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Both Bacillus sphaericus and Bacillus thuringiensis subsp. israelensis produce mosquitocidal toxins during
sporulation and are extensively used in the field for control of mosquito populations. All the known toxins of
the latter organism are known to be encoded on a large plasmid, pBtoxis. In an attempt to combine the best
properties of the two bacteria, an erythromycin resistance-marked pBtoxis plasmid was transferred to B.
sphaericus by a mating technique. The resulting transconjugant bacteria were significantly more toxic to Aedes
aegypti mosquitoes and were able to overcome resistance to B. sphaericus in a resistant colony of Culex
quinquefasciatus, apparently due to the production of Cryl1A but not Cry4A or Cry4B. The stability of the
plasmid in the B. sphaericus host was moderate during vegetative growth, but segregational instability was
observed, which led to substantial rates of plasmid loss during sporulation.

Mosquitoes are the vectors of many deadly and debilitating
human diseases, such as malaria, filariasis, and arbovirus in-
fections, including yellow fever and dengue fever. Control of
vector mosquito populations often involves the use of insect-
pathogenic bacteria which produce highly potent toxins that
act specifically against mosquitoes and simulids and which have
no effect on nontarget species. At present, only two types of
mosquito-pathogenic bacteria are used in control programs in
the field, Bacillus sphaericus and Bacillus thuringiensis subsp.
israelensis. Both of these bacteria produce parasporal crystal-
line inclusion bodies composed of potent mosquito-toxic pro-
teins. The two Bacillus species have different properties.
B. thuringiensis subsp. israelensis is toxic as a result of the
presence of a 128-kb plasmid, pBtoxis, that carries four cry
(cry4Aa, cry4Ba, cryl0Aa, and cryl1Aa) and three cyt (cytlAa,
¢yt2Ba, and cyt1Ca) toxin genes. The resulting production of an
arsenal of toxins appears to be sufficient to prevent the emer-
gence of insect resistance (13). However, B. thuringiensis subsp.
israelensis is more sensitive to UV radiation than B. sphaericus,
and the duration of effective control is shorter, especially in
polluted water (30). In contrast, B. sphaericus is less UV sen-
sitive, survives well in polluted water (30, 42), recycles in the
environment (11), and is toxic largely by virtue of a chromo-
somally encoded binary gut toxin (Bin) (4). However, B. spha-
ericus performs poorly against one major vector mosquito,
Aedes aegypti, and although it is highly active against other
important vectors, resistance has been reported in some mos-
quito species (31). It has been shown that the CytlAa toxin
from B. thuringiensis subsp. israelensis is highly synergistic with
the Bin toxin of B. sphaericus (37, 38), and introduction of a
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cytlA gene from another mosquitocidal B. thuringiensis strain
has been shown to help overcome resistance to B. sphaericus
(32). Thus, there is significant potential for strain improvement
by combination of the additional toxins of B. thuringiensis
subsp. israelensis with the better environmental performance
(and extra crystal toxin) of B. sphaericus. Several groups have
reported success in moving B. thuringiensis subsp. israelensis
toxin genes, one or two at a time, into B. sphaericus and thereby
enhancing its toxicity (3, 26, 27, 34). However, the use of single
genes, while resulting in improved activity, may result in only a
slight delay in the development of insect resistance, since
Georghiou and Wirth (13) have shown that to prevent resis-
tance to B. thuringiensis subsp. israelensis toxins, both Cry and
Cyt toxins must be expressed. In addition, the strains produced
in the previous studies are considered to be both genetically
modified and recombinant by virtue of the methods by which
the toxin genes were transferred to the B. sphaericus host.
Optimum toxicity in B. thuringiensis subsp. israclensis arises
from the presence of all of its toxins and is enhanced by the
presence of at least two “helper proteins,” P19 and P20, which
may stabilize the toxins or aid in crystal formation (40). Since
all the B. thuringiensis subsp. israelensis toxins and the two
helper proteins are encoded on a single 128-kb plasmid (5),
major enhancement of the mosquito-toxic properties of
B. sphaericus might be attainable by transfer of this plasmid,
which would combine the best properties of the two species in
a single organism. Transfer of pBtoxis by the classical micro-
biological mating method could yield transconjugants that
would not be considered genetically modified or recombinant.
Conjugal transfer of pAMB1 both within B. sphaericus species
(7) and between species (23) has been accomplished using
filter mating methods. Similarly, conjugation methods for both
B. thuringiensis subsp. israelensis (15, 33) and B. sphaericus (7)
in liquid media have also been reported, and transfer of a
plasmid from B. thuringiensis to B. sphaericus using such a
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protocol has been achieved (36). In the case of B. thuringiensis,
it has been demonstrated that in some subspecies the toxin-
encoding plasmids themselves are able to conjugate between
B. thuringiensis strains (14, 35). In this study we obtained proof
of the mating transfer strategy concept using a “marked” de-
rivative of pBtoxis, and the results indicated that plasmid trans-
fer to B. sphaericus is possible and enhances the toxicity of the
resulting transconjugants.

MATERIALS AND METHODS

Bacterial strains. B. thuringiensis subsp. israelensis was obtained from the
commercial product VectoBac 12AS (Valent Biosciences Corporation), B. thu-
ringiensis subsp. israelensis 4Q7 (also known as 4Q2-81) is a strain cured of all
plasmids, and B. thuringiensis subsp. israelensis 4Q5 (also known as 4Q2-72) is a
strain cured of all plasmids except pBtoxis. B. thuringiensis subsp. israelensis
4Q5::erm is a derivative of 4Q5 in which the cyt14a gene on pBtoxis was knocked
out by in vivo recombination in order to insert the gene encoding erythromycin
resistance (8), and it was kindly supplied by A. Delécluse of the Institut Pasteur,
Paris, France. B. sphaericus strains 1593R™ and 2362R ™~ were kindly supplied by
W. Burke, Arizona State University, and are restriction-negative variants of
B. sphaericus 1593 and 2362, respectively, which were chosen for use so that
transferred plasmid DNA would not be digested in the new B. sphaericus hosts.
These strains are naturally resistant to chloramphenicol (1).

Transfer of pBtoxis::erm. The transfer strategy which we used relies on mi-
crobiological methods of mating rather than genetic engineering techniques and
exploits the ability of the natural B. thuringiensis subsp. israelensis conjugative
plasmid pXO16 to assist in the mobilization of other plasmids (17). Triparental
mating was carried out using the wild-type VectoBac strain of B. thuringiensis
subsp. israelensis that contains pXO16 to mobilize the pBtoxis::erm plasmid from
strain 4Q5::erm. Fresh broth cultures of all strains were incubated at 30°C for 4
to 6 h. For mating, 100 pl of B. thuringiensis subsp. israelensis was spread onto
LB agar plates, followed by 100 pl of the plasmid host B. thuringiensis subsp.
israelensis 4Q5::erm and then 100 pl of the recipient B. sphaericus 1593R™ or
B. sphaericus 2362R™. The plates were incubated overnight at 30°C, and the
growth was harvested into 2 ml of quarter-strength Ringer’s solution. The sus-
pension was serially diluted in quarter- strength Ringer’s solution, and 100 pl was
spread onto LB agar containing chloramphenicol (5 pg/ml) and erythromycin
(5 pg/ml) to select for B. sphaericus that had acquired pBtoxis::erm and then
incubated at 30°C for 24 to 48 h. Controls consisting of donors and recipients
were plated separately.

PCR with pBtoxis and 16S rRNA genes. To screen for the presence of
pBtoxis in potentially transconjugant B. sphaericus strains, PCR screening for
a number of plasmid genes was carried out. DNA for use in PCRs was
isolated using a PUREGENE DNA purification kit for yeast and gram-
positive bacteria (GENTRA Systems, Minneapolis, Minn.). Primers for pBtoxis
coding sequences, distributed around the plasmid, were used. Primers DiplA
and DiplB (CAAGCCGCAAATCTTGTGG and ATGGCTTGTTTCGCT
ACATC, respectively) and primers Dip2A and Dip2B (GGTGCTTCCTAT
TCTTTGGC and TGACCAGGTCCCTTGATTAC, respectively), designed
by Carozzi et al. (6), were used to detect the presence of the Cry4A and
Cry4B genes, respectively. In addition, the following primers were used: for
pBt020, primers GAAGAACAAATTTTAGAGAAAGG and TAGTAGCTA
TATTTATTAAATATGG; for pBt054, GCACTAGTACCTACTACATCC
and GGTTTTGAATACTGTAAGCACG:; for pBt084, TAATTGCCTTAG
ATAGAACACC and GAGATTTTGGTTAAGTACTTTCC; for pBt136, TGT
TCGAGATTATGGGTTATTTTG and CCATGCAACAGCTTGTGCTTTTA;
and for pBt156,AAGAGGCTGATTTATTCGCAGG and GTTAATTTCATC
AGGATCACCG. The PCRs were performed with an initial step consisting of
94°C for 5 min, followed by 35 cycles of 1 min of denaturation at 94°C, 1 min of
primer annealing at 55°C, and 1 min of extension at 72°C and then a final 10-min
step at 72°C. Products were analyzed by gel electrophoresis on a 1% agarose gel
and visualized under UV light. Fragments of 16S rRNA genes were amplified
using primers 63f (CAGGCCTAACACATGCAAGTC) and 1387r (GGGCGG
AGTGTACAAGGC), which were designed by Marchesi et al. (20). The PCR
was performed using the following conditions: 95°C for 5 min, followed by 30
cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min and then a final
10-min extension at 72°C. The resulting amplicon was subjected to direct se-
quencing using the same primers in order to elucidate the amplified sequence.
The origin of the sequence was verified by BLAST analysis (2) and by direct
comparison to the equivalent sequences from B. sphaericus and B. thuringiensis.
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Protein fingerprinting and Western blotting. Transconjugants and parental
strains were analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and Western blotting. B. thuringiensis subsp. israelensis
strains were grown in a sporulation medium (nutrient broth, 8 g/liter; yeast
extract, 1 g/liter; K,HPO,, 1 g/liter; CaCOs, 0.1 g/liter; MgSO, - 7H,0, 0.1 g/liter;
FeSO, - 7H,0, 0.01 g/liter; MnSO,, - 7H,0, 0.01 g/liter; ZnSO, - 7H,0, 0.01
glliter; pH 7.0).

Cultures were grown for 72 h (with >98% sporulation) and harvested, and
samples were resuspended in SDS-PAGE loading buffer. Proteins were sepa-
rated using the method of Laemmli (18) and a 12% acrylamide resolving gel at
200 V for 40 min.

Proteins from gels were transferred electrophoretically onto nitrocellulose
membranes using a mini Protean II electrophoresis cell and a mini transblot
module (Bio-Rad). Western blotting was carried out as described by Maniatis et
al. (19). Cry proteins were detected with rabbit antisera against Cry4A and Cry4B
crystal toxins (kindly provided by A. Delécluse, Institut Pasteur, Paris, France)
together with an alkaline phosphatase-linked, anti-rabbit secondary antibody,
followed by color development using a Bio-Rad AP conjugate substrate kit.
Protein bands of interest that were identified in SDS-PAGE gels were blotted
onto a polyvinylidene difluoride membrane from equivalent SDS-PAGE gels
prepared with Tricine in place of glycine. Following rapid staining and destaining
of the membrane, bands of interest were excised for N-terminal protein sequenc-
ing (Alta Bioscience, Birmingham, United Kingdom).

Mosquito colonies. The following Culex quinquefasciatus and A. aegypti colo-
nies used in this work were maintained in the insectarium of the Centro de
Pesquisas Aggeu Magalhaes-FIOCRUZ, Brazil: (i) CqSF, a susceptible C. quin-
quefasciatus colony; (ii) CqRL1/2362, a colony derived from CqSF and selected
with B. sphaericus strain 2362 under laboratory conditions, which had a stable
and high level (resistance ratio, >162,000-fold) of resistance (22, 24); and (iii)
AclLab, a susceptible A. aegypti colony. The insects from all colonies were reared
at 26 = 2°C with 70% relative humidity and with a photoperiod consisting of 12 h
of light and 12 h of darkness. Larvae were reared in tap water and fed ground cat
biscuits. The adults were maintained with a 10% sugar solution, and females
were allowed to feed on chickens.

Bioassays. Transconjugant strains were tested for toxicity to A. aegypti larvae
and larvae from the binary toxin-sensitive and -resistant colonies of C. quinque-
fasciatus described above. Bioassays were performed with early fourth-instar
larvae by using a standard method recommended by the World Health Organi-
zation (39). For all bioassays, larvae were exposed to serial dilutions of lyophi-
lized spore-crystal powders of strains by placing groups of 20 larvae in 100 ml of
distilled water in 125-ml plastic cups at 26 = 2°C with the desired concentration
of B. sphaericus spore powder (from cultures grown in NYSM medium [21]). At
least five concentrations that resulted in levels of mortality between 2 and 98%
were tested, and mortality was recorded after 48 h of exposure. A control group
tested with only water was included in each experiment, and the bioassay was
repeated two or three times on different days. One drop of larval food was added
to each cup. The 50% lethal concentration, expressed in mg per liter, was
determined using probit analysis (12) with the software SPSS 8.0.

Plasmid stability. To determine the stability of pBtoxis::erm in B. sphaericus
vegetative transconjugants, cultures were grown in NYSM broth without anti-
biotics for 18 h at 30°C. A sample was taken and serially diluted up to a dilution
of 1077 in quarter-strength Ringer’s solution, and 20-ul drops were plated onto
both NYSM agar supplemented with chloramphenicol (10 wg/ml) to enumerate
all B. sphaericus cells and NYSM agar supplemented with chloramphenicol (10
pg/ml) and erythromycin (1 wg/ml) to enumerate transconjugants. The plates
were incubated at 30°C overnight, and then colonies were counted. Prior to
plating cultures were checked by phase-contrast microscopy for the absence of
spores. Fresh NYSM broth was inoculated using the previous culture, and the
process was repeated.

To determine the stability of pBtoxis::erm in B. sphaericus transconjugants
through sporulation, transconjugant strains were grown until the level of sporu-
lation was at least 90% (4 days) in LB broth and heated at 70°C for 30 min to
inactivate any vegetative cells. The cells and spores (1 ml) were centrifuged at
14,000 X g for 4 min and resuspended in 1 ml of quarter-strength Ringer’s
solution. The suspensions were then serially diluted up to a dilution of 10> in
quarter-strength Ringer’s solution, and 20-pl drops were plated as described
above for analysis of total and transconjugant B. sphaericus. Successive subcul-
tures were derived from colonies grown in the absence of antibiotics. Counts
were obtained after 24 h of incubation at 30°C. Fresh LB broth was inoculated
with 50 wl of an undiluted culture and incubated at 30°C, and the process was
repeated serially.
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FIG. 1. Protein profiles of lysed sporulated cultures of transconju-
gant strains. Proteins from B. thuringiensis subsp. israelensis strains 4Q7
(lane 1), 4Q5 (lane 2), and 4Q5::erm (lane 3), B. sphaericus strains
1593R™ (lane 4) and 2362R™ (lane 5), and transconjugants 1593.1
(lane 6) and 2362.5 (lane 7) were examined. The positions of bands for
Cry4A and Cry4B (Cry4), CryllA, CytlA, Bin A, and Bin B are
indicated, as are the positions of bands that were chosen for N-termi-
nal sequencing, bands a to d; the positions of the molecular weight
standards (in kDa) are indicated on the left.
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RESULTS AND DISCUSSION

Transconjugant production. Following the on-plate mating
described above, a number of colonies were selected on plates
containing chloramphenicol (to select for B. sphaericus since
the parental B. sphaericus 1593R™ and 2362R™ strains were
chloramphenicol resistant) and erythromycin (to select for the
presence of pBtoxis::erm). Two such colonies were selected for
further study, and they were designated transconjugant strains
1593.1 and 2362.5. The presence of plasmids in these transcon-
jugants was confirmed by PCR. All pBtoxis primer pairs de-
scribed above produced amplicons of the expected sizes (re-
sults not shown), confirming not only the identity of the
plasmid but also, due to the distribution of the primers, that it
was likely to be substantially intact. The host bacteria were
confirmed to be B. sphaericus by their ability to germinate on
LB agar plates containing 0.25 M sodium acetate, by their
binary toxin production, as judged by SDS-PAGE (see below),
and by amplification and sequencing of a portion of the 16S
rRNA gene.

Toxin production. Production of the B. sphaericus binary
toxin and production of the B. thuringiensis subsp. israelensis
Cry toxins were analyzed by SDS-PAGE. Figure 1 shows the
protein profiles of lysed sporulated cultures of B. thuringiensis
subsp. israelensis 4Q7, 4Q5, and 4Q::erm, the parental B. sphaeri-
cus strains, and transconjugants. There are several protein
bands in the profiles of the transconjugant strains that are
absent from the profiles of the parental B. sphaericus strains
and appear to match bands in the profile of the B. thuringiensis
subsp. israelensis 4Q5::erm donor. Bands a, b, ¢, and d in the
strain 1593.1 profile (Fig. 1) were chosen for N-terminal se-
quencing. Band a was present in the profiles of the parental
B. sphaericus strains but, in Tricine gels used for sequencing,
resolved as a doublet with sizes consistent with the sizes of the
Cry4Aa and Cry4B toxins (125 kDa and 135 kDa, respectively).
However, both bands yielded the same N-terminal sequence,
AQLND. No such sequence is encoded by pBtoxis, and the
presence of equivalent bands in the parental B. sphaericus
strains confirmed that this molecule was a host protein. Thus,
it appeared that no Cry4 toxins were produced by the transcon-
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jugant strains. Band b produced the sequence MEDSS, corre-
sponding to the N terminus of the Cryl1Aa toxin, while the
faint band ¢ had an ambiguous N-terminal residue that may
have been Ala, Met, or Lys, followed by the sequence QEID.
The sequence IQEID occurs in the Cryl0A sequence encoded
by pBtoxis, and Q is residue 128 in this protein. Given the
ambiguous first residue of our N-terminal sequence, band ¢
may correspond to a proteolytic product of Cryl0A or may be
a B. sphaericus protein produced under the influence of
pBtoxis. This plasmid encodes putative transcriptional regulators
(5), some of which have been shown to be transcribed in B.
thuringiensis subsp. israelensis (31a). Band d was another faint
band and produced the sequence ALNAQ, corresponding to the
sequence encoded by coding sequence Bt075 in the pBtoxis se-
quence (5) but lacking its initiator methionine residue. This se-
quence was annotated as a hypothetical protein (with a low level
of similarity to a hypothetical protein from Yersinia pestis), and
this is the first demonstration that this or any other pBtoxis pro-
tein not linked to toxicity (i.e., toxin proteins or the P19 and P20
accessory proteins) is actually produced. As indicated above, pro-
tein bands (e.g., band a in Fig. 1) in transconjugant strains whose
sizes were consistent with the sizes of Cry4A and Cry4B were
actually unrelated to these proteins. Western blotting using anti-
sera raised against these proteins also failed to detect Cry4 toxins
in transconjugant strains (results not shown). This apparent fail-
ure of the transconjugants to express the Cry4A toxin reflects the
poor synthesis of this protein when it is encoded on a low-copy-
number plasmid in a crystal-minus strain of B. thuringiensis subsp.
israelensis (9). In their study, Delécluse et al. demonstrated that
this was not due to low levels of transcription from the Cry4A
promoter. In the same system, however, Cry4B did accumulate in
B. thuringiensis subsp. israelensis to high levels (9), in contrast to
the results presented here for the B. sphaericus transconjugants.
Previous studies in which recombinant approaches were used to
transfer the cry4B or cryllA gene to B. sphaericus showed that
there was expression of both proteins in the recombinant strains
(27, 34). However, Cry4B was reported to account for less than
2% of the total protein, while the production of Cry11A could not
be assessed since it was reported only from Western blotting
experiments (27). Cryl1A production was significant, however,
when the gene was integrated into the B. sphaericus genome by
homologous recombination (26). The toxicity of Cryl1A is inter-
mediate between the toxicity of Cry4A and the toxicity of Cry4B
against both A. aegypti and Anopheles stephensi (28), but a cryl14
knockout strain seemed to indicate that it has a particular role in
increasing the toxicity of B. thuringiensis subsp. israelensis against
Culex pipiens and A. stephensi (25). The cry4A, cry4B, and cryl1A
genes are all transcriptionally controlled by o, while cry44 and
cryl1A are additionally controlled by 6™ and o, respectively (10,
41). Perhaps the availability of related transcription factors in
B. sphaericus influences the different levels of transcription of
these genes in B. sphaericus compared to B. thuringiensis subsp.
israelensis. Plasmid pBtoxis itself carries a coding sequence
(Bt108) that appears to be related to oF (5), but its role, if any, in
toxin production is still unclear. While the level of production of
the Cry toxins appears to be substantially lower in the transcon-
jugants than in B. thuringiensis subsp. israelensis, the presence of
pBtoxis apparently does not decrease the levels of Bin toxin that
accumulate in the transconjugants.
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TABLE 1. Larvicidal activity of B. sphaericus strains against
C. quinquefasciatus larvae from a susceptible colony (CqSF)
and from a colony resistant to B. sphaericus 2362
(CqRL1/2362) and against larvae from an A. aegypti
colony (AeLab) after 48 h of exposure

50% lethal concn (mg/liter)”

Colony Expt
B. sphaericus 2362R™

1 0.013 (0.0045-0.019)"  0.012 (0.006-0.022)
2 0.011 (0.0041-0.031)  0.014 (0.011-0.019)
3 0.009 (0.0039-0.016)

Mean  0.011 (0.0042-0.022)

B. sphaericus 2362.5

CqSF

0.013 (0.008-0.021)

CqRL1/2362 1 >270 0.49 (0.36-0.75)
2 0.41 (0.27-0.65)
Mean 0.45 (0.32-0.70)
AcLab 1 >10 1.3 (1.1-1.6)
2 0.70 (0.51-0.90)
3 0.47 (0.32-0.61)
Mean 0.83 (0.63-1.1)

“The 50% lethal concentrations were calculated using the software SPSS 8.0
for Windows.
® The values in parentheses are limits.

Toxicity. Transconjugant strain 2362.5 and its parent strain,
2362R ", were bioassayed with susceptible (CqSF) and resis-
tant (CqRL1/2362) laboratory colonies of C. quinquefasciatus
and with A. aegypti (Table 1). There was not a significant
difference in toxicity for the susceptible C. quinquefasciatus
strain, but this could have been expected since B. sphaericus
2362R ™ is highly toxic to this strain, through the activity of the
Bin toxin. Previous studies in which the cryl14 gene was in-
troduced into the chromosome of B. sphaericus strain 2297
showed that there were no (29) or slight (26) increases in
toxicity. In both studies, the 2297(::cryl1A4) strains exhibited
greatly enhanced toxicity (>100-fold) for A. aegypti (which
naturally has a low level of susceptibility to B. sphaericus). For
transconjugant 2362.5 there was also a clear increase in toxicity
for this insect. This effect was probably due to the production
of Cryl1A by the transconjugant since in B. thuringiensis subsp.
israelensis this protein is known to contribute significant mosqui-
tocidal activity against both A. aegypti and C. quinquefasciatus
(25). This effect against C. quinquefasciatus was seen most
clearly with the Bin-resistant colony, which was much more
sensitive to transconjugant 2362.5 than to the parental strain
2362R ", confirming previous studies (29) and indicating that
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expression of CryllA in B. sphaericus is a viable strategy for
combating mosquito resistance.

Plasmid maintenance. Transconjugants of strains 1593R™
and 2362R "~ containing pBtoxis::erm were tested to determine
the stability of the introduced plasmid by growing them in the
presence and absence of selective antibiotics. When strain
2362.5 was used, the pBtoxis plasmid seemed to be relatively
stably maintained in vegetative culture without selection (Ta-
ble 2). However, in spores the plasmid was apparently substan-
tially lost during the initial subculture but appeared to be
retained in later rounds (Table 2); thus, with some strain de-
velopment it might be possible to select strains with more
stable maintenance of the plasmid.

Further investigation of plasmid stability in the other
transconjugant (1593.1) during successive rounds of subculture
overnight with no antibiotic selection showed that there was a
general trend toward rapid loss of erythromycin resistance,
presumably indicating that there was a loss of pBtoxis in veg-
etative cells. Overnight cultures grown in the presence of anti-
biotics to select for pBtoxis::erm generally behaved as expected,
i.e., they retained a high level of antibiotic resistance, although
for strain 1593.1 less than 1% of the cells seemed to retain
erythromycin resistance compared to the total counts.

The variability of the retention of antibiotic resistance and,
by implication, plasmid stability suggests that pBtoxis is not
just segregationally unstable but also genetically unstable. A
further study of genetic changes that may have occurred in
pBtoxis in various transconjugants may be required. At a prac-
tical level, if such strains are to be used for mosquito control in
jurisdictions where genetically manipulated organisms are ac-
cepted, it would be best if relatively stable strains could be used
and if antibiotic selection could be retained for all stages prior
to inoculation of the production culture. With wild-type, un-
marked plasmids, monitoring for the presence of plasmids at
all stages may be necessary.

B. thuringiensis subsp. israelensis plasmid pXO16 has been
shown previously to be capable of mobilizing small plasmids
that lack both the mob gene and the oriT site (16). In this work,
we showed for the first time that very large plasmids, such as
pBtoxis::erm (128 kb), can be mobilized for transfer to dis-
tantly related bacteria by using this system. Despite plasmid
stability issues, this work provides the first demonstration that
toxin-coding plasmids are able to replicate and can be sus-
tained for any period outside the Bacillus cereus group of

TABLE 2. Vegetative and spore counts obtained as described in Materials and Methods using B. sphaericus transconjugant strain 2362.5

Cells Subculture

Total cell count

Transconjugant cell % Cells retaining

(CFU ml~"y* count (CFU ml™ 1) pBtoxis

Vegetative First 2.9 X 10% + 3.1 x 107 3.2 X 10% = 2.0 x 107 111.4
Second 5.9 X 10° = 5.0 x 108 5.9 x10° = 4.1 x 108 100

Third 2.3 %X 10% = 3.1 x 107 2.5 X 10% = 2.7 x 107 106.9

Fourth 3.0 X 10% = 2.1 x 107 3.1 X 10% = 2.9 x 107 103.0

Spores First 1.7 X 10% = 2.5 x 107 8.3 X 107 = 2.3 x 10° 48.6

Second 1.4 X 108 = 1.3 x 107 9.7 x 107 = 1.3 x 107 71.1

Third 2.1 X 10% = 2.2 x 107 1.2 X 108 £ 1.0 X 107 50.1

Fourth 8.5 %107 = 1.9 x 107 1.4 x 108 + 2.8 X 107 16.2

Fifth 1.4 X 10% = 1.8 X 107 2.8 X 10° + 7.6 X 10° 2.0

“ The values are means * standard deviations (n = 6).
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bacteria (which includes B. thuringiensis). This offers the po-
tential to transfer the toxin-coding plasmids to other species
that may have useful environmental properties for enhanced
insect control. The existence of Cry toxins in non-Bacillus
hosts, such as Clostridium bifermentans subsp. malaysia (25),
could perhaps be linked to the natural transfer of such a plas-
mid during the evolution of the strain. The production of the B.
sphaericus transconjugants without in vitro intervention using
only microbiological mating techniques means that resulting
strains that were not marked with antibiotic resistance genes
would not be classified as “genetically modified” or “recombi-
nant.” This is likely to be very important in regulatory terms in
many countries, if a commercializable strain is developed.

ACKNOWLEDGMENT

We acknowledge financial support from the Leverhulme Trust for
this study.

REFERENCES

1. Alexander, B., and F. G. Priest. 1990. Numerical classification and identifi-
cation of Bacillus sphaericus including some strains pathogenic for mosquito
larvae. J. Gen. Microbiol. 136:367-376.

2. Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. 1990.
Basic local alignment search tool. J. Mol. Biol. 215:403-410.

3. Bar, E., J. Lieman-Hurwitz, E. Rahamim, A. Keynen, and N. Snadler. 1991.
Cloning and expression of Bacillus thuringiensis israelensis 3-endotoxin DNA
in B. sphaericus. J. Invertebr. Pathol. 57:149-158.

4. Baumann, P., M. A. Clark, L. Baumann, and A. H. Broadwell. 1991. Bacillus
sphaericus as a mosquito pathogen: properties of the organism and its toxin.
Microbiol. Rev. 55:425-436.

5. Berry, C., S. O’Neil, E. Ben-Dov, A. F. Jones, L. Murphy, M. A. Quail, T. G.
Holden, D. Harris, A. Zaritsky, and J. Parkhill. 2002. Complete sequence
and organization of pBtoxis, the toxin-coding plasmid of Bacillus thuringien-
sis subsp. israelensis. Appl. Environ. Microbiol. 68:5082-5095.

6. Carrozi, N. B., V. C. Kramer, G. W. Warren, S. Evola, and M. G. Koziel. 1991.
Prediction of insecticidal activity of Bacillus thuringiensis strains by polymerase
chain reaction product profiles. Appl. Environ. Microbiol. 57:3057-3061.

7. Correa, M., and A. A. Yousten. 1997. Conjugation by mosquito pathogenic
strains of Bacillus sphaericus. Mem. Inst. Oswaldo Cruz 92:415-419.

8. Delécluse, A., J.-F. Charles, A. Klier, and G. Rapoport. 1991. Deletion by in
vivo recombination shows that the 28-kilodalton polypeptide from Bacillus
thuringiensis subsp. israelensis is not essential for mosquitocidal activity.
J. Bacteriol. 173:3374-3381.

9. Delécluse, A., S. Poncet, A. Klier, and G. Rapoport. 1993. Expression of
crylVA and crylVB genes, independently or in combination, in a crystal-
negative strain of Bacillus thuringiensis subsp. israelensis. Appl. Environ.
Microbiol. 59:3922-3937.

10. Dervyn, E., S. Poncet, A. Klier, and G. Rapoport. 1995. Transcriptional
regulation of the cryIVD gene operon from Bacillus thuringiensis subsp.
israelensis. J. Bacteriol. 177:2283-2291.

11. Des Rochers, B., and R. Garcia. 1984. Evidence for persistence and recycling
of Bacillus sphaericus. Mosq. News 44:160-165.

12. Finney, D. J. 1971. Probit analysis—a statistical treatment of the sigmoid response
curve, 3rd ed. Cambridge University Press, Cambridge, United Kingdom.

13. Georghiou, G. P., and M. C. Wirth. 1997. Influence of exposure to single
versus multiple toxins of Bacillus thuringiensis subsp. israelensis on develop-
ment of resistance in the mosquito Culex quinquefasciatus (Diptera: Culici-
dae). Appl. Environ. Microbiol. 63:1095-1101.

14. Gonzilez, J. M., B. J. Brown, and B. C. Carlton. 1982. Transfer of Bacillus
thuringiensis plasmids coding for 3-endotoxin among strains of B. thuringiensis
and B. cereus. Proc. Natl. Acad. Sci. USA 79:6951-6955.

15. Hu, X., B. M. Hansen, Z. Yuan, J. E. Johansen, J. Eilenberg, N. B. Hendriksen,
L. Smidt, and G. B. Jensen. 2005. Transfer and expression of the mosquitocidal
plasmid pBtoxis in Bacillus cereus group strains. FEMS Microbiol. Lett. 245:
239-247.

16. Jensen, G. B., L. Andrup, A. Wilcks, L. Smidt, and O. M. Poulsen. 1996. The
aggregation-mediated conjugation system of Bacillus thuringiensis subsp. is-
raelensis: host range and kinetics of transfer. Curr. Microbiol. 33:228-236.

17. Jensen, G. B., A. Wilcks, S. S. Petersen, J. Damgaard, J. A. Baum, and L.
Andrup. 1995. The genetic basis of the aggregation system in Bacillus
thuringiensis subsp. israelensis is located on the large conjugative plasmid
pXO16. J. Bacteriol. 177:2914-2917.

18. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227:680-685.

19. Maniatis, T., E. Fritsch, and J. Sambrook. 1982. Molecular cloning: a lab-
oratory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, NY.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

APPL. ENVIRON. MICROBIOL.

Marchesi, J. R., T. Sato, A. J. Weightman, T. A. Martin, J. C. Fry, S. J. Hiom,
D. Dymock, and W. G. Wade. 1998. Design and evaluation of useful bacte-
rium-specific PCR primers that amplify genes coding for bacterial 16S
rRNA. Appl. Environ. Microbiol. 64:795-799.

Myers, P., and A. Yousten. 1978. Toxic activity of Bacillus sphaericus SSII-1
for mosquito larvae. Infect. Immun. 19:1047-1053.

Oliveira, C. M., M. H. Silva-Filha, C. Nielsen-Leroux, G. Pei, Z. Yuan, and
L. Regis. 2004. Inheritance and mechanism of resistance to Bacillus sphaeri-
cus in Culex quinquefasciatus (Diptera: Culicidae) from China and Brazil.
J. Med. Entomol. 41:58-64.

Orzech, K., and W. Burke. 1984. Conjugal transfer of pAMB1 in Bacillus
sphaericus 1593. FEMS Microbiol. Lett. 25:91-95.

Pei, G., C. M. F. Oliveira, Z. Yuan, C. Nielsen-Leroux, M. H. Silva-Filha,
J. Yan, and L. Regis. 2002. A strain of Bacillus sphaericus causes slower
development of resistance in Culex quinquefasciatus. Appl. Environ. Micro-
biol. 68:3003-3009.

Poncet, S., G. Anello, A. Delécluse, A. Klier, and G. Rapoport. 1993. Role of
the CryIVD polypeptide in the overall toxicity of Bacillus thuringiensis subsp.
israelensis. Appl. Environ. Microbiol. 59:3928-3930.

Poncet, S., C. Bernard, E. Dervyn, J. Caylet, A. Klier, and G. Rapoport. 1997.
Improvement of Bacillus sphaericus toxicity against dipteran larvae by integra-
tion, via homologous recombination, of the Cryl1A toxin gene from Bacillus
thuringiensis subsp. israelensis. Appl. Environ. Microbiol. 63:4413-4420.
Poncet, S., A. Delécluse, G. Anello, A. Klier, and G. Rapoport. 1994. Transfer
and expression of the cryIVB and cryIVD genes of Bacillus thuringiensis subsp.
israelensis in Bacillus sphaericus 2297. FEMS Microbiol. Lett. 117:91-96.
Poncet, S., A. Delécluse, A. Klier, and G. Rapoport. 1995. Evaluation of
synergistic interactions among the CryIVA, CryIVB, and CryIVD toxic com-
ponents of B. thuringiensis subsp. israelensis crystals. J. Invertebr. Pathol.
66:131-135.

Servant, P., M.-L. Rosso, S. Hamon, S. Poncet, A. Delécluse, and G. Rapoport.
1999. Production of Cryl1A and Cryl1Ba toxins in Bacillus sphericus confers
toxicity towards Aedes aegypti and resistant Culex populations. Appl. Environ.
Microbiol. 65:3021-3026.

Silapanuntakul, S., S. Pantuwatana, A. Bhumiratana, and K. Chaaroensiri.
1983. The comparative persistence of toxicity of Bacillus sphaericus strain
1593 and Bacillus thuringiensis serotype H-14 against mosquito larvae in
different kinds of environments. J. Invertebr. Pathol. 42:387-392.
Silva-Filha, M.-H., L. Regis, C. Nielsen-Leroux, and J.-F. Charles. 1995.
Low-level resistance to Bacillus sphaericus in a field-treated population of
Culex quinquefasciatus (Diptera: Culicidae). J. Econ. Entomol. 88:525-530.

31a.Stein, C., G. W. Jones, T. Chalmers, and C. Berry. 2006. Transcriptional

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

analysis of the toxin-coding plasmid pBtoxis from Bacillus thuringiensis subsp.
israelensis. Appl. Environ. Microbiol. 72:1771-1776.

Thiéry, L., S. Hamon, A. Delécluse, and S. Orduz. 1998. The introduction into
Bacillus sphaericus of the Bacillus thuringiensis subsp. medellin cyt1Abl gene
results in higher susceptibility of resistant mosquito larva populations to
B. sphaericus. Appl. Environ. Microbiol. 64:3910-3916.

Thomas, D. J. L., J. A. W. Morgan, J. M. Whipps, and J. R. Saunders. 2000.
Plasmid transfer between the Bacillus thuringiensis subspecies kurstaki and
tenebrionis in laboratory culture and soil and in lepidopteran and coleopteran
larvae. Appl. Environ. Microbiol. 66:118-124.

Trisrisook, M., S. Pantuwatana, A. Bhumiratana, and W. Panbangred. 1990.
Molecular cloning of the 130-kilodalton mosquitocidal 8-endotoxin gene of
Bacillus thuringiensis subsp. israelensis in Bacillus sphaericus. Appl. Environ.
Microbiol. 56:1710-1716.

Vilas-Boas, G. F. L. T., L. A. Vilas-Boas, D. Lereclus, and O. M. N. Arantes.
1998. Bacillus thuringiensis conjugation under environmental conditions.
FEMS Microbiol. Ecol. 25:369-374.

Wilcks, A., N. Jayaswal, D. Lereclus, and L. Andrup. 1998. Characterisation
of plasmid pAWG63, a second self-transmissible plasmid in Bacillus thurin-
giensis subsp. kurstaki HD73. Microbiology 144:1263-1270.

Wirth, M. C,, A. Delécluse, and W. E. Walton. 2001. Cyt1Ab1 and Cyt2Bal from
Bacillus thuringiensis subsp. medellin and B. thuringiensis subsp. israelensis syn-
ergize Bacillus sphaericus against Aedes aegypti and resistant Culex quinquefas-
ciatus (Dipetera: Culicidae). Appl. Environ. Microbiol. 67:3280-3284.

Wirth, M. C., B. A. Federici, and W. E. Walton. 2000. Cyt1A from Bacillus
thuringiensis synergizes activity of Bacillus sphaericus against Aedes aegypti
(Diptera: Culicidae). Appl. Environ. Microbiol. 66:1093-1097.

World Health Organization. 1985. Informal consultation on the develop-
ment of Bacillus sphaericus as microbial larvicide. Publication TDR/BCV/
SPHAERICUS/85.3.1-24. World Health Organization, Geneva, Switzerland.
Wu, D., and B. A. Federici. 1993. A 20-kilodalton protein preserves cell
viability and promotes CytA crystal formation during sporulation in Bacillus
thuringiensis. J. Bacteriol. 175:5276-5280.

Yoshisue, H., K. Thara, T. Nishimoto, H. Sakai, and T. Komano. 1995.
Expression of genes for insecticidal crystal proteins in Bacillus thuringiensis:
crylVA, not crylVB, is transcribed by RNA polymerase containing sigma®
and that containing sigma®. FEMS Microbiol. Lett. 127:65-72.

Yousten, A. A., F. J. Genthner, and E. F. Benfield. 1992. Fate of Bacillus
sphaericus and Bacillus thuringiensis serovar israelensis in the aquatic envi-
ronment. J. Am. Mosq. Control Assoc. 8:143-148.



