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Abstract — An environmental concern regarding the cultivation of transgenic crop plants is their effect on
non-target organisms. Honey bees are obvious non-target arthropods to be included in a risk assessment
procedure but due to their complex social behaviour, testing transgene products on individual bees is not
possible in bee colonies. We employed a laboratory larval rearing technique to test the impacts of such
transgene products on honey bees. A serine proteinase inhibitor (Kunitz Soybean Trypsin Inhibitor, SBTI),
that is a source of insect resistance in transgenic plants, was used as a model insecticidal protein on honey
bee larvae reared individually in the laboratory. The addition of 1.0% SBTI (w:w of total protein) to the
larval diet created significant additional larval mortality, slowed juvenile development and significantly
decreased adult body mass. Our results suggest that the larval rearing technique can be used to monitor

direct side-effects of transgene products on individual honey bee larvae.
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1. INTRODUCTION

Gene technologies may prove to be a
powerful tool for generating new plant
cultivars that possess improved traits in
relation to crop production (Jouanin et al.,
1998; Schuler et al., 1998, 1999; Hilder and
Boulter, 1999). However, before releasing
genetically modified (GM) cultivars, a
thorough environmental risk assessment is
required (Wolfenbarger and Phifer, 2000).
Widely accepted risk assessment protocols do
not exist but a general requirement is to test
that the GM plants to be released do not cause
adverse effects to the environment. Organisms
to consider should include non-target
arthropods (EU, 1990; USDA/APHIS, 1991).

* Correspondence and reprints
E-mail: hfb@bigfoot.com

Honey bees (Apis mellifera L.) (Hymenoptera:
Apidae) are obvious non-target arthropods to
be included in a risk assessment analysis;
honey bees are of huge economic importance
as the most important insect pollinators of wild
and cultivated plants (Free, 1993). Honey bees
are also important in the public perception of
biodiversity and a healthy environment and
are considered to be under human-induced
environmental risk (Buchmann and Nabham,
1996). Adult bees, by feeding on nectar, pollen
(also of wind-pollinated crops (McGregor,
1976; Free, 1993)) or by collecting resin are
potentially exposed to compounds expressed
by GM plants. Bee larvae are fed by nurse bee
secretions and pollen collected by adults, and
thus they can also potentially be affected by
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such compounds. Published methods of
testing non-target effects of GM plants
(Jepson et al., 1994) or pesticides (EPPO,
1999) on bees have so far been restricted to
adults. Effects on larval development cannot
be tested using these methods. The larvae
could be more sensitive than adults because
they need a complex diet to complete their
development and because they are in a no-
choice situation when feeding in the brood
cells. Investigation of the impact of larval food
on individual larval development is not
possible in bee colonies because the larvae are
tended by nurse bees. Nurse bees will detect
and remove diseased larvae several days
before symptoms are visible to the human eye
(Brgdsgaard et al., 2000). To follow possible
influence of food composition at the
individual level, it is, therefore, necessary to
rear the larvae in vitro without the interference
of nurse bees (Brgdsgaard et al., 1998). Here
we report on the application of such an in vitro
rearing system using a plant-based proteinase
inhibitor (PI) as a model GM product.

Genes coding for plant derived PIs can
contribute to pest resistance in host plants
(Ryan, 1990). Though the full physiological
effects of PIs on insects remain unknown
(Schuler et al., 1998), PIs have been reported
to inhibit growth and development and to
reduce adult longevity of a range of insect
juveniles (Broadway and Duffy, 1986; Orr
etal.,, 1994; Burgess et al., 1996). Reduced
adult longevity (Malone et al., 1995, 1998;
Girard et al., 1998; Pham-Delegue et al., 2000)
and behavioural disturbances (Girard et al.,
1998; Pham-Delegue et al., 2000) also have
been reported for honey bees. Acute toxicity to
PIs is seldom seen in insects (Schuler et al.,
1998) and not in honey bees (Belzunces et al.,
1994). By 1998, at least 14 different PI genes
had successfully been introduced into crop
plants (Schuler et al., 1998). One of these, the
Kunitz Soybean Trypsin Inhibitor (SBTI), a
serine proteinase inhibitor, is reported to have
been engineered into potato, tobacco
(Marchetti et al., 1994), and rice (Lee et al.,
1999). Honey bees have serine proteinases as
digestive enzymes (Moritz and Crailsheim,
1987). SBTI may therefore have an impact on
honey bee protein digestion and, thus,
especially on larval development.

2. MATERIALS AND METHODS

The test larvae originated from colonies with
sister queens, which were descendants of a line bred
on the Danish island Drejg. Average cubital index
and genetic analysis showed that this line was Apis
mellifera ligustica Spinola (Svendsen et al., 1992;
Itenov and Skjgth, 1993). The queens were mated
on an isolated island with a known line of drones.
The larvae were reared using the method by
Brgdsgaard et al. (1998) with the modifications that
the larvae were reared in sterile tissue culture multi-
wells (& 16.2 mm) (Orange Scientific #2030300)
and grafted daily to new wells with fresh food.
Handling was hereby reduced to once daily with no
additional feeding (Peng et al., 1992). We repeated
the experiment four times with a total of between
188 and 312 larvae per experimental group.

Expression levels of transgenes in GM plants
vary according to plant tissue, plant species
(Schuler et al., 1998), and the promoter used
(Malone and Pham-Delegue, 2001). To our
knowledge, there are no studies suggesting that GM
products can be passed on to the larvae from the
nurse bees in the hypopharyngeal excretions.
However, as proteinase inhibitors are known to be
extremely stable (as with pancreatic trypsin
inhibitors found in mammals), is possible that PIs
will be passed to the larvae with the larval jelly.
However, if GM products only reach the larval food
through modified pollen, the average amount of
GM product in larval food in bee colonies would be
between 0.1% and 0.2% if the pollen express 1% PI
of total protein (calculation based on Wille et al.,
1985 and Malone et al., 2002). Therefore, we chose
0.1% and 1.0% SBTI of total soluble protein as
realistic low and high expression levels,
respectively (Jouanin et al., 1998), and investigated
the juvenile development, mortality, and adult body
mass with larval diets containing 0.1% or 1.0%
(w:w) SBTI of total protein. A control group was
fed with a larval diet containing 1.0% (w:w) of the
neutral protein Bovine Serum Albumin (BSA). Pure
SBTI and BSA were obtained from Sigma
(St. Louis, USA) and mixed into the standard food
(Rembold and Lackner, 1981) in concentrations of
0.1% and 1.0% (w:w) of total protein content in the
food.

The larvae and pupae were monitored once daily
until adult emergence. Larval and pupal stage as
well as survival were noted. Larval development
time was calculated at the LS stage (Rembolt and
Kremer, 1980) (the larvae stop feeding and defecate
in this stage to begin pupation) and at adult
emergence. The newly emerged adults were
weighed to investigate differences in body mass.
Differences in development time and adult body
mass among treatments were tested using pair-wise
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Table I. Development time from egg to LS stage (larval stages L; to LS are feeding) and egg to adult, adult

body mass, and juvenile mortality of Apis mellifera ligustica reared in vitro on standard diets (Rembolt and
Lackner, 1981) containing bovine serum albumin (BSA) or soybean trypsin inhibitor (SBTI).

Diet

Development time from egg to

Adult body mass Juvenile mortality

LS stage

(days* + SE (n)®)

adult

(g* £ SE () (%% SE (N))

(days* + SE (n)®)

Standard + 1.0%BSA  9.62a +0.06 (188)
Standard + 0.1%SBTI 9.79a +0.03 (312)

Standard + 1.0%SBTI 10.29b + 0.03 (258) 22.06b = 0.13 (74)

21.05a £ 0.16 (99)
20.73a+0.17 (121) 0.139a +0.003 (120) 59.05ab + 10.79 (4)

0.138a % 0.003 (99) 48.49a = 6.83 (4)

0.109b +0.002 (74)  74.04b + 3.80 (4)

# Means not followed by the same letter are significantly different (pair-wise t-tests, P < 0.0001).

' Number of individuals.

~ Means not followed by the same letter are significantly different (pair-wise t-tests on arcsine transformed data;

P <0.05).
~ Number of repetitions.

t-tests. Differences in per cent juvenile mortality
were tested using pair-wise t-tests on arcsine
transformed data.

3. RESULTS

The addition of BSA to the larval diet did
not influence juvenile development time or
mortality, or adult body mass at emergence
(Brgdsgaard et al., 1998, and unpublished
results). However, the addition of SBTI
generated several effects. With respect to the
control (normal diet + 1.0% BSA), there was
an additional juvenile mortality of 11.7%
when the diet contained 0.1% SBTI, but this
was not significant. The addition of 1.0%
SBTI, however, generated significant
additional juvenile mortality (Tab. I).

Juvenile development was slower in the
1.0% SBTI treatment for both the feeding (egg
to LS stage) and the non-feeding stages
(Tab.I). With respect to the control,
development from egg to LS stage was about
0.6 days slower, and the total development
1 day slower. Both these differences were
significant (Tab. I). Development times were
not significantly different in the 0.1% SBTI-
containing diet for either response variable.

There were similar trends found in adult
body mass. Adults that emerged after being
fed diet containing 0.1% SBTI treatment as
larvae had the same body mass as control bees
(Tab. I). However, surviving adults in the
1.0% SBTI treatment at emergence, weighed

about 21% less than bees emerging from the

control treatment. This difference was
significant (Tab. I).

4. DISCUSSION

The present study suggests that the

development of honey bee larvae is influenced
by the serine proteinase inhibitor SBTI and
that the larvae respond to the SBTI with a
dose-dependent relationship. This is not
unexpected because adult honey bees and
possibly larvae have serine proteinases as
digestive enzymes. Also SBTI does not act as
a toxin; rather it affects the molecule-to-
molecule binding action. The dose-dependent
relationship is illustrated by the fact that the
larvae were able to compensate for the
digestive inhibition of SBTI at 0.1%, but at
1.0% significant effects on the juvenile
development and mortality were evident
(Tab. I). A dose-response relationship of SBTI
has also been reported for adult longevity of
both honey bees (Burgess et al., 1996; Pham-
Delegue, 2000) and bumble bees (Malone
et al., 2000).

The larvae that ingest 1% of SBTI but
survive to adulthood will have a smaller body
mass than larvae that receive 0.1% or less
SBTI in the food (Tab. I). Such a reduction of
mass gain due to PIs in the food was also
reported for other herbivorous insects
(Broadway and Duffy, 1986; Burgess et al.,
1991). These smaller surviving adult bees will
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probably have reduced performance as adults,
regardless of their food intake during adult
stage. This is often seen in Hymenoptera and
within several species of bumble bees where
some workers receive less food than their
sisters in the brood period and therefore
become smaller adults with a poorer
performance than their larger sisters (Free and
Butler, 1959).

Pollen is the major source of protein to
honey bees. Adult worker honey bees eat more
pollen as nurse bees, with a peak in pollen
intake at day nine after emerging. The pollen
intake and, thus, the amount and type of
digested protein, is correlated with the
developmental status of the hypopharyngeal
glands (Standifer et al., 1970; Crailsheim et
al., 1992). The secretions of these glands are
important components of the larval food. It is
therefore likely that nurse bees that ingest Pls
will be poorer producers of larval food in
terms of both quantity and quality and, thus,
sub-optimal tenders of larvae as nurse bees
(Malone and Burgess, 2000). Furthermore, the
longevity and learning ability of adult bees is
reduced if they are influenced by a SBTI-
containing pollen or nectar source (Malone
et al., 1995, 1998; Burgess et al., 1996; Pham-
Delegue, 2000) which influences their
performance as forager bees. A crop
expressing SBTI at a 1.0% concentration in
pollen or nectar could have a direct impact on
honey bee larvae through digestive inhibition,
resulting in increased development time,
increased juvenile mortality, and surviving
individuals being smaller adults. It also could
have an indirect impact on nurse bees which in
turn may influence their provisioning ability.

Expression levels of SBTI up to 2.5% of
total protein in transgenic plants have been
reported (Lee et al., 1999). However, little is
known about SBTI expression levels in pollen
or nectar. Since expression levels of GM
products are dependent on a wide range of
variables, estimation of actual expression
levels must be done on a case-by-case basis.

Honey bees are important non-target
organisms in relation to GM plants and the
larval instars of the honey bee will probably be
the most sensitive stages to the GM products.
The in vitro rearing technique presented here
makes it possible to monitor individual larval
development without interference by nurse

bees. Therefore, we suggest that a bio-assay
using the in vitro larval rearing technique
should be included in environmental risk
assessment procedures before releasing
transgenic  plants for field planting.
Furthermore, such a system can be used by
plant breeders as a pre-plant test evaluation
method, using artificial diets containing the
concentration of the gene product at a level
which approximates what bee larvae may be
exposed to when the adults of the colony
forage on those transgenic plants.

ACKNOWLEDGEMENTS

We thank Lene H. Andersen, P. Asger Marthin
and Ulla Sandberg for technical assistance and two
anonymous reviewers for comments on the
manuscript.

Résumé — Utilisation des larves d’abeilles (Apis
mellifera) pour évaluer les risques environne-
mentaux des produits transgéniques. Avant
d’implanter dans la nature des cultivars génétique-
ment modifiés (GM), il est nécessaire de faire une
évaluation approfondie des risques pour 1’environ-
nement. Les abeilles domestiques (Apis mellifera
L.) sont des arthropodes non cibles qui doivent &tre
inclus dans une procédure d’évaluation des risques
mais, en raison de leur comportement social com-
plexe, il n’est pas possible de faire des tests indivi-
duels sur les abeilles dans les colonies. Nous avons
utilisé une technique d’élevage des larves en labo-
ratoire pour tester 1’impact des produits transgéni-
ques sur les abeilles. Un inhibiteur de protéinase a
sérine (inhibiteur de trypsine soja de Kunitz, SBTI),
qui est une source de résistance des insectes aux
plantes transgéniques, a été utilisé comme modele
pour une protéine insecticide sur des larves
d’abeilles élevées individuellement en laboratoire.
Nous avons ajouté 0,1 % et 1 % de SBTI de la
protéine soluble totale au régime des larves, ce qui
correspond a des quantités réalistes si des cultures
transgéniques exprimant un niveau de SBTI
respectivement faible ou fort constituent la seule
source de nourriture des abeilles. Un groupe témoin
a été nourri avec un régime contenant 1,0 % de la
protéine neutre albumine de sérum bovin (BSA). La
durée du développement larvaire a été calculée au
stade LS (la larve arréte de s’alimenter et de
déféquer et commence a se nymphoser) et a
I’émergence de I’adulte. Les adultes qui venaient de
naitre ont été pesés pour rechercher d’éventuels
différence dans la masse corporelle.

L’addition de BSA au régime larvaire n’a pas
influencé la durée du développement juvénile, ni la
mortalité, ni la masse corporelle des adultes a la
naissance. Mais 1’addition de SBTI a provoqué une
mortalité juvénile supplémentaire de 11,7 %
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lorsque le régime contenait 0,1 % de SBTI (non
significatif). L’addition de 1,0 % de SBTI a par
contre provoqué un supplément significatif de
mortalité juvénile (Tab. I). Comparé au témoin, le
développement de 1’ceuf au stade LS dans le
traitement a 1,0 % de SBTI a été plus lent de
0,6 jours et le développement total de une journée
(les deux différences sont significatives, voir
Tab. I). Avec le régime a 0,1 % de SBTI les durées
de développement n’ont pas été significativement
différentes. Les larves nourries avec le régime a
0,1 % de SBTI ont donné naissance a des adultes
dont le poids était le méme que celui des abeilles
témoins (Tab. I). Par contre, les adultes issus des
larves ayant recu le régime a 1,0 % de SBTI
pesaient a I’émergence environ 21 % de moins que
ceux issus du traitement témoin (différence
significative, Tab. I).

Notre étude suggere que le développement des
larves d’abeilles est influencé par ’inhibiteur de
protéase a sérine SBTI et que les larves réagissent
au SBTI en fonction de la dose. Les larves qui
ingerent 1 % de SBTI mais survivent jusqu’a 1I’age
adulte ont une masse corporelle plus faible que les
larves élevées avec de la nourriture renfermant
0,1 % ou moins de SBTI (Tab. I). Ces abeilles
adultes plus petites auront certainement des
performances d’adultes moindres, quelle que soit la
nourriture qu’elles ingéreront a 1’age adulte. Les
stades larvaires de 1’ Abeille sont probablement les
stades les plus sensibles aux produits GM. La
technique d’élevage in vitro présentée ici permet de
suivre le développement larvaire individuel sans
que les nourrices n’interferent. Nous suggérons
donc qu’un test biologique utilisant cette technique
soit inclus dans les procédures d’évaluation des
risques environnementaux avant d’installer des
plantes transgéniques dans les champs.

Apis mellifera |/ évaluation des risques / plante
transgénique / élevage larvaire / inhibiteur de
protéase

Zusammenfassung — Risikoabschéitzung von
transgenen Produkten fiir die Umwelt mit
Bienenlarven (Apis mellifera). Bevor gene-
tisch verdnderte Kulturpflanzen (GM) freigesetzt
werden, ist eine sorgfiltige Risikoabschitzung fiir
die Umwelt erforderlich. Honigbienen gehoren
sicher zu den schonungsbediirftigen Gliedertieren,
die beim Prozess der Risikoabschitzung
berticksichtigt werden miissen, die aber auf Grund
ihres komplexen Sozialverhaltens nicht im Volk
getestet werden konnen. Wir verwendeten eine
Technik zur Aufzucht von Larven im Labor, um die
Wirkung von solchen transgenen Produkten auf die
Honigbienen zu testen. Ein Hemmer der
Serinproteinase (Kunitz Soybean Trypsin Inhibitor,
SBTI), der eine Ursache fiir die Insektenresistenz
von transgenen Pflanzen ist, wurde als Modell fiir
ein insektenschidliches Protein genutzt und

individuell bei im Labor gezogenen Larven der
Honigbienen verwendet.

Wir fiigten 0,1 % und 1,0 % SBTI zur Gesamt-
menge der 16slichen Proteine der Larvendiét hinzu:
dies entspricht einer realistischen Grofle, wenn
transgene Trachtpflanzen mit niedriger oder hoher
Expression von SBTI die einzige Nahrungsquelle
der Bienen sind. Wir tiberpriiften die Dauer der
Juvenilentwicklung, die Sterblichkeit und das
Korpergewicht der adulten Tiere nach dieser Didt.
Die Kontrollgruppe wurde mit einer Diit mit 1,0 %
des neutralen Proteins Rinder Serum Albumin
(BSA) gefiittert. Die larvale Entwicklungszeit
wurde vom LS Stadium (die Larve hort auf zu
fressen, setzt Kot ab und beginnt mit der
Verpuppung) und dem Schlupf gemessen. Die
frisch  geschliipften  Bienen  wurden zur
Bestimmung der Gewichtsunterschiede gewogen.
Die Zugabe von SBTI bewirkte eine zusitzliche
juvenile Sterblichkeit, im Fall von 0,1 % SBTI
betrug sie 11,7 %, war aber nicht statistisch
signifikant. Bei der Konzentration von 1,0 % SBTI
war die hohere Sterblichkeit jedoch signifikant
(Tab.I). Im Vergleich zur Kontrolle war die
Entwicklung vom Ei bis zum LS Stadium bei der
1 % SBTI Diit etwa 0,6 Tage langsamer und die
Gesamtentwicklung 1 Tag langsamer (beide Werte
sind signifikant, Tab. I). Bei der 0,1 % SBTI Diit
waren die Unterschiede in den Entwicklungszeiten
in beiden Fillen nicht signifikant. Die adulten Tiere
hatten nach der 0,1 % SBTI Diit dasselbe
Korpergewicht wie die Kontrollbienen (Tab. I). Die
bei der 1,0 % SBTI Behandlung iiberlebenden
adulten Bienen dagegen hatten ein Schlupfgewicht,
das etwa 21 % niedriger war als das der Kontrolle.
Dieser Unterschied war signifikant. (Tab. I).

Diese Untersuchung legt nahe, dass der Serin
Proteinase Hemmer SBTI die Entwicklung der Brut
der Honigbienen beeinflusst, und dass die Reaktion
der Larven auf SBTI Dosis abhingig ist. Die
Larven, die 1 % SBTI aufnehmen und bis zum
Adultstadium iiberleben, haben ein geringeres
Korpergewicht als Larven, die mit 0,1 % oder
weniger SBTI im Futter gezogen wurden (Tab. I).
Diese kleineren (iiberlebenden adulten Bienen
werden wahrscheinlich auch nur eine geringere
Leistung zeigen, unabhidngig von ihrer Futter-
aufnahme wihrend der adulten Phase.

Die Larven der Honigbienen sind die Stadien, die
wahrscheinlich am empfindlichsten auf GM
Produkte reagieren. Die in vitro Aufzuchtstechnik,
die hier beschrieben ist, ermoglicht ein Monitoring
der Entwicklung von individuellen Larven ohne
eine Beeinflussung durch Ammenbienen. Deshalb
empfehlen wir, dass ein Biotest mit in vitro
aufgezogenen Larven in die Prozedur der Umwelt —
Risiko - Abschitzung aufgenommen werden sollte,
bevor die Pflanzen auf den Feldern ausgebracht
werden diirfen.

Apis mellifera /| Risikoabschiitzung / Aufzucht
von Larven / Transgene Pflanzen / Proteinase
Inhibitoren
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