in the handling of larvae,
variation in the enumeration of the virus stock, a difference in environmental conditions or
differences in the way the lethal doses were calculated (Lacey and Kaya, 2013). This means
that in future studies where lethal concentrations must be known at the beginning of a study, it
is important for biological assays to be done by the person performing the study rather than
using values from the literature. Because biological assays for each virus were performed for
this study before the mixed infection was investigated, despite the lethal concentrations being
available in the literature, a comparison between the virulence of each virus by itself and the

mixed infection could reasonably be made.
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Table 3.4. Re-analysis of surface-dose biological assay data for CrleGV-SA from Jukes et al.

(2017) and comparison with results from this study. Significant differences in the results in this

koksk

study are denoted by ~ (p <0.0001). Larvae per dose per replicate = 24. Replicates = 3.

Lethal Concentration
Study ) t value p value
Concentration (OBs/mL)
LCso 2.13 x 10* 0.899 3.68 x 10!
Jukes et al., 2017 -
LCoo 5.42x 106 -4.72 2.33x 107

Table 3.5. Re-analysis of surface-dose biological assay data for CrpeNPV from Jukes et al.
(2017) and Marsberg (2016) and comparison with results from this study. Significant
differences in the results in this study are denoted by * (p < 0.001), ™™ (p < 0.0001). Larvae
per dose per replicate = 48. Replicates = 3 (Marsberg, 2016), Larvae per dose per replicate =
24. Replicates = 3 (Jukes et al., 2017).

Lethal Concentration
Study ) t value p value
Concentration (OBs/mL)
LCso 2.20 x 103 4.23 2.35 %107
Marsberg, 2016
LCoo 9.68 x 10* 1.64 1.02 x 10!
LCso 7.05 x 104 3.43 6.10 x 10
Jukes et al., 2017
LCoo 6.28 x 10° 1.94 5.28 x 1072

The LCso of the mixed infection was 2.3 x and 2.8 % lower than those of CrpeNPV and CrleGV-
SA, and these differences were significant in both cases. When the LCoo values were compared,
the mixed infection had an LCoqg that was 5.1 x lower than the LCoo of CrpeNPV and 13 X lower
than CrleGV-SA, although only the former difference was statistically significant. It was
therefore established that a 1:1 mixture of OBs of CrleGV-SA and CrpeNPV was more virulent
than either virus by itself at the 50 % mortality point, and more virulent than CrpeNPV by itself
at the 90 % mortality point. It has been established in a previous study that CrpeNPV is
significantly more virulent against T. leucotrata than CrleGV-SA (Marsberg et al., 2017).
However, Jukes et al. (2017) found no significant difference between the two. While the
difference in virulence was reported by Marsberg et al. (2017), it is important to note that the
values were reported as lethal concentration. Since CrpeNPV has multiple virions per OB

whereas CrleGV-SA only has one virion per OB, CrpeNPV may not be more virulent than

41



Chapter 3: Comparison of lethal concentration

CrleGV-SA against T. leucotreta. This study found no significant difference between the
virulence of CrleGV-SA and CrpeNPV, although the relatively large variance in the CrleGV-
SA data may account for this. A previous study by Jukes et al. (2017) reported that mixtures of
CrleGV-SA and CrpeNPV resulted in lower LCso and LCo values than either virus by itself,
although the OB proportions of the mixed infection was different to that used in this study.
However, the results calculated here are similar to those reported by Jukes et al. (2017),
confirming that the interaction between CrleGV-SA and CrpeNPV in a mixed infection can be
synergistic. This is the only other study that has investigated the interactions between these two
viruses and so there are no more results to which these can be compared. However, other studies
have investigated mixed baculovirus infections and found synergistic interactions between
other baculoviruses. Tanada and Hukuhara, (1971) reported that that the virulence of an
unspecified NPV in P. unipunctata could be increased by the addition of PsunGV OBs. They
showed that this was due to a factor embedded in the protein matrix of PsunGV rather than
being caused by the virion, and that this factor aided the primary stage of infection by the
unspecified NPV. In the secondary stage of infection, the replication of PsunGV was limited
by the NPV, decreasing the mortality caused by the secondary infection. This effect could
potentially be removed by inactivating the added PsunGV. Another study showed that the LCso
of AngeMNPYV against Anticarsia gemmatalis larvae could be almost halved by the addition
of EpapGV, even though A. gemmatalis is not a host of EpapGV (Biedma et al., 2015). Yet
another study reported synergism between AcMNPV and TnSNPV as well as between
AcMNPV and Trichoplusia ni granulovirus (TnGV) in T. ni larvae, where the addition of
TnSNPV decreased the LCso by 8-fold, and the addition of TnGV increased the LCso by 10.7-
fold compared to ACMNPYV alone (Lara-Reyna et al., 2003). The increase in virulence between
CrleGV-SA and CrpeNPV in mixed infections in T. leucotreta larvae recorded in this study
adds to the list of baculoviruses known to interact synergistically, showing that there is
potential to improve the baculovirus-based biopesticides for the control of T. leucotreta in the

future.

This chapter reported the biological activity in terms of dose-response for CrleGV-SA,
CrpeNPV and a 1:1 mixture of both on T. leucotreta neonates. A combination of the two viruses
resulted in a significant improvement in virulence, suggesting that CrleGV-SA and CrpeNPV
interact synergistically. This means that both agents could be used in an area without reducing

the mortality rate caused by either virus, and using both simultaneously could potentially
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improve control of T. leucotreta. The next chapter describes and compares the speed of kill of

CrleGV-SA, CrpeNPV and a 1:1 mixture of the two on T. leucotreta neonates.

43



Chapter 4: Comparison of lethal times

Chapter 4

Evaluation and comparison of the speed of kill of
single and mixed infections of CrleGV-SA and
CrpeNPV

4.1 Introduction

In chapters 2 and 3, the virulence of pure viruses as well as a mixture of the two viruses and
adapted methods to be used in this chapter to determine the speed of kill were described. The
concentrations of each treatment that killed 50 % and 90 % of the larvae (LCso and LCoo
respectively) were established. These values could then be used to establish and compare the

speeds of kill of CrleGV-SA, CrpeNPV and a 1:1 combination of the two.

Baculovirus synergism between CrleGV-SA and CrpeNPV has previously only been measured
and compared in terms of dose-response by Jukes (2018), who found that mixtures of CrleGV-
SA and CrpeNPV were more virulent than either virus alone, with a CrpeNPV-dominant
mixture being more effective than a CrleGV-SA-dominant mixture. In chapter 3, it was shown
that a mixture of the two viruses had a significantly lower lethal concentration than either virus
alone. Since the improvement in the lethal concentration of a mixed infection has been
established, it was important to investigate the speed of kill. While dose-response is a good
measure of viral interaction, from a practical agricultural perspective, the speed of kill is very
important, since this could affect the crop loss in the short-term (Moore and Jukes, 2019).
Speed of kill has always been a limitation of pest control using baculoviruses, since the time
from ingestion of OBs to larval death is typically more than 72 hours (Moore et al., 2011),
where chemical pesticides typically kill faster. Time between application of a pesticide and
mortality of the pest is time in which fruit can be damaged by the pest, resulting in monetary
loss (Moore et al., 2011). Speed of kill is determined experimentally using time-response
bioassays, where organisms are exposed to a high sublethal dose (typically LCoo/LDgo or
higher) and the proportion of organisms killed over time is measured (Farrar and Ridgeway,
1998). A logit model can be used to determine the probability of death of an organism or the
percentage of a population killed after a certain time interval post-exposure by calculating the

points along the curve (Van Beek and Hughes, 1998). Results are reported as LTx where LT =
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“Lethal Time” (time after exposure) and X = the percentage of the population mortality in that

time post-exposure.

Time-response bioassays are similar to dose-response bioassays in their design. There are the
same three major types of time-response bioassays as dose-response (droplet feeding, diet
incorporation, and surface-dose) with the same advantages and limitations, all having been
discussed in chapter 3 (Boots and Begon, 1994; De Ledn and Ibarra, 1995). Once again, a
surface-dose protocol was chosen here, firstly, because a surface-dose protocol was used to
determine the LCoo dose required for the time-response experiments, and secondly, because
surface-dose best mimics the application of the virus in the field (Moore et al., 2015b).
Neonates were chosen because they are the instar targeted in the field (Moore et al., 2011;

Moore et al., 2015b).

This study used surface-dose time-response bioassays to determine the killing speed of
CrleGV-SA, CrpeNPV and a mixture of both against T. leucotreta neonates. The data were
then analysed further to determine whether the synergistic interaction between CrleGV-SA and

CrpeNPV resulted in a significantly improved speed of kill.

4.2 Materials and Methods

4.2.1 General methodology: optimisation of the time-response biological assay protocol

The methods for time-response biological assays from Marsberg (2016) were modified for
more effective monitoring of the larvae. Initial trial attempts using the methods described by
Marsberg (2016) indicated that the larvae could not be observed at each time interval, due to
there being excess diet. Survival and ease of observation were therefore compared using both
24-well plates and glass vials of 23 mm x 50 mm where different quantities of diet were used.
For each replicate, 60 vials with cottonwool plugs and one glass lid were autoclaved, and one
24-well tray was washed in tap water containing 1 % (w/v) sodium hypochlorite. The glass
vials were split into three sets of 20, where set one received the full quantity of artificial diet,
set two received 40 % of the full quantity or artificial diet and set 3 received 20 % of the full
quantity of artificial diet, where the full quantity was a single plug of diet prepared as described
in section 3.2.2. Twenty of the wells of the 24-well tray received 20 % (diet plug thickness) of
the full quantity of artificial diet. To prepare the diet for the vials receiving the full quantity,
250 g of artificial diet powder was mixed with 300 mL of dH>O in a Pyrex baking dish, covered

with a layer of aluminium foil and baked at 200 °C for 30 minutes. The top of each vial was
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then stamped once into the diet and the diet was compressed into the bottom of the vial using
the piston of a 10 mL syringe surface-sterilised with 70 % (v/v) EtOH (Figure 4.1). To prepare
artificial diet for the vials receiving 40 % and 20 % of the full quantity of diet, and for the 24-
well tray, 50 g of dry diet was placed in a Pyrex tray with 100 mL of deionised water and spread
evenly over the bottom of the tray. The tray was then covered with a layer of aluminium foil

and baked at 200 °C for 20 minutes.

The vials receiving the full diet quantity were stamped once each into the tray containing 250
g of diet, and the diet plug was then compressed into the bottom of the vial using the piston of
a 10 mL syringe (Figure 4.1). The vials receiving 20 % of the full diet quantity were stamped
once into the tray containing 50 g of diet and the vials receiving 40 % of the diet were stamped
twice into the same tray. The diet was then compressed into the bottom of each vial as before.
To transfer diet into the wells of the 24-well tray, a syringe with the end cut off (Figure 4.1)
was used to stamp out diet from the tray containing 50 g of diet and the piston was then used
to push the diet out of the tube and into each well. Diet was compressed into the bottom of each
well using the piston of the syringe. Of the 24 wells available, 20 were used. Each vial and well
then received a single T. leucotreta neonate which was transferred using a fine paintbrush to

avoid causing physical harm

Figure 4.1. Modified 10 mL syringe used for cutting diet (top) and syringe piston used for

compressing diet into wells and vials.
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4.2.2 Acquisition of neonates

Sheets of wax paper on which T. leucotreta eggs had been laid were acquired from the
Department of Entomology, Rhodes University, which has a captive colony. The sheets of
paper were placed in petri dishes with a small amount of tissue paper in a corner that had been
made wet with sterile deionised water. Each tray was sealed with Parafilm™ and stored in a CE
room at 27 C until the eggs hatched. Neonates were then used in the experiment within 8 hours

of hatching.
4.2.3 Time-response biological assays

The methods for the time-response bioassays were adapted from Marsberg (2016) and altered
to maximise the percentage of larvae that could be observed at each time interval (see sections
4.2.1 and 4.3.1). Fifty grams of artificial diet was mixed with 100 mL of deionised water in a
glass baking tray with dimensions of 31 cm x 20cm x 6cm. The tray was covered with
aluminium foil and the diet was then baked at 200 C for 20 minutes. The diet was then stamped
into sterile glass vials with an internal diameter of 23 mm and a height of 40 mm. The top
surface of the diet of fifty vials was then treated with 437 puL of the concentration at which 90
% of larvae are killed (LCoo) of the chosen viral treatment and allowed to dry. The other fifty
vials were treated with 437 pL of sterile deionised water. A single T. leucotreta neonate larva
was transferred to the surface of the diet in each vial using a fine paintbrush to avoid damaging
the larva. The vials were then closed with a plug of sterile cotton wool. Each vial was inspected
for dead larvae for the first time after 16 hours, after which they were inspected every 8 hours
until more than 95 % of the virus-treated larvae had died. The vials were inspected under a
dissecting microscope at 0.8 x magnification. If a larva could not be located, its burrow was
carefully opened with a sterile toothpick. This experiment was done in triplicate for each
treatment (CrleGV-SA, CrpeNPV and a 1:1 mixture of the two). Larvae that died in the first
48 hours were counted as having died from handling error and so were eliminated from the
pool. Larvae that did not die and showed no sign of infection were also eliminated, as they

have no relevance in time-response experiments (Farrar and Ridgeway, 1998).
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Figure 4.2. A vial complete with cotton wool and diet used in the time-response bioassays.
4.2.4 Statistical analysis

The data were analysed in RStudio using the packages “ecotox” (Hlina et al., 2019) to perform
the logit analysis, “dplyr” (Wickham et al., 2019a), “tidyr” (Wickham and Henry, 2019),
“tidyverse” (Wickham et al., 2019b), “tibble” (Miiller and Wickham, 2019) to restructure and
tidy the data, and “pacman” (Rinker and Kurkiewicz, 2017), “cowplot” (Wilke, 2020), “janitor”
(Firke, 2020) and “ggplot2” (Wickham, 2016) to create figures from the analysed data.
Cumulative mortality data were analysed using a logit generalised linear model. To test
whether time and treatment were significant predictors of mortality, a Wald’s chi squared test
with type i1 sum of squares was performed. Once time and treatment had been established as
significant predictors of mortality, the LTso and LTy values were calculated from the logit
model. The 95 % confidence intervals for the LTso and LToo values were plotted to show
whether there were significant differences in the LTso and LToo values among the different

treatments.
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4.3 Results

4.3.1 General methodology: optimisation of the time-response biological assay protocol

Vials containing 20 % of the full quantity of diet (V20) provided the best opportunity to observe
larvae, with the lowest mean percentage of larvae observed being 80 % at 28 hours and no
obvious difference in larval health (Figure 4.3). Other diet quantities resulted in a lower
percentage of larvae being observed, with the lowest mean percentages for 24-well trays (T20),
vials containing 40 % of the full quantity of diet (V40) and vials containing the full quantity of
diet (V100) being 45 %, 40 % and 55 % respectively (Figure 4.3). The mean percentage of
larvae successfully observed across all time points for V20, T20, V40 and V100 were 89 %,
60 %, 59 % and 65 % respectively. There was no indication that the diet quantity affected the

overall health of the larvae.

Figure 4.3. Proportion of larvae observed at each time interval. Red denotes the 24-well tray
containing 20 % diet plug thickness, green denotes vials containing 20 % of the full quantity
of diet, cyan denotes vials containing 40 % of the full quantity of diet, and purple denotes vials

containing the full quantity of diet as a control.
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4.3.2 Time-response biological assays

The purpose of this experiment was to determine and compare the LTso and LT of CrleGV-
SA, CrpeNPV and a 1:1 mixture of CrleGV-SA and CrpeNPV OBs when used on T. leucotreta
neonates. Surface-dose time-response biological assays were performed on T. leucotreta using
the LCoo values reported in chapter 3 (Table 4.1). A logit GLM was then used to calculate and
compare the LTso and LToo values among the three treatments. Time-mortality curves (Figure

4.4) and confidence intervals (Figure 4.5) were then plotted.

Table 4.1. Total mortality of larvae in the time-response biological assays.

Virus Replicate Number of larvae Total (r(r)l/(c:)rtallty Mean (r(%rtallty

1 50 66

Crlggv' 2 50 92 82
3 50 88
1 50 90

CrpeNPV 2 50 80 89
3 50 97
1 50 84

Mix 2 50 84 88
3 50 96

A Wald’s chi squared test with type ii sum of squares revealed that both time (y~ = 578.98, df
=1, P < 0.001) and treatment (x> = 16.28, df = 2, P < 0.001) were significant predictors of
mortality.

Table 4.2. Percentage T. leucotreta larval mortality over time after being treated with the LCoo

of each viral treatment.

Mortality (%)
] CrleGV-SA CrpeNPV Mixed Infection
Time
repl rep2 rep3 repl rep2 rep3 repl rep2 rep 3
(hours)

n=33 n=46 n=44 n=45 0n=40 0n=58 n=42 n=42 n=48
16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
32 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

50



Chapter 4: Comparison of lethal times

40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
48 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
56 0.0 0.0 0.0 2.2 10.0 3.4 0.0 0.0 0.0
64 0.0 0.0 0.0 4.4 15.0 52 0.0 0.0 0.0
72 0.0 2.2 4.5 6.7 15.0 5.2 0.0 0.0 0.0
80 0.0 4.3 6.8 8.9 17.5 10.3 24 0.0 0.0
88 24.2 6.5 11.4 13.3 20.0 10.3 7.1 4.8 4.2
96 51.5 10.9 13.6 267  30.0 13.8 7.1 7.1 10.4
104 63.6 174 13.6 333 35.0 20.7 7.1 214 16.7
112 7277 32,6 34.1 46.7 425 27.6 7.1 35.7 31.3
120 84.8  39.1 40.9 57.8 60.0 60.3 7.1 47.6 41.7
128 84.8 478 432 57.8 67.5 70.7 11.9 524 52.1
136 939 478 59.1 66.7 80.0 79.3 16.7 59.5 64.6
144 100.0 69.6 727 77.8 87.5 87.9 19.0 64.3 70.8
152 100.0 739 955 844 925 93.1 31.0 71.4 75.0
160  100.0 804 100.0 844 925 93.1 38.1 78.6 83.3
168 100.0 95.7 100.0 91.1 95.0 93.1 50.0 81.0 89.6
176  100.0 100.0 100.0 95.6 100.0 93.1 59.5 88.1 89.6
184  100.0 100.0 100.0 97.8 100.0 93.1 64.3 95.2 95.8
192 100.0 100.0 100.0 97.8 100.0 93.1 69.0 100.0 100.0
200 100.0 100.0 100.0 97.8 100.0 94.8 714 100.0  100.0
208  100.0 100.0 100.0 100.0 100.0 98.3 76.2  100.0 100.0
216  100.0 100.0 100.0 100.0 100.0 100.0 81.0 100.0 100.0
224 100.0 100.0 100.0 100.0 100.0 100.0 857 100.0 100.0
232 100.0 100.0 100.0 100.0 100.0 100.0 929 100.0 100.0
240  100.0 100.0 100.0 100.0 100.0 100.0 952 100.0 100.0
248  100.0 100.0 100.0 100.0 100.0 100.0 97.6 100.0 100.0
256  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
264  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
272 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
280 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
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The logit regression model (Table 4.2) showed that virus with the fastest speed of kill at the 50
% mortality point was CrpeNPV with a LTso of 113.5 hours, followed closely by CrleGV-SA
with a LTso of 117.5 hours, although this difference was not statistically significant (Figure
4.5). At the point of 90 % mortality, the fastest-killing treatment was CrleGV-SA with a LToo
of 153.2 hours, followed closely by CrpeNPV with a LToo of 159.3 hours, although once again,
this difference was not statistically significant (Figure 4.5). The slowest-killing treatment at
both the points of 50 % mortality and 90 % mortality was the mixture, with a LTso of 139.0
hours and a LT of 193.4 hours. Both of these times are statistically significantly longer than

both the LTsoand LToo of CrleGV-SA, and the LTso and LTy of CrpeNPV (Figure 4.5).

Table 4.3. Logit regression data for all time-response treatments on T. leucotreta neonates.

Logit regression data

Chi-
Slope SE  P-value intercept SE  P-value
Squared

1 25.29 2.236 <0.0001 14.02 -50.63 4.507 <0.0001
CrleGV-

SA 2 19.7 1.174 <0.0001 26.72 -41.44 2493 <0.0001

3 21.2  1.356 <0.0001 45.59 -4422  2.853 <0.0001

1 14.76  0.818 <0.0001 12.02 -30.46 1.717 <0.0001

CrpeNPV 2 13.76  0.809 <0.0001 41.31 -27.91 1.673 <0.0001

3 1627 0.823 <0.0001 43.53 -33.62 1.724 <0.0001

Mixed 1 15.81 0.889 <0.0001 35 -35.15 1.994 <0.0001

ixe

) 2 18.19 1.094 <0.0001 223 -38.34 2.332 <0.0001
Infection

3 1973 1.151 <0.0001 13.06 -41.52  2.445 <0.0001
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Figure 4.4. Time-mortality curves of CrleGV-SA (blue), CrpeNPV (yellow) and a mixed
infection of CrleGV-SA and CrpeNPV (red) on T. leucotreta neonates. Shaded areas denote

standard error.

Figure 4.5. Confidence intervals (a = 0.05) for the LTso (left) and LToo (right) of CrleGV-SA
(green), CrpeNPV (red) and a mixed infection of CrleGV-SA and CrpeNPV (blue) on T.

leucotreta neonates. Different letters denote statistically significant differences.
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4.4. Discussion

The purpose of this chapter was to establish and compare the speed at which CrleGV-SA,
CrpeNPV and a 1:1 mixture of the two, kill T. leucotreta neonates. This was achieved by using
a surface-dose time-response biological assay protocol adapted from Marsberg (2016). The
data were then analysed and compared using a Wald’s chi squared test with type two sum of

squares and a logit regression model.

As with the dose-response biological assays, a surface-dose protocol was chosen to perform
the time-response biological assays. For T. leucotreta, surface-treated diet is the most
appropriate method of introducing the virus to the larva when performing biological assays.
This is because T. leucotreta is a cryptic feeder (Daiber, 1979b) and so the only realistic way
to introduce the virus into the larvae in the field is by spraying the surface of the fruit with a

virus treatment before the larvae burrow through the rind (Moore et al., 2011).

The fastest killing viral treatment in this study was CrpeNPV, with a LTso of 113.5 hours and
a LT of 163.3 hours. While this treatment was the fastest-killing viral treatment, it was slower
to kill than was reported by Marsberg (2016), as shown in Table 4.2. The LTso reported here
differs by 1 day and 9 hours, and the LToo differs by 2 days and 15 hours to the values reported
by Marsberg (2016) (Table 4.3). In contrast to this, the CrleGV-SA results reported in this
study are comparable to those reported by Moore et al. (2011), with the LTso being identical
and the LTy differing by less than 1 day (Table 4.3). This was the first study to use a single
protocol and a single observer to perform time-response biological assays using CrleGV-SA
and CrpeNPV against T. leucotreta neonates. Although the differences between the speed of
kill of CrleGV-SA and CrpeNPV have been reported previously, it has only been done by meta-
analysis (Marsberg, 2016). This study shows that, although CrpeNPV did appear to reach LTso
slightly quicker than CrleGV-SA, the difference was not as great as reported by Marsberg
(2016) and the difference was not significant. It is important to note that Marsberg (2016) did
not test whether the differences reported were significant. While Marsberg (2016) reported that
CrpeNPV was substantially quicker than CrleGV-SA to reach 90 % mortality in T. leucotreta,
this study found that CrleGV-SA was actually slightly quicker to cause 90 % mortality,
although once again this difference reported here was not statistically significant. While the
results reported here are very similar to the results reported by Moore et al. (2011), they differ
substantially from the results reported by Marsberg (2016). This is potentially due to

differences in the lethal concentration used or observer bias or slight differences in
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methodology. While the total mortality reported by Moore (2002) for the time-response
biological assays with CrleGV-SA are similar to those reported in this study, the mortalities
reported for the time-response biological assays for CrpeNPV by Marsberg (2016) were
substantially higher (Tables 4.1, 4.4). It is possible that the faster speed of kill reported by
Marsberg (2016) could be attributed to a greater lethal dose being used than in this study.
Nevertheless, the comparison of these results with Moore (2002) and Marsberg (2016)
highlights the need for all time-response biological assays for any one study to be performed

by a single observer.

Table 4.4. Total mortality of larvae in the time-response biological assays reported by Moore
(2002) and Marsberg (2016).

Virus Renlicate Number of  Total mortality Mean
b larvae (%) mortality (%0)
CrleGV-SA ! 50 76
TiC -
(Moore, 2002) 2 >0 62 72
3 50 78
CroeNPV 1 50 94
1pe
(Marsberg, 2016) 2 >0 94 95.3
3 50 98

Table 4.5. Comparison of time-mortality results reported in this study to time-mortality results

reported by Marsberg (2016) and Moore et al. (2011).

Time to Mortality (hours)

Treatment This study Marsberg, 2016 Moore et al., 2011
LTso 114 81 -

CrpeNPV
LToo 159 96 -
LTso 118 - 118

CrleGV-SA
LToo 153 - 176
. LTso 139 - -
Mix

LToo 193 - -

This is the first study to report the time-mortality values of a mixture of CrleGV-SA and
CrpeNPV on T. leucotreta neonates. While it was reported in chapter 3 that a mixture of
CrleGV-SA and CrpeNPV was significantly more virulent than either virus by itself against T.

leucotreta neonates, the mixture took significantly longer to kill than either virus by itself.
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Since no other studies have investigated the time-mortality of a mixed infection of CrleGV-SA
and CrpeNPV, the results reported here cannot be compared to any other results. However,
time-mortality has been investigated with other baculoviruses on other lepidopteran pests.
Biedma et al. (2015) reported that a mixed infection of EpapGV and AngeMNPV in 3™ instar
A. gemmatalis larvae had a LTso that was 2 days shorter than AngeMNPV by itself. In a
different study it was reported that the addition of XecnGV to SpliNPV had an increased
virulence against S. litura larvae over SpliNPV by itself, but that it had no significant effect on
the speed of kill (Guo et al., 2007). It is important to note that in both of these cases, the
granulovirus was not able to infect the larvae on which the mixture was being tested. The
granulovirus OBs were used as a source of enhancin proteins that allowed the
nucleopolyhedroviruses to move through the peritrophic membrane more easily (Biedma et al.,
2015; Guo et al., 2007). This means that it would not be possible for the GVs and NPVs to
compete with each other, since only one of the viruses was capable of replicating in the host
cells. In contrast, T. leucotreta is a host to both CrleGV-SA and CrpeNPV, and thus there is
the potential for competition between the viruses, potentially slowing down the time to larval
mortality (Hefferon et al., 1999). The process of infection in a mixed infection needs to be
investigated, since a mixed infection improves virulence in terms of the lethal concentration
but causes the infection to take longer to kill. It is possible that one of the two viruses has a
protein embedded in the OB that makes the peritrophic membrane more permeable to the other
virus, increasing the potential for infection in the primary stage (Cheng and Lynn, 2009;
Biedma et al., 2015). It is also possible that once the viruses have entered the cells and begin
replicating, they compete in some way, slowing down the rate of replication in the systemic
infection stage, thereby slowing down the speed of kill. These possibilities are speculation and

need to be investigated.

This chapter reported and compared the biological activity of CrleGV-SA, CrpeNPV and a 1:1
mixture of CrleGV-SA and CrpeNPV OBs in terms of time-mortality. While chapter 3 reported
a significant improvement in dose-response using a mixed infection, this chapter reported that
the speed of mortality was slower for a mixed infection than for either virus by itself. This
means that, although the control of T. leucotreta could potentially be improved in the long term
by exploiting the increased dose-response of a mixed infection, a mixed infection could
potentially result in increased fruit loss compared to single infection in the short term. Chapter
5 describes the use of multiplex PCR to determine which viruses were present in the cadavers

from each treatment from the time-mortality biological assays.
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Chapter 5

Molecular screening of baculoviruses recovered

from T. leucotreta cadavers

5.1 Introduction

In Chapter 4 the speeds of kill of CrleGV-SA and CrpeNPV alone as well as a 1:1 mixture of
the two were compared against T. leucotreta neonates. The 1:1 mixture had a significantly
slower speed of kill than either virus alone, while the pure virus treatments were comparable
to each other. It is therefore important from a pest-management perspective to know which
viruses were present in the cadavers from each treatment as a first step in understanding how

the viruses interact in mixed infections in T. leucotreta.

To be able to compare the different viral treatments, the cause of death of the larvae in each
treatment must be known. However, covert infections of viruses not initially used to inoculate
the larvae may be expressed due to stress caused by baculovirus infection (Burden et al., 2003),
thereby potentially creating mixed infections when the larvae were only inoculated with a
single virus species. Baculoviruses are transmitted either horizontally or vertically. Horizontal
transmission requires there to be a high host density in the area to be successful, since it requires
another individual to come into contact with the virus. Vertical transmission requires
replication of the host to occur and is therefore directly affected by the fitness of the individual.
Stresses that affect the potential fitness of an individual with a covert infection can trigger an
overt infection, since a jump to a horizontal transmission strategy gives the virus a better chance
of persisting and replicating when the reproduction potential of the host is compromised
(Williams et al., 2017). One of the stresses known to trigger a covert infection to become overt
is the overt infection by another baculovirus (Burden et al., 2003; Murillo et al., 2011; Jukes,
2018) It has been reported that when T. leucotreta larvaec were inoculated with CrpeNPV,
CrleGV-SA would often appear and even begin to outcompete CrpeNPV, and larvae inoculated
with CrleGV-SA would occasionally also express CrpeNPV (Jukes, 2018). This phenomenon
has the potential to skew the results. Screening for CrleGV-SA and CrpeNPV can be done by
a multipex PCR reaction designed by Jukes (2018), described and discussed in Chapter 2.
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Baculovirus infection of lepidopteran larvae often prevents or significantly reduces growth of
the larvae due to reduced larval feeding (if an egt gene is absent) or due to the larvae
succumbing to the infection before significant growth occurs (O’Reilly and Miller, 1991). This
means that larvae inoculated with baculoviruses as neonates often fail to increase in size
significantly from their original size. The result of this is that once the baculovirus infection
has killed the larvae, the cadavers are of a similar size to the neonates, and therefore the
baculovirus load is very small and traditional baculovirus DNA extraction techniques are not
possible, since they usually involve the purification of OBs from later instar cadavers prior to
the DNA extraction being performed (Jukes, 2018; Opoku-Debrah et al., 2013), and the
quantity of tissue required exceeds the quantity available from a neonate-sized cadaver. It was
therefore necessary to develop a DNA extraction protocol or modify an existing protocol to be

suitable for the extraction of DNA from OBs inside neonate-sized cadavers.

This chapter describes the screening of cadavers from all of the time-response biological assays
for CrleGV-SA and CrpeNPV and discusses the implications of covert infections and the
simultaneous use of both viruses in the field. The first objective was to develop a suitable
protocol for extracting DNA from OBs in neonate-sized cadavers. The second objective was
to perform a multiplex PCR to screen the larvae from each viral treatment for CrleGV-SA and
CrpeNPV, and the third objective was to perform the mPCR protocol using only T. leucotreta

gDNA to eliminate that as a potential confounding factor in the reaction.

5.2 Materials and Methods

5.2.1 General Methodology: Optimisation of a DNA extraction method for baculoviruses

in neonate-sized cadavers of T. leucotreta

Due to the small size of the cadavers, a DNA extraction method needed to be developed that
minimised the loss of DNA. Five different extraction methods were attempted, all based on the
CTAB extraction described by Opoku-Debrah et al. (2013). The first method (Method 1, Figure
5.1) was a crude extraction without cleaning steps. This involved the homogenisation of the
cadaver in 5 pL. ddH>O, followed by the addition of 2.5 pL of 1M NaCOs, after which the
suspension was incubated at 37 °C for 30 minutes. Following the incubation step, 3 puL Tris-
HCI (pH 6.8), 1.25 uL 10 % SDS (v/v) and 0.5 pL proteinase K (25 mg/mL) were added and
the suspension was incubated at 37 °C for 30 minutes. This was followed by the addition of
0.5 uL of RNase A (10mg/mL) and the suspension was once again incubated at 37 °C for 30

minutes. An attempt to deactivate the proteinase K was made by heating the suspension to 95
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°C for 10 minutes. This was done to prevent the proteinase K from denaturing the Taq

polymerase during mPCR.

The second method (Method 2, Figure 5.1) involved performing the same process as the first
method without the final 95 °C step. This was followed by the addition of 50 uL of ice-cold
isopropanol and the suspension was then left at -20 °C overnight. The suspension was then
centrifuged at 12100 x g for 20 minutes, after which the supernatant was discarded and 50 pL
of ice cold 70 % (v/v) EtOH was added. This was followed by a centrifugation step at 12100
x g for 5 minutes, after which the supernatant was discarded. The tubes were left to dry, and

the DNA was resuspended in 10 uL. ddH>O.

The third method (Method 3, Figure 5.1) involved the same steps as method 1 without the final
95 °C proteinase K deactivation step. This was followed by a centrifugation step at 12100 % g
for 2 minutes. The supernatant was collected and placed into new tubes containing 10 pL
CTAB buffer at 70 °C. An incubation step of 45 minutes at 70 °C was then performed.
Following the incubation, 50 pL of chloroform at 4 °C was added to each tube and the tubes
were inverted a few times. They were then centrifuged at 6700 % g for 10 minutes and the
upper aqueous layers were added to tubes containing 50 pL of ice-cold isopropanol for
precipitation. The suspensions were left overnight at -20 °C, after which the tubes were
centrifuged at 12100 x g for 20 minutes. The supernatant was discarded and 100 puL of ice-cold
70 % (v/v) EtOH was added, after which the tubes were centrifuged at 12100 % g for 5 minutes.
The supernatant was discarded, the tubes were left to dry and finally the DNA was resuspended
in 10 uL of ddH>O.

The fourth method (Method 4, Figure 5.1) involved using purified CrleGV-SA OBs in place
of the template gDNA in the mPCR protocol, and the fifth method (Method 5, Figure 5.1)
involved boiling purified CrleGV-SA OBs for 10 minutes and using them in place of gDNA in
the mPCR protocol.
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Figure 5.1. Flow diagram illustrating the methods used to develop an effective protocol for the
extraction of baculovirus gDNA from neonate-sized T. leucotreta cadavers, as well as to assess

different reagents for interference with the mPCR.

Since screening was to be done by mPCR, the success of the extraction methods was tested
using the mPCR protocol. An initial PCR test was performed on just the first method, which
was unsuccessful (see section 5.3.1). A second round of tests were then performed on all three
extractions as well as tests using confirmed CrleGV-SA gDNA in combination with one of
each chemical in the crude extraction to test whether the chemicals were to blame for the initial

failure.

The PCR tests included 12.5 pL of Taq MasterMix, 1 uL of each primer (CpNPV-PiflF,
CpNPV-PiflR, CIGV-L4F, CIGV-L4R) at 10 uM, 4 uL of DNA extraction product, and
ddH>O to increase the total volume to 25 pL. As well as this, a positive control containing 1
pL Pif-1 and Lef-4 regions, and a negative control containing no template was used. Additional
reactions were set up in the same way, but each extraction was tested in a reaction, as well as
CrleGV-SA and CrpeNPV gDNA in combination with a single chemical used in the crude
extraction method (Na,COs, SDS, proteinase K and Tris-HCI) in the same concentrations as
the first attempt (Figure 5.2). The heat cycling was performed according to the methods
described in chapter 2.
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Figure 5.2. Flow diagram showing methods used to test the interference of reagents in the PCR

process.
5.2.2 DNA extraction

DNA was extracted from OBs from cadavers from the time-response biological assays using a
modified CTAB extraction method (Method 3) based on the method described by Opoku-
Debrah et al. (2013). Three T. leucotreta cadavers from each time-response replicate (9 per
treatment) were selected, placed in separate 1.5 mL tubes. They were then homogenised in 5
pL of ddH>O using a sterile pipette tip. Once the cadavers had been homogenised, 2.5 pL of
NaxCOs (1 M) was added to each tube, after which they underwent an incubation period of 30
minutes at 37 °C. After the initial incubation period, 3 pL Tris-HCI (pH6.8), 1.25 uL SDS (10
% v/v) and 0.5 pL of proteinase K (25 mg/mL) were added to each tube and the incubation was
repeated as before. Following the second incubation period, 0.5 pL RNase A (10mg/mL) was
added to each tube and incubation was repeated as before. The tubes were then centrifuged at
2100 g for 2 minutes and the supernatants were collected and placed in new tubes containing
10 uLL CTAB buffer at 70 °C. An incubation period of 45 minutes at 70 °C was then performed.
Following the incubation, 50 pL of chloroform at 4 °C was added to each tube and the tubes
were inverted a few times. The tubes were then centrifuged at 6700 x g for 10 minutes, after
which the upper aqueous layer was collected from each tube and placed into new tubes
containing 50 uL of ice-cold isopropanol. The tubes were left in a freezer overnight to promote

precipitation of the DNA. They were then centrifuged for 20 minutes at 2100 % g and the
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supernatant was discarded. One hundred pL of ice-cold 70 % (v/v) ethanol was added to each
tube and the tubes were centrifuged for 5 minutes at 2100 % ¢. The supernatant was discarded
and the tubes were left with the lids open in a heating block at 55 °C until the pellets were dry.
The DNA was resuspended in 10 uL ddH>O. The concentration of DNA was then measured
using a NanoDrop'" 1000 spectrophotometer (Thermo Fisher Scientific, USA).

To extract DNA from larger T. leucotreta larvae that were not displaying signs of viral
infection, the same protocol was used, but with volumes being: 200 uL ddH>O for
homogenisation, 90 pLL Na,COs, 120 uL Tris-HCI (pH6.8), 50 uL SDS, 20 uL proteinase K,
10 uLL RNase A, 400 uL. CTAB, 400 pL chloroform, 400 pL isopropanol, 1000 pL ethanol.

The concentrations of each of these chemicals remained the same as above.
5.2.3 Multiplex polymerase chain reaction

The DNA extracted from each cadaver (3 per replicate, 9 per treatment) was screened for the
presence of both CrleGV-SA and CrpeNPV using the multiplex PCR primers and protocol
developed by Jukes (2018). Each PCR reaction received 12.5 pL Ampliqon 2 x MasterMix
(Ampligon, Denmark), 1 pL CpNPV-PiflF (10 uM), 1 uL CpNPV-PifIR (10 puM), 1 pL
CIGV-L4F (10 uM), 1 uL CIGV-L4R (10 uM) oligonucleotides (Jukes, 2018), 5 uL of one of
the gDNA extracted from one of the cadavers and the total volume was increased to 25 pL by
adding the difference of ddH20O. A positive control containing 2 pL of CrleGV-SA gDNA
suspension and 2 pL of CrpeNPV gDNA suspension was also made, as well as a negative
control containing ddH2O in the place of gDNA. The thermal cycling protocol included an
initial denaturation step of three minutes at 95 °C. After this, a denaturation step of 30 seconds
at 95 °C was followed by an annealing step of 30s at 55 °C and an elongation step of 30 seconds
at 72 °C. These three steps were repeated in order 30 times, after which a final elongation step
of one minute at 72 °C took place. Samples were kept at 4 °C until they were analysed using

AGE.
5.2.4 Agarose Gel Electrophoresis

Following the PCR, AGE was performed to determine whether the reaction was successful and
to estimate the lengths of the amplicons produced in each reaction. A gel was also run to
determine whether the CTAB extraction process was successful at extracting gDNA from T.
leucotreta cells. For the PCR products, a 2% gel was used with ethidium bromide staining. The
gel was run at 70 V for 45 minutes, while the T. leucotreta gDNA was run through a 1 % gel

with ethidium bromide staining at 100 V for 45 minutes.
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5.3 Results

5.3.1 General Methodology: Optimisation of a DNA extraction method for baculoviruses

in neonate-sized cadavers of T. leucotreta

The mPCR and AGE of the different extraction attempts showed that both the second method
(crude extraction with a precipitation step) and the third method (full CTAB extraction with
smaller volumes) were successful (Figure 5.3). The Na,COs, SDS and proteinase K all
interfered with the PCR reaction, while the Tris-HCI appeared to have no effect (Figure 5.3).
The CTAB with reduced volumes was therefore chosen as the extraction method for the future
extractions. Lanes 1A, 2A and 3A all produced bands of between 350-400 bp (lef-4), with lane
1A being the PCR product when using the standard CTAB reaction performed exactly as
described by Jukes (2018) with purified CrleGV-SA OBs, lane 2A being the PCR product of
the reduced-volume CTAB extraction (Method 3) and lane 3A showing the PCR product of the
crude extraction with an isopropanol-precipitation step (Method 2) (Figure 5.3). Lane 4A
depicts the PCR product when using the crude extraction method (Method 1) and it produced
no bands showing that this technique was not suitable. Lanes 5A and 6A depict the PCR
products when using purified CrleGV-SA OBs (Method 4) and boiled CrleGV-SA OBs
(Method 5), respectively, in the place of gDNA. Both showed faint lef-4 bands. Lane 7A was
the positive control which produced two bands, one being lef-4 and the other being pif-1
(between 150-200 bp). Lane 1B (no-template control) produced no bands, and lanes 2B, 3B
and 4B produced no bands. These lanes showed the result of a PCR that used a mixture of
CrleGV-SA and CrpeNPV gDNA as the template, but also had an additional reagent added to
test the potential of the reagents to interfere with the reaction. The lanes show the results for
SDS, proteinase K and Na,COs respectively. Finally, lane 5B shows the products of the PCR
using both CrleGV-SA and CrpeNPV gDNA as a template, but with the addition of Tris-HCI
at pH 6.8. This produced bands of both lef-4 and pif-1 (Figure 5.3).
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Figure 5.3. AGE with ethidium bromide staining of the mPCR products of different DNA
extraction methods. A) Lane L: GeneRuler 1kb ladder, lane 1: CTAB extraction of purified
CrleGV-SA OBs, lane 2: small-volume CTAB, lane 3: crude extraction with isopropanol
precipitation step, lane 4: crude extraction, lane 5: direct CrleGV-SA OBs, lane 6: boiled
CrleGV-SA OBs, lane 7: positive control, B) lane L: GeneRuler 1kb ladder, lane 1: no-template
control, lane 2: SDS with CrleGV-SA and CrpeNPV gDNA, lane 3: proteinase K with CrleGV-
SA and CrpeNPV gDNA, lane 4: NaxCO3 with CrleGV-SA and CrpeNPV gDNA, lane 5: Tris-
HCI with CrleGV-SA and CrpeNPV gDNA.

5.3.2 Multiplex polymerase chain reaction

A multiplex PCR reaction described by Jukes (2018) was performed to determine which viruses
were present in the cadavers of each reaction following a DNA extraction using the modified
CTAB extraction technique (Method 3) developed in section 5.2.1. A 187 bp region of the pif-
1 gene of CrpeNPV and a 378 bp region of the lef-4 gene of CrleGV-SA were screened to

determine which viruses were present in each case.

Following PCR of the DNA extractions of the larvae treated with CrleGV-SA, 7 out of 9
showed lef-4 bands (Figure 5.4). In 4 out of 9 cases, faint bands consistent with the expected
size of the pif-1 amplicon were present, suggesting the presence of CrpeNPV in the cadavers
(Figure 5.4). Lanes 1-5, 7 and 8 showed amplicons consistent with lef-4, while lanes 9 and 10
showed no bands. Lane 6 showed a faint unidentified band of between 250-300 bp. In addition
to the lef-4 bands, lanes 1-4 also showed faint bands consistent with pif-1 and lanes 2, 3, 5, 7
and 8 showed faint unidentified bands of between 250-300 bp (Figure 5.4). Lane 11 (positive
control) showed bands of both lef-4 and pif-1.
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Figure 5.4. AGE with ethidium bromide staining of the mPCR amplicons resulting from gDNA
extracted from larval cadavers inoculated with CrleGV-SA. Lanes 1 to 9: amplicons from DNA
extracted from cadavers from the CrleGV-SA time-response biological assays, lane 10: no-

template control, lane 11: positive control, lanes L: NEB 50bp ladder.

The AGE of the PCR products of larvae treated with CrpeNPV showed that pif-1 amplicons
were present in all 9 cases (Figure 5.5). Faint lef-4 bands appeared in 5 out of 9 cases, and
bright bands of the same size appeared in 3 out of 9 cases, suggesting the presence of CrleGV-
SA in 7 out of 9 cases. Lanes 1-9 showed pif-1 band. Additionally, lanes 1, 2, 5, 6 and 9 showed
lef-4 bands, suggesting the expression of covert infections of CrleGV-SA. Lanes 1, 2, 3, 6 and
9 also showed faint unidentified bands of between 250-300 bp. Lane 10 (no-template control)
showed no bands, while lane 11 (positive control) showed both pif-1 and lef-4 (Figure 5.5).
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Figure 5.5. AGE with ethidium bromide staining of the mPCR amplicons resulting from gDNA
extracted from larval cadavers inoculated with CrpeNPV. Lanes 1 to 9: amplicons from DNA
extracted from cadavers from the CrpeNPV time-response biological assays, lane 10: no-

template control, lane 11: positive control, lanes L: NEB 50bp ladder.

The AGE of the PCR products from the larvae treated with a 1:1 mixture of CrleGV-SA and
CrpeNPV OBs produced lef-4 bands in all 9 cases, and fainter pif-1 bands in 8 out of 9 cases,
suggesting the presence of both CrleGV-SA and CrpeNPV in 8 out of 9 cases and only CrleGV-
SA in 1 out of 9 cases (Figure 5.6). In all cases the lef-4 band was brighter than the pif-1 band,
suggesting that either CrleGV-SA becomes dominant over CrpeNPV in mixed infections or the
DNA extraction methods or mPCR protocol favours one of the two viruses. Lanes 1-3 and 5-8
produced bands of both lef-4 and pif-1, suggesting both CrleGV-SA and CrpeNPV were present
in these cases. Lanes 4 and 9 showed only lef-4, suggesting the presence of only CrleGV-SA.
Lanes 5 and 6 showed additional faint unidentified bands of between 250-300 bp. Lane 10
(NTC) showed no bands, and lane 11 (positive control) showed both lef-4 and pif-1 (Figure
5.6).
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Figure 5.6. AGE with ethidium bromide staining of the mPCR amplicons resulting from gDNA
extracted from larval cadavers inoculated with a 1:1 mixture of CrleGV-SA and CrpeNPV.
Lanes 1 to 9: amplicons from DNA extracted from cadavers from the mixed infection time-
response biological assays, lane 10: no-template control, lane 11: positive control, lanes L:

NEB 50bp ladder.

A faint unidentified band of between 250 and 300 bp appeared on all three gels (Figures 5.4,
5.5, 5.6). This band was present in 6 out of 9 cases on the CrleGV-SA gel, including in one
lane where no other bands appeared (Figure 5.4). On the CrpeNPV gel, this band appeared in
5 out of 9 cases (Figure 5.5), and on the mixed infection gel this band appeared in 3 out of 9
instances (Figure 5.6). It was never present in the positive control and it was never present in
the no-template control. Multiplex PCR using T. leucotreta gDNA as the template produced
no bands, discounting the possibility that the primers were binding to genomic DNA from T.
leucotreta or gut bacteria from T. leucotreta larvae (Figure 5.7). Lanes 1-3 (T. leucotreta
gDNA) and lane 4 (NTC) produced no bands and lane 5 (positive control) showed both lef-4
and pif-1 (Figure 5.7).
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Figure 5.7. Products from the mPCR using T. leucotreta gDNA as a template. Lanes 1 to 3:
products of the PCR reaction containing T. leucotreta gDNA, lane 4: no-template control, lane
5: positive control, Lane L: NEB 50 bp ladder.

5.4 Discussion

The purpose of this chapter was to investigate the virus or viruses responsible for the deaths of
the larvae for each time-response biological assay treatment (described in chapter 4) and
determine whether covert infections are expressed as a result of stress caused by viral infection.
This was achieved by developing and using a modified CTAB DNA extraction method suitable

for small quantities of viruses followed by a multiplex PCR and AGE for detection of viruses.

Covert infections were present in all treatments, although not in all larvae. In the CrleGV-SA
treatments, of the 7 larvae that produced bands, only 4 produced bands of the correct length for
CrleGV-SA and 3 produced two bands consistent with the lengths expected from both viruses.
Where both bands were present, the band consistent with the length expected from CrpeNPV
was faint. This suggests that covert infections of CrpeNPV are possible (Burden et al., 2003).
This phenomenon has been reported once before by Jukes (2018). A similar phenomenon was
observed in the CrpeNPV-treated larvae. All 9 samples produced bands consistent with the
lengths expected from CrpeNPV, but 7 of the 9 samples also produced faint bands of CrleGV-
SA. This suggests that CrpeNPV was dominant in the infection, but covert infections of
CrleGV-SA began to be expressed. Finally, in the mixed infection, all 9 samples produced
bands and 8 out of the 9 produced two bands consistent with the lengths expected for CrleGV-
SA and CrpeNPV. In all of the cases where both bands were present, the band consistent with
CrleGV-SA was brighter than that of CrpeNPV, despite the fact that the proportion of OBs
used in the treatment was the same for each virus. It is important to note that the number of

virions is higher per OB of CrpeNPV than CrleGV-SA, meaning that a 1:1 mixture of the two
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is technically CrpeNPV-dominant (Marsberg, 2016; Jukes, 2018). In the mPCR test used, this
could potentially be compounded by the fact that the test is more sensitive to CrpeNPV than to
CrleGV-SA (Jackson, 2018). The dominance of the CrleGV-SA bands in the mixed infection
suggests that CrleGV-SA began to outcompete CrpeNPV, a phenomenon also reported by
Jukes (2018). This phenomenon has also been reported in other mixed baculovirus infections

where one baculovirus begins to outcompete another for resources (Wennman et al., 2015).

The presence of unexpected bands with a length of between 250 and 300 bp remains
unexplained. It was shown that this could not be explained by the oligonucleotides binding to
regions of the T. leucotreta genome, or to regions of the genome of one of the gut bacteria of
T. leucotreta larvae, since the protocol for DNA extraction and multiplex PCR produced no
bands when performed on larvae showing no signs of baculovirus infection (Figure 5.5). The
positive controls also remained free of this band. Due to the time restrictions placed on this
study in conjunction with the lock-downs put in place by the South African government to deal
with the SARS-Cov-2 pandemic, there was not sufficient time to isolate this band from the gels

to be sequenced.

This is the second study to report covert infections of CrpeNPV in T. leucotreta larvae (Jukes,
2018). In both cases, the same captive T. leucotreta colony was used to perform the study. This
is also the same colony against which CrpeNPV was originally tested (Marsberg, 2016) and it
is therefore possible that, through exposure to the virus, the laboratory colony used for this
study has acquired a covert infection of CrpeNPV that would not usually be present in wild
populations. If this is the case, the use of CrpeNPV in the field as a tool for managing T.
leucotreta could result in covert infections of CrpeNPV occurring in wild populations. The
potential implications for this are that mortality could be increased when spraying CrleGV-SA
in the field where covert infections of CrpeNPV occur as shown in the lethal concentration
biological assays in this study as well as by Jukes (2018), although this may simultaneously
reduce the speed of kill. Field studies to determine whether or not this is the case must be
conducted as the information has implications for the management of T. leucotreta.
Furthermore, the Rhodes University laboratory colony should be screened for covert infections
of both CrleGV-SA and CrpeNPV, as this information may affect future studies with this

colony.
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Chapter 6

General Discussion

6.1 Thesis overview

The discovery of the synergistic interaction between CrleGV-SA and CrpeNPV in T. leucotreta
(Jukes, 2018) opened the opportunity to study this interaction in greater depth. The first
objective of this study was to acquire and enumerate pure stocks of CrleGV-SA and CrpeNPV
OBs. The acquisition, purification, enumeration, and screening of these stocks was covered in
Chapter 2. Pure stocks of CrpeNPV and CrleGV-SA were successfully obtained, allowing for
a dose-mortality study to be conducted on T. leucotreta neonates, comparing pure virus
inoculations and a 1:1 mixed inoculation of CrleGV-SA and CrpeNPV, described in chapter 3.
The confirmation of improved lethal concentration in the mixed infection over single infections
raised the question of the speed of kill of the single infections versus the mixed infection
(Chapter 4). It was found that the mixed infection was significantly slower to kill than the single
infections, which allowed for the study of the viral species composition in the cadavers of
larvae from the time-response study. This was done using a multiplex PCR protocol and is
described in chapter 5. Finally, this chapter discusses the findings of this study in relation to

other literature and highlights some questions raised by this study for future research to answer.

6.2 Improved lethal concentration of a CrleGV-SA and CrpeNPV mixed

infection

This study found that a 1:1 mixture of CrleGV-SA and CrpeNPV had a significantly reduced
lethal concentration when compared to either virus alone when used against T. leucotreta
neonates. In addition, it was shown that CrpeNPV alone was as effective as CrleGV-SA in
terms of lethal concentration. While this was a study conducted using a captive colony of T.
leucotreta in controlled conditions, it is a promising first step in improving the efficacy of the
current baculovirus-based biopesticides that are used for the management of T. leucotreta in
citrus orchards in South Africa. This was not the first instance of synergism reported between
CrleGV-SA, with Jukes (2018) reporting that a 3:1 mixture of CrpeNPV:CrleGV-SA had an

improved lethal concentration over either virus alone.
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The improved virulence reported in this study may be a tool for future management of T.
leucotreta. CrleGV-SA has been successfully used as a biological control agent for the
management of T. leucotreta for 16 years (Moore et al., 2015b), and the longer an agent is
used, the greater the chance of the development of resistance by the pest to that agent. The
precedent for the development of resistance in the field to a baculovirus was set by C.
pomonella in Europe, where field populations in France and Germany became resistant to
CpGV-M (Asser-Kaiser et al., 2007; Eberle and Jehle, 2006). However, resistance to
baculoviruses has been selected for in other controlled studies in many different pests (Abot et
al., 1996; Reeson et al., 1998; Milks and Myers, 2000; Nakai et al., 2017). It is therefore
important to identify novel baculovirus-based methods for the management of T. leucotreta to
prevent resistance from developing, or as alternative tools for the management of T. leucotreta

if resistance does develop.

This study has also shown that CrpeNPV is potentially a viable alternative to CrleGV-SA,
should the latter become ineffective due to the development of resistance. This adds to the work
reported by Marsberg (2016) and Jukes (2018) who also found that CrpeNPV was at least as
effective in terms of dose-response as CrleGV-SA. In addition, the improved virulence of the
mixed infection could be used in future baculovirus-based pesticide formulations to either
decrease the quantity that is sprayed per hectare or increase the time between treatments,

thereby reducing the cost of pest management and increasing the profit margins of farmers.

An added benefit of mixed infections is that they may be resistance-breaking in baculovirus-
resistant pests. For example, it was shown that the resistance in Cydia pomonella to CpGV-M
could be overcome by the addition of a second virus strain (CpGV-R5), even in low quantities,
to a CpGV-M formulation (Graillot et al., 2016). While it would require further investigation
to establish whether this would be the case for CrleGV-SA and CrpeNPV, it is possible that a

mixed infection could overcome potential future resistance to a baculovirus in T. leucotreta.
6.3 Slower speed of kill of a mixed infection of CrleGV-SA and CrpeNPV

While this study found that a mixed infection had an improved lethal concentration, the cost of
this appeared to be a reduced speed of kill. The reason for this phenomenon is unknown,
although it is likely that the answer could be found in the typical progression of a baculovirus
infection. This progression has two main parts: the primary infection and the
secondary/systemic infection (described in section 1.3.3). It is possible that embedded in the

crystalline protein matrix of one of the viruses are proteins that damage the peritrophic
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membrane, allowing for a greater likelihood of primary infection of both viruses to occur,
thereby reducing the concentration required for an infection to take hold. This phenomenon has
been reported previously by Biedma et al. (2015), where the lethal concentration of
AngeMNPV when used to infect A. gemmatalis larvae was improved significantly by the
addition of the granulovirus of Crocidosema (=Epinotia) aporema (Walsingham)
(Lepidoptera: Tortricidae), Epinotia aporema granulovirus (EpapGV), despite the fact that
EpapGV can-not infect A. gemmatalis. Biedma et al. (2015) then investigated the reason for
the improvement by inspecting the midguts of the larvae infected with AngeMNPV and
comparing them to the midguts of larvae inoculated with a mixture of AngeMNPV and
EpapGV. They found that there were factors in the protein matrix of the EpapGV that damaged
the peritrophic membrane, increasing the size of the pores, thereby making it more permeable
to AngeMNPYV and increasing the probability of the viruses coming into contact with the
midgut epithelial cells. This increased the efficiency of the primary infection, resulting in a
lowering of the lethal concentration of AngeMNPV against A. gemmatalis. The protein that
was likely responsible for this is encoded by the Gp37 region of the EpapGV genome (Liu et
al., 2011).

Similarly, the synergistic interaction between SpliGV and SpliNPV described by Guo et al.
(2007) found that factors associated with the protein matrix of SpliGV, most notably enhancin,
damaged the peritrophic membrane, aiding the passage of the viruses across the membrane. In
a similar study an increase in the virulence of MabrNPV against Autographa nigrisigna
(Walker) (Lepidoptera: Noctuidae) second instar larvae was achieved by the addition of
granulovirus capsule proteins derived from OBs of XecnGV (Mukawa and Goto, 2011). Once
again, this improved virulence was putatively ascribed to the disruption of the peritrophic

membrane caused by the proteins.

What is common to these three studies is that the proteins responsible for the peritrophic
membrane disruption are all derived from granuloviruses. It is therefore likely that the
improved lethal concentration of the mixed CrleGV-SA and CrpeNPV infection is due to
interference by proteins embedded in the CrleGV-SA OBs with the peritrophic membrane,
allowing for the probability of an initial infection by CrpeNPV to increase. This scenario could
also explain the longer speed of kill of the mixed infection over the single infection. The OB-
associated proteins would only increase the efficiency during the primary stage of infection,
allowing an infection to take hold and ensuring that the larva will die. However, in the

secondary systemic stage of infection, there is the potential for the viruses to compete for
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resources. While this would not eliminate the infection and would not prevent the ultimate
death of the larva, it could potentially reduce the rate of viral replication and reduce the viral
load, thereby slowing down the infection progression. This hypothetical phenomenon is not
without precedent, as a study by Wennmann et al. (2015) showed that production of OBs was
lower in mixed infections of Agrotis segetum nucleopolyhedrovirus (AgseNPV) and Agrotis
segetum granulovirus (AgseGV) in Agrotis segetum (Denis and Schiffermuller) (Lepidoptera:
Noctuidae) larvae than in single infections of either virus, suggesting the competition for

resources between the two viruses.

The outcomes of this study have potential implications for the application of these viruses in
the field. While overall larval mortality per unit of pesticide is very important in the field in the
long term, the knockdown of pests is extremely important in the short-term, since it limits
damage to fruit. Given that T. leucotreta larvae typically take around 4 days (96 hours) to
penetrate citrus fruits (Moore et al., 2015b), a LToo of 216 hours could potentially mean that
fruit is damaged by the larva before the mixed infection kills the larva. While both CrleGV-SA
and CrpeNPV fall short of the four-day threshold, they are close enough that the behaviour
change caused by baculovirus infection could potentially prevent feeding before the larva has
penetrated the fruit. It was observed, but not recorded, in the time-response assays, that larvae
tended to stop feeding and reverse out of the diet a few days before dying. While this typically
occurred within the 96-hour threshold in the CrleGV-SA and CrpeNPV biological assays, the
proportion of larvae displaying a change in behaviour before 96 hours was far lower in the
mixed infection biological assay. A difference in the size of the larvae at mortality among the
different treatments could potentially be used in the future to indicate the difference in feeding
of the larvae while they were still alive, but this was not measured in this study. Using a mixture
of CrleGV-SA and CrpeNPV or spraying both on the same orchard without leaving a sufficient
time-interval could potentially allow for fruit loss to occur before the T. leucotreta larvae are
knocked down, although the improved lethal concentration should decrease the chances of live

larvae being exported.
6.4 Molecular analysis

Molecular screening by mPCR of T. leucotreta cadavers was carried out to determine which
virus(es) caused the deaths of the larvae in each treatment. This was done to show that the
treatment being applied was also what killed the larvae, and it was also to test whether covert

infections of either virus became overt during the progress of the disease. Both viruses were
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present in the cadavers of larvae inoculated with the mixed suspension, but CrleGV-SA was

also present in some of the larvae treated with CrpeNPV only and vice versa.

The appearance of a CrpeNPYV infection in the cadavers of larvae inoculated with only CrleGV-
SA could be explained by one of two scenarios. The first is that it is possible that there was
slight contamination of the CrleGV-SA virus stock. While the stock was screened by mPCR,
the technique has limited sensitivity. Jackson (2018) tested the sensitivity of the mPCR
protocol by using serial dilutions of viral gDNA from both CrleGV-SA and CrpeNPV as the
template portion of the reaction. This data was used to determine the minimum concentration
of DNA of each virus required to obtain a positive result, with it being sensitive to CrleGV
down to 3 pg/uL of gDNA for CrpeNPV and between 50-500 pg/uL. gDNA for CrleGV-SA.
This means that a negative result for a virus in a stock solution does not necessarily mean that
the virus is not present, simply that it is not present in high quantities. It is therefore possible
that slight contamination of the stock due to covert infection of the cadavers used for the
creation of the stock resulted in unexpected infections occurring in the larvae in the time-

response bioassays.

An alternative explanation is that the T. leucotreta colony used for this study carries a covert
infection of CrpeNPV. While T. leucotreta is not currently considered a homologous host for
CrpeNPV, NGS data detected the presence of an alphabaculovirus present in samples of OBs
purified from diseased T. leucotreta larvae from as early as 2001 (unpublished data, Jukes,
2018). This was once again detected by mPCR in samples from 2013 onward by Jukes (2018),
with the disparity in the earliest date of detection being put down to the differing sensitivities
of the detection methods used. This NPV was initially named Thaumatotibia leucotreta
nucleopolyhedrovirus (ThleNPV), but was found to be identical to CrpeNPV when the
genomes were compared (Jukes, 2018). It is therefore probable that CrpeNPV is a virus that
occurs naturally in a covert state in T. leucotreta populations and therefore in the captive
colony. This is not surprising, since NPVs often have broader host ranges than GVs, with
CrpeNPV so far being known to infect C. peltastica, T. leucotreta and C. pomonella, while
CrleGV-SA is only known to infect T. leucotreta (Groner, 1986; Moore and Jukes, 2019).
CrpeNPV has not yet been tested against all of the pests closely related to T. leucotreta, but it
is likely to infect G. molesta and Thaumatotibia batrachopa (Meyrick) (Lepidoptera:
Tortricidae) as well (Moore and Jukes, 2019). It is therefore possible that the appearance of
CrpeNPV was due to a covert infection of CrpeNPV becoming overt due to stress caused by
CrleGV-SA infection (Burden et al., 2003; Williams et al., 2017). There are potential
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implications for the production of CrleGV-SA, since CrleGV-SA production can only take
place in T. leucotreta. If a covert CrpeNPV infection switches to an overt infection in the
CrleGV-SA production process, the purity of the final product will be compromised, and the
complications associated with the mixed infections discussed above may alter the efficacy of
the pesticide. While CrleGV-SA appeared in cadavers inoculated with CrpeNPV, this is not as
problematic for CrpeNPV production, since it can be produced in both C. peltastica and C.

pomonella, both of which are non-permissive of CrleGV-SA infection.
6.5 Potential future research

This study reported improved virulence in terms of lethal concentration of a 1:1 mixture of
CrleGV-SA and CrpeNPV. However, only one ratio of CrleGV-SA:CrpeNPV was compared.
Jukes (2018) found that a CrpeNPV-dominant infection was more effective than a CrleGV-
SA-dominant infection. Future research should optimise the ratio of CrpeNPV:CrleGV-SA for
the highest virulence in terms of lethal concentration as a starting point to improve the current

baculovirus-based biopesticides for management of T. leucotreta.

While this study reported that a mixed infection of CrleGV-SA and CrpeNPV in T. leucotreta
larvae took significantly longer to kill the larvae than either virus alone, it may be possible to
exploit the improved lethal concentration of the mixed infection while ensuring that
competition between the viruses does not result in a decrease in the speed of kill. Firstly, the
mechanism by which the mixed infection results in an improved lethal concentration must be
established. This would involve the inspection of the peritrophic membranes of insects infected
with both viruses as well as with each virus in isolation, and potentially larvae that have been
fed with inactivated OBs of each virus. Similar studies have been done with other viruses and
hosts. By using a combination of SDS-PAGE and scanning electron microscopy, Biedma et al.
(2015) were able to determine that proteins embedded in the OBs of EpapGV were responsible
for disrupting the peritrophic membrane of A. gemmatalis, causing an improvement in the lethal
concentration of AngeMNPV. This would establish whether the improved lethal concentration
is due to proteins embedded in the OBs disrupting the peritrophic membrane. If this is the case
it would suggest that one of the viruses has a homologue of enhancin or gp37, or a novel protein
with a similar function, embedded in the OB. A repeat of this study could be conducted using
amixed infection where one of the viruses is inactivated, thereby potentially supplying proteins
to disrupt the peritrophic membrane without allowing competition between the viruses in the

later stages of infection.
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Similarly, a study should be conducted where a GV that produces enhancin or gp37 for which
T. leucotreta is not a host is added to a formulation of either CrleGV-SA or CrpeNPV to provide
peritrophic membrane-disrupting proteins without there being a possibility of viral
competition. A similar study has been conducted on A. gemmatalis where the addition of
EpapGV improved the efficacy of AngeMNPV without interfering with the reproduction of the

virus in the later stages of infection (Biedma et al., 2015).

A study should also be conducted to analyse any potential impacts of the per os infectivity
factors (PIFs) between the two viruses. These proteins control the entry of the virion into the
insect cells. (Boogaard 2020). Should the PIF proteins of the two viruses inhibit the entrance
of the other virus into a cell, this could be used as a potential explanation for the slower speed
of kill of the mixture over either virus by itself. If the PIFs of each virus do inhibit each other,
it is possible that this effect could be mitigated by spraying the different viruses asynchronously

to give one virus the time to begin infecting before another is introduced.

Once more is known about the interactions between CrleGV-SA and CrpeNPV in mixed
infections and ways to mitigate competition between the two viruses have been investigated,
field trials must be conducted to test whether the results obtained in this study are applicable
in the field. Initial field trials (unpublished data) seem to indicate that a mixed infection and

CrpeNPV alone are less effective than the current commercial CrleGV-SA-based products.
6.6 Conclusion

The primary aim of this study was to test for synergistic interactions between CrleGV-SA and
CrpeNPV. Both dose-response and time-response surface-dose biological assays were
conducted and showed that a mixed infection of the two viruses provided an improvement in
the lethal concentration against T. leucotreta neonates, but resulted in a deterioration in the
speed of kill compared to either virus by itself. This provided further insight into the
relationship and interactions between the two viruses in a mixed infection. These results may
enable future investigation into the interaction between CrleGV-SA and CrpeNPV that could
allow for the improvement of baculovirus-based biopesticides for the management of T.

leucotreta in citrus orchards.

76



References

References

Abbott, W.S., 1925. A Method of Computing the Effectiveness of an Insecticide. Journal of
Economic Entomology 18, 265-267. https://doi.org/10.1093/jee/18.2.265a

Abdulkadir, F., Moore, S.D., Knox, C.M., Marsberg, T., Hill, M.P., 2013. Morphological and
genetic characterization of a South African Plutella xylostella granulovirus (PlxyGV)
isolate: short communication. African Entomology 21, 168-171.

Abot, A.R., Moscardi, F., Fuxa, J.R., Sosa-Gémez, D.R., Richter, A.R., 1996. Development of
Resistance by Anticarsia gemmatalis from Brazil and the United States to a Nuclear
Polyhedrosis Virus under Laboratory Selection Pressure. Biological Control 7, 126-130.
https://doi.org/10.1006/bcon.1996.0075

Aguirre, E., Beperet, 1., Williams, T., Caballero, P., 2019. Genetic Variability of Chrysodeixis

Includens Nucleopolyhedrovirus (ChinNPV) and the Insecticidal Characteristics of
Selected Genotypic Variants. Viruses 11, 581. https://doi.org/10.3390/v11070581
Angelini, A., Amargier, A., Vandamme, P., Duthoit, J.L., 1965. Une virose & granules chez le
lepidoptére Argyroploce leucotreta. Coton Fibres Trop. 20, 277-282.
Asser-Kaiser, S., Fritsch, E., Undorf-Spahn, K., Kienzle, J., Eberle, K.E., Gund, N.A., Reineke,
A., Zebitz, C.P.W., Heckel, D.G., Huber, J., Jehle, J.A., 2007. Rapid Emergence of
Baculovirus Resistance in Codling Moth Due to Dominant, Sex-Linked Inheritance.

Science 317, 1916-1918. https://doi.org/10.1126/science.1146542

Begemann, A.S., Schoeman, G.J., 1999. The phenology of Helicoverpa armigera (Hubner)
(Lepidoptera: Noctuidae), Tortrix capensana (Walker) and Cryptophlebia leucotreta
(Meyrick) (Lepidoptera: Tortricidae) on citrus at Zebediela, South Africa. African
Entomology 7, 131-148.

Behle, R.W., Popham, H.J.R., 2012. Laboratory and field evaluations of the efficacy of a fast-
killing baculovirus isolate from Spodoptera frugiperda. Journal of Invertebrate Pathology
109, 194-200. https://doi.org/10.1016/1.jip.2011.11.002

Berling, M., Blachere-Lopez, C., Soubabere, O., Lery, X., Bonhomme, A., Sauphanor, B.,
Lopez-Ferber, M., 2009. Cydia pomonella granulovirus Genotypes Overcome Virus
Resistance in the Codling Moth and Improve Virus Efficiency by Selection against
Resistant ~ Hosts.  Applied  Environmental = Microbiology 75,  925-930.
https://doi.org/10.1128/AEM.01998-08

77


https://doi.org/10.1093/jee/18.2.265a
https://doi.org/10.1006/bcon.1996.0075
https://doi.org/10.3390/v11070581
https://doi.org/10.1126/science.1146542
https://doi.org/10.1016/j.jip.2011.11.002
https://doi.org/10.1128/AEM.01998-08

References

Berling, M., Lopez-Ferber, M., Bonhomme, A., Sauphanor, B., 2008. Resistance of Codling
Moth (Cydia pomonella) to granulosis virus (CpGV) in southeast France: First
observations on the mode of inheritance. IOBC/wprs Bulletin 31, 68-71

Biedma, M.E., Salvador, R., Ferrelli, M.L., Sciocco-Cap, A., Romanowski, V., 2015. Effect of
the interaction between Anticarsia gemmatalis multiple nucleopolyhedrovirus and
Epinotia aporema granulovirus, on A. gemmatalis (Lepidoptera: Noctuidae) larvae.

Biological Control 91, 17-21. https://doi.org/10.1016/j.biocontrol.2015.07.006

Boogaard, B., 2020. Baculovirus per os infectivity: a complex matter (PhD). Wageningen
University, Wageningen.

Boots, M., Begon, M., 1993. Trade-Offs with Resistance to a Granulosis Virus in the Indian
Meal Moth, Examined by a Laboratory Evolution Experiment. Functional Ecology 7, 528-
534. https://doi.org/10.2307/2390128

Boots, M., Begon, M., 1994. Resource limitation and the lethal and sublethal effects of a viral

pathogen in the Indian meal moth, Plodia interpunctella. Ecological Entomology 19, 319-
326. https://doi.org/10.1111/j.1365-2311.1994.tb00248.x

Burden, J.P., Hails, R.S., Windass, J.D., Suner, M.-M., Cory, J.S., 2000. Infectivity, Speed of
Kill, and Productivity of a Baculovirus Expressing the Itch Mite Toxin Txp-1 in Second
and Fourth Instar Larvae of Trichoplusia ni. Journal of Invertebrate Pathology 75, 226—
236. https://doi.org/10.1006/jipa.1999.4921

Burden, J.P., Nixon, C.P., Hodgkinson, A.E., Possee, R.D., Sait, S.M., King, L.A., Hails, R.S.,
2003. Covert infections as a mechanism for long-term persistence of baculoviruses. Ecol.

Letters 6, 524-531. https://doi.org/10.1046/1.1461-0248.2003.00459.x

Cagalj, M., Haas, R., Morawetz, U.B., 2016. Effects of quality claims on willingness to pay
for organic food: Evidence from experimental auctions in Croatia. British Food Journal

118, 2218-2233. https://doi.org/10.1108/BFJ-11-2015-0453

Calliera, M., Luzzani, G., Sacchettini, G., Capri, E., 2019. Residents perceptions of non-dietary
pesticide exposure risk. Knowledge gaps and challenges for targeted awareness-raising
material in Italy. Science of The Total Environment 685, 775-785.
https://doi.org/10.1016/j.scitotenv.2019.06.223

Citrus Growers’ Association of Southern Africa., 2020. 2020 Key Industry Statistics for citrus
growers, 2019 Export Season.

78


https://doi.org/10.1016/j.biocontrol.2015.07.006
https://doi.org/10.2307/2390128
https://doi.org/10.1111/j.1365-2311.1994.tb00248.x
https://doi.org/10.1006/jipa.1999.4921
https://doi.org/10.1046/j.1461-0248.2003.00459.x
https://doi.org/10.1108/BFJ-11-2015-0453
https://doi.org/10.1016/j.scitotenv.2019.06.223

References

Chang, P.-S., Chen, L.-J., Wang, Y.-C., 1998. The effect of ultraviolet irradiation, heat, pH,
ozone, salinity and chemical disinfectants on the infectivity of white spot syndrome
baculovirus. Aquaculture 166, 1-17. https://doi.org/10.1016/S0044-8486(97)00238-X

Cheng, X-W., Lynn W.E., 2009. Baculovirus Interactions: In Vitro and In Vivo. Advances in
Applied Microbiology 68, 217-239. https://doi.org/10.1016/S0065-2164(09)01205-2

Cory, J.S., Bishop, D.H.L., 1997. Use of baculoviruses as biological insecticides. Mol.
Biotechnol. 7, 303-313. https://doi.org/10.1007/BF02740821
Daiber, C.C., 1980. A study of the biology of the false codling moth Cryptophlebia leucotreta

(Meyr.): the adult and generations during the year. Phytophylactica 12, 187-193.

Daiber, C.C., 1979a. A study of the biology of the false codling moth [Cryptophlebia leucotreta
(Meyr.)]: the egg. Phytophylactica 11, 129-132.

Daiber, C.C., 1979b. A study of the biology of the false codling moth [Cryptophlebia leucotreta
(Meyr.)]: the larva. Phytophylactica 11, 141-144.

Daiber, C.C., 1979c. A study of the biology of the false codling moth [Cryptophlebia leucotreta
(Meyr.)]: the cocoon. Phytophylactica 11, 151-157.

De Leon, T., Ibarra, J.E., 1995. Alternative Bioassay Technique to Measure Activity of Cry 111
Proteins of Bacillus thuringiensis. J. Econ. Entomol. 88, 1596-1601.
https://doi.org/10.1093/jee/88.6.1596

Department of Agriculture, Forestry and Fisheries. 2018a. A profile of the South African citrus
market value chain.

Department of Agriculture, Forestry and Fisheries. 2018b. Fresh Food Trade SA. 16" edition.
Pp. 1-07-1-19.

Dercole, F., Ferriere, R., Rinaldi, S., 2010. Chaotic Red Queen coevolution in three-species
food chains. Proceedings of the Royal Society B: Biological Sciences 277, 2321-2330.
https://doi.org/10.1098/rspb.2010.0209

Dhladhla, B.I.LR., Mwanza, P., Lee, M.E., Moore, S.D., Dealtry, G.B., 2018. Comparison of

microscopic and molecular enumeration methods for insect viruses: Cryptophlebia

leucotreta granulovirus as a case study. Journal of Virological Methods 256, 107-110.
Disney, J.E., McCarthy, W.J., 1985. A modified technique for the improved characterization

of lepidopteran chromosomes from cells in culture. In Vitro Cellular Developmental

Biology 21, 563-568. https://doi.org/10.1007/BF02620886

79


https://doi.org/10.1016/S0044-8486(97)00238-X
https://0-doi.org.wam.seals.ac.za/10.1016/S0065-2164(09)01205-2
https://doi.org/10.1007/BF02740821
https://doi.org/10.1093/jee/88.6.1596
https://doi.org/10.1098/rspb.2010.0209
https://doi.org/10.1007/BF02620886

References

Dougherty, E.M., Guthrie, K.P., Shapiro, M., 1996. Optical Brighteners Provide Baculovirus
Activity Enhancement and UV Radiation Protection. Biological Control 7, 71-74.
https://doi.org/10.1006/bcon.1996.0067

Durbeej, B., Eriksson, L.A., 2002. Reaction mechanism of thymine dimer formation in DNA
induced by UV light. Journal of Photochemistry and Photobiology A: Chemistry 152, 95-
101. https://doi.org/10.1016/S1010-6030(02)00180-6

Eberle, K.E., Jehle, J.A., 2006. Field resistance of codling moth against Cydia pomonella
granulovirus (CpGV) is autosomal and incompletely dominant inherited. Journal of
Invertebrate Pathology 93, 201-206. https://doi.org/10.1016/.jip.2006.07.001

Eberle, K.E., Sayed, S., Rezapanah, M., Shojai-Estabragh, S., Jehle, J.A., 2009. Diversity and

evolution of the Cydia pomonella granulovirus. Journal of General Virology 90, 662-671.
https://doi.org/10.1099/vir.0.006999-0
EPPO, 2013. Pest risk analysis for Thaumatotibia leucotreta.

Espinel-Correal, C., Lopez-Ferber, M., Zeddam, J.-L., Villamizar, L., Gomez, J., Cotes, A.M.,
Léry, X., 2012. Experimental mixtures of Phthorimaea operculella granulovirus isolates
provide high biological efficacy on both Phthorimaea operculella and Tecia solanivora
(Lepidoptera: Gelechiidae). Journal of Invertebrate Pathology 110, 375-381.
https://doi.org/10.1016/].jip.2012.04.012

Fan, J., Wennmann, J.T., Jehle, J.A., 2019. Partial Loss of Inheritable Type I Resistance of

Codling Moth to Cydia pomonella granulovirus. Viruses 11, 570.
https://doi.org/10.3390/v11060570

Farrar, R.R., Ridgway, R.L., 1998. Quantifying Time-Mortality Relationships for Nuclear
Polyhedrosis Viruses When Survivors are Present. Environ. Entomol. 27, 1289-1296.

https://doi.org/10.1093/ee/27.6.1289

Firke, S., 2020. janitor: Simple Tools for Examining and Cleaning Dirty Data. R package

version 2.0.1. https://CRAN.R-project.org/package=janitor

Forschler, B.T., Young, S.Y., Felton, G.W., 1992. Diet and the Susceptibility of Helicoverpa
zea (Noctuidae: Lepidoptera) to a Nuclear Polyhedrosis Virus. Environ. Entomol. 21,
1220-1223. https://doi.org/10.1093/ee/21.5.1220

Fritsch, E., Undorf-Spahn, K., Kienzle, J., Zebitz, C.P.W., Huber, J., 2005. Apfelwickler-

Granulovirus: Erste Hinweise auf Unterschiede in der Empfindlichkeit lokaler

80


https://doi.org/10.1006/bcon.1996.0067
https://doi.org/10.1016/S1010-6030(02)00180-6
https://doi.org/10.1016/j.jip.2006.07.001
https://doi.org/10.1099/vir.0.006999-0
https://doi.org/10.1016/j.jip.2012.04.012
https://doi.org/10.3390/v11060570
https://doi.org/10.1093/ee/27.6.1289
https://cran.r-project.org/package=janitor
https://doi.org/10.1093/ee/21.5.1220

References

Apfelwickler-Populationen. Nachrichtenblatt des Deutschen Pfanzenschutzdienstes 57,
29-34.

Fritsch, E., Undorf-Spahn, K., Kienzle, J., Zebitz, C.P.W., Huber, J., 2006. Codling moth
granulovirus: Variations in the susceptibility of local codling moth populations.
Foerdergemeinschaft Oekologischer Obstbau e. V. Weinsberg, 7-13

Georghiou, G.P., 1983. Management of Resistance in Arthropods, in: Pest Resistance to
Pesticides. Springer US, Boston, MA, pp. 769-792. https://doi.org/10.1007/978-1-4684-
4466-7 32

Goto, C., Mukawa, S., Mitsunaga, T., 2015. Two Year Field Study to Evaluate the Efficacy of

Mamestra brassicae Nucleopolyhedrovirus Combined with Proteins Derived from Xestia

c-nigrum Granulovirus. Viruses 7, 1062—1078. https://doi.org/10.3390/v7031062

Graillot, B., Bayle, S., Blachére-Lopez, C., Besse, S., Siegwart, M., Lopez-Ferber, M., 2014.
CpGV-R5 allows replication of CpGV-M in resistant host insect larvae. Proceedings and
abstracts of the 47th annual meeting of the society for invertebrate pathology, Johannes
Gutenberg University, Mainz. Pp. 50-51.

Graillot, B., Bayle, S., Blachere-Lopez, C., Besse, S., Siegwart, M., Lopez-Ferber, M., 2016.
Biological Characteristics of Experimental Genotype Mixtures of Cydia Pomonella
Granulovirus (CpGV): Ability to Control Susceptible and Resistant Pest Populations.
Viruses 8, 147. https://doi.org/10.3390/v8050147

Graillot, B., Blachére-Lopez, C., Besse, S., Siegwart, M., Lopez-Ferber, M., 2017. Host range
extension of Cydia pomonella granulovirus: adaptation to Oriental Fruit Moth, Grapholita
molesta. BioControl 62, 19-27. https://doi.org/10.1007/s10526-016-9772-x

Groner, A., 1986. Specificity and safety of baculoviruses. In: The biology of baculoviruses,
vol. 1. Biological properties and molecular biology. CRC Press, Boca Raton, Florida. Pp.
177-202.

Grzywacz, D., Rabindra, R.J., Brown, M., Jones, K.A., Parnell, M., 2004. The Helicoverpa
armigera NPV production manual.

Guo, H.F., Fang, J.C., Wang, J.P., Zhong, W.F., Liu, B.S., 2007. Interaction of Xestia c-nigrum
Granulovirus with Peritrophic Matrix and Spodoptera litura Nucleopolyhedrovirus in
Spodoptera  litura.  Journal of  Economic  Entomology 100,  20-25.
https://doi.org/10.1093/jee/100.1.20

81


https://doi.org/10.1007/978-1-4684-4466-7_32
https://doi.org/10.1007/978-1-4684-4466-7_32
https://doi.org/10.3390/v7031062
https://doi.org/10.3390/v8050147
https://doi.org/10.1007/s10526-016-9772-x
https://doi.org/10.1093/jee/100.1.20

References

Haase, S., Sciocco-Cap, A., Romanowski, V., 2015. Baculovirus Insecticides in Latin America:
Historical Overview, Current Status and Future Perspectives. Viruses 7, 2230-2267.

https://doi.org/10.3390/v7052230

Harrell, F.E., with contributions from Dupont, C., and many others., 2019. Hmisc: Harrell

Miscellaneous. R package version 4.2-0. https://CRAN.R-project.org/package=Hmisc

Harrison, R.L., Hoover, K., 2012. Chapter 4: Baculoviruses and other occluded insect viruses.
In: Vega, F. E., Kaya, H. K, editors. Insect Pathology. 2nd edition. London, England:
Academic Press. p. 73-131.

Hatting, J.L.., Moore, S.D., Malan, A.P., 2019. Microbial control of phytophagous invertebrate
pests in South Africa: Current status and future prospects. Journal of Invertebrate
Pathology 165, 54-66. https://doi.org/10.1016/1.ip.2018.02.004

Hattingh, V., Moore, S., Kirkman, W., Goddard, M., Thackeray, S., Peyper, M., Sharp, G.,

Cronjé, P., Pringle, K., 2020. An Improved Systems Approach as a Phytosanitary Measure
for Thaumatotibia leucotreta (Lepidoptera: Tortricidae) in Export Citrus Fruit From South
Africa. J Econ Entomol 113, 700-711. https://doi.org/10.1093/jee/toz336

Hefferon, K.L., Oomens, A.G., Monsma, S.A., Finnerty, C.M., Blissard, G.W., 1999. Host cell
receptor binding by baculovirus GP64 and kinetics of virion entry. Virology 258, 455-
468. https://doi.org/10.1006/viro.1999.9758

Hlina, B.L., Birceanu, O., Robinson, C.S., Dhiyebi, H., Wilkie, M.P., 2019. In Review.
Seasonal Variation in the Sensitivity of Invasive Sea Lampreys to the Lampricide TFM:
Importance of Energy Reserves and Temperature. North American Journal of Fisheries
Management.

Hodgson, D.J., Vanbergen, A.J., Watt, A.D., Hails, R.S., Cory, J.S., 2001. Phenotypic variation
between naturally co-existing genotypes of a Lepidopteran baculovirus. Evolutionary
Ecology Research 3, 687-701.

Hofmeyr, J.H., 1984. Valskodlingmot: Evaluasie van groei-inhibeerders in laboratorium-en
veldproewe. Citrus and Sub-Tropical Fruit Journal 601, 4-9.

Hofmeyr, J.H., Carpenter, J.E., Bloem, S., Slabbert, J.P., Hofmeyr, M., Groenewald, S.S.,
2015. Development of the Sterile Insect Technique to Suppress False Codling Moth
Thaumatotibia leucotreta (Lepidoptera: Tortricidae) in Citrus Fruit: Research to
Implementation (Part 1). African Entomology 23, 180-186.
https://doi.org/10.4001/003.023.0112

82


https://doi.org/10.3390/v7052230
https://cran.r-project.org/package=Hmisc
https://doi.org/10.1016/j.jip.2018.02.004
https://doi.org/10.1093/jee/toz336
https://doi.org/10.1006/viro.1999.9758
https://doi.org/10.4001/003.023.0112

References

Hofmeyr, H., Hofmeyr, M., Slabbert, K., 2016. Postharvest phytosanitary disinfestation of
Thaumatotibia leucotreta (Lepidoptera: Tortricidae) in citrus fruit: Tolerance of eggs and
larvae to ionizing radiation. Florida Entomologist 99, 48-53.

Hofmeyr, K.L., Pringle, J.H., 1998. Resistance of false codling moth, Cryptophlebia leucotreta
(Meyrick) (Lepidoptera: Tortricidae), to the chitin synthesis inhibitor, triflumuron: short
communication. African Entomology 6, 373-375.

Hughes, D.S., Possee, R.D., King, L.A., 1993. Activation and Detection of a Latent
Baculovirus Resembling Mamestra brassicae Nuclear Polyhedrosis Virus in M. brassicae

Insects. Virology 194, 608-615. https://doi.org/10.1006/viro.1993.1300

Hunter-Fujita, F.R., Entwistle, P.F., Evans, H.F., Crook, N.E., 1998. Insect viruses and pest
management. John Wiley & Sons Ltd., Chichester, England.

Ignoffo, C.M., Rice, W.C., McIntosh, A.H., 1989. Inactivation of Nonoccluded and Occluded
Baculoviruses and Baculovirus-DNA Exposed to Simulated Sunlight. Environmental
Entomology 18, 177-183. https://doi.org/10.1093/ee/18.1.177

Jackson, M.N., 2018. Optimisation of a Multiplex PCR Assay for the Rapid Screening of

Cryptophlebia leucotreta Granulovirus-SA (CrleGV-SA) and Cryptophlebia peltastica
Nucleopolyhedrovirus (CrpeNPV) for use in the Citrus Industry. Rhodes University,
Makhanda, South Africa.

Jehle, J.A., Backhaus, H., Fritsch, E., Huber, J., 1992. Physical map of the Cryptophlebia
leucotreta granulosis virus genome and its relationship to the genome of Cydia pomonella
granulosis  virus. Journal of  General  Virology 73, 1621-1626.
https://doi.org/10.1099/0022-1317-73-7-1621

Jehle, J.A., Blissard, G.W., Bonning, B.C., Cory, J.S., Herniou, E.A., Rohrmann, G.F.,
Theilmann, D.A., Thiem, S.M., Vlak, J.M., 2006. On the classification and nomenclature

of baculoviruses: A proposal for revision. Archives of Virology 151, 1257-1266.
https://doi.org/10.1007/s00705-006-0763-6
Jehle, J.A., Schulze-Bopp, S., Undorf-Spahn, K., Fritsch, E., 2017. Evidence for a Second Type

of Resistance against Cydia pomonella Granulovirus in Field Populations of Codling

Moths. Appl. Environ. Microbiol. 83, €02330-16. https://doi.org/10.1128/AEM.02330-16

Jukes, M.D., 2018. Baculovirus Synergism: Investigating Mixed Alphabaculovirus and
Betabaculovirus Infections in the False Codling Moth, Thaumatotibia leucotreta, for

Improved Pest Control. Rhodes University, Makhanda, South Africa.

83


https://doi.org/10.1006/viro.1993.1300
https://doi.org/10.1093/ee/18.1.177
https://doi.org/10.1099/0022-1317-73-7-1621
https://doi.org/10.1007/s00705-006-0763-6
https://doi.org/10.1128/AEM.02330-16

References

Jukes, M.D., Rabalski, L., Knox, C.M., Hill, M.P., Moore, S.D. Szewczyk, B., 2017.
Baculovirus synergy: mixed Alphabaculovirus and Betabaculovirus infections for the
control of Thaumatotibia leucotreta in South Africa. Proceedings of the 16th Meeting of
the IOBC-WPRS Working Group: Microbial and Nematode Control of Invertebrate pests
129, 170-174.

Jukes, M.D., van der Merwe, M., 2020. Viruses as biopesticides. Quest 16, 14-15.

Killick, H.J., 1990. Influence of droplet size, solar ultraviolet light and protectants, and other
factors on the efficacy of baculovirus sprays against Panolis flammea (Schiff.)
(Lepidoptera: Noctuidae). Crop Protection 9, 21-28. https://doi.org/10.1016/0261-
2194(90)90041-5

Knox, C., Moore, S.D., Luke, G.A., Hill, M.P., 2015. Baculovirus-based strategies for the

management of insect pests: a focus on development and application in South Africa.
Biocontrol Science and Technology 25, 1-20.
https://doi.org/10.1080/09583157.2014.949222

Lacey, L.A., Kaya, H.K., 2013. Field Manual of Techniques in Invertebrate Pathology:

Application and Evaluation of Pathogens for Control of Insects and Other Invertebrate
Pests. Springer Science & Business Media, Berlin, Germany.

Lange, M., Jehle, J.A., 2003. The genome of the Cryptophlebia leucotreta granulovirus.
Virology 317, 220-236. https://doi.org/10.1016/S0042-6822(03)00515-4

Lara-Reyna, J., Rincén-Castro, M.C.D., Ibarra, J.E., 2003. Synergism Between the
Nucleopolyhedroviruses of Autographa californica and Trichoplusia ni. Acta virilogica
47, 189-194.

Lei, C., Yang, S., Lei, W., Nyamwasa, 1., Hu, J., Sun, X., 2020. Displaying enhancing factors
on the surface of occlusion bodies improves the insecticidal efficacy of a baculovirus. Pest
Management Science 76, 1363—1370. https://doi.org/10.1002/ps.5647

Liu, X., Ma, X., Lei, C., Xiao, Y., Zhang, Z., Sun, X., 2011. Synergistic effects of Cydia
pomonella granulovirus GP37 on the infectivity of nucleopolyhedroviruses and the
lethality of Bacillus thuringiensis. Archives of Virology 156, 1707-1715.
https://doi.org/10.1007/s00705-011-1039-3

Liu, Z., Wang, X., Dai, Y., Wei, X., Ni, M., Zhang, L., Zhu, Z., 2019. Expressing Double-

Stranded RNAs of Insect Hormone-Related Genes Enhances Baculovirus Insecticidal
Activity. International Journal of  Molecular  Sciences 20, 419.

https://doi.org/10.3390/ijms20020419

84


https://doi.org/10.1016/0261-2194(90)90041-5
https://doi.org/10.1016/0261-2194(90)90041-5
https://doi.org/10.1080/09583157.2014.949222
https://doi.org/10.1016/S0042-6822(03)00515-4
https://doi.org/10.1002/ps.5647
https://doi.org/10.1007/s00705-011-1039-3
https://doi.org/10.3390/ijms20020419

References

Li, J., Zhou, Y., Lei, C., Fang, W., Sun, X., 2015. Improvement in the UV resistance of
baculoviruses by displaying nano-zinc oxide-binding peptides on the surfaces of their
occlusion bodies. Appl Microbiol Biotechnol 99, 6841-6853.
https://doi.org/10.1007/s00253-015-6581-6

Li, Z., Li, C., Yang, K., Wang, L., Yin, C., Gong, Y., Pang, Y., 2003. Characterization of a
chitin-binding protein GP37 of Spodoptera litura multicapsid nucleopolyhedrovirus.
Virus Research 96, 113-122. https://doi.org/10.1016/S0168-1702(03)00179-5

Malan, A.P., Diest, J.I. von, Moore, S.D., Addison, P., 2018. Control Options for False Codling
Moth, Thaumatotibia leucotreta (Lepidoptera: Tortricidae), in South Africa, With
Emphasis on the Potential Use of Entomopathogenic Nematodes and Fungi. African
Entomology 26, 14-29. https://doi.org/10.4001/003.026.0014

Malyska, A., Bolla, R., Twardowski, T., 2016. The Role of Public Opinion in Shaping

Trajectories of Agricultural Biotechnology. Trends in Biotechnology 34, 530-534.
https://doi.org/10.1016/j.tibtech.2016.03.005

Manzan, M.A., Aljinovic, E.M., Biedma, M.E., Sciocco-Cap, A., Ghiringhelli, P.D.,
Romanowski, V., 2008. Multiplex PCR and quality control of Epinotia aporema
granulovirus production. Virus Genes 37, 203-211._https://doi.org/10.1007/s11262-008-
0256-7

Marsberg, T., 2016. The isolation and genetic characterisation of a novel alphabaculovirus for
the microbial control of Cryptophlebia peltastica and closely related tortricid pests.
Rhodes University, Makhanda, South Africa.

Marsberg, T., Jukes, M. D., Chambers, C., Hendriks, C., Knox, C., Hill, M., Moore, S. D.,
2017. The isolation of a novel alphabaculovirus and its potential for microbial control of
key tortricid moth pests. Microbial and Nematode Control of Invertebrate Pests IOBC-
WPRS Bulletin 129, 175-178.

Marsberg, T., Jukes, M.D., Krejmer-Rabalska, M., Rabalski, L., Knox, C.M., Moore, S.D.,
Hill, M.P., Szewczyk, B., 2018. Morphological, genetic and biological characterisation of
a novel alphabaculovirus isolated from Cryptophlebia peltastica (Lepidoptera:
Tortricidae). Journal of Invertebrate Pathology 157, 90-99.
https://doi.org/10.1016/].jip.2018.08.006

Matyjaszczyk, E., Karmilowicz, E., Skrzecz, 1., 2019. How European Union accession and

implementation of obligatory integrated pest management influenced forest protection

85


https://doi.org/10.1007/s00253-015-6581-6
https://doi.org/10.1016/S0168-1702(03)00179-5
https://doi.org/10.4001/003.026.0014
https://doi.org/10.1016/j.tibtech.2016.03.005
https://doi.org/10.1007/s11262-008-0256-7
https://doi.org/10.1007/s11262-008-0256-7
https://doi.org/10.1016/j.jip.2018.08.006

References

against harmful insects: A case study from Poland. Forest Ecology and Management 433,

146—152. https://doi.org/10.1016/j.foreco.2018.11.001

McLeod, P.J., Yearian, W.C., Young, S.Y., 1977. Inactivation of Baculovirus heliothis by
ultraviolet irradiation, dew, and temperature. Journal of Invertebrate Pathology 30, 237-

241. https://doi.org/10.1016/0022-2011(77)90225-7

McClintock, T.J., Dougherty, E.M., 1987. Superinfection of baculovirus-infected gypsy moth
cells with the nuclear polyhedrosis viruses of Autographa californica and Lymantria
dispar. Virus Research 7, 351-364. https://doi.org/10.1016/0168-1702(87)90048-7

Milks, M.L., Myers, J.H., 2000. The development of Ilarval resistance to a
nucleopolyhedrovirus is not accompanied by an increased virulence in the virus.

Evolutionary Ecology 14, 645-664. https://doi.org/10.1023/A:1010923301770

Moore, S. D., 2002. The development and evaluation of Cryptophlebia leucotreta granulovirus
(CrleGV) as a biological control agent for the management of false codling moth,
Cryptophlebia leucotreta, on citrus. Rhodes University, Makhanda, South Africa.

Moore, S. D., 2017. False codling moth. CRI Integrated Production Guidelines 3(9.4), 1-9.

Moore, S.D., 2021. Biological Control of a Phytosanitary Pest (Thaumatotibia leucotreta): A
Case Study. International Journal of Environmental Research and Public Health 18, 1198-
1217.

Moore, S., Hattingh, V., 2012. A review of current pre-harvest control options for false codling
moth in citrus in southern Africa. SA Fruit Journal 11, 82-85.

Moore, S.D., Hendry, D.A., Richards, G.I., 2011. Virulence of a South African isolate of the
Cryptophlebia leucotreta granulovirus to Thaumatotibia leucotreta neonate larvae.
BioControl 56, 341-352. https://doi.org/10.1007/s10526-010-9339-1

Moore, S.D., Jukes, M.D., 2019. Advances in microbial control in IPM: entomopathogenic
viruses. In: Kogan, M., Heinrichs, E., editors. Integrated management of insect pests:

current and future prospects. Burleigh Dodds Science Publishing, Cambridge, UK.

Moore, S., Kirkman, W., Hattingh, V., 2015a. The host status of lemons for the false codling
moth, Thaumatotibia leucotreta (Meyrick) (Lepidoptera: Tortricidae) with particular
reference to export protocols. African Entomology 23, 519-525.

Moore, S.D., Kirkman, W., Richards, G.I., Stephen, P.R., 2015b. The Cryptophlebia leucotreta
Granulovirus-10  Years of Commercial Field Use. Viruses 7, 1284-1312.
https://doi.org/10.3390/v7031284

86


https://doi.org/10.1016/j.foreco.2018.11.001
https://doi.org/10.1016/0022-2011(77)90225-7
https://doi.org/10.1016/0168-1702(87)90048-7
https://doi.org/10.1023/A:1010923301770
https://doi.org/10.1007/s10526-010-9339-1
https://doi.org/10.3390/v7031284

References

Moore, S.D., Kirkman, W., Stephen, P.R., Albertyn, S., Love, C.N., Grout, T.G., Hattingh, V.,
2017. Development of an improved postharvest cold treatment for Thaumatotibia
leucotreta (Meyrick) (Lepidoptera: Tortricidae). Postharvest Biology and Technology
125, 188-195. https://doi.org/10.1016/j.postharvbio.2016.11.017

Moore, S.D., Richards, G.I., Chambers, C., Hendry, D., 2014. An Improved Larval Diet for

Commercial Mass Rearing of the False Codling Moth, Thaumatotibia leucotreta
(Meyrick) (Lepidoptera: Tortricidae). African Entomology 22(1), 216-219.

Motsoeneng, B., Jukes, M.D., Knox, C.M., Hill, M.P., Moore, S.D., 2019. Genome Analysis
of a Novel South African Cydia pomonella granulovirus (CpGV-SA) with Resistance-
Breaking Potential. Viruses 11, 658. https://doi.org/10.3390/v11070658

Mukawa, S., Goto, C., 2011. Enhancing effect of proteins derived from Xestia c-nigrum
granulovirus on Mamestra brassicae nucleopolyhedrovirus infection in larvae of
Autographa nigrisigna (Lepidoptera: Noctuidae) on cabbage. Appl. Entomol. Zool. 46,
55-63. https://doi.org/10.1007/s13355-010-0007-9

Miiller, K., Wickham, H., 2019. tibble: Simple Data Frames. R package version 2.1.1.
https://CRAN.R-project.org/package=tibble.

Murillo, R., Hussey, M.S., Possee, R.D., 2011. Evidence for covert baculovirus infections in a
Spodoptera exigua laboratory culture. Journal of General Virology 92(5), 1061-1070.
https://doi.org/10.1099/vir.0.028027-0

Mwanza, P., 2019. Development of UV-resistant CrleGV-SA for use as an enhanced
biopesticide for FCM control on citrus. Nelson Mandela University, Ggeberha, South
Africa.

Nakai, M., Takahashi, K., Iwata, K., Tanaka, K., Koyanagi, J., Ookuma, A., Takatsuka, J.,
Okuno, S., Kunimi, Y., 2017. Acquired resistance to a nucleopolyhedrovirus in the smaller
tea tortrix Adoxophyes honmai (Lepidoptera: Tortricidae) after selection by serial viral
administration. Journal of Invertebrate Pathology 145, 23-30.
https://doi.org/10.1016/].jip.2017.03.003

Newton, B.P.J., 1990. Ovipositional preferences amongst navel sweet orange types by the false
codling moth, Cryptophlebia leucotreta. Annals of Applied Biology 116, 143-150.
https://doi.org/10.1111/1.1744-7348.1990.tb06593 .x

87


https://doi.org/10.1016/j.postharvbio.2016.11.017
https://doi.org/10.3390/v11070658
https://doi.org/10.1007/s13355-010-0007-9
https://cran.r-project.org/package=tibble
https://doi.org/10.1099/vir.0.028027-0
https://doi.org/10.1016/j.jip.2017.03.003
https://doi.org/10.1111/j.1744-7348.1990.tb06593.x

References

Newton, P.J., 1989. The influence of citrus fruit condition on egg laying by the false codling
moth, Cryptophlebia leucotreta. Entomologia Experimentalis et Applicata 52, 113-117.
https://doi.org/10.1111/].1570-7458.1989.tb01257.x

Nicolopoulou-Stamati, P., Maipas, S., Kotampasi, C., Stamatis, P., Hens, L., 2016. Chemical
Pesticides and Human Health: The Urgent Need for a New Concept in Agriculture. Front.
Public Health 4. https://doi.org/10.3389/fpubh.2016.00148

Nysten, P.-H., 1808. Recherches sur les maladies des vers a soie et les moyens de les prévenir:

suivies d’une instruction sur I’éducation de ces insectes. Impr. impériale.

Opoku-Debrah, J.K., Hill, M.P., Knox, C., Moore, S.D., 2016. Heterogeneity in virulence
relationships between Cryptophlebia leucotreta granulovirus isolates and geographically
distinct host populations: lessons from codling moth resistance to CpGV-M. BioControl
61, 449-459. https://doi.org/10.1007/s10526-016-9728-1

Opoku-Debrah, J.K., Hill, M.P., Knox, C., Moore, S.D., 2013. Overcrowding of false codling

moth, Thaumatotibia leucotreta (Meyrick) leads to the isolation of five new

Cryptophlebia leucotreta granulovirus (CrleGV-SA) isolates. Journal of Invertebrate
Pathology 112, 219-228. https://doi.org/10.1016/1.jip.2012.12.008

O’Reilly, D.R., Miller, L.K., 1991. Improvement of a Baculovirus Pesticide by Deletion of the
EGT Gene. Nature Biotechnology 9, 1086-1089. https://doi.org/10.1038/nbt1191-1086

Pereira-da-Conceicoa, L.L., Hill, M.P., Moore, S.D., 2012. Development of a peroral, droplet-
dose bioassay laboratory technique and its application on a granulovirus for
Thaumatotibia leucotreta (Lepidoptera: Tortricidae): short communications. African
Entomology 20, 187-190.

Petrik, D.T., Iseli, A., Montelone, B.A., Van Etten, J.L., Clem, R.J., 2003. Improving
baculovirus resistance to UV inactivation: increased virulence resulting from expression
of a DNA repair enzyme. Journal of Invertebrate Pathology 82, 50-56.
https://doi.org/10.1016/S0022-2011(02)00197-0

Reeson, A.F., Wilson, K., Gunn, A., Hails, R.S., Goulson, D., 1998. Baculovirus resistance in
the noctuid Spodoptera exempta is phenotypically plastic and responds to population
density. Proceedings of the Royal Society of London. Series B: Biological Sciences 265,
1787-1791. https://doi.org/10.1098/rspb.1998.0503

Rinker, T. W., Kurkiewicz, D., 2017. pacman: Package Management for R. version 0.5.0.
Buffalo, New York. http://github.com/trinker/pacman

88


https://doi.org/10.1111/j.1570-7458.1989.tb01257.x
https://doi.org/10.3389/fpubh.2016.00148
https://doi.org/10.1007/s10526-016-9728-1
https://doi.org/10.1016/j.jip.2012.12.008
https://doi.org/10.1038/nbt1191-1086
https://doi.org/10.1016/S0022-2011(02)00197-0
https://doi.org/10.1098/rspb.1998.0503
http://github.com/trinker/pacman

References

Ritz, C., Baty, F., Streibig, J. C., Gerhard, D., 2015. Dose-Response Analysis Using R. PLOS
ONE 10(12), 0146021

Roelvink, P.W., Corsaro, B.G., Granados, R.R., 1995. Characterization of the Helicoverpa
armigera and Pseudaletia unipuncta granulovirus enhancin genes. Journal of General

Virology, 76, 2693-2705. https://doi.org/10.1099/0022-1317-76-11-2693

Rohrmann, G.F., 2019. Baculovirus Molecular Biology, 4th ed, Baculovirus Molecular
Biology.

Rummens, F.H.A., 1975. An Improved Definition of Synergistic and Antagonistic Effects.
Weed sci. 23, 4-6. https://doi.org/10.1017/S0043174500062408

Sauer, A.J., Schulze-Bopp, S., Fritsch, E., Undorf-Spahn, K., Jehle, J.A., 2017. A Third Type
of Resistance to Cydia pomonella Granulovirus in Codling Moths Shows a Mixed Z-
Linked and Autosomal Inheritance Pattern. Applied Environmental Microbiology 83,
€01036-17. https://doi.org/10.1128/AEM.01036-17

Sauphanor, B., Berling, M., Toubon, J. F., Reyes, M., Delnatte, J., Allemoz, P., 2006.

Carpocapse des pommes cas de résistance au virus de la granulose en vergers biologiques:
fruits et Iégumes. Phytoma-La Défense des Végétaux 590, 24-27.

Simon, O., Williams, T., Lépez-Ferber, M., Caballero, P., 2012. Deletion of egt is responsible
for the fast-killing phenotype of natural deletion genotypes in a Spodoptera frugiperda
multiple nucleopolyhedrovirus population. Journal of Invertebrate Pathology 111, 260-
263. https://doi.org/10.1016/].Jip.2012.08.013

Smith, L.LR.L., Crook, N.E., 1988. In vivo isolation of baculovirus genotypes. Virology 166,
240-244. https://doi.org/10.1016/0042-6822(88)90165-1
Sohi, S.S., Lalouette, W., Macdonald, J.A., Gringorten, J.L., Budau, C.B., 1993. Establishment

of continuous midgut cell lines of spruce budworm (Lepidoptera: Tortricidae). In Vitro
Cellular and Developmental Biology 29, S6A.

Starnes, R.L., Liu, C.L., Marrone, P.G., 1993. History, Use, and Future of Microbial
Insecticides. American Entomologist 39, 83-91. https://doi.org/10.1093/ae/39.2.83

Stewart, L.M.D., Hirst, M., Ferber, M.L., Merryweather, A.T., Cayley, P.J., Possee, R.D.,
1991. Construction of an improved baculovirus insecticide containing an insect-specific

toxin gene. Nature 352, 85—88. https://doi.org/10.1038/352085a0

89


https://doi.org/10.1099/0022-1317-76-11-2693
https://doi.org/10.1017/S0043174500062408
https://doi.org/10.1128/AEM.01036-17
https://doi.org/10.1016/j.jip.2012.08.013
https://doi.org/10.1016/0042-6822(88)90165-1
https://doi.org/10.1093/ae/39.2.83
https://doi.org/10.1038/352085a0

References

Subramanian, S., Rabindra, R.J., Sathiah, N., 2010. Economic threshold for the management
of Plutella xylostella with granulovirus in cauliflower ecosystem. Phytoparasitica 38, 5-
17. https://doi.org/10.1007/s12600-009-0066-z

Tanada, Y., Hukuhara, T., 1971. Enhanced infection of a nuclear-polyhedrosis virus in larvae
of the armyworm, Pseudaletia unipuncta, by a factor in the capsule of a granulosis virus.
Journal of Invertebrate Pathology 17, 116-126. https://doi.org/10.1016/0022-
2011(71)90133-9

Thiem, S.M., Cheng, X.-W., 2009. Baculovirus host-range. Virol. Sin. 24, 436-457.
https://doi.org/10.1007/s12250-009-3058-8

Van Beek, N.A.M., Hughes, P.R., 1998. The Response Time of Insect Larvae Infected with
Recombinant Baculoviruses. Journal of Invertebrate Pathology 72, 338-347.

https://doi.org/10.1006/jipa.1998.4814

Van der Merwe, M., Jukes, M.D., Rabalski, L., Knox, C., Opoku-Debrah, J.K., Moore, S.D.,
Krejmer-Rabalska, M., Szewczyk, B., Hill, M.P., 2017. Genome Analysis and Genetic
Stability of the Cryptophlebia leucotreta Granulovirus (CrleGV-SA) after 15 Years of
Commercial Use as a Biopesticide. International Journal of Molecular Sciences 18, 2327.
https://doi.org/10.3390/ijms 18112327

Venette, R. C., Davis, E. E., DaCosta, M., Heisler, H., Larson, M., 2003. Mini risk assessment

false codling moth, Thaumatotibia (Cryptophlebia) leucotreta (Meyrick) (Lepidoptera:
Tortricidae). University of Minnesota, Department of Entomology, CAPS PRA. 1-30.
Wennmann, J.T., Jehle, J.A., 2014. Detection and quantitation of Agrotis baculoviruses in
mixed infections. J. Virol. Methods 197, 39-46.
https://doi.org/10.1016/].jviromet.2013.11.010

Wennmann, J.T., Kohler, T., Alletti, G.G., Jehle, J.A., 2015. Mortality of Cutworm Larvae Is
Not Enhanced by Agrotis segetum Granulovirus and Agrotis segetum
Nucleopolyhedrovirus B Coinfection Relative to Single Infection by Either Virus. Appl.
Environ. Microbiol. 81, 2893-2899. https://doi.org/10.1128/AEM.03726-14

Whitlock, V.H., 1980. Long virus-like rods associated with granulosis virus of the false codling
moth, Cryplophlebia leucotreta (Meyr.). Phytophylactica 12, 181.
Wickham, H., 2016. Elegant graphics for data analysis. Springer-Verlag, New York.

90


https://doi.org/10.1007/s12600-009-0066-z
https://doi.org/10.1016/0022-2011(71)90133-9
https://doi.org/10.1016/0022-2011(71)90133-9
https://doi.org/10.1007/s12250-009-3058-8
https://doi.org/10.1006/jipa.1998.4814
https://doi.org/10.3390/ijms18112327
https://doi.org/10.1016/j.jviromet.2013.11.010
https://doi.org/10.1128/AEM.03726-14

References

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L.D., Francois, R., Grolemund,
G., Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T.L., Miller, E., Bache, S.M.,
Miiller, K., Ooms, J., Robinson, D., Seidel, D.P., Spinu, V., Takahashi, K., Vaughan, D.,
Wilke, C., Woo, K., Yutani, H., 2019. Welcome to the Tidyverse. Journal of Open-Source
Software 4, 1686. https://doi.org/10.21105/j0ss.01686

Wickham, H., Francois, R., Henry, L., Miiller, K., 2019. dplyr: A Grammar of Data
Manipulation. R package version 0.8.3. https://CRAN.R-project.org/package=dplyr

Wickham, H., Henry, L., 2019. tidyr: Tidy Messy Data. R package version 1.0.0.
https://CRAN.R-project.org/package=tidyr.

Wilke, C. O., 2020. cowplot: Streamlined Plot Theme and Plot Annotations for 'ggplot2'. R
package version 1.1.0. https://CRAN.R-project.org/package=cowplot

Williams, T., Virto, C., Murillo, R., Caballero, P., 2017. Covert Infection of Insects by
Baculoviruses. Front. Microbiol. 8. https://doi.org/10.3389/fmicb.2017.01337

Wu, C., Deng, Z., Long, Z., Cai, Y., Ying, Z., Yin, H., Yuan, M., Clem, R.J., Yang, K., Pang,
Y., 2016. Generating a host range-expanded recombinant baculovirus. Sci Rep 6, 1-14.

https://doi.org/10.1038/srep28072

Wysoki, M., 1986. New records of lepidopterous pests of macadamia in Israel. Phytoparasitica

14, 147-147. https://doi.org/10.1007/BF02980901

Yadav, S.K., 2010. Pesticide Applications-Threat to Ecosystems. Journal of Human Ecology
32, 37-45. https://doi.org/10.1080/09709274.2010.11906319
Yanase, T., Yasunaga, C., Hara, T., Kawarabata, T., 1998. Coinfection of Spodoptera exigua

and Spodoptera frugiperda cell lines with the nuclear polyhedrosis viruses of Autographa
californica and Spodoptera exigua. Intervirology 41, 244-252.
https://doi.org/10.1159/000024946

Zingg, D., 2008. Madex Plus and Madex 112 overcome Virus Resistance of Codling Moth.
Ecofruit-13th International Conference on Cultivation Technique and Phytopathological
Problems in Organic Fruit-Growing: Proceedings to the Conference from 18,
Weinsberg/Germany, pp. 256-260.

Zhu, Y.-C., Ly, H.-X., He, D.-H., Yang, Z.-R., 2013. Synthesis, fluorescence properties and

applications of two novel oxadiazole-based stilbene optical brighteners as UV protectants

91


https://doi.org/10.21105/joss.01686
https://cran.r-project.org/package=tidyr
https://cran.r-project.org/package=cowplot
https://doi.org/10.3389/fmicb.2017.01337
https://doi.org/10.1038/srep28072
https://doi.org/10.1007/BF02980901
https://doi.org/10.1080/09709274.2010.11906319
https://doi.org/10.1159/000024946

References

for insect baculovirus. Journal of Photochemistry and Photobiology B: Biology 125, 8—
12. https://doi.org/10.1016/j.jphotobiol.2013.04.006

Zwart, M.P., van Oers, M.M., Cory, J.S., van Lent, J.W.M., van der Werf, W., Vlak, J.M.,
2008. Development of a quantitative real-time PCR for determination of genotype
frequencies for studies in baculovirus population biology. J. Virol. Methods 148, 146-54.
doi:10.1016/j.jviromet.2007.10.022

92


https://doi.org/10.1016/j.jphotobiol.2013.04.006

