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The performance of the parasitoid Trichogramma
ostriniae (Pang et Chen) on eggs of four factitious
hosts, Ostrinia nubilalis (Hübner), Sitotroga cere-

lella (Olivier), Trichoplusia ni (Hübner), and irradi-
ated Ephestia kuhniella (Zeller), is presented. We mea-
sured parasitoid longevity, individual and population
levels of parasitism, survival of progeny to emergence,
and progeny sex ratio for 9 to 11 generations in labo-
ratory colonies. Wasps reared from each source were
tested on the source host and on the target host, Eu-
ropean corn borer (O. nubilalis). Under the conditions
tested, E. kuhniella was a poor host, T. ni and O. nu-
bilalis were good hosts, and S. cerealella was interme-
diate. We found no evidence that being reared for
many generations on an alternate host decreased the
performance on the target host, O. nubilalis. Sex ratio
was female biased and did not change over time. There
may have been an increase in performance of wasps
reared on S. cerealella and E. kuhniella over time. We

iscuss the information gained from different mea-
ures of parasitoid performance and the possible
auses for variation in performance over time under
aboratory conditions. © 2001 Academic Press

Key Words: biological control; Ephestia kuhniella;
European corn borer; factitious host; laboratory selec-
tion; mass rearing; Ostrinia nubilalis; parasitoid; Si-
totroga cerealella; Trichogramma ostriniae; Trichop-
lusia ni.

INTRODUCTION

Since the introduction of the European corn borer,
Ostrinia nubilalis (Hübner) (Lepidoptera: Crambidae),
to the United States in the early 1900s, several Tri-
chogramma (Hymenoptera: Trichogrammatidae) spe-
cies have been investigated for use in its biological
control. Only Trichogramma nubilale (Ertle et Davis)
1

and Trichogramma maidis (Pint et Voeg) have at-
tracted much attention for the control of O. nubilalis
(Ertle and Davis, 1975; Burbutis and Goldstein, 1983;
Prokrym et al., 1992), and neither is current used com-
mercially in the United States. Although native and
introduced species of Trichogramma are found in sweet
corn in the United States (Baker et al., 1949; Ertle and
Davis, 1975; Andow, 1992), rates of parasitism of O.
nubilalis are low and contribute little to pest suppres-
sion. In Europe, augmentative biological control of O.
nubilalis by use of several species of Trichogramma
that are commercially available has been successful
(Hassan, 1993; Pavlik, 1993; Ravensberg and Berger,
1988; Bigler and Burnetti, 1986).

Investigators in the United States have looked to the
closely related Asian corn borer, Ostrinia furnacalis
(Guenée), for additional sources of natural enemies for
augmentative control of O. nubilalis (Volden and
Chiang, 1982; Hoffmann et al., 1995). One species,
Trichogramma ostriniae (Pang et Chen), is widely used
in China and Taiwan and has generated considerable
interest because of its potential efficacy against O.
nubilalis (Hassan and Guo, 1991; Pavlik, 1993). T.
ostriniae has been imported into the United States
from Jilin Province in northern China and is being
developed for use in augmentative biological control
programs (Hoffmann and Shelton, 1994; Hoffmann et
al., 1995; Wang and Ferro, 1998; Hoffmann, 1999).
Commercial rearing of T. ostriniae will be necessary to
implement augmentative biological control of O. nubi-
lalis.

Often insects other than the target hosts are used to
reduce the cost or increase the efficiency of mass pro-
duction of parasitoids. However, even for a polypha-
gous parasitoid, the suitability of these factitious hosts
may vary greatly. Characteristics such as host egg
volume, chorion thickness, nutritional content, age,
and egg distribution can affect rates of parasitism as
1049-9644/01 $35.00
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2 HOFFMANN ET AL.
well as the number, quality, and sex ratio of parasi-
toids reared from these host eggs (Flanders, 1935;
Clausen, 1939; Stinner et al., 1974; Lewis et al., 1976;
Hohmann et al., 1988; Ram and Irulandi, 1989;
Kazmer and Luck, 1991; Baorong et al., 1992; Corrigan
and Laing, 1994; Hoffmann et al., 1995; Greenberg et
al., 1998). In addition to the direct suitability of a
factitious host, there is also the potential for an evolu-
tionary response by the parasitoid to being reared for
many generations on an alternate host. Laboratory
selection for physiological, morphological, or behav-
ioral characteristics that are adaptive when the facti-
tious host is used may cause a parasitoid to perform
less well on the target host (van Bergeijk et al., 1989;
Leppla and Fisher, 1989; Hopper et al., 1993).

The biology of T. ostriniae reared on O. nubilalis and
tudies of field releases in the northeastern United
tates are reported elsewhere (Hoffmann and Shelton,
994; Hoffmann et al., 1995; Hoffmann, 1999). Because
arasitoid performance is related to host quality
Flanders, 1935; Ram and Irundi, 1989; Baorong et al.,
992; Schmidt, 1994), and host species differ in various
ualities (e.g., size, chorion thickness, and distribu-
ion) likely to be related to wasp fitness, we investi-
ated the effect of host species on components of wasp
tness over several generations in the laboratory. The
erformance of T. ostriniae was measured as individ-
al female longevity, number of eggs parasitized, num-
er of progeny per egg, survival of progeny, and the sex
atio of progeny. We ask (1) whether wasp performance
iffered among host egg species and (2) whether the
earing of parasitoids on one host species for several
enerations would influence performance on the target
ost species. Specifically, we asked whether being
eared on hosts other than O. nubilalis would influence
erformance on O. nubilalis.
The suitability of a host may also depend in part of

he origin of the wasp because selection within popu-
ations reared on different hosts may lead to genetic
daptation over time. The wasps used in our study
riginated from a laboratory colony maintained on O.
ubilalis. We hypothesized that parasitoid perfor-
ance would depend on host egg species used and that

ver 9 to 11 generations wasps may evolve to perform
etter on a new host.

MATERIALS AND METHODS

About 1000 T. ostriniae reared on O. nubilalis were
btained from the USDA APHIS Mission Biological
ontrol Center, Mission, Texas to establish a labora-

ory colony in Ithaca, New York 5 months prior to this
tudy. T. ostriniae had been reared at Mission, Texas
or approximately 1 year before we initiated our colony.

e maintained the colony at 16L:8D h, 25:23°C, and
80% RH. Freshly laid eggs of O. nubilalis were sup-
lied approximately three times per week as hosts for
. ostriniae. Water and undiluted honey were provided
d libidum to the colony. The colony was propagated by
xposure of O. nubilalis eggs to parasitism for 48 h.
he parasitized eggs were allowed to develop and then
eturned to the wasp colony upon hatching.
O. nubilalis, Sitotroga cerealella (Olivier), Ephestia

uhniella (Zeller), and Trichoplusia ni (Hübner) were
hosen as experimental hosts because their eggs are
ommonly available and differ in physical characteris-
ics that might affect parasitism. A standard method
as developed by Flander (1929) to rear Tri-

hogramma species on eggs of the angoumois grain
oth, S. cerealella. This species has been the most
idely used factitious host for mass rearing Tri-

hogramma (Marston and Ertle, 1973; Smith, 1996). S.
erealella eggs are small, dark, and ovoid, are laid
ingly, and have relatively thick chorions. The Medi-
erranean flour moth, E. kuhniella, is another widely
sed factitious host for Trichogramma spp. (Hohmann
t al., 1988; Schmidt, 1994; Smith, 1996). Its eggs are
lso laid singly but are slightly larger than those of S.
erealella and have thin chorions (Schmidt, 1994). The
abbage looper, T. ni, is not commonly used as a host

for rearing Trichogramma, but has large eggs that
have been shown to support the development of several
individuals per egg (Pak and Oatman, 1982; Hohmann
et al., 1988, Hoffmann et al., 1995) and may be chem-
ically attractive to Trichogramma females (Nordlund
et al., 1977). T. ni eggs are also laid singly and have a
thick chorion. The eggs of the target pest, O. nubilalis,
are laid as flat disks in shingled clusters. The egg
volume of O. nubilalis is moderate, and the chorion is
relatively thin. Eggs of this species are not commonly
used for rearing of Trichogramma species (Smith,
1996).

The O. nubilalis used for this study came from the
USDA Corn Insects Research Unit, Ames, Iowa, where
they were reared on a wheat germ diet. Ovipositing
adults were held at 16L:8D h, 25:20°C, and ;70% RH
n 0.63-mesh hardware cloth cylinders (25 3 38.1 cm).
gg masses were oviposited onto wax paper wrapped
round the cylinders. The other factitious host eggs
ere obtained from commercial sources as needed. S.

erealella eggs were supplied by Rincon-Vitova Insec-
aries, Inc., Ventura, California; T. ni eggs were ob-
ained from the Boyce-Thompson Institute, Ithaca,
ew York; and irradiated (killed) E. kuhniella eggs
ere received from Ciba Bio-Logicals, Guelph, Ontario,
anada.
This study took place from mid February to late
ugust in 1994. Separate T. ostriniae cultures were
aintained on each of these hosts for 9 to 11 genera-

ions at 16L:8D h, 25:23°C, and ;80% RH. To avoid
uperparasitism in the individual cultures, we at-
empted to always have an excess number of host eggs
vailable to female wasps. The individual perfor-
ances of 20 randomly selected females from each
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3REARING OF Trichogramma ON FACTITIOUS HOSTS
colony were measured by use of eggs of their natal
hosts. The performances of another 20 individuals
were measured by use of eggs of the target host, O.
nubilalis (wasps reared on O. nubilalis were tested
only on O. nubilalis). Measurements were made every
other generation.

The seven treatment combinations were designated
OO for wasps from the colony maintained on O. nubi-
lalis tested on O. nubilalis eggs, SO for wasps from S.
erealella tested on O. nubilalis eggs, EO for wasps
rom E. kuhniella tested on O. nubilalis, TO for wasps
rom T. ni tested on O. nubilalis, SS for wasps from S.
erealella tested on S. cerealella, EE for wasps from E.
uhniella tested on E. kuhniella, and TT for wasps

from T. ni tested on T. ni. Initiation of the colonies on
hosts other than O. nubilalis was staggered so that the
enerations were not synchronized between treat-
ents.
To isolate individual adult T. ostriniae females for
easurement, 50 to 100 parsitized host eggs from each

olony were placed in plastic shell vials (2.6 3 4.8 cm).
ewly emerged adults were allowed 24 h to mate.
ated females were then placed singly in 2.6 3 4.8-cm

ials containing 20–30 host eggs. Eggs were exposed to
wasp for 24 h and then placed in a gelatin capsule

size 000). If the wasp was still alive after 24 h, fresh
ggs were placed in the vial and the experiment was
ontinued. Host eggs were replaced daily until each
asp died. Exposed eggs from each day were kept

eparate and allowed to develop in gelatin capsules
nder the environmental conditions used for the main-
enance of the parasitoid colonies. Emerged host larvae
ere removed daily to prevent them from feeding on

emaining eggs.
Each wasp was allowed to parasitize eggs until she

ied, after which her longevity was recorded. Because
asps were not fed they lived only a short time. How-
ver, unfed longevity is an important aspect of wasp
tness because wasps may not always find water or a
ood source in the wild. Several days after each trial,
ost eggs that turned black were scored as parasitized.
emale, male, and unemerged (dead but fully devel-
ped) wasps per egg were subsequently counted. We
alculated the number of eggs parasitized, the number
f progeny developing from each egg, the survival of
rogeny, and the sex of surviving progeny.
To predict the success of a population of parasitoids

eleased for biological control, or to optimize a mass
earing strategy, it is important to known the number
f eggs parasitized by individual wasps and the frac-
ion of wasps in the population that actively parasit-
zed hosts. We estimated the population-wide level of
viposition using the sample of 20 wasps tested each
eneration from each treatment.
Comparisons among treatments (colony host and

est host) and over time (generation) were made using
ixed-model analysis of variance and logistic regres-
ion (SAS PROC MIXED and PROC GENMOD; SAS
nstitute, 1989, 1996). The statistical models incorpo-
ated repeated measures and specified simultaneous
ontrasts where appropriate. The specific attributes of
ndividual and colony fitness analyzed were (1) individ-
al longevity, (2) the number of eggs parasitized per
asp (parasitism by active wasps), (3) the number of
ggs parasitized per wasp tested (population parasit-
sm), (4) the fraction of wasps in a treatment that
arasitize, and (5) the number of progeny per host egg
arasitized. Because the equality of a wasp includes
ttributes of her progeny, we also analyzed (6) the
urvival of progeny to adulthood and (7) the sex ratio of
he progeny. Longevity was included as a covariate in
he analyses of number of eggs parasitized because
asps that lived longer had more opportunity to para-

itize. Logistic regression (SAS PROC GENMOD; SAS
nstitute, 1996) was used for the analysis of the frac-
ion of wasps parasitizing. The logistic regression
odel included treatment, longevity, and generation

s predictors of parasitism.

RESULTS

Longevity of Female T. ostriniae

In the absence of food, most of the female T. ostriniae
died within 2–3 days of emergence, but some survived
for up to 6 days. Wasps from non-O. nubilalis hosts
tested on O. nubilalis eggs lived longer on average than
those tested on the hosts from which they came (Fig. 1;
Table 1). On average, wasps from S. cerealella tested
on O. nubilalis lived the longest (most lived for 2 days,
mean 1.89 days, SD 1.10, N 5 109) and wasps from E.
kuhniella tested on E. kuhniella lived the shortest
amount of time (most lived for 1 day, mean 1.17 days,
SD 0.74, N 5 108). Throughout the experiment the
average longevity of wasps decreased in all colonies
with the exception of E. kuhniella, which started out
low and did not decrease over the duration of the ex-
periment when tested on both E. kuhniella and O.
nubilalis host eggs (Fig. 1).

Individual Wasp Rate of Parasitism

The number of eggs parasitized by wasps that para-
sitized at least once varied among treatments (Fig. 2;
Table 1). Wasps reared from E. kuhniella parasitized
the fewest eggs when tested on O. nubilalis (mean 8.81
eggs, SD 7.04; least squares estimate for EO treatment
significant at P 5 0.02) even when it was taken into
account that they lived for the shortest time. Wasps
reared from S. cerealella tested on S. cerealella para-
sitized the most eggs. Wasps reared from S. cerealella
and from E. kuhniella tended to parasitize fewer eggs
when tested on O. nubilalis than did wasps reared
from O. nubilalis (Table 1).
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4 HOFFMANN ET AL.
The average number of hosts parasitized decreased
significantly over time for wasps from S. cerealella
when tested on S. cerealella and for wasps from T. ni

hen tested on T. ni (Fig. 2; Table 1). The least squares
stimates for the interactions of each of these treat-
ents with generation was significantly negative at
, 0.05). There was no statistically significant

hange in parasitism rate over time in any of the other
reatments.

stimate of Population Rate Parasitism

The number of eggs parasitized per wasp (active and
ot active) varied with treatment (Table 1). Wasps

FIG. 1. Longevity of T. ostriniae over time. Each point represents
points. Each line is a different treatment. Treatment OO is wasps f
SO is wasps from S. cerealella tested on O. nubilalis. EO is wasps f
on O. nubilalis. SS is wasps from S. cerealella tested on S. cerealella.
T. ni tested on T. ni.

TAB

Analysis of Variance of Trichogramma ostrinia
by Colony Host an

Longevity (N 5 764)

F P

Source
Intercept 14.45 0.0001
Longevity — —
Treatment 22.28 0.0001
Generation 38.59 0.0001
Generation 3 treatment 12.07 0.0001
Longevity 3 generation — —
Longevity 3 treatment — —

Contrastsa

OO vs all other 6.37 0.01
OO vs SO EO TO 5.79 0.02
EO vs EE 15.65 0.0001
SO vs SS 8.76 0.0001
TO vs TT 3.66 0.01

Note. Longevity and generation are included as ordered categorica
a OO, wasps from the colony maintained on O. nubilalis tested on

O, wasps from E. kuhniella tested on O. nubilalis; TO, wasps from
cerealella; EE, wasps from E. kuhniella tested on E. kuhniella; TT,
rom T. ni when tested on O. nubilalis and wasps from
. nubilalis when tested on O. nubilalis had the high-

st mean parasitism (mean 15.61 eggs, SD 13.66 and
ean 12.15 eggs, SD 12.67, respectively). Wasps from
. kuhniella parasitized the fewest eggs when tested
n E. kuhniella or O. nubilalis (mean 6.60 eggs, SD
0.81 and mean 4.03 eggs, SD 6.48, respectively). Over-
ll, the number of eggs parasitized per wasp was
igher among wasps tested on O. nubilalis than among
hose tested on other egg species (Table 1).

The number of eggs parasitized in some treatments
hanged over time (Table 1). Specifically, parasitism by
asps from O. nubilalis when tested on O. nubilalis

mean of 20 wasps. No wasps were tested in the generations without
the colony maintained on O. nubilalis tested on O. nubilalis eggs.
E. kuhniella tested on O. nubilalis. TO is wasps from T. ni tested

is wasps from E. kuhniella tested on E. kuhniella. TT is wasps from

1

ongevity and Level of Parasitism as Affected
est Host Species

Parasitism by active
wasps (N 5 442)

Population parasitism
(N 5 743)

F P F P

1.98 0.04 8.57 0.0001
25.44 0.00 120.04 0.0001
2.93 0.01 7.97 0.0001
1.69 0.19 2.98 0.08
3.5 0.00 6.41 0.0001
3.47 0.06 0.04 0.85
3.81 0.00 4.53 0.0001

6.72 0.01 5.15 0.02
9.90 0.00 0.52 0.47
— — — —
— — — —
— — — —

ariables.
nubilalis eggs; SO, wasps from S. cerealella tested on O. nubilalis;
ni tested on O. nubilalis; SS, wasps from S. cerealella tested on S.
ps from T. ni tested on T. ni.
the
rom
rom
EE
LE

e L
d T

l v
O.
T.

was
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5REARING OF Trichogramma ON FACTITIOUS HOSTS
decreased, and parasitism by E. kuhniella when tested
on E. kuhniella increased (least squares estimates for
each of these interactions significant at P , 0.05).

Fraction of Wasps That Parasitized

A total of 442 of 742 T. ostriniae parasitized host
eggs. The fraction of wasps parasitizing at least one
host egg, the active proportion of the population, was
quite variable over generations and among treatments
(Fig. 3). The colony reared on E. kuhniella had the
smallest active population until its ninth generation
when it became comparable to that of other colonies.
The fractions of wasps from the S. cerealella colony
that parasitized hosts also increased significantly over
time when tested on S. cerealella host eggs (Fig. 3;
logistic regression, significant increase in likelihood of
parasitism with generation E kuhniella x 2 5 10.53,
P , 0.0001 and S. cerealella x 2 5 18.64, P ,
0.0001).

We found by use of a logistic regression model that
included the effect of generation and wasp longevity

FIG. 2. Number of eggs parasitized per active wasp over time. E
20-wasp sample per treatment per generation tested. No wasps w
treatment. The labels are the same as those in Fig. 1.

FIG. 3. Proportion of the T. ostriniae tested that parasitized at lea
n one generation that laid eggs. No wasps were tested in the genera
he same as those in Fig. 1.
that wasps from S. cerealella and T. ni were more
likely to parasitize hosts when tested on O. nubilalis
than when tested on their original host (SO vs SS x 2 5
47.00, P , 0.0001 and TO vs TT x 2 5 60.79, P ,

.0001). Wasps from the E. kuhniella colony showed a
nonsignificant trend in the same direction.

The Number of Progeny per Host Egg

The number of fully developed progeny in a host egg
varied among treatments (Fig. 4; Table 2, number of
progeny per egg). The greatest number of progeny per
host egg was produced by wasps from T. ni colonies
tested on T. ni eggs (Fig. 4; mean 1.69 progeny per egg
parasitized, SD 5 0.75) and on O. nubilalis eggs (Fig. 4;
mean 1.41 progeny per egg parasitized, SD 0.35).
Wasps from S. cerealella on average yielded only 0.69
SD 0.42) developed progeny per S. cerealella egg par-
sitized (this number is less than one because the
arasitoid egg failed to develop in some host eggs that
ere scored as parasitized).

point represents the mean of the wasps that parasitized from each
tested in the generations without points. Each line is a different

one egg. Each point is the proportion of 20 wasps from one treatment
ns without points. Each line is a different treatment. The labels are
ach
ere
st
tio
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The number of progeny per egg was quite variable
over time for all of the treatments (Fig. 4). There was a
decline in the mean number of progeny per host egg for
wasps from O. nubilalis tested on O. nubilalis and for
wasps from S. cerealella tested on S. cerealella (Ta-
ble 2).

Survival of Progeny to Adulthood

The fraction of eggs parasitized from which adult
wasps emerged differed among treatments, ranging
from a mean of 98% (wasps from S. cerealella tested on
S. cerealella) to 58% (wasps from E. kuhniella tested on
O. nubilalis) (Table 2). For wasps reared from E. kuh-
niella and S. cerealella, the mortality of developed
progeny was greater on O. nubilalis than on their

FIG. 4. Number of T. ostriniae progeny that developed in eggs p
rogeny per egg parasitized by the active wasps from each 20-wasp sa
enerations without points. Each line is a different treatment. The

TAB

Analysis of Variance of Trichogramma ostriniae Quality o

No. of progeny per egg
(N 5 421)

F P

Source
Intercept 13.08 0.00
Longevity 5.03 0.02
Treatment 3.39 0.00
Generation 4.00 0.05
Generation 3 treatment 3.09 0.01

Contrastsa

OO vs all other — —
EO vs EE 2.58 0.11
SO vs SS 0.36 0.55
TO vs TT 3.75 0.05

Note. Longevity and generation are included as ordered categorica
a OO, wasps from the colony maintained on O. nubilalis tested on

O, wasps from E. kuhniella tested on O. nubilalis; TO, wasps from
cerealella; EE, wasps from E. kuhniella tested on E. kuhniella; TT,
original host species (Fig. 5; Table 2). On average, the
survival to emergence decreased with time (Fig. 5;
Table 2).

Sex Ratio of Progeny

The sex ratio of the offspring was generally female
biased, ranging from 55% female (TT treatment, first
generation) to 100% female (EO treatment, third gen-
eration). Variation of sex ratio between treatments was
statistically significant (Fig. 6; Table 2). Wasps from
colonies maintained on S. cerealella and tested on O.
nubilalis produced a significantly higher fraction of
progeny that were female than the other treatments
(mean 0.87, SD 0.026; least squares estimate for the
SO treatment significantly positive at P , 0.0001). On

sitized by T. ostriniae over time. Each point is the mean number of
le per treatment per generation tested. No wasps were tested in the

els are the same as those in Fig. 1.

2

rogeny as Affected by Colony Host and Test Host Species

Progeny survival
(N 5 426)

Progeny sex ratio
(N 5 410)

F P F P

3.68 0.00 7.34 0.00
— — — —

11.82 0.00 3.19 0.01
12.56 0.00 0.72 0.40
4.19 0.00 0.68 0.67

— — 5.42 0.02
45.01 0.00 0.79 0.37
5.04 0.02 9.44 0.00
0.10 0.75 0.04 0.85

ariables.
nubilalis eggs; SO, wasps from S. cerealella tested on O. nubilalis;
ni tested on O. nubilalis; SS, wasps from S. cerealella tested on S.
ps from T. ni tested on T. ni.
ara
mp

lab
LE

f P

l v
O.
T.

was
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7REARING OF Trichogramma ON FACTITIOUS HOSTS
average, wasps from O. nubilalis tested on O. nubilalis
had a lower female bias than other treatment combi-
nations (Table 2). There was no significant change in
sex ratio over time, and the sex ratio was not related to
the longevity of the wasp (Table 2).

FIG. 5. Fraction of T. ostriniae progeny surviving to adulthood.
ach bar is the mean (6 1 SD) of the progeny of all of the wasps
ampled per treatment over the entire experiment. Treatment OO is
asps from the colony maintained on O. nubilalis tested on O.
ubilalis eggs. SO is wasps from S. cerealella tested on O. nubilalis.
O is wasps from E. kuhniella tested on O. nubilalis. TO is wasps

rom T. ni tested on O. nubilalis. SS is wasps from S. cerealella tested
n S. cerealella. EE is wasps from E. kuhniella tested on E. kuh-
iella. TT is wasps from T. ni tested on T. ni.

FIG. 6. Sex ratio of the progeny of T. ostriniae. Each bar is the
generation tested. The treatment labels are the same as those in Fi
DISCUSSION

Differences among Hosts

On average, wasps reared from E. kuhniella lived
he fewest days, and the fraction of those wasps that
arasitized a host was lower than that for wasps
eared from other hosts. Additionally, there was rela-
ively high mortality of progeny produced by wasps
rom E. kuhniella. The poor performance of wasps
ested on E. kuhniella may have been the result of the
se of irradiated eggs, which may be a poorer substrate
or Trichogramma development than live eggs (Gold-

stein et al., 1983; Smith, 1996; Romeis et al., 1997).
However, wasps reared from E. kuhniella also per-
ormed poorly on O. nubilalis, with a 42% mortality
evel. This suggests that wasps that did manage to
merge from the poor-quality hosts performed poorly
ven when presented with a higher-quality host.
S. cerealella has been a commonly used host for lab-

ratory rearing of Trichogramma (Marston and Ertle,
1973; Smith, 1996). In these experiments its suitability
was erratic. On average, its longevity, rate of parasit-
ism, and progeny survival were high but variable.
Wasps from S. cerealella tested on O. nubilalis had the
highest female-biased sex ratio. However, the rate of
parasitism was variable and declined over the duration
of the experiment along with the number of progeny
per host egg parasitized.

T. ni is not commonly used as host for the mass
rearing of Trichogramma, probably because it is not
economical to use a species that produces relatively few
large eggs (Smith, 1996). However, these large host

an (6 1 SD) of the proportion of female progeny per treatment per
.
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8 HOFFMANN ET AL.
eggs yielded the most progeny per host egg, and wasps
reared from the large eggs parasitized many hosts on
average.

A primary purpose of this experiment was to com-
pare the influences of various rearing hosts on the
ability of T. ostriniae to control O. nubilalis in the field.
We found that on average wasps reared on species
other than O. nubilalis lived longer when tested on O.
nubilalis than when tested on the host on which they
were reared. In addition, a higher fraction of wasps
from the T. ni and the S. cerealella eggs successfully

arasitized one or more hosts when tested on O. nubi-
alis than when tested on eggs of the species on which
hey had been reared. It is possible that the use of O.
ubilalis eggs is somehow less metabolically costly
han the use of other hosts or that parasitism might be
acilitated by the configuration of the eggs because O.
ubilalis eggs are laid in clumps rather than singly.

hanges in Performance over Time

We found great variation in important aspects of
arasitoid fitness across generations. Attributes of an
nimal that are related to behavior, such as rate of
arasitism, are expected to be variable because many
actors influence behavior (Vet et al., 1990; Godfray,
994). However, some of the characteristics that we
easured did not vary randomly, but rather increased

r decreased over the duration of the experiment.
The performance of parasitoids kept in the labora-

ory for many generations can change over time as a
esult of changes in the laboratory environment or as a
onsequence of genetic changes in the wasp colony
Hopper et al., 1993). Changes in the laboratory, such
s food, temperature, light, and disease levels, or
hanges in the bioassay used to measure wasp perfor-
ance are likely to affect all colonies kept in the same

aboratory similarly. Changes in wasp performance in
single healthy colony, over many generations when

xternal factors are constant, may be a genetic re-
ponse to selection on the wasp population. A decline in
erformance over time may possibly be due to inbreed-
ng or disease.

We have no reason to believe that there were any
ystematic changes over time in experimental protocol
r average host quality (size, age, and distribution)
ithin any of the host species that we used. However,
ecause the hosts for each wasp colony in this experi-
ent were reared in different environments, the

hanges over time that we detected in individual colo-
ies could be due to temporal variation in host quality.
In addition to possible environmental variation, the

nterpretation of the changes over time in this experi-
ent are limited by the lack of replicate colonies of

ach treatment. Colonies could become genetically dif-
erent over generations as the result of genetic drift.
owever, because characters that we have measured
re closely related to fitness, and we measured them
ver only a few generations, genetic drift is not likely to
ave caused measurable differences among colonies
Falconer, 1989; Hopper et al., 1993).

Changes over time in some treatments. The fraction
f wasps that parasitized at least one host egg in-
reased over time for wasps from the E. kuhniella and
he S. cerealella colonies. However, the changes oc-
urred suddenly and there was high variability in the
raction of wasps parasitizing hosts. Consequently, fit-
ess parameters of these colonies would have to be
easured over more generations to be sure that the

udden increases were not just aberrations. The in-
rease in the population-level rate of parasitism by
asps from the E. kuhniella colony was most likely the

esult of a higher proportion of the wasps actively
arasitizing one or more hosts. This was not the case
or wasps from the S. cerealella colony, probably be-

cause as more of the wasps parasitized one or more
hosts, each wasp parasitized fewer total hosts and pro-
duced fewer progeny per host parasitized. For the same
reason, the overall rate of parasitism by wasps from O.
nubilalis tested on O. nubilalis also declined.

Declines in all treatments. In all of the treatments,
there was a general decline over time in wasp longevity
and in the survival of progeny to adulthood. Each of the
colonies on the non-O. nubilalis hosts was initiated at

ifferent dates. For example the first generation of
asps reared on T. ni was contemporary with the ninth
eneration of wasps reared on E. kuhniella. Therefore

the decline over time is not related to date of inception
but to the number of generations in rearing. These
results suggest that the conditions within each colony
independently declined over time. The decline of fit-
ness of parasitoids reared for many generations in the
laboratory is commonly observed and can be due to
genetic inbreeding, disease, or suboptimal conditions
(Leppla and Fisher, 1989; Hopper et al., 1993; Penn et
al., 1998). Surprisingly, this decline occurred even in
the colony maintained on O. nubilalis even though
these wasps came from a colony successfully main-
tained on O. nubilalis for many generations in the
same laboratory.

Ideally a population of parasitoids mass reared for
biological control would include females that all ac-
tively parasitize many eggs, live for a long time, and
produce mostly female offspring on the target hosts.
Explanations for why this does not happen are intrin-
sic to the parasitoid (such as life history trade-offs) or
the host, or they may be due to laboratory techniques
used. Many aspects of wasp fitness must be assessed to
judge the suitability of a host, along with such practical
issues as the ease of mass rearing of particular host
species under laboratory conditions.

In this experiment important attributes of wasp fit-
ness varied among host species and over time. We
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9REARING OF Trichogramma ON FACTITIOUS HOSTS
found that both T. ni and O. nubilalis were suitable
hosts, that S. cerealella was moderately suitable, and
that irradiated E. kuhniella eggs were poor hosts.
Wasps reared from O. nubilalis did not perform signif-
cantly better than wasps reared from the other hosts
n all respects, and there is some evidence that over
ime the performance of wasps from E. kuhniella and
. cerealella improved. Based on the results of this
xperiment, the most appropriate host species for the
aboratory rearing of T. ostriniae would be whichever
pecies, among those tested here, that could be mass
eared most economically, with the exception of E.
uhniella, which is a poor host.
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Ostrinia nubilalis (Hübner). Ann. Entomol. Soc. Am. 68, 525–528.

Falconer, D. S. 1989. “Introduction to Quantitative Genetics,” 3rd
ed., Wiley, New York.

Flanders, S. E. 1929. The mass production of Trichogramma minu-
tum Riley and observations on the natural and artificial parasit-
ism of the codling moth egg. Proc. 4th Int. Congr. Entomol. 2,
110–130.

Flanders, S. E. 1935. Host influence on the prolificacy and size of
Trichogramma. Pan-Pacific Entomol. 11, 175–177.

Godfray, H. C. J. 1994. “Parasitoids: Behavioral and Evolutionary
Ecology,” Princeton Univ. Press, Princeton, NJ.

Goldstein, L. F., Burbutis, P. B., and Ward, D. G. 1983. Rearing
Trichogramma nubilale (Hym: Trichogrammatidae) on UV irradi-
ated eggs of the European corn borer, Ostrinia nubilalis (Lep:
Pyralidae). J. Econ. Entomol. 76, 969–971.

Greenberg, S. M., Nordlund, D. A., and Wu, Z. 1998. Influence of
rearing host on adult size and oviposition behavior of mass pro-
duced female Trichogramma minutum Riley and Trichogramma
pretiosum Riley (Hymenoptera: Trichogrammatidae). Biol. Control
11, 43–48.

Hassan, S. A. 1993. The mass rearing and utilization of Tri-
chogramma to control lepidopterous pests: Achievements and out-
look. Pestic. Sci. 37, 387–391.

Hassan, S. A., and Guo, M. F. 1991. Selection of effective colonies of
egg parasites of the genus Trichogramma (Hym: Trichogramma-
tidae) to control the European corn borer, Ostrinia nubilalis Hb.
(Lepidoptera: Pyralidae). J. Appl. Entomol. 111, 335–341.

Hoffmann, M. P., and Shelton, A. M. 1994. Bioloical control of Eu-
ropean corn borer. In “Proceedings of the New York State Vegeta-
ble Conference,” pp. 124–133. Cornell Univ. Cooperative Exten-
sion, Ithaca, NY.

Hoffmann, M. P., Walker, D. L., and Shelton, A. M. 1995. Biology of
Trichogramma ostriniae (Hym.: Trichogrammatidae) reared on
Ostrinia nubilalis (Lep.: Pyralidae) and survey for additional
hosts. Entomophaga 40, 387–402.

Hoffmann, M. P. 1999. Biological control of European corn borer on
sweet corn. In “Proceedings, Farmer/Scientist Conference on Al-
ternatives to Insecticides in Managing Vegetable Insects” (K.
Stoner, Ed.), pp. 29–30. NRAES-138, Ithaca, NY.

Hohmann, C. L., Luck, R. F., and Oatman, E. R. 1988. A comparison
of longevity and fecundity of adult Trichogramma platneri (Hyme-
noptera: Trichogrammatidae) reared from eggs of the cabbage
looper and the angoumois grain moth, with and without access to
honey. J. Econ. Entomol. 81, 1307–1312.

Hopper, K. R., Roush, R. T., and Powell, W. 1993. Management of
genetics of biological-control introductions. Annu. Rev. Entomol.
38, 27–51.

Kazmer, D. J., and Luck, W. 1991. Female body size, fitness and
biological control quality: Field experiments with Trichogramma
pretiosum. In “Trichogramma and Other Egg Parasitoids 3rd In-
ternational Symposium” (E. Wajnberg and S. B. Vinson, Eds.), pp.
37–40. Les Colloques de INRA, Paris.

eppla, N. C., and Fisher, W. R. 1989. Total quality control in insect
mass production for insect pest management. J. Appl. Entomol.
108, 452–461.

ewis, W. J., Nordlund, D. A., Gross, H. R., Jr., Perkins, W. D.,
Knipling, E. F., and Voegele, J. 1976. Production and performance
of Trichogramma reared on the eggs of Heliothis zea and other
hosts. Environ. Entomol. 5, 449–451.

Marston, N., and Ertle, L. R. 1973. Host influence on the bionomics
of Trichogramma minutum. Ann. Entomol. Soc. Am. 66, 1155–
1162.

Nordlund, D. A., Lewis, W. J., Todd, J. W., and Chalfant, R. B. 1977.
Kairomones and their use for management of entomophagous in-
sects: VII. The involvement of various stimuli in the differential
response of Trichogramma pretiosum Riley to two suitable hosts.
J. Chem. Ecol. 3, 513–518.

ak, G. A., and Oatman, E. R. 1982. Biology of Trichogramma
brevicapillum. Entomol. Exp. Appl. 32, 61–67.

avlik, J. 1993. Variability in the host acceptance of European corn
borer, Ostrinia nubilalis Hbn. (Lep: Pyralidae) in colonies of the
egg parasitoid Trichogramma spp. (Hym: Trichogrammatidae).
J. Appl. Entomol. 115, 77–84.

enn, S. L., Ridgway, R. L., Scriven, G. T., and Inscoe, M. N. 1998.
Quality assurance by the commercial producers of arthropod nat-
ural enemies. In “Mass-Reared Natural Enemies: Application,
Regulation and Needs” (R. L. Ridgway, M. P. Hoffmann, M. N.



R

S

S

S

S

v

10 HOFFMANN ET AL.
Inscoe, and C. S. Glenister, Eds.), pp. 202–230. Entomol. Soc. Am.
Baltimore, MD.

Prokrym, D. R., Andow, D. A., Ciborowski, J. A., and Sreenivasam,
D. D. 1992. Suppression of Ostrinia nubilalis by Trichogramma
nubilale in sweet corn. Entomol. Exp. Appl. 64, 73–85.

Ram, A., and Irulandi, V. 1989. Influence of host egg on biology of
Trichogramma exiguum Pinto, Platner and Oatman (Hymenop-
tera: Trichogrammatidae). Indian J. Entomol. 51, 361–365.

Ravensberg, W. J., and Berger, H. K. 1988. Biological control of the
European corn borer Ostrinia nubilalis Hbn. Pyralidae with Tri-
chogramma maidis Pint. et Voeg. in Austria in 1980–1985. In
“Trichogramma and Other Egg Parasites 2nd International Sym-
posium” (J. Voegele, J. Waage, and J. van Lenteren, Eds.), pp.
557–564. Collogues de l’INRA No. 43, China.
omeis, J., Shanower, T. G., and Zebitz, C. P. W. 1997. Acceptance
and suitability of ultraviolet-irradiated Helicoverpa armigera
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