Journal of Industrial Microbiology & Biotechnology (2000) 24, 14-18
0 2000 Society for Industrial Microbiology 1367-5435/00 $15.00

www.nature.com/jim

Cloning and expression of mosquitocidal endotoxin gene
crylVB from Bacillus thuringiensis  var israelensis in the
obligate methylotroph  Methylobacillus flagellatum

ND Marchenko®?, GN Marchenko®®, LO Ganushkina* and RR Azizbekyan?!

institute of Genetics and Selection of Industrial Microorganisms, 1st Dorozhny proezd 1, Moscow, 113545 Russia

The crylVB gene from a new isolate of  Bacillus thuringiensis  var israelensis was cloned and sequenced. Two nucleo-
tide replacements resulted in changing Asp ~ 38-Thr386 to Glu *5-Ser38¢ were found in comparison with the previously
sequenced crylVB gene. Two genetic constructions were designed for expression of crylVB in the obligate methylo-
troph Methylobacillus flagellatum . In the first construction, crylVB was cloned under the strong inducible lac pro-
moter and contained original ribosome binding site and 150 bp of 5 ' transcribed but untranslated region. In the
second construct, the first five codons of the lacZ gene were fused to the second codon of the  crylVB gene. Both
E. coli and M. flagellatum harboring both constructs were toxic to insect larvae of Anopheles stephensi and Aedes
aegypti . However, the toxicity of the methylotroph was about 450 times less. This study is the first attempt to use
methylotrophs as an insecticidal endotoxin producer. Journal of Industrial Microbiology & Biotechnology (2000) 24,
14-18.
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Introduction development of alternative hosts for expression of mos-
. Lo . - . _quitocidal genes [15,21,26,27,33]. The expression o&the
Bacillus thuringiensisvar israelensisis an aerobic spore thuringiensisvar israelensidarvicidal genes in the obligate

forming bacterium, which produces crystalline inclusions : )
at the outset of sporulation. These inclusions are toxic formethylotroph Methylobacillus flagellaturhas been sug

larvae of numerous mosquito species and blackflies, Whicﬁes'[ed as an effective means for controlling mosquito popu-

are vectors for several dangerous tropical dise VA ations. M. flagellatumis able to grow on methanol or _
crylVB, crylVC, crylvD and cytA endotoxin gaaenl%ess are methylamine as sources of carbon and energy [12]. This
Iocateé ina 12,5-kb plasmid, and encode 134, 128, 78, 7 acterium has a high maximum growth rate with a coef-

. . . . icient of conversion of methanol into biomass of about
and 27 kDa proteins respectively [6]. They differ in struc- -, : . :
ture and insecticidal activity spectrum, and a synergis 20% [3]. Moreover, this methylotroph is resistant to UV

n]ight, lacks toxin-degrading proteases, is phage-resistant,

?oi[ivxeeennetgi; tﬁglvtlﬂﬁﬁnwiaeis?:/zﬂ;/rea?el[elr?s,ild?l{vé IlI)eeenndo'and has very low production costs. These properties make
9 ' g M. flagellatuman ideal producer for biotechnology indus-

cloned and the DNA sequences determined. ThdVB , : :
gene was cloned by several investigators [9,22,28,32] an Zbrlzlssiotr)la%tfe”hueTerrc])?c?ggugofrgttlgilntso [g(]a u;%‘;ljgtrio?]veg;
ge(zacnoemkl]) ;T/Znﬁiggﬁirt'ggi'ga?c’;gg\llﬁyh[azrg?red by therylVB amino acids [25] and vitamins [23]. Here we describe clon-
Biological control of mosquito populations is highly N9 @nd sequencing of theylVB gene from a new isolate
of Bacillus thuringiensisvar israelensis 1-5 and its

effective without evidence of any harmful impact on the L .

environment [5]. Despite the high toxicity &. thuringi- expression in the obligate methylotroph flagellatum
ensisvar israelensisagainst different mosquito species, its
industrial use is limited by considerable disadvantages foMaterials and methods
extensive mosquito control programs [29]. The primary dis- . .
advantages are rapid settling, UV sensitivity, proteolysis ots trains and plasmids

toxins, and the high cost of fermentation. The need for bio—A strain of B. thuringiensisvar israelensis IPS82 was

. . ' .~ obtained from the collection of H Barjac (Pasteur Institute,
logical control of mosquitos has stimulated research Ir]tq?aris France)B. thuringiensisvar isrzjaele(nsisstrain 1-5

was isolated from mosquito larvae collected in Middle Asia
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containing the helper plasmid R751 [24]. For cloning Western-blot analysis 1o

experiments we used the plasmid pUC19 and broad hostultures being tested for endotoxin production were har-
range vectors pNGM130K and pNGM131K (Figure 1). Thevested after 24 h. Cells were centrifuged and then sus-
construction and detailed description of the vectorspended in ice-cold 10 mM TE buffer (pH 7.5). Samples
pNGM130K and pNGM131K were reported previously with equal concentrations of total protein (&g for E. coli

[16]. and 100ug for M. flagellatumcells) were separated by 8%
SDS-PAGE. After electrophoresis, the proteins were trans-
General procedures ferred onto a nitrocellulose membrane. The CrylVB protein

Plasmids fromM. flagellatumandE. coli were isolated by was detected with polyclonal anti-CrylVB antiserum
the alkaline lysis method [20]. A slightly modified pro- (raised in white rabbits), that was supplied generously by
cedure was used for purification of plasmids frBthurin- A Shevelev (GNIIGenetika, Moscow, Russia).

giensisvar israelensis[13]. To construct theB. thuringi-

ensisvar israelensisl-5 125-kb plasmid library, the total DNA sequencing

plasmid DNAs were separated by electrophoresis in 0.3%ragments for sequencing were recovered from low melting
low melting agarose. The excised band containing the 125agarose gels and subcloned into M13 vectors BM20 or
kb plasmid was melted, added to four volumesXija BM21 (Boehringer Mannheim, Mannheim, Germany). Sin-
buffer, and digested b¥ba endonuclease with conditions gle-stranded DNA templates were sequenced by the dide-
providing partial digestion. The partixlba digest was lig- oxy chain termination method with fluorescent primers
ated into theXbad site of the pUC19 vector after being using the Applied Biosystem Model 370A DNA Sequen-
processed by alkaline phosphatase. The ligation mix wasing System. The sequencing procedure was performed
transformed intde. colistrain TG1. White ampicillin-resist- with a Techne PHC-2 CyclerA (Techne Ltd, Duxford,
ant transformants were then screened by colony hybridiz€ambridge, UK).

ation with a radiolabeled probe for the presence of a hom-

ologous DNA sequence. The sequence of the 15-meBiological assay

oligonucleotide 5 AATTATAAAGATTGG-3' was based Bioassays were performed with five mosquito species:
upon the conservative sequences of the knawylVB  Aedes aegyptiCulex pipiens, Anopheles stephemsioph-
genes. The operations for cloning, construction of plasmicles sacharoyiand Anopheles atroparvusThe strains of
libraries, and gene-specific hybridization were used accordB. thuringiensisvar israelensisl-5, M. flagellatumand E.

ing to standard methods [20]. coli (with induction by 0.1 mM IPTG for 4 h) were har-
EE% T
Plac AR SIS
pISR1 —LLMJ—
crylVB
pNGM130K
a %
%sg% 5 ST
pISR130K Plaf."“i f‘ £ 52
M M ——H ———p
crylVB facZ’ bla kan o
b
4 5 .
pISR130Kdel e S $ S8

1

b H ———N ———
erylVBf lacZ' bia kan onQ
(o] lacZ’
Met +1 +2 +3 +4 crylVB

—u -33bp-a gaaaca ct ATG ACC ATG ATT ACG
9 g _‘AQ;I' TCA GGC —TGA
Eeo

Figure 1 Schematic representation of the construction ofltle&::crylVB fusion. The plasmids are represented in a linear form with relevant restriction
endonuclease sites being indicated above the lines for the insert (solid bar) or the vector DNAs (thick line or open bar)cii@dVBhgene was
transferred from pISR1 to pNGM130K bg8pH-Kpnl double digestion to form pISR130K. (lcaRl deletion of the 5region crylVB gene led to
translational fusion with théacZ gene. (c) Nucleotide sequence of therégion of the chimerical generylVBf.
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16 vested after 24 h growth. Cells were centrifuged, washed s 2 34 5 & 3‘_“

twice with sterile 0.05 NaCl, and diluted in sterile water.

Samples with equal total protein concentrations were seri-

ally diluted 10-10 000 times and assayed with third-instar

mosquito-larvae. Mortality was recorded after 24, 48 and

72 h. Each dilution was tested in triplicate with 20 larvae

in plastic dishes containing a final volume of 20 ml. The

concentration of total cell protein in samples, which killed

50% of the exposed population in a standard bioassay e g™ -
(LCsp), was determined.

Results

Cloning of mosquitocidal endotoxin gene of B.

thuringiensis var israelensis 1-5 into E. coli

Fifteen positive colonies were detected as result of the col-

ony hybridization with radiolabeled probe. Plasmids from

ten positive colonies contained the same 1.8<kial inser-

tion, while five others carried a 3.7-kb insert with one

internalXbd site. All clones were tested for toxicity against

A. aegypli TWO -Clones were fo.und 10 be-tOXiC o quqUitonI]:igure 2 Immunoblot analysis of CrylVB expression in tlfie coli and
larvae. Restriction nuclease site analysis of p!asmlds fro M. flagellatumcells. Samples with equal concentrations of total protein
the tse'lect}qed 'Ccllonﬁs Slth;eEbt(T)Zt t]t‘ese re(iomb![?]ant plasmi@$ g for B. thuringiensisvar israelensis1-5 orE. coli and 100ug for
contain the 1dentical s./7- ragment In the same M. flagellatumcells) were separated by 8% SDS-PAGE and the immu-
orientation under control of thiac progmoter of the vector. noassgy was carrit)ad out aspdescribec)!/ in the text. The arrow shows the

F g ; osition of CrylVB endotoxin. (1)B. thuringiensisvar israelensis1-5;
Restriction nuclease site maps of these fragments corrdf)z) E. coli TG1 (pISR130K), (3)E. coli TGL (pISR130K)+ 4 h IPTG

sponded to the previously described/IVB gene of mos-  jqquction: (4)E. coli TG1 (pISR130Kdel); (SE. coli TG1 (pISR130Kdel)
quitocidal endotoxin [2]. A plasmid containing the com- + 4h IPTG induction; (6)M. flagellatum (wild); (7) M. flagellatum
plete gene was designed as pISR1 (Figure 1). (PISR130K); (8)M. flagellatum(pISR130Kdel).

The nucleotide sequence of the cloned gene was com-

pared to previously reported nucleotide sequences for Mgz, M. flagellatum The expression levels of the CrylVB
quitocidal endotoxin genes. Analysis of the nucleotiden giein in the recombinari. flagellatumandE. coli cells

sequence has shown that the (structural part) gene consigfs,re anal ; ; ;
) yzed by Western blot analysis (Figure 2) and their
of 3408 bp and codes for a 127.8-kDa protein. The DNA; cacticidal activity was assayed (Table 1).

sequence of the entire 3.7-kba fragment matched 14 gptain thelacz'-crylVB fusion, the Sregion of the
the published sequence of tr@ylVB gene (GenBank ..y |yg gene located on pISRI was deleted. Deletion of the
accession number X07423) [9] with two exCeptions.gma|| EcaR| fragment (150 bp) upstream of the initiation
TIREAT2— ATSHTISE replacements in the structural part ¢q4on of thecrylVB gene resulted in a fusion of the first
of the gene were determined. Thus, the cloned gene frof e codons of thdacZ gene and the structural part of the
the new isolate ofB. thuringiensisvar israelensis1-5 .y |vB gene downstream of the second codon. The plasmid
belongs to the CrylVB class of delta-endotoxins. carrying the lacZ-crylVB fusion was designated
pISR130Kdel. The nucleotide sequence of the promoter
region of the hybridcrylVB translational fusion gene is
shown in Figure 1. The plasmid pISR130& was conju-
gated into theM. flagellatumcells. Both recombinant plas-

Cloning and expression of the crylVB mosquitocidal
endotoxin gene in the obligate methylotroph M.
flagellatum

To study an expression of tt@ylVB gene in the obligate
methylotrophM. flagellatum a DNA fragment containing o ] ] o
the intact gene was subcloned into the broad host rang ble 1 Toxicities of E. coli and M. flagellatumagainst third-instai.
vector pPNGM130K (Figure 1). This vector contains thesephensandA' aegyptl

replicon of RSF1010 [4] and is stably maintained in a var-

iety of Gram-negative hosts [4,16]. Ti&pH-Kpnl digest Strain (plasmid) b';‘?;%‘(';’ Nt ?ntﬁt)zl protein
of plasmid pISRI was ligated into tHepH-Kpnl cut vector
pNGM130K (Figure 1). The ligation mix was transformed A. stephensi A. aegypti
into E. coli TGI (R751) cells and plated onto LB agar con-
taining kanamycin, isopropyl-thig-galactoside (IPTG) E. coli TG1 (pISR 130K) - 4.4 19.1
and 5-bromo-4-chloro 3-indolyB-p-galactoside (X-gal). E. coliTG1 (pISR 130K) + 0.095 0.42
White clones harboring the hybrid plasmid pISR130K wereE: coli TG (pISR 130Kdel) M 0.075 037

. . M. flagellatum(pISR130K) - 62.7 >200
selected. The plasmid pISR130K contains ¢ngVB gene flagellatum(plSR130Kdel) _ 352 <200

under the control of both thiac promoter and its own pro-

moter. Plasmid pISR130K fromE. coli TGl (R751,  ayalues are averages from three bioassays performed as described in
pISR130K) cells was conjugated into the obligate methylo-the text.
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mids, pISR130K and pISR13@l, were stable in the lensisIPS 82 [17]. ThecrylVB gene from the new isolate =

methylotroph. About 95% of colonies had stably main-has been cloned and sequenced. The nucleotide sequence
tained the plasmids after 20 passages of culture in thef the cloned gene with two exceptions showed complete
absence of an antibiotic selection. homology to the previously cloned [9trylVB gene

To determine whether the amounts of the mosquitocida{GenBank  accession  number  X07423). 3t
endotoxin were comparable in tlie coli and M. flagella-  A1%12— ASILTI312 raplacements in the structural part of
tum cells, proteins in the cell extracts were separated byhe gene resulted in a change of A&pThr38 to Glu38>-
SDS-PAGE and were probed with the CrylVB antiserum.Sef®®, Both amino acids were changed with chemically
Immunoelectrophoresis showed that cell lysates of thesimilar analogs. Thus, we do not consider that the changes
recombinant strains d¥l. flagellatumandE. coli produced exert a serious influence on the insecticidal properties of
immunoreactive bands with a molecular weight of approxi-CrylVB. However, the insecticidal power of isolae thur-
mately 130 kDa. This confirms that the recombinant pro-ingiensisvar israelensis1-5 is higher than was observed
teins are identical to the original CrylVB protein froBr  in B. thuringiensisvarisraelensisdPS 82 [17]. The cloning
thuringiensisvar israelensis1-5. Quantitative analysis of of the crylVB gene into the broad host range vector
the immunoreactive bands indicated that endotoxin propNGM130K allowed expression of the mosquitocidal endo-
duction inE. coli depended on induction by IPTG. In both toxin in different Gram-negative microorganisms including
microorganisms minor differences in endotoxin productionobligate methylotrophs.
between cells harboring pISR130K or plSRdl@0were A DNA fragment containing therylVB gene was cloned

observed. Production of CrylVB fusion protein 1 coli  into pNGM130K downstream of the strorigc promoter
(pISR130Kdel) was at a level more than 100 times greaterresulting in the pISR130K plasmidE. coli cells harboring
than that found irM. flagellatum(pISR130Kdel) cells. pISR130K were highly toxic t&\. stephensandA. aegypti
mosquito larvae only after induction by IPTG (Table 1).
Insecticidal activity of the recombinant strains Hence, the cloned gene was expresseH.igoli under the

The insecticidal activities of the parental and recombinantac promoter rather than its original promoter. Since vector
M. flagellatumandE. coli strains were determined by meas- pNGM130K does not have tHacl repressor gene, induc-
uring the 50% lethal concentration. All recombinant strainstion of the lacZ promoter inM. flagellatumhad not been
were toxic toA. stephenslarvae, less toxic téA. aegypti  carried out. The bioassay data were consistent with Western
larvae (Table 1), and exerted little or no toxic effect@n  blot analysis; the lysates of thE. coli cells harboring
pipiens A. sacharovj andA. atroparvus(data not shown). pISR130K produced an immunoreactive band with the
This indicates that recombinaBt coli cells grown under same molecular mass as in the original strigirthuringi-
IPTG induction caused the highest level of toxicity. Theensisvar israelensis1-5. In contrast, the toxicity oM.
insecticidal activity of recombinanE. coli strains was flagellatumcells harboring pISR130K was lower and the
remarkably higher than that of the recombinkhtflagella-  amount of CrylVB protein detected by immunoblot analysis
tumstrains. The toxicity of the recombinaht coli and M. was also lower. To enhance expression ofthdVB gene
flagellatumstrains harboring the plasmid pISR13was in M. flagellatumcells, we created a chimericiacZcrylVB
slightly higher than the toxicity of the strains harboring construction in which theéB. thuringiensisvar israelensis
plasmid pISR130K. These results are consistent with th@romoter and ribosome binding site were replaced with the
results of Western blot analysis. lacZ regulative elements. In this construction the first five
codons of thdacZ gene were fused to the second codon
coding part of therylVB gene. A similar strategy was used
to enhance the expression of tbe/IVB gene inSynecho-
Recently, numerous attempts have been made to use trarccusPCC 7942 by cloning therylVB gene as a trans-
genic organisms to expre&s thuringiensismosquitocidal lation fusion product under control of the ferredoxin gene
endotoxins. By varying combinations of mosquitocidal (petF1) promoter and ribosome binding site [26]. Murphy
genes, expression vectors, different promoter types, riboand Stevens [18] achieved relatively high level expression
some-binding sites (RBS), and terminator sequencegf thecrylVD gene in cyanobacteriusgmenellum quadru-
expression of mosquitocidal endotoxin genes was obtaineglicatumby using translation fusion of the Begion of the
in cyanobacterium [1,21,26,30,31], the gas-vacuolategg-phycocyanin genecpcB and the coding sequence of the
strain Ancylobacter aquaticug§33], Bacillus sphaericus crylVD gene.
[11], Caulobacter crescentuR7] and the Gram-negative  The present results indicate tBecoliandM. flagellatum
bacteriumAsticcacaulis excentricud5]. Genetically engi- cells carrying thecrylVB or lacZrylVB fusion were toxic
neered bacteria are not currently widely being used to cornto mosquitoes. Among observed mosquito specias (
trol mosquito populations. This study is the first attempt toaegypti C. pipiens A. stephensi A. sacharoviand A.
use methylotrophs as an insecticidal endotoxin producemtroparvug, native and recombinant CrylVB protein was
The industrial importance of methylotrophs has been conmost toxic to A. stephensimosquito larvae (data not
firmed on many occasions for their capacity to overexpresshown). However, deletion of thé Gntranslated region of
foreign proteins, amino acids and vitamins [14]. crylVB gene did not lead to substantial increase of endo-
The strainB. thuringiensisvar israelensisl-5 used in  toxin production in eitheE. colior M. flagellatum A poss-
this work was shown previously to have biochemical,ible explanation for the lower expression of teylVB
physiological and insecticidal properties slightly different gene inM. flagellatumcould be the weak promoter and/or
from the widely distributed straiB. thuringiensisvarisrae- the RBS site of thep-galactosidase gene for strong

Discussion
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produced by the constructed flagellatumstrain demon- tion of the polyfunctional broad host range vectors. Expression of the

. - . Bacillus thuringiensisdelta-endotoxin genes. Biotechnol 3: 2-5 (in
strates the potential of methylotrophs for the biological con- g ggjan). 9 9 (
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lus thuringiensis Biotechnol 11-12: 8-12 (in Russian).
18 Murphy RC and SE Stevens. 1992. Cloning and expression of the

References crylVD gene ofBacillus thuringiensisubspisraelensisin the cyano-

1 Angsuthanasombat C and S Panuim. 1989. Biosynthesis of 130-kilo- bacteriumAgmenelium quadruplicaturRR-6 and its resulting larvi-
dalton mosquito larvicide in the cyanobacteridigmenellum quadru- cidal activity. Appl Environ Microbiol 58: 1650-1655. .
plicatum RP-6. Appl Environ Microbiol 55: 2428-2430. 19 Poncet S, A Delecluse, A Klier and G Rapoport. 1995. Evaluation of

2 Angsuthanasombat C, T Chungjatupornshai, S Kertbundis, P Luxan- SYnergistic interactions among the CrylVA, CrylVB, and CrylVD
anie, C Settasatian, P Wilaivat and S Panuim. 1987. Cloning and toxic components oBacillus thuringiensissubspisraelensiscrystals.

; ; . ; J Invertebr Pathol 66: 131-135.
expression of a 130 kDa mosquito-larvicidal delta-endotoxin gene of, ; L —
B. thuringiensisvar israelensisin E. coli. Mol Gen Genet 208: 20 Sambrook J, EF Fritsch and T Maniatis. 1989. Molecular Cloning: a

384-389. Laboratory Manual, 2nd edn. Cold Spring Harbor Laboratory Press,

; ; Cold Spring Harbor, NY.
3 Baev MV, NL Schklyar, LV Chistoserdova, AY Chistoserdov, BM . ’ .
Polanuer, YD Tsygankov and VE Sterkin. 1992. Growth of the obli- 21 Sangthongpitag K, SF Delaney and PL Rogers. 1996. Evaluation of

gate methylotrophMethylobacillus flagellatununder stationary and four fr%sl?-wa_ter ug_icellu}!ar I(:)ﬁanollagctle;? igopotential hosts for mos-
nonstationary conditions during continuous cultivation. Biotechnol quitocidal toxins. Biotechnol Lett 18: 175-180. . .
Bioengin 39: 688-695. 22 Sen K, G Honda, N Koegama, M Nishida, A Nici, H Sacai, M Himeno

4 Bagdasarian M, R Lurz, B Ruchert, F Franclin, MH Bagdasarian, J and kT K_omanp._dl|988. Cloging_”andhngcle_otidg sequen::e C.Jf two
Frey and K Timmis. 1981. Specific purpose plasmid cloning vector. i:;(r)ic %?o;néﬁg%:'sg. 33925887&180' us thuringiensisvar israelensis
Br host ran high number RSF101 ri rs an : n y
hogi(\j/ec?g: g,g:‘m Igf]orcggﬁe uclol?ﬁng Siﬁse?:d%rcrj]%r?éesde\éigolsﬁé d 33 Serebriiski IG and YD Tsygankov. 1995. Genetic study of biotin
237_247. ' biosynthesis in the obligate methanol oxidizing bacterMathylobac-

5 Becker N.' 1997. Miqrobial cont_rol of mosquitoes: management _of the 4 'gléfel?ﬁlgyialtug '\Pé“aczrglgla?/lalgi:d 1\32'I§s_)}g7azn9kc(al\r/1 ?ggzlarc]:)c.mstruction of
-l:-pger ?2'”:8?(25;7[1“0 population as a model program. Parasnologg HFR-like doﬁors of obligate methanol—oxidiziﬁg bac.terill)nethylo—

6 Bonbov B M Enay. N Peleg, S Boussiba and A Zaritsky. 1096, bacillus flagellatumkT. FEMS Microbiol Lett 59: 203-206.
Rebstric_tion Imap_ of the 125 Iﬁilobase plars]midBﬁciIcllus éhlljringi%nsis _ 25 f;élgvi'r?rz&fi;nl\(le “ggg;;?}';%f;ﬂéﬁjé%saﬂﬁﬁz zggeﬁgu}rﬁ?g;un_kov'
subsp israelensis carrying the genes that encode delta-endotoxins oo - " ! o
active against mosquito larvae. Appl Environ Microbiol 62: 3140— 'a“f?” and 9&’?83 El_olngg.\:\?thProcce:Fc(i:mgs of thg 6tglrt1tt_ernatlo\r;\71|§ym-
3145, posium on Microbial Gro on ompounds, Gottingen, er-

7 Ben-Dov E, S Boussiba and A Zaritsky. 1995. Mosquito larvicidal __ many. .
activity of Escherichia coliwith combinations of genes fromacillus 26 Soltes-Rak E, DJ Kushner, DD Williams and JR Coleman. 1995. Fac-
thuringiensissubspisraelensis J Bacteriol 177: 2851-2857. tors regulatingcrylVB expression in the cyanobacteriuBynecho-

8 Chistoserdov AY, MR Eremashvili, SV Mashko, AL Lapidus, MA coccusPCC-7942. Mol Gen Genet 246: 301-308. _
Skvortzova, VE Sterkin, AY Strongin and YD Tsygankov. 1987. 27 Thanabalu T, J Hindley, S Brenner, S Brenner, C Oei and C Berry.
Expression of alpha-F human interferon gene in obligate methylotroph ~ 1992. Expression of the mosquitocidal toxins Bxcillus sphaericus
Methylobacillus flagellatumand Pseudomonas putidaMol Gen and Bacillus thuringiensissubspisraelensisby recombinantCaulo-
Microbiol & Virol 8: 36—41 (in Russian). bacter crescentysa vehicle for biological control of aquatic insect

9 Chungjatupornchai W, H Hoefte, J Seurinck, C Angsuthanasombat and  !arvae. Appl Environ Microbiol 58: 905-910.
M Vaeck. 1998. Common features Bacillus thuringiensigoxins spe- 28 Tungpradubkul S, C Settasatien and S Panyim. 1988. The complete
cific for Diptera and Lepidoptera Eur J Biochem 173: 9-16. nucleotide sequence of a 130 kDa mosquito-larvicidal delta endotoxin

10 Crickmore N, EJ Bone, JA Williams and DJ Ellar. 1995. Contribution ~ gene of B. thuringiensisvar israelensis Nucleic Acids Res 16:
of the individual components of the delta-endotoxin crystal to the mos-  1637-1638. _ _
quitocidal activity ofBacillus thuringiensissubspisraelensis FEMS 29 Ward ES and DJ Ellar. 1988. Cloning and expression of 2 homologous
Microbiol Lett 131: 249-254. genes ofBacillus thuringiensissubspisraelensiswhich encode 130-

11 Delecluse A, G Anello, A Klier and G Rapoport. 1994. Transfer and  kilodalton mosquitocidal proteins. J Bacteriol 170: 727-735.
expression of therylVA and crylVB genes ofBacillus thuringiensis 30 Xiaogiang WU, J Vennison, L Huirong, E Ben-Dov, A Zaritsky and
subspisraelensisin Bacillus sphaericu2297. FEMS Microbiol Lett S Boussiba. 1997. Mosquito larvicidal activity of transgeAiabaena
117: 4199-4202. strain PCC7120 expressing combinations of gene fBawillus thurin-

12 Govorukhina NI, LV Kletsova, YD Tsygankov, YA Trotsenko and giensissubspisraelensis Appl Environ Microbiol 63: 4971-4975.

Al Netrusov. 1987. Characteristics of a new obligate methylotroph.31 Xudong X, K Rengiu and H Yuxiang. 1993. High larvicidal activity

Microbiology 56: 673-677 (in Russian). of intact cyanobacterium\nabaenasp PCC7120 expressing gene 51
13 Lereclus D, M Lecadet, J Ribier and D Denonder. 1982. Molecular ~and gene 42 oBacillus sphaericusp 2297. FEMS Microbiol Lett
relationships among plasmids Bf thuringiensisconserved sequences 107: 247-250.

through 11 crystalliferous strains. Mol Gen Genet 186: 391-398. 32 Yamamoto T, | Watcinson, L Kim, M Sage, R Stratton, N Akada, Y
14 Lindstrom M and DI Stirling. 1990. Methylotrophs: genetics and com-  Li and B Poe. 1988. Nucleotide sequence of the coding for a 130 kDa

mercial application. Ann Rev Microbiol 44: 27-58. mosquitocidal protein oB. thuringiensisvar israelensis Gene 66:

15 Liu J-W, WH Yap, T Thanabalu and AG Porter. 1996. Efficient syn- 107-120.
thesis of mosquitocidal toxins idsticcacaulis excentricuslemon- 33 Yap WH, T Thanabalu and AG Porter. 1994. Expression of mos-
strates potential of gram-negative bacteria in mosquito control. Nature quitocidal toxin genes in a gas-vacuolated strain Asfcylobacter
Biotechnol 14: 343-347. aquaticus Appl Environ Microbiol 60: 4199-4202.

Journal of Industrial Microbiology & Biotechnology



