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israelensis Plasmid Carrying the Mosquito Larvicidal Genes1

Eitan Ben-Dov,* Gal Nissan,* Nir Pelleg,* Robert Manasherob,*
Sammy Boussiba,† and Arieh Zaritsky*,2

*Department of Life Sciences, Ben-Gurion University of the Negev, P.O. Box 653, Be’er-Sheva 84105, Isr
and †Microalgal Biotechnology Laboratory, The Blaustein Institute for Desert Research,

Ben-Gurion University of the Negev at Sede Boqer, Sede Boqer, 84990, Israel

Received December 3, 1998; revised April 14, 1999

All the genetic elements responsible for the mosquito larval toxicity ofBacillus thuringiensis
subsp.israelensisare located on one of its largest plasmids, nicknamed pBtoxis. Two linkage groups
(with sizes of about 75 and 55 kb) have previously been mapped partially with respect toSacI and
BamHI restriction sites (Ben-Dovet al., 1996), but linking them to a single circular plasmid
unambiguously was impossible with the available data. To finalize the plasmid map, another rare
cutting restriction endonuclease,AlwNI, was used in addition. The two linkage groups and the
fragments generated byAlwNI were aligned on the circular plasmid, and known insertion sequences
were localized on the refined map. Pulsed-field electrophoresis revealed that the total size of pBtoxis
(137 kb) was larger than thought before.© 1999 Academic Press
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The mosquito larvicidal activity ofBacillus
thuringiensissubsp.israelensisis included in a
east five polypeptides of a parasporal crys
ine body (d-endotoxin), encoded by the resp
tive genes which are highly expressed du
sporulation (Federiciet al., 1990; Porteret al.,
1993). These, and all the other genetic elem
responsible for toxicity, are located on one
the largest (125 kb) transmissible plasmids oB.
t. israelensis(Andrup et al., 1998; Ben-Dovet
al., 1996; Gonzalez and Carlton, 1984), ni
named pBtoxis. This plasmid also harbors s
eral insertion sequences (ISs):3 IS231,F, V, and
W, and IS240, A and B, which seem to allo
transposition, duplication, rearrangement,
modification of the genes for the crys
polypeptides (Lerecluset al.,1993; Mahillonet
al., 1994). IS240, for example, is present in a

. thuringiensis strains exhibiting toxicit
gainst larvae of Dipteran species, sugges

1 This article is dedicated to our colleague, Yoel Mar
ith, the discoverer ofBacillus thuringiensissubsp.israelen-
is,on his 65th birthday.

2 To whom correspondence should be addressed.
972-7-6278.951. E-mail: ariehz@bgumail.bgu.ac.il.

3 Abbreviations used: IR, inverted repeats; IS, inser
sequences; PFE, pulsed field electrophoresis.
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hat this element facilitates mobilization
oxin genes between them (Rosso and D
luse, 1997).
The meaningful (coding and otherwise)

ormation known to date on pBtoxis accou
or less than 20% of its total length. The r
ay contain additional coding sequences

egions of regulatory importance. A full phy
al map of this plasmid will be helpful in di
overing new genes and regulatory elem
djacent to the currently known genes and
eciphering the interactions between them
ill aid in the procedure to complete the nuc
tide sequence of this biotechnologically
ortant plasmid.
Two linkage groups (with sizes of about

nd 55 kb) have previously been mapped
ially with respect toSacI andBamHI restriction
ites, but closure to a single circular plasm
elied on an assumption that two identicalSacI
ragments (of 8.5 kb) existed (Ben-Dovet al.,
996). Our efforts to demonstrate such t

ragments have failed, implying that fragm
ize determination was not sufficiently accur
ismatch between the ends was derived f
ifferences in the total sum of fragment si
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obtained with different enzymes measured f
agarose gel electrophoresis (Table 1 in Ben-
et al., 1996); this method is not sufficien
ensitive to determine sizes at the larger sc
he present investigation was aimed at res

ng both problems simultaneously, real size
inking the two groups, using an additional
triction enzyme and a more sensitive resolv
ethod, pulsed field electrophoresis (PFE).

REEVALUATION OF PLASMID SIZE

Two rare cutting restriction endonucleas
BamHI and SacI, have previously been used
map pBtoxis because the G1 C contents in
their recognition sites is high, while it is re
tively low in total DNA of B. thuringiensis
trains (Andrupet al.,1993).AlwNI was chose

here as an additional enzyme to discover
the two linkage groups are connected and h
to refine the plasmid map.

TAB

Sizes of Plasmid Fragments Ob

Endonuclease Sizes (kb) of f

AlwNI 27.0, 26.5, 26.0, 21.0
BamHI 27.5, 22.0, 21.0, 20.0
SacI 40.0, 27.0, 25.0, 15.0

a Fragments smaller than 6 kb were out of the PFE

FIG. 1. Pulsed field electrophoresis on an agarose
(see text) of fragments of pBtoxis digested by the follow
restriction enzymes: lane 4,AlwNI; lane 5,BamHI; lane 6,
SacI; lanes 1–3, molecular weight markers with sizes (in
indicated on left.lDNA cleaved by: lane 1,ApaI; lane 2,
XmnI; lane 3,HindIII. Fragment sizes are listed in Table
v

e.
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DNA modification and restriction enzym
were used as recommended by the supp
(mostly New England BioLabs) and carried
as described by Sambrooket al. (1989).

The “125-kb plasmid” was isolated fro
strain 4Q5 (original code 4Q2-72) ofB. t. is-
raelensisaccording to the method of Krenset

l. (1984) for the Ti plasmids ofAgrobacterium
umefaciens,as previously described (Ben-D
t al., 1996). This strain, a derivative of t
ild-type cured of all its plasmids except p

oxis (Zeigler, 1999), was kindly supplied
r. D. R. Zeigler (Bacillus Genetic Stock Ce

er, Columbus, OH). It was restricted
amHI, SacI, and AlwNI and fractionated b

PFE according to Bio-Rad’s directions un
the following conditions: 1% agarose, 0.53
TBE, 14°C, 1- to 6-s switch time, 6 V/cm, 16
Fragment sizes (Fig. 1; Table 1) were ind
slightly different than those previously deriv
(Ben-Dovet al., 1996) and helped to constru

self-consistent circular map (see below).
arge fragments have previously been subs
ially underestimated. For example, the larg
acI fragment, of 40 kb, has been estimated
e 31 kb long by regular agarose gel elec
horesis. The plasmid, which was origina
stimated to be about 110 kb (Gonzalez
arlton, 1984; Ward and Ellar, 1983) and la

efined to 125 kb (Doueket al.,1991; Ben-Dov
t al.,1996) is now more realistically estimat
t 137 kb, but the final resolution will stem fro

ts full sequencing.
Two pairs of similarAlwNI fragments (two o

.5 kb, one of 26 kb, and one of 26.5 kb) w
ot separated in PFE (Fig. 1). Their prese
as deduced because they were detected b
ifferent AlwNI-containing probes, as detail

1

ed with Pulsed-Field Electrophoresis

ments generateda Total size (kb)a

.0, 9.5, 9.5, 5.0, 0.4 139.9

.0, 12.5, 8.0, 7.5, 2.5 137.0

.5, 9.5, 7.0, 0.4 135.4

and inferred from regular gels.
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below. The threeBamHI fragments with simila
sizes (of about 21 kb; Table 1), which have b
resolved under the usual agarose gel condi
(Fig. 1B in Ben-Dovet al., 1996), were no
eparated (Fig. 1) under our current PFE co
ions; we are unable to explain this discrepan

TAB

Sizes of Plasmid Fragments Detect

Probea AlwNI BamHI

EcoRI 5.8 kb (A, B) 27, 9.5 20, 12.5
EcoRI 6.5 kb (A, B) 26.5, 9.5 16, 7.5
EcoRI 8.0 kb (A, B) 26, 5 22, 21
KpnI 5.8 kb (A, B) 26, 9.5 16, 7.5
KpnI 8.4 kb (B) 15 21, 12.5
PstI 4.0 kb (S) 21 27.5
PstI 8.0 kb (S) 27 20 2
cryIVA (A) 15, 5 21 1

CR fragment (23 A) 26, 21, 0.4 27.5

a Fragment used as a probe, with at least one reco
parentheses).

b ND, not determined.

FIG. 2. Autoradiogram of Southern blot of cleaved p
toxis, hybridized to32P-labeledPstI 4.0-kb fragment as
probe. The plasmid was digested by the following res
tion enzymes: lane 1,AlwNI–SacI–BamHI (triple cleavage)
lane 2,SacI; lane 3,SacI–AlwNI (double cleavage); lane
BamHI; lane 5, AlwNI–BamHI (double cleavage); lane
AlwNI; lane 7,AlwNI–SalI (double cleavage); lane 8,SalI.
The blot was obtained from a long run (40 h at 40 V) on
agarose (0.6%) gel of the restriction digests.
n
s

i-
.

MAPPING BY HYBRIDIZATION
TO PROBES

pBtoxis was restricted byHindIII, EcoRI,
pnI, and PstI and subcloned as libraries
lasmid pUC9 or pUC19, in followingEsche
ichia coli strains: XL-Blue MRF9 (Stratagene
a Jolla, CA), JM83, and JM109. Selection a
creening of transformants, plasmid isolat
nd DNA analyses were all performed as p
iously detailed (Ben-Dovet al., 1996).
The libraries were screened for inserts c

aining recognition sites forBamHI, SacI, and
lwNI. Radiolabeled inserts with at least one

hese recognition sites each were exploite
robes for conventional hybridization to Sou
rn blots of pBtoxis, cleaved by the three
ymes. This allowed the alignment of at le
wo of the relevant fragments, each at a ti
or example, a 4-kbPstI fragment (containin
neSacI site) linked the 27- and 11.5-kbSacI

ragments on theBamHI 27.5-kb andAlwNI
1-kb fragments (Fig. 2).
The locations of two 9.5-kb and two simi

6-kbAlwNI fragments were deciphered by fi
robes (Table 2): (a) BothKpnI 5.8-kb and
coRI 6.5-kb probes were hybridized with t
ame 9.5-kb fragment, as well as with the
nd 26.5-kb fragments flanking it, respective

2

by Hybridization to Nine Different Probes

Size(s) of fragments

cI
AlwNI/
BamHI

AlwNI/
SacI

AlwNI/
BamHI/

SacI
BamHI/

SacI

9.5 8.9, 8.5 8.9, 8.5 11.5,
11 5, 4.7 5, 2.7, 2.2 15, 7
5, 2 5, 4.7 5, 2.7, 2 11.5,
5.5, 2.5 9 5.5, 2.5 NDb

10.8, 2 NDb 20, 6.8 7
11.5 14.5 15.5 12.5 12.5
9.5 20 8.5 9.5 9.5

10.8, 5.1 15, 5 8, 5 11
13, 15 8, 3.5 8, 3.5 11.5

ition site forAlwNI (A), BamHI (B), or SacI (S) (indicated in

-

LE

ed

Sa

27
40
15
40
27
25,
5,
5
11.5

gn
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189CIRCULAR MAP OF B. t. israelensisPLASMID
(b) The other end of the 26-kb fragment w
linked to the 21-kbAlwNI fragment with an
878-bp PCR probe, through the 0.4AlwNI frag-
ment included in the probe. The PCR prod
was obtained with the following primers, d
rived from a known region ofcry4Ba and up
stream (Senet al., 1988): 59-CGATTT-
GAATTTTCTGAATATCGAAC-39 (direct)
and 59-TTATTAGGCTCTCTTTTCCAA-

FIG. 3. Restriction map of the 137-kbB. thuringien
sizes of the relevant fragments ofBamHI (B), SacI (S),
genes, of about 26 kb (SacI–SacI–BamHI–HindIII), is e
by colored boxes and direction of transcription—
IS240s) or oval bodies (IS231s).
t

TG-39 (reverse). (c) The other end of t
6.5-kb fragment was linked to the 5-kbAlwNI

ragment with theEcoRI 8.0-kb probe. (d) Th
econdAlwNI 9.5-kb fragment was detected
he EcoRI 5.8-kb probe, linking it to anoth
arge, 27-kbAlwNI fragment.

Table 2 summarizes the data obtained with
ine probes used here, together allowing c
truction of a consistent circular map contain

ubsp.israelensispBtoxis plasmid. Numbers represent
dAlwNI (A). The region containing most of the known
rged about 1.5-fold (see 4 kb bar). Genes are indicated
arrows. Insertion sequences are marked as circles
siss
an
nla
by
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190 BEN-DOV ET AL.
all sites of the three enzymes (Fig. 3). The
0.4-kb fragments, ofAlwNI and SacI, were
found fortuitously: the former by having t
sequence ofcry4Baand flanking region (Senet
al., 1988) and the latter by finding a probe (KpnI
2.4) with twoSacI sites (Ben-Dovet al.,1996).

ur data do not preclude existence of additio
earby sites for each of these enzymes simi
enerating small fragments upon cleavage.

THE INSERTION SEQUENCES

PCR products were used as probes to lo
he known ISs on the fragments of this m
S231, V and W, and IS240, A and B. The
robes were obtained using the inverted rep
IR) of the ISs as primers from their know
equences (Delecluseet al.,1989; Rezso¨hazyet
l., 1993), radiolabeled and hybridized to
lots. The probes were prepared with the

owing primers: 59-GGGGTACGGCAACA-
CGCCATCAAGC-39 for IS231 (V and W)
nd 59-AAGGTTCTGGTGCAAA-39 for IS240
A and B). Table 3 summarizes the data
ained by such analyses with reference to
nown information and results incorpora
nto the complete map (Fig. 3).

IS231,V and W, of 1964 bp, each encodi
wo slightly overlapping ORFs (275 and 2
mino acids for IS231V and 259 and 250 fo

S231W), labeled two fragments from each
triction enzyme (Rezso¨hazyet al.,1993). Thei

TABLE 3

Sizes of Plasmid Fragments Hybridized to Two Differ
IS Probesa

Probea

Size(s) of fragments

AlwNI BamHI SacI

IS240 27.0 27.5 40
26.5 22 27
26 21 15
15 20 9.5

16

IS231 21 27.5 27
15 21 25

a Amplified by PCR (see text).
l
y

te
,

ts

-

-
e

ocations were easily identified by hybridizi
o the fragments harboring them since they h
o recognition sites for the enzymes defin

he map (BamHI, SacI, andAlwNI). The sizes o
he BamHI fragments to which they were a
igned differ from those previously found (R
öhazyet al., 1993): 21 kb (rather than 17 k
or IS231V and 27.5 kb (rather than 19 kb) f
S240W. The sequence of another IS231,F, of
655 bp (encoding a 477-amino-acid tra
osase), is carried on the 7.6-kbBamHI restric-

ion fragment of pBtoxis (Rezso¨hazy et al.,
992); it is thus included in Fig. 3.
The two IS240, A and B (865 bp long, en

oding a putative transposase of 235 am
cids), lie in opposite orientations and form
omposite transposon-like structure (Bourgo
t al.,1988; Delecluseet al.,1989). At least si
opies of IS240 were found on pBtoxis (Bou
ouinet al.,1988; Rosso and Delecluse, 199
ry4Aa,carried on the 15-kbSacI fragment, is
anked by two copies (IS240A and IS240B
Bourgouinet al., 1988), while IS231W is ad-
acent tocry11Aa(Mahillon et al., 1994). It is
easonable to suppose that the other ISs
dditional genes which are yet to be discove
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