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Abstract – Stingless bees, particularly Trigona spinipes, are important pollinators in tropical ecosystems and
are potentially affected by environmental contaminants. In this study, we tested the possible negative effects on
T. spinipes larvae of the ingestion of a diet contaminated with Cry1Ac Bt-toxin. This toxin is expressed in
genetically modified cotton plants. A method of rearing stingless bee larvae is described in this paper. The
larvae were provided with either pure larval diet, diluted larval diet, or larval diet diluted in a Cry1Ac solution
compatible with the lethal pest-exposure level (50 μg/mL). Cry1Ac ingestion did not impair the development of
worker larvae, but the diluted diet slightly increased larval mortality. These results indicate that harmful effects
on stingless bee larvae due to the ingestion of pollen-expressed Cry1Ac toxin are unlikely under field
conditions.
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1. INTRODUCTION

The cultivation of genetically modified (GM)
crops is expanding rapidly worldwide, particu-
larly in Brazil. The increase in Brazil’s cultivat-
ed area over the past few years is the highest in
the world (James 2011). Transgenic cotton
expressing Bacillus thuringiensis toxins (Bt
cotton) was first planted in 1996 and is
currently the third largest crop cultivated world-
wide (James 2011). Due to the high levels of
expression of the Cry1Ac toxin in the pollen of
Bt cotton, the pollinators foraging on this crop

face an increased risk of exposure to the toxin
(Han et al. 2010).

Cotton flowers are frequently visited by
several bee species to harvest pollen and nectar
(Arpaia et al. 2006). Foraging for these resour-
ces on Bt cotton may potentially affect these
species, which are important because of their
pollination service for most terrestrial ecosys-
tems, including agroecosystems (Malone et al.
2002; Klein et al. 2007). Therefore, the envi-
ronmental risk analysis of Bt cotton should
include an assessment of the potentially harmful
effects of ingested pollen and nectar containing
the expressed Bt protein Cry1Ac. This assess-
ment should focus on a worst-case scenario, in
which the species facing a high risk of exposure
should be subjected to the highest doses that are
possible in practice (Wilkinson 2004).
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The honey bee Apis mellifera Linnaeus is
the most frequently used pollinator in risk
assessment studies of Bt toxins due to its
economic value as a pollinator. There are few
studies assessing the toxicological effect of Bt
toxins on bee larvae, even in the honey bee
(Hanley et al. 2003; Babendreier et al. 2004;
Lerhman 2007; Lima et al. 2011). Neverthe-
less, the extrapolation of the results of such
studies to other bee species is questionable due
to the nutritional, behavioral, and physiological
differences among bee species.

Stingless bees (Hymenoptera: Apidae:
Meliponini), a group of eusocial bees, are
important pollinators in tropical and agricul-
tural ecosystems (Slaa et al. 2006; Dick
2001) and they are similar to most of the
solitary bees in that they store large amounts
of pollen in their nests (Wcislo and Cane
1996). The pollen is one of the primary
components of the larval diet of meliponines
(Velthuis et al. 2003) and is the primary
protein source for stingless (and solitary) bee
larvae. The nutrition furnished by high-protein
pollen produces larger adult workers, which
are generally considered more efficient foragers
and pollinators (Klostermeyer et al. 1973; Pyke
1978; Quezada-Euán et al. 2011).

Unlike honey bee larvae, which are fed on
glandular secretions produced by the nurse
bees (Babendreier et al. 2004), stingless bee
larvae ingest large amounts of pollen. There-
fore, the risk of exposure of stingless (and
solitary) bee larvae to Cry toxins is higher than
that of honey bee larvae and should be
assessed. Unfortunately, despite the ecological
and economic importance of stingless bees in
tropical areas, there are no studies in stingless
bees assessing the toxicity of GM plants
expressing Bt toxins.

Toxicological assessments of Bt proteins
expressed in GM plants in stingless bees are
needed, with a primary focus on the larval
stage. The development of suitable research
protocols is necessary to perform such
assessments. Tests with purified toxins are
an initial step required for the risk assess-
ment of GM plants in bees (Malone et al.

2004). Because foraging stingless bees may
collect pollen from Bt plants and feed this
pollen to the larvae, these larvae can poten-
tially suffer lethal and sublethal effects from
such exposure. The present study was con-
ducted to test this hypothesis. The objectives
of the study were to develop a suitable
methodology to assess the effects of Bt toxin
from GM plants on the worker larvae of
stingless bees and to assess the risk of ingested
Cry1Ac Bt-toxin on larval development. The
stingless bee Trigona spinipes Fabricius was
used as a model because of its wide distribu-
tion and frequent occurrence on cotton flowers
in Brazil. These characteristics make it a
potential target for the expressed toxin (Arpaia
et al. 2006). In addition, caste determination in
this species is dependent on the amount of
food ingested by the females (Buschini and
Campos 1995). The colonies are usually large,
showing a high level of recruitment of nest-
mates for foraging and efficient exclusion of
competing pollinator species (Almeida and
Laroca 1988; Nieh et al. 2004a,b, 2005;
Lichtenberg et al. 2011). These traits further
increase the risk of exposure of the larvae of
this species to the Bt toxins expressed in the
pollen and nectar of GM cotton plants, and
this increased risk serves to justify the present
study.

2. MATERIALS AND METHODS

2.1. Insects

Five colonies of the stingless bee species T. spinipes
were collected in the field in Viçosa County (MG,
Brazil; 20°45′ S and 42°52′ W) from January through
June 2006 and maintained under field conditions at
the experimental apiary of the Federal University
of Viçosa (Viçosa, MG, Brazil). These colonies
were used to collect larval diet and eggs for the
toxicological bioassays.

The bioactivity of the Cry1Ac Bt-toxin was
verified following Lima et al. (2011) using the
velvetbean caterpillar Anticarsia gemmatalis
(Hübner) (Lepidoptera: Noctuidae), which is sus-
ceptible to this toxin. The caterpillars were reared
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on a solid artificial diet based on beans and wheat
germ under controlled conditions of 25±2 °C
temperature, 70±5 % RH and 12 h photoperiod.

2.2. Insecticidal bioactivity of Cry1Ac

The toxin Cry1Ac used was obtained from the
Biochemistry Department of Case Western Reserve
University (Cleveland, OH, USA). The purified
toxin was stored in lyophilized form at −15 °C
and eventually dissolved in double-distilled (sterile)
water to be mixed with the insect diet for the
bioassays. The activity of the toxin was tested on
second-instar velvetbean caterpillars. These caterpil-
lars were continuously exposed to the Bt toxin-
contaminated diet for 7 days at 34±1 °C and 98±
2 % RH, environmental conditions typical for
rearing the larvae of T. spinipes. This environment
simulated the conditions under which stingless bee
larvae would be exposed to the toxins. The cater-
pillars were exposed to each of the following treat-
ments, placed on the surface of the larval diet with a
micropipette: (a) water; (b) 50 μg of Cry1Ac toxin
diluted in 1 mL of water, an amount that is toxic to
caterpillars according to Cerda et al. (2003); (c) the
larval diet of T. spinipes; and (d) the larval diet of
T. spinipes, additionally containing 50 μg of
Cry1Ac toxin diluted in 1 mL of water. Five
replicates with 30 caterpillars each were used in
the bioassay, and mortality was assessed after
7 days of exposure and used as an indication of
the insecticidal activity of the Cry1Ac Bt-toxin
available for the stingless bee study.

2.3. Rearing stingless bee larvae

The larval rearing protocol for T. spinipes was
adapted from Buschini and Campos (1995). The
larvae were individually maintained in artificial cells
made with honey bee wax and placed on polyethyl-
ene microplates (with rounded bottom wells). Each
larval cell was maintained in a microplate well and
covered with a circular (honey bee) wax cap
resembling the natural brood chamber. The larval
diet was collected from the same hives from which
the larvae were tested in each bioassay. The brood
chambers with eggs were removed from the hives,
and the eggs were transferred to artificial cells filled

with 36 μL of diet to allow the worker larva to
complete its development. The polyethylene micro-
plates containing the artificial brood chambers were
maintained at 34±1 °C, 98±2 % RH and 24 h
scotophase until the end of the feeding period. The
artificial brood chambers were subsequently re-
moved and transferred to conditions of 34±1 °C,
70±10 % RH, and 24 h dark to simulate natural
conditions (Sakagami 1981). All materials used to
collect the larvae, to store and collect the larval diet,
and to set up the bioassays were autoclaved or
sterilized in germicidal UV light in a biosafety
chamber.

2.4. Determination of pollen ingestion
by stingless bee larvae

The values of the amount of pollen ingested
per larva and the amount of toxin present in the
pollen were used to estimate the amount of toxin
ingested by the larva. Therefore, it is necessary to
determine the proportion of pollen contained in
the larval diet of T. spinipes. We performed this
determination with brood chambers containing eggs
and collected from four hives of T. spinipes. The
chambers were opened with forceps, and the eggs
were removed using a metal scalpel. The larval diet
was subsequently removed using a suction pump.
We collected 30 mL of larval diet from each hive
and distributed the diet in six centrifuge tubes
(5 mL per tube), which were centrifuged at
2,500 rpm for 10 min to separate the pollen from
the liquid portion of the larval diet. The liquid
was discharged, and the pollen left in the tube
was dried at 60 °C until complete dehydration to
determine its dry mass on an analytical balance.

2.5. Cry1Ac bioassay with stingless bee
larvae

Eggs of T. spinipes obtained from hives main-
tained at the experimental apiary, as previously
described, were individually transferred to the artifi-
cial brood chambers filled with larval diet according
to the following treatments: (a) pure larval diet
(36 μL; control); (b) diluted larval diet (35.1 μL pure
larval diet+0.9 μL sterile water; diluted control); and
(c) larval diet diluted in a Cry1Ac solution (35.1 μL
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diet+0.9 μL sterile water solution containing Cry1Ac at
50 μg toxin per milliliter of diet; 1.8 μg toxin/larva). This
toxin concentration was used because it was recognized as
a toxic level for the velvetbean caterpillar (A. gemmatalis)
(Cerda et al. 2003) and because it was in excess of the
maximum possible field exposure estimated in terms of
the potential pollen ingestion by stingless bee larvae.
Each treatment was replicated five times with 40 larvae
per treatment collected from the five available hives
(a total of 200 larvae per treatment).

The daily mortality and developmental time of the
larvae and pupae were recorded until adult emer-
gence. The newly emerged adult bees were collected
and chilled (−4 °C) for 7 min for body mass
determination on an analytical balance. The newly
emerged bees were subsequently fixed in a methanol/
acetic acid solution (3:1) for 24 h and maintained in
70 % ethanol for morphometric determinations with a
stereomicroscope equipped with a micrometric ocular.
The morphological traits measured were the head
width (the maximum distance between the outer
edges of the compound eyes) and the intertegular
distance (the minimum distance between the edges of
the tegulae) (Bosch and Vicens 2002). The measure-
ments were converted to millimeters.

2.6. Statistical analyses

The mortality of the velvetbean caterpillar was
subjected to an analysis of variance and a Tukey–Kramer
test (P<0.05) whenever appropriate after verifying
normality and homeoscedasticity (PROC GLM and
PROC UNIVARIATE; SAS Institute 2008). A survival
analysis was conducted to recognize potential differences
in mortality during development among diet treatments.
The survival curves were obtained from Kaplan–Meier
estimates generated from the proportion of larvae
surviving daily from the start until the end of the
experiment (PROC LIFETEST; SAS Institute
2008). The bees surviving until adult emergence
(35th day) were treated as censored data (Allison
1998). The survival curves of each treatment were
compared with a Cox regression (PROC PHREG;
SAS Institute 2008). The developmental time, body
mass, and morphometric traits were subjected to an
analysis of variance after an evaluation of normality
and homeoscedasticity (PROC GLM and PROC
UNIVARIATE; SAS Institute 2008). The body mass

and morphometric traits were also subjected to a
correlation analysis (PROC CORR; SAS Institute
2008). The graphics were plotted with GraphPad
Prism 5 software (Motulsky 2007).

3. RESULTS

3.1. Cry1Ac insecticidal bioactivity
towards caterpillars

The bioactivity of the Cry1Ac Bt-toxin was
demonstrated by the mortality of the velvet-
bean caterpillar (A. gemmatalis), which was
statistically significant (F2,12=244.2, P<0.001;
Figure 1). The toxin Cry1Ac caused significant-
ly higher caterpillar mortality (about 90 %) than
the control treatments mixed with water only or
added to the pure larval diet of T. spinipes.
Therefore, the toxin used in our study was
active, and the larval diet of T. spinipes did not
compromise this toxic activity.

3.2. Rearing of stingless bee larvae

The rearing protocol used for T. spinipes
employing artificial brood chambers made with
honey bee wax on a polyethylene microplate
was suitable for rearing the worker larvae of
T. spinipes. A survival value of 91 % was
achieved with the pure larval diet (Figure 2). In
addition, no pupal or adult malformations were
observed. Superior age standardization was
achieved through the use of eggs instead of
larvae to perform the bioassays.

3.3. Determination of pollen ingestion
by the stingless bee larvae

The concentration of dried pollen in the
larval diet of T. spinipes varied significantly
among the colonies (F4,25=12.9, P<0.001). The
highest pollen concentration observed was
11.5±0.3 % of the diet mass. Based on the
premise of the worst-case scenario, this content
was used to estimate the minimum concentra-
tion of Cry1Ac to be furnished to the larvae of
T. spinipes. Experiments with Bt cotton show
levels of Cry1Ac expression in the pollen of up to
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600 ng/g (Greenplate 1997). The worker larvae of
T. spinipes ingest 36 μL of diet during their
development (Buschini and Campos 1995). There-
fore, because the pollen represents approximately

11.5 % of the diet mass, each worker larva ingests
approximately 4.1 mg of pollen during its devel-
opment. Assuming that each larva will feed only
on pollen from Bt cotton plants, each larva will
ingest 2.5 ng of Cry1Ac toxin. However, because
the proportion of toxin expressed in the cotton
pollen varies with the plant variety, age, and
environmental factors (Dong and Li 2007),
1.8 μg of Cry1Ac were provided per larva in the
bioassays. This amount represents a substantial
excess relative to the estimate of the probable
ingestion and further exaggerates the worst-case
scenario.

3.4. Cry1Ac toxicity to worker larva
of T. spinipes

The survival curves obtained from the Kaplan–
Meier estimates indicate a low but significant larval
mortality with development. In the control treat-
ment (pure larval diet) only 9 % of bees died before
emergence (standard error (SE) ranging from 0.0 to
1.4 %, Figure 2). The addition of water to the diet
increased this level of mortality (χ2=22.7, df=2,
P<0.001, SE ranging from 0.0 to 1.5 %, Figure 2).
Therefore, the addition of water to the diet to
administer the Cry1Ac toxin caused a small but
significant increase in larval mortality. The toxin
itself did not significantly interfere with the
survival of worker larvae and pupae throughout
their development (SE ranging from 0.0 to 2.6 %,
Figure 2). The evidence for this finding is that the
values of survival on the diluted diet with and
without Cry1Ac were similar (χ2<0.001, df=1,
P=0.99, Figure 2).

The T. spinipes larvae fed the diets with and
without Cry1Ac did not exhibit significant devel-
opmental differences (F2,12=0.13, P=0.7). The
mean developmental duration for all animals was
of 16.99±0.05 days. The pupae from different
treatments did not exhibit significant developmen-
tal differences (F2,12=0.013, P=0.98). The mean
developmental duration for all pupae was of 17.09
±0.08 days. In addition, no significant differences
were observed for the body mass (F2,12=0.15,
P=0.86), the head width (F2,12=0.13, P=0.95), or
the intertegular distance (F2,12=0.066, P=0.93) of
the newly emerged workers. The mean body mass

Figure 2. Survival curves of workers of the stingless bee
Trigona spinipes fed with larval diet (control), diluted
larval diet, and larval diet mixed with a solution of Bt
toxin (each treated larva received 1.8 μg of Cry1Ac).
Kaplan–Meyer estimates of the lifetime distributions
were obtained by pooling five bioassays (40 bees per
bioassay) for each treatment. The standard errors ranged
from 0.0 to 1.4 % for the control treatment, from 0.0 to
1.5 % for the water treatment and from 0.0 to 2.6 % for
the Bt-toxin treatment.

Figure 1. Mortality (±SEM) (%) of velvetbean
caterpillars (Anticarsia gemmatalis) fed with artificial
diet containing water (control), diluted Cry1Ac toxin
(50 μg/larva), larval diet of Trigona spinipes, or
larval diet of T. spinipes mixed with diluted Cry1Ac
(50 μg/larva). Mortality was assessed after 7 days of
exposure. Histogram bars with the same letter are not
significantly different (ANOVA followed by Tukey–
Kramer test; P<0.001).
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for all newly emerged workers was of 19.49±
0.06 mm, the mean head width was of 2.58±
0.03 mm and the mean intertegular distance was of
1.50±0.02 mm. The body mass was positively
correlated with the morphometric traits, and these
traits were positively correlated with each other
(Table I).

4. DISCUSSION

The results of this study do not support the
hypothesis that the ingestion of the Cry1Ac toxin is
harmful to T. spinipes larvae. No toxic effect was
observed, even at the high concentration of toxin
in the diet provided to the larvae. This concentra-
tion was far greater than the probable concentra-
tion that would be ingested in the field, even
considering a worst-case scenario in which GM
cotton expressed this Bt toxin (Greenplate 1997;
Han et al. 2010). Therefore, it is very unlikely that
the larvae of this bee species will suffer any harm
from the ingestion of cotton pollen expressing the
Cry1Ac toxin. Our results are consistent with those
previously found for the larvae of the honey bee
A. mellifera and the solitary bee Osmia bicornis
Linnaeus (Hanley et al. 2003; Babendreier et al.
2004; Lehrman 2007; Konrad et al. 2008; Lima et
al. 2011). Furthermore, toxicological studies of
adults of the honey bee A. mellifera, Bombus spp.,
and O. bicornis did not detect either lethal or
sublethal effects of ingested Cry toxins (Morandin
and Winston 2003; Duan et al. 2008; Babendreier
et al. 2008; Konrad et al. 2009; Han et al. 2010).

The rearing protocol used for the worker larvae
of T. spinipes was suitable and allowed high levels
of adult emergence without malformation. For the
first time, eggs were used to rear a stingless bee
species for a toxicity bioassay. This approach

allowed better standardization of age and diet
ingestion among individuals. In turn, this informa-
tion allowed more precise age determination and
comparative assessment of the different treatments.
The rearing method described has the potential for
use in toxicity bioassays for toxins, pesticides, and
even pathogens against other stingless bee species
based on a proper adaptation of the size of the
artificial brood chamber and amount of diet
provided. However, the toxins should be added
directly to the diet (i.e., without water dilution)
because the addition of only a small amount of
water to administer and distribute the toxin in the
larval diet caused a significant increase in larval
mortality. The contamination of the water by
microorganisms (particularly fungi) constitutes a
problem for larval rearing and a potential expla-
nation of the negative effect of the addition of
water to the diet of the stingless bee larvae.
However, such contamination is very unlikely to
have affected our study because we used only
double-distilled (sterile) water. Therefore, the
reason for the small negative effect of the added
water on larval survival remains unclear.

Our study was the first to investigate the
potential harmful effects of a toxin from a GM crop
on the larvae of a stingless bee species. Themajority
of the experiments performed to date withGMplant
toxins were conducted on adult bees. However,
stingless bee larvae ingest greater amounts of pollen
than do adults. As a result, they face a greater risk of
high exposure to GM-contaminated pollen. Fur-
thermore, the importance of toxicological studies
with bee larvae is evident because high levels of
larval mortality prevent replacement of the adult
workers and cause the colony to decline rapidly.

Our results did not indicate that Cry1Ac toxin
poses a significant risk to T. spinipes. However,

Table I. Correlations between body mass and morphometric traits of newly emerged workers of the stingless
bee T. spinipes (n=15).

Variables Head width Intertegular distance

r P value r P value

Body mass 0.92 <0.001 0.91 <0.001

Head width – – 0.90 <0.001

26 M.A.P. Lima et al.



future studies should explore potential behavioral
alterations in adult workers subjected to the
ingestion of the toxin during development. These
studies are needed, although the evidence that such
alterations occur is scarce and controversial
(e.g., Ramirez-Romero et al. 2008). Field-
exposure experiments should be an additional
focus of attention. Such experiments would allow
a more comprehensive risk assessment of GM
plants visited by stingless bees, although such risk
appears negligible based on our results.
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