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General introduction

1.  General introduction

1.1. Life history and distribution of the Codling moth

The Codling moth Cydia pomonella L. (Lepidoptera: Tortricidae) is the most serious pest of
apple and pear worldwide. When apple orchards are not protected, up to 95 percent fruit
damage can occur only due to infestation by the Codling moth. The Codling moth occurs on
all continents where apple and pear are grown, with a distribution from Europe, Asia, North
and South Africa to Australia (Fig. 1). Also, C. pomonella is found as key pest in other fruit
crops such as peach, plum, quince and walnut (Barnes, 1991; Hoyt et al., 1983; Quarles, 2000;
van Frankenhuyzen and Stigter, 2002).
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Figure 1. Geographical distribution of the Codling moth, Cydia pomonella. (Map Color Key:
Yellow = distribution of Codling moth and its host plants, green = distribution of host plants,
but presence of Codling moth not confirmed, red = distribution of host plants, Codling moth
reported but confirmation is pending.

(http://entomology.tfrec.wsu.edu/Cullage_Site/CM_Map.html)

The Codling moth has one to four generations per year depending on the different
geographic conditions (Bleton, 1938; El-Gamil et al., 1977; Shel’deshova, 1967), where
temperature is considered as the determining factor for the number of generations per year

(Croft and Hoyt, 1983). In southwestern Germany for example, the Codling moth hibernates
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as mature larvae in a silken cocoon under loose bark in protected areas at the base of the tree,
but also in fruit bins, orchard trash piles, brush, wooden or bamboo posts, in soil cracks, and
later in harvesting crates (Barnett et al., 1991). Larvae develop to pupal stage when spring
temperatures exceed 10 °C. Pupation occurs inside silken cocoons of brownish colour of ca.
13 mm length. Due to sexual dimorphism of the pupae, sex determination in the pupal stage is
possible. First flight of adults in the vegetation period usually coincides with end of petal fall
from apple blossoms (BBCH 67 - 96). The peak of adult emergence occurs 4 to 12 days later,
depending on weather conditions (Anonymous, 2000). These moths begin deposition of single
eggs or egg clusters on the leaves. Each female deposits ca. 50 to 60 eggs (Almatni, 2003).
The egg is tiny, 1.2 mm in diameter, whitish to transparent, and flattened disc-shaped. First
instar larvae hatch after 8 - 14 days after oviposition (Anonymous, 2000). The newly hatched
larvae immediately begin crawling to search for a fruit to feed upon (Barnett et al., 1991).
After a first nibbling on the apple fruit peel, larvae bore into the fruit and feed as a fruit miner
until maturity for 2 to 4 weeks. Mature larvae leave the fruit and pupate in protected places. A
part of these pupae hibernate until the next year and the other, not quantified yet, emerge as
adults after 8 to 20 days after pupation, around early June. Females of this second generation
oviposit directly on apple fruits and the hatched larvae enter the fruit with continuous feeding
inside the apple fruits. This direct damage is considered the most important from economical
aspects. Mature larvae of this generation then hibernate in remote, protected places, as
mentioned above. A third generation may show up in Middle Europe in very warm years in

September, however not entering larval maturitiy to hibernate.

1.2. Codling moth control

1.2.1. Cultural control

Cultural control and hygiene relies on sanitation and removal of potential hibernation sites of
the Codling moth to reduce pest population density and infestation pressure. Although it
seems to be simple, any cultural control has not been quantified and efficacy has not been
proved, requiring more research in a holistic pest control approach. Removing hibernation
sites or hibernating Codling moth may be effective and be integrated with other methods,
since the 96 percent reduction in number of overwintering Codling moth larvae has been
observed in the Wenas valley in 1970 (Butt et al., 1973).
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1.2.2. Chemical control

Since the 1960s, chemical control has been based on the use of broad-spectrum insecticides,
such as organophosphates, carbamates, and to a limited extent, synthetic pyrethroids,
replacing soon the even more dangerous DDT, which has been used until the early 1970s
(Brader, 1977; Croft and Hoyt, 1983; Fisher, 1960; Madsen et al., 1970; Oatman and Libby,
1965; Varela et al., 1993). The number of worldwide references on the Codling moth exceeds
3,600 articles, among which papers on chemical control dominate. The sometimes highly
toxic insecticides provided effective control of Codling moth and other pests but they have
had the disadvantage of unwanted side effects on natural enemies, such as predators and
parasitoids. Furthermore, the residual effect of the insecticides on the environment, including
low crop vyield, destruction of soil micro-fauna and flora, and undesirable residue
accumulation in food crops (Edwards, 1986), in addition to pollution of air, soil, groundwater
and surface waters, and pesticide resistance lead to a complete turn in Codling moth control
towards environmentally safe methods (Cossentine and Vincent, 2002). More recently, the
chemical industry has developed effective insect growth regulators (IGRs), affecting chitin
synthesis as well as hormonal regulation of insect development which combine high toxicity
to Codling moth with safety to many important beneficial species (Mulder and Gijswijt,
1973), and these compounds have shown high efficacy in controlling this pest (Hiemstra et
al., 1999).

1.2.3. Mating disruption

The application of the mating disruption technique by using sex pheromones has been
investigated as a selective control for Codling moth since the early 1970s (Cardé and Minks,
1995), but it was not until the early 1990s that reliable commercial products were available to
growers in the world. The most important application technique for lepidopteran species is to
permeate the atmosphere with synthetic pheromone, and to thereby prevent olfactory
communication and mate finding. Successful, area-wide applications of the mating disruption
technique in Europe concern three lepidopteran insects from horticultural crops, Codling moth
C. pomonella, and the grape berry moths Eupoecilia ambiguella (Hb.) and Lobesia botrana
(Schiff.) (Ridgway et al., 1990; Witzgall and Arn, 1990; Witzgall et al., 1997, 2008).

Despite that this technique has many positive aspects, such as ease of application and

being less expensive than other methods in areas with low Codling moth density, also it has
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negative aspects as less effective in orchards with dense Codling moth populations, less
effective in small orchards and in areas with untreated adjacent orchards, and it is not
effective in orchards with a steep inclination and have uneven canopies. This technique also
requires excellent mitigation procedures for optimal application (Barnes et al., 1992; Knight,
2006; Moffitt and Westigard, 1984).

1.2.4. Biological control

The management of Codling moth based on control by both native and introduced natural
enemies has proven elusive, significant reductions in population densities (Blommers, 1994;
Glen, 1982). General predators such as birds, predaceous insects, and spiders have been
reported as suppressive agents of Codling moth; these include woodpeckers, carabid beetles,
and mirid bugs (Dondale et al., 1979; Huber, 1980, 1986). More than 100 parasitoid species
have been recorded from Codling moth (Lloyd, 1958). Trichomma enecator (Rossi) and
Pristomerus vulnerator (Panzer) (Hymenoptera: Ichneumonidae) and Elodia tragica (Meigen)
and E. morio (Fall.) (Diptera: Tachinidae) all are koinobiont parasitoids of early-mid stage
larvae, killing and emerging from the cocooned prepupae (Mills, 2005). In addition to these
larval parasitoids, also egg parasitoids contribute to pest control. Besides Ascogaster
qguadridentata (Wesmael) (Hymenoptera: Braconidae) (Brown and Kainoh, 1992), nine
(Lloyd, 1958) or more (as assumed by Pinto et al. 2002) Trichogramma species are
considered the most effective antagonists.

Although Codling moth is susceptible to several diseases, commercially available
bacteria (Bacillus thuringiensis (Berliner)) (abbreviated as Bt), fungi (Spicaria farinosa
(Holm ex S. F. Gray), Lecanicillium (Verticillium) lecanii (Zimm.) Zare and W. Gams and
Fusarium oxysporum (Schlecht.)), C. pomonella granulovirus (CpGV) (Baculoviridae), and
nematodes (Mermithidae and Steinernematidae) can cause significant educations in Codling
moth densities (Andermatt et al., 1988; Dutky, 1959; Poinar, 1991; Tanada, 1964).

1.2.4.1. Sterile insect technique

Since the 1950s, it is known that insect pests can be controlled through a ‘birth control’
method based on genetic manipulation and known as autocidal pest control or the SIT
(Knipling, 1955). It involves the colonization and mass-rearing of the target pest species,

sterilization by exposure of the pupae to X-ray or gamma (y) —irradiation, or exposure to high
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or low temperature (Bloem et al., 1999). The sustained release into the target area in sufficient
numbers to achieve appropriate sterile to wild insect ratios, inundating the wild, fertile males
with sterile ones. After release, the sterile males will locate and mate with wild females and
transfer the sperm with the dominant lethal mutations. The sperm can fertilize the eggs, but
because of the dominant lethal mutations, embryogenesis is arrested resulting in no offspring.
SIT technique was widely used to control this pest in many countries like Canada (Proverbs
and Newton, 1966), USA (Butt et al., 1970), Western Europe (Wildbolz and Mani, 1975),
Australia and New Zealand (Suckling, 2003). Except in very rare cases, SIT and inherited
sterility (IS) approaches to control Codling moth was not sufficiently successful yet and needs

improvement (Vreysen et al., 2010).

1.2.4.2. Bacteria, viruses and nematodes

Bacteria Bacillus thuringiensis (Bt) is the most widely used entomopathogenic bacterium to
control lepidopterous pests (Lacey et al., 2001). Although Codling moth larvae are susceptible
to crystalline proteins (Cry), which are toxic to many insect taxa (Andermatt et al., 1988;
Rang et al., 2000), its significance as a control agent of Codling moth is very limited by the
improbability of ingesting a lethal dose of Bt toxin until entering the fruit by neonate larvae,
because the larvae take up only very few Bt-contaminated surface material and mainly

consume the fruit flesh which is not contaminated with Bt (Almatni and Jamal, 2003).

Fungi One of the important species of fungi attacking the Codling moth is Beauveria
bassiana ((Bals.-Criv.) Vuill.), particularly during hibernation (Cross et al., 1999; Falcon and
Huber, 1991; Garcia-Gutierrez et al., 2004). Ferron (1978) and Falcon and Huber (1991)
reported that B. bassiana is most successful when combined with chemical pesticides.

Viruses One of the most efficient and highly selective pathogens of Codling moth is the
Cydia pomonella granulovirus (CpGV). Its specificity to the Codling moth and very few
closely related species, and its safety to non-target organisms are well documented (Falcon et
al., 1968; Groner, 1986, 1990; Lacey et al., 2005) and contribute to the conservation of other
natural enemies in the orchard agroecosystem. However, since C. pomonella could develop
resistance against CpGV, which had been broken by a new CpGV isolate, additional control
methods are required to for a future resistance management (Asser et al., 2007; Fritsch et al.,
2005; Kienzle et al., 2008; Zingg, 2008).
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Nematodes The most vulnerable developmental stage of the Codling moth to
entomopathogenous nematodes is the cocooned overwintering larva. The significant reduction
of hibernating larvae could provide complete or substantial protection of fruits as the initial
population (1% generation) in the following growing is reduced by 60 %, but needs further
optimisation (Dutky, 1959; Dutky and Hough, 1955; Kienzle et al., 2008, 2010; Weiser,
1955).

1.2.4.3. Predators

Birds are the most apparent predators of the Codling moth, such as woodpeckers (Picidae) or
crows (Corvidae) will attack large larvae, either walking to or already in their cocooning sites
(Glen and Milsom, 1978; Lawrence et al., 2005). Spiders and mites, and also some beetles, as
from the family Carabidae, which dominate the epigeal zone around the tree base where
Codling moth cocoons are likely to be found, may play a minor role in Codling moth control
(Basedow and Dickler, 1981; Glen and Milsom, 1978; Riddick and Mills, 1994) and can, in
addition to other insects from different orders such as Neuroptera, Thysanura, and
Heteroptera, attack the Codling moth, but do not contribute to a substantial reduction of

population density (Jaynes and Marucci, 1947; Glen, 1982).

1.2.4.4. Parasitoids

A diverse complex and several types of parasitoids (e.g. egg parasitoids, larval parasitoids,
pupal parasitoids and larval-pupal parasitoids) have been recorded attacking all life stages of
the Codling moth with the exception the adult stage (Athanassov et al., 1997; Rosenberg,
1934; Glen, 1982). Among the larval parasitoids Trichomma enecator (Rossi), Microdus
rufipes (Nees), Ascogaster quadridentata (Wesmael), Microdus conspicuous (Wesmael),
Cryptus sexmaculatus (Gravenhorst), Elodia tragica (Meigen), Mastrus ridibundus
(Gravenhorst), and Ephialtes caudatus (Ratzeburg) are estimated to be the most important
species (Bezemer and Mills, 2001, 2003; Darcy and John, 1990; Simmonds, 1944; Turnbull
and Chant, 1961). Moreover, also the larval-pupal parasitoid Pristomerus vulnerator (Panz)

has been reported to suppress effectively Codling moth populations (Athanassov et al., 1997).

One of the more thoroughly studied natural enemies are the egg parasitoid species of the

genus Trichogramma, which have been employed in biological control programs of fruit pests
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the pests. Since these species can be mass-reared and used in augmentative inundative control,

they are considered the most important direct biocontrol agents.

1.3. Trichogramma spp.

1.3.1. Importance of Trichogramma as biological control agent

Among the order of Hymenoptera the family Trichogrammatidae represent the most important
egg parasitoids. Trichogramma species are reported to attack eggs of more than 200
lepidopterous host species, including the pest groups of borers, webworms, loopers,
leafworms, fruitworms, cutworms, bollworms and armyworms (Knutson, 1998). Therefore it
was used more than any other entomophagous species in inundative and inoculative biological
control programs in more than 30 countries in field and fruit crops (e.g. corn, cotton,
sugarcane, fruit trees, vegetables), and forests (Hase, 1925; King et al., 1985; Li, 1994; Smith,
1996; Stinner, 1977; Sweetman, 1958; van Lenteren, 2000). Hassan (1997) and van Lenteren
(2000) reported that over 16 million ha receive parasitoid inundative releases. But it is very
difficult to estimate precisely the correct size of the area in which egg parasitoids are released
every year. There is a continuous increase in the number of countries in which biofactories are
being established for the mass production and release of egg parasitoids, as in Europe, the
Americas, and Asia (van Lenteren and Bueno, 2003). However, the statistics and reports on
biocontrol and mass-rearing activities are not always available or reliable in many countries as
in (former) socialist countries e.g. Russia, China, or Cuba. Therefore, estimates vary from
author to author, but Smith (1996) estimated the use of Trichogramma spp. for biocontrol of

insect pests on 32 million ha.

1.3.2. Biology of Trichogramma
Trichogramma species are among the smallest parasitic wasps (0.2-1.5 mm, and 8 pg in
weight), but despite their minute size have been the subjects of more studies than any other

parasitoid genus (Silvia et al., 1999).

1.3.2.1. Host aquisition

Successful acquisition and parasitisation of a host egg can be distinguished into four different
steps: host habitat location, host location, host acceptance and host suitability testing,
(Flanders, 1937; Salt, 1935). Godfray (1994), Vet and Dicke (1992) and Vinson (1998)
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reported that the females of the parasitoids encounter and explore a great variety of chemical
and physical stimuli during host location process. Trichogramma females search for their
hosts following various environmental stimuli. Host habitat location is guided by general
stimuli like colour and host plant chemicals (Nordlund, 1994; Romeis et al., 1998, 2005;
Vinson, 2010). However, this step is affected also by the host-density in the field, the kind
and the structure of the pests’s foodplants, and the distance between the plants, as well as by

abiotic environmental factors (Laing, 1937).

The exact host egg location is stimulated (i) directly by using volatile kairomones
originating from the host eggs, or (ii) indirectly by host sex-pheromones, and /or host scales
and other adult traces, and /or synomones induced from the host plants after host egg
deposition, or by host (adult or larvae) feeding activity (Colazza et al., 2010). Following the
host finding process, host suitability is the next step (Pak et al., 1990). This process is affected
by mechanical, chemical and physiological factors, which allow distinction between host-egg
age, chorion resistance during drilling with the ovipositor and results in egg preferences
(Quednau, 1955). After finding a host egg, a Trichogramma female examines the host surface,
walking back and forth and turns around and around on it and drumming with her antennae
for 10-40 seconds, where the duration of examination depends on the curvature of the egg
surface (Hajek, 2004; Salt, 1935). The female can also detect marker pheromones deposited
when other Trichogramma females have been walking on the egg and ovipositing to avoid
superparasitization (Hajek, 2004). If an egg had been accepted up to this behavioural step, the
female begins to drill with her ovipositor and, with some experience, she can detect whether
parasitoid eggs are already parasitized or not (Vinson, 1976). If a female does not find
unparasitized host eggs within a certain time span, Trichogramma females either will give up
searching or they will oviposit into an already parasitized host egg (Pak et al., 1986).

These behavioural steps can be used to distinguish the performance of Trichogramma
species or strains to describe inter- and intraspecific variability. For example, Pak (1988)
found that the acceptance of Pieris brassicae (L.) eggs varied among Trichogramma strains,
while Mamestra brassicae (L.) eggs were promptly accepted by almost all the strains tested.
Also, T. aurosum strains differed in both their preference for a host species and drilling time

to penetrate the host eggs chorion (Samara et al., 2011).
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The number of Trichogramma eggs laid per host egg is determined by the size of the
host egg, ranging from 1 to 4 Trichogramma eggs per host egg. A single Trichogramma
female lay one to ten eggs per day, and total egg production per female may range from 10 to
190 eggs during adult life, depending on the respective species. Within a Trichogramma
species / strain of a species, the total number of eggs produced depend on the body size of the
respective female, which itself depends on biomass consumed during preimaginal
development as well as from female nutrition as adult (Ruberson and Kring, 1993).
Preimaginal development of Trichogramma species comprises three larval instars which
develop within 3-4 days into the subsequent pupal stage. After 4-5 days as a pupa, the adults
emerge from the pupae and escape from the host eggs by chewing a circular hole in the egg-
shell (Strand, 1986). As a rough estimate, Trichogramma complete their lifecycle from egg to
adult in 10 days at 25+ 1 C.

1.3.2.2. Trichogramma feeding
The larval stages of Trichogramma obtain sufficient nutrients from host egg yolk until they
pupate stage and ultimately emerging as adults (Flanders, 1937; Volkoff et al., 1995).

Adult nutrition however, is necessary for post-emergence survival and affects adult
longevity and parasitic performance. In the field, nectar and pollen are the most important
food sources for predacious or parasitic insects, including also Trichogramma (Andow and
Risch, 1987; Knutson, 1998; Wellinga and Wysoki, 1989). These nutrients enhance longevity
(Shearer and Athanassov, 2004), fecundity (Shearer and Athanassov, 2004; Somchoudhury
and Dutt, 1988), fertility and flight propensity of these wasps (Forsse et al., 1992). Any
alternative or supplementary food provided from naturally-occurring sources in the field such
as aphid honeydew, flower nectar and pollen offered in the field can improve the efficacy of
augmentative biocontrol programs. In case of lacking natural supplementary food, artificial
food sources can be provided as supplements either in the release container before, or applied
as a foliage spray in conjunction with releases. Furthermore, the appropriate supplementary

food can improve mass-rearing of Trichogramma.
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1.3.3. Life table parameters
Life-table analysis is an appropriate tool to study the dynamics of animal populations,
especially arthropods, providing very important demographic parameters (Maia et al., 2000).
These parameters enable development of biological control programmes (Pratissoli and Parra,
2000), and may also be useful in constructing population models (Carey, 1993), and
understanding interactions with insect pests and natural enemies (Omer et al., 1996). The
cohort life-table gives the most comprehensive description of the survivorship, development
and reproduction of a population that are fundamental factors in both theoretical and applied
population ecology (Taghizadeh et al., 2008).

The parameters estimated from the life tables are: the intrinsic rate of natural increase
(rm), used to measure the growth rate of a population per female (Pak and Oatman, 1982), the
net reproductive rate (Ro), the mean cohort generation time (T;) and the finite rate of increase
(A) (Maia et al., 2000; Nagarkatti and Nagaraja, 1978; Southwood, 1978).

1.3.4. Dispersal ability of Trichogramma

Trichogramma species are very minute in size; therefore they are believed to be very sensitive
to climatic conditions (Keller et al., 1985). Qualitative observations have related
Trichogramma flight and efficacy with good climatic conditions, namely warm and sunny
weather, as opposed to cloudy, rainy and windy weather (van Steenburgh, 1934; Yu et al.,
1984). The activity of Trichogramma spp. was greatly reduced when temperatures were
below 17 “C (Smith, 1994). Also the relative humidities affected on the activity of the
Trichogramma wasps, whereas the rate of emergence and longevity of T. ostriniae were
reduced when the relative humidities were < 45% and > 95% (Zhang et al., 1983), which is
likely to result in reduced parasitism of eggs in the field. In addition to the great effects of
wind speed and direction on the dispersal of Trichogramma in the field (Allen and Gonzalez,
1974), Hendricks (1967) observed that the dispersal wasps of T. semifumatum (Perkins)
shifted from regular to downwind skewed when wind speed exceeded 3 m/s but remained
below 5.5 m/s (10.8-19.8 km/h).

Moreover there are several additional factors affecting the dispersal of Trichogramma
wasps, among them; plant architecture (Smith, 1996), plant volatiles (Laing, 1937 and McCall
et al., 1993), plants and leaf surface area (Ables et al., 1980). For example, the parasitisation

11
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rate of the European corn borer in the field decreased when the leaf areas of corn plants
increased (Andow and Prokrym, 1991; Ables et al., 1980; Burbutis and Koepke, 1981). The
density and location of the host also influence Trichogramma releases (Ables et al., 1980),
Also the parasitoids of Trichogramma generally show either functional responses to host
density with better parasitism seen in hosts that lay eggs in clusters rather than singly (van
Lenteren et al., 1982).

1.3.5. Overwintering of Trichogramma

Diapause is a period of developmental arrest combined with adaptive physiological changes,
with development resuming not necessarily on return of suitable conditions (Blum, 1985;
Chapman, 1998). The diapause in Trichogramma species has already attracted high attention
because these minute egg parasitoids are not only widely used for regular augmentative
biological control but also represent an important component of natural biocoenoses (Boivin,
1994; Smith, 1996; Sorokina, 1987; Telenga, 1956). It was repeatedly shown that the low
temperature is the most important environmental factor, acting on the larvae and inducing the
pre-pupal diapause (Boivin, 1994; Garcia et al., 2002).

Later, it was reported that the diapause may depend on the photoperiodic conditions of
the parental generation development, although this maternal influence could be revealed only
under near-threshold temperatures (Boivin, 1994; Reznik et al., 2002; Reznik and Kats, 2004
Zaslavski and Umarova, 1990). There are also many factors affecting the wasps to induce the

diapause as food quality and population density may play a role in diapause regulation.

1.4. Study objectives

Because of the efficacy of Trichogramma and their easy rearing on many factitious hosts,
such as Ephestia kuehniella (Keller), Sitotroga cerealella (Oliver), Plodia interpunctella
(Hubner), Galleria mellonella (Linnaeus), and Corcyra cephalonica (Stainton) (Ebrahimi,
2004; Smith, 1996), they are used worldwide against many serious pests in the world (Li,
1994; Smith, 1996). For example, in Germany many species of Trichogramma as: T.
embryophagum (Htg.), T. dendrolimi (Masumura), T. cacoeciae (Marchal) and T. principium
(Sugonyaev and Sorokina) are used to control the Codling moth (C. pomonella) (Hassan,
1988; Hassan, 2005; Schutte and Franz, 1961). However, most of the previous studies based

on trial and error experiments (Hassan et al., 1994), therefore, the principal goals of this study
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were: first to choose the effective species of Trichogramma among many species were
collected from different places, and second to improve and increase the efficacy of these
wasps for use in the biological control program.

To study the impact of food on the biology (longevity, fecundity and fertility) of
different species of Trichogramma, honey was selected as a main food source for many
species of Trichogramma (chapter 2). Moreover, in chapter 2, different varieties of pollen also
were chosen as additional and/or alternative food to the parasitoids to find out which kind of

food is the best (honey alone, honey with pollen or pollen alone).

The response of different strains of Trichogramma to infochemicals during host location
on different surfaces and effect the host plant surfaces on the behaviour of different strains of
Trichogramma also studied (chapter 3).

In addition, to study the effect of low temperatures on the quality and biology of different
species of Trichogramma, the diapause under outdoor conditions of these species was also
investigated (chapter 4). In chapter 5 general discussion and conclusion were obtained from
the data of all experiment mentioned in the thesis.
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Intra- and interspecific performance of Trichogramma species (Hymenoptera:
Trichogrammatidae) alimented with honey, pollen or honey-pollen mixtures.

Abstract: The effect of different diets of honey and pollen on life-table parameters of four
strains of Trichogramma cacoeciae, and one strain of T. evanescens and T. oleae respectively
(Hymenoptera: Trichogrammatidae) was evaluated in a series of experiments under laboratory
conditions. The intraspecific variability of adult performance was assessed with four strains of T.
cacoeciae only fed on water or honey diets. Honey diet improved significantly adult mean
longevity, mean fecundity, mean fertility, and net reproduction rate (Ro). Significant intraspecific
variability was shown only in mean fecundity and mean fertility, but not in longevity. The best
performing strain of T. cacoeciae (HOH 1) of these experiments has been taken to assess the
nutritional value of pollen collected from birch, maize and sunflower. Pollen as honey additive
had a significant positive effect on female longevity as compared to honey alone, but longevity
did not differ significantly between the honey-pollen diets. Pollen added to water had no
ameliorative effect on longevity except sunflower pollen, which had a significant detrimental
effect. Mean total fecundity and fertility of females was not improved when fed honey and birch
or maize pollen. Sunflower pollen added to honey, however, had a detrimental effect on these
parameters. When these three pollens were offered with water, all parameters were not or
negatively affected, revealing sunflower pollen having the worst nutritional value. Tests on the
suitability of bee-pollen to ameliorate Trichogramma mass-rearing were done with T. cacoeciae,
T. evanesces and T. oleae. Except fertility, longevity and fecundity differed significantly
between the species. Basic diet (water or honey) and pollen added showed interactive effects on
the performance of Trichogramma species. Interactions between species and added pollen only
revealed significant differences in fecundity and fertility, whereas longevity was only slightly
affected. Species - basic diet - pollen interactions could only be shown for fertility. T. oleae had
a shorter adult lifespan and the lowest number of parasitized eggs compared with the other two
species, but it had the highest rate of emergence when fed on honey mixed with bee pollen. The
results indicate that (i) Trichogramma adults are feeding upon pollen, and (ii) nutritional quality
of pollen differs between plant species, and (iii) honeybee-pollen may be used to improve mass-

rearing of Trichogramma species.

Key words: Trichogramma species, life-table parameters, insect-plant interactions, mass rearing.

29



Intra- and interspecific performance of Trichogramma species ..............

2.1. Introduction

Trichogramma spp. egg parasitoids are the most important agents for augmentative biological
control of lepidopterous pests worldwide. Since the last review (Smith 1996), release of mass-
produced Trichogramma to control pest Lepidoptera in various important cash and staple crops
boosted in the last few years, such as olive (Agamy, 2010; Hegazi et al., 2007, 2012), cotton
(Bastos et al., 2010; Davies et al. 2011a,b), fruit orchards (Mathews et al. 2011; Pluciennik and
Olszak, 2010; Rodrigues et al., 2011; Samara et al., 2011; Zimmermann, 2004a,b), grapes (El
Wakeil et al., 2008; Hommay et al., 2002; Nagarkatti et al., 2003; Zimmermann, 2004a,b), maize
and sugarcane (Albert et al., 2008; Gardner et al., 2007; Hoffmann et al., 2006; Oztemiz, 2009;
Vejar-Cota et al., 2005; Zhang et al., 2010; Zimmermann, 2004a,b), vegetables (Ballal and
Singh, 2003; Faria et al., 2008; Hwang et al., 2010; Klug and Meyhofer, 2009; Miura et al.,
2001; Romeis et al., 1999; Russell and Bessin, 2009; Sithanantham et al., 2001; Zimmermann,

2005), or ornamentals (Zimmermann, 2004a, b).

Beside uptake of the host’s body fluid (host-feeding), adult parasitoids of different families
are known to feed upon floral and extrafloral nectar, and honeydew in the field (Andow and
Risch, 1987; Jervis et al., 1992; Quicke, 1997; Wellinga and Wysoki, 1989) which can maximize
parasitoid performance and increase female sex ratios (Tylianakis et al., 2004; Berndt and
Wratten, 2005; Irvin et al., 2006; Saavedra et al., 1997; Shearer and Atanassov, 2004). For
Trichogramma species, the alternative or additional food sources are poorly investigated, yet.

Pollen as a food source for Trichogramma sp. is reported contradictory. Wellinga and
Wysoki (1989) found no evidence of pollen feeding by T. platneri Nagarkatti and
Somchoudhury and Dutt (1988) found no significant effect of maize or sorghum pollen on
longevity and fecundity of T. perkinsi Girault and T. australicum Girault, indicating that females
of these species are either not able to take up or digest this pollen or that even after digestion this
pollen had no effect at all. On the other hand, Zhang et al. (2004) found that T. brassicae
Bezdenko feeds on maize pollen with a positive effect on female longevity and fecundity. In the
latter case, Romeis et al. (2005) assumed that these females were feeding on (pseudo)
germinated pollen, releasing pollen nutrients. However, even then, they feed on pollen and
Trichogramma females may opportunistically exploit pollen as food source when available
which may occur particularly during pollination of anemophilous plants. However, nectar,

honeydew, or pollen may differ in food quality depending from plant species (Forrest and
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Knights, 1972; Irvin et al., 2006, 2007; Irvin and Hoddle, 2007; Lundgren, 2009; Romeis et al.,
2005).

To obtain the best performance of Trichogramma sp. as biocontrol agent, it is inevitable to
select the most appropriate species or strain and to mass-rear Trichogramma under optimal
conditions. These are not only abiotic conditions or the species of the factitious host, but also the
food provided during mass rearing, or found and fed upon opportunistically in the field after
release (Hassan, 1993, 1994; Jervis and Kidd, 1986; Jervis et al., 1992). Adult Trichogramma are
known to feed upon nectar, pollen are the host’s body fluid (host-feeding) to satisfy the demand
for energy, proteins or micronutrients (Zhang et al., 2004).

Nectar, honeydew, and host fluid are possible natural food sources in the field (Jervis et al.,
1992; Quicke, 1997). These natural food sources were substituted in the laboratory with diluted
honey and sucrose. Several authors showed that feeding Trichogramma adults greatly increased
longevity and fecundity in the laboratory. Food sources tested included honey (Lund, 1938;
Stinner et al., 1974; Pu, 1979; Yu et al., 1984; Hohmann et al., 1988), sugar (Narayanan and
Mookherjee, 1956), honey and protein diets (Ashley and Gonzales, 1974), honey, sugar, and
yeast (Leatemia et al., 1995). Leius (1963) showed that pollen mixed with sugar and water
extended the life span and increased the fecundity of Scambus buolianae Hartig (Hymenoptera:

Ichneumonidae).

Like most adult parasitoids, also Trichogramma species feed on carbohydrate sources and
pollen, using sugars as an energy source and pollen as protein source (Jervis and Kidd, 1986;
Heimpel and Jervis, 2005). Such feeding may be critical to enhancing biological pest control or
mass rearing of parasitoids by a better adult performance (Andow and Risch, 1987; Wellinga and
Wysoki, 1989; Leatemia et al., 1995; McDougall and Mills, 1997; Olson and Andow, 1998;
Knutson, 1998; Gurr and Nicol, 2000; Wackers et al., 2008; Jonsson et al., 2008). A better food
supply of Trichogramma lead to increased longevity of T. platneri (Hohmann et al., 1989), a
higher flight tendency of T. minutum Riley (Forsse et al., 1992), and a higher parasitisation rate
by T. perkinsi and T. australicum (Somchoudhury and Dutt, 1988). Although protein, free amino
acids, and lipids are also taken up by host-feeding on the hemolymph and tissues, these sources
may be rare under field conditions. Thus, pollen may serve as substitute to be used primarily to
support egg production, while other non-host foods are probably used primarily for maintenance
(Jervis and Kidd, 1986; Jervis et al., 1992, 1996; Quicke, 1997).
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However, additional food sources are crucial in Trichogramma mass rearing to produce the
necessary quantities of species with defined qualities for field release. Therefore, Lund (1938)
suggested that feeding adult Trichogramma prior to their release can increase their effectiveness.
Adult longevity, fecundity, fertility, and searching capacity are the most important criteria to
determine the quality of Trichogramma species (Greenberg, 1991; Cerutti and Bigler, 1991;
Bigler, 1994; Dutton et al., 1995; van Lenteren, 2000).

The aim of the present study was to describe the effects of different diets on the longevity,
development, capacity of parasitism and other life-table parameters of different species and

strains of Trichogramma.

2.2. Material and methods
2.2.1. Source of parasitoids and rearing procedures

Trichogramma cacoeciae Marchal and T. oleae VVoegelé wasps collected in 2006 from different
countries by exposing bait cards with factitious host eggs (Sitotroga cerealella Oliver (Lep.,
Gelechiidae)) for 48 h in the field and subsequent incubation under laboratory conditions (25 + 1
°C, 40-60% R.H and 16:8 L: D) (Table 1). Trichogramma evanescensWestwood wasps were
obtained from the Institute of Biological Control of the Julius-Kihn-Institute (JKI), Darmstadt,
Germany (Table 1).The females used in all experiments were not older than 24h old, unfed,
naive, and had experienced no previous contact with a host egg except for emergence. Fresh eggs
of the Angoumois grain moth S. cerealella were used as factitious hosts for all strains in all

experiments.

2.2.2. Pollen sources

The birch pollen used in this study was collected in large quantities from blooming birch trees
(Betula pendula Roth) collected from the botanical garden of the University of Hohenheim.
Sunflower pollen was collected using a hand vacuum cleaner by aspirating the pollen directly
from the flowers. Then the pollen was dried for 24 h under room temperatures. Maize pollen was
collected directly from maize plants by cutting the tassel into plastic bags, sieved on a clean
paper and dried for 36-48 h, in order to keep the moisture of the pollen below 6%. Bee pollen
was purchased from a supermarket and stored in the refrigerator under — 4 °C. All other pollen
was stored in a small glass with a lid at — 20 °C until further use in the experiment. Under these
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conditions, the pollen can be stored up to two years (Bogdanov et al., 1999; Li et al., 2008;
Perveen and Ali, 2008).

2.3. Experimental set-up

Thirty females (16-24h old) of each strain were individually separated and released in a small
plastic tube (5x3.5 cm) covered with black nets (0.7 mesh). Sitotroga cerealella eggs glued with
non-toxic glue (Arabic Gum) on circular paper cards, each of them containing 100 + 15 eggs and
a little amount of test diet. These cards with eggs and test diet were offered daily to every
individual female until the female died. The parasitized eggs from each tube were transferred to
another clean tube and kept in the laboratory for parasitoid development. After 4-5 days the
number of parasitized eggs were recorded when they turned black, by counting them under a
binocular microscope. The number of emerging females in each tube was assessed after

transferring them into 10% alcohol in a new clean glass tube.

In the first experiment, the effect of honey as food and the intraspecific variability in
performance was assessed. 30 females each of four strains of T. cacoeciae were released
separately into individual clean tubes closed with cotton clothing. Host eggs were offered every

day and only a small drop of water was given onto the cotton for drinking, until the female died.

In the second experiment, eight diets were designed: water and honey respectively without
any additive, and water and honey, each mixed either with maize, sunflower, or birch pollen (20
mg pollen / ml water or honey). All food sources were prepared daily and offered to T. cacoeciae
HOH 1.

In the third experiment, four diet combinations were designed as in the second experiment,
using bee pollen (20 mg pollen / ml water or honey) alone offered to T. cacoeciae HOH 1, T.
oleae see 2, and T. evanescens 195 DE 06. Bee pollen was used to assess the suitability of a

commercial pollen source to be independent from pollen collected from plants.
2.4. Data analysis

Statistical processing of data was done using JMP® 9.0.0 software (2010, SAS Institute Inc.,
Cary, NC 27513, USA). All experimental data were normally distributed. Outliers were
eliminated after Jackknife-procedure if necessary. To compare data of different feeding regimes,
one-way ANOVA followed by all pairwise multiple comparison procedure Tukey-Kramer HSD-

test was applied.
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Table 1 Trichogramma species and strains used, their original hosts, geographical location, and year of the collection.

Species Strain Original host Co(l:lzcl:ttl?:jein: Cogr?;ri)r/] of Latitude  Longitude  Collector C(\)(I(Ie;:t?;n
T. cacoeciae HOH 1 S. cerealella’ Apple Hggfr?]gﬁgn 48°11°’N  9°13’E  H. Alkarrat 2006
T. cacoeciae HOH 2 S. cerealella’ Apple Hg?f;gﬁgn 48° 11’ N 48°11’N  H. Alkarrat 2006
T. cacoeciae KIO2 TN EcztfaTgﬁilgés Pomegranate Tunisia 36°50'N  10°11'E  I. Ksentini 2004
T. cacoeciae SY 98 01 C. pomonella Apple ASSS%?da 32°45'N  36°45'E  W. Almatni 1998

T. oleae See 2 S. cerealella® Weeds ngfnq};ﬁgn 48°11'N  48°11'N CZ.:t;iY;/. 2006
T. evanescens 195 DE 06 S. cerealella® Lab rearing Germany JKI 2 2006

! = bait eggs

2 = Julius-Kuhn-Insitute, Institute for Biological Control, Darmstadt, Germany
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2.5. Results
2.5.1. Effect of honey as food and intraspecific variability

No significant differences were found in longevity between strains within honey-fed females,
ranging between 10.60 + 3.36 days for T. cacoeciae KIO 2 and 12.96 + 4.47 days for T.
cacoeciae HOH 1 or between strains within water-fed females (ranging between 5.79 + 2.70
days for T. cacoeciae HOH 1, and 7.50 + 3.02 days for T. cacoeciae HOH 2). However, mean
longevity differed significantly between honey-fed and water-fed females (one-way ANOVA, F
= 18.8666, p < 0.0001; Tukey-Kramer HSD-test) (Table 2).

The fecundity of all honey-fed strains was significantly higher than from water-fed strains
(Table 2). The mean number of blackened eggs of honey-fed T. cacoeciae HOH 1 (86.21 + 13.80
parasitized eggs/ female) was higher compared with the other three strains. Also the fecundity of
T. cacoeciae KIO 2 TN (76.67 £ 10.29) was higher compared with T. cacoeciae HOH 2 (57.71
9.10) and T. cacoeciae SY 98 01 (57.93 + 14.67). No significant differences in fecundity were
found between the water-fed strains ranging between 23.69 + 9.67 parasitized eggs for T.
cacoeciae HOH 1 and 29. 41 + 6.92 parasitized eggs for T. cacoeciae SY 98 01.

Also, the fertility (mean % emerged adults) of all honey-fed females of T. cacoeciae was
higher than in females supplied with water only, but not differing significantly between strains
when supplied with honey (Table 2). However, the fertility of water-fed strains of T. cacoeciae
differed significantly, with strain HOH 2 and KIO 2 TN performing best (62.83 + 19.00 and
63.21 + 17.33 % emerged adults, respectively).

As a consequence, the net reproductive rate (Ro) of honey-fed strains was superior to
water-fed strains. Trichogramma cacoeciae HOH1 showing the highest value (66.23), followed
by T. cacoeciae KIO 2 TN (56.03), T. cacoeciae HOH 2 (46.40) and T. cacoeciae SY 98 01
(45.20), while the net reproductive rate of water-fed strains ranged between 12.97 for T.
cacoeciae HOH 2 and 18.43 for T. cacoeciae KIO 2 TN (Table 2).
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Table 2 Longevity, fecundity, fertility and net reproduction rate (Ro) (mean + sd respectively) of honey-fed and water-fed strains of T. cacoeciae
(one-way ANOVA,; for longevity: F = 18.8666, P < 0.0001, d.f. =7, 221; for fecundity: F = 164.0204, P < 0.0001; d.f. = 7, 221, for fertility: F =
25.3976, P < 0.0001; d.f. =7, 221, followed by Tukey-Kramer HSD-test, P < 0.05 level).

M . Mean fecundity * . . . .
Strains Diet Iongee;fli?y * Ratio (egeg: pzrcalljsri]tilzg/ d/ Ratio Mean fertility * Ratio Ro Ratio no. of
(day) - female) = (%emerged adults) ¥ (Z limy) *x repeats
a a a
T cacoeciae  Honey 12.96 + 4.47 86.21 + 13.80 79.49 + 8.42 66.23 28
HOH 1 2.24 3.64 1.45 5.11
Water 5.79+2.70°" 23.69 + 9.67¢ 55.00 + 12.17 % 12.97 29
a C a
T cacoeciae  HONeYy 10.71 + 4.09 57.71 +9.10 82.97 + 7.70 46.40 28
HOH 2 1.43 2.13 1.22 2.52
Water 7.50 +3.02° 27.10+9.94 ¢ 67.83 + 19.00 *° 18.43 30
a b ab
T cacoeciae  Honey 10.93 + 3.15 76.67 + 10.29 76.53 + 7.28 56.03 27
KIO 2 TN 1.85 3.14 1.21 3.73
Water 5.90 +2.40° 24.43 +6.79 ¢ 63.21 + 17.33 15.03 30
a C a
T cacoeciae  Honey 10.60 + 3.36 - 57.93 + 14.67 Lo 81.68 + 8.98 - 45.20 Vo 28
SY980L  \yaer  7.03+1.72° 29.41 +6.92¢ 52.64 + 14.16 ° 15.50 29

* Within a column, means with the same letter are not significantly different.

**  Ratio honey-fed / water-fed
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Except in strain HOH 2 (Fig 1b), the mean number of parasitized eggs per female and day
differed significantly between honey-fed and water-fed strains at least in the first eight days of
female life. t-test was only performed when the number of replicates per treatment in pairs to

compare was not lower than n = 7 (Fig. 1).

T.cac HOH 1 a T.cac HOH2 b
25 25 %

20
15

10

s | g x K
0 0
1 23456 7 8 91011121314151617 181920 1 23456 7 8 91011121314 151617 1819 20
T. cacKIO2 TN ¢ T.cac SY 98 01 d

25

20

15

Mean number of black eggs /female /day

10

1 23456 7 8 91011121314151617 1819 20 1 2 3 45 6 7 8 910111213141516171819 20
=+=Unfed =#~Fed ~4—Unfed ~#-Fed

Figure 1 Daily mean parasitization per female (as assessed as number of blackened eggs) of S.
cerealella eggs by four strains of T. cacoeciae (asterisks indicate statistical significance between

food regimes within the strains after t-test at P < 0.01).

Median survival time as calculated by the WEIBULL-function (JMP procedure
Survival/Reliability analysis) ranged from 6 - 8 days in water-fed strains and from 11 - 13 days

in honey-fed strains (Figure 2).
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Figure 2 Survival plot of honey-fed and water-fed strains of T. cacoeciae. (the broken line
indicates 95 % confidence limits of the WEIBULL-plot)

2.5.2. Nutritional value of different pollens

Mean longevity and survival rates of T. cacoeciae HOH 1 fed on honey-based diets were
significantly better than those of the insects fed on water-based diets (GLM:; basic diet; L-R-X? :
172.5791, P < 0.0001; d.f. = 1). Pollen as honey additive had a significant positive effect on
female longevity as compared to honey alone, but longevity did not differ significantly between
the honey-pollen diets (one-way ANOVA, F = 4.3958, P = 0.0057; d.f. = 3,116; followed by
Tukey-Kramer HSD-test, P < 0.05 level). Pollen added to water had no ameliorative effect on
longevity except sunflower pollen, which had a significant detrimental effect (one-way ANOVA,
F = 8.5201, P < 0.0001; d.f. = 3,116; followed by Tukey-Kramer HSD-test, P < 0.05 level)
(Table 3; Figure 3).
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Table 3 Longevity, fecundity, fertility, and net reproductive rate Ry (mean = sd respectively) of T. cacoeciae strain HOH 1 fed with different diets

of pollen mixed with honey or with water.

Estimated 50 % Mean total Mean total Emeraence
Diets Mean longevity * survival ** fecundity * fertility * rate%% ) R (S
(days) (days) (eggs parasitized /  (no. of emerged 0 (2 hmy)
female) adults)
12.33+4.96° 12.12 86.21 +13.802 68.43 +12.33%
Honey n =30 1047 /14.04 n=28 n=28 7938 0852
. 16.87 +6.122 16.83 91.90 + 30.30 2 58.61 + 19.91 &
Honey + Birch =30 14.71/ 1926 =30 =08 63.78 62.93
. 17.13+7.18% 16.75 80.57 +32.93%® 54.03+21.91°
Honey + Maize n =130 14.33 /19 58 =130 N =130 67.06 54.03
14.00 +5.75 % 13.81 64.59 + 18.64 ° 36.93+12.43°
Honey + Sunflower n = 30 11.86/ 16.08 =929 N =29 57.18 38.03
6.37 +3.002 6.13 23.79+9.66% 1255+5.44%
Water n = 30 512/7.35 n =29 n =29 52.75 13.03
. 5.53 + 2.06 5.48 16.21 +5.86° 12.58 + 4.652
Water + Birch n =130 4781 6.29 N =29 =29 77.61 13.13
] 6.47 £2.97°2 6.24 11.30+6.75° 6.86 + 4.05°
Water + Maize n = 30 593 /745 =130 N =29 60.71 7.17
3.6+167° 3.47 8.45 + 4.89 ¢ 4.66 +3.53°
Water + Sunflower n = 30 290/4.16 =29 n =29 55.15 5.03

* Within a column, means with the same letter within a basic diet (honey or water) are not significantly different.

**  With lower and upper 95 % confidential limits as calculated from the WEIBULL-function (JMP procedure Survival/Reliability analysis)
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Figure 3 Survival plot of honey-fed (a) and water-fed (b) T. cacoeciae strain HOH 1.

Mean total fecundity and total fertility was significantly affected by the basic diet and

pollen added where both the dietary components also interacted (Table 4). Females fed with
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honey-based diets had a significantly higher fecundity than those fed on water-based diets.
However, except sunflower pollen which had a significantly negative effect, birch and maize
pollen did not improve fecundity when mixed with honey as basic diet (one-way ANOVA, F =
6.2699, P = 0.0006; d.f. = 3,113; followed by Tukey-Kramer HSD-test, P < 0.05 level).
However, each pollen added to water exerted a significantly adverse effect on fecundity (one-
way ANOVA, F =26.6706, P < 0.0001; d.f. = 3,113; followed by Tukey-Kramer HSD-test, P <
0.05 level) (Table 3).

Table 4 Analysis of variance (ANOVA, Standard Least Squares) of total fecundity and total

fertility of T. cacoeciae as affected by honey or water as basic diets and pollen added.

Total fecundity

Source d.f. F-value P
Basic diet 1, 226 730.5275 <0.0001
Added pollen 3,226 12.3357 <0.0001
Basic diet * added pollen 3,226 3.0133 0.0310

Total fertility

Source d.f. F-value P

Basic diet 1,223 749.4698 <0.0001
Added pollen 3,223 25.8128 <0.0001
Basic diet * added pollen 3,223 8.6589 <0.0001

Fertility of deposited eggs of females fed with honey-based diets was significantly higher
than of eggs produced by females supplied with a water-based diet (Table 3 and 5). Sunflower
pollen added to honey (one-way ANOVA, F = 16.6301, P < 0.0001; d.f. = 3,111; followed by
Tukey-Kramer HSD-test, P < 0.05 level), and maize and sunflower pollen added to water (one-
way ANOVA, F =23.5715, P < 0.0001; d.f. = 3,112; followed by Tukey-Kramer HSD-test, P <
0.05 level) had an adverse effect on fertility, whereas the other pollen did not influence fertility
(Table 3).

41



Intra- and interspecific performance of Trichogramma species ..............

The highest net reproductive rate (Ro) was found for females fed with honey only followed
by honey mixed with birch, maize, and sunflower pollen. The same ranking could be found also
in water-based diets (Table 3).

As in practical biocontrol, fecundity and fertility of the first three days in adult lifespan is
taken to estimate the control efficacy of Trichogramma sp. under laboratory conditions. As in
total fecundity and total fertility, fecundity and fertility after three days of adult life was affected
by the basic diet and the pollen added. Both, basic diet and pollen showed significant interactions

in their effect on the production of progeny (Table 5).

Table 5 Analysis of variance (ANOVA, Standard Least Squares) of fecundity and fertility after
three days of adult lifespan of T. cacoeciae as affected by honey or water as basic diets and

pollen added.
Fecundity
Source d.f. F-value P
Basic diet 1,218 921.0929 <0.0001
Added pollen 3,218 16.5229 <0.0001
Basic diet * added pollen 3,218 2.8917 0.0363
Fertility

Source d.f. F-value P
Basic diet 1,218 816.3205 <0.0001
Added pollen 3,218 26.7830 <0.0001
Basic diet * added pollen 3,218 2.9790 0.0324

Birch pollen added to honey resulted in a significantly higher fecundity after 3 days
compared to honey alone, whereas maize and sunflower pollen had no effect (one-way ANOVA,
F = 9.3550, P < 0.0001; d.f. = 3,108; followed by Tukey-Kramer HSD-test, P < 0.05 level).
Birch pollen added to water only slightly increased fecundity, however, maize and sunflower
pollen exerted a negative effect (one-way ANOVA, F = 10.7553, P < 0.0001; d.f. = 3,110;
followed by Tukey-Kramer HSD-test, P < 0.05 level).
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Pollen of birch and maize added to honey did not improve fertility. Sunflower pollen
reduced slightly fertility as compared with honey and honey with maize pollen slight but the
reduction was significant if compared with honey with birch pollen (one-way ANOVA, F =
3.2152, P = 0.0258; d.f. = 3,108; followed by Tukey-Kramer HSD-test, P < 0.05 level). Fertility
increased significantly when birch pollen was added to water. Maize pollen only marginally
improved fertility compared to water alone and sunflower pollen had a negative effect on
fertility, however not being significant to water but significant to water added with birch or
maize pollen (one-way ANOVA, F = 10.4454, P < 0.0001; d.f. = 3,108; followed by Tukey-
Kramer HSD-test, P < 0.05 level) (Table 6).

Table 6 Fecundity, fertility (mean + sd respectively) of T. cacoeciae after three days fed on

different basic diets mixed with pollen.

Diets Fecundity Fertility
(eggs parasitized / female) (% emerged adults)
Honey 37.35+5.10°" 76.05 + 8.67

Honey + Birch

Honey + Maize

46.21+12.01°

37.97 +10.67°

76.17 +15.85°

74.55 + 12.00 2

Honey + Sunflower 33.93+6.35°" 66.32 +17.89 "
Water 10.96 + 3.55 ° 59.31 + 12.03 ™
Water + Birch 13.03+5.92° 77.55 +13.89 @
Water + Maize 7.17+451° 67.61 +32.97 %
Water + Sunflower 7.18+4.69° 45.40 + 22.47 ©

* Within a column, means with the same letter within a basic diet (honey or water) are not

significantly different.

2.5.3. Suitability of commercial bee-pollen

For Trichogramma mass-rearing it may be advantageous to substitute pure plant species specific

pollen by commercially available bee-pollen to overcome plant species specific differences in
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nutritional quality and to provide a better availability of pollen. Performance of the three
Trichogramma species was significantly affected when fed with honey or with honey
ameliorated with bee pollen. Except fertility, longevity and fecundity differed significantly
between the species. As expected, basic diet and pollen added showed interactive effects on the
performance of Trichogramma species. Interactions between species and added pollen only
revealed significant differences in fecundity and fertility whereas longevity was only slightly

affected. Species-basic diet-pollen interactions could only be shown for fertility (Table 7 and 8).
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Table 7 Analysis of variance (ANOVA, Standard Least Squares method) of total longevity, total
fecundity and total fertility of three Trichogramma species as affected by honey or water as basic

diets and bee pollen added.

Total longevity

Source d.f. F-value P
Basic diet 1,325 313.2352 <0.0001
Added pollen 1,325 67.7756 <0.0001
Species 2,325 19.6187 <0.0001
Basic diet * added pollen 1,325 26.7406 <0.0001
Species * basic diet 2,325 6.9089 0.0012
Species * added pollen 2,325 2.4124 0.0912
Species * basic diet * added pollen 2,325 1.6342 0.1967

Total fecundity

Source d.f. F-value P
Basic diet 1,325 1668.962 < 0.0001
Added pollen 1,325 101.1738 <0.0001
Species 2,325 40.1207 <0.0001
Basic diet * added pollen 1,325 103.9245 <0.0001
Species * basic diet 2,325 15.2415 <0.0001
Species * added pollen 2,325 4.6789 0.0099
Species * basic diet * added pollen 2,325 0.5084 0.6019

Total fertility

Source d.f. F-value P
Basic diet 1,325 70.3760 <0.0001
Added pollen 1,325 33.3339 <0.0001
Species 2,325 1.3003 0.2739
Basic diet * added pollen 1,325 31.1219 < 0.0001
Species * basic diet 2,325 0.4684 0.6264
Species * added pollen 2,325 11.5965 <0.0001
Species * basic diet * added pollen 2,325 7.2317 0.0008
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Trichogramma oleae had a shorter adult lifespan compared with the other two species
studied (Table 8). Bee pollen improved female performance only when added to honey (Table 8,
Figure 4). As expected, net reproductive rate Ry also reflects the positive effects of honey or

pollen as diet constituents (Table 8).

Table 8 Longevity, fecundity, fertility and net reproductive rate (Rp) (mean = s.d. respectively)
of three Trichogramma species fed with water alone (oneway ANOVA; for longevity: F =
6.2365, P = 0.0030, d.f. = 2,82; for fecundity: F = 37.5359, P < 0.0001; d.f. = 2,82; for fertility: F
= 2.2552, P = 0.1113; d.f. = 2,82, followed by Tukey-Kramer HSD-test, P < 0.05 level); water
plus bee pollen (oneway ANOVA; for longevity: F = 9.4864, P = 0.0002, d.f. = 2,79; for
fecundity: F = 5.9559, P = 0.0039; d.f. = 2,79; for fertility: F = 16.1298, P < 0.0001; d.f. = 2,79);
honey alone (oneway ANOVA, for longevity: F = 4.0737, P = 0.0205, d.f. = 2,83; for fecundity:
F =19.0574, P < 0.0001; d.f. = 2,83; for fertility: F = 1.1145, P = 0.3329; d.f. = 2,83, followed
by Tukey-Kramer HSD-test, P < 0.05 level) or honey plus bee pollen (oneway ANOVA; for
longevity: F = 11.2108, P < 0.0001, d.f. = 2,81; for fecundity: F = 11.0068, P < 0.0001; d.f. =
2,81; for fertility: F = 4.0922, P = 0.0203; d.f. = 2,81; followed by Tukey-Kramer HSD-test, P <
0.05 level).
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*

Mean fecundity *
(eggs parasitized /

Mean fertility *

Mean longevity* (% emerged

RO(ZIme)

Species (days) female) adults)
Water
T evarnescens 469+1.39° 11.66 +3.83° 62.92 + 24.86 2 217
' n=29 n=29 n=29 )
T oleae 4.15+0.86°" 11.26 +2.43" 64.10 + 17.36 6.90
' n=27 n=27 n=27 ’
T cacoeciae 5.86 + 2.75 2 23.79 + 9.66 2 54.30 + 12.75 2 6.66
' n=29 n=29 n=29 )
Water + Bee pollen
T evanescens 7.71+2.01°2 16.83 +3.612 69.07 +10.87° 11.47
' n=24 n =24 n=24 '
T oleae 5.50 +1.94° 13.60 + 3.86 ° 7357 +11.79° 977
' n=30 n=30 n=30 :
. 5.54 +2.25° 1557+2.90®  86.49+12.11°%
T. cacoeciae =28 N =28 =08 13.20
Honey
T evanescens 11.90 +6.512 6459 +13.80°  82.16 + 12.56 2 £5 20
' n=29 n=29 n=29 '
8.17 +5.19° 54.47 +22.39° 78.19+9.192
T. oleae =30 n=30 n=30 42.07
. 11.19 +3.86 86.30 + 14.06 2 79.79 + 8.432
T. cacoeciae n=o7 n=o7 n=97 43.14
Honey + Bee pollen
T evanescens 18.86 +6.42 2 106.97 +25.60%  77.03+6.00°" 81 20
' n=29 n=29 n=29 '
12.50 + 4.01° 87.11 +19.65° 82.30 + 8.16 °
T. oleae =28 =08 =28 69.97
T cacoeciae 1759 +5.26°2 116.07 +24.71% 81.62+839% 88,50
' n=27 n=27 n=27 '

Within a subcolumn, means with the same letter are not significantly different.
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Figure 4 Longevity (a), total fecundity (b), and total fertility (c) (mean £ sd) of three
Trichogramma species fed on water or honey alone or mixed with bee pollen.

2.6. Discussion

Pollen, as a plant tissue, is capable of protein synthesis, and its protein content may range from
2.5 - 61% (Roulston and Cane, 2000). Moreover, pollen is rich in free amino acids, sterols,
lipids, and carbohydrates (Solberg and Remedios, 1980; Dobson, 1988; Nepi and Franchi, 2000;
Pacini et al., 2006). With this broad spectrum of nutritive components, pollen may serve as sole
diet or complement dietary deficiencies, of parasitoids. However, pollen also may contain
secondary plant compounds, such as alkaloids, phenolics, and terpenes, or mannose sugars,
which are known to be toxic to honeybees (Stanley and Linskens, 1974; Roulston and Cane,

2000; Wéckers, 2005). Adult Trichogramma are known to feed upon nectar, pollen and the
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host’s body fluid to satisfy the demand for energy, proteins or micronutrients (Zhang et al.,
2004).

Because of the high variability in chemical pollen constituents its nutritional quality may
vary. If consumed as complementary food to ameliorate poor diets or energy rich diets, pollen
containing diets should affect adult performance of Trichogramma and differences in nutritional
quality of pollen should be uncovered. Furthermore, intraspecific differences in adult life-table
parameters of a Trichogramma species have been reported (Smith and Hubbes, 1986; Ram et al.,
1995; Samara et al., 2008). It may be assumed, that conversion of food also differs with

genotype within a species.

Food consumption by adults of parasitoids is considered to be one of the most critical
factors affecting survival, searching efficiency, reproduction, and, thus, the success of biological
control (Jervis et al., 1996; Lundgren, 2009). Unlike for larval and pupal parasitoids, the majority
of recent studies on Trichogramma sp. aimed towards carbohydrate sources. With few
exceptions, pollen as additional or complementary food source for egg parasitoids has not been
assessed (Wellinga and Wysoki, 1989; Somchoudhury and Dutt, 1988; Rohi et al., 2002; Zhang
et al., 2004; Geng et al., 2006). Our experiments have shown that the carbohydrate source honey
improved all adult life-table parameters of four T. cacoeciae strains compared to water. A similar
positive effect has been reported earlier for T. brassicae (Gurr and Nicol, 2000; Lundgren and
Heimpel, 2003), T. chilonis Ishii (Leatemia et al., 1995), T. evanescens (Narayanan and
Mookherjee, 1955), T. maxacalii Voegelé and Pointel (de Oliveira et al., 2000), T. minutum
(Marston and Ertle, 1969; Yu et al., 1984; Smith et al., 1986; Leatemia et al., 1995; Lundgren
and Heimpel, 2003), T. ostriniae Pang and Chen (Hoffmann et al., 1995; Fuchsberg et al., 2007),
T. platneri (Hohmann et al., 1988; Mansfield and Mills, 2002), T. pretiosum Riley (Ashley and
Gonzalez, 1974; Lundgren and Heimpel, 2003). Particularly the fecundity, the most important
parameter in biocontrol, was increased by honey-feeding 3.3 to 6-fold in T. minutum (Yu et al.,
1984; Leatemia et al., 1995), and 1.3 to 2.3-fold in T. evanescens (Lund, 1938; Ashley and
Gonzales, 1974).

In contrast to these positive results, the presence of honey reduced the percentage of
ovipositing females of T. principium Sugonjaev and Sorokina and the mean number of eggs laid
during 2 days (Reznik et al., 1997).

Our experiments with T. cacoeciae revealed significant differences in life-table parameters

between the four strains tested. Trichogramma cacoeciae strains HOH 2 and SY 98 01
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performed significantly better than the strains HOH 1 and KIO 2 TN as indicated by longevity
and fecundity when offered water only. Fertility, however, was erratic between the four strains.
Offering honey improved adult longevity, fecundity and fertility significantly, which has also
been found in part for T. platneri (McDougall and Mills, 1997). The significant differences in
adult longevity and fertility disappeared, only mean fecundity still differed significantly.
However, the relative positive effect of honey reveals best the different capability of the four
strains to utilize this energy source. Considering the relativized data (Ratio honey-fed / water-
fed), strain HOH 1 experienced a considerable stronger improvement of longevity, fecundity,
and net reproduction rate than any other strain tested, although the performance was very poor
when water was offered only. This level of enhanced performance corresponds to results
obtained with T. platneri and T. minutum and species-specific differences in performance may be
minimized by food of higher quality (Marston and Ertle, 1969; Yu et al., 1984; Smith et al.,
1986; Hohmann et al., 1988; Leatemia et al., 1995; Garcia et al., 2001; Zhang et al., 2004;
Kalyebi et al., 2005; Samara et al., 2008). We assume that these differences observed might be
due to the different effects of ecological pressure from local climatic conditions and,
consequently, to genetic variability of these strains. Intraspecific genetic variability has been
reported in T. brassicae (T. maidis Voegelé and Pintureau) for various traits such as locomotion
(Pompanon et al., 1997), the area searched by a female (Bruins et al., 1994; Wajnberg and
Colazza, 1998), and progeny allocation (Wajnberg, et al., 1989). Metabolisation of food may be

assumed also differing with genotypes as shown by our results.

The question whether pollen can ameliorate poor (water) or energy-rich (honey) diets has
been examined poorly and the results and interpretations were contradictory. Our results with a
T. cacoeciae strain (HOH 1) performing poorly with water-supply only, but experiencing the
best improvement when honey was offered should reveal best the dietary effects of pollen
collected different plant species. All assessed parameters were, either as a trend or significantly,
affected by pollen-containing diets. The effects observed in females leave no doubt that pollen
may serve as food source and is taken up by T. cacoeciae, and it may be possible, that more
Trichogramma species may exploit pollen as additional food source as it has been reported for T.
cacoeciae in our study or T. bourarachae Pintureau and Babault, T. brassicae and T. chilonis
(Rohi et al., 2002; Zhang et al., 2004; Geng et al., 2006). However, the different pollen offered
revealed diverging results. When pollen was added to water, only maize pollen had no effect on
female longevity but an adverse effect on reproduction. Birch and sunflower pollen, at least as a

trend, deteriorated longevity and fecundity. When added to honey, per contra, some pollen could
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significantly improve longevity and reproduction. Comparing the different pollen, irrespectively
the basic diet, sunflower had no positive or even a detrimental effect on longevity, fecundity and
fertility. In contrast, birch and maize pollen improved female longevity and did affect fecundity
adversely. Obviously pollen suitability as food depends on what the pollen is mixed with.
Regular or transgenic cotton pollen with honey prolonged longevity of T. chilonis over honey
alone (Geng et al., 2005, 2006). Wang et al. (2007) reported that T. ostriniae fed on honey only
or honey with maize pollen lived longer and produced more offspring than those fed on water
and water with maize pollen. Mixing maize pollen with water improves longevity of T. brassicae
over water alone, but when added to honey it attains no measurable benefits (Zhang et al., 2004).
Lycopersicon sp. pollen was not conceded a significant positive effect on T. bourarachae
although the authors reported a slightly longer lifespan compared to unfed adults (Rohi et al.,
2002). Our experiments revealed that the effects of pollen mixed with water or honey vs. water
or honey alone also depend on the Trichogramma species tested, as shown for T. cacoeciae, T.
evanescens, and T. oleae when bee pollen was offered. Performance of T. evanescens and T.
oleae was improved by 30 - 64 % for longevity and 20 - 70 % for fecundity when bee pollen was
added to both, water or honey, whereas T. cacoeciae was negatively affected by bee pollen

added to water but benefit when added to honey.

Due to a complex composition of small molecular nutrients, high levels of free amino
acids, protein, lipids, and polysaccharides, pollens are considered important valuable alternate or
additional food sources for predators and parasitoids improving life-table parameters (Barbier,
1970; Stanley and Linskens, 1974).

The highly variable performance of Trichogramma species might be dependent on either
an interspecific variability in pollen utilization or in food quality of different pollens. Our results
obtained with T. cacoeciae, T. evanescens, and T. oleae show that utilization of bee pollen, a
mixture of pollen from different plant species (species composition not analyzed) differs with
Trichogramma species. On the other hand, our results obtained with T. cacoeciae fed with pollen
of different plant species indicate that also pollen differs in nutritional quality. However,
comparisons of the nutritional value of pollens from different plant species and their effect on
life-table parameters are rare. Only Ouyang et al. (1992) demonstrated that development,
survivorship, and reproduction of Euseius tularensis Congdon (Acari, Phytoseiidae) varied
markedly with the pollen source. This might due to the different contents of amino acids in

pollen originating from different plant species as also reported for butterfly longevity and
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fecundity after ingestion of amino acids and carbohydrates in pollen of various plant species
(O’Brien et al., 2003; Mevi-Schiitz and Erhardt, 2005; Beck, 2007).

In our results, the differences in nutritional values of pollens for T. cacoeciae are notable
and a reliable explanation requires a detailed analysis of pollen constituents and a subsequent

correlation with life-table parameters which remains to be subjected to further studies.

Reports of Trichogramma species visiting open flowers in the field are lacking and have
been described from laboratory experiments only, resulting in a better parasitoid performance
(Begum et al., 2004, 2006; Witting-Bissinger et al., 2008). From these results it may be deduced
that active searching for open inflorescences and pollen-feeding besides nectar-uptake could be
possible. However, it can be taken as highly probable that they will opportunistically feed on
pollen of anemochorous plants wherever these pollen may be deposited, as it may be observed in

maize fields or in fields in the vicinity to anemochorous trees like birch.

2.7. Conclusion

Our results demonstrate that honey has positive effects on longevity, fecundity, and fertility of
Trichogramma species. Pollen may improve Trichogramma performance as well, however,
differences in honey and pollen utilization as food source occur between Trichogramma species
and pollen sources. Carbohydrates and pollen, when taken up either opportunistically or after
directed search may provide a better control efficacy after augmentative release of
Trichogramma. Furthermore, honey-pollen mixtures may improve mass-rearing. Further studies
on pollen constituents and their effect on egg parasitoids will provide a better insight into

Trichogramma nutritional physiology.
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Parasitization of Codling moth, Cydia pomonella L. (Lepidoptera: Tortricidae) eggs by
three strains of Trichogramma cacoeciae Marchal (Hymenoptera: Trichogrammatidae) as

mediated by apple plant properties.

Abstract: The properties of plant surfaces are important factors affecting the success of
Trichogramma spp. (Hymenoptera: Trichogrammatidae) egg parasitoids released for
augmentative biological control. This study evaluated the effect of leave’s upper surface of three
apple cultivars (“Golden Delicious”, “Boskoop” and “Topaz”) on the foraging success of three
strains of T. cacoeciae (HOH1, KIO 2 TN and SY 98 01) for host eggs of the Codling moth,
Cydia pomonella (Lepidoptera: Tortricidae). 20 naive females were released into arenas with
different surfaces (non exposed to Codling moth females (blank), exposed to the females without
eggs (adult kairomones) and exposed to ovipositing Codling moth females (eggs + adult
kairomones)). Foraging time differed significantly between the strains tested, showing strain
HOH 1 performing best. Host handling time and time spent post parasitization did not differ
between the strains. The apple cultivar did not affect any of these parameters. Leaving time was
significantly affected by Codling moth stimuli abundant on the leaves, where giving up time was
shortest on blank leaves and significantly longer on leaves with adult stimuli only but no host
eggs. Time spent on leaves was the longest when host adult stimuli and host eggs were abundant
on the leaves. Leaving time was further affected by apple cultivar and T. cacoeciae strain tested.
Compared with the other cv. tested, time spent on leaves of cv. “Golden Delicious” was longest

for any treatment. T. cacoeciae strain HOH 1 always spent the shortest on any cv. and treatment.

In another experiment, parasitization of eggs on apples placed at different heights (0, 25, and 50
cm above cage ground) was assessed. The parasitization rate of Cydia eggs was slightly affected
by apple varieties; however the differences were not consistent. Parasitization rates decreased
with height of apples above ground, with the highest rate on apples placed on ground, near the
releasing point of Trichogramma females. Significant differences in parasitization rates between

strains could be detected, but they were not consistent also.

Keywords: genetic variation, apple cultivars, searching behaviour, giving-up time.
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3.1. Introduction

Egg parasitoids of the genus Trichogramma are among the most important natural enemies used
in augmentative biocontrol of lepidopterous pests in forests, orchards, and row crops (Gross et
al., 1981; Hamada, 1992; Hassan, 1988; 1993; Hirai et al., 1996; Keller et al., 1985; Li, 1994;
Lopez et al., 1982; Oatman and Platner, 1971; Parra et al., 1987; Segers et al., 1984; Smith,
1996; Sun et al., 1990; van Lenteren, 2000). As they Kill the pests before hatching, larvae have
no chance to inflict plant damage. In the last decades, several reviews have been published on
the relationships among plants, hosts and parasitoids in general, which reflect a strong interest in
these antagonists, both as models for behavioural ecologists and as important organisms for
classical (inoculative) and inundative biological control programs (Bale et al., 2008; Hawkins et
al., 1999; Li, 1994; Makee, 2005; Vet, 1999; Romeis et al., 1997). Parasitoid foraging is
governed by plant surface properties. Andow and Prokrym (1990) and Gingras et al. (2002)
define plant structure by three components: (i) plant size (height) or surface area, (ii)
heterogeneity (abundance and diversity of plant parts), and (iii) connectivity (absolute number of
connections between plant components). However, these components are morphological
characters at a macro- and micro-scale and do not consider chemical plant characters, which can
also impair movement, searching time and foraging success of parasitoids (Andow and Prokrym,
1990; Lukianchuk and Smith, 1997; Lovinger et al., 2000; Suverkropp et al., 2010; Wang and
Keller, 2001). Among parasitoids, trichogrammatids are possibly the best studied antagonists on
the species level as well as in multi-trophic level interactions. The wasps of Trichogramma use
egg stimuli which originated from the host eggs to find their hosts in two ways: direct host-
related cues, or indirect host-related cues (Colazza et al., 2010) and the parasitization rates
achieved by Trichogramma may vary greatly among different habitats, plant species, and plant

structures or, region of plant on which the host eggs are located (Romeis et al., 2005).

Trichogrammatids search the plant surface by walking to locate their host. Success in host
egg location and parasitization is (i) inversely correlated with foliage area as reported for various
crops ( see review by Romeis et al., 2005), (ii) positively or negatively affected by physical
properties, such as abundance and density of trichomes (Headrick et al., 1996; Mc Gregor et al.,
2002; Obrycki, 1986; Romeis et al., 2005; Sdtterlin and van Lenteren, 1995), and chemical
properties, such as surface volatiles, non-volatile surface chemicals, or sticky trichome exudates
(Altieri et al., 1982; Laing, 1937; Romeis et al., 1998; Thorpe, 1985; Turlings et al., 1990; Lewis
etal., 1972; Renou et al., 1992; Nordlund, 1984; 1985; Romeis et al., 1997).
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In addition to plant factors, searching behaviour of Trichogramma is mediated by host
chemical cues comprising lepidopteran egg and scale volatiles or contact chemicals, host
pheromones, host frass or female moth accessory gland secretions (Noldus, 1988; Noldus et al.,
1990; Lewis and Martin, 1990; Lewis et al., 1982).

The main objective of this study was to demonstrate the effect of leaf or fruit surfaces of
three apple varieties on searching behaviour of three strains of Trichogramma cacoeciae

Marchal and to assess any intraspecific variation in searching performance.

3.2. Material and methods
3.2.1. Insect sources

Trichogramma cacoeciae strains used in this study were collected in the field from different
countries and subsequently reared under laboratory conditions (25 +1 °C, 40-60% R.H and 16:8
L: D) on eggs of the Angoumois grain moth, Sitotroga cerealella Oliver (Lep.: Gelechiidae) for
several generations in clean plastic tubes (PS Multipurpose Container, 15 ml, 38.80 * 23.00 mm,
Cat.-No.: 203170, Greiner bio-one) (Table 1). Honey was offered as supplementary food to the

adults.

The Codling moth, Cydia pomonella L. (Lep.: Tortricidae), was obtained as a starter
population from the Institute of Biological Control, Julius-Kihn-Institute, at Darmstadt and
reared in the laboratory on an artificial diet according to Bathon et al. (1991) at 25 °C, 40-60%
R.H and 18:6 L: D photoperiod. To obtain eggs for the experiments, the respective test substrates
(fruits and shoots with leaves) were exposed in a cage (frame 30x30x 50 cm, covered with black

mosquito gauze) for one night to ovipositing female Codling moths.
3.2.2. Plant material

Apple fruits and leaves were collected from three apple varieties ("Golden Delicious”,
“Boskoop” and “Topaz”) from pesticide-free orchards at the research station of the University of
Hohenheim. Fruits collected were of approximately the same age and size. Leaves were collected
by cutting twigs with ca. 25 — 30 leaves. These shoots were kept turgescent during transport and

until use of leaves by putting them into beakers with tap water.
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3.3. Experimental set-up:
3.3.1. Effects of host location on searching behaviour

This experiment was conducted to compare searching behaviour of three strains of T. cacoeciae
on different apple leaves surfaces, with presence and absent of host. For each test, nine branches
of each apple cultivar were taken. The branches were divided into three groups: the first one
exposed to 15 females of C. pomonella for 24 h, the second group was exposed to Codling moth
females for 2-3 h with no oviposition but leaving any chemical stimuli or wing or abdominal
scales, and the third was not exposed to any insect to keep them free of any stimuli. From each
group 20 leaves were taken and individually placed in the center of a petri dish (10 cm diam.) on
a moistened filter paper (Fig 1a). One Trichogramma female was placed on the center of the test
leaves of each group using a fine brush (size 000) and subsequently observed for 10 min.
Searching of Trichogramma females was distinguished as: time until location of the host egg,
time until parasitizing, and time until leaving the leaf. The experiment was repeated 20 times for

leaves of all apple varieties and all strains of T. cacoeciae.

3.3.2. Effect of apple fruit surfaces of different varieties on searching capacity

It could be observed in the field (unpublished data) and in cage experiments that female
Trichogramma searching behaviour is either negatively phototactic or positively geotactic, and
host eggs on fruits in a position below the releasing point of Trichogramma females, were found
and parasitized easily. Thus, this experiment was designed to scrutinize the short-range bottom-

up searching capacity of 3 Trichogramma strains.

Two apple fruits of each cultivar containing 24 h old Codling moth eggs were exposed at
three heights (0, 25 and 50 cm) resp. in the centre of a glass cage (50x50x65 cm) (Fig. 1). Then,
20 Trichogramma females were released on the bottom of the cage and left to parasitize the host

eggs for 24 hours.

Subsequently, the fruits were taken out of the cage and fruit surfaces containing Cydia
eggs were cut out and placed in a sterile petri dish and embedded with the cut sides into paraffin

to keep the fruit pieces fresh and turgescent (Fig. 2b). The petri dishes were covered with the lid,
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closed tightly with Parafilm®, and incubated in a climatic chamber at 25 + 1 °C, 40 — 60 % R.H
and 16:8 L:D photoperiod. After 4-5 days, parasitized eggs turned black and the number of
parasitized eggs was recorded. Each test series was repeated four times for each apple cultivar
and each strain of Trichogramma, resulting in 24 apples tested for each height per

Trichogramma strain.

& ®

25cm
O ©
’ (% c_—_%cm 50 cm

50 cm

65 cm

Figure 1 Glass cage for Trichogramma cacoeciae (50x50x65 cm) with apple fruits exposed in

three different heights.

3.4. Data analysis:

All data were submitted to statistical analysis using JMP® 9.0.0 software (2010, SAS Institute
Inc., Cary, NC 27513, USA). All experimental data were normally distributed. The respective

statistical tests are given in the legends of tables and figures.
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Table 1 List of the collected T. cacoeciae strains, their, hosts, culture, latitude, location, latitude, longitude, and time of the collection.

Species Strain Host Collected in (C):focl;rri]gi’x Latitude Longitude Collector :;(oel?erctior?f
T. cacoeciae Hohenheim 1 Sitotroga cerealella Apple Germany  48°11'N  9°13'E H. Alkarrat 2006
T. cacoeciae KIO2 TN Ectomyelois ceratoniae ~ Pomegranate Tunisia 36°50'N  10°11'E I. Ksentini 2004
T. cacoeciae CACSY 9801  Cydia pomonella Apple Syria 32°45'N  36°45'E  W. Almatni 1998

Figure 2 a: Petri dish with filter paper and infested apple leaf with C. pomonella eggs and Trichogramma insect; b: Petri dish with a cut apple fruit

embedded into paraffin, containing Codling moth eggs; c: cut apple fruit piece with parasitized Codling moth egg.
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3.5. Results:

3.5.1. Effect of apple leave surface on searching behaviour

Time spent foraging differed significantly between HOH 1 and both the other strains only on
leaves of cv. “Boskoop” and “Topaz” but not on cv. “Golden Delicious”. Handling time and time
spent on the leaves post parasitization until leaving the leaf did neither differ between strains nor

between the apple cultivars (Table 2 and 5).

Searching time on leaves was significantly affected by the presence of eggs and C.
pomonella stimuli. Females spent the shortest time on leaves without any Codling moth stimulus
followed by leaves with adult stimuli (scales and possible secretions) and leaves with host eggs
and adult stimuli (Table 3 and 5).

Significant differences in time spent foraging until leaving were found between strains on
leaves with eggs and adult stimuli, whereas strain of HOH 1 spent the shortest time compared to
the other strains. Moreover, our results showed significant differences between strains on leaves
of all apple cultivars with adult stimuli. Female of KIO 2 TN stayed the longest time on all
cultivars compared with the other two strains studied, while the female of HOH 1 spent the
shortest time on leaves of cv. “Topaz”. No significant differences in time until leaving were
found between strains on blank leaves of cv. “Boskoop” and “Golden Delicious” while the mean
time spent by strain of HOH 1 on cv. “Topaz” was significantly shorter than that spent by KIO 2
TN and SY 98 01 (Table 4 and 5).
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Table 2 Searching behaviour (foraging, host handling and post parasitization time) of three
strains of T. cacoeciae on the upper leaf surface of three apple varieties with the presence of eggs
of C. pomonella (one-way ANOVA,; for “Boskoop”: foraging time: F = 5.7961, P < 0.0051, d.f.
= 2, 57; host handling: F = 1.3160, P < 0.2767, d.f. = 2, 54; post parasitization: F = 0.3691, P <
0.6930, d.f. = 2, 57; for “Golden Delicious”:foraging time: F = 2.6006, P < 0. 0832, d.f. = 2, 56;
host handling: F = 2.3108, P < 0.1087, d.f. = 2, 55; post parasitization: F = 0.4447, P < 0.6432,
d.f. = 2, 56; for “Topaz”: foraging time: F = 11.4206, P < 0.0001, d.f. = 2, 55; host handling: F =
1.0542, P < 0.3554, d.f. = 2, 55; post parasitization: F = 0.4007, P < 0.6717, d.f. = 2, 56;
followed by Tukey-Kramer HSD-test, P< 0.05 level).

Mean foraging time (sec)

“Golden Delicious™” “Boskoop™” “Topaz”
_ 296.947 +59.948 303.900 + 79.042° 268.722 + 45.640 P
T. cacoeciae HOH 1 _ _ em e
n=19 n=20 -
n=18
340.000 + 98.193 ¢ 377.300 £ 71.312° a
T. cacoeciae KIO 2 TN _ _ 340.050 + 75.473
n=20 n=20 -
n=20
346.600 + 53.702 ¢ 363.900 + 66.955 * a
T. cacoeciae SY 98 01 _ _ 365.850 + 66.669
n=20 n=20 -
n =20
Mean host handling time (sec)
“Golden Delicious™” “Boskoop™” “Topaz”
427 +35.450 ° 79.211 + 33.095 ¢ 74.263 + 33.808°
T. cacoeciae HOH 1 68 35.450 9 33.095 63 + 33.808
n=19 n=19 n=19
+ a + a + a
T. cacoeciae KIO 2 TN 91.211 £ 47.341 77.947 £ 36.522 62.263 £ 34.461
n=19 n=19 n=19
73.900 +33.811 % 4.473+21.464° 1.800 + 20.537 ®
T. cacoeciae SY 98 01 3900 £33.8 04.413 ° 61.800 £20.53
n=20 n=19 n=20

Mean post parasitization time until leaving the leaf (sec)

“Golden Delicious™ “Boskoop”* “Top a7
90 +22.678° 41.200 £19.449°  40.450 + 18.398 °
T. cacoeciae HOH 1 38.90 678 00 +19.449 0.450 + 18.398
n=20 n=20 n=20
+ a + a + a
T. cacoeciae KIO 2 TN 42.90 +20.440 45.550 £22.940 42.895 + 22.588
n=20 n=20 n=19
420+21.900% 40.350 + 18.980 2 46.200 + 20.070 ®
T. cacoeciae SY 98 01 36.420 900 0.350 + 18.980 6.200 + 20.070
n=19 n=20 n=20

* Means within each column followed by the same letter are not significantly different.
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Table 3 Leaving time of three strains of Trichogramma affected by presence and absence of host

egg or adult stimuli on leaves of three apple cultivars (one-way ANOVA; T. cacoeciae HOH 1:
for “Boskoop”: F = 216.2194, P < 0.0001, d.f. = 2, 56; for “Golden Delicious™: F = 166.4495, P
< 0.0001, d.f. = 2, 56; for “Topaz”: F = 252.8857, P < 0.0001, d.f. = 2, 55; T. cacoeciae KIO 2
TN: for “Boskoop”: F = 486.3897, P < 0.0001, d.f. = 2, 55; for “Golden Delicious”: F =
184.3277, P < 0.0001, d.f. = 2, 57; for “Topaz”: F = 169.9014, P < 0.0001, d.f. = 2, 54; T.
cacoeciae SY 98 01: for “Boskoop”: F = 349.5249, P <0.0001, d.f. = 2, 56; for “Golden
Delicious”: F = 300.2368, P < 0.0001, d.f. = 2, 55; for “Topaz”: F = 200.0228, P < 0.0001, d.f. =
2, 56; followed by Tukey-Kramer HSD-test, P < 0.001 level).

Trichogramma cacoeciae HOH 1

“Golden Delicious* * “Boskoop”* “Topaz™*
Eqs + adult Kairomones 413.25 + 69.410 2 429.85 + 70.204 2 388.45 + 63.078 °
% n=20 n=20 n=20
. 255.11 + 46.090 ° 210.00 + 61.038 " 163.21 + 45.359 °
Adult kairomones
n=19 n=20 n=19
Blank 101.75 £ 41.967 © 55.79 + 28.425 ¢ 53.95 + 25.072 ¢
n=20 n=19° n=19
Trichogramma cacoeciae KIO 2 TN
“Golden Delicious”* “Boskoop”* “Topaz™*
Eqas + adult kairomones 483.45 + 83.509 @ 514.84 + 57.96 12 464.26 + 65.438 2
% n=20 n=19 n=19
. 325.60 + 59.263 " 243.00 + 41.984 ° 299.63 + 61.162 °
Adult kairomones
n=20 n=20 n=19
Blank 98.65 + 41.150 ¢ 58.53 +32.740 ¢ 118.32 +44.974°
n=20 n=19 n=19
Trichogramma cacoeciae SY 98 01
“Golden Delicious™* “Boskoop”* “Topaz”™*
Eqas + adult kairomones 468.90 + 53.394 2 473.80 + 53.677 ¢ 473.85 + 63.268 @
% n=19 n=20 n=20
_ 277.05 + 33.117° 173.75 + 64.299 218.65 + 69.246 °
Adult kairomones
n=19 n=20 n=20
Blank 123.80 +43.216 ¢ 59.74 + 24.456 © 107.68 + 38.467 ©
n=20 n=19 n=19

* Means within each column followed by the same letter are not significantly different.
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Table 4 Leaving time of Trichogramma strains affected by three apple cultivars in presence and
absence of host egg on the leaves (one-way ANOVA; Eggs + adult kairomones: for “Boskoop”:
F =9.4474, P <0.0003, d.f. = 2, 56; for “Golden Delicious”: F = 5.5641, P < 0.0063, d.f. = 2, 56;
for “Topaz”: F = 10.6570, P < 0.0001, d.f. = 2, 56; Adult kairomones: for “Boskoop”: F =
7.4809, P < 0.0013, d.f. = 2, 57; for “Golden Delicious”: F = 11.2459, P < 0.0001, d.f. = 2, 55;
for “Topaz”: F = 25.1740, P < 0.0001, d.f. = 2, 55; Blank: for “Boskoop”: F = 0.0941, P <
0.9104, d.f. = 2, 54; for “Golden Delicious”: F = 2.1201, P < 0.1294, d.f. = 2, 57; for “Topaz”: F
=16.4291, P <0.0001, d.f. = 2, 54; followed by Tukey-Kramer HSD-test, P < 0.05 level).

Eggs + adult kairomones

“Golden Delicious™” “Boskoop™” “Topaz”
cacoeciae HOH 1 413.250 + 69.410 ° 429.850 + 70.204 ° 388.450 + 63.078 °
' n=20 n=20 n=20
a a a
_cacoeciae KIO 2 TN 483.45r?:-_|-28(;3.509 514.84n2:-_l-1597.961 464.26n3:-_l-1695.438
. 468.895 + 53.394 2 473.800 + 53.677 % 473.850 + 63.268 2
. cacoeciae SY 98 01 - _ ”
n=19 n=20 n=20
Adult kairomones
“Golden Delicious™” “Boskoop™” “Topaz”
cacoeciae HOH 1 255.105 + 46.090°  210.000 + 61.038 2 163.211 + 45.359 ¢
' n=19 n=20 n=19
a a a
cacoeciae KIO 2 TN 325.60?:25(?.263 243.00::1-2401.984 299.63n2:-_l-1691.162
. 277.053 + 33.117 ° 173.750 + 64.299 ° 218.650 + 69.246 "
. cacoeciae SY 98 01 - _ _
n=19 n=20 n=20
Blank
“Golden Delicious™” “Boskoop”” “Topaz”™
] 101.750 + 41.967 @ 55.790 + 28.425 2 53.947 + 25.072°
. cacoeciae HOH 1 =20 n=19 n=19
a a a
cacoeciae KIO 2 TN 98.650 J:r 41.150 58.526 J:r 32.740 118.316:: 44974
n=20 n=19 n=19
a a a
_cacoeciae SY 98 01 123.800:: 43.216 59.737 J:r 24.456 107.684:: 38.467
n=20 n=19 n=19

* Means within each column followed by the same letter are not significantly different.
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Table 5 Analysis of variance (ANOVA, GLM: General Linear Model, normal distribution,
link: identity, full module test) of foraging time (number of observations = 177, Chi-square =
34.8159, d.f. = 4, p = 0.0001); host handling time (number of observations = 173, Chi-square
=5.6756, d.f. = 4, p = 0.2247), post handling time (number of observations = 178, Chi-square
= 2.1054, d.f. = 4, p = 0.7164) and leaving time (number of observations = 527, Chi-square=
1085.200, d.f. = 6, p = 0.0001) of three strains of T. cacoeciae, affected by upper leaf surface
of three apple varieties with C. pomonella eggs and adult kairomones, with adult kairomones

only, and without any stimulus (blank).

Foraging time

Source d.f. Chi-square P
Strains 2 31.846027 0.0001
Apple cultivar 2 3.9533804 0.1385

Host handling time

Source d.f. Chi-square P
Strains 2 2.7466908 0.2533
Apple cultivar 2 2.9591924 0.2277

Post parasitization

Source d.f. Chi-square P
Strains 2 1.0278809 0.5981
Apple cultivar 2 1.1058869 0.5753
Leaving time
Source d.f. Chi-square P
Strains 2 82.380405 0.0001
Apple cultivar 2 36.102663 0.0001
Stimulus 2 1070.4013 0.0001
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When apples with eggs were placed on the bottom of the cages, significant differences in
the parasitization rate were found between the strains compared. Trichogramma cacoeciae KIO
2 parasitized fewer eggs on the cultivars ”Golden Delicious” (66.34 %) and “Boskoop” (81.50
%) compared with the other two strains studied, while there were no significant differences
between the strains on cv. “Topaz”. At 25 cm height and at 50 cm height the differences between
strains were not significant, only the parasitization rate of strain SY 98 01 on cv. “Topaz” was
lower than the strain HOH 1 at 25 cm height. At 50 cm height, parasitization rate was only lower
on cv. "Golden Delicious” (Table 7). The position of apple fruits above ground affected the

parasitization rate significantly more than the both factors “strain” or “cultivar” (Table 6).

Table 6 Analysis of variance (ANOVA, GLM: General Linear Model, normal distribution, link:
identity, full module test) of parasitization rate (%) of three strains of T. cacoeciae on C.
pomonella eggs as host, affected by three heights (0, 25 and 50 cm) and three apple varieties:
(Number of observations = 216, Chi-square = 248.6890, d.f. = 6, p < 0.0001).

Source d.f. Chi-square P
Strains 2 16.3644 0.0003
Cultivar 2 15.08254 0.0005
Height 2 238.1191 <0.0001
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Table 7 Parasitization rate of three strains of Trichogramma cacoeciae on apple fruits of

different cultivars in different heights (number of repeats for each individual test set = 8; one-
way ANOVA; for “Boskoop”: height 0 cm: F = 5.0403, P < 0.0163, d.f. = 2, 21; height 25 cm: F
= 0.5027, P < 0.6120, d.f. = 2, 21; height 50 cm: F = 6.9881, P < 0.0047, d.f. = 2, 21; for
”Golden Delicious”: height 0 cm: F = 16.8709, P < 0.0001, d.f. = 2, 21; height 25 cm: F =
0.4400, P < 0.6499, d.f. = 2, 21; height 50 cm: F = 0.9643, P < 0.3975, d.f. = 2, 21; for “Topaz™:
height 0 cm: F = 3.6066, P < 0.0450, d.f. = 2, 21; height 25 cm: F = 5.1610, P < 0.0150, d.f. = 2,
21; height 50 cm: F = 2.4125, P < 0.1140, d.f. = 2, 21; followed by Tukey-Kramer HSD-test,P <

0.05 level).

Parasitization rate (%) at 0 cm

“Golden Delicious” “Boskoop”* “Topaz”*
T. cacoeciae HOH 1 88.38 +5.59 ° 92.26 +5.11° 75.53 +13.59
T. cacoeciae KIO 2 TN 66.35+13.18° 81.50 +6.39 " 85.82 +6.40
T. cacoeciae SY 98 01 86.65 + 2.94 85.43 +8.61% 86.20 +4.25°

Parasitization rate (%) at 25 cm height

“Golden Delicious”” “Boskoop”* “Topaz”*
T. cacoeciae HOH 1 63.33 +15.33° 70.28 +14.20° 67.38 +12.67°
T. cacoeciae KIO 2 TN 70.34 +17.98 2 63.96 + 16.70 43.27 +20.48°
T. cacoeciae SY 98 01 66.56 + 10.58 63.89 +12.77 2 56.52 +9.90 *

Parasitization rate (%) at 50 cm height

“Golden Delicious™" “Boskoop”” “Topaz”™
T. cacoeciae HOH 1 42.97 +14.06 56.85 + 19.34 36.86 + 13.48 2
T. cacoeciae KIO 2 TN 34.97 +9.98 41.15+16.30% 27.18 +12.30°
T. cacoeciae SY 98 01 33.69 + 18.25 ° 27.26 +10.62" 2427 +9.97°

* Means within each column followed by the same letter are not significantly different.
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Figure 3 Parasitization rate of Codling moth eggs on fruits of three apple varieties (B:
“Boskoop”, GD: “Golden Delicious”, and T: “Topaz”) exposed in three heights (0: 0 cm, 25: 25
cm and 50: 50 cm) by three strains of T. cacoeciae (a: HOH 1, b: KIO 2 TN and c: SY 98 01).
Columns with different letters indicate significant differences between treatments at p = 0.05 by
one way ANOVA followed by Tukey-Kramer HSD-test.
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3.6. Discussion

Searching behaviour of T. cacoeciae (foraging, handling the host, and leaving the host plant)
differed significantly between the strains but was not affected by the leaf surfaces of the apple
cultivars tested. As leaf surface complexity was reported to affect Trichogramma nubilale Ertle
and Davis searching activity and parasitization rate (Andow and Prokrym, 1990), the differences
of apple leaf surfaces between apple cultivars (Al Bitar et al., 2012) did not affect foraging time
until host-egg finding, handling time or post-parasitization time until leaving the leaf by T.
cacoeciae. Only leaving time (= giving-up time) on leaves with no stimulus (blank) or adult
stimuli without host eggs was significantly affected by the factor apple cultivar. A possible
explanation of these differences may be seen in the number of trichomes and the trichome-
covered area on the upper leaf side of apple leaves, where “Golden Delicious”-leaves have a
relative trichome-covered area of only 3.4 % compared to the almost doubled area on leaves of
the cultivars “Boskoop” and “Topaz” with 7.1 and 6.3 % respectively (Al Bitar et al., 2012). This
relation is also found in the giving-up time on blank leaves of cv. “Golden Delicious” twice the
time on both the other cultivars. On leaves with adult stimuli only, this relation was less
pronounced, but visible. Thus, it may be concluded that with presence of host eggs, the possibly
disturbing effects of trichomes on Trichogramma walking (Carrillo et al., 2008; Kauffman and
Kennedy, 1989; Kashyap et al., 1991; Keller, 1987; Rabb and Bradley, 1968; Romeis et al.,
1998; Suverkropp et al., 2010; Treacy et al., 1985; 1986) may be neglected by the parasitoid
females and only may play a role when any positive stimulus is absent.

Females of all T. cacoeciae strains tested were able to detect stimuli left by Codling moth
females during walking on an apple leaf without ovipositing as giving up time for host-egg
searching was significantly lower on blank leaves than on leaves with adult stimuli but no host
eggs. This implies that (i) Codling moth females leave traces like scales or volatile chemicals
while visiting an apple leaf, possibly during search for an appropriate oviposition site, and (ii) T.
cacoeciae females are able to perceive these olfactorial or possibly also mechanical stimuli.
Trichogramma species are known to exploit sex pheromones of potential host species as
kairomones result in increased wasp residence times, walking times, and path lengths (Boo and
Yang, 2000, Kaiser et al., 1989, Lewis et al., 1982, McGregor and Henderson, 1998, Milonas et
al., 2009a, 2009b, Noldus, 1988, Noldus and van Lenteren, 1985, Noldus et al., 1990, 1991,
Reddy et al., 2002, Scholler and Prozell, 2002). However, they also are able to detect other

stimuli than sex-pheromones because production of sex pheromones by lepidopterans is
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terminated after mating (Ahn et al., 2002, Ando et al., 1996, Coffelt and Vick, 1987, Foster,
1993, Giebultowicz et al., 1991, Hanin et al., 2011, Raina, 1989, Ramaswamy et al., 1996). This
assumption is supported by the attraction of T. bournieri Pintureau and Babault females by
odours of non-calling females of stemborers, although to a lesser extent than by calling females
(Bruce et al., 2009). Scales left by ovipositing moths and hexane surface extracts stimulated
host-seeking response of and increased parasitism by T. evanescens Westwood (Lewis et al.,
1972). Presence of stimuli released by mated Codling moth females during walking on a surface
are of higher reliability and may, at least, indicate to Trichogramma females a higher probability

to find a host egg and not to waste time and energy for fruitless host egg searching.

Our results show significant differences between the strains in searching behaviour, where
strain T. cacoeciae HOH 1 performs best among the strains studied, because they needed the
shortest time to find the host. Significant genetic variation in host egg location has also been
reported for T. brassicae Bezdenko (Bruins et al., 1994). Considering the significantly differing
parasitization rates of the three strains used in this study, genetic variation in performance is also

given in T. cacoeciae.

Moreover, host egg location on fruits as shown by the parasitization rate differed between,
Trichogramma strains, apple varieties and height of apple fruits in the cage. Generally, the
parasitization rate decreased with distance of apples above ground, where the Trichogramma-
females have been released. This may be due to onset of searching in the vicinity of the releasing
point, and then moving to higher strata to continue searching for further host eggs. This result
corresponds to reports by Yu et al (1984) for T. minutum Riley, and Ables et al. (1980) for T.
pretiosum Riley where the vertical distribution of these parasitoids within apple trees was
skewed toward the lower part of the tree canopy. It may be concluded that distribution of
Trichogrammatids in fruit orchards should be more even than achieved by hanging
Trichogramma-cards to reduce the distance between the places of adult parasitoid emergence to
the next possible Codling moth oviposition site and to compensate gaps in parasitoid dispersion.
An even distribution of Trichogramma in orchards can be accomplished by spray-application of

parasitized factitious host eggs.

Although parasitization rates differed significantly between apple cultivars or
Trichogramma strain tested, the differences between apple cultivars were not consistent and,
thus, should not be overestimated. The differences in the parasitization rate between the

Trichogramma strains were not very pronounced and should be taken as a trend, where strain
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K10 2 TN performed slightly less than both the other strains. It may be assumed that searching
behaviour of Trichogramma females can be affected by apple fruit surface because the apple
cultivars are characterized by sometimes tremendous differences in fruit cuticle microstructure
(Curry, 2005).

The complete searching behaviour as affected by various plant surfaces has to be
scrutinized in detail to explain differences in parasitization performance of trichogrammatids.
Light should particularly be shed upon the genetic variation in searching and parasitization
behaviour of Trichogramma species to choose the most efficient strain for biocontrol of

lepidopterous pests in a given crop.
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Effect of hibernation on different strains of Trichogramma (Hymenoptera:

Trichogrammatidae) and influence of low temperature on adult survival.

Abstract One German and one Tunisian strain of Trichogramma oleae Voegelé and two
German, one Tunisian, and one Syrian strain of T. cacoeciae Marchal (Hym.,,
Trichogrammatidae) were hibernated from October 10" 2007, up to parasitoid emergence in
2008 under field conditions in Stuttgart-Hohenheim, Germany. 60 Days after exposure to
outdoor conditions and after complete hibernation life table parameters of survivors was
assessed. Our results demonstrate that all strains studied were able to overwinter successfully on
eggs of the factitious host Sitotroga cerealella Olivier (Lep., Gelechiidae). Mean development
time of trichogrammatids until adult emergence after full hibernation ranged between 183 and
189 days. Emergence rate ranged between 53.59 and 60.98 %. Net reproduction rate (Ro) of T.
oleae strains decreased with duration of field exposure, whereas in T. cacoeciae strains Ry was
lowest after 60 days field exposure. Longevity of all adults emerged from parasitized eggs was
affected by field exposure compared to the control. Total fecundity, total fertility and percent
fertility after 60 days and/or after hibernation showed neither significant differences between
strains nor within the strains studied. Total fertility of T. cacoeciae strains decreased
significantly after midterm and/or after full hibernation compared with the control, while no
significant differences were detected within T. oleae strains. Time until adult emergence,
mortality, and percentage of deformed adults increased with storage duration at 4 °C.

Trichogramma oleae (German strain) showed best adaptation to cold storage for 50 days.

Keywords: Trichogramma cacoeciae, T. oleae, Syria, Tunisia, Germany, diapause, life-table,

performance, parasitization
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4.1. Introduction

Trichogramma spp. are the most widely used biocontrol agents against lepidopterous pests in
biological control programmes (Hassan, 1993; Hunter, 1994; King, 1993; Olkowski and Zhang,
1989, Smith, 1996). Both, native and allochthonous species have been mass-reared and released
(Li, 1994; van Lenteren, 2000) in different crops. Their success in pest control depends on their
quality as represented by emergence rate, longevity, fecundity, fertility and searching
capacity(Bigler, 1994; Bueno et al., 2012; Cerutti and Bigler, 1991; Dutton and Bigler, 1995;
Dutton et al., 1996; Greenberg, 1991; van Lenteren, 1991). In addition to the short life cycle of
Trichogramma species and the fact that they can be mass-reared on factitious hosts allow these
wasps to be produced quickly and affordably, compared to other parasitoids (Bueno et al., 2009;
Parra and Zucchi, 2004; Smith, 1996) and make Trichogramma species highly suitable for

inundative releases.

For inundative biological control programs and to improve storage conditions and the
potential for mass releases, diapause of Trichogramma has received high attention (Pizzol and
Voegelé, 1988; Voegelé et al., 1988; Zaslavskii and Umarova, 1990; for reviews see Boivin,
1994; Smith, 1996). Although indigenous and also allochthonous Trichogramma species are
released for control of target pests for a limited time within the vegetation period, often in the
same area year by year, settling potential and environmental safety concerning their relatively
high polyphagy, have not been considered in due diligence (Babendreier et al., 2003a, b; Kuske
et al., 2004; Nafus, 1993; Yong and Hoffmann, 2006). Concerns may be particularly raised
whether allochthonous parasitoids can overwinter in the area of release. Trichogramma
hibernation may occur by quiescence or diapause (Garcia et al., 2002; Rundle and Hoffmann,
2003), induced as a direct response to unfavourable environmental conditions, with resuming
development immediately after favourable conditions return (Blum, 1985; Chapman, 1998; Lee
and Denlinger, 1991; Saunders, 1982).Some species of the genus Trichogramma enter diapause
in the prepupal stage governed by the photoperiod during their preimaginal development (Norris,
1994; Reznik et al., 2002; Reznik and Kats, 2004; Saunders, 2002; Tauber et al., 1983, 1984,
1986; Zaslavskii and Umarova, 1990). However, the main factor inducing diapause is assumed
to be temperature (Anunciada, 1983; Boivin, 1994; Bonnemaison, 1972; Babendreier, 2003c;
Laing and Corrigan, 1995; Ma and Chen, 2006; Maslennikova, 1959; Norris, 1994; Parker and
Pinnel, 1971; Pintureau and Daumal, 1995; Pizzol, 1978; Pizzol et al., 2010; Voegelé et al.,
1986; Sorokina and Maslennikova, 1988; Zaslavskii and Umarova, 1990). Hibernation ability
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and diapause is also an issue in maintaining Trichogramma species beyond mass-rearing and to
improve storage conditions until dispatch for mass releases (Pizzol and Voegelé, 1988; Voegelé
et al., 1988; Zaslavskii and Umarova, 1990).Storage of trichogrammatids as parasitized host eggs
provides flexibility and efficiency in mass production and assures their availability in sufficient
numbers at the time of release (Greenberg et al., 1996; Leopold, 1998; Tezze and Botto, 2004).

Temperature is also one of the important factors affecting dispersion, abundance, developmental
rate, fecundity, and longevity of trichogrammatids (Cabello and Vargas, 1988; Maceda et al.,
2003) and the knowledge of the thermal optimum and temperature amplitude of physiological or
bodily activity must be evaluated before mass rearing and release of the wasps (Haile et al.,
2002; Maceda et al., 2003).

The aim of this study was to investigate whether different strains of Trichogramma oleae
Voegelé and T. cacoeciae Marchal are able to overwinter under the climatic conditions in south-
western Germany (Stuttgart-Hohenheim, state of Baden-Wurttemberg).Furthermore, the effect of
diapause on the longevity, fecundity and fertility of the females emerged from parasitized eggs
that passed the winter outdoors, was determined. Effects of low temperature on the performance
of these strains, their parasitization potential and population growth parameters were assessed
when reared on their factitious host, the Angoumois grain moth Sitotroga cerealella Olivier
(Lep.: Gelechiidae).

Figure 1(a) Plexiglas cage and (b) plastic tube, containing a paper with parasitized S. cerealella

eggs, fixed with a wire and covered with a petri dish cover.
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4.2. Materials and methods
4.2.1. Trichogramma rearing

Six strains of Trichogramma (T. oleae See2, T. oleae KIO4 TN, T. cacoeciae HOH 1 and HOH
2, T. cacoeciae KIO2 TN, and T. cacoeciae SY 98 01) (Hym.: Trichogrammatidae) were
collected from parasitized eggs from different regions (Table 1). The strains were subsequently
reared in the laboratory under standardized conditions (25 + 1 °C, 16:8 L:D and R.H: 40-60% on
eggs of the Angoumois grain moth for more than 65 generations. Eggs of S. cerealella were
presented to wasps on egg paper cards in plastic tubes (PS Multipurpose Container, 15 ml, 38.80
*23.00 mm, Cat.-No.: 203170, Greiner bio-one), closed with black nylon screen (0.7 mesh). The
egg cards were prepared by spreading 24 h old host eggs on glued spots (9 mm diameter Arabic

Gum on index cardboard) obtaining100 * 15 eggs per spot.

25,0 -
20,0 -
15,0 A
10,0 A

5,0 -

Temperature (C°)

0,0

1 3 5 7 9 11 13 15 |1jf 19 21 23 )25 27 29 31 33
-5,0 -

-10,0 -
Week

Figure 2 Weekly maximum and minimum temperatures of the first week of September 2007
until end of April 2008.
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Table 1 List of the collected T. cacoeciae species and strains, their hosts, culture, location, and time of collection.

) ) o Collected in Country of ) ) Year of
Species Strain Original host o Latitude Longitude  Collector )
culture origin collection
T. cacoeciae S. cerealella Hohenheim
HOH 1 . Apple 48° 11'N 9°13'E H. Alkarrat 2006
Marchal Olivier Germany
T. cacoeciae S. cerealella Hohenheim
HOH 2 o Apple 48° 11'N 48°11'N  H. Alkarrat 2006
Marchal Olivier Germany
_ Ectomyelois
T. cacoeciae _ o o
KIO2 TN ceratoniae Pomegranate  Tunisia 36° 50" N 10°11'E I. Ksentini 2004
Marchal
(Zeller)
T. cacoeciae As Sweida _
SY 98 01 C. pomonellaL. Apple ] 32° 45'N 36°45'E  W. Almatni 1998
Marchal Syria
S. cerealella Hohenheim C.P.W.
T. oleae Voegelé See?2 — Weeds 48° 11'N 48° 11'N ) 2006
Olivier Germany Zebitz
E. ceratoniae o .
T. oleae Voegelé KIO4TN Pomegranate  Tunisia 36° 50" N 10°11'E I. Ksentini 2004

(Zeller)

! = Bait eggs.
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4.2.2. Test procedure:
4.2.2.1. Overwintering ability

During overwintering in the field experiment, the temperature amplitude ranged between -8 and
24 °C (Fig. 2). Eight egg cards per Trichogramma strain were offered to females for 24 has
parasitization opportunity time. The plastic tubes contained a droplet of a 10 % honey solution to
provide the parasitoids with a carbohydrate source. After parasitization, the females were
removed and the egg cards were transferred to Plexiglas® boxes (Fig.1a) (Sakr et al., 2004) on
October 9™ 2007, when the maximum daily temperature was assumed to decline below 15 - 17
°C (pilot tests at an earlier time in the year until end of September still resulted in adult
emergence). Daily field weather data were obtained from the Institute of Physics and

Meteorology of the University of Hohenheim.

Four of the eight boxes of every strain were taken into the laboratory after 60 days
exposure to field conditions for daily observation until adult emergence. After adult emergence,
10 females of each box of each strain were separated individually into small plastic tubes (Fig.
1b). One S. cerealella egg card and a droplet of honey were offered to every individual female
and replaced daily, until the female died. The parasitized eggs from each tube were transferred
daily to another clean tube and kept in the laboratory for parasitoid development. After 4-5 days,
when parasitized eggs turned black, the number of parasitized eggs and the number of emerged

adults was assessed under a binocular microscope.

When the temperatures rised in April, the remaining egg cards were transferred from the
plastic boxes to clean tubes with black net covers to prevent emerged adults to leave (Fig. 1b).
Since these tubes were still kept in the field, they were covered with a Petri dish to prevent
flooding by rain and attached to trees and bushes at a height of 1.5 m. Adult Trichogramma
emergence was assessed twice daily at 10 a.m. and at 3 p.m. Time of emergence, number of
females emerged, and adults with any morphological deformations was assessed before handling
of the females to assess adult longevity and parasitization performance as described for the

handling after 60 days exposure.

4.2.2.2. Effect low temperature on Trichogramma performances

To study the effect of low temperatures on the quality of the test strains, once the parasitoids

reached the pupal stage inside their host eggs, these egg cards were stored at 4+1 °C in a
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refrigerator at 70 % RH and in full darkness. The pupal stage was used in this study because it
showed better tolerance to low temperature compared to other preimaginal stages in several
Trichogramma spp. (Jalali and Singh 1992; Lopez and Morrison 1980). After 7, 15, 25, 40, 50,
and 60 days, 15 randomly taken egg cards were removed from the cold storage and transferred to
the climatic chamber and maintained at standard rearing conditions to monitor the emergence of
adult parasitoids. Adult emergence before cold storage (0 days exposure) was taken as reference.
To assess the quality of the cold-stored parasitoids, adult emergence time, proportion of emerged

adults (no. of emerged adults/ no. of parasitized eggs), and deformed adults was assessed.

4.3. Statistical analysis:

All data were analysed using JMP® 9.0.0 software (2010, SAS Institute Inc., Cary, NC 27513,
USA). All experimental data were normally distributed. Outliers were eliminated using
Jackknife-procedure if necessary. Statistical procedures applied and necessary statistical

information are given in the respective legends of tables and figures.

4.4. Results
4.4.1. Overwintering ability

During overwintering in the field experiment, the temperature amplitude ranged between -8 and
24 °C.Each strain tested was able to overwinter under Hohenheim field conditions (Stuttgart,
Germany). The developmental period of all Trichogramma species and strains studied from egg
to pupal stage as assessed by time until 50 % blackening at the beginning of the field
experiments ranged between 7.25 + 0.71 days for T. oleae See 2 to 12.00 + 1.07days for T.
cacoeciae SY 98 01. Midterm and final evaluation revealed that the strains emerged successfully

after 183 — 189 days showing no significant differences between the strains (Table 2).

Although percent adult emergence after hibernation differed significantly between strain
HOH 1 and strain SY 98 01 of T. cacoeciae, these differences should not be overestimated
because the respective of the other strains tested were rather homogenous. However, more
serious differences could be observed in the ratio of deformed adults. Strain T. cacoeciae HOH 1
suffered from a significantly higher rate of deformed adults than strain T. oleae KIO 4 TN. The

means of the other strains tested did not differ significantly (Table 2).
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Table 2 Mean (x sd. respectively)time (days) to develop > 50% of eggs to pupal stage, diapause duration, total emergence rate (%) after
hibernation, deformed adults (%) after hibernation, adult longevity, and net reproduction rate (Ro), of hibernated Trichogramma species / strains
(one-way ANOVA between strains; for developmental time of > 50 % of eggs to pupal stage: F = 21.8821, P < 0.0001, d.f. = 5, 42; for diapause
duration: F =1.0795, P = 0.3856, d.f. =5, 42; for emergence rate (%): F = 2.9730, P=0.0219, d.f. =5, 42; for deformed adults (%): F = 2.3769, P=
0.0549, d.f. = 5, 42; for longevity in the control: F = 0.9863, P = 0.4347, d.f. = 5, 54; for longevity after midterm exposure: F = 4.1470, P = 0.0030,
d.f. = 5, 53; for longevity after complete hibernation: F = 1.6751, P = 0.1564, d.f. = 5, 54; one-way ANOVA within strains; longevity for: T.
cacoeciae HOH 1: F = 0.0125, P = 0.9875, d.f. = 2, 27; T. cacoeciae HOH 2: F = 1. 2862, P < 0.2927; d.f. = 2, 27; for T. cacoeciae KIO 2 TN: F =
1.9837, P < 0.1571; d.f. = 2, 27; for T. cacoeciae SY 98 01: F =5.5142, P < 0.0098; d.f. = 2, 27; for T. oleae See 2: F = 0.4126, P < 0.6660; d.f. = 2,
27; for T. oleae KIO 4 TN: F =0.2762, P = 0.7608; d.f. = 2, 27; followed by Tukey-Kramer HSD-test,P < 0.05 level).

T. oleae T. oleae T. cacoeciae T. cacoeciae T. cacoeciae T. cacoeciae
See 2 KIO4 TN HOH 1 HOH 2 KIO2 TN SY 9801
Time (d) to develop > 50% of b b b b b .
| . 7.25+£0.71 7.88 £ 0.99 8.13+1.13 8.50+0.76 8.50+1.31 12.00 £ 1.07
eggs to pupal stage
Complete diapause duration . . . . . .
(days) 183 +4.34 184 +4.50 185+ 6.30 186 £ 4.72 185 + 6.59 189 +6.72
ays
Emergence rate (%) after b b b b b .
hib tion 58.91 + 4.87 56.63 + 4.49 53.59 +3.32 54.57 +6.27 53.80 +4.75 60.98 + 5.45
ibernation
Deformed adults (%) after b b b b b
20.78 +7.31* 18.17 +6.88 28.94 + 4.98° 20.11 +6.02° 22.38 £6.60°° 22.14 +8.32°

hibernation®
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Longevity (days)* /2

- control 7.90 £4.98" 9.10+4.79°" 10.20+5.05°* 10.90 +3.84*" 11.00 +4.08°" 11.90+4.82*°* 10
- midterm 8.70+2.75°®  870+2.75°® 10.00+2.05°"® 10.60+1.71**® 030+298"" 12.20+1.32** 10
- complete hibernation 7.20+2.94%"  8.00+176°" 10.20+1.48" 890+3.07°" 810+256*°" 7.50+357°* 10
Net reproductive rate (Ro)*

- control 35.30 41.80 39.50 38.60 41.80 42.10 -
- midterm 32.60 32.10 27.20 20.80 26.30 24.10 -
- complete hibernation 26.50 29.32 39.10 36.80 32.10 37.10 -

'Within a row, means with the same capital letter are not significantly different.

2Within a column, means with the same small letter are not significantly different.

3Ro= (Zlmy).
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4.4.2. Life table of hibernated Trichogramma spp.

Only longevity of females of T. cacoeciae SY 98 01 taken from the field after complete
hibernation (7.50 + 3.57 days) was significantly shorter compared with the females taken after
midterm (12.20 = 1.32), whereas within all other species and strains tested no significant
differences could be detected (Table 2).

In all strains, net reproduction rate (Ro) of control females was higher than that of females
taken into the laboratory after midterm or full hibernation. Ry of hibernated T. cacoeciae strains
was higher than the Roof females taken into the laboratory after 60 days. In general, females of
the T. oleae strains had lower Ry-values after midterm and full hibernation than the T. cacoeciae
strains (Table 2).

Total fecundity, total fertility and percent fertility after 60 days and/or after hibernation
showed neither significant differences between strains nor within the strains studied.Total
fertility of T. cacoeciae strains decreased significantly after midterm and/or after full hibernation
compared with the control, while no significant differences were detected within T. oleae strains.
Percent fertility of T. oleae strains after full hibernation was significantly higher compared with
the control. Only absolute fertility of T. cacoeciae KIO 2 TN females after full hibernation was

lower compared with the control (Table 3 and 5).

Table 3 Analysis of variance (ANOVA, GLM: General Linear Model, normal distribution, link:
identity) of fecundity after three days, (n = 179, Chi-square = 137.5469, d.f. = 17, p < 0.0001);
fertility after three days (n = 179, Chi-square = 167.5921, d.f. = 17, p < 0.0001); percent fertility
after three days (n = 179, Chi-square = 100.8967, d.f. = 17, p < 0.0001); total fecundity (n = 179,
Chi-square = 118.5307, d.f. = 17, p < 0.0001); total fertility (n = 179, Chi-square = 142.1936,
d.f. =17, p < 0.0001) and total percent fertility (n = 179, Chi-square = 71.1265, d.f. = 17, p <

0.0001) of six Trichogramma species/strains after midterm and full hibernation in the field.

Fecundity after 3 days

Source d.f. Chi-square P
Species / strains 5 9.0707 0.1063
Field exposure 2 104.2459 <0.0001
Species / strains* field exposure 10 49.5026 <0.0001
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Fertility after 3 days

Source d.f. Chi-square P
Species / strains 5 106.2459 <0.0001
Field exposure 2 7.0215 0.2190
Species / strains* field exposure 10 95.8873 <0.0001
Fertility (%) after 3 days
Source d.f. Chi-square P
Species / strains 5 49.5077 <0.0001
Field exposure 2 12.5349 0.0282
Species / strains* field exposure 10 54.4158 <0.0001
Total fecundity
Source d.f. Chi-square P
Species / strains 5 11.4864 0.0425
Field exposure 2 87.2300 <0.0001
Species / strains* field exposure 10 39.0278 <0.0001
Total fertility
Source d.f. Chi-square P
Species/ strains 5 12.3901 0.0298
Field exposure 2 104.2856 < 0.0001
Species / strains* field exposure 10 53.5569 <0.0001
Total fertility (%)

Source d.f. Chi-square P
Species / strains 5 1.9967 0.8496
Field exposure 2 35.0380 <0.0001
Species / strains™ field exposure 10 40.7559 <0.0001
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After midterm hibernation, maximum mean number of blackened eggs after three days was
found for females of T. oleae See 2, in spite of the low mean fecundity of the respective control.
The minimum mean fecundity was found in T. cacoeciae HOH 2. After complete hibernation,
fecundity after three days of all strains showed no significant differences; however, all means
differed significantly to their respective control.Fertility after midterm or complete hibernation
was significantly lower compared to the respective control in T. cacoeciae strains, whereas there
were no significant differences to the control in T. oleae strains. Fertility of completely
hibernated females of T. cacoeciae KIO 2 TN was significant lower compared with the females

after 60 days and the control (Table 3 and 4).

After three days, total fertility of females of T. cacoeciae strains were lower than that of T.
oleae strains after midterm and full hibernation, where in an overall comparison T. cacoeciae

KIO 2 TN was affected strongest by hibernation (Table 3 and 4).

Comparing the relative change of total fecundity and absolute fertility after 60 days and
full hibernation to their respective control, T. cacoeciae strains were suffering more than the T.
oleae strains. Percent fertility was only slightly reduced or did not suffer from hibernation in the
field (Table 6).
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Table 4 Total fecundity, total fertility, and percent total fertility (mean * s.d. respectively) of six Trichogramma species / strains after 3 days before
hibernation (control), after midterm, and full hibernation in the field. (Between strains one-way ANOVA, total fecundity for: control: F = 6.3920, P
<0.0001, d.f. =5, 54; midterm: F = 2.2413, P=0.0428; d.f. = 5, 54; complete hibernation: F = 1.1815, P = 0.3307; d.f. = 5, 53; For total fertility for:
control: F = 12.6662, P < 0.0001; d.f. =5, 54; midterm: F = 4.1591, P = 0.0029; d.f. =5, 54; complete hibernation: F = 4.7490, P= 0.0012; d.f. =5,
53), and for fertility (%) for: control: F = 9.3737, P < 0.0001, d.f. = 5, 54; midterm: F = 2.6988, P= 0.0301; d.f. =5, 54; complete hibernation: F =
4.2979, P=0.0024; d.f. = 5, 53); (Within strains one-way ANOVA; total fecundity for: T. cacoeciae HOH 1:F = 41.0759, P < 0.0001, d.f. = 2, 27,
T. cacoeciae HOH 2: F = 16.2390, P < 0.0001; d.f. = 2, 27; T. cacoeciae KIO 2 TN: F = 28.5820, P < 0.0001, d.f. = 2, 26; T. cacoeciae SY 98 01: F
= 7.5595, P = 0.0025, d.f. = 2, 27;T. oleae KIO 4 TN: F = 8.5385, P = 0.0013, d.f. = 2, 27;T. oleae See 2: F = 3.7877, P = 0.0355, d.f. = 2, 27; for
total fertility for: T. cacoeciae HOH 1: F = 13.7043, P < 0.0001, d.f. = 2, 27; T. cacoeciae HOH 2: F = 27.9390, P < 0.0001; d.f. = 2, 27; T.
cacoeciae KIO 2 TN: F = 48.9477, P < 0.0001, d.f. = 2, 26; T. cacoeciae SY 98 01: F = 8.4838, P = 0.014, d.f. = 2, 27; T. oleae KIO 4 TN: F =
1.5648, P =0.2275, d.f. = 2, 27; T. oleae See 2:F = 2.6537, P = 0.0887, d.f. = 2, 27; total emergence rate for: T. cacoeciae HOH 1: F = 41.0759, P <
0.0001, d.f. = 2, 27; T. cacoeciae HOH 2: F = 15.7134, P < 0.0001; d.f. = 2, 27; T. cacoeciae KIO 2 TN: F = 3.4731, P = 0.0461, d.f. = 2, 26; T.
cacoeciae SY 98 01: F = 3.2720, P = 0.0534, d.f. = 2, 27; T. oleae KIO 4 TN: F = 9.9374, P = 0.0006, d.f. = 2, 27; T. oleae See 2: F = 19.6468, P <
0.0001, d.f. = 2, 27; followed by Tukey-Kramer HSD-test, P < 0.05 level).

T. oleae’ T. oleae’ T. cacoeciae’ T. cacoeciae’ T. cacoeciae’ T. cacoeciae’

See 2 KIO4 TN HOH 1 HOH 2 KIO2 TN SY 9801

Fecundity after 3 days?

- control 28.10+9.40°% 3580+7.30™" 46.90+6.84°"  36.80+651°" 38.30+5.51*" 36.20+8.87°"
n=10 n=10 n=10 n=10 n=10 n=10

- midterm 35.30+£9.06" 31.20+£529""° 2820+7.39"°  26.20+561°° 2010+4.09"°°  26.90 +7.62"°
n=10 n=10 n=10 n=10 n=10 n=10

- complete hibernation 2530+6.36"°  2590+233*°%  23.00+3.74°%  2310+463°°  21.11+518°°  23.30+6.25°°

P n=10 n=10 n=10 n=10 n=10 n=10
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Fertility after 3 days?

- control 19.10£6.23°4  24.40+4.70"  37.20+361°"  29.40+4.17°"  30.90+3.96°"  29.70+8.49°"
n=10 n=10 n=10 n=10 n=10 n=10
- midterm 2510 £569°" 21.70+501"" 1850£4.40°°  1640+392°°  2210%23®®  1950+6.19%°
n=10 n=10 n=10 n=10 n=10 n=10
complete hibernation 2270566  21.30 271"  18.00+271°%  19.20+4.18"°  1478+4.24"  19.80+2.97"°
P n=10 n=10 n=10 n=10 n=10 n=10
% Fertility after 3 days?
- control 68.00+5.10°°%  68.67+7.77°%  79.91+£543""  80.63+6.97°"  80.95+4.92°"  81.46+871°"°
n=10 n=10 n=10 n=10 n=9 n=10
- miidterm 71.91+1046"° 69.16£8.65"° 66.20£4.78"°  62.96+9.14°%  77.05+1122°"° 73.14 +1233"°
n=10 n=10 n=10 n=10 n=9 n=10
- comblete hibernation 90.60+9.35"*  82.06 +6.22°" 78.89+8.69" 83.43+10.15°" 69.97+10.19°° 88.32+17.38°"°
P n=10 n=10 n=10 n=10 n=9 n=10

! Within a column of a parameter, means with the same capital letter are not significantly different.

2 Within a row, means with the same small letter are not significantly different.
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Table 5 Total fecundity, total fertility, and percent total fertility (mean £ s.d. respectively) of six Trichogramma species / strains before hibernation
(control), after midterm, and full hibernation in the field. (Between strains one-way ANOVA,; total fecundity for: control: F = 4.5816, P = 0.0015, d.f.
=5, 54; midterm: F =1.7272, P = 0.1441; d.f. = 5, 54; complete hibernation: F = 1.6977, P = 0.1513; d.f. = 5, 53; total fertility for: control: F = 5.5485,
P =0.0003; d.f. =5, 54; midterm: F = 4.5608, P = 0.0015; d.f. = 5, 54; complete hibernation: F = 1.8291, P = 0.1230; d.f. = 5, 53), and for percent total
fertility for: control: F = 4.8942, P = 0.0009, d.f. = 5, 54; midterm: F = 2.0808, P = 0.0820; d.f. = 5, 54; complete hibernation: F = 2.2874, P = 0.0590;
d.f. =5, 53); (Within strains one-way ANOVA; total fecundity for: T. cacoeciae HOH 1: F = 30.7267, P < 0.0001, d.f. = 2, 27; T. cacoeciae HOH 2:
F =9.5856, P = 0.0007; d.f. = 2, 27; T. cacoeciae KIO 2 TN: F = 25.5798, P < 0.0001, d.f. = 2, 26; T. cacoeciae SY 98 01: F = 6.3738, P = 0.0054, d.f.
=2,27,;T. oleae KIO 4 TN: F =5.2557, P =0.0118, d.f. = 2, 27;T. oleae See 2 F =0.2818, P = 0.7566, d.f. = 2, 27; total fertility for: T. cacoeciae HOH
1: F =31.5036, P < 0.0001, d.f. = 2, 27; T. cacoeciae HOH 2: F = 19.4577, P < 0.0001; d.f. = 2, 27; T. cacoeciae KIO 2 TN: F = 27.0801, P < 0.0001,
d.f. =2, 26; T. cacoeciae SY 98 01: F = 12.8985, P < 0.0001, d.f. = 2, 27; T. oleae KIO 4 TN: F = 2.5274, P = 0.0986, d.f. = 2, 27; T. oleae See 2: F =
0.8227, P = 0.4499, d.f. = 2, 27; fertility (% ) for: T. cacoeciae HOH 1: F = 11.7433, P = 0.0002, d.f. = 2, 27; T. cacoeciae HOH 2: F = 10.3312, P =
0.0005; d.f. = 2, 27; T. cacoeciae KIO 2 TN: F =4.0609, P = 0.0292, d.f. = 2, 26; T. cacoeciae SY 98 01: F = 2.5278, P = 0.0986, d.f. = 2, 27; T. oleae
KIO 4 TN: F =9.9130, P = 0.0006, d.f. = 2, 27; T. oleae See 2: F = 5.0926, P = 0.0133, d.f. = 2, 27; followed by Tukey-Kramer HSD-test, P < 0.05

level).
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T. oleae’ T. oleae’ T. cacoeciae! T. cacoeciae’ T. cacoeciae’ T. cacoeciae!
See 2 KIO4 TN HOH 1 HOH 2 KIO2 TN SY 98 01
Total fecundity?
| 49.80 +19.66°* 55.10 + 16.11"°~ 78.40 + 16.57°” 57.00 + 13.33%®°~ 73.60 + 16.40®°* 58.90 + 17.16** 4
- contro
n=10 n=10 n=10 n=10 n=9 n=10
- 4490 +12.17°"  42.40+8.80°"°  42.10+7.80°° 33.90+10.48°  42.60+6.35°® 36.80+13.01*°
- miaterm
n=10 n=10 n=10 n=10 n=10 n=10
_ _ 46.90 £ 10.56*"  38.60+9.45°% 3960+ 11.18°% 47.40+1157*°"  41.78+7.90°®  48.20 + 10.55°"°
- complete hibernation
n=10 n=10 n=10 n=10 n=9 n=10
Total fertility?
| 35.30 £ 16.21°A  38.70 +12.71°*  62.00 + 15.12°A  48.00 + 12.36®"*  59.40 + 14.74*"  49.10 + 14.59®~
- contro
n=10 n=10 n=10 n=10 n=9 n=10
y 32.60 £9.08%"  28.90+7.31%°" 27.20+£374"%  2080+588°C  3210+4.46°% 2470 +7.94C
- midterm
n=10 n=10 n=10 n=10 n=10 n=10
_ _ 39.10£6.61*°"  3210+9.02*°"  3240+9.64*°°  36.80+10.03*® 2022+764°®  37.10+8.37°°
- complete hibernation
n=10 n=10 n=10 n=10 n=9 n=10
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Fertility (%)

- control

- midterm

- complete hibernation

70.00 + 12.02°8  70.29 + 8.96°B

72.74 +11.29°"8  67.85 + 8.44%8

84.85 +9.82°A  82.40 +5.67A

79.06 + 8.83°~  83.89 + 5,934
n=10 n=10

65.42 + 7.84°®  62.56 +10.00*B
n=10 n=10

81.77 + 7.52®A  78.71 + 14.97*4
n=10 n=10

80.32 + 5.09%° A
n=9

76.06 + 9.832/B
n=10

69.48 + 9.33"B
n=9

83.13 + 10.20%A
n=10

69.67 + 15.30%4
n=10

78.01 + 14.50®A
n=10

! Within a column of a parameter, means with the same capital letter are not significantly different

Within a row, means with the same small letter are not significantly different.
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Table 6 Relative effect of partial and complete hibernation on reproduction parameters of

Trichogramma species / strains.

_ ) Field exposure ) - Fertility
Species / strains Fecundity Fertility
treatments (%)

after 60 days -46.3% -56.1 % -17.2%
T. cacoeciae HOH 1

complete hibernation  -49.5% -47.7% +3.4%

after 60 days -40.5% -56.7 % -254%
T. cacoeciae HOH 2

complete hibernation - 16.8 % -23.3% -6.2 %

after 60 days -42.1% -46.0 % -5.3%
T. cacoeciae KIO 2 TN

complete hibernation  -43.2% -50.8 % -135%

after 60 days -375% -49.7 % -16.2%
T. cacoeciae SY 98 01

complete hibernation -18.2% -24.4% -6.2 %

after 60 days -23.0% -253% -35%
T.oleae KIO4 TN

complete hibernation  -29.9% -17.1% +17.2%

after 60 days -9.8% -7.6% +3.9%
T. oleae See 2

complete hibernation -5.8% +10.8% +21.2%
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4.4.3. Survival after exposure to low temperature

The time elapsed until adult emergence increased significantly with increasing storage duration
under low temperature. The maximal mean time span ranged between 3.79 days and 10.2 days
after 7 and 60 days exposure respectively in T. cacoeciae KIO 2 TN, and the shortest mean time
span ranged between 4.27 days and 8.73 days after 7 and 60 days exposure respectively in T.
cacoeciae SY 98 01. Significant differences between strains and species could be detected when
stored for different duration (Table7 and Table 8).

Table 7 Analysis of variance of time until emergence (ANOVA, GLM: General Linear Model,
normal distribution, link: identity; number of observations = 532, Chi-square = 676.0217, d.f. =
6, P < 0.0001), percent emerged adults (number of observations = 522, Chi-square = 677.0606,
d.f. = 6, P <0.0001), and percent deformed adults (number of observations = 521, Chi-square =
373.4952, d.f. = 6, P < 0.0001) of six Trichogramma species / strains as affected by low
temperature storage for different duration.

Emergence time in days

Source d.f. Chi-square P
Species / strains 5 174.3279 <0.0001
Storage duration 5 614.51125 <0.0001

Emerged adults (%0)

Source d.f. Chi-square P
Species / strains 5 76.338831 <0.0001
Storage duration 5 654.16346 <0.0001

Deformed adults (%)

Source d.f. Chi-square P
Species / strains 5 47.700429 <0.0001
Storage duration 5 349.21633 0.2628
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Also, when the cold storage duration increased, the proportion of emerged adults decreased
significantly. The best emergence rates have been found for T. oleae KIO 4 TN after 7 — 25 days
cold storage, however it decreased sharply when stored for a longer period. Strain T. cacoeciae
HOH 1 was least affected after a 60 days cold storage compared to all other strains tested (Table
7 and 9). With increasing the duration of cold storage, the proportion of deformed adults
increased significantly in all species/strains tested (Table 7 and 10).

Days until adult emergence (D) after terminated cold storage of all species and strains
tested increased with duration of cold storage, following the equation D = a + b exp(c * storage
duration) (Table 11, Figure 3). However, the regression for T. cacoeciae HOH 1 and T. oleae

KIO 4 TN followed an almost linear regression as indicated by the parameters a and b (Table
11).

-l ol b b
O© O =~ N W
| | | |

Time in days until adult emergence
oo
L

2 1 - 1 - 1 - 1T ' 1
10 20 30 40 50 60
Storage in day

Figure 3 Non-linear correlation (D = a + b exp(c * storage duration) between days until adult

emergence after terminated cold storage and duration of cold storage, using strain T. cacoeciae
HOH 2 as example.
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Table 8 Time (days) until adult emergence of six Trichogramma species/ strains stored under 4+1°C for different duration (one-way ANOVA; for 7
days: F =12.6797, P < 0.0001, d.f. =5, 82; for 15 days: F = 22.7563, P < 0.0001; d.f. = 5, 84, for 25 days: F = 36.4108, P < 0.0001; d.f. =5, 80; for
40 days: F = 24.2067, P <0.0001; d.f. =5, 77; for 50 days: F = 8.9786, P < 0.0001; d.f. =5, 80; and for 60 days: F = 2.7094, P < 0.0256; d.f. = 5, 83;

followed by Tukey-Kramer HSD-test,P < 0.05 level).

Storage duration®

Strains 7 days 15 days 25 days 40 days 50 days 60 days
T. cacoeciae HOH 2 4.80 +0.68%° 5.00 + 1.07° 5.64 + 0.84° 6.64 + 0.74° 8.67 +0.62° 9.93 + 1.00%
n=15 n=15 n=14 n=14 n=15 n=14
T. cacoeciae KIO 2 TN 3.79 + 0.58% 4.80 + 0.86™ 5.93 +1.03° 6.33 + 0.82" 8.69 + 0.48% 10.20 + 0.94%
n=14 n=15 n=15 n=15 n=13 n=15
T. cacoeciae SY 98 01 4.27 +1.10° 4.27 +1.10°™ 3.86 + 1.46° 5.23 + 0.83° 7.27 +1.62° 8.73+1.67°
n =15 n=15 n=14 n=13 n=15 n=15
T.oleae KIO 4 TN 3.07 + 1.00¢ 3.73 + 1.33“ 4.43 +0.76° 7.29 + 1.59° 0.87 + 1.36° 9.67 +1.23®
n=14 n=15 n=14 n=14 n=15 n=15
T. oleae See 2 3.80 + 0.86% 3.60 + 1.35¢ 3.47 + 1.00° 5.29 + 1.54° 8.38 +0.87™ 9.67 +1.35%
n=15 n=15 n=15 n=14 n=13 n=15

'Within a column, means with the same letter are not significantly different.

111



Effect of hibernation on different strains of Trichogramma (Hymenoptera: ..........cc.couuene

Table 9 Emerged adults (%) of six Trichogramma species/ strains stored under 4 £ 1°C at six different times (7, 15, 25,40, 50 and 60 days
respectively) (one-way ANOVA,; for 7 days: F = 8. 9101, P < 0.0001, d.f. = 5, 82; for 15 days: F = 68.1145, P < 0.0001; d.f. = 5, 84; for 25 days: F
=9.9687, P < 0.0001; d.f. = 5, 80; for 40 days: F = 12.4917, P < 0.0001; d.f. = 5, 76; for 50 days: F = 9.4204, P < 0.0001; d.f. =5, 80; and for 60
days: F =11.1638, P <0.0001; d.f. =5, 83; followed by Tukey-Kramer HSD-test,P < 0.05 level).

Storage duration®

Strains 7 days 15 days 25 days 40 days 50 days 60 days
_ 68.29 + 3.32% 58.55 + 5.35° 49.57 + 4.29%° 43.48 + 4.25° 35.94 + 7.68% 31.36 + 8.01°
T. cacoeciae HOH 1
n=15 n=15 n=14 n=13 n=15 n=15
_ 70.03 + 4.18° 59.19 + 6.43° 54.60 + 2.08? 44.15 + 12.70° 28.58 + 8.24° 23.60 + 5.93°
T. cacoeciae HOH 2
n=15 n=15 n=14 n=13 n=15 n=14
_ 66.96 + 6.86% 56.87 + 3.44" 41.39 + 4.06° 27.94 + 6.04 2870 +2.22"  22.20 +10.41"
T. cacoeciae KIO2 TN
n=14 n=15 n=15 n=15 n=15 n=15
_ 54,55 + 8.18° 40.00 + 4.58° 43.60 + 9.80™° 49.57 + 7.60% 19.30 £ 9.24° 16.87 + 5.32"
T. cacoeciae SY 98 01
n=15 n=15 n=14 n=13 n=15 n=15
ol KIO 4 TN 72.61 +5.79° 67.13 + 2.89° 55.16 + 10.05% 42.17 + 8.06% 23.19 + 12.19° 15.71 + 2.38°
. oleae
n=14 n=15 n=15 n=14 n=15 n=15
60.52 + 16.36 47.54 + 3.30° 52.17 + 7.30° 44.66 + 6.40% 40.80 + 14.29° 17.68 + 5.76™
T. oleae See 2
n=15 n=15 n=14 n=14 n=13 n=15

Within a column, means with the same letter are not significantly different.
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Table 10 Deformed adults (%) of six Trichogramma species/ strains stored under 4 £ 1°C at six different times (7, 15, 25,40, 50 and 60 days
respectively) (one-way ANOVA,; for 7 days: F = 11.4692, P <0.0001, d.f. =5, 82; for 15 days: F = 5.7900, P < 0.0001; d.f. =5, 84; for 25 days: F =
10.0576, P < 0.0001; d.f. = 5, 80; for 40 days: F = 10.7731, P < 0.0001; d.f. =5, 77; for 50 days: F = 17.5342, P < 0.0001; d.f. = 5, 80; and for 60

days: F =1.8695, P < 0.1085; d.f. =5, 83; followed by Tukey-Kramer HSD-test, P < 0.05 level).

Storage duration®

Strains 7 days 15 days 25 days 40 days 50 days 60 days
2.93 +2.32¢ 10.37 + 2.56%¢ 15.86 + 3.35°% 22.64 + 6.89% 30.69+11.38°  32.88+13.79°
T. cacoeciae HOH 1
n=15 n=15 n=14 n=13 n=15 n=15
5.81 + 2.84% 10.07 + 5.84% 16.58 + 3.72° 24.10 + 14.01° 48.49 + 13.70° 36.54 + 10.84°
T. cacoeciae HOH 2
n=15 n=15 n=14 n=14 n=15 n=14
) 6.88 + 3.87° 8.00 + 1.85" 13.12 + 3.83%® 28.53 + 6.60° 15.67 + 3.54° 26.83 + 11.90°
T. cacoeciae KIO 2 TN
n=15 n=15 n=15 n=15 n=13 n=15
) 11.22 + 4.02° 13.57 + 4.37% 14.58 + 4.01% 14.66 + 3.89" 45.52 + 21.72% 36.75 + 17.09%
T. cacoeciae SY 98 01
n=14 n=15 n=14 n=13 n=15 n=15
7.40 + 2.02" 6.53 + 1.96° 9.38 + 3.39 15.44 + 3.65™ 23.06 + 12.67™ 32.69 + 8.61°
T. oleae KIO4 TN
n=15 n=15 n=14 n=14 n=15 n=15
10.29 + 4.76%® 10.06 + 4.91%¢ 9.93 +3.21° 12.09 + 3.12° 14.02 + 6.60° 40.04 + 13.49°
T. oleae See 2
n=15 n=15 n=15 n=14 n=13 n=15

'Within a column, means with the same letter are not significantly different.
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Table 11 Parameters of non-linear regression (D = a + b exp(c * storage duration); at the P =
0.05 level, d.f. for error for each strain = 84) between days until adult emergence (D) after

terminated cold storage of six Trichogramma species/ strains and duration of cold storage.

Mean squared

Species / strain a b C

error
T. cacoeciae HOH 1 - 2706.8111 2712.537 0.000027 1.1047
T. cacoeciae HOH 2 3.4919 0.9693 0.031914 0.7304
T. cacoeciae KIO2 TN 1.6811 2.0633 0.023621 0.8084
T. cacoeciae SY 98 01 3.6466 0.2196 0.052946 1.8805
T.oleae KIO4 TN - 53.4905 55.2815 0.002381 1.8848
T. oleae See 2 2.5677 0.5389 0.043706 1.7079

4.5. Discussion

Our data indicate that the six species / strains of Trichogramma were able to overwinter in
Stuttgart-Hohenheim. Temperature did not drop below -9 °C during the winter which did not
expose the trichogrammatids to extreme weather conditions. Adults of all six strains emerged
successfully, and the proportion of emergence in our study was similar to other studies on
Trichogrammatids in other places: T. exiguum Pinto and Platner in North Carolina (Keller,
1986), T. pretiosum, Riley in central Texas (L6pez and Morrison, 1980), T. brassicae and T.
cacoeciae in Turkey (Ozder et al., 2005), T. brassicae in northern Switzerland (Babendreier et
al., 2003a) and T. evanescens in Egypt (Zaki, 1996).

Duration of complete hibernation lasted between 183 + 8.7 and 189 £ 10.1days and did not
differ between the six strains studied. During a 60 days or full field exposure, Trichogramma
strains were able to complete their preimaginal development. This agrees with past research
revealing the larval/pupal stage in the host egg being the main overwintering stage of

Trichogramma sp. (Burbutis et al., 1976; Lopez and Morrison, 1980; Keller, 1986; Parker and
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Pinnell, 1971; Reznik et al., 2008; Zaslavski et al., 1990). However, duration of hibernation may
differ between species and environmental conditions, mainly winter temperatures and possibly
here within the temperature minimum in the field. For example, overwintering of T. evanescens
in Egypt was 99 days (Zaki, 1996), T. brassicae in Turkey was 132 days (Ozder et al., 2005), T.
closterae Pang et Chen in Huaibei-China was between 178 and 182days (Tian, 1998), and T.
funiculatum in Australia was 72.6 days (Bradley, 2003). The long winter period in southwestern
Germany with low temperatures as well as day length may be responsible for the long
hibernation duration (Reznik et al., 2008, 2011, 2012).

The longevity and fecundity of the overwintering female parasitoids decreased, compared
with the control but the differences were not significant. These results correspond to past
research which indicates that the longevity of females of T. brassicae kept under field conditions
did not differ from that reared under laboratory conditions (Babendreier et al., 2003c; Ozder,
2005), and thus, laboratory conditions are well suitable to test hibernation and cooling ability of
trichogrammatids. Our strains seem to be well adapted to the field conditions even when
subtropical species/strains (T. oleae, and T. cacoeciae SY 98 01) would be released in a new
area. Similar results were reported by Ozder and Saglam (2005) for T. cacoeciae and T.
brassicae, Tian (1998), for T. closterae and Bradely (2003), and for T. funiculatum. Given,
Trichogramma females can survive after inundative release on alternative hosts in the field and
parasitize hosts overwintering in the egg stage, they potentially can establish even in a new

environment matching their preferred or suboptimal abiotic conditions.

This study also showed that the developmental time under outdoor conditions from egg to
pupal stage occupied~4 -7 % of the total duration of the pre-imaginal development under

hibernation, while it took 43 -52 % under laboratory conditions at higher temperatures.

Storage experiments showed that percentage of emerged adults and the ratio of deformed
adults was negatively correlated with duration of cold storage, corresponding with results
reported by Cerutti and Bigler (1995) and Gross (1988). The decreasing percentage of emerged
adults may be due to a reduction in fat body reserves during cold storage as explained by
Couillien and Gregoire (1994) for the predator Rhizophagus grandis Gyllenhal. Increased
numbers of deformed adults could result from the exposure of parasitized eggs to extremely
suboptimal temperature and possible disturbance of adult ecdysis (Cerutti and Bigler, 1995;
Gross, 1988).

115



Effect of hibernation on different strains of Trichogramma (Hymenoptera: ..........cc.eeuneue

Our study revealed different adaptations to cold storage where T. cacoeciae HOH 1 and T.
oleae KIO 4 TN seemed to be less adapted to cold storage as percent emergence showed a
negative linear correlation with increasing storage duration and the remaining species/strains
suffered less from short cold storage as shown by the non-linear regression. Comparing the
results between field and laboratory experiments, the present study showed that the proportion of
emerged adults after hibernation was higher than that of parasitized eggs exposed to constant 4
°C for more than 25 days. Moreover the proportion of deformed adults of hibernated parasitoids
was lower than that after cold storage for more than 25 days. Temperature is the limiting factor
for parasitoid survival during diapause. Knowledge of temperature adaptation is necessary to
know to conserve and store parasitoids in mass rearings until needed, by induction of diapause
(Bigler, 1994), and also to select the best candidate species or strain to hibernate either in

factitious or natural hosts.
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5. General discussion

5.1 Biological control

Biological control is the use of natural enemies to suppress the population of a specific pest
organism, making it less abundant or less damaging than it would otherwise be (Eilenberg et al.,
2001). The term “natural enemies” includes parasitoids, predators and pathogens. Biological
control practice comprises three general approaches: importation, augmentation and conservation

of natural enemies (Gordh et al., 1999).

The first major successful examples of importation of natural enemies occurred over 100
years ago and involved the control of many invasive pest species, such as: Cottony cushion scale
(Icerya purchasi Maskell), Gypsy Moth (Lymantria dispar L.), Sugarcane Leafhopper (Pyrilla
perpusilla Walk), Mediterranean flour moth (Ephestia kuehniella) (Greathead, 1995; van den
Bosch et al., 1982; van Driesche and Bellows, 1996; van Lenteren, 2000). Importing new natural
enemies from their original area of distribution and releasing them in a new environment can
reduce exotic introduced pests in this area, and is also named as “classical biological control”.
Compared to the “classical biological control”, augmentative release of natural enemies is the
key technology in biological control programs (van Lenteren, 2000). In this approach, natural
enemies are produced on a large scale and released artificially in order to colonize the crop for
long term pest reduction (DeBach and Rosen, 1991). Conservation and enhancement of natural
enemies, either after release for establishment or after inundative release is the most important
concept in practiced biological control programs. This means: habitat management to create
favourable environmental conditions for natural antagonists or crop protection practices being
not harmful to beneficial (Barbosa, 1998).

5.2 Biological control using Trichogramma species

The often high degree of host specificity of parasitoid species makes these natural enemies first
choice for classical biological control introductions. The egg parasitoids of the genus
Trichogramma are the most important natural enemies used in these programmes (Hajek, 2004).
Over 32 million ha were treated each year worldwide with Trichogramma species, mainly to
control lepidopterous pests of corn, sugar cane, cotton, fruit and vegetables (Li, 1994) and also in
stored products (Grieshop, 2005). The principal countries using trichogrammatids are the former
USSR, China and Mexico with over two million ha treated every year (Li, 1994; Hoffmann et
al., 2006; Mills et al., 2000).
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Developing successful biological control methods requires sound knowledge of the pest
biology and of the biology, ecology and behaviour of the antagonist. Basing on that knowledge,
it is important to select the optimal species or strain of a species to be used against a specific
pest. This research has to be done before using the antagonist, because choice of an inappropriate
antagonist can result in non-efficient control (Li, 1994). In addition, indigenous species should
be preferred, because they are often more effective than exotic species and adapted to the
respective environmental conditions (Herz and Hassan, 2006). Laboratory studies, field and semi
field studies can provide extensive information to predict the effectiveness of a parasitoid to
control a pest. Using effective Trichogramma species in biological control programmes should
follow defined selection criteria (Hassan, 1994). The major criterion includes environmental
risks, tolerance of climatic extremes, host plant adaptation, host selection, host suitability,
seasonal synchronization, reproductive capacity, host finding capacity, and culture methods.

Selected topics of these criteria are discussed in the present studies in different chapters.
5.3 Biological characteristics of Trichogramma species

Important life table parameters include longevity, fecundity, and fertility, suitable to evaluate the
effectiveness of a candidate parasitoid, and also to compare the efficacy of different parasitoid
species or strain, exposed to different biotic and abiotic factors such as diets, temperature, and
adaptability to different hosts (Maceda et al., 1994, Zhang et al., 2001; Pratissoli and Parra,
2000). In the present study, life table parameters of different species and strains of
Trichogramma were assessed and compared under laboratory conditions. Our results indicated
significant differences in life-table parameters between the four strains of Trichogramma
cacoeciae (HOH 1, HOH 2 and SY 98 01). Longevity, fecundity, and fertility differed between
the strains when alimented with either water, or honey, pollen, or combinations of pollen with

water or honey (Chapter II).

Many factors may affect the biology of Trichogramma species. One of the most important
factors is the availability and accessability of food sources. Food could be provided from
naturally occurring sources in the field, such as honeydew produced by herbivorous phloem-
feeders, flower nectar and pollen, or provided as supplements either in the release container
before, or applied as a foliage spray in conjunction with releases. The influence of several
species of pollen as food source on biological traits of different strains of Trichogramma was
studied. This study demonstrated that honey has positive effects on longevity, fecundity, and

fertility of all Trichogramma strains and species studied. It may be assumed that the
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carbohydrates serve as energy source resulting in a higher longevity, but does not necessarily
explain a higher fertility (Romeis and Wéckers, 2002; Mevi-Schutz and Erhardt, 2005; Vrzal et
al., 2010). Pollen may improve Trichogramma performance as well; however, differences in
honey and pollen utilization as food source occur between Trichogramma species and pollen
sources. Carbohydrates and pollen, when taken up either opportunistically or after directed
search may provide a better control efficacy after augmentative release of Trichogramma.
Furthermore honey-pollen mixtures may improve mass-rearing. A reliable interpretation of the
differences in food quality may be difficult because of lacking information on the food
constituents of pollen or honey and requires a skilful and thorough separate investigation. Only
with this detailed knowledge, a correlation between life table parameters and food constituents
will be possible. On the other hand this study revealed significant intraspecific variation in food
adaptation and performance which has to be considered for selection of an appropriate strain for

biocontrol or for commercial mass-rearing of a strain.
5.4 Searching behaviour

Searching behaviour and parasitization efficiency of the minute adults of Trichogramma was
affected by several characters of the host plant (shape, size, colour and physical characteristics of
the host plant surface) (Rabb and Bradley, 1968; Treacy et al., 1985, 1986; Keller, 1987;
Kauffman and Kennedy, 1989; Kashyap et al., 1991).

In chapter 111, the impact of leaf and fruit surfaces of three apple varieties on searching
behaviour of three strains of T. cacoeciae was assessed. Searching behaviour of T. cacoeciae
(foraging, host handling, and leaving the host plant after unsuccessful search) differed
significantly between the strains but was not affected by the leaf surfaces of the apple cultivars
tested. The differences of leaf surfaces between apple cultivars did not affect foraging time until
host-egg finding, handling time or post-parasitization time until leaving the leaf by T. cacoeciae.
Only leaving time on leaves with no stimulus (blank) or adult stimuli without host eggs was
significantly affected by the factor apple cultivar. These results may be explained by the different
number of trichomes and the trichome-covered area on the upper leaf side of apple leaves, where
“Golden Delicious™-leaves have a relative small trichome-covered area of only 3.4 % compared
to the almost doubled trichome-covered area of leaves of the cultivars “Boskoop” and “Topaz”
with 7.1 and 6.3 %, respectively (Al Bitar et al., 2012).
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Our results show significant differences between the Trichogramma strains in searching
behaviour, where strain T. cacoeciae HOH 1 performs best among all strains studied, because
they needed the shortest time to find the host. Moreover, host egg location on fruits (as shown by
the parasitization rate) differed between Trichogramma strains, apple varieties, and position of
apple fruits above the cage bottom. Also, the parasitization rates differed significantly between
apple cultivars tested, however, being not consistent and, thus, should not be overestimated. It
may be concluded that leaf-hairyness (number of trichomes and trichome-covered area) should
be considered for Trichogramma-releases in apple orchards by increased number of egg

parasitoids released per area and crown height to achieve a sufficient control efficacy.
5.5 Diapause and weather adaptation

Overwintering of Trichogrammatids is affected by several factors such as photoperiod,
temperature and species of Trichogramma (Pizzol and Pintureau, 2008; Reznik et al., 2008;
Zaslavski and Umarova, 1981) and adaptation to winter weather conditions may differ between
Trichogramma species or strains of species. Trichogramma species from different areas varied in
their ability to survive; while others overwintered successfully via quiescence, diapause or both
(Voegelé et al., 2008). In Chapter IV all experiments were conducted to find out whether
Trichogramma is able to hibernate in Hohenheim in southern Germany on eggs of S. cerealella
as alternative host, and whether allochthonous strains from Syria or Tunisia are adapted to the

environmental conditions in a new release area.

The present study proved that all Trichogramma strains studied can survive after
inundative release on alternative hosts in the field. When successfully hibernating in parasitized
host eggs, they have the potential to establish even in a new environment matching in part their
preferred abiotic conditions as given in the environment they came from. However, the longevity
and fecundity of the overwintering female parasitoids decreased, compared with the non-
hibernated control. In addition, storage of Trichogramma species and strains at 4 °C for different
duration confirmed their hibernation capability, although vitality and life table parameters
perished with a storage duration longer than 25 days compared with the parasitoids kept under
laboratory conditions. The results showed that percentage of emerged adults and the ratio of
deformed adults was negatively correlated with duration of cold storage. These results are
valuable information for commercial Trichogramma-producers to optimize their production

process.
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Summary

The biology and the use of egg parasitoids of the genus Trichogramma (Hymenoptera:
Trichogrammatidae) as a biological control agent has been studied since 1904 and more than one
thousand scientific papers on Trichogramma have been published. However, there are still open
questions about the impact of biotic and abiotic environmental factors on the biology of these
beneficials, such as nutritional ecology, diapause, cold storage, plant-pest-Trichogramma-
interactions, and, particularly, the intraspecific variation of environmental adaptations. These
parameters can seriously affect the effectiveness and the practical application of these parasitoids
in many crop production systems. In this study, we have investigated the effect of: (i) different of
diets, (ii) properties of pest’s host-plant surfaces and (iii) overwintering and cold storage on the
performance of different species and strains of Trichogramma to select the best candidate for

biocontrol of the Codling moth, taken here as a model target.

Experiments with different diets (honey, pollen and honey with pollen) were carried out
and its effects on life-table parameters of four strains of Trichogramma cacoeciae Marchal
(HOH 1, HOH 2, KIO 2 TN and SY 98 01), and one strain of T. evanescens Westwood (195 DE
06) and T. oleae Voegelé (See 2) was evaluated under laboratory conditions. Honey diet
improved significantly adult mean longevity, mean fecundity, mean fertility, and net
reproduction rate (Ro). Significant intraspecific variability was shown only in mean fecundity
and mean fertility, but not in longevity. The best performing strain of T. cacoeciae (HOH 1) in
these experiments has been taken to assess the nutritional value of pollen collected from birch,
maize and sunflower. Pollen as honey additive had a significant positive effect on female
longevity as compared to honey alone, but longevity did not differ significantly between the
honey-pollen diets. Pollen added to water had no ameliorative effect on longevity except
sunflower pollen, which had a significant detrimental effect. Mean total fecundity and fertility of
females was not improved when fed honey and birch or maize pollen. Sunflower pollen added to
honey, however, had a pronounced detrimental effect on these parameters. When these three
pollens were offered with water, all parameters were not or negatively affected, revealing
sunflower pollen having the worst nutritional value. Tests on the suitability of bee-pollen to
ameliorate Trichogramma mass-rearing were done with T. cacoeciae, T. evanescens and T.
oleae. Except fertility, longevity and fecundity differed significantly between the species. Basic
diet (water or honey) and pollen added showed interactive effects on the performance of
Trichogramma species. Interactions between species and added pollen only revealed significant
differences in fecundity and fertility, whereas longevity was only slightly affected. Species -
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basic diet - pollen interactions could only be shown for fertility. Trichogramma oleae had a
shorter adult lifespan and the lowest number of parasitized eggs compared with the other two
species, but it had the highest rate of emergence when fed on honey mixed with bee pollen. The
results indicate that (i) Trichogramma adults are feeding upon pollen, and (ii) nutritional quality
of pollen differs significantly between plant species, and (iii) honeybee-pollen may be used to

improve mass-rearing of Trichogramma species.

Properties of the pest’s host-plant surfaces (apple, cv. “Golden Delicious”, “Boskoop” and
“Topaz”) were evaluated in their effect upon searching behaviour and foraging success of three
strains of T. cacoeciae (HOH 1, KIO 2 TN and SY 98 01) when eggs of the Codling moth, Cydia
pomonella (Lepidoptera: Tortricidae) were offered as hosts. Foraging time differed significantly
between the strains tested, showing strain HOH 1 performing best. Host handling time and time
spent post-parasitization did not differ between the strains. The apple cultivar did not affect any
of these parameters. Leaving time was significantly affected by chemical cues comprising
lepidopteran egg and scale volatiles or contact chemicals, host pheromones, host frass or female
moth accessory gland secretions abundant on the leaves, where giving up time was shortest on
blank leaves and, compared to blank leaves, significantly longer on leaves with adult stimuli
only but no host eggs. Leaving time was further affected by apple cultivar and T. cacoeciae
strain tested. Compared with the other cv. tested, time spent on leaves of cv. “Golden Delicious”
was longest for any treatment. Trichogramma cacoeciae strain HOH 1 always spent the shortest
on any cultivar and treatment. In another experiment, parasitization of eggs on apples placed at
different heights (0, 25, and 50 cm above cage ground) was assessed. The parasitization rate of
Cydia eggs was slightly affected by apple varieties; however the differences were not consistent.
Parasitization rates decreased with height of apples above ground, with the highest rate on apples
placed on ground, near the releasing point of Trichogramma females. Significant differences in

parasitization rates between strains could be detected, but they were not consistent also.

One German and one Tunisian strain of Trichogramma oleae and two German, one
Tunisian, and one Syrian strain of T. cacoeciae were hibernated from October 10" 2007, up to
parasitoid emergence in 2008 under field conditions in Stuttgart-Hohenheim, Germany. 60 days
after exposure to outdoor conditions and after complete hibernation life table parameters of
survivors was assessed. Our results demonstrate that all strains studied were able to overwinter
successfully on eggs of the factitious host Sitotroga cerealella Olivier (Lep.: Gelechiidae). Mean
development time of trichogrammatids until adult emergence after full hibernation ranged
between 183 and 189 days. Emergence rate ranged between 53.59 and 60.98 %. Net

134



Summary/ Zusammenfassung

reproduction rate (Ro) of T. oleae strains decreased with duration of field exposure, whereas in T.
cacoeciae strains Ry was lowest after 60 days field exposure. Longevity of all adults emerged
from parasitized eggs was affected by field exposure compared to the control. Total fecundity,
total fertility and percent fertility after 60 days and/or after hibernation showed neither
significant difference between strains nor within the strains studied. Total fertility of T.
cacoeciae strains decreased significantly after midterm and/or after full hibernation compared
with the control, while no significant differences were detected within T. oleae strains. Time
until adult emergence, mortality, and percentage of deformed adults increased with storage
duration at 4 °C. Trichogramma oleae (German strain) showed best adaptation to cold storage

for 50 days.

Finally and based on this study, our data suggest that the diets of honeybee-pollen could be
used as food to improve Trichogramma mass-rearing, and also the German candidate T.
cacoeciae HOH 1 could be a potential candidate for future mass rearing and field release
programs for biocontrol of different lepidopteran pests in orchards. Furthermore, it could be
proved that even allochthonous Trichogramma species / strains originated from countries with a
higher annual average temperature (Syria and Tunisia) are theoretically able to establish and
survive winter conditions in southwestern Germany. At least this possibility requires an
environmental risk-analysis for these species/strains or any potential other Trichogramma

species intended to be used as biocontrol agent in Germany.
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Zusammenfassung

Die Biologie und der Einsatz von Eiparasitoiden der Gattung Trichogramma (Hymenoptera:
Trichogrammatidae) als Mittel zur biologischen Kontrolle werden seit 1904 untersucht, und
mehr als tausend wissenschaftliche Arbeiten iber diese Gattung wurden bereits verdffentlicht. Es
sind jedoch noch immer Fragen offen Uber die Auswirkungen von biotischen und abiotischen
Umweltfaktoren auf die Biologie dieser Nutzlinge, wie Erndhrungsokologie, Diapause,
Kaltlagerung,  Pflanzen-Schadlings-Trichogramma-Interaktionen, und  besonders  auf
intraspezifische Variation von Umweltanpassungen. Diese Faktoren kdénnen die Wirksamkeit
und die praktische Anwendung dieser Parasitoide in vielen Pflanzenbau-Systemen erheblich

beeinflussen.

In dieser Studie haben wir die Wirkung von: (i) unterschiedlichen Diaten, (ii)
Oberflacheneigenschaften von  Schadlingswirtspflanzen und (i) Uberwinterung und
Kaltlagerung auf die Leistung der verschiedenen Arten und Stdmme von Trichogramma
untersucht, um den besten Kandidaten flr die biologische Bekdmpfung des Apfelwicklers, der
hier als Modell-Ziel benutzt wird, auszuwéhlen. Es wurden Versuche mit verschiedenen
Nahrungszusammensetzungen (Honig, Pollen sowie Honig und Pollen) bei vier Stimmen von
Trichogramma cacoeciae Marchal (HOH 1, HOH 2, KIO 2, TN und SY 98 01), und jeweils
einem Stamm von T. evanescens Westwood (195 DE 06) und T. oleae VVoegelé (See 2) unter

Laborbedingungen durchgefiihrt und die Auswirkungen auf Lebenstafelparameter erfaf3t.

Erndhrung mit Honig verbesserte signifikant die Durchschnittswerte fir Lebensdauer,
Fekunditat, Fertilitst und die Nettoreproduktionsrate (Rp) von Adulten. Signifikante
intraspezifische Variabilitat zeigten nur die Durchschnittswerte fiir Fekunditat und Fertilitét, aber
nicht die fir Lebensdauer. Der leistungsfahigste Stamm von T. cacoeciae (HOH 1) aus diesem
Experiment wurde verwendet, um den Néahrwert gesammelten Pollens von Birke, Mais und
Sonnenblume zu bewerten. Dem Honig zugesetzter Pollen hatte signifikant positive
Auswirkungen auf die Lebensdauer der Weibchen, verglichen mit Honig allein, aber die
Unterschiede in der Lebensdauer zwischen den Honig-Pollen-Diéten waren nicht signifikant. In
Wasser aufgerthrter Pollen hatte keinen verlangernden Effekt auf die Lebensdauer, und
Sonnenblumenpollen wies sogar einen erheblichen schéadlichen Effekt auf. Die durchschnittliche
Fekunditat und Fertilitdt von Weibchen wurde durch Fltterung mit Honig und Birken- oder
Maispollen nicht verbessert. Dem Honig zugegebener Sonnenblumenpollen hatte einen

ausgesprochen schédlichen Effekt auf diese Parameter. Wurden diese drei Pollen in Wasser
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angeboten, beeinflusste dies alle Parameter nicht oder negativ, was verdeutlichte, dass
Sonnenblumenpollen den schlechtesten N&hrwert aufweisen.

Versuche zur Eignung von Bienen-Pollen fur die Verbesserung von Trichogramma-
Massenaufzuchten wurden mit T. cacoeciae, T. evanescens und T. oleae durchgefihrt. Im
Gegensatz zur Fertilitat unterschieden sich Lebensdauer und Fekunditét signifikant zwischen den
Arten. Die Erndhrungsgrundlage (Wasser oder Honig) und zugeflgter Pollen zeigten
voneinander abh&ngige Auswirkungen auf die Leistung der Trichogramma Stamme.
Wechselwirkungen zwischen den Trichogramma-Arten und der zugefiigten Pollenart wiesen
lediglich bei Fekunditat und Fertilitat signifikante Unterschiede auf, wahrend die Lebensdauer
nur leicht beeinflusst wurde. Wechselwirkungen zwischen Stdmmen, Erndhrungsgrundlage und
Pollenart konnten nur fur Fertilitat nachgewiesen werden. Trichogramma oleae hatte, verglichen
mit den zwei anderen Stammen, eine klrzere Lebensdauer der Adulten und die niedrigste Anzahl
parasitierter Eier, aber die hochste Schlupfrate, wenn mit einer Mischung aus Honig und
Bienenpollen geflttert wurde. Die Ergebnisse weisen darauf hin, dass (i) adulte Trichogramma
Pollen fressen, (ii) sich die Erndhrungsqualitit von Pollen zwischen den Pflanzenarten erheblich
unterscheidet, und (iii) Honigbienen-Pollen verwendet werden koénnte, um die Trichogramma

Massenzucht zu verbessern.

Die Eigenschaften von Blatt- und Fruchtoberflachen des Apfels (cv. “Golden Delicious”,
“Boskoop” und “Topaz”), auf denen sich als Wirt angebotene Eier des Apfelwicklers, Cydia
pomonella (Lepidoptera: Tortricidae) befanden, wurden bezuglich ihrer Auswirkungen auf
Suchverhalten und -erfolg bei drei Stdmmen von T. cacoeciae (HOH 1, KIO 2 TN und SY 98
01) untersucht. Die Zeit zur Nahrungssuche unterschied sich erheblich zwischen ihnen, wobei
der Stamm HOH 1 die beste Leistung zeigte. Die auf das einzelne Wirtsei verwendete Zeit (,,host
handling und ,,post parasitization*) variierte nicht zwischen den Stammen. Auch die Apfelsorte
hatte darauf keinen EinfluB. Die Zeit zum Verlassen des Blattes (,leaving time*) wurde
erheblich von chemischen Reizen beeinflusst, welche aus von den Schmetterlingseiern und -
schuppen ausgehenden Duftstoffen oder Kontaktsubstanzen, Wirtspheromonen, Wirtskot, oder
den auf den Bléttern reichlich vorhandenen Drisensekreten der weiblichen Motten bestehen. Die
Zeit bis zum Abbruch der Suche (,,giving up®) war am kiirzesten auf leeren Bléttern, aber
signifikant langer auf zwar leeren, aber mit den beschriebenen Reizen versehenen. Die ,,leaving
time* wurde auBBerdem auch durch die Apfelsorte und den getesteten Stamm von T. cacoeciae
beeinfluf3t.
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Verglichen mit den anderen getesteten Apfelsorten war auf den Bléttern der Sorte ,,Golden
Delicious* die verbrachte Zeit in allen Varianten am langsten. Trichogramma cacoeciae HOH 1

verbrachte bei jeder Behandlungsvariante die kiirzeste Zeit auf allen Apfelsorten.

In einem anderen Experiment wurde die Parasitierung der Eier auf in unterschiedlichen
Hohen (direkt auf, sowie 25 und 50 cm (iber dem Kaéfigboden) plazierten Apfeln erfalt. Die
Unterschiede in der Parasitierungsrate der Cydia- Eier zwischen den Apfelsorten waren dabei
gering und nicht eindeutig. Sie nahm mit zunehmender Hohe der Apfel iber dem Boden ab und
war am hochsten bei Apfeln, die auf dem Boden lagen, also nahe an dem Punkt, wo die
Trichogramma-Weibchen ausgesetzt wurden. Zwischen den Stammen waren deutliche

Unterschiede in der Parasitierungsrate erkennbar, aber auch sie waren nicht eindeutig.

Ein deutscher und ein tunesischer Stamm von Trichogramma oleae sowie zwei deutsche,
ein tunesischer und ein syrischer Stamm von T. cacoeciae wurden ab 10. Oktober 2007 in
parasitierten Eiern im Freiland (Stuttgart-Hohenheim, Deutschland) Gberwintert bis 2008 die
ersten Parasitoide schlipften. Nach 60 Tagen unter Freilandbedingungen sowie nach der
gesamten Uberwinterung, wurden jeweils die Lebenstafelparameter der geschliipften Tiere
erhoben. Unsere Ergebnisse zeigen, dass alle untersuchten Stdmme in der Lage waren,
erfolgreich in Eiern des Ersatzwirts Sitotroga cerealella Olivier (Lep., Gelechiidae) zu
uberwintern. Die durchschnittliche Entwicklungszeit der Trichogrammatiden bis zum Schlupf
der Adulten nach vollstiandiger Uberwinterung lag zwischen 183 und 189 Tagen. Die Schlupfrate
lag zwischen 53,59 und 60,98 %. Die Nettoreproduktionsrate (Ro) der T. oleae Stdmme nahm
mit der Dauer der Exposition ab, wobei in T.cacoeciae-Stammen nach 60 Tagen unter

Freilandbedingungen Ry am niedrigsten war.

Die Lebensdauer der aus unter Freilandbedingungen Uberwinterten Puppen geschlipften
Adulten unterschied sich im Vergleich zur Kontrolle. Die Gesamtfekunditat und fertilitat sowie
relative Fertilitit nach 60 Tagen beziehungsweise nach der Uberwinterung zeigten weder
zwischen den Arten noch zwischen den Stdmmen Unterschiede. Die Gesamtfertilitdt der
T.cacoeciae-Stdamme nahm im Vergleich mit der Kontrolle ab, wéhrend zwischen den Stdammen
von T.oleae keine signifikanten Unterschiede erkennbar waren. Die Zeit bis zum Schlupf der
Adulten, die Mortalitdt und der Anteil deformierter Adulter nahm mit der Lagerdauer bei 4 °C
zu. Trichogramma oleae deutscher Herkunft zeigte die beste Anpassung an Kaltlagerung fir 50
Tage.

138



Summary/ Zusammenfassung

Abschliessend, und basierend auf dieser Studie, deuten unsere Daten darauf hin, dass
Diaten mit Honigbienen-Pollen als Futter verwendet werden kdnnen, um die Massenzucht von
Trichogramma zu verbessern. Der deutsche Stamm von T.cacoeciae, HOH 1, kénnte ein
potentieller Kandidat fir zukilnftige Massenziichtungen und Feldfreilassungsprogramme im
Biologischen Pflanzenschutz gegen verschiedene Schadlepidopteren in Obstanlagen sein.
Weiterhin konnte belegt werden, dass selbst allochthone Trichogramma-Arten und -Stdmme aus
Landern mit héheren jahrlichen Durchschnittstemperaturen (Syrien und Tunesien) theoretisch in
der Lage sind, sich zu etablieren und die winterlichen Bedingungen in Sldwestdeutschland zu
uberleben. Zumindest macht diese F&higkeit eine Analyse des Umweltrisikos fur diese oder alle
anderen Trichogramma-Arten und -stamme erforderlich, die zukinfig als Mittel des

Biologischen Pflanzenschutzes in Deutschland eingesetzt werden sollen.
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Figure 1 Longevity and fecundity of different species of Trichogramma fed with honey alone.
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Figure 5 Three varieties of pollen used as alternative food with honey and with water for
Trichogramma cacoeciae females.

Figure 6 Bee pollen photos (a: Bee pollen, b: pollen milling, c: pollen powder mixed with
honey, d: pollen powder mixed with water and e: Sitotroga cerealella eggs cards with dropped of
pollen diet.
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