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Bacillus thuringiensis subsp. alest produced only CryIA(b)-type protoxins, and three crylA(b) genes were
cloned. One was cryptic because of an alteration near the 5' end, and the other two were very similar to each
other. The protoxin encoded by one of the latter genes differed from other CryIA(b) protoxins in its greater
stability and relative toxicity for two members of the order Lepidoptera.

Bacillus thuringiensis forms intracellular inclusions con-
taining protoxins (8-endotoxins) active on the larvae from at
least three insect orders (11, 15). Most lepidopteran-active
strains produce multiple protoxins with a major class desig-
nated CryI on the basis of deduced amino acid sequences
and specificities (11). Several related genes of one such class
called cryIA(b) have been cloned from at least three B.
thuringiensis subspecies (7, 9, 11, 25). The encoded protox-
ins are similar in toxicity for selected lepidopterans and in
their lack of stability due to a 26-amino-acid deletion in the
carboxyl half (6). The CryIA(b) protoxin from B. thuringien-
sis subsp. aizawai IC1 is unique, however, in that toxicity
for either certain lepidopterans or dipterans depends upon
the source of proteases (larval gut extract) used for convert-
ing the protoxin to toxin (8, 9). Two residues near the
carboxyl end of the toxin were required for this novel
property (8), indicating that just a few key amino acids in
these protoxins could account for specificity differences.

B. thuringiensis subsp. alesti appeared to contain only
CryIA(b) protoxins on the basis of reaction with only Cry
IA(b)-specific monoclonal antibodies (10). In addition, the
sequences of several tryptic peptides were identical to those
from CryIA(b) protoxins, but some were unique (4), suggest-
ing that novel CryIA(b)-related protoxins may be present. A
further study was made, therefore, of the protoxin gene
complement of this subspecies. One of the cloned genes was
sequenced, and the toxicity of this protoxin for two test
lepidopterans was examined.

Total RNA was extracted from sporulating cultures (1) of
B. thuringiensis subsp. alesti (27) and hybridized to gene-
specific oligonucleotides (3) (Fig. 1). There was hybridiza-
tion with a cryIA(b) probe (Fig. 1C; would also react with
cryIC mRNA) but with neither cryIA(a) nor cryIA(c) probes
(Fig. 1A and B).

Protoxin gene complexity was measured by hybridizing
Southern transfers of HindIII-digested total DNA with a
1.95-kb NsiI-BclI fragment cloned from the 5' end of the
cryIA(c) gene (26). Fragments of 1.4 and 5.3kb hybridized,
but only the latter is characteristic of cryIA(b) genes (12).
Subsequently, it was found that the novel 1.4-kb fragment
was due to an extra HindIII site near the amino end of a
cryIA(b) gene (Fig. 2). Overall, the DNA and RNA hybrid-
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ization data were consistent with the presence of only the
cryIA(b) gene(s) in B. thuringiensis subsp. alesti.
NdeI-digested total DNA (18) was ligated into pBR322 and

electroporated (5) into Escherichia coli DH5a with a Bio-
Rad Gene Pulser. Fifteen colonies (of a total of about 5,000)
hybridized (17) with the 1.95-kb NsiI-BclI fragment, and the
plasmids from each were digested with various restriction
enzymes in order to determine the minimum number of
different cloned genes. Three patterns were found, and two
containing 1.4-kb HindlIl fragments (which hybridized with
the probe) were very similar. These related clones, desig-
nated pAC2 and pAC16, also had similar NdeI-plus-PstI
restriction enzyme digest patterns, which differed from a
third pattern found in a clone designated pAC6.
The insert from plasmid pAC2 was sequenced (21) (Seque-

nase kit; U. S. Biochemical Corp.) after two NdeI-PstI
fragments of 2.5 and 4.0 kb were subcloned into M13mpl9
(Fig. 2). There were 14 amino acid differences between
residues 1 to 281 (highly conserved region among cryIA
genes) from the B. thuringiensis subsp. berliner and subsp.
kurstaki HD1 CryIA(b) protoxins (7, 25), and most of these
were conserved. The most extensive differences among the
CrylA protoxins are in the so-called variable region between
residues 282 and ca. 610 (11, 15). In the amino-terminal half
of this region, the pAC2 protoxin had 10 amino acid differ-
ences from the B. thuringiensis subsp. berliner CryIA(b)
protoxin, and only one of these was conserved. There was
only one difference in the second halves of the variable
regions of these toxins.

In general, the amino acid sequences of the carboxyl
halves of all Cryl protoxins are very highly conserved (ca.
90%) (11, 15). The pAC2 protoxin differed by 29 amino acids
from the B. thuringiensis subsp. berliner CryIA(b) protoxin
in this region and did not contain either the 26-amino-acid
deletion found in all other CryIA(b) protoxins (7, 11, 25) or
the 4-amino-acid deletion found in CryIA(a) and CryIA(c)
protoxins (dashed lines in Fig. 2).
The other two clones, pAC6 and pAC16, were sequenced

between nucleotides 1190 and 1311 within the variable region
by using the CE509 oligonucleotide primer (Fig. 2). All three
had identical sequences except for one nucleotide difference
(also one amino acid difference) in the pAC6 gene.
For bioassays (Table 1), B. thuringiensis inclusions were

purified on Renografin (Squibb) gradients (3, 22) and the
proteins were solubilized in 0.03 M Na2CO3-2% beta-mer-
captoethanol, pH 9.6. The soluble fractions were dialyzed
for 16 h at 4°C versus 0.03 M NaHCO3, pH 8.5, and the
protein content was determined with the BCA reagent
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FIG. 1. Dot blots of RNA from sporulating cultures (80% of the
cells contained phase-bright endospores) of B. thuringiensis subsp.
alesti (lane 1), subsp. kurstaki HD1-9, which contains only a
crylA(b) gene (19) (lane 2), subsp. kurstaki HD73, which contains
only a cryIA(c) gene (3, 11) (lane 3), and subsp. sotto HD6 (from the
U.S. Department of Agriculture, Peoria, Ill.), which contains a
crylA(a) gene and probably others (11) (lane 4). Hybridization was
with 32P-oligonucleotide 200A specific for the cryIA(a) gene (3) (A);
32P-oligonucleotide 355A specific for the cryIA(c) and cryIA(a) genes
(3) (but not the crylA(a) gene from B. thuringiensis subsp. sotto [23])
(B); 32P-oligonucleotide 356A specific for the cryIA(b) (and cryIC)
genes (C); and the N7 probe containing the entire coding region of
the cryIA(c) gene (3) (D). There is extensive sequence conservation
among all of the cryIA genes (11, 15), so N7 serves as a general
probe. Labeling, hybridization conditions, and washing were as
previously described (3, 17).

(Pierce Biochemicals). E. coli cells containing clone pAC2,
pAC16, EB1 [B. thuringiensis subsp. berliner cryIA(b)
gene], or BP10 [B. thuringiensis subsp. kurstaki HD1 cry
IA(b) gene] or the cloning vehicle pBR322 were harvested
from LB medium (17) plus 20 ,ug of ampicillin ml-1 and lysed
by sonication, and the pellets were extracted with 0.10 N
NaOH at 27°C for 30 min. Following neutralization with 2 M
Tris (pH 8.0) and centrifugation, the supernatants were
dialyzed and protein was measured as described above.
Various concentrations were spread on the surface of an
artificial diet for bioassays with first-instar larvae of He-
liothis virescens and Trichoplusia ni (3). Mortality was
determined after 7 days, and 50% lethal dose (LD50) values
were calculated by probit analysis (16).

B. thuringiensis subsp. alesti inclusion extracts [at least
two CryIA(b) protoxins] were somewhat more toxic for H.
virescens than for T. ni larvae, in contrast to inclusion
extracts from B. thuringiensis subsp. kurstaki HD1-9, which
contained only one species of CryIA(b) protoxin (3, 19)
(Table 1). Extracts of E. coli clones containing pAC2 or
pAC16 may be even more selective for H. virescens, so there
may be additional protoxins in inclusions from B. thurin-
giensis subsp. alesti which have somewhat different speci-
ficities for these two lepidopterans.
Another cryIA gene (pAC6) appears to be cryptic, since it

was not toxic and there was no detectable protoxin antigen
in extracts from an E. coli clone (14). There was a novel
sequence near the amino end of the pAC6 gene (determined
with the 282B oligonucleotide primer [Fig. 2]) with no open
reading frame and an apparent lack of a ribosome binding
site. This sequence contained a KpnI site not found in the
pAC2 clone [nor in other cryIA(b) gene sequences]. As a
result, a unique 2.1-kb KpnI fragment hybridizing with the
N7 probe (as in Fig. 1) was present in this clone and in
digests of total DNA from B. thuringiensis subsp. alesti, so

M D N N P K I

TATGTTTTAMATTGTGGTAATGAAAACAGTATTATATCATAATGATTTGCTArrTTAATAAAAGAGATGGAGGTAACTTATGCATAACAATCCGAAA,AT
N

N E C I P Y N C L S N P E V E V L G G E R I E T G Y T P I DI S L

TMTCMTGCATTCCTTATMTTGTTTMCTMCCCTCMCTAGMCTATTACGCTGGACMAGMACTGCTTACACCCCMTAGATATTTCCTTG

S L T Q F L L S E F V P G A G V L G L I D L I V G F V G P s Q W D

201 TCTCTAACGCAAT cTTTCTGTAGTGAATT;CTCcAGG TCCTGGTTTTACTTTAATTC TTATGGGATTTGTAGGTCCTTCTCAATCGGG

A F L V Q I E Q L I S Q R I e EN A R N Q A I S R L E G L S N L Y

ATGCATTCTTGTGCAAATTcMAAcATTAMTTAGcCAAACAATAGAGGAATTCCCTAGACCAAGCMCAATTCTAGATTAGAA,GGGCTAAGCAACCTTA
N

3 - - - 282B - - - - - - - -5

Q I Y A e A F R E V E A D P T N P A L R E E N R I Q F N D N N S A
TCAATTTACGCAGACCTTTTkAGAGTGGCSAGCAGATCCTACTAATCCAGCATTAAGAGAACAGATGCGTATTCAGTTCAATGACATGAACAGTGCT

HindIII
L T T A I P L F T V Q N Y Q V P L L S V Y V Q A V N L H L S V L R D
CTTACAACCGCTATTCCTcTTTTTACAGTTCAAATTATCACTACCTCTTCTATCAGTATATGTTCMACTGTAAATACATTTATCGGTTTGAGA

A A

V S V F G Q R V G L D V A T I N S R Y N D L T R L I G T Y T D Y A

601 ATGTTTCAGTOTTTGGCAACGCTTGOGGACTTGATGTACCAACAATCATAGTCMATAATGATTTACTAGGCTTATTGGCACCTATAACAGTTATGC
F A N H

V R V Y N T G L E R V V C P D S R D V V R Y N Q F R R E L T L T V

701 TGTACGCTGGTATATACTCCGAG ACTATATATGGGGACCGATTCTAkGATTCGTAGTATAATTAATTTAGAAGAGAATAACACTAflACTGTA
I

L D I V S L F P N Y D S R T Y P I R T V S Q L T R E I T T N P V L E
801 TTAGATATCGTTCTCTGTTCCCCAACTATGATAGTAGAACGTATCCAATTCCMCAGTTTCCCAMTTAACTACAGAAATTATACAAACCCAGTATTAG

N F D G S F R G S A Q R I E Q S I R S P H L tl D I L N S I T I Y T
AAAATTTGATGGTAGTTTCGASGCTCGGCTCAGCSCATAGAACAAASTATTAS0ASTCCACATTTGATGGATATACTTAATAGTATACCATCTATAC

G G
D A H G G Y Y Y V S G H Q I N{ A S P V G F S G P E F T F P L Y G T
CCATGCTCATCGGCTTATTATTATTGCTCAGGGCATCAAATAATGGCTTCTCCTGTCGWTTTTTCGGGTCCAGAMTTCACGTTTCCGCTATATGGAACC

R e

t C N A A P Q Q R I V A Q L G Q G
T

Y R T L S S T F Y R N P F I I G
ATGGGAAATGCAGCTCCACAACAACGTATTCTTGCTCAACTACGTCAGCCCCTGTATACA,ACATTATCCTCTACTTTTTATAGAAACCCTTTTATTATAG

R R N
I N N Q R L S V L D G T E F A Y G s S S N L P S A V Y R IC S G T V

GWATAMATMATCMACGACTATCTGTTCTTGAACSOGACAGAATTTCCTTATGGATCTTCCTCAATmACCATCTGCTGTATACAGAAAAAGCGGAACGGT
Q T

D S L D E I P P Q D N N V P P R Q G F S H R L S H V S N{ F R S G F
TAGATTCGCTGGATGAAATACCACCACAGGATAATACGTSCCACCTAGGCAAGGAmAGTCATCOATTAACCCATGmCAATGTTTCGTTCAGGCTT

N
S N S S V S I I R A P N F S V I H R S A E F N N I I P S S Q I T Q
TAGTAATAGTAGTGTAACTATATAAGAGCTCCTATGTTCTCTTCCATACATCC;TAGTGCTGAAMTTTAATATAATTCCTTC-ATCACAAATTACACAA

3 CE509 5
I P L T K S T N L G S G T S V V K G P G F T G G D I L R R T S P G Q
ATACCTTAACAATCTACTAATCTrGGCTCTGGAACTTCTCTCCTTAAAGGACCAGAmACAG0AGGA0ATATTCTTCGAAGAACTTCACCTGGCC

I S T L R V N I T A P L S Q R Y R V R I RE A S T T N L Q F H T S
AATTTCAACCTTAAGAGTAAATATTACTGCACCATTATCACAAAGATATCGCGTAAGAATTCGCTACGCTTCTACTACAAATTACAATTCCATACATC

I D G R P I N Q G N F S A T N S S G G N L Q S G S F R T V G F T T
AATTCACGGAACACCTATTAATCAOCSGAATTTTCAGCAACTATGAGTAGTGWCGGTAATTTACAGTCCGGAAGCTTTAGGACTGTACGTTTTACGACT

S HindIII
P F N F S N C S S V P T L S A H V F N S G N E V Y I D R I E P V P A

1801 CCAmMTTTTTTTcAAATGGATCAAcTcTATTACGTTAAcTGCTCATGTCTTCAATTCAGGCAATGAAGTTTTATATAATAGAATTGAAmcTTMCCGG

E V T F E A E Y D L E R A Q E A V N A L F T S P N Q I G L K T D V
1901 CAGAACTAACCTTTGGCACCAATAGTTCAArAACCACCAAGTGCGCTGAAGGCGTACTTTCMTCCCATCATCGGGTTAMMCCAGTGT

K e
T D Y H I D Q V S N L V E C L S D E F C L D E K R E L S E R V K H

2L001LACLNATTATCATATTNATCEPGTATCCAECCTAEGATTTTTTATCACATGATTTTCTGGATGAACCACATTCTCCCACAAACTCAACAT
K

A K: R L S D e R N L L Q D P N F R G I N R Q P D R G W R G S T D I T
2101 CCAAACGCC TCACTATGAGCGGAATTTACTTCAACATCCAAACTTACAGC G>ATCAATAACAACMCAGACCGTGCCTCQGAGAGGAAGTACGGATATTA

E L
I Q G G D D V F K E N Y V T L P G T F D E C Y P T Y L Y Q K I D E

CCATCCAMGTGCACATGACCTATTCAMAAGGMTTACGTTACACTACCAGGTACCTTGATGAGTGCTATCCAACGTATTTATATCAAAAAATAGATGA
L

S K L K A Y T R Y E L R G Y I E D S Q D L E I Y L I R Y N A K H E
CTCGAMGTTAAAAGCCTATACCCGCTATGAATTAAGAWGCTATATCGAAGATACTCAAGACTTAGAAATCTATTGATTCGCTACMATGCAAAACACGAA

T V N V GT S L P LS ES S I G K CC E EN R C A P H L EL

ACA;TAAMTGTGCCAGGTACGGGTTCCTTATGGCCGCTTCATTCGAAAGTTCAATTGGAAATGTGTCGAAACCGAATCGATGCGCGCCACACCTTGAAT
A P P - - - - - - - -

N P D L D C S C R D G E K C A H H S H H F S L D I D V G C I D L N
GGAATCCTGATCTAGATTGTTCCTGCAGAGACGGGGAAAAMTGTGCCCATCATTCTCATCATTCTCCTTAGACATTCATGTTGGATGTATAGACTTAAA

E D L G V V V I F K I K T Q D G H A R L G N L E F L E E K P L V G
TCAGGACTTAGGTGTATGOSTGATATTCAAATTAACACGCAAGATSSCCATGCAAGACTAGGAAATCTAGAOTTTCTCCAAGAGAAACCATTAGTAGGA
E A L A R V K R A EN K V R D K R E K L Q L E T N I V Y K E A K E S

2701 GAMGCACTAGCTCGTGTGAAMArAGCGGAGAAAAATGCGAGAGACAACGCGAAAAGTTACAATTGGAAACAAATATCGTTTATMAGAAAGCAAAAGAAT
E U

V D A L F V N S Q Y D Q L Q A D T N I A M I H T A D K R V H R I Q
2801 CTGTAGATGCTTTATTTCTAAACTCTCAATATGATCAATTACAAGCGGATACGAATATTGCCATGATTCATACGGCAGATAMMCGTGTTCATAGAATTCA

R A S
E A Y L P E L S V I P G V N A G I F E E L E ER I F T A Y S L Y D

2 901 AGAANCGTATCTTCCArCTTATCTGTGATCCCEGTGTCANTNCGGGCATTTTGATTAGAGGGACGTATTTNACTGCCTACTCTCTATATGAT
A F

A R N V I K N G D F N N G L S C V N V K G H V D V E E Q N N H R S V
300 1 GCGAGAMATC;TCATTAAAAACGGTGATTCAATAATGGTTATCCTGCTGGAACGTGAAMGGGCATGTAGATGTAGAAGAACAGAATAACCATCGTTCGG

L V V P E V E A E V S Q E V R V C P C R GE I L R V T A Y K E G Y
TCCTTGTTGTCCCGGAATGIGAAICAEAAGTGTCACNGMGTTCGTGTCTGTCCAL GCCTCCCTATATCCTTCGTPTCACAGCGTACAAAGACCGATA

G e G C V T I H E I E N N T D E L K F S N C V E E E V Y P N N T V
TGGAGAAGGTTGCGTAACCATCCATGAGATCGAGAACMTACAGACGMACTGAAATTCAGCAACTGCGTAGAACAGGCMCTCTATCCAAACAACACGGTA

T C N E Y T A N Q E E YT G A Y T S C N R C Y D E T YT S N Y S V P
3301 ACGTGTAMTGACTATACTGCAAATCAAMGAAATACGGGGGTGCGTACACTTCCTGTMATCGTGGATATGACGAAACTTATGGAAGCAATTTATCCGTAC

D E T R C A - - - - S

A D Y A S V Y E E K A Y T DT R R E N P C E S N R C Y C D Y T P L
3401 CAGCTGATTATGCCTCAGTTATGAAGAAAAAGCGTACACAGATGGACGMAAGAGGATCCTTGTGAATCTAACAGAGGGTATGGGGATTACArGCCACT

A D
P A TY V T K Q L E Y F P E T D K V V I E I C E T E G T F I V D S

ACCACCTCTTACTCATGCAAAACTTAGACTATTCCCAGMMCCCAATATCATAGATATAGAGATTCCAGAAAC AGGAACTTTCTTCATCGTGGATAGT
E

V E L F L tg E E U
GTAGAATTATTCCTCATCGAAGAMTAGGACTATCCGAGTATAGCAGTTAATAAATATTAATCAAAATACTAGCCTAACTTTCGTTCCAATTAAATACCT

L
3 701 AAATTACAGTTGGTAAACAAGA

FIG. 2. Nucleotide and amino acid sequences of the pAC2 clone.
Differences from the B. thuringiensis subsp. berliner CryIA(b)
protoxin (25) [the deduced sequence of the CryIA(b) protoxin from
B. thuringiensis subsp. kurstaki HD1 differs by only two amino acids
(11)] are indicated below each line. The two HindlIl sites which
resulted in the 1.4-kb fragment are shown below the sequence.
Regions of complementarity to the oligonucleotide primers 282B
(5'-CCTAGCGAATTCTTCTATCTTTGGTTAAT) and CE509
(5'-TCTTCTATATAAAG) used for sequencing are also indicated.
Dashed lines beneath the nucleotide sequence represent regions
deleted in other cryIA(b) genes (78 bp) or crylA(a) and cryIA(c)
genes (12 bp). Subclones and deletion(s) generated with exonuclease
III (Erase-a-Base kit from Promega) were sequenced with Seque-
nase.
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TABLE 1. Toxicity of soluble protoxins from inclusions and E. coli clones

LD50a (,ug of protein cm-2) H. viriT. niProtoxin source (SD)H. virescens T. ni (S)

B. thuringiensis subsp. alesti inclusion extracts 0.04 (0.01-0.10) 0.10 (0.04-0.12) 0.40 (0.20)
B. thuringiensis subsp. kurstaki HD1-9 inclusion extracts 0.19b (0.05-0.40) 0.25b (0.08-0.40) 0.76 (0.15)
Clone pAC2 (B. thuringiensis subsp. alesti)c 0.35 (0.10-1.00 ) 2.50 (0.90-4.00) 0.14 (0.11)
Clone BP1O (B. thuringiensis subsp. kurstaki)d 1.60 (0.80-2.40 ) 2.00 (1.6-4.00) 0.80 (0.16)

a Values are averages of four experiments (<10% lethality in controls) with ranges in parentheses. The E. coli extract preparation procedure resulted in a 10-
to 20-fold enrichment for protoxin.

b Relatively high values (11) due to the instability of the CryIA(b) protoxin (7) and to the more extensive contamination of these inclusion preparations with
cell debris.

c Results with E. coli/pAC16 extracts were very similar.
d Results with extracts from a clone of the B. thuringiensis subsp. berliner cryIA(b) protoxin gene were very similar.

the alteration in pAC6 is not due to a cloning artifact. Cryptic
protoxin genes have also been reported for B. thuringiensis
subsp. entomocidus 601 (20) and subsp. aizawai HD133 (2).
The selectivity of the pAC2 clone for H. virescens larvae

(Table 1) is similar to that found with B. thuringiensis subsp.
kurstaki HD73 (13) which contains only a cryIA(c) gene (11)
or with the cloned CryIA(c) toxin (3). This toxin differs most
extensively from CryIA(b) toxins in the second half of the
variable region (7, 25), whereas the pAC2 protoxin is most
different from other CryIA(b) protoxins in the first half of the
variable region (Fig. 2). Therefore, the basis for the selec-
tivity for H. virescens larvae of the CryIA(c) and pAC2
CryIA(b) toxins is apparently not the same. It should be
noted that competitive binding experiments indicate that
there is probably more than one toxin receptor present on H.
virescens larval midgut cells (24).
The 26-amino-acid deletion found in several CryIA(b)

protoxins (7, 11, 15) but in neither CryIA(a) nor CryIA(c)
protoxins is responsible for the instability of this protoxin in
cells grown at 30°C or higher (6). Cells producing only this
protoxin are thus acrystalliferous when grown at 30°C (19).
If, as appears likely, B. thuringiensis subsp. alesti produces
only CryIA(b) protoxins, then the formation of inclusions at
30°C in this strain is probably attributable to the absence of
this deletion.

Nucleotide sequence accession number. The sequence of
the cryIA(b) gene reported in this paper has been assigned
accession no. M65252.

This research was supported by grant GM34035 from the National
Institutes of Health.
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