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The codling moth (CM) (Cydia pomonella L.) is a key pest in most pome fruit orchards in Croatia and worldwide.
This pest, besides apple, also is a pest of pear, walnut, quince and some stone fruits where it causes economic
losses in fruit production. The pest is known for having developed resistance to several chemical groups of

insecticides, making its control difficult. The control and management of the codling moth is often hindered by a

lack of understanding about its biology and ecology, including aspects of its population genetics.
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| 1. Introduction

Origin and Biology of the Codling Moth, Cydia pomonella

The codling moth (CM) (Cydia pomonella L.) is a key pest in most pome fruit orchards in Croatia and worldwide.
This pest, besides apple, also is a pest of pear, walnut, quince and some stone fruits where it causes economic
losses in fruit production . Balachowsky and Mesnil & were the first to mention CM, and provided data on its
origin and damages caused to fruit historically. In Croatia, according to Kovagevi¢ B, CM has been present since
ancient times. In North America, it is known that the pest was introduced ca. 1750 ¥. CM was originally from
Eurasia, most likely Kazakhstan, but interestingly it was not reported in China until 1953 &I, Over the last two
centuries it dispersed globally with the cultivation of apples and pears. Currently, CM is present in South America,
South Africa, Australia and New Zealand €. CM occurs in almost every country where apples are grown, and it has

achieved a nearly cosmopolitan distribution, being one of the most successful pest insect species known today [Z.

CM adults are small (~10 mm in length). They can be distinguished from other moths associated with fruit trees by
their dark brown wingtips that have shiny, coppery markings 8. It overwinters as a fully grown larva within a thick,
silken cocoon that can be found under loose scales of bark and in the soil or debris around tree bases [&. The
larvae pupate inside their cocoons in early spring when temperatures exceed 10 °C. Depending on ambient
temperature, pupal development occurs within 7-30 days. For the development of adults, the sum of 100 degree-
days measured from the 1st of January are required 19: this value is usually attained at the end of April (i.e.,
northern hemisphere growing season). For one whole generation of CM, the sum of 610 degrees is required for the
complete development of the insect, i.e., from eggs until the appearance of adult moths 9. A second generation
appears after ten days and its flight and egg laying lasts from mid-July to mid-August. Diapausing larvae overwinter

in their hibernacula, pupate and then emerge the following spring 22,
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The CM has adapted successfully to different habitats by forming various ecotypes, often designated by the term
‘strains’, which differ among each other in several morphological, developmental and physiological features 2. On
apples and pears, larvae penetrate fruit and bore into the core, leaving brown-colored holes in the fruit that are
filled with frass (larval droppings) . If chemical treatment is not used during production, CM can cause a decrease
in apple harvest from 30% up to 50%. For apples, intensive production tolerates 1% of infested fruit. Producers,

with various methods of fruit protection, try to lower that number below 0.5% L8],

| 2. Insecticides Resistance

In apple orchards, 70% of insecticides used are to control CM [8. CM control is achieved using various neuroactive
products such as organophosphates, carbamates, synthetic pyrethroids, neonicotinoids, and insect growth
regulators (IGR). The CM is a very plastic species and easily adapts to different climatic conditions including the
development of resistance to various groups of synthetic insecticides in the USA and Europe BI22I141115] According
to May and Dobson 1€l the spread of resistance in insect populations depends on multiple factors, including: the
intensity of insecticide selection pressure, the migration ability of individuals, and the fithess costs linked with
resistance. In the CM, the first case of resistance recorded was to arsenates in 1928 in the USA 14, Since then,
new cases of resistance have been reported in almost all of the main apple-growing regions worldwide [131[18][19]20]
During the 1980s and 1990s CM control in Europe was achieved using broad spectrum insecticides (pyrethroids
and organophosphates [OP]), however, the evolution of pesticide resistance efficacy for these insecticides
diminished quickly [23I1521[22] Reyes et al. [23] states that insecticide resistance in CM in Europe was first
detected ca. 1990 to diflubenzuron (in Italy and southeastern France); further pesticide control failures were
observed in Switzerland and Spain. CM populations are now resistant to neonicotinoids including environmentally
friendly avermectins [23l. Further, CM has developed resistance to azinphos-methyl and tebufenozide in post-
diapausing larval stages, to OP [24] insecticides and more recently to insect growth regulators (IGRs). Resistance is
mainly associated with the detoxification system’s mixed-function oxidases (MFO), glutathione-S-transferases
(GST) and esterases (EST) 3l23I25] A kdr mutation in the voltage-dependent sodium channel is involved in
resistance to pyrethroids [28! and an acetylcholinesterase (AChE) mutation has been identified in a laboratory strain
selected for resistance to azinphos-methyl 2. Evidently, the last 20 years’ usage of chemical insecticides has
modified the development of resistance [€l. An additional problem appeared in the mid-1990s with the development

of cross-resistance due to the CM becoming resistant to several chemical groups of insecticides simultaneously
[28]

Baculoviruses are insect pathogenic viruses that are widely used as biological control agents of insect pests in
agriculture. One of the most important commercially used baculoviruses is the Cydia pomonella granulovirus
(CpGV) 22, For more than 30 years, commercial CpGV products have been successfully applied to control CM in
organic and integrated fruit production. For all European CpGV products, the original Mexican isolate described by
Tanada in 1964, CpGV-M, has been used 29, According to Harison and Hoover B9, a granulovirus (GV) was
identified from CM cadavers and found to be a type 2 GV that killed larvae in three to four days at higher

concentrations. After promising field tests as a control measure in 1968 and 1977 B32 CpGV was developed into
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several control products in Europe and in North America. CpGV is used to control CM on over 100,000 ha of
organic and conventional apple orchards in Europe [B3I34, Since 2005, resistance against the widely used isolate
CpGV-M has been reported from different countries in Europe [B3I3386] |5 a multination monitoring program,
Schulze-Bopp and Jehle B2 jdentified that 70% of CM were resistant or partly resistant to CpGV across multiple
orchards in Germany, Austria, Switzerland, Italy, and the Netherlands. The recent research by Sauer et al. [38]
described autosomal and dominant inheritance of this resistance and demonstrated cross-resistance to different
CpGV genome groups. The same authors report a CM field population with a new type of resistance, which
appears to follow a highly complex inheritance in regards to different CpGV isolates B2, In the European Union
(EU) there are no strategic integrated pest management (IPM) programs that solve the current confusion
surrounding CM control and resistance. There is a need for new control tools and a fresh approach to CM control

and management in the EU.

| 3. Present Strategies in Codling Moth Suppression
3.1. Mechanical Control

Because of resistance development in CM populations, there is a need for alternatives to insecticides and CpGV.
In recent studies, special attention is given to insect exclusion netting systems in apple production. The first netting
system was designed in France in 2005 and in 2008 it was introduced in Italy. In both countries, a high level of
efficacy of nets was observed against CM, especially for the ‘single-row’ system, which the authors recommend
because it was more efficient and more durable than the ‘whole-orchard’ version. Also, this method enables a
significant reduction in pesticide use without any major risks for apple production “9. Paja¢ Zivkovi¢ et al. [l
tested the effectiveness of insect exclusion netting systems in preventing the attack of CM on apple fruits in
Croatia. The authors showed a significant reduction in CM catches and also fruit injury compared to the non-netted

control. This is consistent with similar studies in which nets significantly reduced the number of CM catches 42431,

3.2. Chemical Control

Chemical control of CM is still the main method used in integrated pome fruit production 24l According to the
Insecticide Resistance Action Committee (IRAC) 2! for CM control in most countries, there are 11 modes of action
(MoA) available on the market depending on the country. For CM, some insecticides affect the nervous system, or
pest growth and development. Acetylcholinesterase inhibitors (carbamates and organophosphates), sodium
channel modulators (pyrethroids), nicotinic acetylcholine receptor agonists (neonicotinoids), nicotinic acetylcholine
receptor agonists allosteric modulators (spinosyns), chloride channel activators (avermectins), voltage-dependent
sodium channel blockers (oxadiazines) and ryanodine receptor modulators (diamides) all affect the pest’'s nervous
system; these insecticides are fast-acting #2. Juvenile hormone mimics (phenoxyphenoxy-ethylcarbamate), chitin
biosynthesis inhibitors—type 0 (benzonylureas) and ecdysone agonists (diacylhydrazines) all affect pest growth
and development 431, Insect development is controlled by juvenile hormones and ecdysone by directly perturbing
cuticle formation/deposition or lipid biosynthesis. Such insect growth regulators are generally slow to moderately-

slow acting 43,
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The classic model of CM suppression implies the intense application of aggressive chemical preparations, most
commonly a wide spectrum of activity. Due to the altered biology of the CM (i.e., more generations/year)
insecticides must be applied several times per season 48471 Some populations of CM have gained simultaneous
resistance to several chemical subgroups of insecticides. In light of this and to delay resistance development, the
rotation of compounds from different MoA groups ensures that repeated selection with compounds from any single
MoA group is minimized. By rotation of insecticides across all available classes, selection pressure for the evolution
of any type of resistance is minimized and the development of resistance will be delayed or prevented. The
presence of kdr resistance renders pyrethroids less effective, whereas carbamates and organophosphates can still
be used. In addition, the use of larvicides such as the organophosphate in conjunction with pyrethroids can support
resistance management through rotation of MoA across different life stages. Effective long-term resistance
management is important, but many factors have to be considered (including regional availability of insecticides).
Currently, there are eight MoAs for CM control. In practice, it should not be difficult to implement rotation programs
because there are enough active substances of insecticides in Europe that have mandated approval for CM.

Alternatives to more persistent molecules are being developed 481149,
3.3. Biological Control

Biological control agents play a key role in most IPM strategies; these include entomopathogens, parasitoids and
predators B, For augmentative biological control of CM, viruses such as granulovirus and entomopathogenic
nematodes (EPNSs) (Steinernema carpocapsae, Steinernema feltiae, Heterohabditis spp.) have been used as

microbial agents (2],

The most widely used biopesticide is Bacillus thuringiensis (Bt) 22. For controlling CM, Bt is very limited because
of the improbability of ingesting a lethal dose of Bt toxin during feeding by neonate larvae B9, On the other hand,
granulovirus (GV) (Baculoviridae) is one of the most efficient and highly selective pathogens for suppression of
CM. Its specificity for CM and safety to non-target organisms is documented by Lacey et al. B3, It is one of the
most virulent baculoviruses known. According to Laing and Jaques (1980) and Huber (1986), the LDsq for neonate
larvae has been estimated at 1.2 to 17 granules/larva. The biggest disadvantage of CpGV is its sensitivity to solar

radiation R4E3I58] and the need for frequent reapplication.

Parasitoids are insects whose larvae feed and develop within or on the bodies of other arthropods. Each parasitoid
larva develops on a single individual and eventually kills that host 4. Parasitoid wasps from the families
Braconidae (Ascogaster quadridentata and Microdes rufipes), Ichneumonidae (Mastrus ridibundus and Liotryphon
caudatus) and Trichogrammatidae (Trichogramma sp.) are the best known parasitoid species of CM. The
parasitism of entomophagous wasps M. ridibundus and A. quadradentata has been successfully applied in CM
control in some US states 9. Species from Braconidae most commonly parasitize CM larvae, and Ichneumonidae
parasitize CM larvae and adults and Trichogrammatidae parasitize eggs of Tortricidae moths. A reduction of 53—
84% of CM was achieved by the experimental release of two Trichogramma species (T. dendrolimi and T.
embryophagum) in apple orchards in Germany 44, An additional benefit of the release of parasitoids is the

simultaneous control of other pest species in apple orchards. The beneficial organisms alone can play an effective
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role in IPM but in general, the effect on CM control in economically productive orchards is considered insufficient
157,

For biological control, the most promising EPN species for suppression of CM are from the families
Steinernematidae and Heterorhabditidae 58], Species from both families are obligatorily associated with symbiotic
bacteria (Xenorhabdis spp. and Photorhabdis spp., respectively) which are known for quickly killing its host insect.
The most promising results for CM control have been with Steinernema feltiae and Steinernema carpocapsae 39,
Cocooned overwintering CM larva is the life stage most practical to control using EPNs. That life stage occurs
between late summer and early spring in cryptic habitats, such as underneath loose pieces of bark or in pruning
wounds on trees 59, Eliminating cocooned larvae would protect fruit from damage in the following growing season
(69 The main obstacles for successful CM control with EPNs are low fall temperatures and desiccation of the

infective juvenile stage of EPNs before they have penetrated the host’s cocoon.
3.4. Population Genetic Monitoring

Analysis of population genetic structure is a key aspect in understanding insect pest population dynamics in
agriculture (1. The development of effective pest management strategies relies on a multidisciplinary approach 62
and one component of this is knowledge of the population genetics of the pest. Genetic structure and patterns of
dispersal at the local and landscape scale are important for establishing a control strategy for insect pests [63l,
Understanding the population genetics of CM invasions enables identification of the geographic origin, number of
introduction events and the spread of the infestation 4. According to Keil et al. [£3 CM populations are composed
of mobile and sedentary genotypes and this has direct consequences for the local observable population dynamics
of the species as well as the implementation of new behavior-based pest management measures (e.g., mating
disruption, attract-and-kill and SIT technique) (€8l The first attempt to elucidate the population genetic structure of
CM on a global geographic scale (i.e., inter-continental) using allozymes was conducted by Pashley and Bush [,
These authors showed that CM populations were not differentiated among countries investigated (Fst: 0.05).
Following this, Bues and Toubon 88 used the same approach to study populations in Switzerland and France.
More recently, Timm et al. [8J and Thaler et al. [l used amplified fragment length polymorphism (AFLP) markers to
study the molecular phylogeny and genetic structure of CM where they found large differences among these
populations (Fst: 0.70). More recently, co-dominant microsatellite markers from CM were developed by Zhou et al.
(791 \who characterized 17 loci. An additional 24 microsatellite loci were characterized by Frank et al. [l with these

loci most frequently used in population genetic studies worldwide BIZ2E6L[63][73]

They found ascertained loss of genetic diversity and important structuring related to distribution, however no
important correlation between genetic distance and geographic distance among populations (Fgt: 0.22091) was
found. Voudouris et al. /4 used 11 microsatellite loci to analyze nine CM populations from Greece and six from
France for comparison. Results from Bayesian clustering and genetic distance analyses separated CM populations
in two genetic clusters. In agreement with previous published studies Fgt values showed low genetic differentiation

among populations (Greek populations Fgt: 0.009 and Fg1: 0.0150 French populations).

https://encyclopedia.pub/entry/18047 5/16



Control Practices in Codling Moth | Encyclopedia.pub

Dispersal of fertilized females is important because it directly affects the effectiveness of pest control programs.
Margaritopoulos et al. 22! used the mark-release-recapture (MRR) method on male and female individuals from two
laboratory and one wild CM populations. Kinship analysis was made on 303 genotyped individuals (11
microsatellite loci) from two contiguous apple orchards to see the dispersal patterns in the Greek CM populations.
The collected data confirm the view of the sedentary nature of CM and indicate that genotypes able to migrate at
long distances are not present in the studied area. The information obtained could be fundamental for determining
the dynamics and genetics of the pest populations and for developing efficient management programs. Results
about the dispersal pattern of codling moths might have practical applications in mating disruption or mass trapping

pest control programs.
3.5. Area-Wide Integrated Pest Management

The 5-year CAMP (CM Area-Wide Management Program) was the first of the area-wide programs initiated by the
US Department of Agriculture 18, Demonstration of this was initiated in 1995 in a multi-institutional program
created through the collaboration of university and government researchers in Washington, Oregon and California.
The goal of this program was to implement, assess, research and educate industry users about promising new IPM
technologies. CAMP was highly successful in fueling the rapid adoption of a new paradigm in orchard pest

management that resulted in significant reduction in fruit injury using nearly 80% less broad-spectrum insecticides
[77]

IPM is based on environmentally and toxicological acceptable treatments. Using pheromones, attract-and-Kkill
methods and mating disruption results in a promising way of controlling CM. According to Witzgall et al. [Z8],
orchard treatments with up to 100 g of synthetic pheromone per hectare effectively control CM populations over the

entire growing season. The disadvantage of these techniques is that females are not affected 2.

Mass trapping, as one of the first mating control strategies, can significantly reduce CM damage levels. However,
several intensive field studies have shown that it is not effective enough for CM control because of the low damage
thresholds (no more than 1-2% of the crop) required in commercial apple growing. Since adequate control cannot
be achieved by using only mass trapping, there is a need for combining it with other control measures B9, Another
problem is the cost and practical difficulties of deploying sufficient trapping stations. If droplets containing sex
pheromones and a fast-acting insecticide are used instead of traps Bl then the costs can be substantially
reduced. The potential strength of the approach is that males have been removed from the system, stopping their

ability to find a mate.

The attract-and-kill method, in its technically simplest form is the attractant applied as a ‘tank-mix’ with an
insecticide. This method uses the same attractants as mass trapping but in an envelope impregnated with an
insecticide on the outside. This technology has shown efficacy in the control of several important lepidopteran
pests including pink bollworm, Pectinophora gossypiella (Saunders), light brown apple moth, Epiphyas postvittana
(Walker), and CM B2, |n both systems, mass trapping and attract-and-kill, chemicals are utilized only when the

population increases considerably (82!,
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For AW-IPM the integration of sterile insects is a very effective and environmentally friendly control tactic that can
be combined with other control practices and offers great potential 483l Sterile insect technique (SIT) is non-
destructive to the environment, does not affect non-target organisms, and can easily be integrated with other
biological control methods such as parasitoids, predators and pathogens 8. The technique has gained traction in
the last few decades [E788], S|T is an autocidal pest control technique that controls pests with a form of birth control
(881 The target pest species is mass-reared, sterilized through the use of gamma radiation and then released in the
target area in high numbers. After release, sterile males will locate and mate with wild females and transfer the
infertile sperm thus reducing the wild population. Another method of sterilization is genetic manipulation or sexing
strains, where lethal mutations are incorporated into sperm [B€. The SIT, together with mating disruption, granulosis
virus and EPNs, are the options that offer great potential as cost-effective additions to accessible management

techniques for AW-IPM approaches.

| 4. Resistance Management Strategies

The most effective strategy to combat insecticide resistance is to do everything possible to prevent it from
occurring in the first place. To this end, crop specialists recommend insect resistance management (IRM) programs
as one part of a larger (IPM) approach covering three basic components: monitoring pest complexes in the field for
changes in population density, focusing on economic injury levels and integrating multiple control strategies. IRM is
the scientific approach of managing pests long term and preventing or delaying pest evolution towards pesticide
resistance and minimizing the negative impacts of resistance on agriculture 89, The basic strategy for IRM is to
incorporate as many different control strategies as possible for particular pests including the use of synthetic
insecticides, biological insecticides, beneficial insects (predators/parasitoids), cultural practices, transgenic plants
(where allowed), crop rotation, pest-resistant crop varieties, and chemical attractants or deterrents. The
establishment of an anti-resistance program in perennial crops is slightly more difficult than in arable crops where
crop rotation is possible. If non-chemical methods provide satisfactory pest control, preference should be given to
them over chemical methods. Key insect pests of apple and grape such as CM and grapevine moths are effectively
controlled via mating disruption. In Switzerland, mating disruption is in use in 50% of the apple orchards and 60%

of vineyards, and this has enabled a reduction of synthetic pesticide use by two thirds 29,

Insecticides, if necessary, must be selected with care and their impact on future pest populations considered.
Broad-spectrum insecticides should always be avoided when a more specific insecticide will suffice. Even cultural
practices, such as irrigation for destroying overwintering stages (e.g., cotton bollworm, Helicoverpa armigera) of
pests can play a role in managing resistance 21, When insecticide is applied it should be timed correctly and for
the best efficacy, it should target the most vulnerable life stage of the insect pest. It is important to mix and apply
insecticides carefully. With the increasing problem of resistance, there is no space for error in terms of insecticide

dose, timing, coverage, etc.

Reducing doses, application frequency, and resorting to the partial application of pesticides contribute to the IPM
goal of reducing or minimizing risks to human health and the environment. Regular monitoring for insecticide

resistance is essential to react proactively to prevent insecticide resistance from compromising control [22],
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Before applying any CM control action, it is necessary to monitor CM occurrence and early infestation of apples.
Pheromone traps are used in orchards to determine the present amount of adult male moths. For estimating the
potential infestation risk of the second generation, it is recommended to examine 1000 young apples in June for
damage or the presence of CM 231, Spray thresholds are also based on the number of moths in the pheromone
traps or on infestation rates detected in the harvest of the current or last season. For apples, the economic

threshold for the CM is 1% of infested fruit 24!,

Figure 1 shows recommendations for effective CM control and resistance management based on current
knowledge: I. to monitor; Il. application of ecotoxicological favorable protection measures like mating disruption
(when CM population levels are low); lll. application of chemical control measurements (if necessary); and IV.
control of overwintering stages by applying biological agents (e.g., CpGV, nematodes) to reduce the late summer
and fall CM population in order to minimize the population in the following growing season. It is an effective

example of how resistance management should work in orchards (Figure 1).

RESISTANCE MANAGEMENT

l’ l =) Monitoring

mp Mating disruption
l =) Insecticides
mp CpGV

mp Nematodes
i& 2nd Beneration

| Il Il v \" VI Vi VIII IX

i 1

Figure 1. Example of resistance management for codling moth; the ideal control is a combination of different

CM infestation

15t generation

A J

measures (modified by Martina Kadoi¢ Balasko).
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