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Chapter 1 
 

Introduction  
 
The black vine weevil, Otiorhynchus sulcatus (Fabricius) (Coleoptera: Curculionidae), is a 

serious economic pest of a wide range of horticultural crops including small fruits and 

ornamental crops in the United States.  This pest feeds on over 100 plant species including 

evergreen, deciduous and herbaceous plants (Smith, 1932; Masaki et al., 1984).   

The ecological traits of this species include the flightlessness of adults, thelyotokous 

parthenogenesis, and the subterranean habitat during the larval and pupal stages.  The adult does 

not have a pair of membranous hind wings, which are used for flight in other coleopteran 

species.  The low mobility of flightless adults may contribute to the fact that outbreaks of this 

species are usually localized in individual nurseries and the spread of this pest mainly depends 

on transportation of infested plants (Nielsen & Dunlap, 1981).   

All O. sulcatus adults are parthenogenetic females and no males have been found (Feytaud, 

1918; Smith, 1932). In complete thelyotokous parthenogenesis, the unfertilized eggs laid by 

unmated females develop into females.  With this parthenogenetic mode of reproduction, O. 

sulcatus has doubled the reproductive output of amphimictic species, and a single female 

transported accidentally into an isolated area is capable of establishing a new population 

(Engelmann, 1970).  Furthermore, implementing sex pheromone traps, which is a one of most 

effective monitoring tools in some mating species, is not useful for this species.  

As in other root-feeding insects, the control of damage-causing O. sulcatus larvae is 

hampered by the difficulties of detection when the treatment is required and difficulties of access 

to a substantial portion of subterranean larvae (Hunter, 2001). 
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Management options for O. sulcatus populations include foliar spray of insecticides that 

target the adults and soil treatment with insecticides or entomopathogenic nematodes that target 

the subterranean larvae (Moorhouse et al., 1992a).  Although the high standards for 

environmental horticultural crops that are frequently attacked by O. sulcatus are imposed by 

consumer demands and legal restrictions on exporting infested plants, Integrated Pest 

Management Program (IPM) programs for O. sulcatus have not yet been successfully 

implemented due to lack of accurate information on O. sulcatus biology.  Numerous previous 

reports suggest that environmental factors such as temperature, photoperiod, food quality, 

pathogens and insecticides all have significant impact on O. sulcatus biology.  However, none of 

these factors has been investigated in sufficient detail to be applied to control efforts against O. 

sulcatus.  Inconsistency in the reports on O. sulcatus phenology and reproductive biology may 

compound mistaken predictions based on previous studies, majority of which do not have 

uniform control of environmental factors.  Therefore, the goal of the present research was to 

determine the effects of major environmental factors on O. sulcatus development and 

reproduction in order to advance the understanding of O. sulcatus ecology and thus assist the 

development of O. sulcatus IPM programs.   
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Black vine weevil literature review 

 

History and significance of the pest 

The black vine weevil, Otiorhynchus sulcatus (Fabricius), is a serious insect pest of horticultural 

crops throughout Europe, the United States, Australia, Chile, and Japan (Fig. 1.1A).  This species 

was described by Fabricius in 1792 and the genus Otiorhynchus was named by Germar in 1824 

(Smith, 1932).  The first report of damage to cultivated plants by O. sulcatus was made in 

Germany in 1834 (Smith, 1932).  Of European origin, it has spread to the United States, Canada, 

Australia, Japan, and Chile (Moorhouse et al., 1992a).  In North America, O. sulcatus was first 

noted in Massachusetts in 1835 (Alford, 1995) and economic damage was first reported in 

Missouri in 1871 (Riley, 1871).  Since then, O. sulcatus has been spread across much of the 

northern United States and southern Canada (Warner & Negley, 1976), mainly through the 

shipment of potted ornamental plants.  In the United States, the distribution of this pest ranges 

from Maine to the Carolinas in the East and California to Washington in the West (Fig. 1.1B).   

Larval feeding on the roots causes serious damage to the host plant and results in reduced 

vigor and frequently plant death, whereas leaf notching caused by adults is not lethal damage 

(Fig. 1.2).  Damage to recently transplanted cuttings or young plants has greater impact than 

damage to established plants, because their root systems cannot withstand larval feeding without 

adverse effect on growth (Neiswander, 1953; Foster, 1982).  The larvae and adults of O. sulcatus 

are capable of feeding on more than 100 plant species including evergreen, deciduous and 

herbaceous plants (Smith, 1932; Masaki et al. 1984).  Serious economic injury has been reported 

on Cyclamen, Taxus, Fragaria, and Rhododendron, mainly due to larval feeding on roots  

(Moorhouse et al., 1992a).  A variety of containerized perennials in production fields, 
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greenhouses and nurseries are commonly infested by O. sulcatus and its feeding damage on roots 

frequently results in plant mortality (La Lone & Clarke, 1981; Cowles, 2001).  For instance, yew 

production fields in Connecticut were nearly all infested with O. sulcatus and approximately 

50% of the plants were unmarketable due to root damage, which results in an annual loss in 

excess of $1,000,000 per year (Cowles, 2002).  Leaf notching, as a result of O. sulcatus adult 

feeding, may cause consumer rejection as well as legal restrictions on transporting and selling 

the infested plants.  High-value ornamental plants that are commonly susceptible to O. sulcatus 

are among the fastest growing business sectors of agriculture in the United States.  Nationwide, 

floriculture and nursery crops reached $ 13.8 billion in sales in 2001 (USDA, 2003).  

 

Life cycle and temperature-dependent development  

Outdoor populations of O. sulcatus have one generation per year but there is commonly 

considerable overlap among stages (Fig. 1.3 & Fig. 1.4).  Most individuals hibernate as mature 

larvae in soil without an obligatory diapause (Smith 1932; La Lone & Clarke, 1981), but some 

adults might overwinter successfully under favorable conditions (Garth & Shanks, 1978; Nielsen 

& Dunlap, 1981; Evenhuis, 1982).  Most adults do not survive winter in the field because most 

hibernation sites are exposed or too near the soil surface to serve as a buffer to lethal 

temperatures (Moorhouse et al. 1992a).  In early spring, overwintering larvae resume 

development and feeding with rising temperatures.  Mature larvae pupate in earthen cells and 

adults emerge in the field between April and mid-June with some geographical variation 

(Schread, 1972; Garth and Shanks, 1978).  The developmental time and survival of O. sulcatus 

pupae is temperature dependent and pupal development takes 10 days at 24 oC and 50 days at 15 

oC (Stenseth, 1979).  Pupal development requires 182.9 degree-days over the lower 
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developmental threshold of 8.4 oC (Masaki & Ohto, 1995).  The newly eclosed adult fractures 

the earthen cell in the soil and digs its way to near the surface where the adults feed nocturnally 

in the plant canopy, but return to the soil surface during daytime (Smith, 1932).  Parthenogenetic 

O. sulcatus females lay eggs after a pre-ovipositional feeding that lasts 2-3 weeks in the field, 

depending on food plant (Shanks, 1980; Maier, 1981) and temperature (Stenseth, 1979).  Adults 

drop eggs onto the soil from the feeding site (Neiswander, 1953; Breakey, 1959) or at the base of 

stems (Klingler, 1959).  Total egg production per female is extremely variable among published 

reports but typically ranges from 500-1200 eggs (Cram 1965; Penman and Scott, 1976; 

Moorhouse et al. 1992b).  Adult oviposition in outdoor conditions ceases at the end of August or 

early September (Cram, 1965; Garth & Shanks, 1978), although the oviposition period might 

extend up to two years under laboratory conditions (Moorhouse et al. 1992b).   

Newly laid eggs are uniformly pearly white and relatively soft.  In 1-3 days, depending 

on temperature, the eggs change to a uniform brown color and the shell becomes rigid (Smith, 

1932).  This melanisation process is an essential part of embryogenesis and all the eggs that fail 

to melanize are non-viable (Montgomery & Nielsen, 1979; Maier, 1981).  Egg development 

depends on temperature and humidity.  Egg hatching was successful at temperatures between 12-

29 oC but no eggs survived at RH lower than 57%, at 20.5 oC (Montgomery & Nielsen, 1979).  

Hatching requires 186.4 degree-days above the lower developmental threshold of 6.3 oC (Masaki 

& Ohto, 1995).  Neonate larvae crawl through the soil and begin feeding on fine roots.  Later 

instars feed on the cortex of the larger roots and crown of plants causing serious damage (La 

Lone & Clarke, 1981).  The rate of larval development is highly dependent on temperature 

(Schread, 1972) and lower the threshold temperature for development was estimated to be 

between 2 and 6 oC (Stenseth, 1979).   
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Pest management 

 populations have been managed by killing the damage-causing larvae or by reducing egg-

laying adults.  The economic damage caused by larval feeding is severe and thus control of this 

stage is critical.  For larval control, soil treatment with organochlorine insecticides such as aldrin, 

dieldrin, and heptachlor provided very good control with prophylactic application (Breakey, 

1959) until they were banned by the U. S. Environmental Protection Agency during 1970’s.  As 

replacements for aldrin, good control was achieved by applying a soil drench of carbofuran 

(Saunders, 1970), diazinon (Schread, 1972), acephate (Antonelli & Campbell, 1981), or 

chlorpyrifos (Blackshaw, 1984; Mannion et al., 2000).  Soil drench with chlorpyrifos, an 

organophosphate insecticide, was commonly used for larval control in 1990’s.  However, 

chlorpyrifos has several problems such as phytotoxicity to the roots of treated plants and high 

toxicity to human and wildlife (Mannion et al., 2000; Cowles, 2003).  As replacement for the 

toxic chlorpyrifos, bifenthrin proved very effective against both the larvae of scarabs and root 

weevils (Nielsen & Cowles, 1998; Cowles, 2001).  Imidacloprid, a neonicotinoid insecticide, has 

provided a long residual activity against scarab larvae but it is most effective against early instars 

(Power et al., 1993; Smitley & Davis, 1993).  A major drawback of controlling the subterranean 

larvae with insecticides, as in other root-feeding insects, is the difficulty of detecting them early 

enough and the low level of access to larval population.  Thus, foliar application of insecticide 

has been the most commonly used management practice for O. sulcatus control due to relatively 

simple techniques.  The efficacy of foliar applications depends on targeting the pre-ovipositional 

adults and thus careful monitoring of adult activity is a prerequisite for optimum spray timing 

(Labuschagne, 1999).  Previous studies showed the efficacy of some foliar insecticides against 
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O. sulcatus adults during the 1970-1980’s.  Nielsen  & Montgomery (1977) found that 

fenvalerate remained effective on foliage for 8 weeks after treatment and bendiocarb provided 7-

day residual effectiveness.  Nielsen & Dunlap (1988) also reported that bifenthrin remained 

effective for 35 days but acephate was ineffective 1 day after treatment.  Permethrin also 

remained active more than a month (Nielsen and Montgomery, 1977; Nielsen, 1983).  Treatment 

with pyrethroids such as fenvalerate, permethrin, and fluvalinate provided rapid knockdown of 

adults (Nielsen, 1983; Shanks and Chamberlain, 1988).  Diflubenzuron had no significant effects 

on mortality of adult weevils but reduced their fecundity (Zepp et al., 1979).  Adult weevils were 

more sensitive to ingestion than contact in tests with carbofuran, chlorpyrifos, carbaryl, 

bendiocarb, and acephate (Nielsen, 1983).  Thus, insecticides with systemic and long-residual 

activity would provide better control for O. sulcatus adults.  Despite intensive insecticide spray 

programs, it has been observed that a proportion of O. sulcatus adult populations can survive 

application of most insecticides including acephate, chlorpyrifos, endosulfan, carbaryl, 

bendiocarb, and bifenthrin (Cowles, 2003).  Recent implementation of the Food Quality 

Protection Act requires the use of environmentally safe alternatives that are less toxic or have a 

narrow range such as neonicotinoids.  However, no information on the effectiveness of these 

insecticides on O. sulcatus adults is available.   

As an environmentally safe alternative to chemical insecticides, entomopathogenic 

nematodes in the families Steinernematidae and Heterorhabditidae offer effective control against 

O. sulcatus larvae (Simons, 1981).  Successful O. sulcatus control with entomopathogenic 

nematodes has been reported in strawberries and woody ornamentals (Backhaus, 1994) and in 

glasshouse crops (Georgis and Poinar, 1984).  Heterorhabditid species were more effective than 

steinernematids in controlling O. sulcatus larvae and have a threshold temperature for activity of 
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13-14 °C (Georgis and Poinar, 1984; Schirocki and Hague, 1997).  Commercial products for O. 

sulcatus control are recommended for use when the soil temperature is warmer than 15 °C 

because the infectivity of nematodes is significantly influenced by soil temperature (Long et al., 

2000).  The most significant limitation to the field use of the nematodes is that soil temperature is 

too low for the effective control of the nematodes in late season when the O. sulcatus larvae are 

still causing damage.  Although their efficacy has been sometimes inconsistent or unsatisfactory 

with conventional application techniques (Georgis & Gaugler, 1991), the nematode efficacy and 

consistency has been improved by combining them with synergistic agents such as 

neonicotinoids (Koppenhofer et al., 2000; 2002) and by developing novel formulations (Shapiro 

& Lewis, 1999; Shapiro-Ilan et al., 2001; 2003).   

Other management efforts, which can be compatible with chemical or biological control 

measures, include the utilization of physical barriers, inherent plant resistance and cultural 

control.  Some success was achieved by placing a physical barrier coated with Tanglefoot®, 

grease, or Teflon® to exclude the flightless O. sulcatus adults from the plants and prevent feeding 

on foliage (Antonelli & Campbell, 1981; Cowles, 1995; Helm, 2001), although control was 

reduced where the plants were densely spaced because adults could readily migrate among the 

individual plants.  Depending on cropping system, possible cultural control measures include 

removal of foliage in strawberries (Garth & Shanks, 1978), flooding in cranberry bogs (Wood & 

Fox, 1982), or crop rotation of annual crops (Wilcox et al., 1934).  Utilization of plant resistance 

also has potential for reducing O. sulcatus damage because certain species or cultivars of plants 

are much less susceptible or attractive to O. sulcatus than others and reproductive potential of O. 

sulcatus adults is significantly influenced by the plant food (Penman and Scott, 1976; Maier, 

1981).  Adult weevils reared on resistant strawberry clones fed less and experienced a longer 
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preovipositional period and lower fecundity (Shanks & Doss, 1986).  Plant resistance to O. 

sulcatus adults can be due to the lack of a phagostimulant in foliage or physical characteristics 

such as hairy or lepidote leaves, or curled leaf edges (Doss & Shanks, 1984Doss et al., 1987). 

 

Parthenogenetic reproduction and Wolbachia  

Sexual reproduction prevails in animals and it has proven the best overall strategy to perpetuate a 

species in the unpredictable pressure of natural selection (Engelmann, 1970).  By combining 

varied genes from two partners, sexual reproduction yields offspring with more flexibility to 

adapt to changing environments.  There are, however, many examples of parthenogenetic 

organisms that are as persistent as their sexual counterparts through evolutionary time (Mark 

Welch & Meselson, 2000).  The ecological advantages of parthenogenetic reproduction are 

primarily a twofold increase in reproductive output and a single female can start a new 

population (Engelmann, 1970).  There are also major disadvantages. The limited genetic 

variation throughout generations may render them poor competitors in an unpredictable 

environment, as well as sensitive to parasites and diseases (Dybdahl & Lively, 1998).  Over a 

longer period of time, lack of recombination may lead to an accumulation of deleterious 

mutations (Felsenstein, 1974; Lokki, 1976).  Among insects, weevils (Curculionidae) are known 

to have a large number of parthenogenetic lineages (Suomalainen, 1940; Suomalainen et al. 

1987).  In thelyotokous weevils, maturation of eggs is known to be apomictic (or ameiotic) 

(Smith & Virkki, 1978; Suomalainen et al., 1987), where meiosis is suppressed, no reduction of 

chromosomes occurs, and daughters are genetically identical to their mothers (Engelmann, 1970).   

As in other thelyotokous weevils, all O. sulcatus weevils are parthenogenetic females and 

unfertilized eggs develop into new daughters (Smith, 1932).  Although it was suggested that the 
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males of ancestral parthenogenetic Yugoslavian species of the genus Otiorhynchus died out 

during the ice age (Kovacevic, 1981), the basic questions about parthenogenesis in O. sulcatus 

remain unanswered, in particular, the origin of parthenogenetic lineages.  

Recently in some insects, parthenogenesis has been ascribed to Wolbachia, a maternally 

inherited intracellular alpha proteobacterium.  Wolbachia infection has been shown to induce 

complete thelyotokous parthenogenesis mostly in haplodiploid parasitic wasps (Stouthamer et al., 

1990; Zchori-Fein et al., 1992; Cook and Butcher, 1999), but was also recently found in 

predatory thrips (Arakaki et al., 2001) and phytophagous mites (Weeks and Breeuwer, 2001).  

Furthermore, the symbiosis of Wolbachia in insect hosts plays a role in cytoplasmic 

incompatibility (CI) (Hsiao & Hsiao, 1985; Breeuwer & Werren, 1990; O’Neill & Karr, 1990), 

feminization of genetic males (Rousset et al., 1992), or male killing during developmental stages 

(Hurst et al., 1997; Fialho & Stevens, 2000; Hurst et al., 2000; Jiggins et al., 2000; Lawson et al., 

2001).  In a taxon-specific survey, Werren et al. (1995b) reported that Wolbachia was detected in 

16.9% of Neotropical insects using the polymerase chain reaction (PCR) based diagnostic 

techniques.  Jeyaprakash & Hoy (2000) reported that 76% of arthropod species tested were 

Wolbachia-positive by using their improved long PCR.  Wolbachia infection has been found in 

numerous coleopteran species (Table 1.1) but there is no report on Otiorhynchus species or any 

other parthenogenetic weevils despite its possible implication on the host reproduction.  Besides 

detection in a species, information on the prevalence of Wolbachia in different geographical 

strains would provide better understanding of host-symbiont interactions in more detail.  

However, only a few reports on the prevalence of Wolbachia have been published in Coleoptera 

(Kondo et al., 1999; Clark et al., 2001; Vega et al., 2002).   
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Objectives 

 

Based on literature review and preliminary experiments, three dominant environmental 

factors were examined in this research: temperature as a physical factor, endosymbiont 

Wolbachia as a biological factor, and novel neonicotinoids as a chemical factor in management.  

Four objectives in this research were to: 

1. Determine the effects of temperature on the immature development and survival of O. 

sulcatus and develop a temperature-dependent predictive model of stage emergence. 

2. Determine the effects of temperature on the reproductive success of O. sulcatus and 

develop a temperature-dependent model of each reproductive life history trait of O. 

sulcatus. 

3. Investigate the prevalence of infection by the bacterial endosymbiont Wolbachia in O. 

sulcatus populations in the United States and the impact on O. sulcatus reproduction. 

4. Determine the effectiveness and sub-lethal impacts of the neonicotinoid insecticides, 

imidacloprid and thiamethoxam, on O. sulcatus.  
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Table1.1. Coleopteran species with Wolbachia and phenotypes associated with infection  

Species infected Phenotype References 

Bruchidae       
  Callosobruchus chinensis _ Kondo et al., 1999 
Buprestidae      
  Brachys tessellatus Male-killing Lawson et al., 2001 
Byturidae   
  Byturus tomentosus _ Malloch et al., 2000 
Chrysomelidae   
   Acromis sparsa _ Werren et al., 1995b 
   Chelymorpha alternans _ Werren et al., 1995b 
   Chersinellina heteropunctata _ Werren et al., 1995b 
   Diabrotica v. virgifera CI O'Neill et al., 1992 
Cleridae   
  Priocera sp. _ Werren et al., 1995b 
Coccinellidae      
   Adalia bipunctata Male-killing Hurst et al., 1999 
   Coleomegilla maculata fuscilabris _ Jeyaprakash & Hoy, 2000 
   Coleomegilla maculata lengi _ Jeyaprakash & Hoy, 2000 
Curculionidae      
   Anthonomus eugenii _ Jeyaprakash & Hoy, 2000 
   Aramigus tesselatus _ Werren et al., 1995b 
   Bangasternus orientalis _ Werren et al., 1995a 
   Conotrachelus nenuphar _ McClanan et al., 2004 
   Cossonus sp. _ Werren et al., 1995b 
   Diaprepes abbreviatus _ Jeyaprakash & Hoy, 2000 
   Hypera postica CI Hsiao & Hsiao, 1985  
   Pachnaeus litus _ Jeyaprakash & Hoy, 2000 
   Sitophilus oryzae _ Werren et al., 1995a 
Dermestidae      
   Attagenus unicolor _ O'Neill et al., 1992 
Lampyridae      
   Photinus collustrans _ Jeyaprakash & Hoy, 2000 
   Photinus tonytoxus _ Jeyaprakash & Hoy, 2000 
Scolytidae   
   Hypothenemus hampei _ Vega et al., 2002 
Tenebrionidae   
   Tribolium confusum CI Fialho & Stevens, 1996 

   Tribolium madens Male-killing Fialho & Stevens, 2000 
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Fig. 1.1. Geographical distribution of O. sulcatus: (A) Approximate global distribution (from 

Moorhouse et al., 1992a), (B) Distribution in North America (from Johnson & Lyon, 1991). 

A 

B 
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Fig. 1.2. Plant damaged caused by O. sulcatus feeding in container-grown Astilbe: (A) leaf notch 

(arrow) by adult feeding on leaf margins, (B) control (left) and root damage (right) by larval 

feeding.  Photo by Youngsoo Son.   

 

 

A
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Fig. 1.3. Approximate life cycle of Otiorhynchus sulcatus and period of serious root damage in 

the field according to Moorhouse et al. (1992a). 
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Fig.1.4. Developmental stages of O. sulcatus: (A) Eggs (≈ 0.8 mm), (B1) Neonate larva (≈ 1 

mm), (B2) Fully grown larva (≈ 8 mm), (C) Pupa (≈ 10 mm), (D1) Teneral adult, (D2) Adult (≈ 

10 mm).  Notice that viable eggs turn opaque brown but non-viable eggs remain white.  Photo by 

Youngsoo Son.   
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