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Four Bacillus thuringiensis 8-endotoxins, Cry3A, Cry4Aa, CryllAa, and CytlAa, were found to exhibit low to
moderate toxicity on the pea aphid, Acyrthosiphon pisum, in terms both of mortality and growth rate. CrylAb
was essentially nontoxic except at high rates. To demonstrate these effects, we had to use exhaustive buffer-

based controls.

Many species of aphids are important sucking-insect pests
that feed on plant vascular fluids. Their feeding mechanism
makes these insects excellent vectors for many plant patho-
gens, especially viruses, yet less amenable to standard, non-
systemic chemical control by insecticides. Minor effects on
the survival and fecundity of aphids reared on Bacillus thu-
ringiensis (Bt) crops have been noted in some studies but not
in others (1, 3, 6). However, the sensitivity of aphids to Bt
toxins, or the lack thereof, has not been previously tested
through artificial-diet bioassays with exhaustive buffer-based
controls.

Bt 3-endotoxins CytlA, Cry4A/Cry4B, and Cryll, ob-
tained from three recombinant strains of B. thuringiensis
subsp. israelensis, as well as CrylAb and Cry3A, obtained
from recombinant Escherichia coli, were purified by ultra-
centrifugation in a discontinuous sucrose gradient as de-
scribed previously (9). Cry proteins were solubilized in sol-
ubilization buffer (50 mM Na,CO;, 100 mM NacCl, pH 10)
with dithiothreitol (10 mM) added before use. CytlA was
first solubilized on 10 mM Na,CO;, (pH 11) buffer and then
neutralized at pH 7.5 to 8 with 10 pnl HCI (1 N). Both
solubilized and trypsin-digested samples (1:30 over toxin
weight) were used at different concentrations (32, 125, and
500 pg/ml; trypsin-activated toxin concentrations were cal-
culated on the basis of the preactivation concentrations of
the protoxins) to supplement the AP3 aphid synthetic diet
(7) used to feed Acyrthosiphon pisum (LLO1 green clone).
Ampicillin (100 ng/ml), an ineffective antibiotic for A. pisum
or its obligate symbiont Buchnera, was added to the medium
to avoid bacterial growth. For each concentration, 30
nymphs (10 nymphs/box and three repetitions) were bioas-
sayed at 20°C and under a 16:8 (light-dark) photoperiod.
Survival time was calculated from aphid deposition on the
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test diet (day 0). Mortality was surveyed daily, and body
weights of survivors were noted at day 7. STs, (median
survival time after challenge) was calculated by using an
actuarial survival analysis (Statview) with censoring values
of survivors at the end of the experiments. The approximate
concentrations resulting in a 50% decrease in mean body
weight (ICs,) and killing of 50% of the insects tested (LCs)
were calculated at the end of the experiments from the
growth reduction and mortality data, respectively, derived
with the three doses by using Statview and the censoring
values of survivors.

All of the Cry 8-endotoxins tested were lethal to A. pisum
and retarded the growth of survivors (Fig. 1 and 2). Mortalities
ranged from only 25% (CrylAb) to 100% (Cry4 and Cryll)
after 3 to 6 days of exposure to 500 pwg/ml of solubilized protein
(Fig. 1). When significant mortalities were achieved (Cry3A,
Cry4, and Cryl1), trypsin activation enhanced toxicity. Activa-
tion of Cry4 at the intermediate concentration tested (125
pg/ml) resulted in a twofold increase in mortality (Fig. 1D).
STs,s were calculated for both solubilized protoxins and acti-
vated Cry3A, Cry4, and Cryll. The STs,s (at 500 pg/ml)
ranged from 1.8 + 0.14 days for solubilized Cry4 and Cryl1 to
3.7 = 1.2 days for trypsin-activated Cry3A (Table 1). Control
aphids fed buffer all survived for >8 days. The LCj, of CrylAb
was not calculated, since mortality associated with CrylAb
reached a plateau at 500 pg/ml. The LCs, of Cry4 was esti-
mated to be 70 to 100 pg/ml (data not shown).

Aphids that survived ingestion of the Cry and Cyt proteins in
the bioassays had markedly reduced growth rates compared to
those of the control group (Fig. 2). Growth inhibition by each
Cry protein correlated with mortality. Cry4 inhibited growth
the most (Fig. 2A), whereas Cryl Ab inhibited growth the least
(Fig. 2B). The ICs, of Cry4 was calculated to be 135 pg/ml.
The growth of aphids surviving Cyt1A ingestion was strongly
inhibited, with an average weight at the end of the assay, for
doses of 125 pg/ml or higher, corresponding to less than 40%
of that of the control group (Fig. 2B). This decrease in aphid
weight associated with the ingestion of CytlA is in contrast to
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FIG. 1. Mortality assays over the nymphal life stage of the pea aphid, A. pisum, upon ingestion of artificial diets containing purified Bt toxins
after either solubilization (open symbols) or solubilization and trypsin activation (solid symbols). The toxins used were CrylAb (circles), Cry3A
(squares), a mixture of Cry4A and Cry4B (diamonds), and Cryll1A (triangles). The soluble-toxin doses used were low at 32 pg/ml (blue),
intermediate at 125 pg/ml (violet), and high at 500 pg/ml (red). Assays were carried out with 30 initial neonate insects in three batches of 10

individuals.

the low mortality (about 10%) produced by the same dose of
this protein. Most of the surviving insects did not reach adult-
hood as a result of feeding on Cyt1A, whereas control insects
completed their nymphal development by the end of the bio-
assay.

Cofeeding experiments with a mixture of toxins (Cry and
CytlA) currently under way suggest that there is no identifi-
able synergy between Cry and Cyt toxins in this model, at least

in the concentration range of 32 to 500 pg/ml (A.-M. Grenier
et al., unpublished data).

In two previous studies (10, 11), sensitivity of another
aphid, Macrosiphum euphorbiae, to suspensions of Cry2,
Cry3A, and Cry4 crystals was reported but no sensitivity to
solubilized endotoxins was found. This may be explained by
the lack of complete solubilization of the Bt crystals (10)
and by the fact that control groups were fed a water-based
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artificial diet instead of a diet containing the buffer used to
solubilize the crystals. Our bioassays, performed with buffer-
based controls, show that 4. pisum is indeed sensitive to Bt
d-endotoxins, although to a low degree. In fact, the ICs,s and
LCsys we calculated are very high compared to those of
highly susceptible targets of B. thuringiensis (http://www.glfc
forestry.ca/bacillus/) but similar to those of organisms with
low sensitivity, such as nematodes. For example, in feeding
bioassays in which growth inhibition was measured against
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FIG. 2. Growth inhibition assays with purified Bt toxins Cry3A,
Cry4, and Cry 11 (A) and CrylAb and Cyt1A (B) on the pea aphid,
A. pisum. Toxins were added to the diet either after solubilization
(open symbols) or after solubilization and trypsin activation (solid
symbols). Error bars show the standard errors (SE) of individual
weights at day 7 of experiments, standardized by the control group
mean weight (toxin dose, 0; initial number, 30). Color coding of
toxins: Cry3A, red squares; Cry4A and Cry4B mixture, violet dia-
monds; Cryl1A, blue triangles; CrylAb, green circles; CytlA, yel-
low squares. In the experiment with CrylAb (B), the toxin was
purified by high-performance liquid chromatography and activated
toxin was provided as a salt-free lyophilisate by W. Moar (Auburn
University, Auburn, AL).
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TABLE 1. STsgs of pea aphids feeding on solubilized Cry toxins
and solubilized Cry toxins activated with trypsin

Mean STs," + SE (days) at dose of:

Toxin
32 mg/ml 125 mg/ml 500 mg/ml

CrylAb

Solubilized NL >8 >8

Trypsinized NL >8 >8
Cry3A

Solubilized NL >8 >8

Trypsinized NL >8 3712
Cryd4A

Solubilized NL >8 1.8 +0.14

Trypsinized >8 1.8 £0.15 1.9 = 0.17
CryllA

Solubilized NL >8 1.8 +0.14

Trypsinized NL >8 2.5 +£0.10

“ NL, nonlethal; >8, survival for >8 days.

Caenorhabditis elegans fed E. coli/Cry strains, ICs,s ranged
from 16 pg/ml for Cryl4A to as high as 230 pg/ml for Cry6A
(12). The low activity of Bt endotoxins against aphids sug-
gests that these proteins have not evolved to kill aphids. In
fact, the ecological niches of B. thuringiensis and these in-
sects are very different and it is unlikely that aphids, feeding
on a virtually germfree environment such as plant phloem,
come in contact with bacteria living either in other suscep-
tible insects or on the plant surface. It might be hypothe-
sized that the sensitivity of pea aphids to these Bt endotox-
ins is a consequence of similarities among midgut microvillar
proteins and lipids, especially the surface molecules that com-
pose the sugar residues known to serve as the initial binding
sites for Bt toxins (4), rather than a result of direct selection for
aphid sensitivity.

The low sensitivity of aphids to Bt toxins is not in contrast
to recent reports on the lack of deleterious effects of genet-
ically modified crops on aphid populations (5). A recent
report confirms the presence of CrylAc in the phloem of
transgenic oilseed rape and in aphids feeding on these
plants (2). However, the concentration of CrylAc in
phloem, being low, is compatible with the absence of dele-
terious effects of transgenic oilseed rape on aphids, as well
as with previous studies reporting no detectable levels of
Cry toxins in phloem translocated through sieves of com-
mercial transgenic plants (8). Although low, the susceptibil-
ity of aphids to B. thuringiensis we report here could theo-
retically lead to the development of effective strategies for
controlling these and other sucking insect pests with genet-
ically modified crops expressing appropriate toxins. How-
ever, two conditions should concur. (i) Toxins must be
present in the plant phloem to be accessible to these pests
and vectors, and (ii) more effective toxins should be found,
and thus screening programs with a range of natural and
engineered toxins should be performed in order to deter-
mine their activity on sucking insects. Although a wide range
of further studies are still needed to assess the potential of
Bt crops for controlling aphids and other sucking insect
pests, the substantial economic losses sucking insects cause



4900 PORCAR ET AL.

to agriculture worldwide clearly merit exploration of the
possibilities our results suggest.
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