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A gene encoding a 72,357-dalton (Da) crystal protein of Bacillus thuringiensis var. israelensis was isolated
from a native 75-MDa plasmid by the use of a gene-specific oligonucleotide probe. Bacillus megaterium cells
harboring the cloned gene (cryD) produced significant amounts of the 72-kDa protein (CryD), and the cells were
highly toxic to mosquito larvae. In contrast, cryD-containing Escherichia coli cells did not produce detectable
levels of the 72-kDa CryD protein. The sequence of the CryD protein, as deduced from the sequence of the cryD
gene, was found to contain regions of homology with two previously described B. thuringiensis crystal proteins:
a 73-kDa coleopteran-toxic protein and a 66-kDa lepidopteran- and dipteran-toxic protein of B. thuringiensis
subsp. kurstaki. A second gene encoding the B. thuringiensis subsp. israelensis 28-kDa crystal protein was
located approximately 1.5 kilobases upstream from and in the opposite orientation to the cryD gene.

Certain varieties of Bacillus thuringiensis synthesize pa-
rasporal crystals composed of proteins that have been shown
to be toxic to the larvae of specific insects. B. thluringiensis
subsp. kurstaki as well as other varieties produces a bipyra-
midal crystal composed of one or more related proteins of
approximately 130 kilodaltons (kDa) which are toxic to
lepidopterans (caterpillars) (for recent reviews, see refer-
ences 2 and 34) and also a cuboidal crystal composed of a
66-kDa protein that is toxic to both lepidopteran and dipter-
an (mosquito, black fly) insects (6, 37). Other subspecies of
B. thuringiensis have been identified which produce rhom-
boid crystals composed of a 73-kDa protein that is specifi-
cally toxic to coleopteran (beetle) larvae (12, 16; W. P.
Donovan, J. M. Gonzalez, Jr., M. P. Gilbert, and C.
Dankocsik, Mol. Gen. Genet., in press).

B. thuringiensis subsp. israelensis synthesizes an irregu-
larly shaped parasporal crystal that is highly toxic to certain
dipteran larvae (8). The complex crystal is composed of at
least three major proteins of approximately 130 kDa, 70 kDa,
and 28 kDa. The genes for the 130-kDa and the 28-kDa
crystal proteins have been cloned and their nucleotide
sequences have been reported (1, 25, 30, 31). These cloning
experiments have indicated that the 130-kDa and the 28-kDa
B. thuringiensis subsp. israelensis crystal proteins are mos-
quito toxic. However, other researchers have reported that
the 28-kDa protein has little or no mosquitocidal activity (4,
5, 11, 14, 15, 28). Cloning experiments have revealed that B.
thuringiensis subsp. israelensis contains more than one gene
for the 130-kDa protein (3, 32). To our knowledge there have
been no reports concerning the cloning of the gene for the
70-kDa crystal protein.
We report here the isolation and complete nucleotide

sequence of a B. thuringiensis subsp. israelensis gene, which
we have designated cryD, encoding a 72-kDa crystal protein.
Bioassay determinations with Bacilluis megaterium cells
harboring the cloned cryD gene demonstrated that the CryD
protein is highly toxic to mosquito larvae. Sequence com-
parisons are presented which reveal that the CryD protein is
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related to two other B. thiuringiensis crystal proteins that
have distinct entomocidal activities.

MATERIALS AND METHODS

Bacterial strains and plasmids. Strain HD-567 of B. thu-
ringiensis subsp. israelensis serotype 14 (NRRL B-18304,
Peoria, Ill.), obtained from the collection of H. T. Dulmage,
Cotton Insects Research, U.S. Department of Agriculture,
S.E.A., Brownsville, Tex., was the source of the 72-kDa
crystal protein and of the cryD-containing DNA. B. mega-
teriium VT1660 (29) was used as a host for pNN101 (20)
plasmid derivatives. Escherichia coli HB101 was used as a
host for pBR322 derivatives. E. coli JM1I1 was the host for
the sequencing vectors M13mpl8 and M13mpl9 and their
derivative phages.

Protein purification and NH2-terminal amino acid sequence
determination. The methods for purifying crystal proteins
have been described previously (6). A hot sodium dodecyl
sulfate (SDS)-2-mercaptoethanol solution was used to solu-
bilize crystal proteins from a sporulated culture of B. thu-
ringiensis subsp. israelensis HD-567. The 72-kDa protein
was purified from SDS gels by the procedure of Hunkapiller
et al. (13). After precipitation with acetone (1:1, vol/vol), the
72-kDa protein was subjected to automated Edman degrada-
tion in an Applied Biosystems Gas-Phase Sequenator (model
470A) and analyzed on a DuPont Zorbax C18 column in a
Hewlett-Packard high-pressure liquid chromatograph (model
1090) with 1040 diode array detection.

Cloning. The methods for constructing plasmid libraries
enriched for size-specific DNA restriction fragments and for
using synthetic oligonucleotides as gene-specific hybridiza-
tion probes have been described before (6). The cryD-
enriched plasmid library was transformed into E. coli HB101
cells, and ampicillin-resistant colonies were selected. These
colonies were used in colony hybridization experiments with
the cryD-specific 47-mer oligonucleotide probe that had been
radioactively labeled at its 5' terminus with phage T4 kinase
and [y_-32P]ATP.

Preparation of samples for protein gels. E. coli cells were
grown for 48 h at 30°C on LB agar plates (1% tryptone, 0.5%
yeast extract [both from Difco], 0.5% NaCl, 1.5% agar, pH
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1 2 3 4 5 6 7 8 9 10
NH2- MET GLU ASP SER SER LEU ASP THR LEU SER

11 12 13 14 15 16 17 18 19 20
ILE VAL ASN GLU THR ASP PHE PRO LEU TYR

5' - ATT GTA AAT GAA ACA GAT TTT CCA TTA TAT

21 22 23 24 25 26
ASN ASN TYR THR GLU PRO- COOH
AAT AAT TAT ACA GAA CC - 3'

FIG. 1. NH2-terminal amino acid sequence of the 72-kDa protein
and the sequence of the 47-mer cryD-specific oligonucleotide probe.

7.0) containing ampicillin (40 jig/ml). B. megaterium and B.
thuringiensis subsp. israelensis cells were grown for 48 h at
30°C on DS agar plates (0.8% nutrient broth [Difco], 13 mM
KCl, 1 mM Ca(NO3)2, 0.5 mM MgSO4, 10 p.M MnCl2, 10 ,uM
FeSO4, 1.5% agar, pH 7) containing either tetracycline (10
jig/ml) or no antibiotic, respectively. After growth, cells
were removed from the agar surface with a spatula, washed
with deionized water, and suspended in deionized water at a
concentration of 100 mg of cells (wet weight) per ml. B.
megaterium and B. thuringiensis subsp. israelensis cell
suspensions were mixed with an equal volume of 100 mM
Tris (pH 7)-20 mM EDTA-10 mg of lysozyme per ml and
incubated at 37°C for 60 min. SDS was added to a final
concentration of 0.2%, and the mixtures were vortexed and
centrifuged for 7 min in a Du Pont microfuge. The pelleted
material, consisting of spores and insoluble material from
lysed cells including insoluble crystal proteins, was sus-
pended in 0.1% SDS-10 mM EDTA. A measured volume
(usually 10 RI) of the lysozyme-treated suspensions and of
the untreated E. coli cell suspensions were added to 3
volumes of preheated gel loading buffer (2% SDS, 5%
2-mercaptoethanol, 130 mM Tris hydrochloride [pH 6.81,
10% glycerol, 0.05% bromophenol blue) in a 0.5-ml micro-
tube, incubated at 90°C for 7 min, and vortexed for 10 s, and
measured volumes (usually 10 ,ul) of the mixtures were
electrophoresed through an SDS gel.
DNA sequencing. DNA fragments were cloned into the

M13 vectors mpl8 and mpl9 as described below. A total of
21 cryD-specific 17-mer primers (synthesized on an Applied
Biosystems DNA synthesizer, model 380B) and one M13-
specific primer (supplied by Bethesda Research Laborato-
ries) were used to determine the complete DNA sequence of
both strands of the cryD gene by the dideoxy method (23).

Toxicity measurements. E. coli cells were grown on LB
agar plates containing ampicillin (40 ,ug/ml). B. megaterium
and B. thuringiensis subsp. israelensis cells were grown on
DS agar sporulation plates containing either tetracycline (10
,ug/ml) or no antibiotic, respectively. After 48 h of growth at
30°C, cells (stationary phase or sporulated) were harvested,
suspended in lysis buffer (1 mg of lysozyme per ml, 10 mM
Tris hydrochloride [pH 7.5], 1 mM EDTA) and incubated at
37°C for 1 h. SDS was added to a final concentration of 0. 1%,
and the mixtures, consisting of free crystal proteins plus
lysed cells and/or spores, were serially diluted. Dilutions
were added to 50 ml of deionized water containing 20 Aedes
aegypti fourth-instar larvae, and mortality was scored after
24 h. The 50% lethal dose (LD50) values were determined by
probit analysis with an eight-dose testing procedure and at
least 60 larvae at each dose.

RESULTS

Isolation of the cryD gene. The 72-kDa crystal protein was
purified from B. thuringiensis subsp. israelensis HD-567 by
electroelution of the protein from SDS gels. Edman analysis

of the purified protein yielded the NH2-terminal sequence
shown in Fig. 1. Based on the sequence, a gene-specific
47-mer oligonucleotide probe was designed (Fig. 1). To
determine the sizes of restriction fragments containing at
least the NH2-terminal region of the gene for the 72-kDa
protein, the 47-mer probe was radioactively labeled and used
in DNA blot hybridization experiments with total restriction
enzyme-digested DNA from strain HD-567. The probe spe-
cifically hybridized to a unique Hindlll restriction fragment
of approximately 11 kilobases (kb) and to a unique EcoRI
fragment of approximately 6 kb at a hybridization tempera-
ture of 47°C (data not shown).
A recombinant plasmid library was constructed by ligating

size-selected, 5- to 7-kb EcoRI restriction fragments of
HD-567 DNA into the EcoRI site of the E. coli vector
pBR322. Transformed E. coli colonies containing recombi-
nant plasmids were hybridized at 47°C with the labeled
probe. The probe hybridized strongly to one colony
(EG1318) which contained a plasmid (pEG214) that con-
sisted of pBR322 plus a 5.7-kb EcoRI insert (Fig. 2,
pEG214). The probe specifically hybridized to the 5.7-kb
EcoRI fragment of pEG214 and also to a 1.1-kb DraI
fragment of pEG214 (Fig.. 2). Sequencing of the 1.1-kb
fragment revealed a long open reading frame that began with
the NH2-terminal sequence, as previously determined by
Edman analysis, for the 72-kDa protein. We have designated
this open reading frame cryD. The location and orientation
of the cryD gene are shown in Fig. 2 (pEG214). Sequencing
of a 0.8-kb PvuII-EcoRI fragment from pEG214 revealed
that the cryD open reading frame extended through the
EcoRI site. Therefore, the 3' end of the cryD gene was not
contained on the 5.7-kb EcoRI fragment.
The 5.7-kb EcoRI fragment hybridized, as expected, to an

approximately 11-kb HindIll fragment of HD-567 DNA (not
shown). The 5.7-kb fragment was used as a probe in colony
hybridization experiments to isolate a recombinant plasmid
(pEG216) consisting of pBR322 plus the 11.0-kb Hindlll
fragment (Fig. 2). The 11.0-kb fragment contained approxi-
mately 2.8 kb and 3.0 kb on either side of the 5.7-kb fragment
(pEG216, Fig. 2). Sequencing of the 2.1-kb Cla-PvuII frag-
ment and the 0.8-kb EcoRI fragment from pEG216 revealed
that the 11-kb fragment contained the complete cryD gene.
The cryD open reading frame was terminated by a transla-
tion stop codon located 76 codons beyond one end of the
5.7-kb EcoRI fragment. This result indicates that plasmid
pEG214 (5.7-kb EcoRI) contained a truncated form of the
cryD gene, designated cryDA76, that lacked 76 COOH-
terminal codons. The complete sequence of the cryD gene
and the deduced sequence of the CryD protein are shown in
Fig. 3. The cryD gene encoded a protein of 72,357 Da (643
amino acids). Ten nucleotides upstream from the NH2-
terminal methionine, a purine-rich sequence (AAAGGTGG)
was found that probably serves as a ribosome-binding site. A
10-nucleotide inverted repeat (AG = -15.0 kcal/mol) was
located 33 nucleotides downstream from the cryD open
reading frame (Fig. 3).

Identification of a crystal protein gene adjacent to cryD. We
observed that the restriction map of the 11-kb HindIll
fragment (Fig. 2, pEG216) was similar to the restriction map
recently reported by McLean and Whiteley (18) of a 10.7-kb
HindIII fragment from B. thuringiensis subsp. israelensis
serotype H-14. The 10.7-kb fragment had been reported to
contain the gene for the 28-kDa B. thuringiensis subsp.
israelensis crystal protein (18, 30). To determine whether the
11.0-kb fragment described in this report contained a similar
gene, a 2.6-kb BamHI-PvuII fragment was subcloned from
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FIG. 2. Restriction maps of the cryD- and cryE-containing plasrnids pEG214, pEG216, and pEG218 (E. coli) and pEG215, pEG217, and

pEG219 (E. coli-Bacillus). The location and orientation of the cryD and cryE genes are indicated by arrows. Restriction sites: Ri, EcoRI; H3,
Hindlll; Bl, BamHI; Si, Sall; Dl, Dral; Cl, Clal; Pll, Pvull; and RV, EcoRV. Not all restriction sites are shown for each plasmid.

pEG216 (11.0-kb Hindlll) and partially sequenced. The
2.6-kb fragment contained an open reading frame that was
identical to at least the first 21 NH2-terminal codons of the
gene for the 28-kDa protein (30), indicating that the gene
encoding the 28-kDa protein was also located on the 11-kb
HindlIl fragment. Figure 2 (pEG216) shows that the gene for
the 28-kDa protein, which we have designated cryE, was
located approximately 1.5 kb upstream from the cryD gene
and was oriented in the opposite direction.

Expression of cryD and cryE in E. coli and B. megaterium.
E. coli cells harboring either pEG214 (cryDA76 cryE+)
(strain EG1318) or pEG216 (cryD+ cryE+) (strain EG1315)
did not contain detectable levels of any plasmid-encoded
72-kDa or 28-kDa proteins (data not shown), and the cells
were not toxic to mosquito larvae (Table 1). In order to
measure the expression of the cloned cryD and cryE genes in
a Bacillus species, the plasmids pEG215 (cryDA76 cryE+)
and pEG217 (cryD+ cryE+), capable of replicating in both E.
coli and B. megaterium, were constructed by inserting the
Bacillus vector pNN101 (Camr) into the unique SphI sites of
pEG214 and pEG216, respectively (Fig. 2). B. megaterium
cells harboring pEG215 (cryDA76 cryE+) (strain EG1324) did

not contain detectable levels of a plasmid-encoded 72-kDa
protein but did contain minor amounts of a plasmid-encoded
28-kDa protein (Fig. 4, lane 3). These cells were not toxic to
mosquito larvae (Table 1). B. megaterium cells harboring
pEG217 (cryD' cryE+) (strain EG1316) contained significant
amounts of a plasmid-encoded 72-kDa protein and minor
amounts of a plasmid-encoded 28-kDa protein (Fig. 4, lane
4), and the cells were highly toxic to mosquito larvae (Table
1). B. megaterium cells (strain EG1325) harboring pEG220
(Cry-) (constructed by ligating the Bacillus vector pNN101
into the SphI site of the E. coli vector pBR322) were not
toxic (Table 1).
To further evaluate the toxicity of the 72-kDa protein,

plasmid pEG218 (cryD+ cryE21) (Fig. 2) was constructed by
subcloning a 6.7-kb BamHI-HindIII fragment from the 11.0-
kb Hindll! fragment into pBR322. The 6.7-kb fragment
contained the complete cryD gene but only 21 NH2-terminal
codons of the cryE gene. The Bacillus vector pNN101 was
inserted into the SphI site of pEG218, resulting in the E.
coli-Bacillus shuttle plasmid pEG219 (cryD+ cryE21) (Fig.
2). B. megaterium cells harboring pEG219 (strain EG1323)
synthesized significant amounts of the CryD protein and, as
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10 20 30 40 50 60 1090 1100 1110 1120 1130 1140
~~AAAATAAAAAAAT1CAATAAAM0T00M2GA&TNATkY0GMG&TAGTY~~~ATCAAGTTT

XstGuAups.rS.riAs rPbeTyrClnAsnPro&AnAanoluProIl.&aPYroAgAspIlSleAsnGnlfLhOI*
70 Sc 90 100 110 120 1150 1160 1170 1180 1190 1200

pThrL4a8*rI1*VaAs1!L n r _yrG1uprft uThrAlaProAlaPro&laAspL.uPt-PboLy"snAlaAspIlllnValLysPhoTh
130 140 1S0 160 170 130 1210 1220 1230 1240 1250 1260~~~~~~~~~~~~~~Wr aACAGTGcTc&GTCAcTCTAaTAsTGGG C&fATGTacacaAAcGGITT

rIlAlaProAlaAule&laVallaprol.leaGlnTyrlAuA1aThrA1alellI rGlnTrpPth.G1nS.rThrIauTyrGlyTrpAsnhllLysLJuGlyThrGlnThrValLA
190 200 210 220 230 240 1270 1280 1290 1300 1310 1320

GATGGcAAGCGA1_AA?AWTA1YT1CCmGWC ATAGAGACcGAATC&CAT rrksACr aGTGA_G_ _ _ _T_T_C
yLysTrpAlaAlaLysA1aAla1PbehrLysValLu8.rlauIlePb.ProClySrGCl uSerS.rArgThrGlyThrIl.ProProasnTyrIAuAlaTyrAspGlyrTyrIl Ar

250 260 270 280 290 300 1330 1340 1350 1360 1370 1380
ACC T TCTACAACACT
nProAlaThrK.tGluLyuValArgThrGluValGluThrLeuIl.AsnGlnLysLauS- gAlaIlSerAlaCysProArgGlyValSerLAuAlaTyrAanHisAspLuThrThrLA

310 320 330 340 350 360 1390 1400 1410 1420 1430 1440
CC AACATATAATAGA&TAGAGTATGTTCACCTACTGSATSAlSGTAGGGTC
rGlnAspArgValAsnIl.IauAsnAlaGluTyrArgGlyleIl.GluValS-rAspVa uThrTyrAanArglleGluTyrAapS.rProThrThrGluAsnhle!l*ValGlyPh A1

370 380 390 400 410 420 1450 1460 1470 1480 1490 1500
ATT GcGrAAACAAcCh YACc GC&AcAGcCAAG rAlrCT ACCAGATAATAAGGAC1ITmAlTCTAaAAAATCTCACTAmAAGTAAACGAATGA
lPh-AspAlaTyrIl-LysGlnProGlyPhbThrProAlaThrAlaLysGlyTyrPheLe aProAspAsnThrLysAspPheTyrSerLysLysSerHisTyrLeuSerGluThrAsnAs

430 440 450 460 470 480 1510 1520 1530 1540 1550 1560
AAATCTAAGTG GCTATAATACAACGA TACCTCAATWGGTCACTTAAG TAGTrTGAT1CTGTTGCATG?AA_1u_ _AA?A1¶TGA
uAsnLeuSerGlyAlaIleIleGlnArgLeuProGlnPb.GluValGlnThrTyrGluGl pSerTyrVal1leProAlaLeuGlnPheAlaGluValSerAspArqSerPheL.uGluAs

490 500 510 520 530 540 1570 1580 1590 1600 1610 1620
AGTATCTATACC CACICCTA TCGG TACGCCAGATCAAGCAACAGACGGCAGTATTAAATTTGCACGTACICATTAGTAATGA
yValS-rIlaAlaLuPtheThrGlnMgtCysThrLuNisLmuThrIauLguLysAspGl pThrProAspGlnAlaThrAspGlySerIleLysPheAlaArgThrPheIleSerAsnGl

550 560 570 580 590 600 1630 1640 1650 1660 1670 1680
AATC__G _ G GG _ A _ G _ _ AAGCTAAGTACTCTATTAGACTAAACACCGGGTTTAATACGGCAACTAGATATAAATTAAT
yIleeuAlaGlySerA1aTrpGlyPbeThrG1nAlaAspValAspS.rPtheIeLycL. uAlaLysTyrSerIleArgLeuAsnThrGlyPheAsnThrAlaThrArgTyrLysLeuIl

610 620 630 640 650 660 1690 1700 1710 1720 1730 1740
ATTTAATCAAAAAGTATTAGATTACAGGACCAGATTAATGAGAATGTACACAGAAGAGTT TATCAGGGTAAGAGTACCTTATCGCTTACCTGCTGGAATACGGGTACAATCTCAGAATTC
uPheAsnGlnLyaValLeuAspTyrArgThrArgLeuMetArgMetTyrThrGluGluPh eIleArgValArgValProTyrArgLeuProAlaGlyIl.ArgValGlnSerGlnAsnSe

670 680 690 700 710 720 1750 1760 1770 1780 1790 1800
CGGAAGATTGTGTAAAGTTTT GGGAAATAATAGATGCTAGGCAGTTTACTGCAAATGCTAATCCACAATGGGTGGATeGlyArgLeuCysLysValS.rLeuLysAspGlyLeuThrPheArgAsnMetCysAsnLe rGlyAsnAsnArgKetLauGlySerPh.ThrAlaAsnklaAsnProGluTrpValAspPh

730 740 750 760 770 780 1810 1820 1830 1840 1850 1860
=CATGTG1?PCCA~~ ACATGTCATTAGCATTTCAAACGATTTAGGGATTACAACAGTACAAATGT

uTyrValPheProPheAlaGluAlaTrpSerLeuxetArgTyrGluGlyLIuLysLouGl eValThrAspAlaPheThrPheAsnAspLuGlyIlThrThirSerSrThrAsnAlaLe
790 800 810 820 830 840 1870 1880 1890 1900 1910 1920

AACT_ _T&TAT_GIr_ G!G_GCTAATCITAIAATAT_ TT-AGTAIPTTcG&TArTAAATrCCCIAAAGTGTATTTCCATGAIGTTGnSerSerlauSerLeuTrpAspTyrValGlyValSerlleProValAsnTyrasnGluTr uPheSerIlSerSerAspSerLuAsnSerGlyGluGluTrpTyrIAuS.rG1nLzuPh
850 860 870 880 890 900 1930 1940 1950 1960 1970 1980

pGlyGlyLuValTyrLyslauL.uX.tGlyGluValAsnGlnArgLeuThrThrValLy eLauValLyaGluSerAlaPheThrThrGnIl.AsnProlAuL*uLysand

910 920 930 940 950 960 1990 2000 2010 2020 2030 2040
ATrTAAT?AT1CACTAATG&~~~~TACC&GT&AACC&GC&AAGAAcTA?G ¶'ACAC&LAGGG A ~ AAT?1TAATOCCTAATAT¶C=TA

sPheAsnTyrS.rPhbThrAsnGluProAlaAspIlPrO&laArgGluAsnIlArglG1
970 980 990 1000 1010 1020 2050 2060 2070 2080 2090 2100

OcGTCC&TCCTATATAOCG&CCTAGTNGGCUTrC&G&TGTAGG&A:GAGAC ATAG&ATAAATTACTATA ATm A&S ?A ?TT ¶AA
yValHisProllTyrAspro lyl uThrGlyTrpIlOGlyAsf lYAr

1030 1040 1050 1060 1070 1080

rAsAszlbPhAsnPb.&laAspA nlyAmuluIldSStGluValArlTfhGlft
FIG. 3. DNA sequence of cryD. The sequence begins with the DraI site and ends 360 nucleotides beyond the EcoRI site, as shown in Fig.

2 (pEG214 and pEG216). Arrows denote the inverted repeat described in the text.

expected, no 28-kDa CryE protein (Fig. 4, lane 5). EG1323
cells had an LD50 (6 to 3 pug of cells [wet weight] per ml) TABLE 1. Larvicidal activities of cryD- and
similar to that of EG1316 (cryD+ cryE+) cells (Table 1). The cryE-containing strains
CryD protein represented 0.5% of the wet weight of EG1323 LD
and EG1316 cells (estimated from Coomassie stained SDS Strain Plasmid(s) (gofcells/m
gels as in Fig. 4). Therefore, the LD50 value for the CryD B. thuringiensis subsp. 135, 105, 75, 68, 10.6, 4.9, 0.20.05
protein against Aedes aegypti larvae was approximately 0.03 israelensis HD-567 4.2, and 3.3 MDa
to 0.01 pLg of protein per ml (0.005 x LD5^ cells, wet weight). E. coli
EG1316(pEG217 cryD+ cryE+) and EG1323(pEG219 EG1315 pEG216 (cryD+ cryE+) >60

cryD+ cryE21) cells were significantly inhibited in their EG1318 pEG214 (cryDA76 cryE+) >60
ability to form spores (less than 5% spore formation), and the B. megaterium
unsporulated cells usually contained one or more phase- EG1325 pEG220 (Cry-) >50
bright inclusions (not shown). EG1324(pEG215 cryDA76 EG1324 pEG215 (cryDA76 cryE+) >20
cryE+) cells were similarly inhibited in spore formation; EG1316 pEG217 (cryD+ cryE+) 6-3
however, the unsporulated cells did not contain inclusions. EG1323 pEG219 (cryD+ cryE21) 7-3
EG1324(pEG220 Cry-) cells formed approximately 80% a Values with > indicate that the strain showed no toxicity at the doses
spores, and the unsporulated cells did not contain inclusions. tested.
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FIG. 4. Proteins synthesized by cryD- and cryE-containing bac-
terial strains. A Coomassie-stained SDS gel is shown. Each lane
contains insoluble protein, as described in Materials and Methods,
extracted from 700 ,ug (wet weight) of cells. Lane 1, B. thuringiensis
subsp. israelensis HD-567. Lanes 2-5, Isogenic B. megaterium
strains harboring various plasmids: lane 2, EG1325(pEG220 Cry-);
lane 3, EG1324(pEG215 cryDA76 cryE+); lane 4, EG1316(pEG217
cryD+ cryE+); and lane 5, EG1323(pEG219 cryD+ cryE21). Num-
bers indicate the 130-kDa, 72-kDa, and 28-kDa crystal proteins.

In each case the presence of inclusions in recombinant B.
megaterium cells corresponded with the presence of the
CryD protein, and therefore the inclusions are most likely
aggregations of the CryD protein.

Plasmid location of the cryD and cryE genes. Strain HD-567
contains native plasmids of approximately 3.3, 4.2, 4.9, 10.6,
68, 75, 105, and 135 MDa (10). To determine whether any of
these plasmids carried the cryD gene, the plasmids of this
strain were electrophoretically size fractionated on an aga-
rose gel (7, 9) and transferred to a nitrocellulose filter, and
the filter was hybridized at moderate stringency (65°C) with
the radioactively labeled 2.5-kb EcoRV-EcoRI cryD frag-
ment from pEG216. The results of this analysis are shown in
Fig. 5. The cryD fragment specifically hybridized to a
75-MDa plasmid from strain HD-567 (Fig. SA and B, lane 1),
indicating that this plasmid carried the cryD gene and also
the CryE gene. This result confirms and extends the findings
of Gonzalez and Carlton (10), who reported that the 75-MDa
plasmid was necessary for crystal formation in B. thu-
ringiensis subsp. israelensis. The cryD fragment also hybrid-
ized to a diffuse band of DNA from strain HD-567 (Fig. SB,
lane 1). This band of cryD-hybridizing DNA was not ob-
served in derivatives of strain HD-567 that had been cured of
the 75-MDa plasmid (Fig. 5A and B, lanes 2 and 3), suggest-
ing that the DNA was derived from the 75-MDa plasmid. To
further demonstrate that the diffuse band of hybridizing
DNA was derived from the 75-MDa plasmid, the 75-MDa
plasmid was transferred by conjugation back into a deriva-
tive of HD-567 that had been previously cured of this
plasmid. As expected, the resulting transcipient acquired, in
addition to the cryD-hybridizing 75-MDa plasmid, a diffuse
band of hybridizing DNA (Fig. 5A and B, lane 4).

Homologies between the CryD protein and other crystal
proteins. The computer search program of Queen and Korn
(22) was used to compare the sequence of CryD with the
reported sequences of six other B. thuringiensis crystal
proteins. Two crystal proteins were found to be homologous
with CryD. The 66-kDa lepidopteran- and dipteran-toxic
CryBl protein of B. thuringiensis subsp. kurstaki (6) con-

.b U*iI.

FIG. 5. Hybridization of the cryD gene to a 75-MDa plasmid. (A)
Agarose gel displaying plasmids from derivatives of strain HD-567.
Lane 1, HD-567; lane 2, HD-567 cured of the 75-MDa plasmid; lane
3, HD-567 cured of both the 75- and the 68-MDa plasmids; lane 4, a
derivative of the strain shown in lane 3 after receiving the 75-MDa
plasmid, by conjugation, from HD-567. (B) Southern blot of panel A
probed with the radioactively labeled 2.7-kb EcoRV-EcoRI cryD
fragment. The hybridizing DNA in the upper portion of the gel is the
75-MDa plasmid, and the hybridizing DNA in the lower portion of
the gel is the diffuse band referred to in the text. Numbers indicate
approximate plasmid sizes in megadaltons.

tained a sequence of 215 amino acids (residues 61 to 275) that
was 30% homologous to a sequence of 211 amino acids
(residues 45 to 255) in CryD (Fig. 6). The 73-kDa coleopter-
an-toxic CryC protein of BT strain EG2158 and B. thu-
ringiensis subspp. tenebrionis and san diego (12, 26; Dono-
van et al., in press) contained a sequence of 124 amino acids
(residues 107 to 230) that was 33% homologous to a sequence
of 114 amino acids (residues 76 to 189) in CryD (Fig. 6).
Interestingly, the CryC and CryD proteins contained similar
numbers of amino acids, 644 and 643, respectively. CryD
shared no significant regions of homology with either of the
other two major crystal proteins of B. thuringiensis subsp.
israelensis, the 130-kDa protein (31) or the 28-kDa protein
(30). No significant similarities were detected between CryD
and a cloned B. thuringiensis subsp. israelensis gene that
potentially encoded a 72-kDa mosquito-toxic protein (27) or
between CryD and a 130-kDa lepidopteran-toxic protein of
B. thuringiensis subsp. kurstaki (24).

DISCUSSION

We have described the cloning and characterization of a
unique B. thuringiensis subsp. israelensis crystal protein

IKn T DIl
30% .

CRYD- I

CRY
\ 33%\%

C 644

FIG. 6. Regions of sequence homology between the 72-kDa
CryD protein and two B. thuringiensis crystal proteins. CryBl is the
66-kDa lepidopteran- and dipteran-toxic protein of B. thuringiensis
subsp. kurstaki (6). CryC is the 73-kDa coleopteran-toxic protein of
B. thuringiensis EG2158 (Donovan et al., in press). Percentages and
dashed lines denote the amount of homology and the extent of
homology, respectively. Numbers to the right indicate the protein
size in amino acids.
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gene, the cryD gene, encoding a protein of 72,357 Da. B.
megaterium cells harboring the cloned cryD gene contained
crystallike inclusions composed of the 72-kDa CryD protein,
and the protein was highly toxic to mosquito larvae. Our
finding that the CryD protein is mosquito-toxic is in agree-
ment with the findings of previous researchers, who reported
that B. thuringiensis subsp. israelensis crystal proteins of 65
to 68 kDa, presumably similar to the 72-kDa CryD protein
described here, had mosquito toxicity (15, 17, 36).
The CryD protein could not be detected in B. megaterium

cells harboring the cloned cryDA76 allele. It is possible that
the truncated form of CryD encoded by the cryDA76 strain
(missing 76 COOH-terminal amino acids) is unstable and
rapidly degraded. Another possibility is that the 10-nucleo-
tide inverted repeat found at the 3' end of the cryD gene and
missing from cryDA76 is necessary for stabilization of the
cryD mRNA. Inverted repeats located at the 3' end of the
malE gene of E. coli have been shown to stabilize the malE
mRNA (19), and Wong and Chang (35) have demonstrated
that an inverted repeat found at the 3' end of a 130-kDa
lepidopteran-toxic crystal protein gene from B. thuringiensis
subsp. kurstaki served to stabilize the upstream mRNA.
The cloned 11-kb HindIll fragment containing the cryD

gene was also found to contain the gene (cryE) for the
28-kDa crystal protein of B. thuringiensis subsp. israelensis.
McLean and Whiteley (18) reported that expression in E.
coli of a cloned B. thuringiensis subsp. israelensis gene for a
28-kDa protein required a 0.8-kb segment of DNA that was
located approximately 4 kb upstream from the cloned gene.
The cloned gene is most likely the same as the cryE gene
described in this report. Our data indicate that the 0.8-kb
segment ofDNA should be located immediately downstream
from the cryD gene. B. megaterium cells harboring the
cloned B. thuringiensis subsp. israelensis 5.7-kb EcoRI
fragment (cryDA76 cryE+), which lacks the 3' end of the
cryD gene as well as DNA sequences downstream from the
cryD gene, synthesized apparently identical amounts of the
28-kDa CryE protein as B. megaterium cells harboring the
cloned 11-kb HindIlI fragment (cryD+ cryE+), which con-
tains the complete cryD gene and approximately 3 kb of
DNA downstream from the cryD gene. Therefore, unlike
expression in E. coli, expression of the cryE gene in B.
megaterium does not appear to require DNA sequences
downstream from the cryD gene. Nevertheless, cryE-con-
taining B. megaterium cells produced very little of the CryE
protein. Ward et al. (33) have reported that a cloned B.
thuringiensis subsp. israelensis gene encoding a 27-kDa
crystal protein, most likely identical to the CryE protein
reported here, was highly expressed in Bacillus subtilis cells.
This finding, plus the fact that B. thuringiensis subsp.
israelensis synthesizes large amounts of the CryE protein,
makes the low level of synthesis of this protein by cryE-
containing B. megaterium cells somewhat puzzling.

B. megaterium cells harboring multiple copies of cryD and
cryE were significantly inhibited in their ability to form
spores. We had previously found that B. megaterium cells
harboring multiple copies of either the cloned lepidopteran-
and dipteran-toxic cryBI crystal protein gene from B. thu-
ringiensis subsp. kurstaki (6) or the cloned coleopteran-toxic
cryC crystal protein gene from B. thuringiensis EG2158
(Donovan et al., in press) were severely or moderately
inhibited, respectively, in their ability to form spores. A
possible explanation for the observed inhibition, suggested
by previous findings with cloned B. subtilis sporulation-
specific genes (21, 38), is that the promoters for the crystal
genes, when present in the cell in high copy number, titrate

a transcription factor necessary for sporulation. Further-
more, the finding that the cryD and cryE genes were appar-
ently not expressed in E. coli cells suggests that these genes
require some sporulation-specific transcription factor(s) for
efficient expression.
The dipteran-toxic CryD protein was found to contain

partial sequence homology with two B. thuringiensis crystal
proteins, the lepidopteran- and dipteran-toxic CryBl protein
(6) and the coleopteran-toxic CryC protein (12, 26; Donovan
et al., in press). The CryD protein was not homologous with
other B. thuringiensis subsp. israelensis proteins that have
been implicated in dipteran toxicity, the 130-kDa crystal
protein (31) and the 28-kDa crystal protein (30). Knowledge
of the presence or absence of such homologies may be useful
in understanding the mode of action of these toxins.
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