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_ ABSTRACT

Zymocidal strains of Saccharomyces cerevisiae excrete protein

-

toxins which attack and kill other sensitive contaminant yeast strains
that might be present during fermentation. A systenatxé perusal of the
literature revealed that yery little or no research has been done on
the kinetics of ceil growth and zymocidal toxin- production by S.
- cerevisiae, and its stability characteristics. This thesis represents
the first., :attempt to study systematically, and .under  cordtrol led

condxtions‘, the kinetic parameters of the zymocidal system.’

In this study, batch and continuous steady-state culture
"'té"ctjm‘i'ques‘ were used to study thé affects of pH, temperature and

* inittal glucdse concentration on the production of zymocidal toxin and.

'bion_\a3§. ‘In addition; gel electropharesis methods were used to identify"

18 .

the plasmids present in the zymocidal S. cerevisiae strain associated

with the excretion of the zymocidal toxin.

‘The zymocidal toxin concentration was quantitatively using the
[}
Well-test -method. ‘Correlations of the zymocidal toxin concentration

versus the clearing diameter were derived from the experimental data.

[y

.

o The batch and continuous culture results were analyzed "and
correlated to develop new kinetic models for ocell growth, ‘gluc;ose;
uptake, ethanol and e:;trace—llular toxin production. A new kinetic model
was proposed to explain the cbserved reduced rate f glucose uptake by
zymocidal S. cetevisiae in the presence of tggins in t'he fermentation

medium. The new model corrects the Monod. equation to account for the.

L)
.
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o effects of the zymocidal toxin and 1mmunity molecules on the cell wall.

It wasA‘hypothesxzed that the toxin or the immunity molecule Interfers *
with the uptake of glucose by the cell by causing an increase 1n the
mass transfer resistance at the cell membrane. Fitting of continuous
culture data to the new m?del suggested that a specific zymocidal toxin
concentration of 1.1.69-u'uts/g of cells would be suffxcxenr; to stop all

glucose uptake by the cell.

Cell-free broth was used to study the stability of the toxin at
different conditjons of PH and temperature. An Artrhenius temperature
deactivation model was develqped for the zymocidal toxin and the
appropriate kingtic‘:‘ parameters were evaluated arid correlated wath
respect to temperature and pH. The optimum pH range for toxin activity
was fpﬁnd'to be 4.2 to"4.6, and the ;hemal deactivation was found t%

be first order with a deactivation rate of 14.5-kcal/mole at pH=4.5.
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CHAPTER 1
INTRODUCTION

" Microbes 1nfluenced man's development long before man was aware
of their existance mostly through their ability to create o'r Jestroy
some of the sources of his pleasure and livelihood. Through all of
these many years microorganisms have been responsible for many
processes which are taken for gr;nted or as a fact of life. Examples of
such processeé include:+enriching soil, destroying crops, fermenting
drinks, spoiling foods, destroying waste and affecting health and
general well-bteing. For many thousands of years these processes have
continved pndisturbed and .undiscemed.

It is evident there has been an increasing interest 1in the
potential of ‘commercial exploitation of metabolic processes. The array
of products available from conventional cellular systems has been
augmented by modified cellular systems created using genetic

engineering, hybridization, cell fusion or rare mating techniques

. (Stewart, 1985). Nowhere have these advances had more influence than in

the pharmaceutical industry where quantities of high valued antibiotics
14
or other types of drugs can be effectively and efficiently be produced.

‘In most cases these specialized molecules cannot be efficiently

synthesized in any other way.
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Some recent advances in the production ¢of specialized products
included the production of hepatitis vaccine (Dawes, 1984, and the
production of hﬁman interferons (Hitzeman et al., 1981 and 1983 and
the production of the acid protease chymosin used 1n the mulk—clotting
step of cheese production (in: Stewart et al., 1984) by genetically

modified strains of Saccharamyces cerevisiae. Cells of the bacterium

Escherichia coli have been genetically modified to produce human growth

hormone and 1nsulin (xr‘i: Panchal et al., 1984).
~. As yeésg's have been ttﬁ\mic::ootganism most intimately involved
with ti'ae progres.;» and develoavét df man, it ?em\-nost appropriate to
study yeast cell systems when[)trymg to ?é;sijﬁthemlcal principles
and processes. The’ mam cont«hbutxon of yea?t’ to man's development has
been based on the abxlxty of éQct.am étra ing to rapidly and effxcxently
convert sugars to ethanol and carbon dioxide, and as a’ result effect
fermentation. Examples of sugar solutions used in fermentations of this
type are grain extracts, and grape Vjuices (Stewart et al., '1984). It
has been suggested that the future importance of yeasts in industrial
éppli'cations will diminish dve to they .iimited number | of metabolites
produced. . * |
Seeming to contradict these ideas of the limited a Tication of
yeasts, it is _an ocbvious fact thaﬁ many species of yeast ipﬁf}imlarly
of the genus S. cerevigiae) produce the iapo;:-tar\_t primary metabolite
ethanol for use as a beverage preservative or  as a fuel. Also, as

mentioned earlier, various strains of S. cere\nsme have been

genetically modified to produce mportant and specxahzed metabolites,

')

N




In the fermentation industry a total of 1013 strains of the

Saccharamyces species have been 1solated over the past S0 years (Ros:ini

et al., 1982).

S. cerev;.sxae -and other related speciles are favoured for use as
experimental ocrganisms for msewh mto the basic biochemical,
metabolic and genetic processes oé their life cycle (Stewart et al.,
b984).  Stable haploids,» diploids and polyploids have been easily
cultured from this eukcar‘yot;e and have - been subjected toO extensive

analysis. .
. -‘

* L. . s -
There are many uses of S, cerevisiae as an industrial drganism,

and as a tool 1n basic biochemical analysis. The scientific literature

is full of studies which serve to elucidate the products apd the
biochemistry of this well resea}ched (yet still surprising) organism. A
complete knowledge of the life cycle, qgenetics, and ultimate
capabilities of S. cerevis:(iae"r;ave st1ll to be fully uncovered.

From this extensxve use of S. cerevisiae it is easy to see that

A

study of this yeast and. -1ts _pecuhantles will assist m all phases of

kbasic and applxed bf’ocheauczl knowled;e Search for cellular systems to
5
act as the hogs/ :ot genetic mampulatwn should concentrate on the

. changos wmah wxdl occur in the cell after the gene sphce is 1nserted.
N
»'{herpfora, study of naturally occuring cellular systems that already

shov. some of the characteristics required in the genetically modified

organism is important.’




Of 1mportance 1n the analysis of microorganisms i1s the process

o'f rr‘adwm and large mol®cule secretion. _ Important compounds, such as

i insulin and the human growtk;: hormone, are produced within a cell, and
‘, “ are secreted to the extracellular medium. The processing of these
| molecules and the effect§ these molecules have on the dverall growth of

the producing organism is an important consideration.

i A naturally occuring property of same yeasts 1s their ability
to excrete a medium welght, proteinaceous molecule which is lethal to
other ;'easts of similar genera. These cellular systems have provided
insight into the genetics of the production and release of
extracellular proteins and other molecules. Brewers'and other producers
of beverage an<.i‘ fuel alcohol may be interested in using these zymocidal
cell 'systems to reduce contamination in large scale fermentation
gystems. Of course, some of the productioch craract;ristics, apd not -

_Just the genetics, of these cell systems are needed before application
to large scale systems is possible. ' .

A syst:eﬁ;atic perusal of the research literature Eevealed that
very little information is ‘available on the Kkinetics of‘growth and
toxin production by zymocidal yeasts. These types of yeasts may have
inporiant industrial applications both in beer and wine fermenta-tions.
The main objective of this thesis research.was to carry out original

) fundamental studies on the factors which control the kinetics of cell

growth and toxin, proauctim by.zymocidal yeast strains. The kinetic -

mpdels and kinetic parameters !b'r cell growth and toxin production

developed in this  study might‘ bé veed not only for both bioreactor

. P




design but also for the control of fermentation processes employing

zymocidal yeast strains.




It has been reported that some strains of Saccharomyces

cerevisiae produce an extracellular toxin protein that attaches to the
cell wall of other sensitive strains and kills them (Makower and Bevan,
1968, and Berry and Bevan, 1972). These zymocidal or "killer" cell
* yeasts have recently received attention by some researchers who tried
to determine the structure, mode of action and the method of praduction

¢

of this prbdteinaceous toxin. Owverall, these zymocidal strains promise
to reveal S;E interesting aspects of the life cycle of S. cerevisiae,
. the‘ processes involved in protein excretion, and the effects of
extracellular proteing on growth and product formation during
fermentation. Almost all of these studies were done at the petri dish

or small shake flask fermentation level.

Review papers have been written tb describe aspects of' the
biodemistry. ard the m\icrobiolégy of praduction and excretion of the
toxin, as well as the gémtics of the transferririg of zymocidal genetic
material during cell reproduction, Bussey,(1981), ‘I‘i[::per~ and
Bostian, (1984), Wickner,(1978), Wickner,(1981), Wickner,(1983), Wickner
a‘rd Feibwit;_z,(lQ?S) ard Young and Yaqiu,(1978). Since this thesis

deals with the kinetics of bench scale fermentations for cell growth

6




and production of zymocidal toxin, we present a summary overview of tne

aspects of zymocidal production related to this work.

2.1 Discovery of the Zymocidal Toxin

Makower and Bevan (1963) were the first to discover zymoc:idal
strains of S. grevisiae, classifing‘ some of the S. cerevisiae strains
into  three phenotypes;-namely 'ki'{ler'. 'sensiti\:e'. and ‘'neutral’.
They reported that when killer yeast cells were grown with ‘sensu_we
yeast cells on the same agar medium (or in the same broth), a high
proportion of the:  sensitive yeast cells were killed. When killer
strains v‘aere grown with neutral strains no killing of any of the cells’
was observed. Makower and Bevan (1963) concluded that some strains of

S. cerevisiae were able to produce an extracellular toxin capable of

killing sensitive strains, while other strains were immune to the
N )

. .. ‘.
zymocidal toxin.

r'd

Since this initial discovery, considerable work has been )
devoted to finding other microorganisms which excrete toxin molecules.
By using a reference sensitive strain of S. cetevigiae NCYC 1006 and a
killer S.cerevisiae strain NCYC 738, Rosini, (1983), examined a total
of 1,273 strains of various yeast genera for their killer, sensitive,
or neutral phenotypes. The results of that analysis shown in Table 2.1,
irdicate that one-th‘ird of the S. cerevigiae strains had 'zymocidal
properties, In addition, a total.of 707 of the S. cerevisiae stfains
'tested were found to. be sensitive, and another 44 appeared to be

neutral. Except for a large majarity of killer strains found with

Hansenula anomala (71.4%), no other killer sStrains were found.

t




Since Rosinil's #ork, killer strains of Kluyveromyces lactis

(Panchal et al., (1985), and Sugisak1 et al., (1983)) and Pichia

kluyveri (Middlepeck et al., (1980) have 3lso been :1solated.

Analysis of other strains for killer phenot:ypes,' by Rogers and
Bevan, (1977), produced results similar to those presented 1n Table
2.1. Imamura et al., (1974a), (1974b), were able to 1solate both the
killer and the sensitive strains from their sake fermentations. The
characteristics of these sake killer strains were similar to the killer
strains of S. cerevisiae.

“

As shown in Table 2.1, note that during the early analysis of
the zymocidal strains, an additional phehotype called "killer-
sensitive" was introduced. It was used to cgscribe yeast strains which
were able to kill the sensitiive strains. But, these strains were also
found to be sensitjve to the toxins produced by other killer strains,

suggesting that more than one killer toxin system might exist.

All killer-sensitive phenotype designations were assigned based

the results of a test similar to the Well-test method used 1n
antibiotic analysis (Bussey, 1?73). To éerform a Well-test for
zymocidal toxin analysis, two yeast strains are required. The first
strain 1s mixed and poured in a molten agar medium to form a lawn
containing 105 cells. A sample of the second strain, containing 102
cells, is then spotted on the surface of the lawn. The plate is then
incubated for 24 - 48 hours\et a suitable temperature. If the second

N\

strain is able to produce a zymocidal toxin, and this toxin is able to

{

d
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TARE 2.1

OCOMRENCE OF THE CH.LER PHENOTYPE [8 STLECTED STRAINS
OF YARTOUS YEAST GEWERA®

Wy
STRAINS
SPECIES TESTED < S L] ¢-S
Saccharomyces cerevisiee 621 8(1,31* S&1(Q0, 2! IR KT8
er. 5. beyanus 04 0 - 91rga, ) ¢ra.8)
£(c 3
Ay, S. chevalier: 28 . 24788 7 aron
AURIRS
e1. S. scalicus 29 0 - *q00" 2 - o -
“ota! o8 ar.Mm mrec. 44(6.6) THZ
Ssccharomyces rosel S9 9 . AR sy 9 .
5. uvanm L ¥4 o - hAEE-T Al 15(39.7Y 23 .
Saccharomycodes ludwigis kly o - N J001000 0
Schizosaccharcayces octosp. 9 ¢ - 9 - @100} 7 -
Sansenjaspora valdiensis 49 2 - 2 - 4%(100y C -
Sansenula anomala vir. ancmals 6 ag(7. 0 - 16(28.6) 1 -
8. californica (] 0 - o - 18(700Y 9 -
1. atnuta 3 Q 2 - . RC100Y O -
5. saturnus 9 0 - (L (100 0 -
2. sudpelliculosa b3 0o - n - {100y 0 -
Rluyveramyces veronae 28 0 - 0 - 2%(1000 0 -
Pichia fermertans 14 0 - 0 . 14( 100} 0 -
P. memdransefsciens 24 0o - 0o - 240700 0 -
Kloecksre africans 3 o . 9 - 300 0 .
K. apiculata 103 0 - o - 1030100y 0 -
K. corticis 14 0 - 0 - ooy o0o-
Torulopeis stellats 2% o - o - 26(100y O -

*Figures in parentheses refer to the perceat distrihution of the different
phenotypes .

*Source: Rosini, 1983

X = Killer (Produces a lymocidel Texan)

§ = Sensitive (Rilled by Toxun Produced by otrec
Iymocidal Strains)

. N = Nputral (Neither produces, noX is killed

the Zymocidel Toxin)

k-5 = zuar - Sensitive (Produces a Pywocidel
Toxin, byt is killed by other Tymccidal
Toxins)
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x11l the sensitive strain «hich formed t! lawn, a circular cleacing
zone w1ll appear i1n the lawn. The size of this :le;armg zone 13
Jependent on the sensitivity of the cells 1in the lawn and the amount >
toxin produced by the zymocidal strain. If no clearing zone appears in
the agar lawn after a known killer strain 1is spotted onto the lawn,
then the strain forming the lawn 1s jgiven the 'resistant' phenotype.
Cross testing of all vyeast strains, using known killers and, sensitive
strains is then required to determine the killer-sensitive phenotype of
each imdividual strain. The results of this type of analysis are
qualitative and only allow determination of the phenotype designations.
Refinement of the analysis system is necessary before a guantitative

zymocidal classification is possible.

Careful scrutiny of results cbtained from all of the analyses
of S. cerevi;:iae and other yeast straing, have led to the conclusion
that ‘there are at least 11 different extracellular toxins (Wickner,
1979). The cross testing of these strains was used to explain the
existence of the killer-sensitive phenotype strains. Young and
Yagui,{1978) introduced a new classification system which was later
refined by wWickner, (1979) to expand the original phénotype
designations. In'tms system, yeast strains were denoted ags Ky , Ko ,
Kg , ..., K4y . The 'K’ denotes the ability of the strain to produce a
killer toxin, and the subscript number indicates which of the eleven
toxins is produced. Special mention should be made of the Ky toxin as
having been the zymocidal toxin first discpvered by Makower and Bevan
(1963). Resistance of a yeast strain to a particular toxin is denoted
by a similar system. The symbols of Ry , Rp , Rg , ..., Ryy are

used to denote the resistance to the correspording toxin 1, 2, 3, ...,

10
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) 11. It should be noted that a particular strain is not xilled by 1i:s
own toxin. Therefore, a cellular system described Dy using the symbols
K¢t Ry 1s able to produce and is resistant to the number one toxin.
Table 2.2 reviews the cruss reactions of the various yeast s&ains aple

to produce toxins and show resistance to other various toxins.

A ]

To keep the extent of killer systems in perspective, 1t should

be noted that the results shown in Tables 2.1 and 2.2 were generated

from experiments on petri dish solid media. Many of the killer strains

will produce a toxin that is not stable enough in liquid broth to kill

- sensitive cells (Young and Yagui, 1978). These results also show that.

the killer character is much more prevalent in laboratory yeast strains

than in wild-type strain. This was first noticed by Fink and Styles

(1972). These workers suggested that. the killer character was a

. cytoplasmic element which oould only be’stabilized in a cell strain

under laboratory conditions. -

2.2 Determination of Toxin Size and Structure

- - Initially, analysis of cell free broth indicated that the
. —

factor responsible for toxin action was a proteinaceous molecule that
had small amounts bf bound polysaccharides. This led early researchers
to indicate that the toxin was a glycoprotein (Bussey, 1972). Since the
time of this early analysis, the Ky killer toxin ha? been purified
79,000 fold to homogenity (Palfree and Bussey, 1978) using-a complex
procedure of ultrafiltration of .tha culture medium, polyethylene glycol

precipitation of the toxin, dissociation of the toxin frof mannaprotein

by urea, ard glyceryl-controlled pore glass gel filtration to separate
\

L
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TARE 2.2
CTLLER YEASTS: RAMSE OF KILLING ANO TremmITY

- STRAINS TESTED £ SENSITINVITY

. - CILLER STRAINS

QESISTANCE SPECIFITITY

KILLER
SPETIES SPECICICIYY 21 Q2 RY Q4 9% &6 2 °8 89 Q10 oM
Saccha romyces X 9 5 < < 2 2 o H Q ° e <
Saccharcayces K2 ¢ @? R [ ] ER-] H T s % <
S. capensis L &1 Q -4 -] g 2 H H -] R ] °
. Torvicpsis gladrata [} R Q a Q - Q H @ Q Q H
Dedarcowyces vanrij!
S8 nsencla ancmsle [ &7 e B < ¢ Q Q ] e e @
Jansenuis sudpelliculoss
Xluyveromyces fragilis Ké ? < < < ? 2 R R Q ° R
candida velida } Xt
Pichis semdraneelsciens ’ T @ S S € @@ < & e @ 8
Sansenula ancmsls X8 Q S < S Q Q < 2 e 2 2
Aansenule srakxis (L] S & 5 & < -] H s R 9
Kluyvercmyces droeophilarum [ Q1] s s $ s 5 s s < s < @ S
- Mrulopsis glabrata (SR s s Q

*Scurce. Wickner, 1979

S = Sensitive (Killed by the 1dal Tomin Rg) |
R + Resistant (Not killed by Zymocidel Tozin Kg) . »




the toxin fram the mannaproteins. Electrophoresis showed that the toxin

migrated as a single band of 11,000 + 1,000 MW on sodium Jdodecyl
sulfate-polyacylamide gel. The identification of the :smgle protein
band as being the toxin protein was further confirmed by the absence of
this protein in the medium from zymocidal strains cured of the killer
plasmid, To further verify this protein as the toxin, the purified
;taterial was chromatographed on SP-Sephadex G25, and the toxin activity
and the protein co-chromatographed almost exactly. Earlier difficul-ies
" in purification of the toxin were caused by 1ts high affinitysfor
mannaprotein which was lost fram the cell wall into the medium during
cell growth. The active toxin protein purified by Palfree and Bussey,
(1979) has no detectable carbok'tyc_irate, less than two hexasyl residues
per polypeptide chain. Purification and concentration of cell free
broth from sensitive strains did not show a protein of this size upon

gel electrophoresis.

*Further analysis of the protein structure was determined and 1t
wis found to be a single polypeptide chain having a lengt:_h of
approximately 109 amino acids, a pl - value of 4.5, as determined by
iscelectr ic focusing (Bussey, 1981) and a calculated molecular weight
of 11,'470. (Palfree and Bussey, 1979). Proteolytic digestion of the

toxin by the V8 protease of Staphylococcus aureus has shown that the

toxin lacks proline ,and arginine, but is very rich in acidic amino
acids (ie 21% of the total). It has also been determined that the toxin
: 19 hydrophobic because there are insufficient hydrophilic amino acid

“residues to expose to the solvent, even if a spherical shape is assumed

s

(Palfree and Bussey, 1979).
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The si12ze of the toxin molecule Jerived from the  sake
fermentations has been reported as being as large as 50,000 MW ov
ultrafiltration amd gel electroptoresis (Imammura et al., 1974a). Since
no urea treatment was used to dissociate the mannan or mannaproteilns
fran the toxin molecules, there may be some error in Jetermining the

molecular weight of the toxin.

2.3 Detection of Toxin in Call Free Broth Sasples

Determination of zymocidal toxin concentrations in cell free
broth samples fram fermentations using the method of Palfree and Bussey
(1979), outlined above was difficult due to the large sample volumes
required for each analysis. In addition, any quantit;tive analysis of
the results from this analysis would be difficult due to the complexity
of the overall process. It is therefore necessary to find a rn:;re direct
and easier method to quantatatively determine the toxin concentration

in broth samples.

Attempts to oorrelate the extracellular protein concentration
with zymocidal activity have met with limited success (Panchal,
personal communication 1986). Colorimetric protein analysis procedures
such as the Lowry test (Lowry et al., .1951) require'more concentrated
prote.in solution than is available in extracellular samples from yeast
fermentations. To add to the inaccuracy, it has been estimated that the
Zymocidal toxin can comprise as little as S5 - 158 of the total

extracel lular proteins (Bussey, 1981).




Addit ional complication 1in theA determination of the zymocidal
toxin concentration is due to the toxin's affinity for mannan shile in
liquid solution. As nent'ioned previously, the zymocida'l toxin’ 1s most
likely hydrophobic, and therefore, 1t attaches itself wvery tightly to
mannan or mannaprotein present in the liquid broth. As i1ndicated, this
association led early researchers to bel/xeve that the protein was a
glycoprotein (Bussey, 1972, and Woods and Bevan, 1968). To release the

toxin from the mannan, urea treatment 1s required.

These problems were encountered by Woods and Bevan (1968) as
they attempted to use the Folin - Ciocaltea test (1927) for protein
combined with various cell broth pre—treatments. These authors, and
others, ooncluded that the modified Well-test method represented the
easiest and most reliable test for zymocidal protein ooncentration

determinat ion. !

To determine the zymocidal toxin concentration in a cell free
broth sample, the broth can be spotted onto a pre—poured lawn of
sensitive cells and incubated for 24-48 hours. The size of the clearing
zone formed by the diffusion of the broth sample through the agar lavn:l
is directly prgportional to the concentration of the toxin in the

sample. As long as the sample size, the nuber of sensitive cells and

the agar remains coonsgistant, this test has been shown to be accurate

(Quchi et al., 1978).
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2.4 Toxin Stability

The effectiverness of zymocidal toxin in kxilling sensitive cells
1s very much a function of the enviranmental conditions. The zymocxdél
. toxin is much more stable in solid media than in liquid boroth.

Zymocidal toxins produced by genetically stabilized vyeast strains have

been found to be more stable than toxins fram 'wild-type' yeasts.
Therefore, it 1S very important to determine the optimum environmental,

conditions for toxin activity and stability.

2.4.1 pH Stability of Zymocidal Toxin

The optimum pH range for zymocidal activity has been found o
be 4.2 - 4.6 for most of the toxins, although some toxins have been
found to have a slightly wider optimum pH range in both solid and
liquid media. Outside of this optimum pH range, the toxin does not
immediately logse itg ability to kill. It does, however, rapidly lose
its activity (Rogers and Bevan, 1978) and inactivation at high pH
levels is irreversible, due to conformational changes in its structure
(Bussey, 198l). It appears as though the pH deactivated toxin has the

same molecular weight as the activated toxin species. Clearly, care to

insure that the pH remains within the optimum for proper activity is an
important consideration when employing zymocidal toxins in fermentation

systems.

It was found that glycerol has the ability to broaden the pH

optimum "window" but, significant concentrations of the glycerol (20 to




30%) would be required before significant effects could be ootained

(Ouchi et al., 1979).

2.4.2 Heat Stability of Zymocidal Toxin

As the toxin is a protein of natural orig'in, the temperature
stability is an important property, especially if zymocidal systems are
to be employed in beverage production. On agar, the toxin has been
found to be stable as:' temperatures up to 742° C, and in liquid broth the
protein is rapidly..deactivated at lower t'enperatu.x:ves (Woods and Bevan,
1968). The heat stability of the toxin in liquid broth can be increased
abs;antially by the addition of 20 to 30% glycerol (Ouchi et al.,
1978), and concent;:ations of glycerol less than 20% éid not enhance

thermal stability.

The concentration of glycérql produced during fermentations by
S. cerevisise, or by sulphite induction (Bispling and Rehm, 1982) are
too low to produc? stabilization of the toxin. It would therefore be
necessary to add glycerol to fermentations when conditions adverse to
the toxin stability are. employed, Vhi?h of course is not desirable in
any large _scale application of 2ymocidal strains. Clearly, mainten‘?nce
of the optimal envircnmental conditions to maximize toxin activii:y is a

desired bereficial objective.

2.4.3 Other Factors Affecting Toxin Stability

‘

The zymocidal toxin has also been found to be unstable in high

ionic strength solutions, especially in the presenced of chaotrapic




agents. The toxin is stable in antichaotropic agents such as sulphate
(Buseey, 1981).

Vigorous mixing, such as, for 15 minutes in a vortex genie, can
also rapidly deactivate the toxin (Wickner and Leibowitz, 1976). Very

little or no deactivation is reported at mixing rates that are

characteristic in fermentation systems. These ocbservations suggest the

effect of shear on the stability and activity of the zymocidal toxin.

2.4.4 Synergistic Affects

It was found by Bussey (1981) that the =zymocidal toxin is
stable indefinitely in liquid solutions containing 15% glycerol at a pH
of 4.4 and a temperature of 4° ¢ (Busgey, 1981). (Clearly this set of
conditions cannot be adequately (or conveniently) maintained in a
fermentation process. Therefore, analysis of the kinetics of toxin
degradation with tespt;ct to the pH and temperature effects is very
important, and is subsequently one of the main objectives of this
thesis. research.

Imamura and his co—-workers have reported that zymocidal strains
isolated from sake fermentation systems show the same characteristics
(with respect to heat, pH, and vigorcus shaking) as the toxins derived

fron S. cerevigiae strains (Imamura et al., 1974a).




2.5 Toxin Production Characteristics

Early analysis of zymocidal toxin production by cells o'f S.
cerev:.siae resulted i1n the determination that toxin production requized
complex mtrogeﬁ :and carbon | sources such as bacto-peptone and yéast
extract to prod.lcé high titres of the toxin (Palfree dnd Bussey, 14979).
It was also discovered that growth of zymocidal producing S. cerevisiae
at eleva_ted temperatures, "cured” (or removed) the ability of the
strain to produce the toxin (Fink and Styles, 1972, and Wickner, 1974).
These results led these workers to conclude that elevated temperatures
(37 - 40°C) caused an irreversible loss of tr'ne ability to produce the

toxin, most likely by mutation. Cycloheximide, which inhibits protein

synthesis in the cytoplasmic ribosomes, has been shown to stop killer

activity (Fink and Styles, 1972). These results showed the early
workers that killer activity is cbpéndant on a protein lor proteins)

coded on cytoplasmic ribosomes.

The only batch growth data available in _ the scientific
literature suggest that toxin production by zymocidal S. cerevisiae
takes place during the exponential growth phase, with no accumulation
during the stationary growth phase (Imamura et al., 1974a, and Palfree
and Bussey, 1979). Also noted by Palfree and Bussey (1979) was that the
rate of production of active toxin did not. appear to be directly

related té: the rate of cell growth.

'lheseA early analyses only considerdd accumulation of active

toxin and did not account for toxin deactivated by the environmental

conditions in the batch fermentor. A complete kinetic analysis, which
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includes both the active and macti‘ve toxin is needed before praduction
,duracteristics can be accurately assessed. To achieve this, the
modified Well-test method must be used to reasure the active toxin
concentration. The overall kinetics of to;cin cbact%vation can then be
utilized to estimate the total acti\(e and ir;active toxin concentration.
Clearly, this early, preliminary work suggested the need f& a more
in—&éth basic study of the kinetics of both cell growth and toxin

product ion.

2.5.1 Genetics of Toxin Production

Initial findings by other research groups led to the suggestion
that the killer cha.ractét.istic is actually inherited between the yeast
strains as a damninant, non-Mendelian, genetic element (Bevan et al.,
1973). In addition, it was found that the specific cytoplasmic genetic
element is a double-stranded (ds), 1.2 x 10° - 1.5 x 10® MW asria
which has lt:veef'l named "M", and it is encapsulated in a large molecule
protein coat (Bevan et al., 1973, Herring and Bevan, 1974).

An additional cytoplasmic ooui:onent is required for a specific
cell strain to maintain the M dsRNA. 'I‘his'chNA is larger than the M
particle and has been given the name "L". This L particle has a 2.5 x
109 - 3.0 «x 108 M and has been shown to produce a large mlécular
weight protein present 'in' the ooats of both the M and L particles
(‘fipper and Bostian, 1984): Same ye:asts have been shown to possess the
L particle but not the M. In these strains, the L dsRNA appears to act
as a cytoplasmic parasite which apparently dqes not affect the growth

cycle of the cell in any way (Wickner, 1979),. .All cells of S.
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cerevisiae are able tO maintain and. reproduce the L dsRNA. This is true
even when the L dsRNA is intr:xhced to a strain that does not normally
contain any "L". <

These particles. seem to ref;enble viruses as both the L and the
M dsRNA strands are encapsulated in the protein coating (Berry and
Bevan, 1972, Bevan et al., 1973), These, and other dsRNA containing
particles found in fungi, are sometimes called mycoviruses by some
authors. Sinc:; viruges are aéle to pass fram cell to cell
extracellularly, but these ‘mycoviruses' cannot, they can not be called
true viruses (Wickner, 1984). This has led researchers to describe the
"L" and "M" dsRNA systems and similiar systems in fungi as "Virus-Like
Plasmids or Particles™ (VLP) (Herring and Bevan, 1977, Breunn, 1980).
Since these particles can not be' transnittéd extracellularly,
inheritance of the ability to produce the killer toxin must be possible
oly through forced or natural c.ytof:lasmic mixing. This would in tum
suggest that the maintenance and replication of both the L and M dsRNA
particles are a function of the host cell and therefore must be

.

controlled by the genetics of the host qell (Wickner, 1978).

Cytoplasmic mixing that is -accmplisl'ed by rare mating,
natural, . or forced techniques has allowed researchers to generate
diploid, haploid, and polyploid S. cerevisiae strains possessing the
killer characteristic (Young, 1981 and Siki et al., 198;). These
strains are generally mare stable than wild - type killer strains and
they are ak.ale to produce higher titres of toxin than the wild type
strains. These laboratory gtabili‘zed Qtrains enable researchers to

study the cellular processes without the worry of loss of killer
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activity. Killer yeasts for sake fermentations have successfully been
constructed by 1nducing cytoplasmic mixing between the killer and
sensitive strains (OQuchi et al., 1979,  Seky et al., 1985). The
fermentation characteristics of these new killer strains were found to
resemble the regular sake brewing strains, producing sake of a

satisfactory quality.
2.5.1.1 The M dsRNA VLP

Replication and maintenance of the M JdsRNA must be a function
of the host cell system. It was determined that a minimum of 28
chromosomal genes (known as maintenance of the killer, or mak genes)
are rvequired to maintain and replicate the M dsRNA (Wickner, 1984).
while the individual role of each gene (or gene product) in the
maintenance of the killer plasmid 1s unknown, the overall process
confirms the dependence of the M dsRNA on the host's genetic system.
Mutants in each of the(28 mak genes cause the host cell to lose its M
dsSRNA while still being capable of retaining 1ts L dsRNA. This ability
shows how the maintenance and the replication of L and M plasmids are
carried out by separate enzymes or genetic systems (Bevan et al., 1973,
Ridley and Wickner, 1983).

é

FPour additional genes have been found which result in an
increased production of killer toxin (Tipper and Bostian, 1984).
Recessive mutations, in any of these four chromosomal genes, when
cambined with the mak mutations, produce strains that are still able to
replicate the M dsRNA and produce high titres of the killer toxins.

This suggests that two separate enzymatic pathways exist for the

o




Figure 2.1 -

Beuristic Model of M dsRNA Replication showing the
interaction of the mak and ski gemes. The alternate
patimay is ncrmally inaccessible to M ds RNA because of
the ski proteins. This model also assumes the existance
of skp gemes which are vequired for the altemmate
pathway, but not for the normal pathway. (Wickner, 1979)
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maintenance and replication of the M dsRNA (Wickner, 1979). Wickner
further suggests that the wild -~ type Killer strains utilize the
"normal” pathway (as controlled by the mak Jenes), and that this
pathway is blocked in most ;vild - type strains by mak mtants (Wickmer,
1.983) resulting in loss of the killer character. ‘

Access to the ."altemate" pathway 1s negativeiy controlled at
various points by the products of these super killer or "ski" genes. It
has been demonstrated that mutants deficient of the "ski” gernes are
able to produce large amount of killer toxin (Pelfree and Bussey,
1979). This research further showed how the killer toxin produced fraom
laboratory ski mutant strains is n;or:e stable to heat and other
treatments than wild - type strains. In most cases, laboratory Killer
strains are actually stable ski mutants. Since mutation in.any of the
28+ mak genes will cause the loss of the ablility of the cell to
maintain and reproduce its M dsRNA plasmids, it appears obwious why the

killer characteristic is seldom found in the wild - type strains.

It has also been postulated by various researchers that the M

dsRNA codes for both the immunity to the toxin as well as the toxin

itself. This is based on the observation that logs of the ability of a

strain to produce the toxin is accompanied by a loss of immunity to the
affects of the toxin. Therefore, the intercellular 'prooessing of the M
dsRNA protein for the toxin/immyntity structure is essential to the
understanding of the mode of action of the toxin and the\ability of the

yeast cell to be immmne to the toxins effects.




2.5.1.2 The L dsRNA VLP

From the earliest Jdiscovery of the L and M JsRNA particles, the
interdependency of M upon L has been well Jocumented (Bevan et al.,
1973). Cells that are dJdeficient 1i1n L cannot maintain the M JsRNA
particle. More recent research showed that both the M and the L
containing particles are coated with a major 75,000 MW polypeptide
(Herring and Bevan, 1977). This protein 1s the major product coded oy
the L[ dsRNA. Since the M dsRNA 1s only able to produce the
toxin/immunity molecule, M plasmids cannot be maintained without the L
dsRNA particles and i1ts product. No other use has been determined for
the existence of the L dsRNA syséem 1n any S. cerevisiae strain
analyzed (Tipper anc; Bostian, 1984}z
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2.5.2 Zymocidal Activity and Immunity

2.5.2.1 Mode of Action of the Toxin

Treatment of sensitive cells with kliler toxin for 40-50
mnutes at 22 - 24 ° C, will produce a leakage of 1intracellular ATP,
potassium ions, and a stoppage of all macro molecular synthesis (Bussey
et fal., 1973). Whle evidence clearly\indicates that this 1s an effect
of ther killer toxin, the time c.blay suggests that the killing 1s 3
. complex process. Nevertheless, leakage of ATP and 1intracellular
potassium has been.a useful marker of toxin actions. Zymocidal strains
from sake fermentations have been shown to be able to kill sensitive
straing” only during the logarithmic phase of growth of the sensitive

cells., Stationary cells of sensitive sake strains are unaffected by the

sake killer toxins. Toxins derived from glucose grown cells of 5.
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cerevisiae have been reported to oce able o kill seensitive strains
throughout the entire growth coycle. Stationary cells or ethanol jrown
sensitive cells require a longer treatment time before :they are x1illed

{Wickner, 198l).

Kotani et al. (1977) studied a Ky Xxiller strain from sake
yeast, and they showed that the death of toxin - treated cells was
aided by ADP and altermately prevented by calcium. Furthermore, these
researchers found that ATP leakage by toxin treated cells was promptly
halted by the addition of calcium to tHe medium. Sensitive cells, when
treated with toxin for one hour, were reduced to 2 t.o 4% viability 1if
plated on a yeast extract - peptone - dextrose medium. However, 94 to
1008°of the cells were viable if plated on the same medium with an
additional amount of (0.1 Hj CaCly . Kotani and his <o - workers then
prcposed' a two stage‘ . 1 for the killing action. The first stage
being reversible and tMe gecond stage irreversible, but blocked by
calcium and pramoted by ADP. The second stage of this killing action,
as proposed by this model, would be accompanied by ATP and potassium
leakage fram the cell. Similar results were obtained by Middlebeck et

al., (1980) for the killer toxin produced by Pichia kluyver:1 on

gsensitive cells of S. cerevisiae. In this work, potassium was shown to
prevent death in the sensitive strain, while sodium did not Jdemonstrate
any affect. Complete recovery of toxin treated cell suspension was

possible after an incubation for three hours in a suitable medium.

\)

Using drugs to affect ATP synthesis and utilization, Skipper
and Bussgey (1977), and Bussey et al., ,(1979) studied the role of the

cell's energy state on its own sensitivity to toxin. Am ethanol - grown




F1s1tive strain was mnade partially resistant to the veast xiller toxin
by antimycin, cyanide, or carbonyl cyanide m-chlocophenyl Tydrazone
{CCCP). Ncone of the drugs tested prevented the kKilling of the mgre
sensitive glucose - grown cells but, 2,4-dinicrgphencl (DNP) and COCCP
both prevented potassium :;elease. These results'have led these authors
to propose a two - stage model similar to that of Kotani et al. (1977).
The first stage being the binding of the toxin to a receptor site on
the sensitive cell and the second stage, the DNP- or CCCP- sensitive

potassium leakage.

Since the toxin must bind to the cell wall before the cell 1s
killed, analysis of the binding site of the toxin on the cell wall may
lea-d to same indication of how the immunity to the toxin works. Tipper
and Bostian (1984) reported that the toxin action invelves an initial,
rapid, energy independent binding of the toxin to a cell wall receptor
that has been identified as 1,6 (3- D—glucan (Wickner, 1981, and Bussey
et al., 1979). Normal sensitive strains of yeast can contain 3s many as
1.1 x 107  of these sites per cell. As few as 2.8 x 10%  toxin
molecules actually need to be attached " to these sites in order to x1ill
the cell (Busgey et al., 1979). The binding of the toxin to the cell -
wall receptor of the sensitive cells i§*very similar to the tight
association of toxin to mannan  in concentrated toxin preparat ions.
Although the binding is reversible, the attachment is nanetheless very

strong (Bussey, 1981).

The second stage of the toxin action is an_ energy dependent
process which transfers the toxin to its action site on the cytoplasmic

membrane (Tipper and Bostian, 1984). The action of the killer toxin
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from this point on seems'to involve the selective functional damage =0
the plasma membrane (Xagan, 1983). The affects of this damage includes
the leakage of potassium, the stoppage of active transportation of
amino acids, and the acidification of the cell interior (Jde ia Pena,
1981, Tipper and Bostian, 1984, and Wickner, 1981). This series of
evenys 1s reported to be similar to that of the effects of woacterial
colicins which havé been shown to produce channels 1n membranes
(Wickner, 1981). This second, energy dependent step 1n the killing
process suggests a reason for the differences noted between the
sensitivity of logarithmic phase and statiomary phase yeast cells. As
reported earlier, sta'tionary phase sensitive sake yeast tst:rams and
ethanol grown sensgjitive S. cerevisiae are both less sensitive to the
toxin action. 'fh:.s sts that there,1s a difference 1n the energy
state of these cells as compared to glucose grown cells (Skipper and

Bussey, 1977).°
2.5.2.2 Maturation and Expression of the Toxin

Unt1l fa'irly recently, the process of maturation and expression
of the zymocidal toxin was uhknown. Initial attempts to map the M dsRNA
for the Ky toxin were reported by Wickner (1983). This report outlined
a model for the My structure, where the M¢ dsRNA codes for the K,
—oxin. The model proposes that an A-U rich bubble separates a 32,000 MW
toxin precursor molecule from a 19,000 MN protein of an unknown

function.

A complete map of the M, dSRNA gene was .elucidated very

recently (Bostian et al., 1984). Based on this work, these researchers




suggest that the toxin £xists as a two component system similiar £0

human insulin., This led these workers to-further propose a toxin
maturation process similiar to that of insulin. The schematic diagram

-
of the proposed toxin precursor molecule is shown 1n Figure 2.2.

- Essentially, the toxin precursoc, as coded by the M dsRNA, 1s
processed 1n the same way as other secreted proteins (Tipper and
Bostian, 1984). In this particular case, the 32,000 MW toxin precursor
molecule is composed of four distinct regions. The first area ( 6 ) 1s
1,600 MW in size, and it 1 oonsidered to be a leader protein as no
other purpose has been discovered for its ultimate use. Analysis of
culture broths to find a protein of this size would confirm the abc‘>ve
hypothesis. The remaining toxin precursor molecule is compesed of an o -
axda (B portion (each having a 9,500 Md) and an additional Y
poction of 13,000 M4. The «a and the o] portions are the two
companents of the toxin system that are attached together by disulfide
bonds in a manner similar to those of insulin. The large portion (7))
of the toxin precursor molecule is assumed to be the molecule #hich
enables the zymocidal cell to be immmne to tf‘; affects of the toxin. It
is proposed that this Y portion is able to bind to the outside
surface of the toxin praducing cell, and so it effectively blocks the
cell wall receptors fram accepting the. toxin molecules. It is also
assumed that the Y portion will position itself such that its
glycosylateq pottion§ are exposed. This therefore would allow the toxin

to bind to the ocutside of the immunity layer (Bostian et al., 1984).

Since the structure gf the ’ Y subunit as proposed by Bostian

et al., (1984) cannot span the cell membrane, nor, attach itself to the




Figure 2.2 Schematic Damain Structure of the Toxin Precursor or

Preprotoxin. Disulfide bonds drawn between the subunits
are arbitrarily chosen. Glycosylation sites (G)

indicated. Symbols: - hydrophobic amino acids:
acidic amino acids;

are

- basic amino acids; -~ other.

(Tipper and Bostian, 1984)
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1,6 8 - D-glucan receptor sites, these authors proposed that the

subunit must attach itself to cell membrane proteins.

Three recessive chramosomal genes, known as kre 1 through to

kre 3 for killer resistant, have been shown to play some role in the
immunity of the host cell to the effects of the toxin (Wickner, 1979).
Kre 1 and kre 2 as mutant - sensitive strains did show a decrease in
the cell wall binding of the toxin, however the kre 3 mutants showed no
apparent difference. The Kre 1 and kre 3 mutanf strains wers shown t>
be resistant to all toxins tested. Altemately, the kre 2 strains were
only resistant, to S. cerevisiae Ky toxin. The « and f3 subwunits of

the- toxin molecule have been found to contain a high content of charged

and hydrophobic amino acids (Bussey et al., 1979). This excess charge,
‘ which resides mostly in the (3 portion, is responsible for the toxin
having a pI of 4.5. In addition, the & and 8 subwnits are joiﬁed by
disulfide linkages which will separate only after the (3 portion has

attached itself to a cell wall receptor site.

‘A p:a\rallel between the maturation of the t;oxin and that of
insulin was drawn by Tipper and Bostian (1984). Both the insulin and
the toxin are processed by the removal of 4 leader and intemal
peptides. Thus, what remains are two disulphide - linked peptides. The
insulin 'C' peptide is smaller that the Y peptide removed fraﬁ the
toxin precursoc but, the insulin 'C' peptide is assumed to only ensure
that the insulir"n precursor exceeds a minimal 3ize for the mammalian

secret jon pathway. A much moré important cole for the Y subunit is

suggested by its size. As outlined above, this Y subunit is ‘thd)'ght

to be the immunity determinant and "in addition, this Y subunit may

'Y
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masx the active site of the toxin until 1t is released. Thus, 1t will

protect the producing cell from the effects of the toxin.

Continuing the parallel between insulin and the killer toxin,
the model of Tipper and Bostian suggests that three cleavages are.
needed to produce the toxin from the precursor molecule. For both the
toxin and insulin, ‘the trypsin - like linkages must be separated and
probably involve serine proteases. Processing of the toxin would then
moSt likely occur in the endoplasmic reticulum and result in the
release of the separated Y subunit, the § leader and the disulphide

linked a@ - (3 subunits.
2.5.2.3 Factors Affecting Toxin Action

Of ‘major concern in the applications of zymocidal strains 1s
the effects of temperature and pH on the killing ability of the toxin,
As outlimed previously, the pH range to maximize activity is a narrow
band of 4.2 to 4.6. Qutside this optimum range or as temperatures
increase, the toxin is rapidly deactivated. The killer straiﬁs have
been shown to lose their ability to produce the toxin at temperatures

above 37°c,

Long et al., (1982) studied the effects of temperature on the
in vitro transcription of the L and M plasmids of a S. cerevisiae
killer strain. It was found that transcription of the M- dsRNA showed a

marked inhibition at 37 ©

C, and became completely inactive at -
temperatures higher than 42 ©®C. Alternately, the L—dsRNA was unaffected
at the same 37° ¢ temperature, but exhibited a slight increase in

b




activity at 42°C. These results indicate that the 'heat curing' of
killer S. cerevigiae strains in vitro may be due td a direct influence
on  the M-dsRNA particle, and thus 1is not ocompletely due o the
suggested inactivation of some of the mak genes (Wickner and Leibowitz,

1976). -

The pH influence on the binding of toxin to sensitive vyeast
cells was a topic investigated by Imamura et al., (1975). These workers
discovered that in addition to its inactivation at non-optimum pH

levels, the killer toxin was able to bind to cells in the pH range of 3

to 8. Ir: was found thét at pH values greater than 9, the toxin did not
bind to the cell wall receptors. It was also noted that the bound
killer toxin oould be subsequently removed fram the killer (or
sensitive) cell wall receptors by adjusting the pH of the suspension to
values between 9 and 11, for a period of’ 20 minutes while vat a
temperature of 3°C. This phenamenon occurs well outside of the normal
pH range for yeast growth, and likewise outside of the pH optima for
zymocidal toxin activity. This‘'should not create any undo clonplicatiohs

during most yeast fermentations. .

2.6 A Comment on the Name: Zymocidal or 'Killer' '

Before the (1963) discovery of ki.ller.to;(ins in yeast, it was
established that there existed cytop‘las.mic’ virus-like partiéles which
contained strands of dsRNA in filamenteous fungi. Ncne of these
‘mycovirus' systems, including tr‘me yeast killer systém, has been shown . .
to be capable of extracellular transmission (Tipper and Bos'tian, 1984,

Bussey, 1981). It has been suggested that the zymocidal toxins are more
' 1
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accurately mycocins, due to their similarity to Lacteriocin {(Woods and
Bevan, 1968). The VLP system would then e more accurately called a
mycovirus. Although possibly more accurate and proper than the names
‘zymocidal' o 'killer', the added older names are more descriptive.
Further ~ork is necessary at the microbiological and biochemical levels
to fully assess the appplicability of the mycocin and mycovirus
termirologies (Wickrei, 1983).
]
The killer characteristic of yeast straiqs, especially in the
S. cerevisiae genera, can very effec'tively kill sensitive cells of
similar genera. It is interesting though, that there are so few wild .
strains of vyeast with the killer. characteristic. Two different
proposals have been put forward to explain this phena'renon. The
gmplexity of the wild-type replication and maintenance mak gene system
must be considered. Since mutation in any of these 28+ mak genes w~ill
' cause the loss of the M plasmid, care to insure proper envirmmeptal
conditions is mportant\ Wild-type strains, which are subjected to all
ranges in enviranmental conditions, would most-likely lose their
ability to produce the toxin. Firstly, the wild killer strains have
been shown to be very imefficient assassins. Only by laboratocy
isolation and . stabilization can the killer character become truly
potent (Tipper and Bostian, 1984). Secondly, expression of the killer
character requires two dsRNA virus-like particles: the L and M. Both of
these dsRNA particles are required, and transmission only can occur by
cytoplasmic mixing. Since cytoglasmic mixing transfers the genet:ics
material between cells and chramosomal genes control the overall

replication and excretion process, a mutation which would result in a

strain acquiring the killer character is impossible. Only under a
[ ]
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pacticular set of conditions can a previously sensitive strailn be naje
killer. This set of conditions is 2asily developed 1n the laooratory,
but is seldom attainable in nature. These two theories suggest that the
killer character is easily lost'by wild-type strains. Once lost, the
killer character.is not easily regained. Therefore it is not surprising

that so few wild-type killer strains exist.

2.7 Industrial Experience with Zymocidal Systeas

Killer yeast strains have not been applied 1n industrial
fermentations as of yet, but they have been reported as being
contaminants in both batch and continuous beer production processes.
The first report of killer yeast strains as contamination in beer
production was reported by Mauli and Thamas (1972). These workers
isolated a killen strain of yeast from production-gcale, two—-stage,
cont inuous fermentations. They rep;xted that a concentration of only 2%
killer cells would produce sufficient toxin to give the killer yeast
strain an advantage in the oontinuous fermentation over the desirad
brewery strain which .was rapidly killed. The beer produced oy the
killer strains acquired a fruity "off"-flavour which has obeen Jescrived
as as herbal or phenolic, thus demonstrating the adverse effects of the
killer strains on the quality of beer:.‘

The discovery of a killer strain as a contaminant in batch beer
production systems was not reported until 1979 (Taylor and Kirsop,
1979). 'mring these fermentations, the wort fermented much more slowly
and the green beer had the same phenolic arama as tha% reported in the

continuous 3ystems. The strain isolated in the batch fermentation




- apr o e -

system was norphologically different fram the killer strain isolated by
Maule and Thamas (NCYC 738), and i1t also differed slightly in its oH
optima for toxin activity, when com}ared to other kxiller strains such
as NCYC 1001. All subsequent reports of the fermentation properties of
these wild type killer yeast in laboratory beer fer:'me;tations indicate
that they ferment the wort slower than normal brewery strains (Young,
1983). In most cases, these wild strains also produced the phenolic

off-flavours reported in the industrial batch and continucus systems.

Much work has been completed to show the overall influence of
the killer character on the production of beer (Young, 1983, Hammond
and Eckersley, 1984, Young and Philiskirk, 1975). All of these workers
crossed a brewery strain 'of S. cerevisiae with a killer strain, by
using. forced mating, to successfully transfer the killer character. The
beer produced with this altered strain differed very little fram
regular fermentations which use the non-killer strains. Their 2ffocts
demongtrated how it 1is possible to transfer the advantagecus killer
trait to regular brewing strains without compramising the quality of
the final product. This development suggests that two advantages in
industrial appliications can be offered by the usage of the new killer
strains (.“{omg, 1981). Firstly, these new Systems can be immune to the
toxins produced by other wild killer contaminants, which can allow the
brewery strain to qgrow better and to ocompete better t_han the
contaminant strain. Secondly, the toxin produced by the killer brewery
strain will prevent growth o©of any other sensitive wild-type yeast
strains. Any sensitive wild-type strain that may invade the fermentor

as a ocontaminant will be killed. quite effectively by the zymocidal

toxin. The small amounts of toxin present in the finished beer praduct,




can be easily denatured oy pasteurization, which 1s part >f the beer

making process.

So far, the genetically modified new killer brewery strains

have only been applied to qualitative batch fermentations of ,oeer Jort.

2.8 Puture Applications for the Zymocidal .and Related m

There 1is gereral consensus among regearchers that the
germetically modified zymocidal yeast strains have important industrial

applications in the following three areas:

The first application i.s_in bagic biochemical rasearch. The
killer system may be a useful model for several of the phenomena which
are characteristic of saome of the other eukaryctes. Control of the
replication of viruses and plasmids within yeast systems s impoctant
bl:lt, the research into the role of the host in this process is limited

due to the complexity of the genet ics.

The second possible application is in the analysis of the
mechanism of protein production and its secretion. This killer system
and its mechanism for protein secretion i3 analogous to such processes
as hormone product ion a\nd to S:JCh other products whi‘ch are available
fram genetically mcdified microorganisms. This application of combined
genetic and biochemical approaches does pramise to wmake the kille(r
system very useful:. For example, Tipper and Bostian (1584) have alraady

L4

drawn a parallel between the zymocidal toxin maturation and exprekﬁxon
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to that of 1i1nsulin. Purther research will lead o more extensivs2

applications.

A third pessible application of genetxca_lly nodi1fied zymocidal
strains 1s in the batch and continuous ethanol fermentations. The
killer systems will 'protect the fermentation fram contamination bv
another killer strain and any sensitive wild-type strains. The kinetics
of cell growth, toxin and ethanol _promction of 2aymocidal strains in
t;oth batch and continuous systems have not been studied. The major
research objective in thi:s thesis was to  study the kinetic

chazacteristics’ of cell growth, and the production of ethanol and
- A S

toxin, and these data may be used for further scale—up at the pilot:

plant and industrial scale levels. 2

: The commetcial application of 2zymocidal systems is oy

possible if truly stable, zymocidal yeast strains can be isolated.

Currently, considerable work is being done in this area by Bussey and

Meaden (1985) and Hjortso et al. (1985), to quantify plasmid losses and

to propose meéhocb to improve the stability of all genetically modified

zymocidal strains. ~ 7
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CHAPTER 3

SCOPE- AND RESEARCH OBJECTIVES OF THIS WORK

¢

In the view of the many advantages of genetically modified
zymocidal yeast strains and their potential commercial use 1n batch and

continuous fermentations, the following research objectives will oe

pursuved:

’ l. Isolation and purification of the toxin protein by gel

electrophoresis.

2. Isolation and identification of theg.plasmids responsible for.

toxin secretion by gel electrophoresis.

3. Study of the stability of the toxin at different condrtions *
of pH and temperature. This will lead to the determination
of deactivation rate kinetic expressions and temperature and

Y .

pH optima.

4. Assess ~ the affects of temperature on the kinetics of the

- batch culture of zymoeidal Saccharomyces cerevisiae.

41
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5. Study of the pH effects on the kinetics of the vatch cuiture

of zymocidal S. cerevisiae.

6. Determine the effects of the :1nitial glucose concentration

on the kimetics of the vatch culture of zymocidal S

De

cerevisilae.

~J

. Study of the temperature effects on the kinetics of the

continuous culture of zymocidal S. cerevisiae.

AT - e - o ST PO I

8. Correlate these kinetit studies to dJdetermine the :i1nfluence

of the toxin on the growth and product formation of

zymocidal S. cerevisiae.

Study of these parameters-will allow a greater understanding of
the applicability of zymocidal yeast strains to industrial fermentation

processes and 1n laboratory analyses.

B
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CHAPTER 4

THEORETICAL CONSIDERATIONS ON THE GROWIH

KINETICS OF MICROORGANISMS

4.0 Biochemical Patlway for Anaerubic Growth of Saccharomyces

Carevisiae

Product formation and growth, by any microorganism, are complex
processes that involve many steps. The conversions and processes are
not easily quantifiable in mathematical expressions. The overall
chemical equation used to describe how yeast will convert glucose to
both ethanol and carbon dioxide under anaercbic conditions can be

written as follows:

. 4.1
CﬁHllob — zCZHSO + 2C02

But this process requires 10 successive, enzyme -~ catalyzed
react ions which occur under anaercbic conditions. The conversion of
glucose to pyruvate, and then to ethanol has been thoroughly researched
and the overall pathway is shown jn Figure 4.1 (Aiba et al., 1973). As
depicted, glycolysis is the process of coonwerting the. six carbon
glucose 1nto two molecules of three carbon pyruvate and 1s called the

Bmbden-Meyerhof -Parnas (EMP) pathway. Fram pyruvate, the final praducts

- 43




Figure 4.1

Embden - Meyerhof - Painas Metabolic Pathway showing the
steps to oconvert glucose to ethanol and carbon dioxide.
This figure is simplified for illustrative purposes. It
should ne noted that each molecule of glucose produces
two molecules of ethanol. (based on Aiba et al, 1973)
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formed are dependent on the microorganism In use and upon the
conditions under which the growth occurs. For example, under aeropic
conditions, yeasts will convert the pyruvate to both carbon dioxide and

water via the T.C.A. cycle (Letinger, 1982).

Fermentation is a Qeneral term used to dJdenote the anaerabic
bioconversion of glucose, or other carbohydrates, into various
products. Of interest in this study is the alcoholic fermentation of
glucose to ethanol, under anaercbic conditions, using a zymocidal

praducing strain of Saccharomyces cerevisiae.

Glycolysfs is a complex process utilized by cellular systems 1n
order to derive energy contained in the glucose molecule. This
conversion stores the energy as ATP (adenosine triphosphate). As gm
in Figure 4.1, the overall oonversion of glucose to ethanol does
produce a net total of two moles of ATP per mole of glucose consumed.
This ATP is used as the energy source for the complex enzymatic
reactions, and co.nversions, that occur throughout a growin/g cell.
Another compound which plays an important role in fément:ation is the
NADH (nicotinamide adenine dinucleotide) which is a coenzyme used a;s
a ' transient carrier, or intermediate, for the hydride ions, between

enzymatic reactions,

Each conversion in the glycolysis pathway is catalyzed by an
enzyme (or enzymes) which have been created by other metabolic
processes within the cell. Considering the three different c‘hemical
transformations outlined above, the overall anaercbic conversion of

glucoge to ethanol can be written very simply as:

‘46
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All of the carbon that is utilized by the 1living cell 1is not

converted to ethanol. Some 1s needed to maintain the structure of the
cell, to maintain the enzymatic machinery within the cell, and to allow
growth and reproduction of the cell itself. The carbon and energy
utilized 1n this way, 1s generally referred to as 'maintenance ener3jy'
(Aiba et al., 1973). This maintenance energy can represent a measurable

pertion in the overall carbon balance.

In the case of the zymocidal toxin producing strain of S.
cerevisiae, and other yeasts, a portion of the glucose is cxrwer:tgd to
both the toxin and the immunity proteins, outlined in chapter 2 of this
thesis. Generation of proteins, such as the toxin, other enzymes, and
other components of the' cell, also require sources of nitrogen,

phosphate, sulphate and other compounds and trace materials such as

metals.

A schematic rcepresentation of the uses ovf carbon within an
anaerobically growing. cell of zymocidal yeast is shown 1in Figure 4.2.
In any model or kinetic analysis, the glucose \n‘éss-balance_, and hence

the uses for carbon within the system, must be considered.

.
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Figure 4.2

- Schematic of Carbon Use 1n an Anaerobic Yeast System
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4.1 Mathesatical Pormulation of the Overall Kinetics

The process of the oonversion of Jlucose :o ethanol 1s, like
all other biochemical processes, an enzyme catalyzed sequence of simple
reactions. In most fermentations, one substrate 1s completely utilized
or reaches a concentration that.limits érwth of the culture. Assuming
that one of the enzymatic conversions in the overall proce§ 1S rate
limiting, then the kinetics of the ut1lization of substrate has been
shown tad be related to the cell growth rate aceording to the Monod
equation (Monod, 1949).

.Equation 4.3 is an empirical analogy tc; the Michaelis-Menten
equation which was derived theoretically from single enzyme k.inetics.
The constant 'Ky ' in the Monod equation is called the 'saturation
constant'. This constant represents the substrate concentration at

which the specific growth rate, { u ), is half of its maximim. 1n the

- Michaelis-Menten equation, the constant 'KS" is a ratio of the actual

reaction rates involved in a single énzyrratic conversion (Lehninger,
1982). The Monod equation is an empirical model of the relationship
between the iimiting substrate concentration, and the specific growth
rate. This equation does not include any terms to account for product
inhibit ion, substrate inhibi;.ion, or any of the other common praoblems
encountered in fermentation systems. Therefore, this simple model n:ay
require some modification before it can be applied to the complex

interactions which aoccur in cellular systems.
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‘thr x1neti1s equations have bteen proposed and used to fit .

experimental data (Bailey and Ollis, 1986) and are given by squations

4.4, 4.5 and 4.56.

. N 'S K
Tesster b= gt P—e / *) 44
Model
a
. .- -1
Moser po= u.mu«-xssx) 4.5
Vodel .
[ 4

- S ) 4.8
Contors u = () :
Vodel Hmar T FY=S

. 4.2 Definition of Kinetic Parameters

4.2.1 The Batch Growth Curve

Four basic growth regimes or phases may be identified 1n the

batch growth curve of a typical microorganism (Bailey and Ollis, 1986).
Imitially, after inoculation of the batch bioreactor, a short lag phase
oécur:s, and, during this time period, the cells‘ are ‘adjusting their
enzymat-ic systems to meet the ;1ew environmental donditions 1n  the
bioreactor. After the lag phase there 1s a rapid growth period during
which the number of ce‘lls increases exponentially. This stage in the
batch growth is referred to as the exponential (or logarithmic) growth
phase. When the substrate is utilized to such a level that 1t limit‘s.
the cell growth, the cell culture enters a stationary‘ phase, and at
this point the cell population achieves itg max'imum size. Eventually,
. the nmbér of cells declines and this phase 1s referred to as the death

or decline phase.




The transition between any of the phases can usually be

oy o e ooyt TP
-
1

distinguished more  clearly if the growth «urve 1s reploted 1in

; sémx-logamthnic. The equation relating the specific growth rate to the
{ B
% slope of the growth curve at any time, %, 1S j1van Oy aquacion 1.7
™
3
i =14 \ 47
: H X dt )
g -
g Integrating equation 4.7 between the 1nitial conditions of
'; A P A N T 4.8
t

gives the cell ooncentrations as a function of time, as shown in

equation 4.9.

»
- BOU-1ygo) 49
. \ = X, lag

4.2.2 Kinetics of Substrate Utilization

In most cases, the utilization of a limiting substrate by a

growing cell culture exhibits much the same trends (or phases}) as the

biomass. Initially, as the cells adjust to tr*ir new envitonment little
or no substrate is consumed. As the cell population beg.ins to grow and

enters the exponential growth phase, the substrate is consumed more

rapidly. It then decreases exponentially in the same way as the cells

increage exponentially. As the sub"strate concentration reaches its
limiting ooncentration, the cell population enters the scatibnary

phase, and substrate utilization slows dram‘icallyj. The substrate

a




consumed during the sthtionary phase 1s generally used for em]\ogenous

metabolism.

'

Considering the exponential phase of substgate utilization, the
decrease in the specific substrate concentration (when plotted with
respect (~to time) should oe a straight line on semi-logarithmic axis.

. Therefore, a relationship similar to equation 4.7 can oe utilized. This

equation is shown by equation 4.10.

d

-1
F
Qs \ 1

- _ .
Similarly, a specific product farmation rate can be defined

acoording to equation 4.11.
4

|
Qo= —
P= X Tar

At high substrate concentrations, the substrate may inhibit
cell qgrowth and, in most cases, th.is innfibition may prevent
exponential growth of the biomass. Instead, only linear gJgrowth and
substrate uptake is observed (Shukla et al., 1984). " Cell strains which
are able to utilize high substrate 'ooncent.rations. and praduce high

product concentrations are pramisong fram an economic point of view

(Converti et al., 1984, Panchal et al., 1982b).




4.2.3 Product Formation Kinetics

The formation and accumulatiorn of the products uring a
fermentation depends to a great extent on  the substrate and produc:
under consideration. In this research, the conversion of Jlucose 2

ethanol, and the production of the zymocidal toxin, was of 1nterest.

~

-

When a substrate is stoichiametrically converted to Diomass and
a si1ngle product, the rate of formation of the pcoduct 1s said to oe
growth-associated and 1s shown 1in equation 4.12 (Aiba et al,, 1973,

. (LA 412
dt at

-

. In cases where the rate of product Tfomatmn 1s dependent on
cell coqcehtréticn in the fermentor, the product formation rate 1s then
said to be non—growth associated and 1s 1nstead, controlled by a
constltutive enzyme system (Bailey and Ollis, 1986). This relationship

xs.given by equation 4.13.
P _gx ' ary

In many cases, a combined growth and non-growth associated
model is a better representation of the kinetics of product formation,
In this relationship, equations 4.12 and 4.13 are combined to yield

equation 4.14.

414

4P - 02X X
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By dividing egquation 4.l4 oy the o1omass concentration, and

substltut ing equation 4.7 we obtain equation 4.1S.

.=.-‘X-—‘f-=au-3 ¢ 478

The combined model Jiven by equation 4.15 1s alsc mown as the
Luedek 1ng-Piret Model and pr_:oved to be extremely useful 1n fitting =!
product formation data fram many batch and oontinuous farmentations
(Bailey and Ollis, 1986). This xinetic expresxoh 1s an expected. form,
when the products are a result °of energy-yielding . supstrate
utilization. Bailey and Ollis (1986) suggest that the constants  and .

3 mey be related to the energy used for growth and maintenance,

respectively.

4.2.4 Cell and Product Yields '

The overall biomass to substrate yield 1s 3defined by egquation

4.16.

X-Xo _ AX 416

. ;
» The overall product yi‘eld 18 defined 1n a similar way, and is

given by equation 4.17.

.

P-P AP

Yoi = = = 4.17
= 5% = 33 _

An additiomal yield relationship used in many applications is

the product produced per cell of biomass. This relationship is useful

/




et e

o T

N showing the overall product to biomass viels and 1s shown n
aquation 4.18.

_ P-Pg = AP
Yon= X-\, AX

4.18

The usefulness of these yield relationships .s limited as zese
vield factors include all the substrate used for cell ma:ntenance,
oroaduct  formation, and cell growth 1n single variaples. These yield

factors do, though, allow a rough estimation and act as Comparison

parameters between cell strains.

Tne  relationship ocommonly used to crelate the substrate
utilization to cell growth and maintenance requirements of a cell 1s J
shown 1n equation 4.19 (Aiba et al., 1973). This equation separites the
substrate utilized for growth from .the substrate utilized for

maintenance, but 1t does not account for the substrate converted to

products.
s _ 14X 419 :
at Yy, & ‘

YV, = —2) 4.20 -

If significant amounts of substrate are utilized f/or product

_formation, then the model propoaéd 1n equations 4.19 1s only applicable

1f the product is growth associated. In these cases, the substrate
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uti1lized by the cell to produce the product will be included 1n a for
the growth associated products or, 1ncluded 1n 3 for the non—growth
assoclated products. When significant amounts of p‘roduct are formed,
the model should De expanded to include the substrate utilized in the
creation of these products (Damiano et al,, 1985 and Shwkla et al.,

1984). A substrate balance can then be expressed acocording to equation

4.21.

dd> 1 dX I JdP 4.21

\4.2.4.1 Importance of Maintenance Energy Requiréments

Confuslion 1n regard to the importance of the magnitude of the
specific rate of substrate uptake for maintenance has been considered
by many aur.h’:xs {Gama et al., 1979, Esiner et al., 1981, Karsch et al.,
1983). Each group of researchers has come to different conclusions in
regard to the optimum value for the maintenance requirement based on
experimental results as defined by equation 4.20,

Assuming that ethanol 1s the anly significant product (other
than biomass), and the rate of the production of ethancl can be
repregsented by the combined ‘growth and non-growth assoclated model,,

then equation 4.2]1 can be combined with equation 4.14 to give equation

s.22.
as_<| a)cx 3 >x . 4.22
— — i — | — — W
dt \(; \p at Y‘P

7




This equation shows the effect that the products have 1 the
overall substrate utilization rate. Analysis of experimental data using
equations similar to 4.22 will result in the removal of much SE % -]
confusion regarding maintenance requurements.

/

4.3 Inhibitory Effects in Ethanol Production

4.3.1 Ethancl Effects

It 1s well known that fermentation of glucose, or other sugars,
into ethanol will be limited by the concentration of ethanol
accumulating in the fermentor. Considerable work has been devoted to
the prediction of the inhibiting effects of ethanol on the cell growth
rate‘ and on the product formation rate. This has been esgpecially so for
S. cerevisise fermentations (Levenspiel, W80, Righelato et al., 1981,
Hoppe and Hansford, 1982, Luong, 1985). Luong (1985) reviewed all of
the proposed models which were used to gescribe these ethanol

.inhubition effects. He proposed that the effects of ethanol on the

growth and product formation by S. cerevisiae can best be described by
two similar kinetic models. This work showed that the effect of ethanol
on the growth of S. cerevisiae has been successfully modelled by a
kKinetic expression and 1t relates the inhibited grawth rate with the

uninhibited growth rate, as given by equation 4.23.

4 ! 4.23
.ﬁ- =1 - <‘—>

Ko e ‘,'ﬂ

The effect of ethanol concentration on 1t3 own praduction‘rate
Q S. cerevisiae can be model led by a similar kinetic exbresszon given

by equation 4.24.

4
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luong (1985) used a typical strain of S. cerevisiae and the
published results of other workers in order to derive the values for
various constants in equations 4.23 and 4.24. He found that the maximum
allowable ethanol concentration affecting growth was 112 g/L, and the
ethanol producing capability oé S. cerevisiae was inhibited at an
ethanol oconcentration of 115 g/L. The constants of § and Y were

estimated to be 1.41 and 1,69 respectively.

The émntation temperature also plays 4 role i1n the
inhibition caused by ethanol in a growing yeast culture (Brown and

Oliver, 1982, Leao and van Uden, 1985). These effects have' been shown

. to become most significant at temperatures greater than 40 °C with the

ethanol concentration more than 80 g/L.

4.3,2 Other Inhibitory Effects

As previously discussed, the inhibitory effects of ethanol on
the cell growtlr rate and subeequent ethanol productior rate - have been
known for some time. Since hi.gh biomass concentrations are important
for the rapid production of alcohol, the cell recycle systems, and
immobilized cells, have become of great interest, especially in the
product ion of fuel alcohol (Margaritis and Merchant, 1984, Margaritis

et al., 1981).
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Recently, Cysewski and Wilke (1977) used a cell recycle system
in order to> 1ncrease the biomass concentrations and vacuum *=> reduce
the ethanol concentration. These authors reported that under low bileed
{high reqcie) conditions, toxic materials present in the system
inhibited ysast growth (or the praduct formation). They suggested that
non-volatile toxic substances managed to accumulate 1n the fermentor.
Thege toxins reached such a level as to sgeverely limit the yeast
metabolism., Other workers (Margaritis and Wilke (1972, 1978a, 1978b),
Majorella et al., 1983, Damiano et al., 1985, Shin et al., 1985) nave
reported similar findings even ;rhen using many different methads :»>

remove the primary product (the ethancl) as outlined below.

Margaritis and Wilke (1972, 1978a, 1978b) used a rotating
microporous membrane bioreactor system (Rotofermentor) to concentrate
yeast cells and simultanecusly remove ethéfl and other non-volatile
inhibitory products during the course of fermentation. Damiano et al.,
(1985) used a oontinuous yeast fermentation with cell recycle by
ultrafiltration membrane. These workers reported that some type of
inhibitory compound caused a decrease in both the specific growth rate
and specific ethanol productivity as compared to studies with no .cell
recycle. Majorella et al. (1983) further showed that the fermentation
by-products (such as acetic acid, formic acid, l-propanocl, etc.) were
not major factors 1n this secondary 1inhibition of yeast growth and

productivity.

Shin et al. (19895) studied the effects of non-volatile
substances an both the yeast growth rate and the ethanol productivity

of S. cerevisiae. The non-volatile substances, .such as proteins and®
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salts, were shown t5 reduce the yeast growth rate and ethanol
productivity, but not the maximum cell ooncentration. Thus it Jas
ooncluded that these compounds appear to inhibit the cell growth in 3
compet itive mode. Since Maiorella et al. (1983) showed that the primary
fermentation by-products were not the cause of the inhibition, Shin and
his co-workers used both sterilized and non-sterilized waste media in
their batch fermentations. This was done in order to study the effects
of fermentation by-products upon the growth and the productivity. The
results of these batch experiments showed that sterilized waste medium
did bring about better growth and product formation than the
non-sterilized waste medium. Therefore, this suggests that proteins
present in the nol-sterilized waste medium oould indeed inhibit cell
growth. These proteins were not present 1in the sterilized medium

because they would be denatured by the sterilization process.

This inhibitory effect is of great concern in the application
of zymocidal yeast strains to both batch and continuous systems. The
zymo;:idal toxin and immunity molecules are both extracellular proteins
which will accumulate in the fermentation broth. These proteins will
bind to the cell wall, of the host d’l, and may cause inhibitory

effects, especially in continucus experimentation.

4.4 BEnvironmental Pffects in Ethanol Permentations

4.4.1 Effects of temperature on Cell Growth

The series of enzyme catalyzed reactions, which make up the
glycolysis pathway, are affected by temperature. Enzyme - catalyzed

reactions have been shown to follow the Arrhenius type of relationship

61




within the boundaries of the thermal stability of the enzyme and 1%s

product 1on mechanism. In a cellular system, 1t 1s difficul: to
conveniently isolate the enzymatic step which is most 1influenced ov
tamperature. During balanced cell growth, a single parameter, the
specific growth rate, is used to characterize the population growth

kinet ics (Bailey and Ollis, 1986).

At low to medium temperatures, the data can be eﬁsily analyzed
in terms of the specific growth rate, 4 , and temperature relationship
shown 1n equation 4.25. A plot of the logarithm of the growth rate
versus the inverse of the absolute temperature should produce 1
straight line with slope -E/R and intercept ln(A).

“E/RT 425
N Ae - :

This relationship .applies to the typical range of fermentation
temperatures and at higher temperatures, thermal deactivation takes
place resultipg in the decrease of the sbecxfic growth rate of the

microocganism.

4.4.2 Effects of pH on Cell Growth

-

It 18 well established that the actiivities of enzymes'mvolved
in different biochemical reactions are pH dependent. This dependency
effacts the specific growth rate of the whole cell. The specific qrowth
rate of a microorganism can be greatly influenced by pH. " The range of

pH 1n I&hich microorganisms are able to grow and/or produce products at

the most optimum rate is generally limited. Yeasts have been shown to/

/
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be able to grow at pH values fram 3.0 to 8.5, with the optimum at pH
values between 4 and 5. Clearly, the optimum pH value for’growth and/or
product formation is an important oonsideration when analyzing a
particular micrcbial strain for possible large scale applications.

4.4.3 Temperature and pH Deag‘vacim of Proteins

In section 2.4.2 it was noted that the toxin molecule produced

,’by the zymocidal yeast s&ains is easily and rapidly deactivated by

temperature. Since this toxin acts by attaching itsgelf to the wall of a
sensitive cell, and then attacking it, it is felt that the deactivation

kinetics will be similar to the deactivation kinetics of enzymes.

Denaturation due to temperature increases for both proteins and
enzymes, occurs mainly as a result of changes in the structure of the
molecule. The simplest model used to exﬁress the deactivation kinetics
assumes that the protein molecules undergo an irreversible structural
change. This deactivation would then occur at a rate which 1s

propoctignal to the active enzyme concentration (Hill, 1977).

»
[ 2]
o

\
Assuming.. that the system is closed, well-mixed and free™ of

other factors that would influence the deactivation system, the active
protein concentration will decrease with time accocding to equation

4.27.

d4C
— = = 4.27
dt
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If =he 1nitial concentration of toxin in the system at  zero

time is assumed to be Ty , then equation 4.27 can be integrated to jive

equation 4.28.

n (_c_) - -4.28
CO . .
P Thus, a plot of the concentration of active protein versus time

using a semi-logarithmic scale should produce a straight line having
the slope of -k, provided that this model is indeed valid. Correlation
of the rate constants at the particular environmental conditions ased
1n each deactivation experiment can be used to produce an overall

kinet1c expression.

Indications fram previous workers (Bussey, 198l) suggest that
the deactivation of ihe zymocidal toxin 1nvolves a conformational
change 1in the structure as the active and mactive forms of the :foxin

have been shown to be of eduwalent molecular weight.

4.5 Moplication of Kinetics to Batch and Continuous Experiments Data

4.5.1 Batch -Growth Kinetics

Levenspiel (1980) derived many equations (for Jifferent reactor
configurations) based dpon the Monod, substrate - limited «xinetic

expression and i1ncluded product inhibition effects where apprapciate.

’
.

‘\ This derivation was based on the assumption that the Monod rate
equation 4.29 can be used 8 matherﬁaucaliy express the xinetics of all

growth and product formation.
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Substituting the product 1nhibition effects from equation 4.23
into equation 4.29, a generalized kinetic expression c;n oe derived for
the growth and product formation of a particular syst:e.m.s &i‘us
expression 1s Jiven by equation 4.30. This result assumes® that :he
maximum specific growth rate shown 1n equation 4.29 1s maximum specific
groWth rate 1n the presence of the 1nhibitor. The maximum specific

growth rate shown in equation 4.30 1s then the actual maximum specific

growth rate 1f inhibition was not present.

P SX 430
rczu'""('—(v Kn™S :

At low 1initial substrate concentrations (or when the limiting

inhibitory praduct concentration 1s large), the inhibition does not

slow the reaction, therefore:

-

o}
u | _(_P__) — Bmar 431
max Pm .

At high substrate ooncentrations (such that S >> Ky ), the
uptake of substrate does not slow down, but the overall reaction rate

reduces to a linear form, acéording to equation 4.32.

- um(, _ (_’;'3“.;.) )x - 4.32

-~
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Inteqration of equation 4.30 to give an overall change 1in
concentration with respect to time profile for a batch process, has

been proposed in the scientific literature.

Converti and his coworkers (1984) applied an integrated form of

this equation to the batch experimental data. They were studying the

effects of high substrate conceatrations on the kinetics of S.

cerevisiae 8trains. They utilized the Halwach graphical method which

assumes a constant biomass ooncentration in the system. Since 2
constant Biomass concentrati::ﬁ only occurs in the st:ationary phase of a
batch fermentaion, the Halwach method is of little value in studying
the growth and product formation kinetics during the exponential growth
phase. .
Other reports of applying integrated forms of the Monod
equation (or equation 4.30) have led _to sirﬁilar restrictions to those
autlined above. It therefore seems ;r'xxe logical to wutilize equation
4.30 in a differential form. Thus, by asét.xming a sm.gll time interval

At, equations 4.29 or 4.30 can be rearranged, and utilized to evaluate

€]

VAl

the kinetic constants fram any batéh experimental data.

' < & .
For ‘Datch 'kinetics (with no product inhibition effects),

4

s

r'd

equation 4.30 can be used to evaluate the Monod constants by u-sing a C’
* Vd

plot of X/f. versus 1/5 (Levenspiel, 1980), where the variables are

the time averaged biomass concentration, rate of increase in biomass

. and substrate concentration respectively.

- G

H max

RO
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‘Analysis in this way should lead to a straight line w ,;1 slope .
Km / hmax and int';ir‘cept .l/p.m‘ , assuming no produ nhibition
effects. .Deviation/ an linearity or improbable results would i1ndicate
product inhibition gffects. Other kineti¢ parameters such as the
specific growth rate can be dJderived directli from a semi-logarithmic '

<

plot of the experimental data. .

7 el N *
Further kinetic parameters, such as whether the products are
growth or ncq-grcwth assocliated, and their maintenance requirements,
will be evaluated where necessary fram the data derived from batch
culfure experiments. Utilization of equations such as equation 4.21 to
batch data require more sophisticated curwe fitting te.cmiqv.;és th;n the
derivation of the Monod constants. In these cases, mathematjcal

expressions for the substrate uptake, biomass Cformation and produ

formation will be evaluated.

-

4.5,2 Continuous Growth Kinetiés .

4.5.2.1 Owverall Mathematical Expressions
- *

-

. e

Calculation of kinetic p;a-zameters from contin_gp,xs experimental
data is gemral’]zjmch easier than cai.cu-lations fraom t;&'c):h dat'a, because
steady-state can be achieved. Mass balances of the limiF iné substrate,
the’ products, a_nd the biomass can.be written for ‘a/,single, well-mixed,

ocont inuously stirred biorsactor (CSTB) to yie.ldspme very useful

relationships.

v'(/
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'In a typical bioreactor shown in Figure 4.3, mass oalances for

the biomass, products, and substrate are shown 1n Equations 4+.34

tarough 4.36 (Aiba et al., 1973).

.8 = DIl XO—X)\"[LX . 434
dt -
4P = p(P; M) - Yy, KX 4.35 .
dt .
95 = pes,-S) - Yyx BX T 436
dt >
. |
where the dilution rate, D, is given by equation 4.37.

- F . 437

D = v

Assuming the feed is free of biomass and products, and the
steady state is reached in the CSTB, then equation 4.34 can be reduced

to'equation 4,38.

—

.D = © : o, : ' 438 -
) v
Equation 4.38 therefore indicates that the growth rate of the
microorganism in a continuous bioreactor systén i3 equal to the
dilution rate. This of‘cou.rse, is only true as long as the dilution
rate is not larger than the maxxmum spacific growth rate (D <-p,m,, )
beyond which call washout will occur. '
' .
. These results can be applied to the Monod kinetic expression to -
model the expected kinetics of an actively -qz‘gwing oont{ntme;

. -
fermentation. Substituting equation 4.38 into equation 4.3 leads to

equation 4.39.
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Figure 4.3 =~ Schematic of a Continuous Bioreactor (ideal mixing)

S - Subssrate eencentration.
X - Biomass concentration,
P - Product concentration.
F - Feedrate.

V - Reactor volume.

i - Specific growth rate.
Subscript 'o' - inlet conditions.

-
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2r, upan rearranging, this lead® to equation 4.40,

440

From this equation, it can be seen that at low dilution rates
the substrate concentration will approach ‘zero. As the dilution rate 1is
increased, the substrate concentration in the bioreactor will increase
as long as the dilution rate remains less than the maximum specific
growth rate. At dilution rates greater th.an the maximum specific growth
rate, growth of the culture cannot be maintained within'the fermentor,
and washout occurs.

If we oontinue to ignore product inhibition effects, equation
4.39 can be marranged ta enable determination of the kinetic

parameters directly from the continuous experimental data. Rearranging

equation 4.39, a Lineweaver - Burk relationship is easily derived

according to equation 4.41 (Ngian et al., 1977, Aiba et al., 1973).

4

_l.— K" J—.,. ! i . "' 4,41
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Therefore, a plot of the inverse of the dilution cate versus
the inverse of the substrate concentration should produce 3 straight

line with ‘slope Kg /Umam aNd interqep{}/um.

Since this thesis research deals with ethanol fermentation, and

v

the production of a proteinatecus toxin molecule, the inhib.ition of




these two products cannot be ignored. The effects of ethanol o the
growth rate of yeast was reviewed in section 4.3.1, out the ‘effects of
the toxin are unknown. Derivations of the kinetics fran those Jdefined
in equation 4,39 will be as a result of these products effects.
»

Maintenance rvcequirements for the oontinuous systems can be
determined by using equation 4.21 (Dimiano et ;11., 1985), which can oe
rewritten as a complete mass balance for the substrate as shown in

equation 4.42 \(?.nming that the feed is free of biomass and praduct ).

4S _ DiSy-S)- mx - DP _ DX 442
d Yp o Y

\
At steady state, the left hand side of this equation is zero

and therefore, this equation can be rearranged to yield equation 4.43.

S, -S§ - .
1] Y m
d = -+~ ! 443

Thus, a plot of the left hand side of this equation versus the
inverse of the dilution rate should yield a straight line with slope

'm' and 1ntercept 1/Y¥g:

As indicated in the literature review, the toxin is only
produced by actively growing cells in the exponential phase. Ther:efo(),
the toxin is most likely a growth associated product, and the subgtrate

utilized to produce the toxin would be included in I Yg.

Kinet ic parameters derived under batch growth conditions may be

quite different than thoee calculated fram continuous growth



condit iong. This arises mostly fram differences in the behaviour of the
strain during the batch process #here the environmental conditions
change with time, as compared to the steady-state continuous Process
shere the conditions remain constant. Tabera and his co—workess (1985)
found that kinetic data derived from yeast 1n batch experiments may be
different from those obtained under steady-state, cont"inuous aulture
condit ions.
3 N "\\
The possibility of some oscillation in continuous culture of S.

cerevisiae may exist and therefore, the fermentation system must be

controlled to reduce the chances of oscillations. Parulekar et al.

Rt o et g

(1986) and Jobses et al. (1986) both repocted that oscillations.m
continuous fermentations of S. cerevisiae could be eliminated by
maintaining the dissolved oxygen concentration above 78% or below 20%
saturation. Since in our research we deal only with anaerobic

fermentations, oscillations should not be obgerved.
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CHAPTER 5

EXPERIMENTAL MATERIALS AND METHOOS

-

5.1 Microorganisms

The two strains of Saccharomyces cerevisiae used 1in this

experimentation were kindly provided by Dc. C. Panchal of the
Praduction Research Department of the Labatt Brewing Company, London,

Ontario. The first strain used was Saccharomyces cerevisiae - Labatt

collection #1465, and it was originally cbtained from H. Bussey. This
hapléid killer strain (Kq Ry ) was used as the model zymocidal toxin
praducing strain in this research, anr.:l it 1is specifically refetred to
by Palfree and Bussey (1979) as A8207B, (x, his4C - 864). The seconq.

yeast strain used in this analysis was an S6 gensitive strain of

Saccharomyces cerevisiae - Labatt collection $#1438. This strain 1s a
wild-type having no zymocidal activity and was used to detect the

active toxin oconcentratjon produced by the killer zymocidal yeast

strain.

-

Both of the strains v;ere maintained in 10-mL portions of
buffered liquid media (c.f. 5.2.2). They were transfecred weekly in
order to insure that a high level of cell viability was maintained.

Both of the dtrains were replenished, on a monthly basis, from cell

P
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maintenance agar medium (c.f. 5.2.4) to keep a constant and consistent

"liquid inocula supply.

Cells in liquid broth were kept at 24°C 1n an 1incubator
(Precision Scientific - Model 805). Yeast cells on the maintenance agar
were initially incubated for 72 - 96 hours at 24 °C, and then were
stored at 5 2 C until needed. The lower temperature used 1n these
cultures slowed down the cell metabolism in order to reduce the chances
of cell death and lysis.

The inoo’nla prepared and used 1n the experiments were 10-ml
portions of bufferred medium (c.f. 5.5.2). They were inoculated from
the liquid maintenance stock and incubated at 24 © C for a period of 24
hours prior to use. The carbon source in the inocula was glucose.

4

5.2 Media Composition

Al]l chemicals used m the media and the analyses, with the
exception of those listed below, were obtained from Canlab and they
were Baker Analyzed Reagent quality. The bacto-peptone used in all of
the media was obtained from the Difco Laboratories. The yeast extract
was abtained from Gist-Brocades NV lot 1850/1 and the agar used for the
cell mamﬂemnce slants and for the toxin concentration assay was
ocbbained from the Sigma Chemical Company. The glucose was obtained from

the Com Praducts Company of Engelwood, N.J., and it was U.S.P grade

Dextroee .

o
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5.2.1 Yeast Growth and Production Medium

The medium used for cell growth and toxin production had the

. following composition in grams per litre of distilled water:
Bacto—peptone, 3.5; yeast extract, 3.0; potéssiun phosphate,
(monopasic), 2.0; ammonium phosphate, -1.0; "and magnesium sglphate,
(heptahydrate), 1.0. The carbon source used 1n this medium was Jlucose
at a concentration between 20 and 200-g/L depending on the experimental

conditons used.
Q

5.2.2 Cell Maintenance and Inoculation Medium

; Both of the cell strains were maintained in 10-mL portions of
sterile liquid  media wh‘ich contained the basic media conpcﬁents listed
in section 5.2.1 haying a carbon source of 20-g/L glucose. This medium ‘
was buffered t0 a pH of 4.5 by the addition of a 0.1-M (total ionic
strength) citric .acid - phosp‘te buffer. The buffer required the

addition of 6.472-g of citric acid 7.33g of sodium phosphate-dibasic

O tathadd

to each litre of medium prepared., The amount of sodium phosphate added
‘to the rrecﬁa was reduced in order to attain the oorrect phosgphate
concentration” in the final media, be;:ause some phospha;e 18 added as
potassium ptbspraté in the basic media composition.

v

Inocula were composed to include the above basic components

- e -

along with a carbon source of 20-9/L glucose. The sezitive strain,

s of the cell ' .

Saccharomyces cerevisiae -1438, wpq’grom in 125-ml.-vol
maintenance media contained in 500-mL shake flasks that had 20-g/L

glucose. These cultures were inoculated with 10-mL portions Erom the

A\

N\
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sensitive strain malntenance culture. They were then incubated at 25 C
for 24 hours 1n a rotary shaker (New -Srunswick Scientific, Model S -
25) at 200 rpm. These cultures were used 1:in the toxin detection and

concentration assay (c.f. S5.3.5).

5.2.3 Cell Maintenance Agar Medium

Both'of the yeast strains used in this analysis were maintalned
on solid media which had the following composition: glucose, 20-g/L:
yeast extract, 2.0-g/L: and agar, 20-g/L.. Slants of .thxs medium were
prepared in 20-mL screw—top tubes, and thgy were loop inoculated thh‘_
the yeast strains. These cultures were incubated .for 72 - 96 hours at
24°c, and thén they were stored at 5°¢ until used. Each month, one .
tube ofv each of the yeast strains was used to renew the liquid
maintenance cell lines and also to inoculate other maintenlanc;e agar

tubes.

5.2:4 Toxin Assay Medium

L 4
The medium used 1n the toxin assay consisted of the basic

companent s iisted in section 5.2.1 with the addition of ' 20-~g/L of
glucose. It was buffered with 6.472-g/L of citric acid and 7.33—g/L of
sodium phosphate dibasic. This medium .also contained 20-g/L of égar and
20-mg/L of methylene blue. ‘For each toxin concentration assay it was
necessary to ‘use this medium in two forms, namely, 25-ml test-tubes
containing 10-ml of toxin assay medium, and petri dishes containing

10-ml o<f this. same medium.

——— — m———— e -+




large volumes of ¢4 = 5 litres of this medium were prepared at

xe time. This was sterilized as either 15-mL portions 1n  25-mL test

) tubes, or 1n 500-mL flasks. The media was poured as'a- 1J-mL layer into
100 x 15-mm petri dishes. An equal onumber of tubes and plates were
produced from each batch of medium. After this preparation, t*:e tues
arnd, plates were sealed 1n plastic bags. They were then stored at 5°¢

to keep a constant supply of consistent plates for the analyses.
\

5.3 Analytical Methods . v

5.3.1 Biomass Concentration of #ymocidal Stran

Cell oconcentrations for the zymocidal yeast Saccharomyces

cerevisiae -1465 were determined by measuring its absorbance at 650—nm
on a Philips -Pye Unicam WIS Spectrophptometer, . (Model PU 8610,
cuvette - l-cm path length). S;anples were prepared eUy centri1fuging a
5-mL portion of cell broth at 1,000-rpm for 10 - 15 minutes
(Intemational Clinical Centrifuge \- Model CL). The cell pellet was
resdspended in an ‘appropriate a:t;amt of .sterile, distilled watezz to'
give a total cell concentration between 0.0 and 0. 6«;'/1.. The absorbance
was then measured using sterile distilled water as the blank. The

supematant from the centrifugation was transferved to a sterile test

tube and was used in the toxin assay and for testing to determine the

concentrations of ethanol and reducing sugars.

A typical biomass .calibration curve for the’ Saccharomyces

‘cerevisiae strain -1465 is shown in E‘igdre 5.1. The c:'alibration data
!’ . - i
was derived as follows: two 20-mL portions of stationary phase broth o -

were filtered through each of two pre-we ighed filter papers (1.2-pum
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i
t Figure S.1 - Biomass Calibration Curve - Zymocidal Strain. Calioration
' ' Curve X = 0.45996 Y - 0.0244l1. Correlation Coefficient

0.99.
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and 47-mm). One additional filter paper was pre-weighed ‘and wetted. -
These were dried to become a constant weight at 105°C, and were
subsequent 1Y weighed (Mettler H1S balance). After centriffgation and

resuspension, the' absarbance of distilled water dilutions of some cell

broth were measured. For each dilution, the cell . concentration (g/L)
- ) 7 \
was calculated §rom ‘he dry weights, and then correlated with the

appropriate absorbance va)ge. Linear regression was uged to determine

¥ .

the oorrelation curve for tk\Qint% ghown in Figure S.1. .

- S

: . : \"\'\\,‘. ) Ib_\ »
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" 5.3.2 Cell Numbers - Sensitijve Sq}ain ‘ R

. ' R ¥ 4‘ . ;

The numbers of cells in a sample of the. sensitive strain

Sacgharomyces cerevisiae -1438 was detérmined using a hemocytometer. A

drop of the~ cell, broth (dilut;ed to 'cohtain approxé/ma:ely 25 x 108
. cells/mL) was aseptisally .t:gansferreq to the remcytbn;étei and was
obgerved under a light microscope at a magnification of 400 times
(American Optical, Model - Phase Staz: - one-ten). The cells were
counted within the double-scribed a;éa‘ on thd hemocytometer. Fram this
count, and from knowing the dimensions of the scri‘bed ocounting area,

. ~
the cell number cdncentration can be found by using Eguation S.1:

Cells/ml = Count m screen arex x  2.5x10° . 5.1

. . ] .
5.3.3 Total Reducing Sugard - o B

,
2

-

& ﬂ:e conwon of reducing sugar | theAsygcj.hm\ wes measureq
by using the dinitrosalicylic. acid method ) of Miller et al-
(1960). One litre of reagent was prepared in the following manner:

11.3~g of sodm’n hydroxide were dissolved in 500-mLs of distilled

F

v




o
ﬁ e i B IR s e -+

| i “__u_.._ a2
Wmm .._mnunu..“:. L ,
39
_. i 2l =) |—




~ } e AR ¢ TR NG T - PO R ATV

7

-

water. 0.565=q of sod1um sulphife, 1ll.3—g of 3,5-dinitrosalicviic acid,
226.0-g of sodium potassium tartrate (Rochelle Salt), and ,2.0-g of
prenol were all added with stirring. The solution was then made up to 4
1-L total wvolume, and 1t was stored 1n a light protected repipettor
(Oxford Laboratories Pipettor).
™.

The analytical procedure used to determine the glucose
concentration 1n the cell free broth samples was adapted from Miller et
al (1960). One millilitre samples of centrifuged cell broth were
diluted to contain betueen 0.2 and 2.0-g/L of reducing sugars. Then, iIn
a S0-mL test tube, to these samples was added 3-mLs of the DNS reagent.
After being vortexed, the tubes were placed in boiling water for
exactly 5 minutes (+1 second). They were then placed into a cold water
bath. To each was added 20-mLs of distilled water (Repipet!™l -
Labindustries Inc.). After beind vortexed, the solutions were poured
into cuvettes and the absorbance was measured at 600-nm against a
reagent/distilled water blank (Philips - Pye Unicam WIS
Spectrophotometer Model PU 8610). The blank was prepared by using
1.0~mL distilled water and 3.0-mLs of DNS reagent. Next it was heated,
and then diluted with 20-mLs of distilled water .by the same method as |

when handling the broth samples.

The sugar concentration was then determined from a calibration
curve that uses glucose as the standard .sugac for all fermentations. A
calibration curve was generated for each sugar analysis in this manner:
an appropriat& mass of glucoge was weighed into a 500-mL volumetric

;flask, it was dissolved into the distilled water to yield a final

oncentration of 2.0-g/L. In other volumetric flasks, this solution was
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Figure 5.2 - Glucose Calibration Curve - DN Method
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then used to prepare the sugar solutions of concentrations between 0.9
and 2.0=g,/1. The DNS test Jdescribed above was then performed on each of
these standards. A typical calibration curve for Jlucose 1n Jepicted 10

Figure 5.2.
5.3.4 Ethanol

Gas - liquid chromotography was used to measure ethanol

concentrations using appropriate calibration standards. A Varian Model

3700 gas chramatograph was used 1n this analysis having the

characteristics and the set points as listd in Table S.1.

Al1.0-uL sarrpie olﬁ centrifuged cell oroth was diluted 1n order - ..
to contain less than 10-:;R ‘ethanol. T.'h.is. was injected 1nto the gas
chramatograph (10- uL Hamilton Microlitre Syringe), and the peak height
(as measured from the base line) was then compared to the peak height
of a 1.0- uL ethanol standé‘rd: Owe“ standard 1nject1dn was made after

-

each sample injection.

B Periodical_;y, the coldmn temperature of the gas chramatograph
was L‘bcréased up to 200°C for 90 - 120 minutes in order to clean the
olum. I‘hié was required as the sensitivity (whic?;n is measured by the
standard peak A height) would be reduced after a series.of 10 to 20 sets

of sample/standard injections. Bt

. ) .
. -




TABLE 5.1

<7 SET POINTS FOR GAS CROMATOGRAPH
(Variam - “odel 3700)

Samole Size:
$ Sample Concentration:
Temperatures - [njector
- lon Detector

olumn - 6-m, /16" Stainless Steel, Dacked wrih Thramosorn

.
160°°¢
170°7
150"

qC-II

N M /man
0 »i/min
100 ml/min

i - Calumn
. Attenuator
Ranqge
~ 33s Flow Rates - Nitrogen
~ Hydrogen
- Arvr
-
. ,
-
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5.3.5 Toxin Concentration

Active toxin concentrations in the liquid broth were measured
using the methylene - blue spotting assay of Panchal et al (1985).
Approximately 105 cells of .the sensitive wild-type strain

(Saccharomyces cerevisise -1438) were added t& a test tube that

. contained 10-mL of molten toxin assay medium (c.f. 5.2.4) and was held:

at 40°C in a water bath. The toxin medium - cell suspensiof was next
vortexed for a period of 5 to 6 seconds. _Then 1t was poured onto the
surface of a petri-dish that contamed 15-mls of cooled toxin medxun
These overlays were allowed to harden (by cooling) for'appr:mumately 20

mirmstes. Four, 10- ul pov:tions of ocentrifuged cell broth (Oxford

‘Adjustable Sanpler - model 8885 - 300205) were then placed 1into four

separate spots that dotted the surface of the sensitive strain agar
lawn 'The plates were - mo.xbated at- 22°C for 24 to 48 hours in order to

allow the. growth of the sensn:we strain, and therefore, acmeve

development of the clear zane. The plates were r:hen examined under

light so that the clearini; zones could be measured accurately. A

photograph of a developed clearing sz toxin assay pfate is shown in

Plate S.1. . -

) The clearing zane that dew;elops around the ‘'killer - breth'
-Spot is a function of two yariables:' the volume of the origina‘1 #mle
placed upon  the sensitive lawn aid, the mncentra{.ion of the Eo;(in in
the sample. - Therefore, in order to calibtate this test two separates
exper iments v;vare performed. The first experime.nt was used to determine

the 6ptirm.nn size of the sample to be placed upon the lawn of Jéld—ty:pe

yeast cells. This was ad@omplished by growing cells of the killer
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Plate 5.1 -~ Developed Toxin Assay Plate. Ten microlitre spots of toxin
containing broth on 105 sensitive lawn. Forty-eight hour
incubation time, .
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strain Saccharomyces cerevisiae -1465 1n 125-mL 5f suffered 1noculation

@
medium contained 1n a S00-mL shake flask kept in 3 rotary shaker, at

-~

175-rpm and 18 © O for 24 hours. The cells were then removed oy
centrifugation (Sorval - RB-2, 100-rpm, 5° C, 20-min.), and the
supernatent was decanted into the sterile test tubes. Samples of 5, 10,
15, and 20- uL were then spotted ofito the four separate plates, which
contained the sensitive yeast strain lawn. The clearing zones were
measured afte_r the 1ncubation period was over and the mean values for
each sample volume and their standard deviations were calculated and
plotted in Figure 5.3. As can be seen from this figure, the optimum
sample volume was 10-pu L because this had the smallest standard
deviation. A second experiment was uged to establish a direct
quantitative relationship between the diameter of the clearing zone and
the toxin concentration. To do this, the killer cells were grown in
125-mL of inoculation medium, which contained 50-mL of glucose, held in
a 500-mL shake -flask under the same conditions as for the previous
experiment. The supermatant oonéaining the killer toxin was agaln
recovered by centrifugation and was diluted in a pH of 4.5, citric acid
- phosphate buffer to the concentrations of 1/10, 2/10, 3/10, ...,
10/10 of thg original broth ooncentration. These dilutions werz then
spotted onto toxin assay plates using 10-puL spots, and they were
incubated for 24 to 48 hours. The clearing zones were theh measured,
apd correlated againgt 'the original toxin concentragion in the b)mth.
The results of this are plotted in Figure 5.4. Note that the

-
concentration of zymocidal toxin shown in Figure 5.4 was shown as

percent ¢oncentration equivalents. This was done to indicate that the

total toxin concentration in defined units is unknown. In the remainder

of this thesis toxin oconcentration will be reported in WITS/L where

4
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Figure 5.3

NG

- Clearing IZone Diameter - Sample Size Relationship for
Toxin Assay. Exrroc bars represent cne standard deviation

calculated fraom four spots at each sample volume.
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ane WIT/L 1s equivalent to thé amount of toxin which generates a 9-mm
clearing zone. As can be seen from this figure, the sensitivity of the
test to high toxin ooncentrations is limited by the diffusional
characteristics of the agar medium. Therefore, sanpleg containing high
tox1in concentrations would have to be diluted in the buffer solution in
order to obtain spot diameters in the range of 0 to %-mm which allows

for accurate active toxin concentration determination.

5.3.6 Total Toxin Concentration and Purification

S.3.6.1 Toxin Production

To measure the purity and ooncentration of the’extracellular
toxin, a 12-L batch of killer strain culture was harvested ' during its-
early stationary phase. The cells were grown in a’'l4-L Microferm
Fermentor (New Brunswick Scientifi!, model MF - 114) at a temperature
of 20°C with the pH being®controlled to a level of 4.5vy the
automatic addition of either hydrochloric acid or sodium hydroxide. The

pH ocormtrollers ugsed in all experimentations were model 5997 pH

‘controllers (Horizon Ecology 1Inc.). The pH probes employed were

autoclavable Indold probes (Type 465).

A 250-mL inoculum was prepared in a rotary shaker at 20°C for
24 r?mrs at 175-rpm and used in the 14-L batch experiment. After 36
hours of batch growth, the cells in the 10-L broth solution were
removed by ultrafilt.rar;ion using a Millipore HVLP rrenbrané (0.5=um) jn
a Pellicon Cassette System (Millipore Corp.). The filtration rate was

set to 500-ml/min with a recirculation rate of 1,000-mL/min at an inlet

pressure of 10-psig.




5.3.6.2 Concentration and Purification Procedures

The extracellular macromolecules remaining in the clarified

cell {xot.h were subsequently concentrated by ultrafiltration across a

- Millipore PIGC ultrafiltration membrane (10,000-MW) 1n the Pellicon

Cassette System using a back pressure of 10-psig. The filtration rate
was adjusted to 150-mL/min, and the recirculation rate was 600-mL/min.

The remaining steps 1n the purification and electrophoresm' procedures

T PP SRR - *7

were completed 1n the labs of the Production Research Department of the
Labatt Brewing C\onpany with the assistance of Mr. Peter Zygora. The
proteins thus present in the clarified and concentrated cell broth were
then precipitated by the addition of ammonium sulphate. The amount of
ammonium sulfate added was such that the total concentration was 80% of
saturation. The resulting precipitate was collected by centrifugation,

and 1t was refeuspended into 10.5-mL of buffer.

5.3.6.3 Toxin Gel Electrophoresis and Total Concentration

e I T ——

; Samples of both the mpreqipitated and the resuspended protein

solutions were applied to separate 20% SDS Polyacrylamide Gels. These

{
were compared to samples of a known protein solution. The known
solut ions had been applied onto the same gel as the resuspended protein

N solution to act as standards. The gel was then submerged horizontally

~

in trisglycine buffer in the electrophoresis apparatus. After two hours

ERY L S ARSI W ¢

at 70-V, and a current of 30-mA, the gel was removed from the apparatus

~,

and subjected to silver staihing. As electrophoresis will separate the

different proteins by the charge on the proteins in the mixture, both
pn

~ .
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the samples and the marker solutions produced a distinct band patter,
cbpendx% on the presence of various molecular welghts. The width Of
each band on the gel Is proportional to the amount of that proteln in
the original preparation. Since a known solution of protein w~as applied

as a marker, the overall size of each protein tand could be evaluated.

To evaluate the band sizes, the gels were photographed and the
negatives were scanned 1n a Densitometer to determine the relative
sizes of the different protein bands (Kipp and Zanen - model 202). The
results from the densitometer were automatically traceq onto a chart
recorder (Micrograph BDS). The area under the chart recorder trace (for
each band) is directly related to the size of the individual-bands fo o
the gel. Therefore, the overall concentration of each band can then be

estimated from the area under the standard bands.

5.3.7 Plaamid Analysis

To determine the presence of both L and M dsRNA plasmids 1in the
killer yeast strain, a 25-mL sample of late logarithmic phase cells
were centrifuged for 20-min at 2,000-rpm. The supernatent was removed,
and the cell pellet was chilled in an ice-water bath o be subsequently
transported to the Prodjction Research Department of the Labatt Brewing
Company, London, Ontario. With the%esistance oE'Lynda Bagt of the
Labatt Brewing Company, the chramosomal DNA and RNA was isolated, and

then detected by gel electrophoresis by using the following method:

The nucleic acids were isolated following the lysis of the cell

pellet  in buffer that ocontained 1% sodium dodecyl sulfate. The




o

chramogamal DNA and RNA was precip:tated with salt (1-M NaCl), and‘'the
supermatent was *SubJeCted to one phenol extraction (saturated with
10-mM Trais, pH = 8.0) followed by two chloroform extractions. After
extensive dialysis, the nucleic acids were precipitated with cold 953
ethanol at =20°C. After centrifugation, the pellets were air dried and
resuspended 1nto buffer. The electrophoresis was performed using a 0.7%
agarose gel which was submerged horizantally in Tris acetate buffer
(40-mM Tris, S-mM sodium acetate, l-mM EDTA, pH = 7.4) at 20-V, SO-mA
for 21 hours. The buffer was replaced with fresh buffer after 8 hours
of electrophoresis. DNA and RNA bands became visualized after staining
the gel with ethidium bramide (0.5~ pg/mL) and observing them under an
ultra-violet, transilluminator. -'This gel was photogtap_ol"ed and the
phot.ographic negative was scanned by the densitometer (se; S.3.6.3) 1n
order to determine the relative sizes of each DNA and RNA band. A
marker track of known mlecu;ar weight nucleic acids was used to
estimate the position of the L and M dsRNA plasmid bands.

5.4 Experimental +Apparatus for Batch Experiments

All batch fermentations used to study the enviranmental factors
were completed i1in a 2-L (total volume) b‘i’oreactor system as depicted 1n
Figure 5.5. The vessel itself was a 2-L tempering beaker (Cole PaMer,
model number R-3773-30) fitted with a set of stainless steel baffles.
The top of the bioreactor unit wﬁs a number 16 rubber stopper, fitted
with a Wport, a gas ou‘tlef. port, and acid and base addition ports
made of 1/4" glass tube. Two additional ports in the stopper were 1/2"

in diameter, they were used for inoculations and for the pH probe

(Ingold, Type 467 The acid and base ports were attached through Sigma
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. Figure 5.5 - Schematic of Batch Fermentation Apparatus.

~ -~ A = 2-L Total volume fermentor vegsel.
) ‘= Rubber stopper - fitted with access ports.
Exit gas condenser.
- Exit gas filter.
- Sample port and tube.
- pH probe.
- Inocufation poct.
- pH meter and controller.
- Base solution pump.
Acid solution pump.
- Bage solution reservoir.
- Acid solution reserwoir.
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pumps (Sigma - motor Camp., AL.4.E) by separate 1/4% latex tubing to

the two 1,000-mL buffer solution flasks. The pumps and the pH probe

- were connected to a pH controller (Horizon Ecology Comp., model 5997).

The pH in the fermentor was controlled to a desired level through the
automatic addition of 0.1-M hydrochloric acid or 0.2-M sodium
hydroxide. ~ The temperature of the fermentor was controlled with an
immersion heater and pump (Haake model El) in a 20-L water bath. Tubing
routed the water Ercm the pump through to the jacket of the t:.enpering
beaker, and then back to the water bath. A cold,water cooling loop was
also included in the temperature bath to allow for accurate control at
temperatures lower than ambient. Outlet gases from th-e fermentor were
cooled in a cold water condensor and routed through a glass wool packed

air filter.

At the beginning of a particular, experiment, 1.5-L of liquid

medium was prepared and transferred to the bioreactor. The pH - buffer

flasks were filled, and the fermentor wvessel with:- all. of 1its .,

attachments was_ sterilized, in an autoclave, at 121°% ¢ for 30 minutes.

~

_After the fermentor mcfed the desired fermentat'ion

temperature but - prior to immlatim\ a sample of the medium was drawn

fron the fermentor. The pH of this sample was .measured (Beckman

Zera‘nétic, §$-3), and the pH controller was turned on and was adjusted

acoordingly. The pH meter was calibrated using reference buffer .
+ solutions ef pH 4.01 and 7.00 (Canlab. H 7590-4 and H 7590-7). The

fermentor wgs_l' then inoculated ageptically with a 10 -mL killer strain
inoculum. ‘A 'san'plé was drawn from the fermentor immediately " after

inoculation, ‘and also at regular intervals thraugh the course of the
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fermentation and_they were analyzed for biomass, glucose, ethanol and

toxin concentrations.

5.5 Experimental Apparatus for Continuous Growth

-The fermentation vessel used in continuous culture experiments
was similar to the batch vessel and is shown in Figure 5.6. an
adc{i&imal. port was added to the vessel to allow medium feeding while
the s-akple pa:t -was removed and replaced with an exit port from the
system. These entry and exit ports were fitted with 1/4" latex 't(blng
through pumps to the 20-L medium and the product storage vessels. ‘Lhe
feedpump was a Masterflex 1 to 100-tpm pump (R-7520-30) fitted with a
Mastez;fle:g R-7013-13 head wh'ilch uses 0.030 inch (R-6424-13) tubing.

z .

The product pump was a Masterflex 6 to 600-rpm pump 1R—7520-05‘)
fitted with' .a Masterflex R-7014-20 Head which uses 0.064 inch
(R-6424-14) tubing. Between this pufip and the product Jtorage vessel, a
saﬁplé port was a&hd to allow the aseptic product to be extracted.

. At the begimi:\q of each experimental run, the exit and entry
ports we:é gsaled. The fermentor vessel was éilled with 1.5-L of cell
growth and production medium. The fermentor vessel was then sterilized,
and was set up in the same manner as for the batch experiments. A large
volume (20-L) of medium was prepared, subsequently sterilized in the

fead tank, and then connected to the fermentor vessel.

-

After inoculation, the batch growth was allowed to proceed near

the end of the exponential growth phase and at this point, the feed and




Figure 5.6
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Cont inous Fermentation Apparatus
2-L Total volume fermentor vessel.
Rubber stopper - fitted with access ports.
Exit gas condenser. ‘
Exit gas filter.

Feed pump.

Product pump.

Feed reservoir.

Praduct reservoir.

Sample Port.

pH Praobe. ‘

pH meter and controller.

Base solution pump.

Acid solution pump.

Base solution reservoir.

Acid solution reservoir.
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product pumps were set to the appropriate feed rates, and appropriate

level control of the fermentor.

5.6 Sampling Techniques

Biomass, ethanol, reducing sugars, and toxin concentration were

determined for each sample withdrawn fram the batch (or continuous)

‘runs. An 8 to 10-mL sample was aseptically withdrawn fram the fermentor

and transported to the laminar flow hood (Canlab, VEM 600). A S -mL
poction of the sample as transferred by pipette to a sterile centrifuge
tube., After centrifugation, the supernatent was transferred to a
sterile test-_ttbe, and the cell pellet was saved for biomass

concentration determination.

A 10-puL poction of sensitive strain was mixed with a 15-mL
portion of molten toxin. concentration medium, and it was poured
aseptically into a petri dish. This lawn was allowed to solidify, and
then four 10- uL samples of the sample supermatent were spotted on the
surface. The petri-dish was left in the laminar flow hood for 4 to 6
hours before it was 'r_ransfer:red to .the incubator. This time period
allowed the spotted samples to absorb into the agar. The remainder of
the supematent was stored at 5°C for reducing sugar analysis. Ethanol
concentration was determined by using a dilution of the remaining whole
broth sample. * Details of the specific tests utilized are outlined in

sections S5.3.1 through 5.3.5.
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EXPERIMENTAL RESULTS AND DISCUSSION

6.0 Initial Experimental Runs

Four, initlal batch runs were completed at different
temperatures and pH values in order to analyze the limitations of both
the fermentor and the control equipment.. These 1nitial experiments
served to set-up the boundaries for the ranges of temperature and pH.

¢

Each of the initial runs was completed as a batch experiment
using the 1.5-L fermentor system outlined 1n section 5.4. The
temperature range which co:;ld be accurately attained 1n the fermentor
for the course of a typ.ical fermentation was assessed to be between 15
and 45° C. It was also shown that the contents of the fermenter vessel

were at the same temperature as the contents of the temperature control

system and 35-L water bath. This enabled ease in temperature control

and monitoring throughout the course of the fermentation studies. The

pH could be aécurately controlled to be between pH 3 and pH 8.

These boundaries should allowed a wide enough window 1n order

to accurately assess the production and growth kinetics of the

zymocidal yeast strain. \
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6.1 Toxin Presence and Concentration

Toxin production by the zymocidal strain was Jdetected oy the
well - test method. To show that the strain used i1n this analysls was

capable of producing the zymocidal toxin, a 10-
2

uL portion of cell
broth containing 10 cells was spotted onto a sensitive lawn. A

photograph of this test 1s shown 1n Plate 6.1.

The overall concentration of toxin 1n the liquid broth was
evaluated by the concentration/electrophoresis method (section 5.3.6).
A 10-L batch of growth and production médium was prepared and
sterilized in the 14-L New Brunswick fermentor. After the temperature

and pH were adjusted to be 20°C and 4.5 respecitively, the fermentor

was inoculated with a 1-L zymocidal inoculum. This inoculum was grown

-

for a period of 24 hours in a rotary shaker at 25° c.

At the end of the exponential phase of growth, the fermentor
contents were subjected to ultrafiltration to remove the cells. Further
ultrafiltration was used to concentrate the extracellular proteins from

the original 1l-L to I1-L. (See section 5.3.6 for details of this

process. )

The proteins from a 5S00-mL portion of this concentrate were
then precipitated by the addition of ammonium sulphate to 80%
saturation. The precipitate was removed by centrifugation and weighed

to be 3.5-mg. The precipitate was then resuspended 1nto 10.5-mL of

buffer for use on the'electrophoresis gel.
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Plate 6.1

Zymocidal Strain an a Sensitive Lawn of Saccharomyces
cerevisiae an a 10 lawn. Initial =zymocidal cell

concentration - 100 cells.
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Plate 6.2 shows the gel which resulted from unprecipitated
toxin concentrate. As can De seen on this plate, many other oroteins
are present 1n the concentrate broth. Separation of these proteins by

precipitation 1s essential before analysis 1s possible.,

An electrophoresis gel was run using the precipitated proteins
us shown 1n Plate 6.3. Four different size samples were used, and the
resulting lanes were scanned by a densitometer. As can be seen in this
plate, the toxin band 1s distinguishable at a molecular welght less
than the 14,000 MW marker band 1n all of the lanes. Scans of the
photographic negative showed that a S- uL sample of the precipitated
proteins produced a 0.3- ug toxin band. Based on the densitometer
scans, the total amount of toxin in the precipx@ted sample was 630~
g. Before precipitation, the total amount of toxin present in the 1-L
sample concentrated kroth was then 1.26-mg. Therefore, the total
concentration of toxin in the original 11-L of fermentation broth was

0s115-mg/L.

Assuming that only S0% of the toxin and other proteins are
precipitated by the ammonium sulphate treatment (Panchal, personal
-ccmnunicatlon, 1986), the overall toxin concentration is estimated to

be 230~ pg/L.

The average clearing zone diameter created by application of
the cell free broth from the original fermentation was calculated to be

7.0-mm. This allows for approximate conversion of the zone diameters to

»

. -



Plate 6.2

- Electrophoresis Gel of Unprecipitated Protein Solution.
Band A - extracellular protein bands.
Band B - 11,800 MW toxin.

See text for purification and electrophoresis procedure.
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Plate 6.3 - Electrophoresis Gel of Precipitated Protein Solution at
' indicated sample sizes.
Band A - 11,800 MW toxin.
Band B - 14,000 MW extracellular protein.
Band C - other cellular proteins.
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absolute toxin concentration. This relationship 1s shown 1n  equation

6.1.

230 . . 6.1

This relationship must be corrected to reflect the non-linear
relanonsr:ip between the clearing area and the equivalent concentration
shown 1n Figure 5.5. A better relationship between the overall
concentration and the zone diameter would then be shown 1n equation

6.2. ¢

230 8.2

6.2 Plasmid Analysis

6.2.1 Plasmid Presence in Killer Strain

Initial tests were cumpleted to determine the presence and
approximate number of L and M plasmids in the killer yeast strain.
Four, 25-mL samples were withdrawn from a 1.5-L batch fermentation
during the logarithmic growth phase. The batch fermentor was controlled
at a temperature of 20°C and a pH of 4.5. The whole broth sample was

centrifuged and the resulting cell pellet was, subjected to the plasmid

- analysis tgchnique outiined in section 5.3.7. The resulting gel was

photographed and is shown in Plate 6.4. The first lane is a marker band
of proteins of knownr molecular weight. This lane will allow egtimation -

of the molecular weight of the L and M plasmids. The second lane 1s a




. Plate 6.4 - Electrophoresis Gel of Cellular Mucleic Acids.
Band A - M ds RNA. :
Band B - Superhelical DNA.
. Band C - L ds RNA,
. Band D - Open loop DNA.
Band E - Large molecular weight DNA/RNA and
other nucleic acids.
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nucleic acid extract of a different superkiller strain. This lane was

tncluded to allow some comparison of the plasmids from different

strains. The remaining eight lanes shown 1n Plate 6.4 are different
4¢

sized samples of the four nucleic acid extracts from the original four

samples. The size of each sample_ is shown on the photograph.
»

As shown 1n Plate 6.4, each nuclelc acxd’ extract from the
killer strains produced five distinct bands on the gel. The band which
migrated the furthest was estimated tao have a molecular weight of 2.0
kilobase pa.irs (kbp), and was identified as the M dsRNA plasmid by

comparison to work done by other researchers (Wickner, 1979 and Palfree

and Bussey, 1979).

- N

The second distinct band at _approximately 3.8-kbp was
identified as 2- um sdperhelicai DNA (Panchal, personal communication,
1986). Betv;een 50 and 80 copies of this small DNA strand exist in the
cytoplasm of yeast cells. This band was used to estimate the number of
;:OQies of the L and M plasmids by densitometer analysis. By referring
to section 2.4.2 of this thesi;s, one can see that the overall size of
the L plasmid is approximately twice that of the M plasmid. The third
and largest distinct band at approximately 4.5-kbp was identified as
the L plasmid band because of its size when compared to the M band.
Comparison of these results tc; other published results also suggest
that this large band is created by the L plasmids. The fourth faint
band at 6.6-kbp was identified as the 2- um open-circular DNA (Panchal,

pers. comm., 1986). Saccharomyces cerevisiae cells possess these short

strands in a similar quantity as the superhelical DNA. The fifth band,

at approximately 24-kbp, is the nuclear DNA along with other large

—_— = —e e —-
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nuclear and cytoplasmic nucleic acid components of the cell. No
separation of these large fractions appears as they are at the limit of
this analysis. Separation of these large nucleic acids 1s possible, but
it 1s of lattle significance in this analysis.

6.2.2 Plasmd Numbers .

A densitometer comparison of each band on the photographic
negative of the gel was used to estimate the number o‘f copres of the L
and M plasmids. As reported earlier, each cell of S. cerevisiae
contains between 50 and 80 copies of the superhelical DNA. Comparison
of the density of this band to the L and M bands allowed estimation of
the numbers of these plasmids. The densitometer results indicated that
between 100 and 160 copies of the M plasmid, and between 250 and 400
copies of the L plasmid exist in each cell of the killer strain used
throughout this analysis. Analysis of the lane from the different

strain of S. cerevisiae resulted in similar estimated numbers of the

‘plasmids.

6.3 Kinetics of Toxin Inactivation

6.3.1 Temperature and pH Effects

The effects of temperature and pH on the stability of the
zymocidal toxin in liquid broth is of prime concern in this analysis,
Studies were undertaken to determine the deactivation of the toxin at
different temperatures and pH values. A single 1.5-L batch of the

killer strain sustained at 20°C and a pH of 4.5 was grown until the

end of the logarithmic phase was detectable by a biomass\analysis. The
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fermentor broth was centrifuged at 5,000-rpm for 10-min. at a
temperature of S®C to remove the cells. The cell free oroth was then

(-]

divided 1nto five separate portions and stored at S C 1n a

refridgerator.

Each portion of the centrifuged broth was then further

subdivided into five 10-mL samples and added to separate, sterile S50-mL

test tubes that already contained 10-mL portions of a sodium phosphate

Lo it b

- citric acid buffer. The five tubes had pH values of 3, 4, 4.5, S and

} 6 respectively. A total of 25 tubes were created .in this way. Five at

i each pH. Each set of five buffered tubes created from the five portions

of the original broth were then placed in refridgerators, 1ncubators,

or environmental rooms 1n order to adjust the temperature to the
desired value. Temperatures of 7, 21.8, 24.5, 30 and 40 °C were used 1n

this analysis.

Therefore, 1in each incubator, five test tubes at different pH

values were available for use to study the inactivation of the toxin.

. ey -

Samples from each tube were taken periodically and assayed for toxin

concentration, over an eight hour pericd,

After a 48 hour incubaéxon, the clearing zones caused by the
active toxin were measured and then converted to eqguivalent
concentration units by using Figure 5.5. From this data, the percentage
of original toxin activity was evaluated. The results of this analysxs'
were plotted in accordance with equation 4.24, and a linear

relationship was noted. A typical sget of results for temperature

C
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Figure 6.1

- Temperature Deactivation of the Zymocidal Toxin
pH = 4.5.
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Figure 6.2 - pH Deactivation of the Zymocidal Toxin
» Temperature = 21.8°% C.
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1nactivation :s shown 1n Figure 6.1, and for pH 1nactivatiorn in Figure

6.2. p

-

-

As shown 1in these figures, the toxin 1s :apidly Jdeactivated at
reasonably low temperatures and at pH value; out:;,ide of the 4.0 to 4.6
range. The slopes of the lines on Figure 6.1 were used to the Jetermine
the Arrhenius rate cofStant 1n accordance with equation 2.21. Figure
6.3 18 an Arrhenius plot of the data shown in Figure 6.1. As shown 1in
Figure 6.3, a linear relationship was found between the logarxtl"nn‘of
the deactivation rate constant X and the inverse of the absolute

temperature. This allows the calculation of the deactivation energy

(E}, and the proportionality constant (A) 1n the Arrhenius egquation
4.21.

Based on the data shown in Figure 6.3., the deactivation energy
and the proportionality constant were evaluated to be 14.5-kcal/mole
and 2.53 x 109 h*'respectively. The value of the deactivation energy
calculated for this S. cerevisiae based toxin 1s lower than the
55-kcal/mole reported by Kotani et al. (1977). The toxin used by Kotani
and his co-workers was produced by sake yeast. The sake t.ox.ms have
been shown to be more stable than the S. cerevisiae derived toxins as
1s confirmed by these results.

The rate of deactivation of the toxin as a function of pH 1is

shown in Figure 6.4, which includes the kinetic data from Figure 6.2.
As shown in Figure 6.4, the rate of deactivation of the toxin 1is’.very

sensitive to pH. At pH values outside the optimum range of 4.0 to 4.6,
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Figure 6.3 - Arrhenius plot of the Thermal Deactivation Rate of the

Toxin
~ pH = 4.5,
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Figure 6.4

- pH Effects on the Thermal Deactivation Rate of the Toxin

Temperature

21.8°cC.
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the rate of deactivation 1s very high. This 1s especially: true at pH

values higher than 4.6.

It 1is m‘teresting to note that the optimum pH range for toxin
activity 1s very similar to the optimum pH range for yeast growth.
Yeasts' have been shown toO grow best at pH values between 4 and S
(Bailey and Ollis, 1986). This suggests that the zymocidal toxin was

originally produced to protect the cell when 1t reproduced most

rapxdly’.

Continuing with galculations from figures sim,ilar to those
outlined for Figures 4.1 through to 4.4, the overall effect of pH and
temperature on toxin deactivation may be calculated. Figure 6.5 shows
the deactivation energies and the proportional_ity constants as
functions of pH for each set of samples analyzed. Sincg~he rate
constants are a function of temperature, the overall effect of pH and
temperature is shown in this figure.

The results evaluated above will allow the determination of the .
total active and inactive toxin concentraticﬁns during a fermentation.
These resulis show that at a constant pH, the deactivation of the
active toxin is consisten£ with first - order kinetics of dJecay. The
rate of deactivation .of the toxin follows a typical Arrhenius

relationship with respect to temperature.

* The overall deactivation rate equation for the toxin may be,

therefore, maybe given by eguation 6.3.



Figure 6.5 - Overall Temperature and pH Effects on Toxin Deactivation.
Deactivation energies and proportionality constants where
evaluated from the temperature dJdeactivation data
according to the Arrhenius relationship.
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Z'A =e’k' 6.3

T

The rate constant of toxin deactivation 1s given by Bguation

6.4.
E

“®T 6.4
kK = Ace
In thas Arrhenius equation, both A and E are functions of the
broth pH. These values can be estimated by the use of Figure 6.5, or
calculated using the correlations shown in Eguations 6.5 and 6.6 which

were derived fromethe experimental data.

l® (A) = -.602(pH)P + 4.01( pH)Z ~.567( pH) - 3.09 65 °

3
== “969CpH = 164(oH)? + 5690( pH) - 8990 | 6.6

These correlations are plotted with the data points in Figures

6.6 and 6.7.

14
The differential form of ecpa\r.ion 6.3 will be of more use in
this analysis and is shown in equation 6.7.

dZ
dt

5

= —kiZ, 6.7
6.3.2 Ethanol Effects

The series of experiments outlined above were repeated using a
new batch of cell-free €fermentation broth. This set of analyses not
/

only included the pH and temperature effects on the toxin but also

included ethanol effects.
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Figure 6.6

- Proportionality Factor Correlation. The correlation curve

fit to the data using optimization techniques. See the
text for details. ’
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Figure 6.7

fit to the data using optimization techniques. See
text for details.

Activation Energy Correlation. The cocrelation curve was

the
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The samples were again measured 1nto test tubes, containing
buffer, 1n order to adjust the pH to the desired level. Five test tubes
at each pH level were set-up. Subsequently, these five tubes iat each

pH level) were adjusted to 0, 10, 20, 30, and 50-g/L ethanol by the

addition of small amounts of 35% ethanol. Final ethanol concenti’atlons
were determined by gas-chromatography. Each set of 25 pH/ethanol
samples were then placed into an environmental room pre-set to the

.

‘desired temperature {(Conviron Systems, model C918). After the samples

reachgd the temperature of the environmental room, the initial samples
were then taken. Additional samples were taken from all tubes over the
course of an eight hour period. .Due to the number of samples at each
temperature (25), this analysis was cc:npleted‘ over a period of S days.
The cell-free broth not being used were stored at 4 ® ¢ to reduce

deactivation of the toxin.

- An;alysis of" the results from the éxper:imencs showed no
i - . significant difference from the results outlined 1n the previous
% sectior;. Ethanol did not increase (qr decrease) the rat.e of

1. deactivation of the toxin. As the etha.nol concentrations uti‘lxzed 1n

this anaiysxs were typical for ‘fermentatmn systems, 1t was concluded

that at the ethanol concentration levels tested, no measurable
»

deactivation effects of ethanol on the toxin was detected.

Simple experiments were conducted to show the significance of
r . ’

S inactivation by centrifugation {10-min at 1000-rpm) -or by gntle
l; : agitation. For the centrifugation inactivation experiments, the

activity of samples of cell broth that were subjected to centrifugation

o
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were compared to samples of cell woxoth which were filtered to remove

the cells. Similarly, the activity of agitated cell free droth samples
(24-hr, 24°C, 75-rpm) were compared to similar samples stored for the
same time period and temperature but unagitated. The resul:s of ocoth
sets of these experiments showed that there was no significant

1nactivation of the toxin caused by the centifugation or the gentle
[ 3
mixing.

6.4 Batch Production of Zymocidal Toxins

6.4.1 Temperature Effects

The first set of experiments were carried out 1n order to
determine the effect of temperature on cell growth and toxin

production. The bioreactor was set-up as previously outlined, then was
adjusted to a pH of 4.5 and the temperatures- were 15, 20, 25, 30, 35,
37, 40 and 45° C.

' 0
Figure 6.8 shows typical growth results at 20  C and a pH of
4.5. After a lag of approximately 15 hours, the exponential cell growth
phase began. This phase lasted for approximately 35 hours and the

glucose concentration was reduced to almost zero. The cell culture then

entered the stationary phase.

The ethanol concentration increased during the logarithmic
growth phase, having little or maccumulatim_gyt:ing the stationary
phase. A similar pattern is apparent with the:active toxin
concentration. The toxin concentration began to decrease during the

stationary phase, most likely due to temperature and pH deactivation.

1
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Figure 6.9 shows the batch growth <urves for the zymocidal

strain at 35° Cand pH = 4.5. Accumulation of active toxia during the
exponential growth phase was greatly reduced at 35 C. As i1ndicated in
the deactivation kinetics section of this report (sec. 6.3), the
deactivation of the toxin 1s greatly quluenced by temperature. This
explains why such low toxin levels were attained at this temperature.
Figure 6.10 shows the batch growth kinetics at 37° ¢, At this
temperature, much less biomass was produced with very little or no
accumulation of toxin. The ethanol production was also lower. At

temperatures greater than 37 ® C, no growth was detectable after 70

hours.

Using the biomass growth data for each batch experiment

completed 1n the temperature study, the specific growth rate of the
zymocidal strain was evaluated from the exponential growth phase.

Figure 6.11 shows the Arrhenius plot of g wversus 1/T. As shown, the
growth rate reaches a maximum at a temperature of 35 ° C, and then

rapidly declines as the temperature is further increased.

An overall activation energy for the growth of the zymocidal
strain was estimated for t.he temperatures of 15, 20, 25 and 3\0° C. A
straigh; line was fitted through these points 1n accordance with the
Arrhenius .relationship and the activation energy was then calculated to

be 1l.2-kcal/mole,
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Figure 6.8

- Typical Growth Curves for Batch Growth.

Temperature

20° C, pH controlled to 4.5.
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Figure 6.9 - Typical Growth Curves for Batch Growth.
Temperature = 35° G, pH controlled to 4.5.
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Figure 6.10 - Typical Growth Curves for Batch Growth.
Temperature = 37° C, pH controlled to 4.S.
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Figures ‘6.12 through 6.14 show the various yield factors at
J1fferent temperatures. Figure 6.12 shows that the optimum tefiperature
for conversion of substrate to biomass occurs at 30° C. Conversion of
substrate to ethanol reaches a maximum_ at temperatures between 30 and
35 ° C, as shown in Figure 6.13. This figure also shows that the
cellular vyield of product is nearly constant. with respect to

temperature. The ethanol yield only reaches 55% of the theoretical at
30°c.

Figure 6.14 on the other hand, shows that the highest yield of
active toxin occurs at a much lower temperature than optimum growtl:u.
The substrate to active toxin, and the biomass to aétive toxin yields
both reach their maxim? at a temperature of 20 ° c. This would then
suggest that in order to optimize zymocidal aciivxty,. low cultire
temperatures are necessary. These lower temperatures increase the “ime
needed to affect a complete fermentation, and also reduce the overall
ethanol yield. It would therefore be very important to balance the
zymocidai activity with respect to other pLLocess and economic

parameters.
6.4.2 pH Effects

The effects 'of pH on the growth of the zymocidal strain were
studied. After stgrilization of the medium —and fermentor, the .pH
controller was adjusted to the desired pH prior to inoculation. The
temperature was set at 20°C and the initial sugar concentration was

20-g/L in all of these experiments.

an -
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Figure 6.11 - Arrhenius relationship for Batch Growth Rates. Activation

energy for growth evaluated for 15, 20 and 25°C growth
rates.
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Figure 6.12 - Temperature Effects on Biomass to Substrate Yields
Controlled pH = 4.5.
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'Figure 6.13 - Temperature Effects on Ethanol t> Substrate Yield and
Ethanol to Biomass Yield. !
Controlled pH = 4.S.
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Figure 6.14 - Temperature Effects on Active Toxin to Substrate Yield
. and Active Toxin to Biomass Yield.
Controlled pH = 4.5.
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The pH values assessed in this analysis were: 3.0, 4.0, 4.5,
5.0, 6.0 and ?.0. The accuracy of the pH controller was verified

periodically by measuring the pH of fermentor samples.

The growth, substrate utilization and product formation curves
were similar to those shown in Figure 6.8. The specific growth rates
and biomass yields are plotted 1n Figure 6.15. As can be seen 1n Figure
6.15, the growth rate of the zymocidal strain was at a maximum 1n the
pH range of 3.75 to 4.75. The specific growth rate falls dramatically
outside of this range. The overall biomass yield calculated from the

batch data 1s nearly constant over the whole pH range.

The ethanol concentrations accumulating 1n the fermentor were
typical of yeast fermentations. The concentration reached a maximum of
6.75~g/L and a pH of 4.0. The effects of the cglture pH on the ethanol
yield are shown in Figure 6.16. The maximum yield obtained was 62% of

theoretical, and i1t was attained at a pH of 4.0.

At optimum pH levels for toxin activity, the concentration
reached 1ts maximum. At these pH levels, the toxin slowly deactivated
during the stationary phase of growth. At pH levels out'sxde of the
optimum range, the accumulation of toxin during the exponential growth
phase was greatly reduced. ‘Ihe further thatlthe pH level was from the
optimum range, the lower the maximum concentration of toxins. Active
toxin present in the 1liquid phase was rapidly deactivated during the
stationary phase. The relationship between the pH and the maximum

active toxin concentration 13 shown is Figure 6.17.
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Figure 6.15 - pH Effects on Specific Growth Rate and Biomass Yield.
Temperature = 21.8°¢C
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Figure 6.16 - pH Effects on Ethanol to Substrate Yield.
Temperature = 21.8%°c¢
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All of the results derived frdm these pH analyses suggest that
the optimum pH for the production of active toxin 1in batch culture 1s
4.S. These results also show that the influence of pH on the growth of

the zymocidal strain 1s similar to other yeast strains.
6.4.3 Initial Sugars Concentration
The effects of the 1nitial sugars concentration on the growth

of a yeast strain is an important consideration. Utilization of process

streams containming high sugar concentrations 1is 1mportant 1n the

fermentation industry. Yeasts which cannot utilize these streams
‘produce lower ethanol concentrations and therefore 1ncrease
distillation costs. Therefore, selection of a yeast (or bacteria) wpiche

will produce high ethanol concentration is an important economic

deci1sion (Karsch et al., 1983).

»

‘of, 20, .40, fo, 115 and 195-g/L were used. The batch culture temperature

In these batch growth experiments, initial sugar concentrations

was set at 20° C and the pH was controlled to 4.5 prior t,o 1noculation,

H The growth, substrate utilization and product formation curvesy for

20~g/L (Figure 6.8) and 40-g/L (Figure 6.18) were typical of

non-1nhibited growth. At 1initial glucose concentrations of 80-g/L and
higher, substrate uullzation.and product formation was inhibited,

The results for an initial sugar concentration of 115-g/L are

shown 1n Figure 6.19. Glucose uptake became almost linear after an

p 1nitial period of approximately 25 hours. This figure 1s typical of the

{ results obtained at 80 and 195-g/L.
[ ]
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Figure 6.17 - pH Effects on Maximum Toxin Concentration.
Temperature = 21.8°C
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P The specific growth rate and maximum biomass concentrations are

plotted versus the 1nitial sugars concentration in Figure 6.20. This

. N
fagure shows that as the mxtxa\l»-:éars-concentrauoq 1S increased, the

¢ specific growth rate of the w% decreases. The maximum biomass

concentration goes through a maximum at an tnmitial glucose

. < 2
concentration of approximately 60-g/L.
e These data suggest that the type of inhibition is not Jdirectly

related to the initial sugars concentration. This 1S because the
1nhibition is present at low 1initial sugars concentrations. It would
. seem that some other effect, possibly the extracellular toxin, has an

influence on the growth rate of the zymocidal strain.

| Plotting the speci'fic growth rate calculated from the initial
sugars batch data versus the maximum specific active  toxin ]
concentration produces an interesting result. The maximum specific \
toxin concentration is calculated by dividing the maximum toxin
concentration by the maximum biomass concentration. This plot is shown
as Figure 6.21. As ciAn-be seen,- the meduction in the specific growéh
rate 1is directly related to the specific toxin concentration. This
figure then suggests that the inhibition is a re‘5ul’t lof the presencu

\

Toxin -inhibition is suggested, for two reasons. Firstly, .the

the toxin protein.

specific growth rate decreases continuously with increasing initial
' . -2 *

. . 7
sugars concentration. Normally, the spécific growth rate goés through a

maximum-as the substrate concentration is increased, The results from
: T . ’ *

mm“"w—‘\bmw—* PO § TGP Rn (PP R
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Figure 6.18 - Typical Growth Curves for
Initial Sugars =
. pH Controlled =
Temperature =
¢
§
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\
Batch Growth.
40-g/L
4.5
20° C.
N




o]
N33 - .
A . . .
C1/70) d "ONOD TONVHL ) _
(1/0) 7 ONOD NIXOL 10 (1/6) X' INOD SSVWOIS -
“ a ~ & .03 2 %
i
<
w (VA m 4 QL;
« SR )
O S — Q< =
S 3E X ~_ =
O MO W ,./o
e B O 4
* 9 wn hd
/ o~
_
y b4 v pa v w - mw oo
m . (1/6) s “ONOD 35000119

AL A 4> it 1o ¢ SV DA 4+ e o A .
M -
“ . ket
P




TR Seestme e s en - mew c me Mee— a-g -

-

- -

Figure 6.19 - Typical Growth Curves for Batch Growth.

Initial Sugars = 115-g/L
gH Cantrolled = 4.5
Temperature = 20° C.
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_Figure 6.20 - Initial Sugars Concentration Effect on the Specific

Growth Rate and Maximum Biomass Concentration
pH Controlled = 4.5
Temperature 20° C.
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Figure 6.21 - Inhibition Relationship Between Specific Growth Rate
and Maximum Specific Toxin Concentration.
pHl Controlled = 4.2
Temperature = 20 C.
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' Figure 6.22 - Initial Sugars Effect on Percent Sugars Utilized and
A Ethanol Yield.
: pH Controlled = 4.5
! Temperature = 20° C.
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this analysis would suggest that the substrate inhibition begins at

sgbstrate concentrations below 20-g,/L. Significant 1nhibition "oy

s : substrate at concentrations lower than 20—g/L 1s 1mpossible for yeast.
v

Secondly, the maximum biomass concentration attained 1n the

system goes through a maximum at an 1nitial substrate concentration of

approximately 60-g/L. As shown in Figure 6.22, the per cent- sugar

utllized decreases with 1ncreased 1n:itial sugars concentration. Neither

A ‘ of these results appears to correlate with the decreases 1in the
spec1fic growth rate. Substrate effects can ;herefore probably be ruled
“out. asygfausing the i1nhibition effects. " .

Figure 6.22 also shows that the yield fos growth 1s nearly
constant, régardless of the initial glucose concentration. The glucose
to ethanol conversion was approximately 58% of theoretical. The maximum

- ‘ .

ethanol concentration attained was 27.5-g/L 4t an initial sugars

concentration of 195—g/L glucose. -

- .

TR T o S

6.5 Oontinuous Experimentation .

6.5.1 Experimental Results.

The batch experimental apparatus was rea’sserr'bled to allow for
continuous oper’agion. The fermentor was filléd with 1.5-L of product ion

medium, and it was inoculated with 10-mL of a 24 hour-old zymocidal

v ewee,

. inoculum. At the end of the'batch growth, the feed and product pumps
' were switched on, and continyous operation cammenced.

! . S
v - . -
f .




A total of five continuous experiments were run at temperatures
of 15, 20, 25, 30 and 35° C ‘using a feed concentration of 50-g, L

glucose and the pH was cqntrolled at 4.5.

various dilution rates were used 1n each continuous
experimental run. Low diluti&\ rates were used i1nitially and the
dilution rate was increased in steps, until wash-out occurred. At each
dilution rate, samples were taken periodically to check for
steady-state conditions.

The results of the continuous experiment at 20° C are shown 1in

Figure 6.23. Similar results were obtained for the other temperatures

-

used in this analysis and the  results of analyses done at 30° ‘-are

o

shown 1n Figure 6.24. v .
’ .

-

All of <the results of this analysis showed two 1nteresting
patterns. Initially, glucose uptake by the cells in the system was much

lower that expected. High glucose concentrations in the product

~ oo wepawr Tt

" solution suggest than something has reduced the ability of the cells to
N . .
use glucose. Secondly, and partially as a vesult of the reduced sugar
uptake, ethanol oproductivity was greatly reduced. Very low ethanol

concentrations were achieved in the continuous experimentation.

”

-
These results siggest that the specific. growth rate of the

organism in the presence of the extracellular.protein, can Re expressed

by Equation 6.8. This expression is similar to those used in ethanol

inhibition, as presented in Equation 4.23.
. -
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Figure 6.23 - Continous Experimental Results
, Temperature = 20°C
pH Controlled = 4.5
Feed Substrate Concentration = 50-g,L.
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Continous Experimental Results
Temperature = 30°C
pH Controlled = 4.5
Feed Substrate Concentration = 62-g/L.
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The propoged new madel 1s designed to account for the mass

transfer limitations caused by the layer of 1mmunity and toxin
molecules on the surface of the cell. It may be possible that as the
specific toxin concentration increases, the amount of interference by

the toxin on glucose uptake will also increase.

These criteria are met in the model proposed in equation 6.8.
At low specific toxin concentrations, the right hand side of this-model
limits to ane. This indicates no effects by -the toxin on glucose

uptake.

At high specific toxin concentrations, the right hand side pf

this model approaches infinity, this indicates a high level “of

inhibition. This would then suggest that an infinitely.high driving,

force would be needed to effect mass transfer acwoss the cell membrane

and wall coatings.

Substitution of equation 6.8 into .the kinetic expression for

batch growth (equation 4.30\ would result in an equation with four

unknowns, namely: Kg, hmeg s Zm » and N . Use of the equation with the

batch data would require estimation of at least two of the ot:her~

variables. Since the of Levenspiel method (1980) used to solve this
equation also relies on average values that were calculated from the
batch data, use of this equation would bege~difficult. The l-Ji& of
steady-state, continuous data would better allow the calculation of

these kinetic parameters. .

.
.
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6'.5.2 Tox1n Presence on Cell Surface

» It 1S proposed that the toxin 1s able to bind to the cell wall
of sensitive cells (Wickner, 1981). It 1s also proposed that the toxin
13 able to attact; itself to the immunity molecules which protect the.
cell wall of killer cells from the toxin. These immunity molecules are
thought to attach to the cell wall of the killer cells. If this
hypothesis 1is true, then 1t might be .'possxble that -the layer of
immunity and toxin molecules on the cell surface may interfere with the
transport of glucose into the cell. This would then lower the ethanol
pr:oductivity and slow the growth rate of the cells. 1t is evideot that *
more basic and fm@mental work 1s needed to elucidate these baszc
phenomena of possmle toxin interference.with the uptake of glucose by

the yeast cells.

.- , Y.
To determir)g if the toxin mblecules are bound to the 2¢ell walls

of the zymocidal 3train, a large (100-mL) .sample of the continuous -

broth was collected: This sample was filtered (0,22~ um, 47-mm)} and the

/.

cell free -broth was then spotted onto toxin assay plates. The cell cake

' was then repeatedly washed with 10-mL volumes of pH 4.5 buffer

solution. The results of this analysis are listed in Table 6.1 and
shows that a significant amount of toxin can be liberated from the
walls of zymocidal c;].ls. This suggests that the binding of toxin to
the cell wall receptor 1is- ,revers.i‘ble, as "was reported 1n the
hterature. Since these cell-bound.tomiﬁs do not kill the zymocidal

cells, this may suggest that the immunity molecules are also present. A

.
L ]




TABLE 6.1
CELL CAKE WASH RESILTS

Jdriginal Sample:
Wash Volume:

Oriqinal Solution
Wash 1

{ wash 2
WTsn 3 .

Wwash 4

10Q-m?
10-m)

fauivalent .
Zoncentrations

DI
-Djo ~D:olx)
— g D on &
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diagram of the proposed cell wall, 1mmunity molecules, and toxin
molecules is shown in Figure 6.25.

6.5.3 Calculation of Rinetic Parameters.

Use of the continuous fermentation data to evaluate the kinetic

parameters Ky and Umam by using equation 4.38 is not possible and
“ L4
thxs\eﬁim must be modified to account for the toxin effects. By

substitut‘ng equation 6.8 into the Monod kinetic expression (equation

4.3) and forming some reafranging, a kinetic express{on can be

derm/w:{dw contains the terms to account Egr the inhibition caused

by the Zoxin protein. The kinetic expression ié shown as equation 6.9.
\ .

FET ) e

Substituting equation 4.37 into 6.9 leads to equation 6.10, the

final form of this kinetic equation:

5ol -@)) (B )

. . This equation contains four unknowns, namely: Zm , A , K@, and

p,m'. An estimate of at least one o§ these variables is needed before

T it can be fitted to the continuous fermentation experimenfal data.

- .
[ 3
'

Therefore, an estimate of the maximum specific growth rate

should be possible be by extrapolating the biomass curves to zero 1n
. , Ve B

the data shown in ii.gutes §.23, or 6.?4. By doing this, #m- was

estimated for each continuous experiment and these data are .shown in

) .
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Figure 6.25 - Proposed Hypothetical Representation of the Immunity
Receptor sites on the cell wall of the zymocidal vyeast
.- cell and their interaction with the toxin molecules. This
. figure shows the immmity or ;Y units bound to the cell
wall receptor sites. This binding prevents the disulfide
linked @ and § toxin components frgm access to the cell
wall. At high toxin/immnity concentrations the transport
of substrate ‘'into the cell will be drastically reduced
due to the presence : of these layers on the cell wall.
This is the basis of the proposed mr.erference model . .
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TABLE 6.2
EXTRAPOLATION OF 1o, FROM CONTINUOUS DATA

TEMPERATYRE K max H
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. Table 6.2. As shown in this table, there is very good agreement between

-.‘( .
the maximum specific growth rate estimated 1n this way, and the maximum
specific growth rates calculated from the batch fermentation data. The

“’i
large error in the values at 15 °C were due tJ the low number of points

&£

1n the extrapolation since omly three flow rates were used before

wash-out occurred.

, N

With an estimate of the maximum specific growth rate, the
continuous data can bes fit to the kinetic model.. Three variables
remain, namely: Ry, Zg ., and )\.. This requires the use, Of an
optimization procedure such as OPDATA (TRIUMF/BCRC - VAX 7S50 computer).

The experimental data from the 20, 25, 30, and 35 ° C were
computer fitted to the kinetic model. A plot of the 1nverse dilution
rate versus the inverse substrate concentz'-ation for a pH of 4.5 and a
temperature of 20° C 18 shown in Figure 6.26.

/
The optimization procedure used in this analysis minimized the

residual error betwggn the model and the data points. The optimization

equation utilized 1s shown in equation 6.11. ¢
N - 2 '
Rg = Z(Mmodel - Mexpenmeﬂtal) ' 6.1
n=l

The optimization was completed 1n two stages, initially the
minimum residual was found with respect to the exponent, }\ . These
results are shobnbm Figure 6.27. The minimum residual was evaluated at
an exponent of 0.26. The model and experimental data derived from the

optimization are plotted in Figure 6.28. This figure shows that the

L

SS




Figure 6.26 - Plot of the Continuous Culture Results according to the
Inverse of the Monod Kinetic Model or the Lineweaver-Burk
. «Relationship agcording to Equation 4.41.
. Temperature = 20°C
pH Controlled = 4.5.
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Figure 6.27 - Optimization Results for Interference Model. Optimization
of the Expanent Value, A, for experimental conditions: -

Temperature = 20° C
pH Controlled = 4.5,
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Figure 6.28 - validity of Model Fit -~ Plot of experimental data and
interference model estimates.
Temperature 209 ¢
{ S pH Controlled = 4.5,
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model does accurately represent the inhibition observed 110 this
A

analysis.

Figures 6.29 and 6.30 show the optimized parameters at each
continuous temperature. As shown In Figure 6.29, the maximum specific
toxin concentration'which totally inhibits growth was found to be
11.69-0nits/g. As the temperature increases, the overall effects of the
. inhibition goes down, ar\td at 35 ° Cthe maximum specLfic toxin
concentration was found to be 76.0-Units/g.

- These results are consistent with the temperature stability

characteristics of the toxin. At low temperatures, the toxin is most
. stable and would cause the most inhibition and at i’\igh temperatures,
the toxin would be quickly denatured, and the toxin present on the cell
surface would have to be constantly replaced. Therefore this might

reduce the inhibition effects.

Figure 6.30 shows the temperatute effects on the optimized
values of the saturation constant Kp,. As the temperature increases,
there is a marked drop in the saturation constant. This result 1is

normally masked by the effects of the extracellular toxin protein.

e T IMIPOP - = wr ® (W TR

6.6 Proposed Model of Toxin Accumulation

5

1 ’ The batch and ocontinuous results suggest that the toxin

production is growth associated, as its accumulation only occurs during

growth. No accumulation of toxin occurred in the stationary phase.

e e




Fx&m 6,29 - 22,& of 'neqperatute Effects on the Maximum Specific Toxin
' centration, Zm, fram the optimization procedure using
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Figure 6.30 - Plot of Temperatues Effects on the Saturation Constant, Km

fran the optimization procedure using the continuous
‘bioreactor experimental data. ‘
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with this assumption 1n mind, a differential mass bhalance on

the toxin can be written in the form of egquation 6.12. This equation

states that the rate of 1ncrease 1n the active toxin concentration 1S

equal to the rate of toxin production, less the rate of toxin
deactivation.

dZ, dlp d4Z 812

dt dt dt

From the growth associated wmodel, the rate of product
formation is given by equation 4.12. The rate of toxin 1nactivation was
derived earlier, and is given by equation 6.8. Substituting these

equations into equation 6.12 leads us to equation 6.13.

dZ,

| : a3 .
= X - kg s
dt

In a batch culture, the rate of increase in biomass is related
to time (according to equation 4.9). This equation can than be
substituted into equation 6.13 and is given by.equation 6.14.

d:tL = Bxee”! T8 — 4z, 8.14

Integration of this equation leads us to an equation which may
be used to predict the active toxin cosicentration in the liquid broth.
Fitting of this data to experimental results is required before full

functional use is possible. ‘Ihis'equaticn is shown as equation 6.15.

-t
La = ngne “ ag e”’t -kt '
‘AT =~ Ce . 815

nork




Zc1

The use of eé;uation 6.13 is much easier in the case of
continuous data. At a steady-state, the left hand side of this equation

is zerv, and therefore it can be rearranged to give equation 6.16.

Much work to determine the applicability of these equations 1is
required. Llarger scale fermentations, where more samples can be taken

AR duting the _exponential growth phase, would be required for accurate

results to be obtained.

)
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

The results of the analysis clearly show the characteristics of

the zymocidal yeast strain Saccharamyces cerevisiae #1465. The toxin

produced by the strain quite effectively killed sensitive cells, which
was limited by the stability of.the toxin in liquid broth. The toxin
was shown to deactivate very rapidly at temperatures above 10°C and at

pH values outside the optimum range 4.0 to 4.7S.

The rate of deactivation of the toxin with respect to
temperature at oonstant pH was found to be of first order, and
temperature deactivation reaction rate constaﬁts followed the Arrhenius
relationship. X kinetic model was derived, including correlations for
the Arrhenius proportionality constant and activation energy. These
correlations allow for calculation of the rate of toxin deactivation at

any oconditions of temperature and pH.

The growth rate of the cells in both the batch™nd continuous
systems ‘were shown to be adversely affected by increases in the active
toxin concentration in the liquid phase. The toxin was shown to affect
the glucose uptake of the cell. This interference resulted in low

et 1 concentrations in both continuous and batch fermentations. The
N
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toxin «as found to be capable of binding to the cell wall >f the
producing cell. This oinding of the toxin, and most iikely the 1mmunicy
molecule, 1s propoged to add a significant mass transfer resistance to
the outside of the cell wall. This resistance may affect adversely the
mass transfer (or active transport) of. glucose 1nto the cells. The

overall effects of these phenomena are a slower growth rate, reduced .

substrate utilization, and low ethanol concentrations.

The proposed mass transfer effect was modelled by applying a

correction factor to the Monod kiretic expression. This new model was
applied to the continuous growth experimental data using computer
optimization techniques. At temperatures where the toxin is most
active, the optimization results showed that all growth woydd stop at a
specific toxin concentration of 11.69-Lhits'/Z; or higher. High toxin
concentrations which developed during batch fermentations with high
, initial sugars, ot during continuous fermentations, were detrimental to

the ethanol productivity.

x.s"!"'&»" -

The results obtained suggest that there fs limited application
. of the zymocidal strains in fuel alcohol and -distilled spicit
production.  Zymocidal strains are only able to effectively ferment
substrate streams at low temperatures (<20°C) and at low substrate

concentrations (<60 -g/L). This would greatly increase time and

R e Jiat I

distillation equipment needed tp affect a complete fermentation and
produf:t purification.

, \

i ’

. The use of zymocidal yeast in beer production would require

further study, and the lower fermentation temperatures of 10 - 15 °c




used 1n conventional brewing systems may provide possible appllcatxohs:
Study of the fermentation properties of the zymocidal strains on oeer
~ort are needed before the advantages and/or disadvantages can fully oe
asgesged.

Two models for the accumulation of the active toxin in the

liquid broth were derived. These models were based on the observation

that the production of the toxim dppeared to be growth associated.

These models, which used the deactivation Kkinetics, cogld be utilized
to predict the active toxin concentrat ion during batch or ocontinuous
fermentations. Evaluation of two constants in these models would be
necessary before they <ould be applied. More research, with larger
scale bioreactors, woulld be needed before accurate estimates of thse

-
congtants cain be made.

1

‘

The sim&larity between the zymocidal toxin and the non-volatile
toxin effects reportedv by some researchers' is too striking to be
ignored. As reviewed in Chapter 2 of this report, many researchers have
veported inhibitory effects caused by non-volatile ‘'toxins' present in
the liquid broth. The zymocidal toxin produces effects quite similar to
these non-volatile 'toxins'. It is thenegore concluded that these
non-volatile toxins are proteinaceous by-products of naturally growing
cells. These protein molecules may possibly effect the mass transfer of
substrate and product near the cell surface in a similac.feshion as the
toxin-immunity system. |

)
)

Use of different strains which are able to produce some of the

different zymocidal toxins or other detectable proteins would be an

{
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interesting application of the™ correlations derived 1n this thesis.
These types of analyses may lead to the discovery of a zymocidal o
other system which is not adverse 'to the effects of the extracellular
pré:teins. Discovery of such a system oould greatly berefit the

fermentat ion industry

Immobilization of the zymocidal yeast strain -in calcium
alginate may lead to interesting results. The combined mass transfer
effects of the substrate through the bead, of the substrate into the
cell and of the toxin and products out, may léad to interesting
modelling possibilitiess More work is needed to study the possible
effects of zymocidal cell immobilization and their application to
ethanol production.

Lastly; study of the transient behavior of mixed sensitive and
killer cultures may also allow for some modelling possibilities.
Injection of a killer strain into a .'batch or continuous culture of
sensitive cells may allow models to be derived to enable the prediction
of contamination in large scale systems. Methods to detect the percent
killer strain in diluted broth- samples would have tc; be developed and
perfected before this type of analysis would be possible.

At the present time, the use of zymocidal strains is limited to
the laboratory scale. Application of these strains to e{ther batch or
continuous fuel or distilled spirit fermentations would be econanic;ally
wnsuitable until further developments are made. Study of zymodidal
strains as model systems for protein secretion and in the study of

strains interaction is a very promising way of obtaining important new

205
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