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ABSTRACT 

Cells of Bacillus thuringiemis during the+ late stationary growth phase produce both 

spores and the bioinsecticidal ciystal protein delta-endotoxin. B. rh~ringiensis cells also 

evolve depending on the environmental conditions. Thus, it is necessary to adopt a broad 

approach to study the growth kinetics ofB. thuringiey~sls considering not only the typicd celi 

growth but also the metabolic changes occurrïng while spores and crystal protein are being 

produced. 

This study presents the results of ce11 growth kinetics study of Bacillus ~ h r i n ~ e n s i s  

subspecies kzlrslaki, strain HD- 1 (ATCC 3 3 679), grown under batch and fed-batch growth 

conditions. In addition, B. thzcrin@emis growth was investigated under continuous steady- 

state growth conditions in a single stage 2-L bioreactor system and a two-stage continuous 

bioreactor system which consisted of a 2-L followed by a 15-L bioreactor system. 

Optical microscopy and transmission electron microscopy (T.E.M.) were used 

extensively in this study to mess the morphology and metabolic state of B. ihzrringiensis cells 

at different growth conditions àunng batch, fed-batch and continuous steady-state 

experiments. Significant morphological dserences in B. Ihuringiensis cells, as a function of 

growth time for the batch experiments and as a function of dilution rates in the steady-state 

continuous experiments were observed. 

The separation of crystal protein from the fermentation broth for analytical purposes 

presents serious problems. In this study a new method to isolate the crystal protein was 

developed which produced crystal protein with a purity up to 95%. * 5% .Additionally, high 

performance liquid chromatography W L C )  was employed to detect this protein. 

Experimental results demonstrated the high dependence of the formation of spore and 



crystai protein with the type of culture. In batch cultures, the formation of spore and crystal 

protein caused a decrease in biornass growth rate, reducing the final biomass concentration. 

Whereas in the continuous culture, a reduction in biomass concentration was observed at low 

dilution rates. Finally, in fed-batch growth, no spores neither crystal protein were produced 

even though the limiting substrate was completely depleted. 

An in depth analysis of the experimental data showed diat the classical growth kinetic 

mode1 cannot predict accurateiy the biomass concentration for the complete time span of a 

batch and at al1 the dilution rates of a continuous culture of B. ~hurin~ensis. Thus, a new 

growth kinetic with sporulation modei, which involved a term representing the specific spore 

formation rate, was developed and tested successfully with both batch and continuous 

experimental data. 

Experimental results were also employed to determine new and reliable ce11 growth 

kinetic parameters (h and Ks), as well as the growth yield and respiration rate coefficients 

for batch and continuous cultures. 

Keywords: B. ~hiir in~e~>sis ,  growth kinetics, ce11 morphology, batch reactor, fed- 

batch reactor, continuous stirred tank reactor. 
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Growth yield, g cellsfg substrate 

Substrate uptake enzyme fiaction of the biornass when p = O 

Substrate uptake enzyme fiaction of the biomass when p = p, 

Specific growth rate, h-' 

Maximum specific growth rate, h'l 

Density of the liquid in the input, in continuous gowth 

Density of the liquid in the reactor, g/L 



CHAPTER 1 

INTRODUCTION 

Dispersion and migration of pesticides in the ecosystem to control agricultural pests 

pose a major environmental concem. Chernical insecticides are not only toxic to insects but 

also to humans and other living species, and remah and accumulate in the ecosystem for 

extended periods of time. Due to extensive use of chemical insecticides, more than 400 insect 

species have developed resistance to chemical insecticides (Stix, 1998). In any event and in 

spite of their well documented negative environmental impact, chemical insecticides are still 

used extensively worldwide. 

Among possible alternatives, a promising one is the use of biological insecticides. 

Biologicai insecticides are bio-degradable and non toxic to mammals and humans. Arnong the 

biological pests control methods, BacilZz~s th~rrin~ensis based insecticides is an excellent 

example. Bacilltrs thuri~giensis is a Gram-positive spore-forming bactenum that produces 

a protein inclusion called crystal protein or delta-endotoxin together with the endospore. This 

protein is toxic to a high number of insect pests, is bio-degradable and non-toxic to other 

species, with only few insect species developing resistance. In addition, it has been reported 

an increased insecticidal effect when both spore and crystal protein are used as bioinsecticides 

(Dubois and Dean, 1995; Johnson and McGaughey, 1996). The bioinsecticide is sprayed on 

the leafs of plants which is then ingested by the larvae resulting in their death fkom damages 

to the endothelial cells of their intestine system (Avignone-Rossa andMignone, 1995). 

The active agent, delta-endotoxin, is obtained through the fermentation (Rowe and 

Margaritis, 1987) of several subspecies of B. th~rrin~ensis. This protein is commercially 

produced in a powder form, and used in sprays (Bryant, 1994). With only 0.5% of the global 

insecticide market, Bucihs t h n - i ~ ~ ~ e n s i s  (Bt) is nowadays the basis of most biopesticides. 



While bioinsecticides still have a relative small share of the market, given the relative high 

production cost, it is expected that thek manufacturing costs will be reduced significantly due 

to irnprovements in fermentation technology and the econornies of scale in commercial 

production (Cannon, 1993). 

Regarding B. ~htirin~ensis toxins, another approach for crop protection is the 

development of genetically engineered plants which c m  produce the B. thrri~gienns toxins 

by themselves (Estnich et. al., 1997). However, there are senous concems about the 

possibility of increasing insect resistance to B. thriq-iensis toxins because these genetically 

engineered plants provide exposure throughout the entire growing season, increasing in this 

way the selection pressure on the insects. (McGaughey et al., 1998; Holmes, 1997; Stix, 

1998) 

Another important advantage of B. thz~rin~ensis spray application is that these 

insecticides degrade quickly making the insect resistance less likely to develop. However, its 

effeaiveness is reduced given its short time of exposure. Thus, in order to have an effective 

pesticide action, a more fiequent application of B. ~htirin~ensis sprays is needed, and this 

translates on high utilization costs. 

Production of B. ihirri~~giensis based insecticides is currently perfonned in batch 

reactors whose volumetric productivity is low compared with the productivity that could 

eventually be obtained in continuous or semi-continuous reactors. 

Because the bacterium B. th~ringier~~~s produces the toxic protein sirnultaneously with 

the formation of the spores, it is important to culture the bacterium under nutrient limitation 

and slow or negative ce11 growth. However, under these conditions, the production of cells 

is extremely lirnited and the productivity is sigdicantly reduced. Moreover, the delta- 

endotoxin production depends on the number of cells carrying the crystai protein produced 

in the reactor. Therefore, a process that increases the production of celis and at the sarne time 



allows the formation of spores and crystal protein under starvation condition is highly 

desirable. 

B. thrnngïemk is a bacterium that has a very complex growth charactenstics. Dunng 

the batch growth, B. thmMngïems ceils change £iom vegetative to sporulated cells, and dunng 

this process undergoing significant metabolic, physiological and kinetic changes. These 

complex changes preclude the use of a existing simple kinetic models which are used to 

descnbe the ce11 growth of non-sporulating microbial ce11 cultures. 

The systematic survey of the literature on B. fhtiringie?i,sis revealed that there is no 

kinetic growth mode1 that accounts for vegetative and sporulated cells. Moreover, the basic 

growth kinetic constants for B. tht~ri~gie~~szs ceils growth reported in the literature are scarce 

and inconsistent. A main problem with previous kinetic studies about B. thtrrir~giensis growth 

is the lack of proper accounting of the effects of the metabolic changes on the cell growth, 

and of the connection between physiological, metabolic changes, and growth rate. 

In this respect, lack of studies on the growth of the bacterium B. thtrringierzsis under 

different conditions has hindered the development of new processes with improved 

productivity and as a result reduced bioinsecticide price. Thus, çtudies of the growth kinetics 

incorporating metabolic changes, formation of spore and the crystal protein and the response 

of the B. ~huringiemis in different reactor configurations will help considerably. 

In surnmary, the foilowing research objectives are set in order to provide new and 

valuable research results of potential importance on the cornmercialization of bioinsecticides 

production b y B. thz~rin~ensis. 

1. To study the growth of B. thzrringiensis in batch, continuous and fed-batch reactors in 

order to ver@ the metabolic changes occurring during its culture, and to relate this changes 

with measurable parameters such as pH, oxygen requirements, and growth rate. 



2.  To correlate the different growth phases with time in batch and with dilution rate in 

continuous CSTR cultures. 

3. To establish reliable kinetic growth parameters for B. thuringiensis subspecies kwstaki, as 

well as respiration rate coefficient and growth yield by using continuous steady-state 

bioreactor systems. 

4. To identm the morphological changes by using optical and transmission electron 

microscopy in order to correlate these changes with growth stages. 

4. To establish a new growth kinetic mode1 that includes both vegetative and spore forming 

cells to describe the B. ~hzirz~@er>sis cells growth. 

5. To examine the feasibility of using a single and a two-stages continuous CSTR bioreactor 

system for the production of delta endotoxin bioinsecticide. 



CHAPTER 2 

2.1 B. thuringieltslis classification and characteristics 

BaciZlus ttnmngfems is a species of the Group 1 of the genus Bacillus. Species of this 

group are Gram positive spore-forrning bactena. The endospores in Bacilhs species are 

round or oval structures that are highly refkactile and contain dipicolinic acid. The spores are 

resiaant to the lethal effects of heat, drying and many disinfedants, and thus they survive in 

nature in a dormant state for long penods. B tht~rin~ensis is a rod shaped bacteriurn of 1 .O 

to 2.0 pm width and 3 to 5 pm length (Sneath, 1986). 

B. t h z ~ ~ e ~ s i s  is ciosely related to B. cerefis and B. anthracis and is well known as 

an insect pathogen. (Dean, 1984). Of the five species of BaciUus that are insect pathogens B. 

th~riri~ensis is also by  far the most important in the biological control of insects. The other 

four are B. bac, B. lentimorbzrs, B. prowiae and B. sphaerinrs (Sneath, 1 986). 

The life cycle of the Bacillirs species has two main stages: the vegetative stage and 

sporulation stage. The vegetative stage is characterized by an active ce11 growth, while the 

sponilation stage is characteriled by ceil growth cessation and spore formation. These stages 

involve changes in both the morphology and the biochemistiy of the cells. 

B. thziririgiensis produces a proteinaceous body known as crystal protein or delta- 

endotoxin that possesses insecticidal properties. These insecticidal proteins are synthesized 

during the stationary phase and accumulate in the ce1 as a crystal inclusion which can account 

for up to 25% of the dry weight of the sporulated cells (Agaisse and Lereclus, 1995). Various 

forms of crystals have been observed using phase contrast microscope. The most common 

shape is a bypirarnidal stmcture (Kumar et al, 1996). 



There are more than 50 Werent varieties of B. thringiensis, classified by De Barjac 

and Bonnefoi, and revised by De Barjac and Franchon (Kumar et al., 1996). The following 

table shows the classification of B. Ihuringiensis 

Table 2.1 Classification of Bacillus thun'ngiensis. 
Varietv Toxicitv (a) 

a i m a i  
alesti 
amag.lg.lenSjS 
andaZmsiensis 
b rasiliensis 
camermn 
carrademis 
colmeri 
coreanerrsis 
dakota 
dmstadiensis 
eniomocidtrs 
filtitimtf~ 
fiik.110kaer1sis 
gallerine 
gitiymtgïertsis 
hzgo 
httazhongensis 
indiana 
israeler~sis 
japor~enszs 
jegalhesari 
jzrtghonge~tsis 
kenyae 
korrkukian 
krrrnamotoensis 
kzrrstakï 
kyushzr erlsis 
leesis 
lortdrina 
maZaysiensis 
medellin 
rnexicanerzszs 
rnonterrey 
mon-isorti 
rîeoleonertsis 



Table 2.1 Classification of Bacillus thuringiensis (continued) 
Varietv Toxicitv (a) 
nigeriensis 
novosibirsk 
ostriniae 
oswuIdocnrzi 
oyamensis 
pu kistani 
pondicheriensis 
roskiIdiensSIs 
seoulensis 
shandorgiensis 
silo 
soorrcheon 
sotfo 
sumiyoshiensis 
thornpsoni 
thzlrir~gïensis 
tochigiensis 
toguchït~i 
~ohokuensis 
tohoorthi 
~ozrmanofi 
yosoo 
yrnrnmensis 

(a) L. lepidoptera active; D, diptera active; C, coleoptera active 

From: Kumar., P.A., Sharma., R.P., and Malik, V.S., (1996), The insecticidal 
proteins of BaciZ111.s fhtrringiens~s In Advances in Applied Microbiology, Neidleman., S .L. and 
Laskin, A.I., (eds) Vol 42, Academic Press Inc., pp 1 - 43. 

It has to be rnentioned that B. hringiems çubspecies krrsfaki of Table 2.1 is the one 

ernployed in the present study. 

2.2 Metabolism and sporulation of K t h ~ n ' n ~ e n s i s  

B. thtrringiensis (Bt) is a Gram positive aerobic bacterium able to grow in simple 

media, including on nutrient agar (Sneath 1986). There are in the technical literature a 

number of studies descnbing the nutrients needed for the growth of B. thtcrir~giensis. Some 



of these studies have been focused on the optirnization of the production of delta-endotoxin, 

and others on the minimum nutrients required for the development of the cells, and others yet 

on the use of industrial and cheap sources of nutrients. 

B. thun'ngiensis requires a source of carbon, amino acids and some salts to increase 

the growth and the ciystal protein production. Moreover, it has also been shown that other 

factors such as the dissolved oxygen, pH and temperature are important for the growth of B. 

thin'ngiensis. 

The minimal nutritional requirements for B. th~rrin~ensis (Proom and Knight, 1955), 

include basal salts (KHZPO,, (NH4)m04, MgSO,, CaC1, MnSO,, FeSO, and ammonium 

molybdate), supplemented with seven aminoacids a-aspargine, L-proline, L-leucine, DL- 

alanine, L-glutamic acid, DL-serine, DL-methionine). 

Because B. thzu-ingiemis is an aerobic bacterium, it needs oxygen to grow. Foda et 

al. (1985) conducted physiological studies on Bacillus thziringierzsis var. entomocidus 

revealing the faiure of the organism to s u ~ v e  or sporulate under low aeration levels, and this 

was specially tme at high sugar concentrations. The size and specific toxicity of the parasporal 

inclusion is also a6eaed by the oxygen supply (Scherrer et al., 1973), with the production of 

delta-endotoxin being increased with good air distribution throughout the growth medium 

(Sikdar et al., 1993). 

The temperature as well as the level of aeration are important factors in the growth 

of B. thringiems. Ignatenko et al. (1 983) studied die develo pment of Bacillzis thzrringiensis 

var. gallenae using a semi-synthetic medium (yeast hydrolysate, glucose and salts) and the 

effect of temperature and level of aeration on the culture. The results of this study showed 

that the vegetative growth of the culture increased with an increase in aeration h m  5 to 25 

mg OJiiter-min. On this basis, and to increase the yield of viable spores with high heat 

resistance, it is advisable to culture these microorganisms in variable temperature regimes, Le. 



keeping the medium at 30 OC, until the growth retardation stage is reached. Following this, 

increasing the temperature to 3 5 OC. 

The carbon source is an important factor in B. ~Inrrin~ensis growt h. In this respect, 

a number of studies describe the effect of the glucose concentration on ce11 growth (Yudina 

et al., 1992; Scherrer et al, 1973; Arcas et al., 1987; Goldberg et al., 1980). 

For example, Scherrer et al. (1 973) used a yeast extract-glucose-salts medium to 

culture B. ~ h u r i t z ~ e ~ z s i s  subspecies thuringiensis k d h g  that an increase in glucose 

concentration led to bigger crystal inclusions with a higher content of protein and insecticidal 

activity, Arcas et al. (1987) studied in a batch culture the irifluence of increasing concentration 

ofcomponents of a glucose-yeast extract - mineral salts medium on the bacterial insecticide 

production using a strain of Bacillrrs thuringiensis var. kurstuki. These authors found that 

when the concentration of glucose was increased ffom 8 to 56 a, spore counts were 

increased from 1 -08 x 10" spores/ml to 7.3 6 x 10'' sporedmL and the toxin level augmented 

from 1.05 mg/mL to 6.85 rng/mL. A fùrther increase (> 56 gA glucose) appeared to be 

harmfbl to the microorganism, given the observed decrease in the ce11 population. 

B. Ihuritzgienszs growth requires not only glucose as substrate but also a protein 

supplement. In this respect, Nickerson and Bulla (1974) used a basal medium consisting of 

sdts and glucose to culture 18 strains of B. z h r i t g i e ~ ~ s ~ s .  None of these 1 8 strains grew on 

the unsupplemented basal medium. However, these strains grew, spomlated, and produced 

the parasporal crystal when the basal medium was supplemented with either aspartate or 

glutamate. Finally, most strains were capable of growing when glutamate or citrate were 

added to a glucose-fiee basal medium although in these cases, the absence of glucose 

generally resulted in a defective spomlation. In addition, as demonstrated by Arcas et ai. 

(1984); Liu and Bajpai (1995) an effective medium for the cultivation of B. thuringiensis 

requires an adequate organic nivogen source Wce yeast extract, peptone, or corn steep liquour 



The salt content in the medium is also important for the growth of B. ihuringiensis. 

The presence of magnesium, calcium, manganese, iron, zinc, Cooper and potassium is highly 

recommended in the medium. Manganese is considered essential for growth and endospore 

formation (Arcas et al., 1984). 

The possibility of attaining high yields of spore-crystal preparations during the growth 

of B. thuringiensis subsp. kzwstaki and entomocidus using a cheap medium was studied by 

Salama et al. (1983). These authors studied a variety of agro-industrial products, including 

cotton seed meai, fish meal, beef blood and corn aeep liquour as possible medium ingredients. 

These authors obtained a yield of 40 X 10' spores /rnL using a medium with cotton seed meal 

without glucose and yeast extract. Arcas, et al., (1984) substituted corn steep Liquour and 

malt extract for yeast extract in media composition while growing B. fhzwi~@enszs subspecies 

kirstaki. Pearson and Ward (1988) used molasses, corn steep, soya flour, and starch. Results 

presented in al1 these studies did not show enough information to select the best agro- 

industriai products to be used in growth media for the cultivation of B. fhz~rin~emsis. In fact, 

a cornparison with defined media was absent in these studies. Therefore the selection of a 

cheap complex medium is still an open area of research. 

In addition, Anderson (1990) studied the carbodnitrogen ratio in a glucose-yeast 

extract-soya peptone-salts medium for the culture of B. thuringiemzs subspecies kurslaki. 

Anderson (1990) found that a carbonhitrogen ratio of 7.W was optimum for the production 

of delta-endotoxin. 

The metabolism ofB. tht~rin~ensis was studied by several researchers (Rowe, 1990; 

Aronson et al., 1975; Yousten and Rogoff, 1969; Nickerson and Bulla, 1975). Figure 2.1 

shows the metabolism of B. thtrringiensis as described by Aronson et ai. (1975). B. 

ihirrzngier~szs catabolizes glucose during vegetative growth over the Embden-Meyerhof- 

Parnas ( 'MF) pathway and the pentose-phosphate (PP) pathway Wickerson et al., 1974; 

Bulla et al., 1969). The EMP pathway serves primady for the degradation of glucose to 

pymvate and acetate. The accumulation of these organic acids is responsible for the drop in 
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pH of the culture medium dunng the vegetative growth (Luthy et al., 1 982). Following this 

stage and during the transition fiom growth to sporulation, enzymes of the tncarboqlic acid 

( K A )  cycle are synthesized. As well, pymvic and acetic acids that accumulated during 

vegetative growth are oxidized in the early stages of the sporulation process ( Bulla et al., 

1971). 

B. thuri~giensis uses a modified TCA cycle which catabolizes glutamate and a- 

ketoglutarate via the y-aminobutyric acid (GABA) pathway (Aronson et al., 1975). The 

GABA pathway transforms glutamate to succinate by the action of the enqmes glutamate 

dehydrogenase, aminobutyrate aminotramferase and succinate semialdehyde dehydrogenase. 

Then succinate is transformed by two enzymes of the second part of the tricarboxylic acid 

cycle, fumarate hydratase and malate dehydrogenase (Luthy et al., 1982). 

At the end of the vegetative growth, the exhaustion of the medium induces the 

initiation of the sporulation. The stationay state begins and the cells start a morphological 

transformation which lads to the formation of the spore. The TCA cycle is coordinated with 

the beginning of sporulation and supplies the cells with energy and carbon for aminoacids 

synthesis (Luthy et al., 1982). B. thurilzgiensis uses an incomplete TCA cycle through the 

action of two key enzymes, isocitrate lyase and malate synthase, which transform isocitrate 

to malate through the glyoxylic acid pathway (Luthy et al., 1982; Aronson et ai., 1975). 

A polymer of P-hydroxybutyric acid is a major component of bactenal lipid granules. 

The existence of this polymer, formed in the presence of glucose in the medium, has been 

related with the refractile fatty cytoplasrnic granular material exhibited by Bacillus species. 

The depletion of this polymer in the later stages of growth suggests a storage function 

(Macrae and Wilkinson. 1958). Production of this polymer in B. megaterium was studied by 

Slepeclcy and Law (1961). These authors observed that this polymer was formed during the 

growth stage, reached a maximum at the time cells entered the stationary phase, and 

decreased with the formation of spores. Thus, there was indication that the polymer was 



utilized by the cells during spore formation, suggesting that spomlation and po lpe r  

consumption were connected. 

In order to elucidate spore formation, electron rnicroscopy has been employed. The 

spore formation mechanism has been subdivided into seven stages (I-WQ, (Luthy et al., 1982) 

(Fig. 2.2). During stage I an elongated axial filament is formed, and a forespore septum is 

initiated during stage II. The area of cytoplasm destined to be incorporated into the forespore 

is termed incipient forespore (Bulia et al., 1980). 

Stage III includes the engulfment of the forespore. The septum forms an apex pointed 

towards the mother cell cytoplasm with the junction of the forespore septum and plasma 

membrane pointing towards one of the poles of the cell. Mesosornes are present at the 

junction of the septum and plasma membrane during engulfinent (Bulla et al., 1980). Once 

the engulfment is completed the septum becomes detached from the plasma membrane 

isolating the incipient forespore from the mother cytoplasm. B. rhuringiensis cells that have 

reached this stage are not able to reverse to the vegetative growth and therefore are fully 

committed to spomlation (Bechtel and Bulla, 1976). 

The parasporal crystal of B. hrringiensis is observed dunng the engulfment (stage 

m) with already the characteristic crystai lattice Fnnges. Finally, the crystal is almost full sized 

at the time that the exosporium appears (stage IV) (Bechtel and Bulla, 1976). 

Following the e n m e n t ,  numerous other processes occur, including primordial ce11 

wall and cortex synthesis, exosporium formation, development of the spore coats, and 

transformation of the spore nucleoid. The primordial wall is the first part of the spore wall to 

form during the stage W. During this stage, the Iamellar spore coat is formed, the primordial 

wall thickens, and the exosporium engulfs the spore. Once the primordial wdl has attained 

the maximum thickness, the cortex develops (stages N to VI). The cortex is located between 

the primordial wall and the outer forespore membrane and the undercoat is located between 

the spore coat and the outer membrane. Al1 these layers define the structure of the mature 





spore as illustrated in Fig. 2.2. Fig. 2.3 also shows a diagram of this structure providing 

additional details @ d a  et al., 1980). Beginning wit h the spore cytoplasm (S) the spore walls 

components are: inner membrane @d), primordial ce11 wall (PW), cortex (C), undercoat 

(UC), lamellar spore coat (LC), outer fibrous spore coat (OC), and exosponum (E). 

2.3 Crystal Protein: properties, composition, and production 

During sporulation ofB. ~hz~ngiensis  the spore and the protein parasporal inclusion 

are formed within each cell. The crystal protein or delta-endotoxin is of a regular and 

bipyramidal shape. The crystals are composed of glycoprotein toxin units whose molecular 

weight is approximately 68,000 daltons @ d a  et al., 1979). These crystals contain no nucleic 

acids (Monro, 1961). The crystals are insoluble in water and they can be dissolved under 

alkaline conditions or in the presence of a denaturant reagent (Buila et al., 1977). The 

parasporal crystal, when dissociated by mild alkali titration, is made up of many subunits 

whose molecular mass is approximately 138,000 daltons mulla et al., 198 1). 

In order to establish the molecular weight and aminoacid composition of crystal 

proteins, the toxin proteins have been studied in detail through polyacrylamide gel 

electrophoresis (Hofte and Whiteley, 1989). These studies have resulted in a complete 

description of the molecular weight and arnino acid composition of crystal proteins. 

In this respect, Debabov et ai. (1984) concluded that al1 delta-endotoxins fiom B. 

th~rrin~ensis  variants are made up of similar but not identical proteins, and have the sarne 

crystal structure. These authors compared the molecular weight of proteins fkom crystals of 

different B. thurineensis strains. Some different strains contained proteins with the same 

molecular mass. For example, the varieties alesti (III) strain 1225, kenyd strain 1228, 

dendrolimzis strain 1 277, morrisoni strain 1 252, and dmstadiensis strain 1 1 54 contained 

a 135,000 daltons protein. 





The amino acid content of the crystal protein has dso been determined. For example, 

Debabov et ai. (1984) determined the amino acid composition of crystai-fohng protein of 

B. thuringiem.s subsp. a1est-i while TyreIl et al. (1981) elucidated the amino acid composition 

of the crystal protein for B. thuringiertsik subsp. kurstaki, berliner, desii, tolworihi, and 

israe lensis. 

It cm be concluded that many strains produce several crystal proteins simuitaneously 

and that the same (or very sirnilar) crystal proteins occur in B. thmrzgiensis strains in different 

subspecies (Hofie and Whiteley, 1989). 

The structure of the crystal protein has been studied by Holmes and Monro (1965) 

using X Ray Deaction, while Li et al. (199 1) exarnined the structure of the delta-endotoxin 

from B. th~ringiensis subspecies tenebrionis and reported a three dimensional diagram of the 

C ry III A. 

While the crystal protein is formed during sporulation, studies of mutants 

demonstrated that the synthesis of the crystal and sporulation are apparently not dependent 

on each other (Wong et al., 1983). The crystal protein is derived entirely from material 

present in vegetative cells, with at least 80% of the crystal protein synthesized from 

aminoacids arising through the breakdown of other proteins (Monro, 196 1). 

2.4 Plasmids and crystal protein production 

The irreversible loss, in some B. t ln~rzn~e~zsis  strains, of the ability to produce the 

insecticidal cryaal protein (ICP) has suggested that the ICP is encoded in plasmids. To clan@ 

this point, several investigations on the timing of the ICP have shown that ICP is produced 

at the beginning of the stage II of sponilation (Fig. 2.2) with its synthesis continuing until late 

sporulation (stage V). For example, crystals are detected in most sporulation mutants blocked 

at stage II or later, but mutants blocked at stage O of sporulation fail to make the ICP. 



Acrystalliferous mutants on the other hand, sporulate normally. This indicates that although 

ICP production is not a necessary condition for spomlation, at least some of the factors 

regulating spomlation are required for ICP synthesis (Schnepf and Whitley, 1985). 

Several studies on B. thtm'ngiems plasmids have b e n  made by Carlton and Gonzalez 

(1985% 1985b, 1984, 1 %O), G o d e z  et al., (1 98 I), and Lerecius et al. (1 982). Each strain 

contains its own array of multiple extra-chromosomal DNA elements. The number of plasmid 

size classes per main ranged f?om one to 12 and their molecular weight from 1.5 Md. to 150 

Md. 

Another important matter is the loss of crystal ICP production, which has been 

associated with the loss of plasmids. For example, Gonzalez et al. (1 98 1) demonstrated that 

a 50 Md. plasrnid of strain HD-73 was lost in the Cry- mutants, while retaining a complex 

array of plasrnid molecuIes. Then, in every strain, the loss of crystal production can be 

associated with the loss or modification of one specific plasmid molecule with the rest of the 

complex plasmid array being retained. Cornparison of C q  and Cry' pairs of B. thz~rin~ensis 

strains showed that each Cry' variant lacks of one of the plasmids of its Cry' counterpart. 

Hofte and Whiteley (1989) proposed a nomenclature and classification scheme for 

crystal proteins based on their structure as well as their host range. They classified 42 Bt 

crystal protein genes in 14 types, 4 major classes and several subclasses characterized by both 

the structural similarities and the insecticidal spectra of the encoded proteins. The four major 

classes were: Lepidoptera specific (cgd), Lepidoptera and Diptera specific (cryw, Coleoptera 

specific (cryIIQ, and Diptera specific (cryIV) . 

Each class can contain subclasses designated by capital letters (A B, C and D) and 

secondary subclasses designated by lower case letters enclosed between parenthesis. Table 

2.2 lists the insecticidai ciystal protein genes of B. th~riqgïensis aven by Hofie and Whiteley 

(1 989). 



Table 2.2 Insecticidal crystal protein genes of & ~hurin~ensk  (a) 
Gene type Host range (b) No. of Predicted mol mass 

amino acids OcDa) 
C V ~ A  (a) L 1,176 1332 
V I A @ )  L 1,155 13 1.0 
CVMC) L 1,178 133.3 
cryIB L 1,207 138.0 
~vrc L 1,189 134.8 
crylD L 1,165 132.5 
cryl1A L/D 633 70.9 
cryIIB L 633 70.8 
cryIIIA C 644 73- 1 
cryWA D 1,180 134-4 

D 1,136 127.8 
c ~ y w c  D 675 77.8 
C T ~  D 643 72.4 
cvfA D/cvtol. 248 27.4 

(a) From Hofie and Whiteley (1989) 
(b) Specified host ranges: L, Lepidoptera; D, Diptera; C, Coleoptera; cytol, cytolitic 

and hemolytic 

Many more insecticidal crystal protein genes of B. ~huringinsiî have been sequenced 

and analyzed. For example, Feitelson et al. (1992) added two new major classes cryVand 

cryV7. In this respect, the B. th~irzn~ensis cry Gene Nomenclature Cornmittee, a standing 

cornmittee of the BaciIZzis Genetic Stock Center, defines cry as "a gene fiom B. thiringiensis 

encoding a parasporal inclusion protein that exhibits pesticide activity or is homologous to 

a known cry gene" (Kumar et al., 1996). 

2.5 B. thuringiensis growth systems 

2.5.1 Batch growth 

Because the crystal protein is a secondary metabolite, the process most frequently 

used to produce delta-endotoxin fiom B. thuringiensis is the batch growth (Bryant, 1994; 

Avignone-Rossa and Mignone, 1995; Rowe and Margaritis, 1987). 



A batch growth is a non-steady state process; that i s  the content of the bio-reactor 

changes with time. The nutrients and the inoculum are added to the bio-reactor at the 

beginning of the batch operation and air is supplied continuously. m e r  a short lag time, B. 

thuringiems cells begh the exponential growth; the carbon source is oxidized and owing to 

organic acids accumulation, the pH drops dramatically. The biomass concentration and the 

ceii count increases as the &on source decreases. The oxygen demand increases during the 

exponential stage and there are no spores present in the bio-reactor (Avignone-Rossa and 

Mgnone, 1995). 

Batch growth ofB. thzwingie~~sis can be divided in two stages. In the first stage, the 

nutrients are consumed and the vegetative growth takes place. As nutrients are consumed, 

the second stage begins and sporulation is initiated. The mechanism of spore formation was 

reported in section 2.2. The process is ~ ~ p k t e d  with the rupture of the cellular wail and the 

spore-crystal complex is released into the medium. 

Batch culture of B. thringiensis has been the most cornmonly process used for 

studies of metaboikm (e-g. Rowe, 1990) and the eEect of medium composition on ce11 gowth 

(e-g. Anderson, 1990). 

As weil, other researchen used the batch operation for cornparison with other modes 

of growth as a reference. Liu et al. (1994) compared the results obtained in a batch growth 

with a fed-batch growth of B. th t rrz~~~ens is  subspecies kzirs~aki. The maximum biomass 

concentration obtained in batch growth was 5.9 g D.W.IL whereas the maximum biomass 

concentration was 53.7 g D.W./L in fed-batch growth. Jong et al. (1995) used a barch 

growth of B. thzcringier~sis subsp. dmsiadieer~sis to compare its results with a fed-batch 

growth in an airlift bioreactor. 

Batch growth has been used mainly to study the nutnent requirements and the 

formation of spores. However, the kinetics of B. thurÏngie~zsis in batch growth has not been 

studied extensively. Sakharova et al. (1985) studied the kinetics of the growth of B. 

th z r r in~e~~s i s  subsp. galleriae. The medium was composed of glucose, yeast extract, and 



salts, air was supplieci at 0.25 LAiter medium-min, and the temperature was kept constant at 

30 O C .  The ce11 titer, spore titer, crystal titer, residual glucose concentration, and pH was 

recordeci with respect to time. On this basis, the specific growth rate and the specific rate of 

glucose consurnption were calculated. The maximum specific growth rate was estimated in 

1.4 h-l. A kinetic model, however, was not established and the effect of changes in the 

metabolism of B. thurirzgie~lsis cells on the ce11 growth was not studied in detail. 

Holmberg and Sievanen (1 980) discussed the complexity of batch growth and of the 

estimation of kinetic constants. However, these authors used the largely inadequate classical 

growth kinetic and Monod models for describing a non homogeneous and an unbalanced 

bacterial growth. Given the importance of this topic, a suitable kinetic model is being 

developed in the present dissertation. 

The maximum speci£Ïc growth rate reported by other researchers ranges from 0.4 to 

1 -9 kL ( Avignone-Rossa and Mgnone, 1 995; Rodriguez-Monroy and de la Torre, 1 996). This 

wide variation in the values for the maximum specific growth rate demonstrates the lack of 

a systematic study of the growth kinetics of B. thrrringiensis. 

2.5.2 Fed-batch growth 

Fed-batch growth is considered appropriate to obtain a high ce11 density of rnicrobial 

celis. It has the advantage of actively controlling the extracellular environment and creating 

of nutrient deficiency to initiate sporulation (Liu et al., 1994). 

B. thirrzngiensis varieties have been cultured in fed-batch bio-reactors in order to 

obtain a higher productivity compared with that obtained using a batch bio-reactor. (Kang et 

al., 1992; Avignone-Rossa and Mignone, 1993; Liu et al., 1994; Stradi, 1992). 



A fed-batch bioreactor can be operated at constant or variable volumetric flow rate 

of the feed Stream. Aithough the decision to use a constant or variable volumetnc flow rate 

shouid in pnnciple be based on the m d y  of the growth kinetics, the fed-batch growth 

conditions for B. fhtmngieens wntinued to be implemented using a quite ernpirical approach. 

Given that he main purpose of fed-batch operation is to increase produdvity, Stradi 

(1992) explored the effect of the changes in the feed stream ducose concentration on delta- 

endotoxin production. The productivity of delta-endotoxin was found to be four times higher 

in fed-batch than in a batch bioreactor. However, the volumetric flow rate of fresh medium 

in that study was intermittent and therefore, the possible extrapolation of these results remains 

unclear. 

Kang et al. (1992) found that a constant feed flow rate in a fed-batch culture did not 

produce sporulated cells even after cells were subsequently kept in the reactor in batch 

operation. This result does not agree with the reports for other B. thuringiensis cultures 

indicating that sporulation occurred when the culîure is in glucose lirnited conditions or 

during continuous culture at slow growth rates. It should be mentioned, however, that an 

intermittent addition of fksh glucose in the feed stream during the fed-batch growth gave 

better results, with a biomass concentration of 72.6 g/L and 1.25 x 10'' spores/mL being 

obtained. While these results are intriguing, the authors did not explain the reasons why the 

fed-batch bioreactor gave better results with an intermittent glucose supply. 

Liu et al. (1994) studied the effect of several feeding strategies on vegetative ceil 

growth, spore formation, crystal protein content, carbon dioxide production, and oxygen 

consumption in a fed-batch growth of B. hzuingiensis subspecies kurstaki. The conditions 

for operation of the fed-batch bio-reactor were deterrnined based on a desired biomass 

concentration to be achieved at the end of the process. The glucose feeding rate (g/min), was 

varied dunng the fed-batch run in order to meet the demand of cells growing at a constant 

specific growth rate. At the end of the fed-batch operation, the reactor was operated as a 

batch bio-reactor in order to allow the cells to sporulate. The spore count per milliliter of 



broth increased proportionally with the ce11 density. In this case, it was not possible to have 

spore and crystals during the operat ion of the fed-bat ch bio-reactor. 

Avignone-Rossa and Mgnone (1993) studied the spore count and toxicity of batch 

and fed-batch cultures of B. fhunngienszs subspecies isruelenris. While the fed-batch growth 

produced a higher concentration ofbiornass and spores, compared with those obtained in the 

batch growth, the levels of toxicity found in fed-batch culture were lower than those attained 

in the batch culture- 

In summary, even though it has been possible to obtain a high ce11 density of B. 

thzrringiensis in fed-batch cultures, there still is no reliable procedure for the operation of 

these units under optimum conditions. The approach, as reported in the literature based on 

the determination of the limiting substrate concentration and/or the volurnetric flow rate of 

the feed Stream is not satisfactory. It is in this context that it is important to develop of a 

suitable kinetic model, as attempted in this study, to provide a deeper understanding of 

optimum conditions for B. thrringiensis cultures. 

2.5.3 Continuous growth 

The continuous culture of a sporogeneous rnicroorganism presents special challenges 

given two opposing conditions that have to be maintained within the process: a) those 

facilitating accumulation of microbial biomass and b) those favouring conversion of this 

biomass into spores. 

The continuous growth of B. thtrrirzgiensis has been studied with the aim of 

increasing the production of crystal protein. A continuous two-stage system was used to 

increase the ce11 mass production in the first stage and to encourage the sporulation of cells 

in the second stage (Freiman and Chupin, 1973; Khovrychev et al., 1985). The results of these 

studies are prelirninary and inconclusive. Khovrychev et al. (1 987) studied the continuous 



culture of B. thzrrzngie,zsis subspecies galleriae using two-stage continuous systern. During 

the first stage, vegetative growth of the celis occurred, while during the second stage 

formation of spores and protein took place. In order to obtain sponilation in the second 

reactor, the authors suggested to use a ratio of the dilution rate in the first stage over the 

dilution rate in the second stage of four or higher. However, the authors did not report the 

relationship between the dilution rate and the metabolic state of B. thurzngiensis ceUs or the 

required operational dilution rate to obtain sponilated cells. Freiman and Chupin (1973) used 

a similar approach. However, these authors could not obtain a high degree of sporulation in 

the second reactor, and also used the second reactor in the batch mode to obtain fiee spores 

and cqstals. 

Another interesting alternative in a continuous process is the use of a tubular or 

continuous plug flow reactor (CPFR) for producing delta-endotoxin f?om B. thring-ensis- 

Moser (1990) discusses the advantages of using a tubular bio-reactor instead of a batch 

reactor for this purpose. However, sorne practical problems may arise, such as the need of an 

effective air supply, the control of the flow regime and the possible migration of cells toward 

the section of the reactor that contains more nutnents. 

One of the main problems of continuous culture is the emergence of non spore 

forming celis. These non-spore forming ceils correspond to the spontaneous mutation of cells 

to either asporogeneous or acrystalliferous mutants (Boudreaux and Srinkasan, 1981). 

Sachidanandharn and Jayararnan (1993) observed the formation of spontaneous asporogenic 

(Spa') and ciy stalliferous (Cry') variants of B. thzrringie~wis var. galleriae under continuous 

culture. The cessation of spomlation also affected the crystal assembly, producing a crystal 

protein with low toxicity. These authors suggested that the sporulation was intermpted given 

the lack of use of optimum medium cornponents. This hypothesis was supported by 

Sachidanandharn et al. (1997), who showed that the addition of a group of amino acids to the 

medium improved the stability of the culture and the volumetric productivity of biomass. 

Continuous cultures carried out using an amino acid supplemented medium showed no 

asporogeneous variants, and the formation of spores and laMcidal potency was increased. 



Afkhami et al. (1 993) found that the temperature had a marked effect on toxin 

synthesis in continuous cultures. Crystal production was the highest at 25 OC and the lowest 

at 42 OC. Also these authors reported the presence of two acrystalliferous mutants of B. 

t W n g i e ~ s  8 1, one of which was asporogeneous. Thus, the formation of spores with a lack 

of crystal protein in the culture indicated the inability to synthesize the crystal protein was 

not related with a sponilation defect in this strain. 

The lack of formation of crystal protein during B. thuringiensis culture has been 

associated with the loss of plasmids. In this respect, Kamda and Jayararnan (1983) observed 

the spontaneous formation of an acrystalliferous strain when B. thuring*ensis var. israelensis 

H-  14 was cultured. The analysis of the acrystalliferous strains showed the loss of a high 

molecuiar weight plasmid. 

Some studies demonstrated that Cry genes are carried on plasmids (Carlton and 

G o d e z ,  1985a, 1985b, 1984, 1980), G o d e z  et al. (1981)) where the absence of some or 

all of these plasmids causes an increase in acrystalliferous mutants. However, in some cases 

the formation of acrystalliferous mutants rnight be due to other factors. Roy et al. (1987) 

reported the formation of asporogeneous and acrystalliferous variants dunng a continuous 

phase culture of B. f h z ~ r - i n ~ e r ~ ~ ~ s  var. kzwstaki (HD- 1). The plasmid profile remained constant 

throughout 328 h of cultivation. These authors could not find any evidence for plasmid 

segregational instability during the continuous phased culture. 

Selinger et al. (1988) investigated the growth, sponilation, insecticidal crystai protein 

production, and plasmids of B. ~hziri~tgiensis var. kurstaki @Dl) dunng batch and 

continuous phased cultivation. During the batch culture, 93% of the cells sporulated and 

produced insecticidal crystal protein within 10 h of commencement of stationary phase, 

whereas in continuous phase culture, the population shified toward a predorninant 

asporogenous and acrystalliferous state after 25 cycles. Examination of the plasmid profles 

showed that segregational instability was not present. These authors suggested that the 



asporogeneous variants arising during continuous culture were mutants blocked early in the 

spomlation. 

The formation of asporogeneous ceIls also has been reported by Kang et al. (1993) 

in a culture of B. thuringiensis subspecies kurstaki grown in a two-stage continuous culture 

using an internal cerarnic membrane filter system. 

In summary, the exact mechanism leading to loss of the ability to produce the crystal 

protein by B. thrtingiems has still to be elucidated (Sachidanandham and Jayaraman 1993). 

The absence of crystal production in a B. thringiensis culture might be due to a blockage in 

the formation of the spore in the early stages of spomlation, a loss in one or some plasmids 

(segregational instability), and/or an spontaneous mutation (structural instability). 

While the formation of asporogenous and acrystalliferous mutants is not exclusive to 

cells cultivated in a continuous bio-reactor, this probiem is more evident during a continuous 

growth. Having the complete set of plasmids or the ability to form spores causes in the cells 

a lower growth rate compared with that of cells without this metabolic burden. As a result, 

in a continuous culture the population with the highest growth rate has a cornpetitive 

advantage over the cells with the ability to produce the spore-crystal cornplex. Therefore, it 

can be expected that eventually the continuous reactor operation rnay drift towards a 

condition where only cells with no ability to produce spores remain. 

2.6 Conclusions of the literature review 

This literature review shows that B. thun~t~ensis  needs a carbon source, amno acids, 

and saits for its growth. On this basis, a medium containing glucose, bacto peptone and salts 

were chosen for use in this study. 



Based on the information provided in the Iiterature about the metabolic changes 

during ce11 growth and the process of spore formation, it can be stated that B. thuringiensis 

cells change their morphology depending on the metabolic state. For example, during the 

transition stage, granules of the polymer P-hydroxy butinc acid are expected to be present in 

the cell, while the pH of the medium should increase as a consequence of the consurnption 

of pyruvic and acetic acids. This information will be helpful to relate the metabolic state with 

the ceIl growth rate during the culture of B. thz~tingiemis at different bioreactor operations. 

This literature review also reveals the lack of a systematic kinetic study and the 

associated kinetic model for B. ihtrnngiemi.s growth, whch has a negative impact on accurate 

predictions while developing this culture in various reactor configurations and different 

operating conditions. Thus, based on the available information, this work is aimed to 

determine the effect of the sporulation process on ce11 growth, and to establish a reliable 

kinet ic model for B. thliringiensis growth. 

According to the literature review, the different bioreactors used to culture B. 

~hirringie~~sis have not presented optimum results. For exarnple, fed-batch cultures have to 

be coupled to batch cultures to obtain the desired results. Moreover, as documented here, the 

continuous culture has in principle an associated higher productivity compared with that of 

a batch reactor. However, a continuous reactor is more difficult to operate, the spore and 

crystal formation by B. ~ h z i r i ~ e n s i s  requires slow ce11 growth conditions, and in addition, 

there is the extra complication of potential formation of asporogeneous and acrystalliferous 

mutants. 



CHAPTER 3 

KINETICS OF CELL GROWTH. 

3.1 Introduction 

Modeling the cell growth process, assuming a homogeneous population and a 

balanced growth, requires an expression for the change in ce11 concentration with respect to 

time. The following equation represents the ceU growth of  unicellular microorganisms that 

reproduce by ceIl binas, fission. 

where: 

X is the biomass concentration, g/L 

t is the time, h 

p is a constant, h-' 

The specific growth rate, p, is dependent on several factors, including, the growth 

medium composition, temperature, pH and dissolved oxygen, and is defined by equation 3 -2. 

The specific growth rate depends on the limiting substrate concentration according 

to the Monod equation. 

P = Pm, s /(K, +SI (3 -3 1 
Where : 

is the specific growth rate, h" 

is the maximum specific growth rate, h" 

is the substrate saturation constant, g/L 

is the limiting substrate concentration, g/L 



Combining equations 3.1, and 3.3 gives the ce11 growth rate (dX/dt) illustrated in 

equation 3 -4. 

When the substrate concentration, S, is much higher than the saturation constant, K,, 

the growth rate is a first order reaction rate and ceil growth is described by the following 

equation: 

When the subçtrate concentration is very small compareci with the saturation constant, 

the growth rate is a second order reaction rate and ce11 growth is descnbed by equation 3.6. 

In this me, the ce1 growth rate depends not only on the ce11 concentration, but also 

on the substrate concentration and a constant with two parameters (p,, and KSI. 

The substrate is consumed by the cells, and as a result the change in substrate 

concentration with respect to tirne is proportional to the biomass concentration and the yield 

coefficient. 

dS/dt = - p WYWS 

Where : 

Y is the cell growth yield, g cells produced/g substrate consumed 

In a batch reactor, the growth rate changes as a consequence of the variation in 

substrate concentration and in metabotic state. These changes are represented by the four 

main phases of batch growth, namely, the lag phase, the exponential, transition, and stationary 

phases. 



In a continuous reactor working at a given volumetnc flow rate (or dilution rate), the 

substrate and ce11 concentrations, as well as dl the environmentai conditions in the reactor, 

are constant and thus, a constant growth rate is expected. 

As previously illustrated the specific growth rate, p, depends on the substrate 

concentration as described by the Monod model. The maximum specific growth rate, p,, 

is a constant defined as the specific growth rate when the substrate concentration approaches 

inf'mity or is at least very high cornpared with the saturation constant, Y. Thus, the maximum 

specifx growth rate is then a constant that determines the ceil growth rate when there are no 

limitations for ce11 growth. 

The saturation constant, Y, is a measure of the finity of the ce11 for the limiting 

substrate; the smaüer the saturation constant, the higher the substrate affinity (Slater, 1990; 

Arbige et al., 1993). Uniike the maximum specific growth rate, which is a true constant, it has 

been suggested that the saturation constant may change with the specific growth rate, 

although in practice, this effect is negligible (Bazin et al., 1990). 

3.2 Limitations of the ce11 growth model 

The Monod model is a simplified and non structured model where the ce11 growth 

depends only on the substrate uptake rate (Arbige et al., 1993). This assumption implies that 

the cells are ready for the utkation of the substrate and that this state does not change dunng 

the cell growth. The cells however, may change their physiological state during their growth 

(Malek, 1968), and some studies have shown that the content of protein, DNA, RNA, and 

other chernicals in the cell, change with the specific growth rate (Stouthamer et al., 1990). 

Moreover, "the ce11 growth is determined by the intrinsic metabolic pathways rather than 

extnnsic factors" (Postgate and Calcott, 1990). 



The Monod equation has been modified in order to 

mechanisms of the cells during their growth. According to the 

account for the intemal 

substrate uptake enzyme 

(SUE) bottleneck theory (Pirt, 1990), the saturation constant fiom the Monod equation is 

related with the fiaction ad a, where cr, and a. are the substrate concentration inside the 

cell reacting with enzymes ofthe cells when p = p, and p = O respectiveiy. This bottleneck 

model gives meaning to the parameters of the Monod equation based on the kinetics of the 

enzymatic reaction. The specific growth rate, according to the bottleneck model, is given by 

the following equation: 

The usual ce11 growth kinetics model is based on an exponential ce11 growth (see 

equation 3.1) and on the Monod model. The exponential ce11 growth assumes that the culture 

is at balanced growth that is, al1 cells have the sarne specific growth rate and also al1 ce11 

components grow at the same rate. This condition cm, stnctly speaking, only be achieved 

when the cells are in a non-changing culture environment. In addition, the Monod model 

postulates a relationship between the specific growth rate and the limiting substrate 

concentration, and assumes that there are no other factors affecting the specific growth rate. 

While the Monod model is widely used, in some cases however, the hyperbolic hnction 

described by this mode1 may not predict the specific growth rate with a change in substrate 

concentration. Thus, modifications have therefore been proposed (-4rbige et al., 1993) 

Ce11 growth is a complex process where cells do not form a homogeneous population. 

While the classical ce11 growth kinetic model does not accurateiy describe the process, the 

high nurnber of ceUs present in a culture reduces the variability in the process and makes the 

typical cell growth kinetic model suitable for many ce11 growth cases. However, in the case 

of B. th~r in~e~zs i s ,  the variability in the properties of the cells in a given population is 

increased when they change fiom vegetative to sporulat ed cells. T herefore, the classical 

growth kinetic mode1 may in principle be challenged to describe B. thuringiensis ce11 growth 

kinetics. This matter is investigated in detail in the present study. 



3.3 Modeling B. thuringiensis ce11 growth with sporulation 

Optical microscopy and transmission electron rnicroscopy observations in this study 

showed that B. thuringiensi.s cells change fiom vegetative to sporulated cells during batch 

growth. This change reduces the normal cell growth rate, and therefore, a simple growth 

model based on the existence of an homogeneous population and on a balanced growth 

cannot be used to describe this more complex process. 

In this section a new growth model which accounts for the effect of the reduction in 

cell growth as a result of the evolution of the ceiis during their preparation to sporulate and 

their spore formation stage is proposed. 

The classical ce11 growth kinetics model describes both changes in substrate and 

Siomass with equations 3.1, 3.3 and 3.7. This model assumes that the ce11 growth is 

proportional to the total concentration of cells in the culture and that the specific growth rate 

follows the Monod model. However, during the batch growth of B. thuringiensis cells spores 

are fomed. And as a result, the kinetic model has to be modified by introducing a factor that 

accounts for the reduction in the number of cells that are available for growth by binary 

fission. 

The process can be surnmarized by stating that cells under study cm either divide to 

form new vegetative cells or alternatively begin to forrn spores. These processes can be 

pictured as follows: 



ce11 with spore and crystal protein 

/ 

vegetative ce11 

vegetative ce11 

where : 

represents the number of vegetative celis (without a spore) 

NX, represents the number of cells forrning a spore. 

CL specific growth rate 

k, rate constant for the formation of sporulating cells 

As weil, expressing the steps 1 and 2 in terms of mass concentration with the 

assumption that the mass/cell ratio is constant, the previous steps can be rewritten as: 



and 

where: 

9 represents the mass concentration of vegetative cells 

represents the mass concentration of spore forming ceils 

Thus, the change in the total ce11 mass is the sum of the rate of formation of the new 

vegetative cells and the rate of formation of the cells forming spore. 

The new model was developed based on the accurate description of the ce11 growth 

ofB. thuringiemi.~ available in the literaîure. Shidies on metaboiism, spore and crystal protein 

formation, and batch cultures, provided valuable insights for the development of this new 

model. Also the optical and transmission electron rnicroscopy observations made in this study 

were valuable to determine the growth stages. The most important considerations in the 

development of the rnodel were the following: 

a) There is a shift in the metabolisrn from vegetative to spomlating cells during a batch 

culture of B. thriq@e~~szs (Luthy et al., 1982). 

b) Spore and crystal protein formation begins as a consequence of the depletion of 

nutnents (Wonç et al., 1983) 

c) The formation of crystal proteins and spores involves a turnover of proteins. Thus, 

the spores and crystai proteins are formed with amino acids synthesized during the vegetative 

growth phase. (Monro, 196 1) 



d) There is a heterogeneous population during the batch culture and the spores and 

cxystal proteins are formed mainly during the stationary growth phase. (Agaisse and Lereclus, 

1995) 

e) The relationship between vegetative ce11 growth and limiting substrate 

concentration is described by the Monod model. (Holmberg and Sievanen, 1980) 

The main goal of the development of the new model was to find a kinetic growth 

model that could describe the batch growth accurately dunng al1 the growth phases. To do 

so, the classical model was modified by adding an extra term that considers the slowdown in 

the growth rate as a consequence of the spore formation process. 

The new growth kinetic model incorporates the following assumptions: 

1. There are two types of cells, those with the ability to divide and those that have lost 

this ability because they have begun to form a spore. 

2. The ce11 growth is caused only by the division of those cells with no spore. 

3 .  The ce11 growth is slowed down by the generation rate of spores forming cells. 

4. The substrate depletion is mainly due to its consumption by the cells still active in 

the binary division process. 

5. The ce11 mass is proportional to the number of cells, (Le. the mass per ce11 is 

constant) and thus, the biomass concentration is used in the derivation of the equations of the 

model to represent the increase in the number of cells in the culture. 

6.  The death of vegetative cells is negligible and it was not considered in the model 



Given the conservation of cellular mass, the total concentration of cells at any time 

in the process, X, is equal to the concentration of those cells with complete ability to divide, 

X, plus the concentration of sporulating cells (which have lost the ability to divide) K. 

Then, the change in total biomass concentration has to be the sum of the change in the 

vegetative cells and the change in spores-forming cells. 

As a result, in the growth process of B. th z~r in~emis  the change in substrate 

concentration is expected to be proportional to the vegetative cells concentration &) and to 

the specific growth rate (p). 

In this case, p = S/(Y f S), according to the Monod model. Consequently, the substrate 

consumption rate can be given by equation 3.16 

dS/dt = - [ha. S/(K, + S)] (X-X,)/Yxls (3.16) 

At the same tirne, in this system the net ce11 growth will be the result of the 

cornpetitive contribution of the rate of ce11 growth, proportional to Y, and the rate of ce11 

sporulation, proportional as well to K. 

The rate of formation of sporulating cells c m  be modeled as being proportional to the 

non-sporulating cells. 



The celi division rate is determined by the number of vegetative cells m) available 

to divide and according to the stoichiometry of the process (eqs. 3.9 and 3.10) for each ce11 

converteci to a spore-fomiing cell CNY), two new cells will not be formed. Therefore, the net 

rate of formation of cells without spore is given by the division rate of cells itself minus two 

times the rate of cells forming spores (equivalent to a rate of loss of division ability). 

Then the change in the biomass concentration c m  be descnbed by the following 

equations: 

dX/dt = CI (X - X,) - k, (X - X,) = (p - 12) (X - x,) 

In summary, the proposed new mode1 that includes ce11 sporulation is formed by a set 

of three differential equations for the substrate, the cells, and the sporulating cells 

respectively. 

1. Substrate consumption. 

dS1dt = - [ha, SI(& + S)] O<-X,)& 



3 .  Sporulating cells 

dX/dt=k, (X-X3 

Simultaneous numerical solution of these three equations provides the changes in 

substnite concentration (S), total cell concentration OC) and forming-spore ce11 concentration 

(KI 

3.4 Batch growth 

Batch growth takes place in a closed vesse1 where a constant liquid volume of nutrient 

medium is inoculated with the microorganism to be grown. The batch bioreactor cm be 

considered to be a closed system because there is no input or output of materiai, although for 

aerobic microorganisms air m u t  be supplied into the reactor. After inoculation, the 

microorganisms begin to grow according to equation 3.1, until a substrate component is 

exhausted or an inhibitor accumulates. In the beginning of a batch growth, the cells are in an 

environment rich in nutrients which are consumed with time, and eventually the ce11 growth 

stops when one of the essential nutnents is depleted. 

Batch growth has three main phases: the lag, the exponential, and the stationary 

phases. The lag phase is charactenzed by the absence of change in the number of cells and it 

has been associated with a period of adaptation of the cells to the new environmental 

conditions. During the exponential phase, the cells divide actively, producing an exponential 

population growth. Finally in the stationary phase, growth stops due to a lack of nutrients. 



Ce11 growth is determined by the presence of nutrients and usually one Iirniting 

nutrient or substrate afEècts the s p d c  growth rate. The effect of the substrate concentration 

on the specific growth rate is given by the Monod relation (equation 3 -3). As a result of the 

consumption of the substrate during batch growth the specific growth rate changes with tirne. 

Therefore, the ce11 concentration also changes with tirne depending on the specifk growth 

rate and the cell concentration. The mas  balance in a batch reactor gives the design equations 

for this reactor: 

r, = p X  = dX/dt 

where: 

rs represents the ce11 growth rate 

The substrate concentration varies dunng bat ch growth according to the following 

equation and is based on a substrate mass balance in the batch reactor as follows: 

Where : 

Y, is the growth yield, g cells/g substrate 

rs is the substrate consurnption rate 

The solution of the differential equations 3 -24 and 3 -25 gives the variation in biomass 

and substrate concentrations with growth tirne. Equation 3.26 is the solution of the equations 

3.24 and 3.25 denved by Pirt (1975), with the assurnption that Y,, and K, are constants 

during batch growth. 

Where: 



P = (KS Ym +SO Y X / S  +&)~(YX/S SO +&) 

R = (K, Yw,)/(Yws S, + &) 

S, is the initial substrate concentration in the batch bioreactor, g/L 

X, is the initial biornass concentration in the batch bioreactor, g/L 

When the substrate concentration is much higher than Y, the specific growth rate is 

approximately equal to the maximum specific growth rate (p = p d .  Assuming that the 

specific growth rate is constant, equation 3.24 cm be integrated to give the following 

equation, where y and $ are the biornass concentration and the time when p approaches p,-- 

in mi> =  mas (t-ti) (3 -27) 

Equation 3.27 descnbes an exponential ce11 growth (i.e. the exponential growth 

phase). Theoretically, the maximum s p d c  growth rate can be estimated with equation 3 -27 

during the exponential phase of the batch growth. 

The estimation ofthe kinetic constants (kx and Y) using batch culture expenmental 

data has several limitations. The specific growth rate is equal to the maximum specific growth 

rate only when the substrate concentration is very high comparai with the saturation constant. 

Achieving this condition is not always f&ble. In addition, this condition lasts only for a short 

time making the determination of the maximum specific growth rate difficult with batch 

growth experimental data obtained under common laboratory conditions. 

The absence of a balanced growth compounds this problem, making the use of 

equation 3.24 questionable. Moreover, environmental conditions change constantly and the 

cells cm modie their growth rate depending on the state of their metabolic processes. The 

growth rate, therefore, is not only affected by the substrate concentration, but aiso by ce11 

metabolic state. 

It is a common practice to estirnate the specific growth rate with experimental data 

obtained at the beginning of the exponential growth phase in batch cultures. This is reasonable 



given the concentration of substrate is a maximum at this condition and the microorganisms 

are ready to use it. However, the substrate concentration at the beginning of the exponential 

growth stage is not necessarily very high compared with Ks. 

Given these experimental problerns and that batch cultures do not represent a balanced 

growth, the estimated specific growth rate rnay not be the true maximum specific growth rate 

(Q. Despite these limitations, the scientSc iiterature tends to accept these estimates as tme 

maximum specific growth rate values. 

While equations 3.24, and 3.25 describe the change in biomass and substrate 

concentrations in a batch culture with a homogeneous population and a balanced growih, the 

spore formation in B. thwingier~sis makes necessary the modification of these equations as 

in equations 3.16, 3.22 and 3 -23. The numencal solution of this set of equations provides the 

change in biomass and substrate concentrations for cultures under spore formation condition. 

3.5 Fed-batch growth. 

A fed-batch culture is an intermittent process. A reactor with a s m d  volume of 

medium is inoculateci with a ceil suspension and fresh medium is fed to the reactor, increasing 

the reaction volume. The ceIls remain in the reactor until they are harvested at the end of the 

mn. Fig. 3.1 shows a diagram of a fed-batch reactor. 

A fed-batch reactor can be operated at a constant or variable feed volumetric flow 

rate. The biomass concentration and the substrate concentration at the end of the run depend 

on the operation of the reactor. 





The mode1 for a fed-batch reactor is obtained fiom an overall ce11 and substrate mass 

balance and is described by the following equations: 

where: 

D 

v* 
F 

v 
t 

is the dilution rate as defined by eq. 3.29, h-l 

is the working volume at the beginning of the fed-batch operation, L 

is the feed volumetric flow rate, L/h 

is the reaction volume at any time, L 

is the time, h 

is the biomass concentration in the bio-reactor at any time, g/L 

is the specific growth rate, K1 

is the substrate concentration in the feed stream, g/L 

is the substrate concentration in the reactor at any time, g L  

is the growth yield, g celldg substrate 

From the above equations, the following observations can be made: 

1. In the fed-batch bio-reactor, the reaction volume, V, is a function of time and 

depends on the volumetric flow rate, F, as indicated in equation 3 -28 

2. The volumetric flow rate, F, is an operational variable and therefore, can be kept 

constant or varied as a fùnction of time. 

3 .  The specific growth rate, p, depends on the substrate concentration, S, 

according to  the Monod equation (3.3). 



4. The biomass concentration, X, and substrate concentration, S, in the reactor at 

any time, t, change with respect of time. 

The solution of these equations gives the biomass and substrate concentrations at any 

time in the bioreactor. 

According to the first term in equation 3.3 1, the substrate concentration in the bio- 

reactor is increased when the substrate concentration in the feed stream and the vohmetric 

flow rate are increased (Le., at a high dilution rate). In contrat, the substrate concentration 

in the reactor is reduced via ce11 consumption, as indicated by the second term of equation 

3 -3 1. As indicated by equation 3.26, biomass concentration is increased by the growth of 

cells and reduced when the dilution rate is increased. 

The fed-batch bioreactor cm be operated at low or high volumetric flow rates and at 

low or high nibstrate concentrations in the feed strearn. Thus, it is also possible to control the 

biomass and substrate concentrations at the end of the fed-batch culture. Fed-batch growth 

has been used to obtain high concentration of biomass and can aiso be used for the 

determination of the kinetic constants (Esener et ai., 198 1, Webster, 1983). A method to 

estimate the maximum specific growth rate using fed-batch expenmental data can be 

developed through the use of equation 3.30. When the fed-batch reactor is operated at a 

constant flow rate and with a high substrate concentration in the feed stream, the substrate 

concentration in the reactor will be high at alI times during the fed-batch culture. Under these 

conditions, the specific growth rate will be constant and equal to the maximum specific 

growth rate. Assuming p is constant, equation 3.30 can be integrated to give the following 

equation: 

A graph of ln(XKJ + h(VNo) versus time should be a straight line with slope equal 

to the maximum specific growth rate. 



The fed-batch reactor operation is a non-steady state process. In this reactor, the 

environmental conditions change continuously and the cells rnay not have the time to adapt 

to these conditions, and change their metabolism accordingiy. Therefore, the behaviour of the 

culture rnay in principle be different nom that expected in a continuous culture (Esener et al., 

Similarly to the chang ;es propo sed to equations for batch gro wth  model, the equations 

for fed-batch culture can be modified to consider the sporulation process in B. thuringien.szk. 

The introduction of the proposed mode1 into the fed-batch equations yield the following set 

of modified equations: 

dS/dt = D(So S) - p(X - Xs)Nxls 

dX/dt = k, (X - X,) 

These equations include the effect of the sporulation process on the fed-batch growth. 

The simultaneous solution of this set of equations, together with equations 3.3 and 3.28, 

describes the change in biomass, spomlated cells, and substrate concentrations in the fed- 

batch reactor under non steady-state and non hornogeneous population. 

3.6 Continuous Stirred Tank Reactor (CSTR) growth 

Continuous growth is a steady state process. Firstly, a bioreactor is filled with medium 

and inoculated with a ce11 suspension. An input Stream is then used to feed the reactor with 

fresh medium while an output strearn is used to withdraw the cells and liquid medium 

simultaneously fiom the bioreactor. The reaction volume is kept constant, controlling the 

input and output volumetric flow rates. At steady state, the biomass and substrate 



concentrations remain constant during the continuous mn. Fig. 3.2 shows a schematic of a 

stirred tank continuous bioreactor. 

The mode1 for a stirred tank continuous bioreactor is obtained by making a ceil and 

substrate mass balance in the bio-reactor. When the bioreactor begins its operation, a non- 

steady state condition takes place before it reaches the ideal steady-state operation of a 

continuous bioreactor. Therefore, the following two sets of equations descnbe a continuous 

stirred tank bioreactor at non-steady and at steady state operating conditions. 

1. Non-steady state operation 

2. Steady-state operation 

D X = p X  

At steady state the dilution rate is equai to the specific growth rate. 





Equations 3 -3 8 to 3 -40 describe the operation of a continuous stirred tank reactor 

(CSTR) for a non-sporulating culture at steady state. It is assumed that the dilution rate, D, 

and the kinetic constants, p- and Ks, are constant during the continuous growth. Also, it is 

postulated that at steady state, the conditions in the reactor do not change with time. Thus, 

the cells are kept in a controlled environment and should therefore, remain in a constant 

metabolic state. While there may be a number of conditions Secting the steady-state (e-g. 

reaction volume oscillations, non uniform concentration of nutrients and/or oxygen due to 

imperfect mixing, formation of foam producing zones with cells at a different metabolic 

states), this mode1 is considered reasonably adequate. This is particularly true when 

experirnental conditions are such that the bioreactor operation approaches the ided CSTR 

reactor operation. This ideal operation was reasonably reached in the present study. 

An important matter is given by the fact that the stirred tank bioreactor must be 

operated at a dilution rate lower than the maximum specific growth rate. Othenvise the cells 

will be withdrawn at a higher rate than they are produced, and this will cause a ce11 washout. 

It has to be mentioned that the washout is a non steady state operation and it is described by 

the following equation: 

When the dilution rate is higher than the maximum specific growth rate, the 

concentration of celis in the reactor drops exponentially. By integrating equation 3.4 1, the 

biomass concentration in the reactor may be given by the following equation: 

x = x, exp [ p, DI (t-L) (3.42) 

or 

ln ( ~ w )  = ( ~ m a x  - (wv) (3 -43) 

Where: 

is the biomass concentration at the beginning of the washout, glL 

a is the time at the beginning of the washout, h 



The expenmental data from a washout operation and equation 3.43 can be used to 

estimate the maximum specific growth rate. A graph of the logarithm of the biomass 

concentration vs. time will give a straight line with a slope of (p, - D). The constant p, 

can then be cdculated from the slope. 

In addition, the experirnental data from the operation at steady state at different 

dilution rates and equation 3.40 cm be used to estimate the saturation constant and the 

maximum specific growth rate. Given that the specific growth rate is a function of the 

substrate concentration, according to the Monod equation, at steady state, the dilution rate 

is equal to the specific growth rate (refer to eq. 3 -40). A graph of D vs. S will show the 

typical shape for the Monod model. This airve can be fineci to the Monod model by nonlinear 

regression and the maximum specific growth rate, p,, and the saturation constant, Ks, c m  

be estimated. To this end, equation 3.40 can be rearranged to give the linear equation: 

A graph of 1/D vs. 1IS will produce a straight line with a slope equal to (KJp-J and 

an intercept equal to Up,, 

It has to be mentioned that the operation of a continuous reactor to estimate the 

kinetic constants has a limitation. It is not possible to operate the reactor at a dilution rate 

higher than the critical dilution rate, D*, which is defined by the following equation: 

Where: 

S, is the substrate concentration in the feed Stream, g/L 

Given that dunng the continuous run the maximum value for S is S,, then the 

maximum operational specific growth rate is given by the criticai dilution rate, D*. (refer to 



equation 3.41). In surnmary, in a CSTR, the critical dilution rate is considered to be the 

maximum operationai dilution rate and is equal to the maximum operational specific growth 

rate. When the reactor is operated at a dilution rate higher than the critical dilution rate, the 

operation cannot be at steady state given there is a washout of cells. This consideration is 

particularly important when K, is comparable to S, because the critical dilution rate, D*, 

decreases as Ks increases (refer to equation 3.45). 

It has to be mentioned that in the context of the present study, the use of experimental 

data fiom a stirred continuous bioreactor for the estimation of the kinetic constants was 

limited to data obtained at steady state and at dilution rates lower than the critical dilution 

rate. Thus, there was no eEect of ce11 washout on the validity of the experimental data. 

In addition, the equations describing the unsteady state operation in a continuous 

culture can be modified to take into account the sporulation process of B. th t~rin~enns celis. 

To obtain the new mode1 for a continuous reactor, equations 3.15 and 3.2 1 were introduced 

in the mass balance of biornass and substrate in a continuous reactor at non steady state. The 

following set of equations were obtained: 

dX/dt = (p -k,) (X - X,) - D X (3 -46) 

The simultaneous solution of this set of differential equations provide the biomass, 

substrate and spore-forming cells with time during a non steady state operation in a 

continuous reactor. 



3.7 Conclusions. 

A review of available kinetic models for ce11 growth showed the importance of 

developing a new kinetic model for B. thuringiensis growth accounting for the formation of 

spores. This new kinetic model, whose main characteristics were described in this section, is 

applied to batch, fed-batch and continuous (CSTR) reactor operations. 



CHAPTER 4 

4.1 Analytical methods 

4.1.1 Biomass concentration 

The biomass concentration was determined in al1 the experiments by the dry weight 

method. Approximately 10 mL samples of fermentation broth were withdrawn fiom the 

culture throughout the experimental time and filtered on a previously dried 0.45 pm cellulose 

filter under vacuum. The filters were kept at 100 OC for 24 hours in an oven, and the dry 

weight, expressed as g/L, was calculated as the difference in weight of the filter before and 

after the filtration. 

4.1.2 Viable celis and spore count 

The plate count method was used to determine the number of viable cells dunng B. 

thriringiensis growth (Postgate, 1969). This method is based on the spreading of a diluted 

population of cells on nutrient agar, such thaî after incubation, each viable ce11 forms a colony. 

The number of colony forrning units (CFU) per mL is estimated from the colony count and 

by knowing the dilution factor. 

A one mL sarnple was taken from the fermentation broth and serial dilutions were 

prepared with distilled, stenle water. Then an agar plate with nutrient agar was inoculated 

with 0.1 mL of several dilutions in duplicate. The plates were incubated for 24 hours at 30 

OC and the number of colonies were counted. 



The spores were counted in the sarne way as the vegetative cells, but the population 

was first subjected to a treatment at 80 OC for 15 min. to kiU vegetative cells. Decimal serial 

dilutions were prepared. A petri dish containing nutrient agar was inoculated with 0.1 mL of 

these dilutions and incubated for 24 hours at 30 O C .  The number of colonies was counted and 

the spores number was estimated from the colony count. 

4. I -3 Glucose anaiysis 

The glucose concentration was determined by the glucose oxidase method using the 

Glucose Kit Catalog No. 5 10 from SIGMA Co., St. Louis Mo. The glucose concentration 

in the liquid medium in the reactor was determined after filtration of a IO-mL sample of 

fermentation broth through a 0.45 pm cellulose filter under vacuum. The filtrate, fiee of cells 

and other solids, was used to determine the glucose concentration in the sample, according 

to the instructions of the manufacturer. 

4.1.4 Crystd protein analysis 

A 20-mL sarnple of lysed ce11 suspension was taken from the reactor and centrifuged 

at 7000 rpm (1 11 g) for 15 min. to eliminate the fermentation broth. The supernatant was 

discarded and the pellet, containing a mixture of spores, crystal protein and ceil debris, was 

washed at least three times with 1 O mL of O. 14 M NaCI - 0.0 1 % Triton X- 100 solution- This 

washing helped in elirninating the soluble proteins and proteases that c m  affect the inteety 

of the crystal protein. 

The crystai protein in the pellet was dissolved with 0.02 N NaOH (pH 12) for five 

hours with stimng. The suspension was centnfuged at 7000 rpm for 15 min. and the pellet, 

containing spores and cell debns was discarded. The supernatant, containing the crystal 

protein was kept for hrther analysis. 



This procedure allowed the dissolution of crystal protein in alkaline conditions. The 

pellet contained rnainly spores and some ceil debris, while the solution contained the dissolved 

crystal protein. The effectiveness of the method was tested by observation under the optical 

microscope of the mixture spore-crystal protein before and after the dissolution. The purity 

of the protein dissolved with this procedure was tested aiso by the gel electrophoresis. 

4.1.4.1 Spectrophotometrïc methods 

M e r  the dissolution of the crystal protein with 0.02 N NaOH, the supernatant 

containing the dissolved crystal protein was used for the determination of total protein by the 

biuret or Lowry assay. Bovine Serum Albumin (BSA) was used as a standard protein and the 

protein content in the sarnple was determined by measuring the absorbance at 750 nm or 540 

nrn for Lowry or biuret assays, respectively (Damm, et al 1966). 

4.1.4.2 Flotation-settling method for isolation of  delta-endotoxin 

The purification of crystal protein for analytical purposes presents challenges because 

the physical properties of spores, cells debris and crystal protein are very similar. Several 

methods such as two phases separation (Angus, 1 959), and density gradient separation (Faust, 

1972; Sharpe et ai., 1975; Mahillon and Delcour, 1984) have been used with varied results. 

Thus, a new method of separation of the crystai protein (CP) 60m the mixture 

obtained f?om the fermentation broth, is proposed in this study. This method is based on the 

dserence in densities of the spores and the protein inclusion. The formation of foarn during 

the shaking of a suspension of the mixture spores-ce11 debris-crystal protein helps in the 

separation of the spores. The method consists of three stages: separation of the mixture 

spores-crystal protein-ce11 debris h m  the fermentation broth, separation of spores, and 

separation of ce11 debris. These different stages are discussed in more details below. 



1) Separation of the mixture spores-c~ystal proiein-ce11 debris from the fermentation 

broth 

A batch culture of Bacillus thuringiensis var. HD-1 ATCC 33679 was grown 

in a 1 L bioreactor. The temperabire and the dissolved oxygen were maintained at 30 OC and 

above 20% saturation respectively. After 24 hours of operation the cells suffered lysis, and 

600 mL of fermentation broth were taken from the reactor in order to harvest the cxystal 

protein. The biomass concentration was 6 gR dry weight at the end of the batch culture. The 

biomass was separated by centrifugation at 7000 rpm (1 11 g) at 4 OC for 20 min. The 

supernatant was discarded and the pellet was suspended in 40 mL of 0.14 N NaCl with 0.0 1 

% Triton X-100, mixed vigorously and centifuged again. This operation was repeated three 

times. 

2) Separation of spores 

The pellet was re-suspended in 40 mL of 0.14 N NaCl with 0.0 1 % Triton X-100 and 

put in a separation fume1 to allow the solids settle overnight. The suspension showed two 

sections: the upper section was turbid and contained spores, ce11 debris and approxirnately 

10% CP as evidenced by microscopy. The lower section was brown in colour, thick and 

contained a mixture of spores, ce11 debris and CP particles. The composition of particles in 

the phases was verified by observation at l0OOX and 1500X mapfication in a phase contrast 

microscope. The particles were stained with basic fuchsin before the observation with the 

microscope. 

The upper section contained mainly the spores and ce11 debris and the lower section 

mainly CP. The lower section was separated and put in a separation funnel, stirred vigorously, 

and left for 5 hours to allow the solids to settle. When the bottom layer appeared to be too 

thick and the top Iayer was too small to be separated effective1 y, 1 0 to 20 mL of 0.1 4 M NaCl 



with 0.0 1 % Triton -100 were added. After five separations, the CP purity in the lower 

section was approximately 80% to 90% with practically no spores. 

3) Separation of ce11 debris 

The suspension formed by CP and ceil debris taken fiom the last seîtling operation had 

a volume of 1 0 mL approxirnately ; it was centrifuged at 5000 rpm (5 7 g) at 4 O C  for 1 5 min 

in a 13 x 100 mm tube and washed two tirnes with 10 mL distilled water. The pellet showed 

two sections: the top layer was brown and the bottom layer was white. The top layer formed 

by cell debris was removed with a gentle addition of 5 mL distilled water and a slight shaking, 

to avoid the disturbance of the white portion of the pellet; then was decanted. The bottom 

layer was re-suspended in 10 mL of disfilled water and observed under the microscope. This 

suspension contained more than 99% of the CP. 

4.1.4.3 Gel electrophoresis 

A sodium dodecyl sulphate - polyacrylamide gel electrophoresis was performed in a 

Bio-Rad Electrophoresis ce11 (Bio-Rad Micro cell), as recommended by Baternan (1995). 

Three diierent types of samples were examineci by gel electrophoresis: delta-endotoxin HD- 1 

S, 16,000 W/rnL, a purified crystal protein obtained by the flotation-settling method and 

crystal protein obtained frorn a batch culture of B. thringiensis subspecies kursraki HD-1 

ATCC 33679. The crystal protein fiom the three samples was dissolved with 0.02 N NaOH 

and the pH was decreased to 9.0 by adding 3 rnL of carbonate b a e r  per mL of sample. 

Before the samples were applied to the gel, they were treated with one of two types of 

buffers: a non denaturing and a denaturing buffer, the latter containing mercaptoethanol as 

denaturing agent (Bateman, 1995). 



4.1.4.4 High performance liquid chromatography 

High Performance Liquid Chromatography (HPLC) may be used to identiQ and 

masure the concentration of crystd protein in solution. The procedure used is based on 

Witter et al., (1990). The protein sarnple must be prepared such that it is stable for some time 

(two-three days minimum) and does not interfere with the HPLC run (e.g. precipitation inside 

the chromatographie column). The delta-endotoxin must be solubilized in a denaturing agent 

or alkaiùie solutions. The samples were dissolved (10 mg of crystal protein powder), obtained 

by the flotation-settling method, equivalent to 8.5 mg of crystd protein, in 2 rnL 0.02 N 

NaOH for 5 hours. The suspension was centrifuged at 7000 rpm (1 11 g) for 15 min. to 

remove the pellet. The supernatant (2 rnL) was added to 2 mL of a solution composed of 2% 

SDS, 10% glycerol and 2.5% mercaptoethanol and the mixture was heated immediately to 

100 OC for 10 min. This solution was used directly in the HPLC mns. 

To test the presence of crystal protein in the sarnples fiom B. zh~rin~ensis  cultures, 

20 mL of fermentation broth were taken fiom the reactor and centrifuged at 7000 rprn (1 1 1 

g) for 15 min. to eliminate the fermentation broth. The supematant was discarded, and the 

pellet was washed at least three times with 10 mL of a 0.14 M NaCl - 0.01% Triton X-100 

solution, and dissolved in 0.02 N NaOH (pH 12.0) for five hours with stimng. The suspension 

was centrifùged at 7000 rpm (1 11 g) for 15 min, and the supematant was used for the HPLC 

test. A two rnL aliquot was added to two rnL of a sarnple solution (2% SDS, 10% glycerol 

and 2.5% mercaptoethanol) and heated at 100 OC for 10 min. m e r  cooling, this mixture was 

tested in the HPLC. 

Acetonitnle, 0.1% tnfluoroacetic acid (TFA) -solvent A- and water, 0.1 % TFA - 
solvent B- were used as carriers. The HPLC was mn with a linear gradient in an Alltech 

Macrosphere 300 C4 column (pore size 5 pm, length 250 mm, I.D. 4.6 mm) for a total run 

time of 40 min. The detector was set at a wavelength of 220 m. 



The gradient used was as follows: 

0-2 min. 40% solvent A 

2-22 min. linear gradient 40% to 80% solvent A 

22-27 min. 80% solvent A 

27-32 min. Linear gradient 80% to 40% solvent A 

32-40 min 40% solvent A 

4.1 -4.5 Scanning electron microscopy 

The pudied crystal protein obtained by a flotation-settling method was observed with 

an electron microscope. For the preparation of the sample for the electron micrograph, the 

crystal protein was dried under vacuum for 120 hours. The resulting white powder was used 

directly in the scanning electron microscope. 

4.1.5 Ce11 morphology 

The morphology of bacterial cells was observed and recorded in pictures dunng the 

difEerent growth stages ofB. th1ri~1gier2~1.s in batch and continuous cultures. An optical phase 

contrast microscope and transmission electron microscope were used for this purpose. 

4.1 .5.1 Optical microscopy 

An opticai phase contrast microscope One-Ten Microst ar Amencan Optical was used 

for the observation and photography of the B. th~ringzeens cells during batch and continuous 

cultures. The samples were taken directly fiom the reactor and diluted when necessary with 



distilled water. An Olympus OM-l camera was used to take the pictures with ASA 400 film 

using the maximum illumination. 

4.1 -5 -2 Transmission electron microscopy 

The bacterial cells from batch and conhnuous growth were examined in a transmission 

electron microscope. A two mL sample was taken from the reactor and chilled immediately 

in an ice bath. The sarnple was then centnfuged at 5000 RPM for 10 min. at 4 O C  and the 

supernatant was discarded. The pellet was resuspended in 2 mL of 4% glutaraldehyde and 

kept in an ice bath until further processing. The samples were prepared for observation at the 

transmission electron microscope following standard procedures. 

4.2 Bacillus t h ~ r i n ~ e n s i s  growth 

4.2.1 Microorganism 

Bacillus ho-irtgiensis subspecies kxrstaki HD- 1 ATCC 3 3 679 was used in al1 the 

experiments. It was kept on nutnent agar slants at 4 OC. The slants were heated at 80 O C  for 

15 min. to activate the spores before use. 

4.2.2 Medium composition 

The medium used in al1 the cultures was that suggested by Anderson (1990). The 

medium composition is shown in Table 4.1 



Table 4.1 Medium composition for the growth of Bacillus thuringiemis -1 
subspecies kurstaki ATCC 33679 

Component SaIts Soiution Composition. g/ L 
Glucose 9.77 MgSO,. 7H20 3 .O 
Yeast extract 4.62 CaC1,. 2H20 1 .O6 
Bacto peptone 4.62 Fe-Citrate 0.75 

(NH,)mt 1 .O0 MnSO,. 7H20 0.50 
K2m04 4.15 ZnS0,. 7H,O 0.075 
=Po, 3 -40 CUSO, 0.045 
Salts Solution 100 mL 

4.2.3 Bioreactor systems 

A two-litre bioreactor was used for batch, continuous and fed-batch experiments. The 

bioreactor had a four-helix stirrer (Fischer Sc.) for mixing; air was added continuously to the 

bioreactor using a sparger located 10 cm above the bottorn of the reactor. The pH was 

monitored with a pH electrode (Ingoid type 465) coupled with a pH analyzer (Cole Parmer). 

The dissolved oxygen was measured with a D.O. galvanic probe (Cole Parmer), and recorded 

in a dissolved oxygen analyzer mode1 DO-40 (New Brunswik Scientific Co.) and a chart 

recorder (Cole Parmer). The temperature in al1 the experiments was rnaintained constant at 

30 OC with a water circulation bath. The foam was controiled manually by adding some drops 

of antifoam-water suspension as necessary. 

The bioreactor had ports for the addition of antifoam, sarnple extraction, fiesh 

medium, and withdrawal of reaction mixture (dunng the continuous runs), and gas exhaust. 

The air supplied to the reactor passed through a rotameter and glass fiber filter. 

The bioreactor was attached to a computer which adjusted the impeller speed or the 

air flow rate to control the dissolved oxygen inside the reactor. The computer program cm 

be used in a manual or an automatic control mode. During the batch, continuous and fed- 



batch experiments it was found that manual control of the impeller speed was more 

appropriate, with the air flow rate kept constant at 1 Umin. In order to avoid the excessive 

foam formation, the irnpeller speed was maintained at the minimum necessary to keep at least 

20% of the oxygen saturation in the reactor 

During the continuous growth experiments, the bio-reactor was fed with fresh medium 

through a pump which could supply a constant volumetnc flow rate. The reaction mixture 

was withdrawn using a Masterflex pump. The workhg volume was 1 L for batch cultures and 

0.85 L for continuous cultures. 

Figs- 4.1, 4.2 and 4.3 are schematic diagrams of the batch, continuous and fed-batch 

bioreactors. Ptate 4.1 shows a picture of the two-liter bioreactor used for batch, fed-batch and 

single stage continuous growth experiments. 

4.3 Experimental procedures 

4.3.1 Batch reactor system operation 

The medium was prepared in a 2-L flask with 800 rnL distilled water. Glucose, yeast 

emact, bacto peptone, ammonium phosphate, potassium phosphate dibasic, and potassium 

phosphate monobasic were added to the water. The bioreactor was filled with this solution, 

and autoclaved for 20 min. at 121 OC before the inoculation.. The saIt solution (90 mL) was 

autoclaved in a 250-mL flask at 121 OC and fed asepticaily into the reactor when it was cold. 

The inoculum was prepared in a 250-mL fiask containing 90 m .  of medium and 10 

mL of salts solution. This medium was autoclaved for 15 min. at 12 1 OC. after cooling, it was 

inoculated with three to four loops of B. thzm'ngîensis spores fiom a previously heat shocked 

slant, and incubated on a shaker at 30 O C  for 12 hours. 











The tubing connecting the antifoam andor inoculum was also autoclaved at 121 OC 

for 20 min. The transfer of sdts solution, inoculum and antifoam suspension from flasks into 

the reactor was performed asepticdly using a peristaltic pump. 

The reactor was cooled with a circulation bath. The temperature was verified with a 

thermometer inserted in the indicated port. When the medium reached 30 OC, the dissolved 

oxygen probe was calibrated according to the instructions in the operating manual for 

dissolved oxygen anaiyzer mode1 DO40 (New Brunswick Scientifx Co.). Once the dissolved 

oxygen probe was calibrated and the temperature remained constant at 30 OC, the bioreactor 

was inoculated with 100 mL of 12 h old inoculum and the first sample was taken. 

Samples were taken every hour or half hour, as necessary, depending on the growth 

stage, and used to determine the dry weight, the ce11 and spores count, and glucose 

concentration. Pictures of the cells were taken. The batch expenments lasted approximately 

12 hours for the completion of the sporulation stage and 24 hours for the lysis stage. 

4.3.2 Fed-batch reactor system operation 

Fed-batch cultures were grown in the same equipment used for batch and continuous 

experiments. Fresh medium was fed into the reactor with a Cole-Parmer pump with a speed 

control. The volumetric flow rate was kept constant throughout the fed-batch culture. The 

fed-batch culture began with a batch operation until the cells reached the exponential stage, 

approximately after four hours of batch operation. During the fed-batch cultures, the reaction 

volume was recorded every half hour to calculate the dilution rate and to veri@ that the 

volumetric flow rate was constant. Samples ffom the reactor were taken every half hour to 

determine the biornass and glucose concentration. 



4.3 -3 Continuous stirred tank reactor system operation 

For the continuous cultures, the same equipment as in the batch cultures was used, 

with some modifications. The continuous culture required the addition of fiesh medium at a 

constant volumetric flow rate, the withdrawn of culture mixture, and a constant reaction 

volume. 

The medium prepared beforehand was kept in a 20 L bottle comected to the féed 

medium port of the reactor with a tube (1/8 in ID, 1/16 in. wall thickness). The fresh medium 

was fed at a constant volurnetric flow rate with a Cole-Parmer pump with speed control. The 

removal of the culture mixture was carried out with a Masterflex pump with speed control. 

The reaction volume was kept constant using a level control. The end of the effluent 

tube was located on the surface of the required level (Fig. 4.4). When the reaction mixture 

was removed excessively, the level of the Iiquid decreased and the effluent stream was 

stopped. The effluent pump was set at a higher volumetric flow rate than that used in the 

feeding stream, such that small variations in the feed stream did not increase the level of the 

liquid significantly. The levet ofthe liquid medium in the reactor varied by no more than 10% 

The continuous cultures began in a batch mode until the cells reached the exponential 

stage, that is, approximately 4 h after the inoculation of the reactor. The feed pump was set 

to the appropriate speed to give the desired volumetnc flow rate and it was tumed on at the 

beginning of the continuous operation. The effluent pump was tumed on when the first drop 

of feed medium was supplied to the reactor. A sample was taken at the beginning of the 

continuous operation to determine biomass concentration and glucose concentration. Samples 

were taken every hour to venQ the achievement of the steady state. 





4.3 -4 Continuous stirred tank reactor two-stage system operation 

A series of continuous cultures of B. tCnrringiensris in a two-stage system were 

performed in order to test the viability of the production of the insecticidal crystal protein 

using continuous operation. 

The two-stage continuous system consisted in a two-litre bioreactor and a 14 L New 

Bmswik bioreactor connected in series. The two-litre bioreactor, working at high dilution 

rate, was used in the first stage in order to obtain a massive production of biomass. The 14 

L bioreactor, working at low dilution rate, was used in the second stage in order to enhance 

the production of the crystal protein or even to cause the lysis of the cells and therefore the 

release of the spores and the crystal protein into the Liquid medium. Fig. 4.5 shows a diagram 

of the two-stage continuous system and Plate 4.2 shows a picture of the two-stage continuous 

growth system used to cuIture B. thringïensis. 

The 14 L bioreactor had a pH probe and a dissolved oxygen probe to monitor the pH 

and oxygen concentration, respectively. The air was sterilized with a glass wool filter and 

supplied to the bioreactor using a sparger in the bottom of the vessel. The air flow rate was 

measured with a rotarneter. The formation of foam was controlled by adding small amounts 

of antifoarn with a peristaltic pump when necessary. 

The continuous culture in two-stages was performed in three steps: 

a) The 2 L bioreactor was operated as a batch reactor until the exponential stage was 

reached by the cells (4 hours of batch operation). 

b) The continuous operation in the first reactor (2 L bioreactor) began when the feed 

pump and the output pump was turned on at the appropriate velocities. The output Stream 

was sent to the second reactor which was previously steritized. 

c) The second reactor, working as a fed-batch reactor, was filled with the output 

Stream fiom the first reactor. When the desired working volume for the second reactor was 





Plate 4.2 Two Stages Bioreactor System used for the culture of B. thurhgiensis subspecies kurstaki HD-1 ATCC 33679. 
(1)  2 L. Bioreactor (stage l), (2) 14 L. Bioreactor (stage 2), (3) pH controller, (4) Stage 1-Dissolved Oxygen Analyzer, 
(5) stage 1- Feed pump, (6) Stage 2 - Feed pump, (7) Stage 2 - Effluent pump, (8) Stage 2 - Dissolved Oxygen Analyzer 



reached, the exit purnp for the second reactor was tumed 0% beginning the continuous two- 

stage operation. 

The sequence of a small reactor connected with a big reactor in senes allowed to 

operate at dEerent dilution rates using the same constant volumetnc flow rate. While the 

mal1 bioreactor can operate at high dilution rates, the second provides low dilution rates. The 

relationship of the dilution rates is given by: 

where: Dl is the dilution rate (l/h) for the first reactor in senes 

D, is the dilution rate (lh) for the second reactor in senes 

V, is the working volume (L) for the first reactor 

V, is the working volume (L) for the second reactor 

The ratio D I Q  can be varied, changing the working volume for the second reactor. 

The levels of the working volume for both reactors were maintained constant using 

the level control technique described in the previous section (Fig. 4.4). 

4.3.5 Oxygen uptake rate and respiration rate coefficient 

For batch and continuous cultures, the oxygen uptake rate was cdculated usuig the 

dynarnic air off-on method (Bandyopadhyay and Humprey, 1967). The dissolved oxygen 

electrode was connected to a New Brunswick Analyzer and to a chart recorder. At a given 

tirne, the air supply was intempted and the stirrer speed was reduced to 340 rprn whiie the 

chart recorder was set at 30 mm /min. A plot of dissolved oxygen, expressed as % of 



saturation, versus time was obtained using this procedure. The oxygen uptake rate was 

obtained fiom the dope of this graph. 

The respiration rate coefficient was calculated by dividing the oxygen uptake rate by 

the biomass concentration, expressed as g D.W.R. . 

4.4 Conclusions. 

While the experimental methods discussed in this chapter are consistent with well 

established biochemical engineering procedures, the new notation-settling technique for 

isolation of the delta-endotoxin c m  be considered a significant new contribution. This new 

technique allows to obtain a relatively high pure crystal protein (up to 95% purity). 

Purification of the crystal protein, with this proposed method is relatively simple, requiring 

only standard laboratory equipment and not needing the use of reagents. 

It is believed that a better and improved purification of the crystal protein can advance 

its characterization as well as it can dlow better definition of the intrinsic toxicity of the 

crystal with minimum influence of spores or ce11 debris. 



CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Batch growth 

5.1.1 Growth phases, morphology, biomass, spore and delta endotoxin 

production 

Biomass concentration, expressed as dry weight (g/L), glucose concentration, pH, 

oxygen uptake rate, qOZ*X, and respiration rate coefficient, qO,, for batch growth 

experiments were measured and are shown in Table A. 1 to Table A.3 (appendix A). The 

batch results of experiment NB6 are shown in this section in Figures 5.1 to 5.3 inclusive as 

a typical example of batch growth of B. th~rzn~ens is~  where we see the typical kinetics of 

bacterial growth phases: lag phase, exponential growth phase, transition growth phase, 

stationq phase, and declining or death. The growth phases were defined in section 3.1 and 

can be determined by observation of the graphs of biomass and glucose concentration versus 

time. 

The number of cells and spores were measured as described in section 4.1.2. This 

method provides the nurnber of colonies formed by the ceUs afker being inoculated on a 

nutrient agar plate. Some experimental errors, such as colonies formed by more than one 

single ceII, hadequate rniving during the preparation of the dilutions, and overlapped colonies 

(Postgate, 1969) may be sources of error in meaauing the number of cells and spores present 

in the culture medium. These data were used to know the kinetics of spore formation and to 

ver@ if al1 the cells produced a spore at the end of the batch growth. 

Concerning the definition of ce11 growth it can be argued that this parameter should 

be defined on the basis of the change in the number of cells with time. Moreover, cells could 



Tirne, t, (h) 

Fig. 5.1 Batch culture of B. thuMgiensLF subspecies 
kurstaki HD-1 ATCC 33679. pH and Biomass and glucose 

conc Experiment NB6. 
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Fig. 5.2 Batch culture of B. thuringiensis subspecies kurstaki 
HD-1 ATCC 33679. Biomass and Crystai Protein conc and 

Viable Ce11 and Spore Count Experiment NB6. 

+ X X CP -Viable cells +- Spores 
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Fig. 5.3 Batch culture of B. thuringiensis subspecies kurstaki 
HD-1 ATCC 33679. Oxygen uptake rate and respiration rate 

coefficient. Experiment NB6 



increase their size before division and thus, changes in nurnber of cells and changes in mass 

may not necessarily be related by a constant. However, it c m  be hypothesized that for a large 

number of cells in random phases of their individual growth, the average mass per ce11 is 

approxirnately constant, and thus the ce11 mass can be considered as proportionai to the 

number of cells (Dean and Hinshelwood, 1966). Moreover, during the exponential stage, it 

is postulateci that measurements that are proportional to the celi number are also proportional 

to the ce11 mass (E3uYLock, 1988). 

Considering the previous discussion and since the biomass concentration, expressed 

as gram dry weight/ml, is used extensively in the iiterature to study the bacterial ce11 growth, 

this parameter was used in this work to determine the specific growth rate and to estimate the 

different growth phases during the batch growth. 

Regarding the lag phase of the batch culture it is characterized by a negligible increase 

in the biomass concentration. This is illustrated in Figs. 5.1 and 5.4 which show that during 

the first 1.5 hours, the biomass concentration grew very slowly, and increased from 0.45 g/L 

to 0.55 g/L only. 

The exponential growth phase is characterized by a sharp exponential increase in the 

biomass concentration. Thus, a plot of the natural logarithm of biomass concentration versus 

time should produce a straight line. (Figs. 5.4 and 5.5) .  While this representation was 

considered in the present study, it was observed that the exponential growth phase ranged 

between 2.0 and 4.0 hours approximately following inoculation. 

During the deceleration growth phase, the cek continueci growing but at a lower Pace 

due to the depletion of substrate and dso due ta the beginning of the sporulation process by 

B. ~htrrzr~~ensis cells. At the stationary phase, the ce11 growth essentially halted and findly 

during the death phase the ce11 growth, measured as biomass concentration, had a negative 

growth (there was ce11 depletion), due to cells lysis. These various growth phases are 

identified in Fig. 5.1. The deceleration growth phase lasted between 4 and 8 hours, the 
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Fig. 5.4 Batch culture of B. thuringiensis subspecies kurstakî 
HD-1 ATCC 33679. Natural logarithm of biomass 

concentration , ln(X). Experirnent NB6 
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Fig. 5.5 Batch culture of B. thuringiensis subspecies kurstaki 
HD-1 ATCC 33679. Biomass and logarithm of biomass. 

Estimation of maximum specific growth rate.Experiment NB6 



stationary phase between 8 and 10 hours and the death phase between 10 and 23 hours after 

the beginning of the batch culture. 

Considering the metabolism of B. thuringienris, the growth process is divided into 

two main stages: vegetative stage and sporulation stage. A B. thn'nHensis cell is in its 

vegetative stage if it is capable of dividïng. On the other hand, a ce11 is in sporulation stage 

if the ce11 stops its division and uses the available energy to form a spore. 

Uniike the growth phases, the metabolic stages cannot be identified by a change in the 

biomass concentration with time. The metabolic stages might, however, be identified by the 

ce11 morphology, the ce11 oxygen consumption and the change in the pH of the medium. 

Regardiig the morphology of a vegetative B. t h r i ~ z ~ e n s i s  ce11 it can be characterized on the 

basis of the simple intemal ce11 structure, and the absence of a spore. In this respect, during 

the vegetative stage, the ceils consume the substrates and require high amounts of oxygen and 

several acids are produced. As a result, the pH decreases in the Iiquid medium. (Nickerson 

et al., 1974; Bulla et al., 1969; Luthy et al., 1982). 

Concerninç sporulation, the shift from vegetative to sporulation stage occurs when 

the nutrients are depleted. In this case, the acids produced dunng the vegetative stage are 

already oxidized (Bulla et al., 1971) and the cells oxygen demand is very low. Therefore, the 

pH remains constant and the respiration rate coefficient will be at minimum level. 

Based on the previous observations, the two main stages dunng the growth of B. 

~hurin~ensis, vegetative and sporulating phase, can be tracked with the expenmental data 

following oxygen demand and the pH. 

Regarding the oxygen uptake rate, as systematically observed in the present study, it 

reached a maximum &er the beginning of the deceleration growth phase (4.5 hours) and 

decreased steadily as B. thz~i1~en.sf.s ceils began forming their spores. On the other hand, the 

respiration rate coefficient reached a maximum at the beginning of the exponential growth 



phase (two hours), decreased later with time, as the substrate was depleted, and reached its 

minimum level at the beginning of the stationary growth phase (8 hours, Fig. 5.3). 

An interesting fact as well, is the change in pH with time. There was first a pH 

decrease, fiom 6.8, during the exponential growth phase with the pH reaching a minimum of 

5.4 at the end of this phase (four hours). The decrease in pH is related with the production 

of acetic and pyruvic acids from glucose during the exponential growth. These acids were 

subsequently oxidized via the modified tncarboxylic acid cycle and this resulted in a pH 

increase (Youaen and RogofS 1969; Mgnone and Avignone-Rossa, 1996). The pH stopped 

increasing at approximately eight hours, reaching a value of 6.4, and at this time, the 

stationary growth phase began. It was at this point when the accelerated formation of spores 

was initiated with the pH remaining constant for the rest of the spomlation process. 

Another important factor to assess the changes related to vegetative and spomlation 

phases is to observe the changes in ce11 morphology during the batch growth. This is a very 

important feature of B. thrringiemis cells, given morphology indicates indirectly the 

metabolic state. 

A series of optical and transmission electron microscopy pichires were taken at 

different growth phases to show the changes in the cells morphology as they evolve in their 

rnetabolic state. At the vegetative phase, the cells are motile and have a homogeneous 

cytoplasm (without spore) as evidenced corn observation of cells under phase contrast 

microscope (see plate 5.1). In the stationary phase, however, the cells becarne thick and it 

was possible to observe the endospore as a refiactile body inside the ce11 (plate 5.2). 

In addition, transmission electron micrographs (TEMs) show the change in the cells 

morphology with more details. Plate 5.3 shows a B. thirringiensis vegetative ceIl present in 

the bioreactor at the beginning of the batch growth, irnrnediately d e r  inoculation (mn NB6). 

Plate 5.4 shows that after three hours of batch growth, the cells are still in their vegetative 

growth phase. Plate 5.5 is a TEM of a ce11 d e r  nine hours of batch growth, and shows the 



Plate 5.1 Vegetatiw cells ofB. tInmngieylsl's subspecies kurstaki HD- 1 ATCC 3 3 679, after 
2 hours in a batch growth. Picture taken in a phase contrast microscope at 1500 X 



Plate 5.2 Mature ceiis of B. thzringiems subspecies kursfakr' HD- 1 ATCC 3 3 679. M e r  
nine hours of batch growth. Picture taken in a phase contra* microscope at 1500 X. 



Plate 5.3 Transmission Electron Micrograp h of B. thringiem.s vegetative ceU present in the 
bioreactor in the beginning of the batch growth. MagnifÏcation 36,000X. 



Plate 5.4 Transmission Electron Micrograph of B. thziringiems vegetative ceii present in the 
bioreactor after three hours of batch growth. M a e c a t i o n  3 6,OOOX. 



Plate 5.5 Transmission Electron Micrograph of B. thuringiensis vegetative ceii present in the 
bioreactor &er nine hours of batch growth. Magnification 36,000X. 



presence of mesosornes in one end of the cells, forming the forespore septum characteristic 

of the beginning of spore formation process (Bechtel and Bulla, 1976). 

M e r  approximately 24 hours, the cells undergo lysis, releasing the spores and the 

insecticidal crystal protein, delta-endotoxin, into the medium. Plate 5.6 shows the cross 

section of few spores and the cross section of some crystal proteins with the charactenstic 

bypiramidal shape. 

Given the previous considerations and with the information provided by Figs. 5.1 and 

5.3, it can be concluded that the vegetative stage began imrnediately after inoculation of the 

bioreactor and lasted for approximately seven hours. 

Regarding the sporulation phase, it is important to identify this phase because delta- 

endotoxin is produced during that stage. The best way to do so is by detecting the presence 

of spores in the culture following the procedure describeci in the section 4.1.2. Fig. 5.2 reports 

the presence of the first spores after 5.5 hours of batch culture, and this is observed at the 

rniddle of the deceleration growth phase. Thus, the presence of spores before the beginning 

of the stationary growth phase indicates a non homogeneous population of cells. 

The spore number increased dramatically after 5.5 hours of the growth process (Fig. 

5.2). The nidden increase in the number of spores suggests that the cells changed rapidly to 

a sporulated ce11 phase in a short period of time (3.5 h), as the glucose concentration 

approached zero. Moreover, a more detailed analysis of spore formation data during batch 

growth shows close to exponential rate in the spore forrning process. Fig. 5.6 illustrates in a 

semi-logarithmic plot the exponential increase in the number of spores with time. 

It should be mentioned that the number of spores reached that of the viable cells 

indicating that al1 cells contained a spore after approximately 10 hours of batch growth. 

Together with the spore, the crystal protein was fonned. The concentration of crystal protein 



Plate 5.6 Transmission Electron Micrograph of fiee spore and crystal protein 
produced by B. thringiems after 24 hours of batch growth, ce11 lysis 
occurs.Magmkation 28,000 X 
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Fig. 5.6 Batch growth of B. thuringiensù . Spore formation 
kinetics. Exp. NB6 



(CP) was determined with the biuret assay (section 4.1.4). The concentration of crystal 

protein at the end of the batch culture was 1.02 glL. 

5.1.2 Maximum specific growth rate, growth yield and biomass productivity 

Fig. 5.4 presents a plot of the natural logarithm of biornass concentration versus time 

and Fig. 5.5 shows the Iinear segment of this plot which provide the maximum specific growth 

rate. The maximum s p d c  growth rate was estimated to be 0.78 h'l. The exponential growth 

phase began two hours afler the inoculation and lasted for approximately two hours. The 

obtained maximum specinc growth rate is close to the one reported under similar conditions 

in a batch growth (0.6 to 0.8 h-') by Anderson (1990). However, a number of other 

researchers reported maximum specific growth rate varying in a much wider range, (0.4 and 

1.9 h-', Avïgnone-Rossa and Mignone, 1995; Rodnguez-Monroy and de la Torre, 1996). 

In the case of batch growth the cells are in a changing environment, and this 

encourages the formation of an heterogeneous ce11 population. Therefore, different growth 

rates can be expected. As a consequence, the maximum specific growth rate estimated in a 

batch culture can be only considered a pondered average value. 

While strictly speaking an homogeneous population cannot be attained in a culture 

with enwonmental conditions changing with the ,  it is expected that under some constrained 

variation of conditions, as those of the present study, the estimated values of the parameters 

for the entire process are still a viable approximation. In this respect, the restricted variation 

of the maximum specific growth rate support this argument and the kinetic parameters 

resulting of these experiments can have sound physicochemical meaning. 

The growth yield, Y,,, expressing the relationship between the biomass formed and 

the substrate consumed, it was calculateci for the bat ch growth as the ratio of the net biomass 

produced to the glucose consumed. The global growth yield was 0.5 1 g cellslg substrate for 



m NB6 While the definition of a global growth yield, Y,, is suitable for cultures that do 

not change in substrate uptake rate during their growth, the growth yield for B. rhuringiensis 

varies with the specific growth rate when cultured in a continuous process (Rodriguez- 

Monroy and de la Torre, 1996). Thus, B. thuringiensis culture changes its specific growth 

rate dunng the batch growth, and it cm be expected that the growth yield may also change 

with tirne. As shown in Fig. 5.7, the relationship between biomass and glucose concentration 

was in the case of this study close to a straight line with a 0.57 g cellslg glucose slope. 

Consequently, this result shows that the growth veld does not change significantIy dunng the 

batch growth. In addition, the growth yield obtained by this method is simiiar (h 26 %) to 

growth yield values reported in the literature (Anderson, 1990). 

The volumetric biomass productivity was 0.74 gL-h d e r  6 hours of batch culture 

(Fig. 5.8), at which time the spores and crystal protein were not yet formed. It was more 

interesting to find biomass productivity when the sporulation was completed. After 

approximately nine hours of batch culture, the productivity was 0.69 g/L-h. Although spores 

and the crystal protein are the desired products, the biomass volurnetric productivity is an 

indicator of how efficient a batch process is. In addition, this indicator cm be used for 

cornparison of different culture methods. 

Table 5.1. Maximum specific growth rate, yield growth, biomass productivity and 
crystal protein concentration for batch cultures of B. thuringiensis 
subspecies kurstaki HD-1 ATCC 33679. For experiment NB6 

Exp. Maximum Specific Global yield Biomass Crystal protein 
No. Growth Rate (lh) growth Y,, (g/g) Productivity concentration 

(*h) (fi) 
NB6 0.78 0.51 - 0.57 0.69-0.74 1 .O2 



O 1 2 3 4  5 6 7 8 9 1 0 1 1 1 2  

Substrate concentration, S, (a) 

Fig. 5.7 Batch culture of B. thuringiensïs . Exp. NB6. 
Relationship between biomas and glucose concentration. 

Estimation of growth yield. 
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Fig. 5.8 Batch gmwth of B. thuringiensis .Exp. NB6. Biomass 
volumetric productinty 

+ X, (fi) + Productivity, (EL-h) 
C 



5.2 Red-batch Growth 

Two fed-batch experiments were performed to investigate the biomass formation and 

the degree of sporulation using this mode of operation. A first fed-batch culture was run with 

a high glucose concentration and high volumetric flow rate to encourage formation of 

biomass. A second fed batch culture was run with a low glucose concentration and low 

volumetric flow rate in order to promote spore formation. The diEerent operational 

conditions for the fed-batch cultures of B. thuringiensis are listed in Table 5.2. The 

experimental results for the fed-batch culture NFB 1 are presented in Table A.4 (appendur A) 

and in Fig. 5.9. 

Table 5.2 Operational conditions for the fed-batch culture of B. thuhgiensis HD-1 
ATCC 33679. Experiments NFBl and NFB2 

Operational condition - Exp. NFBI Exp. NFB2 
Temperature 30 OC 30 OC 
Initial pH 6-8 6.8 
Air supply i L/min 1 L/rnin 
Impeller speed variable variable 
Initial reaction volume 0.85 L 0.75 L 
Volurnetnc flow rate 0.1 17 Lh 0.08 L/h 

Glucose concentration in the feed stream 39 glL 10 .g/L 
Note: Ail the components of the cuiture medium, escept glucose, were added at the same proportion as that 
in the basal medium. 

As shown in Fig. 5.9, both the biornass concentration increased continuously during 

the fed-batch growth, as did the glucose concentration. This indicates that the limiting 

substrate input rate was higher than the substrate uptake rate for ceil growth. 

The substrate concentration of glucose in the feed Stream was 39 g/L and according 

to the experimental data, the minimum value for the glucose concentration inside the reactor 



Tirne, t, (h) 

Fig. 5.9 Fed-batch growth of B. thuringiensis subspecies 
kurstaki . Exp. NFBI. Constant volumetric flow rate F = 0.1 17 

L/h, substrate concentration in the feed stream So = 39 g/L, 

p,,= 0.38 h", Ks = 3.1 &, Y, = 1.2 g/g 

A Xexp X ,  mode1 
i Sexp - - S.  mode1 



was 8.13 g/L. At this high substrate concentration the specific growth rate, p, should be equal 

to the maximum specific growth rate, p.-. The equation for a fed-batch culture at a constant 

s p e d c  growth rate (equation 3 -32) was used to estimate the maximum specific growth rate 

from the expenmental fed-batch growth data. According to this equation, plotting ln=) 

+ ln(VN,) versus time should produce a straight line with the maximum specific growth rate 

being the slope. A graph (Fig. 5.10) with a close to straight line was observed. The maximum 

specific growth rate, p, obtained using this method was 0.34 h*'. In spite of the high 

concentration of the limiting substrate, the specific growth rate was low, compared with the 

specific growth rate obtained in batch and continuous cultures perfonned at the same 

substrate concentration. 

The maximum specific growth rate was also calculated by solving numencally the 

dEerential equations describing a fed batch culture. In this way, the maximum specific growth 

rate, p.- and the saturation constant, Y, were found to be 0.38 h-' and 3.1 g L  respectively. 

With these parameters, the fed batch mode1 agreed with the expenmental data (Fig. 5.9). 

In order to discuss these results in fed batch culture, it is important to consider the 

metabolic state of the cells. One way to estimate the metabolic state is to analyze the 

morphology of B. ~hrrin~ensis cells. At the beginning of the fed-batch growth, the cells were 

in its vegetative phase. M e r  two hours of fed-batch growth, the cells were present in pairs 

or individua1 cells and were thin and motile. At the end of the culture, some cells formed 

clumps and contained shiny white bodies probably made up of P-hydroxybutyric acid (Macrae 

and Wilkinson 1958). This polymer is formed dunng the growth stage and reaches a 

maximum at the time the cells enter the stationary stage (Slepecky and Law, 1961). Spores 

were not detected in the ceus at the end of the fed-batch growth. These observations indicate 

that the cells did not reach the vegetative stage. There is at least a fraction of thern at the 

beginning of the stationary stage. This is contras, to what was expected for the high substrate 

concentration. This observation is also in agreement with the Iow maximum specific growth 

rate. This relatively low specific growth rate and the cells in stationary phase indicates that 

in the fed batch operation at high glucose concentration, the cells are not able to sustain 
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Fig. 5.10 Fed-batch culture of B. thurîngiemis. Constant 
volumetric flow rate, F= 0.117 L/h, constant substrate 

concentration in the feed stream So = 39 g L .  
Estimation of maximum specific growth rate. 

Linear equation: y = 0.337t, r2 = 0.95, b, 



growth rates observed in batch cultures possibly due to an inhibitory effect of glucose. This 

conclusion may be sustained by the fact that the specific growth rate resulted to be lower at 

high load of glucose compared with the one obtained at low glucose concentration. A test to 

v e n s  the inhibition effect of glucose on the ce11 growth is the estimation of the inhibition 

constant KI. This cm be done by using the Line-Weaver inverse plot (1/p versus Ils). 

However, in the batch experiments performed during this study there was not change in the 

initial glucose concentration in the liquid medium, which is required to find KI. 

These results are in agreement with those obtained by other researchers with 

intermittent fed batch operation (Stradi 1992; Liu et 4 1994). Foiiowing addition of substrate 

at a constant feed rate, it was claimed that it was convenient to intempt the feed for a period 

of time in order for the cells to adapt to the changing environment. 

The experimental results for the fed-batch culture NFB2 with a low glucose 

concentration and a Iow volurnetric flow rate are show in table A.5 (appendix A) and Fig. 

5.11. The glucose concentration in the feed stream was 10 g/L and the volumetnc flow rate 

of the input Stream was 0.08 Lni. The maximum glucose concentration in the bioreactor was 

4.85 g/L and decreased continuously during the experiment. 

The operation of the fed-batch bioreactor at low flow rate and relatively low glucose 

concentration produced an increase in the biomass concentration during the first five hours 

and the consequent reduction of the glucose concentration. During the last five hours of the 

fed-batch operation, the glucose concentration was reduced practically to zero because the 

demand of glucose for ce11 growth was higher than the glucose supply from the feed stream. 

The cells were present in clumps or in pairs. The cells contained white circular bodies 

(probably poly P-hydroxy butyric acid), suggesting that they were in the beginning of the 

stationary growth phase. At the end of the fed-batch growth, the concentration of viable cells 

was 6.5 x 10" viable cells per mL, with no spores present. 



LOO 

4 6 8 10 I2 

Time, t, (h) 

Fig. 5.1 1 Fed- batch culture of B thun'ngiensis su bspecies 
kurstaki . Exp. N F B Z .  Constant volumetric flow rate F = 0.08 
L/h, substrate concentration feed Stream So = 10 fi, H, = 

0.46 h-', K, = 3.1 g/L,  Yros = 0.64 g/g 



During the batch growth of B. fhiringiemiis, the cells form spore in less than four 

houn d e r  the depletion of glucose (section 5.1.1). In contrast, dunng the last five hours in 

the fed-batch process, even though the glucose was practically depleted, the cells did not 

show signs of complete maturation or formation of spores. This resuit suggests that low or 

zero concentration of substrate in a fed-batch bioreactor is not a sufficient condition to 

promote spomlation of B. thuringiemS cells. 

In addition, the maximum specific growth rate was estimated by solving the 

dserential equations for a fed batch culture. The best fining with the experimental data was 

achieved with k, and Y values of 0.46 h-' and 3.1 g/L, respectively. Since the maximum 

specific growth rate is close to that obtained in batch cultures (k = 0.53 h-') it can be 

concluded that unlike the experirnent NFB 1 (high load of glucose), a fed batch culture at low 

glucose load does not inhibit the ce11 grow. The volumetric productivity was for expenments 

NFB 1 and NFB2, 0.58 and 0.47 g/L-h, respectively. These results show that operational 

conditions (volumetric flow rate and substrate concentration) may play a very important role 

on the metabolic processes. Fed-batch culture expenments also demonstrated the significance 

of the reactor operations for both ce11 growth and spore and crystal protein formation. 

5.3 Continuous growth in a single stage CSTR bioreactor . 

A senes of continuous growth steady-state expenments were performed in a 2-L 

bioreactor, as described in the experimental procedures section. The main objectives of these 

expenments were to determine the growth kinetic constants p- and and to test possible 

crystal protein production in a continuous process. 

The estimation of the kinetic constants using the continuous experirnental data is 

based on the assumption of a steady state operation of the bioreactor. Several expenments 

were performed at different volumetric flow rates, and constant biomass concentration was 

used as a critenon to determine whether the steady state was reached or not. Figures B. 1 to 



B.4 (Appendk B) show a typical continuous unsteady-state operation, starting at the end of 

batch growth until it reached a steady-state. The steady state was aiso confirmed using the 

non-steady state mathematical mode1 (section 6.4, and Table D.5, appendix D). After steady- 

state was achieved, at a given dilution rate, D, a sample was taken fkom the bioreactor vesse1 

to perform various required anaiysis. 

5.3.1 Biornass and glucose concentrations and spore and crystal production at steady 

state in continuous growth 

The results of a total of ten dEerent dilution rates presented in Tables 5 -3 and 5.4 are 

shown in Figures 5.12 and 5.13, respectively. At dilution rates greater than 0.2 h-' no spores 

or crystal protein were detected. This was further corroborated by optical and transmission 

electron rnicroscopy. Plates 5.7, 5.8, 5.9, and 5.10 show photornicrographs o f  samples taken 

at dilution rates of 1 -05 h-', 0.47 h-', 0.2 h-' and 0.14 h-', respectively. It has to be mentioned 

that there was an extensive degree of ce11 lysis and the presence of spores and crystal protein 

at the low dilution rate of 0.14 h-' . Plates 5.1 1, 5.12 and 5.13 report the transmission electron 

microscope results of samples taken at dilution rates 0.47 h-', 0.2 h-' and 0.14 h" respectively. 

Table 5.3 Summary of results for steady-state continuous growth of B thuingiensis, 
su bspecies kurstaki RD-1 (ATCC 33679) 

Di1 Rate, D Glucose conc. S Biomass conc. Spore conc. Crystal protein 
(h-l) WL) x* (glL) (cmr/rni) conc., CC (@) 
O. 14 0.03 5.09 8.9~10" 1 .O3 

ND = Not detectable 
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Fig. 5.12 Continuous steady-state growth of K thrringiemis . 
Biomas, glucose, crystal protein and spore concentration as a 

function of dilution rate, D, in a single stage bioreactor system. 
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Fig. 5.13 Continuous steady-state growth of B. th~r in~erzs i s .  
Biomass concentration and corresponding bioreactor 

volumetric productivity as a function of dilution rate, D, in a 
single stage bioreactor system 

-X7 + Biomass productivity 



Plate 5.7 Cells of B. thuringiemis HD-1 subspecies kurstaRi from a continuous 
growth at a dilution rate of 1 .O5 W1. Pichue taken in a phase contrast microscope at 
1500 X 



Plate 5.8 Celis of B. tMingims HD-I subspecies kursfaki f?om a continuous growth at 
a dilution rate of 0.47 V'. Pichire taken in a phase contrast microscope at 1500 X 



Plate 5.9 CeUs of B. thringiem's HD- 1 subspecies kurstd fkom a continuous growth at 
a diIution rate of 0.20 ho'. Picture taken in a phase contrast microscope at 1 500 X 



Plate 5.10 Celis of B. thwingiellsfs HD- 1 subspecies k u r s t .  fiom a continuous growth at 
a dilution rate of 0.14 h". Pichire taken in a phase contrast microscope at 1 500 X 



Plate 5.1 1 Transmission Electron Micrograph of B. thuringien.sis ceii cultured in 
continuous bioreactor at a dilution rate of 0.47 h". Magnification 36,000 X 



Plate 5.12 Transmission Electron Micrograph of B. thuringiensis ceU cultured in 
continuous bioreactor at a dilution rate of 0.2 V1. Magdication 55,000 X 



Plate 5.13 Transmission Electron Micrograph of B. thn'ngiem's ceil cultured in 
continuous bioreactor at a dilution rate of 0.14 h-'. Magnification 36,000 X 



Table 5.4 Bioreactor volumetric productivity of biomass and crystal protein at steady- 
state continuous growth of Bacillus thuringiensis subspeeies kurstaki BD-1 
(ATCC 33679) in a single stage bioreactor system. 

Di1 Rate, D Biomass Crystal protein Bioreactor Vol. productivity 
conc., X, conc., CP Biomass, D*X Crystal protein,D*CP 

(h-') WL) (Fa) ( e h )  ( e h )  
O. 14 5.09 1 .O3 0.71 O. 144 
0.20 5.38 ND 1 .O8 ND 
0.28 5.36 ND 1-50 ND 
0.37 5 - 54 ND 2.05 ND 
0.47 5.22 ND 2.45 ND 
0.54 5.36 ND 2.89 ND 
0.62 3 -92 ND 2.43 ND 
0.85 2.56 ND 2.18 ND 

ND = Not detectable 

These TEM photographs show the finer structure of individual BuczlZz~s fhz~rin~ensis 

cells, and Plate 5.13 at the low dilution rate 0.14 h" shows a cross section of two protein 

crystals of delta-endotoxin, and a cross section of a single spore that shows the different 

layers of the spore structure of B. fh~r in~ens is .  

At dilution rates higher than 0.47 h", the cells are in the vegetative growth stage oniy. 

At 0.2 h-', the cells are in the transition stage, and at 0.14 h" the cells have formed spores and 

suffered lysis. These changes in morphology provide evidence that growth rate of a culture 

alters in some degree the physiological state of that culture (Boudreaux, and Srhivasan, 

198 1). In this respect, it was observed that there were changes in morphology in B. 

thtrringiensis ce11 depending on the conditions of its environment (dilution rate) during the 

continuous culture. These changes were evident at low dilution rates with the formation of 

spores. 

At the low dilution rate of 0.14 h-' the crystai protein concentration was 1 -03 gR and 

the spore count 8.9 x 10 lZ CFUImL. It is apparent that at this low dilution rate of 0.14 h" 



the rate of glucose supply to the bioreactor was low enough to keep a low glucose 

concentration (S, = 0.03 g L )  which promoted spomlation and ce11 lysis with the release of 

spores and bipyramidal shaped crystals of delta-endotoxin protein in the liquid medium. In 

contrat, for all dilution rates greater than 0.2 h-l, there was enough glucose in the bioreactor 

to promote active vegetative ce11 growth without formation of spores and delta-endotoxin. 

The biomass productivity with the change in dilution rate was calculated with those 

experirnentai data presented in Table 5.4. Experimental data corresponding to dilution rates 

higher than the critical dilution rate were disregarded due to the possibility that the steady 

state was not reached. The maximum biomass productivity was obtained at a dilution rate of 

0.54 h". 

5 -3  -2 Growth kinetic constants 

The continuous culture is an excellent tool to measure the Monod relationship 

between the specific growth rate, p, and the glucose (substrate) concentration, S, under 

conditions where a bacterium is exposed to a constant environment which is not a function 

of time. In addition, the continuous steady-state experimental data can be used to calculate 

the Monod constants, Ks and the maximum specific growth rate, pwx,- 

While knowledge of the growth kinetic constants is of significant importance in 

modeling, scale up, and optimization of bioreactors, for B. thringiensis cultures, there is a 

lack of consistency in the growth kinetic constants reported in the literature. (Avignone-Rossa 

and Mignone, 1995; Rodriguez-Monroy and de la Torre, 1996). This section deals with the 

estimation of the growth kinetic constants (K, and Y) using the continuous experimental 

data. Unlike other research works on this subject, in which these constants were estimated 

using a single expenment a d o r  a single method, in this dissertation a set of experimental 

data and two different methods were used to estimate the kinetic constants and the results 

were verified with three independent continuous experiments. 



The data used in the estimation of the growth kinetic constants are reported in Table 

A. 13 (appendix A) and a plot of glucose concentration versus dilution rate is shown in Fig. 

5.14. Two methods were adopted in the parameters estimation. A first method is based on 

the plotting of the inverse of substrate concentration versus the inverse of dilution rate. This 

provides the maximum specific growth rate and the saturation constant (Fig. 5.15). The 

maximum specific growth rate (&, using this method was 1.1 h-', and the saturation 

constant (y) was 3.1 g/L. 

The second rnethod for the kinetic constants estimation was a non-linear regression 

with Mathcad 6.0 software, to fit the equation 3.40 to the experimentai data. The results were 

a maximum specific growth rate of 1.05 h-l and a saturation constant of 2.8 g/L. As a resuit, 

close kinetic constants were obtained and it was demonstrated that the specific technique for 

parameter estimation did not affect the actual value of the p- and K, parameters. 

In order to further confim the value obtained for p,, with continuous experimentd 

data (Table A. 13 and Figures 5.14 and 5-19, a separate experiment was performed. In this 

mn, so called ccwashout" mn, the dilution rate selected was much greater than D = 1 - 1 h-'- 

Table k 14 of appendk A gives expenmental data for biomass concentration under washout 

conditions in a continuous culture at a dilution rate of 1.49 h-l (Fig. 5.16). Under these 

conditions, and given the rate of cell removal was greater than the rate of ce11 generation, cells 

were completely removed after a given time period. 

The p,% value fiom the washout results (Fig. 5.16) was 1.16 h", which agrees ver '  

well with the value of 1.1 h-' found fiom the aeady-state continuous growth expenments 

(Figures 5.14 and 5.15). Thus the above described experimental methods provided excellent 

means of independently checking the value of p, - 

In order to veriw the predictive abiiity of the Monod mode1 with the estimated kinetic 

constants (p,, = 1.1 h-', and Ks = 3.1 g L )  a separate series of three continuous growth 

expenments were run at different dilution rates (Table 5 S). 
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Fig. 5.14 Dilution rate (specinc growth rate) steady-state data as 
a function of glucose concentration for continuous culture of B. 

thun'ngiensis 
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Fig. 5.15 Inverse plot of specif~c growth rate and glucose conc 
for steady-state continuous growth of B. thuringiensis 
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Fig. 5.16 Washout experiment to determine . a u,, at 

D = 1.49 h-' for B. thurhgiensis subspecies kurstaki 
HD-1 ATCC 33679. 

X = 4.09 exp(-03258) t , L= 1.16 h-' 



Table 5.5 Summary of results for three independent different experiments of 
continuous growth of B thuringiensis 

Exp. No Di1 rate, D, (h-1) Biomass conc, X, (fi) Glucose conc, S, (@) 

1 0.54 4.88 3 -3 
2 0.5 1 5.54 2.22 
3 0.27 5.9 1.80 

Fig. 5.17 reports the comparison of the Monod model prediction with the results of 

the three independent experiments. This figure confirms a fair agreement of the Monod model 

with the experirnental results to predict the changes in substrate concentration. Moreover, in 

order to verify the kinetic constants obtained, the classical kinetic model for a continuous 

culture together with the Monod model was used to predict both the biomass and glucose 

concentration (Table A. 15, Fig. 5.18 and also section 6.2). 

The model predicts, as expected, an increasing glucose concentration for higher D 

values while the biomass concentration decreases with the same parameter. However, it was 

observed that the model displays lack of accurate predictions at both high dilution rates (D 

> 0.7 h-') and low dilution rates @ < 0.28 h"). A peculiar phenornenon, in the continuous 

growth of the B. ~huringiensis, was the progressive decline of biomass at low dilution rates. 

This result was attributed to the formation of spores causing a slow d o m  or even arrest of 

the c d  growth at those conditions (refer to chapter 6). Moreover, deviations between model 

and experiments at high dilution rates could be assigned to a number of factors, such as 

presence of iimiting nutrients beside glucose (Rodriguez-Monroy and de la Torre, 1996), and 

unstable operation while approaching the critical dilution rate, D*. D* was estimated, given 

that the feed glucose concentration was 8.1 a, assuming a maximum specific growth rate 

of 1.1 h-', and a saturation constant of 3.1 fi, to be 0.8 h-'. Therefore, a continuous 

bioreactor working at a dilution rate of 0.8 h-' or higher should yield zero biomass 

concentration and a glucose concentration equal to the glucose concentration in the feed 



Glucose concentration, S ,  (g/L) 

Fig. 5.17 Cornparison of Monod model prediction with 
independent experimental data of specific growth rate 
versus dilution rate for continuous growth of B. 
thuringiensis. 

Solid line is the Monod model prediction with 
L, = 1.1 h" and K, = 3.1 g / L  
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Fig. 5.18 Continuous growth of B. thuhgiensis . Cornparison of 
experimental data with tradi tional mode1 

r S e X -  X mod - S mod. 



Stream. Note that these values are model predicted values (Fig. 5.18) and were not used 

fiirther in the calculation of the kinetic constants (Table A. 13). 

In the specific case of B. ~hurin~ensis culture, it was reported that cells use as a 

carbon source7 not only glucose, but also aminoacids (Anderson, 1 990; Avignone-Rossa and 

Mignone, 1995). Moreover, it was determined that at high dilution rates @ > 0.8 h") the 

glucose is used exclusively as the energy source while the yeast extract is employed as the 

carbon source (Mjgnone and Avignone-Rossa, 1996). Consistent with these reports, it was 

observed that changes in glucose concentration did not increase dramatically the ceIl mass. 

Consequently, a = 3.1 g/L, as obtained in this dissertation, even if somewhat higher than 

the ody reported value in the literature = 0.56 g/L, Rodriguez-Monroy and de la Torre, 

1996) is judged as a sound estimation of the affinity of the B. th~ringiemis cells for glucose. 

In sumrnaty, unlike what was done in other previous studies on growth kinetics, the 

parameters (h and y) obtained in this dissertation were confirrned with additional mns. In 

addition, these constants incorporated in the Monod model were used together with the 

model of a continuous CSTR bioreactor to predict the biomass concentration and glucose 

concentration at aeady state in a continuous CSTR bioreactor. In dl these cases, the biomass 

and glucose concentration were adequately predicted by the model. Thus, it can be concluded 

that the growth kinetic constants were determined with a high reliability. 

5 -3.3 Oxygen uptake rate and growth yield 

The oxygen uptake rate qOJ is an important parameter given that it quantifies the 

demand of oxygen by the culture. The oxygen uptake rate depends on the number of cells and 

their metabolic state. In the case of the present study, the high concentration of cells and the 

active rnetabolism of the microorganism produced a high demand of oxygen by the culture. 

On the other hand, the respiration rate coefficient is another key indicator function of the 

metabolic state of the rnicroorganisms. A high biological activity requires a high respiration 



rate coefficient. Since for a continuous reactor operating at steady state, the dilution rate 

equals the specific growth rate, the relationship between qO, and the dilution rate provides 

the relationship between the demand of oxygen with respect to the metabolic state. The 

respiration rate coefficient increases as the dilution rate increases; that is, the demand of 

oxygen per ce11 increases when the cells are actively growing. 

In the present dissertation, the oxygen uptake rate and the respiration rate coefficient 

were obtained using a dynamic method based on the oxygen consumption rate by the cells 

after a sudden interruption in the air supply (Bandyopadhyay and Humprey, 1967). Table 

A. 16 and Fig. 5.19 show the relationship between the oxygen uptake rate and the respiration 

rate coefficient with the dilution rate. The respiration rate coefficient, qO, increased at 

dilution rates higher than 0.47 h-l . This demonstrates not only that the metabolic activity was 

higher at high dilution rates but also that there was a shifi in the metabolic activity at a 

dilution rate of approximately 0.47 h". This change in the metabolic state was also evidenced 

by the morphology of the cells at a dilution rate of 0.47 h-' compared to that at lower dilution 

rates. See Plates 5.8 to 5.10 

The biomass yield coefficient was calculated for each dilution rate as the ratio of the 

biomass concentration to the difference between feed glucose concentration and glucose 

bioreactor steady-state concentration. Biomass yield coefficients for various dilution rates are 

shown in Table 5.6. Growth yield values estunated at high dilution rates (D > 0.47 h-') varied 

in a wide range. For example, at dilution rates of 0.47 and 0.49 h'l the growth yield was 1.1 1 

and 0.85 (g celldg glucose) respectively. This suggests experimental errors in the estimation 

of growth yields at high dilution rates. A similar situation was observed for dilution rates of 

0.53 and 0.54 h*! These expenmental errors avoid the use of al1 the expenmental data for the 

calculation of the growth yield, and only those data considered more reliable were used in the 

estimation of the growth yield. In spite of the variability of the results, it is demonstrated that 

the growth yield increases with dilution rate in the continuous growth of B. thringensis (Fig. 

5.20). The overall increase with dilution rate is also in general agreement with that reported 

by other researchers (Rodriguez-Monroy and de la Torre, 1996). The specific magnitude of 



0.2 0.3 O -4 0.5 

Dilution rate, D, (hS1) 

Fig. 5.19 Orygen uptake rate and respiration rate coefkient of 
thuringiensis as a function of dilution rate. 
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Fig. 5.20 Continuous growth of B. thuringiensis . Yield 
coefficient as a function of dilution rate, 



the growth yield values based on glucose, as limiting substrate, are consistent with iiterature 

data (Anderson 1990; Liu et al, 1994). 

Table 5.6 Biomass Yield Coefficient at various dilution rates for continuous culture 
of B. f h ~ r î n g i e ~ s  subspecies kucstaki HD-1 ATCC 33679. 

Dilution rate, Biomass Glucose Glucose conc. in feed Growth yield, 
m l )  conc., X, conc., S, stream, S,, (g/L) Yx,s, 

(@) (fi) (g ceWg glucose) 
O. 14 5.09 0.03 8.0 0.63 
0.20 5.38 0.8 1 7.8 0.77 
0.28 5.36 1 .O1 7.8 0.79 
0.37 5.54 1.05 7.8 0.82 
0 -43 5.2 1 2-60 8.7 0.85 
0.47 5 -22 3.11 7.8 1.1 1 
0.49 5.13 2.65 8.7 0.85 
0.53 4.66 2.3 1 8.7 0.73 

0.54 5 -36 3 -29 7.4 1.3 

0.7 1 4.3 5 3.71 7.4 1-17 

The low yield growth at low dilution rates indicates that glucose is the main carbon 

source at low dilution rates only @ < 0.47 h-l) while at higher dilution rates cells use other 

carbon sources, as suggested by Mignone and Avignone-Rossa, (1 996). 

In summary, the progressive increase of oxygen uptake rate with the dilution rate is 

an indicator of high ce11 growth activity at high D values. Furthemore, the increase in the 

growth yield with D points to the glucose as the main carbon provider under some conditions 

only @ < 0.47 h-l). 



5.4 Continuous stirred tank reactor (CSTR) two-stage system growth. 

The objective of the two-stage continuous culture was to test more thoroughly the 

possibility of producing the crystal protein using a continuous culture. A sequence of two 

bioreactors was used with the first reactor operated at a high dilution rate to encourage high 

production of cells and the second reactor operated at low dilution rates to produce spores 

and crystai protein. 

Fig. 5.13 reports the volumetric bioreactor productivities as a fundion of çteady-state 

dilution rates for biomass and crystal protein productivities. It was found, as already 

described, that the maximum biomass volumetric productivity was obtained at D=0.54 h". 

Thus, on that basis it can be concluded that the best strategy to operate a two-stage 

bioreactor system should be to have the first stage operated at D = 0.54 h" to maxirnize 

vegetative ce11 production. For the second stage, given the absence of crystal protein 

production at dilution rates higher than 0.2 h-', a dilution rate lower than 0.1 h" was selected. 

In summary, the operation of a two-stage process was proposed on the basis of the dilution 

rate conditions described in Table 5.7. 

Table 5.7 Experimental Protocol for the Two-stage Continuous System. 

Experiment Reactor 1 First stage Reactor 2 Second stage 
NCS 1 dilution rate 0.54 h" 0.078 h-' 

working volume 0.8 L 5.5 L 
flow rate 0.43 L/h 0.43 L/h 
air flow rate 1 Lhin  O L/min 

dilution rate 0.5 h" 0.08 h" 
working volume 0.85 L 5.35 L 
flo w rate 0.43 L/h 0.43 LAI 
air flow rate 1 L/mh 2.97 L h i n  



To confirm the expected advantage of operating in a two-stages system, a first 

experiment was perforrned at a high dilution rate, 0.54 h" in the first reactor and at a low 

dilution rate, 0.078 h", in the second reactor. The second rector was operated without 

aeration. As expected, the cells in the first reactor presented the typical morphology for a 

vegetative d s .  The c d  concentration at steady state was 4.88 g/L, the ce11 count was 4x1 0' 

CNImL, and the spore count was zero. Therefore, in the first stage, the cells were in their 

vegetative stage. The lack of oxygen in the second reactor, however, stopped cell growth and 

the cells lysed without maturation. The pictures in Plates 5-14 and 5.15 show a vegetative ce11 

and some cells disrupted before normal maturation. 

Given these results, another experiment (NCS4) was performed in which air was 

supplied also to the second reactor and mixed with a stirrer at 250 rpm. 

The steady state in the first reactor of the two-stage continuous system was achieved 

after 24 hours. The biomass concentration was 3.92 g/L, and the glucose concentration was 

5.1 g/L. The cells presented the typical morphology of vegetative cells: thin and motile, 

forming long chahs, and with no spores present in the cells (Plate 5.16). The second reactor 

now contained sporulated cells. fiee spores, and crystal protein (Plate 5.17). However, this 

reactor also contained vegetative cells. The number of cells and spores in the second reactor 

after 40 h of continuous growth was estimated to be 7.9 x 10" CFUImL and 4 xlOLO 

CFUImL, respectively. It was concluded that the presence of vegetative cells in the second 

reactor, even though it was operated at a very low dilution rate, was due to the intrinsic 

characteristic of a rnïxing pattern in a CSTR where vegetative cells and unused nutrients are 

intermixed with fluid fractions that had already been in the system for an extended period. 

Thus it was concluded that the use of two CSTR's in series to produce crystal protein is not 

advisable and that the second reactor should be either a continuous plug flow unit or a 

discontinuous batch unit. 



Plate 5.14 Cells o f  B. thun'ngieens HD-1 subspecies ks tak i  fiom the second reactor in 
the two-stages continuous growth system, cuitured without oxygen, (experiment NCS 1). 
Picture taken in a phase contrast microscope at 1500 X The cells are disrupted before 
maturation. Some ceiis debris can be seen and the cell wd appears to be damaged. 



Plate 5.15 Cells ofB. thringienms HD-1 subspecies k s f t r k i  fkom the second reactor in 
the two-stages continuous growth system, cuitured without oxygen, (experiment NCS 1). 
Picture taken in a phase contrast microscope at 1500 X. A long chah of vegetative ceils 
and disrupted ceiis can be appreciated. 



Plate 5.16 Cells of B. tMngiem*s HD-1 subspecies kurstas' from the f it  reactor in the 
two-stages continuous growth system, (experiment NCS4) at a dilution rate of 0.5 h -'. 
Picture taken in a phase contrast &croscope at 1500 X Vegetative ceils in chahs. 



Plate 5.17 CeUs ofB. rhunngieens HD-1 subspecies hrsrclkl fkom the second reactor in the 
two-stages continuous growth system, (experiment NCS4) at a dilution rate of 0.08 h -'. 
Pichire taken in a phase contrast microscope at 1500 X A mixture of vegetative ceus and 
mature cells containhg spores and crystal protein. 



5.5 Cornparison of batch, fed-batch and continuous cultures 

One of the objectives of studying B. thuringiems growth in several bioreactors modes 

is the cornparison of their volumetric productivities. In this study, the biomass volurnetric 

productivity was obtained for batch, fed-batch and continuous cultures. The crystal protein 

was obtained in batch growth after nine hours of operation, and in continuous (CSTR) 

cultures at a dilution rate of 0.14 h*! Table 5.8 reports these results. 

Table 5.8 Biomass and crystal protein productivities for batch, fed-batch 
and continuous cultures. 

Bioreactor Biomass productivity Crystal protein 
(g cellsL-h) productivity, ( m h )  

Batch 0.74 0.1 1 
Continuous 2.89 0.14 
Fed-batch 0.58 0.00 

Continuous cultures in a CSTR reactor had a biomass productivity almost four times higher 

than that of batch culture and five times higher than that of fed-batch growth. Unfortunately, 

the maximum productivity in the continuous bioreactor was found at a dilution rate of 0.54 

h-', when the cells are still in their vegetative stage, and therefore unable to form spores and 

crystal protein. In contrast, crystal protein productivities of batch and continuous cultures 

were found to be similar. In addition, it was found that two continuous (CSTR) bioreactors 

operating at two different dilution rates (reactor 1 at D = 0.54 h-l and reactor 2 at D = 0.08 

h-l) were not advisable. Replacing the second reactor for a batch or a plug flow unit might be 

a viable alternative, 

On the basis of al1 the experirnental data obtained, a best designed configuration could 

be the combination of a continuous (CSTR) unit and a batch or continuous plug flow reactor. 

The ceils exiting the continuous CSTR should be in their vegetative phase and the formation 

of the crystal protein should take place in the batch reactor or in the continuous piug flow 

reactor. 



5.6 Crystal protein assessment 

The assessment of the crystal protein concentration obtained as a product of B. 

thu-in@ensis growth was based on the total protein determination after a purification 

procedure (sections 4.1.4 and 4.1 -4.1). In order to ver@ that the crystal protein was the only 

chernical species measured by the spe~ophotometric methods, pure crystal protein was 

compared with a sample taken directly f?om the fermentation broth by gel electrophoresis and 

HPLC. In this section, the resuits of the new method for the isolation of crynal protein, as 

well as the results of gel electrophoresis and HPLC are presented. 

5.6.1 Purification of crystal protein by a flotation-settling method. 

The new developed method for the isolation of crystal protein was described in section 

4.1.4.2. The purity of the crystal protein obtained by this method was estimated to be 95 % 

5%. Plate 5.18 shows a picture ofcrystal protein stained with basic fùchsin taken in a phase 

contrast microscope at 1500X and Plate 5.19 shows a picture of the purified cryaal observed 

with the scanning electron microscope at 20,000 X. This pictures show that there were no 

spores and ce11 debris in the sample. 

5 -6.2 Gel electrophoresis. 

Plate 5.20 shows a picture of the SDS gel electrophoresis of three samples of crystal 

protein: a) HD-I S 16,000 Wmg,  b) crystal protein isolated by the flotation-settling method, 

and c) crystal protein extracted from the fermentation broth of a batch culture. 

Plate 5.20, colurnn Al, shows a faint band corresponding to the crystal protein HD-I 

S 16,000 IU/mg. This sample was 100 % pure crystal protein, but its concentration was very 



Plate 5.18 Picture of Crystal protein purified by the Flotation- 
settling method, taken in opticai phase contrast microscope 
at 1,500X and stained with basic fiichsin. 



Plate 5.19. Scanning electron rnicrograph of cryçtal protein purified by 
the Flotation-setthg method. 20,000X 



Plate 5.20 SDS Gel electrophoresis of crystd protein. S: Standard protein broad 
range 72807 A Bio-Rad, Al:  Crystal protein HD- 1 S 16,000 IU/mg dissolved in 0.02 
N NaOH, pH 12; A2: Crystal protein HD- 1 S 16,000 Wrng dissolved in 0.02 N 
NaOK pH 12 and treated with denahirant buffer (SDS-mer~a~toethanol); BI: Crystd 
protein 100% purity obtained by notation-settling method, fiom batch culture of B. 
thuringiems HD- 1 subspecies b s f a k i  ATCC 3 3 679, dissolved in 0.02 N NaOIE, pH 
12; Cl: Crystd protein exiracted by dissolution in 0.02 N NaOY p H  12, f h m  a 
mixture of spores and crystal protein obtained f3om a batch culture of B. thzm'ngienris 
HD-1 subspecies kursfaki ATCC 33679; C2: Crystal protein extracted by dissolution 
in 0.02 N NaOH, pH 12, f?om a mixture of spores and crystal protein obtained fiom 
a batch culture o f  B. thuri'ngiensis HD-1 subspecies kurstaki ATCC 33679 and 
treated with denaturant buffer (SD S-mercaptoet hanol) 



low. A Lowry assay pefomed Iater showed that only the 15% of the powder original sample 

was crystal protein. Columns B 1 and C l  show the bands corresponding to crystal protein 

isolatecl as discussed previously and crystal protein from the fermentation broth respectively. 

These bands are at the same position in the gel and also at the same position as that of the 

band in column Al. This confirms that the protein extracted f?om the batch bioreactor and 

processed as descnbed in section 4.1.4 was crystal protein. 

5 -6.3 High performance liquid chromatography 

High Performance Liquid Chromatography (HPLC) was used for the identification of 

the crystal protein. Two samples were used: a crystal protein punfied with the flotation- 

settling method (see section 4.1.4.2) and crystal protein obtained from a batch growth of B. 

th~ringiems HD-1 subspecies krrsftaki ATCC 33679. The chromatograms show mainly Mo 

peaks, at 900 and 1400 sec, which appeared to be related with the delta endotoxin. The peak 

area of one of these peaks was directly proportional to the concentration of the protein 

content in the samples. A calibration curve of the HPLC with crystal protein is shown in Fig. 

C. 1 appendix C. 

Figs. 5.21. 5.22 and 5.23 show the HPLC chromatogram of a blank sample, a crystal 

protein sample (85% punty) purified by the notation-settling method, and a crystd protein 

sample obtained from a batch growth of B. ~ h r i n ~ e n s i s  HD-1 subspecies kirrsfuki ATCC 

33679, respectively. Fig. 5.2 1 shows only a small peak at 400 sec., whereas Figs. 5.22 and 

5.23 show peaks at 900 sec. and 1400 sec. The peak at 900 sec was related with the crystal 

protein (see appendix C) which makes the identification of the crystal protein in samples from 

the growth medium possible. The HPLC chrornatograms also showed that the bioreactor 

contained the toxic protein delta-endotoxin. HPLC is an excellent method to idente  and 

assess the concentration of crystal protein, but more research is needed in this area to define 

a standard method. 









5 -6 -4 Conclusions 

The two anaiytical techniques (gel electrophoresis and HPLC) were 

adequate to identiQ the crystai protein from various experiments. These techniques also 

demonstrated that the proposed method of crystd separation was adequate, yielding 

crystd protein up to 95% purity. 



CHAPTER 6 

lX thun'ngiensis GROWTa KINETIC MODELING 

6.1 Application of the new growth with sporulation kinetic model in batch 

cultures, 

This section deals with the application of the proposed new model in batch cultures 

ofB. thuringiensis. The following equations, denved in chapter 3, describe the new growth 

with sporulation kinetic model. 

1. Substrate consumption. 

dSldt = - [k, S/(& + S)] O(-Xs)Nws 

3. Sporulating celis 

dX/dt = k, (X - X,) 

The experimental data (Table D. 1, appendix D) for five replicas of batch cultures of 

B. thïringïemis were used to test the proposed model. The first step was the cornparison of 

the experirnental data with the classical model to ver* whether it can describe the ce11 growth 

in a batch process. 

In order to test the classicd model, three constants (kx, Y, and Y,,), as well as two 

initial conditions ( S ,  and &) are needed. The average values of biomass concentration and 



glucose concentration at the beginning of the batch culture for the five expenmental replicas 

were 0.5 5 and 1 1.9 glL, respectively. 

The maximum specific growth rate, p, for a batch culture is approximated to the 

exponential specific growth rate, p,. The exponential specific growth rate was estimated as 

the slope of the linear segment of t he plot of logarithrn of the average biomass concentration 

during the batch cultures versus time (see Fig. D.2 in appendix D). The exponential specific 

growth rate was found to be 053 h-'. The saturation constant was obtained fiom the results 

of continuous growth of B. t h r ~ n g e m s  cultured under the same conditions than those used 

in batch cultures, and was estimated to be 3.1 g /L. (Section 5 -3 -2). 

The growth yield was estimated using a plot of biomass concentration versus glucose 

concentration for all the expenmentai data. This plot showed a linear trend whit the slope 

representing the growth yield. Fig. D.3 shows this plot with a slope of 0.55 g/g. 

The classical model (equations 3.1, 3 -3 and 3.7) was numericaliy solved with the 

following initial conditions, growth yield and kinetic constants: 

x, = 0.55 fJL 

S , =  11.9gL 

Y,, = 0.5 5 g cellslg glucose 
- 

P m x  - CLq = 0.53 h" 

& = 3.1 -a 

As shown in Fig. 6.1 the classical model cannot predict the experimental ce11 growth 

results during all the time span of the batch culture. The deficiency is more noticeable at the 

end of the batch culture, when B. thiringiemis cells forrn spores and the crystal proteins. 

One could argue that this finding is the result of an inadequate estimation of the 

kinetic constants (K, and y). In order clar@ this matter, the classical model was tested with 
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Fig. 6.1 Batch growth of K thuringiensis. Cornparison of 
experimental and classical 

growth model 



several combinations of K, and y, and the agreement between the classical model and the 

experimental data was assessed by the sum squares of residuals (defined as the square of the 

difference between the experimental and predicted biomass concentrations). The results are 

presented in Table D.2 (appendii D). This test showed that the best fitting of the expenmental 

data using the classical model, corresponding to a sum of square residuals of 3.36, was 

obtained with a K, and equal to 0.53 h" and 5 g L  respectively. The hX was the same 

as the one caldateci with the experimental data. This confirmeci that this kinetic constant was 

correctly estimated. However, the evaluated saturation constant of 5 glL was too high to be 

considered a reasonable parneter enimate. Even with the optimum combination of and 

(with a minimum square of residuals) the classical model was unable to predict accurately 

the experimental data. Therefore, it was concluded that the lack of agreement between the 

classical rnodel and experimental data cannot was not due to an inadequate selection of kinetic 

constants. 

The second step in the data analysis was the companson of the new kinetic model 

developed in this dissertation, which includes growth with sporulation, with the experimental 

data. The ditferential equations (3.16, 3 -22, and 3.23) representing the proposed mode1 were 

solved numerically using the same initial conditions, growth yield, and kinetic constants as 

those used in the classical model. The sum of squares of residuals was used also as the 

criterion for testing the adequacy of the model. 

The new model was solved with different values of the constant &, kinetic constant 

associated to the spore formation in order to find the adequate value. The new model can 

correctly describe cell growth for the complete experirnental period. Table 6.1 shows the sum 

of residuals obtained when the new model was compared with experimental data for several 

values of the constant k. 



Table 6.1 Sum of squares of residuals obtained from the cornparison of the new gowth 
with sporulation finetic model and experimental data from batch culture of 
B. thun'ngiensis. 

Sum of squares of residuals 
0.000 (classical model) 7.45 

It was observed that the lowest sum of squares of residuals was obtained with a 0.026 

value for k. This is remarkably low sum of residuals with normal residual distribution, 

indicates a good agreement between the experirnental data and the new model. 

In summary, Figs. 6.1 and 6.2 demonstrate that a new model for al1 growth with 

sponilation is required. The new model proposed here accurately descnbes the ce11 growth 

of B. thtiringie»sis dunng al1 the growth phases in a batch culture. 

6.2 Application of the growth with sporulation kinetic model to continuous 

cultures 

Although the new kinetic model was developed under batch culture considerations, 

it was expected that this mode1 could be applied to any type of continuous culture. First, the 

experimental data were compared with the classical model in order to verify if the classical 

model cm predict the biomass and glucose concentrations in a continuous CSTR culture of 

B. rhirïngiensis at different dilution rates. 

The equations for a continuous CSTR culture are obtained through a ce11 and 

substrate mass balance in the bioreactor. The classical model uses the typical ce11 growth rate 

r, = p X and the substrate rate consumption r, = p XîY, to obtain the following equations 

that descnbe the continuous bioreactor operation at non-steady state: 



X, experimental 

X avg. a 

new modei, ks S.04 (lm) 
. - -  - .  .new modei, ks =0.026 (lm) 

5 6 

Time (h) 

Fig. 6.2 Batch growth of B. thuringiensk . Cornparison of 
experimental data with new growth kinetic mode1 at different 
values of spomlation rate constant, k, 
Error bars represent the standard deviation of the average biomass 
concentration. 



The moa common approach to determine the biomass and glucose concentrations in 

a c o n ~ u o u s  CSTR bioreactor is to assume a steady state where the dilution rate is equd to 

the sp&c growth rate. Moreover, although the growth yield may change with dilution rate, 

the typical plots of biornass and glucose concentrations versus dilution rate are obtained 

assuming an identical growth yield for al1 the dilution rates. Under these conditions, for a 

given dilution rate, the glucose concentration is obtained by the equation 3 -3, where p is equal 

to D when the bioreactor works at steady state. The biomass concentration is then obtained 

solving for X in the equation 3 -36.  

A different approach was used in this study to obtain the biomass and glucose 

concentrations predicted by the continuous bioreactor model. The non steady state equations 

were solved numerically, using the initial conditions of biomass and glucose concentrations 

at the beginning of the transient state and the glucose concentration in the feed strearn for 

each one of the dilution rates (appendix A). The kinetic constants L~ and Y used in the 

model were those obtained with steady-state expenmental data (section 5.3.2 and 5.3.3). 

Since the e s h t e d  growth yield obtained with the experirnental data varies fiom 0.63 to 1.1 

g cellig glucose, depending on the dilution rate, the expression for the growth yield was 

incorporated in the equation 3.36. 

The expression for growth yield is given as Y = X/(S, - S), where X is the biomass 

concentration in the reactor, S, is the glucose concentration in the feed strearn, and S is the 

glucose concentration in the bioreactor. Incorporating this expression in equation 3 -36 yields 

equation 6.1. 

dS/dt=@ - p.) (S, - S) (6- 1) 



The solution of differential equations 3.35 and 6.1 gives the biomass and glucose 

concentrations with time for a transient operation of the continuous bioreactor. A numencal 

method was used to solve these equations and to obtain the results until the steady aate was 

reached, that is, when the dilution rate was equal to the specific growth rate (appendix D). 

The final biomass and glucose concentrations were used then to be compared with the 

experimental data. 

To solve numerically equations 3 -3, 3 -3 5 and 6.1 two kinetic constants (k and Y), 
the initial conditions for biomass and glucose concentrations, and the glucose concentration 

in the feed strearn are needed. The foilowing constants were used in the solution of equations 

3.3,3.35 and 6.1, and Table 6.2 shows the initial conditions used to solve the classicd mode1 

applied to a non steady state continuous reactor. 

= 1.1 h-l 

K , = 3 . l  g L  

Table 6.2 Experimental data of transient culture of B. 
thuringiensis in a continuous bioreactor. D: dilution 
rate, Si: initial glucose concentration, Xi: initial 
biomass concentration, S,: glucose concentration in 
the feed strearn. 



The solution of these equations gave the biomass and glucose concentrations with 

time during transient state operation of a continuous bioreactor. The solution converged as 

the dilution rate approached the specific growth rate, and hence, the biomass and glucose 

concentration remained unchanged with time. Table D.4 shows an example of the tabulated 

data obtained in the solution of equations 3 -3, 3 -35 and 6.1. 

As shom in Fig. 6.3, the classical rnodel cannot accurately predict the expenmental 

data for hi& and low dilution rates. Accordhg to the classical model, the cellular mass should 

increase with decreasing the dilution rate, but the experimental data showed the opposite 

trend at low dilution rates. A possible explanation for the growth rate to be slower than that 

predicted by the classical model, is due to the fact of spores formation. 

Since the new growth kinetic model considers the decrease in ce11 growth rate due to 

the beginning of sporulation process? the new model was tested at low (0.14, 0.2 and 0.28 h") 

and at medium dilution rates (0.37, 0.47, 0.62 h-') in order to verify if the new model could 

fit the experimental data. 

With the new model the ce11 growth rate and the substrate consumption rate are given 

by the equations 3 -22 and 3.16 respectively, and the total ce11 mass balance in the continuous 

reactor gives equation 3.46. 

dX/dt = (p -kJ (X - X,) - DX (3 -46) 

The substrate mass balance in the continuous reactor produces the equation (3 -47) 

dS/dt = D(So - S) - p (X-X,)/Yws (3 -47) 

The mass balance of celis fomiing spore in the continuous reactor is given by equation 

3 -48. 

dX/dt = k, (X - X,) - D X, (3 -48) 





The application of the new kinetic model to a continuous bioreactor at non-steady 

state produces then the equations 3 -3, 3 -46, 3 -47, and 3 -48. 

Sirndtaneous numerical solution of the set of three difFerentia.1 equations provides the 

changes in substrate concentration (S), ce11 concentration (X) and forming-spore ce11 

concentration OZ) in a non-steady operation of a continuous reactor. 

The kinetic constants (k and Y) used to test the new growth with spomlation 

kinetic mode1 were obtained fiom the continuous growth experimental data (See sections 

5.3.2 and 5.3.3). Since as stated above, the growth yield varies depending on the dilution rate, 

the new mode1 was tested using the growth yield obtained when solving the equations for the 

classicd model (appendk D). The initial conditions for biornass and substrate concentrations 

in the bioreactor and the glucose concentration in the feed Stream used to test the models 

were those determined for each expenment (Table 6.2). 

Results obtained ushg the new kinetic model showed that when the spore formation 

process is taken uito consideration, steady-state in a continuous bioreactor cannot be reached 

(Table D.6, appendix D). Thus, the biomass and glucose concentrations obtained at a time 

equal to that used in the corresponding transient continuous expenment were used to 

compare the new kinetic model with the experimental data. 

Fig. 6.4 illustrates the cornparison of the experimental data with the new growth with 

spomlation kinetic model. This plot shows that at low dilution rates, the new kinetic mode1 

predicts accurately the biomass concentration at steady state in a continuous bioreactor. 

The use of the new growth with sporulation kinetic mode1 in a continuous CSTR 

culture of B. th~ringiems demonstrated the influence of the change in metabolic state on the 

continuous bioreactor operation. 





6.3 Discussion of B. thuringiensis new cells growth with sporulation kinetic 

model. 

As noted in Fig 6.2, the traditionai growth model deviates f?om the experimentai data, 

and this is particularly true since the middle of the batch cuhre.  This deviation incrûases at 

the end of the batch culture, this deviation is assigned the inability of the classical model to 

describe the ce11 growth when the cells are producing the spore. 

In contrast, the proposed new mode1 with sporulation is able to better represent 

experimental data for the entire tirne span for a batch culture. The proposed modified model 

improves predictions accounting for the ce11 growth slow down due to sporulation. 

The transformation rate of vegetative cells (with complete ability to divide) to 

sporulating ceils (with loss in the ability to divide) depends on the concentration of vegetative 

cells and the constant k. This constant represents the specific transformation rate of the 

vegetative cells and it was estimated to be 0.026 ha'. 

The different models proposed in the literature are modified versions of the Monod 

model (Arbige et al., 1993) and some of them are basicaily empiiical. In contrast, in the 

proposed mode1 the ce11 kinetic growth equation is modified based on the evidence in the 

metabolic and functional change of the cells dunng the batch growth. 

Unlike the traditional ce11 growth kinetic models, the ce11 growth in the new proposed 

model does not depend on the total concentration of cells in the culture, but on the 

concentration of cells with ability to divide only. The substrate consumption is also corrected 

because not al1 the ceils use it for the purpose of growth. In this respect, the new model 

assumes that the majority of the substrate is consumed in the cells division process. 

The formation of the spore and the crystal protein are camied out during the stationary 

phase, but the harvest of the product is at the end of the batch growth, thus, it is important 



to predict accurately the maximum concentration of biomass and spores at the end of the 

culture. The proposed model can also be used for the estimation of biomass concentration in 

all the growth phases during the batch culture and this requires the estimation of one constant 

only. Unlike the classical mode!, the new model predicts veq well the final concentration of 

biomass and the time when the cell growth is halted (i.e. the time for harvest) and therefore 

it can be used with confidence for simulation or for scale up purposes. 

In spite of many studies showhg that the cells begin the formation of spore in a batch 

culture onfy afler the exponentid growth stage is over, the new model assumes that the cells 

may initiate, in principle, their spomlation at the very beginning of the batch process. While 

this asnirnption is diaicult to establish, this assumption does not have a great implication for 

modeling given the low value assigned to the constant and the low ce11 concentration at the 

initiation of the culture. 

Another important assurnption of the new growth with spomlation kinetic model is 

that those cells that begin the spore formation cannot contribute to ce11 growth. While the 

validity of this postulate is difficult to establish, it appears that the cells stop their division 

close to or immediately after the initiation of the spore formation. 

In summq, the new model is an improvement of the classical kinetic growth model, 

given it cm predict with more accuracy the biomass concentration during a batch culture. 

This model considers the decreasing in ceIl growth rate not only as a result of the depletion 

of substrate but also as a function to the special characteristic of B. ihzrringiensk f o d n g  

spores and crystal proteins. The proposed model cm be used to predict with reliability the 

experimental results in both a continuous and in a batch gowth. This model is particularly 

suitable to predict the maximum biomass concentration at the end of a batch culture. 



CHAPTER 7 

CONCLUSIONS AND RECOMMENDATXONS 

7.1 Conclusions 

Bacillus thun'ngiems c d s  change their metabolism and morphology fiom vegetative 

to sporulated celis during their growth depending on the environmental conditions. These 

changes affect the specific growth rate, and thus the ce11 growth. Therefore, a comprehensive 

study that includes the evolution of B. thuringiensis cells is necessary to predict the 

performance of bioreactors used to culture B. thringiensis. 

This study has shown that the morphology and metabolism of B. th~rrzn~ensis cells 

change with time in batch and with dilution rate in continuous CSTR growth. These changes 

were folIowed by observation of the cell morphology under optical and transmission electron 

microscope, by the change in the pH of the medium, and by the change in the respiration rate 

coefficient. 

One significant achievement of the present study was the development of the crystal 

protein separation method. The new technique allowed up to a punty estimated very close to 

100% (95% 5%). The ability to obtain a high purity crystal protein, fiee of residual ce11 

debris, may have significant impact on characteriration of the protein and on the study of the 

intrinsic toxicity of the delta-endotoxin. 

In batch growth of B. thringiensis, vegetative cells were observed during the first 

seven hours, although spores were detected as early as 5 hours of batch culture. M e r  10 

hours of batch growth, aimost al1 the celis contained a spore. In continuous CSTR growth no 

spores were detected at dilution rates higher than 0.2 h-'. Cells in transition stage were present 

at dilution rates between 0.2 and 0.4 h-', and only vegetative cells were detected at dilution 



rates higher than 0.47 h-'. The presence of vegetative cells in both batch and in continuous 

CSTR cultures were dso confinned by the high respiration rate coefficients. In the batch 

culture, respiration rate coefficients between 4.38 and 1.57 (mg OJg-min) were observed 

between 2 and 5.5 hours of culture time. Whereas in continuous culture respiration rate 

coefficients between 1.36 to 3.24 (mg OJg-min) were recorded for dilution rates of 0.47 and 

0.62 h-'. These findings demonstrate that there is a relationship between the specific growth 

rate and the metabolic state of B. thringïensrs cells. 

The determination of reliable kinetic constants of B. thringiensis cells growth is a 

difficult task due to limitations in the usual laboratory procedures to measure biomass and 

substrate concentrations and also due to the dynamîc response of the cells under different 

environmental conditions. In this study, the growth kinetic constants were determined by 

three different methods: non linear regression of the Monod relation, linear regression of the 

inverse plot of specific growth rate versus substrate concentration, and washout technique. 

These three methods produced similar values of K, and Ks kinetic parameters. These kinetic 

constants were verified with the results from three independent continuous growth 

experiments, and with the results from the solution of the differentiai equations for the non 

steady-state operation of a continuous bioreactor. The outcome was the determination of 

reliable kinetic constants, H, and Ks, for B. thwingfensis growth. 

The study of B. thz~rin~e~rsis growth in different bioreactors showed some special 

features of the diierent reactor configurations. Dunng the transition and stationary stages in 

the batch culture, and at low dilution rates in the continuous CSTR cultures, the 

experimentally measured biomass concentration was lower than the one predicted by the 

rnodel. This phenomenon was attnbuted to a lower growth rate as a consequence of the spore 

formation in B. thrwïtgiensis cells. In fed batch cultures, the K, and Y parameters obtained 

were consistent with batch operation at the lower glucose concentration level. However, at 

high concentrations of glucose the K, obtained was lower. This was assigned to a glucose 

concentration inhibition effect. 



Furthemore, the experimental research developed on B. t h ~ r i n ~ e n s i s  growth 

demonstrated that the classical growth kinetic model has intrinsic limitations in predicting the 

biomass and glucose concentrations in batch and continuous cultures. This lack of agreement 

between the experimental results and the classical model was attributed to the cells metabolic 

changes during the spore formation process. Therefore, in order to have available a kinetic 

model that describe accurately B. thringiensis cells growth it is necessary to account for 

these changes. 

On this basis, a new B. t b h g i e m s  cells growth with sporulation kinetic model was 

developed in this study. This model incorporates a number of sounds assumptions including 

a main consideration that the reduction in the ce11 growth rate is caused mainly by the spore 

formation process. This new growth kinetic mode1 accurately predicted the experimental data 

obtained in both batch and in continuous growth of B. thuringiensis. 

The biomass productivity was found to be four times larger in continuous cultures 

CSTR than in batch growth. Nevertheless, the crystal protein productivity was sirnilar for 

both processes. Therefore, the use of a single CSTR continuous bioreactor to produce crystal 

protein is not advisable. Two CSTR continuous in series reactors system was also tested to 

produce a high concentration of cells in the fïrst stage and cells with spores in the second one. 

However, a mùmire of vegetative and sporulated cells was always present in the second stage. 

Therefore, it is suggested to fùrther consider this system using a second reactor either a batch 

or a plug flow unit. 

7.2 Recommendations 

The simulation of the ce11 growth on any culture system requires an adequate kinetic 

model and accurate determination of the kinetic constants under the working conditions. As 

well, in this respect, classical growth models should be revised to include the sporulation 

process. The methods for the estimation of these constants must be used carefülly and the 



results must be verified by several methods. Therefore, it is important to develop new 

procedures for the accurate determination of both the maximum specific growth rate and the 

saturation constant and to account for the metabolic changes that cm  alter the performance 

of the culture under different gowth conditions. 

Fed-batch cultures of B. thuringiensis at high glucose concentrations showed 

differences in K, compared with other results of the present study. This discrepancy was 

assigned to the glucose inhibitory effect. This finding could help in designing appropriate 

process control systems in order to operate a B. thringifensis culture at optimum conditions. 

Finally, additional research involving reactors such as plug flow are advisable. The 

continuous stirred tank reactor two-stages systern is not the most suitable alternative to 

increase the productivity of the delta-endotoxin production. This is the result of the diversity 

of fluid elements residence time in the unit. In this respect, the use of a plug flow system 

could be a good alternative given it has the advantages of a continuous unit, with the 

characteristics of a batch reactor. However, the use of a plug flow system for B. thuringiensis 

growth involves challenges that need to be addressed in future research.. 
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Appendix A 

1. Experimental Data for Batch Growth. 

Table A.l Experimental data for batch growth of B thuritzgiensis subspecies 
kursfaki HD-1 ATCC 33679. Expenments NBl, NB2 and NB5 

Time Exp. NB1 Exp. NB2 Exp. NB5 
(h) Biomass conc. (a) Biomass conc (gn) Biomass conc. (fi) 

O 0.47 O. 5 0.77 
1 0.5 1 na 0.88 

1.5 na 0.74 na 
2 0.88 na 1.4 

2.5 na na 1.76 

3 1.24 1.39 na 
3.5 na na 2.42 

4.0 1.76 2.2 na 
5.0 2.79 3 .O2 na 
5.5 na na 5 -4 

6.0 na 3.86 na 
6.5 na na 5.3 1 

7.0 4.48 4.96 na 
8.0 5.59 6.05 5.53 
9.0 6.75 5 -43 5.65 

10 na 5.42 5 -67 
10.5 6.47 na na 

na: not available 



Table A.2 Experimental results of batch culture of B ihufingiensis W-L ATCC 33679 
Experiment NB4 

Time pH D.W. Glucose QOZX qoz Cell count Spore count 
( - u r n ~ / l m i n ~  (mgO,/g-min) (CFU/mL) (CFUhL) 

O 7.2 0.58 11.67 na na 8.OE-tO7 O 
1.5 6.8 0.86 - 2.88 3.35 na na 
2.5 6.7 1.25 10.07 na na 4,00E+09 O 
4.0 6.4 2.60 6.09 5.04 1.94 4.00E+10 O 
5.5 6.4 5.07 3.96 4.12 0-8 1 na na 
6.5 6.6 6.44 1.22 4.12 0.64 1.83E+11 1,5E+04 
7.5 6.9 6.37 0.10 3 -49 0.55 1.8E+12 na 
8.5 7.0 6.18 0.13 3.02 0.49 na 1.2E+12 
9.5 7.0 6 1  0.63 na na na na 

Crystal protein concentration 0.91 g/L 
na: not available 



Table A.3 Experimental results of batch culture of B thun'ngiemis HD-1 ATCC 33679 
Experiment NB6 

Time pH D.W. Glucose q02X Cell count Spore count 

crystal protein concentration 1 .O2 g/L 
na: not a d a b l e  



2. Experimental data for fed-batch growth 

Table A.4 Experimental data for the fed-batch culture of lZ thun'ngiemis subspecies 
kurstaki ED-1 ATCC 33679. Substrate concentration in the feed stream (S,) 
39 g / L  and volumetric flow rate 0.117 Lm. Experiment NFB1. 

Time (h) Biomass conc. (&) Glucose conc. (fi) Reaction volume (L) 
0.0 1.12 8.133 0.85 
0.5 1.55 9.3 12 0.9 1 
1 .O 1.74 11.733 0.97 

1.5 1.83 1 1.960 1 .O2 
3 .O 2.3 5 14.382 1.20 
3 -5 2.75 17.589 1.26 

4.0 3 .O8 17.012 1.32 

4.5 3 -65 18.719 1.38 

5 .O 3.90 19.572 1.43 

5 -5 4.15 19.365 1.49 
6.0 4.5 20.770 1-50 

6.5 4.65 19.042 1.61 

7.0 4.65 19.620 1.67 



Table A.5 Experimental data for the fed-batch culture of B. thun'ngiensis subspecies 
kurstaki HD-1 ATCC 33679. Substrate concentration in the feed Stream (S,) 
10 g/L and volumetric flow rate Po) 0.08 Wh. Experiment NFBZ. 

Time (h) Biomass conc. ( g L )  Glucose conc. (fi) Reaction volume (L) 

0.0 3 -727 4.848 0.75 
0.5 4.525 4.604 0.79 

1 .O 4.906 3.916 0.83 

1.5 5.32 3.334 0.87 

2.0 5.529 2.900 0.9 1 

2.5 5.655 2.339 0.95 
3 .O 5.671 1.842 0.99 

3 -5 5.35 1 1.439 1 .O3 
4.0 5.588 1.101 1 .O7 
4.5 5.436 0.847 1.1 1 

5 .O 5.587 O. 54 1.15 
5.5 5.653 0.364 1.19 

6.0 6.462 0.064 1.23 

6.5 6.266 0.013 1.27 
7.0 6.076 0.0 15 1.3 1 

7.5 6.533 0.012 1.35 
8. O 6.533 0.012 1.39 

8.5 6.600 0.01 1 1.43 

9. O 6.626 0.01 1 1.47 

9.5 6.727 0.01 1 1.51 
10.0 6.43 0 0.012 1-55 

Cell Count 6.5 X 10" CFUIrnL 
Spore Count Zero CFU/mL 



3. Experimental Data for Continuous Experiments 

3.1 Transient state in continuous growth expenments 

Table A.6 Experiment NC1. Glucose concentration in 
the feed stream, S, = 8.0 g/lt 

Dilution rate = 0.14 h-' 
Time, h Biomass conc. g/L 
O 4.07 

14 5.57 
22 5 .O9 
24 5 .O9 

Glucose conc. at steady state, g/L 0.03 
crystal protein concentration, g/L 1.03 
spore count, CFU/mL 8.9 x 10" 

Table A.7 Experiment NC2. Glucose concentration in the feed stream, S, = 8.7 g / L  

Dilution rate 0.40 hm' Dilution Rate 0.49 h" Dilution rate = 0.53 h" 

Time, h Biomass Time, h Biomass Time, h Biomass 
Conc., g/L, Conc., g/L conc. g/L 

O 2.56 16.5 5.19 21.5 5 .O3 
0.5 3.37 17.5 4.80 22.5 5 .O8 
1.5 3 -94 18.5 4.09 23.5 5.1 1 
3 -5 4.74 19.5 4.44 24.5 4.47 
5.5 5.91 20.5 4.65 25.5 5.12 

7.5 6.49 21 5 -22 26 4.63 

8.5 6.27 21.5 5.13 26.5 4.66 
9.0 6.27 

Glucose conc. 1.96 Glucose conc. 2.65 Glucose conc. 2.3 1 
at steady at steady at steady 
state, g/L state, glL state, fi 



Table A.8 Experiment NC3 Glucose concentration in the feed stream, S, = 7.8 g/L 

Dilution rate 0.47 h" Dilution Rate 0.37 h-' 
Time, h Biomass Conc., Time, h Biomass 

Conc., g/L  

1 0.39 11.0 5.23 
3 -5 0.80 11.5 5.34 
5 1.55 12 4.97 

6.5 2.6 1 19.5 6.19 
7.5 3.71 20 5.05 
9.0 3 -99 20.5 5.56 

10.0 4.69 22 5.54 
10.5 5.09 
11-0 5.22 

Glucose conc. at steady 3.1 1 Glucose conc. at steady 1.05 
state, g/L state, g/L 

Table A.9 Experiment NC3 Glucose concentration in the feed stream, S, = 7.8 g/L 

Dilution rate 0.28 h-' Dilution Rate 0.20 h-' 
Time, h Biomass Conc., Time, h Biomass 

Conc., fi 
21 5 -52 26 5 -27 
25 4.86 33 5.34 

25.5 5.45 36 5.20 
26 5.36 36.5 5 -43 

37 5.34 

37.5 5.41 
38 5.39 

38.5 5.38 

Glucose conc. at steady t .O 1 Glucose conc. at steady 0.8 1 
state, g/L state, g/L 



Table A.10 Experiment NC6 Glucose concentration in the feed stream, S, = 7.37 g/L 

Dilution rate 0.54 h-' Dilution Rate 0.71 h" Dilution rate = 1.49 h" 

Time, h Biomass Time, h Biomass Time, h Biomass 
Conc., g/L  Conc, g/L  conc. g/L 

O 4.75 19.0 5.33 26 4.09 

3 .O 4.8 22 4.62 26.5 3.36 
6.0 5 -48 24 4.4 1 27.5 2.36 
17.0 5.48 25 4.3 5 28.5 1.78 
18.0 5 -42 29.5 1-64 
18.5 5.39 30.5 1.26 
19 5.36 34.5 0.25 

42 0.02 
- - - - - - - - - - - - - - - - - - - - - - 

Glucose conc. at 3 -29 Glucose conc. at 3.71 
steady state, g/L steady state, g/L 

Table A.11 Experiment NC7 Glucose concentration in 
the feed stream, S, = 8.7 g/L 

Dilution rate = 0.43 h-' 
. . . . . -. - - -. - . -. . . . . . .. .. 

Time, h Biomass conc. g/L - 
O 1.3 

1 .O 2.33 
4.0 4.04 
5 .O 4.56 
16.0 5.26 
18.0 5.26 
20.0 5- 16 
21 .O 5.2 1 

Glucose conc. at steady state, g/L 2.60 



Table A.12 Expetiment NC8 Glucose concentration in the feed Stream, S, = 8.09 g/L 

Dilution rate 0.62 h-' Dilution Rate 0.85 h-' Dilution rate = 1.05 h-' 
Time, h Biomass Time, h Biomass Time, h Biomass 

Conc., gR, Conc., g/L conc. 

Glucose conc. 5 -69 Glucose conc. 6.87 Glucose 7.9 
at steady state, at steady state, conc. at 

a stead y 
state, p$ 



3 -2 Expenmental data for estimation of kinetic paramenters, oxygen uptake rate, 
respiration rate coefficient, gowth yield, and traditional kinetic model. 

Table A.13 Experimental data from continuous growth experiments used to 
determine the growth kinetic constants. 

Dilution rate (h-l) Glucose conc. (fi) Dilution rate (hdl) Gtucose conc. 

Table A.14 Experimental data frorn the washout 
stage during continuous culture of B. thuringiensis 
HD-1 ATCC 33679. Experiment NC6. Dilution rate, 
D = 1.49 h". 

time (h) biomass conc, X (g/L) Ln (X/XO) 
O 4.09 O 

0.5 3.36 -0.196 
1.5 2.36 -0.549 

2.5 1.78 -0.8 13 
3.5 1.64 -0.914 
4.5 1-26 -1.177 

8.5 0.25 -2.795 
16 0.02 -5.321 



Table A.15 Experimental data from continuous culture of B. 
thuringiensis and theoretical data from traditional mode1 
for a steady-state continuous bioreactor. The theoretical 
data were obtained by numerkally solving the non steady 
state differential equations for a continuous bioreactor with 
the foliowing kinetic constants: km = 1.1 h-', and Ks = 3.1 

f i  
- - - - -- - - -- -- - -- - - - - -- - - --- - - - -- 

D (lm) x, (fi) S, (fi) SO, ( g W  S model, (fi) X mode4 (6) 
0.14 5.09 0.03 8 O -45 5 -62 
0.2 5.3 8 0.8 1 7.8 0.69 5.68 
0.28 5.36 1-01 7.8 1 .O6 5.64 
0.37 5.54 1 .O5 7.8 1.57 5.62 
0.43 5.21 2.60 8.7 2.99 5 -45 
0.47 5.22 3.1 1 7.8 2.3 1 5.30 
0.49 5.13 2.65 8.7 2.49 5.11 
0.53 4.66 2.3 1 8.7 2.88 4.64 
0.54 5.36 3 -29 7.4 2.99 4.77 
0.62 3.92 5.69 8.1 4.02 3.55 
0.71 4.35 3-71 7.4 5 -64 1.71 
0.85 2.56 6.87 8.1 8 O 
1.05 1.83 7.9 8.1 8 O 

Table A.16 Oxygen uptake rate, qO,*X, and respiration rate 
coeff~cient, qO, at  various dilution rates for continuous 
culture of B. thuringiensis subspecies kurstaki HD-1 ATCC 
33679, 

Dilution rate (h-') q02*X (mgO,&min) q 4  (mg02/g cell-min) 

0.20 4.05 0.75 
0.28 4.32 0.8 1 
0.3 7 3 -78 0.68 
0.47 7.09 1.36 
0.54 8-25 1.54 

0.62 12.7 3 -24 



Table A.17 Biomass yield coefiicient at various dilution rates for continuous culture 
of E thuringiensis subspecies kursiaki HD-1 ATCC 33679. 

Dilution Biomass Glucose Glucose conc. in feed Growth yield, 
rate, (h") conc., X, conc., S, stream, S,, ( g m  YWS 

(du (@) (g ceWg giucose) 
O. 14 5.09 0.03 8.0 0.63 
0.20 5.38 0.8 1 7.8 0.77 
0.28 5.36 1 .O1 7.8 0.79 

0.37 5.54 1 .O5 7.8 0.82 

0.43 5.21 2.60 8.7 0.85 

0.47 5 -22 3.11 7.8 1-11 

0.49 5.13 2.65 8.7 0.85 
0.53 4.66 2.3 1 8.7 0.73 

0.54 5.36 3 -29 7.4 1.3 

0.71 4.3 5 3.71 7.4 1.17 
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Fig. B.1 Transient state experimental data for continuous 
culture of B. thurùrgiensis . Exp. NC2. D = 0.4 lh 
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Fig. B.2 Transient state in continuous growth of B. 
thuringiensis subspecies kursraki 

Exp. NC7. D = 0.43 h" 
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Fig. B 3  Continuous culture of B. thuringiensis subspecies 
kurstnkL Exp. NC8. D = 0.62 h " 
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Fig. B.4 Transient state experimental data for 
continuous culture of B. fhu&giensis subspecies 

kurstaki . Exp. NC3. D = 0.2 h'' 



Calibration cuve for crystal protein concentration measurement in HPLC 



Appendix C 

1. Calibration Curve for Crystal Protein Concentration Measurement with HPLC 

The HPLC tests were run with samples of delta endotoxin 85% purity. This cryaal protein 

sarnple was obtained fiom a batch culture ofB. ~hmigiensis. The mixture spores-ce11 debns- 

crystaI protein was washed with 0.14 N NaCL-O. 1% Triton X- 100 solution three times. The 

pellet was re-aispended in the same sait solution and the spores were separated by flotation- 

settling in a separating fumel. Mer a centrifugation, the pellet was dned at room 

temperature under the vacuum- 

The purity was verified taking 7.7 mg of the crystal protein powder and dissolved in 1 -9 mL 

0.021 N NaOH (7.7 rnd1.9 rnL or 4.05 m m  of protein) for five hours at room 

temperature. The suspension was centrifuged and the supernatant, containing the crystal 

protein in solution, was used to determine the protein content by the Lowry test. The total 

protein determined by the Lowry assay was 3.46 mg/mL, that is, the crystal protein content 

in the powder was 85% (3.46 mg protein/4.05 mg powder) 

The samples for the HPLC test were prepared dissolving 10 mg of crystal protein powder 

85% purity (CP50), equivaient to 8.5 mg of crystal protein, with 2mL 0.02 N NaOH for five 

hours. The suspension was centrifbged at 7000 RPM for 15 min. to remove the pellet. The 

supernatant (2 mL) containing the delta-endotoxin in solution was added to 2 mL of a 

solution composed by 2% SDS, 10% giycerol and 2.5% Mercaptoethanol and the mixture 

was heated immediately at 100 C for 10 min. This solution was used directly in the HPLC 

nins. 



In order to make a correlation between the concentration o f  crystal protein and the peak area 

obtained in the HPLC, three dilutions (1/2, 1/4 and 1/8) of the crystal protein solution were 

prepared, adding a solution of 0.1% TFA in water. 

The samples used in the HPLC runs and their concentrations are shown in the following table: 

Sample Crystal Protein conc. in the sample Protein conc detected by HPLC 
(mg/mL) (mg/mL) 

d l  2 2.03 56 
d2 1 0.7904 
d3 O. 5 0.623 8 

d4 0.25 0.2966 
blank 0.0 0.0439 

Fig. C. 1 shows the Calibration curve for Crystal Protein Concentration Measurement with 

HPLC 



O 0.5 1 1.5 2 2.5 

Concentration of crystal protein in the sample, g/L 

Fig. C.l Calibration curve for crystal protein 
identification in HPLC 
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Appendk D 

Developrnent of a new kinetic growth model of B. t h ~ r i n ~ e n s i s  

1. Batch growth. 

1.1 Experimental data used to test the new model 

Five experimental data sets for biomass concentration versus time were used to test 

the new model for a batch culture. Table D. 1 shows the raw experimentai data used. 

Table D.l Experimental data for five B. thuringiensis batch growth 

Tirne (h) X, NB1 X,NB2 X , N B 4  X,NBS X,NB6 X,Avg. 
( g L )  (fi) (*) (fi) (g/L) (fi) 

0.0 0.47 O. 5 0.58 0.77 0.45 0.55 
O. 5 0.48 0.48 
1 .O 0.5 1 0.88 0.46 0.62 
1.5 O. 74 0.86 0.55 0.72 
2.0 0.88 1.4 0.69 0.99 
2.5 1.25 1.76 1 .O7 1.36 
3 .O 1.24 2 -39 1 -70 1-45 

3.5 2.42 2.17 2.30 
4.0 1.76 2.2 2.6 2.4 1 2.24 
5.0 2.79 3.02 2.90 
5.5 5.07 5.4 3 -84 4-77 
6.0 3.86 4.92 4.39 
7.0 4.48 4.96 5.6 5-01 
8.0 5.59 6.05 5.53 6.35 5.88 

8.5 6.18 6.18 
9.0 6.75 5.43 5 -63 6-63 6.1 1 
9.5 6.15 6.15 
10.0 6.47 5.42 5 -67 6-55 6.03 



Fig. D. 1 reports a plot of biomass concentration, X, (g/L) versus time (h) for all the 

expenmentai data. This plot shows consistency in the relationship between biomass 

concentration and time for the batch growth. 

1.2 Estimation of initial conditions, growth yieid and exponential specific growth 

rate 

The initial conditions, of biomass and glucose concentration, to be used to test the 

new kinetic growth model were obtained fiom the average values of these variables fiom five 

replicas of batch experimental data. The average values of biomass concentration and glucose 

concentration at the begiming of the batch culture for the five experimental replicas were 

0.55 and 1 1.9 g/L, respectively. 

The average values of biomass concentration were used to estimate the exponential 

specific growth rate. The dope of the linear section of the plot of the natural logarithm of 

biomass concentration versus time gave an exponential specific growth rate of 0.53 h-' (See 

Fig. D.2). This value was used as an estimation of the maximum specific growth rate, p,, 

for these batch cultures. 

The growth yield was estimated by a plot of biornass concentration versus glucose 

concentration for al1 the expenmental data. This plot showed a hear trend with the slope 

representing the growth yield. Fig. D.3 shows this plot with a slope of 0.55 glg. From the 

continuous experiments, the saturation constant was estimated to be 3.1 g/L. With these 

constants, the classical growth kinetic mode1 and the proposed mode1 were used to predict 

the biomass concentration with time for a batch growth of B. thringiensis. 
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Fig. D.2 Batch growth of IL thuringiemis. Results of five 
batch growth experiments. Estimation of exponential specific 

growth rate. p., = 0.528 Y' 
ln (X) = 0.5282 t - 1.0391 

R* = 0.9927 





1.3 Test of classical model 

The equations that describe the dassical model were solved numerically by Euler 

method, using the initial conditions and the kinetic constants obtained as discussed in the 

previous section. 

The agreement between the classical mode1 and the expenmental data was assessed 

by the sum squares of residuals, defined as the square of the difference between the 

expenmental and predicted biomass concentrations. 

The classicai mode1 was tested with difEerent values of and in order to test this 

model. Table D.2 shows the sum of squares of residuals obtained. 

Table D.2 Sum of squares of residuals obtained when comparing the classical rnodel 
with experimental data varying the constants and K, 



1.4 Test of the new model. 

The following equations that descnbe the new kinetic model were solved 

simuItaneously by Euler method. 

To solve the models the following initial conditions and constants were used. 

The constant k, was estimated by iteration and by solving the system of differential 

equations as given by equations D. 1 to D.4. The value of the constant S which gave the 

minimum sum of squares of residuals was considered as the appropriate value for this 

constant. The iteration process showed that as increased the surn of squares of residuals 

was decreased. This sum of residuals reached a minimum when the constant k, had a value 

of 0.026 and increased again for higher values of k. This finding confirms that o d y  this value 

of k, gives the global minimum of sum of squares of residuals and therefore, the best fit with 

the experimental data. See table 6.1 and Fig. 6.2. 

The new model was also tested assuming a lag time during the batch culture. The 

procedure used is the same as described previously. Fig. D.4 shows the comparison of the 



classical model 
. - 

I - -.-.-. new model, ks =O.( 

6 

Time, t, (h) 

Fig. D.4 Batch growth of B. thuringiensis .Cornparison of the 
classical model and the new model with experimental data. 

Lag time = 1 h 



classical and the new model with the expenmental data, asniming a lag time of 0.5 h. This 

figure shows that a lag tirne in the beginning of the batch culture is not responsible for the lack 

of agreement between the classicai mode1 and the experimentai data. 

2. Continuous culture 

2.1 Test of classical model 

The classical model was compared with the experimental data for continuous growth 

experimental results at steady m e .  In order to obtak the biomass and glucose concentrations 

at steady state as predicted by the classical model, a simulation was performed by solving 

numerically the set of differential equations describing the transient state operation of a 

continuous culture. Table D.3 reports the experimental data for dflerent dilution rates, D, and 

initial biomass, &, and glucose, Si, concentrations. S, represents the glucose concentration 

in the feed stream. These vanous parameters were used as initial conditions to solve the set 

of differential equations. 

Table D.3 Experimentai data of transient culture of B. thuringiensis in a 
continuous bioreactor. D: dilution rate, S,: initial glucose 
concentration, X,: initial biomass concentration, S,: glucose 
concentration in the feed stream. 



As described in chapter 3, a mass balance in a continuous reactor gives the following 

set of equations for a transient state operation: 

and 

Since the growth yield changes with dilution rate, the expression for growth yield, 

Ys, = X/(S, - S) ,  was incorporated in equation D.6 to give equation D.8. 

dS/dt = D(S, - S) - p X/(X/(S, -S)) 

This equation is simplified to: 

dS/dt = D(So - S) - p (So - S )  

and 

dSldt = @ - p) (S, -S) 

The equations D.5, D.7, and D. 10 were solved numerically for each dilution rate using 

the initial conditions shown in Table D.3, and the lcinetic constants obtained in sections 5.3 -2 

and 5-33. The solution of these equations gives the biomass and glucose concentrations with 

time during transient state operation of a continuous bioreactor. It should be mentioned that 

the numencal solution converges as the dilution rate approaches the specific growth rate, and 

hence, the biomass and glucose concentration rernains unchanged with time. Table D.4 shows 

an example of the tabulated data obtained in the solution of equations D.5, D.7, and D. 10. 



Table D.4 Tabulated data obtained in the numerical solution of 
the equations D.5, D.7, and D.10 . Dilution rate, D = 
0.28 h-l, SO = 7.8 fi, Xi = 5.52 @,,Si = 1.2 g/L, p- 
= 1.1 h", K, = 3.1 g/L 



Table D.5 reports a cornparison of experimental biomass and glucose concentrations 

(steady state) in the continuous culture of B. thuringiensis with the same concentrations as 

predicted by the classical model. 

Table D.5 Cornparison of continuous growth experirneotal data with classical model, 
D: dilution rate, X: biomass concentration, S: glucose concentration, S,: 
glucose concentration in the feed stream, Y,: growth yield. 

D (h-') X, (&) S, (glL) S, mode], X mode], Error ym, 
(fi) (fi) &p-&adeJ (g ceUs/g 

glucose) 
O. 14 5.09 0.03 0.45 5.62 -0.53 0.74 

0.2 5.38 0.81 0.69 5.68 -0.30 0.80 
0.28 5.36 1-01 1 .O6 5 -64 -0 -28 0.84 

0.37 5.54 1-05 1.57 5 -62 -0.08 0.90 

0.43 5.21 2.60 1.99 5.45 -0.24 0.8 1 

O -47 5.22 3.11 2.3 5.30 -0.08 0.97 

O -49 5.13 2.65 2-49 5.1 1 0.02 0.82 

0.53 4.66 2.31 2.88 4.64 0.02 0.80 

0.54 5-36 3.29 2.99 4.77 0.59 1 .O9 

O. 62 3.92 5.69 4.02 3-55 0.37 0.87 

0.71 4.35 3.72 5-64 1.7 1 2.64 0.99 

0.85 2.56 6.87 8.10 O 2.56 ---- 
1 .O5 1.83 7.9 8.10 O 1.83 ---- 



2.2 Test new growth kinetic model 

The new growth kinetic model was tested, for transient conditions, following the same 

procedure described above for the classical model. The equations for the new model are the 

following: 

dX/dt = (p. -ks) O( - X,) - DX 

dXjdt = k, (X - X,) - D X, 0 - 1 3 )  

The new kinetic mode1 was tested with the sarne constants used in the classical model. 

The growth yield calculated with the classicai model was assumed constant for each dilution 

rate and used to test the new model. 

The initial biomass and glucose concentrations, Y, and Si, and the glucose 

concentration in the feed Stream, S,, were selected for each dilution rate from the 

wrresponding experimental data. The set of dflerential equations (Eqs. D7, D. 1 1, D. 12 and 

D. 13) for the new growth with sporuiation kinetic rnodel was solved numencally. Table D.6 

reports an example of the tabulated data obtained while solving equations D.7, D. 1 1, D. 12, 

and D. 13. Table D.7 reports a cornparison of model results with experirnentai data at steady 

state for a continuous growth of B. ~hit- in~ensis .  



Table D.6 Tabulated data obtained in the numerical solution of 
the equations D.7, D.11, D.12, and D.13. Dilution 
rate, D = 0.28 h-', S, = 7.8 g/L, Xi = 5.52 g/L, S, = 

1 3  fi, = 1.1 h-'9 Ks = 3.1 Y, = 0.84 dg, 
and k, = 0.012 h-'. 

Time, (h) (hl)  X, new model, (fi) S, new model, (@) 



Table D.7 Cornpanson of continuous growth experïmental data with the new growth 
with sponilation kinetic model, D: dilution rate, X: biomass concentration, 
S: glucose concentration, So: glucose concentration in the feed Stream, ks: 
constant in the new kinetic model. 

D (h-') x, ( g w  S, (@) S, new X, new Error k 3  

model, model, &,-Xmde,) (0 
(g/L) (fi) 

O. 14 5.09 0.03 0.66 5.08 0.0 1 0.012 

0.2 5 -3 8 0.8 1 0.84 5.33 0.05 0.0 1 O 

0.28 5.36 1-01 1.18 5.36 0.00 0.012 
0.37 5.54 1 .O5 1.58 5-60 -0.06 0.00 

0.43 5.21 2.60 1.99 5 -45 -0.24 0.00 

0.47 5 -22 3.11 2.32 5.3 1 -0.09 0.00 

0.49 5.13 2.65 2.49 5.08 0.05 O. O0 

0.53 4.66 2.3 1 2.88 4.64 0.02 O. O0 

0.54 5.36 3.29 2.99 4-77 0.59 0.00 

0.62 3.92 5 -69 4.02 3.55 0.37 0.00 

0.7 1 4.3 5 3.71 5.64 1.71 2.64 0.00 

0.85 2.56 6.87 8.10 O 2.56 0.00 

1 .O5 1.83 7.9 8.10 O 1.83 0.00 

3. Corrections resulting from the application of the sporulation kinetic model 

The sporulation kinetic model is used to predict the biomass concentration during 

batch and continuous growth of B. hiringiensis. The model accounts for the effect of the 

sporulation process on the cell growth, and as a result, the correction on the predictions from 

the classical kinetic model by the new rnodel is relevant at the beginning of the stationary 

stage in batch cultures and at low dilution rates in continuous cultures. 

The correction provided by the new model, when applied to batch cultures, is evident 

by the redudion in the sum of squares of residuds, as showed in Table 6.1. The reduction in 



the sum of squares of residuals from 7.45 to 1.63 represents a 78 % improvement in the 

prediction in biomass concentration. The difference in the specific growth rate and the 

parameter k, is also a measure of the correction factor of the new model. The specific growth 

rate at the beginning of the batch culture is much higher than the pararneter k, indicating a 

negligible correction by the new model. Assuming a substrate concentration of 11.9 g L ,  a 

maximum specific growth rate of 0.53 h-', and a saturation constant of 3.1 g/L, the specific 

growth rate resulted in 0.42 h-'. This value compared to ks = 0.026 h" is 16 times higher, and 

therefore, the correction provided by the new model is negligible (approximately 6% 

correction). 

In contrast, when the substrate is present at low concentrations in the medium (during 

the transition state), the correction by the new model is more noticeable. Assuming a substrate 

concentration of 0.5 g/L, the specific growth rate is estimated in 0.07 h-1. Under these 

conditions, the net specific growth rate (p - kJ is only 0.044, that is, a 37 % reduction in the 

specific growth rate. 

The correction by the new model in the prediction in biomass concentration during 

a continuous culture can be perceived by comparing the difference between the expenmental 

and the predicted biomass concentrations reported in Tables D.5 and D.7. For instance at a 

dilution rate of 0.14 h-', the error in the prediction by the classical model is 0.53, whereas that 

by the sporulation model is 0.1. That is, 8 1 % improvement in the prediction. However, at 

high dilution rates, the correction by the new model is negligible. This fact is explained given 

that the new model assumes a sporulation process, which is absent at high dilution rates 

(dilution rates higher than 0.2 h-') during the continuous culture. 




