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Screening of 402 s t r a i n s  of more than  18 
v a r i e t i e s  of BaciZZus thuringiensis showed 
c h i t i n a s e  t o  be inducib le  i n  v i r t u a l l y  every 
serovar  t e s t e d .  Though t h e  c h i t i n a s e  t i t r e  
va r i ed  among s t r a i n s ,  t h e r e  was a s t rong  

c o r r e l a t i o n  between enhanced l e t h a l i t y  t o  spruce 
budworm, Choristoneura fwniferana (Clemens), and 
an  inc rease  i n  c h i t i n a s e  t i t r e  wi th in  t h e  serovar.  
S t r a i n s  grown i n  c h i t i n a s e  inducing medium gave a 
more r ap id  and higher k i l l  than  those  grown i n  
spo ru l a t i on  medium, and a f a s t e r  k i l l  than  t h e  
cu r r en t ly  used commercial s t r a i n .  

In t roduct ion  

The sus ta ined  and growing a s s a u l t  on v a s t  
a r e a s  of spruce,  balsam and Douglas f i r  f o r e s t s  
by Choristoneura fwniferana (Clemens), t h e  Spruce 
Budworm (SBW), has  occasioned a v a r i e t y  of 
t reatment regimens. Among these ,  and s t i l l  
represent ing  an a r e a  of controversy,  is t h e  
app l i ca t ion  of c h i t i n a s e  a s  an  adjuvant  i n  
BaciZZus thuringiensis (B.t.1 t rea tments  (Smirnoff 
1974, 1977; Morris 1976). Indeed, l i t t l e  c l ea r -  
c u t  evidence is ava i l ab l e ,  a t  t h i s  t ime,  on which 
t o  base a d e f i n i t i v e  opinion. Work i n  our  
l abo ra to ry  (Dubois 1977; Daoust 1978) has  
demonstrated t h a t  t h e  presence of microorganisms 
o r i g i n a l l y  i s o l a t e d  from t h e i r  i n s e c t  hos t ,  
induced i n  growth medium f o r  c h i t i n a s e  production,  
and subsequently appl ied  t o  l e a f  t i s s u e ,  is  
associa ted  with l e s i o n s  produced i n  t h e  
pe r i t roph ic  membrane of  l a rvae  which have inges ted  
these  c h i t i n a s e  a c t i v e  microorganisms. Ult imately,  
dea th  occurs a s  a r e s u l t  of t h e  genera l ized  
septicemia which fol lows spore and c e l l  invasion 
through these  per fora t ions .  Accordingly, it was 
decided t o  search  among t h e  var ious  s t r a i n s  of 
B.t. f o r  c h i t i n a s e  a c t i v e  c u l t i v a r s .  The 
underlying hypothesis  was t h a t  such c h i t i n a s e  
a c t i v e  organisms could, i n  hydrolyzing gut  
membranes, mediate spore e n t r y  and a c t i v i t y  and, 
augmented by t h e  a c t i v i t y  of  t h e  c r y s t a l  t o x i n  on 
t h e  e p i t h e l i a l  c e l l s  of  t h e  gu t ,  prove more l e t h a l  
than  non-chit inase a c t i v e  s t r a i n s .  

I n  t h e  r e p o r t  which fol lows,  we survey t h e  
incidence of  c h i t i n a s e  a c t i v i t y  i n  a wide range 
of B.t. c r y s t a l  and sero types ,  and i n d i c a t e  t h e  
r e l a t i o n s h i p  between c h i t i n a s e  a c t i v i t y ,  c r y s t a l  
type  and l e t h a l  e f f ec t ivenes s  t o  SBW. 

Methods and Mater ia ls  

BaciZZus thuringiensis 

Cul tures  of  BaciZZus thuringiensis, used i n  
t h i s  s tudy,  were obtained from D r .  N. R. Dubois 
of t h e  Center f o r  Bio logica l  Control  of t h e  
Northeastern Fores t  Experiment S t a t i on ,  U.S. 
Fores t  Serv ice ,  Hamden, CT. These were maintained 
on n u t r i e n t  aga r  s l a n t s  and s to red  a t  ~ O C  u n t i l  
needed. The var ious  B.t. c u l t u r e s  were t e s t e d  
f o r  c h i t i n o l y t i c  a c t i v i t y  by s t r eak ing  on p e t r i  
p l a t e s  containing a mineral  s a l t s  medium a s  
described by Dubois (1977) i n  which 0.1% p u r i f i e d  
c h i t i n  served a s  t h e  s o l e  source of carbon. 
Repl ica te  p l a t e s  conta in ing  0.2% casamino a c i d s  
a s  wel l  a s  c h i t i n ,  were s t reaked with B.t. t o  
a s s e s s  t h e  e f f e c t s  of  t h i s  enrichment on t h e  
growth of t h e  organism. Ch i t i no ly t i c  a c t i v i t y  
was est imated from t h e  degree of  c l e a r i n g  around 
each colony a t  4, 6 and 12 days a f t e r  inocula t ion .  

S t r a i n s  of B.t. were t e s t e d  q u a n t i t a t i v e l y  
f o r  c h i t i n a s e  production calorimetrically. 
Chi t inase  t i t e r s  were measured by t h e  add i t i on  of  
0.5 m l  of  0.1M c i t r a t e  bu f f e r  (pH 5.0) and 0.5 m l  
pu r i f i ed  c o l l o i d a l  c h i t i n  (25 mg/ml) t o  0.5 m l  of  
supernatant  from each t e s t  cu l tu re .  The 
supernatant  was obtained by cen t r i fug ing  t h e  whole 
c u l t u r e  f o r  15  min a t  10,000 rpm i n  an RC-2 Sorva l l  
r e f r i g e r a t e d  cent r i fuge .  Ch i t i n ,  one ba tch  used 
throughout, was pu r i f i ed  a s  described by Daoust 
(1978); bro th  c u l t u r e  techniques a r e  described below. 

The assay  mixtures were incubated f o r  one 
hour a t  50°c i n  a water bath.  This temperature 
f avo r s  t h e  a c t i o n  of  t h e  enzyme complex which 
a t t a c k s  t h e  c h i t i n  polymer, a s  opposed t o  t hose  
c h i t i n a s e  components which hydrolyze oligomer o r  
dimer u n i t s  (Weir 1978). Controls  contained 0.5 
m l  d i s t i l l e d  water i n s t ead  of  c u l t u r e  supernatant .  
Colorimetric determination of N-Acetyl D-glucosamine 
(NAG) l e v e l s ,  a s  a measure of  c h i t i n a s e  t i t e r s ,  
were made us ing  a B & L Spectronic 21 calorimeter 
a t  585 nm according t o  t h e  method of Reiss ig  et at 
(1955). 

Cul tures  showing s t rong  c h i t i n o l y t i c  a c t i v i t y  
were s e l ec t ed  f o r  f u r t h e r  t e s t i n g  i n  bioassays of 
SBW morta l i ty .  They were cu l tu red  i n  quan t i t y  
us ing  two media, one medium designed t o  amplify 
production of  spores  and c r y s t a l s ,  and t h e  o the r  
s e l ec t ed  t o  enhance c h i t i n a s e  production while 
s t i l l  permi t t ing  spo ru l a t i on  and c r y s t a l  formation. 

When maximal spore  and c r y s t a l  production was 
des i r ed ,  f l a s k s  were prepared conta in ing  100 m l  o f  
B. t. spo ru l a t i on  medium a s  described by Dubois 
(1968). Inocula were obtained from 24 hour c u l t u r e s  
grown i n  t r y p t i c a s e  soy b ro th  (TSB), t r a n s f e r r e d  
again t o  TSB f o r  4-6 hours t o  obta in  l og  phase 
growth and added a s  1% of t h e  volume of t h e  medium 
i n  t h e  spo ru l a t i on  growth f l a sks .  These f l a s k s  were 
incubated a t  2 7 O ~  f o r  3 t o  5 days on a shaker t a b l e .  
Cul tures  were then  examined microscopically f o r  t h e  
presence of spores  and c r y s t a l s  and only c u l t u r e s  
which contained both were used i n  bioassays.  
Acceptable l e v e l s  were considered t o  be 90% spores  
and c r y s t a l s  a s  compared t o  vege t a t i ve  c e l l s ,  and 
a 1:1 r a t i o  of  spores  t o  c r y s t a l s  was v i r t u a l l y  
always found. 



B . t .  c u l t u r e s  were a l s o  grown i n  a c h i t i n  
based l i q u i d  medium designed t o  i nc rease  t h e  
c h i t i n o l y t i c  a c t i v i t y  of  t h e  bac t e r i a .  I t  
contained t h e  mineral  s a l t s  t r a c e  elements present  
i n  t h e  s o l i d  medium used i n  t h e  agar  p l a t e s ,  and 
3% crude c h i t i n  a s  t h e  s o l e  source of carbon. 

The c h i t i n  was obtained from P f a l t z  and Bauer, 
Stamford, CT. A s i n g l e  batch of  crude c h i t i n  from 
t h i s  source su f f i ced  f o r  a l l  experiments described 
i n  t h i s  r epo r t .  The crude c h i t i n  was boi led  10 
min i n  d i s t i l l e d  water ,  followed by 5-6 d i s t i l l e d  
water r i n s e s .  Af ter  each r i n s e ,  t h e  c h i t i n  was 
allowed t o  s e t t l e  and t h e  water was-decanted by 
suc t ion .  The cleaned c h i t i n  was d r i ed  i n  an oven 
a t  30°c, and f u r t h e r  ground f o r  approximately 20 
minutes (2-3 min pu l se s )  i n  a blender.  

TSB tubes  (5  ml) were inocula ted  from s l a n t  
c u l t u r e s  and incubated 20-24 hours a t  25Oc, a f t e r  
which 1 m l  from t h e  tubes  was inocula ted  i n t o  99 
m l  of  mineral  s a l t s ,  3.0% c h i t i n  b ro th  i n  250 m l  
f l a s k s .  The f l a s k s  were incubated a t  27Oc i n  t h e  
dark on a r o t a r y  shaker (115 osc i l la t ion/min) .  

Spruce Budwom 

Cul tures  of  B . t .  were subsequently t e s t e d  
f o r  v i ru l ence  on SBW la rvae  which were reared  a s  
fol lows:  hibernacula of SBW were obtained from 
t h e  USDA Forest  Service i n  Hamden, CT. and kept  
r e f r i g e r a t e d .  A s  needed, squares (approx. 1 cm2) 
of  cheesec lo th  conta in ing  t h e  hibernacula were 
c u t  and placed on t h e  underside of t h e  l i d s  of 
1 oz p l a s t i c  cups. The cups were f i l l e d  
approximately 1 cm high with "Bio-Servw SBW d i e t  
medium conta in ing  aureomycin (Bio-Serv, Inc., 
Frenchtown, N. J .) .  The medium, i ts  water and 
aga r  components s t e r i l i z e d  t o  reduce contamination, 
was poured a t  about 1 2 0 ° ~ ,  and allowed t o  s o l i d i f y  
wi th in  t h e  cups. 

Cups were incubated a t  2 5 O ~  (approx. 70% 
r e l a t i v e  humidity) i n  24 hours of  l i g h t  a day f o r  
approximately 3 weeks, o r  u n t i l  l a rvae  had a t t a i n e d  
fou r th  i n s t a r .  Cups were incubated i n  an  inver ted  
pos i t i on  t o  t a k e  advantage of t h e  l a r v a e ' s  
photoposit ive behavior and t o  reduce mold i n f e c t i o n  
i n  t h e  cups. Larvae were t r ans fe r r ed  t o  new cups 
i f  they  became overcrowded, i f  t h e  d i e t  medium was 
deple ted  o r  d r i ed  ou t ,  o r  i f  mold began t o  grow 
on t h e  medium. Larvae were discarded i f  they showed 
any s igns  of  i n f ec t ion .  

The ec losure  of SBW la rvae  is not  synchronous, 
and i n  f a c t  may span a week. Consequently, t h e  
growth of t h e  l a r g e r  l a rvae  i n  a group occas ional ly  
was slowed down by seques ter ing  them i n  a 12 O C  
incubator,  permi t t ing  smal ler  l a rvae  t o  ca t ch  up 
i n  s i z e .  Larvae i n  t h e  t h r e e  penult imate i n s t a r s  
were used i n  bioassays.  These l a r g e r  l a rvae  were 
separated i n t o  empty cups and s ta rved  f o r  24 hours 
a t  1 2 O ~  p r i o r  t o  each bioassay. No more than 5 
l a rvae  were placed i n  a cup t o  reduce cannibalism. 

Larvae were then  so r t ed  f o r  s i z e  and i n s t a r ,  
and t r ans fe r r ed  t o  r e p l i c a t e  groups of 7 comparable 
i nd iv idua l s  i n t o  prepared bioassay d ishes .  The 

bioassay d i s h  cons i s t ed  of an  8.5 cm p l a s t i c  p e t r i  
d i s h ,  f loored  with a p iece  of f i l t e r  paper. 

A small  s p r i g  of balsam f i r  was placed i n  
each dish.  Each s p r i g  contained about 30 needles,  
and had a branch stem approximately 4 cm i n  length.  
I n  most experiments, t h e  treatment t o  which t h e  
SBW la rvae  were subjec ted  was appl ied  on t h e  
su r f ace  of t h i s  balsam sp r ig .  

For each t rea tment ,  balsam f i r  s p r i g s  were 
washed i n  t a p  water ,  then d r i ed  a t  room temperature. 
Spr igs  were next  dipped i n t o  an a l i q u o t  of  whole 
c u l t u r e  i n  beakers (u sua l ly  6 m l  i n  a 25-50 m l  
beaker)  followed by a i r  drying f o r  approximately one 
h a l f  hour. Tr i ton  X-100, a s u r f a c t a n t ,  was added 
a t  0.1% t o  a l l  t rea tments  t o  enhance l e a f  wett ing 
and adhesion by a c t i v e  agents.  

Seven SBW la rvae  were added t o  each bioassay 
d i s h  a f t e r  a s u i t a b l y  prepared f i r  s p r i g  was i n  
place.  They were allowed t o  feed ( o r  n o t )  on t h e  
s p r i g  f o r  48 hours a f t e r  which an unt rea ted  s p r i g  
replaced t h e  t r e a t e d  one a s  a food source. 
Consumed s p r i g s  were replaced a s  needed. Five t o  
t e n  r e p l i c a t e s  of each d i s h  were used, and con t ro l s  
dipped i n  sporula t ion  medium o r  c h i t i n  bro th  were 
maintained. For most experiments, t h e  number of  
v i a b l e  b a c t e r i a  ( c e l l s  and spores) ,  i n  t h e  c u l t u r e s  
employed was determined by t h e  "drop p l a t e  technique" 
of  Reed and Peed (1948). Five r e p l i c a t e s  of 0.01 
m l  from d i l u t i o n s  of c u l t u r e s  

were de l ivered  with a 0.1 m l  Mohr p i p e t  onto  
t h e  su r f ace  of  TSA p l a t e s .  P l a t e s  were allowed t o  
d r  and were incubated i n  an inver ted  pos i t i on  a t  J 27 C f o r  20-24 hours. Bac t e r i a l  counts were made 
using a Bausch and Lomb d i s sec t ion  microscope, and 
r e p l i c a t e s  were averaged. 

For each experiment, s p e c i f i c  d e t a i l s  of  
numbers, r e p l i c a t e s  and v a r i a t i o n s  i n  technique 
a r e  presented i n  t h e  r e s u l t s  together  with t h e  
d a t a  der iv ing  from t h a t  experiment. 

Resul t s  

A s  w i l l  be noted from Table 1, c h i t i n a s e  
production is a c h a r a c t e r i s t i c  widely d i s t r i b u t e d  
among t h e  v a r i e t i e s  of B. thuringiensis t e s t e d .  
Indeed few v a r i e t i e s  were without a c h i t i n o l y t i c  
s t r a i n ,  and t h e i r  absence i n  v a r i e t i e s  of B. t .  
so t to  and subtoxicus may simply r e f l e c t  t h e  
minimal number of s t r a i n s  a v a i l a b l e  f o r  t e s t i n g .  
Although t h e  c h i t i n o l y t i c  propensity seemed t o  
c l u s t e r  wi th in  s p e c i f i c  c r y s t a l  o r  serovar  types  
(e.g. kurstaki,  entomocidus o r  damstadiensis)  it 
was not  by i t s e l f  a p red i ca to r  of l e t h a l  p o t e n t i a l .  

On t h e  o the r  hand, t h e r e  was a c l e a r  
c o r r e l a t i o n  between c h i t i n a s e  t i t r e  and l e t h a l i t y  
(Figs.  1 ,2 ) .  I n  Fig. 1 a r e  shown r e s u l t s  obtained 
when 8 c u l t i v a r s  of t h e  kurstaki v a r i e t y  (H3a3b) 
were t e s t e d  f o r  e f f ec t ivenes s  aga ins t  spruce 
budworm. Morta l i ty  corresponded very c l e a r l y  with 
concent ra t ion  of c h i t i n a s e  generated. In Fig. 2 
a r e  shown r e s u l t s  achieved with repeated t r i a l s  of 
t h e  c u l t i v a r  HD-110 ( B . t .  va r ,  entomocidus) 
harvested a t  d i f f e r e n t  per iods  under t h e  same 
condi t ions  and y i e ld ing  d i f f e r en t  amounts of 
ch i t i na se .  In t h i s  case too ,  t h e r e  is an 
unequivocal r e l a t i o n s h i p  between t h e  amount of  
c h i t i n a s e  present  and mor t a l i t y .  



Table 1. The prOductim of chi thas by Selectd tawmanic serovars of Baci Zlus 

thuringiensis 

Degree of Plate Clearing 

Varietal 
epithet .sexovar +c + +/- 0 Totals 

kurstaki H3a,3b 5 44 8 14 71 

thuringiensis Hl 3 25 4 39 71 

kenyae H4a,4c 0 5 4 8 17 

sotto H4a,4b 0 0 0 1 1 

gal Zeriae H5a,5b 1 43 12 19 65 

entomcidus H6 2 0 0 3 5 

subtoxicus H6 0 0 0 2 2 

canadensis H5a.5~ 1 2 0 1 4 

ismeliensis H14 1 5 0 3 9 

unidentified - 3 8 0 6 17 

1 The dgee of chitin-agar plate clearing was defined as follow: 0,  no clear- 

zare visible in the agar mrmndhg colonies; +/-, a thin cleared ring around 

aolonies just visible to the naked e5p; +, a cleared ring around colonies a b u t  

1 rnn wide: and U, a cleared ring of 2 mn or mxe visible araund the colonies on 

plate. 
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Fig. 1. Spruce Budworm m o r t a l i t y  produced by 8 
s t r a i n s  of  B . t .  va r .  k u r s t a k i  of  vary ing  c h i t i n a s e  
t i t r e .  The s t r a i n s  were s e l e c t e d  from one v a r i e t y  
( s e rova r  and c r y s t a l  t ypes ,  H3a,b and k-1, 
r e s p e c t i v e l y )  t o  minimize t h e  e f f e c t s  of v a r i a b l e s  
o t h e r  t han  c h i t i n a s e  t i t r e .  A l l  c u l t u r e s . w e r e  
grown f o r  1 6  days i n  c h i t i n  b ro th  medium. The 
i n i t i a l  number of  l a r v a e  t e s t e d  f o r  each group 
was 35. Cont ro l  m o r t a l i t y  (no t  shown) was 5.7%. 
The c o r r e l a t i o n  c o e f f i c i e n t  ob ta ined  f o r  t h e s e  
p o i n t s  was r = 0.75; wi th  6 d f ,  t h i s  gave 95% 
confidence l i m i t s  by t - t e s t .  The number by each 
p o i n t  is  i t s  HD number: H D - l i s  t h e  s tandard  
commercial s t r a i n .  

y mol NAG 

Fig .  2. The r e l a t i o n s h i p  of  c h i t i n a s e  product ion  
i n  c u l t u r e s  of B. t. HD-110 (va r .  entomocidus) 
t o  m o r t a l i t y  i n  spruce  budworm. 

The d a t a  p o i n t s  were c a l c u l a t e d  by means of 
Abbott ' s  formula (1925) on m o r t a l i t y  f i g u r e s  i n  
each experiment t o  y i e l d  t h e  "ad jus ted  mor t a l i t y "  
shown. The number by each d a t a  po in t  g ive s  t h e  
n f o r  each experiment ,  t h e  i n i t i a l  number of 
l a r v a e  i n  each t rea tment  (and c o n t r o l )  group. 
For t h e s e  d a t a ,  r = 0.785, s i g n i f i c a n t  a t  t h e  
97% l e v e l  of confidence by t - t e s t  wi th  df  = 7. 

I f  one compares t h e  o v e r a l l  e f f i c a c y  of 
c h i t i n a s e  producing c u l t i v a r s  t o  t h a t  of t h e  HD-1 
s t r a i n  c u r r e n t l y  i n  commercial u se ,  t h e  s i g n i f i c a n t  
t r end  which emerges is t h e  g r e a t e r  immediacy of k i l l  
achieved even though a f t e r  5 days t h e  u l t i m a t e  k i l l  
may be equ iva l en t .  I t  is  c l e a r  (F ig .  3 )  t h a t  t h e  
presence of c h i t i n a s e  a c c e l e r a t e s  t h e  gene ra l  
l e t h a l  a c t i o n  of  B . t .  

"AVERAGE" LETHAL CHlTlNOLYTlC CULTIVAR 
O HD-I 

' O r  o CONTROL 

I 2 3 4 5 

DAYS 

n.  : ~ g .  3 .  Rate of  k i l l  of  c h i t i n  grown B. t. s t r a i n s  
compared wi th  t h a t  of  t h e  commercial s t r a i n  HD-1. 

A composite of 9 s e p a r a t e  experiments. The 
c h i t i n o l y t i c  c u l t i v a r s  t e s t e d  were H D ' s  7 ,  37, 
48, 124a, 234, 287, 319, 340 and 539. I n i t i a l  
numbers pe r  t rea tment  group i n  each experiment 
ranged from 49 t o  119, bu t  each experiment was 
weighted equa l l y  t o  produce t h e  average p o i n t s  



shown i n  t h e  graph. The po in t s  f o r  HD-1 and t h e  
con t ro l s  a r e  obtained from t h e  same 9 experiments, 
and had the  same i n i t i a l  n  per  group a s  t h e i r  
r e spec t ive  c h i t i n o l y t i c  t reatment groups. 

The "ch i t i no ly t  i c  c u l t  i va r s "  group r e s u l t s  
t e s t e d  aga ins t  t h a t  of HD-1  by ANOVA proved 
s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0.05 l e v e l  

( F  = 4 * 9 2 y  df1/df2 = 1/80).  A s  t h e  HD-1 a c t u a l l y  

produced higher u l t imate  mor t a l i t y  on day 5, t h i s  
d i f f e r ence  is  p l a i n l y  due t o  t h e  d i s t i n c t l y  
higher mor t a l i t y  which t h e  c h i t i n o l y t i c  c u l t i v a r s  
produced a t  t h e  onset  of t h e  treatment exposure 
period . 

That t hese  e f f e c t s  a r e  condit ioned by t h e  
induction of c h i t i n a s e  is  confirmed by t h e  d a t a  
i n  Table 2 and Fig.  4. The mor t a l i t y  achieved by 
c u l t i v a r s  grown i n  sporula t ion  medium, i . e .  i n  t h e  
absence of c h i t i n a s e ,  is  cons i s t en t ly  and 
s i g n i f i c a n t l y  lower than t h a t  achieved by t h e  same 
c u l t u r e s  grown i n  a  c h i t i n  medium f o r  t h e  induction 
of ch i t i na se .  A s  might be an t i c ipa t ed  t h i s ,  of 
course,  d id  not  hold t r u e  where t h e  c u l t u r e  lacked 
t h e  p o t e n t i a l  f o r  inducib le  c h i t i n a s e s  i n  
s i g n i f i c a n t  amounts, t h e  threshold  l e v e l  of 
a v a i l a b l e  c h i t i n a s e  appearing a t  o r  above 0.6 vmol 
of NAG per  ml-hour ( s ee  Table 2 ) .  

Table 2. A c a p c i s o n  of B. t. the l e tha l i ty  to spruce bw3mnn of B. t. cultures 

gxwm in sporulation and chitin broth &a, respect ively .  

% mortality on 5th day 
Varietal Sporulation medium Chitin d u n  Chitinase t i t r e  

HD-1 80.0 43.0 0 . 5 3 ~  

HD-37 28.5 51.8 0.93 

HD-500 22.0 19.0 0.1 

HD-539 51.7 46.4 0 . 6 ~  

l = fiMD1 14?iG/hr/ml. Usually HD-1 grown in chitin d i m  k i l l e d  over 60% by day 

5 (see Fig 1 ) .  

= in this experbent, control m r t a l i t y  = 22.8% on day 5 (over 2x n o m l ) .  

= sporulation culture tested alone. Chitin results are man data f m n  other 

4-= reading on chitinase probably aberrant. 

= in 4 other e q e r b e n t s ,  c h i t i n  cultures  o f  -539 averaged 71.9% m r t a l i t y  

and averaged over 1 in chit inase titre. 

CULTIVARS GROWN IN CHITIN MEDIUM 
0 CULTIVARS GROWN IN SPORULATION MEDIUM 

0 I 2 3 4 

DAYS 

Fig. 4. D i f f e r e n t i a l  mor t a l i t y  t o  SBW achieved by 
c u l t u r e s  grown i n  c h i t i n  medium and sporula t ion  
medium. 

This graph is  a  composite drawn from t h e  da t a  
i n  Table 2. Cu l t i va r s  HD-1,  198 and 500 have been 
omitted because of t h e i r  low c h i t i n a s e  production,  
below 0.6 pmol NAG. The d i f f e r ences  seen i n  HD-1 
on Table 2 a r e  extreme: s ee  f i g s  1 and 3 f o r  
more usual  values.  

A f u r t h e r  confirmation of  t h e  p o t e n t i a l  of 
c h i t i n a s e  a c t i v e  s t r a i n s  is  shown i n  Fig. 5. In 
t h i s  ins tance ,  B . t .  var .  gazzeriae HD-287 ( c r y s t a l  
type k-1) i s  cons i s t en t ly  more l e t h a l  when induced 
f o r  c h i t i n a s e  than commercial s t r a i n  HD-1 o r  when 
grown i n  conventional  spo ru l a t i on  medium. Again, 
a s  shown i n  Fig. 4, t h e  s ign i f i cance  of t he se  
r e s u l t s  l i e s  not  only i n  t h e  u l t ima te  percentage 
k i l l  achieved, bu t  i n  t h e  K,ore r ap id  incept ion  of 
k i l l  and t h e  minimizing of f o l i a r  damage t h i s  
implies.  

HD-287 
@ HD-l 
0 CONTROL 

DAYS 

Fig. 5. Mor ta l i ty  t o  spruce budworm induced by 
B . t .  HD-287, var .  gazzeriae ( c r y s t a l  type  k - l ) ,  
and s t r a i n  HD-1. 

Composite da t a  f o r  9 experiments. Although n ,  
t h e  i n i t i a l  number of l a rvae  i n  each experiment 



t reatment group, var ied  from experiment t o  
experiment (range = 42 t o  70) da t a  
from sepa ra t e  experiments were averaged equal ly ;  
it was f e l t  t h a t  v a r i a t i o n  i n  mor t a l i t y  was due 
t o  l a r v a l  batch t e s t e d  and not  random independent 
f a c t o r s .  

Data f o r  HD-1 was drawn from only 4 experiments. 
In  o ther  ca ses ,  f i n a l  mor t a l i t y  f e l l  below 20% 
and was discarded a s  unrepresenta t ive  (see  Fig. 
3 f o r  o ther  HD-1  d a t a ) .  

This extreme v a r i a b i l i t y  i n  HD-1 l e t h a l i t y ,  
a s  r e f l e c t e d  i n  t h e  S.E. shown here ,  is  a common 
problem with t h i s  s t r a i n  (N. Dubois, pers .  comm.). 

For 3 experiments ( run  a s  p a r t  of those  above) 
B.t. HD-287 was t e s t e d  a s  grown i n  spo ru l a t i on  
medium. On day 5,  mor t a l i t y  was Z = 50.6% 2 6.84 
(=  S.E. ). 

Discussion 

I n  c o n t r a s t  t o  t h e  f i nd ings  of Smirnoff and 
Valero (1977 ) , t h e  capaci ty  f o r  c h i t i n a s e  
production would appear t o  be widespread and not  
confined t o  a v a r i e t a l  type .  Within each v a r i e t a l  
type t h e r e  is ,  t o  be su re ,  a  wide range of 
c h i t i n o l y t i c  a c t i v i t y .  For t h e  kurstaki v a r i e t y  
on which we r e p o r t ,  t h e  degree of enhanced l e t h a l i t y  
appears d i r e c t l y  r e l a t e d  t o  t h e  t i t r e  of a c t i v e  
ch i t i nase .  Cer ta in ly  t hese  r e s u l t s  i n v i t e  
i nves t iga t ion  of t h e  r e l a t i m s h i p  between c h i t i n a s e  
and l e t h a l i t y  wi th in  o the r  v a r i e t a l  groups. 

Although t h e  phenomenon of c h i t i n a s e  enhanced 
l e t h a l i t y  by B.t. t o  SBW seems unequivocal from t h e  
foregoing,  f u r t h e r  work is  c l e a r l y  requi red  t o  
e luc ida t e  t h e  p rec i se ,  opera t ive  mechanism. On 
t h e  b a s i s  of t h e  work repor ted  by Dubois (1977), 
one may i n f e r  t h a t  t h e r e  i s  an eros ion  of t h e  
pe r i t roph ic  membrane. This f a c i l i t a t e s  en t rance  of 
spores a s  wel l  a s  adven t i t i ous  microf lora  i n t o  t h e  
l a r v a l  haemocoel r e s u l t i n g  i n  a broader and more 
d i f f u s e  d i s rup t ion  of var ious  phys io logica l  and 
metabolic processes.  Death occurs more r a p i d l y  i n  
a populat ion rendered more suscep t ib l e  by these  
p l u r a l  e f f e c t s .  A number of i s sues ,  however, 
remain specu la t ive  a t  t h i s  time. There is  a 
discomfit ing v a r i a b i l i t y  i n  t h e  c h i t i n a s e  y i e l d  
generated from t h e  same c u l t u r e  grown under 
presumably i d e n t i c a l  condi t ions .  This might suggest  
t h e  presence of a  c a t a b o l i t e  r ep re s so r  analagous 
t o  t h e  c e l l u l a s e  system and a feedback mechanism 
t h a t  may i n h i b i t  t h e  sus ta ined  production of 
ch i t i na se .  Addi t ional ly ,  it should be mentioned 
t h a t  t h e  production of c h i t i n a s e  and t h e  d i s s o l u t i o n  
of t h e  paraspora l  c r y s t a l  and subsequent r e l e a s e  
of t h e  t o x i c  f r a c t i o n  represent  a n t i t h e t i c  pH 
demands: t h e  pH optimum f o r  c h i t i n a s e  l i e s  a t  5.5 
t o  5 .8;  f o r  c r y s t a l  d i s s o l u t i o n  above about 8. I t  
is  t h e r e f o r e  remarkable t h a t  s i t e s  a r e  present  i n  
t h e  i n s e c t  gut  where both t hese  agents  may express 
themselves. However, t h e r e  does appear t o  be a 
marked p o t e n t i a l  f o r  c h i t i n a s e  a c t i v i t y  a t  t h e  
pe r i t roph ic  membrane of t h e  Douglas f i r  tussock 
moth, Orgyia pseudotsugata. Studies  by Brandt et 
aZ (1978) r e p o r t  t h a t  both c h i t i n a s e  and pro tease  
degraded t h e  pe r i t roph ic  membrane, r e l e a s i n g  
products  of hydrolys is  and e f f e c t i n g  s t r u c t u r a l  
changes i n  t h e  membrane. Although work i n  our 

labora tory  showed t h a t  many s t r a i n s  of B . t .  such 
a s  HD-287 do produce pro teases ,  no c lear -cut  
r e l a t i o n s h i p  between pro tease  t i t r e s  and mor t a l i t y  
could be demonstrated. 

A f i n a l  ques t ion  around which t h e r e  has been 
much specula t ion  has  been our sus ta ined  i n a b i l i t y  
t o  achieve any cons i s t en t  enhancement of B . t .  
v i ru l ence  with commercial ch i t i na se .  I t  might have 
been presumed t h a t  t h e  l y t i c  e f f e c t  generated by 
t h i s  enzyme could have provided an add i t i ve  measure 
of l e t h a l i t y  i n  t h e  same way provided by t h e  
c h i t i n a s e  induced i n  t h e  c h i t i n a s e  a c t i v e  B . t .  
s t r a i n s .  Two explanations o f f e r  themselves f o r  
t h i s  f a i l u r e :  1. t h e  c h i t i n a s e  must be of a  
s p e c i f i c  cha rac t e r  capable of ca ta lyz ing  t h e  
depolymerization of t h e  c h i t i n  i n  t h e  SBW gu t ;  o r  
2. t h a t  t h e  enzyme is  opera t ive  only when membrane 
bound and responds t o  t h e  presence of an a d d i t i o n a l  
f a c t o r  provided by t h i s  l inkage.  The r o l e  of 
vege t a t i ve  c e l l s ,  always present  i n  small  numbers 
i n  treatment a l i q u o t s  i s  a l s o  unclear .  Though t h e  

event of increased l e t h a l i t y  a s  a consequence of t h e  
presence of microbia l  c h i t i n a s e  seems c e r t a i n  enough, 
t h e  p rec i se  d e t a i l s  of i t s  na tu re  await f u r t h e r  
c l a r i f i c a t i o n .  
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