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ABSTRACT 

STERILE INSECT TECHNIQUE AS A NOVEL TOOL FOR THE MANAGEMENT OF 

PEPPER WEEVIL, ANTHONOMUS EUGENII CANO (COLEOPTERA: 

CURCULIONIDAE), IN GREENHOUSE AND FIELD PEPPER CROPS 

Jacob V. Basso 

University of Guelph, 2022

Co-advisor(s): 

Dr. Cynthia Scott-Dupree 

Dr. Roselyne Labbé 

The sterile insect technique (SIT) has been effectively used to genetically manage and 

even eradicate pest species across several insect families worldwide. The pepper 

weevil (PW), Anthonomus eugenii Cano (Coleoptera: Curculionidae), is an economically 

significant pest of Capsicum crops in North America for which current management 

strategies are often insufficient. As a PW-SIT program has yet to be considered, this 

foundational research determined that a gamma radiation dose of 110 Gy applied to PW 

pupae was necessary to induce > 99% sterility in females, and > 97% sterility in males, 

though the longevity, spontaneous flight activity, sperm production, and mating 

competitiveness of the sterile adults were negatively impacted by the treatment. Based 

on this work, a PW-SIT program could effectively and sustainably manage total PW 

populations in field or greenhouse pepper crops, and further research is recommended 

to ensure its success.
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1 Literature review 

1.1 Pepper weevil as a threat to pepper crops in North America and 
abroad 

The pepper weevil (PW), Anthonomus eugenii Cano (Coleoptera: Curculionidae), is one 

of the most important arthropod pests of field and greenhouse Capsicum spp. pepper crops 

throughout Central and North America (Fernández et al., 2020). It causes direct damage to the 

flowers, buds and pepper fruit, and when severe PW infestations are left untreated, yield losses 

can reach up to 90% (see Baker et al., 2019 and references therein). Consequently, yield loss 

and management of this pest results in millions of dollars in economic damage annually. The 

PW is native to Mexico where it is a persistent pest, and invasive populations exist in parts of 

Central America, the Caribbean, and Hawaii (Fernández et al., 2020). It is also a perennial pest 

across the southern United States including California and Florida (Fernández et al., 2020). 

Furthermore, sporadic outbreaks of this pest have occurred at higher latitudes including in the 

states of New Jersey (Ingerson-Mahar et al., 2015) and Virginia in the United States (Schultz & 

Kuhar, 2008), and in Canada, where the first documented outbreak of PW occurred in a British 

Columbia greenhouse in 1992 (Costello & Gillespie, 1993). Since then, it has also represented a 

recurring threat to greenhouse pepper crops in Ontario. For instance, in 2016, an outbreak of 

genetically diverse PWs in southern Ontario caused economic losses of $67M (Chiu, 2020; 

Fernández et al., 2022). Outside of North America, outbreaks have also occurred in the 

Netherlands (van der Gaag & Loomans, 2013) and Italy (Speranza et al., 2014) where the PW 

has since been eradicated by the application of insecticides and other conventional techniques 

(Van De Vossenberg et al., 2019). Introductions of PW beyond its native range have been 

associated with the importation of pepper transplants and fresh produce including alternative 

hosts such as eggplant (Costello & Gillespie, 1993; Ingerson-Mahar et al., 2015). 
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While the PW was determined to be a threat to Canadian greenhouse and field pepper 

production in 2010 (CFIA, 2011), it is not a regulated species in Canada, the United States or 

Mexico, despite the considerable trade of peppers and transplants between these three nations 

(CFIA, 2020). European regulatory agencies have also identified the pest as a serious risk to 

pepper production (Baker et al., 2012; Baker et al., 2019; Everatt, 2020). 

About half of Canada’s horticultural crop output is produced within greenhouses, of 

which the cultivation of peppers represents about one third (FVGC, 2022a, 2022b). In 2020, the 

farm gate value of Canadian greenhouse pepper crops was $512M (152,661 tonnes), produced 

over an area of 590 ha, of which 67% was produced in Ontario (Statistics Canada, 2022b). By 

contrast, only 14% of pepper production occurred in fields in Canada (74,678 tonnes with a farm 

gate value of $82M), over half of which was produced in Ontario (Statistics Canada, 2022a). 

However, Canada is a relatively small pepper producer compared to other countries. For 

instance, Mexico produced over 2.8 million tonnes of fresh peppers in 2020 which was second 

only to China at 16.7 million tonnes (Food and Agriculture Organization [FAO], 2021). Peppers 

are a globally ubiquitous crop, and other top producers include Turkey, Indonesia, and India 

(FAO, 2021). As such, the PW represents a major threat to pepper production not only in 

Canada, but around the world.  

1.2 Life history of the pepper weevil 

The life history of the PW has previously been well described. Adults are about 2-3 mm 

in length, with a black-brown cuticle, rounded body and stout rostrum (Elmore et al., 1934). 

Following mating, PW females have a pre-oviposition period of 2-3 days (Riley & Sparks Jr., 

1995; Addesso, 2007; Seal & Martin, 2017). Females lay their eggs in pepper flowers, buds and 

preferentially within immature pepper fruit (Patrock & Schuster, 1992; Rodríguez-Leyva, 2006; 

Seal & Martin, 2016). Oviposition is typically concentrated around the pepper calyx (Toapanta et 

al., 2005; Seal & Martin, 2016), a behaviour that likely optimizes larval offspring consumption of 
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the nitrogen-rich pepper placenta and seeds (Rodríguez-Leyva, 2006). Pepper weevil females 

will puncture a hole in the fruit using their rostrum and deposit a single egg. The hole is 

subsequently covered with a secreted oviposition plug which hardens after 2-4 min (Toapanta et 

al., 2005; Rodríguez-Leyva, 2006). Females can produce eggs over nearly their entire lifetime 

(Elmore et al., 1934; Rodríguez-Leyva, 2006; Addesso, 2007) at an average rate of five eggs 

per day (Riley & Sparks Jr., 1995; Addesso, 2007; Addesso et al., 2007, 2009; Seal & Martin, 

2017), though it peaks at over 15 eggs per day within the first week and decreases as females 

age (Rodríguez-Leyva, 2006). In addition to Capsicum species, PW utilizes several alternative 

host plants from the family Solanaceae. Reproduction can occur in eggplant (Solanum 

melongena) and Eastern black nightshade (S. ptycanthum), and adults feed on tomato and 

potato, as well as various other nightshades (Patrock & Schuster, 1992). 

Following oviposition, all immature stages of PW feed and develop inside the flower 

buds and immature fruit (Toapanta et al., 2005). These endophagous larvae are the primary 

source of damage caused by this species, as infested fruit are unmarketable and may 

eventually be prematurely abscised by the plant, an obvious symptom of potential crop 

infestation. Pepper weevil development from egg to adult requires approximately two weeks at 

an optimal temperature range of 27-30
o
C (Toapanta et al., 2005). Eggs develop for about 2-4 

days before hatching (Toapanta et al., 2005; Addesso, 2007). Hatching success from within the 

pepper is reported to be > 90% (Addesso et al., 2009). The immature PW have three larval 

instars and larval development is complete within ca. seven days (Toapanta et al., 2005). 

Interestingly, unlike the PW’s close relative, the cotton boll weevil (A. grandis Boheman), tissue-

specific larval feeding is not required for its successful development (Rodríguez-Leyva, 2006). 

Before pupating within the pepper, larvae create a pupal cell of anal secretions (Toapanta et al., 

2005). Pupation takes about four days at 27
o
C (Toapanta et al., 2005).  
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Pepper weevil adults emerge from their host by chewing an exit hole out of the pupal cell 

and fruit, after which they begin feeding (Elmore et al., 1934). Adults will feed on most parts of 

their host plant including leaves, fruit and floral buds, but prefer floral buds and the areas around 

the fruit calyx, similar to their preferred oviposition sites (Patrock & Schuster, 1992; Rodríguez-

Leyva, 2006; Seal & Martin, 2016). Adult feeding on floral buds can also cause premature 

abscission, however the economic impact of this adult damage is unclear as it is never 

dissociated from larval damage. Adults can live over three months when supplied with food 

(Riley & Sparks Jr., 1995; Addesso et al., 2007), though only about seven days without food or 

water (Costello & Gillespie, 1993; Addesso, 2007). Male PWs can be identified by the presence 

of thick, curved metatibial mucrones (spurs at the ends of the hind legs; Eller, 1995), along with 

a number of inconsistent or less obvious sexually-dimorphic characters (Dietz, 1891; Coudriet & 

Kishaba, 1988; Clark & Burke, 1996). Reports of a sex ratio bias for emerged PW are 

inconsistent, ranging from male-skewed to female-skewed, or having no bias (Elmore et al., 

1934; Rodríguez-Leyva, 2006; Addesso et al., 2009), possibly suggesting that some currently-

unknown factor may be influencing reproductive development.  

Pepper weevils are diurnal and their movement is largely associated with temperature 

(Toapanta et al., 2005), being most active earlier in the day in laboratory (Patrock & Schuster, 

1992), and field and greenhouse settings where PW tend to shelter under leaves during the 

later, hotter parts of the day. Consequently, visual crop scouting for PW adults should be done 

in the morning (Andrews et al., 1986; Riley, Schuster, & Barfield, 1992b). Furthermore, due to 

these activity limitations and adult behaviour such as dropping to the ground when disturbed, 

many scouting programs rely on searching for signs of PW infestation such as oviposition marks 

on fruit. Adult PWs typically take short flights, facilitating dispersion, however longer flights of up 

to 2.4 km (1.5 miles) have also been recorded (Ingerson-Mahar et al., 2015). Pepper weevil 

does not diapause and overwinters as an adult, though only in regions where food is 
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consistently available (Riley & Sparks Jr., 1995) and temperatures remain at least above -10
o
C 

(Fernández et al., 2017). It is estimated that the lower development threshold of PW is 9.6
o
C 

(Toapanta et al., 2005). Due to PW’s long lifespan of up to several months, its repeated mating 

and continuous oviposition, PW populations in agroecosystems exist as overlapping 

generations (Rodríguez-Leyva, 2006).  

To date, some components of the chemical ecology of the PW have been described. 

Male PWs are known to produce an aggregation pheromone which attracts both sexes (Eller et 

al., 1994; Eller & Palmquist, 2014). Furthermore, female oviposition plugs contain a marking 

pheromone which serves to discourage oviposition by other conspecific females (Addesso et al., 

2007, 2021).  

1.3 Pepper weevil management 

Today, PW integrated pest management (IPM) largely relies on a combined use of 

preventative physical and cultural management strategies, diligent monitoring and insecticide 

use, though there remain opportunities for potentially improving current tools and incorporating 

novel management tools as well. Cultural management tools targeting this pest include 

phytosanitary practices such as the removal and proper disposal of infested material, 

maintaining host-free periods, and the destruction of alternative host plants around growing 

areas (Fernández et al., 2020). Commonly implemented physical management tools are 

rigorous biosecurity protocols including the cleaning of crop handling and transportation 

equipment during production, the installation of exclusion screens on greenhouse vents to 

prevent pest entry or dispersal, and mandating a minimum distance of separation between 

growing operations and processing facilities that handle both local or imported, and thus, 

potentially infested produce (McCreary et al., 2017; Fernández et al., 2020). 
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While monitoring for PW is a critical component of its effective management, it continues 

to represent a challenge for pepper growers. Due to the cryptic nature of the damaging larval 

stages of this pest, its detection still largely relies on labour-intensive visual scouting, though 

pheromone-baited yellow sticky traps are somewhat useful for monitoring in both field and 

greenhouse settings (Segarra-Carmona & Pantoja, 1988; Russell, 2021). Consequently, action 

thresholds for this pest remain low and insecticides are usually applied at the first sign of PW 

presence (Cartwright et al., 1990; Riley et al., 1992a). While multiple insecticides are primarily 

used to manage PW in field pepper crops (Fernández et al., 2020), four insecticides are 

currently registered and applied to manage PW in Canadian greenhouses, including: naled, 

thiamethoxam, novaluron, and cyantraniliprole (Ontario Ministry of Agriculture, Food and Rural 

Affairs, 2021). However, insecticide applications are, in many cases, insufficient at controlling 

the PW because they only target exposed adults, whereas damaging larvae are protected within 

the pepper fruit (Labbé et al., 2020). Furthermore, insecticide resistance is an increasing 

concern for this pest, which could impose more limitations on the availability of effective 

management tools (Fernández et al., 2020).  

With increased pressure to reduce reliance on insecticides for management of PW, 

alternative IPM tools have been considered including the utilization of biological control. In 

Canada, a number of natural enemy species have been identified to attack PW (Labbé et al., 

2018). The parasitoid wasp Jaliscoa (formerly Catolaccus) hunteri Crawford (Hymenoptera: 

Pteromalidae) has been investigated as a potential biological control agent that can attack PW 

larvae in greenhouses and field pepper crops, though it is not yet commercially available in 

Canada (Schuster, 2007; Labbé et al., 2018; Leo, 2022). Furthermore, Triaspis eugenii Wharton 

and Lopez-Martinez (Hymenoptera: Braconidae) and an Urosigalphus sp. (Hymenoptera: 

Braconidae) are egg parasitoids that are also potential biocontrol agents for this pest 

(Rodríguez-Leyva, 2006). Other parasitoids associated with PW across its native and invasive 
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ranges include at least 14 species from the families Braconidae, Pteromalidae, Eulophidae, 

Eupelmidae, and Eurytomidae, though not as abundantly as J. hunteri, T. eugenii or 

Urosigalphus sp. (Rodriguez-Leyva, 2006; Rodríguez-Leyva et al., 2007; Labbé et al., 2018). 

A few other tools have been proposed for managing PW. Recent evidence supports that 

certain landraces of C. annuum in Mexico are resistant to PW establishment which could be 

utilized for developing PW-resistant commercial varieties (Rubio-Aragón et al., 2022). In 

addition, intercropping pepper crops with non-host crops has had some success experimentally 

(Adeleye et al., 2022). Furthermore, genetic control of PW has also been considered. A lethal 

RNA interference (RNAi) system with an oral delivery method was shown to have limited 

success against female PWs (Wu et al., 2019). Finally, and particularly relevant to this thesis, 

the sterile insect technique is a potentially effective genetic tool for managing PW which has not 

yet received due attention. 

1.4 The sterile insect technique 

1.4.1 Sterile insect technique theory 

The sterile insect technique (SIT) is an autocidal genetic control strategy that could be 

an effective, sustainable, and cost-effective tool which pepper growers could use to manage PW 

infestations in Canada and abroad. This strategy relies on introducing sterility into a pest 

population by releasing a large number of sterilized insects of the same species (Lance & 

McInnis, 2021). In doing so, sterile males will mate and transfer sterile sperm to wild females 

which will then produce non-viable offspring and thus decrease the population growth in the 

next generation. While female monogamy is not a necessity for the success of an SIT program, 

sterile males should be capable of successfully competing against wild, unsterilized males for 

mates (Lance & McInnis, 2021). By releasing a high number of sterile males, the likelihood of a 

wild female mating with a sterile male is increased. Thus, after consistent releases that maintain 

a high ratio of sterile to wild males, termed the overflooding ratio, the strategy can result in the 
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rapid reduction of a given pest population (Lance & McInnis, 2021). Furthermore, there is a 

negative relationship between the SIT’s effectiveness and population density (i.e., inversely 

density dependent); as the wild population decreases, the overflooding ratio increases, which 

allows the SIT to be even more effective at low pest population densities (Lance & McInnis, 

2021).  

Several biological and operational factors can influence the production and release of 

sterile insects for SIT. It is generally considered optimal to release only sterile males due to the 

tendency for positive assortative mating between sterile males and females, which can reduce 

the SIT’s efficiency (Lance & McInnis, 2021). The cost-effectiveness of mass-rearing can also 

be improved by producing only sterile males as the handling, storage and feeding of females is 

eliminated, and it will be imperative that females are removed if sterile females themselves 

cause significant damage (Franz et al., 2021; Parker et al., 2021a). However, when females of a 

species cannot be easily separated from males (because sexing is either difficult or labour-

intensive), releases of both sterile males and females will be necessary. Thus, females will need 

to be completely sterile to prevent damage from their offspring. As an exception, the release of 

sterile females may be inconsequential or even have a beneficial effect in some cases. For 

instance, it has been demonstrated theoretically that sterile females can act as a “sperm sink”, 

whereby wild male reproductive effort is wasted when mating with sterile females, and SIT 

programs which release both sexes have been successful in the past (Ikegawa et al., 2021; 

Parker et al., 2021a).  

The SIT can be applied to either suppress a pest population below its economic 

threshold, eradicate it from a defined area, or prevent the establishment of an invasive pest 

(Hendrichs et al., 2021). Thus, the goal of the program will depend on the target pest species’ 

range and biology, among other considerations (Hendrichs et al., 2021). Because released 

insects can only mate within their own species, the SIT is considered a species-specific 
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management tool, and it is now well understood that SIT can be applied with no negative impact 

on the natural enemies of the pest (Mangan & Bouyer, 2021). In fact, nearly any conventional 

pest management tool, including cultural, chemical, biological and other genetic tools that 

reduce the wild adult pest population size will increase the overflooding ratio and thus 

synergistically increase the efficiency of the SIT (Mangan & Bouyer, 2021). For this reason, 

conventional tools are often applied either prior to or along with sterile insect releases. However, 

care should be taken not to impact the effectiveness of released sterile males, so the type and 

timing of the use of antagonistic tools are important considerations, though they remain 

beneficial if a high sterile:wild insect ratio is maintained (Mangan & Bouyer, 2021).  

The SIT can be incorporated into area-wide integrated pest management (AW-IPM) 

programs, whereby a pest’s total population within a defined geographic region is managed 

(Klassen & Vreysen, 2021). This strategy has several advantages over traditional, much more 

localized, farm-by-farm management. Localized management is vulnerable to immigration and 

the re-introduction of pests, especially for highly mobile species. Area-wide IPM also utilizes 

mobile beneficial arthropods, including released sterile insects, better than localized 

management which incurs losses due to emigration (Klassen & Vreysen, 2021). Furthermore, 

AW-IPM is planned and applied over multiple years (considerably longer than conventional 

methods) and incorporates management of whole ecosystems to better utilize already-present 

beneficial arthropods (Klassen & Vreysen, 2021). Coordination in AW-IPM can minimize 

management incompatibilities applied between farms, such as pesticide spray drift (Klassen & 

Vreysen, 2021). Economies of scale allow for AW-IPM programs to be more cost-effective than 

localized management, and pooling resources in AW-IPM programs sometimes allows for the 

utilization of high-tech, more expensive tools that would otherwise be unattainable to individual 

producers, such as the SIT or resistance management. 
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Recently, the application of SIT to pests in protected agroecosystems has begun to 

receive attention. These environments may enhance the efficiency of SIT by reducing 

emigration of sterile insects out of the target population, thereby maintaining a high overflooding 

ratio for longer periods of time, while the likelihood of immigration or reintroduction of wild pest 

insects (which would undermine the success of SIT) could be reduced by using conventional 

management strategies (Ito et al., 2021). One of the first documented targets of the SIT for a 

greenhouse pest was the greenhouse whitefly Trialeurodes vaporariorum Westwood 

(Homoptera: Aleyrodidae; Calvitti et al., 1997). That research was followed by investigations of 

the serpentine and tomato leaf miners, Liriomyza trifolii Burgess and L. bryoniae Kaltenbach 

(Diptera: Agromyzidae; Kaspi & Parrella, 2003; Walker, 2012), though, to the best of my 

knowledge, an SIT program has not been developed for any of these species. Since then, the 

Joint FAO/International Atomic Energy Association (IAEA) Programme’s Coordinated Research 

Project (CRP) on the Integration of the SIT with Biocontrol for Greenhouse Insect Pest 

Management has identified three groups of greenhouse pests as strong targets for SIT 

research: Drosophila suzukii Matsumura (Diptera: Drosophilidae); Spodoptera exigua Hübner, 

S. frugiperda Smith (Lepidoptera: Noctuidae) and Helicoverpa armigera Hübner (Lepidoptera: 

Noctuidae); and, Phthorimaea (formerly Tuta) absoluta Meyrick (Lepidoptera: Gelechiidae) and 

Neoleucinodes elegantalis Guenée (Lepidoptera: Crambidae; Groot et al., 2016). Research by 

the CRP toward integrating the SIT has since progressed (Cagnotti et al., 2019).  

1.4.2 Sterilization by irradiation 

Sterilizing insects using ionizing radiation, either as gamma radiation or X-rays, is the 

most common method of sterilizing insects for use in SIT programs (Bakri et al., 2021). Ionizing 

radiation causes damage to DNA as double-strand chromosomal breaks (Robinson, 2021). 

During cell replication, damaged chromosomes either join to form dicentric chromosomes with 

other damaged chromosomes or fuse with their sister chromatid during metaphase of mitosis 
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resulting in a dicentric chromosome and an acentric fragment (Robinson, 2021). Dicentric 

chromosomes form a bridge during anaphase, which causes another break. The result of this 

process is genetically imbalanced daughter cells. Consequently, insect tissues which undergo a 

high degree of replication are most susceptible to damage by radiation, such as germ cells 

(gametocytes) and cells lining the midgut, while fully differentiated tissues are more 

radioresistant (Robinson, 2021). When a genetically-imbalanced sperm cell (either damaged 

directly by radiation or produced by a damaged gametocyte) fertilizes an egg, the breakage-

fusion-bridge cycle is repeated through cell replications in the zygote and the resulting genetic 

imbalance is expressed as a dominant lethal mutation, ultimately leading to the death of the 

zygote (Robinson, 2021). This is the mechanism through which sterility is transmitted to the pest 

population, and thus, sterile males are the primary vector of sterility as their sperm fertilizes the 

eggs of wild females (Lance & McInnis, 2021).  

To be considered truly genetically sterile, males must be capable of not only producing 

sterile sperm but also be able to find and compete for mates, transfer sperm during mating with 

a wild female, and their sperm must be capable of fertilizing the female’s eggs (Robinson, 

2021). Furthermore, production and transfer of appropriate male accessory gland products may 

be necessary to initiate female post-mating behaviours (Robinson, 2021). If the females of the 

species mate repeatedly, sperm precedence dynamics, i.e. the order in which sperm from 

multiple mates is used in fertilization, may also play a role in the success of sterile males 

(Robinson, 2021). Thus, males that do not have all of these characteristics could be considered 

sterile but would not be effective for SIT (Robinson, 2021). Sterility of irradiated insects is 

usually measured as the percentage of eggs hatched from those laid by mating pairs containing 

an irradiated individual (Bakri et al., 2021). 

Gamma irradiators using a radioactive source (commonly Cobalt-60) have been the 

industry standard for insect sterilization for most of the SIT’s history. X-ray irradiators could be 
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advantageous over gamma irradiators due to concerns surrounding the safety, security and 

regulation of radioactive materials, though these remain expensive largely due to power and 

maintenance costs (Bakri et al., 2021). More recently, molecular or symbiont-based methods for 

sterilizing insects have been developed and implemented though they remain less common 

than sterilization by irradiation (Hacker et al., 2021). Sterilization by irradiation also has the 

added benefits of being able to penetrate insect packaging material, without significantly raising 

the temperature within or leaving residues that can be harmful to human or environmental 

health (Bakri et al., 2021). 

Dosimetry refers to the measurement of the absorbed dose of radiation applied to an 

insect (Bakri et al., 2021). Absorbed dose (measured in grays, Gy) is determined by the amount 

of time exposed to the radiation source and the source type, though it will also be affected by 

barriers between the source and insect. So, to account for within-container variation when 

selecting a dose for sterilization, a minimum target dose is set to ensure all insects receive at 

least the required dose.  

The developmental stage at which insects are sterilized is an important choice for 

designing an SIT program. Sterilization by irradiation is most effective when conducted late 

during insect development (ideally as an adult) when fully-differentiated tissue damage is 

minimized, while continuously-dividing germ cells and mature gametes are still susceptible to 

damage (Robinson, 2021). In practice, the choice between irradiating late-stage pupae vs. 

newly-eclosed adults is usually dependent on operational considerations. Often, pupae are 

selected because they are immobile, do not require feeding, and can be stored at a cooler 

temperature to slow development (or initiate diapause) during transportation until their 

emergence at facilities closer to the site of their final release (Parker et al., 2021a). Insects 

which produce a puparium (e.g., Diptera) are better protected from physical damage and 

dehydration, which allows for rougher handling and storage (Parker et al., 2021a). Adults may 
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be selected due to biological constraints, such as when pupal cases are attached to substrates 

(like those of some Lepidoptera) or when insects require feeding before irradiation and release 

(Robinson, 2021). To minimize damage to somatic cells, insects are often irradiated in hypoxia, 

which reduces the creation of oxygen free radicals by ionizing radiation, and may also be chilled 

before irradiation to reduce their oxygen consumption (Bakri et al., 2021; Parker et al., 2021b). 

The dose at which insects are irradiated is the most important component of the 

sterilization process. Dose selection is a balance between achieving adequate sterility and 

ensuring the quality of the irradiated insects. At lower relative doses of radiation, there exists a 

positive linear relationship between radiation dose and the likelihood of inducing a dominant 

lethal mutation. As dose continues past a certain threshold, the relationship curves 

asymptotically toward 100% sterility (Robinson, 2021). Females are often more radiosensitive 

than males, requiring a lower dose of radiation to achieve 100% sterilization (Bakri et al., 2021; 

Robinson, 2021). However, the doses necessary for achieving 100% male sterility can be overly 

detrimental to sterile male quality, such as diminished longevity or mating competitiveness 

(Section 1.4.3; Calkins & Parker, 2005). In an SIT program where irradiated females are to be 

released, they must be 100% sterilized to prevent the risk of damage from their own offspring 

should they mate with a non-sterilized male (Robinson, 2021). Conversely, the release of non-

sterile males only decreases the rate of population suppression (Robinson, 2021). So, a 

minimum dose which achieves 100% female sterility while balancing male sterility and sterile 

male quality is usually selected (Parker et al., 2021b). 

1.4.3 Sterile male quality 

 In the context of an SIT program, sterile insect quality describes how effectively a 

sterilized insect can transfer sterility to the wild target population (Parker et al., 2021b). In 

particular, sterile male insects must be capable of dispersing adequate distances for locating 

mates, competitive against wild males in securing mates, and able to successfully transfer 
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sperm which itself must be capable of fertilization, all within their lifetime (Parker et al., 2021b). 

Sterile insect quality can be influenced by several factors in both the mass-rearing and 

irradiation processes, including the radiation dose, age and life stage of the insect, and the 

environment in which irradiation occurs. Because it is more economical to release insects of 

higher quality rather than a higher number of lower quality insects, it is crucial to incorporate 

quality control (QC) systems, through regular testing of quality parameters at multiple stages of 

the production and release process (Parker et al., 2021b). However, it should be noted that 

parameters measured in the laboratory setting are often different when measured in the field. 

 Parameters relating to mass-reared and sterilized insect development are important 

indicators for QC. For instance, the proportion of adult individuals which emerge from pupae, 

the sex ratio of those emerged, pupal and adult weight and/or size, and timing of emergence are 

all measures of quality indicative of changes to rearing conditions or excessive radiation dose 

and will impact the efficiency of the rearing process and the effectiveness of resulting sterile 

insects (Parker et al., 2021b).  

Sterile insect longevity will have an important impact on sterile insect releases. As the 

released sterile insect population decreases due to mortality, the overflooding ratio will also 

decrease. Thus, the amount and frequency of sterile insect releases, and the associated costs, 

are linked to sterile insect longevity (Lance & McInnis, 2021; Parker et al., 2021b). While some 

insects can rely on resource reserves acquired as larvae (which in turn is influenced by rearing 

conditions), reduced longevity of adult insects has been attributed to radiation damage in the 

midgut of the alimentary canal, which reduces longevity by malnourishment (Bakri et al., 2021). 

In coleopterans, the midgut lining has regenerative cells clustered in structures called nidi, and 

an absence of nidi was observed in irradiated boll weevils in both the tubular and bulbous 

sections of the midgut (Riemann & Flint, 1967). Thus, sterile insect longevity, usually under 

stress such as starvation, is often measured as part of SIT QC. 



 
 

15 
 

Sterile insect flight activity is another important measure of irradiated insect quality, as it 

relates directly to most insect’s ability to secure resources and mates (Parker et al., 2021b). 

Furthermore, flight activity may influence the ability of sterile insects to disperse after release, 

and thus, decisions regarding the rate, location, and frequency of release of sterile insects 

should be informed by flight activity data (Dowell et al., 2021). The flight ability of sterile insects 

has been measured in several ways. While more elaborate methods for assessing flight 

performance exist, through use of flight mills and wind tunnels for example, SIT QC systems 

often assess flight ability as the percentage of newly-emerged insects that can fly out of a 

restricted space (FAO/IAEA/United States Department of Agriculture [USDA], 2019; Parker et 

al., 2021b). The flight activity of mature adults has been measured in a similar manner, or 

alternatively as their spontaneous flight from an elevated perch or platform. Finally, release-

recapture studies allow for examining the dispersal capabilities of sterile insects in the settings 

into which they are released.  

A crucial factor in the success of sterile males is their ability to produce and transfer 

sterile sperm during mating. The process should also initiate post-mating behavioural changes 

in females that may be induced by either the quantity/volume of sperm received and the 

presence of accessory gland products also transferred during mating (Lance & McInnis, 2021). 

Most importantly, the ability of a sterile male’s complement of sperm to prevent repeated mating 

by a wild female is an important measure of quality, as remating increases the likelihood that the 

female will mate with a wild male (Lance & McInnis, 2021; Parker et al., 2021b). The volume of 

sperm transferred during mating is often related to both sperm production and mating duration 

(Lance & McInnis, 2021; Parker et al., 2021b). If females do remate, sperm precedence will play 

a role in determining the effectiveness of sterile males  (Lance & McInnis, 2021; Parker et al., 

2021b). Thus, while each of these factors influencing sperm transfer are important, the 

production of sterile sperm by sterile males is paramount. 
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Having a basic understanding of the mating behaviour of a target species is also of great 

importance. For instance, the competitiveness of sterile males in their ability to successfully 

secure mates against the wild male population will influence the success of the SIT. In SIT QC 

programs, sterile males are assessed for their mating propensity and competitiveness, and for 

the compatibility between sterile and wild strains of insects (Parker et al., 2021b). These 

parameters could be considered the most important measures of quality and are often assessed 

together in field cage tests. In these tests, indices of competitiveness and compatibility are 

calculated based on the number of matings that occur between sterile or wild males and 

females in cages under environmental conditions as close to natural setting as possible, 

preferably in the field itself. The competitiveness of sterile males in a field cage test is a key 

predictor of their success after release into the target population and incorporates all 

parameters of quality that influence mating competitiveness. The mating propensity of sterile 

males in the test is also indicative of their competitiveness, as males that are more actively 

pursuing mates will be more likely to succeed once released. Compatibility is the degree of 

random mating that occurs between sterile males (and sterile females, if they are released) and 

the wild population, or in other words, whether assortative mating is occurring for the sterile and 

wild populations. Measures of female remating propensity and the amount of sperm transferred 

during mating can also be incorporated into field cage studies by utilizing the mating pairs 

collected in field cages for continued study.  

In some species, the size of an adult male may influence its competitiveness, and larger 

individuals may live longer and disperse greater distances than smaller individuals (Parker et 

al., 2021b). Therefore, because pupal weight is often predictive of male size, it is frequently 

measured in SIT QC systems. Additional parameters indicative of quality that are routinely 

measured for SIT QC include the production and response to pheromones and other chemical 
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signals, vision capabilities, and startle activity, each of which are indicative of the ability for 

sterile insects to survive and compete for mates (Parker et al., 2021b).  

1.4.4 History and examples of SIT for coleopteran pests 

The SIT was first championed by Edward F. Knipling who, after decades of research and 

cooperation with several scientists, and public and private stakeholders, successfully applied 

the new tool to eradicate the New World screwworm, Cochliomyia hominivorax Coquerel 

(Diptera: Calliphoridae), from North America and much of Central America (Klassen et al., 

2021). In Knipling's 1955 seminal work, he illustrated that the release of sterile males in higher 

proportion to the wild population could decrease the population and lead to eradication within a 

few generations. Following the success of the technique, researchers considered applying the 

SIT to other significant insect pests of the southern United States, including the cotton boll 

weevil. While the first application of SIT to coleopterans consisted of a study conducted on the 

cockchafer Melolontha melolontha L. (Coleoptera: Scarabaeidae; Horber, 1963), efforts to apply 

SIT to boll weevil eradication were much more substantial and would generate over 35 years of 

research into the radiobiology of the boll weevil. Despite this substantial research and success 

in an area-wide pilot study, the SIT was ultimately not part of the successful boll weevil 

eradication program employed in the southern United States, due not only to difficulties in the 

sterilization and low quality of irradiated weevils, but also the perceived cost of the SIT program 

and political influences (Smith, 1998; Klassen et al., 2021).  

Since then, the SIT has matured as a management strategy and has been used 

worldwide to suppress an increasing number of insect pests, primarily dipteran and lepidopteran 

species. This diversity includes multiple tephritid fruit fly species such as the Mediterranean fruit 

fly, Ceratitis capitata Wiedemann (Diptera: Tephritidae); the onion maggot, Delia antiqua 

Meigen (Diptera: Anthomyiidae); hematophagous flies including multiple mosquito and tsetse fly 

species; and lepidopteran larvae such as the codling moth, Cydia pomonella L. (Lepidoptera: 
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Tortricidae; Klassen et al., 2021). Furthermore, the eradication of some species from defined 

regions by programs incorporating the SIT, notably the sustained eradication of C. capitata from 

all of Mexico, have been particularly great achievements (Klassen et al., 2021). 

However, coleopterans are currently underrepresented as targets for SIT. The 

International Database on Insect Disinfestation and Sterilization (IDIDAS) is an IAEA database 

that catalogues information on irradiation doses necessary for phytosanitary disinfestation of 

commodities and/or sterilization of species for application in SIT (Bakri et al., 2005). While 

coleopteran insects represent 24% of all species currently on record in IDIDAS, only two 

species are currently managed by a program incorporating the SIT, and together are the only 

beetle SIT program in the world (IAEA, 2022b). This successful program manages two 

regulated, invasive sweet potato weevils, Cylas formicarius Fabricius (Coleoptera: Brentidae) 

and Euscepes postfasciatus Fairmaire (Coleoptera: Curculionidae), distributed across the 

southern islands of Okinawa Prefecture, Japan (Ohishi et al., 2018). The program has led to the 

eradication of C. formicarius from both Kume (Klassen et al., 2021) and Tsuken Islands 

(Ikegawa et al., 2022).  

Furthermore, only 80% of irradiated coleopterans with records in IDIDAS have been 

studied for sterilization to date (as opposed to the disinfestation of commodities), and even 

fewer may be agricultural pests suitable for area-wide SIT-based management due to their type 

of host (Table 1.1). Fewer still may be suitable targets because adults are the damaging life 

stage. Evidently, while research continues to be conducted into the radiobiology of beetles, this 

research has not often been developed into viable SIT programs, for a multitude of possible 

reasons. 
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Table 1.1: Summary of irradiated coleopterans catalogued in the International Database on 
Insect Disinfestation and Sterilization (IAEA, 2022b) categorized by type of host. 

Treatment Host type Number of species 

Disinfestation Agriculture 18  
Stored products 37  
Timber/Forestry 4  
Urban/Nuisance 2 

Sterilization Agriculture 17  
Stored products 36  
Timber/Forestry 8  
Urban/Nuisance 7 

Total 
 

85 

 

Other notable examples of beetles studied as potential targets for SIT include the red 

palm weevil, Rhynchophorus ferrugineus Olivier (Coleoptera: Dryophthoridae; Mazza et al., 

2016); the small hive beetle, Aethina tumida Murray (Coleoptera: Nitidulidae; Downey et al., 

2015); and other pests of fruit and vegetables, as well as the disinfestation of coleopteran pests 

from stored grain and lumber (Bakri et al., 2005). While the sterilizing dose will vary between 

species (and other factors such as the life stage irradiated), the range for coleopterans appears 

to be within approximately 50-200 Gy (Table 1.2).  
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Table 1.2: Examples of coleopteran species studied for sterilization and/or disinfestation using 
ionizing radiation (data from the International Database on Insect Disinfestation and 
Sterilization; IAEA, 2022a). 

Species 
Common 
host Life stage 

Gamma radiation 
dose (Gy) 

Induced 
sterility (%) 

Sweet potato weevil 
Cylas formicarius 
(Brentidae) Sweet potato Adult 150 100 

  Pupa 40 100 
West Indian sweet potato 
weevil  
Euscepes postfasciatus 
(Curculionidae) Sweet potato Adult 150 100 
Cotton boll weevil 
Anthonomus grandis 
(Curculionidae) Cotton Adult 100 98.7-100 
Red palm weevil 
Rhynchophorus ferrugineus 
(Curculionidae) Palm Adult 15 70-90 

  Pupa 15 55 
Small hive beetle 
Aethina tumida 
(Nitidulidae) Beehives Adult 45-75 100 
Cockchafer  
Melolontha 
(Scarabaeidae)  Adult 32.3 100 
Plum curculio 
Conotrachelus nenuphar 
(Curculionidae) 

Pome and 
stone fruits Adult 80 100 

Mango seed weevil 
Sternochetus mangiferae 
(Curculionidae) Mango Adult 206 100 
Cowpea weevil 
Callosobruchus maculatus 
(Bruchidae) Pulses Adult 80 100 

  Pupa 80 100 
Red flour beetle 
Tribolium castaneum 
(Tenebrionidae) Grain Adult 35 <99 

  Pupa 15 100 
Khapra beetle 
Trogoderma granarium 
(Dermestidae) Grain Adult 100 100 

  Pupa 60-200 100 
Granary weevil 
Sitophilus granaries 
(Curculionidae) Grain Adult 50-60 100 

  Pupa 70 100 
Rice weevil 
Sitophilus oryzae 
(Curculionidae) Grain Adult 70-100 100 

  Pupa 80 100 
White pine weevil 
Pissodes strobi 
(Curculionidae) Lumber Adult 43.5 96-99 
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1.5 Research objectives 

Lance & McInnis (2005) described the key characteristics of a pest for it to be 

considered a feasible SIT candidate. Target species must be obligately sexually reproductive 

and should have a holometabolous lifecycle. A mass-rearing method capable of producing an 

adequate number of sterile insects should be available, and if possible, a system for separating 

males and females before release can be included. The sterilized males produced for SIT 

should be capable of effectively introducing sterility into the target population, and so QC 

systems should be incorporated into the program to ensure the sterile insects are of high-

quality. Once released, the adult life stage should not be overly damaging to the target crop. A 

monitoring system should be capable of approximating the size of the pest population and 

released sterile insects therein, and the target species should exhibit a mating period long 

enough for the released sterile insects to interact with the wild population. The PW satisfies 

these base biological requirements while the operational components will require development. 

Principally, a method of production of high-quality sterile PW has not yet received attention. To 

that end, the primary objectives of this research were to: 

1. determine the minimum gamma radiation dose for sterilizing 100% of female PW 

pupae and sufficiently sterilizing male pupae for release in an SIT program, and; 

2. assess the quality of sterilized PW adults using several factors: longevity, flight 

activity, male sperm production, and mating competitiveness and compatibility with a 

non-sterilized PW population. 

  



 
 

22 
 

2 Sterility and survivorship of irradiated pepper weevils 

2.1 Introduction 

 The pepper weevil (PW), Anthonomus eugenii Cano (Coleoptera: Curculionidae), is an 

economically significant pest of cultivated Capsicum spp. pepper crops across much of North 

America, including within Canadian greenhouses (Fernández et al., 2020). The larvae of this 

beetle can cause severe economic damage as they feed and develop entirely within the flower 

buds and fruit of their host (Fernández et al., 2020). Historically, PW outbreaks in Canadian 

greenhouses have largely been mitigated by the implementation of cultural and physical 

management strategies including the removal of wild alternative host plants in and around 

greenhouses, the installation of ventilation screens, rigorous crop scouting, the removal of 

infested fruit and plants, and the application of insecticides (Fernández et al., 2020). However, 

insecticides are largely insufficient for managing this pest, offering suppression of only the adult 

life stage while larvae that are protected within pepper fruit continue to cause damage 

(Fernández et al., 2020). While new tools for PW management show some potential to mitigate 

crop damage, such as biological control utilizing the parasitoid wasp Jaliscoa hunteri Crawford 

(Hymenoptera: Pteromalidae), these agents are not yet commercially available to pepper 

producers in Canada (Leo, 2022). Thus, alternative approaches for managing the PW are of 

interest, including the sterile insect technique (SIT). 

The SIT is a genetic control strategy which has been successfully applied to manage 

and even eradicate arthropod pests of concern to both agriculture and human health worldwide 

(Klassen et al., 2021). This strategy centers on the introduction of a high number of sterilized 

insects of the pest species into the geographic range of a target pest population. Wild females 

that mate with sterilized males will produce non-viable offspring, and when a high number of 

sterile males are released (i.e., at a high sterile:wild male ratio, termed the overflooding ratio) 

the likelihood that a wild female will mate with sterilized males is increased (Lance & McInnis, 
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2021). In this way, the population of a target species can be reduced below their economic 

threshold or even eradicated (Hendrichs et al., 2021). This strategy can be very effective at 

reducing a pest population, particularly when other conventional integrated pest management 

(IPM) tools are used in conjunction with the SIT (Mangan & Bouyer, 2021).  

From a technical perspective, a typical SIT program involves rearing millions of either 

late-stage pupae or newly-eclosed adults of the target species (Parker et al., 2021a). The 

insects are then sterilized by irradiation at a target minimum dose of ionizing radiation, using 

either gamma rays or X-rays, and then stored before their release into the management area 

(Bakri et al., 2021). Sterilization of insects is most effective late in their development, when 

damage to fully-differentiated somatic cells is minimized and continually-dividing germ cells 

remain vulnerable (Robinson, 2021). Thus, the irradiation of adults is ideal, though the choice 

between irradiating late-stage pupae vs. adults is often dependent on operational 

considerations. Pupae are often selected because they are immobile, do not require feeding, 

and can be stored at a cooler temperature to slow their development until just prior to being 

released (Bakri et al., 2021). Alternatively, adults of some SIT target species may be selected 

for irradiation due to biological constraints, such as species that pupate within cases attached to 

a substrate or those that require feeding before irradiation and release (Bakri et al., 2021). 

When designing an SIT program, determining a minimum target radiation dose at which 

insects are effectively sterilized is critical, requiring a balance between achieving adequate 

sterility and maintaining mating competitiveness of the released insects. Females are often 

more radiosensitive than males, requiring a lower dose of radiation to achieve sterilization (Bakri 

et al., 2021). In contrast, doses needed to achieve complete male sterility can be overly 

damaging, resulting in reductions in mating competitiveness and other parameters that are 

together considered to be sterile insect quality. For SIT programs in which irradiated females 

are to be released, females must be completely sterilized to prevent the risk of damage by their 
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offspring. Conversely, a small degree of fertility in released males can be tolerated, as non-

sterile males only decrease the efficiency of the SIT and do not incur additional damage. So, a 

dose which achieves complete female sterility but also results in adequate levels of male insect 

sterility and quality is optimal for SIT programs. Sterility of irradiated insects is routinely 

measured as the percent hatch of eggs laid by mating pairs containing an irradiated individual 

(Bakri et al., 2021). However, dominant lethal mutations caused by irradiation can manifest at 

any point during development (Robinson, 2021), so the survivorship of offspring during their 

development to the adult stage should also be incorporated when measuring sterility. 

In addition to their sterility, it is also important for sterile males to retain their ability to 

survive sufficiently long in their environment. The longevity of sterile insects will influence the 

total number of mating opportunities they may incur and will also dictate the frequency of sterile 

insect releases necessary to maintain a high overflooding ratio in the field. Once released, the 

sterile insect must effectively navigate their environment to locate resources and potential 

mates, which will likely involve flight. Effective dispersion from the site of release, dictated by 

flight activity, will also influence management decisions on where and when sterile insect 

releases should occur. While methods to measure insect flight exist for both the lab (e.g., flight 

mill assays) or insect dispersal in the field (e.g., release-recapture experiments), simple and 

reliable methods that can effectively measure spontaneous insect flight activity are 

commonplace in quality control (QC) programs for SIT (Parker et al., 2021b).  
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Towards the development of a viable SIT strategy directed to management of the PW, 

this study aims to: 

1. elucidate the dose-response relationship between gamma radiation dose and PW 

sterility, and;  

2. determine the relationship between radiation dose and PW quality by measuring 

irradiated insect: 

a. eclosion rate 

b. adult longevity, and; 

c. spontaneous flight activity.  

Together, the experiments conducted in this study will serve to inform the development 

of a PW-SIT program that could sustainably manage PW populations in greenhouse and field 

pepper crops. 

2.2 Methods 

2.2.1 Insects, irradiation, and dosimetry 

A PW colony was maintained at Agriculture and Agri-Food Canada’s (AAFC) Harrow 

Research and Development Centre, Harrow, Ontario using established methods (Fernández et 

al., 2021). The colony consisted of plastic oviposition cages (72 x 46 x 28 cm) in which 

immature bell pepper fruit were hung by the stem by metal paperclips. These peppers served as 

both the adult diet and oviposition substrate. Twice weekly, peppers were removed from 

oviposition containers and transferred to plastic, ventilated emergence containers where they 

remained for up to four weeks to allow for the emergence of offspring. Offspring were removed 

twice weekly from these containers and placed into oviposition containers. A diet supplement 

consisting of a 10% honey-water solution and fresh pepper leaves was also provided and 

replaced twice weekly. Colonies were maintained within controlled environment cabinets at 26.7 
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± 1.0
o
C (mean ± SD), 73.3 ± 11.3% relative humidity (RH) and a 14:10 h light:dark photoperiod 

(A1000, Conviron, Canada). 

Prior to irradiation, PW pupae were extracted from colony peppers and placed singly into 

the cells of a 96-well plate (F1003-F, Biomart, Canada), which were sealed with a double layer 

of Parafilm that was punctured for ventilation. These plates served as the irradiation container. 

Containers of pupae were held in total darkness at 20.3 ± 0.7
o
C (mean ± SD) and 77.0 ± 13.4% 

RH to slow their development. A GammaCell220 irradiator located at Nordion Inc. in Ottawa, 

Canada was used to irradiate containers of pupae at a minimum target dose of either 50, 70, 90, 

or 110 Gy (dose rate ranged 185-201 Gy/min), or pupae remained non-irradiated as a negative 

control. Together, the irradiated and non-irradiated PWs were considered to have been 

“treated”. Containers were transported to Nordion Inc. in sealed Styrofoam boxes within a cooler 

box (Roadie 24, Yeti Coolers LLC, U.S.A.) to stabilize environmental conditions ( 36 h at mean 

± SD 22.8 ± 1.9
o
C, 62.0 ± 14.7% RH). Immediately prior to treatment, containers were chilled to 

about 15°C using icepacks for a < 10 min period and flooded with N2 gas within a sealed plastic 

bag to create a hypoxic environment during irradiation (though the level of hypoxia was not 

measured). Pupae were treated 1-5 days before adult eclosion, and this approximation of pupal 

age was incorporated into statistical models during data analysis. Following treatment, pupae 

were returned to pupal holding conditions and monitored daily until adult eclosion, when the 

eclosion date was recorded. Successfully-eclosed adults were sexed by examining the 

metatibial mucrones under magnification (Eller, 1995). Six cohorts, a total of 601 pupae, were 

treated between February 18th and October 14th, 2021 (Table 2.1).  
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Table 2.1: Distribution of pepper weevil pupae treated and then assessed as adults for their 
sterility and quality parameters in Experiments 1 and 2. 

Experiment 
number Treatment date Dose (Gy) 

Number of 
pupae 
treated 

Number of treated 
adults used in 
experiment 

1 February 18, 2021 0 31 19 

  50 48 33 

  70 56 36 

  90 46 26 

 May 20, 2021 0 12 8 

  90 54 46 

  110 59 51 

 July 8, 2021 0 24 20 

  90 21 16 

  110 25 24 

  Total   376 279 

2 July 21, 2021 0 22 20 

  90 25 23 

  110 21 20 

 

September 9, 
2021 0 34 31 

  90 33 30 

  110 38 36 

 October 14, 2021 0 15 13 

  90 21 20 

  110 16 15 

  Total   225 208 

Grand total     601 487 
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To validate that a target minimum radiation dose was applied to all PWs in the container 

during irradiation, a dose map was created using alanine pellet dosimeters (Harwell Dosimeters 

Limited, U.K.) for which a single dosimeter was placed in each well of the irradiation container. 

A dose map is a visual representation of the variation in absorbed dose within a container. For 

all cohorts, PW pupae were arranged in containers such that 36 pupae could be irradiated at a 

dose uniformity ratio (DUR) of 1.06, which was calculated using the following equation where 

Dmax and Dmin are respectively the highest and lowest doses recorded within the irradiated 

area: 

𝐷𝑜𝑠𝑒 𝑢𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 (𝐷𝑈𝑅) =
𝐷max

𝐷𝑚𝑖𝑛
 

Since the absorbed dose increases outwards from the center of the container, the 

location of each pupa was recorded as being within either the “outer”, “middle”, or “inner” zones 

of the tray (Figure 2.1), and treatment zone was incorporated as a factor in the statistical models 

for the analyses in this study. 

 

Figure 2.1: Dose map for the pepper weevil irradiation container. The number in each cell is the 
absorbed dose (kGy) recorded by an alanine pellet dosimeter when applied with a target dose 
of 5 kGy in a GammaCell220 irradiator (Nordion Inc., Canada). Pupae were only placed in the 
cells within the shaded area and the zones used to describe the position of pupae within the 
container during irradiation are distinguished by the degree of shading. 

 

1 2 3 4 5 6 7 8 9 10 11 12

A 5.8 5.8 5.7 5.5 5.6 5.6 5.7 5.9

B 5.6 5.5 5.4 5.3 5.3 5.4 5.4 5.7

C 5.5 5.3 5.3 5.2 5.2 5.3 5.4 5.6 Outer zone

D 5.4 5.3 5.3 5.2 5.2 5.3 5.3 5.5 Middle zone

E 5.5 5.3 5.3 5.3 5.2 5.2 5.3 5.5 Inner zone

F 5.5 5.4 5.3 5.3 5.2 5.3 5.5 5.6

G 5.8 5.5 5.3 5.3 5.4 5.4 5.5 5.6

H 5.9 5.7 5.6 5.5 5.5 5.6 5.7 5.9
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2.2.2 Experiment 1: fertility 

Two experiments were conducted to assess the sterility of PW adults that were 

irradiated as pupae. In the first experiment, the fertility rate (number of offspring/female/day that 

survive to the adult life stage) was measured. Treated PW adults were paired (0-11 days after 

their adult eclosion) with a similarly aged, untreated PW of the opposite sex, which together 

formed a mating pair. To serve as mates for treated PW, a separate cohort of pupae were 

extracted and allowed to develop into adults under the same conditions as the treated pupae, 

though the eclosed adults were grouped by sex and placed within plastic containers (15 x 15 x 

6.5 cm) which contained an immature bell pepper as diet. Immediately before pairing, the adult 

wet weight of each treated individual was recorded and was included as a factor in statistical 

data analyses. 

Each mating pair was placed into a mating arena consisting of a 266 mL (9 oz) plastic 

cup (Dart Container Corporation, Canada) containing a single immature bell pepper fruit (3-5 cm 

diameter) serving as both diet and oviposition substrate and covered with a perforated lid for 

ventilation. These mating arenas were held under similar conditions as the insect colony, except 

that the realized RH was lower (mean ± SD 27.7 ± 1.6
o
C, 46.5 ± 24.2% RH with a 14:10 h 

light:dark photoperiod). Mating pairs were checked daily for the mortality of either individual, and 

the date of any mortality was recorded. After a 7-day mating period (or less if the treated 

individual died during that period), the individuals of each mating pair were separated and 

placed into individual arenas with a pepper for oviposition and diet. Peppers were replaced 

every 10 days or as necessary (due to mould growth) and task wipes (Kimwipes, Kimtech 

Science, Canada) were included in the bottom of each cup to absorb moisture. The removed 

peppers were then placed individually into labelled 266 mL plastic cups with ventilated lids and 

monitored for the emergence of adult PW offspring for at least three weeks. Offspring were 

counted and discarded. The survival of the treated individuals was monitored daily up until at 
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least all the irradiated individuals in their cohort had died, and their mortality dates were 

recorded. Both treated and untreated females were allowed to oviposit for their entire lifetime or 

until all the irradiated individuals had died. The fertility rate of each mating pair was calculated 

as the total number of adult offspring divided by the oviposition period where the oviposition 

period was defined as the time between the day a mating pair was paired and the day the 

female died. While most pairs had a mating period of seven days (77.4%; Appendix 1, Figure 

6.1a), all pairs, regardless of the length of their mating period, were assessed for their fertility 

and included in the analysis. To control for any influence of a shorter mating period on fertility, 

the mating period was included as a factor in the statistical analysis. The experiment was 

repeated with three cohorts of insects, though the 50 and 70 Gy doses were only applied in one 

of the three cohorts (Table 2.1).  

2.2.3 Experiment 2: fecundity and egg sterility 

In the second sterility experiment, both the realized fecundity rate (number of eggs 

laid/female/day) and egg sterility (percent of unhatched eggs from a pair) were measured. 

Mating pairs of treated and untreated PW of the opposite sex were formed and placed into 

mating arenas in the same manner as described previously for Experiment 1. Again, each 

mating pair was checked daily for the mortality of either individual, and after a mating period of 

seven days (or less if the treated individual died during that period and with the exception of 10 

pairs that had a mating period of eight days), the individuals were separated into their own cups. 

Also as in Experiment 1, most pairs had a mating period of at least seven days (77.4%; 

Appendix 1, Figure 6.1b) and were assessed for their fecundity and included in the analysis.  

In this experiment, a pepper leaf sachet was provided as the diet and oviposition 

substrate instead of an immature pepper (Calderon-Limon et al., 2002; Addesso et al., 2009; 

Seal & Martin, 2017). Sachets were made by folding and rolling a fresh pepper leaf (1-3 nodes 

from terminal plant growth) into a ca. 1-2 cm diameter cylinder and then wrapping it in Parafilm. 
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The sachet was then hung from a paperclip attached to the mating arena lid. Sachets were 

replaced every two days. Immediately after their removal, sachets were unwrapped and PW 

eggs laid in the sachet were collected using a wet, fine-tipped paintbrush and transferred to a 

filter paper (Whatman 42 Ashless filter paper, GE Healthcare Life Sciences, U.S.A.) in a 10 cm 

diameter plastic Petri plate (Fisher Scientific, U.S.A.) dampened with distilled water. Eggs were 

checked daily for up to five days, and any hatched larvae were counted and discarded. The filter 

papers within the plates were re-dampened with distilled water as necessary to prevent 

desiccation of the eggs. Mating arenas and Petri plates with eggs were held under similar 

conditions as the insect colony, though the realized mean RH was considerably lower (mean ± 

SD 27.4 ± 1.5
o
C, 20.7 ± 26.9% RH with a 14:10 h light:dark photoperiod). The mated females 

were allowed to oviposit for their entire lifetime, and the fecundity of each treated individual was 

calculated as the total number of eggs laid per female divided by the oviposition period. The 

percent egg sterility for each mating pair was calculated using the following equation. 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑒𝑔𝑔 𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑡𝑦 = 1 −  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑙𝑎𝑟𝑣𝑎𝑒

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑔𝑔𝑠 𝑙𝑎𝑖𝑑
 

Experiment 2 was repeated with three cohorts of insects, and the doses 0, 90 and 110 

Gy were applied in all three cohorts (Table 2.1). As in Experiment 1, the survival of all treated 

individuals was monitored daily up until at least all the irradiated individuals in their cohort had 

died, and their mortality dates were recorded. 

While an effort was made to check for egg hatch as frequently as possible, larvae were 

occasionally observed cannibalizing other larvae (but not eggs), resulting in leftover sclerotized 

head capsules which were collected and counted as hatched larvae. However, mites of 

unknown identity were also sometimes observed feeding on PW eggs, though consumed eggs 

were not removed from the analysis as the total number consumed was considered very low. 
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2.2.4 Spontaneous flight activity 

The spontaneous flight activity of treated PWs in Experiment 2 was assessed 

immediately after the 7-day mating period was complete. Thus, 152 of the 208 (73.1%) treated 

and paired individuals were assessed, which were aged 7-9 days after their adult eclosion on 

the day of the test. A method developed by Shimizu & Moriya (1996) to measure spontaneous 

flight activity of the Cylas formicarius Fabricius (Coleoptera: Brentidae) sweet potato weevil was 

slightly modified for this assay. Each weevil was individually placed in a 266 mL plastic cup (9.5 

cm tall) with a wooden perch (3 mm diameter) glued to the center of the cup base and extending 

2 cm above the lip of the cup (Figure 2.2). The walls of each cup were coated in Fluon (PTFE-

30LX Insect Barrier, ByFormica, U.S.A.) to prevent PW from climbing the walls. Each cup was 

then individually placed in a small mesh cage (25 cm3; 4S2222F, BugDorm, Canada) and 

continuously monitored for up to one hour. Weevils that escaped the cup were considered fliers 

and the percentage of fliers in each treatment was calculated. The assay was performed under 

similar environmental conditions as the sterility experiments (mean ± SD 28.9 ± 1.0
o
C; 44.2 ± 

5.0% RH and with the lights on).  
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Figure 2.2: Diagram of the modified Shimizu & Moriya (1996) spontaneous flight activity assay 
setup used to assess adult pepper weevils treated with a gamma radiation dose (Gy) as pupae. 
A clear plastic cup that has had its walls coated in Fluon, a substance that prevents insects from 
climbing the walls of the cup, and has a 3 mm diameter wooden dowel that extends 2 cm above 
the lip of the cup glued to its centre. The cup is placed in the centre of a small mesh cage, and a 
single pepper weevil adult is placed within the cup. The weevil must then climb the wooden 
dowel and take flight to be abel to escape the cup. 

 

2.2.5 Data analysis 

The results of each experiment in this study were pooled across cohorts, and the 

treatment date was included in statistical models to account for variation between cohorts. 

Eclosion rate, sex ratio and adult longevity from all cohorts (i.e., from both sterility experiments) 

were analysed together and treatment date was also included in statistical models to account for 

possible variation between cohorts. Eclosion rate, fertility, fecundity, egg sterility and flight 

activity data were each fit to a generalized linear model (GLM) selected based on the types of 

data and comparison of Akaike’s information criterion (AIC) values, and then validated by 

analysis of residuals (or binned residuals for logistic models) using visualizations and Shapiro-
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Wilk’s test for normality (see Appendix 1). Each model was used in an analysis of variance 

(ANOVA), and least-squares means (estimated marginal means) were used in Tukey post-hoc 

tests to separate effects by treatment and sex where applicable. To analyse the sex ratio of 

eclosed adults, a chi-squared test of independence was performed for sex across radiation 

dose, as well as a chi-squared goodness-of-fit (GOF) test for deviation from an equal sex ratio. 

To examine the adult longevity of treated PWs, mortality data was used to calculate Kaplan-

Meier survival probability estimates which were plotted and compared by Log-rank test. 

Treatments were further separated by pairwise Log-rank tests. The lethal time to 50% mortality 

(LT50) was determined from each Kaplan-Meier survival probability curve. All analyses were 

done in the R statistical environment (R Core Team, 2021) and included the use of multiple 

packages (see Appendix 1). Alpha for all tests was set to 0.05.  

2.3 Results 

2.3.1 Eclosion rate and sex ratio of treated pepper weevil 

The rate of adult eclosion did not significantly differ between irradiated and non-

irradiated PW at the radiation doses assessed in this study, though treatment date did have a 

significant effect (Table 2.2; Figure 2.3). The overall adult eclosion rate following this pupal 

extraction method was 89.0%, with the remaining non-eclosed pupae appearing to have died 

either due to dehydration or microbial infection. The sex ratio of eclosed adults was independent 

of treatment (χ2 = 0.97, df = 4, p = 0.91; Table 2.3), though the sex ratio of all extracted pupae 

was significantly skewed at 0.77 males to each female (χ2 = 8.7, df = 1, p = 3.1E-3; Table 2.3). 
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Figure 2.3: Eclosion rate of pepper weevil pupae treated with a gamma radiation dose (Gy). 
 

Table 2.2: Model and Type 2 ANOVA results for eclosion rate of pepper weevil pupae treated 
with gamma radiation (Gy). 

Response 
variable Distribution 

Link 
function Fixed effects 

Random 
effects df F p 

eclosion binomial logit 
treatment 
dose  4 2.158 0.072 

   treatment date  5 3.224 0.007 

   

treatment 
zone  2 0.124 0.883 

        residuals 589     

 

Table 2.3: Sample size (n) and sex ratio of adult pepper weevils treated with a gamma radiation 
dose (Gy) as pupae. 

Dose (Gy) n Male:Female sex ratio 

0 120 0.818 

50 42 0.615 

70 46 0.917 

90 172 0.755 

110 150 0.765 

Overall 530 0.772 
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2.3.2 Experiment 1: treated pepper weevil fertility 

Pepper weevil mating pairs in which either the male or female were irradiated had a 

significantly lower mean fertility rate relative to non-irradiated control pairs (Table 2.4). While 

sex was not a significant factor, males irradiated at 50-70 Gy did have higher mean fertility 

relative to females treated with the same dose (Figure 2.4). These results show that increasing 

radiation dose infers increased sterility of up to 100% at 110 Gy. However, 19 of the 47 pairs in 

the non-irradiated control group also failed to produce any offspring, suggesting that at least 

some pairs may not have successfully mated during the mating period and/or may have died 

before the end of the 7-day mating period, or that the females of some pairs died before eggs 

were laid. Treatment date and mating period both also had a significant effect on fertility (Table 

2.4). 

  

Figure 2.4: Mean fertility of pepper weevil mating pairs in which one individual was treated with 
a gamma radiation dose (Gy) as a pupa. Whiskers represent the SE, and bars with the same 
letter were not significantly different based on Tukey post-hoc tests where α = 0.05. 
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Table 2.4: Model and Type 3 ANOVA results for mean fertility of pepper weevil mating pairs in 
which one indiviudal was treated with a gamma radiation dose (Gy) as a pupa. 

Response 
variable Distribution 

Link 
function Fixed effects 

Random 
effects df F p 

fertility 

zero-inflated 
negative 
binomial 
(ZINB) logit treatment dose  4 2.839 0.025 

   sex  1 3.329 0.069 

   

treatment dose * 
sex  4 1.341 0.255 

   treatment date  2 9.608 9.63E-05 

   pupal age  1 0.204 0.652 

   treatment zone  2 2.253 0.107 

   mating period  1 4.355 0.038 

   

treated individual 
adult wet weight  1 0.148 0.700 

   

offset: 
log(oviposition 
period)     

        residuals 244     

 

2.3.3 Experiment 2: treated pepper weevil fecundity and egg sterility 

Females from pairs in which either the male or female were irradiated laid fewer eggs 

per day compared to those from non-irradiated control pairs, and while treatment dose was a 

significant effect, there was also a significant interaction effect between dose and sex and only 

irradiated females had significantly reduced fecundity (Table 2.5; Figure 2.5a). Specifically, the 

fecundity of irradiated females fell to nearly zero. Mean percent egg sterility from individuals 

irradiated at either 90 or 110 Gy was > 98% for females and > 96% for males and was 

significantly higher than non-irradiated individuals (Table 2.5, Figure 2.5b). Irradiated individuals 

that did produce offspring accounted for only 6 out of 208 pairs (Table 2.6). Of these, the males 

produced very few offspring, except for one individual which produced 21 larvae from a total of 

26 eggs. Of the irradiated females that did lay viable eggs, their fecundity was low and only a 

very small proportion hatched. These could be considered outliers. Additionally, 26 pairs with 

irradiated males failed to produce eggs (11 pairs in 90 Gy, and 15 in 110 Gy). These individuals 
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may not have mated with the female and/or may have died before the end of the 7-day mating 

period, or the females of died before eggs were laid. Indeed, mating period also had a 

significant effect on fecundity, though not on egg sterility (Table 2.5). Notably, 13 control pairs 

also failed to produce any eggs or offspring. 

  

Figure 2.5: Mean fecundity (a) and percent egg sterility (b) of pepper weevil mating pairs in 
which one indiviudal was treated with a gamma radiation dose (Gy) as a pupa. Whiskers 
represent the SE, and bars with the same letter were not significantly different based on Tukey 
post-hoc tests where α = 0.05.  
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Table 2.5: Model and Type 3 ANOVA results for mean fecundity and percent egg sterility of 
pepper weevil mating pairs in which one indiviudal was treated with a gamma radiation dose 
(Gy) as a pupa. 

Response 
variable Distribution 

Link 
function Fixed effects 

Random 
effects df F p 

fecundity 

zero-
inflated 
negative 
binomial 
(ZINB) logit treatment dose  2 19.070 3.05E-08 

   sex  1 0.365 0.547 

   

treatment dose 
* sex  2 10.567 4.57E-05 

   treatment date  2 0.690 0.503 

   pupal age  1 0.807 0.370 

   treatment zone  2 0.773 0.463 

   mating period  1 33.477 3.12E-08 

   

treated 
individual adult 
wet weight  1 0.256 0.614 

   

offset: 
log(oviposition 
period)     

        residuals 181     

number of 
unhatched 
eggs Poisson log treatment dose  2 7.380 0.001 

   sex  1 0.142 0.707 

   

treatment dose 
* sex  2 0.631 0.535 

   treatment date  2 0.031 0.970 

   pupal age  1 0.552 0.460 

   treatment zone  2 0.413 0.663 

   mating period  1 0.174 0.678 

   

treated 
individual adult 
wet weight  1 0.818 0.369 

   

oviposition 
period  1 0.406 0.526 

   

offset: log(total 
fecundity)     

        residuals 79     
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Table 2.6: Pooled sample size (n), fecundity, fertility, and percent egg sterility of pepper weevil 
mating pairs in which one indiviudal was treated with a gamma radiation dose (Gy) as a pupa. 

Sex 
Treatment 
dose (Gy) n 

Pooled 
number 
of eggs 

Pooled 
number of 
hatched larvae 

Pooled 
percent egg 
sterility (%) 

Number of 
mating pairs with 
> 0 offspring 

F 0 33 1631 1550 4.97 24 

 90 43 6 3 50.0 1 

 110 40 7 1 85.7 1 

M 0 31 1829 1751 4.26 26 

 90 30 602 4 99.3 2 

  110 31 649 22 96.6 2 

 

2.3.4 Longevity of treated pepper weevil 

Generally, irradiated PW had shorter lifespans relative to non-irradiated weevils (Figure 

2.6). Irradiation dose significantly affected adult survivorship of weevils in both experiments and 

for both sexes (Log-rank test, χ2 = 189, df = 9, p = < 2E-16). Pepper weevils irradiated at the 

highest doses (90 and 110 Gy), had an LT50 of less than two weeks and had significantly lower 

survivorship relative to non-irradiated weevils, while weevils that received an intermediate dose 

(50, 70 Gy) had better survivorship (Figure 2.7). A small number of irradiated weevils in 

Experiment 1 survived exceptionally long for their group (e.g., up to 65 days in the 110 Gy 

treatment). 
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Figure 2.6: Kaplan-Meier survival probability curves of male (a) and female (b) pepper weevils 
treated with a gamma radiation dose (Gy) as pupae. 
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Figure 2.7: Lethal time to 50% mortality based on Kaplan-Meier survival probability curves for 
male and female pepper weevils treated with a gamma radiation dose (Gy) as pupae. Points 
with the same letter had survival probability curves that were not significantly different based on 
pairwise Log-rank tests. 
 

2.3.5 Flight activity of treated pepper weevil 

Spontaneous flight activity was significantly different between the sexes though this 

effect is confounded by a narrowly significant treatment dose * sex interaction effect (Table 2.7). 

While not statistically significant, irradiated weevils did have a numerically reduced percent flight 

activity, particularly for males irradiated at 110 Gy (Figure 2.8).  
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Figure 2.8: Spontaneous flight activity of adult male and female pepper weevils treated with a 
gamma radiation dose (Gy) as pupae.  

 

Table 2.7: Model and Type 3 ANOVA results for spontaneous flight activity of adult male and 
female pepper weevils treated with a gamma radiation dose (Gy) as pupae. 

Response 
variable Distribution 

Link 
function Fixed effects 

Random 
effects df F p 

flier binomial logit treatment dose  2 2.373 0.097 

   sex  1 5.151 0.025 

   

treatment dose * 
sex  2 3.114 0.048 

   treatment date  2 0.427 0.654 

   pupal age  1 1.323 0.252 

   treatment zone  2 1.254 0.289 

   mating period  1 0.425 0.516 

   

treated individual 
adult wet weight  1 1.904 0.170 

   adult age  1 0.620 0.432 

   test start time  1 0.271 0.604 

        residuals 137     
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2.4 Discussion  

In any given SIT program, selection of a radiation dose for sterilization is an important 

consideration. While the minimum target dose selected for sterilization should be as low as 

possible to maximize sterile insect quality, SIT programs often choose a dose higher than 

necessary to ensure sufficient sterilization, particularly if females must be released alongside 

males (Bakri et al., 2021). In Experiment 1 of this study, the 110 Gy gamma radiation dose 

applied to female PW pupae did reduce their adult fertility to 0, and their egg sterility in 

Experiment 2 was nearly complete (99.2%). Adult males irradiated with a gamma radiation dose 

of 110 Gy as pupae also had no fertility and egg sterility was high (97.3%). Thus, based on this 

study, the recommended minimum target dose for a PW-SIT should be at least 110 Gy to 

achieve adequate sterility. However, a dose of 90 Gy also nearly completely sterilized PW 

pupae, though females did have some residual fertility, suggesting that an adequate dose could 

be between 90 and 110 Gy. This sterilizing dose is comparable to those previously identified for 

other beetles irradiated as pupae (Table 1.2). This includes the closely-related boll weevil, A. 

grandis Boheman, which was sterilized at an acute dose of 80-90 Gy when irradiated as pupae 

(Flint et al., 1966; Haynes et al., 1977). 

Both PW adult longevity and spontaneous flight activity were reduced by radiation 

treatment in a dose-dependent manner. Most PWs irradiated at either 90 or 110 Gy lived less 

than two weeks, compared to > 30 days for most control PWs in these experiments, while the 

typical longevity of a PW is about three months (Elmore et al., 1934). Because of this, it is 

recommended that a PW-SIT program should schedule releases no less than two weeks apart 

to compensate for the mortality of sterile males and maintain a high overflooding ratio (Lance & 

McInnis, 2021). Consequently, a PW-SIT program is expected to be costlier than a program 

involving fewer releases of longer-lived sterile males. This effect may be exacerbated in the 

field, as weevil longevity will likely differ from that observed in a laboratory setting, where host 
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plant material is readily available, environmental conditions can be optimized and pressure from 

predators and disease controlled (Lance & McInnis, 2021; Vreysen, 2021).  

Previous research has shown that irradiated insect lifespan is largely affected by the 

degree of damage incurred to the continuously dividing cells of the alimentary canal, particularly 

the anterior portion of the midgut, which can lead to insect malnourishment or increased 

susceptibility to disease (Bakri et al., 2021). This impact of irradiation on longevity has been well 

studied for beetles, including for A. grandis (Riemann & Flint, 1967; MacGown & Sikorowski, 

1980), C. formicarius (Kumano et al., 2008a), Euscepes postfasciatus Fairmaire (Coleoptera: 

Curculionidae; Kumano et al., 2008b), and Rhynchophorus ferrugineus Olivier (Coleoptera: 

Dryophthoridae; Gabarty & Mahmoud, 2015). Normal, non-irradiated PWs have been shown to 

survive for about seven days without food or water (Costello & Gillespie, 1993), which is similar 

to the longevity of irradiated PW from this study when fed pepper material (leaves or immature 

fruits), suggesting that damage to the midgut and resulting malnourishment is likely a key cause 

of decreased longevity in irradiated PW.  

By extension, irradiated PW may exhibit lower spontaneous flight activity possibly 

because of malnourishment, despite their access to food. Indeed, irradiated PW in Experiment 2 

had access to food for seven days before being assayed and still had decreased flight activity 

relative to control weevils. Flight activity of insects has been shown to decrease following 

irradiation (Parker et al., 2021b). For example, adult boll weevils irradiated and exposed to the 

chemosterilant diflubenzuron generally had a lower rate of spontaneous flight from a raised 

platform compared to their untreated counterparts, which was consistent across multiple studies 

(Earle & Simmons, 1979; Haynes et al., 1981; Haynes & Wright, 1984; Haynes, 1985; Haynes & 

Smith, 1989). Generally, irradiated insects have lower locomotor activity and dispersal 

capabilities (Parker et al., 2021b). These results suggest that the dispersion and dispersal 

abilities of irradiated PW will likely be impaired when released in the field, and this may require 



 
 

46 
 

implementing ground or aerial-based dispersal of sterile PW during their release, rather than 

static release from a receptacle deployed in the field (Dowell et al., 2021). Furthermore, sterile 

male PW will be less competitive as their ability to secure food and mates will likely be hindered 

by their lower level of activity. While the requirements for PW flight have never been specifically 

determined, the conditions under which PW were assessed in this study, notably a 3 mm 

diameter perch as the takeoff point, proved sufficient for PW flight. That said, other methods for 

assessing spontaneous flight activity, such as flight from a raised platform (e.g., Earle & 

Simmons, 1979) or escape from a vertical tube (FAO/IAEA/USDA, 2019) could provide different 

results. 

In this study, the fecundity of females that mated with irradiated males was lower than 

those that mated with non-irradiated males. However, the fact that irradiated males induced 

female egg laying is evidence that sperm from irradiated males was successfully transferred 

during mating and the sperm maintained its ability to fertilize eggs. Conversely, irradiated 

females laid few to no eggs, suggesting that PW females irradiated at a sterilizing dose are 

incapable of producing eggs. Furthermore, at sub-sterilizing doses (< 90 Gy), female fertility 

was generally more impacted by irradiation relative to males irradiated at the same dose. In 

most insects, egg development is arrested before meiosis is complete (Robinson, 2021). Pre-

meiotic eggs that are damaged by radiation do not complete oogenesis before fertilization, while 

mature eggs are more radioresistant (Robinson, 2021). Thus, female PW pupae irradiated at a 

sterilizing dose should be incapable of producing eggs. This effect could benefit a PW-SIT 

program if sterile females are released alongside sterile males because sterile females could 

act as a “sperm sink” whereby they waste wild male reproductive efforts without resulting in 

damaging oviposition (Parker et al., 2021a).  

This research also showed that adult wet weight had no significant relationship with the 

fertility or fecundity of irradiated insects. The mating competitiveness of male insects is often 
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correlated with the size of the male (Parker et al., 2021b). To account for this effect, this study 

measured the adult wet weight as a proxy for the size of the treated adult PWs because there 

exists a relationship between PW size and weight (D. Catalina Fernandez, personal 

communication) and weight has been used as a proxy for the size of other beetles in previous 

research (Mazza et al., 2016). 

While a small amount of variation existed in the absorbed dose across the irradiation 

container (DUR = 1.06) and thus some individuals received a dose that was marginally higher 

than the target minimum dose, the position of a pupae within the irradiation container had no 

significant effect on sterility or any other parameter. Pupal age (approximated as the number of 

days post-irradiation that adult eclosion occurred) also had no significant effect on any 

parameter examined in this study, suggesting there is some flexibility as to when pupae are 

irradiated at this life stage. However, treatment date unexpectedly had a significant effect on the 

fertility of treated PW in Experiment 1 and the overall rate of eclosion of treated pupae, despite 

every effort made to minimize differences in protocol and environment between irradiation 

cohorts. This effect could have arisen because the 50 and 70 Gy doses were only assessed in 

one of the three cohorts in Experiment 1. Finally, mating period had a significant effect on PW 

fertility and fecundity. This effect could have arisen because irradiated individuals are more 

likely to have died before the full mating period was complete and thus had a reduced 

opportunity to mate. Alternatively, treated individuals could have a decreased propensity to 

mate which resulted in non-mating pairs and thus decreased fertility and fecundity. 

 While direct adult eclosion rate has not previously been reported for either irradiated or 

non-irradiated PW, the percent survival of individuals developing from egg to adult within pepper 

fruit is estimated to be 60-90% (Toapanta et al., 2005; Addesso et al., 2009) though can be 

severely lower when development is occurring within artificial diets, particularly those 

incorporating antimicrobial agents (Toba et al., 1969; Addesso et al., 2009; Seal & Martin, 
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2017). Similarly, the overall adult eclosion rate in this study was 89%, reflecting adequate 

environmental conditions following their extraction from infested peppers. However, in a mass-

rearing system for PW-SIT, pupae will likely need to be reared on an artificial diet and withstand 

handling and chilling, so it is recommended that the eclosion rate be monitored as part of the 

quality control process (Parker et al., 2021a).  

The sex ratio of emerged adults should also be monitored for unexpected bias as a 

result of the mass-rearing process. This study documented that the sex ratio of collected pupae 

had a significant female bias. A female bias has previously been reported for PW though not 

significantly (Addesso et al., 2009), while others have reported a male bias (Elmore et al., 1934) 

or no bias at all (Rodríguez-Leyva, 2006). Because the production of sterile females is generally 

redundant, an inherent female bias could impact the financial feasibility of a PW-SIT program 

(Parker et al., 2021a). Alternatively, a bias could have arisen during the extraction of pupae from 

peppers. Although an effort to collect all pupae from all parts of each infested pepper was made, 

some individuals that had not developed to pupae by the extraction date were left out of the 

experiment. Thus, a slight difference in development time between sexes could possibly explain 

why more female PW pupae were extracted than males, though no difference in development 

time between the sexes has been reported for PW. If a difference in development time between 

the sexes is discovered, it could be utilized to develop a more-efficient method for sexing and 

removing females during the mass-rearing process (Parker et al., 2021a), and so merits further 

investigation.  

 Some other considerations should be noted when interpreting the results of this study. In 

both Experiment 1 and 2, it was not verified that treated insects successfully mated with their 

untreated mate during the mating period. Instead, this could have been done by dissecting and 

examining the spermatheca of mated females for the presence of sperm. While the mating 

period was long (up to 7 days), it may not have been sufficient to ensure mating had occurred. 
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Pepper weevils have an approximately 2-day pre-mating period (Elmore et al., 1934) and some 

treated individuals died before the 7-day period was complete. Further evidence that some 

mating pairs did not mate is that mating period had a significant effect on the fertility and 

fecundity of treated PWs in Experiments 1 and 2, respectively, and some control pairs also 

failed to produce any eggs or offspring in both experiments. The consequence of this is that 

some treated individuals may have been considered sterile because they did not mate rather 

than the treated individual being truly genetically sterile. However, given that a majority of 

treated males (66.3%) did induce females to lay eggs in Experiment 2, confirming that they did 

mate successfully, it seems correct to assume most treated PWs did mate, and the conclusions 

based on this work are accurate.  

It should also be noted that Experiment 2 only assayed the spontaneous flight activity of 

treated PWs that survived the 7-day mating period. If flight activity was assessed earlier and 

thus incorporated individuals that died in less than one week, the results may have been 

different. Further, the treated PWs were assumed to have mated and fed before the flight assay. 

It may be beneficial to assess starved and unmated treated PW to elucidate spontaneous flight 

activity under conditions more like those of an environment into which sterile PW would be 

released.  

2.5 Conclusions and future research 

This work represents the first investigation of the radiobiology of the PW, an 

economically important pest across North America. It was demonstrated that PW females 

irradiated as late-stage pupae at a gamma radiation dose of 110 Gy are sufficiently sterilized for 

use in an SIT program. Male PW irradiated at 110 Gy were nearly 100% sterilized (100 and 

97.3% in Experiments 1 and 2, respectively), though parameters indicative of their survival in 

the field were negatively impacted by the treatment. The longevity of sterilized PW was about 

two weeks or less, so frequent releases of sterile males will be required to maintain a high 
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overflooding ratio. Flight activity was diminished, particularly in sterile male PW, which may also 

impact their survival in the field and their dispersal capability following release. Further study of 

irradiated PWs could include, but is not limited to, the sterilization of PW irradiated as adults and 

similar assessments of their longevity and flight activity, as well as the assessment of other 

parameters of quality relating to their survival in the field, such as longevity under stress or 

starvation, histological investigation of any midgut damage caused by irradiation, and utilizing 

alternative measures of their dispersal capabilities. Evaluating sterile male PW for their mating 

competitiveness and their ability to produce and transfer sterile sperm will also be critical. 

Despite the opportunity for further development, these findings will be key to the development of 

a PW-SIT program, which could considerably improve the sustainability and effectiveness of 

managing this challenging pest species. This system could reduce or replace the use of 

conventional insecticides, while synergizing with biological, physical, and cultural management 

tactics to effectively manage the entire pest population. 
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3 Sterile pepper weevil reproductive biology and 
behaviour 

3.1 Introduction 

The sterile insect technique is a genetic pest management tool used worldwide to 

supress numerous pest species through the release of sterilized male insects which, by mating 

with wild females, can significantly reduce a population’s reproductive capacity (Lance & 

McInnis, 2021). This technique has been successfully applied for the management of multiple 

insect species that represent threats to human health or agricultural crop productivity (Klassen 

et al., 2021). An important component of every SIT program is to assess the mating 

competitiveness of sterile insects. This describes the ability of sterile males to successfully mate 

with and transfer sterile sperm to wild females in the presence of wild males. Low 

competitiveness caused by the mass-rearing and sterilization process therefore has important 

consequences for the success of an SIT program (Parker et al., 2021b). The release of less 

competitive males requires a higher number of sterile males to be released in order to produce 

a proportional suppressive effect, or in other words, the effective overflooding ratio is lower 

when the released sterile males have lower competitiveness than wild males (Parker et al., 

2021b). The result is that it is more expensive to produce and release lower-quality sterile males 

rather than higher quality sterile males that maintain their competitiveness (Parker et al., 

2021b). A related measure to mating competitiveness is compatibility, which describes the 

degree of assortative mating, if any, between the mass-reared, sterile population and the wild 

population (Parker et al., 2021b). Positive assortative mating will also decrease the efficiency of 

the SIT as wild females will tend to mate more often with wild males than with sterile males 

(Parker et al., 2021b).  

Laboratory assessments of sterile male mating competitiveness are often conducted 

within simple environments and rely on small groups of insects. As such, the results of these 
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laboratory assays will likely differ from the realized competitiveness of sterile males in the field, 

so field cage tests are considered optimal for assessing mating competitiveness, when feasible 

(Parker et al., 2021b). In such trials, groups of mass-reared, sterilized, and wild (or non-

irradiated) insects are released into a cage containing a host plant in the environment into which 

they would be released. Subsequently, the populations are monitored, and any mating pairs are 

collected. The group that each individual belongs to is recorded, and the frequency of each 

category of mating pair (sterile male and sterile female, sterile male and wild female, etc.) is 

then calculated. From these frequencies, indices of competitiveness and compatibility are also 

calculated, including: the mating propensity (measured as the proportion of mating individuals 

and mating latency during the test), the relative sterility index (RSI; a measure of sterile male 

competitiveness), the isolation index (ISI; a measure of compatibility between the two 

populations), and the male/female relative performance indices (M/FRPI, measures of the 

relative contribution of sterile and wild males/females to all matings; FAO/IAEA/USDA, 2019).  

The occurrence of remating by wild females can decrease the efficiency of SIT by 

increasing the likelihood of mating with a wild male instead of a sterile male, particularly if sterile 

male mating competitiveness is low (Lance & McInnis, 2021). If a female does not receive a full 

compliment of sperm, along with seminal fluid and accessory gland proteins, they may not 

engage in key post-mating behaviours including the cessation of mating (Lance & McInnis, 

2021). Thus, as the success of sterile males is dependent on their effective transfer of sperm 

during mating and ability to reduce the likelihood of female remating, the quantification of sperm 

production and transfer can be useful measures of their competitiveness and quality (Parker et 

al., 2021b). 

The pepper weevil (PW), Anthonomus eugenii Cano (Coleoptera: Curculionidae), is an 

economically significant pest of greenhouse and field pepper crops across North America that is 

largely managed through cultural and physical management practices as well as through 
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insecticide applications (Fernández et al., 2020). However, insecticides remain largely 

ineffective against this pest as some populations display resistance to insecticides belonging to 

multiple active groups, and the damaging larval stage is protected within pepper fruit. Larval 

feeding causes tissue damage and premature fruit abscission, resulting in reduced yield and 

marketability of the crop (Fernández et al., 2020). Furthermore, no biological control agent is 

currently commercially available in Canada to target this species, although some potential 

natural enemies have been identified and are being studied for managing this pest (Labbé et al., 

2018; Leo, 2022). Given these limitations and challenges, alternative strategies for managing 

the PW are sorely needed. To date, the PW has not yet been the subject of an SIT program but 

does represent a suitable target. In Chapter 2, I have previously shown that the PW can be 

sterilized at a dose of 110 Gy of gamma radiation. While the longevity and flight activity of these 

PW were negatively impacted by irradiation, these measures of quality are less directly related 

to the mating success of sterile PW. It is therefore important to measure aspects of quality that 

are more directly related to the reproductive physiology and behaviour of sterile male PWs. 

Thus, to compliment the assessment of sterile male insect quality in Chapter 2, this study aims 

to: 

1. quantify sperm production and transfer by sterile male PW; and, 

2. assess the mating competitiveness and compatibility of these sterile males under 

controlled environmental conditions.  
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3.2 Methods 

3.2.1 Insects and irradiation 

Insect rearing and irradiation for experiments conducted in this study followed the same 

methods as those previously described in Chapter 2 (Section 2.2.1). Likewise, the 

environmental conditions under which the colony was reared (mean ± SD 27.9 ± 0.9
o
C and 53.2 

± 4.7% relative humidity [RH]), pupae were maintained (mean ± SD 20.7 ± 0.1
o
C and 39.1 ± 

24.5% RH) and irradiated pupae were transported (mean ± SD 20.2 ± 1.4
o
C and 38.6 ± 5.7% 

RH) were similar to those outlined in Chapter 2, though the realized mean relative humidity was 

noticeably lower for the experiments in this study. Pupae were irradiated at either 90 or 110 Gy, 

but at a dose rate ranging from 175-179 Gy/min (slightly lower than those in Chapter 2) or were 

not irradiated as a negative control. Four irradiation cohorts, totalling 231 pupae, were treated 

between January 13th and March 10th, 2022. 

3.2.2 Sperm production and transfer 

To quantify sperm production, eclosed adult PW from treated pupae were sexed, and 

males were placed individually into a 10 cm diameter plastic Petri plate (Fisher Scientific, 

U.S.A.). The males matured for seven days following eclosion (mean ± SD 28.7 ± 1.8
o
C and 

78.6 ± 7.7% RH with a 14:10 h light:dark photoperiod), during which they were individually 

provided a 6 cm diameter pepper leaf disk as a food source, which was replaced every two 

days. For this study, a method by Hiroyoshi et al. (2018) for sampling sperm from male and 

mated female Cylas formicarius Fabricius (Coleoptera: Brentidae) beetles toward quantifying 

sperm production and transfer was modified for assessing these same parameters in PW. The 

male reproductive system was dissected in 0.9% NaCl solution using fine forceps and probes, 

and the internal reproductive system was isolated by severing the ejaculatory duct. The whole 

internal male reproductive system was then transferred to 0.5 mL of distilled water on a glass 
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slide and both testis-seminal vesicle complexes (TSCs) were isolated by cutting the seminal 

vesicles immediately distal to the attachment of the anterior and posterior accessory glands. 

The remainder of the internal reproductive system was then discarded and both TSCs were 

ruptured using fine probes to release the sperm. To homogenize, the sample was stirred with a 

probe for at least two minutes or until sperm bundles were no longer visible under 100x 

magnification using a Leica DM6 B microscope (Leica Microsystems, Canada). Two 0.01 mL 

subsamples were each subsequently loaded into a Reichert Bright-line haemocytometer with 

improved Neubauer ruling (Hausser Scientific, U.S.A.) and sperm cells were counted under 

100x magnification using differential interference contrast (DIC) method. For each subsample, 

sperm within at least five large (1 mm2) haemocytometer squares were counted, or all nine 

squares were counted if the sperm count within five squares was less than 100. The total 

number of sperm per sample was calculated using the following equation. Immediately before 

dissection, each male was weighed, and the adult wet weight was included as a factor in 

statistical analyses. 

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑝𝑒𝑟𝑚 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑟𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝑜𝑟𝑔𝑎𝑛𝑠

=  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑝𝑒𝑟𝑚 𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑒𝑚𝑜𝑐𝑦𝑡𝑜𝑚𝑒𝑡𝑒𝑟 𝑐𝑒𝑙𝑙𝑠 𝑣𝑖𝑒𝑤𝑒𝑑
∗ (𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎 ℎ𝑒𝑚𝑜𝑐𝑦𝑡𝑜𝑚𝑒𝑡𝑒𝑟 𝑐𝑒𝑙𝑙)−1

∗ (𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒) 

To quantify the amount of sperm transferred during mating, the females of mating pairs 

captured in mating competitiveness tests (Section 3.2.3) were dissected approximately 24 hours 

post copula. Each female was dissected in a 0.9% NaCl solution using fine forceps and probes 

to isolate the female reproductive system, which was then transferred to 0.05 mL of distilled 

water on a glass slide. The spermatheca was isolated by severing the spermathecal duct and 

removing the spermathecal gland. The remaining organs were discarded, and the spermatheca 

was ruptured using fine probes to release the sperm. The sample was homogenized, and sperm 
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counts for two 0.01 mL subsamples were taken using the same method as for the sperm 

production samples. The total number of sperm per sample was calculated using the above 

equation. 

Pepper weevil reproductive systems and sperm were examined to qualitatively compare 

irradiated and non-irradiated PW’s development. Reproductive systems of irradiated and non-

irradiated male and female weevils were dissected using the same protocol as for sperm 

production and transfer. Reproductive systems were photographed in distilled water with a Leica 

M205 microscope and Leica DFC450 camera (Leica Microsystems, Canada) using the z-stack 

method. Sperm was sampled from male TSCs in distilled water and loaded onto a glass 

microscope slide, air dried, stained with a 0.1% Giemsa solution (Sigma-Aldrich, U.S.A) for 30 

min and washed with distilled water. Sperm were subsequently photographed at 20-32x 

magnification using a Leica DM6 microscope and Leica DFC450 camera (Leica Microsystems, 

Canada). 

3.2.3 Mating competitiveness test under controlled environmental conditions 

A preliminary field cage test within a greenhouse proved inadequate for testing sterile 

PW mating competitiveness, so a method previously used to assess the competitiveness of 

sterile red palm weevils in groups by Mazza et al. (2016) was adapted for this study and was 

conducted under conditions that would promote PW activity. Pepper weevil pupae were 

extracted from infested peppers from the colony and either treated with 110 Gy of gamma 

radiation (considered the “Sterile” group) or were untreated (considered the “Wild” group) and 

monitored for eclosion. Adult PW were sexed and then sorted by sex and treatment. Weevils 

within each container were provided an immature pepper fruit as diet over the course of their 

maturation.  
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The day before the test, each of the four treatment-sex groups was randomly assigned a 

colour (red, yellow, blue, or white) and a spot of nail polish of the assigned colour was applied to 

the prothorax of each individual to distinguish its group. On the day of each test, the irradiated 

PW were between 10-14 days old (since adult eclosion), while non-irradiated weevils were 

between 7-14 days old. The cage consisted of a 76.2 x 76.2 x 114.3 cm (30 x 30 x 45 inch) 

mesh cage (2400F, BugDorm, Canada) placed within a controlled environment cabinet (PGC20, 

Conviron, Canada). A single pepper plant (~70 cm tall, rooted in a rockwool cube) was pruned 

such that flower buds, fruit, and excess leaves were removed and then placed on a saucer in 

the centre of the cage. A single small pepper fruit (~5 cm diameter) was affixed to the middle of 

the main stem of the plant by twist-tie. Twenty individuals were collected from each treatment-

sex group (a 1:1:1:1 ratio) and placed in the cage for a 15 min acclimation period. Containers 

were then opened, and the number of mating pairs were counted and carefully collected every 5 

min. The time of capture and end of copula were recorded for each pair. The test was 

conducted twice (n = 2) with separate cohorts of weevils. Each test lasted 6 h, and was 

conducted between 10:00 am to 4:00 pm, and 8:00 am to 2:00 pm (lights in the colony were 

turned on at 5:00 am). The mean (± SD) temperature and RH during tests 1 and 2 was: 28.9 ± 

0.3
o
C and 70.8 ± 4.7% RH; and 27.6 ± 0.2

o
C, and 75.2 ± 4.4% RH, respectively. After the test, 

the pair category (i.e., treatment-sex group of both the male and female of a pair) was 

determined (based on their respective colour marking) and the number of total pairs from each 

category was determined. Indices of competitiveness and compatibility were then calculated 

using the following equations, in which each parameter is the number of pairs collected from 

each of the four categories as follows: sterile male with sterile female (SS), sterile male with wild 

female (SW), wild male with sterile female (WS), and wild male with wild female (WW). 
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𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑎𝑡𝑖𝑛𝑔 (𝑃𝑀) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑡𝑖𝑛𝑔 𝑝𝑎𝑖𝑟𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑒𝑚𝑎𝑙𝑒𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑
 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 (𝑅𝑆𝐼) =
𝑆𝑊

𝑆𝑊 + 𝑊𝑊
 

𝐼𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 (𝐼𝑆𝐼) =
(𝑆𝑆 + 𝑊𝑊) − (𝑆𝑊 + 𝑊𝑆)

𝑆𝑆 + 𝑊𝑊 + 𝑆𝑊 + 𝑊𝑆
 

𝑀𝑎𝑙𝑒 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑖𝑛𝑑𝑒𝑥 (𝑀𝑅𝑃𝐼) =
(𝑆𝑆 + 𝑆𝑊) − (𝑊𝑆 + 𝑊𝑊)

𝑆𝑆 + 𝑆𝑊 + 𝑊𝑆 + 𝑊𝑊
 

𝐹𝑒𝑚𝑎𝑙𝑒 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑖𝑛𝑑𝑒𝑥 (𝐹𝑅𝑃𝐼) =
(𝑆𝑆 + 𝑊𝑆) − (𝑆𝑊 + 𝑊𝑊)

𝑆𝑆 + 𝑊𝑆 + 𝑆𝑊 + 𝑊𝑊
 

𝑀𝑎𝑡𝑖𝑛𝑔 𝑙𝑎𝑡𝑒𝑛𝑐𝑦 = 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 − 𝑏𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔 𝑜𝑓 𝑡𝑒𝑠𝑡 

𝑀𝑎𝑡𝑖𝑛𝑔 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑒𝑛𝑑 𝑜𝑓 𝑐𝑜𝑝𝑢𝑙𝑎 −  𝑡𝑖𝑚𝑒 𝑜𝑓 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 

3.2.4 Data analysis 

 The quantity of sperm produced by both irradiated and control males were analysed by 

generalized linear mixed model. Sperm production data was pooled across cohort, and the 

treatment date was included in statistical models to account for variation between cohorts. 

Models were selected for best fit by comparing Akaike’s information criterion (AIC) and validated 

by analysis of residuals using visualizations and Shapiro-Wilk’s test for normality (see Appendix 

2). Sperm subsamples were considered repeated measures, so subsample number was 

included in the model as a random effect. The model was used in an analysis of variance 

(ANOVA), and least-squares means (estimated marginal means) were used in Tukey post-hoc 

tests to separate effects of radiation dose. The results of each competitiveness test were 

assessed for deviation from random mating by chi-squared goodness-of-fit (GOF) test. All 

analyses were done in the R statistical environment (R Core Team, 2021) and included the use 

of multiple packages (see Appendix 2). Alpha for each test was set to 0.05. 



 
 

59 
 

3.3 Results 

3.3.1 Visual inspection of male and female pepper weevil reproductive systems 
and sperm 

Development of the female PW reproductive system was noticeably affected by 

irradiation treatment at a dose of either 90 or 110 Gy. Irradiated females were never found to 

have produced mature eggs (Figure 3.1b), unlike non-irradiated females which often produced 

eggs (Figure 3.1a). Furthermore, irradiated ovaries appeared clear in comparison to the cloudy 

ovaries of non-irradiated, and the spermathecal glands of irradiated females were occasionally 

underdeveloped as well. Development of the male reproductive system generally appeared 

unaffected by irradiation (Figures 3.1c-d), though there was noticeably less fat body surrounding 

the reproductive organs in irradiated individuals of either sex, compared to non-irradiated 

individuals (not shown). Pepper weevil sperm are about 0.5 µm wide and consist of a thin 

nucleus about 13 µm long and a flagellum about 72 µm long, for a total length of about 85 µm 

(Figure 3.1e). 

3.3.2 Sperm production and transfer 

Mean sperm production by male PW within the first seven days following eclosion was 

significantly lower in males irradiated at either 90 or 110 Gy compared to non-irradiated males 

(Table 3.1), where non-irradiated males contained nearly four times as much sperm in the 

testes and seminal vesicles as those irradiated at 90 Gy, and nearly six times as much as those 

irradiated at 110 Gy (Figure 3.2). Sperm production by the PW appears to respond to irradiation 

in a dose-dependent manner, though only two doses were tested in this study. The adult wet 

weight of treated individuals also had a significant effect on sperm production (Table 3.1). 
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Table 3.1: Model and Type 2 ANOVA results for sperm production by pepper weevil treated as 
pupae with a gamma radiation dose (Gy). 

Response 
variable Distribution 

Link 
function Fixed effects 

Random 
effects df F p 

sperm 
count 

negative 
binomial log treatment dose  2 52.775 1.06E-14 

   treatment date  1 1.823 0.181 

   pupal age  1 2.676 0.106 

   treatment zone  2 0.253 0.778 

   

adult wet 
weight  1 9.664 0.003 

    

subsample 
number 0   

        residuals 70     
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Figure 3.1: Dorsal view of the internal reproductive organs of non-irradiated (left) and irradiated 
(right) of female (a-b) and male (c-d) pepper weevils, Giemsa-stained pepper weevil sperm (e), 
and complete irradiated male pepper weevil reproductive system (f; genitalia in lateral view, 
internal reproductive organs in dorsal view). Abbreviations: Aed, aedeagus; Aed Apo, aedeagal 
apodeme; Ant Ac Gl, anterior accessory gland; C Ovid, common oviduct; CP, copulatory pouch 
(bursa copulatrix); Egg, egg (ovum) Ej D, ejaculatory duct; F, flagellum; L Ovid, lateral oviduct 
(calyx); N, nucleus; Ovl, ovariole; Phb, phallobase; Post Ac Gl, posterior accessory gland; PG, 
prostate gland; Rec, rectum; Spt, spermatheca; Spt D, spermathecal duct; Spt G, spermathecal 
gland; Spi G, spiculum gastrale; SV, seminal vesicle; Tes, testis; TF, terminal filament; Vag, 
vagina; VD, vas deferens; 8S, eighth sternite; 8SApo, apodeme of eighth sternite. Nomenclature 
follows that of Burke (1959) and Paoli et al. (2014).  
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Figure 3.2: Mean sperm production of pepper weevils treated with a gamma radiation dose (Gy) 
as pupae. Whiskers represent the SE, and bars with the same letter were not significantly 
different based on Tukey post-hoc tests where α = 0.05. 
 

The quantity of sperm transferred by male PWs irradiated at 110 Gy was ca. 7-10 times 

less than the amount transferred by non-irradiated males that had mated with either an 

irradiated or non-irradiated female, though very few pairs with a sterile male were available for 

dissection (Table 3.2). The mean duration of each mating event appears to be similar across all 

mating pair categories (Table 3.2). 
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Table 3.2: Mean (± SE) mating latency, mating duration, and amount of sperm transferred 

during mating by pepper weevil mating pairs collected from mating competitiveness tests 1 and 
2. Mating pair categories are denoted as the male then female of either the “sterile” (S) or “wild” 
(W) groups. For example, a mating pair in the SW category consists of a sterile male and a wild 
female. 

Test 
number 

Pair 
category n 

Mating 
latency (min) 

Mating 
duration (min)* 

Number of sperm 
transferred* 

1 SS 2 142.5 ± 47.5 15.0 2030 

 SW 1 65.0 25.0 0 

 WS 6 133.3 ± 55.7 17.0 ± 3.7 19540 ± 3900.6 

 WW 8 46.5 ± 8.6 19.4 ± 4.2 14965.3 ± 2419.3 

2 SS 1 80.0   

 SW 0    

 WS 5 68.6 ± 28.3 14.4 16043.3 ± 2379.2 

  WW 12 62.6 ± 23.8 16.4 11347.3 ± 1643.5 

*Pairs for which copula was accidentally broken during handling were not included 
in the analysis of mating duration and sperm transfer (n=3) 

 

3.3.3 Mating competitiveness and compatibility, and mating behaviour 

Indices of mating competitiveness and compatibility from each test were calculated and 

are presented graphically (Figures 3.3a-d). For tests 1 and 2 respectively, 17 and 18 mating 

pairs were collected (a PM equal to 0.425 and 0.45; Figure 3.3a), and most were collected in 

the first two hours of the test regardless of start time of the test (Table 3.2). Sterile males were 

less competitive than wild males, as the RSI in both tests is close to 0 (poor sterile male 

performance; Figure 3.3b). The ISI for both tests was close to but greater than 0 which suggests 

that the sterile and wild populations exhibited some positive assortative mating (Figure 3.3c), 

and there was significant departure from random mating in test 2 (Chi-squared GOF test, χ2= 

10.333, df = 2, p = 0.005704) and nearly so in test 1 (Chi-squared GOF test, χ2 = 7.7059, df = 3, 

p = 0.0525). The MRPI in both tests was nearly -1 which suggests that sterile males were 

severely underperforming at securing mates and is further evidence that sterile males are less 

competitive than wild males. The FRPI indicates that sterile females mated with sterile and wild 

males at somewhat similar rates, though more so with wild males (Figure 3.3d). Together, these 
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indices suggest that the sterile and wild populations are not very compatible, and this is 

primarily due the poor performance of sterile males, while wild males are mating with sterile and 

wild females indiscriminately. 

 

Figure 3.3: Indices of competitiveness and compatibility for sterile pepper weevils from mating 
competitiveness tests 1 and 2. Indices included are (a) the proportion of mating (PM), (b), the 
relative sterility index (RSI), (c) the isolation index (ISI), and (d) male/female relative 
performance index (M/FRPI). 
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3.4 Discussion 

In any SIT program, sperm production and sperm transfer during mating are crucially 

important components of a sterile male’s ability to successfully disrupt reproduction by females 

(Lance & McInnis, 2021). Insects that produce less sperm also tend to transfer less during 

mating (Lance & McInnis, 2021). In this study, sperm production by male PWs irradiated as 

pupae was dramatically lower than non-irradiated males. Sperm transfer was also numerically 

lower, though it was not tested statistically due to a low sample size. This is consistent with 

studies on other beetle species examining the effects of irradiation on sperm production and 

transfer. For instance, boll weevils (A. grandis Boheman) irradiated as pupae or adults produced 

and transferred less sperm compared to non-irradiated counterparts (Nilakhe & Earle, 1976; 

Haynes & Mitchell, 1977; Villavaso et al., 1998). Irradiated C. formicarius pupae developed into 

adults that also had reduced sperm production and transfer capabilities, while there is conflicting 

evidence as to whether irradiated adult sperm production and transfer was negatively impacted 

and may be confounded by the age of the adult at irradiation (Hiroyoshi et al., 2018; Hiroyoshi et 

al., 2020).  

Females that receive an inadequate amount of sperm and any accompanying accessory 

gland products will likely have an increased propensity to remate (Lance & McInnis, 2021). 

Consequently, females that mate with a sterile male PW could have an increased likelihood of 

remating, which would increase their likelihood of mating with a fertile male and thereby reduce 

the effectiveness of sterile males in disrupting population growth. Furthermore, sperm 

precedence will likely play a key role in determining whether viable offspring are produced by a 

female that has mated with multiple males. To date, the sperm precedence dynamics for the 

PW are unknown, though for the boll weevil, the most recent mate takes precedence (Bartlett et 

al., 1968). However, it is now possible to investigate sperm use by PW females by mating them 

with subsequent mates that are either sterile or non-sterile and measuring their fertility over time 
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to determine paternity, such as in the study of sperm precedence in Rhynchophorus ferrugineus 

Olivier (Coleoptera: Dryophthoridae; Musmeci et al, 2018). 

Sperm transfer is also often correlated with the duration of mating, where longer 

copulation allows for more sperm to be transferred (Lance & McInnis, 2021). In this study, it was 

found that mating duration was generally consistent between irradiated and non-irradiated PW 

males (though this data was not tested statistically due to a low sample size) which suggests 

that lower sperm transfer is connected to sperm production by irradiated males. Additionally, 

lower amounts of transferred sperm could partially explain why non-irradiated females that 

mated with males irradiated at 90 or 110 Gy had significantly lower fecundity compared to non-

irradiated males (Section 2.3.3). Finally, it should be noted that the amount of time necessary 

for sperm to migrate between the copulatory pouch and the spermatheca is not known for PW, 

and any amount of sperm remaining in the copulatory pouch (approximately 24 h following 

mating) was not included when sampling for the amount sperm transferred. 

In this study, the adult wet weight of males was found to be a significant predictor of 

sperm production. While the amount of sperm an insect produces increases as they age (e.g., 

C. formicarius; Hiroyoshi et al., 2016), all males in this study were the same age at dissection 

(seven days since adult eclosion). Alternatively, this relationship could be a result of differences 

between the amount of feeding by males before their dissection.  

This study is the first to describe the morphology of the reproductive systems for male 

and female PW, which share a general organization with other weevils (Paoli et al., 2014), 

including its congeners, A. grandis and A. pomorum L., though the PW does have some unique 

characteristics. In particular, while A. grandis males have two testes that are each divided into 

two lobes, PW and A. pomorum testes are not lobed, and PW is unique in that it has a pair of 

prostate glands where these other two described Anthonomus species do not (Figure 3.1; Miles, 

1923; Burke, 1959). There is also variation in the size and shape of male accessory glands and 
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female spermathecal glands among these anthonomines. The products of these glands are 

likely involved in sperm activation and viability, initiating post-mating behaviours of mated 

females, or possibly act as pheromones (Lance & McInnis, 2021). Pepper weevil sperm also 

shares its morphology with other Curculionidae, including A. grandis (Gassner et al., 1975; Paoli 

et al., 2014 and references therein). 

In this study, the indices of competitiveness and compatibility determined through two 

mating competitiveness tests consistently demonstrated that sterile male PW are much less 

competitive than non-irradiated males, and the sterile and wild populations were generally 

incompatible as a result. Coupled with the fact that sterile males produce and transfer less 

sperm than their non-irradiated counterparts, wild females that first mate with an irradiated male 

may also be more likely to remate with a wild male because of low sterile male competitiveness. 

Thus, low sterile male competitiveness and positive assortative mating would likely impede the 

success of a PW-SIT program. Lower competitiveness of each sterile insect lowers the effective 

overflooding ratio, so the number of sterile insects released will need to be higher to 

compensate for this, in turn increasing the cost of the program (Parker et al., 2021b). 

Given that an understanding of courtship behaviour is important for monitoring quality in 

an SIT program (Parker et al., 2021b) and details of the PW mating system have not been well 

described, the copulatory behaviour of PW mating pairs was observed in the mating 

competitiveness tests of this study. Males (either irradiated or not) were observed to approach 

females and quickly attempt copula, often orienting themselves on top of the female by tapping 

the female’s head and abdomen with their antennae, though females often evaded males when 

approached. Once the male was mounted on the female, females were observed waving their 

abdomen, pushing males using their hind legs and dragging their rostrum against the bottom of 

the container at the beginning of copulation, causing some males to fail to initiate copula. 

Successful males would hold the female using their two front pairs of legs, while their hind legs 
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were either raised or touched the floor. While it is not known whether the male or female is 

responsible for mate choice, females displayed resistant behaviour that resulted in some failed 

mating attempts by males in both mating competitiveness tests. The mean mating duration of 

PW regardless of the treatment of either sex was between 14.4-25.0 min. In these tests, PW 

mating duration was considerably shorter than that of the boll weevil, which had an average 

mating time of between 55-60 minutes (Bartlett et al., 1968). 

Given that the size of a male insect is often predictive of their mating success (Parker et 

al., 2021b), sterile PW size (or, as a proxy, weight of either pupae or adults) should be 

incorporated as a measure of their quality, though measuring adult size was not incorporated 

into the mating competitiveness tests in this study. It also remains unclear whether adult size is 

related to male mating success for this species.  

Additionally, male PW produce an aggregation pheromone that attracts both males and 

females (Eller & Palmquist, 2014). Production of this pheromone could be dependent on a 

number of factors, including the time of day, age of the adult and possibly feeding status (Eller & 

Palmquist, 2014), though it was unclear whether sterilized males and females were more or less 

receptive and may have been of little consequence given the relatively small size of the cage 

used in the mating competitiveness tests. given that pheromones play an important role in 

reproductive activity for PW, it is recommended that pheromone production and response by 

sterilized PW be investigated further.  

It was also observed that irradiated individuals of both sexes were generally less active 

than non-irradiated individuals. For instance, it took much longer for all sterile males to leave 

their release container relative to non-irradiated males. Prior research also confirms that 

irradiated insects can have reduced locomotor activity (e.g., boll weevil; Haynes, 1986). 

Similarly, sterile male PWs also had decreased spontaneous flight activity (Section 2.3.5). Thus, 
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low sterile male competitiveness may be a consequence of more general inactivity rather than 

rejection by females or an inability to locate or attract females.  

In this study, the conditions under which the mating competitiveness tests occurred may 

have been sub-optimal. Overall, 25% of mating pairs collected across both tests occurred on the 

walls of the cage. While it has been suggested that insect activity on the walls of the cage (i.e., 

> 25% of mating pairs) indicates deficient environmental conditions of a field cage test (such as 

an unsuitable temperature or amount of light for mating for the species; FAO/IAEA/USDA, 

2019), pairs collected off the host plant in this test were not removed from the analysis. Also, the 

PM for a field cage test should be greater than 20% to be considered valid, which it was for both 

tests (FAO/IAEA/USDA, 2019). Conditions of a preliminary test in a field cage within a 

greenhouse appeared inadequate as nearly all PW occupied the walls of the cage. It should 

also be noted that the mating competitiveness tests in this study were conducted under 

relatively constant environmental conditions and for only a 6-h period, though the start time of 

each test was two hours apart. Field cage tests should encompass the natural mating period for 

the species (FAO/IAEA/USDA, 2019). Most mating occurred in the first two hours of the test, so 

it seems unlikely that the time of day influenced mating activity. It is also possible that the peak 

mating period occurred outside of the test period, or that a changing environment could also 

promote mating. Clearly, some details regarding PW mating behaviour remain open for future 

study. Finally, it should be mentioned that the “Wild” individuals were all laboratory-reared, so 

the compatibility of sterile PW may be different when released into a truly wild population. Also, 

all the PW used in the test were fed and matured for at least seven days, which may not reflect 

the state of PW when released in a future PW-SIT program.  
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3.5 Conclusions and future research 

Male PW treated with 110 Gy of gamma radiation were considerably limited in their 

reproductive capacity, both in terms of their production of sperm and transfer during mating, but 

also in their mating competitiveness and compatibility under controlled environmental 

conditions. Given these physiological and behavioural shortcomings of sterilized males, a PW-

SIT program will need to compensate for a lower effective overflooding ratio by increasing the 

number of sterile insects released. 

In this study, the morphology of male and female PW internal reproductive systems was 

described for the first time, as well as the quantification of sperm production and transfer by 

male PW. This is also the first description of the copulatory behaviour of PW mating pairs, which 

sets a baseline for future study and continued assessment of the quality of mass-reared and 

sterile male PW. Further study of PW mating behaviour could include quantifying male and 

female mating frequency, mating duration, refractory periods, and importantly, the remating 

frequency of females mated with sterilized males. Furthermore, conducting a field cage 

experiment to assess mating competitiveness under field or greenhouse conditions into which 

sterile PW would be released is highly recommended. Physiological study of sperm production 

over a broader period of the PW lifespan, sperm precedence dynamics in females mated with 

multiple males, an investigation the role of accessory gland products in PW reproduction, and 

quantifying aggregation pheromone production and response by sterilized male and female PW 

is also recommended. 
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4 Conclusions and recommendations for future research 
toward the development of a PW-SIT program  

4.1 General conclusions 

The purpose of this research was to provide a foundation for developing a pepper weevil 

(PW; Anthonomus eugenii Cano; Coleoptera: Curculionidae) sterile insect technique (SIT) 

program by determining the dose-response relationship for PW pupae irradiated with gamma 

radiation and the resulting level of sterility. Second, this study sought to assess sterilized PW for 

their survival ability and mating competitiveness in quality control (QC) tests routinely applied in 

SIT programs for other species. To achieve these goals, I conducted four sets of experiments, 

involving the treatment and assessment of a total of 910 PW pupae distributed over ten 

irradiation events. Dosimetry confirmed that dose uniformity within the irradiation container was 

adequate, and pupae were irradiated with one of four doses ranging 50-110 Gy. 

 In Chapter 2, I demonstrated that both male and female PW were effectively sterilized 

when irradiated with an acute gamma radiation dose of 110 Gy as late-stage pupae, following a 

short period of chilling and hypoxia. Specifically, females were completely sterilized at this dose, 

which is crucial for an SIT program in which female insects are released. However, it was also 

clear that irradiation impacted PW survivorship in the lab by shortening their lifespan to less 

than two weeks compared to the typical three-month lifespan of unirradiated PW. The 

spontaneous flight activity of irradiated PW was also decreased, at most by nearly 50% in males 

irradiated at 110 Gy relative to non-irradiated males.  

In addition, in Chapter 3, I detailed my findings that 7-day old adult male PWs that were 

irradiated with either 90 or 110 Gy as pupae produced significantly fewer sperm compared to 

their non-irradiated counterparts based on samples from their testes and seminal vesicles. 

Furthermore, sterile male PW had very low competitiveness compared to non-irradiated PW 

during two mating competitiveness tests conducted under controlled environmental conditions, 
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and there was positive assortative mating between the sterile and non-irradiated PW 

populations as a result. In doing these experiments, I described PW copulatory behaviour and 

the morphology of both male and female reproductive organs and PW sperm for the first time. 

Altogether, these results suggest that a PW-SIT program should implement a minimum target 

dose of no less than 110 Gy for effective sterilization of both males and females. However, the 

poor quality of the resulting sterile males could jeopardize their success in disrupting PW 

population growth in agroecosystems, so a high number of sterile males will need to be 

released to achieve the desired effect. Thus, it is recommended that further research be 

conducted to identify conditions that improve the quality of sterilized male PW. 

4.2 Designing a future PW-SIT program 

While PW sterilization and some components of quality control were investigated in this 

work, a considerable amount of further research and development will be necessary before a 

PW-SIT program can be properly implemented. Particularly, research into refining the mass-

rearing and sex separation process will be key for not only producing a necessary number of 

sterile insects to release, but also in making PW-SIT economically feasible (Parker et al., 

2021a). Continued research on rearing and sterilizing PW will also be an opportunity to 

implement methods that could improve the quality of sterile PW (Bakri et al., 2021). 

Furthermore, consideration should be given to the method of release for sterile PW and 

monitoring of sterile populations following release. Each of these aspects are discussed here, 

as the biology of the PW represents challenges in all these areas. 

4.2.1 Alternative methods for sterilizing pepper weevils 

This work has demonstrated that gamma irradiation is an effective method for sterilizing 

PW pupae and would be a suitable method for a PW-SIT program. To date, self-contained 

gamma irradiators, like the Gammacell220 irradiator used in this work, remain the most 
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common method for sterilizing insects in SIT programs (Bakri et al., 2021). However, there are 

alternative methods for sterilizing insects which could also be considered in the future. For 

instance, X-rays are also effective at sterilizing insects, both being forms of ionizing radiation 

and having a similar capacity to penetrate tissues (Bakri et al., 2021). Self-contained X-ray 

irradiators have recently become commercially available, and have the advantage of eliminating 

concerns surrounding safety and security of radioactive material and waste, though they are 

often energy-intensive and thus expensive to operate (Bakri et al., 2021). As an alternative to 

irradiation, molecular techniques have recently been used to develop genetically sterile insects 

for SIT programs, though these have yet to be applied to any coleopteran species, including PW 

(Hacker et al., 2021). Thus, the choice method for sterilization in a PW-SIT program will depend 

on both operational and economic factors, though either a gamma or X-ray irradiator is likely the 

most suitable option. In this study, the irradiation dose uniformity was sufficient (DUR = 1.06) 

and was not a significant factor during my analyses. However, methods do exist to improve 

dose uniformity, such as installing a turntable or conveyor belt, which could conceivably be 

implemented for any irradiator type (Bakri et al., 2021).  

4.2.2 Opportunities for improving sterile pepper weevil quality 

A reduction in quality is to be expected in mass-reared and irradiated insects, though 

there are techniques available to increase the quality of sterilized insects that should be pursued 

for PW. For instance, an increased period of chilling and hypoxia before irradiation could 

improve the quality of the resulting sterile PW (Parker et al., 2021b). While PW pupae were 

chilled and irradiated in hypoxia for these experiments, it was only for a short period of time (< 5 

min) immediately preceding irradiation, and the level of hypoxia was never measured. 

Conversely, it has been demonstrated that chilling can reduce insect quality, particularly if they 

are chilled for an extended period of time (i.e., many hours or days; Parker et al., 2021b), so 

research should be conducted that investigates the effect of an extended period of chilling and 
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hypoxia on PW pupae to elucidate the impact of these treatment conditions. Additionally, a more 

nutritious diet provided to larvae or adults before their release could improve the quality of 

sterile adults, given that reductions in quality have been attributed to malnutrition due to 

radiation damage in the midgut and that adult feeding is an important component of 

reproductive success (Pereira et al., 2021; Section 4.2.3). Considering the potentially large 

economic benefits that could result from improving sterile insect quality (Parker et al., 2021b), 

future research should be invested into testing and implementing these changes to rearing and 

sterilization processes.   

For this research, pupae were selected as the life stage to irradiate because of the 

advantages in rearing and irradiating pupae compared to adults. However, extraction of pupae 

from infested peppers proved to be laborious, and pupae were more susceptible to damage, 

desiccation and disease following their extraction from their pupal cells. Alternatively, PW could 

be irradiated as early-stage adults. Irradiation at the adult stage could result in higher quality 

sterile PWs, as they are fully developed and thus less vulnerable to somatic radiation damage, 

while both fully-differentiated sperm cells and spermatogonia remain the target of sterilization 

(Bakri et al., 2021; Robinson, 2021). For example, boll weevils irradiated as adults survived 

longer (Mayer & Brazzel, 1966) and produced sperm more efficiently than those irradiated as 

pupae at a comparable gamma radiation dose (Nilakhe & Earle, 1976). In addition, Cylas 

formicarius Fabricius (Coleoptera: Brentidae) sweet potato weevils irradiated as pupae also 

produced and transferred less sperm than those irradiated as adults (Hiroyoshi et al., 2020). 

Finally, Rhynchophorus ferrugineus Olivier (Coleoptera: Dryophthoridae) red palm weevils 

irradiated as pupae incurred higher adult mortality than irradiations at the adult stage (Prabhu et 

al., 2010). Adult irradiation also has the added benefit of reducing the amount of handling 

required to rear sterile PW (Section 4.2.4). If adults PWs were to be investigated as the target 

life stage for sterilization, it is recommended that that research include similar assessments of 
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quality explored here. It should be noted that irradiated adults can recover their fertility over time 

(e.g., boll weevils irradiated as adults recovered fertility after about one week; Earle & Nilakhe, 

1977), so this should be investigated if PW adults are to be irradiated as well. 

Though not applied in this study, irradiation dose fractionation has also been shown to 

improve the quality of irradiated insects, whereby the total dose necessary to sterilize the insect 

is administered as multiple smaller doses (Bakri et al., 2021; Parker et al., 2021b). The method 

proved somewhat effective at extending the longevity for boll weevil irradiated as either adults or 

pupae without inhibiting their competitiveness (Haynes & Mitchell, 1977; Haynes et al., 1979; 

Haynes & Smith, 1993), and improved the competitiveness of adults in two species of sweet 

potato weevils, C. formicarius (Kumano et al., 2011b) and Euscepes postfasciatus Fairmaire 

(Coleoptera: Curculionidae; Kumano et al., 2011a). However, dose fractionation can be 

impractical from an operational standpoint because the insects will require storage and possibly 

feeding when applying doses over an extended period of time (Bakri et al., 2021). Applying an 

acute dose at a lower rate may also reduce the damage associated with irradiation (Bakri et al., 

2021), which has been demonstrated in a number of species including the red flour beetle, 

Tribolium castaneum Herbst (Coleoptera: Tenebrionidae), which had decreased sterility when 

irradiated with an equal dose at lower dose rates (Nair & Subramanyam, 1963). 

4.2.3 Recommendations for the mass-rearing of pepper weevils 

The expense of human labour and diet associated with mass-rearing insects for 

sterilization often make it the costliest component of an SIT program (Parker et al., 2021a). 

Artificial/semi-artificial diets with inexpensive, high-quality and non-perishable ingredients with a 

secure supply chain are ideal for mass-rearing (Parker et al., 2021a). Conversely, natural-host 

diets are those that utilize parts of the natural host plant which may only be seasonally-

available, expensive, of inconsistent quality, and less reliable due to their susceptibility to pests 

or pathogens and are thus unsuitable for mass-rearing insects for SIT (Parker et al., 2021a). 
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Additionally, insect diseases introduced by plant material in the diet are also a concern (e.g., E. 

postfasciatus rearing, Ohishi et al., 2018). 

In this study, rearing PW has largely depended on a natural host plant diet, which was 

suitable for research purposes but will not be feasible at the scale required for an SIT program. 

Laboratory rearing of PW has often focussed on the use of fresh, whole peppers as both a diet 

and oviposition substrate (e.g., Addesso et al., 2007), though producing a pepper crop for 

rearing PW is costly. Thus, the use of an artificial diet and oviposition substrates will be 

necessary for an economically viable PW-SIT program. Pepper weevils have been assessed for 

their ability to develop on artificial diets with varied success (Table 4.1). Generally, PW larvae 

raised on an artificial diet are slower to develop but heavier as adults, which has been attributed 

to compensatory feeding due to a nutrient-poor diet (Toapanta et al., 2005; Seal & Martin, 

2017). The percentage of eggs that hatch when placed on an artificial diet is generally lower 

compared to those within a pepper fruit, which has been attributed to the ovicidal properties of 

fungicides, desiccation or mould  (Addesso et al., 2009). The addition of freeze-dried pepper 

powder did not improve the suitability of the diet (Addesso et al., 2009), and male PWs failed to 

produce aggregation pheromone when reared on an artificial diet without pepper material added 

(Eller & Palmquist, 2014), which could prove to be problematic for sterile PW’s competitiveness. 

To remedy some of these issues, a diet for mass-rearing PW may need to be supplemented 

with either fresh pepper (or an alternative host) plant material or other nutritional supplements, 

particularly protein (Pereira et al., 2021). In fact, greater oviposition was reported for PW fed 

pepper flower buds, which contain a higher concentration of protein compared to other parts of 

the plant (Rodríguez-Leyva, 2006). Clearly, further development of an artificial/semi-artificial diet 

suitable for mass-rearing PW will be necessary. 
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Table 4.1: Components of artificial diets successfully used to rear pepper weevil larvae and 
adults. 

    

Toba et al. 
(1969): 
modified 
looper 
diet 

Addesso et al. 
(2009): 
modified Toba 
et al. (1969) 
diet 

Seal & Martin 
(2017): Sterling 
& Adkisson 
(1966) boll 
weevil diet  

Ingredient 
Alternative 
ingredient Amount (g | ml) for 1L/1000g of diet 

Water  825 ml 825 ml 708 ml 

Agar  23.7 g 23.7 g 13 g 

Casein  33.2 g 33.2 g  

Sucrose  33.2 g 33.2 g 17 g 
Alfalfa meal  14.2 g 14.2 g  

Wheat germ  28.5 g 28.5 g  

 Wheat germ oil    4 ml 

Alphacel  4.8 g 4.8 g 13 g 

Cottonseed meal     138 g 

Egg albumin     8 g 

Brewer’s yeast     13 g 

Cholesterol     0.1 g 

Wesson salt mix  9.5 g 9.5 g  

 Wesson oil    9 ml 

Ascorbic acid  4 g 4 g  

Potassium hydroxide, 4 M  4.8 ml 4.8 ml  

 

Potassium 
hydroxide, 1%    24 ml 

Formaldehyde, 37%    1.08 ml  

 Formalin, 10% 4 ml   

Choline chloride, 10%  9.5 ml 9.5 ml  

Vanderzant vitamin mix    19.2 g  

 Special vitaminsa     26 ml 

 Vitamin stockb 3.2 ml   
Methyl-p-hydroxybenzoate 
(methyl paraben)  1.5 g 1.5 g  

Sorbic acid  1 g 1 g  
Aureomycin/Cyclotetracycline 
hydrochloride  0.13 g 0.13 g  

  
Polyotic/Tetracycline 
hydrochloride     7 g 

aSpecial vitamins: 90ml distilled water, 20g ascorbic acid, 5 g choline chloride, and 0.6 II alpha tocopherol 
to 60ml of the vitamin solution of Vanderzant et al. (1959) 
bVitamin stock: 600mg niacin, 600mg calcium pantothenate, 300mg riboflavin, 150mg thiamin, 150mg 
pyridoxin, 150mg folic acid, 12mg biotin, 1.2mg B12 in 100ml water 
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In addition to the influence of diet on PW production, their biology may also influence the 

methods for rearing, irradiating, and storing sterile PW before their release. Pepper weevil 

larvae produce a pupal cell within their host before pupation, though the laborious methods 

used in this research required extraction of pupae from their cell, leaving the soft-bodied pupae 

susceptible to damage, desiccation, and disease. Furthermore, PW larvae feed continuously 

and can be cannibalistic of other larvae (Addesso, 2007; personal observations), and the pupal 

cell may serve to discourage cannibalism. Thus, extraction from the pupal cell is likely not a 

feasible strategy for mass-rearing PW. It may be possible to effectively sterilize and store pupae 

ensconced within artificial diet, which was effective for boll weevil pupae in a study by Haynes 

(1993), however further research is needed to investigate this possibility. Otherwise, sterile PW 

will likely need to be stored as adults before release, which could require feeding and, in turn, 

increase rearing costs. Alternatively, adult activity during storage could be reduced by chilling, 

but this could have deleterious effects on quality. 

Additionally, unlike in other SIT programs (Parker et al., 2021a), an automated method 

for collecting and depositing eggs onto artificial diet has not yet been developed for PW. 

However, semi-artificial oviposition substrates consisting of a pepper leaf wrapped into a ball 

and sealed with Parafilm appear to be effective, though generally resulting in lower oviposition 

rates relative to oviposition on pepper fruit (Calderon-Limon et al., 2002; Addesso et al., 2009; 

Seal & Martin, 2017). Using this technique, the leaves can be unwrapped, and the PW eggs laid 

within can be transferred to a hatching substrate (e.g., artificial diet). The percent hatch and 

survivorship to the adult stage from eggs collected in this manner varies from less than 65% to 

greater than 90% depending on the hatching substrate (Toba et al., 1969; Calderon-Limon et 

al., 2002; Addesso et al., 2009; Seal & Martin, 2017). However, the pepper leaf ball method still 

requires host-plant material and delicate handling of the eggs, so automation at this stage would 
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improve both the economic and operational components of a PW-SIT program and warrants 

further development. 

4.2.4 Recommendations on sex separation of pepper weevils 

For SIT programs in general, isolating sterile males from females before their release 

can significantly increase the efficiency of rearing, particularly if the process is automated, and 

the effectiveness of sterile insect release because removing females eliminates the possibility of 

redundant matings between sterile males and sterile females and reduces costs by removing 

the need to feed, store and transport any sterile females before release (Parker et al., 2021a). 

However, isolating male insects usually relies on identification of a reliable sexually-dimorphic 

character. In some insect species, sexing adults can be labour intensive, often requiring 

microscopic examination, and thus may not be cost-effective. For instance, isolating males 

during the Pilot Boll Weevil Eradication Experiment (PBWEE) required microscopic examination 

and considerable human resource capital (Hardee & Harris, 2003). Physically robust pupae, 

such as those of dipteran insects with a puparium, can be sexed and separated automatically by 

mechanical sorting based on the dimensions of male vs. female puparia (Sultan et al., 2017; 

FAO/IAEA/USDA, 2019; Parker et al., 2021).  

Sexing adult PWs requires microscopic observation of the metatibial mucrones (Eller, 

1995). Among Anthonomus species, a first report of a sexual dimorphism for pupae was 

identified for boll weevil by Anderson (1968) who then hypothesized that all curculionid pupae 

may share a similar differentiating character. Female pupae of A. grandis Boheman have a pair 

of lobes on their last abdominal sternum, while males lack lobes (Anderson, 1968). For the PW, 

the presence of lobes could be seen on the abdominal sternum of pupae, though magnification 

of at least 10x was necessary and the movement of the soft-bodied pupae made it challenging 

to see clearly, so it is likely not a viable method for sexing pupae on a large scale (personal 

observations). Also, the accuracy and efficiency of this sexing method has not been tested fully. 
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For instance, Patrock et al., (1992) applied this technique to sex PW pupae, but verified the sex 

of individuals at the adult stage and did not report any measure of pupal sexing accuracy.  

Other sex separating strategies have also been used to differentiate males and females 

in SIT programs. This includes sex-specific development rates, though this has never been 

explicitly examined for the PW. Recent research has shown that advanced infrared imaging 

technology (Moran & Parker, 2016) and machine learning software (González-López et al., 

2022) is capable of identifying the age or sex of multiple species of tsetse fly and tephritid fruit 

fly pupae, which could be applied to automatically sexing insects in the future. Alternatively, 

molecular tools have also been used to develop genetic sexing strains (GSS) which eliminate 

females or facilitate their removal before their release, though a GSS has not yet been 

developed for any coleopteran species (Franz et al., 2021). If an efficient method for separating 

sterile PW by sex is not available, and thus, the release of both sexes of sterile PW is 

necessary, an effort to determine if sterile females are disadvantageous (or possibly 

advantageous) to the program should be made (Lance & McInnis, 2021).  

4.2.5 Recommendations for the release and monitoring of sterile pepper weevils 

The PW is reproductively active for the majority of its lifespan and both males and 

females mate repeatedly, which results in populations with multiple overlapping generations 

(Rodríguez-Leyva, 2006). In the context of an SIT program, this means that wild adult females 

would likely be available to sterile males immediately after their release. Given the reduced 

lifespan of sterile males, these insects should be released as soon as possible, despite the 

short maturation period of PW after their adult eclosion. The mechanism by which sterile PW 

are released will depend on the environment into which they are released, and the fragility of 

PW pupae will likely necessitate an emergence facility closer to the site of release from which 

sterile adults are released rather than the release of pupae directly (Dowell et al., 2021). These 

facilities also provide the opportunity for feeding and marking the sterile adults before their 
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release which could improve sterile insect quality and aid in the monitoring of the sterile 

population (Dowell et al., 2021). Considering the importance of this stage in the program, 

research into the optimal strategy for emergence and release will certainly be necessary.  

Pepper weevil monitoring continues to be a challenge for pepper producers managing 

this pest due to the cryptic nature of the damaging larval stage. However, given the sterile PW 

population will consist of highly abundant adults, existing methods should be capable of 

monitoring the sterile population directly, particularly through use of pheromone-baited yellow 

sticky traps that are already commercially available (Russell, 2021; Vreysen, 2021). It is 

recommended that these tools be used to monitor sterile PW survival and dispersal in the field, 

though the receptivity of sterile PW to these pheromones will need to be investigated. 

Furthermore, a “Fried test” could be conducted, in which mating competitiveness is assessed 

based on the sterile:wild ratio of field-collected insects and their egg hatch rate 

(FAO/IAEA/USDA, 2019; Vreysen, 2021). Continued indirect monitoring for crop damage is also 

recommended.  

4.3 Considerations regarding possible damage caused by sterile 
adult pepper weevils 

For a PW-SIT program to be viable, host plant damage caused by the released sterile 

adults should be minimal, especially given that millions of sterile insects will need to be released 

for the strategy to be effective (Lance & McInnis, 2021). Indeed, The Joint FAO/IAEA 

Programme’s Coordinated Research Project on the Integration of the SIT with Biocontrol for 

Greenhouse Insect Pest Management had initially excluded PW as a suitable target of SIT due 

to the potential damage caused by adults (Groot et al., 2016).  The degree of adult feeding 

damage by any insect will depend, at least in part, on the parts of the plant that it attacks (Lance 

& McInnis, 2021). Adult PW do feed on all parts of host plants and there is some preference for 

feeding on flower buds over the fruit or leaves (Patrock & Schuster, 1992; Rodríguez-Leyva, 



 
 

82 
 

2006; Seal & Martin, 2016). While the adult feeding punctures only cause small marks on the 

fruit, feeding on floral buds can cause premature abscission and thus contribute to yield loss 

(Patrock & Schuster, 1992; Rodríguez-Leyva, 2006; Seal & Martin, 2016). Ultimately, the impact 

of adult feeding has never been explicitly decoupled from larval feeding damage and the 

amount of damage caused by the released sterile PWs may be insufficient to exceed economic 

thresholds, especially compared to larval damage. Other pests have been targets of SIT studies 

despite causing damage as adults, with the magnitude of impact requiring consideration for 

each case. For instance, adult boll weevils have feeding habits similar to those of PW 

(Rodríguez-Leyva, 2006) and trials of the SIT against the boll weevil were largely successful in 

eradicating the pest from outdoor fields (Smith, 1998), though the impact of adult feeding was 

never measured directly in those trials. It is recommended that the economic impact of adult PW 

feeding on pepper crops be assessed in the absence of larval damage by assessing the 

damage caused by sterile PW. The potential for damage caused by adult feeding should also be 

assessed in the alternative hosts of PW that are also economically important crops and grown 

within the dispersal range of released sterile PW, such as tomato, eggplant and potato 

(Fernández et al., 2020).  

There are other possible ways that sterile adult PW could cause damage other than 

feeding. Wild females that mate with a sterile male will likely engage in typical post-mating 

behaviours, including damaging pepper buds and fruit by making oviposition punctures. 

Furthermore, even though sterile females are typically incapable of producing eggs, they may 

still cause oviposition punctures post-mating. For instance, mated sterile Mediterranean fruit fly 

females cause “sterile stings”, so the removal of females during the mass-rearing process was 

required to eliminate their potential damage (Robinson, 2021). It may be possible to discourage 

oviposition behaviour by both sterile and fertile PW females by utilizing the marking pheromone 

present in the oviposition plug produced by females (Addesso et al., 2021), so sterile females 



 
 

83 
 

should be tested for their receptivity to this pheromone. Finally, the fungal pathogen Alternaria 

alternata causes internal mould in peppers and is associated with PW infestation (Bruton et al., 

1989). Feeding punctures allow penetration of the fungus into the fruit, though the fungus is 

likely not vectored by PW itself (Bruton et al., 1989). The resulting damage can be considerable, 

particularly post-harvest, and any association of this pathogen and sterile PW releases should 

be determined. 

4.4 Compatibility of PW-SIT with other IPM tools for managing 
pepper weevil 

Supplementary pest management tools are typically applied prior to the release of sterile 

insects to reduce the wild pest population to a level where the overflooding ratio will be more 

advantageous for an SIT program (Mangan & Bouyer, 2021). Nearly all existing and possible 

future integrated pest management (IPM) tools for PW could be applied prior to or alongside 

sterile PW releases, though careful consideration should be given to the interactions between 

these tools and the timing of their use. Furthermore, tools that target already-present PW larvae 

would be particularly effective as the SIT targets only the reproductive adults and their potential 

offspring, resulting in total population management. While some tools may have a synergistic 

effect with SIT, others may counteract the effectiveness of SIT when applied after sterile insects 

are released. For instance, insecticides are typically used to manage PW (Labbé et al., 2020) 

which would beneficially lower the target population when applied before SIT though will also 

impact the sterile adults if applied following their release. However, as long as the sterile 

population is equally as affected as the target population, the ratio of sterile to wild males 

remains the same and there may not be an antagonistic effect between the insecticide and SIT 

(Mangan & Bouyer, 2021).  

Mass-trapping with pheromone baited traps could be effective for managing PW 

(Russell, 2021), and would interact with PW-SIT in the same beneficial and possibly 
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antagonistic way as insecticides would (Mangan & Bouyer, 2021). Furthermore, implementation 

of the Male Annihilation Technique (MAT), where wild male insects are selectively eliminated 

using pheromone-baited traps, can be synergistic with SIT as the sterile:wild male ratio 

increases as a result of their combined use (Mangan & Bouyer, 2021). Indeed, the MAT was a 

significant component of the successful eradication of the sweet potato weevil C. formicarius 

from Okinawan islands in Japan (Ohishi et al., 2018). 

The variety of physical and cultural management tools implemented to lower PW pest 

populations and prevent outbreaks should provide the same advantages when the SIT is also 

applied (Mangan & Bouyer, 2021). More recently, host plant resistance has also been 

considered as a tool for PW management (Rubio-Aragón et al., 2022) and could further lower 

pest populations synergistically with the SIT.  

Biological control of the PW has also recently received much attention, though 

commercially produced biocontrol agents are not currently available in Canada. These systems 

have primarily centered on the inoculative release of parasitoid wasps, such as Jaliscoa hunteri 

Crawford (Hymenoptera: Pteromalidae; Leo, 2022). If these were to be applied simultaneously 

with PW-SIT, there would likely be a synergistic effect, particularly as these wasps target the 

eggs or larvae of PW which would result in favourable population suppression and increase the 

overflooding ratio for SIT (Mangan & Bouyer, 2021). Egg parasitoids may also be capable of 

parasitizing the sterile eggs laid by females that have mated with a sterile male (e.g. Cossentine 

& Jensen, 2000), further enhancing the efficiency of the biological control program. Another 

genetic control strategy, RNAi, has also been investigated for PW (Wu et al., 2019) and would 

likely have similar interactions with SIT to insecticides for PW (Mangan & Bouyer, 2021). Given 

the complexity of the interactions between conventional IPM tools and SIT, it is recommended 

that further study include testing SIT with the simultaneous use of other tools used to mitigate 

PW populations, thereby developing a systems approach.  
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4.5 Applying PW-SIT to pepper agroecosystems worldwide 

While Canada and other countries with temperate climates produce most of their 

peppers in greenhouses, most pepper production in other parts of the world occurs in fields. 

While the application of SIT in greenhouses is a new area of study (Cagnotti et al., 2019), a PW-

SIT could be applied in either field or greenhouse pepper crops both in Canada and abroad. 

The SIT could prove to be more effective than conventional or emerging technologies for 

managing PW in field peppers. A PW-SIT program should therefore be trialled in both 

greenhouse and field pepper crops, and a cost-benefit analysis should be conducted before the 

widespread utilization of the technique (Mumford, 2021).  

Above all, a PW-SIT program may be most capable of managing the PW as part of a 

targeted area wide (AW) IPM program. This comes with all the advantages and challenges of all 

AW-IPM programs including a reduction in costs of the program due to economies of scale 

(Klassen & Vreysen, 2021). Past experience has shown us that the SIT is effective for 

managing entire pest populations, going so far as eradicating pest species from large 

geographic regions (Hendrichs et al., 2021). If proven effective and economical, a PW-SIT 

program could be applied across the PW’s endemic range of Mexico and the southern United 

States where field pepper production represents a major agricultural output and is primarily 

managed by insecticides. Among the most intriguing uses for this strategy is the possibility of 

applying PW-SIT on the island nations in the Caribbean and Hawaii that the PW has invaded. 

On these islands, eradication of the PW may not only be possible but also economically 

beneficial, as there is a reduced likelihood of the immigration of wild PW counteracting the 

effectiveness of the SIT or reintroducing the pest after an initial eradication (Hendrichs et al., 

2021). Furthermore, there may be opportunities for joining already-existing SIT operations 

targeting other pest species in regions where the PW is a also problematic pest (IAEA, 2022b). 
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Despite the clear challenges ahead, this research on PW radiobiology ultimately 

represents foundational work that is critical for developing a novel SIT strategy for the 

sustainable management of the PW that would diversify the management toolbox available to 

pepper growers worldwide.   
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6 Appendices 

6.1 Appendix 1: Supplementary figures and residual analyses for 
statistical models in Chapter 2 

 

Figure 6.1: Distributions of the mating periods of the pepper weevil mating pairs in Experiments 
1 (a) and 2 (b). 
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Shapiro-Wilk test for 
normality of residuals   

W p 
Mean of 
residuals 

Sum of 
residuals 

0.5327 < 2.2E-16 0.1853 111.3907 

Figure 6.2: Residual analysis for eclosion rate model, including binned residuals plot. 
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Shapiro-Wilk test for 
normality of residuals   

W p 
Mean of 
residuals 

Sum of 
residuals 

0.6103 < 2.2e-16 0.0004 0.1253 

Figure 6.3: Residual analysis for fertility model from Experiment 1. 
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Shapiro-Wilk test for 
normality of residuals   

W p 
Mean of 
residuals 

Sum of 
residuals 

0.7626 < 2.2e-16 -0.0138 -2.8716 

Figure 6.4: Residual analysis for fecundity model from Experiment 2. 
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Shapiro-Wilk test for 
normality of residuals   

W p 
Mean of 
residuals 

Sum of 
residuals 

0.9191 2.42E-05 -0.0737 -6.8510 

Figure 6.5: Residual analysis for egg sterility model from Experiment 2. 
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Shapiro-Wilk test for 
normality of residuals   

W p 
Mean of 
residuals 

Sum of 
residuals 

0.8682 2.48E-10 0.1106 16.8067 

Figure 6.6: Residual analysis for flight activity model from Experiment 2, including binned 
residuals plot. 
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List of R packages used in statistical analyses in Chapter 2 (alphabetically): 

- arm 
- car 
- emmeans 
- ggplot2 
- gtsummary 
- lme4 
- lmerTest 
- MASS 
- mulcomp 
- multcompView 
- patchwork 
- pscl 
- survival 
- survminer 
- tidyverse 

 

6.2 Appendix 2: Residual analyses for statistical models in Chapter 
3. 

 

Shapiro-Wilk test for 
normality of residuals   

W p 
Mean of 
residuals 

Sum of 
residuals 

0.9514 0.0048 -0.2098 -16.3661 

Figure 6.7: Residual analysis for sperm production model. 
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List of R packages used in statistical analyses in Chapter 3 (alphabetically): 

- car 
- emmeans 
- ggplot2 
- lme4 
- lmerTest 
- MASS 
- mulcomp 
- multcompView 
- scales 
- tidyverse 

 


