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The insecticidal activity of Bacillus thuringiensis is due primarily to Cry and Cyt proteins. Cry proteins are
typically toxic to lepidopterous, coleopterous, or dipterous insects, whereas the known toxicity of Cyt proteins
is limited to dipterans. We report here that a Cyt protein, CytlAa, is also highly toxic to the cottonwood leaf
beetle, Chrysomela scripta, with a median lethal concentration of 2.5 ng/mm? of leaf surface for second-instar
larvae. Additionally, we show that Cytl1Aa suppresses resistance to Cry3Aa greater than 5,000-fold in C. scripta,
a level only partially overcome by CrylBa due to cross-resistance. Studies of the histopathology of C. scripta
larvae treated with CytlAa revealed disruption and sloughing of midgut epithelial cells, indicating that its
mechanism of action against C. scripta is similar to that observed in mosquito and blackfly larvae. These novel
properties suggest that Cyt proteins may have an even broader spectrum of activity against insects and, owing
to their different mechanism of action in comparison to Cry proteins, might be useful in managing resistance

to Cry3 and possibly other Cry toxins used in microbial insecticides and transgenic plants.

Many species of the order Coleoptera, the beetles, are im-
portant pests of stored grains, vegetable and field crops, orna-
mental plants, turf grasses, and forests (19). These insects are
usually controlled with synthetic chemical insecticides. How-
ever, the development of insecticide resistance in target pop-
ulations and concern about the detrimental effects of these
chemicals on nontarget arthropods, the environment, and hu-
man health have spurred interest in alternative insect control
agents.

Among the most promising alternatives are bacterial insec-
ticides and insecticidal transgenic plants based on endotoxin
proteins of the spore-forming bacterium Bacillus thuringiensis.
Sporulating cells of B. thuringiensis synthesize parasporal in-
clusions comprised of one or more insecticidal proteins, re-
ferred to commonly as d-endotoxins or insecticidal crystal
proteins. These proteins fall into two unrelated groups, Cry
proteins and Cyt proteins (16). In a susceptible host, the in-
toxication pathways are similar for all Cry toxins, requiring
ingestion, solubilization, and enzymatic activation by midgut
proteases (20). Activated toxin molecules bind to glycoprotein
receptors on the midgut epithelium microvillar membrane and
form pores or lesions leading to osmotic swelling, cell lysis, and
damage to the midgut-hemocoel barrier, resulting in death (20,
21, 30). Cyt (cytolytic) toxins also cause midgut cell lysis, al-
though their primary affinity appears to be for lipids in the
microvillar membrane (22, 26, 35). In bacterial insecticides,
sporulated cultures of B. thuringiensis rich in 3-endotoxins
serve as the primary active component, whereas insecticidal
transgenic plants are genetically engineered to express wild-
type or modified cry genes inside plant tissues.

Isolates of B. thuringiensis toxic to lepidopterous insects have
been known for almost 100 years and have been in commercial
use for more than 4 decades. However, the first isolate with
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significant toxicity to coleopterous insects, Bacillus thuringiensis
subsp. morrisoni (strain tenebrionis) was discovered relatively
recently, in 1983 in Germany (25). Subsequently, it was shown
that the toxicity of this and similar isolates was due to a related
group of 70-kDa insecticidal crystal proteins designated type
Cry3 to indicate toxicity to coleopterous insects (25). Cry3Aa,
the first protein from this group to be characterized, is toxic to
the Colorado potato beetle, Leptinotarsa decemlineata (3, 20).
This spectrum of activity led to the rapid commercialization of
B. thuringiensis subsp. morrisoni (strain tenebrionis)-based in-
secticides for control of this pest on potatoes and related crops.
Registration of Cry3Aa-based insecticides soon followed for
other coleopterans, including Chrysomela scripta, the cotton-
wood leaf beetle, a native pest of cottonwood and hybrid pop-
lar trees grown on plantations (2, 4). In addition, the gene
encoding the Cry3Aa protein was used to construct beetle-
resistant transgenic potato plants (29), now produced commer-
cially in the United States.

Bacterial insecticides and insecticidal transgenic plants are
considered by many entomologists and growers to be selective,
environmentally compatible technologies, especially in com-
parison to broad-spectrum chemical insecticides. However,
adaptation of insect pest populations to insecticides, i.e., resis-
tance, is the inevitable consequence of intensive and prophy-
lactic use, and Cry toxins are no exception. Resistance to
B. thuringiensis CrylA proteins used in bacterial insecticides
to control lepidopterous pests is known to have been estab-
lished in field populations of the diamondback moth, Plute-
lla xylostella, in several regions of the world (15, 31, 34). More-
over, resistance to Cryl proteins used and being considered for
use in transgenic plants to control lepidopterous pests has
developed in the laboratory (12, 13, 28). Importantly, it is
known that high levels of resistance to one Cry protein,
CrylAc, can result in substantial cross-resistance to other Cry
proteins (12). With respect to beetles, laboratory studies show
that L. decemlineata (36) and C. scripta (3) can develop resis-
tance to Cry3 proteins quickly under heavy selection pressure.
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The demonstration that resistance to Cry proteins can de-
velop quickly has raised concern over the widespread use of
insecticidal transgenic plants based on these proteins. This
concern is so great that, despite preliminary success with trans-
genic cotton, the Union of Concerned Scientists and several
environmental groups oppose the sale of such plants until
resistance management strategies are developed (18). Strate-
gies under development include the periodic rotation of plants
that produce different Cry toxins, the use of mixtures of Cry
toxins in the same plant, the combination of Cry toxins with
synergists, and the use of refugia in which susceptible plants
are planted along with insect-resistant plants (1, 11, 27, 32, 33).

The task of developing B. thuringiensis resistance manage-
ment strategies for beetle pests is particularly challenging be-
cause the number and diversity of toxins is limited to four
closely related Cry3 proteins. Thus, the chance for the devel-
opment of cross-resistance is high. We therefore undertook a
search for other proteins that might be used for managing
resistance to Cry3 toxins. We evaluated Cryl1Ba, known to be
toxic to coleopterans (7), and CytlAa, originally isolated from
Bacillus thuringiensis subsp. israelensis and previously known to
be toxic only to mosquitoes and related dipterans (16, 20, 22).
We show here that CytlAa is highly toxic to C. scripta. Addi-
tionally, we show that CytlAa suppresses high levels of resis-
tance in C. scripta selected for resistance to Cry3Aa. Lastly, we
demonstrate substantial cross-resistance to CrylBa in the
Cry3Aa-resistant strain, despite only 38% amino acid identity
between these two toxins. These results demonstrate that re-
sistance and cross-resistance to Cry proteins also develop in
coleopterous insects, yet they also suggest that d-endotoxins
with different mechanisms of action, used in rotation or to-
gether, may provide an additional and more effective resis-
tance management strategy than that currently under develop-
ment.

MATERIALS AND METHODS

Bacterial strains and endotoxin production. The source of all CytlAa prep-
arations was a recombinant strain of B. thuringiensis that produced only Cyt1Aa
(39). The Cry3Aa toxin was isolated from the type strain of B. thuringiensis subsp.
tenebrionis, obtained from the German Stock Culture Collection. The source of
the CrylBa toxin was a strain of B. thuringiensis subsp. thuringiensis obtained
from Ecogen, Inc. (Langhorne, Pa.). These toxins are referred to herein as
CytlA, Cry3A, and CrylB, respectively. After growth and sporulation on liquid
media as described previously (7, 39), the supernatant from each culture was
discarded, and the slurry of spores, cellular debris, and crystals was either lyoph-
ilized to produce spore-crystal powders or subjected to centrifugation through
sucrose (24) or Renografin-60 gradients (Squibb Diagnostics, New Brunswick,
N.J.) to produce purified crystals.

Preparation of solubilized and purified endotoxins. Cyt1A crystals in spore-
crystal or purified crystal preparations were solubilized in 50 mM Na,CO5-10
mM dithiothreitol at pH 10.5 for 4 h at 37°C with intermittent shaking. Partic-
ulates were then sedimented by centrifugation for 30 s in a microcentrifuge, and
the supernatant was bioassayed after the protein concentration was determined
by the Bradford method with a commercial test kit (Bio-Rad). Cyt1A was further
purified, where needed, by column chromatography essentially as described
previously (38). Cry3A and CrylB preparations were solubilized and purified as
described previously (7, 23). Relative quantities of toxins, especially Cyt1A, in
the supernatant and pellets were determined by sodium dodecyl sulfate-gel
electrophoresis as described previously (17, 37).

Bioassays. Bioassays were done by applying a 1-pl droplet of 22% sucrose with
a known quantity of a particulate or soluble B. thuringiensis preparation to a
4-mm-diameter hybrid poplar (Populus X euramericana ‘Eugenii’) leaf disc on
top of 2% agar (Gelcarin) in 24-well tissue culture plates. Second-instar larvae,
one per well, were placed in each well, kept there for 24 h, and then transferred
to fresh foliage. The control buffer was either 50 mM Na,CO5;-10 mM dithio-
threitol (pH 10.5) or 10 mM NH,(CO;),-10 mM EDTA (pH 10.4). Median
(50%) lethal concentrations (LCs,s) were calculated 96 h after treatment with a
minimum of 12 larvae per dose and six dilutions per toxin; experiments were
replicated three times. LCsys were determined only for preparations which
showed moderate to high mortality in the screening bioassays. Maximum-likeli-
hood estimates of LCs,s were calculated by probit analysis (performed according
to instructions provided by LeOra Software, Berkeley, Calif.).
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Histology. Midguts from second-instar larvae treated by feeding them an LCs,
of Cyt1A for 24 h on a leaf disc were dissected 4 days posttreatment and fixed in
3% glutaraldehyde—0.25% sucrose for at least 2 h. After fixation, the tissue was
washed for 15 min in 0.1 M cacodylate buffer with 0.25% sucrose and for 15 min
in cacodylate buffer with 0.13% sucrose, transferred to cacodylate buffer without
sucrose at 4°C overnight, and then further fixed, dehydrated, and embedded in
Epon-Araldite. Thick (1-wm) sections were cut on a Sorvall model MT5 mic-
rotome and examined by phase-contrast microscopy and photographed with a
Zeiss model IIT photomicroscope.

RESULTS

Initial detection of CytlA toxicity. The toxicity of Cyt1A was
evaluated with both Cry3A-sensitive and Cry3A-resistant
strains of C. scripta. Preparations evaluated included (i) a pow-
der of the lyophilized Cyt1A spore-crystal complex suspended
in water, (ii) the same powder after solubilization in alkali, (iii)
the supernatant and (iv) pellet obtained after solubilization of
the powder, and (v) Cyt1A purified on a DEAE column. Con-
trols included alkali-solubilized powders of the acrystalliferous
B. thuringiensis host strain used to produce the Cyt1A recom-
binant, with and without the expression vector (pHT3101), in
the latter two cases lacking the cyfIA gene. Other controls
included water suspensions and alkali-solubilized preparations
from the same B. thuringiensis host strain transformed with a
modified pHT3101 expression vector that produced the
Cryl1A protein, water, and the alkaline buffer.

In initial screening bioassays, the toxicity of the CytlA
spore-crystal powder suspension in water was low, and mortal-
ity of larvae sensitive to Cry3A was only 80% at a concentra-
tion of 900 ng of protein/mm? of leaf tissue. However, the
suspension of alkali-solubilized CytlA spore-crystal complex
was toxic to both strains of C. scripta at about 70 ng of protein/
mm? of leaf tissue. The supernatant, enriched with Cyt1A, was
more toxic than the whole suspension, with larval mortality
averaging almost 80% in the two C. scripta strains (data not
shown). The pellet, which contained little Cyt1A, did not cause
significant mortality. The highest mortality was obtained with
Cyt1A purified by column chromatography, in which case lar-
val mortality was greater than 70% at about 20 ng of protein/
mm? of leaf tissue for both the Cry3A-susceptible and Cry3A-
resistant strains (data not shown). Alkali-solubilized fractions
of the B. thuringiensis host strain spore-vector and spore com-
plexes, serving as primary controls, were not toxic. In addition,
Cry11A, another mosquitocidal toxin, produced in the same B.
thuringiensis host was not toxic.

Quantification of toxicity. The toxicity of Cyt1A to C. scripta,
evident in the screening bioassays, was quantified by determin-
ing LCss for the crystal and column-purified CytlA prepara-
tions. For comparative purposes, we also determined the tox-
icity of Cry3A and CrylB as crystals and after solubilization in
alkali. For the Cry3A-sensitive strain of C. scripta, all three
solubilized endotoxins exhibited high toxicity, with LCs,s of
0.9, 2.5, and 3.0 ng/mm? for Cry3A, Cyt1A, and CrylB, respec-
tively (Table 1). The crystals of all three toxins were at least
twofold less toxic than the solubilized forms (Table 1). Mark-
edly different toxicities were obtained for the three toxins
against the Cry3A-resistant beetles. The LCs, for the crystal
preparation of Cry3A was >9,000 ng of protein/mm?, yielding
a resistance ratio of >5,000. The LCs, for a comparable prep-
aration of CrylB was 2,370 ng of protein/mm?, yielding a re-
sistance ratio of 400 (Table 1). In contrast, there was little
difference between the toxicities of soluble CytlA for the
Cry3A-susceptible and Cry3A-resistant beetles, with the LCs,
for the resistant strain being 3.9 ng of protein/mm?, yielding a
resistance ratio of 1.2 (Table 1).

Histopathology. It is well known that both Cry and Cyt toxins
in vivo cause the lysis of insect midgut epithelial cells and lead
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TABLE 1. Toxicities of CytlA, Cry3A, and CrylB to Cry3A-sensitive and Cry3A-resistant cottonwood leaf beetle (C. scripta) larvae

Cry3A sensitive

Cry3A resistant

3-E i Resistance
-Endotoxin Phase .
LCs (ng/mm?)  95% FL¢  Mean slope = SE LCs, (ng/mm?) 95% FL Mean slope + SE ratio
CytlA Crystalline 132.6 108-157 29 *0.3 380 307-457 3304 3.0
Solution 2.5 1.8-34 1.9 0.2 3.9 2.9-5.1 1.8 0.2 1.2
CrylB Crystalline 59 2.9-9.6 1.3 0.2 2,370 1,303-8,530 1305 400
Solution 3.0 2.0-4.2 22+04 292.4 181-450 1.4+02 100
Cry3A Crystalline 1.8 0.8-3.3 0.8 £0.1 >9,000 NA NA >5,000
Solution 0.9 0.7-1.1 23 +0.3 NA®? NA NA NA

“ FL, fiducial limits.

» NA, not applicable; values could not be determined, owing to the very high levels of resistance.

to the sloughing of toxin-damaged cells from the basement
membrane of the midgut epithelium. To determine whether
the CytlA protein caused such damage in C. scripta larvae,
second-instar larvae treated with this protein were examined
by histological techniques. These studies showed extensive
damage to and sloughing of midgut cells at 4 days after treat-
ment with the CytlA toxin (Fig. 1).

DISCUSSION

We have shown here that CytlA is toxic to larvae of C.
scripta and suppresses high levels of Cry3A resistance. These
findings may have relevance for the use of Cyt proteins in pest

FIG. 1. Midgut lesion caused by the CytlA protein in a second-instar cot-
tonwood leaf beetle (C. scripta) larva. (A) Section through the midgut epithelium
of a control larva. The arrowheads point to the microvillar brush border of
normal midgut epithelial cells (C). (B) Similar section through a larva 18 h after
being treated with purified Cyt1A (approximately 4 ng/mm? of leaf tissue). The
arrowheads point to an area of the midgut epithelium from which the cells have
sloughed; unaffected epithelial cells are marked (C). Lesions such as this one are
typical of those caused by Cyt1A in mosquito and blackfly larvae. Magnification,
X350.

control. For example, one possibility is that these proteins may
be toxic to other, equally different pest species. Endotoxins of
B. thuringiensis with a high toxicity to insects of more than one
order are rare and prior to this report were limited to Cry2Aa,
CrylB, and CrylAc (7, 14, 16). Thus, Cyt proteins alone may
have greater utility as safe insecticides than is currently real-
ized. Several Cyt proteins are known (16, 21, 24) but have
received little evaluation as insecticides because their toxicity
spectrum in vivo was thought to be limited to dipterans (16).
Our results indicate that Cyt proteins should receive more
thorough evaluation. Our results also support the importance
of solubilizing, and perhaps activating, endotoxins prior to
bioassay to optimize detection of activity (7, 22). CytA dis-
solves readily under alkaline conditions, especially at pH 8 or
higher, but remains in crystalline form at neutral or slightly
acidic pH. The midgut lumen pH of many coleopterous insects
is slightly acidic, and this probably accounts for the low toxicity
of CytA fed in crystalline form to C. scripta larvae.

Cyt proteins, with their unique structure and mode of action,
might also play a critical role in managing the resistance of
insect populations to Cry toxins in both microbial insecticides
and transgenic plants. Resistance management strategies pro-
posed for delaying resistance, or overcoming resistance once it
develops, involve the deployment of 8-endotoxins in rotation
or in mixtures (27, 33). One potential flaw with current tactics
is their almost exclusive dependence on Cry proteins. These
proteins have considerable identity at the amino acid sequence
level and appear to have similar mechanisms of action. As a
result, cross-resistance among Cry proteins may become the
rule rather than the exception (3, 12, 13). Thus, replacing a
protein like Cry3A with CrylB in a control program aimed at
managing C. scripta would be ineffective, based on the high
level of cross-resistance observed in the present study. How-
ever, our data suggest that CytlA could be a very effective
component of a resistance management strategy for Cry3A,
owing to the virtual lack of cross-resistance (Table 1). This lack
of significant cross-resistance between Cyt and Cry proteins
may result from fundamental differences in their mechanisms
of action (20, 21, 35).

Cyt proteins may play an even more important long-term
role in managing resistance to Cry proteins. The insecticidal
activity of Bacillus thuringiensis subsp. israelensis, the subspe-
cies in microbial insecticides used for mosquito and blackfly
control, is due to a combination of endotoxins including
CytlA, Cry4A, Cry4B, and CryllA (15). CytlA is toxic to
dipterans and, in addition synergizes the Cry proteins in B.
thuringiensis subsp. israelensis against mosquitoes (8, 9, 38, 40).
Though B. thuringiensis subsp. israelensis has been used in
mosquito and blackfly control programs for more than a de-



VoL. 64, 1998

cade, no resistance is known (5, 6). This lack of resistance may
result from the complexity of its toxin mixture. Perhaps of
greater importance is the possibility, based on recent evidence,
that CytlA plays a key role in delaying the development of
resistance to the Cry proteins of B. thuringiensis subsp. israelen-
sis (10, 37). Populations of the mosquito Culex quinquefasciatus
exposed to combinations of B. thuringiensis subsp. israelensis
toxins that contained Cytl1A developed increases of resistance
of only 3-fold after 28 generations of selection, whereas in its
absence, increases of resistance ranged from 90- to 900-fold at
the LCy5 depending on the complexity of the toxin combina-
tion tested (10). Furthermore, more recent studies have shown
that CytlA, combined with Cry4A and -B, or CryllA, can
suppress resistance to these proteins in C. quinquefasciatus
(37). If additional studies underway confirm CytlA’s role in
delaying and/or suppressing resistance to Cry proteins, this and
other Cyt proteins may be useful for engineering resistance
management directly into microbial insecticides and transgenic
plants.
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