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ABSTRACT 

The compartmentalization of metabolism and the influence of amino 

acids and various substrates on the growth of Bacillus thuringiensis 

were studied. Carbon and nitrogen metabolism are compartmentalized only 

during vegetative growth when glucose is present in the medium, and it 

is pH-dependent. Organic nitrogen sources or compounds which can gener

ate NADPH for incorporation of ammonium into glutamate were required for 

growth, sporulation, and crystal formation in minimal glucose-salts 

medium, designated BM. Abundant growth occured when organic nitrogen 

sources such as glutamate, glutamine, arginine, proline, citrulline, 

ornithine, histidine, aspartate, and asparagine were utilized as the 

sole sources of carbon and (or) nitrogen at O.OIM concentration. Other 

organic nitrogen sources able to support growth as carbon and (or) 

nitrogen sources at equimolar concentrations were alanine, valine, 

leucine, serine, methionine, lysine, and isoleucine, but growth was 

less. Serine and gamma-aminobutyric acid (an NADPH generator) sup

ported growth only as the sole sources of carbon. Also pyruvate, alpha-

ketoglutarate, and citrate (an NADPH generator) supported growth of the 

organism as sole sources of carbon. Succinate, isocitrate, beta-

hydroxybutyrate, and glyoxylate did not support growth as carbon and 

(or) nitrogen sources. A proposed scheme of the pathway for breakdown 

of these metabolites in B̂ . thuringiensis is presented. 
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CHAPTER I 

INTRODUCTION 

Bacillus thuringiensis is a rod-shaped, spore-forming, aerobic, 

gram-positive microorganism closely related to Bacillus cereus. It is 

motile by means of peritrichous flagellae. B̂ . thuringiensis is unique 

because it produces a discrete parasporal protein crystal during the 

sporulation cycle which is toxic to lepidopterous larvae (moths, but

terflies, skippers) and mosquitoes. The crystal is commonly referred 

to as "5-endotoxin" after Heimpel (12). It is formed outside the 

exosporium within the bacteria cell and constitutes 20-30% of the cell 

dry weight (7). Bulla et al. (6) demonstrated that the parasporal 

crystal of B̂ . thuringiensis is composed of a single glycoprotein subunit 

5 

that has a molecular weight of approximately 12x10 daltons, and con

stitutes about 95% protein and 5% carbohydrate. Delafield et al. (10) 

postulated that the parasporal crystal arises from an unregulated super 

production of spore coat protein. 

Only a few studies have been made to determine the nutritional 

requirements of B̂. thuringiensis. Nickerson and Bulla (19) showed that 

B̂ . thuringiensis is unable to grow in a glucose-salts minimal medium. 

However, growth and sporulation occurs when this medium is supplemented 

with either glutamate, citrate or aspartate. In a further study, Nick

erson and Bulla (21) showed that L-cystine, thiosulfate, ethylenediamine 

tetraacetic acid (EDTA), or methionine can replace glutamate, and 

aspartate in a glucose-salts minimal medium, but in all cases the 

sporulation was not as good as with glutamate. Citrate (17, 26) and 

EDTA (23) are known to be positive regulators of fatty acid synthesis 

1 



and cystine controls membrane synthesis (25). Consequently Nickerson 

and Bulla suggested that B̂ . thuringiensis requires a stimulator of fatty 

acid synthesis in order to grow in a defined medium. 

During vegetative growth of B̂ . thuringiensis in a glucose medium, 

carbon metabolism and nitrogen metabolism are compartmentalized (Figure 

1). B̂ . thuringiensis catabolizes glucose by concurrent operation of the 

Embden-Meyerhof-Parnas (EMP) pathway (93-100%) and pentose-phosphate (PP) 

pathway (0-7%) during vegetative growth (20). The EMP pathway serves 

primarily for the degradation of glucose to pyruvate, acetate, and 

succinate (Figure 1). These organic acids accumulate in Bacillus 

thuringiensis because this organism lacks an efficient system for pre

senting these compounds to the tricarboxylic acid cycle (TCA) for oxida

tive metabolism. The accumulation of these organic acids is responsible 

for the drop in pH of the culture medium during the vegetative period 

of growth (15). When a minimum pH is reached, poly-6-hydroxybutyric 

acid (PHB) synthesis commences. The main role of the polymer is as an 

intracellular reserve of carbon and energy for some cells (16). Studies 

of Nakata (1966) showed that the principal role of acetate (a substrate 

for PHB synthesis) and subsequently of PHB in the sporulation process 

of Bacillus cereus is to provide carbon precursors and energy for 

sporogenesis. 

The pentose-phosphate (PP) pathway supplies reduced nicotinamide 

adenine dinucleotide phosphate (NADPH), thus aiding formation of bio

synthetic intermediates rather than functioning as a major respiratory 

pathway (5) (Figure 1). 
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More than 50% of glutamate and alanine predominate in the pool of 

the free amino acids during all stages of growth, so they play an impor

tant role in nitrogen metabolism (2). It is assumed that the large 

pools of alanine and glutamic acid result directly from the reductive 

amination of pyruvate and alpha-ketoglutaric acids by the enzymes 

alanine dehydrogenase and glutamate dehydrogenase (2). Glutamate syn

thase activity depends upon the primary assimilation of ammonia into 

glutamine via glutamine synthetase and then transfers the amide of 

glutamine to alpha-ketoglutaric acid to produce two molecules of glu

tamic acid. The sequence utilizes an ATP and an NADPH and is thermo-

dynamically irreversible (2). The general pathways for ammonia assimila

tion catabolized by alanine dehydrogenase, glutamate dehydrogenase, and 

glutamate synthase are summarized in Figure 2. 

In B̂ . thuringiensis, several TCA cycle enzymes appear at the onset 

of sporulation (1), and Aronson et al. (1) have demonstrated that dur

ing sporulation of Bacillus thuringiensis, an incomplete TCA cycle (with

out alpha-ketoglutarate dehydrogenase) operates in conjunction with the 

glyoxylic acid cycle and the gamma-aminobutyric acid (GABA) pathway 

(Figure 1). a-ketoglutarate is converted to glutamate and then to suc

cinic acid via GABA. Succinate may be further catabolized via the tri

carboxylic acid by two enzymes, fumarate hydratase and malate dehydro

genase which are also active during vegetative growth (1). The gamma-

aminobutyric acid pathway involves the four enzymes glutamate decarboxy

lase, 4 - aminobutyrate aminotransferase, succinate-semialdehyde dehydro

genase, and glutamate dehydrogenase (2). This pathway allows glutamate 

catabolism to bypass the missing alpha-ketoglutarate dehydrogenase step 





ta 
c 
-i 
CD 

ro 

- • . 0> CD 
3 

00 

r+ 
3 " 
C 
-5 

3 
t a 
. . i . 

CD 
3 
to 
_ J . 

to 
• 

3 
3 
O 
3 
— < • 
Ci> 

CU 
to 
lO 
^ . 
3 
^* 
—̂  
o> 
n-
^ . 
o 
3 

n> 
3 
fD 
-s 
o> 
— J 

XJ 
Q) 
r+ 
3 " 
S 
Q> 
*< 
to 

- h 
O 
-% 



9> 
C 

E 
(0 

2 

E 

(N 

V 
ui 
(0 
0) 

C 
> 
01 
C 

E a 
*^ 
3 

5 

to 
E 
n 
3 

0) 

a 
E « 

o 

c 

0) 

(0 

E 
(0 
_3 
Ol 

« 
wi 
(0 c « 
o 
w 

> 

0) 
C 

'c 
(0 

> 
3 
> 
a 

(0 

c 

o 
w 

> 
V 

(0 

E 

O 



8 

of the TCA cycle. The GABA pathway also provides reduced NADP and GABA, 

which may play an important role in germination (2). 

Gamma-ami nobutyric acid is produced throughout growth in B̂ . thurin

giensis, but accumulates in the medium especially during sporulation and 

is high in germinating spores (3). Cellular GABA is highest in germina

ting spores, moderately high throughout both growth and sporulation. 

GABA in the medium is highest during the latter stages of sporulation, 

probably as a result of the increased level of glutamate decarboxylase 

activity that is previously built up (3). Studies show that mutants of 

Bacillus megaterium require GABA for spore germination (11). 

Gamma-aminobutyric acid is widely distributed in plants and bacteria, 

One to 2% by weight of GABA is present in yeast extract (Difco) (22) and 

its presence has also been reported in extracts of potato (22). It is 

also found in large amounts in the extracts of brain and spinal cord of 

various species and is an inhibitory transmitter in the central nervous 

system (13). GABA is a white crystalline solid, highly soluble in water 

(130 g per 100 g of water) (24). 

Of the aminoacids influencing growth and sporulation of bacilli, 

glutamic acid has received the most attention. Glutamic acid accounts 

for an extremely large fraction of the amino acids in all stages of 

growth and development of bacillus (2). It is required in the growth 

medium for sporulation of organisms in the genus Bacillus (14), and has 

been reported to serve as an amino donor in sporulating cells. It 

serves as a carbon and (or) nitrogen source during vegetative growth 

of B̂ . cereus (14). Glutamic acid also serves as a carbon and nitrogen 

substrate for the synthesis of other amino acids during the transition 



of a vegetative cell to a spore (9). Early in sporulation, glutamate 

and other "pool" amino acids decrease, suggesting that oxidation of 

endogenous amino acids is the primary energy source for sporulation (14) 

Glutamic acid is metabolized to carbon-dioxide, dipicolinic acid (DPA), 

amino acids, and protein during coat formation and maturation in B̂ . 

cereus (14). It contributes to poly-3-hydroxybutyrate production in 

B_. cereus during vegetative growth (14). Glutamate appears to repress 

tricarboxylic acid cycle activity and synthesis of dipicolinic acid as 

well as to influence spore heat resistance (8). At a high concentra

tion of glutamate, B̂ . thuringiensis cells have an active modified TCA 

cycle but at low concentration, they do not (8). 

The purpose of this study is to determine the compartmentalization 

of metabolism and influence of amino acids and various substrates on the 

growth of Baci11 us thuringiensis. 



CHAPTER II 

MATERIALS AND METHODS 

Organism 

The organism used throughout this study was an HD-1 strain of 

Bacillus thuringiensis subsp. kurstaki isolated from a commercial insect-

icidal formulation called Dipel (Abbott Laboratories, North Chicago, 

111.). Stock cultures of HD-1 were maintained on nutrient agar slants 

at 4°C. 

Media 

Basal medium, BM (pH 7.4); nutrient agar, plate count agar, 0.2% 

(wt/vol) bacto-yeast extract (Difco Laboratories); and 1% (vol/vol) 

IsoVitaleX (BBL Microbiology Systems). 

BM is a glucose-salts medium (Table 1). It is essentially the G 

medium devised by Nakata and Halvorson (20) for B̂ . cereus except that 

yeast extract is omitted. 

Yeast extract is the water soluble portion of autolyzed fresh 

yeast. It is a source of the B vitamins and other growth promoting 

substances of yeast, making the addition of this product an excellent 

enrichment for a large variety of microorganisms. 

IsoVitaleX is a commercially available chemically defined enrich

ment. It is used as a substitute for yeast autolysate in certain media, 

and has been recommended for the isolation and cultivation of nutrition

ally fastidious microorganisms (4). IsoVitaleX enrichment was rehydra-

ted in 10 ml of sterile glass-distilled water instead of the 10 ml of 

10% (wt/vol) glucose solution supplied by the manufacturer. The 

10 
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TABLE 1. Composition of unsupplemented basal medium 

Components of BM Concentration (g/liter) 

MgSO^ 0.15 

MnS04.H20 0.05 

CaCl2 0.08 

ZnS04.7H20 0 Q Q 5 

CUSO4.5H2O 0.005 

FeS04.7H20 0.0005 

K2HP04^ 0.5 

(NH4)2S04 2.0 

Glucose^ 1.0 

Agar 15.0 

^Autoclaved separately and added aseptically to previously 
sterilized basal medium before inoculation. 
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enrichment was added to the test medium to a final concentration of 1% 

(vol/vol). The composition of IsoVitaleX is shown in Table 2. 

Reagents 

All reagents were of commercial preparation: gamma-amino-n-butyric 

acid (GABA), L-isoleucine, L-glutamine, L-leucine, alpha-ketoglutaric 

acid, L-proline, L-arginine hydrochloride, L-tryptophan, L-valine, 

L-asparagine.H20, L-citrulline, DL-8-hydro)o^butyric acid (sodium salt), 

L-alanine, pyruvic acid, glyoxylic acid (sodium salt), L-glutamic acid, 

succinic acid, guanine, thiamine HCl, p-amino-benzoic acid (PABA), 

cocarboxylase (thiamine pyrophosphate), L-cysteine hydrochloride hydrate, 

nicotinamide adenine dinucleotide (NAD), and L-cystine, Sigma Chemical 

Co.; L(+)-ornithine monohydrochloride, L(+)-histidine monohydrochloride, 

adenine, cyanocobalamin, Eastman; DL-isocitric acid, L-methionine, 

Nutritional Biochemicals Corp.; sodium citrate* ferric nitrate, Fischer 

Scientific Co.; L-lysine monohydrochloride, and L-serine, Calbiochem. 

All reagents except L-cystine were prepared in glass-distilled 

water, sterilized by membrane filtration (0.20 ym and 0.45 ym filters, 

Millipore Corp.) and refrigerated. L-cystine was prepared in 2N HCl, 

sterilized and refrigerated. The amino acids were prepared in 10-fold 

concentrated solutions (l.OM). 

Cupric sulfate, dipotassium hydrogen phosphate, ammonium sulfate, 

calcium chloride (anhydrous), and sodium chloride, Fischer Scientific 

Co.; manganous sulfate monohydrate, zinc sulfate, magnesium sulfate 

(anhydrous), J. T. Baker Chemical Co.; dextrose (glucose), Gibco Labor

atories; and ferrous sulfate, Matheson Coleman and Bell. 
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Components Concentration (g / l i ter ) 

Cyanocobalamin (Vitamin 6^2) 

L-glutamine 

Adenine 

Guanine HCl 

p-aminobenzoic acid (PABA) 

Nicotinamide adenine 

dinucleotide (NAD) 

Cocarboxylase (thiamine pyropho-

spate) 

Ferric nitrate 

Thiamine HCl 

L-Cysteine HCL 

L-Cystine 

0.01 

10.0 

1.0 

0.03 

0.013 

0.25 

0.1 

0.02 

0.003 

25.9 

1.1 
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Preparation of inoculum 

Dipel was suspended in sterile distilled water, heat-shocked at 

80°C for 20 minutes, and streaked for isolation on nutrient agar plates. 

Incubation was at 32°C for 18 hours. The cells were checked for purity 

under a phase-contrast microscope. All cells were observed to be vege

tative. 

The inocula for all experiments were prepared by a slightly modi

fied active culture technique of Nakata and Halvorson (20). This con

sisted of an initial 4-hour growth period in which 50 ml of BM plus 

yeast-extract and glucose broth in a 250 ml Erlenmeyer flask was inocu

lated with vegetative cells and incubated at 32°C in an incubator shaker 

at 200 rpm. After 4 hours of growth, 2 ml was transferred to a second 

flask of 50 ml broth and incubated for 2 hours. After this growth per

iod, the cells were centrifuged at room temperature, washed once in 

sterile saline and resuspended in 10 ml sterile saline. The washed 

cells were used as the inoculum. The inoculum (0.1 ml) was spread 

uniformly over the agar surface of supplemented BM plates with a sterile 

bent glass rod and incubated at 32°C for 72 hours. Each plate was 

checked microscopically for spores after incubation. 

Harvesting of cells 

Each BM plate was harvested by scraping the cells into 99 ml water 

blanks and 10-fold serial dilutions made. The spores were counted using 

the pour plate method. One milliliter of the appropriate dilution was 

added to a screw-capped tube containing plate count agar (cooled down 

to 50°C). This was mixed on a Vortex mixer (Vortex-Genie, Model K-550-

G) and then poured into a sterile petri dish. Three agar plates were 
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made for each dilution and incubated at 32°C for 18-24 hours, after which 

the colonies formed were counted. The average count of the three plates 

was determined and rounded off to two significant figures. The spore 

counts are the number of spores in 1 ml of the harvested 10 ml spore 

suspension. 

Nutritional and Growth studies 

B̂ . thuringiensis subsp. kurstaki was grown on supplemented basal 

medium. Each filter-sterilized test substrate was added to sterilized 

BM at a concentration of 0.01 M with the exception of yeast extract 

(0.2%) and IsoVitaleX (1%). The pH of the medium was adjusted to 7.4. 

The components of IsoVitaleX were divided into two groups: A and B, and 

the growth potential of each group was studied. Group A contained vita

min B.2> glutamine, adenine, guanine HCl, and PABA. Group B contained 

NAD, thiamine pyrophosphate, thiamine hydrochloride, ferric nitrate, 

cysteine HCl, and cystine. The primary growth-promoting component of 

IsoVitaleX was determined by supplementing BM with each component at a 

concentration equal to that of IsoVitaleX (g/liter). 



CHAPTER III 

RESULTS 

Table 3 depicts growth (measured by spore counts) on BM supplemen

ted with O.OIM glutamate. Bacillus thuringiensis subsp. kurstaki did 

not grow in minimal glucose-ammonium salts medium, designated BM. 

However, growth, sporulation, and crystal formation occurred when BM was 
o 

supplemented with glutamate (1.8x10 spores/ml). Glutamate supported 

abundant growth when utilized as both a carbon and (or) nitrogen source. 

1.5x10 spores/ml were produced when it was added to (NH-)2S0--free BM 

as a nitrogen source. 1.4x10 spores/ml were produced when glutamate 

was added to a glucose-free BM as a sole carbon source. Slightly less 

growth (7.9x10 spores/ml) was obtained when it was added to BM to 

replace both glucose and (NH.)2S0. as the carbon and nitrogen source. 

Table 4 shows the effect of varying concentrations of glutamate on 

the growth of B̂ . thuringiensis. Increasing the concentration of glut

amate increased growth in the range of 0.0005M to 0.2M. At a concen

tration of 0.4M, growth decreased, while no growth occurred at the low

est substrate concentration tested (O.OOOIM). Maximum growth was 

obtained at 0.2M. 

Table 5 shows the effect on growth of B̂ . thuringiensis when the 

glutamate family aminoacids (glutamine, arginine, proline, ornithine 

and citrulline) were added to BM. Each of these amino acids supported 

abundant growth (>10^ spores/ml). Each replaced glutamate in BM and 

was utilized as both a carbon and (or) nitrogen source. Each amino acid 

supported a higher growth yield as a sole nitrogen source. 

16 
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a TABLE 3. Effect of glutamic acid on the growth of B. thuringiensis 
on BM. ~ 

Medium Spore counts/ml 

BM b 

8 BM + glutamic acid 1.8x10 

Glucose-free BM + glutamic acid 1.5x10^ 

(NH^)2S04-free BM + glutamic acid 1.4x10^ 

Glucose-free and (NH4)2S0^-free BM + 

glutamic acid 7.9x10 

^O.OIM 

No growth 

TABLE 4. Effect of varying concentrations of glutamic acid on growth 
of B̂. thuringiensis on glucose and (NH4)2S04-free BM. 

Glutamate concentration (M) Spore counts/ml 

0.0001 

0.0005 

0.001 

0.01 

0.1 

0.2 

0.4 

8. 

1. 

9. 

1. 

2, 

5. 

7x10^ 

2x10^ 

,4x10^ 

.3x10^ 

.0x10^ 

.7x10̂ ^ 
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TABLE 5. Effect of the glutamate family of amino acids on the growth 
of B_. thuringiensis on BM. 

Medium Spore.counts/ml 

Glucose-free BM + 

Carbon source: 

C i t r u l l i n e 

Ornithine 

Glutamine 

Arginine 

Prol ine 

(NH^)2S0^-free BM + 

Nitrogen source: 

C i t r u l l i n e 

Ornithine 

Glutamine 

Arginine 

Prol ine 

Glucose-free and (NH4)2S04-free BM + 

Carbon and nitrogen source: 

C i t r u l l i n e 

Ornithine 

Glutamine 

Arginine 

Prol ine 

2.4x10 

1.8x10 

1.6x10 

1.3x10 

8 

8 

1.0x10 8 

5.0x10 

4.1x10 

2.3x10 

1.6x10 

8 

8 

8 

8 

1.4x10 
8 

1.8x10 

1.7x10 

1.2x10 

1.5x10 

8 

8 

8 

8 

8.7x10' 
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The effect of adding the pyruvate family amino acids (alanine, 

valine, and leucine) to BM is shown in Table 6. Each of these amino 

acids was utilized as both a carbon and nitrogen source. However, growth 

was less than with the glutamate family (< 10^ spores/ml)! Higher spore 

counts were obtained when each of the amino acids was utilized as a car

bon source. 

Table 7 shows the effect of the aspartate family amino acids 

(aspartate, asparagine, methionine, lysine, and isoleucine) on the 
o 

growth of B̂ . thuringiensis. Aspartate supported abundant growth (> 10 
o 

spores/ml). The other amino acids produced < 10 spores/ml. Higher 

spore counts were obtained when aspartate, asparagine,and isoleucine 

were utilized as nitrogen sources compared to utilization as carbon 

sources. 

Table 8 shows the effect of adding serine, a representative member 

of the serine family to BM. Serine was utilized only as a sole carbon 

source by B̂ . thuringiensis. However, growth was minimal. 

As seen in Table 9, histidine, the only member of the histidine 

family was utilized as both a carbon and (or) nitrogen source and growth 
o 

was abundant (> 10 spores/ml). 

Table 10 shows the effect of tryptophan, a member of the aromatic 

family on the growth of B̂ . thuringiensis. Tryptophan supported growth 

of the organism when utilized as both a carbon and (or) nitrogen source 

(< 10^ spores/ml). Highest spore counts were obtained when it was util

ized as a nitrogen source compared to its use as a carbon source. 

The growth of ^. thuringiensis on BM supplemented with gamma-amino-

butyric acid (GABA), the decarboxylation product of glutamate is shown 
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TABLE 6. Effect of the pyruvate family of amino acids on the growth 
of B. thuringiensis on BM. 

Medium Spore counts/ml 

Glucose-free BM + 

Carbon source: 

Valine 7.7x10^ 

Alanine 5.3x10 

Leucine 5.2x10 

(NH4)2S04-free BM + 

Nitrogen source: 

Valine 3.4x10^ 

Alanine 2.5x10^ 

Leucine 2.4x10^ 

Glucose-free and (NH^)2S04-free BM + 

Carbon and nitrogen source: 

Valine 1-2x10 

Alanine 1-1x10 

Leucine 1.1x10 
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TABLE 7. Effect of the aspartate family of amino acids on the growth 
of B̂ . thuringiensis on BM 

Medium Spore counts/ml 

Glucose-free BM + 

Carbon source: 

Aspartate 2.8x10 

Asparagine 7.0x10 

Methionine 7.3x10^ 

Lysine 6.1x10^ 

Isoleucine 2.6x10 

(NH^)2S04-free BM + 

Nitrogen source: 
o 

Aspartate 3.8x10 

Asparagine 1.1x10 

Methionine 5.5x10 

Lysine 2.9x10^ 

Isoleucine 3.8x10 

Glucose-free and (NH4)2S04-free BM + 

Carbon and nitrogen source: 

Aspartate 

Asparagine 

Methionine 

Lysine 

Isoleucine 

1. 

7. 

6. 

1. 

1, 

7x10^ 

2x10^ 

4x10^ 

.5x10^ 

.5x10^ 
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TABLE 8. Effect of serine on the growth of B̂ . thuringiensis on BM 

Medium 

Glucose-free BM + serine^ 

(NH.)nSO--free BM + serine^ 

Glucose-free and (NH-)«S0yi-free 
serinec ^ :̂ 4 

. Carbon source 

BM + 

Spore counts/ml 

3.8x10̂ ^ 

d 

d 

"^Nitrogen source 
^Carbon and nitrogen source 
^No growth 

TABLE 9. Effect of histidine on the growth of B̂ . thuringiensis on BM 

Medium Spore counts/ml 

Glucose-free BM + histidine^ 3.1x10^ 

(NH4)2S0^-free BM + histidine^ 2.7x10^ 

Glucose-free and (NH>,)pSO--free BM + ^ 
histidinec ^ ^ ^ 1.1x10° 

^Carbon source 
Nitrogen source 

^Carbon and nitrogen source 
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TABLE 10. Effect of tryptophan (aromatic acid) on the growth of 
B̂ . thuringiensis on BM. 

Medium Spore counts/ml 

Glucose-free BM + tryptophan^ 3.3x10 

(NH^)2S0^-free BM + tryptophan'^ 7.7x10^^ 

Glucose-free and (NH.)pSO.-free BM + -, 
tryptophan^ /t ̂  ^ 2.5x10 

uCarbon source 
Nitrogen source 
Carbon and nitrogen source 
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shown in Table 11. GABA supported good growth (9.5x10^ spores/ml) of the 

organism as a sole carbon source, but not as a nitrogen source or both 

carbon and nitrogen source. 

Table 12 shows that BM supplemented with yeast extract, a complex 

enrichment supported excellent growth (> 10^ spores/ml). Of all the 

substrates added to BM, yeast extract supported the most growth. It 

served also as both a carbon and (or) nitrogen source in BM. IsoVitaleX-
o 

enriched BM supported abundant growth (> 10 spores/ml). However, it 

was less than that observed for yeast extract. 

The components of IsoVitaleX were divided into two groups, A and B, 

and the growth potential of each group was studied (Table 13). Group A, 

containing vitamin B,2» glutamine, adenine, guanine HCl, and PABA was 

found to stimulate abundant growth. Group B, containing NAD, thiamine 

pyrophosphate, thiamine HCl, ferric nitrate, cysteine HCl, and cystine 

was found to be less stimulatory. Further studies with these components 

revealed that glutamine was the primary growth-promoting component of 

IsoVitaleX. Gutamine was found to promote growth equal to that of Iso

VitaleX added to glucose and (NH^)2S04-free BM (1.6x10^ spores/ml). 

Table 14 shows the effect of various Krebs cycle intermediates on 

the growth of B̂ . thuringiensis on BM. No growth was obtained when BM 

was supplemented with succinate or isocitrate. a-Ketoglutarate and 
o 

sodium citrate supported growth (< 10 spores/ml) when each was utilized 

as a carbon source. However, no growth was obtained when each was util

ized as a nitrogen source or as both carbon and nitrogen source. 

The effect of other substrates on the growth of B_. thuringiensis 

is shown in Table 15. Pyruvate supported good growth as a sole carbon 
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TABLE 11. Effect of gamma-aminobutyric acid (GABA) on the growth 
of B̂ . thuringiensis on BM. 

Medium Spore counts/ml 

Glucose-free BM + GABA^ 9.5x10^^ 

(NH4)2S0^-free BM + GABA^ ^ 

Glucose-free and (NH-)2S0--free BM + 

GABA^ ^ 

^Carbon source 
^Nitrogen source 
^Carbon and nitrogen source 
"No growth 
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TABLE 12. Effect of enrichment on the growth of B̂ . thuringiensis 
on BM. 

Medium Spore counts/ml 

Glucose-free BM + 

Carbon source: 
g 

Yeast extract 2.6x10 

IsoVitaleX 1.7x10^ 

(NH^)2S04-free BM + 

Nitrogen source: 

9 
Yeast extract 2.6x10 

IsoVitaleX 3.5x10^ 

Glucose-free and (NH4)2S04-free BM + 

Carbon and nitrogen source: 

Yeast extract 2.2x10 

IsoVitaleX 1.6x10^ 
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TABLE 13. Effect of the components of IsoVitaleX on the growth of 
5.' thuringiensis on BM. 

Components of IsoVitaleX Spore counts/ml 

Group A components 

Group B components 

Vitamin 8^2 

L-glutamine 

Adenine 

Guanine HCl 

PABA 

NAD 

Thiamine pyrophosphate 

Ferric nitrate 

Thiamine HCl 

L-cysteine HCl 

L-cystine 

Absence of growth is indicated by 
^Abundant growth 
° minimal growth 

1.6x10 8 

3.8x10' 
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TABLE 14. Effect of various Krebs cycle intermediates on growth 
of B̂ . thuringiensis on BM,, 

Medium Spore counts/ml 

Glucose-free BM + 

Carbon source: 

a-ketoglutarate 7.7x10 

Sodium citrate 5.2x10 

Isocitrate 

Succinate 

(NH^)2S04-free BM + 

Nitrogen source: 

a-ketoglutarate 

Sodium citrate 

Isocitrate 

Succinate 

Glucose-free and (NH4)2S04- free BM + 

Carbon and nitrogen source: 

a-ketoglutarate 

Sodium citrate 

Isocitrate 

Succinate 

Absence of growth in indicated by 
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TABLE 15. Effect of other substrates on the growth of B̂ . thuringiensis 
on BM. 

Medium Spore counts/ml 

Glucose-free BM + 

Carbon source: 

Pyruvate 8.1x10^ 

Glyoxylate 

0-hydroxybutyrate 

(NH4)2S0^-free BM + 

Nitrogen source: 

Pyruvate 

Glyoxylate 

S-hydroxybutyrate 

Glucose-free and (NH^)2S04-free BM + 

Carbon and nitrogen source: 

Pyruvate 

Glyo;cylate 

3-hydroxybutyrate 

Absence of growth is indicated by 
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source (8.1x10 spores/ml). Glyoxylate and 6-hydroxybutyrate did not 

support growth of the organism. 



CHAPTER IV 

DISCUSSION 

The results obtained in this study indicate that for growth of 

Bacillus thuringiensis to occur in a minimal glucose-ammonium salts 

medium, designated BM, an organic nitrogen source such as glutamate must 

be present. If an organic nitrogen source is not present, alternatively 

there must be present a compound which will generate NADPH, a form of 

energy necessary for incorporation of ammonium into glutamate. 

Since glutamate has an apparent importance in the growth and spor

ulation of organisms in the genus Baci11 us (3), and has been shown in 

the current study to serve as both a carbon and (or) nitrogen source in 

the growth of B̂ . thuringiensis, it has been given a central role in this 

study. 

The amino acids used in this study are grouped in terms of biosyn

thetic origin into a total of five "families" as shown in Figure 3. With 

the exception of lysine, methionine, asparagine, tryptophan, and serine, 

the carbon skeleton of all the amino acids supporting growth, sporulation, 

and crystal formation in BM are capable of leading directly into glutamate 

via enzymatic reactions (Figure 4). Aspartate, alanine, leucine, iso

leucine, and valine can donate their amino group to the carbon atom of 

alpha-ketoglutarate via transaminases to form glutamate. It is likely 

that the nitrogen skeleton of glutamate is derived from these amino acids 

in BM. Glutamate-oxaloacetate transaminase (GOT) and glutamate-pyruvate 

transaminase (GPT) activity have been observed in B̂. thuringiensis (2,3). 

Glutamine, histidine, arginine, proline, citrulline, and ornithine 

can be converted to glutamate. In B̂ . thuringiensis, the activity of the 

31 
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Figure 3. Biosynthetic derivations of aminoacids. 
(From The Microbial World, 4th Ed. by 
Roger Y. Stanier, Edward A. Adelberg, 
and John Ingraham). 
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enzyme glutamate synthase which catalyzes the conversion of glutamine 

to glutamate depends on the primary assimilation of ammonia into gluta

mine via glutamine synthetase and then transfers the amide of glutamine 

to a-ketoglutaric acid to produce 2 molecules of glutamate (Figure 4). 

The sequence utilizes an ATP and an NADPH and is thermodynamically 

irreversible, thereby driving the process to completion (2). 

The ability of gamma-aminobutyric acid to support growth in BM as 

a sole carbon source can be explained in terms of GABA metabolism gener

ating NADPH. A proposed sequence of reactions involving the utilization 

of GABA during vegetative growth is shown in Figure 5. The first step 

which is catalyzed by aminobutyrate aminotransferase is a transamination 

between GABA and alpha-ketoglutarate to yield succinate semialdehyde 

(SSA) and glutamate. In this reaction, GABA is serving as a nitrogen 

source, although it is not utilized as a sole nitrogen source in BM. 

SSA is oxidized to succinate by succinate semialdehyde dehydrogenase. 

The NADPH generated from this step may incorporate additional ammonium 

into glutamate. 

The metabolism of serine does not lead directly to glutamate. It 

appears that serine is dehydrated and deaminated to pyruvate via serine 

dehydratase. The loss of its amino group may explain why serine supported 

growth as a sole carbon source but not as a nitrogen source. 

In BM, ammonium sulfate in combination with either citrate, alpha-

ketoglutarate, or pyruvate supported growth. Citrate like GABA, may serve 

as an NADPH generator. Direct amination of alpha-ketoglutarate and 

pyruvate to glutamate and alanine respectively can explain why ammonium 

with these organic acids supported growth of B̂ . thuringiensis (Figure 4). 
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Figure 5. Schematic representation of the GABA utilization 
pathway in Bacillus thuringiensis. (From John N 
Aronson, 1976). 
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The enzymes glutamate dehydrogenase (GDH) and alanine dehydrogenase 

(ADH) have been shown to be present in B̂ . thuringiensis (1). 

The inability of isocitrate to promote growth remains unclear. 

It could be a permeability problem. Succinate has been demonstrated 

to have access to the cell interior (21). However, it did not support 

growth. Unlike GABA, succinate metabolism cannot generate NADPH (Fig

ure 4). 

Most work reported on B̂ . thuringiensis and B̂ . cereus has been in 

undefined media containing yeast extract. In these studies, yeast 

extract supported maximum growth in BM. However, it is not known what 

factor(s) in yeast extract is stimulating growth. This requires further 

study. 

In view of these findings, carbon and nitrogen metabolism may be 

described as being compartmentalized during vegetative growth of B̂ . 

thuringiensis when glucose is present in the medium. The compartmental

ization appears to be pH dependent. Glucose is degraded to pyruvate, 

acetate, and succinate by the EMP pathway. Pyruvate and acetate cannot 

enter the TCA cycle for oxidative metabolism, so accumulate, causing a 

drop in pH of the culture medium (19). When a minimum pH is reached, 

poly-3-hydroxybutyrate (PHB) synthesis commences. During sporulation, 

the pH rises and PHB is converted back to acetate and is taken into the 

TCA cycle via acetyl-CoA. There is no evidence that the enzyme pyruvate 

dehydrogenase is absent during vegetative growth of B̂ . thuringiensis. 

However, the first enzyme of the .TCA cycle, citrate synthase appears to 

be control ling the compartmentalization. 
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There is no compartmentalization during sporulation of the organ

ism. Since the modified TCA cycle is characteristic of B̂ . thuringien

sis cells undergoing transition to sporulation (5), it is primarily 

associated with the processing of nitrogenous compounds, the carbon 

and nitrogen skeletons of organic nitrogen sources such as arginine, 

glutamine, glutamate, proline, and histidine can enter the TCA cycle 

via alpha-ketoglutarate, while aspartate and alanine can enter the cycle 

via oxaloacetate and pyruvate respectively. 

Overall, metabolism in B̂ . thuringiensis appears to be compartment

alized only during vegetative growth with glucose and is pH-dependent. 

Pyruvate at about pH 7 can be utilized while it accumulates from pro

duction from glucose. 
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