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Effects of four protease inhibitors on the survival
of worker bumblebeesBombus terrestrid..
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Dragana $erFaNovic, Heather Sian SEHOUSE

Horticulture and Food Research Institute of New Zealand Ltd, Mt Albert Research Centre,
Private Bag 92 169, Auckland, New Zealand

(Received 28 May 1998; revised 18 August 1999; accepted 26 August 1999)

Abstract — To assess risks posed by transgenic pest-resistant plants, a bumblebee bioassay system was
developed. Small and large adultBaimbus terrestrigrere held individually or in groups of 5, 10

or 20 in cages and survival and rates of pollen, sugar and water consumption determined. Effects on
bee survival of Kunitz soybean trypsin inhibitor (SBTI), bovine pancreatic trypsin inhibitor (BPTI)
and two potato protease inhibitors, POT-1 and POT-2, were determined. SBT+¢tH amgd POT-1

(10 and 5 mgrY) reduced survival significantly. Bees fed POT-2 (10gmyhad poorer survival than

those fed 0.1 or 0.01 1POT-2. BPTI had no effect. Untreated bee midguts had elastase-like
(283.0 * 16.9 nmoinin—1.g~1 gut), chymotrypsin (148.5 + 8.4), trypsin (27.2 + 2.8) and leucine
aminopeptidase (258.6 + 9.6) activities. Elastase-like and chymotrypsin activities were inhibited by
SBTI, POT-1 and POT-2, but not BPTI. Trypsin activity was reduced by each inhibitor. Leucine
aminopeptidase activity was unaffected.

bumblebee / protease inhibitor / food consumption / small-cage bioassay / pest-resistant
transgenic plant

1. INTRODUCTION the recent development of a range of trans-

genic pest-resistant crop plants, there is con-

Bumblebees are economically significantcern about both the role of insects in the
pollinators of a number of crops grown bothmovement of pollen from these plants [8,
outdoors and under glass [25] and they ar@, 21] and about the direct impact of these
widely considered as beneficial insects irplants on pollinator health and survival.

many natural and agro-ecosystems. WitWhile there has been a number of studies
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involving honeybees [1, 4, 16, 17, 22, 23Jincubator. Their survival and the rates at
the potential impacts on bumblebees owhich they consumed pollen, sugar syrup
ingestion of gene products conferring resisand water were compared. In the second
tance to plant pests have not yet been inveexperiment, the effects of feeding bovine
tigated. pancreatic trypsin inhibitor (BPTI; also
known as aprotinin), Kunitz soybean trypsin
inhibitor (SBTI) and two protease inhibitors
from potato, POT-1 and POT-2, at five dif-

Methods used with honeybees to test th
effects of potentially hazardous factors, sucl

as new gene products, are not directly aIOpIferent dosage levels, on the survival of caged

cable to bumblebees because of a numb‘bumblebees were determined. Furthermore
of biological differences. Because of their. X ’

larger average body size, each bumblebe” order to relate the results of the feeding
is likely to consume a grea{ter amount of an,trlals to the effects on the digestive enzymes

;of the bees, in vitro protease assays of con-

product than a honeybee. Bumblebees dtroI bumblebee guts were conducted and the
not appear to display the strict temporaeﬁ‘ects of the four inhibitors on these pro-

polyethism that adult honeybees doteases determined
whereby all adults begin as nurse bees ar :
then progress to foraging behaviour. In con
trast, there is some evidence that body siz > MATERIALS AND METHODS
is important in determining a bumblebee’s
role in the colony, i.e. large bumblebees cgjonies of bumblebees, each contain-
have a greater tendency to forage than smijng approximately 40 adult bees ranging in
bumblebees [2, 11, 13]. Furthermore, becausage from newly-emerged to eight weeks old,
of species differences in social structureyere ghtained from a commercial supplier
bumblebees may survive better with fewezonga Resources Ltd, Hastings, New
companions than honeybees require whezea|and). These bees had been reared from
held in an.mcubator in cages. AII.of theséfig|d-collected queen bees and thus were
factors will affect bumblebee bioassaygenetically identical to wild. terrestris
design. Although the lack of uniformity of adult bee
The present study had two aims. The firsage was expected to be a source of vari-
was to develop a laboratory bioassay sysability in longevity experiments, the colonies
tem appropriate for testing the effects owere the same type as those used for polli-
gene products on adult bumblebees and tthation by greenhouse tomato growers and
second was to use this system to examirthus the results may have relevance to those
the effects on bumblebees of four proteastsing bumblebees in crop production.
inhibitors (Pls) being incorporated into trans-  For the first experiment, worker bees
genic plants as pest-resistance factors. were taken from the colonies and assigned to

As bumblebee workers vary consider-Wo size classes, designated as “small” (total

ably in body size, a comparison of large an0dy length < 1.25 cm) and “large” (total

small worker bees was included in the stucyP0dy length > 1.50 cm). Intermediate-sized
The following criteria were considered to P€€S were not used in the experiment. Bees

be important for the bioassay design: mini{fom each size class were randomly assigned
mum use of the gene product (these may tto cages either individually or in groups of
expensive or difficult to obtain), maximum > 10 or 20 bees. The entire experiment was
degrees of freedom for the number of insectSet UP on a single day: two bee sizes (small
used, and maximum bee survival. In the firsO" large)x four groupings (1, 5, 10 or
experiment, small and large bumblebees20 beesk three blocks (24 cages in total).
Bombus terrestriswere kept individually The bees were kept in the cages in an
or in groups of 5, 10 or 20 in cages in arincubator at 2PC, 70% relative humidity,



Effects of protease inhibitors on bumblebees 27

until all bees were dead. Cages were wooddrees in the present study also allowed for
with two mesh sides and measurex®x  comparison with similar studies on honey-
6 cm (internal dimensions). Sugar syrupbees [4, 16, 17].

(50% w:v) and water were supplied to the

bees via 6 mL graduated gravity feeders Four control cages with unadulterated
Pollen food (0.33 parts mixed floral pollen pollen food were also set up. Three blocks of

; ; the experiment were set up on three sepa-
0.08 p?rts sodium caseinate, 0.16 parts te O(F:)casions over four rﬁonths: 4 Rlsp
brewer’s yeast, 0.43 parts sucrose, mixe dosages 3 blocks (72 cages in total). The

to a paste with water) was supplied in 2 $ees were maintained and checked as above
lots in small open containers. All cages wer nd their survival times determined

inspected every two or three days. At eac
inspection, bee deaths were recorded, the To compare the effects of the various
volumes of syrup and water left in the feed-caging regimes or Pl treatments on bee sur-
ers recorded and the pollen food containergival, the number of surviving bees was
weighed. The quantities of syrup, water angblotted against days from the beginning of
pollen consumed were calculated by subthe experiment for each cage of bees. These
tracting the volumes or weights from thecurves were then compared using Kayden-
previous measurement and dividing by theéVieir estimates of survival distribution, S(t),
number of days elapsed and the number @fnd Mantel-Haenzel (log-rank) tests [14] .
bees alive in the cage at the end of thBoth large and small bees were affected
period. The gravity feeders were replensimilarly by each Pl and so these data were
ished, the pollen food containers replacegombined for final analysis (Figs. 1 to 4).
with fresh ones and any wax cells conMedian survival times were also calculated
structed by the bees were removed. and compared for the bees in each cage
) (Tabs. I, IlI). Mean rates of consumption of
For the second experiment, bees wergg|len, syrup and water were calculated
assigned to size classes as before, and f_"(?ab. Il) and compared using analysis of
large and five small bees were placed ifariance. For each experiment, data from

each cage for feeding with Pls. Four differthe three blocks were combined as there
ent inhibitors, BPTI (from Intergen), SBTI \were no significant block effects.

(from Sigma), POT-1 and POT-2 (extracted . )
from potatoes according to [3, 20]) were FOr the in vitro assays of proteolytic
used at five different dosage levels each®nzyme activity and inhibition, eight pooled
10, 5, 1, 0.1, and 0.01neg! of food, mixed extracts were prepared, each containing the
thoroughly into the pollen food described9uts of 12 bumblebees of various sizes.

above. All of the PIs used were of compal>0oled extracts were used to provide suffi-
rable purity. cient material for one complete set of inhi-

bition assays to be carried out on each
These four Pls were chosen as each isextract. Adult bees were taken directly from
candidate for incorporation into crop plantthe colony, cold-anaesthetised and dissected
species and BPTI, SBTI and POT-2 haveo excise their midguts which were then
been expressed at insecticidal levels in trangrozen immediately in liquid nitrogen. These
genic plants [10, 15, 18, 19, 24]. The dosag&ozen guts were pooled into groups of 12
levels used were equivalent to 4, 2, 0.4, andnd weighed prior to extraction. The pooled
0.04% of total protein and were chosen tsamples were homogenised in 0.1 M Tris
cover and, in the case of the top dose, tbiCl pH 6.6 at 4 °C, extracting in 2530
exceed the range of expression levels thdiuffer per gut, and centrifuged at 15 &jfor
might be expected in the leaves of pest-resid0 min at 4 °C to remove particulate matter.
tant Pl-transgenic plants [10, 15, 18, 19, 24]This pH was chosen to approximate bum-
The PI dosage levels chosen for bumbleblebee gut pH (unpublished observations).
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Table I. Median survival times in days for large and small bumblebees kept singly or in groups of 5,
10 or 20. Values without a letter in common differ significantly at the 5% level.

Size of bees Number of bees per cage

1 5 10 20
Large 47a 73 ab 68 ab 50 ab
Small 43 a 57 ab 94 b 95 b

Twenty five uL aliquots of extract were regimes showed that large bees kept in
used in assays to determine the activities aroups of 20 were significantly shorter-lived
three endopeptidases (elastase-like, chyhan small bees in groups of Z20< 0.001),
motrypsin and trypsin) and one exopeptibut that there were no significant differences
dase (leucine aminopeptidase (LAP)), as longevity between large and small bees
described by [5, 6]. The substrates (and findbr the other groupings. Among the small
concentrations) used to assay these proteasees there were no significant differences
activities were N-Succinyl-L-Ala-L-Ala-L- in longevity under the different caging
Pro-L-Leu P-nitroanilide (SAAPLpNA, regimes P < 0.05). Among the large bees,
0.52uM), N-Benzoyl-L-Tyr P-nitroanilide however, those kept in groups of 5 or 10
(BTpNA, 1.25uM), Na-Benzoyl-DL-Arg lived significantly longer than those kept
P-nitroanilide (BApNA, 1.0QuM), and individually or in groups of 20R = 0.001).
L-Leu P-nitroanilide (LpNA, 0.5M),
respectively (all obtained from Sigma). The As pollen food, sugar syrup and water
in vitro effects of BPTI, SBTI, POT-1 and Were consumed at reasonably steady rates
POT-2 on each of these activities were detefhroughout the bees’ lifetimes, mean con-
mined by measuring protease levels in glﬁumption rates over each bee’s lifetime were
preparations after incubation with eachcalculated and compared (Tab. II). Mean
inhibitor at 0.5, 1.0 and 20M (only 1.0  pollen consumption rates (mg per bee per
and 2.0uM for BPTI). Enzyme and inhibitor day) for small bees kept singly were signif-
(or buffer, in the case of controls) were preicantly higher than those of small or large
incubated for at least 5 min at 30 °C befordees kept in groups of 5, 10 or 200.05).
the addition of the substrate. All proteasd-arge bees kept singly consumed signifi-
assays were conducted, in duplicate, in 0.1 Mantly more pollen per day than large bees
Tris HCI pH 6.6 at 30 °C. Analysis of vari- kept in groups of 10 or 20 or small bees in
ance was used to compare the mean activ@roups of 20R < 0.05). Daily rates of sugar
ties of the four proteases before and aftegyrup consumption were significantly higher
treatment with the four inhibitors. for large bees kept in groups of 5 or 10 than
for all groupings of small bees or groups of
20 large beesR(< 0.05). Large bees kept
3. RESULTS in groups of 10 also consumed significantly
more syrup than large bees kept singly
Survival data for small and large bum-(P < 0.05). Water “consumption” varied
blebees kept singly or in groups of 5, 10 ogreatly from day to day, but was always at a
20 and supplied with pollen food, sugarvery low level compared with syrup con-
syrup and water are summarised in Table sumption. Single large bees consumed sig-
Log-rank tests to compare the survivahificantly more water than any other cate-
curves for bees kept under each of thesgory (P < 0.05).
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Table Il. Mean rates of consumption of pollen food, sugar syrup and water for large and small bum-
blebees kept singly or in groups of 5, 10 or 20. Values without a letter in common differ signifi-
cantly at the 5% level, within each food type.

Type of food Size of bees Number of bees per cage
1 5 10 20

Pollen food Small 35.3a 9.7 bc 11.0 be 5.3b
(mg/beel/day) Large 25.7ac 14.7 be 8.7b 3.3b
Sugar syrup Small 132.7 a 140.7 a 131.0a 132.7 a
(uL/bee/day) Large 172.7 ab 215.3 bc 233.0c 125.7 a
Water Small 19.7a 12.0a 7.3a 5.0a
(uL/bee/day) Large 39.3b 6.7a 6.7 a 12.7a

Survival curves for bees fed with Pls areSBTI had significantly poorer survival than
shown in Figures 1 to 4 and their mediarthe controls or those fed 1, 0.1 or 0.01gny
survival times in Table Ill. Log-rank tests (P <0.05). Those receiving 5 mg! SBTI
to compare survival curves indicated thahad median survival times that did not dif-
there were significant differences infer significantly from any of the other bees
longevity among bees fed different dose$, the SBTI trial. Bumblebees had a par-
of SBTI (P < 0.001), POT-1R < 0.001), tially dose-dependent survival response to
and POT-2F < 0.001) (small and large beeSPOT-l. Bees that received 10gig POT-1

combined) (Figs. 2-4). However, there Wer§ ad significantly shorter lives than those fed
no significant longevity differences among mgg-L, and these were significantly

Egﬁtsr ;Iesd(g;;fe;eg;[] g (_)I_saebs ﬁI)BPTI and thel[c,horter—lived than the control be®s<0.05).

The lifespans of bees receiving 1, 0.1 or
Analysis of median survival times showed0.01 mgg~ POT-1 were intermediate

that there were no consistent patterns dfetween, and did not differ significantly

response to different doses of SBTI, POT-from, the controls and the bees fed 5gny

or POT-2 (Tab. 1ll). Bees fed 10 ngg? (P < 0.05). Bees fed 0.01 or 0.1 rggt

BPTI Treatment
30 —o—10 mg/g
—s—5mg/g
—o— 1 mg/g
25 - —s—— 0.1 mg/g
» —4—0.01 mg/g
[e] —_—
> 20 Control
2
=3
[¢2]
5 159 Figure 1.Survival curves
e for bumblebees fed the
£ 104 protease inhibitor, BPTI,
3 in pollen food at five dif-
5 ferent dosage levels.
] Thirty bees are repre-
R sented by each line;
e B S B S 3 replicates< 5 large and
0 20 40 60 80 100 120 140 160 180

5 small bees per cage
Days combined.
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Figure 2. Survival curves
for bumblebees fed the
protease inhibitor, SBTI,
in pollen food at five dif-
ferent dosage levels.
Thirty bees are repre-
sented by each line;
3 replicates 5 large and
5 small bees per cage
combined.

Figure 3.Survival curves
for bumblebees fed the
protease inhibitor, POT-
1, in pollen food at five
different dosage levels.
Thirty bees are repre-
sented by each line;
3 replicates< 5 large and
5 small bees per cage
combined.

Figure 4. Survival curves
for bumblebees fed the
protease inhibitor, POT-
2, in pollen food at five
different dosage levels.
Thirty bees are repre-
sented by each line;
3 replicates 5 large and
5 small bees per cage
combined.
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Table Ill. Median survival times in days for bumblebees fed with protease inhibitors (PIs) added to pollen food at different dos&gsldtefsom
three replicates have been combined for each, i.e. each figure is derived from 15 small, 15 large or 30 bees of conibiaatieres without a let-
ter in common (across a row) have 95% confidence intervals (in parentheses) which do not overlap.

PI Bee size 10 mg 1Pl 5mgg! Pl 1 mgg 1Pl 0.1 mgg! PI 0.01 mgg® PI Control -
]

BPTI Small 34 (25-111) 71 (60-119) 43 (31-118) 27 (22-111) 69 (22-108) 62 (27-83) 2
Large 32 (25-106) 85 (29-113) 50 (34-109) 55 (25-111) 59 (22-117) 57 (46-76) o

Combined 32 (25-76) 82 (57-100) 43 (34-101) 48 (25-83) 66.5 (25-90) 57 (41-73) S

Q

SBTI Small 18 (15-25) 22 (22-83) 25 (20-92) 32 (25-73) 41 (25-111) 27 (22-90) ®
Large 18 (13-36) 39 (27-106) 34 (29-107) 39 (36-89) 39 (32-113) 41(36-80) =

Combined 18 (15-25) a 27 (25-41) ab 29 (27-73) b 39 (32-73) b 39(32:101)b 38 (32:69) £

POT-1 Small 20 (18-22) a 29 (22-60) ab 56 (46-89) b 53(29-101)b  31(25-84)b 74 (59-108)d

Large 20 (18-27) a 39 (27-66) ab 63(29-92)b 104 (67-133)b 62 (55-143)b 118 (90-143)

Combined 20 (18-22) a 29 (27-57) b 61(46-78)bc 83 (53-109)bc 62 (29-84)bc 88 (75-129)%

o

POT-2 Small 22 (20-52) 34 (27-52) 34 (29-94) 57 (46-116) 61 (43-92) 32(27-78) &
Large 25 (22-50) a 36 (29-52) a 48 (29-96) a 64 (48-125) ab 116 (114-128) b 57 (32-80) &
Combined 25 (22-43) a 35 (29-50) ab 40 (29-92)ab 62 (48-114)b  87.5(62-115)b 36 (29-73) ab

TE
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POT-2 lived significantly longer than thosebees). This result was not unexpected as
fed 10 mgg! of this Pl P < 0.05). How- other social insects, such as worker honey-
ever, the control bees and those that receivédmbes Apis melliferd, have poor survival if

5 or 1 mgg~! of POT-2 had intermediate kept in groups of less than about 20 (unpub-
survival times that did not differ signifi- lished observations). ThBt terrestriscan
cantly from those of bees receiving the hightolerate being kept with as few as four com-
est and lowest doses of this PI. panions may reflect the less rigid social

Prot levels i i def structure of this insect compared with that of
rotease levels in preparations made rorlfhe honeybee.

untreated bumblebee midguts were as fol-
lows: elastase-like (SAAPLpNA-digesting), ~ This experiment also showed that daily
283.0 + 16.9 nmoiin—tg! of gut; chy- pollen consumption did not vary signifi-
motrypsin (BTpNA-digesting), 148.5 + cantly over the lifetime of each bumblebee.
8.4 nmolmin—gof gut; trypsin (BApNA-  This contrasts with the honeybee, where
digesting), 27.2 + 2.8 nmahin~1.g-1 of = mMost protein consumption occurs during the
gut; LAP (LpNA-digesting), 258.6 = first few days of adult life and then drops
9.6 nmolmin—1.g-1 of gut (data from eight steadily to very low levels [7]. This need
pooled extracts). The effects of adding thdor protein is related to the development of
four different inhibitors (BPTI, SBTI, POT-1 the hypopharyngeal glands which honey-
and POT-2) to these gut preparations areees undertaking nursing duties need in
shown in Figure 5. As expected, the exopepRrder to secrete “brood food” for their larvae
tidase, LAP, was unaffected by these fouf26]. Bumblebees do not have such a strict
endopeptidase inhibitors. The elastase-likglivision of labour, their glands do not vary
activity, which appears to be an importanin size [12] and therefore their protein
endopeptidase activity in bumblebee gutsiequirement throughout adult life probably
was strongly inhibited by each concentradoes not vary much. Even though the bum-
tion of POT-1 and POT-2P(< 0.001). SBTI blebees in this experiment were caged and
also significantly inhibited this activity, in a thus prevented from undertaking their nor-
dose-dependent fashioR € 0.001). BPTI mal duties, the steady pollen consumption
had no significant inhibitory effect. Chy- rates observed here suggest an unchanging
motrypsin was also strongly inhibited by requirement for protein food by adult bum-
each concentration of POT-1 and POT-blebees. However, because the ages of the
(P<0.001), inhibited significantly by only the bumblebees at the start of this experiment
highest concentration of SBTPE 0.001), Were not known, but ranged from newly-
and not at all by BPTI. Trypsin levels wereemerged to about eight weeks old (accord-
very low and were significantly inhibited by ing to the supplier), there is still a possibil-
all the inhibitors tested(< 0.001). ity that these insects also have an early peak
which was missed in every case, although
this seems unlikely. For both small and large
4. DISCUSSION bumblebees, the highest pollen consump-
tion rates were observed for bees kept singly
The results of the first experiment to@"d the lowest rates for those kept under the
determine the survival and food/drink con-TOSt crowded conditions, 20 per cage. This
sumption of bees of different sizes undefay nave been because the single bees had
different grouping regimes suggested thalf® Sompetltors for their food (i.e. they “over-
small bees have greatest longevity in group&t€ ). and the crowded bees were actually
of 20, but that large bees survive best i |.m|ted by the quantities of food supplied
groups of 5 or 10. Single bees, both larg |.e. somewhat starved).
and small, had the shortest survival times In cages, sugar syrup was also consumed
(significantly so in the case of the largeat a steady rate throughout each bumble-
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Figure 5. Inhibition of four protease activities, elastase-like, chymotrypsin, trypsin and leucine
aminopeptidase (LAP), in preparations made from untreated bumblebee midguts by four protease
inhibitors, SBTI, BPTI, POT-1 and POT-2, at a range of concentrations. Mean activity levels and their
standard errors are shown. Duplicate assays were conducted for each of eight gut preparations, each
consisting of 12 bee guts.

bee’s lifetime. Under more realistic condi- 20 large bees may have had their consump-
tions, variations in activity levels amongtion limited by the supply, but single bees
bees carrying out foraging or housekeepingvould not have had this difficulty.

activities in the field may create differing  \water was consumed in only small
demands for carbohydrate food. Large beegmounts and only the large single bees con-
kept in groups of 5 or 10 had the highessymed significantly greater quantities than
rates of syrup consumption. This is difficult the others. This was not surprising as bum-
to explain. Their large size may have meanplebees have not been observed to collect
they had a greater carbohydrate requiremepiater in the field as honeybees do [12] . The
than the small bees, but this does not explaiftonsumption” observed here may have in
why they drank more than the other groupfact been the result of bees erroneously
ings of large bees. Perhaps the social intedrinking from the water feeders instead of
actions among the groups of 5 and 10 beg$ie syrup feeders. In olfactory learning
created an energy demand. Groups oéxperiments, bumblebees do not perform as
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well as honeybees (M.H. Pham-Deleguesteady rates of protein consumption dis-
personal communication) and so they mayplayed by bumblebees, apparently utilising
have repeatedly made such errors. quite low levels of proteases, suggest that

In terms of the preferred bioassay criteriathey do not have a critical phase of protein

using single bees would have allowed fofl;or_]s_u_mption. Thus the effects of protease
e mostdegrees o reccom, ut becaud 107 72y rotbe a5 sanficant 1 e
their pollen consumption was higher anag '

their survival not as great as that of the bestI strongly and specifically inhibits a par-
icularly important protease or proteases. In

kept in groups, it was decided that a groupy itro assays showed that POT-1, POT-2 and

ng ect)rf] e5r l%gﬁj %r;dthS esbnggt”rggi?nsepfloa;ctﬁ BTI strongly inhibited elastase-like activ-
Pl experiments. With this arrangement, rea'-ty' which appears to be an important

sonable survival times could be expecteaer.]dOpeF)tldase activity in the bumblebee
both sizes of bees could be assessed and d_?uzt. Alljctcr)]nCﬁntLatlc;ns of PQ[T'tl. and f
usage (and thus cost) would not be excegzo.. < and the nighest concentration o
sive. BTl also |nh|b|te_d chymotryp3|_n activity.
Lower concentrations of SBTI did not sig-
Bumblebee survival was not significantly nificantly inhibit chymotrypsin activity. The
affected by BPTI. Responses to SBTI, POTrelative importance of elastase-like and chy-
1 and POT-2 did not follow any consistentmotrypsin activities in the bumblebee diges-
pattern, except that the highest Pl doséve system and their relative insensitivity
resulted in the lowest survival in each caseo BPTI may explain why bees fed high
All other doses of SBTI and POT-2 resultecdoses of POT-1, POT-2 and SBTI have poor
in survival times that were indistinguish- survival.
%b;egg?_ :It_htcr)iz(lavc\)/;tsh?r:re(r:gnstcr)?rl]2eeevsi'deor?cl:)(laIg The concentrations of Pls used in this
% xperiment (10, 5, 1, 0.1 and 0.01 -7

a dose-dependent response 1o F)I'feQd'nBoIIen-food) are equivalent to 4, 2, 0.4, 0.04

! 1 )

gjrsiizls t%lz;/r? ThSGT%— orig)-lrblegsadbﬂ?(k))reet{e rand 0.004% of total protein. Although pollen

than those receiving 10 reg? of this Pl expression levels have not yet been
g " " _recorded, pest-resistant Pl-transgenic plants

Control bee survival times varied conS|der—With leaf expression levels ranging from

ably from one trial to another, perhaps0 05 to 2.5% have been shown to be pro-

because of the unknown ages of the bees =tcted against insect attack. For example,

the start of the experiment, and this ma T , )
have made trends in dose-response hard¥ransgen|c rice plants expressing a POT-2

Ene at 0.5 to 2% of total soluble protein
to detect. However, the complete lack o§ave been shown to effectively control pink
variation in response to different doses o

tem borer [10] and transgenic tobacco
B.PTII .suggesftfs strongly tl?at bﬁ_mblebee Suréxpressing 0.22 to 0.65% POT-2 signifi-
vival is not affected at all by this P. cantly reduces the growth of larval green
These results contrast with those obtainetbopers [19]. SBTI-tobacco plants have been
in similar experiments with the honeybee shown to reduce the growth $podoptera
where adult bee survival is reduced in ditura larvae when expressing SBTI at 0.2 to
dose-dependent fashion by each of thed®24% of total protein and to kill this insect at
four inhibitors [4, 16, 17]. The different pat- 0.4 to 1% [18]. Transgenic rice expressing
terns of protein use in the two species ma.05 to 2.5% SBTI is resistant to brown
explain this. Disruption of the adult honey-planthopper [15]. Transgenic white clover
bee’s early, critical phase of high proteinplants expressing 0.07% BPTI significantly
consumption by an inhibitor may signifi- reduce the growth of the pasture pest lepi-
cantly lower bee longevity. In contrast, thedopteranWiseana cervinat§24]. Thus,
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bumblebee survival is unlikely to be affectedgroupes de 20 ont vécu moins longtemps
by transgenic plants expressing the levelgue les petits en groupes de(PG< 0,001),

of SBTI, POT-1 or POT-2 needed for pestmais il n'y a pas eu de différence significa-
control, and plants expressing BPTI at evetive entre les gros bourdons et les petits dans
4% of total protein would not be expected tdes autres groupes. Parmi les petits bour-
be toxic to bumblebees. Furthermore, if Pdons il n’y a pas eu de différence de longé-
genes were engineered into plants withivité en fonction du nombre d’individus par
constructs that did not allow expression ingroupe P < 0,05). Mais parmi les gros bour-
pollen or nectar, then bees would not belons, ceux qui étaient groupés par cing ou
exposed to these proteins at all. dix ont vécu plus longtemps que les isolés

We have established that small cage trioU ceux en groupes de 2% 0,001). Le
als can be conducted with bumblebees tgollen et le sirop ont été consommes régu-
test pest-resistance gene products and colirement tout au long de la vie (3,3-35,3
clude from these trials that bumblebees ar8g de pollen par bourdon et par jour) et
less likely to be affected by transgenic plantd-25,7-233,QuL par bourdon et par jour).
expressing Pls than honeybees. L'eau a été consommeée régulierement et en
quantité négligeable (5,0-398 par bour-
don et par jour). Les petits bourdons main-
ACKNOWLEDGEMENTS tenus individuellement ont consommé en
_ ~moyenne plus de pollen que les petits ou les
We wish to thank colleagues at the Hortlcul-agos bourdons en groupes de 5, 10 ou 20

ture and Food Research Institute of New Zealan .
Ltd: Helen Giacon and Ruth Newton for techni-\" = 0,05) et les gros bourdons maintenus

cal assistance and Anne Gunson for statisticai'dividuellement en ont consomme plus que
analysis. This work was supported by the Founl€s gros bourdons en groupes de 5, 10 ou
dation for Research, Science and Technology20 (P < 0,05).

New Zealand (C06536). L. . . s
( ) La consommation journaliere de sirop a été

plus élevée chez les gros bourdons en
groupes de 5 ou 10 que pour ceux groupés
par 20 ou que pour tous les petits bourdons
(P <0,05) et celle des gros bourdons grou-

biologique a été mis au point sur des bourP€s par 10 superieure a celle des bourdons
dons adultes pour étudier les effets de prcm':‘"’]t(:"nus individuellemenP(s 0,05).

duits de génes qui conférent une résistand@es quatre inhibiteurs, seul le BPTI n’'a pas
aux ravageurs. Ce test a permis de détermeu d'effet significatif sur la longévité des
ner I'action de quatre inhibiteurs de protéasebourdons (Fig. 1). La longévité des bour-
(IP)sur la longévité des bourdons ; il s'agit dedons ayant recu 10 ngg' de SBTI (Fig. 2),
I'inhibiteur de trypsine soja de Kunitz de POT-1 (Fig. 3) ou de POT-2 (Fig. 4) a
(SBTI), linhibiteur de trypsine pancréatique été significativement plus courte que celle
bovine (BPTI), des inhibiteurs de protéasesles témoinsK < 0,05). Les bourdons n’ont
de pomme de terre (POT-1 et POT-2).  pas répondu de fagon homogéne aux autres
Des ouvriéres de petite et de grande tailldoses (0,01; 0,1; 1 et 10 rgg) de chacun
ont été maintenues individuellement ou erdes IP. Seuls les résultats du POT-1 sugge-
groupes de 5, 10 ou 20 individus dans deent une réponse liée a la dose. Les bour-
cages a I'étuve et leur survie et leur taux delons qui ont recu 5 mg/g de POT-1 ont vécu
consommation de pollen, de sirop et d’eaylus longtemps que ceux qui en ont regu
ont été compares. 10 mgg™, mais moins longtemps que ceux
La durée moyenne de survie a été comprisgui ont regu les autres dose et que les
entre 43 et 95 jours. Les gros bourdons etémoins (Tab. II).

Résumé — Effets de quatre inhibiteurs de
protéases sur la longévité des ouvrieres
de bourdons,Bombus terrestrid.. Un test
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L'activité protéasique/protéolytique par meln, die in Gruppen von 20 gehalten wur-
intestin(nmolmin-'-g™) a été mesurée sur den, lebten kiirzer als kleine Hummeln in
des préparations d'intestins de bourdons nagleicher GruppenstéarkeP « 0,001), aber
traités (Fig. 5). Les valeurs sont les suies gab keine signifikanten Unterschiede in
vantes : enzyme semblable a I'élastaseder Lebensdauer zwischen Gem und klei-
283,0+ 16,9 ; chymotrypsine 148:68,4; nen Hummeln in den anderen Gruppen. Bei
trypsine 27,2+ 2,8 ; leucine aminopepti- den kleinen Hummeln gab es bei unter-
dase 258,6& 9,6. Dans les test d’inhibition schiedlichen Kafigbedingungen keine Unter-
in vitro, les activités de I'enzyme semblableschiede in der Lebensdaufr< 0,05). Bei
a I'élastase et de la chymotripsine ont étéen gr@gen Hummeln dagegen lebten die
significativement plus réduites par SBTI,Gruppen mit 5 oder 10 Tieren langer als
POT-1 et POT-2 mais pas du tout par BPTIEinzeltiere oder 20er Gruppeld € 0,001).
Nous concluons qu'il est possible de fairePollen und Zuckersirup wurden wahrend
des essais en cagettes avec les bourdoder gesamten Lebensdauer in gleicBma
pour tester les produits de génes exprimamer Menge verbraucht (3,3—35,3 mg Pollen
une résistance aux ravageurs et que les boygro Hummel und Tag, 125,7-233,0
dons sont moins susceptibles d’étre affecSirup pro Hummel und Tag). Wasser wurde
tés par les plantes transgéniques exprimarbenfalls gleichnf3ig aufgenommen, wenn
des inhibiteurs de protéases que les abeillesuch nur in geringen Mengen (5,0-3Ql3
pro Hummel und Tag). Wurden kleine
Bombus/ inhibiteur de protéases / Hummeln einzeln gehalten, war der Pol-
consommation alimentaire / longévité / lenverbrauch héher als bei kleinen und gro-
plante transgénique résistante aux rava- en Hummeln, die in Gruppen mit 5, 10,
geurs / test en cagette oder 20 Tieren gehalten wurddh< 0,05).
Einzeln gehaltene gf® Hummeln ver-
brauchten mehr Pollen pro Tag alsfggan

Zusammenfassung — Wirkung von vier Gruppen gehaltene Tiere (S oder 10) bzw.
Proteasehemmern auf die Uberlebens- &S Kleine Tiere in 20er Gruppeld £ 0,05).
rate von Hummelarbeiterinnen, Bombus ~ GroPe Tiere in Ser bzw. 20er Gruppen ver-
terrestrisL. Ein Biotest mit adulten Hum- Prauchten mehr Zuckerwasser als alle ande-
meln wurde entwickelt, um Auswirkungen €N Gruppen mit kieinen oder den Gruppen
von transgenen Produkten zu untersuchefit 20 grden Tieren P < 0,05). Grge

die eine Schadlingsresistenz bewirken. mitiummeln der 10er Gruppen verbrauchten
diesem Test wurde die Wirkung von 4 verinehr Zuckerwasser als wenn sie einzeln
schiedenen Substanzen, die efedibau- gehalten wurderR(< 0,05).

ende Enzyme hemmen, auf die Uberlevon den 4 Protease-Hemmern hatte nur BPTI
bensrate von Hummeln bestimmt. Eskeine signifikante Wirkung auf die Lebens-
wurden der Kunitz Trypsin Inhibitor aus dauer (Abb. 1). Hummeln, die 10 rgg!
Sojabohnen (SBTI), der Pankreas TrypsirSBTI (Abb. 2), POT-1 (Abb. 3) oder POT-
Inhibitor aus Rindern (BPTI) und die Pro-2 (Abb. 4) aufnahmen, lebten siginifikant
tease-Inhibitoren aus Kartoffeln 1 (POT-1)kurzer als die KontrolltiereR < 0,05). Es
und 2 (POT-2) untersucht. gab kein einheitliches Reaktionsmuster bei
Kleine und grle Arbeiterinnen wurden ein- anderen Dosen der Protease-Inhibitoren.
zeln oder in Gruppen mit 5,10 und 20 Hum-Nur die Ergebnisse mit POT-1 wiesen auf
meln in Kafigen im Brutschrank gehalten.eine dosisabhangige Reaktion hin. Nach
Ihr Uberleben und die Menge des ver+Fitterung von 5 mg1 POT-1 lebten die
brauchten Pollen, Zuckerwassers und Waddummeln langer als nach Fitterung von
sers wurde verglichen. Die Uberlebenszeit0 mgg aber kiirzer als nach anderen
betrug im Mittel 43-95 Tage. (e Hum- Dosen bzw. als die Kontrollen (Tab. IlI).
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Unbehandelte Hummeln wurden prapariert

und die Protease Aktivitat (nmolin~.g-1)
wurde pro Darm bestimmt (Abb. 5). Die

Werte betrugen bei dem Elastase ahnliche[r71]

Enzym 283,0 #16,9, bei Chymotrypsin
148,5 +8,4, bei Trypsin 27,2 2,8 und bei
Leucin Aminopeptidase 258,6%6. Bei

Hemmversuchen in vitro war die Aktivita

des Elastase ahnlichen Enzyms und des

Chymotrypsins signifikant durch SBTI,
POT-1 und POT-2, aber nicht durch BPTI
reduziert. Wir schliBen aus diesen Versu-
chen, dass Teste in kleinen Kafigen mit
Hummeln geeignet sind, um die Wirkung

von transgenen Produkten zu untersuchen,
die eine Schadlingsresistenz bewirken. Auch"!

scheint die Wahrscheinlichkeit einer Schéa-
digung von Hummeln durch transgene

Pflanzen mit Hemmung der Protease Akti{11]

vitat geringer ist eine Schadigung von
Honigbienen.

Hummeln / Protease Inhibitoren / Fut-
terverbrauch / Biotest im kleinen Kafig /

schadlingsresistente transgene Pflanzen [14]
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