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ABSTRACT: Bacillus thuringiensis is a Gram-positive bacterium  that produces crystalline endotoxins 
and is widely considered an environm entally safe insecticide to control mosquitoes and a num ber of 
agriculture pests. Bacteria closely related  to B. thuringiensis have recently been  discovered in 
association with diseased sponges, w hich has raised concerns that Bacillus insecticides may be harm ­
ful to tropical marine invertebrates. We exposed coral larvae and juvenile corals to the insecticides 
VectoBac® G (containing B. thuringiensis israelensis) and VectoLex® G (containing B. sphaericus). 
VectoBac G and VectoLex G had no effect on the survival and m etam orphosis of Acropora millepora 
and A. tenuis larvae at very high concentrations (5000 pg b 1). The juvenile corals of the same species 
w ere also unaffected after 4 sequential 48 h exposures to B. thuringiensis israelensis and B. sphaeri­
cus at different stages of developm ent. Adult corals (A. millepora) and sponges (Ianthella basta) w ere 
exposed to a single 6 h pulse of 1000 pg h 1 VectoBac G. Although B. thuringiensis israelensis was 
detected  in the seaw ater using denaturing gradient gel electrophoresis, it was not detected  in associ­
ation with the corals or sponges. No evidence of coral or sponge disease was observed during the 
following 2 wk. These results indicate that insecticides containing endotoxin-producing Bacillus spp. 
are unlikely to be acutely pathogenic to corals and sponges. However, the effect on most tropical 
m arine invertebrates rem ain untested  and the risks of seed populations of alien Bacillus becom ing 
established on reefs and horizontal transfer of toxin genes to native bacteria also need  to be 
addressed.
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INTRODUCTION

Bacillus thuringiensis is an endospore-form ing 
Gram-positive bacterium  capable of producing crys­
talline protein 5-endotoxins (Höfte & W hiteley 1989). 
These proteins are toxic to several groups of insects 
and cause necrosis of the gut epithelium  that in turn 
results in starvation and eventual mortality. The use of 
B. thuringiensis is w idespread in the tropics, w here it is 
used to control mosquitoes (Lacey & U ndeen 1986) and 
pests that affect plantations of palm, sugar cane and 
cotton (Hoong & H oh-Christopher 1992, W alker et al.
2003). Commercial B. thuringiensis is generally con­
sidered environm entally benign due to its high speci­
ficity (Höfte & W hiteley 1989); however, its effects on 
tropical m arine organism s have not been  explored.

Although Bacillus spp. are a common com ponent of 
m arine microbial populations (Ivanova et al. 1999), 
toxic spore-forming B. thuringiensis comprise only a 
small subset of Bacillus reported  in the m arine envi­
ronm ent (M aeda et al. 2001). Two Bacillus strains w ere 
recently isolated from diseased sponges, Ianthella 
basta, from reefs off Papua New G uinea (Cervino et al. 
2006). One strain was most closely related  to the group 
containing B. cereus, B. thuringiensis and B. anthracis, 
while the other was most closely related  to B. pum ilus 
(which can be used as a fungicide) (Jacobsen et al.
2004). Simultaneous re-infection of I. basta w ith 5 iso­
lates (both Bacillus strains and 3 additional Pseudo­
m onas  strains) resulted in the onset of disease in this 
sponge species (Cervino et al. 2006). This result raised 
concerns that accidental overspray or runoff contain­
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ing commercial Bacillus spp. may contribute to unex­
plained disease in coral reef invertebrates (Cervino et 
al. 2006).

To test the potential pathogenicity of commercial 
Bacillus spp. to im portant tropical m arine species we 
sequentially exposed larvae and juveniles of the corals 
Acropora millepora and A. tenuis to the mosquitocides 
VectoBac G containing B. thuringiensis israelensis and 
VectoLex G containing the closely related  B. sphaeri­
cus. We m easured coral larval survival and m etam or­
phosis, and the survival and developm ent of juvenile 
corals. We also assessed the potential for commercial 
preparations of VectoBac G and VectoLex G to infect 
adult A. millepora colonies and the sponge I. basta. 
The coral and sponge exposures mimicked potential 
exposures by direct accidental overspray or recent 
runoff w ith freshly p repared  insecticide.

MATERIALS AND METHODS

Insecticide preparation. Suspensions of bacterial 
insecticides w ere prepared  in 0.2 pm filtered seaw ater 
(FSW) from VectoBac G (Bacillus thuringiensis israe­
lensis, Strain H-14 and VectoLex G (Bacillus sphaeri­
cus Serotype H5a5b, Strain 2362 (both from Valent 
BioSciences). Fresh suspensions w ere p repared  2 h 
before each inoculation, m aintained at 28°C and re ­
suspended by periodic shaking. Subsequent inocula­
tions mimicked events w here corals or sponges might 
be exposed via recent accidental overspray. Exposures 
w ere expressed as pg insecticide (VectoBac G or Vecto­
Lex G) I-1 and w ere 10- to 100-fold higher than concen­
trations that affect target mosquitoes (Brown et al. 
2000, Russell et al. 2003).

Coral and sponge collection. Reproductively m ature 
colonies of the 2 broadcast spaw ning coral species, 
Acropora millepora (Ehrenberg) and A. tenuis (Dana), 
w ere collected from 3 to 5 m depths at M agnetic Island 
(19°10'S, 146°52 'E). These corals w ere m aintained 
outdoors in 27 to 29°C flowing seaw ater in 80 % shaded 
aquaria at the Australian Institute of M arine Science, 
Townsville. Gam etes w ere collected and larvae cul­
tured following the m ethods described in Negri & 
H eyward (2000). Following coral spawning, 3 m ature 
colonies of A. millepora w ere fragm ented into replicate 
8 x 8  cm pieces and allowed to acclimate for 1 wk. The 
sponge Ianthella basta (Pallas) w as collected from a 
15 m depth  at Davies Reef (18° 50' S, 147° 38' E).

Inoculation of larval and juvenile corals and mo­
squito larvae with Bacillus spp. Coral larval expo­
sures w ere conducted in sterile 6-well, 12 ml, poly­
styrene cell culture plates (Nunc) at 28°C and 70 pmol 
quanta  n r 2 s_1 using compact fluorescent tubes (55 W) 
em itting strongly betw een  420 and 440 nm under a

12 h light: 12 h dark cycle. These intensity and spec­
tral conditions mimic sheltered reef habitats of -8  m 
depth  w here these coral larvae would normally settle. 
Individual wells contained 10 to 15 Acropora m ille­
pora or A. tenuis 6 d old larvae in 10 ml FSW. Wells 
from each plate hosted all 4 treatm ents. To test the 
effects of Bacillus spp. on a variety of developm ental 
stages, repeated  48 h exposures w ere perform ed (1) 
on pre-com petent (to metamorphose) larvae, (2) w hen 
the same larvae becam e competent, (3) following 
m etamorphosis as azooxanthellate juveniles and (4) 
once the juveniles had  taken  up symbiotic zooxan- 
thellae (Table 1). The FSW was changed daily and 
larvae of both species w ere exposed to 0, 100, 1000 or 
5000 pg I-1 VectoBac G or VectoLex G for each of the 
stages. Larvae w ere assessed for survival (still mobile) 
at 5 d and survival and m etam orphosis at 9 d respec­
tively (Markey et al. 2007). Larval m etam orphosis was 
induced by the addition of 5 pi of crustose coralline 
algae (CCA) extract (Markey et al. 2007). Juveniles 
w ere inoculated w ith symbiotic dinoflagellates (Sym ­
biodinium  spp.) p repared  from their parental colonies

T able  1. A cropora m illepora  a n d  A. tenuis. D osing reg im e  an d  
coral h e a lth  assessm en ts at d ifferen t larv a l a n d  juven ile  
s tages. Both spec ies w e re  re p e a te d ly  d o sed  th ro u g h o u t th e ir 
dev elo p m en t w ith  0, 100, 1000 or 5000 p g  I-1 VectoBac G 
(VB) (Bacillus thuring iensis israelensis) for e ach  larv a l stage. 
In add ition , A . m illepora  la rv ae  w e re  d o sed  w ith  th e  sam e 
concen tra tions of V ectoLex G (VL) (B. sphaericus). S eaw ate r 
w as ch an g e d  in  e ach  w ell on  a daily  basis. Sym bol Y in d i­
cates w h e n  inocu lations occurred . A ssessm en t abbrev iations: 
srv = survival; m m  = m etam orphosis; sym  = sym biont u p tak e ; 

pol = po lyp  n u m b ers a ssessed

Life s tage A ge (d) VB or VL 
inocu la tion

A ssessm ent

P re -co m p eten t 0
la rv ae 2

3 Y
4 Y
5 srv

C o m peten t 6
la rv ae 7 Y

8 Y
9a srv

A zooxan the lla te 1 m m
juven iles 2 Y

3 Y
4
5
6

Z ooxan thella te 7b Y
juven iles 8 Y

28 srv, sym , pol

a M etam orphosis induced  w ith crustose coralline algae extract
bInoculation w ith  Sym biod in ium  spp. (IO5 cells pe r 10 m l well)
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as per the m ethods described by O wen et al. (2003). 
Juveniles w ere assessed for survival and symbiont 
uptake (Symbiodinium  spp. visible in polyps) and the 
num ber of polyps per colony counted under a dissect­
ing microscope at 28 d. The efficacy of both VectoBac 
G and VectoLex G w ere tested against target salt- 
m arsh mosquito larvae (third instar Ochlerotatus vigi­
lax  obtained from The Q ueensland Institute of M ed­
ical Research) using assays as described by Russell et 
al. (2003). Ten O. vigilax larvae w ere transferred into 
4 replicate 150 ml beakers and inoculated with 0 to 
1000 pg L1 VectoBac G or VectoLex G (under the 
same light and tem perature conditions as for the coral 
larvae). Survival after 24 h was indicated by m ove­
m ent of larvae following gentle prodding w ith a glass 
pipette.

Inoculation and sampling of sponges and adult 
corals with VectoBac G. Acropora millepora (n = 9) 
and Ianthella basta (n = 7) w ere placed in partially 
shaded (80%) outdoor, 1000 1 flow-through aquaria 
(1 pm filtered) at 28°C. Three specimens of A. m ille­
pora and a single I. basta w ere rem oved at time t = 0 as 
controls. The w ater flow was stopped and the rem ain­
ing corals and sponges w ere inoculated to a final con­
centration of 1000 pg L1 VectoBac G. W ater flow was 
m aintained with a subm erged pum p and aeration. 
Flow-through w ater was resum ed after 6 h for all trea t­
ments. The seaw ater (1 1) was sam pled before inocula­
tion, at 6 h and again at 14 d for detection of Bacillus 
thuringiensis israelensis. The sponges (n = 3) and adult 
corals (n = 3) w ere sam pled for microbes at 1 and 14 d 
and visually assessed for disease at 14 d.

DNA extraction of corals and sponges. Sample tis­
sues (approx. 250 mg) w ere aseptically transferred to 
sterile 2 ml microfuge tubes and 500 pi of grinding 
buffer (2 ml 1 M Tris, 4 ml 0.5 M EDTA, 2 ml 10% 
sodium dodecyl sulphate [SDS], 400 pi 5 M NaCl and 
11.6 ml distilled water) w ere added to each replicate 
sample. Tubes w ere im m ersed in liquid nitrogen and 
ground with plastic pestles. Samples w ere incubated at 
65°C for 60 min before the addition of 187 pi of 5 M 
potassium acetate. Samples w ere then  incubated on 
ice for 30 min and centrifuged at 8000 x g  for 15 min. 
The supernatants w ere transferred to fresh tubes and 
DNA was precipitated w ith a 0.8 % o  volume of iso­
propanol, w ashed with 70% ethanol and resuspended 
in distilled water.

DNA extraction of seawater. To determ ine w hether 
Bacillus thuringiensis israelensis was retained  in the 
seawater, 1 1 samples w ere filtered through 0.2 pm 
Sterivex filters (Millipore), filled w ith 1.8 ml lysis buffer 
(40 mM EDTA, 50 mM Tris and 0.75 M sucrose) and 
frozen at -20°C. Sterivex filter units w ere then filled 
with 200 pi of lysozyme (10 mg ml-1) and incubated at 
37°C for 45 min. A 200 pi aliquot of Proteinase K

(0.2 pg mL1) in 1 % SDS was added  to each sample and 
the filters w ere incubated at 55°C with rolling for 1 h. 
The lysates w ere then recovered from each filter bell 
into 2 X 2.5 ml microfuge tubes. The DNA was 
extracted from all tubes using an equal volume of 
phenol:chloroform:indoleacetic acid (IAA) (25:24:1, 
pH 8.0) and a further extraction w ith an equal volume 
of chloroform:IAA (24:1). DNA w as precipitated with 
a 0.7 % o  volume of isopropanol, w ashed with 70% 
ethanol and resuspended in distilled water.

DGGE. To assess bacterial changes in adult corals 
and sponges following the addition of VectoBac® G, 
all samples w ere processed for denaturing gel grad i­
ent electrophoresis (DGGE). The 16S rRNA gene from 
each sample was amplified by PCR w ith universal 
bacterial primers 1055f: 5'-ATG GCT GTC GTC AG C 
T-3' and 1406r: 5'-ACG GGC GGT GTG TAC-3' (Fer­
ris et al. 1996). Products from duplicate PCR reactions 
w ere com bined and applied to a 40% wt/vol poly­
acrylamide (37-5:1) gel containing a 50 to 70% d en a­
turing gradient of formamide and urea. The gel was 
electrophoresed at 60°C for 17 h in 1 x Tris-acetate- 
EDTA (TAE) buffer at 50 V using the Ingeny D-Code 
system. The gel was stained with 1 x Sybr Gold 
for 30 min, visualised under UV illumination and 
photographed. Representative bands w ere excised, 
re-am plified by PCR with the original primers and 
checked for correct mobility on another 50 to 70% 
DGGE gel. PCR products w ere sequenced using the 
forward primer and the PRISM Ready Reaction Kit 
(PE Applied Biosystems) and ABI 310 and 373 auto­
m ated sequencers.

Survival of Bacillus insecticides in seawater. Sterile 
FSW and sterile filtered ultrapure (Milli-Q) w ater 
(0.2 pm) w ere inoculated w ith 1000 pg L1 VectoBac G 
or VectoLex G in 3 replicate 1 1 flasks. These sus­
pensions w ere incubated at 28°C for 1 w k and sub­
sam pled at 2 and 7 d. Serial dilutions of the incubations 
w ere spread-plated  in triplicate on M arine Agar 2216 
(Difco Laboratories) for detection and enum eration of 
bacterial cells as previously described (Webster & Hill 
2001 ) .

Data analysis. Statistical analyses w ere perform ed 
using STATISTICA 6.0 (StatSoft). Data from larval sur­
vival and metamorphosis, and all juvenile experim ents 
w ere arcsine transform ed to m eet the assumptions of 
normality and hom ogeneity of variance. Differences 
betw een m eans w ere tested  using 1-factor ANOVA. 
Significant differences betw een  treatm ent m eans w ere 
assigned at p < 0.05. If significantly different, post hoc 
comparisons of the m eans for significant factors in the 
ANOVA w ere carried out using Tukey's HSD multiple 
comparisons tests. Untransform ed bacterial counts 
(CFU) taken  from different w ater types at different 
times w ere tested using 2-way ANOVA.
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RESULTS 

Effects of Bacillus spp. insecticides

Coral larvae

The sequential exposure of Acropora millepora 
and A. tenuis to VectoBac G (containing Bacillus 
thuringiensis israelensis) and VectoLex G (containing 
B. sphaericus) at concentrations up to 5000 pg L1 
had no observable effect on coral larvae. M ean lar­
val survival was 93 to 98% for both species after 
9 d in control treatm ents (0 pg L1 VectoBac G and 
VectoLex G ) and this did not change following any 
of the Bacillus treatm ents (Table 2). M ean m etam or­
phosis for A. millepora larvae was 87 ± 5%  (mean ± 
SE) for the VectoBacG controls and 88 ± 4 % for 
the VectoLex G controls, while metamorphosis suc­
cess was slightly lower for A. tenuis VectoBac G con­
trols (78 ± 6 % )  (Table 2). No significant effect on 
metamorphosis was observed at VectoBac G or V ec­
toLex G concentrations up to 5000 pg L1 (Fig. 1, 
Table 2).

VB orV L (|jg  I“1)

] 0  V / / / / A  100 ^ ^ s n o o o  5000

A. millepora A. tenuis A. millepora
+ VB + VB + VL

Species/inoculation

Fig. 1. A cropora m illepora  an d  A . tenuis. M etam orphosis of 
9 d  old ju v en ile  corals follow ing se q u e n tia l ex p o su re  to  0, 100, 
1000 or 5000 p g  L 1 VectoBac G (VB) or V ectoLex G (VL) 
du rin g  th e  p re -c o m p ete n t a n d  co m peten t p h ases. Bars re p re ­
sen t m ea n  p e rce n t m etam orphosis (+ SE), n  = 6 rep lica te  w ells 

co n ta in in g  10 to 15 la rv ae  each

T able  2. C oral larv a l a n d  juven ile  a n d  m osquito  la rv a l h e a lth  statistics. M ean  v a lu es (±SE) for e ach  of th e  contro l trea tm e n ts  
(0 p g  I-1) a re  p ro v id ed  a long  w ith  AN OVA re su lts  (p < 0.05). L arvae a n d  juven iles  (n = 10 to 15) w e re  a sse ssed  from  each  of 
6 rep lica te  w ells for corals a n d  4 rep lica te  ja rs  for m osquitoes. Six juven iles w e re  random ly  asse ssed  for po lyp  n u m b ers (pol, 
m ea n  ± SE) in  eac h  trea tm en t. VB = V ectoBac G (con tain ing  B acillus thuring iensis israelensis), VL = V ectoLex G (con tain ing

B. sphaericus). A ssessm en t definitions: See T ab le  1

Species Insecticide S tage A ssessm ent C ontrol
(%); 

Polyps (n)

F df, SS P

Corals
A cropora  VB P re-co m p eten t la rv a e  (5 d  old) srv 98 ± 2 0.0847 3, 0.0047 0.97

m illepora Post-com peten t la rv ae  (9 d  old) srv 95 ± 3 0.130 3, 0.0159 0.94
Post-com peten t la rv ae  (9 d  old) m m 87 ± 5 0.172 3, 0.0206 0.92
Ju v en iles  (28 d  old) srv 87 ± 5 0.616 3, 0.277 0.62

sym 76 ± 17 0.376 3, 0.791 0.91
pol 3.2 ± 0.6 0.259 3, 0.00155 0.85

VL P re-co m p eten t la rv a e  (5 d  old) srv 98 ± 2 0.151 3, 0.0102 0.93
Post-com peten t la rv ae  (9 d  old) m m 88 ± 4 0.287 3, 0.0461 0.83
Post-com peten t la rv ae  (9 d  old) srv 93 ± 5 0.123 3, 0.0166 0.95
Ju v en iles  (28 d  old) srv 87 ± 10 0.198 3, 0.0681 0.90

sym 85 ± 11 0.0984 3, 0.0851 0.96
pol 2.8 ± 0.6 0.363 3, 0.00255 0.78

A . tenu is  VB P re-co m p eten t la rv a e  (5 d  old) srv 98 ± 2 0.199 3, 0.0102 0.90
Post-com peten t la rv ae  (9 d  old) srv 95 ± 3 0.423 3, 0.0395 0.74
Post-com peten t la rv ae  (9 d  old) m m 78 ± 6 0.608 3, 0.0959 0.62
Ju v en iles  (28 d  old) srv 86 ± 7 0.292 3, 0.0777 0.83

sym 92 ± 8 0.179 3, 0.146 0.91
pol 2.0 ± 0.5 0.648 3, 0.00275 0.59

M osquitoes
O chlerota tus  VB 3rd  in sta r la rv a e  (7 d  old) srv 100 ± 0 257 5, 12.0 <0.001

vig ilax  VL 3rd  in sta r la rv a e  (7 d  old) srv 100 ± 0 25.3, 5, 5.28 <0.001



N eg ri e t al.: Bacillus insectic ides a n d  re e f  in v erteb ra tes 161

Mosquito larvae

All third instar Ochlerotatus vigilax larvae survived for 
24 h in control treatm ents (Figs. 2 & 3A). VectoBac G was 
highly pathogenic to mosquito larvae, with only 5 ± 3 % 
surviving after 24 h exposure to 30 pg L1 (Fig. 2). V ec­
toLex G w as far less pathogenic to the mosquito larvae 
with a significant reduction in survival (to 66 ± 7 %) ob­
served following exposure to 300 pg L1. These results 
indicate that both of these Bacillus spp. insecticides were 
actively pathogenic to their target species.

Juvenile corals

Juvenile Acropora millepora and A. tenuis survived 
longer than 28 d (86 to 87 %) in the absence of Vecto­
Bac G or VectoLex G (Table 2). Symbiont uptake by 
the juveniles was high in control treatm ents, ranging 
from 76 ± 17% of A. millepora colonies to 92 ± 8% of
A. tenuis colonies in VectoBac G controls (Table 2). 
The juveniles of both species also developed betw een 
2.0 and 3.2 polyps per colony after 28 d of developm ent 
(Fig. 3B, Table 2). There was no effect of VectoBac G or 
VectoLex G on juvenile survival (Fig. 4), symbiont 
uptake (Fig. 5) or juvenile developm ent as m easured 
by polyp num ber at 28 d (Fig. 6).

Viability of Bacillus insecticides in seawater

The m ean colony forming units (CFU) of Bacillus thu­
ringiensis israelensis isolated from sterile seaw ater and 
sterile fresh w ater inoculated w ith 1000 pg L1 Vecto­
Bac G w ere 70 000 ± 10 000 and 42 000 ± 5000 CFU mL1,

I 1 VB
X////M  VL

0 10 30 100 300 1000

Insecticide concentration (pig I-1)

Fig. 2. O chlero ta tus vigilax. Survival of m osqu itoes follow ing 
24 h  ex p o su res to VectoBac G (VB) or V ectoLex G (VL). 
Bars re p re se n t m e a n  p e rce n t surv ival (+SE), n  = 4 rep lica te  
w ells co n ta in in g  10 la rv ae  each. A sterisk  (*) in d ica tes  a 

sign ifican tly  re d u c e d  surv ival (p < 0.05, T ab le  2)

A

Fig. 3. Species u se d  in  assays. (A) T h ird  in s ta r  m osquito  
O chlerota tus vig ilax  larv ae, a  ta rg e t spec ies of th e  insecticide  
VectoBac G (Bacillus thuring iensis israelensis). (B) N o n ­
ta rg e t A cropora m illepora  ju v en ile  coral a fte r 28 d  of d ev e lo p ­
m en t h a rb o u rin g  S y m b io d in iu m  sp. This colony h a d  b e e n  
exp o sed  to 4 se q u e n tia l 5000 p g  T 1 expo su res of VectoBac G.

Scale b a r  = 500 pm

VB or VL (gg I"1)

: 0 y / / / / / *  1 on iw w w i m n n  kw w m  5000

A. millepora A. tenuis A. millepora 
+ VB + VB + VL

Species/inoculation

Fig. 4. Acropora m illepora  an d  A. tenuis. Survival of 28 d  old ju ­
ven ile  corals follow ing se q u e n tia l exposure  to 0, 100, 1000 or 
5000 p g  L 1 VectoBac G (VB) or V ectoLex G (VL) th ro u g h o u t th e  
larv a l a n d  ju v en ile  p h ases. Bars re p re se n t m e a n  p e rce n t su r­
v ival (+ SE), n  = 6 rep lica te  w ells co n ta in ing  3 to 8 la rv a e  each
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Fig. 5. A cropora m illepora  a n d  A . tenuis. U p tak e  of S y m b io ­
d in ium  spp. (% of juven iles  w ith  v isib le sym bionts) in  28 d  old 
juven ile  corals follow ing seq u en tia l ex p o su re  to 0, 100, 1000, 
or 5000 p g  b 1 VectoBac G (VB) or V ectoLex G (VL) th ro u g h ­
out th e  larv a l a n d  ju v en ile  p h ases. Bars re p re se n t m ea n  
p e rce n t u p tak e  of S y m b io d in iu m  sp. (+SE), n  = 6 rep lica te  

w ells co n ta in in g  3 to 8 ju v en iles each
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Fig. 6. A cropora m illepora  an d  A . tenuis. N u m b er of polyps 
p e r ju v en ile  in  28 d  old coral colonies follow ing seq u en tia l 
exposure  to  0, 100, 1000 or 5000 p g  b 1 VectoBac G (VB) or 
V ectoLex G (VL) th ro u g h o u t th e  larv a l a n d  juven ile  phases. 
Bars re p re se n t m ea n  no. po lyps p e r  colony (+SE), n  = 6 re p li­

cate  juven iles  each

respectively, and this did not change significantly after 
2 and 7 d (Fig. 7, Table 3). Similar colony num bers of B. 
sphaericus (44 000 ± 6000 CFU m b 1) w ere successfully 
cultured from sterile seaw ater inoculated w ith 1000 pg 
b 1 VectoLex G.
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Fig. 7. Bacillus thuringiensis. C ounts of B. thuring iensis  in  
contro l sterile  seaw ate r w ithou t VectoBac G (SW -  VB) an d  
contro l ste rile  u ltra p u re  (Milli-Q) w a te r  w ithou t V ectoBac G 
(FW -  VB), a n d  ste rile  SW a n d  FW after add ition  of 1000 p g  b 1 
VectoBac G (SW + VB a n d  FW + VB, respectively ). C ounts a re  
ex p ressed  as colony form ing  un its (CFU) x IO4 m b 1 (+SE), n  = 3

the multiple bands present in the crude preparation. 
The 2 main DGGE bands detected  in the VectoBac G 
preparation had  99% sequence homology to Bacillus 
thuringiensis strain SRDD (EF063149) (Band a, EU- 
784823) and 99% sequence homology to B. cereus 
strain NBRAJATH9 (EU661712) (Band b, EU784824) 
(Table 4). Both of these bands w ere identified by 
DGGE in seaw ater from the infection tanks im m edi­
ately after addition of VectoBac G and after a further 
6 h (Fig. 8). However, they could not be detected in sea­
w ater after 14 d and w ere not detected  in any samples 
of Acropora millepora or Ianthella basta at any of the 
sam pling times (Fig. 8). No adult I. basta or A. m ille­
pora exposed to a single 6 h pulse of 1000 pg b 1 Vecto­
Bac G exhibited observable onset of disease in the p re ­
sent study. The norm al symbiotic bacterial community 
(DGGE bands c -h , Fig. 8) associated w ith I. basta was 
not d isrupted by the addition of VectoBac G (Table 4).

DISCUSSION

The Bacillus insecticides VectoBac G (containing 
B. thuringiensis israelensis) and VectoLex G (contain­
ing B. sphaericus) w ere not acutely harm ful to non-

T able  3. S tatistical re su lts  for Bacillus thuring iensis israelensis  
v iability  from  2 -w ay  ANOVA for colony form ing  un its (CFU) x 
IO4 m b 1 in  sterile  seaw ate r (SW) a n d  ste rile  u ltra p u re  (Milli- 
Q) w a te r  (FW) at tim es t =  0, 2 a n d  7 d  after inocu lation  

w ith  1000 p g  h 1 V ectoBac G

Effects of Bacillus thuringiensis israelensis on adult 
corals and sponges

The commercial VectoBac G used in the adult ex ­
posure contained num erous bacteria as evidenced by

SS df MS F P

W ater ty p e  (SW or FW) 21.8 1 21.8 5.38 0.0389
Tim e (0, 2, 7 d) 1.96 2 0.981 0.242 0.788
W ater ty p e  x Tim e 2.56 2 1.28 0.316 0.735
R esiduals 48.6 12 4.06
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T able  4. S eq u en ce  re su lts  of b a n d s  from  DGGE analysis of Ianthella  basta  follow ing ex p o su re  to 1000 p g  1 1 VectoBac G

B and  ID N eare st re la tiv e %  sim ilarity A ccession  no.

A (EU784823) Bacillus thuring iensis  s tra in  SRDD 99 EF063149
B (EU784824) Bacillus cereus  stra in  NBRAJATH9 99 EU661712
C (EU784825) G am m aproetobacteria  from  th e  sp o n g e  H alichondria okadai 98 AB054161
D (EU784826) G am m aproetobacteria  from  th e  sp o n g e  M icrociona prolifera 99 E F414032
E (EU784827) G am m aproetobacteria  from  th e  sp o n g e  H alichondria okadai 98 AB054136
F (EU784828) U niden tified  b ac teriu m  from  ocean ic  crust 95 EU491250
G (EU784829) A lphapro teobacteria  from  th e  sp o n g e  R hopa loe ides odorabile 88 EU183877
H  (EU784830) A lphapro teobacteria  from  th e  sp o n g e  R hopa loe ides odorabile 87 EU183808

target coral larvae and juveniles at high concentrations 
(5000 pg I-1). Conversely, both Bacillus insecticides 
w ere pathogenic to target mosquito larvae at concen­
trations at least 166-fold and 16-fold lower (for Vecto­
Bac G and VectoLex G, respectively). B. thuringiensis 
israelensis and B. sphaericus germ ination and survival 
was confirmed in seawater, yet corals and sponges 
exposed to high concentrations of VectoBac G did not 
exhibit any signs of disease after 14 d. It is likely 
that experim ental doses (500 to 5000 pg L1 VectoBac G 
or VectoLex G) w ere high com pared with concentra­
tions near coral reefs. Concentrations of B. thuringien­
sis have not been  reported  from seaw ater in the vicin­
ity of coral reefs, but if VectoBac G was accidentally 
sprayed onto a reef in 1 m of seaw ater at the recom ­
m ended application rate of 1.5 kg ha~\ this would 
expose corals and sponges to 150 pg L1 VectoBac G (if

evenly distributed). These results indicate that 
the commercial Bacillus insecticides tested are not 
likely to be acutely harm ful to the species tested.

There may be several reasons why VectoBac G and 
VectoLex G did not affect the corals and sponges in the 
present study. (1) The protein 5-endotoxins of Bacillus 
thuringiensis (VectoBac G) and B. sphaericus (Vec­
toLex G) are highly specific to a limited num ber of 
insect types because solubilisation of the 5-endotoxins 
is required  for toxicity, and this only occurs under 
highly alkaline conditions (e.g. w ithin mosquito gut) 
(Höfte & W hiteley 1989). (2) The high selectivity of 
these toxins is also dependent on organism s possessing 
specific toxin binding sites (Gili et al. 1992) that may 
not be present in the corals or sponges. (3) The inges­
tion of viable Bacillus spp. from VectoBac G and 
VectoLex G may not have occurred under the expe-

VB v1 2 3 4 1- >  —

I ! i

M
Fig. 8. D en a tu rin g  gel g rad ien t e lec tro ­
p h o resis (DGGE) of sp o n g es a n d  corals. 
DGGE profile  of 16S rR N A -defined  b a c ­
te ria l p o p u latio n s from  re p lica te  sponge  
a n d  coral sam ples ex p o sed  to  1000 p g  T 1 
VectoBac G (VB). L ane 7 is sp o n g e  at tim e 
t =  0 d, Lanes 4 to 6 a re  sp o n g es im m ed i­
a te ly  after VB ad d itio n  a n d  L anes 1 to 3 a re  
spo n g es a t t =  14 d  a fte r VB addition . Lanes 
14 to 16 are  corals a t t =  0 d, L anes 11 to 13 
a re  corals im m ed ia te ly  after VB addition  
a n d  L anes 8 to 9 a re  corals a t t =  14 d  after 
VB addition . L ane 17 is se a w ate r  im m ed i­
a te ly  a fte r VB addition , L ane 19 is seaw ate r 
a t t =  6 h  after VB add ition  a n d  L ane 18 is 
se a w ate r  a t t =  14 d  afte r VB addition. 
B ands a  to h  h a v e  b e e n  su b m itted  to 
G enB ank  u n d e r  th e  accession  n u m b ers 

EU784823 to  EU784830



164 M ar Ecol P rog  Ser 381: 157-165, 2009

rim ental conditions. (4) The Bacillus strains may have 
expressed lower 5-endotoxins in full salinity seaw ater 
(Nayar et al. 1999). The 5-endotoxins w ere not 
analysed during the exposures so the reasons for 
inactivity are yet to be determ ined.

No adult Ianthella basta or Acropora millepora 
exposed to a single 6 h pulse of 1000 pg h 1 VectoBac G 
exhibited an observable onset of disease. This result 
contrasts with the findings from a previous study 
w here paling and necrosis of I. basta w ere observed 
following experim ental infection using a bacterial con­
sortium consisting of 2 Bacillus spp. and 3 Pseudo­
m onas spp. isolated from diseased sponges (Cervino et 
al. 2006). There are several reasons w hy this may be 
the case. The Bacillus strains isolated in Cervino 
et al. (2006) may have been  different from the com m er­
cial strains used in the present study. The spore- 
forming Bacillus species, including B. thuringiensis, 
B. anthracis (the causative agent of anthrax) and 
B. cereus (a causative agent of gastroenteritis), are 
closely related  and difficult to separate on the basis of 
16S rRNA gene sequences (Helgason et al. 2000). The 
DGGE sequence for B. thuringiensis israelensis 
(EU784823) and the sequence used in the I. basta 
disease study are not in completely overlapping 
regions of the 16S rRNA gene. However, w here there 
was overlapping sequence for direct comparison (145 
bp) there w as 100% similarity betw een  B. thuringien­
sis israelensis from VectoBac G and strain SDB21A 
from diseased I. basta sponges. The m ethods of infec­
tion also differed betw een the studies. The present 
study used a 6 h passive exposure to suspensions of 
VectoBac G. This m ethod was used to successfully 
infect another species of sponge w ith a natural 
pathogen (Webster et al. 2002). In contrast, Cervino et 
al. (2006) attached infected m edia patches directly to 
the surface of the sponges for 72 h. Furthermore, 
Cervino et al. (2006) found that only a combination of 
5 bacterial isolates (Bacillus spp. and Pseudomonas 
spp.) successfully infected the sponges and that the 
Bacillus spp. isolates alone w ere not infective.

It is likely that some coral reefs and other sensitive 
marine environm ents are periodically exposed to 
viable Bacillus strains via runoff from agriculture or 
overspray of mosquito control. Contam ination by 
insecticides containing B. thuringiensis israelensis and
B. sphaericus is also likely to be greatest on reefs 
already affected by other hum an impacts such as e le ­
vated nutrients and turbidity. Unlike contam ination by 
other insecticides such as chlorpyrifos or endosulfan, 
Bacillus insecticides are living organism s that may not 
d isappear from ecosystems over years or decades.
B. thuringiensis israelensis from the VectoBac G 
preparation was able to survive well in both sterile sea­
w ater and sterile fresh w ater following 7 d of incuba­

tion (Fig. 7), confirming that accidental exposure of 
reef organism s to viable VectoBac G from mosquito 
control overspray or runoff from agriculture is possible 
(Cervino et al. 2006). If Bacillus insecticide strains 
rem ain viable in m arine environm ents for significant 
periods of time, they may be triggered into activity and 
rapid grow th under high nutrient conditions or within 
the gut of non-target species (Hendriksen & H ansen 
2002). Although the overwhelm ing evidence suggests 
that Bacillus insecticides are environm entally benign, 
their effects on most m arine invertebrates rem ain u n ­
tested.
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