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Abstract Trichogramma (Hymenoptera: Trichogram-

matidae) are species used worldwide for the biological

control of Lepidopteran pests, notably through inundative

releases on millions of hectares. The optimal use of

Trichogramma parasitoids in crop protection requires an

accurate knowledge of their biology. More specifically, the

importance of age factor in parasitoids during the time they

forage in crops for host eggs (after initial release) and how

the aging of host eggs could impact parasitoid biological

traits may be important for overall efficiency in terms of

crop protection. In this context, the importance of parasit-

oid female and host egg ages on parasitism rate and the

development of offspring was studied in laboratory con-

ditions on Trichogramma cacoeciae Marchal (Hymenop-

tera: Trichogrammatidae) and the eggs of the pest Lobesia

botrana Denis and Schiffermüller (Lepidoptera: Tortrici-

dae). Host eggs tested were 1–2- and 3–4-day-old, while

the ages of T. cacoeciae adult females varied from 1-day-

old to 4-day-old post-emergence. When L. botrana eggs

were 3–4-day-old, they were less parasitized by T. cacoe-

ciae than 1–2-day-old eggs, and this was not linked to the

age of T. cacoeciae females. The age of parasitoid females

has an effect on parasitism, as 1-day-old females produced

fewer parasitized eggs than 2, 3, and 4-day-old females.

For the total number of L. botrana eggs killed by

T. cacoeciae, the two factors did not show significant

effects. When L. botrana eggs were 1–2-day-old, parasitoid

emergence increased according to the age of parasitoid

females with the highest success observed for 3-day-old

females. The lowest emergence rates were obtained with T.

cacoeciae females 1-day-old. The development time was

also longer with the young 1-day-old parasitoid females.

This study demonstrated that both the aging of parasitoids

and host eggs play a role in the subsequent development of

parasitoid offspring. The importance of these results in the

context of biological control programs involving Tricho-

gramma parasitoids is discussed.
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Introduction

Trichogramma (Hymenoptera: Trichogrammatidae) spe-

cies are used extensively on millions of hectares for bio-

logical control throughout the world against Lepidoptera

(Li-Ying 1994; Smith 1996; Pintureau 2009; Agamy 2010;

Desneux et al. 2010; Andrade et al. 2011). In Western

Europe, the use of Trichogramma is relatively recent,

particularly in France where research on the European corn

borer dates from 1970 (Voegelé et al. 1975; Pintureau

2009), and from 1980 many studies have focused on the

grapevine moth Lobesia botrana Denis and Schiffermüller

(Lepidoptera: Tortricidae).

French vineyards cover nearly one million hectares and

losses related to the attacks of many pests and pathogens

can reach four hundred million euros per year (Mezière and

Gary 2009). Among the vine pests, Tortricid moths are

certainly the most harmful, notably, the European
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grapevine moth L. botrana, the grape berry moth Eupoecilia

ambiguella Hübner, and Sparganothis pilleriana Denis and

Schiffermüller (Thiéry et al. 2008). The first two species are

polyvoltin pests and cause damage by feeding directly on

berries and there is also indirect damage giving rise to the

development of various mold diseases in damaged berries

(e.g., Botrytis cinerea and Aspergilus carbonarius). Direct

and indirect damage may result in up to 40 % losses at har-

vest (Boudon-Padieu et al. 2000; Thiéry et al. 2008).

Management of these pests relies on the use of insecti-

cides, i.e., 6–8 chemical treatments per season for table

grapes and 1–2 for wine grapes (ACTA 2010). These

treatments ultimately result in insecticide residues on

grapes and in wines (Cabras et al. 1995), which can delay

harvesting date. In addition, potential problems have arisen

with extensive pesticide use, i.e., resistant strains could

appear in pests (Roush and Mckenzie 1987) as well as

well-known negative impacts on human health (Weisen-

burger 1993) and non-target organisms (Desneux et al.

2006; Han et al. 2010; Biondi et al. 2012 and see Desneux

et al. 2007 for a thorough review). Aiming at reducing the

impact of chemical insecticides in vine crops, the devel-

opment of biological control programs relying on egg

parasitoids and the use of mating disruption methods may

be promising for sustainable and environmentally sound

pest management (Thiéry 2011; Xuéreb and Thiéry 2006).

In the case of management of L. botrana in France, in-

undative releases of Trichogramma cacoeciae Marchal

(Hym. Trichogrammatidae), found naturally on eggs of L.

botrana (Richard 1979; Dugast 1982; Babi 1990; Schubert

and Stengel 1992; Barnay 1999), were made during a decade

in the Alsace region. The results have been irregular (i.e.,

ranging from \10 to 100 % parasitism) and reduction in

damage below economic thresholds (Barnay 1999; Hommay

et al. 2002; Pizzol 2004). Effective parasitism by Tricho-

gramma parasitoids can be influenced by environmental

factors such as humidity, photoperiod and temperature

(Pizzol et al. 2010) as well as by biotic factors such as egg

size (Berrigan 1991; Martel et al. 2011). Recent studies have

also shown that the quality of larval food and the grape

cultivar are important for the reproductive performance of L.

botrana (Thiéry and Moreau 2005; Moreau et al. 2006a, b).

The age of Trichogramma parasitoid females and/or of

host eggs can influence parasitism of various pests (Pak et al.

1986; Garcia et al. 2001; Reznik and Vaghina 2007). These

two factors should receive more attention to insure overall

efficiency of parasitism by Trichogramma parasitoids when

developing biological control programs involving the use of

inondative releases of such natural enemies. In the case of T.

cacoeciae searching for suitable L. botrana or E. ambiguella

eggs, age factors may be critical. Eggs are mainly located on

or inside bunches and are almost always scattered (Gabel and

Thiéry 1996); this may lead to increased age of parasitoid

females when they encounter host eggs. Moreover, the age of

host eggs encountered by the parasitoid females varies, due

to varying dates of diapause emergence, the egg laying

dynamics by L. botrana in the first generation may last over

1 month (Thiéry et al. 2008).

In this context, tests were conducted in the laboratory on

the effects of the host egg age (1–2-day-old and 3–4-day-

old) and of the age of T. cacoeciae (1, 2, 3 and 4-day-old)

in order to assess the influence of these factors on para-

sitism of L. botrana by T. cacoeciae and on various bio-

logical traits in the parasitoid.

Materials and methods

The host: Lobesia botrana

Mated females of L. botrana were grouped by ten in laying

arenas (paper bags) (25 �C, 80 % R.H. and L16:D8) as

described in Thiéry and Moreau (2005). In these conditions,

egg incubation lasts 6–7 days; after 5 days on an average,

eggs evolve to the so-called black head stage. Every day,

females were transferred to new arenas and freshly laid eggs

were collected by cutting off the bags around the eggs, then

pooled according to age and stored in petri dishes in a cli-

matic chamber (22 �C, 90 % R.H. and L16:D8). This insured

that eggs were kept in good condition till they reach the age

needed for the experiments. Two ages of host eggs were

used: 1–2-day-old and 3–4-day-old. We used these two

classes because (i) preliminary studies showed that older

eggs (i.e.,[4-day-old) were too close to the hatching stage

for effective parasitism of L. botrana eggs by Trichogramma

parasitoids (Pizzol J, unpublished data), (ii) a previous study

reported that survivorship of T. evanescens was higher in

younger L. botrana eggs than in older ones (Moreau et al.

2009), and (iii) of practical reasons.

The parasitoid: Trichogramma cacoeciae

The T. cacoeciae colony was established in the laboratory

from L. botrana eggs collected in French vineyards (in

Alsace region) (Pizzol and Pintureau 2008). After initial

identification of parasitoids emerging from collected eggs,

T. cacoeciae were selected and reared on UV-irradiated

eggs of the alternative host Ephestia kuehniella Zeller

(Lepidoptera: Pyralidae) (25 �C, 70 ± 5 % R.H. and

L16:D8) (Daumal et al. 1975; Mansour 2010). Females

were collected when they emerged and were kept to reach

the various ages needed for the experiments (see below).

To this end, they were placed in climatic chambers in

plastic boxes (length: 36 cm, width: 24 cm, height: 14 cm)

(22 �C, 75 % R.H. and L16:D8). All adult parasitoids were

fed at emergence with a drop of honey.
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Exposure of host eggs to the parasitoid

We studied the effect of age of L. botrana eggs and age of

T. cacoeciae females on parasitism. To do so, we used a

2 9 4 factorial design. The two-level treatment corre-

sponds to the two ages of L. botrana eggs exposed to

parasitism (1–2-day-old and 3–4-day-old). The four-level

treatment corresponds to four ages of T. cacoeciae females

(1, 2, 3, and 4-day-old). This resulted in 8 combinations,

and 60 replicates were performed per combination. Each T.

cacoeciae female was isolated in a glass tube (length:

7.5 cm, diameter: 1 cm), fed with a drop of honey, and

supplied with 25 eggs of L. botrana placed on a card

(6 9 0.9 cm) (25 �C, 70 ± 5 % R.H. and L16:D8). Wasp

females stayed with these host eggs for 24 h and were then

withdrawn from the tubes. The tubes were then stored in

climatic chambers (25 �C, 70 ± 5 % R.H. and L16:D8).

The date of emergence of T. cacoeciae adults was recorded

to estimate the duration of pre-imaginal development. In

addition, 6 days after the first emergence, we counted the

parasitized eggs (i.e., black eggs, emerged, or not emerged)

and the L. botrana aborted eggs (i.e., L. botrana eggs that

did not hatch owing to parasitoid stinging activity). These

values were used to estimate (i) the emergence rate of T.

cacoeciae on L. botrana eggs, and (ii) the total mortality of

L. botrana eggs (i.e., parasitism ? aborted eggs) when

exposed to T. cacoeciae. Only data from tubes containing

live females of T. cacoeciae after the 24-h laying period

were taken into account to analyze the data.

Statistical analysis

The number of parasitized eggs, the total number of L.

botrana eggs killed (i.e., parasitized ? aborted eggs) and

the number of days before parasitoid emergence (duration

of pre-imaginal development) were analyzed by a factorial

ANOVA with the ‘‘host egg age’’ and ‘‘parasitoid age’’ as

factors. The same analysis was carried out on arcsi-trans-

formed data regarding the parasitoid emergence rate.

Results

Parasitism and mortality of L. botrana eggs

The statistical results are summarized in Table 1A, B.

There was a significant impact of both host age and para-

sitoid age factors on the number of parasitized eggs (i.e.,

black eggs). However, the two factors did not show any

significant interaction which meant that both factors acted

independently on the number of parasitized L. botrana eggs

by T. cacoeciae. When L. botrana eggs were 3–4-day-old,

they were less parasitized by T. cacoeciae than 1–2-day-old

eggs (a decrease ranging between 7 and 13 %), and this

was not connected to the age of T. cacoeciae females

(Fig. 1a). The age of parasitoid females did have an effect

on parasitism as 1-day-old females produced fewer para-

sitized eggs than 2, 3, and 4-day-old females. However,

females in these three age groups (2, 3, and 4) produced
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Fig. 1 a Mean number (±SE) of host eggs parasitized and b dead L. botrana eggs (i.e., parasitized ? aborted eggs) depending on the age of T.
cacoeciae (1, 2, 3, and 4 days) and on the age of L. botrana eggs (1–2 and 3–4 days)
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similar numbers of black eggs. When considering the total

number of L. botrana eggs killed by T. cacoeciae, the two

factors did not show significant effects or a significant

interaction (Fig. 1b) (all P [ 0.05).

Emergence of T. cacoeciae from L. botrana eggs

There was a significant effect of the ‘‘parasitoid age’’ factor

on the emergence rate of T. cacoeciae (Table 1C; Fig. 2).

By contrast, the age of L. botrana eggs did not significantly

affect successful development of T. cacoeciae (‘‘Host egg

age’’ factor not significant, Table 1C). The parasitoid

emergence rate increased in older parasitoid females when

L. botrana eggs were 1–2-day-old. The highest value

observed when the females were 3-day-old (97.6 %) and it

dropped to 94.8 % when parasitoids were 4-day-old. The

pattern was not exactly the same when L. botrana eggs

were 3–4-day-old; the highest emergence rate (96.7 %)

was observed for 2-day-old parasitoid. Despite different

patterns between the two host egg ages tested, the two

factors ‘‘Parasitoid age’’ and ‘‘Host egg age’’ did not

interact significantly.

Parasitoid development time

Results are summarized in Table 1D. There was a signifi-

cant impact of both host age and parasitoid age factors on

the development time of parasitoid offspring in L. botrana

eggs (Fig. 3). However, the two factors did not interact

significantly, i.e., the two factors acted independently on

the duration of T. cacoeciae offspring development. The

duration of parasitoid development decreased with the

increasing age of T. cacoeciae female. In addition, when

parasitoid females parasitized older L. botrana eggs, the

development time of offspring development was shorter.

Discussion

Several studies have documented the factors potentially

increasing or decreasing the efficiency of T. cacoeciae,

including the effect of rearing and oviposition temperature

(Ozder and Kara 2010; Pizzol et al. 2010) and the effect of

substitution host species used (Ozder and Kara 2010). Few

studies have precisely documented the potential effects of

host egg age (Pak et al. 1986; Moreau et al. 2009; Moreno

et al. 2009) and of parasitoid age (Garcia et al. 2001; Pizzol

2004) on key parasitism traits such as parasitism rate,

duration and successful offspring development. However,

most studies have focused on either the effect of the age of

host eggs or the effect of parasitoid age, but testing for

potential interactions between these two factors has not

been carried out. Our study demonstrates that these two

parameters act independently on various biological traits in

the Trichogramma parasitoid, T. cacoeciae.

Table 1 Results of the factorial ANOVA used to analyze (A) the

numbers of L. botrana eggs parasitized (parasitism), (B) the number

of dead L. botrana eggs (i.e., parasitized ? aborted eggs), (C) the

percentages of emergence of parasitoids from parasitized eggs, and

(D) the developmental time of T. cacoeciae in L. botrana eggs. Main

factors tested were the age of L. botrana eggs (‘‘Host egg age’’ factor)

and the age of T. cacoeciae females (‘‘Parasitoid age’’ factor)

Source of variation Degrees of

freedom

F P value

A: Parasitism

Host egg age 1 15.92 \0.001

Parasitoid age 3 10.39 \0.001

Host egg age 9 parasitoid age 3 0.29 0.832

B: Mortality of host eggs

Host egg age 1 1.46 0.227

Parasitoid age 3 1.13 0.335

Host egg age 9 parasitoid age 3 0.53 0.664

C: Parasitoid emergence

Host egg age 1 0.46 0.497

Parasitoid age 3 3.20 0.023

Host egg age 9 parasitoid age 3 2.08 0.101

D: Development time

Host egg age 1 3.96 0.047

Parasitoid age 3 22.87 \0.001

Host egg age 9 parasitoid age 3 0.60 0.614
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Fig. 2 Emergence rate of T. cacoeciae (mean ± SE) depending on

the age of T. cacoeciae (1, 2, 3, and 4 days) and on the age of L.
botrana eggs (1–2 and 3–4 days)
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Effect of parasitoid age

In our conditions, 1-day-old females showed the lowest

parasitism rate independently of L. botrana egg age.

However, we found no difference for total L. botrana egg

mortality (i.e. parasitism ? aborted eggs). Therefore, when

parasitoid females were 1 day old or under, they most

likely stung as many eggs as older females, but they

actually did not parasitize as many eggs as older females.

The youngest females may have stung L. botrana eggs for

host feeding. On the other hand, (and in a non-exclusive

way) females may have been more selective in the hosts

they encountered (Klomp et al. 1980). Indeed, host choice

behavior in parasitoids is known to be dependant on the

physiological state of the parasitoid (Minkenberg et al.

1992). Low egg loads early in life often lead to higher

choosiness when encountering hosts (Papaj 2000). It may

have led T. cacoeciae females to sting host eggs (either to

feed or to assess host quality, Vinson 1998) without actu-

ally effectively parasitizing them, i.e., no eggs laid. Such

stinging is known to potentially induce host death (eggs in

case of Trichogramma parasitoids) through venom/virus

injection by the females (Asgari and Rivers 2011), e.g., the

T. australicum Girault sting on Helicoverpa armigera

Hübner egg always leads to immediate death of developing

embryo because of parasitoid venom (Jarjees and Merritt

2004). When females were older, more stings actually led

to parasitism (i.e., egg deposited into the host). Therefore,

the choosiness behavior is weaker when the ovarian

pressure is higher (i.e., more mature eggs in ovaries) due to

increasing age of females (Klomp et al. 1980).

It is known that fecundity schedule in parasitoids usually

shows a rise in the number of eggs laid per day until it

reaches a maximum rate (Jervis and Kidd 1996). Then a

gradual decrease occurs until reproduction ceases alto-

gether at or shortly before the time of death. Although we

did not test parasitoid females older than 4 days old in our

study, we did not observe a great difference in parasitism

rates among 2, 3, and 4-day-old females. Therefore, such

periods may correspond to the maximum parasitism rate in

our conditions and potential reduction of parasitism rate

might have been observed if we had tested females older

than 4 days. A lower parasitism rate (after a peak was

reached) was reported in T. cordubensis that were 5–6-day-

old (Garcia et al. 2001) and the authors reported that this

species behaved accordingly to the ‘‘static optimization

model’’ (Godfray 1994).

The emergence rate of T. cacoeciae offspring was also

lower and development time higher when ovipositing

females were younger (1-day-old). It is unclear why the

progeny of these females developed slower than those of

older females. However, it might be related to factors

linked to the parasitism itself, e.g., venom which is injected

into the host at the time of the stinging (to cope with host

immune defense and to kill host embryo) might be less

efficient in young females (if venom glands need several

hours after parasitoid emergence to be fully active). It

might delay parasitoid embryo development because host

degeneration is known to rely exclusively on female venom

rather than on factors derived from the parasitoid embryo

or larva (Jarjees and Merritt 2004). It may be consistent

with the lower emergence rate of the progeny of these

young females (though it only occurred when host eggs

were also young). In addition, eggs from young females

might not be as good because they are not totally developed

yet, i.e., most vitellogenesis and maturation of eggs in T.

cacoeciae are known to occur on the second day of life

(Volkoff and Daumal 1994).

Effect of host egg age

Host egg age is known to affect the parasitism rate of

Trichogramma parasitoids (Pizzol 2004) and we observed

that older host eggs, i.e., 3–4-day-old, were less parasitized

than younger eggs in the case of L. botrana/T. cacoeciae.

These results match those in previous studies (Brand et al.

1984; Calvin et al. 1997; Pak et al. 1986; Moreno et al.

2009). The effect of host egg age appeared totally unrelated

to parasitoid age as we clearly observed the same trend for

all parasitoid ages tested (Fig. 1a). By contrast, the age of

host eggs did not affect on the whole the mortality of host

eggs and parasitoid emergence rate (i.e., success in
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Fig. 3 Development time of T. cacoeciae (mean ± SE) depending

on the age of T. cacoeciae (1, 2, 3, and 4 days) and on the age of L.
botrana eggs (1–2 and 3–4 days)

J Pest Sci

123



parasitoid development). The lack of consistency between

the effects of parasitoid age and host egg age on parasitism

rate and the absence of such effects on host egg mortality

(Fig. 1a vs. b) could be attributed to two hypotheses.

Firstly, parasitoid females could have laid eggs in a similar

way independently of host egg age, but parasitoid larvae

could have developed less efficiently in older eggs because

of higher competition with developing host embryo (Benoit

and Voegelé 1979). According to Benoit and Voegelé

(1979) Trichogramma parasitoids do not oviposit on host

eggs older than 5 days, but venom injected at the time of

the stinging ultimately prevents the developing host

embryo from reaching adulthood. This could explain lower

parasitism success in older L. botrana eggs without actu-

ally allowing host embryo to successfully develop (i.e.,

resulting in host egg death). Second, parasitoid females

may have stung the host eggs in a similar way regardless of

their eggs’ age, but have oviposited only in hosts showing

optimal physiological suitability for the subsequent devel-

opment of the parasitoid larvae (Desneux et al. 2009b,

2012). Parasitoid females are known to assess hosts

encountered and the behavior of females is based on cues

perceived notably during ovipositor probing, i.e., at the

time of stinging (Godfray 1994; Vinson 1998), though

other mechanisms could be involved (Outreman et al.

2001; Desneux et al. 2009a). T. cacoeciae females may

have rejected older eggs because of the potential compe-

tition with host embryo that had already developed. Such

probing, despite resulting in the deposition of a parasitoid

egg, probably induced death in all probed host eggs

because of the venom injected at the time of the stinging

(Asgari and Rivers 2011), as has already been reported in

Trichogramma parasitoid species (Benoit and Voegelé

1979; Klomp et al. 1980). Further studies would have to be

carried out to clarify this point.

Importance for biological control based on releasing

Trichogramma parasitoids

Parasitism rates by Trichogramma parasitoids which are

usually recorded in the field may often underestimate the

total mortality induced in the host populations (Barnay

1999; Pizzol 2004; Tabone et al. 2010). Therefore, this

should be considered to optimize the releases, as has been

done when developing the use of T. brassicae against the

European corn borer in France (it includes successive

waves of parasitoid emergence and seasonal inundative

releases, Hawlitzky 1992; Frandon et al. 2002, 2005). Data

on the impact of host and parasitoid ages on the efficiency

of Trichogramma parasitoids for biological control pro-

grams have been already used, notably when diapause was

studied for optimizing production, storage, and release

techniques (Pizzol and Voegelé 1987). This could also be

important because the age of T. cacoeciae and the host

eggs age significantly affect parasitism and it has conse-

quences in the field, e.g., release points should be carefully

distributed in fields/greenhouses. The variable parasitism

rate owing to the quality of the host eggs (e.g. age)

encountered/parasitized may partly explain the varying

efficiency of Trichogramma parasitoid releases in vine-

yards during field trials though other factors can affect

parasitism, such as the number of parasitoid adults released

per hectare (Kast and Hassan 1986, Castaneda-Samayoa

et al. 1993), the spatial distribution pattern of host eggs as a

function of pest density, the vine cultivars (Moreau et al.

2009) or the choice of Trichogramma species (Kast and

Hassan 1986; Castaneda-Samayoa et al. 1993).
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de Marseille

Barnay O (1999) Dynamique des populations et relation hôte-
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Benoit M, Voegelé J (1979) Choix de l’hôte et comportement

trophique de Trichogramma evanescens Westw. (Hym., Tricho-
grammatidae) en fonction du développement embryonnaire
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Courrier de la Cell. Environnement de l’INRA 16:9–23

Hommay G, Gertz C, Kienlen JC, Pizzol J, Chavigny P (2002)

Comparison between the control efficacy of Trichogramma
evanescens Westwood and of two Trichogramma cacoeciae
Marchal strains against vine moth (Lobesia botrana Den. and

Schiff.) depending on their release density. Biocontrol Sci Tech

12:569–581

Jarjees EA, Merritt DJ (2004) The effect of parasitization by

Trichogramma australicum on Helicoverpa armigera host eggs

and embryos. J Invertebr Pathol 85:1–8

Jervis MA, Kidd NAC (1996) Parasitoid adult feeding ecology and

biocontrol. A review. Biocontrol News Info 16:11–26

Kast WK, Hassan SA (1986) Massenproduction und Anwendung von

Trichogramma: 9. Wirksame Bekämpfung des Einbindigen
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Féret, Paris, pp 214–246

Vinson SB (1998) The general host selection behavior of parasitoid

hymenoptera and a comparison of initial strategies utilized by

larvaphagous and oophagous species. Biol Control 11:79–96
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