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A cosmid library was prepared from a partial BamHI digest of total DNA from Bacillus sphaericus SSII-1.
Two hundred fifty Escherichia coli clones were screened for toxicity against larvae of the mosquito Culex
quinquefasciatus. One toxic clone, designated pKF2, was chosen for further study. Two toxic subclones,
designated pXP33 and pXP34, obtained by ligating PsfI-derived fragments of pKF2 into pUC18, contained the
same 3.8-kb fragment, but in opposite orientations. Sequence analysis revealed the presence of an open reading
frame corresponding to a 100-kDa protein and the 3’ end of a further open reading frame having significant
homology to open reading frames of transposons Tn501 and Tn2l. The sequence of the SSII-1 toxin was
compared with those of known toxins and was found to show regional homology to those of ADP-
ribosyltransferase toxins. The distribution of the toxin gene among other B. sphaericus strains was examined.

Bacillus sphaericus is an aerobic spore-forming Bacillus
species, several strains of which are pathogenic for mosquito
larvae (13). B. sphaericus SSII-1 was isolated in 1973 from
infected mosquito larvae collected in India (36). This strain
was considerably more toxic than the other B. sphaericus
strains known at that time. Early studies indicated that the
toxin was retained within or attached to the bacterial cells
and that the toxic activity was markedly unstable. Storage of
cells under refrigeration or heating at 80°C resulted in the
loss of activity. Toxin production occurred predominantly in
the vegetative phase of growth before the onset of sporula-
tion (27, 29).

Further studies on B. sphaericus SSII-1 declined rapidly
with the discovery of strains, such as 1593 (36a), 2362 (40),
and 2297 (41), which had higher toxicities. In contrast to
strain SSII-1, these strains develop relatively stable, high
toxicity at the onset of sporulation (7). To date, two types of
toxin have been characterized in the highly toxic strains: a
pair of proteins of 51.4 and 41.9 kDa associated with the
parasporal crystal (3, 5, 19) and a toxin of 110 kDa related to
a 125-kDa surface layer protein (5, 6). Genes encoding the
51.4- and 41.9-kDa proteins were shown to be absent from
strain SSII-1 (4). In the same study, Baumann et al. showed
that sequences inserted in their group C clones were also
absent from strain SSII-1. The group C clones were later
shown to contain sequences corresponding to the gene
encoding the 125-kDa protein (6). Davidson (12) described a
toxin of 100 kDa isolated from the cytoplasm of sporulating
B. sphaericus 1593 cells. The distribution of this toxin among
other B. sphaericus strains has not been studied. Its rela-
tionship, if any, to the 110-kDa toxin of Baumann et al. (5)
has not been established.

In the present study, toxicity against second-instar larvae
of the mosquito Culex quinquefasciatus was used to identify
a clone carrying a mosquitocidal toxin gene from B. sphaeri-
cus SSII-1 in a cosmid library. A 3.8-kb PstI fragment was
inserted into pUC18, and the recombinant was shown to
express toxicity after transformation into Escherichia coli
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HB101. The 3.8-kb fragment was sequenced, and the distri-
bution of the SSII-1 toxin gene among other strains of B.
sphaericus was examined.

MATERIALS AND METHODS

Bacterial strains and vectors. B. sphaericus SSII-1, ATCC
7054, and ATCC 7055 were obtained from E. W. Davidson;
strains Kellen Q, 2315, and 31 were obtained from A. A.
Yousten; strain BSE18 was obtained from F. Priest; strain
1593M was obtained from J. Szulmajster; and all other
Bacillus strains were obtained from H. de Barjac.

Construction of the cosmid library. To prepare total ge-
nomic DNA from B. sphaericus SSII-1, we lysed cells in the
presence of 1% sodium dodecyl sulfate and 0.1 mg of
proteinase K per ml. DNA was purified from the lysate by
the method of Ausubel et al. (2). In brief, hexadecyltrimethyl
ammonium bromide was added, and the mixture was incu-
bated at 65°C for 20 min prior to extraction with chloroform-
isoamyl alcohol. DNA was precipitated with ethanol from
the aqueous phase and purified by banding on a cesium
chloride gradient containing ethidium bromide. DNA was
partially digested with BamHI under conditions found to
yield a predominance of fragments in the range of 20 to 40
kb. Typically, 0.12 U of enzyme was used for each micro-
gram of DNA in a 15-min incubation at 37°C. Fragments
from the partial digest were ligated into BamHI-cut, phos-
phatase-treated cosmid pHC79 (20). The cosmids were pack-
aged with the Packagene in vitro packaging system
(Promega) in accordance with the manufacturer’s instruc-
tions, transfected into E. coli HB101, and plated onto LB
agar containing 60 g of ampicillin per ml.

Isolation of toxic clones. Two hundred fifty colonies were
individually picked and stored. Pooled groups of 10 colonies
each were grown overnight and assayed for toxicity. Ten
second-instar C. quinquefasciatus larvae were placed in 5 ml
of water, to which the cells for assay were added. Mortality
was assessed after 24 h of incubation at 30°C. One pool
exhibited toxicity. The individual clones in this pool were
separately assayed against C. quinquefasciatus larvae. A
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FIG. 1. Restriction map of the sequence presented in Fig. 2. Shaded boxes represent the mtx (mosquitocidal toxin) gene and upstream
open reading frame (ORF). Arrows show gene orientation. Nucleotide numbers correspond to those shown in Fig. 2, beginning at the first
nucleotide of the Sau3Al site. Restriction enzymes: S, Sau3Al (not unique); P, PstI; Sp, Sphl; K, Kpnl; C, Clal; St, Stul; B, BamHI; E,

EcoRI; X, Xmnl; H, Hindlll; H2, HindIl; Hp, Hpal.

single toxin-producing clone, designated pKF2, was identi-

fied and used as the parent clone for the experiments.
Subcloning of the toxin-encoding fragment. Subclones were

produced from cosmid clone pKF?2 to focus on the region of

the inserted DNA encoding toxicity. At each step, subclones .

were assayed for larvicidal activity, and those exhibiting
toxicity were chosen for further manipulation.

Cosmid clone pKF2 was subjected to partial digestion
with Sau3Al (0.2 pg of cosmid DNA, 0.1 U of Sau3Al, 15
min, 37°C), and the resulting fragments were ligated into
BamHI-cut, phosphatase-treated pUC18. Four toxic clones
were produced, and restriction mapping revealed that they
contained overlapping inserts. The plasmid designated
pKG19 contained the shortest inserted sequence (approxi-
mately 9 kb) and was chosen for further subcloning. This
plasmid was digested with Xbal to remove an approximately
4.5-kb fragment. Religation of the remaining insert yielded
clone pKG19X, which retained full toxicity. A PstI fragment
of 3.8 kb derived from pKG19X was removed from pKG19X
and recloned into Pstl-cut, phosphatase-treated pUC18.
Two toxic clones, pXP33 and pXP34, which contained the
same Pst] fragment in opposite orientations relative to the
pUC18 vector were produced.

DNA sequencing. Double-stranded DNA sequencing was
carried out by the method of Heinrich (18) with plasmid
DNA as the template. Subclones from plasmids pXP33 and
pXP34 were made in pUC18 with the restriction sites shown
in Fig. 1. A sequence further upstream was obtained from
clone pKG19 (nucleotides [nt] 1 to 312). DNA was se-
quenced with the pUC-M13 forward and reverse primers. In
addition, further oligonucleotide primers were synthesized
to ensure complete sequencing of both strands.

Sequence analyses. Sequence analyses and manipulations
were performed with the following software: DNASTAR
package (DNASTAR Inc.), PC/GENE package (IntelliGe-
netics), and UWGCG package (University of Wisconsin).
Initial protein sequence alignments done with the DNAS-
TAR package were based on the method of Lipman and
Pearson (22). Multiple alignments were created with the
Gapzero shell (31a), which uses the programs of the
UWGCG package (14) run on the SEQNET central com-
puter at the SERC Laboratory, Daresbury, United King-
dom. Hydropathy predictions were made with the PC/
GENE package by the method of Kyte and Doolittle (21).

Distribution of the toxin gene. Total DNA was prepared
from 16 strains of B. sphaericus as described above. Approx-
imately 5 pg of each preparation was digested to completion
with Clal and subjected to electrophoresis in a Tris-borate-
EDTA (TBE)-buffered 1% agarose gel (24). DNA was blot-
ted onto a Hybond-N membrane (Amersham International)
by the method of Southern (37). The EcoRI fragment (nt
1395 to 1815; Fig. 2) derived from the SSII-1 toxin gene was
radiolabeled by the nick translation method of Rigby et al.
(34) and used as a probe for the toxin-encoding sequence.

Nucleotide sequence accession number. The nucleotide
sequence shown in Fig. 2 was submitted to the GenBank
database (nucleotide sequence accession number M60446).

RESULTS

Features of the sequence. Figure 2 shows a sequence of
4,133 nt containing two open reading frames along with the
deduced amino acid sequence. There are similarities be-
tween the restriction site pattern of this sequence and that
published by Souza et al. (38) for their clone pAS377PT.
Their clone was derived from DNA isolated from B. sphaeri-
cus 1593M and may represent the equivalent toxin from this
strain.

Sequence of the toxin. The toxicity of recombinants con-
taining sequences corresponding to nt 960 to 4133 (Szul-PstI)
and nt 307 to 3864 (PstI-Hpal) indicates that the open
reading frame commencing at nt 1207 and terminating at nt
3817 represents the toxin gene. We have designated this gene
the mtx (mosquitocidal toxin) gene. This gene encodes a
protein of 100.557 kDa and 870 amino acids in length.

The deduced protein has features characteristic of signal
peptides of gram-positive bacteria, namely, (i) positively
charged residues in the N terminus followed by (ii) a stretch
of residues with a neutral or hydrophobic character and (iii)
a cleavage site (often after an alanine residue) at the C
terminus of the signal sequence (10). The N terminus of the
deduced protein contains three lysine residues, an isoleu-
cine-rich stretch of neutral and hydrophobic residues, and a
potential cleavage site following the alanine residue at posi-
tion 30, forming a potential signal sequence. However, the
toxic activity of our SSII-1 cultures was found to be associ-
ated with the cell pellet and not with the medium.

Figure 3 shows the hydropathy profile for the deduced
toxin sequence. Two interesting regions of hydrophobicity
can be seen. The first is the potential signal sequence
described above. The second, from positions 43 to 60 (-AA
SLTWLMDMSSLLYQLI-), was predicted to be a potential
transmembrane helix by the method of Rao and Argos (33).
As the mechanism of action of this toxin is unknown, we
cannot assess whether this region plays an important role in
toxicity.

The deduced amino acid sequence of the 100-kDa toxin
was compared with protein sequences in the NBRF-PIR
database with the algorithm of Lipman and Pearson (22).
Whereas the overall homology of the toxin with proteins in
the database was low, a strong regional homology was found
between the 100-kDa toxin and the S1 subunit of pertussis
toxin (31). The homologous sequence corresponds in part to
a region of the pertussis toxin (residues 8 to 15 of the S1
subunit) found to be essential for activity (11) and previously
observed to be related to the A subunits of both cholera
toxin and E. coli heat-labile toxin (23, 31). These three toxins
act by ADP-ribosylation of G proteins. Figure 4 shows the
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. . . . 50 . . . . 100
GATCATGCTTATTTGGAAAAAATGCTGAGTTCGTTGCGTGATAGTTTTGTTCAACCTTTCACTATTCATGGCCAAATCACTTTTGTTCAAATGAGTTTGG

D HAYLEKMULS S L RUDSF VQPFTTIHSGA QTITU FUVQMS L G

. . . 150 . . . . 200
GAATCGCAAGTTATCCAATTGATGGAGTGACTCAAGAAGAGCTTCTCAAACATGCTGATATCGCCATGTATAAAGCGAAAGAATTAGGGGGGAATAACCA
50

I A s Y?P I D GV TQEZEULULI KHA ADTIA AMY Y KA AIZ K ETLSGGNN H

. . . . 250 . . . . 300
TCGTTTTTTTGACGAAAAGATGAATGAACTCGTTATCAAAAAGGACCAAATAGAGCGAATGATACGTCTAGCGCTAGAAAGAAATGAATTTAGCGTCCAT
100

R F F DE KMNUETL VI K KDOQTIERMTI RILA ATLEIRNIETF S V H

. . . . 350 . . . . 400
TATCAACTGCAGATAGAAGCCACTACTGGAAAGATCCGAGGGTTTGAGGCGTTAGTGCGCTGGAARAAGCCCTGAGCTTGGACTTGTTTCTCCAGAAGATT

Y ¢ L. I EATTGI K IRGU FEA ALV RWIKSUPEILGULV S P E DF

. . . . 450 . . . . 500
TTATTCCGATAGCAGAAAAAACAGGCTTGATTACACAAATTGACGAATGGGTCATGTATCAAGCATGCTTGAAAAATGTCGAATTACAACATCAATTCGG

I p I A E KT GUL I T Q I DEWVMYOQATCTULI KNV VETLIQHOQTF G

. . . . 550 . . . . 600
TTATCCCTTCCTGATGTCGGTTAATATTTCGGCTTTACAATTAGGAAGAGCAGATTTTGTGGATAAAGTCCAGCTTATTTTGAATGAAACTAAGATGAAG
200

Y P F L M S VvV NI S AL QL G R ADTF VDI KV QL I L NZETIKMK

. . . . 650 . . . . 700
CCGGAACATTTAGAAATTGAGATTACTGAGAGTATCTTAGTTGAGTCATTTGAAAGCTCTATATGCATACTGCGAAAATTAAAGAACCTAGGGGTGAAAA

P EH L E I E I TE S I L VE SV FES S ICI UL RIKUILI KINILGVKTI

. . . . 750 . . . . 800
TTGCCCAGGATGATTTTGGTACCGGTTATTCTTCACTTAACTACTTAACATTATTGCCGATTCATACCCTTAAAATTGATAGATCCCTTATTCAAAATAT
250

A Q DDVF GTGY S SL N YL TULULUPTIHTTULI KIDI RSULIQNM

. . . . 850 . . . . 9200
GACATCGGCAACAGCAGAAAAAACGATAATCGAATCGATTATCCACCTTGCCCATAAATTAGGTCATGATGTAGTTGCAGAAGGAGTGGAGACAAAAGAA
300

T S A T A E K T I I E S I I HL A HIKULGHUDV V AEGVE TIKE

. . . . 950 . . . . 1000
CAGTATATCTTGCTCAAAGAATGGAACTGCGATTTTGTCCAGGGATACTATTTCAGTAGGCCTGTTTCGTCAGACATACTTGTCGAATGTCTGACAGGGG

Q ¥ I L L K E W N CDUF V Q G Y Y F S R P VS S D I LV ET CULTG E

FIG. 2. Nucleotide sequence of 4,133 bp containing the gene encoding the 100-kDa toxin of B. sphaericus SSII-1 and the 3’ end of another

open reading frame. The deduced amino acid sequence is shown below the nucleotide sequence. Lines above the nucleotide sequence denote
inverted repeats; single underlining indicates putative promoter sequences; and double underlining indicates the ribosome-binding site.

homologies between these toxins and the 100-kDa toxin from in exotoxin A from Pseudomonas aeruginosa and in the A
B. sphaericus SSII-1. A further sequence homology between subunit of diphtheria toxin (9). These Glu and Trp residues
the 100-kDa toxin and ADP-ribosyltransferase toxins was of diphtheria toxin have been shown to be important in
found in the sequence Glu-Ile-Val-Arg-Ile-Trp (amino acids binding to the nicotinamide moiety of NAD (25). No signif-
219 to 224). The sequence Glu-X-X-X-X-Trp has been found icant homology was found between the 100-kDa toxin and



VoL. 173, 1991 B. SPHAERICUS SSII-1 TOXIN 2779

1050 . 1100
AAAAGAACTCCACAAATCAGTAAAAAATAAAGCTCTGTAATTACAAAAACAAACAACCATGCCAATTTAGATTATAAATTATTGTTAGAAATTCACACTA

K N S T N Q =*

1150 . 1200
TCATCCCTTTCAAAATAAATATATAACTATTATTTTTATTTAATGTTATTAAATACATAATTTAATAACATTAAATAAATAAATACCWCA

1250 . 1300
ATTGATATGGCTATAAAAAAAGTATTAAAAATAATTTTAGCAATAATTATTATAATTAGTTGCCAACTACCACTGAATCAAAAAACTGTTTATGCTTCAC

M A I KK VL K I I L ATITITI I I S CQUL P L NOQI KTV Y A S P

1350 . 1400

CTAATTCTCCAAAAGATAACACTTGGATCCAAGCTGCTTCACTTACATGGTTAATGGATATGTCGAGTTTATTGTATCAACTGATTTCAACAAGAATTCC
. 50 .

N S P K DNTWTI QAASULTWILMDMS S L L Y QL I S TI R I P

1450 . 1500
CTCTTTTGCTTCTCCAAATGGATTACATATGAGAGAACAAACTATTGATAGCAATACTGGACAAATACAAATAGATAATGAGCATAGGCTATTAAGATGG

S F A SPNGULHM®REU QTTIDSNTGQTI QI DNEUHI RTULIULIR RW

1550 . 1600

GATAGGCGACCGCCTAATGATATTTTTTTAAATGGATTTATACCTAGAGTAACAAACCAAAATCTATCTCCAGTAGAAGACACACATCTTCTAAATTATT
100 . . .

D RR?PUPNDTIU FLNGT FI PRV TN QNILSU?P V EUDTHTULULN Y L

1650 . 1700
TAAGAACAAATTCTCCATCCATTTTTGTTTCCACAACTAGAGCTAGATACAATAATTTAGGTTTAGAAATAACACCTTGGACACCTCATAGTGCTAATAA
. 150 .
R T N S P S I F VS TTI R ARYNNDNUILSGTULETITU®PWTUPH S A NN

. 1750 . . 1800
CAATATAATTTACAGATATGAAATTTTTGCTCCAGGTGGTATTGATATTAATGCAAGTTTTTCAAGAAACCACAATCCCTTTCCTAACGAGGATGAAATA

N I I ¥ R Y E I F A P G G I DI NASUF S RNUHNUPUFUPNEDE I

1850 . 1900

ACTTTTCCAGGGGGAATTCGTCCTGAGTTTATACGTTCAACATATGAATATCACAATGGTGAAATTGTTAGAATATGGATTAACCCTAATTTTATTAATC
200 . . .

T F P G G I RP E F I R S T Y E Y HNGE I V R I WINUPNUTF I NP

1950 . 2000
CATCAACTCTAAATGATGTATCAGGACCCTCTAATATAAGCAAAGTATTTTGGCATGAAAATCATTCTGAAGGAAATAATATGGATTCTAAAGGTTTTAT
. 250 .
S T L ND VS GP S NI S KV F WHENDNUHSUESGNNMMD S K G F I

. . 2050 . . 2100
ACTAGATTTAGATTATAATCAAGATTTTGACATGTTTGCCCCCAATGGAGAAATACCTAATAATAATTTATTAAATAATAATAGTTTAAATGTTATACAA

L DL DY NQDU F DMV F A PNGE I P NN NNUILILNNNS LNV I Q
FIG. 2.—Continued.

other B. sphaericus toxins, namely, the 51.4- and 41.9-kDa the toxin gene, AAAAAGAGGTG (nt 1188 to 1198), shows
toxins (3, 19) and the 125-kDa surface layer protein, from a 10-base homology to the 3’ terminus of Bacillus subtilis 16S
which the 110-kDa toxin is derived (6). rRNA (26). The free energy of binding for these two se-

Upstream elements. The putative ribosome-binding site for quences, calculated by the method of Tinoco et al. (39), is



2780 THANABALU ET AL. J. BACTERIOL.
2150 2200
AACTCAGAATATCAAATCAAAAATAAGAAGGATAGGAATATTGTTGTAACGTTAGATTCTGATTATGGAGGAAGTCCAGTAGAGTCGTATAAGAATTTTG

300

N S E Y Q I v vTULDSDY GG S P V E S Y KNF G

K N K K D R N I

. . 2250 2300
GTTTTGAAAATCAAAAATGGAACATCAAATACGATAGCAAAAAAAATGCTTATAAAATCTACAATAGAGAAACCCCTACTTTACTATTAAGTTGGAATAG
350

K Y D S K K N A Y K I Y NIRETU®PTTULULL S W N S

F E N Q K W N I
2350 . 2400
TAACTCGTCTAATGGTGAACAAGTGATTAGAGGTTATACTGAAAGTGGTTCAAATAATCAATATTGGACAATAGAAAAAAATGTAAATGGTTTTTATAAA

N S S NG E Q VI R G Y T E S G S NNQY W T I EIKNUVNGVF Y K
. . 2450 2500
TTTAGAAATCTTTCTGACCCTAGCAAAATATTAGACTTAAAAGATGGTAACACTCTAAATAAAACTCCTTTAGTCGTTTCAAGTGAGAACAGTAGCTCAT
400

F R NL S DUP S K I LDUILIKDGNTTULNI KTU®PULV V S S ENS S s s

2550 2600
CACAAGAGTGGTTAATTGAAAAAACTAATTATCAAACTGTTAAAGATGGTACTTATCAAGTATCTTCAAAATTAAATGAAAATAAAGTTATTGAACAAAT
. 450 .
Q EW UL I E K TWNY QT V KDGT Y QV S S KU LNUENI KUV IEZQQTI
2650 2700

TTCTACTAACAAAGTTCATATTTTCTCAAACTCGGATAAAGAAAATCAAGTTTGGAATCTTATCTACAACCCTATCCTCAAAGCTTATAAAATTAAAAGC

S T N K V HI F S N S D KENLGQV WNILTIYNUPTI

L K A Y K I K S
2750 2800
TTAAAGTATCCTAACTATTCATTGGCTTGGGATAGTAATAATACTAGAACAATTGTAGCAGCTACAGGGGATTATAATGATCAATATTGGTTAATAGAAA

500 . . .
L K Y P N Y S L A WD SNNTURTTIVAATSGUDYNUDQYWTUL I E R
2850 2900
GAAACGAGGATAATACTTATATAATTAGAAATTATGAAAATAGAAAAATTGTTTTAGATTTATCAAATGGTAGTACTACTGATGGCAATGGATTATTAGG
. 550 .
N E D NT Y I I R N Y ENRIK I VL DU L S NG S T TDGNG L L G
2950 3000
ATTTGAATTTCATGGGGGAATAAATCAAAGATGGATCATTAAGCCTTTTTCATTTAATTCTATTCAAGATGGGATTTATCAATTTATGACCGTAATTAAT
F EF HG G I NQIRWI I KU®PF S F NS I QDGTI Y QF M TV I N
3050 3100
CAGGATTTAATTGCTGACTTGACGACTAATAATTATACAATTGCTACGAAAACAAATAACTATTCTAGTAATCAAAAATGGACAGTAACTTATAATGATA
600 . .
Q D L A T K T NN Y S S N Q KW T V T Y N D K

FIG. 2.—Continued.

I A DL TTNNY T I

—15.4 kcal (ca. —64.4 kJ) per mol. Similar ribosome-binding
sites have been proposed for other B. sphaericus genes, for
example, GAAAGGGG for the BspRI modification methyl-
ase gene of strain R (32) and GGAGG for the 125-kDa
surface layer protein gene of strain 2362 (6).

It is possible to identify several sequences in the region
upstream of the toxin gene which resemble promoters. The

putative promoter sequences —10 TATAAC (nt 1122 to
1127) and —35 TTCACA (nt 1092 to 1097) show homology to
the consensus sequences for the o>° vegetative promoter of
B. subtilis (—10 TATAAA and —35 TTGACA).

Located between the —10 region and the ribosome-binding
site for the toxin gene is an A+T-rich inverted repeat
sequence (nt 1135 to 1179) capable of forming a hairpin loop
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. . 3150 3200

AAAAACGTGCCTATAAAATTAGGAATTTACAACATGCTCATCTCAGTTTAGCATGGGATAGCAATCACTCAGATAAAATTTTTGGCGCTACCGGAGATTA
. 650 .

K R'A ¥ K I R NL QHAUHULSULAWUDSNUHSDI KTIT FGA ATGTD Y

3250 3300
TGATGATCAATATTGGATTCCTATTTTGCAAACAGATGGATCATTTATTTTTAGGAATTATAAAAATCCAAATAAGATATTTGGAACAAATGGTCAACCC

b bD QY W I P IL QT DG SV F I F RNYKNUPNIKI

F G T N G Q P
3350 3400
ATTAATGATATTCCGTTAAAGGCTCAAGATGTAACTGGACAAAATAATCAAAAGTGGTATTTAAGACATTTAAATTCTTCCAATAATTTTACTGGATACT
700

I N D I P L KAOQD VTGO QNNDNWOQI KW YULRUHTILNS S NNV FTG Y F

3450 3500
TTAACATATCCAGTAAAAAGAATTTTAATAAAATTATTACTATGAACTCAAATAAAACTCAAGCTGTTATTTTTGACAATATTGGAATTAACAATCAGTC
750 .

S N K T Q A VvV I F DN I G I

N I 8§ S K K N F N K I I

T M N N N Q s
3550 3600
ATGGAAACTGAAATATAATGACAATAAAAATGCATATCAGATTCACATTTTAGATAACTTTTTATACTTTCAAGGCGGCCATAATATTGTTGCTACCATG
W K L K Y ND N KN A Y Q I H I L DNV FL Y F Q G G HNTI VA TM
3650 3700
CGAAATGTTACTAATGATGATTTAAGAAGTTATTGGTATGTAGAATATAACTTTAATAAAGATGGGTTTATAATAAGAAACGCATTTGATACAAGCTACG
800

R NV TNDDULR S Y W Y V E YN FNIKDGU F I I RN ATFUDT S Y V

3750 3800

TACTTGATGTATTTCAAGGAAATTTTGCTAACAATACACCTATCATCACTTATCAAAACTATTTAAACGACAACCAGTTATGGAATTTTATACCTTCATT
. 850 .

L DV F Q GNVFANNTU®P I I T Y QDNY L NDNOQTLWNU FTI P S L

3850 . . 3900

AGGTGTAGAACCTAGATAGTAATGACTGTTTTATGCATAGAAGACAAGCAAAAAAGAGGTTAACAGAGATATAATGAAATTATAATAACATCTAAATTGT

G V E P R * * x

3950 . 4000
AAATAAAGGGTGATACATATCGTAATATGTATCACCCTTTTTACTTTTGTACAACAATCACTACCGATTGTAGGTTAAAATAAAGTTAGATTTTTTTCTG

. . 4050 . . 4100
TGATCTAATCTCCAATAAAAACCTTTCCCTTTTCCTCTCTTAAAATGCAGGTATCGATTTAGTAGCCTTCTTAAATTTTTAAAAAAGATGAATTATCAAT

4030

TTGATTTACCGTTAAAATTTATTTATACTGCAG
FIG. 2.—Continued.

structure with a free energy of —22.6 kcal (ca. —94.6 kJ) per
mol. It appears unlikely that this sequence represents the
transcriptional termination signal for the upstream open
reading frame, as it does not show the usual features of such
a sequence (a G+C-rich hairpin loop followed by a T-rich
region [16, 35]). Procaryotes are known to utilize posttran-
scriptional mechanisms for the control of gene expression;
many of these procaryotes use sequences located around the

translational initiation site (17). For example, T4 DNA
polymerase acts as an autogenous translational repressor by
binding to an mRNA sequence which includes the ribosome-
binding site and a hairpin loop structure located 6 nt up-
stream (1). It is possible that the inverted repeat sequence
upstream of the toxin gene is involved in regulating its
expression.

Downstream elements. A G+C-rich inverted repeat se-
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FIG. 3. Hydropathy profile for the amino acid sequence of the 100-kDa toxin. Amino acid numbers are marked on the horizontal axis, and
units of hydropathicity (calculated by the algorithm of Kyte and Doolittle [21]) are marked on the vertical axis. The dotted line at —5 divides

hydrophobic regions above from hydrophilic regions below.

quence capable of forming a hairpin loop structure with a
free energy of —27.6 kcal (ca. —115.5 kJ) per mol begins 86
nt downstream of the translational stop codon of the toxin
gene. This inverted repeat sequence is followed by a T-rich
sequence and thus has the characteristics of a transcriptional
termination signal.

Upstream open reading frame. The sequence presented in
Fig. 2 also contains the 3’ end of another open reading frame
(nt 1 to 1020). Beginning after methionine residue 74 in our
sequence -there was significant homology to open reading
frames ORF2 from Tn501 and ORF2a from Tn2/ (8). The
Tn21 homology continues after residue 290 in our sequence
in ORF2b (15) (Fig. S). The function of these open reading
frames of the mercury resistance-conferring transposons
Tn50! and Tn2! is not known. B. sphaericus SSII-1 was
tested for mercury resistance by two methods. The ability of
the bacteria to grow on LB agar containing 10 p.g of mercuric
acetate per ml and the ability of the bacteria to volatilize
mercuric chloride were tested by the method of Nakamura
and Nakahara (30). No colonies were formed on mercuric
acetate plates after incubation at 30°C for 72 h, and no

SSII-TOX Elx.?w !D_RRPPN'D'EIFL
PT-S1 v Y|Rr|¥|D|s|r P p|E|D| V|F 0
CT-A 1] ¥|r|a|p|s|r ¢ 2D E[1] K 0
LT-A YRADSRPPDEI

evidence of mercuric chloride volatilization was seen. These
results indicate that the upstream open reading frame is not
associated with mercury resistance in B. sphaericus SSII-1.

Distribution of the toxin sequence. Figure 6 shows the
results of Southern hybridization of a toxin gene probe to
Clal-digested DNA from various B. sphaericus strains. The
mtx gene is widely distributed among both high- and low-
toxicity strains. The sizes of the major hybridizing bands
appeared to vary among serotypes, with estimated sizes of
approximately 11 kb in the Hla strain, 3.2 kb in H2a,2b
strains, 10 kb in H5a,5b strains, 13 kb in the H6 strain, 8.4 kb
in the H9a,9¢c strain, and 2.9 kb in the H2S strain. Additional
weakly hybridizing bands were also seen in some strains.
These bands are currently under investigation. In addition to
DNA from the strains shown in Fig. 6, Clal-digested DNA
from the weakly toxic strains 2173 and 2315 (serotype
H26a,26b) and the nontoxic strains BM2 (serotype
H26a,26b) and ATCC 7054 and ATCC. 7055 (serotype H9)
was used in similar hybridization experiments. No hybrid-
ization of the toxin gene probe was observed (results not
shown).

FEE v FE- Fs
- T-A------- WG N -D -
G LM GQSEYFD G T M I
G LM GHNEYTFD G T M I

SSII-TOX SP‘—/-E-D—TH LNYL—RE--N - P I|F|V S T|IT R A Y
PT-S1 N -|V|L|D|-|H TGRSCQVG-S8 —N@AFVSTSSSR
CT-A N-_LYD—HARG-T-Q GFVRHDDGY|VST|ISISLR
LT-A N-LY&—HARG—T—Q GFVRYDDGY|VST|ISLSLR

FIG. 4. Sequence comparisons between the 100-kDa toxin and other bacterial toxins. The deduced amino acid sequence from amino acids
95 to 148 of the 100-kDa toxin from B. sphaericus SSII-1 (SSII-TOX) is aligned with amino acids 7 to 58 of the S1 subunit of pertussis toxin
(PT-S1) (31) and amino acids S to 67 of the A subunit of cholera toxin (CT-A) and the A subunit of E. coli heat-labile toxin (LT-A) (42). Boxes
indicate regions of identity between the sequence of the 100-kDa toxin and the sequence(s) of one or more of the other toxins.
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FIG. 5. Sequence comparisons between the SSII-1 upstream open reading frame (SSII.ORF) (amino acids 75 to 340) and amino acids 1
to 264 of ORF2 from Tn501, 1 to 224 of ORF2a from Tn21 (8), and 1 to 52 of ORF2b from Tn21 (15). Boxes indicate regions of identity between
the deduced sequence of the upstream open reading frame and the sequence(s) of one or more of the other open reading frames.

Toxicity of the E. coli clones. Serial 10-fold dilutions of E.
coli containing clones pXP33 and pXP34 were assayed for
toxicity for second-instar larvae of the mosquitoes C. quin-
quefasciatus and Aedes aegypti. Both clones were toxic for
both species of mosquitoes, causing 100% mortality in C.
quinquefasciatus at minimum cell concentrations of 2 x 10°
cells per ml at 24 h and 2 X 10° cells per ml at 48 h and in A.
aegypti at minimum cell concentrations of 2 X 107 cells per
ml at 24 h and 2 X 10° cells per ml at 48 h. The minimum
concentrations of B. sphaericus SSII-1 cells necessary to
produce 100% mortality were found to be 1/10 the concen-
trations of the recombinants in every case, possibly because
of lower expression in the recombinants or the presence of
other, unidentified toxins in strain SSII-1.

The toxicity of B. sphaericus SSII-1 declined rapidly upon
storage at 4°C. The same loss of toxicity was observed with
E. coli transformed with our initial cosmid clone, pKF2.
However, greater stability was observed in toxins produced
by later subclones derived from pKF2. The toxicity of these
subclones was maintained for at least 3 weeks at 4°C.

DISCUSSION

The discovery and characterization of further toxins from
B. sphaericus is important in the understanding of the
entomocidal activity of the organism. In this paper, we have
described the isolation and characterization of a gene from
B. sphaericus SSII-1 encoding a 100-kDa toxin active against
both C. quinquefasciatus and A. aegypti mosquitoes. We
have also shown the homology of an upstream open reading
frame with open reading frames of transposons Tn50! and
Tn21 having unknown function.

Analysis of the deduced amino acid sequence of the
100-kDa protein shows that its N terminus resembles a
gram-positive signal sequence which may act as a point of
attachment to the bacterial cell membrane. The sequence of
hydrophobic amino acids from positions 43 to 60 is a
potential membrane-spanning region. Myers and Yousten
(29) and Davidson (12) have described toxins predominantly
associated with the cell membrane fractions of broken

B. sphaericus 1593 cells, indicating that some toxins may be
present in a membrane-bound form. The 100-kDa toxin has
some homology to bacterial toxins which act by ADP-
ribosylation of G proteins. We are currently investigating the
possibility that the 100-kDa toxin may have a similar mech-
anism of action.

Putative promoters for the toxin gene closely resemble the
vegetative promoters recognized by the B. subtilis RNA
polymerase associated with o°°, consistent with reports that
toxicity in B. sphaericus SSII-1 is produced during vegeta-
tive growth (27, 28).

The mtx gene encoding the 100-kDa toxin was found to be
widely distributed among toxic B. sphaericus strains, with
the exception of those of serotype H26a,26b. The finding
that highly toxic strains also contain this gene may be
important in determining the target range of the strains. All
of the highly toxic strains tested in this study contained the
mtx gene in addition to the genes for the 51.4- and 41.9-kDa
toxins. The similarities between the restriction map pre-
sented in Fig. 1 and that presented by Souza et al. (38) for
their clone pAS377PT suggest that these authors have cloned
the gene encoding the 100-kDa toxin from strain 1593M.
They reported that the product of clone pAS377PT in E. coli
maxicells was a protein of 29 kDa. This protein may repre-
sent a proteolytic product of the 100-kDa protein that we
have described. It is possible that in the highly toxic strains,
the 100-kDa toxin or a peptide derived from it may act
synergistically with the 51.4- and 41.9-kDa toxins.

Our results show that E. coli transformed with subclones
carrying the toxin gene exhibits more stable toxic activity
than does B. sphaericus SSII-1. Our initial cosmid clone also
showed low toxin stability, similar to that of SSII-1. This
result suggests that a factor responsible for this instability
may be encoded within the region cloned in cosmid pKF2
but deleted in later subclones. This factor may be, for
example, a specific proteolytic enzyme involved in the
breakdown of the 100-kDa toxin. The instability of the toxin
in B. sphaericus SSII-1 may explain the low toxicity ob-
served in this strain. It is not known whether the toxicity of
the 100-kDa toxin in highly toxic strains is subject to rapid
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FIG. 6. Southern blots of Clal-digested DNA from various high- and low-toxicity strains of B. sphaericus hybridized with a 420-bp
radiolabeled probe derived from the 100-kDa toxin gene. High-toxicity strains: IAB59, 1593M, 1691, 2317.3, 2362, BSE18, and 2297.

Low-toxicity strains: Kellen Q, SSII-1, 1889, and 31.

degradation during storage, as the activity of this toxin is
likely to be masked by the activity of the 51.4- and 41.9-kDa
toxins found in these strains.
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